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P R E F A C E 

The A d m i n i s t r a t i v e Agreement between the Colombian and Netherlands 

Government f o r the e x e c u t i o n o f the Rfo Magdalena and Canal del Dique Survey 

P r o j e c t was signed on 5th October, 1970. 

The purpose o f the p r o j e c t was t o study a number o f c o n s t r a i n t s t o n a v i g a t i o n 

on t h e r i v e r s and t o recommend t e c h n i c a l s o l u t i o n s t h e r e t o . During t h e course 

o f t h e i n v e s t i g a t i o n s t h e study was given a somewhat w i d e r scope and more 

s c i e n t i f i c data were taken i n t o account, because: 

- a b e t t e r knowledge and und e r s t a n d i n g o f the h y d r o l o g i c a l and m o r p h o l o g i c a l 

regime o f the r i v e r s was e s s e n t i a l , i f s a t i s f a c t o r y s o l u t i o n s t o the 

n a v i g a t i o n a l b o t t l e n e c k s were t o be found 

- a f u l 1 u nderstanding o f the regime o f the r i v e r s would be e s s e n t i a l f o r the 

f u t u r e development plans o f the Magdalena River Basin 

- t h e c o n t i n u o u s l y changing c o n d i t i o n s along the RFo Magdalena imply t h a t 

some o f the recommended s o l u t i o n s may have o n l y a temporary v a l u e ; hence 

a knowledge o f the background reasoning l e a d i n g t o the s o l u t i o n s would be o f 

c o n s i d e r a b l e value in l a t e r y e a rs. 

The concept o f the study was t o a c e r t a i n e x t e n t a l s o i n f l u e n c e d by the f a c t 

t h a t d u r i n g the i n v e s t i g a t i o n two o t h e r s t u d i e s were i n i t i a t e d : 

- Magdalena-Cauca River Flood P r o t e c t i o n Study, and 

- the Magdalena River Area T r a n s p o r t Study. 

Both s t u d i e s are i n t e r - r e 1ated w i t h the r i v e r survey p r o j e c t and i t i s e v i d e n t 

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

r i v e r would p r o v i d e v a l u a b l e data f o r the f l o o d p r o t e c t i o n as w e l l as f o r the 

t r a n s p o r t study. 

The Report on the Rfo Magdalena and Canal del Dique Survey P r o j e c t has 

been d i v i d e d i n t o f o u r p a r t s : 

P a r t I c o n t a i n s a d e s c r i p t i o n o f the s t u d i e s c a r r i e d o ut and a summary o f 

the recommendations made 

Pa r t I I c o n t a i n s the t h e o r e t i c a l background o f the recommended s o l u t i o n s t o 

the n a v i g a t i o n a l b o t t l e n e c k s , t o g e t h e r w i t h a l l the r e l e v a n t data 

t h a t were c o l l e c t e d . T h i s Part may be considered as the s c i e n t i f i c 

j u s t i f i c a t i o n o f P a r t I I I and p r o v i d e s deeper i n s i g h t i n t o the 

h y d r o l o g i c a l and m o r p h o l o g i c a l regime o f the r i v e r s 



P a r t I I I c o n t a I n s the recommended t e c h n i c a l s o l u t i o n s f o r the Improvement o f 

a number o f n a v i g a t i o n a l c o n s t r a i n t s on the r i v e r s , w h i l s t 

P a r t IV c o n t a i n s a h y d r o g r a p h i c manual. 

NEDECO acknowledge w i t h g r a t i t u d e the e x c e l l e n t c o - o p e r a t i o n r e c e i v e d from 

I t s C o u n t e r p a r t s and from a l l Colombians In Government s e r v i c e s as w e l l as In p r i v a t e 

bus I ness , who ass I s t e d In p r o v i d i n g the f a c t s and deta i1s requI red f o r t h i s s t u d y . 

I t i s s i n c e r e l y hoped t h a t t h i s Report may c o n t r i b u t e t o the economic 

development o f the Rfo Magdalena Basin and, In p a r t i c u l a r , t o the development 

o f n a v i g a t i o n along t he Rfo Magdalena and the Canal del Dique. 
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Chapter 1 

T H E I N V E S T I G A T I O N (ADMIN ISTRATIVE) 

1 . 1 . THE ASSIGNMENT AND ITS ANTECEDENTS 

E a r l y i n I 9 6 9 t h e C o l o m b i a n D e p a r t a m e n t o N a c i o n a l de P l a n e a c i ó n (DNP) p r e s e n t e d 

t o t h e R o y a l Embassy o f t h e N e t h e r l a n d s i n B o g o t a a l i s t o f p r o j e c t s t o be c o n s i d e r e d 

f o r e x e c u t i o n w i t h i n t h e f r a m e w o r k o f t h e A g r e e m e n t o n B i l a t e r a l T e c h n i c a l A s s i s t a n c e 

b e t w e e n t h e C o l o m b i a n a n d N e t h e r l a n d s G o v e r n m e n t s f o r t h e p e r i o d 1969 t h r o u g h 1 9 7 1 . 

I n t h i s l i s t o f p r o j e c t s f i g u r e d a p r o j e c t e n t i t l e d " M e j o r a s a l RFo M a g d a l e n a y a l 

C a n a l d e l D i q u e " . The p e r t a i n i n g g e n e r a l c o n d i t i o n s , s c o p e o f t h e s t u d y a n d p r o v i s i o n ­

a l e s t i m a t e o f r e q u i r e d f i n a n c i a l c o n t r i b u t i o n s f r o m C o l o m b i a a n d t h e N e t h e r l a n d s 

w e r e w o r k e d o u t by o f f i c e r s o f t h e A s s o c i a c i ó n N a c i o n a l d e N a v i e r o s (ADENAVI ) a n d t h e 

C o l o m b i a n M i n i s t e r i o de O b r a s P u b l i c a s ( M O P ) , i n c o n c e r t w i t h M r . T . Douma, a D u t c h 

e x p e 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 ( D H L ) , a t t h a t t i m e a t t a c h e d t o t h e C e n t r o 

d e E s t u d i o s T é c n i c o s e I n v e s t i g a c i o n e s H i d r a u l i c a s ( C E T I H ) o f t h e U n i v e r s i d a d de l o s 

A n d e s i n B o g o t a . 

I n O c t o b e r , I 9 6 9 , t h e D i r e c t o r a t e f o r I n t e r n a t i o n a l T e c h n i c a l A s s i s t a n c e ( D I T H ) 

o f t h e N e t h e r l a n d s M i n i s t r y o f F o r e i g n A f f a i r s s e n t M r . D. G e r s i e o f t h e DHL t o C o l o m b i a 

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

t i v e s o f DNP, MOP a n d A D E N A V I . The t e r m s o f r e f e r e n c e f o r t h i s m i s s i o n w e r e d r a w n up 

by D I T H i n c o n s u l t a t i o n w i t h t h e N e t h e r l a n d s E n g i n e e r i n g C o n s u l t a n t s (NEDECO). 

M r . D. G e r s i e , D e p u t y Head o f t h e S i t e I n v e s t i g a t i o n S e r v i c e o f t h e DHL, 

s o m e t i m e s a c c o m p a n i e d by M r . H . J . du M a r c h i e S a r v a a s , t h e n F i r s t S e c r e t a r y o f t h e R o y a l 

Embassy o f t h e N e t h e r l a n d s i n B o g o t a , h a d many d i s c u s s i o n s w i t h DNP, MOP, a n d ADENAVI 

o f f i c e r s i n B o g o t a and B a r r a n q u i l l a a n d v i s i t e d t h e R f o M a g d a l e n a ( f r o m La D o r a d a t o 

P u e r t o W i l c h e s ) a n d t h e C a n a l d e l D i q u e a r e a . 

I n F e b r u a r y , 1 9 7 0 , M r . J . G . H . R . D i e p h u i s , Head o f t h e S i t e I n v e s t i g a t i o n S e r v i c e 

o f t h e DHL , v i s i t e d C o l o m b i a a n d had a d d i t i o n a l t a l k s o n t h e p r o j e c t w i t h t h e Embassy 

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

a s p e c t s o f t h e s t u d y ( w h i c h c o u l d be m o r e a c c u r a t e l y e v a l u a t e d a f t e r M r . G e r s i e ' s 

m i s s i o n ) and on t h e q u e s t i o n w h e t h e r t h e r e q u i r e d s u r v e y v e s s e l s h o u l d p r e f e r a b l y be 

b u i l t i n C o l o m b i a o r i n t h e N e t h e r l a n d s . 

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

d i t i o n a l i n f o r m a t i o n o b t a i n e d f r o m t h e m i s s i o n s o f M r . G e r s i e a n d M r . D i e p h u i s , D ITH 

d r e w up a d r a f t A d m i n i s t r a t i v e A g r e e m e n t . T h i s d r a f t , t o g e t h e r w i t h t h e S c h e d u l e o f 

O p e r a t i o n s ( b e i n g an i n t e g r a l p a r t o f t h e A g r e e m e n t ) , was s l i g h t l y amended a n d t h e n 

a p p r o v e d by DNP a n d t h e r e a f t e r p r e s e n t e d by t h e N e t h e r l a n d s G o v e r n m e n t t o t h e C o l o m b i a n 

M i n i s t r y o f P u b l i c W o r k s on S e p t e m b e r 1 7 , 1 9 7 0 . On S e p t e m b e r 2 4 , 1 9 7 0 , t h e A g r e e m e n t 

was f o r m a l l y s i g n e d i n B o g o t a by H i s E x c e l l e n c y Dr A r g e l i n o D u r a n Q u i n t e r o , M i n i s t e r o f 

P u b l i c W o r k s , and D r . J o r g e RuFz L a r a , Head o f DNP, f o r t h e C o l o m b i a n G o v e r n m e n t , and 
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by M r . H . J . du M a r c h i e S a r v a a s , a t t h a t t i m e C h a r g e d ' A f f a i r e s f o r t h e G o v e r n m e n t 

o f t h e N e t h e r l a n d s . 

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

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

t i m e s c h e d u l e . T h e s e a c t i v i t i e s , i n c h r o n o l o g i c a l o r d e r , w e r e : 

- As s o o n as i t became c l e a r t h a t i t w o u l d be p r e f e r a b l e f o r t h e r e q u i r e d s u r v e y 

v e s s e l t o be c o n s t r u c t e d i n t h e N e t h e r l a n d s , t h e N a v a l A r c h i t e c t s a n d C o n s u l t i n g E n g i n e e r s 

P r o p u l s i o n N . V . w e r e c o m m i s s i o n e d o n May 1 , 1 9 7 0 , t o d e s i g n a s u r v e y v e s s e l a c c o r d i n g 

t o s p e c i f i c a t i o n s p r o v i d e d by NEDECO. A t a l a t e r s t a g e P r o p u l s i o n was a l s o c o m m i s s i o n e d 

t o asl< f o r t e n d e r s a n d , t h e r e a f t e r , t o s u p e r v i s e t h e b u i l d i n g o f t h e v e s s e l by t h e 

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

- As t e a m - l e a d e r , M r . A . P r i n s , S c i e n t i f i c o f f i c e r 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 (THD) was a p p o i n t e d . He made a p r e l i m i n a r y v i s i t t o C o l o m b i a f r o m May 20 t o 

J u n e 1 1 , 1 9 7 0 , t o d i s c u s s w i t h M r . F e d e r i c o H o l g u T n , D i r e c t o r o f A D E N A V I , a d e t a i l e d 

S c h e d u l e o f O p e r a t i o n s . D u r i n g h i s v i s i t t o C o l o m b i a he was a c c o m p a n i e d by M r . W. B o i t e n , 

a D u t c h e x p e r t s t i l l w o r k i n g w i t h CETIH b u t a l r e a d y e a r m a r k e d f o r e a r l y a c t i v i t i e s 

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

- E a r l y i n J u l y , 1 9 7 0 , M r . W. B o i t e n moved f r o m B o g o t a t o C a r t a g e n a a n d s t a r t e d on 

p r e p a r a t o r y w o r k f o r t h e m e a s u r e m e n t s t o be d o n e i n t h e C a n a l d e l D i q u e a r e a . 

- T e n d e r s f o r t h e c o n s t r u c t i o n o f t h e s u r v e y v e s s e l w e r e r e c e i v e d f r o m f o u r D u t c h 

s h i p y a r d s i n A u g u s t , 1 9 7 0 . 

- P a r t o f t h e h y d r o g r a p h i c m e a s u r i n g e q u i p m e n t t o be u s e d i n t h e C a n a l d e l D i q u e 

a r e a was o r d e r e d i n t h e N e t h e r l a n d s a n d s h i p p e d t o C o l o m b i a . 

On O c t o b e r 5 , 1 9 7 0 , a f t e r t h e f o r m a l s i g n i n g o f t h e A d m i n i s t r a t i v e A g r e e m e n t 

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

N e t h e r l a n d s G o v e r n m e n t and t h e V i s s c h e r S h i p y a r d i n Z w a r t s l u i s . M e a n w h i l e , i t had become 

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

t r a n s p o r t t o C o l o m b i a , a c t u a l m e a s u r e m e n t s o n t h e RTo M a g d a l e n a c o u l d n o t s t a r t b e f o r e 

m i d - 1 9 7 1 . The t i m e s c h e d u l e , o u t l i n e d i n t h e A d m i n i s t r a t i v e A g r e e m e n t and S c h e d u l e o f 

O p e r a t i o n s , as s i g n e d i n S e p t e m b e r , 1 9 7 0 , was a d a p t e d a c c o r d i n g l y t o a l l o w f o r f u l l 

a c t i v i t i e s as f r o m a b o u t J u l y , 1 9 7 1 . In c o m p l i a n c e w i t h t h e c o n t e n t s o f t h e S c h e d u l e o f 

O p e r a t i o n s , t h e e x e c u t i o n o f t h e s t u d y was d e l e g a t e d by t h e C o l o m b i a n a n d N e t h e r l a n d s 

G o v e r n m e n t s t o ADENAVI and NEDECO r e s p e c t i v e l y . The a g r e e m e n t b e t w e e n MOP a n d ADENAVI was 

s i g n e d i n B o g o t a o n M a r c h k, 1 9 7 1 , a n d t h a t b e t w e e n t h e G o v e r n m e n t o f t h e N e t h e r l a n d s a n d 

NEDECO was s i g n e d i n The Hague o n December 7 , 1 9 7 0 , a l t h o u g h NEDECO had a l r e a d y b e e n 

i n v o l v e d i n t h e e a r l i e r - m e n t i o n e d a c t i v i t i e s s i n c e I 9 6 9 . 

The e x e c u t i o n o f t h e p r o j e c t I s d e s c r i b e d i n P a r a . 2.2 o f P a r t I o f t h i s R e p o r t . 

1 . 2 . TERMS OF REFERENCE 

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

on t h e RTo M a g d a l e n a and t h e C a n a l d e l D i q u e i n C o l o m b i a , a n d h a v i n g r e g a r d t o t h e 

p r o v i s i o n s o f A r t i c l e I I I o f t h e A g r e e m e n t c o n c e r n i n g T e c h n i c a l C o - o p e r a t i o n b e t w e e n t h e 
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K i n g d o m o f t ine N e t h e r l a n d s and t h e R e p u b l i c o f C o l o m b i a , s i g n e d i n B o g o t a o n J u l y 1 9 , 

1 9 6 6 , b o t h G o v e r n m e n t s a g r e e d o n t h e f o l l o w i n g t e r m s o f r e f e r e n c e : 

" T h e t w o p a r t i e s s h a l l c o - o p e r a t e i n s u r v e y i n g c e r t a i n s t r e t c h e s o f t h e RFo 

M a g d a l e n a a n d t h e C a n a l d e l D i q u e , w i t h i n t h e f r a m e w o r l < o f a p r o j e c t t o b e l<nown 

a s : The RFo M a g d a l e n a a n d t h e C a n a l d e l D i q u e S u r v e y P r o j e c t " ( A r t i c l e 1 . 1 o f t h e 

A d m i n i s t r a t i v e A g r e e m e n t ) . 

" T h e p u r p o s e o f t h e P r o j e c t i s t o p r o v i d e t h e C o l o m b i a n A u t h o r i t i e s r e c o m m e n d a t i o n s 

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

g a b i l i t y o f t h e RFo M a g d a l e n a a n d t h e C a n a l d e l D i q u e , t h e p r o t e c t i o n o f t h e 

i n h a b i t a n t s o f t h e banl<s o f t h e r i v e r s m e n t i o n e d a n d t h e i r p r o p e r t i e s , a n d t h e 

r e l i a b i l i t y o f t h e h a r b o u r i n s t a l l a t i o n s " ( A r t i c l e 1 . 2 ) . 

" T h e p r o j e c t w i l l be c a r r i e d o u t o n s e v e r a l s t r e t c h e s o f t h e RFo M a g d a l e n a b e t w e e n 

La D o r a d a and G a m a r r a and t h e C a n a l d e l D i q u e " ( A r t i c l e 1 . 3 ) ; a n d 

" T h e a f o r e s a i d c o - o p e r a t i o n b e t w e e n t h e t w o p a r t i e s i s p l a n n e d t o l a s t a p p r o x i m a t e l y 

t w o y e a r s as o f J u l y 1 s t , 1 9 7 1 " ( A r t i c l e 1 . 4 ) . 

I n t h e S c h e d u l e o f O p e r a t i o n s , w h i c h f o r m e d an i n t e g r a l p a r t o f t h e A g r e e m e n t , i t i s 

s t a t e d t h a t t h e p u r p o s e o f t h e P r o j e c t w i l l be c a r r i e d o u t b y : 

- E v a l u a t i n g e x i s t i n g d a t a o n t h e RFo M a g d a l e n a a n d s t u d y i n g t h e h y d r o l o g i c a l , 

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

- O b s e r v i n g o n t h e s p o t t h o s e phenomena o f w h i c h no d a t a o r i n s u f f i c i e n t d a t a a r e 

a v a i l a b l e , b u t w h i c h h a v e t o be l<nown f o r t h e p r o p e r e x e c u t i o n o f t h e P r o j e c t ; 

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

recommended t o a t t a i n t h e r e q u i r e d i m p r o v e m e n t s ; 

- D e s i g n i n g and e x e c u t i n g a l i m i t e d number o f t e s t s t r u c t u r e s , o r e x e c u t i n g t r i a l 

d r e d g i n g s i f t h e s e a r e recommended a n d f i t i n t o t h e f r a m e o f t h e p r e s e n t 

A g r e e m e n t ; 

- D r a w i n g up r e c o m m e n d a t i o n s r e g a r d i n g t h e s y s t e m o f b e a c o n s a n d p r e d i c t i o n o f 

d e p t h s ; a n d 

- T r a i n i n g o f c o u n t e r p a r t s t a f f , e s p e c i a l l y i n r e l a t i o n t o s p e c i f i c m e a s u r e m e n t s . 

A d e t a i l e d d e s c r i p t i o n o f t h e p r e s e n t b o t t l e n e c l < s i n t h e r i v e r w h i c h had t o be s t u d i e d 

i s g i v e n i n P a r a . 2 . 1 o f P a r t I o f t h i s R e p o r t . 

A t t h e e n d o f 1972 t h e C o l o m b i a n G o v e r n m e n t r e q u e s t e d a p r o l o n g a t i o n o f t h e P r o j e c t , 

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

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

1 . 3 . THE ORGANIZATION 

F o r t h e e x e c u t i o n o f t h e s t u d y , as f a r a s a c t i v i t i e s i n C o l o m b i a a r e c o n c e r n e d , t h e 

M i s i ó n T é c n i c a C o l o m b o - H o l a n d e s a (MITCH) was e s t a b l i s h e d ( s e e F i g u r e I . 3 . I ) . 
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MITCH t e a m i n f r o n t o f B a r r a n c a b e r m e j a o f f i c e 

As f r o m J u n e , 1971, t h e MITCH t e a m was h o u s e d i n an a d e q u a t e o f f i c e i n B a r r a n c a b e r m e j a , 

r e n t e d by A D E N A V I . P r e v i o u s l y f r o m J u l y , 1970, a s m a l l o f f i c e i n C a r t a g e n a was u s e d as a 

b a s e f o r t h e w o r k t o be d o n e on t h e C a n a l d e l D i q u e , b u t was a b a n d o n e d i n A p r i l , 1972. 

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

c o o r d i n a t e d by a c o m m i t t e e , t h e C o m i t é C o o r d i n a d o r , w h i c h c o n s i s t e d o f r e p r e s e n t a t i v e s o f 

A D E N A V I , DNP and MOP ( s e e F i g u r e 1.3.1). C o - d i r e c t o r s o f t h e s t u d y h e l d m e e t i n g s w i t h t h e 

C o m i t é C o o r d i n a d o r n e a r l y e v e r y m o n t h . D u r i n g some o f t h e s e m e e t i n g s a r e p r e s e n t a t i v e 

o f t h e R o y a l Embassy o f t h e N e t h e r l a n d s was a l s o p r e s e n t and i n some c a s e s t h e 

N e t h e r l a n d s p r o j e c t c o o r d i n a t o r when h i s v i s i t t o C o l o m b i a c o i n c i d e d w i t h t h o s e 

m e e t i n g s . 

I n t h e N e t h e r l a n d s t h e a c t i v i t i e s w e r e i n t h e h a n d s o f NEDECO, w i t h M r . C R . K r a s , 

D e p u t y D i r e c t o r o f NEDECO, i n c h a r g e o f t h e g e n e r a l c o n d u c t . M r . D. G e r s i e was a p p o i n t e d 

p r o j e c t c o o r d i n a t o r a n d , as s u c h , a c t e d as a r e p r e s e n t a t i v e o f NEDECO i n a l l c o n t a c t s 

b e t w e e n MITCH and t h e NEDECO home o f f i c e , a n d as t h e d a i l y s u p e r v i s o r o f t h e p r o j e c t . 

M r . G e r s i e p a i d r e g u l a r v i s i t s t o C o l o m b i a f o r d i s c u s s i o n s w i t h M I T C H , t h e C o m i t é 

C o o r d i n a d o r , a n d t h e R o y a l Embassy o f t h e N e t h e r l a n d s i n B o g o t a t o d i s c u s s t e c h n i c a l 

a n d o r g a n i z a t i o n a l f e a t u r e s o f t h e P r o j e c t . 
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P a r t o f MITCH team w i t h c r e w o f " E x p l o r a d o r " 

I n F e b r u a r y and S e p t e m b e r , 1 9 7 2 , t h e A m b a s s a d o r o f t h e N e t h e r l a n d s , t h e p r o j e c t 

c o o r d i n a t o r and t h e c o - d i r e c t o r , v i s i t e d t h e M i n i s t e r o f P u b l i c W o r k s , H i s E x c e l l e n c y 

D r . A r g e l i n o D u r a n Q u i n t e r o , t o r e p o r t v e r b a l l y on t h e p r o g r e s s o f t h e s t u d y a n d t o 

d i s c u s s some p e n d i n g p r o b l e m s . 

S h o r t v i s i t s t o C o l o m b i a ( i n c o m b i n a t i o n w i t h v i s i t s t o o t h e r c o u n t r i e s ) w e r e made 

by M r . J . G . H . R . D i e p h u i s , as a l r e a d y m e n t i o n e d i n P a r a . 1 . 1 , f r o m F e b r u a r y 13 t o 1 6 , 

1 9 7 0 , a n d by M r . C R . K r a s f r o m M a r c h 30 t o A p r i l 5 , 1 9 7 2 . In A u g u s t , 1 9 7 2 , M r . M .M. v a n 

P o l l , o f D I T H , v i s i t e d C o l o m b i a a n d d i s c u s s e d i n B a r r a n c a b e r m e j a d e t a i l s o f t h e p r o j e c t 

o r g a n i z a t i o n w i t h b o t h c o - d i r e c t o r s . 

D u r i n g t h e s t u d y t w o e x p e r t s f r o m t h e N e t h e r l a n d s v i s i t e d C o l o m b i a t o a d v i s e t h e 

t eam o n s p e c i a l i z e d i t e m s : 

- M r . J . G l a s , d r e d g i n g e x p e r t , v i s i t e d B a r r a n c a b e r m e j a , t h e C a n a l d e l D i q u e a r e a 

and B a r r a n q u i l l a f r o m J a n u a r y 10 t o F e b r u a r y 2 2 , 1 9 7 2 , i n c o n n e c t i o n w i t h a d r e d g i n g 

e x p e r i m e n t o n t h e RTo M a g d a l e n a n e a r t h e Sogamoso C o n f l u e n c e and t o make a g e n e r a l s u r v e y 

o f d r e d g i n g t e c h n i q u e s a t p r e s e n t a p p l i e d on t h e r i v e r a n d t h e C a n a l d e l D i q u e ; a n d 

- D r . M. de V r i e s , C o o r d i n a t o r o f S c i e n t i f i c R e s e a r c h o f t h e DHL , who s t a y e d i n 

C o l o m b i a f r o m A u g u s t 12 t o A u g u s t 2 3 , 1 9 7 2 , t o d i s c u s s w i t h t h e t e a m - m e m b e r s t h e e l a b o ­

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

m e a s u r e m e n t s . 
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PflOJECr CO-OliOmATOR 
0. GERSIE DHL 

CO-moif/ATm COMMITTEE 
E CADENA WHJURMN) 
M.BAQOER0 (CHAFhUH) 
F. HOiOUlN 
S. PEHA 

MOP 
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DNP 
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F i g u r e 1 . 3 . 1 Bar c h a r t o f P e r s o n s i n v o l v e d i n t h e R f o M a g d a l e n a a n d C a n a l d e l D i q u e 

S u r v e y P r o j e c t 

C a p t . F . C h . H a y e s , C h i e f H y d r o g r a p h e r o f t h e DHL, a r r a n g e d f o r t h e p u r c h a s e a n d 

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

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

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

r u n s o n M a r c h 30 and 3 1 , 1 9 7 1 , a n d a f t e r b e i n g c h r i s t e n e d " E x p l o r a d o r " by S r a . M a r i e l u z 

de N a v a s , t h e w i f e o f D r . A l b e r t o Navas de B r i g a r d , C h a r g é d ' A f f a i r e s o f C o l o m b i a i n 

The H a g u e , was f o r m a l l y d e l i v e r e d t o t h e N e t h e r l a n d s G o v e r n m e n t o n A p r i l 2 , 1 9 7 1 . The 

" E x p l o r a d o r " was s h i p p e d t o C o l o m b i a o n A p r i 1 1 4 , 1 9 7 1 , a n d a r r i v e d i n B a r r a n q u i 1 l a o n 

A p r i i 2 7 . T r i a l r u n s w i t h t h e v e s s e l o n t h e RTo M a g d a l e n a t o o k p l a c e i n t h e s e c o n d h a l f 

o f M a y , 1 9 7 1 . The ADENAVI c r e w was t r a i n e d i n h a n d l i n g t h e s h i p b y M e s s r s . M. V i s s c h e r 

and J . A . V i s s c h e r o f V i s s c h e r ' S h i p y a r d w h o , f o r t h i s p u r p o s e , s t a y e d i n B a r r a n q u i l l a 

f r o m May 23 t o May 2 9 , 1 9 7 1 . R e p r e s e n t i n g t h e N e t h e r l a n d s G o v e r n m e n t H i s E x c e l l e n c y 

D r , J , V a r e k a m p , A m b a s s a d o r i n C o l o m b i a , t r a n s f e r r e d t h e " E x p l o r a d o r " i n 

B a r r a n c a b e r m e j a o n J u l y 3 , 1 9 7 1 , by l o w e r i n g t h e D u t c h c o l o u r s w h i l e t h e P r e s i d e n t 

o f t h e R e p u b l i c o f C o l o m b i a , H i s E x c e l l e n c y D r . M i s a e l P a s t r a n a B o r r e r o , a c c e p t e d 

t h e s h i p by h o i s t i n g t h e C o l o m b i a n f l a g . 

I n t h e c o u r s e o f 1972 MOP i n s t a l l e d a D i r e c c i o n G e n e r a l de N a v e g a c i o n F l u v i a l y 

P u e r t o s a n d MITCH ( a s f r o m J a n u a r y 1 , 1 9 7 3 , c o n t i n u i n g u n d e r t h e name " U n i d a d de 

E s t u d i o s F l u v i a l e s " ) was a d m i n i s t r a t i v e l y f i t t e d i n t o t h i s new D i r e c t i o n . 

D r . German S i l v a was a p p o i n t e d D i r e c t o r - G e n e r a l . 
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1 . 4 . REPORTS 

A r t i c l e X o f t l i e A d m i n i s t r a t i v e A g r e e m e n t s t a t e s t l i a t " T h e N e t h e r l a n d s C o - d i r e c t o r 

o f t h e P r o j e c t s h a l l r e p o r t t o t h e C o l o m b i a n E x e c u t i v e A u t h o r i t y . He s h a l l s u b m i t a 

Q u a r t e r l y R e p o r t i n t h e S p a n i s h and E n g l i s h l a n g u a g e s , on t h e p r o g r e s s made w i t h t h e 

e x e c u t i o n o f t h e P r o j e c t t o b o t h E x e c u t i v e A u t h o r i t i e s " . I n c o m p l i a n c e w i t h t h i s a r t i c l e , 

NEDECO p r e p a r e d and s u b m i t t e d s e v e n Q u a r t e r l y R e p o r t s ( S p a n i s h a n d E n g l i s h v e r s i o n s ) 

t o D I T H , c o v e r i n g t h e p e r i o d A u g u s t 1 9 7 0 , t o J u l y 1 9 7 2 . 

A r t i c l e X a l s o s t a t e s : " A t t h e t e r m i n a t i o n o f t h e P r o j e c t t h e N e t h e r l a n d s C o -

d i r e c t o r s h a l l s u b m i t t h e F i n a l R e p o r t i n t h e S p a n i s h a n d E n g l i s h l a n g u a g e s o f a l l t h e 

a s p e c t s o f t h e w o r k d o n e i n c o n n e c t i o n w i t h t h e P r o j e c t t o a l l p a r t i e s i n v o l v e d " . 

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

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

w i t h t h e s t u d y c a r r i e d o u t i n t h e p e r i o d 1970 t h r o u g h 1 9 7 2 . On a l l a s p e c t s a n d r e s u l t s o f 

s t u d i e s t o be c a r r i e d o u t i n o r a f t e r 1 9 7 3 , w i t h i n t h e f r a m e w o r k o f t h e p r o l o n g a t i o n o f 

t h e P r o j e c t , as r e f e r r e d t o i n P a r a . 1 . 2 , a s e p a r a t e R e p o r t w i l l be d r a w n up a t a l a t e r 

d a t e . 
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Chapter 2 

T H E I N V E S T I G A T I O N ( T E C H N I C A L ) 

2 . 1 . DEFECTS OF THE RIVER WITH RELATION TO NAVIGATION 

I n t h e C o l o m b i a n t r a n s p o r t s y s t e m t h e f l u v i a l t r a n s p o r t i n t h e RFo M a g d a l e n a b a s i n 

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

A s , i n g e n e r a l , t h e t r a n s p o r t by r i v e r o f , e s p e c i a l l y , b u l k g o o d s i s c h e a p e r t h a n by 

r a i l o r by r o a d , i t i s a d v i s a b l e f r o m t h e n a t i o n a l - e c o n o m i c p o i n t o f v i e w t o make a n 

o p t i m u m u s e o f t h e r i v e r s y s t e m o f t h e c o u n t r y . H o w e v e r , t h e e f f i c i e n t u s e t h a t c a n be 

made o f a p a r t i c u l a r r i v e r as a means o f t r a n s p o r t i s o f t e n h a m p e r e d by a n u m b e r o f 

s h o r t c o m i n g s , s u c h a s : 

- I n s u f f i c i e n t d e p t h s and c h a n n e l w i d t h s ( o f t e n v e r y l o c a l l y ) d u r i n g a p a r t o f t h e 

y e a r ; 

- t o o s h a r p b e n d s ; 

- a h i g h s i n u o s i t y ( s o t h a t d i s t a n c e s t o be c o v e r e d by t h e s h i p s c o m p a r e u n f a v o u r ­

a b l y w i t h d i s t a n c e s as t h e c r o w f l i e s ) ; 

- t h e i n s t a b i l i t y o f n a v i g a b l e c h a n n e l s ; 

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

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

To i m p r o v e a r i v e r t r a n s p o r t s y s t e m , d i f f e r e n t m e a s u r e s c a n be c o n s i d e r e d s u c h as 

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

s p u r - d i k e s ( o r e v e n dams a n d n a v i g a t i o n l o c k s ) , d r e d g i n g i n a r e a s f o r m i n g b o t t l e n e c k s , 

o r a d a p t i n g t h e t y p e o f s h i p s ( a s a l r e a d y d o n e on t h e RTo M a g d a l e n a ) t o t h e p r e v a i l i n g 

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

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

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

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

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

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

o f , f o r i n s t a n c e , w a t e r m a n a g e m e n t ( d r a i n a g e , f l o o d p r o t e c t i o n ) , i r r i g a t i o n a n d g e n e r ­

a t i o n o f h y d r o - e l e c t r i c i t y . 

I n C o l o m b i a i n t e g r a l a n d s u f f i c i e n t l y c o m p l e t e t r a n s p o r t a n d r i v e r b a s i n s t u d i e s 

i n t h e R ' o M a g d a l e n a b a s i n had n o t y e t been c a r r i e d o u t when i n 1969/1970 t h e t e r m s o f 

r e f e r e n c e f o r t h e n a v i g a t i o n s t u d y o f t h e r i v e r had t o be d r a w n u p . T h i s e x p l a i n s why 

i n t h i s s t u d y no r e f e r e n c e i s made t o t h e e c o n o m i c f e a s i b i l i t y o f r e c o m m e n d a t i o n s , a n d 

t h e s c o p e o f t h e s t u d y c o u l d o n l y be l i m i t e d . T h e p u r p o s e o f t h e s t u d y was l i m i t e d t o 

" P r o v i d i n g r e c o m m e n d a t i o n s f o r i m p r o v i n g , s u c h w i t h r e l a t i v e l y l i m i t e d means a n d a t s h o r t 

n o t i c e , t h e n a v i g a b i l i t y o f t h e RFo M a g d a l e n a a n d t h e C a n a l d e l D i q u e , t h e p r o t e c t i o n o f 

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

s t r e t c h e s o f t h e R f o M a g d a l e n a b e t w e e n La D o r a d a a n d G a m a r r a a n d t h e C a n a l d e l D i q u e " . 

T h e p r o b l e m s t o be s t u d i e d w e r e l i s t e d i n t h e S c h e d u l e o f O p e r a t i o n s , as a n n e x e d 

t o t h e A d m i n i s t r a t i v e A g r e e m e n t , a n d c a n be s u m m a r i z e d as f o l l o w s ( s e e a l s o F i g u r e 2 . 1 . 1 ) 

- La D o r a d a / P t o . S a l g a r (l<m 8 8 9 - 8 8 6 ) 

The h a r b o u r f a c i l i t i e s i n La D o r a d a and P t o . S a l g a r a r e o n l y a c c e s s i b l e f o r 

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

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

r e c u r r e n t d r e d g i n g , by some s i m p l e r e g u l a t i o n w o r l < s , o r by a c o m b i n a t i o n o f b o t h . 

F u r t h e r m o r e , s h i f t i n g o f t h e r i v e r - b e d u p s t r e a m o f t h i s a r e a c r e a t e s t h e r i s l < 

t h a t a m e a n d e r w i l l be c u t s h o r t , t h u s a t t a c l < i n g La D o r a d a t own ' . 

- The R f o M a g d a l e n a a n d t h e RTo N a r e C o n f l u e n c e (l<m 7 7 4 ) 

The s h a l l o w c r o s s i n g i n t h e RTo M a g d a l e n a j u s t u p s t r e a m o f t h e R ' o N a r e 

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

o f t h e s h a l l o w e s t c r o s s i n g s b e t w e e n La D o r a d a a n d P t o . B e r r F o . 

- The RFo M a g d a l e n a b e t w e e n l<m 720 a n d l<m 730 

T h i s r i v e r - s t r e t c h i s b r a i d e d a n d c o n t a i n s s e v e r a l bad c r o s s i n g s . T e m p o r a r y 

r e g u l a t i o n w o r k s ( c l o s i n g o f s e c o n d a r y b r a n c h e s ) w e r e c a r r i e d o u t h e r e i n I96O 

by A D E N A V I . 

- T h e RFo M a g d a l e n a a n d t h e RFo R e g l a C o n f l u e n c e (km 706 ) 

Near t o t h i s c o n f l u e n c e t h e RFo M a g d a l e n a i s e x t r e m e l y w i d e and t h e c h a n n e l i s 

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

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

c u l t i e s t o n a v i g a t i o n . 

- The RFo M a g d a l e n a a n d t h e RFo C a r a r e C o n f l u e n c e (km 6 7 5 ) 

T h e RFo M a g d a l e n a n e a r t h e RFo C a r a r e C o n f l u e n c e i s b r a i d e d , i t s c h a n n e l s a r e 

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

- B a r r a n c a b e r m e j a (km 6 3 I ) 

A s t r e t c h o f a b o u t 15 km o f t h e RFo M a g d a l e n a j u s t u p s t r e a m o f B a r r a n c a b e r m e j a 

i s u n s t a b l e . The s i t u a t i o n a r o u n d B a r r a n c a b e r m e j a i t s e l f i s s u c h t h a t e a s y a c c e s s 

t o a l l q u a y s i s n o t a l w a y s p r e s e n t , a l t h o u g h t h i s i s v e r y i m p o r t a n t I n v i e w o f 

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

- The RFo M a g d a l e n a f r o m km 6 IO t o km 63O 

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

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

b e r m e j a . 

- The RFo M a g d a l e n a a n d t h e RFo Sogamoso C o n f l u e n c e (km 6 1 2 ) 

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

s e d i m e n t i s b r o u g h t down by t h e RFo S o g a m o s o . A l s o h e r e e i t h e r d r e d g i n g o r r e g u ­

l a t i o n w o r k s a r e t o be c o n s i d e r e d . ADENAVI has a l r e a d y c l o s e d some s e c o n d a r y 

b r a n c h e s h e r e ( I 9 6 6 ) . 
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- The R f o M a g d a l e n a f r o m P t o . W i l c h e s t o G a m a r r a (l<m 597 - l<m 4 7 2 ) 

T h i s r i v e r - s t r e t c h i s b r a i d e d , c o n t a i n s s e v e r a l bad c r o s s i n g s , a n d n e e d s i m ­

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

c h a n n e l s ( B r a z o S i m i t F a n d B r a z o M o r a l e s ) . 

- C a l a m a r (RTo M a g d a l e n a l<m 9 1 ; C a n a l d e l D i q u e l<m O) 

A l a r g e a m o u n t o f s e d i m e n t , b r o u g h t down by t h e RFo M a g d a l e n a , e n t e r s t h e C a n a l 

d e l D i q u e . F o r t h i s r e a s o n t h e f i r s t l < i l o m e t e r s o f t h e C a n a l s i l t u p . The C e n t r o 

d e E s t u d i o s T é c n i c o s e I n v e s t i g a c i o n e s H i d r a u l i c a s ( C E T I H ) o f t h e U n i v e r s i d a d de 

Los A n d e s , B o g o t a , has been c a r r y i n g o u t a m o d e l s t u d y o n t h i s p r o b l e m a n d t h e 

M i s s i o n has t o e v a l u a t e t h e s o l u t i o n a s r ec ommended by C E T I H . 

- T h e C a n a l d e l D i q u e (km 80 - km 120 ) 

T h r o u g h t h e Cano C o r r e a ( n e a r km 8 3 ) p a r t o f t h e r i v e r w a t e r f l o w s t o t h e BahFa 

de B a r b a c o a s . D o w n s t r e a m o f t h e c o n f l u e n c e o f t h e C a n a l d e l D i q u e a n d t h e 

Cano C o r r e a s e d i m e n t a t i o n t a k e s p l a c e . S t i l l m o r e d o w n s t r e a m , e s p e c i a l l y n e a r 

t h e o u t l e t o f t h e C a n a l i n t o t h e BahTa de C a r t a g e n a , s e d i m e n t a t i o n a l s o o c c u r s , 

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

o f t h e C a n a l i s r e q u i r e d a n d p o s s i b i l i t i e s t h e r e t o s h o u l d be s t u d i e d . ADENAVI 

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

down by t h e C a n a l t o w a r d s t h e BahTa de B a r b a c o a s . Such a scheme s h o u l d be 

e v a l u a t e d by t h e M i s s i o n . 

2 . 2 . THE EXECUTION OF THE PROJECT 

The h y d r a u l i c a n d m o r p h o l o g i c a l p r o p e r t i e s o f t h e RFo M a g d a l e n a and t h e C a n a l d e l 

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

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

D u r i n g t h e p a s t t w o d e c a d e s many new m e t h o d s h a v e been d e v e l o p e d t o p r e d i c t t h e 

c h a n g e s i n a r i v e r d u e t o human i n t e r v e n t i o n . The e x e c u t i o n o f t h e s t u d y , t h e r e f o r e , 

a i m e d a t : 

- C h e c k i n g t h e v a l i d i t y o f t h e a v a i l a b l e m e t h o d s f o r a r i v e r l i k e t h e RFo M a g d a l e n a 

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

u s e d ; a n d 

- d e t e r m i n i n g t h e r e q u i r e d d a t a i n t h o s e f i e l d s w h e r e t h e o r y d o e s n o t y e t g i v e 

s u f f i c i e n t i n f o r m a t i o n . 

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

w e r e s u f f i c i e n t . A summary o f t h e m e a s u r e m e n t s c a r r i e d o u t i n 1 9 7 0 , 1971 a n d 1 9 7 2 i s 

g i v e n i n F i g u r e 2 . 2 . 1 . 

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

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

p r e d i c t i o n o f r i v e r c h a n g e s . I n P a r t I I I t h e t e c h n i c a l a p p l i c a t i o n s f o r t h e RFo M a g d a l e n a 

and t h e C a n a l d e l D i q u e a r e g i v e n . P a r t I V c o n t a i n s a d e s c r i p t i o n o f t h e i n s t r u m e n t s u s e d 

and o f t h e m e a s u r i n g t e c h n i q u e s a p p l i e d . 
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F i g u r e 2 . 2 . 1 Summary o f M e a s u r e m e n t s 

I n t h e C a n a l d e l D i q u e a r e a m e a s u r i n g a c t i v i t i e s s t a r t e d i n O c t o b e r 1 9 7 0 , u s i n g 

s m a l l l a u n c h e s a n d c a n o e s . On t h e RFo M a g d a l e n a t h e m e a s u r e m e n t s s t a r t e d i n J u l y 1971 

when t h e s u r v e y v e s s e l " E x p l o r a d o r " became a v a i l a b l e . P a r t o f t h e w o r k o n t h i s r i v e r 

was a l s o d o n e u s i n g s m a l l l a u n c h e s . As d u r i n g t h e p e r i o d F e b r u a r y - A p r i l 1971 t h e w a t e r -

l e v e l s o n t h e C a n a l d e l D i q u e w e r e much h i g h e r t h a n i n a n o r m a l l o w w a t e r p e r i o d , t h e 

m e a s u r e m e n t s i n t h i s a r e a w e r e c o n t i n u e d u n t i l A p r i l 1 9 7 2 . In t h i s way t h e m e a s u r e m e n t s 

o n b o t h t h e R f o M a g d a l e n a a n d t h e C a n a l d e l D i q u e c o v e r e d a m o r e o r l e s s n o r m a l r a n g e o f 

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

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

c o n d 1 1 i o n s . 
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Chapter 3 

SUMMARY O F RECOMMENDATIONS 

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

w h i c h a r e summar i z e d b e l o w . 

RIVER STUDIES 

W a t e r - l e v e l s 

11 i s r ecommended t o ma i n t a i n t h e f o l l o w i n g e x i s t i ng ma I n g a u g e - s t a t i o n s : 

A r r a n c a p l u m a s , P t o . S a l g a r , P t o . B e r r F o , B a r r a n c a b e r m e j a , P t o . W i I c h e s , C a l a m a r a n d Gambo te 

( P a r t I I , P a r a . 2 . 3 ) . 

11 i s recommended t o ( r e ) i n s t a l 1 a n d m a i n t a i n m a i n g a u g e - s t a t i o n s a t : P t o . T r i u n f o , 

P t o . I n m a r c o , G a m a r r a , E l B a n c o , BahFa d e C a r t a g e n a ( C a r a r e ) ( I I , 2 . 3 ) a n d a l o n g t h e R f o 

Cauca a t Las V a r a s ( I I , 2 . 7 ) . 

11 i s recommended t o r e i n s t a l 1 a n d / o r ma i n t a i n t h e f o l l o w i n g s e c o n d a r y g a u g e -

s t a t i o n s : RFo N e g r o , R f o La M i e l , RFo N a r e , C o r r e a , M a t u n i 1 l a , L e q u e r i c a a n d BahFa de 

B a r b a c o a s ( P i e d r a c i t a s ) ( I I , 2 . 3 ) . 

I t i s recommended t h a t t h e z e r o - l e v e l s o f t h e m a i n and s e c o n d a r y g a u g e s be c o n n e c t e d 

t o t h e IGAC n e t w o r k o f b e n c h m a r k s ( I I , 2 . 3 ) . 

I t i s recommended t h a t f o r m e a s u r e m e n t s i n t h e RFo C a r a r e a n d t h e RFo Open t h e w a t e r -

l e v e l s be m e a s u r e d 1n r e l a t i o n t o n e a r b y b e n c h m a r k s . 

11 i s r ecommended t h a t f o r l e n g t h s o u n d i n g s t h e w a t e r - l e v e l s a t S t a . Luc F a , 

S o p l a v i e n t o a n d M a h a t e s be r e l a t e d t o n e a r b y b e n c h m a r k s . 

I t i s recommended t h a t as a r e f e r e n c e - l e v e l f o r a l 1 n a v i g a t i o n p u r p o s e s Low R i v e r 

L e v e l ( L . R . L . ) be a d o p t e d ( I I , 2 . 3 . 5 ) . 

I t i s r ecommended t o c o m p i l e a n d p u b l i s h i n a Y e a r Book a l l w a t e r - l e v e l s o f m a i n 

a n d s e c o n d a r y g a u g e - s t a t i o n s . T h e s e Y e a r Books s h o u l d a l s o c o n t a i n d u r a t i o n - c u r v e s a n d 

L . R . L . v a l u e s ( l o n g t e r m a v e r a g e , f i v e - y e a r a v e r a g e , e t c . ) f r e q u e n c y - c u r v e s , a n d f r e q u e n c i e s 

o f e x t r e m e l e v e l s ( I I , 2 . 3 ) . 

R e m a r k ; The s h i f t s f o u n d i n z e r o - l e v e l s o f t h e p a s t ( I I , 2 . 3 . 4 ) s h o u l d be t a k e n I n t o 

a c c o u n t . 

I t i s recommended t h a t t h e L . R . L . v a l u e f o r P t o . I n m a r c o be m o r e a c c u r a t e l y d e ­

t e r m i ned as s o o n as add 1 1 i o n a l w a t e r - 1 e v e l d a t a h a v e become a v a l l a b l e ( I I , 2 , 5 ) . 

11 i s recommended t h a t i n c o n n e c t i o n w i t h t h e e l a b o r a t i o n a n d p u b l I c a t i o n o f w a t e r -

l e v e l d a t a , a n o p t i m u m c o - o r d i n a t i o n be e s t a b l i s h e d b e t w e e n a 11 i n t e r e s t e d a g e n c i e s 

( I I , 2 . 3 . 1 ) . 
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D i s c h a r g e a n d c h a n n e l J l g u g h n e s s 

I t i s r ecommended t o c o n t i n u e d i s c h a r g e m e a s u r e m e n t s a t a l l g a u g e - s t a t i o n s e x c e p t 

i n t h e B a h f a de C a r t a g e n a ( I I , 3 . 3 a n d I I , 3 . 5 . 3 ) , a n d t o a d a p t t h e s t a g e - d i s c h a r g e r e l a t i o n s 

e v e r y f i v e y e a r s a c c o r d i n g l y . T h e d a t a o f t h e ma 1n g a u g e - s t a t I o n s s h o u l d be i n c o r p o r a t e d 

I n t h e a f o r e m e n t i o n e d y e a r B o o k s . 

11 i s recommended t h a t I n g e n e r a 1 a l l d i s c h a r g e m e a s u r e m e n t s be c a r r i e d o u t 1n 

c o m b i n a t i o n w l t h m e a s u r i n g o f t h e l o c a l w a t e r - l e v e l g r a d i e n t I n o r d e r t o d e t e r m i ne t h e 

l o c a 1 c h a n n e l r o u g h n e s s ( I I , 2 . 4 . 1 ) . 

11 I s recommended t h a t f u t u r e d a t a r e g a r d I n g t h e c h a n n e l r o u g h n e s s be e l a b o r a t e d 

a c c o r d i n g t o t h e p r i n c i p l e s u s e d i n t h i s R e p o r t . F o r t h e t i m e b e i n g t h e E 1 n s t e i n / B a r b a r o s s a 

r e l a t i o n c a n be u s e d , b u t i n f u t u r e an A l a m / K e n n e d y t y p e o f r e l a t i o n a p p e a r s m o r e 

a p p r o p r i a t e ( I I , 3 . 4 . 3 ) . 

I t i s recommended t o c a r r y o u t d i s c h a r g e m e a s u r e m e n t s i n t h e B r a z o ' s S i m l t T a n d 

M o r a l e s a n d t o s t u d y t h e d i v i s i o n o f t h e d i s c h a r g e ( i l l , 3 . 5 ) . 

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

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

I n d i c a t e d I n F i g u r e s I I , 3 . 5 . 5 t o 3 . 5 . 7 a n d 3 . 5 - 9 t o 3 . 5 . 1 5 a n d t o a d a p t t h e p r e s e n t e d 

s t a g e - t r a n s p o r t r e l a t i o n s a c c o r d i n g l y . T h e s e r e l a t i o n s s h o u l d a l s o be I n c l u d e d I n t h e 

a f o r e m e n t i o n e d Y e a r B o o k s . 

I t i s recommended t o commence s e d i m e n t - t r a n s p o r t m e a s u r e m e n t s a t P t o . T r i u n f o . 

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

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

( I I , 3 . 3 . 4 ) . 

I t I s recommended t h a t i n f u t u r e m e a s u r e m e n t s t h e D F - s a m p l e r r a i s i n g t i m e be 

I n c l u d e d I n t h e t o t a 1 m e a s u r i n g t i m e . The c a t c h e s o f t h e D F - s a m p l e r s h o u l d a 1 s o be c o r r e c t e d 

a c c o r d i n g t o t h e D F - m a n u a l ( I I , 3 . 3 . 3 ) . 

I t i s recommended t o d e t e r m i n e f a l l v e l o c i t i e s o f g r a i n - s i z e f r a c t i o n s by means o f 

a V i s u a l A c c u m u l a t i o n T u b e (VAT) ( I I , 3 . 3 . 4 ) . 

I t I s recommended t h a t w a s h - l o a d c o n c e n t r a t i o n s be d e t e r m i n e d as f u n c t i o n o f t i m e 

a n d p l a c e a c c o r d i n g l y t o ( I I , 3 . 3 . 5 ) . 

MISCELLANEOUS MEASUREMENTS 

I t I s recommended t h a t l o n g i t u d i n a l s o u n d i n g s be r e g u l a r l y made t o be u s e d a s 

n a v i g a t i o n a l a i d s a n d f o r d r e d g i n g p u r p o s e s ( I I I , 2 . 2 a n d I I I , 5 ) • 

I t I s recommended t h a t l o c a l s o u n d i n g s a n d f l o w - l i n e m e a s u r e m e n t s be c a r r i e d o u t t o 

be u s e d f o r d r e d g i n g p u r p o s e s a n d f o r t h e d e s i g n o f p e r m a n e n t r i v e r - w o r k s ( I I I , 5 a n d P a r t 

I I I i n g e n e r a l ) . 

I t i s recommended t o t a k e new a e r i a l p h o t o g r a p h s a b o u t e v e r y 5 y e a r s a n d t o c h a n g e 

t h e r i v e r maps a c c o r d i n g l y ( i l l , 2 . 2 ) . 
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I t i s recommended t h a t v e l o c i t y - v e r t i c a l s be m e a s u r e d o v e r a n u m b e r o f c r o s s i n g s 

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

( I I , 3 . 6 a n d I I , 3 . 8 ) . 

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

o n bed r o u g h n e s s a n d r a t e o f s e d i m e n t - t r a n s p o r t ( I I , 3 . 4 a n d I I , 3 . 5 ) , 

I t i s recommended t o s t u d y f u r t h e r t h e s i z e o f t h e s a l t w a t e r w e d g e e n t e r i n g t h e 

C a n a l d e l D i q u e c h a n n e l s ( I I , 3 - 3 . 9 ) . 

RIVER CONSERVANCY 

N a v i g a t i o n 

I t i s recommended t o e x t e n d t h e c h a n n e l p a t r o l s e r v i c e . D a i l y c h a n n e l i n f o r m a t i o n 

s h o u l d be made a v a i l a b l e ( I I I , 2 . 2 ) ; b e s i d e s t h e u s u a l b e a c o n s , b u o y s s h o u l d be u s e d i n 

a r e a s s u c h as S e b a s t o p o l , RFo R e g l a C o n f l u e n c e a n d RFo Sogamoso C o n f l u e n c e , Buoys s h o u l d 

a l s o be p l a c e d a t t h e m o u t h o f t h e C a n a l d e l D i q u e n e a r P a s a c a b a 1 l o s , K i l o m e t e r b o a r d s 

s h o u l d be p l a c e d a t 5 km i n t e r v a l s a l o n g t h e RFo M a g d a l e n a a n d be i n d i c a t e d o n t h e r i v e r 

m a p s . 

I t i s recommended t h a t r i v e r maps be r e g u l a r l y made a v a i l a b l e t o r i v e r o p e r a t o r s . 

I t i s recommended t h a t t h e p o s s i b i l i t y o f w a t e r - l e v e l p r e d i c t i o n s f o r t h e L o w e r 

RFo M a g d a l e n a and t h e C a n a l d e l D i q u e f o r d r e d g i n g and n a v i g a t i o n p u r p o s e s be f u r t h e r 

s t u d i e d ( I I , 2 , 7 ) . 

I t i s recommended t h a t t a k i n g - o v e r m a n o e u v r e s o f b a r g e - t r a i n s be p r o h i b i t e d i n t h e 

C a n a l d e l D i q u e ( I I I , 4 . 2 . 2 ) a n d a t some bad c r o s s i n g s i n t h e RFo M a g d a l e n a . 

D r e d g i n g 

I t i s recommended t h a t i f t h e r e s u l t s o f t h e t e s t d r e d g i n g a r e f a v o u r a b l e , a t s h o r t 

n o t i c e a d r e d g e r be p r o c u r e d a c c o r d i n g t o t h e d e s c r i p t i o n g i v e n ( I I I , 2 . 3 , 5 ) . P o s s i b l y 

a t a l a t e r d a t e a s e c o n d d r e d g e r w i l l be r e q u i r e d . F o r t h e t i m e b e i n g t h i s s e c o n d d r e d g e r 

c o u l d be s u b s t i t u t e d by t h e c o n v e r t e d DH6 ( i l l , 5 . 2 , 2 ) , 

I t i s recommended t o s t u d y how t h e d r e d g i n g e f f i c i e n c y c a n be i m p r o v e d . B e t t e r 

p r e p a r a t i o n o f d r e d g i n g w o r k s i s r e q u i r e d ; a s p e c i a l u n i t o f p i p e - l a y e r s l a y i n g a l a n d l i n e 

b e f o r e t h e a r r i v a l o f t h e d r e d g e r c a n r e d u c e t h e w a i t i n g t i m e o f t h e d r e d g e r ( i l l , 5 ) . 

I t i s recommended t h a t b e t t e r u s e be made o f t h e a v a i l a b l e d r e d g i n g e q u i p m e n t . The 

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

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

I t i s recommended t h a t t h e m i n i m u m a v a i l a b l e w a t e r d e p t h a l o n g t h e RFo M a g d a l e n a 

be i m p r o v e d by r e c u r r e n t d r e d g i n g o f c r o s s i n g s . Up t o B a r r a n c a b e r m e j a a m i n i m u m w a t e r 

d e p t h o f 7 ' 6 " s h o u l d be m a i n t a i n e d . A w a i t i n g t h e r e s u l t s o f t h e " M a g d a l e n a R i v e r A r e a 

T r a n s p o r t S t u d y " , a m i n i m u m w a t e r d e p t h o f 5 ' b e t w e e n P t o , B e r r F o a n d B a r r a n c a b e r m e j a i s 

s u g g e s t e d , w h i l e a d e p t h o f 4 ' 6 " s h o u l d be m a i n t a i n e d b e t w e e n La D o r a d a a n d P t o . B e r r F o 

( I I I , 3 a n d 1 1 1 , 5 ) . 
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I t i s r ecommended t h a t a l a r g e s a n d - t r a p be d r e d g e d a t C a l a m a r ( i l l , 4 . 3 , 3 ) . I f t h e 

r e s u l t s a r e f a v o u r a b l e , t h i s d r e d g i n g s h o u l d be c a r r I e d o u t e a c h y e a r (a p e r m a n e n t l a n d -

l i n e i s t h e n p r e f e r r e d ) . 

11 i s r ecommended t o c a r r y o u t r e c u r r e n t d r e d g i ng i n t h e Cana 1 d e l D i q u e a n d t o 

r e m o v e t h e s a n d s e d i m e n t e d a l o n g t h e C a n a l e s p e c i a l l y a t t h e C o r r e a , M a t u n i I l a a n d L e q u e r i c a 

B i f u r c a t i o n s ( i l l , h.k a n d I I I , 5 ) . 

11 i s recommended t o ma i n t a i n t h e c a p a c i t y o f t h e Canos C o r r e a , M a t u n i 1 l a a n d 

L e q u e r i c a by r e c u r r e n t d r e d g i n g n e a r t h e b i f u r c a t i o n , as w e l l as a t t h e m o u t h s o f t h e 

Canos M a t u n i 1 l a a n d L e q u e r i c a . I n f u t u r e a new Cano n e a r E l R e c r e o may be r e q u i r e d 

( I I I , k.k a n d I I I , 5 ) . 

I t i s recommended t o c a r r y o u t r e c u r r e n t d r e d g i n g a t t h e m o u t h o f t h e C a n a l d e l 

D i q u e n e a r P a s a c a b a l l o s ( i l l , 4 . 4 ) . 

I t i s r ecommended t o i m p r o v e t h e C a n a l d e l D i q u e by d r e d g i n g a c c o r d i n g t o t h e 

d e s i g n s e c t i o n ( w i d t h 75 m a t L . R . L . , d e p t h 2 . 6 0 m b e l o w L . R . L . ) 

( I l l , 4 . 2 . 2 ) . The a d v i s e d w i d t h a n d d e p t h s h o u 1 d be ma i n t a i ned as c l o s e l y a s p o s s i b l e , 

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

I t i s recommended t h a t t h e a c c e s s t o a number o f p o r t s be m a i n t a i n e d by d r e d g i n g 

i n t h o s e y e a r s when t h e e n t r a n c e t e n d s t o s e d i m e n t ( P t o . S a l g a r , P t o . B e r r F o , B a r r a n c a ­

b e r m e j a , P t o . W i l c h e s a n d G a m a r r a ) a n d when J u s t i f i e d by t h e a m o u n t s o f c a r g o t o be 

t r a n s p o r t e d ( i l l , 3 ) . 

P e r m a n e n t r i v e r _ | m £ r o v e m e n t ^ 

I t i s recommended t h a t r i v e r - w o r k s u p s t r e a m o f B a r r a n c a b e r m e j a a l o n g t h e r i g h t 

b a n k o f t h e RFo M a g d a l e n a be d e s i g n e d a n d e x e c u t e d , t o g u a r a n t e e a c c e s s t o t h e q u a y w a l l 

( I I I , 3 . 5 . 3 ) . 

I t i s recommended t o c a r r y o u t a m o d e l s t u d y o f t h e La D o r a d a - P t o . S a l g a r a r e a 

t o v e r i f y t h e a l i g n m e n t a n d e x t e n t o f t h e r i v e r - w o r k s i n d i c a t e d i n ( i l l , 3 . 2 . 3 a n d I I I , 

3 . 2 . 6 ) . 

I t i s r ecommended t o i n v e s t i g a t e f u r t h e r t h e a d v a n t a g e s a n d d i s a d v a n t a g e s o f new 

p o r t f a c i l i t i e s a t P t o . T r i u n f o t o p a r t l y s u b s t i t u t e t h e f a c i l i t i e s o f La D o r a d a a n d 

P t o . S a l g a r ( i l l , 3 . 2 . 6 ) . 

I t i s recommended t o s t u d y f u r t h e r a n d p r e p a r e r i v e r - w o r k s a t t h e RFo R e g l a 

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

m e n t ( I I I , 3 . 4 . 4 ) . 
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F INANCIAL CONSEQUENCES 

A r o u g h e s t i m a t e o f t h e f i n a n c i a l c o n s e q u e n c e s ( i n C o l . p e s o s / y e a r ) o f t h e a b o v e 

r e c o m m e n d a t i o n s a r e t a b u l a t e d b e l o w ( b a s e d o n 1972 p r i c e s ) . 

" U n i d a d de E s t u d i o s F l u v i a l e s " I n c l u d i n g p r e p a r a t i o n o f r i v e r - w o r k s 1 0 , 0 0 0 , 0 0 0 

C h a n n e l P a t r o l S e r v i c e 3 , 0 0 0 , 0 0 0 

D r e d g i n g - 7 ' 6 " c h a n n e l up t o B a r r a n c a b e r m e j a a n d b a c k - l o g d r e d g i n g o f 

C a n a l d e l D i q u e , 3 , 0 0 0 , 0 0 0 m V y e a r 3 0 , 0 0 0 , 0 0 0 

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

B a r r a n c a b e r m e j a ( u p t o La D o r a d a ) , 1 , 0 0 0 , 0 0 0 m V y e a r ( 1 0 , 0 0 0 , 0 0 0 ) 

M o d e l s t u d i e s 2 , 0 0 0 , 0 0 0 

P e r m a n e n t r i v e r - w o r k s b a s e d o n a y e a r l y i m p r o v e m e n t o f t h r e e k i l o m e t e r 

r i v e r - b a n k 7 0 , 0 0 0 , 0 0 0 

T o t a l : C o l . $ 1 1 5 , 0 0 0 , 0 0 0 / y e a r 

The i n f o r m a t i o n r e q u i r e d t o d r a w up t h e a b o v e summary o f c o s t c a n be f o u n d i n 

P a r t I I I o f t h i s R e p o r t . The d r e d g i n g w o r k s u p s t r e a m o f B a r r a n c a b e r m e j a a n d t h e y e a r l y 

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

" M a g d a l e n a R i v e r A r e a T r a n s p o r t S t u d y " . I t s h o u l d be r e m a r k e d t h a t p e r m a n e n t r i v e r - w o r k s 

( e s t i m a t e o f t o t a l a n n u a l c o s t ; C o l . $ 7 0 , 0 0 0 , 0 0 0 ) o f t e n a l s o n e e d t o be e x e c u t e d t o 

s e r v e o t h e r t h a n n a v i g a t i o n a l p u r p o s e s . 
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Chapter 1 

G E N E R A L 

T h i s P a r t o f t h e R e p o r t c o n t a i n s t h e r e s u l t s o f a l l m e a s u r e m e n t s c a r r i e d o u t by 

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

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

l o c a l l y as w e l l as a l o n g t h e r i v e r ' s c o u r s e a s a r e s u l t o f r i v e r - w o r l < s . 

D u r i n g t h e p a s t t w e n t y y e a r s many new d e v e l o p m e n t s and m e t h o d s h a v e become 

a v a i l a b l e , mal< ing t h e p r e d i c t i o n o f t h e i n f l u e n c e o f r i v e r - w o r k s m o r e r e l i a b l e . On t h e 

o t h e r h a n d , t h e RFo M a g d a l e n a i s a r i v e r w i t h p r o p e r t i e s d i f f e r e n t f r o m many o t h e r r i v e r s 

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

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

I n v i e w o f t h e a b o v e , t h e f o l l o w i n g a r e t h e r e a s o n s why t h e m e a s u r e m e n t s w e r e 

c a r r i e d o u t : 

- To c h e c k t h e v a l i d i t y o f t h e a v a i l a b l e m e t h o d s f o r t h e RFo M a g d a l e n a ; 

- t o d e t e r m i n e a number o f " c o n s t a n t s " r e q u i r e d i n u s i n g t h e d e s c r i b e d m e t h o d s a n d 

n o t ( y e t ) a v a i l a b l e f r o m t h e o r y ; a n d 

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

w o r k s w h i c h a r e n o t y e t s u f f i c i e n t l y c o v e r e d by t h e o r y . 

To f u l f i l t h e s e c o n d i t i o n s i t was s o m e t i m e s n e c e s s a r y t o s e l e c t m e a s u r i n g - s i t e s 

w h i c h a r e l e s s f a v o u r a b l e f r o m t h e p o i n t o f v i e w o f t h e m e a s u r i n g t e c h n i q u e ( e . g . , t h e 

m e a s u r i n g c r o s s - s e c t i o n a t P t o . I n m a r c o , RFo M a g d a l e n a km 7 7 3 ) . When t h e m e a s u r e m e n t s a r e 

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

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

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

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

used^ i n t h i s r e s p e c t ( w h i c h a r e o f a m o r e s t a t i s t i c a l k i n d ) h a v e a l s o b e e n m e n t i o n e d i n 

t h i s P a r t o f t h e R e p o r t . 

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

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

l a t e r o n . T h i s i s e s p e c i a l l y i m p o r t a n t d u r i n g a n d a f t e r t h e e x e c u t i o n o f r i v e r - w o r k s ; i n 

t h i s w a y , as e x p e r i e n c e i s g a i n e d , t h e c o m p u t a t i o n s w i l l n o t o n l y become m o r e a c c u r a t e 

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

M a g d a 1 e n a . 
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Chapter 2 

H Y D R O L O G Y 

2 . 1 . INTRODUCTION 

T h i s C h a p t e r c o n t a i n s a l l t h e h y d r o l o g i c a l d a t a w h i c h w e r e g a t h e r e d by t h e M i s s i o n . 

F i r s t l y , some g e n e r a l a s p e c t s o f r a i n f a l l a n d e v a p o r a t i o n a r e m e n t i o n e d ( P a r a . 2 . 2 ) . 

I t f o l l o w s t h a t t h e s e d a t a m o s t l y h a v e a l i m i t e d u s e o n l y a n d b e c a u s e w a t e r - l e v e l s c a n be 

m o r e e a s i l y a n d r a p i d l y o b t a i n e d , t h e y a r e t o be c o n s i d e r e d as t h e b a s i c d a t a f o r a r i v e r -

s t u d y . The e l a b o r a t i o n a n d p r e s e n t a t i o n o f t h e w a t e r - l e v e l d a t a a r e g i v e n i n P a r a . 2 . 3 , 

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

a c c u r a c y o f t h e a v a i l a b l e r e c o r d s o f w a t e r - l e v e l d a t a t o be c h e c k e d . 

The b a c k g r o u n d i n f o r m a t i o n r e g a r d i n g t h e d i s c h a r g e i s p r e s e n t e d i n P a r a . 2,h. The 

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

o f t h e s e d a t a . P a r a . 2 . 5 d e a l s w i t h r e l a t i o n - c u r v e s b e t w e e n g a u g e - s t a t i o n s , w h i l e t h e 

c o m p u t a t i o n o f b a c k w a t e r - c u r v e s i s t r e a t e d i n P a r a . 2 . 6 . 

F i n a l l y , some r e m a r k s r e g a r d i n g t h e p r e d i c t i o n o f w a t e r - l e v e l s a r e made i n P a r a . 

2 . 7 , a n d a c o n c e p t f o r f u r t h e r s t u d y i n t h i s f i e l d i s o u t l i n e d , 

2 . 2 . RAINFALL AND EVAPORATION 

F i g u r e 2 . 2 . 1 The H y d r o l o g i c a l C y c l e 
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T h e c i r c u l a t i o n o f w a t e r f r o m t h e o c e a n s , t h r o u g h t h e a t m o s p h e r e , o v e r t h e l a n d 

s u r f a c e a n d bacl< t o t h e o c e a n s i s c a l l e d t h e h y d r o l o g i c a l c y c l e . T h i s c y c l e has b e e n i n d i ­

c a t e d s c h e m a t i c a l l y i n F i g u r e 2 . 2 . 1 [ l ] . A c t u a l l y , t h e c y c l e m o v e m e n t i s c o n t r o l l e d by a 

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

e l e m e n t s . 

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

p r o c e s s i n t h e r i v e r b a s i n . S i m p l i f i e d , t h i s r u n o f f p r o c e s s may be p r e s e n t e d a s shown i n 

F i g u r e 2 . 2 . 2 . 

INPUT 

PRECIPITATION 

RAINFALL SNOW 

LOSSES 

EVAPO-TRANSPIRATION 

SURFACE DETENTION 
SURFACE RUNOFF 

INTERCEPTION 

DEPRESSION 
STORAGE 

1 UNSATURATED 
ZONE 

INTERFLOW OR 
SUB SURFACE 

FLOW 

UNSATURATED 
ZONE 

INTERFLOW OR 
SUB SURFACE 

FLOW 

INTERFLOW OR 
SUB SURFACE 

FLOW 
GROUND WATER 

RIVER STORAGE 
RIVER FLOW 

OUTPUT 

F i g u r e 2 . 2 . 2 S i m p l i f i e d P r e s e n t a t i o n o f R u n o f f P r o c e s s i n C a t c h m e n t A r e a 

One p a r t o f t h e r a i n f a l l i n f i l t r a t e s i n t o t h e s o i l a n d moves down o r p e r c o l a t e s i n t o 

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

u p . T h i s w a t e r f l o w s v e r y s l o w l y t h r o u g h t h o a q u i f e r s t o t h e r i v e r - b r a n c h e s . The w a t e r 

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

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

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

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

e v a p o r a t i o n f r o m o p e n w a t e r , b a r e s o i l , and by t r a n s p i r a t i o n f r o m t h e v e g e t a t i o n . 
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S u m m a r i z i n g t h i s p a t t e r n , t h e r u n o f f f r o m ;a c a t c h m e n t a r e a i s a f f e c t e d b y : 

- The h y d r o - m e t e o r o l o g i c a l f a c t o r s ( r a i n f a l l , e v a p o r a t i o n , e t c . ) ; a n d 

- t h e p h y s i c a l c h a r a c t e r i s t i c s o f t h e c a t c h m e n t a r e a . 

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

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

For t h i s c o m p u t a t i o n many m e t h o d s h a v e b e e n p r o p o s e d . H o w e v e r , b e c a u s e o f s t r o n g n o n ­

u n i f o r m b a s i n p h y s i o g r a p h y an e x t e n s i v e s t u d y w o u l d be r e q u i r e d . T h e r e f o r e , i t i s 

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

d i s c h a r g e r e l a t i o n s h i p i s l<nown. A l t h o u g h t h i s m e t h o d has b e e n u s e d , r a i n f a l l a n d e v a p o ­

r a t i o n d a t a may n e v e r t h e l e s s be u s e d , e . g . , f o r t h e e x p l a n a t i o n o f a n d chec l< o n t h e 

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

F o r t h e d e t e r m i n a t i o n o f t h e r a i n f a l l u s e has b e e n made o f d a t a f r o m t h e r a i n -

g a u g e s i n s t a l l e d by t h e S e r v i c i o C o l o m b i a n o de M e t e o r o l o g i a e H i d r o l o g F a (SCMH) , w h i c h had 

c r e a t e d a n e t w o r l < o f , r a i n - g a u g e s o v e r t h e c a t c h m e n t a r e a o f t h e RFo M a g d a l e n a . The 

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

a s w e l l as by o r o g r a p h i c a l e f f e c t s , has a l s o b e e n ta l<en i n t o a c c o u n t . The e s t i m a t e o f t h e 

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

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

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

o n l y r o u g h d a t a f o r t i m e i n t e r v a l s o f o n e y e a r a r e r e q u i r e d , t h e mean t e m p e r a t u r e ( a s a 

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

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

2 . 3 . WATER-LEVELS 

2 . 3 . 1 . I n t r o d u c t i o n 

As was e x p l a i n e d i n P a r a . 2 . 2 , r a i n f a l l d a t a h a v e o n l y a l i m i t e d u s e , e s p e c i a l l y 

f o r l a r g e r i v e r s . As many o f t h e phenomena i n r i v e r s h a v e a r e l a t i o n s h i p w i t h t h e w a t e r -

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

c o n s i d e r w a t e r - l e v e l s as t h e m o s t b a s i c d a t a f o r a r i v e r s t u d y . V e r y o f t e n , as a f i r s t 

a p p r o x i m a t i o n , t h e r e l a t i o n s h i p b e t w e e n w a t e r - l e v e l s and o t h e r phenomena may be c o n s i d e r e d 

s i m p l e a n d u n i q u e . I f , f o r i n s t a n c e , t h e C h e z y e q u a t i o n i s c o n s i d e r e d as Q.=C B h ^ ' ^ ^ I ^ ^ ^ 

a n d C , B a n d I a r e assumed t o be c o n s t a n t s o r i n a n y c a s e a f u n c t i o n o f h o n l y , t h e n 

Q.=Q(h) . T h i s means t h a t a s t a t i s t i c a l e l a b o r a t i o n o f w a t e r - l e v e l s e n a b l e s s t a t i s t i c a l 

I n f o r m a t i o n o n t h e d i s c h a r g e t o be o b t a i n e d , a l t h o u g h t h e d i s c h a r g e has n o t b e e n m e a s u r e d 

d a l l y l i k e t h e w a t e r - l e v e l s . 

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

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

w o r k s . F o r t u n a t e l y t h e I m p o r t a n c e o f r i v e r - l e v e l s has a l s o b e e n r e a l i z e d i n C o l o m b i a . 

A l o n g t h e RFo M a g d a l e n a a n d t h e C a n a l d e l D i q u e w a t e r - l e v e l d a t a w e r e a v a i l a b l e f o r a t 

l e a s t some t i m e a t A r r a n c a p l u m a s , P t o . S a l g a r , P t o . B e r r F o , B a r r a n c a b e r m e j a , P t o . W i l c h e s , 

G a m a r r a , C a l a m a r a n d G a m b o t e . I n a d d i t i o n t o t h e s e m a i n g a u g e s a number o f t e m p o r a r y g a u g e s 

w e r e i n s t a l l e d d u r i n g t h e s t u d y : i n t h e R i o M a g d a l e n a a t P t o . I n m a r c o a n d i n a f f l u e n t s 
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o f t h e RTo M a g d a l e n a , n a m e l y , t h e R f o N e g r o , t h e R ' o La M i e l and t h e RFo N o r e . I n t h e 

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

o f t h e Cano C o r r e a , t h e Cano M a t u n i I l a a n d t h e Cano L e q u e r i c a , as w e l l as a t C a r a r e 

(BahFa de C a r t a g e n a ) a n d P i e d r a c i t a s (BahFa de B a r b a c o a s ) . 

The g a u g e i n G a m a r r a was r e - i n s t a l l e d a f t e r h a v i n g b e e n a b a n d o n e d i n 1 9 5 5 . I t i s 

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

a d v i s e d t o c o n t i n u e t h e r e a d i n g s on t h e g a u g e a t P t o . I n m a r c o as a p e r m a n e n t m a i n s t a t i o n 

( T a b l e 2 . 3 . 1 ) . 

L o c a t i o n R e c o r d s A v a i l a b l e to t h e M i s s i o n Z e r o - l e v e l o f Gauge 

in r e s p e c t o f H . S . L . 

( z e r o o f IGflC) 

Main w a t e r - l e v e l s t a t i o n s a l o n g t h e RTo M a g d a l e n a 

A r r a n c a p l u m a s (km 9 3 1 ) 1 9 3 ' ( - 1 9 7 2 1 9 5 . 1 8 

P t o . S a l g a r (km 8 8 7 ) 1 9 3 6 - 1 9 7 2 ( m i n u s I 9 5 8 and i 9 6 0 ) 1 6 5 . 8 3 

P t o . I n m a r c o (km 7 7 3 ) f rom J u l y 1971 1 2 2 . 5 0 

P t o . B e r r F o (km 7 3 0 ) 1 9 3 6 - 1 9 7 2 ( m i n u s 1957 and I 9 6 0 ) 106.1(1) 

B a r r a n c a b e r m e j a (km 6 3 1 ) 1 9 3 7 - 1 9 7 2 ( m i n u s 19117, I S l i S , 1 9 5 1 , 

1 9 5 2 , 1953 and I 9 6 0 ) 7 0 . 5 1 

P t o . W i l c h e s (km 5 9 7 ) I 9 3 ' l - 1 9 7 2 ( m i n u s 1 9 5 5 , 1 9 5 7 , 1958 

and i 9 6 0 ) 6 1 . 1 2 

G a m a r r a (km 1)73) 1 9 3 ' l - 1 9 ' l 5 , 1 9 5 5 - 1 9 5 6 ( m i n u s 1938 ) ( 3 5 . 1 ) 2 ) 

C a t a m a r (km 9 1 ) 1 9 3 ' l - 1 9 7 2 ( m i n u s I 9 6 0 ) - 0 . 3 5 

T e m p o r a r y w a t e r - l e v e l s t a t i o n a l o n g t h e R i o M a g d a l e n a 

P t o . T r i u n f o (km 8 2 1 ) S e p t e m b e r - O c t o b e r 1971 ( d a t a 

c o l l e c t e d by INTEGRAL) 

( Z e r o - l e v e l o f Gauge 

b e l o w l o c a l B . M . ) 

W a t e r - l e v e l s t a t i o n s In a f f l u e n t s o f t h e RTo M a g d a l e n a 

R f o Negro f rom A u g u s t 1971 6 , i (0 m b e l o w BH-HCHl) 

R f o L a H I e l f rom A u g u s t 1971 6 . 9 3 m b e l o w BH-HCH3 

R f o N a r e f rom J u l y 1971 7 . 3 0 m b e l o w BM-MCHIA 

Ma in w a t e r - l e v e l s t a t i o n a l o n g t h e C a n a l d e l O i g u e 

Gambote (km 6 6 ) 1 9 6 1 - 1 9 7 2 - 0 . 6 2 

T e m p o r a r y w a t e r - l e v e l s t a t i o n s I n t h e C a n a l d e l D i q u e a r e a 

C o r r e a (km 8 2 , 5 ) S e p t e m b e r 1 9 7 0 - J a n u a r y 1972 - 0 . 6 2 

H a t u n i l l a (km 100 ) S e p t e m b e r 1 9 7 0 - J a n u a r y 1972 - 0 . 6 2 

L e q u e r i c a {km 108 ) S e p t e m b e r 1 9 7 0 - J a n u a r y 1972 - 0 . 6 2 

P i e d r a c i t a s ( B a h T a d e B a r b a c o a s ) J a n u a r y 1 9 7 1 - J a n u a r y 1972 - 0 . 6 2 

C a r a r e ( B a h f a d e C a r t a g e n a ) S e p t e m b e r 1 9 7 0 - J a n u a r y 1972 - 0 . 6 2 

Remark : T h e z e r o - l e v e l s o f t h e s t a t i o n s i n t h e C a n a l d e l D i g u e a r e a a r e r e l a t e d to t h e n e t 

o f M a n t i l l a . R e f e r e n c e i s made to T a b l e 2 . 3 . 9 . 

T a b l e 2 . 3 . 1 W a t e r - l e v e l S t a t i o n s and A v a i l a b l e R e c o r d s 

A l t h o u g h a l o t o f d a t a a r e a v a i l a b l e , t h e e l a b o r a t i o n has s o m e t i m e s b e e n d i f f i c u l t 

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

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

r e a d e r s a r e n o t c h e c k e d , e t c . ) . I t seems i m p o r t a n t t o make o n e a g e n c y i n C o l o m b i a 

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

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

e l a b o r a t e d a n d p u b l i s h e d a n n u a l l y . 
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F o r t h e g a u g e s m e n t i o n e d ( T a b l e 2 . 3 . 1 ) , t h e d a t a h a v e , a s f a r as a v a i l a b l e , b e e n 

e l a b o r a t e d by t h e M i s s i o n . N o t a l l t h e h y d r o g r a p h s c a n be g i v e n h e r e , a n d i t i s t h e r e f o r e 

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

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

d a t a . 

I t has t o be s t r e s s e d t h a t t h e r e s u l t s o f t h e e l a b o r a t i o n , as g i v e n i n t h i s P a r t 

( d u r a t i o n - c u r v e s , f r e q u e n c i e s , e t c , ) , , s h o u l d be amended a t l e a s t e v e r y 5 y e a r s b e c a u s e s u c h 

d a t a a r e o n l y v a l i d f o r a l i m i t e d t i m e , e s p e c i a l l y when r i v e r - w o r k s a r e c a r r i e d o u t . 

2 . 3 . 2 . T h e h y d r o g r a p h s 

A f i r s t i n s i g h t i n t o t h e c h a r a c t e r i s t i c s o f t h e w a t e r - l e v e l s a t a c e r t a i n s t a t i o n 

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

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

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

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

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

y e a r o f t h e moment a t w h i c h d i s c h a r g e s r e a c h a m i n i m u m . F o r t h e RTo M a g d a l e n a t h e h y d r o -

l o g i c a l y e a r c a n , o n t h e a v e r a g e , be t a k e n f r o m M a r c h 1 t o F e b r u a r y 28 ( o r 2 9 ) . H o w e v e r , 

as i t i s a common p r a c t i c e i n C o l o m b i a t o p l o t t h e d a i l y l e v e l s p e r c a l e n d a r y e a r , a n d t h e 

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

M i s s i o n , a l l t h e w a t e r - l e v e l s a n d e l a b o r a t i o n s i n t h i s R e p o r t w i l l be g i v e n p e r c a l e n d a r 

y e a r . 

Some g e n e r a l I n f o r m a t i o n c a n a l r e a d y be o b t a i n e d by s t u d y i n g t h e h y d r o g r a p h s ; e . g . , 

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

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

i n a d i f f e r e n c e b e t w e e n t h e a v e r a g e h i g h a n d l o w l e v e l s . When c o m p a r e d w i t h a f r e q u e n c y -

c u r v e o b t a i n e d f r o m a number o f y e a r s ( F i g u r e 2 . 3 . 1 ) i t c a n , m o r e o v e r , be d e c i d e d i f t h e 

y e a r u n d e r c o n s i d e r a t i o n c o u l d be c h a r a c t e r i z e d as a w e t o r a d r y y e a r . H o w e v e r , i n g e n e r a l , 

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

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

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

The l e v e l s o f s e c o n d a r y a n d t e m p o r a r y g a u g e - s t a t i o n s c a n be c o m p i l e d o n c e e v e r y o n e w e e k o r , 

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

t y p e s o f m e a s u r e m e n t s , a s w e l l as f o r t h e e x e c u t i o n o f r i v e r - w o r k s . 

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

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

I f t h e s e g a u g e s do n o t h a v e t h e same z e r o - l e v e l , t h e d a l l y l e v e l s s h o u l d be i m m e d i a t e l y 

a d j u s t e d t o t h e r e f e r e n c e z e r o - l e v e l w h i c h i s a l s o m e n t i o n e d on t h e h y d r o g r a p h . 
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2.3.3. S t a t i s t i c a l e l a b o r a t i o n o f w a t e r - l e v e l s 

Given the records o f d a i l y gauge-readings, t h e r e a r e t h r e e ways i n which the d i s t r i ­

b u t i o n o f the l e v e l s can be c o n s i d e r e d . F i r s t , t h e d i s t r i b u t i o n o f the w a t e r - l e v e l s a t 

a c e r t a i n date can be c a l c u l a t e d f o r the p e r i o d o f o b s e r v a t i o n , and from t h i s the 

frequency-curves f o r every day o f the year r e s u l t ; an example i s g i v e n i n F i g u r e 2,3.1. 

A f r e q u e n c y - c u r v e shows f o r every day o f the year which w a t e r - l e v e l has not been 

reached d u r i n g a c e r t a i n p a r t o f the p e r i o d over which the records a r e a v a i l a b l e . 

G e n e r a l l y , i t Is the p r a c t i c e t o prepare the frequency-curves f o r 10^, 1 5 % , 5 0 % , 75% and 

30% o f the p e r i o d . As can be seen from F i g u r e 2.3.1, the w a t e r - l e v e l as read on the 

gauge a t Pto. Salgar on May 1, was lower than 4,05 m d u r i n g 75% o f the p e r i o d and lower 

than 2 , 9 0 m d u r i n g 25% o f the p e r i o d . Consequently, d u r i n g 50% o f the p e r i o d the w a t e r -

l e v e l a t Pto. Salgar on t h a t date has been between 2 . 9 0 and 4.05 m. Comparing the annual 

hydrograph w i t h the f r e q u e n c y - c u r v e s , an impression i s o b t a i n e d o f how wet or d r y the 

year under c o n s i d e r a t i o n a c t u a l l y has been and what w i l l be the frequency o f an even 

w e t t e r o r d r y e r year. 

A second e l a b o r a t i o n o f the d a i l y gaugereadings w i l l be t o c o n s i d e r the v a r i a t i o n 

o f the number o f days per year d u r i n g which the w a t e r - l e v e l s are lower ( o r h i g h e r ) than 

a c e r t a i n l e v e l . Such e l a b o r a t i o n s lead t o the d u r a t i o n - c u r v e s , which can a g a i n be made 

f o r 10^, 2 5 1 , 5 0 1 , 75% and 90^ o f the number o f years t h a t t he records are a v a i l a b l e . 

From the d u r a t i o n - c u r v e s g i v e n In F i g u r e 2.3.2 i t can be read, f o r i n s t a n c e , t h a t 

d u r i n g 75% o f the p e r i o d the w a t e r - l e v e l a t Pto. Salgar has been lower than 3.55 m d u r i n g 

200 days. On the o t h e r hand, t h i s means a l s o t h a t d u r i n g t h e same 75% o f the year the 

w a t e r - l e v e l has been h i g h e r than 3.55 m d u r i n g 165 (365-200) days. The area c o n t a i n e d by 
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t h e d u r a t i o n - c u r v e a n d t h e a x e s i s a n i n d i c a t i o n o f t h e t o t a l d i s c h a r g e o f t h e p e r t a i n i n g 

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

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

c a l e n d a r y e a r . 

166 4 
«5.a3 -J Q 
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DURATION (DAYS) 

F i g u r e 2 . 3 . 2 D u r a t i o n - c u r v e s o f t h e W a t e r - l e v e l a t P t o . S a l g a r 

In F i g u r e 2 . 3 . 2 a l s o t h e a v e r a g e d u r a t i o n - c u r v e o f t h e w a t e r - l e v e l a t P t o . S a l g a r 

i s g i v e n . T h i s a v e r a g e c u r v e i s n o t i d e n t i c a l t o t h e 5 0 ^ c u r v e . The f o r m e r i n d i c a t e s t h e 

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

a c e r t a i n l e v e l . The 5 0 ^ - c u r v e i n d i c a t e s t h e number o f d a y s d u r i n g 5 0 % o f t h e y e a r s 

o f r e c o r d d u r i n g w h i c h t h e w a t e r - l e v e l has been l o w e r t h a n a c e r t a i n l e v e l . The a v e r a g e 

d u r a t i o n - c u r v e i s e s p e c i a l l 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 r e d u c t i o n - 1 e v e l a t 

a c e r t a i n s t a t i o n ( m o r e a b o u t t h i s i s s a i d i n P a r a . 2 . 3 . 5 ) . 

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

f r e q u e n c y o f e x t r e m e h i g h a n d l o w w a t e r - l e v e l s . F o r t h e d e s i g n o f r i v e r - w o r k s t h e e x t r e m e 

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

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

o f a c i t y o r new p o r t s i t e s ) . The f r e q u e n c y o f e x t r e m e l e v e l s i s m o s t l y e x p r e s s e d as a 

f r e q u e n c y o f o n c e i n 1 0 , 50 o r 100 y e a r s i n w h i c h a c e r t a i n l e v e l i s r e a c h e d o r e x c e e d e d 

by t h e h i g h e s t y e a r l y l e v e l , o r t h e l o w e s t y e a r l y l e v e l i s o c c u r r i n g o r f a l l i n g l o w e r . 

A f r e q u e n c y o f o n c e i n , e . g . , 100 y e a r s m u s t , h o w e v e r , d e f i n i t e l y n o t be r e a d as s t a t i n g 

t h a t t h e p h e n o m e n o n w i l l o c c u r o n c e i n e v e r y 100 y e a r s . I t o n l y e x p r e s s e s t h e p r o b a ­

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

y e a r s . 
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The d e c i s i o n o n w h i c h f r e q u e n c y o f o c c u r r e n c e w i l l be a c c e p t a b l e has t o be made 

o n t h e b a s i s o f an e c o n o m i c c o n s i d e r a t i o n : t h e e x t r a i n v e s t m e n t r e q u i r e d f o r t h e 

h e i g h t e n i n g o f , s a y , a n embanl<ment has t o be w e i g h e d a g a i n s t t h e s a v i n g s i n , s a y , t h e 

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

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

i n t r o d u c e d f o r t o w n e x t e n s i o n s , e t c . , s o as t o be s u r e t o be o n t h e s a f e s i d e . To d i s c u s s 

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

t h e s c o p e o f t h i s R e p o r t , so i t m u s t s u f f i c e t o s a y t h a t u s u a l l y t h e " b e n e f i t - c o s t r a t i o " 

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

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

F i r s t o f a l l , i t has t o be d e c i d e d w h i c h w a t e r - l e v e l m u s t be c o n s i d e r e d t o be t h e 

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

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

be c o n s i d e r e d . H o w e v e r , o f t e n ( a s i n C o l o m b i a ) , t w o r a i n y s e a s o n s c a n c l e a r l y be 

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

s e c o n d i n t h e m o n t h s o f O c t o b e r and N o v e m b e r . I n v i e w o f t h e f a c t t h a t , g e n e r a l l y , t h e 

r e c e s s i o n o f t h e w a t e r - l e v e l s i n b e t w e e n t h e t w o h i g h w a t e r p e a k s i s n o t a s l o w as i n 

t h e d r y s e a s o n ( J a n u a r y up t o M a r c h ) and b e c a u s e o f t h e h e a v y r a i n f a l l i n t h e s e c o n d h a l f 

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

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

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

o f t h e f r e q u e n c y o f e x t r e m e l e v e l s . H o w e v e r , e s p e c i a l l y i n t h e l o w e r r e g i o n o f t h e RFo 

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

t h e RFo M a g d a l e n a ( " c i e n a g a s " ) r e s u l t s o n l y i n a s l i g h t r e c e s s i o n o f t h e w a t e r - l e v e l 

d u r i n g t h e m o n t h s o f J u l y a n d A u g u s t , and t h e h i g h e s t l e v e l s r e a c h e d d u r i n g t h e s e c o n d 

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

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

i n s t e a d o f t w o . 

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

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

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

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

w h i c h d e f i n e s t h e f r e q u e n c y o f t h e l - v a l u e a s : m . / ( n + l ) , w i t h m .= t h e number o f t h e 

v a l u e ( i ) i f a r r a n g e d i n o r d e r o f m a g n i t u d e , a n d n= t h e t o t a l number o f v a l u e s i n t h e 

r e c o r d . 

The r e c o r d s o f t h e e x t r e m e y e a r l y l e v e l s w i l l m o s t l y c o m p r i s e a p e r i o d b e t w e e n 20 

and 50 y e a r s , w h i c h means t h a t a n e x t r a p o l a t i o n o f t h e a v a i l a b l e d a t a w i l l be r e q u i r e d 

i f a f r e q u e n c y has t o be d e t e r m i n e d o f , s a y , o n c e i n 100 y e a r s . I t w i l l be c l e a r t h a t s u c h 

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

d a t a c a n be p l o t t e d o n a s t r a i g h t l i n e . A g a i n , many m e t h o d s e x i s t t o o b t a i n s u c h a 

s t r a i g h t l i n e . Gumbel ( 1 9 5 8 ) [ 2 ] i n d i c a t e d a m e t h o d b a s e d o n t h e s t a t i s t i c s o f e x t r e m e 

v a l u e s ; he a l s o d e s i g n e d a s p e c i a l p r o b a b i l i t y - p a p e r , w h i c h has b e e n u s e d h e r e . As a n 

e x a m p l e , t h e e x t r e m e y e a r l y l e v e l s o f C a l a m a r a r e g i v e n i n F i g u r e 2 . 3 . 3 , p l o t t e d o n 

G u m b e l ' s p r o b a b i l i t y - p a p e r . 
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REDUCED VARIATE 

F i g u r e 2 . 3 . 3 E x t r e m e Y e a r l y L e v e l s a t C a l a m a r 

A f e w r e m a r k s may be made h e r e a b o u t t h e u s e d p r o b a b i l i t y - p a p e r . The f r e q u e n c y o f 

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

( f , (y) = e 
- e " y 

w h i l e t h e v e r t i c a l s c a l e i s a l i n e a r o n e . The r e l a t i o n b e t w e e n t h e p r o b a b i l i t y P ( x ) a n d 

<l>(y) i s : 

_ - a ( x - y ) 

P ( x ) = e ® ( 2 . 3 . 1 ) 

w i t h y = a ( x - p ) . The p a r a m e t e r s a and y o f E q . ( 2 . 3 . l ) m u s t be e s t i m a t e d (5, a n d y ) , w h i c h 

c a n , e . g . , be d o n e w i t h t h e m e t h o d o f t h e l e a s t s q u a r e s ( s e e F i g u r e 2 , 3 , 4 ) . 
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F i g u r e 2 . 3 . 4 D e t e r m i n a t i o n o f S t r a i g h t L i n e w i t h L e a s t S q u a r e s M e t h o d 

The s t r a i g h t l i n e b e t w e e n t h e p l o t t e d p o i n t s c a n b e s t be d r a w n by o b s e r v i n g t h a t 

o f t h e a r e ; 

f i na11y y i e l d s t o ; 

t h e sum o f t h e a r e a s o f t h e r e c t a n g u l a r t r i a n g l e s ( X j - Y j ) w i 1 1 be a m i n i m u m . T h i s m e t h o d 

a 

s 

( S x , ) = 

n - 1 
( = s t a n d a r d d e v i a t i o n ) . ( 2 . 3 . 2 ) 

The r o u n d e d v a l u e s o f y and a ( b o t h f u n c t i o n s o f n ) h a v e b e e n c a l c u l a t e d f o r d i f f e r e n t 
y 

n - v a l u e s , a c c o r d i n g t o t h e f u n c t i o n <}) ( x . ) = i / ( n + 1 ) a n d a r e g i v e n i n T a b l e 2 . 3 . 2 . 

n y a 
y 

n y 0 
y 

1 0 0 . 5 0 0 9 5 2 6 0 . 5 3 1 . 1 0 

1 1 0 . 5 0 0 9 7 2 7 0 . 5 3 1 . 1 0 

1 2 0 . 5 0 0 9 8 2 8 0 . 5 3 1 . 1 0 

1 3 0 . 5 1 1 0 0 2 9 0 . 5 4 1 . 1 1 

1 4 0 . 5 1 1 0 1 3 0 0 . 5 4 1 . 1 1 

1 5 0 . 5 1 1 0 2 3 1 0 . 5 4 1 . 1 2 

1 6 0 . 5 2 1 0 3 3 2 0 . 5 4 1 . 1 2 

1 7 0 . 5 2 1 0 4 3 3 0 . 5 4 1 . 1 2 

1 8 0 . 5 2 1 0 5 3 4 0 . 5 4 1 . 1 3 

1 9 0 . 5 2 1 0 6 3 5 0 . 5 4 1 . 1 3 

2 0 0 . 5 2 1 0 6 3 6 0 . 5 4 1 . 1 3 

2 1 0 . 5 3 1 0 7 3 7 0 . 5 4 1 . 1 3 

2 2 0 . 5 3 1 0 8 3 8 0 . 5 4 1 . 1 4 

2 3 0 . 5 3 1 0 8 3 9 0 . 5 4 1 . 1 4 

2 4 0 . 5 3 1 0 9 4 0 0 . 5 4 1 . 1 4 

2 5 0 . 5 3 1 0 9 5 0 0 . 5 5 1 . 1 6 

T a b l e 2 . 3 . 2 n - , y - a n d a - v a l u e s 
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T h e p r o b a b i l i t y - p a p e r as g i v e n i n F i g u r e 2.3.3 h a s , a p a r t f r o m t h e p r o b a b i l i t y 

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

i n w h i c h : 

P= t h e f r e q u e n c y t h a t a c e r t a i n l e v e l w i l l n o t be e x c e e d e d ; a n d 

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

be r e a c h e d o r e x c e e d e d . 

T h e l i n e a r s c a l e , t h e " r e d u c e d v a r i a t e " ( y ) , has t o be u s e d t o d e t e r m i n e w h i c h 

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

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

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

m u s t be s t r e s s e d t h a t s u c h f r e q u e n c i e s w i l l s t i l l be o n l y an e s t i m a t e . The a c c u r a c y o f 

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

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

p r e s e n t R e p o r t . 

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

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

I n a r i v e r w i t h o u t a f l o o d - p l a n e , o r , i n o t h e r w o r d s , w i t h i n f i n i t e l y h i g h b a n k s , t h e 

f r e q u e n c y - c u r v e o f t h e h i g h e s t y e a r l y l e v e l w i l l show a s t r a i g h t l i n e . I f , h o w e v e r , o n e 

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

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

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

s t a g e s . C o n s e q u e n t l y , t h e g r a d i e n t o f t h e l i n e s g r a d u a l l y d e c r e a s e s a t h i g h e r s t a g e s . 

I t i s s t i l l p o s s i b l e t o f u r t h e r e l a b o r a t e t h e d a i l y w a t e r - l e v e l s , by o b t a i n i n g 

t h e r e l a t i o n - c u r v e s , c e l e r i t i e s o f f l o o d - w a v e s a n d p r e d i c t i o n s o f w a t e r - l e v e l s . H o w e v e r , 

t h e s e phenomena c a n n o t be s t u d i e d w i t h o u t m o r e i n s i g h t i n t o t h e i n t e r - r e l a t i o n s h i p 

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

i s g i v e n i n P a r a . 2.5. 

2.3.4. P r e s e n t a t i o n o f w a t e r - l e v e l d a t a 

The w a t e r - l e v e l d a t a as t h e y w e r e c o m p i l e d a n d e l a b o r a t e d by t h e M i s s i o n a r e 

p r e s e n t e d i n t h i s p a r a g r a p h . The d a t a o f t h e m a i n g a u g e - s t a t i o n s a l o n g t h e RFo M a g d a l e n a , 

v i z . , A r r a n c a p l u m a s , P t o . S a l g a r , P t o . B e r r f o , B a r r a n c a b e r m e j a , P t o . V / i I c h e s a n d 

G a m a r r a , a r e p r e s e n t e d i n F i g u r e s 2.3.5 t o 2.3.7. I t I s a d v i s e d t o c o n s i d e r G a m a r r a i n 

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

t h i s s t a t i o n a r e as y e t i n s u f f i c i e n t t o a l l o w e l a b o r a t i o n s . The d a t a o f t h e m a i n g a u g e -

s t a t i o n s a l o n g t h e R f o M a g d a l e n a a n d t h e C a n a l d e l D i q u e , v i z . , C a l a m a r a n d G a m b o t e , 

a r e p r e s e n t e d i n F i g u r e 2.3.8. 
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The w a t e r - l e v e l d a t a o f t h e g a u g e a t P t o . I n m a r c o ( a l s o t o be c o n s i d e r e d a m a i n 

g a u g e - s t a t i o n i n f u t u r e ) a r e g i v e n i n F i g u r e 2 . 3 . 9 . As w a t e r - l e v e l s w e r e o n l y r e a d o n t h i s 

g a u g e t o r a p e r i o d o f a b o u t o n e y e a r , o n l y t h e h y d r o g r a p h has b e e n p r e s e n t e d . D o w n s t r e a m 

o f P t o . T r i u n f o a t t h e H a c i e n d a San F e r n a n d o (RFo M a g d a l e n a , km 8 2 2 . 5 ) h i g h w a t e r -

l e v e l s w e r e r e a d i n t h e m o n t h s o f S e p t e m b e r a n d O c t o b e r 1971 . T h e s e d a t a w e r e c o l l e c t e d 

by INTEGRAL a t t h e s i t e w h e r e t h e f u t u r e r o a d - b r i d g e B o g o t a - M e d e l 1 ' n i s t o be c o n s t r u c t e d . 

F o r t h e s a k e o f c o m p l e t e n e s s , t h e s e d a t a a r e g i v e n i n F i g u r e 2 . 3 . 1 0 . 

F i g u r e 2 . 3 . 1 0 W a t e r - l e v e l s a t P t o . T r i u n f o 
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T h e w a t e r - l e v e l d a t a o f t h e s t a t i o n s w h i c h w e r e i n s t a l l e d i n a f f l u e n t s o f t h e 

RTo M a g d a l e n a , v i z . , i n t h e RTos N e g r o , La M i e l a n d N a r e , a r e p r e s e n t e d i n F i g u r e s 

2 . 3 . 1 1 t o 2 . 3 . 1 3 . Of t h e s e g a u g e s a g a i n o n l y t h e h y d r o g r a p h s h a v e b e e n g i v e n , as t h e 

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

a r e as y e t o n l y c o n n e c t e d t o l o c a l l y i n s t a l l e d b e n c h - m a r l < s , b u t i n f u t u r e c o n n e c t i o n 

s h o u l d be made t o t h e l e v e l l i n g n e t o f t h e " I n s t i t u t o G e o g r é f i c o A g u s t T n C o d a z z l " ( IGAC) 

t o r e l a t e t h e s e z e r o - 1 e v e l s a 1 so t o M . S . L . 

The a v a i l a b l e r e c o r d s o f t h e a u t o m a t i c g a u g e s i n t h e C a n a l d e l D i q u e a r e a a r e n o t 

a l l p r e s e n t e d i n t h i s R e p o r t . An i m p r e s s i o n o f t h e c o u r s e o f t h e w a t e r - l e v e l s a l o n g t h e 

l o w e r r e g i o n o f t h i s w a t e r w a y c a n be o b t a i n e d f r o m F i g u r e 2 . 3 . 1 ' ) , w h e r e t h e w a t e r - l e v e l s 

a r e p l o t t e d f o r s h o r t p e r i o d s o n l y (3 d a y s ) a t h i g h a n d l o w d i s c h a r g e s o f t h e C a n a l d e l 

D i q u e , a n d d u r i n g s p r i n g - t i d e a n d n e a p - t i d e i n t h e BahFa de C a r t a g e n a a n d t h e BahFa 

de B a r b a c o a s r e s p e c t i v e l y . 

A l l t h e w a t e r - l e v e l d a t a a n d t h e e l a b o r a t i o n s p r e s e n t e d i n F i g u r e s 2 . 3 . 5 t o 2 . 3 . 1 4 

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

T a b l e 2 . 3 . 1 . H o w e v e r , t h e q u e s t i o n a r i s e s w h e t h e r t h e z e r o - l e v e l s o f t h e m a i n g a u g e -

s t a t i o n s a l o n g t h e RFo M a g d a l e n a , w h e r e w a t e r l e v e l s h a v e b e e n r e a d f o r a p e r i o d o f 

m o r e t h a n 30 y e a r s , a r e v a l i d f o r t h e w h o l e p e r i o d c o v e r e d by t h e r e c o r d s , I t i s a known 

f a c t t h a t d i s c r e p a n c i e s e x i s t b e t w e e n t h e g i v e n z e r o - l e v e l o f o n e a n d t h e same g a u g e by 

a g e n c i e s s u c h as ADENAVI ( w h i c h c o p i e d t h e z e r o - l e v e l as g i v e n by t h e J u l i u s B e r g e r 

K o n s o r t i u m ) , t h e SCMH o r APRON Y DUQUE L t d a . I t i s a l s o known t h a t g a u g e s w e r e f r e q u e n t l y 

s h i f t e d ( e . g . , t h e f i r s t g a u g e i n La D o r a d a was i n s t a l l e d by t h e J u l i u s B e r g e r K o n s o r t i u m 

a l o n g t h e l e f t b a n k ; l a t e r o n t h i s g a u g e was s h i f t e d t o t h e r i g h t b a n k ) , and i t i s 

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

|, CALAMAR I 

J - i O - I 1 1 1 l - l O - I — • 1 1 1 1-

las-l 40 so 60 1970 (934 40 50 60 1970 

VEARS YEARS 

F i g u r e 2 , 3 . 1 5 5 0 ^ a n d 5 % E x c e e d e d W a t e r - l e v e l s a l o n g t h e RFo M a g d a l e n a 
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W h e t h e r t h e a v a i l a b l e r e c o r d s o f w a t e r - l e v e l d a t a n e e d t o be c o r r e c t e d w i t h 

d i s c r e p a n c i e s i n z e r o - l e v e l s was s t u d i e d by t h e M i s s i o n . The 5 0 % ( 1 8 2 d a y s ) a n d 5 % 

( 1 8 d a y s ) e x c e e d e d w a t e r - l e v e l s o f t h e y e a r l y d u r a t i o n - c u r v e s o f P t o . S a l g a r , P t o . B e r r F o 

B a r r a n c a b e r m e j a , P t o . W i l c h e s a n d C a l a m a r h a v e b e e n p l o t t e d i n F i g u r e 2 . 3 . 1 5 . ( T h e w a t e r -

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

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

g a u g e i s s i t u a t e d f a r u p s t r e a m ) . 

T h e v a r i a t i o n s i n t h e s e l e v e l s a n d t h e t e n d e n c i e s i n d i c a t e d by t h e c u r v e s a r e so 

r a n d o m t h a t d i s c r e p a n c i e s i n t h e z e r o - l e v e l s o f t h e g a u g e s m u s t n o t be ta l<en i n t o a c c o u n t 

C o n s e q u e n t l y , t h e q u e s t i o n a r i s e s w h e t h e r t h e s e v a r i a t i o n s c a n be t i e d up w i t h t h e 

y e a r l y r a i n f a l l d a t a . T h i s q u e s t i o n w i l l be p r i m a r i l y a n s w e r e d by e x a m i n i n g o n l y t h e 

m e d i a n w a t e r - l e v e l v a r i a t i o n s a t P t o . S a l g a r ( F i g u r e 2 . 3 . 1 6 ) a n d t h e mean y e a r l y r u n o f f 

c o m p u t e d f r o m t h e w a t e r - b a l a n c e o f t h e RFo M a g d a l e n a b a s i n , u p s t r e a m o f P t o . S a l g a r . 

F o r a t i m e - p e r i o d A t t h e w a t e r - b a l a n c e e q u a t i o n c a n be e x p r e s s e d a s : 

t + A t 

S ( t ) + J ( P - E - R ) d t = S ( t + A t ) ( 2 . 3 . 3 ) 

t 

i n w h i c h : 

P = p r e c i p i t a t i o n ( m m / y e a r ) 

E = e v a p o - t r a n s p i r a t i o n ( m m / y e a r ) 

R = r u n o f f ( m m / y e a r ) 

S = s t o r a g e (mm) 
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S e t t i n g up t l i i s s t o r a g e - e q u a t i o n f o r a t i n j e - p e r i o d o f o n e y e a r , t h e d i f f e r e n c e i n 

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

t h e o t h e r t e r m s i n E q . ( 2 . 3 . 3 ) . C o n s e q u e n t l y , E q . ( 2 . 3 . 3 ) c a n be s i m p l i f i e d t o : 

t + A t 

ƒ ( P - E - R ) d t = 0 {2.3.h) 

t 

w i t h A t = o n e y e a r . 

T h e a m o u n t o f t h e y e a r l y r a i n f a l l has b e e n d e t e r m i n e d by means o f m o n t h l y r a i n f a l l -

d a t a ( s u p p l i e d by t h e SCMH) o f 52 s t a t i o n s i n t h e c a t c h m e n t a r e a u p s t r e a m o f P t o . S a l g a r . 

The a v e r a g e r a i n f a l l d e p t h o v e r t h i s a r e a has been c o m p u t e d w i t h t h e h e l p o f t h e T h i e s s e n 

m e t h o d [ 3 ] . ( T h i s m e t h o d d e f i n e s t h e z o n e o f i n f l u e n c e o f e a c h s t a t i o n by d r a w i n g l i n e s 

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

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

a s t h e e n c l o s e d g a u g e ) . I n t h i s way t h e a m o u n t o f t h e y e a r l y r a i n f a l l has b e e n d e t e r m i n e d 

f o r a p e r i o d o f 26 y e a r s ( I 9 ' i 5 - 1 9 7 1 ) . H o w e v e r , i n 3't o f t h e 52 s t a t i o n s t h e r a i n f a l l d a t a 

w e r e o n l y a v a i l a b l e f o r a p e r i o d o f 10 y e a r s ( 1 9 6 1 - 1 9 7 1 ) , a n d t h e a m o u n t o f r a i n f a l l f o r 

t h e r e m a i n i n g p e r i o d ( 1 9 ' 4 5 - I 9 6 l ) had t o be d e t e r m i n e d o n t h e b a s i s o f t h e d a t a o f s t a t i o n s 

w i t h l o n g e r i e c o r d s ( t h e l a t t e r a r e m a i n l y c o n c e n t r a t e d i n t h e D e p a r t a m e n t o de C u n d i n a m a r c a , 

s c h e m a t i c a l l y i n d i c a t e d by a r e a A i n F i g u r e 2 . 3 . 1 7 ) . 

F i g u r e 2 . 3 . 1 7 C a t c h m e n t A r e a o f t h e R f o M a g d a l e n a U p s t r e a m o f P t o . S a l g a r 
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T h i s has been d o n e by t h e i n t r o d u c t i o n o f a c o r r e c t i o n f a c t o r ( a ) w i c h i s t h e 

s t a t i s t i c a l mean o f t h e r a t i o b e t w e e n t h e r a i n f a l l d e p t h o f t h e t o t a l c a t c h m e n t a r e a (A+B) 

and t h a t o f a r e a A o n l y o v e r t h e p e r i o d 1 9 6 1 - 1 9 7 1 . The a v e r a g e c o r r e c t i o n f a c t o r i s 

d e t e r m i n e d as a = 1 . ' t 8 ( s e e T a b l e 2 . 3 . 3 ) . 

Y e a r P ( m m / y e a r ) 

a r e a A 

( 9 , 9 1 3 k m ' ) 

P ( n m / y e a r ) 

a r e a B 

( 4 6 , 6 0 0 k m ' ) 

P ( m m / y e a r ) 

t o t a l a r e a A+B 

( 5 6 , 5 1 3 k m ' ) 

a = ' < * * " ) 

Pa 

1 9 7 0 1 , 1 9 0 2 , 0 2 0 1 , 8 7 0 1 . 5 7 

6 9 1 , 1 3 0 1 , 8 9 0 1 , 7 5 3 1 . 5 5 

6 8 1 , 2 2 0 1 , 9 1 5 1 , 7 8 9 1 . 4 7 

6 7 1 , 1 5 0 1 , 6 8 5 1 , 5 8 6 1 . 3 8 

6 6 1 , 1 0 0 1 , 7 5 0 1 , 6 2 7 1 . 4 8 

6 5 1 , 0 9 0 1 , 7 3 5 1 , 6 1 3 1 . 4 8 

6 4 9 1 5 1 , 7 6 0 1 , 6 0 3 1 . 7 6 

6 3 1 , 3 0 0 1 , 8 3 0 1 , 7 3 0 1 . 3 3 

6 2 1 , 2 3 0 1 , 7 3 0 1 , 6 3 8 1 . 3 3 

1 9 6 1 1 , 1 3 0 1 , 7 7 0 1 , 6 5 2 1 . 4 6 

a = 1 . 4 8 

T a b l e 2 . 3 . 3 C o r r e c t i o n - f a c t o r ( a ) f o r Y e a r l y R a i n f a l l U p s t r e a m o f P t o . S a l g a r 

The y e a r l y r a i n f a l l has b e e n s u m m a r i z e d i n T a b l e 2 . 3 . 4 a n d F i g u r e 2 . 3 . 1 8 

( a n t i c i p a t i n g t h e f i n a l a n a l y s i s F i g u r e 2 . 3 . 1 8 shows t h e same t r e n d as t h e m e d i a n w a t e r -

l e v e l p l o t t e d i n F i g u r e 2 . 3 . 1 6 ) , 

â+b S«% 
( m m / y e a r ) < " " ' v e a r ) ( ^ / y ^ ^ ^ , ^ , , , „3^^ ) (^^^^ 

( T - 2 0 . 5 ° C ) 

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

6 9 1 , 7 5 3 9 6 5 7 6 8 2 . 5 5 9 7 0 5 4 7 

6 8 1 , 7 8 9 9 6 9 8 2 0 2 . 6 0 1 , 0 2 0 5 6 9 

6 7 1 , 5 8 6 9 3 9 6 4 7 2 . 6 5 1 , 0 6 0 5 9 2 

6 6 1 , 6 2 7 9 4 5 6 8 2 2 . 6 5 1 , 0 6 0 5 9 2 

6 5 1 , 6 1 3 9 4 3 6 7 0 2 . 9 0 1 , 2 4 0 6 9 2 

6 4 1 , 6 0 3 9 4 2 6 6 1 3 . 1 0 1 , 3 6 0 7 5 9 

6 3 1 , 7 3 0 9 6 1 7 ' 6 9 3 . 3 0 1 , 5 2 0 8 4 8 

6 2 1 , 6 3 8 9 4 7 6 9 1 3 . 5 0 1 , 6 7 0 9 3 3 

6 1 1 , 6 5 2 9 5 0 7 0 2 3 . 1 0 1 , 3 6 0 7 5 9 

6 0 1 , 6 9 6 9 5 2 7 4 4 - - -
5 9 1 , , 8 6 8 9 8 2 8 8 6 - - -
5 8 1 , , 2 3 3 8 5 3 3 8 0 - - -
5 7 1 , , 5 8 7 9 3 4 6 5 3 3 . 1 0 1 , , 3 6 0 7 5 9 

5 6 1 , , 8 5 5 9 8 0 8 7 5 3 . 6 5 1 , , 8 0 0 1 , 0 0 5 

5 5 2 , - 2 7 0 1 , 0 2 1 1 , 2 4 9 3 . 7 5 1 , , 8 8 0 1 , 0 5 0 

5 4 1 , 8 7 3 9 8 1 8 9 2 3 . 4 5 1 , 6 5 0 9 2 1 

5 3 1 , 9 7 8 9 9 4 9 8 4 3 . 6 0 1 , 7 4 0 9 7 2 

5 2 1 , 7 0 6 9 5 7 7 4 9 3 . 1 0 1 , 3 6 0 7 5 9 

5 1 2 , 2 0 1 1 , 0 1 5 1 , 1 8 6 3 . 8 0 1 , 9 1 0 1 , 0 6 7 

5 0 1 , 9 4 9 9 8 9 9 6 0 3 . 9 0 2 , 0 0 0 1 , 1 1 8 

4 9 1 , 5 7 2 9 3 7 6 3 5 3 . 1 5 1 , 4 0 0 7 8 1 

4 8 1 , 3 0 1 8 7 4 4 2 7 2 . 6 5 1 , 0 6 0 5 9 2 

4 7 1 , 6 5 6 9 5 0 7 0 6 2 . 8 0 1 , 1 6 0 6 4 8 

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

1 9 4 5 1 , 6 5 0 9 4 8 7 0 2 2 . 6 0 1 , 0 2 0 5 6 9 

T a b l e 2 . 3 . 4 R a i n f a l l , E v a p o - t r a n s p i r a t i o n a n d R u n o f f U p s t r e a m o f P t o , S a l g a r 
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• YEARLr miNFALL 

> S-YFAfi MOVm 
A^EUSE 

70 I.S7I 

— YEARS 

F i g u r e 2 . 3 . 1 8 Y e a r l y R a i n f a l l U p s t r e a m o f P t o . S a l g a r 

The a c t u a l y e a r l y e v a p o - t r a n s p i r a t i o n has b e e n c a l c u l a t e d w i t h T u r c ' s f o r m u l a 

i f 

0 . 9 + 
(P)^ 

( L ( T ) ) = 
> 0 . 1 ( 2 . 3 . 5 a ) 

( L ( T ) ) ' 

a n d : 

(P) = 

( L ( T ) ) = 

< 0.1 
( 2 . 3 . 5 b ) 

The t e r m s i n t h e Eq . ( 2 . 3 . 5 ) r e p r e s e n t : 

Ë = mean a c t u a l e v a p o - t r a n s p i r a t i o n ( m m / y e a r ) 

3 

P = mean y e a r l y r a i n f a l l ( m m / y e a r ) 

L ( T ) = 325 + 21T + 0 . 9 T ^ 

T = mean y e a r l y t e m p e r a t u r e i n °C 

The t e r m L ( T ) c a n be s e e n as t h e p o t e n t i a l e v a p o - t r a n s p i r a t i o n ( t h e e v a p o -

t r a n s p i r a t i o n u n d e r o p t i m a l a v a i l a b i l i t y o f w a t e r ) , b e c a u s e i f P - > o o , E^ a p p r o a c h e s 

L ( T ) . The f u n c t i o n L ( T ) , p r e s e n t e d a b o v e , has b e e n p r o p o s e d by L a n g b e i n as a c o r r e c t i o n 

o n T u r c ' s f o r m u l a f o r h i g h e r t e m p e r a t u r e s [ 5 ] . 

I n t h e a b s e n c e o f b e t t e r d a t a a c o n s t a n t mean t e m p e r a t u r e o f 2 0 . 5 ° C ( d e t e r m i n e d 

f r o m t h e i s o t h e r m a l map g i v e n i n t h e " A t l a s d e C o l o m b i a " , 2 n d e d i t i o n , 1 9 6 9 ) has b e e n 

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

v a r i a t i o n i n t h e mean y e a r l y t e m p e r a t u r e o f a b o u t 3 ° C . T h i s means t h a t , a p a r t f r o m t h e 

p o s s i b l e e r r o r by t h e s e l e c t i o n o f t h e T u r c / L a n g b e i n f o r m u l a (Eq . 2 . 3 . 5 ) , a v a r i a t i o n o f 

a b o u t 100 m m / y e a r i n t h e e v a p o - t r a n s p i r a t i o n c a n be e x p e c t e d , due t o t h e v a r i a t i o n i n 

t e m p e r a t u r e ( s e e F i g u r e 2 . 3 . 1 9 ) . The c a l c u l a t e d y e a r l y a m o u n t o f e v a p o - t r a n s p i r a t i o n f o r 

t h e p e r i o d 1 9 4 5 - 1 9 7 1 has a l s o b e e n g i v e n i n T a b l e 2 . 3 . 4 . 
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A c c o r d i n g t o E q . ( 2 . 3 . 4 ) t l i e s u b t r a c t i o n o f f r o m P y i e l d s t h e y e a r l y r u n o f f . 

The m e d i a n r u n o f f has a l s o b e e n d e t e r m i n e d f r o m t h e m e d i a n w a t e r - l e v e l by means o f t h e 

s t a g e - d i s c h a r g e r e l a t i o n e s t a b l i s h e d f o r t h e P t o . S a l g a r g a u g e ( s e e T a b l e 2 . 3 . 4 a n d 

F i g u r e 2 . 3 . 2 0 ) . From t h e s e v a l u e s t h e 5 - y e a r m o v i n g a v e r a g e s h a v e b e e n c o m p u t e d 

( T a b l e 2 . 3 . 5 ) . 

a: t,400 

ifiOO 

eoo 

600 

400 

200 

0 

P-C 13SI - I.S70 

P-e EXTRAPOLATED FROM AREA A FOR AREA lAtBI 

« 5 0 X 70TAL AREA <A,BI 

— 

1 

r 

1 

— 

l l l l t i l I l l I I I l l l l - I < 1 > 1 1 1 1 1 \ 1 \ 1 , 1 1 1 
55 60 es 70 (.971 

YEARS 

F i g u r e 2 . 3 . 2 0 C o m p a r i s o n b e t w e e n " M e a s u r e d " a n d C o m p u t e d R u n o f f 
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5 - y e a r m o v i n g n - 1 - •A n=i ~k n = i - ' i 
a v e r a g e 

n=i n=I 

( T . 2 0 . 5 ° C ) 

1 9 7 0 - 6 6 1 , 7 2 5 7 6 5 5 9 0 

6 9 - 6 5 1 , 6 7 4 7 2 1 5 9 8 

6 8 - 6 4 1 , 6 4 4 6 9 6 6 4 1 

6 7 - 6 3 1 , 6 3 2 6 8 6 6 9 7 

6 6 - 6 2 1 , 6 4 2 6 9 5 7 6 5 

6 5 - 6 1 1 , 6 4 7 6 9 9 7 9 8 

6 4 - 6 0 1 , 6 6 4 7 1 3 -
6 3 - 5 9 1 , 7 1 ' 7 7 5 8 -
6 2 - 5 8 1 , 6 1 7 6 8 1 -
6 1 - 5 7 1 , 6 0 7 6 7 3 -
6 0 - 5 6 1 , 6 4 8 7 0 8 -
5 9 - 5 5 1 , 7 6 3 8 0 9 -
5 8 - 5 4 1 , 7 6 4 8 1 0 -
5 7 - 5 3 1 , 9 1 3 9 3 1 9 4 1 

5 6 - 5 2 1 , 9 3 6 9 5 0 9 4 1 

5 5 - 5 1 2 , 0 0 6 1 , 0 1 2 9 5 4 

5 4 - 5 0 1 , 9 4 1 9 5 4 9 6 7 

5 3 - 4 9 1 , 8 8 1 9 0 3 9 3 9 

5 2 - 4 8 1 , 7 4 6 7 9 1 8 6 3 

5 1 - 4 7 1 , 7 3 6 7 8 3 8 4 1 

5 0 - 4 6 1 , 5 4 8 6 2 6 7 4 8 

1 9 4 9 - 4 5 1 , 4 8 9 5 7 5 6 5 4 

T a b l e 2 . 3 . 5 F i v e - y e a r M o v i n g A v e r a g e o f R a i n f a l l , E f f e c t i v e R a i n f a l l , and R u n o f f 

U p s t r e a m o f P t o . S a l g a r 
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F i g u r e 2 . 3 . 2 1 C o m p a r i s o n b e t w e e n M e a s u r e d a n d C o m p u t e d R u n o f f a t P t o . S a l g a r 
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As c a n be s e e n f r o m F i g u r e 2 . 3 . 2 1 , t f i e c o m p u t e d r u n o f f s l i ows t h e same t e n d e n c y 

as t h e m e a s u r e d o n e . F rom t h i s a n a l y s i s t h e c o n c l u s i o n c a n be d r a w n t h a t t h e i n c r e a s e 

o f t h e m e d i a n w a t e r - l e v e l s o v e r t h e p e r i o d 1 9 4 8 - 1 9 5 5 c a n be e x p l a i n e d by an i n c r e a s e o f 

t h e t o t a l a m o u n t o f r a i n f a l l . B e t w e e n 1965 a n d 1972 t h e a g r e e m e n t i s l e s s t h a n i n t h e 

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

o b v i o u s e x p l a n a t i o n w o u l d be t h a t d u r i n g t h e p e r i o d I 9 6 5 - I 9 7 I e i t h e r : 

- The c l i m a t e has c h a n g e d , c a u s i n g an i n c r e a s e i n t e m p e r a t u r e a n d c o n s e q u e n t l y 

h i g h e r e v a p o - t r a n s p i r a t i o n ; o r 

- t h e o b s e r v e d w a t e r - l e v e l s a t t h e P t o . S a l g a r g a u g e a r e l e s s r e l i a b l e . 

A f t e r t h e s e comments on t h e r e l i a b i l i t y o f t h e z e r o - l e v e l o f t h e g a u g e a t P t o . S a l g a r 

a n d t h e r e l a t i o n b e t w e e n t h e w a t e r - l e v e l v a r i a t i o n s a n d t h e r a i n f a l l d a t a i n t h e RTo 

M a g d a l e n a b a s i n u p s t r e a m o f P t o . S a l g a r , t h e w a t e r - l e v e l d a t a o f t h e o t h e r m a i n g a u g e -

s t a t i o n s a l o n g t h e RFo M a g d a l e n a ( P t o . B e r r F o , B a r r a n c a b e r m e j a a n d P t o . W i l c h e s ) w i l l now 

be c o n s i d e r e d . The w a t e r - l e v e l d a t a o f t h e C a l a m a r g a u g e c a n n o t be t a k e n i n t o a c c o u n t 

b e c a u s e o f t h e g r e a t d i s t a n c e f r o m t h e n e a r e s t g a u g e ( P t o . W i l c h e s ) , t h e v a s t s t o r a g e 

a r e a s a l o n g t h e RFo M a g d a l e n a a n d t h e i n f l u e n c e o f t h e RFo Cauca a n d ( a l t h o u g h l e s s i m ­

p o r t a n t ) t h e RFo C é s a r . 

To s t a r t w i t h , t h e h y d r o g r a p h s o f t h e f o u r m a i n g a u g e s t a t i o n s ( P t o . S a l g a r i n c l u d e d ) 

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

A D E N A V I ) , t h e c o m p l e t e n e s s o f t h e h y d r o g r a p h s , a n d t h e l i n k i n g o f t h e h y d r o g r a p h s i n t h e 

c o n s e c u t i v e y e a r s ( t h e d i f f e r e n c e i n w a t e r - l e v e l r e c o r d e d o n December 31 i n t h e f o r e g o i n g 

y e a r a n d J a n u a r y 1 i n t h e f o l l o w i n g y e a r ) . The l a t t e r i n f o r m a t i o n m u s t n o t be r e g a r d e d 

as a d i f f e r e n c e i n z e r o - l e v e l o f t h e g a u g e i n t h e c o n s e c u t i v e y e a r s a s a l l o w a n c e m u s t a l s o 

be made f o r a w a t e r - l e v e l v a r i a t i o n o c c u r r i n g b e t w e e n t h e g a u g e r e a d i n g o n D e c e m b e r 31 a n d 

t h a t o n J a n u a r y 1 . A l l t h i s i n f o r m a t i o n i s p r e s e n t e d i n T a b l e 2 . 3 . 6 . 

Llrblng HFtilng Data 

71.80 
71.80 
71.ao 
71.80 

71.80 
71.80 

71.80 
71.80 

71.80 
71.80 

71.80 
71.80 

59 62.55 

whole year 

T a b l e 2 . 3 . 6 Check o n H y d r o g r a p h s o f P t o . S a l g a r , P t o , B e r r F o , B a r r a n c a b e r m e j a a n d 

P t o . W i l c h e s 
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T h e m e d i a n y e a r l y d i s c h a r g e s o f t h e s e f o u r m a i n • g a u g e - s t a t i o n s w e r e t h e n c o m p u t e d 

f r o m t h e m e d i a n w a t e r - l e v e l by means o f t h e s t a g e - d i s c h a r g e r e l a t i o n s ( t h e s e r e l a t i o n s 

a r e g i v e n i n P a r a . 3.5.3). T h e m e d i a n w a t e r - l e v e l s o f t h e m a i n g a u g e s t a t i o n s a r e c o m p i l e d 

i n T a b l e 2.3.7. 

Y e a r 
M e d i a n W a t e r - l e v e l a t Gauge - s t a t i o n 

Y e a r 

Med ian W a t e r - l e v e l a t G a u g e - s t a t i o n 

Y e a r 
P t o . P t o . B a r r a n c a ­ P t o . 

Y e a r 
P t o . P t o . B a r r a n c a ­ P t o . 

S a l g a r B e r r F o b e r m e j a • W i l c h e s S a l g a r B e r r f o b e r m e j a W i l c h e s 

1 9 7 1 1 . 9 5 2 . 9 0 1 9 5 2 3 . 1 0 1 5 5 - 2 . 4 0 

7 0 2 . 8 0 1 . 6 0 2 . 4 5 2 . 4 5 5 1 3 . 8 0 1 6 5 - 2 . 5 0 

6 9 2 . 5 5 1 . 3 0 2 . 2 5 2 . 1 5 5 0 3 . 9 0 2 0 0 2 . 5 0 * 2 . 9 0 

6 8 2 . 6 0 1 . 6 5 2 . 6 0 2 . 5 0 4 9 3 . 1 5 1 6 5 2 . 2 5 * 2 . 2 0 

6 7 2 . 6 5 1 . 2 0 2 . 0 5 2 . 0 5 4 8 2 . 6 5 1 2 5 - 2 . 1 5 

6 6 

6 5 

2 . 6 5 

2 . 9 0 

1 . 2 0 

1 . 0 5 

2 . 2 0 

1 . 8 5 

2 . 0 0 

1 . 9 5 

4 7 

4 6 

2 . 8 0 * 

2 . 7 0 

1 

1 

6 5 

5 0 1 . 9 0 * 

2 . 0 0 

1 . 8 0 * 

1 . 9 5 * 
6 4 3 . 1 0 1 . 2 5 2 . 4 0 2 . 1 5 4 5 2 . 6 0 1 4 5 1 . 2 0 / 2 . 2 0 * * 

2 . 0 0 

1 . 8 0 * 

1 . 9 5 * 

6 3 3 . 3 0 1 . 3 0 2 . 0 0 2 . 0 0 4 4 2 . 5 0 1 6 0 2 . 3 0 1 . 9 0 

6 2 3 . 5 0 1 . 5 5 2 . 1 5 1 . 9 5 4 3 2 . 6 0 1 7 5 2 . 2 0 2 . 1 5 

6 1 3 . 1 0 1 . 4 0 2 . 1 0 1 . 7 9 * 4 2 2 . 0 0 1 5 5 2 . 3 5 1 . 9 0 

6 0 - - - - 4 1 1 . 7 5 1 2 0 1 . 9 0 1 . 5 5 

5 9 3 . 2 0 1 . 4 0 2 . 0 0 1 . 8 5 4 0 1 . 6 5 1 2 5 1 . 8 0 1 . 3 5 * 

5 8 - 1 . 2 5 1 . 9 0 - 3 9 1 . 9 5 1 4 5 1 . 9 0 1 . 6 0 * 

5 7 3 . 1 0 - 2 . 1 5 - 3 8 2 . 7 0 1 8 0 * 2 . 6 0 2 . 5 0 

5 6 3 . 6 5 1 . 9 5 2 . 6 0 1 . 6 0 3 7 1 . 9 5 1 6 5 2 . 0 5 2 . 0 5 

5 5 3 . 7 5 2 . 1 0 2 . 7 0 - 3 6 1 . 4 5 1 2 5 - 1 . 3 0 

5 4 3 . 4 5 2 . 3 0 2 . 9 5 * 1 . 6 5 3 5 - - 2 . 1 0 

1 9 5 3 3 . 6 0 1 . 6 5 - 1 . 9 5 1 9 3 4 1 . 7 5 

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

« * L e v e l s h i f t o f 1 . 0 0 m ( i n a g r e e m e n t w i t h T a b l e s 2 . 3 . 6 and 2 . 3 . 8 ) 

T a b l e 2.3.7 M e d i a n W a t e r - l e v e l s a t M a i n G a u g e - s t a t i o n s 

F i g u r e 2.3.22 S c h e m a t i z e d C a t c h m e n t A r e a s i n t h e RFo M a g d a l e n a B a s i n 

i»2 



I I , 2 . 3 

A c c o r d i n g t o t h e l a w o f c o n t i n u i t y , t h e mean y e a r l y r u n o f f m u s t i n c r e a s e i n a 

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

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

F i g u r e 2 . 3 . 2 2 . The chec l< o n t h e l a w o f c o n t i n u i t y i s g i v e n i n T a b l e 2 . 3 . 8 . 

Mean Y e a r l y R u n o f f a t Main G a u g e - s t a t i o n s 

Y e a r P t o . 

S a l g a r 

P t o . 

B e r r T o 

B a r r a n c a b e r m e j a P t o . 

W i l c h e s 

R ( t ) 

R ( t ) 

B a r r a n c a b e r m e j a 

+ 

RFo Sogamoso 

R e m a r k s 

1 9 7 1 2 , 9 7 0 3 , 6 0 0 

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

6 9 9 7 0 1 , 9 4 0 2 , 7 2 0 3 , 1 8 0 * ' -
6 8 1 , 0 2 0 2 , 4 5 0 3 , 1 6 0 3 , 7 5 0 3 , 7 0 7 

6 7 1 , 0 6 0 1 , 7 9 0 2 , 4 6 0 3 , 0 2 5 2 , 9 1 1 

6 6 1 , 0 6 0 1 , 7 9 0 2 , 6 7 0 2 , 9 4 0 -
6 5 1 , 2 4 0 1 , 5 7 5 2 , 2 3 0 2 , 8 8 0 2 , 7 2 2 

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

6 3 1 , 5 2 0 1 , 9 4 0 2 , 3 9 0 2 , 9 4 0 2 , 9 6 4 

6 2 1 , 6 7 0 2 , 2 9 5 2 , 6 0 0 2 , 8 0 0 3 , 0 8 5 

6 1 1 , 3 6 0 2 , 0 1 0 2 , 5 2 0 2 , 6 5 0 * ' 2 , 9 0 7 

6 0 - - - -
5 9 1 , 4 5 0 2 , 0 8 0 2 , 3 9 0 2 , 7 1 0 

5 8 - 1 , 8 6 0 2 , 2 7 0 -
5 7 1 , 3 6 0 - 2 , 6 0 0 -
5 6 1 , 8 0 0 2 , 9 7 0 3 , 1 6 0 2 , 3 1 0 no c o n t i n u i t y 

5 5 1 , 8 8 0 3 , 1 4 0 3 , 2 9 0 -
5 4 1 , 6 5 0 3 , 4 4 0 3 , 6 6 0 * ' 2 , 3 9 0 no c o n t i n u i t y 

5 3 1 , 7 4 0 2 , 4 5 0 - 2 , 8 8 0 

5 2 1 , 3 6 0 2 , 2 9 5 - 3 , 5 9 0 

5 1 1 , 9 1 0 2 , 4 5 0 

3 , 0 4 0 * ' 

3 , 7 5 0 

5 0 2 , 0 0 0 2 , 9 9 0 3 , 0 4 0 * ' 4 , 3 8 0 

4 9 

4 8 

1 , 4 0 0 

1 , 0 6 0 

2 , 4 5 0 

1 , 8 6 0 

2 , 7 2 0 * ' 3 , 2 6 0 

3 , 1 8 0 

4 7 1 , 1 6 0 * ' 2 , 4 5 0 

2 , 2 7 0 * ' 

2 , 9 4 0 

4 6 1 , 0 8 0 2 , 2 2 5 2 , 2 7 0 * ' 2 , 6 6 0 * ' 

4 5 1 , 0 2 0 2 , 1 5 0 1 , 5 8 0 / 2 , 6 7 0 * * ' 2 , 8 8 0 * ' c o n t i n u i t y i f I e v e ) 

4 4 9 4 0 2 , 3 7 0 2 , 7 8 0 2 , 8 0 0 s h i f t i s a p p l I ed 

4 3 1 , 0 2 0 2 , 6 0 0 2 , 6 7 0 3 , 1 8 0 

4 2 6 3 0 2 , 2 9 5 2 , 8 4 0 2 , 8 0 0 no c o n t i n u i t y 

4 1 5 0 0 1 , 7 9 0 2 , 2 7 0 2 , 2 2 0 no c o n t i n u i t y 

4 0 4 6 0 1 , 8 6 0 2 , 1 8 0 1 , 9 5 0 * ' no c o n t i n u i t y 

3 9 6 0 0 2 , 1 5 0 2 , 2 7 0 2 , 3 1 0 * ' 

3 8 1 , 0 8 0 2 , 6 7 5 * ' 3 , 1 6 0 3 , 7 5 0 

3 7 6 0 0 2 , 4 5 0 2 , 4 6 0 3 , 0 2 5 

3 6 3 7 0 1 , 8 6 0 1 , 9 0 0 

3 5 3 , 1 0 0 

1 9 3 4 2 , 5 5 0 

» D e d u c e d f r o m a p p r o x i m a t e d m e d i a n w a t e r - l e v e l 

* * L e v e i s h i f t o f 1 . 0 0 m 

T a b l e 2 . 3 . 8 Mean Y e a r l y R u n o f f a t M a i n G a u g e - s t a t i o n s 

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

c o n t r i b u t i o n o f t h e c a t c h m e n t a r e a b e t w e e n t h e s e t w o g a u g e s ( i n d i c a t e d i n F i g u r e 2 . 3 . 2 2 

w i t h 2 ) v a r i e s r o u g h l y b e t w e e n ' l OOm Vs a n d 1 , 5 0 0 m V s . T h i s means t h a t t h e y e a r l y r a i n f a l l 

i n t h i s a r e a m u s t r a n g e f r o m 1 , 1 0 0 - 4 , 1 0 0 m m / y e a r . The a v a i l a b l e d i s c h a r g e d a t a o f t h e 

t h r e e m a i n a f f l u e n t s i n t h i s a r e a ( t h e RFos N e g r o , La M i e l and N a r e ) as w e l l a s t h e d a t a 

o f t h e i s o h y e t a l map p r e s e n t e d i n t h e " A t l a s de C o l o m b i a " s u p p o r t a h i g h a m o u n t o f 

r a i n f a l 1 i n t h i s a r e a . 
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A c o m p a r i s o n b e t w e e n t l i e d a t a o f P t o . B e r r f o a n d B a r r a n c a b e r m e j a shows t h a t t h e 

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

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

e x p l a n a t i o n s w h i c h n e e d t o be c o n s i d e r e d a r e : a l e s s a c c u r a t e s t a g e - d i s c h a r g e 

r e l a t i o n s h i p a n d / o r a l e s s a c c u r a t e m e d i a n w a t e r - l e v e l . I n 1945 t h e g a u g e a t B a r r a n c a ­

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

( s e e T a b l e 2.3.8). 

F o r t h e p e r i o d 1961-1971 t h e m e d i a n y e a r l y d i s c h a r g e a t P t o . W i l c h e s ( f i f t h c o l u m n 

o f T a b l e 2.3.8) has b e e n c o m p a r e d w i t h t h e sum o f t h e d i s c h a r g e a t B a r r a n c a b e r m e j a a n d t h e 

r u n o f f o f t h e RTo Sogamoso ( s i x t h c o l u m n ) . T h e s e f i g u r e s a g r e e r e a s o n a b l y w e l l . T h e 

z e r o - l e v e l s o f t h e g a u g e a t P t o . W i l c h e s , as m e n t i o n e d o n t h e h y d r o g r a p h s , m u s t be w r o n g 

i n t h e p e r i o d 1954-1956, w h i l e t h e v a l u e s i n t h e p e r i o d 1940-1942 m u s t be t r e a t e d w i t h 

s u s p i c i o n . 

S u m m a r i z i n g t h e f o r e g o i n g a n a l y s i s , i t c a n be c o n c l u d e d t h a t no s y s t e m a t i c s h i f t s 

o f t h e g a u g e s ( r e s u l t i n g i n o t h e r z e r o - l e v e l s o f t h e g a u g e s t h a n t h o s e m e n t i o n e d o n t h e 

h y d r o g r a p h s ) c a n be p o i n t e d o u t . N e v e r t h e l e s s , i n c i d e n t a l s h i f t s o f t h e g a u g e s , as f a r as 

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

mended t h a t i n f u t u r e t h e a g e n c y r e s p o n s i b l e f o r t h e g a u g e n e t w o r k u s e s t h e z e r o - l e v e l s 

as g i v e n i n T a b l e 2.3.8. F o r t h e p r e s e n t , i t s u f f i c e s t o c o n c l u d e t h a t a l o n g t h e RTo 

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

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

r a t i o n s o f t h e t o t a l r e c o r d s o f w a t e r - l e v e l d a t a (1936 - 1 9 7 1 ) as c a r r i e d o u t by t h e M i s s i o n . 

T h e d a t a o f t h e g a u g e - s t a t i o n s a l o n g t h e C a n a l d e l D i q u e w i l l now be c o n s i d e r e d . 

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

b e e n g i v e n i n T a b l e 2.3.1. I n a d d i t i o n t o t h e s e g a u g e s a n e t o f b e n c h m a r k s a l o n g t h e 

C a n a l d e l D i q u e i s a v a i l a b l e w h i c h was i n s t a l l e d by M a n t i l l a ( D I C O N / J u n t a d e l C a n a l d e l 

D i q u e ) [ 6 , 7 ] and w h i c h has b e e n u s e d as a r e f e r e n c e f o r a l l t h e w a t e r - l e v e l d a t a g a t h e r e d 

a t an e a r l i e r d a t e . To be a b l e t o make a c o m p a r i s o n w i t h t h e d a t a g a t h e r e d by t h e M i s s i o n , 

t h e l a t t e r h a v e a l s o b e e n r e l a t e d t o t h e n e t o f M a n t i l l a . One r e m a r k m u s t be made h e r e . 

I n C o l o m b i a i t i s common p r a c t i c e t o e x p r e s s t h e l e v e l o f M . S . L . a l o n g t h e C a n a l d e l 

D i q u e as 100, i n s t e a d o f z e r o as u s e d a l o n g t h e R i o M a g d a l e n a . To p r e v e n t c o n f u s i o n , a n d 

i n a c c o r d a n c e w i t h t h e d a t a o f t h e R ' o M a g d a l e n a , a l l t h e l e v e l s g i v e n i n t h i s R e p o r t 

( a s f a r as t h e y a r e r e l a t e d t o M . S . L . ) r e f e r t o a M . S . L . o f z e r o . 

F rom t h e a v a i l a b l e d a t a t h e c o n c l u s i o n c a n be d r a w n t h a t M . S . L . i n t h e B a h f a de 

C a r t a g e n a i s + 0.33m ( o r 100.33 m i f t h e z e r o o f t h e n e t o f t h e J u n t a d e l C a n a l d e l 

D i q u e / D I C O N i s r e f e r r e d t o as 100). 

L e v e l l i n g s c a r r i e d o u t by t h e M i s s i o n showed some d i s c r e p a n c i e s I n t h e n e t o f 

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

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

C a n a l d e l D i q u e . N e v e r t h e l e s s , t h e d a t u m s w h i c h w e r e d e r i v e d f r o m t h e a v a i l a b l e i n f o r ­

m a t i o n a n d u s e d by t h e M i s s i o n a r e g i v e n i n T a b l e 2.3.9. 
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D e s c r i p t i o n / L o c a t i o n J u n t a d e l 

C a n a l d e l D i q u e / 

M a n t i l l a (D ICON) 

R e l a t e d 

t o H . S . L . 

(= 0 m) 

IGflC 

BH DICON No. 1 1 0 2 . 1 1 3 1 . 7 8 3 

BH DICON No. 0l<5 1 3 0 . 7 0 0 3 0 . 3 7 0 

BH DICON Ho. 059 1111.923 I I 1 . 5 9 3 

BH fl. CODflZZI No. 131 1 1 . / i l / 

BH A . CODflZZI No. 179 6 . 0 9 7 

BH JUNTfl No. 11 (Gambote ) 1 0 l | . 8 l 9 •1M9 11.202 

C a r a r e , b a s e o f a u t o m a t i c g a u g e 1 0 1 . 2 8 2 0 . 9 5 2 

P i e d r a c i t a s , b a s e o f a u t o m a t i c g a u g e 1 0 1 . 5 2 6 1 . 1 9 6 

BH C h u r c l i P a s a c a b a l l o s 1011.136 3 . 8 0 6 3 . 5 0 8 

P a s a c a b a l l o s , z e r o o f g a u g e 9 9 . 9 7 6 - 0 . 3 5 ' ! 

BH L e q u e r i c a 1 0 1 . 3 3 ' ! 1 .ook 

L e q u e r i c a , b a s e o f a u t o m a t i c g a u g e 1 0 1 . 7 1 5 1 . 3 8 5 

R e c r e o , monument 1 0 3 . 5 5 5 3 . 2 2 5 

R e c r e o , z e r o o f g a u g e 1 0 0 . l | 5 5 0 . 1 2 5 

BH H a t u n I 1 la 101 .klii 1 . 1 1 3 

H a t u n i l l a , b a s e o f a u t o m a t i c g a u g e 101.81i9 1 . 5 1 9 

Z e r o o f g a u g e s a l o n g t h e Cano H a t u n i l l a , F2 1 0 0 . 0 6 3 - 0 . 2 6 7 

F 3 1 0 0 . 0 4 5 - 0 . 2 8 5 

Fit 9 9 . 8 9 8 - 0 . l l 3 2 

F 5 9 9 . 9 3 5 - 0 . 3 9 5 

F6 9 9 . 8 5 9 - O . V l 
C o r r e a , b a s e o f a u t o m a t i c g a u g e 1 0 2 . 5 3 6 2 . 2 0 6 

T a b l e 2.3.9 Da tums o f B e n c h m a r k s a n d Z e r o - l e v e l s o f Gauges a l o n g t h e C a n a l d e l D i q u e 

F o r a l l t h e l e v e l s o f t h o s e b e n c h m a r k s w h i c h a r e n o t i n c l u d e d i n T a b l e 2.3.9, t h e 

v a l u e s as u s e d by M a n t i l l a [6,7] s h o u l d be k e p t . H o w e v e r , i t I s i m p o r t a n t t o f u r t h e r 

c h e c k t h e l e v e l s o f a l l t h e b e n c h m a r k s a l o n g t h e C a n a l d e l D i q u e . In t h e c o u r s e o f t h e 

s t u d y i t was s u g g e s t e d t h a t t h e IGAC be a s k e d t o c a r r y o u t a new l e v e l l i n g i n t h e l o w e r 

r e g i o n o f t h e C a n a l d e l D i q u e , b u t t h e s e d a t a a r e n o t y e t a v a i l a b l e . As s o o n as t h e y a r e , 

i t i s r ecommended t h a t a l l t h e b e n c h m a r k s o f t h e n e t o f t h e J u n t a d e l C a n a l d e l D i q u e 

(DICON) a r e l e v e l l e d a n d r e l a t e d t o t h e new n e t o f IGAC. The l e v e l l i n g o f t h e g a u g e s a t 

C a r a r e (BahFa d e C a r t a g e n a ) , P i e d r a c i t a s (BahFa de B a r b a c o a s ) , L e q u e r i c a , M a t u n i I l a a n d 

C o r r e a s h o u l d t h e n be r e p e a t e d t o o . 

F rom s e v e r a l l e v e l l i n g s as c a r r i e d o u t by t h e M i s s i o n i t f o l l o w s t h a t t h e z e r o o f 

t h e n e t o f DICON l i e s 0.62 m b e l o w t h e z e r o as a p p l i e d by IGAC. M a n t i l l a m e n t i o n e d i n 

h i s R e p o r t s t h a t he u s e d t h e same b a s e as e s t a b l i s h e d i n t h e p a s t by t h e J u l i u s B e r g e r 

K o n s o r t i u m w h i c h u s e d M . S . L . a t - B o c a s de C e n i z a as a r e f e r e n c e . T h i s a p p e a r s s t r a n g e , 

b e c a u s e a d i f f e r e n c e o f 0.62 m was a l s o f o u n d i n t h e c o m p a r i s o n b e t w e e n M a n t i l l a a n d 

IGAC, w h i l e t h e l a t t e r u s e s M . S . L . as a r e f e r e n c e t o o ( o b t a i n e d f r o m r e c o r d s a t s e v e r a l 

p l a c e s a l o n g t h e C a r i b b e a n a n d P a c i f i c C o a s t ) . 

The g a u g e i n C a l a m a r was l e v e l l e d by t h e M i s s i o n a number o f t i m e s t o t h e b e n c h ­

m a r k ( N o . 26N7, 1970) o f IGAC, l o c a t e d c l o s e t o t h e c h u r c h . I t a p p e a r e d t h a t t h e z e r o 

o f t h i s g a u g e l i e s 0.35 m b e l o w M . S . L . 
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2.3.5. R e d u c t i o n - l e v e l s 

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

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

l e v e l i s r e q u i r e d . I n C o l o m b i a i t i s t h e p r a c t i c e t o r e l a t e a l l w a t e r - l e v e l s t o M . S . L . 

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

A r i v e r o p e r a t o r n e e d s t o know t h e L e a s t A v a i l a b l e D e p t h ( L . A . D . ) i n a c e r t a i n r i v e r 

s t r e t c h i n r e l a t i o n t o t h e p e r t a i n i n g w a t e r s t a g e s a n d , t h e r e f o r e , t h e r e d u c t i o n - 1 e v e l 

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

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

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

c a n n o t be f o l l o w e d ) . 

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

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

t h e p r o b a b i l i t y o f t h e o c c u r r e n c e o f a l o w e r w a t e r - l e v e l f o r a c e r t a i n d u r a t i o n i s e q u a l ; 

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

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

T h e r e d u c t i o n - l e v e l , t h e s o - c a l l e d Low R i v e r L e v e l ( L . R . L . ) , w h i c h has b e e n 

a d o p t e d by t h e M i s s i o n i s d e f i n e d as t h e l e v e l w i t h an e x c e e d a n c e o f 3 5 % o f t h e y e a r . 

T h i s means t h a t o n an a v e r a g e o n l y d u r i n g 18 d a y s o f a y e a r w i l l t h e a c t u a l w a t e r - l e v e l 

be l o w e r t h a n t h e L . R . L . 

A s t u d y o f t h e d e f i n i t i o n o f t h e L . R . L . makes i t c l e a r t h a t t h e r e d u c t i o n - l e v e l 

m u s t be d e t e r m i n e d f r o m t h e a v e r a g e d u r a t i o n - c u r v e s a n d n o t f r o m t h e 501 d u r a t i o n , 

b e c a u s e t h e a c t u a l w a t e r - l e v e l m u s t on an a v e r a g e be l o w e r o n l y d u r i n g 18 d a y s o f a y e a r . 

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

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

be c o n s i d e r e d as an a c t u a l o c c u r r i n g w a t e r s t a g e . The L . R . L . v a l u e s ( a s r e a d o n t h e 

g a u g e ) as t h e y w e r e a d o p t e d by t h e M i s s i o n a l o n g t h e RFo M a g d a l e n a and t h e C a n a l d e l 

D i q u e a r e g i v e n i n T a b l e 2.3.10. 

