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PREFACE

The investigation reported herein was authorized on 28 Sep 1976 by

Agreement No. WES—76—17 with Mr. Robert Q. Palmer , representing Nippon
Tetrapod Co., Ltd.

This study was conducted at the U. S. Army Engineer Waterways
Experiment Station (WES) during October 1976 in the Wave Dynamics Divi-

sion (WDD), Hydraulics Laboratory (HL), under the direction of Mr. H. B.

Simmons , Chief of the HL , and Dr. R. W. W’halin , Chief of the WDD. The

tests were conducted by Mr. H. H. Bottin, Jr., Project Engineer , with

the assistance of Messrs. C. W. Coe, and R. E. Ankeny under the super—

vision of Mr. C. E. Chatham , Jr., Chief of the Harbor Wave Action Branch.

This report was prepared by Mr. Bottin.

Mr. Robert Q. Palmer, Consultant for Nippon Tetrapod Co., Ltd ,
visited WES to observe model operation and participate in a conference.

COL J. L. Cannon, CE , was Director of WEB during the conduct of
this investigation and preparation of this report. Mr. F. R. Brown was

Technical Director .

2
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CONVERSION FACTORS , U. S. CUSTOMAR Y TO METRIC (SI )
DRI TS OF MEASUR EMENT

U. S. customary units of measur ement used in thi n report can be

con verted to metr ic  ( S I )  u n i t s  as follows:

Multi ply L/ To ObtaIn

O.301t8 metres

:t .i leo (U .  ~~~. s ta tu te)  1.6O93li~ kilometres

:t c ~ ’OO h O t I .  0 o i u a r o  rr i e tre:

i~~n~~ b .~~t 0 .092903 square m e tr o c

in ro  m iles 2.58999 sQuare kj i o n n c o r ’ oc

14
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iGLOO WAVE ABSORBER TESTS FOR )
PORT WASI’IINGTON HARBOR , WISCONSIN

Hydr auli c Mo del Investigation . -
.

PART I : INTRODUCTION

The Pro totyp e

1. Port Washington , Wl:c nsin , is located on the west rhore of

Luke T :rhI,~an about 29 miles* north of Milwaukee, Wioc.”tioi n , and 27 miles

.. u ,t ’h of fheboygan , Wisconsin. The city, which had a population of

.))700 in 1,910,
1 

is a tradini~ center and the seat of Ozauicee County . The

t ow ’.. own portions of the bad ness and manufacturing sections have been

‘level oj ed around the harbor.

2. Port Washington Harbor is entirely artificial and is located

at the  outlet of a small stream known as Sauk Creek. The harbor area

comprises approximately 60 acres and is enclosed by a 3500—ft—long

~ rec~kw nt cr  system. The outer harbor is maintained at a project depth

of 21 f t and the inner harbor , or slip area , is maintained at a project

ieptki of 18 ft.

The Problem

.3. Port Washington Harbor is exposed to waves generated by

otorms from northeast clockwise to south—southeast. Waves caused by

stur mo  from these directions have caused conriderable damage to harbor

hurilities and recreational boats, and diff i culties to sh ips and rec-

reational craft  navigating the harbor entrance. Standing waves set up

in the slip areas of the harbor (due to reflections off the vertical

steel sheet—pile bulkheads) have resulted in wave heights up to 12 ft.

Anchorage in the outer harbor is not safe for small boats due to the

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 14 .

5



u c k  of adequate wave protection . These condit ions make the harbor Un-

cafe  as a harbor—of—refug e for small boats resulting in no adequate

small—boat refuge between Milwaukee and Sheh oygan , a d istance of

56 miles. In addi t ion , there is a lack of adequately protected perma-

nent  mooring and dock facilities to accommodate the gret i t  demand for

c h  fac i l i t ies  in the Port Washington area.

° ;r . r c  P ln ’noor . .d Invest igation and Conclu’ ’
~~n,”

Th~ Per u  V ’ t o h i r t g ~ ‘n model was i n i t i a l l y  cons ’ t’uct o ’J and

f ; ;  the U. 2. Ar my i’ ng i neer D~ otr’ict , Chic’ ;ig . (PC:’). The ~nve:;—
cat ion  inc luded ‘

~ s: :;a lT— eont  harbor w i t h i n  the e x i s tin g  d e ep — dr a f t .

