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ABSTRACT 

S e d i m e n t a t i o n  dynamics  a t  a r i v e r  mouth r e p r e s e n t  a  complex  

set of i n t e r a c t i n q  p r o c e s s e s .  The i n t e r a c t i o n  of  t h e  r i v e r  

e f f l u e n t  a n d  t h e  a m b i e n t  water is t h e  most f u n d a m e n t a l  o f  t h e s e  

p r o c e s s e s ,  Houever ,  t h e  v a s t  m a j o r i t y  o f  d e l t a  s t u d i e s  have  

m e r e l y  d e s c r i b e d  t h e  morphology i n  q e n e r a l  terms and h a v e  

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

is poor u n d e r s t a n d i n g  o f  t h e  i n t e r a c t i o n  of p r o c e s s e s  and  forms ,  

and  of which p a r a m e t e r s  are most i m p o r t a n t  i n  t h e  i n t e r p r e t a t i o n  

of geomorphic ,  g e o l o g i c ,  and  h y d r o l o g i c  c h a r a c t e r i s t i c s  o f  

d e l t a s .  P a s t  s t u d i e s  s o u q h t  a n  a n a l o g y  between t h e  t h e o r y  o f  

f r e e  jets a n d  t h e  dynamics  of mter  a n d  t r a n s p o r t e d  s e d i a e n t s  a t  

r i v e r  mouths ,  The f  ree-jet model p r o p o s e d  t h a t  t h e  p a t t e r n  o f  

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

d i r e c t l y  r e l a t e d  t o  t h e  f l u i d  dynamics  of jet d i f f u s i o n .  

I n  o r d e r  t o  test  t h e  a p p r o p r i a t e n e s s  o f  t h e  jet a n a l o g y  a s  

a model of t h e  f o r m a t i o n  and  deve lopmen t  o f  d e l t a s ,  a 

small-scale f 1 u . e  e x p e r i m e n t  was per formed.  The s t u d y  e x p l o r e d  

t h e  r e l a t i o n s h i p  be tween  a x i a l  jet d i f f u s i o n  and  d e l t a i c  

d e p o s i t i o n ,  a n d  d e s c r i b e d  i n t e r a c t i o n s  and i n t e r d e p e n d e n c i e s  

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

d e l t a  p a t t e r n .  The i m p o r t a n t  r e s u l t s  of t h e  f l u m e  e x p e r i m e n t  

are: 

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

iii 



d o e s  n o t  conform t o  a x i a l  jet d i f f u s i o n ,  a l t h o u g h  a  dynamic 

s i m i l a r i t y  h a s  been  found  t o  hold i n  t h e  h y d r a u l i c  e x p a n s i o n  

o f  t h e  jets a t  d i f f e r e n t  d i s c h a r g e  r e q i m e s  a n d  i n  s e d i m e n t  

f r e e  f l o w  c o n d i t i o n s .  

Delta morphometry is f u n c t i o n a l l y  r e l a t e d  to  t h e  c h a n q i n q  

scale of f l o u  a n d  s e d i m e n t  t r a n s p o r t  rate. F o r  a  g i v e n  

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

a r e l a t i v e  rate of i n c r e a s e  i n  t h e  l o n g i t u d i n a l  l e n g t h  o f  

t h e  d e l t a  wi th  c o n c o m i t a n t  d e c r e a s e  i n  b o t h  v e r t i c a l  a n d  

la teral  growth  rate. Conve r se ly ,  a t  a g i v e n  d i s c h a r q e  o f  

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

t h e  r e l a t i v e  ra te  o f  l o n g i t u d i n a l  advance ,  a mechanism 

e f f e c t i v e l y  r e l a t e d  t o  compensa to ry  i n c r e a s e s  i n  b o t h  

lateral  a n d  upward growth  of t h e  d e l t a i c  mass, 

The s u r f  i c ia l  d e l t a  f e a t u r e s ,  s u c h  a s  submerqed n a t u r a l  

l e v e e s ,  s h o a l s  and b a r s ,  and p a t t e r n  of d i s t r i b u t a r i e s ,  are 

d i r e c t l y  r e l a t e d  t o  t h e  n a t u r e  a n d  d e g r e e  of flow d i v e r g e n c e  

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

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

o r g a n i z a t i o n  of t h e  l a b o r a t o r y  d e l t a s .  The c r o s s  bedded 

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

bed  l o a d  t r a n s p o r t  a n d  t h e  phenomenon of f l o u  s e p a r a t i o n .  

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

p r o c e s s e s  a n d  forms; a n  i n t r i c a t e  a s s o c i a t i o n  c o n d i t i o n e d  by t h e  

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

1.1 The  G e n e r a l  Problem 

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

d e p o s i t i o n  a t  a  r i v e r  mouth r e p r e s e n t  a  complex set o f  

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

a m b i e n t  water is t h e  most  f u n d a m e n t a l  o f  t h e s e  p r o c e s s e s .  R i v e r  

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

o u t f l o w  momentam a n d  i n  a  c o n s e q u e n t  l o s s  of t r a n s p o r t i n q  power,  

1 which l e a d s  t o  d e l t a  f o r m a t i o n  and  deve lopment .  Barrel1 (19 12) 

d e f i n e d  a d e l t a  as 'a d e p o s i t ,  p a r t l y  s u b a e r i a l ,  b u i l t  b y  a 

r i v e r  i n t o  or a g a i n s t  a permanent  body o f  water '. The s h a p e ,  

s i z e  a n d  c o m p o s i t i o n  of d e l t a s  a r e  a f f e c t e d  by many f a c t o r s .  The 

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

p r o p e r t i e s ,  rate o f  s e d i m e n t  t r a n s p o r t ,  o f f - s h o r e  e n e r g y  

c o n d i t i o n s ,  d e n s i t y  d i f f e r e n c e  be tween  t h e  i n f l o w  and b a s i n  

wa te r ,  b a s i n  morphology, s u b s i d e n c e ,  and  climate. P r o c e s s e s  and 

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

known, 

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

no rpho loqy  h a v e  i n c r e a s e d  i n  r e c e n t  decades .  Houever,  t h e  v a s t  

ma-jor i ty  of  d e l t a  s t u d i e s  b y  g e o g r a p h e r s  and g e o l o g i s t s  have 
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mere ly  d e s c r i b e d  t h e  morphology i n  g e n e r a l  terms and h a v e  

i g n o r e d  t h e  r e l e v a n t  f l u i d  dynamics  t h e o r y .  A s  a r e s u l t ,  n o  

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

p r o c e s s e s  ac t ive  a t  a river mouth t o  t h e  morphology o f  t h e  

r e s u l t a n t  d e l t a ,  I n  1953  C h a r l e s  C. B a t e s  s o u g h t  a n  a n a l o q y  

b e t u e e n  t h e  T o l l m i e n  (1926) t h e o r y  of free jets and  t h e  dynamics  

of wter  a n d  t r a n s p o r t e d  s e d i m e n t  a t  r i v e r  mouths. The model o f  

d e l t a  f o r m t i o n  b e f o r e  B a t e s g  p a p e r  (1953)  u a s  t h a t  p roposed  by  

G i l b e r t  i n  1885. I n  t h e  i n t e r i m ,  much a t t e n t i o n  was g i v e n  t o  t h e  

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

p r o c e s s e s  r e s p o n s i b l e  fo r  t h e s e  d e p o s i t s .  A l though  t h e  jet 

a n a l o g y  c o n t i n u e s  t o  a p p e a r  i n  recent l i terature (Crickmay 1955; 

J o p l i n g  1960, 1962, 1963, 1964,  1965; axe l sson  1967; 

Bonhaa-Car te r  and S u t h e r l a n d  1967; Coleman and  Wright  1967, 

1971).  few e x p e r i a e a t a l  a t t e a p t s  h a v e  been  made t o  i n v e s t i q a t e  

t h e  a p p r o p r i a t e n e s s  of t h i s  model. F u r t h e r m o r e ,  t h e r e  i s  a poor  

u n d e r s t a n d i n g  of which p a r a m e t e r s  a r e  t h e  most i m p o r t a n t  i n  t h e  

i n t e r p r e t a t i o n  of geomorphic ,  qeoloqic, and  h y d r o l o q i c  

c h a r a c t e r i s t i c s  of deltas, 

1,2 A i m  o f  t h e  S t u d y  

The t w o f o l d  g e n e r a l  aim of t h e  p r e s e n t  s t u d y  is t o  i s o l a t e  

and d e s c r i b e  some of t h e  h y d r a u l i c  f a c t o r s  which c o n t r o l  d e l t a  

morpholoqy, a n d  t o  e x a a i n e  t h e  v i a b i l i t y  of t h e  jet a n a l o q y  a s  a  



model of t h e  f  o r m a t i o n  and deve lopment  o f  d e l t a s .  

D e l t a  morphology, d u r i n g  t h e  c o n s t r u c t i o n a l  phase ,  a p p e a r s  

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

t r a n s p o r t e d  m a t e r i a l s .  B n t  o u r  knowledge o f  d e l t a i c  

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

t h e s e  v a r i a b l e s ,  O n e  problem is  t h e  c h o i c e  o f  which v a r i a b l e s  

are i n d e p e n d e n t  and  which are dependen t  when t h e  p r o c e s s e s  and 

f o r m s  a r e  i n t e r r e l a t e d  and i n t e r a c t i n q .  I n  f a c t  t h e  c h o i c e  

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

s e d i m e n t a t i o n  system. The p r e s e n t  s t u d y  f o c u s e s  o n  t h e  d i s c h a r q e  

and  t h e  r a t e  o f  s e d i m e n t  t r a n s p o r t  as i n d e p e n d e n t  v a r i a b l e s  and  

seeks t o  a n s u e r  q u e s t i o n s  a b o u t  t h e  mode of f o r m a t i o n  a n d  

deve lopment  of d e l t a s  (dependen t  v a r i a b l e )  i n  a  v a r i e t y  of 

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  c o n d i t i o n s .  T h i s  c h o i c e  is made 

b e c a u s e  t h e  p r e s e n t  s t u d y  r e g a r d s  a ' s t e a d y  s t a t e '  c h a n n e l ,  

which m a i n t a i n s  t h e  c o n t i n u i t y  of 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 ,  a s  i n d e p e n d e n t  o f  any  e x t e r n a l  p r o c e s s  o r  f o r n  

o c c u r r i n g  i n  t h e  b a s i n  a t  t h e  time s c a l e  o f  t h e  i n v e s t i q a t i o n .  

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

r e a s o n a b l e  time, a small-scale l a b o r a t o r y  e x p e r i m e n t  u n d e r  

homopycnal i n f l o w  c o n d i t i o n s '  h a s  been  c h o s e n  a s  t h e  b a s i c  d a t a  

sou rce .  It i s  assumed t h a t  t h e  a m b i e n t  water is  s t a t i o n a r y  i n  

t h e  sense t h a t  t h e  off s h o r e  e n e r g y  ( t i d e s ,  waves, c u r r e n t s )  , 
---IIIIIIIIIIIIII 

1 Homopycnal flow c o n d i t i o n s  ( B a t e s ,  1953) mean r i v e r  w a t e r  and  
a m b i e n t  w a t e r  a r e  e q u a l l y  d e n s e  and  i n f l o w  e n t e r s  i n t o  a  water 
body as a n  a x i a l  jet. 



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

c o n s t a n t  or a b s e n t ,  Given t h e s e  a s s u m p t i o n s ,  t h e  main o b j e c t i v e s  

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

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  on t h e  v e l o c i t y - f i e l d  and  on 

t h e  d i f f u s i o n  of t h e  jet, o n  t h e  mode of s e d i m e n t  d i s p e r s a l  and  

d e p o s i t i o n ,  a n d  on t h e  f o r m a t i o n  of  d e l t a  morpholoqy. 

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

u n d e r s t a n d i n g  o f  s e d i m e n t a t i o n  a t  r i v e r  mouths. I t  r e p r e s e n t s  a  

f irst  s t e p  i n  s o l v i n g  p r o b l e a s  r e l a t e d  t o  sedimen t a t i o n  dynamics  

a t  a  r i v e r  mouth. 

1.3 The P e r s p e c t i v e  o f  a L a b o r a t o r y  Exper iment  

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

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

been  t o  p e r f o r m  s a a l l - s c a l e  e x p e r i m e n t s  i n  a l a b o r a t o r y  

s i t u a t i o n ,  King (1966) n o t e d  t h a t  n t h e  s m a l l - s c a l e  model 

e x p e r i m e n t  i s  of  t h e  g r e a t e s t  u t i l i t y  when t h e r e  i s  a need  t o  

c o n t r o l  many v a r i a b l e s  and s t u d y  i n  i s o l a t i o n ,  a  s i t u a t i o n  which 

is n o t  p o s s i b l e  i n  na tu rea .  H i c k i n  (1970)  f o u n d  e x p e r i m e n t s  t o  

b e  wef nt f o r  e x a m i n i n g  % o m b i n a t i o n s  of c o n d i t i o n s f l  t h r o n q h  

e a s y  m a n i p u l a t i o n  of t h e  v a r i a b l e s  w h i l e  r e i cogn i s ing  t h a t  the 

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

c a u n t e r p a r t ,  H e  emphas i zed  t h a t  Wan u n d e r s t a n d i n g  of t h e  s i m p l e  

case makes t h e  anal p i s  of  t h e  r e a l  s i t u a t i o n  somewhat less 

L 



The c o m p l e x i t y  i n v o l v e d  i n  t h e  i n t e r a c t i o a  *of v a r i a h E a s  

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

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

e x p e r i m e n t s ,  A f l u m e  e x p e r i m e n t  o f t e n  s u f f i c e s  to d e s c r i b a  t h e  

g e n e r a l  b e h a r i o u r  of a geomorpbic  s y s t e m  i n  somewhat c o n t r o l l e d  

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

p r o c e s s e s  of t r a n s f e r  of e n e r g y  a n d  b e  of i m p o r t a n c e  i n  

u n d e r s t a n d i n g  t h e  p h y s i c a l  forces a n d  forms i n  n a t u r e ,  A f l u m e  

e x p e r i m e n t  is, however,  o f  l i t t le r i g o r o u s  u s e  i f  e x p l i c i t  

c o r r e s p o n d e n c e  in n a t u r e  is found to  b e  u n r e s o l v e d .  

1.4 O r g a n i z a t i o n  o f  t h e  S t u d y  

The v a r i o u s  topics i n  t h e  s t u d y  c o r r e s p o n d  a p p r o x i m a t e l y  

w i t h  t h e i r  c h r o n o l o g i c a l  t r e a t m e n t ,  C h a p t e r  2 p r o v i d e s  a r e v i e w  

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

and v iews  o f  t h e  jet ana logy ,  t h e  r e v i e w  i n c l u d e s  an  e x a m i n a t i o n  

of e x p e r i m e n t a l  works c o n c e r n e d  w i t h  p r o c e s s  and  f o r e  o f  d e l t a i c  

d e p o s i t s .  C h a p t e r  3 p r e s e n t s  t h e  s p e c i f i c  a s s u m p t i o n s  a n d  

h y p o t h e s e s  of t h e  p r e s e n t  i n v e s t i g a t i o n .  The h y p o t h e s e s  are 

based  o n  ay  a n a l y s i s  o f  p a s t  s t u d i e s  r e p o r t e d  i n  the  l i t e r a t u r e .  

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

c h a p t e r .  

C h a p t e r  4 o u t l i n e s  t h e  methods a n d  p r o c e d u r e s  a d o p t e d  i n  



t h e  expe r imen t .  It  a l s o  p r o v i d e s  a d i s c u s s i o n  of t h e  d e s i g n  and 

e n q i n e e r i n g  of t h e  model, i a s t r u a e n t a t i o n  and  con t r o l - d e v i c e s  

u s e d  i n  t h e  e x p e r i m e n t s .  

E x p e r i m e n t a l  d a t a  and  a n a l y s e s  a r e  p r e s e n t e d  i a  c h a p t e r  5. 

xt p r o v i d e s  an i n t e r p r e t a t i o n  of t h e  d a t a  b a s e d  l a r g e l y  on t h e  

c o r r e l a t i o n  a l o n g  t h e  v a r i a b l e s ,  

Chapter 6 is d e v o t e d  t o  t h e  i n t e r p r e t a t i o n  and  d i s c u s s i o n  

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

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

C o n c l u s i o n s  drawn from this exercise p r o v i d e  t h e  b a s i s  f o r  

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



11. The  Jet Analogy and O t h e r  Views of W t a  Forma t ion  

2.1 I n t r o d u c t i o n  

Al though  t h e r e  is a c o n s i d e r a b l e  l i t e r a t u r e  on d e l t a s ,  

l i t t l e  is known a b o u t  t h e  p r o c e s s e s  c o n t r o l l i n g  d e l t a  

morphology, Gi lbe r t  (1885) proposed  t h a t  t h e  l o s s  of f l o w  

competence  r e s u l t i n g  i n  d e p o s i t i o n  a t  t h e  r i v e r  mouth was the 

i main mechanism o f  d e l t a  f o r m a t i o n ,  H i s  model o f  f l o u  

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

I now r e c o g n i z e d  as t h e  c l a s s i c  t h e o r y  of d e l t a  f o r m a t i o n .  

I In 1953, Char l e s .  C, Bates p u b l i s h e d  t h e  R a t i o n a a  T h e o n  of 

For  ma t ign  - which c o n s i d e r e d  p r o g r e s s i v e  d e c o n c e n t r a t i o n  of 

e f f l u e n t  momentum t o  b e  a r e s u l t  o f  jet d i f f u s i o n  i n t o  a 

s t a n d i n g  body of water. B e  r ev i ewed  t h e  u o r k s  of G i l b e r t  (1 885) , 
P o r e 1  119041, L i p s e y  (1919), Dent (19241, T o l l m i e n  (1926), 

R u s s e l l  (1936) , Auerbach (l939), P i s k  (1944) , A l b e r t s o n  al, 

(1950) , Simons  (195 I ) ,  Shepa rd  (19511 , Cobb (1952), C r o w e l l  

(1952), Ewig (1952) , Glen  (19521, Reegen (1952), Holle ( 19521 

and  o t h e r s .  The p r o c e s s e s  a c t i v e  a t  t h e  mouth o f  t h e  H i s s i s s i p p i  

were c o n s i d e r e d  by Bates t o  c o n f i r m  t h e  c o n t e n t i o n  t h a t  a  d e l t a  

is "a d e p o s i t  b u i l t  by jet flow i n t o  o r  w i t h i n  a  permanent  body 

of watern .  



The f l u i d  dynamics  o f  jet e x p a n s i o n  were f i r s t  i n v e s t i q a t e d  

t h e o r e t i c a l l y  b y  T o l l a i e n  (1  926). He a p p l i e d  P r a n d t l g s  ( 1925) 

nomentum-t ranspor t  t h e o r y  t o  s o l v e  t h e  a i r i n g  problems o f  a jet 

i s s u i n q  i n t o  t h e  same medium a t  rest, T o l l m i e n ' s  t h e o r y  h a s  been 

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

v a r i e d  f i e l d s  as ae rodynamics ,  c h e m i c a l ,  h e a t i n g ,  and  h y d r a u l i c  

e n g i n e e r i n g .  Houever, f o r  t h e  pu rpose  of t h e  p r e s e n t  s t u d y ,  t h e  

work of A l b e r t s o n  g& & (1950)  is  p a r t i c u l a r l y  r e l e v a n t .  

2.2 D i f f u s s i o n  of a Subne rged  3et (B, L. B l b e r t s o n  &A, 1950) 

A l b e r t s o n  & al, (1950) p u b l i s h e d  d e t a i l e d  c h a r a c t e r i s t i c s  

of jet d i f f u s i o n  i n t o  a s t a t i o n a r y  ' i n f i n i t e '  volume o f  t h e  same 

f l u i d .  Accord ing  t o  t h e i r  o b s e r v a t i o n s ,  when w a t e r  moves o u t ,  

s h e a r  a l o n g  t h e  jet boundary  g e n e r a t e s  t u r b u l e n t  e d d i e s  w i th  

l a t e r a l  mix ing  which p r o g r e s s e s  b o t h  i n w a r d  a n d  outward with 

d i s t a n c e  f rom t h e  o u t l e t ,  Hewton's s e c o n d  law of motion r e q u i r e s  

t h a t  s u c h  mix ing  p r o d u c e s  t u o  b a l a n c e d  r e a c t i o n s :  1) f l u i d  

w i t h i n  t h e  jet is g r a d u a l l y  d e c e l e r a t e d ,  and 2)  f l u i d  from t h e  

s u r r o u n d i n g  r e g i o n  is g r a d u a l l y  a c c e l e r a t e d  or e n t r a i n e d .  A s  a  

result, t h e  c o n s t a n t  v e l o c i t y - c o r e  of t h e  jet d e c r e a s e s  s t e a d i l y  

i n  l a t e r a l  e x t e n t  and  c o n t i n u i t y  c o n s i d e r a t i o n s  demand t h a t  t h i s  

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

i 
1 

T h e  l i m i t  o f  t h i s  ' z o n e  of f l o w  e s t a b l i s h m e n t '  is  r e a c h e d  when 





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

p r o c e s s  c o n t i n u e s  w i t h o u t  essent ia l  change .  F u r t h e r  e n t r a i n m e n t  

o f  t h e  s u r r o u n d i n g  f l u i d  by t h e  e x p a n d i n g  eddy  r e g i o n  is  

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

central  r e q i o n .  T h i s  i s  t h e  'zone of e s t a b l i s h e d  f l o w m  ( F i q u r e  

1) 

A similar e f f e c t  o c c u r s  i n  t h e  e n e r g y  c o n d i t i o n s  o f  t h e  

jet. A r e d u c t i o n  i n  t h e  v e l o c i t y  o f  t h e  jet flow n e c e s s a r i l y  

r e p r e s e n t s  a d e c r e a s e  i n  k i n e t i c  e n e r g y ,  c a u s i n g  a n  

i r r e c o v e r a b l e  l o s s  of power, # o r e  e x p l i c i t l y ,  r e a c t i o n  between a 

jet and  t h e  s u r r o u n d i n g  f l u i d  i n t o  which it is d i s c h a r q e d  

p r o d u c e s  a ' p ronounced  d e g r e e  o f  i n s t a b i l i t y '  i n  t h e  mix inq  

zone,  A s  a  r e s u l t ,  @ t h e  k i n e t i c  e n e r g y  of t h e  oncoming f l o w  is 

s t e a d i l y  c o n v e r t e d  i n t o  k i n e t i c  e n e r g y  o f  t u r b u l e n c e 8 ,  and  later 

ac ts  a s  a n  a g e n t  o f  d i s s i p a t i o n  of t h e  k i n e t i c  e n e r g y .  The 

a n a l y s i s  by A l b e r t s o n  & a, (1950) i l l u s t r a t e s  t h e  p r i n c i p l e s  

which are, i n  many r e s p e c t s ,  comaon t o  most  t h e o r i e s  o f  jet 

d i f f u s i o n ,  

2,3 The R a t i o n a l  T h e o r y  o f  Delta F o r m a t i o n  (C. C. Bates, 1953) 

I 

i I n  1953  C h a r l e s  C, Bates f u t h e r  d e v e l o p e d  t h e  t h e o r e t i c a l  

a n d  e m p i r i c a l  r e s u l t s  o f  l l l b e r t s o n  & a L  (1950) H e  r e a s o n e d  

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



r e a s o n i n g  is based  on two  a s sumpt ions :  t h a t  a  a a j o r  r i v e r  

d i s c h a r g i n g  i a t o  a  l a k e ,  g u l f ,  or o c e a n  p r o d u c e s  a  ' f r e e  a jet 

f l o w  i n  t h e  wa te r  body, and t h a t  " t h e  amount a n d  t y p e  o f  

s e d i a e n t  t r a n s p o r t  p e r  u n i t  mass o f  water are f u n c t i o n s "  of t h e  

f l o r v e l o c i t y  o f  t h e  r i v e r .  

B a t e s  (1953) c o n s i d e r e d  two t y p e s  o f  jet f low:  a x i a l  

( t h r e e - d i m e n s i o n a l )  jet a a d  p l a n e  (t uo- d i m e n s i o n a l )  jet, 

depend ing  on  t h e  r e l a t i v e  d e n s i t y  d i f f e r e n c e  between r i v e r  water 

and b a s i n  v a t e r .  T h e s e  two t y p e s  o f  jet f l o w  a r e  c o n c e p t u a l i z e d  

u n d e r  t h r e e  c o n d i t i o n s  of e n t r a n c e  f l o u .  I f  r i v e r  wa te r  and 

b a s i n  w a t e r  are e q u a l l y  dense ,  t h e  s p r e a d i n g  o f  t h e  i n f l o w i n g  

water o c c u r s  i n  a  t h r e e - d i m e n s i o n a l  form which c o n s t i t u t e s  a n  

a x i a l  jet flow. On t h e  o t h e r  hand, i f  t h e  d e n s i t y  o f  t h e  

i n f l o w i n g  v a t e r  is more ( o r  less) t h a n  t h a t  of t h e  w a t e r  body 

i n t o  which it e n t e r s ,  t h e  r i v e r  water s p r e a d s  i n  a 

two-d imens iona l  way f o r m i a q  a p l a n e  jet f l o u .  

Bates (1953) d e m o n s t r a t e d  t h a t  t h e  ra t io  of  U / U o  is  a  

f u n c t i o n  o f  Dz and o f  X i n  t h e  a x i a l  jet b u t  a f u n c t i o n  of  Dy 

and  of X i n  t h e  p l a n e  jet ( F i g u r e  2 ) ,  where 

D = t h e  c e n t r e l i n e  v e l o c i t y  a t  a n y  p o i n t  

Uo = t h e  c e n t r e l i n e  v e l o c i t y  a t  t h e  p o i n t  o f  i s s u a n c e  

Dz = t h e  d i a m e t e r  o f  t h e  c i r c u l a r  o r i f i c e  

Dy = t h e  w id th  of t h e  s l o t  

X = t h e  d i s t a n c e  downstream f rom t h e  o r i f i c e  

H e  p o i n t e d  o u t  t h a t  t h e  'zone o f  f l o w  e s t a b l i s h m e n t #  e x t e n d s  a  
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d i s t a n c e  of 4Dz ( a x i a l )  and 4Dy ( p l a n e )  from t h a t  o f  t h e  

o r i f i c e .  H i s  m o d i f i c a t i o n s  t o  t h e  p r e s e n t a t i o n  o f  Albertson et 

(1950) i n c l u d e  t h e  a p p a r e n t l y  a r b i t r a r y  d e f i n i t i o n  o f  ' zone  

o f  t r a n s i t i o n * ,  and  e q u a l l y  a r b i t r a r y  l imita t ions  o f  t h e  

t e r m i n a l  a r e a s  o f  d i f f u s i o n  a l o n q  t h e  jet ax is  which e x t e n d s  t o  

a  d i s t a n c e  o f  200Dz from t h e  o r i f  ice i n  t h e  c a s e  o f  a x i a l  jets 

and  2000Dy i n  t h e  case of p l a n e  jets ( F i g u r e  2 ) .  These a r e  

a r b i t r a r y  i n  t h e  s e n s e  t h a t  n o  cr i ter ia  were a s s i q n e d  t o  t h e i r  

d e l i m i t a t i o n s .  f lo reover ,  p r o g r e s s i v e  d e c e l e r a t i o n  o f  f l o w  a l o n q  

t h e  jet a x i s  n e c e s s a r i l y  r e p r e s e n t s  r e d u c t i o n  i n  v e l o c i t i e s  

r a n q i n g  f rom t h e  i n i t i a l  t o  t h e  i n f i n i t e s i m a l  which, a t  least 

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

B a t e s  (1953) p o s t u l a t e d  t h a t  t h r e e  t y p e s  o f  i n f l o w ,  e a c h  

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

t h a t  of t h e  b a s i n ,  would r e s u l t  i n  a p a r t i c u l a r  t y p e  o f  d e l t a i c  

d e p o s i t :  

1. H y p e r p y c a a l  i n f low:  T h i s  t y p e  o f  i n f l o w  o c c u r s  when a  more 

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

same medium, The  d e n s i t y  d i f f e r e n c e s  are due  t o  t h e  c o n t e n t  

of s u s p e n d e d  s e d i m e n t s ,  d i s s o l v e d  s o l i d  l o a d ,  or t e m p e r a t u r e  

d i f f e r e n c e .  The common c o n n o t a t i o n s  a t t a c h e d  t o  t h i s  t y p e  of  

f l o w  a r e  u n d e r f l o w s ,  bo t tomflows ,  o r  d e n s i t y  cu r r en t s . t  --------.-------.- 
I T u r b i d i t y  or d e n s i t y  c u r r e n t s  are u s u a l l y  d e f i n e d  (Howard, 
1953; H i d d l e t o n ,  1965, 1966; Church a n d  G i l b e r t ,  1975) a s  
u n d e r f l o w s  t h a t  owe t h e i r  d e n s i t y  d i f f e r e n c e  from t h e  
s u r r o u n d i n g  water t o  t h e i r  c o n t e n t  of  s e d i m e n t  in s u s p e n s i o n  
r a t h e r  t h a n  t o  t e m p e r a t u r e  o r  d i s s o l v e d  l o a d  d i f f e r e n c e s .  



Because of t h e  d e n s i t y  d i f f e r e n c e ,  t h e  f l o w  e x p a n s i o n  a n d  

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

d i r e c t i o n s ,  A s  a r e s u l t ,  t h e  f l ow p a t t e r n  i s  two-dimens iona l  

( p l a n e  jet). 

Such i n f l o v  i s  p o s s i b l e  when sed imen t - cha rged  a n d  c o l d  

r i v e r  water p l u n g e s  b e n e a t h  t h e  clearer l a k e  u a t e r  and  f l o w s  

down to t h e  l a k e  bottom, T h i s  t y p e  of u n d e r f l o w  p e r s i s t s  f o r  

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

and  is s u b j e c t e d  t o  g r a v i t a t i o n a l  a c c e l e r a t i o n  (Ha t l eaan :  

1961, 1963) .  

Bates (1953) n o t e s  t h a t  a ' s u b r a r i n e  d e l t a g ,  a  d e p o s i t  

which f o r r s  a t  t h e  mouth o f  a s u b m a r i n e  canyon ,  r e s u l t s  from 

h y p e r p y c n a l  i n f l o w  c o n d i t i o n s  ( F i g u r e  3at, 

2. Homopycnal i n f low:  T h i s  t y p e  of i n f l o w  r e s u l t s  i f  t h e  

d e n s i t y  of t h e  i n f l o w i n g  r i v e r  water i s  a b o u t  t h e  same a s  

t h a t  of t h e  b a s i n  u a t e r ,  Such a  c o n d i t i o n  is t h o u g h t  t o  

p r e v a i l  when a r i v e r  e n t e r s  i n t o  a well-mixed f r e s h - w a t e r  

l a k e  w i t h  t h e  same water t e m p e r a t u r e ,  Because  of e q u a l  

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

t h e  b a s i n  is t h r e e - d i m e n s i o n a l  a n d  i s  t e rmed  a n  a x i a l  'jet, 

T h i s  t y p e  of i n f l o w  is c l o s e l y  r e l a t e d  t o  ' i n t e r f l o w '  which 

is i n t e r m e d i a t e  between t h e  u n d e r f l o w  and  s u r f a c e - f l o w  

(Church a n d  G i l b e r t ,  1975) .  

T h e  d e l t a  which f o r m s  unde r  t h e  homopycnal i n f l o w  

c o n d i t i o n s  is t h e  c l a s s i c a l  t y p e  w i t h  t o p ,  fore- a n d  



I Plan View Axial Cross-Section 

(A) SUBMARINE DELTA (Hyperpycnal Inflow) 

I (B) GILBERT-TYPE DELTA (Homopycnal Inflow) 

T,imited Scdimcnt St~ppl y 

Moderate Sediment Supply 

(C) MARINE LITTORAL DELTA (Hypopycnal Inflow) 

Figure 3 .  Schematic diagram of bas ic  types of inflow into  basins 
and subsequent d e l t a i c  deposi ts  (After Bates, 1953) 
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bo t tom-se t  beds  a s  d e s c r i b e d  by G i l b e r t  (1885) .  The a x i a l  

e x p a n s i o n  o f  t h e  jet c a u s e s  r a p i d  d e c e l e r a t i o n  of t h e  

o u t f l o v i n g  f l u i d .  T h i s  r e s u l t s  i n  t h e  deve lopment  o f  f l a t  

t o p s e t  beds  f l a n k i n g  t h e  c h a n n e l  which c h a n g e  t o  f o r e s e t  

b e d s  r e s t i n g  a t  an a n g l e  of r e p o s e .  B o t t o m s e t  beds  a r e  

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

t h e  d e e p e r  part of t h e  b a s i n  ( F i q u r e  3 B ) .  

3. Eypopycnal  in f low:  Bates (1953) c o n s i d e r e d  t h a t  almost a l l  

major r i v e r s  d i s c h a r g i n q  i n t o  t h e  sea or s a l i n e  water would 

comply to hypopycnal  i n f l o w  c o n d i t i o n s .  The c o n d i t i o n  

i m p l i e s  t h a t  t h e  s a l i n e  water o f  t h e  sea is sore d e n s e  t h a n  

t h e  i n f l o w i n q  river water, T h i s  d e n s i t y  d i f f e r e n c e  i n h i b i t s  

v e r t i c a l  mix ing  between more d e n s e  b a s i n  w a t e r  and less 

d e n s e  river water .  As a result, t h e  less d e n s e  r iver water 

t e n d s  t o  f l o a t  t o  t h e  t o p  of t h e  b a s i n  w a t e r  and e x p a n d s  

o n l y  i n  l a t e r a l  a n d  l o n g i t u d i n a l  d i r e c t i o n s  fo rming  a  

two-d imens iona l  jet. T h i s  t y p e  o f  i n f l o w  is e q u i v a l e n t  t o  

s u r f a c e  flow which f o r m s  when t h e  d e n s i t y  of t h e  i n f l o w i n g  

r i v e r  water is less t h a t  t h a t  o f  t h e  body i n t o  which i t  

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

(Church a n d  G i l b e r t ,  1975) .  

Accord ing  t o  Bates (1953) two t y p e s  o f  d e l t a i c  d e p o s i t ,  

d e p e n d i n g  on t h e  magni tude  o f  t h e  d i s c h a r g e ,  would r e s u l t  i n  

t h e  hypopycna l  s i t u a t i o n .  I f  t h e  magni tude  o f  t h e  c h a n n e l  

d i s c h a r q e  is small, a l u n a t e  b a r  g r a d u a l l y  b u i l d s  up a t  a  



d i s t a n c e  o f  4 t o  8 times o u t l e t  w i d t h  from t h e  mouth. And i f  

t h e  d i s c h a r g e  i s  modera te  t o  l a r g e ,  a  c u s p a t e .  a r c u a t e ,  o r  

b i r d - f o o t  d e l t a  w i l l  form ( P i q u r e  3 c ) .  

