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1 . 0 I N T R O D U C T I O N

T h i s p r o j e c t u s e d fi e l d a n d l a b o r a t o r y i n v e s t i g a t i o n s t o e v a l u a t e
l o w - c o s t s h o r e p r o t e c t i o n m e t h o d s . T h e p r o j e c t w a s i n i t i a l l y fi n a n c e d
b y a g r a n t o f $ 3 0 0 , 0 0 0 t o t h e M i c h i g a n D e p c i r t m e n t o f N a t u r a l R e s o u r c e s
(DNR). The Univers i ty of Michigan Coastal Zone Laboratory administered
the project. The DNR provided major assistance and cooperat ion in se¬
l e c t i n g t h e s i t e s a n d c o n s t r u c t i n g t h e i n s t a l l a t i o n s . T h e i n s t a l l a t i o n s
w e r e d e s i g n e d b y t h e p r o j e c t d i r e c t o r . T h e e i g h t e e n fi e l d d e m o n s t r a t i o n
p r o j e c t s a r e l i s t e d i n Ta b l e 1 , a n d t h e i r l o c a t i o n s a r e s h o w n i n F i g u r e 1 .
T h e l a b o r a t o r y p r o g r a m w a s a l s o t h e r e s p o n s i b i l i t y o f t h e p r o j e c t d i r e c t o r .
T h e e a r l y o b s e r v a t i o n p r o g r a m w a s fi n a n c e d b y t h e o r i g i n a l g r a n t . T h e r e ¬
a f t e r fi e l d o b s e r v a t i o n s w e r e m a d e w i t h f u n d s p r o v i d e d b y t h e M i c h i g a n S e a
G r a n t P r o g r a m , t h e D N R , t h e U . S . A r m y C o r p s o f E n g i n e e r s a n d a s m a l l g r a n t
f r o m a R o c k e f e l l e r F o u n d a t i o n p r o j e c t c e n t e r e d a t t h e U n i v e r s i t y o f W i s c o n s i n .
T h e r e s u l t s o f t h e p r o j e c t s h a v e b e e n r e p o r t e d i n a s e r i e s o f p r o j e c t r e ¬
p o r t s ( 1 , 2 , 3 , 4 ) , t e c h n i c a l p a p e r s ( 5 , 6 , 7 ) , a n d o t h e r p u b l i c a t i o n s p l a n n e d
s p e c i fi c a l l y t o p r o v i d e " h o w t o d o i t " i n f o r m a t i o n ( 8 , 9 ) f o r p r i v a t e p r o p e r t y
owners and publ ic agencies who are faced with shore erosion problems. In
o t h e r e f f o r t s t o m a k e t h e i n f o r m a t i o n a v a i l a b l e , w o r k s h o p s w e r e p r e s e n t e d
t h r o u g h o u t t h e s t a t e a n d a n a u d i o - v i s u a l p r e s e n t a t i o n w a s m a d e a v a i l a b l e .

The pr imary e f fo r t dur ing the fina l p ro jec t year was to deve lop a
h i s to ry o f wave ac t i on a t t he demons t ra t i on s i t es as abas i s fo r eva lua t i ng
t h e e f f e c t i v e n e s s a n d d u r a b i l i t y o f t h e fi e l d i n s t a l l a t i o n s . B e c a u s e o f
the la rge number o f w ind s to rms requ i r ing ana lys is fo r the var ious s i tes ,
we developed acomputer algor i thm for est imat ing wave heights f rom con¬
t i nuous hou r l y w ind ve loc i t i es and d i rec t i ons . Th i s compu te r i zed p rocedu re
w a s n o t o n l y b e n e fi c i a l t o t h i s p r o j e c t b u t m a y b e o f v a l u e t o o t h e r s w h o
must hindcast wave heights from wind data. The computer approach is pre¬
sen ted in Sec t ion 2 , and the resu l t s o f i t s app l i ca t i on to the va r ious
d e m o n s t r a t i o n s i t e s a r e s h o w n i n S e c t i o n 3 . S e c t i o n 4 p r o v i d e s a s e r i e s
of conc lus ions regard ing low-cost shore protect ion based on observat ions
a t t h e e i g h t e e n d e m o n s t r a t i o n p r o j e c t s i t e s .

2.0 DEVELOPMENT OF ACOMPUTER PROGRAM TO DETERMINE WAVE CHARACTERISTICS
F R O M W I N D

In accordance with the need to develop amethod that would produce an
expedient and reasonably, accurate estimate of the wave height distribution
during major storms at the demonstration sites, acomputer solution of the
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r e v i s e d S v e r d r u p - M u n k - B r e t s c h n e i d e r ( S M B ) e q u a t i o n s w a s d e v e l o p e d . T h e
S M B m e t h o d i s b a s e d o n fi e l d a n d l a b o r a t o r y o b s e r v a t i o n s . T h e m o r e
s o p h i s t i c a t e d m e t h o d s b a s e d o n t h e s o l u t i o n o f t h e e q u a t i o n s d e v e l o p e d
by Miles and Phil l ips12,13) were considered but not used, in part
b e c a u s e o f t h e l a r g e i n v e s t m e n t o f t i m e a n d c o m p u t a t i o n a l r e s o u r c e s t h a t
t h e m e t h o d d e m a n d s . A n o t h e r i m p o r t a n t f a c t o r t h a t m a d e t h e u s e o f t h e
S M B m e t h o d t h e o n l y l o g i c a l c h o i c e i s t h e l a c k o f d e t a i l e d w i n d v e l o c i t y
d a t a . T h e w i n d d a t a a v a i l a b l e w e r e s a t i s f a c t o r y f o r t h e d a t a r e q u i r e m e n t s
o f t h e S M B m e t h o d .

2 . 1 T h e S M B E q u a t i o n s

T h e r e v i s e d v e r s i o n s o f t h e S M B e q u a t i o n s ( 1 0 ) i n d e e p w a t e r i n
d i m e n s i o n l e s s f o r m a r e g i v e n b y :

g H
c o

=Etanh [G(g F/U^)
c

● 4 2 ] ( l . a )

U2

g T
c =Mtanh [N(g F/U^)

c

● 2 5 ] ( l . b )
U

g D
c u 1[A(Ln(g F/u2))2-BLn(g F/\J^)+C]

c	 c

+DLn (g F/U^)
c

= K e x p
U

( l . c )

where Hq is the deep water significant wave height in ft., g^ is the acceler¬
ation of gravity in naut. mi/hr^, Uis the wind velocity in knots, Fis
t h e w i n d f e t c h i n n a u t i c a l m i l e s , T i s t h e w a v e p e r i o d i n s e c o n d s , a n d D „ i s
t h e w i n d d u r a t i o n i n h o u r s . T h e v a l u e s o f t h e c o n s t a n t s a r e :

u

. 0 1 2 5. 0 1 6 1 G =A =

M = 2 7 1 4 3 . 3 6. 3 6 9 2B =

. 0 7 72 . 2 0 9 4 N =C =

6 . 5 8 8 2. 8 7 9 8 K =D

= 2 1 3 1 . 4 2 g1 7 2 0 . 7 7E = 9c

T h e s e e q u a t i o n s h a v e b e e n u s e d i n t h e i r g r a p h i c a l f o r m ( 1 3 ) .
graphical procedure is convenient to determine the probable maximum wave
he igh t fo r ave rage w inds o f va r ious du ra t i ons du r ing as to rm. To de te rm ine

