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1 . INTRODUCTION 

To ge t a more d e t a i l e d i m p r e s s i o n o f t h e e x p e c t e d s i l t a t i o n i n t h e 

a c c e s s - c h a n n e l s t o t h e Q u i m i g a l p l a n t s , Qu im iga l i n v i t e d Hydronamic 

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

c h a n n e l s . T h i s s t u d y i s a c o n t i n u a t i o n o f t h e s t u d y made by 

Hydronamic i n 1979. The ma in p rob lem i n t h e 1979 s t u d y was t h a t no 

c a l i b r a t i o n measurements were a v a i l a b l e . D u r i n g t h i s s t u d y t h e s e 

measurements have been made. 

A n o t h e r improvement w i t h r e s p e c t t o t h e 1 9 7 9 - s t u d y i s t h a t f o r t h i s 

s t u d y i t was p o s s i b l e t o use boundary v a l u e s g e n e r a t e d by t h e Genera l 

Flow Model o f t h e I nne r E s t u a r y , d e v e l o p e d f o r A . G . P . L . 

The t o t a l s t u d y c o n s i s t e d o f two p a r t s , f i e l d measurements and a 

m a t h e m a t i c a l m o d e l . The s t u d y was p roposed t o Qu im iga l by t e l e x 

pma UkQ/aq o f September 3 0 , 1 9 8 1 . A n o t i c e t o p roceed was g i v e n by 

Qu im iga l by t e l e x 39^*781 on Oc tobe r 1 s t , 1 9 8 1 . 

The r e p o r t d e a l i n g w i t h t h e f i e l d measuremen ts , d a t e d November 1 9 8 1 , 

has a l r e a d y been f o r w a r d e d t o t h e c l i e n t . 

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

in t h e Canal do Q u i m i g a l , u s i n g t h e Hydronamic h y d r o - m o r p h o l o g i c a l 

m o d e l . The s t u d y has been e x e c u t e d by mr. H . J . Verhagen and 

mr. G . J .A . Loman. The r e p o r t was p r e p a r e d by mr . H . J . Verhagen under 

t h e s u p e r v i s i o n o f mr . A. B u r g e r s , head o f H y d r o n a m i c ' s S t u d i e s and 

C o n s u l t a n c y d e p a r t m e n t . 



2 . THE MATHEMATICAL FLOW MODEL 

W i t h t h e use o f a m a t h e m a t i c a l model t h e v e l o c i t i e s in t h e Qu im iga l 

a rea have been c a l c u l a t e d . T h i s t w o - d i m e n s i o n a l f l o w model i s based 

upon a c o m p u t a t i o n a l scheme d e v e l o p e d by L e e n d e r t s e f o r t h e Rand 

C o r p o r a t i o n ( U . S . A . ) . A more d e t a i l e d d e s c r i p t i o n o f t h i s model i s 

p r e s e n t e d in Annex A. 

The model r e q u i r e s as i n p u t t h e w a t e r l e v e l s on t h e b o u n d a r i e s , g i v e n 

as a f u n c t i o n o f t i m e . These b o u n d a r y - v a l u e s have t o be d e t e r m i n e d 

v e r y a c c u r a t e . We have done t h i s w i t h t h e Genera l Flow Model o f t h e 

I nne r E s t u a r y , w h i c h model we have d e v e l o p e d and c a l i b r a t e d on 

ass i gnmen t o f A . G . P . L . T h i s Genera l F low Model has a m e s h - s i z e o f 

250 m. I t has been c a l i b r a t e d , u s i n g measured w a t e r l e v e l s and 

measured c u r r e n t v e l o c i t i e s . A l l t h e s e measurements have been made 

by A . G . P . L . For t h e l o c a t i o n o f t h e Genera l F low Model and t h e 

l o c a t i o n s o f t h e c a l i b r a t i o n measurements , see f i g . 1. 

The d e t a i l e d model o f t h e 0 .u im iga l a rea i s a l s o i n d i c a t e d on f i g u r e 1. 

The m e s h - s i z e o f t h i s model i s 8 3 . 3 3 m. In d r a w i n g ]-k t h e c a l c u l a t e d 

c u r r e n t p a t t e r n s f o r h i g h w a t e r , max e b b , low w a t e r and max f l o o d a r e 

r e p r o d u c e d . The s c a l e o f t h e d r a w i n g s i s 1 : 1 0 0 0 0 ; t h e v e l o c i t y s c a l e 

o f t h e a r r o w s i s 1 cm = 1 m /sec . 

In Annex B a number o f d i ag rams w i t h t h e v e l o c i t y v s . t i m e i s p r e s e n t e d . 



3. 

3. THE SILTATION MODEL 

The s i l t a t i o n model a p p l i e d by Hydronamic i s based on a c a l i b r a t e d 

sed imen t t r a n s p o r t f o r m u l a and on t h e c a l c u l a t e d v e l o c i t i e s . 

W i th t h e sed imen t t r a n s p o r t f o r m u l a t h e amount o f t r a n s p o r t e d sed imen t 

i s c a l c u l a t e d as a f u n c t i o n o f t i m e , v e l o c i t y , s t i r r i n g - u p and 

g r a i n - s i z e . 

The v e l o c i t i e s f o l l o w f r o m t h e f l o w m o d e l , s t i r r i n g - u p i s caused by 

v e l o c i t y and waves . 

Because o f v e l o c i t y near t h e b o t t o m and because o f t h e o r b i t a l movement 

o f t h e waves , sed imen t p a r t i c l e s a r e s t i r r e d - u p . The s t i r r e d - u p 

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

e v e r y m e s h - p o i n t t h e q u a n t i t y o f sed imen t t r a n s p o r t f o r each t i m e - s t e p . 

The d i f f e r e n c e i n sed imen t t r a n s p o r t between two subsequen t m e s h - p o i n t s 

causes s i l t a t i o n and e r o s i o n . For each t i m e - s t e p t h i s s i l t a t i o n o r 

e r o s i o n i s c a l c u l a t e d . M o s t l y d u r i n g one h a l f o f t h e t i d e s i l t a t i o n 

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

s e d i m e n t a t i o n o r e r o s i o n can be c a l c u l a t e d by a d d i n g a l l t h e b o t t o m 

changes o f each t i m e s t e p . 

For a more d e t a i l e d d i s c u s s i o n can be r e f e r r e d t o Annex C. 

As 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 t h e m o r p h o l o g i c a l model needs t h e 

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

d i r e c t i o n and w a t e r l e v e l ) p l u s some o t h e r v a l u e s as wave h e i g h t , wave 

p e r i o d , b o t t o m roughness and t h e g r a i n s i z e o f t h e s e d i m e n t . 