The form of  t h e  d i f f u s i o n  p a t t e r n  a n d  t h e  a s s o c i a t e d  

d e l t a i c  d e p o s i t  were t h o u g h t  b y  Bates (1953) t o  depend o n  t h e  

r e l a t i v e  d e n s i t y  be tween  t h e  r i v e r  a n d  b a s i n  water r a t h e r  t h a n  

on t h e  o u t l e t  form. T h i s  is i n  d i r e c t  c o n t r a s t  t o  t h e  i d e a s  o f  

A l b e r t s o n  flf; & ( 1950) . 
Bates (1953) s u g g e s t e d  t h a t  t h e  f o r m a t i o n  of  submerged 

n a t u r a l  l e v e e s  would o c c u r  a l o n g  t h e  f l a n k s  o f  a  jet i n  t h e  zone 

of f l o u  e s t a b l i s h m e n t ,  H e  f u r t h e r  a r g u e d  t h a t ,  i n  t h e  z o n e  o f  

t r a n s i t i o n ,  r a p i d  d e p o s i t i o n  o f  bed- load  would d e v e l o p  a 

t r a n s v e r s e  bar a c r o s s  t h e  channe l .  L i n k a g e  o f  t h i s  t r a n s v e r s e  

w i t h  t h e  f l a n k i n g  l e v e e s  w i l l  create a l u n a t e  b a r ,  which 

e v e n t u a l l y  b l o c k s  t h e  m u t h  of t h e  o u t l e t .  I f  stream f l o u  is t o  

c o n t i n u e  i n t o  t h e  b a s i n ,  t h e  t r a n s v e r s e  b a r  or  t h e  submerged 

l e v e e  must  b e  cut .  A s  a r e s u l t ,  t h e  main c h a n n e l  must s p l i t  i n t o  

a sys t em of d i s t r i b u t a r i e s :  a  t y p i c a l  p a t t e r n  a s s o c i a t e d  w i t h  

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

h i g h e r  i n  t h e  c a s e  of a n  ax ia l  jet. 

2.4 L i m i t a t i o n s  of t h e  F r e e  Jet Hodel of Delta Forma t ion  

nany of t h e  basic a s s u m p t i o n s  and boundary  c o n d i t i o n s  f o r  

submerged f r e e  jets are n o t  a p p l i c a b l e  i n  t h e  c o n t e x t  of n a t u r a l  



is- - 
d e l t a s .  Uodif  i c a t i o n s  a n d  a d d i t i o n s  t o  Bates' (1  953) p r o p o s e d  

t h e o r y  of  d e l t a  f o r m a t i o n  are  n e c e s s a r y  b e f o r e  i t  is of  use  i n  

i n t e r p r e t i n g  s e d i m e n t a t i o n  dynamics  a t  r i v e r  months. T h e  

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

p a r a m e t e r s  is c o n s i d e r e d  t o  be o f  g r e a t  i m p o r t a n c e  i n  m o d e l l i n g  

d e l t a  forma t i o n ,  

2.4.1 D e n s i t y  d i f f e r e n c e  

Bates (1953)  was much c o n c e r n e d  w i t h  t h e  r e l a t i v e  d e n s i t y  

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

i n f l u e n c e s  on  t h e  a x i a l  and p l a n e  jets. T h i s  i s  r e f l e c t e d  i n  h i s  

r e c o g n i t i o n  of d i f f e r e n t  t y p e s  of d e l t a s ,  Crickmay (1955)  
-- 

c l a i m e d  t h a t  t h e  jet would h a v e  a  p l a n e  form o f  two-d imens iona l  

p a t t e r n  w h e t h e r  or n o t  t h e r e  i s  a d e n s i t y  d i f f e r e n c e .  Be 

mentioned t h a t  n a t u r a l  i n f l o w s  are v a s t 1  y  more c o m p l i c a t e d  t h a n  

i m p l i e d  b y  t h e  f r e e  jet model and t h a t  c o n s i d e r a t i o n  o f  boundary 

c o n d i t i o n s ,  s e d i m n  t p r o p e r t y  and q u a n t i t y ,  and  mode o f  s ed imen t  

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

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

On t h e  q u e s t i o n  o f  d e n s i t y  d i f f e r e n c e ,  B e l l  found t h a t  a  

d e n s i t y  c o n t r a s t  of 0,01X migh t  b e  s u f f i c i e n t  t o  c a u s e  f l o w  

s e p a r a t i o n ,  To J o p l i n g  (1960), a  more real is t ic  a n d  e f f e c t i v e  

c o n t r a s t  is i n  t h e  r a n g e  of 0.02% t o  0.05% b e c a u s e  o f  n i x i n g  and 

d i l u t i o n ,  Axelsson  (1967) n o t e d ,  a c o n t r a s t  o f  0,03% i s  



s u f f i c i e n t  t o  form d e n s i t y  c u r r e n t s  i n  Lake L a i t a u r e .  A l l  t h e i r  

f i n d i n q s  s u g g e s t  t h a t  ver t ical  a s  well a s  l a t e r a l  d i f f u s i o n  w i l l  

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

a m b i e n t  water. On t h e  o t h e r  hand,  Bates (1953) found  t h a t  t h e  

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

of Hexico i n h i b i t s  vertical a i x i n q  b e c a u s e  of d e n s i t y  

d i f f e r e n c e s .  

D e n s i t y  d i f f e r e n c e s  a p p e a r  t o  p r o v i d e  somewhat s t a b l e  a n d  

d i s t i n c t  b o u n d a r i e s  which p r e v e n t  l a t e r a l  a s  well as v e r t i c a l  

mixing, A l though  B a t e s  (1953)  is c o r r e c t  i n  e m p h a s i z i n g  t h e  

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

d i f f u s i o n  o f f  river mouths, h i s  i d e a  t h a t  d e n s i t y  d i f f e r e n c e  

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

Axelsson  (1967) p o i n t e d  o u t  t h a t  t h e  r e l e v a n c e  of  j e t  a n a l o g y  i n  

h y p e r p y c n a l  a n d  hypopycna l  i n f l o w  is i n v a l i d ,  H e  found t h a t  t h e  

d e n s i t y  c u r r e n t s  ( c a u s e d  by d e n s i t y  d i f f e r e n c e )  s p r e a d  o u t  i n  a 

way which i s  q u i t e  different from t h a t  of free jets. H e  

ment ioned,  however, t h a t  t h e  hoaopycna l  i n f l o w  c o n d i t i o n s ,  as 

proposed  b y  Bates, w i l l  p r o v i d e  v a l u a b l e  i n f o r m a t i o n  on t h e  

g e n e r a l  f l o w  c o n d i t i o n s  i n  t h e  immed ia t e  v i c i n i t y  of t h e  

d i s t r i b u t a r y  mouth, which c a n  be r e l a t e d  t o  t h e  g e n e r a l  t r e n d  of  

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

B r i g h t  (1970) i n d i c a t e d  t h a t  t h e  t u r b u l e n t  p l a n e  jet model 

is n o t  a p p l i c a b l e  t o  t h e  s u r f a c e  w a t e r  debouch ing  from t h e  South  

P a s s  ( H i s s i s s i p p i  R i v e r )  u n d e r  no rma l  c o n d i t i o n s .  H i s  f  i n d i n q s  



F 
8 are more c o m p a t i b l e  w i t h  Takano ' s  (1954, 1955) g e n e r a l i z e d  model 

of a homogenous s u r f a c e  l a y e r  of f r e s h  w a t e r  which s p r e a d s  

l a t e r a l l y  w i t h  v a r i a b l e  l a t e r a l  exchange  above  t h e  d e n s e r  sea 

water.  Under s u c h  c o n d i t i o n s ,  c o n t i n u i t y  i s  m a i n t a i n e d  b y  a 

c o r r e s p o n d i n g  d e c r e a s e  i n  t h e  vert ical  t h i c k n e s s  o f  t h e  f r e s h  

l a y e r ,  Bonder (1969) e x p l a i n e d  t h e  o u t f l o w  t r e n d s  a t  t h e  S u l i n a  

mouth o f  t h e  Danube R i v e r  i n  terms of  a model similar t o  t h a t  of  

Takano ( V r i q h t  , l97O), 

2.4.2 Submerged f r e e  jet 

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

n o t  a f f e c t e d  by  b o u n d a r i e s  on a n y  s i d e  o f  t h e  expand inq  jet, 
- 

B a t e s  (1953, 1955) r e g a r d e d  t h e  c o n d i t i o n s  of f r e e  jet t o  b e  

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

A r i v e r  o u t l e t  is a l w a y s  bounded by t h e  a i r -  water 

i n t e r f a c e ,  The p r e s e n c e  of t h e  air-wa ter i n t e r f a c e  which 

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

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

bottom c a n n o t  b e  d i s n i s s e d ,  B l r o d  ( 1954) r e p o r t e d  t h a t  a jet  

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

c r o s s - s e c t i o n  a r e a  of t h e  jet is g r e a t e r  t h a n  o n e - f i f t h  of  t h e  

t o t a l  c r o s s - s e c t i o n a l  f l o w  area o f  t h e  r e g i o n  t h r o u q h  which it 

p a s s e s .  J o p l i n q  (1960) found  t h a t  i f  t h e  f r o n t a l  slope o v e r  

which t h e  f l o w  e x p a n d s  i s  less t h a n  100, t h e  f l o w  w i l l  n o t  



s e p a r a t e  from t h e  boundary  a t  a l l .  

The effect  o f  i n t e r f e r e n c e  by t h e  b a s i n  s i d e s  and bot tom is 

v i t a l  t o  t h e  c o n c e p t  o f  f r e e  jet f l o w ,  p a r t i c u l a r l y  f o r  

h y p e r p y c n a l  a n d  f o r  many cases o f  hamopycnal i n f l o w  c o n d i t i o n s ,  

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

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

p a t t e r n  of s e d i m e n t  d i s p e r s a l  and  s u b s e q u e n t  d e p o s i t i o n .  F o r  

t h e s e  r e a s o n s  a l o n e ,  jets o f f  r i v e r  mouths  c a n  s c a r c e l y  be  

c o n s i d e r e d  freeg. 

2.4.3 I n f i n i t e  b a s i n  f l u i d .  

The assumed i n f i n i t e  b a s i n  f l u i d  i s  q u e s t i o n a b l e  b e c a u s e  no 

n a t u r a l  b a s i n  is i n f i n i t e  i n  volume, A f i n i t e  b a s i n  volume 

i m p l i e s ,  however, t h a t  a r e t u r n  f l o w  must be g e n e r a t e d  t o  

r e p l a c e  t h e  e n t r a i n e d  b a s i n  water c a u s e d  by t h e  e x p a n d i n q  jet. 

S i n g a m s e t t i  (1966) n o t e d  t h a t ,  i f  t h e  v e l o c i t y  o f  t h e  r e t u r n  

flow is small, its effect u i l l  be  n e g l i g i b l e ,  J o p l i n q  (1960) 

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

deve lopment  of  t a n g e n t i a l  c r o s s - b e d d i n g  ( r e g r e s s i v e  r i p p l e s )  

unde r  c e r t a i n  c o n d i t i o n s ,  

2,4,4 S t a t i o n a r y  b a s i n  f l u i d  

N a t u r a l  f l u i d  b o d i e s  are se ldom i n  a s t a t e  o f  rest. I n  most 

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



a n d  t i d a l  i n f l u e n c e s  a r e  i n e v i t a b l y  p r e s e n t .  They are l i k e l y  t o  

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

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

S c r u t o n  (1953. 1956) .  on  t h e  b a s i s  o f  f i e l d  d a t a  f rom t h e  

mouth o f  t h e  l • ÷ i s s i s s i p p i .  r e p o r t e d  t h a t  t h e  e f f e c t  of waves and  

c u r r e n t s  was much more pronounced t h a n  Bates (1 953) a n a l o q i c a l  

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

t h e  jet a n a l o g y  be abandoned  e x c e p t  i n  a small area j u s t  o u t s i d e  

t h e  r i v e r  mouth. U r i g h t  (1970) f o u n d  t h e  s u r f a c e  e f f l u e n t  

p a t t e r n s  of t h e  S o u t h  P a s s  b e i n g  w i d e l y  d i f f u s e d  and b o u n d a r i e s  

more p o o r l y  d e f i n e d  b e c a u s e  o f  a c o n s i d e r a b l e  d e g r e e  o f  

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

o v e r a l l  d i r e c t i o n s  o f  movement. H e  a l s o  n o t e d  t h a t  t h e  wind- and  

wave-induced s u r f a c e  t u r b u l e n c e  i n c r e a s e s  lateral  d i f f u s i o n  i n  a 

n o t i c e a b l e  way. 

2.4.5 Form and  s t a b i l i t y  o f  t h e  o u t l e t  

I t  i s  w e l l  known i n  hyd rodynamics  t h a t  t h e  p a t t e r n  of jet 

d i f f u s i o n ,  e i t h e r  i n  p l a n e  o r  ax ia l  fo rm,  d e p e n d s  on t h e  

geomet ry  of t h e  e f f l u x .  A l b e r t s o n  a L  (1950) t r e a t e d  b o t h  t h e  

i n f i n i t e  s l o t  ( two-d imens iona l  mix ing)  a n d  t h e  c i r c u l a r  o r i f i c e  

( t h r e e - d i m e n s i o n a l  mixing)  . To t h i s ,  E l r o d  (1 954)  added  t h e  

r e c t a n g u l a r  o u t l e t  where t h e  e x p a n d i n g  jet is o f  t h e  a x i a l  t y p e .  

The o u t l e t  fo rm seems t o  h a v e  o b v i o u s  i m p l i c a t i o n s  i n  t h e  d e l t a  



s i t u a t i o n  b e c a u s e  t h e  closest a p p r o a c h  t o  a  n a t u r a l  river o u t l e t  

i s  r e c t a n g u l a r  i n  s h a p e  a s  d i s c u s s e d  by El rod .  T h i s  p o i n t  was 

c r i t i c a l l y  r a i s e d  by Crickmay (1955) .  I n  s p i t e  of  t h i s  criticism 

B a t e s  (1953, 1955) d e f i n e d  t h e  p a t t e r n  of jet d i f f u s i o n  s t r ic t ly  

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

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

e f f e c t s  would restrict t h e  h y p e r p y c n a l  and  hypopycnal  i n f l o w s  t o  

p l a n e  jet form.  

Deltas are composed a l m o s t  e n t i r e 1  y o f  a o v a b l e  s e d i m e n t  and  

a r e  a s s o c i a t e d  w i t h  some d e g r e e  of f e e d b a c k  be tween  p r o c e s s  and  

response, The  a d j u s t m e n t  of p r o c e s s  and  form i n  t h e  p r e s e n c e  o f  

c o n t i n u o u s  d e p o s i t i o n  of s e d i m e n t  c a u s e s  t h e  c h a n n e l  o u t l e t  t o  

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

of a s t a b l e  o r i f i c e  i n  a n a t u r a l  s i t u a t i o n  is q u e s t i o n a b l e *  

Bates1 ( 1  953) i n f e r s  t h a t  maximum s e d i a e n t  d e p o s i t i o n  a l o n g  

t h e  a a r g i n s  of  t h e  z o n e  of  f l o w  e s t a b l i s h m e n t  and  w i t h i n  t h e  

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

l u n a t e  b a r  t h u s  formed r e d u c e s  t h e  f l o w  area f o r  o u t f l o u  which 

is, i n  t u rn ,  a d j u s t e d  by a n  o v e r a l l  i n c r e a s e  i n  t h e  c h a n n e l  

v i d t h  t h r o n q h  t h e  s p l i t t i n g  of t h e  master s t r e a m  i n t o  t u o  or 

more d i s t r i b u t a r i e s ,  H e  f u r t h e r  s u g g e s t e d  t h a t  t h e  v e l o c i t y  

t e n d s  t o  d e c r e a s e  o v e r  t h e  d i s t r i b u t a r y  mouth b a r .  

Bates* d e s c r i p t i o n  of t h e  v e l o c i t y  d e c r e a s e  o v e r  t h e  

d i s t r i b u t a r y  mouth bar is n o t  in a g r e e m e n t  w i t h  t h e  f i n d i a q s  o f  

S c r u t o n  (1 956) who found t h a t  v e l o c i t y  i n c r e a s e s  o v e r  t h e  



d i s t r i b u t a r y  mouth bar. J o p l i n g  (1963)  r e p o r t e d  t h a t  t h e s e  b a r s  

d i d  n o t  fo rm i n  h i s  l a b o r a t o r y  s t u d i e s .  H e  n o t e d ,  h o u e v e r ,  t h a t  

jet flow was i n i t i a t e d  i n  t h e  ' r a p i d l y  v a r y i n g  f l o w  r e g i m e '  a t  

t h e  t o p  o f  t h e  f o r e s e t  beds .  

S c r u t o n  (1956)  f u t h e r  d i s c u s s e d  t h a t  t h e  f o r m a t i o n  o f  a 

d i s t r i b u t a r y  mouth b a r  r e s u l t s  f rom t h e  bed l o a d  d e p o s i t i o n  

which is c o n d i t i o n e d  b y  v e r t i c a l  flow s e p a r a t i o n .  Such 

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

b e g i n s ,  J o p l i n q  s u g g e s t s ,  t h a t  t h e  d e p o s i t i o n  of bed l o a d  w i l l  

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

c h a n n e l  f l o w  v e l o c i t y  a s s o c i a t e d  w i th  t h e  I•÷ 1 b a c k w a t e r  c u r v e  

e f f e c t ,  

It is i m p o r t a n t  t o  n o t e  t h a t  l a t e r a l  s e p a r a t i o n  may o c c u r  

before v e r t i c a l  s e p a r a t i o n  is p o s s i b l e  i n  t h e  homopycnal 

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

c a u s e  s h i f t i n g  of t h e  c h a n n e l  o u t l e t .  Bonham-Carter and  

S u t h e r l a n d  (1967) have  c o n s i d e r e d  t h i s  i n  t h e i r  compu te r  

s i m u l a t i o n  model of d e l t a i c  s e d i m e n t a t i o n ,  b u t  t h e  p o s s i b i l i t y  

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

assumed t h a t  hypopycna l  c o n d i t i o n s  would form a  two-d imens iona l  

jet, L i k e  Bates, t h e y  also i g n o r e d  t h e  c o n s i d e r a t i o n  o f  bed 

l o a d ,  

The a b o v e  d i s c u s s i o n  o n  t h e  q u e s t i o n  of o u t l e t - f o r m  a n d  

s t a b i l i t y  i l l u s t r a t e s  t h a t  t h e r e  are g r e a t e r  c o m p l e x i t i e s  

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



model i g n o r i n g  such  c o n s i d e r a t i o n s  w i l l  p r o b a b l y  g e n e r a t e  e r r o r s  

of l a r q e  magni tude  i n  d e s c r i b i n g  t h e  o u t f l o w  p a t t e r n  a n d  t h e  

subseguen  t d e p o s i t i o n .  

2.4.6 S t e a d y ,  un i form water a n d  s e d i m e n t  f low.  

I n  geomorphology,  t h e  a n a l o g y  bet  ween l a n d f  o r a  e v o l u t i o n  

and a n  open  sys t em i n  a  s t e a d y  state* is o f t e n  drawn f o r  t h e  

s a k e  o f  s t a t i s t i c a l - m e c h a n i c a l  f o r m u l a t i o n ,  Hany 

geomorpho log i s t s ,  a s  n o t e d  by C h o r l e y  t 1962) , h a v e  d e s c r i b e d  

c e r t a i n  l a n d f o r m s  a s  a n  o p e n  sys t em i n  s t e a d y  state.  The s t e a d y  

s t a te  is, however, c o n s i d e r e d  to depend on c o n d i t i o n s  i a p o s e d  b y  

t h e  b o u n d a r i e s  of t h e  sys tem,  and is a a i n t a i n e d  o n l y  a s  l o n g  a s  

e x t e r n a l  c o n d i t i o n s  remain  unchanged, Abrahams t1968) c o n c e i v e d  

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

f l a c t u a t i o n s  a b o u t  t h e  most p r o b a b l e  c o n d i t i o n  c a n  be  e x p e c t e d  

i n  a c c o r d a n c e  wi th  t h e  r a g n i t u d e  a n d  f r e q u e n c y  of t h e  f i e l d f o r c e  

and  o v e r s h o o t i n g  o f  f e e d b a c k  mechanisms". G i l b e r t  (1880) 

ment ioned t h a t  e v e r y  segment  o f  a stream a f f e c t s  t h o s e  below i t  

by d i s c h a r g e  a n d  d e b r i s ,  an i m p o r t a n t  d i f f e r e n c e  between n a t u r a l  

c o n d i t i o n s  a n d  t h e  s t a b l e  c a n a l  t h e o r i e s  was drawn by  Dozier 

(1973).  I n  mos t  r i v e r s  t h e r e  i s  a g r e a t  d e a l  o f  v a r i a t i o n  b o t h  

----11----11-11-- 

ZDozier t1973) b r o a d l y  d e f i n e d  a n  open sys t em a s  "one which can 
exchange  m a t t e r  and e n e r g y  w i t h  its s u r r o u n d i n g s ,  and  a  s t e a d y  
state eri sts when t h e  sys t em r e m a i n s  c o n s t a n t  i n  c u m p o s i t i o n ,  
e v e n  though  c o n t i n u o u s  i r r e v e r s i b l e  p r o c e s s e s  i n v o l v i n g  t h e  
i m p o r t  a n d  e x p o r t  o f  m a t t e r  a n d  e n e r g y  t a k e  p l a c e a n  



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

scales. I n  fact ,  a s t a t e  o f  r a n d o m n e s s  of v a r i a b i l i t y  m a n i f e s t e d  

w i t h  t h e  f e e d b a c k  mechan i sms  o f  p r o c e s s  a n d  form is more l i k e l y  

t o  be p r e s e n t  i n  t h e  d e l t a i c  s i t u a t i o n  t h a n  t h e  assumed s t a t e  of  

u n i f o r m i t y .  F o r  t h i s  r e a s o n ,  B a t e s *  ( 1953) a s s u m p t i o n  o f  s t e a d y  

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

T h e  common v e r t i c a l  v e l o c i t y  p r o f i l e  of a n  o p e n  c h a n n e l  is  

l o g a r i t h m i c  i n  form. T h u s ,  a c o n s t a n t  v e l o c i t ~  core i n  t h e  z o n e  

of f l o w  e s t a b l i s h m e n t ,  a s  h y p o t h e s i z e d  b y  B a t e s  ( f 9 5 3 ) ,  c a n n o t  

b e  r e g a r d e d  as  v a l i d .  Bonham-Carter  a n d  S u t h e r l a n d  h a v e  

r e c o g n i z e d  t h i s  i n  t h e i r  model  of d e l t a  f o r m a t i o n .  T h e i r  

s o l u t i o n  h a s  b e e n  t o  a s s u s e  t h a t  p l a n e  jets w i t h  o u t l e t  

v e l o c i t i e s  d e t e r m i n e d  b y  t h e  h e i g h t  a b o v e  c h a n n e l  bed c a n  be 

p i l e d  on t o p  of e a c h  o t h e r  t o  g i v e  a r e a s o n a b l e  p i c t u r e  of  t h e  

r e s u l t a n t  v e r t i c a l l y  a s y m m e t r i c  mean v e l o c i t y  p a t t e r n .  The 

ef feet of t h e  l o g a r i t h m i c  v e l o c i t y  on t u r b u l e n t  d i f f u s i o n  i s  

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

I n  t h e  s t u d i e s  o f  open c h a n n e l  f l o w  a n d  f l u v i a l  morpho logy  

t h e r e  h a s  b e e n  a s e a r c h  for  t h e  d o m i n a n t  d i s c h a r g e  which 

c o n t r o l s  t h e  c h a n n e l  geomet ry .  Holman a n d  l e o p o l d  (1957) a n d  

l i x o n  (1959) c o n s i d e r e d  t h e  b a n k f u l  d i s c h a r g e  as  t h e  d o m i n a n t  

d i s c h a r g e .  K u i p e r  ( 1960) s u g g e s t e d  t h a t  t h e  bankf u l  s t a g e  i s  t h e  

d o m i n a n t  c o n t r o l  i n  t h e  f o r m a t i o n  of d e l t a s .  A similar a p p r o a c h  

8 a y  b e  u s e d  i n  d e f i n i n g  d i s c h a r g e  fo r  t h e  jet  d i f f u s i o n  model, 



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

p a t t e r n  is i m p o r t a n t  i n  d e l t a  f o r m a t i o n .  The b u l k  of  m a t e r i a l s  

i n  most r i v e r s  is t r a n s p o r t e d  i n  s u s p e n s i o n  o r  a s  bed- load  and  

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

a n d  s p a c e .  The e f f e c t  o f  t h e s e  v a r i a t i o n s  on t h e  p a t t e r n  of f l o v  

d i f f u s i o n  is  c o n s i d e r a b l e .  Bates (1353) assumed t h a t  t h e  amount 

and  t y p e  of s e d i m e n t  t r a n s p o r t e d  p e r  u n i t  mass o f  water are 

d i r e c t  f u n c t i o n s  o f  t h e  v e l o c i t y  of t h e  stream flow. B u t  h i s  

a n a l o g y  i g n o r e d  bed  l o a d  t r a n s p o r t .  Even t h e n ,  h i s  assumed 

c o n d i t i o n s  o f  suspended  l o a d  are n o t  v e r y  mean ing fu l  i n  t h e  

n a t u r a l  s i t u a t i o n ,  T h i s  is e v i d e n t  f rom t h e  f i n d i n g s  o f  Benson 

a n d  Thomas (1966). They p l o t t e d  s u s p e n d e d  s e d i m e n t  d i s c h a r q e  

a q a i n s t  stream d i s c h a r g e  f o r  n i n e  r i v e r s  i n  t h e  U.S.A. The 

result s u g g e s t s  t h a t ,  a l t h o u g h  a modal v a l u e  u s u a l l y  e x i s t s ,  

a l m o s t  t h e  same amount o f  suspended  l o a d  is  t r a n s p o r t e d  o v e r  a 

l a r g e  r a n q e  of  d i s c h a r g e s ,  I n  a d d i t i o n ,  Axelsson  (1967) p o i n t e d  

o u t  t h a t  i t  is n o t  n e c e s s a r i l y  t h e  homopycnal i n f l o w  which 

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

t h e y  are formed when bed- load  t r a n s p o r t a t i o n  o c c u r s  r i q h t  u p  t o  

t h e  month. J o p l i n g  (1963) t o o k  a s i l i l a r  v i eu ,  

S i n g a m s e t t i  (1966)  i n  h i s  s t u d y  of s e d i m e n t  d i f f u s i o n  

w i t h i n  t h e  jets found  t h a t ,  b e c a u s e  o f  i n e r t i a l  a n d  

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

u s u a l l y  d i f f e r  from t h e  e d d y  d i f f u s i v i t y  o f  water. The r a t i o  o f  

t h e s e  two d i f f u s i v i t y  rates u a s  found  t o  b e  d e p e n d e n t  o n  f l o w  
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a n d  p a r t i c l e  R e y n o l d s  Numbers .  It v a s  c o n c l u d e d  t h a t  t h e  

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

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

e d d i e s ,  small p a r t i c l e s  ( w i t h i n  t h e  S t o k e s ' s  r a n g e )  w i l l  t e n d  t o  

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

t o  move down t h e  a x i s  more q u i c k l y  t h a n  t h e  f l u i d .  C o n s i d e r a t i o n  

o f  s e d i m e n t  d i f f u s i o n  i n  jets, a n d  t h u s  t h e  d e p o s i t i o n a l  

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

d i f  f u s i v i t i e s .  

2.5 O t h e r  C o n t r i b u t i o n s  t o  t h e  T h e o r y  o f  Delta F o r m a t i o n  

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

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

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

2,5,1 G. F, Bonham-Car ter  a n d  A. J. S u t h e r l a n d  

Bonham-Carter  a n d  S u t h e r l a n d  (1967) d e v e l o p e d  a 

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

jet a n a l o g y ,  which e s s e n t i a l 1  y  d e a l  t v i t h  t h e  v a r i a b l e s  

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

c a l c u l a t e d  t h e  t r a j e c t o r i e s  o f  s e d i a e n t  p a r t i c l e s  which were 

s u b j e c t e d  t o  t h e  f o r v a r d  movement o f  jet f l o w  a n d  s e t t l i n g  d u e  

t o  g r a v i t  y. T h e i r  f i a d i n q s  s u g q e s t  t h a t  t h e  s h a p e  a n d  f o r e s e t  

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



size. They a l s o  c o n c l u d e d  t h a t  b r a n c h i n g  of  d e l t a  d i s t r i b u t a r i e s  

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

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

t h e  f l o w  r e g i o n s .  

2,5.2 L. S. Bor i chansky  and  V, I, HFlrhailov 

B o r i c h a n s k y  a n d  H i k h a i l o v  (1966) c o n d u c t e d  e x p e r i m e n t s  from 

which t h e y  d e r i v e d  e q u a t i o n s  d e s c r i b i n g  t h e  l a te ra l  v e l o c i t y  

f i e l d ,  They r e c o g n i z e d  f o u r  f a c t o r s  which a f f e c t  c u r r e n t  

s p r e a d i n g :  1 )  The g r e a t e r  t h e  d e p t h  i n  a b a s i n ,  t h e  n a r r o w e r  t h e  

l a t e r a l  e x t e n t  of t h e  f low;  2) as t h e  d e p t h  of t h e  b a s i n  

i n c r e a s e s ,  t h e  t r a n s i t i o n  r e a c h  o f  t h e  f l o w  becomes na r rower ;  3) 

a  submerged b a r  c a u s e s  a s h a r p  widen ing  o f  t h e  f low;  and  4)  t h e  

g r e a t e r  t h e  bo t tom-roughness  o f  t h e  b a s i n ,  t h e  more s w i f t l y  t h e  

b a r  widens. 

2.5.3 A. V. J o p l i n g ,  

J o p l i n g  (1960, 1962,  1963, 1963, 1365) c a r r i e d  o u t  s e v e r a l  

e x p e r i m e n t s  on v e r t i c a  1 f low s e p a r a t i o n .  H e  c a l c u l a t e d  

d e p o s i t i o n  on t h e  d e l t a  f r o n t  f rom a c o n s i d e r a t i o n  o f  q r a i n s  

suspended  i n  t h e  i n f l o u i n g  stream, a n d  t h e  g r a i n  s i z e  

d i s t r i b u t i o n  and f a l l  v e l o c i t i e s  a s suming  q u a s i - l a a i n a r  f l o u .  

J o p l i n g ' s  e x p e r i m e n t a l  r e s u l t s  d e m o n s t r a t e  t h a t  t h e  d i f f u s i o n  

boundary,  r e p r e s e n t i n g  t h e  l i n i t  o f  p e n e t r a t i o n  o f  t h e  e d d i e s  o f  

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

29 



5.50 t o  t h e  h o r i z t o n t a l  ( F i g u r e  4 ) .  The v e l o c i t y  i n  t h e  zone  of 

no  d i f f u s i o n ,  however, d e c r e a s e s  away from t h e  d e l t a  l i p ,  

accompanied by a compensa to ry  rise i n  t h e  w a t e r  l e v e l ,  J o p l i n g  

(1960, 1963) u sed  d e p t h - r a t i o 3  a n d  d i p  a n g l e s  i n  f r o n t  o f  t h e  

d i s t r i b u t a r i e s  i n  t h e  s t u d y  o f  f l o w  s e p a r a t i o n .  H e  f ound  t h a t  

when t h e  d e p t h - r a t i o  i s  l o u  a n d  d i p  a n g l e  h igh ,  t h e  a b r u p t  

v e r t i c a l  boundary  e x p a n s i o n  c a u s e s  t h e  f l o w  t o  s e p a r a t e  from t h e  

bot tom,  a n d  t h e  f l o w  p a t t e r n  o v e r  t h e  f o r e s e t  s l o p e  b e a r s  a 

s i m i l a r i t y  t o  t h a t  of a t h r e e - d i m e n s i o n a l  jet, And i f  t h e  

d e p t h - r a t i o  is h igh  a n d  t h e  d i p  a n g l e  low, t h e  f l o w  s e p a r a t i o n  

is o n l y  l a t e r a l ,  f o rming  a  two-d imens iona l  jet. 

R u s s e l l  (1967) viewed t h e  jet f l o w  a s  a two-d imens iona l  

form, H e  s t a t e d  t h a t  t h e  r i v e r  o u t f l o w  c o n t i n u e s  fo rward  a s  a  

r e s u l t  o f  t h e  in i t ia l  momentum a n d  f l a r e s  l a t e r a l l y  i n t o  a  l a k e  

or sea, b e c a u s e  o f  d i s c o n t i n u i t y  of  c o n f i n e m e n t  imposed by t h e  

f i x e d  banks  of t h e  r i v e r .  The f l a r i n g  o f  t h e  o u t f l o w  i n c r e a s e s  

t h e  a r e a  b e t u e e n  t h r e a d s  of most i n t e n s e  t u r b u l e n c e  and  

exchange,  The  exchange  p r o c e s s  s e n d s  mos t  of t h e  e n t r a i n e d  

materials toward  t h e  m a r g i n s  o f  q u i e t  water, which t h e n  b u i l d  

submar ine  n a t u r a l  l e v e e s  on t h e  o u t e r  s i d e s  o f  e a c h  t h r e a d .  H e  

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

= D e p t h - r a t i o  ( J o p l i n g ;  1960, 1963) : t h e  r a t i o  o f  d i s t r i b u t a r y  
mouth d e p t h  t o  t h a t  o f  t h e  b a s i n  i n  f r o n t  o f  t h e  d i s t r i b u t a r y .  
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a s s o c i a t e d  w i t h  t h e  widening  o f  t h e  mid-channel  w a t e r  a r e a  where 

r e d u c t i o n s  i n  f l ow v e l o c i t y  a r e  e v i d e n t .  A s  a  r e s u l t ,  d e p o s i t i o n  

o c c u r s  a t  t h e  mid-channel,  c r e a t i n g  a  s h o a l .  T h e  c h a n n e l  d i v i d e s  

a r o u n d  t h e  s h o a l  i n t o  two d i s t r i b u t a r i e s ,  e a c h  o f  which d e v e l o p s  

its m a r g i n a l  t h r e a d s  o f   xim mum t u r b u l e n c e .  The p r o c e s s  o f  

s u b d i v i s i o n  o f  e a c h  new c h a n n e l ,  a s  n o t e d  by R u s s e l l  ( 1 9 6 7 ) ,  

c o n t i n u e s  i n  g e o m e t r i c  p r o q r e s s i o n  a l o n g  wi th  t h e  d e l t a  q rowth  

i f  unopposed by wave a c t i o n s  or l o n g s h o r e  c u r r e n t s  ( F i g u r e  5) . 
2,6 C o n c l u s i o n  

Al thouqh  many c r i t ica l  v i e w s  of B a t e s '  (1 953) model a r e  

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

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

d e l t a s .  Real d e l t a - b u i l d i n g  p r o c e s s e s  are v e r y  c o m p l i c a t e d ,  

i n v o l v i n q  many f a c t o r s  r a t h e r  t h a n  a s i n g l e  dominant  one.  I t  is  

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

i n t e r d e p e n d e n t  and  i n t e r a c t i n g  v a r i a b l e s  s u c h  as h y d r a u l i c  

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

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

A u s e f u l  f i r s t  step t o w a r d s  t h i s  e n d  i s  t o  s t u d y  some o f  them i n  

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



LATER STAGE OF CHANNEL SUBDIVISION 

- NEW HID-CHANNEL SHOAL 

- SECOND BRANCHING CHANNEL 

. -ORIGINAL BRANCHES 

-.NATURAL LEVEE 
(1s- FOR~INC) 

.--NATURAL LEVEE 

ORIGINAL BRANCHING OF A DELTA 

Figure 5. Subdivision of r i ve r -muth  channels 
(After Russell ,  1967) 



111, Assumpt ions  and B y p o t h e s e s  

3.1 Assumpt ions  and  Hypotheses:  

The d e p o s i t i o n a l  r eg ime  o f  a c h a n n e l  month c a n  r e a s o n a b l y  

b e  assumed t o  be  gove rned  b y  t h e  w a t e r  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  c o n d i t i o n s  t h e r e ,  B a t e s  (1953) r e l a t e d  t h e  

d e p o s i t i o n a l  reg ime d i r e c t l y  t o  jet  d i f f u s i o n  which was t h o u q h t  

t o  depend on t h e  r e l a t i v e  d e n s i t y  d i f f e r e n c e  between t h e  r i v e r  

and  b a s i n  w a t e r ,  E x t e n d i n g  b a t e s *  i d e a s ,  t h i s  s t u d y  u s e s  a 

s m a l l - s c a l e  l a b o r a t o r y  e x p e r i m e n t  which h a s  been d e s i g n e d  t o  

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

T h i s  e x p e r i m e n t a l  s t u d y  is a  s i m p l e  p r o c e s s - r e s p o n s e  model 

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

(and  t h u s  t h e  flow v e l o c i t y  a n d  f low d e p t h )  as  t h e  i n d e p e n d e n t  

v a r i a b l e  r e p r e s e n t i n g  t h e  f l o w  scale a s  e n e r g y  f a c t o r ,  a n d  ra te  

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

r e s p o n s e  e l e m e n t  ( t h e  r e s u l t a n t  y i e l d )  is t h e  d e l t a  morphology, 

- which is c o n s i d e r e d  a s  t h e  d e p e n d e n t  v a r i a b l e .  A l l  o t h e r  p r o c e s s  

- e l e m e n t s  s u c h  a s  c h a n n e l  s l o p e ,  c h a n n e l  w id th ,  s e d i m e n t  

P p r o p e r t i e s ,  water d e n s i t y ,  wa te r  t e m p e r a t u r e ,  b a s i n  e n e r g y  
I 

c o n d i t i o n s  (uaves ,  t i d e s ,  a n d  c u r r e n t s ) ,  and  b a s i n  geomet ry  and  



s l o p e  a r e  assumed t o  b e  c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  

Expe r imen t s  were pe r fo rmed  i n  a hoaopycna l  i n f l o w  s i t u a t i o n .  