RTo M a g d a l e n a C a n a l d e l D i q u e 

S t a t i o n L . R . L . (m) S t a t i o n L . R . L . m) 

P t o . S a l g a r (km 887) 1 . 6 8 C a l a m a r (km 0 ) 2.13 
P t o . I n m a r c o (km 7 7 3 ) 0 . 2 0 S t a . L u c T a (km 10 ) 1 .95 
P t o . B e r r l o (km 7 3 0 ) 0 . 6 0 S o p l a v i e n t o (km 3 3 ) 1 M 

B a r r a n c a b e r m e j a (km 6 3 1 ) 0 . 9 9 Gambote (km 6 6 ) 0 . 7 0 

P t o . W i l c h e s (km 5 9 7 ) 0 . 7 5 C o r r e a (km 8 2 . 5 ) 0.51 
C a l a m a r (km 91) 2 . 1 3 H a t u n i l l a (km 100 ) 0 . 3 0 

L e q u e r i c a (km 108 ) 0 .21 

G a m a r r a (km 4 7 3 ) 36.70(above B a h T a de B a r b a c o a s 0.12 ( L . L . W . S . ) 

H . S . L . ) 
B a h T a de C a r t a g e n a 0.12 ( L . L . W . S . ) 

T a b l e 2.3.10 L . R . L . V a l u e s as Read o n t h e Gauge 

Some r e m a r k s a r e n e c e s s a r y a b o u t some o f t h e Low R i v e r L e v e l s ( a s p r e s e n t e d i n 

T a b l e 2.3.10). F o r t h o s e g a u g e - s t a t i o n s w i t h a l o n g r e c o r d o f w a t e r - l e v e l d a t a , t h e 

L . R . L . v a l u e s h a v e b e e n d e t e r m i n e d f r o m t h e a v e r a g e d u r a t i o n - c u r v e s , w h i l e f o r t h o s e 

g a u g e - s t a t i o n s w i t h o n l y a s h o r t r e c o r d o f w a t e r - l e v e l d a t a , t h e L . R . L . v a l u e s h a v e b e e n 

d e t e r m i n e d f r o m o t h e r s o u r c e s . A l o n g t h e RFo M a g d a l e n a t h e L . R . L . a t P t o . I n m a r c o (0.20 m) 

c o u l d be f o u n d by means o f t h e " l i n e o f e q u a l d i s c h a r g e " f o r t h e m e a s u r i n g - s t a t i o n s o f 
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P t o . I n m a r c o a n d P t o . B e r r F o ( t h i s i s f u r t h e r t r e a t e d i n P a r a . 2 . 5 ) . The L . R . L . a t t h e 

G a m a r r a s t a t i o n was f o u n d f r o m t h e a v a i l a b l e r e c o r d o f w a t e r - l e v e l d a t a ( w h i c h c o v e r e d 

a p e r i o d o f a b o u t 10 y e a r s ) and c o u l d o n l y be d e t e r m i n e d i n r e l a t i o n t o M . S . L . , t o w i t , 

3 6 . 7 0 m a b o v e M . S . L . ( t h i s v a l u e c o r r e s p o n d e d t o a l e v e l o f 1 . 2 8 m o n t h e g a u g e w h i c h was 

i n s t a l l e d by t h e M i s s i o n , b u t w a s h e d away by t h e c u r r e n t i n 1 9 7 2 ) . 

The p a t h o f t h e L . R . L . a l o n g t h e RFo M a g d a l e n a i s p r e s e n t e d i n F i g u r e 2 . 3 . 2 3 . F o r 

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

A t t h e g a u g e - s t a t i o n C a l a m a r t h e L . R . L . c o u l d a l s o be f o u n d f r o m an a v e r a g e d u r a t i o n -

c u r v e . By means o f r e l a t i o n - c u r v e s ( P a r a . 2 . 5 ) t h e L . R . L . c o u l d be e x t e n d e d a l o n g t h e 

C a n a l d e l D i q u e up t o S t a . LucFa a n d G a m b o t e . F o r S o p l a v i e n t o t h e r e d u c t i o n - l e v e l was 

a d o p t e d a s 1 . 4 4 m f o u n d f r o m t h e i n t e r p o l a t i o n b e t w e e n t h e L . R . L . v a l u e s a t S t a . L u c F a 

and G a m b o t e . 

B e f o r e d e a l i n g w i t h t h e L . R . L . ' s i n t h e L o w e r C a n a l d e l D i q u e a r e a , some r e m a r k s 

m u s t be made r e g a r d i n g t h e t i d a l i n f l u e n c e o n t h e d e f i n i t i o n o f t h e L . R . L . I n f a c t , a n o t h e r 

r e d u c t i o n - l e v e l has t o be d e t e r m i n e d i n c o a s t a l r e g i o n s , i n v i e w o f t h e t i d e p e n e t r a t i n g 

i n l a n d ( a n o t h e r n o t a t i o n i s t h e r e f o r e o f t e n u s e d : C h a r t Da tum o r S t a n d a r d Low W a t e r ) . 

N e v e r t h e l e s s , a t sea t h e r e d u c t i o n - l e v e l m u s t c o i n c i d e w i t h t h e r e f e r e n c e l e v e l i n u s e . 

D i f f e r e n t m e t h o d s a r e u s e d t o d e f i n e t h e r e d u c t i o n - 1 e v e 1 a t s e a , e . g . , Mean L o w e r L o w -

w a t e r S p r i n g ( M . L . L . S . ) , Mean L o w - w a t e r S p r i n g ( M . L . S . ) , Mean Low W a t e r ( M . L . W . ) , Mean Sea 

L e v e l ( M . S . L . ) , e t c . The p r e v a i l i n g t i d a l c o n s t i t u e n t s m a i n l y d e t e r m i n e w h i c h d e f i n i t i o n 

can b e s t be a d o p t e d . S t u d y i n g t h e t i d e i n t h e BahFa de C a r t a g e n a ( g a u g e - s t a t i o n C a r a r e ) , 

t h e f o l l o w i n g r e m a r k s c a n be made ( F i g u r e 2 . 3 . 2 4 ) . 

F i g u r e 2 . 3 . 2 4 T i d e ( s c h e m a t i c a l l y ) I n t h e BahFa d e C a r t a g e n a ( C a r a r e ) 

The t i d e I n t h e BahFa de C a r t a g e n a ( a s e l s e w h e r e a l o n g t h e C a r i b b e a n C o a s t ) c a n be 

c h a r a c t e r i z e d as a m i x e d t i d e . The d i u r n a l t i d a l c o n s t i t u e n t s 0 ^ , K.| a n d P^ p r e d o m i n a t e 

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

d u r i n g n e a p - t i d e s t h e i n f l u e n c e o f t h e s e m i - d i u r n a l c o n s t i t u e n t s M 2 , K2 a n d S2 i n c r e a s e s . 

M i x e d t i d e s a r e c h a r a c t e r i z e d by a g r e a t d i u r n a l i n e q u a l i t y , w h i c h means t h a t i n t h e t i d a l 

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

w a t e r c a n be c l e a r l y d i s t i n g u i s h e d . 
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A h a r m o n i c a n a l y s i s o f t h e t i d e i s p o s s i b l e f r o m a m o n t h ' s s e r i e s o f h o u r l y r e a d i n g s , 

I t i s n o t a d v i s a b l e t o t a k e a l o n g e r s e r i e s as t h e u p l a n d d i s c h a r g e ( w i t h i t s i n f l u e n c e o n 

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

M o r e o v e r , t h e s e a s o n a l v a r i a t i o n a t sea c a n no l o n g e r be n e g l e c t e d i f l o n g e r p e r i o d s a r e 

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

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

t h e A d m i r a l t y M a n u a l o f T i d e s , w h i c h s h o u l d be r e f e r r e d t o f o r an e x p l a n a t i o n o f t h e 

p r i n c i p l e s o f t h i s m e t h o d [ 8 ] . L e t i t s u f f i c e t o s a y h e r e t h a t n o t o n l y c a n t h e p r i n c i p a l 

a s t r o n o m i c c o n s t i t u e n t s 0^, a n d ( d i u r n a l ) , M2, K2 a n d ( s e m i - d i u r n a l ) be c o m p u t e d 

f r o m a m o n t h s e r i e s , b u t t h e s h a l l o w w a t e r c o n s t i t u e n t s 2MS2 ( s e m i - d i u r n a l ) , M^ and MS^ 

( q u a r t e r - d i u r n a l ) a n d t h e l e s s - k n o w n MS^ ( f o r t n i g h t l y ) a s w e l l . Each c o n s t i t u e n t i s 

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

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

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

a s t r o n o m i c a l l y d e t e r m i n e d p h a s e i s u s u a l l y I n d i c a t e d by ( v + u ) ( o r E+u) a n d c a n be f o u n d 

i n t h e A d m i r a l t y T i d e T a b l e s . The a n a l y s i s a l s o g i v e s t h e mean l e v e l d u r i n g t h e a n a l y s e d 

m o n t h . When i t s h e i g h t i s e x p r e s s e d i n r e l a t i o n t o C h a r t Da tum ( t h e r e f e r e n c e - l e v e l u s e d on 

h y d r o g r a p h i c c h a r t s ) , i t i s m o s t l y I n d i c a t e d by Z ^ . The C h a r t Da tum d e f i n e d i n t h e BahTa de 

C a r t a g e n a c o r r e s p o n d s t o Low L o w - W a t e r S p r i n g ( L . L . W . S . ) w h i c h has a v a l u e o f 0.12 m. 

I n F i g u r e 2.3.24 t h e D a i l y Mean L e v e l s ( D . M . L . ; t h e a r i t h m e t i c a l mean v a l u e o f t h e 

d a i l y h o u r l y r e a d i n g s ) has b e e n p l o t t e d as w e l l . T h e v a r i a t i o n o f t h e D . M . L . i s a c c o u n t e d 

f o r by t h e M S ^ - c o n s t i t u e n t , w h i c h p e r i o d o f 14^ d a y s c o r r e s p o n d s t o t h e v a r i a t i o n o f t h e 

s p r i n g - t i d e s a n d n e a p - t i d e s . 

(20 
. km 

— I — 
20 eo 
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A f t e r t h e s e r e m a r k s a b o u t t h e t i d a l i n f l u e n c e , i t f o l l o w s t h a t i n c o a s t a l r e g i o n s 

t h e Low R i v e r L e v e l w h i c h i s e x c e e d e d 3 5 % o f t h e t i m e s h o u l d be c o r r e c t e d w i t h a t i d a l 

r e d u c t i o n . H o w e v e r , I n v i e w o f t h e f a c t s t h a t t h e r e d u c t i o n - l e v e l s h o u l d c o i n c i d e w i t h 

L . R . L . a t Gambote ( O . / O m) and L . L . W . S . i n t h e BahFa de C a r t a g e n a (0.12 m ) , a n d t h e s m a l l 

d i f f e r e n c e b e t w e e n t h e s e t w o l e v e l s , t h e r e d u c t i o n - l e v e l i n b e t w e e n Gambo te a n d t h e 

BahFa de C a r t a g e n a was a d o p t e d as a s t r a i g h t l i n e ( t h e e r r o r made i n t h e r e d u c t i o n o f 

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

and c a n w e l l be n e g l e c t e d ) . C o n s e q u e n t l y , f o r t h e g a u g e s t a t i o n s C o r r e a , H a t u n i l l a a n d 

L e q u e r i c a , t h e r e d u c t i o n - 1 e v e l s w e r e e s t a b l i s h e d as g i v e n i n T a b l e 2.3.10. 

The p a t h o f t h e L . R . L . a l o n g t h e C a n a l d e l D i q u e i s p r e s e n t e d i n F i g u r e 2.3.25. 

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

2.4. DISCHARGES 

2.4.1. I n t r o d u c t i o n 

I n P a r a . 2.2 i t has been m e n t i o n e d t h a t a r e l a t i o n e x i s t s b e t w e e n t h e w a t e r s t a g e s 

i n a r i v e r a n d t h e d i s c h a r g e s a n d , g e n e r a l l y , t h a t i t i s known t h a t h i g h e r s t a g e s 

c o r r e s p o n d t o h i g h e r d i s c h a r g e s . E x p r e s s i n g t h e d i s c h a r g e o f a r i v e r as Q = v . A a n d 

i n s e r t i n g t h e e q u a t i o n o f Chézy ( v = C \ / R ; l ) , t h e d i s c h a r g e - f o r m u l a i s d e r i v e d ( s e e F i g u r e 

Q = d i s c h a r g e ; 

C = C h é z y c o e f f i c i e n t f o r t h e t o t a l b e d - r o u g h n e s s ; 

I = g r a d i e n t o f t h e e n e r g y - l e v e l a l o n g t h e r i v e r ; i n p r a c t i c e a p p r o x i m a t e d by t h e 

w a t e r - l e v e l g r a d i e n t ; 

R = h y d r a u l i c r a d i u s , d e f i n e d as t h e w e t t e d a r e a o f t h e c r o s s - s e c t i o n , d i v i d e d by 

t h e w e t t e d p e r i m e t e r ; 

h y = d e p t h o f t h e r i v e r a t a l o c a t i o n y ; a n d 

B = w i d t h o f t h e r i v e r . 

2.4.1) t h u s : 

B 

(2.4.1) 

o 

In w h i c h : 

s 

y 

F i g u r e 2.4.1 D i s c h a r g e C r o s s - s e c t i o n 
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As f o r m o s t r i v e r s t h e w i d t h i s v e r y l a r g e c o m p a r e d t o t h e d e p t h , t h e h y d r a u l i c 

r a d i u s c a n o f t e n be r e p l a c e d by t h e d e p t h a n d E q . ( 2 . 4 . 1 ) y i e l d s : 

Q = ƒ cVl h y ^ / ^ d B ( 2 . 4 . 2 ) 

o 

In h y d r o g r a p h i c s u r v e y s i t i s common k n o w l e d g e t h a t d i s c h a r g e s h a v e t o be m e a s u r e d q u i t e 

e x t e n s i v e l y . H o w e v e r , s t u d y i n g E q . ( 2 . 4 . 2 ) i t a p p e a r s t h a t w i t h t h e known c h a r a c t e r i s t i c s 

o f a c e r t a i n c r o s s - s e c t i o n ( t h e r e l a t i o n b e t w e e n t h e d e p t h h ^ a n d t h e w i d t h ) a n d an 

e s t i m a t e o f t h e b e d - r o u g h n e s s ( C ) , o n l y m e a s u r i n g t h e w a t e r - l e v e l g r a d i e n t ( l ) w i l l be 

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

may w e l l be a d o p t e d f o r f i x e d - w a l l c h a n n e l s w i t h known r o u g h n e s s p a r a m e t e r s . F o r d i f f e r e n t 

w a t e r - s t a g e s t h e v a r i a t i o n i n t h e b e d - r o u g h n e s s f a c t o r c a n be e x p r e s s e d a s : 

C = l 8 1 o g ^ ( 2 . 4 . 3 ) 

i n w h i c h : 

a = r o u g h n e s s l e n g t h ( a = 1 / 2 k ) ; 

k = t h e N l k u r a d s e r o u g h n e s s p a r a m e t e r , a l s o e x p r e s s e d as t h e d i a m e t e r o f homogeneous 

r o u n d s a n d g r a i n s g l u e d o n t h e b e d ; 

6 = t h i c k n e s s o f t h e l a m i n a r b o u n d a r y l a y e r (6 = 12 v / v ^ ) ; 

V = k i n e m a t i c v i s c o s i t y ; a n d 

v ^ = s h e a r v e l o c i t y ( v ^ = \ / g h I ) . 

E q . ( 2 . 4 . 3 ) c a n be u s e d u n i v e r s a l l y t o e x p r e s s t h e r o u g h n e s s o f h y d r a u l i c a l l y s m o o t h 

( a « ö ) a n d h y d r a u l i c a l l y r o u g h ( ( S « a ) w a l l s . As t h e l a t t e r c o n d i t i o n i s p r e v a i l i n g I n 

r i v e r s , E q . ( 2 . 4 . 3 ) c a n be s i m p l i f i e d t o : 

C = 18 l o g -l^Jl ( 2 . 4 . 4 ) 

R e m a r k : I n A n g l o - S a x o n l i t e r a t u r e t h e r o u g h n e s s o f c h a n n e l s i s o f t e n e x p r e s s e d a c c o r d i n g 

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

The r e l a t i o n b e t w e e n t h e r o u g h n e s s p a r a m e t e r o f Chézy (C) a n d M a n n i n g ( n ) i s 

g i v e n b y : 

C = 1 . 4 9 R^ /^ / n 

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

f o u n d i n t h e l i t e r a t u r e [ 9 ] . 

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

t o e s t i m a t e a c c u r a t e l y t h e b e d - r o u g h n e s s c o e f f i c i e n t C ( s e e P a r a . 3 . 4 ) . A c h a n g e i n t h e 

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

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

l e v e l ) . C o n s e q u e n t l y , o n l y by m e a s u r i n g t h e t o t a l d i s c h a r g e o f a c r o s s - s e c t i o n a n d t h e 

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

As t h i s c o e f f i c i e n t m u s t be u s e d a g a i n i n 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 e , t h e n e c e s s i t y 

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

r e f e r e n c e I s made t o C h a p t e r 3 ) . 
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T h e i n f l u e n c e o f t h e s h a p e o f t h e c r o s s - s e c t i o n o n t h e d i s c h a r g e i s e x p r e s s e d i n 

E q . ( 2 . 4 . 2 ) by t h e t e r m ƒ h ^ ^ / ^ d B ( o r , w r i t t e n I n a s i m p l i f i e d n o t a t i o n : j B h ^ / ^ ) ; t h e 

s o - c a l l e d c o n v e y a n c e o f t h e c r o s s - s e c t i o n . F o r a f i x e d - w a l l c r o s s - s e c t i o n t h e c o n t r i b u t i o n 

o f t h e c o n v e y a n c e t o t h e d i s c h a r g e c a n be c o m p u t e d by means o f t h e u n i q u e r e l a t i o n 

b e t w e e n t h e w a t e r - l e v e l a n d t h e c o n v e y a n c e o f t h e c r o s s - s e c t i o n . H o w e v e r , t h e p r o f i l e o f 

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

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

From E q . ( 2 . 4 . 2 ) i t f o l l o w s t h a t a c h a n g e i n t h e w a t e r - l e v e l g r a d i e n t w i l l a l s o 

r e s u l t i n a c h a n g e o f t h e d i s c h a r g e . G e n e r a l l y , t h e w a t e r - l e v e l g r a d i e n t becomes s t e e p e r 

when t h e d i s c h a r g e i n c r e a s e s , b e c a u s e a g r e a t e r ( p e r m a n e n t ) d i s c h a r g e i m p l i e s a g r e a t e r 

w a t e r - d e p t h . T h e r e v e r s e o c c u r s w i t h d e c r e a s i n g d i s c h a r g e s . Hence t h e p a s s i n g o f a f l o o d -

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

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

s t a g e ( F i g u r e 2 . 4 . 2 ) . 

F i g u r e 2 . 4 . 2 F l o o d - w a v e T r a v e l l i n g down a R i v e r ( s c h e m a t i c a l l y ) 

When p l o t t i n g t h e r e l a t i o n s h i p b e t w e e n t h e w a t e r - l e v e l g r a d i e n t a n d t h e s t a g e o f 

t h e r i v e r , t h e s o - c a l l e d s t a g e - s l o p e c u r v e , i t w i l l be c l e a r t h a t s u c h a c u r v e w i l l show 

a l o o p . When t h e w a t e r - l e v e l g r a d i e n t i s c a l c u l a t e d f r o m t h e d i f f e r e n c e i n head d i v i d e d 

by t h e d i s t a n c e b e t w e e n t w o g a u g e s t a t i o n s , t h e l o o p i n t h e s t a g e - s l o p e c u r v e becomes 

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

becomes s t i l l m o r e mar l<ed when b e t w e e n t h e two g a u g e s t a t i o n s s t o r a g e a r e a s a r e f i l l e d 

a n d e m p t i e d by t h e p a s s i n g w a v e . I n v i e w o f t h i s , i t w i l l be c l e a r t h a t a l o n g t h e RFo 

M a g d a l e n a a n d t h e C a n a l d e l D i q u e t h e w a t e r - l e v e l g r a d i e n t has t o be m e a s u r e d n e a r t h e 

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

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

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

( F i g u r e 2 . 4 . 3 ) : 

- M a i n r i v e r s , n a m e l y , u p p e r c o u r s e ( e . g . , RFo M a g d a l e n a , G l r a r d o t ) 

m i d d l e c o u r s e ( e . g . , RFo M a g d a l e n a , P t o . B e r r F o ) 

l o w e r c o u r s e ( e . g . , RFo M a g d a l e n a , C a l a m a r ) ; 

- t r i b u t a r i e s ( e . g . , RFo N a r e ) ; a n d 

- d i s t r i b u t a r i e s ( e . g . , Cano C o r r e a ) . 
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F i g u r e 2.4.3 S c h e m a t i c S t a g e - s l o p e C u r v e s f o r D i f f e r e n t T y p e s o f R i v e r s 

T h e l o o p i n t h e s t a g e - s l o p e c u r v e a l s o i m p l i e s a l o o p i n t h e r e l a t i o n s h i p b e t w e e n 

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

c u r v e . I n v i e w o f t h e f a c t t h a t t h e w a t e r - l e v e l g r a d i e n t ( 9 h / 8 x ) a l r e a d y d e c r e a s e s w h e n 

t h e s t a g e o f t h e r i v e r s t i l l i n c r e a s e s ( F i g u r e 2.4.2), t h e max imum d i s c h a r g e w i l l o c c u r 

b e f o r e t h e max imum s t a g e o f t h e r i v e r i s r e a c h e d ( F i g u r e 2.4.4). 

F i g u r e 2.4.4 S c h e m a t i c S t a g e - d i s c h a r g e ( o r r a t i n g ) C u r v e 

A s s u m i n g t h e r o u g h n e s s c o e f f i c i e n t (C ) a n d t h e w i d t h ( B ) o f t h e r i v e r t o be 

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

g r a d i e n t c a n be d e r i v e d f r o m E q . ( 2 . 4 . 2 ) : 

a . I , + ( 3 h / 9 x ) I . + ( 9 h / 9 t ) . ( 1 / c ) 
_L = -J = _ ! (2.4.5) 

Q I I 

w i t h c = t h e c e l e r i t y o f t h e f l o o d - w a v e . 

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

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

g e n e r a l l y d e c r e a s e s a n d t h e t e r m ( 9 h / 9 t ) . ( 1 / c ) w i l l c a u s e a g r e a t e r l o o p i n t h e s t a g e -

d i s c h a r g e c u r v e . 
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.2. S t a t i s t i c a ] elaboration of discharges 

When a number of discharges in one cross-section have been measured, i t is possi­

ble to determine the r e l a t i o n s h i p between the discharge of the section and the corre­

sponding water-level: the stage-discharge curve. The most accurate curve is obtained 

when the measurements are evenly spread over the complete range of the occurring water-

levels. However, generally the observed discharges w i l l not be situated on a smooth curve, 

in Para. 2.4.1 i t has already been explained that the stage-discharge curves generally 

show a loop because the discharge is d i f f e r e n t in r i s i n g and f a l l i n g water stages. The 

v a r i a t i o n in the discharge can be approximated with Eq. (2.4.5). For example, when in 

the RFo Magdalena a water-level gradient of I = 40 x 10"^ a water-level r i s e of 

1.5 m/day and a c e l e r i t y of the flood wave of 150 l<m/day is assumed, Eq. (2.4.5) yields 

a v a r i a t i o n in the discharge of about 1.51. This v a r i a t i o n can well be neglected in 

respect of the t o t a l error made in the measurements and the elaborations (about 101). 

However, in the lower region of the RFo Magdalena (Calamar) or in the Canal del Dique, 

the v a r i a t i o n in the discharge as a r e s u l t of v a r i a t i o n in the water-level gradient 

can amount up to about \0%, because of the smaller water-level gradients. 

Regarding the shape of the stage-discharge curve, the fo l l o w i n g remarl< must s t i l l 

be made. When the measurements are pl o t t e d on logarithmic paper, the stage-discharge 

r e l a t i o n f o r a r i v e r w i t h a more or less uniform longitudinal p r o f i l e w i l l be a s t r a i g h t 

l i n e for the lowest water stages. In higher water stages the r e l a t i o n w i l l often be 

smoothly curved because of the flooding of storage areas. In such cases the measuring 

cross-section can best be divided into d i f f e r e n t sections. The sum of the discharge of 

the separate sections then yields the t o t a l discharge (see Figure 2.4.5; 

•^totarV^II-^O-IIl)-

Figure 2.4.5 Discharge of Cross-section with Flood-planes 

A correction of the discharge measurements w i l l often be necessary in view of: 

- The inaccuracy of the measurements and the elaborations; 

- the local differences of the river-bed (such as r i p p l e s , vegetation, etc.) and 

the more gradual changes of the bed by erosion and scour (th e r e f o r e , the 

results are not only p l o t t e d f o r a single year, but f o r a c e r t a i n period of 

years; e.g., 5 years); and 

- at confluences and b i f u r c a t i o n s the law of c o n t i n u i t y must hold f o r the d i s ­

charges of the separate branches. 
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G e n e r a l l y i t a p p e a r s t h a t t h e d i s c h a r g e s w e r e n o t m e a s u r e d a t t h e moment o f 

o c c u r r e n c e o f t h e e x t r e m e w a t e r s t a g e s , s o some e x t r a p o l a t i o n o f t h e s t a g e - d i s c h a r g e 

c u r v e w i l l t h e n be r e q u i r e d . A l t h o u g h c a r e s h o u l d be t a k e n , a m o r e o r l e s s s t r a i g h t 

s t a g e - d i s c h a r g e c u r v e ( o n l o g a r i t h m i c p a p e r ) w i l l n o t be t o o d i f f i c u l t t o e x t r a p o l a t e . 

S i m i l a r t o a h y d r o g r a p h o f t h e w a t e r - l e v e l s ( P a r a . 2 . 3 . 2 ) , t h e d i s c h a r g e s c a n 

a l s o be p l o t t e d d a i l y by means o f t h e s t a g e - d i s c h a r g e c u r v e . I n s p e c i f i c c a s e s ( e . g . , 

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

y e a r l y d i s c h a r g e s : t o be f o u n d by t h e i n t e g r a t i o n o f t h e d a i l y d i s c h a r g e s . A l s o 

d u r a t i o n - c u r v e s a n d f r e q u e n c y - c u r v e s c a n be p l o t t e d i n t h e same way as d e s c r i b e d f o r t h e 

w a t e r - l e v e l s ( P a r a . 2 . 3 . 3 ) . E s p e c i a l l y a r e t h e d u r a t i o n - c u r v e s o f d i s c h a r g e s o f t e n u s e d 

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

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

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

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

, RELATION-CURVES 

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

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

be e s t a b l i s h e d . H o w e v e r , t h e a s s u m p t i o n m u s t be made t h a t t h e d i s c h a r g e i n b e t w e e n t w o 

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

g i v e n i n F i g u r e 2 . 5 - 1 . 

F i g u r e 2 . 5 . 1 T h e o r e t i c a l R e l a t i o n - c u r v e 

H o w e v e r , i t has a l r e a d y b e e n m e n t i o n e d i n P a r a . 2 . 4 . 1 t h a t s t a g e - d i s c h a r g e c u r v e s 

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

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

made ( n o m o d i f i c a t i o n o f t h e d i s c h a r g e b e t w e e n t w o s t a t i o n s o c c u r s ) w i l l , g e n e r a l l y , n e v e r 

h o l d i n p r a c t i c e . N e v e r t h e l e s s , w a t e r - l e v e l r e l a t i o n s c a n s o m e t i m e s s t i l l be e s t a b l i s h e d . 

The w a t e r - l e v e l s a c t u a l l y o b s e r v e d s h o u l d t h e n be s m o o t h e d d u e t o t h e d i s t u r b a n c e s by 

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

t o r e a c h t h e d o w n s t r e a m s t a t i o n ( t h e s o - c a l l e d t i m e - l a g ) s h o u l d n o t be t a k e n i n t o a c c o u n t . 

A s c h e m a t i c e x a m p l e i s g i v e n i n F i g u r e 2 . 5 . 2 : 
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The p r o c e d u r e t o e s t a b l i s h t h e r e l a t i o n - c u r v e i s as f o l l o w s : S i m u l t a n e o u s w a t e r -

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

t h o s e p o i n t s w h e r e t h e t i m e - i n t e r v a l r e q u i r e d f o r t h e p r o p a g a t i o n o f t h e f l o o d - w a v e ( t h e 

t i m e - l a g ) i s e q u a l a l o n g t h e r e l a t i o n f o r r i s i n g s t a g e s a n d t h a t o f t h e f a l l i n g s t a g e s . 

I f no l a t e r a l i n f l o w b e t w e e n t h e t w o s t a t i o n s o c c u r s o r t h e d i s c h a r g e d e c r e a s e s by t h e 

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

d i s c h a r g e " f o r b o t h t h e s t a t i o n s . 

The r e l a t i o n - c u r v e s a l o n g a r i v e r c a n be u s e d t o f i l l up g a p s i n t h e w a t e r - l e v e l 

r e c o r d o f a c e r t a i n g a u g e s t a t i o n , t o t r a n s f e r a c e r t a i n l e v e l ( e . g . , L . R . L . ) f r o m o n e 

s t a t i o n ( w h e r e L . R . L . c o u l d be d e t e r m i n e d f r o m t h e a v e r a g e d u r a t i o n - c u r v e ) t o a n o t h e r 

s t a t i o n ( w h e r e a r e c o r d o f w a t e r - l e v e l s has o n l y e x i s t e d f o r a s h o r t p e r i o d ) , t o c h e c k 

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

l e v e l s ( s e e P a r a . 2.7). H o w e v e r , f o r t h e g a u g e s t a t i o n s a l o n g t h e RTo M a g d a l e n a no 

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

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

i n F i g u r e 2.5.3. 

I n P a r a . 2.3.5 t h e r e m a r k was made t h a t t h e L . R . L . a t t h e g a u g e s t a t i o n P t o . I n m a r c o 

c o u l d n o t be e s t a b l i s h e d f r o m a n a v e r a g e r e l a t i o n - c u r v e as t h e w a t e r - l e v e l d a t a o f t h i s 

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

b e t w e e n t h e g a u g e s t a t i o n s o f P t o . I n m a r c o a n d P t o . B e r r F o i s o n l y 43 k i l o m e t e r s a n d i n 

b e t w e e n t h e s e t w o s t a t i o n s t h e r e a r e no g r e a t s t o r a g e a r e a s , i t has b e e n t r i e d t o d e t e r m i n e 

t h e L . R . L . a t P t o . I n m a r c o by means o f a r e l a t i o n - c u r v e o f t h e w a t e r - l e v e l s a t P t o . 

I n m a r c o a n d P t o . B e r r F o . T h e w a t e r - l e v e l s a t b o t h s t a t i o n s f o r t h e p e r i o d o f M a r c h 13, 

1972, up t o A u g u s t 31, 1972, h a v e been p l o t t e d . I n v i e w o f t h e g r e a t s c a t t e r o f t h e p l o t s 

( i n t h e o r d e r o f 1.5 m ) , an a v e r a g e r e l a t i o n - c u r v e c o v e r i n g t h i s p e r i o d has b e e n g i v e n 

1 n F i g u r e 2.5.4. 
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I n a d d i t i o n t o t h e a v e r a g e r e l a t i o n - c u r v e a f e w s i n g l e p l o t s o f t h e w a t e r - l e v e l s 

a t b o t h s t a t i o n s o f a n e a r l i e r d a t e a r e a l s o g i v e n i n F i g u r e 2.5.4. The l i n e o f e q u a l 

d i s c h a r g e has b e e n p r e s e n t e d t o o . I t c a n be s e e n t h a t t h i s l i n e d e v i a t e s c o n s i d e r a b l y 

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

s c a t t e r o f t h e w a t e r - l e v e l d a t a , t h e l i n e o f e q u a l d i s c h a r g e has been u s e d t o d e t e r m i n e 

t h e L . R . L . a t P t o . I n m a r c o (a v a l u e o f 0.20 m c a n be r e a d f r o m F i g u r e 2.5.4). 

F u r t h e r r e f e r e n c e i s made t o t h e r e m a r k s r e g a r d i n g t h e P t o . I n m a r c o g a u g e s t a t i o n 

i n P a r a . 3.5.4. 

s 7 
LEVEL (m ABOVE M.S.L.) 

F i g u r e 2.5.5 R e l a t i o n - c u r v e s a l o n g t h e C a n a l d e l D i q u e ( u p p e r r e g i o n ) 
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F o r t h e w a t e r - l e v e l d a t a o f t h e g a u g e s t a t i o n s a l o n g t h e C a n a l d e l D i q u e i t has 

a l s o b e e n t r i e d t o d r a w r e l a t i o n - c u r v e s . Fo r t h e g a u g e s t a t i o n s i n t h e u p p e r r e g i o n o f 

t h e C a n a l d e l D i q u e , n a m e l y , C a l a m a r , C o m p u e r t a s V i l l a R o s a , San C r i s t o b a l , S t a . L u c f a , 

a n d G a m b o t e , t h e r e l a t i o n - c u r v e s a r e p r e s e n t e d i n F i g u r e 2.5.5 ( o n l y t h e l a s t o n e has b e e n 

d e t e r m i n e d by t h e M i s s i o n , t h e o t h e r s a r e c o p i e d f r o m d a t a s u p p l i e d by A D E N A V I ) . 

F o r t h e g a u g e s t a t i o n s i n t h e l o w e r r e g i o n o f t h e C a n a l d e l D i q u e , n a m e l y , G a m b o t e , 

C o r r e a , M a t u n i l l a a n d L e q u e r i c a , t h e r e l a t i o n - c u r v e s a r e p r e s e n t e d i n F i g u r e 2.5.6. 

éV 
7 

p 1 

1 / 1 / f 
// 

/ / 
•f> / 

*> / 
•>/ 

i' 
1 
1 
1 
1 1 
1 
1 / 

/ / / 

f / / 
' / / 

' / / 

/ / / —f J a y 

\ \ 1 / 

0 1 2 3 4 5 

LEVEL (m ABOVE M.S.L.) 

F i g u r e 2.5.6 R e l a t i o n - c u r v e s a l o n g t h e C a n a l d e l D i q u e ( l o w e r r e g i o n ) 

F o r a s h o r t p e r i o d w a t e r - l e v e l s w e r e a l s o r e a d a t a number o f g a u g e s a l o n g t h e Cano 

M a t u n i l l a . T h i s i n f o r m a t i o n i s p a r t l y p r e s e n t e d i n P a r a . 3.3.9, F i g u r e 3.3.^3. 
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COMPUTATION OF BACKWATER-CURVES 

I n h y d r o g r a p h i c p r a c t i c e t h e c o m p u t a t i o n o f a b a c k w a t e r - c u r v e i s o f t e n r e q u i r e d , 

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

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

o r i n t h e d e p t h ) , a n d s e c o n d l y , when t h e e x e c u t i o n o f r i v e r w o r k s i s c o n s i d e r e d t h e c o n s e ­

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

F o r o n e - d i m e n s i o n a l s t e a d y u n i f o r m f l o w t h e s h e a r s t r e s s a l o n g t h e bed c a n be 

e x p r e s s e d as T = p g R l , o r T = p g h l f o r r i v e r s w i t h b » h . The f r i c t i o n p e r u n i t o f mass c a n 

t h e n be w r i t t e n a s : w = T / p h = g I . I n s e r t i n g t h e e q u a t i o n o f C h é z y , t h i s c a n a l s o be e x p r e s s e d 

a s : 

w = g I = g v V c ^ h ( 2 . 6 . 1 ) 

I f o n l y f r i c t i o n i s c o n s i d e r e d , t h e e q u a t i o n o f m o t i o n c a n be w r i t t e n a s : 

d ( v f . ) ^ dh ^ I v L ( 2 . 6 . 2 ) 
d x 2g d x bed ^,2^^ 

The t e r m s o f E q . ( 2 . 6 . 2 ) c a n be e x p l a i n e d by w r i t i n g t h i s e q u a t i o n a s : 

d , v \ dh - - — - — ( • ^ ) - -r— = I , , = t h e b e d - 1 e v e l g r a d i e n t ; o r 
C^h d x 2g d x bed 

" ^ " ^ = V d £ = w a t e r - l e v e l g r a d i e n t ; and 

- = I j ^ ^ j ïïx ^'^ ''' ~ g r a d i e n t o f t h e e n e r g y - h e a d . 
C^h 

In c a s e o f u n i f o r m f l o w ( d / d x = 0 ) , t h e s e e q u a t i o n s y i e l d t h e w e l l - k n o w n e x p r e s s i o n : 

• ' • bed~" ' 'wa te r -1 e v e l " " " e n e r g y - h e a d 

The d i f f e r e n t i a l e q u a t i o n o f t h e b a c k w a t e r - c u r v e was o f t e n s o l v e d i n t h e p a s t by 

means o f t h e B r e s s e - f u n c t i o n . T h i s t y p e o f s o l u t i o n may s t i l l be c o n s i d e r e d i n t h e c a s e 

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

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

c h a n g e i n w i d t h a n d d e p t h o f t h e c o n s e c u t i v e c r o s s - s e c t i o n s i n a r i v e r s t r e t c h . M o r e o v e r , 

t h e e q u a t i o n o f t h e b a c k w a t e r - c u r v e c a n e a s i l y be s o l v e d n u m e r i c a l l y ( b y h a n d , o r by 

means o f a c o m p u t e r ) . 

G e n e r a l l y , i n r i v e r s t h e t e r m ( d / d x ( v ^ / 2 g ) ) i n E q . ( 2 . 6 . 2 ) w i l l be s m a l l i n 

r e s p e c t t o ( d h / d x ) a n d c a n t h e n be n e g l e c t e d . A t t h e d o w n s t r e a m e n d o f t h e r i v e r 

s e c t i o n t h e w a t e r - l e v e l m u s t be k n o w n . B e c a u s e o f t h e f a c t t h a t t h e c o n d i t i o n s u p s t r e a m 

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

be c a r r i e d o u t i n an u p s t r e a m d i r e c t i o n . E q . ( 2 . 6 . 2 ) shows t h a t when i n t h e f i r s t s t e p o f 

t h e c o m p u t a t i o n t o o g r e a t a v a l u e o f ( d h / d x ) w i l l be f o u n d , t h e g r e a t e r d e p t h a n d s m a l l e r 

v e l o c i t y ( Q = c o n s t a n t ) l e a d t o a t o o s m a l l v a l u e o f ( d h / d x ) i n t h e s e c o n d s t e p ; i n o t h e r 

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

t i m e w i t h t h e a v e r a g e v a l u e o f ( d h / d x ) ) . I f , h o w e v e r , t h e c o m p u t a t i o n o f t h e b a c k w a t e r -
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c u r v e i s s t a r t e d f r o m t h e u p s t r e a m e n d , E q . ( 2 . 6 . 2 ) d i v e r g e s . ( O n l y i n s u b - c r i t i c a l f l o w 

s h o u l d t h e c o m p u t a t i o n be s t a r t e d f r o m t h e u p s t r e a m e n d , o t h e r w i s e t h e c o m p u t a t i o n no 

l o n g e r c o n v e r g e s ) . 

A s c h e m a t i c e x a m p l e o f t h e c o m p u t a t i o n o f b a c l < w a t e r - c u r v e s i s g i v e n i n F i g u r e 2 . 6 . 1 . 

F o r a r i v e r s e c t i o n , a c o n s t a n t d i s c h a r g e o f Q = 2 , 0 0 0 m ^ / s , w i d t h o f B=800 m a n d r o u g h n e s s 

c o e f f i c i e n t C=40 m ^ / s has b e e n a s s u m e d . O v e r a l e n g t h o f 1 , 0 0 0 m, t h e w i d t h w i l l be 

r e d u c e d t o kOO m ( i n t h e e x a m p l e t h e b e d - l e v e l i s a l s o c o n s i d e r e d t o be c o n s t a n t , w h i l e 

i n r e a l i t y a r e d u c t i o n o f t h e w i d t h w i l l r e s u l t i n an i n c r e a s e o f t h e d e p t h ; h o w e v e r , 

t h i s has b e e n n e g l e c t e d ) . 

F i g u r e 2 . 6 . 1 S c h e m a t i c E x a m p l e o f B a c l < w a t e r - c u r v e s 

The g r a d i e n t o f t h e e n e r g y - h e a d c a n be c o m p u t e d f o r e a c h s t e p ( A x ) a c c o r d i n g t o : 

^ ( l - 2 ) = ; i 7 Z ^ " ' ^ h ' V " l - ( W ^ ( l - 2 ) ) - ^ ^ ( 2 . 6 . 3 ) 
B C H ( , _ 2 ) 

F o r e a c h s t e p , f i r s t t h e e n e r g y - h e a d (H) i s c o m p u t e d , a f t e r w h i c h t h e w a t e r - l e v e l 

( h ) i s t o be f o u n d by s u b t r a c t i n g ( v ^ / 2 g ) . ( I f t h e t e r m ( d / d x ( v ^ / 2 g ) ) i n E q . ( 2 . 6 . 2 ) i s 

so s m a l l t h a t i t c a n be n e g l e c t e d , E q . ( 2 . 6 . 3 ) r e p r e s e n t s t h e w a t e r - l e v e l g r a d i e n t ) . T h e 

c o m p u t a t i o n has b e e n c o m p i l e d i n T a b l e 2 . 6 . 1 . ( i n v i e w o f t h e s m a l l v a l u e s o f t h e t e r m 

( v ^ / 2 g ) , o n l y t h e w a t e r - l e v e l has been d r a w n i n F i g u r e 2 . 6 . 1 ) . 

U l d t h 1)00 m W i d t h 800 m 

Number o f Ax 
" l " l ^1 

2 
Number o f Ax H, 

" i i 

s t e p 

(m) (m) ( m / s ) 
29 
(m) 

s t e p 

(m) (m) ( m / s ) 

2g 

(m) 

1 2 . 0 0 2 . 5 0 0 . 3 2 1 2 1 0 0 2 . 6 3 0 . 9 5 0 . 0 5 

2 1 0 0 2 . 1 3 2 . 3 5 0 . 2 8 1 3 2 0 0 2 . 5 8 0 . 9 7 0 . 0 5 

3 1 0 0 2 . 2 3 2 . 2 4 0 . 2 6 1 4 5 0 0 2 . 4 6 1 . 0 2 0 . 0 5 

4 1 0 0 2 . 3 1 2 . 1 6 0 . 2 4 1 5 1 0 0 0 2 . 2 7 1 . 1 0 0 . 0 6 

5 1 0 0 2 . 3 8 2 . 1 0 0 . 2 2 1 6 1 0 0 0 2 . 1 5 1 . 1 6 0 . 0 7 

6 1 0 0 2 . 4 4 2 . 0 5 0 . 2 1 1 7 1 0 0 0 2 . 0 8 1 . 2 0 0 . 0 7 

7 1 0 0 2 . 4 9 2 . 0 0 0 . 2 0 1 8 1 0 0 0 2 . 0 5 1 . 2 2 0 . 0 8 

8 1 0 0 2 . 5 4 1 . 9 7 0 . 2 0 1 9 1 0 0 0 2 . 0 2 1 . 2 3 0 . 0 8 

9 1 0 0 2 . 5 8 1 . 9 4 0 . 1 9 2 0 1 0 0 0 2 . 0 1 1 . 2 4 0 . 0 8 

1 0 1 0 0 2 . 6 2 1 . 9 1 0 . 1 8 2 1 3 0 0 0 2 . 0 0 1 . 2 5 0 . 0 8 

1 1 1 0 0 2 . 6 6 1 . 8 8 0 . 1 8 

T a b l e 2 . 6 . 1 C o m p u t a t i o n o f B a c l < w a t e r - c u r v e s 

I n t h e m o r p h o l o g i c a l c o m p u t a t i o n s ( P a r a . 3 . 6 ) , t h e c o m p u t a t i o n o f t h e b a c k w a t e r -

c u r v e f o l l o w s t h e p r o c e d u r e j u s t o u t l i n e d . 
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PREDICTION OF WATER-LEVELS 

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

b e f o r e h a n d s o as t o be a b l e t o l o a d t h e c a r g o f l e e t up t o t h e max imum p e r m i s s i b l e d r a u g h t . 

F o r e x a m p l e , when c a r g o has t o be t r a n s p o r t e d f r o m B a r r a n c a b e r m e j a t o P t o . S a l g a r a n d 

t h e L e a s t A v a i l a b l e D e p t h ( L . A . D . ) on t h i s s e c t i o n o f t h e RTo M a g d a l e n a i s k n o w n , t h e 

p o s s i b i l i t y t o p r e d i c t t h e w a t e r - l e v e l s a t P t o . B e r r F o (1 d a y ) a n d P t o . S a l g a r (3 d a y s ) 

i n a d v a n c e w o u l d e n a b l e t h e o p e r a t o r t o l o a d h i s b a r g e s up t o s u c h a d r a u g h t t h a t no 

u n w a n t e d d e l a y a t a n y c r o s s i n g t o a w a i t h i g h e r w a t e r s t a g e s has t o be c o n s i d e r e d . 

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

c u r v e s f o r t h e RFo M a g d a l e n a has b e e n o u t l i n e d i n P a r a . 2.5. I t w i l l , t h e r e f o r e , be c l e a r 

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

has b e e n e s t a b l i s h e d a l o n g t h e RFo M a g d a l e n a f o r a number o f y e a r s , a n d t h e r e a d i n g s o f 

g a u g e s i n t h e u p p e r r e g i o n o f t h e RFo M a g d a l e n a a r e a l s o t a k e n i n t o a c c o u n t , t h e p o s s i ­

b i l i t y o f t h e p r e d i c t i o n o f w a t e r - l e v e l s s h o u l d be s t u d i e d i n g r e a t e r d e t a i l . W i t h t h e 

p r e s e n t l y (1973) a v a i l a b l e i n f o r m a t i o n , p r e d i c t i o n o f w a t e r - l e v e l s m u s t be c o n s i d e r e d 

i m p o s s i b l e . 

A l o n g t h e C a n a l d e l D i q u e t h e need t o p r e d i c t w a t e r - l e v e l s i s h a r d l y f e l t . The 

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

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

v i d e s f o r h i g h e r w a t e r - l e v e l s d u r i n g a number o f h o u r s e a c h d a y . An e x c e p t i o n , h o w e v e r , 

m u s t be made r e g a r d i n g t h e y e a r l y m a i n t e n a n c e d r e d g i n g w h i c h has t o be c a r r i e d o u t n e a r 

t h e m o u t h o f t h e C a n a l d e l D i q u e a t C a l a m a r . When i n f u t u r e t h e r e c u r r e n t d r e d g i n g a l o n g 

t h e RFo M a g d a l e n a a n d t h e C a n a l d e l D i q u e has t o be c a r r i e d o u t by a s m a l l n u m b e r o f 

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

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

A f i r s t a t t e m p t c a n be made by s t u d y i n g t h e f a l l o f t h e w a t e r - l e v e l a t C a l a m a r , 

g i v e n i n t h e h y d r o g r a p h . F rom t h e s e c u r v e s t h e d e p l e t i o n - c u r v e c a n be d e t e r m i n e d w h i c h 

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

a r e a s u p s t r e a m o f C a l a m a r . P l o t t e d o n l o g a r i t h m i c p a p e r , t h e d e p l e t i o n - c u r v e i s g i v e n 

by a s t r a i g h t l i n e ( F i g u r e 2.7.1) a n d c a n be e x p r e s s e d i n f o r m u l a a s : 

h^ = h ^ e x p [ - 0 . 0 3 3 ( t - t ^ ) ] (2.7.1) 
o 

w i t h 

h ^ = d e p l e t i o n - c u r v e 

h ^ = t h e w a t e r - l e v e l w h e r e t h e h y d r o g r a p h d e f l e c t s f r o m t h e d e p l e t i o n - c u r v e ; a n d 

o 
t = t i m e i n d a y s 

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

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

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

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

n o t i n c l u d e d i n t h i s m e t h o d . 
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A m o r e a c c u r a t e r e s u l t may be o b t a i n e d i f t h e r a i n f a l l i n t h e f i r s t m o n t h s o f t h e 

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

i s s t u d i e d ( s e e F i g u r e 2 . 7 . 2 , c o p i e d f r o m t h e " A t l a s de C o l o m b i a " ) , i t becomes c l e a r t h a t 

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

o f t h e R ' o M a g d a l e n a b a s i n , u p s t r e a m o f t h e 5 t h d e g r e e o f l a t i t u d e . C o n s e q u e n t l y , t h i s 

r a i n f a l l w i l l a l s o a f f e c t t h e h y d r o g r a p h s o f t h e g a u g e s t a t i o n s a t G a m a r r a (RTo M a g d a l e n a ) 

a n d Las V a r a s ( R ' o C a u c a ) . I f a p r o c e d u r e c o u l d , t h e r e f o r e , be d e v e l o p e d t o p r e d i c t t h e 

l o w e s t y e a r l y l e v e l a t C a l a m a r f r o m t h e h y d r o g r a p h s o f t h e s t a t i o n s a t G a m a r r a a n d Las 

V a r a s , a m o r e a c c u r a t e r e s u l t w o u l d be o b t a i n e d . 
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The a m o u n t o f e f f e c t i v e r a i n f a l l a t G a m a r r a a n d Las V a r a s m u s t t h e n be c o m p u t e d 

a s t h e d i s t u r b a n c e o f R , r e l a t i v e t o t h e r e s p e c t i v e d e p l e t i o n - c u r v e s f o r R ( c a l l e d R * ) 

T h e s e r e l a t i v e r u n o f f s (R^ ) o f t h e RTo M a g d a l e n a a n d t h e RTo Cauca may g i v e , a f t e r a n 

as y e t unl<nown t r a n s f o r m a t i o n ( i . e . , t r a n s l a t i o n a n d d i s t o r t i o n ) , t h e r u n o f f o f t h e RFo 

M a g d a l e n a a t C a l a m a r , a g a i n r e l a t i v e t o t h e d e p l e t i o n - c u r v e f o r R^ a t C a l a m a r . T h i s c a n 

be e x p r e s s e d i n f o r m u l a as f o l l o w s : 

R(. = R(. . e x p ( - a t ) + B . R * y ( t - A t , ) + yR* (t-ht^) ( 2 . 7 . 2 ) 
t t o 

w i t h , 

R^ = d i s c h a r g e o f t h e RFo M a g d a l e n a a t C a l a m a r ; 

t 

R = r e l a t i v e d i s c h a r g e o f t h e RFo Cauca a t Las V a r a s ; 

R*g = r e l a t i v e d i s c h a r g e o f t h e RFo M a g d a l e n a a t G a m a r r a ; 

a , 3 , Y = c o e f f i c i e n t s t o be d e t e r m i n e d f r o m r e s p e c t i v e d e p l e t i o n - c u r v e s ( a b e i n g 

0 . 0 3 3 a s f o u n d f r o m F i g u r e 2 . 7 . 1 ) ; a n d 

A t ^ , A t 2 = t i m e - l a g s d u e t o t h e t r a n s l a t i o n . 

By means o f E q . ( 2 . 7 . 2 ) t h e d i s c h a r g e a t C a l a m a r c a n be c o m p u t e d a n d be t r a n s f o r m e d 

t o t h e w a t e r - l e v e l a t C a l a m a r by means o f t h e s t a g e - d i s c h a r g e c u r v e . H o w e v e r , t h e a s y e t 

unl<nown p a r a m e t e r s ( 3 , y , A t ^ a n d A t ^ ) i n E q . ( 2 . 7 . 2 ) c a n o n l y be s o l v e d when t h e h y d r o g r a p h 

a n d t h e s t a g e - d i s c h a r g e c u r v e s f o r t h e RFo M a g d a l e n a a t G a m a r r a a n d t h e RFo Cauca a t Las 

V a r a s h a v e become a v a i l a b l e f o r a number o f y e a r s . To be a b l e t o p r e d i c t i n f u t u r e t h e 

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

c a r r y o u t t h e r e l e v a n t m e a s u r e m e n t s i n G a m a r r a a n d Las V a r a s . 
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Chapter 3 

M O R P H O L O G Y 

3.1. GENERAL 

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

o f a r i v e r ( e . g . , t h e c u t t i n g o f a m e a n d e r b e n d ) . A l l r i v e r - w o r k s i n a l l u v i a l r i v e r s h a v e 

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

r i v e r , a r e , t h e r e f o r e , r e q u i r e d when r i v e r - w o r k s a r e d e s i g n e d ; i n f a c t , t h e d e s i g n s h o u l d 

be b a s e d on s u c h p r e d i c t i o n s . The p r e d i c t i o n o f m o r p h o l o g i c a l c h a n g e s has t o be b a s e d o n 

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

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

The f i r s t p a r a g r a p h s o f t h i s C h a p t e r d e a l w i t h t h e s e m e c h a n i s m s . P a r a . 3.2 g i v e s 

some g e n e r a l i n f o r m a t i o n o n t h e m e c h a n i s m o f s e d i m e n t t r a n s p o r t ; P a r a . 3.3 g i v e s t h e 

c o l l e c t e d d a t a , w h i l e P a r a . 3.4 t r e a t s t h e r e s i s t a n c e t o t h e w a t e r - f l o w ( t h e c h a n n e l 

r o u g h n e s s ) . I n P a r a . 3.5 t h e r e l a t i o n b e t w e e n t h e w a t e r - f l o w a n d t h e s e d i m e n t t r a n s p o r t 

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

To c a r r y o u t c o m p u t a t i o n s i t i s a l w a y s n e c e s s a r y t o make a c e r t a i n s c h e m a t i z a t i o n . 

So i n P a r a . 3.6 t h e r i v e r i s s c h e m a t i z e d by a o n e - d i m e n s i o n a l m o d e l , w h i l e t h e s c h e m a t i z i n g 

o f a r e g i m e i n t o o n e d i s c h a r g e ( d o m i n a n t d i s c h a r g e ) i s a l s o d e a l t w i t h . I n P a r a . 3.7 t h e 

s h o r t c o m i n g s i n t h e o n e - d i m e n s i o n a l m o d e l ( a s f a r as t h e t h r e e - d i m e n s i o n a l a s p e c t s a r e 

c o n c e r n e d ) a r e c o n s i d e r e d , w h i l e P a r a . 3.8 t r e a t s t h e p o s s i b l e a p p l i c a t i o n i n g e n e r a l 

( f o r t h e RTo Sogamoso C o n f l u e n c e ) . The a c t u a l a p p l i c a t i o n s t o t h e R ' o M a g d a l e n a w i l l be 

g i v e n i n P a r t I I I o f t h i s R e p o r t . 

3.2. SEDIMENT TRANSPORT 

The t r a n s p o r t o f s e d i m e n t s i s o f t e n d i v i d e d i n t o b e d - l o a d , s u s p e n d e d - 1 o a d a n d 

w a s h - l o a d . 

3.2.1 . B e d - l o a d 

B e d - l o a d i s t h e t r a n s p o r t o f s e d i m e n t p a r t i c l e s s l i d i n g , r o l l i n g o r j u m p i n g o v e r 

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

r i p p l e s . Many f o r m u l a e h a v e been d e v e l o p e d t o d e s c r i b e t h e m e c h a n i s m o f t h e b e d - l o a d , some 

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

m e c h a n i s m . M o s t o f t h e s e e q u a t i o n s , h o w e v e r , h a v e i n common t h a t t h e y c o n t a i n a number o f 

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

r i v e r . I n f a c t , a l l t h e d e v i a t i o n s i n b e d - l o a d f r o m t h e t h e o r e t i c a l r e s u l t s a r e c o u n t e r ­

a c t e d by s e l e c t i n g t h e r i g h t " c o n s t a n t s " . 
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M o s t o f t h e a v a i l a b l e b e d - l o a d f u n c t i o n s c a n be w r i t t e n as a r e l a t i o n b e t w e e n t h e 

t r a n s p o r t p a r a m e t e r 

X= T / \ A g l D ^ 

and t h e f l o w p a r a m e t e r 

Y= A D / p h I 

w h e r e : T = t r a n s p o r t i n s o l i d v o l u m e p e r u n i t w i d t h ( o f t e n a l s o u s e w i l l be made o f t h e 

t r a n s p o r t i n c l u d i n g v o i d s ( S ) ; t h e n S ( 1 - e ) = T , i n w h i c h e i s t h e p o r o s i t y ) 

h = d e p t h o f f l o w 

D = g r a i n d i a m e t e r 

A = r e l a t i v e d e n s i t y = ( p ^ - p ^ ) / p ^ 

I = s l o p e 

y = s o - c a l l e d r i p p l e f a c t o r , i n r e a l i t y a f a c t o r o f i g n o r a n c e , u s e d t o o b t a i n 

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

As an e x a m p l e o f s u c h an X v e r s u s V r e l a t i o n t h e w e l l l<nown M e y e r - P e t e r / M ü 1 1 e r 

b e d - l o a d f u n c t i o n may be g i v e n ; 

X = A ( Y - 0 . 0 4 7 ) ^ / ^ ( 3 . 2 . 1 ) 

w i t h A = 8 . 

T h i s i s an e x a m p l e o f an e x p e r i m e n t a l l y d e v e l o p e d e q u a t i o n . I t i s , t h e r e f o r e , 

n e c e s s a r y t h a t t h e p a r a m e t e r s a r e u s e d i n e x a c t l y t h e same way as d u r i n g t h e e x p e r i m e n t s . 

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

s i g n i f i c a n t g r a i n d i a m e t e r D. T h i s c o n s i d e r a t i o n i s i n f a c t v a l i d f o r a l l b e d - l o a d 

e q u a t i o n s , as a l l o f t h e m a r e , a t l e a s t p a r t l y , e x p e r i m e n t a l l y d e v e l o p e d . H o w e v e r , when 

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

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

t h e N i g e r R i v e r i t was f o u n d t h a t t h e M e y e r - P e t e r / M ü 1 1 e r f o r m u l a f i t t e d t h e d a t a when f o r 

A = 6 . 5 was i n t r o d u c e d i n s t e a d o f 8 . 

T y p i c a l b e d - l o a d e q u a t i o n s l i k e t h e M e y e r - P e t e r / M ü 1 1 e r e q u a t i o n do n o t i n c l u d e 

s u s p e n d e d - l o a d . T h i s i s d i f f e r e n t f o r t h e t o t a l - l o a d e q u a t i o n g i v e n i n P a r a . 3 . 2 . 2 , 

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

R e m a r k : When b e d - l o a d m e a s u r e m e n t s a r e c a r r i e d o u t , i t i s i m p o r t a n t t o r e a l i s e t h a t t h i s 

t r a n s p o r t t a k e s p l a c e as t h e p r o p a g a t i o n o f bed f o r m s ; t h e t r a n s p o r t i n t e n s i t y o n 

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

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

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

3 . 2 . 2 . S u s p e n d e d - l o a d 

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

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

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

By t h a t t i m e , h o w e v e r , o t h e r p a r t i c l e s f r o m t h e bed w i l l be i n s u s p e n s i o n a n d , c o n s e ­

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

r a p i d l y i n t h e v a r i o u s l a y e r s . 
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A s t r i c t d i v i s i o n b e t w e e n b e d - l o a d and s u s p e n d e d - 1 o a d i s n o t p o s s i b l e ; i n f a c t , 

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

e q u a t i o n s h a v e a s i m i l a r c o n s t r u c t i o n as t h e b e d - l o a d e q u a t i o n s . B e d - l o a d a n d s u s p e n d e d -

l o a d t o g e t h e r a r e o f t e n c a l l e d b e d - m a t e r i a l l o a d . 

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

p o r t a n t i n r e l a t i o n t o m e a s u r i n g t e c h n i q u e s . T h i s means t h a t i n p r a c t i c e b e d - l o a d i s t h e 

s e d i m e n t t r a n s p o r t m e a s u r e d by a b e d - l o a d s a m p l e r , w h i l e s u s p e n d e d - 1 o a d i s t h e t r a n s p o r t 

m e a s u r e d by a s u s p e n d e d - 1 o a d s a m p l e r ( s e e a l s o P a r t I V ) . The d e f i n i t i o n s a r e u s e d f o r t h i s 

R e p o r t i n t h i s w a y . 

I n P a r a . 3 . 6 . 3 i t w i l l be s e e n t h a t t o c o m p u t e s c o u r a n d s e d i m e n t a t i o n an e q u a t i o n 

o f c o n t i n u i t y i s s e l e c t e d w h i c h r e q u i r e s t h e u s e o f a t o t a l - l o a d e q u a t i o n . T h i s i s g e n e r a l l y 

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

Some t o t a l - l o a d e q u a t i o n s c o n t a i n t h e t e m p e r a t u r e as p a r a m e t e r ( C o l b y , T o f f a l e t i ) . 

I n o r d e r t o a v o i d c o m p l i c a t i n g m a t t e r s , f o r t h e RFo M a g d a l e n a o n l y e q u a t i o n s h a v e b e e n 

t r i e d w h i c h do n o t c o n t a i n t h e t e m p e r a t u r e as p a r a m e t e r ; n a m e l y , t h e e q u a t i o n o f E i n s t e i n 

and B rown ( 1 9 5 0 ) [ 10 ] and t h e e q u a t i o n o f E n g e l u n d a n d Hansen ( 1 9 6 7 ) [ H ] ( s e e P a r a . 3 . 5 . 2 ) . 

The e q u a t i o n o f E n g e l u n d a n d Hansen may be w r i t t e n a s : 

X = 0 . 0 5 Y ^ ' ^ ( 3 . 2 . 2 ) 

p2 2 / 5 

T h e e q u a t i o n o f E i n s t e i n a n d B rown may be w r i t t e n a s : 

w i t h y = ( — ) , C= r o u g h n e s s c o e f f i c i e n t o f Chézy a n d D= D ^ ^ . 

I = 4 0 Y - ^ ( 3 . 2 . 3 ) 

w i t h F = \ / | + a n d D= D , , 

E q u a t i o n s 3.2.2 and 3.2.3 do n o t g i v e i n f o r m a t i o n o n t h e d i s t r i b u t i o n o f t h e c o n c e n ­

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

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

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

o r ; 

C.W + e ^ =0 (3.2.4) 
s d y 

w i t h C'= c o n c e n t r a t i o n , w= f a l l v e l o c i t y a n d £.^= d i f f u s i o n f a c t o r f o r s u s p e n d e d - l o a d m a t e r i a l . 

T h i s e q u a t i o n may be s o l v e d i f e i s a s s u m e d t o be e q u a l t o e , t h e d i f f u s i o n f a c t o r f o r 

momentum t r a n s f e r r e d by means o f t u r b u l e n c e . I n t h a t c a s e t h e f o l l o w i n g e q u a t i o n was d e r i v e d 

by Rouse (1937) [12]by t a k i n g e = x . V y ( 1 - y / h ) : 

C = c ( ^ . ) " (3.2.5) 
y a ^ h - a y 

w i t h z = ^ 

T h i s e q u a t i o n g i v e s t h e c o n c e n t r a t i o n ( C ^ ) i n r e l a t i o n t o a r e f e r e n c e c o n c e n t r a t i o n ( C ^ ) 

a t h e i g h t a a b o v e t h e b e d . ( s e e P a r a . 3.3.4). 
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S e v e r a l a t t e m p t s h a v e b e e n made t o d e t e r m i n e 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 t h e o r e t i ­

c a l l y and t h u s a r r i v e a t a t r a n s p o r t e q u a t i o n by t a l < i n g 

h 

s ^ = ƒ v . C y d y (3.2.6) 

o 

w i t h S g = s u s p e n d e d - l o a d . 

The m a i n p r o b l e m s a r e : 

- E q u a t i o n 3.2.6 i s n o t v a l i d f o r h i g h c o n c e n t r a t i o n s n e a r t h e r i v e r - b e d ; 

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

- t h e a s s u m p t i o n e = i s n o t v a l i d c l o s e t o t h e r i v e r - b e d . 

S u s p e n d e d - l o a d m e a s u r e m e n t s c a r r i e d o u t by t h e M i s s i o n c o n t a i n m e a s u r i n g p o i n t s a t 

v a r i o u s h e i g h t s i n e a c h v e r t i c a l i n o r d e r t o c o m p a r e z - v a l u e s f r o m E q u a t i o n 3.2.5 w i t h t h o s e 

f o u n d f r o m t h e m e a s u r e m e n t s ( s e e a l s o P a r a . 3.3.4). 

3.2.3. W a s h - l o a d 

W a s h - l o a d i s t h e t r a n s p o r t o f s m a l l p a r t i c l e s f i n e r t h a n t h e bu l l < o f t h e bed 

m a t e r i a l and r a r e l y f o u n d i n t h e b e d . T r a n s p o r t q u a n t i t i e s f o u n d f r o m b e d - l o a d , s u s p e n d e d -

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

W h e r e a s f o r a c e r t a i n c r o s s - s e c t i o n q u a n t i t i e s o f s u s p e n d e d - l o a d a n d b e d - l o a d c a n be c a l c u ­

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

w a s h - l o a d . The r a t e o f w a s h - l o a d i s m a i n l y d e t e r m i n e d by c l i m a t o l o g i c a l c h a r a c t e r i s t i c s a n d 

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

As t h e r e i s n o r m a l l y no i n t e r c h a n g e w i t h bed p a r t i c l e s , w a s h - l o a d i s n o t i m p o r t a n t 

f o r l o c a l s c o u r . Due t o t h e v e r y l o w f a l l v e l o c i t y o f t h e w a s h - l o a d p a r t i c l e s , w a s h - l o a d 

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

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

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

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

i m p r e s s i o n c a n be o b t a i n e d . T h e w a s h - l o a d c o n c e n t r a t i o n o v e r t h e w i d t h , h o w e v e r , may v a r y 

c o n s i d e r a b l y ( s e e P a r a .,3.3.5). 

3.3. COLLECTED AND ELABORATED DATA 

3.3.1. I n t r o d u c t i o n 

I n t h i s p a r a g r a p h a l l t h e m e a s u r e m e n t s i n t h e RTo M a g d a l e n a a n d t h e C a n a l d e l D i q u e , 

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

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

m e n t s c a r r i e d o u t by t h e J u l i u s B e r g e r K o n s o r t i u m , A p r o n y Duque L t d a . a n d t h e SCMH a r e 

m e n t i o n e d . P a r a . 3.3.2 d e a l s w i t h t h e d i s c h a r g e a n d s e d i m e n t t r a n s p o r t m e a s u r e m e n t s a n d 

a l t h o u g h t h e d a t a o f t h e s e m e a s u r e m e n t s i s f u r t h e r u s e d i n C h a p t e r s 3.4 a n d 3.5, some e x p l a ­

n a t i o n s r e g a r d i n g t h e d a t a a n d t h e m e a s u r i n g c r o s s - s e c t i o n s a r e g i v e n i n t h i s C h a p t e r . 

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

m e a s u r i n g u s e d , t h e m e a s u r e d d a t a g i v e h i g h e r v a l u e s t h a n t h e t r u e t r a n s p o r t . T h e r e f o r e , t h e 
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s u s p e n d e d - l o a d m e a s u r e m e n t s a r e c o n s i d e r e d s e p a r a t e l y i n P a r a . 3.3.3. Tine s u s p e n d e d - l o a d 

c o n c e n t r a t i o n s a r e d e a l t w i t i i i n P a r a . 3.3.4, a n d t h e w a s h - l o a d c o n c e n t r a t i o n s i n P a r a . 

3.3.5. The d a t a o f t h e g r a i n - s i z e s o f t h e bed m a t e r i a l a r e p r e s e n t e d i n P a r a . 3.3.6;' t h e 

l o n g i t u d i n a l p r o f i l e s o f t h e RTo M a g d a l e n a a n d t h e C a n a l d e l D i q u e a r e c o n s i d e r e d i n P a r a . 

3.3.7; a n d t h e l o c a l s o u n d i n g s o f sha.1 l o w a r e a s a r e g i v e n i n a t a b l e i n P a r a . 3.3.8, a n d , 

t h e s e maps a r e a l s o p a r t l y p r e s e n t e d i n P a r t I I I o f t h i s R e p o r t , d e a l i n g w i t h r i v e r i m ­

p r o v e m e n t s . I n t h e C a n a l d e l D i q u e some o t h e r d a t a w e r e s t i l l g a t h e r e d w h i c h h a v e b e e n 

p r e s e n t e d as m i s c e l l a n e o u s i n f o r m a t i o n i n P a r a . 3.3.9. 

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

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

t h e c o u r s e o f t h e p r o j e c t a r e p r e s e n t e d i n T a b l e s 3.3.1 a n d 3.3.2. A p a r t f r o m t h e v a r i o u s 

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

i n C h a p t e r s 3.4 a n d 3.5, f o r t h e d e t e r m i n a t i o n o f t h e c h a n n e l r o u g h n e s s a n d t h e s e l e c t i o n 

o f t h e t r a n s p o r t e q u a t i o n . 

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

a f e w r e m a r k s w i l l be made h e r e . 

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

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

w i t h r e f e r e n c e t o a b e n c h - m a r k a r e i n s e r t e d a s w e l l . I n t h e l o w e r ( t i d a l ) r e g i o n o f t h e 

C a n a l d e l D i q u e t h e l e v e l s o f Gambo te a r e g i v e n as a r e f e r e n c e ( t h e z e r o - l e v e l s o f t h e 

g a u g e s h a v e a l r e a d y b e e n m e n t i o n e d i n T a b l e 2.3.1). 

- The w a t e r - l e v e l g r a d i e n t has b e e n m e a s u r e d n e a r t h e c r o s s - s e c t i o n s , m o s t l y o v e r a d i s t a n c e 

o f a b o u t 500 m, b u t i t m u s t be s t r e s s e d t h a t t h e s e v a l u e s o f t e n d i f f e r c o n s i d e r a b l y f r o m 

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

Vf Icm/a) 
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- The g r a i n - s i z e s m e n t i o n e d h a v e b e e n d e t e r m i n e d a s mean v a l u e s o f a l l t h e b e d - s a m p l e s 

w h i c h w e r e ta l<en i n o r v e r y c l o s e t o t h e c r o s s - s e c t i o n s ( s e e a l s o P a r a . 3 . 3 . 6 ) . T h e 

s t a n d a r d d e v i a t i o n ( S ) o f t h e D^^ has a l s o b e e n g i v e n . The f a l l v e l o c i t i e s c o r r e s p o n d t o 

t h e v a l u e s o f D^^ f o r a w a t e r t e m p e r a t u r e o f 30°C ( s e e F i g u r e 3.3.1). 

- T h e r o u g h n e s s f r o m t h e g r a i n s o f t h e bed m a t e r i a l a l o n e (C') has b e e n d e t e r m i n e d a c c o r d i n g 

t o t h e f o r m u l a : 

C'= 18 l o g 12h / k (3.4.5) 

and i s g i v e n i n F i g u r e 3.3.2. The g r a p h has b e e n u s e d by i n s e r t i n g k = 2 D . ^ ( s e e P a r a . 
s o5 

3.4.2). 

_A to' 

50 60 70 60 SO 100 IIO 

F i g u r e 3.3.2 C h é z y C o e f f i c i e n t R e l a t e d t o t h e G r a i n s 

The r o u g h n e s s o f t h e b e d - f o r m (C") has b e e n c a l c u l a t e d f r o m : 

1/C^= 1/(C ' ) 2 + 1/(C")' (3.4.10) 

w h i l e t h e D a r c y / W e i s b a c h f r i c t i o n f a c t o r ( f ) f o l l o w s f r o m : 

f = 8g / c2 (3.4.4) 

The k i n e m a t i c v i s c o s i t y ( v ) i s d e p e n d e n t o n t h e t e m p e r a t u r e . A l t h o u g h no w a t e r t e m p e r a t u r e s 

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

w e r e m e a s u r e d d a i l y i n B a r r a n c a b e r m e j a d u r i n g a f e w m o n t h s ( s e e F i g u r e 3.3.11). An 

a v e r a g e w a t e r t e m p e r a t u r e o f 30°C has been u s e d t o d e t e r m i n e t h e v a l u e o f v=0.8x1o " ^ m ^ / s . 

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

m e a s u r i n g t h e s u s p e n d e d - l o a d a n d t h e r e s u l t i n g e r r o r i n t h e m e a s u r e m e n t s i s t r e a t e d i n P a r a . 

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

a c c o r d i n g t o t h e E i n s t e i n / B r o w n a n d E n g e l u n d / H a n s e n e q u a t i o n s i s g i v e n i n P a r a . 3.5. 
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I I , 3.3 

A . T h e R f o M a g d a l e n a ( T a b l e s 3.3.1 and F i g u r e 3.3.3) 

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

m e a s u r e m e n t s c a r r i e d o u t by t h e M i s s i o n i n t h e R f o M a g d a l e n a b e t w e e n La D o r a d a and G a m a r r a , 

a t C a l a m a r , a n d i n t h e a f f l u e n t s a r e g i v e n i n F i g u r e 3.3.3. A l l t h e d a t a o f t h e s e m e a s u r e m e n t s 

a r e p r e s e n t e d i n T a b l e s 3.3.IA a n d B. A b o u t some o f t h e s e c r o s s - s e c t i o n s a f e w remar l<s m u s t 

be m a d e . 

T h e R f o N a r e C o n f l u e n c e ( F i g u r e 3.3.3c) 

The c r o s s - s e c t i o n a t P t o . I n m a r c o j u s t d o w n s t r e a m o f t h e R f o N a r e C o n f l u e n c e i s 

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

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

be l o c a t e d p e r p e n d i c u l a r t o t h e f l o w - l i n e s . H o w e v e r , d u r i n g t h e m e a s u r e m e n t s t h e a n g l e s 

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

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

A s s u m i n g t h a t b o t h t h e b e d - l o a d a n d t h e s u s p e n d e d - 1 o a d a r e t r a n s p o r t e d p a r a l l e l t o t h e 

f l o w - l i n e s , t h e same p r i n c i p l e has b e e n u s e d t o c a l c u l a t e 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 . 

D u r i n g t h e m e a s u r e m e n t s i n J u l y a n d A u g u s t 1971, t h e w a t e r - l e v e l g r a d i e n t i n t h e 

R f o N a r e c r o s s - s e c t i o n was n o t m e a s u r e d . P r o p o r t i o n a l t o t h e h e i g h t o f t h e w a t e r - l e v e l 

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

l e v e l g r a d i e n t m e a s u r e d a t a l a t e r d a t e . 

The R f o R e g l a C o n f l u e n c e ( F i g u r e 3.3.3d) 

The c r o s s - s e c t i o n a t B a l l e n a , l o c a t e d u p s t r e a m o f t h e R f o R e g l a , a t p r e s e n t (1973) 

c o n s i s t s o f 3 b r a n c h e s . The m a i n b r a n c h a l o n g t h e r i g h t b a n k i s s e p a r a t e d by i s l a n d s f r o m 

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

t h e d i s c h a r g e and no s e d i m e n t t r a n s p o r t was m e a s u r e d . The r e s u l t s o f t h e s e d i s c h a r g e 

m e a s u r e m e n t s a r e l i s t e d i n T a b l e 3.3.1 s e p a r a t e l y . The i n c r e a s e i n t h e w i d t h o f t h e m a i n 

b r a n c h w h i c h was f o u n d a t t h e t i m e o f t h e l a s t m e a s u r e m e n t s ( M a r c h 1972) was t h e r e s u l t 

o f t h e e r o s i o n o c c u r r i n g a l o n g t h e l e f t b a n k . 

J u s t d o w n s t r e a m o f t h e B a l l e n a s e c t i o n t h e R f o R e g l a e n t e r s t h e R f o M a g d a l e n a 

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

4 k m , t h e R f o V i e j o b r a n c h e s o f f a l o n g t h e r i g h t b a n k . The R f o V i e J o i s a n a r r o w a n d s h a l l o w 

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

j o i n s t h e m a i n c o u r s e o f t h e R f o M a g d a l e n a a g a i n a t km 696, A t p r e s e n t (1973), t h e m a i n 

c o u r s e o f t h e R f o M a g d a l e n a d o w n s t r e a m o f t h e R f o V i e j o B i f u r c a t i o n i s c a l l e d t h e R f o 

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

The d a t a o f t h e h c r o s s - s e c t i o n s o f t h i s C o n f l u e n c e , v i z , , t h e B a l l e n a , t h e R f o 

R e g l a , t h e R f o V i e j o a n d t h e R f o Nuevo s e c t i o n s , p r e s e n t e d i n T a b l e 3.3.1 h a v e n o t b e e n 

a d j u s t e d . T h i s means t h a t t h e i n f l o w i s n o t n e c e s s a r i l y e q u a l t o t h e o u t f l o w . T h i s c a n 

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

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

t h e w i d e a n d s h a l l o w b r a n c h a t B a l l e n a . 
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APPROXIMATE SCALE OF SITUATIONS 1:120,000 f. RIO OPÓN CONFLUENCE AND BARRANCABERMEJA 

MEASURING CROSS - SECTIONS IN THE RIO MAGDALENA AND AFFLUENTS FIG. 3.3.3 



Level 

M (n) (•,') (m) ( m » " ) ' / • ) I n ' " / , ) («10 ' ) Mt ' ) (xlO •) l°50 (xIO«) 

Locat ion; La Dorada, RFo Magdalena km 884. Djg-340iim; D^p=500um (S=l45yn) 
• 

=2,780iJm] 1 A=1.68 1 i , - 8« lo"^ ( »/5)l UÖ 3 , /v .50 

9 -V I I - ' 71 3.80 295 986 3.34 

Djg-340iim; 

2,316 2.35 
• 

3 , /v .50 

8 -VI I I -71 2.75 300 835 2.78 1,380 2.87 1,140 1.37 21 57 73 91 2.42 1.46 0.g6 0.72 0.42 1.64 19-56 4.76 1.06 34,900 

9- IX -'71 2.80 295 890 3.01 1,550 3.10 1,310 1.47 23 56 74 85 2.53 1.43 1.09 0.85 0.47 1.45 20.99 5.53 0.97 50,000 

13-X -'71 3.60 295 1 1,088 3.69 2,170 3.92 1,785 1.65 24 53 76 75 2.78 1.37 - 1.41 1 .12 0.57 !.20 23.56 7.61 0.86 56,700 

9-1 '•72 2.40 290 810 Z.79 1,360 2.90 793 0.98 22 39 73 "17 5.08 1.46 3.62 0.76 0.21 3.20 13.99 3.42 1.02 20,970 

I 5 - I I - ' 72 2.58 285 849 2.98 1,498 3.10 979 1.15 17 50 71. 68 3.12 1.44 1.69 0.63 0.29 2.36 16.42, 4.28 1.11 24,400 

8 - I I I - ' 7 2 2.25 284 592 2.08 874 2.17 604 1.02 23 71 59 3.78 1.55 2.23 0.59 0.24 2.78 14.56 2.65 1,14 16,130 

Locat ion: Rfo IJegro. Levels given al 

9 - V I I I - 7 I 0.80 2.90 91 93 l.OZ 

I t - I X -'71 1.47 2.75 97 175 1.80 

21-X -'71 Z.49 2.75 134 283 2.11 

9 - I I I - ' 7 2 0.99 2.55 94 90 0.96 

local gaugestation and Pto, Salgar gauge respect ive ly 

69 0.74 

175 1.00 

347 1.23 

86 .95 

Locat ion: FtTo La H te l . Levels given at 

9 - V I I I - 7 I 0.82 2.90 14Z 174 1.22 

l O - K -'71 1.66 2.60 158 336 2.13 

ZO-X -'71 2.35 3.35 158 430 2.72 

9 - I I I - ' 7 2 0.86 2.55 144 212 1.47 

al gaugestation and Pto. Salgar gauge respect ive ly 

130 0.75 

303 0.90 

370 0,86 

187 0.88 

Locat ion: RTo Hare. Levels 

^35= 670pm; 5̂ =̂ 

1 l - V T I - ' 7 l 1.18 - 198 

13-VI I I -71 1.74 1.64 195 

13-IX -'71 2.71 2.41 194 

23-X -'71 2 . to 2.57 190 

1 0 - i n - ' 7 2 1.03 1.55 197 

giv, local gaugestation and Pto. Inmarco gauge respect ive ly 

1 ,080pm (S=604ym); 2D,.= 5,09O(im; A= 1 .68i v/= 17x10' KÓ3g/v= 230 

310 1.57 393 1.59 261 0.84 36 35 64 42 

425 2.18 627 2.18 475 I . I Z 46 35 67 42 

625 3.22 1,118 3.25 886 1.42 57 33 70 38 

467 2.46 747 2.52 504 1.08 41 33 68 38 

259 1.32 300 1.33 232 0.90 35 41 63 55 

6.41 

6.29 

7.12 

7.07 

4.59 

4,50 

4.53 

5.51 

5.36 

2.61 

0.32 

0.55 

1.02 

0.57 

0.26 

0.C9 6.57 8.16 1.65 2.28 690 

0.16 4.00 10.88 3.05 1.75 4,580 

0.23 2.72 13.80 5.72 1.27 20,150 

0.14 4.42 10.49 3.32 1.71 5,350 

0.11 5.49 8.74 1.49 2.52 1,240 

Locat ion: Puerto IniHarco, Rio Hagdalena km 773. D-, 

12-VI I I -71 

12-IX -171 

22- X -'71 

11-1 - ' 7 2 

n - I I I - ' 7 2 

2.19 610 2,400 3.94 4,900 

1.89 620 2,120 3.42 3,970 

3:09 620 3,220 5.19 7,48o 

0.99 605 1,380 2.28 2,475 

1.10 622 1,262 2,03 2,335 

4.15 

3.60 

5.54 

3.08 

3.20 

- 575.-.; 0^^= 

2,710 1.13 

2.270 

3.720 

1,900 

1 ,400 

I.OSOiJn (S 

48 

54 

25 

1,340ijn}; 20^^= 3,530(im; A= 1.68; i,= l6xl0 (m/ 

12,32 

12.96 

13.01 

4.79 

10.70 

10.f 

11.49 

11.66 

3.19 

9.05 

0; 
1.13 

1.29 

0.63 

0.13 4.17 11.13 5.57 .14 56,690 

0.12 4.51 10.54 4.57 .19 46,190 

0.13 4,19 11.43 7.53 .08 62,520 

0.23 2.48 13.60 3.93 .78 63,480 

0.15 3.74 10.94 2.82 .62 38,900 

Locat ion: Ba l l ena , Rfo Magdalena km 711.5. belo Levels gi 

^35= 330pm; D̂ ^̂  

3.39 2.630 

2.60 1,940 

3.72 3.090 

2.16 1,260 

ïspect lvely 

Z8-VI I I -71 5.30 2.40 785 2.200 2.80 4,065 

21-IX - '71 6.03 1.65 785 1.570 2.00 2,615 

25-X - '71 5.26 2.20 798 2,105 2.64 4,140 

t Z - I I I - ' 7 2 6.74 0.80 845 1,290 1.53 1,930 

Locat ion; Rfo Regla. Levels given at Pto. Berrfo gauge 

2.00 140 100 0.71 

3.25 l40 l4a I.00 

2.40 149 170 1.14 

405iim ( s - 371,.); 25^5-

34 

1 ,l60ptn J A= 1. 68; w= 6,8x!0'^(m/5 
"°50 

5.53 

/ V - 34 

84,940 
1 .20 36 

371,.); 25^5-

34 80 38 6.75 1.22 
"°50 

5.53 1.79 0.33 2.48 19.04 4.20 0.68 84,940 

1 .24 48 34 78 38 6.84 1.30 5.54 1.83 0.39 2.17 19.67 3.10 0.70 33,120 

1.46 62 30 80 32 8.73 1.23 7.50 3.39 0.49 1.S6 23.16 4.82 0.54 85,800 

0.98 40 33 76 36 7.37 1.38 5.99 1.27 0.25 3-29 15.55 1.87 0.88 19,830 

29-VI I I -71 

20-IX -'71 

24-X -'71 

0.75 

0.74 

0.47 

Locat ion; Rfo V i e j o . Levels 

29 -V I I I - ' 71 2.00 48 

2Z-IX- '71 1.65 43 

24-X- '71 2.40 48 

given at Pto. Berrfo gauge 

60 1.25 35 0,58 

58 1.35 25 0.43 

84 1.75 65 0.77 

Locat ion: Rfo lJuevo, Rfo Hagdalena kn 705.5- Leve s given belovj local BH in Rio Nuevo and at Pco. Berrfo gauge re specti veiy 

°35 -
4.99 

700lJml Ö j j . 920prn ( S -

2,720 1.47 13 

673U") 1 ' °65= 
78 

2,590yrn; A= 1 .68! w- 15x10 ^ V s ) ; ^63^ /v= 572 

Z9-VI I I -71 4.67 2.00 400 1,850 4.62 4,175 
°35 -
4.99 

700lJml Ö j j . 920prn ( S -

2,720 1.47 13 57 

' °65= 
78 84 2.40 1.39 1.11 0.42 0.23 3.30 15.47 8.49 1.95 103.100 

22-IX -'71 4.99 1.65 415 1,720 4.15 3,810 4.70 2,480 1 .44 17 50 77 66 ^ 3.15 1.32 5.83 0.52 0.23 3.37 15.16 7.47 1.80 51,400 

24-X -'71 4.43 2.40 415 1,945 4.69 4,575 5.26 3,085 1.58 22 45 78 56 3,80 1.29 2.51 0.75 0.27 2.87 16.63 9.26 1.49 84,100 

12-1 - ' 7 2 5-84 1.10 400 1,350 3.38 2,535 3.56 1,615 1.20 17 49 75 64 3.29 1.38 1.91 0,39 0.16 4.65 12.63 5.07 2.00 33,030 

18-11 - ' 7 2 5.70 1.15 400 1,220 3.05 2.330 3.41 1.665 1.36 17 55 75 81 2.61 1.41 1 ,20 0.38 0.21 3.54 14.31 5.58 2.10 38,900 

1 3 - l l I - ' 7 2 6.07 0.80 395 988 Z.50 1,810 3.09 1,250 1.26 38 35 73 41 6.25 1.47 4.78 0.76 0,19 3.96 13.26 3.94 5.55 20,450 

0^=285 (mVs) 

Q^=250(mVs) 

(l^=410(mVs) 

Locat ion: Rfo Carare . Levels givi I local BH In the Rfo Carare and at Pto. Berrfo gauge respect ive ly 

30-VI I I -71 2.03 2.00 160 457 2.86 235 0.51 

15-IX -'71 1.84 1.70 160 480 3.00 269 0.56 

29-XT - '71 2.05 2.50 160 487 3.04 321 0.66 

3 0 - x l l - ' 7 1 1.45 2.25 160 573 3.58 346 0.60 

1 3 - I I i - ' 7 2 3.08 0.80 150 278 1.85 565 0.59 

Remark: Values underlined indicate estimated v a l u e s ; Q Indie. indary p a r a l l e l brancbCes) 

T a b l e 3 . 3 . 1 A D i s c h a r g e and S e d i m e n t T r a n s p o r t D a t a o f t h e R f o M a g d a l e n a 
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Level B A 

(") ( " V s ) ( » / s ) ( m " V s ) (m ' / s ) ( m " V s ) (xlO ' ) (xlO ' ) (xlO ' ) 4Ö„ 
(mVd.y ) 

Locat ion: Rfo 0p6n. Levels given below local BH In the Rfo Op6n and at Barrancabermeja gauge i 

30-VI I I -71 1.30 3.35 95 366 3-85 I98 0.54 

15-IX - '71 2.27 2.40 91 2 7 5 3 . 0 2 174 0.63 

30-XI - '71 2.62 2.80 98 Z85 2.91 108 O.38 

l 4 - l l I - ' 7 2 3-97 1.50 91 167 1.84 54 0.32 

Locat ion: Barrancabermeja, Rfo Hagdalena km 629. Levels give n at Barrancaberrreja and Pto. Wl Iches gauge respect 1 vei V 

12-XI - ' 7 t 3.70 3.80 920 3,725 "1.05 8,380 5,080 1 .36 27 37 

242 1,004 4.15 2,f50 1,396 1.39 27 39 secondary branch 

18-XI -'71 3.30 3.40 613 2,750 4.49 6,720 3,940 1.43 27 35 Hj .JSOCmVs) 

- 3 - I I I - ' 7 2 1.25 _K30 452 1,312 2.90 z,450 1,520 1.15 27 38 

Z3-V - ' 7 2 4.40 4.05 450 3,538 7.86 10,280 6,450 1.82 28 37 

Locat ion; Upstream Rfo Sogamoso, Rfo Hagdalena kn 614 Level given at Barrancaberme a and Pto. WiIches gauge respect ! , e l y 

Öj5"325ymi Ö5„.375P» (S=110ym); 20, .= 902um; A=l .68; w=6.!xl0"^ m7s); UÖ / v . 2 9 

27-V I I - '71 2.30 2.35 446 2,D8o 4.66 5,250 5.99 3,080 1.48 20 41 86 47 4.56 1.06 3.50 1.90 0.47 1.85 24.40 8.62 0.64 82,565 

1-TX - ' 7 f 2.30 2.50 450 2,000 4.44 5,300 4.82 2,680 1.34 20 36 86 39 6.14 1.07 5.07 1.53 0.39 2.24 22.09 7.44 0.65 104.140 

21-IX -'71 2.80 3.13 454 2,400 5,29 6,800 5.58 3,080 1.28 20 32 87 34 7.65 1.03 6.62 1.77 0.34 2.53 21.10 8.46 0.60 

I4 -X I I - ' 71 1.90 1.90 434 1,685 3.88 3,890 4.92 1,995 1.18 15 42 85 48 4.48 1.09 3.38 1.71 0.31 2.82 19.46 5.72 0.81 16,310 

1 - n i - ' 7 2 1.60 451 1,593 3.53 3,300 4.01 1,954 1.23 IS^ 48 84 59 3.36 1.11- 2.25 0.95 0.34 2.55 20.28 5.43 0.85 34,565 

1 6 - I I I - ' 7 2 1.30 _K0 437 1,350 3.09 2,505 3.31 1,493 1.11 13 52 83 67 2.87 1.14 1.73 0.68 0.28 3.05 18.30 4.29 0.97 11,780 

9 - V I I I - 7 2 0.85 174 1,145 6.58 3,130 7.15 1,370 1.20 10 44 89 50 4.10 0.99 3.10 1.13 0.39 3.00 19.78 9.87 0.77 14,725 

Location:Rro Sogan Levels given at Barrancabermeja and Pto. Wilches gauge i 

°35 
. 230pm! . 265pm(S.30p») 

•• 2»65-
618um ; A= 1. 68i 4x10" ' (m/s ) ! w D j j / v - 13 

2 9 - V I I - 71 2.40 2.35 270 364 1.39 460 1.50 284 0.78 i i 29 80 31 9.37 1.24 8.03 1.52 0.22 4.04 15.30 1.36 0.51 6,280 

l - K - 71 3.30 2.50 290 628 2.17 956 2.16 611 0.97 4 i 30 83 32 8.65 1.13 7.51 2.18 0.31 2.84 19.02 2.63 0.41 9.655 

15-XI - 71 3.15 3.30 280 805 2.88 1 420 2.96 652 0.81 4 i 22 85 22 16.75 1.08 15.68 2.99 0.21 4.30 15.89 2.92 0.35 

14-XTI- 71 1.90 1.90 93 294 3.16 537 3.22 256 0.87 il 22 86 23 15.54 1.06 14.48 3.26 0.23 3.79 17.06 . 3.44 0.34 

I 6 - I I I - 72 1.30 1.0 115 199 1.73 271 1.83 156 0.78 i l i 27 81 29 10.66 1.18 9.47 1.85 0.21 4.21 15.30 1.69 o!46 

10-VTII 72 0.90 76 188 2.47 325 3.17 237 1.26 45 34 84 38 6.64 1.11 5.53 3.21 0.52 1.73 24.71 3.89 0.38 

i Do-rinstream, Rto Sogamoso 

D- = 28Opm 

Rto Hagdalena km 610. 

D -= 320pm (S= 130iim); 

Levels 

^565-

given ai 

755pmi 

Barrancabermeja and Pto. Wilches gauge i 

i= 1.68; v.- 5 .1x l0"^(m/s) ! wD.„/v= 20 

V I I - ' 7 I 2.40 2.35 460 2,200 4-78 5.300 5.35 3,050 1.39 l i 47 88 56 3.55 1 .02 2.54 1.49 0.47 1.88 24.81 8.31 0.61 72.970 r ight branch 

15 -X I I - ' 7 I 1.90 2. 10 605 1.865 3.08 3,605 3.40 2,085 1.12 I i 55 84 73 1.5^ 1 .10 1.49 0.70 0.33 2..J7 19.99 4.31 0.88 r ight branch 

394 1,010 2.56 1,680 2.68 837 0.83 n_ 48 83 58 3.48 1.14 2.34 0.55 _ 0.19 4.69 14.81 2.66 0.97 l e f t branch 

10-V I I I -72 0.90 295 1,432 4.85 3,34o 5.10 1.560 1.09 5 66 88 100 1.60 1.02 0.78 0.47 0.29 3.06 19.45 6.61 1.08 

Locat ion; V i jagual , Rfo Hagdalena km 535, Levels given at Pto. Wilches gauge 

D- = 270ym; Ö = 310ym ( S = SSym); 2Dg^= 7D5ym; A = 1.1 56; w= 5x10"2(n./s) ; V,D3Q/V= 19 

23-VTI- '71 1.80 410 2,600 6.35 6,640 6.37 2,820 1.08 _16 34 91 36 6.96 0.96 6.00 1.96 0.27 3.19 19.58 6.57 0.49 35,000 

30-IX -'71 Z.40 405 2,808 6.94 7,470 6.94 3,850 1.37 16 41 91 46 4.73 0.94 3.78 2.13 0.43 2.01 24.84 11,66 0.48 38,975 Q^= 70(mVs} 

2 -X I I - '71 2.80 410 3,125 7.62 8,770 7.81 3,940 1.26 19 33 92 35 7.39 0.93 6.46 2.85 0.36 2.42 22.85 12.00 0.42 65,215 Qg=l34(mVs) 

14-1 - ' 7 2 2.30 410 2,695 6.57 7,050 . 6 . 9 2 2,858 1.06 16 32 91 34 7.64 0.95 6.69 2.13 0.26 3.33 19.22 8.71 0.49 29,155 

t 7 - I I T - ' 7 Z Ui 415 1,684 4.06 3,230 4.24 1,529 0.86 29 26 87 29 10.16 1.04 9.12 2.36 0.19 4.65 15.59 4.36 0.47 12,260 

Locat ion: Rfo L e b r l j a . Levels given beloi 

2 4 - V I I - ' 7 t 1.70 SO 326 6.52 

1- X -'71 1.79 3.00 too 864 8.64 

3 -X l I - ' 71 1.26 2.75 100 83O 8.30 

l 8 - I I I - ' 7 2 2.91 98 536 5.47 

al BH In the Rfo L e b r i j a and at Pto. Wilches gauge respect ive ly 

333 1.04 

905 1.05 

950 1.14 

86 0.16 

Locat ion: Calamar, Rfo Hagdalena km 91. Ö,_= 195P'n! O j j . 210pm ( S - 48pm)! 20^3= 460pm ! A- 1.6! 1: w= 3xl0"^(m/8); ; W.Ö5,/». . 8 

22 -X I I - ' 70 8.29 578 7,550 13.06 28,000 13.78 14,260 1.89 lA 59 100 74 2.24 0.79 1.45 2.89 l.OZ 0.91 41.64 30.85 0.31 

13-IV -'71 6.34 76.450 

1/2-IX- '71 6.91 582 7,730 13.28 29,700 14.23 10,200 1 .32 6.2 43 100 48 4.24 0.79 3.41 2.50 0.50 1.87 29.08 21.91 0.33 180,765 

2 1 - I I I - ' 7 2 2.86 570 5,025 8.82 16,150 10.ZO 3,650 0.73 2.6 44 96 50 3.99 0.84 3.15 0.75 0.16 5.72 16.08 8.05 0.63 3,170 

18-IV - ' 7 2 3.96 565 5,247 9.29 16,775 10.58 4,800 0.91 3.5 48 97 56 3.35 0.84 2.52 1.05 0.25 3.71 ZO.05 10.57 0.53 23,540 

ReiTiarks: Values underlined Indicate estimated va lues ; Q^lndlcates discharge In secondary p a r a l l e l branch{es) 
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B a r r a n c a b e r m e j a ( F i g u r e 3.3.3f) 

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

a r e l i s t e d i n T a b l e 3.3.1 ( f o r t h e s u s p e n d e d - 1 o a d c o n c e n t r a t i o n s r e f e r e n c e i s made t o 

P a r a . 3.3.4). The c r o s s - s e c t i o n u s e d f o r t h e d i s c h a r g e m e a s u r e m e n t s was n o t l o c a t e d a t 

o n e f i x e d s p o t . F o r t h e c o m p u t a t i o n o f t h e C h é z y - v a l u e s a n a v e r a g e w a t e r - l e v e l g r a d i e n t 

b e t w e e n B a r r a n c a b e r m e j a a n d P t o . W i l c h e s has b e e n u s e d , w h i c h t u r n s o u t t o be a m o r e o r 

l e s s c o n s t a n t v a l u e o f 27 x 10 ^. T h i s a v e r a g e v a l u e d i f f e r s g r e a t l y f r o m t h e l o c a l l y -

m e a s u r e d g r a d i e n t s n e a r t h e c o n f 1 u e n c e o f t h e RFo M a g d a l e n a a n d t h e R ' o S o g a m o s o . 

The RTo Sogamoso C o n f l u e n c e ( F i g u r e 3-3.3g) 

T h e m e a s u r e m e n t s w e r e c a r r i e d o u t i n t h e RTo M a g d a l e n a b o t h u p s t r e a m a n d 

d o w n s t r e a m o f t h e R f o Sogamoso C o n f l u e n c e and i n t h e R f o Sogamoso i t s e l f . T h e c r o s s -

s e c t i o n d o w n s t r e a m o f t h e RTo Sogamoso i s d i v i d e d i n t o t w o b r a n c h e s , s e p a r a t e d by i s l a n d s . 

I n v i e w o f t h e s h o r t d i s t a n c e ( a b o u t 30 km) b e t w e e n t h e g a u g e s o f B a r r a n c a b e r m e j a 

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

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

a r e a . H o w e v e r , d u r i n g t h e l a s t m e a s u r e m e n t s ( A u g u s t 1972) i t a p p e a r e d t h a t t h e l o c a l 

g r a d i e n t s d i f f e r e d c o n s i d e r a b l y f r o m t h i s a v e r a g e v a l u e . C h e c k s made a t a l a t e r d a t e a t 

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

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

V i j a g u a l ( F i g u r e 3.3.3h) 

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

C a l a m a r ( F i g u r e 3.3.3j) 

The c r o s s - s e c t i o n i n t h e RTo M a g d a l e n a a t C a l a m a r i s s i t u a t e d i n f r o n t o f t h e 

v i l l a g e , a b o u t 4 0 0 m u p s t r e a m o f t h e b i f u r c a t i o n o f t h e RFo M a g d a l e n a a n d t h e C a n a l d e l 

D i q u e . O n l y d u r i n g t h e m e a s u r e m e n t s i n M a r c h a n d A p r i l 1972, was t h e l o c a l w a t e r - l e v e l 

g r a d i e n t m e a s u r e d . I n a c c o r d a n c e w i t h c h e c k s c a r r i e d o u t a t a l a t e r d a t e a t h i g h e r w a t e r -

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

C a l a m a r ( z e r o - l e v e l o f t h e g a u g e i s - 0.35 m i n r e s p e c t o f M . S . L . ) by t h e d i s t a n c e b e t w e e n 

C a l a m a r and Bocas d e C e n i z a (112 k m ) . T h i s p r o c e d u r e was f o l l o w e d f o r t h e m e a s u r e m e n t s i n 

December 1970 a n d S e p t e m b e r 1971 r e s p e c t i v e l y . 

B. The C a n a l d e l D i q u e ( T a b l e 3.3.2 a n d F i q u r e 3 . 3 . 4 ) 

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

m e a s u r e m e n t s i n t h e C a n a l d e l D i q u e b e t w e e n C a l a m a r a n d t h e BahFa de C a r t a g e n a a n d i n t h e 

d i s t r i b u t i n g b r a n c h e s a r e g i v e n i n F i g u r e 3.3 . 4 . A l l t h e d a t a r e s u l t i n g f r o m t h e s e m e a s u r e ­

m e n t s a r e p r e s e n t e d i n T a b l e 3.3.2. A f e w r e m a r k s r e g a r d i n g t h e c r o s s - s e c t i o n s a g a i n seem 

n e c e s s a r y . 

7 4 



APPROXIMATE SCALE OF SITUATIONS 1:50.000 

a. CALAMAR 

c. CANO MATUNILLA BIFURCATION cJ. CANO LEQUERICA BIFURCATION 

MEASURING CROSS-SECTIONS IN THE CANAL DEL DIQUE AND BIFURCATING BRANCHES FIG. 3.3.4 



Date Level 

(n) 

B A h Bh^^^ 

(m) (m) (m5'2) 

( - 5 /2 )2 /5 

(m) (m 'M 
I x l o ' ^ 

(m/s) 

t 

( n ' « / , ) 

c" 

( « ' " / , 

f 

') (xlO-'l 

f 

(xio"*) 

f" 

(xio'^t ' 9 ^ 0 

v.ti 
V 
{xloM 

S 

\ (mVday) 

Locat ion: Calamar, Canal del Dique km 0 .2 . D j j . 190i.mi ho­
rn 

210ym {S=61um] 470wm! A=1.68] ; v.̂  3x10' -''(-/>: a 

0.48 22 -X I I - ' 70 8.29 131 716 5.46 1,870 6.40 
ho­
rn 1.23 7.4 55 93 68 2.60 o.sz 1.68 i .34 0.50 1.81 27.10 8.39 0.48 

l^-IV -'71 6.34 135 517 3.82 1,068 4.26 421 0.81 5.7 52 90 64 2.88 0.97 t .90 0.69 0.23 3.92 17.85 3.87 0.65 14,160 

15-Vl -'71 7.95 140 644 4.60 1,465 5.18 •567 0.88 7.1 46 91 53 3.72 0.94 2.78 1.04 0.26 3.43 19.39 5.06 0.53 18,000 

I - K -'71 6.91 120 427 3.55 912 4.40 478 1.12 6.2 67 89 100 1.77 0.99 0.78 0.77 0.45 2.02 24.68 4.97 0.65 6,845 

2 2 - I I I - ' 7 2 2.86 108 267 2.47 316 2.80 83 0.31 2.6 52 86 64 2.96 1 .05 \ .90 0.21 0.04 24.76 6.83 0.96 1.19 50 

Ï8-3V - ' 7 2 3.96 114 286 2.65 480 2.82 158 0.55 3.6 55 87 71 2.61 1.04 1.57 0.29 0.11 7.97 12.12 t .82 0.98 1,025 

Locat io n: Upstream Cano Correa Canal del Dique kn 82. Levels given at Correa and Garrbote saug . respect lv ely 

Ö^^al40iini; D„«150vm (S=4pm); 2D 65-340^ A=l 68 i i,- 2 x l O - ' ( m / s ) i 11 
° 5 0 ' ^ 

29- X - 70 2.08 3.40 79 428 5.40 1 062 5.86 380 0.89 8.3 39 95 43 5.09 0.87 4.22 1.93 0.35 2.68 23,20 6.01 0.30 

4-XI - 70 2.13 3.45 78 419 5.37 1 ,026 5.79 355 0.85 8.3 38 95 41 5.44 0.87 4.57 1.91 0.32 2.93 22.16 5.71 0.30 

2 - X I I - 70 2.4S 3.87 78 487 6.24 1 307 6.87 479 0.99 8.8 39 96 43 5.14 0.85 4.29 2.40 0.42 2.22 25.31 7.72 0.27 

2 3 - I I I - 71 2.06 2.87 2,240 

2-VI - 71 .1.93 3.40 3,735 

9- IX - 71 2 ^ 3.33 85 380 4.47 863 5.06 440 1.16 5.9 66 94 93 1.80 0.90 0.91 1.18 0.61 1.53 30.24 6.48 0.32 5,500 

2 -X I I - 71 2 ^ 3.74 84 431 . 5.13 1 ,048 5.65 544 1.10 8.9 55 95 68 2.59 0.88 1.71 2.00 0.54 1.74 28.68 7.05 0.30 4,573 

24-111- 72 0,78 1.10 76 269 3.54 529 3.82 120 0.45 2.0 51 92 61 3.05 0.93 2.12 0.30 0.10 9.76 11.73 1.99 0.76 66 

Locat ion: Cano Correa . Leve ls given at Correa and Gambote gauge respect ive ly 

D- =90yn; Ö =100pn(S= 27\M); 2D, =230ym; 0=1.68; v.-=lxlO"^(f /s); w.D /v=l 

29-x - 70 2.08 3.40 34 121 3.56 220 
35 ' • 

3.56 
50 

22 0.18 6.4 
65 

12 95 13 
5U 

4 - x l - 70 2.13 3.45 34 114 3.35 218 3.50 16 0.14 9 94 9 

2 . X I I - 70 2.48 3.87 35 127 3.63 259 3.83 11 0.08 8.8 5 95 5 
960 

2 3 - I I I - 71 2.06 2.87 
960 

2-VI - 71 1.93 3.40 41 169 4.12 379 4.73 111 0.53 9.1 31 96 32 8.33 0.85 7.47 2.56 0.18 4.95 16.92 2.73 0.16 975 

9- IX - 71 ^,39 3.33 36 141 3.92 290 4.20 142 1.01 6.8 59 96 75 2.26 0.86 1.40 1.70 0.67 1.35 32.25 4.95 0.21 3,000 

2 - X I I - 71 2 ^ 3.74 39 120 3.08 217 3.26 55 0.45 8.9 27 94 28 10.87 0.89 9.98 1.73 0.14 6.55 14.37 1.73 0.19 68 

2 4 - I I I - 72 0.78 1.10 31 106 3.42 206 3 . 7 ! 57 0.53 2.0 62 94 82 2.05 0.88 1.17 0.44 0.19 4.80 16.92 2.27 0.37 18 

Locat lon: DoMnstream Cano Correa, Canal del Oique km 83. Leve 5 given at Correa and Gambote gauge respect ive ly 

5 j j . l05vm Ö5„.120u. (5-23pm)i 2D,.=260um; A=l. 681 v.^1.5x10 ' ( m / s ) : „ 55„ /v .2 

29-X - 70 2.08 3.40 78 344 4.41 757 4.74 317 0.92 6.4 52 95 63 2.86 0.86 2.00 1.50 0.46 1.90 26.81 5.07 0.29 

4-XI - 70 2.13 3.45 78 355 4.55 793 4.85 339 0.96 6.5 53 96 64 2.79 0.86 1.94 1.56 0.50 1.75 27.98 5.46 0.28 

2 - X I I - 70 2.48 3.87 78 397 5.08 942 5.43 470 1.18 8.8 53 97 64 2.77 0.84 1.93 2.37 0.74 1.18 34.39 7.49 0.23 

1,630 
2 3 - I I I - 71 2.06 2.87 

1,630 

2-VI - 71 1.93 3.46 69 261 3.78 575 4.28 322 1.23 9.1 59 94 75 2.28 0.88 1.39 1.93 0.84 1.04 35.85 5.81 0.26 5,690 

10-IX - 71 2 J 9 3.33 85 268 3.15 548 3.88 280 1.05 7.7 58 93 74 2.33 0.91 1.42 1.48 0.63 1.38 30.60 4.13 0.37 2,900 

2 - X I I - 71 2 ^ 3.74 88 344 3.91 740 4.37 370 1.07 8.9 53 95 64 2.79 0.88 1.92 1.93 0.64 1.38 31.19 5.23 0.26 2,800 

2 4 - I I I - 72 0.78 1.10 74 160 2.16 247 2.34 68 0.43 2.0 62 90 84 2.07 0.97 1.10 0.23 0.11 7.71 12.53 1.16 0.73 34 

Locat ion: Upstream Cano H a t u n i l l a , Canal del Digue km 99 .5 . Levels given at Hatuni 1 la and Ganbote gauge respect i veiy 

28-X - '70 0.93 3.41 74 258 3.49 

5 

501 

j5-165pm: 

3.69 

Öj l j . 180pm ( S - -pm)! 

248 0.96 6.0 

2Ög3=400pm; A=' 

64 90 

1.68; v.. 

90 

3x10*^ 

1 .92 

(m/s ) ; » 

0.96 
• ° 5 0 ' " = ' 

0.96 0.73 0.37 2.45 22.85 3.19 0.66 

3-XI - '70 0.94 3.43 76 260 3.42 508 3.69 261 1.00 6.2 65 90 95 1.84 0.97 0.88 0.76 0.41 2.25 23.80 4.28 0.66 

2 5 - I I I - ' 7 2 0.54 1.24 73 217 2.79 398 3.22 60 0.28 2.0 34 89 36 6.91 0.99 5.92 0.21 0.03 28.03 6.66 1.04 1.24 

16-W - ' 7 2 0.41 1.56 75 227 3.03 415 3.29 40 0.18 3.7 16 89 16 31.26 0.99 30.27 0.40 0.01 68.06 4.28 0.68 0.90 

Locatio n: Cano Hatuni 1 l a . Leve s giv en at Hatuni l la and Gambote gauge respect ive ly 

D35-I45pmi 

2,88 

D5„.185p. 

69 

(S.30pm); 20, .= 490pm: A = 1.68: •= 3x10' (m/s) w .D j . / v .7 

1.44 21.83 
28-X - 70 0.93 3.41 27 74 2.74 128 

D35-I45pmi 

2,88 

D5„.185p. 

69 0.93 9.2 56 87 74 2.48 1.04 

w .D j . / v .7 

1.44 0.B5 0.37 2.12 21.83 3.19 0.60 

3-XI - 70 0.94 3.43 28 74 2.64 124 2.78 66 0.90 13.0 47 87 55 3.60 I .05 2.55 1.16 0.35 2.25 21.13 2.97 0.5'2 

6-v - 71 O J 9 3.25 32 86 2.68 153 2.89 89 1,03 17.0 45 87 52 3.94 1 .05 2.90 1.58 0.45 1.72 24.18 3.45 0.49 982 

15-IX - 71 0.96 3.36 34 89 2.62 152 2.75 126 1.40 15.0 68 86 109 1.71 1.05 0.66 1.33 0.84 0.93 32.86 4.59 0.48 1,026 

1 - K I I - 71 3.74 30 77 2.57 131 2.79 80 1,04 17,0 47 86 56 3.58 1.05 2.52 1.53 0.47 1.68 24.41 3.34 0.46 1,123 

25-111- 72 0.54 1.24 27 60 2.21 94 2.37 29 0.48 2.0 69 85 118 1.65 1.08 0.57 0.15 O.IO 7.66 11.27 1.33 1.44 13 

16-IV - 72 0.41 1.56 32 63 1.90 95 2.23 9 0,14 2,4 19 84 20 20.94 I . I I 19.87 0.17 0.01 87.62 3.29 0.33 1.42 

Locat ion: Downstream Cano Hatuni l la Cana del Dique km 100.5. Levels giv n at Hatuni l la and Gambote gauge respect ive ly 

Öj j - I05umi D .120pm (S.78pm)i 2Ög3=270p m; A=l 68; 1.5x10 (m/s) w .D j j / v . 2 

25.94 2.87 
28-X • 70 0.93 3.41 85 219 2.58 362 2.65 196 0.89 3,5 92 91 0.94 0.95 0 0.46 0.47 1.84 25.94 2.87 0.50 

3-XI - 70 0.94 3.43 83 207 2.49 329 2.51 187 0,90 4.3 87 91 293 1.04 0.95 0.09 0.54 0.49 1.79 26.23 2.80 0.46 

6-v - 71 0 ^ 3.25 95 210 2.21 353 2.61 169 0.81 5.1 67 90 101 1.75 0.97 0.77 0.66 0.40 2.17 23.61 2.24 0.45 1,480 

15-IX - 71 0.96 3.36 90 250 2.78 426 2.89 228 0.92 4,1 84 92 204 1.12 0.94 0.19 0.59 0.50 1.75 26.81 3.20 0.49 2,066 

1-XI I - 71 3.74 100 293 2.93 554 3.32 215 0,73 4,7 57 92 72 2.45 0.93 1.52 0,77 0.31 2.80 21.28 2.67 0.41 2,568 

2 5 - I I I - 72 0.54 1.24 93 167 1.80 231 1.93 51 0.31 I.o 70 88 114 1.61 1.01 0.60 O.IO 0.06 14.28 9.04 0.70 1.13 8 

16-IV - 72 0.41 1.56 92 224 2.43 276 2.12 24 0.11 0.7 33 91 35 7.27 0.96 6.31 0.07 0.01 3.21 0.33 1.16 

Locatio n: Upstream Cano Lequer ica , Canal del Dique km 107.5. Levels given at Lequer Ica and Gambote gauge respect ive ly 

D j j . 100pm ; 65„- l25l m ( 5 . 22pn ; 2D^,=290pm; A= t .68; , .1 .4x10 ' (m/s ; „ . D 5 „ / v . 2 

1.76 28-X - 70 0.69 3.41 72 203 2.82 357 2.97 181 0.89 4.2 79 91 156 1.27 0.94 0.32 0.59 0.45 1.76 25.42 3.14 0.40 

3-XI - 70 0.76 3.43 73 203 2.79 356 2.96 155 0.76 3,4 75 91 130 1,41 0.95 0.46 0.48 0.33 2.41 21.70 2.65 0.44 

5-XI - 70 0.68 3.46 72 200 2.78 348 2.94 183 0,91 4,4 79 91 161 1.25 0.95 0.30 0.62 0.48 1,68 25.99 3.16 0.39 

6-V - 71 0.50 3.25 86 252 2.93 468 3.26 225 0,89 4 ^ 75 91 132 1.39 0.94 0.45 0.64 0.45 1.77 25.42 3.26 0.40 2,608 

2 6 - I I I - 72 1.36 77 192 2.49 318 2.72 38 0.20 0^ 76 90 139 1.37 0.97 0.41 0.03 0.02 34.15 5.71 0.62 1.69 34 

Locat lon; Cano Leque I c a . Levels giv en at Lequerica and Gambote gauge respect ive ly 

Dj3= 100pm 

2.73 

; 0 - 125pm ( S - 22p 1) ; 20^5- 290pm; A= 1.6 8; \i= 1.4x10' (m /s ) ; w.5 5 0 ' " - ^ 

28-X - 70 0.67 3.41 39 101 2.58 169 

Dj3= 100pm 

2.73 99 0.98 8 ^ 64 90 89 1.94 0.96 0.98 1.10 0.56 1.43 27.99 3.16 0.29 

3-XI - 70 0.76 3.43 41 102 2.50 168 2.62 87 0.85 10.0 52 90 64 2.90 0.97 1.93 1 .25 0.43 1.86 24.24 2.66 0.28 

6-V - 71 0.50 3.25 45 118 2.62 229 3.17 150 1.27 14.2 55 91 69 2.60 0.96 1.64 2.14 0.94 0.85 36.27 4.16 0.19 1,740 

15-IX - 71 3.36 35 104 2.96 188 3.18 128 1.23 12.9 60 92 79 2.18 0.94 1.25 1.95 0.86 0.93 35.12 4.55 0.23 401 

30-XI - 71 0.71 3.73 41 108 2.63 184 2.91 153 1.42 17.7 63 91 86 2.01 0.96 1.05 2.45 1.17 0.68 40.55 4.67 0.20 1,020 

2 6 - I I I - '72 1.36 41 109 2.66 188 2.90 34 0.31 0 ^ 60 91 80 2.18 0.95 1.23 0.13 0.06 14.38 8.85 1.03 0.86 0 

Locat ion: Do'rjnstream Cano Lequer ica, Canal del Dique km 109. Levels given at Lequerica and Gambote gauge respect ive ly 

Öj3=I00pmi D -125pm (S.22pm): 2Dgg=290pm; A=l 68; V = 1.4x10'^ m/s ) : 
" ° 5 0 ' " - ^ 

28-X - 70 0.68 3.41 75 150 2.00 219 2.10 78 0.52 2.3 74 88 137 1.42 1.00 0.42 0.23 0.16 4.86 14.85 1.30 0.64 

3-XI - '70 0.75 3.43 69 146 2.16 225 2.18 74 0.51 2.6 65 89 94 1.89 0.99 0.90 0.27 0.16 5.12 14.56 1.38 0.57 

15-IX - '71 3.36 75 156 2.08 238 2.23 82 0.53 M 70 89 115 1.59 t .00 0.59 0.25 0.17 4.71 15.14 1.38 0.59 654 

22-IX - '71 3.43 75 140 1.87 201 2.01 95 0.68 4 ^ 70 88 114 1.62 1.01 0.60 0.44 0.28 2.81 19.42 1.59 0.46 607 

30-XI - 71 0.73 3.73 78 142 1.82 205 1.94 81 0.57 3.5 67 88 103 1.76 1.02 0.74 0.32 0.20 3.98 16.28 1.30 0.52 388 

2 6 - I I I - 72 1.36 78 168 2.15 255 2.28 36 0.21 0 ^ 71 89 116 1.58 0.59 0.58 0.04 0.03 30.19 6.00 0.56 1.50 0 

R'emark; Values underlined Indicate estimated values 

T a b l e 3 . 3 . 2 D i s c h a r g e and S e d i m e n t T r a n s p o r t D a t a o f t h e C a n a l d e l D i q u e 
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C a l a m a r ( F i g u r e 3 . 3 . 4 a ) 

The c r o s s - s e c t i o n i n t h e C a n a l d e l D i q u e a t C a l a m a r i s s i t u a t e d a b o u t 200 m d o w n ­

s t r e a m o f t h e b i f u r c a t i o n . T h e w a t e r - l e v e l g r a d i e n t has n o t b e e n m e a s u r e d a n d had t o be 

e s t i m a t e d . The t o t a l l e n g t h o f t h e C a n a l d e l D i q u e i s a b o u t e q u a l t o t h e d i s t a n c e a l o n g 

t h e R f o M a g d a l e n a f r o m C a l a m a r t o Bocas de C e n i z a , a n d t h e d i f f e r e n c e i n head b e t w e e n t h e 

w a t e r - l e v e l a t C a l a m a r a n d M . S . L . a t Bocas d e C e n i z a a n d i n t h e BahFa de C a r t a g e n a i s a l s o 

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

t h e C a n a l d e l D i q u e c l o s e t o t h e b i f u r c a t i o n o f t h e RFo M a g d a l e n a w o u l d be e q u a l t o t h e 

w a t e r - l e v e l g r a d i e n t i n t h e R f o M a g d a l e n a a t C a l a m a r , 

The Cano C o r r e a B i f u r c a t i o n ( F i g u r e 3 , t 3 j J i ^ 

The Cano C o r r e a l e a v e s t h e C a n a l d e l D i q u e a t km 8 2 . 5 a n d d e b o u c h e s w i t h many 

o u t l e t s i n t o t h e BahFa de B a r b a c o a s . L o c a l l y w a t e r - l e v e l g r a d i e n t s h a v e n o t b e e n m e a s u r e d , 

b u t d e t e r m i n e d as a v e r a g e g r a d i e n t s . F o r t h e s e c t i o n u p s t r e a m o f t h e Cano C o r r e a t h e 

g r a d i e n t has b e e n f o u n d f r o m t h e w a t e r - l e v e l s a t Gambo te and a t t h e b i f u r c a t i o n o f t h e Cano 

C o r r e a ; f o r t h e d o w n s t r e a m s e c t i o n t h e w a t e r - l e v e l s a t C o r r e a a n d M a t u n i l l a h a v e b e e n u s e d . 

B e c a u s e no g a u g e r e a d i n g s a r e a v a i l a b l e n e a r t h e o u t l e t o f t h e Cano C o r r e a , t h e r e c o r d s o f 

t h e g a u g e a t P i e d r a c i t a s i n t h e BahFa de B a r b a c o a s h a v e b e e n u s e d . The w a t e r - l e v e l g r a d i e n t 

i n t h e Cano has b e e n d e t e r m i n e d as a n a v e r a g e g r a d i e n t b e t w e e n t h i s g a u g e a n d t h e o n e a t 

t h e b i f u r c a t i o n . A t h i g h w a t e r s t a g e s s u c h an a v e r a g e v a l u e o f t h e w a t e r - l e v e l g r a d i e n t 

c a n n o t be c o r r e c t b e c a u s e d o w n s t r e a m o f Gambo te an o v e r f l o w o f t h e l o w - l y i n g l e f t b a n k o f 

t h e C a n a l d e l D i q u e o c c u r s . T h i s o v e r f l o w i n g w a t e r p a r t l y e n t e r s t h e Cano C o r r e a some 

d i s t a n c e d o w n s t r e a m o f t h e b i f u r c a t i o n w i t h t h e C a n a l d e l D i q u e , r e s u l t i n g i n a l o c a l 

r i s e o f t h e w a t e r - l e v e l ( s e e F i g u r e 3 . 3 . ' t b ) . C o n s e q u e n t l y , t h e l o c a l w a t e r - l e v e l g r a d i e n t 

i n t h e Cano C o r r e a c l o s e t o t h e b i f u r c a t i o n d e c r e a s e s , a n d o c c a s i o n a l l y i t may e v e n be 

n o t i c e d t h a t t h e Cano C o r r e a d i s c h a r g e s i n t o t h e C a n a l d e l D i q u e . 

The C a n a l d e l D i q u e a n d t h e Cano M a t u n i l l a B i f u r c a t i o n ( F i g u r e 3 . 3 . 4 c ) 

The Cano M a t u n i l l a l e a v e s t h e C a n a l d e l D i q u e a t a b o u t km 100 a n d d i s c h a r g e s i n t o 

t h e BahFa de B a r b a c o a s . The w a t e r - l e v e l g r a d i e n t s h a v e b e e n d e t e r m i n e d as a v e r a g e g r a d i e n t s 

b e t w e e n t h e g a u g e s o f C o r r e a , M a t u n i l l a , L e q u e r i c a and P i e d r a c i t a s (BahFa de B a r b a c o a s ) 

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

g a u g e a t C a r a r e (BahFa de C a r t a g e n a ) w e r e u s e d . 

The C a n a l d e l D i q u e and t h e Cano L e q u e r i c a B i f u r c a t i o n ( F i g u r e 3 . 3 . 4 d ) 

The Cano L e q u e r i c a l e a v e s t h e C a n a l d e l D i q u e a t a b o u t km 108 a n d d i s c h a r g e s a l s o 

i n t h e BahFa de B a r b a c o a s . T h e w a t e r - l e v e l g r a d i e n t s h a v e been d e t e r m i n e d as a v e r a g e 

g r a d i e n t s b e t w e e n t h e g a u g e s o f M a t u n i l l a , L e q u e r i c a , C a r a r e (BahFa de C a r t a g e n a ) a n d 

P i e d r a c i t a s (BahFa de B a r b a c o a s ) r e s p e c t i v e l y . When t h e r e a d i n g s o f o n e o f t h e s e g a u g e s 

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

a t C a r t a g e n a w e r e u s e d i f no r e a d i n g s o f t h e C a r a r e g a u g e w e r e a v a i l a b l e . 
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3.3.3. T h e s u s p e n d e d - l o a d m e a s u r e m e n t s 

F o r t h e m e a s u r i n g t e c h n i q u e o f t h e s u s p e n d e d - l o a d s a m p l e r , r e f e r e n c e i s made t o 

P a r t I V o f t h i s R e p o r t a n d t h e o p e r a t i o n m a n u a l o f t h e i n s t r u m e n t . H o w e v e r , some r e m a r k s 

r e g a r d i n g t h e m e a s u r e m e n t s m u s t be made h e r e b e c a u s e t h e m e t h o d o f m e a s u r i n g , a s u s e d b y 

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

o f s u s p e n d e d - l o a d , t h e t i m e i n t e r v a l f o r m e a s u r i n g w i t h t h e D e l f t B o t t l e (DF) i n a c e r t a i n 

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

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

F o r i n s t a n c e , f o r t h e R h i n e b r a n c h e s ( t h e N e t h e r l a n d s ) t h e m e a s u r i n g t i m e i s 20 m i n . , 

w h e r e a s i n t h e RFo M a g d a l e n a t h e m e a s u r i n g t i m e had t o be r e s t r i c t e d t o 3 m i n . , b e c a u s e 

o t h e r w i s e t o o much s e d i m e n t was c a u g h t i n t h e s a m p l e r , t h u s p o s s i b l y r e d u c i n g t h e e f f i c i e n 

c y o f t h e i n s t r u m e n t . T h e r e f o r e , t h e m a j o r i t y o f t h e m e a s u r e m e n t s i n t h e RFo M a g d a l e n a 

h a v e b e e n c a r r i e d o u t w i t h a c o n s t a n t m e a s u r i n g t i m e o f 3 m i n . when t h e i n s t r u m e n t was 

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

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

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

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

G e n e r a l l y , t h e t i m e I n t e r v a l n e c e s s a r y to l o w e r t h e I n s t r u m e n t t o t h e r e q u i r e d 

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

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

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

t h e v e r t i c a l w i l l be c o n s i d e r e d i n t h e f o l l o w i n g F i g u r e 3 . 3 . 5 . 

F i g u r e 3 . 3 . 5 L o g a r i t h m i c 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 C o n c e n t r a t i o n 

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

t r a n s p o r t s ' ( a ) i s p r e s e n t : 

5 ^ ( a ) - C ( a ) . v ( a ) » c ü " ) . ^ ) ( 3 . 3 . 1 ) 

T h i s t r a n s p o r t i s m e a s u r e d d u r i n g t h e t i m e i n t e r v a l 9 ^ . T h e t i m e i n t e r v a l i s r e q u i r e d 

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

t r a n s p o r t s ^ ( a ) a v a l u e s | ( a ) i s m e a s u r e d : 

s | ( a ) = s ^ ( a ) + ^ C ( y ) . v ( y ) d t ( 3 . 3 . 2 ) 
o 

o 

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

e x p r e s s i o n h o l d s : ( h - a ) d t = 0^d^; E q . ( 3 . 3 • 2 ) t h e r e f o r e b e c o m e s : 

h 

s ; ( a ) = s ; ( a ) . ! i j c ( y ) . v ( y ) ^ 

a 
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T h i s c a n a l s o be w r i t t e n a s : 

. ®1 r C ( y ) . v ( y ) dy ( 3 . 3 . 3 ) 

As a n a p p r o x i m a t i o n a u n i f o r m v e l o c i t y d i s t r i b u t i o n , ( v ( y ) = v ( a ) ) i s a s s u m e d ( t h e i n f l u ­

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

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

a ( h - y ) ] ' 
( 3 . 2 . 5 ) 

t h e r e d u c t i o n f a c t o r 0 c a n be e x p r e s s e d , a f t e r some d e r i v a t i o n , i n t h e p a r a m e t e r s S j , 9 ^ , 

a , h and z : 

_ i . ( a / h ) ' 

" o ' ( 1 - a / h ) ^ * 
( ^ ) d n 

a / h 

i n w h i c h : ri = ^ 

E q u a t i o n 3 . 3 . ^ c a n a l s o be w r i t t e n a s : 

1 

( 3 . 3 . ' i ) 

( 3 . 3 . 5 ) 

when i n t r o d u c i n g 

„ _ ( a / h ) ' 

( 1 - a / h ) ' 

a / h 

( 3 . 3 . 6 ) 

c a l d e t e r m i n a t i o n c a n b e s t be s e r v e d by u s i n g two g r a p h s ( F i g u r e 3 - 3 . 6 ) . F i g u r e 3 . 3 . 6 a 

g i v e s t h e p a r a m e t e r a ( E q . 3 . 3 . 6 ) a s a f u n c t i o n o f a / h and z ; F i g u r e 3 - 3 - 6 b r e l a t e s t h e 

O.S 0.1 

F i g u r e 3 . 3 . 6 R e d u c t i o n F a c t o r f o r S u s p e n d e d - l o a d M e a s u r e m e n t s 
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F i g u r e 3 . 3 . 6 c a n be u s e d u n i v e r s a l l y f o r a l l v a l u e s o f z . In P a r a . 3 . 3 . ^ i t i s 

shown t h a t t h e o b s e r v e d v a l u e s o f t h e e x p o n e n t z i n E q . ( 3 . 2 . 5 ) ( z , ) a l o n g t h e RTo 

H a g d a l e n a g e n e r a l l y f l u c t u a t e s b e t w e e n 0 and 1 ( s e e F i g u r e 3 . 3 . 8 ) . A s s u m i n g t h a t t h e i n s t r u ­

ment i s r a i s e d a t a ( c o n s t a n t ) s p e e d o f 0 . 2 0 m / s , t h e maximum t i m e i n t e r v a l r e q u i r e d to 

r a i s e t h e i n s t r u m e n t In a w a t e r - d e p t h o f , e . g . , 4 m becomes 20 s e c . ( o r Ö j ^ ^ 6 ^ ) . 

F o r t h e g i v e n r a n g e o f z ^ - v a l u e s t h e e r r o r I n t h e m e a s u r e d c a t c h e s o f t h e D F - s a m p l e r i s 

s m a l l e r t h a n ) \ % . F o r a l ) t h e m e a s u r i n g p o i n t s I n t h e v e r t i c a l and a n a v e r a g e Z j - v a l u e 

( z j = 0 . 5 ) , t h e e r r o r w i l l be In t h e o r d e r o f 5^- The e r r o r d e t e r m i n e d i n t h i s way i m p l i e s 

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

f a c t , w i l l n o t be t r u e , and i t seems l o g i c a l t h a t the e f f i c i e n c y w i l l s h a r p l y d e c r e a s e due 

to t h e a n g l e o f a t t a c k b e t w e e n t h e c u r r e n t and t h e a x i s o f t h e s a m p l e r when t h e i n s t r u m e n t 

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

l e s s t h a n 5^» and i t c a n be c o n c l u d e d t h a t t h e i n f l u e n c e o f t h i s r e d u c t i o n f a c t o r c a n w e l l 

be n e g l e c t e d . (An e x c e p t i o n m u s t p e r h a p s be made f o r t h e m e a s u r e m e n t s In t h e RTo H a g d a l e n a 

a t C a l a m a r w h e r e t h e r i v e r i s v e r y d e e p ; h o w e v e r , u n t i l more i s known a b o u t t h e e f f i c i e n c y 

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

A n o t h e r c o r r e c t i o n f a c t o r w h i c h has t o be c o n s i d e r e d d e p e n d s o n t h e e f f i c i e n c y o f 

t h e D F - s a m p l e r i t s e l f ( r e f e r e n c e i s made t o t h e o p e r a t i o n m a n u a l o f t h e i n s t r u m e n t a n d 

a l s o P a r t I V o f t h i s R e p o r t ) . T h e p r i n c i p l e o f t h e i n s t r u m e n t i s t h a t t h e w a t e r - s e d i m e n t 

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

a t t h e b a c k i n s u c h a way t h a t t h e m i x t u r e e n t e r s t h e n o z z l e o f t h e s a m p l e r w i t h a l m o s t t h e 

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

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

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

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

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

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

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

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

t a i n i n g c o n d i t i o n s o n t h e R f o M a g d a l e n a show a v a l u e o f a b o u t 0 . 9 . T h i s means t h a t t h e 

c a t c h e s o f t h e s a m p l e r a r e 1 0 1 h i g h e r t h a n t h e a c t u a l t r a n s p o r t o f s e d i m e n t . A l t h o u g h t h i s 

c o r r e c t i o n f a c t o r has n o t b e e n a p p l i e d i n t h e d a t a u n d e r c o n s i d e r a t i o n i n t h i s R e p o r t , i t 

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

3 . 3 . 4 . T h e s u s p e n d e d - l o a d c o n c e n t r a t i o n s 

D u r i n g t h e s e d i m e n t t r a n s p o r t m e a s u r e m e n t s c a r r i e d o u t i n t h e RFo M a g d a l e n a i t 

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

a l s o t h a t t h e p e r c e n t a g e o f s u s p e n d e d l o a d i s , g e n e r a l l y , 9 0 ^ o r m o r e o f t h e b e d - m a t e r i a l 

l o a d . When an i n s i g h t i n t o t h e d i s t r i b u t i o n o f t h e s u s p e n d e d - l o a d i n t h e v e r t i c a l c a n be 

o b t a i n e d , t h e c o m p u t 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 i s a l s o p o s s i b l e by means o f E q , ( 3 , 2 . 6 ) . 

M o r e o v e r , t h e l a b o r i o u s a n d t i m e - c o n s u m i n g t r a n s p o r t m e a s u r e m e n t s c a n t h e n be r e d u c e d t o 

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

To e n a b l e c o n c e n t r a t i o n v e r t i c a l s t o be c o m p a r e d , t h e y a r e g e n e r a l l y p l o t t e d i n a 

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

v e r t i c a l by o n e a n d t h e same r e f e r e n c e c o n c e n t r a t i o n (C ) , t h i s b e i n g t h e c o n c e n t r a t i o n 
a 

f o u n d a t a s m a l l d i s t a n c e ( a ) a b o v e t h e b e d . E x p e r i m e n t a l i n v e s t i g a t i o n s , b o t h i n t h e 

l a b o r a t o r y a n d i n t h e f i e l d , h a v e c o n f i r m e d t h a t 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 i n a v e r t i ­

c a l c a n b e s t be e x p r e s s e d as ( s e e F i g u r e 3 . 3 . 5 ) [13] : 

80 



I I , 3.3 

S = ' ^ a ^ h ^ - V ^ ' ( 3 . 2 . 5 ) 

i n w h i c f i : 

C = r e f e r e n c e c o n c e n t r a t i o n a t l i e i g h t a a b o v e c h a n n e l b e d 
3 

Cy = c o n c e n t r a t i o n a t h e i g h t y a b o v e c h a n n e l b e d 

h = t o t a l d e p t h a t m e a s u r i n g s i t e 

z = W / ( K . V ^ ) 

K = v o n Karman c o n s t a n t ( = 0 . 4 f o r c l e a n w a t e r ) 

w = f a l 1 v e l o c i t y 

V = s h e a r v e l o c i t y . 

F i g u r e 3.3.7 Some E x a m p l e s o f C o n c e n t r a t i o n V e r t i c a l s 

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

t r a t i o n c u r v e s ( t h a t i s t o s a y , c o m p a r i s o n o f t h e o r e t i c a l z - v a l u e s w i t h z - v a l u e s as 

r e s u l t i n g f r o m t h e RFo M a g d a l e n a m e a s u r e m e n t s ) was d o n e as f o l l o w s : 

- A d i m e n s i o n l e s s g r a p h was made p l o t t i n g C ^ / C ^ v e r s u s ( h - y ) / y ; 

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

t r a t i o n b e i n g t h e c a t c h d i v i d e d by t h e p e r t a i n i n g f l o w - v e l o c i t y ) ; a n d 
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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 (C ) was d e t e r m i n e d a t d i s t a n c e a = 0 . 1 h a b o v e t h e b e d . 
3 

As t h e D e l f t B o t t l e u s e d f o r t h e s u s p e n d e d - 1 o a d m e a s u r e m e n t s m e a s u r e s t h e 

sed i m e n t t r a n s p o r t a t f i x e d d i s t a n c e s a b o v e t h e b e d - 1 e v e l , 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 a t 0.1 h a b o v e t h e bed was f o u n d by i n t e r p o l a t i o n o f t h e c o n c e n t r a t i o n s 

m e a s u r e d a t 0.1 m, 0 . 2 m, 0 . 3 m, O.h m a n d 0 . 5 m a b o v e t h e b e d . T h e z ^ - v a l u e s w e r e 

t h e n c a l c u l a t e d f r o m 

l o g C y / C ^ 

7 , h - y 0 . 1 

( y - O T T ) 

T h i s e q u a t i o n i s b a s e d o n t h e a s s u m p t i o n t h a t E q . ( 3 . 2 . 5 ) h o l d s , w h i c h means t h a t 

on l o g a r i t h m i c p a p e r t h e p l o t s can be s c h e m a t i z e d by a s t r a i g h t l i n e . 

Some r e s u l t s a r e g i v e n i n F i g u r e 3 . 3 . 7 . F o r c o n v e n i e n c e sa l<e , t h e e x a m p l e s h a v e 

b e e n p l o t t e d h e r e o n a l i n e a r s c a l e . To e n a b l e a c o m p a r i s o n t o be made b e t w e e n v e r t i c a l s o f 

m e a s u r i n g c r o s s - s e c t i o n s w i t h d i f f e r e n t d e p t h s , y / h has b e e n u s e d as o r d i n a t e i n s t e a d o f 

( h - y ) / y . I n F i g u r e 3 . 3 . 7 t h e a r e a c o v e r e d by t h e t h e o r e t i c a l z - v a l u e s ( z = W / K V ^ ) i s a l s o 

i n d i c a t e d . 

t n F i g u r e 3 . 3 . 8 a c o m p a r i s o n i s g i v e n b e t w e e n t h e t h e o r e t i c a l z - v a l u e s ( z ) a n d t h e 

o b s e r v e d z - v a l u e s ( z . | ) . A s i g n i f i c a n t d i f f e r e n c e c a n be n o t e d a n d n e e d s e x p l a n a t i o n . 

O LA DmnA 

o R'O NARE 

9 PTO !l^-IARCO 
C BALIEHA 
<t RIO RUEVO 

C UPSTREAM RIO SOGAI-IOSO 
9 pb SO&IWSO 
a DO-AySTREAM pfo SOSAMOSO 

e CALAMAR 

C O 

F i g u r e 3 . 3 . 8 S u s p e n d e d - l o a d C o n c e n t r a t i o n s i n t h e RFo M a g d a l e n a 

Some p o s s i b l e r e a s o n s h a v e a l r e a d y b e e n m e n t i o n e d i n P a r a . 3 . 2 . 2 , b u t a l s o t h e 

f o l l o w i n g a s p e c t s n e e d t o be m e n t i o n e d : 

- I n t h e c a l c u l a t i o n s K = 0 . 4 has b e e n u s e d . H o w e v e r , i n d o i n g s o t h e i n f l u e n c e o f 

t h e p r e s e n c e o f s u s p e n d e d m a t e r i a l o n t h e K - v a l u e ( t h e t u r b u l e n c e ) has 

b e e n n e g l e c t e d . E i n s t e i n e t a l . (1954) [ l 4 ] , d i s c u s s i n g t h i s e f f e c t , a l s o f o u n d 

< z . T h i s was c o n f i r m e d b y e x p e r i m e n t s by C h i e n ( 1 9 5 4 ) [ l 5 ] o f w h i c h t h e r e s u l t s 

a r e a l s o g i v e n i n F i g u r e 3 . 3 . 8 . F l u m e e x p e r i m e n t s by V a n o n i ( 1 9 4 1 , 1 9 4 6 ) 

[ 1 6 a n d 1 7 ] showed a t e n d e n c y o f d e c r e a s i n g K - v a l u e s ( K < 0 . 4 ) f o r i n c r e a s i n g 
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s u s p e n d e d - l o a d c o n c e n t r a t i o n s . T h i s was e x p l a i n e d by s u g g e s t i n g t h a t a r e d u c t i o n 

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

p a r t i c l e s i n s u s p e n s i o n s u p p r e s s e s o r damps t h e t u r b u l e n c e . H o w e v e r , f o r v a l u e s 

o f K i n f e r i o r t o 0.4, t h e t h e o r e t i c a l z - v a l u e s e v e n i n c r e a s e a n d t h e d i f f e r e n c e 

f r o m t h e m e a s u r e d v a l u e s becomes s t i l l g r e a t e r . 

When d i s c u s s i n g t h e d e r i v a t i o n o f Eq.(3.2.5) i t was m e n t i o n e d t h a t t h e d i f f u s i v i t y 

o f s o l i d p a r t i c l e s ( e ^ ) was a s s u m e d t o be e q u a l t o t h e d i f f u s i v i t y f o r momentum 

by means o f t u r b u l e n c e ( E ) . T h i s means t h a t 3=1 was u s e d i n E q .(3.2.4). A p p a r e n t l y 

t h e r e l a t i o n g i v e n by e ^ = 3 e ( E q .(3.3.7)) n e e d s a c l o s e r e x a m i n a t i o n . C a r s t e n s 

(1952) [ 1 8 ] e x p r e s s e d t h e t u r b u l e n c e as l i n e a r f l u c t u a t i o n s i n t h e v e l o c i t y 

a n d a f t e r p r e s e n t i n g a m a t h e m a t i c a l e x p r e s s i o n f o r 3 , he c o n c l u d e d t h a t 3 n e v e r 

e x c e e d s u n i t y . T h i s i s s u p p o r t e d by c a r e f u l l y c o n d u c t e d e x p e r i m e n t s b y B r u s h 

e t a l . (1962) [19] , M a t y u k h i n e t a l . (I966) [20 ] a n d M a j u m d a r e t a l . (I967) 

[ 2 1 ] . H o w e v e r , S i n g a m s e t t i (1966) [22] e x p r e s s e d t u r b u l e n c e a s e d d i e s i n w h i c h 

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

d i f f u s i o n a n d m e a n i n g t h a t 3 > 1 a n d b e c a u s e z ^ = z / 3 , z.| < z . 

The t h e o r e t i c a l z - v a l u e c a n o n l y be c a l c u l a t e d f o r a known v a l u e o f t h e f a l l 

v e l o c i t y ( w ) . E i n s t e i n (1950) [23] a n d o t h e r s c o m p u t e t h e f a l l v e l o c i t y f o r t h e 

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

c o n c e n t r a t i o n s o f a l l f r a c t i o n s . H o w e v e r , t o a r r i v e a t t h e r e s u l t s as g i v e n i n 

F i g u r e 3.3 .8 t h e f a l l v e l o c i t y c o r r e s p o n d i n g t o t h e mean d i a m e t e r ( D ^ Q ) o f t h e 

bed m a t e r i a l was u s e d , b e c a u s e n o t a l l c a t c h e s o f t h e RFo M a g d a l e n a s u s p e n d e d -

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

t h a n t h e s u s p e n d e d p a r t i c l e s , t h i s w i l l h a v e r e s u l t e d i n t o o h i g h z - v a l u e s . 

I n f u t u r e i t may be u s e f u l t o m e a s u r e t h e f a l l v e l o c i t y f o r t h e f r a c t i o n s o f a 

number o f s a m p l e s , f o r w h i c h p u r p o s e a V i s u a l A c c u m u l a t i o n T u b e (VAT) c a n be 

recommended ( s e e P a r t I V o f t h i s R e p o r t ) . 

To h a v e some i n s i g h t i n t o t h e c o r r e c t f a l l v e l o c i t y , n e a r B a r r a n c a b e r m e j a a 

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

( 1 0 m i n . ) t h a t t h e c a t c h e s w e r e l a r g e e n o u g h t o p e r m i t a n a l y z i n g t h e s a m p l e s 

( c o n t r a r y t o t h e o t h e r s u s p e n d e d - l o a d d a t a , t h e d a t a o f t h e s e m e a s u r e m e n t s w e r e 

c o r r e c t e d w i t h t h e c o r r e c t i o n f a c t o r o f t h e D F - s a m p l e r ) . W i t h t h e s e r e s u l t s , 

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

c o m p a r i s o n was made b e t w e e n t h e t h e o r e t i c a l and o b s e r v e d z - v a l u e s . T h e r e s u l t s 

a r e p r e s e n t e d i n F i g u r e 3 . 3 . 9 , f r o m w h i c h i t c a n be s e e n t h a t t h e c o r r e l a t i o n i s 

s t i l l v e r y b a d . I t s h o u l d be n o t e d t h a t e v e n n e g a t i v e z . | - v a l u e s a r e f o u n d . T h i s 

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

t h a n n e a r t h e r i v e r - b e d . T h i s may be p o s s i b l e u n d e r s p e c i a l c i r c u m s t a n c e s 

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

d o e s n o t l o o k v e r y p r o b a b l e f o r t h e m e a s u r i n g s i t e n e a r B a r r a n c a b e r m e j a ( s t r a i g h t 

r i v e r s t r e t c h w i t h p a r a l l e l f l o w - l i n e s ) . 
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F i g u r e 3-3.9 S u s p e n d e d - l o a d C o n c e n t r a t i o n s n e a r B a r r a n c a b e r m e j a 

S u m m a r i z i n g , i t c a n be c o n c l u d e d t h a t f o r t h e R f o M a g d a l e n a t h e d i s t r i b u t i o n i n a 

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

d i s t r i b u t i o n s a n d t h a t no s a t i s f a c t o r y e x p l a n a t i o n o f t h e o b s e r v e d d i s c r e p a n c i e s c a n be 

g i v e n . I t i s recommended t h a t t h i s s u b j e c t be s t u d i e d f u r t h e r i n C o l o m b i a a f t e r t h e 

r e s u l t s o f a d d i t i o n a l m e a s u r e m e n t s h a v e become a v a i l a b l e . ( F o r m o r e b a c k g r o u n d i n f o r m a t i o n 

o n t h i s s u b j e c t r e f e r e n c e i s made t o , a m o n g s t o t h e r s , G r a f (1971) [ 2 4 ] . 

D i s c u s s i o n s o n t h e i n f l u e n c e o f t h e s u s p e n d e d - l o a d o n t h e ( c h a n g e s o f t h e ) b e d -

l e v e l , a r e t o be f o u n d i n P a r a . 3.6.3. 

3.3.5. T h e w a s h - l o a d c o n c e n t r a t i o n s 

I n P a r a . 3.2.3 t h e w a s h - l o a d has b e e n d e f i n e d as t h e t r a n s p o r t o f p a r t i c l e s 

f i n e r t h a n t h e b u l k o f t h e bed m a t e r i a l a n d t h e r e f o r e r a r e l y f o u n d i n t h e b e d . The 

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

e t c . , a n d n o t on t h e c h a r a c t e r i s t i c f l o w p a r a m e t e r s as i s t h e c a s e w i t h b e d - l o a d and 

s u s p e n d e d - l o a d . C o n s e q u e n t l y , i t c a n n o t be c o m p u t e d f r o m s u c h p a r a m e t e r s b u t has t o be 

m e a s u r e d . Ow ing t o i t s s m a l l s i z e f r a c t i o n s , i t moves r e a d i l y i n s u s p e n s i o n a n d i s m e r e l y 

w a s h e d t h r o u g h t h e r i v e r s e c t i o n s . As s u c h , i t i s o f no i m p o r t a n c e f o r t h e c o m p u t a t i o n s 

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

i n s t a g n a n t w a t e r ( f o r e x a m p l e , i n " c i e n a g a s " , h a r b o u r s , o r o u t l e t s i n t o t h e s e a ) . 

A l o n g t h e RTo M a g d a l e n a a n d t h e C a n a l d e l D i q u e v a r i o u s c i e n a g a s c a n be d i s t i n g u i s h e d 

( e . g . , f r o m an a e r i a l v i e w ) w h i c h show c o m p l e t e l y c l e a r w a t e r i n w h i c h a p p a r e n t l y s e t t l e m e n t 

has a l r e a d y o c c u r r e d , w h i l e o t h e r s s t i l l show s i l t y w a t e r . The p r e s e n c e o f c i e n a g a s i n t h e 

r i v e r v a l l e y may c a u s e f l u c t u a t i o n s i n t h e w a s h - l o a d c o n c e n t r a t i o n s i n t h e r i v e r o v e r , 

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

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

c h a n n e l s , _ ^ 
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I I , 3.3 

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

( e . g . , n e a r Gambo te i n t h e C a n a l d e l D i q u e ; F i g u r e 3.3 . 1 2 ) , i f t h e o u t f l o w o f t h e c i e n a g a 

no l o n g e r c o n t a i n s s i l t . H o w e v e r , a l s o h i g h e r c o n c e n t r a t i o n s may be f o u n d i f n o n e , o r o n l y 

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

f i n e r p a r t i c l e s o f t h e bed m a t e r i a l o f t h e d r a i n a g e c h a n n e l s a r e a l s o p i c l < e d up a n d 

t r a n s p o r t e d a s w a s h - l o a d . 

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

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

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

c o n f l u e n c e s o f t h e RTo M a g d a l e n a a n d t h e RTo N e g r o (km 8 4 1 ) a n d t h e RTo La M i e l (km 837). 

The RTo N e g r o d i s c h a r g e s c h a l k y p a r t i c l e s a l o n g t h e r i g h t b a n k o f t h e RTo M a g d a l e n a w h i l e 

t h e g e n e r a l l y c l e a r w a t e r o f t h e RTo La M i e l e n t e r s t h e R f o M a g d a l e n a a f e w k i l o m e t e r s 

d o w n s t r e a m a l o n g t h e l e f t b a n k . The a e r i a l p h o t o g r a p h s o f t h i s s e c t i o n o f t h e RTo M a g d a l e n a 

show a c l e a r d i v i s i o n b e t w e e n t h e d i s c h a r g e o f b o t h t h e s e r i v e r s , and a t P t o . B o y a c a (km 8 0 5 ) 

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

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

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

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

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

D u r i n g t h e s t u d y a l a r g e number o f w a t e r - s a m p l e s w e r e t a k e n . The c o n c e n t r a t i o n was 

d e t e r m i n e d by f i l t r a t i o n , d r y i n g a n d w e i g h i n g o f t h e s a m p l e s and i s e x p r e s s e d i n p a r t s p e r 

mi 11 i o n ( p . p . m . ) . 

A . The RTo M a g d a l e n a 

W a t e r - s a m p l e s w e r e t a k e n d u r i n g t h e d i s c h a r g e a n d s e d i m e n t t r a n s p o r t m e a s u r e m e n t s 

a l o n g t h e RFo M a g d a l e n a . I n a d d i t i o n , s a m p l e s w e r e a l s o t a k e n d u r i n g t h e l o n g i t u d i n a l 

s o u n d i n g s a t r e g u l a r d i s t a n c e i n t e r v a l s . The d a t a h a v e b e e n c o m p i l e d i n F i g u r e 3.3.10. 

A t t e n t i o n h a s a l r e a d y b e e n d r a w n t o t h e f a c t t h a t t h e w a s h - l o a d c o n c e n t r a t i o n may 

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

t h e c o n c e n t r a t i o n f o u n d i n t h e RTo M a g d a l e n a d o w n s t r e a m o f t h e c o n f l u e n c e w i t h t h e R ' o 

N e g r o . When t h e n a v i g a t i o n c h a n n e l i n t h e RTo M a g d a l e n a f o l l o w e d t h e r i g h t b a n k ( d i s c h a r g e 

o f t h e RTo N e g r o ) h i g h c o n c e n t r a t i o n s w e r e f o u n d , w h i l e a l o n g t h e o p p o s i t e b a n k 

( d i s c h a r g e o f t h e R ' o La M i e l ) t h e c o n c e n t r a t i o n s w e r e c o n s i d e r a b l y l o w e r . 