The h y d r a u l i c p a r a m e t e r s a r e read by t h e computer f r o m t h e o u t p u t 

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



The t i m e s t e p o f t h e m o r p h o l o g i c a l model can be much l o n g e r t h a n 

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

Qu im iga l a rea a t i m e s t e p o f 60 m i n u t e s gave a s t a b l e c o m p u t a t i o n a l 

p r o c e s s . 

The o t h e r v a l u e s used i n t h i s c a l c u l a t i o n a r e a wave h e i g h t o f 50 cm 

and a wave p e r i o d o f 3 s e c o n d s . As a l r e a d y d i s c u s s e d i n ou r r e p o r t 

on t h e f i e l d measurements t h e i n f l u e n c e o f t h e waves i s r e l a t i v e l y 

sma 11 . 

A wave o f 0 . 5 m seems t o be r e a s o n a b l e ave rage f o r t h e w h o l e y e a r . 

The b o t t o m roughness used i s 0 . 0 7 5 m, t h e g r a i n s i z e used i s : 

D^^= 5 y , = 25 ]i. These v a l u e s were a l s o d i s c u s s e d i n o u r r e p o r t 

on t h e f i e l d measurements and were d e r i v e d f r om t h e sed imen t t r a n s p o r t 

measurements . These v a l u e s do d i f f e r f r o m t h e e s t i m a t e d v a l u e s w h i c h 

we used i n t h e 1979 s t u d y . The measurements r e v e a l e d t h a t t h e m a t e r i a l 

i s f i n e r t han we d i d assume in 1979. 

The m o r p h o l o g i c a l model in f a c t c a l c u l a t e s t h e s i l t a t i o n in t o n s / y e a r . 

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

w i t h a d e n s i t y . The model uses a s t a n d a r d d e n s i t y o f 1600 k g / m ^ . 

T h i s d e n s i t y i s v a l i d f o r s a n d . in case o f mud a l owe r d e n s i t y has t o 

be u s e d . The e x p e c t e d d e n s i t y i n t h e Qu im iga l a rea i s 530 kg/tr?, and 

t h u s t h e r e s u l t s o f t h e compu te r p rogram have t o be m u l t i p l i e d w i t h 

1 6 0 0 / 5 3 0 . 

For a more t h e o r e t i c a l d i s c u s s i o n o f t h e d e n s i t y i s r e f e r r e d t o Annex D. 

In t h i s Annex a l s o t h e v a l u e o f 530 kg/rr? i s e x p l a i n e d . 

In f i g . 2 t h e s e d i m e n t a t i o n , as c a l c u l a t e d by t h e c o m p u t e r , i s p l o t t e d . 

The v a l u e s g i v e n i n t h i s f i g u r e a r e s i l t a t i o n s caused by s p r i n g - t i d e , 

and w i t h a d e n s i t y o f 1600 k g / m ^ . In t h e nex t c h a p t e r t h e s e v a l u e s 

a r e q u a n t i f i e d . 



k. ELABORATION OF THE CALCULATIONS 

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

such a way t h a t d e c i s i o n s can be made, 5 s e p e r a t e a reas a r e d e f i n e d : 

1 . Canal da CUF-west 

S e c t i o n f r o m deep w a t e r u n t i l t h e b i f u r c a t i o n w i t h 

Canal do Q u i m i g a l . 

2 . Canal da CUF-midd le 

S e c t i o n o f 1000 m f r o m t h e b i f u r c a t i o n i n t h e d i r e c t i o n o f 

t h e o l d Qu im iga l h a r b o u r . 

3 . Canal da CUF-east 

Remain ing s e c t i o n o f t h e Canal da CUF, i n c l u d i n g t h e o l d 

h a r b o u r . 

k. Canal do Q u i m i g a l 

New cana l f r o m b i f u r c a t i o n u n t i l t u r n i n g b a s i n nea r t h e new 

t e r m i n a 1 . 

5. T u r n i n g b a s i n 

T u r n i n g b a s i n in f r o n t o f t h e new t e r m i n a l . 

On t h e n e x t page t h e c a l c u l a t i o n o f t h e s i l t a t i o n i n each o f t h i s a rea 

i s g i v e n . In t h e co lumn " a l l p o i n t s " t h e ave rage s i l t a t i o n i s c a l c u l a t e d , 

u s i n g t h e b o t t o m changes in a l l p o i n t s . In t h e co lumn " o n l y p o s i t i v e 

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

where s i l t a t i o n o c c u r s . 
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To q u a n t i f y ma in tenance d r e d g i n g one s l i o u l d t a k e o n l y t h e p o s i t i v e 

v a l u e s i f one d e a l s w i t h sandy m a t e r i a l s . The v a l u e s under t h e 

h e a d i n g " a l l p o i n t s " have t o be used i n case o f f i n e m a t e r i a l . 

In one d e a l s w i t h f i n e m a t e r i a l , t h i s m a t e r i a l a c t s l i k e a t h i c k 

f l u i d . I f t h e r e is a p o i n t w i t h much s i l t a t i o n n e x t t o a p o i n t 

. . ï j . l _ _ Ï *.U^ » v * - ^ 4 - « . - ï - ^ l i . i ï l l - P l r - i i w f-\ - > r » fr\AaA r^faili 

(because t h i s e roded a rea i s d e e p e r ) . 

The c a l c u l a t i o n s a re p e r f o r m e d f o r s p r i n g t i d e o n l y , t hus a w h o l e 

y e a r w i t h s p r i n g t i d e s o n l y . In f a c t t h e r e a r e a l s o neap t i d e s and 

mean t i d e s . 

The r e a l s i l t a t i o n ( o r e r o s i o n ) can be c a l c u l a t e d w i t h t h e f o r m u l a : 

S = 0 . 2 5 * ( S + 2 * S + S ) 
s m n 

i n w h i c h 

S = r e a l s i1 t a t i on 

S^= s i l t a t i o n caused by s p r i n g t i d e 

S = s i l t a t i o n caused by mean t i d e 
m 

S^= s i l t a t i o n caused by neap t i d e 

From o u r e x p e r i e n c e we know t h a t t h i s r e l a t i o n can be s i m p l i f i e d t o : 

S = a * 

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

between 0 . 5 and 0 . 7 ; a i s c a l l e d t h e t i d a l c o e f f i c i e n t . 

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

s p r i n g t i d e , one mean t i d e and one neap t i d e . I t i s i m p o s s i b l e t o 

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

neap t i d e . 



However, a remains c o n s t a n t f o r an a r e a , and we l iave d e t e r m i n e d a f o r 

t h e S i d e r u r g i a a rea q u i t e a c c u r a t e . V/e f ound a t i d a l c o e f f i c i e n t o f 

0 . 5 7 . T h i s c o e f f i c i e n t can a l s o be used f o r t h e Qu im iga l a r e a . 