R i v e r  s e d i m e n t s  r a n g i n g  from sand  t o  f i n e  silt were u s e d ;  

s e d i n e n t  p r o p e r t i e s  were assumed t o  b e  u n a l t e r e d  between t h e  

runs .  A series o f  r u n s  were made t o  form d e l t a s  unde r  d i f f e r e n t  

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

An a n a l y s i s  of  t h e  v a r i a t i o n  i n  d i s c h a r q e  a n d  i n  s e d i n e n t  

t r a n s p o r t  r a t e  i n  f o r m i n g  a  series of d e l t a s ,  e v e n  i n  a 

s i t u a t i o n  where most  of t h e  p h y s i c a l  p a r a m e t e r s  are r e l a t i v e 1  y  

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

d e p o s i t i o n a l  r e g i m e s  t h a n  t h o s e  p roposed  by B a t e s .  A c c o r d i n q l y  

t h e  f o l l o w i n g  h y p o t h e s e s  are t e n d e r e d :  

1. D e l t a  morphology d o e s  n o t  conform t o  t h e  a x i a l  jet d i f f u s i o n  

model, 

2, Delta morphometry i s  f u n c t i o n a l l y  r e l a t e d  t o  t h e  c h a n g i n g  

f l o w  scale and rate  o f  s e d i m e n t  t r a n s p o r t  c o n d i t i o n s .  

3, The  submerged n a t u r a l  l e v e e s ,  s h o a l s ,  d i s t r i b u t a r i e s  a n d  t h e  

small-scale bed-forms are s u p e r f i c i a l  f e a t u r e s ,  

c h a r a c t e r i z e d  by  t h e  f l o u  p a t t e r n  a n d  mechan ic s  o f  s e d i m e n t  

movement deve loped  a t o p  t h e  d e l t a  p a l t f o r n  b e c a u s e  o f  t h e  

m u t u a l  i n t e r a c t i o n  between t h e  f l o w  and  form. 

- 4, V a r i a t i o n s  i n  t h e  d i s t r i b u t i o n  of  t h e  g r a i n  s i z e  a n d  t h e  

i n t e r n a l  s t r u c t u r e  o f  t h e  d e l t a s  a r e  i n d i c a t i v e  of f low 

scale a n d  s e d i m e n t  t r a n s p o r t  mechanisms p r i o r  t o  t h e  

d e p o s i t i o n .  



5 ,  S h i f t i n q  and s t r u c t u r a l  deformat ion  of t h e  d e l t a s  a r e  

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

t h a t  forms w i t h i n  t h e  main foruard f low .  

These h y p o t h e s e s  stress the  interdependency  and i n t e r a c t i o n  

of p r o c e s s e s  and forms; an i n t r i c a t e  a s s o c i a t i o n  c o n d i t i o n e d  by  

t h e  chang ing  flow s c a l e  and sediment  t r a n s p o r t  c o n d i t i o n s .  



I V .  Experirental Procedure 

4.1 The Equipment  

The  p r e s e n t  s t u d y  is a small-scale e x p e r i m e n t  u n d e r  

l a b o r a t o r y  c o n d i t i o n s ,  A f l a m e  s y s t e m  c o n s i s t i n g  of a b a s i n ,  

r e c t a n q u l a r  open c h a n n e l  and  hopper ,  was used  t o  b u i l d  s e v e r a l  

d e l t a s  i n  a v a r i e t y  of wa te r  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  

c o n d i t i o n s  ( F i g u r e  6) . I t  was c o n s t r u c t e d  i n  t h e  geomorphology 

l a b o r a t o r y  a t  Simon P r a s e r  U n i v e r s i t y .  The d e s i g n  and 

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

Appendix A. 

4.1,1 The f l a m e  c h a n n e l  

The f l u m e  used  in t h e  e x p e r i m e n t  was a 100 ca  long ,  10.2 cm 

wide  and  10 c m  d e e p  r e c t a n g u l a r  open-channel ,  Its s i d e s  and  

bot tom were capped  w i t h  v e r y  t h i n  metallic s h e e t s .  To m a i n t a i n  

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

of t h e  c h a n n e l  was c l o s e d ,  Tap-water, from t w o  ua t e r -ma in  

o u t l e t s  a v a i l a b l e  i n s i d e  t h e  l a b o r a t o r y ,  u a s  conveyed  t o  t h e  

c h a n n e l  h e a d  t h r o u g h  f l e x i b l e  hoses ,  I n  o r d e r  t o  d i f f u s e  t h e  

i n i t i a l l y  h i g h  i n e r t i a  of t h e  f low,  a d  j u s t a b l e  b a f f l e s  were 



p l a c e d  a t  t h e  f lume e n t r a n c e .  

The e n t r a n c e  f l u m e  was s u p p o r t e d  by  a  b l o c k  of wood and  

h e l d  f i x e d  by w e i g h t  s u p p o r t s  ( b r i c k s )  o v e r  and  a c r o s s  t h e  

c h a n n e l  s ide -wa l l s .  T h i s  a r r a n g e m e n t  h e l p e d  i n  m a i n t a i n i n g  t h e  

c h a n n e l  s l o p e  a t  a c o n s t a n t  v a l u e  o f  0.002 a n d  r e d u c i n g  t h e  

o v e r a l l  v i b r a t i o n  o f  t h e  f l u m e  sys t em.  The f lume-channe l  mouth 

was j o i n e d  w i t h  t h e  b a s i n  a t  a  10 cm n e g a t i v e  s t e p  between t h e  

c h a n n e l  bed  and b a s i n  bottom ( F i g u r e  6 ) .  

4.1.2 The f l u m e  b a s i n  

B 300 cm l o n g ,  120 cm wide, and  33 c m  d e e p  f l u m e  b a s i n  u a s  

used  i n  t h e  e x p e r i m e n t  t o  accommodate t h e  d e l t a  s ed imen t s .  from 

t h e  e n t r a n c e  f l u m e  mouth, f o r  a  d i s t a n c e  of 2 4 0  cm, t h e  

bas in-bot tom was r a i s e d  by 10 c m  b y  f i x i n g  foam s l a b s  t o  t h e  

b a s i n  f l o o r ,  Foam, b e i n g  pe rmeab le  i n  n a t u r e ,  p e r m i t t e d  r a p i d  

d r a i n a g e  of water a f t e r  a  r u n ,  l e a v i n g  t h e  d e l t a  i n  a r e l a t i v e l y  

d r y  s tate for  measurement a n d  sampl ing .  The foam s u r f a c e  was 

marked w i t h  a  5 c a  x 5 CP g r i d  (46 x 24) which p r o v i d e d  a 

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

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

mas m a i n t a i n e d  by  a 22 cm h i g h  weir a t  a  d i s t a n c e  o f  280 cm from 

the c h a n n e l  mouth. Dur ing  t h e  run ,  w a t e r  s p i l l e d  o v e r  t h e  weir 

and was d r a i n e d  o u t  t h r o u g h  two p i p e s  c o n n e c t e d  a t  t h e  b a s i n  

bottom. I n  a d d i t i o n ,  e i q h t  p i p e - c o n n e c t i o n s  were made t o  remove 



BA
S 
IN
 

Fi
gu

re
 6
. 

Di
ag
ra
mm
at
ic
 r
ep
re
se
nt
at
io
n 
of
 t
he

 f
lu
me
 s
ys
te
n 



water from t h e  b a s i n  a f t e r  a  run;  t h e s e  were a t t a c h e d  t o  t h e  

b a s i n  bo t tom a t  t h e  weir ( F i g u r e  6 ) .  

4.1.3 The h o p p e r  

A 65 cm h i g h  hoppe r  w i t h  a c i r c u l a r  h o l e  ( d i a .  3.4 cn) a t  

t h e  bot tom,  was u s e d  t o  a d d  s e d i m e n t  t o  t h e  f l u m e  sys tem,  The 

hopper  was l o c a t e d  n e a r  t h e  head water so  as t o  f a c i l i t a t e  

better m i r i n g  of  t h e  s e d i m e n t s  a t  t h e  b a s i n  e n t r a n c e .  A m e t a l  

plate with  s i x  h o l e s  was used t o  r e g u l a t e  t h e  s e d i m e n t - f e e d  i n t o  

t h e  flume. R i v e r  s e d i m e n t s  w i t h  mean g r a i n - s i z e  o f  0.365 en were 

used  i n  t h e  e x p e r i m e n t .  S e d i m e n t s  were, i n  most cases, 

oven-d r i ed  and  r e c y c l e d .  

4.2 The Heasurement  I n s t r u m e n t s  

T o  i n v e s t i g a t e  t h e  hypo theses ,  q u a n t i t a t i v e  i n f o r m a t i o n  

c o n c e r n i n g  v e l o c i t y - f i e l d  and d i s c h a r g e ,  morphometry a n d  

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

c h a r a c t e r i s t i c s  u a s  r eco rded .  O the r  measurements  such a s  s l o p e  

a s p e c t s  a n d  water t e m p e r a t u r e  were a l s o  r e c o r d e d  t h r o u q h o u t  t h e  

e x p e r i s e n  t. I n  a d d i t i o n ,  n o t e s ,  s k e t c h e s  and  p h o t o g r a p h s  

c o v e r i n g  c e r t a i n  a s p e c t s  o f  t h e  e x p e r i m e n t  were made a n d ,  f o r  

t h e  most p a r t ,  t r e a t e d  q u a l i t a t i v e 1  y. 



4,2,1 V e l o c i t y - f i e l d  a n d  d i s c h a r g e  measurement  

A l thouqh  t h e r e  are a  number o f  b a s i c a l l y  d i f f e r e n t  n e t h o d s  

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

s i t u a t i o n s  where,  f o r  o n e  r e a s o n  o r  a n o t h e r ,  t h e  c h o i c e  i s  

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

d e t e r r i n e d  by  t h e  r e q u i r e d  p r e c i s i o n ,  c o s t  a n d  t e c h n i c a l i t i e s ,  

a n d  t h e  p h y s i c a l  d i m e n s i o n s  of t h e  f l o w  f i e l d .  Because  o f  t h e  

s h o r t  c h a n n e l  r e a c h  a d o p t e d  h e r e ,  and  o f  t h e  s h a l l o w  f l o w - d e p t h  

a n d  o v e r a l l  n e e d  t o  measu re  v e l o c i t y  a t  p o i n t s ,  a P i t o t  s t a t i c  

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

When a P i t o t  static t u b e  is immersed  a t  a  r e q u i r e d  f l o w  

d e p t h ,  a d i f f e r e n t i a l  water rise is i n d i c a t e d  by t h e  t w o  

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

Appendix  B ) .  One o f  t h e s e  h e a d s  is known a s  t o t a l  head (sum o f  

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

p r e s s u r e - h e a d .  The d i f f e r e n c e  i n  water rise be tween  t h e  h e a d s  o f  

t h e  P i t o t  t u b e  is  t h e  v e l o c i t y - h e a d  a n d  i s  r e p r e s e n t e d  by h a  The 

v e l o c i t y ,  V ,  i s  c a l c u l a t e d  f rom t h e  r e l a t i o n :  V= 2gh, where  g 
P 
P 
b is a c c e l e r a t i o n  d u e  t o  g r a v i t y  ( 9 8 0  cm/sec ),  
k 
I C o m p u t a t i o n  of t h e  f l o w  w e l o c i t y  o f  t h e  c h a n n e l  u a s  made 

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

a c r o s s  t h e  c h a n n e l  w i d t h ,  The t w o - p o i n t  method,  m e a s u r i n g  t h e  

h e a d s  a t  0.2 a n d  0.8 o f  t h e  f l o o r  d e p t h  from t h e  s u r f a c e  water, 

was a d o p t e d  t o  d e t e r m i n e  t h e  v e l o c i t y  head.  T h e  a v e r a g e  

4 1 



v e l o c i t y ,  V ,  was d e t e r m i n e d  by t a k i n g  t h e  a r i t h m e t i c  mean o f  t h e  

v e l o c i t i e s  a t  t h e  t e n  l o c a t i o n s .  

The d i s c h a r g e  was computed by employ ing  t h e  e q u a t i o n ,  Q = 

YA,  where V r e p r e s e n t s  t h e  a v e r a g e  v e l o c i t y  a n d  A is t h e  

c r o s s - s e c t i o n a l  a r e a  ( d e p t h  x  w id th )  of t h e  c h a n n e l ,  

Us ing  t h e  P i t o t  s t a t i c  t u b e ,  t h e  v e l o c i t y  a t  d i f f e r e n t  

l o c a t i o n s  o f  t h e  jet flow was c a l c u l a t e d ,  The measurement  

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

(normal  t o  c e n  t r e - l i n e )  d i r e c t i o n s ,  a n d  are d i s c u s s e d  i n  

Appendix 8. 

4-2.2 n o r p h o l o g y  a n d  i n t e r n a l  s t r u c t u r e  

Employing a  3 5  m m  camera (Pentax-HX) , e x t e n s i v e  

p h o t o - c o v e r a g e  u a s  made t o  r e c o r d  t h e  d e l t a  morphology, t h e  

n a t u r e  of bed-forms,  a n d  any  o t h e r  f e a t u r e s  produced b y  t h e  

f low,  The side and  f r o n t a l  s l o p e s  o f  t h e  d e l t a  were measured  

w i t h  a n  Abney l e v e l ,  Then a slow p r o c e s s  of d e l t a  d i s s e c t i o n  

beqan, T h e  d i s s e c t i o n  was c a r e f u l l y  d o n e  u s i n g  a  k n i f e  t o  e x p o s e  

a l o n g i t u d i n a l  s e c t i o n  ( a l o n g  t h e  c e n t r a l  l i n e )  a s  well as a 

l a te ra l  s e c t i o n  (one  h a l f  a t  a  t i m e ) .  T h i s  h a s  p r o v i d e d  t h e  

b a s i s  f o r  mapping t h e  whole d e l t a ,  s h o v i n g  a r e a l  e x t e n t  o f  t h e  

t o p s e t ,  foreset and  b o t t o m s e t  beds, I n  a d d i t i o n ,  m e a s u r e m n t  o f  

t h i c k n e s s  o f  t h e  a c c r e t e d  d e p o s i t s  was a a d e  u s i n g  a q r a d u a t e d  

r u l e r .  A 1 1  r e c o r d s  and m e a s u r e n e n t s  were r e f e r r e d  t o  t h e  g r i d  



network ,  T h i s  p r o c e d u r e  is d i s c u s s e d  f u r t h e r  i n  Appendix B. 

4.3.3 Sed imen t  s a m p l i n g  and g r a i n - s i z e  a n a l y s i s  

Samples  o f  s e d i m e n t  were t a k e n  a t  d i f f e r e n t  l o c a t i o n s  a l o n g  

t h e  c e n t r a l  l i n e  w i t h  a tea-spoon.  The s a m p l e s  were o b t a i n e d  

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

foreset and  b o t t o m s e t  m a t e r i a l s ,  They were wrapped i n  p a p e r  

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

Sed imen t  s a m p l e s  were weighed on a n  e l e c t r o n i c  b a l a n c e  

( c a l i b r a t e d  i n  qrams t o  r e a d  t o  t h e  f o u r t h  d e c i m a l  p l a c e ) ,  and  

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

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

s i z e  a n a l y s i s  was b a s e d  on a  s t r a t i f i e d  s e d i m e n t a t i o n  s y s t e m  i n  

which a s a m p l e  (weighing  4 qm t o  7 gm) was i n t r o d u c e d  a t  t h e  t o p  

of t h e  t r a n s p a r e n t  s e t t l i n g  t u b e  c o n t a i n i n g  tap-water .  A 

manual ly  o p e r a t e d  pen  was used  t o  t r a c e  t h e  h e i g h t  o f  the 

sed imen t ,  a c c u m u l a t i n g  i n  t h e  c o n t r a c t e d  s e c t i o n  a t  t h e  bo t tom 

of t h e  t u b e ,  on  a c h a r t  which moved a t  a uni form speed.  The 

p r o c e d u r e  i s  d i s c u s s e d  i n  some d e t a i l  i n  Appendix C, 

4.3 The E x p e r i m e n t a l  P r o c e d u r e  

P 
F- T h r o u g h o u t  t h e  e x p e r i m e n t ,  t w o - f a c t o r  i n t e r a c t i o n s  vere 

I 
t per formed i n  o r d e r  t o  examine t h e i r  i n f l u e n c e  on d e l t a  
r: 
E d e p o s i t i o n .  T h e  f a c t o r s  vere d i s c h a r g e  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 .  The d i s c h a r g e  was v a r i e d  f rom 295 cm3 /sec t o  1377 

c a J  /set. U i t h i n  t h i s  r ange ,  a  s e l e c t i o n  o f  f i v e  d i s c h a r g e s  were 

made. Two o f  t h e s e  d i s c h a r g e s  were i n  t h e  s u p e r c r i t i c a l  f l ow 

s t a g e ,  t u o  o t h e r s  i n  t h e  s u b c r i t i c a l  f l o w  s t a g e ,  wh i l e  t h e  f i f t h  

o n e  was i n  t h e  t r a n s i t i o n a l  regime, T r e a t m e n t  o f  t h e  s i x  

s e d i a e n t  t r a n s p o r t  rates, r a n g i n g  f rom 4.67 qm/sec t o  42. SO 

qm/sec, was made a t  a c o n s t a n t  t o t a l  s u p p l y  o f  5.1 x  10 '  gm 

s e d i m e n t  i n  e a c h  run.  

T h i r t y  r u n s  were made which combined f i v e  d i s c h a r g e  and  s i x  

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

s e d i m e n t  l o a d  p e r  u n i t  volume of w a t e r d i s c h a r g e ,  two r u n s  a r e  

e x c l u d e d  i n  t h e  p r e s e n t  s t u d y ,  T h a t  is, o n l y  28  test r u n s  a r e  

i n c l u d e d  i n  t h e  p r e s e n t  s tudy .  The r u n s  were numbered f rom 1 t o  

28, a n d  q r o u p e d  i n t o  f i v e  series f a  t o  E ) .  S e r i e s  were 

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

t h e  s e d i m e n t  t r a n s p o r t  rates between r u n s .  F o r  example,  i n  

series A, s i x  r u n s  were made a t  a c o n s t a n t  d i s c h a r g e  o f  1377.00 

C R ~  /sec t r e a t i n g  s i x  d i f f e r e n t  s e d i m e n t  t r a n s p o r t  r a t e s .  The 

same f o r m a t  was f o l l o w e d  i n  t h e  s u c c e e d i n g  series of r u n s .  

The s i m u l t a n e o u s  a r r a n g e m e n t  o f  t h e  two v a r i a b l e s ,  namely 

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  rates,  was t r e a t e d  o n c e  i n  

e v e r y  run,  I n  o t h e r  mords, r e p l i c a t i o n  o r  r e p e a t s  o f  a n y  of t h e  

- r u n s  was n o t  c o n s i d e r e d  i n  t h e  e x p e r i m e n t .  

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

t ap -wa te r  t o  t h e  d e s i r e d  l e v e l .  A time l a p s e  v a s  a l l o w e d  t o  



b r i n g  t h e  b a s i n  w a t e r  t o  a  r e l a t i v e l y  q u i e t  s t a g e  b y  s t o p p i n g  

t a p  flow. H a t e r  t e m p e r a t u r e  i n  t h e  f l u m e  was r eco rded .  i J i t h  t h e  

r e o p e n i n g  o f  t h e  t a p  f l o u ,  a  time l a p s e  was a g a i n  a l l o w e d  t o  

form a  d e f i n i t e  f l o w  p a t t e r n  i n  t h e  b a s i n .  When a  p e r s i s t i n q  

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

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

t a p - p o i n t s ,  L leasure .en ts  o f  v e l o c i t y -  f i e l d  were o b t a i n e d  f o r  

t h i s  s e d i m e n t - f r e e  f l o u  c o n d i t i o n .  Then s e d i m e n t  was f e d  t o  t h e  

f l u m e  entrance t h r o u g h  a s i n g l e  o p e n i n g  of  t h e  h o p p e r  sys tem.  A s  

s o o n  as  f e e d i n g  of t h e  t o t a l  q u a n t i t y  (5.1 x tO*gm) which was 

c o n s t a n t  i n  e v e r y  r u n )  had been  c o m p l e t e d ,  t h e  c h a n n e l  f low uas 

s t o p p e d  by c l o s i n g  t h e  t a p s  a n d  t h e  b o t t o m  c o n n e c t i o n - p i p e s  were 

opened t o  remove t h e  b a s i n  water. I n  o r d e r  t o  m a i n t a i n  

r e l a t i v e l y  un i form flow from t h e  t a p p o i n t s ,  a l l  e x p e r i a e n t a l  

r u n s  were pe r fo rmed  a f t e r  10 o a c l o c k  i n  t h e  e v e n i n g ,  when head  

v a r i a t i o n  was minimal. 

After removing water from t h e  f lume  b a s i n ,  a time l a p s e  was 

a l l o w e d  t o  b r i n g  d e p o s i t s  t o  a r e l a t i v e l y  d r y  state, F o l l o w i n g  

t h i s ,  t h e  measurements  and  r e c o r d s  of t h e  d e l t a i c  d e p o s i t i o n  

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



I. Presentation and  A n a l y s i s  of the Data 

S e t  H y d r a u l i c  Geometry o f  Plow Expans ion  and D e l t a  Fo rma t ion  

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

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

e x p e r i m e n t ,  Because o f  t h e  l i m i t e d  r a n g e  o f  f l o w  c o n d i t i o n s  and 

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

s cope ,  Throughou t  t h e  e x p e r i m e n t  certain common t r e n d s  i n  t h e  

flow f i e l d  a n d  f low structure were o b s e r v e d  t o  p e r s i s t  

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

T a b l e s  1  and 2 ( g r i d  r e f e r e n c e s  a r e  shown i n  f i g u r e  7) show 

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

and v e r t i c a l  a x e s  o f  t h e  jets, Throughou t  t h e  e x p e r i m e n t  t h e  

f l o w - v e l o c i t y  was d e t e r m i n e d  i n  t h e  s ed imen t - f  ree f l o w  

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

d i f f u s i o n  is t h r e e - d i m e n s i o n a l  ( a x i a l )  a n d  s u b j e c t  t o  boundary  

effects, An o v e r a l l  dynamic s i m i l a r i t y  i s  also e v i d e n t  from t h e  

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

o f  t h e  jets, i n  a wide r ange  o f  d i s c h a r g e  c o n d i t i o n s ,  a r e  

g e o m e t r i c a l l y  similar, F i g u r e s  8a a n d  8 b  i l l u s t r a t e  t h e  

g e n e r a l i z e d  p i c t u r e  of jet e x p a n s i o n  which c l o s e l y  r e p r e s e n t s  

most o f  t h e  f l o w  q e o n e t r i e s  o b s e r v e d  t o  form i n  t h e  p r e s e n t  



Grid 
R e f e r e n c e s  

w o  
a/ 4 
L/Q 
K/Q 

a / t  
L/7 
K/f 
J/7 

B/l 1 
L/11 
K/l 1 
J / l l  
111 1 

n/ls 
L/15 
K/ 15 
3/15 
1/15 
H/15 

M/20 
L/2 0 
K/2 0 
J/20 
1/20 
w20 
6/20 

H/2 5 
R/2 5 
1/25 
6/25 
E/25 

Table 1 

Ve loc i t~  d i s t r i b u t i w  %& 

Long i tud ina l  and l a t e r a l  d i r e c t i o n s  

Series- A 
W e s  
100.95 
100.95 
70.70 
00.00 

100.95 
60.22 

9.90 
0.00 

82.82 
57.72 
38.34 *** 
0.00 

76.68 
55.12 
35.69 
19.79 ** * 
0.00 

58.56 
51.05 
39.60 
29.70 
19.80 
9e90 
0.00 

50a48 
39.60 
22.16 
17.14 
0.00 

(Continued on nex t  page) 



T a b l e  1 ( c o n t i n u e d )  

G r i d  
R e f e r e n c e s  

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

S e r i e s -  A S e r i e s -  B Ser i e s -C  Ser ies -D 
c m l s e ~  -SS c / s ec  -- c mL - sec 

e x p e r i m e n t ,  

Th roughou t  t h e  experSment  t h e  la teral  e x p a n s i o n  o f  t h e  jet, 

t h r o u g h  t h e  free-flow r e g i o n  ( n o t  a f f e c t e d  by t i e  b a s i n  s i d e s ) ,  

was f o u n d  t o  d i v e r g e  a t  an a n g l e  o f  16 +/- 30. I n  o t h e r  words, 

t h e  jets  a p p e a r e d  t o  s p r e a d  l a t e r a l l y  a t  a n  a n g l e  which 

increases w i t h  t h e  d i s t a n c e  from c h a n n e l  e f f l u x  s e c t i o n .  T h i s  

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

a n a l y t i c a l - e x p e r i m e n t a l  f i n d i n g s  o f  A l b e r t s o n  e t  a1  (1 9 50) and  

B a t e s  t t953 )  who c o n c e i v e d  a c o n s t a n t  a n g l e  of jet s p r e a d .  The 

l i k e l y  r e a s o n s  f o r  t h i s  anomaly seems t o  l i e  i n  t h e  c o n d i t i o n s  

of f i n i t e  volume o f  b a s i n  water c o n s i d e r e d  i n  t h e  p r e s e n t  

The c o n d i t i o n  of  f i n i t e  volume of b a s i n  f l u i d  was found t o  
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T a b l e  2  ( c o n t i n u e d )  

Vezt&& D i s t r i b u t i o n s  of V e l o c i t i e s ,  

G r i d  Depth 
pef C m  

S e r  i e s - E  
_cr/sS 

38.34 
28.00 
14.00 *** 
35.69 
22*13 

9 .go *** 

be a s s o c i a t e d  with t h e  phenomenon o f  re v e r s e  c i r c u l a t i o n  o f  

flow. U i t h  t h e  d i f f u s i o n  of t h e  jet f l o w  t h e  f l u i d  from t h e  

s u r r o u n d i n g  r e g i o n s  was  obse rved  i n  a  p r o c e s s  o f  c o n t i n a o u s  

e n t r a i n m e n t .  C o n t i n u i t  p c o n s i d e r a t i o n s  demand t h a t  t h i s  

e n t r a i n e d  f l u i d  b e  r e p l a c e d ,  These  c o n d i t i o n s  g e n e r a t e  a  re v e r s e  

f l o w  c i r c u l a t i o n  on e i t h e r  s i d e  of t h e  e x p a n d i n g  jet, 

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

t o  o c c u r  n e a r  t h e  c h a n n e l  mouth which was b e i n g  r e p l a c e d  o r  

b a l a n c e d  b y  t h e  water f low from t h e  r e g i o n  where t h e  free jet 

impinged  upon t h e  b a s i n  s i d e s .  

F i g u r e  8a a l s o  d e m o n s t r a t e s  t h e  l i m i t  o f  t h e  zone  o f  f l ow 

e s t a b l i s h a e n t .  The l o n g i t u d i n a l  e x t e n t  of t h i s  was measured t o  

t e r m i n a t e  a t  a n  a p p r o x i m a t e  d i s t a n c e  o f  35 cm from t h e  a o u t h  o f  

t h e  c h a n n e l .  T h i s  means t h a t  t h e  t u r b u l e n t  mix ing  from b o t h  

s i d e s  h a s  p e n e t r a t e d  t h e  c e n t r e - l i n e  a t  a  d i s t a n c e  which is 

e q u a l  t o  3.40 times t h e  c h a n n e l  width.  Wi th in  t h i s  zone ,  a  



w e l l - d e f i n e d  c e n t r a l  c o r e ,  o r  t h e  z o n e  o f  n o  d i f f u s i o n ,  was 

f o u n d  t o  e x i s t ,  A t  a low d i s c h a r g e ,  t h e  c o r e  b o u n d a r y  was 

d i s t i n c t l y  v i s i b l e  as  a n  i s o s c e l e s  t r i a n g l e  s e p a r a t i n g  t h i s  z o n e  

f rom t h e  t u r b u l e n t  m i x i n q  o f  t h e  z o n e  of f l o w  e s t a b l i s h m e n t .  The 

z o n e  af n o  d i f f u s i o n ,  a l t h o u g h  p r e s e n t ,  was o b s c u r e d  by t h e  

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

regime, T h e  z o n e  of n o  d i f f u s i o n  was d e s c r i b e d  by L a u r s e n  a n d  

T o c h  (1959)  a n d  J o p l i n g  (1960, 1962) a s  t h e  u n d i s t u r b e d  p a r t  o f  

t h e  free b o u n d a r y  l a y e r  which o v e r l i e s  b u t  is u n a f f e c t e d  b y  t h e  

f r e e - t u r b u l e n c e  s h e a r  f l o w  from below.  It is  e v i d e n t  f r o m  t h e  

t a b l e  t h a t  t h e  c e n t r a l  c o r e  i s  marked b y  uneven  

v e l o c i t y - d i s t r i b u t i o n s  a l o n g  t h e  la tera l  a x i s ,  b u t  a l o n g  a 

s t r a i g h t -  l i n e  p a t h  ( p a r a l l e l  t o  t h e  c e n t r e l i n e )  v e l o c i t i e s  are 

r e l a t i v e l y  c o n s t a n t ,  T h i s  seems t o  s u p p o r t  t h e  a b o v e  v i e w  b u t  

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

c o n c e i v e d  b y  B a t e s  (1 9 5 3 ) .  

A s  n o t e d  i n  t h e  e x p e s i m e n t ,  t h e  z o n e  of f l o w  e s t a b l i s h m e n t  

was r e p l a c e d  b y  o n e  of flow e x p a n s i o n  whose f r e e  b o u n d a r y  l i n e s  

i m p i n g e d  u p o n  t h e  b a s i n  s i d e s  at a d i s t a n c e  o f  157 cm from t h e  

ef f l u x - s e c t i o n ,  The v e l o c i t y  c h a r a c t e r i s t i c s  i n  t h i s  z o n e  o f  

e s t a b l i s h e d  f l o w  a r e  shown i n  F i g u r e  8 a ,  T h e  v e l o c i t y  a t  a n y  

s e c t i o n ,  n o r m a l  t o  t h e  jet a x i s ,  c l o s e l y  resembles a G a u s s i a n  

c u r v e  whose s t a n d a r d  d e q i a t i o n  is a l i n e a r  f u n c t i o n  o f  t h e  

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

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



Figure 8a. Isovels  and velocity  structure of ax ia l  jet i n  plan view. 
Scalc is 1 cm to 10 cm. 

Figure 8b. Vertical  velocity  p r i f i l e  of axial  j e t  (along center-l ine).  
Scale is 1 cm to 10 cm. 

Center-line distance from the channel mouth 
Channel width 

Figure 8c. Center-line ve loc i ty  in  axial  j e t .  
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a p p r o x i m a t e  l o n g i t u d i n a l  d i s t a n c e  o f  157  cm o f f  t h e  c h a n n e l  

o u t l e t ,  F u r t h e r  down, t h e  f l o w  p a t t e r n  t o o k  a d i f f e r e n t  form 

whose v e l o c i t y  d i s t r i b u t i o n  is somehow c o m p a r a b l e  u i t h  t h a t  o f  a 

r e c t a n g u l a r  o p e n - c h a n n e l  flow. B e t  ween t h e  z o n e  o f  f l o w  

e s t a b l i s h m e n t  a n d  e s t a b l i s h e d  f lo r r ,  B a t e s  (1953)  added  a t h i r d  

z c n e  o f  t r a n s i t i o n .  T h e  e x t e n t  of t h i s  z o n e  c o u l d  n o t  be d e f i n e d  

i n  t h e  p r e s e n t  e x p e r i m e n t ,  However, a t  t h e  t e r m i n a l  p o i n t  o f  t h e  

z o n e  o f  flow e s t a b l i s h m e n t  t h e  f o r m a t i o n  o f  v o r t i c e s  a n d  s u r f  ace 

b o i l i n g  were n o t i c e a b l y  p r e s e n t .  

T a b l e  2  shows t h e  v e l o c i t y  d i s t r i b u t i o n  a l o n q  t h e  Z - a x i s  

n o r m a l  to  t h e  c e n t r e - l i n e  a s  m e a s u r e d  a t  2.00 c a  d e p t h - i n t e r v a l  

from t h e  s u r f a c e ,  The  b o u n d a r y  l a y e r ,  s e p a r a t i n q  t h e  r e g i o n  o f  

v e r t i c a l  m i x i n g  f r o m  t h e  s u r r o u n d i n q  f l u i d  ( F i g u r e  8b)  was 

e s t i m a t e d  t o  s l o p e  down a t  a n  a n g l e  o f  11 +/- 2 0 ,  The p a t t e r n  

seems t o  a g r e e  w i t h  J o p l i a g ' s  model o f  f l o w  e x p a n s i o n  r e l a t e d  t o  

l e e s i d e  d e p o s i t i o n  of d e l t a s  (1960,  1962,  196'4, 1 9 6 5 ) ,  The model  

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

of jet m i x i n g  from t h e  b a c k f l o w  z o n e ,  d i p s  a t  a n  a n g l e  o f  12  +/- 

lo .  T h e  l o c u s  o f  z e r o  v e l o c i t y  o r  t h e  b o u n d a r y  l a y e r  was f o u n d  

t o  f l u c t u a t e  i n c r e a s i n g 1  y v i t h  t h e  h i g h e r  d i s c h a r g e  c o n d i t i o n s  

of t h e  p r e s e n t  e x p e r i m e n t ,  

From t h e  d i s c u s s i o n  i t  f o l l o v s  t h a t  t h e  jet flows owe t h e i r  

e x i s t e n c e  t o  t h e  c o n d i t i o n  o f  flow s e p a r a t i o n  ( J o p l i n g  1960,  

1962,  1964)  which  i s  s t r i c t l y  d e f i n e d  by  t h e  p r o x i m i t y  o f  t h e  

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



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

t a b l e  1. 