~aroor . Pt’onosed improvements consisted of ( a )  new east and west break-

w a t e r s  w i t h  l engths  of 320 ft  and 1010 ft, reopuctively, arranged to

‘ocr ; a r r o te ct e d  harbor . 5  approximately 13.5 acres ; ( b )  a T O—ft  deep,

l’ ,. . — f ~ wi , .Io entrance c hannel ;  ( c )  a 10—ft deep anchorage—maneuver ing

area , o u t .’rox imately 3.5 ac ;~~o in extent ; ( d )  an 8—ft doer , 72—ft  wide

n u n c i t i n i r  otto channel extending from the anchorage—mariouver ir ig area to

a launchin g ramp; ( e )  a 500—ft  rubble—moun d wave absorber , adjacent to

the c x i  o t i n g  north hn ’ o u k w a u c r  extending northwesterly from the new east

breakwater  at i ts j u n c t~ion with the north breakwater ; and ( f )  safety

cail ngs on the new I ’L O t  an d west breakwater; ’ . NSf specified that , for

an; r m r r ’nv e rr e r y t , plan t~o l~~ acceptable , wave heights should not exceed

2.0 ft in t h e  anchor .’rc r_ ma: ; uveririg area and 1.0 f t  in the mooring area

f a r  inc i dent wave , “rclitiono occurring dur ing  the boa t ing  season ( spr ing

ano s u m m e r ) .

5. m ood on t h e  r ’ ’r u i t o  of the Corps sponsored model investiga—

h i  a , t;h e following ‘:nc ’lu si . no were made:

a. Existing con hitions are characterized by very rough and
t u r b u l e n t  w a v Y ’ : ;  in the vic in i ty  of the proposed harbor
during t o r i ’ !: of. severe wave at t a c k .

1. The propo:ed improvement plan ( plan 1) Wa :; considered
i n a l ’  ‘tate , in that the established wave—height criteria
were ‘ xc’.. cdo l fo r  waves from all direction : due t o  over—
topp ing of the existing north breakwater t O l l  overtopping
of arid tranomission through t h e  r roIn ooI “art. and west
t ’ r cnk w ;t t  ers.

(1
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c. Of the improvement plans tested involving modifications
to the existing north breakwater (adjacent to the pro—
posed harbor), the concrete parapet wall (+12 ft—lwd ) in
conjunct ion  wi th  wave absorbers i n s i d e  the breakwater
(+ 14 f t— lwd elevation and 6—ft berm width) was determined
to be op timal, consider ing wave protection aff orded
and cost.

d. To achieve the established wave—height criteria in the
proposed ona 1—boat harbor , it was determined that the
crown elevations of ti~ east anu west br ’akwaters must
be ra ised a n i / or in imperv i ous e nter st a r t  be added .

e. The 5 i g O ; ; ;~ w, . , ;t , br eakw ’ ;t e r  alt erent (plan TA) resu l ted
in  smaller wc ’ces at the coal w ,m rf (537°l0’E direction )
than the s t r a igh t  w .’st t r ’ e a cwn te r  ‘1 ig r u r : on ts  (

~ lans 6 and
8); however , ‘;. ‘~xl’; .o:. wave ho Ira s . tt  air . e 1 at t i r e  coal
wharf for sla t: an d 8 wor e  I , c.n ; ; ;a rtj U i (~ to maximFurn wave F

i;eign tS c’t .’t i i r i e i i  for  .xisti ’ , ’ c o r d i  t i  ~nc , cons ide r ing
all J i r e c ti o t : . . ~ , .‘;c ed.

S. Removal of I R t  ft f r m  the  snore end of the west break—
wat~ r (plan 8) u L t . i r . n ’ n c v e  wave— induced circulation
wi thou t  in c r . ’u :; i ;;~~ wave heights  in  the proposed small—
boat harbor.

Con:tru ot ion of the  proposed small—boat harbor will  have
no adver se e f fect :  on the e x i s ti ng  inner slips of the
harbor.