As s t a t e d i n Annex D, t h e model c a l c u l a t e s w i t h a d e n s i t y o f I6OO kg/m 

T h i s d e n s i t y has t o be 530 k g / m ^ . 

T h i s means t h a t a l l r e s u l t s f r o m t h e model have t o be m u l t i p l i e d w i t h 

a f a c t o r 

1600 

3 

0 .57 * = 1.72 
530 

Us ing t h e f i r s t column o f t h e compute r o u t p u t on t h e f o r m e r page t h i s 

g i v e s t h e f o l l o w i n g v a l u e s 

Canal da CUF-west - 7 cm 

- m i d d l e 17 cm 

- e a s t 53 cm 

Canal do Qu im iga l -29 cm 

T u r n i n g b a s i n - 1 7 cm 

26068 m 

73023 m 

99091 m 
3 

From t h e above f o l l o w s t h a t a y e a r l y ma in tenance d r e d g i n g o f 100.000 m 

has t o be e x p e c t e d i n t h e o l d CUF Canal between t h e b i f u r c a t i o n and 

t he h a r b o u r . ( S i l t a t i o n i n t h e h a r b o u r i s i n c l u d e d in t h i s f i g u r e ) . 

3 

In t h e w e s t e r n s e c t i o n o f t h e C U F - c a n a l , i n t h e Canal do Qu im iga l and 

i n t h e t u r n i n g b a s i n t l i e r e w i l l be no s i l t a t i o n , a c c o r d i n g t o t h i s 

a p p r o a c h . 

In t h e computer o u t p u t i s , b e s i d e s t h e ave rage v a l u e , a l s o g i v e n t h e 

s t a n d a r d - d e v i a t i o n . A low v a l u e o f t h e s t a n d a r d - d e v i a t i o n means 

t h a t t h e s i l t a t i o n i s abou t t h e same i n e v e r y s q u a r e o f t h e a r e a . 

A h i g h v a l u e o f t h e s t a n d a r d - d e v i a t i o n means t h a t t h e s i l t a t i o n v a r i e s 

v e r y much f o r each s q u a r e . 



T h i s happens e s p e c i a l l y i n t h e t u r n i n g b a s i n . In t h e t u r n i n g b a s i n 

t h e r e i s happen ing a n o t h e r phenomenon. The sedüment t r a n s p o r t model 

i s based on f i n e m a t e r i a l (5 m i c r o n ) . On t h e b o t t o m o f t h e t u r n i n g 

b a s i n t h e m a t e r i a l i s s a n d . But t h e model assumes t h a t t h e r e i s a l s o 

f i n e mud. I f t h e r e was f i n e mud, t h i s mud wou ld e r o d e . But because 

t h e r e i s no mud, i t w i l l n o t e r o d e . 

T h i s means t h a t t h e b i g e r o s i o n i n t h e t u r n i n g b a s i n , bu t a l s o i n t h e 

o t h e r deep s e c t i o n s o f t h e Calia do M o n t i j o w i l l no t o c c u r . I f t h e r e 

was e r o s i o n , t h e e roded m a t e r i a l wou ld have been t r a n s p o r t e d t o t h e 

a reas were t h e c u r r e n t i s a l i t t l e b i t w e a k e r , i . e . near t h e t e r m i n a l 

b è r t h and t o an a rea s o u t h o f t h e M o n t i j o a i r base . 

But because t h e r e i s no e roded m a t e r i a l , t h i s s e d i m e n t a t i o n w i l l a l s o 

not o c c u r . 

T h i s c o n c l u s i o n d i f f e r s somewhat f r om t h e c o n c l u s i o n i n ou r 1979 r e p o r t . 

In 1979 we f o u n d ( q u a l i t a t i v e l y ) t h e same t y p e o f b o t t o m changes i n t h e 

t u r n i n g b a s i n and t h e Ca la do M o n t i j o . A t t h a t moment we d i d no t have 

t h e d e t a i l e d i n f o r m a t i o n on s o d i m e n t p r o p e r t i e s . Hav ing more i n f o r m a t i o n 

a t t h i s moment we have t o r e v i s e o u r c o n c l u s i o n on t h e s e d i m e n t a t i o n 

in t h e t u r n i n g b a s i n . 

In f a c t one has t o c o n c l u d e t h a t t h e r e w i l l be n e a r l y no b o t t o m change 

i n t h e t u r n i n g b a s i n near t o t h e l i q u i d t e r m i n a l . T h i s i s m a i n l y due 

t o t h e s c o u r i n g o f t h e t i d e t h r o u g h t h e new Canal do Q u i m i g a l . 

I t i s v e r y d i f f i c u l t t o g i v e an idea on t h e a c c u r a c y o f t h e s e c a l c u l a t i o n s , 

because in r e a l i t y t h e s i l t a t i o n depends on seasona l i n f l u e n c e s (much 

w i n d , d r y p e r i o d s , e t c . ) . The c o r r e l a t i o n between t h e t r a n s p o r t f o r m u l a 

and t h e measured t r a n s p o r t was 7 U . From t h i s f i g u r e one may e x p e c t 

a p o s s i b l e e r r o r o f 30%. 

The e r r o r in t h e t i d a l f a c t o r i s v e r y l o w , and we may n e g l e c t t h i s . 



10 . 

The e r r o r i n t h e o l d d u i m i g a l p o r t may be somewhat b i g g e r , because in 

t h e c u r r e n t - m o d e l t h e c u r r e n t s i n s i d e t h a t h a r b o u r c o u l d no t be r e p r o d u c e d 

v e r y a c c u r a t e l y . ( T h i s i s due t o t h e m e s h - s i z e o f 8 3 . 3 3 m) . 

Summar iz ing we e x p e c t a s i l t a t i o n between 70000 and 1 30000 m V y e a r i n 

t h e Canal da Cuf e a s t o f t h e b i f u r c a t i o n . The s i l t a t i o n i n t h e o t h e r 

c h a n n e l s and t u r n i n g b a s i n i s s m a l l . 
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5 . COMPARISON WITH MEASURED DATA 

R e c e n t l y we r e c e i ved sound ! ngs o f t h e Canal da Cuf f r o m Qu im iga l 

f r o m 1980 and 1 9 8 2 . The i n t e r v a l between t h e two sound ings was 

22 mon ths . 

The s i l t a t i o n i n t h e f i r s t k i l o m e t e r e a s t o f t h e b i f u r c a t i o n was 
•7 

a p p r o x . ^+7500 m . 
22 3 

A c c o r d i n g t o o u r m o d e l , t h e r e s h o u l d be — * 26068 = 47791 m'^. 
12 

In t h e n e x t k i l o m e t e r t h e s i l t a t i o n was somewhat d i f f i c u l t t o d e t e r m i n e . 
3 2 

U n t i l c r o s s - s e c t i o n ZkO t h e r e was 57125 m . But t h e r e m a i n i n g 363OO m 

o f t h e h a r b o u r was no t s u r v e y e d . 

