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1 

1 . INTRODUCTION W.W. M a s s i e 

T h i s second vo lume o f t h e s e r i e s on c o a s t a l e n g i n e e r i n g i s i n 

t e n d e d as an a m p l i f i c a t i o n o f c e r t a i n t o p i c s m e n t i o n e d i n vo lume I . 

The o r g a n i z a t i o n i s much t h e same as i n t h e f i r s t b o o k ; two o f t h e 

f o u r ma in t o p i c c a t e g o r i e s g e t emphas is h e r e ; h a r b o r s and c o a s t a l 

m o r p h o l o g y . 

Backg round m a t e r i a l r e l a t e d t o r a d i a t i o n s t r e s s i s i n t r o d u c e d 

b r i e f l y i n c h a p t e r 9 . O t h e r w i s e , b a c k g r o u n d i n f o r m a t i o n i s d rawn f r o m 

t h e f i r s t v o l u m e . 

A g a i n i n t h i s v o l u m e , we use an A m e r i c a n r a t h e r t h a n E n g l i s h 

s p e l l i n g and t h e more d i f f i c u l t t e c h n i c a l wo rds a r e a l s o i n c l u d e d i n 

t h e s e p a r a t e l y a v a i l a b l e wo rd l i s t . 

F i g u r e s a r e drawn t o s c a l e u n l e s s o t h e r w i s e n o t e d , and we have 

s o u g h t t o use c o n s i s t e n t n o t a t i o n t h r o u g h o u t t h i s v o l u m e , a t l e a s t , 

and as much as p o s s i b l e , t h r o u g h o u t t h e e n t i r e s e t o f n o t e s . 

L i t e r a t u r e r e f e r e n c e s a r e m e n t i o n e d by a u t h o r ' s name and y e a r i n 

t h e t e x t ; a c o m p l e t e l i s t i n g i s i n c l u d e d i n t h e back o f t h e v o l u m e . 

T a b l e s o f s ymbo l s a r e a l s o i n c l u d e d i n t h e back o f t h e v o l u m e . 

The t e c h n i c a l t o p i c s t o be t r e a t e d i n t h i s vo lume a r e b r i e f l y sum 

m a r i z e d i n t h e f o l l o w i n g c h a p t e r o f t h i s b o o k . C o n t r i b u t i n g s t a f f mem

b e r s a r e l i s t e d i n t a b l e 1 . 1 . Those r e s p o n s i b l e f o r t h e t e c h n i c a l a c c u 

r a c y o f each o f t h e c h a p t e r s a r e l i s t e d a t t h e s t a r t o f each c h a p t e r . 

T a b l e 1 .1 C o n t r i b u t o r s t o t h i s v o l u m e . 

P r o f . d r . i r . E.W. B i j k e r , P r o f e s s o r 

I r . J . J . van D i j k , S e n i o r S c i e n t i f i c O f f i c e r 

I r . J . van de G r a a f f , S c i e n t i f i c O f f i c e r 

I r . L . E . van L o o , S e n i o r S c i e n t i f i c O f f i c e r 

W.W. M a s s i e , M S c , P . E . , S e n i o r S c i e n t i f i c O f f i c e r 

J . D . S c h e p e r s , S t u d e n t A s s i s t a n t 

I r . P . J . V i s s e r , S c i e n t i f i c O f f i c e r 

A l l o f t h e above p e r s o n s a r e members o f t h e C o a s t a l E n g i n e e r i n g 

G r o u p , D e l f t U n i v e r s i t y o f T e c h n o l o g y , D e l f t , The N e t h e r l a n d s . 

S e v e r a l examp le c o m p u t a t i o n s a r e p r e s e n t e d i n t h i s b o o k . They a r e 

i n t e n d e d t o i l l u s t r a t e t h e p r o c e s s o f a c o m p u t a t i o n and t h e r e s u l t s 

w h i c h come f r o m i t . The r e a d e r s h o u l d be c a r e f u l n o t t o become t o o i n 

v o l v e d w i t h t h e d e t a i l s o f t h e c o m p u t a t i o n a l p r o c e d u r e s ; t h e s e can be 

q u i c k l y enough " r e - d i s c o v e r e d " 'by anyone h a v i n g a s u f f i c i e n t i n s i g h t . 

The d e v e l o p m e n t o f t h i s i n s i g h t i s t h e o b j e c t i v e o f t h i s b o o k . 
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2 . SURVEY OF TOPICS TREATED W.W. Mass ie 

2 . 1 Pu rpose 

The p u r p o s e o f t h i s vo lume i s t o t r e a t c e r t a i n c o a s t a l e n g i n e e r 

i n g t o p i c s s p e c i f i c a l l y r e l a t e d t o h a r b o r a p p r o a c h e s and t o c o a s t a l 

m o r p h o l o g y . Each o f t h e s e suba reas o f coastal e n g i n e e r i n g i s a d e q u a t e l y 

d e f i n e d i n c h a p t e r 2 o f vo lume I . H a r b o r s and c o a s t a l m o r p h o l o g y a r e 

p r e s e n t e d t o g e t h e r , h e r e , because o f t h e i r s t r o n g i n t e r d e p e n d e n c e . The 

c o n s t r u c t i o n o f a h a r b o r e n t r a n c e , o r even o n l y t h e d r e d g i n g o f an a p 

p r o a c h c h a n n e l , can (and u s u a l l y w i l l ) u p s e t t h e e x i s t i n g b o t t o m m o r 

p h o l o g y i n t h e a r e a - a l o n g t h e c o a s t o r i n t h e c h a n n e l . The d e s i g n e r 

o f an op t imum h a r b o r e n t r a n c e , t h e r e f o r e , must c o n s i d e r b o t h s h i p p i n g 

and m o r p h o l o g i c a l a s p e c t s i n h i s d e s i g n . 

2 . 2 S u b d i v i s i o n 

Even t h o u g h t h e s e t o p i c s a r e s t r o n g l y i n t e r r e l a t e d , an a t t e m p t t o 

s e p a r a t e t h e s u b t o p i c s has been made. The f o l l o w i n g s i x c h a p t e r s d i s 

cuss t h e p r o p e r d i m e n s i o n i n g o f a p p r o a c h c h a n n e l s c o n s i d e r i n g n a v i g a 

t i o n a l a s p e c t s p r i m a r i l y : The f o l l o w i n g f i v e c h a p t e r s p r o v i d e i n f o r m a 

t i o n on t h e movement o f s h i p s and t h e u t i l i z a t i o n o f t h i s i n f o r m a t i o n f o r 

a c h a n n e l d e s i g n . I n c h a p t e r 8 t h e v a r i o u s a s p e c t s o f c h a n n e l d e s i g n 

a r e b r o u g h t t o g e t h e r i n o r d e r t o a t t e m p t t o make an op t imum c h a n n e l 

d e s i g n . M o r p h o l o g i c a l p r o c e s s e s i n v o l v i n g s e d i m e n t movements a l o n g t h e 

c o a s t and i n c h a n n e l s a r e seen t o i n f l u e n c e t h i s op t imum d e s i g n s i g n i 

f i c a n t l y . 

The m e c h a n i c s o f w a t e r movement - l o n g s h o r e c u r r e n t - a l o n g a 

c o a s t i s c a r e f u l l y u n r a v e l e d i n c h a p t e r s 9 t h r o u g h 15 . Beach m a t e r i a l 

movement a l o n g a sandy c o a s t i s t r e a t e d i n c h a p t e r s 17 t h r o u g h 1 9 . The 

b e t t e r s e d i m e n t t r a n s p o r t d e t e r m i n a t i o n s a r e b u i l t up f r o m t h e k n o w l 

edge o f t h e l o n g s h o r e c u r r e n t s t u d i e d i n c h a p t e r 16 . The r e s u l t o f t h e 

s e d i m e n t t r a n s p o r t d e t e r m i n a t i o n i s a r e l a t i v e l y s i m p l e method t o p r e 

d i c t c o a s t l i n e changes p r e s e n t e d i n c h a p t e r 2 0 . T h i s s i m p l e model i s 

r e f i n e d and i m p r o v e d i n c h a p t e r s 21 t h r o u g h 2 3 . 

Two s p e c i f i c a p p l i c a t i o n s o f sand t r a n s p o r t c o n p u t a t i o n s c o n c l u d e 

t h i s v o l u m e . The e v a l u a t i o n o f c o a s t a l d e f e n s e wo rks i s d i s c u s s e d i n 

c h a p t e r 24 and t h e p r e d i c t i o n o f c h a n n e l e r o s i o n and s e d i m e n t a t i o n -

c h a p t e r 25 - c o m p l e t e s t h i s vo lume and c o m p l e t e s a c y c l e back t o h a r 

bo r a p p r o a c h c h a n n e l o p t i m i z a t i o n s d i s c u s s e d i n c h a p t e r 8 . 

Two o t h e r a p p l i c a t i o n s o f s e d i m e n t t r a n s p o r t c o m p u t a t i o n s - p r e 

d i c t i o n o f e r o s i o n nea r o f f s h o r e s t r u c t u r e s and p i p e l i n e s on t h e sea 

bed - a r e c o n s i d e r e d t o be a b i t s p e c i a l i z e d f o r many u s e r s o f t h i s 

b o o k ; d i s c u s s i o n o f t h e s e t o p i c s i s p o s t p o n e d t i l l vo lume I V . 
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W.W. M a s s i e 

3 . 1 I n t r o d u c t i o n 

The d i s p l a c e m e n t s (movements ) o f a s h i p r e l a t i v e t o i t s p o s i t i o n 

when s t a t i o n a r y i n s t i l l w a t e r a r e o f e x t r e m e i m p o r t a n c e i n t h e d e 

s i g n o f a h a r b o r e n t r a n c e . V e r t i c a l r e l a t i v e movements a r e o f i m p o r 

t a n c e f o r c h a n n e l d e p t h d e t e r m i n a t i o n s w h i l e h o r i z o n t a l movements 

a b o u t a g i v e n d e s i r e d c o u r s e l i n e a r e i m p o r t a n t f o r c h a n n e l w i d t h and 

c o l l i s i o n a v o i d a n c e c o n s i d e r a t i o n s . 

3 . 2 V e r t i c a l movements 

V e r t i c a l r e l a t i v e d i s p l a c e m e n t s o f s h i p s can be caused by waves 

b u t may a l s o o c c u r as a r e s u l t o f t h e s h i p ' s f o r w a r d speed i n s t i l l 

w a t e r . T h i s l a t t e r d i s p l a c e m e n t can be s p l i t i n t o two c o m p o n e n t s : 

s q u a t and t r i m w h i l e waves g i v e r i s e t o v e r t i c a l d i s p l a c e m e n t s v i a 

p i t c h , h e a v e , and r o l l . A l l o f t h e s e m o t i o n components a r e d e f i n e d 

and d e s c r i b e d b e l o w . 

S q u a t . 

Squa t i s a u n i f o r m s i n k i n g o f t h e s h i p - an a p p a r e n t i n c r e a s e i n 

d r a f t - r e s u l t i n g f r o m p r e s s u r e changes i n t h e s u r r o u n d i n g w a t e r . As 

t h e s h i p moves f o r w a r d , w a t e r f l o w s i n t h e o p p o s i t e d i r e c t i o n a l o n g 

t h e s h i p f r o m bow t o s t e r n . A p p l y i n g t h e B e r n o u l l i Theorem r e v e a l s 

t h a t t h e p r e s s u r e a t a g i v e n l e v e l i n t h i s r e t u r n f l o w must be l o w e r 

t h a n a t t h e same e l e v a t i o n i n s t i l l w a t e r ; t h e s u r f a c e w a t e r l e v e l 

d r o p s and t h e s h i p s i n k s a l o n g w i t h i t . T h i s phenomonon o c c u r s i n a l l 

w a t e r s , b o t h deep oceans and r e s t r i c t e d c h a n n e l s . I n r e s t r i c t e d c h a n 

n e l s t h e r e t u r n f l o w v e l o c i t y w i l l be r e l a t i v e l y h i g h e r because t h e 

same r e t u r n f l o w vo lume mus t pass t h r o u g h a s m a l l e r c r o s s s e c t i o n ; 

t h e w a t e r l e v e l l o w e r i n g and s q u a t a r e g r e a t e r , t h u s , i n r e s t r i c t e d 

c h a n n e l s . 

T r i m . 

T r i m i s a d i f f e r e n t i a l s i n k i n g o f t h e s t e r n o f a s h i p r e l a t i v e 

t o t h e bow. T h u s , t r i m i s t h e r o t a t i o n o f t h e s h i p a b o u t a h o r i z o n 

t a l c r o s s w i s e (beam) a x i s ; i t r e s u l t s f r o m asymmet ry o f t h e r e t u r n 

f l o w p a t t e r n s a t bow and s t e r n . The a c t i o n o f t h e p r o p e l l e r w i l i n 

c r e a s e t h e e f f e c t i v e r e t u r n f l o w a t t h e s t e r n o f a w e l l s t r e a m l i n e d 

s h i p f o r m such as a c o n t a i n e r s h i p o r f a s t c a r g o v e s s e l ; such s h i p s 

w i l l t r i m w i t h t h e i r s t e r n d e e p e r t h a n t h e bow. B u l k c a r r i e r o r 

l a r g e o i l t a n k e r s , on t h e o t h e r h a n d , have a v e r y h i g h b l o c k c o e f 

f i c i e n t * and t h e b l u n t bow l e a d s t o r e t u r n c u r r e n t c o n c e n t r a t i o n s 

n e a r t h e bow. T h i s r e s u l t s i n a bow-down t r i m . 

* The b l o c k c o e f f i c i e n t i s d e f i n e d as t h e r a t i o o f t h e d i s p l a c e d 

w a t e r vo l ume t o t h e p r o d u c t o f l e n g t h , beam, and d r a f t o f t h e 

s h i p . 
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F i g u r e 3 . 1 shows q u a n t a t i v e r e s u l t s f r o m model t e s t s c a r r i e d 

o u t a t t h e B r i t i s h N a t i o n a l P h y s i c a l L a b o r a t o r y r e p o r t e d i n an 

anonymous a r t i c l e i n t h e J u l y 1974 i s s u e o f The Motor Ship. The 

c u r v e s show kee l c l e a r a n c e s a t t h e bow o f a 300 m l o n g V e r y L a r g e 

Crude C a r r i e r as a f u n c t i o n o f speed and kee l c l e a r a n c e a t z e r o 

s p e e d . 

Wave I n d u c e d M o t i o n s . 

F i g u r e 3 . 2 i l l u s t r a t e s t h e t h r e e wave i n d u c e d v e r t i c a l m o t i o n s 

o f a s h i p . The s c a l e o f t h i s f i g u r e i s d i s t o r t e d i n o r d e r t o c l a r i 

f y t h e i l l u s t r a t i o n . The a c t u a l v e r t i c a l m o t i o n o f some p o i n t on 

t h e s h i p i s d e t e r m i n e d by t h e s u p e r p o s i t i o n o f h e a v i n g , p i t c h i n g , 

and r o l l i n g m o t i o n s . 

The a c t u a l m o t i o n o f t h e s h i p depends upon t h e s i z e o f t h e 

s h i p r e l a t i v e t o t h e w av es . I n p r i n c i p l e , h e a v e , p i t c h and r o l l o f 

a s h i p i n waves can each be c o n s i d e r e d e q u i v a l e n t t o a m a s s - s p r i n g 

dynamic s y s t e m . We remember f r o m d y n a m i c s t h a t such sys tems have a 

n a t u r a l o r r e s o n a n t f r e q u e n c y and a t t h i s f r e q u e n c y t h e d i s p l a c e m e n t s 

can be l a r g e even t h o u g h t h e e x c i t i n g f o r c e s ( w a v e s ) a r e o f s m a l l 

a m p l i t u d e . A r o w b o a t w i l l r e s p o n d much more v i o l e n t l y t o a wave 0 . 5 m 

h i g h w i t h a p e r i o d o f 2 seconds t h a n w i l l a l a r g e b u l k c a r r i e r . I n 

g e n e r a l , t h e s e l a t t e r s h i p s a r e o n l y s l i g h t l y i n f l u e n c e d by head 

s e a s . Beam s e a s , on t h e o t h e r h a n d , can e x c i t e r o l l m o t i o n s w h i c h can 

be o f s i g n i f i c a n c e f o r d e t e r m i n i n g t h e maximum d r a f t r e q u i r e d . T h i s 

r e s u l t s f r o m t h e e x t r e m e w i d t h o f such l a r g e s h i p s . Fo r e x a m p l e , i f a 

l a r g e t a n k e r w i t h 60 m beam r o l l s o n l y 3 ° (a h a r d l y n o t i c a b l e a m o u n t ) 

i t s d r a f t a t one s i d e w i l l i n c r e a s e b y : 

^ s i n 3 ° = 1.6 m ( 3 . 0 1 ) 

3 . 3 H o r i z o n t a l m o t i o n s 

T h r e e h o r i z o n t a l s h i p m o t i o n components caused by waves a r e i l 

l u s t r a t e d i n f i g u r e 3 . 3 . A d d i t i o n a l l y , use o f t h e r u d d e r w h i l e 

s t e a m i n g i n s t i l l w a t e r w i l l c a u s e a s h i p t o y a w , s w a y , and r o l l . 

T h i s l a s t e f f e c t i s most p r o n o u n c e d on l a r g e s h i p s f o r w h i c h t h e 

c e n t e r o f mass i s w e l l above t h e c e n t e r o f l a t e r a l r e s i s t a n c e . The 

c e n t r i p e t a l a c c e l e r a t i o n comb ined w i t h a l a t e r a l h y d r o d y n a m i c r e s i s 

t a n c e cause a r o l l moment. 

H o r i z o n t a l m o t i o n componen ts yaw and sway caused by e i t h e r r u d d e r 

a c t i o n o r waves a r e most i m p o r t a n t f o r d e t e r m i n i n g t h e r e q u i r e d ma

n e u v e r i n g a r e a s and channe l w i d t h s f o r s h i p s u n d e r w a y . S u r g e , s w a y , 

and yaw components a r e i m p o r t a n t f o r m o o r i n g f o r c e s o f s h i p s and r o l l 

can be an a d d i t i o n a l f a c t o r i n l o c a t i n g f e n d e r s on a q u a y . 



3 . 4 E n c o u n t e r f r e q u e n c y 

A s h i p m o v i n g i n t o head waves ( a g a i n s t t h e d i r e c t i o n o f wave 

p r o p a g a t i o n ) w i l l e n c o u n t e r more waves p e r u n i t o f t i m e t h a n w o u l d an 

o b s e r v e r a t a f i x e d p o i n t . I f , on t h e o t h e r h a n d , t h e s h i p were t r a v 

e l l i n g w i t h t h e w a v e s , she w o u l d e n c o u n t e r r e l a t i v e l y f e w e r waves p e r 

u n i t o f t i m e . A more g e n e r a l s i t u a t i o n i s shown i n p l a n i n f i g u r e 3 . 4 . 

A f o r m u l a f o r e n c o u n t e r f r e q u e n c y can be d e r i v e d f r o m t h e f i g u r e v i a 

k i n e m a t i c s : 

Ug = ID ( 1 C O S a] ( 3 . 0 2 ) 

where c i s t h e c e l e r i t y o f t h e w a v e , 

Vg i s t h e v e l o c i t y o f t h e s h i p , 

s t h e a n g l e be tween t h e p o s i t i v e d i r e c t i o n s o f v^ and c , 

s t h e wave f r e q u e n c y , and 

s t h e wave e n c o u n t e r f r e q u e n c y e x p e r i e n c e d by t h e s h i p . 

No te t h a t i n f i g u r e 3 . 4 , a i s more t h a n 90° and t h u s , cos a i s n e g a t i v e . 

The e n c o u n t e r p e r i o d , T g , c a n , o f c o u r s e , be computed f r o m t h e g e n e r a l 

r e l a t i o n : 

( 3 . 0 3 ) 

a 

0) 

e 0,^ 

U s u a l l y , h o w e v e r , dynamic a n a l y s e s a r e done u s i n g f r e q u e n c y as an i n d e 

p e n d e n t p a r a m e t e r . 

Figure 3X 
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3 . 5 D e t e r m i n a t i o n o f m o t i o n s i n waves 

A b o u t 1860 S i r W i l l i a m F r o u d e a n a l y z e d t h e m o t i o n o f s a i l i n g 

w a r s h i p s o f t h a t e ra by assum ing t h a t t h e movement o f t h e s h i p was t h e 

same as t h e a v e r a g e movement o f t h e e q u i v a l e n t vo lume o f w a t e r i n t h e 

u n d i s t u r b e d w a v e . An e q u i v a l e n t f o r m o f h i s a s s u m p t i o n i s t h a t t h e 

p r e s s u r e s e x e r t e d on t h e s h i p ' s h u l l s u r f a c e a r e t h e same as t h o s e a t 

t h e same l o c a t i o n i n an u n d i s t u r b e d wave . Many p r a c t i c a l p r o b l e m s can 

be s o l v e d w i t h a c c e p t a b l e a c c u r a c y u s i n g t h i s s i m p l e and c r u d e assump

t i o n . I f , h o w e v e r , t h e s h i p ' s k e e l c l e a r a n c e i s somewhat r e s t r i c t e d o r 

t h e s h i p i s e s p e c i a l l y l a r g e r e l a t i v e t o t h e wave l e n g t h , t h e n t h e 

d i s t u r b a n c e ( d i f f r a c t i o n ) o f t h e o n - c o m i n g wave by t h e s h i p becomes i n 

c r e a s i n g l y i m p o r t a n t and can no l o n g e r be n e g l e c t e d . 

Naval a r c h i t e c t s have d e v e l o p e d b e t t e r t h e o r e t i c a l mode ls f o r com

p u t i n g s h i p m o t i o n s s i n c e t h e t i m e o f F r o u d e . The s o - c a l l e d s t r i p 

t h e o r y i s o f t e n used f o r c o m p u t i n g heave and p i t c h i n r e g u l a r w a v e s ; 

t h e method i s w e l l documented by C o m s t o c k - e d i t o r ( 1 9 6 7 ) . These l a t e r 

methods make i t p o s s i b l e t o i n c l u d e wave d i f f r a c t i o n e f f e c t s and t h e 

g e n e r a t i o n o f waves by t h e m o v i n g s h i p . 

When t h e m o t i o n components o f a s h i p a r e l i n e a r ( a l l d i r e c t l y 

p r o p o r t i o n a l t o wave h e i g h t ) t h e n i t i s p o s s i b l e t o d e t e r m i n e t h e t o t a l 

r e s p o n s e t o waves by s u p e r p o s i t i o n o f t h e i n d i v i d u a l r e s p o n s e compo

n e n t s . L u c k i l y , most s h i p r e s p o n s e p r o b l e m s can be t r e a t e d w i t h l i n e a r 

mode l s s i n c e t h e s h i p d i m e n s i o n s a r e u s u a l l y l a r g e enough r e l a t i v e t o 

t h e wave l e n g t h - see vo lume I V . 
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The s u p e r p o s i t i o n p r i n c i p l e makes i t p o s s i b l e t o d e t e r m i n e t h e 

r e s p o n s e o f a s h i p t o a s p e c t r u m o f waves u s i n g a r e s p o n s e f u n c t i o n 

m e t h o d ; j u s t as i n many o t h e r p r o b l e m s i n d y n a m i c s . We may remember 

f r o m d y n a m i c s t h a t t h e r e s p o n s e f u n c t i o n s needed t o t r a n s f o r m a f o r c e 

( w a v e ) s p e c t r u m t o a r e s p o n s e ( m o t i o n ) s p e c t r u m can be d e t e r m i n e d by 

s u b j e c t i n g t h e s h i p t o a s e r i e s o f c o n s t a n t f r e q u e n c y e x c i t a t i o n s 

( w a v e s ) . Each wave f r e q u e n c y d e t e r m i n e s a s i n g l e p o i n t i n t h e r e s p o n s e 

f u n c t i o n . I n many cases t h e s e r e s p o n s e s can be c o m p u t e d . They can 

a l w a y s be d e t e r m i n e d v i a model t e s t s , and a r e u s u a l l y o b t a i n e d i n t h e 

l a t t e r way e x c e p t i n deep w a t e r . 

When t h e w a t e r d e p t h becomes l e s s t h a n a b o u t 50 p e r c e n t more t h a n 

t h e s h i p d r a f t , t h e s h i p r e s p o n s e t o a g i v e n wave c o n d i t i o n becomes 

d e p e n d e n t upon t h e a v e r a g e kee l c l e a r a n c e . As t h e kee l c l e a r a n c e b e 

comes s m a l l e r t h e f l o w p a t t e r n a r o u n d t h e s h i p becomes more d i s t u r b e d 

r e l a t i v e t o t h e deep w a t e r c o n d i t i o n s . I n g e n e r a l , t h i s r e s u l t s i n a 

l o w e r r e s p o n s e f u n c t i o n v a l u e f o r b o t h h o r i z o n t a l and v e r t i c a l m o t i o n s ; 

t h e s h i p moves l e s s i n r e s p o n s e t o a g i v e n f o r c e . 

C o m p u t a t i o n o f r e s p o n s e s i n r e a l s h a l l o w w a t e r s i t u a t i o n s becomes 

v e r y d i f f i c u l t ; model t e s t s y i e l d t h e o n l y r e l i a b l e r e s p o n s e d a t a . 

An examp le may make t h i s p r i n c i p l e more c l e a r . F i g u r e 3.5a i l l u s 

t r a t e s a wave r e c o r d and i t s a s s o c i a t e d s p e c t r u m , A ( M ) . I n t h a t f i g 

u r e : 

A^(ra) i s t h e wave e n e r g y d e n s i t y ( r a t e o f change o f wave e n e r g y pe r 

u n i t c r e s t l e n g t h w i t h r e s p e c t t o f r e q u e n c y , 

M i s t h e wave f r e q u e n c y , and 

n i s t h e w a t e r s u r f a c e e l e v a t i o n a t any i n s t a n t o f t i m e . 

I f t h i s s p e c t r u m , A ^ ( Ü ) ) i s g i v e n f o r an o b s e r v e r a t a f i x e d p o i n t -

as i t u s u a l l y i s - i t mus t be r e p l o t t e d w i t h a new h o r i z o n t a l s c a l e 

based upon t h e e n c o u n t e r f r e q u e n c y , u ^ , u s i n g e q u a t i o n 3 . 0 2 , and 

shown i n f i g u r e 3 . 5 b . 

F i g u r e 3 . 5 c shows t h e r e s p o n s e f u n c t i o n R(m) o f a s h i p such as 

c o u l d be d e t e r m i n e d i n a s e r i e s o f model t e s t s u s i n g a s e r i e s o f r e g u 

l a r waves o f v a r i o u s p e r i o d s . 

The r e s u l t i n g s p e c t r u m r e p r e s e n t i n g t h e s h i p m o t i o n shown i n f i g 

u r e 3 . 5 d r e s u l t s f r o m m u l t i p l y i n g o r d i n a t e s o f t h e s p e c t r u m i n f i g u r e 

3 . 5 b w i t h c o r r e s p o n d i n g o r d i n a t e s i n f i g u r e 3 . 5 c . One o f t h e many 

p o s s i b l e s h i p m o t i o n r e g i s t r a t i o n s c o r r e s p o n d i n g t o t h e d e t e r m i n e d 

s p e c t r u m i s a l s o shown. S i n c e t h e e x t r e m e v a l u e s o f t h e o r i g i n a l wave 

s p e c t r u m s a t i s f i e d a R a y l e i g h D i s t r i b u t i o n , t h e e x t r e m e s o f t h e s h i p 

movement , s , can a l s o be e x p e c t e d t o s a t i s f y t h i s d i s t r i b u t i o n . 

Response f u n c t i o n s w i l l be used i n t h e f o l l o w i n g t w o c h a p t e r s t o 

compute s h i p m o t i o n s needed t o d e t e r m i n e c h a n n e l d e p t h s and w i d t h s . 



a.Wave record w i t h spec t rum 

b. Transformed spec t rum 

A n cu) 

c.Response f u n c t i o n 

R (lu) 

d. Resul t ing spec t rum and mot ion 

A,(uj) 

F igure 3 .5 

WAVE AND SHIP SPECTRUM 
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3 . 6 U s e f u l D e f i n i t i o n s and A p p r o x i m a t i o n s 

I t i s o f t e n d e s i r a b l e t o e s t i m a t e a p p r o x i m a t e d i m e n s i o n s o f a 

c e r t a i n s i z e s h i p f o r t h e p u r p o s e o f p r e l i m i n a r y h a r b o r p l a n n i n g . The 

f o l l o w i n g d e f i n i t i o n s and a p p r o x i m a t e r e l a t i o n s h i p s can be handy f o r 

such w o r k ; d e t a i l e d p l a n s mus t be based upon more a c c u r a t e d a t a , how

e v e r . 

The d e a d w e i g h t t o n n a g e (DWT) o f a s h i p i s i t s t o t a l c a p a c i t y t o 

c a r r y c a r g o , s u p p l i e s , and p e o p l e . I t t h u s i n c l u d e s t h e mass o f c r e w , 

p a s s e n g e r s , p r o v i s i o n s , f u e l , w a t e r , movab le f u r n i t u r e and o t h e r 

s u p p l i e s as w e l l as c a r g o . 

The 1 i g h t w e i g h t t o n n a g e o f a s h i p i n c l u d e s t h e mass o f t h e s h i p 

a l o n e i n a t o t a l l y empty c o n d i t i o n - a l l s t o r a g e spaces emp ty . 

The d i s p l a c e m e n t o f a s h i p i s t h e mass o f w a t e r d i s p l a c e d by t h e 

s h i p . S i n c e A r c h i m e d e s P r i n c i p l e a p p l i e s t o f l o a t i n g b o d i e s , t h i s 

d i s p l a c e m e n t i s a l s o equa l t o t h e t o t a l mass o f t h e l o a d e d s h i p : 

t h e sum o f l i g h t w e i g h t and d e a d w e i g h t . 

F u r t h e r t h e f o l l o w i n g r e l a t i o n s h i p h o l d s : 

D i s p l a c e m e n t = p Cg L B D ( 3 . 0 4 ) 

w h e r e , B i s t h e s h i p beam ( w i d t h ) , 

Cn i s a so c a l l e d b l o c k c o e f f i c i e n t , 
ts 

D i s t h e s h i p d r a f t , 

L i s t h e s h i p l e n g t h , and 

p i s t h e mass d e n s i t y o f w a t e r . 

Normal b l o c k c o e f f i c i e n t v a l u e s f o r c o m m e r c i a l s h i p s r a n g e f r o m a b o u t 

0 . 4 f o r a f a s t d e s t r o y e r t o n e a r l y 0 . 9 f o r a s u p e r t a n k e r . 

The g r o s s r e g i s t e r t o n n a g e o f a s h i p i s a measure o f i t s i n t e r n a l 

vo lume - w i t h c e r t a i n e x c e p t i o n s , see f o r examp le Baker ( 1 9 5 3 ) - mea

s u r e d i n u n i t s o f 100 c u b i c f e e t ( 2 . 8 3 m'^). 

The n e t r e g i s t e r t o n n a g e o f a s h i p i s a measure o f t h e vo lume 

a v a i l a b l e f o r c a r r y i n g r e v e n u e - e a r n i n g c a r g o . A g a i n , 100 c u b i c f e e t i s 

t h e u n i t o f vo l ume u s e d . No te t h a t n e i t h e r o f t h e r e g i s t e r t o n n a g e s 

j u s t d e s c r i b e d a r e a c t u a l m a s s e s ; t h e y a r e a c t u a l l y vo lume m e a s u r e 

ments . 

For mos t s h i p s t h e DWT i s a b o u t 1.5 t i m e s t h e g r o s s r e g i s t e r 

t o n n a g e and a b o u t t w i c e t h e g r o s s r e g i s t e r t o n n a g e f o r v e r y l a r g e c r u d e 

c a r r i e r s (VLCC) . These r e l a t i o n s h i p s a r e d i m e n s i o n a l l y i n c o n s i s t e n t and 

a r e v a l i d f o r DWT i n m e t r i c t o n s and r e g i s t e r t o n n a g e s i n t h e u s u a l 

u n i t s . 

U s u a l l y t h e d i s p l a c e m e n t o f a f u l l y l o a d e d s h i p i s a b o u t 1.3 t o 

1.4 t i m e s i t s DWT. F u r t h e r , t h e g r o s s r e g i s t e r t o n n a g e v a r i e s f r o m 1.7 

( f o r f r e i g h t e r s ) t o 1.3 ( f o r VLCC) t i m e s t h e n e t r e g i s t e r t o n n a g e . 

Fo r mos t f r e i g h t e r s , t h e r a t i o o f l e n g t h t o beam v a r i e s be tween 5 

and 8 . H i g h e r r a t i o s a r e u s u a l l y f o u n d on t h e f a s t e r s h i p s . The r a t i o 

o f beam t o d r a f t i s u s u a l l y a b o u t 2 . D r a f t r e s t r i c t i o n s o f v e r y l a r g e 

s h i p s , h o w e v e r , r e s u l t i n a somewhat h i g h e r r a t i o v a l u e ; f o r t h e m , a 

r a t i o n e a r e r t o 3 i s common. 
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3 . 7 Example 

The i n f o r m a t i o n i n t h e p r e v i o u s s e c t i o n can be used t o e s t i m a t e 

t h e d i m e n s i o n s o f a s h i p . E s t i m a t e , f o r e x a m p l e , t h e d r a f t o f a 

2 5 0 . 0 0 0 DWT t a n k e r . 

The d i s p l a c e m e n t i s a b o u t 1.3 t i m e s DWT. 

D i s p l a c e m e n t = 1.3 x 2 5 0 . 0 0 0 = 3 2 5 . 0 0 0 t o n s . ( 3 . 0 5 ) 

The b l o c k c o e f f i c i e n t i s chosen as a b o u t 0 . 9 . S i n c e t h e s h i p w i l l 

be d r a f t l i m i t e d , t h e beam w i l l be a b o u t 3 t i m e s t h e d r a f t : 

T a n k e r s a r e n o t f a s t s h i p s ; t h e i r beam i s , t h u s , u s u a l l y a b o u t 1/5 

o f t h e i r l e n g t h o r : 

S u b s t i t u t i o n o f a l l o f t h i s , w i t h p = 1 .030 t o n s / m i n t o ( 3 . 0 4 ) 

y i e l d s : 

B % 3 Ü ( 3 . 0 6 ) 

L % 5B ?b 15D ( 3 . 0 7 ) 

3 2 5 . 0 0 0 % ( 1 . 0 3 0 ) ( 0 . 9 ) ( 1 5 D ) ( 3 D ) ( D ) 

^ 41.720-^ 

( 3 . 0 8 ) 

( 3 . 0 9 ) 

o r : 

D % 1 9 . 8 m ( 3 . 1 0 ) 

s a y , t h e d r a f t i s 20 m e t e r s . 
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4 . CHANNEL DEPTH E.W. B i j k e r 
W.W. M a s s i e 

4 . 1 F a c t o r s i n f l u e n c i n g d e p t h 

The c h a n n e l d e p t h r e q u i r e d , r e l a t i v e t o some r e f e r e n c e ( d a t u m ) 

1 e v e l , d e p e n d s upon more t h a n j u s t t h e s h i p d r a f t w h i l e f l o a t i n g i n 

s t i l l w a t e r . 

The a c t u a l w a t e r s t i l l w a t e r l e v e l r e l a t i v e t o t h e da tum i s , o f 

c o u r s e , v e r y i m p o r t a n t . U s u a l l y , t h e datum used f o r n a v i g a t i o n c h a r t s 

i s t h e l o n g t e r m a v e r a g e o f t h e l o w e s t measured s p r i n g l o w t i d e . I t 

i s t h u s Lower Low Water o c c u r r i n g a t S p r i n g t i d e ( L . L . W . S . ) . The s t i l l 

w a t e r l e v e l (SWL) w i t h r e f e r e n c e t o t h i s da tum i s d e n o t e d by L i n f i g 

u r e 4 . 1 . 

The d r a f t o f t h e s h i p f l o a t i n g i n s t i l l w a t e r i s o b v i o u s l y an i m 

p o r t a n t d e s i g n p a r a m e t e r ; i t i s d e n o t e d by D i n t h e f i g u r e . 

Squat and t r i m caused by t h e s h i p ' s speed t h r o u g h t h e w a t e r - see 

c h a p t e r 3 - a l s o i n c r e a s e t h e channe l d e p t h r e q u i r e d . The combined e f 

f e c t o f t h e s e on t h e d e e p e s t p o i n t o f t h e s h i p i s d e n o t e d by Z i n f i g 

u r e 4 . 1 . 

An a d d i t i o n a l d e p t h , I , r e l a t i v e t o t h e mean w a t e r l e v e l , w i l l be 

needed t o compensa te f o r t h e i n s t a n t a n e o u s r e s p o n s e o f t h e s h i p , s , t o 

t h e wave a c t i o n . 

T h i s m o t i o n can be computed u s i n g t h e method d e s c r i b e d i n c h a p t e r 3 . 

I t i s i m p o s s i b l e t o d r e d g e a c h a n n e l w i t h a p e r f e c t l y f l a t b o t t o m . 

Some i n d i c a t i o n o f a t t a i n a b l e d r e d g i n g t o l e r a n c e s i s g i v e n i n vo lume I 

c h a p t e r 16 . The r e s u l t i n g b o t t o m i r r e g u l a r i t y i s a h e i g h t , r , a t some 

p o i n t r e l a t i v e t o t h e mean b o t t o m l e v e l . T h i s i s compensa ted by an a l l o w 

ance i n d e p t h , R ' . 

The n e c e s s a r y minimum m a n e u v e r i n g r e q u i r e m e n t s o f t h e s h i p d i c t a t e 

t h a t a c e r t a i n min imum e x t r a d e p t h ( k e e l c l e a r a n c e ) be a v a i l a b l e a t a l l 

t i m e s . I n g e n e r a l , s h i p s become more d i f f i c u l t t o maneuver as t h e k e e l 

c l e a r a n c e d e c r e a s e s . The a l l o w a n c e f o r t h i s min imum k e e l c l e a r a n c e i s i n 

d i c a t e d by c i n f i g u r e 4 . 1 . 

Comb i n i ng a l l o f t h e s e as shown i n t h e f i g u r e l e a d s t o t h e r e l a t i o n 

s h i p : 

where h i s t h e mean d e p t h o f t h e channe l measured r e l a t i v e t o t h e 

c h a r t d a t u m . 

Most o f t h e v a r i a b l e s i n e q u a t i o n 4 . 0 1 a r e t i m e f u n c t i o n s . For e x 

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

t i m e d e p e n d e n t m o t i o n o f t h e d e e p e s t p o i n t o f t h e s h i p , s ( t ) . The b o t 

tom i r r e g u l a r i t i e s , r , unde r t h e s h i p can be d e s c r i b e d by a f u n c t i o n 

r ( x ( t ) ) , r e l a t i n g t h e b o t t o m i r r e g u l a r i t y t o t h e t i m e d e p e n d e n t p o s i 

t i o n o f t h e s h i p a l o n g t h e c h a n n e l . U s i n g t h e s e "new" d e f i n i t i o n s , and 

s o l v i n g f o r t h e k e e l c l e a r a n c e y i e l d s : 

h = R ' + c + I + Z + D - L ( 4 . 0 1 ) 

c ( t ) = h + L ( t ) - Z - D - s ( t ) - r ( x ( t ) ) ( 4 . 0 2 ) 

A c t u a l sea c h a r t s o f t e n i n d i c a t e t h e minimum r a t h e r t h a n t h e mean 

d e p t h . 
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ship at rest 

A c t u a l Bot tom P r o f i l e 

Figure A.I 

DEFINITION SKETCH FOR CHANNEL 
DEPTH PARAMETERS 
(no sca le ) 

4 . 2 D e s i g n s t i l l w a t e r l e v e l 

The w a t e r l e v e l , L , r e l a t i v e t o t h e c h a r t da tum chosen f o r c h a n n e l 

d e s i g n p u r p o s e s i s d e p e n d e n t upon many f a c t o r s . One o f t h e more i m 

p o r t a n t f a c t o r s i s t h e d e n s i t y o f t r a f f i c o f t h e d e s i g n s h i p P. I f 

t h e s e d e s i g n s h i p s e n t e r t h e p o r t o n l y o c c a s s i o n a l l y - e v e r y few d a y s , 

f o r examp le - i t i s u s u a l l y a c c e p t a b l e t o d e l a y t h e i r e n t r y u n t i l 

somet ime near h i g h t i d e . T h i s s t a t e m e n t i s v a l i d , o f c o u r s e , o n l y i f 

o t h e r c o n d i t i o n s such as c u r r e n t s a l l o w s a f e n a v i g a t i o n a t t h o s e t i m e s . 

The d e s i g n e r i s o f t e n a b i t c o n s e r v a t i v e i n s e l e c t i n g t h e h i g h 

w a t e r l e v e l f o r t h e o c c a s i o n a l d e s i g n s h i p . I f , f o r examp le t h e r e i s 

a s i g n i f i c a n t v a r i a t i o n i n h i g h w a t e r l e v e l s d u r i n g a m o n t h , he 

w o u l d choose a h i g h w a t e r l e v e l t h a t w o u l d be exceeded e v e r y normal 

d a y , t h e H i g h e r H igh Water Neap (HHWN) as a b a s i s . I f s h i p p i n g d e l a y s 

m i g h t s t i l l be t o o c o s t l y , a s t i l l l o w e r l e v e l based upon t h e Lower 

H igh Water Neap (LHWN) m i g h t be s e l e c t e d . F u r t h e r , d e p e n d e n t upon t h e 

t i m e needed t o t r a v e r s e t h e c h a n n e l , t h e d e s i g n e r s h o u l d u l t i m a t e l y 

choose a d e s i g n l e v e l s u f f i c i e n t l y l o w e r t h a n t h e b a s i s maximum so 

t h a t t h a t l e v e l w i l l be e q u a l l e d o r exceeded d u r i n g t h e passage o f 

t h e s h i p . 

S h i p s o f e x t r e m e d r a f t e n t e r i n g R o t t e r d a m , f o r e x a m p l e , r e c e i v e 

s p e c i f i c i n s t r u c t i o n s a d v i s i n g them when t o e n t e r t h e o u t e r a p p r o a c h 

c h a n n e l r e l a t i v e t o H.W. T h i s a d v i c e i s based upon t h e a c t u a l compu

t e d t i d e c u r v e f o r t h e s p e c i f i c day and t h e s h i p c h a r a c t e r i s t i c s . 

The v a l u e o f L i n t h i s case w i l l u s u a l l y be p o s i t i v e ( d e p e n d i n g 

upon t h e datum l e v e l , o f c o u r s e ) and i t w i l l p r o b a b l y n o t v a r y t o o 

much d u r i n g t h e passage o f t h e s h i p . T h i s w a t e r l e v e l v a r i a t i o n can 

be i n c l u d e d i n o u r c o m p u t a t i o n s v i a a s t a n d a r d d e v i a t i o n , a^. For 

t h e p r o b l e m d e s c r i b e d above t h i s v a l u e o f w i l l be r e l a t i v e l y l o w . 

A p r o b l e m o f t h i s t y p e can be r e f e r r e d t o as an " o c c a s i o n a l s h i p 

p r o b l e m " i n c o n t r a s t t o t h a t d e s c r i b e d b e l o w . 
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I f , on t h e o t h e r h a n d , t h e d e s i g n s h i p must e n t e r t h e h a r b o r 

c h a n n e l v e r y f r e q u e n t l y - one can t h i n k o f a f e r r y b o a t w i t h a f i x e d 

t i m e s c h e d u l e e n t e r i n g many t i m e s each day - t h e n t h e d e s i g n w a t e r 

l e v e l must be one t h a t can be g u a r a n t e e d w i t h a l m o s t p e r f e c t c e r t a i n t y . 

T h i s l e v e l w i l l p r o b a b l y be l o w e r t h a n even LLWS i n o r d e r t o a l l o w f o r 

e x t r a - o r d i n a r y c o n d i t i o n s such as s e t down. T h i s s e t down c o u l d be 

caused by a s t r o n g w i n d b l o w i n g f r o m t h e s h o r e , f o r e x a m p l e . S i n c e such 

a l o w w a t e r l e v e l w o u l d be r e a s o n a b l y w e l l d e f i n e d , i t s a s s o c i a t e d 

v a l u e o f w o u l d be s m a l l , j u s t as w i t h t h e " o c c a s i o n a l s h i p p r o b l e m " . 

The c h o i c e o f such a l o w d e s i g n w a t e r l e v e l , w h i l e i m p o r t a n t f o r i n 

d i v i d u a l s h i p passages w o u l d be c o n s e r v a t i v e f o r an o v e r a l l channe l 

o p t i m i z a t i o n e v a l u a t i o n i n t h i s c a s e ; a f t e r a l l , most o f t h e t i m e a 

s h i p w o u l d be e n t e r i n g t h e c h a n n e l when t h e w a t e r l e v e l was c o n s i d 

e r a b l y h i g h e r . An o v e r a l l c h a n n e l e v a l u a t i o n c o u l d , t h e n , b e t t e r be 

based upon a w a t e r l e v e l equa l t o t h e mean sea l e v e l and a c o r r e 

s p o n d i n g ( l a r g e ) s t a n d a r d d e v i a t i o n , a^, w h i c h i n c l u d e d t h e e n t i r e 

t i d e as w e l l as o t h e r i n f l u e n c e s . Such an a p p r o a c h w i l l l e a d t o a 

b e t t e r o v e r a l l e v a l u a t i o n o f t h i s " f r e q u e n t s h i p p r o b l e m " w h i c h i s 

d i s t i n c t f r o m t h e " o c c a s i o n a l s h i p p r o b l e m " , d e s c r i b e d p r e v i o u s l y . 

4 . 3 S h i p d r a f t and movement 

The d r a f t o f t h e s h i p i n s t i l l w a t e r , D, depends upon more t h a n 

t h e w e i g h t o f t h e l o a d e d s h i p . The d r a f t depends as w e l l upon t h e w a 

t e r d e n s i t y . From c h a p t e r 3 o f vo lume I we remember t h a t t h i s d e n s i t y 

v a r i e s w i t h b o t h t e m p e r a t u r e and s a l i n i t y . The d r a f t i n c r e a s e o f a 

l a r g e s h i p as i t goes f r o m s a l t t o f r e s h w a t e r can be as much as 0 . 5 m. 

Squat and t r i m o f t h e s h i p have a l r e a d y been d i s c u s s e d i n c h a p t e r 

3 , and w i l l n o t be f u r t h e r e l a b o r a t e d h e r e . T h e i r e f f e c t m u s t , o f 

c o u r s e , be i n c l u d e d i n t h e c h a n n e l d e s i g n , howeve r . 

The r e s p o n s e o f t h e s h i p t o t h e wave s p e c t r u m p r e s e n t has been 

p r e s e n t e d as w e l l i n t h e p r e v i o u s c h a p t e r . S i n c e t h e m a x i m a , I , o f t h e 

downward movement , s , o f t h e s h i p s a t i s f y a R a y l e i g h D i s t r i b u t i o n ( a n a 

l o g o u s t o t h e waves w h i c h cause t h e m ) , t h e p r o b a b i l i t y o f exceedance 

i s g i v e n b y : 

P ( I ) = e ' i ( ^ j ) ^ ( 4 . 0 3 ) 

w h e r e : e i s t h e base o f n a t u r a l l o g a r i t h m s , 

I i s t h e chosen s h i p m o t i o n peak v a l u e measured r e l a t i v e t o t h e 

mean s h i p p o s i t i o n , 

P ( I ) i s t h e chance t h a t I i s e x c e e d e d , and 

Og i s t h e s t a n d a r d d e v i a t i o n o f t h e i n s t a n t a n e o u s s h i p m o t i o n , s . 

E q u a t i o n 4 . 0 3 r e s e m b l e s e q u a t i o n 1 0 . 0 2 i n vo lume I , e x c e p t t h a t a s i g n i 

f i c a n t v a l u e has been r e p l a c e d w i t h a s t a n d a r d d e v i a t i o n and I i s mea

s u r e d r e l a t i v e t o a mean. These changes change t h e c o n s t a n t i n e q u a t i o n 

4 . 0 3 - see A l l e r s m a , H a s s l e ( 1 9 7 3 ) . 
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4 . 4 Channel b o t t o m I r r e g u l a r i t i e s 

The i r r e g u l a r c h a r a c t e r o f t h e c h a n n e l b o t t o m can be caused by 

d r e d g i n g i n a c c u r a c i e s as w e l l as n a t u r a l phenomena. Sed imen t d e p o s i t i o n , 

and r i p p l e and dune f o r m a t i o n r e s u l t i n g f r o m bed l o a d t r a n s p o r t a l o n g 

t h e channe l a r e n a t u r a l causes o f b o t t o m i r r e g u l a r i t y . 

I f t h e b o t t o m i r r e g u l a r i t i e s , r , a r e s c h e m a t i z e d as a s i n e wave 

w i t h " h e i g h t " R, t h e n t h e s t a n d a r d d e v i a t i o n o f t h e b o t t o m e l e v a t i o n i s : 

a = - i _ R = 0 .3535 R ( 4 . 0 4 ) 

2/2 

I t i s a p p r o p r i a t e , h e r e , t o r e m a r k a b o u t s u i t a b i l i t y o f d e p t h d a t a . 

The mos t w e l l - k n o w n s o u r c e s o f d e p t h d a t a a r e h y d r o g r a p h i c c h a r t s p u b 

l i s h e d f o r m a r i n e r s . Because t h e s e c h a r t s a r e f o r m a r i n e r s , t h e c h a r t e d 

d e p t h s a r e t h e s h a l l o w e s t d e p t h s i n t h e v i c i n i t y ; t h e a c t u a l sea bed 

l i e s be low t h e s u r f a c e d e f i n e d by t h e c h a r t e d d e p t h s . T h u s , d r e d g i n g 

q u a n t i t i e s - e s p e c i a l l y i n i t i a l d r e d g i n g q u a n t a t i e s - e s t i m a t e d u s i n g 

s u c h c h a r t s t e n d t o be h i g h . G e n e r a l l y , h o w e v e r , b e t t e r i n f o r m a t i o n i s 

a l s o a v a i l a b l e f r o m t h e v a r i o u s h y d r o g r a p h i c s e r v i c e s upon d i r e c t r e 

q u e s t . Data s h e e t s , c h a r t i n g t h e d e p t h s used t o d raw t h e h y d r o g r a p h i c 

c h a r t , a r e o f t e n a v a i l a b l e . These c h a r t s show many more d e p t h m e a s u r e 

m e n t s , o f c o u r s e . O c c a s i o n a l l y , t h e a c t u a l s o u n d i n g r e c o r d s a r e a v a i l 

a b l e . S i n c e t h e s e l a t t e r p r o v i d e an e x t r e m e l y h i g h d e n s i t y - e v e r y f ew 

m e t e r s a l o n g each p r o f i l e measured - o f s o u n d i n g s w h i c h a r e o f t e n u n 

c o r r e c t e d f o r t i d e , e t c . , t h e y a r e u s u a l l y more work t h a n t h e y a r e 

w o r t h f o r o u r p u r p o s e s . 

4 . 5 Keel c l e a r a n c e 

S i n c e t h e w a t e r l e v e l , L , t h e i n s t a n t a n e o u s wave r e s p o n s e , s , and 

t h e b o t t o m e l e v a t i o n unde r t h e m o v i n g s h i p , r , a r e a l l v a r i a b l e s , a 

s t a t i s t i c a l p r o b a b i l i t y c a l c u l a t i o n seems t o be a p p r o p r i a t e i n o r d e r t o 

d e t e r m i n e t h e r e m a i n i n g k e e l c l e a r a n c e , c. S i n c e t h e s t a n d a r d d e v i a t i o n s 

o f each o f t h e i n d i v i d u a l v a r i a b l e s has been d e t e r m i n e d , t h e s t a n d a r d 

d e v i a t i o n o f t h e i r t o t a l f o l l o w s f r o m an a s s u m p t i o n t h a t t h e v a r i a b l e s 

a r e i n d e p e n d e n t : 

- ( U s . r ) = ^4-4^4 ^'-''^ 
= ( 4 . 0 6 ) 

u s i n g e q u a t i o n 4 . 0 2 . 

I f t h e w a t e r l e v e l i s assumed t o be c o n s t a n t , t h e n i s z e r o . I t 

s h o u l d be emphas i zed t h a t t h e s t a n d a r d d e v i a t i o n o f t h e s h i p m o t i o n s , 

O g , c h a r a c t e r i z e s t h e r e s p o n s e o f t h e s h i p t o t h e s t o r m p r e s e n t d u r i n g 

i t s passage t h r o u g h t h e c h a n n e l . A w h o l e v a r i e t y o f s t o r m s h a v i n g d i f 

f e r e n t i n t e n s i t i e s can o c c u r , h o w e v e r . J u s t as i n c h a p t e r 11 o f vo lume 

I , we s h a l l choose N' d i f f e r e n t c h a r a c t e r i s t i c s t o r m s . Each w i l l y i e l d 

a d i f f e r e n t v a l u e f o r - say a^-, and a r e l a t e d s e t o f v a l u e s a • 
S S I ^ ' 

w h e r e i r a n g e s f r o m 1 t o N ' . We s h a l l r e t u r n t o t h i s i n s e c t i o n 8 . 

U n t i l t h e n , we s h a l l wo rk w i t h a s i n g l e s t o r m - i i s c o n s t a n t . 
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The s t a n d a r d d e v i a t i o n o f t h e kee l c l e a r a n c e i s g i v e n i n e q u a t i o n 

4 . 0 6 , b u t wha t min imum v a l u e , c ^ ^ ^ , o f t h i s kee l c l e a r a n c e i s needed 

t o g u a r a n t e e a d e q u a t e s h i p m a n e u v e r a b i l i t y ? T h i s can be d e t e r m i n e d f r o m 

e x p e r i e n c e w i t h a c t u a l s h i p s o r v i a model t e s t s . These t e s t r e s u l t s 

u s u a l l y i n d i c a t e t h a t when a c e r t a i n minimum kee l c l e a r a n c e , c^^^^, i s 

n o t m a i n t a i n e d f o r more t h a n a g i v e n p o r t i o n o f t h e t i m e , damage w i l l 

r e s u l t . T h i s damage w i l l r e s u l t e i t h e r f r o m a c o l l i s i o n w i t h o t h e r 

s h i p s o r f r o m r u n n i n g a g r o u n d a l o n g s i d e t h e c h a n n e l . Me thods t o d e t e r 

m ine and i n f l u e n c e t h i s damage w i l l be d i s c u s s e d i n more d e t a i l i n 

c h a p t e r 5 t h r o u g h 8 . For now, we s h a l l assume t h a t c^^.^ and t h e p o s 

s i b l e damage a r e known. 

4 . 6 Channel d e p t h o p t i m i z a t i o n c r i t e r i a 

Two d i f f e r e n t c r i t e r i a can be used t o e v a l u a t e t h e s u i t a b i l i t y o f 

a g i v e n c h a n n e l f o r a g i v e n s h i p . The f i r s t o f t h e s e has a l s o been 

h i n t e d a t a l r e a d y i n t h e l a s t p a r a g r a p h o f t h e p r e v i o u s s e c t i o n - t h e 

kee l c l e a r a n c e mus t be g r e a t enough t o r e d u c e t h e r i s k o f c o l l i s i o n o r 

g r o u n d i n g t o an a c c e p t a b l e l e v e l . T h u s , t h e kee l c l e a r a n c e , c , must be 

g r e a t e r t h a n t h e g i v e n v a l u e , c ^ . j ^ ! f o r a t l e a s t a c e r t a i n p e r c e n t a g e 

o f t h e t i m e . E q u i v a l e n t l y , t h e kee l c l e a r a n c e may be l e s s t h a n t h i s 

g i v e n v a l u e no more t h a n t h a t g i v e n p e r c e n t a g e o f t i m e . The p r o p e r v a l 

ue o f t h i s p e r c e n t a g e w i l l r e s u l t f r o m t h e o p t i m i z a t i o n c o m p u t a t i o n . 

I t i s i m p o r t a n t t o r e a l i z e t h a t t h i s c r i t e r i a depends upon t h e i n 

s t a n t a n e o u s v a l u e s o f t h e s h i p m o t i o n , s , r a t h e r t h a n o n l y t h e i r e x 

t r e m e v a l u e s . We may remember f r o m wave s t a t i s t i c s , t h a t w a t e r s u r f a c e 

e l e v a t i o n s a r e n o r m a l l y d i s t r i b u t e d a r o u n d a mean v a l u e w h i l e t h e e x 

t r e m e v a l u e s (wave h e i g h t s ) f o l l o w a R a y l e i g h D i s t r i b u t i o n . S h i p mo

t i o n s and i n s t a n t a n e o u s k e e l c l e a r a n c e s a r e a n a l o g o u s ; s i n c e we a r e 

now i n t e r e s t e d i n i n s t a n t a n e o u s e l e v a t i o n s , we need t o w o r k w i t h a 

Normal D i s t r i b u t i o n . T h i s d i s t r i b u t i o n i s g i v e n b y : 

P ( x ) = -1¬
/ 2 ¥ 

dq ( 4 . 0 7 ) 

w h e r e : P ( x ) i s t h e chance t h a t x i s e q u a l l e d o r e x c e e d e d , and 

x i s t h e v a r i a b l e e x p r e s s e d i n u n i t s o f a. 

Some r e p r e s e n t a t i v e v a l u e s o f x and P ( x ) a r e g i v e n i n t a b l e 4 . 1 . 

We n e e d , now, t o d e t e r m i n e t h e chance t h a t an i n s t a n t a n e o u s v a l u e 

o f t h e kee l c l e a r a n c e , c , i s l e s s t h a n t h e min imum a l l o w a b l e k e e l 

c l e a r a n c e , c ^ . ^ . T h i s can be done by r e l a t i n g t h e maximum a l l o w a b l e 

d i s p l a c e m e n t f r o m t h e a v e r a g e kee l c l e a r a n c e t o t h e s t a n d a r d d e v i a t i o n 

o f t h i s kee l c l e a r a n c e : 

c" - c „ . 

( 4 . 0 8 ) 
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where c i s t h e a v e r a g e kee l c l e a r a n c e , p r o v i d e d , 

c . i s t h e minimum a l l o w a b l e kee l c l e a r a n c e , 
mi n 

a^j^ i s t h e comb ined s t a n d a r d d e v i a t i o n f r o m ( 4 . 0 6 ) , 

i i s t h e i n d e x o f t h e s t o r m c h o s e n , and 

X. i s a f a c t o r c o r r e s p o n d i n g t o a chance P(x . j ) . j i n t a b l e 4 . 1 . o r 

t o X i n e q u a t i o n 4 . 0 7 . 

As t h e c h a n n e l becomes s h a l l o w e r , c, and hence c - c^.^, d e c r e a s e s 

r e d u c i n g t h e v a l u e o f x ^ j . T h i s , i n t u r n i n c r e a s e s t h e c h a n c e , Pi^^)-^ 

o f a s h i p r u n n i n g i n t o d i f f i c u l t y ; t h i s seems l o g i c a l . 

T a b ! e 4 . 1 P r o p e r t i e s o f Normal D i s t r i b u t i o n 

P ( x ) X 

{%) 

1 0 " ^ % 5 . 6 5 3 

1 0 " ^ 4 . 7 5 4 

lO""^ 4 . 2 6 6 

0 . 0 1 3 . 7 2 0 

0 . 0 5 3 . 2 9 4 

0 . 1 0 3 . 0 9 1 

0 . 5 0 2 . 5 7 6 

1 .00 2 . 3 2 7 

2 . 0 0 2 . 0 7 4 

5 . 0 1 .644 

1 0 . 0 1 .282 

1 5 . 9 1 .000 

2 5 . 0 0 . 6 7 5 

5 0 . 0 0 . 0 0 0 

N o t e : X i s made d i m e n s i o n l e s s by d i v i d i n g i t s v a l u e by t h e s t a n d a r d 

d e v i a t i o n , a. 

The second o f t h e two o p t i m i z a t i o n c r i t e r i a i n v o l v e s a r i s k t h a t 

t h e s h i p h i t s t h e c h a n n e l b o t t o m . T h u s , a t t h a t i n s t a n t , t h e i n s t a n t a 

neous kee l c l e a r a n c e i s z e r o . The e f f e c t s o f s h i p m o t i o n , w a t e r l e v e l 

v a r i a t i o n s , and b o t t o m v a r i a t i o n s have been comb ined t o a k e e l c l e a r 

ance v a r i a t i o n c h a r a c t e r i z e d by a^y The s h i p w i l l h i t t h e b o t t o m , t h e n , 

wheneve r a peak v a l u e o f t h i s v a r i a t i o n exceeds t h e a l l o w e d a v e r a g e 

kee l c l e a r a n c e . T h u s , i f t h e a m p l i t u d e o f t h e v a r i a t i o n a b o u t t h e mean 

i s d e n o t e d by c , t h e n we need t o d e t e r m i n e t h e chance t h a t c i s g r e a t e r 

t h a n kee l c l e a r a n c e p r o v i d e d , c'. S i n c e e x t r e m e s a r e now i m p o r t a n t , we 

can use t h e p r o p e r t i e s o f t h e R a y l e i g h D i s t r i b u t i o n - see vo lume I 

c h a p t e r 1 0 . The number o f e x t r e m e s o f s h i p m o t i o n (and hence m in ima i n 
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kee l c l e a r a n c e ) i s equa l t o t h e number o f waves e n c o u n t e r e d d u r i n g t h e 

p a s s a g e * . T h i s can be e a s i l y computed know ing t h e s h i p s p e e d , and wave 

d i r e c t i o n and p e r i o d - see s e c t i o n 3 . 4 . The r e s u l t i n g number o f waves 

e n c o u n t e r e d i s : 

N. = ^ ; | i ( 4 . 0 9 ) 

whe re i s t h e c h a n n e l l e n g t h , 

i i s t h e i n d e x o f t h e chosen s t o r m , 

N.j i s t h e number o f waves e n c o u n t e r e d , 

Vg i s t h e v e l o c i t y o f t h e s h i p , and 

bi^^ i s t h e a v e r a g e wave e n c o u n t e r f r e q u e n c y . 

The chance t h a t an i n d i v i d u a l r e l a t i v e movement i s g r e a t e r t h a n 

t h e a l l o w e d kee l c l e a r a n c e , ^ , i s computed f r o m t h e R a y l e i g h D i s t r i b u 

t i o n . I n a way v e r y s i m i l a r t o t h a t i n c h a p t e r 11 o f vo lume I and 

e q u a t i o n 4 . 0 3 , h e r e : 

- 2 
( 4 . 1 0 ) 

w h e r e : c" i s t h e k e e l c l e a r a n c e p r o v i d e d , 

P(c)^ i s t h e chance t h a t t h e kee l c l e a r a n c e v a r i a t i o n exceeds 

o r e q u a l s c , 

i i s t h e i n d e x o f t h e c h o s e n s t o r m , and 

a^.| i s t h e s t a n d a r d d e v i a t i o n o f t h e k e e l c l e a r a n c e v a r i a t i o n . 

The chance t h a t c" is not exceeded i s : 

1 - P ( c ) . ( 4 . 1 1 ) 

The chance t h a t t h i s i s n o t exceeded i n a s e r i e s o f N i n d e p e n d e n t 

e v e n t s i s : 

[ 1 - P ( c ) . ] ' ^ ( 4 . 1 2 ) 

F i n a l l y , t h e chance t h a t t h i s k e e l c l e a r a n c e v a r i a t i o n does ex

ceed t h e c l e a r a n c e p r o v i d e d a t l e a s t once d u r i n g t h e s h i p ' s passage i s : 

E^. = 1 - [ 1 - ?{c). ]N ( 4 . 1 3 ) 

T h i s c h a n c e , E^^., c o r r e s p o n d s i n t h i s second c r i t e r i u m , t o t h e 

c h a n c e , P ( x . j ) . j , t h a t a s h i p w o u l d be u n a b l e t o maneuver a d e q u a t e l y a c 

c o r d i n g t o t h e f i r s t c r i t e r i u m . * * 

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

c a n n o t p r o p e r l y maneuver has a g r e a t e r r i s k o f d r i f t i n g o f f c o u r s e and 

e i t h e r r u n n i n g a g r o u n d a t t h e edge o f t h e c h a n n e l o r c o l l i d i n g w i t h a n 

o t h e r s h i p . A s h i p w h i c h s t r i k e s t h e b o t t o m , on t h e o t h e r h a n d , may 

s p r i n g a l e a k l o s i n g c a r g o w h i c h can p o l l u t e t h e e n v i r o n m e n t o r t h e 

s h i p may even s i n k i n t h e channe l b l o c k i n g t h e passage o f o t h e r s h i p s . 

I t has been assumed t h a t t h e r e a r e many more b o t t o m i r r e g u l a r i t i e s 

t h a n w a v e s . 

A l t h o u g h t h i s s t a t e m e n t i s m a t h e m a t i c a l l y c o r r e c t , t h e damage t h a t 

can be a s s o c i a t e d w i t h each i s v e r y d i f f e r e n t ! 
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The chances j u s t computed f o r each o f t h e c r i t e r i a above - P(x.j ).j 

d e t e r m i n e d f r o m t h e r e s u l t o f e q u a t i o n 4 . 0 8 and E^^ computed f r o m 

e q u a t i o n 4 . 1 3 - a r e t h e chances t h a t t h e chosen d e s i g n c r i t e r i a a r e ex 

ceeded d u r i n g t h e passage o f a s i n g l e s h i p t h r o u g h t h e c h a n n e l . T h i s 

s i n g l e s h i p passage a l s o i m p l i e s t h a t a s i n g l e g i v e n wave c o n d i t i o n i s 

p r e s e n t . T h i s l a t t e r a s s u m p t i o n i s n o t i m m e d i a t e l y o b v i o u s , p e r h a p s , 

b u t a^^ i n c l u d e s t h e r e s p o n s e o f t h e s h i p t o t h e waves and t h u s i n 

v o l v e s a wave h e i g h t . E f f e c t s o f l o n g t e r m wave h e i g h t v a r i a t i o n s w i l l 

be i n c l u d e d i n s e c t i o n 4 . 8 a f t e r we c o n s i d e r t h e e f f e c t o f t h e number 

o f s h i p s p r e s e n t i n t h e s e c t i o n 4 . 7 . 

4 . 7 Number o f s h i p s i n c h a n n e l 

T h e r e i s a c h a n c e , o f c o u r s e , t h a t more t h a n o n e , o r even no 

s h i p s a r e i n t h e channe l a t any g i v e n i n s t a n t . I n f o r m a t i o n a b o u t t h e 

number o f s h i p s i n t h e c h a n n e l w i l l be i m p o r t a n t because s e v e r a l s h i p s 

may e n c o u n t e r t h e same s t o r m o r s t o r m s may o c c u r when t h e c h a n n e l i s 

" e m p t y " o f s h i p s . The i n f l u e n c e o f one s h i p on t h e b e h a v i o r o f a n o t h e r 

w i l l n o t be i n c l u d e d h e r e . 

F o r t h e " o c c a s i o n a l s h i p p r o b l e m " i n w h i c h a c c e s s t o t h e c h a n n e l i s 

p r o h i b i t e d some o f t h e t i m e , we can g u a r a n t e e t h a t no s h i p s w i l l be i n 

t h e c h a n n e l d u r i n g t h o s e p r o h i b i t e d t i m e s . How do we i n c l u d e t h i s i n 

f o r m a t i o n on t h e number o f s h i p s p r e s e n t ? 

From q u e u e i n g t h e o r y f o r a p r o p o s e d h a r b o r - see f o r e x a m p l e , 

W a n h i U ( 1 9 7 4 ) - o r f r o m o b s e r v a t i o n o f t h e t r a f f i c p a t t e r n i n o u r ( e x 

i s t i n g ) h a r b o r , we can d e t e r m i n e t h e c h a n c e , p(m) t h a t t h e r e a r e m 

d e s i g n s h i p s i n o u r c h a n n e l , where m i s an i n t e g e r be tween z e r o and 

some f i n i t e maximum v a l u e , M ' . S i n c e t h e v a l u e s p(m) a r e r e l a t e d : 

M' 
I p(m) = 1 ( 4 . 1 4 ) 

m=0 

T h e r e a r e c a s e s i n w h i c h t h e v a l u e s o f p (m) may a l s o be r e l a t e d t o t h e 

s t o r m s , p ( H g . j g ) - . C o n s i d e r , f o r e x a m p l e , a f i s h i n g h a r b o r i n t o w h i c h an 

e n t i r e f l e e t f l e e s as a s e v e r e s t o r m a p p r o a c h e s . The number and chance 

o f s h i p s i n t h e c h a n n e l peaks u n d e r c e r t a i n s t o r m c o n d i t i o n s . T h u s , 

s i n c e t h e r e were N' s t o r m i n t e n s i t i e s i n o u r c h a r a c t e r i z a t i o n , we may 

need t o s u b s c r i p t t h e v a l u e s o f p(m) and M' i n ( 4 . 1 4 ) a c c o r d i n g l y , t h u s : 

Ml 

I pAm) = 1 ( 4 . 1 5 ) 
m=0 

T h i s i s n o t t h e o n l y i n f l u e n c e o f t h e number o f s h i p s i n t h e c h a n n e l . 

From t h e p r e v i o u s s e c t i o n , we remember t h a t E^ ĵ i s t h e chance t h a t 

t h e s a f e t y m a r g i n is not maintained for a single ship i n t h e channe l , 

The chance t h a t t h e s a f e t y m a r g i n is m a i n t a i n e d f o r one s h i p i s , t h u s , 

( 1 - E^i ) ( 4 . 1 6 ) 

The c h a n c e t h a t t h i s m a r g i n i s m a i n t a i n e d f o r m s h i p s i s , t h e n : 

m 

( 1 - E l i ) ( 4 . 1 7 ) 
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N o t i c e t h a t t h e chance o f m a i n t a i n i n g a s a f e m a r g i n f o r z e r o s h i p s i s 

a l w a y s 1 . T h i s i s l o g i c a l . A l s o , as t h e number o f s h i p s , m, i n c r e a s e s 

t h e chance t h a t t h e y all g e t t h r o u g h t h e channe l s a f e l y g e t s s m a l l e r 

v i a r e l a t i o n 4 . 1 7 ; t h i s seems p r o p e r as w e l l . 

The chance t h a t a t l e a s t one o f t h e s e s h i p s h i t s t h e b o t t o m o r 

c a n n o t maneuver i s , t h e n : 

m 

1 - ( 1 - E j i ) ( 4 . 1 8 ) 

a s s u m i n g t h a t t h e s e m s h i p s a r e p r e s e n t . 

The chance t h a t a t l e a s t one o f t h e s e m s h i p s h i t s and i s p r e s e n t 

i s : 

m 
[ 1 - ( 1 - E j . ) ] p . ( m ) ( 4 . 1 9 ) 

where p . (m) was d e f i n e d e a r l y i n t h i s s e c t i o n . 

The chance t h a t a l l o f t h i s g r o u p o f m s h i p s g e t s t h r o u g h t h e 

channe l w i t h o u t m i s h a p i s , t h e n : 

m 
1 - [ 1 - ( 1 - E ^ . ) ] p . ( m ) ( 4 . 2 0 ) 

and t h e chance t h a t a l l s h i p s o f t h i s c l a s s coming t h r o u g h t h e c h a n n e l 

i n g roups r a n g i n g f r o m z e r o (no s h i p s ) t o M' (maximum number o f s h i p s 

i n c h a n n e l a t o n c e ) pass s u c c e s s f u l l y i s : 

M' r m 5 

- [ 1 - ( 1 - E i . ) ] P i ^ " " ) } ( ' ^ •21 ) 

and t h e chance t h a t a t l e a s t one o f t h e s e s h i p s r u n s i n t o d i f f i c u l t y 

assum ing t h a t t h e i ^ ^ s t o r m o c c u r s i s : 

Ml ^ 
1 r m 

E ' . = 1 - u 1 - [ 1 - ( 1 - E ) ] p . ( m ) \ ( 4 . 2 2 ) 
m=0 L 1 ) 

R e c a p i t u l a t i n g , E^. i s t h e chance t h a t a t l e a s t one s h i p o f a g i v e n 

t y p e h i t s t h e b o t t o m o r c a n n o t maneuver p r o p e r l y d u r i n g t h e p r e d i c t e d 

p a t t e r n o f a r r i v a l s d u r i n g one y e a r a s s u m i n g t h a t t h e i **^ t y p e o f 

c h a r a c t e r i s t i c s t o r m o c c u r r e d c o n t i n u o u s l y . 

4 . 8 Long t e r m wave v a r i a t i o n s 

S i n c e cr^ i n c l u d e s t h e r e s p o n s e o f t h e s h i p t o waves o f g i v e n 

c h a r a c t e r i s t i c s ( d e s c r i b e d , f o r e x a m p l e , by a s i g n i f i c a n t wave h e i g h t , 

H g - g ) , t h e p r o b a b i l i t y o f o c c u r r e n c e o f t h e s e waves s h o u l d be i n c l u d e d 

i n o u r c o m p u t a t i o n . I f we were g u a r a n t e e d t h a t t h e r e w o u l d always he 

one and only one s h i p i n t h e c h a n n e l , t h e n a c o m p u t a t i o n e x a c t l y p a r 

a l l e l t o t h a t l i s t e d i n s e c t i o n 1 1 . 3 o f vo lume I c o u l d be f o l l o w e d . We 

s h a l l make t h i s a s s u m p t i o n f o r now and r e l a x t h i s r e s t r i c t i o n l a t e r . 

The chance V^^ d e t e r m i n e d i n t h e p r e v i o u s s e c t i o n u s i n g e i t h e r c r i t e r i 

um c o r r e s p o n d t o Ê^ i n vo l ume I s e c t i o n 1 1 . 3 . Fo r c o n v e n i e n c e , we s h a l l 

c a l l E^. t h e chance t h a t t h e r e q u i r e d s a f e t y m a r g i n i s n o t m a i n t a i n e d . 

The chance t h a t hath a g i v e n s t o r m o c c u r s and t h e s a f e t y m a r g i n is 

not maintained f o l l o w s f r o m e q u a t i o n 1 1 . 1 4 o f vo lume I : 

E2i = ^ \ l . ) • 4 i ( 4 . 2 3 ) 
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T h i s can be d e t e r m i n e d f o r e v e r y s p e c i f i c c h a r a c t e r i s t i c s i g n i f i 

c a n t wave h e i g h t , H^.g . and r e s u l t s i n a s e r i e s o f v a l u e s • . 

The chance t h a t t h e s a f e t y m a r g i n is maintained d u r i n g t h e e n t i r e 

y e a r i s : 

E ( 1 - E „ . ) ( 1 - 1 1 - 1 5 ) ( 4 - 2 4 ) 

^ i = l 

when t h e e n t i r e l o n g t e r m wave h e i g h t d i s t r i b u t i o n has been d i v i d e d 

i n t o N' i n t e r v a l s as i n d i c a t e d i n vo lume I . 

The chance o f a f a i l u r e - s h i p d i f f i c u l t y - o c c u r r i n g d u r i n g t h e 

y e a r i s t h e n : 

1 - E3 ( 4 . 2 5 ) 

4 . 9 F u r t h e r o p t i m i z a t i o n s t e p s 

R e l a t i o n 4 . 2 5 , j u s t g i v e n , i s t h e chance t h a t o u r chosen d e s i g n 

s h i p r u n s i n t o d i f f i c u l t y i n t h e p r o p o s e d channe l d u r i n g a p e r i o d o f 

one y e a r . I n o r d e r t o make an o p t i m i z a t i o n as o u t l i n e d i n vo l ume I 

c h a p t e r 1 3 , we need t o d e t e r m i n e t h e annua l c o s t o f t h i s damage. The a n 

nua l c o s t o f t h i s damage t o o u r chosen d e s i g n s h i p i s t h e chance o f 

damage d u r i n g t h e y e a r m u l t i p l i e d by t h e c o s t o f damage r e s u l t i n g f r o m 

an a c c i d e n t . T h i s c o s t may w e l l i n c l u d e more t h a n j u s t t h e c o s t t o t h e 

s h i p and c a r g o i n v o l v e d . Fo r e x a m p l e , c o s t s o f d e l a y s t o o t h e r s h i p s 

w h i c h mus t w a i t f o r w r e c k a g e t o be c l e a r e d and e n v i r o n m e n t a l c o n s e 

quences o f r e s u l t i n g p o l l u t i o n s h o u l d a l s o be i n c l u d e d i n t h i s c o s t . 

I t i s p o s s i b l e t h a t a somewhat d i f f e r e n t d e s i g n s h i p w i t h o t h e r 

c h a r a c t e r i s t i c s and damage c o s t i f f a i l u r e o c c u r s i s a l s o u s i n g t h e 

same c h a n n e l . I n p r i n c i p l e , i n f a c t , every s h i p u s i n g t h e c h a n n e l has 

some p r o b a b i l i t y o f f a i l u r e . I n p r a c t i c e , h o w e v e r , s m a l l e r s h i p s w i t h 

a c o n s e q u e n t l a r g e a v e r a g e kee l c l e a r a n c e , c", w i l l have such a l o w 

chance o f r u n n i n g i n t o p r o b l e m s t h e m s e l v e s t h a t t h e annua l c o s t o f 

damage caused by t h e s e s h i p s w i l l be n e g l e c t a b l e ; we c a n , t h e r e f o r e , 

u s u a l l y c a r r y o u t t h e o p t i m i z a t i o n by c o n s i d e r i n g a t mos t o n l y a f ew 

d i f f e r e n t d e s i g n s h i p s . The t o t a l a n n u a l damage c o s t w i l l t h e n be t h e 

sum o f t h e a n n u a l damage c o s t s caused by each o f t h e chosen s h i p s . 

T h i s a n n u a l damage c o s t can be t h o u g h t o f as a s o r t o f i n s u r a n c e 

p r e m i u m . I n o r d e r t o compare t h i s t o t h e o r i g i n a l c a p i t a l c o s t o f t h e 

c h a n n e l , i t i s n e c e s s a r y t o t r a n s f o r m t h i s annua l c o s t i n t o an e q u i v 

a l e n t sum o f money w h i c h , when s e t a s i d e now a t compound i n t e r e s t , 

w o u l d j u s t pay f o r t h e t o t a l damage t o be e x p e c t e d d u r i n g t h e l i f e 

t i m e o f t h e c h a n n e l . T h i s i n v o l v e s t h e d e t e r m i n a t i o n o f t h e p r e s e n t 

v a l u e o f a s e r i e s o f f u t u r e u n i f o r m w i t h d r a w a l s ( p a y m e n t s ) each equa l 

t o t h e a n n u a l damage c o s t f o r t h e e n t i r e l i f e t i m e o f t h e c h a n n e l . T h i s 

p r e s e n t v a l u e o f t h e f u t u r e a n n u a l damage i s f o u n d by m u l t i p l y i n g t h e 

a n n u a l damage c o s t by t h e p r e s e n t w o r t h f a c t o r , p u f . From f i n a n c e , 

* T h i s damage i n c l u d e s much more t h a n t h e d i r e c t c o s t t o t h e s h i p 

c a u s i n g t h e p r o b l e m . Fo r e x a m p l e , t h e c o s t o f d e l a y s t o o t h e r s h i p s 

w h i c h mus t w a i t f o r a c h a n n e l t o be c l e a r e d o f w reckage must a l s o 

be i n c l u d e d . 
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- '\-n ' ( 4 . 2 6 ) 
i ( l + i) 

w h e r e : i i s t h e i n t e r e s t r a t e p e r p e r i o d e x p r e s s e d as a d e c i m a l , and 

n i s t h e number o f payment p e r i o d s . 

The c a p i t a l i z e d damage c o s t r e s u l t i n g f r o m t h e p r o d u c t o f t h e 

p r e s e n t w o r t h f a c t o r and t h e a n n u a l damage c o s t can be added t o t h e 

i n i t i a l c o s t o f b u i l d i n g ( d r e d g i n g ) t h e c h a n n e l t o d e t e r m i n e t h e t o t a l 

c a p i t a l i z e d c o s t o f t h e chosen c h a n n e l . Any p e r i o d i c m a i n t e n a n c e 

d r e d g i n g o f t h e c h a n n e l c o u l d a l s o be c a p i t a l i z e d much l i k e t h e damage 

c o s t s and added t o t h i s t o t a l c a p i t a l i z e d c o s t . Such an i n c l u s i o n i s 

n e c e s s a r y s i n c e t h e c a p i t a l i z e d m a i n t e n a n c e c o s t s w i l l u s u a l l y depend 

upon t h e d e s i g n p a r a m e t e r s o f t h e c h a n n e l such as d e p t h and w i d t h . 

The op t imum c h a n n e l has t h e minimum c a p i t a l i z e d c o s t . T h i s m i n i 

mum can be f o u n d o n l y by r e p e a t i n g a w h o l e s e r i e s o f t h e c o m p u t a t i o n s 

j u s t o u t l i n e d , each t i m e c h a n g i n g 07ie o f t h e i n d e p e n d e n t v a r i a b l e s i n 

v o l v e d . 

S i n c e t h e number o f i n d e p e n d e n t v a r i a b l e s i s l a r g e - some w i l l be 

l i s t e d i n t h e n e x t s e c t i o n - t h e number o f c o m b i n a t i o n s o f i n d e p e n d e n t 

v a r i a b l e s p o s s i b l e i s phenomenal - w e l l above 1 0 0 0 . O b v i o u s l y , such an 

o p t i m i z a t i o n can o n l y be c a r r i e d o u t on a l a r g e d i g i t a l c o m p u t e r . 

