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COASTAL ENGINEERING • PART I DESIGN 

INTRODUCTION 

Interstate Highway No. 35 in Duluth, Minnesota is a part of the Na

tional System of Interstate and Defense Highways for which appropriations 

were authorized by the Federal Aid Highway Act of 1958. 

General location of the routes of the "Interstate System" as first desig

nated, was approved by the Administrator, Federal Works Agency, on August 

2, 1947. The location of Interstate Highway No. 35 in Minnesota was fixed by 

the Bureau of Public Roads on January 17, 1955, as being "from the 

Minnesota-Iowa State Line southwest of Albert lea, via the Minneapolis-St. 

Paul urban area and Scanlon to Duluth." Additional petitions approved by 

the Bureau of Public Roads on Oelober 21, 1957, and September 8, 1958, 

extended the system to its present term inus at the east property line of 10th 

Avenue East and london Road. 
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A location study and report, including a'recommended location, was 

performed for the Minnesota Department of Highways, by Howard, Needles, 

Tammen & Bergendoff, and submitted on December 29, 1958. This report 

evaluated a total of eight (8) routes for the approach into the vicinity of the 

Central Business District, considered as the are~ adjacent to Superior Street 

between 6th Avenue West and 6th Avenue Eost"and five (5) alignment alter

nates between the Central Business District and the terminus. The present 

location was adapted by the State of MinnesJta and after public hearing, 

approved by the City of Duluth and the U.S. Bureay of Public Roads. 

The proximity of the Central Business District, railway facilities and 

certain industrial sites to the Lake Superior shore line, combined with the 

precipitous nature of the landward topography, didaled a location that extends 

into the lake and generally parallels the shore !ine for approximately 4,700 

feet between 1 st Avenue East and leif hicson Park. (Figure I). 



Historically, the "Duluth pocket" has been subjected to many intensive 

storms with considerable property damage and often the loss of life. The 

severity of such storms can be evidenced even today by the ruins that remain 

of attempts to erect shipping facilities which were subsequently lost to the 

buffeting action of the waves of Lake Superior. It may be stated in retrospect 

that the planning and construction of such facilities most assuredly lacked the 

high degree of technological knowledge available today through specialization 

of such facets of oceanography as hindcasting, prediction and model data 

evaluation. 

The p.ortion of Interstate 35 traversing Lake Superior must be structural

ly sound; it further must have characteristics which are aesthetically proper 

and it must be relatively maintenance free. Equally necessary is a design 

which limits spray fallout and resultant icing of the Interstate facility to a toler

able level. 

Supplement No.6 to the agreement between the Minnesota Department 

of Highways and Howard, Needles, Tammen & Bergendoff, in providing for 

study of the project area between approximately First Avenue East and Leif 

Ericson Park, permitted, upon the prior approval of the State of Minnesota, 

subletting of the specialized items of hydraulic study and model analysis. The 

services of National Engineering Science Company and St. Anthony Falls 

Laboratory, University of Minnesota were therefore secured and preparation 

immediately begun for placement of tracer materials on the lake bottom and 

more fully described in Part II. 

A. REPORT ON STUDY 

The portion of Interstate 35 between approximately Lake Avenue and 

Tenth Avenue East is characterized by a number of features which influenced 

the course of study. The requirements for traffic service necessitate an inter

change with Second Avenue East. In profile, and proceeding northwardly, 

separation of grades occur at Lake Avenue, First Avenue East and Second 

Avenue East, with the Freeway of necessity passing over the two arterials 

first listed. At Second Avenue East, either possibility exisls for separation of 
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the two facilities. In the development of the Master Plan (Figure 1), it was 

concluded to the satisfaction of all interested reviewing agencies that the low

ering of the Freeway profile to pass beneath Second Avenue East was de

sirable as the ramp moments located to the lakeward side would then serve 

in a limited manner as a buffer against spray. (Figure 4). Also evident were 

the economic benefits obtained through selection of profiles which materially 

lessened the requirements for embankment and structure. 

An additional control is provided by the present track bed of the 

Duluth, Missabe and Iron Range Railway in the vicinity of Leif Ericson Park. 

This study was conducted on the assumption that the Interstate facility and the 

Trunk Highway extension th ereof will utilize the depressed right of way of the 

D.M. and I.R. in Ericson Park. 

The controls previously identified served as a basis for providing the 

plan location of the facility, particularily near its northern terminus. Through 

selection of an arbitrary minimum elevation of 620.0 for the edge of pavement 

in nearest proximity to the lake, a basis became possible for fabrication and 

installation of the models to be tested by St. Anthony Falls. 

The study related services performed under sublet arrangements by 

National Engineering Science Company, under the direction of Dr. Per Bruun, 

and by St. Anthony Falls Laboratory, under the supervision of Professor C. E. 

Bowers, are defined respectively in Paris II and III of this report. A general

ization of the objectives and procedures is however provided in the current 

segment of the combined report. 

1. National Engineering Science Company 

A hydraulic study of the type as performed under the direction 

of Dr. Per Bruun consists of the assembly and evaluation of data re

lating to winds, waves and lake bottoms and the further utilization 

thereof as basis for initiating model testing. Through a procedure 

termed hindcasting, recorded wind and wave data are evaluated for 

purposes of establishing frequency, magnitude, duration and direction. 



Waves occurring as deep water type maintain readily determinable 

characteristics. In shallow water, however, waves are influenced by 

the lake bottom and dependent on contour and expanse of a shallow 

water condition, will undergo a change in course. 

The ability of the lake bottom for the Duluth study area to per

form such change was analyzed through a procedure involving sound

ing and sampling and the placing and recovery of tracer materials. In 

October 1966, approximately three tons of dyed sands having grain 

s~es most nearly comparable to that occurring in the project area, 

were deposited at pre-established locations on the lake bottom. Be

tween the date of placement and the period of recovery in the spring 

of 1967, at least two storms of above-average intenSity occurred. From 

the viewpoint of application of theoretical assumption to the ultimate 

deSign, these occurrences may be determined highly fortunate as a con

clusive pattern of wave influence upon bottom stability became pos

sible. 

2. 51. Anlhony Falls Laboratory, University of Minnesota 

The principal objective of a model study for the Interstate 35 

project was to evaluate alternate forms of shore protection devices on 

the basis of stability and spray characteristic. Variation in lake depth 

and bottom steepness occur along the study area. Selection was there

fore made of two profiles considered to be most nearly representative 

of the deep (20 It) and shallow (10ft) lake conditions. 

In addition to evaluation for structural adequacy, considerable 

emphasis was also placed upon the need for classifying various models 

on the basis of spray productivity. The fallout of spray upon the 

traveled lanes during conditions of freezing temperatures is hazardous 

and if occurring either in sufficient volume or over an extended dura

tion of time, could conceivably result in a limited use of this segment of 

the Interstate facility. A prototype wind condition of 50 mph was repro· 
duced in the model and shallow containers placed for all tests at loca-
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tions representative of the traveled lanes. It should be emphasized that 

the quantity of fallout thus recorded is rot Indicative of the precise 

volume to be anticipated in protOtypel rather the results are relatable 

only in terms of gaining a similar range In lull scale devices. 

I, 

Other structures were considered independently of the model study for 

possible application to this project. These devic~s and cause for rejection or 

elimination from further consideration are: Ii 

a. Cast in Place Concrete Wall I! 

Designs of this classilieation ole generally either of plane 

surface 0 r concave face types and no~-energy absorbing In princi

pal. The study area in question Is suljlected to high waves requir

ing therefore a massive structure for an almost instantaneous dis

sipation or reversal of energy. Thisl combined with construclion 

behind cofferdams, largely prohibits favorable consideration of this 

type. 

b. Rock Fill Timber Crib 

This design is used in the Scandinavian countries and gener-
I 

ally as a jetty. Cribs are pre-assembled in circular configurations, 

floated to the permanent site and subs~quentlY rock lilled. Adapta

tion of this design to the study area is i:questlonable because of the 

maintenance element and the limited li~~ span for timber. 

c. Patented Concrete Blocks I 
These precast devices are plac4d on an Incline and Interlock 

with the adjoining unit. In praclicel: a proteclion system of this 

design funclions in muc h the manne]' af a rubble mound with its 
characleristic of largely uncontrollable'spray. Of the several types 

available, at least one requires a "r, yalty" fee for use of neces-

roryfu~L I 



B. CONCLUSIONS AND RECOMMENDATIONS 

1. General 

Part III of this report is devoted to the model study phase. 

Devices tested in the laboratory included the rubble mound, the im

permeable vertical wall and several variations of the crib .01' bin. The 

performance of each was observed by Howard, Needles, Tammen & 

Bergendoff. It is the firm opinion of the Consultant that, of the numer

ous devices tested and evaluated, only two could be considered for 

use along the approximately 4,350 feet of Interstate 35 on Lake Supe

rior. These are the rubble mound and the full crib, with the former, in 

order to prOVide neal' Similarity in spray fallout characteristics, located 

approximately 60 feet lakeward of a theoretical location for the face of 

a crib section. Costs of these basic alternates however vary widely as 

will be evidenced elsewhere in this portion of the report. 

a. Rubble Mound (Figure 6) 

The rubble mound is composed of layers of material having 

progressively larger or coarser gradation. The armor layers are 

stones of large size which must, based on model evidence, be 

placed with considerable care in order to minimize dislodging under 

conditions of wave action. 

Rubble mounds have been associated with jetties and break

waters for many years, however use of this section in deep water 

for supporting a highway is not commonplace. Construction of a 

rubble mound along the portion of Freeway extending into Lake 

Superior would unquestionably be difficult. Such construction is in 
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an area quite susceptible to wave action of sufficient magnitude to 

disrupt operations. These waves, combined with undertow would 

require careful placement and cover of the critical courses of fine 

core material. One thought that has been advanced concerning 

construction of a rubble mound section, suggests use of a cableway 

to insure some continuity in placement of material. 

Certain features are to be noted for the rubble mound sec

tion shown in Figure 6. The several layers of stone located lake

ward of the rubble mound proper are placed over a plastic fabric 

sheet. This material, available under various trade names, is 

porous or permeable to a degree that hydrostatic pressure dif

ferentials are minimal. Fluids pass with relative ease whereas 

sands are contained. Toe of the section is indicated as being 30 

feet; such length largely dictated by observance of tests which sug

gest a severe erosive tendency for the toe of a rubble mound 

under conditions of continous wave occurrence. 

tem. 

Behind the armor stone section is placed a sheet wall sys

Its purpose is two fold, i.e. serve as a divider between the 

lesser sized materials supporting the roadway and the larger stone, 

and also to a lim ited degree, act as a spray shield. Effectiveness of 

this device in the latter function is highly questionable as any spray 

fallout onto the roadway proper will largely have occurred as a 

result of wave run up and impact on the armor stone well in ad

vance of the shield system. 

b. Full Crib (Figures 7 and 8) 

The term "full" crib as employed herein is intended to be 

descriptive of the section which, in model testing, consisted of paral

leling runs of piles having lake bottom embedment and extending 

to a height generally equal to the shoulder of the supporting road-



way. Spacing of the pile within its row is largely dictated by the 

intended size of stone fill. 

Wh ile the crib section is an energy absorbing device, total 

dissipation does not occur and reflected waves will be evidenced in 

prototype in a manner also witnessed in the model test. The mag

nitude of reflected waves will vary throughout the length of the site 

installation, being influenced greatly by the steepness of the beach 

slope. 

A crib section, by comparison with a rubble mound, offers 

greater adaptability to installation of spary control devices as will 

be noted in Part III, Model Study. The location as well as configura

tion of the wave or spray shield is of critical significance. Initial 

attempts at placement of a vertical screen over the line of the rear 

piles proved almost totally ineffective. When observing a wave 

during impact with the crib face, quantities of spray were directed 

upward and upon becoming airborne or free of the structure, en

tered a trajectory which subsequently deposited the water in major 

amounts upon the portion of model representing the traveled lanes. 

Location of a vertical screen at the front row of piles also proved 

largely ineffective. Some control of spray however was evidenced 

in the model testing when inclining the flat screen forward at a test 

angle of approximately 45°. Greatest benefit was gained by curv

ing the plate to a radius of 5.25 feet and affixing the device in a 

manner such that its end was the uppermost segment of the arch 

and truely horizontal at an elevation of 623.75. The significance 01 
this elevation will be discussed in a subsequent paragraph. 

The effectiveness of the curved screen and the critical nature 

01 its placement can readily be visualized upon examination 01 
Chart D-18, Part III. The edge 01 traveled lane at its closest prox-
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imity is approximately 40 ft. distant from the front face of a crib. 

Referring to Chart D-18, it will be not~d that a very significant dif

ference occurs in fallout, recorded as inches per hour (prototype), 

for Crib 2-A and Crib 3-B. A direct CO(l1parison of these alternates 

is permitted as height of breaking wave in each instance is 13 feet. 

A large uprush occurs between the frpnt piles upon impact of the 

wave with the crib Iii I. In order for the'wave screen to be effective 
I 

in the diversion of this uprush, it must b~ placed in the plane of the 

piles back face. 

Elevations 620.00 and 623.75 ~re descriptive of two highly 

important elements of the crib secti~n. The former is the "set" 

elevation for the top of the front-face piles for the entire length of 

project. It will be recalled that the minimum elevation of the edge 

of pavement nearest the lake is appr~ximately 620; this occurring 

on S.C.-2 Connection and again on Rainp 2-35NB. It is considered 

aesthetically desirable that the profile described by the tops of the 

front row piles be uniform, by either maintaining a constant eleva

tion established by the lowest edge of roadway or a uniform as

cending grade toward Ericson Park, paralleling somewhat the rising 

Freeway. No significant benefit in spray reduction or wall stability 

would be gained through a changing, profile; in actualily, severe 

construction problems are introduced: because of the manner of 

fitting up components of the systeml, An increase in cost for a 

changing profile condition is evident. ~election of a constant eleva

tion of 620.0 was therefore made an~ all model studies, whether 

crib, rubble mound or variations the~eof, initiated on that basis. 

Elevation 623.75 is descriptive of the profile for the top of 

the wave screen. This elevation will permit unobstructed viewing 01 
the lak" from the traveled roadway af'all points and notably those 

occurring at the previously indicated I~w profiles of S.C.-2 Connec

tion and Ramp 2-35NB. A majority of it he wave screens employed 
I 



in the model tests were symbolic of metal plate devices in proto

type. Crib 3-C shown on Chart D-18, Part III is however suggestive 

of a cast-in-place screen. Because of the mass necessary for de

velopment of reinforcing steel, the concave face for the concrete 

section was, in model testing, lowered to 622.3. A less favorable 

spray characteristic resulted. 

2. Design Criteria 

Preceding text has recommended the utilization of the full height 

crib for the entire length of project. The data to follow relates to the 

crib and its elements, and the general design thereof. While a full and 

complete design of the structure is outside the scope of this study, 

sufficient and conclusive investigation has been conducted to insure the 

reasonableness of features now recommended. 

a. General 

The layman understandably, will experience difficulty in 

comprehending much of the theoretical data associated with hydrau

lic and model testing phases of this report. likewise the current or 

design phase could, in its fullest sense, demand presentation of data 

quite complex as support of various recommendations. The desir

ability of achieving a simplicity in descriptive test is believed to be 

appropriate. Elsewhere within Part I will be found, as aid to the 

reader, a list af terms and commonly used symbols applicable to 

this study. 

In the hindcasting of storms performed by Dr. Per Bruun, 

study was made of direction and magnitude of storms for the period 

between 1916 and 1967. The severest storms seemingly occurred 
under conditions of a prolonged ENE wind which permitted a fetch 

of approximately 350 miles (Figure A-1.1 l. Dr. Bruun's study further 

established the frequence of storms in terms of occurences for the 
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full range of deep and shallow water wave conditions. A starm 

wherein the highest 1/3 of all breaking (Hb1/3l waves was equal 

to 20 feet was I ikely to occu r but once in 250 years. A storm 

displaying a 16 ft. height for the highest 1/3 of all breaking waves 

can be expected to occur once each 25 years. The April 1967 

storm was of 20 hours duration from a ENE direction. This storm 

was of a magnitude that may reoccur each 7 or 8 years. 

The probability of occurrences for heights of Hbll, in excess 

of 16 ft. becomes increasingly more remote as will be observed in 

the following: 17 feet - once every 45 years; 18 feet - once every 

80 years and 19 feet - once every 150 years. The appropriateness 

of a concentrated evaluation of data on the basis of an Hb'iJ of 

16 feet can be recognized. 

b. Crib 

Stability of a crib is of paramount importance. For the struc

ture to be considered for the Duluth facility, in addition to the forces 

resulting from waves and embankment, recognition must also be 

given to the forces on the wave screen and the transfer of same to 

the crib piles. It is recommended that for storm conditions, the 

resultant of all forces be permitted to exceed the middle 1/3 of the 

section criteria but be limited to a 1.5 factor of safety against over

turning, and that the factor of safety against sliding be reduced to 

1.1. In essence, the most critical condition occurs when the maxi

mum wave dissipates its energy in the crib, raises the plane of 

saturation behind the crib and produces the greatest buoyancy for 

the crib proper. 

While the lower anchor beam is an integral part of the 

basic crib, the loads imposed on it are readily ascertainable. There

fore, an allowable design stress of 150% of normal working stress 

has been used in design of the reinforced concrete section shown in 



Figures 7 and 8. However, it has been anticipated that the rock fill 

over the lower anchor beam will be primarily hand placed and 

consequently no impact need be included in the design of the beam. 

Stability calculations from embankment pressures indicate 

that the 22 ft. wide crib section (Figures 7 and 8) meets the require

ments for depths of elevation 590 and hydraulic fill pressures 

limited to elevation 603. As the depth of the crib increases, the 

width must be increased to provide the 'necessary stability. An 
out-to-out dimension of approximately 29 feet, with hydraulic fill 

pressures lim ited to elevation 603, would be required for a bottom 

elevation of 580. For hydraulic fill above elevation 603, a tem

porary drainage ditch at the crib and final placement of only dry 

material adjacent to the crib would alleviate the problem and can 

be covered in final design details. A proposed method of crib 

widening is shown in Exhibit 10. 

The piles for the crib are considered to be of precost pre

stressed type and square in configuration rather than the conven

tional octagonal for purposes of better containment of the crib fill. 

(Figure 9). A slight modification from normai type of corner cham

fer is recommended for the two corners of the front row pile lo

cated to the lake side. By rounding these corners, the entry of 

waves into the crib voids is greatly streamlined. 

in areas where a nominal driving distance of the piling is 

possible, the use of precast holes for connection bolts can be uti

lized. Other areas will perhaps require field drilling of holes for 

connection bolts. It should be noted that the flexibility of the piles 

should permit alignment when the longitudinal wales are placed. If 

transverse spread develops· as the crib fill is placed, temporary ties 

could be utilized until the anchor and tie beams are in place. 

Calculations have shown that with an assumed coefficient of 

friction of OA5, an assumed effective length of 1/3 of the embedded 
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I 
I 
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pile in bearing on a 4 ton per square root foundation material, and 

an assumed point of fixity 5' below t~'e lake bed surface, the maxi

mum fiber stress in the proposed piles from bending and direct 

load would be an accepted allowabl~ for active horizontal forces 
I Increased by 50 per cent. 
I 
I 

Wh ile model tests for the crib (section considered a 38 inch 

prototype spacing of piles and 2 ft. stope fill there Is assurance that 

a stone size of 3 ft. may be available at a near equal unit cost. 

The recommended spacing of piles fpr the front row prOVides, as 

shown in Figures 7 and 8, a clear ope~ing of 26 inches and an on

center dimension of 42 inches. Spaci~9 of piles in the back row is 

identical for reasons to be noted in t~ie following discussion of the 
i 
I WQve screen. 

I 
c. Wave Screen I 

Data obtained from the mOdel!studY measured the average 

of the 3 largest forces on the wave !creen as 10,000 pounds per 

foot vertical and 6,000 pounds per foql horizontal, with a maximum 

of 16,000 pounds per foot vertical and 8,000 pounds per foot hori-
I 

zontal for a 16' wave and lake eleyation at 605. Evaluation of 

these forces by Dr. Bruun and relatin~' the model to the prototype 

conditions indicated that a horizontal force of 5,000 pounds per 

foot and a vertical force of 10,000 poqnds per foat should be used 

in the structural analysis of the waVl screen. Since these forces 
can be expected to occur only once i 25 years, an allowable de

sign stress approaching yield appear'. appropriate, consequently" 

an allowable stress of 150% of norma I working stress was selected 

as a design criteria. It should be note~ that on rare occasions and 

on Isolated partions of the crib, largerlforces may occur and under 

these conditions isolated failures of t~. e screen may be expected. 

However, the panel detail of the serren would permit relatively 

easy replacement of these sections ~nd it is believed to be un

economical to design for the ultimate fofces. 



The forces acting on the wave screen and subsequently 

transmitted thru the tie beam to the piling produce direct load and 

uplift loads on the piling. A lower anchor beam is required to 

support sufficient rock fill load, which in turn transmits this load to 

the piling for uplift resistance. This lower anchor beam is required 

as sufficient tension capacity of the piles cannot be developed with 

the proposed short pile embedment. Due to boulders, bedrock etc., 

it does not appear feasible to attempt to drive the piling to a depth 

sufficient to develop the required tension capacities. In addition, 

the direct transfer of a portion of the rock fill load to the piles will 

iDcrease the stability reliability of the crib section. However, it 

should be noted that the piles will be required to carry this rock 

fill load in addition to the direct forces from the wave screen. For 

purposes of attaching the lower anchor beam, the back pile must of 

necessity be at the same spacing as the front row. 

The wave screen shown in Figure 9 and recommended for 

adoption, consists of a curved metal plate having ribbed reinforce

ment. Spacing of ribs coincides with the positioning of piles. Verti

cal and horizontal components of wave forces upon the screen are 

transferred respectively to the front pile and a steel tie beam mem

ber extending to the back pile. 

A maximum panel length of 21 ft. is proposed as compensa

tion for thermal movements. Shop assembly is limited to the 

curved plate and its associated ribs and stiffeners. Connection of 

the plate assembly to the front-to-back tie beam is performed in 

the field. On-site drilling of holes at points of connection is con

sidered necessary in order to insure proper filling of all elements. 

The skin plate of the wave screen has been extended to a 

point 5' below the top of pile to prevent wave sprays from escaping 

through the top of the crib behind the wave screen proper and also 

serves as a tie between front row piles. In addition, a longitudinal 

wale has been utilized along the back row piles to further stiffen 
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the crib section and also to facilitate connection of the tap tie beam. 

Use of the steel tie beam appears desirable for connection to the 

front pile and wave screen. 

Sliding plate splices are proposed at the wave screen expan

sion joints to eliminate spray leakage and to provide additional 

stability. Longitudinal wale joints are proposed to be open and 

aligned with the wave screen joint in the front and staggered in the 

back. 

Maintenance problems associated with a metal wave screen 

are to be recognized. Access to the concave face of the screen for 

purposes of painting will be difficult and may necessitate use of a 

special chair or basket. The extensive use of ribs and stiffeners 

present additional difficulty in the cleaning and painting of the back 

surface of the screen. A 21 ft. panel length is within the realm of 

galvanizing and adoption of such process is highly encouraged. 

Assuming an estimated unit cost of6.0 cents per lb. for galvanizing 

and an initial cost of 1.5 cents per lb. and subsequent cost of 2.5 

cents per lb. of metal for painting, it can be concluded that the 

added costs of galvanizing are fully justified be.yond the 10th year 

of maintenance. 

The possible use of concrete as a wave screen was investi

gated and found unsatisfactory. The principal objection to concrete 

lies in its requirement for a cast-in-place design. It is considered of 

maximum importance to provide a crib section having full use of 

precast or preformed elements and thus insure continuous opera

tions during construction. A concrete wave screen does not perm it 

exercise of this requiremertl. 

d. Stone Fill 

Previous discussion regarding design of the crib section has 

established a front row spacing of 42 inches for concrete piles and 
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3 It stone size lor normal lill of the cell. Variations In crib fill are 
to be recognized as essential to control of uprush occurring within 

the unit. Figures 7 and B indicate a layered placement of relative· 

Iy small sized stone near the top of the bin. Model tests have in· 

dicated the use of small stone, while permitting escape of entrapped 

air during an onrushing wave, is of benellt In reducing the passage 

01 spray. 

A five foot curtain wall is provided near the top and on the 

inside face of the front pile. While this curtain serves to contain 

the layers of smaller stone, its principal function lies however in its 

effectiveness in preventing passage 01 spray through the critical 

corner immediately below the wave screen. 

Active quarries are in close proximity to Duluth and may 

serve a potential source for all stone required as crib fill or toe 

protection. This stone is of olivine gabbro type, medium to coarse 

grained and dark gray in color. Specific gravity varies and may 

range upward to 3.00. This stone Is well suited to use in shore 

protection systems because of its durability. Shape of a quarried 

rock is cubical rather than layered and quite satisfactory therefore 

for fill behind pile gaps. 

e. Toe 

Justification for protection of the toe is best evidenced by 

observance of a crib undergoing model evaluation such as was 

performed for this project by St. Anthony Falls Laboratory. Severe 

tendencies toward scour occur In the immediate area of the crib 

and are undoubtedly caused by the random pattern of destruction 

of wave energy. 

The toe protection recommended for the crib under consid· 

eration (Figures 7 and B) will consist of layers of stone and/or 
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quarry rock having size and composition bearing relationship to 

the depth of water. Where water ",depths exceed 15 It, the toe 

protection is composed of two layers of one·ton rock over one ft 01 
quarry run. 

A single layer of a permeable plastiC or nylon sheet Is 

initially placed on the lake bottom to ~ecelve the quarry run mate· 

rial. In shallow water sections which constitute by far the major 

portion of the cll l,) wall instaliation,'1 a three loot embedment is 

considered necessary lor control of sco~r. 

3. Foundation Investigation 

Figures 5, 5A and 5B indicate a lake bottom profile together 

with logs 01 borings between stations 466 and 50B. Every evidence 

points toward a highly erratic cover of lake bottom sands over rock, 

notably in the area approaching Leil Eiicson Park. The difficulty in 

obtaining a valid indication of rock and san~ overburdens lor the length 

of project to be subjected to the driving 01 piles associated with a crib 

section, can readily be appreciated whJn it is recognized that most 

borings along the line of construction can bnly be obtained through ice 

and in areas subjected to major build!'p 01 ice ridges. A realistic 

indication of the lake bottom prolile in areps of potential pile driving is 

highly desirable. Through such data, co";~ideration can be given to a 

design of piles, wales and tie beams whic~ are prebored or formed to 

receive necessary fittings, thus permitti\1g erection to proceed with 

minimum time assigned to field fittings.' 
, 
I, 

Portable seismic devices have gQined much usage In recent 

years for exploration of foundation strat~. Such instruments can be 

towed along the line to be investigated ahd contlnous dolo assembled 

for subsequent translation into classlflcatiQn of materials. Use of such 

devices may be of an economic advantage in securing inlormation 

desirable lor a knowledgeable approach "to the embedment limitation 

of piles, trenching for stone fill and placement of toe protection. 



4. Wave Data 

Discussion elsewhere within Part I of this report has suggested 

the difficulty to be anticipated because of variations in lake conditions, 

in the construction of the crib section, its rock fill and the operation 

involving hydraulic placement of granular materials. 

The Corps of Engineers maintains a record of fluctuation in lake 

level occurring in the vicinity of the Duluth Entry, however similar 

assembly of data in the immediate proximity of the crib wall has under

standably, not been undertaken by any agency. The availability of 

information pertaining to wave heights and occurrence over a very 

limited period of time would seemingly be of major importance to a 

prospective contractor in much the manner that river level fluctuations 

are of concern to a contractor contemplating the undertaking of river 

pier work. A second and perhaps equally important asset to be gained 

through knowledge of lake conditions, lies in the correlation of such 

variables to design considerations. Several devices for recording varia· 

tions in lake conditions are commercially available. One such method 

employs a floating buoy tethered to a pile or similar fixed structure. 

Another instrument is anchored to the lake bottom and therefore fully 

submerged. Data is gained through a pressure sensing system which 

recognizes variations in waves heights. By means of a "direct line" 

arrangement to a central office or location, constant vigilance of storm 

conditions can be exercised. 

The use of a device for identifying variations in lake conditions 

for a period of at least one year is greatly encouraged. 

5. Construction 

Variations occur in the techniques employed by contractors for 

execution of construction assignments. Sim ila r differences may be 

anticipated in the erection of a crib wall such as is contemplated within 
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this report. The sequence to follow is intended merely as a means of 
identifying a number of the uncommon items associated with construc

tion of this project. 

The uncertainties associated with dredging operations in the 

open and unprotected lake as a means of supplying granular material 

for Freeway fill and coastal stabilization is recognized. A potential 

source for necessary granular fill is believed to occur within and adja

cent to the designated boundaries of Duluth Harbor Basin, In a general

ized area approximately 7,000 feet below the Aerial Bridge. Discus

sions with dredging contractors have indicated the need for at least one 

booster pump in the discharge piping in order to successfully transport 

the materials to the job site. 

Actual construction of the crib wall may begin at either the 

Holiday Inn location or at Ericson Park. The former appears much 

preferred as a completed crib section can be successfully utilized as 

support for the discharge lines of the dredge during periods of placing 

fill to the landside as well as that necessary for bottom stabilization 

along the wall face. 

A theoretical sequence of construction for Concrete Crib, Alter

nate B (Figure 7) follows: 

a. Begin driving both front and back row piles and place lower waler, 

Iront and back. 

b. When pile driving has progressed to a point approximately 100 
feet from shore, begin excavation within the cell necessary for rock 

embedment in shallow waters. Immediately place quarry run and 

stone fill, however only to the elevation of the lower wales. Simul

taneously place toe protection. 

c. Place bottom anchor beam, top wale and curtain walls. 
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d. With floating equipment utilizing the newly created calm behind the 

partially completed crib, proceed with placement of plastiC blanket, 

mesh and stepped placement of small sized stone and quarry run. 

e. Commence with hydraulic fill of the landside portion of crib. Extend 

only to approximately lake level. 

f. Place rock crib fill over anchor beam to bottom of steel tie beam. 

g. Place tie beam and wave screen. 

h. Complete embankment fill. 

The operations listed are continous, with pile driving maintaining 

a consistent distance ahead of the excavation and stone fill operations. 

Careful inspection must be made throughout construction and 

particularily those phases involving underwater excavation, rock fill and 

layered placements of small sized stone and hydraulic fill. Turbid con

ditions will undoubtedly prevail causing difficulty in viewing. The use 

of electronic equipmentfor underwater inspection should be conSidered, 

not however as a substitute but rather to complement services by a 

diver. 

6. Post Construction 

It is recommended that construction of Interstate 35 between 

Station 467 and Ericson Park (Figures 12 thru 14D) be performed In 

two stages with the ramp and Freeway pavements deferred until one 

fall-th rough-spring period has elapsed follOWing completion of the wall 

and hydraulic fill. An extensive inspection should then be undertaken 

to ascertain conditions of the toe protection, piles, tie beams, rock fill 

and granular fills. In regard to the toe protection system, careful note 

should be made of the positioning of stone and any dislodgement 
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recorded. An underwater television cam~ra may be Ideally suited for 

this purpose. :, 
1 

Recommendations by Dr. Bruun (Pilge 2-49) suggest placement 

of approximately 300,000 cu. yds. of a co~rse grained sand along the 

front of the crib wall between sta 480 and sta 505. It is anticipated that 

this material will, through wave movem~nts, seek a stable state and 

strive to heal the scars caused by construction. Course and progress of 

such movements should be observed and ~ay be done through utiliza

tion of tracer sands and evaluation of irecovered samples. It is of 

prime concern that major irregularities in the lake bottom which are 

suggestive of scour, not occur. I 

References appear throughout Pari II, Hydraulic Study to beach 

improvements to occur in the vicinity of Holiday Inn. A deposit of 

10,000 cu. yds. of sand material should be placed along the share at 

its intersection with the crib structure. $ubsequent wave actions will 

pullout these sands and, in Dr. Bruun's:' judgement, create a curved 

beach with waves breaking farther from shore. Supplementing this 

deposit of material is the probability (Pdge 2-49) that fines of sands 

dumped along the crib wall will, over a period of time shift, south

wardly along the wall into the corner at Holiday Inn. Observance of 

this shift is desirable and can be acco~lplished by means of tracer 

materials suggested preViously. I 

c. SUMMARY OF COSTS 

Cost of construction has been estimated fbr three alternate conditions 

of shore protection systems. Detail views of this a~pear as Figures 6, 7 and 8 

of Part I of this report. Roadway pavement, lihouldering and base course 

materials are not estimated as these items arJ common to each alternate. 

LikeWise, a common zone line has been establish~d for determination of addi

tional embankment materials required for a specifi~ alternate. 



ESTIMATE OF CONSTRUCTION COSTS 

Statian 465+50 ta Station 509+00 Seawall Portion Only 

RECOMMENDED 

RUBBLE MOUND CONCRETE CRIB CONCRETE CRIB 
ITEM UNIT UNIT ALTERNATE A ALTERNATE B ALTERNATE C 

ALTERNATE A 

PRICE QUANTITY COST QUANTITY COST QUANTITY COST 

Prestressed Concrete Pi! ing 16 II Sq. Lin. Ft. 7.00 85,700 $ 599,900 85,700 $ 599,900 
Prestressed Concrete ~alers, 12" Sq .. Lin. Ft. 6.00 13,050 78,300 13,050 78,300 
Structural Steel Pound 0.25 1,000,300 250,075 1,000,300 250,075 
Hardware and Fittings Pound 0.60 151,310 90,786 151,310 90,786 

Concrete Cu. Yd. 100.00 2,040 204,000 2,040 204,000 
Reinforcement Pound 0.15 525,000 78,750 525,000 78,750 
Wave Screen Lin. Ft. 60.00 4,350 261,000 4,350 261,000 
5' Curtain Wall Lin. Ft. 18.00 4,350 78,300 4,350 78,300 

15' Curtain Wall Lin. Ft. 54.00 4,350 234,900 
Steel Mesh, Asphalt Cooted Sq. Yd. 2.70 4;830 13,041 
30" Half Round Perforated CMP Lin. Ft. 6.00 31,600 189,600 
Plate and Connectors Pound 0.25 240,000 60,000 

ALTERNATE B 

Rock Crib Fi II ing Ton 15.00 115,512 1,732,680 115,512 1,732,680 
Rock Crib Filling, 9" to 15" Ton 7.50 8,687 65,152 
Rock Crib Fi I J ing, Quarry Run Ton 5.00 4,662 23,310 4,662 23,310 
Excavation Cu. Yd. 2.00 107,142 $ 214,284 52,830 105,660 52,830 105,660 

Rock, 12 Ton Ton 20.00 19,112 382,240 19,112 382,240 
Rock, 8 Ton Ton 18.00 271,142 4,880,556 
Rock, 4 Ton Ton 15.00 26,118 391,770 26,118 391,770 
Rock, 2 Ton Ton 15.00 9,792 146,880 9,792 146,880 

Rock, 1 Ton Ton 12.50 6,689 83,613 6,689 83,613 
Rock, 1,600 Lb. Ton 12.50 137,570 1,719,625 
Rock, 200 to 300 Lbs. Ton 10.00 6,530 65,300 6,530 65,300 
Rock t 9 11 to 15" Ton 7.50 28,538 214,035 

Rock, Qua ny Run Ton 5.00 327,956 1,639,780 15,145 75,725 6,400 32,000 
Sand, Loke Fi II Cu. Yd. 2.00 310,000 620,000 310,000 620,000 
Filter Blanket, Type 1 Cu. Yd. 8.00 4,020 32,160 
Filter Blanket, Type 2 Cu. Yd. 6.00 3,720 22,320 

__ CONSTRUCTION LIMITS REFLECTED IN ESTIMATES 

Nylon Fabric Sq. Yd. 2.00 38,420 76,840 13,530 27,060 
Plastic Fabric Sq. Yd. 1.75 34,870 61,022 23,120 40,460 13,400 23,450 
Steel Sheet Pil ing Sq. Ft. 4.30 59,813 257,196 
Granular Material in Place Cu. Yd. 2.00 193,704 387,408 27,490 54,980 

TOTAL $ 9,160,000 $ 5,900,000 $ 5,650,000 
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Costs for construction of the wall or rubble mound portion only of each 

alternate are as follow: 

Alternate A - Rubble Mound located 60 feet lakeward of theoretical 

wall line for concrete crib - $9,160,000 

Alternate B - Concrete Crib with layered fill placement behind the 

back pile - $5,900,000 

Alternate C - Concrete Crib with perforated corrugated metal re

tainer a long the bock piles - $5,650,000 

The rubble mound is not economically feasible. While the two crib 

alternates vary in cost by less than 4-1/2 per cent and favor Alternate C, it is 

the recommendation of this report that Alternate B, and its layered placement 

of fill materials be adopted for construction. Problems associated with layered 

method of fill construction are generally recognized and were, in the instance 

of th'is project, observed in the laboratory tests. Similar evaluation of a cor

rugated metal retainer was not performed by St. Anthony Falls Laboratory 

and its performance characteristics under prototype conditions cannot be pre

dicted with any certainty. 