I. Filling in approximately one—third of the existing north
slip (as requested by the city of Port Washington—plan 9)
w ill result in in cr eased wave he ights in the north slip.

~~rposes of Igloo Absorber Tests

6. The purposes of model tests of the  Igloo wave absorber units

were  to:

• a. Determine if the installation of Igloos in the inner slip
areas of the ex isting harbor would significantly reduce
wave heights.

b D e t e r r ’ i in ’  whether Igloo absorber units could be substi-
tuted for the rubble—mound breakwaters in the proposed
small—b eat harbor :

c. Determine if Igloos inctalled adjacent to the existing
north breakwater could be used as an alternative to the
proposed east breakwater and/or the wave absorber pro—
J ) Ot ~E ’ i  for the smal l—b at h arbo r . 7
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PART II: THE MODEL AND TEST CONDITIONS

Desi gn of Model

, . The Port Washington Harbor model (F i gur e 1) was constructed

to a linear scale of 1:75, model to prototype. Scale selection Wa:

based on (a) the dept h of water required in t i e  audel to prevent cx—

cessive bottom friction; (b) the absolute size of model wave:; (c)

available shelter dimensions and the area to. ; red for c o nst ru ’ ng t i

model ; ( d )  e f f i c i e n c y  of m odel o r e r a t i o n ;  ( € )  r a ra b i li t i e s  of - ‘:ailable

wav e— gen era t in g  and wave—measuring oqu I pmeat ; at’ I ( f )  c ’ :t of  t odd

c . : t . c t~’uct ion.  A geometrical ly rind i~’ t c r t ’  ; rr . . ;l  wait mte oss; ry to

ensure accurate reproduction of d a r t  p e r l . . d c i . a at t  r r ; s .  Following

selection of the linear scale , the m ; J e ~ ~~ i~~-~~ : . 1 ar ; ! “ r “ra ted  in

accordance wi th  Froude ’ s model law. 2 Tne scale  relations use ! for

. J e r i g r  and operation of the model w~~r .’ as

Pu, nc : ir u t c ° ’, ’ t ’ :
i~~rart~’r i st i C Dim o: icr * Scale P o I n t  I on

Length L 

, 

L = 1:75

;,rea L 0 = ~ = 1:5,625

Vol ume L3 ~~
- = L 3 

= 1:1421 ,875

~1. : nne  T T u  =1: .
r

Velocity L/T V ~~~~ = 1:8.66

Discharge L3/T Q L~’~ = 1:148,715

* Dimensions are in terms of length (L) and time ( T ) .

The Model and Appurtenances

8. The model , which  was mol ded in cea nt ,  mortar , reproduced the

e x i s t i n g  Port Washington Harbor , app roximately 2600 ft of the shore—

l i n e  on each s ide of ’  t i r e  harbor , and underwater contours in Lake

8
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M c l i gan ’ 0 au o f f shore  depth of — J 5  CL w i t h  a sloping t ran ; ; ;  i t i on  to  t l i e

way ’ gen erator pit elevation of —hO f t . ‘ i b ’  to t a l  area reproduced in tn e

trOd . ‘c a t  ip p r o x in n i n i t e l y  86t’;i  sq ft., r “ ‘s en t into about 1. 7~ s’
~ 

m i l e :  in

t il e  p r o t . o t v ae .  Vertical control m ar model construction was based on low

writer datum (lwd ) the elevation* of which is “76.8 ft above mean water

level at Father Point , Quebec (Internationa]. ‘;reat Lakes lFatwr; , 17~~ ).
1

io ri:...nt tot l control  war ’ referenced to a local prototype grid system .

. M o l d  wnc’ ; or ;  wer e  gen e r a te ’l  by a tO— n o ._ l ong  wa ’. ” generator wi th

a t r a n e :  . i t rtl— :iiar ’.i . v er t i ca l—mot ion  n lu n ;I cr .  The vertical movement of

the t ’ T it- er cn ctc’ t- d a periodic displacement cf water incident to this

muLlen . The l o ng ’ i n of stroke and the period of vertical motion were

a;’ la~~l~ over ti; “0150’ necessa ry  to g .oi’’i’ate w n I V e s  with the required

lact i c  t or i t t  i c s .  a ti d .I i t i o n , the wave g ont e r a t o r  ur n ;  mounted on re—

I t r a ct  able oast€r.n , which enabled it to be positioned to generate waves

‘r a i n , the required test. .1] r e c tiu n i : .