To g e t a n i n s i g h t i n t o t h e f l u c t u a t i o n o f t h e w a s h - l o a d c o n c e n t r a t i o n , d a i l y 

w a t e r - s a m p l e s w e r e t a k e n i n B a r r a n c a b e r m e j a . T h i s i n f o r m a t i o n c a n be f o u n d i n F i g u r e 3.3.11. 

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

t h e m o n t h s o f J u l y , A u g u s t a n d S e p t e m b e r 1 9 7 2 , h a v e a l s o b e e n p l o t t e d . 
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F i g u r e 3 . 3 . 1 1 W a s h - l o a d C o n c e n t r a t i o n s i n B a r r a n c a b e r m e j a 

B. The C a n a l d e l D i q u e 

W a t e r - s a m p l e s w e r e ta l<en d u r i n g t h e d i s c h a r g e a n d s e d i m e n t t r a n s p o r t m e a s u r e m e n t s 

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

h a v e b e e n c o m p i l e d i n F i g u r e 3 . 3 . 1 2 , w h i c h a l s o i n c l u d e s i n f o r m a t i o n g a t h e r e d by t h e 

L a b o r a t o i r e C e n t r a l d ' H y d r a u l i q u e de F r a n c e i n 1 9 6 4 . 
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I I , 3.3 

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

F i g u r e 3.3.13. T h i s i n f o r m a t i o n was g a t h e r e d i n t h e p e r i o d o f I965 t o I969 by D ICON, f o r 

t h e u s e o f t h e W a t e r w o r k s D e p a r t m e n t i n C a r t a g e n a . T h e a v e r a g e d a i l y c o n c e n t r a t i o n s a r e 

p r e s e n t e d , t o g e t h e r w i t h t h e a v e r a g e d a i l y w a t e r - l e v e l s i n Gambo te d u r i n g t h e p e r i o d u n d e r 

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

6 (,100 

0 1 0 

F i g u r e 3 . 3 . 1 3 W a s h - l o a d C o n c e n t r a t i o n s i n Gambote 

3,3,6. B e d - s a m p l e s a n d g r a i n - s i z e s 

T o g e t h e r w i t h t h e w a t e r - s a m p l e s b e d - s a m p l e s w e r e a l s o t a k e n a l o n g t h e RFo M a g d a l e n a 

and t h e C a n a l d e l D i q u e , A f t e r s i e v i n g t h e s a m p l e s , g r a i n - s i z e d i s t r i b u t i o n - c u r v e s o f t h e 

bed m a t e r i a l w e r e m a d e , a n d f r o m t h e s e c u r v e s t h e v a l u e s o f D ^ ^ , D^^ a n d D^^ r e s p e c t i v e l y 

c o u l d be r e a d , A f e w o f t h e s e c u r v e s a r e p r e s e n t e d i n F i g u r e 3 . 3 . 1 4 . 

F i g u r e 3 . 3 . 1 4 Some E x a m p l e s o f G r a i n - s i z e D i s t r i b u t i o n - c u r v e s 
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I I , 3 . 3 

F rom a number o f t h e s e s a m p l e s t h e p o r o s i t y ( E ) has b e e n d e t e r m i n e d . M o s t o f t h e 

t r a n s p o r t e q u a t i o n s e x p r e s s t h e t r a n s p o r t e d a m o u n t o f s e d i m e n t i n s o l i d v o l u m e o r i n w e i g h t , 

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

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

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

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

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

o n l y be made by means o f u n d i s t u r b e d s a m p l e s o f t h e u p p e r - l a y e r o f t h e r i v e r - b e d . As i t i s 

i m p o s s i b l e t o ta l<e s u c h s a m p l e s , t h e p o r o s i t y has t h e r e f o r e b e e n d e t e r m i n e d f r o m a n u m b e r 

o f t h e s a m p l e s t a k e n by means o f a b o t t o m - g r a b . The v a l u e s o f E w e r e f o u n d t o v a r y b e t w e e n 

0.3 a n d 0.5 and an a v e r a g e v a l u e o f E = 0.4 has b e e n u s e d . 

I t i s o f t e n n o t e d t h a t a l o n g t h e r i v e r t h e p a r t i c l e - s i z e o f t h e bed m a t e r i a l 

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

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

b e t w e e n t h e s i z e o f t h e s o i l p a r t i c l e s c a r r i e d by t h e f l o w on t h e o n e h a n d , a n d t h e w a t e r -

l e v e l g r a d i e n t o n t h e o t h e r h a n d . T h i s seems l o g i c a l , b e c a u s e t h e w a t e r - l e v e l g r a d i e n t i s 

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

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

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

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

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

and r e p l a c e d by t h e f i n e r g r a i n s , c h a r a c t e r i s t i c o f t h e l o w e r s t r e t c h e s o f t h e r i v e r [ 2 5 ] . 

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

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

r o l l e d down t h e r i v e r by t h e f l o w . T h i s a t t e m p t l e d t o t h e f o r m u l a o f S t e r n b e r g (1875)[26]: 

W = W . e " " " - (3.3.8) 
o 

i n w h i c h : 

W = w e i g h t , o r s i z e , o f a p a r t i c l e , b e i n g i n t h e o r i g i n o f L ; a n d 

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

t h e r i v e r ( t o be d e t e r m i n e d f r o m m e a s u r e m e n t s ) . 

A t h i r d a t t e m p t was m a d e , a m o n g s t o t h e r s , by L o k h t i n e (1909) [ 2 7 ] who a c c e p t e d t h e 

c o r r e l a t i o n b e t w e e n t h e w a t e r - l e v e l g r a d i e n t a n d t h e a v e r a g e g r a i n - s i z e as a p h y s i c a l f a c t . 

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

d e s c r i b e d r e s p e c t i v e l y as s t a b l e a n d u n s t a b l e c h a n n e l s . A c o r r e l a t i o n e x i s t s b e t w e e n t h e 

" s t a b i l i t y " o f a c h a n n e l o n t h e o n e hand a n d a " c o e f f i c i e n t o f f i x a t i o n " o n t h e o t h e r . 

T h i s c o e f f i c i e n t i s e q u a l t o D / I b e c a u s e t h e r e s i s t a n c e o f a p a r t i c l e t o b e i n g moved i s 

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

s t r e a m i s p r o p o r t i o n a l t o t h e e x p o s e d a r e a ( D ^ ) o f t h e p a r t i c l e o n t h e o n e h a n d a n d t h e 

s q u a r e o f t h e v e l o c i t y ( o r , a c c o r d i n g t o C h é z y , t o t h e w a t e r - l e v e l g r a d i e n t ) o n t h e o t h e r 

h a n d . 
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I I , 3 . 3 

I t has n o t b e e n t r i e d t o e s t a b l i s h a c o r r e l a t i o n b e t w e e n t h e a v e r a g e g r a i n - s i z e s o f 

t h e b e d - s a m p l e s t a k e n a l o n g t h e R f o M a g d a l e n a a n d t h e C a n a l d e l D i q u e a n d t h e w a t e r - l e v e l 

g r a d i e n t . F i r s t o f a l l , b e c a u s e o f t h e g r e a t number o f a f f l u e n t s w h i c h d e b o u c h m a t e r i a l o f 

d i f f e r e n t s i z e s a n d o r i g i n i n t o t h e m a i n r i v e r ( e . g . , t h e RFo N a r e o f w h i c h t h e bed m a t e r i a l 

i s v e r y c o a r s e i n d e e d ) , a n d s e c o n d l y , b e c a u s e o f t h e v e r y g r e a t number o f s a m p l e s r e q u i r e d 

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

The a v e r a g e s i e v i n g - c u r v e o f t h e s a m p l e s t a k e n a t o n e p l a c e has b e e n u s e d f o r t h e 

c a l c u l a t i o n o f t h e b e d - r o u g h n e s s ( T a b l e s 3.3.1 a n d 3.3.2) a n d t o d e t e r m i n e t h e t h e o r e t i c a l 

z - v a l u e o f t h e c o n c e n t r a t i o n v e r t i c a l a c c o r d i n g t o Eq.(3.2.5) ( F i g u r e 3.3.8). A c c o r d i n g t o 

t h e d e r i v a t i o n o f t h e d i f f e r e n t t r a n s p o r t e q u a t i o n s ( P a r a .3.2) a r e p r e s e n t a t i v e d i a m e t e r 

o f t h e bed m a t e r i a l has t o be c h o s e n ( e . g . , D ^ ^ ) . T h i s i m p l i e s t h a t t h e r a t e o f t r a n s p o r t 

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

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

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

A . T h e RFo M a g d a l e n a 

The D^Q v a l u e s o f t h e b e d - s a m p l e s t a k e n a l o n g t h e RFo M a g d a l e n a and i n t h e a f f l u e n t s 

c l o s e t o t h e m a i n r i v e r a r e p r e s e n t e d i n F i g u r e 3.3.15. A f e w r e m a r k s m u s t be made 

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

T h e r i v e r - b e d n e a r t h e c r o s s - s e c t i o n i n La D o r a d a , d o w n s t r e a m o f t h e r a i l w a y b r i d g e , 

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

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

p r e d o m i n a n t l y o f s a n d , t h e s a m p l e s o f t h e b e d - l o a d s a m p l e r ( B . T . M . A . ) m o s t l y c o n s i s t e d o f 

t h e s t o n e s r o l l i n g a n d s l i d i n g a l o n g t h e b e d . I t has a l r e a d y b e e n m e n t i o n e d t h a t t h e b e d -

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

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

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

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

n o t a t r e s t , s t a y b e h i n d . 

T h e c r o s s - s e c t i o n a t P t o . I n m a r c o i s s i t u a t e d j u s t d o w n s t r e a m o f t h e c o n f l u e n c e o f 

t h e RFo M a g d a l e n a a n d t h e RFo N a r e . I t has a l r e a d y b e e n m e n t i o n e d t h a t t h e b e d m a t e r i a l o f 

t h e RFo N a r e i s v e r y c o a r s e (D^Q=1,080pm), The m a j o r i t y o f t h e b e d - s a m p l e s t a k e n a t P t o . 

I n m a r c o a r e f i n e (D^Q=350pm), b u t o n a f e w r i d g e s i n t h e r i v e r b e d m a t e r i a l was e n c o u n t e r e d 

w h i c h m i g h t w e l l o r i g i n a t e f r o m t h e RFo N a r e . T h i s i s t h e r e a s o n why t h e a v e r a g e d i a m e t e r s 

m e n t i o n e d i n T a b l e 3.3.1 a r e s o h i g h (D^Q=1,050ym). 

A t t h e c r o s s - s e c t i o n i n t h e RFo Nuevo t h e same phenomenon may o c c u r a s m e n t i o n e d 

f o r t h e La D o r a d a s e c t i o n . The b a n k s a n d , m o s t l i k e l y , p a r t o f t h e r i v e r bed t o o , c o n s i s t 

o f d i l u v i a l d e p o s i t s a n d , c o n s e q u e n t l y , t h e a v e r a g e d i a m e t e r s m e n t i o n e d i n T a b l e 3.3.1 

a r e r a t h e r h i g h (D^Q=920pm). N e a r t h e B a l l e n a s e c t i o n , a b o u t 5 km u p s t r e a m o f t h e RFo Nuevo 

s e c t i o n w h e r e t h e r i v e r i s w i d e and s h a l l o w , t h e bed m a t e r i a l a p p e a r s t o be much f i n e r 

(D£.^=405ym). I t i s shown i n P a r a . 3.5.3 t h a t t h e b e d - m a t e r i a l l o a d t r a n s p o r t e d t h r o u g h t h e 
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B a l l e n a s e c t i o n i s m o r e o r l e s s t r a n s p o r t e d t l i r o u g l i t l i e RFo N u e v o s e c t i o n t o o . H o w e v e r , i f 

t f i e s e d i m e n t t r a n s p o r t i s c o m p u t e d by means o f t h e e q u a t i o n o f E n g e l u n d a n d H a n s e n u s i n g t h e 

a v e r a g e g r a i n d i a m e t e r s m e n t i o n e d i n T a b l e 3.3.1, i t f o l l o w s t h a t t h e c o m p u t e d t r a n s p o r t i n 

t h e B a l l e n a s e c t i o n i s a b o u t f o u r t i m e s h i g h e r t h a n t h e t r a n s p o r t t h r o u g h t h e RFo Nuevo 

s e c t i o n . I t i s t h e r e f o r e l i k e l y t h a t t h e a v e r a g e g r a i n d i a m e t e r s o f t h e bed m a t e r i a l g i v e n 

i n T a b l e 3.3.1 f o r t h e B a l l e n a and RFo Nuevo s e c t i o n s a r e n o t r e p r e s e n t a t i v e o f 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 . ( M o r e o v e r , i t m u s t be c o n s i d e r e d t h a t t h e s e d i m e n t t r a n s p o r t e d by t h e 

RFo R e g l a may be o f a d i f f e r e n t c o m p o s i t i o n f r o m t h e s e d i m e n t o f t h e RFo M a g d a l e n a ) . F u r t h e r 

r e f e r e n c e i s made t o P a r a . 3.5.3. 

B. The C a n a l d e l D i q u e " 

The D^g v a l u e s o f t h e b e d - s a m p l e s t a k e n i n t h e C a n a l d e l D i q u e a r e p r e s e n t e d i n 

F i g u r e 3.3.16. The s a m p l e s w h i c h w e r e t a k e n i n t h e m e a s u r i n g c r o s s - s e c t i o n s i n t h e d i s ­

t r i b u t i n g b r a n c h e s h a v e a l s o b e e n i n s e r t e d . 
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.7. L o n g i t u d i n a l p r o f i l e s 

A . The RTo M a g d a l e n a 

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

p r e s e n t e d i n F i g u r e s 3.3-17 t o 3.3.38 i n c l u s i v e . I n t h e p l a n f o r m o f t h e r i v e r t h e s a i l i n g 

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

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

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

o n e c h a n n e l t o t h e o t h e r was l o o k e d f o r . I t m u s t a l s o be c o n s i d e r e d t h a t t h e r o u t e t a k e n 

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

a l w a y s be a b l e t o f o l l o w e x a c t l y t h e o f t e n l a r g e s i n u o s i t y o f t h e t a l w e g . T h e r e f o r e , i t c a n 

be c o n c l u d e d t h a t t h e s o u n d i n g s r e p r e s e n t t h e maximum w a t e r d e p t h a v a i l a b l e t o n a v i g a t i o n . 

The s o u n d i n g s a r e r e d u c e d t o t h e L . R . L . ( f o r t h e v a l u e s o f L . R . L . a t t h e d i f f e r e n t g a u g e -

s t a t i o n s , r e f e r e n c e i s made t o T a b l e 2 . 3 . 1 0 ) . 

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

t h e s u r v e y o f t h e J u l i u s B e r g e r K o n s o r t i u m . The b a s e o f t h i s n e t was e s t a b l i s h e d a t t h e 

o u t l e t o f t h e RFo M a g d a l e n a i n t h e C a r i b b e a n a t Bocas de C e n i z a . The b a s e was l a t e r moved 

by ADENAVI t o t h e B a r r a n q u i l l a T e r m i n a l by s u b t r a c t i o n o f 16.8 k i l o m e t e r s f r o m t h e J u l i u s 

B e r g e r d a t a . C o m p a r i n g t h e a e r i a l p h o t o g r a p h s o f 1972 w i t h t h e maps o f J u l i u s B e r g e r , a 

number o f l o c a t i o n s c a n be c o n s i d e r e d t o be u n c h a n g e a b l e ( s u c h as v i l l a g e s a n d o l d r a n c h e s ) . 

T h e s e l o c a t i o n s h a v e been g i v e n t h e k i l o m e t e r s as f o u n d by J u l i u s B e r g e r , a l t h o u g h i n 

c o m p l i a n c e w i t h ADENAVI t h e k i l o m e t e r o f t h e B a r r a n q u i l l a T e r m i n a l was c o n s i d e r e d a s z e r o 

( s e e T a b l e 3.3.3). 

Loca t ion Kilometer Loca t ion Ki lometer 

Pto.Sa1 gar Bridge 886.5 Barriga 671 .7 
Hda. San Cayetano 866.7 Chucurr 659.6 

Pto. Triunfo 82^1.9 Barrancabermeja 631.2 

Pto. Nino 8 1 2 . 8 RFo Sogamoso Confluence 6 1 2 . 2 

Hda. E! Rebozo 80J(.7 Pto. Wilches 597.1 
Hda . Ca imi ta1 799.7 San Pablo 582.0 

Hda. La Plata 7 9 2 . 5 Paturia 56'^. 5 

Pto. Inmarco 772.7 Bocas del Rosario 547.5 
Pto. BerrFo Bridge 730.3 Vi jagua1 53ii.6 

Muri1lo 716.2 Badi 1 lo 520.0 

RFo Nueva 706.6 Bodega Central ^9^ .5 
Hda. Mosquitera 693.^1 Gamarra ' *72.7 
Presidio 6 8 0 . 7 

T a b l e 3.3.3 K i l o m e t e r s C o p i e d f r o m t h e J u l i u s B e r g e r S u r v e y 

In b e t w e e n t h e l o c a t i o n s g i v e n i n T a b l e 3.3.3 t h e k i l o m e t e r s w e r e l i n e a r l y 

i n t e r p o l a t e d a l o n g t h e p l a n - f o r m o f 1972. T h i s means t h a t i n r i v e r s t r e t c h e s w h i c h 

s t r a i g h t e n e d s i n c e t h e J u l i u s B e r g e r s u r v e y , o n e k i l o m e t e r i s s h o r t e r t h a n 1,000 m ( e . g . , 

b e t w e e n km 887 a n d km 866.7, 1 km = 650 m, s e e F i g u r e s 3.3.17 a n d 3.3.18), w h i l e a t o t h e r 

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

1,000 m ( e . g . , b e t w e e n km 736 a n d km 730, 1 km = 1,200 m, s e e F i g u r e s 3.3.24 a n d 3.3.25). 

T h i s i n f o r m a t i o n has a l s o b e e n i n d i c a t e d o n t h e r o u t e m a p s . 
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I t i s a d v i s e d t i i a t f o r f u t u r e s o u n d i n g s t h e same k i l o m e t e r n e t i s a d o p t e d a s u s e d 

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

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

To be a b l e t o s c h e m a t i z e c e r t a i n r i v e r s t r e t c h e s , c r o s s - s e c t i o n s h a v e b e e n t a k e n 

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

w h i c h w i l l be t r e a t e d i n P a r t I I I o f t h i s R e p o r t . The c r o s s - s e c t i o n s a r e a l s o i n s e r t e d i n 

t h e p e r t a i n i ng m a p s . 

B. T h e C a n a l d e l D i q u e 

The l o n g i t u d i n a l s o u n d i n g s o f t h e C a n a l d e l D i q u e a r e g i v e n i n F i g u r e s 3 . 3 . 3 9 a n d 

3 . 3 . 4 0 . The s a i l i n g r o u t e s h a v e b e e n o m i t t e d i n v i e w o f t h e l i m i t e d w i d t h o f t h e C a n a l . 

Some c r o s s - s e c t i o n s a r e a l s o g i v e n . 
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I I , 3 . 3 

3 . 3 . 8 , L o c a l s o u n d i n g s 

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

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

t h e M i s s i o n a r e l i s t e d i n T a b l e S . S . ' t . b u t t h e maps w i l l n o t be g i v e n h e r e . I n P a r t I I I o f 

t h i s R e p o r t , w h e r e t h e a c t u a l r i v e r i m p r o v e m e n t i s t r e a t e d , some o f t h e s o u n d i n g s w i l l be 

g i v e n i n t h e c h a p t e r s d e a l i n g w i t h t h e s e a r e a s . T o g e t h e r w i t h t h e l o c a l s o u n d i n g s , f l o w - l i n e s 

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

Location 
Ki lometer 

(approximate) 
Date of Survey Flow-1Ines Presentation in Part I I I 

of this Report 

La Dorada - Pto. Salgar Km 887 9-10 July 71 - Para. 3.2.3 

895 - 888 8 Sept. 71 + 

888 - 885 17 Nov. 71 + 

888 - 885 31 Aug. 72 + 

888 - 886.5 12 Oct. 72 + 

RFo Nare Confluence Km 778 - 776 19-21 Aug. 71 + Para. 3.2.9 

776 - 773 19-21 Aug. 71 + 

Rfo Regla Confluence Km 730 - 723 2 Nov. '71 Paras. 3.'( .3 and iA.k 

723 - 717 28-31 Nov. '71 

717 - 711 28-31 Nov. '71 

711 - 706 2 Nov. '71 + 

711 - 706 11,12 July '72 + 

RFo Sogamoso Confluence Km S\h - 609 14-10 Aug. '71 + Para. 3.5.5 

616 - 6ll( 15 Dec. '71 -
616 - 6 l l | 10 Jan. '72 + 

611) - 609 11 Jan. '72 + 

616 - 6 l l | 2 Febr. '72 -
616 - 6ll( 15 Febr. '72 + 

- 609 29 Febr. '72 + 

616 - 6111 1- 3 March '72 + 

616 - 61') 3- 8 May '72 + 

Calamar 17 June '71 + Para. "1.3.3 

3 Sept. '71 + 

21-23 March '72 + 

Cano Correa Bifurcation 16 Febr. '71 + 

Cano Hatunilla Bifurcation 21 Jan. 71 + 

Cano Lequerica Bifurcation 28 Jan. 71 + 

BajiTa de Cartagena Near Pasa - 11 Febr. 71 + Para. 

caballos 18 March 72 

BahTa de Barbacoas Outlet of Cano 2- 3 Febr. 71 Pa ra . 

Matuni1 la 5- 6 April 72 

Outlet of Cano k Febr. 71 Para. ' i . ') .3 

Lequerica ll April 72 

T a b l e 3 .3 . ^1 L o c a l S o u n d i n g s a n d F l o w - l i n e s 
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I I , 3 . 3 

3 . 3 . 9 . M i s c e l l a n e o u s i n f o r m a t i o n 

A p a r t f r o m t l i e i n f o r m a t i o n p r e s e n t e d i n t h e f o r e g o i n g P a r a g r a p h s some m i s c e l l a n e o u s 

d a t a w e r e a l s o g a t h e r e d i n t h e C a n a l d e l D i q u e , w h i c h w i l l now be d i s c u s s e d s e p a r a t e l y . 

" § ê ^ l ü ) § D J z i r § D § P 9 r £ _ ! r § § i y r § ! D Ê [ ] £ § „ D § § E _ Q § l i ï ï i £ 

I t has a l r e a d y been m e n t i o n e d i n P a r a 3 . 5 . 3 r e g a r d i n g t h e C a l a m a r s e c t i o n i n t h e 

C a n a l d e l D i q u e t h a t t h e ( m e a s u r e d ) s u p p l y o f s e d i m e n t f r o m t h e RFo M a g d a l e n a t o t h e C a n a l 

d e l D i q u e e x c e e d s t h e ( c o m p u t e d ) t r a n s p o r t c a p a c i t y o f t h e Cana1 a n d t h a t , h e n c e , s e d i -

m e n t a t i o n o f t h e s u s p e n d e d p a r t i c l e s m u s t o c c u r . To s t u d y w h e t h e r t h e s u s p e n d e d - 1 o a d a c t u ­

a l l y d e c r e a s e s , m e a s u r e m e n t s w e r e c a r r i e d o u t a l o n g t h e f i r s t 10 k i l o m e t e r s o f t h e C a n a l 

d e l D i q u e o n December 1 4 - 1 6 , 1 9 7 1 , a n d t h e i n f o r m a t i o n w i 1 1 be p r e s e n t e d i n P a r t I I I , 

F i g u r e ' 1 . 3 . 2 , i n w h i c h a s l o w l y d i m i n i s h i n g t r a n s p o r t b e t w e e n km 0 a n d km 10 c a n be n o t 1 c e d . 

R e g a r d 1ng t h e sed i m e n t - t r a n s p o r t m e a s u r e m e n t s a l o n g t h e C a n a l d e l D i q u e a t C a l a m a r 

i n t h e R f o M a g d a l e n a , i t m u s t be m e n t i o n e d t h a t o n l y s u s p e n d e d - 1 o a d d a t a a r e c o n s i d e r e d . The 

B e d - l o a d T r a n s p o r t M e t e r " A r n h e m " ( B . T . M . A . ) was u s e d i n an e f f o r t t o m e a s u r e t h e b e d - l o a d , 

b u t t h i s i n s t r u m e n t c a n o n l y m e a s u r e b e d - l o a d c o a r s e r t h a n 300 pm a n d a s t h e p e r t a i n 1 n g 

g r a i n - s i z e o f t h e bed m a t e r i a l i s s m a l l e r , t h e p o r e s o f t h e meshed s a m p l t ng b a s k e t o f t h e 

B . T . M . A . w e r e b l o c k e d a n d no b e d - l o a d c o u l d be m e a s u r e d . 

" y § l 2 5 l £ y _ [ D § § S y C § t D § D £ l „ § l 9 D 9 _ £ b § _ Q § D § l _ ^ § l _ 9 l 9 y f 

V e l o c i t y v e r t i c a l s w e r e m e a s u r e d a l o n g t h e C a n a l d e l D i q u e o n A p r i 1 1 1 - 1 3 , 1 9 7 2 , a n d 

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

F i g u r e 3 .3 .^11. 

F i g u r e 3 . 3 . 4 1 A v e r a g e V e l o c i t y and C r o s s - s e c t i o n a l A r e a a l o n g t h e C a n a l d e l D i q u e 
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- T | d a l _ i n f l u e n c e _ i n _ t h e _ L g w e r _ C a n a l _ d e 

T i d a l m e a s u r e m e n t s c o v e r i n g a c o m p l e t e t i d a l c y c l e (24 h o u r s ) w e r e c a r r i e d o u t i n 

t h e Lowe r C a n a l d e l D i q u e r e g i o n n e a r t h e b i f u r c a t i o n s o f t h e Cano M a t u n i l l a a n d Cano 

L e q u e r i c a . The m e a s u r e m e n t s w e r e made a t a b o u t t h e t i m e o f o c c u r e n c e o f s p r i n g t i d e i n t h e 

B a h i a s de C a r t a g e n a a n d B a r b a c o a s . The r e s u l t s o f t h e s e m e a s u r e m e n t s a r e g i v e n i n F i g u r e 

3 . 3 . 4 2 . 

D u r i n g t h e s e m e a s u r e m e n t s i n t h e l o w w a t e r p e r i o d o f 1971 t h e d i s c h a r g e o f t h e 

C a n a l d e l D i q u e was s t i l l r e l a t i v e l y h i g h . F o r t h a t r e a s o n t h e t i d a l m e a s u r e m e n t s w e r e r e ­

p e a t e d d u r i n g s p r i n g t i d e i n t h e l o w w a t e r p e r i o d o f 1972 ( A p r i l 1 5 " l 6 , 1 9 7 2 ) . A l t h o u g h a t 

t h a t t i m e t h e d i s c h a r g e o f t h e C a n a l d e l D i q u e was c o n s i d e r a b l y s m a l l e r ( Q » ; 3 0 m V s ) t h a n 

i n 1 9 7 1 , t h e v e l o c i t i e s s l a c k e n e d a l s o , b u t a r e v e r s e o f t h e c u r r e n t d i r e c t i o n was n o t 

f o u n d . I n t h e Cano M a t u n i l l a t h e m e a s u r e d v e l o c i t y r a n g e d b e t w e e n v = 0 . 3 5 - 0 . 7 0 m / s ; 

d o w n s t r e a m o f t h e Carlo M a t u n i l l a v = 0 . 3 5 - 0 . 5 0 m / s ; i n t h e Cano L e q u e r i c a v = 0 . 1 0 - 0 . 6 0 m / s ; 

a n d d o w n s t r e a m o f t h e Cano L e q u e r i c a v=0 .10 - 0 . 3 5 m / s . F u r t h e r d a t a o f t h e s e m e a s u r e m e n t s 

a r e n o t p r e s e n t e d i n t h i s R e p o r t . 

D u r i n g a s h o r t p e r i o d w a t e r - l e v e l s w e r e r e a d on a number o f g a u g e s a l o n g t h e Cano 

M a t u n i l l a . The l o c a t i o n o f t h e g a u g e s and t h e r e c o r d e d w a t e r - l e v e l s a t c e r t a i n d a t e s a r e 

p r e s e n t e d i n F i g u r e 3 . 3 . 4 3 -

F i g u r e 3 . 3 . 4 3 W a t e r - l e v e l s a l o n g t h e Cano M a t u n i l l a 

The d a t a p f e s e n t e d c o n c e r n a mean t i d e i n t h e BahFa de B a r b a c o a s , w h i l e t h e d i s ­

c h a r g e o f t h e Cano M a t u n i l l a i s e s t i m a t e d a t a b o u t ( 1 « 6 0 m V s . 
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" § § l £ _ i D £ C y § l 2 D 

In t h e o u t l e t s o f t h e C a n a l d e l D i q u e s a l t m e a s u r e m e n t s w e r e c a r r i e d o u t a n u m b e r 

o f t i m e s a t d i f f e r e n t d i s c h a r g e s o f t h e C a n a l a n d d u r i n g d i f f e r e n t t i d e s i n t h e B a h i a s de 

C a r t a g e n a a n d B a r b a c o a s . The s a l t w a t e r wedge m e a s u r e d i h o u r b e f o r e h i g h w a t e r n e a r 

P a s a c a b a l l o s i n t h e C a n a l d e l D i q u e d u r i n g s p r i n g t i d e o f A p r i l 28, 1971, i s p r e s e n t e d i n 

F i g u r e 3.3.44. 

F i g u r e 3.3.44 S a l t W a t e r Wedge n e a r P a s a c a b a l l o s 

A t s t i l l l o w e r d i s c h a r g e s o f t h e C a n a l d e l D i q u e t h e s a l t w a t e r w e d g e w i l l p e n e t r a t e 

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

d e l D i q u e a n d t h e r e l a t i v e l y g r e a t d e p t h i n t h e BahTa de C a r t a g e n a , i t i s n o t l i k e l y t h a t 

t h e s a l t w a t e r w i l l p e n e t r a t e b e y o n d a b o u t km 113. 

D u r i n g t h e t i d a l m e a s u r e m e n t s i n A p r i l 1972 s a l t w a t e r was e n c o u n t e r e d n e a r h i g h 

w a t e r i n t h e m e a s u r i n g c r o s s - s e c t i o n i n t h e Cano L e q u e r i c a c l o s e t o t h e r i v e r - b e d ( a b o u t 

0.20 m ) . U n d e r e x t r e m e c o n d i t i o n s ( l o w d i s c h a r g e a n d s p r i n g t i d e ) a t h i n l a y e r o f s a l t 

w a t e r may p e n e t r a t e i n t h e Cano L e q u e r i c a up t o t h e b i f u r c a t i o n a n d be d i s c h a r g e d a g a i n a t 

P a s a c a b a l l o s . 

I n t h e Cano M a t u n i l l a no s a l t i n t r u s i o n was m e a s u r e d b e y o n d t h e d e l t a i n t h e BahFa 

de B a r b a c o a s , as t h e s t e e p e r w a t e r - l e v e l g r a d i e n t s i n t h e Cano p r e v e n t f u r t h e r p e n e t r a t i o n . 
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3 . 4 . BED-FORMS, CHANNEL ROUGHNESS 

3 . 4 . 1 . G e n e r a l 

I n P a r a . 3 . 6 , d e a l i n g w i t h o n e - d i m e n s i o n a l m o r p h o l o g i c a l c o m p u t a t i o n s , i t w i l l be 

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

p a r a m e t e r ( c h a n n e l r o u g h n e s s ) . C o n s e q u e n t l y f o r c o m p u t a t i o n s o f r i v e r - w o r k s i t i s n e c e s s a r y 

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

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

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

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

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

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

t h i s f i e l d . 

I n t h i s R e p o r t t h e t o t a l r e s i s t a n c e w i l l a l s o be c o n s i d e r e d t o c o n s i s t o f g r a i n 

r o u g h n e s s a n d b e d - f o r m r o u g h n e s s o n l y . T h i s may be e x p r e s s e d as f o l l o w s : 

T = T ' + x " ( 3 . 4 . 1 ) 

w h e r e x ' = t h e s h e a r s t r e s s d u e t o t h e g r a i n s a n d 

x " = t h e s h e a r s t r e s s d u e t o t h e b e d - f o r m s , 

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

E q . ( 3 . 4 . 1 ) may a l s o be w r i t t e n a s : 

h i = ( h i ) ' + ( h i ) " ( 3 . 4 . 2 ) 

^ . - ^ . - l l ( 3 . * . 3 ) 

C^ ( C ) ^ ( C " ) ^ 

I n t r o d u c i n g C = ' s / ^ t h i s c a n be w r i t t e n a s : 

f = f + f " ( 3 . 4 . 4 ) 

w h e r e f i s c a l l e d t h e D a r c y / W e i s b a c h f r i c t i o n f a c t o r . 

I t seemed u s e f u l t o g i v e a l l t h e s e d i f f e r e n t f o r m s as i t f a c i l i t a t e s t h e e x p l a n a t i o n 

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

3 . 4 . 2 . G r a i n r o u g h n e s s 

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

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

v a l u e s d i f f e r . N o t e w o r t h y a r e t h e d a t a g a t h e r e d by L o v e r a a n d K e n n e d y ( 1969 ) [ 2 8 ] w h i c h a r e 

g i v e n i n F i g u r e 3 - 4 . 1 . C o m p a r i n g t h e r e s u l t s w i t h t h e N i k u r a d s e p i p e - f r i c t i o n d a t a , t h e y 

f o u n d f o r t h e same v a l u e s o f f a n d v R / v t h a t R / k ^ < R / D ^ Q ( i n w h i c h k^ i s t h e r e p r e s e n t a t i v e 

d i a m e t e r o f t h e g r a i n s ) . T h i s means t h a t f o r k^ a l a r g e r v a l u e t h a n D^^ has t o be u s e d , 

w h i c h i s i n a c c o r d a n c e w i t h r e s u l t s o b t a i n e d by o t h e r s : 
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E i n s t e i n a n d B a r b a r o s s a ( 1 9 5 2 ) : = D^^ [ 2 9 ] 

E n g e l u n d a n d Hansen ( 1 9 6 ? ) :.k^ = 2 D ^ ^ [ l l ] 

S i m o n s a n d R i c f i a r d s o n ( I 9 6 6 ) : = Dg^ [ 30 ] 

F o r t l i e RTo M a g d a l e n a t h e R e y n o l d s number (Re = v R / v ) v a r i e s b e t w e e n a b o u t 

2 . 5 x 1 0 ^ a n d 15x10^ . O n l y a s m a l l p a r t o f t h i s r a n g e i s i n c l u d e d i n t h e L o v e r a / K e n n e d y g r a p h 

( F i g u r e 3 . 4 . 1 ) . 

F i g u r e 3 . 4 . 1 L o v e r a a n d K e n n e d y ' s F l a t - B e d F r i c t i o n F a c t o r 

F o r t h a t p a r t o f t h e a b o v e - m e n t i o n e d r a n g e o f t h e R e y n o l d s number w h i c h i s i n c l u d e d 

i n t h e L o v e r a / K e n n e d y g r a p h , a s t r o n g l y d i m i n i s h i n g i n f l u e n c e o f t h e R e y n o l d s n u m b e r o n t h e 

f ' - v a l u e c a n be n o t i c e d . T h i s means t h a t t h e g r a i n r o u g h n e s s i n t h a t r a n g e m a i n l y d e p e n d s 

on h / D ^ Q . E x t r a p o l a t i n g t h e h / D ^ p - l i n e s i n t h e p e r t i n e n t r a n g e o f t h e R e y n o l d s n u m b e r w o u l d 

r e s u l t i n e x t r e m e l y h i g h f ' - v a l u e s ( i n t h e o r d e r o f O.O8), much h i g h e r t h a n f o u n d o n t h e 

RFo M a g d a l e n a ( f w O . O I ) . F o r t h e RFo M a g d a l e n a f has t h e r e f o r e b e e n c o m p u t e d f r o m : 

C' = 18 l o g and f = ( 3 . 4 . 5 ) 

Remarl<: The m e t h o d u s e d f o r t h e RFo M a g d a l e n a i s ( c o n t r a r y t o t h e L o v e r a / K e n n e d y m e t h o d ) 

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

3 . 4 . 3 . B e d - f o r m r o u g h n e s s 

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

f o r m s . B e d - l o a d may be c o n s i d e r e d as t h e p r o p a g a t i o n o f b e d - f o r m s . I n t h e c a s e o f t w o -

d i m e n s i o n a l b e d - f o r m s ( d u n e s ) t h i s may be e x p r e s s e d a s : 

s = a c 6 ( 3 . 4 . 6 ) 

w h e r e : 6 i s t h e d u n e h e i g h t , c t h e p r o p a g a t i o n v e l o c i t y a n d a a f a c t o r i n d i c a t i n g t h e c r o s s -

s e c t i o n a l f o r m o f t h e d u n e s . 
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F rom E q u a t i o n ( 3 . 4 . 6 ) a c l o s e r e l a t i o n s h i i p b e t w e e n t h e d i m e n s i o n o f b e d - f o r m s a n d 

t h e r a t e o f t r a n s p o r t i s s u g g e s t e d . I n P a r a 3 . 2 . 1 i t has b e e n e x p l a i n e d t h a t t h e t r a n s p o r t 

p a r a m e t e r ( s / \ / g A D ^ ) i s a f u n c t i o n o f t h e f l o w - p a r a m e t e r ( A D / y h l ) . As a r e l a t i o n b e t w e e n 

b e d - f o r m r o u g h n e s s a n d t h e d i m e n s i o n o f b e d - f o r m s a l s o seems p l a u s i b l e , many a u t h o r s s t u d i e d 

b e d - f o r m r o u g h n e s s as a f u n c t i o n o f t h e f l o w p a r a m e t e r A D / y h l . 

I n t h i s p a r a g r a p h t h e m e t h o d s u s e d by s e v e r a l a u t h o r s w i l l be i n d i c a t e d a n d c o m p a r e d , 

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

- A l t h o u g h s u s p e n d e d - 1 o a d p r i n c i p a l l y i s n o t much d i f f e r e n t f r o m b e d - l o a d , i t d o e s , 

o f c o u r s e , n o t t ^ k e p l a c e as a b e d - f o r m p r o p a g a t i o n a n d E q . ( 3 . 4 . 6 ) i s n o t v a l i d 

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

s u s p e n d e d - l o a d d o e s n o t d e p e n d o n t h e f l o w p a r a m e t e r o n l y , a l s o t h e b e d - f o r m 

r o u g h n e s s d e p e n d s o n o t h e r p a r a m e t e r s b e s i d e s t h e f l o w p a r a m e t e r A D / y h l . F o r 

p r a c t i c a l p u r p o s e s a C" v e r s u s A D / y h l r e l a t i o n , as f o u n d f r o m o b s e r v a t i o n s u n d e r 

c o n d i t i o n s w i t h h e a v y s u s p e n d e d - 1 o a d , s h o u l d be p r e f e r r e d f o r u s e o n t h e RTo 

M a g d a 1 e n a . 

- V a n o n i a n d B r o o k s ( 1 9 5 7 ) [ 3 1 ] f o u n d t h a t s u s p e n d e d - l o a d r e d u c e s t h e t u r b u l e n c e , 

w h i c h r e s u l t s i n a n a p p a r e n t l y s m o o t h e r c h a n n e l . T h i s may be e x p r e s s e d i n a g r a p h 

as g i v e n by E n g e l u n d a n d H a n s e n [ l l ] ( F i g u r e 3 . 4 . 2 ) . I t has b e e n f o u n d t h a t w i t h 

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

r o u g h n e s s e x p e r i m e n t s . O t h e r i n v e s t i g a t o r s , h o w e v e r , s o m e t i m e s f o u n d d i f f e r e n t 

r e s u l t s . 

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

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

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

- I t s h o u l d be r e m a r k e d t h a t r e c e n t i n v e s t i g a t i o n s g i v e r e a s o n t o s u s p e c t a 

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

t h e r e f o r e b e d - f o r m r o u g h n e s s . I n m o s t m e t h o d s t h i s d o e s n o t e x p r e s s i t s e l f . 

UPPER REGIME 

T 
\PLAHC BEoUmi-DUPES 

F i g u r e 3 . 4 . 2 S c h e m a t i c R e l a t i o n b e t w e e n T a n d v 
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E i n s t e i n and B a r b a r o s s a m e t h o d [29] 

E i n s t e i n a n d B a r b a r o s s a w e r e t h e f i r s t ( 1 9 5 2 ) t o d i v i d e t h e t o t a l f l o w r e s i s t a n c e 

i n t o r e s i s t a n c e d u e t o t h e g r a i n s a n d t h a t d u e t o t h e b e d - f o r m s . T h i s was d o n e by a d i ­

v i s i o n o f t h e c r o s s - s e c t i o n a l a r e a a n d t h e h y d r a u 1 i c r a d i u s i n t o o n e p a r t c o n t r i b u t i n g o n l y 

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

E q . ( 3 . 4 . 2 ) was w r i t t e n a s : 

h i = I ( h ' + h " ) ( 3 . 4 . 7 ) 

w h i c h may a l s o be w r i t t e n a s : 

( 3 . 4 . 8 ) 

T h i s m e t h o d i s d e r i v e d f r o m t h a t u s e d by E i n s t e i n (1939) t o d i s t i n g u i s h b e t w e e n bed 

r e s i s t a n c e a n d s i d e - w a l l r e s i s t a n c e . A l t h o u g h t h e m e t h o d i s i n t e r e s t i n g , i t d o e s n o t seem 

i n a c c o r d a n c e w i t h t h e a c t u a l p h e n o m e n a . A m o r e l o g i c a l s o l u t i o n ( i n t r o d u c e d b y M e y e r - P e t e r 

and M i i l l e r ( 1948 ) [ 3 2 ] ) seems t o w r i t e E q . ( 3 . 4 . 2 ) a s : 

h l = h ( I ' + I " ) ( 3 . 4 . 9 ) 

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

r e s i s t a n c e . 

T h i s r e s u l t s i n : 

1 . = ^ ± ^ + . U „ ( 3 . 4 . 1 0 ) 
( C ) ^ ( C " ) ' 

w h i c h i s i n f a c t t h e m e t h o d o f s e p a r a t i o n u s e d f u r t h e r on f o r t h e R ' o M a g d a l e n a . 
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© PTO ItlMARCa 
e BALLENA 

0 mo NUEVO 
© UPSTREAM RIO SOGAMOSO 
9 Rio SOGAMOSO 
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I n F i g u r e 3 . 4 . 3 t h e r e l a t i o n C " v e r s u s Y ' {=l\[>^^/h'l= ( C ' ) ^ A D ^ ^ / v ^ ) as f o u n d b y 

E i n s t e i n a n d B a r b a r o s s a i s g i v e n . I n f a c t , E i n s t e i n and B a r b e r o s s a show t h e r e l a t i o n v / v ' ^ 

v e r s u s V ' . The o r d i n a t e v / v | ^ d i f f e r s a f a c t o r \ / g f r o m C " . 

Many o f t h e d a t a u s e d by E i n s t e i n a n d B a r b a r o s s a a r e f o r r i v e r s w i t h l a r g e a m o u n t s 

o f s u s p e n d e d - l o a d a n d a g o o d a g r e e m e n t w i t h t h e RFo M a g d a l e n a d a t a was t h e r e f o r e e x p e c t e d . 

A l t h o u g h t h e R f o M a g d a l e n a d a t a a r e n o t r e a l l y c o n t r a r y t o t h e E i n s t e i n / B a r b a r o s s a r e l a t i o n , 

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

Some o t h e r c u r v e s h a v e b e e n f o u n d by o t h e r s , a l s o i n d i c a t e d i n F i g u r e 3 . 4 . 3 -
I 

As t h e u s e o f t h e E i n s t e i n / B a r b a r o s s a m e t h o d i s r a t h e r c o m p l i c a t e d d u e t o t h e u s e 

o f h ' a n d h " f o r t h e c o m p u t a t i o n o f C' a n d C " , f o r t h e RTo M a g d a l e n a Y ' = ( O ^ A D ^ ^ / v ^ has 

b e e n u s e d w i t h C ' = 18 l o g 1 2 h / 2 5 ^ ^ ( i n s t e a d o f C ' = 18 l o g 12 h ' / D ^ ^ as u s e d by E i n s t e i n 

a n d B a r b a r o s s a ) . O n l y s 1 i g h t c h a n g e s may r e s u l t f r o m t h i s , w h i l e t h e g e n e r a l t e n d e n c y w i l l 

be t h e s a m e . 

Shen m e t h o d ( 1 9 6 2 ) [ 3 3 ] 

The Shen m e t h o d i s a n e x t e n s i o n o f t h e E i n s t e i n / B a r b a r o s s a m e t h o d . He f o u n d 

v j ^ / v ( = \ / f " / 8 ) t o be d e p e n d i n g o n w D ^ ^ / v b e s i d e s t h e d e p e n d e n c y o n Y ' . He p l o t t e d 

t h e r e f o r e Y ' / X a g a i n s t vJ^J/v w i t h X= F ( W D ^ Q / V ) . 

RIO MAGDALENA CANAL DEL DIQUE 

O LA DORADA 

© RIO NARE 
O PTO nmRco 

C BALLENA 
0 RID NUEVO 
C INSTREAM RIO SOGAMOSO 

9 Rh SOGAMOSO 
9 DOWNSTREAM RIO SOGAMOSO 
C VIJAGUAL 

e CALAMAR 

a CALAMAR 

B UPSTREAM CANO CORREA 

B CANO CORREA 
B DOWNSTREAM CANO CORREA 
H UPSTREAM CANO MATUNILLA 
a CAfiO MATUNILLA 

a DOWNSTREAM CANO MATUNILLA 

H UPSTREAM CANO LEQUERICA 
B CANO LEQUERICA 

G DOWNSTREAM CANO LEQUERICA 
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F o r v a l u e s o f W D ^ Q / V > 100 t h e E i n s t e i n / B a r b a r o s s a c u r v e c a n be u s e d , b u t f o r v a l u e s o f 

W D ^ Q / V < 100 t h e v a l u e o f A has i t s i n f l u e n c e . He a l s o f o u n d a s e c o n d b r a n c h t o t h e E i n s t e i n / 

B a r b a r o s s a c u r v e ( s e e F i g u r e 3 . 4 . 4 ) . 

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

s e p a r a t i o n o f t h e b e d - f o r m r o u g h n e s s f r o m t h e t o t a l r o u g h n e s s , t h e D ^ ^ has t o be u s e d 

a c c o r d i n g t o E i n s t e i n . I n Y ' t h e D ^ ^ i s u s e d a c c o r d i n g t o E i n s t e i n and B a r b a r o s s a , w h i l e f o r 

t h e c o r r e c t i o n f a c t o r ( A ) t h e v a l u e o f D ^ ^ has t o be u s e d a c c o r d i n g t o S h e n . 

The v a l u e s o f t h e RFo M a g d a l e n a a r e q u i t e d i s t i n c t f r o m t h o s e f o u n d a c c o r d i n g t o 

Shen ( F i g u r e 3 . 4 . 4 ) . S i m i l a r t o t h e E i n s t e i n / B a r b a r o s s a p l o t , i n Y ' / A t h e v a l u e o f C ' has 

been t a k e n as C ' = 18 l o g 12 h / 2 D g ^ f o r t h e RFo M a g d a l e n a d a t a . 

The Shen m e t h o d i s t e m p e r a t u r e - d e p e n d e n t by means o f V . 

E n g e l u n d a n d H a n s e n m e t h o d [ l l ] 
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S t r e s s a n d T o t a l S h e a r S t r e s s 
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E n g e l u n d a n d H a n s e n a l s o s e p a r a t e b e d - f o r m r o u g h n e s s a n d g r a i n r o u g h n e s s . T h e y u s e 

t h e m e t h o d i n d i c a t e d by E q . ( 3 . 4 . 9 ) . F rom t h e i r s i m i l a r i t y h y p o t h e s i s , i t f o l l o w s t h a t : 

h i . = F 

^ ^ 0 

( h i ) ' 
( 3 . 4 . 1 1 ) 

w h i c h i s t h e n w r i t t e s a s : 

I f h o w e v e r , E q . ( 3 . 4 . 1 2 ) i s w r i t t e n as V V C ^ A D ^ Q = F ( V ^ / ( C ' ) ' ^ A D ^ Q ) i t may be s e e n t h a t , i n f a c t , 

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

C = F | ^ - 1 ( 3 . 4 . 1 3 ) 
( O ^ A D ^ Q 

E n g e l u n d a n d Hansen v e r i f i e d E q . ( 3 . 4 . 1 3 ) by means o f f l u m e t e s t s , o f w h i c h t h e 

r e s u l t s a r e l a i d down i n F i g u r e 3 . 4 . 5 . 

A l t h o u g h t h e E n g e l u n d / H a n s e n m e t h o d i s b a s e d p a r t l y o n t h e o r e t i c a l c o n s i d e r a t i o n s , 

f o r t h e R ' o M a g d a l e n a t h e m e t h o d d i d n o t g i v e b e t t e r r e s u l t s t h a n c o u l d be f o u n d by o t h e r 

m e t h o d s . 

A l a m a n d K e n n e d y m e t h o d ( 1 9 6 9 ) [34] 

As i n d i c a t e d i n P a r a . 3 . 4 . 2 , L o v e r a a n d Kennedy u s e d a d i f f e r e n t m e t h o d t o d i v i d e 

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

f o r m s . A l a m a n d Kennedy a l s o u s e d t h i s m e t h o d t o o b t a i n f " ( f " = f - f ; f a s g i v e n i n 

F i g u r e 3 . 4 . 1 ) a n d f u r t h e r s t u d i e d a r e l a t i o n 

f " = F ( v / \ / ^ , h / D ^ p ) ( 3 . 4 . 1 4 ) 

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

f r i c t i o n - f a c t o r c h a r t f r o m d a t a g a t h e r e d by s e v e r a l i n v e s t i g a t o r s ( F i g u r e 3 . 4 . 6 ) . 

F o r t h e RFo M a g d a l e n a t h e v a l u e o f h / D ^ ^ i s g e n e r a l l y l a r g e r t h a n 2 , 5 0 0 a n d t h e 

v a l u e o f v / - \ / g D ^ Q i s i n t h e o r d e r o f 2 5 . From t h e g r a p h i t may be s e e n t h a t i n t h i s r a n g e 

t h e i n f l u e n c e o f h / D ^ ^ i s r a t h e r s m a l l , w h i c h means t h a t t h e r e l a t i o n r e d u c e s t o o n e b e t w e e n 

f " a n d v / ^ / g D ^ . H o w e v e r , t h e r e s u l t s f o u n d o n t h e RFo M a g d a l e n a i n d i c a t e a much s t r o n g e r 

d e p e n d e n c y o n h / D ^ ^ . T h i s i s d e m o n s t r a t e d i n F i g u r e 3 . 4 . 6 , w h e r e t h e RFo M a g d a l e n a v a l u e s 

h a v e b e e n p l o t t e d i n t h e A l a m / K e n n e d y g r a p h . I n v i e w o f t h e r e m a r k made i n P a r a . 3 . 4 . 2 

r e g a r d i n g t h e h i g h f ' - v a l u e s f o u n d f r o m F i g u r e 3 . 4 . 1 f o r t h e p e r t a i n i n g c o n d i t i o n s o n t h e 

RFo M a g d a l e n a , t h e v a l u e s p r e s e n t e d i n F i g u r e 3 - 4 . 6 h a v e e i t h e r been p l o t t e d a g a i n s t t h e 

f " - v a l u e ( f o r s m a l l v a l u e s o f f , w i t h f " = f - f ) o r a g a i n s t t h e f - v a l u e ( f o r h i g h v a l u e s 

o f f , w i t h f " = f - f 0 and f « f ' ) . 

T h e f " v e r s u s v / \ / g D ^ r e l a t i o n o f A l a m a n d Kennedy i s o n l y v a l i d f o r s a n d . F o r 

o t h e r m a t e r i a l s a r e l a t i o n f " v e r s u s v / y ^ g A D ^ w o u l d h a v e t o be u s e d . 
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F i g u r e 3 . 4 . 6 A l a m a n d K e n n e d y ' s G r a p h i c a l E x p r e s s i o n o f f " a s F u n c t i o n o f F r o u d e Number 

a n d h/D^Q 

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

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

o t h e r m e t h o d w h i c h m u s t be r e f e r r e d t o . 

R e g i m e t h e o r y 

The R e g i m e t h e o r y i s a m e t h o d b a s e d o n s t a t i s t i c a l r e a s o n i n g . I t i s t h e r e f o r e , 

t h o u g h t t o be a m e t h o d w h i c h c o n t a i n s a r i s k f o r r i v e r s s u c h a s t h e RFo M a g d a l e n a , because 

t h i s r i v e r has p r o p e r t i e s w h i c h a r e q u i t e d i f f e r e n t f r o m t h o s e o n w h J c h t h e R e g i m e t h e o r y 

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

T h e m e t h o d s w h i c h h a v e b e e n d e a l t w i t h i n t h i s p a r a g r a p h a r e c o m p i l e d i n T a b l e 3 . 4 . 1 

A u t h o r s Formulae Remarks 

E i n s t e i n and AD35 hÓ^yiO^ For the compu ta t i on o f h', D^^iias t o be used 

Barbarossa C"= F = F | - Not tempera tu re -dependen t 

Shen 

Engelund 

and Hansen 

Alam and 

Kennedy 

AD 
C"= F, . X 

X - F ^ 

For compu ta t i on o f h', D^^has t o be used 

The e q u a t i o n f u r t h e r c o n t a i n s 0^^ and D^g 

The method i s t empera tu re -dependen t t h rough w / v 

h i _ p I h ' l For compu ta t i on o f h ' , 20^^ has been used 

may a l s o be w r i t t e n a s : 

Not tempera tu re -dependen t 

C"= F ( v / v ^ g D ^ , h / D j g ) 

S l i g h t l y t e m p e r a t u r e - d e p e n d e n t , as t he method is 

used i n comb ina t i on w i t h t he Lovera/Kennedy 

method t o de te rm ine C ' ; t he l a t t e r method c o n t a i n s 

the Reynolds number as parameter 

T a b l e 3 . 4 . 1 M e t h o d s S t u d i e d f o r P r e d i c t i o n o f B e d - F o r m R o u g h n e s s 

F rom T a b l e 3 . 4 . 1 i t may be d e r i v e d t h a t t h e e q u a t i o n s u s e d c a n be w r i t t e n 

a s : 

Qii = F ( h l / A D , C ' ) ( E i n s t e i n a n d B a r b a r o s s a ) , 

C" = F ( h l / A D , h / D ) ( A l a m a n d K e n n e d y ) , a n d 

Q _ F ( I i l / A D , C ' ) ( E n g e l u n d a n d H a n s e n ) , 

w h i l e t h e Shen e q u a t i o n i s s i m i l a r t o t h a t o f E i n s t e i n and B a r b a r o s s a w i t h an a d d i t i o n a l 

c o r r e c t i o n f a c t o r ( X ) . 

As C' c a n be c o n s i d e r e d as a f u n c t i o n o f h /D ( E q . ( 3 . 4 . 5 ) ) a n d h l / A D a l s o c o n t a i n s 

h / D , i t seems l o g i c a l t o t r y a r e l a t i o n C" v e r s u s h l / A D f o r t h e R f o M a g d a l e n a . T h i s has 

b e e n i n d i c a t e d i n F i g u r e 3 . 4 . 7 . 

I t may be s e e n t h a t h e r e a l s o a c o n s i d e r a b l e s c a t t e r i s p r e s e n t . P a r t o f 

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

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

d i f f e r e n t h y d r a u l i c c o n d i t i o n s . I t c a n be s e e n t h a t t h e s c a t t e r i s n o t s m a l l e r t h a n by u s i n g 

t h e E i n s t e i n / B a r b a r o s s a r e l a t i o n ( F i g u r e 3 . 4 . 3 ) , w h i c h r e l a t i o n i s b a s e d o n many m o r e d a t a . 

F o r t h e c o m p u t a t i o n s i n t h o s e s e c t i o n s o f t h e RFo M a g d a l e n a w h e r e no m e a s u r e m e n t s w e r e 

a v a i l a b l e , t h e E i n s t e i n / B a r b a r o s s a r e l a t i o n has b e e n u s e d , w h i l e f o r s e c t i o n s w h e r e 

m e a s u r e m e n t s h a v e b e e n c a r r i e d o u t , t h e l o c a l d a t a h a v e b e e n u s e d . 
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F i g u r e 3 . 4 . 7 R e l a t i o n b e t w e e n C" a n d h l / A D 

F u r t h e r s t u d y c o n c e r n i n g bed r o u g h n e s s i s r e q u i r e d a n d p o s s i b l y when m o r e d a t a 

become a v a i l a b l e an A l a m Kennedy t y p e o f s o l u t i o n w i l l a p p e a r m o r e p r o m i s i n g f o r t h e RFo 

M a g d a l e n a . 

R e m a r k s : 

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

has n o t b e e n t a k e n i n t o c o n s i d e r a t i o n , b u t i n r e a l i t y t h e c h a n n e l r o u g h n e s s a l w a y s 

l a g s b e h i n d t h e p r e v a i l i n g h y d r a u l i c c o n d i t i o n s . N o t much i s known y e t i n t h i s 

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

c a s e s t h e c h a n g e i n r o u g h n e s s i s l a r g e a n d c a n l a g f a r b e h i n d . On t h e RFo M a g d a l e n a 

t h i s i s s o m e t i m e s t h e c a s e o n a c r o s s i n g j u s t a f t e r t h e h i g h w a t e r p e r i o d , when t h e 

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

e x p e r i m e n t a l e x p o n e n t i a l f u n c t i o n may be u s e d f o r t h e a d a p t a t i o n p r o c e s s as i n d i c a t e d 

i n F i g u r e 3 . 4 . 8 ( t h e v a l u e o f t has t o be f o u n d f r o m m e a s u r e m e n t s ) . 

F i g u r e 3 . 4 . 8 R o u g h n e s s A d a p t a t i o n as F u n c t i o n o f T i m e 
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I n t h i s p a r a g r a p h i t has been a s s u m e d t h a t t h e r i v e r - b e d i s a l l u v i a l , b u t t h e r e a r e 

p l a c e s w h e r e i t i s n o t a l l u v i a l o r o n l y p a r t l y a l l u v i a l ( H o n d a ) . I n t h o s e c a s e s t h e 

r o u g h n e s s i s b u i l t up by t h e a l l u v i a l p a r t ( b e d - f o r m s ) a n d t h e n o n - a l l u v i a l p a r t 

( r o c k s ) . When t h e s e d i m e n t i s t r a n s p o r t e d o v e r t h e r o c k s , t h e v o i d s b e t w e e n t h e 

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

t h e s e d i m e n t t r a n s p o r t r a t e . T h i s has b e e n i n d i c a t e d i n F i g u r e 3 . 4 . 9 ( s r e p i ' e s e n t s 

t h e s e d i m e n t t r a n s p o r t a n d s ^ t h e 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 ; see v a n d e r Z w a a r d 

( 1973 ) [ 3 5 ] ) . 

O 0.2 0.4 O.e o.e w 

^ S/So 

F i g u r e 3 . 4 . 9 R o u g h n e s s f o r S e d i m e n t T r a n s p o r t o v e r a F i x e d Bed 

3 . 5 . SELECTION OF THE TRANSPORT-EQUATION 

3 . 5 . 1 . I n t r o d u c t i o n 

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

be a n s w e r e d : 

- W h i c h t r a n s p o r t - e q u a t i o n b e s t a n s w e r s t h e p r e v a i l i n g c o n d i t i o n s o n t h e RTo 

M a g d a l e n a ? 

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

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

v a r i o u s m e a s u r i n g c r o s s - s e c t j o n s i n t h e RTo M a g d a l e n a a n d t h e C a n a l d e l O i q u e ? 

M o r e o v e r , a n t i c i p a t i n g t h e n e x t P a r a g r a p h ( 3 . 6 ) , a t h i r d q u e s t i o n w i l l a r i s e : 

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

a v a i l a b l e ? I t w i l l be s e e n i n P a r a , 3 . 6 t h a t o n e o f t h e b o u n d a r y c o n d i t i o n s f o r 

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

r e l a t i o n i s a v a i l a b l e a t a n e a r b y m a i n g a u g e - s t a t i o n , t h e q u e s t i o n w i l l a r i s e 

w h e t h e r s u c h a r e l a t i o n c a n be t r a n s f e r r e d t o an a r e a w h e r e no m e a s u r e m e n t s a r e 

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

t h e n t o be e s t i m a t e d . 
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B e f o r e a n s w e r i n g t h i ese q u e s t i o n s , i i o w e v e r , a s h o r t r e c a p i t u l a t i o n o f t h e g e n e r a l 

i n t r o d u c t i o n t o t h i s P a r t o f t h e R e p o r t seems t o be a p p r o p r i a t e . 

I t was m e n t i o n e d t h a t v a r i o u s i n v e s t i g a t o r s h a v e d e f i n e d t r a n s p o r t e q u a t i o n s w h i c h 

e s t a b l i s h e d a r e l a t i o n b e t w e e n t h e t r a n s p o r t p a r a m e t e r ( s / \ A g D ' a n d t h e f l o w p a r a m e t e r 

A D / y h l . I n t h i s r e l a t i o n t h e c o n s t a n t s w e r e c h o s e n i n s u c h a way t h a t t h e r e s u l t s a g r e e d 

w i t h m e a s u r e m e n t s made i n t h e f i e l d o r i n t h e l a b o r a t o r y . One o f t h e m a i n r e a s o n s o f , 

e s p e c i a l l y , t h e t r a n s p o r t m e a s u r e m e n t s c a r r i e d o u t by t h e M i s s i o n was t o s e l e c t t h a t e q u a t i o n 

w h i c h b e s t c o r r e s p o n d e d t o t h e c o n d i t i o n s on t h e RFo M a g d a l e n a and t h e C a n a l d e l D i q u e . 

I t w o u l d h a v e b e e n p o s s i b l e a l s o t o e s t a b l i s h a new t r a n s p o r t e q u a t i o n , a c c o r d i n g t o t h e 

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

e q u a t i o n s . H o w e v e r , s u c h a new e q u a t i o n has o n l y a l i m i t e d u s e , a n d e x t r a p o l a t i o n f r o m a 

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

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

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

p o l a t i o n t o s i t e s w h e r e no m e a s u r e m e n t s a r e as y e t a v a i l a b l e w i l l g i v e m o r e r e l i a b l e 

r e s u l t s . 

F o r t h e same r e a s o n i t has e x t e n s i v e l y b e e n t r i e d t o c o r r e l a t e t h e c h a n n e l r o u g h n e s s 

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

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

t o e s t i m a t e t h e r o u g h n e s s a t t h o s e p l a c e s w h e r e no d a t a a r e k n o w n . H o w e v e r , a g a i n m o r e 

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

t o c h e c k i t s a p p l i c a b i l i t y , a n d o n l y t h e r e a f t e r e x t r a p o l a t e d t o s i t e s w h e r e no d a t a a r e 

a v a i l a b l e . U n f o r t u n a t e l y , t h e d a t a f o u n d on t h e R ' o M a g d a l e n a a n d t h e C a n a l d e l D i q u e d i d 

n o t a p p e a r t o be u n i v e r s a l l y i n a g r e e m e n t w i t h o n e o f t h e t h e o r i e s o n t h i s s u b j e c t . F o r some 

c r o s s - s e c t i o n s t h e r e l a t i o n as p r e s e n t e d by E i n s t e i n a n d B a r b a r o s s a showed g o o d r e s u l t s , 

w h i l e a t o t h e r p l a c e s t h e A l a m / K e n n e d y r e l a t i o n c o u l d b e t t e r be u s e d ( s e e P a r a . 3 . 4 ) . 

T h e r e f o r e , i t was f i n a l l y d e c i d e d t o e s t a b l i s h t h e r e l a t i o n b e t w e e n t h e w a t e r - l e v e l a n d , 

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

t r a n s p o r t a c c o r d i n g t o t h e m e a s u r e m e n t s o n l y ( s e e P a r a . 3 . 5 . 3 ) . A t t h o s e p l a c e s w h e r e no 

d a t a a r e as y e t a v a i l a b l e t h e E i n s t e i n / B a r b a r o s s a r e l a t i o n ( s e e F i g u r e 3 . 4 . 3 ) c a n b e s t be 

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

t o be c h e c k e d o n b o t h t h e r o u g h n e s s r e l a t i o n a c c o r d i n g t o t h e f i e l d d a t a a n d ' t h e r e l a t i o n 

p r e s e n t e d by E i n s t e i n a n d B a r b a r o s s a . T h i s c o m p a r i s o n i s g i v e n i n C h a p t e r 8 , i n w h i c h t h e 

m o r p h o l o g i c a l c o m p u t a t i o n s o f t h e RFo Sogamoso C o n f l u e n c e a r e d e a l t w i t h . 

3 . 5 . 2 . S e l e c t i o n o f t h e t r a n s p o r t - e q u a t i o n 

I t has b e e n m e n t i o n e d i n P a r a . 3 . 3 t h a t t h e s e d i m e n t t r a n s p o r t m e a s u r e m e n t s c a r r i e d 

o u t i n t h e RFo M a g d a l e n a r e v e a l e d t h a t t h e b e d - l o a d i s , g e n e r a l l y , o n l y a s m a l l p e r c e n t a g e 

(< 101) o f t h e b e d - m a t e r i a l l o a d . I t i s , t h e r e f o r e , o b v i o u s t o t e s t t h e d a t a o f t h e RFo 

M a g d a l e n a n o t o n t h e s o - c a l l e d b e d - l o a d e q u a t i o n s ( e . g . , M e y e r - P e t e r / M ü l l e r ) b u t t o l o o k 

f o r an e q u a t i o n w h i c h d e s c r i b e s t h e t o t a l - l o a d . The a v a i l a b l e f o r m u l a e w h i c h a p p e a r t o be 

s u i t a b l e a r e : 
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- E i n s t e i n a n d B rown (1950) [ l O ] ; 

- C o l b y ( 1964 ) [ 3 6 ] ; 

- E n g e l u n d a n d H a n s e n (I967) [ l l ] ; a n d 

- T o f f a l e t i ( 1969 ) [ 3 7 ] . 

T i ie C o l b y a n d T o f f a l e t i f o r m u l a e a r e b o t h t e m p e r a t u r e - d e p e n d e n t . M o r e o v e r , f o r b o t h 

m e t h o d s t h e bed m a t e r i a l has t o be d i v i d e d i n t o " s t a n d a r d " s i z e f r a c t i o n s ( a s d o n e by 

E i n s t e i n ) , a n 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 s t a k e n as t h e sum o f t h e t r a n s p o r t o f e a c h o f 

t h e f r a c t i o n s . I n b o t h c a s e s t h e t o t a l - l o a d c a n be c o m p u t e d by means o f g r a p h s . T h e T a s k 

C o m m i t t e e f o r P r e p a r a t i o n o f S e d i m e n t Manua l o f t h e A m e r i c a n S o c i e t y o f C i v i l E n g i n e e r s [ 3 8 ] 

made t h i s comment i n i t s r e v i e w o n t h e a v a i l a b l e f o r m u l a e o f s e d i m e n t - t r a n s p o r t : 

" T h e C o l b y , T o f f a l e t i a n d E n g e l u n d / H a n s e n r e l a t i o n s g i v e c o n s i s t e n t l y b e t t e r 

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

t h e o t h e r s . B e c a u s e t h e C o l b y a n d T o f f a l e t i r e l a t i o n s h a v e b e e n shown t o a g r e e 

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

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

H a n s e n e q u a t i o n g i v e s r e s u l t s t h a t a g r e e w i t h t h o s e f r o m t h e C o l b y a n d T o f f a l e t i 

r e l a t i o n s , i t seems t h a t r e a s o n a b l e c o n f i d e n c e c a n be p l a c e d i n i t " . 

As o n l y i n some c a s e s w e r e w a t e r - t e m p e r a t u r e s m e a s u r e d b y t h e M i s s i o n , t h e t e s t i n g 

o f t h e t r a n s p o r t e q u a t i o n has t o be r e s t r i c t e d t o t h e E i n s t e i n / B r o w n and E n g e l u n d / H a n s e n 

f o r m u l a e . ( F o r t h e s e c o m p a r i s o n s t h e C v a l u e s u s e d w e r e d e r i v e d f r o m t h e d i s c h a r g e m e a s u r e ­

m e n t s . ) A l t h o u g h i t w i l l a p p e a r t h a t t h e E n g e l u n d / H a n s e n f o r m u l a i s i n g o o d a g r e e m e n t w i t h 

t h e d a t a m e a s u r e d o n t h e RFo M a g d a l e n a a n d t h e C a n a l d e l D i q u e , i t i s s u g g e s t e d t h a t , 

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

t h e n a l s o e n a b l e a c o m p a r i s o n w i t h t h e C o l b y and T o f f a l e t i e q u a t i o n s . 

B e f o r e a c t u a l l y c o m p a r i n g t h e m e a s u r e d a n d c o m p u t e d v o l u m 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 u s e f u l t o remember t h e m a n n e r i n w h i c h a t r a n s p o r t e q u a t i o n i s d e r i v e d ( w h i c h i m p l i e s 

t h a t t e s t i n g o f t h e e q u a t i o n t o m e a s u r e d d a t a has t o be c a r r i e d o u t i n t h e same w a y ) , a n d 

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

r e s u l t o f an i m p l e m e n t e d r i v e r - w o r k . 

M o s t o f t h e t r a n s p o r t - e q u a t i o n s a r e d e r i v e d a c c o r d i n g t o f l u m e d a t a , w h i c h i m p l i e s 

t h a t t h e y a r e r e l a t e d t o t h e p e r t a i n i n g p a r a m e t e r s p e r u n i t w i d t h . M u l t i p l i c a t i o n by t h e 

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

d i a g r a m s o f c o m p u t a t i o n s i n P a r a . 3 . 6 ) o n l y a v e r a g e p a r a m e t e r s o f t h e w h o l e c r o s s - s e c t i o n 

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

c o m p u t e d o n e s a c c o r d i n g t o t h e E i n s t e i n / B r o w n a n d E n g e l u n d / H a n s e n f o r m u l a e has b e e n c a r r i e d 

o u t i n t h r e e w a y s , n a m e l y : 

- C g m e a r ] s g n _ p e r _ y e r t i c a J [ ( F i g u r e 3 . 5 . 1 a n d 3 . 5 . 3 ) 

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

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

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

a b e d - s a m p l e h a d b e e n t a k e n i n t h e v e r t i c a l , t h e g r a i n - d i a m e t e r o f t h i s s a m p l e 

was u s e d ; i f n o t , t h e a v e r a g e v a l u e o f a l l t h e b e d - s a m p l e s t a k e n i n t h e c r o s s -

s e c t i o n has b e e n u s e d . 
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- C o m g a r U g n _ p e r _ c r o s s ; s e c t i o n ( F i g u r e 3 . 5 . 2 and 3 . 5 . 4 ) 

Thie s e d i m e n t t r a n s p o r t has b e e n c o m p u t e d u s i n g t h e v a i u e o f ( h = / ^ ) 2 / 

o f t h e c r o s s -

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

" Q 9 5 B 5 E l § 9 D _ P § r . S £ b ê ! ! ' § t i 2 § d _ c r o s s ; s e c t i o n ( s e e F i g u r e s i n P a r a . 3 . 5 . 3 ) 

The m e a s u r e d s e d i m e n t t r a n s p o r t c a n a l s o be c o m p a r e d w i t h t h e c o m p u t e d s t a g e -

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

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

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

t h e w a t e r - l e v e l g r a d i e n t ( s e e P a r a . 3 . 5 . 3 ) . 

The e q u a t i o n o f E i n s t e i n a n d B rown [ l O ] c a n be w r i t t e n a s : 

s 40 F , h i , , 
- { - — ) ( 3 . 2 . 3 ) 

i n w h i c h : 

e = p o r o s i t y ( E = 0 . 4 , s e e P a r a . 3 . 3 . 6 ) 

1 + 36v^ _ /_ 36v2 

V = l < i n e m a t i c v i s c o s i t y ( t h e i n t r o d u c t i o n o f t h e l < i n e m a t i c v i s c o s i t y mal<es t h i s 

e q u a t i o n a l s o t e m p e r a t u r e - d e p e n d e n t ; h o w e v e r , i n t h i s R e p o r t V= 0.8 x 10"^ m ^ / s 

has b e e n u s e d , s e e P a r a . 3 . 3 . 2 ) . 

I t i s s o m e w h a t u n c e r t a i n w h i c h r e p r e s e n t a t i v e g r a i n - s i z e has t o be u s e d i n t h e f o r m u l a 

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

t h e a f o r e - m e n t i o n e d T a s k C o m m i t t e e o f t h e ASCE t h e D ^ ^ - v a l u e has b e e n u s e d . 

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

e q u a t i o n o f E i n s t e i n a n d Brown i s p r e s e n t e d i n F i g u r e s 3 . 5 . 1 a n d 3 . 5 . 2 . The c o m p u t a t i o n s w e r e 

c a r r i e d o u t a c c o r d i n g t o t h e d i v i s i o n o u t l i n e d a b o v e ( E q u a t i o n ( 3 . 2 . 3 ) e x p r e s s e s t h e 

s e d i m e n t t r a n s p o r t i n m V m ' / s ; i n t h e f i g u r e s t h e t r a n s p o r t s a r e p r e s e n t e d i n m V m ' / d a y , 

r e s p e c t i v e l y m ^ / d a y . ) 

The e q u a t i o n o f E n g e l u n d a n d H a n s e n [ l l ] c a n be w r i t t e n a s : 

Ü . ( - ^ ) ( 3 . 2 . 2 ) 

1 - C g AD50 

i n w h i c h : 

g = a c c e l e r a t i o n o f g r a v i t y 

C = t o t a l bed r o u g h n e s s . 

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

E n g e l u n d a n d H a n s e n i s p r e s e n t e d i n t h e F i g u r e s 3 . 5 . 3 a n d 3 . 5 . 4 . 
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Rio MA6DALCHA CANAL DEL DIQUE 

O LA DORADA 

e Rio RARE 

e p r o INMARCO 

C BALLENA 

9 Rio NUEVO 

© UPSTREAM Rib SOOAMOSO 

9 Rio SOGAMOSO 

9 DOWNSTREAM RIO SOGAMOSO 

e VIJAÜUAL 

• CALAMAR 

• CALAMAR 

B UPSTREAM CAÜO CORREA 

a DOWNSTREAM CAÜO CORREA 

m UPSTREAM CAÜO MATUNILLA 

a C / ( ^ MATUNILLA 

a DOWNSTREAM CAÜO MATUNILLA 

a UPSTREAM CAÜO LEQUERICA 

m CAHO LEQUERICA 

B DOWNSTREAM CAÜO LEQUERICA 

5 . ' O ' 

MEASURED TRANSPORTlm^/m'/dayi 

F i g u r e 3.5.1 C o m p a r i s o n p e r V e r t i c a l b e t w e e n M e a s u r e d and Compu ted S e d i m e n t T r a n s p o r t 

w i t h E i n s t e i n / B r o w n F o r m u l a 
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R!O mSDMEt/A CANAL DEL DIQUE 

O LA DORADA • CALAMAR 

© Rib NARE S l^STREAt-1 CAÜO CORREA 

e PW. miARco U) CANO CORREA 
C BALLENA S DOWNSTREAM CANO CORREA 

O Rl'o NUEVO B UPSTREAM CANO MATMILLA 

e UPSTREAM Rl'o SOGAMOSO as CANO MATUNILLA 

9 Rl'o SOGAmSO B DOWNSTREAM CANO MATUNILLA 

O DOWNSTREAM Rl'o SOGAMOSO a UPSTREAM CANO LEQUERICA 

m CANO LEQUERICA 

e CALAMAR E DOWNSTREAM CAÜO LEQUERICA 

m' ° 5 to' 5 10^ 5 10" S IO'' 

^MEASURED TRANSPORT im^/day) 

F i g u r e 3 . 5 . 2 C o m p a r i s o n p e r C r o s s - s e c t i o n b e t w e e n M e a s u r e d and Computed S e d i m e n t T r a n s p o r t 

w i t h E i n s t e i n / B r o w n F o r m u l a 
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RIO MAeOALCm CANAL DEL DIOUE 

O LA DORADA • CALAMAR 

O Rl'o HARE B UPSTREAM CAÜO CORREA 

e PW IHMARCO 

e BALLEHA g DOWNSTREAM CAÏiO CORREA 

a Rio NUEVO B UPSTREAM CAitO MATUNILLA 

e UPSTREAM Rl'o SOGAMOSO n C/i/iO MATUNILLA 

9 Rl'o SOGAMOSO a DOWNSTREAM CAÜO MATUNILLA 

Q DOWNSTREAM Rl'O SOGAMOSO a UPSTREAM CASO LEOUERICA 

e VIJAGUAL • CXW) LEaUERICA 
• CALAMAR B DOWNSTREAM CAÜO LEOUERICA 

-~- MEASURED 
5 '0^ 

TRANSPORT (m^/m'/day) 

F i g u r e 3.5.3 C o m p a r i s o n p e r V e r t i c a i b e t w e e n M e a s u r e d and Computed S e d i m e n t T r a n s p o r t 

w i t l i E n g e l u n d / H a n s e n F o r m u l a 
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Rl'o MAGDALE//A CANAL DEL DIQUE 
O LA DORADA a CALAMAR 
© Rl'o NARE S UPSTREAM CANO CORREA 
© PTO INI'IARCQ ff} W W CORREA 

5 C BALLENA Q DOV/NSTREAM CANO CORREA 
» WÓ /.Vf VO B UPSTREAM CANO MATUNILLA 
e UPSTREAM Rl'o SOGAMOSO • aWO MATUNILLA 
S ff/ö SOGAMOSO Q DOWNSTREAM CANO MATUNILLA 

O DOWNSTREAM RIO SOGAMOSO 13 UPSTREAM CANO LEQUERICA 
@ WWO LEOUERiCA 

@ CALAMAR El DOWNSTREAM CANO LEQUERICA 

5 

» MEASURED TRANSPORT Im'/day) 

F i g u r e 3.5.4 C o m p a r i s o n p e r C r o s s - s e c t i o n b e t w e e n M e a s u r e d and Compu ted S e d i m e n t T r a n s p o r t 

w i t h E n g e l u n d / H a n s e n F o r m u l a 
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A l t h o u g h a c o n s i d e r a b l e s c a t t e r i s s t i l l p r e s e n t , i t c a n be c o n c l u d e d t h a t t h e 

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

E n g e l u n d / H a n s e n e q u a t i o n t h a n w i t h t h e E i n s t e i n / B r o w n e q u a t i o n . The m o r p h o l o g i c a l c o m p u ­

t a t i o n s i n t h i s R e p o r t h a v e , t h e r e f o r e , b e e n c a r r i e d o u t w i t h t h e e q u a t i o n o f E n g e l u n d a n d 

H a n s e n . 

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

p a r t i c l e s i n t h e v e r t i c a l ( P a r a . 3 . 3 . 4 ) w i l l be o n t h e b e h a v i o u r o f t h e r i v e r - b e d i f 

m o r p h o l o g i c a l c o m p u t a t i o n s a r e c a r r i e d , o u t i n t r a n s i e n t f l o w . I n P a r a . 3 . 6 . 3 i t i s shown 

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

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

t h e c o n c e n t r a t i o n o f t h e s u s p e n d e d p a r t i c l e s . H o w e v e r , t h i s i s o n l y v a l i d i f a t o t a l - l o a d 

f o r m u l a i s u s e d t o d e s c r i b e t h e s e d i m e n t t r a n s p o r t . B e c a u s e t h e e q u a t i o n o f E n g e l u n d a n d 

H a n s e n i s i n g o o d a g r e e m e n t w i t h t h e m e a s u r e d d a t a o f t h e RFo M a g d a l e n a and t h e C a n a l d e l 

D i q u e , a n d t h i s e q u a t i o n was d e r i v e d as a t o t a l - l o a d f o r m u l a , i t c a n be c o n c l u d e d t h a t i f t h i s 

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

s u s p e n d e d p a r t i c l e s c a n be n e g l e c t e d ( P a r a . 3 . 6 . 3 ) . 

3 . 5 . 3 . The d i s c h a r g e , c h a n n e l r o u g h n e s s , w a t e r - l e v e l g r a d i e n t a n d s e d i m e n t - t r a n s p o r t r e l a t i o n s 

In P a r a . 3 . 4 an a t t e m p t was made t o c o r r e l a t e t h e c h a n n e l r o u g h n e s s t o t h e f l o w 

p a r a m e t e r . H o w e v e r , no p r o p e r r e l a t i o n c o u l d be f o u n d w h i c h was v a l i d f o r a l l t h e m e a s u r e m e n t s 

c a r r i e d o u t o n t h e R f o M a g d a l e n a a n d t h e C a n a l d e l D i q u e . T h e r e f o r e , t h e r e l a t i o n s h i p b e t w e e n 

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

be f o u n d f r o m t h e m e a s u r e m e n t s t h e m s e l v e s . F rom C h é z y ' s l a w : 

Q = B h ^ / ^ C I ^ / ^ ( 2 . 5 . 1 ) 

i t w i l l be c l e a r t h a t , f i r s t o f a l l , t h e c r o s s - s e c t i o n m u s t be s c h e m a t i z e d t o f i n d t h e c o n t r i ­

b u t i o n o f t h e c o n v e y a n c e ( B h ^ ^ ^ ) . T h i s has been d o n e by u s i n g t h e a v e r a g e o f a l l t h e c r o s s -

s e c t i o n s m e a s u r e d a t o n e l o c a t i o n . F o r c o n v e n i e n c e s a k e , t h e c r o s s - s e c t i o n s h a v e b e e n p l o t t e d 

as mass c u r v e s . F rom t h e a v e r a g e s c h e m a t i z e d c r o s s - s e c t i o n t h e r e l a t i o n s h i p b e t w e e n t h e w a t e r -

l e v e l a n d , r e s p e c t i v e l y , t h e a v e r a g e w a t e r - d e p t h ( h ) , t h e v a l u e o f ( h ' / ^ ) ^ / ^ a n d o f ( h V 2 ) 2 / 5 

has b e e n d e t e r m i n e d . A c c o r d i n g t o E q . ( 2 . 5 . 1 ) i t w i l l be c l e a r t h a t i n t h e m o r p h o l o g i c a l 

c o m p u t a t i o n s t h e v a l u e o f h ^ ^ ^ has t o be an a v e r a g e v a l u e . F o r t h i s r e a s o n t h e l i n e o f 

( [ ^ 3 / 2 ) 2 / 3 i^gg ( j g g ^ d e t e r m i n e d . S i m i l a r l y , f o r t h e s e d i m e n t t r a n s p o r t t h e l i n e o f ( h ^ / ^ ) ^ / ^ 

has t o be u s e d , b e c a u s e t h e p o w e r l a w o f t h e e q u a t i o n o f E n g e l u n d a n d H a n s e n i s 5 / 2 . G i v e n 

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

c a n be e s t i m a t e d i n s u c h a way t h a t , o n t h e o n e h a n d , E q . ( 2 . 5 . 1 ) h o l d s a n d , o n t h e o t h e r 

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

t o t h e m e a s u r e d d a t a ( f o r t h e m e a s u r e d d a t a , r e f e r e n c e i s made t o T a b l e s 3 . 3 . 1 a n d 3 . 3 . 2 , 

g i v e n i n P a r a . 3 . 3 ) . M o r e o v e r , w i t h t h e s e l e c t e d t r a n s p o r t e q u a t i o n o f E n g e l u n d a n d H a n s e n , 

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

T h e s e c o m p u t e d r e l a t i o n s w i l l now be p r e s e n t e d , w h i l e f o r c o n v e n i e n c e s a k e , t h e 

f i g u r e s a r e g i v e n a t t h e e n d o f e a c h o f t h e t w o s u b - s e c t i o n s o f t h i s p a r a g r a p h . 
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A The RFo M a g d a l e n a 

a ) I h e _La__0qra_d_a _ S e c t i_on _(_R [ o _Mag_da l_ena ,__l<m 8 8 4 ) 

The s t a g e - d i s c h a r g e c u r v e o f La D o r a d a ( P t o . S a l g a r ) has been d r a w n a c c o r d i n g t o 

t h e m e a s u r e m e n t s c a r r i e d o u t by t h e J u l i u s B e r g e r K o n s o r t i u m , A p r o n y Duque L t d a . , t h e SCMH 

and t h e M i s s i o n . The d a t a o f t h e J u l i u s B e r g e r K o n s o r t i u m h a v e been c o r r e c t e d b e c a u s e o f a 

d i f f e r e n c e i n z e r o - l e v e l b e t w e e n t h e o l d a n d t h e p r e s e n t g a u g e . I n t h e J u l i u s B e r g e r R e p o r t 

t h e z e r o - l e v e l o f t h e g a u g e , s i t u a t e d i n La D o r a d a , i s g i v e n a t 168.90 m a b o v e M . S . L . T h i s 

g a u g e was l a t e r s h i f t e d t o t h e o t h e r s i d e o f t h e r i v e r a t P t o . S a l g a r w h e r e ADENAVI u s e d a 

z e r o - l e v e l o f 168.00 m a b o v e M . S . L . A c c o r d i n g t o a l e v e l l i n g t o t h e b e n c h - m a r k o f t h e IGAC, 

t h e z e r o - l e v e l o f t h e g a u g e a t P t o . S a l g a r a p p e a r e d t o be 1 6 5 . 8 3 m a b o v e M . S . L . T h e w a t e r -

l e v e l s d u r i n g t h e m e a s u r e m e n t s o f t h e J u l i u s B e r g e r K o n s o r t i u m h a v e been c o r r e c t e d t o t h i s 

l a t t e r z e r o - l e v e l , s t a r t i n g f r o m t h e f o r m e r z e r o - l e v e l o f 168.00 m a b o v e M . S . L . I f t h e t r u e 

z e r o - l e v e l o f t h e B e r g e r g a u g e i s u s e d (168.90 m ) , t h e d i s c h a r g e s a r e f a r t o o s m a l l . 

The r e l a t i o n s a r e p r e s e n t e d i n F i g u r e 3 . 5 . 5 . 

b ) I h e _ R r q _ N a r e _ S e c t [ o n _ ( 2 u s t _ d o w n s t r e a r a i I w a y b r i d g e ) 

The r e l a t i o n s o f t h i s c r o s s - s e c t i o n a r e g i v e n i n F i g u r e 3 . 5 . 6 . I t c a n be s e e n t h a t 

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

n o t y e t t o M . S . L . T h i s s h o u l d s t i l l be d o n e by l e v e l l i n g t o t h e IGAC b e n c h m a r k e s t a b l i s h e d 

n e a r t h e r a i l w a y b r i d g e . 

c ) I h e _ P t o _ | n m a r c o _ S e c t j o n _ ( R r o _ M a g d a t ^ e 
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The r e l a t i o n s o f t h i s s e c t i o n a r e p r e s e n t e d i n F i g u r e 3 . 5 . 7 . Some remar l<s h a v e t o 

be made r e g a r d i n g t h e s t a g e - s l o p e r e l a t i o n ( s e e F i g u r e 2 . 4 . 3 ) . The p l o t s o f t h e w a t e r - l e v e l 

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

f a l l i n g s t a g e s . I n a c c o r d a n c e w i t h t h e e x a m p l e g i v e n i n F i g u r e 2 . 4 . 3 b , t h e p l o t s t u r n c o u n t e r ­

c l o c k w i s e as i s t h e c a s e f o r a s t a g e - s l o p e r e l a t i o n o f a g a u g e i n t h e m a i n r i v e r . B u t 

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

s c a t t e r o f t h e p l o t s . The c o n s i d e r a b l e s c a t t e r o f t h e p l o t s g i v e n i n F i g u r e I . S - 1 m u s t , 

t h e r e f o r e , be a t t r i b u t e d t o t h e d i s c h a r g e o f t h e RFo N a r e . T h i s becomes c l e a r when s t u d y i n g 

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

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

t h a t o f t h e RFo N a r e i s c l e a r l y m a r k e d . I t c a n a l s o be s e e n t h a t t h e g a u g e n e a r t h e c e m e n t 

f a c t o r y i n P t o . I n m a r c o i s n o t l o c a t e d i n t h e m a i n r i v e r ( t h e RFo M a g d a l e n a ) b u t , i n f a c t , 

i n t h e t r i b u t a r y ( t h e R i o N a r e ) u p s t r e a m o f t h e c o n f l u e n c e w i t h t h e m a i n r i v e r . C o n s e q u e n t l y , 

i t m u s t be c o n s i d e r e d why t h e s t a g e - s l o p e r e l a t i o n a t P t o . I n m a r c o h a s , o n t h e o n e h a n d , t h e 

c h a r a c t e r o f s u c h a r e l a t i o n o f a m a i n r i v e r ( t u r n i n g c o u n t e r - c l o c k w i s e ) a n d , on t h e o t h e r 

h a n d , t h e c h a r a c t e r o f a t r i b u t a r y ( c o n s i d e r a b l e s c a t t e r ) . I f t h e a s s u m p t i o n i s made t h a t t h e 

r a i n f a l l i n t h e RFo N a r e v a l l e y a n d t h e RFo M a g d a l e n a v a l l e y o c c u r s , g e n e r a l l y , a t t h e same 

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

t h e RFo M a g d a l e n a , t h e f o l l o w i n g e x p l a n a t i o n c a n be g i v e n ( F i g u r e 3 . 5 . 8 ) : 

F i g u r e 3 . 5 . 8 S c h e m a t i z a t i o n o f S t a g e - S l o p e R e l a t i o n a t P t o , I n m a r c o 

The l i n e s m a r k e d 1 t o 5 i n F i g u r e 3 - 5 . 8 i n d i c a t e s t a g e - s l o p e r e l a t i o n s ( F i g u r e 

2 . 4 . 3 b ) f o r i n c r e a s i n g d i s c h a r g e s o f t h e RFo M a g d a l e n a . I f t h e g a u g e a t P t o . I n m a r c o d e p e n d s 

o n t h e d i s c h a r g e o f b o t h t h e RFo M a g d a l e n a a n d t h e RFo N a r e , t h e s t a g e - s l o p e r e l a t i o n a t P t o -

I n m a r c o w i l l i n d e e d t u r n c o u n t e r - c l o c k w i s e ( a s i n t h e m a i n r i v e r ) b u t c o n s i s t o f t w o b r a n c h e s 

( a s i n t h e t r i b u t a r y ) . 

I t c a n be c o n c l u d e d t h a t t h e g a u g e a t P t o . I n m a r c o may b e s t be s h i f t e d d o w n s t r e a m t o 

t h e n a r r o w s e c t i o n o f t h e RFo M a g d a l e n a , o u t o f t h e i n f l u e n c e o f t h e RFo N a r e . 

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

a v e r a g e s t a g e - s l o p e c u r v e has b e e n u s e d , as i n d i c a t e d i n F i g u r e 3 . 5 . 7 . 
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d ) The _Ba n e na _S e c t Lqn _ ( R To _Ma gd a [ e n a j . _km _Z iZ) 

The r e l a t i o n s o f t h i s s e c t i o n a r e g i v e n i n F i g u r e 3.5.9. A g a i n a r e m a r k m u s t be made 

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

t r i b u t a r y ( F i g u r e 2 . 4.3c); n a m e l y , t u r n i n g c l o c k w i s e and c o n s i s t i n g o f t w o b r a n c h e s ( a l t h o u g h 

t h e b r a n c h e s a r e l e s s p r o n o u n c e d t h a n f o r t h e P t o . I n m a r c o S e c t i o n ) . S i m i l a r l y t o t h e e x p l a ­

n a t i o n g i v e n f o r t h e P t o . I n m a r c o S e c t i o n , t h e s t a g e - s l o p e r e l a t i o n f o r a g a u g e i n t h e RTo 

M a g d a l e n a u p s t r e a m o f t h e c o n f l u e n c e s h o u l d i n d e e d t u r n c l o c k w i s e ( a l t h o u g h i n F i g u r e 3.5.9 

t h e w a t e r - l e v e l g r a d i e n t s a r e p l o t t e d v e r s u s t h e w a t e r - l e v e l s a t P t o . B e r r F o , t h e c h a r a c t e r 

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

B a l l e n a ; s e e T a b l e 3.3.1). H o w e v e r , t h i s i m p l i e s t h a t t h e d i s c h a r g e o f t h e RFo R e g l a m u s t , a t 

l e a s t , be a c o n s i d e r a b l e p e r c e n t a g e o f t h e d i s c h a r g e o f t h e RFo M a g d a l e n a . T h i s d o e s n o t 

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

t a r y , a l t h o u g h u n f o r t u n a t e l y no d a t a a r e a v a i l a b l e o f t h e s i t u a t i o n j u s t b e f o r e a n d a f t e r a 

c o n s i d e r a b l e r a i n y p e r i o d . C o n s e q u e n t l y , no p r o p e r e x p l a n a t i o n c a n y e t be g i v e n . The a v e r a g e 

s t a g e - s l o p e c u r v e as p r e s e n t e d i n F i g u r e 3.5.9 has a g a i n been u s e d f o r t h e r o u g h n e s s c o m p u ­

t a t i o n s . 

T h e s t a g e - t r a n s p o r t r e l a t i o n s show t h a t t h e c o m p u t e d t r a n s p o r t s a r e a b o u t t w i c e as 

l a r g e as t h e m e a s u r e d t r a n s p o r t s . S o m e t h i n g m o r e a b o u t t h i s w i l l be s a i d l a t e r when 

t h e RTo Nuevo S e c t i o n i s d i s c u s s e d . 

c ) I h e _ R r g _ N u e y g _ S e c t l o n _ i R T g _ M a g d a l e n a i _ 

The r e l a t i o n s a r e p r e s e n t e d i n F i g u r e 3.5 . 10 . The s t a g e - t r a n s p o r t r e l a t i o n o f t h i s 

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

t r a n s p o r t s . The q u e s t i o n a r i s e s w h e t h e r o n e has t o r e l y f o r b o t h t h e B a l l e n a a n d t h e RTo 

Nuevo S e c t i o n m o r e h e a v i l y o n t h e m e a s u r e d t r a n s p o r t s t h a n on t h e c o m p u t e d t r a n s p o r t s . I f 

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

s e c t i o n s m o r e o r l e s s t h e same s t a g e - t r a n s p o r t r e l a t i o n e x i s t s . I t seems l o g i c a l t h a t t h e 

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

RTo Nuevo S e c t i o n . On t h e o t h e r h a n d , i f t h e c o m p u t e d s t a g e - t r a n s p o r t r e l a t i o n s h o l d , a 

c o n s i d e r a b l e s e d i m e n t a t i o n i n t h e r i v e r - s t r e t c h b e t w e e n t h e t w o s e c t i o n s w o u l d o c c u r . T h i s 

i s d e f i n i t e l y n o t t r u e a n d , t h e r e f o r e , i t i s b e t t e r t o r e l y m o r e h e a v i l y on t h e m e a s u r e d 

s t a g e - t r a n s p o r t r e l a t i o n . 

C o n s e q u e n t l y , i t m u s t be c o n s i d e r e d why t h e c o m p u t e d s t a g e - t r a n s p o r t r e l a t i o n c a n 

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

t h e a n a l y s i s o f E i n s t e i n a n d B a r b a r o s s a (1952) [29] who h a v e p o i n t e d o u t t h a t a n a v e r a g e 

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

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

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

t h e n be l e s s p r o n o u n c e d . The a v e r a g e w a t e r - l e v e l g r a d i e n t b e t w e e n t h e m a i n g a u g e - s t a t i o n s 

P t o . B e r r T o a n d B a r r a n c a b e r m e j a w i l l be i n t h e o r d e r o f 35x10 ^ . T h i s v a l u e d i f f e r s c o n ­

s i d e r a b l y f r o m t h e l o c a l l y - m e a s u r e d w a t e r - l e v e l g r a d i e n t s i n t h e RTo Nuevo S e c t i o n (15 t o 

30x10 ^ ) a n d i n t h e B a l l e n a s e c t i o n (40 t o 60x10 ^ ) . U s i n g t h e a v e r a g e w a t e r - l e v e l g r a d i e n t 
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w o u l d t h e r e f o r e l e a d t o a n I n c r e a s e o f t h e c o n i p u t e d s e d i m e n t t r a n s p o r t i n t h e RTo N u e v o 

S e c t i o n a n d t o a d e c r e a s e o f t h e t r a n s p o r t i n t h e B a l l e n a S e c t i o n . 

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

p u t e d s t a g e - t r a n s p o r t r e l a t i o n s . I t has b e e n m e n t i o n e d a l r e a d y i n P a r a . 3 . 3 . 6 t h a t i t was 

d i f f i c u l t t o e s t a b l i s h t h e a v e r a g e g r a i n - s i z e d i a m e t e r i n t h e R f o Nuevo S e c t i o n . T a b l e 3 . 3 . 1 

shows t h a t t h e u s e d D^^ f o r t h e RTo Nuevo S e c t i o n i s a t l e a s t t w i c e as l a r g e as t h a t o f t h e 

B a l l e n a S e c t i o n . S t u d y i n g t h e t r a n s p o r t e q u a t i o n o f E n g e l u n d a n d Hansen i t f o l l o w s t h a t t h e 

c o m p u t e d s e d i m e n t t r a n s p o r t i s i n v e r s e l y p r o p o r t i o n a l t o t h e c h o s e n 5 ^ ^ . C o n s e q u e n t l y , i f t h e 

a v e r a g e g r a i n - s i z e d i a m e t e r o f t h e bed m a t e r i a l i n t h e r i v e r - s t r e t c h b e t w e e n t h e B a l l e n a a n d 

t h e R f o Nuevo S e c t i o n s i s a s s u m e d t o be m o r e o r l e s s t h e a v e r a g e o f t h e s e l e c t e d d i a m e t e r s 

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

a n d t h a t i n t h e R f o Nuevo S e c t i o n i n c r e a s e . 

B o t h c o n s i d e r a t i o n s t e n d i n t h e same d i r e c t i o n , a n d i t i s t h e r e f o r e l o g i c a l t o u s e 

i n t h e m o r p h o l o g i c a l c o m p u t a t i o n s f o r b o t h s e c t i o n s t h e same s t a g e - t r a n s p o r t r e l a t i o n , b a s e d 

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

I b § _ ? l 9 _ § 9 9 § ! ! } 9 § 9 _ Q 9 D f I y § D 9 § 

The r e l a t i o n s p r e s e n t e d i n F i g u r e 3 . 5 . 1 1 o n l y c o n c e r n t h e m e a s u r i n g s t a t i o n i n t h e RTo 

M a g d a l e n a (km 6 1 4 ) , u p s t r e a m o f t h e c o n f l u e n c e w i t h t h e RFo S o g a m o s o . A l t h o u g h m e a s u r e m e n t s 

h a v e a l s o b e e n made i n t h e RTo Sogamosó i t s e l f a n d i n t h e RFo M a g d a l e n a d o w n s t r e a m o f t h e 

c o n f l u e n c e , no r e l a t i o n s a r e g i v e n f o r t h e s e t w o s e c t i o n s . T h e m e a s u r i n g c r o s s - s e c t i o n i n t h e 

RFo Sogamoso was n o t a f i x e d s e c t i o n b e c a u s e o f t h e s h a l l o w n e s s o f t h e R ' o S o g a m o s o . T h e r e f o r e , 

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

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

s t a g e s . N o r i s t h e m e a s u r i n g c r o s s - s e c t i o n i n t h e RFo M a g d a l e n a d o w n s t r e a m o f t h e c o n f l u e n c e 

w i t h t h e RFo Sogamoso a t a f i x e d l o c a t i o n . The r i v e r c o n s i s t s o f a number o f b r a n c h e s , 

s e p a r a t e d by i s l a n d s . The s e d i m e n t t r a n s p o r t has o n l y b e e n m e a s u r e d o n c e , a t h i g h w a t e r 

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

g ) I b § - V i i § g y § I _ § ê 9 t l 9 D _ i R l 9 _ b § 3 d § J e n a 4 _ k m _ 5 2 5 ) 

The r e l a t i o n s o f t h i s s e c t i o n a r e g i v e n i n F i g u r e 3 . 5 . 1 2 . I n t h e p l o t t e d d i s c h a r g e s , 

m e a s u r e d by t h e M i s s i o n , t h e d i s c h a r g e o f t h e m i n o r s e c o n d a r y b r a n c h a l o n g t h e l e f t b a n k i s 

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

r i g h t b a n k . 

h ) I b § _ C a l a ( D § r _ § e c t ] o n _ ^ R r o _ M a g d a l e n a j _ k m 

The r e l a t i o n s o f t h i s s e c t i o n a r e g i v e n i n F i g u r e 3 . 5 . 1 3 . 
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I I , 3 . 5 

B The C a n a l d e l D i q u e 

i ) I h e _ C a 2 a m a r _ S e c t | o n _ ( C a n a 2 _ d e ] _ D ] g u e ^ _ k m 

The r e l a t i o n s f o r t h i s s e c t i o n a r e p r e s e n t e d i n F i g u r e 3 . 5 . 1 4 . W o r t h y o f n o t e i s t h e 

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

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

n e a r C a l a m a r i n d i c a t e t h e a c t u a l s u p p l y o f s e d i m e n t t o t h e C a n a l d e l D i q u e by t h e R f o 

M a g d a l e n a . As t h e m e a s u r e d s u p p l y i s 5 t o 10 t i m e s g r e a t e r t h a n t h e t r a n s p o r t - c a p a c i t y o f 

t h e C a n a l d e l D i q u e , s e d i m e n t a t i o n o f t h e s u s p e n d e d - l o a d p a r t i c l e s i s o c c u r r i n g . T h i s , i n 

f a c t , i s o b s e r v e d i n r e a l i t y i n t h e f i r s t k i l o m e t e r s o f t h e C a n a l d e l D i q u e . M o r e a b o u t t h i s 

f o l l o w s i n C h a p t e r 4 o f P a r t I I I o f t h i s R e p o r t . 

j ) I h e _ C a n o _ C o r r e a _ B ] f u r c a t j o n _ (l<m_82^5) 

The r e l a t i o n s f o r t h e t h r e e m e a s u r i n g c r o s s - s e c t i o n s o f t h i s b i f u r c a t i o n ( r e s p e c t i v e l y 

i n t h e C a n a l d e l D i q u e u p s t r e a m a n d d o w n s t r e a m o f t h e Cano C o r r e a , a n d i n t h e Cano C o r r e a 

i t s e l f ) a r e p r e s e n t e d i n F i g u r e 3 . 5 . 1 5 » a n d a r e c o m p i l e d i n o n e g r a p h . The d a t a o f t h e t h r e e 

m e a s u r i n g c r o s s - s e c t i o n s a r e g i v e n s e p a r a t e l y i n F i g u r e 3 . 5 . 1 6 . F o r t h e c o m p u t a t i o n s 

( p r e s e n t e d i n C h a p t e r 4 o f P a r t I I I ) r e g a r d i n g t h e d i s t r i b u t i o n o f t h e d i s c h a r g e , s e d i m e n t 

and w a s h - l o a d o v e r t h e d i f f e r e n t b r a n c h e s i n t h e l o w e r r e g i o n o f t h e C a n a l d e l O i q u e , u s e ' w i l l 

be made o f t h e s t a g e - d i s c h a r g e r e l a t i o n s o f a l l t h e s e b r a n c h e s p l o t t e d a g a i n s t t h e w a t e r -

l e v e l a t t h e Gambote g a u g e ( F i g u r e I I I , 4 . 4 . 1 ) . A l l t h e s t a g e - d i s c h a r g e c u r v e s p r e s e n t e d i n 

F i g u r e I I I , 4 . 4 . 1 a r e a d j u s t e d , s o t h a t t h e l a w o f c o n t i n u i t y h o l d s . The s t a g e - d i s c h a r g e 

c u r v e s p r e s e n t e d i n F i g u r e 3 - 5 . 1 5 ( p l o t t e d a g a i n s t t h e l o c a l w a t e r - l e v e l s a t t h e C o r r e a g a u g e ) 

a r e t h e t r a n s f e r r e d s t a g e - d i s c h a r g e c u r v e s r e l a t e d t o t h e w a t e r - l e v e l s a t Gambote by means 

o f t h e r e l a t i o n c u r v e o f t h e w a t e r - l e v e l s a t t h e s e t w o s t a t i o n s ( s e e F i g u r e 2 . 5 . 6 ) . H e r e 

a l s o t h e c h e c k was made t h a t f o r t h e t h r e e b r a n c h e s o f t h i s b i f u r c a t i o n t h e l a w o f c o n t i n u i t y 

a g a i n h o l d s . 

The r e m a r k made i n P a r a . 3 . 3 . 2 B r e g a r d i n g t h e d e c r e a s e o f t h e w a t e r - l e v e l g r a d i e n t 

i n t h e Cano C o r r e a a t h i g h w a t e r s t a g e s i s c l e a r l y i l l u s t r a t e d i n F i g u r e 3 . 5 . 1 5 . F o r m o r e 

d e t a i l e d i n f o r m a t i o n , r e f e r e n c e i s made t o C h a p t e r 4 o f P a r t I I I . 

I ! ]§-Q§D9_!:?§iyDil]§_§lfyr£§£l2D_i!5!r_10Ql 

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

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

t h e Cano M a t u n i l l a i t s e l f ) a r e p r e s e n t e d i n F i g u r e 3 . 5 . 1 7 . The d a t a o f t h e t h r e e m e a s u r i n g 

c r o s s - s e c t i o n s a r e g i v e n s e p a r a t e l y i n F i g u r e 3 . 5 . 1 8 . F o r t h e d e t e r m i n a t i o n o f t h e s t a g e -

d i s c h a r g e c u r v e s ( p l o t t e d a g a i n s t t h e l o c a l w a t e r - l e v e l s a t t h e M a t u n i l l a g a u g e ) t h e same 

p r i n c i p l e has b e e n u s e d as o u t l i n e d a b o v e f o r t h e Cano C o r r e a b i f u r c a t i o n ( h o w e v e r , h e r e 

t h e r e l a t i o n c u r v e o f t h e w a t e r - l e v e l s a t Gambo te a n d M a t u n i l l a was u s e d ; s e e F i g u r e 2 . 5 . 6 ) . 

F o r t h e s t a g e - d i s c h a r g e c u r v e s p r e s e n t e d i n F i g u r e 3 . 5 . 1 7 a g a i n t h e l a w o f c o n t i n u i t y h o l d s 

( f o r f u r t h e r r e f e r e n c e s e e C h a p t e r 4 o f P a r t I I I ) . 
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I I , 3 . 5 

1 ) I h e _ C a n o _ L e g u e r j c a _ B j f u r c a t i o n _ ( k m 

F o r t h e t h r e e b r a n c h e s o f t h i s b i f u r c a t i o n ( t h e C a n a l d e l D i q u e u p s t r e a m a n d d o w n ­

s t r e a m o f t h e Cano L e q u e r i c a , a n d i n t h e Cano L e q u e r i c a i t s e l f ) o n l y t h e d a t a o f t h e 

s c h e m a t i z e d c r o s s - s e c t i o n s a r e p r e s e n t e d i n F i g u r e 3 . 5 . 1 9 - A l t h o u g h t h e d a t a o f t h e d i s ­

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

o v e r t h e t h r e e b r a n c h e s v e r s u s t h e w a t e r - l e v e l s a t Gambote ( s e e F i g u r e I I I , k.k.]), t h e 

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

L e q u e r i c a g a u g e . F o r t h e r e l a t i o n s o f t h e w a t e r - l e v e l s a t L e q u e r i c a v e r s u s t h e d i s c h a r g e , t h e 

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

p e n e t r a t e s i n l a n d f r o m t h e BahFa de C a r t a g e n a a n d t h e BahFa de B a r b a c o a s r e s p e c t i v e l y c a n n o t 

be l e f t o u t o f c o n s i d e r a t i o n . F o r s u c h r e l a t i o n s , t h e m e a s u r e m e n t s s h o u l d be c o n t i n u e d o v e r 

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

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

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

3 . 3 . 4 2 , T h e c o m p l e t e l o w e r r e g i o n o f t h e C a n a l d e l D i q u e i s f u r t h e r d i s c u s s e d i n C h a p t e r k 

o f P a r t I I I . 
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3 . 5 . 4 . P r o c e d u r e s when no m e a s u r e m e n t s a r e a v a i l a b l e 

I n P a r a . 3 . 6 i t i s shown t h a t o n e o f t h e b o u n d a r y c o n d i t i o n s f o r m o r p h o l o g i c a l c o m p u ­

t a t i o n s t o d e s i g n r i v e r - w o r k s w i l l be t h e s t a g e - d i s c h a r g e r e l a t i o n . The s t a g e - d i s c h a r g e 

r e l a t i o n s f o r t h e m a i n g a u g e - s t a t i o n s ( P t o . S a l g a r , P t o . I n m a r c o , P t o . B e r r T o , B a r r a n c a b e r m e j a 

a n d P t o . W i l c h e s ) h a v e been g i v e n i n P a r a . 3 . 5 . 3 . H o w e v e r , i f i n t h e c o m p u t a t i o n s a r i v e r 

s t r e t c h i s t o be c o n s i d e r e d i n b e t w e e n t h e s e m a i n g a u g e - s t a t i o n s , t h e q u e s t i o n a r i s e s 

w h e t h e r t h e s t a g e - d i s c h a r g e r e l a t i o n e s t a b l i s h e d a t a m a i n s t a t i o n , c a n be t r a n s f e r r e d t o t h e 

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

m e n t s . F o r e x a m p l e , c a n t h e s t a g e - d i s c h a r g e r e l a t i o n a t P t o . B e r r T o be u s e d f o r t h e c o m p u ­

t a t i o n s n e a r t h e c o n f l u e n c e o f t h e RTo M a g d a l e n a and t h e RTo R e g l a ( P a r t I I I , C h a p t e r 3 . 4 ) 7 

T h i s q u e s t i o n c a n a l s o be p u t a s : I s t h e d i s c h a r g e a t o n e s t a t i o n a t a c e r t a i n l e v e l ( r e l a t e d 

t o L . R . L . ) e q u a l t o t h e d i s c h a r g e a t t h e same l e v e l a b o v e L . R . L . a t a n o t h e r s t a t i o n i f t h e 

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

s t o r a g e n e g l e c t e d ? To a n s w e r t h i s q u e s t i o n , t w o s t r e t c h e s o f t h e RTo M a g d a l e n a h a v e b e e n 

c o n s i d e r e d : 

- b e t w e e n P t o . B e r r T o and B a r r a n c a b e r m e j a ; a n d 

- b e t w e e n La D o r a d a / P t o . S a l g a r a n d P t o . I n m a r c o ( a n d P t o . B e r r T o ) . 

T b Ê _ R l 9 _ y i g d § I e n a _ b e t w e e n _ P t o _ . _ B e r r m 

The s t a g e - d i s c h a r g e r e l a t i o n s a t t h e u p s t r e a m e n d ( P t o . B e r r T o , km 7 3 0 ) , a n d d o w n ­

s t r e a m e n d ( B a r r a n c a b e r m e j a , km 631) o f t h i s s t r e t c h h a v e b e e n p r e s e n t e d i n F i g u r e s 

3 . 5 . 1 0 a n d 3 - 5 . 1 1 . The a f f l u e n t s o f t h e RTo M a g d a l e n a i n t h i s s t r e t c h a r e t h e RTo R e g l a 

(km 7 1 1 ) , t h e RTo V i e j o (km 7 0 7 ) , t h e RTo C a r a r e (km 673) a n d t h e RTo Opón (km 6 3 6 ) . The 

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

P t o , B e r r T o ( F i g u r e 3 . 5 . 1 0 ) , b e c a u s e t h e d i s c h a r g e s o f t h e RTo Nuevo ( d o w n s t r e a m o f t h e RTo 

R e g l a C o n f l u e n c e ) m e a s u r e d by A p r o n y Duque L t d a , a n d MITCH h a v e a l s o been u s e d t o e s t a b l i s h 

t h i s r e l a t i o n . T h e r e f o r e t h e d i s c h a r g e o f t h e RTo R e g l a has n o t a g a i n been t a k e n i n t o 

a c c o u n t . As t h e RTo V i e j o i s i n f a c t a m i n o r b r a n c h o f t h e RTo M a g d a l e n a w h i c h j o i n s t h e 

m a i n r i v e r a g a i n a t km 6 9 7 , i t has a l s o b e e n l e f t o u t o f c o n s i d e r a t i o n . The q u e s t i o n r e m a i n s 

w h e t h e r t h e sum o f t h e s t a g e - d i s c h a r g e r e l a t i o n s o f t h e RTo M a g d a l e n a a t P t o , B e r r T o , t h e 

RTo C a r a r e and t h e RTo Opón i s e q u a l t o t h e s t a g e - d i s c h a r g e r e l a t i o n o f t h e RTo M a g d a l e n a 

a t B a r r a n c a b e r m e j a . 

The s t a g e - d i s c h a r g e r e l a t i o n s o f t h e RTo C a r a r e a n d RTo Opdn a r e p r e s e n t e d i n 

F i g u r e 3 . 5 . 2 0 . The d i s c h a r g e d a t a o f t h e RTo C a r a r e a r e p l o t t e d a g a i n s t t h e w a t e r - l e v e l s a t 

t h e P t o . B e r r T o g a u g e . The d i s c h a r g e s show a c o n s i d e r a b l e s c a t t e r , d u e t o t h e f a c t t h a t t h e 

w a t e r - l e v e l s a t P t o . B e r r T o h a v e b e e n u s e d ( i n s t e a d o f t h e l o c a l w a t e r - l e v e l s ) and t h e 

d i s c h a r g e o f t h e RTo C a r a r e i s i n f l u e n c e d by b a c k w a t e r e f f e c t o f t h e RTo M a g d a l e n a . The d i s ­

c h a r g e d a t a o f t h e RTo Opón a r e f i r s t p l o t t e d a g a i n s t t h e w a t e r - l e v e l s a t B a r r a n c a b e r m e j a , 

a n d t h e n t h i s s t a g e - d i s c h a r g e r e l a t i o n i s t r a n s f e r r e d t o P t o . B e r r T o , c o n s i d e r i n g that at 

t h e same w a t e r - l e v e l ( r e l a t e d t o t h e L . R . L . in B a r r a n c a b e r m e j a a n d P t o . B e r r T o r e s p e c t i v e l y ) , 

t h e d i s c h a r g e is e q u a l t o o . S i m i l a r l y , t h e s t a g e - d i s c h a r g e r e l a t i o n o f t h e RTo M a g d a l e n a at 

B a r r a n c a b e r m e j a has b e e n t r a n s f e r r e d t o s u c h a r e l a t i o n b u t t h e n p l o t t e d a g a i n s t the w a t e r -
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F i g u r e 3 . 5 . 2 0 S t a g e - D i s c h a r g e R e l a t i o n s b e t w e e n P t o . B e r r f o and B a r r a n c a b e r m e j a 

I 

l e v e l s a t P t o . B e r r f o . T h e r e a f t e r , t h e sum o f t h e s t a g e - d i s c h a r g e r e l a t i o n s o f t h e R f o 

M a g d a l e n a a t P t o . B e r r f o , t h e R ' o C a r a r e a n d t h e R f o Opön c a n be c o m p a r e d w i t h t h e s t a g e -

d i s c h a r g e r e l a t i o n o f t h e R f o M a g d a l e n a a t B a r r a n c a b e r m e j a , B o t h t h e c u r v e s a g r e e r e a s o n ­

a b l y w e l l , e s p e c i a l l y i f t h e s c a t t e r o f t h e o r i g i n a l s t a g e - d i s c h a r g e r e l a t i o n s o f t h e R f o 

M a g d a l e n a ( F i g u r e s 3 - 5 . 1 0 a n d 3 . 5 . 1 1 ) a r e t a k e n i n t o a c c o u n t . M o r e o v e r , t h e s t a g e - d i s c h a r g e 

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

l e v e l s . As t h e s e w a t e r - l e v e l s , h o w e v e r , c a n n o t be r e l a t e d t o t h e L . R . L . i n t h e R f o M a g d a l e n a , 

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

be c o n c l u d e d t h a t : 

- F o r c o m p u t a t i o n s i n t h e r i v e r - s t r e t c h b e t w e e n P t o . B e r r f o a n d t h e c o n f l u e n c e o f 

t h e R f o M a g d a l e n a a n d t h e R f o C a r a r e , t h e s t a g e - d i s c h a r g e r e l a t i o n o f P t o . B e r r f o 

( F i g u r e 3 , 5 , 1 0 ) c a n be u s e d ; a n d 

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

M a g d a l e n a a n d t h e R f o C a r a r e , t h e s t a g e - d i s c h a r g e r e l a t i o n o f B a r r a n c a b e r m e j a 

( F i g u r e 3 . 5 . 1 1 ) has t o be t a k e n . 

T ! } § _ B Ï 2 _ t ^ § 3 ^ § l § D § _ b e t w e e n _ L a _ D o r a d a / P ^ 

The s t a g e - d i s c h a r g e r e l a t i o n s a t t h e u p s t r e a m e n d (La D o r a d a , km 887) a n d d o w n ­

s t r e a m e n d ( P t o . I n m a r c o , km 7 7 3 ) o f t h i s s t r e t c h h a v e been p r e s e n t e d i n F i g u r e s 3 . 5 . 5 

a n d 3 . 5 . 7 . The m a j o r t r i b u t a r i e s o f t h e R f o M a g d a l e n a i n t h i s s t r e t c h a r e t h e R f o N e g r o 

(km 8 4 1 ) , t h e R f o La M i e l (km 8 3 7 ) a n d t h e R f o N a r e (km 7 7 4 ) . The s t a g e - d i s c h a r g e r e l a t i o n s 

o f t h e R f o N e g r o a n d t h e R f o La M i e l h a v e b e e n p l o t t e d d i r e c t l y a g a i n s t t h e w a t e r - l e v e l s 
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a t t h e P t o . S a l g a r g a u g e ( F i g u r e 3 . 5 . 2 1 ) . B o t h c u r v e s a r e q u e s t i o n a b l e , n o t o n l y b e c a u s e no 

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

by t h e m e a s u r e d d a t a . 

F i g u r e 3 . 5 . 2 1 S t a g e - D i s c h a r g e R e l a t i o n s b e t w e e n P t o . S a l g a r a n d P t o . I n m a r c o ( a n d P t o . B e r r T o ) 

The s t a g e - d i s c h a r g e r e l a t i o n o f t h e RTo N a r e was a l r e a d y p r e s e n t e d ( F i g u r e 3 . 5 . 6 ) , 

b u t a s t h i s c u r v e c a n n o t be r e l a t e d t o t h e L . R . L . i n t h e RTo M a g d a l e n a , a n o t h e r r e l a t i o n i s 

p r e s e n t e d o f t h e d i s c h a r g e o f t h e RTo N a r e p l o t t e d a g a i n s t t h e w a t e r - l e v e l s a t t h e P t o . 

I n m a r c o g a u g e ( F i g u r e 3 . 5 . 2 1 ) . A l l t h e s t a g e - d i s c h a r g e r e l a t i o n s h a v e b e e n t r a n s f e r r e d t o t h e 

P t o . S a l g a r g a u g e and t h e sum o f t h e s t a g e - d i s c h a r g e r e l a t i o n s o f t h e RTo M a g d a l e n a a t La 

D o r a d a a n d t h e R i o s N e g r o , La M i e l a n d N a r e c a n be c o m p a r e d w i t h t h e s t a g e - d i s c h a r g e r e l a t i o n 

o f t h e RTo M a g d a l e n a a t P t o . I n m a r c o , 

T h e s e t w o c u r v e s do n o t a g r e e v e r y w e l l . T h i s c a n be e x p l a i n e d i f t h e s t a g e - d i s c h a r g e 

r e l a t i o n o f t h e RTo M a g d a l e n a a t P t o . B e r r T o i s a l s o c o n s i d e r e d . I n v i e w o f t h e f a c t t h a t 

b e t w e e n P t o . I n m a r c o a n d P t o . B e r r T o no o t h e r t r i b u t a r i e s e n t e r t h e RTo M a g d a l e n a , t h e sum o f 

t h e s t a g e - d i s c h a r g e r e l a t i o n o f t h e RTo M a g d a l e n a a t La D o r a d a a n d t h e R i o s N e g r o , La M i e l 

and N a r e c a n a l s o be c o m p a r e d w i t h t h e s t a g e - d i s c h a r g e r e l a t i o n o f t h e RTo M a g d a l e n a a t P t o . 

B e r r T o ( F i g u r e 3 . 5 . 2 1 ) . C o n t r a r y t o t h e c o m p a r i s o n f o r P t o . I n m a r c o , t h e s e t w o c u r v e s a p p e a r 

t o a g r e e r e a s o n a b l y w e l l . 
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Moreover, F i g u r e 3.5.21 shows t h a t f o r small discharges (Q < about 1,500 m'/s) the 

same d i s c h a r g e corresponds t o a lower w a t e r - l e v e l a t Pto. Inmarco than a t Pto. Salgar and 

Pto. BerrTo, w h i l e f o r h i g h d i s c h a r g e s (Q > about 1,500 m^/s) a h i g h e r w a t e r - l e v e l a t Pto. 

Inmarco i s found. In o t h e r words, the w a t e r - l e v e l s covered by the s t a g e - d i scharge curves show 

a more o r less equal range a t both Pto. Salgar and Pto. BerrTo ( f r o m about 1.5 m t o 4 m) but 

a def1n i t e l y g r e a t e r range a t Pto. Inmarco ( f r o m about 1 m t o 5.5 m). I t i s r e c a l l e d (Para. 

2 . 3.5) t h a t the L.R . L . a t Pto. Inmarco c o u l d not be e s t a b l i s h e d by means o f an average 

d u r a t i o n curve because the a v a i l a b l e r e c o r d o f w a t e r - l e v e l data a t Pto. Inmarco was i n s u f ­

f i c i e n t . As the r e l a t i o n curve between the w a t e r - l e v e l s a t Pto. Inmarco and Pto. BerrTo 

showed a c o n s i d e r a b l e s c a t t e r ( F i g u r e 2.5.4), the L.R.L. a t Pto. Inmarco c o u l d o n l y be 

e s t a b l i s h e d by means o f the " l i n e o f equal d i s c h a r g e " . Consequently, due t o the g r e a t e r range 

o f w a t e r - l e v e l s a t Pto, Inmarco, i t f o l l o w s t h a t the L.R.L. a t Pto, Inmarco must f a l l below 

the ( s t r a i g h t ) l i n e c o n n e c t i n g the L.R ,L , a t Pto, Salgar and Pto, BerrTo, However, t h i s i s 

o n l y a l o c a l phenomenon, determined by the g r e a t r e d u c t i o n o f the w i d t h o f the RTo Magdalena 

j u s t downstream o f Pto. Inmarco and the l o c a t i o n o f the gauge a t the c o n f l u e n c e o f the RTo 

Magdalena and the RTo Nare. T h e r e f o r e , the L.R.L. a t Pto. Inmarco should o n l y be used l o c a l l y , 

w h i l e , e.g., l o n g i t u d i n a l soundings along the RTo Magdalena should be reduced t o the 

( s t r a i g h t ) l i n e c o n n e c t i n g the values o f L.R.L. a t the Pto. Salgar and Pto. BerrTo gauges 

(except v e r y near t o Pto. Inmarco, see F i g u r e 3.5.22), 
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I n t h e l i g h t o f t h e s e c o n s i d e r a t i o n s , t h e f o l l o w i n g c o n c l u s i o n s c a n be d r a w n : 

- F o r c o m p u t a t i o n s i n t h e r i v e r s t r e t c h b e t w e e n La D o r a d a a n d t h e c o n f l u e n c e o f 

t h e R f o M a g d a l e n a a n d t h e RFo N e g r o , t h e s t a g e - d i s c h a r g e r e l a t i o n o f La D o r a d a 

( F i g u r e 3 - 5 . 5 ) c a n be u s e d . 

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

M a g d a l e n a a n d t h e RFo La M i e l , t h e sum o f t h e s t a g e - d i s c h a r g e r e l a t i o n s o f t h e 

RFo M a g d a l e n a a t La D o r a d a a n d t h e R i o s N e g r o a n d La M i e l ( F i g u r e 3 . 5 . 2 1 ) may 

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

t r i b u t a r i e s , h o w e v e r , i s r a t h e r a r b i t r a r y , i t i s a d v i s e d t o e s t a b l i s h a new 

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

P t o . T r i u n f o . 

- F o r c o m p u t a t i o n s n e a r t h e c o n f l u e n c e o f t h e R ' o M a g d a l e n a a n d t h e RFo N a r e 

( u p s t r e a m o f t h e n a r r o w r i v e r s t r e t c h J u s t d o w n s t r e a m o f P t o . I n m a r c o ) t h e s t a g e -

d i s c h a r g e r e l a t i o n o f P t o . I n m a r c o ( F i g u r e 3 . 5 . 7 ) m u s t be u s e d . 

- F o r c o m p u t a t i o n s d o w n s t r e a m o f t h e n a r r o w r i v e r s t r e t c h a t P t o . I n m a r c o , t h e 

s t a g e - d i s c h a r g e r e l a t i o n o f P t o . B e r r F o ( F i g u r e 3 . 5 . 9 ) has t o be t a k e n . 

A f i n a l r e m a r k m u s t be made r e g a r d i n g t h ^ c h a n n e l r o u g h n e s s w h i c h has t o be u s e d 

i n t h e m o r p h o l o g i c a l c o m p u t a t i o n s . Near t h e m a i n g a u g e - s t a t i o n s t h e r e l a t i o n s h i p b e t w e e n 

t h e w a t e r - l e v e l a n d t h e r o u g h n e s s a s p r e s e n t e d i n t h e f i g u r e s o f P a r a . 3 . 5 . 3 c a n be u s e d . 

Where no d a t a o n t h e r o u g h n e s s a r e a v a i l a b l e , i t i s c o n c l u d e d i n P a r a . 3 . 4 . 3 t h a t t h e b e d 

r o u g h n e s s r e l a t i o n a s p r e s e n t e d by E i n s t e i n a n d B a r b a r o s s a ( F i g u r e 3 . 4 - 3 ) c a n b e s t be u s e d . 

3 . 6 . ONE-DIMENSIONAL MORPHOLOGICAL COMPUTATIONS 

3 . 6 . 1 . G e n e r a l 

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

made i n a r i v e r by means o f r i v e r - w o r k s , o r t o d e t e r m i n e t h e e x t e n t t o w h i c h r i v e r - w o r k s 

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

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

p a r a m e t e r s t o be p r e d i c t e d a r e t i m e - d e p e n d e n t i n t w o w a y s : 

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

w o r k s . The t i m e r e q u i r e d t o a t t a i n e q u i l i b r i u m may be i m p o r t a n t ; i f t h e t i m e t o 

r e a c h a r e q u i r e d s i t u a t i o n i s e x c e s s i v e , i t may be n e c e s s a r y t o l o o k f o r a n o t h e r 

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

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

( v e l o c i t y , d e p t h , b e d - l e v e l , e t c . ) w i l l c h a n g e w i t h t i m e . 

In v i e w o f t h e t i m e - d e p e n d e n t c h a r a c t e r o f a r i v e r , d i f f e r e n t a p p r o a c h e s f o r c o m p u ­

t a t i o n s a r e p o s s i b l e : 

C o m p u t a t i o n a 

T h i s c o m p u t a t i o n i s c a r r i e d o u t f o r s t e a d y c o n d i t i o n s , a n d makes i t p o s s i b l e t o j u d g e 

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

Such a c o m p u t a t i o n w i l l g e n e r a l l y be c a r r i e d o u t ( m a n u a l l y ) t o j u d g e t h e f e a s i b i l i t y o f a 

129 



I I , 3.6 

p r o j e c t . I t w i l l be n e c e s s a r y t o s c h e m a t i z e t h e ( d i s c h a r g e ) r e g i m e o f t h e r i v e r i n t o o n e 

s i n g l e d i s c h a r g e , t h e d o m i n a n t d i s c h a r g e . I n p a r a . 3.6.5 m o r e i s s a i d a b o u t t h e s e l e c t i o n o f 

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

C o m p u t a t i o n b 

T h i s c o m p u t a t i o n may s e r v e t o e s t i m a t e t h e t i m e r e q u i r e d b e f o r e a new e q u i l i b r i u m 

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

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

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

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

C o m p u t a t i o n c 

T h i s c o m p u t a t i o n c a n be c a r r i e d o u t f o r r e g i m e c o n d i t i o n s . B e s i d e s g i v i n g i n f o r m a t i o n 

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

b e f o r e a new e q u i l i b r i u m i s a t t a i n e d ( e s p e c i a l l y l o c a l l y ) . 

F o r t h e d e s i g n o f r i v e r - w o r k s g e n e r a l l y a l l t h r e e t y p e s o f c o m p u t a t i o n a r e r e q u i r e d . 

I n P a r a . 3.6.2 t h e m a t h e m a t i c a l b a s e i s g i v e n ; t h e n t h e d i f f e r e n t c o m p u t a t i o n s a r e a p p l i e d t o 

a s c h e m a t i z e d e x a m p l e ; a n d f i n a l l y t h e s e l e c t i o n o f a d o m i n a n t d i s c h a r g e i s d e a l t w i t h . 

3.6.2. M a t h e m a t i c a l b a s e 

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

s t r u c t i o n o f r i v e r - w o r k s , t h e e q u a t i o n s o f m o t i o n and c o n t i n u i t y f o r w a t e r a n d s e d i m e n t w i l l 

h a v e t o be u s e d . T h e s e e q u a t i o n s may be w r i t t e n t h u s ( p e r u n i t w i d t h ) : 

F o r w a t e r : 

8v ^ 3v ^ 3h 
— + V — + g 

3 t 3x 3x 

3h 3h 9h 
V ^ + 

3 x 
h 

3x 

^ = - g ^ (3.6.1) 
3x C^h 

(3.6.2) 

F o r s e d i m e n t : The E n g e l u n d / H a n s e n e q u a t i o n as f o u n d i n P a r a . 3.5.2 w h i c h may be w r i t t e n a s : 

s 0.05 C f ( _ _ v l _ ) ' ^ ' (3.2.2) 

\ / A ^ l - e g C ^ A D ^ Q 

| f ^ i = 0 (3.6.3) 

I n f a c t , a l s o t h e w i d t h ( B ) s h o u l d be t a k e n as p a r a m e t e r , b u t as t h e c o m p u t a t i o n s 

a r e o n e - d i m e n s i o n a l , no a c t u a l d i f f e r e n c e i s i n t r o d u c e d as l o n g as i t i s r e a l i z e d t h a t : 

V = V = Q / B h ; s = s = S / B ; h = h = F /B a n d q = q = Q / B . Of c o u r s e , a l s o i n t h e c o m p u t a t i o n 

B may c h a n g e a l o n g t h e c h a n n e l a x i s ( d B / d x ^ O ) . 

F o r t h e t h r e e t y p e s o f c o m p u t a t i o n s ( a , b a n d c ) d i f f e r e n t t e r m s may be n e g l e c t e d 

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

c o m p u t a t i o n . 

130 



I I , 3 . 6 

C o m p u t a t i o n a 

As t h i s c o m p u t a t i o n c o n s i d e r s an e q u i l i b r i u m s i t u a t i o n , t h e c o m p u t a t i o n i s c a r r i e d 

o u t f o r s t e a d y c o n d i t i o n s a n d a l l t i m e d e r i v a t i v e s f i n i s h . E q . ( 3 . 6 . 1 ) r e d u c e s t o : 

dv d i i d z v l v l 

d x ^ dx ^ dx ^ ^ 2 | ^ 

w h i c h may a l s o be w r i t t e n a s : 

d ( v l ) ^ dh ^ ü ( 3 . 6 . 4 ) 
d x 2g d x b 

T a k i n g i n t o a c c o u n t t h e r e m a r k a b o u t t h e w i d t h E q . ( 3 . 6 . 2 ) b e c o m e s : 

- dh ^ r dv -
V - T — + h -3— = 0 

d x d x 

w h i c h may be w r i t t e n a s : 

^ = 0 ( 3 . 6 . 5 ) 
dx 

E q . ( 3 . 2 . 2 ) d o e s n o t c o n t a i n t i m e d e r i v a t i v e s a n d t h e r e f o r e d o e s n o t c h a n g e . 

E q . ( 3 . 6 . 3 ) b e c o m e s ; 

^ = 0 ( 3 . 6 . 6 ) 
d x 

E q s . ( 3 . 2 . 2 ) a n d ( 3 . 6 . 4 ) c o n t a i n t h e r o u g h n e s s p a r a m e t e r C w h i c h has t o be f o u n d f r o m m e a s u r e ­

m e n t s o r , i f no m e a s u r e m e n t s a r e a v a i l a b l e , f r o m t h e m e t h o d g i v e n i n P a r a . 3 . 4 . 

To s o l v e t h e e q u a t i o n s , t h e f o l l o w i n g b o u n d a r y c o n d i t i o n s a r e r e q u i r e d ( s e e 

F i g u r e 3 . 6 . 1 ) : 

- The w a t e r - l e v e l a t some p l a c e x = L ; 

- t h e d i s c h a r g e Q.^(=Q^) ( d o m i n a n t d i s c h a r g e ) ; a n d 

- t h e a m o u n t o f s e d i m e n t t r a n s p o r t S (=S ) , w h i c h p o s s i b l y has t o be f o u n d 
O X 

f r o m c o m p u t a t i o n s , i n w h i c h c a s e t h e w a t e r - l e v e l g r a d i e n t has t o be m e a s u r e d 

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

F i g u r e 3 . 6 . 1 B o u n d a r y C o n d i t i o n s 

W i t h t h e s e d a t a a c o m p u t a t i o n c a n be c a r r i e d o u t . As an e x a m p l e , a f l o w d i a g r a m f o r s u c h 

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

t h a t g i v e n i n t h e f l o w d i a g r a m . 
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From E q . ( 3 . 2 . 2 ) a n d S^= 

c o m p u t e f o r a number o f 

p l a c e s X = X . 

From E q . ( 3 . 6 . 5 ) a n d v . B . h = Q 

c o m p u t e h f o r x = x . 

From E q . ( 3 . 2 . 2 ) a n d t h e w a t e r -

l e v e l a t x = L , d e t e r m i n e 

D e t e r m i n e z= (h + z ) - h 

( 1 ) 

( 2 ) 

(3 ) 

I n P a r a . 3 . 6 . 4 an e x a m p l e o f t h e a p p l i c a t i o n o f t h i s t y p e o f c o m p u t a t i o n i s g i v e n . 

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

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

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

l e v e l ( s e e de V r i e s ( I 9 6 9 ) [39 ] ) . 

T h i s means t h a t when s c o u r and s e d i m e n t a t i o n o f t h e bed a r e c o n s i d e r e d , t h e p r o p a g a t i o n o f 

Sv 9h 
w a t e r - l e v e l d i s t u r b a n c e s may be c o n s i d e r e d as i n f i n i t e l y l a r g e and ™ i n Eqs 

8 t 
( 3 . 6 . 1 ) and ( 3 . 6 . 2 ) may be n e g l e c t e d i n r e s p e c t o f t h e o t h e r t e r m s . A p p l i c a t i o n o f t h i s 

m e t h o d f o r h i g h e r F r o u d e n u m b e r s s h o u l d be d o n e w i t h c a u t i o n . The i n f l u e n c e o f t h e h i g h e r 

F r o u d e n u m b e r s may be e s t i m a t e d f r o m F i g u r e 3 . 6 . 2 . 

The e q u a t i o n s t o be u s e d may now be w r i t t e n a s i 

dx ^2g' d x b ^2f ; 
( 3 . 6 . 4 ) 

d 2 = o 
dx ( 3 . 6 . 5 ) 

0 . 0 5 c f _̂ 

1 - e C^AD 

S / 2 

( 3 . 2 . 2 ) 

50 

9 t * 8x " ( 3 . 6 . 3 ) 

T h e s e e q u a t i o n s c a n o n l y be s o l v e d n u m e r i c a l l y . T h i s , h o w e v e r , w o u l d make Compu­

t a t i o n b e x a c t l y t h e same as C o m p u t a t i o n c , a l b e i t f o r a c o n s t a n t d i s c h a r g e . I t w o u l d t h e n 

be b e t t e r t o s k i p C o m p u t a t i o n b a l t o g e t h e r a n d c a r r y t h e c o m p u t a t i o n o u t f o r r e g i m e 

c o n d i t i o n s ( a s C o m p u t a t i o n c ) . T h i s , i n f a c t , i s v e r y o f t e n d o n e . 
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0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

F i g u r e 3.6.2 R e l a t i v e C e l e r i t i e s 
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L a t e l y , h o w e v e r , some a n a l y t i c a l s o l u t i o n s h a v e b e e n d e r i v e d by i n t r o d u c i n g a f e w 

s i m p l i f i c a t i o n s i n t o t h e a b o v e e q u a t i o n s . D e p e n d i n g o n t h e s i m p l i f i c a t i o n s , t h e a b o v e s e t 

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

s h o u l d be made t o de V r i e s [ 4 0 , 4 1 ] a n d V r e u g d e n h i l and de V r i e s ( 1 9 7 3 ) [ 4 2 j . H e r e i t i s 

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

3 ^ K ^ = 0 ( 3 . 6 . 7 ) 
9t 

w i t h 

K = 1 i ! a d s , 1 b s . ( 3 . 6 . 8 ) 
3 d v ^ 3 I ' o . o . o ^ 

The m a i n a s s u m p t i o n made f o r t h e d e r i v a t i o n o f t h e s e e q u a t i o n s i s t h e a s s u m p t i o n 

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

K may be a p p r o x i m a t e d ( b y l i n e a r i z a t i o n o f E q . 3 . 6 . 8 ) by K « 1 / 3 b s / I . The p a r a b o l i c e q u a t i o n 

may now be s o l v e d a n a l y t i c a l l y i f K c a n be a p p r o x i m a t e d by a c o n s t a n t . I n o t h e r c a s e s i t i s 

b e t t e r t o u s e t h e h y p e r b o l i c m o d e l , w h i c h , h o w e v e r , i s o u t s i d e t h e s c o p e o f t h i s R e p o r t . 

An a p p l i c a t i o n o f t h e p a r a b o l i c s o l u t i o n w i l l be g i v e n i n P a r a . 3 . 6 . 4 . I n v i e w o f t h e 

a s s u m p t i o n o f u n i f o r m f l o w , t h e s o l u t i o n may o n l y be u s e d f o r x » K / c , w h i c h c a n be 

shown t o be e q u i v a l e n t t o x » 1 /3 ( 1 - F ^ ) h / I . 

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

The t i m e - v a r i a t i o n i s r e f l e c t e d i n t h e d i f f e r e n t i a l e q u a t i o n by t h e f a c t t h a t now K = K ( t ) . 

F o r t h e b o u n d a r y c o n d i t i o n s u s e d , t h e s o l u t i o n t h e n r e a d s : 

z ( T ) = z ^ e r f c ( J l ) 

2 / J ' K ( t ) d t 
o 

T h i s g i v e s t h e p o s s i b i l i t y i n p r i n c i p l e t o make e s t i m a t e s o n some i n f o r m a t i o n o f Q ( t ) , a n d 

a c o m p l e t e i n f o r m a t i o n o n t h e h y d r o g r a p h ( o r h ( t ) ) . ( T h e h y p e r b o l i c e q u a t i o n d o e s n o t 

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

The b o u n d a r y c o n d i t i o n s f o r s o l v i n g t h e p a r a b o l i c e q u a t i o n a r e : 

- The w a t e r - l e v e l a t some p l a c e s x = L ( a s a f u n c t i o n o f t i m e ) . 

. The d i s c h a r g e a t t h e u p p e r b o u n d a r y Q ( o , t ) . 

_ The a m o u n t o f b e d - m a t e r i a l l o a d a t t h e u p p e r b o u n d a r y S ( o , t ) . 

_ The i n i t i a l b e d - l e v e l z ( x . o ) . 

C o m p u t a t i o n c 

F o r C o m p u t a t i o n c t h e same b a s i c e q u a t i o n s a r e u s e d as f o r C o m p u t a t i o n b ( E q u a t i o n s 

( 3 . 6 . 4 ) , ( 3 . 6 . 5 ) , ( 3 . 2 . 2 ) and ( 3 . 6 . 3 ) . A s t r a i g h t f o r w a r d d i f f e r e n c e - s c h e m e t o s o l v e t h e s e 

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

m a y , t h e r e f o r e , be u s e d ( s e e a l s o de V r i e s [ 3 9 ] a n d F i g u r e 3 . 6 . 3 ) . 

i a z , B ^ + ( l - a ) Z 2 B 2 + i a z ^ B ^ -

A t zAx 
( 3 . 6 . 9 ) 
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X-ÓX X x*Lx 

F i g u r e 3 . 6 . 3 D i f f e r e n c e - s c l i e m e 

The boundary c o n d i t i o n s are the same as given f o r Computation b. A f i o w diagram o f 

computation i s given below. Also t h i s method i s used i n Para. 3 . 6 . 4 . 

I START I 

DATA INPUT 

C o n t r o l V a r i a b l e s : A t , t ime l i m i t , e t c . 

t ime = 0 

I n i t i a l i s e v a r i a b l e s w i t h known va lues 

f o r t ime = 0 ( IN IT IAL CONDITIONS) 

Check f o r c r i t i c a l va l ues and s t a b i l i t y 

c r i t e r i o n s . I f necessa ry , mod i f y At o r 

s t op e x e c u t i o n . 

I t ime = t ime + A t ! 

YES 
11 me 

' " " ^ ^ l i m i t 

YES 
STOP 11 me 

' " " ^ ^ l i m i t 
STOP 11 me 

' " " ^ ^ l i m i t 

C a l c u l a t e b e d - l e v e l changes caused by the e x i s t i n g h y d r a u l i c c o n d i t i o n s d u r i n g A t : 

a) New b e d - l e v e l i s known f o r the upst ream end (ups t ream boundary c o n d i t i o n ) 

b) Inner p o i n t s a r e c a l c u l a t e d by " p s e u d o - v i s c o s i t y " scheme: E q . ( 3 . 6 . 9 ) 

c) Downstream end is c a l c u l a t e d by s o l v i n g s i m u l t a n e o u s l y e q u a t i o n s o f sand c o n t i n u i t y 

and wate r m o t i o n : E q s . ( 3 . 6 . 3 ) and ( 3 . 6 . 4 ) 

f 

C a l c u l a t e by s teps the backwater cu rve ( w a t e r - d e p t h s ) f o r t he new b e d - l e v e l s . S t a r t a t 

the downstream e n d , where t he w a t e r - d e p t h Is known (downstream boundary c o n d i t i o n ) : 

( F i g u r e 3 . 6 . ' l ) 

C a l c u l a t e dependent parameters ( w a t e r - v e l o c i t y , sed iment t r a n s p o r t ) f o r t he c a l c u l a t e d 

w a t e r - d e p t h s : E q s . ( 3 . 6 . 5 ) and ( 3 . 6 . 2 ) 

I 
OUTPUT 

P r i n t t a b l e o f r e s u l t s f o r t = t ime 

Before g i v i n g an example o f the a p p l i c a t i o n o f the t h r e e methods, f u r t h e r comment 

must be made about t he e q u a t i o n s used i n r e l a t i o n t o the RTo Magdalena. 
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3.6.3. T h e I n f l u e n c e o f t h e s u s p e n d e d - l o a d o n t h e b e h a v i o u r o f t h e r i v e r - b e d 

! n P a r a . 3-5.2 t h e c o n c l u s i o n v/as d r a w n t h a t t h e e q u a t i o n o f E n g e l u n d and H a n s e n i s 

I n good a g r e e m e n t w i t h t h e s e d i m e n t t r a n s p o r t m e a s u r e m e n t s . H o w e v e r , tn P a r a . 3.3.'* a n 

a t t e m p t was made to b r i n g t h e d i s t r i b u t i o n o f t h e s u s p e n d e d p a r t i c l e s a s f o u n d o n t h e R T o 

M a g d a l e n a I n t o a g r e e m e n t w i t h t h e a v a i l a b l e t h e o r i e s , b u t a p r o p e r s o l u t i o n c o u l d n o t be 

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

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

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

T h e e q u a t i o n o f c o n t i n u i t y f o r t h e b e d - l o a d c a n be w r i t t e n a s : 

In w h i c h z = b e d - l e v e l ; 

5^ =• b e d - l o a d p e r u n i t w i d t h ; 

D = d e p o s i t i o n ; and 

E = s c o u r o f t h e r i v e r - b e d ( s e e F i g u r e ^.d.k). 

(3.6.10) 

h - • s , (WITH CONCENTRATION C) 

F i g u r e 3.6.t( C o n t i n u i t y o f B e d - m a t e r i a l L o a d 

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

^ 3 s ^ 
0 - E = 0 ( 3 . 6 . 1 1 ) 

i n w h i c h C = a v e r a g e c o n c e n t r a t i o n o f s u s p e n d e d p a r t i c l e s i n t h e v e r t i c a l w i t h h e i g h t h ; a n d 

Sg= s u s p e n d e d - l o a d p e r u n i t w i d t h . 

C o m b i n a t i o n o f E q u a t i o n s (3.6.10) and (3.6.11) y i e l d s to t h e o v e r a l l e q u a t i o n o f 

c o n t i n u i t y : 

(3.6.12) 

i n w h i c h S|^ + Sg = t o t a l - l o a d p e r u n i t w i d t h . 

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

c a s e o n t h e R f o M a g d a l e n a ) , t h e t o t a l - l o a d c a n be e x p r e s s e d a s : 

s ^ <̂  s ^ = a C q (3.6.13) 

In w h i c h : 

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

c o n c e n t r a t i o n i n t h e v e r t i c a l . 

M o r e o v e r , t h e t o t a l - l o a d f o r m u l a o f E n g e l u n d and H a n s e n c a n be s i m p l i f i e d t o : 

s . = av** ( 3 . 6 . U ) 

T h e e q u a t i o n o f m o t i o n o f t h e w a t e r i s : 

I n s e r t i n g q = v h i n Eq. (3 .6 . ' ( ) y i e l d s : 

V^ 3X ° X 

(3.6.M 

( 3 . 6 . 1 5 ) 

( I n E q u a t l o n s ( 3 . 6 , ' * ) and (3.6.15) C r e p r e s e n t s t h e Chézy r o u g h n e s s . I m p l i c i t l y , i t h a s 

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

t h e e q u a t i o n o f m o t i o n . ) 
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C o m b i n i n g E q u a t i o n s ( 3 . 6 . 1 3 ) a n d ( 3 . 6 , i M w i t h ( 3 . 6 . 1 2 ) , t h e l a t t e r y i e l d s : 

8 z 3 , a b - l \ 8 , b , 

at + 3 t ' a ^ ) + â T > = " 

o r , w r i t t e n i n a s i m p l i f i e d f o r m : 

( 3 . 6 . 1 6 ) 

V b 7 

E q u a t i o n s ( 3 . 6 . 1 5 ) and (3 .6 .16 ) c a n be s o l v e d by means o f t h e t h e o r y o f c h a r a c ­

t e r i s t i c s . I t c a n be shov/n t h a t t h r e e c h a r a c t e r i s t i c c e l e r i t i e s ( c ) a r e p r e s e n t . T h e f i r s t 

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

u p s t r e a m o r d o w n s t r e a m ; de V r i e s (1969) [39] . T h e t h i r d r o o t ( c ^ ) e x p r e s s e s t h e c e l e r i t y 

o f d i s t u r b a n c e o f t h e bed and i s d e t e r m l h e d by t h e f o l l o w i n g r e l a t i o n ! 

3 
. SbS. 

3 . 6 . 4 . A p p l i c a t i o n 

I n t r o d u c t i o n 

( 3 . 6 . 1 7 ) 

i f i n E q u a t i o n (3 .6 .17 ) 3 = 0 i s i n s e r t e d , t h e e x p r e s s i o n i s f o u n d when o n l y b e d -

l o a d i s c o n s i d e r e d , E q u a t i o n ( 3 . 6 . 1 7 ) t h e n y i e l d s : 

"3 f (3.6.18) 
— - 1 - F r ' 

w i t h ¥ = t r a n s p o r t p a r a m e t e r . 

F o r s m a l l F r o u d e numbers t h e te rm ( - v ) I n E q u a t I o n ( 3 . 6 . 1 7 ) may be n e g l e c t e d I n 

r e l a t i o n to t h e o t h e r t e r m s . T h e 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 s u s p e n d e d - l o a d I s 

e x p r e s s e d by t h e v a l u e o f t h e t e r m ( 6 g ) i n r e l a t i o n to t h e te rm ( g q / v ^ ) , a s 

P g v ' ^ b M 

gq cc 
( b - t ) c « 1 (3.6.19) 

T h i s may be s e e n when r e m e m b e r i n g t h a t f o r t h e E n g e l u n d / H a n s e n e q u a t i o n b ° 5 

w h i l e f o r t h e R f o H a g d a l e n a C < 0.01. T h e s e c o n d t e r m o f E q u a t i o n ( 3 . 6 . 1 6 ) c a n t h u s be 

n e g l e c t e d , and t h i s e q u a t i o n c a n be s i m p l i f i e d t o t h e w e l l - k n o w n e x p r e s s i o n : 

3 z 
S t 3x ' 

(3.6.3) 

H o w e v e r , I t m u s t be s t r e s s e d t h a t o n l y a t r a n s p o r t e q u a t i o n w h i c h d e s c r i b e s t h e 

t o t a l - l o a d ( a s , f o r e x a m p l e , t h e E n g e l u n d / H a n s e n e q u a t i o n ) c a n be u s e d . I t c a n be c o n c l u d e d 

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

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

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

A s i t i s t h e o r e t i c a l l y i m p o s s i b l e to d i s t i n g u i s h b e t w e e n b e d - l o a d and s u s p e n d e d -

l o a d , a n e x a c t d e f i n i t i o n o f t h e b e d - l e v e l I s a l s o I m p o s s i b l e . A more s t r i c t d e r i v a t i o n 

I s p o s s i b l e when no d i s t i n c t i o n i s made b e t w e e n b e d - t o a d and s u s p e n d e d - t o a d b u t b e d -

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

t h e same r e s u l t s and h a s t h e r e f o r e n o t b e e n g i v e n h e r e . 