T h e
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a m o r e c o m p l e t e h i s t o r y o f w a v e h e i g h t s w i t h p e r i o d s o f g r o w t h a n d d e c l i n e ,
a m e t h o d u s i n g g r a p h s w a s d e v e l o p e d . H o w e v e r, w h e n h i n d c a s t i n g i s
necessa ry fo r a la rge number o f s to rms , as fo r t h i s e ros ion con t ro l p ro jec t ,
t h e g r a p h i c a l m e t h o d b e c o m e s t i m e - c o n s u m i n g . F o r t h i s r e a s o n , w e d e v e l o p e d
a c o m p u t e r a l g o r i t h m f o r s o l v i n g f o r w a v e h e i g h t a n d w a v e p e r i o d f r o m a
c o n t i n u o u s w i n d v e l o c i t y r e c o r d .

W i n d o b s e r v a t i o n s f o r i n t e r v a l s o f o n e h o u r w e r e a v a i l a b l e . T h e
durat ion and ve loc i ty o f the wind are taken as the cont ro l l ing parameters
b u t t h e c o r r e s p o n d i n g f e t c h w a s c h e c k e d a t e a c h i n t e r v a l t o b e s u r e t h a t
wave g rowth was no t l im i ted by the fe tch . In add i t i on , the g rowth i s
l im i ted by the d i f fe rence between the wave ce ler i ty and the w ind ve loc i ty.
W h e n t h e w a v e c e l e r i t y i s l a r g e r t h a n t h e s u r f a c e w i n d v e l o c i t y , n o m o r e
energy is t ransferred f rom the wind to the water, and al though the wind
can be thought of actually slowing down the waves, any damping was neglected.
W h e n e v e r t h i s o c c u r r e d , t h e w a v e c h a r a c t e r i s t i c s e q u i v a l e n t t o t h o s e o n e
h o u r o f w a v e t r a v e l u p w i n d f r o m t h e s i t e w e r e c o n s i d e r e d t o p r e v a i l .

2 . 2 N u m e r i c a l S o l u t i o n

T h e d a t a a v a i l a b l e c o n s i s t e d o f h o u r l y r e c o r d s o f w i n d v e l o c i t y a n d
d i r e c t i o n o f t h e s t o r m s y s t e m s f r o m O c t . 1 9 7 4 t o N o v . 1 9 7 8 i n t h e G r e a t
L a k e s . A m o r e d e t a i l e d d e s c r i p t i o n o f t h e c o m p i l a t i o n a n d a n a l y s i s o f t h e
d a t a i s g i v e n i n a l a t e r s e c t i o n . T h e s o l u t i o n c o n s i s t s o f t w o p a r t s .
T h e fi r s t p o r t i o n d e a l s w i t h e s t i m a t i n g w a v e h e i g h t s a n d p e r i o d s i n d e e p
w a t e r s . T h e s e c o n d p o r t i o n d e a l s w i t h t h e c h a n g e s i n t h e w a v e c h a r a c t e r i s t i c s
a s t h e y m o v e i n t o t h e s h a l l o w w a t e r a n d r e a c h t h e b r e a k e r l o c a t i o n s a t
t h e v a r i o u s s i t e s .

2 . 2 . 1 D e e p W a t e r W a v e C h a r a c t e r i s t i c s . T h e n u m e r i c a l s o l u t i o n o f
equation (1) commenced by computing the value of the parameter z=g^F/U^
f r o m e q u a t i o n I c , k n o w i n g t h a t = 1 a n d t h e w i n d v e l o c i t y U i s g i v e n b y
t h e o n e r e c o r d e d d u r i n g t h e fi r s t t i m e i n t e r v a l . E q u a t i o n 2 c c a n b e a r r a n g e d
i n t o t h e f o l l o w i n g f o r m :

I
1-KU/g exp(A( j lnZ)2 -Bi ln Z+C)

c
f . . ( z ) + D « , n Z = 0 ( 2 )D u

T h e v a l u e o f Z i n e q u a t i o n 2 c a n n o t b e c o m p u t e d e x p l i c i t l y ; t h e r e f o r e , a
N e w t o n - R a p h s o n t e c h n i q u e w a s u s e d t o c o m p u t e t h e E i g e n v a l u e s . T h e d e r i v a ¬
t i v e o f t h i s f u n c t i o n w i t h r e s p e c t t o Z , f o r c o n s t a n t U , b e c o m e s

- f - { ~ [ A ( £ n z ) 2 - B £ n Z + C ]
D Z 2

[ 2 A A n Z - B ] + D }f ' ( 3 )
D u

T h e c o r r e c t v a l u e o f Z i s o b t a i n e d b y i t e r a t i n g t h e e x p r e s s i o n

A z ( 4 )Z . ^ i -11

i n w h i c h
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=Z{j[A(£nZ)2 -B£n Z+C] [2A£n Z-B] +d“1}A Z
( 4 . a )

The value of Zso obtained is used in equations l.a and l.b to obtain
the value of and Tfor the first hour. For subsequent hours the procedure

somewhat because the duration is no longer equal to one hour. If
the wind is constant in intensity and direction, the duration (D^) corre¬
sponding to subsequent intervals is obtained by increasing the duration of
aprevious step by an amount equal to the time intervals (AD„),
f o r e v e r y s t e p :

s c t h a t

D . + A D= ° u i - l ( 5 )U 1 u

Because the recorded wind data show velocity, and direction changes
from hour to hour, it is necessary that an equivalent duration be computed
and increased by the time interval (AD^) to recompute the value of Zfrom
equation l.c and then to compute He and Tfrom equations l.a and l.b respec¬
tively. The equivalent duration is defined as the number of hours that a
wind blowing at avelocity U2 would take to build up the same amount of
wave energy present in the water at the end of the previous interval.
In using wind data it was assumed that the velocity and direction remained
cons tan t f rom the midd le o f the in te rva l to the midd le o f the nex t in te rva l .
At that time the conditions were assumed to change instantaneously to those

the next hour and the equivalent duration was determined by assuming
that the wave energy was the same at the beginning of each hour as at end
o f t h e p r e v i o u s h o u r .

Since wave energy for unit width in deep water is given by

E = | - L0 8 0 0

t h e n

=X„2 gT^
b 8 o 2 t t

E

o r

=a(H^ T^)
o

E ( 6 )
o

Express ion 6 ind ica tes tha t energy is p ropor t iona l to the second power
of the product o f wave he ight and wave per iod . The propor t iona l i ty constant ,
a, is assumed to be constant so that the value of H§T^ at the start of a
new duration interval can be computed from the values of wave height and
p e r i o d a t t h e e n d o f t h e p r e v i o u s i n t e r v a l .