I f one e s t i m a t e s t h a t t h e s i l t a t i o n i n s i d e t h e h a r b o u r was a p p r o x . 

1 .20 m, (wh ich i s t h e s i l t a t i o n in t h e l a s t s e c t i o n s m e a s u r e d ) , t h i s 

g i v e s 43560 m^. T o t a l IOO685 m^. 

A c c o r d i n g t o o u r m o d e l , t h e r e s h o u l d be — * 7 3 0 2 3 = 132000 m ^ 
12 

The d i f f e r e n c e o f 30^ i n t h e l a s t s e c t i o n i s m a i n l y caused by t h e 

d i f f i c u l t i e s in m o d e l l i n g t h e h a r b o u r c o r r e c t l y . (The used m e s h - s i z e 

o f 8 3 . 3 m i s t o o l a r g e f o r c o r r e c t ' m o d e l l i n g t h e h a r b o u r ) 



12. 

6 . SOME COMMENTS ON THE CHANGES \H THE CHANNEL CROSS-SECTION 

In o u r r e p o r t o f 1979 we s t a t e d t h a t t h e n o r t h - e a s t e r n s l o p e s o f t h e 

channe l w i l l t e n d t o become s t e e p e r , and t h a t t h e channe l becomes 

n a r r o w e r a n d moves somewhat i n a w e s t e r n d i r e c t i o n . 

T h i s means t h a t we e x p e c t e d more s i l t a t i o n on t h e NE s l o p e t han on 

t h e SW s l o p e , and t h a t even e r o s i o n m i g h t o c c u r on t h e SW s l o p e . 

The p r o f i l e s w h i c h we r e c e i v e d f u l l y ag ree w i t h o u r 1979 r e p o r t . 

See f o r example t h e p r o f i l e s ^^k and 196 i n f i g . 3-



7 . CONCLUSIONS 

7 . 1 . Expected s i l t a t i o n i n t h e Canal da Cuf 

In o u r 1979 r e p o r t we c a l c u l a t e d f o r t h e Canal da Cuf a s i l t a t i o n o f 

32000 m-̂  sand e q u i v a l e n t . A p p l y i n g a mud d e n s i t y o f 530 kg/rr? t h i s 

i s 96900 m^ o f mud. A t t h i s moment, a p p l y i n g a more d e t a i l e d c u r r e n t 

model and u s i n g t h e d a t a f r o m t h e sed imen t t r a n s p o r t measuremen ts , we 

f i n d a v a l u e o f 100000 m-^/year. -

We have t o c o n c l u d e t h a t o u r e s t i m a t e o f 1979 was o f t h e c o r r e c t 

o r d e r i n t e rms o f t o n s , bu t t h a t t h e v a l u e i n c u b i c me te rs i s o f , 

c o u r s e h i g h e r . 

7 . 2 . Expec ted s i l t a t i o n i n t h e t u r n i n g b a s i n 

W i t h r e g a r d s t o t h e t u r n i n g b a s i n we do e x p e c t l e s s s i l t a t i o n t h a n 

we d i d i n 1 9 7 9 , because i f t h e d i f f e r e n c e s i n g r a i n - s i z e s o f b o t t o m 

m a t e r i a l between t h e s h a l l o w f l a t s and t h e t u r n i n g b a s i n a r e a . A t 

t h i s moment we e x p e c t o n l y l i t t l e s i l t a t i o n i n t h e t u r n i n g b a s i n . 





ANNEX A 

D e s c r i p t i o n o f m a t h e m a t i c a l f l o w mode] 

Introduotion 

The Tagus E s t u a r y i s t h e t r a n s i t i o n zone f r o m u n i d i r e c t i o n a l , 

t i m e ' v a r y i n g , f r e s h w a t e r f l o w s o f l a n d d r a i n a g e t o t h e t i d a l , s a l i n e 

A t l a n t i c Ocean. Wate r movements t h r o u g h o u t t h e e s t u a r y a r e a f f e c t e d 

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

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

The d e g r e e o f s a l i n i t y s t r a t i f i c a t i o n depends on t h e l o c a t i o n i n t h e 

Tagus E s t u a r y . 

The c a l c u l a t e d ' e s t u a r y - n u m b e r ' , a c c . t o Har leman and Abraham, 

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

p a r t i a l l y - m i x e d and w e l l - m i x e d e s t u a r y c l a s s . T h i s means t h a t t h e 

v e r t i c a l s a l i n i t y g r a d i e n t i s d i m i n i s h e d by t h e b e d - f r i c t i o n a l e f f e c t s 

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

T h i s c o n c l u s i o n i s a l s o s u p p o r t e d by f i e l d d a t a . A l t h o u g h t h e r e i s no 

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

v a r i a t i o n . T h i s depends c h i e f l y on t h e u p s t r e a m f r e s h w a t e r d i s c h a r g e . 

C o n s e q u e n t l y , t h e t i d a l f l o w p a t t e r n i n t h e c o m p a r a t i v e l y s h a l l o w Tagus 

E s t u a r y , w h i c h has no s i g n i f i c a n t v e r t i c a l s a l i n i t y g r a d i e n t s , can 

p o w e r f u l l y and e f f e c t i v e l y be r e p r e s e n t e d by d e p t h - a \ / e r a g e d m a t h e m a t i c a l 

f l o w m o d e l i n g , based on t h e sound t h e o r y o f t h e t w o - d i m e n s i o n a l s h a l l o w 

w a t e r e q u a t i o n s . 

Mathematical baokground of Hydvonamie's 2-D flow model 

The m a t h e m a t i c a l 2 -D f l o w model i s based on t h e L e e n d e r t s e p rogramme ' 

d e s c r i p t i o n ( I 9 6 7 ) , p u b l i s h e d by t h e Rand C o r p o r a t i o n (USA) . 

Hydronamic improved t h e programme s t r u c t u r e and 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 i n o r d e r t o economize t h e c o m p u t a t i o n a l t i m e c o n s u m p t i o n 

as w e l l as t o s t a b i l i z e t h e c o m p u t a t i o n a l scheme. 



An a d d i t i o n a l p rog ramme-package has been d e v e l o p e d f o r t h e p u r p o s e 

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

The model f o r n o n - s t e a d y 2-D h o r i z o n t a l f l o w s i s based on a f i n i t e 

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

and momentum c o n s e r v a t i o n . 