In Figure 3 . 6 . 5 the s t r o n g l y schematized s i t u a t i o n near Pto. BerrTo i s g i v e n . 

F i g u r e 3 . 6 . 5 Schematized S i t u a t i o n ( P t o . BerrTo) 
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The n a v i g a t i o n c o n d i t i o n s i n t h e n a r r o w p a r t ( A ) a r e g o o d , b u t i n t h e w i d e r p a r t 

( B ) t h e r i v e r i s t o o s h a l l o w i n t h e l o w w a t e r s e a s o n . An i m p r o v e m e n t m i g h t be o b t a i n e d by 

e x t e n d i n g t h e n a r r o w p a r t by means o f r i v e r - w o r l < s , b u t t h e n t h e f o l l o w i n g q u e s t i o n s h a v e t o 

be a n s w e r e d : 

1) Does t h e s e c t i o n w i t h a w i d t h o f 700 m i n d e e d o f f e r s u f f i c i e n t d e p t h when t h e 

w a t e r - 1 e v e l i s a t L . R . L . ( e q u i 1 i b r i um c o n d i t i o n s , C o m p u t a t i o n a ) 7 

2 ) What a r e t h e h y d r a u l i c c h a n g e s u p s t r e a m o f t h e r i v e r - w o r l < s a f t e r t h e e x e c u t i o n 

o f t h e s e wor l<s? (As w i l l be s h o w n , t h e w a t e r - l e v e l g r a d i e n t i n t h e w i d e r p a r t 

i s d i f f e r e n t f r o m t h a t i n t h e n a r r o w p a r t . T h i s means t h a t t h e r i v e r - w o r k s 

w i l l c a u s e a c h a n g e i n t h e l e v e l o f t h e bed a n d t h e w a t e r - s u r f a c e i n B w h i c h 

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

3) How l o n g w i l l i t t a k e f o r t h e c h a n g e s i n b e d - l e v e l a n d w a t e r - l e v e l t o r e a c h a 

c e r t a i n p l a c e a l o n g t h e r i v e r u p s t r e a m o f B? 

h) How l o n g w i l l i t t a k e f o r a new e q u i l i b r i u m s i t u a t i o n t o be r e a c h e d i n B? 

5) What i s t h e i n f l u e n c e o f t h e r e g i m e o n t h e b e d - l e v e l , o r , m o r e s p e c i f i c a l l y , i s 

s u f f i c i e n t d e p t h a t L . R . L . a l s o a v a i l a b l e a f t e r a r a p i d d r o p o f t h e w a t e r - l e v e l ? 

A n s w e r s t o Q u e s t i o n s 1 a n d 2 a r e r e q u i r e d t o j u d g e t h e f e a s i b i l i t y o f t h e r i v e r ­

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

I I 
A n s w e r s t o Q u e s t i o n s 3 , 4 a n d 5 , w h i c h c o n t a i n t h e t i m e as p a r a m e t e r , c a n be g i v e n 

by C o m p u t a t i o n c . Q u e s t i o n 3 c a n , h o w e v e r , a l s o be a n s w e r e d by way o f C o m p u t a t i o n b . 

The a v a i l a b l e d a t a a r e : 

- W a t e r - l e v e l d a t a o n t h e P t o . B e r r T o g a u g e . 

- A s t a g e - d i s c h a r g e c u r v e a t P t o . B e r r T o . 

- W a t e r - l e v e l g r a d i e n t i n t h e n a r r o w s e c t i o n ( I = 2 5 . 1 0 " ^ ) . 

-D^^= 3 5 0 . 1 0 - ^ m , 0 ^ g = 4 0 0 . 1 0 - ^ m a n d 2 D ^ ^ = 1 2 0 0 . 1 0 - ^ m . 

C o m p u t a t i o n a ( Q u e s t i o n s 1 a n d 2) 

To o b t a i n t h e d e p t h b e l o w L . R . L . i n t h e n a r r o w p a r t ( Q u e s t i o n l ) i t i s n o t n e c e s s a r y 

t o f o l l o w t h e f l o w d i a g r a m g i v e n i n P a r a . 3 . 6 . 2 b e c a u s e i t i s n o t t h e s e d i m e n t t r a n s p o r t 

w h i c h i s g i v e n as b o u n d a r y c o n d i t i o n , b u t t h e w a t e r - l e v e l g r a d i e n t . The d e p t h w i l l be c a l c u ­

l a t e d f o r d o m i n a n t d i s c h a r g e by a p p l y i n g E q u a t i o n ( 3 . 6 . 4 ) . To o b t a i n t h e d e p t h b e l o w L . R . L . , 

i t w i l l be a s s u m e d ( f o r a f i r s t e s t i m a t e ) t h a t t h e b e d - l e v e l d o e s n o t c h a n g e when t h e w a t e r -

l e v e l d r o p s t o L . R . L . 

The d o m i n a n t d i s c h a r g e i s e s t i m a t e d as 2 , 5 0 0 m ^ / s f r o m F i g u r e s 2 . 3 . 6 a n d 3 . 5 . 9 . 

( M o r e a b o u t t h e s e l e c t i o n o f t h e d o m i n a n t d i s c h a r g e i s g i v e n i n P a r a . 3 . 6 , 5 ) . 

E q u a t i o n ( 3 . 6 . 4 ) was g i v e n a s : 

1 . ( Ü ) ^ dh ^ v l _ 

dx 2g d x C^h 

The t e r m s d / d x ( v ^ / 2 g ) + dh/dx + 1, r e p r e s e n t t h e s l o p e o f t h e e n e r g y - l e v e l w h i c h c a n be 

t a k e n a s 2 5 . 1 0 b e c a u s e t h e t e r m d / d x ( v ^ / 2 g ) c a n be n e g l e c t e d f o r t h i s s e c t i o n . 
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As f u r t h e r v = Q/B h , E q u a t i o n ( 3 . 6 . 4 ) r e d u c e s t o t h e f o l i o w i n g e x p r e s s i o n : 2 5 . 1 0 " ^ = 

Q ^ / C ^ B h ^ w h e r e C s h o u l d be f o u n d a c c o r d i n g t o t h e m e t h o d g i v e n i n P a r a . 3 . 4 . T h i s has t o 

be s o l v e d by i t e r a t i o n as f o l l o w s : 

E s t i m a t e C = 45 m * / s , w h i c h r e s u l t s i n h = 2 . 9 3 m, v = 1 . 2 2 m / s , C ' ( = l 8 l o g H l l . ) = 80 rn^/s. 

^ ° 6 5 

The v a l u e o f C" i s f o u n d f r o m F i g u r e 3 . 4 . 3 as C" = 54 m ^ / s . F rom E q u a t i o n ( 3 . 4 . 1 O ) t h e v a l u e 

o f C i s f o u n d as C = 45 m V s . I f t h i s v a l u e w o u l d h a v e b e e n d i f f e r e n t f r o m t h e e s t i m a t e d 

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

T h i s means t h a t t h e a v a i l a b l e d e p t h w i t h d o m i n a n t d i s c h a r g e ( l e v e l a t t h e P t o . 

B e r r f o g a u g e 1 . 6 5 m) i s 2 . 9 3 m. As t h e L . R . L . a t P t o . B e r r F o i s 0 . 6 0 m, t h e a v a i l a b l e d e p t h 

b e l o w L . R . L . i s 2 . 9 3 - ( 1 . 6 5 - 0 . 6 0 ) = 1 . 8 8 m w h i c h i s s u f f i c i e n t f o r t h e r i v e r s t r e t c h 

u p s t r e a m o f P t o . B e r r F o . 

The s e c o n d q u e s t i o n d e a l t w i t h t h e h y d r a u l i c c h a n g e s u p s t r e a m . T h e s e c h a n g e s c o n c e r n 

m a i n l y a c h a n g e i n s l o p e o v e r t h e s e c t i o n i n w h i c h r i v e r - w o r k s a r e c a r r i e d o u t . I n 

e q u i l i b r i u m c o n d i t i o n s t h i s s l o p e w i l l become 2 5 . 1 0 ^ ; t h e p r e s e n t s l o p e i s n o t known b u t 

c a n be c o m p u t e d when t h e s e d i m e n t t r a n s p o r t f o r t h e p r e s e n t n a r r o w s e c t i o n i s t a k e n as a 

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

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

b e c a u s e o f t h e c o n s t a n t w i d t h , w h i c h means t h a t t h e c o m p u t a t i o n o n l y has t o be c a r r i e d o u t 

f o r o n e c r o s s - s e c t i o n . As t h e s e d i m e n t u p s t r e a m has t h e same d i a m e t e r a n d d e n s i t y , t h e 

d i m e n s i o n l e s s s e d i m e n t t r a n s p o r t s / y A g D ^ may be u s e d . 

= X X ( - ^ r = 2 1 . 5 4 

^° 45^ X 1 .68 X 4 0 0 . 1 0 ^ 

In t h e w i d e r p a r t t h i s w i l l be : 21 . 5 4 x = 1 2 . 5 7 
I , z u u 

J . 

F o r t h e n a r r o w p a r t e s t i m a t e C = 40 m ^ / s , t h e n : 

1 2 . 5 7 = X ^ ( — — — -) ^ w h i c h g i v e s v - I . 0 2 m / s . 

5 .Ö i,o2 ^ 1 . 6 8 X 4 0 0 . 1 0 - 6 

T h e n h = 2 . 0 4 m; C' = 78 m V s ; ( C ' ) ^ A D ^ ^ / v ^ = 3 . 4 ; C" = 44 m * / s a n d C = 38 m V s . 

The c o m p u t a t i o n w i l l be r e p e a t e d f o r C = 38 m ^ / s . The r e s u l t s a r e : 

V = 0 . 9 9 m / s ; h = 2 . 1 m; C' = 78 m V s ; C " = 4 3 i m ^ s ; a n d C = 38 m * / s ( t h e d e p t h b e l o w L . R . L . 

becomes 1 . 0 5 m, w h i c h i s i n s u f f i c i e n t ) . The g r a d i e n t I may be t a k e n as v ^ / C ^ h = 3 2 . 3 x 1 0 ' ^ . 

T h e f u t u r e g r a d i e n t i n t h i s s e c t i o n w i l l be 25 x 1 0 ~ ^ , w h i c h means t h a t t h e g r a d i e n t w i l l 

be r e d u c e d by 7 x 10 ^ . I f t h e r i v e r - w o r k s a r e e x t e n d e d o v e r a l e n g t h o f 3 k m , t h e d r o p 

i n l e v e l u p s t r e a m o f t h e s e w o r k s w i l l be 0 .21 m ( s e e F i g u r e 3 . 6 . 6 ) . I f s e v e r a l s u c h 

w o r k s a r e c a r r i e d o u t , t h e d r o p i n w a t e r - l e v e l and b e d - l e v e l may be a p p r e c i a b l e , a n d a s , 

m o r e o v e r , l a r g e q u a n t i t i e s o f s a n d h a v e t o be r e m o v e d by t h e r i v e r , n o t t o o many o f t h e s e 

c o n s t r u c t i o n s s h o u l d be c a r r i e d o u t a t t h e same t i m e . 
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F i g u r e 3 . 6 . 6 Changes E x p e c t e d d u e t o R i v e r - w o r l < s 

C o m p u t a t i o n b ( Q u e s t i o n h) 

From t h e C o m p u t a t i o n a i t f o l l o w e d t h a t t h e r i v e r - w o r l < s w i l l c a u s e a c h a n g e i n t h e 

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

r i v e r - w o r l < s . By means o f C o m p u t a t i o n b i t w i l l be p o s s i b l e t o o b t a i n an i n s i g h t i n t o t h e t i m e 

r e q u i r e d f o r s u c h an i n f l u e n c e t o be n o t i c e d a t a p l a c e f a r u p s t r e a m ( P t o . I n m a r c o , La 

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

may o n l y be u s e d f o r x » 1 / 3 ( 1 - F r ^ ) . h / I o r x » 5 km f o r t h e RTo M a g d a l e n a n e a r P t o . B e r r T o . 

F o r e x a m p l e , t h e q u e s t i o n may a r i s e how much t i m e i s r e q u i r e d b e f o r e h a l f o f t h e 

f i n a l l o w e r i n g i n l e v e l s c a n be e x p e c t e d a t P t o . I n m a r c o {k2 km u p s t r e a m ) . T h e p a r a b o l i c 

e q u a t i o n c a n be s o l v e d when i t i s assumed t h a t t h e d r o p i n l e v e l a t P t o . B e r r T o i s i n s t a n ­

t a n e o u s ; t h i s i s a l l o w e d as c a n be c o n c l u d e d f r o m C o m p u t a t i o n c g i v e n l a t e r . I n t h a t c a s e 

Az = A z ^ e r f c ( X / Z A / K Ï ) , o r f o r h a l f t h e f i n a l d r o p i n l e v e l s : 

e r f c ( - ^ ) = * 
Z / K t 

W i t h t h e h e l p o f a t a b l e f o r e r r o r f u n c t i o n s , i t c a n be f o u n d t h a t x = 0 . 9 6 \ / K t ( 

w h i c h X = 4 2 . 1 0 ^ m; K = 1 / 3 b s / I m ' / s a n d s / > / A g D ^ . = 2 1 ( d e t e r m i n e d w i t h C o m p u t a t i o n a and 

t h e r e f o r e s = 6 . 8 x 1 0 ) . The v a l u e o f K c a n now be f o u n d by i n t r o d u c i n g t h i s v a l u e f o r 

s , b = 5 a n d I = 4 0 X 1 o ' ^ . I t f o l l o w s t h a t K = 2 . 8 k m ' / s a n d t h e t i m e t r e q u i r e d i s f o u n d t o 

be 6 7 4 X l O ^ s 2 1 y e a r s . 

C o m p u t a t i o n C ( Q u e s t i o n s 3 a n d S) 

W i t h t h i s c o m p u t a t i o n t h e r e g i m e i n f l u e n c e as w e l l a s t h e t i m e r e q u i r e d t o o b t a i n 

e q u i l i b r i u m w i l l be f o u n d ( Q u e s t i o n s 3 a n d 5 ) . 

T h e r e g i m e has b e e n s c h e m a t i z e d as i n d i c a t e d i n F i g u r e 3 . 6 . 7 » w h i c h has b e e n b a s e d q n t h e 

5 0 ^ - f r e q u e n c y c u r v e o f P t o . B e r r T o , w i t h a s t e e p f a l l o f t h e w a t e r - l e v e l t o L . R . L . a t t h e 

e n d , 
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J ' F ' M'' A ' M ' J ' J ' / < ' S ' O ' / V ' D 

F i g u r e 3 . 6 . 7 R e g i m e Used i n t h e C o m p u t a t i o n 

The r e s u l t s o f t h e c o m p u t a t i o n i t s e l f a r e g i v e n i n F i g u r e 3 . 6 . 8 . I n F i g u r e 3 . 6 . 8 a 

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

3 . 6 . 8 b t h e m i n i m u m d e p t h i s g i v e n as a f u n c t i o n o f t h e t i m e . 

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

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

S ( o , t ) o f t e n p r e s e n t s p r o b l e m s . To o b t a i n t h e c o r r e c t v a l u e f o r S ( o , t ) f r o m a 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 , a f i x e d c r o s s - s e c t i o n s h o u l d be a s s u m e d a t x = 0 , o r , i n o t h e r w o r d s , 

a f i x e d u p p e r b o u n d a r y . T h i s , i n f a c t , has b e e n d o n e f o r t h e c o m p u t a t i o n o f P t o . B e r r F o g i v e n 

h e r e . To p r e v e n t t h e ( i n c o r r e c t ) i n f l u e n c e o f a f i x e d u p p e r b o u n d a r y , t h i s b o u n d a r y s h o u l d 

be t a k e n f a r a w a y , w i t h t h e d i s t a n c e d e p e n d i n g o n t h e d u r a t i o n o v e r w h i c h c o m p u t a t i o n s a r e 

e x t e n d e d a n d o n t h e p r o p a g a t i o n o f a d i s t u r b a n c e i n t h e b e d . F o r t h e c o m p u t a t i o n g i v e n h e r e 

( w h i c h i s o n l y an e x a m p l e ) t h e u p p e r b o u n d a r y i s i n f a c t t o o c l o s e . The m i n i m u m d e p t h a n d 

t h e t i m e r e q u i r e d b e f o r e an e q u i l i b r i u m i s r e a c h e d l o c a l l y w i l l be p r a c t i c a l l y c o r r e c t , b u t 

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

As t a k i n g t h e u p p e r b o u n d a r y f a r u p s t r e a m makes t h e c o m p u t a t i o n s c o s t l y , a n o t h e r 

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

r e q u i r e a b o u n d a r y s o f a r u p s t r e a m . F o r t h e c o m p u t a t i o n o f t h e RFo R e g l a C o n f l u e n c e a n d t h e 

c r o s s i n g s p r e s e n t e d i n P a r t I I I o f t h i s R e p o r t , t h i s has b e e n d o n e by m a k i n g t h e e n e r g y 

g r a d i e n t a t t h e u p p e r b o u n d a r y t h e n o r m a l e n e r g y g r a d i e n t ( p a r a l l e l f l o w a t t h e u p p e r 

b o u n d a r y ) , w h i c h has a s i m i l a r e f f e c t a s t a k i n g t h e u p p e r b o u n d a r y f a r u p s t r e a m . F rom F i g u r e 

3 . 6 . 8 a i t may a l s o be s e e n t h a t t h i s c o n d i t i o n i s v e r y c l o s e t o t h e r e a l s i t u a t i o n . 

As f a r a s t h e c o m p u t a t i o n f o r P t o . B e r r F o i s c o n c e r n e d , i t c a n be s e e n t h a t a f t e r 

hj, d a y s an e q u i l i b r i u m has n o t q u i t e b e e n r e a c h e d , b u t t h a t a f t e r 86 d a y s t h e r e i s a n 

e q u i l i b r i u m s i t u a t i o n l o c a l l y . T h i s means t h a t no d r e d g i n g w o u l d be r e q u i r e d . I t may a l s o be 

c o n c l u d e d t h a t t h e a s s u m p t i o n o f an i n s t a n t a n e o u s c h a n g e as u s e d f o r C o m p u t a t i o n b i s 

r e a s o n a b l e . F rom F i g u r e 3 . 6 . 8 b i t may be c o n c l u d e d t h a t t h e m i n i m u m a v a i l a b l e d e p t h i n t h e 

s e c t i o n w i l l be I . 7 6 m b e l o w L . R . L . ( t h i s v a l u e s h o u l d be c o m p a r e d w i t h t h e v a l u e o f 

1.88 m as f o u n d w i t h C o m p u t a t i o n a ) . 
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3 . 6 . 5 . S e l e c t i o n o f a d o m i n a n t _ d j _ s c h a r £ e 

F o r t h e a p p l i c a t i o n o f t h e C o m p u t a t i o n s a a n d b , a d o m i n a n t d i s c h a r g e has t o be 

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

f o r t h e p a r a m e t e r s t o be c o m p u t e d . I t c a n be d e m o n s t r a t e d t h e o r e t i c a l l y t h a t no s i n g l e 

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

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

d i t i o n s a n d n o t t o f u t u r e c o n d i t i o n s ( s e e P r i n s a n d de V r i e s ( 1971 ) [ 4 3 ] ) . 

N e v e r t h e l e s s , i n 1 i t e r a t u r e s e v e r a 1 m e t h o d s a r e g i v e n , b a s e d o n i n t u i t i v e c o n ­

s i d e r a t i o n s . S e v e r a l o f t h o s e m e t h o d s c a n , w i t h some s i m p l i f y i n g a s s u m p t i o n s , be w r i t t e n a s : 

( h o ) " = T / d t ( 3 . 6 . 2 0 ) 
o 

i n w h i c h T i s t h e d u r a t i o n o f a s u f f i c i e n t l y l o n g p e r i o d , h ^ t h e domi n a n t d e p t h a n d 

t h e domi n a n t d i s c h a r g e c o r r e s p o n d i ng w i t h h ^ i n t h e s t a g e - d i s c h a r g e c u r v e . 

F o r t h e m e t h o d s a v a i l a b l e t h e v a l u e o f n v a r i e s b e t w e e n 1 a n d H . When Q i s s i m p l i ­

f i e d as Q = Q.ih^^'^) t h i s means t h a t t h e d o m i n a n t d i s c h a r g e ( Q ) v a r i e s b e t w e e n a v a l u e 

. 3 / 2 

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

( w h i c h i s Q ) . 

F o r a f i r s t i ns i g h t i t i s n o t i m p o r t a n t w h i c h d i s c h a r g e i s t a l < e n , a n d t h e a v e r a g e 

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

r e c o m m e n d e d . 

I n P a r a . 3 . 7 i t w i l l be s e e n t h a t t h e use o f a n h y d r a u l i c mode l may a l s o be o f 

g r e a t h e l p ; b u t a d o m i n a n t d i s c h a r g e s e l e c t e d i n a m o r e r e l i a b l e way may t h e n be r e q u i r e d [ 4 3 ] , 

3 . 7 . THREE-DIMENSIONAL PHENOMENA 

3 . 7 . 1 . I n t r o d u c t i o n 

So f a r i n t h i s C h a p t e r t h e r i v e r has o n l y b e e n d e a l t w i t h i n a o n e - d i m e n s i o n a l 

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

i s c a l l e d t h e p l a n - f o r m . In t h e f o r e g o i n g p a r t o f t h i s C h a p t e r t h e " t o o l s " h a v e b e e n g i v e n 

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

i n t h e h y d r a u l i c c o n d i t i o n s . I n t h i s P a r a g r a p h o n t h e o n e hand s c h e m a t i z a t i o n o f t h e p l a n -

f o r m i n t o a o n e - d i m e n s i o n a l m o d e l w i11 be d e a l t w i t h ( P a r a . 3 . 7 . 2 ) , and o n t h e o t h e r h a n d 

s o m e t h i n g w i l l be s a i d a b o u t t h e a c t u a l t h r e e - d i m e n s i o n a l phenomena ( P a r a . 3 . 7 . 3 ) . I n P a r a . 

3 . 7 . 2 s o m e t h i n g w i l l a l s o be s a i d a b o u t t h e p l a n - f o r m o f n a t u r a l r i v e r s , as t h i s i n f o r m a t i o n 

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

t a t i o n o f t h r e e - d imens i o n a 1 e f f e c t s . 
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3 . 7 . 2 . P l a n - f o r m 

The f o l l o w i n g p l a n - f o r m s may be d i s t i n g u i s h e d i n n a t u r a l r i v e r s : 

- M e a n d e r i n g , 

- b r a i d i n g , a n d 

- s t r a i g h t . 

M e a n d e r i n g , c a l l e d a f t e r t h e M e a n d e r R i v e r (Büyül< M e n d e r e s ) i n T u r l < e y , means t h a t t h e 

s t r e a m - b e d c o n s i s t s o f c o n s e c u t i v e b e n d s ( s e e F i g u r e 3 . 7 . 1 ) . 

F i g u r e 3 . 7 . 1 M e a n d e r s U p s t r e a m o f La D o r a d a 

When t h e s t r e a m - b e d c o n s i s t s o f a number o f p a r a l l e l c h a n n e l s , s e p a r a t e d by f l a t s a n d 

i s l a n d s , t h e r i v e r i s c a l l e d b r a i d i n g ( F i g u r e 3 . 7 . 2 ) . S t r a i g h t r i v e r s a r e a l m o s t n o n e x i s t e n t . 

A l t h o u g h s h o r t r e a c h e s o f t h e c h a n n e l may be s t r a i g h t , i t c a n be s t a t e d as a g e n e r a l i z a t i o n 

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

r a r e ( F i g u r e 3 . 7 . 3 ) . 
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A m e a n d e r i n g r i v e r s t r e t c l i g e n e r a l l y g i v e s b e t t e r n a v i g a t i o n c o n d i t i o n s t l i a n a b r a i d e d 

s t r e t c h . I n b r a i d e d r i v e r s o f t e n n o n e o f t h e b r a n c h e s i s p r e d o m i n a n t . A t o n e t i m e o n e b r a n c h 

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

b r a n c h . R i v e r - w o r k s w i i l , t h e r e f o r e , o f t e n a i m a t r e d u c i n g t h e b r a i d i n g by t h e c l o s u r e o f o n e 

o r m o r e b r a n c h e s . 

P r e s e n t k n o w l e d g e c a n n o t g i v e an a n s w e r t o t h e q u e s t i o n why a r i v e r m e a n d e r s , b u t 

s t a t i s t i c a l l y some i d e a c a n be o b t a i n e d . In F i g u r e 3 . 7 . 4 a g r a p h i s g i v e n ( L e o p o l d e t a l . 

( 1 9 6 4 ) [ 4 4 ] ) f r o m w h i c h t h e t e n d e n c y f o r b r a i d i n g o r m e a n d e r i n g c a n be p r e d i c t e d . 

F i g u r e 3 . 7 . 4 P r e d i c t i o n o f B r a i d i n g o r M e a n d e r i n g 

I t s h o u l d be k e p t i n m i n d t h a t t h i s g r a p h i s m a i n l y b a s e d o n U . S . r i v e r s a n d 

e x t r a p o l a t i o n t o o t h e r r i v e r s has t o be d o n e w i t h c a u t i o n . A f e w p l o t s h a v e been made f o r 

t h e R f o M a g d a l e n a s y s t e m a n d , i n g e n e r a l , t h e r e s u l t s f i t t h e d a t a o f L e o p o l d a n d Wolman 

( R F O M a g d a l e n a b r a i d i n g , C a n a l d e l D i q u e s t r a i g h t with a t e n d e n c y t o m e a n d e r i n g ) . The 

p l o t o f La D o r a d a s h o u l d be o n t h e l i n e , as n e a r La D o r a d a t h e c h a r a c t e r o f t h e r i v e r 

c h a n g e s f r o m m e a n d e r i n g t o b r a i d i n g . F o r t h e RFo M a g d a l e n a t h e d i s c h a r g e f o r b a n k f u l l 

s t a g e i s d i f f i c u l t t o d e t e r m i n e i n r e g i o n s o f " c i e n a g a s " , i f t h e b a n k f u l l d i s c h a r g e i s 

t a k e n f r o m a s t a g e - d i s c h a r g e c u r v e ( t h e c h a n g e i n d Q / d h i n d i c a t e s t h e " f e e d i n g " o f t h e 

c i e n a g a s ) . 
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A s c h e m a t i z a t i o n o f t h e p l a n - f o r m i s r e q u i r e d t o mal<e c o m p u t a t i o n s ( o n e - d i m e n s i o n a l ) 

p o s s i b l e . I n F i g u r e 3 . 6 . 5 t h e s i t u a t i o n a t P t o , B e r r f o was s c h e m a t i z e d i n a v e r y s i m p l e w a y , 

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

d e t a i l e d , no g r e a t d i f f i c u l t i e s w o u l d be e n c o u n t e r e d ( s e e a l s o P a r t I I I , t h e RTo R e g l a C o n ­

f l u e n c e ) . Much m o r e d i f f i c u l t i s t h e s c h e m a t i z a t i o n o f t h e p l a n - f o r m f o r c r o s s i n g s a n d 

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

I n F i g u r e 3 . 7 . 5 an a e r i a l p h o t o g r a p h i s g i v e n o f t h e s i t u a t i o n o f t h e c r o s s i n g a t 

km 8 4 1 . I n F i g u r e 3 . 7 . 6 a s c h e m a t i z a t i o n o f t h e p l a n - f o r m i s g i v e n t o g e t h e r w i t h t w o l o n g i ­

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

F i g u r e 3 . 7 . 5 C r o s s i n g a t km 841 

SCHEMinZEa ft-VHf WDt» 

1 

COMPUTED WiJCR-LEVB. AND BED-LEi'EL RELATED TO KEFERESCE tET-EL 

1 1 

a " 

i 
1 

/ 
1 / 
vy 

a " 

i 
1 

/ 
1 / 
vy 

I 
0 -

SCfSmnZED BED -LEVEL USED FOR 
aiMPVTATIOVS IHEASWED OCTOBER I97U 
COMPUTED VMER -LEVEL ASD 
BED -LEVEL AFTER ISS DAYS 

— — MEASURED BH)-l£VB. I^BRUAir 1972 1 
AT WATER-LEVEL CWIREIPONDINS WÏÏH 

I 
0 -

SCfSmnZED BED -LEVEL USED FOR 
aiMPVTATIOVS IHEASWED OCTOBER I97U 
COMPUTED VMER -LEVEL ASD 
BED -LEVEL AFTER ISS DAYS 

— — MEASURED BH)-l£VB. I^BRUAir 1972 1 
AT WATER-LEVEL CWIREIPONDINS WÏÏH 

F i g u r e 3 . 7 . 6 S c h e m a t i z a t i o n o f t h e C r o s s i n g a t km 8 4 l 
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F o r t h i s s c h e m a t i z a t i o n , u s e c o u l d be made o f r e c e n t a e r i a l p h o t o g r a p h s a n d t h e r o u t e 

map ( F i g u r e 3 . 3 . 1 9 ) . An i m p r e s s i o n o f t h e f l o w - l i n e s c o u l d be o b t a i n e d f r o m t h e p h o t o ­

g r a p h s , a s w e l l as r e a s o n a b l e i n s i g h t i n t o t h e u n d e r w a t e r t o p o g r a p h y . I t w i l l be c l e a r t h a t 

a f t e r some t i m e t h e p a t h o f t h e f l o w - l i n e s a n d t h e u n d e r w a t e r t o p o g r a p h y c h a n g e so t h a t 

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

t o p o g r a p h y as o b t a i n e d f r o m r o u t e maps a n d l o c a l s o u n d i n g s . R o u t e maps s h o u l d , t h e r e f o r e , be 

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

w i l l be r e q u i r e d a b o u t e v e r y f i v e y e a r s . 

The g i v e n s c h e m a t i z a t i o n i s made by t a k i n g t h e t o t a l w i d t h o f t h e t w o m a i n c h a n n e l s 

a n d a s s u m i n g t h a t no w a t e r f l o w s o v e r t h e s a n d - b a n k . A l s o t h e i n f l u e n c e o f t h e RFo N e g r o i s 

n e g l e c t e d . T a k i n g t h e t w o c h a n n e l s t o g e t h e r means t h a t t h e f o l l o w i n g a s s u m p t i o n s a r e m a d e : 

The w a t e r - l e v e l g r a d i e n t , t h e d e p t h a n d t h e c h a n n e l r o u g h n e s s i n b o t h b r a n c h e s a r e e q u a l . 

I n some c a s e s t h e s e a s s u m p t i o n s may be s o f a r f r o m t h e r e a l s i t u a t i o n t h a t a c t u a l l y 

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

a n e t w o r k . As a c o n s e q 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 d i v i s i o n o v e r t h e b r a n c h e s has t o be 

e s t i m a t e d ( s e e P a r a . 3 . 8 ) . As an i n t e r m e d i a t e f o r m , a s c h e m a t i z a t i o n may be made w i t h l o c a l 

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

known f r o m m e a s u r e m e n t s a n d h a v e t o be e s t i m a t e d . 

A l l t h e s e s c h e m a t i z a t i o n s a r e v e r y s u b j e c t i v e and d e p e n d v e r y much o n t h e s k i l l a n d 

e x p e r i e n c e o f t h e e n g i n e e r . 

S c h e m a t i z a t i o n o f b r a i d e d r i v e r s e c t i o n s , as r e q u i r e d f o r t h e c o m p u t a t i o n o f t h e 

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

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

F o r t h e c o m p u t a t i o n o f t h e t h r e e d i m e n s i o n a l e f f e c t s , i t i s n e c e s s a r y t o know t h e p l a n -

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

o n l y s t a t i s t i c a l i n f o r m a t i o n o n t h i s s u b j e c t i s a v a i l a b l e , a n d t h i s i s g i v e n i n T a b l e 3 . 7 . 1 . 

A u t h o r ( s ) F o r m u l a e 

I n g l i s ( 1 9 4 7 ) [ 4 5 ] 

C h a r l t o n a n d B e n s o n ( 1966 ) [ 4 6 ] 

A n d e r s o n ( 1967 ) [ 4 7 ] 

H a n s e n ( 1 9 6 7 ) [ 4 8 ] 

A c k e r s a n d C h a r l t o n ( 1970 ) [ 4 9 ] 

T a b l e 3 . 7 . 1 M e a n d e r L e n g t h (ML) v e r s u s D i s c h a r g e ( Q ) a n d D i a m e t e r o f G r a i n - s i z e ( D ) 

A l s o t h e g r a p h g i v e n by Z e i l e r [ 5 0 ] may g i v e u s e f u l i n f o r m a t i o n ; s e e F i g u r e 3 . 7 . 7 . 

1 4 7 

ML 

ML 

ML 

ML 

ML 

Q O . 5 5 5 ^ , - 0 . 2 8 5 

^ 0 . 5 ^ p^-0.5 

Q O . 5 2 5 ^ , - 0 . 3 1 6 

„ 0 . 4 6 7 + 0 . 0 2 4 

, 0 . 3 9 
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6 1 0 = 

CHANNEL WIDTH fi, m 

( J ) F u r r o w m e a n d e r s ( S i l b e r n ) f r o m 2 4 d i f f e r e n t m e a n d e r r e a c i i e s 

@ Ice m e a n d e r s ( M o r f e r a t s c h - G l a c i e r ) , i 4 r e a c h e s 

^ I c e m e a n d e r s ! E a s t - G r e e n l a n d ) , 1 2 r e o c h e s 

( 3 ) A l l u v i a l m e o n d e r s ( V A W E — m o d e l - t e s t s ) , 5 d i f f e r e n t t e s t s in s o n d 

( 4 ) M e a n d e r s o f S w i s s R i v e r s , o v e r 5 0 r e o c h e s 

(D A i i u v i o l m e a n d e r s , L e o p o l d ond W o l m a n ' s a d d i t i o n a l d a t a , 4 6 r e a c h e s 

M e o n d e r i n g f l o w of d e n s i t y c u r r e n t s in a s t o r a g e b a s i n o f R i v e r R e u s s 

( b a s i n w i d t h a p p r o x . 2 i ^ ^ ) ,m o d e l t e s t s 

( ? ) M e a n d e r i n g f i o w of the G u l f S t r e a m ( L e o p o i d a n d W o l m o n ) 

® L u n o r s i n u o u s r i l l e g 

F i g u r e 3.7.7 E m p i r i c a l R e l a t i o n f o r G e o m e t r y o f M e a n d e r s 

F o r t h e d e s i g n o f r i v e r - w o r l < s t h e m o s t i n t e r e s t i n g i n f o r m a t i o n w o u l d b e , a s m e n t i o n e d , 

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

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

l e n g h t a n d w i d t h o f t h e r i v e r i s g i v e n . L e o p o l d a n d Wolman [ 5 1 ] g i v e : 

ML = 10.9 X (3.7.1) 

a n d 

ML = 4.7 X R ° ' ^ ^ (3.7.2) 

( R = m e a n d e r r a d i u s ) . 

C o m b i n i n g t h e s e e q u a t i o n s r e s u l t s i n : 

R = 2 . 3 6 x B ^ - ° 3 (3.7.3) 

T h e s e e q u a t i o n s a r e b a s e d o n d a t a f r o m U . S . r i v e r s a n d f l u m e i n v e s t i g a t i o n s . The d a t a g i v e n 

by Z e i l e r ( F i g u r e 3.7.7) s u p p o r t t h e i n f o r m a t i o n o f L e o p o l d a n d W o l m a n . Z e i l e r g i v e s : 

ML = 10 B^-°75 (3.7.4) 
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f o u n d u n d e r a l a r g e r a n g e o f c o n d i t i o n s , e v e n i n c l u d i n g l u n a r r i i l e s , B a g n o l d [ 5 2 ] t f i e o -

r e t i c a l l y a r r i v e s a t R = 2B t o 3 B . 

I t i s p o s s i b l e t l i a t w i t h c o n t r o l l e d w i d t h ( g e n e r a l l y n a r r o w e r t h a n t h e n a t u r a l 

w i d t h ) l a r g e r v a l u e s o f R h a v e t o be u s e d i n r e l a t i o n t o t h e c o n t r o l l e d w i d t h ( B ) . (On t h e 

M i s s o u r i i t was f o u n d t h a t R = 10B t o 20B r e s u l t e d i n a m i n i m u m o f m a i n t e n a n c e c o s t o n t h e 

b a n k p r o t e c t i o n ) . 

3 . 7 . 3 . F l o w i n r i v e r b e n d s 

A c o m p l e t 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 f l o w i n b e n d s i s n o t p o s s i b l e w i t h t h e p r e s e n t 

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

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

o f b a n k p r o t e c t i o n s i n b e n d s , some i n s i g h t i n t o t h i s phenomenon i s r e q u i r e d . I n v i e w o f 

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

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

A s o l u t i o n may t h e n be o b t a i n e d by m a k i n g t h e f o l l o w i n g a s s u m p t i o n s : 

- A x i a l l y s y m m e t r i c f l o w . T h i s means t h a t i n a v e r t i c a l t h e n e t r a d i a l f l o w i s 

z e r o ( s e e F i g u r e 3 . 7 . 8 ) . 

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

n e g l e c t e d . 

AXIAL FLOW RADIAL FLOW 

( AXIALLY SYMMETRIC : a-- b ) 

F i g u r e 3 . 7 . 8 A x i a l a n d R a d i a l F l o w 

The f o l l o w i n g e q u a t i o n s may now be d e d u c e d when a 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 i s a s s u m e d ( B o u w m e e s t e r ( 1972 ) [ 5 3 ] ) : 

T h e r a d i a l s l o p e I „ : 

( 3 . 7 . 5 ) 

w i t h 

T h i s f u n c t i o n i s g i v e n i n F i g u r e 3 . 7 . 9 . 
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1.20 -

1.15 

1.10 

1.05 

1.00 

X. C. X. c. 

\ 1 1 
n=7 

1 T 1 
n=10 

i 
25 30 35 40 45 50 55 60 65 70 75 BO 

-CImh/s) 

F i g u r e 3.7-9 R a d i a l Bed S l o p e I _ 

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

% ^ 1 R 
(3.7.6) 

w i t h = 2 ( - j ^ ) - 2 ( - j ^ ) r e p r e s e n t e d i n f i g u r e 3.7.10 

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

r i v e r - b e d . 

r, 0.15 
T -r • P-''-^' 
V i ->^1 Ft 

r.-2.lJSf.2(IS:j= 
1 x.c x.c 

0.10 

25 30 35 40 45 50 55 60 65 70 75 80 

F i g u r e 3.7.10 R a d i a l S h e a r S t r e s s x,. 
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I t may be a s s u m e d t h a t f o r e q u i l i b r i u m G s i n a = F̂ ^ has t o h o l d , w h e r e i s t h e r a d i a l 

s h e a r - f o r c e c o m p o n e n t . F o r t h e f o r c e s o n a g r a i n t h i s may be e x p r e s s e d as 

& T „ . D ^ = ( p - p ) g D ' s i n a ( 3 . 7 . 7 ) 
s w 

i n w h i c h 3 d e p e n d s o n t h e f o r m o f t h e g r a i n s a n d t h e i r r e l a t i v e p o s i t i o n s . I n t r o d u c i n g 

E q u a t i o n ( 3 . 7 . 6 ) , ( 3 . 7 . 7 ) may a l s o be w r i t t e n a s : 

s I n a 
dh ^ " ^ r ^ ^ ' ( 3 . 7 . 8 ) 

dR AgDR 

w h e r e c a n be f o u n d f r o m F i g u r e 3 . 7 . 1 0 . 

I n t r o d u c i n g v ^ = C ^ h l , E q . ( 3 . 7 . 8 ) becomes 

s i n a = ^ = ^ I h ^ ^ - . ï ^ ( 3 . 7 . 9 ) 
dR g ADR ADR 

Van Bendegom ( 1 9 ^ 7 ) [ 5 4 ] , who a r r i v e s a t a s i m i l a r e q u a t i o n , f i n d s t h e v a l u e o f 

A 10 a 1 5 . 

I f f o r 3 u n i t y i s a s s u m e d , t h e v a l u e o f A w o u l d be a b o u t 10 f o r a w i d e r a n g e o f 

C a n d Y l ( s e e F i g u r e 3 . 7 . 1 1 ) . A v a l u e A = 10 may a l s o be u s e d f o r t h e R f o M a g d a l e n a ( s e e 

F i g u r e 3 . 7 . 1 2 ) . 

F i g u r e 3 . 7 . 1 1 F o r c e s o n R a d i a l Bed S l o p e 

Van Bendegom [ 5 4 ] a r r i v e s a t a s i m p l i f i e d f o r m o f E q . ( 3 . 7 . 9 ) : 

d h . , . h ; w i . h A . i o 

R 

by a s s u m i n g I = I . .5— w i t h I a n d R b e i n g t h e v a l u e s f o r I a n d R i n t h e o u t e r b e n d , 
O K 0 0 
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•^WIDTH(m) 

O 100 200 295 
I I I I i I U 

F i g u r e "i.l •'^2 C o m p u t e d and M e a s u r e d Bend C r o s s - s e c t i o n ( D o w n s t r e a m P t o . T r i u n f o ) 

The a s s u m p t i o n s made a t t h e b e g i n n i n g o f t h i s P a r a g r a p h s h o u l d be l<ept i n m i n d , b u t 

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

w i t h somewha t d i f f e r e n t v a l u e s o f A . C o m b i n i n g t h e t h e o r y g i v e n i n P a r a . 3 . 6 a n d i n t h i s 

P a r a g r a p h , i t s h o u l d be p o s s i b l e t o c o m p u t e t h e bed C o n f i g u r a t i o n ( s e m i t h r e e - d i m e n s i o n a l ) . 

Up t i l l n o w , h o w e v e r , t h i s has n o t y e t b e e n d o n e b u t r e s e a r c h o n t h i s s u b j e c t i s s t i l l 

b e i n g c a r r i e d o u t . 

3.8. APPLICATIONS 

3.8.1. I n t r o d u c t i o n 

The t h e o r y a n d m e t h o d s g i v e n i n t h e f o r e g o i n g c h a p t e r s o f P a r t I I make i t p o s s i b l e 

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

o f p e r m a n e n t a n d t e m p o r a r y r i v e r - w o r k s . I n P a r t I I I t h e s e m e t h o d s w i l l be a p p l i e d m a i n l y 

t o p r e d i c t t h e e f f e c t s o f r i v e r - w o r k s c a r r i e d o u t n e a r t h e RTo R e g l a C o n f l u e n c e a n d t o 

o b t a i n v a l u e s f o r t h e r e l a t e d s c o u r a t a number o f c r o s s i n g s . I n t h i s C h a p t e r t h e p r o b l e m s 

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

3.8.2. T e s t c a s e o f t h e R f o Sogamoso C o n f l u e n c e a n d t h e RFo R e g l a C o n f l u e n c e 

As no m e a s u r e m e n t s c a n g e n e r a l l y be c a r r i e d o u t a t a w a t e r - l e v e l n e a r L . R . L . a n d 

d u r i n g t h e t i m e o f t h e s t u d y , a l l m e a s u r e m e n t s w e r e made a t h i g h e r l e v e l s , t h e d e p t h t h a t 

w o u l d be a v a i l a b l e a t a c r o s s i n g a t a w a t e r - l e v e l n e a r L . R . L . c a n o n l y be f o u n d b y means o f 

c o m p u t a t i o n s . I n F i g u r e 3.8.1 some m e a s u r e m e n t s a r e g i v e n o f t h e a v a i l a b l e d e p t h a t a 

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

a v a l I b l e d e p t h when t h e w a t e r - l e v e l d r o p s t o L , R , L . i s i m p o s s i b l e ( i n t h e same f i g u r e t h e 

r e s u l t o f a c o m p u t a t i o n i s p l o t t e d ) . 
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F i g u r e 3 . 8 . 1 D e p t h a t C r o s s i n g s A v a i l a b l e f o r N a v i g a t i o n 

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

o u t f o r t h e RTo Sogamoso C o n f l u e n c e w e r e c o m p a r e d w i t h r e s u l t s f r o m s o u n d i n g s . I t m u s t be 

r e a l i s e d t h a t t h e r e s u l t s d e p e n d v e r y much o n t h e s c h e m a t i z a t i o n o f t h e p l a n - f o r m t h a t was 

u s e d , and i t m u s t be e x p e c t e d t h a t when a l a r g e number o f c r o s s i n g s a r e c o m p u t e d , a number 

o f t h e s e c o m p u t a t i o n s may g i v e r e s u l t s t h a t d i f f e r f r o m t h e v a l u e i n n a t u r e . H o w e v e r , t h e 

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

F i g u r e 3 . 8 . 2 S c h e m a t i z a t i o n o f C r o s s i n g U p s t r e a m o f R f o Sogamoso C o n f l u e n c e 
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T h e s c h e m a t i z a t i o n u s e d f o r t h e c r o s s i n g n e a r t h e RTo Sogamoso C o n f l u e n c e i s g i v e n i n 

F i g u r e 3 . 8 . 2 . I t was b a s e d o n a e r i a l p h o t o g r a p h s , s o u n d i n g s a n d f l o w - l i n e s a s g i v e n i n 

P a r t I I I , C h a p t e r 3 . 5 . 

R a t ] n g _ c u r y e 

F o r t h e c o m p u t a t i o n t h e r a t i n g c u r v e o f P t o . V / i I c h e s was u s e d r a t h e r t h a n t h a t o f 

B a r r a n c a b e r m e j a , a l t h o u g h t h e c r o . s s i n g i s s i t u a t e d u p s t r e a m o f t h e C o n f l u e n c e . I t was 

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

w o u l d g i v e a m o r e r e a l i s t i c w a t e r - l e v e l . I n r e a l i t y , p a r t o f t h e d i s c h a r g e may come f r o m 

t h e Sogamoso R i v e r , b u t i n t h e c o m p u t a t i o n t h i s d i s c h a r g e was n e g l e c t e d b e c a u s e i t s 

i n f l u e n c e i s n o t v e r y l a r g e , as c a n be c o n c l u d e d f r o m F i g u r e 3 . 8 , 3 g i v i n g r e l a t i o n - c u r v e s 

f o r d i f f e r e n t d i s c h a r g e s o f t h e Sogamoso R i v e r , 
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T h i s s t a n d a r d r e g i m e , a v e r y p r o n o u n c e d f a l l i n w a t e r - l e v e l t o L . R . L , , i s t h o u g h t t o 

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

g i v e n i n F i g u r e 3 . 8 . 5 . 

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

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

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

t h e moment L , R , L , i s r e a c h e d . T h i s means t h a t f o r a d r e d g i n g p r o g r a m m e o n l y t h e 

a v a i l a b l e d e p t h i n r e l a t i o n t o L , R , L , i s i m p o r t a n t . 

- A f t e r L . R . L . i s r e a c h e d a s l i g h t c o n t i n u a t i o n o f t h e s c o u r r e s u l t s i n a s l i g h t i n ­

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

t h e w o r s t . 

- The r e t a r d e d s c o u r d u r i n g t h e f a l l i s O .98 m, w h i c h means t h a t a f a l l i n w a t e r - l e v e l 

o f a b o u t 2 m r e s u l t s i n a r e d u c t i o n i n d e p t h o f o n l y 1 m, 

- As t h e p l a n - f o r m s c h e m a t i z a t i o n s w e r e c a r r i e d o u t f o r l o w l e v e l s ( a s u m i n g no f l o w 

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

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

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

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

f o r t h e o t h e r r e g i m e s , as g i v e n i n F i g u r e 3 . 8 . ' ) , H e r e o n l y t h e r e s u l t s o f R e g i m e h a r e g i v e n 

( F i g u r e 3 . 8 . 6 ) , w h i c h i s a s m o o t h e d c o u r s e o f t h e w a t e r - l e v e l s o f t h e s e a s o n 1972 -1973 a n d 

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

A l s o h e r e i t c a n be s e e n t h a t t h e bed r e a c t s i m m e d i a t e l y a n d d e p t h s a r e a l w a y s b e t t e r 

t h a n t h o s e a t L . R . L , Good a g r e e m e n t e x i s t s w i t h m e a s u r i n g - p o i n t s ( f r o m s o u n d i n g s ) e x c e p t f o r 

t h e p o i n t m e a s u r e d a t hü d a y s . G e n e r a l l y t h e r e s u l t s o f t h e c o m p u t a t i o n c a n , t h e r e f o r e , be 

u s e d w i t h c o n f i d e n c e . I n P a r t I I I , F i g u r e s 3 . 2 . 1 5 a n d 3 . 2 . 1 7 t h e r e s u l t s o f t h e c o m p u t a t i o n s 

a t o t h e r c r o s s i n g s (km 841 a n d km 833) a r e g i v e n , w h e r e a l s o v e l o c i t i e s h a v e b e e n m e a s u r e d . 

As c a n be s e e n , t h e m e a s u r e d v e l o c i t i e s c o r r e s p o n d w e l l t o t h o s e c o m p u t e d . 

C h a n n e l _ r o u g h n e s s 

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

t h e m e t h o d g i v e n i n C h a p t e r 3 . 4 . F o r t h e c r o s s i n g n e a r t h e RFo Sogamoso C o n f l u e n c e t h e v a i u e 

f o u n d f r o m m e a s u r e m e n t s has b e e n u s e d t o p r e v e n t an e x t r a c a u s e f o r u n c e r t a i n t i e s . To be 

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

f o r t h e Sogamoso w e r e d o n e i n b o t h w a y s . ' A l t h o u g h t h e a v a i l a b l e d e p t h s a t t h e b e g i n n i n g o f 

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

( c o m p a r e F i g u r e s 3 . 8 . 7 a n d 3 . 8 . 5 ) , t h e m i n i m u m d e p t h s f o u n d d u r i n g t h e l a t e r p a r t o f t h e 

p r o c e s s a r e p r a c t i c a l l y e q u a l . 

Bi2_5§gli_99E]f ly§D£§ 

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

p e r m a n e n t r i v e r - w o r k s . The p l a n - f o r m s c h e m a t i z a t i o n f o r t h a t c a s e i s s i m p l e r t h a n f o r a 

c r o s s i n g b e c a u s e t h e p l a n - f o r m i s m o r e d e f i n e d . A l s o f o r t h e c o m p u t a t i o n s o f t h e r i v e r i m -
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p r o v e m e n t s n e a r t h e RFo R e g l a C o n f l u e n c e , t h e s c h e m a t i z a t i o n has b e e n b a s e d m o r e o n t h e l o w 

w a t e r s i t u a t i o n t h a n t h e h i g h w a t e r s i t u a t i o n . As c h a n n e l r o u g h n e s s , t h e m e a s u r e d v a l u e has 

b e e n u s e d . The r e s u l t s o f t h e s e c o m p u t a t i o n s a r e f u r t h e r g i v e n i n P a r t I I I C h a p t e r 3 . 4 . 

T e s t _ d r e d g i n g 

In t h e c o m p u t a t i o n s o f t h e c r o s s i n g s as u s e d i n P a r t I I I t h e d e p t h a v a i l a b l e a t L . R . L . 

was d e t e r m i n e d w i t h a o n e - d i m e n s i o n a l s c h e m a t i z a t i o n . I n r e a l i t y , t h e r i v e r b e d c o n t a i n s 

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

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

S o m e t i m e s , h o w e v e r , s e v e r a l o f t h e s e s m a l l c h a n n e l s J o i n t o f o r m o n e l a r g e r c h a n n e l w h i c h 

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

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

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

d r e d g e d w o u l d be i n t r o d u c e d i n t h e p r e s e n t l y u s e d c o m p u t a t i o n s , t h e bed w o u l d i m m e d i a t e l y 

s e d i m e n t t o t h e e q u i l i b r i u m l e v e l , w i c h i s h i g h e r ( s e e F i g u r e 3 . 8 . 8 ) . T h i s does n o t 

mean t h a t a d r e d g e d c h a n n e l d e e p e r t h a n t h i s e q u i l i b r i u m d e p t h i s n o t s t a b l e , as i n r e a l i t y 

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

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

F i g u r e 3 . 8 . 8 D r e d g e C u t i n C r o s s i n g 

To c h e c k t h e s t a b i l i t y o f s u c h a c h a n n e l , c o m p u t a t i o n s c o u l d be made f o r a c o m p o s i t e 

c h a n n e l w h e r e no e x c h a n g e o f w a t e r a n d s e d i m e n t t a k e s p l a c e p e r p e n d i c u l a r t o t h e l e n g t h 

a x i s ( f r o m I t o I I i n F i g u r e 3 . 8 . 9 ) . 

JI 

F i g u r e 3 . 8 . 9 S c h e m a t i z a t i o n o f t h e C r o s s i n g w i t h D r e d g e C u t f o r C o m p u t a t i o n 

H o w e v e r , s u c h c o m p u t a t i o n s h a v e n o t b e e n c a r r i e d o u t b e c a u s e no way o f c h e c k i n g t h e 

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

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

i f t h i s p r o v e s t h a t s u c h c o m p u t a t i o n s g i v e g o o d r e s u l t s f o r t h e RFo M a g d a l e n a , i t w o u l d be 

p o s s i b l e t o p r e d i c t t h e s t a b i l i t y o f a d r e d g e c u t by means o f c o m p u t a t i o n s . 
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Chapter 1 

G E N E R A L 

W h e r e a s P a r t I I o u t l i n e d t h e m e t h o d s w h i c h c a n be u s e d t o p r e d i c t t h e e f f e c t o f 

r i v e r - w o r k s as w e l l as t h e r e q u i r e d d a t a a s f a r as t h e y w e r e c o l l e c t e d o r a v a i l a b l e , P a r t I I I 

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

The RTo M a g d a l e n a has b e e n d i v i d e d i n t o f o u r m a i n s e c t i o n s : 

- La D o r a d a - P t o . I n m a r c o , 

- P t o . I n m a r c o - P t o . B e r r f o , 

- P t o . B e r r f o - B a r r a n c a b e r m e j a , a n d 

- B a r r a n c a b e r m e j a - G a m a r r a . 

I n C h a p t e r 3 some g e n e r a l i n f o r m a t i o n a b o u t t h e s e s e c t i o n s i s g i v e n as w e l l as t h e 

a m o u n t s r e q u i r e d t o be d r e d g e d a n n u a l l y t o g u a r a n t e e a d e p t h o f 7'6" d o w n s t r e a m o f P t o , 

B e r r f o a n d k'è" u p s t r e a m o f P t o . B e r r f o . I n t h i s C h a p t e r t h e p l a c e s a l o n g t h e s e c t i o n s 

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

f o r t h e C a n a l d e l D i q u e . 

B e f o r e b e i n g a b l e t o d i s c u s s t h e p r o b l e m s i n C h a p t e r s 3 a n d k, i t seemed n e c e s s a r y t o 

g i v e i n C h a p t e r 2 a k i n d o f i n v e n t o r y o f t h e t y p e s o f s o l u t i o n s a v a i l a b l e , s o l u t i o n s w h i c h 

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

s p e c i f i c r i v e r - w o r k s d i v i d e d i n t o t e m p o r a r y r i v e r - w o r k s ( d r e d g i n g ) a n d p e r m a n e n t r i v e r - w o r k s 

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

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

T h e d r e d g i n g p r o g r a m m e c o u l d n o t be g i v e n i n t h a t C h a p t e r as i t c o u l d o n l y be d e ­

t e r m i n e d a f t e r t h e a m o u n t s t o be d r e d g e d w e r e g a t h e r e d f r o m C h a p t e r s 3 a n d 4. T h e d r e d g i n g 

p r o g r a m m e i s , t h e r e f o r e , g i v e n i n C h a p t e r 5 as p a r t o f t h e p h a s i n g o f t h e r i v e r - w o r k s t o be 

c a r r i e d o u t a l o n g t h e R f o M a g d a l e n a , 
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Chapter 2 

R I V E R IMPROVEMENT 

2 . 1 . INTRODUCTION 

I n t h i s C h a p t e r t h e ways t o a t t a i n a r i v e r i m p r o v e m e n t a r e d e a l t w i t h . T h e m o s t s i m p l e 

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

as f a r as p o s s i b l e t o t h e p r e v a i l i n g r i v e r c o n d i t i o n s , o r t h o s e t a k e n by t h e a g e n c y r e s p o n s i ­

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

a i d s t o n a v i g a t i o n , a r e t r e a t e d i n P a r a . 2 , 2 . 

P a r a . 2 , 3 c o n t a i n s t h e means f o r t h e t e m p o r a r y i m p r o v e m e n t o f bad r i v e r s e c t i o n s 

( c r o s s i n g s ) w h i c h need t o be r e p e a t e d a n n u a l l y . B a s i c a l l y , t h i s p a r a g r a p h d e a l s w i t h d r e d g i n g 

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

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

RFo M a g d a l e n a . 

F o r t h e b e s t w a y s t o o b t a i n a p e r m a n e n t i m p r o v e m e n t o f a r i v e r s e c t i o n , r e f e r e n c e i s 

made t o F ' a ra . 2 . 4 . The t y p e s o f c o n s t r u c t i o n r e q u i r e d f o r s u c h r i v e r - w o r k s a r e t r e a t e d i n 

P a r a . 2 . 5 , i n w h i c h some r e m a r k s a r e a l s o made r e g a r d i n g t h e t y p e s o f c o n s t r u c t i o n u s e d f o r 

t h e r i v e r - w o r k s r e c e n t l y u n d e r t a k e n a l o n g t h e RTo M a g d a l e n a , 

2 . 2 . A I D S TO NAVIGATION 

A i d s t o n a v i g a t i o n c a n be d i v i d e d i n t o t h o s e m e a s u r e s t a k e n by r i v e r o p e r a t o r s a n d 

t h o s e t o be t a k e n by t h e a g e n c y r e s p o n s i b l e f o r t h e r i v e r c o n s e r v a n c y (MOP, A D E N A V I , U n i d a d 

d e E s t u d i o s f l u v i a l e s ) . T h e s e l a s t m e a s u r e s c a n be g a t h e r e d u n d e r t h e name c h a n n e l p a t r o l s . 

2 . 2 . 1 . M e a s u r e s t a k e n by r i v e r o p e r a t o r s 

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

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

c o m p e t e n t c r e w s . The i m p r e s s i o n e x i s t s t h a t r i v e r o p e r a t o r s o n t h e RFo M a g d a l e n a h a v e 

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

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

d i t i o n s , w h i c h means m a i n l y t h a t 8 0 % o f t h e t r a n s p o r t t a k e s p l a c e d o w n s t r e a m o f B a r r a n c a b e r m e j a . 

I f a n y i m p r o v e m e n t i n e f f i c i e n c y c o u l d be a c h i e v e d , i t w o u l d be i n t h e La D o r a d a -

B a r r a n c a b e r m e j a t r a f f i c . As t h i s , h o w e v e r , w i l l be d e a l t w i t h i n a s p e c i a l s t u d y ( T h e 

M a g d a l e n a R i v e r A r e a T r a n s p o r t S t u d y ) , o n l y a f e w r e m a r k s w i l l be made h e r e . 

The p r e s e n t f l e e t has a c a p a c i t y o f a b o u t 1 6 9 , 0 0 0 t o n s , o f w h i c h m o r e t h a n 3 0 ^ c o n s i s t s 

o f u n i t s l a r g e r t h a n 3 , 5 0 0 t o n s , w h i l e some u n i t s a r e a r o u n d 6 , 0 0 0 t o n s . T h e b a r g e s u s e d 

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

r i v e r c o n d i t i o n s . C o m p a r e , f o r i n s t a n c e , t h e s t a n d a r d E u r o p e a n b a r g e s w i t h t h o s e o f t h e RFo 

M a g d a l e n a ( F i g u r e 2 . 2 . 1 ) . 
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B a r g e D i m e n s i o n s RTo M a g d a i e n a Rii i ne 

W i d t i i 13 m 9 - H i m 

D r a u g t i t 1 .5 m ( 5 ' ) 2 . 5 m ( 8 ' 3 " ) 

F i g u r e 2 . 2 . 1 B a r g e T r a i n on t h e RTo M a g d a l e n a 

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

t r a i n s s o m e t i m e s h a v e t o be b r o k e n up t o p a s s s u c h a r e a s , w h i l e u n i t s s o m e t i m e s h a v e t o 

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

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

r e l a t i v e l y p o w e r f u l t u g c o u l d p u s h 1 o r 2 b a r g e s u p s t r e a m o f B a r r a n c a b e r m e j a w h i l e i n 

B a r r a n c a b e r m e j a 6 o r 8 o f t h e s e b a r g e s c o u l d be a s s e m b l e d a n d p u s h e d by o n e o f t h e 

l a r g e r t u g s . 

A t p r e s e n t no u s e i s made o f c o n t a i n e r s o r L a s h b a r g e s , a n d i t s h o u l d be s t u d i e d 

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

a l o n g t h e RFo M a g d a l e n a . 

F i g u r e 2 . 2 . 2 H o v e r c r a f t 
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Nowadays t h e r e i s no p a s s e n g e r t r a f f i c h e r e as i n f o r m e r t i m e s , a n d i n t h i s 

c o n n e c t i o n t h e p o s s i b i l i t y o f u s i n g h o v e r c r a f t ( c a r r y i n g p a s s e n g e r s f r o m La D o r a d a t o 

B a r r a n q u i l l a w i t h i n 8 h o u r s ) s h o u l d be i n v e s t i g a t e d . A l t h o u g h t r a n s p o r t by h o v e r c r a f t i s 

a d m i t t e d l y e x p e n s i v e , i t i s c h e a p e r t h a n b y p l a n e , a n d no a i r f i e l d s a r e r e q u i r e d . M o r e o v e r , 

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

The s o - c a l l e d a e r o f o i l c r a f t , h o w e v e r , seems l e s s s u i t a b l e i n t h i s a r e a b e c a u s e 

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

2 . 2 . 2 . C h a n n e l p a t r o l s e r v i c e 

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

n a v i g a t i o n i s a v a i l a b l e ; t h i s a p p l i e s e q u a l l y t o r e g u l a t e d as t o n o n - r e g u l a t e d r i v e r s . 

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

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

o f t h e c h a n n e l ( l o c a t i o n a n d d e p t h ) s h o u l d be c l o s e l y f o l l o w e d and t h e g a t h e r e d i n f o r m a t i o n 

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

I n s h o r t , t h e w o r k o f a c h a n n e l p a t r o l s e r v i c e may be d i v i d e d i n t o t w o p a r t s : 

- G a t h e r i n g o f c h a n n e l i n f o r m a t i o n a n d , as f a r as n e c e s s a r y , t r a n s m i t t i n g t h i s i n f o r m a t i o n 

t o r i v e r o p e r a t o r s ; a n d 

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

o b s t a c l e s , 

A t p r e s e n t ADENAVI m a i n t a i n s a c h a n n e l p a t r o l s e r v i c e b e t w e e n La D o r a d a a n d 

G a m a r r a , b u t t h e a c c e n t l i e s m a i n l y o n t h e s e c o n d t y p e o f a c t i v i t i e s : m a r k i n g a n d c l e a r i n g 

o f t h e c h a n n e l s , 

C h a n n e l i n f o r m a t i o n 

F o r t h e o p t i m a l u s e o f t h e r i v e r , t h e o p e r a t o r s s h o u l d a l w a y s h a v e a c c e s s t o u p - t o -

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

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

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

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

R i v e r maps f o r n a v i g a t i o n 

R i v e r maps f o r n a v i g a t i o n p u r p o s e s s h o u l d n o t be t o o d e t a i l e d , as t h e s e d e t a i l s 

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

a k i n d o f b a s i c map w h i c h o n l y shows s l o w l y c h a n g i n g f e a t u r e s , c o n s p i c u o u s p o i n t s , e t c . , 

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

s e r v i c e . 

A s c a l e o f 1 : 2 0 , 0 0 0 seems m o s t s u i t a b l e f o r t h e R f o M a g d a l e n a a n d s u c h maps h a v e 

b e e n p r e p a r e d f r o m t h e a e r i a l p h o t o g r a p h s made i n 1972 ( P a r t I I , F i g u r e s 3 . 3 . 1 7 t o 3 . 3 . 4 0 

i n c l u s i v e ) . A b o u t e v e r y 5 t o 10 y e a r s t h e s e maps s h o u l d be r e n e w e d a c c o r d i n g t o new p h o t o ­

g r a p h s w h i c h , i f t a k e n f o r t h i s p u r p o s e o n l y , c o u l d be o n t h e s c a l e 1 : 6 0 , 0 0 0 (As w e a t h e r 
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c o n d i t i o n s o f t e n do n o t p e r m i t h i g f i a l t i t u d e p h o t o g r a p h y i n t h e l o w w a t e r s e a s o n , a s m a l l e r 

s c a l e may be r e q u i r e d ) . A l < i l o m e t r a g e ( e a c h l<m) i s i n d i c a t e d on t h e m a p s . A t l e a s t e v e r y 

5 l<m l<i l o m e t e r b o a r d s s h o u l d be i n s t a l l e d on t h e ( h i g h ) b a n k s a n d i n d i c a t e d o n t h e m a p s . 

The l o c a t i o n o f t h e k i l o m e t e r i n d i c a t i o n s h o u l d r e m a i n t h e same i n r e l a t i o n t o t h e h i g h 

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

t a l w e g . 

Ava i l a b l e d e p t h s 

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

T h i s d o e s n o t mean t h a t a c o m p l e t e l e n g t h s o u n d i n g s h o u l d be c a r r i e d o u t e v e r y d a y ; a 

r o u g h c h e c k o f t h e t o t a l s e c t i o n t w o o r t h r e e t i m e s a week a n d an a c c u r a t e m e a s u r e m e n t a t 

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

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

e v e r y m o n t h a p r o p e r r o u t e m a p p i n g s h o u l d be c a r r i e d o u t ( s e e P a r t I V ) . 

As a l r e a d y m e n t i o n e d , o p t i m a l u s e o f a r i v e r n o t o n l y r e q u i r e s u p - t o - d a t e i n f o r m a t i o n , 

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

o f w a t e r - l e v e l s some d a y s i n a d v a n c e . F o r t h e RFo M a g d a l e n a , a t p r e s e n t , s u c h p r e d i c t i o n s 

a r e n o t p o s s i b l e , so f u r t h e r s t u d y o n t h i s s u b j e c t i s r e q u i r e d ( s e e P a r t I I , C h a p t e r 2 . 7 ) . 

N a v i g a t i o n b u l l e t i n s 

N a v i g a t i o n b u l l e t i n s s h o u l d be made a v a i l a b l e t o r i v e r o p e r a t o r s d a i l y , a n d s h o u l d 

c o n t a i n t h e f o l l o w i n g i n f o r m a t i o n : 

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

t h e C a n a l d e l D i q u e i s n o t i n c l u d e d i n t h e a c t u a l c h a n n e l p a t r o l s e r v i c e , p r e d i c t i o n o f 

h i g h w a t e r ( l e v e l a n d t i m e ) i n t h e BahFa d e C a r t a g e n a m i g h t be i n c l u d e d ) , 

- T h e a v a i l a b l e d e p t h f o r t h e f o l l o w i n g r i v e r s e c t i o n s : 

La D o r a d a - P t o . I n m a r c o 

P t o . I n m a r c o - P t o . B e r r F o 

RFo M a g d a l e n a P t o . B e r r F o - B a r r a n c a b e r m e j a 

B a r r a n c a b e r m e j a - G a m a r r a 

G a m a r r a - C a l a m a r 

C a l a m a r - B a r r a n q u i l l a 

C a n a l d e l D i q u e Calama. r - BahFa de C a r t a g e n a 

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

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

a r e u s e d , t h e s e s h o u l d be p o s i t i o n e d c o r r e c t l y a n d c h a n g e d i m m e d i a t e l y when r e q u i r e d . 

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

p a s s i n g a b u o y a t a c e r t a i n d i s t a n c e o r a v o i d i n g c e r t a i n b u o y s , e t c . H o w e v e r , i n s t r e t c h e s 

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

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

t h i s i s m e n t i o n e d i n t h e n a v i g a t i o n b u l l e t i n s . F o r e x a m p l e , i t may be s t a t e d t h a t , a t a 

c e r t a i n p l a c e t h e c r o s s i n g l i e s 50 m u p s t r e a m o f t h e c r o s s i n g i n d i c a t e d by t h e b e a c o n s . 
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O t h e r i n f o r m a t i o n i m p o r t a n t t o r i v e r o p e r a t o r s , s u c h as r e p o r t s a b o u t t h e e x e c u t i o n o f 

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

T h e s e n a v i g a t i o n b u l l e t i n s s h o u l d be made a v a i l a b l e i n d i f f e r e n t w a y s : i n p r i n t e d 

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

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

be d o n e i n t h e m o r n i n g , a b o u t m i d d a y a n d i n t h e a f t e r n o o n . D u r i n g t h e d a y new i n f o r m a t i o n 

s h o u l d be i n c l u d e d 1n t h e n e x t b u l l e t i n b r o a d c a s t . An e x a m p l e o f a n a v i g a t i o n b u l l e t i n i s 

g i v e n i n F i g u r e 2 . 2 . 3 . 

NAVIGATION B U U E T I N 

D A T E : 

W a t e r - l e v e l s 

R I V E R S E C T I O N U DORAOA - P T O . B E R R I O 

Y e s t e r d a y T o - d a y 

A r r a n c a p l u m a s 

P t o . S a l g a r 

P t o . T r i u n f o 

P t o . i n m a r c o 

P t o . B e r r f o 

L E A S T A V A I L A B L E OEPTH R E S T R I C T I N G CROSSING 

L a D o r a d a - P t o . T r i u n f o f t km 

P t o . T r i u n f o - P t o . B o y a c 3 f t km 

P t o . B o y a c 5 - P t o . I n m a r c o f t km 

P t o . I n m a r c o - P t o . B e r r f o f t km 

CHAHNEl INFORMATION 

Km Name A v a i l a b l e Dept i i D a t e Gauge B u o y s , e t c . 

S p e c i a l N o t e s : 

O f f i c e r i / c c t i a n n e l p a t r o l s 

F i g u r e 2 . 2 . 3 E x a m p l e o f N a v i g a t i o n B u l l e t i n 

F rom t h e f o r e g o i n g i t w i l l be c l e a r t h a t s e v e r a l t i m e s a d a y r a d i o c o n t a c t s h o u l d 

e x i s t b e t w e e n h e a d q u a r t e r s a n d p a t r o l u n i t s . R a d i o s s h o u l d t h e r e f o r e be i n s t a l l e d o n t h e 

p a t r o l v e s s e l s i n o r d e r t o mal<e a v a i l a b l e a l l i n f o r m a t i o n r e q u i r e d t o p r e p a r e t h e n e x t n a v i ­

g a t i o n b u l l e t i n i n t h e h e a d q u a r t e r s . A l s o t h e g a u g e r e a d i n g s o n t h e m a i n g a u g e - s t a t i o n s s h o u l d 

become a v a i l a b l e i m m e d i a t e l y by means, o f r a d i o o r t e l e p h o n e . The m a i n g a u g e - s t a t i o n s h a v e 

b e e n s e l e c t e d i n s u c h a way t h a t t h i s s h o u l d be p o s s i b l e w i t h o u t much d i f f i c u l t y . 
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C h a n n e l m a r k i n g 

O r i e n t a t i o n o n a r i v e r c a n be h e l p e d by t h e u s e o f k i l o m e t e r b o a r d s , b e a c o n s a n d 

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

s h i p p i n g r o u t e . K i l o m e t e r b o a r d s 1n c o m b i n a t i o n w i t h t h e n a v i g a t i o n maps a n d n a v i g a t i o n 

b u l l e t i n s a r e s u f f i c i e n t i n t h o s e s e c t i o n s w h e r e t h e c h a n n e l i s c l e a r l y d e f i n e d a n d no 

a c t u a l p r o b l e m s e x i s t . A c l e a r - c u t e x a m p l e i s t h e C a n a l d e l O i q u e w i t h t h e e x c e p t i o n o f t h e 

o u t l e t i n t h e BahFa de C a r t a g e n a , b u t a l s o a t p a r t s o f t h e r i v e r , ma i n 1 y d o w n s t r e a m o f 

G a m a r r a , k i l o m e t e r b o a r d s w i 1 1 be s u f f i c i e n t . T h e s e b o a r d s s h o u l d be e r e c t e d a t l e a s t e v e r y 

f i v e k m ; v i s i b i 1 i t y a t n i g h t may be i n c r e a s e d by s c o t c h l i t e t a p e o r p a i n t . 

B e a c o n s a n d b u o y s 

G e n e r a l l y i t may be s t a t e d t h a t c h a n n e l m a r k i n g by means o f b e a c o n s i s 1 e s s a c c u r a t e 

t h a n by b u o y s , a n d t h e s y s t e m i s t h e r e f o r e m o r e s u i t a b l e f o r s t r e t c h e s w h e r e c h a n n e l s a r e 

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

Q BEACON 

• BEACON 

F i g u r e 2 . 2 . 4 C r o s s i n g M a r k e d by Means o f 2 B e a c o n s 

A c r o s s i n g may be i n d i c a t e d by means o f t w o b e a c o n s ( F i g u r e 2 . 2 . 4 ) , o r by m o r e b e a c o n s 

( t r a n s i t b e a c o n s ) a s i n F i g u r e 2 . 2 , 5 . I t i s o b v i o u s t h a t by t r a n s i t b e a c o n s a c h a n n e l w i l l 

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

d i f f i c u l t : o f t e n b u s h has t o be c u t , a n d a s t h e b e a c o n s s h o u l d be l a r g e i n o r d e r t o make 

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

s o m e . 

miRANSIT BEACON 

B BEACON 

• BEACON 

F i g u r e 2 . 2 . 5 C r o s s i n g M a r k e d by Means o f T r a n s i t B e a c o n s 

I t i s a d v i s e d t h a t t r a n s i t b e a c o n s a l o n g t h e RFo M a g d a l e n a b e u s e d o n l y i n t h o s e 

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

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

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

s u i t a b l e ; t h e v i s i b i l i t y i s g o o d , a n d t h e y do n o t h a v e t h e d i s a d v a n t a g e o f many o t h e r b e a c o n s 

w h i c h a r e s o h e a v y a n d d i f f i c u l t t o manage t h a t r e p o s i t i o n i n g i s d i f f i c u l t ( F i g u r e 2 . 2 . 6 ) . 

F i g u r e 2 . 2 . 6 B e a c o n u s e d by ADENAVI 

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

b u o y s s h o u l d be u s e d . 

F o r e x a m p l e , t h i s i s t h e c a s e a t t h e f l a t s u p s t r e a m o f t h e RFo N a r e , u p s t r e a m o f 

P t o . B e r r F o , b e t w e e n P t o . B e r r F o a n d RFo N u e v o , some p l a c e s b e t w e e n RFo Nuevo a n d B a r r a n ­

c a b e r m e j a , a n d n e a r t h e RFo Sogamoso C o n f l u e n c e ; a l l p l a c e s w h e r e a w i d e e x p a n s e o f w a t e r 

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

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

as e f f i c i e n t l y as p o s s i b l e . 

B u o y a g e o n r i v e r s l i k e t h e RFo M a g d a l e n a s h o u l d be by t h e l a t e r a l s y s t e m i n d i c a t i n g 

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

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

s i d e o f t h e c h a n n e l . G é n e r a l l y i t i s b e s t t o p o s i t i o n t h e b u o y s o n t h e s t e e p s i d e o f t h e 

c h a n n e l . Buoys o n b o t h s i d e s o f t h e c h a n n e l a r e o n l y r e q u i r e d i f t h e c h a n n e l i s v e r y 

n a r r o w ( e . g . , l e s s t h a n 60 m ) . 

I t i s n o t g o o d p r a c t i c e t o u s e t o o many b u o y s f o r a c r o s s i n g . A t l e a s t t w o b u o y s a r e 

r e q u i r e d t o m a r k t h e b e g i n n i n g a n d t h e e n d , w h i l e i n b e t w e e n o t h e r b u o y s c a n be p l a c e d , 

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

l a r g e s h i p s . G r e a t s k i l l i s r e q u i r e d t o i n d i c a t e c h a n n e l s p r o v i d i n g a max imum d e p t h c o m b i n e d 

w i t h a m i n i m u m s i n u o s i t y . 

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

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

t w o d a y s . 
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Buoyage experiment 

As i t was expected t h a t buoyage along the RTo Magdalena would present d i f f i c u l t i e s 

i n view o f the high v e l o c i t i e s and the l a r g e amounts o f f l o a t i n g d e b r i s , some 

experiments were c a r r i e d o u t . A number o f buoys were made from 55 g a l l o n o i l drums. The buoys 

on the p o r t s i d e were p a i n t e d red and w h i t e w h i l e those on the s t a r b o a r d s i d e were p a i n t e d 

blacl< and w h i t e as i n d i c a t e d on F i g u r e 2.2.7. The s t a r b o a r d buoys were made t o f l o a t e r e c t 

by s l i g h t l y l o w e r i n g the s t e e l band around each buoy and f i l l i n g the buoy w i t h sand. These 

buoys were p o s i t i o n e d c l o s e t o Barrancabermeja and near the RTo Regla Confluence. 

F i g u r e 2.2.7 Po r t Side Buoy and Starboard Side Buoy 

Concrete blocl<s o f 75 kg, 150 kg and 300 kg were used as anchors. I t was found 

t h a t t h r e e blocks o f 75 kg were i n s u f f i c i e n t , but t h r e e 150 kg block s ensured the p o s i t i o n 

o f the buoys. In f a c t , i t i s b e l i e v e d t h a t a t some s h a l l o w places w i t h small v e l o c i t i e s 

75 kg block s would be s u f f i c i e n t , w h i l e a t a few o t h e r s w i t h h i g h v e l o c i t i e s p o s s i b l y 

t h r e e anchors o f 300 kg w i l l be r e q u i r e d . This has t o be found out by p r a c t i c e . The con­

n e c t i o n between buoys and anchors can be by s t e e l w i r e . 

The buoys co u l d e a s i l y be placed by a crane; p i c k i n g up the buoys presented a 

l i t t l e more d i f f i c u l t y , but a f t e r some experience had been ga i n e d , t h i s a l s o c o u l d be 

c a r r i e d out r a p i d l y . 

S p e c i a l l y d u r i n g r i s i n g stages the buoys caught a l o t o f f l o a t i n g d e b r i s , but 

t h i s d i d not d i m i n i s h the v i s i b i l i t y much. V i s i b i l i t y o f the buoys was good, a l t h o u g h t he 

p o r t s i d e buoys were seen more e a s i l y than the s t a r b o a r d s i d e buoys, ( I t i s not tho u g h t 

necessary t o improve the v i s i b i l i t y o f the s t a r b o a r d s i d e buoys by means o f a top mark, but 

i f t h i s seems r e q u i r e d l a t e r , i t can e a s i l y be done). 

Two buoys were s t o l e n d u r i n g a long weekend; so a good system t o safeguard t he 

buoys a g a i n s t t h e f t i s r e q u i r e d . This c o u l d be done by w e l d i n g the s t e e l band around the 

buoy. 
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N i g h t n a v i g a t i o n c o u l d be i m p r o v e d by p r o v i d i n g b u o y s , b e a c o n s , a n d t h e km b o a r d s 

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

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

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

r i v e r o p e r a t o r s . 

O r g a n i z a t i o n 

The t a s k s a c h a n n e l p a t r o l s e r v i c e has t o c a r r y o u t s h o u l d d e t e r m i ne t h e number o f 

s t a f f a n d t h e o r g a n i z a t t o n r e q u i r e d . T h e s e t a s k s , as i n d i c a t e d e a r l i e r , a r e : 

- G a t h e r i n g o f c h a n n e l I n f o r m a t i o n a n d t r a n s m i t t i ng t h 1 s I n f o r m a t i o n t o r i v e r o p e r a t o r s ; a n d 

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

B o t h a c t i v i t i e s s h o u l d f a l 1 u n d e r t h e r e s p o n s i b i 1 i t y o f t h e same p e r s o n . T h e b e s t 

s y s t e m 1s t o d i v i d e t h e r i v e r i n t o s e c t i o n s w h 1 c h c a n be p a t r o l l e d by o n e o f f i c e r who 

c a r r i e s o u t b o t h t y p e s o f w o r k . A t t h e o u t s e t a d i v i s i o n i n t o t w o s e c t i o n s seems s u f f i c i e n t : 

La D o r a d a - P t o . B e r r f o a n d P t o . B e r r f o - G a m a r r a . 

Th i s w i 1 1 r e q u 1 r e t w o p a t r o l o f f i c e r s , a n d d u r i ng l o w w a t e r t h e y s h o u l d p a t r o l t h e i r 

s e c t i o n s 3 t imes w e e k l y . A t h i r d o f f i c e r , t h e s e n l o r o f f i c e r , s h o u l d be 1n c h a r g e o f a 11 

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

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

j u n i o r o f f i c e r s . 

I n a d d i t i o n t o t h e s e t h r e e p e r s o n s , a n d o f c o u r s e t h e c r e w s f o r t h e s h i p s , a f u l 1 t i m e 

r a d i o o p e r a t o r s h o u l d a l s o be a p p o i n t e d . He w i l l m a i n t a i n c o n t a c t w i t h t h e p a t r o l u n i t s on 

t h e r i v e r , p r e p a r e t h e n a v i g a t i o n b u l l e t i n s , a n d do t h e a c t u a l b r o a d c a s t i n g . 

The c r e w f o r e a c h p a t r o l u n i t s h o u l d c o n s i s t o f a c a p t a i n , 3 d e c k h a n d s , a c o o k , 

a n e n g i n e d r i v e r a n d a " J o h n s i s t a " . 

The w o r k o f a p a t r o l o f f i c e r w i l l n o t o n l y be v e r y r e s p o n s i b l e . I t i s a l s o d i f f i c u l t , 

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

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

r e q u i r e d , w h i l e h i s s a l a r y s h o u l d be i n r e l a t i o n t o h i s d u t i e s ( w h i c h means e q u a l t o o r 

s l i g h t l y l e s s t h a n an e n g i n e e r ' s s a l a r y ) . 

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

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

V e s s e l s a n d e q u i p m e n t 

To be a b l e t o c a r r y o u t t h e w o r k I n d i c a t e d i n t h e p r e c e d i n g s e c t i o n , t w o p a t r o l 

v e s s e l s w i 11 be r e q u i r e d h a v i n g t h e f o l l o w i n g c h a r a c t e r i s t i c s : 

A c c o m m o d a t i o n : S h o u l d be s u f f i c i e n t f o r t h e p e o p l e i nd i c a t e d . 

D r a u g h t : S h o u l d be p r e f e r a b l y s l i g h t l y l e s s t h a n 3 ' . 

Speed : S h o u l d be r e l a t i v e l y h i g h as a t l e a s t 3 t r i p s f r o m La D o r a d a 

t o P t o , B e r r f o s h o u l d be p o s s i b l e w e e k l y (3 x 160 k m ) , b u o y s 
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p o s i t i o n e d a n d c i e a r e d , s o u n d i n g s m a d e , a n d c h a n n e l s c l e a r e d o n t h e 

w a y . T h i s means t h a t g o i n g f r o m P t o , B e r r F o t o La D o r a d a ( u p s t r e a m ) 

t h e J o u r n e y s h o u l d be made w e l l w i t h i n a d a y ( s a y 8 h o u r s ) 

r e q u i r i n g a s p e e d o f 20 k m / h o u r g o i n g u p s t r e a m and 25 k m / h o u r i n 

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

s p e e d s . 

V / o r k i n g s p a c e : The s h i p s h o u l d h a v e a l o w w o r k i n g d e c k a b o u t kO t o 50 cm a b o v e t h e 

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

E q u i p m e n t : The v e s s e l s h o u l d be e q u i p p e d w i t h a s p e e d - b o a t w i t h o u t b o a r d e n g i n e 

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

t h a n 3 t i m e s a w e e k . The v e s s e l s h o u l d f u r t h e r h a v e a c r a n e o r d e r r i c k 

w i t h a l i f t i n g c a p a c i t y o f a t l e a s t 3 t o n s f o r t h e e a s y h a n d l i n g o f 

b u o y s . I t s h o u l d a l s o be e q u i p p e d w i t h an e c h o - s o u n d e r a n d r a d i o 

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

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

B e s i d e s t h e t w o p a t r o l v e s s e l s , t h e r e s h o u l d be an i n s p e c t i o n l a u n c h ( s p e e d - b o a t ) 

c a p a b l e o f a b o u t hO k m / h o u r a n d w i t h v e r y s i m p l e a c c o m m o d a t i o n , b u t e q u i p p e d w i t h r a d i o t r a n s ­

m i t t e r / r e c e i v e r a n d e c h o - s o u n d e r . I n B a r r a n c a b e r m e j a , a p o w e r f u l r a d i o s t a t i o n s h o u l d be 

a v a l l a b l e . 

Summary 

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

i m p r o v e m e n t s w h i c h c a n be made i m m e d i a t e l y w i t h o u t much i n v e s t m e n t a n d t h o s e w h i c h r e q u i r e 

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

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

- F r e q u e n t d i s t r i b u t i o n o f u p - t o - d a t e r i v e r maps f o r n a v i g a t i o n p u r p o s e s , 

- p o s i t i o n i n g o f k i l o m e t e r b o a r d s e v e r y 5 k m , 

- t r a n s i t b e a c o n s a t a f e w c r o s s i n g s , a n d 

- t r a n s m i s s i o n o f a v a i l a b l e i n f o r m a t i o n t o r i v e r o p e r a t o r s by means o f n a v i g a t i o n 

b u i l e t i n s . 

A l t h o u g h a t p r e s e n t i t i s n o t p o s s i b l e t o t r a n s m i t a l l d a t a r e q u i r e d , some d a t a , 

s u c h as w a t e r - l e v e l s , c o u l d be made a v a i l a b l e ; t h i s w o u l d h a v e t h e a d d i t i o n a l a d v a n t a g e o f 

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

F u t u r e I m p r o v e m e n t s 

I t i s s u g g e s t e d t h a t 2 p a t r o l v e s s e l s a n d a n I n s p e c t i o n l a u n c h be made a v a i l a b l e as 

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

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

be i n t r o d u c e d . 

As some t i m e w i l l be r e q u i r e d t o d e s i g n a n d b u i l d t h e r e q u i r e d v e s s e l s , a n e a r l i e r 

s t a r t c o u l d be made by m a k i n g u s e o f a s m a l l b a r g e a n d t u g as a s u b s t i t u t e f o r a p a t r o l 

v e s s e l . A c r a n e s h o u l d be m o u n t e d o n t h e b a r g e . 
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2 . 3 . TEMPORARY RIVER-WORKS 

2 . 3 . 1 . I n t r o d u c t i o n 

T e m p o r a r y r i v e r - w o r k s a r e c o n s t r u c t i o n s o r w o r k s i n a r i v e r o f w h i c h t h e e f f e c t i s 

i n t e n d e d t o l a s t o n l y o n e s e a s o n . In t h e f o l i o w i n g s e a s o n s i m i l a r w o r k s h a v e t o be r e p e a t e d 

b e c a u s e e i t h e r t h e o r i g i n a l w o r k s h a v e b e e n damaged d u r i n g t h e h i g h w a t e r s e a s o n o r b e c a u s e 

t h e w o r k s a r e n e e d e d a t a n o t h e r p l a c e . P r o b l e m s f o r n a v i g a t i o n s e l d o m o c c u r i n e x a c t l y t h e 

same s p o t i n s u c c e s s i v e y e a r s o r s e a s o n s , as t h e y w i l l h a v e moved i f t h e r i v e r ' s c o u r s e i s 

n o t c o m p l e t e l y f i x e d . 11 w i l l be c l e a r t h a t i n t h o s e c a s e s t e m p o r a r y w o r k s a r e i nd i c a t e d . 

T e m p o r a r y w o r k s may a l s o be u s e d f o r o t h e r r e a s o n s : f o r e x a m p l e , t h e y may be c h e a p e r t h a n 

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

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

w i t h some k i n d o f c o n s t r u c t i o n ( P a r a . 2 . 3 . 2 ) . 

On t h e RTo M a g d a l e n a t h e f o l l o w i n g t y p e s o f t e m p o r a r y w o r k s i n r e l a t i o n t o n a v i ­

g a t i o n may be c o n s i d e r e d : 

- D r e d g i n g o f c r o s s i n g s ; 

- c l o s i n g o f s e c o n d a r y b r a n c h e s ( i n c o m b i n a t i o n w i t h d r e d g i n g o f c r o s s i n g s ) ; a n d 

- o p e n i n g up h a r b o u r a p p r o a c h e s . 

A l o n g t h e C a n a l d e l D i q u e t h e f o l l o w i n g t y p e s o f w o r k may be c o n s i d e r e d : 

- D r e d g i n g o f t h e o u t l e t o f t h e C a n a l i n t h e BahTa d e C a r t a g e n a ; 

- d r e d g i n g o f a s e d i m e n t t r a p ( C a l a m a r ) ; 

- m a i n t e n a n c e o f d i s t r i b u t i n g Canos ( C o r r e a , M a t u n i l l a , L e q u e r i c a ) ; a n d 

- m a i n t e n a n c e o f t h e C a n a l p r o f i l e . 

T h e s e w o r k s a l l r e l a t e t o n a v i g a t i o n . M a i n t e n a n c e d r e d g i n g c a n , h o w e v e r , a l s o be 

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

t o w a t e r - w o r k s , e t c . The v a r i o u s t y p e s o f w o r k o f t e n r e q u i r e d i f f e r e n t t y p e s o f e q u i p m e n t . 

T h e r e a r e many t y p e s o f d r e d g i n g e q u i p m e n t , b u t b e c a u s e o f t h e a v a i l a b l e d e p t h , 

c u r r e n t s a n d t y p e o f bed m a t e r i a l , o n l y a f e w t y p e s a r e s u i t a b l e f o r t h e RTo M a g d a l e n a . 

I n f a c t , f o r t h e t y p e o f d r e d g i n g a s i n d i c a t e d a b o v e a c h o i c e s h o u l d be made b e t w e e n a 

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

p o r t a p p r o a c h e s a l s o a ( f l o a t i n g ) c r a n e may be s u i t a b l e . 

I n P a r a . 2 . 3 . 3 some c h a r a c t e r i s t i c s o f d r e d g i n g e q u i p m e n t a r e d e a l t w i t h , w h i l e i n 

P a r a . 2 . 3 . 4 m o r e s p e c i f i c a l l y t h e e q u i p m e n t a t p r e s e n t a v a i l a b l e o n t h e RTo M a g d a l e n a a n d 

C a n a l d e l D i q u e i s c o n s i d e r e d . I n P a r a . 2 . 3 . 5 a d e s c r i p t i o n i s g i v e n o f new d r e d g i n g 

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

b e e n c o n s i d e r e d , i t was t h o u g h t t h a t as f a r as d r e d g i n g e q u i p m e n t was c o n c e r n e d , i t was 

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

s u c h as h i g h w a t e r p r o t e c t i o n ( d r a i n a g e ) . 
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. 2 . Temgora_ry c o n s t r u c t i o n s 

T e m p o r a r y c o n s t r u c t i o n s may c o n s i s t o f b a n d a l s o r o f b o t t o m a n d f l o a t i n g p a n e l s , 

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

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

c h a n n e l , w h i l e w i t h b a n d a l s some s e d i m e n t i s b r o u g h t b a c k i n t o t h e c h a n n e l ( s e e F i g u r e s 

2 , 3 . 1 a n d 2 , 3 . 2 ) , 

B a n d a l s a r e made f r o m l o c a l l y - f o u n d m a t e r i a l s u c h as c a n e . P a n e l s a r e o f t e n o f a 

somewha t m o r e p e r m a n e n t c o n s t r u c t i o n a n d may be c o n s i d e r e d t o be a t r a n s i t i o n b e t w e e n 

t e m p o r a r y a n d p e r m a n e n t r i v e r - w o r k s . 

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

i n m o s t c a s e s d r e d g i n g w i l l g i v e a c h e a p e r s o l u t i o n , S o m e t i m e s a g o o d s o l u t i o n may be f o u n d 

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

3 . D r e d g i n g e q u i p m e n t ( g e n e r a l ) 

C u t t e r - d r e d g e r 

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

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

i n s t a l l a t i o n . A s a n d - w a t e r m i x t u r e i s pumped f r o m t h e bed t h r o u g h a s u c t i o n p i p e a n d 

t r a n s p o r t e d t h r o u g h a p i p e l i n e t o a d i s p o s a l a r e a ( F i g u r e 2 , 3 . 3 ) . 
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F i g u r e 2.3.3 C u t t e r - d r e d g e r 

F i g u r e 2.3.4 C u t t e r h e a d 

As t h e s u e t i o n p i p e has a f l e x i b l e c o n n e c t i o n w i t h t h e p u m p , d r e d g i ng c a n ta l<e p l a c e , 

w i t h i n 1 i m i t s , a t a n y r e q u i r e d d e p t h . I n f r o n t o f t h e s u e t i o n p i p e a c u t t e r h e a d i s m o u n t e d 

( F i g u r e 2.3.4) w h i c h s e r v e s t o l o o s e n t h e m a t e r i a l t o be d r e d g e d . D e p e n d e n t o n t h e k i n d o f 

s o i 1 , d i f f e r e n t t y p e s o f c u t t e r s may be u s e d . C u t t e r - d r e d g e r s c a n be u s e d f o r s a n d , c l a y , 

o r s o f t r o c k . B e t w e e n t h e s u c t i o n t u b e a n d t h e pump a t r a p i s i n s t a l l e d t o c a t c h l a r g e 
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p i e c e s o f s t o n e o r wood w l i i c i i p a s s t h e c u t t e r b u t a r e t o o l a r g e t o p a s s t h r o u g h t h e p u m p . 

T h i s d e b r i s c a n be r e m o v e d by l i f t i n g a l i d . P i e c e s o f wood jammed i n t h e pump c a n a l s o be 

r e m o v e d i n t h i s w a y . 
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T h e o p e r a t i o n o f a c u t t e r - d r e d g e r i s shown i n F i g u r e 2 . 3 . 5 . As c a n be s e e n , t h e 

c u t t e r - d r e d g e r moves f o r w a r d by means o f s p u d s and s w i ngs by means o f s i d e a n c h o r s . 

S o m e t i m e s o n e o f t h e s p u d s i s m o u n t e d o n a s p u d - c a r r i e r as shown i n F i g u r e 2 . 3 . 6 , i n w h i c h 

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

F i g u r e 2 . 3 . 6 S p u d - c a r r i e r 

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

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

s e d i m e n t s do n o t e a s i l y f i l l up t h e d r e d g e c u t , w h i l e i t i s e a s i e r t o m a i n t a i n a h i g h 

c o n c e n t r a t i o n . Some s p e c i a l p r o v i s i o n s a r e r e q u i r e d t o d r e d g e i n a d o w n s t r e a m d i r e c t i o n , 

h o w e v e r ( f o r i n s t a n c e , a s t e r n w i n c h ) . 

F i g u r e 2 . 3 . 7 V / a t e r J e t s o f D u s t p a n - d r e d g e r 
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D u s t p a n - d r e d g e r 

A d u s t p a n - d r e d g e r d i f f e r s f r o m a c u t t e r - d r e d g e r as the s e d i m e n t i s l o o s e n e d b y means 

o f w a t e r j e t s i n s t e a d o f a c u t t e r ( s e e F i g u r e 2 . 3 . 7 ) . The m o u t h o f t h e s u c t i o n p i p e i s 

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

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

c u t t e r - d r e d g e r as i n d i c a t e d i n F i g u r e 2 . 3 . 8 . 

T T 
\ i 

F i g u r e 2 . 3 . 8 O p e r a t i o n o f D u s t p a n - d r e d g e r 

The a d v a n t a g e s o f a d u s t p a n - d r e d g e r a r e : 

- I t i s p o s s i b l e t o r emove a r e l a t i v e l y t h i n l a y e r ( 1 ' ) a n d a t t h e same t i m e 

m a i n t a i n a l a r g e o u t p u t ; a n d 

- A f t e r o n e r u n o f t h e d u s t p a n - d r e d g e r a s m a l l c h a n n e l i s e x c a v a t e d w h i c h may a t t r a c t 

t h e c u r r e n t , t h u s m a i n t a i n i n g t h e d r e d g e c u t . A c u t t e r - d r e d g e r i m m e d i a t e l y makes 

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

when d r e d g i n g i n a n u p s t r e a m d i r e c t i o n . T h i s i s b e c a u s e no c u r r e n t i s d r a w n u n l e s s 

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

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

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

be u s e d . 

Pumps a n d p u m p - e n g i n e s 

T h e s a n d pump i s o n e o f t h e m o s t i m p o r t a n t c o m p o n e n t s o f t h e d r e d g e r . T h e c o n s t r u c t i o n 

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

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

m u s t be t a k e n t o e n s u r e t h a t l a r g e o b j e c t s c a n p a s s t h r o u g h t h e p u m p , t h a t w e a r i s a t a 

m i n i m u m , a n d t h a t d i s m a n t l i n g a n d r e p a i r s c a n be c a r r i e d o u t e a s i l y . T h e s e r e q u i r e m e n t s a r e 

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

d e p e n d s , o f c o u r s e , o n t h e p r e s s u r e - h e a d t h a t m u s t be o v e r c o m e . F o r n o r m a l o p e r a t i o n a l c o n ­

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

t e r r e l a t i o n b e t w e e n d i s c h a r g e a n d h e a d i s s c h e m a t i c a l l y g i v e n i n F i g u r e 2.3.9. T h e r e i s , 

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

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

t h e p o i n t o f f u l l p o w e r has b e e n r e a c h e d . A f u r t h e r i n c r e a s e o f d i s c h a r g e c a n t h e n no l o n g e r 

be o b t a i n e d , a n d t h e e n g i n e w i l l l o s e s p e e d a n d p o w e r , s o t h a t t h e h e a d d e c r e a s e s s h a r p l y 

( s e e F i g u r e 2.3.9b). F o r m o s t p u m p s , t h e p e r f o r m a n c e w i l l d e p e n d o n t h e s e t w o c o n d i t i o n s : 

max imum a l l o w a b l e s p e e d ( l e f t p a r t o f t h e l i n e i n F i g u r e 2.3.9b) a n d max imum p o s s i b l e p o w e r 

( r i g h t p a r t o f t h e 1 i n e ) . 

F i g u r e 2.3.9 Behav l o u r o f Sand Pump u n d e r V a r i o u s C o n d i t i o n s 

W h e r e a l o n g t h i s f u n c t i o n t h e pump o p e r a t e s , m a i n l y d e p e n d s o n t h e p r e s s u r e - h e a d 

r e q u i r e d t o o v e r c o m e t h e p i p e l i n e r e s i s t a n c e . I n g e n e r a l , t h e r e s i s t a n c e o f t h e p i p e l i n e : 

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

r e p r e s e n t e d i n F i g u r e 2.3.9c. The o p e r a t i o n p o i n t t h e n i s w h e r e t h e p u s h i n g f o r c e e q u a l s 

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

B u t w i t h t h i s t h e o r e t i c a l a p p r o a c h , a p r o b l e m c r o p s u p . When t h e p i p e l i n e v e l o c i t i e s a r e 

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

( p e r h a p s by a t e m p o r a r y o b s t r u c t i o n o f t h e s u c t i o n t u b e ) t h e v e l o c i t y i s a l s o r e d u c e d a n d 

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

p r o f i l e f o r t h e f l o w . I t w o u l d be e x p e c t e d t h a t t h e l o w e r d i s c h a r g e w o u l d i m p l y a s m a l l e r 

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

a n d t h e r e s i s t a n c e c u r v e s h i f t s u p w a r d ( d a s h - l i n e i n F i g u r e 2.3.9c). T h i s means t h a t a l s o 

t h e o p e r a t i o n p o i n t o f t h e s y s t e m s h i f t s u p w a r d ( p o i n t C ) . T h e c h a n g e i n o p e r a t i o n p o i n t 

f r o m B t o C i m p l i e s a s l i g h t d e c r e a s e o f d i s c h a r g e a n d a r e a s o n a b l e i n c r e a s e o f p r e s s u r e -

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

l i m i t e d a n d t h e i n c r e a s e i n p r e s s u r e - h e a d may s u c c e e d i n b l o w i n g t h e o b s t r u c t i o n o u t . 
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u f . h p H i n F i a u r e 2 . 3 . 9 c l , i i o w e v e r . t l i e c o n d i t i o n s a r e d i f f e r e n t ; 

^ ^ ^ ^ ^ 
„ p i d l y i . 1= o f t . " e x t r s » e l y d i f f i c u l t t o t , k . t i « s l , a c t i o n . 

t . e d . d , l . o p . a t , o . , t . o c o „ c . „ t . t , o „ -^^1;>^;';;:Z:L. c u t , . . 

::Ti:r:\7n;o:r.;:;;;i::^r::~c:::^^ 
o o 1 P » P - O f t . d . d , . d e . . e d I n , u c . . ' ^ ^ f̂ :: / , r:r.r"::.rj::i:::;:"r;::':.̂ :: -r-r:::̂ .̂ . t „ . 

r n T ; r : : : : : • n t . n . c t i o n . . . . . . . . « o 

and p - p , t . . a c t u a l o p e r a t i o n p o i n t s . o u l d o . r e . o ' - ' ^ ^ ^ ^ ^ ^ ^ ^ 

f a r f r o m t l i i s o p t i m u m p o i n t A . H e r e a g a i n , a d i f f i c u l t y a r i s e s , o r e g 

. : , tHa u n b r o k e n l i n e I n d i c a t e s t . a C a r a c t e r i s t i c o f a s . a l l - d l a . e . e r , „ p e l l e r . ^ 

. . e o p t l » c o n d i t i o n s c a n . e r e s t o r e d c . o o . l n , t . e o p t l » I m p a l l a r . ; -

„ „ , e o f p i p e l i n e l a n , t . . » o u . d . e v a r y , r e a t , t . e v . r l a t on ^ ' ' ^ . , „ „ 

e x c e s s i v e and t h e e f f i c i e n c y o f t^e p u „ p p e r f o r m a n c e » o u , d d a t e r l o te.J p o s s 

^ „ , d be t o u s e a s e c o n d p u - p w h i c h c o u l d be o p e r a t e d In s e r . e s - , t h t h e f i r s t o n e . 

Pi p e l i n e 

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

. a s s o f I t L s o i l m i x t u r e . T h i s means t h a t t h e p a r t i c l e s m u s t he k e p t n s u s p e n s i o n T h e 

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

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

v e l o c i t i e s . 

F i g u r e 2 . 3 . 1 0 g i v e s t h e a p p r o x i m a t e r e l a t i o n b e t w e e n t h e c r i t i c a l v e l o c i t y a n d t h e 

a v e r a g e " a r t i c l e s i J o f t h e t r a n s p o r t e d s o i l f o r m i x t u r e s w i t h a s o i l c o n c e n t r a t i o n o f 1 3 . 

o r h i g h e r . F o r l o w e r c o n c e n t r a t i o n s t h e c r i t i c a l v e l o c i t y d e c r e a s e s . 
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t h e p i p e l i n e v e l o c i t i e s a r e w e l l a b o v e t h e c r i t i c a l v a i , , = M 
c a n be s m a l l e r I f w • c r i t i c a l v a l u e . M o r e o v e r , t h e p i p e l i n e d i a m e t e r 

m a L t ' o u t p u t . . h i g h e r v e l o c i t i e s a r e a l l o w e d , a n d t h i s 

mal<es t h e p i p e s m o r e e a s i l y m a n a g e a b l e . 

PiP£UNE0SOOmm (20") 

1 PfPELWE0300mm (12") 

ƒ 

l _ 

1 
1 

Hcvm eiwH-sizc oawfrra immi 

f i g u r e 2 . 3 . 1 0 C r i t i c a l V e l o c i t y I n t h e P i p e l i n e 

E s p e c i a l l y f o r t h e f l o a t i n g p i p e l i n e t h i , l a t t e r a rgument , s o f g r e a t s i g n i f i c a n c e 

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

n O s e u e n t l y , t h a d r a u g h t o f t h e s u p p o r t i n g e l e m e n t s ( p o n t o o n s ) , w h i c h I s a f a . o u r a M e 

d f • " " . i c u l . r l y a t 

1 d H " ' ' ^ " » ' - e . O f t e n 

i h T r i o T i L : : ; : " " ' " — • ^-.^ 

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

2 3 . 1 2 ) , e n d a g r e e t n „ * . r o f t h e s e J o i n t s p e r m i t t h e f l o a t i n g p i p e l i n e t o t a k e a 

smoot c o u r s e W i t h o u t h e i n g s u b j e c t e d t o g r e a . b e n d i n g f o r c e s o f 1 1 L c r „ „ a 

a r : " "°' " ' " i - " P i e , s e r i o u s t r o u b l e 

r e n t d . r e c t . o n a l t e r n a t e s be tween f l o o d a n d e b b . Unwanted m o t i o n o f t h e p i p e l i n e I s t h e n 

I . w o u l d , n t h a t c a s e be b e t t e r t o r e d u c e t h e number o f J o i n t s . 
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F i g u r e 2 . 3 . 1 1 B a l l - j o i n t 
F i g u r e 2 . 3 . 1 2 H i n g e - j o i n t 

T h e o r e t i c a l l y , f u l l f l e x i b i l i t y b e t w e e n . b e d r e d g e r and . b e end o , . e p , p e ,n 

o b t a i n e d w i t b t h r e e J o i n t s . When t h e s p o i l I s dumped b a c k I n t o t h e r i v e r t h e f l o a 

p e l i n e c a n e v e n be made e n t i r e l y r i g i d w i t h o n l y one m o v a b l e J o i n t a t , t s c o n n e c t i o n w 

d g e r . ,n t h a t c a s a , an . t t r a c t W . m e a n , o f c o n t r o l l i n g t h . p l p e l i n . becomes po , 

L, by mak ing u s e o f t h e o u t f l o w momentum o f t h e J e t a . . h . end o f t h e p i p e l i n e . b e 

p l a t l ( M g u r e 2 . 3 . 1 3 ) s e r v e , t o g i v e t h i , f o r c e t h e a p p r o p r i a t e d i r e c t i o n and t h . p i p e l i n e 

c a n be s t e e r e d t o t i i e r e q u i r e d p o s i t i o n . 

F i g u r e 2 . 3 . 1 3 B a f f l e - p l a t e 

O b v i o u s l y t h i s m e t h o d i s o n l y f e a s i b l e when t h e i m p u l s e momentum o f t h e j e t e x c e e d s 

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

t h e j e t a t t h e e n d o f t h e p i p e l i n e e q u a l s : 

F j = i Pm ^ ^ P 

w i t h p = d e n s i t y o f t h e w a t e r / s o i l m i x t u r e 
m 

D = d i a m e t e r o f t h e p i p e l i n e ; a n d 

V = v e l o c i t y i n t h e p i p e l i n e . 
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The p u s h i n g f o r c e e x e r t e d by t h e r i v e r f i o w on t h e p o n t o o n s c a n be c o m p u t e d by= 

^ = i Pw^w " f h V W W r 

w i t h p^= d e n s i t y o f t h e r i v e r w a t e r ; 

V t h e r e s i s t a n c e c o - e f f i c i e n t o f t h e p o n t o o n s i n t h e r i v e r f l o w ( f o r c y l i n d r i c a l 

p o n t o o n s a p p r o x i m a t e l y i ) ; 

n = number o f p o n t o o n s ; 

P = p o n t o o n d i a m e t e r ; 

h = p o n t o o n d r a u g h t , d e p e n d i n g o n t h e w e i g h t o f t h e f l o a t i n g p i p e l i n e f i l l e d w i t h 

w a t e r / s o i l m i x t u r e ; a n d 

V|.= r i v e r c u r r e n t v e l o c i t y . 

S t e e r i n g i s p o s s i b l e when F. > A p 

J ^ r¬

o n t h e ^ ' ~ ' v 
F o r , „ l c k a n d . , f , o , . n . w o r k on r l . a r c r o s s i n g s , . h , s r l g l d - . y p e p l p e U n c w l . h b a f f l e -

I n s t e a d o f t h e u s e o f a p i p e l i n e , a l s o a n o z z l e c a n be u s e d f o r f r e e . n n M H - . 

l i n e , i n s t e a d o f u s i n g l a n d l i n e s . a H H<= 

m a t e r i a r ^ T ? " ' ' ' ' ' ^ ^ ^ ' ^ P ^ ' ^ ' "^^^^ ° ^ - - ^ - " ^ s y n t h e t i c 
. a t e r . a l . T h e s e p . p e h n e s do n o t n e e d f l o a t s : t h e y f l o a t p a r t l y e m e r g e d . No b a l l - J o i n t s o r 

I Z l Z T r ^ T ' ' ^ ' ' ' " ^ ' ^ ^ ' - ' ^ ' e . F rom e x p e r i e n c e i n 
r p e t f o l ows t h a t t h e h i g h e r i n v e s t m e n t f o r s u c h a p i p e l i n e i s c o u n t e r b a l a n c e d b y a 

b l l ; d ' - ' " " ^ ^ ^ - ^ ^ ^ ^ ^ ^ ^ ' ^ - " ^ - d s t o 

be i m p o r t e d I S an a d d i t i o n a l d i s a d v a n t a g e . 

178 



I l l , 2 . 3 

C a p a c i t y 

T i i e o r e t i c a l l y , t h e o u t p u t o f t h e d r e d g e r c a n be c o m p u t e d by d e t e r m i n i n g t h e pump 

d i s c h a r g e ( a t a c e r t a i n r e q u i r e d h e a d ) , a n d m u l t i p l y i n g t h i s by t h e c o n c e n t r a t i o n o f s o l i d s 

i n s u s p e n s i o n , i t i s , h o w e v e r , v e r y d i f f i c u l t t o mal<e a n y r e l i a b l e p r e d i c t i o n w i t h r e s p e c t 

t o t h i s l a t t e r m a g n i t u d e . In g e n e r a l , a f i g u r e o f 1Q% ( i n v o l u m e ) has t o be r e g a r d e d a s a 

m a x i m u m , b u t a c t u a l c o n c e n t r a t i o n s c a n be much l o w e r . A l t h o u g h n a t u r a l c o n d i t i o n s ( c o h e r e n c y 

o f t h e s o i l , d r e d g i n g d e p t h , r i v e r c u r r e n t , e t c . ) c e r t a i n l y h a v e t h e i r i n f l u e n c e , much 

d e p e n d s i n t h i s r e s p e c t on t h e s k i l l and f e e l i n g o f t h e d r e d g e - m a s t e r a n d h i s c r e w . Even an 

e x p e r i e n c e d d r e d g e - m a s t e r who makes g o o d u s e o f v a c u u m a n d p r e s s u r e m e t e r s , a n d who c a n 

t h u s r e s p o n d i m m e d i a t e l y t o a n y d i s t u r b a n c e w i t h i n t h e p i p e l i n e o r t o a n y c h a n g e o f t h e s o i l 

i n f l o w i n t h e s u c t i o n m o u t h , w i l l p r o b a b l y n o t be a b l e t o m a i n t a i n max imum c o n c e n t r a t i o n 

a l l t h e t i m e . I t w o u l d , t h e r e f o r e , be s a f e t o c o u n t on an a v e r a g e s a n d c o n c e n t r a t i o n o f n o t 

m o r e t h a n 1 5 ^ . E x p e r i e n c e , o f c o u r s e , p r o v i d e s f i g u r e s w h i c h r o u g h i y i n d i c a t e t h e a v e r a g e 

c a p a c i t y o f a c e r t a i n s i z e d r e d g e r o p e r a t i n g i n a c e r t a i n t y p e o f b e d m a t e r i a l , a n d t h e s e 

e x p e r i e n c e f i g u r e s may be u s e f u l f o r a f i r s t a p p r o a c h when c o n s i d e r i n g t h e r e q u i r e m e n t s f o r 

t h e d r e d g e r t o be o b t a i n e d . On t h e RFo M a g d a l e n a s u c h i n f o r m a t i o n w i l l h a v e t o be g a t h e r e d 

f r o m t e s t d r e d g i n g . 

A u x l 1 i a r y c r a f t 

F o r a p r o p e r f u n c t i o n i n g o f t h e d r e d g i n g e q u i p m e n t , a f e w s a t e l l i t e v e s s e l s w i l l be 

i n d i s p e n s a b l e . T h e p u r p o s e s , t y p e s a n d n u m b e r s o f t h e s e a u x i l i a r y c r a f t d e p e n d o n t h e l o c a l 

c i r c u m s t a n c e s , t h e t y p e and s i z e o f d r e d g i n g e q u i p m e n t , a n d t h e t r a d i t i o n s t h a t p r e v a i l i n 

t h e c o u n t r y . W i t h o u t e n l a r g i n g t o o much u p o n t h i s s u b j e c t , m e n t i o n may be made i n t h i s 

r e s p e c t o f a s m a l l t u g , a s o u n d i n g - b o a t , a n d a v e s s e l f o r t h e s u p p l y o f f u e l , f o o d , d r i n k i n g -

w a t e r a n d s p a r e p a r t s . H o w e v e r , some a d d i t i o n a l v e s s e l s may be r e q u i r e d t o p r o v i d e f a c i l i t i e s 

n o t a v a i l a b l e o n t h e d r e d g e r i t s e l f : an a n c h o r - b o a t i f t h e d r e d g e r i s n o t e q u i p p e d w i t h 

a n c h o r b o o m s , and e x t r a c r a f t t o s e r v e as l i v i n g s p a c e f o r c r e w members n o t a c c o m m o d a t e d o n 

t h e d r e d g e r . 

A l l s u c h s a t e l l i t e v e s s e l s c a n b e s t f o r m p a r t o f t h e d r e d g i n g u n i t , a n d be u n d e r t h e 

command o f t h e d r e d g e - m a s t e r . 

2 . 3 . 4 . D r e d g i n g e q u i p m e n t a t p r e s e n t i n u s e o n t h e RFo M a g d a l e n a a n d t h e C a n a l d e l P i q u e 

T h e d r e d g e r s i n t h e p o s s e s s i o n o f MOP a r e l i s t e d i n T a b l e 2 . 3 . 1 . 

I n f a c t , a t p r e s e n t f o r d r e d g i n g p u r p o s e s o n t h e R f o M a g d a l e n a a n d t h e C a n a l d e l D i q u e 

t h e f o l l o w i n g d r e d g e r s a r e a v a i l a b l e : DH 1 , 6 , 7 , 8 , 9 a n d 1 0 . 

T h e DH 7 w o r k s o n l y o n t h e C a n a l d e l D i q u e a n d f o r c o n t r a c t s , w h i l e t h e DH 6 a n d DH 9 

a r e u s e d o n t h e C a n a l d e l D i q u e m o s t o f t h e t i m e . 

A l t h o u g h t h e DH 1 , 8 a n d 10 w o r k o n t h e RFo M a g d a l e n a , t h e y a r e o n l y u s e d f o r t h e 

p r o t e c t i o n o f v i l l a g e s , e t c . , b u t n o t f o r t h e i m p r o v e m e n t o f n a v i g a t i o n . T h e r e i s n o t a g o o d 

c o o r d i n a t i o n b e t w e e n t h e w o r k o f t h e d i f f e r e n t d r e d g e r s a n d , i n f a c t , t h i s w o u l d be v e r y 

d i f f i c u l t w l t h t h e p r e s e n t t y p e o f o r g a n i z a t i o n . 
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Name Hal<e C a p a c i t y m 

( s o l i d s ) 

Vhr B a s e P r e s e n t U s e R e m a r k s 

DH 1 E l 1 i c o t 150 B a r r a n q u i ! l a f^To H a g d a l e n a , p r o t e c t i o n o f v i l l a g e s , e t c . S t e a m , , v e r y o l d ( P a n a m a c a n a l ) p l a n s f o r 

c o n v e r s i o n v v i t h p a r t s o f DH6 

DH 2 A l e m a n a 200 Qu i bdó 

DH 3 E l l I c o t 3 0 0 B u e n a v e n t u r a 

DH * E l l I c o t 150-200 B u e n a v e n t u r a C o t p u e r t o s 

DH 5 E l 1 I c o t 300 T u m a c o C a s c o n e e d s r e p a i r s 

OH 6 E l l I c o t 1̂50 B a r r a n q u i 1 l a A D E N A V I , m a i n l y C a n a l d e l D i q u e , b u t a l s o T o b e c o n v e r t e d t o } ^kOO m ^ / h r s o l i d s 

R T o H a g d a l e n a 

DH 7 D e g g e n d o r f 2 7 5 C a r t a g e n a J u n t a C a n a l d e l D i q u e 

Dh 8 D e g g e n d o r f 325 B a r r a n q u i 1 l a RTo H a g d a l e n a , p r o t e c t i o n o f v i l l a g e s , e t c . 

DH 9 D e g g e n d o r f 300 B a r r a n q u i 1 l a A D E N A V I , C a n a l d e l D i q u e 

DH 10 D e g g e n d o r f 300 B a r r a n q u i 1 t a R f o H a g d a l e n a , p r o t e c t i o n o f v i l l a g e s , e t c . 

C o l o m b i a l . H . C . 1,000 B a r r a n q u i 1 l a C o l p u e r t o s 

T a b l e 2 . 3 . 1 D r e d g e r s i n P o s s e s s i o n o f MOP ( d a t a as p e r J a n u a r y 1 9 7 3 ) 

A s t u d y i s b e i n g i n i t i a t e d a t p r e s e n t f o r i m p r o v e m e n t o f t h e d r e d g i n g o r g a n i z a t i o n 

as w e l l as t h e t e c h n i c a l f e a t u r e s o f t h e a v a i l a b l e d r e d g e r s i n r e l a t i o n t o t h e r e q u i r e d 

d r e d g i n g i n C o l o m b i a . D u r i n g t h e RFo M a g d a l e n a a n d C a n a l d e l D i q u e S u r v e y P r o j e c t some 

d a t a h a v e a l r e a d y b e e n o b t a i n e d c o n c e r n i n g t h e d r e d g e r s w o r k i n g a l o n g t h e RTo M a g d a l e n a 

a n d t h e C a n a l d e l D i q u e (DH 1 , 6 , 7 , 8 , 9 a n d l O ) . The DH 1 , 6 , 9 a n d 10 h a v e b e e n 

i n s p e c t e d by t h e M i s s i o n a n d some r e m a r k s w i l l be made a b o u t t h e m . H o w e v e r , t h e commen ts 

o n t h e DH 9 a n d 1 0 a r e a l s o l a r g e l y v a l i d f o r t h e DH 7 a n d DH 8 , b e i n g v e r y s i m i l a r 

d r e d g e r s , 

DH 1 

The d e c i s i o n t o r e c o n d i t i o n t h e DH 1 w i t h p a r t s o f t h e DH 6 s h o u l d n o t be t a k e n t o o 

l i g h t l y . The p o n t o o n i s p r o b a b l y made o f m i l d s t e e l a n d w e l d i n g may p r e s e n t d i f f i c u l t i e s . 

I f t h i s c a n be o v e r c o m e a n d t h e h u l l o f t h e DH 1 i s s t i l l i n a g o o d c o n d i t i o n , t h e 

r e c o n d i t i o n i n g o f t h e DH 1 may be a g o o d p r o p o s i t i o n . 

DH 6 

E s p e c i a l l y when t h i s d r e d g e r i s c o n v e r t e d t o a c a p a c i t y o f 1 , 4 0 0 m ' / h r ( s o l i d s ) , i t 

w i l l be a v e r y g o o d g e n e r a l p u r p o s e d r e d g e r , s u i t a b l e f o r u s e o n t h e RFo M a g d a l e n a as w e l l 

o n t h e C a n a l d e l D i q u e . 

F o r t e s t d r e d g i n g i t i s t h e m o s t s u i t a b l e d r e d g e r , as i t c a n a l s o be u s e d as a d u s t p a 

d r e d g e r . A t p r e s e n t i t i s n o t known w h i c h t y p e w i l l be m o r e s u i t a b l e f o r t h e d r e d g i n g o f 

c r o s s i n g s o n t h e RFo M a g d a l e n a : a c u t t e r o r a d u s t p a n - d r e d g e r . T h i s q u e s t i o n s h o u l d be 

a n s w e r e d by t h e t e s t d r e d g i n g ( i n 1 9 7 3 ) . 

DH 9 a n d DH 1 0 

The m a k e r s o f t h e s e d r e d g e r s , b e i n g b u i l d e r s o f t r a d i t i o n a l s h i p s , p r o b a b l y h a d l i t t l 

e x p e r i e n c e i n t h e b u i l d i n g o f d r e d g e r s . As a r e s u l t , t h e r e a r e a number o f s h o r t c o m i n g s i n 

t h e s e d r e d g e r s . 

- T h e pumps h a v e a v e r y s m a l l d i a m e t e r a n d , c o n s e q u e n t l y , h i g h s p e e d s , r e s u l t i n g i n 

e x c e s s i v e w e a r o f p u m p - h o u s e a n d i m p e l l e r , r i s k o f damage by l a r g e r s t o n e s i n t h e p u m p , 

w h i l e t h e pump i s e a s i l y b l o c k e d b y l a r g e p i e c e s o f wood e n t e r i n g t h e s m a l l p u m p - h o u s e . 
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Due t o t h e s m a l l p u m p - h o u s e t h e i m p e l l e r i s o f a b a d d e s i g n ; t h e i m p e l l e r b l a d e s b e i n g 

t o o s h o r t a n d a t t h e w r o n g a n g l e . The i n s t a l l a t i o n o f new pumps s h o u l d be c o n s i d e r e d . 

- T h e e n g i n e s (MAN) h a v e b e e n d e s i g n e d f o r t h e p r o p u l s i o n o f o r d i n a r y s h i p s a n d as used 

a t p r e s e n t a r e n o t v e r y s u i t a b l e f o r d r e d g i n g b e c a u s e , w i t h t h e number o f r e v o l u t i o n s b e l o w 

t h e d e s i g n v a l u e , t h e a v a i l a b l e t o r q u e d e c r e a s e s r a p i d l y ( d r e d g e pumps r e q u i r e e n g i n e s w i t h a 

n e a r l y c o n s t a n t t o r q u e o v e r a l a r g e r a n g e ) . The b e s t s o l u t i o n seems t o b u i l d a r e d u c t i o n 

g e a r b e t w e e n t h e pump a n d t h e e n g i n e . The p r a c t i c e o f t h e e n g i n e - r o o m s t a f f t o r u n t h e 

e n g i n e s a t e v e n l o w e r s p e e d s t h a n p e r m i t t e d by t h e m a n u f a c t u r e r s r e d u c e s t h e c a p a c i t y e v e n 

m o r e . E x h a u s t t e m p e r a t u r e s o f 3 0 0 ° C w e r e common d u r i n g t h e t e s t d r e d g i n g i n 1 9 7 2 , i n s t e a d 

o f n o r m a l w o r k i n g t e m p e r a t u r e s o f a b o u t 4 0 0 ° C. 

- The c u t t e r - h e a d s h o u l d be p r o v i d e d w i t h a s p e c i a l k n i f e t o c u t p i e c e s o f wood w h i c h 

come i n f r o n t o f t h e c u t t e r . A f u r t h e r i m p r o v e m e n t c a n be o b t a i n e d by t h e i n s t a l l a t i o n o f 

a c u t t e r a t t h e e n t r a n c e o f t h e p u m p - i m p e l 1 e r , w h i c h may c u t t h e f i n e r p i e c e s o f wood w h i c h 

h a v e s t i l l p a s s e d t h e c u t t e r ( s e e F i g u r e 2 . 3 . 1 4 ) . 

STEEL BAH 50x130 mm 
FASTEHEO IN SUCTION PIPE 

F i g u r e 2 . 3 . 1 4 Wood C h o p p e r 

- The s p u d s a r e t o o l i g h t a n d o f a w r o n g d e s i g n . The s p u d s o f t h e DH 10 w e r e c h a n g e d 

w i t h o u t d i f f i c u l t y d u r i n g t h e t e s t d r e d g i n g i n 1 9 7 2 , a n d t h e s e c h a n g e s a r e i n d i c a t e d i n 

F i g u r e 2 . 3 . 1 5 . T h e w e i g h t o f t h e s p u d s was i n c r e a s e d by f i l l i n g t h e m w i t h s a n d a n d g r a v e l , 

a f t e r w h i c h t h e y w o r k e d a d e q u a t e l y . 

- A n c h o r - w i n c h e s s h o u l d be o f a t y p e t h a t h e a v e i n w i t h a c o n s t a n t s p e e d , e v e n when 

t h e l o a d c h a n g e s . T h i s i s i m p o s s i b l e w i t h t h e t y p e u s e d on t h e DH 9 a n d DH 1 0 . T h e t o r q u e 

c o n v e r t e r s h o u l d be r e m o v e d a n d a d i f f e r e n t c o u p l i n g d e s i g n e d . T h e s w i n g i n g s p e e d s h o u l d be 

m a i n t a i n e d by t h e o p e r a t o r a t s u c h a l e v e l t h a t a g o o d v a c u u m i s m a i n t a i n e d ( 8 m ) . D u r i n g 

t h e t e s t d r e d g i n g i n 1972 e x t r e m e l y l o w v a c u u m s w e r e m a i n t a i n e d w i t h c o n s e q u e n t l o w 

p r o d u c t i o n . E v i d e n t l y t h e a n c h o r s s h o u l d be o f s u f f i c i e n t w e i g h t a n d c o r r e c t d e s i g n t o 

c o u n t e r a c t t h e f o r c e s w i t h l a r g e s w i n g s p e e d s ; t h e a n c h o r s o n t h e DH 10 w e r e t o o l i g h t . 

- The p i p e l i n e o f t h e DH 9 a n d DH 10 i s t o o t h i n , r e s u l t i n g i n much t i m e l o s t d u e t o 

damage o f t h e p i p e l i n e . New p i p e s s h o u l d h a v e a t h i c k n e s s o f a t l e a s t 8 mm. 

- D u r i n g t h e t e s t d r e d g i n g n o n e o f t h e i n s t r u m e n t s ( v a c u u m , p u m p - p r e s s u r e ) w o r k e d 

p r o p e r l y . W i t h o u t t h e s e i n s t r u m e n t s i t i s i m p o s s i b l e t o make a g o o d p r o d u c t i o n . I n s t a l l a t i o n 

o f p r o d u c t i o n m e t e r s s h o u l d be c o n s i d e r e d . 

I t may be c o n c l u d e d t h a t t h e DH 9 a n d DH 10 w i l l n e v e r be i d e a l d r e d g e r s f o r u s e o n t h e 

R r o M a g d a l e n a , a l t h o u g h w i t h m i n o r a l t e r a t i o n s t h e i r u s e f u l n e s s c a n be g r e a t l y I m p r o v e d . 
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F i g u r e 2 . 3 . 1 5 C o n v e r s i o n o f Spuds o f DH 10 

A g e n e r a l r e m a r k c a n be made a b o u t t h e s p a r e p a r t s f o r a l l t h e d r e d g e r s w o r k i n g o n t h e 

RFo M a g d a l e n a a t p r e s e n t . A f a r g r e a t e r s u p p l y o f s p a r e p a r t s s h o u l d be a v a i l a b l e . A t p r e s e n t , 

d r e d g e r s o f t e n h a v e t o s t o p b e c a u s e o f l a c k o f s p a r e s a n d c o n s u m a b l e s s u c h as s h a c k l e s , w i r e , 

e t c . 

2.3.5. New e q u i p m e n t f o r t h e R f o M a g d a l e n a 

The m o s t s u i t a b l e t y p e o f e q u i p m e n t f o r d r e d g i n g o n t h e R f o M a g d a l e n a w i l l now be 

d i s c u s s e d . T h e o p t i m a l c a p a c i t y o f s u c h a d r e d g e r , when u s e d f o r d r e d g i n g c r o s s i n g s , w i l l be 

b a s e d o n a n a s s u m e d a v e r a g e c r o s s i n g . The n u m b e r o f d r e d g e r s r e q u i r e d c a n n o t be g i v e n h e r e , 

as t h i s d e p e n d s o n t h e t o t a l a m o u n t t o be d r e d g e d a n d t h e t i m e a v a i l a b l e . T h i s i s d e a l t w i t h 

i n C h a p t e r , 5. 

I t has b e e n a s s u m e d t h a t t h e d r e d g e r s h o u l d be o p t i m a l l y d e s i g n e d f o r n a v i g a t i o n 

d r e d g i n g , b u t s t i l l be w e l l e q u i p p e d t o c a r r y o u t d r e d g i n g f o r o t h e r p u r p o s e s . The p r e s e n t 

c u s t o m , h o w e v e r , o f u s i n g l a r g e ( e x p e n s i v e ) d r e d g e r s f o r w o r k w h e r e o f t e n a c r a n e o r b u l l d o z e r 

w o u l d do t h e j o b m o r e e f f i c i e n t l y , s h o u l d be a b a n d o n e d , I t i s , i n f a c t , a d v i s e d t h a t a f e w 

v e r y s m a l l d r e d g e r s a n d f l o a t i n g c r a n e s be p u r c h a s e d t o c a r r y o u t t h e many n e c e s s a r y s m a l l 

w o r k s a l o n g t h e r i v e r , a n d t o u s e l a r g e d r e d g e r s o n l y w h e r e u s e c a n be made o f t h e i r 

c a p a c i t y . 

Some p r o p e r t i e s o f t h e o p t i m a l d r e d g e r f o r n a v i g a t i o n d r e d g i n g ( c r o s s i n g s ) a r e d e a l t 

w i t h b e l o w , f o l l o w e d b y a g e n e r a l d e s c r i p t i o n o f s u c h a d r e d g e r . 
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C a p a c i t y 

I n P a r t I I I C h a p t e r 5 i t i s shown t h a t b e t w e e n 80 a n d 100 c r o s s i n g s , v a r y i n g c o n ­

s i d e r a b l y i n s i z e . W i l l h a v e t o be d r e d g e d a t t h e e n d o f t h e h i g h s e a s o n . I n t h e u p s t r e a m 

p a r t a t some c r o s s i n g s o n l y a b o u t 1 ,000 m^ o r e v e n l e s s has t o be r e m o v e d , w h i l e a t o t h e r 

p l a c e s s o m e t i m e s m o r e t h a n 5 0 , 0 0 0 m^ w i l l h a v e t o be t a k e n a w a y . I t i s i m p o s s i b l e t o h a v e a 

d r e d g e r w h i c h i s o p t i m a l f o r a l l o f t h o s e c r o s s i n g s . A common c r o s s i n g i s a b o u t 1 5 , 0 0 0 m ^ , 

a n d t h i s has b e e n t a k e n as a s t a n d a r d c r o s s i n g . B u t t o h a v e some i n s i g h t i n t o t h e i n f l u e n c e 

o f t h e s i z e o f t h e c r o s s i n g , a i s o c r o s s i n g s o f 5 , 000 a n d 2 5 , 0 0 0 m^ h a v e b e e n c o n s i d e r e d . 

To d e t e r m i ne t h e o p t i m a l c a p a c i t y , t h e f o l l o w i n g a s s u m p t i o n s h a v e a l s o b e e n m a d e : 

- The d r e d g e r s a r e w o r k e d i n t w o sh i f t s o f 10 h o u r s , w h i l e u r g e n t r e p a i r s c a n be d o n e 

i n t h e r e m a i n i n g h h o u r s o f t h e d a y ; 

- t h e t w o s h i f t s , i n c l u d i n g c r e w , a u x l 1 i a r y c r a f t , e t c . , c o n s i s t o f 20 m e n ; 

- o n S a t u r d a y a n d Sunday t h e d r e d g e r i s o p e r a t e d by o n e s h i f t (10 h o u r s p e r d a y ) ; 

- d i s t a n c e b e t w e e n t h e c r o s s i n g s i s 3 t o 4 km ( s a i 1 i ng t i m e w i t h o u t b r e a k i n g up 

and p r e p a r a t i o n : i h o u r ) ; 

- d e p r e c i a t i o n a n d i n t e r e s t a m o u n t s t o 2Qt p e r y e a r o f t h e i n v e s t e d c a p i t a i ; a n d 

- an a v e r a g e e f f i c i e n c y o f 8 0 l i s o b t a i n e d . 

I n T a b l e 2 . 3 . 2 t h e t i m e r e q u i r e d t o d r e d g e o n e c r o s s i n g I s shown f o r d i f f e r e n t d r e d g e r 

c a p a c i t i e s . 

Crossing (m') 5,000 15,000 25,000 

Capacity (m' /hr ; s o l i d s in s i t u ) 300 600 1,200 2,200 300 600 1,200 2,200 300 600 1,200 2,200 

Dredg i ng 

Preparat ion 

Losses for changes, ( r e ) p o s i t i o n i n g , e t c . 

Sai1ing 

Tiine l o s t for v/eel<-end 

16.7 8.3 ^1.2 2,3 

2 3 3 h 

2,5 1.3 0.6 0.3 

0.5 0.5 0,5 0,5 

3.1 1.9 1.2 1 

50 25 12.5 6.8 

2 3 3 h 

7.5 3.8 1.9 1 

0.5 0.5 0.5 0.5 

8.6 11,6 2.6 1,8 

83.3 hUl 20.8 11.1| 

2 3 3 't 

12.5 6.3 3.1 1.7 

0.5 0.5 0.5 0.5 

i'l 7.'i 3.9 2.5 

Total Time (tiours) 2l|.8 15 9.5 8.1 68,6 36,9 20.5 I ' l . l 112.3 58.9 31.3 20.1 

T a b l e 2 , 3 . 2 T i m e R e q u i r e d t o D r e d g e o n e C r o s s i n g f o r D i f f e r e n t D r e d g e r C a p a c i t i e s 

I n F i g u r e 2 . 3 . 1 6 t h e t o t a l c o s t o f d r e d g i n g o n e c r o s s i n g has b e e n i n d i c a t e d ( f o r d i f f e r ­

e n t c a p a c i t i e s ) a s f o u n d f r o m t h e h o u r l y r u n n i n g c o s t a n d t h e number o f h o u r s r e q u i r e d t o 

d r e d g e o n e c r o s s i n g ( T a b l e 2 . 3 . 2 ) . T h i s has b e e n d o n e f o r a c r o s s i n g o f 5 , 0 0 0 mS 1 5 , 0 0 0 m^ 

a n d 2 5 , 0 0 0 m ^ . As c a n be s e e n , f o r a c r o s s i n g o f 1 5 , 0 0 0 t h e m i n i m u m c o s t i s o b t a i n e d b y 

a d r e d g e r c a p a c i t y o f a b o u t 1 , 2 0 0 mVhour ( s o l i d s i n s i t u ) . T h i s m i n i m u m , h o w e v e r , i s v e r y 

f l a t ; a d e v i a t i o n b e t w e e n t h e s e l e c t e d c a p a c i t y a n d t h e o p t i m u m c a p a c i t y I s n o t , t h e r e f o r e , 

o f v e r y g r e a t I n f l u e n c e . T h e v a l u e o f t h e o p t i m u m c a p a c i t y m u s t , m o r e o v e r , n o t be c o n s i d e r e d 

a s a v e r y e x a c t v a l u e , b e c a u s e i t I s i n f l u e n c e d by t h e a s s u m p t i o n s a l r e a d y m e n t i o n e d . 

The a s s u m e d t i m e o f p r e p a r a t i o n (3 h o u r s ) i n p a r t i c u l a r may n e e d t o be a l t e r e d i f t e s t d r e d g i n g 

d a t a i n d i c a t e a d i f f e r e n t v a l u e . T h i s w o u l d s h i f t t h e m i n i m u m I n t h e g r a p h . 
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I t may a l s o be c o n c l u d e d from t h e g r a p h t h a t f o r a c r o s s i n g o f 5 , 0 0 0 m ' t h e o p t i m u m 

c a p a c i t y w o u l d be a b o u t 600 mVhr ( s o l i d s i n s i t u ) , w h i l e f o r a c r o s s i n g o f 2 5 , 0 0 0 m ' t h i s 

w o u l d be a b o u t 1 , 7 0 0 mVhr . As t h e i n c r e a s e o f c o s t i s r e l a t i v e l y s m a l l e r f o r a d r e d g e r w i t h 

a l a r g e r t h a n o p t i m a l c a p a c i t y t h a n f o r a d r e d g e r w i t h a s m a l l e r t h a n o p t i m a l c a p a c i t y , i t 

i s b e t t e r t o s e l e c t a c a p a c i t y a l i t t l e t o o l a r g e t h a n t o o s m a l l . F o r t h e a b o v e c o m p u t a t i o n s , 

a n i m a g i n a r y m o n e t a r y u n i t has b e e n u s e d t o a v o i d t h e i n f l u e n c e o f d e v a l u a t i o n , e t c . 

A t p r e s e n t ( 1 9 7 3 ) t h i s m o n e t a r y u n i t w o u l d show a v a l u e b e t w e e n C o l $ 1 , 0 0 0 a n d C o l . 

$ 1 , 5 0 0 . 

C u t t e r - d u s t p a n 

T e s t d r e d g i n g by a c u t t e r as w e l l as by a d u s t p a n - d r e d g e r w o u l d h a v e t o a n s w e r t h e 

q u e s t i o n as t o w h i c h d r e d g e r i s m o r e s u i t a b l e f o r t h e d r e d g i n g o f c r o s s i n g s a l o n g t h e RFo 

M a g d a l e n a . As t h e d r e d g e r s h o u l d a l s o be a b l e t o o p e r a t e as a c u t t e r - d r e d g e r , i t i s 

t h o u g h t t h a t a c o m b i n a t i o n d r e d g e r ( c u t t e r - d u s t p a n ) i s , b a s e d o n t h e p r e s e n t a v a i l a b l e 

i n f o r m a t i o n , t h e b e s t c h o i c e . 

L a d d e r 

As t h e d r e d g e r s h o u l d be a b l e t o w o r k a t d e p t h s r a n g i n g f r o m 1 . 5 0 m ( c r o s s i n g ) t o 

a b o u t 15 m, d i f f e r e n t l e n g t h s o f t h e l a d d e r a r e r e q u i r e d . 
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D e s c r i p t i o n o f the optima] dredger f o r the RTo Magdalena ( n o t t o be regarded as tender 

s p e c i f i c a t i o n s ) 

H u l l 

The h u l l should p r e f e r a b l y c o n s i s t o f one main pontoon and,4 s i d e pontoons; when f u l l y 

assembled, the main dimensions should be about: Length 60 m, w i d t h 14 m, and draught 

0 . 9 0 - 1 . 2 0 m (3-4 f t l . 

The draught w i t h f u l l bunkers and p r o v i s i o n s should i n any case not be more than 4 f t . 

(The bunker c a p a c i t y need not be ver y i a r g e , as i n the complete d r e d g i n g u n i t a f u e l barge 

should be i n c l u d e d ) . The main pontoon s h o u l d , i f p o s s i b l e , be a b l e t o o p e r a t e w i t h o u t the 

s i d e pontoons when dredging i n narrow channels; i n t h a t case, o f course, the draught w i l l 

i n c r e a s e . 

The dredger should be s e l f - p r o p e l l e d . She should have a bow t h r u s t e r or a " s c h o t t e l " f o r 

dustpan-dredging purposes. The speed i n s t i i l water should be about 7 k n o t s . 

Pump d r i v e 

The pump should be d r i v e n by a medium-speed d i e s e l engine (maximum about 1 , 2 0 0 rpm), 

which can m a i n t a i n a near c o n s t a n t t o r q u e under a wide range o f c o n d i t i o n s ( r e v o l u t i o n s ) . The 

r a t e d continuous power under t r o p i c a l c o n d i t i o n s should be about 1 , 5 0 0 hp. 

Dredge pump 

A h i g h - e f f i c i e n c y dredge pump (400 rpm); o p t i m a l d i s c h a r g e w i t h a f l o a t i n g p i p e l i n e 

500 m long. The pump should a l s o be s u i t a b l e , f o r a 1 , 5 0 0 m long p i p e l i n e ( p a r t l y l a n d l i n e , 

p a r t l y f l o a t i n g ) . The wearing p a r t s o f the pump should be o f a hi g h w e a r - r e s i s t a n t a l l o y . 

S p o i l o u t p u t (151 s o l i d s , 500 m p i p e l i n e ) should be 2.4 m^/s. 

P i p e ! i n e 

A f l o a t i n g f l e x i b l e p i p e l i n e i s r e q u i r e d w i t h a l e n g t h o f 500 m, and p r o v i d e d w i t h a 

b a f f l e - p l a t e i n s t a l l a t i o n . The diameter should be s u i t a b l e f o r t h e above pump c a p a c i t y (about 

650 mm). Thickness o f the p i p e l i n e should be about 8 - 1 0 mm. 

Spuds 

The two main spuds should have a l e n g t h o f 23 m, a diameter o f 1 m, and a wei g h t o f a t 

l e a s t 20 t o n s . Mounting one o f the spuds on a s p u d - c a r r i e r should be c o n s i d e r e d ; spuds and 

c a r r i e r h y d r a u l i c a l l y d r i v e n . A t h i r d spud i s r e q u i r e d on the f o r w a r d p a r t o f the pontoon f o r 

dustpan-dredg i ng. 

Winches 

There must be two main winches s u i t a b l e f o r head w i r e s when the dredger i s used as a 

dustpan-dredger and f o r swing w i r e s when i t i s used as a c u t t e r - d r e d g e r . Constant l i n e - p u l l 

o f each winch: about 2 5 t o n s . 

Speed o f winches ( i n two s t e p s ) : F i r s t s t e p 0 - 1 8 m/min, and second s t e p 1 8 - 24 m/min. 
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L a d d e r 

A d e r r i c k l i o i s t e d d r e d g e - l a d d e r b a s e i s r e q u i r e d s u i t a b l e f o r m o u n t i n g : 

- D u s t p a n - f i e a d f o r d r e d g i n g a t d e p t h s b e t w e e n h' a n d 1 0 ' ; 

- a c u t t e r - h e a d s u i t a b l e f o r d r e d g i n g a t d e p t h s b e t w e e n 5' a n d 2 0 ' ; a n d 

- a c u t t e r - h e a d s u i t a b l e f o r d r e d g i n g a t d e p t h s up t o 5 0 ' . 

A n c h o r booms 

The d r e d g e r s h o u l d be e q u i pped w i t h a n c h o r booms a b o u t 25 m l o n g . 

C u t t e r a n d J e t - p u m p d r i v e 

On t h e l a d d e r b a s e an e l e c t r i c c u t t e r m o t o r ( 2 5 r p m ; 600 h p ) a n d a j e t - p u m p f o r t h e 

d u s t p a n s h o u i d be m o u n t e d . 

D u s t p a n / c u t t e r - h e a d i n s t a l l a t i o n 

- A d u s t p a n u n i t 9 m w i d e w h i c h c a n be c o n n e c t e d t o t h e l a d d e r b a s e . 

- An a n g l e d down c u t t e r - h e a d ( a n d s u c t i o n t u b e ) w h i c h c a n be c o n n e c t e d t o t h e l a d d e r b a s e a n d 

w h i c h i s s u i t a b l e f o r d r e d g i ng a t d e p t h s r a n g i n g b e t w e e n 5 ' a n d 2 0 ' . C u t t e r d i a m e t e r , 

2 . 5 0 m (600 h p ; 25 r p m ) . 

- L a d d e r ( a n d s u e t i o n t u b e ) e x t e n s i o n w i t h t h e n e c e s s a r y c o n n e c t i o n s t o d r e d g e a t d e p t h s up t o 

5 0 ' . 

I n a d d i t i o n t o t h e d r e d g e r , t h e f o i l o w i ng a u x i l i a r y c r a f t w i 1 1 be r e q u i r e d : 

H o u s e - b o a t 

As t h e d r e d g e r w o u l d n o t h a v e s l e e p i n g a c c o m m o d a t i o n , a h o u s e - b o a t s h o u l d be a v a i l a b l e 

t h a t c a n a c c o m m o d a t e a b o u t 30 p e o p l e . 

Tug and w o r k - b o a t 

A t u g s h o u l d be a v a i l a b l e t o move t h e d r e d g e r , h a n d l e t h e p i p e l i n e , t o w t h e f u e l b a r g e , 

e t c . I n a d d i t i o n , a w o r k - b o a t s h o u l d be a v a i l a b l e p r o v i d e d w i t h a d e r r i c k f o r r e m o v i n g s n a g s , 

l i f t i n g a f o u l e d a n c h o r , a n d f o r t h e r e m o v a l o f f l o a t i n g d e b r i s w h i c h g a t h e r s i n f r o n t o f t h e 

p i p e l i n e . I n s t i l l w a t e r , t h e s p e e d o f t h e c o m b i n e d f l e e t o f t u g , d r e d g e r a n d p i p e l i n e s h o u l d 

be a b o u t 7 k n o t s . 

F u e l b a r g e 

I n v i e w o f t h e r e q u i r e d s h a l l o w d r a u g h t o f t h e d r e d g e r , o n l y s m a l l b u n k e r s ( t o w o r k 

t h e d r e d g e r f o r a b o u t 10 d a y s ) a r e p o s s i b l e . So a f u e l b a r g e s h o u l d be a v a i l a b l e w i t h a f u e l 

c a p a c i t y f o r a b o u t o n e m o n t h . 

S p e e d - b o a t 

A s p e e d - b o a t s h o u l d be a v a l l a b l e f o r t r a n s p o r t a t i o n , o b t a i n i n g p r o v i s i o n s , e t c . 
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2 . 3 . 6 . O r g a n i z a t i o n o f d r e d g i n g 

I n C o l o m b i a t h e f o l l o w i n g a g e n c i e s a r e c o n c e r n e d w i t h d r e d g i n g i n t h e RTo M a g d a l e n a 

a n d t h e C a n a l d e l D i q u e : 

- MOP 

- A D E N A V I , a n d 

- J u n t a d e l C a n a l d e l D i q u e . 

T h e r e i s no p r o p e r c o o r d i n a t i o n b e t w e e n t h e s e a g e n c i e s , n o r i s t h e r e a p r o p e r d i v i s i o n 

o f r e s p o n s i b i l i t i e s . A s t u d y has b e e n i n i t i a t e d t o i n v e s t i g a t e t h e d r e d g i n g i n C o l o m b i a , and 

t h e M i s s i o n recommends t h a t d u r i n g t h i s s t u d y t h e f o l l o w i n g p o i n t s s h o u l d a l s o be i n v e s t i g a t e d : 

- How a s e p a r a t i o n c a n be o b t a i n e d b e t w e e n t h e e x e c u t i o n o f d r e d g i n g w o r k s 

a n d t h e i r c o n t r o l . 

- How a p r o p e r p r e p a r a t i o n o f d r e d g i n g c a n be o b t a i n e d . 

- How a b e t t e r m o t i v a t i o n a n d s t i m u l a t i o n c a n be o b t a i n e d f o r d r e d g e c r e w s . 

- How a m o r e e c o n o m i c u s e c a n be made o f t h e e q u i p m e n t by means o f a p r o p e r j o b 

d e s c r i p t i o n , w o r k i ng u n d e r c o n t r a c t , e t c . 

- What s p a r e p a r t s s h o u i d be a v a i l a b l e t o e n s u r e c o n t i n u o u s d r e d g i n g . 

- How a r e d u c t i o n o f c r e w c a n be o b t a i n e d . I t i s t h o u g h t t h a t a d r e d g e r as d e s c r i b e d 

i n P a r a . 2 . 3 . 5 s h o u l d be a b l e t o w o r k w i t h a c r e w ( t w o s h i f t s ) o f : 1 D r e d g e - m a s t e r , 

2 O p e r a t o r s , 2 E n g i n e - d r i v e r s , 10 D e c k - h a n d s , k men ( i n c l u d i n g c o c k s w a i n ) f o r 

a u x i 1 i a r y c r a f t , and 1 c o o k . 

2 . 4 . PERMANENT RIVER IMPROVEMENT 

2 . 4 . 1 . I n t r o d u c t i o n 

I n t h e f o r e g o i n g p a r a g r a p h o n l y t h o s e m e t h o d s f o r r i v e r i m p r o v e m e n t h a v e b e e n d i s c u s s e d 

w h i c h h a v e a t e m p o r a r y c h a r a c t e r , m o s t l y c a r r i e d o u t a t t h e end o f t h e h i g h w a t e r p e r i o d t o 

s e r v e t h e i r p u r p o s e d u r i n g t h e f o l l o w i n g l o w w a t e r p e r i o d . The r e s u l t s o f s u c h i m p r o v e m e n t s 

a r e o f t e n l o s t i n t h e n e x t h i g h w a t e r p e r i o d a n d t h e r e f o r e m u s t be r e p e a t e d e v e r y y e a r . 

P e r m a n e n t r i v e r i m p r o v e m e n t , on t h e c o n t r a r y , i n c l u d e s t h o s e m e t h o d s o f s t a b i l i z i n g a 

r i v e r w h i c h w i l l s e r v e t h e i r p u r p o s e f o r a number o f y e a r s , s u c h a s , f o r e x a m p i e , t h e 

f i x a t i o n o f a r i v e r s e c t i o n c o n s i s t i n g o f d i f f e r e n t b r a n c h e s , o r e v e n a l o c a l b a n k p r o t e c t i o n . 

H o w e v e r , i t m u s t be s t r e s s e d t h a t a l t h o u g h t h e w o r k s a r e c a r r i e d o u t t o s e r v e f o r a number o f 

y e a r s , y e a r l y m a i n t e n a n c e i s o f t e n r e q u i r e d t o p r o l o n g t h e i r u s e . 

P e r m a n e n t r i v e r i m p r o v e m e n t i n c l u d e s a l l t h o s e m e a s u r e s c o n n e c t e d w i t h : 

- C o n t r o l o f t h e d i s c h a r g e ; 

- c o n t r o ! o f t h e w a t e r - l e v e l ; a n d 

- r e g u l a t i o n o f t h e r i v e r - c o u r s e . 

I n t h e n e x t p a r a g r a p h s o n l y t h e l a s t t y p e o f w o r k s w i l l be c o n s i d e r e d , t o be c a r r i e d 

o u t t o i m p r o v e , l o c a l l y , c o n d i t i o n s f o r n a v i g a t i o n . The f i r s t t w o t y p e s o f i m p r o v e m e n t r e q u i r e 

s u c h e n o r m o u s i n v e s t m e n t s t h a t a m o r e c o m p l e x p u r p o s e n e e d s t o be s e r v e d t o be e c o n o m i c a l l y 

j u s t i f i e d . A p a r t f r o m n a v i g a t i o n p u r p o s e s , a l s o i r r i g a t i o n , h y d r o - e l e c t r i c p o w e r - s t a t i o n s , 

p r o t e c t i o n a g a i n s t i n u n d a t i o n s , e t c . , h a v e t h e n t o be s e r v e d . Such i m p r o v e m e n t s a r e . 
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t h e r e f o r e , o u t s i d e t h e s c o p e o f t h e p r e s e n t R e p o r t a n d a s , m o r e o v e r , t h e s e p u r p o s e s w i l l 

be c o v e r e d i n g r e a t e r d e t a i l i n t h e " R i v e r R e g u l a t i o n a n d F l o o d D e f e n c e S t u d y i n t h e B a s i n 

o f t h e RTo M a g d a l e n a " , o n l y some g e n e r a l r e m a r k s w i l l be made h e r e . 