10. Ar t Aut oa’. t tE - i  Data Ac~ wis!ton ari d Control System (ADACS ),

lesigned and c on st ru c t e d  at WEP , was used to secure wave—height data at

:ele:t.ed locations in the model . Pa:;ically , through the use of a m ini—

.c rnr ~. ’;t er , ADACS recorded onto magnetic t ; ;j :e  the  electrical atn oo t of

l a r a l L e L — w re , resistance—type wave gages that measured the change in

water surface e l e v a t i o n  in re : tp t .’c r  to time . The magnetic tape ;..utpcmt.

.f  ADACS ~ias them) analyzed to obtain the wave-height data.
11. Igloo wave ahr er b r U f l it s  (Photo 1) were use I in the model at

:-; ‘;e: ’ i l  l o cr a  ion;; f or  the varieri;; test plans . These units are stacked

( i ’ h o t o  2 )  so no to form chambers in which w a y ’. enem y is dissipated as it

moves bu tt ; horizontally and v ’ ;’tic ally. Model Igloo r a n t i n g  units were

furn l . ;Ne d by N ippon Tet raped Company , L td .  WED f’auricated molds and the

a r to ta~ Igloo un i t s  used in the invest  ig ; ’i t ,  i ) r, .

Selection of Te st .  Condi t ions

‘i t, j t l — w ’ t t ~~ leve l

I f .  A : f;’ l l—water  level of +~~ .9 f t  lwd was used during model

~ All “ l oy a L  ions (e l) c I ted herein ar .’ in feet~ referred to lwd .

10 
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testing. This value was obtained from lake stage frequency curves

(furnished by NCC ) for Milwaukee and Sturgeon Bay, Wisconsin , for a

10—year recurrence interval during boating season ( May—October ) .

Selection of t est waves
13. Wave characteristics for the Corps sponsored investigation

wer e obtained fro nt ;  Referenc e 3 which covers deepwater waves approaching

the harbor site from three angular sectors ly  season for recurrence in—

* tervals of 5, 10, 20 , 50 , and 100 years. Shallow—water wave heights ‘cm i

directions of wave approach were determined as a result of a wave re—

fraction analysis conducted by WES. The following test waves were de—

termined to ‘be the most cri t ical  as a result of the Corp s sponsored

investigat ion and selected for th e I gloo wave absorber tests.

Sl;allcw— Deepwater Shallow—Water Recurrence
feepwater Water Wave Period Wave Wave Interval
. . !r e c t i om i  D i r e c t i o n  sec Hei ght , f t  Height , f t  yr

ElSE s68°3o’E 5 .5 14 .0  3.8 0.33
7.3 10.8 9.9 20.0

SSE S37°lO’E 8. 3 12.1 10.14 20.0

Analysis of Model Data

114. Relative merits of the various plans were evaluated by a

comparison of wave heights at selected locations in the harbor and

visual observations. In analyzing the wave—height data , the average
height of the highest one—third of the waves recorded at each gage lo-

cation was selected . All wave heights thus selected were then adjusted

to compensate for wave—height attenuation due to viscous bottom friction

• in the model by app licat ion of Keulegan ’s equation. From this erluat !’. n’

reduction of wave heights in the model can be calculated as a functic a

o~ wat er depth , width of wave front , wave period , water v iscosity, an; .1

d !: ;t an re  of wave travel.