The possibility of substituting bridge type structure for crib wall and fill 

between Station 465 and Ericson Park was investigated and cost estimate made 

based on deck area. Assuming full shoulders, areas of ramp structures total 

142,000 sq. ft whereas the main line has a computed area of 366,000 sq. ft. 
USing unit costs of $20.00 and $17.00 respectively for the tall pier romps and 

the main roadway, the total costs of all structures are estimated to be 

$9,000,000. 
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LIST OF TERMS AND SYMBOLS(Ref.l) 

Breaker - A wave undergoing destruction due :to influence of lake bottom, 

reef, etc. 

Breaker Depth - The stillwater depth of the pbint where wove destruction 
begins. I 

Clapotis - Associated with a standing wavephenpmenon caused by reflection 

of a wave train from a structure having largely vertical face. 

Contour - A line connecting points of equal eleJation. As used herein, con

tour lines are descriptive of lake bottom ste~pness. 
i 

Crest of Wave - The highest part of a wove. That part of the wave above 

stillwater level. 

I 

Deep Water - Water of depth such that surfac~' waves are little affected by 

conditions on the lake bottom, 

Depth of Breaking - The stillwater depth where the wave breaks. 

Diffraction of Water Waves - The phenomenon by which energy is transmitted 

laterally along a wave crest. When a ~ortion of a train of waves is 

interrupted by a barrier, such as a break~ater, the effee! of diffraction 

is manifested by propagation of waves info thesheltered region within 

the barrier's geometric shadow. 

Duration -In wave forecasting, the length of time fhe wind blows In essentially 

the same direction over the FETCH (generdting area). 

Erasion - The wearing away of land by the action of natural forces. On 

beach, the carrying away of beach material by wave action, tidal cur

rents, littoral currents, or by deflation. 
! 



Fetch - In wave forecasting, the continuous area of water over which the wind 

blows in essentially a constant direction. 

Fetch Length - In wave forecasting, the horizontal distance (in the direction of 

the wind) over which the wind blows. 

Groin - A shore protective structure (built usually perpendicular to the shore

line) to trap littoral drift or retard erosion of the shore. It is narrow in 

width, and its length may vary from less than one hundred to several 

hundred feet (extending from a point landward of the shoreline out into 

the water). Groins may be classified as permeable or impermeable; 

impermeable groins having a solid or nearly solid structure, permeable 

groins having openings th rough them of sufficient size to perm it pas

sage of appreciable quantities of littoral drift. 

Height of Wave - The vertical distance between a crest and the preceding 

trough. 

Hindcosting, Wave - The calculation from historic synoptic wind charts of the 

wave characteristics that probably occurred at some past time. 

Jetty - On open seacoasts, a structure extending into a body of water, and 

designed to prevent shoaling of a channel by lilloral materials, and to 

direct and confine the stream or tidal flow. Jetties are built at the 

mouth of a river or tidal inlet to help deepen and stabilize a channel. 

Length of Wave - The horizontal distance between sim ilar points on two suc

cessive waves measured perpendicularly to the crest. 

Median Diameter - The diameter which marks the division of a given sample 

into equal parts by weight, one part containing all grains larger than 

that diameter and the other part containing all grains smaller. 

Orthogonal - On a refraction diagram, a line drawn perpendicular to the 

wave crests. 
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Planform - The outline or shape of a body of water a~ determined by the 

stillwater line. 

Plunge Point - (1) For a plunging wave, the point at which the wave curls 

over and falls. (2) The final breaking point of the waves just before 

they rush up on the beach. 

Reflected Wave - The wave that is returned seaward when a wave impinges 

upon a very steep beach, barrier, or other reflecting surfaces. 

Refraction Diagram - A drawing showing positions of wave crests and/or 

orthogonals in a given area for a specific deepwater wave period and 

direction. 

Rubble Mound Structure - A mound of random-shaped and random-placed 

stones protected with a cover layer of selected stones or specially 

shaped concrete armor units. (Armor units in primary cover layer may 

be placed in orderly manner or dumped at random). 

Scour - Removal of underwater material by waves and currents, especially at 

the base or toe of a shore structure. 

Setup, Wave - Superelevation of the water surface over normal surge eleva

tion due to onshore mass transport of the water by wave action alone. 

Shallow Water - (I) Commonly, water of such a depth that surface waves are 

noticeably affected by bottom topography. It is customary to consider 

water of depths less than half the surface wave length as shallow water. 

(2) More strictly, in hydrodynamics with regard to progressive gravity 

waves, water in which the depth is less than 1/25th the wave length. 

Significant Wave - (I) A statistical term denoting waves with the average 

height and period of the one-third highest waves of a given wave 

group. The composition of the-higher waves depends upon the extent 

to which the lower waves are considered. Experience so far indicates 



that a careful observer who attempts to establish the character of the 

higher waves will record values which approximately fit the definition. 

(2) A wave of significant wave period and significant wave height. 

Significant Wave Period - An arbitrary period generally taken as the period 

of the one·third highest waves within a given group. Note that the 

composition of the highest waves depends upon the extent to which 

the lower waves are considered. In wave record analysis, this is de· 

termined as the overage period of the most frequently recurring of 

the larger well-defined waves in the record under study. 

Standing Wave - A type of wave in which the surface of the water oscillates 

vertically between fixed points, called nodes, without progression. The 

points of maximum vertical rise and fall are called antinodes or loops. 

At the nodes, the underlying water particles exhibit no vertical motion, 

but maximum horizontal motion. At the antinodes the underlying water 

particles have no horizontal motion b~t maximum vertical motion. They 

may be the result of two equal progressive wave trains traveling 

through each other in opposite directions. Some/i.mes called CLAPOTIS. 

Surge Wove - A wave after breaking. 

Trough of Wave - The lowest part of a wave form between successive crests. 

Also that part of a wave below stillwater level. 

Wave Forecasting - The theoretical determination of future wave character· 

istics, usually from observed or predicted meteorological phenomena. 

Wove Height - The vertical distance between a crest and the preceding trough. 

Wove Length - The horizontal distance between similar points on two suc

cessive waves measured perpendicularly to the crest. 
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Wave Period - The time for a wave crest to traverse a distance equal to one 

wave length. The time for successive wav~ crests to pass a fixed point. 

Wave Reflecled - The wave that is returned seaward when a wave impinges 

upon a very steep beach or barrier. 

Wove Trough - The lowest part of a wave form between successive crests. 

Also part of a wave below stillwater level. 

Wind Setup - (l) The veriical rise in the stillwater level on the leeward side of 

a body of waler caused by wind stresses,on the surface of the water. 

(2) The difference in stillwater levels on thewindward and the leeward 

sides of a body of water caused by wind siresses on the sur/ace of the 

water. 

SYMBOL DEFINITION UNIT 

b Length of a given profile feet 

Co Coefficient of drag. 

D Depth feet 

db Depth of water at a breaker's position feet 

ENE Wind or waves approaching from the direction of ENE 

F Frequency of occurance per year 

H Wave height feet 

H Mean wave height feet 

Hb Wave height at breaking point feet 



Ho Deep water wave height feet 

Hmax Highest wave for a specified period of time feet 

Hl/, Average height of the uppermost one-third of all 
waves for a specified period of time feet 

HI/IO Average height of the uppermost one-tenth of all 
waves for a specified period of time feet 

H,/IOO Average height of the uppermost one-one hundreth of 
a II waves for a spec ified period of time feet 

H" Wave height in water 87 feet deep feet 

Lo Deep water wave length feet 

md Mean depth or average depth of water over that 
portion of beach profile in question feet 

mm Millimeter 

MLW Mean low water 

MWL Mean water level 

MSL Mean sea level 

N Number of waves per hour, also direction 

NE Wind ar waves approaching from the direction of 
northeast 

S Slope of lake bottom ft ./ft. 

SWL Still water level 

stc Steepness characteristic or mean depth 
divided by width of beach profile. 

T Increment of time second 

T,/, Approximate period of Hl/3 second 

ts/ft. Tons per foot 

Vo Wind velocity feet per second 

Vp Particle velocity feet per second 

About or approximately 

~ Equal to or less than 

< Less than 

~ Equal to or greater than 

> Greater than 

0: 0 Deep water angle 

o:~ Breaker angle 

1. U.S. Army Coastal Engineering Research Center, Technical Report No.4 
"Shore Protection, Planning and Design" Appendixes A and B. 
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NOTES: 
DISTANCE FROM SHEET PILE WALL 
TO Ii< I-35 SHALL BE 60 FEET 
MORE THAN THAT REQUIRED FOR 
ALTERNATES B OR C. 

Howard, Needles, Tammen a Bergendoff 

EL. 620 

2 LAYERS 

ING LAKE BOTTOM 

LAYER OF PLASTIC FABRIC SHEET 

Figure 6 ALTERNATE A RUBBLE MOUND 
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16" PRECAST CONCRETE PILES 

2 LAYERS OF HEAVY NYLON FABRIC SHEETS (3/4 WIDTH) 

~c~v. bW.U t' \ ~PRECAST CONCRETE WALER Ii 

STBLe, JiE; \?EtM \ •• J 15'CURTAIN WALL (5/16" STEEL PLATE) II 
SMALLEST ROCK (2-3')lN SECOND AND THiRD LAYER 

i 
TYPE I FILTER BLANKET ( I {" -rQ 3" GRAVEL) 

TYPE 2 FILTER BLANKET ( I r: TO 6" GRAVEL) 
2 LAYERS OF HEAVY NYLON FABRIC SHEETS 

~RAN1 .. AR EMBANKMENT 

I 
1FT. ' 

EXISTING LAKE BOTTOM 

EXIST. LAKE ~ ~~ 
""9 F I!ili!I rn fi!?il -fi'l'!lJ ~BOTTOM !>Ji'P=* .. II II .. . , I 

I' QUARRY RUN I ASPHALT COATED STEEL MESH OR rlMILAR I 
I I 
II 
I I 
U 

II :1 II 
I I I I II 
I I I I I I U--lU 

FRONT ELEVA nON 

Howard I Needles I Tammen a Bergen doff 

FOR DETAIL ON TOE PROTECTION, 
(SlOE TABLE D-3.4 PART n) 

NOTE' 

I LAYER OF PLASTIC II 
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Shore Protection Study 
I1STT:.E:: ~ ST.A. T:.E:: ~ <>""V'" T:.E:: 35 I1ST :D U'L ""V'"T:FI 

COASTAL ENGINEERING • PART II HYDRAULIC, STUDY 

INTRODUCTION 

According to the agreement of September 28, 1966, Howard, Needles, 

Tammen & Bergendoff, Minneapolis, Minnesota authorized the National Engi

neering Science Company, Pasadena, California to conduct a "Shore Protection 

Study in Duluth" including the following phases: 

A. Hindcasting of Wave Action 

The purpose of this study was to determine the characteristics of storm 

waves including frequency of occurrence. Data are supposed to serve as 

criteria for design of sea wall. 

B. Analysis 01 Bottom Stability 

The purpose of this study was to evaluate the stability of the oil-shore 

bottom profiles and the needs and possibilities for further stabilization. 
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C. Tracer Study 

The purpose of this study was to ev~luate the stability of various kinds 

of sand material placed on the offshore bottom subject to heavy wave action 

during winter storms. Fluorescent tracers were used for this study. 

D. Hydraulic Design Study Utilizing Results of Model Study by the St. Anthony 

Falls Laboratory, University of Minnesota, Mi~neapolis, Minnesata. 

" The purpose of this study was to determi~e the best designs from hy-

draulic, wave mechanics and structural vieWpoints, using the results of all other 

studies including results of model tests. 



SUMMARY 

The study of protection for Interstate 35 at Duluth against forces by 

waves and currents includes some unusual problems. Plans call for placement 
of a four-lane highway at water depths up to approximately 20 ft on a share 

with steep boltom profiles which may be attacked by 20 to 30 ft waves and by 

heavy Ice formations during the winter. This report includes hlndcastlng of 

wave action with special reference to maximum conditions including their 

frequency of occurrence. Selected storms for a 50 year period (1916-1967) 

were used for this study. Data obtained were compared to data hindcasted by 

the u.S. Army Corps of Engineers, St. Paul, Minn. and published in "Review 

Survey Report on Duluth-Superior," Minnesota and Wisconsin, Aug. 1963. 

The main object of the combined hydraulic and structural study was to 

suggest a practical and econom ical design which will protect the new highway 
and its traffic against wave action. The hydraulic study therefore concentrated 

on the possibilities for production of splash and spray because this cauld en

danger traffic an the highway particularly during the fall, winter and spring 

manths when water on the highway could form an ice cover. 

In order to clarify the hydraulic capabilities of the wall in detail, a 

hydraulic model study was conducted at the st. Anthony Falls Laboratory, 

University of Minnesota, Minneapolis. Wave data for the model study were 

selected from the hindcast study. 

The hydraulic and wave mechanics study included another important 

feature namely that of evaluation of the boltom stability. This problem was 

researched by analysis of the boltom profile geometry as well as by sampling 

and analysis of bottom material. Bottom profiles at Duluth were compared to 

boltom profiles subject to sim ilar wave action in and outside the United States. 

Boltom material was analyzed and possibilities for stabilization of the boltom 

by material dredged from the Superior Harbor were evaluated. Furthermore 

the bottom stability was investigated by a fluorescent tracer study using two 

different kinds of labeled material, a 0.13mm medium size sand and a 0.23mm 
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medium size sand. The. results of the tracer study confirmed the results of the 

profile analysis that the sand must be medium to coarse If it shall stay on the 

steep boltom. Only coarse sand or pebble will stay inside the 20 It contour 

on the shore under consideration, apart from the corner at the Holiday Inn 
where profiles are less steep. 

The model study concentrated on three different kinds of structures. 

Inasmuch as a rubble mound placed on IOta 20 It depths would involve large 

quantities of heavy material while at the same time waves would break at the 

slope and produce much splash and spray, a crib design as well as a com

posite structure consisting 01 a crib on the lower section, a horlzeintal platform 

and a slope on the upper section called a "modified crib" was tested also. It 

was observed that the reflection of wave height by the crib varied Irom 35% 

(steep waves) to 70% (flat waves) and that the reflected waves increased wave 

breaking in front of the wall. Although all wave breaking produces spray and 

splash, most spray and splash is the result of wave rise up along the front 

face of the wall. 

Splash and spray on the top of the rise necessitate protection by a 

wave screen which must be of a rigid design due to the heavy wave forces 

to which it will be subjected. Model tests demonstrated that the waves which 

produced most splash and spray were those of 13 to 16 ft height. 

Tests on a full wave spectrum were not carried out. This would have 

been very time consuming and it was not considered necessary. In order to 

evaluate the frequency 01 occurrence of maximum spray-producing waVe condi

tions, the number of waves occurring within the 13 to 16 ft height range were 

computed for various basic values of the significant wave height H 1l,(which 

is the average of the highest one-third of all waves) assuming that the distri

bution of wave heights in the shallow·water and breaker spectrum follows the 

same basic laws as the distribution of wave heights in the deep water wave 

spectrum. Although the validity of this assumption has not been explored 

adequately, it presents a practical and workable assumption for the conditions 

at Duluth. 



Based on a comparison between hindcasted waves, the statistical wave 

spectrum and results of the model study on the crib design, it was found that 

the most spray producing wave conditions, taking volume as well as frequency 

into consideration, probably is the about once per year occurrence of wave 

heights with HV3 b ~9 to 10 It where HI/, I> refers to the breaker height. 

This condition occurs with wave periods of 7 to 9 sec ond produces IOta 20 

waves per hour belonging to the 13 to 16 It group. 

The model study demonstrated considerable differences in splash and 

spray for the various designs tested, as thoroughly described in Part III. 

The combined results of the hindcasting study, the bottom stability and 

tracer studies and the model study favored the crib design. 

Compared to the rubble mound the crib design has the advantage that 

it produces less spray and requires less and much smaller rock. It must how" 

ever be provided with a substantial toe apron to protect the bottom against 

scour. 

Compared to the vertical impermeable wall, the crib design has the 

advantage of causing less wave rise and splash and of elim inating the pos

sibility of high shock pressure which could endanger the wall structure and 

cause vibrations in the roadway fill behind the wall. Furthermore such shocks 

could be very unpleasant to traffic partly because of the noise it produces and 

portly because of the vibrations which may be felt by the drivers. A com

parison between the various designs is tabulated below with ratings given for 

the various features involved. 

Wave and earth forces on the crib were computed and found satis

factory cansidering the overall stability. Wave forces on single elements 

were computed based on hydrodynamic theories for forces by water particles 

moving past an object as well as on the results of the model experimen,s. A 

design horizontal wave force of 2 ts/It of pile is recommended. This heavy 
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COMPARISON BETWEEN THE HYDRAULIC ABILI TIES OF 
THE VARIOUS DESIGNS (Ref. Chapter D and Part LlI) 

Type of Spray Stabi I ity cjf 
Siructure Splash Reflect ion Structure I Olher 

Rubble C A BIC Very heavy 
Mound armor rock 

necessOlY 

Modified A B/c VelY heavy 
Rubble armor rock 

Mound n8cessOlY 

Crib A A Reliable filters 
and toe protection 

necessalY 

Modified B/C B A Rei iable filters 

Crib and toe protection 
necessary 

force may occur when the wall is subjected to a direct impact by a breaking 

wave (lake level about -5 ft to +15 It). Beyond these, points horizontal forces 

are of the order 0.5 to 1 ts/ft of pile only. 

I 
Wave forces on the wave screen werJ computed based on model 

experiments (Part III) and are subiect to interpretption as described in section 

D 3.3.3. 

An attempt was made to determine forces ~y ice based on experiments 

in rivers in the USSR combined with velocity jreadings in the model study 

conducted at 51, Anthony Falls Laboratory. The (esults of these computations 

show that forces of the order of magnitude of lOts. exerted on a 0.5 - 1 It 
length of a 16 in pile could perhaps occur, but ,thonces of such occurrence 

I 
I 



would be very small because it assumes that a 25 by 25 ft solid ice floe hits 

one pile only with a velocity of 6 to 7 ft/sec and this is very improbable. 

Rock size in the toe-apron was determined in part by model experi

ments. It is recommended that the apron be placed in a trench for depths 

,;, 12 ft and that the maximum width be 30 ft. The condition of the apron with 

respect to scour should be checked by surveys after the spring storm season. 

Details an apron design for various depths are given in saction D 3.4. 

In addition to the above mentioned recommendation for the protection, 

it is suggested that the area between Sto 474 and Sta 479 receive further 

protection against scour by placement of a 50 ft wide apron of quarry waste to 

elevation 584. The normal 30 ft wide scour apron may be embedded in this 

apron or placed on its surface. 

To stabilize the offshore bottom it is furthermore suggested that 300,000 

cu yds of coarse sand fill be placed in front of the crib wall between Sta 

about 480 and Sta about 505. In addition 10,000 cu yds of sand fill should 

be placed in the corner near Holiday Inn. The movement of this sand fill 

should be checked by tracer studies as noted in Section C. 
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RECOMMENDATIONS 

Based on the results of the hydraulic and wave mechanics design study 

the following recommendations are made. 

1. Erection of approximately 4,000 It of crib wall between Sta 465± 

and Sta 505t. Design varies somewhat wilh depth. 

2. Placemenl of a 50 fl wide quarry wasle apron between Sta 474 and 
Sta 479 raising bottom elevalion up 10 Elev 584. 

3. Dumping of 300,000 cu yds of selected sand fill nol finer Ihan the 

"Borrow A2" sand, or as recommended in Section D1, in front of 

Ihe crib-walls between Sta 480 and Sta 505. It is suggested that a 

search for coarse sand material from the borrow area in the harbor 

be continued. 

4. Dumping of 10,000 cu yds of similar medium to coarse sand mate

rial in the corner near Holiday Inn. 

5. In order to follow the development of Ihe splash and spray condi
tions as well as movements of bollom malerial il is furthermore 

recom mended that photographic sludies be conducted du ring slorms 

and conlinuous wave recordings as well as annual deplh soundings 

of bottom profiles possibly coordinated with tracer experiments be 

performed as described irfsection D1. Tracers should correspond to 

the grain sizes of actual sand as dumped. If a wave recorder is 

installed prior to the construction work it will be able to provide 

data useful for planning of the contractor's work. 

6. II is noled Ihat although the wall will be able 10 eliminate or de

crease splash and spray to a nominal amount it is not able to 

diminish the production of the dust and "smoke" from spilling waVeS 

breaking in front of the wall. The production of spray from offshore 

breaking is however small compared 10 the production of splash and 

spray at the wall. 
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CHAPTER A 

HINDCASTING OF WAVE ACTION 

A 1 WAVE CHARACTERISTICS 

A 1.1 DEEP WATER WAVES 

The Duluth section of Lake Superior has, because of lake geometry 

(Fig. A 1.1), a very exposed location for winds from NE and ENE. Weather 

records from Duluth and Duluth Airport from 1916 and up to 1967 were ex

amined for wind direction, velocity and duration. A total of seven storms 

including two in 1967 (Jan. and April) were selected as shown in Table A 1.1. 

For the Jan. 1967 storm, records from Duluth Airport were used. Regarding 

the difference in wind velocities recorded at the airport and velocities over 

the lake (which must be similar to the velocity recorded close to shore at 

Duluth) the following information was received by letter of Feb. 24, 1967 by 

Mr. Kenneth A. Nicholson, Meteorologist in Charge, Airport Station, Duluth, 

"1. If you are considering the maximum winds as recorded on our 

annual summary for various months, there would be little difference, since 

those observations were taken under circumstances wherein the velocity at the 

airport would be as high or higher than over the lake. 

2. If you consider a steady blow, then the winds over the lake could 

be as much as 10-20 knots higher. This would be true principally from the 

east to north east. II 

Active fetch length as listed in Table AI, 1 was computed in accordance 

with the procedure mentioned in Technical Memo #70, Beach Erosion Board, 

U.S. Army Corps of Engineers, 1954. 
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Duration of storm and wind velocity in ":l.p.h. is indicated in Table A 

1.1 and the corresponding deep water significant wave heights and periods 

were computed (Fig. 4 of reI. 1), 

A 1.2 SHALLOW WATER WAVES 

Inasmuch as most storm waves are not true deep water waves for a 

considerable distance from the shoreline, it was necessary to also hindcast 

wave action for some of the more important storms, assuming constant depth 

of about 130 ft. The results of this computation are shown in Table A 1.2.1. 

While there is no difference in hindcasted periods, hindcasted wave 

heights are 2 It to 5 It lower for the limited depth because of friction between 

flow and bottom. 

Based on the data of Tables A 1.1 and A 1.2.1, the deep water wave 

heights (before refraction) listed in Table A 1.2.2 were selected for further 

computation assuming a deep water angle between the general sea-wall line 

and wave crests of about 70 degrees average ,for NE waves and about 50 

degrees average for EN E waves. 

A 1.3 BREAKING WAVES 

Based on the procedures mentioned in reI. 1(2) breaking wave choracter

istics were computed using 1 st order as well as 3r~ order theories and related 

graphs (Fig. 4 and Fig. 5 and Tables #1 and 2i of ref. (2)). The third order 

results however proved to be unrealistic because t~e breaker heights increased 

considerably above deep water height for a small !increase in breaker angle. 
i 



The combined results of computations of deep water, shallow water and 

breaking waves are summarized in Table A 1.3. 

A 1.4 REFRACTION DIAGRAMS 

Refraction diagrams were designed for the directions and periods in

dicated in Table A 1.4. The table gives Figure numbers for the diagrams. 

From these diagrams it can be established that: 

NE 

Because of the refraction, wave heights are reduced everywhere. Re

fraction factors vary between 0.7 lor long waves to 0.9 for short waves. Least 

reduction takes place in the corner at the Holiday hin where the bottom slope 

on the olher hand is most gentle and wave height therelore is reduced more 

by bottom friction than at the other places. The area most severely attacked 

by wave action is the about 950 It wide section having depths <: 10 It. 

ENE 

Because of smaller angle 01 incidence, the ENE waves are reduced less 

by refraelion than the N E waves. Refraction factors vary from 0.75 for long 

waves to 0.95 for short waves. 

The corner at the Holiday Inn is again the most severely attacked area. 

The section of the wall most affeeled is the same (deep) section as for the NE 

waves. 

The small protruding headland (rock accumulation) at Sta 490 is also 

attacked relatively more than the other sections of the shore but depths at 

this section of the wall are shallow. 

The result of the refraction diagram studies indicates that no concentra

tion of wave action caused by refraction can be expeeled along the proposed 
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wall. If wind is persistent and veers between NE and ENE but stays for sev

eral hours on one of these directions, it is possible that this may result in 

some crossing waves (wave crests under a small angle with each other) and 

thereby producing local concentrations of wave aelion. This however will not 

influence wave breaking which will continue to take place when wave height is 

a little less than water depth. The only thing which may occur is that breaking 

may take place directly on the wall in cases when waves from one direction 

only would not be able to produce wave breaking. Under such circumstances, 

breaking on the wall would become very irregular. in other words, the fre

quency of wave breaking increases but the height of the breaking wave does 

not. 

A 1.5 COMPARISON BETWEEN BREAKING WAVES COMPUTED ON 1st 

ORDER THEORY AND OTHERWISE. 

The following expressions were developed (ref. 3) 

~ = 0.25 + 5.5 ~ 
CX o Lo 

Hb 
~= 0.76 

If H -1/, 
S 7 (~) 

Lo 

Ho = Deep water wave height 
Lo = Deep water wave length 
<Xo Deep water angle 
<Xb Breaker angle 
S Slope of bottom 

The slope of the bottom is assumed to be 1 :30 which is valid for the 

nearshore parts at most places but steeper than the actual steepness for depths 

> 20 ft. Bottom is less steep in the corner at Holiday Inn. 

Table A 1.5 indicates the waves computed in this manner compared to 

the waves computed in Table A 1.3. U may be seen that the computed NE 

waves tend to become a little higher and the ENE waves a little lower than 



iT 
I 
I 
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the waves in Table A 1.3. It is undoubtedly salest to use the waves 01 Table 

A 1.3 although the difference is small. 

A 1.6 WAVES IN THE CORNER AT HOLIDAY INN 

With respect to the waves at Holiday Inn, these were computed based 

on the relraction diagrams (Fig. A 1.4.1 - A 1,4.7), Wave height at breaking 

was lound by means 01 the results 01 model experiments published in ref (3) 

page 74, Fig. 1. Bottom steepness was assumed to be 1 :50, 

Table A 1.6 indicates the results. It may be seen that wave heights 

are a little higher for ENE waves than for NE waves because of the more 

direct input 01 wave action from ENE, The relraction causes a slight decrease 

in wave height which however is largely gained again for the short period 

waves because of increase of Hb /H ° ratio (wave height at breaking over 

incident wave height). The long waves lose mare height because of more 

pronounced refraction towards the shore. 

A 1.7 SURGE WAVES AFTER WAVE BREAKING 

The lower waves reach the sea wall line without breaking. The larger 

waves break and then continue as surge waves. The height of surge waves is 

approximately: 

Hb Dx 
H ~-+-

x 2 2 

where Hx is the height of wave at depth Dx and Hb is the wave height at the 

breaking point, Table A 1.7 shows the maximum wave or surge height lor 

various depths at toe of wall. These were computed based on the ligures of 

Table A 1.3 using the above approximated formula, From this table it may be 

seen that surge waves of 10.5 ft to 19.5 ft are possible in linal design for 
occurrence depths of 0 to 18 It at the toe of the crib wall. In order to evalu-
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ate the frequency problem more closely, a detailed analysis 01 wave heights 

and periods based on hindcasting carried out by the U,S, Army Corps 01 
Engineers (ref. 4) lor a 33 year period (1915-1947) was undertaken, 

A 2 FREQUENCY OF WAVE ACTION BASED ON HINDCASTED DATA 

In order to evaluate the results of Tabl,es A 1,3 more closely, com

parison was made belween these data and wave data noted in ref, (4) which 

were hindcasted based on wind records for a 33' year period (1915 to 1947), 

All tables in this section were based on tabulations appearing in ref, (4), 

A 2.1 DEEP WATER WAVES 

Table A 2,1 gives the number 01 occurrences per year of waves ~ 8 ft 

approaching Superior Entry from directions belween N 45°E and N 90°E. 

From Table A 2.1 it will be observed that the total frequency 01 wave 
occurrences with heights between 8 It and 12 :ft is about 5 per year (6 - 9 

sec. period), that the total frequency for waves between 12 It and 16 ft is 

about 1.5 per year (8 - 10 sec. period) and that the total frequency of wave 

occurrences with heights belween 16 It and 20 ft is slightly more than 0,6 per 

year (9 - 11 sec. period). Waves above 20 \t in height only occur with a 

frequency 01 about 0.3 times per year (10- 12 sec. period) and there is only 

one occurrence of 27 - 28 It (period 12 - 13 sec:) in 33 years, These figures 

compare well to the /igures 01 Table A 1,3 for deep water waveS. 

A 2.2 SHALLOW WATER WAVES 

; 
Table A 2.2 gives the corresponding /igu'res for shallow water waves. 

From Table A 2,2 it will be observed that the Itotal frequency 01 waves be

lween 8 and 12 It is about 4 per year (6 - 9 ~ec, period) and that the total 

frequency of waves belween 12 ft and 16 ft is abbut 0.6 per year (9 - 11 sec. 

period). For waves above 16 It frequency is o~ly about 0.1 (period 11 - 12 



sec.) and there is only one occurrence in 33 years of waves of 19·20 ft. 

Reference level is about 60 ft depth. 

The above mentioned demonstrates that waves above 8 ft which have 

periods of 6 • 12 sec. occur with a total frequency of about 5 per year. This 

may be interpreted as 5 days per year according to information available an 

duration of storms. 

A 3 COMPARISON BETWEEN WAVES HINDCASTED BY NESCO AND THE 

FREQUENCY ANALYSIS OF DATA HINDCASTED BY THE U.S. ARMY 

CORPS. OF ENGINEERS FOR A 33 YEAR PERIOD (1915.1947) 

A 3.1 DEEP WATER WAVES 

The data of Tables A 1.3 and A 2.1 were compared within the same 

ranges of periods in such a way that, e.g., an 8 sec. period of Table A 1.3 
corresponds to an 8/9 sec. period of Table A 2.1. Table 3.1 demonstrates that 

there is a good comparative agreement between the results of the 33 year's 

statistics and the significant waves hindcasted for particular storms which oc· 

curred in the period 1916·1967 (51 years). Because of the longer time period 

(51 against 33 years), it would be expected that the highest waves hindcasted 

for the 33 year period were a lillie lower than the highest waves hindcasted 

for particular storms for the 51 year period. The highest wave included in the 

33 year statistics is 27/28 It (Table A 2.1) but the March, 1950 storm which is 

nat included in the 33 year (1915.1947) analysis may have produced 30 ft 

waves (Table A 1.1). Hindcasted waves above 16 ft only occurred a total of 

0.9 times per year for the 33 year period. 

A 3.2 SHALLOW WATER WAVES 

The data of Tables A 1.3 and A 2.2 were compared using the same 

ranges of periods as for the deep water waves. Table A 3.2 demonstrates that 
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also in this case there is a good agreement between the results of the 33 

year's statistics and the waves hindcasted for particular storms in the period 

1916·1967. It may be seen that the frequency of occurrence of waves ~16 ft 

is only about 0.1 per year with reference level about 60 ft depth. In the 

area in front of the sea wall, it would be a little less because of decrease of 

wave height by refraelion (Section A 1 .4). 

A 4 DETAILS ON FREQUENCY STUDIES, WAVES AND LAKE LEVEL 

A 4.1 WAVE FREQUENCIES 

Inasmuch as the sea wall in question will be attacked by nonbreaking 

as well as by broken waves it is necessary to consider the development of 

wave aelion from deep water to shallow water and breaking waves in detail. 

Table A 4.1.1 is a comparison between deep water, shallow water and 

breaking wave's characteristics based on the figures of Tables A 1.1, A 1.2.1 

and A 1.3. 

Table 4.1.2 gives a review of decrease of deep water wave heights in· 

cluding values computed based on shoaling coefficients and NESCO hind· 
casted wave data. These values are compared to data from the statistical 

analysis and Fig. A 4.1.1 which indicates the difference in height between deep 

water waves and shallow water waves. From this comparison, it may be 
observed that the agreement between fhe data derived is satisfactory. 

Comparing the shallow water wave heights and the breaking wave 

heights of Table A 4.1.1, it may be seen that difference is of the order of 

magnitude 2·3 ft. This means that in order to convert ihe shallow water storm 

wave statistics to breaking wave statistics, wave heights have to be decreased 

by about 2 It (less for waves below 8 ft and more for waves above 16 Ii). 
Accepting 2 ft will make the analysis on the less conservative side for the 

lower waves and on the conservative side for the highest waves. 
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Table A 4.1.3 is based on Fig. A 4.1.2 when the frequency of breaking 

waves was obtained simply by reducing the shallow water wave height by 2 ft. 