T h u s , f r o m e q u a t i o n s l . a a n d l . b ;

Hq =
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a n d

T= f^ (V,z )

a n d

E = f ( U 2 , z )
o ± ( 7 )

The value of the parameter Zmust be computed from equation 1, where
Tand Uare known and constant . This again, can be per formed readi ly by a
N e w t o n - R a p h s o n i t e r a t i v e p r o c e d u r e . W h e r e :

E ' = - 2 f f ( f f + f f )
1 2 1 2

( 8 . a )
o 2 1

i n w h i c h

f=722.72 --	 °	 sech2(Gz‘‘'2) ( 8 . b )
1

U N
75 sech^(NZ*^^)f = 6 7 8 5 . 8 4 ( 8 . C )■

Once the va lue o f Z i s ob ta ined , i t can be subs t i t u ted i n equa t i on l . c
t o o b t a i n t h e e q u i v a l e n t d u r a t i o n D q . T h i s i s u s e d i n c o n j u n c t i o n w i t h
e q u a t i o n s l . a , l . b a n d l . c t o c o m p u t e t h e w a v e c h a r a c t e r i s t i c s .

I t s h o u l d b e n o t e d t h a t t h e r e a r e c a s e s w h e r e t h e p r o c e d u r e n e e d s s o m e
i n t e r m e d i a t e c o n s i d e r a t i o n s , s o m e o f w h i c h a r e ;

a ) U<C, tha t i s when the w ind ve loc i t y d rops be low the wave ce le r i t y
o r t h e w a v e p e r i o d i n c r e a s e s e n o u g h t o c a u s e t h e c e l e r i t y t o e x c e e d t h e
w ind speed . In e i the r case the w ind i s i ncapab le o f t ransmi t t i ng energy
to the exist ing waves and these waves wi l l move faster than the wind leaving
t h e f e t c h a r e a . C o n d i t i o n s a t t h e s i t e a r e t h e n t a k e n a s t h o s e t h a t e x i s t e d
o n e h o u r u p w i n d o n e h o u r e a r l i e r .

b) A6 >25°; where 6is the wind direction. When the value of 6changes
more than 25° from one time step to the other, it is assumed that the effect
of the pre-ex is t ing wave forms on the t ransfer of wind energy to the water,
can be neg lec ted . Th i s c r i t e r i on i s de r i ved f r om obse rva t i ons repo r ted
e l s e w h e r e ( 4 ) t h a t w i n d e n e r g y i s t r a n s m i t t e d t o w a t e r w a v e s i n a c o n i c a l
p a t t e r n w i t h a n a p p r o x i m a t e v e r t e x a n g l e o f 4 5 - 5 0 ?

c) A6 <25°when the change in 6is less than 25° the equivalent duration
is computed from acorrected value of the wave energy given by:
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E . c o s A 6E
o c o

d) When ashift in wind direction produces afetch (F) equal to
zero (i.e. shift to offshore wind), during one or more time steps, the
last fetch is corrected by adistance equal to the celerity times the time
interval. The value of zis recomputed and used to determine H
This procedure is repeated for as long as the fetch remains zero.

2*2,2 Shal low Water Wave Character is t ics . The height o f the breaking
waves in the surf zone is computed by means of asingle step procedure
based on the deep water wave height, the wave period and the angle between
t h e b o t t o m c o n t o u r s a n d t h e w a v e f r o n t s .

As the wave train travels into shallow water the wave height at any
depth is g iven by

a n d T .

H = K K H
r s o ( 9 . a )

where the refraction coefficient K^, is given by the expression

C o s a
0

K
r

[cos sin Mtanh Kd. sina )] ( 9 . b )
0

in which is the angle between the bottom contours and the wave fronts
in deep water and K=27t/L. The value of the shoaling coefficient Kis
c o m p u t e d b y t h e e x p r e s s i o n ^

- tK = t a n h K d ( 1 + 2 K d )
s i n h 2 K d ( 9 . C )

The depth at which breaking occurs, d,and the height of the breaker R,
a r e r e l a t e d a c c o r d i n g t o t h e e x p r e s s i o n .

= V b ( 1 0 )

Numerous laboratory and prototype studies have produced avar iety of va lues
and methods of obtaining K, ,but in general it is well accepted that for most
p r a c t i c a l p r o b l e m s c a n b e t a k e n a s 1 . 2 8 .

Equat ion 9.c can be s impl ified and combined wi th equat ions 9.a, 9.b,
and 10 to produce the breaking depth function given by

c o s a- 1 . 2 8 ^ P ^ Hf c o s h K d
b * AB r ( 1 1 )o
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w h e r e

A=cos [(sin ^tanh Kd, .sina )]	. s i n h 2 K d , + 2 K d ,
b0	 b b

In equation 11 the only unknown is the depth of the breaker dj^ since
K ’ i s g i v e n b y :

4 t t
K '

gT^ cot Kd^ ( 1 2 )

a n d t h e v a l u e s o f T a n d a r e k n o w n .

T h e b r e a k i n g d e p t h f u n c t i o n ( e q u a t i o n 11 ) w a s s o l v e d w i t h a N e w t o n -
R a p h s o n i t e r a t i v e p r o c e d u r e . I t w a s d e c i d e d t o c o m p u t e t h e v a l u e o f t h e
d e r i v a t i v e o f t h e b r e a k i n g d e p t h f u n c t i o n n u m e r i c a l l y s o t h a t

( 1 3 )
B r

w h e r e e i s a s m a l l p e r t u r b a t i o n . T h i s m e t h o d p r o v e d t o b e v e r y e f fi c i e n t
wi th so lu t ions be ing produced wi th on ly two i te ra t ions on the average.
Once the depth of the breaker is computed, the breaker height can be readi ly
d e t e i m i n e d f r o m e q u a t i o n 1 0 .

2 . 3 D e s c r i p t i o n o f P r o g r a m

The numerical solution described was implemented by means of acomputer
algorithm named MESH (Method for Estimating Significant Heights) using the
Fortran IV language. MESH can be handled with any of the fast speed computers
available today and the cost of processing storm data is obviously directly
re la ted to the s to rm leng th . Fo r as ing le 48 hour s to rm, the cos t o f p rocess¬
ing on the Amdahl machine available at the University of Michigan is 15<:.
W h e n s e v e r a l s t o r m s a r e p r o c e s s e d a t o n c e , t h e c o s t c a n b e r e d u c e d t o l e s s
t h a n h a l f ,

number of hours that the significant wave height exceeded various specified
h e i g h t s .
if the breaker height is not needed, and only deep water conditions are of
in terest , the cost g iven above can be reduced even fur ther.