C o n t r o l o f t h e r i v e r d i s c h a r g e 

F o r t h o s e r i v e r s w i t h a g r e a t f l u c t u a t i o n i n t h e d i s c h a r g e d u r i n g t h e r a i n y s e a s o n 

a n d t h e d r y s e a s o n , c o n t r o l o f t h e d i s c h a r g e by means o f a r e s e r v o i r ( o r a c h a i n o f r e s e r ¬

v o i r s ) c a n be c o n s i d e r e d . D u r i n g t h e r a i n y s e a s o n p a r t o f t h e r u n - o f f i s t h e n a c c u m u l a t e d 

i n r e s e r v o i r s t o d e c r e a s e t h e max imum r i v e r d i s c h a r g e s i n t h e w e t s e a s o n a n d t o i n c r e a s e 

t h e d i s c h a r g e d u r i n g t h e d r y s e a s o n . I n c a s e o f d i s c h a r g e r e g u l a t i o n a l s o a c h a n g e o f t h e 

w a t e r - l e v e l w i l l r e s u l t , w h i c h o f t e n i s o f s e c o n d a r y i m p o r t a n c e . Of c o u r s e , t h e p o s s i b i l i t y 

f o r t h e c r e a t i o n o f s u c h r e s e r v o i r s i s c o m p l e t e l y d e p e n d e n t o n t h e t o p o g r a p h y o f t h e 

r i v e r v a l l e y . 

A p a r t f r o m t h e g e n e r a l r e q u i r e m e n t t h a t t h e c o n s t r u c t i o n a n d t h e c o s t s h o u l d be e c o ¬

n o m i c a l l y j u s t i f i e d , some r e q u i r e m e n t s c a n be s p e c i f i e d i n a 1 i t t l e m o r e d e t a i 1 ; 

- S e c u r i t y i s r e q u i r e d o f t h e c o n s t r u c t i o n o f t h e d a m , as w e i l as t h e s t a b i 1 i t y o f 

t h e s u b - s o i l a n d t h e b a n k s , e t c . S p e c i a l a t t e n t i o n s h o u l d be g i v e n t o t h e c o n s t r u c t i o n when 

t h e r e i s t h e p o s s i b i l i t y o f e a r t h t r e m o r s . E m e r g e n c y s p i l l w a y s s h o u l d be c o n s t r u c t e d t o 

p r e v e n t o v e r f l o w o f t h e d a m , w h i c h w o u l d be l i k e l y t o c a u s e i t s c o l l a p s e . 

- To be e c o n o m i c a l l y j u s t i f i e d , t h e l i f e t i m e o f r e s e r v o i r s s h o u l d be a t l e a s t 50 

y e a r s . H o w e v e r , i f t h e r i v e r d i s c h a r g e s g r e a t q u a n t i t i e s o f s a n d a n d / o r s i l t , t h e s e d i ­

m e n t a t i o n i n t h e r e s e r v o i r may r e d u c e i t s l i f e t i m e c o n s i d e r a b l y . 

- L e a k a g e a n d e v a p o r a t i o n a r e m o s t l y n o t v e r y i m p o r t a n t i f t h e r e s e r v o i r i s o n l y 

c o n s t r u c t e d f o r p r o t e c t i o n a g a i n s t i n u n d a t i o n s , o r t o i n c r e a s e t h e a v a i l a b l e w a t e r d e p t h 

f o r n a v i g a t i o n . H o w e v e r , i f t h e dam i s c o m b i n e d w i t h a h y d r o - e l e c t r i c p o w e r - s t a t i o n , b o t h 

l e a k a g e and e v a p o r a t i o n g i v e a l o s s i n t h e p o s s i b l e g e n e r a t i o n o f e n e r g y . D e p e n d e n t o n t h e 

t o p o g r a p h y o f t h e r i v e r v a l l e y i t m i g h t t h e n be m o r e e c o n o m i c a l t o p r e v e n t t h e w a t e r - l o s s 

as f a r as p o s s i b l e ; by a n a r r o w a n d d e e p i n s t e a d o f a w i d e a n d s h a l l o w r e s e r v o i r . 

- The r e g i m e o f t h e r i v e r d o w n s t r e a m o f t h e dam w i l l c h a n g e b e c a u s e t h e d i s c h a r g e 

f r e q u e n c y - c u r v e w i l l a l t e r , a n d t h e s u p p l y o f s e d i m e n t s f r o m u p s t r e a m i s c o m p l e t e l y b l o c k e d . 

D o w n s t r e a m o f t h e dam s c o u r o f t h e r i v e r - b e d w i l l o c c u r w h i c h , h o w e v e r , w i l l be l i m i t e d by 

a r m o u r i n g t h e r i v e r - b e d [ 4 o ] . ( A r m o u r i n g means l o s s o f t h e f i n e r p a r t i c l e s o f t h e bed m a t e r i ­

a l w h i c h i s g r a d u a l l y d e c r e a s i n g a n d e v e n f u l l y s t o p p e d by t h e p r o t e c t i o n o f t h e r e m a i n i n g , 

c o a r s e r , p a r t i c l e s ) . M o r e o v e r , o f t e n t h e p l a n - f o r m o f t h e r i v e r d o w n s t r e a m o f t h e dam w i l l 

c h a n g e b e c a u s e o f t h e m o r e c o n s t a n t d i s c h a r g e . 

C o n t r o l o f t h e w a t e r - l e v e l 

T h i s m e t h o d i m p l i e s an a r t i f i c i a l c h a n g e i n t h e w a t e r - l e v e l s o f a r i v e r (a s e t t i n g - u p 

o f t h e w a t e r ) w i t h o u t a c h a n g e i n t h e d i s c h a r g e . I f by t h e c o n s t r u c t i o n o f w e i r s t h e d i s ¬

c h a r g e i s t e m p o r a r i l y c h a n g e d , t h i s i s o f s e c o n d a r y i m p o r t a n c e . The c a n a l i z a t i o n o f a r i v e r 

f o r n a v i g a t i o n ( t h e Meuse R i v e r ) i s a g o o d e x a m p l e o f t h i s m e t h o d . H o w e v e r , o t h e r p u r p o s e s 

c a n a l s o be s e r v e d , e . g . , i r r i g a t i o n , e r o s i o n p r e v e n t i o n , r e g u l a t i o n o f g r o u n d w a t e r , 

h y d r o - e l e c t r i c i t y g e n e r a t i o n , a n d t o a l e s s e x t e n t f i s h e r y a n d r e c r e a t i o n . 
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T h e e l e v a t i o n o f t h e w a t e r - i e v e l i s p o s s i b i e by t h e c o n s t r u c t i o n o f w e i r s , w h i c h n o t 

o n l y s e t up t h e w a t e r u p s t r e a m b u t s t i l l d i s c h a r g e w a t e r t o t h e r i v e r s e c t i o n d o w n s t r e a m . 

T h e d i s c h a r g e t o t h e r i v e r s e c t i o n d o w n s t r e a m c a n be d o n e e i t h e r o v e r t h e w e i r , t h r o u g h 

( a d j u s t a b l e ) o p e n i n g s d i s c h a r g i n g b e l o w t h e w a t e r - l e v e l d o w n s t r e a m o f t h e w e i r , o r by a 

c o m b i n a t i o n o f b o t h . I n F i g u r e 2 . 4 . 1 a s c h e m a t i z e d e x a m p l e i s g i v e n f o r a r i v e r w i t h a 

( c o n s t a n t ) d i s c h a r g e o f w a t e r a n d s e d i m e n t i n w h i c h t h e w a t e r - l e v e l i s e l e v a t e d by t h e 

c o n s t r u c t i o n o f a f i x e d w e i r . 

^ ^ — ' ' X f q r m e r bed-level 

F i g u r e 2 . 4 . 1 I n f l u e n c e o f W e i r o n E l e v a t i o n o f R i v e r - b e d 

The s e t t i n g - u p o f t h e w a t e r - l e v e l c a u s e s a d e c r e a s e o f t h e w a t e r - l e v e l g r a d i e n t a n d 

t h e f l o w - v e l o c i t y . The t r a n s p o r t c a p a c i t y u p s t r e a m o f t h e w e i r d i m i n i s h e s t o o , r e s u l t i n g 

i n s e d i m e n t a t i o n . C o n s e q u e n t l y , t h e w a t e r - l e v e l g r a d i e n t c h a n g e s a g a i n u n t i l a new e q u i l i b r i ­

um i s r e a c h e d ( b e d - l e v e l a n d w a t e r - l e v e l p a r a l l e l ) . The l e v e l o f e l e v a t i o n ( A ) o f t h e 

w a t e r , h o w e v e r , i s c o n s t a n t . B e l o w t h e w e i r s c o u r o c c u r s t i l l t h e e q u i l i b r i u m - s t a g e u p s t r e a m 

o f t h e w e i r i s r e a c h e d . F rom t h a t moment o n w a r d s , t h e same q u a n t i t y o f s e d i m e n t ( S ) i s 

a l s o t r a n s p o r t e d d o w n s t r e a m o f t h e w e i r a n d s e d i m e n t a t i o n o c c u r s u n t i l t h e f o r m e r b e d - l e v e l 

i s r e a c h e d . F i g u r e 2 . 4 . 1 c l e a r l y shows t h a t i n t h e new s i t u a t i o n no i m p r o v e m e n t has a c t u a l l y 

b e e n o b t a i n e d , b e c a u s e t h e s e t t i n g - u p o f t h e w a t e r - l e v e l i s n u l l i f i e d by an e q u a l r i s e o f 

t h e b e d - l e v e l . I n t h i s s i m p l i f i e d e x a m p l e t h e d i s c h a r g e o f w a t e r a n d s e d i m e n t was a s s u m e d 

t o be c o n s t a n t . H o w e v e r , i n r e a l i t y b o t h w i l l v a r y c o n s i d e r a b l y , r e s u l t i n g i n a f l u c t u a t i o n 

o f b o t h t h e w a t e r - l e v e l a n d t h e e l e v a t i o n o f t h e r i v e r - b e d . 

I f o n l y e r o s i o n p u r p o s e s a r e t o be s e r v e d , t h e c o n s t r u c t i o n o f s u c h a f i x e d w e i r may 

be c o n s i d e r e d . F o r o t h e r p u r p o s e s , e . g . , i r r i g a t i o n o r n a v i g a t i o n , t h e s e d i m e n t a t i o n a n d 

t h e f l u c t u a t i o n o f t h e w a t e r - l e v e l u p s t r e a m o f t h e w e i r ( r e q u i r i n g h i g h e r d i l < e s t o p r e v e n t 

o v e r f l o w ) a r e s t r o n g d i s a d v a n t a g e s . As f a r as p o s s i b l e t h e s e d i m e n t a t i o n u p s t r e a m m u s t be 

p r e v e n t e d by d i s c h a r g i n g a t l e a s t p a r t o f t h e s e d i m e n t s . 
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I n t h i s r e s p e c t t h e p r o j e c t f o r t h e c o n s t r u c t i o n o f a dam i n t h e RTo M a g d a l e n a n e a r 

Honda f o r t h e g e n e r a t i o n o f h y d r o - e i e c t r i c i t y s h o u l d be m e n t i o n e d . In t h e 1 i g h t o f t h e 

f o r e g o i ng r e m a r k s , t h e p o s s i b l e b e n e f i t s f o r n a v i g a t i o n o r t h e p r e v e n t i o n o f i n u n d a t i o n s 

w h i c h s h o u l d be s e r v e d by t h e c o n s t r u c t i o n o f t h i s d a m , m u s t be r e g a r d e d w i t h s u s p i c i o n . 

L o c a l l y , c o n d i t i o n s w i 1 1 i n d e e d c h a n g e , b u t m o r e d o w n s t r e a m t h e e f f e c t o f t h i s dam w i 1 1 

p r o b a b l y h a r d l y be f e l t . 

To j u s t i f y t h e h i g h c o s t i n v o i v e d i n t h e c a n a l i z a t i o n o f a r i v e r , p r e f e r a b l y a m u l t i -

p u r p o s e f u n c t i o n s h o u i d be s e r v e d . F o r n a v i g a t i o n a l o n e , a n d s p e c i f i c a l l y i n v i ew o f t h e 

r a t h e r s m a l l c a r g o f l o w a t p r e s e n t a l o n g t h e U p p e r R f o M a g d a l e n a , s u c h a scheme w i l l 

n o t be f e a s i b l e . I n v i e w o f t h e c o n s i d e r a b 1 e c a r g o f l o w a l o n g t h e Cana1 d e l D i q u e a n d t h e 

h i g h y e a r l y ma i n t e n a n c e c o s t o f d r e d g i n g a l o n g t h e who 1e l e n g t h o f t h e C a n a 1 , t h e c o n ­

s t r u c t i o n o f s l u i c e s a n d , l o c a l l y , r a i s i n g t h e 1 e v e l o f t h e b a n k s may be a s o l u t i o n f o r t h e 

f u t u r e ( t h i s i s f u r t h e r e l a b o r a t e d i n C h a p t e r k, d e a l i n g w i t h t h e Cana l d e l D i q u e ) . 

Requ1 a t i o n o f t h e r i v e r - c o u r s e 

A f t e r t h e s e g e n e r a 1 r e m a r k s a b o u t t h e m e t h o d s t o c o n t r o l e i t h e r t h e d i s c h a r g e o r t h e 

w a t e r - l e v e l i n a r i v e r , t h e r e g u l a t i o n o f t h e r i v e r - c o u r s e w i l l now be d i s c u s s e d i n g r e a t e r 

d e t a i 1 . The r e g u l a t i o n c a n be o b t a i ned i n t h e p l a n - f o r m : e . g . , by f o r c i ng a m o v a b l e c h a n n e l 

o r s y s t e m o f c h a n n e l s i n t o o n e , s t a b l e , s m o o t h l y - c u r v e d c h a n n e l ; by s h o r t - c u t t i n g o r w i d e n i n g 

o f t o o s h a r p r i v e r - b e n d s ; o r by a b a n k - p r o t e c t i o n , e t c . T h e s e m e t h o d s a r e d e s c r i bed i n 

P a r a . 2 . 4 . 2 . 

When r i v e r - w o r k s a r e c a r r i e d o u t a l o n g b o t h b a n k s a no rma 1i z a t i o n o f t h e r i v e r w i d t h 

w i 1 1 be a t t a i n e d . Some r e m a r k s a b o u t t h i s a r e made i n P a r a . 2 . 4 . 3 . 

The r e g u l a t i o n o f t h e r i v e r - c o u r s e c a n a 1 s o be c a r r i ed o u t i n a v e r t i c a 1 p l a n e by t h e 

r e m o v a l o f o b s t a c l e s o r s i l l s , o r by t h e f i x a t i o n o f t h e b e d - l e v e l . T h e s e m e t h o d s a r e 

t r e a t e d i n P a r a . 2.k.k. 

2.k.2. Rejgu 1 a t i o n o f t h e p l a n - f o r m 

T h e r e g u l a t i o n o f t h e p l a n - f o r m c a n r e f e r t o t h e l o w w a t e r b e d , t h e mean w a t e r - l e v e l 

b e d , o r t h e h i g h w a t e r bed o f a r i v e r . F o r o b v i o u s r e a s o n s , i . e . , t o a t t a i n a g r e a t e r w a t e r 

d e p t h by t h e c o n c e n t r a t i o n o f t h e c u r r e n t i n t o o n e , s m o o t h l y - c u r v e d , s t a b l e c h a n n e l i n s t e a d 

o f a d i v e r t i n g c u r r e n t o v e r v a r i o u s s h a l l o w c h a n n e l s , m o s t l y o n l y t h e l o w w a t e r b e d i s 

c o n s i d e r e d . S t a b i l i z i n g a r i v e r - b e d a t h i g h e r w a t e r s t a g e s w i l l g e n e r a l l y n o t l e a d t o t o o 

f a v o u r a b l e a s 1 t u a t i o n a t l o w w a t e r s t a g e s , as may be s e e n i n F i g u r e 2 , 4 . 2 . 

PROTECTED HIBHWATER RIVER BANKS 

F i g u r e 2 , 4 . 2 M o b i l e C h a n n e l i n S t a b i 1 i z e d H i g h W a t e r Bed 
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S t a b i l i z i n g t h e r i v e r - b e d by means o f p r o t e c t e d h i g h w a t e r banl<s d o e s n o t s t a b i l i z e 

t h e c h a n n e l as i t c a n s t i l l f r e e l y m e a n d e r i n b e t w e e n t h e h i g h b a n k s . The p u r p o s e o f t h e 

r e g u l a t i o n i s t h e n n o t s e r v e d . Even t h e s o l u t i o n t o c o n s t r i c t t h e r i v e r - w i d t h by means o f 

g r o y n e s w i 1 1 s t i l i n o t s e r v e i t s p u r p o s e c o m p l e t e l y ( s e e F i g u r e 2 . 4 , 3 ) . 

F i g u r e 2 . 4 . 3 C o n s t r i c t e d H i g h W a t e r Bed by means o f G r o y n e s 

The c o n s t r i c t e d w i d t h o f t h e c h a n n e l a t l o w s t a g e s t e n d s t o g i v e a g r e a t e r d e p t h , a n d 

e v e n when t h e s e d i m e n t a t i o n o n b o t h s i d e s o f t h e c h a n n e l d o e s n o t hamper n a v i g a t i o n , a 

p r o p e r r e g u l a t i o n i s s t i l l n o t r e a c h e d b e c a u s e t h e s a n d - b a n k s w i l l c o n t i n u o u s l y p r o p a g a t e 

i n a d o w n s t r e a m d i r e c t i o n . M o r e o v e r , t h i s n o r m a l i z a t i o n i s e x t r e m e l y c o s t l y , as n o t o n l y do 

b o t h s i d e s o f t h e bed h a v e t o be d e f e n d e d , b u t a l s o t h e p e r i o d i c a l s c o u r o r s e d i m e n t a t i o n i n 

f r o n t o f t h e g r o y n e s demands a h e a v y p r o t e c t i o n t o a s a f e f o u n d a t i o n d e p t h . 

I f I n a r i v e r s e c t i o n t h e c r o s s - s e c t i o n a l a r e a v a r i e s g r e a t l y , r e s u l t i n g i n h e a v y 

s e d i m e n t a t i o n a t h i g h w a t e r s t a g e s d u e t o t h e l o c a l r e t a r d a t i o n s a n d a c c e l e r a t i o n s o f t h e 

f l o w , t h e r e g u l a t i o n o f t h e h i g h w a t e r b e d o f t h e r i v e r c a n h a v e g r e a t a d v a n t a g e s . An 

e x a m p l e o f t h i s c a n be f o u n d a t t h e c o n f l u e n c e o f t h e RTo M a g d a l e n a a n d t h e RTo R e g l a , w h e r e 

d o w n s t r e a m o f t h e c o n f l u e n c e t h e w i d t h o f t h e r i v e r I s r e s t r i c t e d ( w h e r e t h e RFo M a g d a l e n a 

i s c a l l e d t h e RTo N u e v o ) d u e t o t h e r o c k y b a n k s , w h i l e u p s t r e a m t h e r i v e r i s w i d e , c o n s i s t i n g 

o f v a r i o u s c h a n n e l s c o n s t a n t l y c h a n g i n g t h e i r c o u r s e s o t h a t a l t e r n a t i n g s e d i m e n t a t i o n a n d 

s c o u r h a m p e r n a v i g a t i o n g r e a t l y . 

191 



I l l , 2 . 4 

What i s a c t u a l l y m e a n t by a r e g u l a t i o n o f a r i v e r s e c t i o n i s g r a p h i c a l l y shown i n 

F i g u r e 2 . 4 . 4 . 

F i g u r e 2 . 4 . 4 P r i n c i p l e o f R i v e r R e g u l a t i o n 

The h e l i c o i d a l f l o w ( a l s o c a l l e d s p i r a l f l o w ) i n a r i v e r - b e n d w i l l c a u s e e r o s i o n o f 

t h e bed a l o n g t h e o u t e r banl< a n d o f t h e b a n k i t s e l f a n d s e d i m e n t a t i o n a l o n g t h e i n n e r b a n k . 

By t h e c o n s t r u c t i o n o f a b a n k p r o t e c t i o n o r a number o f g r o y n e s a l o n g t h e o u t e r b a n k , t h e 

e r o s i o n a l f o r c e s o f t h e h e l i c o i d a l f l o w a r e a r r e s t e d a n d t h e r i v e r - b e n d r e m a i n s s t a b l e . 

I t i s v e r y i m p o r t a n t t o c h o o s e t h e r a d i u s o f t h e c u r v e s p r o p e r l y . I f t o o g r e a t a r a d i u s 

i s c h o s e n , t h e m a i n c h a n n e l may n o t f o l l o w t h e p r o t e c t i o n , w h i l e t o o s m a l l a r a d i u s 

i m p l i e s n o t o n l y t h a t a g r e a t e r l e n g t h o f r i v e r b a n k s w i l l h a v e t o be p r o t e c t e d , b u t t h a t 

t h e r a d i a l c r o s s - s l o p e o f t h e r i v e r - b e d w i l l a l s o i n c r e a s e , t h u s n e c e s s i t a t i n g a p r o ­

t e c t i o n t o a g r e a t e r d e p t h . M o r e o v e r , t h e i n c r e a s e d n u m b e r o f b e n d s may hamper n a v i g a t i o n . 

I n P a r t I I , P a r a . 3 . 7 . 3 a n e q u a t i o n ( 3 . 7 . 1 0 ) was g i v e n t o c o m p u t e t h e r a d i a l c r o s s - s l o p e 

i n a r i v e r b e n d w i t h a f i x e d , p r o t e c t e d o u t e r b a n k . W i t h a n e s t i m a t e d d e p t h i n f r o n t o f t h e 

p r o t e c t i o n a n d a r a d i u s o f t h e c u r v e ( s e e P a r a . 3 . 7 . 2 ) t h e c r o s s - s l o p e , a n d t h u s a l s o t h e 

w i d t h a v a i l a b l e f o r n a v i g a t i o n , c a n be c o m p u t e d . 

When c o n s i d e r i n g t h e r e g u l a t i o n o f a r i v e r s e c t i o n i t s h o u l d be t r i e d as f a r as 

p o s s i b l e t o d e s i g n t h e r i v e r - w o r k s i n a c c o r d a n c e w i t h t h e o c c u r r i n g p a t t e r n o f c h a n n e l s 

and s h o a l s . T h i s i s n o t o n l y t o make t h e human i n t e r v e n t i o n as s m a l l as p o s s i b l e b u t a l s o 

t o d i m i n i s h t h e q u a n t i t i e s o f s e d i m e n t s w h i c h h a v e t o be r e m o v e d e i t h e r a r t i f i c i a l l y 

( d r e d g i n g ) o r by t h e r i v e r i t s e l f , a n d f i n a l l y t o s a v e o n t h e c o s t o f t h e i n v e s t m e n t s . 

T h e r e g u l a t i o n o f t w o c o n s e c u t i v e r i v e r - b e n d s s h o u l d , h o w e v e r , n e v e r be s o d e s i g n e d t h a t 

t h e y a r e c u r v i n g i n t h e same d i r e c t i o n ( F i g u r e 2 . 4 . 5 ) . 

F i g u r e 2 . 4 . 5 R e g u l a t i o n o f Two C o n s e c u t i v e Bends C u r v i n g i n t h e Same D i r e c t i o n 

I n t h e s t r a i g h t s t r e t c h i n b e t w e e n t h e t w o b e n d s t h e f l o w may show t h e t e n d e n c y t o 

s e p a r a t e f r o m t h e o u t e r b a n k , r e s u l t i n g i n s e d i m e n t a t i o n o r e v e n i n a new d i v i s i o n o f t h e 

c h a n n e l ( w h i c h i s t h e v e r y t h i n g o n e i s t r y i n g t o p r e v e n t ) . T h i s p h e n o m e n o n may o c c u r 

e s p e c i a l l y d u r i n g a l o n g - c o n t i n u e d d r y s e a s o n when t h e n a t u r a l r a d i u s o f c u r v a t u r e o f t h e 

c h a n n e l i s s m a l l e r ( s m a l l e r d i s c h a r g e ) . 
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C o n s e q u e n t l y , t h e p r o p e r d e s i g n o f r i v e r r e g u l a t i o n shows a s e r i e s o f c u r v e s i n 

d i f f e r e n t d i r e c t i o n s , s e p a r a t e d f r o m e a c h o t h e r by s m o o t h l y - c u r v e d o r s t r a i g h t s e c t i o n s 

( F i g u r e 2 . 4 . 6 ) . 

F i g u r e 2 . 4 . 6 C o n s e c u t i v e R i v e r - b e n d s a n d C r o s s - s e c t i o n s a f t e r R e g u l a t i o n 

The c r o s s i n g ( c r o s s - s e c t i o n I I - I I ) a l w a y s shows a s h a l l o w e r p r o f i l e t h a n t h e b e n d s . 

F o r n a v i g a t i o n p u r p o s e s t h i s l e a s t a v a i l a b l e d e p t h ( L . A . D . ) s h o u l d be as g r e a t as p o s s i b l e . 

The c h a n g e f r o m o n e b e n d t o t h e o t h e r s h o u l d , h o w e v e r , n o t be t o o a b r u p t . The u s u a l l y 

a c c e p t e d l e n g t h o f t h e c r o s s i n g i s i n t h e same o r d e r as t h e r i v e r w i d t h . I f t h e r e s u l t i n g 

d e p t h o n t h e c r o s s i n g , h o w e v e r , i s t o o s m a l l , i m p r o v e m e n t c a n be made by a c o n t i n u a t i o n 

o f t h e p r o t e c t i o n o v e r t h e l e n g t h o f t h e c r o s s i n g . R e s t r i c t i n g t h e t e n d e n c y o f a r i v e r t o 

i n c r e a s e t h e w i d t h o n t h e c r o s s i n g r e s u l t s i n a d e e p e r p r o f i l e . ( T h e n e x t s t e p may be t o 

f u r t h e r r e s t r i c t t h e w i d t h o f t h e c h a n n e l by t h e p r o t e c t i o n o f t h e i n n e r b e n d s t o o ; t h e 

e f f e c t s o f s u c h a n o r m a l i z a t i o n a r e d i s c u s s e d i n P a r a . 2 . 4 . 3 ) . 

As a l r e a d y e x p l a i n e d , t h e a i m o f t h e d e s i g n o f r e g u l a t i o n w o r k s s h o u l d be t o f o l l o w 

t h e c o u r s e o f t h e n a t u r a l c h a n n e l s o as t o make human i n t e r v e n t i o n as l i t t l e as p o s s i b l e . 

H o w e v e r , a d d i t i o n a l w o r k w i l l a l w a y s h a v e t o be c a r r i e d o u t ; f o r e x a m p l e , i f s c o u r by t h e 

r i v e r i t s e l f i s t o o s l o w . An e x a m p l e i s g i v e n i n F i g u r e 2 . 4 . 7 . 

F i g u r e 2 . 4 . 7 C o m b i n a t i o n o f R e g u l a t i o n W o r k s 
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T h e b a n k p r o t e c t i o n ( s c h e m a t i c a l l y i n d i c a t e d i n F i g u r e 2 . 4 . 7 ) a s f a r as i t d o e s 

n o t f o l l o w t h e f o r m e r r i v e r b a n k , c a n e i t h e r be, made " i n t h e d r y " a n d t h e r i v e r w i l l 

g r a d u a l l y e r o d e t h e r e m a i n i n g b a n k i n f r o n t o f t h e p r o t e c t i o n , o r c a n be made a f t e r t h e 

e r o s i o n has o c c u r r e d . P a r t o f t h e o u t e r bend o f t h e f o r m e r c o u r s e has t o be f i l l e d u p . 

A c o m p l e t e f i l l i n g a n d p r o t e c t i o n w i l l g e n e r a l l y be t o o c o s t l y , a n d a s o l u t i o n w i t h g r o y n e s 

o r a s p u r - d i k e o r a c o m b i n a t i o n o f b o t h w i l l l i k e l y be m o r e e c o n o m i c a l . C a r e s h o u l d be 

t a k e n t h a t t h e s p u r - d i k e i s p r o p e r l y c o n n e c t e d t o t h e f o r m e r r i v e r b a n k t o p r e v e n t l e a k a g e . 

T h e s h o a l a l o n g t h e i n n e r b e n d w i l l be e r o d e d by t h e r i v e r ; t o a l l o w f o r n a v i g a t i o n d u r i n g 

t h e e x e c u t i o n o f t h e r e g u l a t i o n w o r k s . T h i s s c o u r may be a c c e l e r a t e d by means o f d r e d g i n g . 

The o p t i o n b e t w e e n t h e u s e o f e i t h e r s p u r - d i k e s , g r o y n e s o r a b a n k p r o t e c t i o n 

d e p e n d s e n t i r e l y o n t h e r i v e r t o p o g r a p h y . The b e s t ( m o s t e c o n o m i c a l ) s o l u t i o n i s f o u n d by 

c o m p a r i n g c o s t , i n t h o s e c o u n t r i e s w h e r e l a b o u r c o s t s a r e h i g h , t h e m o s t e c o n o m i c a l s o l u t i o n 

t e n d s m o r e a n d m o r e t o a m e c h a n i z a t i o n o f t h e c o n s t r u c t i o n a n d h e n c e t o , e . g . , p r o t e c t i o n s 

o v e r g r e a t l e n g t h s o f t h e b a n k s . H o w e v e r , i f l a b o u r c h a r g e s a r e r e l a t i v e l y c h e a p , g r o y n e s 

and s p u r - d i k e s may w e l l be c o n s i d e r e d . 

The i m p r o v e m e n t by means o f t h e r e g u l a t i o n o f o u t e r b e n d s a l o n e w i l l n o t a l w a y s 

l e a d t o a f a v o u r a b l e r e s u l t . O n l y i n t h e c a s e o f a m e a n d e r i n g r i v e r , t h e l o w w a t e r bed o f 

w h i c h c o n s i s t s o f a s e r i e s o f c u r v e s s e p a r a t e d by m o r e o r l e s s s t r a i g h t s e c t i o n s i n w h i c h 

t h e c u r r e n t c r o s s e s f r o m o n e b a n k t o t h e o t h e r , may s u c h i m p r o v e m e n t s be s u f f i c i e n t , i f , 

h o w e v e r , t h e l o w w a t e r bed shoWs a m o r e c o m p l e x p a t t e r n o f a m e a n d e r i n g m a i n c h a n n e l i n a 

r e l a t i v e l y w i d e b e d w i t h s e c o n d a r y c h a n n e l s , o r a g r e a t number o f b r a n c h e s m e e t i n g a n d 

d i v i d i n g a g a i n w i t h i s l a n d s i n b e t w e e n ( b r a i d i n g ) , t h e f i x a t i o n o f t h e m a i n c h a n n e l may h a v e 

t o be s u p p o r t e d by t h e c l o s u r e o f o n e o r m o r e o f t h e s e c o n d a r y b r a n c h e s . Such an e x a m p l e 

i s g i v e n s c h e m a t i c a l l y i n F i g u r e 2 . 4 . 8 . 
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The c a p a c i t y o f e a c h o f t h e t w o b r a n c h e s i s s m a l l e r t h a n o f t h e u n d i v i d e d c h a n n e l 

a n d , t h e o r e t i c a l l y , t h e a v a i l a b l e d e p t h f o r n a v i g a t i o n i n b o t h t h e b r a n c h e s i s a l s o s m a l l e r . 

H o w e v e r , i t m u s t be s t r e s s e d t h a t t h e l o c a l c o n d i t i o n s a t t h e d i v i s i o n o f t h e c h a n n e l 

c o m p l e t e l y g o v e r n t h e b e h a v i o u r o f t h e t w o b r a n c h e s d o w n s t r e a m . The s a n d - b a n l < s i n t h e m a i n 

c h a n n e l may a t o n e t i m e p r o p a g a t e i n f r o n t o f t h e m o u t h o f o n e o f t h e t w o b r a n c h e s w h i c h 

w i l l g e n e r a l l y l e a d t o a d e t e r i o r a t i o n o f t h i s b r a n c h ( i n c r e a s e o f t h e s a n d s u p p l y a n d 

h e a v i e r s e d i m e n t a t i o n ) , w h i l e t h e o t h e r b r a n c h may i m p r o v e . H o w e v e r , t h e p a s s i n g o f a new 

f l o o d - w a v e may a g a i n c h a n g e t h e c o n d i t i o n s a t t h e d i v i s i o n o f t h e c h a n n e l , r e v e r s i n g t h e 

p r o c e s s o f d e t e r i o r a t i o n a n d i m p r o v e m e n t o f b o t h b r a n c h e s . C o n s e q u e n t l y , t h e n a v i g a b l e c h a n n e l 

i n s u c h a r e g i o n g e n e r a l l y shows r a p i d c h a n g e s , n o t o n l y b y a s h i f t i n g o f t h e c o u r s e i n o n e 

o f t h e b r a n c h e s , b u t a l s o by a c h a n g e f r o m o n e b r a n c h t o t h e o t h e r . U n l e s s v e r y f r e q u e n t 

s u r v e y s a r e c a r r i e d o u t t o marl< t h e n a v i g a b l e c h a n n e l , s u c h a s e c t i o n p r o d u c e s g r e a t 

d i f f i c u l t i e s f o r t h e n a v i g a t i o n . 

I m p r o v e m e n t c a n be o b t a i n e d by t h e c l o s u r e o f o n e b r a n c h . The r e s u l t s o f t h i s 

i n t e r v e n t i o n a r e a l s o g i v e n i n F i g u r e 2 . 4 . 8 . A f t e r t h e c l o s u r e t h e d i s c h a r g e i n t h e o p e n 

b r a n c h i n c r e a s e s a n d u p s t r e a m o f C t h e w a t e r - l e v e l g r a d i e n t has t o i n c r e a s e . T h e w a t e r - l e v e l 

a t C d o e s n o t c h a n g e i f t h e c o n d i t i o n s d o w n s t r e a m a r e n o t a l t e r e d . The i n c r e a s e d w a t e r - l e v e l 

g r a d i e n t b e t w e e n A a n d C r e s u l t s i n a h i g h e r w a t e r - l e v e l a t A a n d a s e t t i n g - u p o f t h e 

w a t e r - l e v e l u p s t r e a m o f A . C o n s e q u e n t l y , t h e s m a l l e r f l o w - v e l o c i t i e s u p s t r e a m o f A may w e l l 

l e a d t o s e d i m e n t a t i o n , w h i l e t h e i n c r e a s e d v e l o c i t i e s b e t w e e n A a n d C w i l l r e s u l t i n s c o u r . 

T h i s 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 w i l l a g a i n p r o d u c e s e d i m e n t a t i o n d o w n s t r e a m o f C. 

The s c o u r b e t w e e n A a n d C may ta l<e p l a c e e i t h e r a l o n g t h e b e d o r a l o n g t h e ban l<s . D u r i n g 

l o w w a t e r s t a g e s t h e s c o u r w i l l m o s t l y o c c u r a l o n g t h e b e d , w h i l e a t h i g h e r w a t e r s t a g e s 

t h e banl<s a r e o f t e n m o r e e r o d e d ( u n l e s s p r o t e c t e d o r e r o s i o n - r e s i s t a n t ) . I f t h e p a r t i ­

c u l a r a i m i s t o i n c r e a s e t h e d e p t h , i n i t i a t i o n b y means o f d r e d g i n g i s r e c o m m e n d e d . When 

t h e new e q u i l i b r i u m s t a g e i s r e a c h e d a n d t h e g r a d i e n t s o f t h e w a t e r - l e v e l a n d t h e b e d -

l e v e l a r e a g a i n p a r a l l e l , t h e b e d - l e v e l b e t w e e n A and C w i l l be l o w e r . I n F i g u r e 2 . 4 . 8 

i t was a s s u m e d t h a t t h e i n i t i a l w i d t h o f t h e o p e n b r a n c h was e q u a l t o t h e w i d t h o f t h e 

u n d i v i d e d c h a n n e l ; o t h e r w i s e , a d i s c o n t i n u i t y i n t h e b e d - l e v e l i s f o u n d . 

As j u s t e x p l a i n e d , t h e a b r u p t c l o s u r e o f a b r a n c h w i l l l e a d t o a d e t e r i o r a t i o n o f 

t h e c h a n n e l d o w n s t r e a m u n t i l t h e new e q u i l i b r i u m s t a g e has b e e n r e a c h e d . Such u n f a v o u r a b l e 

r e s u l t s may be p r e v e n t e d i f a m o r e g r a d u a l c l o s u r e o f o n e o f t h e b r a n c h e s i n t h e c o u r s e o f 

t h e y e a r s i s r e a c h e d b y t h e a c t i o n o f t h e r i v e r i t s e i f . By means o f d r e d g i n g , p a n e l l i n g , 

o r a c o m b i n a t i o n o f b o t h i t may be p o s s i b l e t o c h a n g e t h e l o c a l c o n d i t i o n s a t t h e d i v i s i o n 

i n s u c h a way t h a t an i n c r e a s e o f t h e s a n d s u p p l y t o o n e b r a n c h w i l l a u t o m a t i c a l l y l e a d t o 

i t s g r a d u a l d e t e r i o r a t i o n , w h i l e i n t h e o t h e r b r a n c h t h e d e f i c i t i n s a n d w i l l be u n d o n e by 

s c o u r o f t h e bed o r t h e b a n l < s . H o w e v e r , i f t h e r i v e r s e c t i o n u p s t r e a m o f t h e d i v i s i o n i s 

n o t y e t r e g u l a t e d , a c h a n g e o f t h e c o n d i t i o n s a t t h e d i v i s i o n o f t h e b r a n c h e s may o v e r r u l e 

t h e human i n t e r v e n t i o n a n d , e v e n t u a l l y , t h e i m p r o v e m e n t w h i c h o n e i s t r y i n g t o o b t a i n . F o r 

t h e p r e d i c t i o n o f s u c h c h a n g e s s u r v e y s s h o u l d be r e g u l a r l y c a r r i e d o u t s o a s t o be a b l e t o 

a d j u s t t h e i n t e r v e n t i o n a s f a r a s p o s s i b l e . H o w e v e r , some f a i l u r e s w i l l h a v e t o be a c c e p t e d 

as w e l 1 . 
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In F i g u r e 2.4.8 a l s o t h e d i f f e r e n c e i n h e a d o v e r t h e dam ( a t B) i s i n d i c a t e d . M o r e 

i n f o r m a t i o n a b o u t t h i s i s g i v e n i n C h a p t e r 2.5, w h e r e c o n s t r u c t i o n s a r e d e a l t w i t h . 

I t has a l r e a d y b e e n m e n t i o n e d t h a t e v e r y e f f o r t s h o u l d be made t o make t h e human 

i n t e r v e n t i o n as l i t t l e as p o s s i b l e . T h i s means t h a t t h e r e g u l a t i o n o f a c e r t a i n r i v e r s e c t i o n 

s h o u l d be c a r r i e d o u t o n l y g r a d u a l l y o v e r a number o f y e a r s , e s p e c i a l l y i f a s e c t i o n o f a 

n u m b e r o f b r a n c h e s s e p a r a t e d b y i s l a n d s i s c o n c e r n e d . I f s u c h an i m p r o v e m e n t w o u l d be c a r r i e d 

o u t i n o n e l o w w a t e r s e a s o n ( i f a t a l 1 p o s s i b l e by t e c h n i c a l m e a n s ) a p a r t f r o m a l 1 c o n s t r u c t i o n 

w o r k s a l s o t h e c o m p l e t e d r e d g i n g o f t h e m a i n c h a n n e l w o u l d be r e q u i r e d b e c a u s e t h e c a p a c i t y 

w o u l d be t o o s m a l l t o t r a n s p o r t t h e q u a n t i t i e s o f s e d i m e n t w h i c h had t o be r e m o v e d . 

C o n s e q u e n t l y , i f t h e c h a n n e l was n o t d r e d g e d c o m p l e t e l y , t h e c o n s t r u c t e d r e g u l a t i o n w o r k s 

w o u l d p r o d u c e s u c h a h i g h r e s i s t a n c e i n t h e f o l l o w i n g h i g h w a t e r s e a s o n t h a t t h e y c o u l d be 

damaged s e v e r e l y . T h i s i s e x p l a i n e d by t h e e x a m p l e g i v e n i n F i g u r e 2,4.9. 

The c l o s u r e o f t h e s e c o n d a r y b r a n c h c a n be s t a r t e d by c o n s t r u c t i n g t h e s p u r - d i k e a t B 

( c o n s i d e r e d as a c o n t i n u a t i o n o f t h e e r o s i o n - r e s i s t a n t r i v e r b a n k a t A ) , The c r o w n o f t h e 

s p u r - d i k e m u s t n o t be t o o h i g h a n d t h e s e c o n d a r y b r a n c h m u s t be o n l y p a r t l y c l o s e d . I n t h i s 

way t h e s e c o n d a r y b r a n c h r e m a i n s o p e n d u r i n g h i g h w a t e r s t a g e s t o d i s c h a r g e w a t e r . The h i g h e r 

r e s i s t a n c e o f t h i s b r a n c h w i l l r e s u l t i n a g r a d u a l s e d i m e n t a t i o n , w h e r e a s t h e m a i n c h a n n e l 

w i l l s c o u r . The s c o u r o f t h e b a n k s a t E, F a n d H w i 1 1 be d o n e by t h e r i v e r i t s e l f i f s u f ­

f i c i e n t g u i d a n c e o f t h e f l o w i s p r o v i d e d by c o n s t r u c t i n g t h e s p u r - d i k e a t C a n d t h e g r o y n e s 

a t G a n d , p o s s i b l y , a t D. Such a scheme may be e x e c u t e d i n t h e c o u r s e o f y e a r s , a l t h o u g h i t 

m u s t be s u f f i c i e n t l y f l e x i b l e t o be r e v i s e d i f m e a n w h i l e t h e r i v e r c o u r s e c h a n g e s . 

A g r e a t i n t e r v e n t i o n i n t h e r i v e r c o u r s e w i l l a l s o o c c u r I f a m e a n d e r I n t h e l o w 

w a t e r b e d has t o be I m p r o v e d b y m a k i n g a s h o r t - c u t t h r o u g h t h e h i g h b a n k s . Such an I m ­

p r o v e m e n t may be r e q u i r e d f o r n a v i g a t i o n p u r p o s e s , o r t o i m p r o v e t h e d i s c h a r g e c a p a c i t y a t 

h i g h w a t e r s t a g e s ( F i g u r e 2 . 4 . 1 0 ) . 

A g a i n t h e p o s s i b i l i t y e x i s t s t o g u i d e t h e c u r r e n t s u f f i c i e n t l y s o t h a t t h e new 

c h a n n e l w i l l p a r t l y be s c o u r e d by t h e r i v e r I t s e l f , o r t o d r e d g e t h e s h o r t - c u t c o m p l e t e l y . 

I n t h e f i r s t c a s e , a s m a l l p i l o t c h a n n e l s h o u l d be d r e d g e d . The s h o r t e r l e n g t h ( g r e a t e r 

w a t e r - l e v e l g r a d i e n t a n d v e l o c i t y ) w i 1 1 i n d u c e s c o u r o f t h e - s h o r t - c u t w h i l e t h e o l d c h a n n e l 

F i g u r e 2.4.9 P h a s i n g o f R e g u l a t i o n W o r k s 
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i s s i i t i n g u p . H o w e v e r , i f t h e i m p r o v e m e n t i s c a r r i e d o u t f o r n a v i g a t i o n p u r p o s e s , s u c h a 

scheme i s n o t t o be r e c o m m e n d e d , b e c a u s e o f t h e s e d i m e n t a t i o n i n t h e o i d c h a n n e l a t a 

moment t h a t i n t h e s h o r t - c u t s t i l l i n s u f f i c i e n t d e p t h w i 1 1 be a v a l l a b l e f o r n a v i g a t i o n . 

M o r e o v e r , t h e s e d i m e n t s p i c k e d up i n t h e s h o r t - c u t may s e t t l e a g a i n i n t h e n a v i g a t i o n 

c h a n n e l m o r e d o w n s t r e a m o f t h e i n t e r v e n t i o n a n d t h u s h a m p e r n a v i g a t i o n e v e n m o r e . T h e r e f o r e , 

t h e s e c o n d s o l u t i o n w i l l be b e t t e r : t o d r e d g e t h e s h o r t - c u t c o m p l e t e l y a n d , a t t h e l a s t 

m o m e n t , c u t t h r o u g h t h e r e m a i n i n g dam a n d c l o s e t h e f o r m e r c o u r s e . T h e r e s u l t s o f t h i s i n t e r ­

v e n t i o n a r e shown g r a p h i c a l i y i n F i g u r e 2 . 4 . 1 0 . 

T h e s h o r t e n i n g o f t h e c h a n n e l w i l l r e s u l t i n a d r o p o f t h e w a t e r - l e v e l u p s t r e a m w h i l e 

t h e c o n s e q u e n t i n c r e a s e i n t h e t r a n s p o r t c a p a c i t y w i i l l e a d t o a 1 owe r b e d - l e v e l . When t h e 

new e q u i l i b r i u m s t a g e i s r e a c h e d , t h e g r a d i e n t s o f t h e w a t e r - l e v e l a n d b e d - l e v e l w i l l be 

p a r a l l e l a g a i n . U n t i i t h i s moment s e d i m e n t a t i o n i n t h e i m p r o v e d r i v e r s e c t i o n w i l l h a v e 

t o be a c c e p t e d . 

E s p e c i a l l y i f i t i s n e c e s s a r y f o r a number o f l o o p s t o be c u t o f f t o i m p r o v e t h e 

r i v e r , t h e d r o p o f t h e b e d - l e v e l a n d t h e w a t e r - l e v e l a n d , c o n s e q u e n t l y , o f t h e g r o u n d w a t e r -

l e v e l as w e l l , may c a u s e damage t o r i v e r - w o r k s o r a g r i c u l t u r e s i t u a t e d u p s t r e a m . The d r o p 

o f t h e g r o u n d w a t e r - l e v e l w h i c h i s s t i i l a c c e p t a b l e w i 11 d e t e r m i n e t h e e x t e n t t o w h i c h t h e 

r i v e r c a n be s h o r t e n e d . 

•ss; 

RTo N a r e C o n f l u e n c e 

A l a s t e x a m p l e o f i r r e g u l a r i t i e s i n t h e c o u r s e o f a r i v e r w h i c h , a t o n e t i m e o r 

a n o t h e r , may demand r e g u l a t i o n i s t h e a b r u p t w i d e n i n g o r n a r r o w i ng o f t h e r i v e r . By s t u d y i n g 

t h e RFo M a g d a l e n a f r o m a e r i a l p h o t o g r a p h s o r t o p o g r a p h i c a l maps s u c h e x a m p l e s c a n e a s i l y be 

f o u n d , e . g . t h e c o n f l u e n c e o f t h e RFo M a g d a l e n a a n d t h e RFo N a r e . I n F i g u r e 2 . 4 . 1 1 a n 

e x a m p l e I s g i v e n s c h e m a t i c a l l y . 
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F i g u r e 2 . 4 . 1 1 W i d e n i n g o r N a r r o w i n g o f R i v e r 

I n t h e e q u i l i b r i u m s t a g e ( b e d - l e v e l a n d w a t e r - l e v e l p a r a l l e l ) i t c a n e a s i l y be s e e n 

t h a t t h e w a t e r d e p t h i n t h e w i d e r c r o s s - s e c t i o n m u s t be s m a l l e r a n d i n t h e n a r r o w c r o s s -

s e c t i o n g r e a t e r t h a n i n t h e m a i n c h a n n e l . A t w a t e r s t a g e s h i g h e r t h a n t h e e q u i l i b r i u m s t a g e , 

t h e i n c r e a s e o r d e c r e a s e i n t h e f l o w - v e l o c i t i e s w i l l l e a d t o s c o u r a n d s e d i m e n t a t i o n as 

i n d i c a t e d i n F i g u r e 2 . 4 . 1 1 . I t c a n a l s o be s e e n t h a t a t l o w w a t e r s t a g e s t h e b a c k w a t e r -

c u r v e s a r e t h e o p p o s i t e o f t h o s e a t h i g h w a t e r s t a g e s , a s w e l l as t h e l o c a t i o n s w h e r e s c o u r 

a n d s e d i m e n t a t i o n o c c u r . I n t h e e q u i l i b r i u m s t a g e , t h e d i s c o n t i n u i t y i n t h e b e d - l e v e l s w i l l 

be e v e n e d o u t a f t e r t h e n o r m a l i z a t i o n o f t h e w i d t h has b e e n c a r r i e d o u t . 

2 . 4 . 3 . N o r m a l i z a t i o n o f t h e r i v e r w i d t h 

I t has a l r e a d y b e e n m e n t i o n e d t h a t t h e r e g u l a t i o n o f t w o c o n s e c u t i v e o u t e r b e n d s o f 

a r i v e r ( F i g u r e 2 . 4 . 6 ) s t i l l l e a v e s a t r a n s i t i o n z o n e i n b e t w e e n t h e b e n d s i n w h i c h t h e m a i n 

c u r r e n t c r o s s e s f r o m o n e b a n k t o t h e o t h e r . U n l e s s c o u n t e r - m e a s u r e s a r e t a k e n , t h e w i d t h o n 

t h e c r o s s i n g w i l l l i k e l y be g r e a t e r t h a n i n t h e b e n d s a n d t h e a v a i l a b l e d e p t h s m a l l e r , i m ­

p r o v e m e n t f o r n a v i g a t i o n c a n be o b t a i n e d by r e s t r i c t i n g t h e r i v e r w i d t h o v e r t h e c r o s s i n g 

( F i g u r e 2 . 4 . 1 2 ) . 
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F i g u r e 2.4.12 N o r m a l i z a t i o n o f C r o s s i n g 

I t may a l s o l i a p p e n t h a t t h e r e g u l a t i o n o f t h e o u t e r b e n d s s t i l l d o e s n o t l e a d t o a 

s u f f i c i e n t i m p r o v e m e n t f o r n a v i g a t i o n . T h e h e l i c o i d a l f l o w i n t h e r i v e r b e n d r e s u l t s i n a 

r a d i a l c r o s s - s l o p e o f t h e bed a n d i t i s p o s s i b l e t h a t t h e r e q u i r e d w a t e r - d e p t h w i l l n o t be 

a v a i l a b l e o v e r s u f f i c i e n t w i d t h . ( F o r t h e r e l a t i o n s o f t h e d r i f t - a n g l e , t h e s p e e d o f t h e 

v e s s e l a n d t h e b e n d - r a d i u s , r e f e r e n c e i s made t o P a r a . 4.2.3). 

The b e s t way t o o b t a i n a n i n c r e a s e o f d e p t h i n a r i v e r b e n d o v e r a g r e a t e r w i d t h o f 

t h e n a v i g a b l e c h a n n e l w i l l be by i n c r e a s i n g t h e r a d i u s o f t h e c u r v e , as a g r e a t e r r a d i u s w i l l 

r e s u l t i n a s m a l l e r c r o s s - s l o p e o f t h e r i v e r b e d . H o w e v e r , t h i s s o l u t i o n w i l l n o t a l w a y s be 

f e a s i b l e i f t h e r e a r e c o n s i d e r a b l e i n v e s t m e n t s a l o n g s i d e t h e r i v e r . A n o t h e r s o l u t i o n may b e , 

t o e v e n o u t t h e b e d - l e v e l by f i l l i n g i n t h e d e e p e s t p a r t o f t h e c h a n n e l a n d t o p r o t e c t t h e 

h e i g h t e n e d bed a g a i n s t s c o u r . H o w e v e r , t h i s w i l l n o t a l w a y s r e s u l t i n a w i d e r c h a n n e l ; s e e 

F i g u r e 2.4.13. 

F i g u r e 2.4.13 W i d e n i n g o f a T r i a n g u l a r C r o s s - s e c t i o n 

T h e i n c r e a s e d f l o w - v e l o c i t i e s r e s u l t i n a n i n c r e a s e o f t h e t r a n s p o r t c a p a c i t y . H o w e v e r , 

t h e l o a d t o be t r a n s p o r t e d p e r u n i t o f w i d t h a l s o i n c r e a s e s b e c a u s e t h e h e i g h t e n e d b e d w i l l 

h a v e a s m a l l e r w e t t e d p e r i m e t e r t h a n t h e o r i g i n a l p r o f i l e . The h e l i c o i d a l f l o w i n t h e b e n d 
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c o n c e n t r a t e s t h e l o a d n e a r t o t h e i n n e r b e n d a n d when t h e s u p p l y e x c e e d s t h e t r a n s p o r t 

c a p a c i t y t h e w i d e n i n g o f t h e c h a n n e l w i l l n o t be r e a c h e d . M o r e o v e r , t h e r e q u i r e d l < e e l -

c l e a r a n c e d e t e r m i n e s t h e p o s s i b i e h e i g h t e n i n g o f t h e bed ( i n d i c a t e d i n F i g u r e 2 . 4 . 1 3 by A ) 

a n d a l t h o u g h t h e w i d t h o f t h e c r o s s - s e c t i o n a p p a r e n t l y i n c r e a s e s , t h e r e q u i r e d w i d e n i n g o f 

t h e c r o s s - s e c t i o n may s t i l l n o t be o b t a i n e d . 

A c o n s t r i c t i o n o f t h e r i v e r w i d t h i n t h e b e n d by t h e c o n s t r u c t i o n o f g r o y n e s a l o n g s i d e 

t h e i n n e r bend ( F i g u r e 2 . 4 . 1 4 ) may a l s o be c o n s i d e r e d t o p r o v i d e f o r an i n c r e a s e o f t h e d e p t h 

o v e r a g r e a t e r w i d t h . H o w e v e r , t o a l e s s e r e x t e n t , t h e a b o v e remar l< has a l s o t o be ta l<en i n 

c o n s i d e r a t i o n a n d o n l y a c c u r a t e m o d e l s t u d i e s c a n show t h e f e a s i b i l i t y o f t h i s m e t h o d . 

A f i r s t i m p r e s s i o n o f t h e r e q u i r e d b e d - l e v e l c a n be o b t a i n e d b y a p p l y i n g C h e z y ' s 
3 / 2 1 /2 

f o r m u l a : Q = Bh"^' C I . A s s u m i n g , f o r t h e t i m e b e i n g , t h e v a l u e s o f Q, I a n d C t o be 
3 / 2 

c o n s t a n t , t h e v a l u e o f t h e c o n v e y a n c e (Bh"^ ' ) o f t h e p r o f i l e m u s t a l s o be c o n s t a n t a n d t h e 

w i d t h o f t h e r i v e r w h i c h r e s u l t s i n t h e r e q u i r e d d e p t h c a n be c a l c u l a t e d . Of c o u r s e , s u c h 

an e s t i m a t e w i l l be a v e r y r o u g h o n e a n d t h e f o l l o w i n g remar l<s h a v e t o be c o n s i d e r e d 

c a r e f u l l y : 

- To s t a r t w i t h , a s t e a d y f l o w has b e e n a s s u m e d . I n r e a l i t y , b o t h t h e d i s c h a r g e a n d 

t h e s e d i m e n t t r a n s p o r t w i l l f l u c t u a t e c o n s i d e r a b l y a n d , c o n s e q u e n t l y , t h e w a t e r - l e v e l 

g r a d i e n t w i l l n o t be c o n s t a n t e i t h e r . 

- I f t h e g r o y n e s a r e c o n s t r u c t e d i n t h e l o w w a t e r bed o f t h e r i v e r o n l y , a n d w i l l 

be f l o o d e d d u r i n g h i g h w a t e r s t a g e s , t h i s f o r m u l a c a n be a p p l i e d by t h e s u b s t i t u t i o n o f 

a v e r a g e v a l u e s f o r Q, I a n d C d u r i n g l o w w a t e r s t a g e s . On t h e o t h e r h a n d , i f t h e g r o y n e s a r e 

c o n s t r u c t e d i n t h e h i g h w a t e r b e d o f t h e r i v e r , t h e new b e d - l e v e l c a n o n l y be f o u n d by 

i n t r o d u c i n g t h e r e g i m e o f t h e r i v e r o v e r t h e y e a r . As c a l c u l a t i o n s o f s u c h p r o b l e m s c a n a t 

p r e s e n t o n l y be c a r r i e d o u t as o n e - d i m e n s i o n a l s c h e m a t i z a t i o n s , a n d t h e h e l i c o i d a l f l o w i n 

a r i v e r - b e n d g r e a t l y d e t e r m i n e s t h e b e d - l e v e l , t h e b e s t s o l u t i o n i s o b t a i n e d by means o f 

m o d e l t e s t s . 

- I f t h e w i d t h o f t h e n o r m a l i z e d c h a n n e l i s n a r r o w c o m p a r e d w i t h t h e t o t a l w i d t h o f 

t h e r i v e r , l o n g ( a n d e x p e n s i v e ) g r o y n e s a r e r e q u i r e d t o p r e v e n t l e a k a g e . 

F i g u r e 2 . 4 . 1 4 N o r m a l i z a t i o n o f a R i v e r - b e n d 
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- I f t h e d i s c h a r g e o f t h e r i v e r i s s m a i i a n d t h e r e q u i r e d d e p t h o f t h e n a v i g ë b l e 

c h a n n e l r e s u l t s i n a t o o n a r r o w w i d t h t o p r o v i d e f o r s a f e m a n o e u v r i n g by n a v i g a t i o n , 

n o r m a l i z a t i o n w i l l n o t be p o s s i b l e . The o n l y s o l u t i o n w i l l t h e n be t o s e t - u p t h e w a t e r - l e v e l 

i n t h e w h o l e r i v e r by t h e c o n s t r u c t i o n o f w e i r s c o m b i n e d w i t h s h i p - l o c k s . H o w e v e r , f o r 

t h e R f o M a g d a l e n a s u c h s o l u t i o n s n e e d n o t be c o n s i d e r e d , b e c a u s e t h e r e i s s u f f i c i e n t d i s c h a r g e . 

. 4 . R e g u l a t i o n o f t h e r i v e r - b e d 

In t h e f o r e g o i n g p a r a g r a p h s s o l u t i o n s c o n c e r n i n g t h e r e g u l a t i o n o f t h e p l a n - f o r m o f 

an a l l u v i a l r i v e r h a v e b e e n c o n s i d e r e d a i m i n g a t a g r e a t e r d e p t h f o r n a v i g a t i o n . I t i s a l s o 

p o s s i b l e t h a t n a v i g a t i o n i n a c e r t a i n r i v e r s e c t i o n i s h a m p e r e d by i r r e g u l a r i t i e s i n t h e 

r i v e r - b e d i t s e l f , e . g . , r o c k - s i l l s . To i m p r o v e n a v i g a t i o n t h e r e m o v a l o f s u c h o b s t a c l e s may 

be c o n s i d e r e d , a n d i n t h e c a s e o f o n l y a s m a l l o b s t a c l e p a r t l y b l o c k i n g t h e n a v i g a b l e 

c h a n n e l , t h e r e m o v a l w i l l h a v e h a r d l y a n y c o n s e q u e n c e s f o r t h e b e d - l e v e l u p s t r e a m o r d o w n ­

s t r e a m . H o w e v e r , i n t h e c a s e o f a s i l l o v e r t h e f u l l w i d t h o f t h e r i v e r , r e m o v a l by d r e d g i n g 

o r b l a s t i n g w i l l h a v e f a r - r e a c h i n g c o n s e q u e n c e s ; s e e F i g u r e 2 , 4 . 1 5 . 

Due t o t h e l o s s i n e n e r g y - h e a d o v e r t h e s i l l , t h e w a t e r - l e v e l a n d t h e b e d - l e v e l u p s t r e a m 

a r e h i g h e r . Remova l o f t h e s i l l r e s u l t s i n a g r e a t e r w a t e r - l e v e l g r a d i e n t , a n d t h e i n c r e a s e 

o f t h e f l o w - v e l o c i t i e s l e a d s t o s c o u r o f t h e bed u p s t r e a m o f t h e s i l l . I n t h e e q u i l i b r i u m 

s t a g e t h e b e d - l e v e l a n d w a t e r - l e v e l u p s t r e a m w i l l be l o w e r . T h e l o w e r i n g o f t h e g r o u n d w a t e r -

l e v e l , w i t h p o s s i b l e damage t o c o n s t r u c t i o n s may be u n a c c e p t a b l e . Due t o t h e e r o s i o n o f t h e 

u p s t r e a m r i v e r s e c t i o n i t may a l s o h a p p e n t h a t new a n d u n a c c e p t a b l e r o c k - s i l l s a p p e a r . 

D o w n s t r e a m o f t h e i m p r o v e d r i v e r s e c t i o n a s t r o n g ( a l t h o u g h t e m p o r a r y ) s e d i m e n t a t i o n m u s t a l s o 

be e x p e c t e d . 

A b e t t e r r e s u l t i s o b t a i n e d by r e m o v i n g o n l y p a r t o f t h e s i l l a n d c o n s t r u c t i n g 

a s p u r - d i k e t o e v e n o u t t h e d i f f e r e n c e i n h e a d o v e r a g r e a t e r l e n g t h a n d t o p r o v i d e f o r 

s m a l l e r f l o w - v e l o c i t i e s ( t h a n t h e i n i t i a l v e l o c i t i e s o v e r t h e s i l l ) i n t h e n a v i g a t i o n 

c h a n n e l ; s e e F i g u r e 2 . 4 . 1 6 . 
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F i g u r e 2 . 4 . 1 6 N a v i g a t i o n C l i a n n e i t h r o u g l i Rock S i l l 

T h e g r e a t e r w a t e r - l e v e l g r a d i e n t i n t h e n a v i g a t i o n c h a n n e l r e s u l t s i n an i n c r e a s e d 

d i s c h a r g e , w h i l e t h e i n c r e a s e o f t h e f l o w - v e l o c i t i e s a n d t h e t r a n s p o r t c a p a c i t y l e a d s t o 

s c o u r o f t h e b e d - l e v e l i n t h e c h a n n e l a n d u p s t r e a m o f t h e s p u r - d i k e i n t h e r i v e r . C o n s e ­

q u e n t l y , t h e w a t e r - l e v e l i n t h e r i v e r u p s t r e a m d r o p s a n d t h e d i s c h a r g e o v e r t h e s i l l 

d e c r e a s e s , w h i l e t h e i n c r e a s e o f t h e d i s c h a r g e t h r o u g h t h e n a v i g a t i o n c h a n n e l r e s u l t s i n a 

f u r t h e r s c o u r o f t h e b e d . I f n o t p r e v e n t e d b y t h e p r e s e n c e o f d e e p e r - l y i n g r o c k s , t h e b e d -

l e v e l u p s t r e a m o f t h e s i l l w i l l l o w e r o v e r a h e i g h t m o r e o r l e s s e q u a l t o t h e i n i t i a l 

d i f f e r e n c e i n h e a d o v e r t h e s i l l , a n d t h e d i s c h a r g e o f t h e r i v e r w i l l f i n a l l y be c o n c e n ­

t r a t e d i n t h e n a v i g a t i o n c h a n n e l . To p r e v e n t s u c h c o n s e q u e n c e s t h e r i v e r - b e d i n t h e 

n a v i g a t i o n c h a n n e l a n d j u s t u p s t r e a m o f t h e s p u r - d i k e s h o u l d be p r o t e c t e d a g a i n s t s c o u r . 

M o r e o v e r , t h e r e s i s t a n c e i n t h e c h a n n e l s h o u l d b e i n c r e a s e d t o p r e v e n t a d r o p o f t h e w a t e r -

l e v e l u p s t r e a m a n d a n i n c r e a s e o f t h e d i s c h a r g e t h r o u g h t h e n a v i g a t i o n c h a n n e l , B o t h 

p u r p o s e s w i l l be s e r v e d by a b e d - p r o t e c t i o n o f c o a r s e s t o n e s o r t h e c o n s t r u c t i o n o f a n u m b e r 

o f s m a l l u n d e r w a t e r s i l l s o v e r t h e f u l l w i d t h and e v e n l y s p a c e d o v e r t h e f u l l l e n g t h o f 

t h e n a v i g a t i o n c h a n n e l . 

T h e f i x a t i o n o f t h e r i v e r - b e d may t h u s be r e q u i r e d t o p r e v e n t s c o u r . Such a 

p r o t e c t i o n may a l s o be n e c e s s a r y i n c o a s t a l r e g i o n s w h e r e , f o r b e t t e r a c c e s s i b i l i t y f o r t h e 

s e a - g o i n g v e s s e l s , d e e p n a v i g a t i o n c h a n n e l s a r e r e q u i r e d a n d m a i n t a i n e d b y r e c u r r e n t 

d r e d g i n g ( F i g u r e 2 . 4 . 1 7 ) . 
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F i g u r e 2 . 4 . 1 7 Bed p r o t e c t i o n i n Coastal Regions 

The g r e a t c r o s s - s e c t i o n a l area i n the access channei r e s u l t s i n a s m a l l e r w a t e r -

l e v e l g r a d i e n t and i f upstream the r i v e r - b e d i s not p r o t e c t e d , t h e g r e a t e r f l o w - v e l o c i t i e s 

induced by the bacl<water-curve w i l l lead t o scour. The s a l t w a t e r wedge w i l l , c o n s e q u e n t l y , 

p e n e t r a t e f u r t h e r i n l a n d , which u s u a l l y has t o be prevented i n the i n t e r e s t s o f v e g e t a t i o n , 

w a t e r - s u p p l y , e t c . 

The reverse occurs i f the o u t l e t o f a r i v e r i n t o the sea i s narrowed by the 

c o n s t r u c t i o n o f s p u r - d i k e s t o prevent too heavy s e d i m e n t a t i o n i n the access chann e l . Such an 

example can be found i n Colombia i n the o u t l e t o f the RFo Magdalena i n t o the Caribbean near 

B a r r a n q u i l l a (Bocas de Cen i z a ) ; see F i g u r e 2.4.18. , 

The s m a l l e r c r o s s - s e c t i o n a l area i n the r i v e r - m o u t h r e s u l t s i n a g r e a t e r w a t e r - l e v e l 

g r a d i e n t , and the i n c r e a s e o f the f l o w - v e l o c i t i e s w i l l lead t o scour, w h i l e t h e set-up 

o f the w a t e r - l e v e l upstream o f the s p u r - d i k e r e s u l t s i n s e d i m e n t a t i o n . T h i s set-up i s equal 

to the d i f f e r e n c e i n w a t e r - l e v e l g r a d i e n t b e f o r e and a f t e r t h e c o n s t r u c t i o n o f t h e spur-

d i k e , m u l t i p l i e d by the l e n g t h o f the s p u r - d i k e . T h i s i s expressed i n f o r m u l a : 

BOCAS DE CENIZA 

F i g u r e 2.4,18 Schem a t i z a t i o n o f Bocas de Ceniza 

Az = ( I 2 - I , ) X L. 
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R e m a r k : As i t i s o f t e n h e a r d t h a t t h e w a t e r - l e v e l s i n C a l a m a r w i 1 1 n e v e r a g a i n r e a c h t h e l o w 

l e v e l s o f t h e p a s t b e c a u s e o f t h e r i v e r - w o r k s a l r e a d y c a r r i e d o u t ( a n d s t i l l t o be 

c a r r i e d o u t ) i n Bocas de C e n i z a , i t seems w o r t h w h i l e t o i n v e s t i g a t e t h e v a l u e o f Az 

3 / 2 1 /2 
i n a 1 i t t l e m o r e d e t a i 1 . F rom C h é z y ' s f o r m u l a : Q.= Bh C I , i t c a n be s e e n t h a t t h e 

3 / 2 

c h a n g e I n t h e c o n v e y a n c e (Bh ) i s i n v e r s e l y p r o p o r t i o n a l t o t h e r o o t o f t h e c h a n g e 

i n w a t e r - l e v e l g r a d i e n t ( a s s u m i n g t h a t Q a n d C w i l l be c o n s t a n t ) . A r e d u c t i o n o f t h e 

c o n v e y a n c e by a f a c t o r 2 ( w h i c h means t h a t t h e r i v e r has t o be r e d u c e d t o l e s s t h a n 

h a l f t h e i n i t i a l w i d t h ) , r e s u l t s i n an i n c r e a s e o f t h e w a t e r - l e v e l g r a d i e n t by a 

f a c t o r 4 . F o r a w a t e r - l e v e l g r a d i e n t o f 2 x 1 0 ^ a n d a 1 e n g t h o f t h e s p u r - d 1 k e o f a b o u t 

1 k i l o m e t e r , t h e v a l u e o f Az w i l l o n l y be i n t h e o r d e r o f 5 c m , w h i c h means t h a t t h e 

i n f l u e n c e o n t h e w a t e r - l e v e l a t C a l a m a r w i l l be n i l . 

2 . 5 . CONSTRUCTIONS 

2 . 5 . 1 . I n t r o d u c t i o n 

In t h e f o r e g o i n g p a r a g r a p h d i f f e r e n t t y p e s o f c o n s t r u c t i o n s h a v e b e e n d e a l t w i t h t o 

des i g n r i v e r - w o r k s , n a m e l y : g r o y n e s , s p u r - d i k e s , b a n k p r o t e c t i o n , b e d p r o t e c t i o n s , a n d 

s t r u c t u r e s f o r t h e c l o s u r e o f s e c o n d a r y b r a n c h e s , The f i r s t t w o t y p e s c a n be c o n s i d e r e d as 

d i k e s c o n s t r u c t e d t o g u i d e t h e f l o w : g r o y n e s p e r p e n d i c u l a r t o t h e f l o w , a n d s p u r - d i k e s 

p a r a l l e l t o t h e f l o w . B o t h t y p e s o f t e n c o n s i s t o f a c o r e o f e a r t h o r g r a v e l (dumped i n b u l k 

o r i n b a g s ) a n d s o m e t i m e s r e i n f o r c e d by means o f a n o p e n p i l i n g c o n s t r u c t i o n o r a s h e e t -

p i l i n g , w h i c h i n t o t a 1 p r o v i d e s t h e r e q u i r e d s t a b i 1 i t y o f t h e c o n s t r u c t i o n . A c o v e r p r e v e n t s 

t h e l o s s o f m a t e r i a l by t h e f l o w . A l t h o u g h t h e s e c o n s t r u c t i o n s d i f f e r f r o m a c o n s t r u c t i o n a l 

p o i n t o f v i e w f r o m t h e f o l l o w i n g t w o t y p e s ( b a n k a n d b e d p r o t e c t i o n s ) , t h e l a t t e r a l s o c o n s i s t 

o f l a y e r s w h i c h h a v e t o p r e v e n t t h e l o s s o f b a n k o r bed m a t e r i a l a n d w h i c h a r e c o v e r e d w i t h 

( h e a v i e r ) l a y e r s t o p r o v i d e f o r p r o t e c t i o n a g a i n s t a t t a c k by t h e f l o w . T h e r e f o r e , t h e d e s i g n 

c r i t e r i a f o r t h e s e t y p e s o f c o n s t r u c t i o n a r e a b o u t t h e same a n d w i l l be t r e a t e d t o g e t h e r 

i n P a r a . 2 . 5 . 2 . 

The c l o s u r e o f s e c o n d a r y b r a n c h e s c a n o f t e n be a t t a i n e d b y means o f d r e d g i n g . D e p e n d i n g 

o n t h e t o p o g r a p h y , a p r o t e c t i o n may be r e q u i r e d . More a b o u t t h i s f o l l o w s i n P a r a . 2 . 5 . 3 . 

A f e w t y p e s o f c o n s t r u c t i o n h a v e r e c e n t l y b e e n b u i l t i n C o l o m b i a i n t h e RTo 

M a g d a l e n a a n d t h e C a n a l d e l D i q u e . In t h e R f o M a g d a l e n a t h e c o n s t r u c t i o n s w e r e m o s t l y b u i l t 

t o p r o v i d e f o r p r o t e c t i o n o f t h e b a n k s , w h i l e i n t h e C a n a l d e l D i q u e m o s t l y n a v i g a t i o n 

p u r p o s e s w e r e s e r v e d . T o g e t h e r w i t h a r e v i e w o f p o s s i b l e c o n s t r u c t i o n s f o r f u t u r e r i v e r - w o r k s , 

t h e s e t y p e s o f c o n s t r u c t i o n s a r e d i s c u s s e d i n P a r a . 2 . 5 . 4 . 

A g e n e r a l r e m a r k m u s t s t i l l be m a d e . T h e s t r u c t u r e o f a p r o t e c t i o n c a n be e i t h e r : 

Open ( p e r m e a b l e ) , o r c l o s e d ( i m p e r m e a b l e ) . G e n e r a l l y , f o r a p r o t e c t i o n c o n s t r u c t e d t o p r e v e n t 

e r o s i o n by t h e a c t i o n o f t h e r i v e r , o n l y t h e o p e n s t r u c t u r e t y p e s h o u l d be c o n s i d e r e d . The 

s t r u c t u r e n e e d s t o be o p e n t o p r e v e n t t o o g r e a t p r e s s u r e d i f f e r e n c e s o n t h e p r o t e c t i o n , d u e 

t o t h e ( s o m e t i m e s ) r a p i d f l u c t u a t i o n o f t h e w a t e r - l e v e l i n t h e r i v e r a n d t h e m o r e g r a d u a l c h a n g e 

i n g r o u n d w a t e r - l e v e l i n t h e b a n k . To r e s i s t t h e s e p r e s s u r e d i f f e r e n c e s an i m p e r m e a b l e s t r u c t u r e 

n e e d s t o be v e r y h e a v y a n d t h e c o s t w i l l i n m o s t c a s e s n o t be j u s t i f i e d . A v e r t i c a l p r o t e c t i o n 

o f t h e b a n k pr a c o m b i n a t i o n o f a v e r t i c a l p r o t e c t i o n a t l o w w a t e r - l e v e l s a n d a p r o t e c t i o n 
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u n d e r s l o p e a t h i g h e r w a t e r - l e v e l s m u s t o n l y be c o n s i d e r e d f o r h a r b o u r s o r r i v e r - p o r t s w h e r e 

s h i p s a r e f r e q u e n t l y m o o r i n g a l o n g s i d e f o r l o a d i n g o r u n l o a d i n g c a r g o . The h i g h c o s t i n v o l v e d 

i n e . g . , s h e e t - p i l i n g ( t h e i m p e r m e a b i l i t y o f w h i c h a n d t h e g r e a t s c o u r o f t h e bed i n f r o n t o f 

t h e c o n s t r u c t i o n a r e d i s a d v a n t a g e s ) J u s t i f i e s s u c h a t y p e o f p r o t e c t i o n i n s p e c i f i c c a s e s o n l y 

T h e r e f o r e , o n l y o p e n , p e r m e a b l e s t r u c t u r e s w i l l be c o n s i d e r e d h e r e ( F o r i m p e r m e a b l e c o n ­

s t r u c t i o n s r e f e r e n c e i s made t o t h e 1 1 t e r a t u r e o n s o i 1 m e c h a n i c s [ 5 5 ] ) . 

2 . 5 . 2 . D e s i g n c r i t e r i a o f a p r o t e c t i o n 

T h e m o s t i m p o r t a n t f o r c e a c t I ng o n c o n s t r u c t i o n s i s t h a t o f t h e c u r r e n t . To e n s u r e 

t h e s t a b i l i t y o f a p r o t e c t i o n , t h e f o l l o w i n g r e q u i r e m e n t s m u s t be m e t : 

- The b a n k o r bed t o be p r o t e c t e d n e e d s t o be i n e q u i l i b r i u m a n d n o t s l i p ; 

- t h e p r o t e c t i o n as a w h o 1 e n e e d s t o be 1n e q u i 1 I b r i u m , a l s o a f t e r s e t t 1emen ts h a v e 

o c c u r r e d ; 

- t h e p e r m e a b i 1 1 t y o f t h e c o n s t r u c t i o n m u s t be ma I n t a i n e d , w h 1 1 e t h e p o r e s I n t h e 

c o n s t r u c t i o n s h o u l d n o t be s o g r e a t t h a t p a r t i c l e s f r o m u n d e r l y i n g l a y e r s c a n be 

w a s h e d away by t h e c u r r e n t ( f i l t e r - l a y e r s ) ; a n d 

- t h e c o m p o n e n t s o f t h e l a y e r o n t o p o f t h e f i l t e r s h o u l d be s t a b l e . 

A p r o t e c t i o n , h o w e v e r , d o e s n o t o n l y h a v e t o r e s i s t t h e a t t a c k by t h e c u r r e n t b u t 

m u s t a l s o be r e s i s t a n t a g a i n s t , e . g . , c h e m i c a l o r o r g a n i c a l i n f l u e n c e s . T h e s e r e q u i r e m e n t s 

a r e f u r t h e r e l a b o r a t e d l a t e r . 

E q u i l i b r i u m o f t h e b a n k o r b e d 

I n t h e l i t e r a t u r e o n s o i 1 - m e c h a n i c s [ 5 5 ] t h e p r i n c i p l e s a r e o u t l i n e d r e g a r d i n g t h e 

e q u i l i b r i u m o f a s l o p e o r b e d a n d t h e p o s s i b i l i t i e s o f t h e o c c u r r e n c e o f s l i p s f o r 

d i f f e r e n t g r a i n - s i z e s , s l o p e s a n d p r e s s u r e s . T h e r e f o r e , o n l y some g e n e r a l r e m a r k s a b o u t t h e 

e q u i l i b r i u m o f s i d e s l o p e s w i l l be made h e r e . 

R e g a r d i n g t h e e q u i l i b r i u m s l o p e t h e f o l l o w i n g d i s t i n c t i o n c a n be m a d e : 

- S i d e s l o p e a b o v e h i g h w a t e r s t a g e s ; 

- s i d e s l o p e b e l o w l o w w a t e r s t a g e s ; a n d 

- s i d e s l o p e i n t h e t r a n s i t i o n z o n e b e t w e e n h i g h a n d l o w w a t e r s t a g e s . 

The s i n g l e p a r t i c l e s o f t h e s o i l m a t e r i a l m u s t n o t be w a s h e d away by s e e p a g e o f 

g r o u n d w a t e r . The w e i g h t o f t h e f u t u r e p r o t e c t i o n n e e d s a l s o t o be c o n s i d e r e d , i n t r o d u c i n g 

a n e x t r a w e i g h t i n t h e c a l c u l a t i o n s . 

When t h e s l o p e s f o u n d f r o m t h e s e c o n s i d e r a t i o n s a r e m o r e g e n t l e t h a n 1 : 3 a n d i f 

t h e p r o t e c t i o n has t o be c a r r i e d o u t o v e r a g r e a t h e i g h t , t h e t o t a l c o s t o f t h e p r o t e c t i o n 

w i l l be h i g h . I n s u c h c a s e s t h e u s e o f o n e o r m o r e be rms may be c o n s i d e r e d , b e c a u s e a r e ­

d u c t i o n i n t h e w e i g h t o f t h e t o p - s o i l I n c r e a s e s t h e c r i t i c a l s l o p e a t w h i c h s l i p s o c c u r . 

Berms h a v e t h e a d d i t i o n a l a d v a n t a g e t h a t t h e p r o t e c t i o n o f t h e u n d e r w a t e r s i d e s l o p e c a n be 

s e c u r e d ( a n c h o r e d ) m o r e e a s i l y , i f m a t s o f t w i g s o r s y n t h e t i c f i b r e s a r e u s e d ( M o r e o v e r , I n 

c a n a l s a n d c o a s t a l r e g i o n s t h e r u n - u p o f w a v e s a n d s h i p - w a v e s w i 1 1 a l s o be r e d u c e d ) . 
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The e q u i l i b r i u m o f t h e s i d e s l o p e m u s t a l s o be c o n s i d e r e d a f t e r t h e p r o t e c t i o n h a s 

b e e n i n s t a l l e d . The e x t r a w e i g h t o f t h e p r o t e c t i o n r e s t i n g o n t h e s u b - s o i l s h o u l d n o t c a u s e 

s l i p s a t t h e c h o s e n s l o p e s . 

E q u i l i b r i u m o f t h e p r o t e c t i o n as a w h o l e 

T h e p r o t e c t i o n as a w h o l e m u s t be i n e q u i l i b r i u m a l s o a f t e r t h e o c c u r r e n c e o f s e t t l e ­

m e n t s i n t h e s u b - s o i l . A l t h o u g h s u c h s e t t l e m e n t s s h o u l d be r e d u c e d a s much as p o s s i b l e ( e . g . , 

by c o n s o l i d a t i o n o f t h e s o i l ) , t h e s t r u c t u r e o f t h e p r o t e c t i o n s h o u l d s t i l l be f l e x i b l e . F o r 

a p e r m e a b l e p r o t e c t i o n t h e d i f f e r e n t c o m p o n e n t s s h o u l d be t h i c k e n o u g h t o g u a r a n t e e t h e 

p r o p e r f u n c t i o n o f t h e u n d e r l y i n g f i l t e r - l a y e r s ( t o be d i s c u s s e d l a t e r o n ) . 

B e c a u s e o f t h e s c o u r i n f r o n t o f t h e p r o t e c t i o n , t h e t e r m i n a t i o n a t i t s t o e s h o u l d 

be f l e x i b l e s o t h a t e q u i l i b r i u m w i l l n o t be d i s t u r b e d . T h i s means t h a t a b a n k p r o t e c t i o n 

s h o u l d be c o n t i n u e d o n t h e r i v e r - b e d ( s e e F i g u r e 2.5.1). I t i s a l s o p o s s i b l e t o p r o t e c t t h e 

b a n k i m m e d i a t e l y t o a g r e a t e r d e p t h by d r e d g i n g a c u n n e t t e ( w h i c h c a n be f i l l e d up a g a i n 

a f t e r t h e p r o t e c t i o n has b e e n i n s t a l l e d ) . 

F i g u r e 2.5.1 T e r m i n a t i o n o f Bank P r o t e c t i o n 

An e s t i m a t e o f t h e d e p t h i n f r o n t o f a b a n k p r o t e c t i o n c a n be o b t a i n e d f r o m c o m p u ­

t a t i o n s ( s e e P a r t I I , P a r a . 3.7.3). C a r e f u l l y c o n d u c t e d e x p e r i m e n t s i n a l a b o r a t o r y o f t e n 

l e a d t o m o r e t r u s t w o r t h y r e s u l t s . H o w e v e r , s o m e t i m e s i t w i l l be u n a v o i d a b l e , a l t h o u g h v e r y 

e x p e n s i v e , t o e x t e n d t h e p r o t e c t i o n d o w n w a r d a t a l a t e r d a t e ; s e e F i g u r e 2.5.2. 

I n t h e c a s e o f p r o t e c t i o n o f g r o y n e - h e a d s t h e t o t a l p r o t e c t i o n w i l l u s u a l l y be i n ­

s t a l l e d r i g h t a w a y , t h e m o r e s o i f t h e g r o y n e s a r e c o n s t r u c t e d t o g u i d e i n f u t u r e t h e m a i n 

c u r r e n t o f t h e r i v e r . A h e a v i e r t y p e o f p r o t e c t i o n i s o f t e n r e q u i r e d t h a n f o r t h e p r o ­

t e c t i o n o f a r i v e r - b a n k b e c a u s e t h e a t t a c k by t h e c u r r e n t a n d t h e s c o u r i n f r o n t o f t h e 

g r o y n e w i l l l i k e l y be g r e a t e r . The new e q u i l i b r i u m l e v e l o f t h e r i v e r - b e d i n f r o n t o f t h e 

g r o y n e i s d i f f i c u l t t o e s t i m a t e , b u t an e s t i m a t e o f t h e d e p t h c a n be o b t a i n e d by c o m p u t i n g 

t h e d e p t h i n f r o n t o f a c o n t i n u o u s b a n k p r o t e c t i o n ( P a r t I I , E q . 3.7.10). D e p e n d i n g o n t h e 

d i s t a n c e b e t w e e n t h e c o n s e c u t i v e g r o y n e s , a n o v e r - d e p t h o f t h e p r o t e c t i o n m u s t be c o n s i d e r e d 

w h i c h may w e l l be i n t h e r a n g e o f 20^-30^. A m o r e a c c u r a t e e s t i m a t e o f t h e s c o u r i n f r o n t 

o f t h e g r o y n e c a n be o b t a i n e d f r o m m o d e l - t e s t s , b u t e x p e r i e n c e s h o u l d a l s o be g a t h e r e d I n 

t h e f i e l d . I n t h i s r e s p e c t . I t i s r ecommended t h a t t h e d e v e l o p m e n t o f t h e r i v e r - b e d i n f r o n t 
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F i g u r e 2 . 5 . 2 P r o t e c t i o n o f a R i v e r - b a n l < i n Two P l i a s e s 

o f t l i e g r o y n e s r e c e n t l y c o n s t r u c t e d ( 1 9 7 2 ) i n P t o . B o y a c I be c l o s e l y f o l l o w e d by means o f 

m e a s u r e m e n t s ( l o c a l s o u n d i n g s a n d f l o w - l i n e s ) t a k e n a t r e g u l a r t i m e - i n t e r v a l s ( t h i s s h o u l d 

a l s o be d o n e when i n f u t u r e t h e m a i n c h a n n e l o f t h e RFo M a g d a l e n a f o l l o w s t h e r i g h t b a n k 

a l o n g t h e p r o t e c t i o n o f t h e S h e l l c o m p o u n d a t Y a r i r F ) . 

P e r m e a b i l i t y a n d p r e v e n t i o n o f l o s s o f m a t e r i a l 

I t has b e e n m e n t i o n e d t h a t t h e p r o t e c t i o n s h o u l d h a v e a n o p e n s t r u c t u r e t o e n s u r e 

t h a t w a t e r c a n f l o w t h r o u g h i t a n d t h a t no g r e a t p r e s s u r e d i f f e r e n c e s o v e r t h e c o n s t r u c t i o n 

a r e c r e a t e d . F o r e x a m p l e , d u r i n g a r a p i d d r o p o f t h e w a t e r - l e v e l i n t h e r i v e r , t h e g r o u n d ­

w a t e r - l e v e l i n t h e b a n k l a g s b e h i n d . To p r e v e n t g r e a t p r e s s u r e d i f f e r e n c e s o v e r t h e p r o ­

t e c t i o n , t h e g r o u n d w a t e r s h o u l d be a b l e t o s e e p t h r o u g h t h e p r o t e c t i o n t o g r a d u a l l y d i ­

m i n i s h t h e d i f f e r e n c e b e t w e e n t h e w a t e r - l e v e l s o n b o t h s i d e s o f t h e p r o t e c t i o n . H o w e v e r , 

t h e p o r e s i n t h e p r o t e c t i o n s h o u l d n o t be s o g r e a t t h a t s e e p a g e o f g r o u n d w a t e r c a n l e a d t o 

l o s s o f m a t e r i a l , b e c a u s e t h e c o n s e q u e n t s e t t l e m e n t s may f i n a l l y r e s u l t i n t h e c o m p l e t e 

d e s t r u c t i o n o f t h e p r o t e c t i o n . 

On t h e o t h e r h a n d , t h e p o r e s i n t h e c o n s e c u t i v e l a y e r s o f t h e p r o t e c t i o n s h o u l d n o t 

be s o s m a l l t h a t some l o s s o f t h e m a t e r i a l o f t h e u n d e r l y i n g i a y e r ( w h i c h a l w a y s o c c u r s ) w o u l d 

o b s t r u c t t h e p e r m e a b i l i t y . To e n s u r e t h e s e t w o r e q u i r e m e n t s ( p e r m e a b l e c o n s t r u c t i o n a n d 

p r e v e n t i o n o f l o s s o f m a t e r i a l ) , a p r o t e c t i o n c a n c o n s i s t o f c o n s e c u t i v e l a y e r s o f c o a r s e 

s a n d , f i n e g r a v e l , c o a r s e g r a v e l , s m a l l s t o n e s a n d b o u l d e r s . Each l a y e r m u s t be c o m p o s e d 

o f m a t e r i a l somewha t c o a r s e r t h a n t h e u n d e r l y i n g l a y e r , w h i l e t h e f i n a l c o v e r - l a y e r m u s t 

be s o h e a v y t h a t t h e a t t a c k by t h e c u r r e n t c a n be r e s i s t e d . An e x a m p l e o f s u c h a c o n ­

s t r u c t i o n i s g i v e n i n F i g u r e 2 . 5 . 3 . 

D i f f e r e n t f o r m u l a e f o r t h e d i a m e t e r s a n d t h e t h i c k n e s s o f t h e c o n s e c u t i v e l a y e r s h a v e 

( e x p e r i m e n t a l l y ) b e e n d e v e l o p e d t o e n s u r e t h e p e r m e a b i l i t y o f s u c h c o n s t r u c t i o n s a n d t o 

p r e v e n t t h e l o s s o f m a t e r i a l f r o m t h e u n d e r l y i n g l a y e r s . H o w e v e r , s u c h f o r m u l a e a r e v a l i d 

f o r a g r e a t r a n g e o f c o n d i t i o n s a n d t h e r e f o r e i t seems a p p r o p r i a t e t o d r a w a t t e n t i o n t o t h e 
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30 cm BOi/LDEftS 

20 cm aiABSE BRi&SL/STOms 

Mem cOMse Mm/nm tarn 

F i g u r e 2 . 5 . 3 S c i i e m a t i c E x a m p l e o f a P r o t e c t i o n 

e x p e r i m e n t a l d a t a o f t h e U n i t e d S t a t e s C o r p s o f E n g i n e e r s r e g a r d i n g b a n k p r o t e c t i o n s o f 

g r a d e d s t o n e s ( a l s o c a l l e d r i p r a p ) a l o n g t h e M i s s i s s i p p i R i v e r . ( F o r a r e v i e w o f t h e d e s i g n 

c r i t e r i a o f p r o t e c t i o n s a n d d 1 f f e r e n t t y p e s o f c o n s t r u c t i o n s u s e d a l o n g t h e M i s s i s s i p p i 

R i v e r , r e f e r e n c e i s made t o , a m o n g s t o t h e r a u t h o r s , Shen ( 1 9 7 1 ) [ 5 6 ] ) . 

G e n e r a l s p e c i f i c a t i o n s 

T h i c k n e s s : 0 . 2 5 m + 0 . 0 5 m a n d a t l e a s t ^ i t i m e s t h e a v e r a g e s t o n e - s i z e ( t o be 

i n c r e a s e d b e l o w t h e w a t e r - l e v e l ) . 

D e n s i t y : p ^ 2 , 2 4 0 k g / m ^ . 
s t O n c 

D i a m e t e r o f s t o n e s : s m a l l e r t h a n 0 . 6 0 m. 

R i p r a p a b o v e l o w w a t e r - l e v e l 

I n d i v i d u a l w e i g h t o f s t o n e s : b e t w e e n 3 kg a n d 60 k g . 

A p p r o x i m a t e g r a d a t i o n : 3 5 - 6 0 kg 1 0 1 max imum 

1 0 - 3 5 k g 4 0 - 6 0 % 

3 - 1 0 kg 2 0 - 4 0 1 

< 3 k g 15% maximum ( g r e a t e r t h a n 2 . 5 c m ) . 

T o t a l w e i g h t o f r i p r a p : ^ 500 kg/m'. 

R i p r a p b e l o w l o w w a t e r - l e v e l ( a p p l i e d o n f 1 1 t e r o f , e . g . , g r a v e l ) 

I n d i v i d u a l w e i g h t o f s t o n e s : b e t w e e n 3 kg a n d 100 kg 

A p p r o x i m a t e g r a d a t i o n : 70 - 100 kg 5 % max imum 

60 - 70 kg 5-15% 

35 - 60 kg 1 5 - 4 0 1 

1 0 - 35 kg 4 0 - 5 5 % 

3 - 1 0 kg 10% maximum 

T o t a l w e i g h t o f r i p r a p : ^ 800 k g / m ^ 

I f s u c h a t y p e o f c o n s t r u c t i o n h a s b e e n c h o s e n , t h e p e r m e a b i l i t y c a n e a s i l y be t e s t e d 

by means o f t h e m o d e l s c h e m a t i c a l l y g i v e n i n F i g u r e 2 . 5 . 4 . By c h a n g i n g t h e t o t a l d i f f e r e n c e 

i n h e a d ( A H ) , t h e t i m e - 1 n t e r v a 1 s r e q u i r e d f o r t h e a d a p t a t i o n o f t h e p r e s s u r e s i n t h e c o n s e ­

c u t i v e l a y e r s c a n be f o u n d . C o n s e q u e n t l y , t h e p r e s s u r e d i f f e r e n c e o n e a c h l a y e r i s a l s o k n o w n . 
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F i g u r e 2 . 5 . 4 T e s t i n g P e r m e a b i l i t y o f P r o t e c t i o n 

To p r e v e n t t h e o b s t r u c t i o n o f t h e f i l t e r by l o o s e s o i l m a t e r i a l , no t more t h a n S% o f 

t h e f i l t e r m a t e r i a l s h o u l d be s m a l l e r t h a n 750 ym. M o r e o v e r , t h e s i e v e - c u r v e s o f t h e f i l t e r 

and s o i l m a t e r i a l s h o u l d be more o r l e s s p a r a l l e l in t h e r a n g e o f t h e s m a l l d i a m e t e r s ( s e e 

F i g u r e 2 . 5 . 5 ) , b e c a u s e t h e a n g l e b e t w e e n t h e c u r v e s i n f l u e n c e s t h e s t a b i l i t y and t h e 

p e r m e a b l e f u n c t i o n o f t h e f i l t e r . 

" m' ' t)< ^ IC» ' »-' ' lo-a 

DUM£T£Slmm> ^ 

F i g . 2 . 5 . 5 R e l a t i o n b e t w e e n D i a m e t e r s o f F i l t e r M a t e r i a l 

T h e t y p e o f c o n s t r u c t i o n p r e s e n t e d i n F i g u r e 2 . 5 . 3 h a s two ma in d i s a d v a n t a g e s ; 

- A g r e a t number o f l a y e r s h a v e t o be dumped t o b r i n g a b o u t an e f f e c t i v e p r o ­

t e c t i o n ; and 
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- e x e c u t i o n " i n t h e w e t " i n c r e a s e s c o n s i d e r a b i y t h e a m o u n t o f m a t e r i a l r e q u i r e d 

f o r e a c h c o n s e c u t i v e 1 a y e r . Due t o t h e g r e a t e r f a l 1 - v e l o c i t y , t h e c o a r s e r 

p a r t i c l e s w i 11 s e t t l e f i r s t , w i t h t h e 1 i g h t e r p a r t i c l e s o n t o p , b u t as t h e s e a r e 

1 i k e l y t o be w a s h e d away by t h e c u r r e n t , c o n s e q u e n t l y r a t h e r t h i c k 1 a y e r s n e e d 

t o be d u m p e d . 

An a t t e m p t has been made t o o v e r c o m e t h e s e d i s a d v a n t a g e s by t h e u s e o f o t h e r m a t e r i a l s , 

b e a r i n g i n m i n d , a t t h e same t i m e , t h e p o s s i b i 1 i t y o f c u t t i n g c o s t s . A number o f s u c h 

a l t e r n a t i v e s o l u t i o n s a r e s c h e m a t i c a l l y p r e s e n t e d i n F i g u r e 2 . 5 . 6 . 

RIPRAP PACKED IN WIRE NETTING 

GRAVEL 

GRAVEL INJECTED WITH 
PRE PACT MORTAR 

CONCRETE BLOCKS SEPARATED 
BY STRIPS OF NYLON 

RIPRAP 

PLAITED MATS OF TWIGS 
(OR THE LIKE I 

NYLON MATS FILLED WITH 
PREPACT MORTAR 

F i g u r e 2 . 5 . 6 E x a m p l e s o f P e r m e a b l e P r o t e c t i o n s 

S t a b i 1 i t y o f t h e c o v e r 

C o v e r - l a y e r s a r e r e q u i r e d o n t o p o f t h e f i l t e r , a n d t h e s e m u s t be h e a v y t o p r o v i d e 

r e s i s t a n c e a g a i n s t a t t a c k by t h e c u r r e n t ( a n d / o r w a v e s ) . I n t h e c a s e o f a p e r m e a b l e 

p r o t e c t i o n t h e s i n g l e c o m p o n e n t s o f t h e c o v e r m u s t be s o h e a v y t h a t e q u i l i b r i u m i s n o t 

d i s t u r b e d . ( T h e c o m p o n e n t s o f t h e c o v e r o f an i m p e r m e a b l e p r o t e c t i o n c a n g e n e r a l l y be s m a l l e r 

a n d l e s s h e a v y , b e c a u s e by means o f , e . g . , a s p h a l t - p e n e t r a t i o n , t h e y a d h e r e t o g r e a t e r 

a n d h e a v i e r u n i t s ) . 

T h e s t a b i 1 i t y o f t h e s i n g l e c o m p o n e n t s o f t h e c o v e r c a n be d i s t u r b e d i n t h r e e w a y s : 

- When t h e h y d r o d y n a m i c f o r c e ( F : : i p v ^ ) a c t i n g o n a c o m p o n e n t w h i c h i s p l a c e d i n t h e 

c u r r e n t e x c e e d s t h e i n t e r n a l f r i c t i o n i n d u c e d b y t h e n e i g h b o u r i n g c o m p o n e n t s , t h e 

s i n g l e c o m p o n e n t c a n s l i p . 
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- Due t o l o c a l t u r b u l e n c e s i n t h e w a t e r , p r e s s u r e d i f f e r e n c e s a r e g e n e r a t e d b e t w e e n 

t h e b o t t o m a n d t o p o f t h e c o m p o n e n t s . When t h i s l i f t i n g f o r c e e x c e e d s t h e g r a v i t y 

f o r c e , t h e s i n g l e c o m p o n e n t s c a n be l i f t e d f r o m t h e p r o t e c t i o n . 

- When t h e momentum o f t h e h y d r o d y n a m i c f o r c e s i n r e s p e c t o f t h e d o w n s t r e a m e d g e o f 

t h e c o m p o n e n t e x c e e d s t h e c o u n t e r a c t i n g momentum o f t h e g r a v i t y f o r c e , t h e s i n g l e 

c o m p o n e n t c a n r o l l d o w n . 

O b v i o u s l y , t h e s t a b i l i t y ó f t h e c o m p o n e n t s d e p e n d s on t h e i r s h a p e , t h e i r w e i g h t , t h e 

i n t e r n a l f r i c t i o n i n d u c e d by n e i g h b o u r i n g c o m p o n e n t s , t h e s l o p e o f t h e s u b - s o i l a n d t h e 

d i r e c t i o n o f t h e c u r r e n t . The d i a m e t e r (O) o f t h e c o m p o n e n t s r e q u i r e d t o e n s u r e s t a b i l i t y 

when p l a c e d o n a h o r i z o n t a l b e d c a n be e x p r e s s e d a s : 

°?f̂  ( 2 . 5 . 1 ) 

i n w h i c h : a = c o e f f i c i e n t . 

F o r e x a m p l e , t e s t s c a r r i e d o u t by t h e U n i t e d S t a t e s B u r e a u o f R e c l a m a t i o n h a v e shown 

t h a t f o r s t r o n g l y t u r b u l e n t f l o w , e q u i l i b r i u m i s o b s e r v e d f o r « « 1 . 4 . F o r d i f f e r e n t v a l u e s 

o f t h e r e l a t i v e d e n s i t y ( A ) o f t h e c o m p o n e n t s a n d t h e f a c t o r a o f E q . 2.5.1, t h e r e l a t i o n 

b e t w e e n t h e f l o w - v e l o c i t y a n d t h e r e q u i r e d d i a m e t e r o f t h e c o m p o n e n t s i s r e p r e s e n t e d i n 

F i g u r e 2.5.7. 
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F i g u r e 2.5.7 R e q u i r e d D i m e n s i o n s o f S t o n e s 

S t o n e s a r e u s u a l l y s p e c i f i e d i n l < g - w e i g h t , i n s t e a d o f i n k g - m a s s i n a c c o r d a n c e w i t h 

t h e d i m e n s i o n s u s e d i n t h e f o r m u l a e . C o n s e q u e n t l y , i n t h e f o r m u l a e a l s o t h e s p e c i f i c w e i g h t 

(Y = p g ) s h o u l d be i n t r o d u c e d . E s t i m a t i n g t h e a v e r a g e w e i g h t o f a r o u g h - e d g e d s t o n e t o b e : 

G = 0.5 p g D ^ E q . 2.5.1 y i e l d s : 
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G»0.5 pg i j . ^ ) (2.5.2) 

F o r d i f f e r e n t v a l u e s o f t i i e r e l a t i v e d e n s i t y (A ) t h e r e l a t i o n b e t w e e n t h e d i a m e t e r 

a n d t h e mass o f t h e s t o n e s i s g i v e n i n F i g u r e 2.5.8. 

/A 

w 
f 

w// 

f 
JO' 2 S fO^ 2 S 10^ 2 

D (mm) 

F i g u r e 2.5.8 R e l a t i o n b e t w e e n D i a m e t e r a n d Mass o f S t o n e s 

i t m u s t be r e m a r k e d t h a t t h e d i a m e t e r ( m a s s ) o f t h e c o m p o n e n t s c a n o f t e n be r e d u c e d 

by t h e u s e o f s p e c i a l l y - s h a p e d u n i t s . F o r e x a m p l e , t e t r a p o d s c a n be i n t e r w o v e n t o f o r m 

g r e a t e r u n i t s s o t h a t t h e s t a b i l i t y o f t h e s i n g l e c o m p o n e n t c a n h a r d l y be d i s t u r b e d . 

When t h e p r o t e c t i o n o f a r i v e r b a n k i s c o n s i d e r e d , t h e c o m p o n e n t s o f t h e c o v e r h a v e 

t o be p l a c e d o n a s i d e s l o p e . C o n s e q u e n t l y , t h e s t a b i l i t y o f t h e s i n g l e c o m p o n e n t o f t h e 

c o v e r i s a l s o i n f l u e n c e d by t h e c o m p o n e n t o f t h e g r a v i t y f o r c e d i r e c t e d d o w n w a r d a l o n g t h e 

s i d e s l o p e . An i n c r e a s e o f t h e d i a m e t e r o f t h e s t o n e s i s t h e n r e q u i r e d , w h i c h c a n be e x p r e s s e d 

by i n t r o d u c i n g a c o r r e c t i o n - f a c t o r ( f ) i n E q . 2.5.1 ( a n e q u a t i o n d e r i v e d f o r a c o m p o n e n t 

p l a c e d o n a h o r i z o n t a l b e d ) : 

D > . f f l ^ (2.5.3) 

T h e v a l u e o f t h e c o r r e c t i o n - f a c t o r d e p e n d s o n t h e a n g l e o f t h e s i d e s l o p e ( y ) » t h e 

a n g l e o f i n t e r n a l f r i c t i o n ((p) a n d t h e d i r e c t i o n o f t h e c u r r e n t . I n t h e c a s e o f f l o w p a r a l l e l 

t o t h e s i d e s l o p e t h e v a l u e o f t h e c o r r e c t i o n - f a c t o r ( f ^ ) i s g i v e n i n F i g u r e 2.5.9. 
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I n t h e c a s e o f f l o w p a r a l l e l t o t h e s i d e s l o p e b u t p e r p e n d i c u l a r t o t h e l e n g t h a x i s 

o f t h e s i d e s l o p e ( f o r e x a m p l e , i n c a s e o f o v e r f l o w o v e r a d a m ) , t h e v a l u e o f t h e c o r r e c t i o n 

f a c t o r ( f ) i s g i v e n i n F i g u r e 2 , 5 . 1 0 . 

0 10' 20' 3^" 

F i g u r e 2 . 5 . 1 0 C o r r e c t i o n - f a c t o r (f2) f o r F l o w P e r p e n d i c u l a r t o a S i d e S l o p e 

The h e l i c o i d a l f l o w i n r i v e r - b e n d s i n t r o d u c e s b o t h a t r a c t i v e f o r c e ( F ^ ) o n t h e c o m ­

p o n e n t o f t h e c o v e r p a r a l l e l t o t h e s i d e s l o p e and a t r a c t i v e f o r c e (F2) p e r p e n d i c u l a r t o 

t h e l e n g t h a x i s o f t h e s i d e s l o p e ( s e e F i g u r e 2 . 5 . 1 1 ) . 

C o n s e q u e n t l y , t h e e q u i l i b r i u m c o n d i t i o n o f t h e c o m p o n e n t s o f t h e c o v e r i s e n s u r e d b y 

a c o m b i n a t i o n o f t h e t w o f o r e g o i n g c o r r e c t i o n - f a c t o r s . H o w e v e r , t h e v e l o c i t y p e r p e n d i c u l a r 

t o t h e s i d e s l o p e ( u ) i s v e r y s m a l l c o m p a r e d w i t h t h e v e l o c i t y p a r a l l e l t o t h e s i d e s l o p e ( v ) 

Hence t h e t r a c t i v e f o r c e F2 i s s m a l l c o m p a r e d w i t h F^ a n d u s u a l l y o n l y v e r y s m a l l v a l u e s 

o f t h e a n g l e g n e e d t o be c o n s i d e r e d . I t t h e n a p p e a r s t h a t t h e c o r r e c t i o n - f a c t o r f o r t h e 

d i a m e t e r o f t h e s t o n e s i s r e d u c e d t o a b o u t t h e c o r r e c t i o n - f a c t o r as p r e s e n t e d i n t h e c a s e 

o f f l o w p a r a l l e l t o t h e s i d e s l o p e o n l y . I f a b a n k - p r o t e c t i o n i n a r i v e r - b e n d i s c o n s i d e r e d , 

i t i s t h e r e f o r e a d v i s e d t o a p p l y t h e c o r r e c t i o n - f a c t o r ( f ^ ) a s p r e s e n t e d i n F i g u r e 2 . 5 . 9 . 
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F i g u r e 2 . 5 . 1 1 F o r c e s I n d u c e d b y H e l i c o i d a l F l o w 

R e s i s t a n c e a g a i n s t o t h e r i n f l u e n c e s t h a n t h o s e c a u s e d b y t h e c u r r e n t 

I n t h e f o r e g o i n g t h e a t t a c k o f t h e c u r r e n t o n t h e p r o t e c t i o n has b e e n d i s c u s s e d . O t h e r 

t y p e s o f i n f l u e n c e , h o w e v e r , may a l s o c a u s e damage w h i c h c a n r e d u c e t h e l i f e t i m e o f t h e p r o ­

t e c t i o n . A m o n g s t o t h e r s , t h e f o l l o w i n g c a n be m e n t i o n e d : 

- M e c h a n i c a l i n f l u e n c e s , s u c h as d i f f e r e n c e s i n t e m p e r a t u r e i n t h e c o n s t r u c t i o n , o r 

damage c a u s e d by s h i p s ( a n c h o r s o r p r o p u l s i o n - s t r e a m ) ; 

- c h e m i c a l i n f l u e n c e s , s u c h as a g g r e s s i v e l i q u i d s o r o i l , t h e i n t e r a c t i o n w i t h sea w a t e r , 

o r e l e c t r o - c h e m i c a l a c t i o n i f d i f f e r e n t t y p e s o f m e t a l a r e u s e d i n o n e c o n s t r u c t i o n ; 

a n d 

- o r g a n i c i n f l u e n c e s , s u c h as v e g e t a t i o n a b o v e t h e w a t e r - l e v e l , o r a l g a e u n d e r w a t e r . 

T h e l i f e t i m e o f t h e c o n s t r u c t i o n i s m a i n l y d e t e r m i n e d by t h e m a t e r i a l s w h i c h a r e u s e d . 

A number o f s u c h m a t e r i a l s , as f a r as t h e y a p p e a r t o be s u i t a b l e f o r u s e i n C o l o m b i a , i s 

l i s t e d b e l o w ( s e e a l s o F i g u r e 2 . 5 . 6 ) : 

- N a t u r a l f i b r e s ( g r a s s , t w i g s , c a n e , e t c . ) ; 

- s y n t h e t i c f i b r e s ( p l a s t i c , n y l o n , e t c . ) ; 

- w o o d ; 

- p l a i t e d m a t s o f t w i g s o r t r o p i c a l w o o d ; 

- g r a v e l o r s t o n e s ; 

- b r i c k s ; 

- c o n c r e t e b l o c k s ( c u b e s , t e t r a p o d s , h e x a p o d s , e t c . ) ; 

- s t e e l ( s h e e t - p i l i n g , w i r e n e t t i n g , e t c . ) ; a n d 

- p e r m e a b l e s u s p e n s i o n s ( p r e p a c t - m o r t a r , s a n d m i x e d w i t h S t a n d a r d Road O i l ( S . R . O , ) ) , 

A f e w r e m a r k s s h o u l d p e r h a p s be made a b o u t some o f t h e s e m a t e r i a l s . Wooden s t r u c t u r e s 

m u s t g e n e r a l l y be u s e d b e l o w t h e l o w w a t e r - l e v e l t o p r e v e n t t h e i r d e c a y ; a l t h o u g h some k i n d s o f 

t r o p i c a l w o o d c a n a l s o be u s e d a b o v e t h e w a t e r - l e v e l . D u r i n g i t s g r o w i n g p e r i o d g r a s s n e e d s 

o x y g e n a n d t h u s may n o t be f l o o d e d f o r m o r e t h a n a b o u t t w o w e e k s c o n s e c u t i v e l y ( a l t h o u g h l a t e r 
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o n f l o o d i n g i s a c c e p t a b l e d u r i n g l o n g e r p e r i o d s ) . G r a s s s h o u l d , t h e r e f o r e , n o t be u s e d b e l o w 

a l e v e l w h i c h i s o n t h e a v e r a g e e x c e e d e d d u r i n g a b o u t 1 5 d a y s p e r y e a r . The s y n t h e t i c f i b r e s 

u s u a l l y need t o be c o v e r e d f r o m t h e s u n l i g h t t o p r e v e n t r e d u c t i o n o f t h e i r s t r e n g t h ; b u t some 

s p e c i a l t y p e o f f i b r e s h a v e now b e e n d e v e l o p e d w h i c h no l o n g e r h a v e t h i s d i s a d v a n t a g e . 

2 . 5 . 3 . C l o s u r e o f s e c o n d a r y b r a n c h e s 

I n P a r a g r a p h s 2 . 3 a n d 2,h- i t was m e n t i o n e d t h a t t h e c l o s u r e o f s e c o n d a r y b r a n c h e s c a n 

o f t e n be c o n s i d e r e d t o i m p r o v e ( e i t h e r t e m p o r a r i l y o r p e r m a n e n t ) t h e n a v i g a b i l i t y o f t h e 

m a i n c h a n n e l ( s u c h a c l o s u r e was f o r e x a m p l e c a r r i e d o u t i n 1966 n e a r t h e RFo Sogamoso 

C o n f l u e n c e ) . 

D r e d g i n g o f t h e m a i n c h a n n e l i s u s u a l l y r e q u i r e d , a n d t h i s s p o i l c a n be u s e d f o r t h e 

c l o s u r e o f t h e s e c o n d a r y b r a n c h e s . I f t h e s p o i l has t o be t r a n s p o r t e d o v e r a g r e a t d i s t a n c e , 

a c o m b i n a t i o n o f p u m p i n g a n d t r a n s p o r t i n t r u c l < s o r i n b a r g e s may be c o n s i d e r e d . 

T h e s e c o n d a r y b r a n c h e s s h o u l d n o t be c l o s e d t o o n e a r t o t h e u p s t r e a m d i v i s i o n o f t h e 

c h a n n e l . I f t h e b r a n c h i s c l o s e d m o r e d o w n s t r e a m , s e d i m e n t a t i o n w i l l o c c u r u p s t r e a m o f t h e 

d a m , b u i l d i n g a n a t u r a l b a r t o p r o t e c t t h e d a m . I f t h e b r a n c h w h i c h i s t o be c l o s e d s t i l l 

c a r r i e s w a t e r , t h e v e l o c i t i e s c a n i n c r e a s e c o n s i d e r a b l y d u r i n g t h e c l o s u r e . The v e l o c i t y 

may be a p p r o x i m a t e d a t : 

V = \/ 2 g z 

w i t h z = d i f f e r e n c e i n h e a d o v e r t h e dam ( s e e F i g u r e 2 . 4 . 8 ) . F o r v a l u e s o f z g r e a t e r t h a n 

a b o u t 0 . 5 0 m ( v ~ 3 m / s ) t h e l o s s o f s a n d b y t h e i n c r e a s e d f l o w - v e l o c i t y w i l l be c o n s i d e r a b l e 

a n d a v e r y g r e a t d r e d g e c a p a c i t y w i l l be r e q u i r e d t o b r i n g a b o u t t h e c l o s u r e o f t h e f i n a l 

g a p . I t may t h e n be c o n s i d e r e d t o c l o s e t h e b r a n c h t e m p o r a r i l y a t t h e u p s t r e a m d i v i s i o n o f 

t h e c h a n n e l w h e r e t h e f l o w - v e l o c i t i e s a r e l i k e l y t o be s m a l l e r ( g r e a t e r w i d t h a n d s m a l l e r 

w a t e r d e p t h ) , a n d a f t e r w a r d s t o b u i l t t h e dam f u r t h e r i n w a r d . ( O r c l o s u r e by means o f s t o n e s o r 

s a n d - b a g s may be c h o s e n , t o be dumped on a b e d - p r o t e c t i o n t o p r e v e n t g r e a t s c o u r o f t h e b e d . ) 

The c r e s t - l e v e l o f t h e dam i s a l s o o f i m p o r t a n c e . I f t h e dam m u s t f u n c t i o n a t l o w 

w a t e r s t a g e s o n l y , w h i l e t h e b r a n c h w i l l s t i l l d i s c h a r g e w a t e r a t h i g h s t a g e s , t h e p r o t e c t i o n 

o f t h e dam a n d t h e r i v e r - b e d m u s t be h e a v y . E s p e c i a l l y o n t h e d o w n s t r e a m s i d e o f t h e d a m , 

t h e d e p r e s s i o n a l o n g t h e s i d e s l o p e c a u s e d by t h e o v e r f l o w i n g w a t e r may w e l l l i f t t h e s t o n e s 

f r o m t h e i r s e t t i n g a n d d e s t r o y t h e d a m . I f t h e dam s h o u l d a l s o f u l l y c l o s e t h e b r a n c h a t h i g h 

w a t e r s t a g e s , t h e c r e s t - l e v e l o f t h e dam c a n b e s t be d e t e r m i n e d o n t h e b a s i s o f t h e o c c u r r e n c e 

o f e x t r e m e h i g h w a t e r - l e v e l s . O v e r f l o w o f t h e s u r r o u n d i n g r i v e r - b a n k s s h o u l d a l s o be p r e v e n t e d , 

b e c a u s e t h i s may r e s u l t i n a d i v e r s i o n o f t h e c u r r e n t a r o u n d t h e s i t e o f t h e d a m . 

2 . 5 . 4 . E x a m p l e s o f c o n s t r u c t i o n s 

A n u m b e r o f c o n s t r u c t i o n s h a v e b e e n c a r r i e d o u t a l o n g t h e RFo M a g d a l e n a a n d t h e C a n a l 

d e l D i q u e , e i t h e r f o r t h e p r o t e c t i o n o f t h e e s t a b l i s h e d i n v e s t m e n t s a l o n g t h e b a n k ( e . g . . 

La D o r a d a , P t o . B o y a c I ) o r f o r n a v i g a t i o n p u r p o s e s ( C a n a l d e l D i q u e ) . T h e s e c o n s t r u c t i o n s 

w i l l now be d i s c u s s e d b r i e f l y . 
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Wooden o p e n g r o y n e s 

Wooden o p e n g r o y n e s w e r e c o n s t r u c t e d by ADENAVI m o s t l y a l o n g t h e C a n a l d e l D i q u e a l t h o u g h 

i n t h e b e g i n n i n g o f t h e 1 9 6 0 ' s o n e g r o y n e was a l s o c o n s t r u c t e d a l o n g t h e l e f t b a n k o f t h e 

R f o M a g d a l e n a , u p s t r e a m o f La D o r a d a , w h i l e i n 1971 6 g r o y n e s w e r e c o n s t r u c t e d a l o n g t h e r i g h t 

b a n k o f t h e R f o N e g r o , j u s t d o w n s t r e a m o f t h e v i l l a g e P u e r t o L i b r e , t o p r o t e c t t h e b a s e s o f 

o v e r h e a d c a b l e s . Such g r o y n e s m o s t l y c o n s i s t o f a s i n g l e row o f w o o d e n p i l e s c o n n e c t e d w i t h 

e a c h o t h e r by w i r e o r t w i g s ( s e e F i g u r e 2 . 5 . 1 2 ) o r , i n s t r o n g e r c u r r e n t s , o f t w o r o w s o f p i l e s 

m o r e o r l e s s 1 m a p a r t a n d f i l l e d i n b e t w e e n w i t h b u n d l e s o f t w i g s . 

F i g u r e 2 . 5 . 1 2 Open G r o y n e a l o n g t h e C a n a l d e l D i q u e 

Such o p e n g r o y n e s c a n be c a r r i e d o u t as a r a t h e r l i g h t t y p e o f c o n s t r u c t i o n b e c a u s e 

i n i t i a l l y t h e y w i l l n o t c o n c e n t r a t e t h e f l o w c o m p l e t e l y i n f r o n t b u t p e r m i t p a r t o f t h e 

c u r r e n t t o s t i l l p a s s t h r o u g h t h e g r o y n e s . The h i g h e r r e s i s t a n c e i n d u c e d by t h e c o n s t r u c t i o n 

r e s u l t s i n s m a l l e r f l o w - v e l o c i t i e s d o w n s t r e a m w h e r e s e d i m e n t a t i o n o c c u r s . On t h e u p s t r e a m 

s i d e o f t h e g r o y n e t h e f l o a t i n g d e b r i s c a r r i e d by t h e r i v e r i s c o l l e c t e d a n d a f t e r a t i m e -

l a p s e i s c o m p l e t e l y i n t e r w o v e n w i t h t h e g r o y n e . The g r o y n e g r a d u a l l y c h a n g e s i n t o a m o r e o r 

l e s s c l o s e d ( b u t o f t e n s t i l l p e r m e a b l e ) t y p e o f c o n s t r u c t i o n . 

I n t h e C a n a l d e l D i q u e a number o f t h e s e g r o y n e s h a v e b e e n d a m a g e d , m o s t l y by n a v i ­

g a t i o n . When t w o b a r g e - t r a i n s m e e t e a c h o t h e r , t h e n a r r o w w i d t h o f t h e C a n a l means t h a t t h e 

o n e g o i n g u p s t r e a m has t o g i v e way t o t h e o t h e r by m o o r i n g a l o n g t h e b a n k . T h e damage i s a l s o 

p a r t l y c a u s e d by s c o u r o f t h e bed i n f r o n t o f t h e g r o y n e s . The g r o y n e s s h o u l d , t h e r e f o r e , 

be i n s p e c t e d r e g u l a r l y a n d be p r o p e r l y m a i n t a i n e d . 

The u s e o f s u c h t y p e o f g r o y n e s i n t h e RFo M a g d a l e n a s h o u l d g e n e r a l l y be c o n s i d e r e d 

w i t h s u s p i c i o n . T h e o f t e n s t r o n g e r c u r r e n t s , e s p e c i a l l y d u r i n g h i g h w a t e r s t a g e s , may w e l l 

w a s h t h e m a w a y . N e v e r t h e l e s s , t h e c o n s t r u c t i o n o f s u c h a g r o y n e n e a r La D o r a d a , u p s t r e a m o f 
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the " V u e l t a del Conejo", t o pr e v e n t f u r t h e r scour o f the l e f t bank o f the RFo Magdalena 

proved I t s a p p l i c a b i l i t y i n the p a s t , a l t h o u g h the groyne has now been almost c o m p l e t e l y 

washed away due t o t h e l a c k o f maintenance. 

Bank p r o t e c t i o n upstream o f La Dorada 

Upstream o f La Dorada the l e f t bank o f the Rfo Magdalena i s a t t a c k e d by the c u r r e n t , 

the more so because j u s t downstream a rock i s p r o t r u d i n g i n t o the r i v e r and upstream a 

s t r o n g eddy i s generated which i s g r a d u a l l y e r o d i n g the l e f t bank. As t h i s may endanger the 

r a i l w a y c o n n e c t i o n La Dorada - Manizales ( v i a Honda), the F e r r o c a r r i l Nacional (FCN) has 

c o n s t r u c t e d l o c a l l y a bank p r o t e c t i o n c o n s i s t i n g o f d i l a p i d a t e d waggons f i l l e d w i t h stones 

(see F i g u r e 2.5.13). 

F i g u r e 2 .5 . 1 3 Bank P r o t e c t i o n Upstream o f La Dorada 

The waggons form a permeable s t r u c t u r e and may serve as the r e q u i r e d f i l t e r f o r the 

p r e v e n t i o n o f loss o f bank m a t e r i a l . However, as they have not been f i r m l y p o s i t i o n e d along 

the s i d e s l o p e and have a l r e a d y p a r t l y f a l l e n down, the f l o w - v e l o c i t i e s may not have been 

reduced s u f f i c i e n t l y t o p r e v e n t t he loss o f bank m a t e r i a l . Great q u a n t i t i e s o f stones w i l l 

then have t o be dumped t o o b t a i n the r e q u i r e d p r o t e c t i o n . I t i s t h e r e f o r e recommended t o 

use i n f u t u r e more a p p r o p r i a t e types o f c o n s t r u c t i o n s . 

Groynes i n Pto. BoyacI 

In the h i g h water season o f 1972 the r i v e r - f r o n t a t Pto. BoyacI was p a r t l y inundated 

and erected by the RTo Magdalena. To p r o t e c t t h e v i l l a g e , the c o n s t r u c t i o n o f groynes was 

undertaken by the "Departamento de BoyacI" t o d i v e r t the main channel from the r i g h t bank 

(see F i g u r e 2.5.14). 
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F i g u r e 2.5.14 C o n s t r u c t i o n o f Groyne a t Pto. BoyacI 

The groynes c o n s i s t o f h o l l o w s t e e l tubes about h a l f a meter a p a r t and f i l l e d " i n 

s i t u " w i t h sand. P r e f a b r i c a t e d t e t r a p o d s have been dumped i n between and a l o n g s i d e the tubes. 

During the c o n s t r u c t i o n the s t e e l tubes were used f o r the mooring o f the barge which c a r r i e d 

the crane and f o r guidance o f the t e t r a p o d s d u r i n g the dumping (see F i g u r e 2 . 5 . i ' i ) . A f t e r 

c o m p l e t i o n , however, t he tubes have no f u r t h e r f u n c t i o n . 

No f i l t e r was a p p l i e d on the bed to pre v e n t the loss o f bed m a t e r i a l , w h i l e a s l i g h t 

change i n the d i r e c t i o n o f the upstream r i v e r - c r o s s i n g may cause leakage as the groynes were 

b a r e l y c o n t i n u e d i n t o the bank. To m a i n t a i n t h e groynes, p r o b a b l y g r e a t q u a n t i t i e s o f 

te t r a p o d s (or stones) w i l l s t i l l have t o be dumped i n f u t u r e . 

To study the s t a b i l i t y o f these groynes j t i s recommended t o prepare l o c a l soundings 

and f l o w - l i n e s a t r e g u l a r t i m e - i n t e r v a l s . G r a d u a l l y some experience w i l l then be gathered 

r e g a r d i n g the a p p l i c a b i l i t y o f and r a t e o f maintenance r e q u i r e d by such types o f c o n s t r u c t i o n . 

F u r t h e r r e f e r e n c e i s made t o Para. 3.2.7 i n which a f o r e c a s t i s made o f t h e p o s s i b l e 

development o f the r i v e r course upstream o f Pto. BoyacI. 

Bank p r o t e c t i o n and groynes a t Y a r i r T 

In f r o n t o f the S h e l l compound a t Y a r i r f along fhe r i g h t bank o f the RFo Magdalena, 

a bank p r o t e c t i o n and a number o f s h o r t groynes were c o n s t r u c t e d i n 1972. The c o n s t r u c t i o n 

c o n s i s t s o f hexapods ( p r e f a b r i c a t e d i n the nearby S h e l l compound) placed " i n s i t u " by 

means o f a crane (see F i g u r e 2,5.15). These works are more or less a c o n t i n u a t i o n o f the 

e x i s t i n g p r o t e c t i o n o f s y n t h e t i c bags f i l l e d w i t h s t a b i l i z e d sand which was executed i n 

the 1950's. 

I n i t i a l l y , a g r a v e l f i l t e r was designed t o prevent t h e loss o f s o i l m a t e r i a l on which 

the hexapods would be p l a c e d . U n f o r t u n a t e l y , t h i s f i l t e r was o m i t t e d (presumably i n view o f 

c o s t ) and the hexapods were placed d i r e c t l y on the bed and the s i d e s l o p e o f the bank. 

Although a t present (1973) t h e main channel o f the RFo Magdalena f o l l o w s t h e o p p o s i t e bank, 

these p r o t e c t i o n works were a l r e a d y i n i t i a t e d t o p r o v i d e a f u t u r e p r o t e c t i o n when the main 

channel s h i f t s back a g a i n t o the r i g h t bank. (That t h i s phenomenon i s not u n l i k e l y can be 

seen i n F i g u r e 3.5.6, where t he meandering main channel o f the R,Fo Magdalena indeed f o l l o w s 

the r i g h t bank a t Y a r i r F ) . However, a t present t h e depth along the r i g h t bank i s ver y l i m i t e d , 
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F i g u r e 2 . 5 . 1 5 P r o t e c t i o n o f S h e l l Compound a t Y a r i r f 

and as no e x c a v a t i o n w o r k s w e r e c a r r i e d o u t , t h e p r o t e c t i o n was o n l y c o n s t r u c t e d n e a r t h e 

w a t e r - l e v e l o v e r a h e i g h t o f 3 - 4 m. When i n f u t u r e s c o u r o f t h e r i v e r - b e d o c c u r s , t h e 

h e x a p o d s w i l l l i k e l y s l i p as a r e s u l t o f t h e l o s s o f s o i l m a t e r i a l a n d t h e i n c r e a s e d 

w a t e r d e p t h i n f r o n t o f t h e p r o t e c t i o n . 

The h e x a p o d s w e r e p r e f a b r i c a t e d i n t h e S h e l l c o m p o u n d a n d c o n s i s t o f a m i x t u r e o f 

c o n c r e t e a n d l o c a l l y - e x c a v a t e d r i v e r - b e d m a t e r i a l ( m i x t u r e a b o u t 1 : 4 ) . The w h o l e scheme was 

v e r y w e l l o r g a n i z e d a n d i n a b o u t 3 i m o n t h s 1 1 , 5 0 0 h e x a p o d s w e r e f a b r i c a t e d a n d p l a c e d 

" i n s i t u " . 

A f t e r t h e s e r e m a r k s r e g a r d i n g t h e r i v e r - w o r k s r e c e n t l y u n d e r t a k e n i n C o l o m b i a , i t m u s t 

be m e n t i o n e d t h a t t h e s e c o n s t r u c t i o n s w e r e c a r r i e d o u t n e a r t h e w a t e r - l e v e l o n l y a n d t h a t no 

p r o p e r m e a s u r e s w e r e t a k e n t o p r e v e n t t h e l o s s o f s o i l m a t e r i a l . C o n s e q u e n t l y , t h e s t a b i l i t y 

o f t h e s e w o r k s i n t h e c o u r s e o f t i m e m u s t be r e g a r d e d w i t h s u s p i c i o n . So i t seems w o r t h w i l e 

t o c o n c l u d e t h i s P a r a g r a p h w i t h a r e v i e w o f c o n s t r u c t i o n s w h i c h may be c o n s i d e r e d f o r f u t u r e 

r i v e r - w o r k s . 

D u m p i n g o f g r a d e d s t o n e s ( r i p r a p ) 

A d v a n t a g e : L o s s o f s o i l m a t e r i a l c a n be p r e v e n t e d . 

D i s a d v a n t a g e s : E x e c u t i o n m a i n l y " i n t h e d r y " o r i n s m a l l w a t e r d e p t h s . 

The w e i g h t o f t h e s t o n e s d e t e r m i n e s t h e f a 1 1 - v e l o c i t y , w h i c h means t h a t b y 

e x e c u t i o n " i n t h e w e t " i n g r e a t w a t e r d e p t h s t h e h e a v i e s t s t o n e s w i l l s e t t l e 

f i r s t w i t h t h e s m a l l e r s t o n e s o n t o p . T h i s f i n e r m a t e r i a l may be t a k e n away 

by t h e c u r r e n t s o t h a t g r e a t q u a n t i t i e s a r e r e q u i r e d t o h a v e a s u f f i c i e n t l y 

t h i c k , c u r r e n t - r e s i s t a n t p r o t e c t i o n . 

R i p r a p p a c k e d i n w i r e - n e t t i n g ( s e e F i g u r e 2 . 5 . 1 6 ) 

A d v a n t a g e : " A r m o u r i n g " o f t h e p r o t e c t i o n d u r i n g t h e e x e c u t i o n i s n o t n e c e s s a r y . ( T o be 

a p p l i e d o n g r a v e l f i l t e r a g a i n s t l o s s o f s o i l m a t e r i a l . ) 
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F i g u r e 2 . 5 . 1 6 S t o n e s P a c k e d I n W i r e - n e t t i n g 

D i s a d v a n t a g e s : C o r r o s i o n o f t h e w i r e - n e t t i n g may f i n a l l y l e a d t o t h e d e s t r u c t i o n o f t h e 

p r o t e c t i o n i f t h e s t o n e s a r e t h e n c a r r i e d away by t h e c u r r e n t . S c o u r I n f r o n t 

o f t h e p r o t e c t I o n r e s u l t s I n t h e s h i f t i n g o f t h e g a b i o n s . T h I s may be 

p r e v e n t e d by d r i l l i n g w o o d e n p i l e s ( s e e F i g u r e 2 . 5 . 1 7 ) » a l t h o u g h f i x a t i o n 

a n d s t a b i l i t y o f t h e t o e r e m a i n s d i f f i c u l t . 

R i p r a p p a c k e d i n p l a i t e d m a t s ( F i g u r e 2 . 5 . 1 7 ) 

PfiEFABRIumi OF fiOiLS tMAX. 50 cmt 

PLAÏÏED MATS STO/tES 

F i g u r e 2 . 5 . 1 7 S t o n e s P a c k e d i n P l a i t e d M a t s 

A d v a n t a g e s : The f i l t e r o f t h e p r o t e c t i o n c o n s i s t s o f p l a i t e d m a t s o f t w i g s o r w o o d , w h i l e 

t h e w e i g h t i s p r o v i d e d by s t o n e s . P r e f a b r i c a t i o n o f t h e r o l l s w i t h a max imum 

l e n g t h o f a b o u t 1 0 m i s p o s s i b l e a t t h e s h o r e , a f t e r w h i c h t h e y c a n e a s i l y 

be r o l l e d down t h e s i d e s l o p e . 

D i s a d v a n t a g e s : E r o s i o n i n f r o n t o f t h e p r o t e c t i o n r e s u l t s I n a s h i f t i n g o f t h e r o l l s . 

P r e v e n t i o n i s p o s s i b l e by d r i l l i n g w o o d e n p i l e s t h r o u g h t h e r o l l s , a l t h o u g h , 

e s p e c i a l l y u n d e r w a t e r , t h i s i s r a t h e r d i f f i c u l t . ' 

Bags 

A d v a n t a g e : The b a g s c a n be made e i t h e r o f j u t e ( w h i c h i s , h o w e v e r , n o t v e r y r e s i s t a n t ) 

o r n y l o n . C o m p a r a t i v e l y c h e a p c o n s t r u c t i o n I n v i e w o f t h e l o w c o s t o f f i l l i n g 

m a t e r i a l ( s a n d ) . H o w e v e r , j u t e a n d n y l o n ibags s h o u l d be v e r y f i n e l y w o v e n t o 

p r e v e n t t h e l o s s o f s a n d f r o m t h e b a g s . D u m p i n g o f t h e bags I s p o s s i b l e f r o m 

r e l a t i v e l y g r e a t h e i g h t s , e s p e c i a l l y when r e i n f o r c e d n y l o n b a g s a r e u s e d . 
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Bags f i l l e d w i t h s u s p e n s i o n s 

A d v a n t a g e s : The same as m e n t i o n e d f o r s a n d - b a g s . M o r e o v e r , t h e i o s s o f s a n d f r o m t h e bags 

i s p r e v e n t e d by i n j e c t i o n o f t h e f i l l i n g m a t e r i a l by means o f , e . g . , 

p r e p a c t m o r t a r o r S t a n d a r d Road O i l ( S . R . O . ) . 

G r a v e l f i l t e r c o v e r e d w i t h r i p r a p 

A d v a n t a g e s : I f p r o p e r l y e x e c u t e d , a g o o d f i l t e r i s o b t a i n e d . T h e c o n s e c u t i v e l a y e r s o f 

t h e f i l t e r c a n be dumped f r o m a t e m p o r a r y j e t t y ( F i g u r e 2 . 5 . 1 8 ) o r f r o m a b a r g e , 

STONES PLANKIN6 

F i g u r e 2 . 5 . 1 8 S i d e S l o p e P r o t e c t i o n Dumped f r o m a J e t t y 

D i s a d v a n t a g e s : I f t h e p r o t e c t i o n i s e x e c u t e d " i n t h e w e t " o r o n a s i d e s l o p e o f a r i v e r - b a n k , 

r a t h e r t h i c k l a y e r s o f t h e f i l t e r a r e r e q u i r e d t o p r e v e n t t h e l o s s o f b a n k 

m a t e r i a l . I n t h e c a s e o f a bed p r o t e c t i o n dumped f r o m a b a r g e , t h e c u r r e n t 

w i l l c a r r y t h e s m a l l e r p a r t i c l e s f u r t h e r d o w n s t r e a m t h a n t h e g r e a t e r o n e s . 

A b e d p r o t e c t i o n s h o u l d t h e r e f o r e a l w a y s be made i n a d o w n s t r e a m d i r e c t i o n 

t o a d e q u a t e l y o b t a i n a f i l t e r . 

N y l o n f i l t e r c o v e r e d w i t h r i p r a p 

A d v a n t a g e s : A s i m p l e c o n s t r u c t i o n o f a n y l o n m a t w e i g h t e d down w i t h s t o n e s . I r r e g u l a r i t i e s 

i n t h e s o i l c a n e a s i l y be f o l l o w e d by t h e m a t . 

D i s a d v a n t a g e s : Due t o t h e g r e a t f l e x i b i l i t y o f n y l o n , s p e c i a l b a r g e s a n d e x p e r i e n c e a r e 

r e q u i r e d f o r t h e e x e c u t i o n . An i n i t i a l w e i g h t i n g b y means o f , e . g . , s a n d ­

bags i s r e q u i r e d d u r i n g t h e i n s t a l l a t i o n . I f t h e c o m p o n e n t s o f t h e c o v e r -

l a y e r h a v e t o be dumped f r o m a g r e a t h e i g h t , t h e f a b r i c c a n be damaged a n d 

i t may be b e t t e r t o s t a r t w i t h a g r a v e l l a y e r . To o v e r c o m e t h e s e d i s a d v a n ­

t a g e s , n y l o n f i l t e r s w h i c h c a n be w e i g h t e d w i t h f i l l i n g m a t e r i a l a r e 

a v a i l a b l e ( s e e F i g u r e 2 . 5 . 6 ) . 

F a c i n e m a t t r e s s c o v e r e d w i t h r i p r a p 

A d v a n t a g e s : I n g e n e r a l , s u i t a b l e f o r a l l k i n d s o f p r o t e c t i o n u n d e r w a t e r a n d , i f s p e c i a l 

m e a s u r e s a r e t a k e n ( i m p r e g n a t i o n o r t h e u s e o f t r o p i c a l w o o d ) , a l s o a p p l i c a b l e 

a b o v e t h e w a t e r - l e v e l . 
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D i s a d v a n t a g e s : S k i l l e d l a b o u r i s r e q u i r e d a n d t l i e e x e c u t i o n i s l i i g h i l y l a b o r i o u s . T l i e m a t t r e s s 

( f i l t e r ) m u s t be p r e f a b r i c a t e d , e . g . , o n a l o w - l y i n g s f i o r e a n d be t r a n s p o r t e d 

t o t l i e s i t e by f l o a t i n g a t h i g f i e r w a t e r s t a g e s ^ . To p r e v e n t damage d u r i n g t h e 

t r a n s p o r t a t i o n , t h e f i 1 t e r i s t o w e d beh i n d a b a r g e w h i c h 1s pos i t i o n e d p e r p e n ¬

d i c u l a r t o t h e f l o w d i r e c t i o n . On t h e s p o t g r a v e l a n d s t o n e s a r e e v e n l y dumped 

o n t h e m a t t r e s s t i l l i t i s j u s t a b o u t t o s i n k , a f t e r w h i c h , d u m p i n g o f t h e 

s t o n e s i s c o n t i n u e d f r o m t h e u p s t r e a m e n d o n w a r d , so t h a t t h e a c t u a l s i n k i n g 

t o t h e r i v e r - b e d w i l l be p a r t l y i n d u c e d by t h e c u r r e n t . F o r b a n k p r o t e c t i o n s 

t h e f i l t e r s a r e a t t a c h e d t o t h e s i d e s l o p e ( p r e f e r a b l y b y d r i l l i n g p i l e s 

t h r o u g h t h e f i l t e r a l o n g a b e r m ) , a n d t h e d u m p i n g o f t h e s t o n e s c a n be c a r r i e d 

o u t f r o m t h e b a n k . 
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Chapter 3 

Rto M A G D A L E N A 

INTRODUCTION 

T h i s C h a p t e r c o n t a i n s t h e p r o p o s e d i m p r o v e m e n t f o r n a v i g a t i o n o f t h e RTo M a g d a l e n a 

b e t w e e n La D o r a d a a n d G a m a r r a . 

F o r t h i s p u r p o s e t h e RTo M a g d a l e n a has b e e n d i v i d e d i n t o f o u r m a i n s e c t i o n s : 

La D o r a d a (km 8 8 5 ) - P t o . I n m a r c o (km 7 7 3 ) ; P t o . I n m a r c o - P t o . B e r r F o (km 7 3 0 ) ; P t o . B e r r F o -

B a r r a n c a b e r m e j a (km 6 3 I ) ; a n d B a r r a n c a b e r m e j a - G a m a r r a (km 4 7 3 ) . 

T h i s d i v i s i o n i n t o s e c t i o n s i s m a i n l y b a s e d o n t h e r e q u i r e m e n t s f o r n a v i g a t i o n , 

a n d f o r t h e p r o p o s e d i m p r o v e m e n t t h e r e q u i r e d L e a s t A v a i l a b l e D e p t h was t a k e n a t 7 ' 6 " b e l o w 

L . R . L . d o w n s t r e a m o f P t o . B e r r F o , a t k'(>" ( p o s s i b l y 6 ' ) b e l o w L . R . L . b e t w e e n P t o . I n m a r c o 

a n d P t o . B e r r F o , a n d a t 4 ' 6 " b e i o w L . R . L . u p s t r e a m o f P t o . I n m a r c o . H o w e v e r , as t h e p e r ­

t a i n i n g h y d r a u l i c a n d m o r p h o l o g i c a l c o n d i t i o n s i n t h e r i v e r a r e a l s o b a s e d o n a f f l u e n t s 

o f t h e RFo M a g d a l e n a , t h e m a i n s e c t i o n s a r e s o m e t i m e s s u b - d i v i d e d . F o r e x a m p l e , t h e La D o r a d a • 

P t o . I n m a r c o s e c t i o n c o n s i s t s o f t w o s u b - s e c t i o n s , o n e u p s t r e a m a n d o n e d o w n s t r e a m o f t h e 

RFo N e g r o a n d RFo La M i e l C o n f l u e n c e s , 

F i r s t l y , a g e n e r a l d e s c r i p t i o n o f e a c h s e c t i o n i s g i v e n . The c o l l e c t e d d a t a h a v e b e e n 

i n t e r p r e t e d t o a r r i v e a t d e s i g n c r i t e r i a f o r e a c h s e c t i o n a n d e s p e c i a l l y a t t e n t i o n has b e e n 

p a i d t o t h e p r e s e n t e d ( c o m p u t e d ) c r o s s - s e c t i o n s o f t h e r i v e r i n b e n d s a n d a t c r o s s i n g s w h i c h 

m u s t be p u r s u e d i n f u t u r e when c o n s i d e r i n g e x e c u t i o n o f r i v e r - w o r k s . 

S e c o n d l y , a t e m p o r a r y i m p r o v e m e n t by means o f d r e d g i n g e a c h s e c t i o n i s d e a l t w i t h . 

T h e v o l u m e s w h i c h h a v e t o be d r e d g e d r e c u r r e n t l y i n t h e l o w w a t e r s e a s o n a r e m a i n l y b a s e d o n 

t h e l o n g i t u d i n a l p r o f i l e s p r e s e n t e d i n P a r t I I o f t h i s R e p o r t . F o r an e s t i m a t e o f t h e 

r e t a r d e d s c o u r t o be e x p e c t e d a t c r o s s i n g s a t a w a t e r - i e v e l c o r r e s p o n d i n g t o L . R . L , , t h e 

m o r p h o l o g i c a l c o m p u t a t i o n s ( t h e p r i n c i p l e s o f w h i c h a r e o u t l i n e d i n P a r a . 3 . 6 o f P a r t I I 

a n d p a r t l y a l r e a d y a p p l i e d t o s p e c i f i c p r o b l e m s l i k e t h e RFo Sogamoso C o n f l u e n c e I n P a r a . 

3 . 8 ) h a v e b e e n u s e d . 

T h i r d l y , e a c h s e c t i o n has b e e n a n a l y s e d a n d s p e c i f i c p r o b l e m s ( c o n c e r n i n g n o t o n l y 

n a v i g a t i o n a s p e c t s ) a r e t r e a t e d s e p a r a t e l y . 

I n P a r a . 3 . 2 t h e s e c t i o n La D o r a d a - P t o . I n m a r c o i s d e a l t w i t h ; P a r a . 3 . 3 t r e a t s t h e 

P t o . I n m a r c o - P t o . B e r r F o s e c t i o n ( a n d a l s o g i v e s a r e v i e w o f t h e r e s u l t s o f t h e m o r p h o ­

l o g i c a l c o m p u t a t i o n s p r e s e n t e d i n P a r a . 3 . 6 o f P a r t I I ) ; a n d P a r a . 3 . 4 c o v e r s t h e P t o . 

B e r r F o - B a r r a n c a b e r m e j a s e c t i o n . C o n s i d e r a t i o n s r e g a r d i n g t h e B a r r a n c a b e r m e j a - G a m a r r a 

s e c t i o n c a n be f o u n d i n P a r a . 3 . 5 . 
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3 . 2 . LA DORADA - PUERTO INMARCO (KM 884-773) 

3 . 2 . 1 . General d e s c r i p t i o n and d e s i g n c r i t e r i a 

A v a i l a b l e c r o s s - s e c t i o n 

A c c o r d i n g t o P a r t I I , Pa ra . 3 . 5 . 4 , t h i s r i v e r s e c t i o n can bes t be s u b - d i v i d e d i n t o 

two s e c t i o n s , v i z . , a s e c t i o n between La Dorada and the c o n f l u e n c e s o f t h e RTo Magdalena 

and the Rios Negro and La M ie l (about km 8 4 0 ) , and the s e c t i o n downstream o f t hese c o n f l u ­

ences t o P t o . Inmarco. The c r o s s - s e c t i o n s wh ich were taken in these two s e c t i o n s have been 

comp i l ed in F igu res 3 . 2 . 1 and 3 . 2 . 2 , where they a r e g i v e n as mass c u r v e s . The mass c u r v e o f 

t he schemat ized measur ing c r o s s - s e c t i o n near La Dorada i s a i s o i n c l u d e d . 

Schemat ized c r o s s - s e c t i o n 

The c r o s s - s e c t i o n s g i v e n in F i gu res 3 . 2 . 1 and 3 . 2 . 2 have been schemat i zed i n t o 

average c r o s s - s e c t i o n s wh ich a r e a l s o p resen ted as mass cu rves in the f i g u r e s . The dep th 

o f t he average mass c r o s s - s e c t i o n has been de te rm ined as an average o f t h e dep th i n the 

s i n g l e c r o s s - s e c t i o n s . (For t h e d e t e r m i n a t i o n o f t he average dep th no t ve r y much a t ­

t e n t i o n has been p a i d t o the i n c l u d e d measur ing c r o s s - s e c t i o n s , because these s e c t i o n s 

were no t chosen a t random bu t s e l e c t e d as good measur ing s e c t i o n s w i t h , g e n e r a l l y , 

g r e a t e r d e p t h ) . The d e t e r m i n a t i o n o f the w i d t h o f t he average mass c r o s s - s e c t i o n was made 

in accordance w i t h the w i d t h o f t he s i n g l e c r o s s - s e c t i o n s and the mean r i v e r - w i d t h 

deduced f rom the a e r i a l p h o t o g r a p h s . T h e r e a f t e r t he r e l a t i o n between the w a t e r - i e v e l a n d , 

r e s p e c t i v e l y , t he average w a t e r - d e p t h ( i i ) , t he v a l u e o f ( h V 2 ) 2 / 3 ( ^ , 5 / 2 ) 2 / 5 

been d e t e r m i n e d . 

W a t e r - l e v e l g r a d i e n t 

i t was found t h a t t he average w a t e r - l e v e l g r a d i e n t i s in the o r d e r o f 40 x 1 0 " ^ . A l t h o u g h 

the l o c a l g r a d i e n t s may d i f f e r c o n s i d e r a b l y f rom t h i s average v a l u e ( e . g . , i n t h e La Dorada 

measur ing s e c t i o n Ï = 22 x 1 0 " ^ ) , f o r t he des ign o f r i v e r - w o r k s t h e average w a t e r - l e v e l 

g r a d i e n t shou ld be used . However, i t shou ld be kept i n mind t h a t a change i n w i d t h g e n e r ­

a l l y a l s o leads t o a change i n w a t e r - l e v e l g r a d i e n t . I f an improvement o f a r i v e r - s e c t i o n 

i s c o n s i d e r e d , and the m o r p h o l o g i c a l compu ta t i ons w i l l show a change i n t h e w a t e r - l e v e l 

g r a d i e n t wh ich w i l l lead t o u n a c c e p t a b l e changes o f t h e w a t e r - l e v e l ups t ream o f t h i s 

improved s e c t i o n , a s tudy must be made t o f i n d ou t i f t h i s u n f a v o u r a b l e r e s u l t o f t h e 

improvement can be c o u n t e r b a l a n c e d by o t h e r measures ( e . g . , t h e c u t t i n g o f meander-bends) 

o r , p o s s i b l y , by an a d a p t a t i o n o f t he d e s i g n o f t he improvement , in the f o l l o w i n g c o n s i d e r ­

a t i o n s the average w a t e r - l e v e l g r a d i e n t has been used . 

Des ign b e n d - r a d i u s and w a t e r dep th i n o u t e r bend 

In P a r t I I , Pa ra . 3 . 7 . 3 , a f o rmu la was deduced t o c a l c u l a t e the r a d i a l b e d - l e v e l 

s l o p e in a bend as a f u n c t i o n o f t he b e n d - r a d i u s and t h e w a t e r d e p t h : 

From t h e w a t e r - l e v e l da ta o f the gauges a t P t o . S a l g a r , P t o . Inmarco and P t o . BerrFo^ 

dh A I„ R, 
0 "^0 _ h i 

,D " R 2 

( P a r t I I , 3 . 7 . 1 0 ) 
dR AD 
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An e x a m p l e was g i v e n ( P a r t I I , F i g u r e 3 . 7 . 1 0 ) f o r a c r o s s - s e c t i o n i n t l i e RFo M a g d a l e n a 

(l<m 8 2 1 . 5 ) d o w n s t r e a m o f P t o . T r i u n f o w h i c i i showed t h a t f o r a v a l u e o f A = 1 0 t h e c o m p u t e d 

c r o s s - s e c t i o n f i t t e d t h e m e a s u r e d c r o s s - s e c t i o n r e a s o n a b l y w e l l . T h i s v a l u e w i l l a l s o be 

a p p l i e d h e r e ( w h i l e a n o t h e r c h e c k on t h e v a l u e A = 10 i s made i n P a r a , 3 . 2 , 3 f o r a c r o s s -

s e c t i o n i n t h e V u e l t a d e l C o n e j o , u p s t r e a m o f La D o r a d a ) , F o r a g i v e n b e n d - r a d i u s a n d an 

e s t i m a t e o f t h e w a t e r d e p t h i n f r o n t o f t h e p r o t e c t e d o u t e r b a n k , t h e r a d i a l b e d - l e v e l 

s l o p e c a n be c o m p u t e d by t h e " t r i a l - a n d - e r r o r " m e t h o d . The c o n v e y a n c e ( B h ^ / ^ ) o f t h e 

c o m p u t e d c r o s s - s e c t i o n a t t h e w a t e r - l e v e l c o r r e s p o n d i n g t o t h e d o m i n a n t d i s c h a r g e n e e d s 

t o be o f t h e same o r d e r o f m a g n i t u d e as t h e c o n v e y a n c e o f t h e s c h e m a t i z e d c r o s s - s e c t i o n . 

When t h i s i s n o t c o m p a t i b l e , t h e c o m p u t a t i o n m u s t be c a r r i e d o u t a g a i n by s e l e c t i n g a n o t h e r 

b e n d - r a d i u s . R e - e s t i m a t i n g t h e w a t e r d e p t h i n f r o n t o f t h e p r o t e c t e d o u t e r b a n k i s n o t v e r y 

e f f e c t i v e , a s t h i s i n f l u e n c e i s f e l t o n l y i n t h e f i r s t s t e p s o f t h e c o m p u t a t i o n s . F o r t h e 

e s t i m a t i o n o f t h e w a t e r d e p t h i n f r o n t o f t h e p r o t e c t i o n , i t s h o u l d be c o n s i d e r e d t h a t t o 

a c e r t a i n e x t e n t a s m a l l e r w a t e r d e p t h a n d , p o s s i b l y , a g r e a t e r b e n d - r a d i u s may l e a d t o 

l o w e r c o s t . 