Table A 4.1.4 gives wave and surge heights according to section A 1.7 and 

their corresponding frequency intervals according to Table A 4.1.3. Frequency 

of Hmox H·77times H,;,) up to 18 ft is outlined in Table 4.1.5. 

Comporing Table A 4.1.3 and A 4.1.5 it may be seen that, e. g., a 

Hh1i, ? 16 ft has frequency of only once in 25 years but a Hb,;, ? 9 It 
which occurs twice a year may produce an Hmox of 16 ft. A Hb,/, ?8 ft 

occurring about 4 times a year will produce a 14 ft Hmox' 

The amount of oversplash and spray is of particular importance for 

this study. It depends upon wave characteristics, wind characteristics as well 

as the design of the sea wall. 

The uprush and upsplash problem is therefore dealt with specifically in 

Chapter D on design. 

A 4.2 LAKE LEVEL FLUCTUATIONS 

Table A 4.2.1 (ref. 4) shows the percentage 01 time that the seasonal 

high monthly mean level 01 Lake Superior reached various elevations during 

the 1860·1951 period. 

The figures of Table A 4.2.1 demonstrate the almost sinusoidal shape of 

the frequency of fluctuations. Mean elevation lor seasonal high monthly mean 

level is about 603 It. The average lake level was however 602.2 It for the 

1860·1951 period. Design there/ore should probably be planned based on an 

average elevation of 602.2 It considering the possibilities for a local rise 01 
lake level. Table A 4.2.2 presents the frequency of occurrence of short.period 

fluctuations of the local level at Duluth. 
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It may be seen that a rise of approximately 1 It may occur three to 

four times a year. A 1.5 It rise appears to occur ";"Ith a frequency of less than 

once a year and a 2 ft rise only once about every'1 00 years. 

In comparing data on lake levels to wave data it should be noted that 

the seasonal high level usually occurs during the months of August, September 
and October while the largest storms at Duluth (as well. demonstrated by 

Table A 1.1) occur in the spring. 

, 

A statistical evaluation of lake levels bas,ed on data by United States 

Lake Survey, U.S. Army Engineer District, Detroit, jar the period 1920 to 1966, 

compares average lake levels for October, November and December and 

gives an average value of 600.00 It for the sp(lng months and an average 

level of 600.70 It for the fall months. . 

Using 602.2 It as average lake level means that 601.8 ft may be can· 

sidered an average lake level for the storm season. 

While a normal storm may produce a 0r5 It wave pile up, a severe 

storm may produce a 1 ft wave pile up to lakt level elevation of approxi. 
mately 603 ft. . 

This is in agreement with the Corps 01 En~ineers recommended value 
of 603 for its Superior Entry model study. ' 
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Figure A 4.1.1 FREQUENCY OF OCCURRENCE OF DEEP WATER AND 
SHALLOW WATER WAVES OF A CERTAIN HEIGHT 
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Figure A 4.1.2 FREQUENCY OF OCCURRENCE OF BREAKING WAVES 
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TABLE A 1.1 TABLE A q.l 
HINDCASTING OF WAVE ACTION FOR SELECTED STORMS HINDCASTING OF WAVES FOR 4 IMPORTANT STORMS. 

DEEP WATER WAVES FETCH AND DEPTH RESTRICTED 
(ref. 1) (ref. 1) I 

Fetch Duration Wave Height & Period 
Year Wind full reduced of storm Velos HI/, (ft) Period 

Month Direction (miles) (miles) (hours) (mph) Deep Water (sec) 

Fetch Duration, Depth of Wave Height & Period 
Year Wind full reduced of storm Velos Water at end H'i, Period 

Month Direction (miles) (miles) (hours) (mph) of fetch( ft) (ft) (sec) 

1916 
NE 250 125 28 38 16 9-10 Apr. 

1919 NE 250 125 ~24 43 130 15 10 Mar. 

1919 
NE 250 125 22 42 20 10 Mar. 

1950 NE & 350 190 -24 55 130 24 12-13 
Mar. ENE 

1919 
NE 250 125 24 43 20 10 Apr. 

1) 1967 
NE 250 125 ~24 30 130 9 8 Jan. 

1950 ENE 350 190 24 55 30 12-13 
Mar. 

2) 1967 
NE 250 125 -24 45 130 16 10 Jan. 

1950 NE 250 125 21 38 16 9 
Apr. 

1967 , 

NE & 350 190 ab20 40 130 16 11 Apr. ENE 

1967 NE 250 125 24 30* 12 8 
Jan. 

I 

1967 
ENE 350 190 20 40 20 11 

Apr. 

1) Computed based on velocities recoicled at the Duluth Airport 

I 
2) 15 mph wind velocity was added to;wind velocities recorded at 

the Duluth Airport. The value obt~ined is probably high. 

* observations at airport 

I" 

I Ie, 

2-19 

I;, 



TABLE A 1.2.2 

WAVE HEIGHTS BEFORE REFRACTION. ANGLE OF INCIDENCE 
ABOUT 70° FOR NE WAVES AND ABOUT 50° FOR ENE WAVES. 

Wave Heights 25 ft 16 ft 10 ft 8 ft 

Wave Periods 12 sec 10 sec 8 sec 6 sec 

TABLE A 1.3 

SUMMARY OF WAVE DATA H INDCASTED FOR DULUTH. 
DEEP AND SHALLOW WATER AND BREAKING WAVES 

Period 
(sec) 

6 
8 
9 

10 
11 

12-13 

6 

8 

10 

12 

Deep Water 
Ho in (ft) 

NE ENE 

12 
16 
20 
20 

30 

assumed 
8 

assumed 
]0 

assumed 
16 

assumed 
25 

W - E Shore 
Limited (130 ft) Water Depth 

Ho in (ft) Hb in (ft) 
NE ENE NE ENE 

9 
12-13 
15-16 

16 
24 

6 7 

7 9 

11 14 

16 21 
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TABLE A 1.4 

LIST OF REFRACTION DIAGRAMS 

Figure # Direction Period 

A 1.4.1 NE 6 sec 
A 1.4.2 NE 8 sec 
A 1.4.3 NE 10 sec 
A 1.4.4 ENE 6 sec 
A 1.4.5 ENE 8 sec 
A 1.4.6 ENE 10 sec 
A 1.4.7 ENE 12 sec 

TABLE A 1.5 

COMPARISON BETWEEN 1st ORDER COMPUTED BREAKING 
WAVE DATA (Table A 1.3) AND DATA COMPUTED BASED ON 

DEEP WATER DATA (Table A 1.1) REFRACTION DIAGRAMS 

AND ~b=0.76.S'h( HL°,-'/4, 5=1:30 
° ° 

Table Al .4 Table A 1 .1 and formu 10 
Ho NE ENE NE ENE 

8' 6' 7' 6' 6.5' 
]0' 7' 9' 7.5' 8.5' 
16' 11' 14' 12' 13' 
25' 16' 21' 18.5' 20.5' 



TABLE A 1.6 TABLE A 1.7 

WAVES IN THE CORNER AT HOLIDAY INN MAXIMUM SURGE HEIGHT Hb% IN RELATION TO DEPTH 

Hb Depth Height Hb! Period Deep Water Wave Height NE ENE 
(sec) (ft) (ft) (ft) ft 

6' 
assumed 

7' 8' 12' 16' 21' 

6 8 7 8 0 3' 3.5' 4' 6" 8' 10.5' I assumed 1 3.5' 4' 4.5' 6,,5' 8.5' 11 ~ 

8 10 9 10 2 4' 4.5' 5' 7' 9' 11 .5' 
assumed 3 4.5' 5' 5.5' 7.5' 9.5' 12' 

10 16 13 14 4 5' 5.5' 6' 8' 10' 12.5' 
assumed 5 5.5' 6' 6.5' 8:.5' 10.5' 13' 

12 25 20 6 6' 6.5' 7' 9' 11' 13.5' 
7 6.5' 7' 7.5' 9.5' 11.5' 14' 
8 7.5' 8' 10' 12' 14.5' 
9 8.5' 10.5' 12.5' 15' 

10 II' 13' 15.5' 
11 1'1.5' 13.5' 16' 

"\ 12 12' 14' 16.5' 
13 12.5' 14.5' 17' 
14 15' 17.5' 
15 15.5' 18' 
16 16' 18.5' 
17 16.5' 19' 
18 19.5' 

I 
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TABLE A 2.1 

NUMBER OF OCCURRENCES PER YEAR OF DEEPWATER WAVES OF 
A CERTAIN HEIGHT 28FT APPROACHING SUPERIOR ENTRY FROM 
DIRECTIONS BETWEEN N 45° E, AND N 70° E. 

Wave 
Height 

(ft ) 
Wave Period 

(sec) 

6-7 7-8 8-9 9-10 10-11 11-12,12-13 

8-9 0.7 1.0 0.3 
9-10 0.2 0.9 0.3 
10-11 0.1 0.4 0.6 
11-12 0.2 0.6 
12- 13 0.0 0.4 0.1 
13-14 0.2 0.2 
14-15 0.1 0.3 
15-16 0.2 
16-17 0.2 >0.1 
17-18 0.1 0.1 
18-19 >0.0 0.1 
19-20 >0.0 0.1 
20-21 0.1 
21-22 0.1 
22-23 <0.1 
23-24 <0.1 
24-25 0.1 
25-26 -
26-27 
27-28 <0.1 
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TABLE A 2.2 

NUMBER OF OCCURRENCES PER YEAR OF SHALLOW WATER 
WAVES OF A CERTAIN HEIGHT 28ft APPROACH ING SUPERIOR 
ENTRY IN DEEP WATER FROM DIRECTIONS BETWEEN' N 45° E 
AND N 70° E. 

Wave 
Height 

(ft) 

8-9 
9-10 
10-11 
11-12 
12-13 
13-14 
14-15 
15-16 
16-17 
17-18 
18-19 
19-20 

6-7 7-8 

0.1 0.8 
0.5 

Wave period 
(sec) 

8-9 9-10 10-11 11-12 12-13 

0.8 
0.5 0.2 
0.4 0.2 

<0.1 0.5 <0.1 
<0.2 <0.1 
<0.1 <0.1 
<0.1 <0.2 

>0.1 
0.1 

<0.1 

<0.1 
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TABLE A 3.1 

COMPARISON BETWEEN DEEP WATER WAVES HINDCASTED FOR 
PARTICULAR STORMS AND STATISTICS FOR HINDCASTED WAVES 
(Tables A 1.3 and A 2.1) 

Table A 1.3 
Period range Deep Water Wave Heights (ft) 

(re~ NE ENE 

8-9 
9-10 

10-11 
11-13 

12 
16 
20 

28-30 

TABLE A 3.2 

Table A 2.1 
Wave Heights (ft) 

8-12 12-16 16-20 20-30 

5.3 
1.5 

0.6 
0.3 

Days per year 

COMPARISON BETWEEN SHALLOW WATER WAVES HINDCASTED FOR 
PARTICULAR STORMS AND STATISTICS FOR HINDCASTED WAVES 
(Tables A 1 .3 and A 2.2) 

Peri od range 
sec 

8-9 
9-10 

10-11 
11-13 

Table A 1.3 
Sha. Water Wave Heights (ft) 

NE ENE 

8-9 
12-13 
15-16 

20-24 

Table A 2.2 
Wave He ights (ft) 

8--1212-16 16-20 20-24 

4.0 

0.6 
0.1 0,0 

Days per year 
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TABLE A Ul 

COMPARISON BETWEEN DEEP WATER, SHALLOW WATER 
AND BREAKING WAVE CHARACTERISTICS 

Wave Heights 
Peri ads Deep Shallow Breaking 
(sec) (ft) (ft) • (ft) 

6 I 
8 12(NE) 9 I -7 
9 16(NE) 12-1~ -11 

10 20(NE/ENE) 15-16 -13-14 
12 30(ENE) 24 i -21 

TABLE A 4.1.2 i 
I 

DECREASE IN HEIGHT OF DEEP WATER WAVES TO SHALLOW 
WATER WAVES BY DIFFERENT, APPROACHES 

Height/Period 

8-10'/6 sec 
12'/8 sec 

16-20'/9-10 sec 
30'/12 sec 

.Shoaling Coefficient 
ref. 4 

~1ft 

-2-3 ft 
-4-5 ft 
~9 ft 

NEstO 
Hindcasting 

\ 

- 3 ~It 
-3-5 t 

- 8-9 t 
i 
I 

Statistical Method 
ref. 4 data 

-1 ft 
-2 ft 

-4-5 ft 
-9ft 

I 



TABLE A 4.1.3 TABLE A 4.1.4 

FREQUENCY OF WAVES Hb (~Hbl/j ) FREQUENCY OF OCCURRENCE OF WAVE OR SURGE HEIGHT 
Hi, (HbJ/,) IN RELATION TO DEPTH 

Height Hb% Frequency 
Height (Hb) (ft) (times per year) 

Depth 6' 7' 8' 12' 116' 21' 
8 4:1 =4 (ft) 
9 2:1 = 2 0 3' 3.5' 4' 6' 8' 10.5' 

10 1:1.5 =0.7 1 3.5' 4' 4.5' 6.5' 8.5' ]]' 
11 1:2.0 = 0.5 2 4' 4.5' 5' 7' 9' 11.5' 
12 1:3 = 0.3 3 4.5' 5' 5.5' 7.5' 9.5' 12' 
13 1:5 = 0.2 4 5' 5.5' 6' 8' 10' 12.5' 
14 1:7.5 =0.13 5 5.5' 6' 6.5' 8.5' 10.5' 13' 
15 1:15=0.07 6 6' 6.5' 7' 9' ]]' 13.5' 
16 1 :25 = 0.04 7 7' 7.5' 9.5' 11.5' 14' 

8 8' 10' 12' 14.5' 
17 1:45 = 0.022 9 8.5' 10.5' 12.5' 15' 
18 1 :80 = 0.013 10 ]]' 13' 15.5' 
19 1:150=0.006 11 11.5' 13.5' 16' 

Eo 20 1 :250 = 0.004 12 ~ 12' ~ 14' ~ 16.5' 
1 :400 to 1 :500 = 0.002 13 ~ 12' 

Q) 
14.5' ~ 17' a 21 

~ t 22 1 :600 to 1 :800 = 0.0015 14 :.:: 12' 15' ~ 17.5' . 
15 ~ 12' "': 15.5'~ 18' 0 
16 12' 16' 018.5' 
17 12' 16.5' 19' 
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TABLE A 4.1.5 

FREQUENCY OF Hmox UP TO 16 FT Hmox ~1 .77 HJ/3 

Hmax HJf, Frequency 
(ft) ft (times per year) 

8 4.5 
9 5 Every storm 

10 5.5 

11 6 ~5 - 10 
12 6.5 ~5 

13 7.5 ~4.5 

14 8.0 ~4 

15 8.5 ~3 

16 9.0 ~2 ;surge at 
deepest 

18 10.0 ~0.7 section 

TABLE A 4.2.1 

LAKE LEVEL SEASONAL FLUCTUATIONS AT DULUTH 
(ref. 4) 

Elevation in ft 
Above New York Datum 

600.0-601.5 
601.5-602.0 
602.0-602.5 
602.5-603.0 
603.0-603.5 
603.5-604.0 
604.0-604.1 
604.1-(maximum) 

Percent of Time Seasonal High 
Equaled or Exceeded Given Elevation 

100.0 
99.5 
91.5 
71.0 
33.0 
7.5 
0.5 

Once in 91 years of record 
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TABLE A 4.2.2 

PERIOD OF OCCURRENCE OF SHORT-PERIOD 
FLUCTUATIONS IN LOCAL WATER TABLE AT 
DULUTH (ref. 4) i 

Rise Above General 
Lake Level in ft 

0.45-0.60 
0.60-0.75 
0.75-1.00 
1.00-1.25 
1.25-1.50 
1.50-1.75 
1.75-2.00 

2.00 

Inter~al in Months Between 
Occurrenc'1 of Rise Equcd to or Greater 

than Given Value 
i 
I 

I 

I 
I 

0.5 
1.0 
2 
4 
9 

17 
42 
99 



(1) NESCO, 1965 "Generation of Waves by Wind. State of the Art" Contract 

No. Nonr-4177(00) 

(2) NESCO, 1966 "On the Breaking of Waves Arriving at an Angle to the 

Shore", Contract No. NOM· 4177(00) 

REFERENCES 

CHAPTER A 
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(3) Le Mehaute, B. and Koh, R. C. Y. "On the Breaking of Waves Arriving at 
an Angle to the Shore", Journal of Hydraulics Research, Vol. 15, 1967, 

No.1 pp 67-88. 

(4) U.S. Army Corps of Engineers, St. Paul (1963) "Review Survey Report on 

Duluth-Superior Harbor, Minnesota and Wisconsin" 
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CHAPTER B 

ANALYSIS OF BOTTOM STABILITY 

B I COMPARISON BETWEEN PROFILE STEEPNESS 

AT DULUTH AND ELSEWHERE 

Looking at Hydrographic Maps (Figs B 1. I and B 1.2) for the west end 

of Lake Superior, it may be seen that beach and nearshore profiles are very 

steep. It was therefore necessary to compare prafile.charocteristics for these 

profiles to profile-characteristics from elsewhere. 

Reference is made to Table B 1.1 which also refers to grain size anal

ysis mentioned In Section B 4. From the ligures of Tobie B 1.1, It is apparent 

thot the boltom profiles at Duluth compared to the profiles at all other nine 

places, which are subject to wave action of a comparable, though not identical 

magnitude, are the steepest within all depth intervals considered. There is an 

interesting similarity between the profiles at Burns Ditch (southernmost end of 

Lake Michigan) and at Duluth; namely, that profiles are steeper between 30 

and 40-foot depth than between 20 and 30-foot depth. This may be inter

preted as an approach to the development of a "platform" between 20 and 

30·foot depth and to a deposit slope between 30 and 40-foot depth. Profiles 

inside 30-foot depth are still about twice as steep at Duluth as they are at 

Bu rns Ditch. 

As demonstrated by Table B 1.1, however, it is also true that grain 

sizes are largest at Duluth. The 30-40 foot depth intervals at Burns Ditch and 

at Duluth, however, have comparable grain sizes, although bottom is some

what steeper at Duluth than at Burns Ditch. The influence of slope on grain 
size (and vice versa) Is perhaps most striking when Duluth Is compared to 

Mission Bay, California, where steepness between 20 and 30-foot depth is 

about half the steepness at Duluth, and grain size is also about half. 

The situation with respect to steepness is somewhat better in the corner 

w,,-st of Holid!lY Inn, where .steepness between 10 and 20 feet is ",bout 1 :50, 
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and thus similar to the steepness at Virginia Beach on the Atlantic, Burns 

Ditch at Lake Michigan, and Mission Bay, Southern California. A comparison 
., 

was also made between the location of the I ~I and 20 ft. depth contours In 

August, 1955 (U.S. Army Corps of Engrs., Dul~th) and In Sept., 1966 (Min· 

nesota Highway Dept., Duluth) for lines A, B, C, ~, E (Fig. B 1.2). The results 

as tabulated in Table B 1.2 indicate that these dep\~ contours may hove moved 
lakeward 5 to 10ft as an average. :' 

B 2 PROFILE CHARACTERISTICS AT DULUTH ANb ELSEWHERE 

Tables B 2.1 and B 2.2 compare mean depth (md) and steepness char

acteristics (stc) for five profiles surveyed at Dulut~ in 1955 and in 1966. (Fig. 

B 2.1) 

The definitions of mean depth and steepness characteristics are as 

follows (ref. 1,2 and 3). 

The mean depth "md" is the average 

that portion of the beach profile that is of i 

diViding the profile area A by the width b, as sh 

Figure B2.2 

of the water area over 

It is the depth obtained by 

below. 

DWHUIOH Of ,\IE-AH DEPT.fI [m~J AND SHIP.JtESS .c-flUACT1RliTiCS [5teJ 



The steepness characteristic of the beach profile "stc" is mean depth 

divided by the width of the beach profile. 

Thus the steepness characteristic is a steepness parameter. A more 

practical value for the steepness of the beach profile may be obtained by 

multiplying the steepness characteristic by a factor of 2 because the mean 

depth is situated in the middle of the profile. 

The steepness characteristic is introduced in order to differentiate be

tween profiles of different shape which, however, have their lim iting depth 

located at the same distances from the shore. 

Calculations of the standard variations of md and stc from repeated 

soundings of a single beach profile show these to be negligible if surveys are 

carried out carefully. 

Because of the limited extent of the 1955 survey, it was only possible 

to compare profiles (1955 and 1966) up to 20-foot depth. The comparison 

demonstrates that the average mean depth has increased during the II-year 

period, and that the average steepness characteristic has increased, too. This 

is a sign of decreasing stability of the profiles, assuming that they are built up 

of the same material. The development may in this case be interpreted as a 

tendency to further stabilization of the offshore bottom (outside the 30-foot 

contou r) by material which in part washed out from the area inside the 20-foot 

contour, where the coarseness of bottom material undoubtedly is still increas

ing because of continued outwash of fines. 

Table B 2.3 and B 2.4 compare the 0 - 20 - 30 foot bottom areas to 

similar profile characteristics for profiles under a similar wave action at Burns 

Ditch, Lake Michigan; Mission Bay (ref. 2) California; the lime Fiord Barriers 
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and Bovbjaerg on the Danish North Sea Coast (ref. 1 and 2). This comparison 

demonstrates that the Duluth profiles are by far the steepest profiles_ The 

next steepest profiles are those on the (North) lime Fiord Barrier in Denmark. 

These profiles are known to be unstable, causing a IOta 15-foot irregular 

shoreline recession per year. 

The mean depth is greater for both bottom areas at Bovbjaerg, but 

these profiles are rather curved which gives a greater mean depth but a 

lower steepness characteristic. 

It is also interesting to note that the bottom profiles at Burns Ditch 

West have almost the same mean depth (particular for 0 to 20 feet) as at 

Duluth, but at the same time, much less steepness for both bottom areas (0 to 

20 feet and 0 to 30 feet). Profiles at Burns Ditch are parabolic until about 

12-13-foot depth, then almost straight-lined with a rather gentle slope. 

It is clear, however, that the Duluth profiles offer no similarities in 

steepness to the other profiles, all cut in sand under comparable or similar 

wave conditions. The Duluth profiles, therefore, could not possibly be stable if 

made up solely in sand material. They must necessarily consist of much coars

er material than the other profiles, particularly inside the 20-foot contour, and 

sand material of normal size (about 0.2 to 0.28 mm) would not be stable in 

those profiles inside the 20-foot contour. With respect to the profiles in the 

northern part of the area at Duluth (Sta 505) they may not be stable either 

between the 20 and 30-foot depth contours in 0.2 to 0.28 mm sand. 

Three profiles (#475, 490 and 505) were surveyed again in 1967 fol

lowing winter storms. Comparison between the 1966 (Summer) and 1967 

(Winter) profiles therefore is a comparison between profiles in two different 

seasons and is described as such in section B 3 seasonal profile fluctuations. 



:n 

B 3 SEASONAL PROFILE FLUCTUATIONS, COMPARISON BETWEEN 

PROFILES SOUNDED SEPT 23, 1966 AND MAY 26, 1967 BY 

THE MINNESOTA HIGHWAY DEPT. 

Comparison was mode between profiles Sta's 475, 490 and 505 (Fig. 

B 3.1). The Sept., 1966 profiles must be classified as summer profiles which 

usually are a little steeper in the near shore sections than winter profiles (ref. 

2 and 3). The normal sand beach is always higher for the summer profiles 

than for the winter profiles. Winter profiles on the other hand have a more 

gentle slope of the bottom profile than summer profiles. 

The experience with the 3 profiles from Duluth does not differ from 

normal experience with respect to "seasonal fluctuations". Outside the 20 ft 

depth contour there has been very little or no scour at any place but some 

accumulation of the order of 1 to 2 ft particularly at profile #490 when mean 

depth and steepness has decreased slightly. It should in this respect be re

membered that all surveys of this nature are subject to some incidental errors 

caused by the survey method itself. Standard deviations on depths may be of 

the order 1/2 ft increasing with slope of the bottom. 

Inside the 20 ft contour the situation Is neutral for profiles Sta's 475 

and 505 while profile 490 shows a remarkable accumulation between 10 and 

20 ft depths which may be caused by a probable southward shifting of a body 

of coarse sand from the adjacent bottom. 

Another peculiarity was observed in profile Sta 475 where rock out

crops or deposits extend about 8 ft above the surrounding bottom at about 25 

ft depth. The base of the rock is about 100 ft wide east-west. Within the rock 

outline is a depression approximately 8 It deep and extending the entire length. 

These bottom configurations changed considerably between the 1966 

and the 1967 surveys. The rock as well as the hole appeared to have moved 

approximately 20 feet shoreward while at the same time depths in the hole 

decreased between 2 ft and 6 ft. 
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This may be explainable from the fact that the 1966/1967 winter as 

revealed by Table A 1.1 in the Chapter A on Hindcasting of Wave Action 

demonstrated two rather severe periods with storm waves. Minimum depth 

over the rock is about 17 It and based on the figures of Table A 1.1 and 

A 1.2.1, it is likely that some wave breaking took place over the rock. The 

velocities of the water particles along the bottom exceeded conSiderably thres

hold velocities for start of particle movement and the distribution of velocities 

was undoubtedly very skewed, that means much higher in shoreward direction 

than in lakeward direction. Consequently materi,al was pushed shoreward on 

the inside slope of the rock. Material deposited M the bottom of the hole was 

undoubtedly derived partly from the lake side and partly from the shore side 

of the hole when it was agitated by wave action on the inside slope of the 

hole and due to gravity and velocities lakeward in the wave motion (possibly 

together with return currents caused by wave breaking) drifted down slope. 

The results of the tracer tests mentioned in Chapter C further confirms 

the experience with the recorded changes In profile geometry. 

B 4 BOTTOM MATERIAL 

Material was sampled from the bottom along lines radiating from Sta's 

475, 490 and 505 and at depths as listed in Ta!1le B 4.1. All samples were 

analyzed for grain size distribution. Average! grain size is listed in Table 

B 4.1. From these figures, it may be seen that Ilh e grain size distribution in 

the profile averages is as follows: 

I 

Shoreline to 20 ft contour mediuin to coarse sandi some gravel 

and perhaps some rock 

20 It to 30 ft contour medium sand 

30 It to '40 It contour medium and fine sand 

> 40 ft contour fine sand 



In order to evaluate the possibilities for stabilization of the offshore 

bottom by sand nourishment (using sand matedal from a nearby borrow pit) 

samples were also secured from a shallow harbor area. These samples when 

analyzed, showed that medium sand (called Borrow ta or A3) as well as fine 

sand (called Borrow A4) was available (see figs. C 2.1.1 and C 2.1.2 of Chap

ter C.) 

Data useful for more detailed analysis and comparisons included seven 

sand samples from Sta 475, seven sand samples from Sta 490, and six sand 

samples from Sta 505. All samples were derived from the underwater profile 

and the elevation of the highest sample was 585 feet, or approximately 15 

feet below mean lake level. The sampling extended to a maximum depth at 

elevation 555, or same 45 feet below mean lake level. One sample opposite 

Sta 490, was a mixture of coarse sand and gravel. 

All of the size distributions were inspected. Inasmuch as it appeared 

that the individual samples were essentially normal in a statistical sense, the 

analysis technique described below is valid. However, there are startling dif

ferences between Sta 490 and Sta 475 and Sta 505. This may indicate that a 

bimodal distribution exists in the area. The material at Sta 490 was quite 

coarse compared to that found on the other two lines and would suggest the 

presence of relict sediment or a heterogeneous mixture of fine sand and 

coarse materials along the shore. 

The 16th and 84th percentiles of each size distribution were determined 

and converted to phi units to facilitate the arithmetic manipulation of the num

bers. The particular percentiles chosen are the inflection points of the normal 

(Gaussian) distribution. Subsequently, the M¢ and u.¢ were calculated from 

the following equations: 

M¢ 

U'¢= 

¢.84 +¢" 
-2-

¢84 -¢" 

2 

= "phi media diameter" 

= Hphi deviation measure" 
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Each of the u ¢ values were squared to determine the variance (see 

ref. 4). 

The grand mean was established by treating each of the ranges indi

Vidually. For each range, the largest and smallest mean was determined and 

the arithmetic mean of the extremes determined. The means for the three 

ranges were averaged arithmetically to derive the grand mean for the area. 

This method prevents false weighing. 

The standard deviation of the computed composite distribution (the 

grand average standard deviation of the area) was derived by subtracting the 

smallest mean from the largest mean for each of the three ranges and an 

arithmetic average of these 1hree values determined. The arithmetic average 

of the variances was determined. The standard deviation of the computed 

composite distribution was calculated utilizing the following equation: 

" (B-A)' + (B-A)' 
u c = U + ---r2 "O(ii=T) 

where u' is the arithmetic mean of the variances, B and A are the smallest 

and largest of the means for each range and n is the number of samples. 

The results of the analysis, when plotted on a probability graph indicated that 

the existing sand has a mean of 0.24 mm and a standard deviation of 1.61. 
The data on Borrow A-2 and A-3 were plotted also and had means of 0.27 

and 0.23 mm and standord deviations of 1.24 and 1.19 respectively. 

The conclusions are as follows: 

a. The mean diameters of the material on the bottom and from the 

borrow pits mentioned are in accord (not too different from each 

other). 

b. The standard deviation of the bottom material is significantly larger 

than either of those from the borrow pits. 
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c. There is a signiflcont quantity of coarse material present on the 

bottom that does not appear to be available from the borrow pits. 

d. While the material from the borrow pits appears to be similar to 

that on the bottom, this Is true only in water depths 01 20 leet 

below mean lake level and deeper. From the 20-foot depth to the 

shore, the borrow material investigated Is unsatisfactory. 

One of the cardinal rules in comparing borraw and existing beach and 

bollom materials Is that the borrow sediments have a larger standard devia

tion. The reason is that natural sorting will remove the fines. II the borrow 

material does not have a larger standard deviation, then not enough material 

will remain after sorting. As coarse material lor nourishment as possible 

therelore Is desirable. This question is discussed further In sedion D 1 of 

Chapter D on Design. 

The conclusion which may be drawn from the above is that it is prob

ably advisable ta erect a sand-tight (energy-absorbing wall) lor protection 01 
the highway (inside the 20-foot contour) and leave some sand fill - as coarse 

as possible - outside the wall or breakwater to be washed out for stabilization 

01 the bollowm outside the 20-foot contour. With a new shore profile, the 

situation with respect to wave refledion and currents transversal to the shore 

is going to change, and this will have an influence on the bottom profile, 

which may tend to Iiallen outside the 20-foot contour. This in turn could mean 

Increased tendency to erosion inside the 20-loot contour. The tracer and 

model experiments mentioned in Chapter C prOVided lurther information 

needed lor evaluation 01 the need lor sand lor stabilization purposes as men

tioned in Sedion D 1. 
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TABLE B 1.1 

WIDTHS OF DEPTH INTERVALS AND SLOPES AT VARIOUS PLACES 
IN AND OUTSIDE THE UNITED STATES WITH WAVE ACTION COM
PARABLE TO STORM WAVE ACTION AT DULUTH. APPROX IMA TE 
GRAIN SIZES BASED ON SAMPLES INDICATED. 

Approximate 
Width of Depth Intervals in ft and slopes grain size at depth 

Dept~(ft) 
Grain 

0-10' 10-20' 20-30' 30-40' Size 
mm 

Duluth, Minn. 150/1:15 250/1 :25 500/1 :50 400/1:40 20-25 0.27 
(1966) 30-35 0.31 

40-45 0.17 
Burns Ditch, 500/1 :50 500/1:50 1000/1 :100 600/1:60 20 0.17 
Lake Mich igan 30 0.17 

40 0.15 

Presque Island, 500/1 :50 800/1 :80 -1:100 20 -0.2 
Penn. 30 -0.1 

Virginia Beach, 800/1 :80 500/1 :50 -8000/1 :800 20 -0.1-0.15 
Va. 30 no data 

Mission Bay, 500/1 :50 500/1:50 950/1 :95 20 0.13 
Calif. 30 0.01 

Jacksonville 800/1 :80 1000/1:100 700/1:70 20 -0.1 
Beach, Fla. 30 -0.1 

Palm Beach, 600/1 :60 900/1:90 1200/1 :120 20 shell mix 
Fla. 30 ...:. 0.2-0.5 

Limefiord 600/1:60 900/1 :90 1000/1:100 20 -0.2 
Barriers, North Sea 30 

Bovbjaerg, 600/1 :60 950/1 :95 850/1:85 20 -0.2 
North Sea 30 

Tokai, Japan 900/1 :90 400/1:40 800/1 :80 20 -0.2 
30 
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TABLEB1.2 

1955 and 1966 

LOCATION OF THE 10 AND THE 20 FT DEPTH COUTOURS 

SOUNDING DISTANCE FROM 

LINE DEPTH RAILROAD TRACKS 

(feet) (feet) 

1966 

A 10 160 
(Approx.) 20 630 

B 10 290 
(Approx.) 20 395 

C 

D 

E 

10 135 
20 295 

10 200 
20 400 

10 220 
20 440 

Average for the 1966 10' -- 201' 
Average for the 1955 10' -- 194' 

Average for the 196620' -- 432' 
Average for the 195520' -- 425' 

The average variation be
tween 1955 and 1966 is only 
7' in both contours(10' & 20'). 

1955 

150 
540 

230 
325 

130 
310 

220 
470 

240 
480 
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TABLE B 2.1 TABLE B 2.3 

I 

PROFILE CHARACTERISTICS, 1955 - Lines A, B, C, D, E PROFILE CHARACTERISTICS, 0-20 FEET AT VARIOUS SHORES 
(Fig. B 1.2) 

Depth A B C D 
Duluth (1966), Burns Ditch (1965), Mission il<ly (1950), Bovbjaerg (1953) 

E ~ Avg. and Lime Fiord Barriers (1942) . 
Interval Sta 475 Sta 490 Sta 505 

Profile Duluth Burns Ditch Mission Bay Bovbiaerg Lime Fiord 
20' md 

15.5 9.6 11.5 11 .4 11.6 59.6 11.9 
Characteristic West Barriers 

ft 
md (ft) 12.1 11 .9 10.5 14.4 12.2 

10' 
31 45 41 27 31 175 35 stc 39 6.7 11.0 9.7 13.2 

stc 

30' md 
16.8 ft 

10' 
36 stc 

TABLE B 2.4 

PROFILE CHARACTERISTICS, 0-30 FEET A~ VARIOUS SHORES 
I 

TABLE B 2.2 Duluth (1966), Burns Ditch (1965), Mission B~y (1950), Bovbiaerg (1953) 
and Lime Fiord Barriers (1942) 

PROFILE CHARACTERISTICS, 1955 - Lines A, B, C, D, E 
(Fig. B 1.2) Profile Duluth Burns Ditch Mission Bqy Bovbjaerg Lime Fiord 

I" ' 
Characterist ic West Barriers 

Depth A B C D ~ Avg. 
,. Interval Sta 475 Sta 490 md (ft) 18.6 16.1 17.0 22.9 17.8 

stc 30.2 5.9 10.1 9.7 11.0 
20' md 

15 9.6 13.0 11 .2 11.8 60.6 12.1 ft 

10' 
30 41 56 32 35 194 39 stc 

I IOJ 30' md 
I, ft 21.1 19.8 18.3 16.8 16.9 92 .9 18.6 

i .. ~~ 10 
·-'!Jtc 

16 34 43 28 30 151 30,2 1-
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TABLE B 4.1 

BOTTOM SAMPLES - STATION, DEPTH AND AVERAGE GRAIN SIZE 

Average 

Field Depth Contour 
Station No. Identification ft ft 

475 1-4 15+1.6 585 

475 1-5 20+1.6 580 

475 1-6 25+1.6 575 

475 1-7 25+1.6 575 

475 1-8 30+1 .6 570 

475 1-9 35+1.6 565 

475 1-10 40+1.6 560 

490 2-3 15+1.6 585 

490 2-4 20+1.6 580 

490 2-5 25+1.6 575 

(1) Bruun, P. "Coastal Stability" including "Measures against Erosion at 
Groins and Jetties", \\Breakwaters for Coastal Protection", "Forms of 

Equilibrium on Coasts with a Littoral Drift", and "Small Scale Experi

ments in Plans for Coastal Protection", plus chapter on erosion and 

littoral drift on Danish North Sea Coast, 1954,400 pp. 