4 . 1 0 Rev iew 

So many c o n c e p t s and c o m p u t a t i o n s t e p s have been p r e s e n t e d i n t h e 

f o r e g o i n g s e c t i o n s t h a t i t seems h e l p f u l , i n r e v i e w , t o summar ize t h e 

s t e p s i n s e q u e n c e . T h i s i s done i n t a b l e 4 . 2 . The r e a d e r s h o u l d be 

c a r e f u l n o t t o use t h e s e s t e p s as a " c o o k b o o k " f o r e v e r y p r o b l e m . 

Many s p e c i a l cases can be c o n c e i v e d w h i c h a r e d i f f e r e n t . 

T a b l e 4 . 2 . Channel d e p t h o p t i m i z a t i o n s t e p s 

s t e p t a s k 
n o . 

1 D e t e r m i n e b o t t o m i r r e g u l a r i t y and 

2 S e l e c t d e s i g n w a t e r l e v e l , L , and d e t e r m i n e t h e a s s o c i 

a t e d v a l u e o f Oj^. 

3 D e t e r m i n e t h e wave c o n d i t i o n s a t t h e c h a n n e l as a s e r i e s 

o f N' c h a r a c t e r i s t i c wave h e i g h t s and p e r i o d s each w i t h 

an a s s o c i a t e d chance o f o c c u r r e n c e , P ( H j . j g ) . 

4 S e l e c t a d e s i g n s h i p w i t h an a s s o c i a t e d d r a f t , D, s q u a t 

and t r i m c h a r a c t e r i s t i c s , and wave r e s p o n s e t r a n s f e r 

f u n c t i o n , 

5 D e t e r m i n e t h e maximum number o f s h i p s , M l , t o be e x p e c t e d 

i n t h e channe l a t any one t i m e and t h e p r o b a b i l i t y , p . ( m ) 

o f f i n d i n g any number o f s h i p s , m, i n t h e c h a n n e l f o r 

each o f t h e s t o r m s , i . 
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6 S e l e c t t h e d e s i g n d e p t h o f t h e c h a n n e l , h . T h i s d e t e r 

m i n e s t h e k e e l c l e a r a n c e f o r t h e d e s i g n s h i p a t r e s t . 

7 S e l e c t a s h i p s p e e d . T h i s d e t e r m i n e s t h e a c t u a l s q u a t 

p l u s t r i m , Z , and t h e a v e r a g e k e e l c l e a r a n c e p r o v i d e d , c , 

u s i n g a v e r a g e v a l u e s i n e q u a t i o n 4 . 0 2 . 

8 The s h i p speed and c h a n n e l o r i e n t a t i o n d e t e r m i n e t h e e n 

c o u n t e r f r e q u e n c y , , f o r each o f t h e N' c h a r a c t e r i s t i c 

w a v e s . The number o f waves e n c o u n t e r e d , N • , can a l s o be 

d e t e r m i n e d know ing t h e c h a n n e l l e n g t h u s i n g e q u a t i o n 4 . 0 9 . 

9 D e t e r m i n e t h e s h i p r e s p o n s e s t a n d a r d d e v i a t i o n s , a ^ ^ j , f o r 

each c h a r a c t e r i s t i c wave c o n d i t i o n . T h i s depends upon 

s h i p c h a r a c t e r i s t i c s , s p e e d , and a v e r a g e kee l c l e a r a n c e , 

c". 

10 Compute t h e s t a n d a r d d e v i a t i o n o f t h e kee l c l e a r a n c e , a ^ . 

u s i n g e q u a t i o n 4 . 0 5 . 

* l l a Compute f r o m e q u a t i o n 4 . 0 8 and d e t e r m i n e P ( x . j ) . j , t h e 

chance t h a t t h e s h i p c a n n o t maneuver u s i n g t a b l e 4 . 1 . Do 

t h i s f o r each wave c o n d i t i o n y i e l d i n g N' v a l u e s o f P(x.j 

w h i c h a r e e q u i v a l e n t t o E^.^. 

* l l b Compute t h e c h a n c e , E^^ t h a t a s i n g l e s h i p h i t s t h e c h a n 

n e l b o t t o m i f a l w a y s p r e s e n t i n a c o n t i n u o u s s t o r m u s i n g 

e q u a t i o n 4 . 1 3 w i t h P(c'). j e v a l u a t e d u s i n g e q u a t i o n 4 . 1 0 . 

Do t h i s f o r a l l N' c h a r a c t e r i s t i c wave c o n d i t i o n s . 

12 Compute t h e chance E^.j t h a t a t l e a s t one s h i p has d i f f i 

c u l t y i n t h e channe l u s i n g e q u a t i o n 4 . 2 2 w i t h i r a n g i n g 

f r o m 1 t o H\. 

13 I n c l u d e t h e l o n g - t e r m wave c l i m a t e by c o m p u t i n g N' v a l u e s 

o f E2.j u s i n g e q u a t i o n 4 . 2 3 . 

14 Compute t h e a n n u a l chance o f damage t o t h e s h i p p i n g o c 

c u r r i n g u s i n g e q u a t i o n 4 . 2 5 w i t h E^ e v a l u a t e d f r o m e q u a 

t i o n 4 . 2 4 . 

15 D e t e r m i n e t h e annua l damage c o s t f o r t h i s d e s i g n s h i p by 

m u l t i p l y i n g t h e chance o f f a i l u r e - s t e p 14 - by t h e 

t o t a l c o s t o f one a c c i d e n t w i t h t h i s s h i p . T h i s c o s t may 

be d e p e n d e n t upon t h e c r i t e r i u m u s e d . 

16 D e t e r m i n e t h e annua l damage c o s t s f o r o t h e r s h i p s by r e 

p e a t i n g s t e p s 4 t h r o u g h 15 f o r each s h i p u s i n g t h e c h a n 

ne l - see t e x t . Add a l l o f t h e s e a n n u a l c o s t s t o g e t a 

t o t a l annua l damage c o s t . 

17 D e t e r m i n e t h e p e r i o d i c c h a n n e l m a i n t e n a n c e c o s t s . 

18 D e t e r m i n e t h e i n i t i a l c a p i t a l i n v e s t m e n t c o s t o f t h e c h a n 

ne l as d e s i g n e d . 

* C a r r y o u t e i t h e r s t e p a o r s t e p b as a p p r o p r i a t e d e p e n d i n g upon t h e 

c r i t e r i u m b e i n g u s e d . 
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19 C a p i t a l i z e t h e a n n u a l damage c o s t and t h e p e r i o d i c m a i n 

t e n a n c e c o s t s u s i n g a p p r o p r i a t e p r e s e n t w o r t h f a c t o r s -

e q u a t i o n 4 . 2 6 . 

20 D e t e r m i n e t h e t o t a l c a p i t a l i z e d c o s t o f t h e p r o j e c t by 

a d d i n g t h e i n i t i a l c a p i t a l c o s t t o t h e c a p i t a l i z e d 

damage and m a i n t e n a n c e c o s t s . 

21 Seek t o m i n i m i z e t h e r e s u l t i n g c o s t i n s t e p 20 by v a r y i n g 

t h e d e s i g n c o n d i t i o n s . 

The re i s a s e e m i n g l y l i m i t l e s s number o f p o s s i b l e i n t e r r e l a t e d 

p a r a m e t e r c o m b i n a t i o n s w h i c h mus t be t e s t e d i n o r d e r t o f i n d t h e o p 

t imum channe l d e s i g n . S e v e r a l o f t h e s e v a r i a b l e s a r e l i s t e d b e l o w . 

The most o b v i o u s d e s i g n p a r a m e t e r i s t h e d e p t h , h . T h i s changes 

t h e a v e r a g e kee l c l e a r a n c e , c", t h e s q u a t p l u s t r i m , Z , and t h e s h i p 

m o t i o n , a ^ ^ j , w h i c h , i n t u r n i n f l u e n c e s a^.| and E ^ . , e t c . 

I m p o s i n g an ( a d d i t i o n a l ) r e s t r i c t i o n upon t h e t i m e s d u r i n g w h i c h 

c e r t a i n s h i p s a r e a l l o w e d i n t h e c h a n n e l w i l l change L and cr|^, t h u s 

c h a n g i n g c" and a^. O b v i o u s l y , h o w e v e r , a c e r t a i n min imum t i m e mus t be 

a v a i l a b l e f o r t h e s h i p t o t r a v e r s e t h e l e n g t h o f t h e c h a n n e l . Such a 

r e s t r i c t i o n i s a l r e a d y i m p l i e d i n t h e d e s c r i p t i o n o f t h e " o c c a s i o n a l 

s h i p p r o b l e m " ; w h i l e i t m i g h t r e d u c e t h e chance o f damage more d r a m a 

t i c a l l y i n a " f r e q u e n t s h i p p r o b l e m " i t w o u l d p r o b a b l y a l s o i n c r e a s e 

t h e c o s t s due t o d e l a y e d t r a f f i c . 

R e d u c i n g t h e speed o f some o f t h e s h i p s w o u l d r e d u c e t h e e f f e c t 

o f s q u a t p l u s t r i m , t h u s i n c r e a s i n g c". On t h e o t h e r h a n d , i t w o u l d 

change and t h e r e f o r e as w e l l as i n c r e a s e t h e number o f waves 

e n c o u n t e r e d d u r i n g t h e p a s s a g e . 

The c h a n n e l a l i g n m e n t c o u l d be c h a n g e d . T h i s w o u l d change t h e 

s h i p ' s r e s p o n s e t o t h e waves and t h e number o f waves e n c o u n t e r e d . 

S h i p s c h e d u l i n g changes o r even s h i p d e l a y s m i g h t be imposed u n 

d e r c e r t a i n wave c o n d i t i o n s i n o r d e r t o change t h e number and f r e q u e n 

cy o f s h i p s i n t h e c h a n n e l . 

The wave c l i m a t e i n t h e c h a n n e l c o u l d be m o d i f i e d by c o n s t r u c t i n g 

a b r e a k w a t e r . The c o s t o f t h i s b r e a k w a t e r w o u l d now have t o be i n 

c l u d e d i n t h e c o s t o f t h e c h a n n e l , howeve r . See vo lume I I I f o r d e t a i l s 

o f b r e a k w a t e r d e s i g n . 

I n c r e a s i n g t h e w i d t h o f t h e c h a n n e l w o u l d r e d u c e t h e damage a s 

s o c i a t e d w i t h p o o r m a n e u v e r a b i l i t y w h i l e i t w o u l d i n c r e a s e t h e c a p i t a l 

c o s t o f c h a n n e l c o n s t r u c t i o n as w e l l as m a i n t e n a n c e c o s t s . 

Thousands o f c o m b i n a t i o n s o f t h e above p a r a m e t e r s can be c o n 

c e i v e d . The o n l y p o s s i b l e way t o c o n d u c t a t r u e o p t i m i z a t i o n w i l l be 

by use o f a r a t h e r l a r g e d i g i t a l c o m p u t e r p r o v i d e d w i t h s u f f i c i e n t 

q u a n t a t i v e d a t a . O n l y a s m a l l p o r t i o n o f such a c o m p u t a t i o n i s i l l u s 

t r a t e d i n t h e f o l l o w i n g s e c t i o n . 
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4 . 1 1 Example 

A p o r t i o n o f t h e c o m p u t a t i o n s i n v o l v e d i n a c h a n n e l d e p t h o p t i m i z a 

t i o n a r e d e m o n s t r a t e d b e l o w . W h i l e an a t t e m p t i s made t o keep t h e p r o b 

lem r e a l i s t i c l o o k i n g , t h e a c t u a l d a t a v a l u e s a r e n o t t a k e n f r o m any 

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

i l l u s t r a t i v e n a t u r e o f t h e p r o b l e m . 

Data 

We w i s h t o e v a l u a t e an a p p r o a c h channe l 5 n a u t i c a l m i l e s (9256 m) 

l o n g and 300 m w i d e . I t s d e s i g n d e p t h r e l a t i v e t o l o w w a t e r and mea

s u r e d t o t h e a v e r a g e b o t t o m l e v e l i s 20 m. The d e s i g n d r a f t o f t h e 

s h i p - a l a r g e t a n k e r - i s 1 8 . 5 m e t e r s i n sea w a t e r . Waves, o f w h i c h t h e 

s t a t i s t i c a l d i s t r i b u t i o n i s g i v e n i n t a b l e 4 . 3 and f i g u r e 4 . 2 , a p p r o a c h 

a l o n g t h e a x i s o f t h e c h a n n e l . The s h i p moves o u t t h e c h a n n e l ( i n t o t h e 

waves ) w i t h a speed o f 5 k n o t s ( 2 . 5 7 3 m / s ) . S i n c e we a r e d e a l i n g w i t h 

an " o c c a s i o n a l s h i p p r o b l e m " t h e number o f s h i p s i n t h e c h a n n e l , m, and 

t h e a s s o c i a t e d chance o f o c c u r r a n c e a r e : 

m p . (m) 

0 0 . 9 0 

1 0 . 0 9 * 

2 0 . 0 1 

w i t h t h e maximum number o f s h i p s , f l ' , b e i n g 2 . For s i m p l i c i t y , we s h a l l 

i n i t i a l l y assume t h a t t h e s e c o n d i t i o n s a r e t r u e f o r a l l s t o r m c o n d i 

t i o n s g i v e n . A d e t a i l e d h y d r o g r a p h i c s u r v e y i n d i c a t e s t h a t t h e b o t t o m 

i r r e g u l a r i t i e s have a h e i g h t o f a b o u t 0 . 5 m. 

T a b l e 4 . 3 Wave and s h i p r e s p o n s e d a t a 

^ s i g P (^^s ig ) P ( ^ s i g ) ^^^^^ P^*^' ' ' s 
(m) ( s t o r m s / y r ) H^.g ( s t o r m s / y r ) ( s e c ) (m) 

(m) 

10 0 . 3 3 

8 1.30 

6 5 . 3 

4 22 

2 92 

0 2020 

9 0 . 9 7 19 1 .13 

7 4 . 0 15 0 . 7 8 

5 1 6 . 7 11 0 . 5 0 

3 70 6 0 . 2 7 

1 1928 4 0 . 0 8 3 

'A c o m p u t a t i o n o f t h e t o t a l number o f s h i p s i n v o l v e d y i e l d s a r a t h e r 

h i g h r e s u l t - more t h a n 900 s h i p s o f t h i s t y p e i n t h e c h a n n e l p e r 

y e a r . The c o m p u t a t i o n p r o c e d u r e i l l u s t r a t e d i n t h i s example r e m a i n s 

v a l i d , h o w e v e r . 



24 

LO 

S h i p s a r e a l l o w e d t o e n t e r t h e c h a n n e l o n l y nea r h i g h t i d e d u r i n g 

a p e r i o d when t h e a v e r a g e w a t e r l e v e l i s + 2 . 0 m and a^^ i s 0 . 2 5 m. The 

d a t a on s q u a t p l u s t r i m i n f i g u r e 3 . 1 a r e assumed t o be v a l i d f o r t h i s 

s h i p . The s t a n d a r d d e v i a t i o n o f t h e s h i p m o t i o n , a^-, i s l i s t e d i n 

t a b l e 4 . 3 a l o n g w i t h t h e wave d a t a . Each o f t h e s e v a l u e s r e s u l t s f r o m 

a c o m p u t a t i o n such as t h a t d e s c r i b e d i n s e c t i o n 5 o f c h a p t e r 3 . 

The d e s i g n w i l l be checked based upon a chance t h a t t h e s h i p h i t s 

t h e b o t t o m . 
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S o l u t i o n 

The c a l c u l a t i o n s a r e o u t l i n e d i n t a b l e 4 . 4 . The d e t a i l s o f t h e 

c o m p u t a t i o n f o r t h e second l i n e , i n p a r t i c u l a r , a r e d e s c r i b e d i n more 

d e t a i l . 

The d a t a f o r t h e f i r s t 3 co lumns a r e g i v e n i n t a b l e 4 . 3 and a r e 

s i m p l y r e p e a t e d i n t a b l e 4 . 4 . 

The deep w a t e r wave speed i s c a l c u l a t e d f r o m t h e wave p e r i o d 

u s i n g e q u a t i o n 5 .05a o f vo lume I : 

=0 = 2 7 ^ = ( 1 . 5 6 2 ) ( 1 5 ) = 2 3 . 4 3 m/s ( 4 . 2 7 ) 

The a c t u a l w a t e r d e p t h i n t h e c h a n n e l i s : 

h + L = 2 0 + 2 = 2 2 m ( 4 . 2 8 ) 

T h i s r e s u l t s i n a wave speed i n t h e c h a n n e l o f 1 3 . 7 3 m/s computed 

u s i n g e q u a t i o n 5 . 0 5 o f vo lume I w i t h wave l e n g t h , X , computed u s i n g 

a method o u t l i n e d i n c h a p t e r 6 o f t h a t v o l u m e . 

The f r e q u e n c y o f e n c o u n t e r f o r t h i s wave f o l l o w s f r o m e q u a t i o n 

3 . 0 2 , i n w h i c h a i s now 1 8 0 ° . 

2TT , , 
bi 

e =Y ( 1 - — cos a ) ( 3 . 0 2 ) ( 4 . 2 9 ) 

= S ( 1 - T 3 ^ ( - l ) ) ( 4 - 3 0 ) 

= 0 . 4 9 7 r a d / s e c ( 4 - 3 1 ) 

The number o f waves e n c o u n t e r e d i s computed u s i n g e q u a t i o n 4 . 0 9 w i t h 

t h e l e n g t h o f t h e c h a n n e l and t h e s h i p speed com ing f r o m t h e g i v e n 

d a t a . 

The s t a n d a r d d e v i a t i o n o f t h e s h i p m o t i o n comes f r o m t h e g i v e n 

d a t a i n t a b l e 4 . 3 . The s t a n d a r d d e v i a t i o n o f t h e b o t t o m r o u g h n e s s 

can be computed f r o m t h e g i v e n r o u g h n e s s u s i n g e q u a t i o n 4 . 0 4 . 

= ( 0 . 3 5 3 6 ) ( 0 . 5 ) = 0 . 1 7 7 m ( 4 . 3 3 ) 

The s t a n d a r d d e v i a t i o n o f t h e k e e l c l e a r a n c e , a ^ , f o l l o w s , t h e n , 

f r o m t h e d a t a and e q u a t i o n 4 . 0 5 . 

= / 0 . 2 5 ^ + 0 . 1 7 7 ^ + 0 . 7 8 ^ ' = 0 . 8 3 8 m ( 4 . 3 4 ) 

N o t i c e t h a t f o r t h e h i g h e r waves i n t a b l e 4 . 4 , t h e i n f l u e n c e o f t h e 

s h i p m o t i o n - v i a - d o m i n a t e s a^, w h i l e f o r l o w w a v e s , o t h e r f a c 

t o r s d o m i n a t e t h e s t a n d a r d d e v i a t i o n o f t h e kee l c l e a r a n c e . 

The a v e r a g e kee l c l e a r a n c e f o r t h e s h i p a t r e s t can be f o u n d by 

p u t t i n g a v e r a g e v a l u e s i n e q u a t i o n 4 . 0 2 . The mean v a l u e s o f b o t h r 

and s a r e z e r o , and Z i s z e r o a t r e s t : 

c = 2 0 . 0 + 2 . 0 - 0 - 1 8 . 5 - 0 - 0 = 3 . 5 m ( 4 . 3 5 ) 



-O 
pj 

UD 
ro 

T a b l e 4 . 4 S h i p c h a n n e l e v a l u a t i o n c o m p u t a t i o n g; 

^ s i g P ( " s i g ) Wave p e r . Deep w a t e r A c t u a l wave f r e q . o f No. o f S h i p m o t i o n k e e l c l e a r . P ( c ) 
h 

No .o f p(m) t e r m 4 
E2i 

^ s i g P ( " s i g ) 

T wave speed speed e n c o u n t e r waves s t d . d e v . s t d . d e v . s h i p s . 

Cm) 
" e i ^ i ^ s 

a 
c ( - ) ( - ) 

m 
( - ) ( - ) ( - ) ( - ) ( - ) 

Cm) Cstorms/y r ) ( s e c ) (m/s) ( m / s ) ( r a d / s e c ) ( - ) (m) (m) 
0 1 .00 0 . 0 0 

9 0 . 9 7 19 2 9 . 5 7 1 4 . 0 9 0 . 3 9 1 224 1.13 1 . 1 7 1 2 . 39x10" 
•2 

0 . 9 9 6 1 0 0 . 0 0 0 . 0 0 0 . 0 0 

2 0 0 . 0 0 

0 0 . 9 0 0 . 0 0 

7 4 . 0 15 2 3 . 4 3 1 3 . 7 3 0 . 4 9 7 285 0 . 7 8 0 . 8 3 8 6 . ,82x10" 
-4 

0 . 1 7 7 1 0 . 0 8 1 .42x10 ' 
-2 

0 .0205 0 . 0 8 2 0 

2 0 . 0 2 6 . 4 5 x 1 0 ' 
-3 

0 0 . 9 0 0 . 0 0 

5 1 6 . 7 11 1 7 . 1 8 1 2 . 9 0 0 . 6 8 5 392 0 . 5 0 0 . 5 8 6 3, .35x10" 
-7 

1.31x10"^ 1 0 . 0 9 1 .18x10 
- 5 

1 . 4 4 x 1 0 - 5 2 . 4 0 x 1 0 " ' 

2 0 . 0 1 2 . 6 2 x 1 0 ' 
-6 

0 0 . 9 0 0 . 0 0 

3 70 6 9 . 3 7 9 . 2 4 1 .339 767 0 . 2 7 0 . 4 0 8 4 , . 3 9 x 1 0 ' 
-14 

< i o - 9 9 1 0 . 0 9 0 . 0 0 0 . 0 0 0 . 0 0 

2 0 . 0 1 0 . 0 0 

0 0 . 9 0 0 . 0 0 

1 1928 4 6 . 2 5 6 . 2 5 2 . 2 1 8 1271 0 . 0 8 3 0 . 3 1 7 7 . 45x10 
-23 

< i o - 9 9 1 0 . 0 9 0 . 0 0 0 . 0 0 0 . 0 0 

2 0 . 0 1 0 . 0 0 
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E n t e r i n g f i g u r e 3 . 1 w i t h 3 . 5 ni kee l c l e a r a n c e and a speed o f 5 k n o t s 

y i e l d s a s q u a t , Z , o f a b o u t 0 . 3 m e t e r s y i e l d i n g an a c t u a l a v e r a g e kee l 

c l e a r a n c e u n d e r w a y , c", o f 3 . 2 m e t e r s . V a l u e s o f P(c") f o l l o w f r o m 

e q u a t i o n 4 . 1 0 : ^ 2 ^ 

P ( c ) = e ' i ^ ÖTBSÏÏ ) = 6 . 8 2 x 1 0 " ^ ( 4 . 3 6 ) 

and v a l u e s o f E^ f o l l o w f r o m e q u a t i o n 4 . 1 3 : 

E^ = 1 - [ 1 - 6 . 8 2 x 1 0 " ^ ] 2 ^ ^ = 0 . 1 7 7 ( 4 . 3 7 ) 

Remember ing t h a t E^ i s t h e chance t h a t o u r s h i p r u n s a g r o u n d i f 

she happens t o be s a i l i n g i n t h e p a r t i c u l a r s t o r m , we see t h a t f o r 

t h e mos t s e v e r e s t o r m l i s t e d i n t h e t a b l e , t h e chance o f r u n n i n g 

a g r o u n d i n t h a t s t o r m i s more t h a n 99%'. Any r e s p o n s i b l e h a r b o r m a s t e r 

w o u l d c l o s e t h e channe l u n d e r t h o s e c o n d i t i o n s . We s h a l l do so as 

w e l l by c h a n g i n g t h e s c h e d u l i n g o f t h e s h i p s as i n d i c a t e d i n t h e 

f o l l o w i n g two co lumns o f t a b l e 4 . 4 . We have i n c r e a s e d t h e chance t h a t 

two s h i p s w i l l be i n t h e c h a n n e l d u r i n g t h e n e x t mos t s e v e r e s t o r m . 

The p h i l o s o p h y i s t h a t t h e s h i p s may d e p a r t e a r l y i f a heavy s t o r m i s 

a p p r o a c h i n g . N o t i c e t h a t e q u a t i o n 4 . 1 5 i s s t i l l f u l f i l l e d by each s e t 

o f v a l u e s o f p ( m ) . 

The " t e r m " l i s t e d i n t h e t h i r d co lumn f r o m t h e end o f t a b l e 4 . 4 

i s r e a l l y t h e t e r m i n r e l a t i o n 4 . 1 9 . N o t e , f o r e x a m p l e , t h a t each o f 

t h e t e r m s c o r r e s p o n d i n g t o H^.g = 9 m a r e z e r o because we have e f 

f e c t i v e l y c l o s e d t h e c h a n n e l t h e n by m a k i n g p(m) = 0 f o r m > 0 . A l s o 

n o t e t h a t t h e s e t e r m s g e t s m a l l e r as E^ g e t s s m a l l e r f o r e q u i v a l e n t 

v a l u e s o f p ( m ) . (m = 0 i s a s p e c i a l , d e g e n e r a t e c a s e ) . The r e s u l t i n g 

v a l u e s o f E!^ a r e l i s t e d i n t h e n e x t t o l a s t c o l u m n . Fo r t h e second 

row i n p a r t i c u l a r : 

Eĵ  = 1 - ( l - 0 ) ( l - 1 . 4 2 x l 0 ' 2 ) ( l - 6 . 4 5 x 1 0 ' ^ ) ( 4 . 3 8 ) 

= 0 . 0 2 0 5 ( 4 . 3 9 ) 

No te how t h e d e g e n e r a t e c a s e , m = 0 , does n o t i n f l u e n c e t h e r e s u l t . 

The v a l u e s o f Eg a r e t h e p r o d u c t o f E| and P ( H g - g ) f r o m co lumn 

2 o f t h e t a b l e : 

Eg = ( 0 . 0 2 0 5 ) ( 4 . 0 ) = 0 . 0 8 2 0 ( 4 . 4 0 ) 

W i t h t h i s , E^ can be e v a l u a t e d u s i n g e q u a t i o n 4 . 2 4 : 

E3 = ( l - 0 ) ( l - 0 . 0 8 2 0 ) ( l - 2 . 4 0 x l 0 ' ^ ) ( l - 0 ) ( l - 0 ) ( 4 . 4 1 ) 

= 0 . 9 1 7 8 ( 4 . 4 2 ) 

and t h e o v e r a l l chance o f a s h i p s t r i k i n g t h e b o t t o m i s - f r o m ( 4 . 2 5 ) : 

0 . 0 8 2 2 o r 8 .2% ( 4 . 4 3 ) 

p e r y e a r . T h i s does n o t seem t o o b a d ; i n d e e d , i t s h o u l d n o t b e . We 

c h o s e an a c t u a l c h a n n e l d e p t h o f 22 m, a l m o s t 20% more t h a n t h e d r a f t 

o f o u r s h i p ; t h i s i s a r a t h e r common r u l e o f t h u m b . 
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T h i s c o m p u t a t i o n w i l l n o t be c a r r i e d f u r t h e r , h e r e , even t h o u g h 

s e v e r a l f u r t h e r s t e p s have been i n d i c a t e d i n s e c t i o n 4 . 9 . Comp le te o p 

t i m i z a t i o n c o m p u t a t i o n s f o r cases w i t h many f e w e r i n d e p e n d e n t v a r i a b l e s 

a r e c a r r i e d o u t i n vo lume I I I f o r b r e a k w a t e r d e s i g n s . 

I n t h e n e x t c h a p t e r we examine t h e op t imum w i d t h o f a c h a n n e l . 
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5 . CHANNEL WIDTH J - J - van D i j k 

5 . 1 I n t r o d u c t i o n 

I n p r i n c i p l e , an o p t i m i z a t i o n t e c h n i q u e s i m i l a r t o t h a t s u g g e s t e d 

i n t h e p r e v i o u s s e c t i o n - u s i n g a t o t a l c o s t b a s i s - c o u l d be a p p l i e d 

t o t h e s e l e c t i o n o f an op t imum c h a n n e l w i d t h . Once a g a i n , t h e op t imum 

w o u l d be s o u g h t by a t t e m p t i n g t o m i n i m i z e t h e sum o f c o n s t r u c t i o n , 

m a i n t e n a n c e , and t o t a l damage c o s t s ; a l l o f t h e s e c o s t s s h o u l d be i n 

t e r p r e t e d b r o a d l y . For e x a m p l e , i f a l a r g e t a n k e r r u n s a s t r a y i n a 

n a r r o w c h a n n e l , h i t s one edge and sw ings b r o a d s i d e t o t h e channe l 

g r o u n d i n g on t h e o t h e r edge and t h e n s i n k s , t h e t o t a l damage c o s t w i l l 

i n c l u d e t h e c o s t o f ; 

c l e a r i n g up w r e c k a g e o f t h e t a n k e r , 

c l e a r i n g up s p i l l e d o i l , 

p o s s i b l e damage t o f i s h e r i e s f r o m t h e o i l , and 

c o s t s t o o t h e r s h i p s , t h e h a r b o r , and w h o l e economy 

r e s u l t i n g f r o m b l o c k a g e o f t h e a p p r o a c h c h a n n e l . 

These l a s t c o s t s may be much g r e a t e r t h a n t h e f i r s t i t e m s on t h e l i s t 

and be much more d i f f i c u l t t o p r e d i c t . 

The c o s t d e t e r m i n a t i o n s a r e n o t t h e o n l y d i f f i c u l t y , howeve r . The 

h o r i z o n t a l movements o f a s h i p underway a r e d e t e r m i n e d t o a l a r g e e x 

t e n t by t h e a c t i o n s o f t h e helmsman - by an u n p r e d i c t a b l e ( i n e x t r e m e 

c a s e s ) human c o n t r o l d e v i c e . T h i s makes a c o r r e c t m a t h e m a t i c a l d e s c r i p 

t i o n o f t h e p r o b l e m even more d i f f i c u l t t h a n f o r c h a n n e l d e p t h . Even 

s o , some a t t e m p t s have been made as a r e i n d i c a t e d i n t h e r e m a i n i n g s e c 

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

5 . 2 An i d e a l i z e d p r o b l e m 

I n o r d e r t o a r r i v e a t a r e a s o n a b l e m a t h e m a t i c a l d e s c r i p t i o n o f t h e 

phenomena i n v o l v e d , l e t us c o n s i d e r a s h i p mov ing up a c h a n n e l o f 

c o n s t a n t d e p t h and i n f i n i t e w i d t h ; t h e sea b o t t o m i s a h o r i z o n t a l 

p l a n e c o v e r e d by a c o n s t a n t d e p t h o f w a t e r . The he lmsman ' s o r d e r s a r e 

t o h o l d t h e s h i p on a p a t h a l o n g a g i v e n s t r a i g h t l i n e . C u r r e n t s 

w i l l , o f c o u r s e , i n f l u e n c e t h e s h i p , b u t t h e r e a r e no w a v e s . A l s o , 

t h e r e a r e no o t h e r s h i p s n e a r b y . By e l i m i n a t i n g t h e egdes o f t h e c h a n 

ne l and o t h e r s h i p s we e l i m i n a t e e x t r a n e o u s i n p u t s t o t h e p i l o t w h i c h 

m i g h t cause a p a n i c t y p e r e a c t i o n . 

The s h i p ' s p o s i t i o n r e l a t i v e t o t h e d e s i r e d c o u r s e l i n e c o u l d 

p r o b a b l y be e x p e c t e d t o f o l l o w a normal d i s t r i b u t i o n , t h e same d i s t r i 

b u t i o n used t o d e s c r i b e t h e w a t e r s u r f a c e e l e v a t i o n i n i r r e g u l a r w av es . 

The a v e r a g e p o s i t i o n o f t h e s h i p w o u l d c o r r e s p o n d t o t h e d e s i r e d 

c o u r s e l i n e and t h e d e g r e e o f v a r i a t i o n i n p o s i t i o n r e l a t i v e t o t h i s 

l i n e c o u l d be measured i n t e r m s o f a s t a n d a r d d e v i a t i o n . 

I f a no rma l d i s t r i b u t i o n a d e q u a t e l y d e s c r i b e s t h e s h i p ' s p o s i t i o n , 

t h e n , j u s t as w i t h w a v e s , we can e x p e c t t h e d i s t a n c e s be tween e x t r e m e s 

o f a s h i p ' s p a t h t o be d e s c r i b e d by a R a y l e i g h d i s t r i b u t i o n . T h u s , 

know ing t h e s t a n d a r d d e v i a t i o n o f t h e s h i p ' s p a t h and t h e number o f e x 

t r e m e v a l u e s t o be e x p e c t e d d u r i n g a g i v e n p a s s a g e , we can c a l c u l a t e 
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t h e chance t h a t a s h i p w i l l exceed some g i v e n p a t h w i d t h u s i n g t h e 

R a y l e i g h d i s t r i b u t i o n . The m a t h e m a t i c s f o l l o w s t h a t o f e q u a t i o n s 4 . 1 0 

t h r o u g h 4 . 1 3 i n t h e p r e v i o u s c h a p t e r . The chance t h a t t h e s h i p ' s p a t h 

goes more t h a n a d i s t a n c e B away f r o m t h e c o u r s e l i n e i s : 

B 2 

w h e r e : B i s t h e e x c u r s i o n f r o m ' t h e c o u r s e l i n e , and 

Op i s t h e s t a n d a r d d e v i a t i o n o f t h e s h i p ' s p a t h . 

The chance t h a t B is not exceeded each t i m e i s ; 

1 - P(B) 
( 5 . 0 2 ) 

and t h e chance t h a t t h i s ie not exceeded i n a s e r i e s o f N e x t r e m e 

v a l u e s i s : 

[ 1 - P (B) ] ^ ( 5 . 0 3 ) 

F i n a l l y , t h e chance t h a t t h e s h i p goes f u r t h e r t h a n a d i s t a n c e B f r o m 

t h e d e s i r e d c o u r s e l i n e i s : 

4 = 1 - [ 1 - P(B) l'"* ( 5 . 0 4 ) 

Oldenkamp ( 1 9 7 7 ) has c o n d u c t e d an a n a l y s i s o f a l i m i t e d amount 

o f d a t a a v a i l a b l e and f o u n d t h a t f o r t h a t l i m i t e d d a t a , t h e R a y l e i g h 

d i s t r i b u t i o n did not d e s c r i b e t h e d i s t r i b u t i o n o f t h e e x t r e m e v a l u e s 

e x a c t l y . He o b s e r v e d t h a t t h e s h i p s o f t e n t e n d e d t o s a i l dose and 

parallel to t h e d e s i r e d c o u r s e l i n e r a t h e r t h a n make t h e e x t r a e f f o r t 

t o r e a c h t h e d e s i r e d p a t h e x a c t l y . For h i s d a t a , a p a r a m e t e r e = 0 . 9 2 

d e s c r i b e d t h e b e s t - f i t d i s t r i b u t i o n w h i l e e = 1 .00 f o r a R a y l e i g h 

d i s t r i b u t i o n - see A l l e r s m a , M a s s i e ( 1 9 7 3 ) . 

How w i l l t h e kee l c l e a r a n c e i n f l u e n c e t h e s h i p ' s b e h a v i o r ? I n 

g e n e r a l , as t h e kee l c l e a r a n c e becomes s m a l l e r , t h e s h i p becomes more 

d i f f i c u l t t o t u r n . The i m p l i c a t i o n o f t h i s i s t h a t t h e s h i p becomes 

more " c o u r s e s t a b l e " as t h e kee l c l e a r a n c e d e c r e a s e s - t h e s h i p has a 

g r e a t e r t e n d e n c y t o m a i n t a i n t h e p a t h i t happens t o be o n * . 

T h i s w o u l d , i n t u r n , l e a d l o g i c a l l y t o a s m a l l e r number o f c o u r s e e x 

t r e m e s d u r i n g t h e passage o f a g i v e n d i s t a n c e w h i l e t h e s e f e w e r e x 

t r e m e s c o u l d be e x p e c t e d t o be o f g r e a t e r m a g n i t u d e as w e l l . T h u s , t h e 

s t a n d a r d d e v i a t i o n o f t h e c o u r s e w o u l d be g r e a t e r , t o o . 

T h i s d i s c u s s i o n has been l i m i t e d t o an e x t r e m e l y s c h e m a t i z e d p r o b 

l e m . F a c t o r s w h i c h i n f l u e n c e a r e a l p r o b l e m a r e d e s c r i b e d i n t h e n e x t 

s e c t i o n . 

T h i s i s t r u e w h e t h e r t h e p a t h i s c o r r e c t o r n o t : 
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5 . 3 A r e a l i s t 1 c p r o b l e m 

What a r e t h e f a c t o r s i n f l u e n c i n g t h e a c t u a l p a t h o f a g i v e n s h i p 

unde r r e a l c o n d i t i o n s ? O n l y a f t e r a l l o f t h e s e i n f l u e n c e s a r e known 

and a d e q u a t e l y d e s c r i b e d m a t h e m a t i c a l l y w i l l i t be p o s s i b l e t o make 

m e a n i n g f u l s t a t i s t i c a l c a l c u l a t i o n s based upon t h e o r y a l o n e . 

The most o b v i o u s u n r e a l i s t i c l i m i t a t i o n o f t h e p r o b l e m i n t h e 

p r e v i o u s s e c t i o n comes f r o m t h e c h a n n e l w i d t h . How does t h e edge o f a 

c h a n n e l i n f l u e n c e t h e s h i p ' s p a t h ? F i r s t , as t h e s h i p n e a r s a c h a n n e l 

edge i t s h y d r o d y n a m i c p r o p e r t i e s change i n r e s p o n s e t o t h e p r o x i m i t y 

o f t h e c h a n n e l s l o p e s ; i t s s t e e r i n g c h a r a c t e r i s t i c s c h a n g e . T h i s i s 

i n a d d i t i o n t o changes i n s t e e r i n g a b i l i t y caused by changes i n a v e r 

age k e e l c l e a r a n c e i n t h e c h a n n e l i t s e l f . S e c o n d l y , t h e r e can be a 

p s y c o l o g i c a l human r e a c t i o n - a p a n i c - when t h e s h i p seems a b o u t t o 

r u n a g r o u n d by a p p r o a c h i n g t o o c l o s e t o t h e c h a n n e l m a r k e r s . 

O t h e r s h i p s e i t h e r m o v i n g o r moored i n t h e v i c i n i t y w i l l i n 

f l u e n c e t h e b e h a v i o r o f o u r s h i p , a g a i n i n b o t h o f t h e ways j u s t 

d e s c r i b e d a b o v e . T h i s p r o b l e m i s w e l l known t o t h e r i v e r e n g i n e e r s 

s p e c i a l i z e d i n c a n a l n a v i g a t i o n . 

Waves can a l s o i n f l u e n c e t h e h o r i z o n t a l movements o f s h i p s . 

G r a n t e d , t h e i r i n f l u e n c e on t h e l a r g e s t s h i p s w i l l p r o b a b l y be m i n i 

mal , b u t t h e i r i n f l u e n c e on a s m a l l e r s h i p such as a f e r r y o r f i s h i n g 

b o a t can be a p p r e c i a b l e . 

F i n a l l y , a v e r y i m p o r t a n t b u t u n p r e d i c t a b l e i n f l u e n c e i s t h e 

s k i l l and d i s p o s i t i o n o f t h e p i l o t . 

The methods a v a i l a b l e t o a r r i v e a t a somewhat r e s p o s i b l e c h a n n e l 

d e s i g n i n s p i t e o f a l l t h e s e d i f f i c u l t i e s a r e o u t l i n e d i n t h e f o l l o w 

i n g s e c t i o n and i n c h a p t e r 6 . 

5 .4 D e s i g n methods ^ 
TU 

I n s p i t e o f t h e p r a c t i c a l d i f f i c u l t i e s o f an e x a c t m a t h e m a t i c a l 

d e s c r i p t i o n o f t h e p h y s i c a l p r o c e s s e s i n v o l v e d i n t h e d e t e r m i n a t i o n I 

o f a s h i p ' s p a t h , t h r e e methods have been d e v e l o p e d w h i c h can h e l p 

l e a d t o a r e s p o n s i b l e c h a n n e l d e s i g n . 

The o l d e s t and most w i d e l y used t e c h n i q u e f o r p r e d i c t i n g t h e p e r 

f o r m a n c e o f a c h a n n e l bases a p r e d i c t i o n upon e x p e r i e n c e w i t h s i m i l a r 

s h i p s i n s i m i l a r c h a n n e l s . F i g u r e 5 . 1 , based upon f i g u r e 7 by Eden , J r . 

( 1 9 7 1 ) shows a c c e p t a b l e and u n a c c e p t a b l e c h a n n e l d e p t h and w i d t h com

b i n a t i o n s f o r a 2 5 0 . 0 0 0 DWT t a n k e r . T h i s f i g u r e i s based upon s i m u l a 

t i o n d a t a - see c h a p t e r 6 . Kray ( 1 9 7 3 ) summar i zes t h e s t a t e o f t h e 

a r t n i c e l y . The f i g u r e g i v e s some i n d i c a t i o n o f t h e a c c e p t a b l e c h a n n e l 

d i m e n s i o n s based upon t h e d i m e n s i o n s o f t h e d e s i g n s h i p . The method 

w o r k e d v e r y w e l l i n t h e age when s h i p s i z e s d i d n o t i n c r e a s e r a p i d l y . 

E x t r a p o l a t i o n o f d a t a r e p r e s e n t e d by g r a p h s such as f i g u r e 5 . 1 i s 

d a n g e r o u s . I n t h e p a s t a f t e r a s l i g h t e x t r a p o l a t i o n had been made f o r 

a new, l a r g e r s h i p , new d a t a on c h a n n e l a d e q u a c y was o b t a i n e d and 

added b e f o r e a d e s i g n f o r a s t i l l l a r g e r s h i p was n e e d e d . The a c c e l 

e r a t e d g r o w t h o f s h i p s i z e s i n t h e l a s t decades has made such an a p 

p r o a c h u s e l e s s ; t h e e x p e r i e n c e g a i n e d w i t h l a r g e s h i p s has n o t k e p t 

pace w i t h t h e demand t o d e s i g n c h a n n e l s f o r even l a r g e r o n e s . O t h e r 

2.00| 
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methods have been s o u g h t and f o u n d t o a t t a c k t h i s l a r g e s h i p p r o b 

l e m . T h e r e i s , o f c o u r s e , enough d a t a a v a i l a b l e t o make i t p o s s i b l e 

t o d e s i g n c h a n n e l s f o r s m a l l e r s h i p s u s i n g p a s t e x p e r i e n c e . The 

t e c h n i q u e s d e s c r i b e d be low w i l l o n l y be needed f o r s m a l l s h i p s u n d e r 

s p e c i a l c o n d i t i o n s . 

A second method o f a p p r o a c h i n g t h e d e s i g n p r o b l e m i s , t o r e 

c o n s t r u c t t h e a c t u a l p r opos ed s i t u a t i o n i n a p h y s i c a l m o d e l . Such 

m o d e l s , i f l a r g e enough ( s c a l e s o f up t o 1 :50 a r e u s e d ) , can r e p r o 

duce t h e h y d r a u l i c s i t u a t i o n a l m o s t e x a c t l y . The human p i l o t , how

e v e r , c a n n o t be r e p r o d u c e d on t h e p r o p e r s c a l e . Bo th h i s t i m e s c a l e 

and s c a l e o f d i s t a n c e p e r c e p t i o n a r e d i s t o r t e d i n a p h y s i c a l m o d e l . 

Even s o , p h y s i c a l mode ls have been used and w i l l most l i k e l y c o n t i n u e 

t o be used t o a t l e a s t d e t e r m i n e t h e h y d r o d y n a m i c c h a r a c t e r i s t i c s o f 

s h i p s i n c h a n n e l s . These c h a r a c t e r i s t i c s may t h e n be used as i n p u t t o 

o t h e r a n a l y s i s m e t h o d s . 

The t h i r d method a v a i l a b l e t o e v a l u a t e a c h a n n e l d e s i g n makes use 

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

i n t h e same way t h a t he w o u l d r e a c t w i t h h i s e n v i r o n m e n t i n a r e a l 

s h i p n a v i g a t i o n s i t u a t i o n . These s h i p s i m u l a t o r s w i l l be d e s c r i b e d i n 

more d e t a i l i n t h e f o l l o w i n g c h a p t e r . 

5 . 5 A d d i t i o n a l f a c t o r s 

So f a r , t h i s d i s c u s s i o n has been l i m i t e d t o t h e movement o f t h e 

c e n t e r o f mass o f a s h i p . O f t e n , a s h i p sweeps o u t a p a t h somewhat 

b r o a d e r t h a n t h e beam o f t h e s h i p . Fo r e x a m p l e , i f a s h i p e n t e r e d a 

h a r b o r w i t h a speed and c r o s s c u r r e n t as i n d i c a t e d i n f i g u r e 5 . 2 , t h e 

a c t u a l swa th o f t h e s h i p w o u l d r a n g e - o u t s i d e t h e b r e a k w a t e r - f r o m 

a w i d t h o f 110 m t o a maximum o f 232 m w h i l e t h e s h i p i s o n l y 60 m 

w i d e and 300 m l o n g , i t s e l f . 

For a l a r g e s h i p , t h e a t h w a r t s h i p s f o r c e f r o m a c r o s s c u r r e n t o r 

w i n d can be s u b s t a n t i a l . The f o l l o w i n g o r d e r s o f m a g n i t u d e a r e r e a l i s 

t i c f o r a s h i p o f a b o u t 1 2 0 . 0 0 0 d e a d w e i g h t t o n s , 

A c r o s s c u r r e n t o f 1 k n o t can cause an a t h w a r t s h i p s f o r c e o f 

a b o u t 14x10^ N. A c r o s s w i n d o f 20 m/s ( B e a u f o r t f o r c e 8 , f r o m vo lume 

I , c h a p t e r 4 ) can cause an a t h w a r t s n i p s f o r c e o f a b o u t 1 .2x10 N on a 
5 

l o a d e d s h i p and 8x10 N on a empty s h i p . 
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Figure 5.2 

PATH WIDTH FOR SHIP 
300M LONG, 50 M BEAM 

X Value increased from 30 
by moment r esu l t i ng f rom 
current change . 
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6 . SHIP MANEUVERING MODELS E.W. B i j k e r 
L . E . V. Loo 
W.W. M a s s i e 

6 . 1 P h y s i c a l mode ls 

The mos t o b v i o u s way t o s t u d y t h e m a n e u v e r a b i l i t y o f a s h i p a t 

sea o r i n a h a r b o r i s w i t h a f u l l s c a l e s h i p under n a t u r a l c o n d i t i o n s . 

S i n c e t h i s i s o f t e n i m p r a c t i c a l f o r a p r opos ed s h i p o r h a r b o r f a c i l i t y , 

p h y s i c a l mode ls a r e o f t e n u s e d . Some o f t h e r e q u i r e m e n t s f o r such mo

d e l s and t h e i r a s s o c i a t e d s h o r t c o m i n g s a r e d e s c r i b e d b e l o w . 

S i n c e t h e t i m e s c a l e i s d i s t o r t e d i n any p h y s i c a l m o d e l , ( t i m e i s 

n o t r e p r o d u c e d on a o n e - t o - o n e b a s i s ) i t i s i m p o s s i b l e t o i n c l u d e t h i s 

s c a l e i n t h e p e r c e p t i v e c a p a b i l i t y o f t h e human p i l o t . A d d i t i o n a l l y , 

because o f h i s s i z e , t h e p i l o t c a n n o t a l w a y s be l o c a t e d i n t h e p r o p e r 

r e l a t i v e p o s i t i o n a b o a r d h i s model s h i p . H i s v i s u a l i m p r e s s i o n w i l l be 

d i f f e r e n t f r o m t h a t w h i c h he w o u l d e x p e r i e n c e s t a n d i n g on t h e b r i d g e 

o f a f u l l s c a l e s h i p . I f he i s l o c a t e d o u t s i d e t h e model s h i p (on t h e 

s h o r e , f o r examp le ) he w i l l n o t n o t i c e s m a l l c o u r s e changes as e a s i l y 

b u t w i l l have an a d v a n t a g e o f h a v i n g a b e t t e r o v e r a l l v i e w o f t h e t o t a l 

s i t u a t i o n . Even when t h e p i l o t ' s head has been b r o u g h t i n t o t h e p r o p e r 

r e l a t i v e l o c a t i o n on a s h i p m o d e l , he s t i l l has a r e l a t i v e a d v a n t a g e 

because h i s v i s u a l d e p t h p e r c e p t i o n i s more s e n s i t i v e a t t h e s h o r t e r 

d i s t a n c e s e n c o u n t e r e d i n t h e m o d e l . W i t h normal b i n o c u l a r v i s i o n , d i s 

t a n c e s can u s u a l l y be e s t i m a t e d r a t h e r w e l l up t o a b o u t 200 m. Ob

v i o u s l y , much more d i s t a n c e i n f o r m a t i o n i s p r e s e n t w i t h i n a r a n g e o f 

200 m on a model t h a n i n p r o t o t y p e . T h i s b i n o c u l a r v i s i o n b e n e f i t i n 

a model can be compensated by c o v e r i n g one o f t h e p i l o t ' s e y e s . 

T a b l e 6 . 1 i l l u s t r a t e s t h e c h a r a c t e r i s t i c d i m e n s i o n s o f a model 

o f t h e s u p e r t a n k e r "Esse A t l a n t i c " . One sees t h a t t h e s e s h i p s a r e l a r g e 

- even on a model s c a l e o f 1 : 5 0 , t h e y have a h i g h e r d i s p l a c e m e n t t h a n 

many p l e a s u r e y a c h t s . On t h e o t h e r h a n d , such s u p e r t a n k e r s have r e l a 

t i v e l y l i t t l e p o w e r , a y a c h t o f s i z e c o m p a r a b l e t o t h e 1 :50 model w o u l d 

have a f ew hund red t i m e s as much p o w e r . 

S h i p mode ls based a t l e a s t p a r t i a l l y upon c o m p u t e r s w i l l be 

d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n s . 

T a b l e 6 . 1 C h a r a c t e r i s t i c s o f "Esse A t l a n t i c " i n p r o t o t y p e and i n 

m o d e l . 

s e a l e d e a d  d i s p l . 1 e n g t h beam d e p t h d r a f t power speed 
w e i g h t 

speed 

( t o n s ) ( t o n s ) (m) (m) (m) (m) ( k w ) ( k t ) 

1 508731 '^^670000 4 0 6 . 6 7 1 . 0 3 1 . 2 2 5 . 0 33570 16 

25 3 2 . 5 6 4 2 . 8 8 1 6 . 2 2 . 8 4 1 .25 1.0 . 4 3 0 3 . 2 

50 4 . 0 7 5 .36 8 . 1 3 1 .42 0 . 6 2 0 . 5 .038 2 . 2 6 

* 0 n a l a r g e t a n k e r , even t h e bow o f t h e s h i p i s more t h a n 200 m away l 
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6 . 2 The s i m u l a t i o n a p p r o a c h 

S h i p s i m u l a t o r s a r e mach ines upon w h i c h a p i l o t can e x p e r i e n c e t h e 

m a n e u v e r i n g o f a g i v e n s h i p i n a g i v e n s i t u a t i o n . W h i l e p h y s i c a l m o d e l s , 

j u s t d e s c r i b e d i n t h e p r e v i o u s s e c t i o n , s a t i s f y t h i s d e f i n i t i o n , we 

s h a l l r e s t r i c t o u r s e l v e s , now, t o m a c h i n e s upon w h i c h t h e human e l e m e n t 

can be h a n d l e d on a n a t u r a l t i m e s c a l e . A s i m i l a r , pe rhaps b e t t e r known 

s i m u l a t o r o f t h e t y p e o f i n t e r e s t h e r e , i s t h e a i r c r a f t f l i g h t s i m u l a 

t o r used t o t r a i n a i r l i n e and m i l i t a r y p i l o t s . The b a s i c p r o p e r t y o f 

a l l s i m u l a t o r s o f t h i s t y p e i s t h a t t h e p i l o t i s made t o t h i n k he i s 

p i l o t i n g an a c t u a l s h i p unde r r e a l c o n d i t i o n s . How t h i s i s a c c o m p l i s h e d 

w i t h l e s s t h a n an a c t u a l s h i p i s e x p l a i n e d i n t h e f o l l o w i n g s e c t i o n . 

6 . 3 D e s c r i p t i o n o f s h i p s i m u l a t o r 

The d e s c r i p t i o n w h i c h f o l l o w s g i v e s t h e g e n e r a l f e a t u r e s o f t h e 

more advanced s h i p m a n e u v e r i n g s i m u l a t o r s a v a i l a b l e . T h e r e a r e as 

many d i f f e r e n c e s i n d e t a i l as t h e r e a r e i n d i v i d u a l s i m u l a t o r s ; no 

p a r t i c u l a r s i m u l a t o r i s d e s c r i b e d he re . . 

The most o b v i o u s p a r t o f a s h i p s i m u l a t o r i s a f u l l s i z e d s h i p ' s 

b r i d g e c o m p l e t e w i t h a l l t h e a m e n i t i e s such as c h a r t t a b l e , compass , 

r a d a r , o t h e r n a v i g a t i o n i n s t r u m e n t s , and p e r h a p s even t h e c o f f e e p o t ; 

a l l o f t h e i n s t r u m e n t s w o r k . Fo r t h e moment , o u r p i l o t i s on a r e a l 

s h i p ' s b r i d g e on a moored s h i p i n a t h i c k f o g f o r n o t h i n g can be 

seen - y e t - l o o k i n g o f f f r o m t h e b r i d g e . 

A s e c o n d , much l e s s o b v i o u s ( i n f a c t se ldom s e e n ) , component o f 

t h e s i m u l a t o r i s a l a r g e c o m p u t e r . Bo th h y b r i d and p u r e d i g i t a l com

p u t e r s have been used i n t h e p a s t ; d i g i t a l c o m p u t e r s have d e v e l o p e d 

s u f f i c i e n t c o m p u t a t i o n a l speed r e c e n t l y t o be w i n n i n g t h e a p p l i c a t i o n 

c o n t e s t a t t h e moment. The c o m p u t e r i s c o n n e c t e d t o a l l o f t h e b r i d g e 

i n s t r u m e n t s g a t h e r i n g i n p u t f r o m t h e s h i p s ' s b r i d g e c o n t r o l s and 

g u i d i n g t h e r e a d - o u t i n s t r u m e n t s a c c o r d i n g l y . For e x a m p l e , when t h e 

helmsman t u r n s t h e s t e e r i n g wheel t o p o r t , t h e r u d d e r a n g l e i n d i c a t o r 

i s changed a c c o r d i n g l y by t h e c o m p u t e r . F u r t h e r , t h e c o n t r o l mea

s u r e s o r d e r e d by t h e p i l o t a r e used as i n p u t f o r t h e c o m p u t a t i o n o f 

changes i n t h e speed and h e a d i n g o f t h e s h i p . These changes a r e a l s o 

r e p o r t e d - a t a p r o p e r t i m e s c a l e - t o t h e p i l o t v i a h i s i n s t r u m e n t s 

on t h e b r i d g e . The c o o r d i n a t e s on t h e p o s i t i o n d e t e r m i n i n g s y s t e m and 

t h e compass and speed i n d i c a t o r a l l r e f l e c t t h e s h i p ' s r e s p o n s e t o 

t h e p i l o t ' s o r d e r s . How i s t h i s r e s p o n s e d e t e r m i n e d f o r a g i v e n s h i p 

i n a g i v e n c h a n n e l ? T h i s i s j u s t e x a c t l y t h e r e l a t i o n s h i p o r s e t o f 

r e l a t i o n s h i p s needed f o r a d i r e c t s t a t i s t i c a l a n a l y s i s s u g g e s t e d back 

i n c h a p t e r 51 Because t h e s e r e l a t i o n s h i p s c a n n o t , i n g e n e r a l , be a n a 

l y t i c a l l y p r e d i c t e d , t h e o n l y hope i s t o d e t e r m i n e them e m p e r i c a l l y 

based upon e i t h e r p r o t o t y p e o r p h y s i c a l model s t u d i e s . I n d e e d , a 

s e r i e s o f s t a n d a r d t e s t s , such as a z i g - z a g t e s t , r o u t i n e l y c a r r i e d 

o u t d u r i n g t r i a l s o f a new s h i p can be used t o p r o v i d e many o f t h e 

n e c e s s a r y c o e f f i c i e n t s o r r e l a t i o n s h i p s . More s p e c i f i c e f f e c t s such 

as t h e i n f l u e n c e o f t h e p r o x i m i t y t o t h e c h a n n e l s i d e s l o p e s a r e b e s t 

d e t e r m i n e d by c o n d u c t i n g a s e r i e s o f " s t a n d a r d " maneuvers w i t h a 
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p h y s i c a l m o d e l . W i t h a l l o f t h e s e r e l a t i o n s h i p s a v a i l a b l e , t h e com

p u t e r can d e t e r m i n e t h e p a t h o f t h e s h i p and change t h e i n s t r u m e n t 

r e a d i n g s a c c o r d i n g l y . The s p e c i f i c e m p e r i c a l n a t u r e o f t h e r e s u l t i n g 

r e l a t i o n s h i p s makes t h e o r e t i c a l s t a t i s t i c a l a n a l y s i s u n r e w a r d i n g . The 

p i l o t i s now n a v i g a t i n g h i s s h i p b u t i s s t i l l o p e r a t i n g i n a dense f o g ; 

he can see n o t h i n g l o o k i n g o u t f r o m t h e b r i d g e . 

Some use o n l y t h e two componen ts d e s c r i b e d a b o v e . The more s o p h i s 

t i c a t e d s i m u l a t o r s , h o w e v e r , add a s p a t i a l d i m e n s i o n t o t h e s u r 

r o u n d i n g s . The more s u c c e s f u l o f t h e s e a d d i t i o n s t o t h e s y s t e m p r o j e c t 

an image o f t h e s u r r o u n d i n g s - b u o y s , c o a s t , n a v i g a t i o n l i g h t s , e t c . 

on a s c r e e n s u r r o u n d i n g t h e b r i d g e . T h i s p r o j e c t e d image i s , o f c o u r s e , 

a l s o m o d i f i e d c o n t i n u o u s l y t o c o r r e s p o n d t o t h a t seen by someone 

s t a n d i n g on an a c t u a l m o v i n g s h i p b r i d g e . The b e s t s i m u l a t o r s g e n e r a t e 

t h i s image o f t h e s u r r o u n d i n g s by p r o j e c t i n g t h e shadow image o f a p h y 

s i c a l model on t o t h e s u r r o u n d i n g s c r e e n . A s m a l l b u t i n t e n s e l i g h t 

s o u r c e o c c u p i e s t h e same p o s i t i o n i n t h e model as t h e s h i p ' s b r i d g e . 

The l i g h t moves r e l a t i v e t o t h e model ( a c t u a l l y t h e model i s moved r e 

l a t i v e t o t h e f i x e d l i g h t ) i n o r d e r t o m o d i f y t h e p r o j e c t e d i m a g e . 

T h u s , a t u r n o f t h e s h i p r e s u l t s , i n f a c t , i n an o p p o s i t e r o t a t i o n o f 

t h e m o d e l . Such a p r o j e c t e d image removes t h e p i l o t f r o m t h e " f o g 

bank" and p r o v i d e s v a l u a b l e e x t r a v i s u a l d a t a t o t h e p i l o t . The r e a l i s m 

i s made even more c o m p l e t e by p r o j e c t i n g an image o f t h e bow o f t h e 

s h i p - as seen f r o m t h e b r i d g e - o n t o t h e same s u r r o u n d i n g s c r e e n . I n 

p r i n c i p l e , i t i s s i m p l e enough t o p r o j e c t images o f o t h e r s h i p s i n 

o r d e r t o s i m u l a t e v a r i o u s s h i p t r a f f i c c o n d i t i o n s . 

The c o m p u t e r c o n t r o l s t h i s p r o j e c t i o n model as w e l l , o f c o u r s e . 

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

d u r i n g i t s p r o g r e s s . The s t a n d a r d d e v i a t i o n o f t h e a c t u a l s h i p ' s p a t h 

r e l a t i v e t o t h e d e s c r i b e d p a t h can be d e t e r m i n e d , f o r e x a m p l e . 

6 . 4 S h i p s i m u l a t o r uses 

Such a s h i p m a n e u v e r i n g s i m u l a t o r has many u s e s . The most o b 

v i o u s i s p r o b a b l y t h e t r a i n i n g o f new h a r b o r p i l o t s j u s t as t h e a i r 

l i n e s use f l i g h t s i m u l a t o r s . U n f o r t u n a t e l y , t h e h i g h e x p e n s e o f such 

a s i m u l a t i o n f a c i l i t y have p r e v e n t e d i t s g e t t i n g much use f o r t h i s 

p u r p o s e . 

The s i m u l a t o r can be used t o e v a l u a t e s h i p movements d u r i n g a p 

p r o a c h e s t o a p r opos ed h a r b o r . T h i s i s , i n d e e d , how we as h a r b o r 

d e s i g n e r s can u t i l i z e t h e s i m u l a t o r mos t e f f e c t i v e l y . A l t e r n a t i v e l y , 

t h e b e h a v i o r o f a new t y p e o f s h i p a p p r o a c h i n g an e x i s t i n g h a r b o r can 

be s i m u l a t e d . The d a t a o b t a i n e d f r o m a number o f " t r i a l s " w i t h such a 

s i m u l a t o r can p r o v i d e much v a l u a b l e d a t a f o r t h e e v a l u a t i o n o f a w h o l e 

h a r b o r l a y o u t as w e l l as t h e a p p r o a c h c h a n n e l . 

A s i m u l a t o r has even been used i n t h e o f f s h o r e i n d u s t r y t o d e v e l 

op an op t imum t u g b o a t d e p l o y m e n t and o p e r a t i o n s t r a t e g y t o p o s i t i o n 

a l a r g e g r a v i t y s t r u c t u r e and h o l d i t i n p o s i t i o n i n t h e N o r t h Sea 

w h i l e i t was s i n k i n g on t o t h e sea b e d . 
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Even s i t u a t i o n s n o t commonly e c o u n t e r e d ( l u c k i l y ) such as mecha

n i c a l f a i l u r e s o f t h e s t e e r i n g gea r can be s i m u l a t e d . "What t o do i f . ' . ' 

s t r a t e g i e s can be d e v e l o p e d f r o m e x p e r i e n c e g a i n e d i n t h i s way . 

The d a t a r e p o r t e d by Oldenkamp ( 1 9 7 7 ) , r e f e r r e d t o i n t h e p r e v i o u s 

c h a p t e r , was even o b t a i n e d on a s i m u l a t o r . 

6 . 5 C r i t i c a l r e m a r k s 

S h i p m a n e u v e r i n g s i m u l a t o r s have made i t p o s s i b l e t o o b t a i n much 

u s e f u l d a t a on t h e b e h a v i o r o f a g i v e n s h i p unde r g i v e n c o n d i t i o n s . 

T h i s can be i n v a l u a b l e f o r t h e e v a l u a t i o n o f h a r b o r d e s i g n s . U n f o r 

t u n a t e l y , t h e s i m u l a t i o n r e s u l t s s t i l l have some l i m i t a t i o n s . 

Not all p o s s i b l e i n p u t s t o a s i m u l a t i o n model a r e i n c l u d e d . E f 

f e c t s o f wave a c t i o n , so i m p o r t a n t f o r s m a l l e r s h i p s e s p e c i a l l y , a r e 

se ldom i f e v e r i n c l u d e d , f o r e x a m p l e . Most s i m u l a t o r s do n o t p r o v i d e 

f o r t h e p i l o t t o c a l l on t u g b o a t s f o r a s s i s t a n c e . I t i s d o u b t f u l 

w h e t h e r t h e e f f e c t s o f , f o r e x a m p l e , v a r y i n g t h e s i d e s l o p e s o f an 

a p p r o a c h c h a n n e l a r e a c c u r a t e l y enough d e t e r m i n e d i n a p h y s i c a l model 

f o r i n c l u s i o n i n s u c c e s s i v e s i m u l a t i o n r u n s . 

Even i f t h e i r r e s u l t s do n o t r e p r e s e n t t h e " a b s o l u t e t r u t h ; ' s i 

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

d e s i g n e r . 

I n some c a s e s , a d e s i g n e r w i l l be t e m p t e d t o i m p r o v e t h e h a n d 

l i n g c h a r a c t e r i s t i c s o f s h i p s u s i n g h i s p roposed h a r b o r as an a l t e r n a 

t i v e t o d e s i g n i n g a much w i d e r c h a n n e l o r h a r b o r e n t r a n c e . Data on 

wha t can be e x p e c t e d f r o m t u g b o a t a s s i s t a n c e i s p r o v i d e d i n c h a p t e r 7 . 
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7 . MANEUVERABILITY IMPROVEMENT L . E . v . Loo 

7 . 1 M o t i v a t i o n 

O f t e n a h a r b o r d e s i g n e r i s f a c e d w i t h a d e c i s i o n c o n c e r n i n g two 

d e s i g n a l t e r n a t i v e s : A " m o d e s t " c h a n n e l i n w h i c h a t l e a s t some s h i p s 

w i l l p r e s e n t t o o h i g h a r i s k o f m i s h a p caused by m a n e u v e r a b i l i t y p r o b 

l e m s , o r a " s p a c i o u s l y " d i m e n s i o n e d c h a n n e l i n w h i c h a l l s h i p can 

n a v i g a t e s a f e l y . The second a l t e r n a t i v e may l o o k v e r y a t t r a c t i v e u n 

t i l t h e c a p i t a l c o s t s o f such an e x t e n s i v e h a r b o r and c h a n n e l a r e a 

a r e computed and t h e p o r t f a c i l i t i e s p l a n n e r s t a r t s p r o t e s t i n g . 

Methods t o make t h e f i r s t o f t h e above a l t e r n a t i v e s a t t r a c t i v e 

a r e t h e s u b j e c t o f t h i s c h a p t e r . A c o u p l e o f methods have a l r e a d y 

been h i n t e d a t : m o d i f y t h e c h a n n e l a l i g n m e n t t o make m a n e u v e r i n g 

e a s i e r b y , f o r e x a m p l e , r e d u c i n g c r o s s c u r r e n t s . A s e c o n d , b u t e x 

p e n s i v e a l t e r n a t i v e s o l u t i o n i s t o c o n s t r u c t b r e a k w a t e r s i n o r d e r 

t o b l o c k o r r e - d i r e c t c r o s s c u r r e n t s i n o r d e r t o r e d u c e t h e i r d e t r i 

m e n t a l e f f e c t s . I n some p l a c e s even s p e c i a l w i n d s c r e e n s have been 

b u i l t - b u t o n l y w i t h i n a h a r b o r - t o r e d u c e w i n d e f f e c t s on maneu

v e r i n g , s l o w - m o v i n g s h i p s . 

Why do s h i p s e n c o u n t e r m a n e u v e r i n g d i f f i c u l t i e s ? As has a l 

r e a d y has been p o i n t e d o u t i n c h a p t e r 5 , a c r o s s c u r r e n t can cause 

a s h i p t o sweep o u t a w i d e r p a t h t h a n n o r m a l . As t h e s h i p speed 

t h r o u g h t h e w a t e r d e c r e a s e s , t h i s i n f l u e n c e becomes more p r o n o u n c e d . 

The r e l a t i v e l y l o w f o r w a r d speed o f s h i p s i n and n e a r h a r b o r s makes 

t h e i r r u d d e r s l e s s e f f e c t i v e as w e l l . T h i s r e d u c t i o n i s even w o r s e 

when t h e p r o p e l l e r i s s t o p p e d i n o r d e r t o s l o w down t h e s h i p more 

r a p i d l y . S i n c e t h e r u d d e r i s o f t e n l o c a t e d j u s t a f t o f t h e p r o p e l l e r , 

l o s s o f i t s j e t a l s o r e d u c e s r u d d e r e f f e c t i v e n e s s . I f a s h i p t h r o w s 

t h e p r o p e l l e r i n t o r e v e r s e t o s l o w down even f a s t e r , t h e r e i s a good 

chance t h a t a l l s t e e r a b i l i t y w i l l be l o s t . I n d e e d , when a l a r g e t a n k e r 

( 2 0 0 . 0 0 0 DWT) makes an emergency s t o p f r o m a speed o f a b o u t 15 k n o t s 

( 7 . 7 m / s ) , i t w i l l have a s t o p p i n g d i s t a n c e o f a b o u t 2 . 5 n a u t i c a l 

m i l e s ( 4 . 6 km) and w i l l most c e r t a i n l y not r e m a i n on c o u r s e * . A much 

more p r a c t i c a l a l t e r n a t i v e where t h e r e i s a d e q u a t e s p a c e , i s f o r a 

t a n k e r c a p t a i n t o c a l l f o r f u l l speed ahead and p u t t h e helm h a r d o v e r 

m a k i n g a c o n t r o l l e d U t u r n . I n t h i s w a y , he can s u c c e s f u l l y a v o i d an 

o b s t a c l e o n l y a l i t t l e more t h a n a k i l o m e t e r a h e a d . O b v i o u s l y , such a 

maneuver i s n o t p r a c t i c a l i n a c h a n n e l . 

'The s t e r n o f a s h i p e q u i p p e d w i t h a r i g h t - h a n d ( c l o c k w i s e t u r n i n g ) 

p r o p e l l e r w i l l t e n d t o s w i n g t o p o r t when t h e p r o p e l l e r i s t u r n i n g 

i n r e v e r s e . T h u s , t h e bow o f t h e s h i p sw ings t o s t a r b o a r d i f t h e 

s h i p i s s t i l l m o v i n g a h e a d . 
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7 . 2 Tugboa t a s s i s t a n c e 

One a l t e r n a t i v e open t o a s h i p c a p t a i n n a v i g a t i n g i n a r e s t r i c t e d 

w a t e r w a y i s t o e n l i s t t h e a s s i s t a n c e o f t u g b o a t s . O n l y s m a l l s h i p s can 

u t i l i z e t u g b o a t s as " b r a k e s " e f f e c t i v e l y . Fo r l a r g e s h i p s ( t h e d e f i n i 

t i o n o f l a r g e depends somewhat on t h e t u g b o a t s a v a i l a b l e , b u t 5 0 . 0 0 0 

DWT i s a l w a y s a l a r g e s h i p ) t u g b o a t s can be mos t e f f i c i e n t l y used t o 

c o u n t e r a c t c r o s s - c u r r e n t I n f l u e n c e s and h o l d t h e s h i p on c o u r s e , g e n e r 

a l l y . W i t h t h e s t e e r i n g t a s k t a k e n o v e r by t h e t u g s , t h e s h i p can r e 

v e r s e i t s p r o p e l l e r , i f n e c e s s a r y , i n o r d e r t o d e c e l e r a t e more r a p i d l y . 

F i g u r e 7 . 1 shows s t o p p i n g d i s t a n c e d a t a f o r t h r e e t y p e s o f t a n k e r s 

based upon f i e l d o b s e r v a t i o n s a t R o t t e r d a m . 

500 .000 D W T 

250 .000 D W T 

1 0 0 . 0 0 0 D W T 

a s t r a i g h t course i s a s s u m e d 
w a t e r d e p t h = 1. 2 x d r a f t 
no r e v e r s e p o w e r i s used e x c e p t 
d u r i n g t u g b o a t a s s i s t a n c e 

10 11 12 

F i g u r e 7.1 

D i s t a n c e t r a v e l l e d [km) 

STOPPING DISTANCES FOR T A N K E R S 

IN S H A L L O W W A T E R 

How much t u g b o a t power i s needed? I n E u r o p o o r t , l a r g e t a n k e r s a r e 

u s u a l l y s u p p l i e d w i t h a t o t a l o f a b o u t 7 x 10^ N t o t a l p u l l i n g f o r c e 

u s u a l l y d i s t r i b u t e d o v e r a t l e a s t f o u r t u g b o a t s . T h i s means t h a t t h e 

t u g s w i l l be r a t h e r l a r g e - as h a r b o r t u g s go - somewhat more t h a n 

2000 kw p o w e r . T a b l e 7 . 1 l i s t s some r e f e r e n c e d a t a on v a r i o u s t y p e s o f 

t u g b o a t s . The d a t a l i s t e d f o r a s u p e r t a n k e r I n d i c a t e s how unde rpowered 

t h e y a r e l 

What a r e t h e o p e r a t i o n a l p r o b l e m s w i t h t u g s ? The mos t I m p o r t a n t 

h a n d i c a p o f mos t t u g s i s t h a t a t o w i n g l i n e must be passed be tween t h e 

s h i p and t h e t u g u n d e r w a y . The h i g h e s t p o s s i b l e speed a t w h i c h a t u g 

b o a t c a p t a i n d a r e s a t t e m p t such an o p e r a t i o n i s a b o u t 5 k t (3 m / s ) u n 

d e r i d e a l c o n d i t i o n s . The speed must be r e d u c e d s t i l l f u r t h e r t o a b o u t 

3 k t ( 1 . 5 m / s ) b e f o r e t h e t u g s can a s s i s t t h e s h i p e f f e c t i v e l y . Be

cause o f t h e i r e x t r e m e m a n e u v e r a b i l i t y , t u g b o a t s w i t h V o i t h - S c h n e i d e r 

p r o p e l l e r s a r e somewhat more e f f e c t i v e a t h i g h e r s p e e d s . I n d e e d , such 

t u g s can move a t f u l l speed o r p u l l i n any d i r e c t i o n ; t h i s a d v a n t a g e 

o f f s e t s t h e i r r e l a t i v e i n e f f i c i e n t use o f power r e f l e c t e d i n t a b l e 7 . 1 . 
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T a b l e 7 . 1 Tugboa t and s h i p p e r f o r m a n c e d a t a 

Type 

t u g w i t h normal 

p r o p e l 1e r 

t u g w i t h p r o p e l l e r 

i n t u n n e l 

t u g w i t h V o i t h -

S c h n e i d e r P r o p e l l e r 

l a r g e sea t u g 

" S m i t R o t t e r d a m " 

s u p e r t a n k e r 

Navy D e s t r o y e r 

Tow ing f o r c e 

power 

( N / k w ) 

170 

210 

135 

170 

Power 

d i s p l a c e m e n t 

( k w / t o n ) 

% 4 

^ 5 

3 . 7 6 

0 . 0 7 5 

1 1 . 5 

The o p e r a t i o n o f t r a n s f e r r i n g a t o w l i n e t o a t u g a l s o c o s t s t i m e 

w h i c h can be t r a n s l a t e d i n t o d i s t a n c e p r o g r e s s e d a l o n g t h e c h a n n e l . A 

r e c e n t Japanese i n v e n t i o n a l l o w s t h e t u g t o make f a s t d i r e c t l y t o t h e 

s i d e o f t h e s h i p u s i n g a g i a n t s u c t i o n c u p . I t r e m a i n s t o be seen 

w h e t h e r t h i s w i l l p r o v e t o be e f f e c t i v e and s u f f i c i e n t l y d e p e n d a b l e . 

The p r o b l e m o f r e d u c i n g t h e n e c e s s a r y s t o p p i n g d i s t a n c e w i t h i n 

a h a r b o r m i g h t be a l l e v i a t e d by e x t e n d i n g t u g b o a t a s s i s t a n c e o f f s h o r e 

so t h a t d e c e l e r a t i o n c o u l d be s t a r t e d s o o n e r . U n f o r t u n a t e l y , wave 

a c t i o n can h a n d i c a p t h e o p e r a t i o n o f a h a r b o r t u g a t s e a . Not o n l y i s 

t h e t r a n s f e r o f a t o w l i n e more dange rous and t i m e - c o n s u m i n g , t h e 

m o t i o n o f t h e t u g i n t h e waves can impose u n d e s i r a b l e shock l o a d s on 

t h e t o w i n g c a b l e and i t s h a r d w a r e . Kruse and Niewenhuys ( 1 9 7 4 ) have 

examined t h i s p r o b l e m i n some d e t a i l . 

A l s o , o f c o u r s e , t u g b o a t s mus t be a v a i l a b l e t o be u t i l i z e d and 

t h e y c o s t money t o r e n t . When t h e t r a v e l t i m e o f a s h i p i s o f h i g h i m 

p o r t a n c e and h a r b o r maneuvers a r e c a r r i e d o u t f r e q u e n t l y , an a l t e r n a 

t i v e t o t h e use o f t u g s i s o f t e n e c o n o m i c a l . 
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7 . 3 Bow t h r u s t e r s 

F a s t s h i p s c a r r y i n g e x p e n s i v e c a r g o s c a l l i n g a t many p o r t s can 

f i n d t h e d e l a y s and r e n t a l c o s t s o f t u g b o a t s t o be t o o much o f an 

economic b u r d e n on t h e i r o v e r a l l o p e r a t i o n . C o n t a i n e r s h i p s a r e an 

examp le o f t h e t y p e o f s h i p i n v o l v e d . 

Such s h i p s o f t e n have bow t h r u s t e r s i n a d d i t i o n t o t w i n p r o p e l 

l e r s , b o t h o f w h i c h can i m p r o v e m a n e u v e r i n g c h a r a c t e r i s t i c s when com

p a r e d t o s i n g l e sc rew s i s t e r s h i p s . A bow t h r u s t e r i s a p r o p e l l e r 

mounted on an a x l e p l a c e d c r o s s w i s e o f t h e s h i p i n a t u b e e x t e n d i n g 

t h r o u g h t h e s h i p deep i n t h e w a t e r w e l l f o r w a r d . Such a t h r u s t e r can 

e x e r t a d i r e c t c r o s s w i s e f o r c e a t t h e bow t o h e l p i n m a n e u v e r i n g and 

b e r t h i n g o p e r a t i o n s . Of c o u r s e , such bow t h r u s t e r s r e p r e s e n t a 

c a p i t a l i n v e s t m e n t f o r a s h i p ; t h e y a r e u s u a l l y o n l y e c o n o m i c a l on 

s h i p s such as c o n t a i n e r s h i p s . 

I n t h e f o l l o w i n g c h a p t e r , we r e - e x a m i n e t h e e n t i r e p r o b l e m o f 

op t imum c h a n n e l d e s i g n w o r k i n g f r o m t h e components p r e s e n t e d i n t h i s 

and t h e p r e v i o u s c h a p t e r s . 
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8 . TOTAL CHANNEL OPTIMIZATION W.W. M a s s i e 

8 . 1 I n t r o d u c t i o n 

The p r e v i o u s f o u r c h a p t e r s have d i s c u s s e d a s p e c t s o f h a r b o r a p 

p r o a c h c h a n n e l d e s i g n w i t h p r i m a r y emphas is on d e p t h i n c h a p t e r 4 and 

on w i d t h i n t h e r e m a i n i n g t h r e e c h a p t e r s . I n f a c t , t h e d e p t h and w i d t h 

o f a c h a n n e l a r e v e r y s t r o n g l y i n t e r r e l a t e d ; i t i s t h e p u r p o s e o f 

t h i s c h a p t e r t o p o i n t o u t t h i s i n t e r r e l a t i o n s h i p and d e v e l o p t h e i n 

s i g h t i n t o a t o t a l c h a n n e l o p t i m i z a t i o n . 

8 . 2 D e f i n i t i o n o f t o t a l op t imum 

I n g e n e r a l i n a c o m p e t e t i v e s o c i e t y , one seeks t h e c h e a p e s t s u p 

p l i e r f o r p a r t i c u l a r goods and s e r v i c e s on t h e m a r k e t p l a c e . Wise i n 

v e s t o r s c o n s i d e r m o r e , h o w e v e r , t h a n j u s t i n i t i a l cash e x p e n s e , e s 

p e c i a l l y when an i n v e s t m e n t i s a t a l l s u b s t a n t i a l . T h u s , an op t imum 

c h a n n e l d e s i g n w i l l be t h a t one w h i c h i s c h e a p e s t o v e r a l o n g t e r m -

i t s u s e f u l l i f e - and n o t n e c e s s a r i l y t h e d e s i g n r e p r e s e n t i n g t h e 

l o w e s t i n i t i a l i n v e s t m e n t . As h a s , i n f a c t , a l r e a d y been i n d i c a t e d 

t h e op t imum d e s i g n w i l l i n v o l v e a s u m m a t i o n , on some l e g i t i m a t e b a s i s 

such as c a p i t a l i z e d v a l u e , o f t h e c o s t s o f c o n s t r u c t i n g , m a i n t a i n i n g , 

and i n s u r i n g a g a i n s t damage t o s h i p p i n g . Each o f t h e s e t o p i c s i s t r e a 

t e d s e p a r a t e l y be low w i t h emphas is on t h e i n t e r r e l a t i o n s h i p s be tween 

f a c t o r s p r e s e n t e d i n c h a p t e r s 4 t h r o u g h 7 . 

8 . 3 C o n s t r u c t i o n c o s t s 

C o n s t r u c t i o n c o s t s o f a p a r t i c u l a r c h a n n e l a r e l a r g e l y d e t e r m i n e d 

by t h e s i t e c o n d i t i o n s such as s o i l m a t e r i a l , wave and t i d a l c o n d i t i o n s , 

and method and l o c a t i o n o f d r e d g e s p o i l d i s p o s a l . W h i l e t h e s e f a c t o r s 

a r e v e r y i m p o r t a n t t o a p r o j e c t , t h e y u s u a l l y do n o t v a r y s i g n i f i c a n t l y 

as a l t e r n a t i v e d e s i g n s f o r t h e same p r o j e c t a t t h e same s i t e a r e b e i n g 

c o m p a r e d . G r a n t e d , t h e c o n s t r u c t i o n o f a b r e a k w a t e r w i l l make t h e wave 

c l i m a t e i n t h e channe l more m o d e r a t e and t h i s i n t u r n can r e d u c e t h e 

u n i t c o s t o f d r e d g i n g , b u t such s a v i n g s a l o n e a r e n o t s u f f i c i e n t t o 

j u s t i f y t h e c a p i t a l c o s t o f t h e b r e a k w a t e r . A d d i t i o n a l s a v i n g s , a c 

c r u i n g f r o m r e d u c e d m a i n t e n a n c e d r e d g i n g o r a s m a l l e r c h a n n e l c a n , 

o f c o u r s e , j u s t i f y t h e b r e a k w a t e r . 