F i g u r e  8 c  r e p r e s e n t s  t h e  d i m e n s i o n l e s s  l o g a r i t h m i c  p l o t  of  

t h e  c e n t r e l i n e  v e l o c i t y  o v e r  t h e  l o n g i t u d i n a l  d i s t a n c e  which is 

shown a s  s e v e r a l  times the c h a n n e l  width.  The p l o t  compares  t h e  

t h e o r e t i c a l  f i n d i n g s  ( A l b e r t s o n ,  1950) w i th  t h e  p r e s e n t  

e x p e r i m e n t a l  r e s u l t s ,  The e x p e r i m e n t a l  p l o t  shows a h o r i z o n t a l  

a n d  s l o p i n q  l i n e  which c l o s e l y  f o l l o v s  t h e  t h e o r e t i c a l  t r e n d  of 

t h e  free jet flow. T h i s  is, however, r e s t r i c t e d  t o  a l i m i t e d  

l o n g i t u d i n a l  d i s t a n c e  o f  a b o u t  125  cm ( o v e r  12 times t h e  wid th  

of  t h e  c h a n n e l )  from t h e  c h a n n e l  mouth. Beyond t h i s  d i s t a n c e ,  

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

drawn from t h e  t h e o r e t i c a l  c o n s i d e r a t i o n  (broken  l i n e s  i n  f i g u r e  

8 c )  i n d i c a t i n g  t h a t  t h e  rate o f  v e l o c i t y  d e c r e a s e  is r e l a t i v e l y  

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

e f f e c t s  imposed  by t h e  r i g i d  boundary  c o n d i t i o n s .  As a m a t t e r  o f  

fact,  t h e  basin b o u n d a r i e s  n o t  o n l y  i n h i b i t  t h e  free e x p a n s i o n  

of t h e  jets b u t  a l s o  d i f f u s e  t h e  flow i n  t h e  r e q i o n  where the 

boundary l a y e r s  of t h e  expand ing  jet imp inge  upon t h e  b a s i n  

walls and  f l o o r .  I n  t u r n ,  t h e  d i f f u s e d  flow t e n d s  to move upward 

from t h e  bas in-bot tom a n d  l a t e r a l l y  i n w a r d  from t h e  b a s i n  s i d e s .  

T h e s e  when c o u p l e d  w i t h  t h e  o v e r a l l  f o r w a r d  f l u i d  movement 

( c a u s e d  by flow i n e r t i a )  b r i n g  a t r a n s i t i o n a l  f l o w  c o n d i t i o n  

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

d i f f e r e n t  p a t t e r n  i n  t h e  d i s t r i b u t i o n  of v e l o c i t i e s  emerged i n  



t h e  f l ow f i e l d  which a p p e a r e d  t o  a d j u s t  w i th  t h e  b a s i n  boundary  

c o n d i t i o n s .  T h i s  c h a n g e  of v e l o c i t y ,  u i t h  d i s t a n c e  from t h e  

c h a n n e l  mouth was c o n s i d e r e d  u n i m p o r t a n t  i n  t h e  p r e s e n t  

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

s t o p p e d  w e l l  b e f o r e  t h i s  z o n e  was r e a c h e d  by t h e  main d e l t a i c  

mass. 

The p r e c e d i n g  d i s c u s s i o n ,  d e s c r i b i n g  t h e  h y d r a u l i c  geomet ry  

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

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

a d o p t e d  i n  t h e  e x p e r i m e n t .  Bouever ,  c e r t a i n  f low c o n d i t i o n s ,  

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

i n  t h e  d i s c u s s i o n  o f  t h e  series. 

One of t h e  c e n t r a l  c o n c e r n s  of t h i s  s t u d y  is whether  t h e  

c h a n n e l  s i m p l y  d e p o s i t s  i ts l o a d  a s  a  r e s u l t  o f  ene rgy  

d i s s i p a t i o n  by jet d i f f u s i o n  u i t h  t h e  p a s s i v e  w a t e r  o f  t h e  

b a s i n .  I f  i t  d o e s ,  t h e n  t h e  o v e r a l l  magn i tude  o f  t h e  d e l t a i c  

mass  s h o u l d  be  r o u g h l y  c o r r e l a t i v e  w i t h  t h e  p a t t e r n  of  jet 

d i f f u s i o n ,  On t h e  o t h e r  hand, i f  d e l t a  morphology is more t h a n  a 

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

d e p o s i t s  s h o u l d  r e f l e c t  t h e  p r o c e s s  regime.  Answers t o  t h e s e  

f u n d a m e n t a l  q u e s t i o n s  seem to  l ie  i n  t h e  u n d e r s t a n d i n g  of 

s e q u e n t i a l  deve lopment  of  d e l t a s  a s  o b s e r v e d  i n  t h e  p r e s e n t  

e x p e r i m e n t ,  

The g r a n u l a r  boundary ,  i n t r o d u c e d  by t h e  s e d i m e n t  mix ing  

i n t o  t h e  flow sys tem,  i n v o l v e s  two ma jo r  p r o c e s s e s .  One is t h e  



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

p a r t i c l e s  i n  t h e  c u r r e n t ,  a n d  t h e  o t h e r  one  i s  t h e  d e p o s i t i o n  

which i n d i c a t e s  t e r m i n a t i o n  o f  motion when t h e  p a r t i c l e s  come t o  

rest. The s t u d y  f u r t h e r  t o o k  c o g n i z a n c e  o f  two mechanisms 

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

moving alonq t h e  bed, b y  r o l l i n g ,  s l i d i n g  o r  s k i p p i n q ,  

c o n s t i t u t e  bedload ,  The c a u s e s  of  bed- load  t r a n s p o r t  a r e  u s u a l l y  

a t t r i b u t e d  to t h e  f l u i d  f o r c e s  o f  d r a g  and  l i f t  on t h e  

p a r t i c l e s ,  The particles t r a v e l  w i t h  a  v e l o c i t y  less t h a n  t h a t  

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

channel -bed ,  Second,  t h e  s e d i m e n t s  i n  s u s p e n s i o n ,  known a s  

suspended  l o a d ,  move w i t h  t h e  f l u i d  f l o w  i n  s u c h  a uay t h a t  t h e  

immersed w e i g h t  o f  t h e  p a r t i c l e s  is s u p p o r t e d  by t h e  f low.  T h i s  

is known to be c a u s e d  by t h e  t u r b u l e n t  flow i n  t h e  open-channel .  

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

p a r t i c l e s  f i n d  p o s i t i o n s  of  rest a n d  become a v a i l a b l e  f o r  

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

rest is a f u n c t i o n  of  k i n e t i c  e n e r g y ,  s e d i m e n t  c o m p o s i t i o n  and  

grain s i ze ,  a n d  t h e  boundary  c o n d i t i o n s .  The i n t e r a c t i o n  of  

t h e s e  f a c t o r s ,  as  c o n c e i v e d  b y  S l o s s  (1962) ,  p r o d u c e s  a n  

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

come t o  rest a n d  below which d e p o s i t i o n  i s  p o s s i b l e .  With t h i s  

backqround i n f o r m a t i o n ,  t h e  f o l l o w i n g  o b s e r v a t i o n s  were nade  i n  

t h e  f l ume  e x p e r i m e n t ,  The ro lumes  of m a t e r i a l  c a r r i e d  i n  e a c h  

k i n d  of t r a n s p o r t  were n o t i c e d  t o  v a r y  d e p e n d i e q  on t h e  i n p u t  



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

bed-load t r a n s p o r t  was c h a r a c t e r i z e d  by  low d i s c h a r g e  a n d  h i g h  

s e d i m e n t  s u p p l y  r a t e .  Conve r se ly ,  h i g h  suspended  l o a d  t r a n s p o r t  

was c h a r a c t e r i s t i c a l l y  a s s o c i a t e d  u i t h  h i g h  d i s c h a r g e  a n d  low 

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

mode of s e d i m e n t  t r a n s p o r t  t h e  i n i t i a l  d i s p e r s a l  and d e p o s i t i o n  

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

The p h o t o g r a p h  i n  p l a t e  l a  i l l u s t r a t e s  a  f an - shape  s p r e a d  

o f  s e d i m e n t  d e p o s i t ,  Huch o f  its a r e a l  e x t e n t  was d e r i v e d  f rom 

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

p a t t e r n  o f  d e p o s i t i o n  seems t o  a c c o r d  w i t h  t h e  p a t t e r n  o f  jet 

d i f f u s i o n .  The mechanism o f  t h e  d e p o s i t i o n  may b e  e x p l a i n e d  b y  

t h r e e  b a s i c  c o n s i d e r a t i o n s ,  F i r s t ,  t h e  d i f f u s i o n  o f  free-jet 

flow is m a n i f e s t e d  w i t h  t h e  e n t r a i n m e n t  of f l u i d  from t h e  

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

d i s t a n c e s  from t h e  c h a n n e l  e f f l u x - s e c t i o n ,  The f l o w  e x p a n s i o n ,  

a s  r e q u i r e d  b y  t h e  c o n t i a u i t y  e q u a t i o n ,  is c o u n t e r b a l a n c e d  b y  

flow d e c e l e r a t i o n .  I n  f a c t ,  d a t a  i n  T a b l e  1 s u p p o r t  t h i s  view. 

The i n s e p a r a b l e  and  c o m p l e a e n t a r y  phenomena of f l o w  e x p a n s i o n  

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

d e c o n c e n t r a t i o n  of noaentum, a s  d e s c r i b e d  by A l b e r t s o n  g& d, 

(1950) ,  t o  be a n  i n t e g r a l  p r o p e r t y  o f  f r e e - j e t  d i f f u s i o n .  

Second, suspended  s e d i m e n t - d i f f u s i o n  is c o n s i d e r e d  a s  t h e  

e q u i v a l e n t  o f  momentum d i f f u s i o n  ( Ippen ,  1971) . T h i s  c o n d i t i o n  

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



(a) Fan-shape spread of initial deposit .  

7- 

(b)  Int~mnediate stage of ds l  taic d o p s i t i o n .  
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c o n c o u r s e  o f t h e  j e t - d i f f a s i o n  p a t t e r n .  T h i r d ,  t h e  d e p o s i t i o n  o f  

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

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

v e r t i c a l  t u r b u l e n t - v e l o c i t y  components.  I n  summary, t h e  d i r e c t  

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

d i f f u s i o n  n e c e s s a r i l y  r e p r e s e n t  losses of competence  and  

c a p a c i t y  of c a r r e n t  w i t h  d i s t a n c e s  from t h e  c h a n n e l  

e f  f l u x - s e c t i o n .  These,  i n  t u r n ,  a c t i v a t e  t h e  p r o c e s s  o f  

s e d i m e n t a t i o n  th rough  t h e  s o r t i n q  o f  s e d i m e n t  p a r t i c l e s  

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

elaborate v i e w s  h a v e  b e e n  r e c o r d e d  by o t h e r  r e s e a r c h e r s ,  

i n c l u d i n g  J o p l i n g  (1964).  J o p l i a g ,  i n  h i s  model of l e e - s i d e  

d e p o s i t i o n ,  h a s  d e s c r i b e d  t h e  d i s p e r s i o n  a n d  s u b s e q u e n t  d e p o s i t  

as an outcome o f  t h e  d i f f e r e n t i a l  s e t t l i n g - v e l o c i t y  o f  t h e  

suspended  p a r t i c l e s  which i s  based  on t h e  o c c n r r e n c e  of f l o w  

s e p a r a t i o n  a n d  flow d i v e r g e n c e ,  

The same photograph  a l s o  shows a c c u m u l a t i o n  o f  r e l a t i v e l y  

coarser s e d i m e n t  s e t t l e d  as a c o l l e c t i v e  u n i t .  The sudden  

d i s c o n t i n u i t y  of t h e  r i q i d  boundary  i n  t h e  f l o w  sys t em a p p e a r e d  

t o  be r e s p o n s i b l e  fo r  t h e  dumping of s e d i m e n t  t r a n s p o r t e d  a l o n g  

t h e  bed. T h i s  w i l l  i m p l y  t h a t  t h e  bed - load  t r a n s p o r t  i s  

i n e f f e c t i v e  i n  t h e  a b s e n c e  of a r i g i d  bo t tom boundary.  The 

s e d i m e n t s  were o b s e r v e d  t o  p i l e  up as a n  upward a c c r e t i o n  u n t i l  

t r a c t i o n  o c c u r r e d .  



The pho toq raph  i n  p l a t e  1b d e m o n s t r a t e s  a n  i n t e r m e d i a t e  

s t a q e  o f  d e l t a - b u i l d i n q .  The d e p o s i t i o n  h a s  expanded 

d i m e n s i o n a l l y .  C o n c u r r e n t l y  t h e  f l o v  was o b s e r v e d  t o  b e  more 

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

sys tem,  T h i s  a p p e a r e d  to  b e  t h e  t u r n i n g  p o i n t  when t h e  jet  uas 

s u b j e c t e d  t o  t h e  r e s i s t i v e  e f f e c t  o f  t h e  v e r t i c a l  a c c r e t i o n .  A s  

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

structure. F i r s t ,  t h e r e  u a s  a g r a d u a l  i n c r e a s e  i n  t h e  l a t e r a l  

f l a r i n g  o f  t h e  f low f o l l o w e d  by a  d e c r e a s e  i n  f low-depth .  

I m p o r t a n t l y ,  t h e  l a t e r a l  s p r e a d  m a i n t a i n e d  a  h i q h  a n g l e  of  

d i v e r g e n c e  and  low measure  of f l o u - d e p t h  w i t h  t h e  low d i s c h a r g e  

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

e d d i e s  a n d  bot tom r o l l e r s  became a n  i n t e g r a l  p a r t  o f  t h e  f l o w  

sys tem.  They were n o t i c e d  t o  b e  c o n s i s t e n t l y  s i g n i f i c a n t  w i t h  

h i g h  d i s c h a r g e  c o n d i t i o n s .  Because t h e y  n o t  o n l y  moulded t h e  

p a t t e r n  o f  movement i n  which t h e  f o r w a r d  f low l o o k e d  l i k e  

c o i l e d - s p r i n g s  (von Karman v o r t e x  t r i a l s )  but d e f l e c t e d  t h e  

f o r w a r d  f l o w s  s i d e u a y s .  As a  r e s u l t ,  d e l t a s  t e n d  t o  b e  

a s y m m e t r i c a l  i n  shape .  

I n  t h e  c o n t e x t  o f  t h e  p r e s e n t  e x p e r i m e n t ,  photo  p l a t e  1c  

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

fo rma t ion .  It d e m o n s t r a t e s  t h a t  a s t a t e  of dynamic e q u i l i b r i u m  

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

a n  o v e r a l l  a d j u s t m e n t  of p r o c e s s  a n d  form. The a d j u s t m e n t  

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



form. Because  o f  t h e  mutua l  i n t e r a c t i o n  between f l o w  a n d  form 

t h e  f l ow i t s e l f  is a l t e r e d  i n  f u n d a m e n t a l  Mays t o  form a  

d i f f e r e n t  s t r u c t u r e  which b a r e l y  r e s e m b l e s  t h e  je t  f low.  T h e r e  

seems t o  b e  a f eedback  e f f e c t  b e t u e e n  t h e  f l ow a n d  form which 

makes p o s s i b l e  t h e  deve lopment  o f  d i f f e r e n t  k i n d s  o f  morpholoqy 

i n  t h e  d e l t a i c  env i ronmen t ,  The e f f i c a c y  of t h i s  i n t e r a c t i o n  

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

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

5.1.1 Series A 

f a b l e  3 lists t h e  basic p a r a m e t r i c  i n f o r m a t i o n  o f  S e r i e s  A. 

The S e r i e s  r e p r e s e n t s  s i x  test r a n s  t h r o u g h  which a  c o n s t a n t  

rate of  f l o w ,  1377.00 cma /sec. was p a s s e d .  The r u n s  were 

a s s u e d  i d e n t i c a l  i n  t h e  sed iment - f  ree f l o w  c o n d i t i o n s .  The r a t e  

o f  i n p u t  o f  s e d i m e n t  u a s  a l t e r e d  be tween  runs .  T a b l e  2 

i d e n t i f i e s  t h e  rates w i t h  t h e  r a n s .  The same amount o f  s e d i m e n t  

( 5 , l  x 101 gm.) was used i n  e a c h  run. 

F i g u r e  9 a  i s  t h e  h y d r a u l i c  geomet ry  o f  t h e  jet e x p a n s i o n ,  

d r a m  on t h e  b a s i s  o f  v e l o c i t y  d a t a  o f  S e r i e s  A a s  i n  t a b l e  1. 

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

of the jet d i f f u s i o n ,  d i s c u s s e d  i n  s e c t i o n  5,1, I t  was however,  

n o t i c e d  t h a t  t h e  bounda ry  l a y e r s ,  b o r d e r i n g  t h e  e x p a n d i n g  jet, 

were i n  a s t a t e  of  c o n t i n u o u s  f l u c t u a t i o n ,  i n d i c a t i n g  t h a t  t h e  

jet  d i f f u s i o n  i n v o l v e s  t h e  statistical n a t u r e  o f  t h e  a i r i n g  



T a b l e  3 
S e r i e s  A: V a r i a t i o n  o f  Sediment  T r a n s p o r t  R a t e  

Channe l  d e p t h  (cm) 
Channe l  wid th  (cm) 
Channe l  s l o p e  
Average v e l o c i t y  (cm/sec) 
Uater d i s c h a r g e  (cm3/sec) 
Proode  lumber  
Basin  d e p t h  ( ca )  
Sediment  q u a n t i t y  (xlO* qm) 
l e a n  g r a i n  s i z e  (ma) 
Rater Tempera ture  IoC) 

Time (XI03 sec) 1.20 1.92 2.52 3.416 5.11 10.92 

Sediment  i n  p u t  
rate ( g w s e c )  42.50 26.56 20.2U 1U.93 10.00 4, 67 

D e l t a  l e n g t h :  

l a x ,  XT ( ~ 8 )  91.00 94.50 96a50 98.00 100.50 106.00 
b s  

Haxo XF (c.) 1 13a50 116o50 118.50 121.00 123.00 130mOO 
b s  

D e l t a  width: 

#ax. YT (cm) 13,OO 18.00 17.50 20a50 21.50 16.50 
b s  

Mar. IF ( c a )  48.50 45.00 43.50 49.50 52.00 47.00 
b s  

Vertical a c c r e t i o n  

X = l o n q i t u d i n a l ;  Y = l a t e ra l ;  T and F i n d i c a t e  b r e a k  of s l o p e  
b s  b s  

o f  t o p s e t  a n d  forset beds ,  r e s p e c t i v e l y .  



p r o c e s s .  The zone o f  f l a w  e s t a b l i s h m e n t  u a s  found  t o  t e r m i n a t e  

a t  a d i s t a n c e  a f  37 cm from t h e  c h a n n e l  mouth. W i t h i n  t h i s  zone,  

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

s t a n d i n g  waves u s u a l l y  formed a t  t h e  t r a n s i t i o n  o f  h i g h e r  t o  

l o v e r  r e g i m e  flow. T h i s  phenomenon u a s  t o  be e x p e c t e d  w i t h  t h i s  

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

r e c o r d e d  as 67.50 c m  p e r  s econd ,  a t  which t h e  Froude  lumber  was 

i n  e x c e s s  o f  one,  d e n o t i n g  s u p e r c r i t i c a l  f low.  I n t e r e s t i n g l y ,  

s u c h  a wavy s u r f a c e  u a s  obse rved  t o  be bounded by  t h e  

c e n t r a l - c o r e  of no  d i f f u s i o n ,  a round  which t h e  s u r f a c e  wa te r  

a p p e a r e d  o n l y  a s  b o i l s .  T h i s  was f o l l o w e d  by t h e  zone o f  

e s t a b l i s h e d  flow where s p o r a d i c  f o r m a t i o n  of h e t e r o g e n o u s  e d d i e s  

u a s  n o t i c e d  t o  d e v e l o p  on t h e  p rox ima l  o f  t h e  c e n t r a l - l i n e  

f o r w a r d  flow. 

I n  a l l  r u n s ,  t h e  a v e r a g e  flow v e l o c i t y  of 67.50 cmjsec u a s  

f o u n d  c o m p e t e n t  t o  move s e d i m e n t  p a r t i c l e s  i n t o  t h e  b a s i n .  No 

p a r t i c l e  was s e e n  t o  c r e e p  or ro l l  a l o n g  t h e  c h a n n e l  bed ,  I t  

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

s u s p e n s i o n ,  or i n  t r a n s i t i o n  between suspended- load  and 

bed-load, o r  b o t h  coab ined .  

A s  o b s e r v e d ,  t h e  i n i t i a l  d e p o s i t i o n  o c c u r r e d  i n  two 

d i f f e r e n t  uays.  F i r s t ,  a  fan-shaped  t h i n  c a r p e t  o f  d e p o s i t  

a p p e a r e d  t o  e v o l v e  g r a d u a l l y  a t  t h e  b a s i n  bot tom,  showinq s l i g h t  

s p r e a d  beyond t h e  l a t e r a l  b o u n d a r i e s  o f  t h e  jet f low,  The 

f an-shaped d e p o s i t ,  p resumably  r e s u l t i n g  f  r o n  t h e  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 ,  seems t o  b e  i n d i c a t i v e  o f  t h e  jet  

d i f f u s i o n  p a t t e r n ;  and t h e  d e p o s i t i o n a l  s p r e a d ,  e x c e e d i n q  t h e  

b o u n d a r i e s  o f  t h e  jet, may b e  a t t r i b u t e d  t o  t h e  phenomenon o f  

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

were n o t i c e d  t o  settle a t  t h e  e f f l u x - s e c t i o n  o f  t h e  f l o w ,  which 

s u b s e q u e n t l y  t o o k  t h e  s h a p e  of a n  e l o n g a t e d  r i d q e  showing a x i a l  

d e c l i v i t y  i n  t h e  d i r e c t i o n  of t h e  f o r w a r d  flow. The i n c l i n a t i o n  

shoved  some d e g r e e  o f  v a r i a t i o n  i n  i ts s t e e p n e s s  i n  between t h e  

r u n s .  T h a t  is, t u n s  w i t h  a h i g h e r  s e d i m e n t  t r a n s p o r t  r a t e  t e n d e d  

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

i n v o l v e d  more f r e q u e n t  s lumpings .  Huch of i ts m a t e r i a l  seems t o  

h a v e  been d e r i v e d  from t h e  p a r t i c l e s  c a r r i e d  i n  t r a n s i t i o n  

b e t  ween b e d l o a d  and  suspended-load.  

U i t h  t h e  p r o g r e s s  of t h e  runs ,  t h e  d e p o s i t i o n a l  r i d g e  

c o n t i n u e d  t o  i n c r e a s e  i n  h e i g h t  u i  t h  i t s  c o n c o m i t a n t  advancement  

i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  A t  some s t a g e  o f  t h e  v e r t i c a l  

a c c r e t i o n ,  t h e  r i d g e - l i k e  d e p o s i t  beqan to c o l l a p s e  by s h e a r  

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

d e p o s i t  grew u i d e r .  I n  t h e  s u b s e q u e n t  s t a g e ,  t h e  e x t e r i o r  

s u r f a c e  of t h e  c o l l a p s e d  r i d g e  g r a d u a l l y  a p p e a r e d  t o  be rounded 

up, s h o v i n g  sose d e g r e e  of  c o n v e x - c u r v a t u r e  i n  t h e  l a t e r a l  

d i r e c t i o n .  C o n c u r r e n t l y ,  t h e r e  was a  marked t e n d e n c y  f o r  t h e  

f l o w  t o  d e v e l o p  e d d i e s  which e v e n t u a l l y  shoved  up a s  s t r o n q  

v o r t i c e s  supe r imposed  on t h e  main f o r w a r d  flow. T h i s  seems t o  b e  

t h e  t u r n i n q  p o i n t  when t h e  jet f l o w  was s u b j e c t e d  t o  t h e  



r e s i s t i v e  effects o f  t h e  v e r t i c a l  a c c r e t i o n .  T h i s  may b e  viewed 

i n  t h e  f o l l o w i n g  way. The g rowth  o f  t h e  d e p o s i t  t ended  t o  

c o n s t r i c t  t h e  f low,  c a u s i n g  a n  i n c r e a s e  i n  v e l o c i t y  and  bed 

s h e a r  stress. Common t o  most o f  t h e s e  c o n s i d e r a t i o n s  is  t h e  

g e n e r a t i o n  o f  t h e  h i g h l y - t u r b u l e n t  f l o w ,  which is, i n  n o  way, 

r e p r e s e n t a t i v e  o f  t h e  f r e e t u r b u l e n c e  s h e a r  flow of  t h e  jet 

d i f f u s i o n ,  

A s i q n i f i c a n t  c h a n g e  i n  t h e  g e n e r a l  d i r e c t i o n  o f  s e d i m e n t  

t r a n s p o r t  u a s  a l s o  s e e n ,  P a r t s  o f  t h e  l o a d  were n o t i c e d  t o  be  

p r o p e l l e d  a n d  moved t o w a r d s  t h e  s i d e s  o f  t h e  main f l o u .  Such 

d e v i a t i o n  s u g g e s t s  t h a t  t h e  g e n e r a t i o n  of i n t e n s e  t u r b u l e n c e  due  

t o  qrowing  i n t e r f e r e n c e  a r i s i n g  f rom v e r t i c a l  a c c r e t i o n ,  

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

s e d i s e n t  p a r t i c l e s  from t h e  areas where t h e  d e g r e e  o f  t u r b u l e n c e  

was g r e a t e s t ,  t o w a r d s  t h e  areas o f  less t u r b u l e n c e .  A s  a r e s u l t ,  

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

t h e  f l o w  u a s  found  t o  d e v e l o p  a  s i n u o u s  course. F o l l o w i n g  t h i s ,  

t h e  submerged n a t u r a l  l e v e e s ,  on e i t h e r  s i d e  of t h e  f l o w ,  

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

s i a q l e  c h a n n e l .  Beyond t h e  c o n f i n e m e n t  and  o v e r  t h e  d e l t a  f r o n t ,  

t h e  c u r r e n t  formed a d i s t i n c t  p a t t e r n  o f  movement i n  which t h e  

f o r w a r d  f l o w  l w k e d  l i k e  a  c o i l e d - s p r i n g  r e p r e s e n t i n g  a c h a i n  of  

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

s u b s e q u e n t l y ,  i t  c o n t i n u e d  t o  f low i n  a d e f l e c t e d  c o u r s e ,  

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



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

p r e s e n t  t h r o u q h o u t  t h e  l a t e r  p a r t  of  e a c h  run. 

F i q u r e  9b r e p r e s e n t s  t h e  naps o f  t h e  d e l t a s  showing t h e  

a r e a l  e x t e n t  o f  t h e  t o p ,  f o r e - ,  and  bo t tom-se t  beds.  Each d e l t a  

was p roduced  i n  a  g i v e n  c o n d i t i o n  o f  s e d i m e n t - i n p u t  r a t e  ( t a b l e  

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

a s y m m e t r i c a l  a b c u t  t h e i r  p r i n c i p a l  a x e s  of d e p o s i t i o n .  Al though 

t h e r e  are d i f f e r e n c e s  i n  d e t a i l  or i n  a b s o l u t e  magni tude ,  t h e  

d e l t a s  o f  t h i s  series d e v e l o p e d  t h e  same k i n d s  of s i g n i f i c a n t  

f e a t u r e s  which may b e  c h a r a c t e r i z e d  by  n e a r l y  i d e n t i c a l  v a l u e s  

o f  any g i v e n  s t a t i s t i c a l  measure  of  morphology. Some of t h e s e  

p a t t e r n s  or f o r m s  a r e  c a t a l o g u e d  below. 

Broadly ,  t h e  d e l t a s  of t h i s  series are e l o n g a t e d  d e p o s i t s ,  

b u i l t - u p  t h r o u g h  r a p i d  advances ,  and are  t h o u g h t  t o  b e  d u e  to  

t h e  h i g h  i n e r t i a  f l o w ,  Rouever ,  be tween  r u n s ,  t h e  

d e l t a - p r o g r a d a t i o n  shoved  a  d i f f e r e n t i a l  g rowth  i n  t h e  l i n e a r  

measurements  o f  t h e i r  morphometries.  T a b l e  3 a n d  f i g u r e  9b l ist  

t h e  m e a s u r e s  o f  maximum l e n g t h ,  wid th  a n d  v e r t i c a l  a c c r e t i o n  of 

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

t r e n d  i n  t h e  r e l a t i o n s  between t h e s e  p a r a m e t e r s  is c l e a r l y  

e v i d e n t .  As r e a d  f rom Bun 1 t o  Run 6, t h e r e  is a n  i n c r e a s i n g  

l e n g t h  i n  t h e  l o n g i t u d i n a l  e x t e n t  of t h e  d e l t a s ,  which a p p e a r s  

t o  be accompanied b y  s o r e v h a t  compensa to ry  d e c r e a s e s  i n  t h e  

measu res  of t h e  l a t e r a l  and v e r t i c a l  a c c r e t i o n .  Major v a r i a t i o n s  

of t h e s e  measurements ,  a s  well a s  t h e i r  i n t r i c a t e  r e l a t i o n s ,  
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c o u l d  b e  a t t r i b u t e d  t o  t h e  d i f f e r e n t i a l  ra te  o f  s e d i m e n t  

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

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

is h i g h l y  p r o b a b l e  t h a t  t h e  c o m p e t e n c e  o r  c a p a c i t y  of t h e  f l o w  

d e c r e a s e s  w i t h  t h e  i n c r e a s i n g  amount  o f  s e d i m e n t  l o a d ,  T h i s  is 

b e c a u s e  a s u b s t a n t i a l  q u a n t i t y  of e n e r g y  is  a l w a y s  e x p e n d e d  i n  

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

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

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

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

d e p o s i t i o n ,  C e r t a i n  d e v i a t i o n s  t o  t h i s  mode o f  t r a n s p o r t  a n d  

s u b s e q u e n t  d e p o s i t i o n  were o b s e r v e d  i n  Runs  4, 5, a n d  6, where  

t h e  r e l a t i v e  i n c r e a s e s  i n  t h e  l o n g i t u d i n a l  l e n g t h s  d o  n o t  

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

( t a b l e  3 ) .  In one u a p  o r  t h e  o t h e r ,  t h e  s p i r a l  m o t i o n  of t h e  

flow which d e v e l o p s  o v e r  t h e  d e l t a - f r o n t  t o  v a r i o u s  d e q r e e s ,  

seeas t o  b e  r e s p o n s i b l e  f o r  t h e  w i d e n i n g  of some p a r t s  o f  t h e  

d e p o s i t s ,  

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

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

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

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

is t r u e  w i t h  t h e  r u n s  h a v i n q  a 10% rate of s e d i m e n t  t r a n s p o r t .  

T h e r e  was no  b r e a c h  of t h e  n a t u ~ a l  l e v e e s ,  n o r  a t  a n y  p o i n t  d i d  

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



d i s t r i b u t a r y - s y s t e m  was a b s e n t  i n  t h e  series, and  t h a t  t h e  f l o w  

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

f r i d g e - l i k e ) ,  e x t e n d i n g  some d i s t a n c e  a l o n g  mid-channel  l i n e  

f rom t h e  c h a n n e l - e f f l u x  s e c t i o n ,  was f o u n d  i n  r u n s  t, 2, a n d  3. 

Some of  t h e s e  f e a t u r e s  are shown i n  p h o t o - p l a t e  2 ,and are 

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

P e r h a p s  t h e  most s p e c t a c u l a r  phenomenon, obse rved  i n  t h e  

series, was t h e  f o r m a t i o n  of s t r o n g  e d d i e s  o v e r  t h e  d e l t a  head. 

The i n t e r a c t i o n  of t h e  f r i c t i o n a l  a n d  i n e r t i a l  f o r c e s  o n  t h e  

f l o w  is t h o u g h t  t o  have  g e n e r a t e d  t h e s e  e d d i e s .  As water p a s s e s  

o v e r  t h e  d e l t a  p l a t f o r m ,  its v e l o c i t y  is g r e a t l y  r ednced  b y  t h e  

bottom-boundary r e s i s t a n c e .  The s u r f a c e  water, which h a s  much 

g r e a t e r  i n e r t i a  d u e  t o  its h i g h  speed ,  t e n d s  t o  m a i n t a i n  a 

downstream movement, f o r c i n g  t h e  slower moving f l u i d  n e a r  t h e  

bottom to also  move. T h e  p r e s s u r e  t h u s  c r e a t e d  c a u s e s  t h e  water 

t o  f l o w  upward, a n d  t o  m a i n t a i n  c o n t i n u i t y ,  t h e  water c o n t i n u e s  

t o  move inward ,  i n d u c i n g  s p i r a l  mo t ion  i n  t h e  f l o w .  When s t r o n g  

enough it c a u s e s  s cour -poo l s ,  and  mores away t h e  materials a l o n g  

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

o f  t h e  s p i r a l  f low supe r imposed  o n  t h e  main f o r w a r d  flow is so  

d e l i c a t e  t h a t  s l i g h t  o b s t r u c t i o n  from o n e  s i d e  o r  t h e  o t h e r  w i l l  

d e f l e c t  t h e  wortices s ideways .  A s  a r e s u l t ,  a d r a s t i c  c h a n g e  i n  

t h e  d i r e c t i o n  o f  flow mvemen t ,  a s  well as i n  t h e  p a t t e r n  o f  

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

P h o t o p l a t e  2 c l e a r l y  i l l u s t r a t e s  t h e  e f f e c t s  o f  t h e  s p i r a l  



(a) Mid-channel bar and submerged natural levees .  

(b) Sandwave and ripple formation. 

PLKE 2. PHOTOGRAPHS SHOW THE FORMATION OF LONGITUDINAL BAR, 
NATURAL LEVEES AND SANDWAVE. THE FORMS ARE TYPICAL 
OF THE DELTAS WILT IN SERIES A. 



mot ion  o f  t h e  f l ow,  making t h e  o v e r a l l  c o n f i g u r a t i o n  o f  t h e  

d e l t a s  a s y m n e t r i c a l  ia shape ,  forming  a series o f  s e m i - c i r c u l a r  

d e p o s i t s  a n a l o g o u s  t o  sanduaves.  None o f  t h e s e  o c c u r r e n c e s  can  

be a d e q u a t e l y  d e s c r i b e d  by t h e  a x i a l  jet d i f f u s i o n  p r o c e s s  n o t e d  

as e x i s t i n g  i n  s e d i m e n t - f r e e  f l o w  c o n d i t i o n s .  