(2) Bruun, P. "Development of Beach Profiles", Beach Erosion Board Tech. 

Memo No. 44.,1954,50 pp. 

Grain 
Size 
mm 

0.27 

0.24 

0.24 

0.18 

0.20 

0.20 

0.19 

2.00 

0.36 

0.37 

Average 
Grain 

Field Depth Contour Size 
Station No. Identification ft ft mm 

490 

490 

490 

490 

505 

505 

505 

505 

505 

505 
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2-6 30+1.6 570 0.47 

2-7 35+1.6 565 0.18 

2-8 40+1.6 560 0.18 

2-9 45+1.6 555 0.13 

3-3 15+1.6 585 0.26 

3-4 20+1.6 580 0.25 

3-5 25+1.6 575 0.26 

3-6 30+1.6 570 0.32 

3-7 35+1.6 565 0.48 

3-8 40+1.6 560 0.17 

(3) Bruun, P. "Small Scale Experiments in Plans for Coastal Protection", Trans. 

Amer. Geophys. Union, Vol. 35, No.3, 1954,8 pp. 

(4) Krumbein, W. C. "The Analysis of Observational Data from Natural 

Beaches" Tech. Memo. No. 130, U.S. Army Corps of Engineers, Beach 

Erosion Board, 1961. 
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C 1 TRACER STUDY 

C 1.1 BACKGROUND AND SCOPE 

The object of the tracer study was to investigate the stability of the 

ollshore bottom under heavy wave action which occur during winter storms. 

Study of the development of the bottom profiles based on surveys in 

1955, 1966, and 1967 was mentioned in Chapter B. From the studies it will 

be observed that the Duluth profiles particularly in the near shore sections 

are steeper than profiles elsewhere built up in sand of normal (0.2.0.3 mm) 

grain size. It was therefore also concluded that the nearshore parts of the 

profiles must consist of relatively coarse material and that normal beach sand 

if placed here could hardly be stable but would wash lakeward. On the other 

hand it is possible that coarse sand (about 0.3 mm) with proper gradation will 

be stable outside the 20 It or 30 It depths where bottom steepness is less. It 

is of great importance to have reliable information on profile stability because 

of the planned construction activities which includes such changes in the near

shore profiles which will change hydraulic factors that are pertinent for profile 

stability. 

The difference between the present situation and the situation after the 

erection of the sea wall lies in change in reflection characteristics of wave 

action. If reflection of wave energy increases, bottom stability decreases, 

because of increase in bottom velocities which may cause bottom scour. The 

character of the scour would normally demonstrate itself as a flattening of the 

nearshore part of the bottom profiles (inside 20 It) and possibly in an increase 

of steepness at or outside the about 30 It contour. Increase of depth near

shore however means increase of wave height in about the same proportion. 

CHAPTER C 

TRACER STUDY 
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With respect to a possible increase of reflection of wave energy, Ihe 

unprotected shoreline is steep and there is already some reflection of wave 

energy. A crib causes about 50% reflection which is probably more than the 

existing reflection. A rubble mound causes IOta 20% reflection depending 

upon its slope, permeability and wave characteristics. In both cases the reflec

tion would be rather confused and the possible influence on bottom stability in 

the prototype would be restricted to 1 and perhaps 2 wave lengths from the 

wall. 

The refraction diagrams mentioned in Section A 1.4 show that the part 

of the shoreline which will probably experience maximum input of wave 

energy is that section having length of approximately 600 feet and depths 

from 15 It and up to about 20 It. 

At present the part of the shoreline located between Sta 470 and Sta 

480 of the proposed highway is protected by a steel sheet piling which causes 

almost total reflection of wave energy. In this area any rubble mound or 

crib would be an improvement of conditions for boltom stability. 

Without a 3·dimensional model study involving a variety of wave 

characteristics it would not be possible to evaluate in detail, changes in wave 

action in the area under consideration and even then it would be difficult to 

develop a fully satisfactory evaluation of changes to be expected because of 

the irregularities in wave spectrum as well as i~ directional approach of the 

waves during a storm when winds change between NE and ENE. 

Based on the refraction diagrams and assuming a rubble mound every

where it is expected that wave action including reflection will not increase in 

the area in question prOVided there is a 1:2 slope of the rubble mound. The 

possibility however increases somewhat with a 1 :'1.5 slope or with a rockfilled 

·Grib. 

I 



Another factor to consider is that the construction work in itself may 

cause some "wounds" in the bottom and there seems to be reason to intro

duce a safety factor by constructive means. The only way in which this may 

be done is by dumping of a protective pad of material - as erosion resistant 

as possible - in front of the wall. 

In order to evaluate such need and to plan such project a tracer study 

of sand movement becomes necessary. 

C 2 TRACER TESTS 

C 2.1 TRACING, TRACER MATERIALS 

Tracing is to follow the movements of a single grain by labeling it by a 
radioactive or fluorescent substance. Tracing and tracing technique are ex

plained in refs (1) to (5). 

Surface samples were picked up from the bottom by the District Office 

of the Department of Highways. Table B 4.1 reviews the locations where 

samples were secured including Station and Depth Contour. All samples 

were analyzed for grain-size distribution and other characteristics needed for 

evaluation of these sands with special reference to their stability as fill on the 

bottom. The last column of Table B 4.1 gives the average grain size for all 

samples. 

The result of the profile analysis was - as explained in section B 4 -

that fine sand could not be expected to be stable on the bottom but that medi

um to coarse sand might be stable particularly outside the 20 It contour. 

\\Stable" in this respect does not mean that the sand is not moving up and 

down the slope as a result of the seasonal change in wave action. It may yet 

be moving lakeward as a result of very extreme (infrequent) storms and not 

return to the beach. 

The results of profile analysis were confirmed by the tracer tests men

tioned below. 
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Because of the availability in the borrow pit area of two different kinds 

of material called "Borrow A-2" and "Borrow A-4" (from harbor) it was de

cided to use two different grain sizes for the tracer experiments. Fig. C 2.1.1 

shows the grain size distribution diagram for "Borrow A-2 sand" as well as for 

a tracer sand called Nevada 47 (mean diameter 0.23 mm), the A-2 sand 

being slightly coarser than the Nevada 47. Fig. C 2.1.2 shows the grain size 

distribution diagram for the "Borrow A-4 sand ll as well as for a finer tracer, 

called Nevada 70 (mean diameter 0.13 mm). It will be noted that the two 

diagrams are in near identity. Tracers were manufactured in California by 

the Great American Color Company in Los Angeles and shipped to Duluth. 

Four different colors (red, yellow, orange and green) in equal amounts of 

Nevada 47 and Nevada 70 were produced. 

C 2.2 TRACER TESTS 

C 2.2.1 Dumping and Sampling 

Table C 2.2.10 explains the quantities dumped and Fig. C2.2.1 shows 

the location of the tracers with consideration to the irregularities of the bottom 

topography. A composite sample was dumped at 20 It depth at Holiday Inn. 

A total of about 5,600 Ibs. of tracers were placed in Nov. 1966 with the as

sistance of a diver who dumped them in piles close to 16 by 16 by 8 in. 

concrete blocks. Marker buoys were attached to the blocks. Before sampling 

was undertaken, 3 severe storms occurred, two in January, '1967 and one in 

April, 1967. There is no doubt that these storms were responsible for the 

main part of the movement which was revealed when sampling was under~ 

taken by diver in June, 1967. 

Due to the very accurate positioning of piles and markers, it was pos~ 

sible to locate their position even though some concrete blocks had sanded 

down probably because of scour resulting from the oscillating water motion. 

Some marker buoys seem to have disappeared probably because of unfor

tunate circumstances associated with a search on the bottom in this area. 

Table C 2.2.1 b by the Department of Highways gives information on 

the location of the concrete blocks in Nov. 1966 and the situation in which 



I 
I 
I " 

they were found in June, 1967. The blocks were placed on the flat (16 x 16 

in.) side. It is therefore also understandable that some blocks were scoured 

down as a result of the severe storms which occurred during the late winter 

and early spring. It is more difficult to explain that the blocks have moved 

lakeward. It is unlikely that this is a result of forces by water on the block. 

This would assume higher velocities in the oscillating wave motion lakeward 

than shoreward. The scour probably occurred when the more rapid shore. 

ward water flow swirled around the block and this may have caused it to tilt 

lakeward because scour was most predominant on the lakeward side. The 

small slope of the bottom lakeward is not considered as being of any great 

importance with respect to responsibility for movements lakeward. 

Table C 2.2.1c Indicates the sampling positions in relation to the center 

of the pile. At the pile site, the diver took approximately eight samples within 

a radius of 5 feet. From the point which he believed to be the center of the 

pile, the diver moved "a" feet lakeward and took a combined sample. This 

means one sample which consisted of four to six Single small samples. The 

diver then walked "b" feet lakeward and took the next sample, etc. The same 

procedure was followed for sampling shoreward. The diver now moved paral

lel to the shoreline and In both directions (about north and about south). 

Because the chances of movement of material decreases lakeward with 

depth, the sampling distance from the center of the pile was not the same for 

shallower and for deep water. 

C 2.2.2 Analysis 

A total of 168 samples were picked up and forwarded to Washington, 

D. C. for analysis. Samples were dried and counted by means of a Hanovia 

ultraviolet lamp. The number of counts of Nevada 47 (0.23 mm average) and 

Nevada 70 (0.13 mm average) as well as the concentrations at various dis· 

tances from the center of the pile was recorded. Inasmuch as migration of 

material must be measured as "work", the number of particles at each loca~ 

tion was multiplied by the distance traveled. The result of this procedure was 

indicated as a vector of a certain length pointing in the direction of travel. 
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The results of this procedure was depicte:d in the same scale for both 

tracers in Figs. C 2.2.20, b, c and d, fine trace:rs (0.13 mm mean diameter) 

with full lines and medium tracers (0.23 mm mean idiameter) with dotted lines. 

From these figures it may be seen that: 

(a) Fine material (Nevada 70) was ma:inly washed lakeward at all 

depths < 30 It (contour 570). Migration southward was recorded at 

the 35-40 ft depth intervals (560 to 56'~ contours) when transversal 

migration still was lakeward. In the nearshore parts of profiles 

490 and 505 most of the fine tracers; probably washed away and 

spread out lakeward. 
I 

(b) The coarser material migrated main:ly southward in profile 475 

which is less steep than the other twi:> profiles (490 and 505). In 

profile 490 most of the coarse mat~rial had disappeared. It is 

believed that this material may have qeen covered up while in the 

same profile fine material probably trayeled lakeward as mentioned 

above. 

The coarser tracers in the northernmi)st profile (505) went mainly 

southward and lakeward. 

(c) In the corner at Holiday Inn, the trj.cers dumped at about 20 It 
depth did not show a very strong mo\(ement. The coarse material 

still moved principally southward while the fine material showed 

maximum movement lakeward, next ~outhward. This is an indica

tion that the material tends to come to: "0 resf' in the corner or is 
I 

trapped. I 

(d) With respect to the above mentioned, ;it should still be emphasized 

that material during a storm or storm;season will tend to move to 

greater depth. Coarser material, if inot washed too for out, will 

tend to return to shallower depth by s\Vell action while finer mate

rial may never return. I 



Figure C 2.1.1 GRAIN SIZE DISTRIBUTION DIAGRAM FOR BORROW A·2 SAND 
AND FOR TRACER SAND, NEVADA 41 

100 

90 

80 I 

70 I 

60 I 

50 

40 

30 

20 

10 

o 
'" 

SAND 

COARSE MEDIUM FINE COARSE 

n I-~-

"r-... \ 

BOR~A-2 I-CS \ 
\ 

\ 1\ 

\ I\-~TRACER SAND, NEVADA 47 

\ 

\ 
1\ \ 

\ 1\ 

\\ 
1\ \. 

~ 
:g ~ g ~ d g ~ 8 

GRAIN SIZE IN mm. 

SILT 

~ 

MEDIUM 

ei 
d 

2-42 

Figure C 2.1.2 GRAIN SIZE DISTRIBUTION DIAGRAM FOR BORROW A·4 SAND 
AND FOR TRACER SAND, NEVADA 70 
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Figure C 2.2.2 RELATIVE MIGRATION OF TRACER MATERIAL 
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TABLE C 2.2.1a 

DUMPING PLAN FOR TRACERS 

r = Red y = Yellow 0 = Orange 9 = Green 
Quantities in Ibs. (type of sand) and (color) e.g. Q (47)(r) are indicated. 
Q = Total quantity available over three nearest five pounds to make equal. 

Depth Profile 475 Profile 490 Profile 505 

15 ft 395 Ibs. (47)(r) 395 Ibs. (47)(r) 395 Ibs. (47)(r) 

20 ft 195 Ibs. (47)(y) 195 Ibs. (47)(y) 195 Ibs. (47)(y) 
170 Ibs. (70)(g) 170 I bs. (70)(g) 170 Ibs. (70)(g) 

25 ft 170 Ibs. (47)(g)' 170 Ibs. (47)(g) 170 Ibs. (47)(g) 
175 Ibs. (70)(0) 175 Ibs. (70)(0) 175 Ibs. (70)(0) 

30 ft 195 Ibs. (47)(0) 195 Ibs. (47)(0) 195 Ibs. (47)(0) 
180 Ibs. (70)(y) 180 Ibs. (70)(y) 180 Ibs. (70)(y) 

40 ft 385 I bs. (70)(r) 385 Ibs. (70)(r) 385 Ibs. (70)(r) 

* placed 100 feet shoreward or at 780 feet 

Furthermore, a composite sample was placed in 20 foot depth on a range line 
with north end of Holiday Inn Composite composed of: 

No. 

~r 

ror 
~y 
roy 
~g 
rog 
~o 

roo 

Wt. (Ibs.) 

11 
12 
6 
5 
4 
7 
o 
2 

Total 47 Ibs in composite 
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TABLE C 2.2.1h 

LOCATIONS OF CONCRETE BLOCKS PLACED NOVEMBER 1966 

Distance from 
Station Basel ine 

475- 130' 
540' 
780' 
880' 

1300' 
1980 ' 

490- 167' 
247' 
392' 
487' 

1117' 

505- 334' 
450' 
560' 
670' 
880' 

HOLIDAY INN 

Block 
Situation 

5'* 
No 

Right on 
No 
No 
No 

8'* 
3'* 

11 '* 
Right on 

1 '* 

0 
0 
1 '* 
4'* 
2'* 

5' 

B 

B 
B 

B 
B 

B 
B 

1/2B 
( Rock)? 

B 

B 

*means that the block may have moved lakeward the distance indicated. 
No: means that no block \'{as found 
B: means buried, 1/2 B means half buried 



TABLE C 2.2.1c 

SAMPLING POSITIONS IN RELATION TO CENTER OF PILE 

Depth Eos! West South North 

15' 20' 20' 20' 20' 
50' 50' 50' 50' 
80' 80' 80' X 

20' 20' 20' 20' 20' 
25' 50' 50' 50' 50' 

30' 20' 20' 20' 20' 
40' 40' 40' 40' 

40' 10' 10' 10' 10' 
30' 30' 30' 30' 

Somples were bogged in plastic bags and labelled by two 
lobels, one outside and one in the bag, using a parafine black 
or blue pencil, and forwarded immediately to NESCO 
Washington where they were dried and analyzed . 

..:;~ 
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CHAPTER 0 

HYDRAULIC DESIGN STUDY 

The design includes the following phases: 

(1) Stabilization of the lake bottom. 

(2) Design of Sea Walls. Design is in part based on a model study. 

D 1 STABILIZATION OF THE LAKE BOTTOM 

The bottom stability described in Chapter B concludes that the lake 

bottom is very steep and may retain this condition for an extended period of 

time. The reason for this probably lies in nature's selection of material to 

cover (or pave) the bottom slopes and also in a continued, although apparently 

very slow, transfer of material by littoral drift forces to the area in question. 

The tracer experiments noted in Chapter C revealed that the bottom is un

stable for wave action of the nature experienced in January and April, 1967 

(Table A 1.1) if covered by sand of 0.13 mm mean diameter and it is also not 

stable if covered with a 0.23 mm mean diameter sand in the nearshore sec

tions. The stability however increases lakeward. 

With respect to the considerations mentioned above, it should still be 

noted that these refer to a natural shoreline with beach and bottom profiles 

developed in relation to the actual wave (and current) situation. As indicated 

in Chapter B, there is no doubt that wave action is the determining agent for 

bottom stability in this case. Erection of a sea wall changes the beach and 

bottom geometry as well as the nearshore wave action because of reflection 

as well as the formation of a different pattern of rip or undertow currents 

which are carrying waters during wave breaking back to greater depths. Be

cause of the steep slopes, rip-currents may not be very predominant, and 
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undertow is probably of greater importance. The new (artificial) profile for 

the landmost section of the bottom as well as the wave reflection will both 

tend to make the bottom slopes more gentle. 

The conclusion of the results of the profile investigations and the anal

ysis of bottom samples (Chapter B) supplemented by results from tracer ex

periments (Chapter C) is that it is advisable to stabilize the offshore bottom 

partly because of the possible influence of reflection from the walls and partly 

as a measure against "wounds" of the nearshore bottom caused by the con

struction work. 

Inasmuch as any increase of depth because of scour means increase of 

wave height, it is suggested that sand fill be placed in front of the crib. This 

fill should not be placed before erection of the wall as its sale purpose is to 

function as a bottom stabilizing measure and not in any way as a foundation 

for any structure. Were the sand to assist as a foundation, it would require 

protection against outwash. The procedure according to the above recom

mendation would therefore be to first complete the seawall and then, to spoil 

the fill in front of the wall utilizing the combined results of profile, tracer and 

model studies. The fill should then be left in front of the wall without any 

attempt to transfer it to the offshore bottom. Wave action will cause lakeward 

transportation of material during major storms. The development of bottom 

profiles should be followed closely by cross section surveys each spring and 

summer. Initially such fill will wash out quite rapidly; subsequent movements 

will gradually slow down. An equilibrium condition may however, be estab

lished after a few major storms which would probably leave little of the fill 

inside the 10 to 20 ft depth. Fill quite likely will carry out beyond the 20 ft 

contour although depressions in the bottom inside the 20 ft contour may retain 

some material. The fill to be used should be as coarse as possible. Borings 
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carried out in the harbor demonstrated the availability of material 01 medium 

size (called Borrow A-2 sand, d mean ~ 0.28 mm). The coarse tracer sand 

(Nevada 47) was sand of 0.23 mm mean diameter and includes 20% material 

with grain sizes abave 0.3 mm while Borrow A-2 sand may include almost 

50% material above 0.3 mm. 

Assumption is made that bay sand al class Borrow A-2 will be used lar 

Iili. The average grain size for Borrow A-2 sand as noted is about 0.28 mm, 

while the average grain sizes 01 samples Irom the 20-25 loot and the 30 to 

35 loot depth areas are 0.27 mm and 0.31 mm respectively. The average 

steepness is 1 :50 lor the 20 to 30 loot depth interval and 1 :40 for the 30 to 

40 foot depth interval. Inasmuch as a 1:50 slope of 0.27·0.31 mm sand will 

seemingly remain stable at Duluth; it may be reasonably assumed that a 1 :50 

slope will be stable with 0.28 mm average sand between 20 and 30 loot 

depth, and that a steeper (at least 1 :40 and perhaps even 1 :30) slope below 

30 loot depth with Borraw A-2 sand, may be expected. Above 20 foot depth, 

material as mentioned above seems mostly to be medium and coarse sand, 

with some pebble and gravel. It is unlikely that sand of type Borrow A-2 will 

be able to stay on a 1 :25 slope during heavy storms. Only pebble and gravel 

would be stable under such circumstances. 

As mentioned in Section Bl, the situation with respect to steepness is 

better at the corner at Holiday Inn, where profiles are relatively gentle in 

slope. in this area, the Borrow A·2 sand may be stable between the shoreline 

and the 20·loot contours, probably with loss 01 some 01 its line parts. It would 

however be an advantage il medium grain size could be increased above 0.35 

mm and that the standard deviatian as described in Section B4, could be 

increased, il possible to 1.60 or more. Search lor coarser sand in the harbor 

area therelore is suggested. 

Based on results 01 the prolile and tracer studies, it is recommended 

that a minimum 01300,000 cu. yds. 01 sand having a gradation not liner than 

Borrow A-2 and II possible coarser be placed as indicated above. 
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To cover a 2,600 x 1,400 It bottom area albng the sea wall with 2 It af 

sand to a water depth 01 appraximately 40 It which corresponds to the maxi

mum value 01 the seasonal fluctuation recorded dvring the 1966/1967 survey, 

will require between 250,000 and 300,000 cu yds of material. In dumping this 

material should be equally distributed between "Sta 480 and Sta 505 which 

will mean somewhat skewed towards the north e'nd of the project because of 

the predominant southward drift. 

Dumping may take place just outside th~ sea wall during the spring 

and summer time. Fall and early spring storms \1'111 then wash it partly lake

ward where some of it gradually may be drawn put to about 40 It depth and 

partly southward along the wall and to the corner at Holiday Inn. Accumula

tions at that point will gradually increase with ,the result that a beach may 

eventually be built up. 

It is suggested for consideration that h'lrd s'lnd tracers be injected in 

the spoil material and that the movements of/he material be lollowed by 

sampling each spring. Injection should take place in the loll. Bottom proliles 

should be surveyed each spring (Mayor June). A 'hew color lor tracers should 

be used each year. Sampling may take place at the S'lme time as the profiles 

are surveyed. II any serious change in bottom pr61i1es by erosion is recorded 

'l new dump 01 s'lnd may be w'lrranted. 

i 
Installation of a W'lve recorder to be opercited permanently at 40-50 It 

depth will allow comp'lrison between W'lve d'ltQ, profile dato ond materiol 

movement data so that luture events may be recprded properly and precou

tians taken il this should ever prove to become necessary. Considering that 

no historical record lor this area suggests slides~',below lake level or serious 

cases of erosion, and 'lIsa while 'lt the same til)1e the corner 01 the lake at 

Duluth appears to be undergoing a slow lilling pr?cess, it is highly unlikely to 

expect serious events in the lorm of boltom slide$ or heavy erosion. On the 

other h'lnd, it should be realized that the new prolect chang,es the wave struc

ture and it is advisable to take this lact under consideration in order to meet a 



situation regardless of the fact that is is not likely to occur. The same recorder 

if installed well in advance of the actual construction work will be able to 

furnish data useful for planning of the work by the contractor. 

D 2 DESIGN OF SEAWALLS 

D 2.1 GENERAL 

Seawalls built parallel to the shore have the advantage that they can 

stop erosion and protect the shore area behind it (refs. 2,4, and 6). 

Seawalls are used along ar together with groins. As the function of 

seawalls is exclusively of a defensive nature, a seawall is often used where 

there is no littoral drift and, consequently, no possibility of building and main

taining a beach by means of groins. Seawalls with groins are used for protec

tian of valuable areas and buildings, such as places where either the liltoral 

drift is small, where storm tides may occur, or where the beach is maintained 

by artificial replenishment of sand. Seawalls with or withaut grains are con

structed on the some principles, but as a rule the strongest types are used in 

the latter case. A problem of great importance to the construction of a good 

seawall is its energy-absorbing ability. 

D 2.2 MONOLITHIC VERTICAL AND CURVED WALLS 

Figure D 2.2 shows different types of seawalls. Some of the best and 

largest walls of this type are found in England. In the United States, the 

Galveston seawall in Texas is well known. Sheet-piling walls serve the same 

purpose as seawalls. They are generally used when direct wave action is not 

too strong, and often with a rubble mound in fronl. In Florida, many sheet 

pile walls which were constructed too close to the shoreline without rubble 

protectian and without drains have collapsed. 

2-50 

D 2.3 SLOPING WALLS AND REVETMENTS 

Sloping walls may be impermeable or permeable. They must solve the 

same problem as seawalls and sheet pile walls, but, in most cases, they do so 

in a more rational way. 

Impermeable sloping walls were developed in Holland to protect dikes 

in an economical and effective way. Stepped walls and others with friction 

arrangements are also of Dutch origin. In Florida, development in recent 

years has included some new designs (ref. 6). 

Permeable sloping walls appear in rubble mounds and in rough stone 

revetments. Rubble mounds with toe sheet piling work well when foundation 

conditions are good and when they are constructed with care. Sheet piling 

often has to be put in at the toe, but if the beach is eroded, and sheet piling 

is attacked directly by waves, it may cause erosion in Iront of it. Sheet 

pilings which are not placed with the top on a very low level should be pro

tected by a rubble mound or an apron in front. 

D 2.4 COMMENTS ON DIFFERENT TYPES OF SEAWALLS 

Seawalls can be classed as vertical walls or sloping walls, and im

permeable or permeable constructions. Generally, vertical walls should be 

used only where the subsoil is nonerosible or where the possibility of erosion 

is small, which is generally the case with inward-bent coasts and bays. Wave 

reflection and consequent toe erosion is one of the biggest disadvantages of 

the vertical walls. A stepped-face wall will reduce reflection and shock pres

sure on the wall from breaking waves. A combination of stepped face and re

entrant curve at the top may be used to decrease uprush. In almost all cases 

toe protection consisting of sheet piling and/or apron or rubble mound should 

be included to avoid scour endangering the stability of the structure. 

/', 
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Sloping walls can be used where the stJbsoil is erosible. They should 

be constructed so that they contribute as little as possible to erosion. The dif

ference belween the impermeable and the permeable construction is that of 

the percolation and the loss of energy involved. In consequence of percola

tion/ energy loss at the permeable construction will be greater than that at 

the corresponding impermeable construction, unless the laller is supplied with 

a special roughened surface. This advantage is, however, nullified when the 
water volume of the waves ,is large In proportion to the volume of voids. The 

advantage of using permeable structures is especially great for slop'es steeper 

than 1 to 1.5 which are subject to storm waves/ i. e. waves with .~: >about 

0.04. (H 0 = deep water wave height, Lo = deep water wave length). With 

slopes flatter than 1 on 1.5/ storm waves will break, and the advantage of 

using a permeable structure is decreased. The permeable structure has, how

ever/ one, advantage over the impermeable - namely the structure/ when sub

jected to severe wave action is not prone to complete failure. Disintegration 

will be stone by stane rather than total collapse, and repair to damaged struc

ture will require only supplementing the material. 

D 2.5 INFLUENCE OF SEAWALLS ON SCOUR AND LmORAL DRIFT 

It is known from research that transport of sand sliding on and along 

the bottom (usually called bed-load transport) depends upon the shear stress 

exerted by the water flow on the bottom in approximately the second power 

which in turn means that it is a function of a certain defined water velocity in 

about the fourth power. Reflection causes momentary increase of velocities. 

This, in turn/ may cause increase of erosion. As a consequence of this, the 

bottom will be eroded. The level of the bottom, however, is not only de
termined by the oscillating water movement but by a combination of wave 

action and currents/ together with the possible addition of materials from the 

sides. As to the longshore current/ this may be weakened by a lowering of 

the bottom, but its effect upon the detachment of the sand particles will usually 

be smaller than that of the oscillating wave action or the uprush and down

rush. 
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D 2.6 BREAKWATERS 

Shore-connected breakwaters provide shelter and calm waters behind 

them, but at the same time prevent movement of liltoral drift. This may cause 

erosion on the downdrift side. Main factors to be considered In the exact 

location of such structures are magnitude and direction of lilloral drift, actual 

conditions of beach proflles, and the characte~istics of the protection area 

desired behind the breakwaters. In a majority of ~ases/ sand bypassing has to 

be provided to balance erosion on the downdrift side. 

Isolated offshore breakwaters of the rubble,mound and precast concrete 

block type have been used successfully in the United States/ Italy and Spain. 

They are expensive but effective in dissipating wa~e energy/ and reduce wave 

action behind. One of their disadvantages is that they are far more effective 

littoral barriers than even shore-connected breakwaters, since they are usuolly 

sited in deeper water areas controlling a wider portion of the littoral drift 

zone. Furthermore they get very expensive in deeper water. 

D 2.7 CRIB-DESIGN 

Figure D 2.7 shows a crib jetty filled with limestone similar to the one 

built at Longboat Pass on the southern tip of Anna Maria Islond, Manatee 

County/ by the Florida State Road Department. ,The crib consists of 12 in. x 

12 in. prestressed concrete piles spaced 11 ft ,apart with walers and cross 

beams of heavy timber. Replenishment with rock may be done from a truck 

driving on the top. This proved to be effective as a stabilizer of the sand 

tip, but the limestone used did not furnish a sand-tight core for which reason 

wooden boards have been installed to improve it. ' 

A similar design was preferred by the U.S. Navy.for the Andros Sub

marine Training Base in 1964-1966. The Hillsboro Inlet District in Broward 

County/ Fla. completed a crib in 1965 and the South Lake Worth Inlet District 

is erecting (1967) lwo new crib jellies for the South Lake Worth entrance. 



The crib design is a Great Lakes design which has been and is being used 

widely in the Scandinavian Countries because 01 its good economy when rock 

fill is available. Theoretical aspects 01 crib design including its wave absorbing 

ability are mentioned in rei. (2). 

D 3 DESIGN CRITERIA FOR SEA WALLS AT DULUTH 

D 3.1 GENERAL 

The general design criteria lor a sea wall to protect Interstate 35 at 

Duluth are the same as the criteria mentioned in section D 2 with emphasis 

on certain points which are related to thespecific purpose which the Duluth 

wall is supposed to serve. 

The lollowing demands should be lulfilled lor the wall at Duluth. 

(a) The placement In the beach and bottom profile should be such that 

lorces by breaking waves are avoided to th e extent possible. 

The situation at Duluth however is that the wall has to be placed in 

Iront 01, as a protection lor, the highway which has a fixed location. 

It is therelore not possible to always lulfull this condition, but it will 

be lulfilled most 01 the time because 01 the low frequency 01 waves 

which will break right on the wall. 

(b) The plan/orm must nat increase erosion in Iront 01 the wall. The 

Duluth wall will have a smooth planform and no problem 01 that 

nature exists. Debris pockets are not likely either. 

(c) The wall must be stable. That means it must not turn over or slide 

because of excessive forces, or turn-over because of scour of the 

bottom in Iront 01 the wall. The possibilities lor such scour 
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should be considered and preventive measures included in the 

design. 

(d) The wall must be structurally sound with lillie possibility 01 damage 

by wave action or action. by other outside forces such as ice and 

debris. 

(e) The hydraulic capabilities 01 the wall shall provide a relatively 

small amount 01 wave reflection in addition to a minimum uprun, 

oversplash, and spray. 

D 3.2 SPECIAL REQUIREMENT OF WALL AT DULUTH 

Fig. D 3.2 is a plan view 01 the highway with the sea wall (Iront side 01 
crib or bin wall) indicated. From a longitudinal prolile 01 the highway it will 

be noted that the lowest elevation 01 the lakeward edge 01 pavement is 621.5 

It or about 20 It above Lake datum (601.6 It). This elevation however extends 

over a relatively short section, elsewhere the lakeward edge 01 pavement is 

mpclerately higher. 

The lour-lane highway will carry rather heavy traffic not only during 

the sum mer months but also during winter months. 

The requirements 01 the sea wall should therelore place special empha

sis on the lollowing: 

(a) The wall must be designed so that it produces as little upsplash, 

spray and water dust as possible. 

The reasons lor this requirement are obvious. Traffic on the high

way should be protected Irom splash and spray which during the 

winter months may develop an ice cover that would be very dan

gerous. The wave mechanics part 01 this comprehensive problem 

is analyzed statistically in section D 4. 

;: 



(b) The woll should be stobie and structurally sound, Aspects of stabil. 
it yare: 

Stability against overturning by soil forces. 

Stability against slid",. by soil forces. 

Stability against .cours on the bottom in front of the wall which 

could endanger its stability. 

Stability against wave forces. 

Stability against farces by ice. 

D 3.3 CRIB WALL AND FORCES ACTING UPON CRIB WALL (Fig. D 3.3) 

D 3.3,1 Earth Pressures 

The bottom condition in the sea wall area makes it questionable that it 

will be possible to drive piles down deep enough for permanent support. It is 

therefore safest to consider the crib as a rock·filled caison placed on the top of 

a foundation to be provided by mean~ of a quarry run fill. 

Assuming that the friction angle for the rock fill behind the wall is 35°, 

the horizontal components of the active earth force is: 

Ph= 1-' tonh' (9~ 1> ) 

w ~ the unit weight of fill (105 Ibs/ ft3) 

h ~ Height of wall 

1> ~ iriction angle ~ 35° 
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The wall is well drained. Because of thJ wave action it is, however, 

necessary to consider a rise of the water table i~ the crib itself as well os in 

the fill behind the crib. Based on observation¥ in the hydraulic model the 

maxim um water elevation in the crib wos set to" 12 ft above the water table 

outside the crib and the maximum difference betWeen the water table behind 

the crib and the water table outside the crib was sal to 6 ft. 

Computations have been carried out on vltrious assumptions and even 

on the adverse condition which assumes that the crib is a box standing on the 

top of the rock foundation, the crib is stable agqinst overturning as well as 
sliding. ' 

With respect to bottom scour the model tesls revealed that high bottom 

veiocities extended about 50 ft from the walls unde'r extreme conditions. There 

is however no particular reason to construct the t~e protection that far out. A 

distance of 30 ft from the wall should suffice. If :,scour occurs under very ex· 

treme and infrequent conditions the outer part of: the apron may suffer same 

sinking. It is however suggested thot the opron b~ dug down in the bottom in 

the most exposed sections. A review of toe design' are given in Section D 3.4. 

! 
D 3,3.2 Wave Forces 

Wave forces may be computed based on Minikin's theory (ref. 7) for 

wave forces by a breaking wave on a vertical Impermeable wall. The crib 

wall however is permeable and forces are smdller for a permeable design 

than for an impermeable design. 

It was found that the maximum force by 0 16 ft wave may be of the 

order 20 tons per ft of wall with an impermeable wall if the wave is close to 

or in the process of breoking as occurs at depth from 16 to 20 It. 