Even w i t h o u t a b r e a k w a t e r , b o t h t h e d e p t h and w i d t h o f a c h a n 

ne l i n f l u e n c e i t s i n i t i a l c o s t as w e l l as i t s m a i n t e n a n c e c o s t . I t 

i s c o n c e i v a b l e t h a t a r e l a t i v e l y w i d e and s h a l l o w c h a n n e l can be 

b u i l t f o r a b o u t t h e same i n i t i a l i n v e s t m e n t as a d e e p e r b u t n a r r o w e r 

c h a n n e l . 
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8 . 4 Damage c o s t s 

The i n s u r a n c e model f o r damage c o s t s has been a d e q u a t e l y d e s 

c r i b e d i n c h a p t e r 4 . Of i m p o r t a n c e , h e r e , i s o n l y t h e r e a l i z a t i o n 

t h a t t h e s e c o s t s , t o o , a r e r e l a t e d t o c h a n n e l w i d t h and d e p t h i n a 

r a t h e r comp lex way. 

The r e l a t i v e l y w i d e s h a l l o w c h a n n e l s u g g e s t e d i n t h e l a s t s e n 

t e n c e s o f t h e p r e v i o u s s e c t i o n w o u l d need i t s e x t r a w i d t h , p e r h a p s , 

t o compensa te f o r t h e p o o r m a n e u v e r a b i l i t y o f t h e s h i p s r e s u l t i n g 

f r o m t h e l o w a v e r a g e k e e l c l e a r a n c e . I n c r e a s i n g t h e d e p t h o f t h e 

c h a n n e l w o u l d i m p r o v e m a n e u v e r a b i l i t y most l i k e l y mak ing a w i d t h 

r e d u c t i o n p o s s i b l e w h i l e m a i n t a i n i n g t h e same a n n u a l damage c o s t . 

8 . 5 M a i n t e n a n c e c o s t s 

I n a d d i t i o n t o t h e c o n s t r u c t i o n and damage c o s t s - t h e o n l y 

two m e n t i o n e d i n c h a p t e r 13 o f vo lume I - we m u s t , f o r a c h a n n e l , i n 

c l u d e t h e c o s t s o f r o u t i n e d r e d g i n g n e c e s s a r y t o m a i n t a i n t h e c h a n 

ne l d i m e n s i o n s . S i n c e we can i n t u i t i v e l y f e e l t h a t t h e q u a n t i t y o f 

m a i n t e n a n c e d r e d g i n g w i l l be r e l a t e d t o t h e c h a n n e l g e o m e t r y , a p r e 

d i c t i o n o f t h i s m a i n t e n a n c e d r e d g i n g w i l l be n e c e s s a r y i n o r d e r t o 

c o m p l e t e t h e e v a l u a t i o n o f p a r t i c u l a r c h a n n e l a l t e r n a t i v e s . 

The p r e d i c t i o n o f such s e d i m e n t a t i o n i s an e x t r e m e l y comp lex 

p r o b l e m i n i t s e l f . I f we c o n s i d e r a s e d i m e n t - l a d e n c u r r e n t c r o s s i n g 

a c h a n n e l t h e a b r u p t change i n h y d r a u l i c c o n d i t i o n s - w a v e s , c u r r e n t s , 

d e p t h , p e r h a p s even w a t e r s a l i n i t y n e a r a r i v e r mou th - w i l l cause 

some s o r t o f t i m e d e p e n d e n t m o r p h o l o g i c a l change i n t h e c h a n n e l . 

Loca l s e d i m e n t a t i o n o r p e r h a p s even e r o s i o n can be e x p e c t e d . I t 

s h o u l d be o b v i o u s t h a t t h e c l a s s i c a l s e d i m e n t t r a n s p o r t f o r m u l a s 

used by r i v e r e n g i n e e r s w i l l be i n s u f f i c i e n t t o p r e d i c t channe l 

b o t t o m changes i n a m a r i n e a p p r o a c h c h a n n e l . Mos t o f t h e r e m a i n d e r 

o f t h i s book i s d e v o t e d t o t h e p r o p e r p r e d i c t i o n o f c o a s t a l m o r p h o 

l o g i c a l changes i n g e n e r a l . C h a p t e r 25 w i l l d i s c u s s t h e s t a t e o f 

t h e a r t r e l a t i v e t o c h a n n e l s e d i m e n t a t i o n . 

I t w o u l d be a m i s t a k e t o c o n c l u d e - f r o m t h e above t h a t t h e 

d r e d g i n g and s e d i m e n t a t i o n o f an a p p r o a c h c h a n n e l a r e t h e o n l y m o r p h o 

l o g i c a l f a c t o r s i n f l u e n c i n g a h a r b o r d e s i g n ; t h e c o n s t r u c t i o n o f a 

new h a r b o r on a n y t h i n g b u t a s o l i d r o c k c o a s t w i l l t r i g g e r m o r p h o l o 

g i c a l changes a l o n g a w h o l e segment o f c o a s t . W h i l e i t i s n o t u s u a l l y 

n e c e s s a r y t o i n v o l v e a l l o f t h e s e changes and a s s o c i a t e d c o s t s i n an 

e v a l u a t i o n o f an a p p r o a c h c h a n n e l d e s i g n , t h e y mus t most c e r t a i n l y be 

i n c l u d e d i n t h e e v a l u a t i o n o f t h e t o t a l h a r b o r p r o j e c t . 
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9 COASTAL SAND TRANSPORT J . v . d . G r a a f f 

9 . 1 I n t r o d u c t i o n 

Sed imen t t r a n s p o r t s a r e o f u t m o s t i m p o r t a n c e i n c o a s t a l e n g i n e e r 

i n g . I n many c o a s t a l e n g i n e e r i n g p r o b l e m s t h e q u a l i t y o f a p r o p o s e d 

s o l u t i o n i s d e p e n d e n t upon q u a n t a t a t i v e e s t i m a t e s o f e r o s i o n and a c 

c r e t i o n . 

Waves and c u r r e n t s a l o n g w i t h t h e p h y s i c a l p r o p e r t i e s o f t h e 

b o t t o m m a t e r i a l , t o g e t h e r , d e t e r m i n e t h e r a t e o f m a t e r i a l t r a n s p o r t 

i n t h e c o a s t a l zone . T h i s t r a n s p o r t r a t e , i t s v a r i a t i o n s and r e s u l 

t i n g c o a s t a l c h a n g e s , a r e o f i m p o r t a n c e f o r t h e p r e d i c t i o n o f b o t h 

n a t u r a l c o a s t l i n e changes and t h e i n f l u e n c e o f man-made s t r u c t u r e s on 

t h e c o a s t a l z o n e . Even away f r o m t h e c o a s t a l z o n e , s e d i m e n t t r a n s p o r t 

p r o b l e m s can be i m p o r t a n t ; s c o u r o c c u r r i n g nea r o f f s h o r e s t r u c t u r e s 

o r p i p e l i n e s can p l a y a s i g n i f i c a n t r o l e i n t h e i r s t a b i l i t y . 

The s e d i m e n t t r a n s p o r t p r o c e s s may, i n g e n e r a l , be d i v i d e d i n t o 

t h r e e s t e p s : 

a . The s t i r r i n g - u p o f b o t t o m m a t e r i a l b r i n g i n g i t i n t o s u s p e n s i o n 

i n t h e w a t e r a b o v e , o r t o l o o s e n t h i s m a t e r i a l f r o m t h e b o t t o m . 

b. The h o r i z o n t a l d i s p l a c e m e n t o f t h e s e p a r t i c l e s by t h e w a t e r , 

and 

c . The s e d i m e n t a t i o n o f t h e s e p a r t i c l e s once a g a i n . 

U s u a l l y , o f c o u r s e , we a r e i n t e r e s t e d i n t h e e f f e c t s o f s e d i m e n t 

t r a n s p o r t on some g i v e n b o t t o m a r e a . I t s h o u l d be o b v i o u s t h a t a c o n 

t i n u i t y p r i n c i p l e can be a p p l i e d t o a vo lume e x t e n d i n g f r o m t h e g i v e n 

b o t t o m a r e a t o t h e w a t e r s u r f a c e as shown i n f i g u r e 9 . 1 . The r e s u l 

t i n g e r o s i o n o r a c c r e t i o n o f t h e b o t t o m can be d e t e r m i n e d once t h e 

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

lume i s known. Comb in i ng t h i s know ledge w i t h t h e s t e p s a t o c m e n t i o n e d 

a b o v e , we see t h a t o n l y s t e p b i s r e a l l y i m p o r t a n t ; i n p r i n c i p l e we 

need n o t c o n c e r n o u r s e l v e s w i t h e i t h e r o f t h e o t h e r two s t e p s . a s s e p a 

r a t e p r o b l e m s . Our m a i n i n t e r e s t i s , t h e n , t h e h o r i z o n t a l d i s p l a c e m e n t 

o f i n d i v i d u a l m a t e r i a l p a r t i c l e s t h r o u g h a g i v e n c r o s s s e c t i o n i n a 

g i v e n t i m e . 

Water Surface 

current 

F i g u r e 9.1 

P R I N C I P L E S K E T C H 

OF CONTINUITY . 
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For many p rob lems t h e d i s t r i b u t i o n o f t h e s e d i m e n t t r a n s p o r t 

o v e r a v e r t i c a l p r o f i l e i s i m m a t e r i a l f o r t h e r e s u l t i n g b o t t o m changes 

t h e n , know ing t h e m a t e r i a l p r o p e r t i e s such as v o i d r a t i o as w e l l , a se 

d i m e n t t r a n s p o r t can be e x p r e s s e d i n t e r m s o f vo lume o f m a t e r i a l pe r 

u n i t w i d t h pe r u n i t t i m e - [ L ~ ^ / L T ] . 

I t w o u l d be w o n d e r f u l t o g e t a s i m p l e t h e o r e t i c a l e x p r e s s i o n f o r 

such a sand t r a n s p o r t i n t e r m s o f p h y s i c a l w a v e , c u r r e n t , and m a t e r i a l 

p a r a m e t e r s . U n f o r t u n a t e l y , no one has y e t ( 1 9 7 7 ) been e n t i r e l y s u c c e s s 

f u l a t t h i s ; we c a n , h o w e v e r , d e v e l o p a c o n c e p t u a l model v i a w h i c h s e 

d i m e n t t r a n s p o r t f o r m u l a s can be d e r i v e d . 

9 . 2 Concep t o f f o r m u l a s 

F i g u r e 9 . 2 i l l u s t r a t e s t h e p r o b l e m t o be s o l v e d . We w i s h t o d e 

t e r m i n e t h e vo lume r a t e o f s e d i m e n t t r a n s p o r t t h r o u g h a u n i t w i d t h o f 

t h e y - z p l a n e e x t e n d i n g f r o m t h e b o t t o m , z= - h , t o t h e w a t e r s u r f a c e , 

z = T l . I n g e n e r a l , n e i t h e r t h e wave n o r t h e c u r r e n t d i r e c t i o n need 

c o i n c i d e w i t h t h e g i v e n a x e s . 

The s e d i m e n t t r a n s p o r t t h r o u g h t h e p l a n e shaded i n f i g u r e 9 . 2 

can be e x p r e s s e d a s : 

1 

L 0^ 

c ( z , t ) . U p ( z , t ) d t dz ( 9 . 0 1 ) 

where c ( z , t ) i s t h e i n s t a n t a n e o u s c o n c e n t r a t i o n o f m a t e r i a l i n s u s p e n 

s i o n e x p r e s s e d i n u n i t s o f vo l ume o f d e p o s i t e d b o t t o m 

m a t e r i a l pe r u n i t vo lume o f ( f l o w i n g ) w a t e r . 

Wave a c t i o n causes r a p i d v a r i a t i o n s i n c , w h i l e b o t t o m 

e l e v a t i o n changes a f f e c t i t more s l o w l y , 

h i s t h e l o c a l w a t e r d e p t h , 

i s t h e s e d i m e n t t r a n s p o r t r a t e e x p r e s s e d i n u n i t s o f v o 

lume pe r u n i t w i d t h and t i m e , 

t i s t h e t i m e , 

t ' i s a p e r i o d o v e r w h i c h t h e i n t e g r a t i o n i s c a r r i e d o u t , 

and 

i J p C ^ ' t ) i s t h e i n s t a n t a n e o u s x component o f t h e v e l o c i t y o f t h e 

s e d i m e n t p a r t i c l e s p a s s i n g t h r o u g h t h e p l a n e ; t h i s r e s u l t s 

f r o m b o t h wave and c u r r e n t i n f l u e n c e s , and 

r i ( x , y , t ) i s t h e i n s t a n t a n e o u s w a t e r s u r f a c e e l e v a t i o n . 

I n t h e a b o v e , any v a r i a t i o n s i n t h e p a r a m e t e r s o v e r t h e u n i t w i d t h 

have been a v e r a g e d o u t . The t i m e , t , used i n e q u a t i o n 9 . 0 1 s h o u l d be 

l o n g enough t o a v e r a g e o u t t h e e f f e c t s o f i r r e g u l a r i t i e s i n t h e waves 

and i s , t h u s , much l o n g e r t h a n a s i n g l e wave p e r i o d . 
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F i g u r e 9 . 2 

S E D I M E N T T R A N S P O R T P R I N C I P L E S K E T C H 

(no s c a l e ) 

Ti ie p r i n c i p l e j u s t e x p r e s s e d i s s i m p l e e n o u g h ; m a j o r d i f f i c u l t i e s 

a r i s e , h o w e v e r , when we t r y t o e v a l u a t e t h e f u n c t i o n s c ( z , t ) and 

U p ( z , t ) f o r s u b s t i t u t i o n i n t o e q u a t i o n 9 . 0 1 . I n d e e d , much o f t h e r e s t 

o f t h i s book w i l l be d e v o t e d t o t h e d e t e r m i n a t i o n o f a c c e p t a b l e means 

o f p r e d i c t i n g t h e two above f u n c t i o n s i n t e r m s o f known , m e a s u r a b l e 

p a r a m e t e r s . 

9 . 3 P l a n o f a t t a c k 

I t may seem t o t h e u n i t i a t e d r e a d e r t h a t we s h a l l be w a n d e r i n g 

f a r f r o m o u r o b j e c t i v e i n t h e c o u r s e o f t h e n e x t f ew c h a p t e r s . T h i s 

i s n o t r e a l l y so as we p o i n t o u t h e r e b e l o w . 

C n a p t e r s 10 d e a l s w i t h r a d i a t i o n s t r e s s , a wave phenomena w h i c h 

c o n t r i b u t e s s i g n i f i c a n t l y t o t h e h y d r o d y n a m i c s i n t h e c o a s t a l z o n e . 

A f t e r t n e g e n e r a l d i s c u s s i o n o f c h a p t e r 1 0 , a s p e c i f i c r a d i a t i o n 

s t r e s s component i s examined i n c h a p t e r 1 1 ; i t i s r e s p o n s i b l e p r i 

m a r i l y f o r an i n c r e a s e i n t h e s t i l l w a t e r l e v e l a l o n g a b e a c h . I n 

s p e c i a l c a s e s , h o w e v e r , t h i s wave s e t - u p can a l s o r e s u l t i n a l o n g 

s h o r e f o r c e component w h i c h i n f l u e n c e s a c u r r e n t a l o n g t h e c o a s t i n 

t h e b r e a k e r zone - t h e l o n g s h o r e c u r r e n t . The d i s c u s s i o n o f t h e s e 

s p e c i a l cases i s posponed t o c h a p t e r 1 5 , h o w e v e r . 
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C h a p t e r 12 t r e a t s a n o t h e r r a d i a t i o n s t r e s s component w h i c h i s 

n e a r l y a l w a y s a s i g n i f i c a n t c o n t r i b u t o r t o t h e d r i v i n g f o r c e o f t h e 

l o n g s h o r e c u r r e n t . O t h e r , u s u a l l y l e s s s i g n i f i c a n t f o r c e c o m p o n e n t s , 

needed f o r dynamic e q u i l i b r i u m o f t h e w a t e r i n t h e b r e a k e r zone a r e 

d i s c u s s e d b r i e f l y i n c h a p t e r s 13 and 14 . 

C h a p t e r 15 d e t a i l s how t h e bed f r i c t i o n f o r c e unde r a c o m b i n a 

t i o n o f waves and c u r r e n t s can be e v a l u a t e d . T h i s r e s u l t i n g f r i c t i o n 

f o r c e i s e s p e c i a l l y i m p o r t a n t i n t h e b r e a k e r z o n e . 

C h a p t e r 16 a t t e m p t s t o s o l v e t h e p r o b l e m o f d e t e r m i n i n g t h e 

l o n g s h o r e c u r r e n t i n t h e b r e a k e r zone v i a an e q u i l i b r i u m u s i n g t h e 

r e s u l t s o f c h a p t e r s 12 t h r o u g h 15 . T h i s c u r r e n t v e l o c i t y i s e s s e n 

t i a l l y t h e Up needed f o r e q u a t i o n 9 . 0 1 . 

C h a p t e r s 17 and 18 p r o v i d e h i s t o r i c a l and b a c k g r o u n d i n f o r m a t i o n 

f o r t h e d e t e r m i n a t i o n o f sand t r a n s p o r t p r e s e n t e d i n c h a p t e r 1 9 . I t 

s h o u l d be o b v i o u s f r o m e q u a t i o n 9 . 0 1 t h a t c u r r e n t s f o u n d i n c h a p t e r 

15 w i l l a p p e a r a g a i n i n c h a p t e r 19 w h i c h f i n a l l y answers t h e q u e s t i o n 

posed i n t h e p r e v i o u s s e c t i o n o f t h i s c h a p t e r . 
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10 . RADIATION STRESS AND ITS COMPONENTS E.W. B i j k e r 

1 0 . 1 I n t r o d u c t i o n 

T h i s c h a p t e r i s d e v o t e d t o a p r e s e n t a t i o n o f t h e c o n c e p t o f 

r a d i a t i o n s t r e s s and i t s components w h i c h p l a y a s i g n i f i c a n t r o l e i n 

c o a s t a l m o r p h o l o g i c a l p r o c e s s e s . T h i s p r e s e n t a t i o n w i l l be b r i e f ; more 

d e t a i l e d d e s c r i p t i o n s a r e a v a i l a b l e i n t h e l i t e r a t u r e - L o n g u e t - H i g g i n s 

and S t e w a r t ( 1 9 6 2 , 1 9 6 4 ) , O o r r e s t e i n ( 1 9 6 1 ) , and B a t t j e s ( 1 9 7 7 ) . 

The t h e o r e t i c a l r e s u l t s p r e s e n t e d h e r e w i l l be a p p l i e d t o p a r t i c 

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

1 0 . 2 P r i n c i p a l r a d i a t i o n s t r e s s e s 

R a d i a t i o n s t r e s s i s a p r e s s u r e f o r c e i n excess o f t h e h y d r o s t a t i c 

p r e s s u r e f o r c e caused by t h e p r e s e n c e o f waves . I n r e a l i t y , t h e r a d i a 

t i o n s t r e s s i s n e i t h e r a t r u e s t r e s s ( f o r c e / a r e a ) n o r a t r u e f o r c e 

(as i m p l i e d i n t h e p r e v i o u s s e n t e n c e ) b u t a f o r c e p e r u n i t l e n g t h . 

( T h i s r e s u l t s f r o m t h e i n t e g r a t i o n o f a f o r c e pe r u n i t a r e a o v e r t h e 

w a t e r d e p t h ) . Even s o , t r a n s f o r m a t i o n s a p p l i c a b l e t o t r u e s t r e s s e s can 

s t i l l be used on t h e r a d i a t i o n s t r e s s ; t h i s w i l l be d e m o n s t r a t e d i n 

s e c t i o n 1 0 . 4 . U n l i k e h y d r o s t a t i c p r e s s u r e , t h e r a d i a t i o n s t r e s s i s 

n o t i s o t r o p i c ; i n d e e d , j u s t as w i t h s t r e s s e s , i t i s a s s o c i a t e d w i t h a 

g i v e n d i r e c t i o n o r p l a n e . I n t h i s d i s c u s s i o n , t h e s e p l a n e s w i l l be 

v e r t i c a l and p e r p e n d i c u l a r t o t h e two h o r i z o n t a l a x e s , X o r i e n t e d i n 

t h e d i r e c t i o n o f wave p r o p a g a t i o n and Y a l o n g t h e wave c r e s t . T h i s 

w i l l y i e l d t h e p r i n c i p a l s t r e s s e s . 

A c c o r d i n g t o N e w t o n ' s second l a w o f m o t i o n , a f o r c e i s e q u i v a l e n t 

t o a r a t e o f change o f momentum. A s t r e s s i s e q u i v a l e n t t o a momentum 

f l u x , and t h e r a d i a t i o n s t r e s s i s d e t e r m i n e d by i n t e g r a t i n g t h i s 

momentum f l u x o f t h e waves o v e r t h e d e p t h . When we c a r r y o u t t h i s i n 

t e g r a t i o n - i t i s a c o n s i d e r a b l e t a s k - o v e r t h e d e p t h on a p l a n e 

p e r p e n d i c u l a r t o t h e X a x i s , t h e n t h e r e s u l t i s : 

2kh 
+ 1/2 ) E ( 1 0 . 0 1 ) 

s i n h 2kh 

where 

i s t h e p r i n c i p a l r a d i a t i o n s t r e s s component i n t h e d i r e c t i o n o f 

wave p r o p a g a t i o n . 

h i s t h e w a t e r d e p t h , 

k i s t h e wave number = 2 T T / X , 

X i s t h e wave l e n g t h , and 

E i s t h e wave e n e r g y g i v e n by ( f r o m vo lume I c h a p t e r 5 ) : 

E = 1/8 p g ( 1 - 5 . 0 9 ) ( 1 0 . 0 2 ) 

i n w h i c h : 

g i s t h e a c c e l e r a t i o n o f g r a v i t y . 

H i s t h e wave h e i g h t , and 

P i s t h e d e n s i t y . 
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U s i n g e q u a t i o n 5 .07 o f vo lume I , e q u a t i o n 1 0 . 0 1 can be e x p r e s s e d i n 

an e q u i v a l e n t f o r m : 

= (2n - 1 / 2 ) E ( 1 0 . 0 3 ) 

where n = i s t h e r a t i o o f wave g r o u p v e l o c i t y t o wave c e l e r i t y . 

T h i s l a t t e r f o r m i s o f t e n more c o n v e n i e n t i n p r a c t i c a l u s e . 

C o m p u t a t i o n o f t h e second p r i n c i p a l r a d i a t i o n s t r e s s component a c t i n g 

on a v e r t i c a l p l a n e p e r p e n d i c u l a r t o t h e wave c r e s t s y i e l d s : 

kh ( 1 0 . 0 4 ) 
•̂ YY " s i n h 2kh 

o r , e x p r e s s e d i n t e r m s o f n , 

= ( n - 1 / 2 ) E ( 1 0 . 0 5 ) 

A p p l i c a t i o n o f t h e usua l a p p r o x i m a t i o n s f o r deep w a t e r e x p l a i n e d i n 

vo lume I c h a p t e r 5 y i e l d s : 

h x - i ' ( 1 0 . 0 3 a ) 

and 

= 0 ( 1 0 . 0 5 a ) 

I n s h a l l o w w a t e r t h e s e s t r e s s e s become: 

= I E ( 1 0 . 0 3 b ) 

and 

S Y Y = | E ( 1 0 . 0 5 b ) 

1 0 . 3 R a d i a t i o n s t r e s s changes 

What a r e t h e f a c t o r s t h a t i n f l u e n c e t h e r a d i a t i o n s t r e s s ? Ob

v i o u s l y , t h e mos t i m p o r t a n t p a r a m e t e r i s t h e wave h e i g h t , v i a t h e 

wave e n e r g y . I n deep w a t e r , t h i s i s t h e o n l y i n f l u e n c i n g f a c t o r . I n 

i n t e r m e d i a t e w a t e r d e p t h s , t h e w a t e r d e p t h , h , and wave l e n g t h , X , 

( v i a k ) o r s i m p l y n a r e i m p o r t a n t as w e l l . I n s h a l l o w w a t e r , i t a p 

pea rs t h a t t h e r a d i a t i o n s t r e s s d e p e n d s , once a g a i n , o n l y upon t h e 

wave e n e r g y . T h i s i s n o t t h e w h o l e s t o r y , h o w e v e r , s i n c e t h e wave 

e n e r g y i s now v e r y dependen t upon t h e w a t e r d e p t h when wave b r e a k i n g 

o c c u r s . 

I f we now c o n s i d e r a r e c t a n g u l a r e l e m e n t o f w a t e r e n c l o s e d by 

f o u r v e r t i c a l p r i n c i p a l p l a n e s shown i n p l a n i n f i g u r e 1 0 . 1 , t h e n , i f 

t h e wave c o n d i t i o n s and d e p t h a t a l l f o u r p l a n e s 1 , 2 , 3 , 4 a r e 

i d e n t i c a l , t h e r a d i a t i o n s t r e s s components on o p p o s i t e s i d e s o f t h e 

" b l o c k " shown i n t h e f i g u r e a r e i d e n t i c a l and t h e r e i s no r e s u l t i n g 

f o r c e . O n l y i f t h e wave c o n d i t i o n s v a r y be tween p l a n e s 1 and 2 o r 

3 and 4 i n t h a t f i g u r e w i l l t h e r e be a r e s u l t a n t f o r c e . T h u s , we can 

e x p e c t t h e r a d i a t i o n t o i n f l u e n c e p h y s i c a l p r o c e s s e s o n l y i n a r e a s 

where wave c o n d i t i o n s c h a n g e . Such a r e a s w o u l d , t h e r e f o r e , be a t l o 

c a t i o n s where wave r e f r a c t i o n , d i f f r a c t i o n , s h o a l i n g , o r b r e a k i n g 

o c c u r . 
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The f o l l o w i n g examp le i l l u s t r a t e s t h e s e changes i n t h e p r i n c i p a l 

r a d i a t i o n s t r e s s e s c a u s e d , i n t h i s c a s e , o n l y by s h o a l i n g and 

b r e a k i n g o f t h e waves as t h e y a p p r o a c h a c o a s t . 

A c o n s t a n t b o t t o m s l o p e , m, o f 1 :100 w i l l be assumed and a wave 

w i t h a deep w a t e r h e i g h t , H^ , o f 5 m w i l l be assumed t o a p p r o a c h w i t h 

i t s c r e s t p a r a l l e l t o t h e c o a s t , ( r e f r a c t i o n and d i f f r a c t i o n do n o t 

e n t e r t h e c o m p u t a t i o n ) . The wave p e r i o d i s 12 s e c o n d s . 

The wave p e r i o d y i e l d s a deep w a t e r wave l e n g t h o f 225 m. The 

b r e a k e r t y p e p a r a m e t e r ( c h a p t e r 8 , vo lume I ) i s : 

^ = 222 

^0 

so t h a t t h e b r e a k i n g p a r a m e t e r , p , i s s m a l l , i m p l y i n g t h a t s p i l l i n g 

b r e a k e r s w i l l be p r e s e n t . A b r e a k e r i n d e x , y . o f a b o u t 0 . 5 i s u s e d , 

t h e r e f o r e . 

T a b l e 1 0 . 1 shows t h e c o m p u t a t i o n s f o r a s e r i e s o f d e p t h s . 

N o t i c e how t h e s t r e s s e s " g r o w " as t h e waves a p p r o a c h t h e c o a s t 

o u t s i d e t h e b r e a k e r z o n e , and how b r e a k i n g l i m i t s and r e v e r s e s t h i s 

g r o w t h p r o c e s s . 

1 0 . 4 R a d i a t i o n s t r e s s components 

I f we w i s h t o know t h e r a d i a t i o n s t r e s s components upon a p l a n e 

o t h e r t h a n a p r i n c i p a l p l a n e , t h e u s u a l methods o f p l a n e s t r e s s a n a 

l y s i s can be u s e d . The g r a p h i c a l M o h r ' s C i r c l e a n a l y s i s o r i t s 

e q u i v a l e n t m a t h e m a t i c a l f o r m i s such a m e t h o d . Such t r a n s f o r m a t i o n s 

w i l l be v e r y u s e f u l when i t becomes n e c e s s a r y t o d e t e r m i n e s t r e s s com

p o n e n t s on p l a n e s p a r a l l e l t o a c o a s t l i n e a p p r o a c h e d o b l i q u e l y by 

w a v e s . 
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T a b l e 1 0 . 1 R a d i a t i o n s t r e s s v a l u e s 

= 5 . 0 0 m, T = 12 s e c , y = 0 . 5 0 

h 

^0 

d i s t . 

h 
h 

^0 

H 

% 
H E n f r o m 

c o a s t 

(m) ( - ) ( - ) (m) (N /m) ( - ) (N/m) (N /m) (m) 

150 0 . 6 5 7 0 0 .9983 4 . 9 9 3 1 3 2 5 . 0 . 5 0 1 9 15782 . 6 0 . 15000 

125 0 . 5 5 5 8 0 .9945 4 . 9 7 3 1 0 8 7 . 0 . 5 0 6 4 1 5 9 4 1 . 1 9 9 . 12500 

100 0 .4447 0 .9839 4 . 9 2 3 0 4 2 8 . 0 . 5203 16449 . 6 1 8 . 10000 

80 0 . 3 5 5 7 0 .9656 4 . 8 3 29307 - 0 . 5 4 7 6 17443 . 1395 . 8000 

60 0 . 2 5 6 8 0 . 9 3 8 0 4 . 6 9 27655- 0 . 6 0 2 0 19469 . 2 8 2 1 . 6000 

40 0 . 1 7 7 9 0 . 9 1 4 2 4 . 5 7 2 6 2 7 0 . 0 . 6 9 4 7 23364 . 5115 4000 

30 0 . 1 3 3 4 0 . 9 1 6 0 4 . 5 8 26373 . 0 . 7 5 6 9 26737 . 6 7 7 5 . 3000 

25 0 . 1 1 1 2 0 . 9 2 5 0 4 . 6 2 2 6 8 9 4 . 0 . 7 9 1 7 29137 . 7845 2500 

20 0 . 0 8 8 9 0 . 9 4 3 4 4 . 7 2 27974 . 0 . 8 2 9 2 32406 . 9 2 0 9 . 2000 

15 0 . 0 6 6 7 0 .9778 4 . 8 9 3 0 0 5 2 . 0 . 8 6 8 8 3 7 1 9 2 . 11083 . 1500 

1 2 . 5 0 . 0 5 5 6 1.005 5 . 0 2 3 1 7 4 7 . 0 . 8 9 9 3 4 1 2 2 7 . 12677 . 1250 

10 0 . 0 4 4 5 - - 5 . 0 0 3 1 4 3 2 . 0 . 9 1 0 5 4 1 5 2 2 . 12903 1000 * 
8 0 . 0 3 5 6 - - 4 . 0 0 20116 . 0 . 9 2 7 8 27270 . 8 6 0 6 . 800 * 
6 0 . 0 2 6 7 - - 3 . 0 0 11315 . 0 . 9 4 5 4 15738 . 5 0 4 0 . 600 

4 0 . 0 1 7 8 -- 2 . 0 0 5 0 2 9 . 0 . 9 6 3 3 7175 . 2 3 3 0 . 400 * 
3 0 . 0 1 3 3 - - 1 .50 2 8 2 9 . 0 . 9 7 2 4 4 0 8 7 . 1336 . 300 

2 . 5 0 . 0 1 1 1 - - 1.25 1964 . 0 . 9 7 7 0 2 8 5 6 . 9 3 7 . 250 

2 0 .0089 - - 1 .00 1257 . 0 . 9 8 1 5 1839 . 6 0 5 . 200 

1.5 0 . 0 0 6 7 — 0 . 7 5 7 0 7 . 0 . 9 8 6 0 1 0 4 1 . 3 4 4 . 150 

1.0 0 . 0 0 4 4 - - 0 . 5 0 3 1 4 . 0 . 9 9 0 8 4 6 6 . 1 5 4 . 100 * 

F i g u r e 1 0 . 2 a shows t h e M o h r ' s C i r c l e f o r t h e s t r e s s e s a t some i n 

t e r m e d i a t e w a t e r d e p t h f o r t h e e l e m e n t shown i n f i g u r e 1 0 . 2 b . T h o s e , 

f a m i l i a r w i t h t h e p o l e method o f u s i n g t h e M o h r ' s C i r c l e w i l l r e c o g n i z e 

t h a t t h e p o l e i s a t S^^ and t h e s t r e s s e s on a p l a n e l o c a t e d a t an a n g l e 

G can be f o u n d by p a s s i n g a l i n e h a v i n g t h e same r e l a t i v e o r i e n t a t i o n 

t h r o u g h t h e p o l e . The m a t h e m a t i c a l d e s c r i p t i o n can more e a s i l y be o b 

t a i n e d e i t h e r f r o m a f o r c e e q u i l i b r i u m on t h e e l e m e n t i n f i g u r e 1 0 . 2 b 

o r f r o m t h e g e o m e t r y o f t h e c i r c l e . I n e i t h e r c a s e , t h e r e s u l t s a r e : 

^ x x " 2 ^ ? cos 29 ( 1 0 . 0 6 ) 

Syy - " " 2 " - ^ ^ ^ V ^ ' ^ " S 2 0 ( 1 0 . 0 7 ) 

S^y = 2 — 2 0 ( 1 0 . 0 8 ) 

The M o h r ' s C i r c l e s c o r r e s p o n d i n g , a s s o c i a t e d w i t h t h e p r i n c i p a l 

s t r e s s e s computed i n t a b l e 1 0 . 1 a r e shown i n f i g u r e 1 0 . 3 . The numbers 

a d j a c e n t t o t h e c i r c l e s g i v e t h e w a t e r d e p t h f o r w h i c h t h e c i r c l e i s 

v a l i d . Some o f t h e c i r c l e s a r e shown dashed i n o r d e r t o a s s i s t i n 

d i f f e r e n t i a t i n g them i n t h e f i g u r e . 

s 
XX 

+ Syy 

2 

s 
XX 

+ s 
YY 

2 

X̂X - s 
YY 

2 

X Wave h e i g h t gov e r ned by b r e a k i n g l 
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Shear Stress 

S Y Y 

b.STRESS ELEMENT 

Figure 10.2 

MOHR'S CIRCLE ANALYSIS 
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coastl ine 

Figure 10.A 

C O A S T A L P L A N W I T H S T R E S S E L E M E N T S 
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1 0 . 5 A p p l i c a t i o n t o c o a s t a l e n g i n e e r i n g p rob lems 

S i n c e t h e c o a s t a l p r o c e s s e s t o be s t u d i e d i n l a t e r c h a p t e r s o f 

t h i s book can be s p l i t i n t o components p a r a l l e l and p e r p e n d i c u l a r t o 

t h e c o a s t l i n e , i t i s c o n v e n i e n t t o wo rk w i t h r a d i a t i o n s t r e s s compo

n e n t s a l o n g t h e s e a x e s . F i g u r e 1 0 . 4 shows a p l a n v i e w o f a c o a s t a l 

a r e a w i t h p r i n c i p a l s t r e s s e s a c t i n g on an e l e m e n t o r i e n t e d p a r a l l e l 

t o t h e wave c r e s t s , and normal and s h e a r s t r e s s e s on an e l e m e n t p a r a l 

l e l t o t h e c o a s t l i n e . 

I n t h e f o l l o w i n g f ew c h a p t e r s v a r i o u s i n d i v i d u a l r a d i a t i o n s t r e s s 

componen ts w i l l be examined i n more d e t a i l i n o r d e r t o e x p l a i n c e r t a i n 

s p e c i f i c c o a s t a l phenomena. 
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E x t r a No tes 
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1 1 . WAVE SET-UP 

1 1 . 1 The phenomonon 

E.W. B i j k e r 

P . J . V i s s e r 

Waves a p p r o a c h i n g a c o a s t u n d e r g o changes r e s u l t i n g f r o m r e f r a c 

t i o n , d i f f r a c t i o n , s h o a l i n g , and b r e a k i n g . S i n c e t h e r a d i a t i o n s t r e s s 

components a r e d i r e c t l y e x p r e s s e d i n t e r m s o f wave p a r a m e t e r s , we can 

a l s o e x p e c t r a d i a t i o n s t r e s s changes and some i n f l u e n c e s o f t h e s e 

c h a n g e s . One o f t h e s i m p l e r i n f l u e n c e s o f t h e r a d i a t i o n s t r e s s changes 

i s a change i n t h e a v e r a g e w a t e r l e v e l a l o n g a p r o f i l e p e r p e n d i c u l a r 

t o t h e c o a s t . 

F i g u r e 1 1 . 1 shows such a p r o f i l e i n w h i c h t h e waves a p p r o a c h f r o m 

t h e l e f t w i t h c r e s t s p a r a l l e l t o t h e c o a s t . ( C o n s i d e r a t i o n o f such a 

s p e c i a l a p p r o a c h d i r e c t i o n makes t h e m a t h e m a t i c s c o n s i d e r a b l y s i m p l e r 

and i l l u s t r a t e s t h e p r i n c i p l e s e q u a l l y w e l l . ) W i t h t h i s r e s t r i c t i o n , 

t h e r a d i a t i o n s t r e s s component o f i n t e r e s t w i l l be t h e l a r g e r p r i n c i 

pa l s t r e s s , S ^ ^ . Changes i n t h i s p r i n c i p a l s t r e s s w i l l e x e r t a n e t r e 

s u l t a n t f o r c e on a v e r t i c a l w a t e r e l e m e n t shown i n f i g u r e 1 1 . 1 . T h i s 

r a d i a t i o n s t r e s s r e s u l t a n t i s c o u n t e r a c t e d by a s t a t i c h o r i z o n t a l 

p r e s s u r e g r a d i e n t r e s u l t i n g f r o m a w a t e r s u r f a c e s l o p e j u s t as a 

C o r i o l i s f o r c e was h e l d i n e q u i l i b r i u m i n vo lume I c h a p t e r 3 . T h i s 

e q u i l i b r i u m be tween r a d i a t i o n s t r e s s change and a v e r a g e w a t e r l e v e l 

s l o p e y i e l d s t h e f o l l o w i n g f i r s t o r d e r o r d i n a r y d i f f e r e n t i a l e q u a t i o n : * 

d S 

^ + p g ( h . h ' ) f - = o ( 1 1 . 0 1 ) 

w h e r e : 

g 

h 

h ' 

i s t h e a c c e l e r a t i o n o f g r a v i t y , 

i s t h e w a t e r d e p t h r e l a t i v e t o s t i l l w a t e r a t p o i n t X , 

i s t h e a v e r a g e w a t e r l e v e l change a t p o i n t X caused by t h e 

w a v e s , 

i s t h e p r i n c i p a l r a d i a t i o n s t r e s s c o m p o n e n t , 

i s t h e h o r i z o n t a l c o o r d i n a t e i n t h e d i r e c t i o n o f wave p r o p a 

g a t i o n , and i n t h i s c a s e , p e r p e n d i c u l a r t o t h e c o a s t , and 

i s t h e mass d e n s i t y o f w a t e r . 

= - h ( x ) 

x + d x 

F i g u r e 11.1 

E L E M E N T O F C O A S T A L W A T E R 

[no t t o s c a l e ) 

1 1 . 2 S o l u t i o n s t o t h e d i f f e r e n t i a l e q u a t i o n 

How, t h e n , does t h e p r i n c i p a l r a d i a t i o n s t r e s s component S^^ v a r y 
X X 

as waves p r o c e e d f r o m deep w a t e r t o a sho re? S i n c e ohanges i n t h i s 

component a r e o f i n t e r e s t , we examine t h e d e r i v a t i v e o f S>,v w i t h r e s -
X X 

p e c t t o X. D i r e c t d i f f e r e n t i a t i o n o f e q u a t i o n 1 0 . 0 1 i s d i f f i c u l t s i n c e 

a l l t h r e e v a r i a b l e s , k , h and E can be d e p e n d e n t upon t h e h o r i z o n t a l 

c o o r d i n a t e X f o r t h i s p r o b l e m . B a t t j e s ( 1 9 7 7 ) shows t h e a l g e b r a i n v o l 

ved and f i n d s t h e f o l l o w i n g s o l u t i o n f o r 1 1 . 0 1 p r o v i d e d t h a t t h e 

waves have n o t y e t b r o k e n : 

* The normal f o r c e f r o m t h e s l o p i n g b o t t o m mus t be i n c l u d e d l 
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h ' k E 1 k f l l 0 2 ) 
" = " pg s i n h 2kh = " 8 i i n h 2kh ^^i-^^i 

w h e r e : 

k i s t h e wave number . 

E q u a t i o n 1 1 . 0 2 i s v a l i d f o r t h e r e g i o n o u t s i d e t h e b r e a k e r z o n e . 

The r e s u l t i n g w a t e r l e v e l change a t t h e o u t s i d e o f t h e b r e a k e r zone 

f o l l o w s f r o m t h e s u b s t i t u t i o n o f s h a l l o w w a t e r a p p r o x i m a t i o n s and 

b r e a k i n g c o n d i t i o n s i n t o ( 1 1 . 0 2 ) - see vo lume I c h a p t e r 5 : 

h ' = - - 1 - Ë I ( 1 1 . 0 3 ) 
16 h , ^ 

where t h e s u b s c r i p t b r r e f e r s t o c o n d i t i o n s a t t h e o u t e r edge o f t h e 

b r e a k e r z o n e . The wave h e i g h t and mean w a t e r d e p t h a r e o f t e n p r o p o r t i o 

na l i n t h e b r e a k e r z o n e : 

H b r = ^ V ^ ' ' - ' ' ^ 

Where t h e i n f l u e n c e o f t h e s e t - d o w n h|I^^ has been n e g l e c t e d s i n c e 

*^br \ r - ^''^^ ( 1 1 - 0 4 ) , ( 1 1 . 0 3 ) becomes: 

T h u s , a t t h e o u t e r edge o f a b r e a k e r zone t h e r e i s an a v e r a g e w a t e r 

l e v e l r e d u c t i o n - a wave s e t - d o w n - p r o p o r t i o n a l t o y and H^^. See 

f i g u r e s 1 1 . 2 and 1 1 . 3 . For a g i v e n deep w a t e r wave h e i g h t , H ^ , t h e 

e x a c t v a l u e o f t h i s s e t - d o w n w i l l s t i l l depend upon s e v e r a l p a r a m e t e r s 

such as beach s l o p e and wave p e r i o d v i a t h e b r e a k e r i n d e x , y - see 

vo lume I c h a p t e r 8 . 

1 1 . 3 S p i l l i n g b r e a k e r s o l u t i o n 

When s p i l l i n g b r e a k e r s o c c u r , t h e d i r e c t r e l a t i o n s h i p be tween 

wave h e i g h t and w a t e r d e p t h r e m a i n s v a l i d t h r o u g h o u t t h e b r e a k e r z o n e . 

The e n e r g y d e c r e a s e o f t h e waves due t o b r e a k i n g must be i n c l u d e d , 

howeve r . U s i n g t h e s h a l l o w w a t e r a p p r o x i m a t i o n f o r S^^^ ( e q u a t i o n 

1 0 . 0 3 b ) , and d e f i n i n g E a s : 

E = i pg (h + h ' ) 2 ( 1 1 . 0 6 ) 

t h e d e r i v a t i v e o f t h e p r i n c i p a l r a d i a t i o n s t r e s s becomes: 

i ^ = 3 p „ 2 „ . , . ) ü l J - l i : i , U . 0 7 ) 

w h e r e : ^ ""^ ^'^^ s l o p e o f t h e w a t e r s u r f a c e r e l a t i v e t o t h e 

b e a c h . 

S u b s t i t u t i o n o f ( 1 1 . 0 7 ) i n t o ( 1 1 . 0 1 ) and i n t e g r a t i o n o v e r t h e 

w i d t h o f t h e b r e a k e r zone y i e l d s : 

A h ' = I Y H^^ ( 1 1 . 0 8 ) 

where A h ' i s t h e change i n a v e r a g e w a t e r l e v e l a c r o s s t h e b r e a k e r 

z o n e . 
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S i n c e A h ' i s p o s i t i v e , a w a t e r l e v e l i n c r e a s e t o w a r d t h e s h o r e can be 

e x p e c t e d . Remembering t h a t t h e a v e r a g e w a t e r l e v e l a t t h e o u t e r edge 

o f t h e b r e a k e r zone i s l o w e r e d ( e q u a t i o n 1 1 . 0 5 ) , t h e a b s o l u t e a v e r a g e 

w a t e r l e v e l a t t h e beach l i n e r e l a t i v e t o t h e c o n d i t i o n w i t h o u t waves 

i s : 

f o r s p i l l i n g b r e a k e r s , where h^^ i s t h e wave s e t - u p a t t h e beach 

caused by s p i l l i n g b r e a k e r s . T h i s i s shown i n f i g u r e 1 1 . 2 . 

b. S h o r e P r o f i l e | 

F i g u r e 11.2 

W A V E S E T - U P W I T H S P I L L I N G B R E A K E R 

( v e r t i c a l s c a l e d i s t o r t e d ) 

1 1 . 4 P l u n g i n g b r e a k e r s o l u t i o n 

S w a r t ( 1 9 7 4 ) s t u d i e d t h e f o r m o f b r e a k i n g waves n e a r a c o a s t . He 

f o u n d t h a t a " p u r e " p l u n g i n g b r e a k e r se ldom i f e v e r o c c u r r e d and i n t r o 

duced a p a r a m e t e r , p , t o d e s c r i b e b r e a k e r s w h i c h a r e p a r t i a l l y s p i l l i n g 

and p a r t i a l l y p l u n g i n g - see vo lume I c h a p t e r 8 . 

I f we assume as a l i m i t case t h a t a c o m p l e t e p l u n g i n g b r e a k e r does 

e x i s t , t h e n t h e e n t i r e e n e r g y o f t h e a p p r o a c h i n g wave i s t r a n s f o r m e d a t 

once as t h e b r e a k e r p l u n g e s a t t h e o u t e r edge o f t h e b r e a k e r z o n e . J u s t 

as w i t h s p i l l i n g b r e a k e r s , t h e change i n p r i n c i p a l r a d i a t i o n s t r e s s i s 

c o u n t e r a c t e d by a w a t e r l e v e l c h a n g e . T h i s t i m e , h o w e v e r , t h i s l e v e l 

change o c c u r s a b r u p t l y a t t h e p l u n g e p o i n t ( i n t h i s i d e a l c a s e ) . A 

s i m p l e e q u i l i b r i u m y i e l d s : 
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A h ' = ï | Y H ^ ^ ( 1 1 . 1 0 ) 

A g a i n i n c l u d i n g t h e w a t e r l e v e l d r o p o u t s i d e t h e b r e a k e r z o n e , we f i n d 

t h e a b s o l u t e s e t - u p a t t h e beach l i n e t o b e : 

where h^p i s t h e wave s e t - u p a t t h e beach caused by p l u n g i n g b r e a k e r s . 

Note t h a t t h i s v a l u e i s l o w e r t h a n t h a t f o u n d f o r s p i l l i n g b r e a k e r s -

e q u a t i o n 1 1 , 0 8 . F i g u r e 1 1 . 3 shows an a v e r a g e w a t e r l e v e l p r o f i l e . 

b r e a k e r l i n e 

b. S h o r e P r o f i l e 

F i g u r e 11.3 

W A V E S E T - U P W I T H P L U N G I N G B R E A K E R 

A C C O R D I N G TO S W A R T , 

( v e r t i c a l s c a l e d i s t o r t e d ) 

As a l r e a d y been i n d i c a t e d , a p u r e p l u n g i n g b r e a k e r i s e s s e n t i a l l y 

n o n - e x i s t a n t i n n a t u r e . More u s u a l l y , a l e s s p r o n o u n c e d p l u n g i n g w i l l 

o c c u r and a b r e a k i n g wave w i l l c o n t i n u e t o p r o p a g a t e t o w a r d t h e c o a s t 

f r o m t h e p l u n g e p o i n t . T h i s w i l l y i e l d a wave s e t - u p p a t t e r n more l i k e 

t h a t d e s c r i b e d f o r s p i l l i n g b r e a k e r s d e s c r i b e d i n t h e p r e v i o u s s e c 

t i o n and i l l u s t r a t e d i n f i g u r e 1 1 . 2 . 
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1 1 . 5 S p e c i a l r e m a r k s 

The wave s e t - u p j u s t d i s c u s s e d s h o u l d n o t be c o n f u s e d w i t h t h e 

w i n d s e t - u p d i s c u s s e d i n c h a p t e r 3 o f vo lume I . The two phenomena a r e 

e n t i r e l y d i f f e r e n t and may o r may n o t o c c u r s i m u l t a n e o u s l y . As t h e 

names i m p l y , w i n d s e t - u p i s d e p e n d e n t upon t h e p r e s e n c e o f a w i n d 

f i e l d ( w i t h o r w i t h o u t waves ) w h i l e waves a l o n e - on ocean s w e l l , f o r 

examp le - cause a wave s e t - u p . F u r t h e r , w i n d s e t - u p s o c c u r o v e r a 

l o n g e r f e t c h o f t h e w i n d w h i l e wave s e t - u p i s p u r e l y a c o a s t a l pheno 

mena. 

I f t h e wave c o n d i t i o n s v a r y a l o n g a c o a s t , t h e n , o f c o u r s e , t h e 

wave s e t - u p w i l l a l s o v a r y a l o n g t h e c o a s t . The v a r i a t i o n i n wave c o n 

d i t i o n s a l o n g t h e c o a s t c o u l d be caused by r e f r a c t i o n o r d i f f r a c t i o n 

o r even by d i f f e r e n c e s i n b r e a k e r t y p e c a u s e d , f o r e x a m p l e , by c o a s t a l 

s l o p e v a r i a t i o n s . The w a t e r l e v e l d i f f e r e n c e s be tween p o i n t s on t h e 

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

p r e s s u r e g r a d i e n t can f o r m an i m p o r t a n t c o n t r i b u t i o n t o t h e d r i v i n g 

f o r c e f o r t h e l o n g s h o r e c u r r e n t a t l o c a t i o n s where t h e wave c o n d i t i o n s 

v a r y r a p i d l y a l o n g t h e b e a c h . See , a l s o . Bakker ( 1 9 7 1 ) . 

I n a d d i t i o n t o a wave s e t - ü p , t h e b r e a k i n g waves s e t up a c i r c u 

l a t i o n c u r r e n t i n t h e b r e a k e r z o n e . T h i s phenomena i s exposed by e x a 

m i n i n g t h e d i s t r i b u t i o n o f t h e momentum f l u x w h i c h y i e l d s t h e r a d i a t i o n 

s t r e s s o v e r a v e r t i c a l p r o f i l e . S i n c e t h e o r b i t a l wave m o t i o n i s m a x i 

mum a t t h e s u r f a c e , we can e x p e c t t h e momentum f l u x t h e r e t o be g r e a t e r 

t h a n a t t h e b o t t o m . The r e s i s t i n g h y d r o s t a t i c p r e s s u r e i s e v e n l y d i s t r i 

b u t e d o v e r t h e d e p t h on t h e o t h e r h a n d . T h i s y i e l d s a n e t c o a s t w a r d 

f o r c e a t t h e s u r f a c e and a n e t seaward f o r c e nea r t h e b o t t o m . The r e 

s u l t i n g c i r c u l a t i o n i s shown i n f i g u r e 1 1 . 4 . 

R e s u l t i n g f o r c e s 
l a n d c u r r e n t 

X 

M o m e n t u m F l u x 

Figure 11.A 

CIRCULATION CURRENT IN BREAKER ZONE 

(not to scale) 

Many e x p e r i m e n t a l measuremen ts o f wave s e t - u p have n o t a g r e e d 

w e l l w i t h t h e o r e t i c a l l y p r e d i c t e d v a l u e s . S e v e r a l e x p l a n a t i o n s have 

been o f f e r e d . B a t t j e s ( 1 9 7 4 ) a s c r i b e s some o f t h e d i s c r e p a n c y t o t h e 

i n f l u e n c e o f t h e a i r e n t r a i n e d i n t h e w a t e r by t h e b r e a k i n g w a v e s . 

The r e s u l t i n g m i x t u r e o f a i r and w a t e r h a s , t h e r e f o r e , a l o w e r d e n s i t y 
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A n o t h e r p o s s i b l e i n f l u e n c i n g f a c t o r i s a f r i c t i o n f o r c e a c t i n g 

between t h e b o t t o m and m o v i n g w a t e r . Even t h o u g h t h e c i r c u l a t i o n 

c u r r e n t s m e n t i o n e d above a r e l o w , instantaneous friction forces, r e -

s u i t i n g f r o m t h e wave o r b i t a l m o t i o n , can have a n o n - z e r o t i m e a v e r a g e , 

and t h u s , can c o n t r i b u t e an a d d i t i o n a l n e t h o r i z o n t a l f o r c e componen t . 

The a p p r o a c h t o t h e wave s e t - u p p r o b l e m s o l u t i o n w i t h waves a p 

p r o a c h i n g a t an a n g l e t o t h e c o a s t i s , i n p r i n c i p l e , t h e same as t h a t 

f o r t h e case w i t h o u t r e f r a c t i o n i n f l u e n c e s . I n s t e a d o f t h e p r i n c i p a l 

r a d i a t i o n s t r e s s c om ponen t , S ^ ^ , t h e normal s t r e s s component on a 

p l a n e p a r a l l e l t o t h e c o a s t , S ^ ^ , w i l l be needed i n e q u a t i o n 1 1 . 0 1 . I n 

t h e s o l u t i o n o f t h a t e q u a t i o n , one mus t a l s o remember t h a t t h e a n g l e 

o f a t t a c k , 0 , i s a l s o a f u n c t i o n o f d i s t a n c e t o t h e s h o r e ; t h i s makes 

t h e a l g e b r a a b i t more c o m p l i c a t e d . 

1 1 . 6 Example 

Compute t h e wave s e t - u p g e n e r a t e d by t h e waves used t o compute 

t a b l e 1 0 . 1 and f i g u r e 1 0 . 3 . The r e g u l a r waves had a deep w a t e r h e i g h t , 

H Q , o f 5 . 0 m, a p e r i o d , T , o f 12 s e c o n d s , and a p p r o a c h e d p a r a l l e l t o 

t h e c o a s t . The b r e a k e r i n d e x , Y> was f o u n d t o be a b o u t 0 . 5 . 

A b i t o f t r i a l and e r r o r w o r k * ' 1 v i t h t a b l e s o f wave f u n c t i o n s i s 

needed i n o r d e r t o d e t e r m i n e t h e l o c a t i o n o f t h e b r e a k e r l i n e . The r e 

s u l t s a r e : 

\ ^ = 1 0 . 4 m ( 1 1 . 1 2 ) 

a n d : 

\ ^ = 5 . 2 m ( 1 1 . 1 3 ) 

Knowing t h e s e v a l u e s , t h e wave s e t - u p a t t h e o u t e r edge o f t h e 

b r e a k e r zone can be computed u s i n g e q u a t i o n 1 1 . 0 5 : 

^ b r = " ( l ï ï ) ( 5 - 2 ) = - 0 - 1 6 3 m ( 1 1 . 1 4 ) 

The r e s u l t i n g w a t e r l e v e l change i s a s e t - d o w n o f 1 6 . 3 cm. 

The w a t e r l e v e l change a c r o s s t h e b r e a k e r zone f o l l o w s f r o m 

e q u a t i o n 1 1 . 0 8 f o r a s p i l l i n g b r e a k e r . 

A h ' = ( | ) ( 0 . 5 ) ( 5 . 2 ) = 0 . 9 7 5 m. ( 1 1 . 1 5 ) 

The a b s o l u t e w a t e r l e v e l a t t h e c o a s t l i n e r e l a t i v e t o a c o n d i t i o n 

w i t h o u t waves i s , t h e n , a b o u t 87 cm. 

B a t t j e s ( 1 9 7 4 ) g i v e s a method t o compute s e t - u p s c a u s e d by i r 

r e g u l a r wa v es . 

T h i s c o n c l u d e s f o r now o u r d i s c u s s i o n o f phenomena o c c u r r i n g i n 

a p r o f i l e p e r p e n d i c u l a r t o a c o a s t . 

I n t h e n e x t c h a p t e r s we c o n c e n t r a t e a t t e n t i o n on f o r c e s w o r k i n g 

a l o n g a c o a s t and t h e l o n g s h o r e c u r r e n t s and sand t r a n s p o r t s w h i c h 

r e s u l t . 

* I n r e a l s i t u a t i o n s , t h e waves w i l l be a s y m e t r i c a l l e a d i n g t o t h e 

n o n - z e r o a v e r a g e . 

^ kr\ i t e r a t i v e p rog ram can be c o n c e i v e d f o r a s m a l l p rogrammmable 

p o c k e t c a l c u l a t o r t o s i m p l i f y t h e c o m p u t a t i o n s . A g e n e r a l i z e d v e r s i o n 

o f t h i s p r o c e d u r e i s p r e s e n t e d i n s e c t i o n 1 6 . 5 . 



63 

1 2 . RADIATION SHEAR STRESS GRADIENT E.W. B i j k e r 

1 2 . 1 I n t r o d u c t i o n 

I n t h i s and f o l l o w i n g t h r e e c h a p t e r s we c o n s i d e r f o r c e components 

w h i c h a c t p a r a l l e l t o a c o a s t a n d , as s u c h , d e f i n e t h e dynamic e q u i l i 

b r i u m o f a w a t e r mass m o v i n g a l o n g t h e c o a s t - t h e l o n g s h o r e c u r r e n t . 

The f i r s t o f t h e s e f o r c e components a r r i s e s o u t o f changes i n t h e 

s h e a r s t r e s s component o f t h e r a d i a t i o n s t r e s s . As was p o i n t e d o u t i n 

c h a p t e r 1 0 , we s h a l l be i n t e r e s t e d i n ohanges i n t h i s shea r s t r e s s as 

t h e waves a p p r o a c h t h e c o a s t unde r some a n g l e , 0 . Exp ressed i n e q u a 

t i o n f o r m , we a r e i n t e r e s t e d i n : 

^ = f ( X , H Q , T , 0 Q ) ( 1 2 . 0 1 ) 

w h e r e : H^ i s t h e deep w a t e r wave h e i g h t , 

T i s t h e wave p e r i o d , 

X i s t h e h o r i z o n t a l c o o r d i n a t e p e r p e n d i c u l a r t o t h e c o a s t * 

0 Q i s t h e a n g l e o f a t t a c k i n deep w a t e r , and 

f ( ) d e n o t e s some f u n c t i o n o f ( ) . 

The e x a c t n a t u r e o f changes i n S w i l l be d i s c u s s e d i n t h e f o l l o w -
xy 

i n g s e c t i o n s . 

1 2 . 2 Changes o u t s i d e t h e b r e a k e r zone 

S i n c e t h e waves a p p r o a c h i n g a c o a s t f i r s t b e g i n t o change i n i n 

t e r m e d i a t e w a t e r d e p t h s , we s h a l l f i r s t examine t h e changes i n t h e 

s h e a r s t r e s s component o u t s i d e t h e b r e a k e r z o n e . Bowen ( 1 9 6 9 ) d i d t h i s 

and shows t h e a l g e b r a i n v o l v e d i n more d e t a i l ; t h e b a s i c s t e p s w i l l be 

shown h e r e i n o r d e r t o d e v e l o p o u r i n s i g h t i n t o t h e p r o b l e m . 

A d a p t a t i o n o f t h e r e s u l t s o f c h a p t e r 10 y i e l d s : 

S^y = 2 S i n 20 ( 1 0 . 0 8 ) ( 1 2 . 0 2 ) 

U s i n g t r i g o n o m e t r y and s u b s t i t u t i n g f o r S^^^ and Syy f r o m ( 1 0 . 0 3 ) and 

( 1 0 . 0 5 ) y i e l d s : 

S^y = E n s i n 0 cos 0 ( 1 2 . 0 3 ) 

From r e f r a c t i o n t h e o r y : 

E n c b = c o n s t a n t ( 1 - 9 . 0 2 ) ( 1 2 . 0 4 ) 

o r , i n p a r t i c u l a r : 

E n c b = E Q n^ C Q b^ ( 1 2 . 0 5 ) 

where c i s t h e phase v e l o c i t y , b i s t h e d i s t a n c e between o r t h o g o n a l s , 

and t h e s u b s c r i p t o r e f e r s t o deep w a t e r c o n d i t i o n s w h i c h a r e known 

and c o n s t a n t . E q u a t i o n s 1 2 . 0 4 and 1 2 . 0 5 a r e v a l i d o n l y i n t h e r e g i o n 

o u t s i d e t h e b r e a k e r z o n e . See vo lume I c h a p t e r 9 . A l s o f r o m t h a t 

c h a p t e r , e q u a t i o n s 9 . 0 5 and 9 . 0 6 : 

T h i s c o n v e n t i o n w i l l be changed l a t e r . See c h a p t e r 13 . 
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bc = • ƒ s1n 0 cos 0 ( 1 2 . 0 6 ) 
s i n 0 Q cos 0 Q 

S u b s t i t u t i n g ( 1 2 . 0 6 ) i n ( 1 2 . 0 5 ) and c o m p a r i n g t h a t t o ( 1 2 . 0 3 ) y i e l d s 

t h e s t a r t l i n g r e s u l t ; 

S = E n s i n 0 cos 0 = c o n s t a n t ! ( 1 2 . 0 7 ) 
xy 0 0 0 0 

^ ^ x v . 

and h e n c e , t h e d r i v i n g f o r c e component p r o p o r t i o n a l t o - g ^ — 

i d e n t i c a l l y z e r o even t h o u g h t h e wave c o n d i t i o n s change o u t s i d e t h e 

b r e a k e r z o n e . S i n c e e q u a t i o n s 1 2 . 0 4 and 1 2 . 0 5 a r e v a l i d o n l y o u t s i d e 

t h e b r e a k e r z o n e , we mus t make a new a n a l y s i s f o r t h e b r e a k e r z o n e ; 

t h i s i s done i n t h e n e x t s e c t i o n . 

1 2 . 3 Changes w i t h i n t h e b r e a k e r zone 

W i t h i n t h e b r e a k e r zone we s h a l l b e g i n , a g a i n , w i t h t h e g e n e r a l 

r e l a t i o n s h i p e x p r e s s e d i n e q u a t i o n 1 2 . 0 3 ; 

S^y = E n s i n 0 cos 0 ( 1 2 . 0 3 ) 

U s i n g e q u a t i o n 9 . 0 5 o f vo lume I , t h i s becomes; 

s i n 0 „ 

S^y = E n c cos 0 ( 1 2 . 0 8 ) 

Remembering t h e d e f i n i t i o n o f E - e q u a t i o n I - 5 . 0 9 - and t h a t e q u a 

t i o n 1 1 . 0 4 now g o v e r n s t h e wave b r e a k e r h e i g h t , ( 1 2 . 0 8 ) becomes; 

1 s i n 0 o o 
S .v = ï ï - 7 - ^ P g [ h ^ n c cos 0 ] ( 1 2 . 0 9 ) 

xy a C Q 

S i n c e o n l y t h e t e r m s w i t h i n t h e b r a c k e t s a r e d e p e n d e n t upon x , a 

b r u t e f o r c e d i f f e r e n t i o n can be c a r r i e d o u t ; 

+ h^ c C O S 0 ^ + h2 n C O S 0 ^ - h^ n c s i n 0 g ] ( 1 2 . 1 0 ) 

T h i s r e s u l t h o l d s o n l y within t h e b r e a k e r z o n e . I t can be s i m p l i f i e d , 

h o w e v e r , by m a k i n g t h e usua l s u b s t i t u t i o n s f o r s h a l l o w w a t e r pa rame

t e r s d e s c r i b e d i n s e c t i o n 5 . 5 o f vo lume I . These a r e summar i zed as 

f o l l o w s ; 

cos 0 = 1 ; g = 0 ( 1 2 . 1 1 ) 

c = 

From t h e l a s t l i n e o f ( 1 2 . 1 1 ) ; 

( 1 2 . 1 2 ) 
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W i t h ( 1 2 . 1 1 ) , t h e second and f o u r t h t e r m s i n t h e b r a c k e t s i n 

( 1 2 . 1 0 ) a r e z e r o . S u b s t i t u t i o n o f ( 1 2 . 1 1 ) and ( 1 2 . 1 2 ) , t h e n y i e l d s : 

^ ^ x y 1 2 '^o r 9 h dh ^ 1 , 2 g dh , 
^ = 8 P g y [ 2 h / I h ^ + 2 h 33^] ( 1 2 . 1 3 ) 

o r , w i t h a b i t o f a l g e b r a : 

3 S 1 „ s i n 0 
J < y - i p g / [ 2 , 5 h / l h f ] ( 1 2 . 1 4 ) 

^ 8 ^ y ' ' " ' - ^ " ' dx 

[- , s i n 0 
= 4 P (g h ) ^ / 2 _ o _ ^ ( 1 2 . 1 5 ) 

0 

whe re m i s t h e beach s l o p e , ^ 

T h i s l a s t e q u a t i o n g i v e s , t h e n , t h e c o n t r i b u t i o n o f t h e r a d i a t i o n 

s t r e s s t o t h e d r i v i n g f o r c e p a r a l l e l t o t h e c o a s t on an e l e m e n t o f 

w a t e r o f d i f f e r e n t i a l t h i c k n e s s , d x , and h e i g h t , h . 

I n l a t e r c h a p t e r s we s h a l l be u s i n g a d i f f e r e n t c o o r d i n a t e s y s t e m 

i n o r d e r t o b e t t e r a g r e e w i t h l i t e r a t u r e on c o a s t a l m o r p h o l o g y . T h i s , 

h o w e v e r , w i l l have no f u n d a m e n t a l i n f l u e n c e on t h e r i g h t hand s i d e o f 

e q u a t i o n 1 2 . 1 5 . 

* No te t h a t ^ i s n e g a t i v e , h e r e , s i n c e x i s p o s i t i v e t o w a r d t h e b e a c h . 
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13 . TIDAL FORCES ALONG A COAST E.W. B i j k e r 

1 3 . 1 C o o r d i n a t e s used 

I n t h i s and t h e f o l l o w i n g c h a p t e r s , p r o c e s s e s o c c u r r i n g along a 

c o a s t l i n e w i l l be o f e s p e c i a l s i g n i f i c a n c e . U n t i l t h i s p o i n t , h o w e v e r , 

a t t e n t i o n has p r i m a r i l y been f o c u s e d on phenomena o c c u r r i n g a l o n g a 

p r o f i l e perpendicular t o a c o a s t o r i n t h e d i r e c t i o n o f wave p r o p a g a 

t i o n . A new c o o r d i n a t e s y s t e m i s chosen f o r t h e r e m a i n d e r o f t h i s 

book i n o r d e r t o a c h i e v e b e t t e r a g r e e m e n t w i t h t h e r e f e r e n c e l i t e r a 

t u r e . The a x i s sys tem can t h e r e f o r e be d e s c r i b e d as f o l l o w s : 

The X a x i s i s h o r i z o n t a l and p a r a l l e l t o t h e s h o r e l i n e . I t i s 

d i r e c t e d p o s i t i v e l y t o t h e r i g h t f o r an o b s e r v e r s t a n d i n g on t h e 

beach l o o k i n g o u t a t t h e s e a . 

The y a x i s i s a l s o h o r i z o n t a l , p e r p e n d i c u l a r t o t h e s h o r e l i n e 

and p o s i t i v e i n t h e d i r e c t i o n o f t h e s e a . Waves a p p r o a c h i n g w i t h 

c r e s t s p a r a l l e l t o t h e c o a s t a r e t r a v e l l i n g a l o n g t h e y a x i s i n t h e 

n e g a t i v e d i r e c t i o n , t h e r e f o r e . The x - y p l a n e i s u s u a l l y p l a c e d a t t h e 

s t i l l w a t e r l e v e l . 

The z a x i s i s d i r e c t e d upward f r o m t h e s t i l l w a t e r l e v e l ; i t s 

d e f i n i t i o n has n o t c h a n g e d . 

A x i s - d e p e n d e n t e q u a t i o n s p i c k e d up f r o m e a r l i e r wo rk w i l l be 

t r a n s f o r m e d t o t h e new c o o r d i n a t e s y s t e m ; a n o t e r e m i n d i n g us o f t h i s 

w i l l be i n c l u d e d . 

1 3 . 2 The o n e - d i m e n s i o n a l t i d a l f o r c e component 

The e q u a t i o n o f m o t i o n o f a t i d a l wave p r o p a g a t i n g a l o n g a c o a s t 

l i n e f o l l o w s f r o m l o n g wave t h e o r y ; 

3V 3V 3Z g V|V| ^ 3 on 

w h e r e ; C i s t h e Chézy f r i c t i o n f a c t o r , 

g i s t h e a c c e l e r a t i o n o f g r a v i t y , 

h i s t h e w a t e r d e p t h , 

V i s t h e a v e r a g e v e l o c i t y o v e r t h e d e p t h , 

X i s t h e o r d i n a t e a l o n g t h e c o a s t , 

Z i s t h e t i d a l e l e v a t i o n , and 

t i s t i m e . 

I n t h i s e q u a t i o n , t h e f i r s t t h r e e t e r m s r e p r e s e n t d r i v i n g f o r c e s 

w h i l e t h e f o u r t h t e r m i s a f r i c t i o n a l r e s i s t a n c e t e r m . 

The d r i v i n g f o r c e component t o be i n c l u d e d i n a l o n g s h o r e c u r 

r e n t d e t e r m i n a t i o n comes f r o m t h e i n t e g r a t i o n o f t h e f i r s t t h r e e 

t e r m s o f e q u a t i o n 1 3 . 0 1 o v e r t h e d e p t h , h , and m u l t i p l i e d by t h e 

d e n s i t y , p : 

F t i d e = - P ( h | ^ - V ^ l 7 ^ 9 h § ) ( 1 3 . 0 2 ) 

C o n t i n u i n g t h i s o n e - d i m e n s i o n a l a p p r o x i m a t o n , t h e t i d a l e l e v a t i o n 

can be w r i t t e n a s : 
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Z = Z cos ( f i t - Kx) ( 1 3 . 0 3 ) 

w h e r e : Z i s t h e t i d a l a m p l i t u d e , 

K i s t h e wave number = 2 T T / X ^ . j j g , 

' ' ' t i d e ^'^ " ^ ^ ^ l e n g t h o f t h e t i d e , 

fi i s t h e t i d a l f r e q u e n c y = 2 T T / T ' , and 

T ' i s t h e t i d a l p e r i o d . 

S i m i l a r l y , t h e t i d a l v e l o c i t y can be w r i t t e n a s : 

V = V s i n ( f i t - Kx - 0 ) ( 1 3 . 0 4 ) 

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

0 i s t h e phase a n g l e be tween v e r t i c a l and h o r i z o n t a l t i d e -

see vo lume I c h a p t e r 20 f o r an example o f t h i s phase 

s h i f t . 

The n e c e s s a r y p a r t i a l d i f f e r e n t i a t i o n s o f e q u a t i o n s 1 3 . 0 3 and 1 3 . 0 4 

can be c a r r i e d o u t e a s i l y . These r e s u l t s can be s u b s t i t u t e d i n t o 

1 3 . 0 2 y i e l d i n g ; 

' ^ t i d e = - P h V [ f i - KVs in ( f i t - Kx - 0 ) ] c o s ( f i t - Kx - 0 ) 

- p g Kh Z s i n ( f i t - Kx) ( 1 3 . 0 5 ) 

S i n c e t h i s i s a b i t c o m p l i c a t e d , i t can be s i m p l i f i e d i n an 

a p p r o x i m a t i o n by r e t a i n i n g o n l y t h e f i r s t and l a s t t e r m s w h i c h a r e 

u s u a l l y an o r d e r o f m a g n i t u d e g r e a t e r t h a n t h e o t h e r t e r m s . T h u s , 

t h e i n f l u e n c e o f t h e w a t e r s u r f a c e s l o p e a l o n g t h e c o a s t and i n e r t i a 

a r e u s u a l l y t h e most i m p o r t a n t o f t h e t i d a l f o r c e t e r m s , and ( 1 3 . 0 5 ) 

becomes: 

' ' t i d e - P h [g K Z s i n ( f i t - Kx) - Vfi cos ( f i t - Kx - 0 ) ] ( 1 3 . 0 6 ) 

The p a r a m e t e r s i n v o l v e d i n e q u a t i o n 1 3 . 0 5 c a n n o t be e v a l u a t e d 

f r o m t i d a l h e i g h t measurements a t a s i n g l e l o c a t i o n , S i m u l t a n e o u s 

measurement o f t i d e l e v e l and t i d a l c u r r e n t w i l l y i e l d t h e n e c e s s a r y 

p a r a m e t e r s . One must be c a r e f u l w i t h t i d a l c u r r e n t measu remen ts i n 

t h e c o a s t a l z o n e , h o w e v e r ; as w i l l be shown i n c h a p t e r 1 5 , t h e 

p r e s e n c e o f waves w i l l i n f l u e n c e t h e b o t t o m f r i c t i o n f o r c e a c t i n g on 

a s t e a d y c u r r e n t . T h i s i m p l i e s t h a t t h e o n l y d e p e n d a b l e measu remen ts 

o f t i d a l c u r r e n t s - i n f l u e n c e d o n l y by t i d a l f o r c e s - can be made 

when no waves a r e p r e s e n t , o r a c o r r e c t i o n p r o c e d u r e mus t be u s e d . 

The t i d a l f o r c e w h i c h t h e n r e s u l t s f r o m t h e a n a l y s i s o f t i d a l 

e l e v a t i o n and c u r r e n t d a t a can be one o f t h e d r i v i n g * f o r c e com

p o n e n t s f o r a c o a s t a l l o n g s h o r e c u r r e n t . A f t e r c o n s i d e r i n g o t h e r 

f o r c e components i n t h e f o l l o w i n g two c h a p t e r s , s e v e r a l o f t h e s e com

p o n e n t s w i l l be comb ined i n c h a p t e r 16 t o d e t e r m i n e t h e r e s u l t i n g 

c u r r e n t v e l o c i t y a l o n g a c o a s t . 

* T h i s f o r c e may be p o s i t i v e o r n e g a t i v e a t any g i v e n moment d e p e n d e n t 

upon t h e a c t u a l f l o w d i r e c t i o n a t t h a t i n s t a n t . 
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14 . TURBULENT FORCES E.W. B i j k e r 

1 4 . 1 I n t r o d u c t i o n 

The p r e v i o u s two c h a p t e r s have d i s c u s s e d d r i v i n g f o r c e components 

f o r t h e l o n g s h o r e c u r r e n t ; c h a p t e r 1 5 , on t h e o t h e r hand d i s c u s s e s a 

r e s i s t a n c e f o r c e componen t . T h i s c u r r e n t c h a p t e r c o n c e n t r a t e s on t h e 

a c t i o n o f t u r b u l e n t f o r c e s w h i c h b o t h d r i v e and r e s i s t f l u i d m o t i o n ; 

t h e y t e n d t o smooth o u t s h a r p , s t e e p v e l o c i t y p r o f i l e s . We w i l l c o n 

c e r n o u r s e l v e s , h e r e , w i t h a h o r i z o n t a l , t u r b u l e n c e - c a u s e d d i s p e r s i o n 

o f momentum t h r o u g h a v e r t i c a l p l a n e p a r a l l e l t o t h e c o a s t ( t h e x 

a x i s ) r e s u l t i n g f r o m a g r a d i e n t o f t h e v e l o c i t y i n t h e y - d i r e c t i o n , -gy 

whe re u i s t h e x component o f t h e v e l o c i t y . T h i s momentum t r a n s f e r 

may be e x p r e s s e d as a s h e a r s t r e s s a c t i n g on t h i s p l a n e . 

1 4 . 2 M a t h e m a t i c a l d e s c r i p t i o n 

U s i n g t h e t h e o r y o f t u r b u l e n t momentum d i f f u s i o n one can e x p r e s s 

t h e t u r b u l e n t shea r s t r e s s a s ; 

. ^ = P U ' , ' = P C , | H ( H . O I ) 

w h e r e ; u i s t h e v e l o c i t y component a l o n g t h e x a x i s p a r a l l e l t o t h e 

c o a s t , 

u ' i s t h e t u r b u l e n t v e l o c i t y f l u c t u a t i o n i n t h e x d i r e c t i o n , 

v ' i s t h e t u r b u l e n t v e l o c i t y f l u c t u a t i o n i n t h e y d i r e c t i o n , 

y i s t h e c o o r d i n a t e p e r p e n d i c u l a r t o t h e c o a s t . 

By i s t h e t u r b u l e n t d i f f u s i o n c o e f f i c i e n t , somet imes c a l l e d 

t h e "eddy v i s c o s i t y " , and 

p i s t h e mass d e n s i t y o f w a t e r . 

The " e d d y v i s c o s i t y " i s o f t e n d e f i n e d i n t e r m s o f a s o - c a l l e d m i x i n g 

l e n g t h ; 

Cy = V ' ( 1 4 . 0 2 ) 

whe re i s t h e h o r i z o n t a l m i x i n g l e n g t h . 

T h o r n t o n ( 1 9 7 0 ) e x p l a i n s t h e w h o l e p r o b l e m i n much more d e t a i l . He r e 

l a t e s b o t h v ' and t o t h e wave m o t i o n - t h e h o r i z o n t a l wave o r b i t a l 

v e l o c i t y and p a r t i c l e d i s p l a c e m e n t , r e s p e c t i v e l y . ( I n t h e s u r f z o n e , 

b o t h o f t h e s e l i e a p p r o x i m a t e l y a l o n g t h e y a x i s ) . B a t t j e s ( 1 9 7 5 , 

1 9 7 6 ) , on t h e o t h e r h a n d , r e l a t e s e t o t h e normal v i s c o s i t y o f a c u r 

r e n t h a v i n g v e l o c i t y , v . 

Model measurements c a r r i e d o u t by Swar t ( 1 9 7 4 ) i n d i c a t e , i n any 
- 2 2 

c a s e , t h a t s h o u l d have a v a l u e i n t h e o r d e r o f 10 m / s f o r model 

c o n d i t i o n s . U s i n g model s c a l e l a w s , i t i s , i n p r i n c i p l e , p o s s i b l e t o 

c o n v e r t t h i s t o a p r o t o t y p e v a l u e . 
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1 5 . BOTTQIvl FRICTION FORCES E.W. B i j k e r 
J . v . d . G r a a f f 

1 5 . 1 I n t r o d u c t i o n 

T h i s f o u r t h f o r c e component a c t i n g on t h e w a t e r i n t h e l o n g s h o r e 

c u r r e n t r e s u l t s f r o m t h e b o t t o m f r i c t i o n o f t h e beach on t h e w a t e r 

e l e m e n t above i t ; t h i s f r i c t i o n f o r c e i s r e l a t e d t o t h e v e l o c i t y i n 

t h e e l e m e n t . However , i n a b r e a k e r z o n e , t h e i n s t a n t a n e o u s v e l o c i t y 

o f t h e w a t e r t h e r e i s d e p e n d e n t upon b o t h t h e more o r l e s s c o n s t a n t 

l o n g s h o r e c u r r e n t and t h e r a p i d l y v a r y i n g v e l o c i t y components i n t h e 

b r e a k i n g waves . 

The p r o p e r d e s c r i p t i o n o f t h e s e wave v e l o c i t y components i s , i n 

i t s e l f , an i m p o s s i b l e t a s k ; e v e r y m a t h e m a t i c a l d e s c r i p t i o n i s o n l y 

an a p p r o x i m a t i o n , a t b e s t . We s h a l l l a t e r assume t h a t t h e o r b i t a l 

v e l o c i t y components can be d e s c r i b e d by s i m p l e s i n e f u n c t i o n s . Even 

w i t h t h i s ( p r o b a b l y c r u d e ) a s s u m p t i o n i t p r o v e s d i f f i c u l t t o d e s c r i b e 

t h e b o t t o m f r i c t i o n phenomena a c c u r a t e l y . An a t t e m p t i s made, h e r e , 

t o e x p l a i n t h i s r a t h e r c o m p l e x phenomena. F i r s t , we s h a l l examine t h e 

d e v e l o p m e n t o f f r i c t i o n unde r a c o n s t a n t c u r r e n t w i t h o u t w av es . L a t e r 

i n t h i s c h a p t e r we l o o k a t f r i c t i o n u n d e r waves a l o n e and f i n a l l y , 

u s i n g t h e i n s i g h t g a i n e d , a t t a c k comb ined waves and c u r r e n t s . 

1 5 . 2 F r i c t i o n i n c o n s t a n t c u r r e n t s 

The n o r m a l l y e n c o u n t e r e d e x p r e s s i o n f o r b o t t o m f r i c t i o n i n 

s t e a d y f l o w i s , f r o m e l e m e n t a r y f l u i d m e c h a n i c s : 

T ^ = p g ^ ( 1 5 . 0 1 ) 

where C i s t h e Chézy f r i c t i o n f a c t o r , 

g i s t h e a c c e l e r a t i o n o f g r a v i t y , 

V i s t h e c u r r e n t v e l o c i t y a v e r a g e d o v e r t h e f l o w c r o s s - s e c t i o n , 

p i s t h e mass d e n s i t y o f t h e f l u i d , and 

i s t h e ( c o n s t a n t ) b o t t o m s h e a r s t r e s s a c t i n g a g a i n s t t h e 

f l o w . 

More g e n e r a l l y , t h e s h e a r s t r e s s a c t i n g a c r o s s any h o r i z o n t a l p l a n e 

i n t h e f l u i d i s : 

- - P ^ z t ^ ] ' ( 1 5 . 0 2 ) 

where i s t h e m i x i n g l e n g t h , 

z ' i s a v e r t i c a l c o o r d i n a t e a x i s w i t h o r i g i n a t t h e b o t t o m , and 

V ( z ' ) i s t h e c u r r e n t v e l o c i t y a t e l e v a t i o n z ' . 