The program also contains an option to compute and print the

Omittance of this feature can reduce processing costs. I n a d d i t i o n .

Another way of reducing processing costs is to manipulate the tolerance
a l l o w e d f o r t h e n u m e r i c a l s o l u t i o n s a n d t h e m a x i m u m n u m b e r o f i t e r a t i o n s
s p e c i fi e d . T h i s f e a t u r e w i l l b e p r e s e n t e d i n m o r e d e t a i l i n s e c t i o n 2 . 4 .

2 . 4 P r o g r a m C a p a b i l i t i e s

The program can process storms as long as 100 hours,
r e c o r d e d s o f a r f a l l s h o r t o f t h i s l i m i t .

M o s t s t o r m s

W h e n t h e w i n d s h i f t s t o a d i r e c t i o n

for which the fetch is zero, the pre-existing wave spectra are assumed to
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continue to travel to the downwind end of the fetch. An importan-. feature
of this program is that it allows the user to specify up to five different
heights each one of which will be compared against the resulting wave
height at every hour. After the hourly distribution of wave heights and
periods is printed, the number of hours during which the
larger than each one of the specified heights is also printed in tabular
form. This feature can be helpful in reducing the time spent compiling
statistical data for afrequency and duration analysis. For user convenience
the program also has the capability to process storms that last from one
month to the next taking into consideration whether the number of days
i n t h e m o n t h i s e v e n o r o d d .

w a v e s w e r e

2 . 5 I n p u t

Input to the program can be separated into two sets of records,
first set^ (A)fOnly needs to be specified once and contains the curve
relating fetch to wind duration, tolerance requirements.

T h e

n u m b e r o f i t e r a t i o n s ,
processing options, shoreline azimu h, wave statistics requests and site
name and site location. The second set of records,
informat ion on al l s torms to be processed,
b e p r o c e s s e d i n o n e

( B ) , c o n t a i n s t h e w i n d
T h e n u m b e r o f s t o r m s t h a t c a n

run is unlimited but each storm is processed individually.

Va r i a b l e s To B e S p e c i fi e d F o r S e t A

I F E T ( I ) a r r a y o f f e t c h e s i n a z i m u t h i n c r e m e n t s o f 1 0

T O L R t o l e r a n c e

m a x i m u m n u m b e r o f i t e r a t i o n sN I T

I F R A N u s e d t o s e l e c t o p t i o n s ( e x p l a i n e d l a t e r )

a z i m u t h o f n o r m a l t o s h o r e l i n eS H A Z

a r r a y o f h e i g h t s f o r w a v e s t a t i s t i c s ( m a x = 5 )N H F R

H F R ( I ) a r r a y o f h e i g h t s f o r w a v e s t a t i s t i c s ( m a x = 5 )

S I T E ( I ) s i t e n a m e a n d l o c a t i o n

All the variable names defined above with the exception of
HFR, are specified in the first record through afree format statement under
the generic name of FETS. The array (IFET 1) includes the values of all the
fetches in nautical miles, starting at an azimuth of zero with increments of
10 up to 360. Care must be exercised so that the array contains azero for
all those directions along which there is no over-lake fetch.
TOLR and SHAZ must be specified in real form (F) and NIT and IFRAN in integer
for (I). IFRAN only controls the computation and output of statistical infor¬
mation, and must be made equal to one if such computations are desired.

N H F R a n d

T h e v a l u e s o f

A n y



- 9 -

o t h e r v a l u e w i l l s k i p t h i s f e a t u r e .
u s e d .

F o r p r a c t i c a l r e a s o n s z e r o s h o u l d b e
I f I F R A N i s m a d e e q u a l t o o i i e , t h e n e x t r e c o r d ( A 2 ) m u s t c o n t a i n N H F R

a n d c o r r e s p o n d i n g v a l u e s o f H F R . T h e s e u s e a fi x e d f o r m a t . I f I F R A N i s
d i f f e r e n t t h a n o n e , r e c o r d A 2 s h o u l d b e l e f t b l a n k b u t n o t o m i t t e d .
A3 is an alphabetic mode (A) and contains information about the site being
investigated. This information wil l be printed as aheading at the start of
e a c h s t o r m . I t m u s t b e c o n t a i n e d w i t h i n a l e n g t h o f 3 6 c h a r a c t e r s l e f t - j u s t -
t i fi e d .

R e c o r d

The second set of records^ (B), contains the information about al l storms
t o b e a n a l y z e d . E a c h s t o r m m u s t f o l l o w t h e s a m e f o r m a t a n d m u s t h a v e d a t a
f o r t h e f o l l o w i n g v a r i a b l e s .

Va r i a b l e s To B e S p e c i fi e d F o r S e t B

I D l d a y t h e s t o m s t a r t e d ( 1 2 )

I D 3 d a y t h e s t o r m fi n i s h e d ( 1 2 )

M T m o n t h t h e s t o r m o c c u r e d ( A 4 )

N D M T = 0 i f m o n t h h a s 3 0 d a y s ( I I )

= 1 i f m o n t h h a s 3 1 d a y s ( I I , ●

l Y R y e a r o f e v e n t ( 1 4 )

I H R O hour o f the day the s torm star ted (0-23) ; (15)

I H R F h o u r t h a t t h e s t o r m e n d e d ( 1 5 )

SITE (I)	: a n y r e l e v a n t n o t e r e g a r d i n g t h e s t o r m a t m o s t
4 4 c h a r a c t e r s ( l l A )

T O L t o l e r a n c e f o r a p a r t i c u l a r s t o r m ,
i t d e f a u l t s t o T O L R ( F 7 . 5 )

I f n o t s p e c i fi e d

K I T maximum number of iterations for aparticular storm.
I f n o t s p e c i fi e d i t d e f a u l t s t o N I T ( 1 4 ) ,

R e c o r d B 2 c a n b e a s l o n g a s 8 c a r d s ,
in knots, and azimuth at every hour,
of the d i rect ions and the array IVEL conta ins a l l the values of the wind
v e l o c i t i e s .

I t s u p p l i e s t h e w i n d v e l o c i t y .
T h e a r r a y I D I R s t o r e s a l l t h e v a l u e s

The input is formatted in groups of 13 hours starting with the
It is very common that the last groupfi r s t h o u r o f r e c o r d e d d a t a ( I H R O ) .

w i l l h a v e l e s s t h a n 1 3 h o u r s o f d a t a , i n w h i c h c a s e t h e r e s t o f t h e r e c o r d
i s l e f t b l a n k . When more than one storm needs to be processed, only the
second set of records (set B2) need be repeated.
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2 . 6 O u t p u t

A t y p i c a l o u t p u t p r i n t o u t i s s h o w n i n F i g . 2 . T h e p r i n t o u t c o n s i s t s o f
t h r e e p a r t s . T h e fi r s t p a r t a t t h e t o p o f F i g . 2 i s g e n e r a l i n f o r m a t i o n
e n d i n g w i t h t h e l i n e w h i c h g i v e s t h e u n i t s f o r t h e s t o r m d a t a . T h e s e c o n d
p a r t , l o c a t e d i n t h e m i d d l e o f t h e p a g e , i s t h e t a b u l a t i o n o f t h e s t o r m d a t a .
P a r t t h r e e , a t t h e b o t t o m o f t h e p a g e , i s a s u m m a r y o f t h e d u r a t i o n o f w a v e s o f
v a r i o u s h e i g h t s .