For the crib wall, forces however are di~tributed over a wider cross 

section from the front row of piles decreasing taward the back but the total 

force is about the same. Most of the force is exerted upon the section above 

lake level (~ It to +15 It). The importance of t~e permeability is that shock 

pressures can not occur. 



03.3.3 Forces on Single Elemenls by High Water Velocities 

The forces on the single elements are portly inertial and partly drag 

forces. The former depends upon the volume and geometrical shape of the 

object in question and the latter depends upon the roughness and geometrical 

shape of the object. Assumption is mode for a cylindri'col pile or a pile with 

well-rounded corners. The drag force may then be written: 

FOm = 1/:z P CoKt>m DmD 'H' (1) 

The Inertial force F im may be written 

F im = lh,p CM KimD' • H (2) 

where 

Fm=~~:m) FOm 
(3) 

FOm is the maximum value of the integrated or total horizontal drag 

lorce and occurs at the crest position. This force is the total drag on a vertical 

pile from lake bottom to the surface crest elevation. F im is the maximum 

value of the integrated or total horizontal inertial force, and occurs at some 

phase position between the crest and one-quarter of the wave length. This is 

the total inertial force on a vertical pile from lake bottom to the free surface 

elevation. F in is the maximum value 01 the combined drag and inertial force 

and occurs somewhere between F Om and F im • 

KOm drag force factor, related to the vertical 'integrated horizontal 

component of particle velocity squared, between the lake bottom and the crest 

elevation, at the phase position of e ~ 0 (crest position) and has the units of 

ft/sec',.' Kim' ~'the inertial force factor, related to the integrated horizontal 

component of particle acceleration, between the lake bottom and the free 

surface, at a particular phase position giving maximum total inertial force, and 

has the units of ft/se~'.: (ref. 7) 
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Assuming wave height 0116 It; and a wave period 01 12 sec for a wave 

close to or at wave breaking (solitary wave), the lorces on a 16 in. rough 

cylindrical pile or a 16 by 16 in. rectangular pile with rounded or chaled 

edge (radiUS or curvat'ure about 1/4 times sideline) was found to be about 2 

tons per ft of pile. 

Forces on the wave screen were measured in the hydraulic model as 
described in Part III. With respect to the forces recorded it should be noted 

that the laboratory tests were two dimensional. These lorces correspond to 
beam' seas with relatively regular wave crests while in nature wdves come in 

under an angle and are short-crested. This will decrease the probable forces. 

The laboratory tests revealed considerable scatter as it is always the 

case. For deep water conditions maximum forces occurred for Hl,-15 It which 

for H,; 1/, occurs once every 14 to 15 years (Table A 4.1.3). Forces drop 

rapidly' for 'higher waves. Peak forces retarded were compared to the aver

age of the 3 largest forces recorded in test runs of 4 minutes duration. Com

bining horizontal and vertical forces, the highest peak force recorded was 

about 17,,000 Ibs/ft and the highest average of the 3 largest forces was about 

10,800 Ibs/ft which is about 2/3 of the peak force. Shallow water tests where 

forces are mainly horizontal gave average forces of the 3 largest waves of 

about 8,000 Ibs/ft for Hb -15-20 ftwith regular waves and I,ess lor irregular 

waves. For irregular waves forces were about 15,000 Ibs/ft for Hh'- 22-23 ft. 

Frequency of occurrence is however as low as once about every 600 years. 

A few such waves (H l!'oooi) may however occur once in 3 - 5 years. Peak 

forces were recorded about twice as high, but it is highly unlikely that such 

wove will be a beam sea with uniform crest. 

Based an the above mentioned it is recommended that ,the wave screen 

be designed for 4,000 Ibs/ft horizontal and 10,000 Ibs/ft vertical forces for 

depths > 12 ft, and for horizontal force 8,000 Ibs/ft and vertical force 6,000 
Ibs/It for depths <12 ft. Total force will be 10,000 to 11 ,000 Ibs/lt in both 

cases. In all cases the allowable strength of materials is increased by 50 per 



centum. Design should be checked for peak forces recorded using ultimate 

strength minus 10 per centum. 

For depths < 8 ft (603.6 ft) support for vertical forces may be omitted 

unless it is serving other purpose than transfer of wave forces. 

D 3.4 DESIGN OF CRIB WALL - Figs D 3.3 and D 3.4 

Model experiments were run for depths of 18 to 20 It as well as for 

depths of 5 to 8 ft. 

The difference between the "deep water crib" and the "shallow water 

crib" from the hydraulic point of view, lies in the design of the toe protection. 

The shallow water crib is subject to forces by breaking waves more frequently 

than the deep water crib particularly on the section with steep bottom profiles. 

Water from the breaking waves has to escape through a smaller cross section 

than at the deeper profiles. The toe armor layer therefore has to be heavier 

as also demonstrated by the model tests when even 8 ton armor rock tended 

to move seaward under maximum wave conditions at 5 to 8 ft depth. This 

movement is a combined result of very rapid water movement in the breaking 

wave and scour in front of the toe. It is not considered necessary to make 

the toe wider than 30 ft. Scour however may occur outside the toe under 

extreme but very infrequent conditions. This may cause the outer part of the 

toe to sink. It is therefore suggested to dig the toe down in the bottom in 

shallow water. Table D 3.4 gives a review 0/ the recommended toe protec

tions at various depths. All toes at depths ;;- 15 ft are laid on the top of the 

bottom. All toes at depth ~ 12 It are dug down in the bottom. Between 12 

and 15 ft depths, there is a transition by which the toe is gradually lowered 

down in the bottom. Toes are 30 ft wide at depths ;;- 3 ft. At depths of ° to<3 

ft widths decrease to 20 ft after which follows a transition to the highway em

bankment through a rock revetment with a 1 ° ft wide apron until approxi

mately 8 It above average, lake level (elevation 61 ° It). 
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D 3.5 PROTECTION OF CORNER AT HOLIDAY INN 

This part of the sea wall is the least exposed section of the wall be

cause of the relatively gently sloping bottom profiles (Chapter B). 

As explained in Chapter C is is expected:that the corner will continue 

to fill up slowly by material from the longshore littoral drift when more mate

rial is available after dumping of sand in front of the sea wall. The coarse 

part of the sand dumped in front of the wall will ~rift longshore while the fine 

parts will deposit on the offshore bottom from 30 ft depths and lokeward as a 

result of transversal driftduring major storms. 

In order to decrease concentration of waves and spray in the corner, it 

is suggested initially to place 10,000 cu yds of sand material. The material 

may be trucked in on the beach. When it washes' out it will develop a curved 

shoreline. Most of the fill may, as a result of a few storms, wash out at depths 

of 10 to 20 It. This will couse waves to break 0\ greater distance from shore 

than normal, thereby decreasing possibilities for1concentration of wave action, 

including spray and splash, closer to shore in the C,orner. 

D 3.6 ICE FORMATION AND FORCES BY ICE 

Ice first forms during calm weather periods at sheltered areas along 

the shores and harbors. Winds from various directions may then carry the 

ice out in the open lake. Northeasterly winds will drift it westward to the 

Duluth shores where it will build up gradually.,' Field ice, which drifts in, is 

usually broken up by wave action. When it runs aground on the shore or is 

stopped in front of structures, it builds up pressure ridges above the surround

ing field usually at a certain distance from point oj contact. 

Storms may form more ridges in front of the first ridge. Before Lake 

Superior froze up during the 1966/67 Winter' season, a total of three ice

ridges were formed west of the Superior Entry., Any change in water level, 



e. g. caused by change in wind conditions or change in discharges, may cause 

ice to lorm new ridges when the ice lield is in contact with a solid structure. 

Fig. D 3.6.1 shows a topographic view 01 the ice lormation in the winter 

1966/67. 

Table D 3.6.1 partly gives ligures lor the maximum elevation 01 the ice 

ridges and partly indicates the distance 01 the ice ridge between elevations 

610 It on both sides 01 the ridge Irom the Iront 01 the crib or bin. From Fig. 

D 3.6.1 and Table 3.6.1 it may be seen that the top 01 the ice ridge almost 

reaches elevation 630 It or about30 It above lake level (601.6 It). The higher 

part 01 the ice ridges ~elevation 610 It are located 80 to 160 It in Iront 01 the 

crib where water depths ranges Irom about 12 It to about 25 It. 

Maximum elevation occurs at the northernmost section 01 the wall 

(proliles 11 to 14) at depths 01 about 0 It. The rest 01 this section is located 

inside the ridge. Top elevation occurs at5 to 10 It depths. The difference in 

location 01 the ice ridge seems to be caused by differences in bottom topog

raphy and wave exposure. The headland in the shore at Sta 480 was ex

panded by ice which was created by combined action wave uprush and wind 

action. 

The character 01 the ice in the ridges was initially broken up pieces 01 
lield ice which were lorced together and gradually built up, partly under pres

sure and partly as a result 01 uprush, and partly by freezing 01 oversplash and 

spray, on the top 01 the ridge and by the addition 01 "blown ice". The high 

elevation 01 the ridge should not be interpreted as a lim it 01 the uprush by 

waves but as a combined result 01 all acting lorces by waves and wind. 

The lorces which may be exerted by the ice on a sea wall with special 

relerence to a vertically laced wall will be active mainly during the introduc

tory phases 01 the ice-covering period when storms are able to set up waves 

which may carry field ice (pancake and pan-ice) directly towards the wall. 

A brim 01 slush ice will however normally develop in Iront 01 the wall belare 
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larger pieces 01 ice arrive. This brim lunctions as a proteclive pad which 

dampens wave aclion and protecls against direct lorces by larger pieces 01 
pan ice. When ice is broken up by winds in the spring it drifts lakeward and 

may return to the shore again, by NE winds. In such cases, there will be lillie 

or no wave action on the shore because ice dampens the wave action con

siderably. 

An evaluation 01 the lorces by larger pieces 01 ice has been made in 

order to get an idea about the lorces by ice which could possibly occur il a 

storm Irom NE to NNE came up in the late loll or early winter when ice has 

started lorming. 

According to "Aclion 01 Ice in Engineering Struclures" by K. N. Korz
havin, Siberian Department 01 the Academy 01 Science, Novosibirsk, 1962, 
the destruclion 01 an ice cover by an obstruclion such as a pile or a pier 

occurs in different manners, depending upon the kinetic energy stored in the 

ice and on the strength 01 the ice. Smaller size ice Iloes are crushed upon 

impacl with the obstruction. Larger ice floes normally split up and very large 

pieces 01 sheet ice are cut by the obstruction without splitting. Research car

ried out in the U.S.S.R., has shown that during the penetration 01 an obstruc

tion like a pier or a pile into an ice-lield (which could be a large piece 01 ice 

drilting by wind or current or hauled by oscillating wave motion towards the 

obstruclion) the width 01 indentation (b; ) gradually increases and linally allains 

a maximum value equal to the total width 01 the obstruction (be') alter which 

the pressure 01 the ice remains constant. 

The pressure 01 ice on a pier can be written: 

P=F.oRom , , (1) 

where F; = k·b;olh(h ~ thickness 01 ice) is the contacl surface between 

ice and pier which because 01 the brillie character 01 ice Iloes is less than the 

aclual geometrical area 01 cantacl. (k is the reduclian laclor) 
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R; ~ indentation strength of ice which, far large ice sheets, can be 

taken equal to R; ~ 2.5 R 0 when R 0 is the compression strength 

of Ice. 

m ~ shape factor of the pier. (about 1.0 for a flat-edged pier) 

If F / and R; are expressed as shown above, one has: 

P ~ 2.5 - m . k - h b / . R 0 (2) 

The strength of ice R 0 is function of the velocity of ice floes v, 

R. 
R 0 ~-3 -'- kg/em' when R / is the strength which corresponds to v ~ 1 m/sec 

Yv 
The following formula for P is then obtained. 

2.5 . R i' m' k • b ;,h 
P~ rv (3) 

The situation above refers to the initial situation when ice is drifting 

towards the obstruction at a certain velOcity. 

After total indentation of the obstruction into the ice, the value of pres

sure (P) remains canstant. 

2.5m· k • boh • R . 
P max J I (4) 

{Iv 

when b o now is the full indented Width, h is the full thickness of ice, The 

expression (4) can be written as 

p ~ Kp·bo·h (5) 

where 

2.5m • k • R/ 
Kp - vv (6) 
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a) The value of R; can be taken: 

For Northern and Siberian rivers of U.S.S.R. R; = 501/m' 
For European rivers of U.S.S.R. R; = 301/m' 

b) The value of the contact coefficient k varies from 0.4 to 0.7 ac

cording to the Russian paper. It is noted that with decreaSing veloc

ity of Ice movement and decreasing pier width, the value of k 

increases. 

With respect to the thickness of the ice ~nd other ice characteristics, 

information by the U.S. Army Corps of Engineers at Duluth and others indicate 

that large ice floes are not common. They are however formed in the calm 

waters of the Superior Harbor and may drift out in the lake through the Entry. 

The largest occurring dimensions are hardly above 25 x 25 ft' and thickness is 

about one half foot only. Wave action breaks up all large ice floes and it is 

doubtful that floes of abaut 500 ft' will ever reach the shore without being 

broken, particularly if they have to drift through breaking waves. 

Based on equations (5) and (6) and a 6 ,in. thick ice floe, V = 1 m/sec 

and a 16 in. wide pile, the pressure on the pile was computed to 4.5 tons. 

As explained in the Russian report, it is how~ver not possible to exert a 

pressure of a certain size unless the ,kinetic e,nergy stored in the ice floe, 

under destruction, is su/ficlent to produce such f~rce. The obstruction (in this 

case in the assumed form of a i6 by 16 in. pile) will cut itself into the ice floe 

and its velocity will decrease thereby. In th<i case of a rockfilled crib, as 

planned at Duluth, the penetration can not exceed the thickness of the pile 

perpendicular to the lake (16 in.) before the ice:hits the rock filii before this 

occurrence adjacent piles will have been hit by the same ice floe. The maxi

mum ice pressure computed above can therefore hardly ever be exerted on 1 

pile, if pile distance is 4 - 5 ft anly. If regardles~ of this situation an ice floe 

of 25 x 25 ft size traveling with l'm/sec(3 - 4 It/secl velocity is assumed, farces 



on a 16 in. wide pile with rounded corners may be computed by inertia meth

od to about 4 tons assuming an edge of 90 0 and 6 tons, if the shape is semi

circular. For a chafed squared section the force will be a I ittle higher. A 6-7 

It / sec velocity may produce a 10 tan force. 

For reasons of scale difficulties, model studies could not predict forces 

by Ice on the crib. Some preliminary runs on the pattern on the ice move

ment however revealed that large ice slabs tended to slide down the sloping 

wave surface and away from the crib face. 

D 4 UPRUSH, OVERSPLASH AND SPRAY 

D 4.1 GENERAL 

Uprush and oversplash occurs both as a result of waves which have not 

broken, as well as those that have broken. Based on earlier experiments, it is 

possible to predict with some reasonable accu racy the uprush caused by nan

broken waves on a structure of known conventional design. With respect to 

breaking or broken waves much less experience is available. Model experi
ments are usually necessary to evaluate the uprush, upsplash and spray con

dition, particularly when the effect of wind action is included. 

A comparative evaluation is mentioned below. 

Wave heights are assumed to be equal to the heights of breaking 

waves listed in Table A 1.3. This means that the H~IT2 (H~.~ equivalent 

deep water wave height, T ~ wave period) ratio which is the important para

meter for determination of uprush and splash varies between about 0.1 (long 

'period waves) and about 0.2 (short period waves). According to the results of 

numerous experiments this will cause up rush varying between 2.B (long waves) 

and 2.3 (short waves) times the wave height on a 1:2 impermeable slope 

while the uprush on a 1:1.5 slope varies between 2.6 (long waves) and 2.4 

(short waves) times the wave height. (l < d/H~ . < 3). 
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The uprise along a vertical impermeable wall depends highly upon the 

roughness of the wall and may exceed 2 times the wave height for long period 

waves with H~/T2 -0.1. 

A 10 ft wave therefore could rise about 20 ft on a vertical impermea

ble wall which means up to road elevation. The highest wave which could 

reach the wall unbroken would be about 14 ft high and could rise about 30 ft 

above lake level which is close to 10ft above road elevation for that section 

of the road which is located in front of the deepest section. Considerable 

splash may occur on the top of the solid uprise. 

It is however not the intention to build a vertical impermeable wall. A 

crib wall is permeable and will reduce reflection of wave height to about 50%. 

Uprise will occur as with the impermeable wall and upsplash may develop on 

top of that. There is however a definite difference between the performance 

of a permeable and an impermeable design. The permeable crib will not 

produce as much uprise as the impermeable design and because of its per

meability, it will absorb part of the splash above the elevation of the uprise. 

In case of the rubble maund, the uprun on a 1:2 or 1: 1.5 slape would 

be about 1.5 times the wave height or as much as about 20 ft with a wave 

height of 14 ft and ups plash occurs on the top of the clear water uprush. It is 

therefore important in this case also that the top elevation of the wall be high 

enough to avoid any major splash. Only model experiments are able to 

clarify these aspects of great importance for the performance of the wall. It is 

clear beforehand that a sloping impermeable wall (1: 1.5 or 1 :2), with respect 

to up rush, is less effective than a vertical impermeable wall and that a sloping 

permeable slope alsa may be less effective than a vertical permeable slope 

with respect to uprush and upsplash. Furthermore a sloping wall will tend to 

produce more spray and foam than a vertical wall because of wave breaking 

on the slope. 

The model experiments mentioned in Part III of this report were carried 

out in order to clarify these questions and problems. 
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D 4.2 STATISTICAL EVALUATION OF POSSIBILITIES FOR OVERS PLASH AND 
SPRAY 

The amount of oversplash and spray depends upon wave characteristics, 

wave height, wave length and whether the wave will or will not break when it 

hits the wall. Model experiments have demonstrated that for the deep section 

of the wall (depths above 15 ft assuming thot depths below 18 It are raised by 

a quarry run fill), it is the 13 to 16 ft wave which produces the major portion 

of the spray. 

The distribution of wave heights and wave periods Is relatively well 

explored for deep water waves but not yet well known for shallow water or 

for breaking waves. In order to undertake a statistical evaluation of the distri· 

bution of wave heights and periods, assumption was made that the deep water 

statistical distribution is also valid for shallow water. The error introduced 

thereby is greatest for long period waves and for low wave heights. For 

storm waves where interest is concentrated in this case the error is less. 

Table D 4.2.1 gives values for H (average) H"" H,/JO' H 

(Hm~~') and the corresponding wave periods. The ratio between 

Hand H'3 is about 1.6 

Hand H, JO is about 2.0 

Rand H, J(JO is about 2.5 

Rand H, '000 is about 2.85 

and HI/WOO 

Waves between 13 and 16 It heights are located between the two 

heavy zig·zag lines. 

Table D 4.2.2 shows the percentage of waves between 13 It and 16 ft 

height for various Hand H"3 . This table was worked out based on graphs 

by R. R. Putz in Technical Report No.4, 1966 by the Coastal Engineering 

Research Center (p. 37) and checked by means of Table 1-3 by C. 

Bretschneider (p. 38) in the same report. 
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Table D 4.2.3 is a combination of Tables A 4.1.3, A 4.1.5 and D 4.2.2 

and gives the number of waves of 13 to 16 ft height in the wave spectrum 

during a storm of 24 hrs. duration for a fully developed sea and the cor

responding frequency all referring to values of H"3b 

An occurrence is in agreement with experience defined as one day or 

24 hours. Frequency of occurrence is given in column 4. "may e. g. be 

seen that H'/3b ~ 10 ft (T1/3 ~ 8 sec) occurs abqut once a year and that the 

number of waves between 13 and 16 ft is about 13 waves per hour or one 

wave about every 5 minutes. 

A storm such as the April, 1967 occurrence has a frequency of about 

once every 7 to 8 years and H',~b ~ 14 ft (T ~9 sec). It has approximately 

36 waves per hour within the interval 13 to 16 It which means one wave 

every second minute. 

With respect to evaluation of the influence of spray on the highway 

trallic, several factors play a role. The spray' Is a definite hazard when it 

freezes to ice and this may happen during the period September to May 

when all the severe storms occur. The normal or relatively frequent adverse 

condition to trallic on the highway is the most important one while the very 

rare conditions, although more severe, are less important. Special precau

tions could be taken to meet them e. g. by only using the two lanes on the 

land side for traffic. 

Table D 4.2.4 is an attempt to evaluate the relative volume of spray 

as well as frequency. It lists the HI/3b ,the number of waves (N) per hour in 

the 13 to 16ft range and the frequency of this situation (F). Finally the figure 

N times F is computed in column 4. If all waves produced an equal amount 

of spray, column 4 would provide the answer thot the H"~b - 8 It storm was 

the most spray and splash prodUcing mainly because of its relatively high 

frequency of occurrence. The 8 ft wave however does not carry nearly as 

much water in forward movement as a 12 It wave. In order to correct for 

this situation, It was assumed that the volume of spray depends upon the I 



wave height squared. This assumes that wave height and wave length are 

proportional. This is approxi·mately true for a breaking wave. 

The 13 ft wave was used arbitrarily as basis for this evaluation calling 

Its contribution 17 (- ffi')and the relative contributions by other wave heights 

was then computed as indicated in column 5 of Table D 4.2.4 as 

H = 1.7( Hi!,x \' The figure obtained thereby (a) was multiplied by NF 
x Hil3 - 13'7 

of column 4 which gave the figures, NF . a, Indicated in column 6 of Table 
D 4.2.4. 

From these figures it appears that the maximum volume of spray seems 

to be associated with the approximate once a year occurrence of Hi/'b

about 10 It which has Hi/IO -13 ft, Hi!\oo-16 ft and Hmax (Hi/IOOO) -18 ft. 
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Figure D 2.2 TYPES OF SEAWALLS 
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SLOPING WALLS 
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DESIGNED FOR FLORIDA HIGHWAY DEPARTMENT BY THE COASTAL ENGINEERING DEPARTMENT 
OF THE UNIVERSITY OF FLORIDA (WILLIAM E. DEAN AND PER BRUUN) 

Figure 0 2.7 LIMESTONE CRIB JETTY SIMILAR TO JETTY AT LONG BOAT PASS, FLORIDA 
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Figure 0 3.2 HIGHWAY PROJECT WITH SEA WALL LINE INDICATED 
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WAVE SCREEN "B" ~~ 
(SEE PART lItl 

2 LAYERS OF HEAVY NYLON FABRIC SHEETS (3/4 WIDTHl 

~15'CURTAIN WALL (STEEL OR CONCRETEl ~SMALLEST ROCK (2-3'lIN SECOND AND THIRD LAYER 

CROSS MEMBER WHEN NEEDED ~ 

M.L.W. 601.6' 

FOR DETAIL ON TOE PROTECTION, 
SEE TABLE D- 3.4 

30' 20' 

Figure D 3.3 CRIB WALl DEPTHS == 15 FEET 
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TYPE I FILTER BLANKET (1-1/2" TO 3"GRAVELl 

'TYPE 2 FILTER BLANKET (1-112" TO 6" GRAVEll 

2 LAYERS OF HEAVY NYLON FABRIC SHEETS 
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WAVE SCREEN "B" I 2 LAYERS OF HEAVY NYLON FABRIC SHEETS (3/4 WIIJ1"H) 
(SEE PARTJ][) 

CROSS MEMBER ~HEN NEEDED t-if;C~:2:::;::::-m-t 
M.L,W.601.6 

I LAYER Of 4 TON. ROCK ON 
I LAYER Of 2 TON. ROCK 
2 LAYERS OF 200- 300 LBS. ROCK 

fOR DETAIL ON TOE PROTECTION, 
SEE TABLE D-3.4 

30' 20' 

fignre 0 3.4 CRIB WAll DI.PJHS == 12 HEl 
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ft- 8' 

15' CURTAIN WALL (STEEL OR CONCRETE) 

SMALLEST ROCK (2-3') IN SECOND AND THIRD LAYER 
9"-15" ROCK 

TYPE I FILTER BLANKET (1-1/2" TO 3" GRAVEL) 
TYPE 2 fiLTER BLANKET (1-1/2" TO 6" GRAVEll 

2 LAYERS Of ~IEAVY NYLON FABRIC SHEETS 

ASPHALT COATED STEEL MESH OR SIMILAR 
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TABLE 0 3.4 

TOE PROTECTIONS AS FUNCTIONS OF DEPTH AT TOE OF STRUCTURE 
- ABOVE LAKE LEVEL + BELOW LAKE LEVEL 

Width Rock Layers Remarks 

d ~ 15 ft 30 ft 2 layers of 1 t. rock on on filter sheets 
1 ft. of quarry run 

12 ft $: d<15 ft 30 1 layer of 2 t. rock on on filter sheets 
1 layer of It. rock on 1 ft 
of quarry run 

9ft$:d<12ft 30 1 layer of placed 4 t. rock on 
1 layer of 2 t. rock on 1 ft of 
200 to 300 Ibs. rock 

6 ft :<; d<9 ft 30 r layer of placed 6 t. rock 
3 ft :<; d<6 ft 30 on I layer of 4 t. rock on 

1 ft of 200 to 300 Ibs. rock 
o ft:<; d<3 ft 30/20 1 layer of placed 4 t. rock on 

1 layer of 2 t. rock on 1 ft 
of 200 to 300 I bs rock 

-3 ft $: d<O ft 20/10 f layer of placed 2 t. rock on} on filter 
-8 ft $: d<-3 ft 10 I layer of 1 t. rock on 1 ft sheets 

of quarry run 

If armor rock is not placed, the suggested weight should be increased 
by 2 tons. All rock sizes may be replaced by heavier rock if desirable for 
reasons of more uniformity of sizes of rock to be used. Surveys should be 
undertaken annually to check on the condition of the apron. 
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TABLE 0 3.6.1 

ICE PILE-UP CHARACTERISTICS 

Maximum Pile-vp of Ice and Distance of Ice Ridge obove elevation 610 ft 
from Sea Wall or Bin Line 

+ '" Lakeward - '" Landward (See ·Fig. D 3.6.1 for Location) 

Profile No. 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Max. elev. 
ft 

627 
630 
627 
626 
618 
629 
629 
624 
618 
618 
617 

Distance from sea wall 
or bin line 

ft 
120 - 160 crib 
80 - 130 crib 
80 - 140 crib 
35 - 130 bin 
50 - 130 bin 
30 - 90 bin 
25 - 70 bin 

-80 - +20 bin 
-80 - -10 bin 
-5 - -75 bin 

> -70 - +20 bin 



TABLE 0 4.2.1 TABLE 0 4.2.2 

DEEP WATER WAVE SPECTRUM DATA PERCENTAGE OF WAVE HEIGHTS (H) 13' $ H $ 16' IN DEEP WATER 

H T HI/3 TV3 Hl/lO TI/IO HI/ loo T1/ JOOI H1/lOoo TI/1000 

ft sec. ft sec ft sec ft sec ft sec 
H HI/3 % 
ft ft 

4.5 6 7 6 11 7 13 8 4.5 7 0.3 
5 7 8 7 13 8 14 9 5 8 1 
5.5 7 9 7 14 8 16 9 5.5 9 1.5 
6.5 8 10 8 16 9 18 10 6.5 10 3 
7 8 11 8 17 9 19 10 7 11 4 
7.5 8 12 8 19 9 21 10 7.5 12 6 
8 9 13 9 20 10 23 11 8 13 7 
9 9 14 9 22 10 25 11 9 14 9 
9.5 10 15 10 23 11 27 12 9.5 15 10 
10 10 16 10 25 12 29 13 10 16 12 

H ~ average height of all waves 

H 1/3 ~ average he ight of the uppermost 1/3 of a II waves. 

HI/JO ~ average height of the uppermost 1/10 of all waves. 

HI/JOO l~ average height of the uppermost 1/100 of all waves. 

HI/JOoo ~ average height of the uppermost 1/1000 of all waves(H max,)' 
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TABLE 0 4.2.3 

NUMBER OF WAVES OF 13-16' H. HEIGHT IN DEEP WATER WAVE 
SPECTRUM DURING A STORM OF 24 HOURS DURATION (FULLY 
DEVELOPED SEA) AND THE CORRESPONDING FREQUENCY OF H. 

H,!,. T Number of waves Freguency of 
ft sec per hour in 24 hrs. Occurrence 

7 6 2 6timesayr. 
8 7 5 4 times a yr. 
9 7 8 2 times a yr. 

10 8 13 1 time a yr. 
11 8 18 1 time 0.5 yr. (2 yr.) 
12 8 27 1 time 0.3 yr. (3 yr.) 
13 9 28 1 time 0.2 yr. (5 yr.) 
14 (Apr., '67) 9 36 1 timeO.13yr.(7.5yr.) 
15 10 36 1 time 0.07yr. (14yr.) 
16 10 43 1 time 0.04 yr. (25 yr.) 

(1) Borgman, Leon "The Statistical Distribution of Ocean Wave Forces on 

Vertical Piling" Tech. Memo No. 13, U.S. Army Corps of Engineers, 

Coastal Engineering Research Center, 1965. 

(2) Bruun, Per "Breakwaters for Coastal Protection", Eighteenth International 
NaVigation Congress (Belgium). 1953, SII, CI. 

(3) Bruun, Per "Destruction of Wave Energy by Vertical Walls" Journal, 

Waterways and Harbors Division, American Society of Civil Engineers, 
Paper 912, 1956. 

(4) Bruun, Per "Coastal Protection, Review of Methods for Defense," The 

Dock and Harbour Authority, Nos. 297-398 (England), 1953. 
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TABLE 0 4.2.4 i' 
EVALUATION OF MAXIMUM CONDITION~ FOR POSSIBILITY FOR 

SPLASH AND SPRAY 

i 

H1/3b Number of waves Freguency N times ~ (H"/" )' NF.a ft per hour per year (NF) , 1.7~ 
(N) (F) 

1/, -1 
a 

7 2 6 12 5 60 
8 5 4 20 6 120 
9 8 2 16 8 130 

10 13 1 13 10 130 
11 18 0.5 9 12 110 
12 27 0.3 8 14 110 
13 28 0.2 6 17 100 
14 36 0.13 5 20 100 
15 36 0.07 2.5 23 60 
16 43 0.04 1.5 26 40 

(5) Bruun, Per "Beach Erosion and Coastal Ptotection", Florida Highway 

Geology Symposium, Tallahassee, Florida, j 960. 
I 

(6) Bruun, Per "Coastal Proteclion for Florida", ngineering Progress at the 

Univers.lty of Florida, Vol XVII, No. B, 1963. 

(7) Corps of Engineers, U.S. Army Coastal E~gineering Research Center 

"Technical Report No.4", 1966. 

(8) Corps of Engineers, U.S. Army, Coastal En~ineering Research Center, 
I 

Tech. Memo No. 13, "The Statistical Distrib~tion 01 Ocean Wave Forces 

on Vertical Piling", 1967. I 
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Shore Protection Study 
I:N"TlI3::~STATlI3:: ~C>"u"TlI3:: 35 I:N" DU"x....."U"T~ 

COASTAL ENGINEERING 

A INTRODUCTION 

Model studies of proposed breakwaters for Interstate Highway 35 near 

Duluth, Minnesota, were performed at the St. Anthony Falls Hydraulic Labora

tory, Department of Civil Engineering and Hydraulics, University of Minnesota. 

The studies were sponsored by the firm of Howard, Needles, Tammen & 

Bergendoff under agreement with the Minnesota Department of Highways and 

In cooperation with the Department of Transportation, Bureau of Public Roads, 

and had as their objective the procurement of information which would be of 

assistance in an evaluation of proposed breakwater designs. 

Northeast of Park Point in Duluth, a section of Interstate Highway 35 

will be subjected to wave action and possible damage from waves and spray 

for a distance of approximately 4000 It. Water depths at the toe of the high

way fill will range from 0 to abaut 20 ft. The slope of the lake bottom varies 

in this area with the result that in some sections large waves may break or 

plunge relatively close to the highway, and in others initial breaking may 

occur 400 or 500 It from the structure. Small waves may break on the struc

ture for many wave conditions. This wave action Is of concern because of 
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• PART III MODEL STUDY 
I' 

Prepared by C. Edward Bowers and L. A. Myller 

(a) possible damage to the structure, (b) creation df spray which may interfere 

with traffic, and (c) possible objectionable effects frrim reflected waves. 

A program was established which would provide two-dimensional data 

on wave action associated with the proposed design. Refraction diagrams 

provided by the sponsor indicated that as the waves enter shallow water, 

they will turn and approach the shore almost normal to the centerline of the 

highway. Thus, two-dimensional studies should provide a good indication of 

wave activity. However, consideration should be, given to possible variations 

in applying the results to a three-dimensional ~rototype case. Prelim Inary 

studies by the design engineers indicated that se~eral different designs of the 

protective structure might be desirable, depend~nt upon the depth of water 

along the highway. This necessitated tests at sl'tes simulating the deep and 

shallow water cases. It was requested that te~ts be performed with (a) an 

overage profile normal to the highway at about ~ta 478+70 (Profile D-1), and 

(b) a shallow toe depth profile at about Sta 480+ob (Profile A). Subsequently, 

the shallow depth profile was shifted to Sta 4ai4+00 (Profile E). Tests were 

performed with proposed and modified breakw9ters appropriate to each of 

the above loeations or profiles. ' 



B FACILITIES AND TEST PROCEDURES 

The studies were perlormed in an existing lacility at the St. Anthony 
Falls Hydraulic Laboratory, shown in Photographs B-1, 2, and 3. This facility 

is an open channel, 9 It wide, 6 It deep, and about 250 It long; it is equipped 

with a wave generator capable 01 generating waves up to 2 It high by 20 It 

long, and also with a wave absorber at the opposite end 01 the channel. In 

this study, it was requested that the wind blowing over the water also be 

simulated since the action 01 spray being blown over the highway is of con

cern. To properly simulate this effect, it was necessary to cover a section 01 
the channel and provide a blawer to pull air over the water at velocities 

equivalent to the prototype. To accomplish this, a temporary wooden splitter 

wall was installed in the concrete channel lor a distance 01 about 125 ft. This 

was spaced about 3 It Irom the existing concrete wall and a cover then was 

installed between the concrete and the wooden wall. The channel has an 

B-1 

B-2 

B-3 
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existing glass wall over a distance of abaut 20 It which was provided for view. 

Ing purposes. The models were installed in the channel in the glass-walled 

section to permit observation and photography. Concrete sand with an aver. 

age size of 0.7 mm was dumped Into the channel and shaped to simulate the 

desired prototype profiles. The maximum sand depth was about 4 It in the 

area simulating the highway segment of the cross section; this left about 4 It 
of clear space over the top of the highest point of the models for passage of 

the air. The water depth in the channel was normally about 3.5 ft. The sand 

slopes and depths were then adjusted to provide the desired toe depth or 

water depth at the toe of the structure. 