5.1.2 Series B 

U n l i k e  S e r i e s  A, a d i s c h a r g e  o f  495,70 cm3 /set was h e l d  

c o n s t a n t  t h r o u g h o u t  t h e  r u n s  o f  t h i s  series. The f low was a t  

s u b c r i t i c a l  s t a g e  (Froude  Number o f  less t h a n  o n e )  whose a v e r a g e  

v e l o c i t y ,  36.00 cm/sec, was d e t e r m i n e d  i n  t h e  s e d i m e n t - f r e e  f low 

c o n d i t i o n s .  The series r e p r e s e n t s  f i v e  t e s t - r u n s ,  each  h a v i n g  a n  

i d e n t i c a l  s e d i m e n t - i n p u t  rate t o  t h a t  o f  series A .  One r u n  was 

d ropped  b e c a u s e  t h e  d i s c h a r g e  (495.70 cm3 /sac) was f o u n d  t o  be  

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

42.50 gm/sec. T a b l e  4 lists t h e  m e a s u r e s  of t h e  v a r i a b l e s  o f  t h e  

series, 

F i g u r e  10a is t h e  f l o w  geomet ry  o f  t h e  a x i a l  jet of t h e  

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

g e n e r a l i z e d  struct u r a l  p a t t e r n  o f  jet e x p a n s i o n  d i s c u s s e d  i n  

s e c t i o n  5,1, A s  w i t h  S e r i e s  A ,  a  m i n o r  d i f f e r e n c e  was n o t e d  when 

compared w i t h  t h e  p a t t e r n  o f  jet expans ion .  The e x p a n d i n q  jet o f  

t h i s  series shoved  a s l i g h t  i n c r e a s e  i n  t h e  a n g l e  of i t s  l a t e r a l  

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



Table 4 

S e r i e s  A: V a r i a t i o n  of S e d i n e n t  Transport  Bate 

Parameters  ~ g a s t a n t  f g z  each +a - 
Channel depth (cm) 
Channel width (cm) 
Channel s l o p e  
Average v e l o c i t y  (cm/sec) 
Eater d i s c h a r g e  (cm3/sec) 
Pronde B umber 
Bas in  depth (cm) 
Sediment q u a n t i t y  (xlO*ga) 
Bean g r a i n  s i z e  (am) 
Water Temperature ( W )  

T i m e  (xlO3 sec) 1.92 2e52 3.416 5.11 10.92 

Sediment i n p u t  
rate (gm/sec) 26.56 20,26 14.93 10.00 4.67 

D e l t a  length: 

Bax. XT (cm) 64,80 67,OO 68.50 70.00 72.00 
b s  

l a x .  XF (cm) 81.00 83 50 85,80 87.50 89.50 
bs 

D e l t a  width: 

nax. YT (cm) 33 . 00 31.00 30.00 28.50 27.00 
b s  

Has. PF (cm) 65.00 63.00 61.50 60.50 59.00 
bs 

Vertical a c c r e t i o n  

Max. ZT (cm) 11.00 11.00 10.90 10.85 10.85 



u a s  measured a t  a d i s t a n c e  o f  33 cm from t h e  e f f l u x - s e c t i o n .  The 

c e n t r a l  c o r e  o r  t h e  z o n e  of  no d i f f u s i o n  was s u g g e s t e d  by some 

k i n d  of  water l i n e  fo rming  a l o n q  t h e  p e r i p h e r y  of t h e  zone. The 

boundary  l a y e r  o r  t h e  locus-line of zero v e l o c i t y ,  s e p a r a t i n g  

t h e  v e r t i c a l  mixing z o n e  o f  t h e  jet  f rom t h e  s u r r o u n d i n q  water, 

was e s t i m a t e d  t o  b e  a n  a n g l e  o f  less t h a n  100, The o v e r a l l  

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

calm. 

A t  t h e  b e g i n n i n g  o f  t h e  s e d i m e n t  mix, t h e  g i v e n  flow was 

found  i n c a p a b l e  of t r a n s p o r t i n g  a l l  s e d i m e n t  p a r t i c l e s  q u i c k l y  

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

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

c h a n n e l  bed by  a n  a v e r a g e  measure  of 0.5 cm. T h i s  c a u s e d  an 

upward s h i f t  i n  t h e  w a t e r - l e v e l  o f  t h e  c h a n n e l ,  b u t  t h e  rise was 

r e l a t i v e l y  s n a l l ,  s u g g e s t i n g  a d e c r e a s e  i n  t h e  flow d e p t h .  An 

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

dep th .  The r e a s o n  f o r  t h e  increase of  f l o u  v e l o c i t y  may  be s e e n  

i n  t h e  e q u a t i o n  Q = v, wed. It a p p e a r s  f rom t h e  o b s e r v a t i o n s  t h a t  

t h e  mechanism o f  s e d i m e n t  movesent o f  t h e  series i n v o l v e d  b o t h  

bed-load a n d  suspended- load  t r a n s p o r t .  It is  a l s o  i m p o r t a n t  t o  

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

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

newly b u i l t  channel-bed.  

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

d i f f e r e n t i a l  rates of s e d i m e n t  t r a n s p o r t  on t h e  r u n s ,  was 



o b s e r v e d  t o  i n v o l v e  two fundamen ta l  modes o f  s e t t l i n g .  F i r s t ,  

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

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

f an - shape  d e p o s i t  o n  t h e  b a s i n  f l o o r  showing  c o n f o r m a l  rela t i o n  

w i t h  t h e  geomet ry  o f  t h e  e x p a n d i n g  jet i n  p l a n e  form. T h i s  

o b s e r v a t i o n  i n d i c a t e s  t h a t  t h e  mechan ic s  of d e p o s i t i o n  is a  

consequence  o f  t h e  jet d i f f u s i o n  p r o c e s s ,  where e f f e c t i v e  

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

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

r e p o r t e d  by J o p l i n g  (1954, 1965) i n  h i s  s t u d y  o f  t h e  l e e - s i d e  

d e p o s i t i o n  of t h e  l a b o r a t o r y  d e l t a s ,  The a u t h o r  d e s c r i b e d  t h e  

s o r t i n g  mechanism as a r e s u l t  of s e l e c t i v e  t r a n s p o r t  d u e  t o  

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

by f low e x p a n s i o n ,  d e p e n d i n g  on t h e  f l o w  s e p a r a t i o n ,  I t  a a y  b e  

n o t e d  h e r e  t h a t  t h e  d e p o s i t  s o  formed e v e n t u a l l y  t u r n s  i n t o  a 

bot tom-se t  bed when o v b e r r i d d e n  a n d  b u r i e d  by t h e  d e p o s i t i o n a l  

l a y e r s  o f  t h e  coarser s e d i m e n t s ,  

Second,  f a i r l y  coarse q r a n u l a r  s e d i m e n t ,  t r a n s p o r t e d  m o s t l y  

as bed-load, was o b s e r v e d  t o  settle a s  a c o l l e c t i v e  u n i t ,  

b u i l d i n g  a p i l e  a t  t h e  b a s e  of  t h e  e f f l u x - s e c t i o n .  U i t h  t h e  

c o n t i n u e d  a d d i t i o n  of t h e  l o a d  t h e  p i l e  t e n d e d  t o  grow upward, 

w i t  b c o n c o m i t a n t  w iden ing  o f  its b a s e  t h r o u g h  p e r i o d i c  

s l i p p a g e s ,  A t  some s t a g e  o f  t h e  upward growth  a mutual  

i n t e r a c t i o n  between t h e  jet f low a n d  t h e  a p e x  o f  the p i l e  

deve loped ,  A l o c a l i z e d  t e n d e n c y  f o r  t h e  s e d i m e n t  p a r t i c l e s  t o  



move i n  random d i r e c t i o n s  seemed t o  h a v e  o c c u r r e d ,  s u g q e s t i n q  a 

v a r i a b l e  v e l o c i t y  f i e l d  had b e e n  c r e a t e d .  Houever ,  t h i s  

u n s t e a d i n e s s  l a s t e d  o n l y  f o r  a  w h i l e .  I n  t h e  meant ime,  t h e  t o p  

o f  t h e  p i l e  u a s  o b s e r v e d  t o  b e  e x t e n d i n q  its a r e a ,  s a k i n q  a 

f l a t - b e d  fo r  t h e  f l o u ,  o v e r  u h i c h  a  p o r t i o n  of t h e  l o a d  u a s  

b e i n g  t r a n s p o r t e d  b y  r i p p l e  movement. On t h e  o t h e r  hand ,  t h e  

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

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

p a t t e r n  of flow a p p e a r e d  t o  b e  r e s p o n s i b l e  f o r  t h e  

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

t o  t h e  p e r i p h e r y  of t h e  d e p o s i t  t o  form m e t a s t a b l e  u e d q e s ,  which 

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

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

t h e  same manner u n t i l  t h e  e n d  of t h e  r u n s ,  

F i g u r e  lob  r e p r e s e n t s  t h e  maps o f  t h e  d e l t a s  p r o d u c e d  a t  a  

c o n s t a n t  d i s c h a r g e  o f  459,70 c n  /set, s h o w i n g  a h i g h  d e g r e e  o f  

symmetry  a b o u t  t h e i r  p r i n c i p a l  a x e s  of d e p o s i t i o n ,  The t r e n d  

i n d i c a t e s  t h a t  t h e  p r o g r a d a t i o n  of t h e  d e l t a s  i n v o l v e s  t h e  same 

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

sets o f  p h y s i c a l  p r i n c i p l e s .  A s  shown i n  t a b l e  4 a n d  f i g u r e  l o b ,  

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

rates, t h e r e  u a s  a n  i n e v i t a b l e  i n c r e a s e  i n  t h e  l o n q i t u d i n a l  

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

b o t h  la teral  a n d  v e r t i c a l  d e p o s i t i o n .  T h e s e  i n v e r s e  r e l a t i o n s  i n  

t h e  l i n e a r  m e a s u r e m e n t s  of the m o r p h o m e t r i e s  of t h e  d e l t a s  a r e  
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t h o u g h t  t o  b e  due  t o  t h e  e f f e c t s  of t h e  s e d i m e n t  t r a n s p o r t  

rates, C o n c e i v a b l y ,  t h e  h i g h  b e d - l o a d  (assumed  t o  be r e l a t e d  t o  

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

t h e r e b y  o f f e r s  i n s t a n t  r e s i s t a n c e  t o  t h e  flow, D e p e n d i n g  on t h e  

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

more  d i v e r g e n t l y  i n  o n e  case t h a n  i n  t h e  o t h e r ,  h e n c e  t h e  

l a t e r a l  a n d  v e r t i c a l  d e p o s i t i o n ,  Y h i l e  c o m p a r i n g  t h e  d e l t a s  of 

series 1 a n d  B, a marked d i f f e r e n c e  i n  t h e  p a t t e r n  of t h e i r  

m o r p h o l o g i c a l  f o r m a t i o n  is c o n s i s t e n t l y  s e e n .  One way or  t h e  

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

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

P h o t o - p l a t e  3 c l e a r l y  i l l u s t r a t e s  t h a t  i n  t h i s  series t h e  

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

R e l a t i v e l y  u n d e v e l o p e d  l e v e e s  rere o b s e r v e d  t o  b u i l d - u p  t o  a 

p r o x i m a l  d i s t a n c e  of o n l y  1 0  cm f r o m  t h e  eff  l u x - s e c t i o n ,  T h e  

r e a s o n s  seem t o  lie i n  t he  formation o f  m o b i l e - b e d s  a n a l o g o u s  t o  

s a n d w a v e s  e x t e n d i n g  across t h e  d e l t a  p l a t f o r m ,  T h e  s a n d w a v e s ,  

p r e s u m a b l y  f o r m e d  u n d e r  t h e  d i r e c t  i n f l u e n c e  o f  t wo-d imens iona l  

d i v e r g e n t  f l o w  a n d  h i g h  bed- load t r a n s p o r t ,  somehou p r e v e n t  t h e  

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

f o r m  t i o n .  

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

series were i ts  d i s t r i b u t a r y  p a t t e r n s ,  U s i n g  t h e  c l a s s i f i c a t i o n  

o f  Coleman a n d  W r i g h t  (1971) ,  two of t h e  f o u r '  t y p e s  of 

d i s t r i b u t a r y  p a t t e r n s  were n o t i c e a b l y  formed:  I )  T h e r e  was t h e  
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t y p e  i n  which  a l l  s p l i t t i n g s  o c c u r r e d  a t  a  s i n g l e  apex. ( r u n s  7, 

8, and 1 1  shown i n  p h o t o p l a t e  3) I n  r u n s  7 and  8 t h r e e  

d i s t r i b u t a r i e s  formed,  s p l i t t i n g  a t  t h e  same apex .  The a p e x  was 

measured and found t o  be  l o c a t e d  a t  a n  a p p r o x i m a t e  d i s t a n c e  o f  

1 4  cm f r o a  t h e  e f f l u x - s e c t i o n  which i s  less t h a n  1.5 t i a e  s t h e  

c h a n n e l  w id th .  On t h e  o t h e r  hand ,  r u n  11 d e v e l o p e d  two 

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

a p p r o x i m a t e  d i s t a n c e  of 17ca  ( a o r e  t h a n  1.5 times t h e  c h a n n e l  

w i d t h )  f rom t h e  c h a n n e l  month. 2) T h e r e  was t h e  s i n g l e  t y p e  i n  

which t h e r e  was n o  b i f u r c a t i o n .  Buns 9 a n d  10 showed s u c h  a  

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

of t h i s  c h a p t e r ,  

5.1.3 S e r i e s  C 

T a b l e  5 lists t h e  p a r a a e t r i c  i n f o r m a t i o n  o f  t h i s  series. 

The series cons is t s  of f i v e  r u n s  c o n d u c t e d  a t  a c o n s t a n t  f l o w  o f  

295.80 ca3 /set, r e p r e s e n t i n g  the lowest d i s c h a r q e  i n  t h e  whole  

e x p e r i m e n t ,  I n  t h e  s ed imen t - f  ree f l o w  c o n d i t i o n s  t h e  a v e r a g e  

v e l o c i t y  a n d  f l ow  d e p t h  were r e c o r d e d  t o  be 29.00 ca/sec and  

1.00 cia r e s p e c t i v e l y ,  The flow was a t  t h e  s u b c r i t i c a l  s t a g e  as 

i n d i c a t e d  by  t h e  P r o u d e  l u a b e r .  T h i s  series u s e d  t h e  same 

s e d i m e n t - i n p u t  r a t e s  a s  i n  series B. 

F i g u r e  11 r e p r e s e n t s  t h e  h y d r a u l i c  geomet ry  o f  t h e  a x i a l  

jet of  t h e  series, showing close s t r u c t u r a l  c o n f o r m i t y  w i t h  t h e  



Table  5 

S e r i e s  C: V a r i a t i o n  o f  Sediment  T r a n s p o r t  Bate 

Param- coastqgf fQs e a c h  ygg 

Channel  dep th  f c a )  
Channel  width  (cm) 
Channel  s l o p e  
Average v e l o c i t y  (c W s e c )  
Water d i s c h a r g e  (cms/sec) 
Froude Number 
Bas in  dep th  (cm) 
Sediment  q u a n t i t y  (x  lO*gm) 
Flean g r a i n  s i ze  (ma) 
Water Temperature ( OC) 

lEiuw&s B - m  
rgqa 

T i m e  ( ~ 1 0 3  sec) 

Sediment input 
r a t e  (gm/sec) 

Delta l e n g t h :  

Max. XT (cm) 
bs 

Bax. XF (cm) 
bs 

D e l t a  width: 

Nax.XT (cm) 
bs 

Flax. YP (cm) 
bs 

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

Har, ZT fcm) 

Bun 3 -- 

3.4 16 

14.93 

58.00 

73.00 

39 00 

71.20 

10.90 

Run r) -- 

5.11 

10.00 

59. 80 

75. SO 

36.50 

69.20 

10.85 



jet e x p a n s i o n  o f  t h e  o t h e r  series. However, t h e  jet was n o t e d  t o  

b e  s l i g h t l y  expand ing  ( l a t e r a l l y ) ,  i n  which t h e  zone o f  f l ow 

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

d i s t a n c e  o f  31 cm from t h e  c h a n n e l  mouth. The o v e r a l l  s u r f a c e  

flow a p p e a r e d  v e r y  calm. 

Under s t andab ly ,  t h e  a v e r a g e  v e l o c i t y ,  29.00 cm/sec. , was 

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

f l ume  b a s i n .  T h a t  is, p a r t s  o f  t h e  l o a d  were f o u n d  t o  sett le,  

which e v e n t u a l l y  r a i s e d  t h e  c h a n n e l  bed  by a n  a p p r o x i m a t e  

d i s t a n c e  of 0.85 cm. An o v e r a l l  rise i n  t h e  l e v e l  of c h a n n e l  

flow was a l so  n o t i c e d ,  b u t  t h e  rise was c o m p a r a t i v e l y  s m a l l .  

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

p resumably  t h r o u g h  t h e  a d j u s t m e n t  o f  t h e  c h a n n e l  s l o p e  or the 

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

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

c h a n n e l  bed was i n  p l a n e  form. I t  a p p e a r e d  from t h e  v i s u a l  

o b s e r v a t i o n s  t h a t  t h e  major p o r t i o n  o f  t h e  l o a d  was t r a n s p o r t e d  

by t h e  l r e c h a n i c s  of bed-load movements. 

L i k e  series B, t h e  i n i t i a l  d e p o s i t i o n  o c c u r r e d  i n  t u o  uays. 

The finer p a r t i c l e s  c a r r i e d  i n  s u s p e n s i o n  were n o t i c e d  t o  set t le  

as d i s c r e t e  u n i t s ,  e v e n t u a l l y  fo rming  a t h i n  c a r p e t  of  f a n - l i k e  

d e p o s i t .  V i s u a l l y  t h e  s h a p e  of t h e  d e p o s i t  ( i n  p l a n  v iew)  

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

s e d i m e n t a t i o n  d e r i v e d  frolr  t h e  s e d i m e n t s  i n  s u s p e n s i o n  c o u l d  be  

c o r r e l a t e d  w i t h  t h e  jet d i f f u s i o n  p r o c e s s ,  On t h e  o t h e r  hand, 



t h e  h e a v i e r  q r a d e  s ize  p a r t i c l e s  t r a n s p o r t e d  a l o n g  t h e  b e d  

t e n d e d  t o  se t t l e  a s  a c o l l e c t i v e  u n i t ,  which e v e n t u a l l y  l e d  t o  

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

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

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

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

o n e  s t a g e  of t h i s  upward g r o w t h  a a u t u a l  i n t e r a c t i o n  b e t w e e n  t h e  

p i l e  a n d  t h e  f l o w  became clear w h e r e  t h e  t o p  o f  t h e  p i l e  

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

c o n t i n u e d  t o  f la re ,  f ocming a t w o - d i m e n s i o n a l  d i v e r g e n t  f l o w .  

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

metastable wedges  a t  t h e  p e r i p h e r y  o f  t h e  d e p o s i t  which 

f r e q u e n t l y  s l i p p e d  down t h e  f  oreset s l o p e s .  B e c a u s e  o f  t h e  

homopycnal  s i t u a t i o n s ,  t h e  flow m i g h t  h a v e  e x p a n d e d  i n  a t h r e e -  

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

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

s u g g e s t  t h e  f o r m a t i o n  of jet f l o w .  However, t h e  p r o g r a d a t i o n  o f  

t h e  d e l t a s  u a s  more or less r e l a t e d  t o  t h e  same p r o c e s s  of  

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

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

g r a v i t a t i o n a l  p u l l .  

F i g u r e  I l b  r e p r e s e n t s  t h e  maps of t h e  d e l t a s  p r o d u c e d  i n  

t h i s  series. T h e  r o u n d e d - s h a p e  d e l t a s  are s y m a e t r i c a l  a b o u t  

t h e i r  axes of d e p o s i t i o n  a n d  ace t h o u g h t  t o  i n v o l v e  t h e  s a n e  

m e c h a n i c s  of f o r m t i o n  a s  t h o s e  i n  series B. T a b l e  5 a n d  f i g u r e  



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

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

l e n g t h  o f  t h e  d e l t a s  were, a s  a  r u l e ,  r e l a t e d  t o  t h e  

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

t h e  d e p o s i t ,  The r e l a t i o n s  i n  t h e  l i n e a r  measurements  o f  t h e  

d e l t a - c o n f  i q n r a t i o n s  map be a t t r i b u t e d  t o  t h e  e f f e c t s  o f  t h e  

d i f f e r e n t i a l  rates of  t h e  s e d i m e n t - i n p u t  used  i n  t h e  r u n s .  

Photo-p la  te  4 i l l u s t r a t e s  t h a t  t h e  o v e r a l l  d e p o s i t i o n  h a s  

b e e n  c o n s i d e r a b l y  g r a d e d  and  e x t e n d e d  l a t e r a l l y  b y  a c c e l e r a t e d  

s e d i m e n t a t i o n .  A t  t h e  later s t a g e  o f  t h i s  a g g r a d a t i o n  the 

n a t u r a l  l e v e e s  were o b s e r v e d  t o  form g r a d u a l l y  on e i t h e r  s i d e  o f  

t h e  e f  f l u x - s e c t i o n ,  a n d  t h e y  e v e n t u a l l y  narrowed down t h e  

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

p l a t f o r m  began  t o  e v o l v e  on t h e  main d e l t a  p l a t f o r m .  T h i s ,  i n  

t h e  s u b s e q u e n t  s t a g e ,  a p p e a r e d  a s  a  s u p e r f i c i a l  d e p o s i t  and is 

c l e a r l y  s e e n  i n  p l a t e  4. Run 12  a n d  16 ( p l a t e  4)  a l s o  show t h e  

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

d i s t r i b u t a r i e s  which o c c u r r e d  a t  t h e  later  s t a g e  o f  t h e  

deve lopmen t  o f  t h e  s u p e r f i c i a l  d e p o s i t .  However, t h e r e  was n o  

b reak  o f  l e v e e - u a l l s  i n  run 14; i n s t e a d ,  t h e  l e v e e s  c o n t i n u e d  t o  

grow, e x t e n d i n g  o v e r  t h e  s u p e r f i c i a l  d e p o s i t  ( P l a t e  4 ) .  

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

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

d e s c r i b e d  b y  t h e  je t  d i f f u s i o n  p r o c e s s .  



--- -- ---_ 

Plan View 

Vertical View 

Figure lla. Hydraulic Geometry of Axial Jet Expansion in Series C 

Topset Deposit 

Foreset Deposit 

Bottomset Deposit 

Figure  llb. Maps of the Deltas showing Areal Fktent of Top, Fare- and 
Bottan-set Deposits. Scale is l c m  t o  20cm. 
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(a)  A view of d i s t r i b u t a r i e s  formed by breaching of t he  
submerged natural levees.  

(b) F o m t i o n  of a channel and natural levees atop t h e  
delta platform. 

(c) Surficial bulge-deposit forming a circulx-plan bar. 

PLATE 4. PHOTOGRAPHS SHOW FORMATION OF DISTRIBUTARIES, NATURAL LEVEES 
AND Ei4.R. THE FORMS ARE TYPICAL OF SERIES C. 



5.  1. 4 S e r i e s  D 

The series, c o n s i s t i n g  of s i x  r u n s ,  i n v o l v e d  a  c o n s t a n t  

d i s c h a r q e  o f  642.60 cm3 /sec t h r o u q h o u t  t h e  e x p e r i m e n t .  I n  t h e  

s ed imen t -  f r e e  f low c o n d i t i o n s  t h e  a v e r a g e  v e l o c i t y  and  

f low-dep th  were 42.00 cm/sec and 1.50 c m .  r e s p e c t i v e l y .  The 

Proude  lumber  u a s  computed t o  be 1,0954, i n d i c a t i n g  t h a t  t h e  

f l o w  was close t o  c r i t i ca l  s t a g e ,  T a b l e  6  lists t h e  m e a s u r e s  o f  

t h e  v a r i a b l e s  o f  t h e  series. 

The geomet ry  o f  t h e  a x i a l  jet e x p a n s i o n  is shown i n  f i g u r e  

12a. The o v e r a l l  p a t t e r n  of t h e  f l o u  e x p a n s i o n  i s  r o u g h l y  

c o n f o r m a l  w i t h  t h e  j e t s  o f  t h e  o t h e r  series. The zone  o f  f l o u  

e s t a b l i s h m e n t  v a s  measured a n d  e x t e n d e d  o v e r  a  l o n g i t u d i n a l  

d i s t a n c e  o f  36 cm from t h e  c h a n n e l  mouth. Y i t h i n  t h e  zone ,  t h e  

s u r f a c e  of t h e  c e n t r a l  core was s l i g h t l y  u n d u l a t i n g .  Al thouqh no  

v o r t e x  mot ion  was o b s e r v e d  a t  t h e  t e r m i n a l  p o i n t  o f  t h e  zone of  

no d i f f u s i o n ,  t h e  surface v a t e r  a p p e a r e d  r e l a t i v e l y  t u r b u l e n t .  

The a v e r a g e  flow v e l o c i t y ,  42.00 c a / s e c .  was found 

compe ten t  t o  t r a n s p o r t  t h e  ma jo r  p o r t i o n  of t h e  l o a d  q u i c k l y  

into t h e  f l u m e  b a s i n .  I n  r u n s  17 a n d  1 8  p a r t s  o f  t h e  m a t e r i a l s  

mere c a r r i e d  a l o n g  t h e  bed i n  t h e  form o f  a m o b i l e  c a r p e t  o f  

s ed imen t ,  w h i l e  i n  r u n s  21 a n d  22, t h e  mid-channel  bed u a s  

c l e a r l y  exposed ,  s u q g e s t i n g  t h a t  a  s u b s t a n t i a l  p a r t  of  t h e  l o a d  

was i n  t h e  p r o c e s s  of moving, t h r o u g h  s a l t a t i o n  o r  s k i p p i n q .  



T a b l e  6 

S e r i e s  D: V a r i a t i o n  o f  Sed imen t  T r a n s p o r t  Bate 

Channe l  d e p t h  (cm) 
Channe l  wid th  (cm) 
Channe l  s l o p e  
Average  v e l o c i t y  (cm/sec) 
Hater d i s c h a r g e  (cm3/sec) 
Proude  lumber  
B a s i n  d e p t h  (cm) 
Sed imen t  q u a n t i t y  (XI O+gm) 
Hean g r a i n  s i ze  (ma) 
H a t e r  Temperature (?C) 

Time (xi03 sec) 1.20 1-92 2.52 3.416 5.11 10.92 

Sed imen t  i n  p u t  
rate (gm/sec) 42.50 26.56 20.24 14.93 10.00 4.67 

Delta l e n g t h :  

flax. XT (cm) 69.00 71.80 74.00 75.80 77.00 79.50 
b s  

Max. XP (cm) 87.20 90.00 92.10 94.00 96.00 99.30 
b s  

Delta width: 

Max- IT ( c m )  27.50 25-50 24.00 22.50 21.00 19.80 
bs 

Max. XF (cm) 60.50 58.00 56.50 54.50 53,OO 52,20 
bs 

Vertical a c c r e t i o n  



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

series, i n v o l v e d  two d i f f e r e n t  modes o f  s e d i m e n t a t i o n .  The 

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  t e n d e d  t o  se t t le  i n  a c c o r d a n c e  

v i t h  t h e  d i f f u s i o n  p a t t e r n  o f  t h e  e x p a n d i n g  jet. T h i s  was 

e v i d e n t  f rom t h e  o b s e r v e d  g r a d u a l  f o r m a t i o n  of a  fan-shaped  

d e p o s i t  s h o u i n g  c o n f o r m a l ,  p lan-form s p r e a d i n g .  O n  t h e  o t h e r  

hand, coarser s e d i m e n t  moving a l o n q  t h e  bed s e t t l e d  down 

c o l l e c t i v e l y  t o  form a  p i l e .  Tbe p i l e  a p p e a r e d  s l i g h t l y  

e l o n g a t e d ,  d i s p l a y i n g  s t e e p e r  d e c l i v i t y .  L i k e  a n y  o t h e r  r u n s  of 

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

s u b j e c t e d  t o  t h e  r e s i s t i v e  effects o f  t h e  bot tom boundary,  

r a i s e d  t h r o u g h  v e r t i c a l  a c c r e t i o n .  A t  t h i s  s t a g e ,  a  marked 

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

v o r t i c e s ,  was c l e a r l y  n o t i c e d ,  Because  o f  t h e  v o r t e x - a c t i o n s ,  

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

u p l i f t e d ,  s w i r l e d ,  and thrown toward  t h e  s i d e s .  This h e l p e d  t h e  

lateral  g rowth  of t h e  d e p o s i t i o n  a n d  e v e n t u a l l y  l e d  t o  t h e  

f o r m a t i o n  o f  i n d i s t i n c t ,  submerged n a t u r a l  l e v e e s .  It is  

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

r e l a t i v e l y  d i v e r g e n t ,  s u g g e s t i n g  t h a t  t h e  flow was less 

competen t ,  t h u s  impos ing  a t r u n c a t i n g  e f f e c t  on  t h e  d e p o s i t i o n a l  

bed.  

F i g u r e  12b r e p r e s e n t s  t h e  maps o f  t h e  d e l t a s  o f  S e r i e s  15. 

By and l a r g e  t h e y  were s y m m e t r i c a l  a b o u t  t h e i r  p r i n c i p a l  a x e s  o f  

d e p o s i t i o n ,  B e s i d e s  minor  d i f f e r e n c e s  i n  t h e  d e t a i l e d  



Vertical V i e w  

Plan V i e w  

Figure 12a. Hydraulic Geometry of Axial Jet Expansion - Series D. 

F igure  12b. Maps showing Areal Extent of T o p ,  Fare-.and Bottcm-set 
Deposits of Series D. Scale is lcm t o  20cm. 



morpho log ie s ,  p r o g r a d a t i o n  of t h e  d e l t a s  d i s p l a y e d  d i f f e r e n t i a l  

q r o v t h  i n  t h e  l i n e a r  measurements  of  t h e  a o r p h o m e t r i e s .  The 

measurements  a re  l i s t e d  i n  t a b l e  6 and d e m o n s t r a t e  t h a t  t h e  

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

be a d j u s t e d  by a  r e l a t i v e  d e c r e a s e  i n  o t h e r  d i r e c t i o n s .  The 

compensa to ry  a d j u s t m e n t s  or t h e  d i f f e r e n c e s  i n  t h e  measurements  

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

d i f f e r e n t i a l  s e d i m e n t - i n p u t  ra tes  used  i n  t h e  r u n s ,  

The m o r p h o l o g i c a l  d e l t a  f e a t u r e s  were l e a s t  deve loped  i n  

t h i s  series, P h o t o - p l a t e  5 i l lus t ra tes  some of t h e s e  f e a t u r e s .  

Al though formed,  t h e  submerged n a t u r a l  l e v e e s  were s m a l l ,  The 

i n d i s t i n c t n e s s  o f  t h e  l e v e e  f o r m a t i o n  was more pronounced i n  t h e  

r u n s  w i th  h i g h  s e d i w n t  t r a n s p o r t ,  T h a t  is, t h e  f o r m a t i o n  of t h e  

n a t u r a l  l e v e e s  i n  r u n s  17, 18, 19 was least deve loped ,  showing  

shadowy forms ,  But, some k ind  of broad-based  and  l o u - h e i g h t  

s h o a l i n g  v e r e  c h a r a c t e r i s t i c a l l y  a s s o c i a t e d  wi th  t h e s e  r u n s ,  On 

t h e  o t h e r  hand, t h e  submerged n a t u r a l  l e v e e s  o f  r u n s  20, 21, and 

22 were r e l a t i v e l y  distinct ( P h o t o - p l a t e  5).  However, n o  b a r  o r  

s h o a l  was s e e n  t o  e v o l v e  in t h e s e  r u n s ;  r a t h e r ,  some d e g r e e  of 

c o n c a v i t y  ( l a t e r a l l y )  a l o n g  t h e  f l o v - b e d  was c l e a r l y  e v i d e n t .  I n  

g e n e r a l ,  t h e  d e p o s i t i o n a l  surface was c h a r a c t e r i z e d  by t h e  

f o r m a t i o n  of i r r e g u l a r  and l o w - b u i l t  sandwaves ,  A l a o s t  i n  t h e  

midd le  of r u n s  17, 18, and  13 t h e  f o r m a t i o n  o f  a  s t r o n q  

v o r t e x - s y s t e m  was obse rved ,  The  v o r t i c e s  v e r e  n o t e d  t o  move more 

or less, a l o n g  the c e n t r e - l i n e ,  They  seemed t o  b e  r e s p o n s i b l e  



(a) A view of sandwaves formation, part ly buried under 
the foreset deposit. 

I 

(b ) Typical shoal format ion. (c) Natural levees  and sandwaves. 
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f o r  t h e  f o r m a t i o n  o f  sandwaves,  a s  seen i n  p h o t o - p l a t e  5 i n  

p a r t i a l l y  b u r i e d  f  orn.  

5.1,5 S e r i e s  E 

T a b l e  7 l ists t h e  p a r a m e t r i c  i n f o r m a t i o n  of S e r i e s  E. The 

series r e p r e s e n t s  s i r  test r u n s  t h r o u g h  which a  c o n s t a n t  r a t e  o f  

f low,  901.10 c n 3  /set, was passed.  I n  t h e  s e d i n e n t - f r e e  f l o w  

s y s t e m  t h e  a v e r a g e  v e l o c i t y  a n d  f low-dep th  of t h e  f lume c h a n n e l  

were r e c o r d e d  as 50.48 cm/sec and  1 ,75  cn. r e s p e c t i v e l y .  The 

F roude  Number was computed t o  be 1.2189 i n d i c a t i n g  u p p e r  r eg ime  

flow i n  t h e  c h a n n e l ,  

F i g u r e  13 r e p r e s e n t s  t h e  h y d r a u l i c  geomet ry  of t h e  a x i a l  

jet e x p a n s i o n  drawn on  t h e  b a s i s  o f  v e l o c i t y  d a t a  l i s t e d  i n  

t a b l e s  1  a n d  2. A s  o b s e r v e d  i n  t h e  e x p e r i m e n t ,  t h e  zone  of flow 

e s t a b  l i s h s e n t  wa s t e r m i n a t i n g  a t  a n  a p p r o x i m a t e  l o n g i t u d i n a l  

d i s t a n c e  o f  36 cm from t h e  e f f l u x - s e c t i o n .  The c e n t r a l  c o r e  o f  

t h e  z o n e  was marked by surface u n d u l a t i o n s .  A t  t h e  t e r m i n u s  o f  

t h e  z o n e  of no  d i f f u s i o n ,  t h e  s u r f a c e  water was o b s e r v e d  t o  be  

forming  b o i l s .  By a n d  l a r g e ,  t h e  c h a r a c t e r  and b e h a v i o u r  of t h e  

jet were c o m p a r a b l e  w i t h  t h e  jet p a t t e r n  o f  S e r i e s  A. 

The a v e r a g e  v e l o c i t y ,  50.48 c a / s e c .  was f o u n d  c o m p e t e n t  to 

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

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

1 fo rming  b a n d s  o f  m o b i l e  sediment .  I t  a p p e a r e d  t h a t  t h e  h i q h e r  



Table 7 

Series E: V a r i a t i o n  of Sediment Transport  Bate  

Channel depth (cm) 
Channel width (cm) 
Channel slope 
Average veloci t p  (cm/sec) 
Pat er d i s c h a r g e  (cmS/sec) 
Pronde Number 
Bas in  depth ( c r )  
Sediment q u a n t i t y  ( x l  O*gm) 
Hean grain s i z e  (mm) 
Water Temperature (OC) 

T i r e  (xlO3 sec) 1-20  1.92 2 ,52  3 ,416  5 .11  10.92 

Sediment i n p u t  
rate (qm/sec) 42.50 26.56 20 .24  14.93 10,OO 4.67 

Delta l e n g t h :  

Bar. XT (cm) 78.00 80.50 82.50 84 .10  86 .40  90.00 
b s  

Nax.XF (cm) 97.50 100.20 102.00 104.00 106.30 108.80 
bs 

Delta uidth:  

Hax. YT (cm) 21.50 20.00 19.50 10.60 19.00 20.20 
bs 

Max. PP (cm) 53-00  51.50 51.00 48.00 48 .10  46.80 
b s  

Vertical a c c r e t i o n :  

Max. ZP (cm) 10.10 10.05 10.05 9.85 9 .60  9 .45  



t h e  s e d i n e n t - i n p u t  rate, t h e  w i d e r  was t h e  band. The o t h e r  p a r t  

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

s a l t a t i o n  o r  s h i p p i n g .  I n  o t h e r  words,  t h e  ser ies  i n v o l v e d  b o t h  

bed- load  a n d  suspended - load  t r a n s p o r t  mechanics .  