These e q u a t i o n s a r e t h e d e p t h - a v e r a g e d 2-D v e r s i o n s o f t h e t u r b u l e n t 

a n a l o g i e s t o t h e 3-D N a v i e r - S t o k e s momentum e q u a t i o n s and t h e 

c o n t i n u i t y e q u a t i o n . 

The f l o w i s assumed t o be i n c o m p r e s s i b l e . The model a l l o w s f o r f r e e 

s u r f a c e c o n d i t i o n s a t t h e a i r - w a t e r i n t e r f a c e . 

Assuming t h e ' v e r t i c a l a c c e l e r a t i o n i s n e g l i g i l D l e compared t o t h e g r a v i t y 

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

s t r e s s e s and 'wave r a d i a t i o n ' s t r e s s e s , t h e e q u a t i o n s o f c o n t i n u i t y 

o f mass ( i ) and momentum ( i i ) become: 

( i ) 
m . + 3 ((h + n) U } , 3 {(h + n) V ) ^ q 
a t ax ay 

( i i ) 
^ X 

( i i ) 
y 

g U (U^ + V ^ ) ^ "^wx 

' (h . n) c,^ Fl^TTliT-

9V ^ II 3V ^ w 3V an 

= 0 

+ g V ( u ^ + V ^ ) ^ 'wy 

(h + n ) C 2 ' P + , ) 
= 0 



w h e r e : h mean d e p t h (m) 

n w a t e r l e v e l a b o v e / b e l o w 

mean d e p t h (m) 

U, V d e p t h - a v e r a g e d v e l o c i t y i n x -

and y - d i r e c t i o n , r e s p e c t i v e l y ( m / s ) 

f C o r i o l i s p a r a m e t e r as f u n c t i o n 

o f t h e e a r t h ' s a n g u l a r v e l o c i t y 

and t h e l a t i t u d e ( - ) 
2 

g g r a v i t a t i o n a l a c c e l e r a t i o n (m/s ) 

C, Chezy c o e f f i c i e n t o f bed 

roughness ( m ^ / s ) 

t t i m e ( s ) 

x , y h o r i z o n t a l c o - o r d i n a t e s (m) 
T T X - and y - c o m p o n e n t s o f t h e 

wx , wy ' . ^ 2 
w i n d s t r e s s (N/m ) 

The e q u a t i o n s o f t h e i n t e r i o r f l o w f i e l d have been w r i t t e n by L e e n d e r t s e 

as s p a c e - c e n t e r e d f i n i t e d i f f e r e n c e a p p r o x i m a t i o n s on a s p a c e - s t a g g e r e d 

g r i d . The s l<etch be low shows t h a t s p a c e - s t a g g e r e d g r i d . 

k -1 
i l l w a t e r l e v e l n s 

Chezy c o e f f i c i e n t Ch 

• Mean d e p t h h 

• i x d i r e c t i o n v e l o c i t y U 

I y d i r e c t i o n v e l o c i t y V 



The c o m p u t a t i o n a l p r o c e d u r e i s a mu 1 1 i - o p e r a t i o n a l , a l t e r n a t i n g 

d i r e c t i o n , s e m i - i m p l i c i t s o l u t i o n mode. 

Each t i m e s t e p A t i s d i v i d e d i n t o two h a l f - t i m e s t e p s t a g e s ; each 

s t a g e c o n t a i n e s an i m p l i c i t and e x p l i c i t scheme w h i c h s o l v e s t h e x -

and y - momentum e q u a t i o n s e p a r a t e l y and a l t e r n a t e l y . The n o n - l i n e a r 

t e r m s a r e tal<en f r o m a l<nown t i m e l e v e l r e s u l t i n g i n i m p e r f e c t 

t i m e - c e n t e r i n g . 

A l t h o u g h L e e n d e r t s e , u s i n g a F o u r i e r s t a b i l i t y a n a l y s i s , p r o v e d t h a t t h e 

above scheme i s u n c o n d i t i o n a l l y s t a b l e , i t can be shown i n p r a c t i c e 

t h a t a c o m p u t a t i o n can be ' b l o w n u p ' m a i n l y due t o t h e i m p e r f e c t 

t i m e - c e n t e r e d t e r m s . 

Hydronamic i m p r o v e d t h e above scheme c o n s i d e r a b l y . 

The n o n - l i n e a r i n s t a b i l i t y , due t o t h e i n a b i l i t y o f t h e model t o 

t r a n s f e r t u r b u l e n t e n e r g y t o s c a l e s s m a l l e r t h a n t w i c e t h e m e s h - s i z e , 

has been com(Dle te ly overcome by a w e i g h t e d s p a t i a l v e l o c i t y - a v e r a g i n g , 

r o u t i n e . O t h e r f e a t u r e s o f t h e improved scheme a r e t h e a l l o w a n c e 

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

boundary c o n d i t i o n s . 

Based on p r e v i o u s e x p e r i e n c e w i t h what worl<s and wha t does n o t , t h e 

f o l l o w i n g s t a b i l i t y c o n d i t i o n has been d e v e l o p e d : 

A l ( 2 | u | + ) < 7 

At c o m p u t a t i o n a l t i m e s t e p ( s ) 

Ax m e s h - s i z e o f t h e s q u a r e g r i d (m) 

|u 1 v e l o c i t y i n t e n s i t y a t node n , m ( m / s ) 

h w a t e r d e p t h a t node n , m (m) 

g g r a v i t a t i o n a l a c c e l e r a t i o n ( m / s ^ ) 

The o r i g i n a l L e e n d e r t s e model has been d e v e l o p e d i n FORTRAN - IV 

p rog ramming c o d e . 



I t was e v i d e n t w i t h t h e i n i t i a l c o m p u t a t i o n a l runs o f t h e Tagus E s t u a r y 

model t h a t t h e amount o f g r i d nodes made i t u n e c o n o m i c a l , a l t h o u g h 

t e c h n i c a l l y f e a s i b l e , t o use o u r i n - h o u s e HP-3OOO c o m p u t e r . 

T h e r e f o r e , t h e H y d r o n a m i c ' s n o n - s t e a d y 2 -D f l o w model has been 

imp lemen ted on t h e CDC-750 C y b e r n e t mach ine a t R i j s w i j k , H o l l a n d , 

w h i c h has a s t o r a g e o f kOO- K w o r d s . 

The b u l k o f e f f o r t i n mak ing p r o d u c t i o n runs on t h e CDC-computer i s 

t h e p r e - and p o s t - p r o c e s s i n g o f d a t a f r o m t h e i n - h o u s e HP-3OOO t o t h e 

CDC-750 mach ine v i a an i n - h o u s e D a t a p o i n t - d i s k e t t e r u n i t and v i c e v e r s a . 