About 50 It lakeward of the test model, four wave probes were in· 

stalled to measure the incident and rellected wave heights. It was necessary 

to obtain wave records at a number of locations over a spacing of about 1/2 

wave length in order to analyze the incident and reflected waves. This was 

necessary because at one point the waves may be adding and a short dis· 

tance away they may be canceling; thus, a single wave probe might record a 

height greater or less than the actual incident wave height. If the wave sys

tems are steady, it is possible to traverse a single wave probe over a dis· 

tance of 1/2 wave length and record both the maximum and minimum wave 

heights necessary for the analysis. In this case, due to the unsteady nature of 

the waves, it was frequently necessary to obtain the data in a very short 

period 01 time. Thus, the traversing method was not adequate and it was 

neCli>ssary to install lixli>d probes. The spacing of these probes was adjusted 

so that they would cover 1/2 wave length. The probes consisted 01 a single 

insulated wire which extended beneath the water surface and then was looped 

back to a fixed point at the upper end of the probe; variations in water level 

changed the capacitance of this system and activated a bridge unit on a San· 

born recorder. The water depth at this point was about 3.5 It, which corre

sponded to 87.5 It on the prototype. Theory could be used to relate measured 

wave heights at this point and the breaker depth and wave height at breaking 
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near the structure. Theory could also be used to relate the deep water wave 

heights to the wave heights in 87.5 ft of water. 

About 25 It downstream of the test model ',was located a 42 in. adjust

able speed blower unit. This unit had a potential capacity of about 26,000 cu 

ft per minute, considerably in excess of the regulrements of this particulor 

study. The prototype wave analysis was based ,on a wind velocity of about 

50 mph over the lake. Such wind velocities o~e frequently measured at a 

height of about 10m or 32.6 ft above the water ::surface. At a scale ratio of 

1 :25, this corresponds to a model velocity of about' 14.6 fps. During the initial 

stages of the model test, the wind velocity profile over the surface was ad

justed to correspond to the best estimates of protptype velocity profiles. This 

information is provided in an Appendix to this report. The correct velocity 

profile was desirable in order to simulate the action of the wind on the spray 

thrown up by waves breaking on or near the protective structures. The profile 

was adjusted to the proper shape by the use Of cross bars installed in the 

entrance to the tunnel section, about 100 ft upwind of the model. During the 

test, the wind velocity was held constant atavalu,e of 14.6 fps as determined 

by a single measurement corresponding to a prototype elevation of 10 meters 
above the water surface. The tunnel section in which the model was installed 

had a length of about 125 ft which corresponds t6 a length of about 0.6 of a 

mile prototype. This was not sufficiently long to generate large waves by the 

wind action alone; in the prototype, several hun~red miles are available for 

this purpose. Thus, an auxiliary wave generato; was necessary to generate 

the higher waves. Such a generator is part 01 the regular equipment avail

able in this channel. It is classified as a flat or hinged plate generator with a 

variable or adjustable stroke. During the tests, the stroke and period of ascii. 

lotion were adjusted to provide the desired len~th and height of test wave. 

As the water depth was somewhat shallower than normally used in this chan· 

nel, a one·ft contraction in the wooden wall was prOVided to insure adequate 
wave heights for this particular test. " 



C TEST PROGRAM 

tests: 

Agreement between the parties concerned provided for the following 

Breakwater designs fa be tested are vertical impermeable, slop
ing and permeable, vertical permeable (crib or coisson type), 
sloping permeable (single and/or double rubble mound). It is 

perferred that tests be run on four or five different conditions 
of wave lengths and height. Determination shall also be made 
of the effect of a narrow ice cover in front of the structure upon 
oversplash and structural stability. 

This program was modified somewhat during the course of the studies 

with the result that the following structures were tested: 

1. Rubble Mound 

(a) Side slopes 1.5: 1 (toe depth 16.5 It) 

(b) Side slopes 2: 1 (toe depth .19 It) 

2. Crib Type - toe depth 19.0 ft 

3. Crib Type - toe depth 5 ft 
4. Modified Crib Type - toe depth 19.0 It 

5. Modified Rubble Mound - toe depth 8.8 It 

Wave conditions were not specified in the initial agreement, but were sub

sequently provided in a series 01 reports based on the hindcasting studies. 

These were summarized in a leller from the National Engineering Science 

Company dated March 15, 1967. 

TABLE C-l 

SIGNIFICANT WAVES IN TESTS 

H (breaking) 
ft 

20 surge 
16 surge 
12 
9 

T 
sec 

12 
12 
10 
8 
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In a subsequent communication received July 5, 1967, it was Indicated 

that waves in which the average of the highest 1/3 was equal to 20 ft would 
be encountered once every 250 years, an average of the highest 1/3 equal to 

16 ft would be encountered once every 25 years, and an average of the 

highest 1/3 equal to about 13 It would be encountered every 5 years. Wave 

height here is the breaker height or, in the case of the surge wave, the meas

ured height immediately after breaking. On the basis of this information, a 

breaker height 0116 It is hereafter referred to as a 25 yr wave and a breaker 

wave height of about 13 ft is hereafter relerred to as a 5 yr wave. These 

heights are based on a wave period 01 about 12 seconds; during the actual 

test some studies were performed with wave periods of 8, 10, and 12 sees, 

whereas others were restricted to a single period of about 12 sees, which was 

usually the most severe. This was done in order to limit the test program and 

reduce cost. In the laller stages 01 the studies, inlormation was received to 

the elfect that the 11 sec wave with a surge height 01 16 It was the most 

significant of the larger period waves. However, by this time, considerable 
data had been obtained with a 12 sec wave, and in order to provide a proper 

comparison many of the studies were continued with this same wave period. 

In some instances, however, data for the 11 sec wave were obtained. 

Some 01 the studies were performed with a continuous series of waves; 

this was true lor some 01 the rubble mound structures where reflections were 

rather low. During tests of the crib type structures, reflections were higher 

and prevented continuous operation due to the development of transverse 

wave systems and reflection 01 reflected waves from the generator. Thus, in 

these tests, a series of waves was generated over a model duration of 45 
seconds. The generator was then stopped to permit the water to calm down 

belore a new series of waves was generated. 
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o TEST RESULTS 

1. Rubble Mound No.1 (Deep Water) 

Chart D-l illustrates the various types 01 breakwaters tested under this 

program. It has been requested that the initial studies be perlormed with the 

modilied D-l prolile at Sta 478~70 (Charts D-2 and D-3) representing deep 

water canditions at the toe 01 the structure. The toe depth was initially spec

ilied at 16.5 It, and later changed to 19 It. Chart D-4 illustrates the rubble 

mound structure which was initially tested with the D-l prolile. This had a 

surlace slope 01 1.5: 1 and two layers 01 8 ton stone over a single layer 01 

1600 Ib stone and other base material. Photographs D-l through D-6 illustrate 

a 20 It surge wave approaching rubble mound No.1. The lines in the back

ground 01 these photographs are spaced 5 It apart (prototype). Two lines are 

visible on the Iront glass or in the loreground. The lower 01 these represents 

the lake bottom which has an elevation here 01 approximately 580 It; the 

upper white line illustrates the mean low water (MLW) 01601.6. The mean 

water level (MWL) lor this particular series 01 tests was EI. 603.6 which might 

represent an average lake elevation 01 .603 plus a storm setup 01 approxi

mately 0.6 It. Also shown in the photographs are numbers 100, 200, and 

300, which represent distances out Irom the waterline on the particular test 
structure. 

With the D-l profile, which is quite Ilat lor a considerable distance out 

Irom shore, a large 12 sec wave broke at a distance 01 about 300 It from the 

shoreline with a breaker height 01 approximately 24 It. The surge height soon 

alter breaking was about 20 It; then the wave gradually decayed as it moved 

in toward the breakwater. As may be noted in Photograph D-5, the effective 

wave height at the structure was on the order 01 10 to 12 It. The uprush as 

shown in Photograph D-6 is not too severe; although there was movement 01 

some stones, the breakwater was apparently able to withstand the lorces 01 
this particular wave. 

Chart D-5 illustrates the results 01 scour tests with the rubble mound 

structures. This test was performed alter earlier tests in which some sand had 
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been piled over the toe 01 the breakwater. As,may be noted on the chart, 

the toe protection extends out about 22 It Irom the end 01 the 1.5:1 slope. 

The breakwater was subjected to a total 0135 hrs (prototype) wave oction with 

a 12 sec wave; this had a breaker height 01 close to 27 It and broke about 

300 It Irom the main structure. The surge height lor this was somewhat dil

licult to deline, but was probably on the order 0116 to 20 It. As may be 

noted in Photograph D-5, at the end 01 10 hrs a scour hole had developed 

about 31 It Irom the toe down to a depth 01 about 7 It. Alter an additional 25 

hrs 01 operation, (prototype), the scour extended to a depth 01 8.5 It with 

additional movement 01 the toe protection; howtlver, the overall rock move

mentwas notas severe as might have been anticipated. A much more severe 

condition would exist lor those conditions in which the wave broke closer to 

the main structure rather than 300 It away, as was the case with the D-l 

prolile. This condition would occur lurther north along the structure at sta

tions on the order 01 480~00 to 495~00. Subsequent tests indicated that the 

waves would break almost directly on the struc~ure in some 01 these areas. 

This would require much larger stones than would be implied by the initial 

test on the rubble mound structure. 

Following the initial scour test shown in Chart D-5, a test was per

lormed with an 8 sec wave breaking about 50 It offshore. This produced no 

more damage to the armor layer and, in lact, carried in some sand, lilling up 

the hole caused by the previous test. Data were also obtained on the spray 
, 

caused by the 8 sec wave breaking about 50 It bffshore as well as a 12 sec 

wave breaking 300 It out. Some 01 these datt, are shown in a succeeding 
Chart. 

2. Crib-Type Design (Deep Water) 

At the conclusion 01 the preceding tests, a crib or caisson type break

water was installed with a toe depth 01 19 It. This was based upon construc

tion 01 two rows 01 concrete piles, the Iront row having a cross section 16 in. 

square spaced 38 in. on center; the back row was: also 16 in. square and was 

spaced 6 It on center. Walers were installed beHind the Iront row 01 piles at 



the top (elevation 620) and at elevation 602. Ties conneeled the walers 

with the back walers. Spacing between the front and back row was spec

ified as variable with an initial' value of 20 ft. Space between the two 

rows of pilings was to be filled with stone having a minimum size of 2 

ft on the smallest side. Behind this material was a quarry-run zane with 

two filter layers on a slope of 1: 1 covered by a plastic filter material. 

Toe protection consisted of a double layer of one ton stone extending out 15 

ft from the front row of piles. During construelion of the model, it was found 

impossible to hold the 1:1 slope on the lilter layers and quarry-run material, 

particularly on the back side of the crib system. Thus, in subsequent models, 

it was necessary to flatten this slope. A wave screen was to be considered 

either on the back or front row of piles where it would be the most effeelive 

as shown in Chart D-6. 

Photograph D-8 shows the Design No.1 crib prior to tests. Wooden 

members were used to represent the concrete piling and tiebacks as proposed 
in this design. Most of the sand on which this struelure was built had a nomi

nal size of about 0.7 mm; however, white sand with a nominal size of about 

0.2 mm was used to simulate a proposed hydraulic fill back of this structure, 

as well as a layer beneath the structure. A plastic filter sheet was inslalled in 

the model along the back and lower sides of the struelure. This sheet had the 

same physical size as the prototype rather than being reduced to scale and it 

was thought that it might be of interest to use fine sand similar to that which 

would be adjacent to this sheet on the prototype. The hydraulic differentials 

across the sheet would not be the same but would provide some indication of 

any tendency 0/ the fine sand to filter through the sheet. 

The initial tests with the DeSign No.1 crib without a wave screen in

dicated very serious spray conditions over and behind the struelure and in 

the area of the northbound ramp. Modifications Were immediately made, 
based on the use of a wave screen. This initially consisted of a straight sheet 

placed at an angle of about 45 degrees and extending up from elevation 620 

to 625 as shown in Photograph D-9. It was also indicated in the earlier studies 

that larger stone might be mare effeelive in dissipating some of the wave 

energy; thus, the struelure shown in Photograph D-9 has been rebuilt, utilizing 
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stone with a minimum dimension of 3 It on anyone side. Other changes 

included the addition of a curtain wall extending down about 4 ft below the 

front woler and a second curlain wall extending down about 10 It from the 

top of the piling behind the second row of piling. The sloping filter layers 

over the quarry-run material at the back of the struelure were corried up to 0 

point slightly above the bottom of the back curtain wall. 

In the initiol test of this design, which is designoted Crib No.2, the 

quarry-run moteriol behind the large 3 ft stone wos woshed out between the 
openings in the 3 ft stone, lowering the fine material in the back side of the 

crib. As soon as filter layers 1 and 2 dropped below the edge of the curtoin 

woll, the fine materiol simulating the main fill was washed out between the 

large 3 ft stone at a very high rate. This created a hole obout 15 ft wide and 

10 to 12 ft deep in 0 very short period of time, as shown in Photograph D-10. 

This would have caused serious damage or loss of the northbound ramp and a 

portion of the area proteeled by the struelure. It wos apparent that a second, 

vertical filter. layer wos needed bEltween the 3 ft stone and the quarry-run 

moterial immediately behind it. 

Chart D-7 shows a rebuilt crib designated as Crib Design No.3 with a 

4 ft lilter layer consisting of 9 to 15 in. rock behind the 3 It diameter stones. 

The length of the back curtain weill was also increased to about 15 fl. This 

provided a margin of about 6 ft for settlement of the type 1 and type 2 filters 

before there would be serious loss ou't through the large 3 ft stone. The 

failure on the model was considered fortunate and quite significant in that it 

pointed up the critical area of' construelion on the back side of the crib. It 

would appear that this would require a careful design and close inspection to 

insure 0 sound structure in this zone. 

Photograph D-11 shows the Crib No.2 struelure alter repair and sub

jeel to an 8 sec wave with a height.of about 10ft. The distance from trough 

to crest of this wave on the face of the struelure is about 15 to 16 ft; this is 

due to the addition of the incident and refleeled waves. Very lillie spray was 

created by this particular wave. 
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Photograph 0-12 shows an 11 sec wave approaching the breakwater; it 

had just encountered the refleded portion of the preceding wave creating what 

is termed a "clapotis." This wave had a measured height of 1 0 ft in a water 

depth of 87 ft, and a computed breaker height of 12 ft. The height of the 

c1apotis was about 24 It, due to addition of incident and refleded waves. Pho

tograph 0-13 shows the same wave after it has broken against the crib type 

structure. This created a large amount 01 spray which was thrown up into the 

air at an angle of about 45 degrees. Much of the spray would be carried 

back over the highway and would be objectionable. Some of the larger waves 

would not create spray as serious as this due to the fad that they may break 

out in the greater depths. 

Photograph 0-14 shows a 12 sec wave with a breaker height of about 

13 ft as the wave approaches the breakwater. The wave has not yet broken 

and the apparent height is greater than 13 ft due to the addition of the inci

dent and reflected waves. Photograph 0-15 shows the spray created when 

this wave struck the breakwater. As may be noted in the photograph, sub

stantial amounts of spray were thrown lakeward and to heights exceeding 20 

ft. The wind would carry much of this spray back over the breakwater onto 

the highway area. Storms in which the average of the 1/3 largest wave is 

equal to 13 It would be encountered about once every five years. Individual 

waves in the storm may of course be larger than this value. Photograph 0-16 
shows the spray created by a 12 sec wave with a breaker height of 16 ft. 

Storms in which the average of the 1/3 largest waves would have a breaker 

height of 16 It would be encountered once in 25· yrs. 

In an ellort to reduce the height to which the spray was thrown as well 

as turn the wave back upon itself, a curved wave screen was developed as 

shown in Chart 0-7. This screen had a radius of 5.25 ft and extended from 

EI. 620 to EI. 623.75. It was attached to the waler immediately behind the 

front row of pilings. Photograph 0-17 shows the screen and the spray created 

by a 12 sec wave with a breaker height of about 13 It. The main water sur

face elevation for this test was 603.6 ft. Comparing this photograph with a 

similar one for the 45 degree wave screen shows that the spray is thrown 

horizontally rather than upward at a 45 degree angle. 
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Photograph 0-18 shows a 12 sec wave with a breaker height of 16 It 

approaching Crib 3-B. The wave had broken about 300 It Irom the face 01 the 

crib. Photograph 0-19 shows the spray created by this wave as it struck the 

face of the breakwater. Again, as may be noted on the photograph, the spray 

was thrown horizontally rather than upward. With an 11 sec wave period, the 

worst spray was created by a wave with a breaker height of 14.5 ft. Photo

graph 0-20 shows such a wave approaching Crib 3-B. Photograph 0·21 shows 

the spray created by this wave as it struck the breakwater. Photograph 0-22 
shows aiD sec wave with a breaker height of about 14 ft as it struck Crib 3-B. 
This was the worst spray condition for the crib structure with the 10 sec wave 

and would have a recurrence interval of about 5 yrs. 

The spray conditions shown in the preceding photographs were for a 

water surface elevation of 603.6. This might be based on a mean lake level 

of 603 plus about 0.6 ft storm setup. The maximum value of the mean lake 

level is about EI. 604; with a storm setup of 0.5 It to 1 ft, it is possible that a 

lake level of 605 might occur, although very infrequently. To assist in an 

evaluation of this condition, tests were performed with a lake level of 605. 
Oata on this condition are included in following sections. 

plastic particles with a density about equal to that of water were mixed 

with the water for one series of tests to obtain data on the maximum internal 

velocities within the wave. Photograph 0-23 shows, an example of one test run 

using a 12 sec wave with a breaker height of about 13 ft. The motion of the 

wave and particles was photographed with a time exposure of 0.1 sec. Of 

special interest in this photograph is the path of t~e spray as it left the top of 

the wave screen and was thrown horizontally to windward. This indicates that 

the screen turned the wave back upon itself as initially planned. The black 

disk on the post in the left foreground is a timer,'turning at 60 rpm, which is 

used to measure the time of exposure in any phot09raph. 

The maximum measured vertical velocity along the face of the crib was 

about 10 fps. This is believed to be low insofar as computations of force on 

the wave screen are concerned. It is dillicult to 'deline the paths 01 the par

ticles and to isolate these at peak values. As a result, it Is doubtful that the 



measured vertical velocities are adequate lor design purpases. The maximum 

horizontal velocities along the bed were likewise about 10 Ips and extended 

out on the order 01 50 It Irom the break water. This wauld seem to indicate 

that the toe pratection should extend out lurther than that shown in these 

photographs. 

Photographs and movies helped to define the spray associated with 

each breakwater model. However, a quantitative means of comparison 01 the 

various designs is desirable. To assist in this evaluation, the spray carried 

aver the breakwaters was measured by a series 01 pans spaced at unilorm 

intervals behind the crest. The rate at which the spray collected in the pans 

was then measured and recorded. This technique is straight forward and pre

sented no great difficulties. However, it should be noted that true similarity 

between model and prototype does not exist lor the spray process, whereas 

it does for the basic wave tests. Wave phenomena can be modeled quite 

closely provided the ratio of gravity to inertia larces is the same in model and 

prototype or, in other words, if they have the same Froude number. In the 

case 01 the spray process, three forces become involved - gravity, inertia, and 

viscous forces - and it is not possible to exactly satisly all 01 the proper scale 

relationships at the same time. However, in spite 01 this lack 01 true similarity, 

it is believed that the model studies do provide a good comparison between 

the spray generation of the various models tested. 

Chart 0-8 illustrates same of the data obtained in the spray tests. The 

upper graph illustrates accumulated spray, in. per hr, as a function of distance 

from the crest 01 the breakwater. The lower chart is an amplification 01 a 

small segment of the upper chart and goes only from 0 to 3 in. per hr. A 

square symbol has been used to denote the spray curve lor the rubble mound 

No.2 breakwater. For all of these, the curve plotted is the. one which cor

responds to that wave condition which produced the most spray. Other data 

are included in an Appendix to this report. 

With the rubble mound breakwater the 12 sec wave which produced 

the most spray was the ane which had a breaker height 01 about 16 ft. The 
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corresponding height in 87 It 01 water was about 13 ft. A solid circular symbol 

has been used to show the spray curve lor Crib 3-B in deep water. A com

parison of this curve (1) with that lor the rubble mound (6) Indicates that the 

spray characteristics of the crib were lor superior to the rubble mound for the 

conditions tested. For a spray rate of one in. per hr at a given location, it 

would appear that the rubble mound structure would have to be located ap

proximately 60 It further out in the lake than the aib structure to be reduced 

to a comparable spray rate. This is illustrated in Chart 0-22. 

Chart 0-9 illustrates the scour at the toe of the Crib 3-B structure after 

an 11 hr (prototype) test with waves ranging from 6 to 21 It high. The bed 

was scoured to a depth of 3.5 It about 17.5 ft in Iront 01 the structure. Some 

of the 1 ton stone was displaced. Subsequent,tests with a different bottom 

profile indicated much more severe erosion. 

3. Modified Crib Breakwater 

As an alternate to these structures for the deep water case, it was re

quested that a modified crib be tested as shown in Chart 0-10 and Photograph 

0-25. This structure basically consisted of a crib type unit up to EI. 608. 

On top 01 this structure a rubble mound was extended upward at a 

slope of 1.5: 1 to EI. 620. Photograph 0-26 shows the modilied crib with the 

worst spray condition lor this particular structure. As may be noted thereon, 

the wave ran up over the crib part and the rubble mound part, and struck a 

vertical wall at the back end 01 the structure, throwing additional spray over 

the top 01 the wall. This wall was a form 01 spray screen and extended up to 

EI. 623.75. In an effort to reduce the spray in back 01 this model, a curved 

wave screen similar to that used on the crib structure was added. This pro

duced some improvement as shown in Photograph 0-27. However, as shown 

in Chart 0-8, the spray was considerably worse than the straight crib design. 

Also, this design was objectionable from the standpoint 01 debris, in that the 

top of the crib section formed a shell upon which most debris Iloating in the 

water was soon trapped. This would be objectionable in appearance, if for no 

ather reason. 
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4. Rubble Mound No.2 (Deep Water) 

The initial test with the rubble mound had been performed with a 

surlace slope of 1.5 horizontal to 1 vertical. Also, some of the spray data 

obtained in this design was not adequate for proper comparison with sub
sequent tests of the crib structures. Therefore, the rubble mound was rebuilt 

with a slope of 2 horizontal to 1 vertical using two layers of 8 ton stones over 

a filter layer of 1600 Ib stones and other filter material. This model is shown 

in Chart 0-11 and in Photograph 0-28, prior to the start of tests. Photograph 

0-29 shows the runup on the rubble mound structure from an Incident wave 

with a period of 12 sec and a height of about 10ft. This wave did not appear 

to break in the normal sense and there was a relatively small amount of 

spray. Photograph D-30 shows a 12 sec wave with a breaker height of about 

14 ft. The wave broke at about 130 ft from the structure and the resulting 

uprush caused some movement of the rocks, although the movement was not 

serious. However, there was a considerable amount of spray and splash car

ried over the structure and onto the sand behind it, causing some disturbance 

in this area. Photograph 0-31 shows a 25 yr wave with a breaker height of 

about 16 ft approaching the rubble mound No.2 breakwater. The wave had 
broken about 400 ft from the breakwater and the resulting surge has been 

considerably attenuated. Photograph D-32 shows the uprush of this wave onto 

the breakwater. This carried to the top of the breakwater and would seem to 

indicate that additional height might be desirable or an adequate length of 

protective stone riprap would be desirable beyond the crest of the breakwater. 

Chart D-12 illustrates the scour and stone movement of rubble mound 

No. 2 after a 10 h r prototype test with a wave period of 12 sec, and a 

breaker height of 17 ft. The main water surface elevation was 603.6. As may 

be noted on the chart, scour at the toe of the structure was equivalent to 

about 3 ft. At a point about 70 ft out from the toe of the structure, the scour 

was 3.5 It. There was some movement of the rock at the toe. While this was 

not large, it is possible that other wave conditions, or the three-dimensional 

tests which were not simulated in this test, would result in more severe stone 

movement and possible damage to the structure. Subsequent tests with the E 
bottom profile indicated more severe test conditions. 
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Attention is directed to the fact that with the 0-1 profile and a water 

depth below MWl 01 21 ft at the toe, the large waves were breaking about 

300 ft from the structure. As a result, the wave action at the breakwater from 

this large 17 ft wave was reduced to about 8 to 10 It. In subsequent tests 

with the E profile, it was noted that the large waves broke very close to th e 

test structure; this would require much larger stone sizes than those which 

were apparently necessary in this particular test. 

5. Modified Rubble Mound (Shallow Water) 

The preceding tests were all performed with the D-1 profile; most were 

perlormed with a water surface elevation of 603.6 and a corresponding toe 

depth of about 21 It of water. To assist in an evaluation of the shallower toe 

depths associated with the area from Sta 480~OO to about Sta 495+00, tests 

were perlormed on what has been designated as profile E. This was taken at 

Sta 484+00 and represents what is thought to be one 01 the more severe sites 

for wav~ action in' the section from Sta 480+00 to Sta 495+00. Referring to 

Chart D-3, it may be noted that the EI. 580 contour approaches wilhin about 

170 ft of the edge of the northbound roadway, and the breaker depth lor a 16 

It breaking wave is closer than this figure. Tests subsequently indicated that 

the large waves breaking at about 100 It from the breakwater would plunge 

and create very large uprush velocities on the protective structure. As a 

result, this section appeared more critical than the D-1 profile, which was 

initially thought t be more critical. 

Chart D-13 illustrates a modified rubble mound structure that had been 

initially proposed for consideration in the shallow water area close to the E 

profile. This consisted of a rubble mound structure extending to EI. 611.6 ft 

and a small crib or bin structure extending from about EI. 603.6 10 EI. 620. 

The rubble mound seelion had a slope of 2 horizontal to 1 vertical and was 

protected by 2 layers of 4 ton armor stone. The initial wave tests with this 

structure and the E Profile indicated that practically all waves broke within 120 

ft of the shoreline of the rubble mound as opposed to tests with the earlier 

D-1 profile, where the large waves broke as far as 500 It from the main struc

ture. The smaller waves, those with a computed breaker height of 13 to 15 ft, 



plunged directly on th'e structure face causing serious rock movement. The 

larger waves plunged just lakeward of the toe, creating a scour hole and high 

uprush velocities on the face of the structure. Further, the surge and uprush 

of the larger waves, such as the 25 yr wave, entirely swamped the crib, with 

large amounts of water splashing onto the northbound roadway. 

Photograph D-33 illustrates the modified rubble mound breakwater 

installed with Profile E, that is, with a relatively shallow toe depth. As noted 

above, the rubble mound section had a slope of 2 horizontal to 1 vertical and 

was constructed of 2 layers of 4 ton stone over smaller filter layers. As may 

be noted on the photo, the toe was excavated to help stabilize the primary 

armor layer. A wave screen was not used in the initial stages of this test but 

was subsequently added. Photograph D-34 shows a 5 yr wave having a 
period of 12 sec and a computed breaker height of 13 ft approaching the 

modified rubble mound structure. The wave has not yet broken in this photo

graph, but subsequently did break and plunged directly onto the armor layer. 
Photograph D-35 shows the uprush and spray created as this wave struck the 

crib portion of the structure. As may be noted therein, large amounts of 

water were thrown into the air and back onto what would be the roadway 
areas. 

Photograph D-36 shows the modified rubble mound structure after a 10 

hr prototype scour test with the 5 yr wave. In this particular test, a mean 

water level of 605 had been used instead af the 603.6 used in many of the 

earlier tests. A large portion of the top layer of the 4 ton stones had been 

moved and some carried out as far as 80 to 90 ft from the waterline of the 

structure. During the course of operation with a regular wave, a large amount 

of sand had been carried in and covered up a portion of the armor layer, and 

in spite of this action large numbers of armor stone were carried well out from 

their initial positions. Photograph D-37 shows the modified crib with a 25 yr 

wave having a breaker height of about 16 ft. The wave had broken on the 

structure and the uprush almost completely submerged the crib portion of the 

structure with large volumes of water carried onto the roadway. 
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The preceding tests had been performed with a wave which represented 

the average of the 1/3 largest waves in a given storm. An example of this is 

the 25 yr storm with a breaker height of 16 ft. In view of the fact that such 

storms would contain other waves larger than 16 ft, it was thought desirable 

to run brief tests with waves samewhatlarger than 16 ft. Photograph D-38 

shows the modified rubble mound stru,cture after the addition of a curved wave 

screen on the leading edge and after rebuilding of the rubble mound section. 

Photograph D-39 shows a 12 sec wave with a breaker height of about 19.5 ft 

approaching the structure. Photograph D-40 shows the resultant splash and 

spray created as the wave broke directly on the armor layer. Photograph 

D-41 shows the up rush which has for practical purposes submerged the crib 

section of this particular structure. Photograph D-42 shows the structure after 

a 10 hr scour test with the 19.5 ft wpve. A large portion of the upper layer 

of stones was washed lakeward and partially buried by sand which was carried 

in by the waves. Some stones thrown against the crib could have seriously 

damaged the concrete piling of the prototype structure. While this wave is 

very severe, it is possible that in any major storm a few waves of this size 

might be present due to the addition of waves of different frequencies. Also 

of interest is the fact that this large wave broke almost directly on the struc

ture with a profile equivalent to that near Sta 484+00. As this profile is quite 

characteristic of a substantial area, consideration must be given to the fact 

that large waves will break directly on the protective structure rather than 

several hundred feet out, as was the case with the D-l profile further south. 

Spray data for the modified rubble mound with curved wave screen 

are shown in Chart D-8; it may be noted that they are comparable to the 

rubble mound No.2 which was test~d in deeper water. A wave with a com

puted breaker height less than lOft produced no measurable spray on the 

roadway area in the model. While some spray was produced along the face 

of the rubble mound and the crib area, a measurable amount was not carried 

over into the roadway area. Wave reflections from the modified rubble 

mound structure were about 10 per cent less than those for the crib tested in 

deeper water. 
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Movement of the armor stone on the modified rubble mound structure 

was one of the most serious deficiencies of the initial design. Movement of 

the armor stone occurred with computed breaker heights in excess of about 10 

ft. Tests with a 5 yr wave or a breaker height of about 13 ft moved some of 

the armor stone as much as 40 It from the end of the toe protection. Sub

sequent tests with the 25 yr wave and a breaker height of 16 ft resulted in 

some movement of the armor stone as much as 100 ft from the water line of 

the breakwater. At the same time during these prelim inary tests, some of the 

rock inside the crib was thrown out. Waves rushing up and striking the face of 

the crib displaced the 3 It stones inside the crib and forced out the 4 It layer 

of smaller filter stone inside the crib. This permitted large amounts of water to 

move up th rough the crib rather than go around the wave screen. Spray data 

were not obtained at this time because it was desired to rebuild the structure. 

Accordingly, the sloping rubble·mound part of the breakwater was rebuilt using 

8 ton stone on 1/2 of the breakwater and 4 ton stone on the other half. At 

the same time, the filter layer near the top of the crib was replaced and 

covered with 2.5 ton stone. During tests of this modification, the structure was 

subiected to waves with breaker heights up to 16 ft. The 4 ton stone again 

moved very seriously and was earried out as far as 100 ft from the waterline; 

however, the 8 ton stone, to a large extent, remained on the slope, although 

some rocking of the stones occurred. 

In both cases the designated stone size is not really a narrow size 

gradation. Usually the stones tend to run slightly heavier than the designated 

stone size. It may be of interest to note that the required armor stone size for 

016 ftwave as determined by the coastal engineering criteria of the Corps of 

Engineers would be about 13 tons. This is for a 2:1 slope and a specific grav· 

ity of about 2.65. With flatter slopes, smaller sizes could be used. A 25 yr 

wave is presumably one in which the average of the 1/3 largest waves is 16 

ft. A storm in which this average occurred would include some waves larger 

than 16 ft. It would appear that if the rubble mound type of construction is to 

be used in the area represented by Profile E, the armor stone required for 

2:1 slope would be on the order of 20 tons. A curve of armor stone size as a 

function of breaker wave height of a 2:1 slope is shown in Chart D-16. 
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6. Crib-Type Structure (Shallow Water) 

It was concluded that the "modified" rubble mound breakwater con· 

sisting of a crib or bin section above a section of rubble mound was not a 

satisfactory design for the proposed loeation. Tests were then pedormed on a 

crib section similar to that tested earlier in the deep water section. These 

tests were performed with a bottom slope corresponding to Profile E or Sta 

484+00 and a toe depth at the face of the structure of 5 ft. It would have 

been desirable to perform additional tests with depths ranging from 0 to 10 It 
on the face of the crib, but time and funds did not permit these studies; this 

should be considered in an evaluation of the test results. 

, 

Chart D-15 and Photograph D-43 show crib design 3-B as tested in 

shallow water. Concrete piling with a cross section 16 in. by 16 in. and 

spaced 38 in. on center in the front row of piling was simulated in the model 

test. The back row again consisted of a similar piling spaced 6 It on center 

and set 20 It in back of the front row of piling. A curved wave screen type B 

was again used over the front row of piling. The space between the two rows 

of piling was filled with 3 It to 4 ft stone up to about EI. 615. This was fol

lowed by a layer of smaller stone about 9 to 15 'in. and about 3 to 4 ft thick 

as a barrier to wave action up through the piling; it was topped off by a final 

row of 3 to 4 ft stone. A 15 ft curtain wall was again used behind the back 

row of piling. This was followed by a 4 It filter loyer of 9 to 15 in. rock and 

then a sloping area of quarry-run material. Theloe protection consisted of a 

double layer of 8 ton stone over a layer of 1600 Ib stone in turn over a layer 

of plastic filter material. This extended out 30 It from the face of the pile and 

was excavated to a depth of 6 ft below the norm<11 lake bottom. The latter is 

necessary in order to insure proper protection and to reduce the displacement 

of the armor layer. 

The action of the wave approaching this breakwater was sim ilar to that 

of the waves approaching the modified rubble mound breakwater with the Type 

E profile in that they tended to break much closer,to the breakwater than was 

the ease with the D·l profile. Thus, most of the waves broke within 150 ft of 



the breakwater producing high uprush velocities. Waves with a computed 
breaker height on the order 01 10 to 11 It created some spray as the waves 

broke against the lace 01 the breakwater (Photograph 0-44); however, this 

spray did not appear to be objedionable in magnitude. Waves with a com· 

puted breaker height 01 about 13 It, or a 5 yr wave (Photograph 0-45), again 

broke against the lace 01 the strudure throwing some sproy as high as 50 It 

above the crest 01 the breokwater. There was some rocking 01 th·e 8 ton armor 

stone, but no serious movement in the initial phase 01 the studies. In tests 

with a wa·ve having a breaker height 01 about 16 It or a 25 yr wave (Photo

graph 0-46), the wave started to break at about 100 It and plunged onto the 

toe protection at the base 01 the crib. The spray again was thrown on the 

order 01 50 It above the crest 01 the breakwater, ond some 01 the liner spray 

was carried over the highway by the wind. There was movement 01 a number 

01 8 ton stones and considerable rocking in place 01 quite a lew other stones. 

Initially, all toe protedion had been within 30 It 01 the lace 01 the breakwater; 

at the conclusion 01 these tests some stones had been carried out as lor as 65 

ft Irom the lace 01 the crib. Apparently all 01 these came Irom the top layer 

01 the stone toe protection. 