By m a k i n g t h e s p e c i a l a s s u m p t i o n t h a t : 

%= KZ' ( 1 5 . 0 3 ) 

P r a n d t l ( 1 9 2 6 ) and Von Karman ( 1 9 3 0 ) were a b l e t o s o l v e e q u a t i o n 

1 5 . 0 2 t o g e t t h e w e l l known P r a n d t l - Von Karman l o g a r i t h m i c v e l o c i t y 

d i s t r i b u t i o n l a w : 

X T h i s r e p r e s e n t s a change o f v e r t i c a l a x i s o r i g i n , z ' = 0 c o r r e s p o n d s 

t o z = - h . 
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V (Z') = i v ^ ^" ^ i j ^ '^^'^^^ 

w h e r e : I s a v e l o c i t y o f t e n c a l l e d t h e " s h e a r v e l o c i t y " a t some 

e l e v a t i o n ( s e e b e l o w ) , 

Z Q i s t h e e l e v a t i o n a t w h i c h t h e v e l o c i t y i s z e r o , and 

K i s t h e Voh Karman c o n s t a n t w h i c h has been f o u n d by e x 

p e r i m e n t t o be equa l t o 0 . 4 . 

V^ i s somewhat d i f f i c u l t t o i n t e r p r e t p h y s i c a l l y . 

I t i s t h e v e l o c i t y o c c u r r i n g a t e l e v a t i o n : 

z ' = z ^ e^ ( 1 5 . 0 5 ) 

h a v i n g m a g n i t u d e ; 

V ^ = V ^ ( 1 5 . 0 6 ) 

w h i c h i s o f no s p e c i a l s i g n i f i c a n c e . A n o t h e r r e l a t i o n s h i p i n v o l v i n g 

v., i s : 

= / I i ' ( 1 5 . 0 7 ) 

and a p p e a r s q u i t e o f t e n . We s h a l l a t t e m p t t o a v o i d f u r t h e r use o f V ^ . 

The e l e v a t i o n z^ has been r e l a t e d t o t h e b o t t o m r o u g h n e s s , r , e x 

p e r i m e n t a l l y : 

z ; ^ 3 r ( 1 5 . 0 8 ) 

Below t h i s e l e v a t i o n , e q u a t i o n 1 5 . 0 4 y i e l d s n e g a t i v e - v e r y u n r e a l i s 

t i c ! - v a l u e s . T h e r e f o r e , v e l o c i t i e s near t h e b o t t o m a r e u s u a l l y 

d e s c r i b e d by a l i n e a r v e l o c i t y p r o f i l e f r o m t h e o r i g i n ( z ' = 0 , V ( 0 ) = 

= 0 ) t a n g e n t t o t h e p r o f i l e d e s c r i b e d by e q u a t i o n 1 5 , 0 4 ; t h e r e s u l t 

i s shown i n f i g u r e 1 5 . 1 . The e l e v a t i o n o f t h e p o i n t o f t a n g e n c y , z | . , 

t u r n s o u t t o b e : 

z ; = e z ; = g ( 1 5 . 0 9 ) 

where e i s t h e base o f n a t u r a l l o g a r i t h m s . Fo r c o n v e n i e n c e , we s h a l l 

d e n o t e t h e v e l o c i t y a t t h i s e l e v a t i o n by V ^ . From t h e f i g u r e , t h e 

v e l o c i t y g r a d i e n t a t an e l e v a t i o n z | above t h e b o t t o m i s : 

d V ( z ' ' 
= 4 ( 1 5 . 1 0 ) 

z' = z ; h 

A t t h i s same e l e v a t i o n , t h e m i x i n g l e n g t h i s : 

( 1 5 . 1 1 ) 

u s i n g e q u a t i o n 1 5 . 0 3 . 

S i n c e z|. « h , e q u a t i o n 1 5 . 1 1 i s a p p r o x i m a t e l y : 

1 z l ( 1 5 . 1 2 ) 

t ^ 
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a, TOTAL LOGARITHMIC VELOCITY PROFILE 

b. De ta i l Near Bo t tom 
( v e r t i c a l scale extended) 

Figure 15.1 LOGARITHMIC VELOCITY PROFILE 

(no abso lu te sea le ) 

S u b s t i t u t i o n o f ( 1 5 . 1 2 ) and ( 1 5 . 1 0 ) i n t o e q u a t i o n 1 5 . 0 2 y i e l d s 

an a l t e r n a t e e x p r e s s i o n f o r t l i e b o t t o m s l i e a r s t r e s s : 

T Q = p ( 1 5 . 1 3 ) 

a T h i s i s a c t u a l l y t h e s h e a r s t r e s s a t an e l e v a t i o n z ' = above t h e 

b o t t o m . T h i s i s u n i v e r s a l l y a c c e p t e d as e q u i v a l e n t t o t h a t a t t h e a c 

t u a l b o t t o m , h o w e v e r . 
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T h i s e q u a t i o n e x p r e s s e s t h e b o t t o m shea r s t r e s s i n t e r m s o f t h e 

v e l o c i t y o c c u r r i n g v e r y nea r t h e b o t t o m . T h i s w i l l be u s e f u l f o r c u r 

r e n t d e t e r m i n a t i o n b o t h w i t h and w i t h o u t waves as w e l l as f o r s e d i 

ment t r a n s p o r t d e t e r m i n a t i o n s - c h a p t e r 19 . 

Of c o u r s e , we can e x p r e s s i n t e r m s o f V i n t h i s case i f we 

w i s h . U s i n g e q u a t i o n 1 5 . 0 6 i n 1 5 . 0 4 y i e l d s , u l t i m a t e l y : 

y^ = § y ( 1 5 . 1 4 ) 

1 5 . 3 F r i c t i o n w i t h waves a l o n e 

Jonsson ( 1 9 6 6 ) c a r r i e d o u t e x p e r i m e n t s t o d e t e r m i n e bed s h e a r 

s t r e s s e s u n d e r w av es . He f o u n d t h a t t h i s s h e a r s t r e s s , T ^ , c o u l d be 

d e s c r i b e d b y : 

w h e r e : f i s a d i m e n s i o n l e s s c o e f f i c i e n t , and 
w 

i s t h e i n s t a n t a n e o u s w a t e r v e l o c i t y n e a r t h e b o t t o m . 

J o n s s o n d e r i v e d an e m p e r i c a l r e l a t i o n f o r f ^ i n t e r m s o f more r e a d i l y 

m e a s u r a b l e p a r a m e t e r s : t h e b o t t o m r o u g h n e s s , r , and t h e a m p l i t u d e o f 

t h e w a t e r d i s p l a c e m e n t n e a r t h e b o t t o m , a^^. H i s r e l a t i o n s h i p as r e 

w r i t t e n by S w a r t ( 1 9 7 4 ) i s : 

a, - 0 . 1 9 4 
f ^ = exp [ - 5 . 9 7 7 + 5 . 2 1 3 ( — ) ] ( 1 5 . 1 6 ) 

T h i s r e l a t i o n i s a l s o shown g r a p h i c a l l y i n f i g u r e 1 5 . 2 and i s o n l y 

v a l i d f o r 1 .47 < ( ^ ) < 3 0 0 0 . For v a l u e s o f ^ « 1 . 4 7 , f ^ has a 

c o n s t a n t v a l u e o f 0 . 3 2 . 

Bo th U|̂  and a^^ a r e e a s i l y e v a l u a t e d u s i n g s h o r t wave t h e o r y . The 

v e l o c i t y a t t h e b o t t o m , u^^, f o l l o w s f r o m a s u b s t i t u t i o n o f z = - h 

i n t o e q u a t i o n 5 . 0 1 o f vo lume I : 

S i m i l a r l y , a|^ - d e n o t e d by e, i n vo lume I * - f o l l o w s f r o m e q u a t i o n 

5 . 0 3 o f t h a t v o l u m e : 

^ b = f i O T T ( 1 5 . 1 8 ) 

Somet imes i t i s a c c e p t a b l e t o use t h e s h a l l o w w a t e r a p p r o x i m a t i o n s 

f o r t h e two above e q u a t i o n s . The e f f e c t s o f t h e use o f t h e s h a l l o w 

w a t e r a p p r o x i m a t i o n s w i l l be d e m o n s t r a t e d i n t h e examp le i n t h i s 

c h a p t e r and a g a i n i n c h a p t e r 1 9 . 

X The r e a s o n f o r t h i s n o t a t i o n change w i l l become o b v i o u s i n s e c t i o n 

1 5 . 4 . 
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The c o m p u t a t i o n s o f Uĵ  and aĵ  j u s t c a r r i e d o u t n e g l e c t b o u n d a r y 

l a y e r e f f e c t s . A c c o r d i n g t o b o u n d a r y l a y e r t h e o r y we s h o u l d e x p e c t 

t h e a c t u a l v e l o c i t y t o be z e r o a t t h e b o t t o m . A b o u n d a r y l a y e r can be 

e x p e c t e d t o d e v e l o p i n a t h i n r e g i o n nea r t h e b o t t o m ; t h e f a c t t h a t 

i t does n o t have t i m e enough t o d e v e l o p a v e l o c i t y p r o f i l e o v e r t h e 

e n t i r e d e p t h i s n o t i m p o r t a n t t o u s * Jor isson ( 1 9 6 6 ) , t h u s measured 

l o g a r i t h m i c v e l o c i t y p r o f i l e s i n h i s e x p e r i m e n t s and assumed t h a t a 

l i n e a r p o r t i o n w o u l d d e v e l o p nea r t h e b o t t o m j u s t as w i t h c o n s t a n t 

c u r r e n t s i n t h i s same r e g i o n . C o n t i n u i n g w i t h an a p p r o a c h e n t i r e l y 

p a r a l l e l t o t h a t i n t h e p r e v i o u s s e c t i o n , we can assume t h a t t h e a c 

t u a l w a t e r v e l o c i t y i n t h e wave a t an e l e v a t i o n above t h e b o t t o m 

w i l l be d i r e c t l y p r o p o r t i o n a l t o t h e b o t t o m v e l o c i t y computed i n 

e q u a t i o n 1 5 . 1 7 ; 

\ = P% ( 1 5 . 1 9 ) 

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

B i j k e r ( 1 9 6 7 ) p l u g g e d t h i s i n t o an e q u a t i o n l i k e (15 .13)and f o u n d : 

= p K2 ( p u^f ( 1 5 . 2 0 ) 

where i s t h e b o t t o m s h e a r s t r e s s unde r t h e wave . T h i s shea r s t r e s s 

has amp! i t u d e T " ^ . 

B i j k e r ( 1 9 6 7 ) assumed t h a t p was c o n s t a n t a n d , f r o m a s e r i e s o f 

model t e s t s , he i n d e e d f o u n d a n e a r l y c o n s t a n t v a l u e o f 0 . 4 5 f o r p. 

L a t e r , c o m p a r i s o n o f t h e wo rk o f B i j k e r t o t h a t o f Jonsson ( 1 9 6 6 ) 

i n d i c a t e d t h a t p s h o u l d be a v a r i a b l e . I t can be e v a l u a t e d by e q u a t i n g 

( 1 5 . 1 5 ) and ( 1 5 . 2 0 ) : 

p = i / 5 ( 1 5 . 2 1 ) 

A d d i t i o n a l l y , t h e maximum v a l u e o f p p h y s i c a l l y p o s s i b l e i s 1 . 0 0 . 

V a l u e s o f p as a f u n c t i o n o f a r e a l s o shown i n f i g u r e 1 5 . 2 . 
r 

1 5 . 4 F r i c t i o n w i t h comb ined c u r r e n t and waves 

I n t h e two p r e v i o u s s e c t i o n s we have d e v e l o p e d e x p r e s s i o n s f o r 

t h e b o t t o m s h e a r s t r e s s u n d e r c u r r e n t s and waves i n t e r m s o f t h e . 

v e l o c i t i e s a t a d i s t a n c e z|. above t h e b o t t o m - e q u a t i o n s 15 .13 and 

1 5 . 2 0 r e s p e c t i v e l y . B i j k e r ( 1 9 6 7 ) e x t e n d e d t h i s t o i n c l u d e c o m b i n a 

t i o n s o f c u r r e n t s and w a v e s . He l e t t h e wave c r e s t s a p p r o a c h t h e 

c o n s t a n t c u r r e n t d i r e c t i o n u n d e r an a n g l e 0 . F i g u r e 1 5 . 3 shows t h e 

c o n s t a n t c u r r e n t v e l o c i t y , V^ and t h e wave p a r t i c l e v e l o c i t y , p u^, 

i n t h e p l a n e z ' = z ^ . B i j k e r s i m p l y added t h e s e v e l o c i t i e s as v e c t o r s 

t o o b t a i n a t i m e dependen t r e s u l t a n t v e l o c i t y , V ^ , a l s o shown. From 

t h e f i g u r e : 

V^ = / v 2 + (p u^f + 2 p Uj, V^ s i n 0 ( 1 5 . 2 2 ) 
a n d ; 

* We need o n l y t o assume t h a t i t d e v e l o p s i n t h e r e g i o n 0 s z ' ^ 4 " 

x j i ; p = 1 c o r r e s p o n d s t o t h e maximum v a l u e o f f ^ = 0 . 3 2 g i v e n a b o v e . 



77 

cos 0 = 

1^^ + P % s i n 
( 1 5 . 2 3 ) 

y 

Figure 15.3 

GEOMETRY OF VELOCITY COMPONENTS 
AT ELEVATION z '̂ ABOVE BOTTOM 

P r o c e e d i n g j u s t as i n t h e p r e v i o u s s e c t i o n s , we can now d e t e r m i n e 

t h e s h e a r s t r e s s under t h e c o m b i n a t i o n o f c u r r e n t s and w a v e s , x ^ ^ : 

T h i s s h e a r s t r e s s i s now d i r e c t e d a l o n g t h e t i m e - v a r y i n g l i n e o f 

a c t i o n o f V ^ . The c u r r e n t , f l o w i n g i n t h e x d i r e c t i o n w i l l be i n f l u e n 

ced p r i m a r i l y by t h e x component o f t h i s s t r e s s , T ^ ^ ^ . I n c h a p t e r 19 

t h e t o t a l s h e a r s t r e s s , x ^ ^ , w i l l be i m p o r t a n t f o r t h e s e d i m e n t 

t r a n s p o r t ; f o r now, h o w e v e r , we s h a l l c o n c e n t r a t e e x c l u s i v e l y on t h e 

f r i c t i o n s h e a r s t r e s s component x ^ ^ ^ , i m p o r t a n t f o r t h e c u r r e n t . T h i s 

component can be e x p r e s s e d a s : 

X = X cos G ( 1 5 . 2 5 ) 
C W X C W 

(S 
o r , u s i n g ( 1 5 . 2 2 ) t h r o u g h ( 0 . 2 4 ) i n ( 1 5 . 2 5 ) : 

T^wx = P / v ^ + ( p u^f + 2p s i n 0 [V^+p s i n 0 ] 

( 1 5 . 2 6 ) 

i n w h i c h U|̂  i s a f u n c t i o n o f t i m e . Fo r o u r p u r p o s e s , h o w e v e r , i t i s 

s u f f i c i e n t t o d e t e r m i n e t h e t i m e a v e r a g e o f T ^ ^ ^ . We do t h i s by 

f i r s t w r i t i n g o u t Uj^: 

= s i n a)t ( 1 5 . 2 7 ) 

and f o r c o n v e n i e n c e i n t r o d u c i n g e q u a t i o n 1 5 . 1 4 f o r V ^ . D o i n g t h i s 

and c a r r y i n g o u t a l o t o f a l g e b r a y i e l d s t h e f o l l o w i n g e x p r e s s i o n f o r 

t h e t i m e a v e r a g e x component o f t h e b o t t o m s h e a r s t r e s s : 
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2 T , 

C W X 

T / 4 

1 + 5 s i n w t s i n 

- T / 4 

/ 1 + ( 5 s i n u t + 25 s i n w t s i n 

where 5 i s a c o l l e c t i o n o f p a r a m e t e r s : 

d t 

5 = P K C 

( 1 5 . 2 8 ) 

( 1 5 . 2 9 ) 

E q u a t i o n 1 5 . 2 8 i s an e l l i p t i c i n t e g r a l and i s , as s u c h , n o t c o n d u c i v e 

t o a n a l y t i c a l s o l u t i o n . B i j k e r ( 1 9 6 7 ) used a n u m e r i c a l p r o c e d u r e t o 

e v a l u a t e t h e above i n t e g r a l f o r v a r i o u s r e a l i s t i c v a l u e s o f t h e i n 

d e p e n d e n t v a r i a b l e s , V , Qj^, 5 and 0 . T h e n , by f i t t i n g an e q u a t i o n t o 

t h e r e s u l t s o b t a i n e d , he d e t e r m i n e d t h a t f o r | 0 | < 2 0 ° : 

C W X 
[ 0 . 7 5 + 0 . 4 5 ( ? ^ ) 

1 .13 
( 1 5 . 3 0 ) 

o r , i n t r o d u c i n g t h e d e f i n i t i o n o f f r o m e q u a t i o n 1 5 . 0 1 : 

C W X 
= ^ [ 0 . 7 5 + 0 . 4 5 ( 5 ) 

c 

Ub 1 .13 

T ( 1 5 . 3 1 ) 

E q u a t i o n 1 5 . 3 1 i s t h e r e l a t i o n be tween bed s h e a r s t r e s s and 

v e l o c i t y t h a t s h o u l d be used i n t h e dynamic e q u i l i b r i u m o f - f o r e x 

ample - a w a v e - d r i v e n l o n g s h o r e c u r r e n t . U n f o r t u n a t e l y , e q u a t i o n 

1 5 . 3 1 i s r a t h e r i n c o n v e n i e n t * f o r t h i s s i n c e V i s t h e n an unknown. 

In o r d e r t o a r r i v e a t a h a n d i e r s o l u t i o n , we i n t r o d u c e a r e 

s t r i c t i o n t h a t t h e a n g l e be tween wave c r e s t s and t h e c u r r e n t be 

s m a l l . T h i s i s u s u a l l y n o t t o o bad an a s s u m p t i o n w i t h i n t h e b r e a k e r 

z o n e . W i t h t h i s b a s i s a s t i l l c r u d e r a s s u m p t i o n i s made, n a m e l y : 

s i n 0 = 0 

i n s t e a d o f t h e more common o n e : 

( 1 5 . 3 2 ) 

s i n 0 = 0 

I n t r o d u c t i o n o f e q u a t i o n 1 5 . 3 2 i n t o 1 5 . 2 8 y i e l d s : 

2 T „ 

C W X 

T / 4 1 

+ { g ^ sin a ) t )2 d t 

- T / 4 

( 1 5 . 3 3 ) 

( 1 5 . 3 4 ) 

w h i c h can be f u r t h e r s i m p l i f i e d by m a k i n g t h e a s s u m p t i o n ( u s u a l l y 

v a l i d i n t h e b r e a k e r z o n e ) t h a t : 

5 » V ( 1 5 . 3 5 ) 

* T h i s i n c o n v e n i e n c e w i l l be d e m o n s t r a t e d i n c h a p t e r 1 6 ; i t w i l l l e a d 

t o s o l u t i o n s by s u c c e s s i v e a p p r o x i m a t i o n s . 
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D o i n g t h i s a l l o w s us t o c a r r y o u t t h e i n t e g r a t i o n d i r e c t l y y i e l d i n g : 

2 . 

E q u a t i o n 1 5 . 3 6 can be e x p r e s s e d i n a n o t h e r f o r m by i n t r o d u c i n g 

e q u a t i o n s 1 5 . 0 1 and 1 5 . 2 9 i n t o 1 5 . 3 5 y i e l d i n g : 

\ w x = i - ^ ^ ^ V u^ ( 1 5 . 3 7 ) 

A s t i l l f u r t h e r s i m p l i f i c a t i o n can be i n t r o d u c e d by u s i n g a 

s h a l l o w w a t e r a p p r o x i m a t i o n t o e v a l u a t e - see vo lume I c h a p t e r 5 . 

Such an a p p r o x i m a t i o n y i e l d s : 

% = | k ï ï ( 1 - 5 . 0 1 b ) ( 1 5 . 3 8 ) 

U s i n g t h e r e l a t i o n be tween b r e a k e r h e i g h t and w a t e r d e p t h : 

H = Y h ( 1 5 . 3 9 ) 

a n d : 

^ = X = T = / I h ^ ( 1 5 . 4 0 ) 
0! 

e q u a t i o n 1 5 . 3 8 becomes: 

= I / I h ( 1 5 . 4 1 ) 

S u b s t i t u t i n g t h i s r e l a t i o n s h i p i n t o e q u a t i o n 1 5 . 3 7 t h e n r e s u l t s i n : 

\ ; ; - - p f - : y ^ ^ V ( 1 5 . 4 2 ) 
/ 2 TT C 

E q u a t i o n 1 5 . 4 2 can be used i n a dynamic e q u i l i b r i u m b a l a n c e i n 

o r d e r t o d e r i v e a s i m p l e e q u a t i o n f o r t h e l o n g s h o r e c u r r e n t i n t h e 

b r e a k e r z o n e . As a l r e a d y m e n t i o n e d e a r l i e r , e q u a t i o n 1 5 . 3 1 w o u l d 

y i e l d a more a c c u r a t e r e s u l t a s s u m i n g t h a t e q u a t i o n 1 5 . 1 7 were used 

t o e v a l u a t e Q^. C o m p a r a t i v e r e s u l t s a r e shown i n s e c t i o n 1 6 . 5 . 

1 5 . 5 A d d i t i o n a l r e m a r k s 

The e q u a t i o n s and p h i l o s o p h y j u s t p r e s e n t e d has been used w i t h r e 

f e r e n c e t o a l o n g s h o r e c u r r e n t i n t h e b r e a k e r z o n e . E x c e p t f o r c e r 

t a i n l i m i t a t i o n s imposed as a s i m p l i f i c a t i o n - 0 « 1 , g Uĵ  » V -

t h e p r o c e d u r e i s g e n e r a l . O t h e r i m p o r t a n t a p p l i c a t i o n s can be f o u n d 

w h e r e v e r waves i n f l u e n c e t h e l o c a l c u r r e n t v e l o c i t i e s n e a r t h e b o t t o m . 

T h u s , f o r e x a m p l e , t h e wave i n f l u e n c e on c u r r e n t s i n w i d e r i v e r mou ths 

can a l s o be s t u d i e d u s i n g t h e p r o c e d u r e p r e s e n t e d . The i n f l u e n c e o f 

waves on t i d a l c u r r e n t s i n s h a l l o w seas o r bays can a l s o be e v a l u a t e d ; 

t h e v a l i d i t y o f t h e s i m p l i f y i n g a s s u m p t i o n s made m u s t , o f c o u r s e , be 

c h e c k e d i n each c a s e . 
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I n t h e p r e v i o u s s e c t i o n s we c o n c e r n e d o u r s e l v e s o n l y w i t h t h e com

p o n e n t o f t h e b o t t o m s h e a r s t r e s s i n t h e x d i r e c t i o n i n d i c a t e d i n f i g 

u r e 1 5 . 3 I t i s pe rhaps s u p r i s i n g t h a t , i n g e n e r a l , t h e r e s u l t i n g t i m e -

a v e r a g e d b o t t o m shea r s t r e s s a l s o has a component i n t h e y d i r e c t i o n . 

O n l y f o r t h e s p e c i a l cases where 0 i s an i n t e g e r m u l t i p l e o f 7r/2 i s 

t h i s n o t t h e c a s e . 

The r e a s o n f o r t h i s r e s u l t a n t y component o f t h e b o t t o m s h e a r 

s t r e s s f o l l o w s f r o m t h e t i m e a v e r a g e o f x ^ ^ based upon V^ . S i n c e t h e 

v e l o c i t y v e c t o r p a t t e r n i n f i g u r e 1 5 . 3 i s n o t s y m m e t r i c a l a b o u t t h e x 

a x i s ( u n l e s s 0 i s an i n t e g e r m u l t i p l e o f I T / 2 ) , t h e p a t t e r n o f and 

hence x ^ ^ i s a l s o u n s y m m e t r i c a l and t h e s t r e s s component p a r a l l e l t o 

t h e y a x i s has a n o n - z e r o a v e r a g e . As a r e s u l t o f t h i s phenomenon, t h e 

c u r r e n t d i r e c t i o n w i l l change r e l a t i v e t o a no wave c o n d i t i o n . I n t h e 

b r e a k e r z o n e , where t h e a n g l e 0 i s u s u a l l y s m a l l , t h i s e f f e c t i s n o t 

n o t i c a b l e . O u t s i d e t h e b r e a k e r zone w h e r e , f o r e x a m p l e , a r i v e r 

c u r r e n t i n t e r s e c t s a wave f i e l d , 0 i s no l o n g e r l i m i t e d i n v a l u e and 

a wave i n f l u e n c e on t h e c u r r e n t d i r e c t i o n can somet imes be o b s e r v e d . 

I n t h e f o l l o w i n g c h a p t e r v a r i o u s f o r c e components w i l l be c o m b i n e d 

t o p r e d i c t t h e l o n g s h o r e c u r r e n t i n t h e b r e a k e r z o n e . 
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1 6 . LONGSHORE CURRENT COMPUTATION E.W. B i j k e r 

J . v . d . G r a a f f 

1 6 . 1 I n t r o d u c t i o n 

The p r e v i o u s f o u r c h a p t e r s have been d e v o t e d t o d i s c u s s i o n s o f 

v a r i o u s f o r c e components a c t i n g on an e l e m e n t o f w a t e r i n t h e b r e a k e r 

z o n e . As l o n g as t h e wave c o n d i t i o n s and s h o r e g e o m e t r y r e m a i n c o n 

s t a n t a l o n g t h e c o a s t , t h e s e a r e t h e o n l y f o r c e components a c t i n g on 

t h i s w a t e r e l e m e n t ; a d d i t i o n a l f o r c e componen ts w h i c h can r e s u l t 

when t h i s l i m i t a t i o n i s n o t a p p l i e d w i l l be d i s c u s s e d i n a l a t e r s e c 

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

R a t h e r t h a n a t t e m p t t o f o r m u l a t e a g e n e r a l c u r r e n t f o r m u l a 

based upon a dynamic e q u i l i b r i u m o f a l l f o u r o f t h e f o r c e components 

i n v o l v e d , we b e g i n more s i m p l y by f o r m u l a t i n g an e q u i l i b r i u m between 

o n l y two f o r c e components w h i c h a r e n e a r l y a l w a y s p r e s e n t i n t h e 

b r e a k e r z o n e . T h i s s o l u t i o n i s expanded i n s u c c e e d i n g s e c t i o n s o f 

t h e c h a p t e r . 

1 6 . 2 B a s i c f o r c e e q u i l i b r i u m 

S i n c e t h e b o t t o m f r i c t i o n and t h e r a d i a t i o n s t r e s s g r a d i e n t a r e 

a l w a y s p r e s e n t i n t h e b r e a k e r z o n e , i t seems a p p r o p r i a t e t o b e g i n a 

p r e d i c t i o n o f t h e r e s u l t i n g l o n g s h o r e c u r r e n t v e l o c i t y w i t h an 

e q u i l i b r i u m o f t h e s e two f o r c e s . 

From c h a p t e r 1 2 , t h e d r i v i n g f o r c e i s : 

^ \ x B ? 3 / 2 s i n 0 

- 9 y ^ = l l P Y M g h ) — ^ " ^ ( ^ 2 . 1 5 ) * ( 1 6 . 0 1 ) 

whe re c^ i s t h e wave v e l o c i t y i n deep w a t e r , 

g i s t h e a c c e l e r a t i o n o f g r a v i t y , 

h i s t h e w a t e r d e p t h , 

m i s t h e beach s l o p e = -gy » * 

Y i s t h e b r e a k e r i n d e x , 

p i s t h e mass d e n s i t y o f w a t e r , and 

0 Q i s t h e a n g l e o f wave a p p r o a c h i n deep w a t e r . 

The s t r e s s component f r o m t h e f r i c t i o n f o r c e f o l l o w s f r o m e q u a t i o n 

1 5 . 3 1 i f we w i s h t o be p r e c i s e : 

£9 V2 [ 0 . 7 5 + 0 . 4 5 ( 5 ^ ) ^ ' ^ % ( 1 5 . 3 1 ) ( 1 6 . 0 2 ) 

w h e r e C i s t h e Chézy c o e f f i c i e n t , 

Qĵ  i s t h e w a v e - c a u s e d w a t e r v e l o c i t y a m p l i t u d e n e a r t h e b o t t o m , 

V i s t h e (unknown) c u r r e n t v e l o c i t y a v e r a g e d o v e r t h e d e p t h , and 

C i s a c o e f f i c i e n t d e f i n e d i n e q u a t i o n 1 5 . 2 9 . 

X N o t e t h a t t h e n o t a t i o n has been changed t o c o r r e s p o n d t o t h e new 
a c 

a x i s n o t a t i o n i n t r o d u c e d i n c h a p t e r 1 3 . T h u s , b o t h _ y x and m a r e 

now p o s i t i v e . 
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E q u a t i o n ( 1 6 . 0 1 ) t o ( 1 6 . 0 2 ) and s o l v i n g f o r V y i e l d s t h e d e s i r e d 

e x p r e s s i o n f o r t h e v e l o c i t y a t a g i v e n p o i n t i n t h e b r e a k e r z o n e . Un 

f o r t u n a t e l y , because o f t h e n a t u r e o f ( 1 6 . 0 2 ) an e x p l i c i t s o l u t i o n i s 

i m p o s s i b l e ; t h e b e s t t h a t can be a c h i e v e d i s : 

, 1.13 „ 07 c / r s i n 0 m 3 , ^ 

0 . 7 5 V2 + 0 . 4 5 ( 5 Qb ) V ° - ^ 7 = ^ ^ ° h ^ / ^ ( 1 6 . 0 3 ) 

w h i c h can o n l y be s o l v e d i t e r a t i v e l y f o r V. (A R u n g e - K u t t a method i s 

s u f f i c i e n t ) . 

I n o r d e r t o o b t a i n more i n s i g h t i n t o t h e v e l o c i t y d i s t r i b u t i o n i n 

t h e b r e a k e r z o n e , we s h a l l s t a r t a g a i n , however t h i s t i m e u s i n g t h e 

s i m p l e r , more a p p r o x i m a t e f r i c t i o n s t r e s s r e l a t i o n ( 1 5 . 4 2 ) : 

C W X 

pg 

2 TT C 
Y A / f ^ V ( 1 5 . 0 4 ) 

where f ^ i s t h e wave f r i c t i o n f a c t o r e v a l u a t e d u s i n g e q u a t i o n 1 5 . 1 6 

o r f i g u r e 1 5 . 2 . 

The a p p r o x i m a t e v e l o c i t y d i s t r i b u t i o n as a f u n c t i o n o f d i s t a n c e 

f r o m t h e c o a s t , y , can be d e t e r m i n e d e q u a t i n g ( 1 6 . 0 1 ) and ( 1 6 . 0 4 ) : 

^ Y / h / f 7 V = ï | p Y 2 ( g h ) 

S o l v i n g t h i s f o r V y i e l d s : 

r / - s i n 0 „ 
\i 5 TT / g 0 C , „ V = ——•—— ——— Y h m 

8 

I n t h i s e q u a t i o n 

5 
^ i s a c o n s t a n t , 

8 

3 / 2 ^0 
( 1 6 . 0 5 ) 

( 1 6 . 0 6 ) 

s i n 

b r e a k e r zone 

s lope nn 

a. Cross S e c t i o n 

b . V e l o c i t y P r o f i l e 

F i g u r e 16 .1 

S I M P L I F I E D VELOCITY 
PROFILE IN B R E A K E R 
Z O N E 

Y 

_C_ 

depends o n l y upon t h e deep w a t e r wave c o n d i t i o n s , 

depends upon wave c o n d i t i o n s and beach s l o p e , 

i s a f r i c t i o n t e r m d e p e n d e n t upon b o t t o m r o u g h n e s s , w a t e r 

d e p t h , and t h e l o c a l wave c o n d i t i o n s . 

h and m a r e f u n c t i o n s o f t h e d i s t a n c e t o t h e s h o r e . 

The dependence o f t h e f r i c t i o n t e r m , a b o v e , upon t h e w a t e r d e p t h 

- even f o r c o n s t a n t r o u g h n e s s - c o m p l i c a t e s t h e p r o b l e m a b i t ; t h e r e f o r e , 

many i n v e s t i g a t o r s have assumed t h a t t h i s f r i c t i o n t e r m i s c o n s t a n t 

t h r o u g h o u t t h e b r e a k e r z o n e . 

I f we a c c e p t t h e above s i m p l i f y i n g a s s u m p t i o n and f u r t h e r 

s t i p u l a t e t h a t t h e beach i s o f u n i f o r m s l o p e , t h e n t h e l o n g s h o r e c u r r e n t 

v e l o c i t y t u r n s o u t t o be a l i n e a r f u n c t i o n o f t h e w a t e r d e p t h , h , 

w i t h i n t h e b r e a k e r z o n e ; t h e maximum v e l o c i t y i n t h e p r o f i l e shown i n 

f i g u r e 1 6 . 1 b o c c u r s a t t h e o u t e r edge o f t h e b r e a k e r zone shown i n f i g 

u r e 1 6 . 1 a . The f a c t t h a t t h e v e l o c i t y ^ u t s i d e t h e b r e a k e r zone i s z e r o 

f o l l o w s d i r e c t l y f r o m t h e f a c t t h a t • „ • / ' ^ = 0 , t h e r e , as shown i n sec¬

t i o n 1 2 . 2 . 
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1 6 . 3 E f f e c t o f t u r b u l e n c e 

I n c h a p t e r 1 4 t h e e f f e c t o f t u r b u l e n t f o r c e s was f o u n d t o be 

d e p e n d e n t upon t h e v e l o c i t y g r a d i e n t , t h u s upon ^ i n t h e n o t a t i o n o f 

t h i s s e c t i o n . S i n c e t h e v e l o c i t y g r a d i e n t i s i n f i n i t e a t t h e o u t s i d e 

o f t h e b r e a k e r zone i n f i g u r e 1 6 . 1 , we can e x p e c t t h e v e l o c i t y p r o f i l e 

t o be most i n f l u e n c e d t h e r e . I n d e e d , t h e h o r i z o n t a l t r a n s f e r o f mo

mentum w i l l d e c r e a s e t h e v e l o c i t i e s w i t h i n t h e o u t e r p o r t i o n o f t h e 

b r e a k e r zone and p r o v i d e t h e d r i v i n g f o r c e f o r a c u r r e n t i n t h e same 

d i r e c t i o n j u s t o u t s i d e t h e b r e a k e r z o n e . L o n g u e t - H i g g i n s ( 1 9 7 1 ) and 

B a t t j e s ( 1 9 7 4 ) have r e c e n t l y t h e o r e t i c a l l y p r e d i c t e d t h e v e l o c i t y 

d i s t r i b u t i o n r e s u l t i n g f r o m i n c l u d i n g t h e t u r b u l e n t f o r c e s i n a 

dynamic e q u i l i b r i u m a l o n g w i t h t h e r a d i a t i o n shea r s t r e s s g r a d i e n t 

and f r i c t i o n . 

1 6 . 4 E f f e c t o f i r r e g u l a r waves 

A l l o f t h e d i s c u s s i o n p r e s e n t e d so f a r has been based upon an a s 

s u m p t i o n t h a t r e g u l a r waves a r e p r e s e n t . I n p r a c t i c e , t h i s w i l l , o f 

c o u r s e , n o t be t h e c a s e ; t h e wave h e i g h t s w i l l v a r y and t h e o u t e r edge 

o f t h e b r e a k e r zone w i l l n o t be as w e l l d e f i n e d as i s s u g g e s t e d i n 

f i g u r e 1 6 . 1 . The l a r g e s t waves w i l l b r e a k i n deepe r w a t e r t h a n t h e 

s m a l l e r w a v e s . B a t t j e s ( 1 9 7 4 ) a t t a c k e d t h e p r o b l e m o f c o m p u t i n g t h e 

l o n g s h o r e c u r r e n t d i s t r i b u t i o n by s t a r t i n g w i t h a r e a s o n a b l e d e s c r i p 

t i o n o f t h e i r r e g u l a r wave f i e l d w i t h i n t h e b r e a k e r z o n e . He computed 

t h e r e s u l t i n g r a d i a t i o n shea r s t r e s s g r a d i e n t f r o m t h e ( known) wave 

h e i g h t d i s t r i b u t i o n s at v a r i o u s l o c a t i o n s w i t h i n t h e b r e a k e r z o n e . T h e n , 

he d e t e r m i n e d t h e l a t e r a l v e l o c i t y p r o f i l e f r o m t h e d i s t r i b u t i o n o f 

t h i s r a d i a t i o n s t r e s s componen t . The e f f e c t o f t h i s wave i r r e g u l a r i t y 

i s much l i k e t h a t o f t h e l a t e r a l t u r b u l e n c e ; t h e v e l o c i t y p r o f i l e 

becomes w i d e r and l e s s s h a r p l y peaked t h a n t h a t shown i n f i g u r e 1 6 . 0 1 . 

A q u a n t a t a t i v e c o m p a r i s o n w i l l be made i n t h e n e x t s e c t i o n . 

L o n g s h o r e c u r r e n t v e l o c i t y p r o f i l e s on r e a l c o a s t s can v a r y 

s i g n i f i c a n t l y - see f i g u r e 1 6 . 2 . T i d a l i n f l u e n c e s , w i d t h o f t h e wave 

s p e c t r u m , v a r i a t i o n s i n b o t t o m r o u g h n e s s , i r r e g u l a r b o t t o m s l o p e s and 

v a r i a t i o n s i n wave d i r e c t i o n and h e i g h t a l l c o n t r i b u t e t o m o d i f y i n g 

t h e v e l o c i t y p r o f i l e . 

1 6 . 5 Example 

D e t e r m i n e t h e d i s t r i b u t i o n o f t h e a v e r a g e ( o v e r t h e d e p t h ) 

l o n g s h o r e c u r r e n t v e l o c i t y i n a b r e a k e r zone as a f u n c t i o n o f d i s t a n c e 

f r o m t h e s h o r e . R e g u l a r waves w i t h a p e r i o d o f 7 seconds a p p r o a c h t h e 

c o a s t f r o m deep w a t e r w i t h a wave h e i g h t , H^ , o f 2 , 0 m and an a p 

p r o a c h a n g l e , 0 ^ , o f 3 0 ° . A b r e a k e r i n d e x , Y> o f 0 - 8 and a beach 

s l o p e , m, o f 1 : 1 0 0 a r e t o be u s e d . The b o t t o m r o u g h n e s s , r , i s a s 

sumed t o have a c o n s t a n t v a l u e o f 0 . 0 6 m a c r o s s t h e e n t i r e b e a c h . 

The f i r s t s t e p o f t h e s o l u t i o n i s t o d e f i n e t h e o u t e r edge o f t h e 

b r e a k e r z o n e . The n o n - l i n e a r c h a r a c t e r o f t h e p r o b l e m makes a 

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

i t e r a t i v e scheme can be u s e d , h o w e v e r . 
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1 . Guess a b r e a k e r d e p t h , h ^ ^ , and compute h ^ p / ^ g " 

2 . U s i n g t a b l e s o f wave f u n c t i o n s ( o r c o m p u t a t i o n s ) d e t e r m i n e 

t h e s h o a l i n g c o e f f i c i e n t , K^^ and t h e r a t i o o f wave s p e e d s , 

° / ° o -
3 . D e t e r m i n e t h e a n g l e 0^^, u s i n g : 

s i n 0 ^ ^ = ^ s i n 0Q ( 1 5 . 0 7 ) 

4 . Compute t h e b r e a k e r h e i g h t , H^^ f r o m : 

/ c o s 0 ' 
H, = H K , / _ ° - ( 1 6 . 0 8 ) 

b r 0 sh / cos 0,^^ ^ ' 

5 . Compute a new v a l u e o f h^^ f r o m t h e known v a l u e s o f y and t h e 

computed H^^. R e t u r n t o s t e p 1 . 

A p p l y i n g t h e above p r o c e d u r e t o t h e p r o b l e m a t hand and u s i n g 

t a b l e s o f wave f u n c t i o n s f o r s t e p 2 y i e l d s : 

\ r = 2 . 0 7 m, 

h^^ = 2 . 5 9 m, and > ( 1 6 . 0 9 ) 

0 b , = 1 3 . 3 ° 

T a b l e 1 6 . 1 shows c o m p u t a t i o n s f o r a s e r i e s o f p o i n t s w i t h i n t h e 

b r e a k e r z o n e . The c o m p u t a t i o n i s i l l u s t r a t e d be low f o r t h e p o i n t 259 m 

f r o m t h e s h o r e ; t h e o u t e r edge o f t h e b r e a k e r z o n e . 

The wave l e n g t h f o l l o w s f r o m : 

X = c T ffe /gTi" T = y ( 9 . 8 1 ) ( 2 . 5 9 ) ( 7 ) = 3 5 . 3 m* ( 1 6 . 1 0 ) 

The a m p l i t u d e o f t h e m o t i o n on t h e b o t t o m , ab - see c h a p t e r 1 5 , 

f o l l o w s e q u a t i o n 5 . 0 3 b o f vo lume I , w i t h ( 1 6 . 1 0 ) and r e s u l t s i n : 

^ = 4 Ï ^ = ( 4 T ( ¥ ) 3 5 - 3 = 2 . 2 5 m ( 1 6 . 1 1 ) 

The f r i c t i o n t e r m can t h e n be computed f r o m e q u a t i o n 1 5 . 1 6 o r t a k e n 

f r o m f i g u r e 1 5 . 2 know ing t h a t t h e b o t t o m r o u g h n e s s , r , i s 0 . 0 6 m. 

f ^ = exp [ - 5 . 9 7 7 + 5 . 2 1 3 ( ) ] = 0 . 0 3 4 ( 1 6 . 1 2 ) 

The Chézy c o e f f i c i e n t , C , i s d e t e r m i n e d i n t h e usua l way u s i n g : 

C = 18 l o g ( 1^ ) ( 1 6 . 1 3 ) 

= 4 8 . 9 m Vs ( 1 6 . 1 4 ) 

T h e n , V f o l l o w s by s u b s t i t u t i o n i n e q u a t i o n 1 6 . 0 6 : 

y = L j L ^ ^ j i n j g ! ( 0 . 8 ) ( J ^ ) ( 2 . 5 9 ) ( ^ 1 ^ ) ( 1 6 . 1 5 ) 
8 / ? ( 1 . 5 6 ) ( 7 ) yo.Uó^ lUU 

= 1.09 m/s ( 1 6 . 1 6 ) 

T h i s v a l u e can be f o u n d i n t h e co lumn l a b e l e d i n t a b l e 1 6 . 1 . 

* The s h a l l o w w a t e r a p p r o x i m a t i o n s a r e b e i n g used t h r o u g h o u t t h e r e s t 

o f t h i s c o m p u t a t i o n . T h i s i s i n k e e p i n g w i t h t h e a p p r o x i m a t i o n s made 

e a r l i e r i n t h e d e t e r m i n a t i o n o f T ^ ^ ^ 
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S e v e r a l d i f f e r e n t r e s u l t i n g v e l o c i t y p r o f i l e s a r e l i s t e d i n 

t h i s t a b l e ; each i s d e s c r i b e d b e l o w , V̂ ^ i s f o u n d f r o m t h e t a b u l a t e d 

c o m p u t a t i o n s b a s i n g each v e l o c i t y v a l u e on a l o c a l l y computed f r i c 

t i o n t e r m . The a p p r o x i m a t e f r i c t i o n t e r m ( 1 5 . 4 2 ) and s h a l l o w w a t e r 

wave a p p r o x i m a t i o n s a r e used t h r o u g h o u t . V2 i n c l u d e s none o f t h e 

s i m p l i f y i n g a s s u m p t i o n s i n h e r e n t i n t h e s h a l l o w w a t e r a p p r o x i m a t i o n s . 

T h u s , e q u a t i o n 1 2 . 1 0 i s used i n s t e a d o f e q u a t i o n 1 2 . 1 5 t o d e t e r m i n e 

t h e d r i v i n g f o r c e , and t h e f r i c t i o n f o r c e i s d e t e r m i n e d u s i n g t h e 

more e x a c t r e l a t i o n e q u a t i o n 1 5 . 3 1 . A l s o , i n t e r m e d i a t e d e p t h wave 

t h e o r y i s used f o r a l l c o m p u t a t i o n s . O n l y t h e r e s u l t i n g v a l u e s a r e 

shown ; t h e y a r e seen t o be l o w e r by as much as 20%. 
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i n t h e t a b l e r e s u l t s f r o m i n c l u d i n g a t u r b u l e n t f r i c t i o n f o r c e i n 

t h e v e l o c i t y e q u a t i o n . The use o f B a t t j e s ( 1 9 7 4 ) a p p r o a c h f o r r e g u l a r 

waves y i e l d s t h e r e s u l t s shown w i t h i n t h e b r e a k e r z o n e . The t e c h n i q u e 

may n o t be a p p l i e d o f f i c i a l l y o u t s i d e t h e b r e a k e r z o n e , b u t has been 

a p p l i e d t h e r e f o r c o m p a r i s o n p u r p o s e s . 

L o n g u e t - H i g g i n s ( 1 9 7 1 ) uses a d i f f e r e n t a p p r o a c h w h i c h i n c l u d e s a 

l a r g e r t u r b u l e n t l a t e r a l f r i c t i o n f o r c e t h a n does B a t t j e s . The r e 

s u l t s o f h i s a p p r o a c h a r e d e n o t e d by V^ i n t a b l e 1 6 . 1 . 

S t i l l a n o t h e r a p p r o x i m a t e a t t e m p t a t r e a l i t y s c h e m a t i z e s t h e v e l o c i t y 

p r o f i l e by a t r i a n g l e e x t e n d i n g o v e r a w i d t h equa l t o 1.6 y , ^ . I t s 
p Dr 

peak v a l u e o c c u r s a t y = - j y ^ ^ f r o m t h e s h o r e , and i t s peak v a l u e i s 

f o u n d by s t i p u l a t i n g t h a t : 

0 
^cwx = 2yx ( 1 6 . 1 7 ) 

y = y fa . 

C a r r y i n g o u t t h e i n t e g r a t i o n y i e l d s a peak v a l u e o f 0 . 5 5 m/s d e n o t e d 

by Vg i n t h e t a b l e . T h i s t y p e o f v e l o c i t y d i s t r i b u t i o n can be assumed 

t o i n c l u d e some l a t e r a l t u r b u l e n t f r i c t i o n e f f e c t s . 

F i n a l l y , i f an i r r e g u l a r wave h a v i n g t h e same t o t a l e n e r g y as t h e 

r e g u l a r wave (H^^^^ ^= 2 . 0 m i n t h i s c a s e ) i s u s e d , t h e n t h e method 

s u g g e s t e d by B a t t j e s ( 1 9 7 4 ) n e g l e c t i n g l a t e r a l f r i c t i o n y i e l d s t h e 

v e l o c i t i e s d e n o t e d by V g . 

A l l o f t h e s e p r o f i l e s a r e compared i n f i g u r e 1 6 , 2 . 

1 6 . 6 A d d i t i o n a l d r i v i n g f o r c e s 

I n t h e wo rk so f a r i n t h i s c h a p t e r v a r i a t i o n s i n wave c o n d i t i o n s 

be tween p l a c e s a l o n g t h e c o a s t have n o t been c o n s i d e r e d ; a l l wave 

p r o p e r t i e s have been assumed t o be i n d e p e n d e n t o f t h e l o c a t i o n , x , 

a l o n g t h e c o a s t . T h i s i s se ldom t h e case i n a r e a l s i t u a t i o n . 

S i n c e t h e d e p t h c o n t o u r s a l o n g a c o a s t a r e se ldom p a r a l l e l , 

v a r i a t i o n i n r e f r a c t i o n w i l l cause t h e wave h e i g h t t o v a r y as we 

t r a v e l a l o n g some d e p t h c o n t o u r . P a r t i a l o b s t r u c t i o n s such as c a p e s , 

s p i t s , o r even b r e a k w a t e r s w i l l cause a d d i t i o n a l wave h e i g h t and 

d i r e c t i o n changes as we a g a i n f o l l o w a g i v e n d e p t h c o n t o u r a l o n g t h e 

c o a s t . 

The n e c e s s i t y o f i n c l u d i n g a and a i n t h e l o n g s h o r e c u r 

r e n t c o m p u t a t i o n s s h o u l d be o b v i o u s . Perhaps l e s s o b v i o u s i s t h a t 

two a d d i t i o n a l d r i v i n g f o r c e s need some e x p l a n a t i o n ; b o t h r e s u l t 

f r o m t h e l o n g s h o r e g r a d i e n t o f t h e wave h e i g h t and a n g l e o f a p p r o a c h . 

I n c h a p t e r 11 we examined t h e wave s e t - u p , h ' , r e s u l t i n g f r o m 

waves a p p r o a c h i n g a c o a s t . T h i s was f o u n d t o be d e p e n d e n t upon t h e 

wave h e i g h t , H* I f t h e wave h e i g h t and a n g l e now v a r y a l o n g t h e c o a s t 

t h e n we can e x p e c t t h e wave s e t - u p and s e t - d o w n t o v a r y as w e l l r e -
3 h ' 

s u i t i n g i n a s l o p e o f t h e a v e r a g e w a t e r l e v e l a l o n g t h e c o a s t , - 2 - . 
oX 

T h i s w a t e r s u r f a c e s l o p e w i l l t h e n p r o v i d e an a d d i t i o n a l d r i v i n g 

f o r c e f o r t h e dynamic e q u i l i b r i u m o f a w a t e r e l e m e n t . 

X I n g e n e r a l , i t i s a l s o d e p e n d e n t upon 0 . 



1.2 h 

Distance f rom sl iore , y, (m) 
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The second a d d i t i o n a l d r i v i n g f o r c e r e s u l t s f r o m a g r a d i e n t i n 

t h e normal s t r e s s a c t i n g on a p l a n e p e r p e n d i c u l a r t o t h e c o a s t l i n e . 

T h i s w o u l d be d e n o t e d by S u s i n g t h e n o t a t i o n o f t h i s c h a p t e r ; i n 
X X 

c h a p t e r 10 i t was d e n o t e d by S^^ - see f i g u r e 1 0 . 2 . Our e l e m e n t o f 

w a t e r e x p e r i e n c e s a d r i v i n g f o r c e p r o p o r t i o n a l t o ( back i n 
OA r̂ J rj|_j 

c u r r e n t l y p o p u l a r n o t a t i o n ) w h i c h i s d e p e n d e n t upon b o t h — and -^^ 

W h i l e b o t h o f t h e f o r c e s i n d i c a t e d above have been c a l l e d 

d r i v i n g f o r c e s , t h i s does n o t i m p l y t h a t t h e y a l w a y s b o t h a c t i n t h e 

same d i r e c t i o n o r i n t h e same d i r e c t i o n as ^ • / ' ^ . O b v i o u s l y , t h e i r 
o y 

p r o p e r d i r e c t i o n s must be a s s i g n e d i n a f o r c e b a l a n c e and t h e s e 

d i r e c t i o n s mus t be d e t e r m i n e d f o r each case s e p a r a t e l y . 

T i d e s , d i s c u s s e d i n c h a p t e r 1 3 , can a l s o , o f c o u r s e , i n f l u e n c e 

t h e l o n g s h o r e c u r r e n t v e l o c i t y . Because o f t h e i r more u n i v e r s a l o c 

c u r r e n c e , t i d a l i n f l u e n c e s can be f o u n d i n more and l a r g e r a r e a s 

t h a n t h e o t h e r i n f l u e n c e s j u s t m e n t i o n e d a b o v e . I n d e e d , because o f 

t i d a l phase and a m p l i t u d e d i f f e r e n c e s o c c u r r i n g a l o n g t h e Du tch 

c o a s t , f o r e x a m p l e , t i d a l i n f l u e n c e s p l a y an i m p o r t a n t r o l e , i n t h e 

c o a s t a l sand t r a n s p o r t p r o c e s s , e s p e c i a l l y i n t h e r e g i o n i m m e d i a t e l y 

o u t s i d e t h e b r e a k e r z o n e . 

T h i s c o n c l u d e s o u r d i s c u s s i o n o f l o n g s h o r e c u r r e n t s . I n t h e 

n e x t t h r e e c h a p t e r s we f o c u s a t t e n t i o n upon t h e p r e d i c t i o n o f s e d i m e n t 

movements a l o n g t h e c o a s t . 
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1 7 . EARLY COASTAL TRANSPORT FORMULAS J . v . d . G r a a f f 

1 7 . 1 I n t r o d u c t i o n 

T h i s c h a p t e r b e g i n s a new phase o f o u r s t u d y o f c o a s t a l c h a n g e s . 

The p r e v i o u s f i v e c h a p t e r s have been d e v o t e d t o t h e d e t e r m i n a t i o n o f 

t h e c o a s t a l c u r r e n t , one o f t h e i n p u t p a r a m e t e r s f o r a g e n e r a l s e d i 

ment t r a n s p o r t f o r m u l a such as was s u g g e s t e d i n c h a p t e r 9 . 

H e r e , we b e g i n t o c o n s i d e r t h e movement o f s e d i m e n t i n s t e a d o f 

w a t e r . B e f o r e a t t a c k i n g s e d i m e n t t r a n s p o r t v i a a p r e d i c t i o n o f s e d i 

ment c o n c e n t r a t i o n and s e d i m e n t v e l o c i t y - t h e method s u g g e s t e d i n 

c h a p t e r 9 - we s h a r p e n o u r i n s i g h t by f i r s t c o n s i d e r i n g one o f t h e 

f i r s t c o a s t a l s e d i m e n t t r a n s | ) o r t f o r m u l a s . 

S i n c e mos t c o a s t a l s e d i m e n t s a r e s a n d s , most f o r m u l a s have been 

d e v e l o p e d f o r sand b e a c h e s . L u c k i l y , sand i s one o f t h e more p r e d i c 

t a b l e s o i l m a t e r i a l s ; i t has n e g l i g i b l e c o h e s i o n and a f a i r l y c o n s t a n t 

s h e a r s t r e n g t h p r o p e r t y ( a n g l e o f I n t e r n a l f r i c t i o n ) . F i n e r m a t e r i a l s , 

s i l t s and c l a y s , on t h e o t h e r h a n d , do n o t have such s i m p l e p r o p e r t i e s . 

Because o f i t s s i m p l i c i t y and common o c c u r r e n c e t h e s e d i m e n t t r a n s 

p o r t f o r m u l a s a r e u s u a l l y d e r i v e d f o r s a n d ; t h e y a r e even o f t e n c a l l e d 

sand t r a n s p o r t f o r m u l a s . 

The f o r m u l a p r e s e n t e d i n t h e r e m a i n d e r o f t h i s c h a p t e r was 

d e v e l o p e d f r o m p r o t o t y p e and model measurements l o n g b e f o r e much o f t h e 

l o n g s h o r e c u r r e n t t h e o r y was a v a i l a b l e . I n d e e d , t h e f o r m u l a - t h e s o -

c a l l e d CERC f o r m u l a - was a p p a r e n t l y d e v e l o p e d soon a f t e r Wor ld War I I 

by t h e Beach E r o s i o n B o a r d , t h e p r e d e c e s s o r o f t h e U.S . Army C o a s t a l 

E n g i n e e r i n g Resea rch C e n t e r . 

1 7 . 2 The CERC f o r m u l a 

O b s e r v a t i o n s i n b o t h p r o t o t y p e and mode l s made i n t h e decade f o l 

l o w i n g W o r l d War I I I n d i c a t e d a c o r r e l a t i o n be tween t h e v o l u m e t r i c 

sand t r a n s p o r t r a t e a l o n g a c o a s t [ L ^ / T ] and a " componen t o f t h e a p 

p r o a c h i n g wave e n e r g y " . * T h i s sand t r a n s p o r t was f o u n d t o be more 

o r l e s s c o n c e n t r a t e d i n t h e b r e a k e r z o n e . Exp ressed as a f o r m u l a , t h i s 

sand t r a n s p o r t r a t e , S , i s : 

S = A U ' ( 1 7 . 0 1 ) 

where A i s c o e f f i c i e n t and u n i t s c o n v e r s i o n f a c t o r , and 

U' i s a component o f t h e e n e r g y f l u x o r power e n t e r i n g a u n i t 

l e n g t h o f t h e b r e a k e r z o n e . 

The power o r e n e r g y f l u x i n a u n i t c r e s t l e n g t h o f wave t r a i n a p 

p r o a c h i n g t h e c o a s t was g i v e n i n vo lume I : 

U = E Cg ( 1 - 5 . 1 0 ) ( 1 7 . 0 2 ) 

whe re E i s t h e wave e n e r g y , and 

Cg i s t h e wave g r o u p v e l o c i t y . 

X I t i s a m y s t e r y how s c a l a r q u a n t i t i e s , e n e r g y and p o w e r , can have 

c o m p o n e n t s . Bo th L o n g u e t - H i g g i r g s ( 1 9 7 1 ) and B a t t j e s ( 1 9 7 4 ) show 

t h a t t h i s c o n c e p t has no p h y s i c a l i n t e r p r e t a t i o n . 
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U i s a p e r f e c t l y v a l i d s c a l a r p h y s i c a l p a r a m e t e r . 

I t s component - i n v a l i d p a r a m e t e r l - a l o n g t h e c o a s t ( i n t h e x d i r e c 

t i o n ) a t t h e o u t e r edge o f t h e b r e a k e r zone i s : 

\ = U s i n ( 1 7 . 0 3 ) 

where i^^^ i s t h e a n g l e be tween t h e wave c r e s t s and t h e c o a s t a t t h e 

o u t e r edge o f t h e b r e a k e r z o n e . S i m i l a r l y - and j u s t as i n c o r r e c t l y -

t h e power component p e r p e n d i c u l a r t o t h e c o a s t i s : 

Uy = U cos ( 1 7 . 0 4 ) 

T h i s y i e l d a s i m i l a r l y n o n - i n t e r p r e t a b l e p a r a m e t e r : 

U U 

U' = = u s i n cos ( 1 7 - 0 5 ) 

o r e q u i v a l e n t l y : 

U' = E Cg s i n cos 0 ^ , ( 1 7 - 0 6 ) 

U s i n g r e f r a c t i o n t h e o r y ( v o l u m e I , c h a p t e r 9 ) and a p p r o p r i a t e a p 

p r o x i m a t i o n s : 

U' = I ^ P 9 ^2 C Q K^br^ s i n 0 ^ , cos 0 ^ ^ ( 1 7 . 0 7 ) 

w h e r e : c^ i s t h e deep w a t e r wave s p e e d , 

g i s t h e a c c e l e r a t i o n o f g r a v i t y , 

H Q i s t h e deep w a t e r wave h e i g h t , 

' ^ rbr ^'^ r e f r a c t i o n c o e f f i c i e n t a t t h e o u t e r edge o f t h e 

b r e a k e r z o n e , and 

p i s t h e mass d e n s i t y o f w a t e r . 

S u b s t i t u t i n g ( 1 7 . 0 7 ) i n t o ( 1 7 . 0 1 ) and s u b s t i t u t i n g a ( n o t d i m e n s i o n 

l e s s ) v a l u e f o r A ( d e t e r m i n e d f r o m b o t h model and p r o t o t y p e m e a s u r e 

m e n t s ) y i e l d s : 

S = 0 . 0 1 4 HQ2 C Q K ^ b / s i n 0 ^ , cos 0 ^ ^ ( 1 7 . 0 8 ) 

w h i c h i s e x a c t l y t h e same as e q u a t i o n 2 6 . 0 4 i n vo lume I . I f c o n s i s t e n t 

u n i t s a r e u s e d , t h e c o e f f i c i e n t , 0 . 0 1 4 , i s d i m e n s i o n l e s s . Howeve r , i t 

i s o f t e n c o n v e n i e n t t o e x p r e s s S i n vo lume p e r y e a r w h i l e C Q r e m a i n s 

u n i t s o f l e n g t h p e r s e c o n d . I n such a c a s e , t h e c o e f f i c i e n t i s n o t 

d i m e n s i o n l e s s and t h e e q u a t i o n becomes: 

S = 0 . 4 4 x 1 0 ^ HI C Q K ^ b / s i n 0 ^ ^ cos 0 ^ ^ ( 1 7 . 0 9 ) 

w h i c h a l s o a p p e a r s i n vo lume I as e q u a t i o n 2 6 . 0 5 . 

T h e r e r e m a i n s some d i s a g r e e m e n t as t o t h e p r o p e r wave h e i g h t t o 

use t o r e p r e s e n t an i r r e g u l a r wave t r a i n and t h e p r o p e r v a l u e f o r t h e 

c o e f f i c i e n t i n t h e two e q u a t i o n s i m m e d i a t e l y a b o v e . T h i s w i l l be 

d i s c u s s e d i n d e t a i l i n s e c t i o n 1 7 . 5 a f t e r a b e t t e r p h y s i c a l e x p l a n a 

t i o n f o r t h e CERC f o r m u l a i s p r e s e n t e d i n t h e f o l l o w i n g s e c t i o n . 
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1 7 . 3 Modern j u s t i f i c a t i o n o f t h e CERC f o r m u l a 

More r e c e n t d e v e l o p m e n t s such as t h e f o r m u l a t i o n f o r t h e r a d i a t i o n 

s t r e s s make i t p o s s i b l e t o g i v e a more r e a s o n a b l e e x p l a n a t i o n - f o r t h e 

CERC f o r m u l a i n t e r m s o f " c o r r e c t " p h y s i c a l phenomena. 

The r a d i a t i o n s h e a r s t r e s s f o r a l l p o i n t s o u t s i d e t h e b r e a k e r zone 

i s c o n s t a n t - see c h a p t e r 1 2 . T h i s s h e a r s t r e s s , somet imes c a l l e d 

l a t e r a l wave t h r u s t , i s equa l t o : 

S^,^ = E n s i n 0 cos 0 ( 1 2 . 0 3 ) * ( 1 7 . 1 0 ) 
y x 

where n i s t h e r a t i o ^ . 

S i n c e S i s c o n s t a n t 8 u t s i d e t h e b r e a k e r z o n e , we can choose t o 
yx 

e v a l u a t e i t u s i n g wave c o n d i t i o n s a t t h e o u t e r edge o f t h e b r e a k e r 

z o n e : 

Syx = ^ b r " b r ^ b r V ( ^ ^ . l l ) 

I n t h e p r e v i o u s c h a p t e r , t h i s r a d i a t i o n s h e a r s t r e s s p r o v i d e d t h e 

d r i v i n g f o r c e f o r t h e l o n g s h o r e c u r r e n t w i t h i n t h e b r e a k e r z o n e . 

B e g i n n i n g a g a i n on a new t a c k , we can r e a s o n a b l y a c c e p t t h e h y 

p o t h e s i s t h a t t h e waves a r e t h e p r i m a r y f a c t o r i n s t i r r i n g sand i n t o 

s u s p e n s i o n f o r t r a n s p o r t by a c u r r e n t . A r e a s o n a b l e c h a r a c t e r i z i n g 

p a r a m e t e r f o r t h i s s t i r r i n g can be t h e wave o r b i t a l v e l o c i t y a m p l i t u d e 

nea r t h e b o t t o n , Q^. I f we use s h a l l o w w a t e r a p p r o x i m a t i o n s , u^ can be 

e x p r e s s e d i n t e r m s o f t h e wave speed i n t h e b r e a k e r z o n e : 

% - h b r ( 1 7 . 1 2 ) 

I n more g e n e r a l t e r m s , u^ i s d i r e c t l y p r o p o r t i o n a l t o c^^, w i t h i n t h e 

b r e a k e r z o n e , t h u s , c^^ i s a l e g i t i m a t e p a r a m e t e r f o r c h a r a c t e r i z i n g 

t h e s t i r r i n g a c t i o n and hence t h e sand c o n c e n t r a t i o n w i t h i n t h e b r e a 

k e r z o n e . 

Now, u s i n g t h e c o n c e p t e x p r e s s e d i n c h a p t e r 9 , we can d e v e l o p a 

sand t r a n s p o r t f o r m u l a by t a k i n g a p r o d u c t o f S (a measure o f 
y x 

v e l o c i t y ) w i t h Cj^^ ( a measure o f sand c o n c e n t r a t i o n ) : 

V '^br = ^ b r % r V V «^br ( ^ 7 . 1 3 ) 

T h i s i s e q u i v a l e n t t o e q u a t i o n 1 7 . 0 6 . 

1 7 . 4 V a r i a t i o n w i t h a n g l e o f a p p r o a c h 

How do changes i n t h e a n g l e be tween t h e a p p r o a c h i n g wave c r e s t s 

and t h e c o a s t l i n e I n f l u e n c e t h e l o n g s h o r e s e d i m e n t t r a n s p o r t ? T h i s can 

be s t u d i e d v i a e q u a t i o n 1 7 . 0 8 , b u t i t i s more c o n v e n i e n t t o e x p r e s s 

t h e r e l a t i o n s h i p be tween S and a n g l e o f a p p r o a c h , 0 , i n t e r m s o f t h e 

deep w a t e r a n g l e , 0 . 

* Remember t h e change o f a x e s l 
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U s i n g r e f r a c t i o n t h e o r y f r o m vo lume I , c h a p t e r 9 

^ r b r ^ hr = h 

a n d : 

^ b r = ^ 7 ' ^ " h 

E q u a t i o n 1 7 . 0 8 t h e n becomes; 

S = 0 . 0 1 4 c, s i n 0 cos 0 
0 b r '^0 0 

I n o r d e r t o i n v e s t i g a t e t h e e f f e c t o f changes i n 0 ^ on S , we need 

t o d e t e r m i n e w h i c h p a r a m e t e r s depend upon 0 ^ . O b v i o u s l y s i n 0 ^ and 

cos 0 Q d o , b u t c ^ j , does as w e l l , s i n c e t h e wave h e i g h t a t t h e edge o f 

t h e b r e a k e r zone depends upon t h e r e f r a c t i o n c o e f f i c i e n t . T h i s v a r i a b l e 

wave h e i g h t means t h a t t h e o u t e r edge o f t h e b r e a k e r zone s h i f t s as 0 ^ 

c h a n g e s . The f a c t t h a t c^^ i s d e p e n d e n t upon h^^^ c o m p l e t e s t h e a r g u m e n t . 

T h u s , t h e b e h a v i o r o f : 

n ^ o ) = %r h h ( 1 7 . 1 7 ) 

must be s t u d i e d . U n f o r t u n a t e l y , t h i s f u n c t i o n , f ( 0 Q ) > c a n n o t be w r i t 

t e n o u t i n a s i m p l e a l g e b r a i c f o r m . 

R a t h e r t h a n p r e s e n t a r a t h e r cumbersome n u m e r i c a l p r o c e d u r e t o 

e v a l u a t e f ( 0 Q ) , we s h a l l be c o n t e n t o n l y t o d i s c u s s t h e r e s u l t s o f 

such a s t u d y o f f i ^ ^ ) f o u n d by e v a l u a t i n g t h e f u n c t i o n f o r a w h o l e 

s e r i e s o f v a l u e s o f 0 ^ and t h e wave p e r i o d * . The f a c t o r s i n 0 ^ cos 0 ^ 

i s by f a r t h e most i m p o r t a n t i n t h e f u n c t i o n T h u s , a g r a p h 

o f f ( 0 Q ) l o o k s much l i k e one o f s i n 0 cos 0 . J u s t as s i n 0 cos 0 , 

f ( 0 Q ) i s z e r o f o r 0 ^ = 0 ° and 0 ^ = 9 0 ^ . I n c o n t r a s t t o s i n 0 ^ cos 0 ^ 

w h i c h i s s y m m e t r i c a l a b o u t t h e l i n e 0 ^ = 4 5 ° , f ( 0 ) i s a s y m m e t r i c ; 

v a l u e s o f f{^^) f o r 0 < 0 ^ < 4 0 ° a r e g e n e r a l l y h i g h e r t h a n c o r r e s 

p o n d i n g v a l u e s o f f ( 9 O ° - 0 Q ) . T h i s i s mos t p r o n o u n c e d f o r r e l a t i v e l y 

s m a l l v a l u e s o f 0 ^ . L a s t l y , t h e peak v a l u e o f f l ^ ^ ) o c c u r s f o r 

0 < 4 5 ° - u s u a l l y somewhere be tween 4 0 ° and 4 5 ° . 

( 1 7 . 1 4 ) 

( 1 7 . 1 5 ) 

( 1 7 . 1 6 ) 

1 7 . 5 CERC f o r m u l a c o e f f i c i e n t 

As was a l r e a d y i n d i c a t e d i n s e c t i o n 1 7 . 2 , c e r t a i n d i s a g r e e m e n t s 

e x i s t w i t h r e g a r d t o t h e p r o p e r c o e f f i c i e n t v a l u e t o use i n e q u a t i o n 

1 7 . 0 8 o r 1 7 . 0 9 . The c h o i c e o f t h e p r o p e r wave h e i g h t ( H ^ . g o r H^^^g) 

i n t r o d u c e s an a d d i t i o n a l c o m p l i c a t i o n . 

The e a r l y model t e s t s used t o d e t e r m i n e e q u a t i o n 1 7 . 0 9 w e r e 

c o n d u c t e d u s i n g r e g u l a r waves f o r w h i c h U' can e a s i l y be e v a l u a t e d . 

The s i g n i f i c a n t wave h e i g h t , H^^-g, was mos t l i k e l y used t o c h a r a c t e r i z e 

t h e waves i n t h e p r o t o t y p e upon w h i c h t h e e q u a t i o n was c h e c k e d even 

t h o u g h t h e p h y s i c a l l y p r o p e r c h a r a c t e r i z i n g wave h e i g h t i s t h e r o o t -

X The wave p e r i o d e n t e r s t h e c o m p u t a t i o n v i a t h e v a l u e , c ^ , used i n 

t h e r e f r a c t i o n c o m p u t a t i o n . 
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m e a n - s q u a r e wave h e i g h t , H^^^^. T h i s e r r o r l e a d s t o an e r r o r o f a f a c 

t o r 2 * i n U' and hence t h e c o e f f i c i e n t - see vo lume I c h a p t e r 10 . 

A d d i t i o n a l l y , t h e r e i s f u r t h e r d i s c u s s i o n a b o u t t h e p r o p e r c o e f 

f i c i e n t v a l u e s temming f r o m t h e v a r i o u s s e t s o f model and p r o t o t y p e 

d a t a . S t u d y o f t h e l i t e r a t u r e on t h i s t o p i c i s c o n f u s i n g s i n c e a g i v e n 

s e t o f d a t a i s o f t e n p r e s e n t e d i n v a r i o u s d i f f e r e n t h o p e f u l l y 

e q u i v a l e n t manners by d i f f e r e n t i n v e s t i g a t o r s . 

F i g u r e 1 7 . 1 shows some e x p e r i m e n t a l d a t a r e l a t i n g S t o \ ] \ w i t h 

U' based upon I f a l i n e a r r e l a t i o n s h i p be tween t h e s e p a r a m e t e r s 

i s assumed as i n t h e CERC f o r m u l a , t h e n a l e a s t - s q u a r e s f i t u s i n g a l l 

o f t h e d a t a p o i n t s r e s u l t s i n l i n e 1 p l o t t e d i n t h e f i g u r e * * I f , on 

t h e o t h e r h a n d , t h e one p o i n t g i v e n by Moore and Co le i s 

n e g l e c t e d , l i n e 2 r e s u l t s w h i c h i n d i c a t e s t h a t t h e sand t r a n s p o r t , S , 

s h o u l d be n e a r l y f o u r t i m e s as g r e a t f o r t h e same wave c o n d i t i o n s ! 

The d i s a g r e e m e n t i s f u r t h e r i l l u s t r a t e d i n t a b l e 1 7 . 1 where 

c o e f f i c i e n t s f o r t h e CERC f o r m u l a d e t e r m i n e d by v a r i o u s i n v e s t i g a t o r s 

a r e c o m p a r e d . When a l l c o e f f i c i e n t s a r e r e l a t e d t o t h e same c h a r a c t e r 

i s t i c w a v e , t h e Shore P r o t e c t i o n Manual g i v e s a c o e f f i c i e n t y i e l d i n g 

a sand t r a n s p o r t n e a r l y 6 t i m e s t h a t s u g g e s t e d by l i n e 1 i n f i g u r e 1 7 . 1 

The d i s c u s s i o n i s f a r f r o m ended 

T a b l e 1 7 . 1 CERC f o r m u l a c o e f f i c i e n t s 

I n v e s t i g a t o r 

O r i g i n a l CERC 

Shore P r o t e c t i o n 

Manual ( 1 9 7 3 ) 

Komar ( 1976) 

Svasek ( 1969) 

f i g u r e 1 7 . 1 : 

1 i ne 1 

l i n e 2 

D e l f t U n i v . o f 

Tech . . Compute r 

Program 

C o e f f i c i e n t 

i n e q u a t i o n 

1 7 . 0 8 

0 . 0 1 4 

0 . 0 2 8 

0 . 0 2 5 

0 . 0 4 9 

0 . 0 3 9 

0 . 0 0 8 

0 . 0 3 6 

t 
0 . 0 3 9 

C h a r a c t e r i z i n g 

Wave H e i g h t 

^ s i g 

rms 

rms 

rms 

rms 

rms 

rms 

C o r r e s p o n d i n g 

c o e f f i c i e n t 

i n ( 1 7 . 0 9 ) 

0 . 4 4 x 1 0 ^ 

0 . 8 8 x 1 0 ^ 

0 . 7 9 x 1 0 ' 

1 .55x10 ' ' 

1 . 2 3 x 1 0 ' 

0 . 2 5 x 1 0 ' 

1 .13x10^ 

1 . 2 3 x 1 0 ' 

* " s i g ' = 2 H , , 3 ' 

* * The d a t a i n t h e f i g u r e i s p l o t t e d on a l o g a r i t h m i c s c a l e f o r c o n 

v e n i e n c e , o n l y . 

t These c o e f f i c i e n t s a r e r e a l l y v a r i a b l e s i n t h i s c o m p u t e r p r o g r a m . 

Commonly used v a l u e s o f t h e s e c o e f f i c i e n t s a r e l i s t e d . 
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1 7 . 6 Example o f use o f CERC f o r m u l a 

S i n c e a c o m p u t a t i o n o f sand t r a n s p o r t u s i n g t h e CERC f o r m u l a 

i s so s t r a i g h t f o r w a r d i t i s n o t deemed n e c e s s a r y t o i l l u s t r a t e i t s 

use h e r e . I n s t e a d , a c o m p u t a t i o n u s i n g t h e CERC f o r m u l a i s p o s t p o n e d 

u n t i l s e c t i o n 11 o f c h a p t e r 19 whe re t h e r e s u l t s a r e compared t o 

t h o s e o f o t h e r sand t r a n s p o r t d e t e r m i n a t i o n s . 

1 7 . 7 L i m i t a t i o n s o f t h e CERC f o r m u l a 

The CERC f o r m u l a w i t h p r o p e r c o e f f i c i e n t ( w h a t e v e r t h a t i s ) i s 

s u p r i s i n g l y t r u s t w o r t h y f o r many more o r l e s s r o u t i n e a p p l i c a t i o n s . 

I t d o e s , h o w e v e r , have some l i m i t a t i o n s w h i c h make i t u n s u i t a b l e f o r 

c e r t a i n p r o b l e m s . 

O n l y a t o t a l sand t r a n s p o r t r a t e i s c o m p u t e d . No i n f o r m a t i o n on 

t h e d i s t r i b u t i o n o f t h i s t r a n s p o r t o v e r t h e w i d t h o f t h e b r e a k e r zone 

i s o b t a i n e d . T h i s can be a s e r i o u s l i m i t a t i o n when c o a s t s h a v i n g 

s e v e r a l o f f s h o r e b a r s o r s h o r t g r o i n s a r e b e i n g s t u d i e d . 

The f o r m u l a t a k e s no a c c o u n t o f t h e b o t t o m m a t e r i a l p r o p e r t i e s . 

I t was d e r i v e d f o r beaches h a v i n g r a t h e r u n i f o r m sand w i t h a v e r a g e 

d i a m e t e r s r a n g i n g 175 ym t o 1000 pm ( 1 mm). The p r e s e n c e o f s i m i l a r 

beach sand i s a p r e r e q u i s i t e t o t h e use o f t h i s f o r m u l a . 

The beach s l o p e o r b r e a k e r zone w i d t h do n o t e n t e r t h e CERC 

f o r m u l a . 

O n l y d r i v i n g f o r c e s r e s u l t i n g f r o m waves w h i c h have t h e same 

p r o p e r t i e s a t a l l p o i n t s a l o n g t h e c o a s t a r e c o n s i d e r e d . The f o r m u l a 

w i l l t h e n f a i l whe re o t h e r d r i v i n g f o r c e s p l a y a s i g n i f i c a n t r o l e -

see c h a p t e r 16 f o r a f u r t h e r d i s c u s s i o n o f t h i s . 

The CERC f o r m u l a i s n o t a p p l i c a b l e t o s h o a l s , dump ing g r o u n d s , 

o r n e a r d r e d g e d c h a n n e l s . 

Svasek (1969 ) has a t t e m p t e d t o ove rcome t h e f i r s t l i m i t a t i o n 

and has m o d i f i e d t h e CERC f o r m u l a t o y i e l d a d i s t r i b i t i o n o f t h e 

sand t r a n s p o r t a c r o s s t h e b r e a k e r z o n e . H i s a p p r o a c h i s t o assume 

t h a t t h e sand t r a n s p o r t o c c u r r i n g a c r o s s some e l e m e n t o f w i d t h o f 

b r e a k e r z o n e , i s d i r e c t l y p r o p o r t i o n a l t o t h e l o s s o f power by t h e 

waves c r o s s i n g t h a t same w i d t h . T h i s a s s u m p t i o n , a l t h o u g h p l a u s i b l e , 

has n o t been p r o v e n r i g o r o u s l y . 

I n a n o t h e r a t t e m p t t o e l i m i n a t e most a l l o f t h e s e l i m i t a t i o n s 

o f t h e CERC f o r m u l a B i j k e r ( 1 9 6 7 ) a t t a c k e d t h e p r o b l e m a f r e s h m o d i 

f y i n g a s e d i m e n t t r a n s p o r t f o r m u l a f o r c o n s t a n t c u r r e n t s t o i n c l u d e 

wave e f f e c t s . The d e t a i l s o f t h i s w i l l be p r e s e n t e d i n c h a p t e r 1 9 ; 

f i r s t , h o w e v e r , we need t o r e v i e w t h e p h y s i c a l sand t r a n s p o r t phenomena 

i n t h e n e x t c h a p t e r . 
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1 8 . SAND TRANSPORT MECHANISM J . D . Schepers 

1 8 . 1 I n t r o d u c t i o n 

An i n s i g h t i n t o t h e p h y s i c a l p r o c e s s o f s t i r r i n g up o f b o t t o m 

m a t e r i a l , i t s t r a n s p o r t and r e - d e p o s i t i o n by waves and c u r r e n t s w i l l 

be h e l p f u l f o r t h e u n d e r s t a n d i n g o f t h e p h i l o s o p h y o f t h e more modern 

c o a s t a l s e d i m e n t t r a n s p o r t f o r m u l a s . I n t h i s c h a p t e r , we examine 

t h e s e p h y s i c a l p r o c e s s e s o c c u r r i n g n e a r a sandy b o t t o m o v e r w h i c h 

waves a r e p r o p a g a t i n g , 

1 8 . 2 B a s i c c o n c e p t s 

Waves t r a v e l l i n g i n a l l e x c e p t deep w a t e r cause a h o r i z o n t a l 

o s c i l l a t i n g w a t e r movement nea r t h e b o t t o m . The w a t e r t h e r e moves 

w i t h a t i m e - d e p e n d e n t v e l o c i t y , u ^ . 

As has a l r e a d y been shown i n c h a p t e r 1 5 , t h e s h e a r s t r e s s n e a r 

t h e b o t t o m i n c r e a s e s as t h e v e l o c i t y n e a r t h e b o t t o m i n c r e a s e s . T h i s 

i s t r u e u n i v e r s a l l y - f o r waves o r c u r r e n t s o r a c o m b i n a t i o n o f t h e m . 

When t h i s s h e a r s t r e s s exceeds a c e r t a i n c r i t i c a l v a l u e ( c o r r e s p o n 

d i n g t o a v e l o c i t y u ^ ^ ^ a t t h e b o t t o m ) sand g r a i n s on a p l a n e bed 

w i l l b e g i n t o move w i t h t h e w a t e r . S i n c e t h e i n d i v i d u a l sand g r a i n s 

have so l i t t l e mass t h e y u s u a l l y a t t a i n a v e l o c i t y e s s e n t i a l l y equa l 

t o t h a t o f t h e w a t e r v e r y q u i c k l y . T h u s , t h e g r a i n s can be assumed 

t o r e m a i n a t r e s t when u^ < u^^,^ and t o move w i t h v e l o c i t y u^ when 

u^ > Ub(,p. T h i s a s s u m p t i o n becomes i n v a l i d , h o w e v e r , i f i n a s p e c i a l 

c a s e , u^ % u^Qj, f o r an e x t e n d e d t i m e p e r i o d . 

I f a g r a p h o f t h e b o t t o m v e l o c i t y , u ^ , v e r s u s t i m e , t , i s a b i t 

a s y m m e t r i c a l w i t h r e s p e c t t o i t s z e r o v a l u e , a r e s u l t a n t t r a n s p o r t 

o f b o t t o m m a t e r i a l c o u l d be e x p e c t e d . Such a t r a n s p o r t i s s u g g e s t e d 

by f i g u r e 1 8 . 1 . 