Calibration procedure 

The c a l i b r a t i o n s t a g e o f t h e Tagus E s t u a r y f l o w model and t h e Q u i m i g a l 

Channel f l o w model i n v o l v e s t h e use o f r e l i a b l e f i e l d d a t a . 

S i n c e t h e n o n - l i n e a r bed r e s i s t a n c e t e r m g e n e r a l l y d o m i n a t e s t h e 

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

N i k u r a d s e bed roughness r , t o be employed f o r d e t e r m i n i n g t h e Chezy 

c o e f f i c i e n t , i s e s s e n t i a l . 

To d a t e , f i e l d measurements o f t h e bed roughness i n t h e Tagus E s t u a r y 

a r e n o t a v a i 1 a b l e . 

The e m p i r i c a l r e l a t i o n s h i p s be tween t h e bed roughness and t h e s e d i m e n t 

g r a i n s i z e s g e n e r a l l y i n c l u d e t h e f l o w p r o p e r t i e s . S t r i c t l y s p e a k i n g 

t h e s e f o r m u l a e c a n n o t be s o l v e d e x p l i c i t l y . 



Assuming the f o l l o w i n g ranges o f t l i e p a r a m e t e r s 1 n v o l v e d , t l i e l i m i t s 

o f t h e Ni l<uradse roughness can be d e t e r m i n e d a c c o r d i n g l y . 

f l o w v e l o c i t y U 0 . 1 0 1.50 m/s 

w a t e r d e p t h h 1.00 4 0 . 0 0 m 

g r a i n s i z e D^^ 10 - 700 ym 

Hence, t h e N i k u r a d s e bed roughness may v a r y between r = 0 . 0 0 5 m and 

r = 0 .80 m. 

G e n e r a l l y , t h e N i k u r a d s e bed r o u g h n e s s , o b s e r v e d i n t i d a l e n v i r o n m e n t s 

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

w a t e r d e p t h . In t h i s s t u d y , h o w e v e r , such a r e l a t i o n s h i p i s t h o u g h t 

t o be t o o a r b i t r a r y . 

In t h e r e p o r t , e n t i t l e d ' E n v i r o n m e n t a l S tudy o f t h e T e j o E s t u a r y ' , 

C . N . A . / T e j o n o 7 , i s s u e d J u l y 1980 , t h e f o l l o w i n g bed roughness c l a s s e s 

were e s t a b l i s h e d i n an a r b i t r a r y way : 

d e p t h c l a s s h N i k u r a d s e bed roughness r 

(m) (m) 

73 - 40 0 . 0 0 0 2 

39 - 25 0 .0010 

2 4 - 1 0 0 .0460 

< 1 0 1 .0000 

The bed roughness r has been d e r i v e d f r o m t h e g i v e n Mann ing numbers n 

a c c o r d i n g t o t h e S t r 1 c k l e r - C h e z y f o r m u l a , r = (25 n ) ^ . 

The above s u g g e s t s o n l y a w a t e r d e p t h dependance f o r t h e bed roughness 

In t h i s s t u d y t h e c a l i b r a t i o n runs have been c a r r i e d o u t w i t h a s i n g l e 

v a l u e d N i k u r a d s e bed roughness t h r o u g h o u t t h e m o d e l . The c a l i b r a t i o n 

p r o c e d u r e has been based on a v a i l a b l e f i e l d d a t a f o r Mean S p r i n g 

T i d e and Mean Neap T i d e . 



The r e s u l t s o f t he c a l i b r a t i o n runs w i t h t h e Tagus E s t u a r y f l o w model 

i n d i c a t e t h a t a s i n g l e - v a l u e d b e d - r o u g h n e s s o f r = 0 . 3 5 m y i e l d s 

r e a l i s t i c f l o w v e l o c i t i e s and w a t e r e l e v a t i o n s , e s p e c i a l l y in t h e 

Q u i m i g a l Channel a r e a . I t s h o u l d be n o t e d t h a t t h i s v a l u e has o n l y 

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

The v a l u e b e l o n g s t o t h e range as d e s c r i b e d e a r l i e r . For t h e m o r p h o l o g i c a l 

c a l i b r a t i o n a n o t h e r roughness p a r a m e t e r w i l l be e m p l o y e d , v i z . t h e 

m o r p h o l o g i c a l bed r o u g h n e s s . 

For t h e c o n v e n i e n c e o f c a l i b r a t i o n and s i n c e i n t h e Tagus E s t u a r y t i d a l 

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

t o o m i t t h e w i n d s t r e s s t e r m . 

H a v i n g h e r e w i t h a c a l i b r a t e d Tagus E s t u a r y f l o w m o d e l , t h e bounda ry 

c o n d i t i o n s o f t h e Q u i m i g a l Channel f l o w model can d e t e r m i n e d f o r 

f a c i l i t a t i n g p r o d u c t i o n r u n s . 
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ANNEX C 

The mo r p h o I o g i ca1 mode 1 

Desoription of the mathematiodl model 

The model i s based on two f u n d a m e n t a l e l e m e n t s : t h e mass c o n s e r v a t i o n 

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

no s e d i m e n t can d i s a p p e a r t h u s 

( d u r i n g a c e r t a i n t i m e i n t e r v a l ) t h e 

s i l t a t i o n has t o be t h e d i f f e r e n c e 

be tween t h e i n c o m i n g and t h e o u t g o i n g 

s e d i m e n t t r a n s p o r t . 

In o t h e r w o r d s : 

AS = S. - S ^ 
I n o u t 

AS i s now e x p r e s s e d i n m / s e c , pe r m w i d t h o f t h e c h a n n e l . A h a n d i e r 

u n i t t o e x p r e s s s e d i m e n t a t i o n i s t o use t h e i n c r e a s e i n b o t t o m 

l e v e l i n m/sec o r c m / y e a r . I f we c a l l t h i s i n c r e a s e In b o t t o m e v a l u a t i o n 

A h , we can wr i t e : 

Ah AS S. S 
I n - o u t / . , — = = — ( i n m/sec ) 

At Ax Ax 

T h i s can be t r a n s f o r m e d t o t h e w e l l known d i f f e r e n t i a l e q u a t i o n : 

dh_ ^ _dS 

d t dx 

And in f a c t t h e m a t h e m a t i c a l m o r p h o l o g i c a l model i s a n u m e r i c a l 

p r o c e d u r e t o s o l v e t h i s e q u a t i o n . 



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

The f o r m u l a used i s based on an a n a l y s i s o f t h e measured t r a n s p o r t . 

The c a l i b r a t i o n - m e t h o d i s d e s c r i b e d i n d e t a i l i n s e c t i o n 4 . 1 and t h e 

i n f e r e n c e was t h a t a B i j k e r - t y p e f o r m u l a w i t h a f i c t i v e D^^ o f 5 pm 

a f i c t i v e D^^ o f 25 um and a m o r p h o l o g i c a l roughness o f 0 .075 m w i l l 

g i v e t h e b e s t r e s u l t s . 