T h e f o l l o w i n g s t o r m d a t a a r e t a b u l a t e d i n t h e m i d d l e p o r t i o n o f t h e
p r i n t o u t .

T i m e i n h o u r s

D i r e c t i o n s , A z i m u t h s i n d e g r e e s

F e t c h i n n a u t i c a l m i l e s

W i n d v e l o c i t y i n k n o t s

D e e p w a t e r w a v e h e i g h t i n f e e tH O :

HB:	 B r e a k e r h e i g h t i n f e e t

TO:	 Wa v e p e r i o d i n s e c o n d s

T h e s t o r m d a t a a n d t h e r e s u l t i n g w a v e c h a r a c t e r i s t i c s a r e t a b u l a t e d f o r
e v e r y h o u r f o r 2 4 - h o u r p e r i o d s . T h e h o u r o f t h e d a y i s g i v e n b y t h e fi r s t
l i n e o f d a t a l a b e l e d " T I M E " o n t h e l e f t m o s t c o l u m n . I n F i g . 2 t h e s t o r m s t a r t e d
a t n o o n ( 1 2 0 0 h r s ) o n J a n u a r y 1 , 1 9 7 8 a n d e n d e d a t 6 : 0 0 p . m , ( 1 8 0 0 h r s . ) o n
J a n u a r y 3 . T h e r o w s l a b e l e d " TO L C H E C K " a r e u s e d t o w a r n t h e u s e r w h e n e v e r
t h e m a x i m u m n u m b e r o f i t e r a t i o n s w a s r e a c h e d w i t h o u t s a t i s f y i n g t h e t o l e r a n c e
r e q u i r e m e n t s . I f * 2 a p p e a r e d i n t h i s l i n e i t w o u l d i n d i c a t e t h a t t h e p r o b l e m
o c c u r r e d d u r i n g t h e c o m p u t a t i o n o f a n e w v a l u e o f t h e p a r a m e t e r Z f r o m a
v a l u e o f t h e e q u i v a l e n t d u r a t i o n g r e a t e r t h a n z e r o . A n a s t e r i s k f o l l o w e d
b y a o n e ( * 1 ) w o u l d i n d i c a t e t h a t t h e p r o b l e m o c c u r r e d w h i l e c o m p u t i n g Z
f r o m a v a l u e o f t h e e q u i v a l e n t d u r a t i o n e q u a l t o z e r o .

F i n a l l y, a t t h e b o t t o m o f t h e p r i n t o u t , s t a t i s t i c s a r e p r i n t e d g i v i n g
t h e d u r a t i o n s i n h o u r s d u r i n g w h i c h t h e b r e a k i n g w a v e s w e r e l a r g e r t h a n t h e
heights specified in record A2. In the example shown in F ig. 2- the breaking
w a v e s w e r e l a r g e r t h a n 4 f t . o n f o u r o c c a s i o n s l a s t i n g 1 0 , 9 , 1 a n d 2 h o u r s
r e s p e c t i v e l y. A l s o t h e b r e a k e r w a s l a r g e r t h a n 6 f t . d u r i n g o n e p e r i o d o f
7 h o u r s . N o t e t h a t t h e m o s t s e v e r e w a v e a c t i o n o c c u r r e d o n t h e fi r s t d a y
(January 1) at 10:00 p.m. (2200 hours) when the breaker reached 7.7 ft . with
a p e r i o d o f 6 . 1 s e c s .

3 . 0 W A V E C O N D I T I O N S A T T H E D E M O N S T R A T I O N S I T E S

The principal purpose of the computer program described in the previous
s e c t i o n w a s t o d e t e r m i n e t h e w a v e c o n d i t i o n s a t t h e 1 8 d e m o n s t r a t i o n s i t e s
w h i c h h a v e b e e n c o n s t r u c t e d i n t h i s p r o j e c t . T h i s s e c t i o n p r o v i d e s t h e r e s u l t s
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S I T E :
S T O R M D A T E :

T O L E R A N C E : 0 . 1 0 0 0 E 0 0
I T E R A T I O N S :

l O B M A L A Z I M U T H : 3 1 0 .

TIHE(.̂BaS.’

MICHIANA f . STEVENSVILLE
1 - 3 J A N 1 9 7 8

2 0

);DIREC.(DEG.AZ.);FETCH(NT. ML.) ;VELOC. (KNTS.) ;H0(FT.) ;HB{PT.) ;T0(SBCS.)
100	 200	 300 QOO 500	 600	 700TIME	 0

OIBEC	 0
F E T C H 0 .
T E L O C 0 ,

H O 0 . 0
H B 0 . 0
T O 0 . 0

800	 900	 1000	 1100	 1200	 1300	 1400	 1500	 1600	 1700 1800 1900 2000 2100 2200	2300
<>	 0	 0	 0	 380	 360	 340	 340	 340	 340

0.	 0.	 0.	 0.	 213.	 213.	 128.	 128.	 128.	 128.
0.	 0.	 0.	 0.	 17.	 16.	 23.	 26.	 19.	 26.

0.0	 0.0	 0.0	 0.0	 1.4	 1.9	 2.9	 4.0	 4.3	 5.0
0.0	 0.0	 0.0	 0.0	 1.2	 1.7	 2.8	 3.9	 4.1	 4.9
0.0	 0.0	 0.0	 0.0	 2.5	 3.0	 3-7	 4.3	 4.6	 4.9

0 0 0 0 0 0 0
320	 320	 300	 300	 310	 310
72.	 72.	 56.	 56.	 62.	 62.
26.	 26.	 ^6.	 26.	 26.	 23.
5.7	 6,3	 6.7	 7.2	 7.6	 6.6
5.7	 6.3	 6.7	 7.3	 7.7	 6.7
5,2	 5.5	 5.7	 5.9	 6.1	 5.7

0.	 0.	 0.
0 . 0 . 0 .

0.0	 0.0	 0.0
0.0	 0.0	 0.0
0.0	 0.0	 0.0

0 . 0.	 0.	 0.
0.	 0.	 0.

0.0	 0.0	 0.0
0.0	 0.0	 0.0
0.0	 0.0	 0.0

0 .
0 . 0
0 . 0
0 . 0

T O L .
C H E C H

T I M E
O I B E C 3 0 0
F E T C H 5 6 .
T E L O C 2 3 .