Figure 18.1 

BOTTOM VELOCITY AND 
SHEAR STRESS VARIATION. 
SEDIMENT MOTION TAKES 
PLACE IN THE SHADED 
PORTIONS. 
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The v e l o c i t y d i a g r a m shown i n t h e f i g u r e w o u l d l e a d t o a n e t 

b o t t o m t r a n s p o r t i n t h e p o s i t i v e u^ d i r e c t i o n . Sand g r a i n s w i l l move 

back and f o r t h , as s u g g e s t e d i n f i g u r e 1 8 . 2 , w i t h a n e t f o r w a r d 

movement , The asymmet ry o f t h e v e l o c i t y d i a g r a m shown i n f i g u r e 1 8 . 1 

i s n e a r l y a l w a y s p r e s e n t i n s h a l l o w w a t e r . The s i m p l e l i n e a r wave 

t h e o r y i s t o t a l l y i n a d e q u a t e t o d e s c r i b e t h e w a t e r m o t i o n s a c c u r a t e l y 

even t h o u g h i t i s o f t e n used because o f i t s r e l a t i v e s i m p l i c i t y . 

F i g u r e 18 .2 

S C H E M A T I C R E P R E N S E N T A T I O N OF 

S E D I M E N T M O V E M E N T 

_net m o v e m e n t in 
one wave per iod 

1 8 . 3 B o t t o m r o u g h n e s s 

d i r e c t i o n of v\ /avepnDpagation 

rippLe 

f r o n t 

a . Ub p o s i t i v e 

b. Ul, n e g a t i v e 

F i g u r e 18.3 

EDDY F O R M A T I O N N E A R 

B O T T O M R I P P L E S 

S l i g h t i r r e g u l a r i t i e s o f a sandy p l a n e bed w i l l i n i t i a t e t h e 

f o r m a t i o n o f a w a v e - l i k e r i p p l e d b o t t o m p r o f i l e . T h i s r i p p l e d b o t t o m 

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

v a r i o u s p o i n t s on each r i p p l e p r o f i l e a t d i f f e r e n t t i m e s i n t h e wave 

p e r i o d . Fo r e x a m p l e , when t h e b o t t o m v e l o c i t y i s p o s i t i v e - d e f i n e d 

as t h e d i r e c t i o n o f wave p r o p a g a t i o n i n t h i s c h a p t e r - a s e p a r a t i o n 

and r e s u l t i n g eddy w i l l o c c u r on t h e f r o n t o f t h e r i p p l e as shown 

i n f i g u r e 1 8 . 3 a . The o p p o s i t e p a t t e r n - f i g u r e 1 8 . 3 b - w i l l be g e n e r a 

t e d one h a l f wave p e r i o d l a t e r . T h i s d i s c u s s i o n i m p l i c i t l y d e f i n e s 

t h e f r o n t and back o f a r i p p l e as shown i n f i g u r e 1 8 . 3 . 

I t seems o b v i o u s t h a t t h e sand t r a n s p o r t w i l l be s t r o n g l y i n 

f l u e n c e d by t h e s e r i p p l e s and r e s u l t i n g e d d i e s . Two s e p a r a t e mecha

n i sms o f sand t r a n s p o r t can be d i s t i n g u i s h e d ; t h e f i r s t o f t h e s e r e 

s u l t s d i r e c t l y f r o m t h e p r e s e n c e o f t h e e d d i e s . 

As has been i n d i c a t e d a b o v e , a p r i m a r y eddy w i l l f o r m on t h e 

f r o n t s i d e o f a r i p p l e when t h e b o t t o m v e l o c i t y , u ^ j i s p o s i t i v e -

f i g u r e 1 8 . 3 a . The h i g h l o c a l v e l o c i t i e s r e s u l t i n g f r o m t h i s eddy 

cause l o c a l e r o s i o n as i s i n d i c a t e d i n f i g u r e 1 8 . 4 a ; t h i s sand r e m a i n s 

i n s u s p e n s i o n w i t h i n t h e e d d y . A s h o r t t i m e l a t e r , i n d i c a t e d i n f i g 

u r e 1 8 . 4 d , t h e f l o w s t o p s and t h e eddy " e x p l o d e s " d i s p e r s i n g t h e 

e n t r a i n e d sand upward - f i g u r e 1 8 , 4 b , 

S t i l l l a t e r , t h i s sand f a l l s back t o t h e b o t t o m on t h e " u p s t r e a m " 

s i d e o f t h e r i p p l e f r o m w h i c h i t was e r o d e d as i n d i c a t e d i n f i g u r e 

1 8 , 4 c , T h i s l a s t p r o c e s s i s v e r y d e p e n d e n t upon t h e d e t a i l s o f t h e wa 

t e r m o t i o n , t h e e x a c t shape o f t h e r i p p l e s , and t h e b o t t o m m a t e r i a l 

p r o p e r t i e s . 

O b v i o u s l y a m i r r o r - i m m a g e s i t u a t i o n w i t h a s e c o n d a r y eddy e x i s t s 

d u r i n g t h e o t h e r h a l f o f t h e wave p e r i o d . A g a i n , a s y m m e t r y o f t h e 

r i p p l e s as w e l l as t h e wave m o t i o n w i l l g u a r a n t e e t h a t a n e t sand 

t r a n s p o r t r e s u l t s . No te t h a t t h e m a t e r i a l e r o d e d by t h e p r i m a r y eddy 

d u r i n g t h e p r e s e n c e o f p o s i t i v e v e l o c i t i e s i s moved i n t h e n e g a t i v e 

d i r e c t i o n and v i c e - v e r s a . 
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Sand Eroded 
to Eddy 

b. Eddy 
" Explodes' 

Ub 

Sand 

Deposited 

^ T i m e s in wave period 
corresponding to above 
f igures. 

F igure 18.A 

STEPS IN EROSION AND 
DEPOSITION 
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The i r r e g u l a r i t i e s i n t h e waves a r e u s u a l l y such t h a t t h e m a x i 

mum p o s i t i v e v e l o c i t y - g e n e r a t i n g t h e p r i m a r y eddy - i s g r e a t e r t h a n 

t h e maximum m a g n i t u d e o f t h e n e g a t i v e v e l o c i t i e s - g e n e r a t i n g t h e 

s e c o n d a r y e d d y . T h i s , i n t u r n , can l e a d us t o e x p e c t a r e l a t i v e l y 

s t r o n g p r i m a r y eddy h a v i n g a h i g h e r e r o d e d sand c o n c e n t r a t i o n t h a n t h e 

s e c o n d a r y e d d y . From t h e d i s c u s s i o n o f f i g u r e 1 8 . 4 , t h e n , we can c o n 

c l u d e t h a t a n e g a t i v e n e t sand t r a n s p o r t w i l l r e s u l t - see B i j k e r e t 

a l ( 1 9 7 6 ) . I n some cases i t i s even p o s s i b l e t h a t a s m a l l p o s i t i v e r e 

s u l t i n g w a t e r movement ( c u r r e n t ) s u p e r i m p o s e d on t h e waves w i l l i n 

c r e a s e t h e m a g n i t u d e o f t h e n e g a t i v e sand t r a n s p o r t . How can t h i s h a p 

pen? The c o n s t a n t c u r r e n t component s t r e n g t h e n s t h e e f f e c t o f t h e 

p r i m a r y eddy and t h u s e r o d e s more m a t e r i a l d u r i n g phase a i n f i g u r e 

1 8 . 4 . As l o n g as a n e g a t i v e v e l o c i t y i s s t i l l p r e s e n t d u r i n g phase c 

o f t h a t f i g u r e , a l a r g e vo lume o f m a t e r i a l w i l l be moved i n t h e n e g a 

t i v e d i r e c t i o n . C o n v e r s e l y , t h e p o s i t i v e a v e r a g e c u r r e n t weakens t h e 

s e c o n d a r y e d d i e s and r e d u c e s t h e p o s i t i v e t r a n s p o r t o f s a n d ; an i n 

c r e a s e d n e t t r a n s p o r t i n t h e n e g a t i v e d i r e c t i o n r e s u l t s . 

The above d i s c u s s i o n a l s o p o i n t s o u t one o f t h e s i g n i f i c a n t d i f 

f i c u l t i e s i n c a r r y i n g o u t e x p e r i m e n t a l sand t r a n s p o r t i n v e s t i g a t i o n s 

o f t h i s t y p e : t h e n e t sand t r a n s p o r t ( u s u a l l y t h e i m p o r t a n t i t e m ) r e 

s u l t s f r o m t h e d i f f e r e n c e be tween two o t h e r a b s o l u t e sand t r a n s p o r t 

q u a n t i t i e s w h i c h a r e much l a r g e r t h a n t h e v a l u e we a r e s e e k i n g . As 

one may remember f r o m n u m e r i c a l a n a l y s i s , s m a l l e r r o r s i n e i t h e r o f 

t h e s e l a r g e q u a n t i t i e s can change t h e v a l u e o f t h e i r d i f f e r e n c e ( t h e 

n e t sand t r a n s p o r t ) d r a s t i c a l l y . 

I t w o u l d seem t h a t i n o r d e r t o make much p r o g r e s s w i t h s t u d i e s 

o f s e d i m e n t t r a n s p o r t , i t i s e s s e n t i a l t o d e t e r m i n e t h e e x a c t eddy 

p a t t e r n and s e d i m e n t c o n c e n t r a t i o n , b o t h as a f u n c t i o n o f t i m e . W h i l e 

t h i s i s e a s i l y s u g g e s t e d , i t i s e x t r e m e l y d i f f i c u l t t o d e t e r m i n e 

t h e s e i t e m s even i n a l a b o r a t o r y s i t u a t i o n . Kennedy and L o c h e r ( 1 9 7 2 ) 

we re among t h e f i r s t t o measure such s e d i m e n t c o n c e n t r a t i o n s s u c c e s s 

f u l l y i n a m o d e l ; an examp le o f t h e i r r e s u l t s i s shown i n f i g u r e 1 8 . 5 . 

The unequa l peaks i n t h e s e d i m e n t c o n c e n t r a t i o n a r e e a s i l y e x p l a i n e d 

i n t h e l i g h t o f t h e asymmet ry o f t h e wave and r i p p l e s . 

A second i n f l u e n c e o f t h e p r e s e n c e o f t h e r i p p l e s i s a l o c a l 

c o n t r a c t i o n o f t h e s t r e a m l i n e s n e a r t h e r i p p l e c r e s t s . The h i g h e r 

r e s u l t i n g c u r r e n t v e l o c i t i e s n e a r t h e r i p p l e c r e s t s can cause l o c a l 

e r o s i o n o f m a t e r i a l w h i c h i s " d e p o s i t e d " whe re t h e s t r e a m l i n e s a r e 

more w i d e l y spaced - i n t h e f o l l o w i n g v a l l e y . 

These two p r o c e s s e s j u s t o u t l i n e d may n o t be seen s e p a r a t e l y . 

C e r t a i n l y some o f t h e m a t e r i a l e r o d e d f r o m t h e r i p p l e c r e s t w i l l be 

c a u g h t i n t h e eddy j u s t d o w n s t r e a m ( w h a t e v e r d i r e c t i o n t h e w a t e r i s 

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

i n t h e eddy w i l l t h e n be t r a n s p o r t e d i n a d i r e c t i o n o p p o s i t e t o t h a t 

d e s c r i b e d i n t h e above p a r a g r a p h . G e n e r a l l y . s p e a k i n g , when waves a r e 

p r e s e n t , t h e eddy f o r m a t i o n and i t s consequences d o m i n a t e t h e sand 

t r a n s p o r t p r o c e s s ; t h e r i p p l e c r e s t e r o s i o n u s u a l l y p l a y s o n l y a r e 

l a t i v e l y m i n o r r o l e . 
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Figure 18.5 

SEDII^IENT CONCENTRATIONS 
VERSUS TIME ABOVE 
RIPPLE CREST 

1 8 . 4 C o n c l u d i n g r e m a r k s 

I t s i i o u l d be o b v i o u s f r o m t i i e p r e v i o u s s e c t i o n t i i a t a s e d i m e n t 

t r a n s p o r t c o n c e p t based e x c l u s i v e l y on a p r i n c i p l e o f exceedance o f 

a c r i t i c a l b o t t o m s i i ea r s t r e s s w i l l mos t l i k e l y r u n i n t o d i f f i c u l t y . 

A newer t h e o r e t i c a l / e x p e r i m e n t a l a p p r o a c h i s t o a t t e m p t t o p r e d i c t 

t h e eddy and r i p p l e f o r m a t i o n s and l o c a l s e d i m e n t c o n c e n t r a t i o n s i n 

t e r m s o f more r e a d i l y measured o r p r e d i c t e d p a r a m e t e r s such as w a t e r 

v e l o c i t i e s above t h e r i p p l e s and t h e bed m a t e r i a l p r o p e r t i e s . I t i s 

even p o s s i b l e t h a t t h e bed s h e a r s t r e s s may r e m a i n an a d e q u a t e p a r a 

m e t e r f o r t h e d e s c r i p t i o n o f t h e n e t e f f e c t o f t h e much more comp lex 

phenomena o c c u r r i n g i n t h e i m m e d i a t e v i c i n i t y o f t h e b o t t o m r i p p l e s . 

D e t a i l e d s t u d i e s o f t h e phenomena i n v o l v e d a r e j u s t b e g i n n i n g . The 

l i t e r a t u r e a l r e a d y c i t e d i n t h i s c h a p t e r r e p r e s e n t s some o f t h e f i r s t 

r e s u l t s . Resea rch i s c o n t i n u i n g on a r a t h e r i n t e n s i v e b a s i s ; members 

o f t h e C o a s t a l E n g i n e e r i n g Group o f t h e D e l f t U n i v e r s i t y o f T e c h n o l o g y 

a r e among t h e i n v e s t i g a t o r s . 



102 

T h i s c h a p t e r has c o n c e n t r a t e d on a v e r y d e t a i l e d e x a m i n a t i o n o f 

t h e sand t r a n s p o r t i n a v e r y s m a l l r e g i o n n e a r a p o r t i o n o f an i n d i 

v i d u a l r i p p l e on a sandy b e d . Our more i m m e d i a t e c o n c e r n i n p r a c t i c e , 

h o w e v e r , i s t h e p r e d i c t i o n o f sand movements on a much l a r g e r s c a l e 

- w i t h i n a p o r t i o n o f a c o a s t a l b r e a k e r z o n e , f o r e x a m p l e . I n t h e r e 

m a i n i n g c h a p t e r s , t h e r e f o r e , we r e t u r n t o t h i s much l a r g e r s c a l e 

p r o b l e m , and i n t h e n e x t c h a p t e r , f o r e x a m p l e , c o n s i d e r a t i o n o f i n d i 

v i d u a l e d d i e s i s c o m p l e t e l y n e g l e c t e d ; t h e b e s t l a r g e s c a l e s e d i m e n t 

movement d e s c r i p t i o n a v a i l a b l e now ( 1 9 7 7 ) r e l a t e s t h i s t r a n s p o r t t o 

a bed s h e a r s t r e s s . 
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19 . MODERN COASTAL SAND TRANSPORT FORMULAS J . v . d . G r a a f f 

1 9 . 1 I n t r o d u c t i o n 

Now t h a t some o f t h e d e t a i l s o f t h e sand t r a n s p o r t mechanism have 

been c o n s i d e r e d , we can a t t e m p t t o f o r m u l a t e t h e more modern sand 

t r a n s p o r t f o r m u l a s f o r t r a n s p o r t caused by waves p l u s c u r r e n t s . As one 

m i g h t e x p e c t f r o m t h e i n t r o d u c t i o n p r e s e n t e d way back i n c h a p t e r 9 , 

t h e modern f o r m u l a s , i n g e n e r a l , d e t e r m i n e a c o n c e n t r a t i o n o f m a t e r i a l , 

c ( z , t ) , m u l t i p l y t h i s by a p a r t i c l e v e l o c i t y , U p ( z , t ) , i n t e g r a t e o v e r 

t h e d e p t h and a v e r a g e o v e r t i m e i n o r d e r t o d e t e r m i n e a s e d i m e n t ( s a n d ) 

t r a n s p o r t , S . E q u a t i o n 9 . 0 1 e x p r e s s e s t h i s i n a m a t h e m a t i c a l f o r m . As 
X 

was i n d i c a t e d i n t h e p r e v i o u s c h a p t e r , i t i s u n i v e r s a l l y assumed t h a t 

s e d i m e n t p a r t i c l e s i n m o t i o n move w i t h e s s e n t i a l l y t h e same h o r i z o n t a l 

v e l o c i t y component as t h e s u r r o u n d i n g w a t e r . ( T h i s c e r t a i n l y i s n o t so 

i n t h e v e r t i c a l d i r e c t i o n , h o w e v e r , because o f g r a v i t y i n f l u e n c e s . ) 

S i n c e t h e w a t e r v e l o c i t i e s i n a b r e a k e r zone have a l r e a d y been 

d e t e r m i n e d , t h e m a i n emphas is o f t h i s c h a p t e r w i l l be on t h e d e t e r m i n a 

t i o n o f a s e d i m e n t c o n c e n t r a t i o n p r o f i l e c ( z , t ) i n t h e most g e n e r a l 

s e n s e . 

Many s e d i m e n t t r a n s p o r t f o r m u l a s make a d i s t i n c t i o n between s e d i 

ment t r a n s p o r t e d a l o n g t h e b o t t o m - bed l o a d t r a n s p o r t , S ^ - and s e d i 

ment t r a n s p o r t c a r r i e d i n s u s p e n s i o n w e l l above t h e b o t t o m , S . The 

t o t a l t r a n s p o r t i s o b v i o u s l y t h e sum o f t h e s e two t e r m s . 

B e f o r e d i s c u s s i n g c o a s t a l s e d i m e n t t r a n s p o r t f o r m u l a s , we s h a l l 

f i r s t r e v i e w some f o r m u l a s d e v e l o p e d f o r s t e a d y c i r r e n t s a l o n e such as 

m i g h t be f o u n d i n r i v e r s . 

1 9 . 2 T r a n s p o r t f o r m u l a s f o r c u r r e n t s a l o n e 

Mos t o f t h e s e d i m e n t t r a n s p o r t f o r m u l a s r e v i e w e d he re a r e a l s o 

d i s c u s s e d i n d e t a i l i n c o u r s e s and l i t e r a t u r e on ( r i v e r ) s e d i m e n t 

t r a n s p o r t . T h i s w i l l n o t be d u p l i c a t e d h e r e ; o n l y r e s u l t s w i l l be p r e 

s e n t e d a l o n g w i t h some i n s i g h t i n t o t h e i r mean ing f o r o u r c o a s t a l a p 

p l i c a t i o n . 

One o f t h e e a r l i e r o f t h e modern f o r m u l a s was f o r m u l a t e d by 

F r i j l i n k ( 1 9 5 2 ) u s i n g d a t a and c o n c e p t s o f K a l i n s k e ( 1 9 4 7 ) . I n i t s 

mos t c o n v e n i e n t f o r m , t h e K a l i n s k e - F r i j l i n k f o r m u l a f o r a u n i t 

c h a n n e l w i d t h i s : 

C i s t h e Chézy f r i c t i o n f a c t o r , 

D i s mean s e d i m e n t g r a i n s i z e , 

exp [ ] d e n o t e s t h e e x p o n e n t i a l f u n c t i o n , •' 

g i s t h e a c c e l e r a t i o n o f g r a v i t y , 

S^ i s t h e bed l o a d t r a n s p o r t , 

V i s t h e a v e r a g e - c o n s t a n t - v e l o c i t y , 

y i s a s o - c a l l e d " r i p p l e f a c t o r " , and 

A i s t h e r e l a t i v e s e d i m e n t d e n s i t y d e f i n e d b y : 

'» 'here: B 

B D ^ exp - 0 . 2 7 

L l i v \ , 

i s a d i m e n s i o n l e s s c o e f f i c i e n t 

( 1 9 . 0 1 ) 
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A = - i ( 1 9 . 0 2 ) 
P 

w h e r e : i s t h e mass d e n s i t y o f t h e s e d i m e n t p a r t i c l e s , and 

p i s t h e mass d e n s i t y o f w a t e r . 

I n t h i s f o r m u l a , t h e c o e f f i c i e n t , B, u s u a l l y has a v a l u e o f a b o u t 5 . 

B i j k e r ( 1 9 6 7 ) i n c o n t r a s t t o F r i j l i n k d i d n o t i n c l u d e t h e r i p p l e f a c 

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

t h e i n f l u e n c e o f t h e f o r m o f t h e b o t t o m r o u g h n e s s on t h e bed l o a d 

t r a n s p o r t ; t h e a c t u a l r o u g h n e s s , r , i s i n c o r p o r a t e d i n t h e Chézy 

c o e f f i c i e n t , C, o f c o u r s e . 

The r e l a t i o n be tween e q u a t i o n 1 9 . 0 1 and t h e movement o f bed ma

t e r i a l can be made more o b v i o u s by c h a n g i n g some p a r a m e t e r s i n e q u a 

t i o n 1 9 . 0 1 . E x p r e s s i n g t h e Chézy c o e f f i c i e n t i n t e r m s o f t h e bed 

s h e a r s t r e s s : 

2 
0 = pg ( 1 9 . 0 3 ) 

^c 

where i s t h e bed s h e a r s t r e s s - see e q u a t i o n 1 5 . 0 1 . The e x p o n e n t i a l 

t e r m i n e q u a t i o n 1 9 . 0 1 t h e n becomes: 

exp . 0 . 2 7 ^ ° p g ( 1 9 . 0 4 ) 

w h i c h i s o f t e n r e f e r r e d t o as t h e " s t i r r i n g p a r a m e t e r " i n t h e K a l i n s k e -

F r i j l i n k f o r m u l a . N o t e , as w e l l , t h a t t h i s t e r m i s d i m e n s i o n l e s s . 

The r e m a i n i n g t e r m s i n e q u a t i o n 1 9 . 0 1 : 

B D I /g ( 1 9 . 0 5 ) 

a r e o f t e n c o l l e c t i v e l y c a l l e d t h e " t r a n s p o r t p a r a m e t e r " w h i c h has 

u n i t s o f vo lume pe r u n i t w i d t h p e r u n i t t i m e . 

A more o r l e s s p h y s i c a l e x p l a n a t i o n f o r t h e a p p e a r a n c e o f t h e 

d i m e n s i o n l e s s p a r a m e t e r i n t h e t r a n s p o r t p a r a m e t e r i s t h a t t h e bed 

l o a d t r a n s p o r t i s r e l a t e d t o t h e v e l o c i t i e s n e a r t h e b e d , and 

v4=V^ ( 1 5 . 0 6 ) ( 1 9 . 0 6 ) 

i s t h e v e l o c i t y o c c u r r i n g a t e l e v a t i o n : 

z ' = z^ e'^ ( 1 5 . 0 5 ) ( 1 9 . 0 7 ) 

- see s e c t i o n 1 5 . 2 . T h u s , i s more t y p i c a l o f t h e v e l o c i t i e s n e a r 

t h e b o t t o m i n t h e l a y e r where t h e bed l o a d t r a n s p o r t t a k e s p l a c e . 

The b o t t o m r o u g h n e s s , r , i n f l u e n c e s t h i s v e l o c i t y v i a i t s i n f l u e n c e on C: 

C = 18 l o g ( 1 6 . 1 3 ) ( 1 9 . 0 8 ) 

where h i s t h e w a t e r d e p t h . 
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The Kal i n s k e - F r i j l i n k f o r m u l a was d e v e l o p e d f o r r i v e r s i n w h i c h 

t h e m a j o r p o r t i o n o f t h e s e d i m e n t t r a n s p o r t t o o k p l a c e i n a s m a l l zone 

n e a r t h e bed - as bed l o a d t r a n s p o r t . As s u c h , t h e f o r m u l a n e g l e c t s t h e 

i n f l u e n c e o f s e d i m e n t c a r r i e d i n s u s p e n s i o n . A l o n g a b e a c h , h o w e v e r , we 

can e x p e c t t h e h i g h t u r b u l e n c e i n t h e b r e a k i n g waves t o h o l d a r e l a t i v 

e l y l a r g e q u a n t i t y o f sand i n s u s p e n s i o n ; we c a n n o t g e n e r a l l y n e g l e c t 

suspended s e d i m e n t t r a n s p o r t i n t h e b r e a k e r z o n e . 

E i n s t e i n ( 1 9 5 0 ) a p p r o a c h e d t h e p r o b l e m o f s e d i m e n t t r a n s p o r t i n a 

r i v e r h a v i n g b o t h suspended and bed l o a d t r a n s p o r t . He a p p r o a c h e d t h e 

p r o b l e m i n t h e same f u n d a m e n t a l way as was e x p r e s s e d i n c h a p t e r 9 by 

d e t e r m i n i n g a t o t a l t r a n s p o r t : 

rh 

c ( z ' ) V ( z ' ) d z ' ( 1 9 . 0 9 ) S = 

0 

w h e r e : c ( z ' ) i s t h e c o n c e n t r a t i o n * o f s e d i m e n t a t an e l e v a t i o n 

z ' , and 

V ( z ' ) i s t h e h o r i z o n t a l v e l o c i t y a t t h a t same e l e v a t i o n . 

He s p l i t t h i s t o t a l t r a n s p o r t i n t o two p a r t s : a bed t r a n s p o r t o c 

c u r r i n g i n a l a y e r o f t h i c k n e s s , a , * * nea r t h e b e d : 

Sb = 

a 

c ( z ' ) V ( z ' ) d z ' ( 1 9 . 1 0 ) 

and a suspended t r a n s p o r t : 

rh 

Ss c ( z ' ) V ( z ' ) d z ' ( 1 9 . 1 1 ) 

E i n s t e i n ( 1 9 5 0 ) used t h e P r a n d t l - V o n Karman l o g a r i t h m i c v e l o c i t y d i s 

t r i b u t i o n - see s e c t i o n 1 5 . 2 - t o d e s c r i b e V ( z ' ) . He d e s c r i b e d t h e 

c o n c e n t r a t i o n , c ( z ' ) , u s i n g a d i f f u s i o n e q u a t i o n m o d i f i e d t o i n c l u d e 

t h e e f f e c t s o f g r a v i t y on t h e p a r t i c l e s : 

W c ( z ' ) + ^ ° ( f ' ) = 0 ( 1 9 . 1 2 ) 

w h e r e : W i s t h e f a l l v e l o c i t y o f t h e p a r t i c l e s i n w a t e r , and 

i s a d i f f u s i o n c o e f f i c i e n t ( eddy v i s c o s i t y ) . 

T h i s d i f f u s i o n c o e f f i c i e n t can be r e l a t e d t o t h e same p a r a m e t e r s as 

t h o s e used i n t h e l o g a r i t h m i c v e l o c i t y d i s t r i b u t i o n . The r e s u l t i s 

t h a t i s a s p e c i f i c f u n c t i o n o f z ' : 

JI; T h i s c o n c e n t r a t i o n , c , i s e x p r e s s e d i n t e r m s o f volume of deposited 

sediment p e r u n i t vo lume o f w a t e r . As s u c h , i t i n c l u d e s t h e v o i d s i n 

t h e d e p o s i t e d s e d i m e n t . T h i s i s o f e x t r e m e i m p o r t a n c e when c a c u l a -

t i n g s e d i m e n t t r a n s p o r t s based upon measured s e d i m e n t c o n c e n t r a t i o n s 

e x p r e s s e d i n u n i t s o f mass pe r u n i t v o l u m e . 

T h i s t h i c k n e s s was i n t h e o r d e r o f 2 t o 3 t i m e s t h e bed m a t e r i a l 

g r a i n d i a m e t e r . 
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( 1 9 . 1 3 ) 

where K i s t h e Von Karman c o e f f i c i e n t = 0 . 4 . S u b s t i t u t i o n o f ( 1 9 . 1 3 ) 

i n t o ( 1 9 . 1 2 ) and s o l v i n g f o r c ( z ' ) - n o t t o o easy a t a s k ! y i e l d s : 

c ( z ' ) = c ( b ) ( ^ h ^ ) ' ( 1 9 . 1 4 ) 

w h e r e : c ( b ) i s t h e c o n c e n t r a t i o n a t some chosen e l e v a t i o n z ' = b 

above t h e b o t t o m , and 

z ^ i s a d i m e n s i o n l e s s p a r a m e t e r : 

W 
z... = ( 1 9 . 1 5 ) 

By c h o o s i n g b i n ( 1 9 . 1 4 ) t o be t h e e l e v a t i o n o f t h e b o u n d a r y be tween 

bed and suspended t r a n s p o r t l a y e r s , z ' = a , and c o m b i n i n g ( 1 9 . 1 4 ) and 

( 1 5 . 0 4 ) i n ( 1 9 . 1 1 ) y i e l d s : 

. . . V . 

( 1 9 . 1 6 ) 
Ss = c a ' h : ^ a ) ' * ! * I n 4 d z ' 

z ' h-a > ^ z ; 

E i n s t e i n d e t e r m i n e d c ( a ) f r o m t h e bed l o a d t r a n s p o r t u s i n g h i s own 

bed l o a d t r a n s p o r t f o r m u l a . As w i l l be shown l a t e r , B i j k e r ( 1 9 5 8 ) 

a p p l i e d t h e same p r i n c i p l e , b u t used t h e F r i j l i n k - K a l i n s k e bed l o a d 

t r a n s p o r t f o r m u l a i n s t e a d . 

E i n s t e i n f u r t h e r s o l v e d t h e i n t e g r a l i n e q u a t i o n 19 .16 i n t e r m s o f two 

o t h e r i n t e g r a l s , and l.^. T h i s r e s u l t e d i n a suspended t r a n s p o r t 

f o r m u l a l o o k i n g 1 i k e : 

Sg = 1 1 . 6 / - ^ a c ( a ) 

w h e r e : 

= 0 . 2 1 6 
i ( z * - l ) 

( 1 - A ) z * 
( Ü ) * d? 

( 1 9 . 1 7 ) ^ 

( 1 9 . 1 8 ) 

= 0 . 2 1 6 
( 1 - A ) ^ * 

A 

1:11 in (e) dc ( 1 9 . 1 9 ) 

i n w h i c h : A i s a d i m e n s i o n l e s s r o u g h n e s s , j ^ , and 

r, i s a d i m e n s i o n l e s s e l e v a t i o n z^'. 
h 

E i n s t e i n ( 1 9 5 0 ) p r o v i d e d g r a p h s and t a b l e s o f t h e f u n c t i o n s I ^ and I g 

f o r v a r i o u s v a l u e s o f and A. L a t e r i n v e s t i g a t o r s - B a k k e r and 

Bogaard ( 1 9 7 7 ) f o r example - have e v a l u a t e d t h e e n t i r e t e r m i n 

b r a c k e t s i n e q u a t i o n 1 9 . 1 7 i n s t e a d o f w o r k i n g w i t h t h e two i n t e g r a l s 

I ^ and I g . V a l u e s o f t h i s t e r m : 

3 3 h , 
0 = [ I l In ( ^ ) + I2 ( 1 9 . 2 0 ) 

a r e l i s t e d i n t a b l e 1 9 . 1 as a f u n c t i o n o f and z ^ . 

* Some i n v e s t i g a t o r s s u b s t i t u t e t h e " s h e a r v e l o c i t y " , V ^ , f o r / 



107 

(The s i g n i f i c a n c e o f o t h e r p a r a m e t e r s l i s t e d t h e r e w i l l be e x p l a i n e d 

l a t e r ) . 

F i g u r e 1 9 . 1 shows an examp le o f a c o n c e n t r a t i o n p r o f i l e , c ( z ' ) 

f o r = 1 , r = a = 0 . 0 6 m and h = 3 m. The a s s o c i a t e d l o g a r i t h m i c 

v e l o c i t y p r o f i l e and r e s u l t i n g t r a n s p o r t p r o f i l e a r e a l s o shown. A l l 

t h r e e p r o f i l e s have been made d i m e n s i o n l e s s by d i v i d i n g by a p p r o p r i a t e 

p a r a m e t e r s as i n d i c a t e d on t h e a x i s o f t h e f i g u r e . 

Figure 19.1 

E X A M P L E C O N C E N T R A T I O N , V E L O C I T Y 

A N D T R A N S P O R T P R O F I L E S 

[z^ -1 , r -a - 0 . 0 5 m , h = 3 m ) 



T a b l e 1 9 . 1 V a l u e s o f E i n s t e i n i n t e g r a l f a c t o r s ( a l l i t e m s a r e d i m e n s i o n l e s s ) 

r / h ^* = ° 20 = 0 . 6 0 \ - 0 . 8 0 1 .00 

Q 
V ^ B Q y \ yh Q yh yh Q yh yh Q yh yh Q V ^ b t D 

I x l O " ^ 3 0 3 x 1 0 ^ 5 . 5 4 x 1 0 ^ 5 . 5 4 x 1 0 ^ 3 2 8 x 1 0 * 6 . 0 0 x 1 0 * 6 . 0 0 x 1 0 * 3 88x10-^ 7 . 1 0 x 1 0 ^ 1 . 1 0 x 1 0 ^ 5 2 7 . 9 5 4 . 9 6 5 . 88 .0 1 6 1 . 1 6 2 . 2 0 . 0 3 6 . 6 3 7 . 6 

2 x 1 0 " ^ 1 4 4 x 1 0 ^ 2 . 6 3 x 1 0 ^ 2 . 6 3 x 1 0 ^ 1 7 9 x 1 0 * 3 . 2 7 x 1 0 * 3 . 2 7 x 1 0 * 2 43x10"^ 4 . 4 4 x 1 0 ^ 4 . 4 4 x 1 0 ^ 3 7 7 . 6 8 9 . 6 9 0 . 71 .6 1 3 1 . 1 3 2 . 1 7 . 9 3 2 . 8 3 3 . 8 

5 x 1 0 " ^ 5 3 6 x 1 0 * 9 . 8 0 x 1 0 * 9 . 8 0 x 1 0 ^ 7 93x10^ 1 . 4 6 x 1 0 * 1 . 4 6 x 1 0 * 1 3 0 x 1 0 ^ 2 . 3 7 x 1 0 ^ 2 .37x10-^ 2 3 9 . 4 3 8 . 4 3 9 . 53 .6 9 8 . 0 9 9 . 0 1 5 . 4 2 8 . 2 2 9 . 2 

I x l Q - ^ 2 5 3 x 1 0 * 4 . 6 3 x 1 0 * 4 . 6 3 x 1 0 * 4 3 2 x 1 0 ^ 7 . 9 0 x 1 0 ^ 7.90x10-^ 8 0 3 . 1 . 4 7 x 1 0 ^ 1 .47x10-^ 1 6 9 . 3 1 0 . 3 1 1 . 42 .7 7 8 . 2 7 9 . 2 1 3 . 6 2 4 . 9 2 5 . 9 

2x10-"^ 1 1 9 x 1 0 * 2 . 1 8 x 1 0 * 2 . 1 8 x 1 0 * 2 33x10-^ 4 . 2 6 x 1 0 ^ 4 .26x10-^ 4 9 6 . 9 0 7 . 9 0 8 . 1 1 9 . 2 1 8 . 2 1 9 . 33 .9 6 2 . 0 6 3 . 0 1 1 . 9 2 1 . 8 2 2 . 8 

5 x 1 0 - 4 4 36x10-^ 7 . 9 3 x 1 0 ^ 7 . 9 8 x 1 0 ^ 1 02x10-^ 1 . 8 7 x 1 0 ^ 1.87x10-^ 2 6 0 . 4 7 5 . 4 7 6 . 7 4 . 3 1 3 6 . 1 3 7 . 24 .6 4 5 . 0 4 6 . 0 9 . 7 8 1 7 . 9 1 8 . 9 

I x l O " ^ 2 03x10-^ 3 . 7 2 x 1 0 ^ 3 . 7 2 x 1 0 ^ 5 4 5 . 9 9 8 . 9 9 9 . 1 5 8 . 2 9 0 . 2 9 1 . 5 1 . 2 9 3 . 7 9 4 . 7 19 . 1 3 4 . 9 3 5 . 9 8 . 3 5 1 5 . 3 1 6 . 3 

2x10"-^ 9 4 0 . 1 . 7 2 x 1 0 ^ 1 .72x10-^ 2 8 9 . 5 2 9 . 5 3 0 . 9 5 . 6 1 7 5 . 1 7 6 . 3 5 . 1 6 4 . 2 6 5 . 2 14 . 6 2 6 . 7 2 7 . 7 6 . 9 9 1 2 . 8 1 3 . 8 

5 x l 0 " 3 3 3 6 . 6 1 5 . 6 1 6 . 1 2 3 . 2 2 6 . 2 2 7 . 4 8 . 5 8 8 . 7 8 9 . 7 2 0 . 8 3 8 . 1 3 9 . 1 10 .0 1 8 . 3 1 9 . 3 5 . 3 8 9 . 8 4 1 0 . 8 

0 . 0 1 1 5 3 . 2 8 0 . 2 8 1 . 6 3 . 9 1 1 7 . 1 1 8 . 2 8 . 6 5 2 . 3 5 3 . 3 1 3 . 8 2 5 . 2 2 6 . 2 7 . 32 1 3 . 4 1 4 . 4 4 . 2 8 7 . 8 4 8 . 8 4 

0 . 0 2 6 8 . 9 1 2 6 . 1 2 7 . 3 2 . 8 5 0 . 0 6 1 . 0 1 5 . 5 3 0 . 2 3 1 . 2 8 . 9 1 1 6 . 3 1 7 . 3 5 . 21 9 . 5 4 1 0 . 5 3 . 3 0 6 . 0 4 7 . 0 4 

0 . 0 5 2 3 . 2 4 2 . 4 4 3 . 4 1 3 . 1 2 4 . 0 2 5 . 0 7 . 7 0 1 4 . 1 1 5 . 1 4 . 7 8 8 . 7 4 9 . 7 4 3 . 13 5 . 7 3 6 . 7 3 2 . 1 8 3 . 9 9 4 . 9 9 

0 . 1 0 9 . 8 4 1 8 . 0 1 9 . 0 6 . 2 8 1 1 . 5 1 2 . 5 4 . 1 2 7 . 5 4 8 . 5 4 2 . 8 1 5 . 1 4 6 . 1 4 1 . 99 3 . 6 4 4 . 5 4 1.48 2 . 7 0 3 . 7 0 

0 . 2 0 3 . 9 0 7 . 1 3 8 . 1 3 2 . 8 0 5 . 1 3 6 . 1 3 2 . 0 4 3 . 7 3 4 . 7 3 1 . 5 1 2 . 7 7 3 . 7 7 1 . 15 2 . 1 0 3 . 1 0 0 . 8 9 6 1 .64 2 . 6 4 

0 . 5 0 0 . 8 3 6 1.53 2 . 5 3 0 . 7 1 6 1 . 3 1 2 . 3 1 0 . 6 0 1 1 .10 2 . 1 0 0 . 4 9 2 0 . 9 0 0 1.90 0 . 396 0 . 7 2 4 1 .72 0 . 3 1 2 . 5 7 1 1 .57 

1 .00 0 . 0 0 0 . 0 0 1 .00 0 . 0 0 0 . 0 0 1 .00 0 . 0 0 0 . 0 0 1 .00 0 . 0 0 0 . 0 0 1 .00 0 . 00 0 . 0 0 1 .00 0 . 0 0 0 . 0 0 1 .00 



r / h . 50 .00 0 0 0 

Q y \ Q V ^ b Q yh yh Q yh yh Q yh 
1 x 1 0 " ^ 2 . 3 3 4 . 2 6 5 . 2 6 0 973 1 .78 2 . 7 8 0 . 4 3 2 0 . 7 9 0 1 .79 0 276 0 . 5 0 5 1 .50 0 202 0 . 3 7 0 1 37 

2 x 1 0 " ^ 2 . 3 1 4 . 2 3 5 . 2 3 0 973 1 .78 2 . 7 8 

5 x 1 0 " ^ 2 . 2 8 4 . 1 7 5 . 1 7 0 967 1 .77 2 . 7 7 

I x l O " * 2 . 2 5 4 . 1 1 5 . 1 1 0 . 4 3 2 0 . 7 9 0 0 276 0 . 5 0 5 

2 x 1 0 " * 2 . 2 1 4 . 0 4 5 . 0 4 0 967 1 .77 2 . 7 7 0 . 4 3 1 0 . 7 8 9 0 275 0 . 5 0 4 

5 x 1 0 " * 2 . 13 3 . 9 0 4 . 9 0 0 962 1 .76 2 . 7 6 0 . 4 3 1 0 . 7 8 8 0 275 0 . 5 0 4 

I x l O " ' ^ 2 . 0 5 3 . 7 6 4 . 7 6 0 951 1 .74 2 . 7 4 0 . 4 3 0 0 . 7 8 7 1 .79 0 275 0 . 5 0 3 0 . 3 7 0 

2x10" ' ^ 1 .96 3 . 5 8 4 . 5 8 0 940 1 .72 2 . 7 2 0 . 4 2 8 0 . 7 8 4 1 .78 0 274 0 . 5 0 2 0 202 0 . 3 6 9 

5x10"-^ 1 .78 3 . 2 6 4 . 2 6 0 907 1 .66 2 .66 0 . 4 2 4 0 . 7 7 6 1 .78 0 273 0 . 4 9 9 1 .50 0 201 0 . 3 6 7 1 37 

0 . 0 1 1 .62 2 . 9 6 3 . 9 6 0 . 8 6 9 1 .59 2 . 5 9 0 . 4 1 7 0 . 7 6 3 1.76 0 270 0 . 4 9 4 1 .49 0 199 0 . 3 6 4 1 36 

0 . 0 2 1 .42 2 . 5 9 3 , 5 9 0 809 1 .48 2 . 4 8 0 . 4 0 4 0 . 7 4 0 1 .74 0 264 0 . 4 8 3 1 .48 0 195 0 . 3 5 7 1 36 

0 . 0 5 1 .10 2 . 0 2 3 . 0 2 0 694 1 .27 2 . 2 7 0 . 3 7 4 0 . 6 8 4 1 .68 0 249 0 . 4 5 6 1.46 0 186 0 . 3 4 1 1 34 

0 . 1 0 0 . 8 3 6 1.53 2 . 5 3 0 568 1 .04 2 . 0 4 0 . 3 3 9 0 . 6 2 0 1 .62 0 236 0 . 4 3 2 1 .43 0 181 0 . 3 3 2 1 33 

0 . 2 0 0 . 5 5 2 1 . 0 1 2 . 0 1 0 . 4 1 4 0 . 7 5 8 1 .76 0 . 3 1 7 0 . 5 8 0 1 .58 

0 . 5 0 0 . 1 7 4 0 . 3 1 9 1 .32 

1 . 0 0 0 . 0 0 0 . 0 0 1 .00 
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Many o t h e r i n v e s t i g a t o r s have p roposed s e d i m e n t t r a n s p o r t 

f o r m u l a s . Enge lund and Hansen ( 1 9 6 7 ) , f o r e x a m p l e , s u g g e s t t h e f o l 

l o w i n g f o r m u l a w h i c h t h e y based upon c e r t a i n p r o t o t y p e r i v e r m e a s u r e 

ments : 

S = ° - ° 5 V - o 5 / , % - ( 1 9 - 2 1 ) 
P S A DgQ 

w h e r e : Dg^ i s t h e g r a i n s i z e exceeded by 50% (by w e i g h t ) o f t h e bed 

m a t e r i a l s a m p l e , and 

S i s t h e t o t a l s e d i m e n t t r a n s p o r t - sum o f bed and suspended 

t r a n s p o r t s . 

A n o t h e r s e d i m e n t t r a n s p o r t f o r m u l a was p r opos ed by W h i t e and 

A c k e r s ( 1 9 7 3 ) . D e t a i l s o f t h i s f o r m u l a can be f o u n d i n t h e l i t e r a t u r e 

o r i n more s p e c i f c c o u r s e s on s e d i m e n t t r a n s p o r t . 

1 9 . 3 I n f l u e n c e o f waves on bed t r a n s p o r t 

I t w o u l d seem l o g i c a l t o i n c l u d e t h e i n f l u e n c e o f waves on s e d i 

ment t r a n s p o r t i n a manner more o r l e s s a n a l o g u s t o t h e way t h e i r i n 

f l u e n c e was i n c l u d e d i n t h e l o n g s h o r e c u r r e n t f r i c t i o n f o r c e d e t e r m i 

n a t i o n - see c h a p t e r 15 . I n d e e d , B i j k e r ( 1 9 6 7 ) has done t h i s i n a way 

w h i c h d e m o n s t r a t e s a c l e a r i n s i g h t i n t o t h e phenomena i n v o l v e d . The 

a p p r o a c h o f B i j k e r was t o i n t r o d u c e t h e wave i n f l u e n c e v i a a m o d i f i c a 

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

r e a d y a v a i l a b l e f o r c u r r e n t s . He chose t h e Kal i n s k e - F r i j l i n k f o r m u l a 

- e q u a t i o n 1 9 . 0 1 - f o r t h e bed l o a d t r a n s p o r t and c o u p l e d t h i s on t h e 

E i n s t e i n f o r m u l a f o r suspended s e d i m e n t t r a n s p o r t - e q u a t i o n 1 9 . 1 7 . 

The i n s t a n t a n e o u s v e l o c i t y component caused by t h e waves can be 

s i g n i f i c a n t i n t h e b r e a k e r zone even t h o u g h t h e t i m e a v e r a g e o f 

t h i s component i s s m a l l r e l a t i v e t o t h e l o n g s h o r e c u r r e n t v e l o c i t y . 

T h i s o b s e r v a t i o n l e a d s t o an h y p o t h e s i s t h a t t h e waves c o n t r i b u t e 

p r i m a r i l y t o t h e s t i r r i n g up o f m a t e r i a l f r o m t h e b o t t o m r a t h e r 

t h a n t h e t r a n s p o r t . W o r k i n g o u t t h i s i d e a , B i j k e r m o d i f i e d t h e b o t 

tom s h e a r s t r e s s t e r m i n t h e s t i r r i n g p a r a m e t e r o f t h e K a l i n s k e -

F r i j l i n k f o r m u l a . The d e t a i l s o f t h i s m o d i f i c a t i o n o f i n t h i s 

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

1 9 . 4 Bed s h e a r s t r e s s m o d i f i c a t i o n 

I t was i n d i c a t e d i n c h a p t e r 18 t h a t t h e bed shea r s t r e s s i s i m 

p o r t a n t f o r t h e movement o f s e d i m e n t on a s h o r e o r i n a c h a n n e l . The 

i n f l u e n c e o f waves on t h e bed s h e a r o f a l o n g s h o r e c u r r e n t has a l s o 

a l r e a d y been e x p l a i n e d i n c h a p t e r 1 5 ; t h e r e , t h e component o f t h e 

bed s h e a r s t r e s s i n t h e c u r r e n t d i r e c t i o n was a v e r a g e d i n o r d e r t o 

d e t e r m i n e a r e s u l t a n t s t e a d y s t a t e e q u i v a l e n t s h e a r s t r e s s . 

W i t h o u t t h i n k i n g , we m i g h t s u b s t i t u t e t h i s same bed s h e a r 

s t r e s s i n t o o u r s e d i m e n t t r a n s p o r t f o r m u l a s . The e r r o r i n such an a p 

p r o a c h i s r e v e a l e d by t h e answer t o t h e q u e s t i o n : what bed s h e a r 

s t r e s s component d e t e r m i n e s when a b o t t o m m a t e r i a l p a r t i c l e s t a r t s 

t o move? E x p r e s s e d l e s s f o r m a l l y : I n wha t d i r e c t i o n mus t we " k i c k " a 
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b o t t o m m a t e r i a l p a r t i c l e i n o r d e r t o s t i r i t l o o s e so t h a t i t may 

be t r a n s p o r t e d ? The answer t o t h e s e q u e s t i o n s i s t h a t i t does n o t 

m a t t e r one b i t i n w h i c h d i r e c t i o n t h e f o r c e - bed s h e a r s t r e s s - a c t s 

i n t h e s t i r r i n g t e r m o f t h e K a l i n s k e - F r i j l i n k f o r m u l a . 

The s h e a r s t r e s s w h i c h must be used i n t h i s s t i r r i n g t e r m has a l 

r e a d y come up i n c h a p t e r 1 5 ; i t i s : 

^cw = P ^'r ( 1 5 . 2 4 ) ( 1 9 . 2 2 ) 

where i s t h e i n s t a n t a n e o u s r e s u l t a n t v e l o c i t y . 

The b a c k g r o u n d o f t h i s t e r m can be f o u n d i n s e c t i o n 1 5 . 4 . I n c o n t r a s t 

t o t h e f u r t h e r work i n t h a t c h a p t e r , we s h a l l c o n t i n u e w o r k i n g w i t h 

'^cw " " " s t s a d o f i t s x c o m p o n e n t , T ^ ^ ^ . NO a b s o l u t e v a l u e has been 

t a k e n i n e q u a t i o n 1 9 . 2 2 s i n c e a l l t e r m s a r e n o n - n e g a t i v e , anyway . 

J u s t as i n c h a p t e r 1 5 , v/e s h a l l need t o compute an a v e r a g e v a l u e 

o f t h i s i n s t a n t a n e o u s s h e a r s t r e s s . I t s d i r e c t i o n no l o n g e r p l a y s 

a r o l e ; we need o n l y c o n s i d e r t h e m a g n i t u d e o f t h e ( v e c t o r ) q u a n t i t y . 

S i n c e t h e o n l y t i m e v a r i a b l e i n e q u a t i o n 1 9 . 2 2 i s V ^ , i t i s s u f f i c i e n t 

t o compute t h e a v e r a g e m a g n i t u d e o f t h e s q u a r e o f t h e r e s u l t a n t 

v e l o c i t y , * . 

R e c a l l i n g t h e d e f i n i t i o n o f f r o m c h a p t e r 1 5 : 

= V2 + ( p u ^ ) ^ + 2 p u^ s i n 0 ( 1 5 . 2 2 ) ( 1 9 . 2 3 ) 

where p u^ i s t h e wave c u r r e n t v e l o c i t y a t h e i g h t above t h e b o t 

t o m , 

i s t h e c o n s t a n t c u r r e n t v e l o c i t y a t t h e same e l e v a t i o n , 

and 

0 i s t h e a n g l e be tween t h e wave c r e s t s and ( c o n s t a n t ) 

c u r r e n t 

A more c o m p l e t e d i s c u s s i o n o f t h e s e can be f o u n d i n c h a p t e r 15 . 

The v a l u e o f 0 w i l l n o t be r e s t r i c t e d s i n c e i t i s d e s i r a b l e t o 

d e r i v e a f o r m u l a f o r g e n e r a l a p p l i c a t i o n i n any c o m b i n a t i o n o f waves 

and c u r r e n t . 

I n e q u a t i o n 19 .23 o n l y u^ i s a f u n c t i o n o f t i m e . P i c k i n g u p : 

u^ = cos w t ( 1 5 . 2 7 ) ( 1 9 . 2 4 ) 

and r e m e m b e r i n g t h a t : 

« We s h o u l d be aware t h a t we a r e m a k i n g a p o t e n t i a l l y s e r i o u s f u n d a 

m e n t a l e r r o r h e r e ; we a r e p r o p o s i n g t h e s u b s t i t u t i o n o f an average 

v a l u e o f an i n d e p e n d e n t v a r i a b l e , T i n t o a non-linear r e l a t i o n -
c w 

s h i p , t h e s t i r r i n g t e r m o f t h e K a l i n s k e - F r i j l i n k f o r m u l a , i n o r d e r 

t o o b t a i n an " a v e r a g e " r e s u l t . T h i s i s f u n d a m e n t a l l y w r o n g . I n o r d e r 

t o be f u n d a m e n t a l l y c o r r e c t we m u s t f i r s t s u b s t i t u t e t h e i n s t a n t a n e o u s 

v a l u e o f i n t o t h e s t i r r i n g t e r m and tJxen t a k e t h e a v e r a g e . T h i s 

f u n d a m e n t a l e r r o r has been a c c e p t e d i n t h e i n t e r e s t o f a v o i d i n g a 

monumenta l p r o b l e m i n m a t h e m a t i c s . 
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1_ 
2Tf 

2TT 

cos X dx = 0 ( 1 9 . 2 5 ) 

a n d ; 

1 
2TT 

0 

2TT 

2 1 
cos X dx = 2" 

( 1 9 . 2 3 ) becomes , s i m p l y : 

= V M 1 + i ( 
1 P % . 2 

) ] 

( 1 9 . 2 5 ) 

( 1 9 . 2 7 ) 

( 1 9 . 2 8 ) 

S u b s t i t u t i n g t h i s l a s t r e s u l t i n t o ( 1 9 . 2 2 ) y i e l d s : 

,2 „ 2 1 
CW p [ 1 + i ( 

p Q b ^2 
) ] 

i n w h i c h we r e c o g n i z e : 

P K 2 V2 = X Q ( 1 5 . 1 3 ) 

( 1 9 . 2 9 ) 

( 1 9 . 3 0 ) 

as t h e s h e a r s t r e s s under a c u r r e n t a l o n e . S u b s t i t u t i n g ( 1 9 . 3 0 ) and 

e q u a t i o n 1 5 . 2 0 i n t o ( 1 9 . 2 9 ) y i e l d s a v e r y s i m p l e f o r m : 

CW 
( 1 9 . 3 1 ) 

A n o t h e r c o n v e n i e n t f o r m e x p r e s s e s t h e r a t i o o f t o i n t e r m s 

o f common p a r a m e t e r s . U s i n g e q u a t i o n s 1 5 . 1 4 and 1 5 . 2 9 a l o n g w i t h 1 9 . 3 0 

i n e q u a t i o n 1 9 . 2 9 y i e l d s t h e d e s i r e d r e s u l t : 

1 ^b . 2 
-CW = \ [ 1 + t ( ? / ) ] 

w h i c h i s somewhat d i f f e r e n t f r o m e q u a t i o n 1 5 . 3 0 . 

( 1 9 . 3 2 ) 

1 9 . 5 Bed l o a d t r a n s p o r t by waves and c u r r e n t 

The r e s u l t o f t h e p r e v i o u s s e c t i o n can be s u b s t i t u t e d d i r e c t l y 

i n t o t h e s t i r r i n g t e r m o f t h e K a l i n s k e - F r i j l i n k f o r m u l a shown i n ( 1 9 . 0 4 ) . 

U s i n g ( 1 9 . 3 2 ) t o m o d i f y i n ( 1 9 . 0 4 ) and m u l t i p l y i n g by ( 1 9 . 0 5 ) 

y i e l d s : 

. B D V / g 
Sfa = c 

- 0 . 2 7 A D p g 

y x ^ [ 1 + 1 ( 5 ^ ) 2 ] 
( 1 9 . 3 3 ) 

o r e q u i v a l e n t l y u s i n g e q u a t i o n 1 9 . 0 3 : 

. ^ B D V / g 
exp 

- 0 . 2 7 A D C " 
( 1 9 . 3 4 ) 



113 

I t i s o b v i o u s f r o m t h e s e r e l a t i o n s h i p s t h a t t h e p r e s e n c e o f t h e 

waves ( Q ^ ) i n c r e a s e s t h e s e d i m e n t t r a n s p o r t . F u r t h e r , s i n c e 0 does 

n o t e n t e r t h e e q u a t i o n , t h e i n c r e a s e i n s e d i m e n t t r a n s p o r t i s i n 

d e p e n d e n t o f t h e wave d i r e c t i o n p r o v i d e d t h e c u r r e n t v e l o c i t y i s 

m a i n t a i n e d . T h i s seems l o g i c a l i n l i g h t o f t h e e a r l i e r r e m a r k s c o n 

c e r n i n g t h e d i r e c t i o n o f t h e bed s h e a r s t r e s s r e l a t i v e t o t h e 

s t i r r i n g o f bed m a t e r i a l . 

B i j k e r ( 1 9 6 7 ) assumed t h a t t h e b o t t o m t r a n s p o r t o c c u r r e d i n a 

b o t t o m l a y e r h a v i n g t h i c k n e s s e q u a l t o t h e b o t t o m r o u g h n e s s , r . The 

c o n c e n t r a t i o n o f bed m a t e r i a l i n t h i s l a y e r , c^^, (assumed t o be 

c o n s t a n t o v e r t h e t h i c k n e s s ) i s , t h e n : 

V ( z ' ) d z ' 

( 1 9 . 3 5 ) ' 

0^ 

The i n t e g r a l i s e v a l u a t e d f r o m t h e v e l o c i t y p r o f i l e o f t h e 

c u r r e n t - see c h a p t e r 1 5 , e s p e c i a l l y f i g u r e 1 5 . 1 b : 

v ( z ' ) d z ' = i z ; v ^ a / ^ I n £ r d z ' ( 1 9 . 3 6 ) 

U s i n g t h e d e f i n i t i o n s o f z | , e t c . i n t e r m s o f r and c a r r y i n g o u t 

t h e i n t e g r a t i o n y i e l d s : 

V ( z ' ) d z ' = 6 . 3 4 p r = 6 . 3 4 V ^ r ( 1 9 . 3 7 ) 

W i t h t h i s r e s u l t e q u a t i o n 1 9 . 3 5 becomes: 

S, 

) .34 / -

( 1 9 . 3 8 ) 

T h i s c o n c e n t r a t i o n i s assumed t o be c o n s t a n t o v e r t h e e n t i r e 

t h i c k n e s s , r , o f t h e bed t r a n s p o r t l a y e r . A l s o , as p o i n t e d o u t e a r l i e r , 

t h i s c o n c e n t r a t i o n i s e x p r e s s e d i n u n i t s o f vo lume o f d e p o s i t e d 

s e d i m e n t p e r u n i t vo lume o f w a t e r and t h u s i n c l u d e s t h e v o i d s i n t h e 

d e p o s i t e d s e d i m e n t . 

* We a r e h e r e c o n v e r t i n g t h i s m o d i f i e d F r i j l i n k bed l o a d f o r m u l a t o 

a f o r m c o r r e s p o n d i n g t o e q u a t i o n 1 9 . 1 0 . T h i s may seem s t r a n g e a t 

f i r s t s i g h t . 
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1 9 . 6 I n f l u e n c e o f waves on suspended t r a n s p o r t 

S i n c e t h e c o n c e n t r a t i o n d i s t r i b u t i o n o f t h e suspended s e d i m e n t 

depends upon t h e bed s h e a r s t r e s s - v i a ( e q u a t i o n 1 9 . 1 5 ) i n 

e q u a t i o n 1 9 . 1 4 - B i j k e r ( 1 9 6 8 ) s i m p l y a c c o u n t e d f o r t h e i n f l u e n c e o f 

waves by m o d i f y i n g t h e s h e a r s t r e s s t e r m . Reason ing t h a t t h e s h e a r 

s t r e s s i n ( 1 9 . 1 4 ) a c t s i n t h e same p h y s i c a l way as i n t h e s t i r r i n g 

t e r m o f t h e bed t r a n s p o r t f o r m u l a , he m o d i f i e d t h e s h e a r s t r e s s v i a 

e q u a t i o n 1 9 . 3 2 . A l s o , c h o o s i n g a = r and s e l e c t i n g c ( a ) , t h e n , equa l 

t o y i e l d s ; 

c ( z ' ) = c. 
r h - z ' 

h - r z ' 

b^2 

( 1 9 . 3 9 ) 

The suspended l o a d t r a n s p o r t t h e n f o l l o w s f r o m : 

(-h 

Sg = c ( z ' ) V ( z ' ) d z ' ( 1 9 . 1 1 ) ( 1 9 . 4 0 ) 

w h e r e : c ( z ' ) i s d e t e r m i n e d i n e q u a t i o n 1 9 . 3 9 , and 

V ( z ' ) i s d e f i n e d i n e q u a t i o n 1 5 . 0 4 . 

The r e s u l t , a f t e r s u b s t i t u t i o n o f ( 1 9 . 3 8 ) , ( 1 9 . 3 9 ) and ( 1 5 . 0 4 ) 

i n e q u a t i o n 1 9 . 4 0 , s u c c e s f u l c o m p l e t i o n o f a l o t o f a l g e b r a , and use 

o f ( 1 9 . 2 0 ) i s : 

S^ = 1.83 0 ( 1 9 . 4 1 ) 

w h i c h shows t h a t t h e suspended l o a d t r a n s p o r t i s d i r e c t l y p r o p o r t i o n a l 

t o t h e bed l o a d t r a n s p o r t . T h i s i s l o g i c a l , c o n s i d e r i n g t h e d i r e c t r e 

l a t i o n s h i p be tween and b o t h S^ and S^ . V a l u e s o f : 

1.83 0 ( 1 9 . 4 2 ) 

have been i n c l u d e d i n t a b l e 1 9 . 1 and a r e p l o t t e d i n f i g u r e 1 9 . 2 as a 

^ . Of c o u r s e , t 

e q u a t i o n 1 9 . 1 5 

f u n c t i o n o f t h e two i n d e p e n d e n t p a r a m e t e r s , A and z ^ . Of c o u r s e , t h e 

s h e a r s t r e s s used t o compute z ^ mus t be m o d i f i e d 

becomes: 

W / p 

X , [ 1 + (5 

( 1 9 . 4 3 ) 
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10'= 2 5 10" ' 2 5 1 0 " ' 2 5 10" ' 2 5 10 

* A 
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1 9 . 7 T o t a l s e d i m e n t t r a n s p o r t 

Now t h a t b o t h t h e bed l o a d t r a n s p o r t , S^, and t h e suspended l o a d 

t r a n s p o r t , S ^ , a r e known , t h e t o t a l t r a n s p o r t , S , f o l l o w s by a d d i t i o n . 

A d d i t i o n a l l y , s i n c e i s d i r e c t l y r e l a t e d t o S^, an e s p e c i a l l y s i m p l e 

r e l a t i o n s h i p r e s u l t s : 

S = + = Sj^ ( 1 + 1.83 Q) ( 1 9 . 4 4 ) 

I n t h i s e q u a t i o n , i s e v a l u a t e d u s i n g e i t h e r e q u a t i o n 19 .33 o r 1 9 . 3 4 . 

and Q mus t be e v a l u a t e d u s i n g t h e m o d i f i e d v a l u e o f z g i v e n i n e q u a -
S 

t i o n 1 9 . 4 3 . V a l u e s o f t h e t e r m i n p a r a n t h e s e s i n e q u a t i o n 1 9 . 4 4 - -
k 

a r e a l s o i n c l u d e d i n t a b l e 1 9 . 1 and can a l s o be f o u n d by a d d i n g 

1.0 t o t h e v a l u e s i n f i g u r e 1 9 . 2 . 

The p r o c e d u r e j u s t o u t l i n e d i s o f t e n r e f e r r e d t o as t h e B i j k e r 

f o r m u l a s i n c e he was t h e one who f i r s t m o d i f i e d t h e b o t t o m shea r s t r e s s 

i n t h e way j u s t o u t l i n e d . 

The t h e o r e t i c a l wo rk i s now c o m p l e t e d . The o n l y r e m a i n i n g p r o b l e m 

i s t h a t o f e v a l u a t i n g a l l t h e p a r a m e t e r s i n v o l v e d i n t e r m s o f known o r 

m e a s u r a b l e q u a n t i t i e s . 

I t t u r n s o u t t h a t o n l y t h e r i p p l e f a c t o r , y , needs f u r t h e r d e f i n i 

t i o n . I t i s u s u a l l y d e f i n e d v i a an e m p e r i c a l r e l a t i o n : 

y = ( ^ )^^^ ( 1 9 . 4 5 ) 

w h e r e : C i s t h e Chézy c o e f f i c i e n t e v a l u a t e d v i a e q u a t i o n 1 9 . 0 8 , and 

C' i s a n o t h e r Chézy c o e f f i c i e n t based upon t h e bed m a t e r i a l 

p r o p e r t i e s : 

C' = 18 l o g ^ ( 1 9 . 4 6 ) 
'^90 

i n w h i c h Dg^ i s t h e s o i l g r a i n d i a m e t e r a l l o w i n g 90% ( b y 

w e i g h t ) o f t h e s o i l t o p a s s . 

T a b l e 1 9 . 2 shows t h e s t e p s n e c e s s a r y t o compute t h e s e d i m e n t 

t r a n s p o r t o c c u r r i n g a l o n g a u n i t w i d t h o f beach w i t h w a t e r d e p t h , h . * 

The d i s t r i b u t i o n o f t h e sand t r a n s p o r t a c r o s s t h e b r e a k e r zone can be 

d e t e r m i n e d by e a r r i n g o u t s t e p s 7 t h r o u g h 19 i n t h a t t a b l e f o r v a r i o u s 

chosen v a l u e s o f h r a n g i n g up t o t h e d e p t h a t t h e o u t e r edge o f t h e 

b r e a k e r z o n e , h^^^. Such a c o m p u t a t i o n , o b v i o u s l y i n v o l v e s a l o t o f 

w o r k ; d i g i t a l c o m p u t e r p rog rams a r e a v a i l a b l e . I f n e c e s s a r y , t h e com

p u t a t i o n s c o u l d be c a r r i e d o u t u s i n g a s e r i e s o f p rog rams f o r a p o c k e t 

c o m p u t e r . A sample c o m p u t a t i o n w i l l be shown i n s e c t i o n 1 9 . 9 . 

* Some v a r i a t i o n i n t h e sequence o f s t e p s may be a p p r o p r i a t e d e p e n d i n g 

upon t h e n a t u r e o f t h e g i v e n d a t a o r p e r h a p s t h e c o m p u t a t i o n method 

u s e d . 
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T a b l e 1 9 . 2 S teps i n c o a s t a l sand t r a n s p o r t c o m p u t a t i o n 

S tep 

1 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

D e t e r m i n a t i o n / e v a l u a t i on 

D e t e r m i n e deep w a t e r wave c o n d i 

t i o n s H Q , T , 0 Q 

Compute deep w a t e r wave s p e e d , c^ 

and wave f r e q u e n c y , u 

D e t e r m i n e o c e a n o g r a p h i c and hydro 

g r a p h i c d a t a ; b a t h y m e t r y , s o i l 

s a m p l e , w a t e r d e n s i t y , p 

L a b o r a t o r y a n a l y s i s o f s o i l - ; p 

Compute r e l a t i v e d e n s i t y , A 

D e t e r m i n e b r e a k e r i n d e x . y 

e q u a t i o n Pa r am e te r 

D, 

Choose w a t e r d e p t h , h 

Compute l o c a l wave c o n d i t i o n s 

H , X , k , Q ^ , a ^ 

( i n c l u d e r e f r a c t i o n , d i f f r a c t i o n ) 

E s t i m a t e r o u g h n e s s , r 

Compute ; A = -pj-

C 

C' 

Compute f ^ 

Compute p * 

Compute V 

( o n l y f o r wave d r i v e n l o n g s h o r e 

c u r r e n t ; o t h e r w i s e , f i e l d mea

s u r e m e n t o r o t h e r c o m p u t a t i o n 

m e t h o d . ) 

Compute p 

Compute 5 

- c 

Compute 

Compute bed t r a n s p o r t S|̂  

D e t e r m i n e : Q 

Compute S 

(19.02) 

(Vo l I ) 

( V o l I ) 

(15.18) 

(19.08) 

(19.46) 

(15.16) o r 
f i g . 15.2 

( 1 6 . 0 3 ) o r 
( 1 6 . 0 6 ) 

s o i l 
sample 

H Q , T , b a t h . 

H Q , . 

h , 0 ^ 

b a t h . 

h , r 

h , r 

h , D 
90 

(15.21) o r 
f i g . 15.2 " 

\ ' C o ' 

b a t h . , 

c. f,., 

(19.45) c, C' 

(15.29) P. c 

(19.03) P . V , c 

(19.43) P . w, %' 
V, V , 

c 

(19.33) o r A, D, C, V , 

(19.34) 
P J % 

t a b l e 19.1 A , \ 
o r f i g . 
19.2 

(19.44) . Q 

* I n h i s o r i g i n a l w o r k , B i j k e r (1967) assumed t h a t p was a c o n s t a n t 

e q u a l t o 0.45. 



118 

1 9 . 8 C r i t i c a l comments on B i j k e r f o r m u l a 

The w h o l e method o f a d j u s t i n g t h e bed s h e a r s t r e s s t o a c c o u n t f o r 

t h e wave p r e s e n c e i s based upon r e l a t i o n s h i p s f o r a c o n s t a n t c u r r e n t . 

I n p a r t i c u l a r , t h e m i x i n g l e n g t h d i s t r i b u t i o n ( 1 5 . 0 3 ) has been assumed 

l e a d i n g t o t h e l o g a r i t h m i c P r a n d t l - V o n Karman v e l o c i t y d i s t r i b u t i o n 

( 1 5 . 0 4 ) . T h i s v e l o c i t y d i s t r i b u t i o n has been assumed t o be v a l i d f o r 

t h e c u r r e n t a l o n e as w e l l as f o r t h e c o m b i n a t i o n o f waves and c u r r e n t . 

As a l r e a d y i n d i c a t e d , B i j k e r assumed t h a t t h e bed t r a n s p o r t l a y e r 

had a t h i c k n e s s equa l t o t h e b o t t o m r o u g h n e s s , r , and t h a t t h e s e d i 

ment c o n c e n t r a t i o n i n t h a t l a y e r i s c o n s t a n t . For p r a c t i c a l p rob lems 

where t h e a c t u a l r o u g h n e s s i s u n k n o w n , B i j k e r s u g g e s t e d u s i n g a 

r o u g h n e s s equa l t o one h a l f t h e h e i g h t o f t h e r i p p l e s on t h e b o t t o m . 

These r i p p l e s c o u l d o f t e n be measured d i r e c t l y v e s p e c i a l l y i n a m o d e l . 

i<1ore r e c e n t s t u d i e s have i n d i c a t e d t h a t t h e b o t t o m r o u g h n e s s i s 

o f t e n much more t h a n t h a t s u g g e s t e d by B i j k e r ; r o u g h n e s s v a l u e s o f two 

t o f o u r t i m e s t h e b o t t o m r i p p l e h e i g h t a r e more a c c e p t a b l e a t p r e s e n t . 

T h i s d r a s t i c i n c r e a s e i n b o t t o m r o u g h n e s s t h e n i n c r e a s e s t h e 

t h i c k n e s s o f t h e bed l o a d t r a n s p o r t l a y e r . T h i s , i n t u r n , makes i t 

l e s s a c c e p t a b l e t o assume t h a t t h e bed l o a d m a t e r i a l c o n c e n t r a t i o n r e 

ma ins c o n s t a n t o v e r t h e e n t i r e t h i c k n e s s o f t h i s l a y e r . Recen t mea

s u r e m e n t s i n t h e l a b o r a t o r y i n d i c a t e t h a t c o n c e n t r a t i o n v a r i a t i o n s do 

e x i s t i n t h i s l a y e r . T h i s has c o n s e q u e n c e s , o f c o u r s e , f o r t h e r e 

f e r e n c e c o n c e n t r a t i o n i n t h e suspended s e d i m e n t c o n c e n t r a t i o n e q u a t i o n . 

F u r t h e r , t h e r e i s even some d o u b t a b o u t t h e v a l i d i t y o f t h e d i f 

f u s i o n - t y p e c o n c e n t r a t i o n r e l a t i o n s h i p used by E i n s t e i n when a p p l i e d 

t o w a v e s . I n d e e d , i t n e g l e c t s any m i x i n g t h a t m i g h t o c c u r as a r e s u l t 

o f t h e v e r t i c a l v e l o c i t i e s u n d e r t h e wave. Measurements by Kennedy and 

L o c h e r ( 1 9 7 2 ) and i n an anonymous r e p o r t f r o m t h e D e l f t H y d r a u l i c s 

L a b o r a t o r y ( 1 9 7 6 ) i n d i c a t e t h a t s e v e r a l c o n c e n t r a t i o n d i s t r i b u t i o n 

mode ls more o r l e s s a d e q u a t e l y f i t t h e measured d a t a . 

I n s p i t e o f t h e s e l i m i t a t i o n s - some o f w h i c h a r e o f v e r y p r i n c i 

p l e n a t u r e - t h e B i j k e r f o r m u l a u s u a l l y g i v e s good r e s u l t s . When, f o r 

e x a m p l e , i t i s a p p l i e d t o beaches h a v i n g r a t h e r u n i f o r m sand and a 

w a v e - d r i v e n l o n g s h o r e c u r r e n t , i t y i e l d s t o t a l r e s u l t s w h i c h u s u a l l y 

a g r e e r a t h e r w e l l w i t h t h o s e o f t h e CERC f o r m u l a p r e s e n t e d i n c h a p t e r 

17 . T h i s i s n o t n e c e s s a r i l y t r u e o f o t h e r f o r m u l a s . 

The p r i n c i p l e o f m o d i f y i n g t h e s h e a r s t r e s s i n a s e d i m e n t 

t r a n s p o r t f o r m u l a can be a p p l i e d , i n p r i n c i p l e , t o any s e d i m e n t t r a n s 

p o r t f o r m u l a . O f t e n t i m e s , h o w e v e r , t h e i n s i g h t i n t o t h e p h y s i c a l 

p r o c e s s I n v o l v e d i s d i f f i c u l t t o d e t e c t mak ing a c o r r e c t s h e a r s t r e s s 

m o d i f i c a t i o n d i f f i c u l t . 

The B i j k e r - K a l i n s k e - F r i j l i n k f o r m u l a t a k e s no a c c o u n t o f a c r i 

t i c a l s h e a r s t r e s s as d e f i n e d i n c h a p t e r 18 . I n t h e above m e n t i o n e d 

f o r m u l a , t h e e x i s t a n c e o f any c u r r e n t and bed s h e a r s t r e s s w i l l l e a d 

t o a s e d i m e n t t r a n s p o r t w h i l e i n c h a p t e r 18 bed t r a n s p o r t c o u l d e x i s t 

o n l y d u r i n g t i m e s when a c e r t a i n c r i t i c a l s h e a r s t r e s s was e x c e e d e d . 

For f i e l d c o n d i t i o n s , t h e suspended s e d i m e n t t r a n s p o r t u s u a l l y 

f a r exceeds t h e bed l o a d t r a n s p o r t - r a t i o s o f suspended t o bed l o a d 

o f 50 t o 1 a r e n o r m a l . 
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The re i s much d i s c u s s i o n a b o u t t h e p r o p e r v a l u e o f t h e c o e f f i c i e n t , 

B, t o be used i n t h e bed l o a d t r a n s p o r t f o r m u l a . V a l u e s r a n g i n g between 

1 and 5 have been s u g g e s t e d . T h i s d i s a g r e e m e n t r e f l e c t s t h e p o s s i b l e i n 

a c c u r a c y o f such a sand t r a n s p o r t c o m p u t a t i o n . Even t h o u g h many parame

t e r s a r e i n v o l v e d i n t h e f i n a l r e s u l t i n g f o r m u l a s , e r r o r s o f more t h a n 

t e n p e r c e n t a r e common i n p r a c t i c e ; i n o t h e r w o r d s , computed s e d i m e n t 

t r a n s p o r t s are o f t e n w rong even i n t h e f i r s t s i g n i f i c a n t f i g u r e l U n f o r 

t u n a t e l y , no g r e a t i m p r o v e m e n t o f t h i s s i t u a t i o n can be e x p e c t e d u n t i l 

a mass o f t r u s t w o r t h y f i e l d d a t a w i t h a c t u a l measured s e d i m e n t t r a n s 

p o r t s i s a v a i l a b l e . The e x a m p l e , f o l l o w i n g , i l l u s t r a t e s t h i s as w e l l . 

1 9 . 9 Example o f B i j k e r f o r m u l a 

The f o l l o w i n g examp le i s i n t e n d e d t o d e m o n s t r a t e s e v e r a l p r i n c i p l e s 

F i r s t , a c o m p u t a t i o n such as i s o u t l i n e d i n t a b l e 1 9 . 2 i s i l l u s t r a t e d . 

S e c o n d , t h e i n f l u e n c e o f t h e l o n g s h o r e c u r r e n t v e l o c i t y d i s t r i b u t i o n i s 

d e m o n s t r a t e d by c o m p u t i n g sand t r a n s p o r t d i s t r i b u t i o n s f o r t h e v a r i o u s 

l o n g s h o r e c u r r e n t d i s t r i b u t i o n s i l l u s t r a t e d i n c h a p t e r 16 . T h i r d , t h e 

i n f l u e n c e o f o t h e r p a r a m e t e r s such as beach s l o p e and p a r t i c l e g r a i n 

s i z e i s i n v e s t i g a t e d f o r a g i v e n wave and c u r r e n t d i s t r i b u t i o n m o d e l . 

L a s t l y , a c o m p a r i s o n c o m p u t a t i o n u s i n g t h e CERC f o r m u l a i s p r e s e n t e d . 

The same o f f s h o r e wave and beach b a t h y m e t r y c o n d i t i o n s assumed i n 

s e c t i o n 5 o f c h a p t e r 16 w i l l be r e t a i n e d h e r e . These a r e : 

Wave p e r i o d , T 7 . 0 s 

Wave h e i g h t , 2 . 0 m 

App roach a n g l e , 0^ 3 0 ° 

B r e a k e r i n d e x , y 0 . 8 

Beach s l o p e , m 1:100 

B o t t o m r o u g h n e s s , r 0 . 0 6 m 

A d d i t i o n a l l y a sand bed c o n s i s t i n g o f sand w i t h a mean d i a m e t e r , D, o f 

200 \im i s u s e d . The d i a m e t e r p a s s i n g 90% o f t h e sample i s Dg^ = 270 ym. 

F u r t h e r l a b o r a t o r y a n a l y s i s y i e l d s t h a t t h e w a t e r d e n s i t y , p , i s 

1000 kg/m^ * and t h a t o f t h e s a n d , p ^ , i s 2650 k g / m ^ . The p a r t i c l e f a l l 

v e l o c i t y i s W = 0 . 0 2 5 2 m / s . 

The c o m p u t a t i o n s i n v o l v e d f o l l o w more o r l e s s t h e p r o c e d u r e o u t 

l i n e d i n t a b l e 1 9 . 2 , a l t h o u g h some s h o r t c u t s w i l l be t a k e n . T a b l e 

1 9 . 3 l i s t s t h e c o m p u t a t i o n v a l u e s . S i x co lumns o f v a l u e s - y , h , a^^, c , 

f ^ , and V^ - have been t a k e n d i r e c t l y f r o m t a b l e 1 6 . 1 . The c o m p u t a t i o n s 

f o r t h e row y = 259 m w i l l a g a i n be i l l u s t r a t e d i n d e t a i l j u s t as was 

done i n s e c t i o n 1 6 . 5 . R e s u l t s f r o m t h a t s e c t i o n w i l l be f r e e l y used 

h e r e . 

The o r b i t a l v e l o c i t y a m p l i t u d e a t t h e b o t t o m can be computed u s i n g 

e q u a t i o n 5 . 0 1 b o f vo lume I , b u t can more q u i c k l y be f o u n d f r o m : 

b 
( 1 9 . 4 7 ) 

= { ^ ) ( 2 . 2 5 ) = 2 . 0 2 m ( 1 9 . 4 8 ) 

n. A p p a r e n t l y t h e beach i n q u e s t i o n i s on a l a r g e l a k e ! 
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The p a r a m e t e r A i s s i m p l y : 

A = J = = 0 . 0 2 3 2 ( 1 9 . 4 9 ) 

The v a l u e o f C' comes d i r e c t l y f r o m e q u a t i o n 1 9 . 4 6 : 

C = 18 l o g - ^ i ^ H l : ^ = 9 1 . 1 m i / s ( 1 9 . 5 0 ) 
270 X 10"*" 

S i n c e f ^ and a r e t a k e n f r o m t a b l e 1 6 . 1 , t h e n e x t p a r a m e t e r t o 

c a l c u l a t e i s t h e r i p p l e f a c t o r . U s i n g i t s e m p e r i a l d e f i n i t i o n ( 1 9 . 4 5 ) 

d i r e c t l y y i e l d s : 

3 / 2 

9 T J : 
y = ( ^ ) = 0 . 3 9 ( 1 9 . 5 1 ) 

The p a r a m e t e r 5 can be computed u s i n g e q u a t i o n 1 5 . 2 9 ; 

, 4 8 . 9 / 0 . 0 3 4 
= 2 . 0 4 ( 1 9 . 5 2 ) 

/ ( 2 ) ( 9 . 8 1 ) 

The p a r a m e t e r i s computed w i t h e q u a t i o n 1 9 . 4 3 . mus t be computed 

f i r s t , h o w e v e r , u s i n g ( 1 9 . 0 3 ) : 

= ( 1 0 0 0 ) ( 9 . 8 1 ) ( 1 . 0 9 ) 2 , , / ^ 2 ( , ^ 53) 

( 4 8 . 9 ) " ^ 

T ^ , , i s t h e n , f r o m ( 1 9 . 3 2 ) : 
C w 

C Ü, 2 
^ = [ 1 + 1/2 ( ^ ) ] ( 1 9 . 3 2 ) 

2 

= 4 . 8 8 [ 1 + -g ( - ( j - 0 4 ) ( 2 . 0 2 ) ^ ] = 39.75 N/m^ ( 1 9 . 5 4 ) 

The p a r a m e t e r z ^ i s t h e n s i m p l y : 

z = W ^ ( 1 9 . 5 5 ) 

( 0 . 0 2 5 2 ) ( / m ü ï ï ) o_3^g ( i9_56) 

(0 .40 ) ( / J9T75) 

Knowing 7 ^ , Ŝ ^ can m o s t c o n v e n i e n t l y computed u s i n g e q u a t i o n 19 .33 

i n s t e a d o f 1 9 . 3 4 : 

S , = B D ^ V exp [ - 0 - 2 7 _ ^ D p g j ( 1 9 . 3 3 ) 

^ - C W 

U s i n g t h e c u r r e n t l y ( 1 9 7 7 ) p o p u l a r v a l u e o f 5 . 0 f o r B, 

S , - ( 5 . 0 ) ( 2 0 0 x l 0 - 6 ) 1151 exp [ l " - 1 . 6 5 ) | g O O x l g ) ( 1 0 0 0 ) ( 9 . 8 1 ) 

( 1 9 . 5 7 ) 

= 6 . 6 0 0 x l 0 ' 5 m^ / s /m ( 1 9 . 5 8 ) 



T a b l e 1 9 . 3 S e d i m e n t t r a n s p o r t c o m p u t a t i o n s and r e s u l t s 

(1) (1) (1) (1) 

y h 
^ b % A C 

(m) (m) (m) ( m / s ) ( - ) ( m ^ / s 

0 0 0 . 0 0 0 . 00 — — 
25 .25 0 . 7 0 0 .63 . 2 4 0 3 0 . 6 

50 . 50 0 . 9 9 0 .89 .120 3 6 . 0 

75 .75 1 . 2 1 1 .09 . 0 8 0 0 3 9 . 2 

100 1 .00 1 .40 1 .26 .0600 4 1 . 4 

125 1 .25 1 .56 1 , .40 .0480 4 3 . 2 

150 1.50 1 . 7 1 1 .53 .0400 4 4 . 6 

175 1 .75 1 .85 1 , .66 .0343 4 5 . 8 

200 2 . 0 0 1.97 1 , .77 .0300 4 5 . 8 

225 2 . 2 5 2 . 0 9 1 , .88 .0267 4 7 . 8 

250 2 . 5 0 2 . 2 1 1 , .98 .0240 4 8 . 6 

259 2 . 5 9 2 . 2 5 2, .02 . 0 2 3 2 4 8 . 9 

275 2 . 7 5 

300 3 . 0 0 

350 3 . 5 0 

400 4 . 0 0 

450 4 . 5 0 

500 5 . 0 0 

( 1 ) ( 1 ) 

C' 

m ^ / s ) 

f 
w 

( - ) 

h 
( m / s ) 

0 . 0 0 

y 

( - ) (• - ) 

7 2 . 8 .065 . 0 4 8 0 . 2 7 2 1 .76 

7 8 . 2 .052 .126 0 . 3 1 2 1 . 85 

8 1 . 4 .047 .216 0 . 334 1 . 9 2 

8 3 . 7 .043 .318 0 .348 1 . 9 4 

8 5 . 4 . 040 . 4 3 0 0 . 360 1 .95 

8 6 . 8 . 039 .539 0 .368 1 . 99 

8 8 . 0 .037 .663 0 . 3 7 5 1 . 99 

8 9 . 1 .036 .785 0 . 3 8 1 2 . 0 0 

9 0 . 0 .035 .915 0 .387 2 . 02 

9 0 . 8 . 034 1 .05 0 . 3 9 1 2 . 02 

9 1 . 1 . 034 1 .09 

0 . 0 0 

0 . 393 2 . 04 

N o t e : ( 1 ) D a t a t a k e n d i r e c t l y f r o m t a b l e 1 6 . 1 . 