Assumgt i_ons 

U n t i l now no a s s u m p t i o n s l iave been made, w h i c l i means t h a t t h e 

model i s c o m p l e t e l y v a l i d . 

However , i t i s i m p o s s i b l e t o s o l v e t h e d i f f e r e n t i a l e q u a t i o n 

d A / d t = d S / d x c o n t i n u o u s l y , and a n u m e r i c a l s o l u t i o n w i l l a l w a y s 

QSLijicQ e r r o r s and s i m p l i f i c a t i o n s In t h e answer -

The main a s s u m p t i o n s we have t o make a r e : 

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

c o n c e n t r a t i o n 

n — = = = 

V / / / / / / / / / / / / / / / / / / / A 
-Ax 

t h e new t r a n s p o r t c a p a c i t y . 

For examp le a t p o i n t 1 we have 

a c e r t a i n e q u i l i b r i u m o f t r a n s p o r t , 

a t p o i n t 3 t h e r e i s a l s o an 

e q u i l i b r i u m . But a t p o i n t 2 t h e r e 

i s n o t y e t an e q u i l i b r i u m . V/e 

assume t h a t t h e d i s t a n c e Ax i s b i g 

enough t o a l l o w a d a p t i o n t o t h e 

new e q u i l i b r i u m . For f i n e m a t e r i a l , 

t h e Ax = 100 m as used i n o u r model 

i s t o o s m a l l . The r e s u l t s o f t h e m a t h e m a t i c a l model a r e t h e r e f o r e 

t o o p r o n o u n c e d . 

- The b o t t o m is I d e n t i c a l e v e r y w h e r e I n t h e model and can a l w a y s 

be e r o d e d . In r e a l i t y t h e r e a r e some h a r d l a y e r s . These h a r d 

l a y e r s do n o t e r o d e . C o n s e q u e n t l y t h e model may p r e d i c t e r o s i o n 

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

- A l l I m p o r t a n t g e o m e t r i c a l u n i t s must be a m u l t i p l e o f t h e used 

g r i d s i z e Ax . In t h i s case t h e g r i d s i z e i s 100 m. Thus t h e 

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

100 m c a n n o t be d e t e r m i n e d . T h i s " e f f e c t has - to ' - ' be e x p e c t e d 

e s p e c i a l l y nea r a b u t m e n t s , s m a l l q u a y - w a l l s e t c . 



n-1 

m+1 

m+1 -

X The s e d i m e n t t r a n s p o r t i s c a l c u l a t e d i n 

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

i - 1 i i + 1 
p o i n t s a r e g i v e n as ( n , m ) . 

j - 1 

1 1 
s^ ' " ^ Q r i d pc i p ^ tii^s t r ^ p s p'^ *" ̂  i s dl! i ^ 

j S y ( n - 1 , m - l ) 
i n t o 2 c o m p o n e n t s , t h e component i n t h e 

x - d i r e c t i o n and t h e component in t h e y 

j + 1 

•V d i r e c t i o n . 
,m) 

The s i l t a t i o n i s c a l c u l a t e d i n a r e a s 

be tween t h e g r i d p o i n t s , 

m-1 

n-1 

i \__, 

\ 
y \ _ _ 

— ^ / 

k 1^ 

I t i s assumed t h a t t h e s e d i m e n t t r a n s p o r t 

i n t h e x d i r e c t i o n comes f o r SOX f r o m 

t h e s q u a r e above l e f t , 

and f o r 50?ó f r o m t h e s q u a r e be low l e f t 

f r o m t h e g r i d p o i n t . 

T h i s s e d i m e n t i s o ressumed t o go f o r 

5 0 ^ t o t h e s q u a r e above r i g h t , and f o r 

50% t o t h e s q u a r e be low r i g h t o f t h e 

g r i d po i n t . 

For t h e t r a n s p o r t i n t h e y - d i r e c t i o n 

an i d e n t i c a l scheme can be made. 

The e q u a t i o n f o r t h e s i l t a t i o n i n s q u a r e 

( i , j ) becomes. 

A h ( i , j ) = i S ( n - 1 , m - 1 ) + i- S ^ ( n - 1 , m ) - i S ( n , m - l ) - i S (n ,m) 
X X A A 

+ i S y ( n - 1 , m - l ) - i S y ( n - 1 , m ) + i S y ( n , m - l ) - i S^ (n ,m) 



The_re2at ]^o i3_between_ve l_oc2tY_and_s[1_t^ 

As d i s c u s s e d b e f o r e , t l i e r e i s a f i x e d r e l a t i o n be tween c u r r e n t 

v e l o c i t y and s e d i m e n t t r a n s p o r t . S i l t a t i o n i s t l i e d i f f e r e n c e i n 

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

d i f f e r e n c e s i n t h e v e l o c i t y . T h e r e f o r e one c a n n o t say on b e f o r e h a n d 

t h a t an i n c r e a s e in t h e v e l o c i t y w i l l cause an i n c r e a s e o r a d e c r e a s e 

i n t h e s e d i m e n t a t i o n . 

T h i s w i l l be e x p l a i n e d by two e x a m p l e s . 

To s i m p l i f y t h e examples t h e r e l a t i o n 

be tween v e l o c i t y and s e d i m e n t t r a n s p o r t 

i s e x p r e s s e d a s : 

S = av (b » 1) 

On t h e l e f t s i d e t h e r e i s t r a n s p o r t 

b 

On t h e r i g h t s i d e t h e v e l o c i t y i s 

V 

777/777777// 

d l 

V2 = v^ X 

And t h e t r a n s p o r t i s 

b b , " l sh 
S„ = av = av ( - ^ ) 

The s i l t a t i o n be tween 1 and 2 i s c o n s e q u e n t l y 

A U c c b b . b b 
Ah = S^ - S^ = av^ - av^ ) = av^ 

^2 

1 ~ ( X ) ' 

1 b 
and because 1 - ( — ) i s g r e a t e r t h a n z e r o , Ah i s p o s i t i v e , and 

c o n s e q u e n t l y i n t h i s example t h e r e i s s i l t a t i o n , 



Now, suppose t h a t t h e v e l o c i t y v^ i s i n c r e a s e d ( e . g . because o f 

s p r i n g t i d e ) w i t h a f a c t o r x . 

A c c o r d i n g t o f o r m u l a (1 ) t h e s i l t a t i o n becomes 

1 k 

A h ' = a ( x v j " 1 - {-r^r = x '^ .Ah 
1 d^ 

The f a c t t h a t b o t h x and b a r e l a r g e r t h a n 1 p roves t h a t In t h i s example 

s i l t a t i o n i s i n c r e a s i n g ' w i t h i n c r e a s i n g v e l o c i t y . 