H O 6 . 4
H B 6 . 4
T O 5 . 6

0 100	 200	 300
300	 270	 260
56.	 37.	 33.
23.	 23.	 26.
6.4	 2.1	 3.4
6.4	 2.0	 2.9
5.6	 3.1	 3-9

4 0 0 500	 600	 700
250	 240	 240
31.	 25.	 25.
26.	 24.	 20.
4.9	 4.9	 3.9
3.8	 3. 3	 2.6
4.8	 4.9	 4.3

^	 ^ 5 0 0 1 6 0 0 1 7 0 0 1 8 0 0 1 9 0 0 2 0 0 0 2 1 0 0 2 2 0 0 2 3 0 0
240	 190	 220	 240	 270	 270	 270	 260	 270	 270
25.	 0.	 0.	 25.	 37.	 37.	 37.	 33.	 37.	 37.	 33.	 37.
26.	 20.	 20.	 14.	 26.	 24.	 24.	 23.	 20.	 20.	 23.	 20.
4.7	 3.8	 2.6	 2.4	 2.5	 3.4	 4.2	 4.7	 4.5	 4.5	 5.0	 4,5
3. 2	 2.6	 1.8	 1.6	 2.3	 3.2	 3.9	 4.1	 4.2	 4.2
4. 7	 4.2	 3.4	 3.4	 3.3	 4.0	 4.4	 4.7	 4.7	 4.7

8 0 0
2 6 0

260	 270	 270	 280	 28Qr	 270
37.	 41.	 41.	 37.
21.	 20.	 21.	 20.
4.9	 4.6	 5.0	 4.5

4.3	 4.2	 4.5	 4.5	 4.8	 4.2
4.9	 4.7	 4.8	 4.7	 4.9	 4.7

I3 3 .
2 4 .
4 . 1 I
3 . 6
4 . 4

T O L .
C H E C K

T I M E
D I R E C 2 7 0
F E T C H 3 7 .
T E L O C 1 9 . -

H O 4 . 2
H B 3 . 9
T O 4 . 5

0 100	 200	 300
270	 270	 270
37.	 37-	 37.
19.	 19.	 76.
4.2	 4.2	 3.5
3.9	 3.9	 3.2
4.5	 4.5	 4.1

4 0 0 500	 600	 700
270	 270	 300
17-	 37.	 56.
19.	 19-	 14.
4.1	 4.2	 0.0
3. 8	 3. 9	 0.0
4.5	 4.5	 0.0

8 0 0 900	 1000	 1100	 1200	 1300	 1400	 1500	 1600	 1700	 1800	 1900 2000 2100 2200
300	 300	 290	 300	 280	 280	 280	 240	 260	 230	 180
56.	 56.	 49.	 56.	 4i.	 -I.	 41.	 25.	 33.
20.	 20.	 24.	 24.	 17.	 20.	 20.	 16.	 14.	 14.
1.7	 2.5	 3.4	 4. 1	 3.9	 4.2	 4.5	 1.3	 1.6	 1.2
1.7	 2.5	 3.4	 4.2	 3.7	 4.1	 4.4	 0,9	 1.4	 1.1
2.8	 3.4	 4.0	 4.4	 4. 3	 4.5	 4.7	 2.4	 2.9	 2.4

2 3 0 0
0	 0	 0	 0	 0

0* 0.	 0.	 0.	 0.	 0.	 0.
14.	 0.	 0.	 0.	 0.	 0.
0.4	 0.0	 0.0	 0.0	 0.0	 0.0
0.3	 0.0	 0.0	 0.0	 0.0	 0.0
1.3	 0.0	 0.0	 0.0	 0.0	 0.0

2 7 0
1 7 .
1 9 .
3 . 8
3 . 6
4 . 3

T O L .
C H E C K

ROBATION PERIODS IN HRS. DURING WHICH BREAKING
HATES HERE LARGER THAN. . . .
H(FT. | nURATIOHS (HRS. )

10.	 9,	 1,	 2,	 0,

7,	 0,

4 . 0

6 . 0

8 . 0 0 .

1 0 . 0 0 ,

1 2 . 0 0 ,
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for the four year period which began with October 1974 and continued through
November 1978. The summer months, June, July and August, are not included
because wind data are not ava i lab le . For tunate ly, major s torms occur less
frecjuently during these months than during other months,
h a v e b e e n f u l l y d e s c r i b e d i n e a r l i e r r e p o r t s ( 1 , 2 , 3 , 4 ) .
the period 1947-1976 were prepared previously (4) but the early storms were
re-analyzed to take advantage of the greater accuracy that could be achieved
with the computer analysis. The wind data were compiled from hourly reports
f rom 13 weather s ta t ions. The data were ad justed accord ing to the overa l l
weather maps fo r tha t day and mod ified by a land- to - lake cor rec t ion fo r the
w i n d v e l o c i t y ,
o v e r t h e e n t i r e f e t c h .

T h e p r o j e c t s
W a v e h i s t o r i e s f o r

T h e r e c o r d s d o n o t a c c u r a t e l y d e fi n e t h e a v e r a g e v e l o c i t y
H o w e v e r , w e b e l i e v e t h e e s t i m a t e d w a v e h e i g h t s g i v e

agood p i c tu re o f t he wave h i s to ry a t t he va r i ous s i t es .

The results of hindcasting analysis were summarized and are presented
in Table 2. Shown in the tab le are the to ta l number of hours of repor ted
s t o r m a c t i o n , t h e n u m b e r o f s t o r m s a v a i l a b l e f o r e a c h s i t e , a n d t h e n u m b e r
of hours during which the height of the breaking waves was larger than 4,
6 , 8 , 1 0 , a n d 1 2 f t . r e s p e c t i v e l y .

N o t e t h a t t h e P e r e M a r q u e t t e s i t e o n t h e M i c h i g a n w e s t c o a s t s u f f e r e d
the heav iest wave act ion. Th is can be expected s ince th is s i td is exposed
t o l o n g s o u t h w e s t a n d n o r t h w e s t f e t c h e s , a n d l a c k s a n y k i n d o f n a t u r a l p r o ¬
tect ion. The s i tes at Char les Mears State Park and Ludington State Park
which are in the same area as Pere Marquette are protected by Litt le Sable
Point and Big Sable Point respect ively ahd therefore are subjected to some¬
w h a t m i l d e r a t t a c k .

A n a n a l o g o u s o b s e r v a t i o n c a n b e m a d e f o r t h e s i t e s a t S t e v e n s v i l l e
and Michiana. These sites are neeir to each other and therefore one might
assume they are subjected to the same storm conditions. However, Table 2
s h o w s t h a t t h e S t e v e n s v i l l e s i t e w a s s u b j e c t e d t o o v e r 2 0 0 m o r e h o u r s o f
w a v e s l a r g e r t h a n 4 f e e t t h a n t h e s i t e a t M i c h i a n a . T h i s o c c u r r e d b e c a u s e
t h e S t e v e n s v i l l e s i t e i s e x p o s e d t o l o n g e r f e t c h e s i n t h e d i r e c t i o n o f t h e
p r e v a i l i n g w e s t e r l y w i n d s t h a n t h e M i c h i a n a s i t e a n d a l s o b e c a u s e a t t h e
S t e v e n s v i l l e s i t e t h e w a v e s f r o m t h e w e s t r e a c h t h e b r e a k i n g p o i n t w i t h

l e s s r e f r a c t i o n t h a n a t t h e M i c h i a n a s i t e .