-a 

ro 

( - ) 

783 

618 

527 

474 

439 

404 

379 

359 

339 

324 

316 

2 ' " 
(mVs) 

' 0 . 0 0 

2 . 9 9 x 1 0 " ^ 

8 . 3 7 x 1 0 " ^ 

1 . 4 4 x 1 0 " ' 

2 . 0 9 x 1 0 " ' 

2 . 7 7 x 1 0 " ' 

3 . 4 3 x 1 0 " ' 

4 . 1 7 x 1 0 " ' 

4 . 8 8 x 1 0 " ' 

5 . 5 2 x 1 0 " ' 

6 . 3 8 x 1 0 " ' 

6 . 6 0 x 1 0 " ' 

Q 

( - ) 

0 . 9 4 5 

2 . 3 2 

3 . 8 8 

5 . 5 3 

7 . 2 5 

9 . 1 8 

1 1 . 2 1 

1 3 . 3 7 

1 5 . 7 5 

1 8 . 1 9 

1 9 . 2 5 

2^1 ( m V s ) 

0 . 0 0 

8 . 1 6 x 1 0 " 

4 . 3 9 x 1 0 ' 

1 . 1 7 x 1 0 " 

2 . 3 2 x 1 0 ' 

3 . 9 5 x 1 0 ' 

6 . 1 1 x 1 0 " 

8 . 9 7 x 1 0 ' 

1 . 2 4 x 1 0 ' 

1 . 6 8 x 1 0 ' 

2 . 1 9 x 1 0 ' 

2 . 3 9 x 1 0 " 

Sg 

(m^/s) 

0 . 0 0 

1 .29x10 

2 . 1 4 x 1 0 

7 . 2 7 x 1 0 

1 .57x10 

2 . 7 8 x 1 0 

4 . 3 7 x 1 0 

6 . 3 5 x 1 0 

8 . 7 1 x 1 0 

1 .14x10 

1 .46x10 

1 .59x10 

- 6 

^3 
( m ^ / s ) 

0 . 0 0 

2 . 5 4 x 1 0 " 

( m ^ / s ) (mVs) 
2 ° 

(mVs) 

•5 4 . 1 4 x l 0 " 5 

•5 1 . 2 3 x l 0 " * 

•* 2 . 4 1 x 1 0 " * 

•* 4 . 0 9 x 1 0 " * 

•* 6 . 1 2 x 1 0 " * 

* 8 . 5 9 x 1 0 " * 

•* 1 . 1 4 x 1 0 " ^ 

1 .33x10 

1 . 1 3 x 1 0 " 

3 . 5 3 x 1 0 " 

1 . 0 2 x 1 0 " 

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

2, . 55x10 ' 
- 5 

2, . 18x10 ' 
-6 --

5 .03x10 ' 
- 5 

3. . 08x10 ' 
-5 

3, . 2 x l 0 " 5 

1 . 41x10 ' 
- 4 

8, . 54x10 ' 
-5 

9. . l x l 0 " 5 

2 . 61x10 ' 
- 4 

1 , . 74x10 ' 
-4 

1 , 
- 4 

.8x10 ^ 

4 . 09x10 ' 
- 4 

2, . 93x10 ' 
-4 

2, . 6 9 x 1 0 " * 

5. . 58x10 ' 
-4 

4 . . 44x10 ' 
-4 

3. , 7 5 x 1 0 ' * 

5, . 78x10 ' 
- 4 

6. . 18x10 ' 
-4 

4 . , 6 8 x 1 0 " * 

7, . 60x10 ' 
-4 

6. . 33x10 ' 
-4 

5. , 3 9 x 1 0 " * 

7, . 72x10 ' 
-4 

6. . 30x10 ' 
-4 

5. , 8 0 x 1 0 " * 

6, , 76x10 ' 
-4 

6. , 24x10 ' 
-4 

5. , 8 8 x 1 0 " * 

4 , . 59x10 ' 
-4 

5. . 39x10 ' 
-4 

5. , 6 1 x 1 0 " * 

3. . 07x10 ' 
-4 

4 . . 45x10 ' 
-4 

5. , 0 2 x 1 0 " * 

1 . . 47x10 ' 
-4 

2 . , 29x10 ' 
-4 

3. , 5 9 x 1 0 " * 

7. . 70x10 ' 
-5 

4 . , 62x10 ' 
-5 

2 . , 1 1 x 1 0 " * 

4 . . 29x10 ' 
-5 

9. , 6 x l 0 " 5 

4 . , 0 x 1 0 " ^ 
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The v a l u e o f Q can be f o u n d a p p r o x i m a t e l y by e n t e r i n g f i g u r e 1 9 . 2 

w i t h a v a l u e o f A and by i n t e r p o l a t i n g be tween c u r v e s o f v a l u e s . 

A l t e r n a t i v e l y , an i n t e r p o l a t i o n can be c a r r i e d o u t i n t a b l e 1 9 . 1 . W i t h 

e i t h e r m e t h o d , t h i s y i e l d Q = 1 9 . 2 6 . 

Knowing Q, t h e t o t a l t r a n s p o r t can be f o u n d u s i n g e q u a t i o n 1 9 . 4 4 : 

S = 6 . 6 0 x l 0 " 5 [ 1 + 1.83 ( 1 9 . 2 6 ) ] ( 1 9 . 5 9 ) 

= 2 . 3 9 x 1 0 " ^ m^/s.m ( 1 9 . 6 0 ) 

The t o t a l s e d i m e n t t r a n s p o r t can be f o u n d by i n t e g r a t i n g t h e v a l u e s 

o f S a c r o s s t h e w i d t h o f t h e b r e a k e r z o n e . I n t e g r a t i n g t h e v a l u e s 

o f u s i n g t h e t r a p e z o i d a l r u l e and r e m e m b e r i n g t h a t t h e l a s t i n 

t e r v a l . A y , i s o n l y 9 m. y i e l d s : 

T h i s r e s u l t i n g v a l u e seems h i g h on a y e a r l y b a s i s , b u t on t h e 

o t h e r h a n d , a deep w a t e r wave h e i g h t o f 2 . 0 m i s a b o u t t w i c e as h i g h 

as a y e a r - a v e r a g e d N o r t h Sea wave . S e c o n d l y , one has t h e e r r o n i o u s 

t e n d e n c y t o compare t h e f i g u r e i n e q u a t i o n 1 9 . 6 1 t o net sand t r a n s 

p o r t a l o n g t h e D u t c h Coas t w h i c h i s much s m a l l e r . 

V a l u e s o f s e d i m e n t t r a n s p o r t r a t e s computed u s i n g t h e o t h e r 

l o n g s h o r e c u r r e n t p r o f i l e s l i s t e d i n t a b l e 1 6 . 1 a r e a l s o l i s t e d i n 

t a b l e 1 9 . 3 . 

V a l u e s o f Sg a r e f o u n d by a p p l y i n g t h e t e c h n i q u e j u s t d e s c r i b e d 

f o r Sj^, e x c e p t t h a t i n t e r m e d i a t e w a t e r d e p t h wave t h e o r y i s used 

t h r o u g h o u t t h e sand t r a n s p o r t c o m p u t a t i o n . ( I t had a l r e a d y been used 

a l o n g w i t h a more e x a c t f o r c e b a l a n c e t o d e t e r m i n e t h e l o n g s h o r e 

c u r r e n t v e l o c i t y , V g , i n c h a p t e r 1 6 ) . 

The r e m a i n i n g sand t r a n s p o r t s , S^ t h r o u g h S g , a l l r e s u l t f r o m 

t h e use o f t h e B i j k e r f o r m u l a w i t h t h e c o r r e s p o n d i n g l y numbered 

v e l o c i t y p r o f i l e f r o m t a b l e 1 6 . 1 . 

A l l o f t h e s e r e s u l t s as w e l l as t h e i r a s s o c i a t e d v e l o c i t y 

p r o f i l e s f r o m c h a p t e r 16 a r e compared i n f i g u r e 1 9 . 3 . No te t h a t when 

an i n t e r m e d i a t e peak i n t h e v e l o c i t y p r o f i l e o c c u r s such as w i t h V^ 

t h r o u g h V g , t h e c o r r e s p o n d i n g peak i n t h e s e d i m e n t t r a n s p o r t o c c u r s 

seaward o f t h e v e l o c i t y p e a k . 

A l s o , f r o m t h e c o m p u t a t i o n s shown i n t a b l e 1 9 . 3 , we can c o n c l u d e 

t h a t t h e suspended t r a n s p o r t becomes r e l a t i v e l y more i m p o r t a n t as 

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

a s s o c i a t e d w i t h g r e a t e r d e p t h s i n t h e t a b l e . 

The l o c a l v a r i a t i o n s i n sand t r a n s p o r t be tween t h e v a r i o u s 

t r a n s p o r t p r o f i l e s seems r a t h e r g r e a t . However , when t h e t o t a l sand 

t r a n s p o r t s a r e computed by i n t e g r a t i n g t h e c u r v e s shown i n f i g u r e 

1 9 . 3 b , r e m a r k a b l y c o n s i s t e n t r e s u l t s a r e o b t a i n e d . These a r e i n d i c a t e d 

i n t a b l e 1 9 . 4 . 

A c o m p u t a t i o n u s i n g t h e CERC f o r m u l a i s shown i n s e c t i o n 1 9 . 1 1 . 

f o r c o m p a r i s o n . I n t h e f o l l o w i n g s e c t i o n we i n v e s t i g a t e t h e s e n s i t i v i 

t y o f t h e B i j k e r f o r m u l a . 

0 . 1 7 9 m^/s ( 1 9 . 6 0 ) 

= 5 . 6 4 x 1 0 m / y e a r ( 1 9 . 6 1 ) 
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1.2 

Distance Fronn Shore (m) 

Distance From Shore ( m ) 
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T a b l e 1 9 . 4 T o t a l sand t r a n s p o r t s 

P r o f i l e n o . T o t a l t r a n s p o r t 

1 0 .179 

2 0 . 1 2 3 

3 0 . 1 3 2 

4 0 . 1 5 9 

5 0 .143 

6 0 . 1 4 6 

CERC C o e f . = 0 .036 0 . 3 1 4 * 

CERC C o e f . = 0 .008 0 . 0 7 0 * 

1 9 . 1 0 S e n s i t i v i t y o f t h e B i j k e r f o r m u l a 

I n t h e p r e v i o u s examp le s p e c i f i c v a l u e s o f such p a r a m e t e r s as 

b o t t o m r o u g h n e s s , r , p a r t i c l e g r a i n s i z e , D, beach s l o p e , m, and 

b r e a k e r i n d e x , Y J have been u s e d . F i g u r e 1 9 . 4 shows t h e t o t a l sand 

t r a n s p o r t f o u n d u s i n g t h e B i j k e r f o r m u l a i n c o m b i n a t i o n w i t h t h e 

v e l o c i t y d i s t r i b u t i o n d e n o t e d by V g , as a f u n c t i o n o f b o t t o m 

r o u g h n e s s , r , f o r v a r i o u s g r a i n s i z e s and beach s l o p e s . O f f s h o r e 

wave c o n d i t i o n s were h e l d c o n s t a n t and t h e same as i n t h e p r e v i o u s 

s e c t i o n . Once a g a i n , t h e r e s u l t s f r o m t h e CERC f o r m u l a a r e shown 

f o r c o m p a r i s o n . No te t h a t t h e CERC f o r m u l a i s c o m p l e t e l y i n s e n s i t i v e 

t o t h e p a r a m e t e r s b e i n g d i s c u s s e d h e r e . 

The b o t t o m r o u g h n e s s i n f l u e n c e s t h e t o t a l sand t r a n s p o r t i n 2 

w a y s : As t h e b o t t o m r o u g h n e s s i n c r e a s e s , t h e l o n g s h o r e c u r r e n t 

v e l o c i t y d e c r e a s e s - see c h a p t e r 1 6 ; s e c o n d l y , f o r a g i v e n c u r r e n t 

v e l o c i t y , t h e B i j k e r f o r m u l a u s u a l l y g i v e s a l o w e r s e d i m e n t t r a n s 

p o r t as t h e r o u g h n e s s i s i n c r e a s e d . These two i n f l u e n c e s r e i n f o r c e 

each o t h e r t o y i e l d t h e d e c r e a s i n g t o t a l s e d i m e n t t r a n s p o r t w i t h 

i n c r e a s i n g r o u g h n e s s . 

The i n f l u e n c e o f i n c r e a s i n g t h e a v e r a g e bed m a t e r i a l g r a i n s i z e 

i s a l s o o b v i o u s f r o m f i g u r e 1 9 . 4 . I n c r e a s i n g t h e b o t t o m m a t e r i a l 

g r a i n s i z e has d e c r e a s e d t h e t o t a l s e d i m e n t t r a n s p o r t i n t h i s e x a m p l e . 

T h i s may seem s u p r i s i n g i n l i g h t o f t h e d i r e c t r e l a t i o n s h i p be tween 

D and i n t h e t r a n s p o r t t e r m o f e q u a t i o n 1 9 . 3 4 . The e r r o r i n t h i s 

o v e r s i m p l i f i e d e x a m i n a t i o n i s t h a t t h e g r a i n s i z e , D, a l s o i n f l u e n c e s 

t h e f a l l v e l o c i t y , W, ( f o r t h e suspended l o a d t r a n s p o r t ) and even 

t h e r i p p l e f a c t o r , y , i n d i r e c t l y . T h u s , t h e i n f l u e n c e o f t h e bed 

m a t e r i a l g r a d a t i o n on t h e s e d i m e n t t r a n s p o r t i s c o m p l e x , i n d e e d . 

I n c r e a s i n g t h e beach s l o p e t e n d s t o i n c r e a s e t h e l o n g s h o r e 

c u r r e n t v e l o c i t y . ( T h i s i s d e m o n s t r a t e d i n a v e r y s i m p l e case by 

e q u a t i o n 1 6 . 0 6 . ) T h i s i n c r e a s e d v e l o c i t y w i l l y i e l d a h i g h e r s e d i m e n t 

t r a n s p o r t per u n i t w i d t h . The i n c r e a s i n g beach s l o p e n a r r o w s t h e 

b r e a k e r (and t r a n s p o r t ) z o n e , h o w e v e r , so t h a t t h e t o t a l s e d i m e n t 

t r a n s p o r t on a s t e e p , n a r r o w beach i s l i t t l e d i f f e r e n t f r o m t h a t on 

a f l a t t e r , w i d e r b e a c h . 

* These r e s u l t s a r e shown i n s e c t i o n 1 9 , 1 1 , 
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1 9 . 1 1 Compar i son t o CERC f o r m u l a 

The a p p l i c a t i o n o f t h e CERC f o r m u l a i s i l l u s t r a t e d h e r e i n o r d e r 

t o compare i t s r e s u l t s t o t h o s e f o u n d u s i n g t h e B i j k e r f o r m u l a . The 

same c o n d i t i o n s and p a r a m e t e r v a l u e s used i n s e c t i o n s 1 6 . 5 and 1 9 . 9 

w i l l be used h e r e as w e l l . 

The CERC f o r m u l a - f r o m c h a p t e r 17 - i s : 

S = 0 . 0 1 4 C Q K , ^ , ^ ^ s i n 0 ^ ^ cos 0 ^ ^ ( 1 7 . 0 8 ) ( 1 9 . 6 2 ) 

I n s t e a d o f u s i n g t h e o r i g i n a l c o e f f i c i e n t i n e q u a t i o n 1 9 . 6 2 , we s h a l l 

use t h e c o e f f i c i e n t s a s s o c i a t e d w i t h l i n e s 1 and 2 i n f i g u r e 1 7 . 1 

w h i c h a r e l i s t e d i n t a b l e 1 7 . 1 . These c o e f f i c i e n t v a l u e s a r e 0 . 0 0 8 

and 0 . 0 3 6 r e s p e c t i v e l y , l i n e 1 t jo fc recommentkJ 

The n e c e s s a r y d a t a a r e : 

H Q = 2 . 0 m 

0 , = 3 0 ° 

'^br= 1 3 . 3 ° 

T = 7 . 0 s 

From vo lume I c h a p t e r 5 : 

° o = l ? T 

= ( 1 . 5 6 ) ( 7 ) = 1 0 . 9 3 m/s 

and f r o m v o l u m e I c h a p t e r 9 : 

( 1 - 5 . 0 5 a ) ( 1 9 . 6 3 ) 

( 1 9 . 6 4 ) 
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T C O S 0 „ 

K2 = ° ( 1 9 . 6 5 ) 

= = 0 . 8 9 0 ( 1 9 . 6 5 ) 

cos 1 3 . 3 

S u b s t i t u t i n g v a l u e s i n t o ( 1 9 . 6 2 ) w i t h t h e l a r g e r c o e f f i c i e n t 

y i e l d s : 

S = ( 0 . 0 3 6 ) ( 2 ) 2 ( 1 0 . 9 3 ) ( 0 . 8 9 0 ) ( s i n 1 3 . 3 ° ) ( c o s 1 3 . 3 ° ) ( 1 9 . 6 7 ) 

= 0 . 3 1 4 n?/s ~ g g o t 5 D ^ ' V V y . , ( 1 9 . 6 8 ) 

and w i t h t h e s m a l l e r c o e f f i c i e n t : 

S = 0 . 0 7 0 m'^/s =•?/ /07 /5^^0 mYj,. ( 1 9 . 6 9 ) 

The r e s u l t s f r o m t h i s CERC f o r m u l a have a l r e a d y been compared t o 

t h o s e o f t h e B i j k e r f o r m u l a i n t a b l e 1 9 . 5 and f i g u r e 1 9 . 4 . Note t h a t 

i t b r a c k e t s t h e o t h e r r e s u l t s r a t h e r w e l l . T h u s , one can c o n c l u d e 

- c o r r e c t l y - t h a t t h e B i j k e r f o r m u l a w i l l s o l v e any p r o b l e m w h i c h 

t h e CERC f o r m u l a w i l l a l s o s o l v e . Why b o t h e r , t h o u g h ? The CERC f o r m u l a 

i s much s i m p l e r t o a p p l y as has j u s t been d e m o n s t r a t e d . 

I n d e e d , t h e power o f t h e B i j k e r f o r m u l a l i e s i n i t s a d a p t a b i l i t y 

t o any c u r r e n t c o n d i t i o n . The c o n c e p t o f t h e B i j k e r f o r m u l a - t h e 

a d j u s t m e n t o f t h e b o t t o m s h e a r s t r e s s t o a c c o u n t f o r t h e waves - can 

be a p p l i e d much more u n i v e r s a l l y . A l t e r n a t i v e l y , t h e c u r r e n t , V , i n 

c l u d e d i n t h e B i j k e r f o r m u l a may be d r i v e n by any c o m b i n a t i o n o f 

f o r c e s and s u b j e c t e d t o a l l s o r t s o f l o c a l i n f l u e n c e s . Fo r e x a m p l e , 

t h e B i j k e r f o r m u l a can be used t o p r e d i c t s e d i m e n t a t i o n i n s h i p p i n g 

c h a n n e l s i n w h i c h t h e r e a r e no b r e a k i n g w a v e s ; t h e CERC f o r m u l a w o u l d 

y i e l d no r e s u l t i n such a c a s e . T h i s s p e c i f i c p r o b l e m o f c h a n n e l 

s e d i m e n t a t i o n comes up a g a i n i n c h a p t e r 2 5 . 

Now t h a t we can compute l o n g s h o r e s e d i m e n t t r a n s p o r t r a t e s f o r a 

g i v e n s e t o f c o n d i t i o n s , we a r e i n a p o s i t i o n t o a t t a c k t h e p r o b l e m 

o f p r e d i c t i n g c o a s t a l c h a n g e s . The f i r s t a p p l i c a t i o n o f s e d i m e n t 

t r a n s p o r t c o m p u t a t i o n s t o p r e d i c t c o a s t a l changes i s t h e t o p i c o f 

c h a p t e r 2 0 . 
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2 0 . COASTAL CHANGES HITH SINGLE LINE THEORY E.W. B i j k e r 

2 0 . 1 I n t r o d u c t i o n 

The p r e v i o u s c h a p t e r s have been d e v o t e d t o t h e d e t e r m i n a t i o n o f 

t h e s e d i m e n t t r a n s p o r t a t a g i v e n l o c a t i o n on t h e c o a s t . I n t h i s c h a p 

t e r we s h a l l a p p l y t h e know ledge o f s e d i m e n t t r a n s p o r t r a t e s t o t h e 

p r e d i c t i o n o f c o a s t a l c h a n g e s . As has been p o i n t e d o u t i n s e c t i o n 1 

o f c h a p t e r 1 - 2 8 , o n l y a ohange i n s e d i m e n t t r a n s p o r t as we p r o g r e s s 

a l o n g a c o a s t w i l l c a u s e e r o s i o n o r a c c r e t i o n o f a c o a s t . 

The method t o be p r e s e n t e d h e r e w a s , i n p r i n c i p l e , d e v e l o p e d by 

P e l n a r d - C o n s i d è r e ( 1 9 5 4 ) . A l t h o u g h i t i s o l d and p o o r l y s u i t e d f o r 

many p r o b l e m s - i t i n v o l v e s some v e r y l i m i t i n g a s s u m p t i o n s - i t i s 

one o f t h e few methods a v a i l a b l e s u i t a b l e f o r hand c o m p u t a t i o n . As 

s u c h , i t r e t a i n s i t s v a l u e . 

The p r o f i l e c h a r a c t e r i z i n g t h e beach t o be s t u d i e d i s assumed t o 

move h o r i z o n t a l l y o v e r i t s e n t i r e h e i g h t as a r e s u l t o f a c c r e t i o n o r 

e r o s i o n . The beach s l o p e does n o t c h a n g e , t h e r e f o r e . Such a beach and 

i t s s c h e m a t i z a t i o n have a l r e a d y been i l l u s t r a t e d i n vo lume I , f i g u r e 

2 6 . 1 . T h a t f i g u r e i s r e p r o d u c e d he re f r o m c o m p l e t e n e s s . The a r e a b e 

tween and t h e h o r i z o n t a l d i s p l a c e m e n t o f t h e s o l i d and dashed l i n e s 

i s t h e same f o r t h e s c h e m a t i z a t i o n and t h e a c t u a l p r o f i l e . I n p r a c t i c e , 

t h i s p r o f i l e u s u a l l y e x t e n d s somewhat f a r t h e r seaward t h a n t h e b r e a k 

e r zone and i n c l u d e s t h e e n t i r e n e a r s h o r e a r e a . O f t e n , t h e t o e o f t h e 

p r o f i l e can be d e f i n e d as t h e p o i n t whe re t h e beach s l o p e becomes 

e s s e n t i a l l y h o r i z o n t a l . 

Two e q u a t i o n s w i l l be n e c e s s a r y i n o r d e r t o p r e d i c t t h e c o a s t a l 

c h a n g e s ; an e q u a t i o n o f m o t i o n and a c o n t i n u i t y e q u a t i o n ; t h e s e w i l l 

be d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n s . 

F i g u r e 20 .1 B E A C H P R O F I L E A N D ITS S C H E M A T I Z A T I O N . T H E S H A D E D 

A R E A S A R E E Q U A L ( no s c a l e ) 

2 0 . 2 E q u a t i o n o f c o n t i n u i t y 

C o n s i d e r a segment o f a beach w h i c h i s c h a n g i n g - e i t h e r e r o d i n g 

o r a c c r e t i n g . I f we examine a p o r t i o n o f l e n g t h dx f o r a t i m e d t , we 

s h a l l f i n d t h a t t h e c o a s t l i n e has moved a d i s t a n c e d y . From f i g u r e 

2 0 . 2 , we see t h a t i f t h e d e p t h o v e r w h i c h t h e c o a s t a l changes t a k e 

p l a c e i s h , t h e n ; 
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x+dx 

I ^ - ^ c o a s t l i n e at t ime t + d t 

coastline at t ime t 

* " X 

r 

1 d y 

j ; — 

h 

la. P lan View 
Ib .P ro f i l e l 

F igure 20.2 

C O N T I N U I T Y EQUATION R E L A T I O N S H I P S 

S d t - (S^ + d S ) d t = dx dy h (20.01) 

w i i e r e : ii i s t i i e d e p t t i o v e r w i i i c h t h e change t a k e s p l a c e , 

i s t h e sand t r a n s p o r t a l o n g t h e c o a s t a t l o c a t i o n x , and 

S + d i s t h e sand t r a n s p o r t a l o n g t h e c o a s t a t l o c a t i o n 
X X 

x + d x . 

I n w o r d s , t h e i n f l o w m inus t h e o u t f l o w i s t h e vo lume o f m a t e r i a l 

a c c u m u l a t e d . 

A l s o : g g 

d s = — ^ dx (20.02) 
X 8x 

and 

dy = | | - d t (20.03) 

S u b s t i t u t i o n o f t h e s e l a s t two r e l a t i o n s h i p s i n t o e q u a t i o n 20.01 

y i e l d s , a f t e r s i m p l i f i c a t i o n : 

d S 
+ h l l - = 0 (20.04) 

3x " 

w h i c h i s t h e r e s u l t i n g e q u a t i o n o f c o n t i n u i t y . 

Our p r i m a r y p r a c t i c a l i n t e r e s t i s i n t h e change i n t h e c o a s t l i n e 
( 1 V X 

as a f u n c t i o n o f t i m e , t h u s i n d i r e c t l y i n -Ar. I f we can e v a l u a t e 
3x 

i n e q u a t i o n 20.04, t h e n we can d e t e r m i n e t h e c o a s t a l changes v i a an 

i n t e g r a t i o n . T h i s n e c e s s a r y f i r s t t e r m o f (20.04) i s examined i n t h e 

f o l l o w i n g s e c t i o n . 
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2 0 . 3 E q u a t i o n o f m o t i o n 

I n t h e p r e v i o u s s e c t i o n , we we re l e f t w i t h t h e p r o b l e m o f e v a l 

u a t i n g . What changes a l o n g a c o a s t w i l l cause S t o change? The 

3x ^ 
mos t I m p o r t a n t v a r i a b l e s w h i c h can change as we p r o c e e d a l o n g a 

c o a s t a r e t h e wave h e i g h t and t h e a n g l e o f wave a t t a c k r e l a t i v e t o 

t h e c o a s t l i n e . Of t h e s e , we s h a l l r e s t r i c t o u r s e l v e s , h e r e , t o changes 

i n t h e a n g l e o f wave a t t a c k ; t h i s i m p l i e s t h a t t h e r e i s no d i f f r a c t i o n 

and t h e o f f s h o r e wave c o n d i t i o n s do n o t change a l o n g t h e c o a s t * . 

I n s e c t i o n 1 7 . 4 we c a r r i e d o u t an i n v e s t i g a t i o n o f t h e r e l a t i o n 

s h i p be tween changes i n t h e a n g l e o f wave a p p r o a c h r e l a t i v e t o t h e 

c o a s t and t h e r e s u l t i n g sand t r a n s p o r t , S . T h e r e , we examined S f o r 
X X 

v a r i o u s v a l u e s o f wave a t t a c k r e l a t i v e t o a f i x e d c o a s t . We c o u l d 

j u s t as w e l l have examined f o r a f i x e d wave d i r e c t i o n and a v a r y i n g 

c o a s t l i n e o r i e n t a t i o n r e l a t i v e t o t h e waves . T h u s , by v a r y i n g 0 

s l i g h t l y i n a sand t r a n s p o r t e q u a t i o n , we can t h e n e m p e r i c a l l y d e t e r 

m ine — — ^ . ( T h i s can be done w i t h any l o n g s h o r e sand t r a n s p o r t 

30 
f o r m u l a ) . A l s o , i f we r e s t r i c t o u r changes i n a n g l e o f a t t a c k r e l a t i v e 

3 Sy 

t o a c h a n g i n g c o a s t l i n e t o s m a l l c h a n g e s , we can assume — — t o be 

c o n s t a n t : * * 

3 \ 
— = *» s ( 2 0 . 0 5 ) 

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

3 S 
We can t r a n s f o r m t h i s known f u n c t i o n t o o u r unknown f u n c -

3 S 30 
t i o n - — - v i a t h e C h a i n R u l e : 

3x 

3X 3 0 3X 

( 2 0 , 0 6 ) 

I f , as we have assumed , 30 i s s m a l l , t h e n 30 i s e q u i v a l e n t t o - — 

a n d : 
3x 

30 _ S^y 
T 

8x 3 X 

( 2 0 , 0 7 ) 

The n e g a t i v e s i g n r e s u l t s f r o m t h e f a c t t h a t a p o s i t i v e ( i n c r e a s e i n ) 

3y 

3x 
— r e s u l t s i n a d e c r e a s e i n 0 

* We s h a l l d i s c u s s t h e l o c a t i o n a t w h i c h t h e wave c o n d i t i o n s s h o u l d 

be t a k e n i n more d e t a i l i n a l a t e r s e c t i o n . 

X* Such an a s s u m p t i o n i m p l i e s t h a t a segment o f t h e e n t i r e f u n c t i o n 

r e l a t i n g S^ t o 0 has been r e p l a c e d by a s t r a i g h t l i n e . T h i s i s n o t 

t o o bad an a s s u m p t i o n as l o n g as t h e changes i n 0 a r e n o t t o o l a r g e . 
X n t h t ^ o l l o w / n g i t wil/ kt &lvi90$ khak ^ « 0 » l » ö w / i fee I'ncloJfd tn èhe. 
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The a n g l e 0 used he re has n o t been s p e c i f i c a l l y d e f i n e d ; i t i s 

t h e a n g l e o f wave a t t a c k i n some w a t e r d e p t h b e f o r e t h e c o a s t . T h i s 

d e p t h must c o r r e s p o n d t o t h e d e p t h a t t h e t o e o f p o r t i o n o f t h e c o a s t 

w h i c h i s m o d i f i e d by t h e l o n g s h o r e sand t r a n s p o r t . T h i s c o r r e s p o n d s , 

t h u s , t o t h e d e p t h , h , i n f i g u r e 2 0 . 2 . We d e n o t e t h i s a n g l e by 0 ' as 

shown i n f i g u r e 2 0 . 3 when i t i s measured r e l a t i v e t o t h e o r i g i n a l 

c o a s t ( x a x i s ) . The a n g l e we need i n t h e e q u a t i o n o f m o t i o n i s , how

e v e r , t h e a n g l e be tween t h e wave c r e s t a t d e p t h h and t h e i n s t a n t a 

neous s h o r e l i n e a t some t i m e , t . T h u s , a l s o f r o m f i g u r e 2 0 . 3 , we can 

d e f i n e 0 a s : 

0 = 0 ' - I f ( 2 0 . 0 8 ) 

Wave d i r e c t i o n a t d e p t h h 

F i g u r e 20.3 

S H O R E P L A N S H O W I N G 

Note t h a t t h e r e s u l t above - t h a t 0 mus t be measured a t a d e p t h 

h - i s i n c o n t r a s t t o t h a t p r e s e n t e d i n c h a p t e r 17 whe re 0 ^ was used 

i n t h e CERC f o r m u l a . T h a t was v a l i d , t h e r e , because we i m p l i c i t l y a s 

sume t h a t t h e beach s l o p e c o n t i n u e d t o deep w a t e r , t h u s 0 ' = 0 ^ i n 

t h a t c a s e . The p r e s e n t d e f i n i t i o n , u s i n g 0 ' , i s more g e n e r a l ; i t i s 

a l s o v a l i d , f o r e x a m p l e , when t h e t o e o f t h e beach s l o p e i s on a 

h o r i z o n t a l s a n d b a n k . 

What a b o u t t h e wave h e i g h t we a r e g o i n g t o use t o d e t e r m i n e t h e 

sand t r a n s p o r t ? (The wave h e i g h t e n t e r s any c o a s t a l sand t r a n s p o r t 

f o r m u l a i n some w a y ) . J u s t as w i t h t h e a n g l e o f a t t a c k , i t i s s a f e s t 

t o e v a l u a t e t h e wave h e i g h t ( o r h e i g h t s ) i n t h e a r e a whe re t h e c o a s t a l 

changes a r e t o be p r e d i c t e d . Use o f deep w a t e r wave d a t a w i l l y i e l d 

i n c o r r e c t r e s u l t s i f b r e a k i n g o c c u r s on i n t e r m e d i a t e o f f s h o r e b a r s . 

2 0 . 4 E q u a t i o n s o l u t i o n , b o u n d a r y and i n i t i a l c o n d i t i o n s 

E q u a t i o n 2 0 . 0 5 , t h e e q u a t i o n o f m o t i o n , and 2 0 . 0 4 , t h e c o n t i n u i t y 

e q u a t i o n , can be comb ined by s u b s t i t u t i o n o f ( 2 0 . 0 5 ) and ( 2 0 , 0 7 ) i n t o 

( 2 0 . 0 5 ) : 

3 S „ 2 
_ J i = - 5 l i L . ( 2 0 , 0 9 ) 

3x ^ 3 x ^ 

and s u b s t i t u t i n g t h i s i n t o ( 2 0 , 0 4 ) , y i e l d i n g ; 

( 2 0 . 1 0 ) 
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w h i c h can be r e d u c e d t o a s t a n d a r d f o r m by s u b s t i t u t i n g ; 

s 

a = 
0 ' h 

( 2 0 . i i ; 

3 

^ = 0 
3 t ^ 

( 2 0 . 1 2 ) 

The l a s t s t e p i n e q u a t i o n 2 0 . 1 1 f o l l o w s f r o m e q u a t i o n 2 0 . 0 5 . 

Bo th i n i t i a l c o n d i t i o n s and b o u n d a r y c o n d i t i o n s a r e needed i n 

o r d e r t o s o l v e e q u a t i o n 2 0 . 1 2 f o r a s p e c i f i c p r o b l e m . One i n i t i a l 

c o n d i t i o n - t h e c o a s t f o r m a t t i m e t = 0 - and two b o u n d a r y c o n d i 

t i o n s - sand t r a n s p o r t s as a f u n c t i o n o f t i m e a t two d i f f e r e n t 

p l a c e s - a r e u s u a l l y s p e c i f i e d . I n i t i a l and b o u n d a r y c o n d i t i o n s f o r 

a s p e c i f i c p r o b l e m , t h a t o f a c c r e t i o n a g a i n s t an i m p e r m e a b l e ( f o r 

s a n d ) b r e a k w a t e r , a r e g i v e n i n t h e f o l l o w i n g s e c t i o n a l o n g w i t h t h e 

r e s u l t i n g s h o r e l i n e s o l u t i o n . 

2 0 . 5 A p p l i c a t i o n t o b r e a k w a t e r a c c r e t i o n 

The c o n s t r u c t i o n o f a b r e a k w a t e r t o p r o t e c t a h a r b o r a p p r o a c h 

c h a n n e l f r o m wave a c t i o n a l s o u p s e t s t h e e q u i l i b r i u m o f c o a s t a l 

s e d i m e n t t r a n s p o r t . F i g u r e 2 0 . 4 shows a s k e t c h p l a n o f such a b r e a k 

w a t e r . C o a s t l i n e s f o r v a r i o u s t i m e s , t , a r e shown. 

W a v e s 

b r e a k w a t e r 

' - sho re at t = 0 

p r o g r e s s i v e s h o r e l i n e 

d e v e l o p m e n t 

F i g u r e 20.4 

A C C R E T I O N O F S H O R E 

N E A R B R E A K W A T E R 

The i n i t i a l c o n d i t i o n i s t h e shape o f t h e c o a s t l i n e a t t i m e t = 0 . 

T h i s i s e x p r e s s e d b y ; 

a t t = 0 ; y = 0 f o r a l l x ( 2 0 . 1 3 ) 
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One b o u n d a r y c o n d i t i o n i s t h a t a t a g r e a t d i s t a n c e f r o m t h e 

b r e a k w a t e r , x = - «=, t h e sand t r a n s p o r t r e m a i n s c o n s t a n t and equa l 

t o i t s v a l u e i n i t i a l l y on t h e u n d i s t u r b e d c o a s t : 

a t X = - - : = S f o r a l l t ( 2 0 . 1 4 ) 

X 

The second b o u n d a r y c o n d i t i o n i s imposed by t h e b r e a k w a t e r ; i t 

i s i m p e r v i o u s t o s a n d . T h u s : 

a t X = 0 : S = 0 f o r a l l t > 0 ( 2 0 , 1 5 ) 

T h i s l a s t b o u n d a r y c o n d i t i o n i m p l i e s , u s i n g ( 2 0 . 0 8 ) and r e m e m b e r i n g 

t h e dependence o f S on 0 t h a t : 
X 

a t X = 0 : 1^ = 0 ' f o r a l l t > 0 ( 2 0 . 1 6 ) 

In o t h e r w o r d s , t h e beach a c c r e t i o n p r o g r e s s e s seaward a l w a y s m a k i n g 

an a n g l e 0 ' w i t h r e s p e c t t o t h e x a x i s a t t h e b r e a k w a t e r . 

The r e s u l t i n g s o l u t i o n t o e q u a t i o n 2 0 . 1 2 i s : 

u /TT e 

w h e r e : u 

Ait 
X i s t h e d i s t a n c e a l o n g t h e beach - f i g . 2 0 . 4 , and 

2 
e - ^ du 

u^ 

0 has t h e f o r m o f a p r o b a b i l i t y i n t e g r a l . 

0 = - ! 

0 = 1 
_z 

Q-U^ jdU 

( 2 0 . 1 7 ) 

( 2 0 . 1 8 ) 

( 2 0 . 1 9 ) 

( 2 0 . 2 0 ) 

( 2 0 , 2 1 ) 

T h i s l a s t p a r a m e t e r can be e v a l u a t e d u s i n g t a b l e s o f t h e norma l 

p r o b a b i l i t y d i s t r i b u t i o n , Some v a l u e s o f 0 and e"U - u / F 0 a r e 

l i s t e d i n t a b l e 2 0 . 1 . 

S i n c e Q^G f o r u > 2 . 5 we can c o n c l u d e , u s i n g e q u a t i o n 2 0 . 1 8 , t h a t 

t h e b r e a k w a t e r has l i t t l e i n f l u e n c e a t d i s t a n c e s more t h a n 5 i ^ " u p 

s t r e a m " , ( x = - 5/at). 

The o u t w a r d g r o w t h o f t h e c o a s t l i n e a t t h e b r e a k w a t e r , L ( t ) , a t 

X = 0 i s : 

L ( t ) = 0 ' / ^ = 2 / q / t ( 2 0 , 2 2 ) 

f r o m ( 2 0 . 1 7 ) u s i n g ( 2 0 . 1 1 ) . The p r o g r e s s o f t h e c o a s t i s p r o p o r t i o n a l 

t o t h e s q u a r e r o o t o f t i m e ; a l l o t h e r p a r a m e t e r s i n e q u a t i o n 2 0 . 2 2 a r e 

c o n s t a n t f o r a g i v e n p r o b l e m . 

* See , a l s o , e q u a t i o n 4 . 0 7 and t a b l e 4 . 1 . 
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T a b l e 2 0 . 1 S h o r e l i n e a c c r e t i o n p a r a m e t e r s 

2 
u G e " " - u ^ 

0 1 .000 1 .000 

0 . 1 0 0 . 8 8 7 5 0 .8327 

0 . 2 0 0 . 7 7 7 3 0 .6852 

0 . 3 0 0 . 6 7 1 4 0 .5569 

0 . 4 0 0 . 5 7 1 6 0 .4469 

0 . 5 0 0 . 4 7 9 5 0 . 3 5 3 8 

0 . 6 0 0 . 3 9 6 2 0 . 2 7 5 4 

0 . 7 0 0 . 3 2 2 2 0 . 2 1 2 8 

0 . 8 0 0 . 2 5 7 9 0 .1616 

0 . 9 0 0 . 2 0 3 1 0 .1209 

1 .00 0 . 1 5 7 3 0 .0890 

1 .25 0 . 0 7 7 1 0 . 0 3 8 8 

1 .50 3 . 3 8 9 x l 0 ' 2 1 . 5 2 9 x l 0 " 2 

1 .75 1 . 3 3 3 x l 0 " 2 5 .418x10" ' ^ 

2 . 0 0 4 . 6 8 0 x 1 0 " ^ 1 .725x10 ' - ^ 

2 . 5 0 4 . 0 8 4 x 1 0 ' * 1 . 2 0 8 x 1 0 " * 

3 . 0 0 2 . 2 1 6 x l 0 ' 5 5 . 5 8 1 x 1 0 " ^ 

3 . 5 0 7 . 4 3 0 x 1 0 ' ^ 1 . 7 5 9 x 1 0 " ' ' 

CO 0 0 

Some handy g e o m e t r i c a l r e l a t i o n s , v a l i d i f 0 ' i s s u f f i c i e n t l y 

s m a l l , a r e l i s t e d be low and shown i n f i g u r e 2 0 . 5 . 

A l s o , o b v i o u s l y , f r o m c o n t i n u i t y , t h e t o t a l s u r f a c e a r e a , OAB i s : 

| i = a 0 ' t ( 2 0 . 2 5 ) 

y 
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2 0 . 6 N o n - p a r a l l e l a c c r e t i o n 

I n t h e p r e v i o u s a n a l y s i s i t was assumed t h a t t h e e n t i r e beach p r o 

f i l e a t any g i v e n p o i n t , x , moved f o r w a r d u n i f o r m l y . W h i l e t h i s 

a s s u m p t i o n s i m p l i f i e s t h e m a t h e m a t i c s , i t i s o f t e n d i f f i c u l t t o j u s t i f y 

i n p r a c t i c e . I t w o u l d be h a n d y , t h e r e f o r e , t o have a s o l u t i o n u s a b l e 

f o r a s i t u a t i o n whe re t h e a c c r e t i n g beach p r o f i l e s l o p e d i f f e r e d f r o m 

t h a t o f t h e o r i g i n a l p r o f i l e . 

Van H i j u m ( 1 9 7 2 ) a t t a c k e d t h e p r o b l e m f o r w h i c h t h e a c c r e t i o n a t 

t h e t o e o f t h e s l o p e p r o g r e s s e d more s l o w l y t h a n a t t h e t o p . I n t h e 

s c h e m a t i z e d p r o f i l e i n f i g u r e 2 0 . 6 , t h e o r i g i n a l beach has a s l o p e m 

w h i l e t h e a c c r e t i o n zone moves f o r w a r d a t s l o p e m ' . H e r e , m and m' a r e 

t h e t a n g e n t s o f t h e s l o p e a n g l e s . 

a c c r e t i o n p r o f i l e 

F i g u r e 2 0 . 6 

N O N - P A R A L L E L A C C R E T I O N P R O F I L E 
' o r i g i n a l p r o f i l e 

From f i g u r e 2 0 . 6 : 

m m' 
h ( y ) 

m - m 
( 2 0 . 2 6 ) 

The e q u a t i o n o f c o n t i n u i t y ( 2 0 . 0 4 ) now g e t s t h e f o r m : 

8 S, 

3x 
X ^ m m 

m - m • ' S t 
( 2 0 . 2 7 ) 

w h i c h r e s u l t s i n an e q u a t i o n f o r t h e c o a s t l i n e ( c o r r e s p o n d i n g t o 

e q u a t i o n 2 0 . 1 0 ) o f : 

' x g^2 ^ m' - m 3 t ^ 
( 2 0 . 2 8 ) 

A f t e r much w o r k , van H i j u m was o n l y a b l e t o f i n d an a p p r o x i m a t e 

s o l u t i o n t o t h e above e q u a t i o n : 

y ffe 
1.59 i^3 ^ . i O - 7 2 M - X ) -

{M - X) 

w h e r e : M 
6 ( m ' - m)S t 

m m' ( 0 ' ) 2 

A t t h e b r e a k w a t e r ( x = 0 ) : 

I = 1 1-5 (m' - m)S t 0 ' 

I m m' 

1/3 ^ 

- 7 

1/3 

( 2 0 . 2 9 ) 

( 2 0 . 3 0 ) 

( 2 0 . 3 1 ) 
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i?n 3 U w i t h ( 2 0 . 2 2 ) shows t h a t a c c r e t i o n a t t h e 

o u t l i n e d i n t h e p r e v i o u s s e c t i o n . 

Z O i l r a n s f i o i i l a s l i r e ^ ^ 

The s h o r e l i n e d e v e l o p m e n t e q u a t i o n s i n t h e p r e v i o u s s e c t i o n s were 

, „ M p o . s , b l e t o b u . W a« i n f i n i t e l y 5 l o n g s h o r e 

' '-:^::T;,:rt;:::rrCt:nt :L:-on. d t . 

, e a , « n t t n a n s p o r t r . and " » a t ^ « P P » - " ^ ^ 

t e n d s t h r o u g h t h e b r e a k e r zone . J^J 3 , , , , , , e n t h e 

Or ig inal Shore 

.acc re t ion when t ranspor t s t a r t s around 

breai<water t i p . , 

F igure 20.7 ^ ^ ^ r c 
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The a c c r e t i o n shown i n f i g u r e 2 0 . 7 a t d e p t h s g r e a t e r t h a n h^^ has 

been t r a n s p o r t e d a l o n g t h e c o a s t w i t h i n ( o r v e r y c l o s e t o ) t h e b r e a k 

e r zone and t h e n moved down t h e s l o p e o f t h e beach t o t h e t o e . T h i s 

t r a n s v e r s e t r a n s p o r t a l o n g t h e beach p r o f i l e w i l l be t r e a t e d i n d e t a i l 

i n c h a p t e r 2 1 . 

The a c c r e t i o n d i s t a n c e , L i n t h e f i g u r e , can be computed know ing 

t h e b r e a k e r d e p t h and t h e s l o p e s o f t h e beach and b r e a k w a t e r . Knowing 

t h i s l e n g t h , L , t h e t i m e , t p b e f o r e sand escapes a r o u n d t h e b r e a k w a 

t e r t i p can be computed u s i n g e q u a t i o n 2 0 . 2 2 : 

t - ^ h _ „ h 

h " 4 " T T ^ - ^ ( 2 0 . 3 2 ) 

For t h e n o n - p a r a l l e l a c c r e t i o n - e q u a t i o n 2 0 . 3 1 : 

H = 
m m' L ' 

175 (m' - m) 0 ' $ ( 2 0 . 3 3 ) 

I n p r a c t i c e , L w i l l p r o b a b l y be so l o n g t h a t a s o l u t i o n u s i n g 

e q u a t i o n 2 0 . 3 3 w i l l n o t be v a l i d ; t h e w a t e r w i l l n o t be deep enough 

f o r t h i s n o n - p a r a l l e l a c c r e t i o n t o e x t e n d so f a r . 

The above e q u a t i o n s answer t h e f i r s t o f t h e two q u e s t i o n s posed 

e a r l i e r . Note t h a t a t t h i s t i m e , t ^ t h e t o e o f t h e a c c r e t i o n s l o p e 

e x t e n d s beyond t h e b r e a k w a t e r t i p ! Because t h e r e i s l i t t l e l o n g s h o r e 

sand t r a n s p o r t so deep on t h e p r o f i l e , t h i s w i l l n o t l e a d t o n o t i c a 

b l e t r a n s p o r t a round t h e b r e a k w a t e r t i p , however . 

I n o r d e r t o answer t h e second q u e s t i o n a b o u t t h e sand t r a n s p o r t 

a r o u n d t h e b r e a k w a t e r t i p a f t e r t i m e t ^ we need t o f o r m u l a t e a new 

s e t o f b o u n d a r y and i n i t i a l c o n d i t i o n s and g e n e r a t e a new s o l u t i o n t o 

t h e d i f f e r e n t i a l e q u a t i o n . 

When m a t e r i a l i s p a s s i n g a r o u n d t h e b r e a k w a t e r t i p , o u r b o u n d a r y 

c o n d i t i o n : 

a t X = 0 : = 0 f o r a l l t > 0 ( 2 0 . 1 5 ) 

i s no l o n g e r v a l i d . I n s t e a d , t h i s b o u n d a r y c o n d i t i o n s h o u l d now b e 

come: 

a t X = 0 : y = L f o r a l l t ^ t ^ * ( 2 0 . 3 4 ) 

The o t h e r b o u n d a r y c o n d i t i o n : 

a t X = - = S f o r a l l t ( 2 0 . 1 4 ) 

r e m a i n s p e r f e c t l y v a l i d , o f c o u r s e . 

The mos t c o n v e n i e n t i n i t i a l c o n d i t i o n wou ld now b e : 

a t t = t p y i s g i v e n by e q u a t i o n 2 0 . 1 7 e v a l u a t e d as a f u n c t i o n o f x 

f o r t = t p T h i s i s t h e a c t u a l c o a s t l i n e p r o f i l e d e t e r m i n e d u s i n g 

t h e p r e v i o u s s o l u t i o n . 

* S t r i c t l y s p e a k i n g y mus t be g r e a t e r t h a n L f o r sand t r a n s p o r t t o 

t a k e p l a c e p a s t t h e b r e a k w a t e r t i p . 



137 

U n f o r t u n a t e l y , a w o r k a b l e a n a l y t i c s o l u t i o n t o t h e d i f f e r e n t i a l 

e q u a t i o n w i t h b o u n d a r y and i n i t i a l c o n d i t i o n s o u t l i n e d above has n o t 

y e t been f o u n d ; t h e p r o b l e m c a n n o t be c o n v e n i e n t l y s o l v e d . T h i s 

f o r c e s us t o m o d i f y t h e c o n d i t i o n s so as t o make an a n a l y t i c s o l u t i o n 

p o s s i b l e . 

An i n i t i a l c o n d i t i o n w h i c h does a l l o w a n a l y t i c a l s o l u t i o n o f 

e q u a t i o n 2 0 . 1 2 i s : 

a t t = 0 , y = 0 f o r X < 0 ( 2 0 . 3 5 ) 

w i t h : 

a t t = 0 , y = L f o r X = 0 ( 2 0 . 3 6 ) 

T h i s i s an i n i t i a l c o n d i t i o n f o l l o w i n g AOB i n f i g u r e 2 0 . 5 i n 

s t e a d o f AO as i n s e c t i o n 2 0 . 5 and c u r v e AB as s u g g e s t e d a b o v e . The 

p r e s e n t i n i t i a l c o n d i t i o n ( 2 0 . 3 5 and 2 0 . 3 5 ) i m p l i e s t h a t t h e beach 

bends s h a r p l y a t x = 0 and p r o c e e d s p e r p e n d i c u l a r t o t h e c o a s t a l o n g 

t h e b r e a k w a t e r ! F u r t h e r , t h e a n g l e be tween t h e waves and t h e " b r e a k 

w a t e r b e a c h " a t t h e end o f t h e b r e a k w a t e r i s i n i t i a l l y n e g a t i v e and 

we can e x p e c t sand t o be t r a n s p o r t e d t o t h e left a r o u n d t h e b r e a k 

w a t e r t i p i n t h e i n i t i a l s t a g e s o f s h o r e l i n e d e v e l o p m e n t ! S i n c e no 

s u p p l y f o r t h i s sand e x i s t s , t h i s s o l u t i o n a p p r o a c h seems r a t h e r u n 

r e a l i s t i c ; we c a n , h o w e v e r , s a l v a g e t h e s i t u a t i o n by r e s t r i c t i n g o u r 

s e l v e s by a g r e e i n g t o use t h i s new s o l u t i o n o n l y when t h e r e i s a 

positive t r a n s p o r t t o t h e right a r o u n d t h e b r e a k w a t e r t i p . 

W i t h ( 2 0 . 1 4 ) , and ( 2 0 . 3 4 ) t h r o u g h ( 2 0 . 3 6 ) t h e s o l u t i o n t o e q u a 

t i o n 2 0 . 1 2 i s : 

y = L 0 ( 2 0 . 3 7 ) 

whe re 0 i s d e f i n e d j u s t as i n e q u a t i o n 2 0 . 1 9 . 

I n o r d e r t o compute t h e sand t r a n s p o r t , S ^ , a t p o i n t s a l o n g t h e 

a c c r e t i o n c o a s t , we need t o e v a l u a t e ^ f o r s u b s t i t u t i o n i n t o e q u a -
dX 

t i o n 2 0 . 0 8 t o d e t e r m i n e 0 , and hence S . U s i n g ( 2 0 . 1 9 ) and ( 2 0 . 1 8 ) i n 
X 

( 2 0 . 3 7 ) and d i f f e r e n t i a t i n g : 

,2 
3y 

= - 3 ^ exp 
X 

4a t 
( 2 0 . 3 8 ) 

/irat 

I n p a r t i c u l a r , a t t h e b r e a k w a t e r , x = 0 : 

3y 

9x 
L 

x=0 / ï ïër t 
( 2 0 . 3 9 ) 

w h e r e t h e n o t a t i o n g has been i n t r o d u c e d f o r c o n v e n i e n c e . 

The sand t r a n s p o r t a t t h e t i p o f t h e b r e a k w a t e r i s , now: 

S t i p = S ( l - / ) = S ( l - - ^ ) ( 2 0 . 4 0 ) 
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I n d e e d , as l o n g as B i s l a r g e r t h a n 0 ' , t h e r e i s a sand t r a n s p o r t i n 

t h e n e g a t i v e d i r e c t i o n a t x = 0 ( t o t h e l e f t a r o u n d t h e end o f t h e 

b r e a k w a t e r ) . T h i s c o n f i r m s o u r e a r l i e r o b s e r v a t i o n based upon t h e 

i n i t i a l c o n d i t i o n s . 

How, t h e n , mus t we compute t h e e n t i r e c o a s t a l d e v e l o p m e n t ? We 

s p l i t t h e s o l u t i o n i n t o two p h a s e s . The f i r s t phase b e g i n s when t h e 

b r e a k w a t e r i s b u i l t , i s d e s c r i b e d i n s e c t i o n 2 0 . 5 , and i s v a l i d u n t i l 

t i m e t = t j ^ f r o m e q u a t i o n 2 0 . 3 2 . The vo lume o f sand a c c r e t i o n a t 

t h a t t i m e w i l l b e : 

V i = S t ^ = I L L ^ ( 2 0 . 4 1 ) 

f r o m e q u a t i o n s 2 0 . 2 5 and 2 0 . 3 2 know ing t h a t t h e r e i s p a r a l l e l a c c r e 

t i o n . 

The e q u a t i o n s f o r t h e second phase a r e d e v e l o p e d i n t h i s s e c t i o n . 

The vo lume o f sand a c c u m u l a t e d i s now: 
. t g 

"2 
(S - S , . p ) d t ( 2 0 . 4 2 ) 

w h i c h , w i t h ( 2 0 . 4 0 ) wo rks o u t t o b e : 

Vg = ^ I e d t ( 2 0 . 4 3 ) 

= 2 L h ( 2 0 . 4 4 ) 

a f t e r a b i t o f a l g e b r a . The s u b s c r i p t , 2 , has been added t o v and t o 

t t o emphas i ze t h a t i t r e s u l t s f r o m t h e second c o a s t l i n e s o l u t i o n . 

The p r o p e r t i m e , t g , t o s t a r t u s i n g t h e second c o a s t l i n e s o l u t i o n 

may be f o u n d by s t i p u l a t i n g t h a t t h e vo lumes o f a c c r e t e d m a t e r i a l be 

equa l when t h e s h i f t i s m a d e . * T h i s does n o t mean t h a t t g w i l l be 

equa l t o t ^ ; i n d e e d , t g < t-^ s i n c e t h e second model a l l o w s ( f i c t i 

t i o u s ) sand s u p p l y f r o m t h e t i p o f t h e b r e a k w a t e r . 

E q u a t i n g v^ and Vg y i e l d s : 

2 L i j l = 2 L h / i i 2 ( 2 0 . 4 5 ) 
4 0 ' IT 

T h i s y i e l d s : 

t = 5!. i i j T . ( 2 0 . 4 6 ) 
'-2 " 64 S 0 

I n t r o d u c i n g t ^ f r o m ( 2 0 . 3 2 ) y i e l d s : 

t g = 1̂  t ^ = 0 . 6 1 7 t ^ ( 2 0 . 4 7 ) 

X A n o t h e r , d i f f e r e n t s o l u t i o n w o u l d r e s u l t by s t i p u l a t i n g B = 0 ' a t 

t i m e t g ; i n o t h e r w o r d s , t h e r e i s no sand t r a n s p o r t a t t h e t i p . 



139 

T h i s c o n f i r m s o u r o b s e r v a t i o n a b o u t t h e r e l a t i v e v a l u e s o f t j ^ and t g . 

T h i s means , i n p r a c t i c e , t h a t we must " s t a r t " t h e second s o l u t i o n a t 

some t i m e l a t e r t h a n t h e t i m e t = 0 when t h e phase 1 s o l u t i o n s t a r t e d . 

T h i s i s shown d i a g r a m m a t i c a l l y i n f i g u r e 2 0 . 8 . I n t h a t f i g u r e d a t a 

p e r t a i n i n g t o t h e f i r s t model i s i n d i c a t e d above t h e t i m e a x i s , t h a t 

f o r t h e second model i s be low t h e a x i s . As we can see f r o m t h e f i g 

u r e , t h e t i m e a x i s f o r t h e second s o l u t i o n model i s s h i f t e d t o t h e 

r i g h t r e l a t i v e t o t h e o r i g i n o f t h e o r i g i n a l t i m e a x i s . S i n c e t h i s 

t i m e o r i g i n s h i f t can be i n c o n v e n i e n t , we can make an a p p r o p r i a t e 

c o r r e c t i o n t o t h e e q u a t i o n s f o r phase 2 t o a l l o w s u b s t i t u t i o n o f 

t i m e s based upon t h e o r i g i n a l t i m e s c a l e . The t i m e s c a l e f o r phase 

2 i s f o u n d by s h i f t i n g t i m e s f r o m t h e o r i g i n a l s c a l e by 0 . 3 8 3 t ^ as 

shown i n t h e f i g u r e . M a k i n g t h i s t i m e o r i g i n s h i f t i n e q u a t i o n 2 0 . 4 0 

y i e l d s : 

S f i p = s I 1 

o r , u s i n g ( 2 0 . 3 2 ) : 

0 ' (tra ( t - 0 . 3 8 3 t ^ ) ) 
1/2 

S f i p = S 
0 . 3 8 3 

( 2 0 . 4 8 ) 

( 2 0 . 4 9 ) 

w h i c h d e s c r i b e s t h e sand t r a n s p o r t p a s t t h e b r e a k w a t e r t i p f o r a l l 

t i m e s 5 t ^ u s i n g t h e o r i g i n a l t i m e s c a l e . 

I I n i t i a l C o n d i t i o n s - f i r s t m o d e l 

f i r s t m o d e l V a l i d 

A c c r e t i o n r e a c h e s 
b r e a k w a t e r e n d 

t = t | 

f i r s t m o d e l I n v a l i d 

t i m e 

s e c o n d m o d e l I n v a l i d 

1 1 

< 0.383 t , ^ 0 . 5 1 7 t | s e c o n d m o d e l V a l i d 

I n i t i a l C o n d i t i o n s -
s e c o n d m o d e l 

t2 = 0 . 6 1 7 t | 

F i g u r e 20 .8 

V A L I D I T Y Z O N E S O F . M O D E L S 

As a c h e c k , we m i g h t w e l l d e t e r m i n e t h e s e d i m e n t t r a n s p o r t p a s t 

t h e b r e a k w a t e r a t t i m e t = t j ^ ; t h d s s h o u l d be z e r o . W i t h t = ( 2 0 . 4 9 ) 

y i e l d s : 

S t i p = S ( 1 - — - ~ — ) ( 2 0 . 5 0 ) 
TT / 1 - Ó . 3 Ó 3 

= 0 . 1 8 9 S ( 2 0 . 5 1 ) 
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T h i s e r r o r r e s u l t s f r o m t h e f a c t t h a t t h e d e t a i l s o f t h e s h o r e 

l i n e s a r e d i f f e r e n t f o r each o f t h e mode ls even when t h e t o t a l 

vo lumes o f a c c u m u l a t e d s e d i m e n t a r e e q u a l . The d i f f e r e n c e s can be 

seen by p l o t t i n g t h e two c o a s t l i n e p r o f i l e s - e q u a t i o n s 2 0 . 1 7 and 

2 0 . 3 7 . 

Bakke r ' las d e t e r m i n e d a c o r r e c t i o n t o be a p p l i e d t o t h e 

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

i n t a b l e 2 0 . 2 . 

The m e r i t s o f a l l o f t h i s wo rk w i l l be d i s c u s s e d i n t h e f o l l o w i n g 

s e c t i o n ; an examp le o f i t s a p p l i c a t i o n i s g i v e n i n s e c t i o n 2 0 . 9 . 

T a b l e 2 0 . 2 C o r r e c t i o n s t o b r e a k w a t e r t i p 

t r a n s p o r t c o m p u t a t i o n s 

e q u a t i o n 2 0 . K S ) c o r r e c t e d v a l u e 
^1 

1 .00 0 . 1 8 9 0 . 0 0 0 

1 .25 0 . 3 1 6 0 . 2 9 8 

1.50 0 . 3 9 8 0 . 3 9 4 

2 . 0 0 0 . 4 9 9 0 . 4 9 9 

3 . 0 0 . 6 0 6 0 . 6 0 5 

4 . 0 0 . 6 6 5 0 . 6 6 5 

5 . 0 0 . 7 0 4 0 . 7 0 4 

2 0 . 8 C r i t i c a l e v a l u a t i o n 

The method o f P e l n a r d - C o n s i d è r e has one m a j o r s t r o n g f e a t u r e - i t 

makes a hand c o m p u t a t i o n o f c o a s t a l changes p o s s i b l e . I t can be used 

f o r a c c r e t i o n , as done h e r e , and a l s o f o r e r o s i o n on t h e l e e s i d e o f 

a c o a s t a l s e d i m e n t o b s t r u c t i o n . A p p l i c a t i o n i n such a c a s e w i l l y i e l d 

a c o a s t a l p r o f i l e t h a t i s a m i r r o r immage r e l a t i v e t o t h e o r i g i n o f 

t h o s e f o u n d f o r a c c r e t i o n . 

I n t h e d e v e l o p m e n t j u s t p r e s e n t e d we have a l l o w e d t h e beach t o 

change ( a c c r e t e i n t h i s c a s e ) even o u t s i d e t h e b r e a k e r z o n e . The mo

t i v a t i o n f o r t h i s was n o t g i v e n ; i t s h a l l become o b v i o u s i n a l a t e r 

c h a p t e r when s e d i m e n t movements a l o n g a beach p r o f i l e a r e d i s c u s s e d . 

The d e v e l o p m e n t o f t h e t r a n s f e r o f phases be tween t h e two c o a s t 

l i n e p r o f i l e mode ls i s q u i t e a r b i t r a r y . The a s s u m p t i o n t h a t t h e l e n g t h 

o f t h e a c c r e t i o n a t t h e b r e a k w a t e r , L i n f i g u r e 2 0 . 7 , r e m a i n s c o n 

s t a n t a f t e r t i m e t = t ^ w i l l n o t be e x a c t l y t r u e i n p r a c t i c e ; some 

c o n t i n u e d g r o w t h i n t h e second phase s h o u l d be e x p e c t e d . 
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The a s s u m p t i o n s made i n o r d e r t o g e t an e q u a t i o n o f m o t i o n a r e , 

a t b e s t , so r e s t r i c t i v e t h a t t h e a p p r o a c h i s p r i m i t i v e . Wave h e i g h t 

and d i r e c t i o n v a r i a t i o n s a l o n g t h e c o a s t , t i d a l i n f l u e n c e s , and many 

o f t h e o t h e r more s o p h i s t i c a t e d p o i n t s o f t h e B i j k e r f o r m u l a have 

had t o be n e g l e c t e d . The a s s u m p t i o n a b o u t t h e a n g l e o f wave a t t a c k , 

0 ' , b e i n g v e r y s m a l l can be v e r y c r u d e , e s p e c i a l l y s i n c e t h e t o e o f 

t h e zone a f f e c t e d by l o n g s h o r e t r a n s p o r t - where 0 ' i s measured - can 

be w e l l o u t s i d e t h e b r e a k e r z o n e . 

The i n c l u s i o n o f an a r b i t r a r y c o a s t l i n e p r o f i l e as an i n i t i a l 

c o n d i t i o n - as opposed t o t h e s t r a i g h t l i n e used h e r e - i s d i f f i c u l t , 

i f n o t i m p o s s i b l e . T h i s makes t h e m o d e l i n g o f many " r e a l " c o a s t s 

r a t h e r a r b i t r a r y . I n d e e d , we have assumed a s t r a i g h t c o a s t f o r ^ 

t i m e s t h e l e n g t h o f t h e b r e a k w a t e r - e q u a t i o n 2 0 . 2 4 . I f , f o r e x a m p l e , 

0 ' = 10° = 0 . 1 7 5 r a d . and t h e b r e a k w a t e r i s 1000 m l o n g , t h e n we a s 

sume a s t r a i g h t c o a s t e x t e n d i n g o v e r 45 kml 

2 0 . 9 Example 

A h a r b o r e n t r a n c e i s t o be b u i l t upon a s t r a i g h t sandy c o a s t 

w h i c h i s s u b j e c t e d t o waves h a v i n g a p e r i o d o f 13 seconds and a deep 

w a t e r h e i g h t , H^ . ^ , o f 1.8 m e t e r s . The a n g l e o f a p p r o a c h o f t h e 

waves i n deep w a t e r , 0 , i s 2 5 ° . (Such a s i t u a t i o n can o f t e n be f o u n d 

i n t r o p i c a l s e a s ; t h i s examp le i s n o t t o o d i f f e r e n t f r o m t h e s i t u a t i o n 

on t h e c o a s t o f Ghana. The waves a r e o f v e r y c o n s t a n t p e r i o d , h e i g h t 

and d i r e c t i o n t h r o u g h o u t t h e y e a r ) . 

Fo r s i m p l i c i t y , we s h a l l assume t h a t t h e b r e a k e r i n d e x , Y> i s 

0 . 8 and t h a t t h e beach c o n t o u r l i n e s a r e p a r a l l e l . 

A h a r b o r e n t r a n c e i s t o be b u i l t w i t h a b r e a k w a t e r w h i c h i s 

c u r v e d i n p l a n - a c i r c l e w i t h a r a d i u s o f 1550 m w i t h c e n t e r a t t h e 

e x i s t i n g s t r a i g h t beach l i n e . The b r e a k w a t e r s l o p e s a r e 1:3 and t h e 

n a t u r a l beach s l o p e i s 1 :100 t o a d e p t h o f 7 . 0 m beyond w h i c h t h e sea 

b o t t o m i s c o n s i d e r e d t o be h o r i z o n t a l f o r a c o n s i d e r a b l e d i s t a n c e . See 

f i g u r e 2 0 . 9 . 

B e f o r e we can b e g i n a c t u a l sand t r a n s p o r t c o m p u t a t i o n s , we mus t 

d e t e r m i n e t h e wave a n g l e a t t h e t o e o f t h e beach s l o p e . T h i s i s a 

s t r a i g h t f o r w a r d r e f r a c t i o n c o m p u t a t i o n : 

X 
0 

( 1 . 5 6 ) ( 1 3 ) 2 = 264 m ( 2 0 . 5 2 ) 

h 7 
m 

= 0 .02652 ( 2 0 . 5 3 ) 

U s i n g t h e t a b l e s i n vo l ume I I I o f t h e Shore Proteotion Manual: 

= 0 . 0 6 6 8 3 ( 2 0 . 5 4 ) 

— = 0 . 4 1 9 9 

0 

( 2 0 . 5 5 ) 

and t h u s : 
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s i n 0 ' = 0 . 4 1 9 9 s i n 25^' 

w h i c h y i e l d s 0 ' = 1 0 . 2 ° 

see f i g u r e 2 0 . 9 . 

h=; cb 

( 2 0 . 5 6 ) 

( 2 0 . 5 7 ) 

F i g u r e 20.9 

H A R B O R E N T R A N C E P L A N 
s c a l e 1 : 50 000 

lope 1:100 

h = 7 m 

W a v e s 

h a r b o r 

I n o r d e r t o use t h e CERC f o r m u l a t o d e t e r m i n e t h e l o n g s h o r e sand 

t r a n s p o r t a l o n g t h e u n d i s t u r b e d c o a s t , we must a l s o d e t e r m i n e t h e 

a n g l e o f wave a t t a c k a t t h e b r e a k e r l i n e . T h i s b r e a k e r l i n e i s l o c a t e d 

a t t h e d e p t h a t w h i c h t h e r o o t - m e a n - s q u a r e wave b r e a k s . 

From e q u a t i o n 1 0 . 0 3 o f vo lume I ; 

H = ( — ) ( 1 . 8 ) = 1.27 m 
/I 

r m s . 
( 2 0 . 5 8 ) 

We can now d e t e r m i n e t h e b r e a k e r a n g l e , 0 ^ ^ ^ , u s i n g t h e i t e r a t i v e 

p r o c e d u r e o u t l i n e d i n s e c t i o n 5 o f c h a p t e r 16 . T h i s r e s u l t s i n : 

Hrms b r = ^ ' ^ O 

' b r 

^br 

= 2 . 2 5 m 

= 5 . 6 ° 

( 2 0 . 5 9 ) 

The CERC f o r m u l a ( 1 7 . 0 9 ) ( w i t h i m p r o v e d c o e f f i c i e n t ) t h e n y i e l d s : 

S = 1 . 2 3 x 1 0 ^ ( 1 . 2 7 2 ) ( 1 . 5 6 x l 3 ) ( ° ° ^ ^5 .2 
cos 5 . 6 0 

( s i n 5.60)(cos 5 . 6 ° ) 

= 3 . 2 4 x 1 0 ^ m-^/yr. * ( 2 0 . 6 0 ) 

X T h i s r a t h e r h i g h v a l u e r e s u l t s f r o m a c o m b i n a t i o n o f r e l a t i v e l y 

h i g h c h a r a c t e r i s t i c wave h e i g h t and r e s p e c t a b l e a n g l e o f a t t a c k . 
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B e f o r e t h i s q u e s t i o n can be answered d i r e c t i y , we mus t d e t e r m i n e 

t h e e f f e c t i v e l e n g t h o f t h e b r e a k w a t e r shown i n f i g u r e 2 0 . 9 . A n a i v e 

a p p r o a c h i s t o b e g i n a s s u m i n g t h e b r e a k w a t e r e x t e n d s 850 m ( t h e 

d i s t a n c e CD) f r o m t h e c o a s t . However t h e c o r r e c t a p p r o a c h i s t o r e a l 

i z e t h a t sand p a s s i n g p o i n t B on t h e b r e a k w a t e r w i l l be t r a n s p o r t e d 

f u r t h e r by t h e waves . T h u s , t h e b r e a k w a t e r s h o u l d be s c h e m a t i z e d by 

one o f l e n g t h OB where B i s l o c a t e d a t t h e p o i n t where t h e a p p r o a c h i n g 

waves a r e t a n g e n t t o t h e c i r c l e . The d i s t a n c e OB i s : 

OB = 1550 cos 1 0 , 2 ° = 1524 m ( 2 0 . 6 1 ) 

C o n s t r u c t i o n o f a f i g u r e such as t h a t shown i n f i g u r e 2 0 . 7 w i t h t h e 

a p p r o p r i a t e l e n g t h , b r e a k e r d e p t h , and s l o p e v a l u e s y i e l d s : 

L = 1624 - ( 1 0 0 - 3 ) ( 2 . 2 6 ) = 1405 . m ( 2 0 . 6 2 ) 

Knowing L , t h e t i m e needed f o r t h e sand t o a c c u m u l a t e t o t h e 

p o i n t t h a t i t i s no l o n g e r o b s t r u c t e d by t h e b r e a k w a t e r i s f o u n d 

u s i n g e q u a t i o n 2 0 . 3 2 : 

2 

t , = 0 . 7 8 5 ( ^ * ° 5 ) " ( 7 ) = 1 8 . 8 y e a r s ( 2 0 . 6 3 ) 

^ ( 3 . 2 4 x l 0 ° ) ( 0 . 1 7 8 ) 

Note t h a t t h e a n g l e 0 ' has been e x p r e s s e d i n r a d i a n s i n t h e above 

e x p r e s s i o n . 

One may a r g u e t h a t t h i s r e s u l t mus t be c o r r e c t e d f o r t h e f a c t 

t h a t a p o r t i o n o f t h e space t o t h e l e f t o f t h e y a x i s i n f i g u r e 2 0 . 9 

has been o c c u p i e d by t h e h a r b o r i n s t e a d o f a c c u m u l a t e d s a n d . The 

vo lume o c c u p i e d by t h e h a r b o r t o t h e l e f t o f t h e y a x i s i s a b o u t 

Jt 

J 

7 3 
10 m w h i c h means t h a t t h e t i m e t ^ w i l l a c t u a l l y b e : 

t ' = 1 8 . 8 ^^—p- = 1 5 . 7 y e a r s , ( 2 0 . 6 4 ) 
^ 3 . 2 4 x 1 0 ° 

Note t h a t f o r f u r t h e r c o m p u t a t i o n s , a t i m e t ^ o f 1 8 . 8 y e a r s must be 

u s e d . T h i s t i m e c o r r e s p o n d s t o t h e computed t i m e ; t h e d i f f e r e n t i a l 

e q u a t i o n s o l u t i o n i s n o t aware o f t h e a r e a o c c u p i e d by t h e h a r b o r . 

The f o r m o f t h e c o a s t a f t e r 10 y e a r s , a t t h e t i m e sand s t a r t s 

b y p a s s i n g , and a f t e r 30 and 100 y e a r s can be p l o t t e d u s i n g e q u a t i o n 

2 0 . 1 7 f o r t h e f i r s t two cases and e q u a t i o n 2 0 . 3 7 f o r t h e l a s t two 

c a s e s . S i n c e t h e t i m e s a r e known , we a r e t o p l o t y as a f u n c t i o n o f 

x ; a l l o t h e r p a r a m e t e r s a r e known. The c o m p u t a t i o n s a r e l i s t e d i n 

t a b l e 2 0 , 3 . The c o m p u t a t i o n s f o r t = 1 8 . 8 y e a r s a r e i l l u s t r a t e d . 

T h r e e c o n s t a n t f a c t o r s can be e v a l u a t e d . From e q u a t i o n 2 0 . 1 1 ; 

, _ S 3 . 2 4 x 1 0 ^ , (-„ i n 6 , o n c t : ^ 

^ - ^ = ( 0 . 1 7 Ó ) ( 7 ) = 2 . 6 0 x 1 0 ( 2 0 . 6 5 ) 

From e q u a t i o n 2 0 . 1 8 : 
/ ? a t = / f 4 ) ( 2 . 6 0 x l 0 ^ ) ( 1 8 , 8 ) ' = 13980 . ( 2 0 . 6 6 ) 

These v a l u e s a r e l i s t e d u n d e r t a b l e 2 0 . 3 , 



T a b l e 2 0 . 3 C o a s t l i n e f o r m c o m p u t a t i o n s 

X t 10 y e a r s 

u 6 y 

km) ( - ) ( - ) (m) 

- 4 0 

- 3 0 2 . 941 2 7 x 1 0 " ^ 0 . 0 3 

- 2 0 1 . 961 0 006 2 . 0 

- 1 5 1 . 4 7 1 0 038 1 6 . 3 

- 1 0 0 . 980 0 166 9 6 . 

- 8 . 0 . 784 0 258 1 7 2 . 

- 6 . 0 . 588 0 403 2 9 4 . 

- 4 . 0 . 392 0 579 4 6 6 . 

- 3 . 0 . 294 0 678 5 7 7 . 

- 2 . 0 196 0 782 7 0 7 . 

- 1 . 5 0 147 0 836 7 7 9 . 

- 1 . 0 0 098 0 889 8 5 6 . 

- 0 . 5 0 049 0 944 938 

0 . 0 0 000 1 000 1 0 2 4 . 

Mai 10200 . 

t i m e i n 

compu

t a t i o n 

( y r s ) 

A c t u a l 

t = h -: 18.£ ! y e a r s 

u e y 

( - ) ( - ) (m) 

2 . 146 0 . 0 0 2 0 . 9 

1 . 431 0 . 043 2 6 . 9 

1 . 073 0 . 129 9 8 . 6 

0 . 715 0 . 311 2 8 8 . 

0 . ,572 0 . 418 4 1 7 . 

0 . ,429 0 . 546 5 8 5 . 

0 . ,286 0 . 685 8 0 6 . 

0 . ,215 0 . 762 9 3 5 . 

0 . ,143 0 . ,841 1 0 7 7 . 

0 . ,107 0 . ,879 1154 

0 . ,072 0 . ,920 1 2 3 4 . 

0 . ,036 0 . ,960 1 3 1 8 . 

0 . ,000 1 . ,000 1 4 0 5 . 

1 3 9 8 0 . 

1 8 . 8 

t i m e 

( y r s ) 

% 8 . 5 

e q u a t i o n 

i 1 5 . 7 

2 0 . 1 7 

t = 1 8 . 8 y e a r s 

u e y 

( - ) ( - ) (m) 

2 . 732 1 , ,2x10 ' - * 0 . 2 

1 . 8 2 1 0 , ,010 1 4 . 3 

1 . 366 0. ,053 7 5 . 0 

0 . 911 0 , .197 2 7 7 . 

0 . 729 0. ,304 4 2 7 . 

0 . 545 0. ,440 5 1 8 . 

0 . 364 0, .607 8 5 3 . 

0 . 273 0, .700 9 8 4 . 

0 . 182 0, .797 1 1 2 0 . 

0 . ,137 0 .848 1 1 9 1 . 

0 . ,091 0, .897 1 2 6 0 . 

0 . ,046 0 .949 1 3 3 3 . 

0 . ,000 1 , .000 1405 . 

1 0 9 8 0 . 

1 1 . 6 

t = 30 y e a r s 

u 0 y 

( - ) ( - ) (m) 

2 . 597 2 . 6 x 1 0 ' * 0 . 4 

1 . 948 0.006 8 . 3 

1 . 299 0 . 0 6 7 9 3 . 6 

0 . 974 0 . 1 6 9 237 

0 . 649 0 . 3 5 8 5 0 3 . 

0 . 519 0 . 4 6 2 6 4 9 . 

0 . 390 0 . 5 8 4 8 2 1 . 

0 . 260 0 . 7 1 4 1 0 0 3 . 

0 . 195 0 . 7 8 4 1 1 0 2 . 

0 . 130 0 . 8 5 4 1 2 0 0 . 

0 . ,097 0 . 8 9 0 1 2 5 0 . 

0 . 065 0 . 9 2 7 1 3 0 2 . 

0 . ,032 0 . 9 6 5 1 3 5 6 . 

0 . 000 1 .000 1 4 0 5 . 

1 5 4 0 0 . 

2 2 . 8 

t = 100 y e a r s 

u e y 

( - ) ( - ) (m) 

1 . 287 0 . 0 6 8 9 9 . 5 

0 . 966 0 . 1 7 2 2 4 2 . 

0 . 644 0 . 3 6 3 5 1 0 . 

0 . 483 0 . 4 9 5 6 9 5 . 

0 . 322 0 . 6 5 0 9 1 3 . 

0 . 257 0 . 7 1 6 1 0 0 6 . 

0 . 193 0 . 7 9 0 1 1 1 0 . 