The c o m p u t a t i o n s o f t h e r a d i a l b e d - l e v e l s l o p e o f t h e r i v e r s e c t i o n b e t w e e n km 8 8 5 

a n d km 8 4 0 c a n be f o l l o w e d i n T a b l e 3 . 2 . 1 i n w h i c h o n l y t h e f i n a l r e s u l t s o f e a c h c o m p u t e d 

s t e p a r e g i v e n . 

dh 

dR AD 

Assumptions: A = 10 

I = 1|0 X 10' = 
o 

AD= 672 X lO"^ \im {Ö^^= 1(00 ym, see Part I I , F igure 3 . 3 . i 5 ) 

Dominant w a t e r - i e v e l = L . R . L . + 2 m 

Water depth in outer bend = L . R , L . - 8 m 

Average width in r iver -bend = 375 m (see Figure 3 .2 .1 ) 

R^= 1,500 m (R^ 1(B) 2,250 m (R = 6B) 

(m) 

dh. 
\_ 

dR. 
' 1 + 1 

(m) 

N+1 

(m) 

d h . . dh 
i R 

dR 
i + 1 dR. 

(m) 

i+1 

(m) 

' l+l 

(m) 

dh 
i + 1 

dR 
1+1 

1,500 

1,1(90 

i.^BO 

1,1(60 

0.235 

0.152 

0.092 

0.037 

1,1(10 0.018 

1.360 

1,260 

1,'(90 

1,1(80 

1,1(60 

I.AIO 

1,360 

0.0077 1,260 

O.OO^ 1,160 

7.65 

6.53 

'(.69 

2.8l( 

1 .sk 
1.17 

0.77 

0.235 

0.153 

0.092 

0.036 

0.018 

0.0077 

0.00'( 

2,250 

2,21(0 

2,230 

2,210 

2,160 

2,110 

2,010 

0.18 2,21(0 

0.13 2,230 

0.078 2,210 

0.036 2,160 

0.02 2,110 

0.009 2,010 

0.005 1,910 

8.2 

6.9 

5.3'( 

3.5'( 

2.5'! 

1.61( 

I . U 

0.18 

0,128 

0.078 

0.036 

0.019'( 

0,009 

0.001(8 

T a b l e 3 . 2 . 1 C o m p u t a t i o n o f R a d i a l B e d - l e v e l S l o p e (km 8 8 5 - km 8 4 o ) 

The r e s u l t s o f t h e c o m p u t a t i o n s a r e g i v e n i n F i g u r e 3 . 2 . 3 . The c o n v e y a n c e o f t h e 

s c h e m a t i z e d c r o s s - s e c t i o n ( F i g u r e 3 . 2 . 1 ) a t a w a t e r - l e v e l o f 2 m a b o v e L . R . L . i s a b o u t 

B h ^ / ^ = 2 , 1 0 0 m ^ / ^ . I n t h e b e n d t h e c o n v e y a n c e w i l l r e a c h t h i s v a l u e f o r a b o u t R = 1 , 7 5 0 m 

( F i g u r e 3 . 2 . 3 ) . 
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F i g u r e 3 . 2 . 3 C o m p u t e d C r o s s - s e c t i o n i n R i v e r - b e n d (km 8 8 5 - 8 k 0 ) 

S i m i l a r l y t o th ie c o m p u t a t i o n s o u t l i n e d a b o v e , t h e c r o s s - s e c t i o n i n a r i v e r - b e n d f o r 

t h e r i v e r s e c t i o n b e t w e e n km 840 and km 774 has b e e n c o m p u t e d ( F i g u r e 3 . 2 . 4 ) . T h e f o l l o w i n g 

a s s u m p t i o n s h a v e b e e n m a d e : 

A = 1 0 , I = 40 X 1 0 " ^ , R = 1 , 7 5 0 m, D^^ = 8OO ym a n d t h e w a t e r d e p t h i n t h e o u t e r 

bend i s 8 m b e l o w L . R . L . The c o n v e y a n c e o f t h i s p r o f i l e a t t h e d o m i n a n t w a t e r - l e v e l ( L . R . L . 

+ 2 m) i s a b o u t 3 , 0 5 0 m ^ / ^ w h i l e t h e c o n v e y a n c e o f t h e s c h e m a t i z e d c r o s s - s e c t i o n ( F i g u r e 

3 . 2 . 2 ) a t t h i s l e v e l r e a c h e s t h e v a l u e o f 2 , 8 5 0 m ^ / ^ . 

0 100 200 300 400 450 

F i g u r e 3 . 2 . 4 C o m p u t e d C r o s s - s e c t i o n i n R i v e r - b e n d (km 840 - 7 7 4 ) 

From F i g u r e s 3 . 2 . 3 a n d 3 . 2 . 4 i t c a n be r e a d t h a t i n t h e b e n d s t h e m i n i m u m r e q u i r e d 

d e p t h o f 4 ' 6 " b e l o w L . R . L . w i l l be a v a i l a b l e o v e r a w i d t h o f 110 m o r m o r e , w h i c h I s 

s u f f i c i e n t f o r t w o - w a y t r a f f i c . 
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D e s i g n w i d t h a n d w a t e r d e p t h o n c r o s s i n g 

T h e q u e s t i o n a r i s e s w h a t m u s t be t h e w i d t h o f t h e r i v e r o n t h e c r o s s i n g s t o e n s u r e 

t h a t a t L . R . L . t h e m i n i m u m a v a i l a b l e w a t e r d e p t h w i l l be e q u a l t o k'6" ( t h i s means t h a t no 

m a i n t e n a n c e d r e d g i n g w o u l d be r e q u i r e d ) . To a n s w e r t h i s q u e s t i o n an a s s u m p t i o n has t o be 

made r e g a r d i n g t h e s h a p e o f t h e c r o s s - s e c t i o n o n t h e c r o s s i n g . U s u a l l y , t h e c r o s s - s e c t i o n 

o n t h e c r o s s i n g i s a s s u m e d t o be f l a t . H o w e v e r , i n a b r a i d e d r i v e r t h e s i n u o u s c h a n n e l 

m o s t l y c o n s i s t s o f a g r e a t number o f c o n s e c u t i v e b e n d s c u r v e d i n o p p o s i t e d i r e c t i o n s a n d 

d i v i d e d by r e l a t i v e l y s h o r t t r a n s i t i o n z o n e s : t h e c r o s s i n g s . T h e s h a p e o f t h e c r o s s -

s e c t i o n o n t h e c r o s s i n g c a n , t h e r e f o r e , a l s o a s s u m e d t o be a s u p e r p o s i t i o n o f t h e c r o s s -

s e c t i o n s i n t h e t w o n e i g h b o u r i n g b e n d s as shown i n F i g u r e 3.2.5. 

F i g u r e 3.2.5 S c h e m a t i z e d C r o s s - s e c t i o n s i n R i v e r - b e n d s a n d C r o s s i n g 

On t h e c r o s s i n g t h e c h a n n e l o f t h e u p s t r e a m b e n d w i l l n o t h a v e f a d e d away c o m p l e t e l y , 

w h i l e t h e c h a n n e l o f t h e d o w n s t r e a m b e n d w i l l a l r e a d y be p a r t l y d e v e l o p e d . The c r o s s -

s e c t i o n w i l l t h e n c o n s i s t o f a c h a n n e l a l o n g b o t h banl<s ( e a c h c h a n n e l i n i t s t u r n s h a l l o w e r 

t h a n t h e f u l l y - d e v e l o p e d c h a n n e l i n t h e o u t e r b e n d ) , d i v i d e d f r o m e a c h o t h e r by a s h a l l o w 

p a r t w h i c h has t o be e n c o u n t e r e d by n a v i g a t i o n c r o s s i n g f r o m o n e c h a n n e l i n t o t h e o t h e r . 

A l t h o u g h t h i s s e c o n d a s s u m p t i o n may be somewha t m o r e r e a l i s t i c , i t s h o u l d be l<ept i n 

m i n d t h a t i n t h e o n e - d i m e n s i o n a l m o r p h o l o g i c a l c o m p u t a t i o n s o u t l i n e d i n P a r t I I , P a r a . 

3.6, t h e a s s u m p t i o n i s i m p l i c i t l y made t h a t t h e c r o s s - s e c t i o n i s o f r e c t a n g u l a r s h a p e . 

I t i s r e c a l l e d f r o m P a r t I I , P a r a . 3.8.2 t h a t t h e a v a i l a b l e d e p t h on t h e c r o s s i n g a t t h e 

b e g i n n i n g o f t h e l o w w a t e r s e a s o n i s c o n s i d e r a b l y m o r e t h a n w o u l d be e x p e c t e d f r o m t h e 

d a t a a t h i g h e r w a t e r s t a g e s , d u e t o t h e r e t a r d e d s c o u r d u r i n g t h e f a l l o f t h e w a t e r - l e v e l s . 

T h e e x a m p l e g i v e n i n P a r t I I , F i g u r e 3.8.2, shows t h a t t h e e x t e n t o f t h i s r e t a r d e d s c o u r 

i s i n t h e o r d e r o f 1 m ( w h i c h i s c o n f i r m e d by t h e e x a m p l e s g i v e n i a t e r o n i n t h i s C h a p t e r ) , 

F rom t h e s e c o n s i d e r a t i o n s , i t c a n be c o n c l u d e d t h a t i n r e a l i t y t h e c r o s s - s e c t i o n 

w i l l be s h a p e d n e i t h e r r e c t a n g u l a r l y n o r as a s u p e r p o s i t i o n o f t h e c r o s s - s e c t i o n i n t w o 

c o n s e c u t i v e b e n d s c u r v e d i n o p p o s i t e d 1 r e c t i o n s ( s c h e m a t i c a l l y g i v e n i n F i g u r e 3.2.5). 

N e v e r t h e l e s s , t o be a b l e t o d e t e r m i n e t h e r e q u i r e d w i d t h o n t h e c r o s s i ng i n s u c h a w a y t h a t 

a l s o a t l o w w a t e r s t a g e s t h e a v a i l a b l e w a t e r d e p t h w i l l be s u f f i c i e n t f o r n a v i g a t i o n 

( 4 ' 6 " = 1,35 m ) , t h e f o l l o w i n g p r o c e d u r e i s f o i i o w e d : 
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- I n t h e f i r s t i n s t a n c e , t h e w i d t h o n t h e c r o s s i n g i s p r e d i c t e d f r o m t h e c o m p u t e d 

s h a p e o f t h e c r o s s - s e c t i o n i n t h e o u t e r b e n d . I n t h i s c r o s s - s e c t i o n t h e w i d t h i s d e t e r m i n e d 

a t a l e v e l o f 0.35 m b e l o w L .R.L. ( a l l o w i n g f o r a n i n c r e a s e o f t h e d e p t h o f a b o u t 1 m d u e 

t o t h e r e t a r d e d s c o u r d u r i n g t h e f a l l o f t h e w a t e r - l e v e l f r o m t h e d o m i n a n t s t a g e t o L . R . L . ) . 

Mul t i p ] i c a t i o n by a f a c t o r 2 y i e l d s t h e w i d t h o f t h e c r o s s - s e c t i o n o n t h e c r o s s i n g . 

- S e c o n d l y , t h e c r o s s - s e c t i o n o n t h e c r o s s i n g i s a s s u m e d t o be r e c t a n g u l a r i n s h a p e . 

The w i d t h o f a r e c t a n g u l a r p r o f i l e w i t h a n a v e r a g e b e d - l e v e l a t t h e d o m i n a n t s t a g e o f 

L .R.L. - 0.35 m ( a l l o w i n g a g a i n f o r a l o c a l i n c r e a s e o f t h e d e p t h o f 1 m a t L .R.L.) c a n 

t h e n be c o m p u t e d . 

I t i s l i k e l y t h a t when t h e w i d t h o f t h e c r o s s - s e c t i o n o n t h e c r o s s i n g f o u n d by t h e s e 

t w o m e t h o d s i s c o m p a r e d , a d i f f e r e n c e w i l l be f o u n d ( t h e w i d t h f o u n d by t h e f i r s t m e t h o d 

w i l l be t o o s m a l l , w h i l e t h a t i n t h e r e c t a n g u l a r p r o f i l e w i l l be t o o l a r g e ) . As t h e c r o s s -

s e c t i o n o n t h e c r o s s i n g i s u s u a l l y c o m p o s e d o f a c h a n n e l a l o n g b o t h b a n k s , i t i s t h e r e f o r e 

a d v i s e d t o r e l y m o r e on t h e r e s u l t f o u n d by t h e f i r s t m e t h o d . 

F o r t h e r i v e r s e c t i o n b e t w e e n km 885 a n d km 840, F i g u r e 3.2.3 shows t h a t t h e w i d t h 

o n t h e c r o s s i n g s h o u l d be a b o u t 300 m. F rom t h e g i v e n c o n v e y a n c e o f t h e s c h e m a t i z e d c r o s s -

s e c t i o n ( B h ' / ^ = 2,100 m ^ / ^ ; s e e F i g u r e 3.2.1), i t f o l l o w s t h a t a r e c t a n g u l a r l y - s h a p e d 

p r o f i l e s h o u l d h a v e a w i d t h o f a b o u t 580 m ( t h e a v e r a g e w a t e r d e p t h a t t h e d o m i n a n t s t a g e 

w i l l t h e n be 2.35 m a n d l o c a l l y 0.35 + 1 m = 1.35 m a t t h e w a t e r - l e v e l c o i n c i d i n g w i t h 

L . R . L . ) . F o r t h e w i d t h o n t h e c r o s s i n g a v a l u e o f a b o u t 400 m s h o u l d , t h e r e f o r e , be t a k e n . 

F o r t h e r i v e r s e c t i o n b e t w e e n km 840 a n d km 775, F i g u r e 3.2.4 shows t h a t t h e w i d t h 

o n t h e c r o s s i n g s h o u l d be a b o u t 500 m. The c o n v e y a n c e o f t h e s c h e m a t i z e d c r o s s - s e c t i o n 

r e a c h e s a v a l u e o f B h ^ / ^ = 2 , 8 5 0 m ^ / ^ a t t h e d o m i n a n t s t a g e ( F i g u r e 3.2.2). T h e w i d t h o f a 

r e c t a n g u l a r l y - s h a p e d p r o f i l e s h o u l d t h e n be a b o u t 800 m. F o r t h e c r o s s i n g a w i d t h o f a b o u t 

600 m i s c o n s i d e r e d t o be s u f f i c i e n t . 

R i v e r s t r e t c h e s r e q u i r i n g i m p r o v e m e n t 

A f t e r t h e f o r e g o i n g c o n s i d e r a t i o n s r e g a r d i n g t h e a v a i l a b l e c r o s s - s e c t i o n a l a r e a a n d 

t h e d e s i g n w i d t h a n d d e p t h o f t h e r i v e r s e c t i o n b e t w e e n La D o r a d a a n d P t o . I n m a r c o , t h e 

s t r e t c h e s w h i c h r e q u i r e i m p r o v e m e n t n e e d t o be s t u d i e d m o r e c l o s e l y . I n t h e S c h e d u l e o f 

O p e r a t i o n s o n l y t h e La D o r a d a - P t o . S a l g a r a r e a a n d t h e R f o N a r e C o n f l u e n c e a r e m e n t i o n e d , 

b u t a b e t t e r i n s i g h t c a n now be o b t a i n e d when a l s o t h e l o n g i t u d i n a l s o u n d i n g s o f t h i s r i v e r 

s e c t i o n ( P a r t I I , F i g u r e s 3.3.17 t o 3.3.22 i n c l u s i v e ) a r e c o n s i d e r e d . 

A number o f c r o s s i n g s c a n be d i s t i n g u i s h e d w h i c h w i l l l i k e l y hamper n a v i g a t i o n i n 

t h e d r y s e a s o n b e c a u s e t h e a v a i l a b l e w a t e r d e p t h i s l e s s t h a n 4'6" b e l o w L .R.L. H o w e v e r , 

m o s t o f t h e c r o s s i n g s a r e n o t l o c a t e d a t f i x e d p l a c e s , b u t c h a n g e a l o n g t h e r i v e r a x i s . 

A p a r t f r o m t h e c h a n g e s i n t h e b e d - l e v e l r e s u l t i n g f r o m a c h a n g e i n t h e w a t e r s t a g e , t h i s may 

a l s o be c a u s e d by t h e d e v e l o p m e n t o f new c h a n n e l s a n d t h e d e t e r i o r a t i o n o f t h e o l d e r o n e s 

( c o m p a r e , e . g . , t h e c o u r s e a n d l o n g i t u d i n a l p r o f i l e o f t h e s o u n d i n g i n S e p t e m b e r , 1972, 

b e t w e e n km 875 a n d km 868 w i t h t h e c o u r s e a n d p r o f i l e s o f o l d e r d a t e s ) . T h e t e m p o r a r y 

i m p r o v e m e n t o f t h e w h o l e r i v e r s e c t i o n by means o f r e c u r r e n t d r e d i n g i s t r e a t e d i n 

P a r a . 3.2.2. 
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I n a d d i t i o n t o s u c i i t e m p o r a r y i m p r o v e m e n t s , a m o r e p e r m a n e n t i m p r o v e m e n t o f c e r t a i n 

r i v e r s t r e t c h e s m u s t a i s o be c o n s i d e r e d . The f o l l o w i n g d i v i s i o n c a n be m a d e : 

L 9 _ 5 9 I I 9 d a _ ; _ P t g i _ S a l g a r 

The a c c e s s i b i l i t y t o t h e a v a i l a b l e r i v e r - p o r t f a c i l i t i e s i n La D o r a d a a n d P t o . S a l g a r 

n e e d s t o be i m p r o v e d . As s u c h r i v e r i m p r o v e m e n t s a r e c l o s e l y r e l a t e d t o t h e d e f e n s e a g a i n s t 

e r o s i o n by t h e r i v e r o f , r e s p e c t i v e l y . La D o r a d a t o w n a n d t h e German O l a n o ( P a l a n q u e r o ) 

a i r - b a s e , t h i s w h o l e r e g i o n i s f u r t h e r d i s c u s s e d i n P a r a . 3 . 2 . 3 . 

9 9 D f l y § D 9 § 5 - 9 f - i b ? _ B l 9 _ y § 9 d § I e n a _ a n d _ t h e _ R r o s _ N e g r 

C o m p a r i n g t h e p r e s e n t s i t u a t i o n w i t h , e . g . , t h e s i t u a t i o n d u r i n g t h e s u r v e y o f t h e J u l i u s 

B e r g e r K o n s o r t i u m ( 1 9 2 2 - 1 9 2 4 ) , i t i s c l e a r t h a t t h e m a i n c o u r s e o f t h e RFo M a g d a l e n a has 

s h i f t e d c o n s i d e r a b l y . T h i s a r e a i s d i s c u s s e d i n P a r a . 3 . 2 , 4 , a l o n g w i t h t h e c r o s s i n g 

u p s t r e a m o f t h e RTo N e g r o C o n f l u e n c e . 

The m o r p h o l o g i c a l c o m p u t a t i o n s o f t h e s c h e m a t i z e d c r o s s i n g n e a r km 833 a r e p r e s e n t e d i n 

P a r a . 3 . 2 . 5 . 

P t o ^ _ T n u n f o 

D u r i n g t h e M i s s i o n s ' s t u d y ADENAVI p r o p o s e d t h a t t h e p o r t f a c i l i t i e s o f La D o r a d a / P t o , S a l g a r 

be moved d o w n s t r e a m t o P t o , T r i u n f o . T h e f e a s i b i l i t y o f s u c h a s c h e m e , t o g e t h e r w i t h t h e 

a d v a n t a g e s i n v i e w o f t h e l o w e r m a i n t e n a n c e c o s t o f t h e RTo M a g d a l e n a b e t w e e n La D o r a d a a n d 

P t o , T r i u n f o , i s d e a l t w i t h i n P a r a , 3 . 2 . 6 . 

P t o . _ B g Y a c | 

D u r i n g t h e h i g h w a t e r s e a s o n i n A p r i l - M a y 1972 t h e l o w - l y i n g r i g h t b a n k o f t h e RFo M a g d a l e n a 

i n f r o n t o f P t o . B o y a c a e r o d e d , c a u s i n g damage t o t h e t o w n a r e a . The c o n s t r u c t i o n o f g r o y n e s 

u n d e r t a k e n w i t h t h e a i d o f p e r s o n n e l a n d e q u i p m e n t o f t h e T e x a c o O i l Company ( P t o . N i n o ) i s 

t r e a t e d i n P a r a . 3 . 2 . 7 . 

? i y § r i £ r 9 § s l n g s _ n e a r _ j < m _ 7 8 0 

Some i n f o r m a t i o n r e g a r d i n g t h e r i v e r - c r o s s i n g s n e a r km 78O i n t h e R ' o M a g d a l e n a i s g i v e n i n 

P a r a . 3.2.8. 

Q9Df l y ê D 9 Ê _ 9 f _ i b ? _ 5 l 9 _ t ! ! § 9 d a l e n a _ a n d _ t h e _ R r o _ N a r e 

N e a r t o t h i s C o n f l u e n c e t h e m a i n c h a n n e l o f t h e RTo M a g d a l e n a i s c o n s t a n t l y s h i f t i n g i n a 

b r a i d e d r i v e r - b e d , w h i l e d o w n s t r e a m o f t h i s c o n f l u e n c e t h e w i d t h o f t h e r i v e r i s s t r o n g l y 

r e s t r i c t e d by d i l u v i a l f o r m a t i o n s ( P t o . I n m a r c o ) . T o g e t h e r w i t h t h e c r o s s i n g u p s t r e a m o f 

N a r e t o w n t h i s s t r e t c h i s d i s c u s s e d i n P a r a . 3 . 2 . 9 . 
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3 . 2 . 2 . T e m p o r a r y i m p r o v e m e n t by means o f d r e d g i n g 

F o r t h e d e t e r m i n a t i o n o f t h e t o t a l q u a n t i t y w h i c h has t o be d r e d g e d r e c u r r e n t l y t o 

b r i n g a b o u t a t e m p o r a r y i m p r o v e m e n t o f t h e r i v e r s e c t i o n s b e t w e e n La D o r a d a a n d P t o . 

I n m a r c o , t w o q u e s t i o n s s t i l l need t o be a n s w e r e d . 

I n F i g u r e s 3 . 3 . 1 7 t o 3 . 3 . 2 2 i n c l u s i v e , p r e s e n t e d i n P a r t I I , a number o f l o n g i ­

t u d i n a l p r o f i l e s a r e g i v e n . The f i r s t q u e s t i o n i s : W h i c h o f t h e s e p r o f i l e s s h o u l d be t a k e n 

f o r t h e d e t e r m i n a t i o n o f t h e q u a n t i t i e s t o be d r e d g e d ? To a n s w e r t h i s q u e s t i o n , i t s h o u l d 

be c o n s i d e r e d t h a t t h e l o n g i t u d i n a l s o u n d i n g s h o u l d n o t h a v e b e e n made d u r i n g a t o o h i g h 

w a t e r s t a g e , when t h e t a l w e g i s m o r e d i f f i c u l t t o f i n d a n d a t o o s h a l l o w d e p t h may h a v e b e e n 

r e c o r d e d . On t h e o t h e r h a n d , t h e l o n g i t u d i n a l s o u n d i n g s h o u l d n o t h a v e b e e n made d u r i n g a 

t o o l o w w a t e r s t a g e , b e c a u s e t o o g r e a t a d e p t h may t h e n h a v e been r e c o r d e d d u e t o t h e r e t a r d e d 

s c o u r , w h i l e a t an e a r l i e r d a t e ( h i g h e r w a t e r s t a g e ) t h e a v a i l a b l e w a t e r d e p t h c o u l d h a v e 

been l e s s . F o r t h e d e t e r m i n a t i o n o f t h e q u a n t i t i e s w h i c h s h o u l d be d r e d g e d r e c u r r e n t l y , t h e 

l o n g i t u d i n a l s o u n d i n g r e c o r d e d i n F e b r u a r y , 1972, has b e e n u s e d . T h i s s o u n d i n g was made a t 

t h e e n d o f a p e r i o d o f r e l a t i v e l y h i g h w a t e r s t a g e s , b u t b e f o r e t h e o n s e t o f t h e p e r i o d o f 

l o w w a t e r s t a g e s . As i n d i c a t e d o n t h e r o u t e maps t h e w a t e r - l e v e l d u r i n g t h e s u r v e y was 

a b o u t 3 f t . a b o v e L . R . L . F o r t h e r i v e r s e c t i o n u p s t r e a m o f t h e c o n f l u e n c e o f t h e R f o M a g d a l e n a 

and t h e RTo La M i e l , a m i n i m u m w a t e r d e p t h o f a b o u t 3 f t ( b e d - l e v e l a t L . R . L . ) was r e c o r d e d 

a t km 8 6 4 a n d i n b e t w e e n km 859 and 860. F o r t h e r i v e r s e c t i o n d o w n s t r e a m o f t h e RTo La M i e i 

C o n f l u e n c e , t h e m i n i m u m r e c o r d e d w a t e r d e p t h was a b o u t 4 ' 6 " ( b e d - l e v e l 1 ' 6 " b e l o w L . R . L . ) 

a t km 833 a n d i n b e t w e e n km 819 a n d 820. 

T h e s e c o n d q u e s t i o n w h i c h a r i s e s i s : To w h a t e x t e n t c a n r e t a r d e d s c o u r be e x p e c t e d i f 

a f t e r t h e s u r v e y t h e w a t e r - l e v e l w o u l d h a v e f a l l e n t o L . R . L . ? F o r t h e t w o r i v e r s e c t i o n s 

u n d e r c o n s i d e r a t i o n , t h e e x t e n t o f t h e r e t a r d e d s c o u r w i i l be d e m o n s t r a t e d by means o f 

m o r p h o l o g i c a l c o m p u t a t i o n s f o r t h e s c h e m a t i z e d c r o s s i n g s n e a r km 8 4 0 a n d km 833 ( P a r a s . 3 . 2 . 4 

a n d 3 . 2 . 5 ) . A n t i c i p a t i n g t h e r e s u l t s g i v e n i n t h e s e p a r a g r a p h s , t h e s c h e m a t i z e d r e g i m e s 

w h i c h h a v e been u s e d i n t h e s e c o m p u t a t i o n s show s c o u r o f t h e h i g h e s t l e v e l o f t h e bed o f 

a b o u t 3 f t . d u r i n g t h e f a l l o f t h e w a t e r - l e v e l t o a b o u t L . R . L . 

T h e t o t a l q u a n t i t i e s w h i c h h a v e t o be d r e d g e d c a n t h u s be d e t e r m i n e d i n t w o w a y s . 

F i r s t l y , by c o m p u t i n g t h e q u a n t i t y e n c l o s e d by t h e r e c o r d e d b e d - l e v e l a n d t h e l e v e l o f 4 ' 6 " 

b e l o w t h e L . R . L , ; b u t s u c h a p r o c e d u r e w i l l l e a d t o a t o o h i g h a m o u n t b e c a u s e no a l l o w a n c e 

i s made f o r s c o u r o f t h e bed d u r i n g t h e f a l l o f t h e w a t e r - l e v e l . S e c o n d l y , by c o n s i d e r i n g 

a s c o u r o f t h e bed o f a b o u t 3 f t . d u r i n g t h e f a l l o f t h e w a t e r - l e v e l a n d c o m p u t i n g t h e 

q u a n t i t y e n c l o s e d by an i m a g i n a r y b e d - l e v e l ( s i t u a t e d r o u g h l y 3 f t . b e l o w t h e r e c o r d e d b e d -

l e v e l ) a n d t h e l e v e l o f 4 ' 6 " b e l o w t h e L . R . L . T h i s p r o c e d u r e w i l l , g e n e r a l l y , l e a d t o t o o 

l o w an a m o u n t b e c a u s e i t i s l i k e l y t h a t t h e r e t a r d e d s c o u r w i l l be l e s s t h a n 3 f t . when t h e 

i n i t i a l b e d - l e v e l was a l r e a d y s i t u a t e d w e l l b e l o w L . R . L . H o w e v e r , f o r t h o s e c r o s s i n g s w h e r e 

t h e b e d - l e v e l was r e c o r d e d a t L . R . L . (km 8 6 4 a n d i n b e t w e e n km 859 a n d 8 6 o ) , t h e l e a s t 

a v a i l a b l e d e p t h was a l r e a d y l e s s t h a n 4 ' 6 " a n d d r e d g i n g s h o u l d , i n f a c t , h a v e a l r e a d y t a k e n 

p l a c e . T h e r e f o r e a n u m b e r o f c r o s s i n g s c a n be d i s t i n g u i s h e d w h i c h n e e d t o be d r e d g e d 

c o m p l e t e l y , a n u m b e r o f c r o s s i n g s w h i c h w i l l p a r t l y be e r o d e d by r e t a r d e d s c o u r ( a b o u t 2 f t ) 

w h i l e t h e r e m a i n i n g p a r t n e e d s t o be d r e d g e d , a n d some c r o s s i n g s w h i c h w i l l s u f f i c i e n t l y 

e r o d e by r e t a r d e d s c o u r . 
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T h e t o t a l q u a n t i t i e s w h i c h need t o be d r e d g e d h a v e been computed i n t h e two w a y s 

j u s t o u t l i n e d and a r e g i v e n i n T a b l e 3 . 2 . 2 . F o r t h e r i v e r s e c t i o n b e t w e e n t h e RTo La M i e l 

C o n f l u e n c e and P t o . Inmarco t h e q u a n t i t i e s a r e s u b - d i v i d e d f o r t h e r i v e r s e c t i o n s u p s t r e a m 

and d o w n s t r e a m o f P t o . T r i u n f o ; t h e r e a s o n f o r wh c h i s e x p l a i n e d i n P a r a . 3 . 2 . 6 . 

R i v e r - s e c t i o n s Ki l o ­
m e t e r s 

R e t a r d e d s c o u r 
i n c l u d e d 

not R e t a r d e d s c o u r ( 2 ' ! I n c l u d e d 

R i v e r - s e c t i o n s Ki l o ­
m e t e r s 

VoIume E x t r a 1,25%) T o t a l 
Vo1ume 

(m^) ( m ' ) 

Volume 

(m^) 

E x t r a (25%) T o t a l 
Vo1ume 

( m ' ) (m^) 

La Dorada - R f o L a Mie i 889-837 36l | ,000 91 ,000 455,000 156,000 39,000 195,000 

R f o L a M i e l - P t o . T r i u n f o 837-823 72,000 18,000 90,000 17,600 4 , 4 0 0 22,000 

P t o . T r i u n f o - P t o . Inmarco 823-773 188,000 47,000 235,000 4 2 , 5 0 0 10,500 53,000 

T o t a l 780,000 T o t a l 270,000 

T a b l e 3 . 2 . 2 Q . u a n t i t i e s to be Dredged b e t w e e n La Dorada and P t o . I n m a r c o 

T h e v o l u m e s h a v e been d e t e r m i n e d f o r a 50 m w i d e c h a n n e l w i t h a b e d - l e v e l a t 4 ' 6 " 

b e l o w L . R . L . An a l l o w a n c e o f 2 5 % h a s been made: f o r w a s t e and s i d e - s l o p e s o f t h e c h a n n e l 

1 0 % , and f o r t h e a s s u m p t i o n t h a t t h e l o c a l l y r e c o r d e d d e p t h i s t a k e n to be r e p r e s e n t a t i v e 

f o r t h a t p a r t o f t h e c r o s s - s e c t i o n w h e r e t h e c h a n n e l ( 5 0 m w i d e ) w i l l be d r e d g e d , 15%. 

The t o t a l v o l u m e w h i c h n e e d s to be d r e d g e d i n t h e r i v e r s e c t i o n be tween La D o r a d a and P t o . 

Inmarco ( r e t a r d e d s c o u r i n c l u d e d ) amounts t o 2 7 0 , 0 0 0 m ' , o f w h i c h 2 1 7 , 0 0 0 m^ must be d r e d g e d 

u p s t r e a m o f P t o . T r i u n f o and 5 3 , 0 0 0 b e t w e e n P t o . T r i u n f o and P t o . I n m a r c o . 

3 . 2 . 3 . Improvement o f La Dorada - P t o . S a l g a r 

I n t r o d u c t ion 

La Dorada i s s i t u a t e d on t h e l e f t bank o f t h e RFo M a g d a l e n a (km 8 8 8 ) j u s t d o w n s t r e a m 

o f t h e s o - c a l l e d " V u e l t a d e l C o n e j o " . P t o . S a l g a r i s on t h e r i g h t bank o f t h e RFo M a g d a l e n a 

(km 8 8 7 ) , o p p o s i t e L a D o r a d a , w h i l e i m m e d i a t e l y d o w n s t r e a m o f P t o . S a l g a r i s t h e i m p o r t a n t 

a i r - b a s e German O l a n o . A r a i l w a y - r o a d b r i d g e s p a n s t h e r i v e r a t t h e d o w n s t r e a m end o f L a 

Dorada t o w n , g i v i n g t h i s r e g i o n , a p a r t f rom r i v e r t r a n s p o r t , a c c e s s by r a i l t o t h e C a r i b ­

bean c o a s t , B o g o t a and N e i v a ( v i a I b a g u e ) , a s w e l l a s a c c e s s by road to B o g o t I , M e d e l 1 m and 

M a n i z a l e s . 

U p s t r e a m o f La Dorada t h e RTo M a g d a l e n a f l o w s in a n a r r o w v a l l e y b o r d e r e d on b o t h s i d e s 

by m o u n t a i n r a n g e s o f t h e A n d e s . The r i v e r h a s s t e e p w a t e r - l e v e l g r a d i e n t s , s h a r p bends and 

h i g h f l o w - v e l o c i t i e s . A l t h o u g h more u p s t r e a m t h e r i v e r s e c t i o n be tween P u r i f i c a t i o n (km 1 , 1 4 8 ) 

and G l r a r d o t (km 1 , 0 8 5 ) a p p e a r s t o be s u i t a b l e f o r n a v i g a t i o n w i t h s m a l l c r a f t , t h e a f o r e ­

m e n t i o n e d c o n d i t i o n s a n d , a b o v e a l l , t h e r a p i d s n e a r Honda (km 9 3 0 ) , show t h a t La D o r a d a -

P t o . S a l g a r c a n be c o n s i d e r e d to be t h e most u p s t r e a m s i t e f o r p o r t f a c i l i t i e s and n a v i g a t i o n 

a s f a r a s t h e m i d d l e and l o w e r c o u r s e s o f t h e RFo M a g d a l e n a a r e c o n c e r n e d . Downst ream o f 

La D o r a d a t h e r i v e r v a l l e y w i d e n s c o n s i d e r a b l y , t h e w a t e r - l e v e l g r a d i e n t s and f l o w - v e l o c i t i e s 

d e c r e a s e , and t h e r i v e r i s f l o w i n g m o s t l y t h r o u g h i t s own ( a l l u v i a l ) d e p o s i t s . 
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GERMAN Oi-ANO 

r w S.'W.lvV'.V 

F i g u r e 3 . 2 . 6 La D o r a d a - P t o . S a i g a r A r e a 

T h e e x i s t i n g r i v e r - p o r t f a c i l i t i e s i n La D o r a d a a n d P t o . S a i g a r a n d t h e i r d e f e c t s c a n 

be l i s t e d as ( g o i n g d o w n s t r e a m , s e e F i g u r e 3 . 2 . 6 ) : 

- T h e ADENAVI s t o r e s ( l e f t b a n k ) 

S i t u a t e d on t h e S o u t h - E a s t e r n s i d e o f La D o r a d a t o w n , o r i g i n a l l y a l o n g t h e l e f t 

b a n k o f t h e RTo M a g d a l e n a b u t , due t o an a l t e r a t i o n i n t h e c o u r s e o f t h e r i v e r a t 

t h e V u e l t a d e l C o n e j o , t h e y a r e a t p r e s e n t s i t u a t e d f a r i n l a n d . I n t h e p a s t when t h e 

s t o r e s w e r e s t i l i s i t u a t e d a l o n g t h e RTo M a g d a l e n a , ADENAVI c o n s t r u c t e d a k i n d o f 

s p u r - d i k e i n f r o n t o f t h e s t o r e s , a n d c o n n e c t e d t o t h e l e f t b a n k o f t h e r i v e r 

u p s t r e a m o f t h e s t o r e s , t o r e d u c e t h e s e d i m e n t a t i o n . A l t h o u g h i t a p p e a r s u n l i k e l y 

t h a t t h e c o n s t r u c t i o n o f t h i s s p u r - d i k e has r e s u l t e d i n t h e a l t e r a t i o n i n t h e 

c o u r s e o f t h e RFo M a g d a l e n a , i t i s p o s s i b l e t h a t t h e s e d i m e n t a t i o n a l o n g t h e i n n e r 

b e n d o f t h e r i v e r i n t h e V u e l t a d e l C o n e j o has b e e n a c t i v a t e d by t h i s c o n s t r u c t i o n . 

I n t h e p r e s e n t s i t u a t i o n t h e s t o r e s c a n o n l y be r e a c h e d by a n a r t i f i c i a l i n l e t . 

I f t h i s i n l e t i s n o t k e p t o p e n r e g u l a r l y , t h e p o r t f a c i l i t i e s a r e n o t a c c e s s i b l e t o 

r i v e r t r a n s p o r t . The s t o r e s a r e a c c e s s i b l e by r o a d t h r o u g h La D o r a d a t o w n , w h i l e a 

s i d e - t r a c k o f t h e r a i l w a y b e t w e e n La D o r a d a a n d Honda p r o v i d e s f o r a c c e s s i b i l i t y 

by r a i l . T h e r e i s no e q u i p m e n t f o r c a r g o - h a n d l i n g . 
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- The La D o r a d a w a t e r - f r o n t ( l e f t b a n k ) 

R a i l w a y s t o r e s a n d o i l t e r m i n a l s a r e s i t u a t e d h e r e a l o n g s i d e d e e p w a t e r . H o w e v e r , 

f o r n a v i g a t i o n p u r p o s e s , m a n o e u v r a b i l i t y i s h a m p e r e d by t h e h i g h f l o w - v e l o c i t i e s 

( u p t o 3 m/s a t h i g h w a t e r s t a g e s ) . Due t o t h e e r o s i o n o f t h e r i v e r - b a n k a n d t h e 

l a c k o f p r o p e r m a i n t e n a n c e , t h e w a t e r - f r o n t i s r a t h e r d i l a p i d a t e d . T h e r e i s g o o d 

a c c e s s i b i l i t y by r a i l w a y a n d r o a d , a n d s u f f i c i e n t s t o r a g e c a p a c i t y i n t h e r a i l w a y 

s t o r e s . T h e r e i s , h o w e v e r , no e q u i p m e n t f o r c a r g o - h a n d l i n g a n d a t p r e s e n t l o a d i n g 

a n d u n l o a d i n g o f c a r g o i s c a r r i e d o u t by m a n u a l l a b o u r . 

C a r g o - h a n d ] i n g a t La D o r a d a w a t e r - f r o n t by n i g h t 

- The q u a y w a l l i n P t o . S a i g a r ( r i g h t b a n k ) 

R a i l w a y a n d ADENAVI s t o r e s a r e s i t u a t e d h e r e . I n t h e y e a r 1 9 7 1 , a c c e s s f o r r i v e r 

t r a n s p o r t was r e s t r i c t e d , d u e t o a s h o a l i n f r o n t o f t h e q u a y w a i l a n d h e a v y s e d i ­

m e n t a t i o n a t i t s u p s t r e a m e n d , w h e r e a n i s l a n d a l o n g t h e b a n k was r a p i d l y g r o w i n g 

n o t o n l y i n t o t h e r i v e r i t s e l f b u t a l s o i n a d o w n s t r e a m d i r e c t i o n . A f t e r t h e h i g h 

w a t e r s e a s o n ( A p r i l - M a y ) i n 1 9 7 2 , t h e c u r r e n t had p a r t l y e r o d e d t h e s h o a l i n f r o n t 

o f t h e q u a y w a l l a n d a c c e s s i b i l i t y f o r r i v e r t r a n s p o r t was i m p r o v e d . T h e r e i s g o o d 

a c c e s s i b i l i t y f o r r a i l w a y a n d r o a d , s u f f i c i e n t s t o r a g e c a p a c i t y i n t h e s t o r e s a n d 

e q u i p m e n t f o r c a r g o - h a n d l i n g . 

I n a d d i t i o n t o t h e s e d e f e c t s i n t h e e x i s t i n g p o r t f a c i l i t i e s ( m o s t l y a s f a r as n a v i ­

g a t i o n p u r p o s e s a r e c o n c e r n e d ) , t w o o t h e r p r o b l e m s h a v e t o be m e n t i o n e d . 

- The p r o t e c t i o n o f La D o r a d a t o w n ( l e f t b a n k ) 

The s o u t h e r n s i d e o f La D o r a d a t o w n i s s i t u a t e d a l o n g a n o u t e r b e n d o f t h e RFo 

M a g d a l e n a , u p s t r e a m o f t h e V u e l t a d e l C o n e j o . I n t h e p a s t , e r o s i o n o c c u r e d w h i c h 

e n d a n g e r e d t h e t o w n and f u t u r e e x t e n s i o n a r e a s o f La D o r a d a ( p r o j e c t e d o n t h e s p i t 

o f l a n d i n t h e V u e l t a d e l C o n e - j o ) . To d i s c o v e r means o f p r e v e n t i n g e r o s i o n , a mode l 

s t u d y was c a r r i e d o u t by t h e L a b o r a t o i r e C e n t r a l d ' H y d r a u 1 i q u e d e F r a n c e i n B o g o t a 
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a n d t h e a d v i c e was g i v e n t o c o n s t r u c t g r o y n e s a i o n g t h e i e f t banl< o f t h e RTo 

M a g d a i e n a t o d i v e r t t h e m a i n c u r r e n t f r o m t h e banl< a n d , c o n s e q u e n t l y , t o p r e v e n t 

f u r t h e r s c o u r . One g r o y n e was c o n s t r u c t e d i n t h e b e g i n n i n g o f 1 9 6 0 ' s a n d a l t h o u g h 

by now t h i s g r o y n e has b e e n a l m o s t w a s h e d away by t h e c u r r e n t d u e t o l a c k o f 

m a i n t e n a n c e , t h e c o n s t r u c t i o n o f t h e g r o y n e a p p e a r e d t o be s u c c e s s f u l a t t h e t i m e 

a n d p r o v e d i t s u s e f u l n e s s . 

G r o y n e u p s t r e a m o f La D o r a d a 

- The d e f e n c e o f t h e a i r - b a s e German O l a n o ( r i g h t b a n k ) 

D u r i n g t h e h i g h w a t e r s t a g e s i n 1970 a n d 1 9 7 1 , t h e d o w n s t r e a m end o f t h e s h e e t -

p i l i n g , p r o t e c t i n g t h e w a t e r - f r o n t o f t h e a i r - b a s e German O l a n o ( s i t u a t e d d o w n s t r e a m 

o f t h e r a i l w a y b r i d g e a i o n g t h e r i g h t b a n k o f t h e RTo M a g d a l e n a ) , g a v e way u n d e r 

t h e s t r o n g a t t a c k o f t h e c u r r e n t a n d a b o u t 50 m had t o be r e i n f o r c e d by d r i v i n g a 

s e c o n d row o f s h e e t - p i l i n g i n s i d e t h e o r i g i n a l o n e . 

Case h i s t o r y 

On t h e b a s i s o f a e r i a l p h o t o g r a p h s a c a s e h i s t o r y has b e e n c o m p i l e d o f t h e c o u r s e 

o f t h e R f o M a g d a l e n a i n t h e La D o r a d a - P t o . S a l g a r r e g i o n . 

The o l d e s t a v a i l a b l e i n f o r m a t i o n d a t e s b a c k t o t h e s u r v e y w h i c h was c a r r i e d o u t by 

t h e J u l i u s B e r g e r K o n s o r t i u m i n t h e y e a r s 1 9 2 2 - 1 9 2 ' f . A l l t h e i n f o r m a t i o n has b e e n c o m p a r e d 

w i t h t h e p r e s e n t s i t u a t i o n ( a e r i a l p h o t o g r a p h s t a k e n i n M a y , 1 9 7 2 ) ( F i g u r e 3 . 2 . 7 ) . I n t h e 

m o s t r e c e n t a e r i a l p h o t o g r a p h s f o r m e r c o u r s e s o f t h e RTo M a g d a l e n a i n t h e V u e l t a d e l C o n e j o 

c a n s t i l l be c l e a r l y d i s t i n g u i s h e d ( F i g u r e 3 . 2 . 7 a ) . The d e p o s i t s t o t h e W e s t o f t h i s f o r m e r 

c o u r s e a r e a p p a r e n t l y f r o m a s t i l l o l d e r d a t e . 

2 3 7 



I l l , 3 . 2 

B e t w e e n t h e y e a r s 1950 and 1957 t h e RFo M a g d a l e n a s h i f t e d i t s c o u r s e a t t h e V u e l t a 

d e l C o n e j o , e r o d i n g a l o o p i n a m o r e e a s t e r l y d i r e c t i o n ( F i g u r e s 3 . 2 , 7 c a n d d ) . I n t h e b e ­

g i n n i n g t h e e r o s i o n i n t h e o u t e r b e n d was c o n s i d e r a b l e ( a b o u t 20 m p e r y e a r ) , b u t has a t 

p r e s e n t d i m i n i s h e d t o a b o u t 5 m p e r y e a r ( s e e F i g u r e 3 . 2 . 7 f ) . On c o m p a r i n g t h e p r e s e n t c o u r s e 

o f t h e RFo M a g d a l e n a w i t h t h e f o r m e r c o u r s e o f t h e r i v e r b e f o r e 1950 ( F i g u r e 3 . 2 , 7 c ) , i t w i l l 

a p p e a r t h a t t h e f o r m e r c o u r s e was m o r e f a v o u r a b l e as f a r as n a v i g a t i o n p u r p o s e s a n d t h e l o ­

c a t i o n o f t h e p o r t f a c i l i t i e s a r e c o n c e r n e d . F o r m e r l y , t h e r i v e r f l o w e d d o w n s t r e a m o f t h e 

V u e l t a d e l C o n e j o i n a m o r e o r l e s s n o r t h e r l y d i r e c t i o n a l o n g t h e w a t e r - f r o n t s o f La D o r a d a 

a n d P t o , S a l g a r ( a n d P a l a n q u e r o ) a n d m o s t l i k e l y an a d e q u a t e a c c e s s f o r w a t e r t r a n s p o r t 

c o u l d h a v e been m a i n t a i n e d w i t h s i m p i e means f o r b o t h t h e La D o r a d a a n d P t o , S a i g a r p o r t f a ­

c i l i t i e s . 

A t p r e s e n t , h o w e v e r , t h e m a i n c u r r e n t c r o s s e s f r o m t h e r i g h t b a n k i n t h e V u e l t a d e l 

C o n e j o t o t h e l e f t b a n k n e a r t h e r a i l w a y s t o r e s , l o c a l l y c a u s i n g a s t r o n g e d d y i n g o f t h e 

c u r r e n t i n f r o n t o f t h e s t o r e s . F u r t h e r d o w n s t r e a m , t h e c u r r e n t c r o s s e s a g a i n t o t h e r i g h t 

b a n k , a t t a c k i n g t h e s h e e t - p i l i n g o f P a l a n q u e r o ( 1 9 7 0 - 1 9 7 1 ) . A s t r o n g s e d i m e n t a t i o n i n f r o n t 

o f t h e q u a y w a l l a t P t o , S a l g a r h a m p e r s n a v i g a t i o n . I n t h e c o u r s e o f 1972 t h e c r o s s i n g o f 

t h e c u r r e n t s h i f t e d u p s t r e a m a n d p a r t o f t h e m a i n c u r r e n t a g a i n f l o w e d a l o n g t h e q u a y 

w a l l a t P t o , S a l g a r ( c o m p a r e F i g u r e s 3 - 2 , 1 1 and 3 , 2 , 1 3 ) . A n o t h e r d i s a d v a n t a g e o f t h e p r e s e n t 

s i t u a t i o n i s t h a t t h e e r o s i o n a l o n g t h e o u t e r b a n k s o f t h e V u e l t a d e l C o n e j o t e n d s i n t h e 

d i r e c t i o n o f an e v e n m o r e p r o n o u n c e d l o o p i n f u t u r e a n d p o s s i b l y , u n l e s s s t r o n g p r o t e c t i o n 

w o r k s a r e u n d e r t a k e n , a s h o r t - c u t t i n g o f t h e r i v e r t h r o u g h La D o r a d a t o w n a n d t h e t o w n ' s e x ­

t e n s i o n a r e a . 

A p a r t f r o m t h e c o m p a r i s o n o f t h e r i v e r c o u r s e s p r e s e n t e d i n F i g u r e 3 . 2 . 7 , t h e e l e ­

v a t i o n o f t h e r i v e r b e d - l e v e l c a n a i s o be c o m p a r e d f r o m d i f f e r e n t s o u n d i n g s . I n F i g u r e 3 . 2 . 8 

t h e s o u n d i n g o f 1963 i s g i v e n . ( T h i s s o u n d i n g was o r i g i n a l l y p r e p a r e d by ADENAVI a n d t h e 

d e p t h c o n t o u r - l i n e s w e r e g i v e n i n r e l a t i o n t o M . S . L . To e n a b l e t h i s s o u n d i n g t o be c o m p a r e d 

w i t h d a t a o f a i a t e r d a t e , t h e s o u n d i n g has b e e n r e l a t e d t o L . R . L , by t h e M i s s i o n ) , A l t h o u g h 

t h e r e a r e no f l o w - l i n e s a v a i l a b l e , t h e d i r e c t i o n o f t h e c u r r e n t c a n be a s s u m e d t o be m o r e o r 

l e s s p a r a l l e l t o t h e d e p t h c o n t o u r - 1 i n e s , I t c a n be s e e n t h a t t h e q u a y w a l l a t P t o , S a l g a r 

was o n l y a c c e s s i b l e a t h i g h w a t e r s t a g e s , w h i l e t h e s h o a l i n f r o n t o f t h e La D o r a d a w a t e r ­

f r o n t p r o b a b l y c a u s e d e v e n h i g h e r f l o w - v e l o c i t i e s a l o n g t h e l e f t b a n k t h a n a t p r e s e n t . 

As i n 1970 t h e s i t u a t i o n i n f r o n t o f t h e q u a y w a l l a t P t o . S a l g a r h a r d l y d i f f e r e d 

f r o m t h e s i t u a t i o n as g i v e n i n F i g u r e 3 . 2 . 8 , i t was d e c i d e d by ADENAVI t o move t h e d r e d g e r 

DH 9 t o t h i s a r e a i n A u g u s t 1970 t o d r e d g e t h e a p p r o a c h a n d t h e a r e a i n f r o n t o f t h e q u a y 

w a l l a t P t o . S a l g a r . The s p o i l was t o be u s e d t o make a c o n n e c t i o n b e t w e e n t h e r i g h t b a n k 

o f t h e RFo M a g d a l e n a u p s t r e a m o f t h e q u a y w a l l and t h e i s l a n d i n f r o n t o f t h e q u a y w a l l . 

By means o f s u c h a s p u r - d i k e a m o r e o r l e s s p r o t e c t e d h a r b o u r b a s i n w o u l d h a v e b e e n c r e a t e d , 

a c c e s s i b l e o n l y f r o m a d o w n s t r e a m d i r e c t i o n . A m e c h a n i c a l b r e a k d o w n o f t h e d r e d g e r , h o w e v e r , 

p r e v e n t e d t h e e x e c u t i o n o f t h i s s c h e m e . 

In F i g u r e 3 . 2 . 9 t h e s o u n d i n g i s g i v e n o f J u l y 1971 i n f r o n t o f t h e q u a y w a i l a t 

P t o . S a l g a r . I n t h e F i g u r e s 3 . 2 . 1 0 a n d 3 . 2 . 1 1 t h e s o u n d i n g s a n d f l o w - l i n e s a r e g i v e n o f 

S e p t e m b e r - N o v e m b e r 1 9 7 1 . I t c a n be s e e n i n F i g u r e 3 . 2 . 1 1 t h a t t h e d r e d g i n g i n f r o n t o f P t o . 
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CASE HISTORY OE THE RIO MAGDALENA NEAR LA DORADA FIG 3.2.7 







PUENTE EN CONSTRUCCIÓN 

BRIDGE UNDER CONSTRUCTION 

BASE AEREA GERMAN OLANO 

AIR-BASE 

R 

i^G RiO MAGDALENA LA DORADA-PUERTO SALGAR 
ESCALA/SCALE /•• 10.000 

/ SONDEO ORIGINAL RELACIONADO AL NIVEL DEL MAR, HECHO POR LA SECCIÓN TECNICA DEADEMVll 

FECHA/DATE 26-X-1963 I^Q^/g/yy^^ SOUNDING RELATED TO M.SL.,MADE BY THE TECHNICAL DEPARTMENT OF ADENAVI )\ 

NIVEL DE REDUCCION: 168 metros SOBRE ELCERO DEL FLUVIÓMETRO DE PUERTO SALGAR 

CHART DATUM: 1.68 metres ABOVE ZERO OF THE PUERTO SALGAR GAUGE 

ROCAS 0 m X T o r s r j r y i r 

I.S m 
2.5 m 

ROCK 

CURVAS ISOBATAS ~ } ^fTT^/^M/) SOBRE EL DATUM 

DEPTH CONTOURS 75 ^ ^ i ^ i i i ^ DRY, ABOVE DATUM 

/O m 

NEDECO RIO MA GDA LENA -CANAL DEL DIQUE SURVE Y PROJEC T FIG. 3.2.8 



A A A A A A A A I ' A A 

PUERTO SALGAR 

^ RiO MAGDALENA ^ LA DORADA-PUERTO SALGAR 
BSCALA/SCALE 1:10.000 

FECHA/DATE 9,10-11-1.971 

NIVEL DE REDUCCION: 168 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PUERTO SALGAR 

CHART DATUM: / gg rnetres ABOVE ZERO OF THE PUERTO SALGAR GAUGE 

CURVAS ISOBATAS 

DEPTH CONTOURS 

0 m 

1.5 m 

2.5 m 

PL AY A. SOBRE EL DATUM 

DRY, ABOVE DATUM 

NEDECO RIO MAGDALENA-CANAL DEL DIQUE SURVEY PROJECT FIG. 3.2.9 



DEL CONEJO 

LA DORADA 

SONDEO 

• SOUNDING Rl'O MAGDALENA CERCA 

NEAR LA DORADA-PUERTO SALGAR 
ESCALA/SCALE 1:10.000 

FECHA /DATE • 8 - K - 1971 

NIVEL DE REDUCCION: 1.68 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PUERTO SALGAR 

CHART DATUM: 168 metres ABOVE ZERO OF THE PUERTO SALGAR GAUGE 

FECHA/ DATE: 16. 19-M-1.971 NIVEL DE AGUA / WATERLEVEL ' 1:50 m SOBRE EL DATUM/ABOVE DATUM 

LINEAS DE CORRIENTE / FLOW LINES — i is » VELOCIDAD EN m/seg./ VELOCITY IN m/s 

CURVAS ISOBATAS 

DEPTH CONTOURS 

— 0 m 

— 1.0 m 

— 2.5 m 

— 5.0 m 

PLAYA. SOBRE EL DATUM 

DRY, ABOVE DATUM 

NEDECO RIO MA GDA LENA-CANAL DEL DIQUE SURVE Y PROJEC T FIG. 3.2.10 





• 

A 

LA DORADA 

SONDEO 

SOUNDING RIO MAGDALENA 
CERCA 

NEAR LA DORADA - PUERTO SALGAR 
ESCALA/SCALE 1:10.000 

FECHA/DATE 17-11-1971 

NIVEL DE REDUCCION: 1.68 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PUERTO SALGAR 

CHART DATUM: 1.68 metres ABOVE ZERO OF THE PUERTO SALGAR GAUGE 

FECHA/DATE: 16.19-11-1971 NIVEL DE AGU.A / VV.ATERLEVEL = 1.23m SOBRE EL DATUM/ABOVE DATUM 

LI'NEAS DE CORRIENTE / FLOW LINES i.is > VELOCi j / VELOCITY IN m/s 

CURVAS ISOBATAS 

DEPTH CONTOURS 

0 m 

— 1.5 m 

— 2.5 m 

— 5 m 

PLAYA, SOBRE EL DATUM 

DRY, ABOVE DATUM 

NEDECO RIO MAGDALENA-CANAL DEL DIQUE SURVEY PROJECT EIG. 3.2.11 

PUERTO SALGAR 



A 

SONDEO 

SOUNDING RIO MAGDALENA 
CERCA 

NEAR LA DORADA-PUERTO SALGAR 
ESCALA/SCALE I ^ 10.000 

FECHA/DATE 31 - W - 1.972 

NIVEL DE REDUCClÓN' 1.68 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PUERTO SALGAR 

CHART DATUM' 1.68 metres ABOVE ZERO OF THE PUERTO SALGAR GAUGE 

FECHA /DATE ' 31 - M - 1972 NIVEL DE AGUA / WATERLEVEL ' 0.65 m SOBRE EL DATUM/ABOVE DATUM 

LINEAS DE CORRIENTE / FLOW LINES - u s -

CURVAS ISOBATAS 

DEPTH CONTOURS 

— 0 m 

-- 1.5 m 

— 2.5 m 

— 6 m 

VELOCIDAD EN m/seg. / VELOCITY IN m/s 

PLAYA, SOBRE EL DATUM 

DRY, ABOVE DATUM 

NEDECO RIO MAGDALENA-CANAL DEL DIQUE SURVEY PROJECT FIG. 3.2.12 



PUERTO SALGAR 
A 

RIO MAGDALENA ^ LA DORADA-PUERTO SALGAR 
ESCALA/SCALE 1 •• 10.000 

FECHA/DATE 12-X-1.972 

NIVEL DE REDUCClÓN: 168 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PUERTO SALGAR 

CHART DATUM' 1.68 metres ABOVE ZERO OF THE PUERTO SALGAR GAUGE 

FECHA/DATE: 11, 12-X-1.972 NIVEL DE AGUA / WATERLEVEL : 0.20m SOBRE EL DATUM / ABOVE DATUM 

LINEAS DE CORRIENTE / FLOW LINES —-i.is ». VELOCIDAD EN m/seg. / VELOCITY IN m/s 

CURVAS ISOBATAS o m fi0^iiÊP PLAYA, SOBRE EL DATUM 

DEPTH CONTOURS Wm ^iiiiiM^^^ DRY, ABOVE DATUM 

2.5 m 

NEDECO R/0 MA GDA L ENA -CANAL DEL DIQUE SURVEY PROJECT FIG. 3.2.13 



I l l , 3 . 2 

Salgar p r o v i d e d a b e t t e r access t o the quay w a l l , a l t h o u g h the channel Is s t i l l v e r y narrow. 

In the Figures 3 . 2 . 1 2 and 3 . 2 . 1 3 the soundings and f l o w - l i n e s near Pto. Salgar are g i v e n 

o f August and October 1972 r e s p e c t i v e l y . 

When the s i t u a t i o n near Pto. Salgar i n 1971 ( F i g u r e 3 . 2 . 1 1 ) i s compared w l t h the 

s i t u a t i o n i n October 1972 ( F i g u r e 3 . 2 . 1 3 ) , i t can be seen t h a t the cross i ng from the l e f t 

bank of the Rfo Magdalena t o the r i g h t bank s h i f t e d upstream, and t h a t a t p r e s e n t a t l e a s t 

p a r t o f the ma i n c u r r e n t f l o w s along the quay w a l l a t Pto. Salgar, a l t h o u g h the i s l a n d 

( c o n s i s t i n g o f pebbles) i n f r o n t o f the quay w a l l i s s t i l l p r e s e n t . (Accord 1ng t o F i g u r e 

3 . 2 . 1 2 , t h i s i s l a n d would be w e l l below L.R.L. In August 1 9 7 2 ; however, t h i s must be 

regarded w i t h s u s p i c i o n ) . 

Proposed r i v e r improvement 

The r i v e r improvement whleh i s requi red 1n the La Dorada - Pto. Salgar area can be 

c h a r a c t e r i z e d as: 

- Improvement f o r n a v i g a t i o n purposes 

To p r o v i d e a b e t t e r approach t o the Pto. Salgar quay w a l l and an e a s i e r 

m a n o e u v r a b i l i t y along the La Dorada w a t e r - f r o n t . In t h i s r e s p e c t , i t must be 

mentioned t h a t i n the present s i t u a t i o n ( 1 9 7 3 ) , the t o t a l cargo d e s t i n e d t o 

or shipped from t h i s area can e a s i l y be handled along the Pto. Salgar quay w a l l 

and the La Dorada w a t e r - f r o n t . For the time being i t i s advised t h a t o t h e r uses 

be found f o r the s u r p l u s c a p a c i t y i n p o r t f a c i l i t i e s r e p resented by the s t o r e s 

s i t u a t e d i n l a n d on the s o u t h - e a s t e r n s i d e o f La Dorada town. Unless o t h e r cargo 

sources can be f o u n d , the present q u a n t i t i e s o f cargo handled i n t h i s area do 

not j u s t i f y the c o s t r e q u i r e d to open up and m a i n t a i n the a c c e s s i b i l i t y o f these 

s t o r e s . I t i s considered a d v i s a b l e t o c o n c e n t r a t e the p o r t a c t i v i t i e s a t the 

Pto. Salgar quay w a l l and the La Dorada w a t e r - f r o n t . The proposed scheme f o r the 

r i v e r improvement i s a l s o based on t h i s p r i n c i p l e . (However, as i n f u t u r e the 

p o r t f a c i l i t i e s o f the ADENAVI s t o r e s may again be r e q u i r e d , the scheme f o r the 

improvement should be so f l e x i b l e t h a t a proper access f o r r i v e r t r a n s p o r t can 

then s t i l l be p r o v i d e d ) . 

Improvement f o r p r o t e c t i o n purposes 

This would be t o p r o v i d e f o r a proper defence o f the southern and e a s t e r n sides 

o f La Dorada town and the a i r - b a s e Palanquero. 

These purposes can be o n l y p a r t l y f u l f i l l e d i n the p r e s e n t topography ( 1 9 7 3 ) . 

I t has a l r e a d y been mentioned t h a t f o r n a v i g a t i o n purposes o n l y , the s i t u a t i o n as i t was 

d u r i n g the survey o f the J u l i u s Berger Konsortium appears t o have been more f a v o u r a b l e , 

w h i l e f o r the p r o t e c t i o n o f La Dorada a smoother course o f the Rfo Magdalena i s r e q u i r e d . 

The combination o f these requirements tends t o the s i t u a t i o n as p r e s e n t In about 1957 

(see F i g u r e 3 . 2 . 7 d ) . Because o f the f a c t t h a t In t h i s s l t u a t i o n the meander i n the V u e l t a 

del Conejo i s not as pronounced as i n the past (1920 - 1950) o r a t p r e s e n t ( 1 9 6 9 and 

onwards), the r i v e r - w o r k s can be m a i n t a i n e d a t lower c o s t , w h i l e downstream o f the La 

Dorada w a t e r - f r o n t the main c u r r e n t can be d i v e r t e d t o the r i g h t bank ( e . g . , by means o f 

groynes) t o p r e v e n t s e d i m e n t a t i o n i n f r o n t o f the Pto. Salgar quay wa11 , 
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I f , however, less a t t e n t i o n c o u l d be paid t o the n a v i g a t i o n a l r e q u i r e m e n t s , the 

i n t e r v e n t i o n i n the course o f the RFo Magdalena would be s m a l l e r and defence o f La Dorada 

town and Palanquero can be pursued by p r o t e c t i o n o f the pre s e n t course. I f t h e r e f o r e the 

development of a new p o r t area near Pto. T r i u n f o i s considered t o r e p l a c e the e x i s t i n g p o r t 

f a c i l i t i e s i n La Dorada and Pto. Salgar, an a l t e r n a t i v e and cheaper s o l u t i o n f o r the La 

Dorada - Pto. Salgar area w i l l be p o s s i b l e . Moreover, the y e a r l y maintenance d r e d g i n g i n the 

Rfo Magdalena w i l l be reduced. An a l t e r n a t i v e s o l u t i o n f o r the improvement o f the La 

Dorada - Pto. Salgar r e g i o n i s drawn up in Para. 3 . 2 . 6 , 

Before the proposed scheme o f r i v e r improvement i s d e a l t w i t h , a f i n a l remark must 

s t i l l be made. A t o t a l design o f r i v e r - w o r k s i s g e n e r a l l y accompanied by model s t u d i e s . 

To some e x t e n t such r i v e r - w o r k s can be designed from the knowledge o f the r i v e r under con­

s i d e r a t i o n and on the base o f ex p e r i e n c e . However, the e x t e n t t o which the r i v e r - w o r k s 

have t o be c a r r i e d o u t (e . g . , the l e n g t h o f a bank p r o t e c t i o n ) and what type o f r i v e r ­

works ( e . g . , groynes or s p u r - d i k e s , e t c . ) w i l l serve the purpose b e s t , needs t o be found out 

from model t e s t s . T h e r e f o r e , the proposed scheme must be seen o n l y as a f i r s t d esign o f 

the r i v e r improvement, whereas i t s d e t a i l s and general a p p l i c a b i l i t y need t o be con f i r m e d 

by t e s t s i n the l a b o r a t o r y . 

F i g u r e 3 . 2 . U Proposed River Improvement near La Dorada - Pto. Salgar 

2 4 0 
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The proposed scheme f o r r i v e r improvement i n the La Dorada - Pto, Salgar area i s 

presented i n F i g u r e 3 . 2 . T t . As a r e f e r e n c e , the present p l a n - f o r m o f the RFo Magdalena i s 

a l s o g i v e n . The v a r i o u s s i t e s which need t o be improved are l i s t e d beiow ( i n a downstream 

d i r e c t i o n ) : 

^__?iyêribend_to_the_south;west_of_La_Do 

At present t h i s o u t e r bend is d e t e r i o r a t i n g r a p i d l y . Upstream o f the rocl< the t u r b u l e n t 

f l o w i n the eddy i s causing e r o s i o n o f the r i v e r - b a n k . The r a i l w a y - l i n e c o n n e c t i n g La 

Dorada and Honda may be endangered by t h i s e r o s i o n o f the bank and t h e r e f o r e t h e FCN has 

c o n s t r u c t e d l o c a l l y a bank p r o t e c t i o n , c o n s i s t i n g o f o l d r a i l w a y waggons f i l l e d w i t h b o u l d e r s . 

P r o v i d i n g t h a t such a p r o t e c t i o n i s c o n s t r u c t e d w i t h permeable waggons (see remarks 

in Para. 2 . 5 . 2 r e g a r d i n g the f i l t e r o f a p r o t e c t i o n ) and the waggons themselves are placed 

in a s t a b l e p o s i t i o n along the slope o f the bank, t he p r o t e c t i o n may w e l l serve i t s purpose. 

However, I t i s f e l t by the M i s s i o n t h a t a smoother f l o w In the o u t e r bend i s a l s o r e q u i r e d . 

For t h i s reason, t h r e e groynes are p r o j e c t e d along the o u t e r bend, each about 200 m 

a p a r t . Part o f the inner bend ( l ) must then be removed, e i t h e r by the r i v e r i t s e l f o r by 

means of d r e d g i n g . 

§__Biy§r:bend_tg_the_south_of_La_Dorada 

The model study c a r r i e d o ut by the L a b o r a t o i r e d'Hydraulique de France i n BogotS 

showed t h a t the e r o s i o n In t h i s bend c o u l d be prevented by the c o n s t r u c t i o n o f a number o f 

groynes. Only one has been c o n s t r u c t e d by MOP, and a l t h o u g h a t present t h i s groyne needs 

urgent r e p a i r s , i t has proved i t s usefulness a g a i n s t e r o s i o n i n the past y e a r s . 

To p r e v e n t f u t u r e e r o s i o n and t o guide the f l o w downstream i n a somewhat s o u t h e r l y 

d i r e c t i o n , f o u r more groynes are p r o j e c t e d , each again about 200 m a p a r t . 

2/(1 
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9+5+E__The_yue]ta_del_Cone]o 

The r i g h t bank o f the Rfo Magdalena i n the upstream p a r t o f the V u e l t a del Conejo 

(C) cons 1 s t s m o s t l y of f i ne a l l u v i a l depos i t s wh1ch have sed imented s 1 nee about 1 9 5 0 when 

the r i v e r g r a d ua1ly changed i t s course t o the more or 1 ess present s i t u a t l o n . (However, i n 

the r i v e r - b e d a 1 so g r a v e l and stones were encountered by the M i s s i o n ) . The b a n k - l e v e l 1 1 e s 

m o s t l y above the h i g h water stages, a l t h o u g h the most re c e n t d e p o s i t s are s t i l l low. In the 

o u t e r bend a t D the r i g h t bank o f the r i v e r i s about 1 3 m above L.R.L, Due t o the s t r o n g 

meandering o f the r i v e r t h i s bank i s s t i l l e r o d i n g (about 5 m per y e a r , a l t h o u g h t h i s i s 

less than i n the p a s t ) . On both s ides o f D the r i v e r - b a n k i s p r o t e c t e d by r o c k . 

The bank p r o t e c t i o n (C) and the groynes ( D ) p r o j e c t e d i n the o u t e r bend o f the V u e l t a 

del Conejo have a k e y - f u n c t i o n i n the complete r i v e r improvement o f t h i s area. On the one 

hand, the bank p r o t e c t i o n , i n combination w l t h t he groynes mentioned under B, f i x e s t he 

course o f the r i v e r somewhat t o the south o f the present course, w h i l e on the o t h e r hand the 

gu i dance o f the f l o w i n i t i a t e d by the bank p r o t e c t ion and f o 1 1 owed up by the p r o t e c t ion a t 

D w i l l determine the angle of a t t a c k o f the c u r r e n t on the w a t e r - f r o n t a t La Dorada (a 1 though 

some c o r r e c t i o n i s s t i l l p o s s i b l e a t F ) . 

The bank p r o t e c t i o n ( C ) , however, a l s o determines the type and the e x t e n t o f the 

p r o t e c t i o n requi red a t D. Although i n F i g u r e 3 . 2 . 1 4 f o u r groynes are i n d i c a t e d a t D t o 

c o n t i n u e the guidance o f the f l o w , i t may a l s o be p o s s i b l e t h a t t he guidance o f the f l o w a t 

C is such t h a t t he main c u r r e n t crosses d i r e c t l y t o the rock j u s t downstream o f D. In t h a t 

case an eddy w i 1 1 be generated by the f 1 o w along the o u t e r bend, and i n view o f the f a c t t h a t 

the f l o w - v e l o c i t y i n the eddy w i l l be c o n s i d e r a b l y lower than i n the main c h a n n e l , o n l y a 

r e l a t i v e l y l i g h t p r o t e c t i o n o f the r i g h t bank a t D may then s u f f i c e . 1 1 should be r e c a l l e d 

t h a t on the b a s i s o f the model study the L a b o r a t o i r e d'Hydraulique de France a l s o advised the 

c o n s t r u c t i o n o f a number o f groynes. 

The s p u r - d i k e ( E ) , p r o v i s i o n a l l y I n d i c a t e d i n F i g u r e 3 . 2 . 1 4 , p r o v i d e s f o r the 

c r o s s i n g o f the c u r r e n t from the r i g h t bank i n the V u e l t a del Conejo t o the l e f t bank i n 

f r o n t o f La Dorada town. Every means must be used t o prevent the ma 1 n channel remaining along 

the r i g h t bank, as t h i s would probably produce s e d i m e n t a t i o n In f r o n t o f the La Dorada 

w a t e r - f r o n t . However, i n view o f the f o r e g o i ng cons i d e r a t ions r e g a r d i n g the r e q u i red 

guidance o f the f l o w i n the V u e l t a del Conejo, i t w i l l be c l e a r t h a t o n l y a model study 

can p r o v i d e the c o r r e c t answer i f a f u r t h e r guidance o f the f l o w a t E w i l l a t a l l be 

r e q u i red. 

Remark 1 : The e x c a v a t i o n o f the shoal opposi t e La Dorada ( i n d i c a t e d i n F i g u r e 3 . 2 . 1 4 by IV) 

by means o f d r a g - l i n e s by the FCN must be mentioned. I t i s advlsed t h a t i n f u t u r e a l 

the issues o f such leases w i 1 1 f a l l under the a u t h o r l t y o f a River Conservancy 

Department, because such schemes can have f a r - f e t c h i n g consequences. For example, 

t h i s e x c a v a t i o n c o u l d r e s u l t In a decrease o f the water depth along the La 

Dorada w a t e r - f r o n t . As a consequence, the c o n s t r u c t ion o f a s p u r - d i k e or groyne 

a t E may then be requi r e d . 
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Remark 2: In view o f the importance o f the p r o t e c t i o n i n the o u t e r bend o f the V u e l t a del 

Conejo and the a v a i l a b i l i t y o f two s h o r t s t r e t c h e s where the o u t e r bank i s 

f i x e d ( r o c k ) i n the p r e s e n t s i t u a t i o n , the a p p l i c a t i o n o f Eq. 3.7.10 presented i n 

Part I I , Para. 3.7.3, t o compute the r a d i a l b e d - l e v e l slope has a l s o been t e s t e d 

on the measured b e d - l e v e l slope i n the present s i t u a t i o n . From the sounding made 

i n 1971 ( F i g u r e 3.2.10) the average p r o f i l e i n f r o n t o f the two rocks has been 

drawn ( F i g u r e 3.2 . 1 5 ). Then by u s i n g : 

_ ^ "̂ o ( P a r t I I , 3.7.10) 

dr ~ AD ' W 

t h e r a d i a l b e d - l e v e l slope can be computed. The f o l l o w i n g values have been used 

f o r t h i s computation: 

A = 10 

I = 60 X 10 (an average w a t e r - l e v e l g r a d i e n t determi ned from the a v a i l a b l e 

records o f w a t e r - 1 e v e l s a t the Arrancaplumas and Pto. Salgar gauges) 

R^= 400 m (from the a e r i a l photographs o f May, 1972); and 

D = 10,000 ym ( t h i s i s a r a t h e r rough e s t i m a t e , because no bed-samples are 

a v a l l a b l e o f t h i s area) . 

F i g u r e 3.2.15 Computed C r o s s - s e c t i o n i n the V u e l t a del Conejo 
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Close t o the o u t e r bend the computed b e d - l e v e l s l o p e agrees w e l l wi t h the measured 

one, and i t can t h e r e f o r e be concluded t h a t f o r a s e l e c t e d bend-radius the depth 

i n f r o n t o f a banlc p r o t e c t i o n can be computed by means o f Eq. I I . 3 . 7 . 1 0 w i t h 

reasonable c o n f i d e n c e . 

E__Biï§r:^end_to_the_east_of_La_Dorada 

The p r o t e c t ion o f the La Dorada w a t e r - f r o n t needs t o be extended somewhat i n a s o u t h e r l y 

di r e c t i o n . For t h i s purpose t h r e e groynes are s c h e m a t i c a l l y i n d i c a t e d i n F i g u r e 3 . 2 . 1 1 , 

A d d i t i o n a l advantages o f t h i s p r o t e c t i o n are a smoother w a t e r - f r o n t and a more u n i f o r m d i s t r i ­

b u t i o n o f the a t t a c k by the c u r r e n t on the l e f t bank. For example, i n the p r e s e n t s i t u a t i o n 

( 1 9 7 3 ) the most upstream end o f the r a i l w a y - y a r d i s under s t r o n g a t t a c k by the c u r r e n t and 

the eddy which i s generated by the f l o w upstream i s e r o d i n g the l e f t bank. 

G__The_La_Dorada_water;front 

A scheme f o r the temporary improvement o f the La Dorada w a t e r - f r o n t was i n i t i a t e d i n 

1972 by M.O.P. and ADENAVI. 

Temporary Improvement o f the La Dorada W a t e r - f r o n t 

The wooden p i l e s w i l l be connected by a c o n c r e t e beam on t o p . However, because o f the 

h i g h f l o w - v e l o c i t i e s , i t i s f e l t t h a t t h i s type o f c o n s t r u c t i o n wi 1 1 be too 1 i g h t t o g i v e an 

e f f e c t i v e improvement. 

I t seems t o be p o s s i b l e t h a t in the proposed scheme the main f l o w may s e p a r a t e from 

the La Dorada w a t e r - f r o n t so t h a t the c r o s s i n g o f the channel t o the r i g h t bank a 1 ready oc­

curs i n f r o n t o f La Dorada i nstead o f more downstream ( a t H). In t h a t case, the oppos i t e 

( r i g h t ) bank should a l s o be p r o t e c t e d ( t h e c o n s t r u c t i o n o f groynes over the f o r e s h o r e a t I V 

may a l s o be c o n s i d e r e d , but wi 1 1 probably r e q u i re h i g h e r i n v e s t m e n t s ) . 
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y _ _ E E 9 Y l l l 9 D i_f9r _ £ b § _ P£2.;_§§l9 § C _ 9 y § y _ w i l l 

Downstream o f the La Dorada w a t e r - f r o n t the main c u r r e n t should cross from the l e f t 

bank to the r i g h t bank t o p r o v i d e f o r deep water along the Pto, Salgar quay w a l l . I t has 

a 1 ready been mentioned t h a t in 1972 t h i s cross ing s h i f t e d i n a more upstream d i r e c t i o n which 

improved the approach t o and the a v a i l a b l e water depth i n f r o n t o f the quay w a l l . 

Pto. Salgar Quay Wal1 

However, t h i s i s not a s t a b l e s i t u a t i o n (which can o n l y be reached i f a guidance o f 

the f l o w a t H (see F i g u r e 2.3.14) i s p r o v i d e d f o r , but whether the t h r e e groynes i n d i c a t e d 

i n the f i g u r e w i l l indeed be r e q u i r e d needs t o be answered by model t e s t s . 

A f i n a l remark must be made r e g a r d i n g the a i r - b a s e Palanquero. The p r e s e n t sheet-

p i l i n g w i l l p r o v i d e a proper defence a g a i n s t e r o s i o n by the c u r r e n t a f t e r t he e x e c u t i o n o f 

the proposed scheme. At high water s t a g e s , however, p a r t o f the r i g h t bank downstream o f the 

s h e e t - p i l i n g i s inundated. This may be prevented by a f u r t h e r h e i g h t e n i n g o f the r i g h t bank. 

The improvement o f the drainage o f the a i r - b a s e area, which i s a l r e a d y being c a r r i e d o u t by 

the c o n s t r u c t i o n o f drainage c a n a l s , w i l l not be hampered by a f u r t h e r h e i g h t e n i n g o f the 

r i g h t bank, i f the canals can be t e m p o r a r i l y c l o s e d d u r i n g h i g h water stages i n the Rfo 

Magdalena by means o f , e.g., removable c o f f e r dams or i n f l a t a b l e w e i r s . 

fjl!!jJJ!g--9jL t l ^ s proposed scheme 

I t has a l r e a d y been mentioned t h a t the scheme presented f o r the improvement o f the La 

Dorada - Pto. Salgar area can be c o n s i d e r e d as a f i r s t design o n l y . Model t e s t s have t o 

answer the e x t e n t t o which r i v e r - w o r k s have t o be c a r r 1 e d out and what type o f r i v e r - w o r k s 

best serve the requi red purposes. In the f i r s t i n s t a n c e , the f l o w - p a t t e r n must, t h e r e f o r e , 

be s t u d i e d . Thi s can be done i n a model wi t h a " f i x e d " bed ( a d a p t a t i o n o f the b e d - l e v e l t o 
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the f l o w - v e l o c i t i e s must, however, be p o s s i b l e t o study i t s i n f l u e n c e on the f l o w - p a t t e r n ) . 

The scal e s o f such a model w i l l m a i n l y depend on the water depth and the bed roughness. 

The minimum water-depth i n the model should s t i l l be l a r g e enough (3-4 cm) f o r v e l o c i t i e s 

t o be measured, w h i l e the bed roughness should a 1 so be reproduced c o r r e c t l y . The fo11owing 

scales t h e r e f o r e seem s u l t a b l e : 

= ko, n^ ~ 6 0 , n^ = \Ao, n̂ , ~ 1 .2 and nQ~ 1 5 , 0 0 0 . These g e o m e t r i c a l s c a l e s a l s o a l l o w 

f o r addi t i o n a l t e s t s i n the same model w l t h movable bed. 

A p a r t from t h i s general model, i t 1s a l s o advlsed t o study t he eros ion o f the 

r i v e r - b e d i n f r o n t o f a groyne head. E a r l i e r i n t h i s paragraph, an e s t i m a t e has been 

g i v e n o f the water depth which can be expected i n f r o n t o f a bank p r o t e c t i o n . In Para. 

2 . 5.2 i t was mentioned t h a t the depth i n f r o n t o f a groyne may be 20% t o 30% g r e a t e r than 

i n f r o n t o f a bank p r o t e c t i o n . In view o f the high c o s t 1nvolved i n adeq u a t e l y p r o t e c t i ng 

a groyne head, i t i s w o r t h w h i l e s t u d y i ng t h i s problem i n a separate model. 

Summarizing the f o r e g o i ng c o n s i d e r a t i o n s , t he p r i o r i t y o f e x e c u t i o n o f the v a r i o u s 

components o f the r i v e r improvement can be l i s t e d ( 1 n a downstream d i r e c t i o n ) t h u s : 

Ib§_e9DStny£ï l9D_9f_Jb§_gr9ÏD§§_§i_§_§Dd_the_bank^ 

I f the model t e s t s show t h a t t h e bank p r o t e c t i o n needs t o be c o n t i n u e d a t D, the 

c o n s t r u c t i o n o f a number o f groynes o r a s p u r - d i k e c o u l d be c o n s i d e r e d . I t i s advised t o 

s t a r t the e x e c u t i o n o f the p r o j e c t w i t h the c o n s t r u c t i o n o f the bank p r o t e c t i o n , w o r k i n g i n 

an upstream d i r e c t i o n . The g r e a t e r p a r t o f t h i s p r o t e c t i o n can be executed " i n the d r y " . The 

l e n g t h o f the b a n k - p r o t e c t i o n i s g i v e n i n F i g u r e 3.2.14 s c h e m a t i c a l l y . At both ends measures 

should be taken t o prevent leakage. I f the model t e s t s do not answer a b s o l u t e l y what l e n g t h 

o f t h e r i g h t bank should be p r o t e c t e d , i t i s a l s o p o s s i b l e t o c o n s t r u c t t h i s p r o t e c t i o n i n 

two phases. The upstream end o f the bank p r o t e c t i o n can then be c o n t i n u e d a t a l a t e r date 

when the requirements f o r i t s e x t e n s i o n have been determined from measurements i n the 

p r o t o t y p e . 

T h e r e a f t e r the groynes a t B can be c o n s t r u c t e d . The c r o s s i n g o f the main c u r r e n t t o 

the r i g h t bank, which w i l l be the r e s u l t o f the c o n s t r u c t i o n o f the groynes a t B, w i l l lead t o 

scour o f the r i g h t bank i n f r o n t o f the bank p r o t e c t i o n and s e d i m e n t a t i o n along the l e f t bank. 

However, p a r t o f the r i g h t bank w i l l have t o be removed by means o f d r e d g i n g . The change i n 

the course o f the RTo Magdalena which w i l l then r e s u l t w i l l a l r e a d y lead t o scour a l o n g the 

inner bank o f the V u e l t a del Conejo and reduce the f l o w - v e l o c i t i e s and scour a t D. I f a 

f u r t h e r guidance o f the f l o w a t D wi11 s t i l l be r e q u i r e d , t h i s should o n l y be undertaken 

a f t e r t h e complete removal o f the former i n n e r bank i n the V u e l t a del Conejo ( i n d i c a t e d i n 

F i g u r e J.2.14 by M l ) , t o o b t a i n the g r e a t e s t r e d u c t i o n o f the f l o w - v e l o c i t i e s . In view o f 

the g r e a t changes which w i l l be achieved upstream, i t i s a l s o p o s s i b l e t h a t t h e i n n e r bend 

of t h e V u e l t a del Conejo w i l l have t o be dredged a number o f t i m e s . 

I ! ] §_S2D l i r y££ l9D_9 f_ïb§_3n9yD§§_§£-^_§D^_H 

The c o n s t r u c t i o n o f the groynes a t A are requi red t o c r e a t e a smoother r i v e r - b e n d 

f o r t h e f u r t h e r p r o t e c t i o n o f the r a i I w a y c o n n e c t i o n between La Dorada and Honda. For navi -
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g a t i o n purposes t l i e groynes a t A w i l l not be necessary. However, i f the groynes a t A are 

not c o n s t r u c t e d , a t o t a 1 change i n the r i v e r course i s not unimaginable and t h e i r c o n s t r u c t i o n 

i s t h e r e f o r e r e q u i r e d . 

The c o n s t r u c t ion o f the groynes a t H wi11 be requ i red t o guide t h e ma i n channel 

along the quay wa11 a t Pto. Salgar. I f t h e model t e s t s show t h a t the cross i ng o f the 

c u r r e n t w!11 occur upstream o f the quay-wa11, d r e d g i n g o f the s h a l l o w shoal i n f r o n t o f 

the quay wa11 wi11 be requ i red t o safeguard t h e approach t o and the manoeuvrabi1i t y i n 

f r o n t o f the quay wa11. I f , however, the l o c a t ion o f the cross 1ng wl11 not be s t a b l e , o r 

the c r o s s i n g wi11 o n l y occur, downstream, the c o n s t r u c t i o n o f the groynes a t H must be 

undertaken. 

Ib§_£2D§lry9£i2D_2f _£t!S_§Byrr^ib§_§Dd/2C_9!I2YDf i.SÏ.É.iD^.E 

11 i s not very 1i k e l y t h a t a f t e r the bank p r o t e c t ion a t C and, poss i b l y , groynes a t 

D, a f u r t h e r gu1 dance o f the f l o w a t E wi11 be requ1 red. I f t h e model t e s t s , however, show 

t h a t t h i s cannot be omi t t e d , the c o n s t r u c t ion o f a spur-d i ke along the shoal ( i nd i cated 

w l t h I V i n F i g u r e 3.2.14) may be the most economi ca1 s o l u t l o n . 

11 i s a 1 so p o s s i b l e t h a t the c o n s t r u c t i o n o f the groynes a t F wi11 not be requi r e d , 

but t h a t the smoother curve o f the V u e l t a del Conejo w i l l a l r e a d y p r o v i d e f o r a more gradual 

c r o s s i n g o f the ma i n channel t o the l e f t bank and, con s e q u e n t l y , a more u n i f o r m d i s t r i b u t i o n 

o f the c u r r e n t a t t a c k . I f th1s s i t u a t l o n , however, can o n l y be ach ieved by the c o n s t r u c t ion 

o f the groynes a t F, the f o l l o w i ng consequences must be cons i d e r e d ; The access i b i 1 1 t y t o 

the ADENAVI s t o r e s , s i t u a t e d a t the s o u t h - e a s t e r n end o f La Dorada, w i l l be blocked by 

the c o n s t r u c t ion o f the groynes and the s e d i m e n t a t i o n between the groynes. I f an e x t e n s i o n 

o f the exi s t i ng p o r t f a c i 1 i t i e s i s r e q u l r e d i n f u t u r e , a more upstream access t o the bas i n 

i n f r o n t o f these s t o r e s can s t i l l be kept open by means o f dredg i ng. The access i b11i t y f o r 

r1ver t r a n s p o r t t o the s t o r e s s i t u a t e d upstream o f the r a i l w a y - y a r d wi11 a l s o be hampered 

by the c o n s t r u c t i o n o f the groynes a t F. However, r e l a t i v e l y s imple wooden j e t t i e s c o n s t r u c t e d 

over the f o r e s h o r e and under t he 1ee o f the groynes wi11 p r o v i d e s u f f 1 c 1 ent land i ng f a c i 1 i -

t i e s . 

Recommended types o f c o n s t r u c t i o n and e s t i m a t e o f co s t 

§§D!5_Pr9£§££l2D.lQi 

Upstream o f the V u e l t a del Conejo a 1ength o f about 3 km needs t o be p r o t e c t e d a long 

the r i g h t bank. This work can almost c o m p l e t e l y be c o n s t r u c t e d " i n the d r y " . As can be seen 

in F i g u r e 3.2.15, the pres e n t depth along the o u t e r bend i n the V u e l t a del Conejo i s about 

8 m below L.R.L. As the rad i us o f the p r o j e c t e d curve o f the f u t u r e course o f the RFo 

Magdalena (R ~ 700 m, see F i g u r e 3.2.14), i s g r e a t e r than t h a t used f o r the computation o f 

the r a d i a l b e d - l e v e l slope (R = 400 m), the depth along the bank p r o t e c t i o n w i l l p r o b a b l y 

be s m a l l e r . L o c a l l y , however, a g r e a t e r depth may s t i l l o c cur. For t h i s reason the depth 

along t h e bank p r o t e c t ion has been est imated a t 8 m below L.R.L., wi t h an ov e r - d e p t h o f 2 m 

f o r l o c a l scour (see F i g u r e 3-2.16). The bank must be p r o t e c t e d ' u p t o about 4 m above L.R.L. 

which l e v e l wi11 on the average be exceeded once every f i v e y e a r s . 
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The recommended type o f c o n s t r u c t i o n c o n s i s t s o f a nylon f i l t e r on a s ide slope 1 : 3 

(a steeper s ide s l o p e can endanger the s t a b i 1 i t y o f the p r o t e c t l o n ) , covered wi t h a g r a v e l 

l a y e r o f about 10 cm (dlameter stones 2-10 cm) and 3 l a y e r s o f hexapods ( o r the 11ke) on 

top . Accord ing t o F i g u r e 2 . 5 . 7 the d1ameter o f the components o f the cover should be about 

ko cm t o res i s t a f l o w - v e l o c 1 t y o f 3 m/s. A c o r r e c t i o n - f a c t o r ( f ^ ~ 1 .5, see F i g u r e 2.5.9) i s 

r e q u l r e d because o f the s i d e s l o p e o f the bank and the h e l i c o i d a l f l o w i n the bend. The 

components s h o u l d , t h e r e f o r e , be l a r g e r than 60 cm and have a we i g h t g r e a t e r than 300 kg 

(see F i g u r e 2.5.8). The hexapods wh1ch were used 1n the bank p r o t e c t ion a t Y a r i r f have an 

average w e i g h t o f 320 kg and a dlameter o f about 0.90 m. In view o f the f a c t t h a t such 

hexapods can be interwoven ( e s p e c i a l l y when c o n s t r u c t e d " i n the d r y " ) these s p e c i f i c a t i o n s 

appear t o be s u f f i c i e n t . I f graded stones are used (which are a v a i l a b l e near La Dorada 

a c c o r d i ng to the survey o f the J u l i u s Berger Konsort ium), the we i g h t should be increased 

because the s i ng1e stones may be 1i f t e d from the c o n s t r u c t 1 on. 11 i s then advised t h a t 

stones wi t h a we i g h t o f between 300 kg and 500 kg are used. 

To s t a r t wi t h , a t r e n c h shou1d be dug t o 8 m below L.R.L. The spoi1 can be used f o r 

h e i g h t e n i n g o f the r i g h t bank and the p r e f a b r i c a t 1 on o f the hexapods. The nylon mat needs 

t o be cont i nued h o r i z o n t a l l y a t the toe t o a l l o w f o r l o c a I f u t u r e scour. The g r a v e l can be 

dumped on the mat and a f t e r w a r d s evenly spread t o a t h ickness o f the l a y e r o f about 10 cm. 

The hexapods are to be placed on top o f the g r a v e l (see F i g u r e 3.2.16), 

FUTURE COURSE RIO MAGOALEf/A PRESEUr COURSE 

DETAIL OF PROTECTION 

F i g u r e 3.2.16 C o n s t r u c t ion o f Bank P r o t e c t i o n 
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An e s t i m a t e o f t t i e c o s t o f such a p r o t e c t i o n c o n s t r u c t e d over a l e n g t h o f about 

3 , 0 0 0 m i s g i v e n below. This e s t i m a t e i s based on the 1972 p r i c e s and gi v e s o n l y an 

impression o f the t o t a l c o s t . A f t e r the model t e s t s have been c a r r i e d o u t , the type o f con­

s t r u c t i o n can be designed i n g r e a t e r d e t a i l and the co s t mentioned should be r e v i s e d . 

Trench ( 2 , 0 0 0 , 0 0 0 m^) 

Nylon m a t t r e s s ( 1 3 0 , 0 0 0 m^) 

Gravel ( 1 5 , 0 0 0 m') 

Hexapods ( 400 , 0 0 0 p i e c e s ) 

T o t a l c o s t : 

Col $ 20,000,000 

8,500,000 

1 ,500,000 

40,000,000 

Col $ 70,000,000 

Groynes_^B} 

On the southern s i d e o f La Dorada town f i v e groynes are p r o j e c t e d along t h e l e f t bank 

of the RFo Magdalena f o r defence o f the town area and t o b r i n g about a s h i f t i n g o f the r i v e r 

course downstream i n a more s o u t h e r l y d i r e c t i o n . The e x i s t e n t groyne needs t o be r e b u i l t . 

A c c o rding t o the sounding o f 1971 (see Figu r e 3.2.10) the g r e a t e s t water depth a i o n g 

the o u t e r bend near the p r o j e c t e d groynes i s about 8 m beiow L.R.L. I f c o n s t r u c t e d on a 

proper f i l t e r , the groynes may w e l l be b u i l t d i r e c t l y on the r i v e r - b e d . However, a t the head 

of the groynes allowance must be made f o r f u t u r e scour, because such ( l o c a l ) f i x e d p o i n t s 

are u s u a l l y more h e a v i l y a t t a c k e d by the c u r r e n t than a bank p r o t e c t i o n . The groynes should 

be c o n s t r u c t e d up t o about 4 m above L.R.L. The r e q u i r e d l e n g t h o f the groyne i s e s t i m a t e d 

a t 50 m and they w i l l be about 200 m a p a r t . 

For the f i l t e r a nylon m a t t r e s s i s again a d v i s e d . Such f l e x i b l e s l abs a r e , however, 

d i f f i c u l t t o handle a t h i g h f l o w - v e l o c i t i e s . I t i s t h e r e f o r e advised t o use a m a t t r e s s w i t h 

stuck-on l a t e r a l c e l l s which can be f i l l e d w i t h sand s t a b i l i z e d w i t h Standard Road O i l 

(S.R.O.-sand). ( T h i s type o f c o n s t r u c t i o n was a l s o used i n the 1950's near Pto. Wilches t o 

p r o t e c t d r i l l i n g s i t e s ) . The f u r t h e r w e i g h t i n g down o f these mattresses can be done w i t h 

n y lon bags o f about 1 m' f i l l e d w i t h S.R.O.-sand. On top o f the bags hexapods can be dumped 

and the u n d e r l y i n g sand-bags w i l l p revent damage o f the ny l o n m a t t r e s s . The dimensions o f 

the hexapods are the same as used f o r the bank p r o t e c t i o n a t C. 

For the c o n s t r u c t i o n o f the groynes near Pto. BoyacI (see F i g u r e 2.5.14) h o l l o w s t e e l 

tubes were a p p l i e d i n the c e n t r e l i n e o f the groyne. From a c o n s t r u c t i o n a l p o i n t o f v i e w , 

these tubes w i l l c e r t a i n l y have advantages (mooring o f barge a l o n g s i d e d u r i n g e x e c u t i o n , and 

guidance f o r the dumping o f the t e t r a p o d s ) , but a f t e r the e x e c u t i o n these tubes no longer 

f u n c t i o n . I t may be more economical t o study the p o s s i b i l i t y o f an c h o r i n g a barge i n the 

r i v e r In the c e n t r e - l i n e o f the groyne and t o work from b o t h s i d e s (see F i g u r e 3.2.17). 
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F i g u r e 3 .2.18 C o n s t r u c t i o n o f Groyne 
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The c o n s t r u c t i o n i s s c h e m a t i c a l l y i n d i c a t e d i n F i g u r e 3.2,18. I t can be seen t h a t 

near the groyne-head an allowance i s made f o r f u t u r e scour. In view o f p o s s i b l e s e t t l e m e n t s 

the s i d e slope i s r a t h e r g e n t l e (1:3) w h i l e c l o s e r t o the bank a steeper s i d e s l o p e (1:2) 

can be p e r m i t t e d . 

An impression o f the cos t o f each groyne can be o b t a i n e d from the f o l l o w i n g e s t i m a t e : 

Nylon m a t t r e s s (4,000 m^) Col. $ 400,000 

Nylon bags (8,000 p i e c e s ) 1,500,000 

For the p r o j e c t e d f i v e groynes a t o t a l investment o f Co l . $ 30,000,000 w i l l be 

requi r e d . 

Pr9£§9ti9D_i£_5 

I t has a l r e a d y been mentioned t h a t the type o f c o n s t r u c t i o n r e q u i r e d f o r the p r o ­

t e c t i o n o f the r i g h t bank a t D wi11 depend on the r e s u l t s o f the model t e s t s . E i t h e r groynes 

(or a s p u r - d i k e ) are r e q u i r e d f o r a f u r t h e r guidance o f the f l o w , or a r e l a t i v e l y l i g h t 

bank p r o t e c t i o n w i l l a l r e a d y be s u f f i c i e n t i f the main c u r r e n t crosses d i r e c t l y from t h e 

bank p r o t e c t i o n a t C t o the rock downstream o f D g e n e r a t i n g an eddy i n f r o n t o f the 

present r i g h t bank a t D. In the f i r s t case, the same type o f groynes should be used as 

i n d i c a t e d above, a l t h o u g h they are c o n s i d e r a b l y longer (about 200 m). For the f o u r groynes 

s c h e m a t i c a l l y i n d i c a t e d i n F i g u r e 3.2.14 a t o t a l investment o f r o u g h l y Col. $ 100,000,000 

w i l l be requi r e d . 

When a bank p r o t e c t i o n w i l l s u f f i c e , a s i m i l a r type o f c o n s t r u c t i o n as i n d i c a t e d 

f o r the bank p r o t e c t i o n a t C i s a d v i s e d . However, t h i s p r o t e c t i o n needs then t o be executed 

" i n the wet" and t h e r e f o r e some m o d i f i c a t i o n s are necessary. A n y l o n m a t t r e s s p a r t l y f i l l e d 

w i t h S.R.O.-sand ( t h e same type as used f o r groynes) must then be chosen as f i l t e r . On top 

of t h i s f i l t e r one l a y e r o f nylon bags f i l l e d w i t h S.R.O.-sand can be dumped, covered by 

two l a y e r s o f hexapods. Because o f the s m a l l e r f l o w - v e l o c i t i e s , t h e cover may a l s o c o n s i s t 

o f l i g h t e r components ( e . g . , stones w i t h an approximate g r a d a t i o n o f 35 - 6 0 k g ) . For the 

t o t a l l e n g t h o f about 800 m which needs t o be p r o t e c t e d , t h i s type o f bank p r o t e c t i o n amounts 

to Col. $ 12,500,000. 

A comparison o f the c o s t o f these two types o f c o n s t r u c t i o n (groynes or a bank p r o ­

t e c t i o n ) c l e a r l y shows t h a t c a r e f u l l y conducted experiments i n a model can lead t o enormous 

f i n a n c i a l s a v i n g . I f the l e n g t h and the d i r e c t i o n o f the bank p r o t e c t i o n a t C can be designed 

i n such a way t h a t o n l y a l i g h t a t t a c k o f the c u r r e n t on the bank a t D i s t o be expected, a 

more economical type o f c o n s t r u c t i o n can be chosen. 

§ r 9 Ï D § S - i ^ _ § D ^ _ t i l 

The c o n s t r u c t i o n o f these groynes i s again i d e n t i c a l t o t h a t designed a t B and t h e 

co s t w i l l amount r o u g h l y t o C o l , $ 36,000,000. 

Hexapods 

S.R.O.-sand I (8,000 m') 

(40,000 p i e c e s ) 

T o t a l c o s t per groyne: Col. $ 6,000,000 

100,000 

4,000,000 
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D r e d g m g _ i l I _ a n d _ I I I ) 

The pr e s e n t l o w - l y i n g inner bend i n the V u e l t a del Conejo needs t o be dredged com­

p l e t e l y . Roughly 500,000 m' must be removed here, r e q u i r i n g an investment o f C o l . $ 5,000,000. 

A f t e r the c o n s t r u c t i o n o f the bank p r o t e c t i o n a t C and the groynes a t B, e r o s i o n w i l l 

occur along the r i g h t bank o f the Rfo Magdalena ( i n f r o n t o f the bank p r o t e c t i o n , i n d i c a t e d 

by I I i n F i g u r e 3.2.14), but dredging w i l l a l s o be r e q u i r e d . The s p o i l can be used t o 

he i g h t e n p a r t o f the s p i t o f land i n the inner bend o f the V u e l t a del Conejo, f o r the p r e ­

f a b r i c a t i o n o f hexapods, or be dumped a l o n g s i d e the l e f t bank. I t i s e s t i m a t e d t h a t i n t o t a l 

about 1,000,000 m̂  needs t o be dredged, a t a t o t a l c o s t o f Col. $ 10,000,000, 

Remark: The s p i t o f land i n the inner bend o f the V u e l t a del Conejo i s p r e s e n t l y reserved f o r 

the f u t u r e town e x t e n s i o n o f La Dorada. However, a t h i g h water stages t he l o w - l y i n g 

inner bend i s f l o o d e d , and i t should be s t u d i e d whether r e c l a m a t i o n o f t h i s bank 

w i l l not r e s u l t i n an unacceptable s e t t i n g - u p o f the w a t e r - l e v e l upstream In p e r i o d s 

o f h i g h d i s c h a r g e s . I t might be b e t t e r t o use t h i s area f o r general and less 

v u l n e r a b l e purposes, and to p r o j e c t the f u t u r e e x t e n s i o n o f La Dorada town i n a more 

n o r t h e r l y and w e s t e r l y ( u p - h i l l ) d i r e c t i o n . 

§Ë£lï§£ê_9f_£9t§l_995ï_f9!!_£b§„EC09955^_§£heme 

An e s t i m a t e o f the t o t a l c o s t f o r the proposed Improvement o f the La Dorada - Pto. 

Salgar r e g i o n Is g i v e n In Table 3.2.3. 

P r i o r i t y River-works Cost 

(1972 P r i c e s , 

T o t a l 

i n mi 11 Ion Col. pesos) 

F i r s t phase Bank p r o t e c t i o n (C) 70 

Groynes (B) 30 

Dredging ( I I and I I I ) 15 

Bank p r o t e c t i o n (D) , 12.5 127.5 

Second phase Groynes ( H ) 18 

Groynes (A) 18 

Dredging ( l ) p .m. 36 

T h i r d phase Groynes (F) p.m. 

Spur-dike ( E ) p.m. 

Table 3.2.3 Estimate o f T o t a l Cost o f Proposed Improvement 
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3.2.4. ConfJ^ences o j i _ t h e ^ Rro_J;1agd£jjna and y2güijil£jlgSI£_ËJlO:j_ii^^ 

I n t r o d u c t i m i 

At km 840 the RTo Negro u n i t e s w i t h the RFo Magdalena along the r i g h t bank, w h i l e 

a 1 i t t l e way downstream (km 837) the RFo La Miel debouches i nto the RFo Magdalena along the 

1 e f t bank. The name o f the Rfo Negro o r i g i n a t e s from i t s c o l o u r , as the r i v e r d i s c h a r g e s 

the b l a c k p a r t i c l e s o f the c r e t a c i o u s s e t t l e m e n t s i n the upper r e g i o n o f the RFo Negro. On 

the c o n t r a r y , the RFo La Miel discharges a t low water stages almost c l e a r w a t e r , a l t h o u g h 

a t h i g h e r stages the t u r b l d l t y 1ncreases. The d i f f e r e n c e i n c o n c e n t r a t i o n and o r i g i n o f the 

wash-load c a r r i e d by the RFo Magdalena and the Rios Negro and La Miel can be seen on the 

a e r i a l photographs on which, downstream o f the c o n f l u e n c e s , the r e s p e c t i v e f l o w s a r e c l e a r l y 

marked. The r u n - o f f o f the ra i nfa11 1n the R Fo Negro and RFo La Miel bas i ns causes rap i d 

f l u c t u a t i o n s o f the water-1evel i n both these r i v e r s , and i t 1s 11kely t h a t t h i s wi11 have 

a backwater e f f e c t on the RFo Magdalena. This may e x p l a i n the g r e a t changes which have o c c u r r e d 

i n the course o f the RFo Magdalena i n t h i s r e g i o n i n the p a s t . 

Case h i s t o r y 

F i g u r e 3.2.19 Case H i s t o r y o f the Rios Negro and La Miel Confluences 



I l l , 3.2 

The o l d e s t a v a i l a b l e i n f o r m a t i o n dates back t o the survey o f the J u l i u s Berger 

Konsortium. In F i g u r e 3.2.19 a comparison has been made o f the course o f the Rfo Magdalena 

near the con f l u e n c e s w i t h the Rios Negro and La Miel i n the years 1 9 2 4 , 1948 and 1 9 7 2 . The 

data o r i g i n a t e from a e r i a l photographs. This comparison shows t h a t the o u t l e t o f the RFo Negro 

is s t i l l l o c a t e d a t about the same pl a c e as d u r i n g the survey o f the J u l i u s Berger Konsortium. 

More upstream, however, the RFo Negro i s ve r y m o b i l e , and i n the photographs o f 1972 d r i e d - u p 

meanders o f former courses o f the r i v e r a re c l e a r l y marked. The conf1uence o f the Rios 

Magda1ena and La Miel sh i f t e d i n a w e s t e r l y d i r e c t ion s1 nee about I960 (compared wi t h t h e 

1 : 2 5 , 0 0 0 t o p o g r a p h i c a l maps o f IGAC) and the former v i l l a g e Buenavi s t a as wel 1 as the i sland 

o f t h e same name were wiped o u t . In the present topography, r e l a t i v e l y young d e p o s i t s can 

c l e a r l y be d i s t i n g u i s h e d o p p o s i t e the o u t l e t o f the RFo La Miel and upstream o f the RFo Negro. 

The g r e a t changes i n the course o f t h i s s t r e t c h o f the RFo Magdalena may p a r t l y be the 

r e s u l t o f these two a f f l u e n t s . The Rios Negro and La Miel c a r r y t o g e t h e r a t h1gh water stages 

p r o b a b l y h a l f o f the d i s c h a r g e o f the RFo Magdalena, which may cause a backwater e f f e c t on 

the l a t t e r r i v e r . 

In the p r e s e n t s i t u a t i o n ( 1 9 7 3 ) a number o f bad c r o s s i n g s have t o be encountered by 

n a v i g a t i o n upstream o f the RFo Negro Confluence (km 844 - km 84o). As can be seen on the r o u t e 

map ( P a r t I I , F i g u r e 3 . 3 . 1 9 ) the l e a s t a v a i l a b l e depth (LAD) i n t h i s area was about 1 ' 6 " 

below L.R.L. d u r i n g the survey i n February 1 9 7 2 . At h i g h e r water stages the talweg i s o f t e n 

d i f f i c u l t t o f i nd, a l s o as a r e s u l t o f the l a c k o f proper beacon i ng (wh1ch may perhaps e x p l a i n 

the h i g h e r b e d - l e v e l recorded d u r i n g the o t h e r s u r v e y s ) . The LAD recorded on the r i v e r -

c r o s s i n g between km 842 and 840 has been presented i n F i g u r e 3 . 2.20. In September 1 9 7 2 , a l s o 

a number o f v e l o c i t y - v e r t i c a l s were measured near t h i s c r o s s i n g which showed t h a t a t h i g h 

water stages (about 4 f t above L.R.L.) the h i g h e s t v e l o c i t i e s occur i n the deeper channels 

and t h e lowest v e l o c i t i e s on the c r o s s i n g i t s e l f ( g r e a t e r w i d t h ) . This means t h a t s e d i ­

m e n t a t i o n w i l l then probably occur on the c r o s s i n g . I t is l i k e l y t h a t a t lower water stages 

the v e l o c i t y i n the deeper channels decreases, w h i l e the v e l o c i t y on the c r o s s i n g i t s e l f 

i n c r e a s e s , causing t h e s o - c a l l e d r e t a r d e d scour. I t i s recommended t h a t i n f u t u r e a t low 

water stages these measurements are repeated t o c o n f i r m t h i s phenomenon. Also t h e 

v e l o c i t y - v e r t i c a l s as measured i n September 1 9 7 2 , are g i v e n i n F i g u r e 3 . 2 . 2 0 . 

? 2 

RECO RDBD L EAST AVAL ABLE DEP y ATC ftOSSIK BETWEE / km S« 1 840 

J ft 1 

if \ i 
L k 1 
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m\ II 

A s 0 V 0 J F M A H A S 

F i g u r e 3.2.20 Recorded LAO on Crossing Between km 842 and km 840 
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This c r o s s i n g has a l s o been used f o r m o r p h o l o g i c a l computations to p r e d i c t the changes 

i n b e d - l e v e l as a r e s u l t o f the decrease o f the regime from about the dominant stage 

{Q.Z 2 , 2 5 0 mVs) t o L.R.L. (Q ~ 500 m V s ) . The p r i n c i p l e s f o r such computations as w e l l as 

the chosen boundary c o n d i t i o n s , have been o u t l i n e d i n P a r t I I , Paras. 3 . 6 and 3 . 7 . The r e ­

s u l t s o f the computations a r e l a i d down i n F i g u r e 3 . 2 . 2 1 , where the s c h e m a t i z a t i o n o f the 

r i v e r w i d t h , the changes i n b e d - l e v e l and w a t e r - l e v e l i n the t i m e , and the LAD on the 

c r o s s i n g have been g i v e n . I t can be noted t h a t a c c o r d i n g t o these computations the LAD i s 

never less than k f t , w h i l e the r e t a r d e d scour causes an e r o s i o n o f the h i g h e s t p a r t o f the 

b e d - l e v e l o f r o u g h l y 3 f t (As i n d i c a t e d , t h i s i n f o r m a t i o n has been used i n Para, 3 . 2 , 2 ) , 

The average v e l o c i t y i n the measured v e r t i c a l s i s compared w i t h the computed v e l o c i t y 

over the c r o s s i n g . The computed v e l o c i t i e s presented i n F i g u r e 3 . 2 . 2 1 were chosen a t the time 

o f occurrence o f the same w a t e r - l e v e l as recorded a t the time o f the measurements, w h i l e the 

i n f o r m a t i o n o f the measured v e l o c i t y - v e r t i c a l s is p l o t t e d a t those l o c a t i o n s where the com­

puted water depth corresponds t o the measured one. 

Improvement f o r n a v i g a t i o n 

In view o f the g r e a t m o v a b i l i t y o f the Rfo Magdalena (which would r e q u i r e the execu­

t i o n o f r i v e r - w o r k s over a g r e a t l e n g t h ) and the c o n s i d e r a b l e e x t e n t o f r e t a r d e d scour 

of the b e d - l e v e l which can be expected a t low water stages, i t i s recommended t o improve the 

RTo Magdalena s e c t i o n near the RFo Negro and RFo La Miel Confluences by means o f r e ­

c u r r e n t d r e d g i n g , accompanied by a proper beaconing o f the talweg ( p r o b a b l y i n some o f the 

wide branches the p o s i t i o n i n g o f some buoys may be u s e f u l ) . The s p o i l o f the d r e d g i n g can, 

o f course, be used t o p r o v i d e a guidance o f the f l o w i n t o the dredged channel a t low water 

stages, but the r i v e r ' s topography i s v e r y s u i t a b l e f o r the c l o s u r e o f secondary branches 

( s c h e m a t i c a l l y i n d i c a t e d i n F i g u r e 3 . 2 . 2 0 ) . 

For example, the former branch o f the RFo Magdalena, v/hich connects the RFo Negro 

about 2 km upstream o f i t s c o n f l u e n c e w i t h the RFo Magdalena, i s a l r e a d y p a r t l y c l o s e d by 

s e d i m e n t a t i o n . A dam through t h i s branch, covered w i t h a l i g h t p r o t e c t i o n , w i l l be s u f ­

f i c i e n t t o p r o v i d e a c l o s u r e f o r s e v e r a l years. The secondary branch along the l e f t bank can 

a l s o be c l o s e d to p r o v i d e an even more c o n c e n t r a t e d f l o w i n the remaining channel a t low 

water stages. However, i t i s advised t o c l o s e t h i s branch i n the f i r s t i n s t a n c e o n l y tempo­

r a r i l y , because a t present no i n f o r m a t i o n i s a v a i l a b l e o f the d i s c h a r g e d i s t r i b u t i o n over 

the two branches a t h i g h water stages, V/hen more i n f o r m a t i o n has become a v a i l a b l e , a more 

permanent c l o s u r e o f one branch may then p o s s i b l y be c o n s i d e r e d . According t o the present 

topography the remaining channel w i l l have a w i d t h o f about hOO m, which i s considered 

s u f f i c i e n t f o r t h i s r i v e r s e c t i o n (see Para. 3 . 2 . 1 ) . 
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3 . 2 . 5 . R i v e r - c r o s s i n g km 833 

Also f o r the r i v e r - c r o s s i n g near km 833 i n the Rfo Magdalena m o r p h o l o g i c a l computa­

t i o n s were c a r r i e d o u t . In a d d i t i o n t o the l o n g i t u d i n a l p r o f i l e o f the c r o s s i n g g i v e n i n 

Pa r t I I , F i g u r e 3 . 3 . 1 9 , the LAD on the cross i ng has been p l o t t e d i n F i g u r e 3 . 2 . 2 2 , t o g e t h e r 

w i t h two v e l o c i t y - v e r t i c a l s measured i n September 1 9 7 2 . Again i t appears t h a t a t hi g h water 

stages the b e d - l e v e l i s heightened as a r e s u l t o f s e d i m e n t a t i o n (l o w e r f l o w - v e l o c i t i e s ) , 

w h i 1 e a t the 1 ower water stages the bed-1evel i s lowered by r e t a r d e d scour ( h i g h e r f l o w -

v e l o c i t i e s ) . 

flCCOffüFD UAST AUtlLABLE DET^H AT CdOSSMS BETWEEN trm B34 and km B33 

F i g u r e 3 . 2 . 2 2 Recorded LAD on Crossing near km 833 

The r e s u l t s o f the computations are given i n F i g u r e 3 . 2 . 2 3 , which shows a 

s c h e m a t i z a t i o n o f the r i v e r w i d t h , the changes i n b e d - l e v e l and w a t e r - l e v e l i n the t i m e , and 

the LAD on the c r o s s i n g . I t appears t h a t w i t h the gi v e n (schematized) regime o f the r i v e r , 

t h e LAD on the c r o s s i n g w i l l be 3 f t or more, w h i l e the h i g h e s t l e v e l o f the bed w i l l be 

lowered by a t l e a s t 3 f t as a r e s u l t o f the r e t a r d e d scour ( T h i s i n f o r m a t i o n was used i n 

Para. 3 . 2 . 2 ) . The average v e l o c i t y i n the measured v e r t i c a l s i s compared w i t h the computed 

v e l o c i t y over the c r o s s i n g . The computed v e l o c i t i e s presented i n F i g u r e 3 . 2 . 2 3 were chosen 

a t the time o f oc c u r r e n c e o f the same w a t e r - l e v e l as recorded a t the time o f the measurements, 

w h i l e t h e i n f o r m a t i o n o f the measured v e l o c i t y - v e r t i c a l s was p l o t t e d a t those l o c a t i o n s 

where the computed water depth corresponds t o the measured one. 

The r i v e r topography g i v e s v e r y few p o s s i b i l i t i e s f o r improvement by means o f the 

c l o s u r e o f secondary branches. The s p o i l o f ( r e c u r r e n t ) d r e d g i n g works should be used t o 

p r o v i d e f o r the r e q u i r e d guidance o f the f l o w a t low water sta g e s . 
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.6. Puerto T r i u n f o 

I n t r o d u c t i o n 

The v i l l a g e Pto. T r i u n f o i s s i t u a t e d along the l e f t bank o f the Rfo Magdalena a t km 

8 2 5. The r a i l w a y t r a c k " A t l a n t i c o " from the Car i bbean Coast t o Bogota passes the v l I lage 

about 500 m i n l a n d . Good access by road w i l l a l s o be a v a i l a b l e i n the f u t u r e , when the 

p r o j e c t f o r the c o n s t r u c t i o n o f a b r i d g e near the Hacienda San Fernando (km 8 2 2 . 5 ) In the 

road c o n n e c t i o n Bogota - Medel1Tn w i 1 1 have been executed, and i n connect ion wi t h which h i g h 

w a t e r - l e v e l s o f the RFo Magdalena were c o l l e c t e d a t the s i t e by INTEGRAL (presented i n Part 

I I , F i g u r e 2 . 3 . 1 0 ) . I f t h i s p r o j e c t is a c t u a l l y c a r r i e d o u t , Pto. T r i u n f o w i l l a l s o be a 

f a v o u r a b l e s i t e f o r the c o n s t r u c t i o n o f p o r t f a c i l i t i e s . This scheme was p r o v i s i o n a l l y 

proposed by ADENAVI i n the course o f the study and w i l l have the f o l l o w i n g g r e a t advantages: 

- For the improvement o f the La Dorada - Pto. Salgar r e g i o n not such expensive r i v e r ­

works w i l l be r e q u i r e d as o u t l i n e d i n Para. 3 . 2 . 3 j 

- the maintenance o f the r i v e r - s e c t i o n La Dorada - Pto. T r i u n f o by means o f r e ­

c u r r e n t dredging i n the dry season can more or less be o m i t t e d and t h i s s e c t i o n 

w i l l remain n a v i g a b l e d u r i n g high water stages; 

- the p o s s i b i l i t i e s f o r access t o the new p o r t area f o r the t h r e e modes o f t r a n s p o r t 

( r i v e r , r a i l and road) w i l l be the same as f o r the present p o r t area La Dorada -

Pto. S a l gar, but the a c c e s s i b i l i t y f o r r i v e r t r a n s p o r t w i l l be cheaper and e a s i e r 

t o ma i nta i n; and 

- the topography and c o n d i t i o n s o f the r i v e r near Pto, T r i u n f o p r o b a b l y p e r m i t s 

the c o n s t r u c t ion o f a new p o r t area. 

Some o f the advantages of a development o f a p o r t area near Pto. T r i u n f o w i l l now be 

d iscussed. 

A l t e r n a t i v e s^lut2on_for_thg^^^^ o f La Dorada - Pto. Salgar 

In Para. 3 . 2 . 3 a scheme was proposed f o r the improvement o f the RFo Magdalena i n the 

La Dorada - Pto. Salgar r e g i o n . This scheme was based on two requirements: an improvement 

o f the a c c e s s i b i l i t y f o r r i v e r t r a n s p o r t t o the e x i s t i n g p o r t f a c i l i t i e s and the p r o v i s i o n 

o f p r o t e c t i o n o f the e s t a b l i s h e d investments on the r i v e r - b a n k s . I f , however, the requirement 

to improve the a c c e s s i b i l i t y f o r r i v e r t r a n s p o r t can be dropped by the development o f new 

p o r t areas near Pto. T r i u n f o , an a l t e r n a t i v e s o l u t i o n f o r the improvement o f La Dorada - Pto. 

Salgar can be drawn up. I t w i l l then be s u f f i c i e n t t o f i x more or less the present course 

o f the RFo Magdalena; see F i g u r e 3 .2.24 ( t o enable comparison w i t h F i g u r e 3 .2.14 the same 

code has been used). For the p r o t e c t i o n o f La Dorada town the c o n s t r u c t i o n o f groynes ( o r 

the l i k e ) a t B, D and F w l 1 1 be s u f f i c i e n t . The groynes a t B are r e q u i r e d t o p r o t e c t La 

Dorada town t o the s o u t h , but now s h o r t e r groynes w i l l a l r e a d y s u f f i c e because no s h i f t i n g 

o f the course of the RFo Magdalena i n a somewhat s o u t h e r l y d i r e c t i o n w i l l be necessary. The 

groynes a t F are r e q u i r e d t o p r o t e c t La Dorada town t o the e a s t . 

I t i s s t i l l recommended, however, t o s h i f t the i nner bend a t the V u e l t a d e l Conejo i n 

a somewhat w e s t e r l y d i r e c t i o n by dredging the p r e s e n t l o w - l y i n g f o r e s h o r e along the i n n e r 

bend. Th1s w i 1 1 r e s u l t 1n a r e d u c t ion o f the f l o w - v e l o c i 11es a t D and the c o n s t r u c t i o n o f 

the bank p r o t e c t ion can then be undertaken. 
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SAIGAR 

F i g u r e 3.2.24 A l t e r n a t i v e S o l u t i o n f o r River Improvement near La Dorada - Pto. Salgar 

For the type o f c o n s t r u c t i o n s t o be a p p l i e d r e f e r e n c e i s made to Para. 3 . 2 . 3 . ( F i g u r e s 

3 .2.16 and 3 . 2 . 1 8 ) . An e s t i m a t e o f the cost o f t h i s a l t e r n a t i v e scheme i s ; 

Groynes (B) Col $ 2 0 , 0 0 0 , 0 0 0 

Bank p r o t e c t i o n (d ) 2 0 , 0 0 0 , 0 0 0 

Dredging ( I I I ) 5 , 0 0 0 , 0 0 0 

Groynes (F) 1 0 , 0 0 0 , 0 0 0 

T o t a l c o s t : Col. $ 5 5 , 0 0 0 , 0 0 0 

(Compare t h i s e s t i m a t e o f c o s t w i t h the one presented i n Para. 3 . 2 . 3 , f o r the f i r s t phase 

of improvement o n l y : Col $ 1 2 7 , 5 0 0 , 0 0 0 ) . 

In Para. 3 . 2 . 2 the q u a n t i t i e s which need t o be dredged r e c u r r e n t l y i n the r i v e r s e c t i o n 

La Dorada - Pto. Inmarco have been determined. I t appeared t h a t in t o t a l 2 7 0 , 0 0 0 m̂  must be 

dredged, o f which about 2 2 0 , 0 0 0 m̂  are i n the sect ion between La Dorada and Pto. Tr i u n f o . Th i s 

means t h a t by the development o f a new p o r t area near Pto. T r i u n f o , about $ 2 , 2 0 0 , 0 0 0 pesos 

can be saved a n n u a l l y ( t h e La Dorada - Pto. Sa1 gar p o r t f a c i 1 i t i e s rema i n access i b l e f o r r i v e r 

t r a n s p o r t a t high water stages as i n the present s 1 t u a t l o n ) . These sav1ngs must, o f c o u r s e , 

be balanced aga1nst the requ1 red i nvestments f o r the new p o r t f a c i 1 i t i e s . 
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S i t e f o r f u t u r e p o r t development 

A new p o r t area near Pto. T r i u n f o can best be s i t u a t e d along the l e f t bank of the Rfo 

Magdalena j u s t downstream of the v i l l a g e . The s i t e which appears s u i t a b l e has been i n d i c a t e d 

i n F igure 3 . 2 . 2 5 . I t must be mentioned, however, t h a t t h i s s i t e has been chosen m a i n l y from 

a r i v e r - m o r p h o l o g i c a l p o i n t o f view and by s t u d y i n g the a e r i a l photographs. A t o p o g r a p h i c a l 

survey w i l l s t i l l have to prove whether t h i s s i t e is a l s o s u i t a b l e from the c o n s t r u c t i o n a l 

and soi1-mechanics p o i n t o f view. 

Fi g u r e 3 . 2 . 2 5 S i t e f o r Future Port Development near Pto. T r i u n f o 
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A study o f the a e r i a l photographs revealed t h a t a t present ( 1 9 7 3 ) the course o f the RTo 

Magdalena l i e s more t o the west than i n the past. For example, i f the present s i t u a t i o n 

i s compared w i t h the s i t u a t i o n i n 1 9 4 8 , i t appears t h a t a t t h a t time the Hda. San Fernando 

was s i t u a t e d about 300 m i n l a n d , w h i l e more upstream t h e r e e x i s t e d a wide and l o w - l y i n g 

f o r e s h o r e along the l e f t bank. This means t h a t i f i n f u t u r e the chosen s i t e i s indeed developed 

f o r p o r t f a c i l i t i e s , the p o s s i b i l i t y e x i s t s t h a t a t a l a t e r date ( a f t e r an a l t e r a t i o n i n the 

course o f the RTo Magdalena) r i v e r - w o r k s may be r e q u i r e d f o r the p r o t e c t i o n o f t h i s area or 

to improve the a c c e s s i b i l i t y t o the new p o r t . I t must, however, be considered t h a t such r i v e r ­

works w i l l not be so expensive as the investments r e q u i r e d f o r the present p o r t f a c i l i t i e s 

a t La Dorada - Pto. Salgar (see Para. 3 . 2 . 3 ) , because o f the smoother course o f the Rfo 

Magdalena and the lower f l o w - v e l o c i t i e s . For an e s t i m a t e o f the f u t u r e depth along a p r o t e c t e d 

w a t e r - f r o n t , r e f e r e n c e is made t o the example given in Part I I , F i g u r e 3 . 7 . 1 0 . 

I t i s recommended t h a t the development o f a new p o r t area near Pto. Triunfo,,be s t u d i e d 

i n g r e a t e r d e t a i l i n the near f u t u r e . The e x i s t i n g p o r t f a c i l i t i e s i n La Dorada - Pto. S a l g a r — 

can s t i l l be used a t hi g h water stages, but the transhipment o f cargo d e s t i n e d f o r the 

i n t e r i o r o r the c o a s t a l regions (and abroad) should then be c o n c e n t r a t e d i n the new p o r t . I t 

w i l l be c l e a r t h a t the f e a s i b i l i t y o f the development o f t h i s p o r t area w i l l g r e a t l y depend 

on r e s u l t s o f the "Magdalena River Area T r a n s p o r t Study" and on the e x e c u t i o n o f the 

p r o j e c t e d b r i d g e on the highway Bogota - MedelHn near the Hda. San Fernando. 

. 7 . Puerto Boyaca 

I n t r o d u c t i o n 

Pto. Boyaca is s i t u a t e d a t about km 805 along the r i g h t bank o f the RFo Magdalena, j u s t 

downstream o f a s t r o n g meander. In f r o n t o f the v i l l a g e the main channel crosses from the 

l e f t bank t o the r i g h t bank. In the high water season ( A p r i l - M a y ) o f 1972 e r o s i o n and 

I n u n d a t i o n o f the r i v e r - f r o n t o f the v i l l a g e o c c u r r e d . For the p r o t e c t i o n o f Pto. Boyaca the 

c o n s t r u c t i o n o f groynes was undertaken i n a j o i n t e f f o r t by the "Departamento de Boyaca" 

and the Texaco O i l Company (Pto . Nino, km 8 1 3 ) , about which more is s a i d l a t e r . 

A general remark, however, must f i r s t be made r e g a r d i n g the comparison o f the a e r i a l 

photographs o f the upper p a r t o f the middle course o f the Rfo Magdalena in the past and 

p r e s e n t . From the case h i s t o r y o f the pla n - f o r m o f the V u e l t a del Conejo near La Dorada 

( F i g u r e 3 - 2 . 7 ) i t can be seen t h a t the g r e a t e s t m o r p h o l o g i c a l changes i n the course o f the 

RFo Magdalena occ u r r e d i n the 1 9 5 0's. This can a l s o be n o t i c e d i n the a e r i a l photographs o f 

Pto. T r i u n f o and the case h i s t o r y o f the Pto. Boyaca area (see Figure 3 . 2 . 2 6 presented f u r t h e r 

o n ) . To a l e s s e r e x t e n t t h i s i s a l s o confirmed by the case h i s t o r y o f the p l a n - f o r m o f the RFo 

Negro and RFo La Miel Confluences (see Fig u r e 3 .2.19) and the s t 1 1 1 - t o - b e - p r e s e n t e d case 

h i s t o r y o f the RFo Nare Confluence (see Figure 3 , 2 . 2 8 ) . In these two l a t t e r examples t h i s 

phenomenon may be less pronounced, because backwater e f f e c t o f the a f f l u e n t s on the RFo 

Magdalena must a l s o be accounted f o r . An e x p l a n a t i o n o f why the g r e a t e s t m o r p h o l o g i c a l 

changes i n the p l a n - f o r m o c c u r r e d i n the 1950's can be seen by s t u d y i n g F i g u r e 2 . 3 . 1 5 

presented i n Part I I . In t h i s graph the 501 ( l 8 2 days) and 5% ( l 8 days) exceeded w a t e r -

l e v e l s o f the y e a r l y d u r a t i o n - c u r v e s o f , amongst o t h e r places Pto. Salgar and Pto. 

BerrFo were g i v e n . I t can be seen t h a t i n the 1950's c o n s i s t e n t l y h i g h e r w a t e r - l e v e l s were 
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recorded a t the Pto. Salgar gauge than in the f o r e g o i n g and f o l l o w i n g p e r i o d s , w h i l e the 

w a t e r - l e v e l s recorded a t the Pto. Berr'o gauge show a more gradual p a t h . I t seems l o g i c a l 

t o accept t h a t these h i g h e r water stages a l s o brought about g r e a t changes i n the p l a n -

form o f the r i v e r . 

Case h i s t o r y 

A comparison o f the p l a n - f o r m o f the RTo Magdalena i n the past years is presented in 

F i g u r e 3 . 2 . 2 6 . The a v a i l a b l e i n f o r m a t i o n dates back t o the survey o f the J u l i u s Berger 

Konsortium ( 1 9 2 4 ) , a e r i a l photographs taken i n 1 9 4 8 , the t o p o g r a p h i c a l maps ( s c a l e 1 : 2 5 , 0 0 0 ) 

o f IGAC and the photographs taken in 1 9 7 2 . From Fig u r e 3 . 2 . 2 6 a p r e d i c t i o n r e g a r d i n g the 

F i g u r e 3 . 2 . 2 6 Case H i s t o r y o f the Rfo Magdalena near Pto. Boyaca 
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f u t u r e development o f the p l a n - f o r m o f the RTo Magdalena near Pto. Boyaca can be made. A 

f u r t h e r scour o f the r i g h t bank downstream o f Pto. Nino must be expected, as w e l l as an 

advance of che e r o s i o n o f the l e f t bank i n the meander loop and the r i g h t bank near the r i v e r ­

f r o n t o f Pco. Boyaca. This development w i l l depend, among o t h e r t h i n g s , on the p o s s i b l e 

e x t e n t o f the e r o s i o n o f t h e . l e f t bank o f the Rfo Magdalena i n the meander loop. The a e r i a l 

photographs re v e a l the presence o f rocks which are p r o b a b l y e r o s i o n r e s i s t a n t . However, 

upstream o f El Reboso ( s i t u a t e d along the l e f t bank, o p p o s i t e t o Pto. Boyaca) former p l a n -

forms o f the RFo Magdalena can, s t i l l be d i s t i n g u i s h e d i n the ( l o w - l y i n g ) a l l u v i a l d e p o s i t s . 

Consequently, unless counter-measures are taken, a f u r t h e r scour o f the r i v e r - b a n k a t 

Pto. Boyaca must be expected (compared w i t h the survey o f the J u l i u s Berger Konsortium, the 

r i v e r bank a t Pto. Boyaca has a l r e a d y eroded some 200 m). 

B l y er_imgroyement 

The i n u n d a t i o n and e r o s i o n o f the r i v e r - f r o n t a t Pto. BoyacI i n the h i g h water season 

i n 1972 a c t u a t e d the e x e c u t i o n o f a scheme f o r the p r o t e c t i o n o f the v i l l a g e . T h i s scheme 

was i n i t i a t e d by the Departamento de BoyacI, w h i l e f o r i t s e x e c u t i o n the s t a f f and equipment 

o f the Texaco O i l Company were e n l i s t e d . 

The p r o j e c t comprises the c o n s t r u c t i o n o f a number o f groynes along the r i g h t bank o f 

the RFo Magdalena i n f r o n t o f Pto. BoyacI. The groyne c o n s i s t o f h o l l o w s t e e l t u b e s , d r i l l e d 

about h a l f a meter a p a r t , and f i l l e d " i n s i t u " w i t h sand. P r e f a b r i c a t e d t e t r a p o d s are dumped 

i n between the tubes and a l o n g s i d e the groynes. The c o n s t r u c t i o n i t s e l f appears t o be sound; 

however, as no f i l t e r i s used on the bed t o prevent the loss o f bed m a t e r i a l , the s t a b i l i t y 

o f the groynes can i n c u r a r i s k i n the course of time ( t h i s may lead t o the n e c e s s i t y 

of an excessive dumping o f stones i n f u t u r e ) . Moreover, a s l i g h t change i n the upstream 

r i v e r - c r o s s i n g may cause leakage, because the groynes are s c a r c e l y c o n t i n u e d i n t o the 

r i v e r - b a n k i t s e l f . 
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l l l f 3 . 2 

I f the f o r e g o i n g p r e d i c t i o n r e g a r d i n g t h e f u t u r e development o f the p l a n - f o r m o f 

the RFo Magdalena indeed comes t r u e , i t w i l l be c l e a r t h a t the c o n s t r u c t i o n o f the 

groynes i n f r o n t o f Pto. Boyaca o n l y w i l l not be s u f f i c i e n t f o r the defence o f the v i l l a g e . 

A f u t u r e e x t e n s i o n o f the r i v e r - w o r k s i n an upstream d i r e c t i o n w i l l be r e q u i r e d ; namely, 

along the o u t e r bank j u s t downstream o f Pto. Nino and along the o p p o s i t e bank i n the o u t e r 

bend o f the meander (upstream o f El Reboso). By t h a t time some experience w i l l have been 

gathered r e g a r d i n g the s t a b i l i t y o f the groynes near Pto. BoyacI, so t h a t t h i s type o f con­

s t r u c t i o n may again be co n s i d e r e d . However, the Mis s i o n f e e l s t h a t f o r f u t u r e r i v e r - w o r k s 

some k i n d o f f i l t e r , t o prevent the loss o f bed m a t e r i a l , should not be o m i t t e d . 

3 . 2 . 8 . R i v e r - c r o s s i n g s near km 78O 

Although the c r o s s i n g s near km 78O were not chosen f o r m o r p h o l o g i c a l computations t o 

p r e d i c t the b e d - l e v e l a t water stages c o r r e s p o n d i n g t o L.R.L., some i n f o r m a t i o n was gathered 

i n the course o f the study which i s w o r t h being i n c l u d e d i n t h i s Report. The LAD o f t h r e e 

c r o s s i n g s measured d u r i n g the l o n g i t u d i n a l soundings was p l o t t e d a g a i n s t the w a t e r - l e v e l as 

read on the gauges o f Pto. Salgar and Pto. Inmarco (see Fig u r e 3 . 2 . 2 7 ) . I t can be seen 

again t h a t a change in the w a t e r - l e v e l r e s u l t s i n a change o f the b e d - l e v e l t o o , and t h a t the 

LAD a t low water stages (February 1 9 7 2 ) i s a t l e a s t not s m a l l e r than the LAD a t hi g h water 

stages. 

F i g u r e 3 . 2 . 2 7 Recorded LAD on Crossings near km 78O 

On the c r o s s i n g between km 785 and km 7 8 4 f o u r v e l o c i t y - v e r t i c a l s were measured i n 

September 1 9 7 2 . Again i t appears t h a t t h e w a t e r - l e v e l was so h i g h t h a t the g r e a t e s t v e l o c i 

t i e s o c c u r r e d i n the deeper channels, w h i l e on the c r o s s i n g ( g r e a t e r w i d t h ) t h e v e l o c i t y 

decreased, so t h a t s e d i m e n t a t i o n i s l i k e l y t o occur. A r e p e t i t i o n o f such measurements a t 

low water stages may prove t h a t then the g r e a t e s t v e l o c i t i e s occur a t the c r o s s i n g i t s e l f , 

c ausing the r e t a r d e d scour. 
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3 . 2 . 3 . Confluence o f the RTo Magdalena and the RFo Nare 

I n t r o d u c t ion 

At km the RTo Nare debouches i n t o the R'o Magdalena, j u s t upstream o f Puerto 

Inmarco (km 7 7 3 ) where an i m p o r t a n t cement f a c t o r y is l o c a t e d . The raw m a t e r i a l f o r t h i s 

cement f a c t o r y i s found upstream i n the R'o Nare basin and t r a n s p o r t e d t o the f a c t o r y by 

small c r a f t . The RTo Nare i s s u f f i c i e n t l y deep, but a t high water stages overhead cables 

and the r a i l w a y b r i d g e ( s i t u a t e d 3 . 5 km upstream o f the con f l u e n c e w i t h the Rfo Magdalena) 

l i m i t the c l e a r a n c e . The r u n - o f f o f the r a i n f a l l i n the Rfo Nare basin causes r a p i d 

f l u c t u a t i o n s of the w a t e r - l e v e l i n the Rfo Nare, an e f f e c t which is s t i l l p a r t l y recorded 

a t the gauge i n Pto. Inmarco. Regarding the l o c a l i n f l u e n c e o f the Rfo Nare on the water-

l e v e l g r a d i e n t i n the RFo Magdalena near Pto. Inmarco, r e f e r e n c e i s made t o Part I I , Para, 

3 . 5 . 3 , r e g a r d i n g the Pto. Inmarco S e c t i o n . 

Downstream o f Pto. Inmarco the RFo Magdalena i s very narrow (some 200 m o n l y ) and 

deep, because o f the h i g h , d i l u v i a l and e r o s i o n r e s i s t a n t r i v e r - b a n k s ( t h e i n f l u e n c e o f t h i s 

narrow r i v e r - s t r e t c h on the reco r d o f w a t e r - l e v e l s a t the Pto. Inmarco gauge has a l r e a d y 

been discussed i n Part I I , Para. 3 . 5 . 4 ) . Upstream o f Pto, Inmarco the RFo Magdalena i s wide 

and s h a l l o w , c o n s i s t i n g o f a number o f branches d i v i d e d by i s l a n d s and s h o a l s . 

F i g u r e 3 . 2 . 2 8 Case H i s t o r y o f the RFo Nare Confluence 
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Case h i s t o r y 

The a v a i l a b l e i n f o r m a t i o n r e g a r d i n g the pla n - f o r m o f the Rfo Magdalena near the 

RFo Nare Confluence has been complied in Fig u r e 3 . 2 . 2 8 . The i n f o r m a t i o n dates back t o 

the survey o f the J u l i u s Berger Konsortium ( 1 9 2 4 ) , a e r i a l photographs o f a s h o r t r i v e r 

s t r e t c h upstream o f Nare v i l l a g e i n 1 9 5 0 , the t o p o g r a p h i c a l maps ( s c a l e 1 : 2 5 , 0 0 0 ) 

prepared by IGAC, and the a e r i a l photographs o f 1 9 7 2 . During the survey o f the J u l i u s 

Berger Konsortium the RFo Nare Confluence was s i t u a t e d j u s t downstream o f Nare v i l l a g e , 

about 1 .5 km f u r t h e r upstream than i t s p resent l o c a t i o n . 

A d e t a i l e d sounding o f the RFo Nare Confluence was made i n August 1 9 7 1 , and the 

i n f o r m a t i o n o b t a i n e d , t o g e t h e r w i t h the f l o w - l i n e s , i s presented i n F i g u r e s 3 . 2 . 2 9 and 

3 . 2 . 3 0 . A t t e n t i o n has a l r e a d y been drawn t o the LAD on the c r o s s i n g s j u s t upstream o f 

Nare v i l l a g e (see Para. 3 - 2 . 8 ) . 

River improvement 

In view o f the s i m i l a r i t y between the t o p o g r a p h i c a l f e a t u r e s o f the RFo Nare 

Confluence and the RFo Regla Confluence (near t o the c o n f l u e n c e the RFo Magdalena i s very 

wide and s h a l l o w , w h i l e a few k i l o m e t e r s downstream the w i d t h i s s t r o n g l y r e s t r i c t e d ) , t h e 

f u t u r e improvement o f the RFo Nare Confluence can be based on the same p r i n c i p l e s as the 

scheme presented f o r the improvement o f the RFo Regla Confluence (see Para. 3 . 4 , 4 ) . 

F i g u r e 3 . 2 . 3 1 P o s s i b l e Future Improvement o f the RFo Nare Confluence 
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However, t h r e e remarks must be made. F i r s t l y , the r e s t r i c t i o n o f the w i d t h o f the 

RFo Magdalena near the RFo Nare Confluence i s s t i l l about t w i c e as l a r g e as near the RFo 

Regla Confluence; secondly, the d i s c h a r g e o f the RFo Nare i s f a r g r e a t e r than t h a t o f the 

RFo Regla; and, t h i r d l y , n a v i g a t i o n on the RFo Nare probably r e q u i r e s the e x e c u t i o n o f 

a d d i t i o n a l r i v e r - w o r k s i n the RFo Nare I t s e l f . In view o f the f a c t t h a t the p r e s e n t n a v i ­

g a t i o n c o n d i t i o n s near t h i s c o n f l u e n c e are r a t h e r good ( a p a r t from the c r o s s i n g s upstream 

o f Nare v i l l a g e which can e a s i l y be improved by means o f r e c u r r e n t d r e d g i n g ) , i t is 

recommended t h a t f o r the time being the permanent improvement o f the RFo Nare Confluence i s 

not c o n s i d e r e d . I t should be postponed t o a l a t e r date when the t r a f f i c f l o w between La 

Dorada (or Pto. T r i u n f o ) and Pto. BerrFo w i l l have increased c o n s i d e r a b l y . For the time being 

i t i s recommended t h a t the r e q u i r e d improvement o f the RFo Nare Confluence be brought about 

by means o f r e c u r r e n t d r e d g i n g ; which means t h a t i n the present s i t u a t i o n ( 1 9 7 3 ) o n l y the 

cr o s s i n g s near km 780 need d r e d g i n g . 

An impression o f the r i v e r - w o r k s which may be executed i n the f a r f u t u r e t o a t t a i n 

a permanent improvement o f the RFo Nare Confluence may be o b t a i n e d from F i g u r e 3 . 2 . 3 1 . This 

improvement i s , o f course, based on the present topography and should o n l y be considered as 

a f i r s t impression o f the n a t u r e and scope o f r i v e r - w o r k s which may e v e n t u a l l y be r e q u i r e d . 

3 . 3 . PUERTO INMARCO - PUERTO BERRIO (KM 773 -730) 

3 . 3 . 1 . General d e s c r i p t i o n and design c r i t e r i a 

The c o n t e n t s o f t h i s paragraph are s i m i l a r t o those i n Para. 3 . 2 . 1 , so f o r a more 

d e t a i l e d e x p l a n a t i o n o f the data presented here, r e f e r e n c e i s t h e r e f o r e made t o t h a t 

paragraph. 

In Part I I , Para. 3 . 5 . 4 , i t was concluded t h a t the r i v e r s e c t i o n Pto. Inmarco -

Pto. BerrFo c o u l d be t r e a t e d t o g e t h e r w i t h the r i v e r s e c t i o n Pto. BerrFo - RFo Carare 

Confluence (km 6 7 5 ) . For t h a t reason, the a v a i l a b l e i n f o r m a t i o n about the r i v e r s e c t i o n 

between Pto. BerrFo and the RFo Carare Confluence has a l s o been used i n t h i s paragraph. 

A v a i l a b l e c r o s s - s e c t i o n 

The c r o s s - s e c t i o n s which were measured in the r i v e r - s e c t i o n between Pto. Inmarco and 

Pto. BerrFo are gi v e n as mass curves i n Figu r e 3 . 3 . 1 , which a l s o i n c l u d e s the mass curve 

o f the schematized measuring c r o s s - s e c t i o n i n Pto. Inmarco. 

Schematized c r o s s - s e c t i o n 

The c r o s s - s e c t i o n s g i v e n i n F i g u r e 3 . 3 . 1 have been schematized i n t o an average c r o s s -

s e c t i o n which i s a l s o presented i n the f i g u r e as a mass curve. The depth o f the schematized 

mass c r o s s - s e c t i o n has been determined as an average o f the depth i n the s i n g l e c r o s s -

s e c t i o n s . The d e t e r m i n a t i o n o f the w i d t h o f the mass c r o s s - s e c t i o n was made i n accordance 

w i t h the w i d t h o f the s i n g l e c r o s s - s e c t i o n s and the mean r i v e r w i d t h deduced from t h e a e r i a l 

photographs. T h e r e a f t e r t h e r e l a t i o n between the w a t e r - l e v e l and, r e s p e c t i v e l y , the average 

wat e r - d e p t h ( h ) , the va l u e o f ( h V 2 ) 2 / 3 and o f ( h ^ / ^ ) ^ ^ was determ i n e d . 
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W a t e r - l e v e l g r a d i e n t 

From the w a t e r - l e v e l data o f the gauges a t Pto. Salgar, Pto. Inmarco and Pto. 

BerrTo i t was found t h a t the average w a t e r - l e v e l g r a d i e n t i s i n the o r d e r o f kO x 10"^. 

Design bend-radius and water depth i n o u t e r bend 

At the dominant w a t e r - l e v e l (L.R.L. + 2 m) the ::onveyance o f the schematized c r o s s -

s e c t i o n i s i n the o r d e r o f Bh^/^= 5 , 0 0 0 m̂ /̂ . The computation o f the r a d i a l b e d - l e v e l s l o p e 

i n an o u t e r bend was c a r r i e d o u t by means of Eq. 3 . 7 . 1 0 , presented i n Part I I . The f o l l o w i n g 

values have been i n s e r t e d i n t h i s e q u a t i o n : A = 10, I ^ = 40 x 1 0 " ^ , R̂  = 4,000 m ( ~ 6 B), 

B = 650 m (see F i g u r e 3 . 3 . 1 ) , and AD = 1 , 0 0 0 x lO"*^ ym (see Part I I , F i g u r e 3 . 3 . 1 5 ) . The 

computed c r o s s - s e c t i o n i s presented i n F i g u r e 3 - 3 . 2 . The conveyance of t h i s c r o s s - s e c t i o n 

i s i n the o r d e r o f Bh^/^= 4 , 8 0 0 m^/^ 

0 100 200 JOO 400 SOC 600 700 

I \ I L \ I \ 1 

F i g u r e 3 . 3 - 2 Computed C r o s s - s e c t i o n i n River-bend (km ll'i-klS) 

From F i g u r e 3 - 3 - 2 i t can be seen t h a t i n the bends the minimum r e q u i r e d depth o f 4 ' 6 " 

below L.R.L. w i l l be a v a i l a b l e over a w i d t h o f about 250 m, which i s amply s u f f i c i e n t . Even 

an increase o f the minimum r e q u i r e d depth t o 6 ' below L.R.L. w i l l p r o v i d e a w i d t h o f the 

n a v i g a t i o n channel (about 200 m) s u f f i c i e n t f o r two-way t r a f f i c . 

Design w i d t h and water depth on c r o s s i n g 

For the p r e s e n t t r a f f i c on the RTo Magdalena a minimum depth o f 4 ' 6 " below L.R.L. i s 

considered s u f f i c i e n t f o r the r i v e r s e c t i o n Pto. Inmarco - Pto. B e r r f o . However, a minimum 

water-depth o f 6 ' below L.R.L. i n t h i s r i v e r s e c t i o n i s a l s o being taken i n t o account, 

i n view o f a p o s s i b l e increase o f the t r a f f i c f l o w t o and from Pto. Inmarco, 

The e x t e n t o f the r e t a r d e d scour i s taken a t 2 ' 6 " ( = 0 . 7 5 m), which i s c o n f i r m e d 

by the measurements presented l a t e r on i n t h i s paragraph and the m o r p h o l o g i c a l compu­

t a t i o n s o f the Rfo Regla Confluence g i v e n i n Para. 3 - 4 . 
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I f the shape o f the c r o s s - s e c t i o n is considered t o be a s u p e r p o s i t i o n o f the computed 

shape o f the c r o s s - s e c t i o n s in two c o n s e c u t i v e bends, i t f o l i o w s from F i g u r e 3.3.2 t h a t 

the w i d t h a t the c r o s s i n g should be about 700 m (determined a t a l e v e l o f 0.60 ni below L.R.L. 

w i t h an allowance o f 0.75 m f o r l o c a l r e t a r d e d s c o u r ) . A r e c t a n g u l a r l y - s h a p e d c r o s s - s e c t i o n 

w i t h a conveyance of about Bh''^^= 5,000 m̂ '̂ ^ (see F i g u r e 3.3.1) would r e s u l t i n a w i d t h a t 

the c r o s s i n g o f about 1,200 m. As the f i r s t assumption r e g a r d i n g the shape o f the ci-oss-

s e c t i o n on the c r o s s i n g is somewhat more r e l i a b l e (see Para, 3.2,1), a v a l u e o f about 

850-900 m s h o u l d , t h e r e f o r e , be kept f o r the w i d t h a t the c r o s s i n g . 

t:!iDi[DyG.Ly5ïêr_^êP£b_§I_i=_l4§0.ml_bÊ]2^.t.;5i'- • 

I f an i n c r e a s e o f the minimum water depth t o 6' below L.R.L. w i l l be r e q u i r e d , the 

e x t e n t o f the r e t a r d e d scour which can be expected needs to be r e c o n s i d e r e d . In the examples 

used f o r the m o r p h o l o g i c a l computations, the i n i t i a l b e d - l e v e l was l o c a t e d a t about L.R.L., 

and i t w i l l be c l e a r t h a t when the i n i t i a l b e d - l e v e l i s lower, the r e t a r d e d scour w i l l be 

l e s s . No computations have been c a r r i e d out f o r such cases from which the e x t e n t o f the 

r e t a r d e d scour c o u l d be found. N e v e r t h e l e s s , an e s t i m a t e d r e t a r d e d scour o f 1'6" i s being 

taken i n t o account as w e l l as no r e t a r d e d scour a t a l l . 