11
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PART III:  TESTS AND I’.i’ISW,TS

The loots

:lxisting conditions

I:.. Wave—height data were obtained t n t  :arious locations within

ia t ’ :tn ’ bor  ( Plate i )  for the  test  di.rectionrr l i s ted  in ~aragrap i 13.
‘ 1. . I’Ie footage was secured in the slip areas for waves from S/dd” 30’E.

st lane

,Len Wave—height tests were conducted f . ,r nine test plans whi ch

consisted of installation 01’ Igloo absorber units at various locations

in t i e  slip areas r t n ; . t  as a l t e rna t ives  to the originally proposed rub-

ric moor, I oreakwat  or ’ s  and absorber at. the P la . t a  red rmai .l — b c t c t  harbor

site. Movie f c ot a . ,’e , wave r’attern ptiu tO r ’rali,..; , and color slides were

secured fur some test plans. Brief descrip ti ons of the test plans are
oresented in t to fol lowing n ’;u b r rn i r r tgr aphs , dimensional de t a i ls  are

presented in flat ‘o i—it .

a. i l ’ ;t ;  1 ( f i a t. . 1) consi;~t,eJ of t.:;e installation of Igloo
abs ‘rb’:’r units along t h e  ear l s  , 

~ the nort  ~ arid west el sin .

U .  °I’cn LA (Plate 1) entailed the elements of plan 1 with
units installed around t b ’  corners at the entrance

of tine west slip (75 ft from each corner).

a. Plan lB (l~~ntt. e 1) involved thr elements of plan lÀ with
.igi 0 units inst alled along the landfil l  opposi te the

.1 ectric Power Comr :’.n ’’ coal w b t c r f .

d . Plan lC (P lat e  1) ‘nu i t isted of the elements of plan lB
with Igloo uni ts  installed c i t r I c  200 f t . of the western
‘.r 1d of the coal dock.

• e. Plan 1D (Plate i) entailed the el ements of plan lB
with 100 ft of Igloo units installed p’r’r’pr rndicular Y
the western ernd of the coal dock.

f. Plan 2 (Plate 2) involved the elements of plan lB with
an 825—ft—long , +8—ft—lwd igloo ;c’ ‘:1 t ’re : t cw at , e r  anal  a
320—ft—long , +12—ft—lwd igloo o’ , ;t  breakwater prc’~’i t 1 n ; ~’
protect ion to the proposed aria I l—b oat bas in .

~~~. Plan 3 (Plate 3) consisted of s elements of plan 2
except t Ine  w ’ t ’;t , i gloo breakwat ’r was r~’plnicr’ d by an in—
pervia ut n r u b b l e  ro und stru t ’ with a crown el of
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of +8—ft...lwd. The east breakwater was removed , and 500 ft
of the lakeward portion of the parapet wall and absorber
were replaced with Igloo absorber uni ts .

h. Plan 3A (Plate 3) entailed the elements of plan 3, but the
lakeward head of the west breakwater was rep laced with
Lw .’ rows of Igloo absorber units placed back to back.

i. Plan 3B (Plate 3) involved the elements of pltit’m 3 wi th a
100—ft—long double row Igloo east breakwater installed
at alP ft el.

~~~. Plan 3C (Plate 3) consisted of the elements of plan 3B
with a i t .’ i—ft. extension to the east breakwater .

k. Plan 3D (Plate 3) entaIled the elements of plan itC except
the court breakwater ’ consisted of one row of Igloo absorber
units backed with a rubble absorber.

w’.n;ve—height tests

17. Wave—height tests for plans l—lC were conducted using test

waves from S68°30 ’ l l , and wave—height tests for plans 3—3D were conducted

for test waves from S37°1O’E . Wave gage locations for these test plans

are shown in Plates 1 and 3.

Movie footage and
wave pattern photographs

18. Movie footage was secured for plan lB depicting wave condi-

t ions in the slip areas of the harbor for test waves from S68°30’E,

wh ile wave pattern photographs and color slides were obtained for
‘alan 3C showing wave conditions in the proposed small—boat harbor for

t est waves from S37°l0’E.

- ‘ 
Test Results

19. In evaluating test results, the relative merits of each plan

were based on an analysis of measured wave heights and visual observa-

tions . Model wave heights (significant wave height) were tabulated to

how measured values at selected locations .

20. Results of wave—height tests for existing conditions and

plans ‘1. — ]~ are presented in Table 1. Maximum wave height.s obtained for

ex isting conditions and plans 1—ic were 114.6, 9.3, 5.9, “ .6 , and 14.5 ft,

respectively, in the west slip and 15.0, 11.0, 6. 9, 5.1 , and 14.8 f t ,

respectively , in the n orth slip.