0 . 129 0 . 8 5 6 1 2 0 3 . 

0 . 097 0 . 8 9 1 1 2 5 2 . 

0 . 064 0 . 9 2 8 1 3 0 4 . 

0 . ,048 0 . 9 4 6 1 3 2 9 . 

0 . 032 0 . 9 5 4 1 3 5 4 . 

0 . 016 0 . 9 8 2 1 3 8 0 . 

0 . 000 1 .000 1 4 0 5 . 

3 1 0 7 0 . 

9 2 . 8 

1 5 . 7 2 6 . 9 

e q u a t i o n 2 0 . 3 7 

9 6 . 9 
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F u r t h e r , t h e c o m p u t a t i o n s f o r t h e row o f t a b l e 2 0 . 3 f o r x = - 2 km 

w i l l be shown. U s i n g ( 2 0 . 1 8 ) : 

2000 ^ ( 2 0 . 6 7 ) 
1 3 9 8 0 . 

G can be e v a l u a t e d u s i n g t a b l e 2 0 . 1 * ; i t s v a l u e i s f o u n d t o b e : 

e = 0 . 8 4 1 ( 2 0 . 6 8 ) 

w h i c h y i e l d s a v a l u e o f y o f 1077 . m when s u b s t i t u t e d i n t o e q u a 

t i o n 2 0 . 1 7 . 

Fo r t i m e s l a t e r t h a n t = 1 8 . 8 y e a r s we mus t s w i t c h t o t h e e q u a 

t i o n s o l u t i o n 2 0 . 3 7 b u t must remember t o compute u based upon t h e 

s h i f t e d t i m e s c a l e shown i n f i g u r e 2 0 . 8 . For c o m p a r i s o n p u r p o s e s , 

t h e s h o r e l i n e p r o f i l e i s computed f o r t g = 0 . 6 1 7 t ^ - t h e p o i n t a t 

w h i c h we change t o t h e new s o l u t i o n i n f i g u r e 2 0 . 8 as w e l l as f o r 

t h e two t i m e s a s k e d : 30 and 100 y e a r s . No te t h a t t h e s e t i m e s mus t 

a l s o be a d j u s t e d f o r use i n t h e c o m p u t a t i o n s ; t h e d i f f e r e n t i a l e q u a 

t i o n t i m e v a l u e s a r e l i s t e d i n t a b l e 2 0 . 3 as w e l l . 

C o m p a r i s o n o f t h e two beach l i n e s f o r t h e t i m e a t w h i c h t h e a c 

c r e t i o n s t a r t s p a s s i n g t h e t i p show l i t t l e s i g n i f i c a n t v a r i a t i o n . 

T ime c o r r e c t i o n s , based upon t h e vo lume o f sand d i s p l a c e d by t h e 

h a r b o r i n o u r s c h e m a t i z e d model r e s u l t i n a c t u a l t i m e s needed t o 

p r o d u c e a g i v e n a c c r e t i o n b e i n g s h o r t e r t h a n t h o s e computed v i a t h e 

s o l u t i o n t o t h e d i f f e r e n t i a l e q u a t i o n . The a c t u a l t i m e s c o r r e s p o n d i n g 

t o t h e t i m e s , t , used i n t a b l e 2 0 . 3 a r e a l s o l i s t e d t h e r e . 

E x a m i n a t i o n o f t h e v a l u e s o f y v e r s u s x i n t a b l e 2 0 . 3 c o n f i r m s 

t h e s t a t e m e n t ( e q u a t i o n 2 0 . 2 4 ) t h a t t h e a c c r e t i o n i s e s s e n t i a l l y z e r o 

a d i s t a n c e 2 . 5 L i r / f i ' b e f o r e t h e b r e a k w a t e r . 

A p l o t o f t h e a c c r e t i o n on an u n d i s t o r t e d s c a l e w o u l d be handy 

f o r s h o w i n g t h e v a r i a t i o n s i n t h e a n g l e o f a t t a c k , b u t i m p r a c t i c a l 

i n l i g h t o f t h e d i m e n s i o n s i n v o l v e d . F i g u r e 2 0 . 1 0 shows t h e a c c r e t i o n 

p l o t t e d w i t h a y a x i s d i s t o r t e d by a f a c t o r 10 . 

E x a m i n a t i o n o f f i g u r e 2 0 . 1 0 shows d r a m a t i c a l l y how t h e a c c r e t i o n 

p r o c e e d s back a l o n g t h e s h o r e l i n e as w e l l as o u t w a r d a l o n g t h e b r e a k 

w a t e r . An i n t e r e s t i n g b u t academic q u e s t i o n i s : wha t i s t h e l i m i t 

s i t u a t i o n a t t = The c o a s t w i l l , o f c o u r s e , u l t i m a t e l y become 

p a r a l l e l t o t h e o r i g i n a l c o a s t 1405 m seaward o f i t s o r i g i n a l l o c a 

t i o n , a t l e a s t t h e o r e t i c a l l y . A c t u a l l y , i t w i l l be more seaward w i t h 

o n l y p a r t o f t h e b r e a k e r zone b e i n g e f f e c t i v e l y b l o c k e d by t h e b r e a k 

w a t e r . 

« A more c o m p l e t e t a b l e o f t h e p r o b a b i l i t y i n t e g r a l was used w h i l e 

c o m p i l i n g t h i s e x a m p l e , h o w e v e r . 



M 7 0 0 

( at d is tor ted scale) 
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2 1 . SAND TRANSPORT ALONG A BEACH PROFILE J . v . d . G r a a f f 

2 1 . 1 I n t r o d u c t i o n 

J u s t as waves can c o n t r i b u t e t o a s e d i m e n t movement a l o n g a c o a s t , 

t h e y can a l s o c o n t r i b u t e t o a s e d i m e n t movement a l o n g a beach p r o f i l e 

p e r p e n d i c u l a r t o a c o a s t . As has been i n d i c a t e d a l r e a d y i n c h a p t e r 1 8 , 

waves can c a u s e a n e t sand t r a n s p o r t even when no o t h e r c u r r e n t s a r e 

p r e s e n t and t h e n e t mass t r a n s p o r t o f t h e waves i s z e r o . T h i s n e t 

t r a n s p o r t r e s u l t s f ro i / i a p r o d u c t o f a t i m e d e p e n d e n t s e d i m e n t c o n c e n 

t r a t i o n and a t i m e d e p e n d e n t v e l o c i t y . I n d e e d , u n d e r some c o n d i t i o n s 

- p r o p e r m a t e r i a l g r a i n s i z e , f o r examp le - a n e g a t i v e - o p p o s i t e t h e 

wave p r o p a g a t i o n d i r e c t i o n - sand t r a n s p o r t has been o b s e r v e d even 

when t h e l o n g t e r m a v e r a g e v e l o c i t y has been p o s i t i v e . Of c o u r s e , i f 

such a r e s u l t i n g c u r r e n t i n t h e d i r e c t i o n o f wave p r o p a g a t i o n i s made 

l a r g e e n o u g h , a p o s i t i v e sand t r a n s p o r t w i l l r e s u l t . F i g u r e 2 1 . 1 

shows a samp le o f t e s t r e s u l t s f r o m a l a b o r a t o r y f l u m e i n w h i c h a c u r 

r e n t was s u p e r i m p o s e d on t h e wave a c t i o n . P o s i t i v e sand t r a n s p o r t s and 

c u r r e n t s a r e i n t h e d i r e c t i o n o f wave p r o p a g a t i o n . I n t h i s e x a m p l e , 

i n c r e a s i n g t h e c u r r e n t , i n i t i a l l y , causes t h e sand t r a n s p o r t t o become 

more n e g a t i v e and l a t e r t o become p o s i t i v e and i n c r e a s e s h a r p l y . 

The p r e s e n c e o f t h e c u r r e n t p a r a l l e l i n g t h e d i r e c t i o n o f wave 

p r o p a g a t i o n i n f l u e n c e s t h e eddy f o r m a t i o n n e a r t h e r i p p l e s d i r e c t l y as 

w e l l as i n d i r e c t l y by i n f l u e n c i n g t h e wave l e n g t h . I n a n o t h e r f i e l d , 

t h i s l a s t i n f l u e n c e i s t h e b a s i s f o r t h e d e s i g n o f a i r b u b b l e c u r t a i n 

b r e a k w a t e r s - see vo lume I I I . 

To make m a t t e r s more c o m p l i c a t e d , t h e p r e s e n c e o f a l o n g s h o r e 

c u r r e n t a l o n g a beach a l s o i n f l u e n c e s t h e sand t r a n s p o r t p e r p e n d i c u l a r 

t o t h e b e a c h . I n l i g h t o f t h e d e v e l o p m e n t o f t h e l o n g s h o r e sand t r a n s 

p o r t f o r m u l a s w h i c h r e f l e c t an i n t e r a c t i o n o f waves and c u r r e n t 

- c h a p t e r s 16 and 19 - i t i s o n l y l o g i c a l t o e x p e c t t h e p r e s e n c e o f a 

l o n g s h o r e c u r r e n t t o i n f l u e n c e t h e on and o f f s h o r e s e d i m e n t t r a n s p o r t 

caused by waves . I f , i n d e e d , t h e s t i r r i n g up o f b o t t o m m a t e r i a l depends 

upon t h e t o t a l b o t t o m s h e a r s t r e s s , as p o s t u l a t e d i n c h a p t e r 1 9 , t h e n 

t h e i n f l u e n c e o f t h i s l o n g s h o r e c u r r e n t on t h e on and o f f s h o r e t r a n s 

p o r t i s o b v i o u s . 

S t i l l a n o t h e r v a r i a b l e i n t h e t r a n s p o r t o f m a t e r i a l a l o n g a beach 

p r o f i l e i s t h e beach s l o p e . I t i s c o n c e i v a b l e t h a t a component o f t h e 

g r a v i t a t i o n a l f o r c e now c o n t r i b u t e s t o t h e t r a n s v e r s e s e d i m e n t t r a n s 

p o r t . Perhaps even more i m p o r t a n t , t h e wave c o n d i t i o n s v a r y f r o m p l a c e 

t o p l a c e as we p r o c e e d a c r o s s t h e p r o f i l e . T h i s i n t r o d u c e s even more 

compl i c a t i o n s . 

U n f o r t u n a t e l y , t h i s was an u n d e r d e v e l o p e d r e s e a r c h a r e a u n t i l 

r e c e n t l y . Few model t e s t s and even f e w e r d e p e n d a b l e p r o t o t y p e m e a s u r e 

men ts have been made. The m a t h e m a t i c a l d e s c r i p t i o n s a v a i l a b l e a r e , 

t h e r e f o r e , e x t r e m e l y p r i m i t i v e even when compared t o t h e f o r m u l a t i o n s 

a v a i l a b l e f o r l o n g s h o r e t r a n s p o r t . Some o f t h e s e p r i m i t i v e d e s c r i p 

t i o n s a r e p r e s e n t e d i n t h e f o l l o w i n g s e c t i o n s . 



148 

2 1 . 2 Two d i m e n s i o n a l t r a n s v e r s e t r a n s p o r t 

Bakke r ( 1 9 6 8 ) examined t h e t r a n s v e r s e sand t r a n s p o r t a l o n g a 

c o a s t h a v i n g g r o i n s e x t e n d i n g o n l y p a r t way t h r o u g h t h e b r e a k e r z o n e . 

A f t e r o b s e r v i n g t h a t r e a s o n a b l y f l a t s h o r e a r e a s were b u i l t up by 

m a t e r i a l s u p p l i e d f r o m o f f s h o r e and s t e e p beach p r o f i l e s were f l a t t e n e d 

as m a t e r i a l moved o f f s h o r e , he p r o p o s e d a s i m p l e t r a n s v e r s e t r a n s p o r t 

f o r m u l a based upon t h e beach s l o p e . He r e a s o n e d t h a t f o r some e q u i l i b 

r i u m a v e r a g e beach s l o p e , m^ , t h e r e w o u l d be no t r a n s v e r s e sand t r a n s 

p o r t ; f o r o t h e r s l o p e s , t h e r e w o u l d be a t r a n s p o r t d i r e c t l y p r o p o r t i o n 

a l t o t h e d i f f e r e n c e be tween t h e a c t u a l and e q u i l i b r i u m s l o p e s . Ex

p r e s s e d as a f o r m u l a : 

a - (m - m^) ( 2 1 . 0 1 ) 

w h e r e : m i s t h e a v e r a g e beach s l o p e , ^ , 

m^ i s t h e e q u i l i b r i u m beach s l o p e , 

Sy i s t h e sand t r a n s p o r t p e r u n i t w i d t h a l o n g t h e beach 

p r o f i l e , and 

a d e n o t e s " i s p r o p o r t i o n a l t o " . 

The n e g a t i v e s i g n i n ( 2 1 . 0 1 ) f o l l o w s f r o m t h e d e f i n i t i o n o f t h e p o s i 

t i v e axes r e s u l t i n g i n b o t h m and m^ b e i n g u s u a l l y n e g a t i v e w h i l e an 

o f f s h o r e t r a n s p o r t i s c o n s i d e r e d p o s i t i v e i n a g r e e m e n t w i t h t h e p o s i 

t i v e y a x i s . 

S i n c e Bakke r was i n t e r e s t e d i n t h e sand t r a n s p o r t a l o n g t h e beach 

p r o f i l e p a r t l y b l o c k e d by a g r o i n he chose t o s c h e m a t i z e t h e c o a s t 

p r o f i l e as shown i n f i g u r e 2 1 . 2 . I n t h a t f i g u r e , t h e p o i n t a t w h i c h 

t h e t r a n s v e r s e t r a n s p o r t r a t e i s d e s i r e d i s d e n o t e d by A and i s l o c a t e d 

on t h e s u r f a c e be tween t h e two s c h e m a t i z i n g " s t e p s " * . S i n c e t h e shaded 

a r e a s a r e equa l t h i s i m p l i e s t h a t : 

rO 

y ( z ) dz ( 2 1 . 0 2 ) 
1 - h ^ 

and 

L 
1 

2 h 
2 

•hg 

y ( z ) dz ( 2 1 . 0 3 ) 

where y ( z ) d e s c r i b e s t h e a c t u a l p r o f i l e . 

The s l o p e o f t h i s beach n e a r p o i n t A can now be c h a r a c t e r i z e d b y : 

m = - 2 ( 2 _ 1 ) ( 2 1 . 0 4 ) 

The d i s t a n c e Lg - I, c o r r e s p o n d i n g t o t h e e q u i l i b r i u m s l o p e i s 

o f t e n r e f e r r e d t o by a symbol , W, so t h a t : 

= - 2 ( I ) ( 2 1 . 0 5 ) 

* I n B a k k e r ' s s p e c i a l c a s e , t h i s p o i n t was a l s o t h e t o e p o i n t o f t h e 

g r o i n s . 
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O, 

z 

y. 

ö \ ' / / / 

Li 

v rActual profile 

h, 

il 

ö \ ' / / / 

Li 

Sctiematic prof i le-____^^^^ 

il 

L2 

Figure 21.2 

SCHEMATIZED BEACH PROFILE FOR TRANSVERSE 

TRANSPORT AT POINT A. 

( l ia tc l ied a reas are equa l ) 

P u t t i n g ( 2 1 . 0 4 ) and ( 2 1 . 0 5 ) i n t o ( 2 1 . 0 1 ) and a d d i n g a p r o p o r t i o n a l i t y 

c o n s t a n t , q ^ , y i e l d s : 

Sy = qy (W - (Lg - L^ ) ) ( 2 1 . 0 6 ) 

T i i i s g i v e s an e q u a t i o n o f m o t i o n w i i i c t i i s r e a l l y mucli l i l < e t i i a t used 

by P e l n a r d - C o n s i d é r é - e q u a t i o n 2 0 . 0 5 * . 

Ti ie p a r a m e t e r s q ^ and W i n e q u a t i o n 2 1 . 0 6 a r e bothi d e p e n d e n t upon 

many v a r i a b l e s i n c l u d i n g t i i e wave p a r a m e t e r s , t i i e sand p a r a m e t e r s , and 

u n f o r t u n a t e l y , t i i e p o s i t i o n o f t i i e p o i n t A ( f i g . 2 1 . 2 ) a l o n g t h e beach 

p r o f i l e . A dependence o f t h e p a r a m e t e r , W, on t h e l o c a t i o n o f p o i n t A 

i s o b v i o u s because o f t h e r e l a t i o n be tween t h i s l o c a t i o n and t h e 

s c h e m a t i z e d s l o p e . I ndeed t h e s l o p e o f a beach i s n o t c o n s t a n t b u t 

v a r i e s a l o n g t h e p r o f i l e . The dependance o f q ^ on t h e l o c a t i o n o f A i s 

l e s s o b v i o u s b u t i s a p p a r e n t l y r e l a t e d t o (among o t h e r t h i n g s ) t h e 

changes i n t h e wave p a t t e r n o c c u r r i n g as t h e waves c r o s s t h e b e a c h . 

Even s o , Bal<l<er assumed t h a t t h e n e c e s s a r y p a r a m e t e r s , q ^ and W 

c o u l d r e l a t i v e l y e a s i l y be d e t e r m i n e d : W f r o m measurements on an 

e x i s t i n g e q u i l i b r i u m p r o f i l e and q f r o m f i e l d m e a s u r e m e n t s . 

* T h i s c o m p a r i s o n w i t h e q u a t i o n 2 0 . 0 5 - i s n o t p e r f e c t , s ^ i n ( 2 0 . 0 5 ) 

r e p r e s e n t e d t h e d e r i v a t i v e o f a sand t r a n s p o r t w i t h r e s p e c t t o an 

a n g l e ; h e r e , qy r e p r e s e n t s a d e r i v a t i v e w i t h r e s p e c t t o a d i s t a n c e 

G r a n t e d , t h e c o n s t a n t d e p t h , h , assumed makes i t p o s s i b l e t o i n 

t e r p r e t t h i s d i s t a n c e as a s l o p e a n g l e . 



150 

Swar t ( 1 9 7 4 ) a t t e m p t e d t o g e n e r a l i z e t h e c o n c e p t o f Bakke r ( 1 9 6 8 ) 

f o r a l l l o c a t i o n s a l o n g t h e beach p r o f i l e and t o d e t e r m i n e v a l u e s f o r 

and W i n t e r m s o f e a s i l y measured p h y s i c a l p a r a m e t e r s . He c a r r i e d 

o u t a l a r g e number o f s m a l l s c a l e model s t u d i e s and a f ew l a b o r a t o r y 

s t u d i e s a t m o r e - o r - l e s s p r o t o t y p e s c a l e . These t e s t s were a l l c a r r i e d 

o u t w i t h r e g u l a r waves and e r o s i o n was t a k i n g p l a c e on a l l t h e beach 

p r o f i l e s ; t h e s e a r e s e r i o u s l i m i t a t i o n s f o r t h e a p p l i c a b i l i t y o f t h e 

r e s u l t s t o p r o t o t y p e p r o b l e m s . S w a r t ' s r e s u l t s a r e a l a r g e number 

o f e m p e r i c a l r e l a t i o n s h i p s i n v o l v i n g n o n - d i m e n s i o n l e s s p a r a m e t e r s . 

Even s o , t h e r e i s n o t h i n g b e t t e r a v a i l a b l e now ( 1 9 7 7 ) , and - s u b 

j e c t t o t h e r e s t r i c t i o n s a l r e a d y m e n t i o n e d , S w a r t ' s e m p e r i c a l r e l a t i o n s 

do make i t p o s s i b l e t o a t l e a s t e s t i m a t e t r a n s v e r s e s e d i m e n t t r a n s p o r t s 

p a s t any g i v e n p o i n t on a p r o f i l e as d e m o n s t r a t e d i n t h e f o l l o w i n g 

As y e t , n o t enough t r a n s v e r s e s e d i m e n t t r a n s p o r t d a t a caused by 

i r r e g u l a r waves have been c o l l e c t e d i n o r d e r t o a t t e m p t a c o r r e l a t i o n 

w i t h t h e work by S w a r t . The q u e s t i o n o f wha t c h a r a c t e r i z i n g wave b e s t 

r e p r e s e n t s an i r r e g u l a r sea i n a t r a n s v e r s e t r a n s p o r t c o m p u t a t i o n has 

n o t been a n s w e r e d . 

2 1 . 3 Example 

T h i s examp le i l l u s t r a t e s t h e c o m p u t a t i o n p r o c e d u r e p r opos ed by 

S w a r t ( 1 9 7 4 ) f o r t h e d e t e r m i n a t i o n o f t h e sand t r a n s p o r t a l o n g t h e 

beach p r o f i l e a t a chosen l o c a t i o n . The beach p r o f i l e shown i n f i g 

u r e 2 1 . 3 i s s u b j e c t e d t o r e g u l a r waves a p p r o a c h i n g w i t h c r e s t s 

p a r a l l e l t o t h e c o a s t . The deep w a t e r wave h e i g h t i s 2 . 0 m and t h e 

wave p e r i o d i s 6 . 0 s. The beach has an a v e r a g e g r a i n s i z e o f 225 ym 

and t h e s t i l l w a t e r l e v e l i s 1.0 m above MSL as shown i n t h e f i g u r e . 

The sand t r a n s p o r t a l o n g t h e p r o f i l e a t p o i n t 0 (mean sea l e v e l ) i s 

d e s i r e d . 

We s o l v e t h e p r o b l e m u s i n g a two l i n e c o a s t a l s c h e m a t i z a t i o n w i t h 

t h e e v a l u a t i o n s e p a r a t i n g t h e two zones a t Mean Sea L e v e l - t h e chosen 

e l e v a t i o n whe re t h e t r a n v e r s e t r a n s p o r t i s t o be d e t e r m i n e d . T h u s , we 

a r e l o o k i n g f o r S^ d e t e r m i n e d u s i n g an e q u a t i o n l i k e ( 2 1 . 0 6 ) . 

I n o r d e r t o d e t e r m i n e t h e v a l u e o f ( Lg - L^^), we mus t f i r s t d e t e r 

m i n e t h e uppe r and l o w e r l i m i t s o f S w a r t ' s D p r o f i l e . U s i n g f i g u r e 

2 1 . 4 and e n t e r i n g w i t h : 

s e c t i o n . 

H 
0 . 4 8 8 -pO.93 

2 0 . 4 8 8 gO.93 
0 

= 5467 ( 2 1 . 0 7 ) 
n 0 . 7 8 6 
'^50 ( 2 2 5 x 1 0 ' ^ ) 

7786 

y i e l d s ( i n d i r e c t l y ) : 

a S w a r t chose h i s zone b o u n d a r y more g e n e r a l l y and g e n e r a l i z e d Bak

k e r ' s q c a l l i n g i t s . 



L z - L i = 175.13 m 



1!52 

10 
10^ 3 k 5 6 7 89103 3 4 5 6 7 8910* 

P,0,788 

h = 0 . 9 3 m and ^ ( 2 1 . 0 8 ) 
0 

6^ = 1.93 111 * * ( 2 1 . 0 9 ) 

The l o w e r l i m i t o f t h e D p r o f i l e i s f o u n d u s i n g f i g u r e 2 1 . 5 e n t e r i n g 

w i t h : 

H ° - * ' ' 3 0 473 

- 0 . 8 9 4 , 0 . 0 9 3 - — - ' ' , 0 . 0 9 3 = " ' ^ ^ ( ^ 1 . 1 0 ) 

T DgQ 6 ° - ^ ^ * ( 2 2 5 x l O - 6 ) 

X The n o t a t i o n used by Swar t i s r e a s o n a b l y w e l l a d h e r e d t o i n t h i s 

s e c t i o n even t h o u g h i t i s i n c o n s i s t e n t w i t h t h a t used i n t h e r e s t 

o f t h e s e v o l u m e s . The s u b s c r i p t o h e r e , has n o t h i n g t o do w i t h 

deep w a t e r , i n g e n e r a l . 

* * E q u i v a l e n t t o h, i n e q u a t i o n 2 1 . 0 2 . 



1 5 3 

y i e l d s : 

K 

Y - = 0 . 0 9 0 ( 2 1 . 1 1 ) 

0 

f r o m w h i c h , w i t h : 

X Q = 1 . 5 6 = 5 6 . 2 m 

h = 5 . 0 4 m and 

m 
óg = 4 . 0 4 m 

These l i m i t s , t h e n , y i e l d t h e h e i g h t o f t h e D p r o f i l e , 6, o f : 

6 = + 62 = h^ + h|^ = 5 . 9 7 m ( 2 1 . 1 5 ) 

These l i m i t s a r e s k e t c h e d i n f i g u r e 2 1 . 3 . 

Knowing t h e s e l i m i t s , t h e d i s t a n c e s and Lg t o t h e s c h e m a t i z e d 

s h o r e s t e p s can be computed u s i n g ( 2 1 . 0 2 ) and ( 2 1 . 0 3 ) . T h i s r e s u l t s 

i n v a l u e s f o r t h e s e p a r a m e t e r s o f 1 9 . 2 7 m and 1 9 4 . 4 0 m r e s p e c t i v e l y . 

Lo - L l i s t h u s : 

( 2 1 . 1 2 ) 

( 2 1 . 1 3 ) 

( 2 1 . 1 4 ) 

(L2 - L ^ ) = 1 9 4 . 4 0 - 1 9 . 2 7 = 1 7 5 . 1 3 m ( 2 1 . 1 6 ) 
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The f o l l o w i n g s t e p i s t o e v a l u a t e t h e c o r r e s p o n d i n g e q u i l i b r i u m 

d i s t a n c e , W, f o r t h e p o i n t i n q u e s t i o n . T h i s c a n n o t be done d i r e c t l y 

i n S w a r t ' s m e t h o d ; i n s t e a d , we d e t e r m i n e , f i r s t , t h e W v a l u e f o r t h e 

s t i l l w a t e r l e v e l , W^, u s i n g f i g u r e 2 1 . 5 e n t e r i n g w i t h : 

H X , 0 . 7 1 7 p 0 . 1 3 2 2 0 . 7 1 7 

0 .447 ^ H - ) r 0 . 4 4 7 ^ 2 ^ " 
'^50 ° ( 2 2 5 x 1 0 " ^ ) 

( 2 1 . 1 7 ) 

y i e l d s : 

m ° = 6 . 4 9 x 1 0 - * ( 2 1 . 1 8 ) 

> ^0 

l i r a 

® two - dimensional fnodel test 

A three - dimensional model test 

X prototype cases 

^ o . , 3 . ^ a « , ( H o ) - o . ™ 

'̂ 0 

Figure 216 

HORIZONTAL SCALE OF 
EQUILIBRIUM PROFILE 
( lengths in meters ) 

f r o m w h i c n : 

6 H 

r 

- ( 5 . 9 7 ) ( 2 ) . 1 6 3 . 7 1 ( 2 1 . 1 9 ) 

2 X Q 5 . 4 9 x 1 0 " ^ ( 2 ) ( 5 6 . 2 ) ( 5 . 4 9 x 1 0 

i s t h e e q u i l i b r i u m d i s t a n c e f o r t h e w a t e r l i n e . 

The r a t i o , — , can be d e t e r m i n e d u s i n g f i g u r e 21 .7 . H e r e : 

" r 

• A , = J L . ^ = 5 . o * : : * ^ = o . i 5 8 (21.20) 

T h e n , e n t e r i n g t h a t f i g u r e w i t h : 

, , 0 . 6 8 x l 0 \ „ = 2 2 5 x 1 0 - 6 ( , _ ^ , 3 ) ( 0 . 6 8 x l 0 * ) ( 2 2 5 x l 0 - 6 ) 

= 1 . 4 7 x 1 0 - 7 ( 2 1 . 2 1 ) 
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( T h i s i s e f f e c t i v e l y z e r o ) , 

y i e l d s : 

^ - 0 . 7 Ar = 1.0 ( 2 1 . 2 2 ) 

\ 

w h i c h , i n t u r n y i e l d s ; 

W = [,1 + ( 0 . 7 ) ( 0 . 1 6 8 ) ] 1 6 3 . 7 1 = 1 8 4 . 3 5 m ( 2 1 . 2 3 ) 

L u c k i l y , t h i s v a l u e o f W i s g r e a t e r t h a n (Lg - L^ ) i n d i c a t i n g t h a t an 

o f f s h o r e sand t r a n s p o r t can be e x p e c t e d - t h e o n l y c o n d i t i o n f o r 

w h i c h S w a r t ' s method has been c h e c k e d . 

F i g u r e 21.7 

G E N E R A L R E L A T I O N S H I P FOR W / W r 

( T W O - D I M E N S I O N A L C A S E S ) 

D j g i n m e t e r s 

b = 1 f o r A r > 0 

b = 0 f o r A r < 0 

We now know v a l u e s f o r ( Lg - L^ ) and W t o s u b s t i t u t e i n t o e q u a 

t i o n 2 1 . 0 6 ; t h e o n l y r e m a i n i n g p r o b l e m i s t h a t o f d e t e r m i n i n g t h e 

v a l u e o f Sy f o r t h e d e s i r e d l o c a t i o n on t h e p r o f i l e . U n f o r t u n a t e l y , 

t h i s v a l u e mus t a l s o be f o u n d i n a somewhat r o u n d a b o u t way. 

x C o r r e s p o n d i n g t o q i n ( 2 1 . 0 6 ) . 
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U s i n g f i g u r e 2 1 . 8 e n t e r i n g w i t h : 

^50" 

1 CO H - 0 . 9 1 ,Q H 2 . 6 6 
^ _ ,̂ 1 .68 , 0 , „ - 1 . 2 9 , 0 V 

^ - ( r ) ° 5 0 ( hT ' 

- 0 . 9 

= 2 ^ - 6 ^ ( ) ' ( 2 2 5 x 1 0 - 6 ; 

m 

- 1 . 2 9 

( 5 7 5 4 ) 

2 . 5 6 

y ( 2 1 . 2 4 ) 

= 2 . 8 0 x 1 0 -

y i e l d s : 

s T 
ym = 0 . 9 7 2 
^50 

( 2 1 . 2 5 ) 

where s^^^ i s t h e maximum v a l u e o f s ^ o c c u r r i n g on t h e p r o f i l e . E q u a t i o n 

2 1 . 2 5 t h e n y i e l d s : 

= ( 0 . 9 7 2 ) ( 226x10 ) ^ 3 . 6 4 x 1 0 - 6 m/s ( 2 1 . 2 6 ) 

F i g u r e 21.8 

M A G N I T U D E OF s ym 

^ X 

R E M A R K S 1) X = H i ^ M T ^ r ' ' ' D - " ^ ( - ^ ) ' ' ' 
'̂ •O rim 

2 ) Ho,Xo, hm, D50 in m 

3) T in sec 

4) Sym in m / s e c 
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The l o c a t i o n on t h e p r o f i l e a t w h i c h t h i s maximum o f f s h o r e t r a n s 

p o r t t a k e s p l a c e can be f o u n d u s i n g f i g u r e 2 1 . 9 . E n t e r i n g w i t h : 

„ 2 . 5 9 „ ^ 2 . 69 
H ^ - 0 - 5 5 ( _ O ) = ( 2 ) - ° - 6 5 ( _ 2 ^ ) ^ 0 _ 0 5 g 8 ( 2 1 . 2 7 ) 

ra 

y i e l d s : 

^ = 0 . 7 3 7 ( 2 1 . 2 8 ) 

whe re i s t h e Sg v a l u e a t t h e p o i n t where s^^^ o c c u r s . T h i s v a l u e 

o f 6o t u r n s o u t t o b e : 
2m 

6^^ = ( 0 . 7 3 7 ) ( 5 . 9 7 ) = 4 . 4 0 m ( 2 1 . 3 0 ) 

o DeLft Hydraul ics Laboratory d a t a 
X Coastal Engineer ing Research C e n t e r d a t a 

1.0 

0 0.1 0.2 0.3 OM 0.5 0.6 0.7 0.8 

R E M A R K : H „ , h „ i n m 

F i g u r e 21.9 

P O S I T I O N OF s 

T h i s p o i n t i s , t h u s , b e l o w t h e s t i l l w a t e r l e v e l b u t above ( o n s h o r e 

f r o m ) t h e s e c t i o n where we w i s h t o know t h e sand t r a n s p o r t a l o n g t h e 

p r o f i l e . ( | 6 . 
^2mi 

| 4 . 0 4 - 4 . 4 0 | = 0 . 3 6 m above mean sea l e v e l 

f i g u r e 2 1 . 3 . ) . 

F i g u r e 2 1 . 1 0 r e l a t e s s^ t h e d e s i r e d v a l u e - t o t h e maximum v a l u e 

s , ^ . E n t e r i n g w i t h : 
ym ^ 

4 - 4 m 

4 . 0 4 - 4 . 4 0 
57m 

> ( 2 1 . 3 0 ) 

) ( 0 . 2 6 7 
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a. ONSHORE b. O F F S H O R E 

0.93 

1+1D1(A„ 
+ 0 0 7 

' m 
a 

f 
@, 

> 
< 

® • 
• 

ll 1 

i 
•fi m 

H„ 

+ 0 . 0 1 

0.2 03 

A 
Ho ? , H o , 

@ D e l f t Hydrau l ics Laboratory data 

XCoastal Engineering Research Center da ta 

REMARKS :1 )Ho ,Xo ,h , „ in m 

2 ) A , = | - ^ F i g u r e 21.10 

D I S T R I B U T I O N OF Sy / s y n , 

y i e l d s , u s i n g f i g u r e 2 1 . 1 0 b (we a r e o f f s h o r e f r o m t h e max imum) : 

s 

= 0 . 9 3 5 ( 2 1 . 3 1 ) 
ym 

o r : 

Sy = ( 0 . 9 3 5 ) ( 3 . 6 4 x 1 0 - 6 ) = 3 . 4 0 x 1 0 - ^ m/s ( 2 1 . 3 2 ) 

We can now s u b s t i t u t e v a l u e s i n t o e q u a t i o n 

r e s u l t s ( 2 1 . 1 6 ) , ( 2 1 . 2 3 ) , and ( 2 1 . 3 2 ) : 

Sy = ( 3 . 4 0 x l 0 - 6 ) ( 1 8 4 . 3 5 - 1 7 5 . 1 3 ) 

= 3 . 1 4 x 1 0 " ^ m ^ / s 

o r , on an h o u r l y b a s i s : 

Sy = 1.13 m ^ / h r . 

Thus a seaward sand t r a n s p o r t o f a b i t more t h a n one c u b i c m e t e r 

p e r h o u r can be e x p e c t e d t h r o u g h each m e t e r o f c o a s t l i n e a t mean sea 

l e v e l . T h i s w i l l n o t c o n t i n u e i n d e f i n i t e l y , o f c o u r s e . The t r a n s p o r t 

o f m a t e r i a l a l o n g t h e p r o f i l e w i l l m o d i f y t h e p r o f i l e and change t h e 

p a r a m e t e r s i n v o l v e d i n t h i s sand t r a n s p o r t d e t e r m i n a t i o n - e s p e c i a l l y 

t h e v a l u e ( L „ - L , ) . 

2 1 . 0 6 . U s i n g t h e 

( 2 1 . 3 3 ) 

( 2 1 . 3 4 ) 
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2 1 . 4 T h r e e d i m e n s i o n a l t r a n s v e r s e t r a n s p o r t 

When we a l l o w a t h i r d d i m e n s i o n - a l o n g a c o a s t l i n e - t o e n t e r 

o u r d i s c u s s i o n , we a r e i m m e d i a t e l y c o n f r o n t e d by many a d d i t i o n a l r e 

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

t r a n s v e r s e sand t r a n s p o r t . As has a l r e a d y been i n d i c a t e d , l o n g s h o r e 

c u r r e n t s , w h a t e v e r t h e i r cause - see c h a p t e r s 12 t h r o u g h 1 6 , w i l l i n 

f l u e n c e t h e t r a n s v e r s e t r a n s p o r t . A d d i t i o n a l c u r r e n t c o m p o n e n t s , such 

as r i p c u r r e n t s , f l o w i n g a l o n g t h e beach p r o f i l e p e r p e n d i c u l a r t o t h e 

s h o r e w i l l o b v i o u s l y a l s o be o f d i r e c t i n f l u e n c e . 

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

g r o i n i n t e r r u p t s t h e l o n g s h o r e t r a n s p o r t . Water f l o w i n g p a r a l l e l t o 

t h e c o a s t t o w a r d t h e g r o i n i s d e f l e c t e d seaward a l o n g t h e g r o i n . Con 

t i n u i t y o f t h e l o n g s h o r e c u r r e n t b e i n g r e - e s t a b l i s h e d beyond t h e 

g r o i n w i l l l e a d t o a s h o r e w a r d c u r r e n t on t h e l e e s i d e o f t h e g r o i n . 

I f t h i s l o n g s h o r e c u r r e n t f i e l d n o r m a l l y e x t e n d s seaward o f t h e o b 

s t r u c t i o n , as a t i d e c u r r e n t a c t s o v e r a w i d e zone a l o n g a c o a s t , t h e n 

t h e f l o w a r o u n d t h e t i p o f an o b s t r u c t i o n w i l l be more c o n c e n t r a t e d 

t h a n w o u l d be t h e case i f t h e s e l o n g s h o r e c u r r e n t s d i d n o t e x i s t i n 

t h e o f f s h o r e a r e a . 

U n f o r t u n a t e l y , t h e i n s i g h t i n t o t h e mechanism and c h a r a c t e r i z i n g 

p a r a m e t e r s f o r t h e s e s p e c i a l t y p e s o f c u r r e n t s i s s e r i o u s l y l a c k i n g . 

Bowen ( 1 9 6 9 ) has p a i d much a t t e n t i o n t o t h i s p r o b l e m . The i n c o r p o r a 

t i o n o f t h e s e c u r r e n t s i n t h e d e t e r m i n a t i o n o f t h e t r a n s v e r s e s e d i m e n t 

t r a n s p o r t s t i l l i n v o l v e s a l o t o f w o r k . 
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E x t r a No tes 
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2 2 . COASTAL CHANGES WITH MULTIPLE LINE THEORIES L.W. B i j k e r 

2 2 . 1 I n t r o d u c t i o n 

The l i m i t a t i o n s o f t h e s i n g l e l i n e s h o r e l i n e d e v e l o p m e n t e q u a t i o n s 

a r e n u m e r o u s ; c o l l e c t i v e l y , t h e y amount t o t o o s t r o n g a s c h e m a t i z a t i o n 

o f r e a l i t y . T h i s can a p p l y t o i n i t i a l and b o u n d a r y c o n d i t i o n s as w e l l as 

t h e p h y s i c a l wave and beach c h a r a c t e r i s t i c s . I n p a r t i c u l a r . Bakke r 

( 1 9 5 8 ) was c o n c e r n e d a b o u t a c o a s t upon w h i c h t h e l o n g s h o r e sand t r a n s 

p o r t i s o n l y p a r t i a l l y b l o c k e d by g r o i n s w h i c h were s h o r t e r t h a n t h e 

w i d t h o f t n e b r e a k e r z o n e . 

Bakke r p r o p o s e d a s o - c a l l e d two l i n e t h e o r y f o r t h e s o l u t i o n o f 

h i s p r o b l e m ; i t t u r n s o u t t o be a s p e c i a l case o f m u l t i p l e l i n e 

t h e o r i e s . I n s t e a d o f s c h e m a t i z i n g a c o a s t l i n e w i t h a s i n g l e c u r v e , a 

number o f c u r v e s a r e used as e x p l a i n e d i n t h e f o l l o w i n g s e c t i o n s . 

2 2 . 2 The s c h e m a t i z a t i o n 

F i g u r e 2 2 . 1 shows beach p r o f i l e s w i t h o n e , two and t h r e e l i n e 

s c h e m a t i z a t i o n s . The c h o i c e o f r e f e r e n c e a x i s f o r t h e y d i s t a n c e s i s , 

o f c o u r s e a r b i t r a r y . The a r e a s o f each o f t h e p a i r s o f shaded 

" t r i a n g l e s " a r e e q u a l . Each l o n g s h o r e t r a n s p o r t S . i s d i r e c t e d p a r a l 

l e l t o t h e c o a s t o u t o f t h e p l a n e o f t h e p a p e r and d e s c r i b e t h e 

l i t t o r a l sand movement i n i t s z o n e . The h o r i z o n t a l p l a n e s a r e u s u a l l y 

s e l e c t e d a t e l e v a t i o n s w h i c h c o r r e s p o n d more o r l e s s t o f l a t p o r t i o n s 

o f t h e t o t a l p r o f i l e . I f s p e c i a l s t r u c t u r e s , such as g r o i n s , a r e i n 

v o l v e d i n t h e s c h e m a t i z a t i o n , t h e s c h e m a t i z i n g h o r i z o n t a l p l a n e s a r e 

o f t e n chosen so t h a t t h e l i m i t s o f t h e b o u n d a r y c o n d i t i o n s c o r r e s p o n d 

t o t h e l i m i t s o f a t r a n s p o r t z o n e . T h i s i s i l l u s t r a t e d i n t h e s k e t c h 

i n f i g u r e 2 2 . 2 . 
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a one line schematization 

b two Line schematization 

c three Line schematization 

Figure 22.1 

BEACH PROFILE WITH SCHEMATIZATIONS 
(Pairs of cross hatched areas are equal ) 
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b. Beach P r o f i l e 

F i g u r e 2 2 . 2 

S H O R E P L A N A N D P R O F I L E 

( t w o l i n e s c h e m a t i z a t i o n ) 

2 2 . 3 E q u a t i o n s o f c o n t i n u i t y and m o t i o n 

J u s t as w i t h t h e s i n g l e - l i n e a p p r o x i m a t i o n p r e s e n t e d i n c h a p t e r 

2 0 , i t w i l l be n e c e s s a r y t o d e v e l o p a c o n t i n u i t y r e l a t i o n s h i p and 

e q u a t i o n s o f m o t i o n f o r each o f t h e s c h e m a t i z a t i o n z o n e s . 

The e q u a t i o n o f c o n t i n u i t y i s a b i t more comp lex t h a n t h a t f o r a 

s i n g l e l i n e t h e o r y s i n c e t h e r e i s now s u p p l y and remova l o f sand f r o m 

two d i r e c t i o n s . F i g u r e 2 2 . 3 shows an e l e m e n t i n p l a n w h i c h can be 

compared t o f i g u r e 2 0 . 2 a . Once a g a i n , t h e n e t t r a n s p o r t o f m a t e r i a l 

i n t o t h e e l e m e n t i s equa l t o t h e vo lume r e t a i n e d f o r each o f t h e N 

e l e m e n t s - one f o r each l i n e o f t h e s c h e m a t i z a t i o n . T h u s , f o r i = 1 t o 

N: 
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S^ . d t - ( S ^ . + d S ^ . ) d t + S y . _ ^ d x d t - Sy . d x d t = d x d y h . ( 2 2 . 0 1 ) 

No sand i s t r a n s p o r t e d t r a n s v e r s e l y e x c e p t be tween t h e zones so t h a t : 

S y N = 0 

( 2 2 . 0 2 ) 

Figure 22.3 

CONTINUITY EQUATION 
RELATIONSHIPS 

x + d x X 

U s i n g ( 2 0 . 0 2 ) and ( 2 0 . 0 3 ) w h i c h a r e s t i l l v a l i d i n ( 2 2 . 0 1 ) , y i e l d s : 

3 S 

T ^ - ^ ( i - l ) ^ ^ i ^ ^ I = ° ( 2 2 . 0 3 ) 

w h i c h can be compared t o e q u a t i o n 2 0 . 0 4 . I t s h o u l d be remembered i n 

t h e above e q u a t i o n s t h a t S^^. i s t h e l o n g s h o r e sand t r a n s p o r t o v e r t h e 

e n t i r e zone w i d t h , w h i l e Sy.j i s a t r a n s v e r s e t r a n s p o r t p e r u n i t 

l e n g t h o f b e a c h . For N = 1 e q u a t i o n 2 2 . 0 3 d e g e n e r a t e s t o e q u a t i o n 2 0 . 0 4 , 

E q u a t i o n 2 2 . 0 3 i s t h e g e n e r a l e q u a t i o n o f c o n t i n u i t y . 

The t e r m s S y ( . _ j ^ and S^ . i n e q u a t i o n 2 2 . 0 3 can be e v a l u a t e d 

u s i n g an e q u a t i o n such as 2 1 . 0 6 and t h e methods o f t h e p r e v i o u s c h a p 

t e r . The method o f S w a r t p r e s e n t e d t h e r e y i e l d s , r e a l l y , an e q u a t i o n 

o f m o t i o n a l o n g t h e p r o f i l e . 

The r a t e o f change o f sand t r a n s p o r t a l o n g t h e c o a s t l i n e , 

can be f o u n d by e x t e n d i n g t h e methods o f s e c t i o n 2 0 , 3 , T h u s , 

r e f e r r i n g t o and e x t e n d i n g t h e r e s u l t s t h e r e : 

i i x i 
8x 

3 S . 3 S . 80 . 
XT_ ^ X I '^1 

3x 3 0 , 3x ( 2 0 . 0 6 ) ( 2 2 . 0 4 ) 

a n d : 

30 . 32 y . 

T x " y - ( 2 0 . 0 7 ) ( 2 2 . 0 5 ) 
3x 

whe re 0 . i s now t h e i n s t a n t a n e o u s a n g l e o f a p p r o a c h o f t h e waves a t t h e 

t o e o f each zone r e l a t i v e t o t h e s c h e m a t i z i n g l i n e f o r t h a t z o n e . T h i s 

a n g l e o f a t t a c k i s t h u s : 

3y^ 

^ = " S i r ( 2 2 . 0 6 ) 
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w h e r e 0.1 i s t h e a n g l e of wave a p p r o a c h a t t h e t o e o f t h e i t h zone 

measu red r e l a t i v e t o t h e x a x i s . The d e p t h a t t h i s i t h t o e w i l l be -

f r o m f i g u r e 2 2 . 1 : 

i h ( 2 2 . 0 7 ) 
n = l " 

O b v i o u s l y , t h e wave c o n d i t i o n s s h o u l d be e v a l u a t e d a t t h i s same 

d e p t h . I n g e n e r a l , r e f r a c t i o n , s h o a l i n g , and b r e a k i n g w i l l a l l have t o 

be c o n s i d e r e d . 

I n p r a c t i c e , v a l u e s o f S . can be f o u n d by d e t e r m i n i n g t h e 
X I 

l o n g s h o r e sand t r a n s p o r t d i s t r i b u t i o n a c r o s s t h e beach u s i n g , f o r 

e x a m p l e , t h e B i j k e r method o u t l i n e d i n c h a p t e r 19 . I n t e g r a t i o n o f t h e 

r e s u l t i n g sand t r a n s p o r t c u r v e a c r o s s each o f t h e s c h e m a t i z a t i o n zones 

i n d e p e n d e n t l y y i e l d s a s e t oJ ^ a l u e s f o r S^y 

The d e r i v a t i v e n e e d e d , -^-^^^ , can t h e n be e v a l u a t e d a p p r o x i m a t e l y 

by e v a l u a t i n g s e t s o f S . as o u t l i n e d above f o r v a r i o u s s l i g h t l y 
X I 

d i f f e r e n t v a l u e s o f 0 ^ The d e r i v a t i v e i n q u e s t i o n i s t h e n a p p r o x i m a 

t e d b y : 

- K J ^ ^ ^ ( 2 2 . 0 8 ) 

2 2 . 4 I n i t i a l and bounda ry c o n d i t i o n s 

J u s t as w i t h a o n e - l i n e a p p r o a c h , a p p r o p r i a t e i n i t i a l and 

b o u n d a r y c o n d i t i o n s must be e s t a b l i s h e d c o n s i s t e n t w i t h t h e p r o b l e m 

t o be s o l v e d . Each l i n e o f t h e s o l u t i o n o f an N l i n e a p p r o a c h w i l l 

need an i n i t i a l and two b o u n d a r y c o n d i t i o n s . F u r t h e r , b o u n d a r y c o n d i 

t i o n s f o r t h e t r a n s v e r s e s e d i m e n t t r a n s p o r t mus t a l s o be e s t a b l i s h e d . 

For e x a m p l e , a common p h y s i c a l b o u n d a r y c o n d i t i o n f o r t h e t r a n s v e r s e 

t r a n s p o r t i s t h a t no sand e n t e r s o r l e a v e s t h e s c h e m a t i z e d beach i n 

t h e t r a n s v e r s e d i r e c t i o n ; t h i s l e d , i n f a c t , t o e q u a t i o n 2 2 . 0 2 . S i n c e 

o t h e r i n i t i a l and bounda ry c o n d i t i o n s i n t h e l o n g s h o r e d i r e c t i o n l o o k 

f o r each l i n e much l i k e t h o s e i n c h a p t e r 2 0 , t h e y w i l l n o t be e l u c i d a 

t e d f u r t h e r , h e r e . 

An a d d i t i o n a l a d v a n t a g e o f t h e n u m e r i c a l s o l u t i o n s i s t h a t i n i t i a l 

c o n d i t i o n s can be much more f l e x i b l e . For e x a m p l e , t h e i n i t i a l c o n 

d i t i o n i m p l y i n g t h a t t h e beach be s t r a i g h t and o f c o n s t a n t s l o p e i s no 

l o n g e r n e c e s s a r y . Now, t h e i n i t i a l c o n d i t i o n y . ( x ) ^ may d e s c r i b e t h e 

a c t u a l d e p t h c o n t o u r s . T h i s , o f c o u r s e , makes more r e a l i s t i c s o l u t i o n s 

p o s s i b l e . 

5t T h i s b o u n d a r y c o n d i t i o n w i l l be r e l a x e d a b i t i n c h a p t e r 2 3 . 
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2 2 . 5 S o l u t i o n t o t h e e q u a t i o n s 

M a t h e m a t i c i a n s have a s s u r e d us t h a t unde r a p p r o p r i a t e c o n d i t i o n s 

such as c o n s t a n t v a l u e s f o r S ^ ^ S ^ ^ 0\, and and s i m p l e i n i t i a l 

c o n d i t i o n s y . j ( x ) = c o n s t a n t a t t = 0 , an a n a l y t i c a l s o l u t i o n e x i s t s t o 

t h e e q u a t i o n s o f m o t i o n r e p r e s e n t e d by ( 2 2 . 0 4 ) comb ined w i t h t h e c o n 

t i n u i t y r e l a t i o n s h i p ( 2 2 . 0 3 ) . R a t h e r t h a n f i n d and use t h e s e a n a l y t i c a l 

s o l u t i o n s , h o w e v e r , i t has p r o v e n more p o p u l a r and r e a l i s t i c t o 

d e v e l o p n u m e r i c a l i n t e g r a t i o n schemes t o s o l v e t h e c o m b i n a t i o n o f 

e q u a t i o n s 22.04 and 2 2 . 0 3 d i r e c t l y by a p p r o x i m a t e t i m e - s t e p p i n g t e c h n i 

q u e s . The d e v e l o p m e n t o f d i g i t a l c o m p u t e r p rog rams f o r t h i s wo rk i s a 

m a j o r r e s e a r c h a c t i v i t y w i t h i n t h e C o a s t a l E n g i n e e r i n g Group a t t h e 

D e l f t U n i v e r s i t y o f T e c h n o l o g y . 

2 2 . 6 F u t u r e d e v e l o p m e n t s 

P r o g r e s s i n g one s t e p f u r t h e r i n o u r n u m e r i c a l a p p r o x i m a t i o n , we 

can s u b d i v i d e each o f t h e s c h e m a t i z i n g l i n e s o f o u r beach i n t o b l o c k s 

a l o n g t h e b e a c h ; we a r e , t h e n , p l a c i n g a g r i d on t h e p l a n o f t h e b e a c h . 

- t h e X , y p l a n e . U s u a l l y , t h e s e b l o c k s e l e m e n t s w i l l be r e l a t i v e l y l o n g 

( i n t h e x d i r e c t i o n ) r e l a t i v e t o i t s w i d t h . We can now compute w a v e , 

c u r r e n t , and sand t r a n s p o r t c o n d i t i o n s f o r each o f t h e s e b l o c k s a t t h e 

s t a r t o f t h e s t u d y and compute c o a s t a l changes o c c u r r i n g d u r i n g some 

t i m e . A f t e r some t i m e , changes i n e i t h e r t h e c o a s t a l g e o m e t r y o r -

more l i k e l y - t h e o f f s h o r e wave and c u r r e n t c o n d i t i o n s , w i l l make i t 

n e c e s s a r y f o r t h e c o m p u t a t i o n p a r a m e t e r s f o r each e l e m e n t t o be r e 

c o m p u t e d . I n t h i s w a y , t h e d e v e l o p m e n t o f a c o a s t l i n e and e n t i r e 

beach s u b j e c t e d t o g i v e n s t o r m c o n d i t i o n s can be s i m u l a t e d . I n d e e d , 

even t h e e f f e c t s o f t i d e s and o t h e r f o r c e s d e s c r i b e d p r e v i o u s l y i n 

s e c t i o n 1 6 . 6 can a l s o be i n c l u d e d . 

W h i l e a l l o f t h i s sounds v e r y n i c e i n p r i n c i p l e , t h e r e r e m a i n 

s e v e r a l p r a c t i c a l l i m i t a t i o n s . C o n t i n u i t y o f w a t e r as w e l l as sand 

mus t be p r o v i d e d , and t r a n s i e n t s i t u a t i o n s such as t h e d e v e l o p m e n t 

o f t h e l o n g s h o r e c u r r e n t on t h e l e e s i d e o f a g r o i n mus t a l s o be a c 

c o u n t e d f o r . Perhaps mos t i m p o r t a n t , h o w e v e r , t h e r e r e m a i n s an 

economic q u e s t i o n i n v o l v i n g t h e c o m p u t a t i o n c o s t s : " W i l l t h e i n 

c r e a s e d a c c u r a c y o f t h e s o l u t i o n j u s t i f y t h e a d d i t i o n a l c o m p u t a t i o n a l 

e f f o r t and c o s t ? " . 
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2 3 . DUNE COASTS E.W. B i j k e r 

J . v . d . G r a a f f 

2 3 . 1 I n t r o d u c t i o n 

Dunes o c c u r n a t u e a l l y i n many p a r t s o f t h e w o r l d . I n t h e i r most 

untamed s t a t e t h e y a r e a s s o c i a t e d w i t h exposed d r y sand b e i n g t r a n s 

p o r t e d by t h e w i n d . I n t h i s s t a t e , t h e y can m i g r a t e w i t h t h e w i n d , 

o f t e n becoming q u i t e h i g h and somet imes e n c r o a c h i n g upon and d i s 

r u p t i n g t h e wo rks o f man. They have been known, f o r e x a m p l e , t o c o v e r 

h i ghways and r a i l r o a d s and t o d e s t r o y p r o d u c t i v e a g r i c u l t u r a l l a n d -

see f i g u r e 2 3 . 1 . 

F i g u r e 23 .1 

DUNES ENCROACHING ON HIGHWAY 
CAPE COD, U . S . A 

W h i l e dunes o c c u r t h r o u g h o u t t h e w o r l d , t h e y a r e a c t u a l l y q u i t e 

f r e q u e n t a l o n g c o a s t s . The s h o r e o f The N e t h e r l a n d s i s a s p l e n d i d 

examp le o f c o a s t a l d u n e s . They can a l s o be f o u n d i n many o t h e r p a r t s 

o f t h e wiTld p o r t i o n s o f t h e c o a s t o f Ghana, p a r t s o f t h e Oregon c o a s t 

i n t h e U n i t e d S t a t e s ( v o l u m e I f i g u r e s 2 5 . 4 , 2 9 . 9 and 2 9 . 1 0 , and f i g 

u r e s 2 3 . 2 and 2 3 . 3 i n t h i s volume). The r e m a i n s o f an o l d t r a n s a t l a n t i c 

c a b l e can be seen i n t h e l o w e r r i g h t i n f i g u r e 2 3 . 3 c . I s o l a t e d sand 

dunes a r e p r e s e n t a l o n g t h e mud c o a s t o f Sur iname - A l l e r s m a ( 1 9 6 8 ) . 

Because o f t h e i r h e i g h t ( u s u a l l y ) , and t h u s vo lume o f s t o r e d s a n d , 

c o a s t a l dunes can be u t i l i z e d , whe re p r e s e n t , i n a c o a s t a l p r o t e c t i o n 

scheme f o r t h e b e n e f i t o f man. The r e m a i n d e r o f t h i s c h a p t e r w i l l be 

d e v o t e d t o t h e dynamics o f a d u n e - p r o t e c t e d c o a s t such as i s f o u n d i n 

The N e t h e r l a n d s . 
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F i g u r e 23.2 

A E R I A L PHOTO OF DUNE COAST 

SANDY NECK, CAPE COD,U.S. A. 

2 3 . 2 Dune f o r m a t i o n 

Two b a s i c components a r e needed t o f o r m c o a s t a l d u n e s : a r e a s o n 

a b l y c o n t i n u o u s , s l o w s u p p l y o f s a n d , and a w i n d b l o w i n g a t l e a s t 

somewiiat t o w a r d t h e s h o r e . 

The sand i s u s u a l l y s u p p l i e d by t h e sea - t h e waves - i n one o f 

two w a y s ; e i t h e r by t r a n s v e r s e t r a n s p o r t f r o m d e e p e r w a t e r o r by a c 

c r e t i o n o f a beach caused by a d e c r e a s i n g l o n g s h o r e sand t r a n s p o r t 

a l o n g a c o a s t . The f i r s t o f t h e s e t r a n s p o r t mechanisms i s d r i v e n by 

t h e s m a l l n e t s h o r e w a r d mass t r a n s p o r t n e a r t h e b o t t o m i n waves out

side t h e b r e a k e r z o n e . ( T h i s i s i n oontrast t o t h e d i s c u s s i o n o f 

t r a n s v e r s e mass t r a n s p o r t within t h e b r e a k e r zone p r e s e n t e d i n s e c 

t i o n 1 1 . 5 ) L o n g u e t H i g g i n s ( 1 9 5 3 ) , B i j k e r , e t a l ( 1 9 7 5 ) and B a t t j e s 

( 1 9 7 6 ) d i s c u s s t h i s mass t r a n s p o r t i n more d e t a i l . T h i s i s one o f t h e 

p r e d o m i n a n t s u p p l i e s o f sand f o r t h e Du tch c o a s t . These dunes g e n e r 

a l l y grow s l o w l y b u t r a t h e r s t e a d i l y . 

The second means o f sand s u p p l y , a d e c r e a s i n g l o n g s h o r e t r a n s 

p o r t , i s a more o b v i o u s s o u r c e o f sand f o r dune b u i l d u p . Such a s u p 

p l y n o u r i s h e s t h e dunes nea r t h e end o f Cape Cod i n The U n i t e d S t a t e s 

- see f i g u r e 2 3 . 1 . Much more r a p i d dune g r o w t h can t a k e p l a c e b e 

cause o f t h e l a r g e r s u p p l y . 
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W i t h e i t h e r s o u r c e o f s u p p l y , t h e sand must become d r y so t h a t 

t h e w i n d can more e a s i l y p i c k i t up f o r t r a n s p o r t . ( W e t , u n s a t u r a t e d 

sand has a f i c t i v e c o h e s i o n caused by t h e s u r f a c e t e n s i o n o f t h e i n 

t e r g r a n u l a r w a t e r . T h i s s u r f a c e t e n s i o n can o n l y be overcome by r e l a 

t i v e l y s t r o n g w i n d s ) . T i d a l a c t i o n can be s u f f i c i e n t t o a l l o w an u p 

p e r l a y e r o f sand nea r t h e h i g h t i d e l i n e t o d r y and be t r a n s p o r t e d 

by t h e w i n d . I f t h e sea w a t e r i s e x t r e m e l y s a l i n e t h e s a l t s l e f t 

b e h i n d as t h e w a t e r e v a p o r a t e s can be s u f f i c i e n t t o cement t h e sand 

g r a i n s t o g e t h e r so t h a t t h e y c a n n o t be d i s t u r b e d by t h e w i n d . Such a 

s a l t - c e m e n t e d sand l a y e r i s o f t e n c a l l e d c a l i c h e , b u t i s n o t o f t e n 

f o u n d on t h e s h o r e s o f t h e m a j o r o c e a n s . 

F i g u r e 2 3 . 4 shows a sumewhat s c h e m a t i z e d c r o s s - s e c t i o n o f a d u n e -

p r o t e c t e d c o a s t o f t e n f o u n d i n The N e t h e r l a n d s . I t compares w e l l t o 

t h a t i n vo lume I f i g u r e 2 5 . 1 . The d r y b a c k s h o r e t e n d s t o make t h e 

dunes appea r t o be v e r y i n d e p e n d e n t o f t h e r e s t o f t h e c o a s t even 

t h o u g h t h e y a r e n o t . Excep t d u r i n g s t o r m s , changes o c c u r s l o w l y , a l 

mos t i m p e r c e p t i b l y e x c e p t t o e x p e r t o b s e r v e r s . 
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T h i s s e c t i o n has d e s c r i b e d how dunes a r e f o r m e d and n o u r i s h e d . 

A s e c t i o n i n t h e f o l l o w i n g c h a p t e r w i l l d e s c r i b e how dune f o r m s can be 

m o d i f i e d f o r t h e b e n e f i t o f man. The b u i l d - u p p r o c e s s o f a dune 

c o a s t may, h o w e v e r , be i n t e r r u p t e d f r o m t i m e t o t i m e by e r o s i o n . I t 

i s even p o s s i b l e t h a t a dune c o a s t i s b e i n g more o r l e s s s t e a d i l y 

e r o d e d even t h o u g h sand i s a l s o b e i n g s u p p l i e d n a t u r a l l y f r o m o f f s h o r e . 

The c o n d i t i o n n e c e s s a r y f o r t h i s i s t h a t t h e e r o s i o n caused by an 

i n c r e a s i n g l o n g s h o r e t r a n s p o r t c a p a c i t y more t h a t o f f s e t s t h e s u p p l y 

o f sand i n t h e t r a n s v e r s e d i r e c t i o n . The f o l l o w i n g two s e c t i o n s w i l l 

d e s c r i b e l o n g and s h o r t t e r m dune c o a s t a l changes based l a r g e l y upon 

e x p e r i e n c e i n The N e t h e r l a n d s . 

2 3 . 3 S h o r t t e r m dune dynam ics 

D u r i n g s e v e r e s t o r m s c o n s i d e r a b l y h i g h e r w a t e r l e v e l s can be e x 

p e c t e d t h a n unde r normal c o n d i t i o n s * . Under s u p e r s t o r m c o n d i t i o n s , 

as shown i n f i g u r e 2 3 . 4 , t h e d u n e s , t h e m s e l v e s , a r e s u b j e c t e d t o d i r e c t 

a t t a c k by t h e s e a . Sand w i l l be e r o d e d f r o m t h e dunes and t r a n s p o r t e d 

p r i m a r i l y i n t h e t r a n s v e r s e d i r e c t i o n - t o w a r d t h e sea a l o n g t h e beach 

p r o f i l e . W h i l e t h e r e may , i n d e e d , be a s i g n i f i c a n t s i m u l t a n e o u s 

l o n g s h o r e t r a n s p o r t , t h i s w i l l n o t be o f t o o much c o n c e r n , e s p e c i a l l y 

i f t h e c o n d i t i o n s a l o n g t h e c o a s t do n o t v a r y much f r o m p l a c e t o 

p l a c e and s i n c e t h e s t o r m d u r a t i o n i s r e l a t i v e l y s h o r t . Even s o , t h e 

changes i n t h e c o a s t p r o f i l e can be s p e c t a c u l a r d u r i n g t h e s h o r t 

d u r a t i o n o f a s e v e r e s t o r m . 

Even d u r i n g t h e h i s t o r i c s t o r m and f l o o d o f J a n u a r y - F e b r u a r y 1953 

i n The N e t h e r l a n d s t h e damage t o t h e dunes was n o t s e v e r e . I n t h i s 

s t o r m w h i c h had an a v e r a g e f r e q u e n c y o f i n t e n s i t y o f a b o u t 1 i n t o 250 

y e a r s , mos t dune e r o s i o n amounted t o a b o u t 100 m~̂  o f sand p e r m e t e r 

beach l e n g t h . T h i s t r a n s l a t e s i n t o a r e c e s s i o n o f t h e dune t o e o f a 

d i s t a n c e i n t h e o r d e r o f 20 t o 30 m e t e r s . 

C o n s i d e r a b l y more s e v e r e c o n d i t i o n s f o r t h e D u t c h c o a s t can be 

c o n c e i v e d . T h e r e i s , i n f a c t , no l i m i t i n g c a s e ; t h e p r o b a b i l i t y o f o c 

c u r r a n c e o n l y becomes e x t r e m e l y s m a l l . The e r o s i o n o f t h e dunes w o u l d 

l i k e w i s e be much more s e v e r e . I n d e e d , most o f t h e dune - p r o t e c t e d 

a r e a s o f t h e D u t c h c o a s t can s t a n d an e r o s i o n o f more t h a n 500 m^ o f 

sand p e r m e t e r c o a s t l i n e and s t i l l p r e v e n t f l o o d i n g o f t h e h i n t e r l a n d . 

U n f o r t u n a t e l y , a few p o r t i o n s o f t h e c o a s t l i n e do n o t have such a 

g e n e r o u s r e s e r v e o f sand i n t h e d u n e s . 

An e x t r e m e l y i m p o r t a n t q u e s t i o n i s , t h e n , "How s e v e r e a s t o r m 

can a g i v e n dune c o a s t e n d u r e and n o t f a i l ? " Many s t u d i e s o f t h i s have 

been c a r r i e d o u t i n The N e t h e r l a n d s and s t u d i e s a r e c o n t i n u i n g . Some 

c o n c l u s i o n s based upon b o t h model and p r o t o t y p e s t u d i e s c o m p l e t e t h i s 

s e c t i o n . 

* The e x t e n t o f such a w a t e r l e v e l i n c r e a s e i s d e p e n d e n t upon many 

f a c t o r s . The Du tch c o a s t i s e s p e c i a l l y s u s c e p t i b l e t o such w a t e r 

l e v e l i n c r e a s e s . 
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S i n c e t h e t r a n s v e r s e s e d i m e n t t r a n s p o r t d o m i n a t e s t h e c o a s t a l 

t r a n s p o r t p i c t u r e d u r i n g dune e r o s i o n , t h e p r i n c i p l e o f c o n t i n u i t y 

d i c t a t e s t h a t t h e sand e roded f r o m t h e dunes must r e m a i n somewhere 

a l o n g t h e beach p r o f i l e . Measurement made a l o n g t h e Du tch c o a s t 

s h o r t l y b e f o r e and soon a f t e r t h e s t o r m i n 1953 i n d i c a t e d t h a t l a r g e 

p o r t i o n s o f t h e c o a s t had d e v e l o p e d a s o - c a l l e d s t o r m p r o f i l e e x 

t e n d i n g f r o m t h e s t o r m f l o o d l e v e l t o a d e p t h more o f l e s s c o r r e s p o n 

d i n g t o t h e o u t e r edge o f t h e b r e a k e r z o n e . The p r o f i l e was f o u n d 

t o f i t t h e e m p e r i c a l r e l a t i o n s h i p ; 

z = - 0 . 4 1 5 / y + 4 . 5 + 0 . 8 8 ( 2 3 . 0 1 ) 

where y and z a r e d e f i n e d i n t h e usua l way and a r e shown a l o n g w i t h 

a p r o f i l e i n f i g u r e 2 3 . 5 . Note t h a t e q u a t i o n 2 3 . 0 1 i s not dimension-

less - m e t r i c u n i t s were used i n i t s d e t e r m i n a t i o n . T h i s e q u a t i o n i s 

p u b l i s h e d i n an anonymous r e p o r t by t h e M i n i s t r y o f P u b l i c Works ( 1 9 7 2 ) 

and i s v a l i d o n l y f o r t h e p r o f i l e be low t h e s t i l l w a t e r l e v e l . F i g 

u r e 2 3 . 5 shows such a p r o f i l e . C o n t i n u i t y o f sand d i c t a t e s t h a t t h e 

a r e a o f e r o s i o n equa l t h e a r e a o f a c c r e t i o n i n t h e f i g u r e . 

S T O R M P R O F I L E BY S W A R T 

( d i s t o r t i o n 1 : 2 5 ) 

U n f o r t u n a t e l y , n o - o n e was b r a v e enough t o c a r r y o u t measuremen ts 

d u r i n g t h e 1953 s t o r m on t h e c o a s t ; we do n o t know, t h e r e f o r e , how 

t h e s t o r m p r o f i l e i n f i g u r e 2 3 . 5 d e v e l o p e d as a f u n c t i o n o f t i m e . I f 

t h e s t o r m f l o o d l e v e l i s assumed t o have been r e a c h e d i n s t a n t l y and 

t h e n m a i n t a i n e d f o r some t i m e d u r i n g w h i c h t h e dune e r o s i o n t a k e s 

p l a c e , t h e n we can c o n c l u d e f r o m f i g u r e 2 3 . 5 t h a t t h e b r e a k e r zone 

has become much w i d e r d u r i n g t h e e r o s i o n p r o c e s s . F u r t h e r , s i n c e t h e 

s t o r m beach p r o f i l e i s r e l a t e d t o t h e s t o r m f l o o d s t i l l w a t e r l e v e l , 

t h e t o t a l q u a n t i t y o f dune m a t e r i a l e r o d e d i s s t r o n g l y d e p e n d e n t upon 

t h i s s t o r m l e v e l . The d u r a t i o n o f t h e s t o r m seems r e l a t i v e l y l e s s i m 

p o r t a n t ; once t h e s t o r m p r o f i l e shown i n f i g u r e 2 3 . 5 has been d e v e l 

o p e d , f u r t h e r changes o c c u r s l o w l y u n l e s s t h e w a t e r l e v e l o r wave 

h e i g h t c o n t i n u e s t o i n c r e a s e . E m p e r i c a l r e l a t i o n s h i p s have been d e v e l 

o p e d , t h e r e f o r e , t o p r e d i c t dune e r o s i o n based upon t h e s t o r m f l o o d 

2 

F i g u r e 2 3 . 5 

b r 

y 
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l e v e l . U n f o r t u n a t e l y , t h e l a r g e number o f l i m i t i n g a s s u m p t i o n s i n 

v o l v e d i n t h e method makes i t more q u a l i t a t i v e t h a n q u a n t i t a t i v e i n 

p r a c t i c e . S i n c e t h e p u b l i c a t i o n o f t h e above m e n t i o n e d w o r k , f u r t h e r 

model s t u d i e s c a r r i e d o u t i n t h e D e l f t H y d r a u l i c s L a b o r a t o r y i n d i c a t e 

t h a t t h e c o m p u t a t i o n may be a b i t c o n s e r v a t i v e - t h a t l e s s m a t e r i a l 

w i l l be e r o d e d t h a n i s p r e d i c t e d . 

I n d e e d , b e f o r e f u r t h e r r e s e a r c h has been c o m p l e t e d we p r e s e n t 

h e r e o n l y t h e f e w r a t h e r q u a l i t a t i v e r e s u l t s l i s t e d b e l o w , r a t h e r 

t h a n t h e f u l l s e t o f e m p e r i c a l r e l a t i o n s . 

As s t a t e d a b o v e , t h e a c t u a l s t o r m f l o o d l e v e l i s v e r y i m p o r t a n t 

f o r t h e d e t e r m i n a t i o n o f t h e u l t i m a t e dune e r o s i o n . A sma l l i n c r e a s e 

l e v e l can r e s u l t i n a l a r g e i n c r e a s e i n e r o s i o n . 

R e l a t i v e l y h i g h dunes s u p p l y more sand f o r each m e t e r o f c o a s t 

l i n e e r o s i o n . The r e s u l t i n g c o a s t l i n e r e c e s s i o n w i l l be l e s s , b u t 

t h e a c t u a l t o t a l vo lume o f sand e r o d e d w i l l be more f o r a h i g h e r d u n e . 

T h i s can be v i s u a l i z e d by mov ing t h e s t o r m p r o f i l e t o t h e r i g h t 

s l i g h t l y i n f i g u r e 2 3 . 5 ; t h e a c c r e t i o n vo lume i n c r e a s e s r a p i d l y . H igh 

dunes w i l l m i n i m i z e t h e c o a s t a l r e c e s s i o n ; l o w dunes w i l l m i n i m i z e 

t h e vo lume o f e r o d e d s a n d . T h i s r e l a t i o n can be u s e f u l when a r t i f i c i 

a l l y s t i m u l a t i n g dune f o r m a t i o n so t h a t an op t imum dune f o r m can be 

a p p r o a c h e d . 

A second s t o r m o c c u r r i n g soon a f t e r an i n i t i a l s t o r m o f equa l i n 

t e n s i t y w i l l c a u s e r e l a t i v e l y l i t t l e a d d i t i o n a l damage t o t h e d u n e s . 

T r a n s v e r s e sand t r a n s p o r t s o f o n l y 10 t o 20 p e r c e n t o f t h a t i n t h e 

f i r s t s t o r m have been e x p e r i e n c e d unde r t h e above c o n d i t i o n s i n The 

N e t h e r l a n d s . 

R e l a t i v e l y s e v e r e s t o r m s , such as t h a t i n The N e t h e r l a n d s i n 1 9 5 3 , 

do n o t move t h e dune sand v e r y f a r ; most o f i t r e m a i n s w i t h i n t h e 

b r e a k e r z o n e . 

Dunes w h i c h a r e o t h e r w i s e s t a b l e w i l l be b u i l t up a g a i n o v e r t h e 

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

s t o r m , b u t r e c o v e r y s t i l l o n l y t a k e s , a t most a f e w y e a r s . 

U s u a l l y t h e h i g h e s t p o r t i o n o f a s t o r m f l o o d i s o f r e l a t i v e l y 

l i m i t e d d u r a t i o n . A m a j o r p o r t i o n o f t h e dune e r o s i o n t a k e s p l a c e i n 

t h a t f ew h o u r s , however . T h i s i n shown i n f i g u r e 2 3 . 5 . 

2 3 . 4 Long t e r m dune d y n a m i c s 

A row o f dunes p r o t e c t i n g a c o a s t needs t o be s t a b l e o v e r a 

p e r i o d o f y e a r s o r decades i n a d d i t i o n t o b e i n g a b l e t o s u r v i v e a 

s e v e r e s t o r m . S low b u t p e r s i s t e n t c o a s t a l changes - e s p e c i a l l y e r o s i o n -

mus t be d e t e r m i n e d and n e c e s s a r y a l l o w a n c e s f o r t h e s e l e s s s p e c t a c 

u l a r b u t c o n t i n u o u s p r o c e s s e s must be made. 

S i n c e t h e dunes a r e so i m p o r t a n t t o t h e c o a s t a l p r o t e c t i o n o f 

The N e t h e r l a n d s , t h e s e s l o w changes i n t h e dunes p o s i t i o n s have been 

c a r e f u l l y f o l l o w e d f o r d e c a d e s . F i g u r e 2 3 . 7 shows t h e t e n y e a r a v e r a g e 

d i s p l a c e m e n t s o f t h e t o e o f t h e dunes a t f o u r p l a c e s a l o n g t h e D u t c h 

c o a s t d u r i n g a b i t more t h a n a c e n t u r y . O n l y r e l a t i v e changes a r e 

shown i n t h a t f i g u r e ; t h e z e r o p o i n t o f t h e d i s t a n c e s c a l e i s q u i t e 

a r b i t r a r y . 
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F i g u r e 2 3 , 6 
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F i g u r e 2 3 . 7 a , measured 10 l<m s o u t h o f Den H e l d e r shows a c o n s i s 

t e n t e r o s i o n o f a b o u t 1.3 m p e r y e a r , w h i l e 31 km f u r t h e r s o u t h -

f i g u r e 2 3 . 7 b - t h e dunes have r e m a i n e d v e r y s t a b l e . Near B l o e m e l d a a l , 

62 km s o u t h o f Den H e l d e r t h e dunes a r e a c c r e t i n g a b o u t 0 . 6 m p e r 

y e a r - f i g u r e 2 3 . 7 c . J u s t n o r t h o f S c h e v e n i n g e n - f i g u r e 2 3 . 7 d - an 

i n i t i a l s l o w a c c r e t i o n became an e r o s i o n o f a b o u t 1.4 m / y e a r a f t e r 

a b o u t 1 9 0 0 . T h i s i s i n t e r e s t i n g i n l i g h t o f t h e f a c t t h a t s h o r e 

p r o t e c t i o n wo rks - a s e a w a l l and g r o i n s - we re b u i l t a t S c h e v e n i n g e n 

a r o u n d t h e t u r n o f t h e c e n t u r y . The measurement p o i n t shown i n t h e 

f i g u r e i s a b o u t 2 km n o r t h o f t h e end o f t h o s e w o r k s . 

F i g u r e 2 3 . 8 shows t h e movement o f t h e e n t i r e c o a s t a l r e g i o n 

d u r i n g one c e n t u r y . The l e t t e r s a t h r o u g h d on t h e h o r i z o n t a l a x i s 

show t h e l o c a t i o n s o f t h e g r a p h s i n f i g u r e 2 3 . 7 . 

I n c o n t r a s t t o t h e cause o f dune e r o s i o n d u r i n g s t o r m s , t h e 

c o a s t a l changes j u s t d e s c r i b e d a r e caused p r i m a r i l y by l o n g s h o r e s e 

d i m e n t movements . These c o a s t a l c h a n g e s , t h e n , i m p l y a g r a d i e n t i n 

t h e l o n g s h o r e t r a n s p o r t c a p a c i t y a l o n g t h e c o a s t . An a c c r e t i o n , o b 

v i o u s l y , r e s u l t s f r o m a d e c l i n i n g t r a n s p o r t c a p a c i t y ; e r o s i o n i m p l i e s 

an i n c r e a s i n g l o n g s h o r e t r a n s p o r t c a p a c i t y . The changes j u s t d e 

s c r i b e d i n f i g u r e s 2 3 . 7 and 2 3 . 8 f o r t h e t o e o f t h e dunes a r e t y p i c a l , 

a l s o , o f t h e e n t i r e beach p r o f i l e . I f we assume t h a t t h a t t o t a l 

p r o f i l e i n c l u d i n g t h e dunes i s a b o u t 20 m h i g h , t h e n a beach and dune 

change o f 1 m pe r y e a r i m p l i e s a g r a d i e n t i n t h e l o n g s h o r e t r a n s p o r t 

c a p a c i t y o f a b o u t 20 000 c u b i c m e t e r s p e r y e a r p e r k i l o m e t e r . When 

t h i s e x t e n d s o v e r a c o n s i d e r a b l e d i s t a n c e a v e r y l a r g e vo lume o f sand 

can be i n v o l v e d . In 40 k i l o m e t e r s , f o r e x a m p l e , 1 m / y e a r e r o s i o n i m 

p l i e s an increase i n s e d i m e n t t r a n s p o r t c a p a c i t y o f 800 000 m ^ / y e a r ! 
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E r o s i o n , e s p e c i a l l y , i s o f g r e a t i m p o r t a n c e f o r t h e l o n g - t e r m 

s a f e t y o f a d u n e - p r o t e c t e d c o a s t . W h i l e we c a n n o t a l w a y s e x p l a i n t h e 

r e a s o n f o r a s l o w c o a s t a l change o r p r e d i c t i t s m a g n i t u d e e x a c t l y , 

i t wou ld seem l o g i c a l , t h e r e f o r e , t o a t t e m p t t o d e t e r m i n e e x i s t i n g 

t e n d e n c i e s , e x t r a p o l a t e them and a t t e m p t t o cope w i t h t h e e v e n t u a l 

c o n s e q u e n c e s . O f t e n t i m e s , a f u r t h e r e r o s i o n , p r e d i c t e d s u f f i c i e n t l y 

i n a d v a n c e , i s no g r e a t p r o b l e m ; s h o r e l i n e d e v e l o p m e n t can 

be p l a n n e d w i t h t h e p o s s i b l e c o a s t a l changes i n m i n d . P rob lems become 

more d i f f i c u l t and o f t e n more e m o t i o n a l when i t i s t o o l a t e t o p l a n 

f o r n a t u r a l c o a s t a l c h a n g e s . A r t i f i c i a l s h o r e p r o t e c t i o n w o r k s a r e 

t h e n t h e mos t o f t e n c o n s i d e r e d s o l u t i o n . The re i s an a l t e r n a t i v e , 

h o w e v e r ; abandonment o f t h e a r e a . T h i s second a l t e r n a t i v e may be more 

e c o n o m i c a l on t h e l o n g t e r m i n some s i t u a t i o n s . 

Shore p r o t e c t i o n w o r k s w i l l be d i s c u s s e d i n d e p t h i n t h e 

f o l l o w i n g c h a p t e r . F i r s t , h o w e v e r , we c o n c l u d e t h i s c h a p t e r w i t h a 

d i s c u s s i o n o f how t o p r e d i c t changes on d u n e - p r o t e c t e d c o a s t s . 

2 3 . 5 A n a l y s i s method 

The d i s c u s s i o n i n t h e p r e v i o u s s e c t i o n s o f t h i s c h a p t e r has been 

l i m i t e d t o t h e dune b e h a v i o r a t a s i n g l e c r o s s - s e c t i o n . Now, u s i n g an 

e x t e n s i o n o f t h e m u l t i p l e l i n e method o f t h e p r e v i o u s c h a p t e r , we 

s h a l l i n d i c a t e how an e n t i r e dune c o a s t m i g h t be a n a l y z e d . 