I f a r e t a r d e d scour of 1'6" (0.45 m) i s assumed, i t f o l l o w s from F i g u r e 3.3.2 t h a t 

f o r a shape of the c r o s s - s e c t i o n composed from the computed p r o f i l e i n an o u t e r bend, the 

w i d t h on the c r o s s i n g should be about 500 m (determined a t a l e v e l of 1.35 m below L.R.L. 

w i t h an allowance o f 0.45 m f o r l o c a l s c o u r ) . I f no r e t a r d e d scour a t a l l i s taken i n t o 

account, t h i s w i d t h reduces to about 400 m. For a r e c t a n g u l a r l y - s h a p e d c r o s s - s e c t i o n a w i d t h 

o f about 800 m can be computed f o r a 1'6" r e t a r d e d scour, a g a i n s t 675 m w i t h o u t r e t a r d e d 

scour. The f i n a l w i d t h on the c r o s s i n g must be chosen i n t h i s range of computed v a l u e s , 

a l t h o u g h i t appears l i k e l y t h a t a s o l u t i o n based on a composed p r o f i l e o f the c r o s s i n g w i t h 

a channel along both banks i s more r e l i a b l e . A lso the type o f c o n s t r u c t i o n o f the r i v e r ­

works is i m p o r t a n t . As the l e n g t h o f groynes can s t i l l be a d j u s t e d a t a l a t e r d a t e (when i t 

is known t h a t the r e q u i r e d depth i s s t i l l not reached), a w i d t h o f about 6OO m seems t o be 

s u f f i c i e n t . However, i f a s o l u t i o n by means of a s p u r - d i k e is p r o j e c t e d , the w i d t h o f the 

r i v e r w i l l be less a d j u s t a b l e and a s m a l l e r w i d t h (500 m) can then b e t t e r be t a k e n . 

River s t r e t c h e s r e q u i r i n g improvement 

In the Schedule of Operations no s p e c i a l mention i s made o f s t r e t c h e s i n the Pto. 

Inmarco - Pto. B e r r f o r i v e r s e c t i o n which r e q u i r e improvement, which i s more or less 

c o n f i r m e d by the l o n g i t u d i n a l soundings g i v e n i n P a r t ÏI, Figures 3.3.23 t o 3.3.25. 

The temporary improvement of the whole r i v e r s e c t i o n by means of r e c u r r e n t d r e d g i n g 

is d iscussed i n Para. 3-3.2. Upstream o f the b r i d g e a t Pto. B e r r f o the Rfo Magdalena is 

very wide and s h a l l o w , and the n a v i g a t i o n channel i s o f t e n d i f f i c u l t t o f i n d . Some remarks 

r e g a r d i n g the p o s s i b l e means o f improvement are made i n Para. 3.3.3, w h i l e r e f e r e n c e i s made 

to Para. 3.4.3-
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3 . 3 . 2 . Temporary improvement by means o f dredging 

In compliance w i t h the remarks made i n Para. 3 . 2 . 2 , the l o n g i t u d i n a l sounding 

recorded i n February 1972 i s again being used f o r the d e t e r m i n a t i o n o f the t o t a l amount 

which needs t o be dredged r e c u r r e n t l y i n t h i s r i v e r - s e c t i o n . The l e a s t a v a i l a b l e depth 

d u r i n g t h i s survey was recorded near km 734 where t he b e d - l e v e l was found at about L.R.L. 

A d i s t i n c t i o n i s again made f o r an improvement o f t h i s r i v e r - s e c t i o n t o 4 ' 6 " and 

6 ' r e s p e c t i v e l y below L.R.L. Moreover, the t o t a l volumes which need t o be dredged have been 

determined, f i r s t l y , w i t h o u t any r e t a r d e d scour and, secondly, w i t h some e x t e n t o f r e t a r d e d 

scour. For the c r o s s i n g s where the b e d - l e v e l was recorded at L.R.L. (near km 7 3 4 ) , the 

l e a s t a v a i l a b l e depth was a l r e a d y less than 4 ' 6 " and dredging should i n f a c t have a l r e a d y 

been done. For those c r o s s i n g s no l o c a l improvement due t o r e t a r d e d scour has been con­

s i d e r e d . For c r o s s i n g s w i t h an i n i t i a l b e d - l e v e l above 4 ' below L.R.L, a r e t a r d e d scour o f 

2 ' is being taken i n t o account, w h i l e f o r s t i l l deeper c r o s s i n g s no e r o s i o n i s c o n s i d e r e d 

d u r i n g the f a l l o f the w a t e r - l e v e l t o L,R.L. ( t h i s means, i n f a c t , t h a t the r e d u c t i o n by the 

r e t a r d e d scour o f the volumes t o be dredged i s i n the same o r d e r o f magnitude as f o r 

improvement t o 4 ' 6 " below L.R.L. or t o 6 ' below L.R.L.). 

M|nimum_water_depth_V6|_ '_^=_1^25^ 

The t o t a l volumes which need t o be dredged f o r a 50 m wide channel have been computed 

in the two ways o u t l i n e d above and are gi v e n i n Table 3 . 3 . 1 . An allowance o f 2 5 ^ has been 

made i n these f i g u r e s : 10^ f o r waste and s i d e - s l o p e s o f the channel and 15% f o r the 

assumption t h a t the recorded depth i s taken t o be r e p r e s e n t a t i v e f o r t h a t p a r t o f the c r o s s -

s e c t i o n ( 50 m wide) where the channel w i l l be dredged. 

Retarded scour not Incl u d e d Retarded scour ( 2 ) i n c l u d e d 

River s e c t i o n Ki lometers Volume Extra ( 2 5 ^ ) T o t a l Volume Volume Ext r a (25%) T o t a l Volume 

(mM (mM (mM (mM 

Pto. Inmarco - Pto. B e r r f o 7 7 3 - 7 3 0 2 1 ) 0 , 0 0 0 6 0 , 0 0 0 3 0 0 , 0 0 0 1 2 5 , 6 0 0 3 1 , ' i 0 0 1 5 7 , 0 0 0 

Table 3 . 3 . 1 Q u a n t i t i e s t o be Dredged between Pto. Inmarco and Pto. BerrFo f o r Improvement 

to 4 ' 6 " below L.R.L. 

The t o t a l volume which needs t o be dredged a n n u a l l y i n the r i v e r s e c t i o n between 

Pto. Inmarco and Pto. BerrFo amounts t o about 1 6 0 , 0 0 0 m̂  f o r an improvement t o 4 ' 6 " below 

L.R.L. 

M|n|mum_water_deBth_6_[_j=_ 1_.8^ 

For a 50 m wide channel the t o t a l volumes which need t o be dredged t o a t t a i n t h i s 

improvement are g i v e n i n Table 3 . 3 . 2 . In view o f t h e , g e n e r a l l y , deeper c u t s o f the dredger 

an allowance o f 30% has been made: 15% f o r waste and s i d e - s l o p e s o f the channel and 15% f o r 

the assumption t h a t the recorded depth is taken t o be r e p r e s e n t a t i v e f o r t h a t p a r t o f the 

c r o s s - s e c t i o n ( 50 m wide) where the channel w i l l be dredged. 
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Retarded scour not 1ncluded Retarded scour ( 2 ) i n c l u d e d 

R i v e r s e c t i o n K i l o m e t e r s 

Volume Extra ( 3 0 | ) T o t a l Volume Volume Ext r a (30^) T o t a l Volume 

1 3 > / 3 \ 1 3 \ /_ 3\ / 3\ / 3 \ 
(m J (m ) (m ) (m ) (m ) (m ) 

Pto. inmarco - Pto. B e r r f o llTi-TiO 5 6 2 , 0 0 0 1 6 9 , 0 0 0 7 3 1 , 0 0 0 1(21 , 0 0 0 1 2 6 , 0 0 0 5117 ,000 

Table 3 . 3 . 2 Q u a n t i t i e s t o be Dredged between Pto. Inmarco and Pto. BerrFo f o r Improvement 

to 6 ' below L.R.L. 

The t o t a l volume which needs t o be dredged a n n u a l l y i n the r i v e r - s e c t i o n between 

Pto. Inmarco and Pto. BerrFo amounts t o about 5 5 0 , 0 0 0 m̂  f o r an improvement t o 6 ' below 

L.R.L. 

3 . 3 . 3 . RFo Magdalena upstream Pto. BerrFo (km 7 3 5 - 7 3 0 . 5 ) 

I n t r o d u c t ion 

In f r o n t o f Pto. BerrFo the RFo Magdalena i s r a t h e r narrow (some 7 0 0 m) and o f f e r s 

good c o n d i t i o n s f o r n a v i g a t i o n . This i s i m p o r t a n t i n view o f the investments i n p o r t 

f a c i l i t i e s a t the Pto. BerrFo w a t e r - f r o n t along the l e f t bank o f the RFo Magdalena (km 7 3 0 ) . 

As can be seen on the r o u t e map ( P a r t I I , F i g u r e 3 . 3 . 2 5 ) the approach t o Pto. BerrFo from a 

downstream d i r e c t i o n i s not too bad, a l t h o u g h l o c a l l y some improvement is r e q u i r e d . 

Downstream o f km 7 2 5 the l e a s t a v a i l a b l e depth decreases due t o the wide r i v e r - b e d and the 

number o f p a r a l l e l branches. The r i v e r s e c t i o n downstream o f Pto. BerrFo i s t r e a t e d i n the 

next paragraph ( 3 . 4 ) . 
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The approach t o Pto. BerrTo from an upstream d i r e c t i o n i s more d i f f i c u l t . Upstream 

of the b r i d g e , which spans the Rfo Magdalena on the southern s i d e o f Pto. BerrTo, the 

r i v e r widens c o n s i d e r a b l y , r e s u l t i n g i n a s m a l l e r depth. However, t h i s r e p r e s e n t s o n l y 

p a r t o f the problem, because the talweg can o f t e n not be found. ADENAVi's system o f 

marking the n a v i g a t i o n channel by means o n l y o f beacons does not s u f f i c e i n t h i s r e g i o n . 

Here, a combination o f buoyage and beaconing should be pursued in f u t u r e , which would 

immediately r e s u l t i n a c o n s i d e r a b l e improvement. 

The e x e c u t i o n o f r i v e r - w o r k s t o achieve a permanent improvement o f t h i s area can 

a l s o be s t u d i e d . The r i v e r ' s topography i s such (as, e.g., a t Pto. Inmarco and RTo Nuevo) 

t h a t i n f u t u r e r i v e r - w o r k s can be p r o j e c t e d from Pto. BerrTo i n an upstream d i r e c t i o n . 

However, a t p r e s e n t ( 1 9 7 3 ) the t r a n s p o r t f l o w between Pto. BerrTo and Pto. Inmarco is such 

t h a t a n a v i g a b l e channel w i t h a l e a s t a v a i l a b l e depth o f k'6" below L.R.L. w i i l meet the 

r e q u i r e m e n t s . Such a channel can best be maintained by means o f r e c u r r e n t d r e d g i n g . 

^A^navTgab^le^chaTihel w i t h a l e a s t a v a i l a b l e depth o f 6 ' below L.R.L. was a l s o con¬

s i d e r e d , which would in c r e a s e the t o t a l volume to be dredged a n n u a l l y between Pto. B e r r f o 

and Pto. Inmarco from about 1 6 0 , 0 0 0 m̂  ( f o r V 6 " ) t o about 5 5 0 , 0 0 0 m̂  ( f o r 6 ' ) . Foi- the 

r i v e r s e c t i o n j u s t upstream o f Pto. BerrTo (km 735 - km 7 3 0 ) these volumes are r e s p e c t i v e l y 

about 1 0 0 , 0 0 0 m' f o r V 6 " channel and about 1 8 0 , 0 0 0 m̂  f o r a 6 ' channel. A comparison 

between these f i g u r e s shows t h a t f o r n a v i g a t i o n purposes o n l y , t he permanent r i v e r improvement 

upstream o f Pto. B e r r f o is not y e t j u s t i f i e d . 

N e v e r t h e l e s s , the approach to the r i v e r p o r t o f Pto. BerrTo should not be l e f t o ut 

of account. At p r e s e n t , the main channel passes i n f r o n t o f Pto. BerrTo aiong the l e f t bank 

of the RTo Magdalena, o f f e r i n g s u f f i c i e n t l y deep water i n f r o n t o f the quay w a i l . A change 

in the r i v e r ' s course upstream o f Pto. BerrTo may, however, r e s u l t i n the main channel 

s h i f t i n g t o the r i g h t bank, causing s e d i m e n t a t i o n i n f r o n t o f the quay w a l l . A study o f 

the d epth-contour l i n e s o f the sounding prepared by the J u l i u s Berger Konsortium i n 1923 

more or less r e v e a l s t h i s phenomenon. T h e r e f o r e , the e x e c u t i o n o f r i v e r - w o r k s may s t i l l be 

considered i n f u t u r e t o even out the l o c a l l y s t r o n g r e d u c t i o n o f the r i v e r ' s w i d t h j u s t 

upstream o f the b r i d g e . For t h a t reason, the t o p o g r a p h i c a l f e a t u r e s o f the r i v e r s t r e t c h near 

Pto. BerrTo have been schematized and used f o r the t h r e e types o f m o r p h o l o g i c a l computations 

o u t l i n e d i n P a r t I I , Para. 3 . 6 . 4 . 

O b v i o u s l y , an improvement o f the r i v e r near Pto. BerrTo w i l l r e s u l t i n changes 

downstream. Such an improvement i s , t h e r e f o r e , i n t e r - r e l a t e d t o the improvement o f the r i v e r 

s e c t i o n between Pto. BerrTo and RTo Nuevo (km 7 0 6 . 5 ) . As t h i s s u b j e c t i s f u r t h e r t r e a t e d in 

Para. 3 . 4 . 3 , the o u t l i n e o f a p o s s i b l e scheme f o r improvement upstream o f Pto. B e r r f o i s a l s o 

postponed t o t h a t paragraph. Here o n l y the r e s u l t s g i v e n i n Part I I , Para. 3 . 6 . 4 are recon­

s i d e r e d , t o g e t h e r w i t h some a d d i t i o n a l i n f o r m a t i o n about the r i v e r - c r o s s i n g near km 7 3 3 . 

Results o f improvement 

In P a r t I I , Para. 3 . 6 . 4 a s c h e m a t i z a t i o n i s g i v e n o f the r i v e r ' s topography near Pto. 

BerrTo. The w i d t h o f the r i v e r downstream o f the b r i d g e was normalized t o 700 m, w h i l e 

upstream a c o n s t a n t w i d t h o f 1 , 2 0 0 m was assumed. F i r s t o f a l l , the q u e s t i o n was put whether 

the narrow s e c t i o n o f 700 m a c t u a l l y o f f e r s s u f f i c i e n t depth when the w a t e r - l e v e l f a l l s t o 
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L.R.L. This q u e s t i o n was, i n the f i r s t i n s t a n c e , answered by means o f a computation ( t y p e a, 

see Part I I , Para. 3 . 6 . 4 ) f o r e q u i l i b r i u m c o n d i t i o n s , which showed an a v a i l a b l e depth o f 

1 . 8 8 m below L.R.L. which i s , indeed, s u f f i c i e n t f o r a 6 f t channel. I t i s r e c a l l e d from 

Para. 3 - 3 . 1 t h a t the vWdth o f a c r o s s i n g f o r a r e c t a n g u l a r l y - s h a p e d c r o s s - s e c t i o n was 

computed as 675 m i f no r e t a r d e d scour was i n c l u d e d (an assumption I l l u s t r a t e d l a t e r on 

when c o n s i d e r i n g the non-permanent computations: type c ) . Obviously these r e s u l t s must 

agree, because the same assumptions were made f o r b o t h , namely, one-dimensional compu­

t a t i o n s w i t h p a r a l l e l f l o w - l i n e s . 

T h e r e a f t e r , r i v e r - w o r k s were c a r r i e d out over a l e n g t h o f about 2 , 0 0 0 m upstream 

of the b r i d g e , reducing the w i d t h from the i n i t i a l 1 , 2 0 0 m t o 700 m. I t f o l l o w e d t h a t the 

w a t e r - l e v e l g r a d i e n t i n the improved s e c t i o n would decrease t o 25 x 1 0 " ^ (equal t o the 

w a t e r - l e v e l g r a d i e n t downstream of the b r i d g e ) , b r i n g i n g about a drop i n w a t e r - l e v e l 

and, c onsequently, i n the b e d - l e v e l too o f 0 . 1 5 m. By means o f an e r r o r f u n c t i o n , the 

requ i i ^ d ^ i m e i n t e r v a l can^be^ compu ted ̂ (Type^b^Omputa^ti en) befor e " f h i s^drop^fn^becl^leve^l 

and w a t e r - l e v e l w i l t reach a c e r t a i n piace along the r i v e r upstream of the executed 

r i ver-v\;orks. 

F i n a l l y , the i n f l u e n c e o f the r i v e r ' s regime was s t u d i e d , as w e l l as the time i n t e r v a l 

r e q u i r e d to o b t a i n an e q u i l i b r i u m c o n d i t i o n i n the improved r i v e r s e c t i o n ( t y p e c compu­

t a t i o n ) . The i n f l u e n c e o f the r i v e r ' s regime was s t u d i e d i n two ways: w i t h an average 

regime based on the 50% frequency-curve o f the w a t e r - l e v e l a t the Pto. BerrFo gauge, and 

then w i t h a steep, schematized, f a l l o f the w a t e r - l e v e l t o about L.R.L. a t the end o f such 

a regime. The change i n b e d - l e v e l f o r these two c o n d i t i o n s was found to be very s m a l l . 

I t was a l s o found t h a t i n the t o t a l r i v e r s e c t i o n w i t h a w i d t h o f 700 m, the minimum a v a i l a ­

b l e water depth was 6 f t when the w a t e r - l e v e l f a l l s t o L.R.L., which i s i n good agreement 

w i t h the r e s u l t s found i n steady f l o w (computation a ) , where no r e t a r d e d scour was con­

s i d e r e d . Moreover, the computation showed t h a t the change i n b e d - l e v e l is about equal t o the 

change in w a t e r - l e v e l . This i s not s t r a n g e i n view o f the s c h e m a t i z a t i o n s which have to be 

made f o r such computations, i n c l u d i n g one-dimensional (which i m p l i e s a s t r a i g h t r i v e r s e c t i o n 

w i t h p a r a l l e l f l o w - l i n e s ) and u n i f o r m depth ( P a r t 11, Para. 3 . 6 . 2 ) , 

However, a study o f the p l a n - f o r m o f the r i v e r shows t h a t t h i s assumption does not 

h o l d . About 1 , 5 0 0 m upstream of the b r i d g e (Hacienda Sebastopol) the RFo Magdalena curves 

In an e a s t e r l y d i r e c t i o n . Consequently, a f t e r improvement the p l a n - f o r m w i l l a l s o show a 

curve f o l l o w e d by a c r o s s i n g o f the f l o w t o the r i g h t bank i n the narrowed r i v e r s e c t i o n . 

This i m p l i e s a g r e a t e r depth along the o u t e r bank and a s m a l l e r depth ( l e s s than 1 .80 m) 

a t the c r o s s i n g . I t is t h e r e f o r e l o g i c a l t h a t in Para. 3 - 3 - 1 a s t i l l s m a l l e r w i d t h o f the 

r i v e r was found. 

The l e a s t a v a i l a b l e depth found a t the c r o s s i n g near km 773 was p l o t t e d a g a i n s t the 

w a t e r - l e v e l s recorded a t the Pto. Bei'rFo gauge, This a d d i t i o n a l i n f o r m a t i o n i s presented i n 

F i g u r e 3 . 3 . 3 . 
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3 . 4 . 1 . General d e s c r i p t i o n and design c r i t e r i a 

D i s t i n c t i o n i s made between the r i v e r s e c t i o n s upstream and downstream o f the Rfo 

Carare Confluence. In Para. 3 . 3 . 1 , i t has a l r e a d y been mentioned t h a t the Pto. Inmarco -

Pto. B e r r f o s e c t i o n c o u l d be extended t o the Rfo Carare Confluence. The s e c t i o n downstream 

o f the Rfo Carare Confluence does not change much u n t i l the (backwater) i n f l u e n c e o f the 

Rfo Sogamoso becomes apparent. 

In P a r t I I Para 3 . 5 . 4 , i t was concluded t h a t f o r the m o r p h o l o g i c a l c o m p u t a t i o n s , 

the stage d i s c h a r g e curve f o r Pto. B e r r f o c o u l d be used upstream o f the backwater e f f e c t s 

o f the Rfo Carare, w h i l e f o r the s e c t i o n downstream o f t h i s c o n f l u e n c e t i l l upstream o f the 

Rfo Sogamoso Confluence, the r a t i n g curve f o r Barrancabermeja must be p r e f e r r e d . 

A v a i l a b l e c r o s s - s e c t i o n 

The a v a i l a b l e c r o s s - s e c t i o n s o f the s e c t i o n upstream o f the Rfo Carare Confluence 

have a l r e a d y been presented i n F i g u r e 3 . 3 . 1 . The a v a i l a b l e c r o s s - s e c t i o n s o f the s e c t i o n 

downstream o f the Rfo Carare Confluence are g i v e n i n Fig u r e 3 . 4 . 1 . 

Schematized c r o s s - s e c t i o n 

In the Figures 3 . 3 . 1 and 3 . 4 . 1 , the schematized c r o s s - s e c t i o n s have a l s o been 

g i v e n , which data were gathered i n the same way as e x p l a i n e d i n Para. 3 . 2 . 1 . I t may be 

seen i n those f i g u r e s , t h a t the average w i d t h upstream o f the Rfo Carare Confluence i s 

800 m, w h i l e the average w i d t h downstream increases t o 1,000 m (which i s more o r less the 

same as the w i d t h found downstream o f the Rfo Sogamoso Confluence; see F i g u r e 3 . 5 . 1 ) . 
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W a t e r - l e v e l g r a d i e n t 

From tti e w a t e r - l e v e l data o f t t i e gauges a t Pto. BerrFo and Barrancabermeja, i t was 

found t h a t the average w a t e r - l e v e l g r a d i e n t i s about 3 5 x 1 0 " ^ . However, the l o c a l w a t e r -

l e v e l g r a d i e n t s may d i f f e r c o n s i d e r a b l y from t h i s average v a l u e ; f o r example, i n the wide 

s e c t i o n near Ballena (upstream o f the RFo Regla) g r a d i e n t s o f hO t o 60 x 1 0 " ^ have been 

found, w h i l e i n the narrow RFo Nuevo (downstream o f .he RFo Regla) the g r a d i e n t s decreased 

and were found to be 20 to 25 x 1 0 " ^ . For the computations o f the r i v e r Improvements near 

the RFo Regla (which aim a t an increase o f the a v a i l a b l e water d e p t h , by n a r r o w i n g the 

w i d t h ) , a value o f 25 x 1 0 " ^ has been used b u t , g e n e r a l l y , f o r the s e c t i o n a v a l u e o f 

35 X 1 0 ' ^ should be tal<en. 

Design bend-radius and water depth i n o u t e r bend 

As the average w a t e r - l e v e l g r a d i e n t ( 3 5 x 1 0 " ^ ) i n the s e c t i o n upstream o f the RFo 

Carare Confluence i s more or less the same as t h a t i n the Pto. Inmarco - Pto. BerrFo 

s e c t i o n , the same values f o r the bend-radius and the depth i n the o u t e r bend may be used 

(R= 4 , 0 0 0 m, depth i n the o u t e r bend i s 8 . 0 m below L.R.L.; see Para. 3 . 3 . 1 ) . 

For the p o s s i b l e r i v e r - w o r k s near the RFo Regla Confluence, more s p e c i f i c data were 

a v a i l a b l e from the measurements and those have been used i n the computations presented 

i n Para. 3 . 4 . 4 . 

For the s e c t i o n downstream o f the RFo Carare Confluence, the c o n d i t i o n s are d i f f e r e n t 

a g a i n , and f o r t h a t s e c t i o n the computed r a d i a l b e d - l e v e l slope i s presented i n F i g u r e 

3 . 4 . 2 . 

»- R= 6000 m 

0 too 200 300 400 500 SOO 700 750 (m) 

F i g u r e 3 . k . 2 Computed C r o s s - s e c t i o n i n Outer Bend, Downstream o f the 

RFo Carare Confluence 
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Design w i d t h and water depth on c r o s s i n g 

The r e q u i r e d w i d t h on a c r o s s i n g between Pto. BerrTo and the Rfo Regla Confluence, 

cannot be taken as equal t o t h a t found f o r the s e c t i o n Pto. Inmarco - Pto. BerrTo because 

the r e q u i r e d l e a s t a v a i l a b l e depth i s g r e a t e r and the amount o f r e t a r d e d scour d i f f e r s . 

The L.A.D. was taken as 7 ' 6 " , but as t h i s may not be warra n t e d by the present r i v e r t r a f f i c , 

p o s s i b l y a depth o f 6 ' i s e c o n o m i c a l l y more r e a l i s t i c . The r e t a r d e d scour computed f o r a 

c r o s s i n g near km 667 i s found t o be 1 . 2 0 m (see Para. 3 . 4 . 5 ) but t h i s amount seems r a t h e r 

high when compared w i t h the computations near the RTo Sogamoso Confluence ( 0 . 6 0 m) and i n 

the Pto. Inmarco - Pto. BerrTo s e c t i o n ( 0 . 7 5 m). This i s p o s s i b l y due t o a wrong 

s c h e m a t i z a t i o n o f the c r o s s i n g , or t h a t the i n i t i a l b e d - l e v e l was chosen b a d l y , a l t h o u g h the 

measured v a r i a t i o n s i n bed - l e v e l a t t h i s c r o s s i n g are a l s o v e r y l a r g e (see F i g u r e 3 . 4 . 1 7 ) . 

At the c r o s s i n g near the RTo Regla Confluence, the amount o f r e t a r d e d scour was com­

puted as about 0 . 5 0 m (see F i g u r e 3 . 4 . 1 2 ) . This value was found, when a f t e r a complete regime, 

the w a t e r - l e v e l dropped d r a s t i c a l l y t o L.R.L. As t h i s v a l u e appears tó" be Iriore^rea^l i s t i c, 

f o r the whole s e c t i o n a v a l u e o f 0 . 6 0 m has been used as r e t a r d e d scour. 

The r e q u i r e d w i d t h on a c r o s s i n g , as found by the v a r i o u s methods o u t l i n e d i n Para. 

3 . 2 . 1 , are g i v e n i n Table 3 . 4 . 1 . 

Shape o f c r o s s - s e c t i o n L.A.D. w i d t h on c r o s s i n g (m) 

on c r o s s i n g ( f t ) 

r e t a r d e d s c o u r r e t a r d e d s c o u r 

n o t i n c l u d e d i n c l u d e d 

C o m p o s i t e 6 ' 1450 5 5 0 

7 ' 6 " hoo hBO 

( R e c t a n g u l a r 6 ' 8 3 0 I.O^lO 

7 ' 6 " 7 0 0 8 6 0 

Table 3 . 4 . 1 Computed Width on Crossing 

For a channel w i t h a l e a s t a v a i l a b l e depth o f 7 ' 6 " , a w i d t h o f 600 m can be taken as 

a s t a r t i n g p o i n t . 

River s t r e t c h e s r e q u i r i n g improvement 

According t o the Schedule o f O p e r a t i o n , i n the s e c t i o n Pto. BerrTo - Barrancabermeja, 

t h e r e e x i s t t h r e e bad l o c a t i o n s : a s h o r t s t r e t c h o f about 4 km j u s t downstream o f Pto. 

BerrTo, the RTo Regla Confluence, and the RTo Carare Confluence. This i s i n agreement w i t h 

the measured l e n g t h p r o f i l e s , as presented i n Par t I I . Those l o c a t i o n s were d u r i n g the Study 

a l s o d i f f i c u l t f o r n a v i g a t i o n , a l t h o u g h o c c a s i o n a l l y they may s h i f t a few k i l o m e t e r s . 

Downstream o f the RTo Carare Confluence, a few bad c r o s s i n g s may a l s o be pr e s e n t 

( o f t e n l o c a t e d near ChucurT), but these form o n l y a temporary r e s t r i c t i o n t o n a v i g a t i o n , 

The s e c t i o n downstream o f Pto. BerrTo i s t r e a t e d i n Para. 3 . 4 . 3 . A l t h o u g h , In f a c t , 

the complete s t r e t c h between Pto. BerrTo and the RTo Regla Confluence o f f e r s problems, i n 

the Schedule o f Op e r a t i o n o n l y the s t r e t c h between km 720 and 730 was mentioned. 
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An improvement o f t h i s s e c t i o n , however, cannot be c o n s i d e r e d , w i t h o u t tal<ing i n t o 

account an improvement near the RFo Regla Confluence a t the same t i m e . 

The RFo Regla Confluence i s d e a l t w i t h i n Para, 3 . 4 . 4 , As e x p l a i n e d , the s t r e t c h o f 

the RFo Magdalena near t h i s c o n f l u e n c e i s one o f the most o u t s t a n d i n g o f a number o f such 

narrows along the whole r i v e r . Downstream o f the RFo Regla, the narrow s t r e t c h (RFo 

Nuevo) i s f i x e d by rock and/or hard s o i l , and such a l o c a t i o n i s t h e r e f o r e c o n s i d e r e d t o be 

ve r y s u i t a b l e to s t a r t the e x e c u t i o n o f permanent r i v e r - w o r k s . Such r i v e r - w o r k s can be 

extended i n an upstream d i r e c t i o n i n the course o f y e a r s , u n t i l the next narrow r i v e r s t r e t c h 

(Pt o . BerrFo) has been reached, and i n such a way an improvement o f the r i v e r can g r a d u a l l y be 

achie v e d . Although the e x e c u t i o n o f these r i v e r - w o r k s i s a t present not yet warr a n t e d by the 

r i v e r t r a f f i c , the r e q u i r e d measurements and mor p h o l o g i c a l computations f o r the design o f 

such works are t r e a t e d i n Para. 3 . 4 . 4 , because a f u t u r e increase o f the n a v i g a t i o n between 

Barrancabermeja and Pto. BerrFo may w a r r a n t t h e i r e x e c u t i o n t h e r e , o r at s i m i l a r l o c a t i o n s . 

The RFo Carare Confluence i s discussed i n Para. 3 . 4 . 5 . In t h i s area t h e r e are a 

number o f long secondary branches, which o f t e n o f f e r s u f f i c i e n t depth f o r n a v i g a t i o n . The 

entrance to and e x i t o f these channels, however, are o f t e n blocked by sand banks, which 

e i t h e r w i l l have t o be removed by d r e d g i n g , or by the e x e c u t i o n o f more permanent r i v e r ­

works. 

3 . 4 . 2 . Temporary improvement by means o f dredging 

The amounts t o be dredged i n the Pto. BerrFo - Barrancabermeja s e c t i o n , have been 

determined f o r a l e a s t a v a i l a b l e depth o f 6 ' and 7 ' 6 " r e s p e c t i v e l y , and are shown in Table 

3 . 4 . 2 . The l e n g t h p r o f i l e measured i n February 1972 has been used, w h i l e a r e t a r d e d scour 

of 2 ' was taken i n t o account. 30% has been added t o the computed volumes t o a l l o w f o r 

waste and si d e - s l o p e s o f the dredge c u t ( 1 5 % ) , and f o r the assumption t h a t the recorded 

depth i s r e p r e s e n t a t i v e f o r the f u l l w i d t h ( 50 m) o f the c u t ( 1 5 % ) . 

R i v e r - s e c t i o n K i l o - L.A.D. 

meters below 

L.R.L. 

Retarded scour n o t i n c l u d e d Retarded scour ( 2 ' ) i n c l u d e d 

R i v e r - s e c t i o n K i l o - L.A.D. 

meters below 

L.R.L. 

Volumes E x t r a ( 3 0 ^ ) T o t a l 

Volumes 

(mM (mM (mM 

Volumes E x t r a ( 3 0 % ) T o t a l 

Vo1umes 

(mM (mM (mM 

6 ' 

Pto. B e r r ' o - Barrancabermeja 7 3 0 - 6 3 0 

7 ' 6 " 

7 3 0 , 0 0 0 2 2 0 , 0 0 0 9 5 0 , 0 0 0 

1 , 3 3 5 , 0 0 0 37't, 0 0 0 1 , 7 0 9 , 0 0 0 

3 8 1 4 , 0 0 0 116 , 0 0 0 5 0 0 , 0 0 0 

7 7 7 , 0 0 0 2 2 3 , 0 0 0 1 , 0 0 0 , 0 0 0 

Table 3 . 4 . 2 Q u a n t i t i e s t o be Dredged Between Pto, BerrFo and Barrancabermeja 

3 . 4 . 3 . The s e c t i o n between Pto. BerrFo and the RFo Regla Confluence (km 730 - km 7 1 0 ) 

I t i s d i f f i c u l t t o g i v e a case h i s t o r y o f t h i s s e c t i o n , because o f la c k o f good a e r i a l 

photographs, w h i l e some data o f the J u l i u s Berger Survey are m i s s i n g ( a t l e a s t not a v a i l a b l e 

to the M i s s i o n ) . The general impression about t h i s s e c t i o n i s , t h a t i t i s r a t h e r s t a b l e . This 

is not s u r p r i s i n g , as a t both ends the r i v e r i s f i x e d by d i l u v i a l d e p o s i t s , w h i l e a t 
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0 m 

15 m 

25 m 
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DRr. ABOVE OAIWJ 
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r e g u l a r i n t e r v a l s the r i v e r has a hard bank on one s i d e . Between km 725 and 7 2 8 the r i v e r 

bank on the r i g h t - h a n d s i d e i s e r o s i o n r e s i s t a n t , w h i l e from km 721 t o km 716 the l e f t bank 

is hard. From km 712 to km 7 0 9 the r i g h t bank i s hard a g a i n , thus f o r c i n g the main channel 

o f the r i v e r from one s i d e t o the o t h e r . 

When improvement o f t h i s s e c t i o n i s c o n s i d e r e d , as f a r as p o s s i b l e use should be made 

of the presence o f these e r o s i o n r e s i s t a n t d e p o s i t s , w h i l e a t both ends o f the s e c t i o n (Pto. 

B e r r f o and the Rfo Nuevo), a proper c o n n e c t i o n t o the a d j o i n i n g r i v e r s e c t i o n s should be 

made. How t h i s can be done, i s shown on the al i g n m e n t g i v e n i n F i g u r e 3 . 4 . 3 . As a base f o r 

t h i s a l i g n m e n t , the soundings g i v e n i n Figures 3 . 4 . 4 , 3 . 4 . 5 , 3 . 4 . 6 and 3 . 4 . 7 have been used. 

I t can be seen t h a t the bend-radius used, d i f f e r s a t some places from the computed bend-

r a d i u s ( 4 , 0 0 0 m), i n or d e r t o f o l l o w the hard banks. To b r i n g t h i s i n t o alignment w i t h the 

r i v e r - w o r k s near the Rfo Regla and the Pto. B e r r f o P o r t , i t i s necessary t o f o l l o w the channel 

o p p o s i t e Sta. Cruz, and not the present n a v i g a t i o n channel along Sta. Cruz. 

3 - 4 . 4 . River improvement near the Rfo Regla Confluence (km 711 - km 7 0 6 ) 

Genera 1 

Together w i t h Sebastopol, Pto. Inmarco and o t h e r p l a c e s , the Rfo Nuevo i s one o f the 

l o c a t i o n s along the Rfo Magdalena, where a narrow r i v e r s e c t i o n i s r i g i d l y f i x e d by rock 

or hard s o i l . Upstream o f such a f i x a t i o n , n a v i g a t i o n problems may be expected, due t o 

backwater e f f e c t s and the r a p i d s h i f t i n g o f the channels. Near the Rfo Nuevo and Pto. 

Inmarco t h i s s i t u a t i o n i s aggravated by the i n f l o w from a f f l u e n t s , the Rfo Regla and Rfo 

Nare r e s p e c t i v e l y . 

As these n a v i g a t i o n problems always occur a t the same place and have a n a t u r a l l y f i x e d 

downstream boundary, they present e x c e l l e n t c o n d i t i o n s t o commence permanent r i v e r - w o r k s . 

Such r i v e r - w o r k s , however, s h i f t the n a v i g a t i o n problems f u r t h e r upstream, but when a more 

g e n t l e t r a n s i t i o n t o the wide (and sha l l o w ) upstream s e c t i o n i s p r o v i d e d , these problems w i l l 

be reduced. Once, s t a r t e d w i t h the e x e c u t i o n o f permanent r i v e r - w o r k s near the Rfo Nuevo, 

t h i s i m p l i e s t h a t e v e n t u a l l y an e x t e n s i o n o f these works w i l l have t o be made as f a r as Pto. 

B e r r f o ( S e b a s t o p o l ) , where another narrow and p r o p e r l y f i x e d s e c t i o n e x i s t s . In view o f the 

s h o r t d i s t a n c e between the Rfo Nuevo and Pto. B e r r f o (about 25 km), t h i s s e c t i o n o f f e r s good 

p o s s i b i l i t i e s t o s t a r t permanent r i v e r - w o r k s . 

As i s shown l a t e r , a simple comparison between the c o s t o f r e c u r r e n t dredging and o f 

permanent r i v e r - w o r k s t u r n s o u t i n favour o f r e c u r r e n t d r e d g i n g , but t h e r e are some c o n s i d e r ­

a t i o n s i n f a v o u r o f permanent r i v e r - w o r k s which have t o be taken i n t o account t o o : 

- Permanent r i v e r - w o r k s w i l l o f f e r b e t t e r n a v i g a t i o n c o n d i t i o n s than d r e d g i n g . 

- At se v e r a l places along the Rfo Magdalena permanent r i v e r - w o r k s w i l l c e r t a i n l y be 

r e q u i r e d , not o n l y f o r n a v i g a t i o n purposes, but t o p r o t e c t p r o p e r t i e s , e t c . Such 

works are a t present being c a r r i e d o u t , or have a l r e a d y been c a r r i e d o u t , amongst 

o t h e r s near La Dorada, Pto. Boyaca and Pto. Wilches. Of these works, many have been 

l o s t a g a i n s t a p p r e c i a b l e c o s t . I t would t h e r e f o r e have g r e a t advantages i f somewhere 
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in tini s r e g i o n experience c o u l d be gained i n the e x e c u t i o n o f l a r g e r i v e r - w o r k s , and 

a t r a d i t i o n c o u l d be b u i l t up. In f a c t , t o m a i n t a i n the exper i e n c e g a i n e d , i t w i l l 

be necessary f o r a group o f workers t o be c o n t i n u o u s l y employed i n the e x e c u t i o n and 

maintenance o f r i v e r - w o r k s . 

- When comparing dredging w i t h permanent r i v e r - w o r k s , i t should be r e a l i s e d t h a t 

dredging r e q u i r e s a l a r g e percentage o f the c o s t i n f o r e i g n exchange ( t h e dredger) 

w h i l e permanent r i v e r - w o r k s can mainly be executed w i t h l o c a l l y a v a i l a b l e m a t e r i a l s . 

A few o b s e r v a t i o n s about the morphology near the Rfo Regla Confluence w i l l be h e l p f u l 

b e f o r e i n d i c a t i n g a s o l u t i o n i n the form o f permanent r i v e r - w o r k s . 

Case h i s t o r y 

I t was p o s s i b l e to study the mo r p h o l o g i c a l changes over the past 50 y e a r s , by com­

p a r i n g the maps prepared by the J u l i u s Berger Konsortium ( 1 9 2 3 ) , the a e r i a l photographs o f 

A p r i l 1 9 5 4 , and rec e n t photographs taken in May 1972 (see Fig u r e 3 . 4 . 8 ) . In 1923 as w e l l as 

in 1954 the main channel f o l l o w e d the r i g h t bank, a s i t u a t i o n which i s much more f a v o u r a b l e 

f o r n a v i g a t i o n . Between 1923 and 1954 the main channel a p p a r e n t l y s h i f t e d t o the l e f t bank, 

causing c o n s i d e r a b l e scour, w h i l e along the r i g h t bank t h e r e was some s e d i m e n t a t i o n . The 

photographs reveal a l s o , t h a t i n former times t h e r e e x i s t e d s i t u a t i o n s where the l e f t bank 

had scoured about 300 to 400 m more landward than in 1 9 5 4 . T h e r e f o r e the c o n c l u s i o n seems 

l o g i c a l , t h a t the main channel switches every so many years from one s i d e t o the o t h e r , w i t h 

F i g u r e 3 - 4 . 8 Case H i s t o r y o f the RTo Regla Confluence 
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a s l i g h t p r e f e r e n c e f o r the l e f t bank. This means t h a t the present s i t u a t i o n , i n which the 

main channel f o l l o w s the r i g h t bank ( p r e f e r a b l e f o r n a v i g a t i o n ) , o f f e r s good c o n d i t i o n s f o r 

the e x e c u t i o n o f r i v e r - w o r k s , as a l a r g e p o r t i o n o f those works can then be made i n s h a l l o w 

water, w i t h o u t heavy a t t a c k by the c u r r e n t (see F i g u r e 3 . 4 . 1 0 ) . 

The alignment o f the r i v e r - w o r k s 

For the a l i g n m e n t , the design data g i v e n i n Para. 3 . 4 . 1 have been used as much as 

poss i b l e : 

Bend-radius R = 4 , 0 0 0 m; and 

w i d t h B = 600 m. 

L o c a l l y (km 708), t h i s w i d t h has been increased t o n e a r l y 7 0 0 m to o b t a i n a smoother 

alignment ( F i g u r e 3 . 4 . 1 0 ) . 

The conveyance (Bh^/^) o f a computed c r o s s - s e c t i o n w i t h a bend r a d i u s o f 4 , 0 0 0 m, 

appears t o be s l i g h t l y s m a l l e r than the a v a i l a b l e conveyance o f 6 , 4 8 5 m̂ /̂  (compare 

Figures 3.4 . 9 and 3 . 3 . 1 ) . In f a c t , a r a d i u s o f 4 , 5 0 0 to 5,000 m would have been r e q u i r e d 

( u s i n g the l o c a l l y measured data: C = 40 m^/^/s; I = 25 x 1 0 " ^ , and Q^jop^j^,3^^= 4 , 1 0 0 m V s ) . 

With t h a t v a l u e f o r the bend-radius, a depth i n the o u t e r bend may be expected o f 15 m below 

the l e v e l c o r r e s p o n d i n g w i t h Q = 4 , 1 0 0 m^/s. With the used v a l u e o f R = 4,000 m, the depth 

w i l l be somewhat more, but as the depths found i n o u t e r bends are g e n e r a l l y somewhat s m a l l e r 

than the computed v a l u e s , the depth o f 15 m has been used f o r ' the design o f the r i v e r - w o r k s . 

0 200 400 600 (m) 

F i g u r e 3 . 4 . 9 Computed C r o s s - s e c t i o n i n Outer Bend near the RTo Regla Confluence 
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I f i n f u t u r e the depth w i l l have t o be i n c r e a s e d , a narrower s e c t i o n can be o b t a i n e d 

by the e x t e n s i o n o f the groynes a l o n g the r i g h t bank. I t i s i n t e r e s t i n g t o note t h a t J u l i u s 

Berger i n d i c a t e d a w i d t h o f 400 m f o r t h i s s e c t i o n . 

The alignment o f the permanent r i v e r - w o r k s , g i v e n i n F i g u r e 3 , 4 . 1 0 , i s based' on the 

1 9 7 1 / 1 9 7 2 s i t u a t i o n . Before these works are a c t u a l l y executed, i t w i l l be necessary t o adapt 

the a lignment i n r e l a t i o n t o the developments s i n c e 1 9 7 2 , w h i l e f o r the e l a b o r a t i o n o f the 

design and i t s d e t a i l s , a model study seems r e q u i r e d . In such a model, the n e c e s s i t y and 

p o s s i b i l i t y o f c l o s i n g the RTo V i e j o may a l s o be s t u d i e d , i n combination w i t h a s l i g h t l y 

d i f f e r e n t a l i g n m e n t , r e q u i r i n g t h a t p a r t o f the r i g h t bank near the R'o Nuevo narrows be 

removed, as t h i s w i l l p r o b a b l y improve the n a v i g a b i l i t y (see F i g u r e 3 . 4 . 1 0 ) . 

A non-steady f l o w computation has been c a r r i e d o u t f o r t h i s new a l i g n m e n t , and i t s 

r e s u l t s a r e g i v e n i n F i g u r e 3 . 4 . 1 1 . For these computations the l o c a l l y measured data have 

been used: f o r the bed m a t e r i a l 0 ^ ^ = 405 x 1 0 ' ^ , w h i l e as regime the schematized 50%-

d i s c h a r g e o f Pto. BerrTo was used d u r i n g one year, f o l l o w e d by a d r a s t i c drop o f the w a t e r -

l e v e l t o L.R.L. (regime 5 as g i v e n i n Para. 3 . 8 o f P a r t I I ) . 

S i m i l a r computations have been c a r r i e d o u t f o r the (non-improved) s i t u a t i o n o f 1 9 7 1 , 

and o f t h a t o f 1923 as taken from the J u l i u s Berger r i v e r maps. These r e s u l t s are g i v e n i n 

Figures 3 . 4 . 1 2 and 3 . 4 . 1 3 . 

The f o l l o w i n g c o n c l u s i o n may be drawn from these computations: 

- The average depth a t L.R.L. i n the improved s e c t i o n a f t e r a p p l i c a t i o n o f regime 5 

i s 2 . 4 5 m ( s l i g h t l y more than the r e q u i r e d 7 ' 6 " ) . In r e a l i t y , the depth in the 

o u t e r bends w i l l be more and, p o s s i b l y , on the c r o s s i n g s s l i g h t l y l e s s . 

- The average depth f o r the (non-improved) s i t u a t i o n o f 1971 was found t o be 1 . 6 5 m 

and f o r 1924 1 . 2 5 m. This means t h a t a f t e r the improvement the depth increases 

w i t h 0 . 8 0 m t o 1 . 2 0 m. 

- According t o the sounding made i n J u l y 1 9 7 2 , the minimum depth on the c r o s s i n g 

( r e l a t e d t o L.R.L.) was found t o be 1.40 m. This i s i n good agreement w i t h t he 

computations, c o n s i d e r i n g t h a t the regime used d i f f e r s from the regime o c c u r i n g 

i n 1 9 7 1 - 1 9 7 2 and, moreover, t h a t t h i s minimum depth o f 1.40 m was measured l o c a l l y , 

w h i l s t the computations g i v e average depths over the w i d t h o f the c h a n n e l . The 

l o n g i t u d i n a l sounding o f November 1971 ( a l s o used as i n i t i a l c o n d i t i o n , see F i g u r e 

3 . 3 . 2 6 ) , i n d i c a t e s a depth about 0.50 m less than t h a t found i n the c o m p u t a t i o n s . 

During the h i g h e r w a t e r - l e v e l s i t may, however, be, t h a t d u r i n g the sounding the 

channel was not c o r r e c t l y f o l l o w e d . 

- The 1 9 2 4 - s i t u a t i o n i s worse compared t o 1 9 7 1 , not o n l y w i t h regard t o the course 

the Ships have to f o l l o w , but a l s o the a v a i l a b l e depths are l e s s . 

- In 1924 the d i f f e r e n c e i n head between the w a t e r - l e v e l a t the upstream and down­

stream end o f the s e c t i o n i s found t o be 1.40 m a f t e r 400 days; In 1971 t h i s v a l u e 

i s 1 . 3 5 m, and w i t h the new alignment 1 . 2 0 m. This i n d i c a t e s a r e d u c t i o n o f about 

0 . 1 7 m, or a r e d u c t i o n i n the w a t e r - l e v e l g r a d i e n t o f about 2 . 7 x 1 0 " ^ 

( ~ 0 . 1 7 / 6 , 4 0 0 ) . T h i s i s i n accordance w i t h the example o f Pto. BerrTo, g i v e n i n 

Para. 3 . 6 o f P a r t I I , showing t h a t these types o f r i v e r - w o r k r e s u l t i n a r e d u c t i o n 

o f t h e w a t e r - l e v e l g r a d i e n t . 
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The c o n s t r u c t i o n 

Bank p r o t e c t i o n s w i l l have t o be c a r r i e d o u t under d i f f e r i n g c i r c u m s t a n c e s ; a t places 

which are h e a v l l y a t t a c k e d d u r i n g the c o n s t r u c t i o n and places which 1 i e more p r o t e c t e d . The 

use o f two d i f f e r e n t types o f c o n s t r u c t i o n i s t h e r e f o r e l o g i c a l , these a r e i n d i c a t e d i n the 

Figures 3.4.14 and 3.4.16. T h e i r l o c a t i o n s have been I n d i c a t e d In F i g u r e 3.4.10, as s e c t i o n 

I - I and s e c t i o n I I - I I r e s p e c t i v e l y . 

3.70(5 JEAIi SXCEEDAUCE) 1 

SECTION l - I ; SECTION 

F i g u r e 3.4.14 C r o s s - s e c t i o n o f Groyne ( S e c t i o n l - l ) 

S e c t i o n I - I r e q u i r e s a t r e n c h t o be dug. T h i s c o n s t r u c t i o n c o n s i s t s o f a n y l o n 

f i l t e r weighed down by c o n c r e t e blocks or r o c k , f o r which I t has been assumed t h a t hexapods 

can be used. Between the hexapods and the n y l o n f i l t e r , a l a y e r o f r u b b l e I s i n d i c a t e d as 

p r o t e c t i o n a g a i n s t mechanical damage when the hexapods are dumped (see F i g u r e 3.4.14), 

According to F i g u r e 2 . 5 . 7 , c o n c r e t e blocks should have a diameter o f a t l e a s t 0 . 2 8 m ( f o r 

V = 2 . 5 m/s and A = 1 . 4 ) , t o be s l i g h t l y Increased i n view o f the s i d e - s l o p e (see F i g u r e 

2 . 5 . 9 ) . Hexapods ( w i t h a diameter o f 0 . 9 0 m) w i l l t h e r e f o r e have s u f f i c i e n t w e i g h t . For 

hexapods a steeper s i d e - s l o p e than the i n d i c a t e d 3 i : 1 would be p e r m i t t e d , as f a r as t h e i r 

s t a b i l i t y i s concerned b u t , d u r i n g the e x e c u t i o n I t would be d i f f i c u l t t o m a i n t a i n the un­

p r o t e c t e d s i d e - s l o p e a t a steeper a n g l e . 

The s i n k i n g o f the nylon f i l t e r w i l l not p r e s e n t too many d i f f i c u l t i e s , I f the f i l t e r 

c o n t a i n s c e l l s f i l l e d w i t h sand, s t a b i l i z e d w i t h S.R.O. (Standard Road O i l ; see F i g u r e 

3 . 4 . 1 5 ) . The n y l o n f i l t e r proved i t s a p p l i c a b i l i t y a long the RTo Magdalena, as s i m i l a r con­

s t r u c t i o n s were used about 20 years ago near Pto. Wilches, which are s t i l l i n a reasonable 

good c o n d i t i o n . A c cording t o the J u l i u s Berger Survey, stone t o be used f o r r u b b l e can be 

found In the RFo Nare. 

Fig u r e 3 . 4 . 1 5 Nylon F i I t e r 
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The c r e s t - l e v e l o f the c o n s t r u c t i o n l i e s a t 3 . 7 0 m above L.R.L,, a l e v e l exceeded on 

the average once every f i v e y e a rs. A l t h o u g h some damage o f the c o n s t r u c t i o n may be expected 

d u r i n g o v e r f l o w o f some d u r a t i o n , t h i s damage w i l l not be exc e s s i v e and can e a s i l y be r e p a i r e d 

The toe o f the p r o t e c t i o n i s designed a t a l e v e l o f 12 m below L.R.L. This w i l l , however, not 

be necessary along t h e complete l e n g t h . A model study c o u l d g i v e more i n f o r m a t i o n about t h i s . 

E xcavation o f the t r e n c h c o u l d be avoided by making o n l y the h i g h e r p a r t o f the con­

s t r u c t i o n g i v e n i n F i g u r e 3.4.14, and w a i t i n g w i t h the c o n s t r u c t i o n o f the toe u n t i l the 

r i v e r a t t a c k s the c o n s t r u c t i o n and thus removes the f o r e - s h o r e . But i n such a case, once the 

f o r e - s h o r e w i l l be eroded, the p r o t e c t i o n must be c a r r i e d o u t r a p i d l y t o a v o i d l o s i n g the 

complete work. This i s a more r i s k y s o l u t i o n , but would save about 10 m i l l i o n pesos i n 

dre d g i n g work. 

F i g u r e 3 . 4 . 1 6 C r o s s - s e c t i o n o f Groyne ( S e c t i o n 1 1 - 1 1 ) 

The c o n s t r u c t i o n o f the groynes g i v e n i n Fig u r e 3 . 4 . 1 6 have a f i l t e r base, c o n s i s t i n g 

o f two l a y e r s o f l a r g e nylon sandbags, f i l l e d w i t h S.R.O. sand. These bags can be p o s i t i o n e d 

by a crane. The p i l e s which a r e i n d i c a t e d , serve as guides d u r i n g the p o s i t i o n i n g o f the 

sandbags and the hexapods which are to be dumped on top o f the bags (as an a l t e r n a t i v e , 

t h e c o n s t r u c t i o n g i ven i n F i g u r e 3 . 2 . 1 8 can be c o n s i d e r e d ) . 

The c o n s t r u c t i o n s g i v e n here c o u l d be c a r r i e d o ut by a Colombian c o n t r a c t o r , but some 

ad v i c e from a c o n t r a c t o r w i t h e x p e r i e n c e i n t h i s type o f r i v e r - w o r k s seems r e q u i r e d d u r i n g 

the e x e c u t i o n . 

Phasing o f the r i v e r - w o r k s 

The e x t e n t o f the r i v e r - w o r k s i n d i c a t e d , w i l l make i t ( p r o b a b l y ) i m p o s s i b l e t o f i n i s h 

the complete p r o j e c t i n one low water season. The e x e c u t i o n o f the r i v e r - w o r k s should t h e r e ­

f o r e be phased i n such a way, t h a t a h i g h water does not d e s t r o y the a l r e a d y completed p a r t 

of the work. The e x e c u t i o n should s t a r t i n the f i r s t year w i t h the works a t the upstream end 

alo n g the l e f t bank, thus f o r c i n g the main c u r r e n t a l r e a d y somewhat to the r i g h t bank, and 

some o f the minor secondary branches should be c l o s e d . During the second year, t h e long 

revetment on the sand-bank along the l e f t - h a n d s i d e o f the f u t u r e n a v i g a t i o n channel can be 

made. The groynes along the r i g h t bank and the works j u s t upstream o f the pres e n t narrows, 

can then be completed i n a t h i r d year. Of course, t h e phasing o f these works should be 

f l e x i b l e , so t h a t i t i s p o s s i b l e t o adapt the sequence o f e x e c u t i o n as w e l l as the a c t u a l 

a l i g n m e n t t o changing c o n d i t i o n s , when p a r t o f the p r o j e c t i s a l r e a d y completed, 
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Costs 

A d e t a i l e d c o s t a n a l y s i s has not been made, as t h i s can o n l y be done a f t e r the con­

s t r u c t i o n has been worked o u t more f u l l y . Moreover, c o s t s change r a p i d l y over the y e a r s . 

A rough e s t i m a t e based on 1972 p r i c e s can be taken as. Col. $ 40 m i l l i o n (or $ 30 m i l l i o n 

i f the t r e n c h i s not made). For a break-down o f the c o s t , the reader i s r e f e r r e d t o Para, 

3 . 2 . 3 . Without r i v e r works, l o c a l maintenance dredging t w i c e a year w i l l amount up t o 

about Col. $ 5 0 0 , 0 0 0 - $ 1 , 0 0 0 , 0 0 0 a n n u a l l y . 

3 . 4 . 5 . The R"o Magdalena between the RFo Carare Confluence and ChucurF (km 6 7 5 - km 6 5 9 ) 

The RFo Magdalena between the RFo Carare Confluence and Chucuri has changed r a t h e r 

d r a s t i c a l l y d u r i n g the years, as f a r as the n a v i g a t i o n circumstances a r e concerned. These 

changes were so pronounced t h a t d u r i n g the reconnaissance surveys i n 1970 and 1 9 7 1 , i t was 

i m p o s s i b l e t o recognize any resemblance o f the r i v e r t o the a e r i a l photographs o f 1954, 

w h i l e these photographs d i f f e r e d again g r e a t l y from the c h a r t s as g i v e n by J u l i u s Berger, 

Between km 6 6 6 and km 6 5 9 , a t p r e s e n t a long and r a t h e r narrow i s l a n d can be seen. 

On the l e f t - h a n d s i d e o f t h i s i s l a n d a narrow but good n a v i g a t i o n channel i s a v a i l a b l e , 

which shows a tendency to meander, w h i l e on the r i g h t - h a n d s i d e o f the i s l a n d the r i v e r i s 

b r a i d e d and o f f e r s g e n e r a l l y bad n a v i g a t i o n c o n d i t i o n s . From photographs o f 1954 i t appears 

t h a t t h i s narrow i s l a n d i s the remnant o f a group o f l a r g e I s l a n d s , which were p a r t l y 

i n c o r p o r a t e d i n t o the l e f t bank. At t h a t time the n a v i g a t i o n f o l l o w e d the r i g h t bank where 

a good n a v i g a t i o n channel e x i s t e d . In 1 9 2 3 , the n a v i g a t i o n channel f o l l o w e d the l e f t bank, 

but n a v i g a t i o n c o n d i t i o n s must have been r a t h e r bad. 

For the c r o s s i n g a t km 667 a computation has been c a r r i e d o u t t o determine the 

r e t a r d e d scour, and the r e s u l t i s shown i n F i g u r e 3 . 4 . 1 7 . The computed scour o f 1 . 2 0 m 

appears t o be v e r y l a r g e , p o s s i b l y as a r e s u l t o f a less s u c c e s s f u l s c h e m a t i z a t i o n . 

The measurements on t h i s c r o s s i n g , however, a l s o show a r a p i d and l a r g e movement o f the 

r i v e r - b e d (see F i g u r e 3 . 4 . 1 8 ) . 

F i g u r e 3 . 4 . 1 8 Recorded LAD on Crossing near km 667 
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Although a t p r e s e n t , the s e c t i o n between km 675 and km 6 5 9 i s r a t h e r good, p o t e n t i a l l y 

i t i s a b o t t l e - n e c k f o r n a v i g a t i o n , due t o the r a p i d changes which do not g i v e channels 

time t o develop s u f f i c i e n t l y . Improvement by r e c u r r e n t dredging may o f t e n f a i l , due to the 

g r e a t p a r t o f the c u r r e n t t h a t may be drawn t o o t h e r channels than the dredged one. The 

best s o l u t i o n , t h e r e f o r e , seems t o be, t o t r y and s t a b i 1 i ze the s i t u a t i o n by means o f 

temporary o r permanent r 1 v e r - w o r k s . 

The narrow and deep n a v i g a t i o n channel on one si d e o f a long I s l a n d , and a braIded 

s h a l l o w channel on the o t h e r s i d e , i s a r a t h e r t y p i c a l example o f what i s encountered 

f r e q u e n t l y , and not o n l y on the Rto Magdalena. 

G e n e r a l l y , a n a v i g a t i o n problem e x i s t s a t the c r o s s i n g upstream o f the i s l a n d t o the entrance 

o f t h e channel. However, sometimes the c r o s s i n g may be r a t h e r good, w h i l e i n o t h e r years the 

en t r a n c e o f the n a v i g a t i o n channel i s blocked by sandbanks p r o p a g a t i n g downstream (see 

Fi g u r e 3 . 4 . 1 9 ) . 

SITUATION VERY BAD 

F i g u r e 3 . 4 . 1 9 Entrance o f N a v i g a t i o n Channel A l t e r n a t 1 v e l y Blocked and L e f t Open 

by Propagating Sand-banks 

Three types o f s o l u t i o n can be used f o r t h i s problem: 

a. The b r a i d e d channel can be cl o s e d o f f c o m p l e t e l y . However, t h i s o n l y g i v e s a 

temporary improvement i f no e x t e n s i v e (permanent) r i v e r - w o r k s are c a r r i e d o u t t o 

f i x the complete c o n f i g u r a t i o n , because o t h e r w i s e the narrow channel w i l l widen 

g r a d u a l l y and become b r a i d e d a g a i n . Such a s o l u t i o n i s , t h e r e f o r e , c o s t l y . 

b. The development o f the s i t u a t i o n as i n d i c a t e d i n Fig u r e 3 . 4 . 1 9 by I I I can be 

a w a i t e d , t o make a dredge c u t through the i s l a n d . T h i s s o l u t i o n w i l l o n l y be 

w o r t h w h i l e i f the i s l a n d i s indeed narrow, because i n a subsequent season t h i s 

opening p o s s i b l y may have t o be c l o s e d again (which may be d i f f i c u l t ) , and another 

one opened. 

c. By means o f temporary o r permanent r i v e r - w o r k s a c o n f i g u r a t i o n can be e n f o r c e d , 

whereby no sandbank can develop a t the entrance o f the narrow c h a n n e l . 
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S o l u t i o n c i s i n t l i e long run probably the cheapest and s a f e s t s o l u t i o n , w h i l e f o r a 

s h o r t - t e r m improvement s o l u t i o n b may o f f e r good c o n d i t i o n s . S o l u t i o n c r e q u i r e s some 

f u r t h e r c l a r i f i c a t i o n . For example, r i v e r - w o r k s may be c a r r i e d o ut i n agreement w i t h the 

alignment g i v e n i n Figu r e 3 . 4 . 2 0 . I f these r i v e r - w o r k s are extended too f a r , the s o l u t i o n i s 

very s i m i l a r t o s o l u t i o n a and e x t e n s i v e r i v e r - w o r k s may be r e q u i r e d t o safeguard the 

c o n f i g u r a t i o n and the o r i g i n a l s t r u c t u r e s . For the same reason, care should be taken t h a t 

the wide br a i d e d channel on the r i g h t o f the i s l a n d m a i n t a i n s a s u f f i c i e n t l y l a r g e c a p a c i t y , 

p a r t i c u l a r l y d u r i n g h i g h e r l e v e l s . T h i s may mean t h a t i n p r a c t i c e ( t o be on the safe s i d e ) 

a somewhat g r e a t e r c a p a c i t y o f the r i g h t - h a n d channel w i l l be m a i n t a i n e d ( a t the c o s t o f the 

dis c h a r g e o f the l e f t - h a n d channel) and t h a t some dredging may be r e q u i r e d i n the n a v i g a t i o n 

channel. 

A s o l u t i o n by means o f bottom panels may a l s o be mentioned here ( F i g u r e 3 . 4 . 2 1 ) . 

F i g u r e 3 . 4 . 2 0 P o s s i b l e A l l i g n m e n t o f River-works 

Fig u r e 3.4.21 P o s s i b l e S o l u t i o n w i t h Bottom Panels 
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3.5. BARRANCABERMEJA - GAMARRA (KM 63O - 475) 

3.5.1. General d e s c r i p t i o n and design c r i t e r i a 

A v a i l a b l e c r o s s - s e c t i o n 

As p r e v i o u s l y s t a t e d , the d i v i s i o n o f the r i v e r between La Dorada and Gamarra i n t o 

the s e c t i o n s La Dorada - Pto. Inmarco, Pto. Inmarco - Pto. B e r r f o , Pto. B e r r f o -

Barrancabermeja and Barrancabermeja - Gamarra i s based more on the d i v i s i o n o f the 

prese n t t r a f f i c f l o w than on the r i v e r morphology. In the s e c t i o n Barrancabermeja -

Gamarra, the r i v e r changes i n c h a r a c t e r near the con f l u e n c e o f the Rfo Magdalena and the 

Rfo Sogamoso, and near the b i f u r c a t i o n s w i t h the Brazo S i m i t f and the Brazo Morales. 

Three d i f f e r e n t s e c t i o n s must, t h e r e f o r e , be c o n s i d e r e d : 

- The s e c t i o n upstream o f the i n f l u e n c e o f the Rfo Sogamoso, where the c r o s s - s e c t i o n 

i s s i m i l a r t o t h a t between the Rfo Carare Confluence and Barrancabermeja. This c r o s s -

s e c t i o n was a l r e a d y g i v e n i n Para. 3.4, Figure 3.4.1. 

- The s e c t i o n between the Rfo Sogamoso Confluence and the b i f u r c a t i o n w i t h the Brazo 

S i m i t f near B a d i l l o ( F i g u r e 3.5.1). 

- The s e c t i o n downstream o f B a d i l l o ( a c t u a l l y below the b i f u r c a t i o n w i t h the Brazo 

M o r a l e s ) , which c o n t i n u e s downstream o f Gamarra, u n t i l the Brazo Morales a g a i n j o i n s 

the Rfo Magdalena ( F i g u r e 3.5.2). About t h i s s e c t i o n , i n f o r m a t i o n i s less s p e c i f i c 

because i t was s t u d i e d i n less d e t a i l ; p a r t i c u l a r l y i s the d i v i s i o n o f the d i s c h a r g e 

over the d i f f e r e n t branches not known. I t seems a d v i s a b l e t o study t h i s d i v i s i o n 

i n more d e t a i l a t some f u t u r e t i m e . 

A l t h o u g h t h e r e i s a change i n m o r p h o l o g i c a l c o n d i t i o n s a t the Rfo Sogamoso Confluence 

(which a l r e a d y s t a r t s near Barrancabermeja) t h i s does not express i t s e l f v e r y much i n the 

schematized c r o s s - s e c t i o n s ( F i g u r e s 3.4.1. and 3.5.1), because the w i d t h and depth i n both 

s e c t i o n s a r e about the same. The s e c t i o n downstream o f B a d i l l o i s , however, much s m a l l e r ; 

the average w i d t h being 6OO m a g a i n s t 950 m upstream, w h i l e the average depth a t L.R.L. i s 

about 2.20 m a g a i n s t 1.80 m upstream o f B a d i l l o . I t appears, i n f a c t , t h a t below B a d i l l o the 

r i v e r o f f e r s b e t t e r c o n d i t i o n s f o r n a v i g a t i o n , a l t h o u g h the d i s c h a r g e i s d i v i d e d over two 

channels. 

Downstream o f B a d i l l o the r i v e r changes from b r a i d e d t o meandering. As was a l r e a d y 

p o i n t e d o u t i n Chapter 3.7 o f Par t I I ( F i g u r e 3.7.4), a r e d u c t i o n o f the d i s c h a r g e may cause, 

w i t h the same w a t e r - l e v e l g r a d i e n t , a t r a n s i t i o n from b r a i d i n g t o meandering o f the r i v e r . 

( Also some r e d u c t i o n i n the w a t e r - l e v e l g r a d i e n t may, t o g e t h e r w i t h the d i s c h a r g e r e d u c t i o n , 

cause such a t r a n s i t i o n ) . 

W a t e r - l e v e l g r a d i e n t 

As i n the o t h e r s e c t i o n s , the w a t e r - l e v e l g r a d i e n t may d i f f e r c o n s i d e r a b l y from p l a c e 

t o p l a c e ; f o r the s e c t i o n upstream o f the co n f l u e n c e w i t h t h e Rfo Sogamoso, the average 

w a t e r - l e v e l g r a d i e n t as found from the w a t e r - l e v e l s a t the Barrancabermeja and Pto. Wilches 

g a u g e - s t a t i o n s i s about 30 x 1 0 " ^ Because o f the gaps i n the w a t e r - l e v e l s a t Gamarra, the 

w a t e r - l e v e l g r a d i e n t between the Rfo Sogamoso Confluence and Gamarra i s less a c c u r a t e . 

T h i s v a l u e was found t o be 20 x 10'^ (from w a t e r - l e v e l data a t Pto. Wilches and Gamarra). 
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I l l , 3 . 5 

.PgA[£[LA?-[)-̂ !jgj-L̂ ^ water depth i n o u t e r bend 

As f o r the o t h e r s e c t i o n s the design bend-radius and water depth i n the o u t e r bend have 

been determined. Upstream o f the i n f i u e n c e o f the R'o Sogamoso, the same data can be used 

as those found f o r the s e c t i o n RFo Carare Confluence - Barrartcabermeja. For the s e c t i o n j u s t 

upstream o f the R'o Sogamoso Confluence t o B a d i l l o , the main data as g i v e n i n F i g u r e 3 . 5 . 3 

a r e : Bend-radius R = 5 , 5 0 0 m and the depth i n the o u t e r bend i s 1 2 . 5 0 m below L.R.L. 

Fi g u r e 3 . 5 . 3 Computed C r o s s - s e c t i o n i n Outer Bend between km 613 and km 520 

For the s e c t i o n downstream o f B a d i l l o these data c o u l d not be computed as the d i v i s i o n 

o f the d i s c h a r g e over the d i f f e r e n t branches was not known. However, as t h i s s e c t i o n i s 

much more r e g u l a r and meandering, the bend-radius can be found by s t u d y i n g the c h a r t s ; a 

r a d i u s o f about 4 , 0 0 0 m seems predominant. For the depth i n f r o n t o f r i v e r - w o r k s , the 

same depth as i n the s e c t i o n upstream o f B a d i l l o may be used ( 1 2 . 5 0 m below L.R.L.). 

Design w i d t h and water depth on c r o s s i n g 

The w i d t h and water depth on the c r o s s i n g f o r the s e c t i o n upstream o f the Rfo Sogamoso 

Confluence a r e again the same as those found f o r the s e c t i o n RFo Carare Confluence -

Barrancabermeja. 

For the s e c t i o n downstream o f B a d i l l o the w i d t h and depth on a c r o s s i n g a r e not g i v e n , 

as f o r t h i s s e c t i o n i n s u f f i c i e n t data concerning c r o s s i n g s a r e a v a i l a b l e . I t may be 

r e c a l l e d , t h a t downstream o f the RFo Sogamoso Confluence the r i v e r has been s t u d i e d i n a more 

general way. A l t h o u g h downstream o f B a d i l l o t h e r e are s t i l l some c r o s s i n g s t h a t p r e s e n t 

d i f f i c u l t i e s t o n a v i g a t i o n , these problems a r e not v e r y severe, and g e n e r a l l y t h i s s e c t i o n 

o f f e r s good c o n d i t i o n s f o r n a v i g a t i o n . 
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The design w i d t h and depth f o r the c r o s s i n g s between the Rfo Sogamoso Confluence and 

B a d i l l o ( a l s o t o be used j u s t upstream o f t h i s c o n f l u e n c e ) , have been determined i n the same 

way as i n the f o r e g o i n g paragraphs. The r e t a r d e d scour as found from F i g u r e 3 . 5 . 4 i s 0 . 5 0 m, 

and the design depth below L.R.L. i s taken as 2 . 3 5 m ( 7 ' 6 " ) . Taking i n t o account the 

r e t a r d e d scour, t h i s means t h a t wi t h a domi nant w a t e r - l e v e l ( t a k e n t o be 2.50 m above 

L.R.L.) the be d - l e v e l should be 2 . 3 5 - 0 . 5 0 m = 1 . 8 5 m below L.R.L. From the composi t e 

p r o f i l e (superposi t i o n o f the c r o s s - s e c t i o n s i n two c o n s e c u t i v e bends), 11 f o l l o w s t h a t a 

w i d t h o f 520 m i s requi red. I f the r e t a r d e d scour 1s not taken i n t o account, t h i s wou 1d be 

400 m. 

From F i g u r e 3 . 5 . 2 i t f o l l o w s , t h a t f o r the domi nant w a t e r - l e v e l the conveyance o f the 

schematized c r o s s - s e c t i o n i s 7 , 1 0 0 m̂ '̂ .̂ Assumi ng a r e c t a n g u l a r l y shaped c r o s s - s e c t i o n , 

t h i s means t h a t the r e q u i r e d w i d t h t o o b t a i n a b e d - l e v e l o f 1 . 8 5 m below L.R.L. 1s 780 m, 

w h i l e n e g l e c t i n g the r e t a r d e d scour t h i s would be 6 6 0 m. 

Summarizing: The w i d t h on the c r o s s i n g requi red t o obta1n a depth o f 7 ' 6 " be 1ow L.R.L., 

ac c o r d i n g t o : 

compos i t e c r o s s - s e c t ion i s 400 m. 

I n c l u d i n g r e t a r d e d scour i s 520 m, 

r e c t a n g u l a r c r o s s - s e c t i o n i s 660 m, and 

i n c l u d i n g r e t a r d e d scour i s 780 m. 

I t i s d i f f i c u l t t o o b t a i n an i n s i g h t i n t o the r a t e o f r e t a r d e d scour In a composite 

channel when the I n i t i a l depth i s a 1 ready r e l a t i v e l y l a r g e . As some r e t a r d e d scour can, 

however, s t i l l be expected, a design w i d t h o f 6 0 0 m t h e r e f o r e seems s u f f i c i e n t . I f a r i v e r 

Improvement i s c o n s i d e r e d , by the c o n s t r u c t i o n o f groynes, the l e n g t h o f which can s t i l l 

be a d j u s t e d a t a l a t e r date (when i t i s known t h a t the r e q u i r e d depth i s s t i l l not reached), 

a w i d t h o f about 700 m seems to be s u f f i c i e n t . 

River s t r e t c h e s requi r m g Improvement 

As a l r e a d y mentioned, the s e c t i o n Barrancabermeja - Gamarra has been s t u d i e d In a 

somewhat d i f f e r e n t way from the o t h e r s e c t i o n s as f a r as the lower s t r e t c h i s concerned 

(downstream o f B a d i l l o ) . In t h a t s t r e t c h t h e r e are s t i l l a few d i f f i c u l t c r o s s i n g s , but these 

do not d i f f e r a p p r e c i a b l y from the c r o s s i n g s f u r t h e r upstream, w h i l e the r i v e r i n general 

o f f e r s b e t t e r n a v i g a t i o n c o n d i t i o n s . No measurements have been c a r r i e d o u t , n e i t h e r In the 

Brazo S i m i t f and the Brazo Morales, nor In the main r i v e r . As has been mentioned, t h e 

t h r e e channels ( S i m i t f , Morales and Magdalena) have a s t r o n g e r tendency t o meander than 

the Joined channels would have (see a l s o Part I I , F i g u r e 3 . 7 . 4 ) . 

According t o r i v e r o p e r a t o r s , i t seems a t present t h a t the Brazos S i m i t f and 

Morales g a i n i n importance a t the c o s t o f the main r i v e r c h a n n e l . This may w e l l be t r u e , 

as the system Is In a r a t h e r d e l I c a t e s t a t e o f e q u i 1 I b r i u m , and a s l i g h t Increase i n 

the r e s i s t a n c e o f the main channel may a l r e a d y cause a d i s t u r b a n c e o f t h i s e q u i l i b r i u m 

s i t u a t i o n . To make sure t h a t the main channel ( t h e Rfo Magdalena) w i l l be the major 

s h i p p i n g r o u t e In f u t u r e t o o , t h e r e s i s t a n c e should be kept as low as p o s s i b l e (by means 

o f d r e d g i n g ) , w h i l e the r e s i s t a n c e o f the o t h e r channels may even be inc r e a s e d . T h i s 

s u b j e c t , however, has not been s t u d i e d In deta1 1 by the Mi s s l o n . 
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The whole s t r e t c h between Barrancabermeja (km 6 3 0 ) and J u s t downstream o f the Rfo 

Sogamoso Confluence (km 610) i n f a c t o f f e r s bad c o n d i t i o n s f o r n a v i g a t i o n , l a r g e l y due 

to the i n f l u e n c e o f the Rfo Sogamoso. I t s h o u l d , t h e r e f o r e , be c o nsidered as one problem. 

In t h i s Chapter a p o s s i b l e a l i g nment o f the f u t u r e n a v i g a t i o n channel between Barranca­

bermeja and Pto. Wilches w i l l t h e r e f o r e be g i v e n . T h i s a l i g n m e n t was drawn, t a k i n g i n t o 

account the r e q u i r e d a c c e s s i b i l i t y f o r n a v i g a t i o n o f the Barrancabermeja P o r t , and the 

m o r p h o l o g i c a l c o n d i t i o n s o f the Rfo Sogamoso Confluence. The access to the Pto. Wilches 

quay w a l l , a l t h o u g h c o n s i d e r e d o f secondary importance, can p o s s i b l y be m a i n t a i n e d w i t h 

a l i m i t e d amount o f d r e d g i n g . However, the "Hidro E l e c t r i c a L e b r i j a " power s t a t i o n i s 

s i t u a t e d so u n f a v o u r a b l y , near km 626 along the r i g h t bank o f the RFo Magdalena, t h a t the 

i n t a k e o f the r e q u i r e d q u a n t i t y o f c o o l i n g water w i l l p r o b a b l y be d i f f i c u l t . 

For convenience, the consequent problems are t r e a t e d s e p a r a t e l y , 

Ibê_§££êl l_£9_the_BarrancabermeJa_Port 

Although a t p r e s e n t ( 1 9 7 3 ) the a c c e s s i b i l i t y o f the p o r t i s not bad, o n l y small 

changes i n the course o f the main channel upstream o f Barrancabermeja may a l r e a d y cause a 

d e t e r i o r a t i o n o f the e x i s t i n g s i t u a t i o n . F u r t h e r scour o f the r i g h t bank upstream o f 

Barrancabermeja, w i l l l i k e l y cause the c r o s s i n g o f the c u r r e n t t o s h i f t upstream, w i t h the 

u l t i m a t e r e s u l t t h a t near Barrancabermeja the main channel w i l l f o l l o w t he l e f t bank, 

causing s e d i m e n t a t i o n i n f r o n t o f the Barrancabermeja quays. A c e r t a i n tendency i n t h i s 

d i r e c t i o n can a l r e a d y be noted i n the p r e s e n t s i t u a t i o n . T h i s problem i s t r e a t e d i n Para. 

3 . 5 . 3 . 

I b e . L ' H l d r o . E l e c t r i c a _ L e b r l ] a ; . ' J k m j 2 6 ^ 

At km 626 a power s t a t i o n i s s i t u a t e d on the r i g h t bank behind an i s l a n d . The channel 

i n f r o n t o f t h i s bank i s blocked by s e d i m e n t a t i o n and c a r r i e s o n l y a small d i s c h a r g e , 

which i s almost reduced to n i l d u r i n g low water. Consequently, the c o o l i n g o f the gener­

a t o r s p resents d i f f i c u l t i e s , which w i l l even be aggravated when a planned e x t e n s i o n o f 

the power s t a t i o n i s c a r r i e d o u t . Something more i s s a i d about t h i s i n Para. 3 . 5 . 4 . 

I b ? _ 5 i 2_yagdalena_between_km_624_and^ 

In t h i s s t r e t c h t h e r e i s a l a r g e i s l a n d i n the m i d d l e o f the r i v e r . At p r e s e n t the 

channel along the r i g h t - h a n d bank i s the main n a v i g a t i o n c h a n n e l , but i n 1970 the main 

n a v i g a t i o n r o u t e s t i l l f o l l o w e d the l e f t bank. In p a r t i c u l a r a t the upstream end, both 

channels g e n e r a l l y o f f e r problems f o r n a v i g a t i o n . This problem i s a l s o d e a l t w i t h i n 

Para 3 . 5.4. 

Ib§_BÏ9_§2a§Q!2S9_Q9Dfly§D£§_l !5[D_6l3_:_!<Q]-6l 0 } 

During r e l a t i v e l y h i g h stages o f the RFo Sogamoso (compared w i t h the RFo Magdalena), 

s e d i m e n t a t i o n occurs downstream o f the c o n f l u e n c e because the RFo Magdalena cannot t r a n s p o r t 

the l a r g e amounts o f sediment brought down by the RFo Sogamoso. Sedimentation a l s o occurs 

upstream o f the c o n f l u e n c e , due to a p o s i t i v e backwater-curve i n the RFo Magdalena and, 

consequently, lower f l o w v e l o c i t i e s . When the d i s c h a r g e o f the RFo Sogamoso ag a i n d i m i n i s h e s , 

the RFo Magdalena o f f e r s bad n a v i g a t i o n c o n d i t i o n s i n t h i s a r e a. More i s s a i d about t h i s 

problem i n Para. 3 . 5 . 5 . 
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In f r o n t o f Pto. Wilches the n a v i g a t i o n c o n d i t i o n s a r e g e n e r a l l y not bad, but the 

channel o f t e n s h i f t s i t s course from one s i d e o f the r i v e r t o the o t h e r . When the channel 

does f o l l o w the l e f t bank (as a t p r e s e n t ) , t h e access t o the quay w a l l i n Pto. Wilches i s 

blocked by s e d i m e n t a t i o n . In Para. 3.5.6 i t i s c o n s i d e r e d whether the s i t u a t i o n can be im­

proved o r whether i t i s b e t t e r t o abandon the f a c i l i t i e s a t Pto. Wilches a l t o g e t h e r ! 

3 . 5 . 2 . Temporary improvement by means o f dredging 

As f o r a l l t h e o t h e r s e c t i o n s , the amount t o be dredged has t o be determined. A r e q u i red 

minimum depth o f 7'6" has been considered ( i n agreement w i t h the Schedule o f O p e r a t i o n s ) . 

In t h i s s e c t i o n the c r o s s i n g s are g e n e r a l l y deeper and f a r t h e r a p a r t , because t h e 

r i v e r i s w i d e r ( e s p e c i a l l y below the Rfo Sogamoso C o n f l u e n c e ) . However, I t was assumed t h a t 

on a l l c r o s s i n g s s h a l l o w e r than 7'6", r e t a r d e d scour would s t i l l o c cur. According t o the 

computations (see F i g u r e 3 . 5 . 4 ) , the r e t a r d e d scour would be i n the o r d e r o f 2 ' . As the amount 

to be dredged was based on the sounding o f March 1 9 7 2 , some scour would a l r e a d y have taken 

p l a c e , so o n l y p a r t o f the scour ( 1'6") has been taken i n t o account. The s h a l l o w e s t c r o s s i n g 

d u r i n g t h i s sounding was measured a t km 611.3 a t the mouth o f the Rfo Sogamoso, where the 

depth was 2 ' below L.R.L. 

Again 301 has been added t o the amount t o be dredged: 15% f o r waste and s i d e - s l o p e s o f 

the channel and 15% f o r the assumption t h a t the recorded depth i s r e p r e s e n t a t i v e f o r the f u l l 

w i d t h (50 m) o f the channel. 

The t o t a l volumes t o be dredged, a r e g i v e n i n Table 3 . 5 . 1 . 

K i l o -
Rlver sect ions „„^„..^ meters 

Retarded scour not 

i ncIuded 

Retarded scour 

included K i l o -
Rlver sect ions „„^„..^ meters 

Volume Extra (30%) Total 

volume 

(m') (m') (ra') 

Volume Extra (30%) Total 

vo t ume 

(m>) (n,= ) (m') 

Barrancabermeja - Pto. WHches 630-597 

Pto. Wilches - Gamarra 597-^75 

321,000 96,000 1117,000 

1)19,000 126,000 5*5,000 

1911,000 58,000 252,000 

189,000 57,000 21)6,000 

Total 962,000 Total ))98,000 

Table 3 . 5 . 1 Q u a n t i t i e s t o be Dredged between Barrancabermeja and Gamarra 

3 . 5 . 3 . The access t o the Barrancabermeja P o r t 

The access t o the Barrancabermeja P o r t i s governed by the c o n f i g u r a t i o n upstream 

o f the p o r t . As upstream o f Barrancabermeja the r i v e r i s f r e e t o move i n i t s h i g h 

water bed, a good as w e l l as a bad s i t u a t i o n may develop. In Figu r e 3 . 5 . 5 i t can be 

seen, t h a t the pre s e n t s i t u a t i o n ( 1 9 7 2 / 1 9 7 3 ) i s much b e t t e r than t h a t i n 1923 and i n 

1 9 5 4 . 
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In 1923, t h e main channel crossed J u s t upstream o f Barrancabermeja from t he r i g h t 

bank to the i s l a n d s along the l e f t bank, w i t h a tendency t o s p l i t and form an i s l a n d 

i n the middle (Galan) . One channel then crossed back t o Barranqui ta and f o l l o w e d the 

present channel 1n f r o n t o f the power s t a t i o n , wh11e the o t h e r went a long the 1 e f t -

hand s i d e o f the " I s l a de Galera". In t h i s way, the quays a t Barrancabermeja tended t o 

be s i t u a t e d 1n an i nner bend, wi t h o n l y smal 1 depths. In 1954, the s i t u a t i o n was ver y 

c o m p l i c a t e d : the l a r g e i s l a n d upstream o f Barrancabermeja ( " I s l a de San A n t o n i o " ) had 

moved downstream, p a r t l y i n f r o n t o f the quays, b l o c k i n g t h e i r access. Upstream o f the 

i sland t h e r e were f l a t s . 

Compared t o t h i s , the 1 9 7 2 - s i t u a t i o n appears t o be more f a v o u r a b l e f o r n a v i g a t i o n 

purposes b u t , dangerous i n view o f i t s i n s t a b i l i t y , because the r i g h t bank upstream o f 

Barrancabermeja has scoured c o n s i d e r a b l y (and i n f a c t i s s t i l l e r o d i n g ) . A l t h o u g h p a r t o f 

t h e c u r r e n t s t i l l f o l l o w s the r i g h t - h a n d bank along the quay w a l l , i t may be expected t h a t 

i f scour o f t h i s bank upstream i s not stopped, a f t e r some time the c r o s s i n g o f the main 

channel w i l l s h i f t upstream o f the quays (Hotel P i p a t o n ) . The quays w i l l then a g a i n be 

s i t u a t e d i n an inner bend and p o s s i b l y a l a r g e sand-bank w i l l be formed t h e r e . To prevent 

t h i s u n f a v o u r a b l e development, the scour o f the r i g h t - h a n d bank upstream o f Barrancabermeja 

should not o n l y be stopped, but the al i g n m e n t o f t h i s bank should p a r t l y be brought back 

as i n d i c a t e d i n F i g u r e 3.5.6. (As has a l r e a d y been e x p l a i n e d , the a l i g n m e n t g i v e n i n t h i s 

f i g u r e a l s o takes 1nto account the s i t u a t ions near the Sogamoso Conf i uence and near Pto. 

W i l c h e s ) , In o r d e r t o ensure such an a l i g n m e n t , a t the upstream end p r o v i s i o n s should be 

made to t r a p the c u r r e n t i n any d i r e c t ion from which the c u r r e n t would come. However, as 

t h e r i s k w i l l always e x i s t t h a t a new channel w i l l be formed o u t s i d e (behind) t he i n d i c a t e d 

a l i g n m e n t , t h i s must be prevented a t a 11 c o s t s . 

For the types o f c o n s t r u c t i o n t o be used f o r these r i v e r - w o r k s , r e f e r e n c e i s made to 

Chapter 2 and to Paras. 3.2.3 and 3.4.4. 

The c o s t o f the r i v e r - w o r k s as i n d i c a t e d i n F i g u r e 3.5.6, from upstream o f Barranca­

bermeja t o Pto. Wilches, w i l l be e x t r e m e l y h i g h . They w i l l not a l l have t o be made a t the 

same t i m e , but a s t a r t i s r e q u i r e d i n any case t o ensure access t o the Barrancabermeja P o r t . 

An e s t i m a t e o f the t o t a l c o s t rnay be i n the o r d e r o f C o l . $ 1,000,000,000. 

lhË.^ll^±iL9^1lÊ£ln-£È.J::Sh£L}^'' 6 2 6 ) and n a v i g a t i o n between km 624 and km 621 

A l a r g e i s l a n d ("Galera") Is s i t u a t e d i n the middle o f the r i v e r , wi t h a channel on 

both s i des o f about equal importance. Sometimes the best n a v i g a t i o n channel i s a l o n g the 

l e f t bank (as i n 1970), and sometimes along the r i g h t bank (1973). For n a v i g a t i o n purposes, 

11 would be best t o 1ncrease the res 1 stance o f the l e f t - h a n d channel (see F i g u r e 3.5.6), 

and thus obta i n a permanent p r e f e r e n c e f o r the r ight-hand channel. 

In connect ion wi t h the cool 1ng water problem o f the powe r s t a t i o n , however, p r o b a b l y 

both s o l u t i o n s are equa11 y bad. 1f the r i g h t - h a n d channel i s ma i nta1ned, the power s t a t ion 

i s s i t u a t e d a long an 1nner bend o f the r i v e r and even w i t h o u t the i s l a n d i n f r o n t o f the 

powe r s t a t i o n , a sand-bank would form. I f the l e f t - h a n d channel wou Id be m a i n t a i n e d , 

the lower end o f the mi nor branch 1n f r o n t o f the power s t a t i o n would sed iment (see 
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F i g u r e 3 . 5 . 6 ) . (11 may be seen i n F i g u r e 3 . 5 . 5 , t h a t i n 1954 and 1972 the s i t u a t i o n was 

not v e r y f a v o u r a b l e , w h i l e a l s o i n 1923 the s 1 t u a t ion would have been d 1 f f i c u l t ) . 

In F i g u r e 3 . 5 . 6 a poss i b l e a 1ignment o f the f u t u r e n a v i g a t i o n channel i s g i v e n , 

primar i1y based on the requi red access 1 b i 1 i t y o f the Barrancabermeja P o r t and the 

mo r p h o l o g i c a l cond i t ions o f the Rfo Sogamoso Confluence. In f a c t , an a 1Ignment where the 

Barrancabermeja quays a r e s i t u a t e d along an o u t e r bend, wi11 genera 11y have the power 

s t a t i o n a long an 1nner bend. Thi s means, t h a t the c o o l i n g problem o f the power s t a t i o n 

should be adapted t o the i n d i c a t e d f u t u r e s 1 t u a t l o n . Plans e x i s t t o obta1n c o o l i ng water 

near Barranqu i t a , a f t e r the extens ion o f the powe r s t a t i o n , and the requ1 red amount o f 

c o o l i ng water (6 m^/s), wi11 then be t r a n s p o r t e d t o the powe r s t a t ion through a p l p e l i n e . 

The a 1Ignment g i ven i n F1 gure 3 . 5 . 6 , should guarantee the ava i l a b i 1 i t y o f water a t the 

water i ntake. Some r iv e r - w o r k s w i l l , however, be requ i red because the p r e s e n t s i t u a t i o n 

does not seem s t a b l e and, 1f no such works are c a r r i e d o u t , a v a i l a b i l i t y o f water a t the 

i ntake f o r the powe r s t a t i o n cannot be guaranteed. 11 i s quest i o n a b l e whether the planned 

i ntake near B a r r a n q u i t a 1s v e r y sui t a b l e , because i n the g iven a 1Ignment the 1ntake would 

be s i t u a t e d i n an i nner bend and a spec ia1 p r o v i s ion would be requi red ( f o r example , 

a mobl1e water i n t a k e ) . 

3 . 5 . 5 . The Rfo Sogamoso Conf1uence 

The RFo Sogamoso i s , a f t e r the RFo Cauca, the l a r g e s t t r 1 b u t a r y o f the RFo Magdalena, 

and i t br1ngs 1arge quant 111es o f sed iment 1nto the RFo Magda1ena, which p a r t l y sed iment 

t h e r e . The e x t r a water d i scharge a 1 so has 1ts e f f e c t on the r i v e r , not o n l y downstream but 

a 1 so upstream o f the c o n f l u e n c e , due to backwa t e r e f f e c t s ( t h e reg imes o f RFo Magdalena and 

the RFo Sogamoso are o f t e n not 1n phase). The course o f the RFo Magdalena changes r a p i d l y 

i n t h i s area; not o n l y as f a r as the low water bed i s concerned, but a 1 so the h i g h water banks 

s h i f t f r e q u e n t l y (a case h1 s t o r y 1s g1ven 1n F i g u r e 3 . 5 . 5 ) . 

Thi s area 1s the ma i n b o t t l e - n e c k f o r r i v e r t r a f f i c between the Car i bbean Coast and 

Barrancabermeja, due to the f o l l o w i ng f a c t s : 

A h i g h d1scharge o f the RFo Sogamoso, combi ned wi t h a r e l a t i v e l y low d i scharge o f the 

RFo Magdalena, resu1ts upstream o f the conf1uence 1n a p o s l t i v e backwater-curve (depth 

l a r g e r than norma 1 ) , caus1ng s e d i m e n t a t i o n . When the d1scharge o f the RFo Sogamoso 

aga1n drops, the RFo Magdalena removes t h i s sed i m e n t a t i o n , but the n a v i g a t i o n channel 

has a 1 ready been s p o i 1 1 and t ime 1s r e q u i red b e f o r e the r i v e r has aga i n scoured a new 

channel through the s e d i m e n t a t i o n . 

The same high d1scharge o f the RFo Sogamoso br i ngs more sed iment 1nto t h e RFo Magdalena 

than t h i s r i v e r can t r a n s p o r t . Again, t h i s s e d i m e n t a t i o n w i l l be removed dur i ng h i g h e r 

d i scharges o f the RFo Magdalena, but unt i1 t h a t t ime the n a v i g a t i o n channel downstream 

of the conf1uence 1s s p o i 1 t . 

Even when good channels ex 1s t , they a r e d i f f i c u l t t o f i nd f o r n a v i g a t i o n because o f 

t h e i r r a p i d changes and high s i nuos1ty. 

I n t r o d u c t ion 
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Due to l a r g e expanse o f water, o r i e n t a t i o n i s d i f f i c u l t , which i s y e t another reason 

why the best cliannel may be missed (even when i n d i c a t e d by beacons). Buoyage, t h e r e f o r e , 

seems t o be r e q u i r e d t o mark the n a v i g a b l e channel. 

Permanent r i v e r - w o r k s are not s u i t a b l e t o s o l v e the problems i n t h i s a r e a , i n view o f 

the changes t h a t occur so r a p i d l y . To be a b l e to adapt the r i v e r improvement t o these 

changing condi t i o n s , temporary works and semi-permanent r i v e r - w o r k s wi11 be more s u i t a b l e . 

Recurrent dredging wi 11 be r e q u i r e d , but a l s o the c l o s u r e o f secondary branches as'a semi­

permanent work may improve the condi t i o n s f o r n a v i g a t i o n . A l l temporary works s h o u l d , 

however, take i n t o account the r e q u i r e d a c c e s s i b i 1 i t y o f the Barrancabermeja P o r t and the 

a l i g n m e n t o f f u t u r e permanent r i v e r - w o r k s . The usefulness o f these semi-permanent works 

in t h i s area has been proved by the c l o s u r e o f a secondary branch by ADENAVI i n 1966 and 

which, a c c o r d i n g t o ADENAVI, improved s h i p p i n g c o n d i t i o n s c o n s i d e r a b l y f o r some years 

(see F i g u r e 3.5.7) . 

The area near the RFo Sogamoso Confluence was a l s o s e l e c t e d t o c a r r y o u t t e s t d r e d g i n g 

i n 1 9 7 2 ; not so much because t e c h n i c a l l y i t was the most sui t a b l e area f o r t e s t d r e d g i n g , 

but because i t was the b o t t l e - n e c k f o r n a v i g a t i o n between Calamar and Barrancabermeja and 

s u c c e s s f u i d r e d g i n g would have g i v e n the most d i r e c t improvement f o r s h i p p i n g . Moreover, the 

area i s c l o s e to Barrancabermeja (MITCH o f f i c e ) , so t h a t i t was e a s i e r t o s u p e r v i s e the dredging 

and c a r r y out the r e q u i r e d measurements. As the t e s t dredging i n 1972 must be considered a 

complete f a l l u r e , i t was recommended t o repeat the t e s t d r e dging i n 1973 i n t h i s area. 

In view o f the a v a i l a b l e data gathered f o r the t e s t d r e d g i n g , t h i s area has a l s o been 

used as a t e s t case f o r the computation o f the scour on a c r o s s i n g , a l t h o u g h t e c h n i c a l l y 

more s u i t a b l e places ( l e s s c o m p l i c a t e d ) c o u l d have been found (Chapter 3 . 8 o f P a r t I I ) . 
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Case h i s t o r y 

I t i s p o s s i b l e t o o b t a i n an i n s i g h t i n t o t h e m o r p h o l o g i c a l c h a n g e s o v e r t h e p a s t 50 

y e a r s by c o m p a r i n g t h e s o u n d i n g s made by t h e J u l i u s B e r g e r K o n s o r t i u m ( 1 9 2 3 ) , t h e a e r i a l 

p h o t o g r a p h s o f 1954 and t h o s e o f 1 9 7 2 . A l t h o u g h t h e r n a i n c o u r s e o f t h e r i v e r d i d n o t c h a n g e 

o v e r v e r y l a r g e d i s t a n c e s , t h e c h a n g e s have been s u c h , t h a t i t was i m p o s s i b l e t o make a 

c o m p a r i s o n o f m e r e l y t h e a r e a n e a r t h e RFo Sogamoso C o n f l u e n c e . O n l y by c o m p a r i n g t h e c o m p l e t e 

s e c t i o n b e t w e e n B a r r a n c a b e r m e j a and P t o . W i l c h e s , c o u l d t h e a e r i a l p h o t o g r a p h s be a d j u s t e d 

and t h e s h i f t s o f t h e r i v e r be J u d g e d ( s e e F i g u r e 3 . 5 . 5 ) . The r a p i d s h i f t s c a n a l s o be 

d e d u c e d f r o m t h e bank J u s t o p p o s i t e t h e m o u t h o f t h e Rfo Sogamoso, w h e r e many o l d b a n k s 

may be seen c r o s s i n g one a n o t h e r ( i n s t e a d o f h a v i n g a t e n d e n c y t o be p a r a l l e l ) , a l t h o u g h i t 

i s i m p o s s i b l e t o say w h i c h bank i s t h e o l d e s t o n e . The m o u t h o f t h e R i b Sogamoso m u s t have 

s h i f t e d s e v e r a l t i m e s , b u t n o t o v e r v e r y l a r g e d i s t a n c e s . The s e c o n d a r y c h a n n e l s d o w n s t r e a m 

o f t h e c o n f l u e n c e ( a l o n g t h e l e f t b a n k ) , w h i c h a r e g i v e n on t h e 132^, map ( a n d f o r a l a r g e 

p a r t a l s o on t h e p h o t o g r a p h s o f 1 9 5 4 ) , w e r e a l m o s t c o m p l e t e l y s e d i m e n t e d i n 1 9 7 2 , p o s s i b l y 

p a r t l y due t o t h e w o r k s c a r r i e d o u t by ADENAVI. 

The l o w i s l a n d i n f r o n t o f t h e m o u t h o f t h e Rfo Sogamoso, w h i c h a p p e a r e d on t h e 1954 

p h o t o g r a p h s , was i n 1971 a c t u a l l y much l a r g e r ( s e e F i g u r e 3 - 5 . 8 ) , b u t d i s a p p e a r e d a g a i n i n 1972 

I n 1 9 6 6 , w i t h t h e h e l p o f a d r e d g e r (DH 6 ) , ADENAVI c l o s e d a number o f s e c o n d a r y 

c h a n n e l s , o p p o s i t e t h e m o u t h o f t h e Rfo Sogamoso, Remnants o f t h e s e c l o s u r e s can s t i l l be 

seen on t h e p h o t o g r a p h s o f 1972 ( s e e a l s o F i g u r e 3 - 5 . 5 ) . As a r e s u l t o f t h e s e w o r k s , t h e 

m a i n c u r r e n t was f o r c e d a l o n g t h e r i g h t b a n k , w h i l e a l o n g t h e l e f t - h a n d s i d e a new bank was 

f o r m e d o f t h e c o n n e c t e d i s l a n d s . The c o n d i t i o n s f o r n a v i g a t i o n i m p r o v e d t e m p o r a r i l y , b u t due 

t o s c o u r o f t h e u n p r o t e c t e d r i g h t b a n k , t h e r i v e r w i d e n e d and s t a r t e d t o b r a i d a g a i n , 

c o u n t e r a c t i n g t h e o r i g i n a l i m p r o v e m e n t . I t i s n o t known, w h e r e t h e m a j o r n a v i g a t i o n p r o b l e m s 

e x i s t e d b e f o r e t h e m a i n c h a n n e l was f o r c e d a l o n g t h e r i g h t b a n k ; a t p r e s e n t , h o w e v e r , t h i s 

o f t e n o c c u r s n e a r km 6 1 5 , u p s t r e a m o f t h e c o n f l u e n c e ( s e e a l s o F i g u r e 3 . 5 - 9 ) . 

The more r e c e n t c h a n g e s can be s t u d i e d i n g r e a t e r d e t a i l , w i t h t h e h e l p o f t h e a v a i l a b l e 

s o u n d i n g s and f l o w - l i n e s . T h i s i s done l a t e r when d i s c u s s i n g t h e t e s t d r e d g i n g o f 1 9 7 2 . 

I m p r o v e m e n t o f t h e s e c t i o n 

I n v i e w o f t h e r a p i d c h a n g e s and t h e many d i f f e r e n t c h a n n e l s , i t seems w o r t h w h i l e 

t o t r y and o b t a i n a more s t a b l e s i t u a t i o n w i t h f e w e r s e c o n d a r y c h a n n e l s , more o r l e s s 

i n t h e way a l r e a d y t r i e d by ADENAVI i n 1 9 6 6 . However, due t o t h e s e r a p i d c h a n g e s , i t i s 

i m p o s s i b l e t o p r e d i c t e x a c t l y how t h e r i v e r w i l l r e a c t t o s u c h w o r k s a n d , as t h e r i v e r ' s 

r e a c t i o n a l s o may d i f f e r f r o m one s e a s o n t o a n o t h e r , i t i s n e c e s s a r y t o use a f l e x i b l e 

s y s t e m o f r i v e r - w o r k s . T h i s i s o n l y p o s s i b l e by means o f t e m p o r a r y and s e m i - p e r m a n e n t 

r i v e r - w o r k s , w h i l e d r e d g i n g w i l l a l w a y s be r e q u i r e d . I n f u t u r e , t h e s e t e m p o r a r y w o r k s may 

have d e v e l o p e d a more s t a b l e s i t u a t i o n , w h i c h may t h e n be f i x e d by means o f p e r m a n e n t 

r i v e r - w o r k s . 
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ESCALA/SCALE 1:10.000 

FECHA/DATE 4.5.9.10-m-1.971 

NIVEL DE REDUCClÓN: 0.70 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PTO WILCHES 

CHART DATUM: 0.70 metres ABOVE ZERO OF THE PTO WILCHES GAUGE 

FECHA /DATE: 31 - YM- 1971 NIVEL DE ACUA/ WATERLEVEL ' 2.05 m SOBRE EL DATUM / ABOVE DATUM 

LINEAS DE CORRIENTE/ FLOW £//VfS—i-is > VELOCIDAD EN m/seg. / VELOCITY IN m/s 







RIO MAGDALENA xm sw-xm eu ' Z ~ RIO SOGAMOSO 
ESCALA/SCALE 1:10.000 

FECHA/DATE 15-:XE-1.971 

NIVEL DE REDUCClÓN: D 70 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PTD WILCHES 

CHART DATUM: 0.70 metres ABOVE ZERO OF THE PTD WILCHES GAUGE 

CURVAS ISOBATAS 

DEPTH CONTOURS 

0 m 

-— 1.5 m 

2.5 m 

— 5 m 

PLAYA, SOBRE EL DATUM 

DRY, ABOVE DATUM 

NEDECO RIO MA6DALENA-CANAL DEL DIQUE SURVEY PROJECT FIG. 3.5.9 



?/(? MAGDALENA xm m-xm 609 " ' V " RIO SOGAMOSO 
ESCALA/SCALE 1:10.000 

FECHA/DATE 11-1-1.972 

NIVEL DE REDUCClÓN: 0.70 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PTO WILCHES 

CHART DATUM: 0.70 metres ABOVE ZERO OF THE PTO WILCHES GAUGE 

FECHA/DATE: 12-1-1.972 NIVEL DE AGUA / WATERLEVEL : 1.55m SOBRE EL DATUM / ABOVE DATUM 

LINEAS DE CORRIENTE / FLOW LINES t̂is—» VELOCIDAD EN m/seg. / VELOCITY IN m/s 

CURVAS ISOBATAS 1.5 m ( J PLAYA. SOBRE EL DATUM 

DEPTH CONTOURS 2.5 m DRY, ABOVE DATUM 

5 ^ 

FIG. 3.5.10 







SONOEO 

SOUNDING RIO MAGDALENA ,m ew-xm eu " Z " RIO SOGAMOSO 
ESCALA/SCALE 1:10.000 

FECHA/DATE 10-1-1.972 

NIVEL DE REDUCCION: 0.70 metros SOBRE ELCERO DEL FLUVIÓMETRO DE RTD WILCHES 

CHART DATUM: 0.70 metres ABOVE ZERO OF THE PTO WILCHES GAUGE 

FECHA./DATE: 12-I-1.972 NIVEL DE AGUA / WATERLEVEL = 1.55 m SOBRE EL DATUM / ABOVE DATUM 

LINEAS DE CORRIENTE/ FLOW UNES — 1 . , 8 ^ - * VELOCIDAD EN m/seg. / VELOCITY IN m/s 

0 m 

CURVAS ISOBATAS 1,5 m m-y:^w::W PLAYA, SOBRE EL DATUM 

DEPTH CONTOURS 2.5 m 

5 m 

DRY, ABOVE DATUM 

NEDECO RIO MAGDALENA- CANAL DEL DIQUE SURVEY PROJECT FIG. 3.5.11 



SONDEADO 

SURVEYED 

SOUNDING 

SONDEO 

RIO MAGDALENA km 616-km 614 
AGUAS ARRIBA DEL 

UPSTREAM OF Rfo SOGAMOSO 
ESCALA/SCALE 1:10.000 

FECHA/DATE 15-X-1.972 

NIVEL DE REDUCCION: 0.70 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PTD WILCHES 

CHART DATUM: 0.70 metres ABOVE ZERO OF THE PTO WILCHES GAUGE 

FECHA/DATE: 10-1-1.972 NIVEL DE AGUA/ WATERLEVEL •• 0.90 m SOBRE EL DATUM / ABOVE DATUM 

LINEAS DE CORRIENTE/FLOW LINES — L I B * VELOCIDAD EN m/seg. / VELOCITY IN m/s 

CURVAS ISOBATAS 

DEPTH CONTOURS 

0 m 

1.5 rn 

2.5 m 

5 m 

NEDECO Rto MAGDALENA-CANAL DEL DfQUE SURVEY PROJECT FfG. 3.5.12 



RIO MAGDALENA ,m eis-xm eu RIO SOGAMOSO 
ESCALA/SCALE 1:10.000 

FECHA/DATE 29-E-1972. 1.2.3-M-1972 

NIVEL DE REDUCClÓN: O. 70 metros SOBRE EL CERO DEL FLUVIÓMETRO DE PTD WILCHES 

CHART DATUM: 0.70 metres ABOVE ZERO OF THE PTO WILCHES GAUGE 

FECHA/DATE: 3-11-1.972 NIVEL DE AGUA / WATERLEVEL : 1.10 m SOBRE EL DATUM/ABOVE DATUM 

LINEAS DE CORRIENTE / FLOW LINES — l i s > VELOCIDAD EN m/seg./ VELOCITY IN m/s 

0 m ^ 

CURVAS ISOBATAS 1.5 m / ^ ) PLAYA. SOBRE EL DATUM 
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SONDEO 
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NEDECO RIO MAGDALENA-CANAL DEL DIQUE SURVEY PROJECT FIG. 3.5.14 
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SONDEO 

I SOUNDING RIO MAGDALENA km 616-km 614 
AGUAS ARRIBA DEL 
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I l l , 3 . 5 

The u n p r e d i c t a b i l i t y o f the r e a c t i o n on (even temporary) r i v e r - w o r k s i n t h i s s e c t i o n , 

i s m a i n l y caused by the i n f l u e n c e o f the d i r e c t i o n o f the c u r r e n t e n t e r i n g the Improved 

s e c t i o n . This d i r e c t i o n depends on developments f u r t h e r upstream, and the i n f l o w a t t h e 

upstream end should t h e r e f o r e be somewhat more s t a b l e . T h i s can be o b t a i n e d by a bank 

p r o t e c t i o n along the e r o d i n g l e f t bank between km 6 2 0 and km 6 l 6 . Some p r o t e c t i o n may, 

however, a l s o be r e q u i r e d along the r i g h t bank near km 6 l 4 . Some o f the secondary channels 

along the r i g h t bank (km 615) may then be c l o s e d . T h e r e a f t e r , I t i s co n s i d e r e d a d v i s a b l e 

t h a t developments i n t h i s s e c t i o n be s t u d i e d , b e f o r e any new r i v e r - w o r k s are 

c a r r i e d o u t . In the meantime, dredging w i l l be necessary t o ensure s u f f i c i e n t depth 

f o r n a v i g a t i o n . 

Dredg i ng 

One o f the ideas on which the present Report i s based, i s t h a t i t w i l l be p o s s i b l e 

t o m a i n t a i n a good n a v i g a t i o n channel by means o f the r e c u r r e n t dredging o f c r o s s i n g s . 

Whether t h i s i s indeed p o s s i b l e , can o n l y be a f f i r m e d by means o f t e s t d r e d g i n g , the 

purpose o f which should be i n the f i r s t p l a c e , t o study t h e s t a b i l i t y o f a number o f 

p r o p e r l y a l i g n e d dredge c u t s . NEDECO advised such t e s t d r e dging t o be c a r r i e d o u t i n the 

months January and February 1 9 7 2 , and a t r i a l has been made w i t h the dredger DH 1 0 . 

A l t h o u g h much experience has been gathered about dredging i n general and the 

a v a i l a b l e dredgers i n Colombia, the 1972 t e s t d r e dging must be considered a f a i l u r e , 

m a i n l y due to o r g a n i z a t i o n a l f a u l t s . F o r t u n a t e l y , the Colombian Government decided t o 

c a r r y o u t another t e s t dredging i n the months June t o August, 1 9 7 3 , w i t h a more s u i t a b l e 

dredger (DH 6 ) . I f i t w i l l appear d u r i n g t h i s t e s t d r e d g i n g , t h a t a s t a b l e dredge c u t 

cannot be made, the pres e n t Report would have t o be r e - e v a l u a t e d . Some f a i t h i n the 

s t a b i l i t y o f such a dredge c u t can, however, be had, because the channel chosen t o be dredged 

in 1 9 7 2 , scoured a f t e r a month by the r i v e r i t s e l f and was mai n t a i n e d u n t i l t h e next h i g h 

water p e r i o d ( A p r i l - May, 1 9 7 2 ) , w h e r e a f t e r the channel s i l t e d up c o m p l e t e l y . 

In F i g u r e 3.5.8 a sounding made i n August 1 9 7 1 , was g i v e n o f the area near t o the Rfo 

Sogamoso Confluence. This sounding was used t o o b t a i n a f i r s t impression o f the best 

place t o c a r r y o u t the t e s t d r e d g i n g . At t h a t time the w o r s t place f o r n a v i g a t i o n was 

found j u s t i n f r o n t o f the mouth o f the RFo Sogamoso, where the l e a s t a v a i l a b l e depth was 

less than 5' below L.R.L. The n a v i g a t i o n d i d not have many problems a t t h a t t i m e , because 

the w a t e r - l e v e l s were w e l l above L.R.L. 

More c h a r a c t e r i s t i c as a c r o s s i n g i s the one a t km 610 ( i n d i c a t e d by B i n F i g u r e 

3 . 5 . 8 ) , w h i c h , a c c o r d i n g t o the sounding, d i d o f f e r s u f f i c i e n t depth. At the same tim e (August 

1 9 7 1 ) , a c r o s s i n g f u r t h e r upstream (km 6 l 4 ) presented some problems, but no soundings were 

made i n t h a t area. 

I t was thought t h a t two o r t h r e e o f the c r o s s i n g s would be s u i t a b l e f o r t e s t 

d r e d g i n g . As may be seen, a r a t h e r deep channel e x i s t e d along the l e f t bank, separated 

from the r i g h t - h a n d channel by a l a r g e i s l a n d . The ent r a n c e t o the l e f t - h a n d channel 

( i n d i c a t e d by C i n Fi g u r e 3 . 5 . 8 ) , was blocked (depths less than 3 ' below L.R.L. were 
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o b s e r v e d ) . I t was c o n s i d e r e d , whether the l e f t - h a n d channel c o u l d be opened by 

dredging t h i s e n t r a n c e , o r the o t h e r c r o s s i n g s be dredged and t h i s l e f t - h a n d channel 

be c l o s e d , because i t was drawing w i t h a p p r e c i a b l e v e l o c i t i e s a r e l a t i v e l y l a r g e 

amount o f water (see the f l o w - l i n e s o f F i g u r e 3 . 5 . 8 ) . 

During a reconnaissance survey, made i n December 1971, i t appeared t h a t t he area 

between l<m 614 and km 6 l 6 again o f f e r e d the w o r s t n a v i g a t i o n c o n d i t i o n s o f t h i s r e g i o n . 

A sounding o f t h a t area was t h e r e f o r e made, which i s g i v e n i n F i g u r e 3 . 5 . 9 . Not o n l y 

was the l e a s t a v a i l a b l e depth less than 5' below L.R.L., but the channel appeared t o be 

r a t h e r u n s t a b l e . In January 1972, both regions were t h e r e f o r e again sounded ( F i g u r e s 

3.5 . 1 0 and 3 . 5 - 1 1 ) . 

Comparing Figures 3-5-8 and 3 - 5 - 1 0 , i t can be seen t h a t the t h r e e c r o s s i n g s , 

i n d i c a t e d by A, B and C i n F i g u r e 3-5.8, d e t e r i o r a t e d . In f r o n t o f the mouth o f the R'o 

Sogamoso, a l a r g e sand-bank developed. Near km 615 the s i t u a t i o n d e t e r i o r a t e d even more 

(compare F i g u r e s 3.5 . 9 and 3 . 5 . 1 1 ) , and o n l y a 30 m wide and r a t h e r curved channel o f 

about 5' below L.R.L. remained. I t was decided, t h a t i n view o f t h i s bad s i t u a t i o n , 

t h i s c r o s s i n g would be dredged f i r s t . In F i g u r e 3.5.11 i t can be seen, t h a t the c u r r e n t 

c o n c e n t r a t e d on the c r o s s i n g , and good r e s u l t s o f the dredging were t h e r e f o r e expected 

i f the f l o w - l i n e s c o u l d be f o l l o w e d p r o p e r l y . 

The designed dredge-cut i s shown i n F i g u r e 3 . 5 . 1 1 . Although the dredger a r r i v e d 

i n Barrancabermeja on January 2 1 , 1 9 7 2 , f o r several reasons ( o r g a n i z a t i o n , l a c k o f 

a u x i l i a r y equipment, e t c . ) , the f i r s t a t t e m p t t o dredge a t km 6 1 5 was not made b e f o r e 

February 1 0 , when the dredger worked f o r o n l y 2 hours. Between February 10 and 2 6 , 

the dredger worked i n t o t a l about 10 hours, and no dredge c u t c o u l d t h e r e f o r e be made. 

During and a f t e r the dredging soundings were made and f l o w - l i n e s measured l o c a l l y , 

to study the development o f the channel t o be dredged. In the sounding o f February 

15 ( F i g u r e 3 . 5 - 1 2 ) , the channel was p r a c t i c a l l y open and f u r t h e r d r e d g i n g served no 

purpose. The f a c t t h a t the channel opened, may be a reason f o r some opt i m i s m r e g a r d i n g 

the p o s s i b i l i t i e s o f d redging c r o s s i n g s . 

In F i g u r e 3.5 . 1 3 a very s l i g h t s h i f t i n g o f the channel appears, but p r i n c i p a l l y 

t h e r e i s not much d i f f e r e n c e . In Figures 3-5 . 1 2 and 3 . 5 . 1 3 , however, i t can be seen t h a t 

the f l o w - l i n e s are less c o n c e n t r a t e d , c o r r e s p o n d i n g t o an i r r e g u l a r and s l o w l y r i s i n g 

w a t e r - l e v e l . 

A f i n a l sounding o f the c r o s s i n g was made i n May 1 9 7 2 , a t the end o f the h i g h 

water season ( F i g u r e 3.5.14). The s i t u a t i o n had then changed d r a s t i c a l l y , w i t h t he main 

n a v i g a t i o n r o u t e f o l l o w i n g the l e f t bank. This meant t h a t dredging would have had t o 

be repeated i n June 1 9 7 2 . Although the f l o w - l i n e s taken i n May 1972 ( F i g u r e 3.5.14) had 

not been extended s u f f i c i e n t l y , a l s o a s e p a r a t i o n o f the f l o w - l i n e s seems ap p a r e n t , 

w i t h a l a r g e q u a n t i t y o f water f l o w i n g along the l e f t bank. 

At the end o f February 1 9 7 2 , a l s o the complete downstream area was a g a i n sounded 

( F i g u r e 3 . 5 . 1 5 ) , and t h i s should be compared w i t h t h a t o f F i g u r e 3 . 5 . 1 0 . As may be seen, 

the most s t r i k i n g d i f f e r e n c e i s the s h i f t i n g o f the c r o s s i n g a t km 6 1 0 . The f l o w - l i n e s 

have s h i f t e d s l i g h t l y a t km 610 and are more c o n c e n t r a t e d . 

301 



I H 3.5 

The development o f the c r o s s i n g a t km 6 l 4 , which is even worse than t h a t a t km 6 l 6 , 

i s a l s o i n t e r e s t i n g . The c r o s s i n g was, however, not used by s h i p p i n g a t t h a t t i m e . 

Comparing the Figures 3.5.9, 3.5.11, 3.5.12, 3.5.13, 3.5.14 and 3.5.16 i t may be seen 

t h a t t h i s c r o s s i n g f i r s t moved somewhat upstream and l a t e r on downstream a g a i n , always 

having depths o f less than 5' below L.R.L. In May 1972 ( F i g u r e 3.5.14), when the channel 

had s h i f t e d t o the l e f t bank, t h i s c r o s s i n g had become the l i m i t i n g one f o r n a v i g a t i o n . 

This appeared more s t r o n g l y d u r i n g a reconnaissance in J u l y 1972, than i n d i c a t e d i n the 

f i g u r e . At t h a t t i m e , the depth a t t h i s c r o s s i n g was less than 3', but because i t was a 

v e r y s h o r t one (about 50 m), i t c o u l d have been dredged e a s i l y i n one day, w h i l e a t t h a t 

time 4 o r 5 barge t r a i n s were w a i t i n g to pass. 

3.5.6. The access to Pto. Wilches 

Up t i l l 1961, Pto. Wilches handled more than 150,000 tons o f cargo a n n u a l l y . As from 

t h a t year, t h i s amount d i m i n i s h e d f i r s t r a p i d l y t o about 50,000 tons a n n u a l l y , which was 

m a i n t a i n e d t i l l I966, but then again f e l l u n t i l a t present the amount o f cargo i s 

n e g l i g i b l e . The r a p i d d i m i n i s h i n g o f the c a r g o - h a n d l i n g from 150,000 t o about 50,000 

tons can be a t t r i b u t e d t o the opening o f the r a i l w a y " A t l a n t i c o " , a l t h o u g h i t i s not c l e a r 

(and o u t s i d e the scope o f t h i s R e p o r t ) , why the t o t a l amount o f cargo handled i n I966 was 

s t i l l some 60,000 tons , w h i l e i n I967 t h i s had f a l l e n t o 14,000 to n s . During the l a s t 

few years the a c c e s s i b i l i t y o f the p o r t has been blocked by a l a r g e sand-bank, which may 

be the cause o f t h i s r e d u c t i o n i n c a r g o - h a n d l i n g . A few k i l o m e t e r s downstream, however, 

the channel a g a i n f o l l o w s the r i g h t bank, and small amounts o f cargo c o u l d be handled 

t h e r e d u r i n g low water, i f i t was taken t h e r e by t r u c k . 

In view o f the small amounts o f cargo handled a t Pto. Wilches, a s o l u t i o n may r e q u i r e 

o n l y small investment. Dredging o f a channel towards the quays may be c o n s i d e r e d . The main 

p a t t e r n o f the r i v e r course between the Rfo Sogamoso Confluence and Pto. Wilches c o n s i s t s 

o f a number o f r a t h e r r e g u l a r c o n s e c u t i v e bends, one o f which i s a t p r e s e n t s i t u a t e d j u s t 

o p p o s i t e Pto. Wilches, l e a v i n g a sand-bank r i g h t i n f r o n t o f the p o r t . As long as the r i v e r 

upstream o f Pto. Wilches i s not f i x e d , these bends w i l l not be s t a b l e but w i l l move. The 

p r e s e n t s i t u a t i o n w i t h a sand-bank i n f r o n t o f Pto. Wilches, may be f o l l o w e d a g a i n by a 

s i t u a t i o n i n which the main channel f o l l o w s the r i g h t bank. Permanent l o c a l s o l u t i o n s a r e , 

t h e r e f o r e , not p o s s i b l e , unless combined w i t h a f i x a t i o n o f the r i v e r between the Rfo 

Sogamoso Confluence and Pto. Wilches. I f i n f u t u r e , i t i s considered t o f i x t h i s r i v e r 

s e c t i o n , t h i s w i l l undoubtedly be done to improve the main t r a f f i c f l o w from Barrancabermeja 

to the Caribbean Coast, and not f o r the cargo handled a t Pto. Wilches, but i t i s recommended 

t h a t a t t h a t time the i n t e r e s t s o f Pto. Wilches be kept i n mind. The f i x a t i o n should be 

done i n such a way, t h a t the c r o s s i n g o f the c u r r e n t from the l e f t bank t o the r i g h t bank 

w i l l not occur upstream o f Pto. Wilches, and i n a s l i g h t l y d i f f e r e n t d i r e c t i o n than a t 

p r e s e n t . A schematic i n d i c a t i o n o f the r i v e r a l i g n m e n t r e q u i r e d , i s g i v e n i n F i g u r e 3.5.6. 

For the time being the p o r t can be kept open, i f necessary, by the r e c u r r e n t d r e d g i n g o f 

a channel ( d u r i n g low w a t e r ) as i n d i c a t e d i n F i g u r e 3.5.6. As soon as d u r i n g h i g h e r w a t e r -

l e v e l s the sand-bank i n f r o n t o f Pto. Wilches i s f l o o d e d , probably t h i s access channel w i l l 

a l s o s i l t up a g a i n . The amount t o be dredged a n n u a l l y , w i l l be i n the o r d e r o f 25,000 m^. 

302 



Chapter 4 

CANAL DEL DIQUE 

GENERAL 

The Canal del Dique ( F i g u r e 4 . 1 . 1 ) was dug i n I65O by c o n n e c t i n g up a number o f 

cienagas which must have been formed along an o l d RFo Magdalena branch. A l t h o u g h the Canal 

was made a r t i f i c i a l l y , i t may be t r e a t e d as a r i v e r i n view o f the f a c t t h a t i t c a r r i e s 

water and sediment from Calamar t o the sea and i s f r e e t o change i t s course when t h e r e is 

no human i n t e r v e n t i o n . 

Three problems may be d i s t i n g u i s h e d : 

- The Canal c r o s s - s e c t i o n , i t s n a v i g a t i o n r e q u i r e m e n t s , l o c a l s e d i m e n t a t i o n , e t c . ; 

- s e d i m e n t a t i o n a t the entrance o f the Canal (Calamar); and 

- s e d i m e n t a t i o n near the mouth o f the Canal ( P a s a c a b a l I o s ) . 

F i g u r e 4.1.1 Canal del Dique 

The problem o f the Canal c r o s s - s e c t i o n Is d e a l t w i t h i n Para. 4.2. When the design 

c r o s s - s e c t i o n o f M a n t i I l a Is compared w i t h the present n a v i g a t i o n r e q u i r e m e n t s , I t i s seen 

t h a t t h i s c r o s s - s e c t i o n i s too s m a l l . However, In r e a l i t y the a v a i l a b l e c r o s s - s e c t i o n as 

m a i n t a i n e d by ADENAVI i s o f t e n l a r g e r and w i l l prove s u f f i c i e n t a t many p l a c e s , a l t h o u g h 

t h e r e a r e a l s o s e c t i o n s which r e q u i r e an increase o f the a v a i l a b l e depth and w i d t h . In t h i s 

r e s p e c t i t should be r e a l i z e d t h a t a l t h o u g h the c r o s s - s e c t i o n should be s u f f i c i e n t l y l a r g e 
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f o r n a v i g a t i o n purposes, i t should a l s o be as small as p o s s i b l e because a Canal w i t h a 

l a r g e r c r o s s - s e c t i o n w i l l draw more water and sediment, thus i n c r e a s i n g the s e d i m e n t a t i o n 

near Calamar and i n the lower Canal del Dique. 

The s e d i m e n t a t i o n a t Calamar i s t r e a t e d i n Para. 4.3. This s e d i m e n t a t i o n i s due t o 

the f a c t t h a t the sediment-load c a r r i e d t o the Canal i s much l a r g e r than the t r a n s p o r t 

c a p a c i t y . The model study c a r r i e d o u t by CETIH (Centro de Estudios Técnicos e Invest1gaciones 

H i d r l u l i c a s o f the U n i v e r s i d a d de los Andes i n Bogota) I n d i c a t e d a s o l u t i o n by means o f a 

submerged groyne. At the request o f MITCH an e x t e n s i o n o f t h i s model i n v e s t i g a t i o n was 

c a r r i e d o ut to study the e f f i c i e n c y o f a dredged sand-trap i n the mouth o f the Canal i n 

ord e r t o c o n c e n t r a t e the dr e d g i n g a t such a d i s t a n c e from the Rfo Magdalena t h a t the s p o i l 

c o u l d e a s i l y be pumped back i n t o the Rfo Magdalena. I t appeared from the model study t h a t 

such a sand-trap ensured t h a t a l a r g e p a r t o f the r e q u i r e d dredging c o u l d indeed take 

p l a c e i n the very upstream end o f the Canal del Dique. 

The s e d i m e n t a t i o n i n the lower Canal del Dique i s d e a l t w i t h i n Para. 4.4, i n which 

i t i s shown t h a t the maintenance o f the Canos M a t u n i l l a and Lequerica keeps t he amount o f 

s e d i m e n t a t i o n near Pasacaballos as low as p o s s i b l e . A s o l u t i o n by c l o s i n g the Canal del 

Dique below the Cano M a t u n i l l a w i l l have adverse e f f e c t s , as the amount o f dr e d g i n g would 

inc r e a s e c o n s i d e r a b l y , w h i l e a l l d r e d g i n g would have t o be c a r r i e d o ut i n the s h i p p i n g 

channel. 

I t must be p o i n t e d out t h a t a l l l e v e l s used i n t h i s Chapter are r e l a t e d t o the 

M a n t i l l a n e t , t o which gauges have been l e v e l l e d as f a r as p o s s i b l e . An e x c e p t i o n was made 

f o r l e v e l s near Calamar which have been r e l a t e d t o the zero o f the gauge a t Calamar t o make 

comparison w i t h ADENAVI and CETIH data e a s i e r . According t o the l e v e l l i n g done by the 

M i s s i o n , the z e r o - l e v e l o f t h i s gauge l i e s 0 . 2 7 m above t he zero o f the net o f M a n t i l l a 

( z e r o o f the gauge i s -0 . 3 5 m i n r e l a t i o n t o the net o f IGAC; see a l s o P a r t I I , Para. 

2 . 3 . 4 ) . T h i s means t h a t L.R.L., which has been d e f i n e d as 2 . 1 3 m on the Calamar gauge, i s 

2.40 m i n r e l a t i o n t o the net o f M a n t i l l a (and 1 . 7 8 m i n r e l a t i o n t o the net o f IGAC). 

See Table 4 . 1 . 1 . 

Reference-Levels 

D e s c r i p t i o n 

( 

MITCH 

zer o - l e v e l 0 m) 

ADENAVI/CETIH 

(ze r o - l e v e l 100 m 

JUNTA del Canal 
del Dique 

) ( z e r o - l e v e l 0 m) 

MANTILLA/DICON 

(z e r o - l e v e l 100 m) 

IGAC 

(z e r o - l e v e l 0 m] 

Zero-level gauge Calamar 0 100 0 . 2 7 1 0 0 , 2 7 - 0 , 3 5 

L.R.L. Calamar 2.13 1 0 2 . 1 3 2,1(0 102.1 |0 1 . 78 

L.R.L. Sta. Lucfa 1 . 9 5 1 ,95 1 0 1 , 9 5 1 , 3 3 

L.R.L. Soplaviento Uh>t l , l | ' i 101 All 0 . 8 2 

L.R.L. Gambote 0.70 0 , 7 0 1 0 0 , 7 0 0 . 0 8 

L.R.L. Correa 0.51 0 , 5 1 100.51 - 0 . 1 1 

L.R.L. Matuni1 la 0.30 0 , 3 0 1 0 0 , 3 0 - 0 . 3 2 

L.R.L. Lequerica 0 . 2 1 0 , 2 1 1 0 0 , 2 1 - O.lil 

L.R.L. BaKFa de Barbacoas 0 . 1 2 0 , 1 2 1 0 0 , 1 2 - 0 , 5 0 

L.R.L. Bahfa de Cartagena 0 , 1 2 0 , 1 2 1 0 0 , 1 2 - 0 , 5 0 

Remark: For the ze r o - l e v e l 

Tables 2 . 3 . 1 and 2 . 

of the gauges a 

3 . 9 . 

long the Canal del Dique, reference should be made to Part I I . 

Table 4.1.1 Comparison o f R e f e r e n c e - l e v e l s used along t h e Canal del Dique 
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4 . 2 . THE CANAL 

4 . 2 . 1 . Present dimensions o f t h e Canal 

The main requirement f o r the Canai i s t h a t i t s dimensions are s u f f i c i e n t f o r n a v i ­

g a t i o n by the ships a t pre s e n t i n use. With these dimensions every e f f o r t must be made t o 

keep s e d i m e n t a t i o n a t a minimum, and those s e d i m e n t a t i o n s s t i l l o c c u r r i n g w i l l have t o be 

dredged. In a r i v e r w i t h a c o n s t a n t c r o s s - s e c t i o n ( f i x e d banks) and a c o n s t a n t d i s c h a r g e no 

s e d i m e n t a t i o n o c c u r s , as the t r a n s p o r t c a p a c i t y i s equal i n each s e c t i o n . Along the Canal 

del Dique, t h e r e f o r e , problems occur a t those places where the c r o s s - s e c t i o n a l area increases 

and where water i s l o s t i n t o cienagas or d i s t r i b u t a r i e s ( t h e Canos Correa, M a t u n i l l a and 

Lequer i c a ) . 

Of course, i t would be p o s s i b l e t o reduce the c r o s s - s e c t i o n downstream a t those 

places where water i s l o s t i n t o d i s t r i b u t a r i e s b u t , as i s shown f u r t h e r on, the c r o s s -

s e c t i o n i s a l r e a d y small f o r n a v i g a t i o n purposes. T h e r e f o r e the acceptance o f a c e r t a i n 

amount o f s e d i m e n t a t i o n i s unavoid a b l e . 

The design dimensions f o r the Canal i n i t s p r e s e n t form have been g i v e n by M a n t i l l a 

( 1 9 5 1 ) [ 7 ] and s l i g h t l y m o d i f i e d by ADENAVI (Table 4 . 2 . 1 ) . 

Manti l la ADENAVI 

Length (km) l l l i . s 113.7 

Number of bends 93 68 

Width at bed-level (m) «5 hi 

Side slope 2 : 1 2 ; I 

Depth (m) 2,40 2.140 

HInimum radius of bends (m) 600 996 

Length of tangents between bends (n 1) 150 
260 

Table 4.2.1 Design Dimensions o f the Canal del Dique 

These dimens ions have no h y d r a u l i c background and are based s o l e l y on n a v i g a t i o n 

requirements. The depth i s g i v e n i n r e l a t i o n t o a "minimum" w a t e r - l e v e l as g i v e n by M a n t i l l a . 

As a c t u a l l y a w a t e r - l e v e l should be r e l a t e d t o a frequency o r a d u r a t i o n (because a r e a l 

minimum w a t e r - l e v e l does not e x i s t ) , the M i s s i o n has assumed a Low River Level (L.R.L.) 

which i s surpassed on the average d u r i n g 9 5 ^ o f the ti m e . In p a r t o f the Canal t h i s l e v e l 

l i e s somewhat h i g h e r than the minimum l e v e l o f M a n t i l l a , and i n t h a t p a r t the depth i s conse­

q u e n t l y somewhat more than 2.40' m below L.R.L. The b e d - l e v e l a c c o r d i n g t o M a n t i l l a i n 

Calamar, f o r i n s t a n c e , should be on 9 9 . 1 0 m, which r e s u l t s i n a depth below L.R.L. 

(= 102.40) o f 3 . 3 0 m. In the lower p a r t o f the Canal, however, o n l y a depth o f about 2.20 m 

below L.R.L. i s a v a i l a b l e . On the average, the a v a i l a b l e depth along the Canal w i l l be about 

2 . 6 0 m below L.R.L., which i s J u s t s u f f i c i e n t as i s shown i n Para. 4.2.2. The b e d - l e v e l as 

advised by the M i s s i o n ( 2 . 6 0 m below L.R.L.) has been g i v e n i n F i g u r e 4.2.1. 

The p r e s e n t Canal dimensions d i f f e r from the ADENAVI design-dimensions. At some 

places g r e a t e r depths a r e a v a i l a b l e w h i l e a t o t h e r places the Canal i s s h a l l o w e r , as may be 

seen i n Figures 3 . 3 . 3 9 and 3 . 3.40, presented i n P a r t I I ( I n these f i g u r e s s e v e r a l l e n g t h -

soundings are g i v e n which a t some places d i f f e r from each o t h e r , due t o d i s c r e p a n c i e s i n 
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F i g u r e 4 . 2 . 1 Advised Bed-level o f the Canal del Dique 

the w a t e r - l e v e l s and d i f f e r e n t courses f o l l o w e d when so u n d i n g ) . The amount t o be dredged 

should not be found from the l e n g t h p r o f i l e o n l y , as the c r o s s - s e c t i o n a l p r o f i l e s w i l l a l s o 

have t o be s t u d i e d . Many c r o s s - s e c t i o n s are wider than the ADENAVI d e s i g n - s e c t i o n and 

( p a r t l y ) s h a l l o w e r . By comparing the r e q u i r e d c r o s s - s e c t i o n w i t h the a v a i l a b l e s e c t i o n s , 

the amount t o be dredged can be found. 

In the f o l l o w i n g paragraph the a v a i l a b l e s e c t i o n s as w e l l as the ADENAVI d e s i g n -

s e c t i o n are compared w i t h the n a v i g a t i o n r e q u irements. 

4 . 2 , 2 . Required dimensions (MITCH d e s i g n - s e c t i o n ) 

To judge a n a v i g a t i o n channel i t i s necessary t o adopt a "design s h i p " . Such a s h i p 

should be a b l e t o pass w i t h o u t too g r e a t r e d u c t i o n s o f speed or o t h e r d i f f i c u l t i e s d u r i n g 

low l e v e l s (L.R.L.). The design s h i p s h o u l d , t h e r e f o r e , not be an e x t r e m e l y l a r g e vessel 

which uses the channel i n f r e q u e n t l y but a s h i p o f more or less average dimensions. The 

f o l l o w i n g dimensions used f o r such a s h i p ( F i g u r e 4 . 2 . 2 ) are those o f commonly-used ( l a r g e ) 

ships on the Rfo Magdalena: 

- Width 27 m, 

- draught 1 . 6 0 m ( 5 ' 2 " ) ( n o t f u l l y l o a d e d ) , 

- l e n g t h 160 m, 

- speed 12 km/hr ( 3 . 3 m/s), 

- net c a p a c i t y about 3 , 5 0 0 t o n s . 

As i n f u t u r e on the RFo Magdalena an a v a i l a b l e depth w i l l p o s s i b l y be m a i n t a i n e d 

which i s s u f f i c i e n t f o r ships w i t h a draught up t o 7 ' 6 " , i t i s thought t h a t a s h i p w i t h the 

same w i d t h and l e n g t h as the design s h i p , but a draught o f 7 ' 6 " , should a l s o be a b l e t o pass 

through the Canal, An a p p r e c i a b l e speed r e d u c t i o n may, however, be accepted, e s p e c i a l l y as 

problems m a i n l y a r i s e f o r v e s s e l s going upstream (as w i l l be i n d i c a t e d l a t e r ) , w h i l e much 

more cargo i s t r a n s p o r t e d i n a downstream d i r e c t i o n than i n an upstream d i r e c t i o n . I t should 

be r e a l i z e d t h a t i t would, o f course, be easy t o design a v e r y l a r g e canal which would not 
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F i g u r e 4 . 2 . 2 "Design Ship" f o r Required Dimensions o f the Canal del Dique 

g i v e d i f f i c u l t i e s even f o r a s h i p w i t h a draught o f 7 ' 6 " , but the l a r g e r c r o s s - s e c t i o n would 

draw more water and sediment from the RTo Magdalena and t h i s would r e s u l t i n increased s e d i ­

m e n t a t i o n near Calamar and Pasacaballos. 

The remainder o f t h i s paragraph f i r s t checks the ADENAVI d e s i g n - s e c t i o n (and proves 

i t i n s u f f i c i e n t ) , and then gives a new d e s i g n - s e c t i o n as advised by MITCH. 

ADENAVI d e s i g n - s e c t i o n 

The passing o f a s h i p through a (narrow) canal c r o s s - s e c t i o n w i l l cause r e t u r n f l o w 

and a drop i n the l o c a l w a t e r - l e v e l . Due to the r e t u r n f l o w the ground speed i s reduced, 

and due t o the w a t e r - l e v e l drop the keel c l e a r a n c e i s reduced. Both depend on the r a t i o f/F 

between the c r o s s - s e c t i o n o f the s h i p ( f ) and t h a t o f the Canal ( F ) . The maximum speed i n 

the Canal (independent o f horse-power) and the w a t e r - l e v e l drop may be found from F i g u r e 

4 . 2 . 3 , a l t h o u g h o f course the maximum speed cannot e c o n o m i c a l l y be m a i n t a i n e d . A l s o a curve 

is g i v e n f o r an (economical) speed o f 0 . 9 times the maximum speed. 

F i g u r e 4 . 2 . 3 Economical Speed o f Vessel and Drop i n W a t e r - l e v e l 

3 0 7 
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For the design s h i p ( f = k3 m^) and the ADENAVI d e s i g n - s e c t i o n (F= 120 m^) the v a l u e 

o f f/F = 0 . 3 6 . From F i g u r e 4 . 2 . 3 i t can be read t h a t the economi ca1 speed ( 0 . 9 x maximum 

speed) i s 0 . 2 6 x \/gh = 0 . 2 6 x \ / 9 . 8 l x 2 . 4 = 1 . 2 6 m/s (= 4 . 5 km/hr). This means t h a t i n the 

Canal t h e speed through the water i s reduced from 12 km/hr t o 4 , 5 km/hr. As t h e f l o w 

v e l o c i t y i n the Canal, d u r i n g low l e v e l s , i s about 0 , 6 m/s, the m a i n t a i n e d ground speed is 

about 1 , 2 6 m/s - 0 , 6 m/s = 0 , 6 6 m/s ( 2 , 4 km/hr), so t h a t the time r e q u i r e d t o t r a v e l from 

Pasacaballos t o Calamar would be 50 h r s . This speed r e d u c t i o n seems so e x c e s s i v e t h a t i t 

i s not w o r t h t e s t i n g the canal a l s o f o r the l a r g e r s h i p ( 7 ' 6 " ) . The ADENAVI d e s i g n - s e c t i o n 

i s too small and a l a r g e r c r o s s - s e c t i o n should be m a i n t a i n e d . 

MITCH d e s i g n - s e c t i o n 

As a l r e a d y mentioned, many c r o s s - s e c t i o n s are a l r e a d y l a r g e r than the ADENAVI de s i g n -

s e c t i o n . The w i d t h a t the bed is o f t e n 5 5 - 6 0 m and a t L,R,L, the w i d t h a t the water s u r f a c e 

i s n e a r l y always more than 75 m. I t w i l l now be shown t h a t a c r o s s - s e c t i o n m a i n t a i n e d w i t h 

the above w i d t h and a depth o f 2 . 6 0 m below L,R,L. w i l l answer the n a v i g a t i o n r e q u i r e m e n t s . 

The w i d t h i s s u f f i c i e n t f o r the design s h i p t o pass ( 1 , 3 times the w i d t h o f the barge 

t r a i n i s a minimum w i d t h o f the bed). Manoeuvres when ships meet w i l l be d i f f i c u l t and one 

s h i p w i l l have t o move a l o n g s i d e a bank. However, the number o f ships passing per day makes 

t h i s a c c e p t a b l e . One b a r g e - t r a i n o v e r t a k i n g another should not be a l l o w e d . 

Economical Ground speed T r a v e l l i n g time Ground speed T r a v e l l i n g time Drop in Keel c l e a r a n c e 

Descr ip t ion f / F speed upstream P a s a c a b a l l o s - dovynstream Caiamar-Pasa Water - leve l 

of v e s s e l Calamar Cabal los 

(km/hr) (km/hr) (hr) (km/hr) (hr) (m) (m) 

"Design s h i p " 0.25 6.5 «.S 28 8 .6 \h 0.25 0.75 

(160x27x1.60 m) 

Ship wi th 7 '6" draught 0.35 l l . ? 2.5 hS 6.9 17 0,25 0,07 

(160x27x2,28 m) "l.d 1.8 60 0,09 0,23 

Empty ship 0.063 10 7.8 15 12.1 10 

Table 4 , 2 , 2 Speeds and Drop i n W a t e r - l e v e l f o r D i f f e r e n t Types o f Vessel 

In Table 4 , 2 , 2 speeds and drop i n w a t e r - l e v e l f o r the "design s h i p " , the l a r g e r ( 7 ' 6 " ) 

s h i p , and an empty s h i p have been c o l l e c t e d . As may be seen, the "design s h i p " m a i n t a i n s a 

speed through the water o f 6 . 5 km/hr, which i s s t i l l an a p p r e c i a b l e r e d u c t i o n o f speed but 

a c c e p t a b l e i n view o f the f a c t t h a t L.R.L, has an average d u r a t i o n o f o n l y 5% o f the t i m e . 

A l s o the s h i p w i t h a 7 ' 6 " draught can pass, even though very s l o w l y . In the l a s t column the 

keel c l e a r a n c e i s g i v e n . 

A s h i p needs a g r e a t e r water depth than the depth c orresponding w i t h i t s d r a u ght and 

the drop i n w a t e r - l e v e l because: 

- When moving, the a f t e r - s h i p l i e s deeper than the f o r e - s h i p ; 

- t h e r e may be some waves ( i n the Canal del Dique v e r y s m a l l ) ; 

- some small bed-forms can be p r e s e n t , r e d u c i n g the a v a i l a b l e depth; and 

- a f t e r t a k i n g i n t o account these t h r e e p o i n t s a s u f f i c i e n t l y l a r g e keel c l e a r a n c e i s r e q u i r e d 

f o r m a n o e u v r a b i l i t y . Van der Made, i n h i s Report ( 1 9 5 5 ) [ 5 7 ] , showed t h a t when t h e keel 

c l e a r a n c e i s less than 3 0 ^ o f the d r a u g h t , s t e e r i n g power i s r a p i d l y reduced. 
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AREA 
(m') 

AVERAGE 
VELOCITY 

(m/s) 

DISCHARGE 
(m^/$) 

DEEPENING/ 
WIDENING OF 

CROSS-SECTION 
Im^l 

DISTANCE 
(km) 

TOTAL TO BE 
DREDGED 

(m3) 

1 366 0.50 183 24.0 0 ' 2-35 56.000 

2 316 0.57 180 16.0 2.35- 7.25 78.400 

3 346 0.48 166 26 0 7-25-16 227.500 

4 354.5 0.49 172 25.0 16 '253 46 500 

5 292 0.43 126 63.5 25.3 -23.5 264.600 

6 308 0.50 154 69.0 29-5 -39.2 669.300 

7 230 0.68 156 505 39.2 -44.6 272.000 

8 153 1.11 170 148.5 44.6 -57.6 1.330.000 

9 323.5 0.49 158 35 57.6 -71 47.000 

10 350 0.35 122.5 2.5 71 -80.3 23 000 

11 189 0.58 110 370 60.3 -86.9 244.000 

12 154 0.53 32 302 86.9 -99.4 376-000 

13 118 0.25 295 77 0 39 0 -lis 1.201.000 

TOTAL 5 435.300 

MEASURED CROSS-SECTIONS COMPARED WITH "MITCH" DESIGN - SECTION FIG 4.2.4 
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For the design s h i p a s u f f i c i e n t I<ee1 c l e a r a n c e ( t o c o u n t e r a c t the above p o i n t s ) 

o f n e a r l y 501 i s a v a i l a b l e . The l a r g e s h i p (draught 7 ' 6 " ) , moving w i t h the economical 

speed has o n l y a keel c l e a r a n c e o f 0 . 0 7 m, which i s too s m a l l . Going upstream a ground 

speed o f 0 . 5 m/s (= 1 . 8 km/hr) seems s t i l l a c c e p t a b l e and w j t h t h a t speed the keel 

c l e a r a n c e i s 0 . 2 3 m. A d m i t t e d l y t h i s keel c l e a r a n c e i s very small but i t i s s u f f i c i e n t . 

Such a s h i p w i l l o n l y very seldom go upstream w i t h low d i s c h a r g e , as g e n e r a l l y the cargo 

can be d i v i d e d amongst o t h e r s h i p s and, i n any case, more cargo i s brought downstream 

than i s taken upstream. 

From a comparison of the a v a i l a b l e c r o s s - s e c t i o n s w i t h the MITCH d e s i g n - s e c t i o n , 

i t f o l l o w s t h a t the amount to be dredged i n the Canal del Dique i s 5 , 4 3 5 , 0 0 0 m̂  (see 

F i g u r e 4 . 2 . 4 and Figures 3 . 3 . 3 9 and 3 . 3 . 4 0 , presented i n Part I I ) . 

4 . 2 . 3 . Bends and bend-radius 

Ships moving through a bend i n a r i v e r or canal have a d r i f t angle P, which depends 

on the speed and the bend-radius (Schale 1969 [ 5 8 ] and Kuhn 1968 [ 5 9 ] ) as i n d i c a t e d i n 

Figures 4 . 2 . 5 and 4 . 2 . 6 (Rhine-Ma1n-Danube Cana l ) . Because o f t h i s d r i f t a n g l e , i n bends 

a w i d e r c r o s s - s e c t i o n i s r e q u i r e d than i n a s t r a i g h t s e c t i o n . As t h i s w i d e n i n g , however, 

w i l l r e s u l t i n s e d i m e n t a t i o n (which has t o be dredged) the w i d e n i n g and the number o f 

bends should be kept a t a minimum. In F i g u r e 4 . 2 . 5 i t may be seen t h a t i f the ADENAVI r a d i u s 

of 9 9 6 m i s used, no widening o f the bend w i l l be necessary. 

0 200 40O 600 SOO IOOO 1200 UOO 1600 1600 
e-fifWD RADIUS ttlm) 

F i g u r e 4 . 2 . 5 D r i f t Angle versus Bend-radius 

F i g u r e 4 . 2 . 6 Widening i n Bends 

Some maintenance dredging i n bends cannot be a v o i d e d , namely, the d r e d g i n g o f the 

s e d i m e n t a t i o n along the inner bend due t o the h e l i c o i d a l f l o w (see P a r t I I , Para. 3 . 7 ) . 

These amounts w i l l be v e r y s m a l l . 
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4 . 3 . CALAMAR (CANAL DEL DIQUE BIFURCATION) 

4 . 3 . 1 . I n t r o d u c t ion 

The Canal del Dique has been made by f o l i o w i n g an o l d Rfo Magdalena course. The 

r i v e r s h i f t e d i t s course t o a new o u t l e t a t B a r r a n q u i l l a when the r e s i s t a n c e along the 

o l d course increased and the Cartagena channel became sedimented. When ( i n I 650) the 

o l d branch was opened again a r t i f i c i a l l y by c o n n e c t i n g the remaining cienagas, t h i s was 

not a s t a b l e s i t u a t i o n and maintenance was r e q u i r e d . Small p i l e - w o r k s c o n s t r u c t e d by 

"enemies" o f the Canal were t h e r e f o r e s u f f i c i e n t t o c l o s e i t again [ 6 ] . In 1724 the Canal 

was c l o s e d c o m p l e t e l y , to be opened again i n 1726, however, w i t h the e n t r a n c e s h i f t e d 

some m i l e s (from the Cano de las Mulas t o Barranca Nueva about 4 m i l e s south o f the 

present e n t r a n c e ) . 

Also a t present the s i t u a t i o n is not s t a b l e , and a l a r g e amount o f water and sand 

e n t e r s the Canal. The 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 the Canal i s , however, much s m a l l e r 

than the amount of sediment e n t e r i n g i n t o i t . This d i f f e r e n c e causes s e d i m e n t a t i o n i n the 

f i r s t k i l o m e t e r s o f the Canal. I t may t h e r e f o r e be concluded t h a t the o n l y p r a c t i c a l l y 

complete s o l u t i o n o f a l l the Canal del Dique problems would be t o b u i l t a number o f n a v i ­

g a t i o n l o c k s , to prevent the e n t r y o f water and sediment. This would not o n l y s o l v e the 

problem near Calamar but a l s o a t Pasacaballos and the o t h e r b i f u r c a t i o n s , a l t h o u g h i t 

would e n t a i l l a r g e e x p e n d i t u r e . More is s a i d about t h i s s o l u t i o n i n Para. 4 , 3 , 3 . 

I f no locks are made and i t i s accepted t h a t water and sediment e n t e r the Canal, 

the p o s s i b l e s o l u t i o n may be d i v i d e d i n t o two p a r t s : 

- By reducing as much as p o s s i b l e the amount o f b e d - m a t e r i a l load e n t e r i n g the Canal, and 

- by e n s u r i n g t h a t s e d i m e n t a t i o n takes place where removal Is e a s i e s t (or c h e a p e s t ) . 