Prom t h e  b e g i n n i n g  t o  t h e  end ,  t h e  p a t t e r n  o f  s e d i m e n t  

d i s p e r s a l  a n d  d e p o s i t i o n  of t h e  series a p p e a r e d  v e r y  much l i k e  

series D, a l t h o u g h  t h e y  d i f f e r e d  w ide ly  i n  terms o f  t h e  

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

F i r s t ,  a  f an - shaped  c a r p e t  of f i n e r  s e d i n e n t s  a p p e a r e d  o n  t h e  

b a s i n  bottom. Second, coarser s e d i m e n t s  moving a l o n g  t h e  c h a n n e l  

bed s e t t l e d  c o l l e c t i v e l y  t o  form a n  e l o n g a t e d  p i l e .  A t  a s t a g e  

of t h e  upward growth,  t h e  a c c r e t e d  form t e n d e d  t o  c o n s t r i c t  t h e  

f l o u ,  r e s u l t i n g  i n  t h e  i n t e n s i f i c a t i o n  of t h e  t u r b u l e n c e  

a c t i v i t i e s  o f  t h e  flow components,  F o l l o w i n g  t h i s  deve lopment ,  a  

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

f l o u  seemed t o  d i v e r g e ,  The d e g r e e  of d i v e r g e n c e  was, h o u e v e r ,  

less t h a n  t h a t  o f  series Dm 

P i q n r e  13b r e p r e s e n t s  t h e  maps of  t h e  d e l t a s  p roduced  i n  

series E, L i k e  S e r i e s  D, t h e  d e p o s i t i o n a l  p a t t e r n  of t h e  series 

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

t h e  l i n e a r  measu remen t s  of t h e  m o r p h o a e t r i e s  showed t h a t  t h e  

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

( t a b l e  7 ) .  It seems, a s  a rule, t h a t  t h e  r e l a t i v e  p r o g r a d a t i o n  

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

r e l a t i v e  decrease i n  t h e  o t h e r  d i r e c t i o n ,  Such  f i g u r a t i v e  



V e r t i c a l  V i e w  

Plan V i e w  

Figure 13a. Hydraulic G e u n e w  of Jet E>cpansian - Series E. 

iiiP" Topset Deposit 1-1 Foreset Deposit ...................... Bo t tome t Depos it 

Figure l3b. Maps shawing Areal ESctent of Top- , Fore- and Bottm-set 
Deposits of the Series E. Scale is I a n  to 20cm. 



a d j u s t m e n t s  t o  t h e  d e l t a s  are t h o u g h t  t o  have  been  c o n t r i b u t e d  

by t h e  d i f f e r e n t i a l  rates o f  s e d i a e n t  t r a n s p o r t .  

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

6. The s u b a e r g e d  n a t u r a l  l e v e e s  o f  t h e  d e l t a s  were l o w - b u i l t ,  

b u t  c o n t i n u o u s .  They were more d i s t i n c t  i n  t h e  r u n s  w i t h  low 

d i s c h a r g e  o f  s e d i m e n t  t r a n s p o r t .  T h a t  is, r a n  28 formed n a t u r a l  

l e v e e s  more d i s c r e t e l y  t h a n  d i d  r u n  23. T h e r e  was n o  t e n d e n c y  t o  

f o r a  some k i n d  o f  s h o a l  i n  r u n s  26, 27, 28: r a t h e r ,  t h e  d e l t a  

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

la tera l  a x i s .  However, v e r y  s h a l l o w - b u i l t  s h o a l s  were found t o  

e v o l v e  i n  r u n s  23, 24,  a n d  25. B r a n c h i n g  o r  b i f u r c a t i o n  o f  t h e  

main flow u a s  o b s e r v e d  t o  b e  a b s e n t  t h r o u q h o n t  t h e  expe r imen t .  

A s  i n  series D ,  r e l a t i v e l y  s y m m e t r i c a l  sandwaves  were b u i l t  i n  

r u n s  23, 24, a n d  25, a n d  some of  t h e  p a r t i a l l y  exposed  sandwaves 

a r e  s e e n  i n  p h o t o - p l a t e  5. I m p o r t a n t l y ,  most of t h e s e  f e a t u r e s ,  

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

a d e q u a t e l y  d e s c r i b e d  i n  terms of  t h e  a x i a l  jet f l o w  p a t t e r n  o f  

t h e  e x p e r i m e n t .  

5.2 E f f e c t s  of t h e  v e l o c i t y  v a r i a b l e  a n d  t h e  ra te  o f  s e d i m e n t  

t r a n s p o r t  on  t h e  d i m e n s i o n a l  g rowth  of d e l t a s  

I n  t h i s  s e c t i o n  t h e  u s e  of v e l o c i t y  as t h e  v a r i a b l e  i n  

p l a c e  of d i s c h a r g e  is t h o u g h t  t o  b e  l o g i c a l  b e c a u s e  of two 

c o n s i d e r a t i o n s ,  One, t h e  v e l o c i t y  v a r i a b l e ,  most commonly t h e  



(a) Formation of low-relief and wide-based shmls. 

(b) Formation of subnerged natura l  levees. 

mATE 6. FWOTOGRAPHS ILWSTRATE THE MORPHOIDGICAL DELTA PATI'EFNS 
WILT IN SERIES E. 



avexaqe  v e l o c i t y ,  i s  a power f u n c t i o n  o f  d i s c h a r q e  (Leopold and  

naddock, 1 9 5 3 ) ,  and  t h e  o t h e r ,  v e l o c i t y ,  i s  a n  i n d e x  t o  t h e  

dynamics  o f  t r a n s p o r t  and d e p o s i t i o n .  The d i m e n s i o n a l  d e l t a  

g rowth  i s  r e p r e s e n t e d  h e r e  by t h e  d e l t a i c  component i n  terms o f  

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

t h e  t e r m i n a l  c o o r d i n a t e  i n  t h e  d i r e c t i o n  p a r a l l e l  to t h e i r  

r e s p e c t i v e  axes .  

From t h e  p r e c e d i n g  s e c t i o n  i t  is a l r e a d y  a p p a r e n t  t h a t  t h e  

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

d i f f e r e n t  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  c o n d i t i o n s .  But, t h e  

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

t h e  d i m e n s i o n a l  g r o u t h ,  b o t h  i n  ~ a q n i t u d e  and  d i r e c t i o n ,  of t h e  

d e l t a i c  d e p o s i t s  are f u n c t i o n s  of t h e  volume a n d  c h a r a c t e r  o f  

t h e  flow, a n d  s e d i m e n t  l o a d  t r a n s p o r t ,  It is d e s i r a b l e  t o  

f o r m a l i z e  t h e s e  r e l a t i o n s  a s  f o l l o w s .  F o r  a g i v e n  s e d i m e n t  

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

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

b o t h  v e r t i c a l  and  l a t e r a l  growth  o f  t h e  d e l t a i c  a a s s .  

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

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

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

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

d i s c u s s e d  i n  some d e t a i l ,  



5.2.1 L o n g i t u d i n a l  d e l t a  l e n g t h  v e r s u s  a v e r a g e  v e l o c i t y  

F i q u r e  14 is t h e  s e m i - l o g a r i t h m i c  p l o t ,  s h o v n  i n  t w o  p a r t s ,  

o f  t h e  a v e r a g e  v e l o c i t y  a g a i n s t  t h e  maximum d e l t a  l e n g t h .  P l o t  A 

relates t h e  m e a s u r e m e n t s  o f  t h e  maximum d e l t a  l e n g t h  e x t e n d i n g  

o v e r  t o  t h e  b r e a k  o f  s l o p e  o f  the foreset bed ,  a n d  p l o t  B is 

r e p r e s e n t a t i v e  of t h e  maximum l e n g t h  measured  a t  t h e  t e r m i n u s  of  

t h e  t o p s e t  bed. I n  t h e  f i g u r e ,  t h e  Y-ax i s  i s  i n  l i n e a r  scale 

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

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

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

of t h e  series i n  s e c t i o n  5,1. 

The s t r a i g h t  l i n e s  i n  t h e  g r a p h s  ( F i g u r e  14)  are p a r a l l e l ,  

a n d  most of t h e  p o i n t s  l i e  w i t h i n  a n a r r o w  l i m i t  o f  scatter. The 

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

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

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

is i n  s e m i - l o g a r i t h m i c  f o r m  a n d  can  b e  e x p r e s s e d  as Y = m.logX + 

C, where  I a n d  X r e p r e s e n t  d e l t a  l e n g t h  a n d  areraqe v e l o c i t y ,  

a n d  m a n d  c are slope a n d  i n t e r c e p t ,  r e s p e c t i v e l y .  

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

v a l u e s  of m of t h e  p l o t  A a n d  B (mean v a l u e s  b e i n g  125 .35  a n d  

109,80 r e s p e c t i v e l y )  i l l u s t r a t e  p o s i t i v e  s l o p e s ,  i n d i c a t i n g  t h a t  

an increase i n  t h e  v e l o c i t y  v a r i a b l e  i s  a c c o m p a n i e d  by a 

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

s e v e r a l  o r d e r s  o f  magn i tude  i n  o r d e r  t o  c h a n g e  t h e  d e l t a  l e n g t h  

by a r e l a t i v e l y  small measure, C o n c e p t u a l l y ,  t h e  r e l a t i o n  is 

r e q a r d e d  as an a t t r i b u t e  o f  t h e  flow power, t h a t  is, t h e  rate a t  

which t h e  f l o w  p e r f o r n s  work. F o r  a s t e a d y  and  uni form f low,  

f l o w  power is g e n e r a l l y  d e s c r i b e d  as a p r o d u c t  o f  t h e  mean 

v e l o c i t y  and  boundary  s h e a r  stress. Hoverer ,  i n  t u r b u l e n t  f l o w  

t h e r e  is a n  a d d i t i o n  of t h e  i n t e r n a l  r e s i s t a n c e  f a c t o r  ( t o  s h e a r  

stress) which  is r e l a t e d  t o  t h e  s t r u c t u r e  and i n t e n s i t y  o f  

t u r b u l e n c e  fo rma t ion .  The flow s t r e n g t h  is a l s o  viewed i n  a way 

which p r o v i d e s  t h e  rate  of e n e r g y  e x p e n d i t u r e  i n v o l v i n g  e x t e r n a l  

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

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

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

d e l t a  f o r m a t i o n .  

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

them c o n c e r n s  s p a c i n g  between t h e  s t r a i g h t  l i n e s  ( F i g u r e  1 4 )  

s u g g e s t i n g  t h e  i nvo lvemen t  o f  a c e r t a i n  o t h e r  v a r i a b l e  i n  t h e  

e x p e r i m e n t a l  s i t u a t i o n  s. Conce ivab ly ,  t h e  known v a r i a b l e  i n  t h i s  

case is t h e  d i f f e r e n t i a l  r a t e  of s e d i m e n t  t r a n s p o r t .  I n  f a c t ,  

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

rate of s e d i s e n t  i n p u t .  The d e p a r t u r e  o f  some o f  t h e  p o i n t s  from 

t h e  s t r a i g h t  l i n e s  is a l s o  seen i n  t h e  p l o t s  ( F i g u r e  1 4 ) .  Host  

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

w i t h i n  t h e  main f o r w a r d  f low,  r e s u l t i n g  from t h e  i n t e r a c t i o n  



between form a n d  h i g h  i n e r t i a  f low, 

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

F i g u r e  15 shows t h e  l o g a r i t h m i c  p l o t s  o f  t h e  maxinur  d e l t a  

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

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

h o r i z o n t a l  scale is t h e  l o g  of s e d i m e n t  i n p u t  r a t e .  The f i g u r e  

i l l u s t r a t e s  two d i f f e r e n t  g r a p h s  measu r ing  t h e  maximum d e l t a  

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

and  t o p s e t  beds ,  r e s p e c t i v e l y .  The d a t a  f o r m i n g  t h e  b a s i s  of 

t h e s e  p l o t s  are l i s t e d  i n  t a b l e  3-7. 

A s  i s  e v i d e n t  from f i g u r e  15, t h e  g e n e r a l  a l i g n m e n t  o f  t h e  

p l o t t e d  p o i n t s  h a s  g i v e n  a  s t r a i g h t  l i n e  r e l a t i o n  between t h e  

d e l t a  l e n g t h  a n d  s e d i m e n t  t r a n s p o r t  r a t e .  The s t r a i q h t  l i n e  

r e l a t i o n  c a n  be e x p r e s s e d  i n .  t h e  f u n c t i o n a l  form, Log Y = a. Log 

X + C,  whereby X a n d  Y r e p r e s e n t  s e d i m e n t  rate a n d  d e l t a  l e n g t h ,  

r e s p e c t i v e 1  y . 
The a b o v e  e x p r e s s i o n  c l e a r l y  d e m o n s t r a t e s  t h a t  t h e  d e l t a  

l e n g t h  is a s i m p l e  power f u n c t i o n  of t h e  s e d i m e n t  t r a n s p o r t  

rate. It must be remembered t h a t  t h e  g e n e r a l i z a t i o n  is 

r e s t r i c t e d  t o  t h e  p r e s e n t  e x p e r i m e n t a l  s i t u a t i o n .  A s  s e e n  i n  t h e  

g r a p h s  ( F i g u r e  15), t h e  s l o p e  (m) is o b v i o u s l y  n e g a t i v e .  It 

s t i p u l a t e s  t h a t  t h e  r e l a t i o n s h i p  i s  i n  i n v e r s e  form. T h a t  is, a t  

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





s e d i m e n t  t r a n s p o r t  rate i n  t h e  form o f  a power f u n c t i o n .  The 

o t h e r  way t o  s a y  t h i s  is t h a t  t h e  i n c r e a s e  i n  l o a d  t r a n s p o r t  

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

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

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

o f  s e d i a e n t  t r a n s p o r t .  Al though t h e  e f f e c t s  o f  s e d i m e n t  l o a d  on 

t h e  f l o w  are n o t  c l e a r l y  u n d e r s t o o d ,  it is g e n e r a l l y  t h o u g h t  

t h a t  a p a r t  o f  t h e  k i n e t i c  e n e r g y  is consumed i n  t h e  

t r a n s p o r t a t i o n  o f  t h e  l o a d  (Backin,  1 9 4 3 ) -  Chow (1959) s u g g e s t e d  

t h a t  t h e  e n e r g y  e x p e n d i t u r e  is o n l y  due  to  t h e  bed-load 

t r a n s p o r t ,  These  a p p o r t i o n e d  e n e r g y  losses most  l i k e l y  c a u s e  

l o w e r i n g  of t h e  competence  of t h e  flow, which i n  t u r n  a s s i s t s  

t h e  r a p i d  dumping o f  t h e  l o a d  a t  t h e  c h a n n e l  mouth, t h e r e b y  

fo rming  a p i l e ,  The upward growth  o f  t h e  p i l e  a t  some s t a g e  

t e n d s  t o  c o n s t r i c t  t h e  f low,  I f  t h e  flow is s u f f i c i e n t l y  s t r o n g ,  

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

c a u s i n g  t h e  d e p o s i t i o n a l  mass t o  advance  q u i c k l y .  On t h e  o t h e r  

hand, i f  t h e  c u r r e n t  i s  n o t  s t r o n g  enough,  t h e  flow g r a d u a l l y  

flares when opposed b y  t h e  v e r t i c a l  a c c r e t i o n ,  forming  a 

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

was o b s e r v e d  t o  c a u s e  s e d i m e n t  wedges a t  t h e  p e r i p h e r y  o f  t h e  

d e p o s i t i o n a l  p l a t f  or., i n v o l v i n g  f r e q u e n t  s l u a p i n g s  t o  p r o g r a d e  

t h e  d e l t a .  

The s t r a i g h t  l i n e s  in f i g u r e  15 a r e  c l e a r l y  p a r a l l e l  

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



t h e  s p a c i n g  be tween  t h e  s t r a i g h t  l i n e s  i n  f i g u r e  14 d i r e c t l y  

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

e x p e r i m e n t a l  s i t u a t i o n s .  Unde r s t andab ly ,  t h e  p r i m a r y  v a r i a b l e  i n  * 

t h i s  c o n t e x t  i s  t h e  d i s c h a r q e  f a c t o r ,  I n  f a c t ,  t h e  l i n e  a t  t h e  

t o p  o f  t h e  g r a p h s  r e p r e s e n t s  a  c o n s t a n t  d i s c h a r g e  of 1377.00 cm3 

/sec p e r  s e c o n d  w h i l e  t h e  bo t tom l i n e  r e p r e s e n t s  t h e  lowest ra te  

of f low,  which is e q u a l  t o  295.80 c a 3  /sec. 

5.2.3 B e l a t i o n  b e t v e e n  t h e  maximum d e l t a  l e n g t h  a n d  wid th ,  

F i g u r e  16 is t h e  g r a p h i c a l  r e p r e s e n t a t i o n  of  t h e  maxinum 

d e l t a  l e n g t h  a g a i n s t  i t s  c o r r e s p o n d i n g  maximum width.  T h e  d a t a  

f o ~ m i n g  t h e  b a s i s  o f  t h e s e  p l o t s  a t e  shown i n  t a b l e  3-7, The 

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

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

beds. Al though t h e r e  i s  a c o n s i d e r a b l e  scatter of  p o i n t s ,  a 

c u r v i l i n e a r  g raph  h a s  been  f i t t e d ,  The pu rpose  o f  t h i s  a t t e m p t  

i s  t o  p r o v i d e  a rough  g e n e r a l i z a t i o n  i n  t h e  compensa to ry  

a d  j a s t m e n t  o f  t h e  l e n g t h  and  wid th  of t h e  d e l t a s .  

D e s p i t e  t h e  scatter a b o u t  t h e  c u r v e s ,  t h e  g r a p h s  c l e a r l y  

d e m o n s t r a t e  t h a t  when d e l t a  l e n g t h  i n c r e a s e s ,  i ts  width 

d e c r e a s e s .  It s u g g e s t s  a b a l a n c i n q  t e n d e n c y  i n  t h e  l i n e a r  

e x p a n s i o n  of t h e  d e l t a i c  d e p o s i t i o n ,  The r e l a t i v e  i n c r e a s e  i n  

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

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



Maxinit~m I)i. l t n  I,engtli i n  cm. 

Figure 16. R e l a t i o n  l,c t.wecrl Maximum Lengtll dnd Widtli of t he  
D e l t a s .  



c h a r a c t e r  o f  t h e  f l ow,  and  to some e x t e n t  t h e  volume o f  s ed imen t  

l o a d  c a r r i e d  p e r  u n i t  o f  f l o w  d i s c h a r g e .  Broad ly ,  a t  h i g h  

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

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

o v e r  t h e  d e l t a  p l a t f o r m .  On t h e  o t h e r  hand,  a t  l o w  d i s c h a r g e  and 

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

is h i g h l y  s i g n i f i c a n t  and  is  t h o u g h t  t o  be c a u s e d  by t h e  

d i v e r g e n t  f  l o u  p a t t e r n  which i n v o l v e s  f  r e g u e n t  s l u m p i n q s ,  

5.2,4 R e l a t i o n  between t h e  v e r t i c a l  a c c r e t i o n  a n d  the l e n g t h  of 

t h e  d e l t a s  

F i g u r e  17 is t h e  p l o t  of t h e  aaximum l o n g i t u d i n a l  l e n g t h  

( ex t ended  t o  t h e  t e r m i n u s  o f  t h e  t o p s e t  bed)  a g a i n s t  t h e  

c o r r e s p o n d i n g  maximum v e r t i c a l  g rowth  o f  t h e  d e l t a s .  The ma ximum 

h e i g h t  of t h e  v e r t i c a l  a c c r e t i o n  was c a r e f u l l y  measured t o  

e x c l u d e  a l l  small bed-forms ( r i p p l e s ,  s anduaves )  and  t h e  n a t u r a l  

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

t a b l e  3-7, I t  is i a p o r t a n t  t o  remember t h a t  a l l  d e l t a s  were 

produced a t  a c o n s t a n t  q u a n t i t y  (5.1 x  106 ga)  o f  sed iment - fed .  

The p l o t s  i n  f i g u r e  17 d e m o n s t r a t e  t h a t  as  d e l t a  l e n g t h  

i n c r e a s e s ,  t h e  v e r t i c a l  h e i g h t  o f  t h e  upward g rowth  

c o r r e s p o n d i n g l y  d e c r e a s e s .  It s t i p u l a t e s  t h a t  a r a p i d 1  y 

a d v a n c i n g  d e l t a  d e v e l o p s  a low measure  o f  upward qrowth. b s  a 

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





f l o w ,  a n d  t o  some e x t e n t  low s e d i m e n t  l o a d  t r a n s p o r t ,  i t  f o l l o v s  

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

e f f e c t i v e l y  p romote  h i g h e r  upward q r o u t h  o f  t h e  d e l t a s .  T h i s  was 

c l e a r l y  n o t i c e d  t h r o u g h o u t  t h e  e x p e r i n e n t .  

The  a f o r e - d e s c r i b e d  r e l a t i o n  is 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  18 w h e r e  e a c h  g r a p h  r e p r e s e n t i n g  a r u n  of a series i s  

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

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

r e l a t i o n  a a y  a p p e a r  v e r y  s i m p l e ,  b u t  its i m p l i c a t i o n  seems to  

provide a u s e f u l  b a s i s  i n  t h e  i n t e r p r e t a t i o n  of t h e  

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

e x p e r i m e n t ,  t h e  low d i s c h a r g e  a n d ,  t o  some e x t e n t ,  t h e  h i g h  

t r a n s p o r t  ra te  t e n d e d  t o  i n c r e a s e  t h e  o v e r a l l  v e r t i c a l  a c c r e t i o n  

t h r o u g h  r a p i d  d u a p i n g  of t h e  s e d i m e n t  l o a d  a t  t h e  e f f l u x  

s e c t i o n ,  T h e r e  a p p e a r e d  a l i m i t  of upward g r o w t h  a t  which 

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

d e s c r i b e d  by S l o s s  (1962)  t o  be a n  e q u i l i b r i u m  s u r f a c e  (base 

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

vo lume a n d  c h a r a c t e r  o f  f l o w ,  t h e  q u a n t i t y  a n d  p r o p e r t i e s  of t h e  

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

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

h i g h e r  when t h e  flow d i s c h a r g e  u a s  v e r y  low a n d  t h e  r a t e  o f  

s e d i m e n t  t r a n s p o r t  h i g h ,  S i n c e  t h e  water l e v e l  o f  t h e  b a s i n  was 

assumed  t o  b e  cons tant  t h r o u g h o u t  t h e  e x p e r i m e n t ,  t h e  r e l a t i v e  

i n c ~ e a s e  i n  t h e  v e r t i c a l  h e i g h t  of t h e  upward g r o w t h  c o n n o t e s  a 





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

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

It h a s  been  n o t e d  i n  t h e  p r e v i o u s  s e c t i o n s  t h a t  t h e  o v e r a l l  

deve lopment  o f  t h e  d e l t a - m o r p h o a e t r y  is g r e a t l y  c o n t r o l l e d  b y  

d i s c h a r g e  and ,  t o  some e x t e n t ,  b y  t h e  s e d i m e n t  t r a n s p o r t  

c o n d i t i o n s ,  I n  t h e  p r e s e n t  s e c t i o n ,  a n  a t t e m p t  is made t o  

d e s c r i b e  t h e  s u p e r f i c i a l  morpho loq ie s  a n d  i n t e r n a l  s t r u c t u r e  of 

the d e l t a s ,  a n d  the causes of t h e i r  v a r i a t i o n s  a n d  

d i s t r i b u t i o n s ,  

The m o r p h o l o g i c a l  d e l t a  f e a t u r e  map be very  d i f f e r e n t l y  

deve loped  i n  d i f f e r e n t  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  

c o n d i t i o n s ,  But, t h e  f e a t u r e s  g e n e r a l l y  reflect the t o t a l i t y  o f  

t h e  flow i n d i c a t i n g  t h a t  t h e y  are e f f e c t i v e l y  c o n t r o l l e d  by t h e  

volume a n d  i n t e n s i t y  of t h e  o u t f l o w  passing ores t h e  p r i m a r y  

d e l t a i c  d e p o s i t ,  I n p o r t a n t l y ,  t h e  f e a t u r e s  were n o t e d  t o   for^ a t  

some stage of t h e  delta p r o g r a d a t i o n  a n d  were c h a r a c t e r i s t i c a l l y  

r e l a t e d  t o  the n a t u r e  of t h e  c o n v e r g e n t  or d i v e r g e n t  f l o w  

p a t t e r n  f o r m i n g  o v e r  t h e  d e p o s i t i o n .  The d e g r e e  t o  which t h e  

moving water c o n v e r g e d  of d i v e r g e d  seemed to be d e t e r s i n e d  by 

t h e  a a t u a l  i n t e r a c t i o n  between t h e  f l o v  a n d  t h e  a c c r e t e d  

d e p o s i t i o n a l  f om o f  t h e  upward growth,  

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

t o p s e t ,  foreset, a n d  b o t t o m s e t  beds ,  c l a s s i c a l l y  d e s c r i b e d  by 



G i l b e r t  ( l885) ,  was n o t e d  t o  form d i s t i n c t l y  t h r o u g h o u t  t h e  

e x p e r i a e n t .  But t h e  s t r u c t u r a l  d e s i g n s  of t h e  b e d s  were found t o  

differ a c c o r d i n g  t o  t h e  flow and s e d i m e n t  t r a n s p o r t  c o n d i t i o n s ,  

I n  t h e  f o l l o u i n q  s u b s e c t i o n s  t h e s e  are d i s c u s s e d  i n  some d e t a i l .  

5.3,l The submerged n a t u r a l  l e v e e s  

The submerged n a t u r a l  l e v e e  is o n e  of t h e  most  comnon 

d e p o s i t i o n a l  f e a t u r e s  of d e l t a  aorpbologp .  Hot a l l  series showed 

its d i s c r e t e  f o r a a t i o n ,  nor were t h e  n a t u r a l  l e v e e s  b u i l t  up  

v i t h  e q u a l  d i m e n s i o n  i n  t h e  runs .  By and l a r g e ,  series v i t h  h i g h  

discharge c o n d i t i o n s  t e n d e d  t o  form d i s c r e t e  n a t u r a l  levees, 

s u g g e s t i n g  t h a t  the g r e a t e r  volume and h i g h e r  i n t e n s i t y  of the 

o u t f l o w  are  s i g n i f i c a n t l y  r e l a t e d  t o  t h e  f o r m a t i o n  of t h e  

n a t u r a l  l e v e e s  o v e r  t h e  p r i a a r y  d e l t a i c  d e p o s i t .  F i g u r e  19 

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

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

of 5, 25, 45. 65, 85 a n d  105 ca  from t h e  c h a n n e l  mouth. Each r u n  

r e p r e s e n t e d  a p a r t i c u l a r  series, i n d i c a t i n g  i d e n t i c a l  p a r a m e t r i c  

condi t ions  e x c e p t  f o r  t h e  d i s c h a r g e  variable. I n  f a c t ,  r u n  6 o f  

series A a n d  r u n  16  of series C (a-6 a n d  C-16 i n  f i g u r e  18) are 

r e p r e s e n t a t i v e  of t h e  h i g h e s t  and lowest d i s c h a r g e s ,  

r e s p e c t i v e l y ,  

The f o r m a t i o n  of  the submerged n a t u r a l  l e v e e s  a p p e a r e d  t o  

be  d i r e c t l y  r e l a t e d  t o  t h e  n a t u r e  of t h e  flow p a t t e r n  t h a t  
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deve loped  o v e r  t h e  p r imary  d e l t a i c  d e p o s i t i o n .  The f l o w  p a t t e r n  

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

and is t h o u g h t  t o  b e  a consequence  o f  t h e  mutual  i n t e r a c t i o a  

between t h e  f l o w  a n d  t h e  v e r t i c a l  a c c r e t e d  form of t h e  deltas, 

Broadly ,  t h e  d i v e r g e n t  flow p a t t e r n  o v e r  t h e  d e p o s i t i o n  o c c u r r e d  

a t  low f l o u  d i s c h a r g e  a n d  h i g h  bed- load  t r a n s p o r t  c o n d i t i o n s ,  

T h e s e  c o n d i t i o n s  i n v o l v e  dumping o f  s e d i m e n t  l o a d  a t  t h e  e f f l u x  

s e c t i o n ,  p romot ing  r a p i d  upward a c c r e t i o n ,  E v e n t u a l l y ,  the 

v e r t i c a l  d e p o s i t i o n  t e n d s  t o  c o n s t r i c t  t h e  flow, Depending on 

t h e  competency  o f  the c u r r e n t ,  t h e  flow t e n d s  t o  d i v e r g e  or 

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

d e p o s i t i o n ,  The d i v e r g e n t  flow seemed t o  form a r a d i a t i n g  

p a t t e r n  f o r ~ i n g  s t r e a m l i n e s  as r e c o g n i z e d  by t h e  r a d i a t i n g  

p a t t e r n  o f  s e d i m e n t  movement shoua  i n  t h e  p h o t o  p l a t e  7, A s  t h e  

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

t e n d e d  t o  form a r o u n d  t h e  p e r i p h e r y  of the d e p o s i t i o n a l  s u r f a c e  

i n v o l v i n q  f r e q u e n t  s lumpings ,  The f r e q u e n t  s l u m p i n g s  seemed t o  

p r e v e n t  l e v e e  f o r m a t i o n ,  b u t  were r e l a t e d  t o  t h e  widening  of t h e  

d e l t a  p r o g r a d a  t ion,  

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

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

was h y d r o d y n a m i c a l l y  Bore competen t .  The r e l a t i v e l y  h i g h  i n e r t i a  

flow when s u b j e c t e d  to  t h e  r e s i s t i v e  e f f e c t s  of t h e  p r i m a r y  

d e p o s i t i o n a l  form generates i n t e n s e  t u r b u l e n c e  which of t e n  

c a u s e s  r o t a t o r y  motion i n  the f o r w a r d  flow, Depending upon t h e  
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scale and  i n t e n s i t y  of t u r b u l e n c e  t h e  p r o c e s s  of t r a n s f e r  o f  

water p a r t i c l e s ,  a n d  t h u s  of t h e  s e d i m e n t  p a r t i c l e s ,  a c c o r d i n q  

t o  t h e i r  h e a v i e r  g r a d e - s i z e  t a k e s  p l a c e .  As a r e s u l t ,  t h e  

p a r t i c l e s  move auay  from the t h r e a d s  o f  maximum t u r b u l e n t  

i n t e r c h a a g e  t o  settle where t h e  d e g r e e  of t u r b u l e n c e  is less. 

T h e  t u r b u l e n c e  c a u s e d  by t h e  i n t e r a c t i o n  of t h e  flow and form 

seemed t o  p r o p e l  t h e  s e d i m e n t  l o a d  w i t h  i n t e n s e  upva fd  and 

t r a n s v e r s e  conponen ts, e v e n t u a l l y  l e a d i n g  to  t h e  f o r n a  tion of 

t h e  naturaZ l e v e e s .  Photo-plate 8 i l l u s t r a t e s  sore  of the 

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

t h e  runs .  

5,3.2 S h o a l s ,  b a r s  and  the micro-bed forms 

Broadly ,  t h e  f o r m a t i o n  of t h e  s h o a l s  and b a r s  may b e  

a t t r i b u t e d  t o  l o c a l i z e d  c o n d i t i o n s  of o v e r l o a d e d  flow, T h a t  is 

t h e  flow, f o r  one r e a s o n  or t h e  o t h e r ,  f a i l s  t o  r o v e  the 

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

bass o n  t h e  flow-bed, The ra te  of a g g r a d a t i o n  is, however, 

d e p e n d e n t  upon t h e  f l o w  r e l o c i t g  as re11 as on t h e  amount  o f  

l o a d  e n t e r i n g  t h e  r e g i o n .  In the p r e s e n t  e x p e r i m e n t ,  n o s t  of the 

r u n s  p roduced  s h o a l i n g  o f  o n e  k i n d  or t h e  o t h e r ,  Some o f  them 

were v e r y  we l l -de f ined .  P h o t o - p l a t e  9 i l l n s t r a t e s  a t y p i c a l  

s h o a l  or the b a r  f o r m a t i o n  produced  under d i f f e r e n t  p a r a m e t r i c  

c o n d i t i o n s  o f  t h e  series, They r e p r e s e n t  v a r i o u s  s h a p e s  and 



(a) A view of the submerged natural  levees. The forms 
are typical of S e r i e s  A. 

(b) A view of the low-relief n a t u r a l  levees  of Series E. 

PIATE 8. PHOTOGRAPHS ILLUSTRATE THE FORMATION OF SUEMERGED NAn 
LFVEES UNDER D I E =  INPUT CONDITIONS OF THE SERIES 
AND SERIES E. 



(a) A longitudinal bar and natural  levees. 

(b) A typical formation of t he  circular-plan bars. 

(C ) Format ion of s i r f ic ia l  bed-f o m  and sandwaves . 
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sizes,  showing  random s p a t i a l  d i s t r i b u t i o n s  i n  t h e i r  f o r m a t i o n .  

F i g u r e s  18 and  19 show t h e i r  d i m e n s i o n a l  g rowth  and  l o c a t i o n s  

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

T h e r e  seemed t o  b e  some d i r e c t  r e l a t i o n  be tween  t h e  p a t t e r n  

of  o u t f l o w  s p r e a d  o v e r  t h e  d e l t a  a n d  t h e  morpho log ie s  o f  s h o a l s .  

I n  o t h e r  words,  d e p e n d i n g  o n  t h e  d e g r e e  o f  c o n v e r g e n t  o r  

d i v e r g e n t  f l o u - p a t t e r n ,  s h o a l s  a n d  b a r s  are e l o n g a t e d  or rounded  

i n  shape ,  The a c t u a l  mechanism u a s  not a p p a r e n t  i n  t h e  

e x p e r i m e n t ,  However, t h e r e  v a s  a s t r o n g  f e e l i n g  t h a t  two 

d i f f e r e n t  modes v e r e  i n v o l v e d  i n  t h e  mechan ic s  of bar f o r m a t i o n .  

They a r e  as f o l l o u s .  