Briel tests were also performed with a breaker height 01 19.5 It, which 

presumably would be encountered in substantial numbers only about once in 

250 yrs (Photograph 0-47). This threw a large amount 01 spray as lor as 150 

It lakeward 01 the structure and as high as 100 It above the crib. However, 

the rock movement did not appear to be as severe as the earlier tests with 

16 It breaker height. This was due in part to the lad that the wave broke 

lurther lakeward than the 16 ft wave, and also to some pa~king 01 sand around 
the armor stone. 

Following the preceding tests, all 01 the stones that had moved out 01 

the initial protective or armored area were picked up and weighed. A total of 

24 stones had moved in an area 3 It wide (model) or 75 It wide (prototype). 

As noted above, the larthest had moved 65 It Irom the lace 01 the crib. This 

was a stone weighing 7.8 tons. The average weight of all 01 the stones moved 

out 01 the area was 8.3 tons. They ranged in size Irom 6 to about 12 tons. 

They had initially been sized by eye in an attempt to select stones physically 

the same size as a preselected weighed group. 
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While briel tests have been conducted with the larger 19.5 It wave, 

most 01 the rock movement relerred to above apparently occurred with the 

smaller 5 yr and 25 yr waves having breaker heights 01 13 to 16 It. This 

would seem to Indicate that the 8 ton stone in Iront 01 the crib strudure with 

the prolile near Sta 484+00 can be expected to move in spite 01 the relatively 

Ilat slope 018.9:1. Two computed curves 01 required stone size based on the 

Corps 01 Engineers coastal engineering criteria are shown in Chart 0-15. One 

01 these is lor a breakwater slope 01 2 horizontal to 1 vertical, and the other 
lor ci slope 01 8.9:1, corresponding to the situation at this test profile. The 

curves would indicate that movement 01 the 8 ton stone should not occur at 

this slope used in the latter test. The reason lor the disagreement with these 

curves is probably associated with the high rellections coming off the crib struc

ture as opposed to those associated with the rubble mound. Rather high 

velocities would be associated with the wave relledion Irom the crib structure, 

and it is probable that these are higher than the lakeward velocities associated 

with the rubble mound. Thus, it is doubtful that computed curves based on the 

rubble mound criteria can be used to select the armor stone size lor toe pro

tedion 01 the crib strudure. 

The two-dimensional tests indicated that the toe protection shown in 

Chart 0-15 was not adequate in areas where the E bottom prolile is charac
teristic 01 the actual lake bottom. Consideration should be given to the use 01 

larger stone in critical areas such as the zone between 480+00 and 495+00. 

Spray data lor Crib 3-B in shallow water are shawn in Chart 0-8. As 

may be noted therein, the spray is considerably worse than the crib in deep 

water. However, the spray is still substantially less than that lor the rubble 

mound as tested in deep water. It is probable that the rubble mound in shal

low water would create more spray than the curve shown. 

7. Vertical Impermeable-Face Breakwater 

Following the above tests, a briel test was run with an impermeable 

lace on the crib-type structure. This greatly increased the amount 01 splash 

and spray produced when the wave struck the structure, as shown in photo

graph 0-48. Chart 0-8 illustrates a spray curve lor the Crib 3-B with an 
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impermeable face. This was one of the largest spray producers of any of the 

models tested. Movement of the armor layer did not appear to increase as a 

result of this modification, although at the time the studies were run, the toe 

protection was probably well seated and less susceptible to movement. On 

the basis of the spray test, this structure is not recommended for further study. 

8. Review of Wave Characteristics 

In the early phases of the report, it was requested that tests be per· 

formed with four or five different conditions of wave length and height. Wave 

periods of 8, 10, and 12 sec were requested for some phases. Subsequently, 

a period of 11 sec wos indicated as being of special Interest. Also, in the 

early phases it was requested that tests be performed with a 20 ft surge wave 

as being one of the most severe conditions. Subsequently, this was also modi· 

fied somewhat as a result of further refinements of the studies relating to the 

frequency analysis of wave heights on the lake. 

The initial tests were performed with the D· 1 profile, and the rubble 

mound No.1 breakwater. The models were constructed in the test facility in 

such a way that the mean low water elevation of the lake, 601.6, corresponded 

to a water depth of 87.5 ft, or actually 3.5 ft on the model. A portion of the 

correct lake bottom was produced and scaled down for a considerable distance 

in front of the test model and then sloped down at a slope of 1: 10 until it 

reached a depth of 87.5 It corresponding to the bottom of the concrete chan· 

nel. From there to the wave generator the depth was, of course, constant. 

As it was not feasible in many cases to measure wave heights accurately 

close to the structure because of reflections, spray, etc., four wave probes 
were located at the toe of the sand fill in the model channel. This carre· 

sponded to a distance of about 1200 ft (prototype) from the test model. it was 

necessary to compute certain relationships between wave heights measured at 

this point and the breaker height and depth in shallower water. Chart D,16 

illustrates computed values of wave height at breaking Hb and woter depth at 

breaking db for waVe periods of 12 sec and 11 sec. Curves are shown for 

two different theories. In tests of rubble mound No.1 with Profile D· 1, It was 
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found thllt-the compvted curves based on -modified solitary wave theory were 

in good agreement with the observed data. For example, a wove with a 

-- - - measured- h-eighr 01 T3;5 -ft in 87.5 It of water would be found to break with a 

breaker height of about 16 It In a water depth of about 20 to 21 ft. After 

breaking, the wave approached the breakwater as' a traveling surge gradually 

decreaSing in height. The height as the wave s~ruck the breakwater usually 

ronged from 0.5 to 0.7 of the initial breaker height. In tests with the D· 1 

profile, waves with breaker heights up to almost 30 ft were generated. The 

larger the wave, the further out it would break. T~vs, large waves might have 

a lesser effeel for the D·1 profile than smaller waves which might come in and 

break directly on the structure. This was not true, 01 the later tests with the E 

profile at Sta 484+00. 

9. Wove Rellection from Structures 

In tests of the crib design with the D· 1 profile, it was found that high 

reflections from the crib caused the waves to br~ak farther out than they did 

in the preceding tests with the rubble mound str'ucture, and in deeper water 

than indicated by computed value. The actual rbflection from the crib struc· 

ture was a function of wove steepness, or the r6tio of wave height to wave 

length, and ranged from about 70 per cent for vfary flat waves to a value of 

about 35 per cent for rather steep or large wave,s. Apparently, the reflected 

wave traveling lakeward increased the steepness:of the incident wave beyond 

the point where it hod to break, in advance of where it might have done so 

for a mild beach slope or a rubble mound breakwti'ter. Also, the height as the 

wave broke was apparently equal to the sum of t~e heights of the incident (or 

incoming) and reflected waves, and was largeri than the computed breaker 

height for this particular wave. The lower graphs i/o. ond B of Chart D· 16 show 

observed heights at breaking, Hb' , for Crib ?B, in deep water. This ap' 

parently is not a true breaker height, but Is the qddition of the incident wave 

and reflected wave as noted above. Thus, as the:, wave broke, in many cases 

it appeared to have a size much larger than the!:computed breaker height of 

the incoming wave. i 



Chart D-17 shows measured data on wave reflection as a function of 

wave steepness for a number of the structures tested. Two dillerent test tech

niques were employed due to problems associated with reflections from other 

surfaces. In a test facility of this type, waves reflected from the breakwater 

move lakeward and are subsequently refleded from the wave generator, 

modifying the incident wave. In some instances it is necessary to obtain the 

data before this reflection comes back from the wave generator. In these 

studies, tests of high reflective devices such as the crib were usually per

formed with intermittent operations or what has been termed "pulse-type 

tests," whereas some other studies were performed with continuous operation 

where reflections were relatively low. As noted in Chart D-17, reflections for 

the crib structure varied from 70 per cent down to about 35 per cent, depend

ing on wave steepness. Tests of the rubble mound No.2 breakwater with the 

same test technique resulted in refledions ranging from 50 per cent down to 

about 23 per cent. Or, in other words, the refleelions from the crib structure 

for the deep water conditions ranged up to 60 per cent larger than those from 

the rubble mound structure. 

10. Spray Data 

Chart D-18 illustrates spray data for the crib structures without a wave 

screen and with several dillerent types of screens. An effort was made to 

lower the curved wave screen to a minimum elevation in order to reduce 

costs and improve Visibility from the highway side of the structure. Spray data 

for the curved wave screen at dillerent elevations have been plotted in Chart 

D-19 for a point near the centerline of the northbound ramp at Sta 478+70. It 

may be noted that the elevation of the crown of the wave screen should be on 

the order of EI. 622 to 624 to produc'e a minimum spray. The higher value is 

preferable in view of possible variations in lake water elevation. The one 

actually selected on the basis of these studies was 623.75. 

11. Force on Wave Screen 

A one-component dynamometer was used to measure the vertical and 

horizontal forces and the moment acting on a segment of the wave screen. 
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The dynamometer utilized strain gage elements to measure the forces imposed 

upon it. It was calibrated by the use of waves and its frequency response was 

checked to insure that it was adequate for the proposed test. 

Chart D-20 illustrates the end result of some of the force tests for the 

crib-type structure in both deep and shallow water. During these tests the 

wave generator was operated for a period of about 45 sec and then stopped 

for a period of several minutes. This resulted in the generation of groups of 

about 18 to 20 waves. The horizontal force created by each of these wave 

crests was recorded on a Sanborn recorder for each of about six different 

wave heights, for the preselected period. The maximum force in each group of 

waves, as well as the two next larger forces, was read from the Sanborn re

corder and recorded in tabular form. The data are presented in graphical 

form with force as a function of wave height. The wave height used here was 

that measured by the recorders in a water depth of 87 ft. The two left graphs 

of Chart D-20 were obtained with Profile D-I, or what is referred to as the 

deep water condition. The right graph pertains to data obtained with bottom 

Profile E, or the shallow test condition. Referring to the two left graphs, the 

upper shows the average of the three largest forces measured in each 45 sec 

test period. The lower graph shows the maximum force recorded in any of 

the test runs. 

After the horizontal forces were measured, the dynamometer was 

placed in a position above the wave ,screen and the vertical force measured. 

These data were obtained for a mean water level of 603.6 after which the 

water level was raised to EI. 605 and the process repeated. However, in the 

latter case, data on moment about the base of the screen were also obtained. 

As may be noted in the lower left-hand graph of Chart D-20, the max

imum vertical force for a water surface elevation of 603.6 was about 16,000 

Ibs per lineal ft of wave screen. The maximum horizontal force recorded was 

about 8,000 Ibs per ft of screen. It is possible that with a larger number of 

tests larger values m<ly have been counted. As the largest force counted in 

any of the tests was sometimes well above other data for that given wave 

height, the average of the three largest forces for a given condition was com-
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puted and plotted in the upper left-hand graph. The maximum vertical force 

on this basis was about 10,000 Ibs per lineal ft of wave screen and the max

imum horizontal force about 6,000 Ibs. 

In a subsequent test, data were obtained on horizontal forces acting on 

the wave screen with Crib 3-B installed in shallow water, or in other words, 

with Profile E and for a mean water level of 603.6. Both the peak force and 

the average of the three largest forces recorded are shown on graph C of 

Chart 20. The peak horizontal force for a wave height up to 20 ft was about 

13,000 Ibs per lineal It of breakwater. The average of the three largest forces 

for each wave condition indicated a value of about 10,000 Ibs per lineal ft. 
These data and those in the left graphs were obtained with regular waves. 

In an effort to predict the maximum forces which might be encountered 

with irregular waves, the generator was operated in such a manner that an 

irregular wave train was produced. The wave height was measured by wave 

probes and a significant height, the average of the 1/3 largest heights, was 

obtained. For a significant wave height on the order of 14 to 16 ft, the max

imum force recorded was around 10,000 Ibs per lineal ft, and the average of 

the three largest, around 5,000 Ibs per lineal ft. With another generator 

setting, a Significant wave on the order of 22 to 24 ft was obtained. This 

produced a maximum force on the order of 30,000 Ibs per lineal ft, and an 

average of the three largest values of about 15,000 Ibs per lineal ft. Since a 

significant wave here was much larger than the design wave conditionsl the 

value of about 30,000 Ibs per ft may not be realistic. Chart D-21 shows forced 

data obtained with a mean water level of 605 and with Crib 3-B in deep 

water. The maximum horizontal force recorded was about 20,000 Ibs per 

lineal ft. The maximum vertical force was about 12,000 Ibs per lineal ft, and 

the maximum moment was about 60,000 It Ibs per lineal ft. These data are 

somewhat higher than the data obtained for EI. 603, but do not represent a 

substantial increase. 

The preceding data represent measured values of force on the wave 

screen resulting from the action of water. With a water surface elevation of 

603.6 and regular waves, the maximum vertical force of 16,000 Ibs per lineal 
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ft was obtained with a breaker height of about 15 ft. It is probable tnat witn a 

two-component dynamometer a similar horizontal force would have been 

obtained. Also, it is possible that for the three-dimensional case, forces may 

have varied from the ones recorded in these studies. Thus, caution should be 

used in extrapolating these to the prototype. A design force on the order of 

18,000 Ibs per ft horizontally and a similar amount vertically appears to be in 

order. A design moment of at least 60,000 ft Ibs per lineal ft also appears 

desirable. This was obtained with a hinge at the base of the screen. 

The model studies could not be used to predict the impact forces re

sulting from ice or timber. Therefore, consideration should also be given to 

possible impact forces from these objects. 

Brief studies were made with actual piece~ of ice floating in the water 

to determine their possible action. It was noted :that relatively small chunks 

about 3 ft square and 18 in. thick were thrown liP against the wave screen; 

large slabs 12 to 15 ft square and several feet thick did not rise to the same 

elevation that smaller pieces were thrown. In most cases, the large slabs did 

not strike the wave screen at all. This was due in part to the fact that large 

slabs tend to slide down the sloping wave surf~ce and away from the crib 

face, whereas the small pieces might be caught next to the crib face and 

thrown up against the wave screen. Due to the fact that the crushing strength 

of ice would be the same on model and prototyp~, in other words, that it did 

not scale down in accordance with proper scaling relationships, the model 

could not be used to measure impact forces from the ice. 

12. Stone Si.es 

i 

The data presented herein are based ani tests obtained with profiles 

simulating those at Sta 478+70 and Sta 484+00. 11 tests of the crib-type struc

ture, toe protection consisting of two layers of onl~ ton stone ,over other sub~ 

layers appeared to be adequate for the deep wat~r and flat profile associated 

with Sta 478+70. However, at Sta 484-100, sto~es as large as 8 tons were 
I 

displaced when used as toe protection for the crib-type structure. This sug-

gests very careful consideration of the toe protecti~n for the crib-type unit if it 

is adoptedfor breakwater protection. 



In tests of the rubble mound structure, 8 ton stone was fairly stable for 

Sto 478t70 because the large waves were breaking in deep water. While a 

complete test on the rubble mound was not run for Sta 484+00, the tests of the 

modified rubble mound suggest that 8 ton stone would be moved if used for 

the primary armor layer of the rubble mound in this area. It would be desir

able and necessary to utilize computed data for the armor layer of a rubble 

mound In this region. The computed curve of chart D-16 indicates that, for a 

design wave height of about 16 It, a minimum stone size of 13 tons would be 

required. Considering possible three-dimensional effects and occasional waves 

ranging up to 18 to 20 ft, a stone size on the order of 20 tons is probably 

desirable. 
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E PHOTOGRAPHIC RECORD 

During the course of the model studies, 200 black and white photo

graphs, 120 color slides, and 1200 feet of motion picture records were ob
tained. Some of the photographs have been included in this report. The 

motion picture records have been edited and assembled into a color and 
sound film which constitutes a part of the report on these studies. 
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F SUMMARY AND CONCLUSIONS 

J. Comparative tests 01 the crib-type structure and the rubble mound 

structure Indicate that from a spray standpoint, the crib-type structure 

is superior to the rubble mound. Comparable spray curves result il 

the rubble mound is placed about 60 It to lakeward 01 the crib struc

ture, as shown in Chart D-22. 

2. Tests 01 the modilied rubble mound and the modilied crib generally 

Indicate thot these are not desiroble lor the proposed Installation. 

3. Tests 01 the crib-type structures reveal the lollowing signilicant leatures; 

a. The crib was quite successlul in preventing spray Irom being carried 

over the roadways provided it was Ii lied with a proper wave 

screen. With the wave screen, the crib-type unit tended to throw 

the spray much higher but generally to lakeward 01 the breokwater. 

The screen is considered essential to its proper perlormance and 

must be designed to remain intoct il spray is to be curtoiled. 

b. One 01 the most crilical leatures of the crib is the construction 01 
lilter layers on the londward side 01 the crib. Since wave action, 

including surges up to 10 It high, will extend completely through 

the crib and back to the edge 01 any Ii Iter layer adjacent to the 

quarry material, a filter layer be!ween the 3 It stones in the crib 

and the quarry-run material on the landward side must be ade

quately designed and thoroughly checked during construction to 

insure proper lunctioning. Any gaps or openings in this Ii Iter layer 

would result in loss of some 61 the quarry-run and resultant loss 01 
o substantial volume 01 the hydraulic lill behind the quarry-run 

material. 

c. One-ton stone was apparently adequate as toe protection in the 

Immediate vicinity 01 Sta 478+70 based on two-dimensional tests. 
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Eight-ton stone was nol adequate lor pr~liIes near Sta 484+00 where 

large waves landed in the immediate ricinlty 01 the toe protection. 

Toe protection should be placed in a !trench and extended lurther 

than initial values in the model tests. ' , 

i 
d. In most 01 the model tests 01 the crib-type structure, settlement 

caused the crib to lean /akeward by 9tnounts ranging up to about 

4 to 5 degrees. This gave the appeargnce that the crib was about 

to topple over. The movement resulted!'lrom the lateral pressure 01 
I 

the lill behind the crib. It was probably due In part 0150 to a lack 

01 diagonal or shear members in the ~rib structure itself, and pos

sibly inadequate bearing under the m?del piles. While it may not 

be indicative 01 prototype instabilities, a very thorough analysis 

should be made of the structural stability 01 the crib. 

e. The !wo-dimensional tests indicated that the spray screen may be 

subject to water lorces 01 18,000 Ibs per lineal loot horizontally, 

and a similar amount vertically. The maximum measured moment 

was about 60,000 It Ibs per lineal loot, Indicating that the cenier 01 
pressure was not at the midpoint of tne scree~. However, it may 

be desirable to assume a location near the center and a reasonable 

distribution 01 pressure on the screenl Consideration should also 

be given to impact forces Irom logs and ,ice. 

I 
4. Tests 01 the rubble mound with the D-l profile and a slope 01 1.5;1 

indicated relatively little rock movement with on armor layer consisting 

01 8 ton stones. Computations would suggest a much larger stone size 

lor areas where the waves may break close to the breakwater as is the 

case in the vicinity of Profile E and areds further north. While tests 

were not performed on the rubble mound with Profile E, It would ap

pear that stone sizes on the order of 20 ton~ would be desirable. Also, 

as noted above, spray production would: necessitate placement of a 

rubble mound farther to lakeward than th~ crib structure, as shown In 



Chart D-22. Two bottom profiles are shown in this chart to assist in a 

comparison of the volumes involved. 

5. The model studies can provide information on only a portion of the 

variables involved in a selection of the proper design. It is recom

mended that an economic comparison be made of these two designs to 

assist in a final decision. 
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G APPENDIX 

Charts F-I through F-6 illustrate some of the analytical and exper

imental data that were prepared and utilized during the course of the study. 

They illustrate among other things: the computed droplet trajectories for spray 

droplets of different sizes; data on the drag coefficient associated with wind 

blowing over the water surface; the velocity profiles over the water surface as 

a gUide to adjustment of the model velocity profile; measured trajectories of 

lightweight particles in the model; data on wave reflection from the rubble 

mound structure; variation of wave height in a surge wave; and additional 

spray data not included in the body of the main report. 
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LIST 

P·1 (Serial No, 174-266) View looking downstream In multrpurpose test chan
nel and showing fhe.pUllerwali. 

8·2 (Serial No, 17-4-263) View looking up,fream In" the multipurpose test 

channel showing In the foreground a 42 In, odlu$tllble speed l>lowar 
~Qpable of delivering 26,000 ell It of air per minute. 

IJ.-3 (SerlQI No. 174-269) Side view of observation section In the multfpurpose 
teslchannel. 

D-l THROUGH D-6 (Serial Nos, 174-31,34,35,33,29,30) A series 01 photo
gfQphs showing a Jorge wove breaking and (lpproachlng the rubble 
mound No.1 teslstructure over a D-l bollom profile. 

D-7 (Serlo I No. 174-42) Rubble mound No.1 with a 1.511 surface slope Imd a 
test profile after an 8 hr lesl Py a 12 sec, 20 It surge wave. 

0-8 (Serlol No. 174·45) View of Inmal design 01 crib or caisson-type break· 
water prior to skut 01 Illsts, 

D·9 (Serial No, 17449) View of Crib No, 2 with 45 degrell wove screen, 

D·l0 (Serio I No, 174-50) Crib No,2afterfailure t;lf the filler layers and lou 
ofpartoithefilifromthebacksideoflhe crib, 

0·11 (Serial No, 174-51) Crib No,2 after addition of a verllcal filter section 
of 9 to 15 In, rock prototype between the 3 ft stone crib motertol ond 
the quarry-run, 

0·12 (Sllria[ No, 174_75) View of !:In 11 ~ec wave with a computed breaker 
height of about 12 ft qpproochlng Crib No, 2, 

0·13 (Serial No, 174-77) Spray created by 11 SIlC wove with a breaker 
height of 12ft, 

0·14 (Serial No, 174·95) View of a wave having an occurrence Interval of 
abtJut 5 yra, as It opproQchee Crib No, 2, 

0·15 (Serial No, 174-94) Sproy created by 5 yr, 12 SIlC wave, 

0-16 (Serial No. 174·98) View of spray crealed by a 25 yr waVIl ogalnst 
Crib No,2, 

0·17 (Serial No, 174·136) Crib 3·B with spray crealed by 0 5 yr wave 
havlngq breakllr holght of about 13ft, 

OF PHOTOGRAPHS 

0·18 (Serial No, 174-122) View of a 25 yr wave wlth q breaker height of 
apout 16 ft approaching Crib No, 3·8, 

0·19 (Serlol No, 174.124) Spray creqled by the 25 yr, 12 sec wave as it 
proke against Crib No, 3·8, 

0·20 (Serial No, 174·141) EleVlln sec WQVfi qpproochlng Crib No, 3-D, 

0-21 (Serial No, 174-143) Spray created by 11 sec, 14,5 It wave. 

p·22 (Serial No. 174·149) Spray created by Q, 10 sec wave with computed 
brlla~er hfilght of 14 ft, 

0·23 (Serial No. 174-151) Time eXPQ$ure of parllcles In a 12 BeC wave with a 
computed breQker height 01 aboul13 ft, 

0·24 (Serial No. 174·157) One tenth sec lime axpOBure with 12 sec wave 
having a breokerhelghtofl3ft. 

0·25' (Serial No, 174-165) A view of modlfilld crib strllcture. 

0-26 (Serial No, 174·170) View of modllred crip structure with a 12 sac 
Wilve having Il computed breaker height of 14.5 fl, 

D·27 (Serial No. 174·175) Mpdl'led crib wllh curvad screen on back of rub· 
ble mound ~ecllon. 

0·28 (Serial No. 174·180) Rubble mound No.2 with a surface slope of 2 
horb:ontol to 1 vertical and fwo loyers of 8 ton atone. 

0·29 (Serial No, 174·181) Rubble mound No. 2 with on incident waVe having 
a period of 12 sec ond a compuled breaker height of 10 ft. 

0-30 (Serial No, 174·183) Rubble mound No.2 with an Incident waVe haVing 

a 12 sec period and 0 computed breQker heIght of about 13 fl. 

0-31 (Serial No, 174·189) Rubb[e mound No,2wllh an Incident wave havIng 

a period of 12 ~ec ond Q breaker height of 16 ft, a 25 yr wave, 

0-32 (Serial No, 174·190) Uprush on rubble mound No.2 by on Incident 

wave with a period of 12 sec and a breaker height of 16 ft, a 25 yr 

0-33 (Serial No, 174·199) Modified rubble mound brllokwoter. 
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0-34 (Serlol No, 174·205) View of 12 s~c wove with 13 ft breaker height 
approaching the modified rubble mound atrllctllre, 

0-35 (Serial No. 174-206) Spray created by a 13 ft, 5 yr wave striking the 
modified rubble mound structure, 

0-36 (Silrial Np. 174·224) Modified rubbl~ mound structura after 10 hr (pro. 
totype) test with a 5 yr, 12 sec waVIl, : 

0-37 (Serial No, 174.208) Sproy creqted by a 25 yr wove having 11 com. 
puted breaker height of 16 ft striking the modified rubble mound break
waier, 

0-38 (Seriol No, 174-226) Modified rubble mound breokwater after rebuilding 
and with addll10n of curved waVIl screen from EJ. 620 to 623.75. 

, 

0·39 (Serial No. 174·229) View of larll'& 12 sec wave with a computed 

breaker heIght of 19.5 ft approaching the modified rubble mound break· 
water. 

I 
0·40 (Serial No. 174·227) Sproy created!by 12 se~, 19,5 ft wove breQklng 

directly pn the toe of the modllilld rub~le mound breakwater. 

0-41 (Serial No. 174·229) UpruBh and $Wa~lplng 01 the crib and wave ecreen 
by the 19.5 ftwave. 

042 (Serrol No. 174·234) Modified crl~ structure after 10 hr (prototype) 
icour test with a 19.5 ft, 12 ~ec wave. 

0-43 (Serial No. 174·237) Crib No. 3·8 and~$hollow water profile E. 

I 
0·44 (Serial No. 174-238) Crib No. 3·B [n shallow waler with all IncIdent 

wove haVing a brlloker height of 11 ft. 

0-45 (Serial No, 174·243) Crib No. 3·B In hollow walet with a 12 Bec Wove 

having a computed breaker height 0'113 ft, or a 5 yr recurrence Inter· 
val. 

0-46 ;~:~::I:o~::~~249) Twenty-frve yrt 116 It WOVIl acting on Crib No. 3·B 

I 
0-47 (Serial No. 174·253) Spray created!by 19.5 ft wove striking Crib No. 

3·B Inshallowwoter, I 

0-48 (Siltial Np. 174-259) Spray crepte4 by 16 ft wave striking crib type 

breakwf;ller wllh Impermeable 'ace an~ curved wave screen. 



B-1 

3-20 

(Serial No. 174-266) View looking downstream in multipurpose 
test channel and showing the splitter wall. The channel is 9 It 
wide, 6 It deep, and about 250 It long. It is equipped with a 
wave generator at the near end and a wave absorber at the lar 
end. The splitter wall was installed with the leading edge 4 It 6 
in. Irom the right wall tapering down to a spacing 01 3 It Irom 
the right wall about 30 It downstream. 
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B-2 

(Serial No. 174-263) View looking upstream in the multipurpose 
test channel showing in the foreground a 42 in. adjustable speed 
blower capable of delivering 26,000 cu It of air per minute. 
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B-3 

(Serial No. 174-269) Side view of observation seelion in the 
multipurpose test channel. This view illustrates the observation 
seelion of the channel with a crib seelion in place for tests. The 
existing glass seelions were 4 ft wide by 6 It high. On top of 
this has been added a 2 It section to give a total height inside 
the channel of B ft. 
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3-23 

(Serial Nos. 174-31/34/35/33/29/30) A seri~s 01 photographs 
showing a large wave breaking and appropching the rubble 
mound No. 1 test structure over a D-l b~ttom prolile. The 
wave had a breaker height 01 about 24 It at a distance 01 about 
330 It Irom the shoreline. Immediately after breaking, it had an 
apparent height 01 about 20 It and was classilled as a 20 It 
surge wave. As the wave moved into shallow! water it gradual
ly decreased in height as may be noted in th~ photographs and 
was reduced to approximately hall 01 its initial height by the 
time it reached the test structure. The uprush on the test struc
ture is visible in Photograph D-6. 



0-7 
(Serial No. 174-42) Rubble mound No.1 with a 1.5:1 surface 
slope and a D·l test profile after an 8 hr test by a 12 sec, 20 ft 
surge wave. This wave had a breaker height of about 24 to 27 
ft on the order of 330 ft from the test structure. Erosion at the 
toe was on the order of 7 ft permitting some of the toe protec· 
tion to tumble down into the scour hole. 

0-8 
(Serial No. 174-45) View 01 initial design 01 crib or caisson·type 
breakwater prior to start 01 tests. This structure has 16 in. by 16 
in. square concrele piles at 38 in. on center in the Iront row 
with a second row 01 ring piles 20 It back at a spacing of 6 It 
on center. 
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0-9 
(Serial No. 174-49) View of Crib No.2 with 45 degree wave 
screen. The basic crib is the same as for CrIb No.1 but the 
interior has been filled with stone having a minimum dimension 
01 3 It. A curtain wall was added on the back side 01 the back 
row 01 piles from EI. 620 down to about 610, to intercept the 
slanting lilter layers. 

0-10 
(Serial No. 174-50) Crib No.2 after lailure 01 the IiIter layers 
and loss 01 part 01 the Iill from the back side 01 the crib. Wave 
action extending back through the large stone in the crib and to 
some extent spraying over the top 01 the structure caused the 
quarry-run material to move out th rough the voids between the 
3 It stone. 
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(Serial No. 174-51) Crib No.2 after addition of a vertical lilter 
section of 9 to 15 in. rock prototype between the 3 It stone crib 
material and the quarry-run. In order to prevent loss of the 
quarry-run material through the 3 ft stone, it was necessary to 
add a filter layer about 4 It wide prototype extending from the 
base of the structure up to the sloping filter layers . 
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0-12 
(Serial No. 174-75) View of an 11 sec wave with a computed 
breaker height of about 12 It approaching Crib No.2. The 
wave had not broken as yet and addition of the incident and 
reflected waves created a clapotis with an appearance of a 
wave much higher than the incident wave. 
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0-13 
(Serial No. 174-77) Spray created by 11 sec wave with a 
breaker height of 12 It. As may be noted n the photograph, 
spray was thrown lakeward and upward at an angle of about 45 
degrees. Some of this spray would land almost 100 It away 
from the face of the breakwater. 

0-14 
(Serial No. 174-95) View of a wave having an occurrence 
interval of about 5 yrs, as it approaches Crib No.2. This wave 
has a 12 sec period and a computed breaker height of about 
13 ft. 
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0-15 
ISerial No. 174-94) Spray created by 5 yr, 12 sec wave. 

0-16 
ISerial No. 174-98) View of spray created by a 25 yr wave 
against Crib No.2. This wave has a 12 sec period and a com
puted breaker height of about 16 ft. This created a very large 
amount of spray and resulted in modification 01 the wave 
screen. 
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0-17 
ISerial No. 174-136) Crib No. 3-Bwith spray created by a 5 yr 
wave having a breaker height of about 13 ft. A curved wave 
screen had been added in place of the original 45 degree 
screen. 

0-18 
ISerial No. 174-122) View 01 a 25 yr wave with a breaker 
height of about 16 It approaching.Crib No.3-B. The wave had 
previously broken about 300 It Irom the structure and the view 
here is 01 the surge as it encounters the reflected wave about 
125 It Irom the structure. 
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0-19 
(Serial No. 174-124) Spray created by the 25 yr, 12 sec wave 
as it broke against Crib No.3-B. As may be noted in this 
photograph and in D-17 the c~rved wave screen was very 
beneficial in turning the spray horizontally to lakeward. 
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0-20 
(Serial No. 174-141) Eleven sec wave approaching Crib No. 
3-B. The largest amount of spray caused by a wave with a 
period of 11 sec was from a wave having a computed breaker 
height of about 14.5 ft. 
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0-21 
(Serial No. 174-143) Spray created by 11 sec, 14.5 ft wave. 
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0-22 
(Serial No. 174-149) Spray created by a 10 sec wave with 
computed breaker height of 14 ft. This was the worst spray 
condition for Crib No. 3-B with a 10 sec wave. 
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0-23 
(Serial No. 174-151) Time exposure of particles in a 12 sec 
wove with a computed breaker height of about 13 ft. In an 
effort to obtain information an velocities inside the wave and 
adjacent to the face of the structure and the lake boltom near 
the structure, plastic particles with a specific gravity of about 1 
were added to the flow. This photograph illustrates a 1/10 sec 
time exposure. The length of the streaks in the photograph is 
an indication of relative velocity. 
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0-24 
(Serial No. 174-157) One tenth sec time exposure with 12 sec 
wave having a breaker height of 13 ft. This photograph was 
taken as the wave crest reached a point about 50 ft from the 
face of the structure. Its primari objective was to obtain an 
indication of velocities near the lake bottom in front of the struc
ture. Maximum measured velocities were again on the order of 
10 fps although higher values pr·obably existed but were not 
well defined by particle motions. 
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0-25 
(Serial No. 174-165) A view of modified crib structure. This 
consisted of. a crib section up to EI. 608 on top of which was a 
sloping rubble mound section up to EI. 620. The crib was simi
lar to the preceding designs. Toe protection consisted of two 
layers of 4 ton minimum stones over smaller material. 

0-26 
(Serial No. 174-170) View of modified crib structure with a 12 
sec wave having a computed breaker height of 14.5 ft. This 
was one of the more severe spray cases for the modified crib 
structure. 
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0-27 
(Serial No. 174-175) Modified crib with curved screen on back 
of rubble mound section. This illustrates one of the worst spray 
conditions for the laller design with an incident wave having a 
periad of 12 sec and a computed breaker height of abaut 18 ft. 
The waves completely submerged the crib and rubble mound 
section and threw spray upward both from the front of the crib 
as well as from the wove screen. 

0-28 
(Serial No. 174-180) Rubble mound No.2 with a surface slope 
of 2 horizontal to 1 vertical and two layers of 8 ton stone. The 
toe depth for this test was about 19 ft. 
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0-29 
(Serial Na. 174·181) Rubble maund No.2 with an incident 
wave having a period of 12 sec and a computed breaker height 
of 10ft. Uprush on this extended to about EI. 615 but spray 

was not especially severe. 

0-30 
(Serial Na. 174.183) Rubble mound No.2 with an incident 
wave having a 12 sec period and a computed breaker height of 
about 13 ft. This was one of the worst spray conditions for the 
rubble mound No.2 structure. The wave broke very close to 
the structure and the uprush created considerable spray, some 
of which went over onto the hydraulic fill behind the structure. 
There was some movement of the 8 ton armor stone. 
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0-31 
(Serial No. 174-189) Rubble mound No.2 with an incident 
wave having a period of 12 sec and a breaker height of 16 ft, a 
25 yr wave. 