4 , 3 , 2 , Sedimentation i n the p r e s e n t s i t u a t i o n 

Sedimentation a t the Canal del Dique entrance i s caused by b e d - m a t e r i a l load, as the 

wash-load o n l y s e t t l e s i n cienagas and the o u t l e t s o f the Canal i n t o the sea. On comparing 

measured t r a n s p o r t s and the computed t r a n s p o r t c a p a c i t y a t Calamar ( F i g u r e 4 , 3 . 1 ) , a l a r g e 

d i f f e r e n c e is found. By means o f these two curves the average y e a r l y t r a n s p o r t and the 

average y e a r l y c a p a c i t y have been computed thus: 

- Average y e a r l y c a p a c i t y (computed) 0,23 x lO^m^, and 

- average y e a r l y t r a n s p o r t (measured) 1.26 x lO^m', 

The d i f f e r e n c e between the measured t r a n s p o r t ( t h e supply as measured a t the 

e n t r a n c e ) and the t r a n s p o r t c a p a c i t y r e s u l t s i n s e d i m e n t a t i o n i n the Canal, As a t the 

e n t r a n c e o n l y suspended-load i s p r e s e n t , o n l y a p a r t w i l l s e t t l e i n s t a n t a n e o u s l y near 

Calamar, the r e s t over the f i r s t ten t o twenty k i l o m e t e r s . This i s a l s o i n d i c a t e d by F i g u r e 

4 . 3 , 2 , which shows a s l o w l y d i m i n i s h i n g t r a n s p o r t between km 0 and km 10. (The works a t 

Sta, LucTa and San C h r i s t o b a l may have s h i f t e d the s e d i m e n t a t i o n to a somewhat more down­

stream s e c t i o n ) . I t thus f o l l o w s t h a t a n n u a l l y an amount o f about one m i l l i o n c u b i c meters 

would have to be dredged on the f i r s t 10 - 20 km t o m a i n t a i n the Canal, which seems a v e r y 

h i g h f i g u r e . 
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F i g u r e 4.3.1 Computed T r a n s p o r t Capacity Compared w i t h Measured T r a n s p o r t i n 

the Canal del Dique near Calamar 

F i g u r e 4.3.2 Measured Sediment T r a n s p o r t over the F i r s t 10 Km o f the Canal del Dique 

Reconsidering F i g u r e 4.3.1 i t can be seen t h a t the r e s u l t i s s t r o n g l y i n f l u e n c e d 

by one measuring p o i n t a t a l e v e l o f about 6.20 m. O m i t t i n g t h i s p o i n t would g i v e a b i t 

steeper r e l a t i o n f o r the measured t r a n s p o r t and r e s u l t i n a c o n s i d e r a b l e r e d u c t i o n o f the 

amount a n n u a l l y t o be dredged. I t seems b e t t e r , t h e r e f o r e , t o e s t i m a t e the amount a t about 

700,000 m̂  f o r the time b e i n g . Some a d d i t i o n a l measurements a r e a d v i s e d . 

312 



I l l , 4 .3 

4 . 3 . 3 . Comparison o f d i f f e r e n t s o l u t i o n s 

Tiie f o l l o w i n g s o l u t i o n s may be co n s i d e r e d : 

i N a v i g a t i o n locks a t Calamar and Pasacaballos. 

i i Reducing the amount o f sediment e n t e r i n g the Canal by a submerged groyne a t the e n t r a n c e 

o f the Canal del Dique. 

i i i Ensuring s e d i m e n t a t i o n c l o s e t o the ent r a n c e o f the Canal, where t he m a t e r i a l can be 

dredged and pumped back t o the RFo Magdalena downstream o f the Canal del Dique Entrance. 

i v A combination o f i i and i i i . 

F i g u r e 4 . 3 - 3 S o l u t i o n by Means o f N a v i g a t i o n Locks 

N a v i g a t i o n locks ( s o l u t i o n i ) 

By means o f a s l u i c e a t the entrance o f the Canal del Dique, p r a c t i c a l l y a l l s e d i ­

m e n t a t i o n i n the canal and a t the canal o u t l e t s i n t o the sea would be p r e v e n t e d , as o n l y 

a n e g l i g i b l e amount o f water (and sediment) would e n t e r the canal through the s l u i c e s . 

A small amount o f s e d i m e n t a t i o n would take place on the r i v e r s i d e o f the locks by means 

of secondary c u r r e n t s . 

However, such a s l u i c e would, i n a d d i t i o n t o a number o f o t h e r advantages which w i l l 

be mentioned f u r t h e r on, a l s o have a number o f disadvantages (see a l s o F i g u r e 4 . 3 . 3 a ) . 

Some o f these a r e : 

- The canal water would become s a l t , and consequently the water c o u l d not be used f o r 

a g r i c u l t u r e ( a s , e.g., near El Lim6n). 
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- The w a t e r - l e v e l i n the canal would drop t o about 7 m below the p r e s e n t h i g h w a t e r - l e v e l 

a t Calamar (equal t o about 2 m below the p r e s e n t low w a t e r - l e v e l ) , which would have 

adverse e f f e c t s on a g r i c u l t u r e . 

- Many cienagas might f a l l dry or become s a l t ; t h e l a t t e r becoming stagnant and t h e r e f o r e 

dangerous t o h e a l t h . 

- Fresh water f i s h would d i e . 

- A very l a r g e amount o f I n i t i a l d redging would be r e q u i r e d . 

Some of these disadvantages c o u l d be prevented by c o n s t r u c t i n g the locks some d i s t a n c e 

downstream o f Calamar ( e . g . , km 3 0 ) . The upstream p a r t o f the canal would then c o n t a i n f r e s h 

w a t e r , making i r r i g a t i o n p o s s i b l e . The amount o f i n i t i a l d r e d g ing would be c o n s i d e r a b l y less 

( F i g u r e 4.3.3b). 

P r a c t i c a l l y a l l the disadvantages mentioned can be avoided by b u i l d i n g two l o c k s , one 

a t Calamar ( o r somewhat downstream o f Calamar), and the o t h e r a t Pasacaballos ( F i g u r e 4 . 3 . 3 c ) . 

The amount o f i n i t i a l d r e d g ing would be v e r y s m a l l , but some d i k e s would be r e q u i r e d between 

km 80 and the BahFa de Cartagena, w h i l e the Canos Correa, M a t u n i l l a and Lequerica should be 

c l o s e d . 

As a f i r s t a p p r o x i m a t i o n , the r e q u i r e d dimension o f the locks c o u l d be as f o l l o w s : 

- Length 200 m, 

- w i d t h 29 m, 

- bottom 2.60 m below c a n a l - l e v e l (= 103 m) a t Calamar and 2.60 m below L.L.W.S. a t 

Pasacaballos, 

- the gates a t Calamar should reach up t o a l e v e l o f 9 m ( a t the Calamar gauge), and 

- the gates a t Pasacaballos should reach t o 0.50 m above the c a n a l - l e v e l (103.50 m). 

An e s t i m a t e o f the annual c o s t o f t h i s l a t t e r p r o j e c t i s i n the order o f 50 m i l l i o n 

pesos ( i n c l u d i n g i n t e r e s t on i n v e s t e d c a p i t a l , maintenance, e t c . , a g a i n s t about 15 m i l l i o n 

pesos a n n u a l l y f o r maintenance dredging o f the c a n a l . 

C o n s t r u c t i o n o f the locks does n o t , t h e r e f o r e , seem e c o n o m i c a l l y j u s t i f i e d from a n a v i g a t i o n 

p o i n t o f view. However, t h i s is not the o n l y t h i n g t o be taken i n t o account, as a l s o the 

f o l l o w i n g advantages should be c o n s i d e r e d : 

- Two e x t r a road t r a f f i c connections between the North and South banks o f the canal 

would become a v a i l a b l e , 

- A l s o i n the f a r f u t u r e , t h e r e would be no danger t o the Mammonal seaway o f being 

s i l t e d up by m a t e r i a l brought down by the Canal del Dique. 

- A p o s s i b l e p o l l u t i o n o f the water and beaches near Cartagena by RFo Magdalena water 

would be a v o i d e d . 

- C o n t r o l o f the w a t e r - l e v e l i n the canal would make g r a v i t y i r r i g a t i o n p o s s i b l e 

in the lower canal p a r t ( d r a i n a g e c o u l d be d i r e c t l y i n t o the sea, o r through the 

Canos Correa, M a t u n i l l a and L e q u e r i c a ) . F u r t h e r upstream, pump i r r i g a t i o n would 

be p o s s i b l e . 

F u r t h e r study o f these aspects may r e s u l t i n a d i f f e r e n t economic e v a l u a t i o n , e s p e c i a l l y 

i f , i n view o f an i n c r e a s e i n r i v e r t r a f f i c , l a r g e r canal dimensions would be r e q u i r e d 

( i n c r e a s i n g t he s e d i m e n t a t i o n i f no locks were p r e s e n t ) . Before such a p r o j e c t was s t a r t e d , 

the f o l l o w i n g p o i n t s (amongst o t h e r s ) would need f u r t h e r s t u d y : 
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Cjenagas 

Which cienagas w i l l l ose connections w i t h the canal and what w i l l happen t o the wa t e r -

l e v e l i n the cienagas; which cienagas w i l l become s a l t , and what w i l l be the consequences? 

n s h e r y 

What w i l l be the e f f e c t on the p r e s e n t f i s h stocl<? Can f i s h e r y be improved? 

S e c o n d a r Y _ s t r u c t u r e | 

What secondary s t r u c t u r e s w i l l be r e q u i r e d f o r i r r i g a t i o n and dra i n a g e o f the land? 

Can sed imentat ion 1n f r o n t o f the s1u i ce a t the Rfo Magdalena s1de be d imi n i shed by 

i n t r o d u c i n g an eddy (see Fig u r e 4.3.4)? 

S o l u t i o n s i 1 , i i i and i v 

These t h r e e s o l u t i o n s w i l l be t r e a t e d t o g e t h e r . In s h o r t , they are a l l meant t o reduce 

the amount o f sediment e n t e r i n g the Canal and/or t o l o c a l i z e s e d i m e n t a t i o n near t he e n t r a n c e 

t o the Canal . 
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The Centro de Estudios Técnicos e I n v e s t i g a t i o n e s H y d r l u l i c a s (CETIH) o f the Universidac 

de los Andes i n Bogota c a r r i e d out a model-study ( 1 9 7 0 ) about the s e d i m e n t a t i o n a t Calamar. At 

t h a t time m a i n l y the r e d u c t i o n o f s e d i m e n t a t i o n was s t u d i e d . CETIH [6oJ found t h a t a submerged 

groyne ( c r e s t - l e v e l 99 m = 1 m beiow the z e r o - l e v e l o f the gauge) wou 1d reduce the amount o f 

s e d i m e n t a t i o n i n the Canal cons i derab1y. The M i ss ion submi t t e d an I n t e r i m Report eva I u a t i ng 

t h i s s o l u t i o n and requested an extens ion o f the i n v e s t i g a t i o n t o study the e f f i c i e n c y o f a 

dredged s a n d - t r a p , p o s s i b l y in combination w l t h a suhucrged groyne. In t h i s I n t e r i m Report, 

amongst o t h e r s , the f o l l o w i ng suggest ions were g i v e n : 

- The r e c o n s i d e r a t i o n o f the c r e s t - l e v e l o f the dam i n view o f n a v i g a t i o n ; and 

- t h a t t he c o n s t r u c t i o n a l design o f the dam be s t u d i e d . 

An extens ion o f the model-study was c a r r i e d out by CETIH i n 1972 o n l y i n r e l a t i o n t o 

the s a n d - t r a p . The model-study c o u l d be based on p r o t o t y p e - d a t a which had become a v a l l a b l e 

d u r i n g the n a v i g a t i o n - s t u d y . CETIH s t u d i e d s e v e r a l t r a p s w i t h l e n g t h s v a r y i n g between 200 and 

600 m, the longer t r a p c a t c h i n g about 3 0 0 , 0 0 0 m̂ . In an I n t e r i m Report ( 6 1 | CETIH presented 

the f o l l o w i ng r e s u 1 t s : 

- A s a n d - t r a p between km 0 . 2 and 0 , 6 wi t h b e d - l e v e l o f 95 m (5 m below the z e r o - i e v e l o f 

the gauge) and 50 m wide w i 1 1 c a t c h the m a j o r i t y o f the sedIment d u r i n g h i g h water 

( 2 0 0 , 0 0 0 m^). 

- A submerged groyne w i l l reduce the amount t o be dredged c o n s i d e r a b l y . 

The f o l l o w i ng must be s a i d about these recommendat ions, As a i ready computed, the amount 

to be caught by the sand-trap should be about 7 0 0 , 0 0 0 m^ The longer s a n d - t r a p as l o c a t e d 

between km 0 . 2 4 and km 0 . 8 4 o f the Canal del Dique, i s t h e r e f o r e advised by t h e M i s s i o n , 

This sandtrap should be made as deep as p o s s i b l e wi t h the a v a i l a b l e dredger. N e v e r t h e l e s s , 

such a s a n d - t r a p p r o b a b l y cannot conta i n 7 0 0 , 0 0 0 m̂ . The best would t h e r e f o r e be t o dredge a t 

Calamar tw i ce y e a r l y , once a t the beg i nn1ng o f the dry season (as e a r l y as p o s s 1 b l e ) t o such 

a l e v e l t h a t n a v i g a t i o n i s p o s s i b l e ( l e v e l 100 m, c o r r e s p o n d i n g t o the z e r o - l e v e l o f the gauge) 

and t h e r e a f t e r t he a c t u a l s a n d - t r a p . The s a n d - t r a p c o u l d then be dredged aga i n e a r l y May 

b e f o r e the water has r i s e n too much. Some sed iment may s t i l l s e t t l e more downstream 1n the 

Cana1 del Dique 1 t s e l f and w i 1 1 have t o be dredged t h e r e , 

The e f f e c t o f a submerged groyne i s t h a t the water cannot e n t e r the Canal along the 

r i v e r bed, but o n l y a t the upper l a y e r s . This wou 1d mean t h a t when t h e r e i s a l a r g e amount o f 

bed-load the amount o f sediment e n t e r i n g the Canal wou 1d be c o n s i d e r a b l y reduced. In the RFo 

Magdalena t h e r e 1s predomi n a n t l y suspended-load; a submerged groyne might then s t i l l work, 

because c o n c e n t r a t ions are g e n e r a l l y l a r g e r i n the lower p a r t o f the v e r t i c a l , 

In P a r t I I , however, 1 1 was poi nted o u t t h a t i n p r a c t i c e , along the RFo Magdalena, the 

c o n c e n t r a t i o n v e r t i c a l s d i f f e r e d from those found i n t h e o r y (see Figures 3 . 3 . 7 and 3 , 3 , 8 o f 

Pa r t I I ) , t h e c o n c e n t r a t i o n s i n the upper p a r t o f the v e r t i c a l being much l a r g e r than i n d i c a t e d 

by the va1ue o f v^/w, 

In model i nvest i g a t ions wi t h predomi n a n t l y suspended-load one n o r m a l l y t r 1 e s t o 

o b t a i n a v a l u e f o r v^/w equal t o t h a t i n the p r o t o t y p e . This was i m p o s s i b l e f o r the Calamar 

model because o f the f 1ne bed mater i a 1 a v a i l a b l e 1n the p r o t o t y p e . As a r e s u l t , t h e va1ue i n 

the model was o n l y about h a l f t h a t in p r o t o t y p e , which has the e f f e c t t h a t t he sediment i s 
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transported nearer to the bed wi th larger concentrations in the lower part of the vertical . 

In V i ew of this, wi th the concentrat ion verticals in the Rfo Magdalena d i f f e r i ng from 

theory and the scale for v̂ /w not being uni ty, the results obtained from the model regarding the 

submerged groyne should be regarded wi th some caut ion. In fact, this is a 1 so va1id , but in 

a much less degree, regardi ng the rate of sedimentation in the sand-trap. The solution wi th 

only a submerged groyne must, therefore, be abandoned although 1n combination wi th dredging, 

11 s t i l l might be a solut ion. 

If by the construction of the groyne the amount of dredging could be reduced by about 

1 0 0 , 0 0 0 mVyear, the groyne seems economically j u s t i f i e d . CETIH based a reduction on the fact 

that 1 ess sed iment was caught in the sand-trap. Th1s, however, is not necessar ily due to less 

sediment enter 1ng the CanaI, but might a I so be due to a 1 owe r efficiency of the sand-trap. As 

the capaci ty of the sand-trap is a 1 ready smal 1, the Mission feels that a submerged groyne 

shou1d not be built, unless more def i ni te i nformat ion can be gathered. The more so because the 

soundings given in Figures 4 . 3 . 5 and 4 . 3 . 6 locally differ appreciably from the model results. In th 

prototype the advised groyne wou 1d be as indicated in Figure 4 . 3 . 7 . This groyne is so low in 

relation to the bed-level that in prototype i ts effect wi11 most probably be less than in the 

model. Construct ion of the groyne 1s, therefore, not adv i sed . 

Figure 4 . 3 . 7 Dimens ions of Submerged Groyne at Calamar 

In view of the frequent dredging required, the use of a permanent landline may have 

advantages, but the cost of the plpeline should be compared wi th the cost of relaying the 

landline every year. In any case, sufficient landline should be laid (Figure 4 . 3 . 8 ) before 

the dredg i ng commences (to reduce the wai t i ng t ime of the dredger to a mi nlmum). 
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Rl'o MABDALEM 

Figure 4 , 3 . 8 Permanent Landline for Dredging near Calamar 

k.k. LOWER CANAL DEL DIQUE (PASACABALLOS) 

4 . 4 . 1 , Introduction 

Ttie s i l t carried by the Canal del Dique settles for a relatively large part at the 

mouths in the BahTa de Cartagena and the Bahfa de Barbacoas but the sand also settles below 

the bifurcations and in the bifurcating canos. The settling of these sediments hampers navi­

gation coming down the Canal del Dique and going to Mammonal and other Cartagena port areas, 

and the mouth at Pasacaballos is only kept open by dredging. It is feared that the s i l t coming 

from the Canal del Dique wil l f i l l up the navigation route for sea-going vessels from Boca 

Chica to Mammonal, 

In the following paragraphs the movement of these sediments w i l l be considered and the 

amounts of sedimentation estimated. An analysis wi l l be made of the way the amounts to be 

dredged can be kept at a minimum, while s t i l l providing sufficient depth for navigation. 

However, before the movement of sediment can be studied, the division of water wi l l 

f i r s t have to be considered, 

4 . 4 . 2 , Division of discharge and sediment-load along the Canal 

Division of the discharge 

Discharge rating curves for the Canal del Dique are available at Calamar, Correa 

(3 branches), Matunilla (3 branches), and Lequerica (3 branches), In Part I I these rating 

curves were given against the local water-levels, and in Figure 4 , 4 , 1 these rating curves 

are given again but now related to the water-levels at Gambote, as at this station data are 

available over a much longer period, while no tidal effects are present at that station. 

From these rating curves i t is now possible to determine for each level at Gambote the 

discharge for a l l distributaries. The result is given in Figure 4 . 4 . 2 in which also some 

measurements carried out by the Junta del Canal del Dique and by Mantilla have been included. 

These measurements, carried out before the dredging of the Canos Matunilla and Lequerica, 

indicate that at that time more than 4 0 ^ of the discharge reached the BahTa de Cartagena. 

After the opening of both canos, this discharge was reduced to about 2 0 % . 
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Figure k.k.l Discharge Rating Curves for the Lower Canal del Dique 
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Figure k.k.2 Distribution of Discharge over Bifurcating Canos 

Division of the bed-material load 

In Part I I stage-transport curves (bed-material load) have been given for Calamar, 

Correa (3 branches) and Matunilla (3 branches). It may be seen that for Correa and Matunilla 

good agreement exists between the computed and measured transports. 

In Table k.k.] the average weekly water-levels have been given for Calamar (taken from 

the 50% frequency-curve) and for Gambote (taken from a 5 years' average). With the help of 

the stage-transport curves the average weekly sediment transport was determined (also given 

in Table k.k.]). From these data average yearly transports for the pertinent sections have 

been calculated, and have been gathered in Table k.k,2, 
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Week 
Water- level (ffl Sediment transport mVday) 

Calamar Gambote Correa Matuni1 la Calamar Calamar Upstream Cano DownstreaiT Upstream Cano Downstream 

computed measured Correa Correa Correa Matuni1 la Matuni1 la Matuni1 la 

1 1(.I(0 2.89 1.71 0.81 200 1,200 1,300 21(0 675 1(80 310 100 

2 '(.75 2,70 1.56 0.77 300 1,850 900 21)0 1)50 370 250 175 

3 l(.95 2.1(6 1.1(0 0.72 1(00 2,500 600 220 300 280 180 50 

l | 5.20 2.26 1.27 0.67 500 3,000 1)30 200 200 190 130 30 

5 5.50 2.05 1.15 0.63 650 l(,200 270 150 130 150 90 15 

6 5.75 1 .80 1.03 0.57 800 5,000 150 100 75 100 60 10 

7 5.80 1.58 0.92 0.52 800 5,500 50 1)0 50 30 10 0 

8 5.90 1.35 0.82 0.1(6 900 5,800 0 0 0 0 0 0 

9 5.95 1.20 0.76 0.1)3 900 6,000 0 0 0 0 0 0 

to 5.85 l . l l ( 0.73 0.1)2 800 5,500 0 0 0 0 0 0 

n 5.70 1.05 0.69 0.1(0 750 1(,700 0 0 0 0 0 0 

12 5.60 0.99 0.66 0.38 700 1),300 0 0 0 0 0 0 

13 5.1(5 0.9i( 0.6I( 0.37 650 1(,000 0 0 0 0 0 0 

\l< 5.15 0.95 0.65 0.37 500 2,900 0 0 0 0 0 0 

15 5.15 1.09 0.71 0.1(0 500 2,900 0 0 0 0 0 0 

16 5.20 1.12 0.72 0.1(1 500 3,000 0 0 0 0 0 0 

17 5.30 1.l(l( 0.86 0.1)8 550 3,500 0 0 0 10 0 0 

18 5.1(0 1.7l( 1 .00 0.56 600 1(,000 11)0 80 70 70 1(0 5 

19 5.1(5 1.90 1.08 0.60 650 1(,000 200 120 100 110 65 10 

20 5.35 1.99 1.13 0.61 550 3,500 250 150 120 120 70 10 

21 5.35 2.11 1.19 O.M 550 3,500 370 180 170 160 100 20 

22 5.60 2.26 1.27 0.67 700 1(,300 1)30 200 200 200 130 30 

23 5.60 2.38 1.35 0.70 700 1(,300 530 210 250 Iks 160 1)0 

2l| 5.60 2.1(9 1.1(2 0.72 700 1),300 620 220 300 280 180 50 

25 5.75 2.55 1.1(6 0.71) 800 5,000 700 230 350 305 205 55 

26 6.05 2.61 1.50 0.75 1,000 6,500 750 21(0 360 310 220 60 

27 6.20 2.63 1.51 0.76 1,100 7,200 780 21)0 380 31)0 235 70 

28 6.30 2.61) 1.52 0.76 1 ,200 7,1(00 800 21(0 1(00 31)0 235 70 

29 6.1(0 2.59 1.1(9 0.75 1 ,300 8,300 730 230 360 310 220 60 

30 6.65 2.53 1.1)5 0.73 1 ,600 9,500 680 225 330 290 190 55 

31 6.75 2.1)8 1 .1)2 0.72 1,750 10,500 620 220 300 280 180 50 

32 6.80 2.1(7 1.1(1 0.72 1,800 11,000 610 220 300 280 180 50 

33 6.95 2.53 1.1(5 0.83 2,050 11,700 680 225 330 530 360 130 

S'f 6.1)0 2.57 1.1(8 0.7i( 1 ,300 8,300 730 230 350 305 205 55 

35 6.30 2.57 1.1)8 O.Tt 1 ,200 7,1)00 730 230 350 305 205 55 

36 5.70 2.57 1.1(8 0.7I) 750 1|,700 730 230 350 305 205 55 

37 5.25 2.58 1.1)8 O.7I4 500 3,000 730 230 350 305 205 55 

38 l).55 2.60 1.50 0.75 300 1,500 750 21)0 360 310 220 60 

39 A.IS 2.63 1.52 0.76 200 1 ,000 800 2l)0 1)00 31)0 235 70 

i|0 3.75 2.70 1.56 0.77 100 600 900 21)0 1)30 360 250 75 

It) 3.15 2.73 1.58 0.78 0 250 930 21(0 1)60 1)00 265 80 

1,2 2.90 2.77 1 .62 0.79 0 150 1,020 21)5 500 1)20 280 90 

h3 2.70 2.83 1.66 0.80 0 100 1,150 21)5 570 1)50 300 95 

1)1) 2.65 2.89 1.71 0.81 0 0 1,300 21)0 660 1(70 320 100 

Ii5 2.85 2.93 1.7l( 0.82 0 150 1 ,1)00 235 730 500 335 110 

1(6 2.80 2.97 1.77 0.83 0 100 1 ,500 230 780 530 360 130 

1(7 2.85 3.01 1.80 0.81) 0 150 1,560 230 850 560 390 11)0 

1(8 2.90 3.07 1.85 0.85 0 150 1,750 225 1,010 600 1(20 160 

1(9 3.05 3.09 1.87 0.86 0 200 1,820 220 1,150 630 1)1(0 170 

50 3.25 3.11 1.89 0.86 0 300 1,950 220 1,250 630 1)1(0 170 

51 3.70 3.13 1.90 0.87 100 600 1,960 220 1 ,300 670 1(70 190 

52 l(.20 3.09 1.87 0.85 200 1 ,000 1,820 220 1,150 600 1)20 160 

Total sediment transport (m^ /year) 221), 700 1 ,1(03,500 252,81)0 61,810 13l),i(00 101,290 68,355 22,155 

Table k.k.) Average Weekly Sediment Transport 
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Locat ion 
Average year ly bed-material 

transport 

(m=) 

SedImentat ion 

Calamar 225,000 

Upstream Cano Correa 253,000 ' i 

Cano Correa 62,000 • / , 57,000 

Downstream Cano Correa 

Upstream Cano Hatuni l la 

1311,000 ! '>,: 

101,000 / I , ' ) 
33,000 

Cano Hatuni I la 68,000 i ' 

Downstream Cano Hatuni l la 22,000 , 12,000 

Table k.k.2 Average Yearly Bed-material Transport 

It may be seen from these computations that the amount transported upstream of the 

Cano Correa is larger than the transport at Calamar. Although this is not impossible, i t is 

more plausible that this is due to inaccuracies In the methods used, particularly the fact 

that for Calamar the 50% frequency-line has been used (based on a large number of years) 

and for Correa the five years' average. It has, therefore, been assumed that between Calamar 

and Cano Correa in fact no scour (or sedimentation) takes place. 

Although measurements at the Lequerica Bifurcation are available i t is d i f f i c u l t to 

make good stage-discharge curves because of tidal influences. From Figure k.k,3 i t may be 

seen that this is not really important, as from the 2 5 3 , 0 0 0 m̂  supplied upstream of the 

Cano Correa only 2 2 , 0 0 0 m̂  is transported downstream of the Cano Matunilla. Of this a small 

amount goes to the BahFa de Barbacoas via the Cano Lequerica, and the rest settles at 

Pasacaballos and upstream of Pasacaballos. The total amount reaching the BahFa de Barbacoas 

(see Figure k.k.3) is about 1 3 0 , 0 0 0 mVyear. The rest of the amount supplied (1 23 , 0 0 0 mV 

year) settles in the Canal del Dique and the canos downstream of the bifurcations, and at 

Pasacaballos. These amounts wil l have to be dredged. 

sa.OM 32,000 12,000 nSACABALLOS 

Figure k.k.3 Division of Bed-Material Transport 

Transport of wash-load 

Turbidity measurements carried out by DICON give information about the daily variation 

in turbidity. This information has been plotted for the same five years' period as that for 

which the water-levels have been given (Figure k.k.k). 
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Water-level Turbidity Dl scharge Correa Discharge Hatunilla Discharge Lequerica Transport Correa Transport Hatunilla Transport Lequerica 

Week Gffiïibote Gambote Blfurcatlon BIfurcation BIfurcatlon Bifurcation Blfurcation Blfurcatton 

(m) (ppm) (raVs) (m'/s) mVs) (kg/s) (kg/s) (kg/s) 

Upstream Cano Overflow Cano Cano Overflow Upstream Cano Overflow Cano Cano Overflow 

1 2.89 130 310 62 43 62 71 68 40.3 8 5.5 8 9 2 8.8 

2 2.70 155 275 61 41 50 61 61 42.6 9 4 6.3 7.7 9 4 9.4 

3- 2.46 150 245 59 39 37 56 54 36.8 8 8 5.8 5.5 8 4 8.1 

l|' 2.26 175 220 55 37 26 51 48 38.5 9 6 6.4 4.5 8 9 8.4 

5 2.05 200 200 52 34 25 42 42 40 10 4 6.8 5 8 4 8.4 

6 1.80 165 175 52 36 14 34 36 28.9 8 5 5.9 2.3 5 6 5.9 

7 1.58 175 155 51 36 16 26 28 27.1 8 9 6.3 2.8 4 5 4.9 

e 1.35 190 130 51 35 8 18 18 24.7 9 6 6.6 1.5 3 4 3.4 

5 1.20 215 125 50 36 6 16 15 26.9 10,7 7.7 1.2 3 4 3.2 

10 1.14 285 120 52 36 5 13 13 34.2 14.8 10,2 1.4 3 7 3.7 

tl 1.05 325 117 50 35 5 13 13 38 16.3 11.4 1.6 4 2 4.2 

12, O.SS 345 115 50 35 5 13 12 39.7 17.2 12 1.7 4 4 4,1 

13 0.90 375 110 50 35 3 11 9 41.3 18.7 13.1 1,1 4 1 3.3 

0.95 330 110 50 35 3 11 9 36.3 16.5 11.5 0.9 3 6 2.9 

15 1.09 395 120 52 36 5 13 13 47.4 20.5 14.2 1.9 5 1 5.1 

16 1.12 545 120 52 36 5 13 13 65.4 28.3 19.6 2.7 7 7 

17 1.44 760 140 50 35 12 22 22 106,4 38 26.6 9.1 16 7 16.7 

18 1.74 1,000 170 49 34 20 34 34 170 49 34 20 34 34 

19 1.90 750 85 52 35 22 37 39 138.8 39 26.2 16.5 27 7 29.2 

20 1.95 660 195 52 35 23 43 41 128.7 34.3 23.1 15.2 28 4 27.1 

21 2.11 605 205 51 37 27 45 45 124 30 9 22.4 16.3 27 2 27.2 

22 2.26 515 220 53 40 26 51 48 115.5 27 8 21 13.7 26 8 25.2 

23 2.38 485 235 56 40 33 54 52 107.6 25 6 18.3 15.1 24 7 23.8 

2I( 2.49 400 250 60 40 38 55 55 100 24 16 15.2 22 22 

25 2.55 345 260 60 42 42 57 57 89.7 20 7 14.5 14.5 19 7 19.7 

26 2.61 285 270 62 41 46 62 59 77 17 7 11.7 13.1 17 7 16.8 

27 2.63 290 270 62 41 46 62 59 78.3 18 11.9 13.3 18 17.1 

28 2.64 265 275 61 41 50 61 61 68.1 16 2 10.9 13.3 16 2 16.2 

29 2.59 215 270 62 41 46 62 59 58.1 13 3 8.8 9.9 13 3 12.7 

30 2.53 210 260 66 42 42 57 57 54.6 12 6 8.8 8.8 12 12 

31 2.48 225 250 60 40 38 55 55 56.3 13 5 9 8.6 12 4 12.4 

32 2.47 220 250 60 40 38 55 55 55 13 2 8.8 8.4 12 1 12.1 

33 2.53 240 260 60 42 42 57 57 62.4 14 4 10.1 10.1 13 7 13.7 

3'< 2.57 245 265 61 40 45 58 58 65 14 9 S.8 11 14 2 14.2 

35 2.57 205 265 61 40 45 58 58 54.3 12 5 8.2 11.9 11 9 11.9 

36 2.57 225 265 61 40 45 58 58 59.6 13 7 9 10.1 13 1 13.1 

37 2.58 245 270 62 41 46 62 59 66.2 15 2 10 11.3 15 2 14.5 

38 2.60 215 270 62 41 46 62 59 58.1 13 3 8.8 9.9 13 3 12.7 

39 2.63 225 275 61 41 50 61 61 61 .9 13 7 9.2 11.3 13 7 13.7 

"lO 2.70 220 285 63 43 51 66 63 62.7 13 9 9.5 11.2 14 5 13.9 

111 2.73 250 290 64 44 52 67 64 72.5 16 11 13 16 8 16 

Il2 2.77 285 300 63 39 57 69 66 85.5 18 11.t 16.2 19 7 18 .8 

2.83 320 300 63 39 57 69 66 96 20 2 12.5 18.2 22 1 21.1 

llll 2.89 280 300 63 39 57 69 66 84 17 6 10.9 16 19 3 18.5 

115 2.93 300 310 62 43 68 74 68 93 18 6 12.9 20.4 22 2 20.4 

li6 2.97 240 315 63 43 68 75 68 75.6 15 1 10.3 16.3 18 16.3 

« 3.01 245 320 61 45 67 77 70 78.4 15 11 16.4 18 9 17.2 

48 3.07 250 330 59 50 67 83 73 82,5 14 8 12.5 16.8 20 8 18.3 

49 3.09 240 340 58 51 71 88 72 81.6 13 9 12.2 17 21 1 17.3 

50 3.11 175 345 55 55 72 90 72 60.4 9 6 12.6 15.8 15 8 12.6 

51 3.13 150 350 56 56 74 91 74 52.5 8 4 8,4 I l . l 13 7 11.1 

52 3.09 135 345 55 55 72 90 72 46.6 7 4 7.4 S.7 12 2 9.7 

a = 3,535 896 629 534 752 720 

Table 4 . 4 . 3 Average Weekly Quantities of Wash-'loa(J 

Reduction 

factor 

Reduced transport 

( x i o ' mVyear) 

1 

0.75 

0.75 

0.75 

0.75 

1.527 

0.387 

0.204 

0.173 

0,244 

0,233 

Upstream Cano Correa 

Cano Correa 

Overflow 

Cano Hatuni1 la 

Cano Lequerica 

Pasacaballos 

Transport 

(xlO*^ mVyear) 

1.527 

n.387 

0.272 

0.231 

0.325 

0 -

Table 4 . 4 . 4 Yearly Transport of Wash-load 
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Figure k.k.k Wasli-load Concentrations in Gambote 

From the information given in Figure k.k.k ( va l i d for Gambote) average weekly quantities 

of wash-load have been calculated for the various branches (Table k.k,3), For the conversion 

of the average weekly quantities (in kg/s; Table k,k.3) to the yearly transport of wash-load 

(in mVyear ; Table k.k.k), the total values (a) found in Table k.k.3 have to be multiplied 

with a factor 432 (= 24x3,600x7/10Vl.4). 
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Figure 4.4.5 Wash-load Concentrations Along the Canal del Dique 
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In Part I I i t has been mentioned that the turbidi ty was also measured along 

the Canal del Dique (see Figure k.k,5, which was already presented In Part I I , Para. 

3 . 3 . 5 ) . From this figure i t can be concluded that along the Canal del Dique the turbidity 

gradually reduces going in a downstream direction, although between Calamar and upstream of 

Gambote not much difference is found. Downstream of Gambote, however, the turbidity is 

significantly less and therefore a reduct ion factor ( 0 . 7 5 ) has been used for the sect ions 

downstream of the Cano Correa (As may be seen from the next paragraph, the applIcation of 

this reduct ion factor gives results di fferent from those found from the comparison of 

sound i ngs and aerial photographs). 

,k.3. S11 tat ion jiea r Pasa^^abaJ_l oŝ  Jjj,g_'ji!g_AiiL:—^ 

In Figure k.k.2 the d i v i s ion of the discharge over the various branches has been g i ven, 

As i t was assumed that the amount of s i l t is divided over the various channels proportional 

to the water, i t wi11 be useful to examine the water division somewhat more closely. The 

most striking feature is that only about 20% of the discharge upstream of the Cano Correa 

reaches the BahFa de Cartagena, the remainder mostly going to the BahFa de Barbacoas, although 

a part is lost by overflow (which partly is again lost by evaporation). Some measurements 

carried out by the Junta del Canal del Dique ( 1 9 5 6 ) and by Mantilla ( 1 9 ^ 1 , 1 9 5 6 ) indicate that 

before the opening of the Canos Lequerica and Matunilla ( 1 9 5 8 ) about kO% of the upland 

discharge reached the BahFa de Cartagena. This will probably have caused a sedimentation about 

twice as large as at present. 

32k 
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Figure k.k.7 Sounding of BahFa de Barbacoas 

Figure k.k.8 Sounding of BahFa de Cartagena 

From soundings (see Figures k.k.7 and k.k.8) i t may be seen that depths just outside 

the sedimentation area in the BahFa de Barbacoas are considerably less than in the BahFa de 

Cartagena (5m and 15 m respectively). Nevertheless, there is s t i l l a large space for the 

storage of s i l t in the BahFa de Barbacoas. A guaranteed continuation of the present sedi­

mentation in the BahFa de Barbacoas instead of in the BahFa de Cartagena requires maintenance 
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of the channels as they are. This means that in those cases where canos tend to s i l t up, 

the mouth and the cano i t s e l f should be cleaned by dredging, always ensuring that there are 

good p o s s i b i l i t i e s for outflow and sedimentation. 

\v\\lill///„ 

mmmmi 

Figure k.k.3 New Outlet to be Dredged at Lequerica Mouth 

The s i l t a t i o n of Lequerica as an example is given schematically in Figure h . h . S , As 

soon as the building up of natural levees causes the resistance of the channel to increase, 

a cut should be made as indicated. 

In future also a new outlet may be considered besides Matunilla and Lequerica, branching 

off near Recreo where the distance to the Bahfa de Barbacoas is only short. To keep the outlets 

open, sedimentation of bed material-load should be dredged in the canos (and not only in the 

Canal). The works to replace sedimentation of bed material from the main Canal to th? canos, 

as carried out at Correa, may be advantageous, as dredging can be carried out in the cano 

instead of in the Canal, thus not hampering navigation. By these works, however, the total 

amount to be dredged w i l l not be reduced. 

Figure 4 . 4 . 1 0 Sedimentation Pasacaballos (from photographs I 9 6 I and sounding 1971 ) 

From the foregoing i t may also be concluded that the plans to close the Canal de! 

Dique downstream of the Cano Matunilla, with a navigation route through the Cano Matunilla, 

the Bahfa de Barbacoas, the Cano Lequerica and the Canal del Dique to Cartagena, should not 

be favoured. The amounts settling In the BahTa de Barbacoas at the mouth of the Cano 
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Matunilla would be three times as large as at present in the Bahfa de Cartagena. As, 

moreover, the BahFa de Barbacoas is shallower, the amount to be dredged would increase 

considerably, while this dredging must then be carried out in the navigation channel i t s e l f . 

Figure 4 . 4 . 1 1 Sedimentation Cano Lequerica (from photographs I 9 6 I and sounding 1 9 7 1 ) 

If the navigation route is maintained along the Canal, the amount to be dredged wil l be 

considerably less and can partly be done outside the navigation channel. Recurrent dredging 

in the canal i t s e i f w i l l , however, s t i l l be necessary. 

To estimate the amounts to be dredged, three methods were available of which the 

results can be compared: 

1) The amounts could be determined from the s i l t and sediment-load division as computed 

in Para. 4 . 4 . 2 . 

2 ) From a comparison of aerial photographs taken in I 9 6 I and soundings made in 1971 

the amount of sedimentation at the outlets of the canal (Pasacaballos, Canos 

Lequerica and Matuni la) could be found. This has been done as indicated in Figures 

4 . 4 . 1 0 , 4 . 4 . 1 1 and 4 . 4 . 1 2 by means of drawing a net of squares and noting the 

difference in height (the contour levels had to be estimated with the help of the 

configuration). 
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Figure 4.4 ,12 Sedimentation Cano Matuniila (from photographs I 9 6 I and sounding 1971) 

3) From soundings made by MITCH in 1971 and 1972, the amount of sedimentation at the 

outlets could be found in the same way as with the aerial photographs. For Matunilla 

and Lequerica also a net of squares was drawn, while for Pasacaballos a map of equal 

di fferences has been made (Figure k.k,13). 
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FEU.VD: 11-2-71 TO )B-3'7? 

Figure 4.^i . 1 3 Sedimentation Pasacaballos (from soundings of 1971 and 1 9 7 2 ) 

The results have been compiled as follows: 

Computed sediment From photographs' 1961 From soundings From soundings 1 9 7 1 - 1 9 7 2 

Place 
t r a n s p o r t and sounding 1971 1971 - 1 9 7 2 but reduced f o r a year w i t h 

average d i s c h a r g e s 

( x i o ' m V y e a r ) ( x l O ' m V y e a r ) ( x i o ' m V y e a r ) ( x i o ' m V y e a r ) 

Pasacaba1los 333 225 1|30 285 

Lequerica 325 596 6i)0 1125 

Matun i l i a 297 610 7 5 0 5 0 0 

Correa b i f u r c a t i o n 58 

Correa-Ha tun i l i a 32 

M a t u n i l l a b i f u r c a t i o n 12 

Table k.k.S Yearly Sedimentation 

Regarding these results the following observations can be made: 

The canos Matunilla and Lequerica were opened in about 1 9 5 8 . During the beginning of 

their existence they were short and had slopes which were steeper than they have now and 

i n i t i a l l y drew more water and sediment than at present. The f i r s t photographs were taken in 

1 9 6 1 . It is likely that at that time s t i l l small quantities of water and sediment were suppl 

to the Canal del Dique downstream of the Cano Lequerica; this is in agreement with the fact 

that a smaller amount of sedimentation is indicated by the photographs for Pasacaballos 
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(compared with the computations). Nevertheless, the difference is not completely explained 

this way. Even although the method by the photographs is not very accurate, i t is possible 

that the computed values are somewhat low. (For that reason the reduction mentioned in Para 

4.4.2 has not been applied). 

It should also be kept in mind that 1971-1972 was an exceptional year (see Figure 

4.4.14). The amounts found from the 1971-1972 soundings have, therefore, been reduced by 

the same ratio as the discharges, and the results are given in the last column of Table 

4.4.5 (As with the photographs the comparison of the soundings also was d i f f i c u l t , as no 

fixed points of the f i r s t sounding were available when carrying out the second sounding). 

The following round figures have been taken as annual sedimentation (not a l l of this 

w i l l have to be dredged; see Para. 4.4.4): 

Pasacaballos 330,000 m̂  

Outlet of Cano Lequerica 330,000 m' 

Outlet of Cano Matunilla 300,000 m̂  

Cano Correa Bifurcation 60,000 m̂  

In the Canal del Dique between the 

Canos Correa and Matunilla 30,000 m̂  

Cano Matunilla Bifurcation 10,000 m' 

Considering the sounding of Figure 4.4.10 it may be seen that sedimentation takes 

place over a height of about 15 m and a width of about 1,000 m. The cross-sectional area i s , 

therefore, about 15,000 m, which means that the annual deposit in the bay is about 

330,000/15,000 = 22 m/year. 

As the channel from Mammonal to Boca Chica is at a distance of 2 km, no danger of 

appreciable s i l t i n g of this channel may be expected for many years. 
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k . k . k . D r e d g i n g o f t h e Lower Canal d e l D i q u e 

F o r t u n a t e l y n o t a l l o f t h e s e d i m e n t a t i o n g i v e n i n P a r a , k . k , 3 has t o be d r e d g e d . Near 

P a s a c a b a l l o s and t h e Canos L e q u e r i c a and M a t u n i l l a t h e amount t o be d r e d g e d d e p e n d s v e r y 

much on t h e f r e q u e n c y o f d r e d g i n g . I f t h e Canos a r e k e p t w e l l o p e n , t h e t o t a l a mount w i l l be 

l e s s . I t seems s a f e t o e s t i m a t e t h a t a b o u t h a l f o f t h e t o t a l amount s e d i m e n t e d w i l l h a v e 

t o be d r e d g e d (480,000 m^). F u r t h e r , t h e amounts s e t t l i n g n e a r t h e b i f u r c a t i o n s w i l l h a ve 

t o be d r e d g e d c o m p l e t e l y (100,000 m'). I n c l u d i n g C a l a m a r , t h e t o t a l amount t o be d r e d g e d 

a n n u a l l y w i l l be a b o u t 1.3 m i l l i o n m^. 

In F i g u r e 4.4.15 f l o w - l i n e s a r e g i v e n f o r t h e o u t l e t o f t h e Canal d e l D i q u e i n t h e 

B a h f a de C a r t a g e n a . I t w i l l be seen t h a t t h e f l o w s p r e a d s more o r l e s s e v e n l y , t h e d i r e c t i o n 

d e p e n d i n g somewhat on t h e t i d e . A d r e d g e c u t has been g i v e n i n t h i s f i g u r e , b u t i s i s t h o u g h t 

t h a t t h e d i r e c t i o n i s n o t v e r y c r i t i c a l . 

Some g u i d a n c e o f t h e f l o w by d u m p i n g t h e s p o i l as much as p o s s i b l e as a r i d g e a l o n g t h e 

d r e d g e c u t may h e l p a l i t t l e t o keep t h e c h a n n e l o p e n . S t i m u l a t i n g v e g e t a t i o n o n n e a r l y 

d r y a r e a s w i l l a l s o h e l p . A f t e r some t i m e a c o m p l e t e l y new c h a n n e l may be s e l e c t e d i n o r d e r 

t o o b t a i n a more e v e n l y b u i l d i n g o u t o f t h e d e l t a . A c h a n n e l w i t h a w i d t h a t t h e b o t t o m o f 

60 m and a d e p t h o f 2.60 m b e l o w L.L.W.S. i s a d v i s e d . 

The c h a n n e l d i m e n s i o n s a r e s m a l l , and i n t h e l a r g e e x p a n s e o f w a t e r o f t h e B a h f a de 

C a r t a g e n a t h e mouth i s d i f f i c u l t t o f i n d . The c h a n n e l s h o u l d , t h e r e f o r e , be m a r k e d by ( l i g h t ) 

b u o y s , w h i c h a r e p r e f e r r e d t o l i g h t b e a c o n s b e c a u s e t h e y a r e more e a s i l y moved w i t h a 

s h i f t i n g c h a n n e l and t h e r i s k o f damage by s h i p s i s l e s s . 
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Chapter 5 

DREDGING PROGRAMME AND PHASING OF RIVER-WORKS 

5 . 1 . INTRODUCTION 

From the foregoing Chapters i t wil l have become clear that in the phasing of the 

different types of river-works the following general sequence shouid be kept: 

- Aids to navigation (channel patrols); 

- temporary river-works (dredging); and 

- permanent river-works. 

A start has already been made with the channel patrols and i t is recommended to extend 

these services as indicated in Chapter 2. 

As far as temporary river-works are concerned, i t is thought that a very rigid system 

of recurrent dredging of crossings wi l l be more promising than trying to close secondary 

branches (in a more permanent way), although the eventual closure of secondary branches must 

remain under consideration. 

The present Report has, therefore, in the f i r s t place been based on the concept of 

such a dredging programme of crossings, besides a small number of permanent river-works, 

especially to be carried out near Barrancabermeja and the Rfo Regla Confluence. More about the 

dredging programme is said in the next paragraph, which will show that this programme also 

includes the Canal del Dique and a number of port entrances. As far as the permanent river­

works are concerned, i t is thought that works just upstream of Barrancabermeja, to ensure the 

access to the port, are the most urgently required. These works can then slowly be extended 

downstream to the RTo Sogamoso Confluence, according to the alignment presented in Para. 3.5. 

River-works near the Rfo Regla Confluence are not so urgent, because at present there is not 

yet much t r a f f i c in the Barrancabermeja - Pto. BerrTo section. As has been explained, the 

region near the RTo Regla Confluence is very characteristic for the R'o Magdaiena, and as soon 

as warranted by increased transports, improvements should be commenced. 

The works indicated near La Dorada - Pto. Salgar have other backgrounds besides navi­

gation, and the urgency to carry out these works is mainly governed by these other aspects 

(Palanquero and La Dorada town). It is thought, however, that in any case a model study as 

indicated in Para 3.2.3 should be carried out as soon as possible. If i t is decided to move 

part of the port f a c i l i t i e s to Pto. Triunfo, these f a c i l i t i e s should be ready before the 

opening of the Medellfn - Pto. Triunfo road, 

5.2. DREDGING PROGRAMME 

5. 2 . 1 . The Organization 

In various Chapters of this Part of the Report a concept has been developed about the 

recurrent dredging of crossings, s t i l l to be verified by means of test dredging. This wi l l 
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requ i re a very tight programme and a wei1-organ i zed preparat ion, wi th the following activi ties 

being necessary as preparation for the actual dredging: 

i Measuring and elaboration of length profiles 

i i Determining from the length profiles a l l places along the river that have depths 

smaller than the requlred depths in relation to L.R.L 

i i i Measuri ng of flow-1ines at those cross i ngs found under Poi nt 1i that cannot be 

schematized (for computation) by aerial photographs only 

IV Schematization of a 11 cross i ngs with the help of aerial photographs and flow-1ines 

V Computation of the scour that can be expected duri ng a drop of the water-level to 

L.R.L. 

VI Determining those cross i ngs that requ i re dredg1ng 

vi 1 Determining the sequence in wh1ch the cross 1ngs wil l be dredged 

v i i i Sound i ng and measur i ng of flow-lines of the cross 1ngs to be dredged 

ix Determi ni ng the alignment of the dredge cut 

X Indicating by means of beacons the trans i t 1 i ne of the dredge cut. 

In add i t ion to the actual preparation given 1n the foregoi ng ten poi nts , the followi ng 

activi ties w i l l s t i l l be requi red dur i ng and after the dredg i ng of the cross i ng(s) : 

xi Instructlon of the dredge master regard i ng the necessary depth of dredg i ng in rel at ion 

to the daily water-level 

xi1 Soundi ng of the dredged channel(s) 

xi i i Beaconi ng or buoy 1ng of the dredged channel(s). 

Part of the above a c t i v i t i e s can be carried out by a properly organ 1 zed channel patrol 

service (e.g. , Points i , i i i , v i i i and x i i i ) , 1n close co-operation wi th a r1ver conservancy 

department ("Unidad de Estudios Fluviales") . The other a c t i v i t i e s wi11 have to be carried out 

by the river conservancy department 1tself. 

The computation mentioned under Point v wi11 have to be carried out by an agency that 

has computer faci1i t i e s . 1n th1s case CETIH may prove to be of help, because of the experience 

recently galned by one of i ts staff members, wi th the computations carried out for the present 

Report. The schematization of the cross i ngs will have to be carried out by the r iver 

conservancy department, in co-operat ion wi th the computer expert. In th1s respect, the exper i -

ence ga1ned by the "Unidad de Estudios Fluviales" wi11 prove to be very important, 

5.2.2. Amounts to be djedged^ and requ i red cagacj^ty^of^ the dredge_f2£et 

Although no actual dredgi ng programme was prepared for the year 1972, the scour at a 

number of cross i ngs was computed and the amounts to be dredged determined accordingly, for 

the low water season at the beginning of 1972. These amounts were determi ned for the Rfo 

Magdalena and the Canal del Dique, and are summarized in Table 5.2.1. The f i rst four columns 

of this table concern recurrent (mai ntenance) dredging, and the last two columns dredging 

that has to be carried out only once. The 5,4,35,000 m' mentioned under backlog for the Cana1 

del Dique, 1s requi red to enlarge the Cana1 del Dique cross-sect ion in accordance wi th the 

adopted (MITCH) design cross-section. 
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The total amount to be dredged recurrently on crossings along the Rfo Magdalena (to 

obtain a depth of 7 ' 6 " below L.R.L. downstream of Pto. Berrfo and k'è" upstream of Pto. Berrfo), 

including dredging of the entrances to river ports, is about 2 , 0 0 0 , 0 0 0 m' per low water 

season (months January to March) but, whether part or a l l of this dredging w i l l have to be 

repeated in the subsequent low water (months June and July) cannot be said wi thout practical 

experience. The time available for the amount to be dredged is between 2 and 3 months, say 

75 days. The actual output of one new dredger (des ign capaci ty 1 ,200 m'/h) according to 

Figure 2.3.16 is about 730 mVh when dredging cross i ngs of 1 5 , 0 0 0 m' , and about 7 9 5 m /̂h 

when dredging crossings of 2 5 , 0 0 0 mV In 75 days the output i s , therefore, between 1.3x10^ m^and 

1.4x10^ m^. This means that for the execution of the dredging programme two dredgers are required. 

Rtver section Recurrent dredging of crossings and river ports (m^/year] Dredging for 

permanent 

rIver-works 

ta') 

Backlog along 

the Canal del 

Dique 

Remarks Rtver section 

to ' f '6" to 6 ' to 7 ' 6 " River ports 

{betow L .R.L . ) (below L .R.L . ) (below L.l^.L.) 

Dredging for 

permanent 

rIver-works 

ta') 

Backlog along 

the Canal del 

Dique 

Remarks 

La Dorada - Pto. Triunfo 

Pto, Triunfo - Pto. Inmarco 

Pto, inmarco - Pto. Berrfo 

Pto. Berrfo -

Barrancabermeja 

Barrancabermeja - Gamarra 

Downstream of Gamarra 

Calamar (Canal del Dique) 

Bifurcating canos 

Bahfas de Cartagena and 

Barbacoas 

217 ,000 10,000 

53,000 

157,000 S'i?,000 10 ,000 

500,000 1 ,000 ,000 PH 

498 ,000 25 ,000 

PH 8 ' 

700 ,000 

100,000 

480 ,000 

3 , 5 0 0 , 0 0 0 ^ ' 

500 ,000 

1 ,150 ,000 " 

5 , 4 3 5 , 0 0 0 

1) La Dorada - Pto. Satgar port 

2) tf port f a c i l i t i e s remain In 

La Dorada - Pto. Salgar 

3 ) To be dredged in La Dorada -

Pto. Salgar port, if new port f a c i l i ­

ties be created near Pto. Triunfo 

4 ) Possibly to be dredged in future In 

the Pto. Berrfo port 

5) If permanent river-works near Barran­

cabermeja wil l be carried out to safe­

guard the approaches to this river 

port 

6) If permanent river-works near the Rfo 

Regla Confluence wil l be carried out 

7 ) Pto. WiIches port 

8 ) Downstream of Gamarra some crossings 

may require dredging 

9 ) To enlarge the Canal del Dique cross-

section to the HITCH design cross-

section 

Table 5.2.1 Summary of Volumes to be Dredged 

As can be seen in Table 5 . 2 . 1 , half of the total amount (1x10^ m^) has to be dredged 

between Barrancabermeja and Pto. Berrfo, a river stretch of only 100 km. This indicates that 

the requirement of 7 ' 6 " below L.R.L. on this section is in fact too severe. If in this 

sect ion the requi rement would (at least' temporarily) be lowered to a depth of 6 ' below 

L.R.L., one dredger could nearly do the complete stretch from La Dorada to Gamarra. This 

seems attractive, because i t would mean that for the time being one new dredger would be 

suff icient, wi th any shortage i n dredge capaci ty on the Rfo Magdalena bei ng augmented by the 

converted dredger DH 6 . The dredging programme may then be as indicated in Figure 5 . 2 . 1 . 

In general this dredging programme has been drawn up in agreement with the capacities 

and the properties of the available dredgers; for example, dredging of crossings, cannot 

be done by the DH 7 . Some activi ties could, however, be interchanged: for example, part of 

the dredging in the Lower Canal del Dique could be carried out by the DH 7 instead of the 

DH 9 . 
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DREDGERS 

NEW DREDGER 

- OREDem m M«iUtD« CROssms 

AND Rf^R PORTS 

- AVAn.ABi£ FOR OTHER WORKS 

- MAtNTENANCF, OVERHAOL 

DH 6 

- DREDSm RIO MASOALENA CROSSmS 

AND RiyER T>ORTS 

_ CALAHAR 

_ LOWER OANAL DEL DIODE 

- m/LABLE FOR DINER WRXS 

_ MAINTENANCE, OVERHAUL 

DH 9 

. CALAMAR 

- LCWER CANAL DEL DIOUE 

. AVAILABLE FOR OTNER WORKS 

. MAINTENANCE, OVERHAUL 

DH 10 

. Rk MAGOALENA AND/OR CANAL DEL 

OfOUE 
DH 7 

. LOVER CANAL DEL DidUE 

OREOSIHO ON TNE R/0 MASOALENA AND/OR CANAL DEL DIOUE {TABLE 5.2JI YAJtKXJS DREDSm AS REOfXiED 

Figure 5 . 2 . 1 Dredging Programme 

. PHASING OF THE RIVER-WORKS 

Only a rough outline of the phasing of the river-works can be given here because the 

phasing depends, apart from the required preparations and funds to be made available, strongly 

on the (awaited) results of "The Magdalena River Area Transport Study". The works 

and a c t i v i t i e s indicated below, must therefore only be considered as a guide. 

1973= Test dredging. 

Dredging of the Lower Canal del Dique. 

Initiating the extension of the channel patrol service. 

Besides general studies, a study of the development of dredged channels after test 

dredg1ng. 

Preliminary design of river-works upstream of Barrancabermeja, along the right bank 

of the Rfo Magdalena. 

Improving the dredging organization and the output of dredgers. 

1 9 7 4 : Model study for river-works in the La Dorada - Pto, Salgar area. 

Further extension of the channel patrol service. 

Dredging of crossings and river ports downstream of Barrancabermeja (with the converted 

DH 6 ) , 
Building of new river dredger. 

Dredging of a sand-trap at Calamar and study of its development. 

Dredging of the Lower Canal del Dique, 

Executing river-works upstream of Barrancabermeja, along the right bank. 

Building new port f a c i l i t i e s near Pto, Triunfo, 

1 9 7 5 " The carrying out of the complete dredging programme. 

Further execution of river-works upstream of Barrancabermeja, 
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Chapter 1 

GENERAL 

This Part consists of descriptions of the various survey routines and measurements 

that were developed by NEDECO in the course of the "RFo Magdalena and Canal del Dique 

Survey Project". 

The descriptions are shaped in the form of a Hydrographic and Hydrological Manual, 

giving the basic background and the detailed applications as far as they wi l l be of use 

for the Unidad de Estudios Fluviales, MOP and ADENAVI. 

This Manual starts with a description of the various instruments, that were used 

by the Mission (Chapter 2 ) . 

Secondly, descriptions are given of the positioning systems that were used (Chapter 

3 ) . Finally, the various measurements and their elaboration are described, as carried out 

Colombia (Chapter k). In this Chapter also the measuring techniques of the instruments 

dealt with in Chapter 2 is detailed, because in that chapter the instruments are only 

described in a general way. 
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Chapter 2 

INSTRUMENTS 

2.1. INTRODUCTION 

A description is given of the instruments used by the Mission. Most of them were 

selected and ordered in the Netherlands, but some (like the Kelvin Hughes and Berg 6 Berg 

propel lor current meters) were borrowed from ADENAVI. 

The description of the instruments contains some general information and technical 

data, as well as their application, and the advantages and disadvantages of each type. 

For more detailed information about these instruments (required for repairs or 

adjustments), the manufacturer's manual of the relevant instrument should be consulted, 

Sometimes in this Chapter an additional instrument Is mentioned or described, as such an 

instrument may be expected to be of use in future measurements. 

The way in which the instruments should be used is dealt with in Chapter k. 

2.2, SEXTANT 

The sextant was originally designed for measuring vertical angles, such as the sun's 

or stars' altitude, from aboard ship. However, i t also serves well for the measurement of 

horizontal angles, specially from aboard ship, where a theodolite cannot be used, 

Measuring range is from 0° - 115°, while the graduated arc of the Instrument holds 

60° (see Figure 2,2.1) from which i t got the name sextant. 

Figure 2.2,1 Sextant 
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Principle: Two beacons - of which the angle between them is to be measured - are 

brought to coincidence. The left-hand beacon is seen directly through the telescope, and the 

right-hand beacon is double-reflected by the main mirror on the alhidade, and the fixed 

mirror in front of the telescope. 

Index-error: Almost every sextant has its specific error, because the non-plane 

p a r a l l e l l i t y of the two mirrors causes deviation from the exact zero situation. To 

determine the index-error, a sharply-edged object is made to coincide with i t s e l f , the 

object being farther than l i km away, preferably on the horizon, and the deviation from 

the exact zero reading Indicates the index-error. Index-correction is the value of the 

index-error, but with changed sign (see Figure 2.2.2). 

INimCASE THE INDEX-CmRECTm IS: • 00° 44' 

Figure 2.2.2 Example of Index-correction 

Advantages: Angles can be measured with the instrument held in the hand, which is very 

useful aboard ship where a theodolite on its tripod cannot be used. In a minor triangulation 

in the bush or elsewhere on land, the sextant can be used for measuring angles from d i f f i c u l t 

places, such as trees and masts. 

Disadvantages: The accuracy of the sextant is small compared with the theodolite. The 

Freiberg sextants used by the Mission were accurate to half an arc-minute. This gave sufficient 

accuracy for position-fixing during measurements inside an existing triangulation network, 

but l i t t l e for building up a minor triangulation. 

• THEODOLITE 

The theodolite is used to measure directions to two or more objects, together with 

the inclinations of these objects, a l l referred to the horizontal plane passing through the 

observation point. From these measurements horizontal and vertical angles are obtained. 

The theodolite consists of the following main parts: a fixed base with tribrach, a 

movable upper part, and a telescope (see Figure 2.3.1). The upper part is movable about 

the vertical axis, and the two brackets for the horizontal axis are fixed, bearing the 

telescope. For rough levelling-up the base is fitted with a circular bubble, while more accu­

rate adjusting is done with the alhidade tubular level. The telescope can be aimed in any 

direction, rotating about its horizontal axis and moving the alhidade about its vertical axis. 
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Advantage: The projection of an angle on the horizontal plane can be measured directly 

and irrespective of the difference in elevation between the observer and the objects. 

Disadvantage: the theodolite has to be levelled-up accurately, and is therefore of no 

use aboard any moving vessel. 

Use: Triangulation measurements and 1ine of slight deviation measurements from a fixed 

point. 

. LEVELLING INSTRUMENT 

The levelling instrument is used for determining the difference in elevation between 

two or more points. The instrument consists of a telescope of which the axis can be set 

horizontal by reference to a tubular level. The telescope and bubble-tube are fixed together 

to one rigid unit that rotates around the vertical axis by means of the alhidade. The 

vertical adjustment of the alhidade can be made by the three foot-screws on the tribrach that 

holds the alhidade, and is fitted with a circular level. Final horizontal adjustment of 

the telescope is done wlth the 1111 i ng screw, 1n accordance wlth the bubble-tube. When an 

automatic levelling instrument is used, i t works automatically by an optical-mechanical device 

act i ng under the influence of gravi ty or magnet 1sm. 

Accuracy: Depends, in principle, on the sensitivity of the level bubble, the magnitude 

of the telescope, and the climatological conditions. In general, the following directions 

should be carried out to secure a high accuracy: 

r TELESCOPE 
2 REAOm VERT/Ca ANHIE 
3 READING HORIZORTAL AHGLE 
4. HQRIZOHTAL AXIS 
5 VERTICAL AXIS 
6 ALHIDADE 
I TRIBRACH WITH FOOT-SCREWS 

Figure 2.3.1 Pri nciple of the Theodoli te 
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- Levelling during ttie middle of ttie day stiould be avoided. 

- The levelling instrument should be protected against the sun by a parasol. 

- The three horizontal cross-hairs should always be read, and not the centre one only. 

- Sighting distances should not exceed 50 metres. 

- Special ground plates should be used to keep the levelling staff steady, specially 

when turned. 

Use: Determining the difference in elevation between two or more points, such as 

the slope of a river, or connecting a gauge-zero with a benchmark with known elevation. 

1 TELESCOPE 
2. VERTICAL AXIS 
3. READim BUBBLE TUBE 
4. HORIZONTAL FIRE AOJUSTI/IG 
5. CIRCULAR BOBBLE 
fi, ALHWAOE 
7. TRIBRACH WITH FOOT-SCREWS 

Figure 2 . 4 . 1 Principle of the Levelling Instrument 

. RANGEFINDER 

This instrument determines the distance from observer to a certain object directly, and 

is based on the principle of the human eyes, only the base distance between the telescopes 

being 80 or 100 centimetres. One telescope is fixed under 9 0 ° to the base, and the other is 

movable and should be turned t i l l the picture seen by this telescope coincides with that 

seen through the fixed telescope. The amount of turning indicates the distance to the seen 

object, and is directly shown on a d i a l . 

The Barr 6 Stroud rangefinder used by the Mission had a base of 80 cms and showed both 

coinciding Images In an upright position. 

Advantages: The instrument gives a direct reading of the distance between the observer 

and a certain object; i t can be used by hand without tripod; and adjustment is done easity 

for distance correction and image, while also a check on the accuracy of the instrument can 

easily be done. Finding the distance to a light at night is made easier by using the 

astigmatiser, showing the light in both images as a vertical light-ray. 

Disadvantages: Because the system is based on the principle of the human eyes, i t is 

ctear that only up to a certain distance is the accuracy f a i r , and lessens with increasing 

distance. 

Accuracy: Under reasonably practical conditions less than one metre up to distances 

of 250 metres, 2^ metres at 500 metres' distance, and so on (for Barr s Stroud rangefinder 

with a base of 80 cm), the error (according to the manufacturer) varying in proportion to 

the square of the distance. 
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Figure 2.5.1 Barr 6 Stroud Rangefinder 

Use: The rangefinder can be used for measuring a river-width, for position-fixing while 

sounding a river cross-section, and in combination with a sextant or theodolite for locating 

the position of floats from ashore (see Chapter 3.2). 

The distance scale of the Barr & Stroud rangefinder starts only at 50 metres, but with 

the aid of a small board as beacon, the distances between 0 and 50 metres can also be 

determined. The board should be 80 centimetres long if the rangef1nder's base is 80 cms, 

and divided into five parts of 16 cms each, as shown below. This board should be fixed on 

the beacon from which smaller distances than 50 metres are to be measured. 

0 1 0 2 
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II 
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I l l l l l 

2 

II 
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I l l l l l 
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II 

0 4 

lllllllll 

0 50 

lllllllll 
0 1 

nil llll 

0 2 

lllllllll 

0 3 

llll llll 

0 4 

lllllllll 

0 SO 

lllllllll 
LOWER IMAGE 

THE DISTANCE SCALE OF TNE RANGEFINDER STILL ON 
50 METRES AND THE TWO IMAGES OF THE BOARD 
IN THIS WAY: DISTANCE 27 METRES 

Figure 2.5.2 The Use of the Short-distance Board 

2.6. ECHO-SOUNDER 

The echo-sounder is an instrument to measure the water depth by means of sound waves. 

These are transmitted through and received by the transducer and recorded on the paper roll 

of the recording device, indicating the depth directly In metres or feet (depending on what 

system is used). 
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The transducer is located some feet below the water-level and as the distance between 

the bottom of the transducer and the refiecting surface of the river bottom is measured, 

the draught of the transducer should be added to the recorded water depth, thus giving the 

correct water depth. The transducer may be inboard, built in the hull of the vessel, or 

outboard, fixed to the ship with a bracl<et. 

The echo-sounder used by the Mission was a DE-719 Raytheon Survey Fathometer, recording 

the depth in feet. Frequency of the transmitted sound waves was 200 kc and it operated on a 

12 V battery. It had a single range of 205 feet in four phases (from 0 - 55, 50 - 105, 

100 - 155 and 150 - 205 feet), and a double range of 410 feet also in four phases. (A similar, 

although older type of Raytheon echo-sounder was borrowed from ADENAVI and mostly used on the 

Canal del Dique.) 

The instrument was fitted with adjustable zero recording, tide and draught correction, 

speed of sound control, phase indicator and calibration control. 

TRAHSUXER 

Figure 2,6.1 Recording Device and Controls of Echo-sounder 

Advantages: The recorded water depth can be directly corrected, until the true water 

depth (from surface to bottom) is recorded. Also the battery condition can be controlled by 

means of the calibrating line. It also gives variable paper speed for the different types of 

soundings, with river cross-sections having the highest paper speed, and longitudinal soundings 

a lower speed. 

Disadvantages: The echo-sounder has to be checked after each sounding, daily, and 

calibrated by means of a bar-check or a hand-lead and the echo-sounder corrected according 

to these data. The speed of sound is influenced by the water temperature and s a l i n i t y , and 

also the condition of the battery. 

Use: The echo-sounder is used for cross-sectional soundings of the river, longitudinal 

river-soundings, and local complete soundings of a part of the river or bay, 

Accuracy: The Raytheon echo-sounder records on specially-graduated paper, indicating 

lines at 1 foot interval, thus making interpretation of half a foot possible. 
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Also used by the Mission was a small portable echo-sounder, "Seascribe", specially for 

smal 1 local soundings and shallow water Investigations. This 1nstrument is f1tted wlth a 

flash-indicator as wei1 as record 1ng paper, and has a separated underwater transmitter and 

receiver. The uni t operates on 8 to Zk \l battery power or dry eel 1s. The Seascribe portable 

echo-sounder records on smal1-scale paper, because the whole unlt is smal 1 , and is therefore 

not very accurate. S t i l l , for smal 1 and quick investigations 11 works accurate!y enough, 

making read 1ngs of one foot possibie. 

On both instruments a fix-marker is f i tted, marking the paper wi th a th i n vertical 

line whenever a position-fix is made. By giving these fix-marks the same running number as 

the location-fixes of the sounding, elaboration of the data afterwards is f a c i l i t a t e d (see 

Chapter 4.2). 

PENDULUM CURRENT METERS 

The pendu1um current meter is used to measure the current veloci 11es 1n a r1ver or 

canal, and is based on the principle that a metal body, suspended by a thin wi re from a 

measuring device, 1s moved by the current out of a pos i t ion ver t i c a l l y below i ts poi nt of 

suspension. With the help of calibration curves the angles read on the measuring device can 

be translated into velocities. Corrections have to be made for the bending of the wire. 

Several bodies of different shape and weight belong to the current meter set, each to be 

used in a matching range of velocities. 

Two different types of pendulum current meters (based on the same principles) exist: 

Planeta 

In addition to the verticai angle read from the measuring cupola, a horizontal angle 

can be read, indicating the direction of the current. A total range of 0 - 3.5 m/s can be 

measured at various depths and with different bodies. This instrument, however, was not used 

by the Mission. 

K.L.M. 

This type of pendulum current meter weighs less than the Planeta, and can eas i l y be 

held in the hand dur i ng the measurements. But s i nee i t 1s manualiy used, the heav1er bodies 

of the Planeta for measuring velocities up to 3.5 m/s cannot be used, and only a total range 

of 0 - 1,9 m/s can be measured. 

Advantages: Both instruments can be eas1ly repai red and maintained in the f i e l d , and 

only a relatively cheap part (the body) can be lost. The Instruments give a true recording 

of the water movement, and the observer is warned immediately if something is going wrong: 

for instance, if the vessel is moving due to wind (or if the body is l o s t ) . A change in the 

direction of the current in the vertical is measured easily with both instruments because 

of the change in wire-bending (important in tidal areas) . The K.L.M. only measures the 

current veloci ty, but wi th the Planeta the current dlrection can also be read. 

Di sadvantages: The translat ion of vertical angles i nto current veloci ties is a rather 

elaborate process. 
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Figure 2.7.1 The K.L.M. Pendulum Current Meter 

PROPELLOR CURRENT METERS 

The propel lor current meter assesses the local velocity by counting during a certain 

interval of time the number of revolutions of a propeller driven by the current. The counting 

is done e l e c t r i c a l l y , while a translation of the number of revolutions into velocities is 

made from calibration curves or formulas supplied with the instrument. 

Three types of propeller current meters were used by the Mission: Ott, Kelvin-Hughes 

and Berg e Berg. 

Ott 

The Mission used both the Ott-Arkansas and the Ott-Unstrutdag, the latter being 

equipped with a special bottom indicator which signals contact with the river bottom. Each 

type of current meter had a number of calibrated propellers for different v e l o c i t i e s . Theo­

re t i c a l l y the Ott current meters are suitable for measuring velocities as high as 10 m/s and 

as low as 0.05 m/s. However, in practical use, with high velocities the instrument w i l l 

sheer too much, which may cause irregularities in the measurements. 

Advantages: Propeller current meters are excellent tools for fast and accurate work, 

provided careful maintenance is dene, great care is exercised when using the Instruments, 

and the calibration is checked regularly. Translation from revolutions into velocities is 

dene quickly by means of graphs. 

Disadvantages: These types of meters do not provide information on the direction of 

the current. Due te its weight, a derrick or davit is required for handling the instrument. 
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2 TRAtiSMISSmi DEVICE,RE\t)LUTms (MEOUIJICAUY} CftANBEO IHTO ELECTRIC FULSES 

3. SUSFENSIDN/TRA//SMISSiON CABLE COMBimiON TO THE COUHTIHS DEVICE 

4 TAIL,EHSORIHa THE METER^S AUSNMEHT TRUE TO THE OIRECTIOH OF THE CURRENT 

S. WEIGNT, AGAINST CABLE BENDING DUE TO NIGH CURRENT VELOCITIES 

Figure 2.8.1 Ott-Arkansas Propellor Current Meter 

Kelvin-Hughies 

Tliis direct-reading current meter measures both the velocity and direction of the 

current, and no special interpretation by curves or graphs is necessary. The instrument 

consists of an underwater body with propel lor, an e l e c t r i c i t y and suspension cable, and 

the measuring device with dials for velocity and direction. The Kelvin-Hughes current meter 

has two veloci ty ranges: from 0.05 - 1.5 m/s and from 0.05 - 3.0 m/s respectively. 

Despite t r i a l s and repairs the current meter was not in working order and some spare 

parts should be ordered from the manufacturers. 

Berg £ Berg 

Although this may not be called a regular propel lor current meter, the bas ic princi­

ple is similar. Instead of a propellor with a horizontal axis, the counter is driven by six 

cups on a vertical axis. Due to its light weight, the Berg 5 Berg current meter can easily 

be lowered by hand during the measurements and was often used by the Mission for discharge 

measurements in secondary branches of the Rfo Magdalena and in affluents. Theoretically the 

Berg S Berg current meter can measure velocities as low as about 0.10 m/s and as high as 

about 2 m/s, though the heavy suspension cable causes a considerable d r i f t of the instrument 

in water velocities exceeding 1 m/s. 

. WATER SAMPLER 

The water sampler used to measure wash-load concentrations is a weighted device in 

which a bottle, closed by a rubber stopper, can be placed. This contraption suspended by a 

line Is lowered to the required depth, and the rubber stopper pulled off by means of the 

thin line fixed to i t . After sufficient time has elapsed for the bottle to f i l l , the 

instrument is hoisted and the bottle taken out, closed and labelled. 

Disadvantage: The water sampler disturbs the flow pattern and consequently cannot be 

used to measure the total sediment-load transported by the river. The wash-load, however, 

consisting of very fine particles, is less affected by the distortion of the flow and may 

accurately be estimated by the elaboration of water samples collected in this way. 
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5. 

3. 

MILX BOTTLE 

TAIL. AGAINST KNOTTING LF TNE SUSPENSION-LINE ANO TNE STOPPEK-UNE IN CUPPENTS 

SUSPENSION BRACKET. ALSO CLAMPING TNE BOTTLE 

NEAVÏ WEIGHT METAL BOOT 

11/2 Li 

Figure 2 . 9 . 1 Metal Water Sampler 

Another type of water sampler (based on the same principle) used by the Mission was 

a bottle-shaped perspex body of l i t t l e weight, and with an opening on top which could be 

closed and opened by the above-mentioned rubber stopper on a line. With a locally-acquired 

weight connected to its bottom, the instrument could be used in the same way as the other 

sampler. 

Advantage: The light weight of this instrument makes i t possible to carry i t around 

in hand-luggage, and to use i t in preliminary investigations. 

2 . 1 0 . DELFT BOTTLE 

The Delft Bottle (D.F.) is an instrument to measure suspended-load in rivers. It 

measures from the surface down to 0 . 5 m above the river bottom when suspended by a wire, 

and from 0 . 5 to 0 . 0 5 m above the river bottom when fixed in a frame (sledge). In the 

frame the D.F. is t i l t e d , and the use of bent nozzles is required for the depths of 1 0 , 20 

and 30 cms above the river bottom. 

TRANSPARENT PERSPEX BOOT 
2. TAIL, AGAINST KNOTTING OF ITS SUSPENSION-LINE AHO TIf 

STOPPER-LINE IN CURRENTS 
3. IMPROVISED WEIGHT 
4. SOSPENSION-LIHE 
5. STOPFER-LINE 

Figure 2 . 9 . 2 Perspex Water Sampler 
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SAMPLING CHAMBERS ^ \J 

5. WATER OUTLET ^^^^c::^::^---' 

*' """"^ O.E IH FRAME. WITH BEHT NOZZLE 

Figure 2,10.1 The Delft Bottle (D.F.) 

Principle: The sediment-containing water flows through a bottle-shaped sampler, the 

shape of whi ch i nduces a low pressure at the rear end (water outlet) 1n such a way that 

the water enters the mouth of the sampler with almost the same velocity as the undisturbed 

flow. The i nside shape of the sampler and the sharp decrease of the veloci ty in the wide 

sampli ng chambers causes the sed iment material to settle there. Th i s sett 1ed material can 

be taken out and measured volumetrically after the D.F. is out of the water. 

11 is possible wi th the D.F. to measure sed iment transport wi th velocities up to 

2.5 m/s, a 1 though the correction factor increases considerably for such high veloci ties (see 

Chapter k.k) . The average gra i n s i ze of the sed iment must exceed G.05 mm (50 ym). 

Advantages: Because of the flow-through principle, a large vo1ume of water is sampled, 

and i t is a d1rect transport measurement. The D.F. is of sImple and sturdy construct ion, 

can eas i l y be ma i nta i ned in the f i e l d , and can be used at any requi red depth, 

Disadvantage: Because of 1ts weight a davit and winch are requ1 red for handling. 
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2.11. BED-LOAD TRANSPORT METER "ARNHEM" 

The Bed-load Transport Meter "Arnhem" (B.T.M.A.) Is an 1nstrument to measure the 

bed-load of coarse sand and f i ne gravel just above the r1ver bottom. 

Principle: A frame-mounted sampler is pressed on the river bottom by a leaf spring. 

Behind the mouth of the sampler 1s a fine-meshed wi re basket. The shape of the basket causes 

a low pressure behind the i nstrument in such a way that water and the transported bed 

material enter the mouth wi th the same veloci ty as that of the undisturbed flow. The bed-

load particles which are too coarse to pass the mesh 1ng are caught. The B.T.M.A. catches 

material coarser than 300 ym (theoretical value of the meshes) and finer than 5 mm (5,000 ym). 

Advantage: The i nstrument is of simple and sturdy construction, and can eas1ly be 

repai red and maintained in the f i e l d . 

Disadvantage: Because of 1ts weight and dimens ions, a dav 11 =nd wlnch are requi red 

for handling i t . The current veloci ty range in which i t can be used is 1imi ted to 2.5 m/s 

due to the construction of the basket. 

/. wm mSH SAMPLER 3. SAMPLER MOUTH 3. TAH. A. FRAME 5. LEAF SFRIHC 6. STABILIZER 

Figure 2.ll.1 The B.T.M.A. 

2.12. BOTTOM GRAB 

Although not belonging to the range of instruments to measure the bed-material load 

transported in rivers, this device is useful to determine the material of which the river 

bed is composed. 
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The sampler consists of a grab which is lowered in an open position by a line. 

Contacting the bottom, the lever that keeps the grab in an open position disconnects and while 

hoisting, the grab is closed and holds the bottom sample. 

Figure 2.12.1 Bottom Grab 

Advantages: The bottom grab is of simple and sturdy construction and can be easily 

maintained in the f i e l d , while no davit is required to lower the instrument. 

Disadvantages: In strong currents i t may be d i f f i c u l t to lower the sampler v e r t i c a l l y , 

and i f i t lands on the river bottom on its side i t will not grab a sample. It may then be 

easier to take a sample while the survey vessel is adrift. 

2.13. TURBIDITY METER 

The turbidity meter is an optical instrument to measure the concentration of fine 

suspended sediment either in water samples or directly in rivers, according to the principle 

of determination of light-absorption by a sample of river-water compared with the absorption 

of a clear water sample. The latter should preferably be of the same river water, but cleared 

by f i l t e r i n g the s i l t out of i t (the s i l t then being dried and weighed). A calibration curve 

must be made by plotting the concentrations found by f i l t e r i n g and weighing of the samples 

versus the extinction figures of the same samples found by the turbidity meter. 

Figure 2.13.1 Turbidity Meter 
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The turbidity rneter used by the Mission had a two-fold application: i t could be used 

in the office laboratory for elaborating water samples, and it could be used in the fi e l d 

by lowering the photo-electric c e l l on a line to the required depth in the river, and the 

value of light-absorption then read on the measuring device aboard the vessel. 

2.14. CONDUCTIVITY METER 

This instrument is used to measure the conductivity of the water, by means of which 

the sal i n i ty can be determi ned. The instrument cons i sts of a measuring-cei1 on a combination 

suspension/electrical cable, wh ich is lowered ei ther in a water sample or the river i t s e l f . 

Readings are taken from the device aboard the survey vessel, which indicate the conductivity 

of the water in micro-s1emens. By means of conversion tables these values can be translated 

into ppm sa l i n i t y . When measuring in a sample, the sample must not be too sma11, to avoid infl 

ences of the container walis. The conductivi ty meter used by the Mission was an E.C.R. type P4e 

Advantage: The sa l i n l t y in a measuring vert ica1 at several depths can eas1ly and 

qu i ckly be determi ned. 

Disadvantages: This type of conductivi ty meter was, according to the manufacturer' s 

statement afterwards, not really sui ted for measurements in tropical waters, due to sen s i t i v i t y 

to high temperatures of the electronic part of the instrument (see aiso Chapter 4.5). 

>«StMm FROBE MEASUUm DEUCE Wim DIALS 

Figure 2.14.1 The E.C.R. Conductivity Meter 

2.15. VISUAL ACCUMULATION TUBE 

The VAT can be used to determi ne the partic1e-s ize distribution of sand wi th a median 

particle-size of d = 0.05 - 0.4 mm (50 - 400 ym). The method is based on the determination 

of settling-time distribution of a small quanti ty of sand (0.2 - 1.0 gram) in a settling tube. 

For thi s purpose the 1ncrease of the depos i ted quant 1ty of sand is measured as a funct ion 

of the time. By means of a calibration the grain-size of a certa1n percentage can be determined 

by the settling-time of that certain percentage (St. Anthony FalIs (1957) [62]. 

The VAT consists of a settling tube B (see Figure 2.15.1), inside diameter about 25 mm, 

wi th on top a cup A which is separated from the tube by a c1amp-devIce on a rubber hose. 
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Under the settling tube is a capillary tuue C in which the deposit can be measured with a 

measuring tape behind the capillary tube. 

t. CUP -A" 

2- SAND SAMPLE 

J. CLAMP DEVICE 

4. SETTUNd TUBE -B" 

5. CAPILLARY TUBE "C 

6. MEASUJINa TAPE 

7. RUBBER STOPPER 

Figure 2 . 1 5 . 1 The V.A.T. 

Procedure 

1 . Clean the cup A and settling tube B with water while the clamp device is open (after 

each measurement). 

2 . Close the capillary tube with a rubber cork in such a way that the top of the cork is 

level with a grid line on the measuring tape. 

3 . F i l l the settling tube B via cup A with water up to 2 - 3 cm below the too edge of tube P, 

and measure the water temperature. 

k. Close the clamp device. 

5 . Put the sample in cup A and pour some cc water on this sample so that a l l the sand is under 

water. 

6. Open the clamp device and start the stop watch at the moment the sand begins to f a l l in 

tube B. 

7 . Note the time when the f i r s t sand grains reach the bottom (top of rubber cork) and subse­

quently the times when the height of the deposit reaches, for instance, 0 . 5 , 1 . 0 , 1 . 5 cm, 

etc. 

8 . Determine after 10 minutes the total height of the deposit and calculate the percentages 

corresponding with the height of 0 . 5 , 1 . 0 , 1 .5 cm, etc. 

9 . Determine the grain-size from the settling-time corresponding with the percentages, 

calibration 

The VAT in the described form and with the described procedure is calibrated with a 

number of sand samples at a temperature of 29°C, The calibration is given in Figure 2 . 1 5 . 2 , 
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This line is determined by using an effective length of 150 cm and the settling rate of 

sand (St. Anthony F a l l s , 1957 [ 6 3 ] ) . Any change in the instrument needs a re-calibration. 

The accuracy of the s1ze determination is + 5 - 10 I . 

COMPUTED WITH L^^^ . 150 cm AND FALL VELOCITIES FROM REF [ g l ] 

WATER TEMPERATURE 29° C 

WEIOHT OF SAMPLE I gram 

Figure 2 , 1 5 . 2 The V,A,T. Calibration Curve 

The calibration is done at 29 C; for deviations in temperature the following cor­

rection factors for the s i ze should be used: 

D 2 0 ° C 2 5 ° C 29°C kO°C 
50 -500 um 1 , 0 9 5 1.045 1 . 0 0 0 . 9 1 

thus: D ^ q O j , = D o^ x 1 . 0 9 5 . 



Chapter 3 

L O C A T I O N F I X I N G 

I t w i l l be clear t h a t during any kind o f measurement i n a river the position or 

location fixing is very important. Two types o f position fixing can be distinguished: 

- F i r s t , the system in which several main beacons or conspicuous points as towers, 

chimneys etc. are related t o each other by means o f a triangulation network; and 

- secondly, the local pos1tion f i x i ng wlthin thi s network 1nvolved in any measure­

ment. 

3.1. TRIANGULATION 

The f1rst system consists of a network preferably of triangles formed by beacons 

or temporary beacons (Figure 3.1.1). The part of the river 1n which the measurements are to 

be done is divided by wei1-chosen poi nts i nto triangles, and beacons or temporary beacons 

are placed at those poi nts. The triangles should, if poss ible, be equilateral or similar, 

and the v i s i b i 1 i t y from one poi nt to another secured, as wel 1 as to the poi nts of the two 

adjoi ni ng triangles. 

Al1 angles of a 11 triangles - preferably in overlapping sets of two triangles, hence 

eight angles, together formi ng a quadrangle - are then measured by means of a theodol1te, 

or 1f the use of a tripod is imposs ible, wi th a sextant. 

A.B.CO tie. MAIN TRIAHGULATIQH BBACOHS 

1.2,3.4 ele. AUXILIARY BEACONS USED FOR LOCAL POSITIONINQ 

a-F: MAIN BASE. A-B AHO O-P: SECOND ANO THIRD BASE 

L-R.K-a,M-N.M'B. AND 9-N AS WELL AS THF BASES. SIGHTIHC IS POSSIBLE. IN THE OTHER CASES SIOHTIHG MIGHT BE OBSTRUCTED BY 

BUSHES OR TREES .AHO IF //ECESSARY SIGHT/HG PATHS SHOULD BE CUT 

Figure 3.1.1 Example of a Triangulation Network along the Rfo Magdalena 
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Before the angles of a s i ng1e triangle are used in the s i ne formula (ma i n formula 

for elaborating a mi nor triangulation) they must be made to add up to exactly 180°. I f the 

ang1es are assumed to have been equa11y well observed, the excess or deficiency should be 

dis t r i buted amongst them equally. If they have not been wei1 observed equally, the excess 

or deficiency should be distributed 1n i nverse proport ion to the estimated accuracy of each 

angle. I f a triangle forms part of a more complicated figure (preferably quadrangle) , the 

adjustment of its angles 1s carr1ed out as part of the adjustment of the whole figure 

(quadrilateral adjustment). 

When every triangle is ad justed unt i1 i ts angles total 180°, as well as in other 

triangles or quadrangles integrated and each triangle s t i l l totai1ing i ts angles 180°, al1 

s ides can be calculated accord 1ng to the s i ne 1 aw, starting from the centre base and elabo­

rating both ways up to the auxiliary bases at the extreme triangles, wh1ch serves as check 

on the who 1e calculation. 

Plotting al1 triangulation points graphically, a so-called basic chart is formed on 

which the local positions of measurements can afterwards be plotted, related to the ma i n 

triangulation poi nts. 

11 is clear that whenever 1n a mi nor triangulation network an existing triangulation 

poi nt wlth known co-ordinates of a major network is met, the mi nor network should be 

transversed i nto the existing system of projection, thus g iven co-ord1 nates of the nationally 

used system. In al1 minor triangulation networks, however, set up dur1ng the Rfo Magdalena 

survey, sufficient data could never be gathered to converse the co-ordinates to the nat ionally 

used system, U.T.M. Hence a l l maps and charts produced by the Mission have thei r own local 

co-ordinate grid. 

COmAL TOPMARK.WIIITEWASHED UUEH 

OH A STEEL FRAME. 

2. HALF-INCH (topi. THREE-OOAHTEH INCH 

(ctnirt). ANO INCH tbcltcfnt STEEL FIFE. 

3. CONCRETE BASE WITH IHCH STEEL FIFE. 

4. BEACOH CAH BE REMOVED. WHILE IHE 

BASE WITH ITS NUMBER STAYS. 

TOTAL HEIGHT VARIABLE. MAXIMUM Sm 

VISIBILITY 3 TO 4 kn 

I- igure 3.1.2 Triangulation Beacon Used by the Mi ss lon 
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For the base measurement (length between the two base points) a suitable stretch, 

preferably on open level ground, must be found as near as possible to the middle of the area 

to be triangulated. The length of the base should be between 0.5 and 0.3 of the mean side 

length of the triangles, as the triangies of this type of river triangulations often are 

very smal 1. 

In the two extreme triangles of the area a second and third base should be measured 

as a check on the accuracy with which the scale has been transferred throughout the work. 

3.2. LOCAL POSITION FIXING 

The following systems are used to determine the surveyor's position within an existing 

triangulation network, or related to known points along the river. 

3.2.1. With two sextants 

Two horizontal angles between three beacons are measured simultaneously with two 

sextants from the survey vessel by two observers. Generally these angles should not be less 

than 10° to 15° and not exceed 125° (maximum capacity of a sextant). When the intersection 

of the arcs of the measured angles is s t i l l reasonable, however, smaller angles are allowed. 

CENTftE BEACOH EHTRANT-WISE: 
IH mis WAY WITH BEACOHS 1,3 AHO 3 THE 
IHTERSECTIOH OF ARCS AT P f OBSERVERS 1 
IS BAO. 

BEACOHS APPROXIMATELY IH OHE LIHE : 
OOOO. ALMOST RECTANCULAR. IHTERSECTIOH 
OF ARCS AT P' 

CEHTRE BEACOH HE-EHTRANT: 
NEARLY ALWAYS A OOOO INTERSECTION OF 
ARCS AT P" 

Figure 3.2.1 Examples of intersection of Arcs 
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The principle of this system (Snellius problem) is that the locus of an observer who 

measures two beacons under a certain angle is the c i r c l e , passing through the two beacons 

and the observer, from which on any point the two beacons are measured with the same angle. 

The intersection of two c i r c l e s passing through three beacons and the observer gives the 

exact position of this observer. 

Preferably the three beacons should be approximately in line with each other or with 

the centre beacon re-entrant. 

Advantages: As long as the intersection of arcs is good (30° or more), the determined 

position is accurate. Measurements are done quickly with the sextants from a moving vessel. 

Disadvantage: Subsequent plotting of the positions is rather elaborate by using the 

graphical method (construction of the arcs through the beacons), or the help of a station 

pointer is needed. This instrument consists of a protractor with three legs with which the 

two measured angles can be set. By putting the legs along the respective beacons on the map 

t i l l they coincide with these beacons, the position is determined. 

Use: This system of measuring two adjoining angles with two sextants can be used while 

sounding, as positions are frequently needed. Two experienced observers can simultaneously 

measure angles every minute or 30 sees, from aboard the sounding vessel, determining their 

position every 25 metres or so, depending, of course, on the speed of the vessel (see also 

Chapter 4 . 2 ) , 

With one sextant and a leading line 

This system can be used by one observer only, who has to be exactly in direct line 

with two beacons ashore (leading line) and who measures the angle between the front one 

of those beacons and a third beacon. This angle should be between 30° and about 1 1 5 ° . 

Advantage: This system can be used by one observer only, and is very accurate. 

Figure 3 . 2 . 2 Positioning by One Sextant and a Leading Line 
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3 . 2 . 3 . With one rangefinder and a leading line 

The observer has to be in direct line with two beacons, and measures the distance 

to the front one. 

Advantage: Only two beacons ashore are sufficient for this system. 

Use: While sounding a single cross-section, or during measurements wi th other instru­

ments at di fferent points in a s1ng1e cross-sect ion. 

Figure 3.2.3 Posi tioning by One Rangefinder and a Lead i ng Line 

3 . 2 . 4 . With one sextant and a rangefinder 

The observer measures the hori zontal angle a between the two beacons F and G. A second 

observer measures simultaneously the distance to one of the beacons, choos i ng the beacon 

that is in best posi tion for maki ng a good intersection of distance and arc-angle possible. 

Use: Only when two beacons ashore are available for measuring. 

\wsrANCE P-G (BAD IHTEPSECTIOH 1 

Figure 3 . 2 . 4 Positioning by One Sextant and a Rangefinder 
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3 . 2 . 5 . With one compass anda sextant 

The observer measures the horizontal angle between two beacons ashore and the-second 

observer measures the magnetic direction to one of those beacons in such a way that a good 

intersection is obtained. 

Disadvantages: This method is less accurate because the accuracy of a compass is limited 

and because the deviation of the compass has to be known (this deviation may vary with 

the position of the observer aboard the survey vessel). Also the magnetic North has to be 

determined by taking a compass bearing from the f i r s t to the second beacon. 

Use: This system should only be used when no rangefinder is available and only two 

beacons ashore sighted. 

3 . 2 . 6 . With one compass and a rangefinder 

The f i r s t observer measures the distance to the beacon while the second observer takes 

a compass bearing on i t . 

Figure 3 . 2 . 6 Positioning by One Compass and a Rangefinder 
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Advantages: Always rectangular intersection, and only one beacon is needed. 

Disadvantages: Again the deviation of the compass should be known as well as the 

magnetic North in relation to the beacon. 

Use: When only one beacon is available, 

3 . 2 , 7 , With one compass only 

This system can only be used when the observer remains immobile for some time, because 

he has to take two compass bearings of two beacons (Figure 3 . 2 . 7 ) . Doing this with two 

observers and two compasses ( i f there should be available two compasses and nothing else) 

is very inaccurate, because of the differing variations of the compasses. 

Figure 3 . 2 . 7 Positioning by One Compass 

Figure 3 . 2 . 8 Positioning by One Compass, and the Determination of the Compass 

Deviation (a) 
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By three compass bearings of three beacons, however, being taken by the same observer 

with only one compass, the deviation may be eliminated, (see Figure 3.2.8). By subtracting 

the bearings from each other, two angles remain, and position plotting can be done with the 

Snellius method (see Para. 3.2.1). (As the variation in deviation in this system is very 

small, the deviation is almost eliminated). By plotting the position according to compass 

bearings against the determined magnetic North direction and according to the Snellius 

solution, the deviation of the used compass can be determined. 

Advantages: Determinat ion of the compass deviation, and the possibility that 

the problem can be solved by the Snellius method. 

Disadvantages: The determination of the position is rather elaborate, and this system 

can only be used when the position of the observer does not change. 

Use: When only one compass is available and no other Instruments (or for the determi­

nation of the deviation of the compass and the magnetic North direction). 
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Chapter 4 

MEASUREMENTS AND ELABORATIONS 

This Chapter describes the various measurements carried out by the Mission and their 

method of elaboration. For more detailed information about the instruments used with these 

measurements, reference is made to Chapter 2. 

4.1. WATER-LEVELS 

4.1.1. Introduction 

Water-levels may be considered to be the basis for any river study. Most kinds of 

measurements have to be related to river stages in one way or another to make judgment of 

these measurements possible. It should be kept in mind, however, that in reality the 

discharge of a river is a better basic information than the water-level, and if it would be 

possible to measure the discharge daily or even several times a day at many places, this 

would be preferable (Part I I , Para. 2.3.1). 

Water-levels are obtained from gauges, either recording gauges or staff gauges, and 

serve several purposes. V/ater-levels plotted versus time, during a year, form the hydro-

graph (Part I I , Para. 2.3.2). Each hydrograph is valid only for a particular gauge station 

and a particular year. Hydrographs of a series of consecutive years are used to form 

duration-curves (Part I I , Para. 2.3.3). Water-levels versus discharges form the stage-

discharge curve for a particular station and year, and are used in combination with duration 

curves to indicate the probability of the occurrence of discharges. Apart from use for 

hydrological studies, the water-level data can be of direct profit for navigation. 

4.1.2. Gauges 

In general, two types of gauges can be distinguished: staff gauges (directly read) 

and recording gauges. 

Staff gauges (Figure 4.1.1) should preferably consist of a metal strip divided 

into meters, decimeters and centimeters. The strip should be fixed on a structure in such 

a way that height corrections can easily be made in order to f a c i l i t a t e gauge-zero 

corrections. The zero of the gauge should be determined by levelling to the nearest 

benchmark. 

If wind or ship waves occur, the accuracy of reading the staff gauge can be consider­

ably improved by installing a glass or plastic tube on the gauge plate. In this tube, which 

has some small perforations at the bottom, fluctuations caused by waves are considerably 

damped. 

Attention should be paid in case of sloped banks, as it may then be necessary to use 

a series of staff gauges in order to cover the complete range of water-level variations. 
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The principle of the automatic recording gauge is as follows (Figure 4 . 1 . 2 ) . A float 

inside a pipe, which is perforated at the bottom, is moved up or down by the water-level. 

(Fluctuations caused by waves are almost eliminated). The movement of the float is trans­

mitted by a thin wire to a mechanism which records these movements on paper, the method 

of recording depending on the type of gauge. 

t. FLOAT 

2. COUNTER WEIGHT 

3. RECORD 

4. FLOAT PIPE 

5. COUHTERWEIQHT PIPE 

S. PIPE BRACKETS 

Figure 4 . 1 . 2 Automatic Recording Gauge 
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Normal]y a record i ng gauge is automotive duri ng a weel<; then the paper should be 

changed and the clockwork wound. The record 1ng gauges used a long the Cana1 del Dique 

area were of this type ("Stevens"), as wel 1 as the gauge in Pto. Berrfo ("Seba"), 

4.1.3. Selection of gauge sites 

The network of gauges along a r1ver should be so arranged that water-level infor­

mation at any place a long that river can be gathered by means of Interpolation of the 

gauge records, Gauges should be placed where a change of water-level gradient, di scharge, 

or in general the character of the river occurs, while the river sections in between two 

gauges should not be so long that a d i fference in discharge due to storage might become 

excessive. The selection of a gauge s i t e and the installation of a gauge requires thorough 

knowledge about the hydraulic and morphological phenomena in a river, as wel 1 as knowledge 

about shi p movements, etc. For the gauge s1te and installation of the gauge, the fo11ow1ng 

requirements should be met: 

- The s1te should be access ible to a gauge reader, enable easy read ing of the gauge, 

and (unless an automatic record 1ng gauge is used) a gauge reader should be ava ilable 

close at hand. 

- Even during extreme low water-levels the gauge should s t i l l be in open connection 

with the river and not be dried. 

- Even dur1ng extreme high water-levels the gauge should not be overflowed. 

- Damaging of the gauge by ships, floating debris or slides in the river bank should 

not be possible. 

- The location of the gauge s i t e must be such that no influence is f e l t of backwater 

effects due to tributaries, etc., and preferably should be chosen just upstream of 

a control section in order to avoid the influence of loca1 scour and sed imentat ion. 

- A levelled benchmark should be near, for a regular check on the zero position of 

the gauge (change 1n datum of the gauge or accidental loss of the gauge can never 

be completely prevented). Control level 1ings should frequently be carr ied out (but 

at least twice a year as a routine) and the results properly f1 led for future 

reference. 

Another problem is presented by the frequency wi th wh i ch gauge read 1ngs are requi red. 

This, of course, depends on the fluctuation of the levels. When these fluctuations are small, 

one reading a day can be sufficient, but if great fluctuations occur, 3 readings a day are 

requ i red, At places wi th very rapid changes 1n water-levels, hourly readi ngs should be taken, 

but i t is preferable that continuous readings by an automatic gauge be taken. 

It is often necessary to establish a temporary gauge, for example, during discharge 

measurements and soundings, in order to know the fluctuations of the water-level during 

these measurements. At places where these measurements are done regularly, the establishment 

of a benchmark is required. 
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4 . 2 . SOUNDINGS AND ROUTE HAPS 

4 . 2 . 1 . I ntroduct ion 

Local soundings of a part of the river are made to give general insight of the bottom 

profile, to determine the exact position of the best navigation channel as well as obstacles, 

and for the design of river-works. When regular detailed soundings of the same part of 

the river are made, indication is obtained of the shifts of navigation channel, banks, etc. 

Route maps consist of a longitudinal sounding of part of the river, and specially for 

navigational purposes, information about shallows, banks and beacons, 

4 . 2 . 2 , Reduction-level 

For the comparison of hydrographic measurements such as longitudinal soundings of a 

river or detailed soundings of a certain river section, the assumption of a reduction-

level is required. In Colombia i t is the practice to relate a l l water-levels to M,S,L, 

However, especially for navigation purposes, such a reduction-level is not very suitable, 

A river operator needs to know the Least Available Depth (L.A.D.) in a certain river stretch 

in relation to the pertai ning water stages. Therefore, the reductlon-1evel should have a re­

lation to the daily gauge-readings. 

It w i l l be clear that for navigation purposes the reduction-level should be related 

to low water-levels and, moreover, that anywhere along the river the probability of the 

occurrence of a s t i l l 1 ower water-level for a certain duration is equal; in other words, 

that on an average the reduction-level at each place along the river is exceeded during the 

same number of days per year. 

The reduction-level, the so-called Low River Level (L,R,L.), which has been adopted 

by the Mission is defined as the level with an exceedance frequency of 35% of the year. 

This means that on an average only during 18 days of a year wi l l the actual water-level 

be lower than L.R.L, 

The line connecting the reduction-levels of the successive stations is a curve which 

more or less follows the average longitudinal profile of the river. However, i t cannot be 

considered as an actually occurring water stage. The L,R,L. values (as read on the gauge) 

as they were adopted by the Mission along the Rfo Magdaiena and the Canal del Dique are 

given in Table 4 , 2 . 1 , For more detailed information regarding the reduction-level reference 

is made to Part I I , Para, 2 , 3 . 5 . 

RTo Hagdalena Canai del Dique 

Station L . R . L . (m) Station L . R . L . m) 

Pto. Salgar (km 887) 1.68 Calamar (km 0) 2.13 

Pto. Inmarco (km 773) 0.20 Sta . Lucta (km 10) 1 .95 

Pto. Berrfo (km 730) 0.60 Soplaviento (km 33) tM 

Barrancabermeja (km 631) 0.99 Gambote (km 66) 0.70 

Pto. Wilches (km 597) 0.75 Correa (km 82 .5) 0.51 

Calamar (km 91) 2.13 Hatuni1 la (km 100) 0.30 

Lequerica (km 108) 0.21 

Gamarra (km ^(73) 36.70(above Bahta de Barbacoas 0.12 ( L . L . W . S . ) 
M.S.L.) Bahia de Cartagena 0.12 ( L . L . W . S . ) 

Table 4 , 2 , 1 L,R.L, Values as Read on the Gauge 
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4.2.3. Preparations for soundMTC|£ 

In the area to be sounded either a staff gauge or an automatic recording gauge must 

be read the zero of which should be connected to an existing benchmark. Depending on the 

occurring water-level fluctuations and the required accuracy, the staff gauge must be read 

during the soundings either every hour or three times a day in order to know exactly the 

difference between the actual water-level and the reduction-level. This amount must be later 

subtracted so as to relate the soundings to the reduction-level. 

The triangulation beacons and auxiliary beacons with which the position of the 

soundings can be elaborated must be established in such a way that at each position within the 

boundaries of the area to be sounded a good location fix can be obtained (see Para. 3.2.1). 

Attention must be paid to the fact that under certain conditions a white conical beacon 

should be short i f , for example, i t is to be in front of low brushwoods, but high in 

di fferent ci rcumstances, such as 1n front of ta11 trees v/i thout any brushwood at a l l . 

Soundings in canals and rivers, that are not too wide, can be made on dead reckoning. 

This means that the survey launch s a i l s cross-sections at estimated intervals, with the 

cross-sections being straight-lined by estimation. For wide rivers and bays like the BahTa 

de Cartagena, sounding on dead reckoning is inefficient because of the distances. In such 

cases a map of arcs should be used to determine the position of each sounding immediately 

while sounding. This map of arcs serves a dual purpose: 

- To be used as a plotting chart during the actual soundings; and 

- to be used afterwards for quick elaboration of the sounding data. 

BASE rt-rS WITH CEHTRE-PEBPEHDICVLAH A-B WHICH PASSES THROUGH 

M ICEHTRE CIRCLE ) 

DISTAHCE A-M. Tt-A [cotin .t] ' 1/2 BASE x cofan « 

Figure 4.2.2 Chart of Arcs 

The principle of the chart of arcs is the existence of a l l possible loci (arcs) 

derived from the existing triangulation and auxiliary beacons. In this way the surveyor has 

only to combine his two loci (arcs), (the arcs of the two angles with which the particular 

beacons are measured with the sextants) and then the intersection of the two arcs (either 

Interpolated or not) is the exact position. If this is done during the actual soundings, the 
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course of the survey vessel can immediately be corrected up t o the next position plot, and 

practically straight cross-sections can be sailed. The construction of a chart of arcs needs 

some preparatory office work, as also does the use of the bas ic chart, on which the beacons 

are plotted. For the constructlon of the arcs and an example of a chart of arcs see Figures 

k.2.] and k.2.2 respectively. 

Figure 4 , 2 , 1 Construct ion of Arcs 

Before the actual soundings, the echo-sounder should be checked for accuracy (see 

Para, 2,6) and cal ibrated. The method of directly adjust i ng and cal ibratlng the echo-sounder 

is only valid when the water temperature and dens i ty are nearly uniform from surface to 

bottom. If there is st r a t i f i c a t i o n in temperature and dens 1ty, the echo-sounder should be 

adjusted to the bar-check reading at the deepest posi tion, and a correction-graph be made 

for the depths in between, Th1s, however, only occurs 1n waters 11ke the Bah fa de Cartagena, 

4.2,4, Actual sound 1ngs 

One smal 1 survey launch wlth a coxswa i n and three surveyors can carry out the actual 

sound i ngs, Two surveyors s imulataneously measure sextant-angles between the chosen beacons, 

and at exactiy the same time the thi rd surveyor fixes the recorded depth on the echo-

sounder. He then notes the measured angles wi th thei r corresponding beacons in the sound 1ng 

book (Figure 4.2.3) giving these angles and the s imu1taneous1y marked depth the same 

runni ng number ( f i x ) , These numbers, together wlth the angles and beacons, the time and any 

remark made by the surveyor 1n command, are wr1tten in the sound 1ng book, 

The surveyor in command 1nstructs the coxswa1n on the steering course, d r i f t cor­

rections, speed of the survey launch, and plots the fixes if a chart of arcs is available, 

If there 1s one observer at the echo-sounder and a second for keepi ng the sound i ng book, 

there should be a regular check-up between these two about the runni ng fix numbers. 
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Potkl^n No HORA Primer angulo Segundo angulo 
Profundidad 
londeada Correccion Reduce ion 

Prolundidad 
a datum 

Doris-Nora Nora-Martha 

642 12.15 95° 12' 67°26' 5.70 + 0.50 -3.20 3.00 

643 94 01 73 20 6.25 3.55 

644 92 45 79 06 6.35 3.65 
645 91 13 97 56 6.10 3.40 

646 90 00 109 25, 5.70 3.00 

Nora - Sofia 

647 12.21 87°45' 19° 17' 4.75 + 0.50 -3.15 2.10 

648 85 59 21 00 3.60 0.95 

649 79 56 23 23 1.75 - 0.90 

Figure 4.2.3 Extract of Sounding Book 

Time intervals and distances between sounding tracks (cross-sections) are dependent 

on the required accuracy and chart scale. For example, when the chart to be made wi l l have 

a scale of 1 : 5,000 the distances between the tracks as well as the distances between the 

fixes should not exceed 50 meters (gives distances of about 1 cm on the future chart). 

The sounding tracks must be made rectangular to the depth contours, in order to have 

them properly located. Reefs and shoals should be separately approached on convergent 

sounding tracks, and be sounded cross-ways. The f i r s t and last f ix of a sounding track 

(section) must be marked by a double marker line, as well as in the sounding book. 

After the final bar-check of the echo-sounder each day, a l l relevant papers, the 

recording paper and the sounding book are dated and properly f i l e d . 

4.2.5. Elaborations 

The easiest and safest way to note the data is in the sounding book. Each page has 

columns for: fix-number (position), time, f i r s t (always left-hand) angle, second (always 

right-hand) angle, with their corresponding beacons, sounded depth, correction, reduction, 

and overall corrected depth (see Figure 4 . 2 . 3 ) . By using such a book a l l data are together, 

and a subsequent check on doubtful figures is easily and quickly made. The sounded depth is 

taken from the recording paper of the echo-sounder, and either noted in feet or converted 

to decimeters. The echo-sounders used by the Mission recorded the depth in feet, and 

recordings were read by means of a conversion scale, thus directly noting in the sounding 

book the depth in decimeters. The next column for correction gives the depth or draught 

of the underwater transducer, and is always positive - because the draught of the transducer 

has to be added to the sounded water depth (Figure 4 . 2 . 4 ) . 

The reduction in the next column is negative when the actual water-level during the 

soundings is above the reduction-level. If the water-level is below the reduction-level, 

the reduction is positive. Reduction is the difference between the actual water-level (hence 

the necessity of gauge-readings) and the reduction-level. 
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SWVEf LAUNCH 

CORRECTIOH] 

SOUHDED DEPTH\ 

\DEPTH TO DATUM 

-ACTUAL WATER-LEVEL 

-DEPTH OF TRAHSDUCER 

—DATUM (REDUCTIOH- LEVEL) 

Figure 4 . 2 . 4 Actual Water-level during Soundings Related to Reduction-level 

The last column gives the depth to datum, which is the algebraic sum of the columns 

of sounded depth, correction and reduction. These depths (to datum) are used to produce the 

chart with depth contours, as a l l depths in any hydrographic chart are related to a certain 

reduction-level. 

. 6 . Charts involved (see Figure 4 , 2 . 5 ) 

Basic chart 

On the basic chart the triangulation beacons are plotted, as well as any other beacon 

used during the soundings, and if a co-ordinate grid system is used, this grid also appears 

on this chart. The basic chart is mother sheet for a l l following charts, and should preferably 

be drawn on a thermal and hygroscopic stable (true-scale) drawing film. 

Fi rst chart 

The f i r s t chart is copied from the basic chart, and also shows the beacons used 

during the soundings. On this chart the positions are plotted and given their running 

fix numbers. If between two soundings the interval is too large, additional points are 

plotted and simultaneously marked on the recordings of the echo-sounder. The f i r s t chart 

should also be drawn on true-scale transparent material. 

Second chart 

A sheet of true-scale transparency is put over the f i r s t chart in such a way that 

the already plotted beacons coincide completely. The running fix numbers of the f i r s t 

chart are then covered on the second chart by their depths-to-datum values, the centre of 

these numbers being exactly over the centre of the fix numbers. The additional points on 

the f i r s t chart are also given their newly-elaborated interpolated values of depth-to-datum 

on the second chart. Each sounding track should now be completely covered by depth figures, 

and depth contours can be drawn. Doubtful depth figures are now detected, and a check can 

easily be made from the sounding book and the echo-sounder recordings. 
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Final chart 

A sheet of true-scaie transparency is put over the second chart and the depth contours 

are copied, as well as the coast lines or banks, and depth figures at regular intervals 

and at important pos i t ions. In th i s way on the f i na1 chart a more overa11 Impresslon of the 

sounded area is obta1ned, and al 1 necessary data such as def i n11 ion of the reduction-level, 

depth uni ts , area, date, etc . are mentioned . 

PAKT OFA FIRST CHART, EXAMPLE. 

FIX HUMBERS OF THE SAME TRACK ARE 

CONNECTED er A LINE TO MAKE INTER­

POLATION FOR ADDITIONAL POINTS EASIER. 

33 -n 'n •» 

PART OFA SECOND CHART, EXAMPLE. 

HEOATIVE DEPTHS (PARTS OF THE BOTTOM 

EXCEEDINO THE REDUCTION - LEVEL I ARE 

INDICATED BY UNDERLINED FIOURES. THESE 

PARTS ARE DRY WHEN THE WATER-LEVEL IS 

ON OR BELOW THE REDUCTION-LEVEL . 
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k.z.8. 

One of the main reasons for the introduction of route maps was to coliect the mi nimum 

of essential up-to-date information of the river. The route maps prepared by the Mission cover 

the Rfo Magdalena from Pto. Salgar to Gamarra. They show a recent longitudinal sounding of 

the navigation channel reduced to L.R.L., as wei1 as some typical cross-sect ions and the 

topography of the same part of the rIver on each page. The latest pos i t ions of navigational 

beacons shouid a 1 so be shown on future route maps. 

Ki lometreage 

The original kilometreage of the Julius Berger Konsortium was cons idered to be va1 id 

for some topographic features of a permanent nature, such as old ranches and towns, aiong 

the river. Table 4.2.2 shows a l i s t of points for which the Berger kilometreage was assumed to 

be s t i l l valid. 

L o c a t i o n Kr J o m e t e r L o c a t i o n K l l o m e t e r 

P t o , S a 1 g a r B r i d g e 8 8 6 . 5 B a r r i g a 671 .7 

H d a . San C a y e t a n o 8 6 6 . 7 C h u c u r f 6 5 9 , 6 

P t o . T r i u n f o Szh.s Ba r r a n c a b e r m e j a 631 , 2 

P t o . N ino 8 1 2 , 8 R f o Sogamoso C o n f l u e n c e 612 .2 

H d a . E l R e b o z o Soli.? P t o . W i I c h e s 597,1 

H d a . C a i m i t a l 7 9 9 . 7 S a n P a b l o 5 8 2 , 0 

Hda . L a P l a t a 792 ,5 Pa t u r i a 56 ' ( ,5 

P t o . 1nmarco 772 ,7 B o c a s d e l R o s a r i o 5117.5 

P t o . B e r r f o B r i d g e 730 .3 Ui j a g u a 1 5311,6 

Muri 1 lo 7 1 6 , 2 B a d i 1 )o 5 2 0 . 0 

R f o fJuevo 706 ,6 Bodega C e n t r a l ' l 9'i , 5 

Hda . K o s q u i t e r a 6 9 3 . l l G a m a r r a ' 172 ,7 

P r e s id io 6 8 0 , 7 

Kilometers Copied from the Julius Berger 

Due to meandering of the Rfo Magdalena, the kilometreage between these points had 

to be determined again, which resulted in shorter kilometer distances at places where the 

river had stra ightened, and in longer distances where the river had started meandering. 

Derived from the new kilometreage, the following points were determined for the use of 

route mapping, and are given in Table 4.2.3. 

The kilometreage system not only faci11tates the determination of distances along the 

river but is also used for the exact indication of cross i ngs, shallow waters, wrecks and 

bottle-necks. 

The decimal system has been used throughout this Report because this sytem is gradu­

a l l y gai ning ground al1 over the world (even in hydrographic work). Hence the longi tudinal 

soundings of the route maps indicate depths 1 n meters and decimeters. (See Para. 4.2.4, alsn 

metric uni ts on the hydrographic charts) . 

The origin of the Rfo Magdalena kilometreage 1ies at the terminal of Barranqui I l a , 

kilometer 0; in this way the kilometreage always 1s pos i tive. The origin of the Canal del Dique 

kilometreage 1ies at Calamar (kllometre 0 of the Canal del Dique and kilometre 90.7 of the 

Rfo Magdalena). 
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Name Km Name Km 

Hda. La Gua i ra 873,0 Hda, San Miguel 7111.7 

Mda. Las Brisas 86li,2 Hda. Magdalena 71)0.1 

Hda. La C e c i l i a 863,5 Hda, Sta Inés 738.5 

Hda. El Concha 1 861.7 Hda, Piamonte 735,8 

Hda, Rfo Grande 858,8 V i l l a Carlina 735,7 

Hda, Vernon 81|l(,l Hda, Sebastopol 731 ,6 

Buena V i s t a 837,2 Sta. Cruz 721.5 

Hda, Guadalcanal 8311,3 Hda. A l i c a n t e 718.2 

Hda, La F l o r i d a 830.7 Rfo Regla Conflue, ' ice 710,9 

Hda. Sta, Isabel 822.5 Hda, La Madero 710,5 

Hda. San Fernando 821.0 Hda, Las Brisas 705.6 

Pto. Boyac^ 806,0 Hda. Los Mangos 70l|,2 

Hda, H t r a f l o r e s 795,2 Hda, Sta, Clara 703,lt 

Hda, La Tigrera 793.2 Hda. Los Morros 691,6 

Hda, El Deseo 790.6 El Caballo 686 .9 

Hda. La Posada 790 ,1 Carare 673.7 

Hda. La Cabana 787. Hda, B e r l i n 62I1.I 

Hda. A r g e l l a 783,8 Rabon 617,7 

Hpo, Nare 776,2 Cantaga1Io 5911,0 

Hda, Guadaiagara 766,6 Y a r l r l 591,0 

Hda, La Suiza 766.3 V i l l a Harquesa 583,6 

Hda, Holanda 755.5 Boca de LImön 561,0 

Hda, A l i c i a 755,3 Chinga Ié 5511.5 

Hda. HSpoles 753.2 El Guyabo 522.5 

Hda. El Paraiso 7116,8 Loma de Corredor I195.2 

Hda, Pledrallnda 71(5,8 Pto, Mosquito Il90,5 

Hda. Guamal 7115.1 • EI Contento 1(85.2 

Hda, BogotS 7I12.7 Acapulco 1(77,7 

Table k.2.3 New Kllometreage along the Rfo Magdalena 

k.2.3. Processing of route maps 

Water-levels 

All depths shown on the route maps are reduced to L.R.L., so the lonpitudinal soundings 

as well as the cross-sectional soundings have to be corrected with reference to the gauge-

readings. These are gathered primarily during the survey i t s e l f , and secondly afterwards, col­

lecting a l l relevant water-level data of the time and area covered by the survey. Exact re­

duction of the soundings is then calculated in the office (see Para. 4.2,5). 

Navigation channel 

The main feature on the route maps is the longitudinal profile of the deepest channel o 

the river. Consequently, the main purpose of the survey is to determine the deepest channel 

by means of soundings, either cross-sectional or longitudinal. That attention must be paid to 

the fact that the difference between the talweg (deepest channel) and the navigation channel 

is rather obvious, as the talweg follows the deepest points of the river bed and often shows 

a great sinuosity which is almost impossible to s a i l from point to point. The actual course of 

the survey vessel when trying to follow the talweg is a smooth line, indicating the navigation 

channel. 

Cross-sections of the river at short distances from each other obviously are the most 

accurate means of locating the alignment of the channel, and these in fact are the only 

alternatives in generally shallow rivers. Normally, however, the channel alignment has a 

regular course and the experienced surveyor wi l l follow i t with the help of the topographic 
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configuration of ttie river and the condition of its banks. Eroding banks or high banks are 

usually an indication that the main channel is nearby, while sedimentation points to the 

opposite (for the deepest channei to run on the inside of a bend is quite exceptional). 

To locate the deepest channel and to record a continuous sounding of its depths, either 

of the following two procedures can be applied: 

- The deepest channel is traced with the help of cross-sections at short distances 

apart, and at places of special significance to navigation like crossings, shoals, 

junctions, etc. The places of the consecutive cross-sections are marked on the map 

according to the k1lometreage, and also their deepest points. Having covered a 

river stretch of a certain length (so that i t is s t i l l possible to recognize the 

cross-section locations on return) a longitudinal sounding is made of the deepest 

channel as indicated by the cross-sections. 

- At the starting poi nt a cross-section 1s taken to locate the deepest channel. From 

there the channel is followed and continuous soundings of the channel are recorded. 

Slight divergencies of the correct course may be checked by zig-zag s a i l i n g . 

However, as soon as the surveyor is in doubt whether he is following the channel 

or not, the sound 1ng must be interrupted to sound a cross-section. When sufficient 

cross-sect ions have been taken again to mark the deepest channel, the longitudinal 

sounding of the channel is continued by starting from a well-defined point in the 

previous record i ng, preferably a kilometreage mark. The time-interva1 spent for 

cross-sectional investigation is accordingly marked on the echo-recordings. 

The f i r s t procedure leaves less room for subjective interpretations than the latter; 

however, higher accuracy is achieved at the cost of a lengthy and time-consuming sailing 

programme. 

The decision which procedure be applied largely depends on the character of the river 

and the s k i l l of the surveyor. A shoaly and predominantly shallow river with indistinct banks 

ca l l s for the f i r s t method, while deeper rivers and a well-defined river bed are easily 

surveyed by the second method. The surveyor should always bear in mind that the longitudinal 

section shown on the route map is of direct value for navigation, and from this point of view 

his attention should be drawn to those places, like crossings and shoals, which might 

obstruct navigation. Slight course deviations from the talweg on the deeper stretches of the 

river are immaterial as long as the recorded depth minus a safe reduction is deeper than the 

draught of the largest vessels expected to s a i l the river. 

4.3. DISCHARGES 

4.3.1. Discharge per unit width 

Selection of cross-section 

The usual requi rements for the selection of a cross-section for discharge measurements 

are: 

The cross-sect ion should be clear, without islands or sand-banks, thus permitting 

easy sai 1 ing from bank to bank. The direction of the current should be perpendicular to the 

cross-section, so river bends should be avoided. 
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Of course, i t w iii not always be possible to f u l f i l l these requirements for a i l the 

cross-sections needed. Generally this results in more detailed elaboration of the data, and 

possibly less accuracy. 

Measuri ng velocities at regular depth intervals 

The accuracy of the discharge calculation depends on the depth 1nterva1s wi th which 

the veloci ties have been measured in the vert i c a l . Generally in each vertical the veloc i 11es 

have to be observed at depths wi th 1-meter 1nterva1s, starting at 0 , 5 m below the water 

surface, and the last measurement being made 0 , 5 m above the river bottom, (Only when the 

river is very deep, can 2-meter intervals starting at 1 meter below the water surface be 

cons 1dered), 

These velocity data should be entered in duplicate on special forms on which, besides 

the position of the survey vessel, also the depth recorded by echo-sounder or measured by 

hand-lead is inserted. 

The d i scharge per un11 wi dth (q in m^/sec/m^) of the cross-sectlon can be calculated, 

ei ther us i ng the graphical method (Figure 4 , 3 , 1 ) or the non-graph i ca1 method (Figure 4 . 3 , 2 ) , 

- p . VELOCI n 

q . AREA IAI J( SCALE FACTOR 

EXAMPLE SCALE FACTOR ; 

IF VELOCITY SCALE IS I Cm ' V m/l 

DEPTR XALE IS I an = Z m 

THER THE SCALE FACTOR IS I cm^ . VZ m^/s 

Figure 4 . 3 . 1 Discharge per Unit Width, Graphical Computation 

\ \ \ \ \ \ ^ 
\ \ \ \ \ \ \ \ 
/ / / / / / / / 
/ / / / / / / / 
\ \ \ \ \ \ 
\ \ \ \ \ \ \ ' \ 
7 / 7 / 7 
/ 7 / / / / / l 

\ \ \ \ \ ^ I y 
X \ \ \ \ ^ X \ P 
/ / / / / / : / : 

' / / / / / - 7 K ' 
\ \ \ \ \ , '<^7y 

/^'mm 

q = VfXl*Y2Xl*VjXl tV^XUV^Xl .VgXl . VyXl * V gX ta* 02S } Y,Xf* y^Xf . y^l ' V^Xt * VgXl • KfiX/ . YyXa . YgX0.2S 

Figure 4 , 3 , 2 Discharge per Uni t Width, Non-graphical Computation 
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Measuring v e l o c i t i e s a t one o r two depths 

A f a i r l y good e s t i m a t e o f the d i s c h a r g e per u n i t w i d t h i s s t i l l p o s s i b l e by measuring 

the v e l o c i t i e s o n l y a t one or two depths o f the v e r t i c a l , assuming t h a t the average v e l o c i t y 

o f the v e r t i c a l occurs a t z = O.kh (One measurement a t h e i g h t z above the r i v e r b o t t o m ) . 

This i s based on the assumption t h a t the v e l o c i t y v e r t i c a l can be d e s c r i b e d as a p a r a b o l i c 

o r a l o g a r i t h m i c f u n c t i o n . For example: 

V = J ! * In ^ 
Z K Z 

O 

i n which: 

V = shear v e l o c i t y ( = y g R I ) , 

K = Karman's parameter (= O.k f o r c l e a r w a t e r ) , 

z = d i s t a n c e from the r i v e r bottom, and 

z^= d i s t a n c e from the r i v e r bottom where the v e l o c i t y i s zero. 

The same i s v a l i d f o r v e l o c i t y measurements a t two depths, being z = 0 . 2 h and 

z = 0 . 8 h, assuming t h a t the a r i t h m e t i c mean o f these v e l o c i t i e s c o i n c i d e s w i t h t h e average 

v e l o c i t y o f the v e r t i c a l . 

From these measurements the d e r i v a t i o n o f the d i s c h a r g e per u n i t w i d t h (q) i s , o f 

course, less a c c u r a t e than measuring the v e l o c i t i e s a t r e g u l a r depth i n t e r v a l s . I t may be an 

advantage t h a t such measurements a t one or two depths r e q u i r e less t i m e . However, compared 

w i t h the anchoring o f the survey vessel or the time-consuming procedure o f s e d i m e n t - t r a n s p o r t 

measurements, measuring i n d e t a i l the v e l o c i t y d i s t r i b u t i o n i n the v e r t i c a l i s a r e l a t i v e l y 

s h o r t procedure. 

Measuring the s u r f a c e v e l o c i t y 

A way o f e s t i m a t i n g t h e average v e l o c i t y ( v ) o f a v e r t i c a l i s by measuring t he s u r f a c e 

v e l o c i t y o n l y , f o r example, by means o f a f l o a t . In o r d e r t o f i n d v i t i s necessary t o reduce 

W t h e s u r f a c e v e l o c i t y ; ip u s u a l l y being O .85 or 0 . 3 . This r e d u c t i o n f a c t o r depends on the 

roughness o f the bottom, which i n i t s t u r n determines C. This means t h a t a r e l a t i o n e x i s t s 

between ^ and C: 

1 / 2 

C (m /s) 80 70 60 50 ks ko 35 30 25 

^ 0 . 9 1 0 . 9 0 0 . 8 9 0 . 8 7 0 . 8 5 0.8k 0.81 0 . 7 8 0 . 7 6 

When m u l t i p l y i n g t h e average v e l o c i t y (v) by the depth o f the v e r t i c a l , q i s found. 

4 . 3 . 2 . T o t a l d i s c h a r g e 

The accuracy o f the d i s c h a r g e c a l c u l a t i o n depends not o n l y on the accuracy o f the 

v e l o c i t y measurements but a l s o on the d i s t a n c e between t he v e l o c i t y v e r t i c a l s . For p r a c t i c a l 

purposes a minimum d i s t a n c e o f 50 m i s g e n e r a l l y considered a c c e p t a b l e . V e r t i c a l s too near a 

r i v e r bank should be a v o i d e d , t o prevent d i s t u r b a n c e s . 
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In a non-tidal river wtiere ttie flow is more or less permanent, one survey vessel 

can be used to measure a l l verticals consecutIveiy, a 1 though of course, each time the 

vessel has to be anchored. The tota1 d1scharge (Q 1n m^/s) can be determined by plotti ng 

the discharges per uni t width (q) against the pos1tions of the relevant verticals (Figure 

4.3.3). 

OBSEHVED WArER-LEVEL 

\vERT. 3 

O CALCULATED 

• OBSERVED 

Figure 4.3.3 Discharges per Unl t Width Plotted 1n the Cross-sect ion 

The area encompassed by the q-1ine represents the total di scharge of the particular 

cross-section. I f necessary, due to an insufficient number of velocity vert 1ca1s or a too 

i rregular-shaped cross-sect ion, 1 nterpolation between the observed verticals can be done on 

the basis of the formula of Chézy: q = C l ' ^ ^ h'^^, assuming that the roughness coefficient (C] 

and the water-level g rad i ent ( l ) have the same va1ue over the complete cross-sect ion. The 

d i scharge per un i t wldth (q) can be calculated for any vert 1cal wi th a depth h. near the 

observed vertical with a depth h^, according to the equation: 

q. : q ^ h.'/^ : h '/^ 
^ 1 m̂ I m 

The discharge cross-section may not always cons 1st of one clear main channel only. 

For example, an al l u v i a l channel subject to seasonal floods generally cons 1sts of a main 

channel and one or two side channels (Figure 4.3.4). 

X JI JK W T 

Figure 4.3.4 Cross-section wlth Flood Plains 

I n genera I, a flood plain is rougher than the ma i n channel due to vegetat ion, i ts 

depth (and hydraullc radius) being sma1ier, and so the mean veloci ty of the main channel is 

higher than the mean veloci ties of the flood plain. The d i scharge for each section is 

determi ned separately from the measured veloc1ty vert 1ca1s , us i ng the dashed 1 i nes (Fi gure 

4.3.4) as the separation of the different sections. The separate dlscharges are added to 

determi ne the tota1 d i scharge of the cross-section. 
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In such irregular-shaped cross-sections i t wil l often be d i f f i c u l t to draw the q-line 

directly, because of the difference between the discharges per unit width. Hence i t Is 

better f i r s t to draw the line of mean velocity of the cross-section (q/h = v) which has a 

smoother course. Multiplication of the v-line and the h-llne gives the total discharge. 

An example of the elaboration of a discharge measurement is given in Figure 4 . 3 . 5 . 

Figure 4 . 3 . 5 Elaboration of Discharge Measurement in the RFo Nuevo 

4 . 3 . 3 . Tidal effects 

In the foregoing paragraphs i t has been assumed that the flow in a non-tidal river 

is more or less permanent during the discharge measurements. In tidal regions, however, this 

assumption is no longer valid and the discharge measurements require a more elaborate 

procedure. 

To evaluate the behaviour of the tidal currents i t is necessary to select a number 

of cross-sections at significant locations, and to carry out the observations under comparable 

conditions. The ideal situation is when a l l measurements are done in the same period, and 

thus under exactly the same tidal conditions. If this is impossible, however, due to 

insufficient survey vessels, experienced observers or equipment, the measurements may be 

spread over a longer period' covering several days. But then the tides have to be pre­

selected according to the tide tables. 
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If the object of the measurements is to find the magnitude of the upland discharge 

only, the tide during which the measurements are done is immaterial, I f , however, the 

object is to obtain data of the horlzontal tide, the most complete i nformat ion 1s obta ined 

when observat ions are carr1ed out duri ng the extremes: spri ng tide and neap tide. 

The observations in a cross-section should cover a complete tidal cycle of about 

25 hours. If the cross-section is located in a river stretch with a not-too-strong tide 

compared to the upland discharge, the current direction wl11 not change, and in that case 

1t is better to observe a longer period than 25 hours (for example, 28 hours) to make 

certain that the tidal cycle has passed completely. 

For the selection of the cross-section, the same requi rements as for non-tidal flow 

observations are valid. Moreover, if there is no gauge-station located nearby, a temporary 

gauge should be installed at the cross-section and observed every half hour during the 

measurements. 

The available survey vessels are then distributed across the sectlon. V/hen the cross-

section shows a single channel, one vessel will be located in its deepest part and the 

remaining vessels evenly distributed across the remaining width. Where there is a two-

channel situation, two vessels have to operate in the deepest verticals of each of the 

channels,(The greatest discharge per unit width normally flows through the deepest parts 

of the cross-section). 

The measurements should consist of the following items: 

- Half-hourly gauge-readings of a staff gauge located near the cross-section, or the 

records of an automatic gauge, 

- Every hour the velocities are measured at intervals of one meter along the v e r t i c a l , 

starting at 0 . 5 m below the water surface and finishing at 0 , 5 m above the river 

bed. The discharge per unit width (q) has to be calculated immediately after the 

observat ion, 

- Every time the velocity vertical is measured, the total depth should also be 

measured either by echo-sounder or by hand-lead. This depth can deviate from the 

depth found by the current meter, as the latter often records too great a depth 

in strong currents. The measured q can be corrected recti 1inearly, according to: 

^corrected = !^1ÊS2<:M ^ q 
Current meter ^^^^^^'^'^ 

- Not only the velocities but also the current direction should be noted. 

- Each period of slack water should be noted, when flood changes into ebb tide or 

vice-versa. 

- During the course of the observation period the position of the survey vessel should 

be checked repeatedly. Should i t be dragging its anchor, re-positioning of the 

vessel is necessary. 

If in the particular river section the tide predominates over the upland discharge, 

the survey vessel w i l l sway, due to the difference in current direction at ebb tide and flood 

tide. The vessel w i l l be located downstream of the cross-section during ebb tide, and upstream 
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of the cross-section during flood tide. However, observing the requirements for the selection 

of the cross-section, the changes of flow in its v i c i n i t y can be neglected, and the velocity 

distribution can be assumed to be observed actually in the cross-section. The depth of the 

vert 1ca1 1n the cross-sect ion can be calculated from the record 1ng of the echo-sounder and 

the gauge-read 1ngs . The d1scharge per uni t width can be obta1ned by apply 1ng (see Figure 

4.3.6): 

cross-section 
•"cross-sect ion recorded 

X q corrected 

HeASUHINS CROSS-SECTION 

REFERENCE VERTICAL IN CROSS-SECTION 

r MEASURINS VERTICAL DURIIIG FLOOD 

Figure 4.3.6 Measurement in Cross-sect ion in Tidal Areas 

For the calculation of the total discharge, three methods can be used: 

- Computing the total discharge every hour, as described in Para. 4.3.2. 

- A graphical method to avoid the many interpolations of each observation. 

- A reference vertical in the cross-section. 

Graphical method 

This method should be used only when few survey vessels are available. The cross-

section should be divided into as many parts as v e r t i c a l s , and for each part the discharge Q 

can be computed according to the following formula: 

B. B. B. 
I I I 

n - f nrlR - f n ^^^^ HR - .̂HL! f J / 2 ,R , 

Q. _ qdB - q^. _ ^ d B - ™ ^ h d B = ^ - ^ A , 

*' • ' m i mi •' mi 

^i-1 ^i-1 ^1-1 
in which: 

3/2 
A. = the area encompassed by the h -l i n e , belonging to part i , 
q^.= the measured discharge per un i t width in vert ical 1, and 

h .= the recorded depth in vertical i . 
ml 

A graph is made between the water-level read from the gauge and the area A.. 

This relation can be found by calculating the areas A only for the extreme and mean water-

levels. The hourly total discharge can be calculated by means of a table. 
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Reference verticaj^ 

This method can be used i n a tidal campaign where discharge observations have t o be 

made simultaneously in a number o f cross-sections, either i n one r i v e r a t different locations, 

or near bifurcations and confluences i n different rivers. In each o f the cross-sections one 

survey vessel should be anchored in the deepest vertical ( t h e reference vert i c a l ) o f the 

cross-sect ion for the duration of the observations. Beforehand, or dur1ng the measurements 

a number of velocity verticals should be measured in rapid order in each o f the c r o s s -

sections to enab1e the computat ion of the tota1 d1scharge. A curve can then be made g1v1ng 

the relat ion between the d1scharge per uni t wi dth (q) i n the reference v e r t i c a l , versus the 

tota1 d1scharge (Q) of the cross-section (Figure 4 . 3 . 7 ) . As an example of the elaborat lon o f 

the tida i measurements 1n the Lower Cana! del Dique, reference i s made to Part I I , Figure 

3 . 3 . 4 2 . 

,0-

o' 

ror.1t DISCHARGE 0 fmVsJ 

Figure 4 . 3 . 7 Q _. versus q , , 
^ cross-sect ion ^ref. vertical 

Finally, the tidal flow diagram can be drawn, 1n which the computed hourly cross-

sect iona1 d i scharge is plotted versus the t i me (see Figure 4 . 3 . 8 ) . 

Figure 4.3.8 Q ^ ^ ^ ^ ^ ^ versus Time 

The ebb and flood volumes can be der i ved by the i ntegrat ion of the areas and 

Vp. The upland discharge can be computed by subtract 1ng the f1ood volume from the ebb 

volume and dividing this res idua1 vo1ume by the tota1 t ime 1n seconds of the complete tidal 

cycle: 

Vp - Vp 

Q , . = . ~ ~ (m'/s). 
upland time in seconds 
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k.k. S| D_IH ENTJTR A N S P O RT 

k.k.\. Intrgduction 

lt has been mentioned already that actually three different types of sediment transport 

can be distinguished; namely: bed-load, suspended-load and wash-load. For each type of 

transport to be measured, a special instrument is required. Before describing the elaboration 

of the sampling data, i t is worthwhile to state clearly the differences between the three 

types of sediment transport mentioned. 

Bed-load is the transport of sediment particles sliding, rolling or Jumping over and 

near the river bed, generally in the form of moving bed forms such as dunes and ripples. 

When bed-load measurements are carried out, i t is Important to realise that this transport 

takes piace as the propagation of bed forms, and that the transport intensity on the top of 

the dunes is large and in the troughs small or n i l . Measurements should, therefore, cover at 

least the time requi red for several dunes to pass through the measuring sect ion. 

The integration time for a bed-load sampler is relatively small (2 minutes) for 

technical reasons, while the period of the fluctuations in the bed-load transport varies 

between several hours and even days. Consequently, an estimate of the actual average bed-

load in a cross-section can only be obtained by taking a large series of measurements. 

Although after each single measurement the position of the sampler has to be changed, a 

random position of the sampler wil l automatically be obtained when the length of the bed-

ripples is small compared to the variation in the position of the sampler due to its hoisting 

and lowering from a fixed point, the derrick or davit of the survey vessel. This w i l l 

i l l u s t r a t e why, if possible, large differences in the average bed-level on both sides of 

the cross-section have to be avoided. 

The sampler used by the Mission was the B,T,M,A, (Bed-load Transport Meter "Arnhem") 

(Para. 2.11). 

Suspended-load 

Suspended-load is the transport of bed particles when the gravity force is counter­

balanced by upward forces due to the turbulence of the flowing water. This means that the 

particles make larger or smaller Jumps, but return eventually to the bed. By that time, 

however, other particles from the bed w i l l be 1n suspens ion and, consequently, the concen¬

tration of particles transported as suspended-load wil l not change rapidly in the var ious 

layers. A s t r i c t d1v1s i on between bed-load and suspended-load is not poss Ible; in fact, the 

mechanisms are related. Bed-load and suspended-load together are often called bed-material 

load. 

The i nstrument wi th wh ich the Miss ion measured the suspended-load was the Del ft Bottle 

(D.F,) (Para, 2.10), 

Bed-load 
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Wash-load 

Wash-load is the transport of small particles finer than the bull< of the bed material 

and rarely found in the bed. Transport quantities found from bed-load, suspended-load and 

total-load formulae do not include wash-load quantities. Normally there is no interchange with 

the bed particles, and the rate of wash-load is mainly determined by climatological charac­

t e r i s t i c s and the erosion features of the whole catchment area. 

The instrument with which the Mission determined the wash-load concentrations was the 

water sampler (Para. 2 , 9 ) , the samples of which were f i l t e r e d , dried and weighed. 

k.k,2. Sampl1ng methods 

Bed-load 

Samples of the bed-load are taken with the B,T,M.A., which is lowered by means of the 

survey vessel's davit or derrick on to the river bottom. With a stopwatch the sampling time 

is measured, which is normally two minutes, after which the B.T.M.A. is hoisted aboard again 

and the basket with the caught bed-load sample is emptied. The sample is measured volume­

t r i c a l l y . Generally 10 samples are taken and the results noted, averaged, and converted into 

a daily transport (in m^/2k hrs /mM; see also example of elaboration form for bed-load and 

suspended-load measurements (Figure k.k.2), 

Suspended-load 

Samples of the suspended-load are taken with the D.F,, which is lowered into the river 

to the required depth by means of the davit or derrick aboard the survey vessel. The depth of 

the instrument is determined by the quantity of paid-out cable and indicated on a counter 

block. This counter block, through which the suspension cable of the D,F, runs, is put on zero 

when the D,F. is exactly on the water-level. As soon as the D,F, is fully submerged i t is 

kept there for a while and the instrument w i l l incline backwards due to the a i r contents. 

The air w i l l escape from the nozzle and a small opening at the top of the rear end. As soon 

as the instrument is f i l l e d with water, i t is lowered quickly to the required depth. Sampling 

time then starts and is measured by a stop-watch. A sampling time of three minutes has proved 

to be sufficient in the RFo Magdalena, the sample being always large enough to be measured. 

( I t is recalled from Part I I , Para, 3 . 3 . 3 that in future the hoisting of the D,F.-sampler be 

included in the total measuring time of the suspended-load measurements). The D.F. is then 

hoisted aboard again, and the contents of the sampling chambers emptied into the special 

D.F. glass and measured volumetrically. Generally samples are taken every l^-meter in the 

measuring v e r t i c a l , as well as five samples at every decimeter in the half meter just above the 

river bottom (Para, 2 , 1 0 ) , 

The results of the caught volumes are then converted into a dally transport of suspends 

load (in m^/2k hrs /mM; see example of elaboration form for bed-load and suspended-load 

measurements in Figure k.k.2. 
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Wash-load 

Samples of the wash-load are taken with the water sampler, which is lowered into the 

river to the required depth by a hand-line. The rubber stopper is then pulled off the bottle 

by means of a thin line which allows the bottle to be f i l l e d up with river water. Care should 

be taken not to hoist the sampler too soon, but to allow time for the bottle to be completely 

f i l l e d in order to prevent exchange of water content. The bottle is then taken out of the 

sampler, corked and labelled. 

k.k.3. Elaboration of samples 

Bed-load 

The 10 catches of the B.T.M.A. are averaged and the volume of the average catch or 

the complete catch is converted into daily transport (in m^/2k hours/mM by means of the 

B.T.M.A. calIbration curve (Figure k.k.)). This calibration curve Is based on tests carried 

out by the Delft Hydraulics Laboratory [èk] . 

100 200 300 400 500 600 700 

^ VOLUME CAUGHT IN 2 MINUTES Ice) 

- . . , J Figure k.k.) Calibration Curve B.T.M.A. 
Suspended-load 

The catches with the D.F. are volumetrically measured, and noted in cubic cent imeters, 

The samples are caught either through the small nozzle (area 1.9 cm^) or through the big 

nozzle (area 3.8 cm^), which means that the daily transport per centimeter height of the 

vertical can only be derived by multiplying the catches with a correction factor, either 

0.00063 for catches through the big nozzle, or 0.00126 for the small nozzle. The conversion 

from the caught sample (cc per 3 minutes) into a daily transport (m̂  per day) is then made 

simply (see Figure k.k.2). 

Remark: Another correction factor, however, should be used, depending on the efficiency of 

the D.F. Sampler (see also Part I I , Para. 3.3.3). This correction factor is shown 

in tables in the manufacturer's Manual of the D.F., its magnitude being determined 

by the flow-velocity, average grain-size of the caught sample, cross-sectional 

area of the nozzle, and whether a straight or bent nozzle was used. It is advised 

that this correction factor be applied in future suspended-load measurements. 
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Figure k.k.2 Elaboration Form for Bed-ioad and Suspended-load Measurements 

Wash-load 

The water samples taken with the sampler and stored in bottles, have to be elaborated 

in the laboratory. The amount of wash-load can be determined by means of the turbidity meter 

(see Para. 2.13), or by f i l t e r i n g , drying and weighing of the sample. In the latter method the 

volume of the sample is f i r s t measured whereafter it is filtered through a paper f i l t e r of 

known (dried) weight (preferably by means of a vacuum pump). The catch (wash-load) is then 

dried for several hours in a stove, and weighed on an electronic balance with an accuracy of 

about 0.1 milligram. The weight, minus the weight of the paper f11 ter. Indicates the amount 

of wash-load per volume of the sample, and thus, wlth known discharge of the river, the total 

wash-load transport. 

k.S. SALINITY 

The s a l i n i t y measurements carried out by the Mi ss ion were ma 1n1y located in the Canal 

del Dique to determi ne the inland penetration of sa11 water from the BahFa de Cartagena and 

the Bahfa de Barbacoas. Observat ions were made by means of the portable battery-operated 
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conductivi ty meter (see Para. 2.14), of whicti the probe was lowered into the river to the 

requi red depths. The readings on the meter were translated into s a l i n i t y or chlorini ty by 

means of convers ion tables. 

Measurements were performed in verticals and at 1-meter intervals, the verticals bei ng 

located along the long!tudinal axi s of the Cana 1 del Dique. 

With known values of sal 1nity, depth and kilometreage, 1ines of equal sai inity could 

be plotted (Figure 4.5.1) (See also Part I I , Para. 3 . 3 - 9 ) . 

Figure 4 . 5 . 1 Salt-vjater Wedge near Pasacabalios 

The E.C.R. conductivity meter used by the Miss ion was sent back to the Netherlands 

for repa i rs at the end of the study, and proved to have been completely damaged. Accordi ng 

to the manufacturers, the measurements carried out wlth this instrument should be con­

sidered wi th suspicion. 

GRAIN-SIZES 

The samples caught by the B.T.M.A. or bottom grab were analysed on grain-size d i s t r i ­

bution by sieving. A series of sieves gradually decreasing in sieve diameter (from 4.8 mm to 

0 . 1 5 mm, according to the National Standard Norm N48o) placed on top of each other and connected 

to a vibrator, left the amount of particles of each sample distributed over several sieves. 

The contents of each sieve were carefully measured (weighed) on an electronic balance wi th 

an accuracy of 0 . 1 milligram. 

The sieve diameter and the weight of the caught particles, as we 11 as thei r percentage 

of the complete sample, were used to form the sieve-curve (Figure 4 . 6 . 1 ) . Many natural sedi­

ments have approximately a log-normal grain-size distribution, and therefore the sieve-curve 

is normally plotted on logarithmic paper. 

A great number of samples were taken by the Mission in the course of the Study. A check 

was made whether the samples were big enough to ai1ow an accurate determination of the 

representative diameters of the bed material, which were used in the elaborations on channel 

roughness and sediment transport (see Part I I , Paras. 3.4 and 3 . 5 ) . According to the design 

curve for the required mass of the samples (de Vries, 1971 [ 6 5 ] ) , a rough 80% of the 

samples taken proved to be of sufficient quantity to use wi th high accuracy in these elabo­

rations (see Figure 4.6.2). A large variation, however, was found in the D^^^-values of the 
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samples due to the Inhomogeneity of the bed material. For that reason also the standard devi­

ation of the D^Q-values was determined (see Part I I , Tables 3 . 3 . 1 and 3 . 3 . 2 ) . For example, 

the bed samples which were taken in the measuring cross-section in the RFo Magdalena, upstream 

of the confluence with the RFo Sogamoso are compiled in Table 4 . 6 . 1 . The inhomogeneity of the 

bed material is clearly illustrated by the value of the standard deviation (compared with 

the Dj. ) and consequently a great number of samples is required. 

Date Sample mass Accuracy 
"50 

(kg) (pm) (pm) 

27 July 1971 0.30 S u f f i c i e n t H o 700 

28 July 1971 0.12 Too small 720 l|00 

1 Febr. 1972 0.03 S u f f i c i e n t 290 1)00 

16 March 1972 0.11 '• 270 600 

9 August 1972 0.10 280 k5t> 

9 August 1972 0.19 550 950 

9 August 1972 0.13 230 290 

9 August 1972 0.13 250 320 

Öj(,= 375 vm 

Standard d e v i a t i o n o f = 110 ym, derived by the formula: 

Table 4 . 6 . 1 Bed Samples taken Upstream of RFo Sogamoso Confluence 
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LIST OF MAIN SYMBOLS 

A cross-sectional area; 

a constant 

a a = ik, wiiere k is the Nikuradse roughness parameter; 

a constant 

B width of channel 

C Chézy coefficient, related to total roughness; 

concentration of suspended-load 

C' Chézy coefficient, related to the bed forms 

C" Chezy coefficient, related to the grains (C"= 18 log 12h/k) 

Cg reference concentration of suspended-load, at height a (= O.lh) above the bed 

c celerity 

c^ V +\/gh 

C 2 V -Vgh 

C j c e lerity of discontinuity of 9z/8x and 9z/9t 

D particle diameter 

DgQ, DgQ. "'̂ '̂̂  °^ sieve which is passed by 901, 50% and 10^ respectively, of a grain-

mixture 

e base of natural logarithm 

Fr Froude number 

f Darcy-Weisbach fr i c t i o n factor (= 8g/C^) 

f Darcy-Weisbach fr i c t i o n factor, related to the bed forms 

f" Darcy-Weisbach fr i c t i o n factor, related to the grains 

G weight 

g acceleration of gravity 

H energy head 

h depth of flow 

h' depth of flow, related to the bed forms 

h" depth of flow, related to the grains 

I water-level gradient; 

gradient of energy head 

I ' gradient of energy head, related to the bed forms 

I " gradient of energy head, related to the grains 

I Q water-level gradient along the outer bend 

1 indicates rank-number of interval, time or place step 

k Nikuradse roughness parameter 

L length 

m mass 

n Manning coefficient 

395 



P wetted perimeter; 

probability 

Q total discliarge 

dominant discharge 

q discharge per unit of width 

R hydraulic radius (= A/P); 

radius of river bend 

R radius of outer bend 
O 

Re Reynolds number 

S sediment transport in volume per unit of time 

S, bed-ioad 
b 

suspended-load 

s sediment transport per unit of width 

T sediment transport in solid volume per unit of time 

t time parameter 

At time interval 

V velocity 

V mean velocity (= q/h and = (1/A) 

v^ shear velocity (=\/ghl) 

w f a l 1 veloci ty 

X transport parameter (= T/yAgD^) 

X co-ordinate along the river axis 

V flow parameter (= AD/yhl) 

y co-ordinate 

z bed-level, related to reference-level; 

exponent ( = W / ( K V ^ ) ) ; 

co-ord i nate 

a a constant 

g e^/e 

Y angie of side slope; 

specific weight 

A relative density (= (Pg-p)/p) 

ö height of bed forms; 

thickness of viscous sub-layer («12U/v^) 

e diffusion coefficient; 

porosity 

Eg d i f f u s i v i t y of solid particles 

9 time interval 

K von Karman's constant (for clear water, K = 0.4) 

y ripple factor (= T / T ' ) 

u kinema11c viscos1ty 
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If 3 . 1 4 1 5 

P density of fiuid 

Pg density of sediment 

T sfiear stress along the bed 

T ' shear stress, related to the bed forms 

T " shear stress, related to the grains 
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