The l o n g i t u d i n a l  b a r ,  as i n  series A, u a s  s e e m i n g l y  created 

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

p l a t f o r m ,  T h e  h igh  i n e r t i a  f l o u ,  when opposed  by the bo t tom 

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

g e n e r a t e s  i n t e n s e  t u r b u l e n c e ,  and e v e n t u a l l y  c r e a t e s  n a t u r a l  

l e v e e s  i n v o l v i n g  a t u r b u l e n t  exchange  p r o c e s s .  when the n a t u r a l  

l e v e e s  are discretely formed, t h e  s e c o n d a r y  mot ion  of t h e  f l a w  

t e n d s  to i n t e n s i f y  as a  r e s u l t  o f  wal l -drag .  T h i s  seems t o  

i n v o l v e  some k i n d  of t r u n c a t i n g  or s c o u r i n g  e f f e c t s  a l o n q  b o t h  

s i d e s  o f  t h e  main f o r w a r d  f l o u ,  c r e a t i n g  two t h r e a d s  of ~ x i a u a  

t u r b u l e n c e ,  A s  a r e s u l t ,  p a r t  of t h e  s e d i m e n t  is  p r o p e l l e d  w i t h  

upward components  a n d  c a r r i e d  in t h e  midd le  of  t h e  flow where 

a g g r a d a t i o n  o c c u r s  t o  form symmet r i c  s h o a l s  or l o n g i t u d i n a l  

b a r s ,  On t h e  o t h e r  hand, when t h e  p a t t e r n  of o u t f l o w  s p r e a d i n g  





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

d e l t a - f r o n t  a n d  on t h e  b o t t o a s e t  bed, were t h e  c r e s c e n t - s h a p e  

d e p o s i t i o n s  which may b e  d e s c r i b e d  a s  sandwaves  w i t h  g r e a t e r  

a m p l i t u d e ,  T h e y  b u i l t  up i n  a series w i t h  g e n t l e  ups t r eam s l o p e s  

and  s t e e p  d o u n s t r e a m  s l o p e s ,  They were i n v a r i a b l y  formed i n  

series A ( p h o t o - p l a t e  9c)  which had  g r e a t e r  a a p l i t u d e  t h a n  t h o s e  

a s s o c i a t e d  v i t h  series D or  E, 

Althouqh t h e  e x a c t  e c h a n i s m  o f  f o r m a t i o n  was n o t  a p p a r e n t ,  

i t  seemed clear t h a t  t h e r e  was a d i r e c t  c o n n e c t i o n  between t h e s e  

l a r g e  sandwaves  and  t h e  flow of r o t a t o r y  motion,  A s  d i s c u s s e d  

earlier, t h e  s p i r a l  motion of water ,  f o r m i n g  vortices 

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

r e s i s t i v e  e f f e c t s  t o  f l o w  by t h e  bo t tom boundary  c o n d i t i o n s .  The  

i n t e n s i t y  of t h i s  s p i r a l  mot ion  d e p e n d s  o n  t h e  boundary  s h e a r  

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

r o u g h n e s s  e l e m e n t s  i n c l u d i n g  bed f o r a s  and  bed aa  teria l sizes, 

Because  of a d e l i c a t e  b a l a n c e  between t h e  r o t a t o r y  vo r t ex - sys t em 

a n d  t h e  f o r w a r d  f l o u ,  an o p p o s i t i o n  f rom one side may c h a n q e  t h e  

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

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

owing t o  d i f f e r e n t i a l  d e p o s i t i o n  a l o n g  t h e  s i d e s  o f  t h e  f l ow,  

a h a t e v e r  is t h e  r e a s o n  f o r  t h e  d e f l e c t i o n  of t h e  f o r w a r d  flow, 

sandwaves of t h e  o b s e r v e d  k i n d  were n o t i c e d  t o  form i n  

a c c o r d a n c e  with t h e  d i r e c t i o n  of movement, a n d  p re sumab ly  t h e  

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



f o r w a r d  f l o w s  of series A, deve loped  a d e f l e c t e d  c o u r s e  and  t h e y  

c o n t i n u e d  t o  aove  u n t i l  t h e y  impinqed upon t h e  b a s i n - w a l l s  where 

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

r i p p l e s  or d u n e s  t o  form a l o n g  i ts path .  The d e s p o s i t i o n a l  

p a t t e r n  shown i n  p l a t e  2 coamfirms t h e  a b o v e  o b s e r v a t i o n s .  

5 ,3 .3  D i s t r i b u t a r y  p a t t e r n s  of t h e  d e l t a s  

The d i s t r i b u t a r y  p a t t e r n  is  one of t h e  most r e c o g n i z e d  

s a l i e n t  f e a t o r e s  of d e l t a s ,  Coleman a n d  Tir iqht  (1971) g r o u p e d  

t h e  d i s t r i b u t a r y  p a t t e r n s  i n t o  four p r i m a r y  t y p e s .  Two o f  t h e  

four t y p e s  were v i s u a l l y  e v i d e n t  i n  t h e  e x p e r i m e n t .  They are, 1) 

t h e  s i n q l e  c h a n n e l  t y p e  i n  which t h e r e  was no s p l i t t i n q ,  and 2) 

t h e  t y p e  i n  which a l l  s p l i t t i n g  o c c u r r e d  a t  a s i n g l e  apex ,  A 

t h i r d  t y p e  may be a d d e d  t o  t h e s e  i n  which s h o r t - l e n g t h  

d i s t r i b u t a r i e s  e v o f  ved by b r e a c h i n g  t h e  levee- walls. Pho to -  p l a t e  

9 i l l u s t r a t e s  t h e  t y p e s  of  d i s t r i b u t a r y  p a t t e r n s  t h a t  d e v e l o p e d  

i n  the p r e s e n t  expe r imen t .  

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

bar f o r s a t i o n  c a u s i n g  s p l i t t i n g  o f  t h e  flow ( L e i g h l y ,  1934; 

Axelsson,  1967). Y e l d e r  11955, 1959) s t r e s s e l t  t h e  i n p o r t a n t  ro le  

of c r e v a s s e  f o r m a t i o n  i n  t h e  deve lopment  of s u l t i p l e  c h a n n e l s ,  

Prom t h e  s t a n d p o i n t  of  t h e  p r e s e n t  e x p e r i ~ e n t ,  t h e  b r a n c h i n g  o f  

the d i s t r i b u t a r y  p a t t e r n s  seemed t o  depend  on l o c a l i z e d  daaminq 

e f f e c t s  r e s u l t i n g  from d e p o s i t i o n a l  o b s t r u c t i o n s  of one k i n d  or  



t h e  o t h e r ,  

B s  n o t e d  i n  t h e  p r e c e d i n g  s u b s e c t i o n ,  t h e  morphology o f  t h e  

b a r s  and o t h e r  bed-forms depends  on  the n a t u r e  a n d  d e g r e e  of 

flow d i v e r g e n c e ,  The  d e g r e e  of d i v e r g e n c e  is d e t e r m i n e d  by t h e  

i n t e r a c t i o n s  o f  flow a n d  form, which are g r e a t l y  d e p e n d e n t  on  

t h e  d i s c h a r q e  a n d  t h e  mechanics  of s e d i m e n t  movement, A s  

observed i n  t h e  e x p e r i m e n t ,  t h e  shape ,  s ize  a n d  c h a n n e l  

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

of flow s p r e a d i n g  o v e r  t h e  d e l t a  p l a t f o r m ,  

A s  n o t e d  i n  t h e  e x p e r i m e n t ,  the f o r m a t i o n  of  a d i s t r i b u t a r y  

p a t t e r n  was best d e v e l o p e d  i n  series B where t h e  f low s p l i t  i n t o  

two o r  t h r e e  b ranches ,  fo rming  s y m a e k r i c a l  f o r k s  ( p h o t o - p l a t e  

10). The s p l i t t i n g  u a s  o b s e r v e d  to o c c u r  at a s i n g l e  a p e x  

l o c a t e d  a b u t  15 ce off  t h e  c h a n n e l  .outha The  d i s t r i b u t a r i e s  

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

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

s p l i t t i n q  w a s  c a u s e d  b y  t h e  local damming a c t i o n s  x e l a t e d  t o  t h e  

f o r w t i o n  of t h e  c r e s c e n t i c  s andvaves ,  I n  series C, s i a i l a t  

d a a r i n q  effects, c a u s e d  bp t h e  b r o a d  b a r  fo rming  i n  c l o s e  

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

n a t u r a l  l e v e e - w a l l s .  F o l l o w i n g  t h e s e  b r e a c h e s ,  two 

s i d e - d i s t r i b u t a f i e s  were s e e n  to e v o l v e  ( p h o t o - p l a t e  41. The 

v a r i a b l e s  t h a t  seemed to c o n t r o l  t h e  f o r m a t i o n  of this type o f  

d i s t r i b u t a r y  p a t t e r n  are low d i s c h a r g e  a n d  h i g h  s e d i m e n t  

t r a n s p o r t ,  i n v o l v i n g  a d i v e r g e n t  f l ow p a t t e r n  and c o n s i d e r a b l e  



(a) A view of a wide and shallcxl~ (b) Longitudinal bar and channel 
channel, typical of Series D. bifurcation - typical ly 

furmed in  Series A. 

( c )  Channel spl itting - a common view in Ser ies  B. 
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bed-load t r a n s p o r t .  

D e s p i t e  t h e  f o r m a t i o n  o f  a mid-channel  bar o r  l o n g i t u d i n a l  

s h o a l  i n  series A, t h e r e  a p p e a r e d  no  t e n d e n c y  f o r  t h e  f l o w  t o  

b i f u r c a t e  i n t o  two w e l l - d e f i n e d  c u r r e n t s .  R a t h e r ,  flow t e n d e d  t o  

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

n a t u r a l  l e v e e s .  Photo- p l a t e  10b  c l e a r l y  i l l u s t r a t e s  t v o  

t r u n c a t e d  c h a n n e l s  along the l o n g i t u d i n a l  s h o a l ,  a l t h o u g h  t h e  

deve lopment  of a b i f u r c a t e d  c h a n n e l  f l o w  u a s  n o t  d i s t i n c t .  I t  

seemed probable t h a t  b e c a u s e  of a low p r o f i l e ,  o r  a h i g h  

f low-depth  o v e r  t h e  a i d - c h a n n e l  bar, t h e  b i f u r c a t i o n  c o u l d  n o t  

t a k e  p l a c e ,  It w a s ,  however, f e l t  t h a t  v a r i a b l e  d i s c h a r g e  

c o n d i t i o n s  c o u l d  p r o v i d e  better o p t i o n s  for  t h e  d i v i s i o n  of t h e  

flow i n t o  two  d i s t r i b u t a r i e s .  

Pro. the a b o v e  d i s c n s s i o n  i t  is a l r e a d y  a p p a r e n t  t h a t  

c h a n n e l  s p l i t t i n g  i s  c a u s e d  by  the s u p e r f i c i a l  bed-forms ( b a r ,  

s h o a l s ,  s andwaves ) ,  which are d e p e n d e n t  on t h e  volume a n d  

c h a r a c t e r ,  a n d  s e d i w n t  t r a n s p o r t  c o n d i t i o n s .  It i s  i i f p o r t a n t  t o  

n o t e  t h a t  b l o c k i n g  and  s p l i t t i n g  of a flow are more r a p i d  i n  

r e l a t i v e 1  y .ore d i v e r g e n t  flow pa t  t e r n s  i n  which t h e  n a t u r a l  

l e v e e s  a r e  e i t h e r  m i s s i n q  o r  p o o r l y  d e v e l o p e d ,  a n d  are r e l a t e d  

t o  t h e  c o n d i t i o n s  of low d i s c h a r g e  and  h i g h  bed-load t r a n s p o r t .  

5.3,4 The i n t e r n a l  s t r u c t u r e  of t h e  d e l t a s  

The t r i p a r t i t e  a r r a n g e m e n t s  o f  t o p s e t ,  f oreset and  



bot tomse t  beds ,  c l a s s i c a l l y  d e s c r i b e d  by G i l b e r t  (1885), were 

observed i n  t h e  d e p o s i t i o n  of  t h e  s ~ a l l  l a b o r a t o r y  d e l t a s .  The 

t o p s e t  beds forming o v e r  t h e  s t e e p l y  d i p p i n g  f o r e s e t  b e d s  

developed h o r i z o n t a l  bedding, The f oreset d e p o s i t  r e s t i n g  on t h e  

b o t t o a s e t  bed shoved d i s t i n c t  f o r m a t i o n  of cross-bedded 

s t r u c t u r e ,  T h e  b o t t o m s e t  bed, composed o f  f i n e r  s e d i m e n t s  

c a r r i e d  i n  suspens ion ,  d i d  n o t  d e v e l o p  any r e c o q n i z a b l e  

( v i s u a l l y )  bedded l a y e r ,  Some of t h e s e  s t r u c t u r a l  f e a t u r e s  a r e  

shown i n  pho to -p la te  11, The v a r i a b i l i t y  i n  s t r u c t u r a l  s e t t i n g s  

of t h e  d e l t a s  is t h o u g h t  t o  be a consequence  of t h e  v a r i o u s  

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

d i s c h a r g e  and sediment  t r a n s p o r t  c o n d i t i o n s  of t h e  p r e s e n t  

exper iment ,  

A s  d i s c u s s e d  earlier, the f i n e r  sed iment  c a r r i e d  i n  

s u s p e n s i o n  tended t o  settle a s  a d i s c r e t e  u n i t ,  forming a carpet 

of basin-  bottom d e p o s i t i o n ,  D e p o s i t i o n  o f  t h i s  k ind ,  when 

o v e r r i d d e n  and b u r i e d  b y  t h e  foreset beds,  is termed b o t t o e s e t  

beds, The s e t t l i n g  of t h e  suspended sed iment  i s  t h o u q h t  t o  be 

dependent  upon t h e  rate of f l o w  d e c e l e r a t i o n  a s d  t h e  p a r t i c l e s *  

s e t t l i n g  velocity, 

The b o t t o m s e t  d e p o s i t s  of the r u n s  s h o r e d  v a r y i n g  

d i m e n s i o n a l  growth s u g g e s t i n g  d i f f e r e n t i a l  t r a n s p o r t  o f  bed-load 

and suspended-load,  By and l a r g e ,  d e p o s i t i o n  i n  series A was 

v e r y  t h i c k ,  b u t  a s y m m e t r i c a l l y  formed, The a s y a a e t r i c  f o r n a t i o n  

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



(a) A c m o n  view of internal  s tructure of the  del tas  
formed i n  Series B. 

(b) Formation of topset,  farese t  and bottomset beds. The 
s t ructura l  design is representative of the Series D. 

(c) Deformed or  trough cross-bedded structure of foreset 
deposit ,  typically formed in run 27 of Series E. 

PLATE 11 . PHOTOGRAPHS ILLUSTRATING THE INTERNAL STRUCTURE OF THE DELTAS. 



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

lnaxiolum t h i c k n e s s ,  2.70 em, o f  t h e  b o t t o m s e t  d e p o s i t  was found 

i n  r u n s  2 a n d  3, where sandwaves merged wi th  b o t t o m s e t  beds .  O n  

t h e  o t h e r  hand,  series C g e n e r a l l y  d e v e l o p e d  v e r y  t h i n  b o t t o m s e t  

b e d s  i n  which t h e  maximum t h i c k n e s s  o f  0,7 c a  was measured i n  

r a n  15. No bedded s t r u c t u r e  was r e c o g n i z e d  i n  t h e  f o r m a t i o n  o f  

t h e  b o t t o n s e t  d e p o s i t s ,  It is f e l t  t h a t  a v a r i a b l e  d i s c h a r g e  may 

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

s t r u c t u r e ,  

The f o r e s e t  b e d s  c o n t r i b u t e d  the gross s t r u c t u r a l  

o r q a n i z a t i o n  o f  t h e  p r e s e n t  l a b o r a t o r y  d e l t a s .  The  c o a r s e r  

s e d i m e n t  moving a l o n g  t h e  bed tended t o  a c c u m u l a t e  on t h e  u p p e r  

f o r e s e t  s l o p e s  as m e t a s t a b l e  uedges,  The wedges o f  s e d i m e n t  

p e r i o d i c a l l y  c o l l a p s e d  by  s h e a r  f a i l u r e  and ,  d u e  to  

q r a v i t a t i o n a l  p u l l ,  s l i p p e d  down t o  form c ross -bedded  u n i t s  o f  

f o r e s e t  d e p o s i t s .  T h i s  h a s  been  t h e  common o b s e r v a t i o n  

t h r o u g h o u t  t h e  e x p e r i m e n t ,  e x c e p t  f o r  series A ,  i n  which no 

c ross -bedded  s t r u c t u r e  u a s  seen t o  form i n  t h e  d e l t a s .  

P h o t o - p l a t e  11 r e p r e s e n t s  some o f  t h e s e  structures, 

J o p l i n g  f 1964) p o i n t e d  o u t  t h a t  t h e  a e c h a n i c s  o f  

c ros s -bedded  s t r u c t u r e  c a n  be a d e q u a t e l y  e x p l a i n e d  i n  terms o f  

d i f f e r e n t i a l  p a r t i c l e  t r a j e c t o r y ,  p u l s e s  i n  t r a j e c t o r y  beha v i o r ,  

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

t r a n s p o r t  s u r f  ace, and d i s p e r s i v e  p r e s s u r e  (Bagnold 3954, 1956) , 

It s t i p u l a t e s  t h a t  depend ing  on t h e  p a r t i c l e s  d i f f e r e n t i a l  



f a l l - v e l o c i  t y  and f l o w  d e c e l e r a t i o n ,  p a r t  of t h e  suspended  l o a d  

settles on  the d e l t a  f r o n t .  The s e g r e g a t i o n  a n d  non-uniform 

d i s t r i b u t i o n  o f  s e d i a e n t  g r a i n  s i z e  a l o n q  t h e  ups t ream bed o c c u r  

b e c a u s e  o f  a p a r t i c l e *  s d i f f e r e n t i a l  t r a j e c t o r y  or d i s p e r s i v e  

p r e s s u r e ,  However t h e  s o r t i n q  e f f i c a c y  of f i n e r  a n d  coarser 

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

r e m a i n s  t h e  fac t  t h a t  a s u b s t a n t i a l  a r o u n t  of f i n e r  s e d i m e n t  i s  

n e c e s s a r y  f o r  t h e  f o r m a t i o n  o f  a c ros s -bedded  s t r u c t u r e  of t h e  

foreset k d s ,  T h e r e  seem t o  b e  t h r e e  b a s i c  c o n s i d e r a t i o n s  which 

are d i r e c t 1  y r e l a t e d  t o  t h e  f o r a a t i o n  of c ros s -bedded  s t r u c t u r e  

on t h e  d e l t a s ,  They are, 1)  t h e  mechan ic s  of b o t h  bed- load  and  

suspended- load  t r a n s p o r t ,  i n v o l v i n g  the f o r m a t i o n  of bed-forms 

c h a r a c t e r i s t i c a l l y  r e l a t e d  to  l o v e r  r e g i m e  flow, 2) t h e  

phenomena of f l o v  s e p a r a t i o n  and e x p a n s i o n ,  l e a d i n g  to  f l o w  

d e c e l e r a t i o n ,  and  3) t h e  o c c u r r e n c e  o f a  d i v e r g e n t  f low pattern, 

i n d e x i n g  t h e  n a t u r e  o f  i n t e r a c t i o n  of flow a n d  form. The 

e f f i c a c y  of t h e s e  r e s p o n s e s  may be a t t r i b u t e d  t o  t h e  woluae and 

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

a s  was e v i d e n t  f rom t h e  v i s u a l  o b s e r r a t i o a s ,  no t r a c e a b l e  

bedded s t r u c t u r e  was p r e s e n t  i n  t h e  d e l t a s  of series A, 

s u g g e s t i n g  non-occu r rence  of f l o u  s e p a r a t i o n ,  I n  fact, the 

s n r f i c i a l  morphology, f r o n t a l  s l o p e  ( 3  - 13 ) and t h e  n a t u r e  o f  

t h e  flow p a t t e r n  t h a t  d e v e l o p e d  o v e r  t h e  d e l t a  p l a t f o r m  and 

d e l t a  f r o n t  are s u p p o r t i v e  of t h e  a b o v e  view. On t h e  o t h e r  hand,  

t h e  c r o s s - b e d d e d  s t r u c t u r e  was c l e a r l y  formed i n  a l l  o t h e r  runs ,  



i n d i c a t i n g  t h e  o c c u r r e n c e  o f  f l ow s e p a r a t i o n  a n d  bed- load  

t r a n s p o r t .  The phenomena o f  f l ow s e p a r a t i o n  and bed-load 

t r a n s p o r t  c a n  a l s o  be  t r a c e d  from t h e  r e c o r d s  o f  t h e  f r o n t a l  

s l o p e s  a n d  c h a r a c t e r i s t i c  bed forms. I n  f a c t ,  t h e  f r o n t a l  s l o p e s  

o f  series 3, C ,  D a n d  E were n o t e d  t o  b e  r a n g i n g  w i t h i n  28 t o  

33, 30 t o  3 2  , 25 t o  29 and  21 t o  26 d e g r e e s ,  r e s p e c t i v e l y ,  

The c r o s s - b e d d e d  s t r u c t u r e  o f  the foreset d e p o s i t  o f  t h e  

d i f f e r e n t  d e l t a s  d i s p l a y e d  marked d i f f e r e n c e s  i n  t h e  anqle of 

d i p  as w e l l  as t h e  s p a c i n g  o f  t h e  a l t e r n a t e  l a y e r s ,  By and  

l a r q e ,  series B, C and  D d e v e l o p e d  p a r a l l e l  sets o f  b e d s ,  

d i p p i n q  a t  a n  a n g l e  of 27, and  2 4 p  { s e r i e s  a v e r a g e ) ,  

r e s p e c t i v e l y ,  O n  the o t h e r  hand, the a n g l e  o f  d i p  of  a n  

i n d i v i d u a l  bed was measured a s  v a r y i n g  from 160 t o  220, showinq 

steeper s l o p e s  close t o  t h e  c h a n n e l  mouth. The n o s t  s p e c t a c u l a r  

c r o s s - s t r a t i f i c a t i o n  was found i n  r u n  27 ( p h o t o - p l a t e  1 1 )  of 

series E, The t r o u g h - l i k e  s t r u c t u r e  seemed t o  h a v e  o r i q i n a t e d  

f rom local s c o u r i n g  a n d  f i l l ,  It s u q q e s t s  t h a t  f o r  o n e  r e a s o n  or 

t h e  o t h e r ,  t h e  f l o w  was n o t  s e p a r a t e d  from t h e  d e p o s i t i o n a l  

boundary,  A s  a r e s u l t ,  t h e  i n t e n s i t y  o f  t u r b u l e n t  ac t ions  was 

g r e a t l y  i n c r e a s e d ,  l e a d i n g  t o  local s c o u r i n g ,  Xn t h e  s u b s e q u e n t  

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

The t o p s e t  beds were o b s e r v e d  t o  form in a l l  runs except  

series b.  The p h o t o - p l a t e  l l b  i l l u s t r a t e s  t h e  h o r i z o n t a l  bedded 

s t r u c t u r e  o f  the t o p s e t  d e p o s i t s ,  Prom o b s e r v a t i o n s  it a p p e a r e d  

t h a t  t h e  f o r m a t i o n  of t h e  t o p s e t  beds ,  r e p r e s e n t i n g  t h e  f i n e r  



g r a d e - s i z e  o f  t h e  bed- load ,  i n v o l v e d  t h e  p r o c e s s  o f  s e q r e g a t i o n .  

J o p l i n q  f 1964) d e s c r i b e d  t h e  p r o c e s s  a s  a r e s u l t  o f  d i f f e r e n t i a l  

p a r t i c l e  t r a j e c t o r y  i n v o l v i n g  s o r t i n g  of bed l o a d  caused by t h e  

l o c a l i z e d  c o n d i t i o n s  o f  f l o w  d i v e r g e n c e  a n d  conve rgence .  Bagnold 

(1954, 1955) showed t h a t  f o r  t h e  i n e r t i a l  r e g i o n  o f  q r a i n  s h e a r  

t h e  no rma l  d i s p e r s i v e  p r e s s u r e  is 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  d i a m e t e r  of t h e  p a r t i c l e  when o t h e r  c o n d i t i o n s  r e m a i n  t h e  

same, Because of this r e l a t i o n s h i p ,  t h e r e  is a n  i n h e r e n t  

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

(upward) where t h e  zone  of  l e a s t  s h e a r  s t ra in  p r e v a i l s .  Whatever 

is t h e  e x p l a a a t i o n ,  t h e r e  a p p e a r e d  a d o a i n a t i n g  e f f e c t  of the 

coarser p a r t i c l e s  r e l a t i v e  t o  f i n e r  s e d i a e n t s  v h i l e  nov inq  a l o n q  

t h e  bed. I m p o r t a n t l y ,  t h e  l o w e r  r e g i m e  flow c h a r a c t e r i z e d  b y  t h e  

f o r m a t i o n  of  small bed-forms (Simon, R i c h a r d s o n  a n d  l o r d  i n ,  

1965),  or d i v e r g e n t  f l o w  p a t t e r n  o r i g i n a t i n g  from t h e  

i n t e r a c t i o n  between form and  f low,  are d i r e c t l y  r e l a t e d  t o  t h e  

d e o e l o p a e n t  o f  t h e  t o p s e t  beds.  On t h e  o t h e r  hand,  no  t o p s e t  bed 

was o b s e r v e d  t o  e v o l v e  i n  the d e l t a s  produced  in series A. The 

reason seems t o  b e  due t o  t h e  s t r i p p i n g  of t h e  t o p s e t  d e s p o s i t  

c a u s e d  by  t h e  upper flaw reg ime  w i t h  a  r e l a t i v e l y  c o n v e r g e n t  

f l o w  p a t t e r n ,  P e r h a p s  the s i g n i f i c a n t  fact arises b e c a u s e  t h e  

- c ros s -bedded  s t r u c t u r e  of t h e  f oreset d e p o s i t  is d i r e c t 1  y 

w 

r dependen t  on t h e  f o r m a t i o n  of t h e  t o p s e t  beds.  



5,3.S V a r i a t i o n  i n  t h e  s e d i m e n t  c h a r a c t e r  and  s i z e - d i s t r i b u t i o n  

I t  was s e e n  i n  t h e  p r e c e d i n g  s e c t i o n  t h a t  f o r m a t i o n  of 

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

i s  p r i m a r i l y  c o n t r o l l e d  by t h e  mechan ic s  o f  s e d i m e n t  movement 

and  mode of d e p o s i t i o n ;  and  t h e  mechan ic s  of s e d i m e n t  t r a n s p o r t  

and  d e p o s i t i o n  are directly r e l a t e d  t o  t h e  f l o w ,  and  to  t h e  

c h a r a c t e r  a n d  volume o f  s e d i a e n t  t r a n s p o r t ,  I t  seems l i k e l y  t h a t  

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

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

e x p e r i m e n t  w i l l  be  d i f f e r e n t ,  I n  o r d e r  to examine  t h i s ,  two sets 

of runs are a r b i t r a r i l y  chosen .  R U a s  4, 9, 16, 20,  and  26, 

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

f e d  414.93 qm/sec) b u t  d i f f e r e n t  d i s c h a r g e  between t h e  r u n s ,  On 

t h e  o t h e r  hand, r u n s  17, 18, 19, 20, 21, and 22, r e p r e s e n t i n g  

t h e  s e c o n d  set, were per formed a t  the c o n s t a n t  d i s c h a r g e  of  

612.60 cm 3 /sec w i t  h  d i f f e r e n t i a l  rates of s e d i m e n t - i n p u t  

between t h e  runs .  

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

q r a i n - s i z e  ( r e a n  a n d  median) ,  s o r t i n g  ( s t a n d a r d  d e v i a t i o n ) ,  

skewness ,  and k u r t o s i s .  The forms s u g g e s t e d  b y  Polk and Hard 

(1957) are a d o p t e d  he re ,  a n d  are d i s c u s s e d  i n  some d e t a i l  i n  

Appendix C, 

The  s e d i a e n t  was sampled  from the t o p s e t ,  f o r e s e t ,  and 

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



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

and  p e r c e n t i l e s  ( i n  p h i - u n i t ) ,  a n d  a r e  l i s t e d  i n  Appendix C, 

C e r t a i n  l i a i t a t i o n s  i n  the a n a l y s i s  o f  s i z e - d i s t r i b u t i o n  need t o  

be ment ioned  h e r e ,  T h e r e  h a s  been sore d o u b t  a b o u t  whether  s p o t  

s a m p l e s  are r e p r e s e n t a  t ire of t h e  material a t  a p a r t i c u l a r  site. 

Because  o f  t h i n  f o r m a t i o n  of b o t t o m s e t  and  t o p s e t  beds, it is 

p o s s i b l e  t h a t  p a r t  of t h e  material from t h e  f o r e s e t  d e p o s i t  h a s  

been  sampled  w i t h  t h e  b o t t o m s e t  a n d  t o p s e t  s e d i m e n t ,  

Con tamina t ion ,  due t o  bad h a n d l i n g  of t h e  s a m p l e s  when p a r t  of 

t h e  s e d i m e n t  f rom o n e  sample  might  have  e n t e r e d  i n t o  a n o t h e r ,  i s  

a n o t h e r  c a n s i d e r a t i o n ,  D e s p i t e  t h e s e  l i m i t a t i o n s ,  i t  will b e  

s e e n  that c e r t a i n  t r e n d s  i n  s e d i m e n t  p a r a a e t e r s  a p p e a r  t o  b e  

r e l a t e d  t o  the flow scale, and  volume a n d  c h a r a c t e r  o f  t h e  

s e d i m e n t  s u p p l y ,  

T a b l e  8 lists t h e  s e d i m e n t  p a r a m e t e r s  o f  the t o p s e t ,  

f oreset, and b o t t o m s e t  d e p o s i t s  a t  d i f f e r e n t  d i s c h a r g e  

c o n d i t i o n s  of t h e  rnns, Likewise ,  t a b l e  9 shows v a l u e s  of 

s e d i m e n t  p a r a a e t e r s  re p r e s e n t i n q  d i f f e r e n t i a l  r a t e s  of 

s e d i m e n t - i n p u t  of t h e  rnns ,  Al though t h e  t a b l e s  d o  n o t  s u g g e s t  

s t r o n q  r e l a k i o n s  be tween  t h e  ~ a r i a b l e s  and  s e d i m e n t  pa f a  meters, 

t h e r e  are i n d i c a t i o n s  i n  t h e  o v e r a l l  t r e n d s  of t h e  d a t a  which 

ray j u s t i f y  c e r t a i n  i n f e r e n c e s ,  These  a re  d i s c u s s e d  below, 

The r e a n  or median g r a i n  size i n  t h e  s e d i m e n t  s a m p l e  is 

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

in t h a t  s ample ,  S i n c e  mean a n d  median g r a i n  s i z e  d i f f e r  s l i g h t l y  



Table 8 

Sedimen2 s i z e  pararetfrs qf t o ~ s e t  -- f oreset m d  @ottomset d e ~ o s i t s .  

A t  p lonqitudinqh distance of 25aOO fro& $& -riel-mouth - 

Bun/4 Topset 1,9366 
Foreset 1.6100 
Bott08-t 1,5450 

Topse t 2,5250 
Foreset 1.6300 
Bottomset 2,1366 

Topse t 2,3066 
Bun 14/Foreset 1,7733 

Bottomset 0,9033 

Topse t 2.2300 
Rnn/20 F oreset 1.6936 

Bottorset t ,7733 

Topse t 2.0516 
Bun 26 Foreset 1,6517 

Bottomset 3.7563 

Topset 1,7566 
Run/4 Foreset 1,5400 

Bottomset 1.9OOO 

Topset 2,3360 
Bun/9 Foreset 1.4500 

Bottomset 2.2350 

Topset  1,4837 
Run/14 Foreset 1,6250 

Bottomset 2.6066 

Bnn/20 Topset 2. 1700 
Fore set 1,7683 
Bottomset 2,0900 

Skewness - 
-0 2036 
- 0  02391) 
-0 1620 

-0.1705 
-0.1723 
-0,1791 

-0.0303 
-0.1900 
+O 2634 

-0 1870 
-0.1650 
-0.0749 

- 0 ,  1820 
-0 2354 
-0.0920 

-0.0775 
-0.1745 
-0 3226 

-0.2537 
-0  0835 
-0,2419 

-0 82038 
+ O D  1073 
-0.1250 

-0.1072 
-Oal3l9 
-0,2398 

Kur t og i s  

(Continued on n e x t  page) 



T a b l e  8 ( c o n t i n u e d )  

Sedimeag ndae p a r a ~ e t e e  of S o ~ s e L  f o r e s e t  _a&j &ottom$et  d e n o s i t s ,  - 

T o p s e t  2,2400 2,2750 ,3804 -0,1545 
Run/26 P o r e s e t  1,4733 1,5150 6349 -0,0644 

Bottomset 2,8900 2 4800 ,4278 + O D  1766 

0,9690 
0,7894 
O,6O67 

K u r t o s i s  - 
1m1150 
1, I862 
0,9221 
1,0749 
0,9628 

1,0777 
1 1597 
1.1084 
1,0504 
0,6067 

( t a b l e s  8 a n d  9), only mean v a l u e  i s  used i n  the d i s c u s s i o n .  

Data i n  t a b l e s  8 a n d  9 (shoun i n  f i g u r e  20) c l e a r l y  i n d i c a t e  

that t h e  foreset d e p o s i t  is composed o f  coarser m a t e r i a l s ,  wh i l e  

b o t t o a s e t  and t o p s e t  d e p o s i t s  are made of r e l a t i r e l y  finer 

materials, T h i s  is t o  be  expected, b e c a u s e  foreset materials  are 

p r i m a r f  lg derived f rom t h e  s e d i m e n t s  moving af onq t h e  bed, while 

the b o t t o m s e t  d e p o s i t  is derived from t h e  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 s  noted earlier, b e c a u s e  of d i s p e r s i v e  p r e s s u r e  

caused by p a r t i c l e s  i n  motion, a p a r t  of the finer s e d i m e n t  

a l w a y s  moves under the shadow of t h e  coarser bed- load t r a n s p o r t .  

T h e  finer materials, moving v e r y  close to  t h e  bed ,  u l t i m a t e l y  



Table 9 

S e d i m g a  size -meters qf topset* f~ges*A and bot-gfi g e ~ o s i t s ~  

fit g -4tudinal  d i s t a n c e  af 25,OQ c. from channel-mouth - 

Topse t  2 ,1133 
Ron 17Porese t  1 ,6800 

B o t t o r s e t  1,8816 

Topse t 2 ,1183  
Run 18Poreset  1.6300 

Bottorset 1,5583 

'fopse t 2 ,3583  
Run 19 P o r e s e t  t ,8066 

Bottomset l , g S l 6  

' F O P S ~  t 2,2300 
Run/2O P o r e s e t  1 ,69 16 

Bottomset 1-77 33 

Topse t 1,9733 
Bun 21 Poreset 1,8350 

Bottomset 1,8350 

Topse t 1,8283 
Run/22 P o r e s e t  1,3603 

B o t t  omset 1 .36 50 

'Popset 1 ,7900 
Run/l7 P o r e s e t  1 ,6833 

Bottomset 2 ,1983 

Topse t 1,8350 
Run/t8 P o r e s e t  1,6866 

Bottomset 2.1483 

Boa/t 9Topse t 2,2983 
P o r e s e t  1,7833 
Bottorset 2 ,0866 

Kurtos i s  - 

(Continued on next page) 



Table 9 ( c o n t i n u e d )  

Sediment  _ s l ~  gg,g&gg&g~ sf f o r e s e t  and b o t t o m s e t  &positsl -- 

Ref erencgg 

T o p s e t  
Run/20Poreset 

Bottoase t 

T o p s e t  
Run/2 1 Poreset 

Bottomset 

T o p s e t  
Run/22Forese t  

Bo t tomse t  

S o r t i n g  --- 
5 169 

,5876 
5647 

,14941 
w 5729 
6377 

.5342 
,5817 
,4474 

Skewness ----- 
- O m  1072 
-O,t919 
-0,2398 

-0 0679 
-0,0430 
-0,5436 

-0.2018 
-0,1057 
-0.2246 

Bun/f 7 2,8400 2 8200 ,4783  -0.0274 
Run/ 18 2.6600 2, 6800 4282 -0.0288 
Run/ 19 2,6966 2,7100 ,4238 -0.0324 
Run/2O 2,7166 2 7300 4560 -0.0089 
Run 21 2,6400 2,6300 ,3811 *0,0255 
Run/22 2,4116 2,4400 4 109 -0,0866 

Kur t o s i g  

form t h e  t o p s e t  bed,  

P i q u r e  21A is a p l o t  of a v e r a q e  v e l o c i t y  a g a i n s t  t h e  m a n  

g r a i n - s i z e  ( i n  phi- u n i t )  , i n  which t o p s e t ,  f o r e s e t ,  and  

b o t t o n s e t  d e p o s i t s  are s e p a r a t e l y  shown, Although t h e  

r e l a t i o n s h i p  i s  n o t  a s t r o n g  one, t h e  p l o t s  do i n d i c a t e  a 

n e g a t i v e  t r e n d  between t h e  a v e r a g e  v e l o c i t y  and mean g r a i n  s ize  



Mean Grain Size in Phi-Unit 

T = Topset. 
F = Foreset. 
B = Bottomset. At a distance of 65.0 cm. "\. 