13
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Wave heights recorded at the center line of the west an’~ north slips
for exis ting conditions and plans 1—if were plotted graphically as ~buwr;

~ Plate 14 .  Examination of these data reveL,as that each test tlin r;

(further addition of Igloo units) reduced wave heights in the slip areas.

Considering wave protection afforded and the “net that it is act f’~’a e i L l o

to install Igloo units along the coal wharf , p lan  lB was selected as t i r e

toot  promising plan and subjected to 5.5—sec- , . 3—ct  test wave;; fr ’,~~,

~mit8°30’E (a condition which occurs much more freisently). A comparison

of p l an lB wave li~r L glits with those for exist ing c, riditi . ’nns for this t ‘ t n 4

ind icates a reduction from 5.9 to 1.14 ft in the west sli p a n ; i  5.5 to

1.0 ft. in the north slip. Curves depicting way ’ Irei ght on along tine

center  l ines of t i re  we, : t. and north s1ips [~~r ‘ ‘ t’t i .tiflg (‘ ‘n n d at i o n s  and

plan lB are shown in P l a t e  5. Plan lD was I n s t  ‘a t  led during a cc’nferen;.”

while Mr. Robert Q. Palmer , Consultant for N ipretn Tetrapod Co., Ltd , was

b se rv in g  model opera t ion .  Maximum wave };e .i; ’frts obtained in the west and

north s1ips were approximately 3.0 and 3.5 ft, respectively.

21. Visual observations secured with plan 2 ins ’alled in the

model indicated that the east and west breakwaters were unstable and

required some sort of backing . Due to economics , this was not con—

s i der ej  feasible and no wave—height data were obtained for plan 2.

~~~. Resul ts  of wave—hei ght tests wiLl- plans 3—3D installed in

the model are presented in Table 2. Maximum wave heights obtained in

the anchorage—maneuvering area (gages 18 and i t )  were 2.8, 2.8, 2.0,

1.0 , ari d 0.9 ft for plans 3—3D , respectiv ’J.y, while m a x i m u m  wave height s

obtained in the mooring area (gages 20 and 21) were 2.7, 2.~~, 2.2, 0.6,

an i  0.8 f t , respectively. These data indicate that a POO—l’t—long Igloo

eas t  breakwater with backing (plans 3C and 3D) is required t o ’  meet the

wave iu .’igh ~ cr iter ia  established by NCC (a maximum of 2.0 ft in the

anchoragr .’ -manieuv ering area and 1.0 f t  in the mooring area) .

i f
114
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PART IV: CONCLUSIONS

L 23. Based on the results of the model investigation reported

herein , it is concluded that:

a. Igloo wave absorber units placed in and around the slip
areas of the existing harbor sign ifi cantly reduced wave
heights in those slips.

1. East and west breakwaters constructed of Igloo absorber
units (plan 2) were not stable in that they required
b a c k i n g .

c. A 500—ft Igloo absorber adjacent to the north breakwater
(plan 3) used as an alternative to the east rubble mound
breakwater did not meet the wave-height criter ia
established by NCC (a maximum of 2.0 ft in the anchorage—
maneuvering area and 1.0 ft in the mooring area).

d. A 200—ft—long Igloo east breakwater with backing (plans
3C and 3D) will meet the wave—height criteria established
by NCC in the proposed small—boat harbor.

15
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Table 2

Wave Heights Obtained in the Small—Boat Harbor for

Plans 3—3D

— 
Test Wave Wave Height at ladicateil Gage Location , ft

Test Period Height Gage Gage Gage Gage ‘~r .tge Gage
Direction sec ft 16 17 18 19 20 21

Plan 3

,337°1O’E 8.3 10.14 10.9 1.1 ~.8 1.5 2.7

Plan 3A

2370104E 8.3 io.14 12.3 ~.6 2.8 1.8 2.8 1.1

Plan 3B

337°lO’E 8.3 10. 14 9.7 14.9 1.5 2.0 2.2 1.0

Plan 3C

237°1O’E 8.3 10.14 8.5 2.8 1.0 0.8 0.8

Plan 3D

S37°lO’E 8.3 10.14 9.0 2.6 0.9 0.9 0.8 0.6

I 
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