0-32 
(Serial No. 174-190) Uprush on rubble mound No.2 by an 
incident wave with a period of 12 sec and a breaker height of 
16 ft, a 25 yr wave. 
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0-33 
(Serial No. 174-199) Modified rubble mound breakwater. This 
consisted of a rubble mound segment with a surface slope of 2 
horizontal to 1 vertical and initially constructed of two layers of 
4 ton stone over lower filter layers. The crib or bin section 
extended from EI. 611.6 to EI. 620. On the initial tests a wave 
screen was not used; subsequently one was added. 

0-34 
(Serial No. 174-205) View of 12 sec wave with 13 It breaker 
height approaching the modified rubble mound structure. In 
this view the wave has not yet broken. 
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0-35 
(Serial No. 174-206) Spray created by a 13 It, 5 yr wave 
striking the modified rubble mound structure. Considerable 
displacement of the 4 ton stone occurred as may be noted in 
the early stages of this test near the toe of the breakwater. 

0-36 
(Serial No. 174-224) Modified rubble mounq structure alter 10 
hr (prototype) test with a 5 yr, 12 sec wave. Some stones have 
been carried out as far as 80 ft from the fa~e of the structure 
as may be noted in the photograph. Sand carried in has helped 
to cover up and stabilize a portion of th~ structure but the 
movement of the 5tone was excess-ive. 



0-37 
(Serial No. 174-208) Spray created by a 25 yr wave having a 
computed breaker height 01 16 It striking the modified rubble 
mound breakwater. The surge completely submerged the crib 
throwing considerable amounts of water over onto the roadway 

area. Considerable rock movement occurred. 

0-38 
(Serial No. 174-226) Modilied rubble mound breakwater alter 
rebuilding and with addition 01 curved wave screen Irom EI. 620 
to 623.75. 
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0-39 
(Serial No. 174-228) View 01 large 12 sec wave with a com
puted breaker height 01 19.511 approaching the modified rubble 
mound breakwater. 

0-40 
(Serial No. 174-227) Spray created by 12 sec, 19.5 II wave 
breaking directly on the toe 01 the modilied rubble mound 
breakwater. With the D-1 prolile this wave would have broken 
out 300 to 400 Ii away Irom the breakwater; however, with the 
E prolile characteristic 01 the area around Sta 484+00, large 
waves all the way up to about 20 It come in and plunge directly 
onto the rubble mound structure. 
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041 
(Serial No. 174-229) Uprush and swamping 01 the crib and 
wave screen by the 19.511 wave. 

042 
(Serial No. 174-234) Modilied crib structure alter 10 hr (proto
type) scour test with 19.511, 12 sec wave. 
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043 
(Serial No. 174-237) Crib No. 3-B and shallow water prolile E. 
Toe depth at the lace 01 the structure was about 5 It. The basic 
structure was similar to earlier tests 01 the :l-B crib. Toe pro
tection consisted 01 two layers of 8 ton stone extending out 30 
It from the structure in an excavation down 6 It below the lake 
bottom. 

044 
(Serial No. 174·238) Crib No. 3·B in shallow water with an 
incident wave having a breaker height of 11 ft. The wave broke 
directly against the face of the crib throwing considerable spray 
upward against the spray shield. 



0-45 
(Serial No, 174-243) Crib 3-B in shallow water with a 12 sec 
wave having a computed breaker height 01 13 It, or a 5 yr 
recurrence interval. The wave broke almost directly on the toe 
protection area and rushed up against the structure throwing 
considerable spray, It also moved some rock as may be noted 
by one in the loreground area near the glass. 

0-46 
(Serial No, 174-249) Twenty-live yr, 16 It wave acting on Crib 
No. 3-B in shallow water. The wave broke about 80 It from the 
lace 01 the structure and struck the lace 01 the crib at lairly high 
velocities. 
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0-47 
(Serial No. 174-253) Spray created by 19.5 It wave striking 
Crib No. 3-B in shallow water. Considerable spray was created 
by this particular wave, much 01 it thrown lakeward but some to 
rather high elevations. 

0-48 
(Serial No. 174-259) Spray created by 16 It wave striking crib 
type breakwater with impermeable lace and curved wave 
screen. This structure was installed with the E type prolile in 
shallow water. Waves striking the breakwater were largely 
rellected and thrown upward creating very large amounts 01 
spray. For a comparison 01 the permeable and impermeable 
conditions, compare this with Photograph 0-46. 
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D-14 (174B-469-45) Ten hour scour test on modified rubble mound. I 

I ---' F-7 (174B-469-14) Velocity Profiles 

I 
D-15 (174B-469-38) Crib design No. 3- B in shallow water. 

I 
I I 

J D-16 (174B-469-42) Computed wave and armor data. I 
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Rlilble Mound No. 1 

Modified Rubble Mound 

0·1 

Crib 3-B 
(deep water) 

Rubble Mound No. 2 

Modified Crib 

EI.623.75-
EI.620~~ 

Crib 3-8 
(shallow water) 

LAYOUT OF SIX STRUCTURES 
TESTED IN BREAKWATER STUDY 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 

__ DE A_ 
II=""AI 

., 
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~? 

""'~ I,. 

1 " ., ~, 

.~ 

---~ 
I 

1200 

MWL601.6 

1200 

I 
1100 

1100 

I 
1000 

1000 

I 
900 

900 

I 
800 

S = 0.\0 (model) 

800 

I 
700 

I 
600 

I 
500 

Distance from Shorel ine - ft 

Modified Profile 0-1, (It Sta 478+70 

700 
I 

600 500 

Dist(lnce from Shoreline - ft 

Profile E, at Sta 484+00 

I 
400 

I 
400 

Scale Ratio 1 :25 

I 
300 

I 
300 

I 
200 

I 
200 

I 
100 

I 
100 

I 
o 

I 
o 

LAKE BOTTOM PROFILES USED IN 
MODEL TESTS 

DULUTH FREEWAY 
.... --BREAl(WAIE~ 

Minnesota Highway Department 
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_~J \'------_ ~~J l~_ 

.---

600 
/ 

II 

N.B. Ramp 

6m.~--------

Notes: 

-, 

Superi or Street 

Profile "D-l" 
Sta. 478t70 

Profile "A" 
Sta. 4791-90 

)71 

II 

Profile "E" 
Sta. 484+ 

1. Reference for plan of study area: Master Plan for Duluth Freeway by 
lioward, Needles, Tammen, and Bergendoff, March, 1962. 

2. Datum for e I evati ons is 1 935 datum. 

'-----.~ ~(---

--

=--------601.6--
-.... ~ -- -/~..---~~600 ------ ---~ ''-.,. -- --------- ------------------- -, 

~ 

db for Hb = 16 fti 

T = 12 sec, MWl = 603.6 
{no reRection} 

" 

// 
// 70" 

PLAN VIEW OF STUDY AREA 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 

Howard, Needles, Tommen, & Bergendaff 

DftAWN D 
SCALlI:l l1:: 
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-
I 

I 

i 
! --, 

I~-. 

l'~1 

Modified "0-1" Profile 
Sta. 478+70 

601.6 
---- ~ 

575.0 

-=========== -----'---'--I I I I I I I I I I I I 
1300 1200 1100 1000 900 800 700 600 500 400 300 200 

Distance from Shoreline in Feet 

MLW 601.6 
MWL 603.6 ( 

1'1 .' " 22 ft 

~,;~: •.• c, •• · .• , .. 

I 
100 

-
580.0 

I' 

o 

~:o: ":_~""..-. ,':' 
;. ~ '. 

2 I ayers - 8 ton stone 

1 layer - 1600 Ibs stone 

polyfilter x material 

RUBBLE-MOUND STRUCTURE 
WITH EIGHT TON ARMOR STONE 

DULUTH FREEWAY 
BREAKWATH 

Minnesota Highway Department 

0-4 



0-5 

MLW 601.6 M'M.. 603.6 ~ ( 

'.'}} , ""\:';H'~ 
s.,dS; •• ' ~~i "0' d'. t-'~22I- I'" ,-

• mmt02mm) ~ 
.:.:.:.::::.:: .•.. : .', . 

MLW 601.6 MWL 603.6------
--------- -----------T' 

16.5 ft 

-'I' " " '. '. :." 

I. 56ft ~ 
77 ft 

Wove conditions: 

T = 12 sec 

HSl=11l ft 

xb = 300 ft 

Hb =19.5ft 

I .. 30ft -I 
........ , ':~:,,':'-'--,:--

' .... 
-,/ " 

' ..... . 
,::.:,:J',:::'::: ':,:::-

Beginning of test # 12. 
Sand piled on toe protection 
from previous test. 

-- - - - After 10 hrs, prototype 

----After 35 hrs, prototype 

SCOUR OF RUBBLE-MOUND STRUCTURE 
WITH S TON ARMOR ROCK 

BY A 12 SEC WAVE 
MWL = 603.6 

DULUTH FREEWAY 
BREAKWATER 

Minnesoto Highway Department 

Howard, Needles, Tammen, & Bergendoff 

C"AWN DE 
SCALIE 1 11= 151 



in./hr 

in./hr 

40 

35 

30 

25 

15 

10 

5 

0 
0 20 40 

3 

2 

Crib 3-8, deep water ± 
(j) HS7 = 10-12 ft; Hb = 13-15 ft -~---

® Crib 3-8, shallow water _ . 
HS7" 13 ft; Hb = 16 ft 

'3' Modified Crib 4-C 
IV HS7 = 19 ft; Hb= 19-20 ft -

@ Modified Rubble Mound 
HS7 = 9 ft; Hb = 12-13 ft 

© Crib 3-8 with impermeable face 
HS7 = 13 fti Hb = 16 ft 

® Rubble Mound No.2 
HS7 = 13 ft; Hb= 16 

~,~~--"--~-+"---- .... -+.-.-.""---.-~"" ... ----.-". 

60 so 10d 120 140 160 

Distance from Crest, x - ft 

o I =-:--:----±>+ I. 1:=n-.~ - I 
o 20 40 60 80 100 120 140 160 

Distance from Crest, x - ft 

Modified Crib 4-C 

Crib 3-B 

Deep water toe 
depth = 19 ft 

I--- x 

Shallow water toe 
depth = 5 ft 

A 
Modified 
Rubble Mound 

R""No~~ 

WORST SPRAY CONDITIONS ON 
ALL STRUCTURES TESTED 

12 sec Wave 
MWl = 603.6 

DULUTH FREEWAY 
8REAKWAT-ER 

Minnesota Highway Department 

0·8 



D·9 

MLW 601.6 
MWL 603.6------

N.B. Ramp <t 

! 

9 in.-15 in. rock 

Type 2 filter blanket {1-1/2 
. in. to 6 in. gravel} 

r Type 1 filter blanket 
·.:: . .:{1-1/2 in. to 3 in • 

...... ';: . gravel} 

2~", ,,~c;,,~31!rcS"""'c'~r2~'-'l,cc'7 .......l~~;: -= .p~m;o ::.2:>000' . 
I I I. I.TI.C'2" ; MoHreu bI::~::'~; 
, LJ= __ 56ft 

73 ft 

90 ft 

Note: 

1. Average sand size 15.2 mm {model}. 

20 Scour was by 11 sec and 12 sec waves 
varying in height from H87 = 6 ft, 

nonbreakers to H87 = 20 ft, Hb = 21 ft. 

3. Toe protection initially extended out 
15 ft. 

• I 

• I 

ELEVEN HOUR TEST ON 
CRIB 3-B IN DEEP WATER 

MWL = 603.6 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 

Howard, Needles, Tammen, & Bergendoff 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 

DRA WN DE! CHECKED LM \1 APPROV_O C E B 
SCALE DATE 8-:;:4-67 NO. 174B-469-46 



r-

I' 

11' 

" 

n, 

4 Ton Minimum 
Armor ~ 2 loyers 

EI. 60B -r-+-r......-. 

16" ~uore Concrete Piles 
on 3B' Centers 

Stone 
3' Minimum on Side 

'" 

4 Ton Minimum 
Armor ~ 2 layers 

wilD 

19' 

. <".' '''~'.~;\~ ------=-+ """. \ ·t~t'.t~· _____ 

T' ::,7:"' :: I 10' 5' 
2' . ~ 

20' 

Toe Depth Variable ~ Minimum Elevation = 580 

-~.'.,J 

Reference: 1. Howarl'l, Needles, Tammen, and Bergendoff 
. .preJ.iminary.pIGn'Of oluly21, 1-967·, 

Quarry Run Stone 

Maximum Size ~ I ft. 3 

~Il Ranp 2 N.B. 35 

I 

Top of Sheet Pili1'l1!1 = EI. 623.75 

2' 

Filter Blanket (I ~ 1/2" to 6" gravel) I 

Plastic Filter Materic:ll 

Plastic Filter Material 
Mattress BICI1ket: 2 ft of quarry-run 

9" 15" F"I over 10 in. of 1/2 in. 
to I ter to 1-1/2 in. gravel 

--

MODIFIED CRI8 BREAKWATER 

DULUTH FREEWAY 
... _ ..... _M.EA.KWAJ.EL ... 
Minnesota Highway Department 

Howarc!, Needle,. Tammen, & B"rgendoff 

0·10 



0-11 

r- B-1 Sheet piling 

MLW 601.6 MWL 603.6 f l---

EI. 580 
.. -: :.~~~:~~~::.:: .. '-":":'::!:\~., 

~-- A 

Notes: 

1. Dimensian A was 13.5 ft in the deep water tests. 
This was not adequate and should be increased 
to at least 30 ft. 

2. Dimension B was 20 ft in the tests. It should 
also be increased to at least 30 and preferably 
40 ft. 

....,.,.~ -/_~_--___ .&i!;li"'-~~----

-- Quarry-run 

2 I ayers - 8 ton stone 

~ ~ 1 layer - 1600 Ibs stane 

"'- Plastic filter material 

RUBBLE MOUND BREAKWATER 
DESIGN NO.2 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 

Howard, Needles, Tammen, & Bergendoff 



~:, 

i 

MLW601.6 MWL 603.6 

3.5 ft ____ L _______ ~ 
t '-~~~)~.::.i:'· . 

1 • 36ft • I 

n ft .1 

I" 95 ft .1 

~At 191 ft mound is 10.5 ft 
above original lake bottom 

Notes: 

1. Dimension A was 15 ft in the deep water tests. 
-rhis-was-not-adequateand-$heuld-be~ iner~ased 
to at least 30 ft. 

2. Dimension B was 20 ft in the tests. It should 
also be increased to at least 30 and preferably 
40 ft. 

Wave Conditions: 

T = 12 sec 

HS7 = 14.5 ft; Hb = 17 ft 
.~.__ -0---

Hb = 25 ft at 300 ft 

MWL= 603.6 

Sheet piling 

~r, 

-. ·'~·.:{~:;:J.i':·::· 

2 I ayers - 8 ton stone 

1 layer -: 1600 Ibs stone 

Plastic filter material 

10 HOUR SCOUlt TEST ON 
RUBBLE MOUND DESIGN NO. 2 

DULUTH FREEWAY 
- -lJREAl{WATEIr 

Minnesota Highway Department 

0·12 



MLW 601.6 

.. ::-:~.:;.;.?~?::' 

0-13 

2-3 layers 
800 Ib ston 

Wave screen "B" --, 

2 layers 
4 ton annor 

9 in.-15 in. Rock 

Lake bottom 

Mattress Blanket (12 in. thick) 

Plastic Filter Material 

MLW601.6 

~============------------------t·;~.::·:~·: 
.. ,;* 

Quarry run 

EI. 602.6 

,:.:;.:\;:~ . 

Scale: 1 in. = 1 0 ft 

<i. 1-35 

EI.590.0~~ 
MODIFIED RUBBLE-MOUND BREAKWATER 

AND LAKE BOTTOM PROFILE "E" 

Bottom Profile at Sta. 484+00 

Scale: 1 in. = 10ft 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 

D"AWN DE AP";OVIID C E B 
.c .... KAs sh NO. 17 48-469-34 
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W 601.6 

Profile "E" 

r: 

MLW 60106 

1 

MWL 60S. 

~' I -~- 38 ft ' ' 
~- 58 ft ------~-

78 ft 

95.5 ft 

A. Scour by the 5 Year Wave, Hb'" 13 ft-14 ft 

MWL 605.0 

Profile at 
beginning of test 

78 ft • I 

B. Scour by the 250 Year Wave, Hb = 19.5 ft 

9 in.-15 in. 

EI.620~-~ 

4 ton 
armor stone -

800 Ib stone 

9 in.-15 in. roc 

3 ft-4 ft stone -

4 ton armor stone 

Sand Size 

Modei-: 0.2mm to :2 mm 

Prototype: 0.2 in. to 2 in. 

.. .-:- "';' .,':_:', ':.: t:/«.",·, 

TEN HOUR SCOUR TESTS ON 
MODIFIED RUBBLE MOUND 

MWL = 605.0 

DULUTH F.REEWA Y 
-BRI'AKWATER 

Minnesota Highway Department 

0·14 



0·15 

MLW601 

Lake bottcm 
at Sta 484+00 
Profile "E" 

9 In.-IS in. Rock 

Wave Sc:reen "B 

EI. 620~rt1p§:~ 

4 ft curtain wall 

16 in. sq. concrete 
piles on 38 in. centen 

MWL 603.6---------1 

21ayeu 
8 ton stone 

15 ft curtain wall 

Quarry run 

bottom 

Plastic filter material 

'i. 1-35 

I 

CRIB DESIGN 3-B IN SHALLOW WA TER 

Oepth at Toe = 5 ft 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 

Howard, Needles, Tammen, & Bergendoff 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITV 0 .. MINNESOTA 

D .... WN DE I CHECKED LM 1 ..... ..aVED C-EB 
.CALII "=10' r;;;:n 8-21-67 I...,. 174B-469-38 



.,J!. 
301 7' 30. 

/ 
Breakers and Surf \ 

,/ Stone Size VI. Wave Height 

201 v17'c 20 ~ 1<1j)= 2.8; S. G. = 2.67 
SO I '\. -"I V =r-Mol"" Sol'.." • • f. I ~ "I ___ Modlfled Solitary /.Y" 1- Wave Theary " " // Wave Theory 

10 I lOr 40 

h' I Or I I I , 
00 Z! 0 6 12 18 24 6 12 18 24 30 .e 

H87•S - ft H87•S - ft .; 
N 

Ii; 

~ 
20 c1! 

30 39 

",A 10 

" 
20 20 

Hb-ftl .... .§r'" Hb-ft I ~ 0 0 S· 10 IS 20 2S 

101 --I:",'"' 191 ~ u! "1 
Wove Height - ft 

yo-

C. Armor Stone Size - RiJbble Mound 

COMPUTED WAVE AND ARMOR DATA 

01 I I I I 0 1 I I I I DULUTH FREEWAY 
0 6 1~ lB .24 0 6 12 lj 24 -BRfAKWA'I'iR- " 

H87•S - ft H87•S - ft Minnesota Highway Department 

Howard, Needles, Tammen, & Bergendoff 

A. 12 Me Wave PerIod B. 11 sec Wave Period 
Ref: Shore Protection, Planning and Design, U. S. Armv 

No.4, 
.1 I Ifill. I"~"::"':S' 1.·''''!C:!5!r-tli I 

0·16 



80 

0 ---L 70 
Crib 3-B, Deep Water {pulse} 

60 
/1:, Modified Rubble Mound {pulse} 

El Rubble Mound No.2 {pulse} 

50 
c: <2> Rubble Mound No. 2 {steady} 
~ 
u T = 12 sec ., 

;:;:: 
J1 40 
C ., 
U ... 
" "-

30 

20 1 10., 9 I >< 

<1> 
10~1------~------+-~-----~-----4------~ 

00 0.01 0.02 0.03 0.04 0.05 

H/L 

0·17 

60 
! 

50 I 

Rubble Mound No.1! 

I T = 12 sec I 

c: 40 
.~ 
u ., 

r;:: 

J1 30 

Not~ 
Breaking I Breaking 

~( I 
I 

~ 

c: ., 
u ... ., 
"- 20 l\~ 

K 0 

o I ~ 10 
~ '" 
~ 

00 0.01 0.02 

Notes: 

1. Four wave crests were generated by the 
pulse generation method. With the 
steady method, the waves were generated 
continuously. 

2. Wave heights were measured with four 
stationary probes located 1200 ft - 1475 
ft from the structure. Water depth = 
87.5 ft. 

0.03 0.04 

HilL 

0.05 0.06 

WAVE REFLECTION DATA 

MWL = 603.6 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 

Howard, Needles, Tammen, & Bergendoff 

D"AWNCEH 
SCALI 



in./hr 

in./hr 

:4() r-------.-'-.. - .. ---.. ---c---~~--____.__._- .. ----."----,--.-.---- - - -.. - ....... --_.--_ ... 

35 

30 

25 

Crib I 
Ha7 '" 10 fti Hb '" 13 ft 

__ Crib I-A, T'" 10 sec 
Ha7 '" 14 fti Hb '" 15 ft 

Crib 2-A 

/

-20 1---------'--f-------.- .. -'r--c7"L-~--+-~-----.---_b_L·~ 

Ha7 '" 10 fti Hb '" 13 ft 

Crib 2-8, T '" I 0 sec 
Ha7'" 12 fti Hb '" 14 ft 

Crib 3-C 
Ha7'" 10 fti Hb'" 13 ft 

Crib 3-8 

15 Ha7'" 10-11 fti Hb'" 12.5-13 • .HL 

10 

(;} ----- . - - -------J------.--L~.:::-+--_.---1--.. - .. _---- .... ---

60 ao = 100 120' ----160 

Distance from Crest - ft 

'C-\{~ ,--r --r-r -1 \~- .. 
,2 

- I 

~l J 
. --
.-._--_.-- ~:--~ ---_._--- ~---.' 

o 20 40 60 80 100 120 140 160 

Djstance from Crest - ft 

620 

Crib 1 

~x 

~ 
625-~ 

: Crib I-A l~1 

625-~ 

Crib2-A I~I 

623.75-~ 

Crib2-B I~I 

623.75- • 

• C,~3-B I~I 

I 
I 
Crib 3-C 

WORST SPRAY CURVES FOR ALL 
CRIB bESIGNS STUDIED 

T'" 12 sec, or as noted 
MWL '" 603.6 

DULUTH FREEW.4\Y 
BREAKWATER 

Minnesota Highway Department 

0·18 



625 

i Mean Water ~rfoc;;~ = ~.6' 623.75' 
:-- 21 Crown 

624 
525' 

~ B :zo 7 - ---
-;; 
If 

iii 623 

h ~ ~ WtlNe Screen C-l -;; - 19 WtlNe Screen B 
If :l 

II> 

c C-3 j I 622 
J! 1\ 6 

1 - - 18 ~ 
'\ ~ 

'0 f\-. Co·2 
a 

621 c 

.~ ~ ~ 
I '" 

u 
- 17 c 4 5' 

CI 8 I m 
"~ c ! 

~ 
CI 

620 
... 

u ~ 
CI 
U 

~ ~ -- - 16 .; Wave Screen C-2 Wave Screen C-3 0 

r---
619 I--- r-l 

- 15 SPRAY DATA FOR VARIATIONS IN 
CROWN ELEVATION OF CURVED 
SCREEN - AT CENTERLINE OF N.B. 

Notesl RAMP. 
618 

0 2 3 4 5 6 1. Wave Datal 

Spray Rate at Centerline of N.B. Rcmp 
T = 12 sec.; H87 = 11'; 

Inches per Hour 
Hb = 14'; Hb' = 27' @150' 

DULUTH FREEWAY 
2. W.S. = 603.6 BREAKWATER 

3. Spray rate is for continuous Minnesota Highway Department 

operation with 12 sec. wave Howard, Needles, Tammen, & Bergencloff 
at one of worst spray condi-
tions. 

D .... WN DE 

D· 19 



~ 
::!! 

§ 

j 

i 
§ ... 
tI 

-~ 

f\ - ft 

H ~ I" 

I 
14 

I I 
I;) 10 

6 
I I 

---'-6- Vertical Force 

Deep Water 
-*- Horizontal Force 

2 

\( 

/ 
V \ 

a// - \ ---
I A C --~ 

A 

~ . - .- .. 12 13 
H87 - ft 

A. Average of Three Largest Forces During Four Minute Run 

12 13 

I I 
6 

0 -
S 

// 

,I' 
6 , 

V / 

A - --

1\ 
~-.----

S 9 

Hb - ft 

14 
I 

I. 

15 16 
I 

Deep W ter / -e-Vertical Force 

/ 
/ 

- ---..><.. 
V 

10 

"-

11 
H87 - ft 

"" 

8. P.ak Forces 

12 

-A--Horlzontal Force 

\ 

\ 
\ 
,\ 
~ ~ 

-'" 

13 

'T, 

-

14 

3~ 12 13 14 15 --
I I I 

3 

16 
I 

17 
I 

Hb - ft 

18 1';1 20 21 22 23 
I I I 

I 1/ I 

! Irregular Wav~ 
• \r 87)1/3 = 22 ft-24 n 

2 

2, 

2 r. Horizontal Forces I 

Shallow Water I 
i 

2 ~ Peak Force I 

- - - - Average Force I 

(Average of three largest i 

during a four minute run) I -
, 

21 

~ 
::!! 

" , § 
J~re9ul ar Wave ft. ---

/ / H87)1/3 = / 16 ft j 

V\ / i V :/ r; 

/ (j) !'--a: ~ -~(j 

_<i!-
.... i ~/<l 

// / {j -- 0- ~ I':' 
<i 

2 
~ 

<l> /. // [;] 1----

p" /oW ~ 
'}j/ 

8 10 12 14 

Note! 
1. Irregular waves, where the wave period varied 

from 8 sec to 12 sec over inegular cycles, were 
run for 1 to 2 hours (prototype). -

2. Forces were measured on a 12.5 ft (protatype) 
'wave screan sectlon._ 

3. Mast\\'av~!.lesst~an "!87" 8 ft do not hit the 
wave screen. 

L_ 

16 
HS7 - ft 

, 
" I 

18 20 22 24 

FORCE MEASUREMENT ON WAVE 
SCREEN "B"; CRIB 3-B, DEEP WATER AND 

SHALLOW WATER CONDITIONS 
MWL= 603.6 

DULUTH FREEWAY 
-- ---aREAl<WA.ER' -

Minnesota Highway Department 



Hb • ff 

24 
13 14 15 16 17 1860 
I I I I I 1 I 

20 -0-- Horlz:. Force- -c--- 50 

4: INoB"lak- f-- B~-.ak 
--A---Vertical Force ~ I 16 -8--Moment - I--- 40 

oJ! 
T 

- - ,.---c h\" 4: 

§ Waves do ....-- -~ - 12 -not hit_ a-- ~ 
--. 

~'" 
ao 

screen V~ 

~ ~-- --........, • ,,/ 
... 

15 ~-f -......, ~ f'... c 
8 20 • ... ,f/ V P "T -~ ~ - ~ ~ 

,~ / }. I>- ~ 
4 c--- 10 

/ 
Ji 

O? 8 9 10 11 12 13 14 15 160 

H87 • ft 

A. Average of Three Largest Force. in a Test Run of Four Minutes 

1\ - ft 

13 14 15 16 17 18 
24 I I I I I I I 

120 

~9 

VI\ 
--E>-- Horiz:. Force HID 4: 

i --b.--Vertical Force 
-;;.. 
oJ! 

Waves do 
=-B~ak ---8- -Moment 

T 
6f- not hit -- SO 4: 

8 sc~en 
No B~als.- /V \ 8 -I 2 60 

• ~ ...... --' ~ 
:;7 --I--

~ ~ --- ii FORCE MEASUREMENTS ON 
~ >-- --"""-l r- WAVE SCREEN "8-; ... /-

40 ~ CRIB 3·B, DEEP WATER 
1 // 

/ 

~ 
,...-- ..........., 

r- ~ 

~ ~ 1 
Mean Water Level = 605.0 ... -./ 

4 /" 20 
DULUTH FREEWAY 

~ BREAKWATER 

'7 8 9 10 11 12 13 14 15 160 Minnesota Highway Department 

H87 - ft 

B. Largest Force Recorded "",,,_DE 
.CAUI 

0·21 



MLW601.6 
/' 

I... 60ft ·1 

N.B. Ramp l. 
--

y ~.' ("""'" ~I------------------------
",." 

~",.~.",?:.,.. ..~'.:~' .. -. ' ' 

Profil e ·'0,..1" 
(Sta. 478+70) 

To attain an equivalent sprO)! rate of lin~ at'same Is¢ion 
for the rubble mound and Crib 3-B structures, tests show 
that the rubble mound structure would have to be moved 
6(l ft lakeward. This comparison is made considering the 
wont 12 sec wave spray condition. 

SPRAY-WISE COMPARISON OF 
CRIB 3-B AND RUBBLE MOUND NO. 2 

MWL= 603.6 

DULUTH FREEWAY 
BREAK-WATER 

Minnesota tlighway Department 

0·22 



1; 20 
rf 
c 

~ 
VI ., 
~ 10 
iI 
.; ., 
w 

0 
D 

1; 20 .. 
u. 
.: 
~ 
VI 

~ 10 
iI 
~ 
w 

o o 

1; 20 
rf 
.: 

~ 
~ 10 
iI 
> ., 
w 

F-l 

o o 

c.L 

-----
--- . 

~ ,- ~ 
-s-. -S r--
~ --<i 

Initi I Angl :-ro---. 
-

20 40 

20 40 

20 40 

-4l r----
---- -.Q.... ~ r----- t-.... 

~ 20c --- ------.. 
~ ------ i's. ------.. -....... 

~ .""s ------.. ------.. ............... r--...... ~ 
............... 

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

I'....... 
60 80 100~ 1 0 

Distance from Initial Point of Trajectory in Feet 
Droplet Diameter 1 .18 mm 

60 80 100 120 

Distance from Initial Point of Trajectory in Feet 
Droplet Diameter 2.3 mm 

60 80 100 120 
Distonce from Initial Point of Trajectory in Feet 

Droplet Diam<ilit!:.2.JLm.!ll.. 

"'0 ---........ 
r--...... 

~ ~ 
~ 

140 ~ 160 lE(J 

140 160 180 

140 160 180 

Assumptions in Calculations: 

1. Initial horizontal velocity component of 35 ft/sec (based 
on velocity of crest of wave at breaking) for all trajec
tories. 

2. Horizontal velocity and displacement calculated from 
drag equation for spheres using a time increment method • 

3. Constant wind velocity of 73.5 ft/sec assumed at all ele
vations. 

4. Turbulent transport ignored. 

5. Time required to reach maximum elevation on trakectory 
calculated assuming acceleratio.n of -32.2 ft/sec • 

6. Fall velocities from maximum elevation taken from J. O. 
Laws data on water droplets. 

CALCULATED DROPLET TRAJ ECTORIES 
1 :18, 2:3, and 5.0 mm Diameters 

Initial Horizontal Velocit)! of 35 ft/sec 
Initial Trajectory Angles of 00 , 100 , 200 cmd300 
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Coeffic ient of Drag at the Wind-Water Interface (after Pinchak) 

Note: ClO Qr CD refers to the drag coefficient based 

On the wirid velocifYl 0 iiu,fersabove still water 
level. 
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Data from Wilson's Paper 

Cd UlO m 

Authority (xl0-3) {mph} 

Col ding {I B76} 2.6 20-70 
Ekman (1905) 2.5 strong 
Palmen and Laurila {193B} 2.4 >4:5 
Hellstrom (1941) 1.5 50 
Sverdrup et. 01. (1942) 2.6 mCld"'Strong 

Schal kw ~ k {1947} 2.6 stnGng 
Hela {19 B} I.B 45 
Neumann (1948) 2.0 45 
Franc is (1951) 2.5 45 
Keulegan (1951) 2.6 strong 

Langharr {1951} 2.6 strong 
Saville (1952) 2.5 strong 
Johnson and Rice (1952) 2.5 60 
van Darn {1953} 2.9 strong 
Hamada, Mil$uyasu and 1.5 45 

Hose {1953} 

Hellstrom {1953} 1.8 45 
Franc is (1954) 2.6 45 
Kivisild (1954) 2.2 strong 
Roll (1955) 2..5 45 
Sibul(1955) 1.5 45 

Hay (1955) 2.6 45 
Charnock (1955) 1.(, 45 
Ne umann (1956) 2.:0 45 
Moore and Lai rd {1956} ·2.1 45 
Clayton (1956) 2.9 45 

Charnock and Crease 2.5 strong 
(1957) 

Farrer (1957) 1.9 strang 
Weenink {195B} 3.4 strang 
Fischer (1959) I.B 45 
Hayami and Kunishi (1959) 2.1 45 

WIND-mTER 
COEFFICIENT OF DRAG 

DULUTH FREEWAY 
BR-EAKWA TER 
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MLW60l.6 

200 Ibs - 1 layer 

16 in. square concrete 
plies on 38 in. centers 

MWL 603.6 

r~'-
19 ft 

'"i ':':2ft~ 

(<t. Ramp 2 N.B. 35 

I 

1 
=A L Continuous concrete cap 

=t'l ' ~ -:::--
~r--.~ "'(~ L ' 7 -~--

Stone - 2 ft minimum 
on side 

I.-.---10ft 

~ Variable 20 ft initial ~ 
Assume 10ft embedment 

Type I, filter blanket 
(1-1/2 in. to 3 in. gravel) 

Plastic filter material 

Granular fill 

Type 2 filter blanket 
0-1/2 in. to 6 in. gravel) 

Quarry-~un ston~ 
Max. size - 1 ft 

'",:~.:,<~.:,," . ~ .' . 
,,:, .... 

Plastic filter ma;e~i~(~ :,:' 
Mattress blanket 

Reference: 

(2 ft of quarry-run over 
10 in. of 1/2 in. to 1-1/2 
in. gravel) 

Preliminary plan prepared by Howard, 
Needles, Tammen, and Bergendoff, 
June 1967. 

CRIB BREAKWATER DESIGN NO. 

DULUTH FREEWAY 
. "-BREAi<WA1'ER 

Minnesota Highway Department 
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Crib Breakwater Design # 3 

Wave Screen "B"--, 

Curtain wall-

15 ft ./ ...L c, .... ? 
r 

MWL 603.6 ____ ---,~_-
.w 601.6 EI. 602 I 

19 ft 

21ayen 
1 ton stone 

1 layer 
200 Ib stone 

~. 20 ft .1.4fo 

Note: 

1. Scale 1 in. = 8 ft 
2. See drawing No. 174B-469-17 for Type I 

and Type 2 filter blanket material gradations. 

0-7 

---....... --

<i. Ramp 

Type 1 filter blanket (1-1/2 In. to 3 in. gravel) 

Type 2 filter blanket (1-1/2 In. to 6 in. gravel) 

'" '----- Poly-filter x 
"'-Mattress blanket: 2 ft of quarry-run 

over 10 in. of 1/2 in. 
9 in.-15 In. rock to 1-1/2 in. gravel 

Wave Screens 
Scale: 1 In. = 4 ft 

'1 __ .1 -EI. 620 

m5ft ~3'7~ft 
5. ft J 

/ -:-~ EI.620 ... : 

Design "B" 

: LA: -- EI. 623.3 

7ft Design "c" 

CRIB DESIGN NO. 3 AND 
WAVE SCREEN DESIGNS A, B, AND C 

DULUTH FREEWAY 
BREAKWATER 

Minnesota Highway Department 
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