S i n c e t h e m u l t i p l e l i n e method i n v o l v e s b o t h l o n g s h o r e and 

t r a n s v e r s e s e d i m e n t movement , i t may be used s u c c e s f u l l y e i t h e r f o r 

l o n g - t e r m o r s h o r t - t e r m a n a l y s i s . I t may, h o w e v e r , be a b i t combersome 

f o r a s h o r t - t e r m a n a l y s i s i f t h e c o a s t a l m o r p h o l o g y i s d o m i n a t e d , 

t h e n , by t r a n s v e r s e t r a n s p o r t . 
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The m o d i f i c a t i o n o f t h e m u l t i p l e l i n e model method i n v o l v e s 

a l l o w i n g sand t o be added t o t h e beach f r o m t h e d u n e s . (We may remem

b e r f r o m c h a p t e r 22 e q u a t i o n s 2 2 . 0 2 t h a t no sand was a l l o w d t o e n t e r 

o r l e a v e t h e b r e a k e r zone i n t h e t r a n s v e r s e d i r e c t i o n ) . We can now 

a l l o w sand t o e n t e r t h e l o n g s h o r e t r a n s p o r t zone n e a r e s t t h e dunes by 

r e m o v i n g t h e r e s t r i c t i o n t h a t S^^ a l w a y s be z e r o . T h i s b o u n d a r y c o n 

d i t i o n m u s t , h o w e v e r , be r e p l a c e d by some f e a s a b l e d e s c r i p t i o n o f t h e 

dune m o d i f i c a t i o n p r o c e s s . T h i s c a n , o f c o u r s e , be done based upon a 

s l o p e j u s t as w i t h a l l o f t h e o t h e r t r a n s v e r s e t r a n s p o r t s * . 

T h e r e a r e h o w e v e r , two i m p o r t a n t d i f f e r e n c e s : 

F i r s t , t h e dunes t e n d t o " c a v e i n " d u r i n g e r o s i o n d e p o s i t i n g a r a t h e r 

l a r g e vo lume o f sand on t h e u p p e r beach a l l a t o n c e . Our s i m u l a t i o n 

model must do t h i s , t o o . T h i s can be done by s t i p u l a t i n g , f o r e x a m p l e , 

t h a t a g i v e n vo lume o f sand be d e p o s i t e d upon t h e uppe r beach wheneve r 

t h e " s l o p e " o f t h e dunes becomes t o o g r e a t . T h i s vo lume o f sand can be 

r e l a t e d t o t h e sand p r o p e r t i e s and dune h e i g h t by an a p p r o x i m a t e s l i p 

c i r c l e a n a l y s i s so f a m i l i a r t o f o u n d a t i o n e n g i n e e r s . T h i s y i e l d s an 

a b r u p t sand s u p p l y i n c o n t r a s t t o S w a r t ' s c o n c e p t . 

The second p r o b l e m , i s t h a t sand t r a n s p o r t f r o m t h e beach t o t h e 

dunes i s caused by an e n t i r e l y d i f f e r e n t (and i n d e p e n d e n t ) phenomena, 

t h e w i n d . W h i l e a c o n t i n u o u s t y p e o f t r a n s p o r t f u n c t i o n m i g h t be a p 

p r o p r i a t e , t o o l i t t l e i s known a b o u t dune a c c r e t i o n t o d e t e r m i n e t h e 

n e c e s s a r y p a r a m e t e r s f o r sand t r a n s p o r t t o w a r d t h e d u n e s . 

S t u d y i n g an e r o d i n g c o a s t , t h e r e f o r e , w i t h a s l i p c i r c l e t y p e o f 

dune s u p p l y y i e l d s a m a t h e m a t i c a l d e s c r i p t i o n o f S^^ w i t h a s p e c i a l 

f o r m . E x t r a p o l a t i n g t h e n o t a t i o n o f c h a p t e r 2 1 , e q u a t i o n 2 1 . 0 6 : 

I f (W - ( 4 - L ^ ) ) < 0 

( 2 3 . 0 2 ) 
t h e n Sy^ = 0 

and i f (W - (L^ - L ^ ) ) > 0 

( 2 3 . 0 3 ) 
t h e n S = S, 

yo dune 

whe re W^ i s a d i s t a n c e c o r r e s p o n d i n g t o a " j u s t s t a b l e " dune s l o p e , 

i s a d i s t a n c e c h a r a c t e r i z i n g t h e d u n e , and 

^dune vo lume o f sand d e p o s i t e d on t h e u p p e r beach d u r i n g 

a s i n g l e t i m e i n t e r v a l v i a a " c a v e - i n " . 

S i n c e S ^ ^ ^ ^ w i l l n o r m a l l y be l a r g e , t h e uppe r ( f i r s t ) zone o f t h e 

beach w i l l " s p r i n g f o r w a r d " as a r e s u l t o f t h e s u p p l y f r o m t h e d u n e s . 

T h i s w i l l a u t o m a t i c a l l y r e s t o r e t h e s t a t u s ( 2 3 . 0 2 ) and i n i t i a t e i n 

c r e a s e d t r a n s v e r s e t r a n s p o r t t o zones i n d e e p e r w a t e r . I n a c a l m 

w e a t h e r p e r i o d d u r i n g w h i c h sand s u p p l y f r o m t h e beach r e b u i l d s t h e 

d u n e s , a more c o n t i n u o u s t y p e o f sand t r a n s p o r t f u n c t i o n - more l i k e 

e q u a t i o n 2 1 . 0 6 - s h o u l d be used i n s t e a d o f ( 2 3 . 0 2 ) and ( 2 3 . 0 3 ) . 

S w a r t ( 1 9 7 4 ) used t h i s a p p r o a c h . I t y i e l d s a c o n t i n u o u s sand s u p p l y 

f u n c t i o n . 
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2 4 . SHORE PROTECTION WORKS E.W. B i j k e r 

J . v . d . G r a a f f 

W.W. M a s s i e 

2 4 . 1 I n t r o d u c t i o n 

T h i s c h a p t e r i s c o n c e r n e d p r i m a r i l y w i t h t h e v a r i o u s ways i n 

w h i c h man can i n f l u e n c e t h e n a t u r a l p r o c e s s e s o c c u r r i n g a l o n g a b e a c h . 

The emphas is h e r e w i l l be on t h e m o r p h o l o g i c a l consequences o f t h e 

v a r i o u s man-made changes r a t h e r t h a n on t h e c o n s t r u c t i o n d e t a i l s o f 

t h e s t r u c t u r e s t h e m s e l v e s . T h i s l a t t e r a s p e c t , i n g e n e r a l , b e l o n g s 

more t o t h e f i e l d o f h y d r a u l i c s t r u c t u r e s t h a n t o c o a s t a l e n g i n e e r i n g . 

The p r i n c i p l e s o f t h e m o r p h o l o g i c a l consequences o f v a r i o u s man-

made c o a s t a l changes a r e d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n s . Not 

s u p r i s i n g l y , m o s t man-made changes i n v o l v e beaches t h a t a r e e r o d i n g . 

I n d e e d , a c c r e t i n g c o a s t s se ldom p r e s e n t p r o b l e m s . 

2 4 . 2 Sand s u p p l y 

Probab ly t h e s i m p l e s t and most d e p e n d a b l e means o f m a i n t a i n i n g an 

e r o d i n g beach i s t o s u p p l y sand t o t h a t beach f r o m o t h e r s o u r c e s ; 

s e v e r a l me thods a r e a v a i l a b l e . 

The most s t r a i g h t f o r w a r d seeming method i s t o move sand t o a 

p o i n t s h o r e w a r d o f t h e b r e a k e r l i n e v i a a d r e d g i n g o p e r a t i o n . S i n c e 

t h e sand i s t o be d i s c h a r g e d e i t h e r i n t o s h a l l o w w a t e r o r upon t h e 

d r y beach some f o r m o f h y d r a u l i c s u c t i o n d r e d g e c a p a b l e o f d i s 

c h a r g i n g t h r o u g h a p i p e l i n e seems mos t e f f i c i e n t - see vo lume I 

c h a p t e r 16 . S o m e t i m e s , t h e sand s u p p l i e d can come f r o m a l o c a l e x 

c a v a t i o n p r o j e c t c a r r i e d o u t f o r a n o t h e r p u r p o s e ; d r e d g i n g t o c o n 

s t r u c t o r e n l a r g e a h a r b o r i s an e x c e l l e n t example o f t h i s . I n t h i s 

c a s e t h e c o s t o f t h e beach n o u r i s h m e n t w i l l p r o b a b l y be m i n i m a l s i n c e , 

a t m o s t , t h e r e w i l l be o n l y an e x t r a c o s t f o r a p o s s i b l e l o n g e r 

p i p e l i n e . 

A n o t h e r s o u r c e o f s u p p l y o f t e n used i s t o d r e d g e sand f r o m a 

n e a r b y a c c r e t i n g b e a c h . ( O f t e n t i m e s , e r o s i o n o f one beach i s accom

p a n i e d by a c c r e t i o n o f a n o t h e r l o c a l b e a c h ) . A c c r e t i o n and e r o s i o n on 

t h e two s i d e s o f a h a r b o r e n t r a n c e i s an examp le o f t h i s . I n t h e p a s t , 

pe rmanen t f i x e d s t r u c t u r e s w i t h d r e d g i n g e q u i p m e n t mounted on them have 

been b u i l t on t h e a c c r e t i n g beach w i t h i n t h e b r e a k e r zone t o p i c k up 

sand mov ing a l o n g t h e beach and pump i t t o t h e e r o d i n g beach more o r 

l e s s c o n t i n u o u s l y . A t l e a s t one such sand b y - p a s s i n g i n s t a l l a t i o n i s 

d e s c r i b e d i n vo lume I o f t h e shore Protection Manual. U n f u r t u n a t e l y , 

such i n s t a l l a t i o n s a r e o f t e n l e s s t h a n c o m p l e t e s u c c e s s e s . They may 

n o t De p r o p e r l y l o c a t e d t o o b t a i n a s u f f i c i e n t s u p p l y o f sand w h i l e 

a s e v e r e s t o r m may cause them t o " d r o w n " i n sand so t h a t t h e y can no 

l o n g e r o p e r a t e . The d i s c h a r g e p i p e f r o m such an i n s t a l l a t i o n must 

o f t e n be p e r m a n e n t l y i n s t a l l e d a c r o s s a h a r b o r e n t r a n c e ; t h e r e s u l t i n g 

submerged p i p e l i n e - a s o r t o f U t u b e - can become p l u g g e d w i t h sand 

i n t h e e v e n t o f an a b r u p t pumping f a i l u r e w i t h t h e d i s c h a r g e p i p e l i n e 

f i l l e d w i t h s a n d - w a t e r m i x t u r e . A l s o , such f i x e d i n s t a l l a t i o n s t i e up 

q u i t e a b i t o f i n v e s t m e n t c a p i t a l f o r a s i n g l e p u r p o s e . 
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I t i s o f t e n more e c o n o m i c a l and s u c c e s f u l , t h e r e f o r e , t o move t h e 

sand u s i n g more c o n v e n t i o n a l f l o a t i n g d r e d g e r s . These can t h e n be 

u t i l i z e d i n t e r m i t t e n t l y f o r b y - p a s s i n g w h i l e p o s s i b l y d o i n g o t h e r 

work a t o t h e r t i m e s . I t i s n o t e s s e n t i a l t h a t t h e sand be p i c k e d up 

w i t h i n t h e normal ( c a l m w e a t h e r ) b r e a k e r z o n e . I f a f l o a t i n g d r e d g e 

makes e i t h e r a deep p i t o r a t r e n c h p a r a l l e l t o t h e c o a s t nea r b u t 

o u t s i d e t h e c a l m w e a t h e r b r e a k e r z o n e , sand w i l l move t o t h i s p i t as 

a r e s u l t o f t h e t r a n s v e r s e sand t r a n s p o r t a l o n g t h e beach p r o f i l e . A 

m u l t i p l e l i n e t r a n s p o r t t h e o r y may be used t o s t u d y such a t r a n s p o r t 

p r o b l e m . I f t h e p i t i s d r e d g e d more o r l e s s c o n t i n u o u s l y , a s o l u t i o n 

b o u n d a r y c o n d i t i o n i s t h a t t h e c o a s t a l g e o m e t r y a t t h e p i t does n o t 

change - any sand e n t e r i n g t h e p i t a r e a s i m p l y d i s a p p e a r s . L i k e w i s e , 

a m u l t i p l e l i n e model can be used t o s i m u l a t e t h e b e h a v i o r o f t h e 

sand s u p p l i e d t o t h e e r o d i n g b e a c h . I f t h e n e c e s s a r y c o e f f i c i e n t s can 

be d e t e r m i n e d , i t i s p o s s i b l e v i a such a s i m u l a t i o n t o e x p e r i m e n t by 

t r i a l and e r r o r w i t h v a r i o u s p i c k - u p and d i s c h a r g e p o i n t s i n o r d e r 

t o s e l e c t t h e most f a v o r a b l e l o c a t i o n s f o r t h e s e . 

When no sand i s a v a i l a b l e e i t h e r on a beach o r as p a r t o f o t h e r 

d r e d g i n g o p e r a t i o n s , i t i s somet imes p o s s i b l e t o d r e d g e sand w e l l 

o f f s h o r e . The s i t e must be s e l e c t e d f a r enough f r o m t h e c o a s t 

( u s u a l l y a f ew n a u t i c a l m i l e s ) so t h a t t h e beach p r o c e s s e s a r e n o t 

f u r t h e r a f f e c t e d . O f t e n , t h e sand i s d r e d g e d w i t h t r a i l i n g s u c t i o n 

hopper d r e d g e s o v e r a r e l a t i v e l y l a r g e a r e a so as t o l i m i t t h e e f f e c t 

on t h e o f f s h o r e b a t h y m e t r y . On t h e o t h e r h a n d , such a w i d e s p r e a d 

d r e d g i n g may i n c r e a s e t h e e f f e c t on t h e l o c a l f i s h e r y i n d u s t r y . 

A d i s a d v a n t a g e o f any o f t h e sand s u p p l y me thods l i s t e d above i s 

t h e i r l o n g t e r m c h a r a c t e r . Sand w i l l have t o be s u p p l i e d a t r e g u l a r 

i n t e r v a l s e f f e c t i v e l y f o r e v e r . W h i l e t h e i n i t i a l c a p i t a l i n v e s t m e n t 

can be v e r y l o w , i t may , c o n c e i v a b l y , c o s t more t o t a l money i n t h e 

l o n g r u n . 

Sand can a l s o be s u p p l i e d o v e r l a n d . W h i l e o v e r l a n d t r a n s p o r t o f 

sand can be p r o h i b i t i v e l y e x p e n s i v e on a c o n t i n u o u s b a s i s f o r s u p 

p l y i n g a s l o w l y e r o d i n g b e a c h , i t can p r o v e t o be e c o n o m i c a l f o r t h e 

r e i n f o r c e m e n t o f a d u n e - p r o t e c t e d c o a s t . Mov ing sand a round on t h e 

dunes c a n , f o r e x a m p l e , l o w e r and b r o a d e n t h e i r p r o f i l e i n o r d e r t o 

make them more d u r a b l e and m i n i m i z e t h e p o s s i b l e f u t u r e sand l o s s . 

R a i s i n g t h e dune c r e s t s by m o v i n g sand f o r w a r d may be n e c e s s a r y , on 

t h e o t h e r h a n d , i f t h e t o t a l c o a s t l i n e r e c e s s i o n mus t be m i n i m i z e d -

see c h a p t e r 2 3 . O b v i o u s l y , t h e s e measures a r e a imed o n l y a t a s h o r t -

t e r m beach i m p r o v e m e n t ; i t i s u s u a l l y t o o e x p e n s i v e on a l o n g - t e r m 

b a s i s . 

I f t h e dj jnes a l o n g a c o a s t a r e s t i l l s l o w l y b e i n g b u i l t up by 

w i n d - b l o w n s a n d , c o n s t r u c t i o n o f w i n d b r e a k s o r t h e p l a n t i n g o f 

v a r i o u s g r a s s e s can be s u c c e s s f u l i n s t i m u l a t i n g t h e dunes t o t a k e on 

o r r e t a i n a d e s i r e d f o r m . Volume I o f t h e Shore Proteation Manual 

d e s c r i b e s s e v e r a l t y p e s o f dune p r o t e c t i o n and s t i m u l a t i o n . Such p r o 

t e c t i o n methods may even be needed on an a c c r e t i n g s h o r e i n o r d e r t o 

p r e v e n t t h e w i n d f r o m t r a n s p o r t i n g t h e sand i n l a n d f r o m t h e beach 

where i t c o u l d cause s i g n i f i c a n t p r o b l e m s f o r o t h e r w o r k s o f man such 

as a g r i c u l t u r a l l a n d s o r h i g h w a y s . 
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A d i s t i n c t and v e r y r e a l a d v a n t a g e o f a l l o f t h e above beach 

n o u r i s h m e n t schemes i s i n h e r e n t i n beach n o u r i s h m e n t i t s e l f ; t h e 

o p e r a t i o n i s most l i k e t h a t o f n a t u r e and t h e consequences o f t h e 

o p e r a t i o n f o r o t h e r n e a r b y p o r t i o n s o f t h e c o a s t i s p r o b a b l y t h e l e a s t 

o f a l l t h e p o s s i b l e p r o t e c t i o n m e t h o d s . The s i g n i f i c a n c e o f t h i s l a s t 

r e m a r k w i l l become more o b v i o u s l a t e r i n t h i s c h a p t e r , 

2 4 , 3 G r o i n s 

G r o i n s can p r o v e t o be v e r y e f f e c t i v e f o r s t a b i l i z i n g a c o a s t 

b e i n g e roded as a r e s u l t o f a p o s i t i v e l o n g s h o r e sand t r a n s p o r t g r a d i 

e n t . The g r o i n s must e x t e n d e n t i r e l y a c r o s s t h e b r e a k e r zone w i t h 

c r e s t s above t h e s t i l l w a t e r l e v e l t o be c o m p l e t e l y e f f e c t i v e , u s u 

a l l y , h o w e v e r , o n l y p a r t i a l i n t e r r u p t i o n o f t h e l o n g s h o r e s e d i m e n t 

t r a n s p o r t i s needed t o a c h i e v e beach s t a b i l i t y ; l o w e r and s h o r t e r 

g r o i n s w i l l t h e n be a c c e p t a b l e . The g r o i n s a t S c h e v e n i n g e n , The 

N e t h e r l a n d s , a r e o f t h i s l a t t e r t y p e . D u r i n g a s e v e r e s t o r m t h e r e i n 

J a n u a r y 1976 - f i g u r e 2 4 . 1 - t h e g r o i n s were c o m p l e t e l y submerged . 

F i g u r e 24.1 

N O R T H S E A STORI^I 

S C H E V E N I N G E N , T H E N E T H E R L A N D S 

J A N U A R Y 1 9 7 6 . 

The s p a c i n g o f g r o i n s i n c o n j u n c t i o n w i t h t h e i r h e i g h t and l e n g t h 

and t h e wave a p p r o a c h d i r e c t i o n i s a l s o i m p o r t a n t f o r t h e i r e f f e c 

t i v e n e s s . S i n c e t h e s h o r e be tween t h e g r o i n s w i l l o r i e n t i t s e l f more 

o r l e s s p a r a l l e l t o t h e a p p r o a c h i n g wave c r e s t s , beaches a l r e a d y s u b 

j e c t e d t o n e a r l y p a r a l l e l a p p r o a c h i n g wave c r e s t s can be a d e q u a t e l y 

p r o t e c t e d by r a t h e r w i d e l y spaced g r o i n s . F i g u r e 2 4 . 2 shows such a 

c o a s t w i t h t h e g r o i n s a b o u t 900 m a p a r t . T h i s s p a c i n g i s e x t r e m e l y 

w i d e . Note how t h e beach be tween t h e g r o i n s i s n e a r l y s t r a i g h t b u t 

n o t p a r a l l e l t o t h e g e n e r a l c o a s t l i n e ; The a n g l e o f wave a t t a c k ( a l l 

waves come f r o m one d i r e c t i o n h e r e ) i s o b v i o u s . 
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b. O B L I Q U E P H O T O 

Figure Ik.l 

GROIN P R O T E C T E D C O A S T , N E W J E R S E Y , U.S.A. 

A t t h e o t h e r e x t r e m e , g r o i n s must somet imes be p l a c e d a t i n t e r 

v a l s a l o n g t h e s h o r e a b o u t equa l t o t h e i r l e n g t h . S i n c e t h e c o n s t r u c 

t i o n o f g r o i n s i s e x p e n s i v e , i t i s o f t h e u t m o s t i m p o r t a n c e t h a t 

t h e y be p r o p e r l y d e s i g n e d t h e m s e l v e s and be p r o p e r l y s p a c e d . No s i m p l e 

r u l e s o f thumb can be g i v e n f o r t h e s p a c i n g o f g r o i n s . We c a n , how

e v e r , s t u d y t h e m o r p h o l o g i c a l consequences o f v a r i o u s g r o i n p l a c e m e n t 

schemes u s i n g a m u l t i p l e l i n e s i m u l a t i o n i n o r d e r t o d e t e r m i n e op t imum 

d i m e n s i o n s f o r a s e t o f g r o i n s . I f we w i s h t o be a c c u r a t e i n o u r 

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

o f a g r o i n on t h e a p p r o a c h i n g wave p a t t e r n w i l l have t o be i n c l u d e d 

i n t h e c o m p u t a t i o n - see c h a p t e r s 16 and 1 9 . 

C o n s t r u c t i o n d e t a i l s o f a w i d e v a r i e t y o f g r o i n s t r u c t u r e s a r e 

g i v e n i n vo lume I o f t h e Shove Proteotion Manual. Many o f t h e i d e a s o f 

b r e a k w a t e r d e s i g n i n vo lume I I I o f t h i s C o a s t a l E n g i n e e r i n g S e r i e s can 

a l s o be a p p l i e d t o t h e d e s i g n o f r u b b l e mound g r o i n s . 
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What a r e t h e consequences o f a row o f g r o i n s f o r t h e r e m a i n d e r o f 

a c o a s t l i n e ? Sand a p p r o a c h i n g a s e t o f g r o i n s f r o m t h e "up d r i f t " s i d e 

a l o n g t h e beach w i l l be s t o p p e d by t h e f i r s t g r o i n ; a c c r e t i o n can be 

e x p e c t e d t h e r e . A f t e r t h i s a c c r e t i o n has r e a c h e d t h e o u t e r t i p o f t h e 

f i r s t g r o i n , sand w i l l b e g i n p a s s i n g i n t o t h e space be tween t h e f i r s t 

and second g r o i n , and so o n . I f t h e p r o t e c t e d s h o r e i s v e r y l o n g , how

e v e r , we can b e s t n o t c o u n t on m a t e r i a l b e i n g passed a l o n g i n t h i s way 

p a s t t h e e n t i r e g r o i n p r o t e c t e d r e g i o n f o r a v e r y l o n g t i m e . 

Wha t , t h e n , happens " d o w n d r i f t " o f t h e l a s t g r o i n ? T h e r e , t h e r e 

w i l l be an a p p r e c i a b l e sand t r a n s p o r t c a p a c i t y i n t h e b r e a k e r zone ( r e 

member, i t was an i n c r e a s i n g l o n g s h o r e sand t r a n s p o r t c a p a c i t y t h a t 

e r o d e d o u r beach i n t h e f i r s t p l a c e , b e f o r e we b u i l t g r o i n s ) b u t no 

sand w i l l be mov ing p a s t t h e l o c a t i o n o f t h e l a s t g r o i n . Seve re e r o s i o n 

w i l l r e s u l t ; a l l o f t h e sand w h i c h was o r i g i n a l l y p i c k e d ' u p a l o n g t h e 

n o w - p r o t e c t e d c o a s t w i l l be e r o d e d f r o m a r e l a t i v e l y s h o r t p o r t i o n 

o f t h e c o a s t j u s t " d o w n d r i f t " f r o m t h e l a s t g r o i n . T h i s e r o d i n g c o a s t 

c a n , i n t u r n , be p r o t e c t e d by a d d i t i o n a l g r o i n s , b u t however many 

g r o i n s we b u i l d , we s h a l l e n c o u n t e r an e r o s i o n p r o b l e m somewhere. The 

g r o i n s s i m p l y d i s p l a c e a p r o b l e m . 

S t i l l , i t can be v e r y u s e f u l t o b u i l d g r o i n s . By s t a b i l i z i n g a 

p o r t i o n o f a beach t h e e r o s i o n p r o b l e m s can be c o n c e n t r a t e d i n a 

s m a l l e r beach segment . P o s s i b l y , e r o s i o n o f t h a t p a r t i c u l a r segment i s 

n o t d e t r i m e n t a l . On t h e o t h e r h a n d , we m i g h t c h o o s e , t h e l o c a t i o n t o 

be n e a r a c o n v e n i e n t o u t s i d e s o u r c e o f sand f o r use i n beach n o u r i s h 

m e n t , t h e r e . 

I t i s v e r y i m p o r t a n t t o remember t h a t g r o i n s do l i t t l e t o p r e v e n t 

t h e t r a n s v e r s e t r a n s p o r t o f s e d i m e n t on o r o f f s h o r e . I n d e e d , t r a n s 

v e r s e sand t r a n s p o r t has caused s e v e r e e r o s i o n o f p a r t s o f t h e D u t c h 

c o a s t d u r i n g heavy s t o r m s even t h o u g h g r o i n s were l o c a t e d a t r e g u l a r 

i n t e r v a l s a l o n g t h e s h o r e . S t r u c t u r e s t o l i m i t t h i s t r a n s v e r s e t r a n s 

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

2 4 . 4 Sea w a l l s 

Sea w a l l s a r e m a s s i v e s t r u c t u r e s b u i l t p a r a l l e l t o a c o a s t l i n e 

t o p r e v e n t t h e t r a n s v e r s e t r a n s p o r t o f m a t e r i a l f r o m t h e c o a s t t o w a r d 

d e e p e r w a t e r . These s t r u c t u r e s a r e o f t e n m o n o l i t h i c s t r u c t u r e s such as 

t h a t b u i l t a l o n g t h e D u t c h c o a s t a t S c h e v e n i n g e n . R u b b l e p r o t e c t e d 

s l o p e s a r e a l s o p o s s i b l e ; t h e s h o r e p r o t e c t i o n o f t h e l a n d f i l l a r e a 

on t h e i s l a n d o f J e r s e y i s an examp le o f t h i s . A s p e c i a l case o f a 

s e a w a l l i s one b u i l t w i t h i n a row o f dunes t o l i m i t t h e maximum e x 

t e n t o f dune e r o s i o n . 

An e x t r e m e l y i m p o r t a n t s e a w a l l d e s i g n p r o b l e m i s t h a t o f p r e d i c 

t i n g t h e maximum d e p t h o f e r o s i o n n e a r t h e t o e o f such a s t r u c t u r e . 

Such i n f o r m a t i o n i s v i t a l f o r t h e g e o t e c h n i c a l a n a l y s i s o f t h e w a l l 

and embankment r e t a i n e d by i t . How m i g h t we a t t a c k such a p r o b l e m ? 
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F i g u r e 2 4 . 3 shows a s k e t c h w i t h a s e a w a l l embedded i n a sand 

c o a s t i n o r d e r t o l i m i t t h e maximum e r o s i o n d u r i n g a s i n g l e v e r y 

s e v e r e s t o r m . I n t h i s c a s e , t h e s e a w a l l has been b u i l t w e l l back i n 

t h e dunes and i t w i l l be a t t a c k e d o n l y a f t e r a c o n s i d e r a b l e q u a n t i t y 

o f m a t e r i a l , has been e r o d e d . The f i g u r e shows t h e same s i t u a t i o n as 

t h a t i n t h e p r e v i o u s c h a p t e r - f i g u r e 2 3 . 5 - w i t h a s e a w a l l a d d e d . 

Our p r o b l e m i s t h a t o f p r e d i c t i n g t h e d e p t h a t t h e t o e o f t h e w a l l , 

h, i n t h e f i g u r e . 

Figure 24.3 

DUNES REINFORCED BY SEAWALL 
{d i s to r t i on 1:25) 

One p o s s i b l e a p p r o a c h i s t o f i r s t assume t h a t t h e s e a w a l l i s n o t 

p r e s e n t . The e r o s i o n p r o f i l e can t h e n be computed v i a t h e e m p e r i c a l 

r e l a t i o n ( 2 3 . 0 1 ) p r o v i d e d t h a t t h e d e s i g n c o n d i t i o n s c o r r e s p o n d t o 

t h o s e on t h e D u t c h c o a s t . The p l a c e m e n t o f t h e s e a w a l l w o u l d t h e n p r e 

v e n t t h e e r o s i o n o f a vo lume o f m a t e r i a l r e p r e s e n t e d by a r e a A i n f i g 

u r e 2 4 . 3 . I f t h e s t o r m p r o f i l e were t o be m a i n t a i n e d , t h e n t h e e x t r a 

vo lume o f m a t e r i a l e r o d e d f r o m b e f o r e t h e s e a w a l l - a r e a B i n t h e f i g 

u r e - w o u l d be equa l t o a r e a A. The t o e d e p t h , h ^ , can be d e t e r m i n e d , 

t h e n , when some p r o f i l e f o r t h e l o c a l e r o s i o n i s assumed. Model s t u 

d i e s c a r r i e d o u t a t t h e D e l f t H y d r a u l i c s L a b o r a t o r y have i n d i c a t e d , 

h o w e v e r , t h a t t h e e x t r a vo lume o f m a t e r i a l e r o d e d i n f r o n t o f t h e s e a 

w a l l - B i n t h e f i g u r e - i s g r e a t e r t h a n t h e vo lume A. The r a t i o o f t h e 

vo lumes r a n g e d be tween one and t w o . I n o r d e r t o m a i n t a i n c o n t i n u i t y o f 

sand when B i s l a r g e r t h a n A , t h e e n t i r e s t o r m p r o f i l e a p p a r e n t l y 

s h i f t s s l i g h t l y s e a w a r d . U n f o r t u n a t e l y , a l l o f t h e t e s t s j u s t m e n t i o n 

ed were c a r r i e d o u t w i t h t h e s e a w a l l i n i t i a l l y w e l l b u r i e d i n t h e 

d u n e s ; t h e v o l u m e . A , was s m a l l compared t o t h e t o t a l vo lume o f sand 

moved . E x t r a p o l a t i o n o f t h e s e r e s u l t s t o more exposed s e a w a l l s i s , 

t h e r e f o r e most l i k e l y r a t h e r u n c e r t a i n , a t l e a s t u n t i l more e x p e r i e n 

ce i s g a i n e d . 
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The s l o p e o f t h e s e a w a l l has been f o u n d t o be an i m p o r t a n t p a r a 

m e t e r d e t e r m i n i n g t h e t o e e r o s i o n d e p t h , h ^ G e n e r a l l y , t h e e r o s i o n 

d e p t h b e f o r e a v e r t i c a l w a l l was f o u n d t o be l e s s t h a n be low a s l o p i n g 

w a l l Most l i k e l v t h i s i s a r e s u l t o f t h e s t a n d i n g wave w h i c h f o r m s 

a g a i n s t t h e v e r t i c a l w a l l and t h e r e s u l t i n g l o w b o t t o m v e l o c i t i e s u n 

d e r t h e a n t i n o d e p r e s e n t a t t h e w a l l . Such a w a l l o r i e n t a t i o n may, 

h o w e v e r , i n c r e a s e t h e l o c a l dynamic f o r c e s a c t i n g on t h e w a l l ; t h e s e 

w i l l be more o f i m p o r t a n c e f o r t h e s t r u c t u r a l d e s i g n r a t h e r t h a n t h e 

c o a s t a l m o r p h o l o g y - see vo lume I I I f o r a d i s c u s s i o n o f t h e s e f o r c e s . 

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

a r e n o t y e t t r u s t w o r t h y , n e i t h e r a r e model i n v e s t i g a t i o n t e c h n i q u e s 

s u f f i c i e n t l y d e v e l o p e d t o make d e p e n d a b l e e r o s i o n p r e d i c t i o n s f o r 

s p e c i f i c c a s e s . Too l i t t l e i s known o f t h e a c t u a l p r o c e s s e s i n v o l v e d 

t o e s t a b l i s h a d e q u a t e s c a l i n g l a w s needed t o r e l a t e model and p r o t o 

t y p e r e s u l t s . U n t i l much f u r t h e r r e s e a r c h has been c o m p l e t e d , we can 

e v a l u a t e many sea w a l l t y p e p r o b l e m s o n l y i n a q u a l i t a t i v e way u n l e s s 

v e r y e x t e n s i v e s t u d i e s a r e c a r r i e d o u t . Even s o , many s e a w a l l s have 

been b u i l t i n a l l p a r t s o f t h e w o r l d . T h e i r f a i l u r e s can o f t e n be a t 

t r i b u t e d t o t h e i r d e s i g n c o n d i t i o n s b e i n g e x c e e d e d . 

No t a l l s e a w a l l s p r o t e c t sandy c o a s t s . F i g u r e 2 4 . 4 shows one 

p r o t e c t i n g a s o l i d r o c k c o a s t i n H e l g o l a n d , Germany. 

2 4 . 4 S E A W A L L P R O T E C T I N G R O C K C O A S T 

H E L G O L A N D , G E R M A N Y 
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Not a l l s e a w a l l d e s i g n s a r e so u n c e r t a i n , h o w e v e r , A r u b b l e 

mound t y p e s e a w a l l - a s o r t o f heavy r e v e t m e n t - has been b u i l t on t h e 

i s l a n d o f J e r s e y as p a r t o f a l a n d f i l l p r o j e c t . T h e r e , no e r o s i o n p r o b 

lems a r e p r e s e n t s i n c e t h e s t r u c t u r e i s f o u n d e d upon s o l i d r o c k . The 

o n l y sand anywhere i n t h e v i c i n i t y i s t h a t b e i n g used t o make t h e f i l l 

b e h i n d t h e s e a w a l l I Even t h o u g h t h e r e i s most c e r t a i n l y a sand t r a n s 

p o r t c a p a c i t y o f t h e w a v e s , t h e b o t t o m m a t e r i a l i s immovab le and no 

p r o b l e m s have d e v e l o p e d . 

2 4 . 5 D e t a c h e d b r e a k w a t e r s 

The s e a w a l l s j u s t d e s c r i b e d i n t h e p r e v i o u s s e c t i o n were b u i l t on 

o r b e h i n d t h e b e a c h . S o e m t i m e s , i t i s more d e s i r a b l e t o b u i l d a s e 

r i e s o f d e t a c h e d b r e a k w a t e r segments o f f s h o r e p a r a l l e l t o t h e c o a s t . 

De tached i n t h e c o n t e x t used h e r e r e f e r s t o t h e i r l a c k o f c o n n e c t i o n 

t o t h e l a n d r a t h e r t h a n t h e i r p o s s i b l e s u b d i v i s i o n i n t o s e g m e n t s . F i g 

u r e 2 8 . 7 o f vo lume I and 2 4 . 5 , h e r e , show a s e r i e s o f such b r e a k w a t e r 

segments b u i l t on t h e U n i t e d S t a t e s c o a s t i n t h e decade o f t h e t h i r 

t i e s . P o r t i o n s o f t h e c o a s t o f I s r a e l have been s i m i l a r l y p r o t e c t e d 

more r e c e n t l y . How do such b r e a k w a t e r s change t h e c o a s t a l p r o c e s s e s ? 

The g r o u p o f b r e a k w a t e r segments do n o t o b s t r u c t t h e l o n g s h o r e 

c u r r e n t o r sand t r a n s p o r t as such i n a d i r e c t way as w o u l d g r o i n s . 

I n s t e a d , t h e y m o d i f y t h e wave p a t t e r n be tween them and t h e c o a s t ; 

t h i s i n f l u e n c e s b o t h t h e c u r r e n t p a t t e r n and t h e l o n g s h o r e and t r a n s 

v e r s e sand t r a n s p o r t c o m p o n e n t s . S i n c e wave h e i g h t s a r e r e d u c e d b e h i n d 

t h e b r e a k w a t e r segments by d i f f r a c t i o n and l a t e r a l s o by r e f r a c t i o n , 

t h e sand t r a n s p o r t c a p a c i t y b e h i n d t h e b r e a k w a t e r i s r e d u c e d l e a d i n g 

t o t h e d e p o s i t i o n o f m a t e r i a l s u p p l i e d f r o m " u p d r i f t " i n t h e l e e o f 

t h e b r e a k w a t e r . F u r t h e r , t h e r e f r a c t i o n , and d i f f r a c t i o n p a t t e r n s b e 

h i n d t h e b r e a k w a t e r a l s o m o d i f y t h e a n g l e a t w h i c h t h e waves a p p r o a c h 

a g i v e n segment o f c o a s t . I n d e e d , waves may a p p r o a c h f r o m s e v e r a l 

d i r e c t i o n s s i m u l t a n e o u s l y as waves d i f f r a c t i n g a r o u n d each end o f a 

b r e a k w a t e r segment " c o l l i d e " i n t h e shadow z o n e . 

F i g u r e 24.5 

DETACHED BREAKWATER SEGMENTS 

WINTHROP B E A C H , U . S . A . 
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The t r a n s v e r s e movement o f sand w i l l a l s o be r e s t r i c t e d i n mos t 

c a s e s . T h i s has h a p p e n e d , f o r e x a m p l e , nea r d e t a c h e d b r e a k w a t e r s on 

t h e c o a s t o f I s r a e l n e a r Te l A v i v . 

I n p r i n c i p l e , i t s h o u l d be p o s s i b l e t o compute c o a s t a l changes 

i n such a case u s i n g a m u l t i p l e l i n e s i m u l a t i o n . The t a s k i s n o t e a s y , 

h o w e v e r . The r a p i d l y c h a n g i n g wave c o n d i t i o n s w i l l r e q u i r e an e x t e n 

s i v e f o r c e b a l a n c e t o compute p r o p e r l o n g s h o r e c u r r e n t v e l o c i t i e s -

see s e c t i o n 1 6 . 6 . A l s o , i t w i l l be d i f f i c u l t t o p r o p e r l y m o d i f y t h e 

b o t t o m f r i c t i o n i n a s e d i m e n t t r a n s p o r t f o r m u l a when a c o n f u s e d wave 

p a t t e r n i s p r e s e n t . L a s t l y , t h e beach c h a n g e s , t h e m s e l v e s , w i l l i n 

f l u e n c e r e f r a c t i o n p a t t e r n s m a k i n g r e p e a t e d c o m p u t a t i o n o f t h e wave 

c o n d i t i o n s n e c e s s a r y . 

A n o t h e r a p p r o a c h i s t o use a p h y s i c a l model s t u d y . T h i s , t o o , • 

w i l l n o t be w i t h o u t p r o b l e m s . I n o r d e r t o r e p r o d u c e t h e phenomena i n 

v o l v e d c o r r e c t l y , an u n d i s t o r t e d model must be u s e d . U n l e s s such a 

model i s v e r y l a r g e , h o w e v e r , o t h e r s c a l e e f f e c t s w i l l p r e s e n t p r o b 

lems . 

Under c e r t a i n c o n d i t i o n s w h i c h a r e d i f f i c u l t t o p r e d i c t e x c e p t 

v i a an e x t e n s i v e s t u d y , sand w i l l a c c r e t e b e h i n d a b r e a k w a t e r segment 

u n t i l i t r e a c h e s t h e b r e a k w a t e r i t s e l f and f o r m s a t o m b o l o - see f i g 

u r e 2 4 . 5 . These " c e r t a i n c o n d i t i o n s " i n v o l v e t h e wave c l i m a t e as w e l l 

as t h e b r e a k w a t e r segment l e n g t h s , gap w i d t h s , and d i s t a n c e f r o m t h e 

o r i g i n a l c o a s t . I f t h e a c c r e t i o n r e a c h e s t h e b r e a k w a t e r , t h e n a l l 

l o n g s h o r e c u r r e n t s b e h i n d t h e b r e a k w a t e r a r e s t o p p e d . T h i s can l e a d 

t o an a c c u m u l a t i o n o f f l o a t i n g t r a s h w h i c h w i l l d e g r a d e any r e c r e a t i o 

na l v a l u e o f t h e b e a c h . On t h e o t h e r h a n d , when a c o a s t has a c c u m u l a t e d 

n e a r l y t o a b r e a k w a t e r - has n o t r e a c h e d i t - t h e r e s u l t i n g l o n g s h o r e 

c u r r e n t c o n c e n t r a t i o n can r e s u l t i n a l o c a l l y s t e e p beach w h i c h can 

be d a n g e r o u s f o r b a t h e r s . 

I n some c a s e s , t o m b o l o s do n o t even e x t e n d above t h e w a t e r n o r 

do t h e i r " b r e a k w a t e r s " . F i g u r e 2 4 . 6 shows such a n a t u r a l t o m b o l o nea r 

P l y m o u t h , M a s s a c h u s e t t s i n t h e U n i t e d S t a t e s . The shoa l e x t e n d i n g o u t 

ward and t h e i r r e g u l a r i t y i n t h e o t h e r w i s e s t r a i g h t c o a s t l i n e b o t h 

r e s u l t f r o m t h e submerged r o c k y o u t c r o p - H igh P ine Ledge - o f f s h o r e . 

2 4 . 6 A c c r e t i o n c o n t r o l 

The p r e v i o u s s e c t i o n s o f t h i s c h a p t e r have been c o n c e r n e d p r i m a 

r i l y w i t h e r o d i n g c o a s t s and measures t o s t a b i l i z e t h e m . Not a l l p r o b 

lems o r i g i n a t e w i t h e r o s i o n , h o w e v e r . O c c a s i o n a l l y a c c r e t i o n needs t o 

be c o n t r o l l e d i n o r d e r t o p r e v e n t i t s " s p i l l i n g o v e r " i n t o a r e a s where 

a c c r e t i o n w o u l d be d e t r i m e n t a l . An e x c e l l e n t examp le o f t h i s " s p i l l i n g 

o v e r " i s t h e movement o f sand p a s t t h e end o f a b r e a k w a t e r b u i l t t o 

p r o t e c t a d r e d g e d h a r b o r e n t r a n c e c h a n n e l . Methods t o p r e d i c t t h e 

q u a n t i t y o f sand p a s s i n g t h e b r e a k w a t e r u s i n g a s i n g l e - l i n e s i m u l a t i o n 

model were p r e s e n t e d i n c h a p t e r 2 0 . Wha t , h o w e v e r , i s t h e b e s t method 

t o p r e v e n t t h i s u n d e s i r e d movement o f sand? 
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Such a p r o b l e m i s i l l u s t r a t e d somewhat s c h e m a t i c a l l y i n f i g u r e 

2 4 . 7 . T h e r e , a c c r e t i o n has p r o g r e s s e d t o t h e p o i n t whe re sand i s a l 

r e a d y b y - p a s s i n g t h e end o f t h e b r e a k w a t e r a t A . T h i s i s e v i d e n c e d 

by t h e f a c t t h a t t h e a n g l e o f t h e a c c r e t e d beach i s l e s s t h a n 0 ' a t 

t h a t p o i n t - see c h a p t e r 2 0 . 

One p o s s i b l e b u t r a t h e r u n i n s p i r e d method t o h a l t t h e sand b y 

p a s s i n g w o u l d be t o s i m p l y e x t e n d t h e b r e a k w a t e r seaward a t A as i n 

d i c a t e d by t h e dashed l i n e s t h e r e i n f i g u r e 2 4 . 7 . T h i s e x t e n t ! o n m i g h t 

even have been s u g g e s t e d when t h e o r i g i n a l b r e a k w a t e r was b u i l t , b u t 

d i s c a r d e d because o f t h e h i g h c o n s t r u c t i o n c o s t i n t h e r e l a t i v e l y 

deep w a t e r . Such an e x t e n s i o n a t A w o u l d , o f c o u r s e , h a l t t h e b y - p a s 

s i n g i m m e d i a t e l y and r e m a i n e f f e c t i v e u n t i l t h e a c c r e t i o n a r e a had 

once a g a i n b u i l t o u t t o t h e new b r e a k w a t e r t i p . F i g u r e 2 4 . 8 shows t h e 

d e v e l o p m e n t o f t h e sand t r a n s p o r t p a s t t h e b r e a k w a t e r t i p c a l c u l a t e d 

u s i n g e q u a t i o n 2 0 . 4 9 i n c o n j u n c t i o n w i t h t a b l e 2 0 . 2 . I f we assume 

t h a t a b r e a k w a t e r e x t e n s i o n a t A i s l o n g enough t o s t o p sand t r a n s 

p o r t p a s t t h e b r e a k w a t e r t i p u n t i l a t i m e equa l t o 1.5 t i m e s t h e 

o r i g i n a l t p t h e n a new c u r v e l a b e l e d A i n f i g u r e 2 4 . 8 can be compu

t e d u s i n g new t i m e s c a l e v a l u e s i n a way e x a c t l y s i m i l a r t o t h a t 

used t o compute t h e f i r s t c u r v e shown. 
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F i g u r e 2A.7 

SAND ESCAPING FROM ACCRETION 
AREA WITH POSSIBLE COUNTER-
MEASURES . (no sca le ) 

A more i n s p i r e d s o l u t i o n t o t h e p r o b l e m m i g h t be t o c o n s t r u c t a 

s o r t o f g r o i n on t h e beach somewhere " u p d r i f t " f r o m t h e b rea l cwa te r on 

t h e a c c r e t i n g beach - p o i n t B i n f i g u r e 2 4 . 7 . C o n s t r u c t i o n o f such a 

g r o i n w i l l i m m e d i a t e l y s t o p t h e sand t r a n s p o r t p a s t p o i n t B, b u t n o t 

p a s t p o i n t A , as shown f o r t h e f i r s t , d e c l i n i n g p a r t o f c u r v e B i n 

f i g u r e 2 4 . 8 . T h a t sand p a s s i n g A i s b e i n g e r o d e d f r o m t h e beach s e g 

ment be tween B and A u n t i l t h e a n g l e o f t h e beach a t A i s once a g a i n 

e q u a l t o 0 ' . U l t i m a t e l y , o f c o u r s e , sand w i l l pass by t h e g r o i n t i p 

a t B b u t n o t a l l o f t h i s sand w i l l pass p o i n t A ; some o f i t w i l l be 
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r e t a i n e d be tween A and B r e b u i l d i n g t h a t c o a s t l i n e segmen t . The i n 

c r e a s i n g p o r t i o n o f c u r v e B i n f i g u r e 2 4 . 8 l i e s be low c u r v e A , t h e r e 

f o r e . I n c o n t r a s t t o t h e o t h e r c u r v e s , c u r v e B i s shown o n l y q u a l a t a -

t i v e l y i n f i g u r e 2 4 . 8 ; t h e p r e c i s e f o r m o f t h e c u r v e depends upon t h e 

t i m e a t w h i c h t h e e x t r a g r o i n i s b u i l t ( t / t - ^ = 1 .20 i s shown) , t h e 

l e n g t h o f t h e g r o i n , and t h e d i s t a n c e A - B . The m u l t i p l e l i n e s i m u l a 

t i o n method a l r e a d y p r e s e n t e d can be used t o p r e d i c t t h e e x a c t b e 

h a v i o r , h o w e v e r . 
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2 5 . CHANNEL SEüIi'IENTATION E.W. B i j k e r 

W.W. i t e s s i e 

2 5 . 1 I n t r o d u c t i o n 

A l l o f t h e m o r p h o l o g y p r o b l e m s d i s c u s s e d so f a r have i n v o l v e d 

r a t h e r s l o w l y v a r y i n g p a r a m e t e r s ; t h e g r a d i e n t s o f wave h e i g h t , o r 

even sand t r a n s p o r t w i t h r e s p e c t t o p o s i t i o n were s m a l l . Excep t f o r 

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

a b r u p t b o u n d a r y c o n d i t i o n s such as t h e f a c t t h a t t h e sand t r a n s p o r t 

was s t o p p e d c o m p l e t e l y by a b r e a k w a t e r . How, now, must we a p p r o a c h 

a c h a n n e l s e d i m e n t a t i o n p r o b l e m ? 

To make t h e d i s c u s s i o n more s p e c i f i c , c o n s i d e r , f o r e x a m p l e , t h e 

sand e s c a p i n g a r o u n d t h e t i p o f t h e b r e a k w a t e r . A , i n f i g u r e 2 4 . 7 o f 

t h e p r e v i o u s c h a p t e r . The t h e o r y o f t h e p r e v i o u s c h a p t e r s has been 

c o n c e n t r a t e d so f a r on a n s w e r i n g t h e q u e s t i o n o f w h a t happens t o t h a t 

a c c r e t i n g beach and how much sand e s c a p e s . I n d e e d , any r e a d e r s h o u l d 

be a b l e t o answer t h a t q u e s t i o n by now. Our p r o b l e m , now, h o w e v e r , i s : 

What i s h a p p e n i n g w i t h t h e sand p a s s i n g a r o u n d t h e b r e a k w a t e r t i p . A , 

i n f i g u r e 2 4 . 7 ? How much o f t h a t sand f a l l s i n t o o u r c h a n n e l , and how 

m u c h , i f a n y , o f t h a t sand passes a c r o s s t o t h e o t h e r s i d e where i t 

w i l l o s t e n s i b l y be c a r r i e d f u r t h e r ? The answers t o t h e s e q u e s t i o n s 

a r e s o u g h t i n t h e r e m a i n d e r o f t h i s c h a p t e r . 

2 5 . 2 P h y s i c a l changes 

The p h y s i c a l p a r a m e t e r v a r i a t i o n s w h i c h i n f l u e n c e t h e s e d i m e n t 

t r a n s p o r t a f t e r p a s s i n g t h e t i p o f t h e b r e a k w a t e r i n f i g u r e 2 4 . 7 a r e 

much m o r e , now, t h a n a change i n t h e a n g l e o f t h e s h o r e r e l a t i v e t o 

t h e a p p r o a c h i n g wave c r e s t s . The mos t s t r i k i n g a d d i t i o n a l changes 

w h i c h o c c u r a r e t h a t t h e d e p t h i n c r e a s e s r a t h e r r a p i d l y and t h e wave 

c o n d i t i o n s change as we c r o s s t h e c h a n n e l ; a d d i t i o n a l c u r r e n t compo

n e n t s a r e a l s o p r e s e n t . G e n e r a l l y t h e c h a n n e l w i l l be t o o deep f o r 

wave b r e a k i n g t o o c c u r w i t h i n i t . F i g u r e 2 5 . 1 i l l u s t r a t e s t h e p a r a 

m e t e r changes more c l e a r l y . The l o c a t i o n o f a p r o f i l e d rawn along 

t h e beach w i t h i n t h e b r e a k e r zone and aoroBB t h e c h a n n e l i s i n d i c a t e d 

by t h e dashed l i n e C D i n f i g u r e 2 5 . 1 a . T h i s p r o f i l e , i t s e l f , i s 

shown i n f i g u r e 2 5 . 1 b . No te t h a t t h e d e p t h s on each s i d e o f t h e c h a n 

ne l a r e unequa l i n f i g u r e 2 5 . 1 b ; t h i s r e f l e c t s t h e i n f l u e n c e o f t h e 

a c c r e t i o n o f sand t o t h e l e f t o f t h e b r e a k w a t e r . The d e p t h c o r r e s p o n 

d i n g t o t h e o u t e r edge o f t h e b r e a k e r z o n e , h j ^ ^ , i s a l s o shown i n t h e 

l o n g s h o r e p r o f i l e . F i g u r e 2 5 . 1 b shows a v e r y a b r u p t change i n w a t e r 

d e p t h on each s l o p e o f t h e c h a n n e l . A l s o , a l l wave b r e a k i n g ceases i n 

t h e a r e a o f i n t e r e s t t o t h e r i g h t o f t h e b r e a k w a t e r l o c a t i o n . These 

changes have a m u l t i t u d e o f consequences f o r t h e s e d i m e n t t r a n s p o r t 

a l o n g and a c r o s s t h e c h a n n e l . 
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1 P 

Q. P ion adapted f rom f i g u r e 2 4 . 7 

Z 

s t i l l water sur face • 
0 

i 

c D 

b r e a k w a t e r l o c a t i o n — ' channel 

b. P r o f i l e C D ( v e r t i c a l sca le d i s t o r t e d ) 

F i g u r e 2 5 . 1 

SHORE PLAN AND LONGSHORE PROFILE 
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A p u r e l y p h y s i c a l change i s an a l t e r e d c u r r e n t p a t t e r n i n and 

beyond t h e c h a n n e l . As soon as t h e b r e a k e r zone ends nea r t h e b r e a k 

w a t e r t i p , t h e d r i v i n g f o r c e f o r t h e l o n g s h o r e c u r r e n t - a t l e a s t 

t h e s h e a r s t r e s s g r a d i e n t i n t h e r a d i a t i o n s t r e s s - d i s a p p e a r s - see 

c h a p t e r 1 2 . A r a p i d change i n wave s e t - u p as w e l l as s e t - d o w n w i l l 

a l s o o c c u r be tween t h e a c c r e t i n g beach and t h e c h a n n e l . T h i s w i l l 

y i e l d f o r c e components a l o n g t h e l o n g s h o r e p r o f i l e whose d i r e c t i o n 

depends upon t h e r e s u l t i n g w a t e r s u r f a c e s l o p e d i r e c t i o n . - see s e c 

t i o n 1 6 . 6 . 

F u r t h e r , wave h e i g h t changes w i l l o c c u r a l o n g p r o f i l e C-D t o t h e 

r i g h t o f t h e b r e a k w a t e r l o c a t i o n . These c h a n g e s , b o t h i n d i r e c t i o n o f 

a p p r o a c h and h e i g h t , a r e caused by v a r i a t i o n s i n r e f r a c t i o n and 

s h o a l i n g r e s u l t i n g f r o m t h e b a t h y m e t r y d i f f e r e n c e s . T h i s means , t h e n , 

t h a t a l l o f t h e r a d i a t i o n s t r e s s componenets w i l l be c h a n g i n g q u i t e 

r a p i d l y nea r t h e c h a n n e l . 

The p h y s i c a l r e s u l t o f a l l t h i s i s t h a t t h e p h y s i c a l c r o s s - c h a n 

ne l d r i v i n g f o r c e component w i l l c e r t a i n l y n o t l o o k a n y t h i n g l i k e 

e q u a t i o n 1 2 . 1 5 w h i c h was based o n l y upon a r a d i a t i o n s h e a r s t r e s s 

g r a d i e n t . A new f o r c e b a l a n c e w i l l have t o be f o r m u l a t e d i n o r d e r t o 

d e t e r m i n e t h e c u r r e n t . 

Even t h o u g h t h e waves a r e no l o n g e r b r e a k i n g i n t h e c h a n n e l , 

t h e waves w i l l s t i l l i n f l u e n c e t h e b o t t o m f r i c t i o n s i n c e t h e y s t i l l 

c a u s e v e l o c i t y components a t t h e sea bed e x c e p t i n v e r y deep w a t e r -

see c h a p t e r 5 o f vo lume I . E q u a t i o n 1 5 . 2 8 can s t i l l be used t o 

e v a l u a t e t h e f r i c t i o n f o r c e s i n c e t h e d e r i v a t i o n o f t h e f r i c t i o n 

r e l a t i o n s h i p i n c h a p t e r 15 i s g e n e r a l up t o t h a t p o i n t . Of c o u r s e , 

t h e c o r r e c t v e l o c i t y , V , mus t be i n c l u d e d i n t h a t e q u a t i o n . Not o n l y 

f r i c t i o n and t r a n s v e r s e g r a d i e n t s d e t e r m i n e t h i s v e l o c i t y ; l o n g i t u 

d i n a l f o r c e g r a d i e n t s a r e v e r y i m p o r t a n t as w e l l and may even c a u s e 

a c h a n n e l v e l o c i t y t o be n e a r l y p a r a l l e l t o t h e channe l a x i s . The mos t 

o b v i o u s l o n g i t u d i n a l d r i v i n g f o r c e w o u l d r e s u l t f o r t h e comb ined e f f e c t s 

o f t i d e s and p o s s i b l e f r e s h w a t e r d i s c h a r g e . The f o r c e b a l a n c e needed 

t o p r e d i c t t h e v e l o c i t y d i s t r i b u t i o n i s t o o comp lex f o r t h e o r e t i c a l 

t r e a t m e n t h e r e . 

An a d d i t i o n a l p h y s i c a l c o m p l i c a t i o n f o r t h e c u r r e n t s r e s u l t s f r o m 

t h e f a c t t h a t c o n d i t i o n s v a r y q u i c k l y o v e r s h o r t d i s t a n c e s . T h i s means 

t h a t c u r r e n t s w i l l be a c c e l e r a t i n g and d e c e l e r a t i n g i n t h e a r e a o f t h e 

b r e a k w a t e r t i p ; i n e r t i a i n f l u e n c e s w i l l a l s o have t o be i n c l u d e d i n a 

f o r c e b a l a n c e . These have been a v o i d e d c o m p l e t e l y u n t i l now by 

s t i p u l a t i n g t h a t changes o c c u r o n l y s l o w l y so t h a t i n e r t i a i n f l u e n c e s 

c o u l d be n e g l e c t e d . 

How does a l l o f t h i s a f f e c t t h e s e d i m e n t t r a n s p o r t ? The e f f e c t s 

on t h e two components o f s e d i m e n t t r a n s p o r t , bed l o a d , and suspended 

l o a d , a r e i n d i c a t e d i n t h e n e x t s e c t i o n s . 
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2 5 . 3 Bed l o a d t r a n s p o r t 

Bed l o a d s e d i m e n t t r a n s p o r t r e s p o n d s v e r y q u i c k l y t o changes i n 

p h y s i c a l c o n d i t i o n s . The bed l o a d t r a n s p o r t i s d e t e r m i n e d a l m o s t e x 

c l u s i v e l y by t h e l o c a l c o n d i t i o n s o f v e l o c i t y and bed s h e a r s t r e s s . 

The r e p e a t e d s t i r r i n g up and r e - s e t t l e m e n t o f sand g r a i n s n e a r t h e 

b o t t o m d u r i n g a s i n g l e wave p e r i o d a r e e v i d e n c e o f t h i s - r e f e r t o 

c h a p t e r 18 . 

T h i s " l a c k o f i n e r t i a " o f t h e bed l o a d i m p l i e s t h a t bed l o a d 

t r a n s p o r t r a t e s can be computed r e l a t i v e l y e a s i l y a t any chosen 

l o c a t i o n once t h e c u r r e n t and wave c o n d i t i o n s have been d e t e r m i n e d . 

The B i j k e r a p p r o a c h r e f l e c t e d i n e q u a t i o n s 1 9 . 3 4 can be u s e d . These 

r e l a t i o n s h i p s a r e i n d e p e n d e n t o f wave b r e a k i n g a n d , t h e r e f o r e , may 

be used anywhere i n t h e r e g i o n o f i n t e r e s t . 

Once t h e bed l o a d t r a n s p o r t r a t e i s known as a f u n c t i o n o f 

p o s i t i o n we m i g h t compute bed l o a d e r o s i o n s and s e d i m e n t a t i o n s . W h i l e 

t h i s w o u l d be e a s y , i t w o u l d o n l y be o f p r a c t i c a l v a l u e when t h e s u s 

pended l o a d t r a n s p o r t r e m a i n e d e i t h e r n e g l i b l e o r c o n s t a n t . T h i s i s 

t h e t o p i c o f t h e n e x t s e c t i o n . 

2 5 . 4 Suspended l o a d t r a n s p o r t 

Suspended l o a d p r e s e n t s c o n s i d e r a b l y more o f a p r o b l e m t h a n does 

t h e bed l o a d . The suspended l o a d i s , o f c o u r s e , d i s t r i b u t e d o v e r t h e 

e n t i r e d e p t h a t any l o c a t i o n . S i n c e suspended m a t e r i a l w i l l s e t t l e 

o u t no f a s t e r t h a n i t s f a l l v e l o c i t y ( i t r e a c h e s t h i s speed o n l y i n 

p e r f e c t l y s t i l l w a t e r ) any s e t t l i n g o r s u s p e n d i n g p r o c e s s w i l l o c c u r 

g r a d u a l l y . The suspended s e d i m e n t c o n c e n t r a t i o n a t some g i v e n p o i n t 

w i l l , t h e r e f o r e , be d e p e n d e n t upon t h e i m m e d i a t e l y l o c a l c o n d i t i o n s 

o f t u r b u l e n c e and bed l o a d as w e l l as t h e p a s t h i s t o r y o f t h e s e ; t h e 

suspended s e d i m e n t t r a n s p o r t does d e m o n s t r a t e " i n e r t i a " . 

S i n c e E i n s t e i n d e v e l o p e d h i s f o r m u l a - e q u a t i o n 1 9 . 1 7 - f o r a 

s t e a d y s t a t e c o n d i t i o n , t h e r e l a t i o n s h i p s f o r suspended l o a d t r a n s 

p o r t d e v e l o p e d i n c h a p t e r 19 w i l l be i n c o r r e c t , now, i n t h i s t y p i c a l l y 

n o n - s t e a d y s t a t e p r o b l e m . I n g e n e r a l , changes i n suspended l o a d 

t r a n s p o r t w i l l o c c u r more s l o w l y t h a n e q u a t i o n s such as ( 1 9 . 1 7 ) m i g h t 

l e a d t h e u s e r t o e x p e c t . 

W h i l e i t w o u l d , i n p r i n c i p l e , be p o s s i b l e t o d e r i v e p r o p e r 

t r a n s i e n t s t a t e c o n c e n t r a t i o n and suspended s e d i m e n t r e l a t i o n s h i p s , 

t h e e f f o r t w o u l d n o t j u s t i f y t h e r e w a r d ; a s i m p l e r , more a p p r o x i m a t e 

a p p r o a c h i s o u t l i n e d b e l o w . 

2 5 . 5 An a p p r o x i m a t e s o l u t i o n 

I n o r d e r t o a r r i v e a t a w o r k a b l e s o l u t i o n t o a c h a n n e l s i l t a t i o n 

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

a s i n g l e a p p r o x i m a t e s e d i m e n t a t i o n v a l u e , we s h a l l d e t e r m i n e l i m i t s 

be tween w h i c h t h e c h a n n e l m o r p h o l o g i c a l changes must l i e . T h i s w i l l 

be based upon t h e s e d i m e n t t r a n s p o r t e q u a t i o n s a l r e a d y d e v e l o p e d f o r 

s t e a d y s t a t e c o n d i t i o n s . 
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The f i r s t s t e p i n t h e p r o c e d u r e i s t o e v a l u a t e t h e p h y s i c a l c o n 

d i t i o n s a t s e v e r a l c r i t i c a l p l a c e s . S e v e r a l p o i n t s j u s t o u t s i d e t h e 

c h a n n e l and a few p o i n t s spaced a l o n g t h e c h a n n e l a x i s s h o u l d be 

s u f f i c i e n t t o p r e d i c t c h a n n e l m o r p h o l o g i c a l changes nea r t h e b r e a k 

w a t e r t i p . 

The second s t e p i s t o e v a l u a t e t h e bed l o a d t r a n s p o r t and s u s 

pended l o a d t r a n s p o r t s e p a r a t e l y a t each o f t h e p o i n t s j u s t c h o s e n . 

T h i s i s done u n d e r t h e i n c o r r e c t a s s u m p t i o n t h a t t h e s i t u a t i o n i s 

o n l y s l o w l y c h a n g i n g . 

The s e d i m e n t a t i o n o r e r o s i o n o f an a r e a by bed l o a d t r a n s p o r t 

can be f o u n d r a t h e r a c c u r a t e l y by e x a m i n i n g t h e changes i n t r a n s p o r t 

r a t e s be tween t h e chosen p o i n t s i n and a r o u n d t h a t a r e a - t h e 

p o i n t s chosen i n s t e p o n e . S i n c e bed l o a d t r a n s p o r t d e m o n s t r a t e s 

l i t t l e " i n e r t i a " , t h i s r e s u l t i s p r o b a b l y q u i t e a c c u r a t e . 

I f d e p o s i t i o n o f suspended m a t e r i a l i s e x p e c t e d ( t h e suspended 

s e d i m e n t t r a n s p o r t d e c r e a s e s ) t h e n t h e maximum d e p o s i t i o n o f t h i s 

m a t e r i a l can be f o u n d by c o m p a r i n g t h e two s t e a d y - s t a t e suspended 

s e d i m e n t t r a n s p o r t r a t e s . S i m i l a r l y , a maximum suspended l o a d e r o s i o n 

can be f o u n d by c o m p a r i n g t h e s e s t e a d y s t a t e r a t e s where e r o s i o n by 

suspended m a t e r i a l t r a n s p o r t i s e x p e c t e d . These r a t e s o f d e p o s i t i o n 

o r e r o s i o n a r e maximum v a l u e s by v i r t u e o f t h e " i n e r t i a " e f f e c t o f 

t h e suspended s e d i m e n t t r a n s p o r t ; t h e a c t u a l suspended l o a d t r a n s p o r t 

changes c a n n o t be more t h a n t h e s e . T h e r e f o r e , t h e bed l o a d t r a n s p o r t 

change p l u s t h e maximum suspended l o a d t r a n s p o r t change w i l l y i e l d 

t h e u p p e r l i m i t e r o s i o n o r d e p o s i t i o n . 

A t t h e o t h e r e x t r e m e and e s p e c i a l l y w i t h d e p o s i t i o n , no s i g n i f i 

c a n t a c t u a l change i n suspended l o a d t r a n s p o r t may t a k e p l a c e u n t i l 

w e l l beyond t h e c h a n n e l . T h i s w o u l d become more t r u e as t h e g r a i n 

s i z e o f t h e suspended s e d i m e n t o r c h a n n e l w i d t h d e c r e a s e d . T h u s , a 

l o w e r l i m i t on e r o s i o n o r d e p o s i t i o n c o u l d be f o u n d by c o n s i d e r i n g 

o n l y bed l o a d t r a n s p o r t c h a n g e s . 

U n f o r t u n a t e l y , no moer s p e c i f i c i n f o r m a t i o n can be g i v e n ; much 

r e s e a r c h i n t h i s a r e a i s needed i n o r d e r t o s o r t o u t t h e m u l t i t u d e o f 

p a r a m e t e r s i n v o l v e d and t o d e t e r m i n e t h e i r f u n c t i o n a l r e l a t i o n s h i p s . 
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E x t r a Notes 



1 9 7 

SYMBOLS AND NOTATION W.W. Mass ie 

The symbo ls used i n t h i s s e t o f n o t e s a r e l i s t e d i n t h e t a b l e , 

i n t e r n a t i o n a l s t a n d a r d s o f n o t a t i o n have been used where a v a i l a b l e 

e x c e p t f o r o c c a s i o n a l uses i n w h i c h d i r e c t c o n f l i c t o f mean ing w o u l d 

r e s u l t . C e r t a i n symbo ls have more t h a n one m e a n i n g , however t h i s i s 

o n l y a l l o w e d when t h e c o n t e x t o f a s y m b o l ' s use i s s u f f i c i e n t t o 

d e f i n e i t s mean ing e x p l i c i t l y . F o r e x a m p l e , T i s used t o d e n o t e b o t h 

wave p e r i o d and t e m p e r a t u r e . 

F u n c t i o n s a r e d e n o t e d u s i n g t h e B r i t i s h and A m e r i c a n n o t a t i o n . 

The m a j o r d i s c r e p a n c y w i t h European c o n t i n e n t a l n o t a t i o n o c c u r s w i t h 

t h e i n v e r s e t r i g o n o m e t r i c f u n c t i o n s . T h u s , t h e a n g l e whose s i n e i s y 

i s d e n o t e d b y : 

s i n •'" y i n s t e a d o f a r c s i n y . 

P o s s i b l e c o n f u s i o n i s a v o i d e d i n t h e s e n o t e s by d e n o t i n g t h e r e c i p r o 

c a l o f t h e s i n e f u n c t i o n by t h e c o s e c a n t f u n c t i o n , e s c , o r by ^ i j ^ . 

T h i s same r u l e a p p l i e s t o t h e o t h e r t r i g o n o m e t r i c and h y p e r b o l i c 

f u n c t i o n s as w e l l . 

I n t h e t a b l e a mean ing g i v e n i n c a p i t a l l e t t e r s i n d i c a t e s an 

i n t e r n a t i o n a l s t a n d a r d . The mean ing o f symbo ls used f o r d i m e n s i o n s 

and u n i t s a r e a l s o l i s t e d t o w a r d t h e end o f t h e t a b l e . 

Roman l e t t e r s 

Symbol D e f i n i t i o n E q u a t i o n D i m e n s i o n s U n i t s 

A e n e r g y d e n s i t y f i g . 3 . 5 L 2 T - 1 m^/s 

c o e f f i c i e n t 1 7 . 0 1 M - 1 L 2 T 2 

d i m e n s i o n l e s s r o u g h n e s s 1 9 . 1 8 — — 
a ampl i t u d e o f o r b i t a l 

d i s p l a c e m e n t 
1 5 . 1 6 L m 

i n t e g r a t i o n l i m i t 

c o e f f i c i e n t 

1 9 . 1 0 

; ; o . i i 

L 

L 2 T - 1 

m 
2 , 

m / s 

B s h i p ' s beam 3 . 0 4 L m 

d i s t a n c e f r o m c o u r s e l i n e 5 . 0 1 L m 

c o e f f i c i e n t 1 9 . 0 1 -- --

b d i s t a n c e be tween wave 
o r t h o g o n a l s 

1 2 . 0 2 L m 

C 

C' 

Chézy f r i c t i o n c o e f f i c i e n t 

Chézy f r i c t i o n c o e f f i c i e n t 

1 3 . 0 1 

1 9 . 4 6 

L 1 / 2 j-l 

L 1 / 2 , - 1 

1 

m^/s 

mVs 
b l o c k c o e f f i c i e n t 3 . 0 4 -- — 

c wave c e l e r i t y 

c o n c e n t r a t i o n 

3 . 0 2 

9 . 0 1 

L T - l m/s 

D s h i p d r a f t 3 . 0 4 L m 

p a r t i c l e g r a i n s i z e 1 9 . 0 1 L ym 

^ 9 0 
p a r t i c l e g r a i n s i z e 1 9 . 4 6 L ym 

DWT d e a d w e i g h t t o n n a g e c h . 3 M kg 
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Symbol D e f i n i t i o n E q u a t i o n D i m e n s i o n s U n i t s 

E chance o r p r o b a b i l i t y 4 . 1 3 — --

wave e n e r g y p e r u n i t 
s u r f a c e a r e a 

1 0 . 0 2 
- 2 

M T H/m 

e BASE OF NATURAL LOGARITHMS 4 . 0 7 -- — 

' ^ t i d e 
t i d a l f o r c e p e r u n i t a r e a 1 3 . 0 2 M L - l T -2 f//m2 

f f r i c t i o n f a c t o r 1 5 . 1 5 -- --

9 ACCELERATION OF GRAVITY 1 0 . 0 2 L T - 2 
2 

m /s^ 

H wave h e i g h t 4 . 2 3 L m 

h w a t e r d e p t h 4 . 0 1 L m 

h e i g h t o f s c h e m a t i z i n g l a y e r 2 0 . 0 4 L m 

h ' wave s e t - u p 1 1 . 0 1 L m 

I e x t r a channe l d e p t h 
a l l o w a n c e 

E i n s t e i n i n t e g r a l v a l u e s 

4 . 0 1 

1 9 . 1 8 

L m 

•h i n t e r e s t r a t e 4 . 2 6 -- — 

K wave number o f t i d e 1 3 . 0 4 L - l 
- 1 

m 

\ r e f r a c t i o n c o e f f i c i e n t 1 7 . 0 7 -- --
1 

k wave number 1 0 . 0 1 L - l 
- 1 

m 

L s h i p l e n g t h 3 . 0 4 L m 

w a t e r l e v e l 4 . 0 1 L m 

e f f e c t i v e b r e a k w a t e r 
1 e n g t h 

2 0 . 2 2 L m 

d i s t a n c e t o beach s c h e m a t i 
z a t i o n 

2 1 . 0 2 L m 

c h a n n e l l e n g t h 4 . 0 9 L m 

£ m i x i n g l e n g t h 1 4 . 0 2 L m 

M c o e f f i c i e n t 2 0 . 3 0 L m 

M' maximum number o f s h i p s 4 . 1 4 -- --
m i n d e x c o u n t e r 

beach s l o p e 

4 . 1 7 

1 2 . 1 5 -- --

m' a c c r e t i o n beach s l o p e 2 0 . 2 6 -- --

N 

n 

n 

number o f waves e n c o u n t e r e d 4 . 1 2 
number o f e x t r e m e v a l u e s 5 . 0 3 
wave v e l o c i t y r a t i o 1 0 . 0 3 
number o f payments 4 . 2 6 

--
--

Vwf p r e s e n t w o r t h f a c t o r 4 . 2 6 -- --

Q i n t e g r a l v a l u e 1 9 . 2 0 — --

q r a t e o f change o f sand 
t r a n s p o r t pe r u n i t w i d t h 

dummy v a r i a b l e 

2 1 . 0 6 

4 . 0 7 

L T - l m/s 

R r e s p o n s e t r a n s f e r f u n c t i o n f i g . 3 . 5 

R' r o u g h n e s s a l l o w a n c e 4 . 0 1 L m 
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Symbol D e f i n i t i o n E q u a t i o n D i m e n s i o n s U n i t s 

s r a d i a t i o n s t r e s s component 

s e d i m e n t t r a n s p o r t 

1 0 . 0 1 

1 7 . 0 8 

M T " 

L 3 r 

•2 

•1 
N / m 

3 / 
m / y r 

s e d i m e n t t r a n s p o r t p e r u n i t 
w i d t h 

9 . 0 1 L 2 T -
•1 2 

m / y r 

s i n s t a n t a n e o u s s h i p p o s i t i o n 

r a t e o f change o f s e d i m e n t 
t r a n s p o r t 

4 . 0 2 

2 0 . 0 5 
2 1 . 0 6 

L 

L T ^ 

•1 
m 

m^/yr 
m/s 

T wave P E R I O D 4 . 2 7 T s 

T ' t i d e P E R I O D 13 .03 T s 

T 

e 
P E R I O D o f e n c o u n t e r 3 . 0 3 T s 

t T I M E 4 . 0 2 T s 

U' Wave " e n e r g y c o m p o n e n t " 1 7 . 0 1 M E T " 
•3 

N/s 

u v e l o c i t y component i n X 
d i r e c t i o n 

dummy p a r a m e t e r 

1 5 . 1 7 

2 0 . 1 8 

L T " 
•1 

m/s 

u ' v e l o c i t y f l u c t u a t i o n i n 
X d i r e c t i o n 

1 4 . 0 1 L T " 
•1 

m/s 

V V E L O C I T Y 1 3 . 0 1 L T ' 
•1 

m/s 

r e s u l t a n t V E L O C I T Y 1 5 . 2 2 L T " 
•1 

m/s 

" s h e a r " V E L O C I T Y 1 5 . 0 4 L T " 
•1 

m/s 

V V E L O C I T Y component i n Y 

d i r e c t i o n 

vo lume o f sand a c c u m u l a t e d 2 0 . 4 1 L 3 m3 

V ' V E L O C I T Y f l u c t u a t i o n i n y 
d i r e c t i o n 

1 4 . 0 1 L T " 
•1 

m/s 

s h i p V E L O C I T Y 3 . 0 2 L T ' 
•1 

m/s 

W e q u i l i b r i u m w i d t h o f schema

t i z e d beach 
2 1 . 0 6 L m 

s e d i m e n t p a r t i c l e f a l l 
v e l o c i t y 

1 9 . 1 2 L T " 
1 

m/s 

X C O O R D I N A T E i n d i r e c t i o n o f 
wave p r o p a g a t i o n 

1 0 . 0 1 L m 

X C O O R D I N A T E a l o n g c n a n n e l 4 . 0 2 L m 

C O O R D I N A T E i n d i r e c t i o n 
o f sand t r a n s p o r t 

9 . 0 1 L m 

X C O O R D I N A T E a l o n g c o a s t 

dummy v a r i a b l e 

1 3 . 0 1 

4 . 0 7 

L m 

Y C O O R D I N A T E a l o n g wave c r e s t 1 0 . 0 4 L m 

y C O O R D I N A T E p e r p e n d i c u l a r t o 
c o a s t 

1 4 . 0 1 L m 

z v e r t i c a l C O O R D I N A T E L m 

t i d e l e v e l 13 .03 L m 

s h i p s q u a t p l u s t r i m 4 . 0 1 L m 

z v e r t i c a l C O O R D I N A T E 9 . 0 1 L m 

z ' v e r t i c a l C O O R D I N A T E 1 5 . 0 2 L m 

e l e v a t i o n f o r z e r o v e l o c i t y 1 5 . 0 4 L m 

e l e v a t i o n f o r v e l o c i t y 
p r o f i l e t a n g e n c y 

1 5 . 0 9 L m 

z * d i m e n s i o n l e s s d e p t h 19 .15 -- --
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Greek l e t t e r s 

Symbol ü e f i n i t i o n 

a n g l e o f a p p r o a c h o f 
waves r e l a t i v e t o s h i p 

a n g l e o f a c c r e t i o n a t 
b r e a k w a t e r t i p 

wave b r e a k i n g i n d e x 

r e l a t i v e d e n s i t y o f 
s e d i m e n t 

p a r a m e t e r 

s p e c t r u m w i d t h p a r a m e t e r 

eddy v i s c o s i t y 

t u r b u l e n t d i f f u s i o n c o e f f i 
c i e n t 

w a t e r s u r f a c e e l e v a t i o n 

a n g l e r e l a t i v e t o p r i n c i p a l 
p l a n e 

v a l u e o f i n t e g r a l 

Von Karman c o e f f i c i e n t 

WAVE LENGTH 

r i p p l e f a c t o r 

p a r a m e t e r 

c o n s t a n t = 3 .1415926536 

mass d e n s i t y o f ( s e a ) w a t e r 

s t a n d a r d d e v i a t i o n 

s h e a r s t r e s s 

E q u a t i o n 

3 . 0 2 

2 0 . 3 9 

1 1 . 0 4 

1 9 . 0 1 

2 1 . 0 9 

ch 5 

1 4 . 0 1 

1 9 . 1 2 

9 . 0 1 

10 .06 

2 0 . 1 9 

1 5 . 0 4 

1 0 . 0 1 

1 9 . 4 5 

15 .29 

3 . 0 3 

3 . 0 4 

4 . 0 3 

1 4 . 0 1 

D i m e n s i o n s U n i t s 

L " T 

L 2 T 

'A I 

m^/s 

kg /m 

depend upon p r o b l e m 
2 

L - l T - 2 N/m" 

a n g l e o f wave a p p r o a c h 
r e l a t i v e t o i n s t a n t a - 1 2 . 0 1 
neous c o a s t 

a n g l e o f wave a p p r o a c h 
r e l a t i v e t o i n i t i a l 2 0 . 0 8 
c o a s t 

t i d a l wave f r e q u e n c y 1 3 . 0 3 

s u r f a c e wave f r e q u e n c y 3 . 0 2 

wave e n c o u n t e r f r e q u e n c y 3 . 0 2 r - 1 

1/s 

1/s 

1/s 

S p e c i a l symbo ls 

Symbol D e f i n i t i o n 

t i m e a v e r a g e o f 

.C . a m p l i t u d e o f 

a i s p r o p o r t i o n a l t o 

A change i n . . . . 

" i n f i n i t y 
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S u b s c r i p t s 

Symbol 

b 

bc 

b r 

c 

c r 

CW 

i 

L 

m 

m in 

0 

P 

r 

rms 

s 

s i g 

t 

t i p 

w 
X 

XX 

xy 

y 

y x 

y y 

n 

1 

2 

3 

D e f i n i t i o n 

b o t t o m 

b o t t o m , c u r r e n t 

b r e a k e r l i n e 

k e e l c l e a r a n c e 

c r i t i c a l 

c u r r e n t and wave 

c o u n t e r i n d e x 

s t i l l w a t e r l e v e l 

maximum 

mi nimum 

deep w a t e r ( e x c e p t c h . 2 1 ) 

p a r t i c l e 

r o u g h n e s s 

r e s u 1 t a n t 

r e f r a c t i o n 

r o o t - m e a n - s q u a r e 

s h i p 

s i g n i f i c a n t 

a t p o i n t o f t a n g e n c y 

t i p o f b r e a k w a t e r 

wave 

X component 

X component o f no rma l s t r e s s 

X component o f s h e a r s t r e s s 

y component 

y component o f s h e a r s t r e s s 

y component o f no rma l s t r e s s 

w a v e , w a t e r s u r f a c e 

used t o d i s t i n g u i s h s i m i l a r v a l u e s a c t u a l mean ing 
f r o m c o n t e x t 
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F u n c t i o n s 

N o t a t i o n Mean ing 

cos ( ) c o s i n e o f t h e a n g l e ( ) 

cosh ( ) h y p e r b o l i c c o s i n e o f ( ) 

exp ( ) e r a i s e d t o t h e power ( ) 

f ( ) g e n e r a l f u n c t i o n o f ( ) 

I n ( ) n a t u r a l l o g a r i t h m o f ( ) 

P ( ) chance o f exceedance o f ( ) 

p ( ) chance o f o c c u r r a n c e i n i n t e r v a l 
c h a r a c t e r i z e d by ( ) 

s i n ( ) s i n e o f t h e a n g l e ( ) 

s i n h ( ) h y p e r b o l i c s i n e o f ( ) 

t a n ( ) t a n g e n t o f t h e a n g l e ( ) 

t a n h ( ) h y p e r b o l i c t a n g e n t o f ( ) 

A change i n 

n ( ) p r o d u c t o f ( ) 

I ( ) sum o f ( ) 

D i m e n s i o n s and u n i t s 

Symbol D e f i n i t i o n 

cm c e n t i m e t e r 

f t f o o t 

h hou r 

kg KILOGRAM 

km k i l o m e t e r 

k t k n o t = n a u t i c a l m i l e s p e r h o u r 

L LENGTH DIMENSION 

M MASS DIMENSION 

m METER 

mm 
- 3 

m i l i m e t e r = 1 0 m 
• , „ - 6 

pm m i c r o m e t e r = 1 0 m 

N newton 

r a d r a d i a n 

s second 

T TIME DIMENSION 

y r y e a r 

0 d e g r e e a n g l e 
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