T h e L a k e p o r t a n d S a n i l a c s i t e s a r e a l s o c l o s e t o g e t h e r n e a r t h e s o u t h e r n
e n d o f L a k e H u r o n , H o w e v e r , t h e w a v e c l i m a t e i s m o r e s e v e r e a t t h e S a n i l a c
s i t e s b e c a u s e t h e f e t c h e s f r o m t h e s o u t h w e s t a r e c o n s i d e r a b l y s h o r t e r a t
L a k e p o r t . T h e d u r a t i o n o f s t o r m w a v e s a t b o t h o f t h e s e l o c a t i o n s i s v e r y
m u c h s m a l l e r t h a n a t t h e L a k e M i c h i g a n s i t e s b e c a u s e e a s t e r l y w i n d s a r e m u c h
l e s s f r e q u e n t t h a n w e s t e r l y w i n d s .

B r e v o r t , a l t h o u g h l o c a t e d o n t h e n o r t h e r n s h o r e o f L a k e M i c h i g a n , h a s
t h e l o w e s t r a t i o o f w a v e s l a r g e r t h a n 4 f t . t o t h e n u m b e r o f h o u r s o f s t o r m
a c t i o n . T h i s o c c u r s b e c a u s e t h e s i t e i s w e l l s h i e l d e d f r o m m o s t s o u t h e r n
s t o r m s b y t h e s h o a l s t h a t e x t e n d w e s t a n d b y t h e g r o u p o f i s l a n d s a n d s h o a l s
t h a t s u r r o u n d B e a v e r I s l a n d .
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I n t h e Ta w a s r e g i o n t h e r e a r e t h r e e e x p e r i m e n t a l s i t e s , Ta w a s P o i n t ,
E a s t Ta w a s a n d Ta w a s C i t y . O f t h e s e t h r e e s i t e s o n l y t h e o n e a t Ta w a s
P o i n t ( C o a s t G u a r d S t a t i o n ) i s l o c a t e d o u t s i d e o f Ta w a s B a y. T h e w a v e s a t
Ta w a s P o i n t a r e g i v e n i n Ta b l e 2 . T h e o t h e r t w o s i t e s a r e s i g n i fi c a n t l y
pro tec ted by the bay. For waves approach ing d i rec t ly f rom the east , the
d i f f r a c t i o n c o e f fi c i e n t f o r E a s t T a w a s i s = . 0 6 a n d f o r T a w a s C i t y i s
K ( j = . 11 . T h i s s e v e r e d i f f r a c t i o n p l u s r e f r a c t i o n a n d b o t t o m f r i c t i o n r e ¬
duce the damage potential from waves coming from the east to negligible
l e v e l s . I t w o u l d a p p e a r t h a t w a v e s c o m i n g d i r e c t l y f r o m t h e s o u t h c o u l d
have the most damage potential for the East Tawas and Tawas City sites
b e c a u s e t h e d i f f r a c t i o n c o e f fi c i e n t s a r e 1 . 1 0 a n d 1 . 0 r e s p e c t i v e l y , a n d
t h e r e f r a c t i o n c o e f fi c i e n t s a r e a b o u t 0 . 7 0 . H o w e v e r , t h e f e t c h f r o m t h i s
d i rect ion is on ly about 25 naut ica l mi les and the average depth is on ly
c i b o u t 2 0 f t . I n a d d i t i o n , t h e C h c i r i t y I s l a n d s a n d P o i n t L o o k o u t a r e l o c a t e d
about midway on the fetch and provide some protection. At present MESH is
not programed to estimate wave growth in shallow water, but by using the
chcirts of reference (10), the wave height caused by 20 knot winds at this
l o c a t i o n i s e s t i m a t e d t o b e b e t w e e n 2 t o 3 f t
3 . 5 s e c o n d s ,

re f ract ion and damping are brought in to the fina l p ic ture , the waves coming
from the south are great ly reduced before reaching the exper imenta l s i tes
l o c a t e d i n s i d e Ta w a s B a y.

w i t h a w a v e p e r i o d o f a b o u t
Therefore, i t can be safely assumed that when the influence of

● r

T h e a m o u n t o f i n f o r m a t i o n a v a i l a b l e f o r t h e s i t e a t L i t t l e G i r l s P o i n t
is very smal l , perhaps due to an absence of any s ignificant storms dur ing
t h e p e r i o d c o v e r e d b y t h i s s t u d y. I t s h o u l d b e n o t e d t h a t t h i s s i t e i s w e l l
shielded from storms approaching from the west by the group of is lands off
the coast o f Point Detour, Wisconsin. Storms f rom the nor th and the nor th¬
east have considerably greater damage potent ia l , but no large storms f rom
these di rect ions have been reported. Waves f rom the north would reach th is
s i t e a f t e r m i n o r r e f r a c t i o n , b u t w a v e s f r o m t h e n o r t h e a s t w o u l d u n d e r g o a
s u b s t a n t i a l a m o u n t o f r e f r a c t i o n , a l t h o u g h t h e l a t t e r c o u l d s t i l l b e a s o u r c e
of h igh waves due to a fe tch o f over 160 naut ica l mi les .

The las t s i te inves t iga ted i s the one loca ted in Whi tefish Bay (Parad ise)
"Vrtiere only 3-storms were reported. These stoims had 4lirections -from the
northeast and southeast , which caused the fetch reaches to be confined wi th in
the Bay. As a resu l t , no ma jo r su r f ac t i on a t t he expe r imen ta l s i t e was
r e c o r d e d .

4.0 SUMMARY AND CONCLUSIONS

Dur ing 1978-79 , the las t yea r o f ap ro jec t to eva lua te l ow-cos t sho re
protection, we determined the wave history of eighteen field installations
for the period October 1974 through November 1978. This was done by estimating
w i n d o v e r t h e l a k e s f r o m w i n d o b s e r v a t i o n s o n l a n d . T h e d e e p w a t e r w a v e
he igh ts and per iods were then es t imated f rom the lake w ind . F ina l l y, the
effects of shoaling and refraction were considered at each location in order
to est imate the number o f hours o f breaker he ights o f var ious s izes. These
computa t ions were fac i l i t a ted by deve lop ing acompute r a lgo r i thm fo r the
so lu t ion o f the Sverdrup-Munk-Bretschneider equat ions re la t ing ●deepwater
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w a v e h e i g h t s a n d p e r i o d s t o t h e w i ; d p a r a m e t e r s ,
o f c o m p u t i n g p r o c e d u r e a n d t h e c o m p u t e r o u t p u t i s p r e s e n t e d i n t h i s r e p o r t .