ANNEX D 

The u n i t s i n w h i c h t h e s e d i m e n t a t i o n a r e e x p r e s s e d need some 

e x p l a n a t i o n . The m a t h e m a t i c a l model c a l c u l a t e s t h e amount 

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

t o i m a g i n e in r e l a t i o n t o d r e d g i n g w o r k . T h e r e f o r e t h e s i l t a t i o n i s 

e x p r e s s e d i n cm. in o r d e r t o be a b l e t o c a l c u l a t e t h i s t r a n s f o r m a t i o n , 

t h e compu te r needs an a s s u m p t i o n on t h e d r y d e n s i t y o f t h e s o i l . 

in t he m a t h e m a t i c a l model a v a l u e o f 1.6 t o n s / m ^ has been u s e d . T h i s 

i s a v a l u e w h i c h a p p l i e s t o n o r m a l l y compac ted s o i l s w i t h a po re vo lume 

o f ho pe r c e n t . 

I f t h e s e d i m e n t a t i o n was pu re sand t h i s v a l u e w o u l d a l s o o c c u r ; 

i n t h e p r e s e n t c a s e , h o w e v e r , t h e m a t e r i a l t h a t i s s e t t l i n g i s much 

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

From a s u r v e y e l s e w h e r e on d e n s i t i e s o f i n - s i t u s i l t and c l a y a t 

s e v e r a l l o c a t i o n s where t h i s m a t e r i a l had been s p o u t e d under w a t e r 

o r had s e t t l e d due t o n a t u r a l s e d i m e n t a t i o n p r o c e s s e s , as w e l l as a 

b r i e f i n v e s t i g a t i o n o f i n - s i t u d e n s i t i e s o c c u r r i n g i n t h e a r e a c o n c e r n e d , 

we have t o c o n c l u d e t h a t a d r y d e n s i t y o f 0 , 6 5 t o n s / m ^ i s t h e maximum 

t h a t we can e x p e c t f o r s e d i m e n t a t i o n In t h e p r e s e n t c a s e . 

ac 
UJ 
h-
UJ 

UJ 
> 
UJ 

The v a r i a t i o n o f t h e w e t _ d e n s U [ e s o v e r t h e b o t t o m In t h e a r e a s 

where s e d i m e n t a t i o n o c c u r s , w i l l b r i e f l y i n d i c a t e d in t h e s k e t c h . 

For c o m p a r i s o n 

t h e r e l a t i o n be tween 

d r y and wet d e n s i t i e s 

and p o r e p e r c e n t a g e s 

has been i n d i c a t e d 

in t h e f o l l o w i ng 

t a b l e . 

3.00 

2.00 

1.00 

0.00 

SILT IN SUSPENSION 

LOOSE" SILT 

CONSOLIDATED-
SILT 

F IXED" CHANNEL 
BOTTOM 

1.0 1.1 1.2 1.3 
• W E T DENSITY IN t/m' 

1.A 
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p o r e p e r c e n t a g e d r y d e n s i t y 

( t o n s / m ^ ) 

we t d e n s i t y 

( t o n s / m ^ ) 

70% 0 .80 1.50 

75% 0 . 6 6 ].k] 

B0% 0 ,53 ' U 3 3 

8 5 ^ 0 .40 1.25 

8 8 ^ 0 , 3 2 1.20 

30% 0 . 2 7 1.17 

Due t o t h e v e r y s m a l l g r a i n s i z e s , t h e f a c t t h a t t h e r e w i l l be a l o t o f 

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

norma l q u a r t z , and t h e f a c t t h a t t h e m a t e r i a l i s c o n s t a n t l y s u b m e r g e d , 

f u r t h e r c o n s o l i d a t i o n a f t e r a number o f y e a r s i s n o t t o be e x p e c t e d . 

Tal<ing t h e v a l u e o f 1.2 t o n s / m ^ as t h e " n a u t i c a l b o t t o m " (see s e c t i o n 

5 . 2 ) , t h e a v e r a g e wet d e n s i t y o f t h e m a t e r i a l t h a t has s e t t l e d and 

w i l l have t o be removed i n o r d e r t o m a i n t a i n t h e c h a n n e l b o t t o m a t 

t h e o r i g i n a l l e v e l i s a . p p r o x i m a t e l y 1.33 t o n s / m ^ , w h i c h means a p o r e 

vo lume o f 80 pe r c e n t and a d r y d e n s i t y o f 0 .53 tons /m"^ . 

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

m a t e r i a l d redged d u r i n g m a i n t e n a n c e can be e x p e c t e d t o be (much) h i g h e r 

i f a b u c k e t d r e d g e r i s u s e d . J h i s i s due t o t h e f a c t t h a t w i t h a 

b u c k e t d r e d g e r i t i s easy t o o v e r d r e d g e i n t h e o r i g i n a l c h a n n e l b o t t o m . 

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

whose d e n s i t y i s much l e s s , i s due t o i t s h i g h l i q u i d i t y , l o s t and 

w i l l r ema in f o r a g r e a t p a r t 

on t h e b o t t o m . 

The way o f d r e d g i n g i s 

i n d i c a t e d i n t h e s k e t c h . 

I t i s c l e a r t h a t a f t e r a few 

y e a r s (and i n t h e c a s e o f 

heavy s i l t a t i o n t h i s may be 

o n l y one y e a r ) o n l y m a t e r i a l 

w i t h low d e n s i t i e s w i l l be 

d r e d g e d . 
layer to be d redged 



The i n f e r e n c e f r o m t h e above i s t h a t we have t o tal<e i n t o a c c o u n t a 

d r y d e n s i t y o f 0 .53 tons/m"^ f o r t h e s e d i m e n t a t i o n . T h i s a l s o means 

t h a t t h e m a t e r i a l i s v e r y f l u i d and w i l l s p r e a d o v e r a w i d e a r e a ; 

i t can n o t be e x p e c t e d t h a t s l o p e s o f s t e e p e r t h a n , s a y , 1:300 

can be m a i n t a i n e d by t h i s t y p e o f m a t e r i a l ( p o r e vo lume 80 per c e n t 

i n f a c t " h e a v y w a t e r " ) . 



WATER LEVEL M E A S U R E M E N T S 
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GRID LOCATIONS AND CA. 



QUIMIGAL 

s c a l e 1 s 50000 
• e r o s i o n o f 100 cm c r more 
• e r o s i o n c f 50 cm 

s e d i m e n t a t i o n c f 100 cm c r mere 
s e d i m e n t a t i o n c f 50 cm 

CALCULATED SILTATION PATTERN FIGURE 2 
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