A d e t a i l e d d e s c r i p t i o n

W a v e h i s t o r i e s w e r e d e v e l o p e d f o r t h e d e m o n s t r a t i o n s i t e s f o r t h e f o u r
y e a r p e r i o d 1 9 7 4 - 1 9 7 8 « A s s h o w n i n Ta b l e 2 t h e s i x s i t e s o n L a k e M i c h i g a n
w h i c h f a c e t o t h e w e s t w e r e s u b j e c t e d t o b r e a k i n g w a v e s o f f o u r f e e t o r
g r e a t e r f o r 7 0 0 t o 1 0 0 0 h o u r s . F o r a b o u t o n e t h i r d o f t h a t t i m e , w a v e s w e r e
s i x f e e t o r g r e a t e r . T h e s i t e s o n L a k e H u r o n w h i c h f a c e t o t h e e a s t w e r e
s u b j e c t e d t o o n l y a b o u t 1 0 0 h o u r s o f f o u r - f o o t w a v e s . T h e d i f f e r e n c e i s
d u e t o t h e p r e v a l e n c e o f w e s t e r l y w i n d s i n t h e G r e a t L a k e s r e g i o n .

A l t o g e t h e r , t h e p r o t e c t i v e s t r u c t u r e s w e r e o b s e r v e d f o r s i x y e a r s .
A l t h o u g h t h i s i s n o t a s u f fi c i e n t p e r i o d t o m a k e a n e c o n o m i c f e a s i b i l i t y
e v a l u a t i o n , i t p r o v i d e d s o m e v a l u a b l e i n f o r m a t i o n o n t h e v a r i o u s t y p e s o f
p r o t e c t i o n i n s t a l l e d , e s p e c i a l l y o n p r o c e d u r e s w h i c h d i s p l a y e d w e a k n e s s e s .
I n d e e d , e v e n t h e s h o r t e r p e r i o d s o f w a v e a c t i o n o n t h e L a k e H u r o n s i t e s
c o m p a r e d w i t h t h e L a k e M i c h i g a n s i t e s p r o d u c e d s e v e r a l f a i l u r e s ,
s p e c i fi c c o n c l u s i o n s a r e g i v e n i n t h e f o l l o w i n g p a r a g r a p h s .

S o m e

S a n d n o u r i s h m e n t h a s b e e n v e r y e f f e c t i v e a t Ta w a s C i t y, w h e r e t h e
s a n d w a s p l a c e d b e t w e e n a g r o i n a n d a s h o r t p i e r . H o w e v e r , s a n d p l a c e d
o n t h e o p e n b e a c h a f e w m i l e s t o t h e n o r t h , a t E a s t Ta w a s , w a s q u i c k l y
m o v e d a w a y e v e n t h o u g h t h i s a r e a h a d n o t b e e n e x p o s e d t o l a r g e w a v e s . A
m a s s i v e s a n d fi l l a t M a r q u e t t e i s s t i l l q u i t e e f f e c t i v e a l t h o u g h a b o u t
80 pe r cen t o f t h i s fi l l has been d i sp laced . Th^ i l oss o f sand i s pa r t l y
because the ava i lab le sand had avery la rge percen tage o f mater ia l finer
than the natura l beach mater ia l . Th is beach is sh ie lded to some extent by
f o u r s m a l l i s l a n d s . A t L u d i n g t o n , a n n u a l s a n d fi l l a l o n g w i t h t w o s t e e l
g ro ins have p rov ided p ro tec t i on i n ave ry h igh ene rgy l oca t i on .

O u r p a i r o f g r o i n s i n a h i g h e n e r g y l o c a t i o n ( S t e v e n s v i l l e ) h a s c r e a t e d
ap ro tec t i ve beach wh ich has been qu i te e f fec t i ve . One o f t he g ro ins ,
cons t ruc ted o f wood shee t i ng , has rema ined i n tac t . The o the r, cons i s t i ng
of two 40 inch Longard tubes, has set t led considerably and has suffered
s o m e d a m a g e . T h e s y s t e m o f s i x g r o i n s a t S a n i l a c , S e c . 2 6 , h a s c o l l e c t e d
beach mater ia l . One gro in , cons t ruc ted o f aspha l t and s tone , has su f fe red
some damage and also agroin which was constructed of sand-fil led bags
has suffered considerable damage even though there have been only 23 hours
of waves as large as s ix feet . One of the two steel gro ins used along
with sand nourishment at Ludington was severely damaged and required partial
rep lacement . The mos t sa t i s fac to ry t ype o f g ro in cons t ruc t ion has been
wood sheet ing re in forced wi th wooden p i les and ahor izonta l wa le .

R u b b l e r e v e t m e n t s h a v e p r o v i d e d e x c e l l e n t p r o t e c t i o n a t t h r e e l o c a t i o n s
despite the small stone used; small stone kept down the cost. In each case,
afoundation layer of smaller stones was used and the toe was protected by
atrench filled with stones. The revetment at Eagle Harbor on Lake Superior
was subjected to 76 hours of waves having breaker heights of six feet or more.
The other two, at Tawas Point and Whitefish Bay, have been subjected to s ix- foot
waves for on ly 23 and 12 hours, respect ive ly. The revetment a t Whi tefish Bay
contains wooden groins extending landward from the revetment to |>rotect the
fil l which was used to reclaim the park space which had been lost to erosion.
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An offshore breakwater at Pere Marquet te fa i led dur ing large storms.
I t w a s c o n s t r u c t e d o f o n e - f o o t t h i c k c o n c r e t e v e r t i c a l z i g - z a g w a l l s p l a c e d
on the sand bottom. The breakwater was undermined by excessive turbulence
at the face o f the wa l l caus ing i t to se t t le and break in p laces so tha t
i t s c r e s t s u n k t o t h e s t i l l w a t e r l e v e l o r s l i g h t l y b e l o w i t . T h e o v e r ¬
topping waves were then able to attack the bluff and cause rapid erosion.

A n u m b e r o f s t r u c t u r e s w e r e o f t h e m a s s i v e t y p e w h i c h r e s t o n t h e b o t t o m
and der i ve the i r s t reng th f rom the i r own we igh t . Bes ides the o f f shore wa l l
d iscussed above, these structures were sand-fil led tubes or bags which were
used for toe pro tec t ion and in gro ins and gab ions. In order to ach ieve low
c o s t , t h e s e s t r u c t u r e s w e r e p l a c e d o n t h e b o t t o m w i t h o u t a f o u n d a t i o n o r t o e
p ro tec t i on . As a resu l t t hey have se t t l ed due t o unde rm in i ng o r have f a i l ed
b y s l i d i n g . T h e s l i d i n g w a s g r e a t e s t f o r d e v i c e s w h i c h w e r e m a d e o f s m o o t h
f a b r i c o r r e s t e d o n a f a b r i c s u r f a c e .
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