0.5 1.5 2.5 1.5 0.5 1.5 2.5 1.5 0.5 1.5 2.5 1.5 

Mean Grain Size in Phi-Unit 

Figure 20. Variation of Mean Grain Size of Top-, Fore- and Bottom-set 
Deposits. 



30 40 50 6 0 
Average V d o c i r y  i n  cm/eec. 

Sediment supply  rate i n  ga/occ. 

Figure 21. Relation m n g  Mean Grain Size and Velocity S C Y ~  immt 
Input Kate. 



( i n  p h i - u n i t ) .  Tha t  is, as  v e l o c i t y  i n c r e a s e s  t h e  a c t u a l  a e a n  

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

phenomenon is s i m p l y  a  r e s p o n s e  t o  f l o w  compe tence  r e l a t e d  t o  

the d i s c h a r g e  v a r i a b l e  and  t h e  i n t e n s i t y  of boundary  s h e a r .  The 

r e l a t i o n  be tween  sed imen  t - i n p u t  rates a n d  t h e  aean grain-size 

( i n  p h i - u n i t )  is re la t  i v s l y  i n s e n s i t i  re. T h i s  is demonst r a t e d  i n  

f i g u r e  21b. The f i g u r e  i n d i c a t e s  t h a t  the =an g r a i n - s i z e  of 

s e d i m e n t  i s  less affected b y  t h e  i n c r e a s i n g  or  d e c r e a s i n g  o f  

s e d i m e n t  i n p u t  rates, 

F i g u r e  21 f u r t h e r  s u g g e s t s  ( o n l y  i m 3 i r e c t l y f  t h a t  t h e  mean 

q r a i n - s i z e  is n o t  i n d e p e n d e n t  of d i s t a n c e  from t h e  c h a n n e l  

mouth, T h e r e  are i n d i c a t i o n s  i n  t h e  g r a p h s  ( F i g u r e  201 t h a t  t h e  

mean g r a i n - s i z e  of t h e  t o p s e t  materials increases w i t h  d i s t a n c e  

from t h e  c h a n n e l  ~ o u t h ,  Such a  t e n d e n c y ,  however, is less 

o b v i o u s  i n  the case of f o r e s e t - b e d  materials. However, mean 

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

d i s t a n c e  from t h e  c h a n n e l  mouth, T h e  v a l i d i t y  of this i n f e r e n c e  

is s u p p o r t e d  b y  d a t a  l i s t e d  i n  t ab les  0 a n d  9. 

The  d e g r e e  of s o r t i n g  in the s a m p l e  is another a s p e c t  of 

s e d i m e n t  a n a l y s i s ,  and  is known t o  depend  t o  a l a r g e  e x t e n t  on  

t h e  method of t r a n s p o r t  of t h e  s e d i m n t .  F u r t h e r ,  where t h e  

s e d i m e n t  is  b imoda l ,  t h e  s o r t i n g  is likely to be somewhat p o o r e r  

t h a n  when it i s  unimodal .  P o l k  a n d  Uard (1957) s u q g e s t e d  a  

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

The c o e f f i c i e n t s  of s o r t i n g  are as f o l l o u s :  



under  0.35 v e r x  me11 sorteq 

0 , 3 5  - 0.50 gd3, s o r t e d  

0 ,50  - 1.00 ca&xa teb  

1.00 - 2 , 0 0  ~ q p a p  s o r t e d  

2,00 - 4,OO s o r w  

o v e r  4.00 -emel. sorted 

T a b l e s  8 and 9 i n d i c a t e  t h a t  the s o r t i n g  o f  t h e  sampled 

materials f a l l s  w i t h i n  t h e  f a n g e  o f  well s o r t e d  t o  m o d e r a t e l y  

s o r t e d  s t a t u s ,  F o r e s e t  materials are p r e d o m i n a n t l y  m o d e r a t e l y  

s o r t e d .  w h i l e  bottomse t materials are mos t ly  w e l l  s o r t e d .  

However, t o p s e t  d e p o s i t  shows a n i x e d  t e n d e n c y  of t h e  two, This 

is 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  22, Although the f o r e s e t  

d e p o s i t  is composed of p redominan t ly  coarser m a t e r i a l s  c a r r i e d  

a long  t h e  bed, a part  of t h e  finer materials is always deposited 

on t h e  f o r e s e t  s l o p e  from t h e  s e d i m e n t  i n  s u s p e n s i o n  a n d  

wedge-ma te r i a l s  of t h e  t o p s e t  beds. T h i s  seems t o  e x p l a i n  t h e  

m o d e r a t e l y  s o t t e d  co-eff icient of the f oreset d e p o s i t .  On t h e  

other hand, b o t t o m s e t  materials, d e r i v e d  p r i n c i p a l l y  f r o n  t h e  

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

d i f f e r e n t i a l  s e t t l i n g  ( J o p l i n q ,  1964) t h r o u g h  which s o r t i n g  

improved, 

The r e l a t i o n  of t h e  t o p s e t ,  f o r e s e t ,  and b o t t o m s e t  d e p o s i t  

s o r t i n g  t o  a v e r a g e  v e l o c i t y  a n d  s e d i m e n t - i n p u t  rates is 

i l l u s t r a t e d  in f i g u r e  23. Al though the r e l a t i o n s h i p  is n o t  a 

s t r o n q  one,  t h e  graphs ( F i g u r e  23a) d o  i n d i c a t e  t h a t  t h e r e  is a 



sorting Coefficient 

Sorting Coefficient 

Variation in the sorting status of Top, Fore- and Bottan-set 
Deposit. 



--------- AT A DISTANCE OF 25 an. DISIANCE OF 65 an. 

Average Velocity (an/ sec) 

Setlirnenl Input Rate (gm/sec) 

l ' igur r  2 3 .  Relation between Sorting and Average Velocity and Sediment 
Supply Kate. 



t e n d e n c y  fo r  s o r t i n g  t o  worsen when f l o w  reg ime is t r a n s i t i o n a l  

(42.00 cm/sec i n  the p r e s e n t  s t u d y ) .  It f u r t h e r  s u q q e s t s  that 

s o r t i n g  is  b e t t e r  i n  t h e  case of b o t t o m s e t  materials t h a n  i n  

t h a t  of the f o r e s e t  bed. Likewise ,  t h e  e f f e c t  of s e d i m e n t - i n p u t  

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

s e d i m e n t - f e e d i n g  rate. T h a t  is, t h e r e  i s  a t e n d e n c y  for  t h e  

materials t o  improve  s o r t i n g  when s e d i m e n t - i n p u t  rate is 20.24 

gm/sec. F i g u r e  23b a l s o  s u q g e s t s  t h a t  t h e  s o r t i n g  o f  t h e  f o r e s e t  

materials improves  w i t h  i n c r e a s i n g  s e d i m e n t  t r a n s p o r t .  T h i s ,  t o  

some e x t e n t ,  a p p l i e s  t o  b o t h  b o t t o m s e t  a n d  t o p s e t  materials. 

Skewness  measures t h e  d e g r e e  of asymmetry a s  w e l l  a s  the 

V a i l s w  of t h e  curve .  S y m a e t r i c a l  c u r v e s  have  skewness  o f  0.00; 

those w i t h  e x c e s s  fine materials ( a  t a i l  t o  t h e  r i g h t )  h a v e  

p o s i t i v e  skewness  a n d  those w i t h  e x c e s s  coarse material (a  t a i l  

to the left) have n e g a t i v e  skewness.  The f o l l o w i n g  v e r b a l  limits 

a s  s u g q e s t e d  b y  Polk and Vard (19571, are a d a p t e d .  

Skewness from: + 1.00 t o  + 0.30 s t r o n g l y  f ine-skewed 

+ 0.30 t o  + 0.10 f i n e  s t ewed  

+ 0.10 t o  - 0.10 n e a r  s y m s e t r i c a l  

- 0 ,  t O  t o  - 0.30 coarse-skewed 

- 0.30 to  - 1.00 s t r o n g l y  coarse-skewed 

Data  i n  t a b l e s  8 and  9 (shown i n  f i g u r e  24) i n d i c a t e  t h a t  

t h e  t o p ,  fore-, a n d  b o t t o a - s e t  materials are p r e d o m i n a n t l y  

n e g a t i v e l y  skewed; t h a t  is, t h e  s e d i m e n t  s a m p l e s  have a n  e x c e s s  

o f  coarse materials. The skewness  l i m i t s  are m o s t l y  from near 



Skewness 

Figurn 24a. Skewness of Top, Fore- and Bottom-set Deposit. 

Skewness 

Figure 24a. Skewness of Top, Fore- and Bottom-set Deposit. 
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s y m m e t r i c a l  t o  c o a r s e - s k e w e d .  On t h e  a v e r a g e ,  t h e  s k e w n e s s  o f  

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

materials show some d e g r e e  of M c o a r s e - s b e w e d ~ ~ ,  t h e r e  is  a clear 

t e n d e n c y  fo r  t h e s e  materials t o  s k e v  s y m m e t r i c a l l y  beyond  t h e  

d e l t a  f r o n t  ( t a b l e s  8 a n d  9), One of t h e  r e a s o n s  for  t h i s  

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

c o n t a m i n a t e d  b y  t h e  larger p a r t i c l e s  which  s l i p p e d  down f r o n  t h e  

s l u m p i n g ,  T h e  r e l a t i o n  of t o p - ,  f ore-, a n d  b o t t o m - s e t  material 's 

s k e w n e s s  t o  a v e r a g e  v e l o c i t y  a n d  s e d i m e n t  s u p p l y  rate is shown 

i n  f i g u r e  25, T h e r e  a p p e a r s  t o  be n o  c o n s i s t e n t  r e l a t i o n s h i p  

among s k e w n e s s ,  a v e r a g e  v e l o c i t y ,  a n d  sediment s u p p l y  rate, 

K u r t o s i s  is t h e  q u a n t i t a t i v e  measure u s e d  t o  d e s c r i b e  t h e  

d e p a r t u r e  from n o r m a l i t y .  F o r  n o r m a l  c u r v e  k u r t o s i s  is e q u a l  t o  

1,OO; L e p t o k u r t i c  c u r v e s  h a r e  k u r t o s i s  o v e r  1.00 a n d  p l a t y k u r t i c  

c u r v e s  have k u r t o s i s  u n d e r  1,00 ( F o l k  a n d  Vard, 1957).  

Data i n  t ab les  8 a n d  9 ( F i g u r e  26) show t h a t  k u r t o s i s  of 

foreset materials i s  m o s t l y  p l a t y k u r t i c  a n d  t h a t  o f  t o p  and 

b o t t o r - s e t  s e d i m e n t  are l e p t o k u r t i c .  The p l a t y k u r t i c  t e n d e n c y  o f  

foreset materials correlates two modes of d e p o s i t i o n .  The 

r e l a t i o n s h i p s  among t h e  k u r t o s i s  of t o p ,  fore- a n d  b o t t o m - s e t  

d e p o s i t s ,  a v e r a g e  v e l o c i t y  a n d  s e d i m e n t  s u p p l y  rate are shown i n  

f i g u r e  27, The  t r e n d  of t h e  p l o t  i n d i c a t e s  t h a t  t h e  r e l a t i o n s h i p  

among k u f t o s i s ,  a v e r a g e  v e l o c i t y  a n d  s e d i a e n t  t r a n s p o r t  rate are 

, v e r y  i n s e n s i t i v e ,  
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VI. Discumioa, Results and Research Problems 

6.1 D i s c u s s i o n  

The c h a n n e l  mouth i s  t h e  dynamic d i s s e m i n a t i o n  p o i n t  where 

s e d i m e n t a t i o n  o c c u r s  t o  b u i l d  a d e l t a ,  The i n t e r a c t i o n  be tween  

r i v e r  e f f l u e a t  and  t h e  a b i e n t  wa te r ,  r e s u l t i n g  i n  t h e  

d e c o n e e n t r a t i o n  of t h e  o n t f  low momentur a n d  c o n s e q n e n t  l o s s  of 

t r a n s p o r t i n g  pouer ,  is r e g a r d e d  a s  t h e  p r i m a r y  c a u s e  of 

s e d i m e n t a t i o n ,  The m a j o r i t y  of d e l t a  i a v e s t i q a t i o n s  have  been  of 

t h e  s t r a t i g r a p h y  a n d  g e o l o g y  of a n  i n d i v i d u a l  d e l t a .  Some of t h e  

works are m o r p h o l o g i c a l  and p u r e l y  d e s c r i p t i v e .  T h e r e  h a v e  been 

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

b e t  ween t h e  f l n v i a  t i  le  p r o c e s s e s  and  d e l t a  f o r a a t i o n .  Bates 

(1953) e x p l o r e d  t h e  submerged free- jet t h e o r y  ( A l b e r t s o n  fi qh, 

1950) and  p r o p o s e d  t h a t  a  d e l t a  is b u i l t  by jet flow. Eie 

r e c o g n i z e d  t h r e e  t y p e s  of i n f l o w  c o n d i t i o n s  on t h e  basis  of 

r e l a t i v e  d e n s i t y  d i f f e r e n c e s  between t h e  r i v e r  a n d  b a s i n  water .  

One of t h e s e  is t h e  homopycnal s i t u a t i o n ,  and it h a s  b e e n  

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

The f o r  nu l a t i o n  of t h e  p r e s e n t  e x p e r i m e n t a l  d e l t a  model is 

r e l a t i v e l y  abstract  a n d  s imp le ,  It e m p l o y s  a r e c t a n g u l a r  f l u m e  

s y s t e m  i n  which  c o m b i n a t i o n s  of d i f f e r e n t  d i s c h a r g e  and s e d i ~ e n t  



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

l a b o r a t o r y  d e l t a s .  The model p r o v i d e s  a s i m p l e  method of  

e x p l o r i n g  r e l a t i o n s h i p s  between a x i a l  jet and  d e l t a i c  

d e p o s i t i o n ,  and  o f  d e s c r i b i n g  i n t e r a c t i o n s  and  

i n t e r r e l a t i o n s h i p s  among flows, s e d i m e n t  t r a n s p o r t  c o n d i t i o n s  

and the n o r  f h o l u g i c a l  d e l t a  p a t t e r n ,  

Measurements  o f  t h e  v e l o c i t y - f  i e l d  a l o n g  t h e  l o n q i  t u d i n a l  

la teral  a n d  v e r t i c a l  d i r e c t i o n s  of t h e  e x p a n d i n g  jet h a v e  b e e n  

shown t o  be  i n  s u b s t a n t i a l  ag reemen t  with t h e  a n a l y t i c a l  

e x p r e s s i o n  of t h e  axia l  jet ( A l b e r t s o n  a, 1950; Bates, 

1953). A dynamic s i m i l a r i t y  i n  t h e  h y d r a u l i c  e x p a n s i o n  o f  the 

jets uas a l s o  o b s e r v e d  i n  t h e  s e d i m e n t - f r e e  flow c o n d i t i o n s  and 

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

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

two @a jor rechanisms:  r e l a t i v e l y  f i n e r  s e d i m e n t s  were 

t r a n s p o r t e d  i n  s u s p e n s i o n ,  w h i l e  coarser materials aoved a l o n g  

t h e  c h a n n e l  bed. P r o p o r t i o n a l l y  hkgh bed-load t r a n s p o r t  was 

c h a r a c t e r i z e d  by low d i s c h a r g e  a n d  t o  some e x t e n t  by h i g h  

s e d i m e n t - i n p u t  coadi t i o n s .  C o n s i d e r a t i o n  of t h e  bed-load 

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

is b e c a u s e  sediments moving a l o n g  t h e  b e d  are i n s t a n t l y  a f f e c t e d  

by t h e  w a r i a t i o n  i n  flow c o n d i t i o n s ,  l e a d i n g  t o  d e p o s i t i o n  as 

s o o n  as flow v e l o c i t y  f a l l s  belou t h e  c r i t i ca l  l i m i t  f o r  

t r a n s p o r t a t i o n .  The l o v e r i n q  of t h e  cr i t ical  v e l o c i t y  l i m i t  is 

~ r e a t l y  i n f l u e n c e d  by t h e  r a p i d l y  c h a n g i n q  boundary  c o n d i t i o n s  



a t  t h e  c h a n n e l  mouth, On t h e  o t h e r  hand, t h e  suspended  materials 

are a f f e c t e d  nuch more s l o w l y  and are c a r r i e d  away far  beyond 

t h e  d e l t a - f r o n t ,  

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

o c c u r r e d  i n  two d i f f e r e n t  ways, The aa tes ia l s  novinq a l o n g  t h e  

bed s e t t l e d  c o U e c t i v e l y  a t  t h e  e f f l u x - s e c t i o n  fo rming  a p i l e ,  

w h i l e  t h e  suspended- load  s e t t l e d  d i s c r e t e 1  y and  i n  a c c o r d a n c e  

w i t h  t h e  h y d r a u l i c  e x p a n s i o n  of t h e  jet flow, It may be p o i n t e d  

o u t  t h a t  J o p l i n g ' s  (1964, 1965) model of l e e - s i d e  d e p o s i t i o n  of 

a small l a b o r a t o r y  d e l t a  h a s  much i n  common w i t h  t h e  p r e s e n t  

e x p e r i m e n t ,  The model showed t h a t  t h e  d i s c r e t e  s e t t l i n g  of t h 8  

i n d i v i d u a l  particles and  c o l l e c t i v e  s e t t l i n g  of a m i x t u r e  o f  

s e d i m e n t  grains are b o t h  i a p o r t a n t  i n  the mechan ic s  of d e l t a  

growth,  h s h a r p  d i s c o n t i n u i t y  i n  a c h a n n e l  f l oo r  c a u s e s  flow 

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

a l o n g  t h e  b e d  settle as a c o l l e c t i v e  unit, a n d  t h e  f i n e r  

materials carried i n  s u s p e n s i o n  t e n d  to settle as discrete u n i t s  

i n  a c c o r d a n c e  wi th  the p a r t i c l e s *  d i f f e r e n t i a l  s e t t l i n q  

v e l o c i t y ,  

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

s e d i m e n t a t i o n  h a s  been the l a c k  of a clear d i s t i n c t i o n  between 

t h e  o c c u r r e n c e  of bed- load  a n d  suspended- load  t r a n s p o r t ,  a n d  

their d i f f e r e n t  roles i n  the f o r a a t i o n  of d e l t a s ,  It is more 

i m p o r t a n t  when jet a n a l o g y  is t a k e n  as a b a s i s  of d e p o s i t i o n .  

T h i s  seems to be o n e  of t h e  basic d e f i c i e n c i e s  i n  Bates (1 950) 



model f o r  d e l t a  s e d i m e n t a t i o n .  Van S t r a a t e n  (1960) p o i n t e d  o u t  

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

subaqueous  and  s u b a e r i a l ,  are formed by p r o c e s s e s  o t h e r  t h a n  

t h a t  of jet flow. b r e l s s o n  (1967) and A l l e n  (1968) n o t e d  t h a t  

t h e  d i s t r i b u t i o n  of bed-load o n  t h e  d e l t a  f r o n t  is s i g n i f i c a n t  

e s p e c i a l l y  w i t h  respect t o  t h e  s l i d i n g  materials. Al l en  (1968) 

was critical a b o u t  t h e  mpa th - l i ne  method- used b y  Bonham-Carter 

a n d  S u t h e r l a n d  (1967) i n  t h e i r  compu te r  s i m u l a t i o n  of d e l t a  

s e d i m e n t a t i o n  because t h e i r  a p p r o a c h  does not  a c c o u n t  fo r  t h e  

bed-load t r a n s p o r t .  

T h e r e  h a v e  b e e n  clear d e m o n s t r a t i o n s  i n  the e x p e r i m e n t  t h a t  

d a a p i n q  of bed-load a t  t h e  c h a n n e l  e f f l u x - s e c t i o n  c a u s e s  r a p i d  

- - v e r t i c a l  a c c r e t i o n ,  The upward growth  of t h e  d e p o s i t i o n ,  i n  

t u r n ,  t e n d s  t o  c o n s t r i c t  t h e  flow i n d u c i n g  bed s h e a r  stress. 

-- Such a c h a n g e  i n  the bot tom boundary  c o n d i t i o n  o f  t h e  flow w i l l  
r 

imp ly  i n t e n s i f i c a t i o n  o f  t u r b u l e n t  a c t i v i t i e s ,  t h e r e b y  a f f e c t i n g  

s e d i m e n t  t r a n s p o r t  and d e p o s i t i o n .  P o P l o v i n g  this o c c u r r e n c e ,  

t h e  t o p  of the d e p o s i t  becomes a f l a t - b e d  r e p r e s e n t i n g  a 

r u d i m e n t a r y  s u r f a c e  of e q u i l i b r i u m  or loca l  b a s e - l e v e l ,  A s  a 

l o g i c a l  s e g u e 1  o f  t h i s  development ,  t h e  v e r t i c a l  f l o v  e x p a n s i o n  

and  d i f f u s i o n  is p t e c l  uded, n e c e s s i t a t i n g  g r e a t e r  la tera l  

s p r e a d i n g ,  As t h e  d e l t a  b u i l d s ,  t h e  f r o n t  f o r m s  a s h a r p  b r e a k  of  

s lope o v e r  w h i c h  t h e  slip-face f J o p l i n q ,  1960) mode of 

d e p o s i t i o n  continues, T h i s  h a s  been  t h e  ma jor o b s e r v a t i o n  

c o n c e r n i n q  t h e  mode of d e l t a  p r o g r a d a t i o n  i n  t h e  p r e s e n t  



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

s e c o n d a r y  i m p o r t a n c e ,  

I n  t h e  case of low d i s c h a r g e  a n d  h i g h  s e d i m e n t  t r a n s p o r t  

c o n d i t i o n s  t h e  s ed imen t -  water i n t e r f a c e  ( b a s e - l e v e l )  of t h e  

upward g rowth  r e a c h e s  a h i g h e r  lerel. I n  o t h e r  u o r d s ,  t h e  

t h i c k n e s s  of t h e  v e r t i c a l  a c c r e t i o n  a t t a i n s  a relatively g r e a t e r  

h e i g h t ,  Concomi tan t  w i i h  t h e  deve lopmen t  of t h e  r u d i m e n t a r y  

b a s e l e v e l  t h e r e  h a s  been a marked t e n d e n c y  f o r  t h e  fLow to 

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

t h e  d e p o s i t i o n a l  s u r f a c e  may be viewed i n  t h e  f  o l l o w i n q  ways, As 

soon  as the channel f l o w  l e a v e s  t h e  c o n f i n e m e n t  o f  t h e  c h a n n e l  

banks it h a s  a n a t u r a l  t e n d e n c y  t o  flare,  r e s u l t i n g  i n  t h e  

r e d u c t i o n  of flow v e l o c i t y  and  t h u s  i n  t h e  competence  a n d  

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

t h e  g r a d u a l  upward g rowth  of t h e  v e r t i c a l  a c c r e t i o n  when f l o w  

f a i l s  t o  resist or t r u n c a t e  t h e  s u r f a c e ,  S i n c e  a q r e a t e r  

q u a n t i t y  of s e d i m e n t  i s  t r a n s p o r t e d  a l o n g  t h e  mid-channel ,  t h e  

r a t e  of d e p o s i t i o n  a l o n g  t h e  midd le  o f  t h e  d i v e r q e n t  f l o w  i s  

also h i g h e r ,  As a result, some k i n d  of l o u - h e i g h t  s e d i m e n t  b u l q e  

e v o l v e s ,  which c a u s e s  f u r t h e r  f l a r i n g ,  

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

carried t o  the p e r i p h e r y  of  t h e  d e p o s i t i o n a l  s u r f a c e ,  b u i l d i n g  

a e t a s t a b l e  sediment-wedges,  The sediment-wedges p e r i o d i c a l l y  

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

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



t h e  d e l t a .  It seems h i g h l y  s i g n i f i c a n t  t h a t  d i v e r g e n t  f l o w  and  

s lumping  p r o c e s s  m a i n l y  c o n t r i b u t e  t o  t h e  l a t e r a l  e x p a n s i o n  of 

the d e l t a ,  As a r e s u l t ,  t h e  submerged n a t u r a l  l e v e e s  a r e  l e a s t  

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

r e a s o n a b l e  t o  t h i n k  t h a t  t h e  i n c r e a s i n g  d i v e r g e n c e  of the f l o w  

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

and  i n  r e s p o n s e  to  a critical v a l u e  o f  t h e  bed s h e a r  stress, 

c e r t a i n  bed forms are  c r e a t e d  ( r i p p l e s ,  sandwaves)  . The 

f o r m a t i o n  of t h e s e  bed forms c a u s e s  l o c a l i z e d  damning e f f e c t s  t o  

t h e  flow and s n b s e g n e n t l y  l e a d s  to f o r m a t i o n  o f  t h e  d i s t r i b u t a r y  

p a t t e r n  o v e r  t h e  d e l t a  surface, 

On t h e  o t h e r  hand,  t h e  l e v e l  o f  v e r t i c a l  a c c r e t i o n  

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

o p e r a t e s  a t  a r e l a t i v e l y  h i g h e r  fLov d e p t h ,  T h a t  is, t h e  

t h i c k n e s s  of t h e  v e r t i c a l  a c c r e t i o n  i s  r e l a t i v e l y  less. For 

i n e r t i a l  r e a s o n s  t h e  flow is r e l a t i v e l y  less d i v e r g e n t ,  However, 

t h e  effects on t h e  flow of t h e  bo t tom boundary ,  v h i c h  was formed 

t h r o u g h  t h e  upward g rowth  of the v e r t i c a l  d e p o s i t i o n ,  is 

s i g n i f i c a n t  b e c a u s e  the i n t e r a c t i o n  between them r e s u l t s  i n  t h e  

i n t e n s i f i c a t i o n  of t u r b u l e n c e ,  fo rming  a s t r o n g  eddy  s y s t e m ,  

o f t e n  v i o l e n t  i n  n a t u r e ,  I t  i n v o l v e s  a t u r b u l e n t  exchange  

p r o c e s s  where  some of t h e  s e d i s e n t  is p r o p e l l e d  a n d  r o v e d  t o  the 

s i d e s  of t h e  flow, b u i l d i n g  submerged n a t u r a l  l e v e e s  on  e i t h e r  

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

s i n g l e  c h a n n e l .  F o l l o w i n g  t h e  f o ~ m a t i o n  of t h e  l e v e e s ,  two 



t h r e a d s  of maximum t u r b u l e n c e  r e l a t e d  t o  w a l l - d r a g s  are formed. 

A s  a r e s u l t ,  a mid-channel  l o n q i t u d i n a l  s h o a l  s l o w l y  b u i l d s  up 

and  s u b s e q u e n t l y  b i f u r c a t e s  t h e  f low,  

The  p r e s e n t  e x p e r i m e n t a l  o b s e r v a t i o n s  d e m o n s t r a t e  t h a t  t h e  

mar p h o l o g i c a l  d e l t a  p a t t e r n  is d i r e c t l y  dependen t  on t h e  d e g r e e  

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

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

flow c a u s e s  c e r t a i n  forms to e v o l v e  but when t h i s  happens  t h e  

c h a r a c t e r  o f  t h e  flow is i t s e l f  a l t e r e d  i n  c e r t a i n  f u n d a m e n t a l  

uaps ,  It is t h i s  r e a c t i o n  which allows t h e  deve lopment  o f  

d i f f e r e n t  k i n d s  of morphology i n  t h e  d e l t a i c  e n v i r o n a e n  ts, The 

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

depends  i n  a c o ~ p l e x  manner upon t h e  n a t u r e  of t h e  f low r e g i m e  

a n d  t h e  c h a r a c t e r i s t i c s  of the s e d i m e n t  t r a n s p o r t .  

D e s p i t e  t h e  above  f a c t ,  t h e  o v e r a l l  n a g n i t n d e  o f  t h e  

d e l t a i c  mass r e f l e c t s  t h e  t o t a l i t y  of t h e  h y d r a u l i c  r e q i a e  and 

s e d i m e n t  t r a n s p o r t  c o n d i t i o n s  of t h e  p r e s e n t  e x p e r i m e n t .  Prom 

t h e  s t a n d  p o i n t  o f  morphometry, areal mapping, s u r f  i c i a l  

~ o r p h o l u g y ,  and t h e  i n t e r n a l  s t r u c t u r e  of the d e l t a s  produced  i n  

t h e  p r e s e n t  e x p e r i m e n t ,  i t  nay  b e  i n f e r r e d  t h a t  t h e  d e l t a  

morphology is more t h a n  a p a s s i v e  p r o d u c t  of t h e  jet d i f f u s i o n  

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

f i v e  and are summarized i n  t h e  f o l l o w i n g  s e c t i o n ,  



6.2 S y n t h e s i s  of t h e  f i n d i n g s  

The ma jo r  f i n d i n g s  of t h e  p r e s e n t  l a b o r a t o r y  f lume s t u d y  

i n v o l v i n g  hoaopycna l  i n f l o w  s i t u a t i o n  are summarized a s  f o l l o w s ,  

The s e d i m e n t a t i o n  p r o c e s s  a s s o c i a t e d  w i t h  t h e  p r e s e n t  

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

b e e n  d e s c r i b e d ,  and  t h e  a x i a l  jet a n a l o g y  proposed b y  Bates 

[1953) h a s  been  found  t o  be  i n a d e q u a t e  i n  i n t e r p r e t i n g  t h e  

o v e r a l l  d e l t a  r o ~ p h o l o q p .  

I n  t h e  s e d i m e n t - f r e e  f l o w  sys t em measurements  of t h e  

v e l o c i t y - f i e l d  have been shown t o  b e  i n  s u b s t a n t i a l  

a q r e e m e n t  w i t h  t h e  g e n e r a l  c o n c e p t i o n  of t h e  a x i a l  jet 

p e r c e i v e d  by d i f f e r e n t  a u t h o r s  i n c l u d i n g  Aler t s o n  gs 

($950) a n d  Bates (1953). 

A dynamic s i m i l a r i t y  i n  t h e  h y d r a u l i c  e x p a n s i o n  of t h e  jets 

f o r l i n g  a t  d i f f e r e n t  f l ow r e g i m e s  h a s  been o b s e r v e d ,  

I n i t i a l  d e p o s i t i o n  d e r i v e d  from t h e  suspended  l o a d  h a s  been 

o b s e r v e d  t o  correlate w i t h  t h e  jet e x p a n s i o n  p a t t e r n ,  b u t  it 

was s u b s e q u e n t l y  o b s c u r e d  by f u r t h e r  d e p o s i t i o n  a s s o c i a t e d  

w i t h  r e v e r s e  f low,  

The  coarse g r a n u l a r  s e d i a e n t s  moving a l o n q  t h e  bed have  been 

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

c h a n n e l  ef f lax- see t i o n ,  The p i l e  u l t i m a t e 1  y t u r n e d  i n t o  t h e  

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

o c c u r r e d  t o  p r o g r a d e  the d e l t a ,  



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

a l m o s t  c o n t i n u o u s  a t  h i g h  bed-load t r a n s p o r t  and low 

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

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

( fo rming  o v e r  t h e  d e l t a  s u r f a c e )  d i r e c t l y  p r e v e n t s  

s t a b i l i z a t i o n  a n d  growth  of  submerged n a t u r a l  l e v e e s ,  b u t  

p r o m o t e s  l a t e r a l  e x p a n s i o n  of t h e  d e l t a ,  

It has been d e m o n s t r a t e d  t h a t  t h e  m o r p h o l o g i c a l  d e l t a  

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

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

t h e  d e l t a  morpholretry d e m o n s t r a t e  t h a t  t h e  magn i tode  of  t h e  

d e l t a i c  mass is a l o g - l i n e a r  f u n c t i o n  of t h e  c h a n n e l  

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

It h a s  a l so  b e e n  shown t h a t  fo r  a given s e d i m e n t  d i s c h a r g e ,  

a n  i n c r e a s e  i n  flow v e l o c i t y  c a u s e s  a r e l a t i v e  rate of 

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

c o n c o m i t a n t  d e c r e a s e s  i n  b o t h  v e r t i c a l  and  l a t e r a l  growth.  

C o n v e r s e l y ,  a t  a g i v e n  c o n s t a n t  d i s c h a r g e  o f  flow, an 

i n c r e a s e  i n  s e d i ~ e n t - i n p u t  r a te  t e n d s  t o  r e t a r d  t h e  ra te  o f  

l o n g i t u d i n a l  advances ,  a p r o c e s s  ef f e c t i v e l p  r e l a t e d  t o  

c o m p e n s a t o r y  i n c r e a s e s  i n  b o t h  wid th  and  upward g rowth  of 

t h e  d e l t a i c  mass, 

It  has been  d e m o n s t r a t e d  t h a t  a o r p h o l o g i c a l  d e l t a  f e a t u r e s  

a re  s a r f i c i a l l y  Eorned a n d  s e a s o n a b l y  c o r r e l a t i v e  w i th  t h e  

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



d e l t a  p l a t f o r m .  Hydrodynamica l ly  more e f f i c i e n t  o r  less 

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

submerged n a t u r a l  l e v e e s  and a mid-channel  l o n q i t u d i a a l  bar. 

A bar nay l e a d  to  b i f u r c a t i o n  of t h e  f l o u ,  forming  two 

d i s t r i b u t a r y  c h a n n e l s .  Bed-f o r a s  s u c h  as sanduaves ,  s ed imen t  

bu lge ,  or broad-based s h o a l  forming  i n  r e s p o n s e  to f a i r l y  

divergent flow pat  t e r n  ( h y d r a u l i c a l l y  i n e f f i c i e n t  flow] and  

high bed-load t r a n s p o r t ,  cause'd l o c a l i z e d  damming effects, 

and s u b s e q u e n t 1  y l e a d  t o  the f o r m a t i o n  of d i s t r i b u t a r y  

p a t t e r n s  and  a t e  u s u a l l y  s h a l l o w  a n d  s h o r t - l i v e d .  

10, The t r i p a r t i t e  arranipement of t o p s e t ,  f o r e s e t ,  and bottosset  

beds has been  examined and d e s c r i b e d  g u a l i t a t i v e l y  and 

q u a n t i t a t i v e l y  i n  s e c t i o n  5.3.4. The foreset d e p o s i t  

c o n t r i b u t e d  the gross s t r u c t u r a l  o r g a n i z a t i o n  of t h e  

l a b o r a t o r y  d e l t a s ,  Cross-bedded s t r u c t u r e  o f  t h e  f o r e s e  t 

d e p o s i t  is d i r e c t l y  r e l a t e d  t o  low d i s c h a r g e  reg ime and t h e  

phenomenon o f  f l o w  s e p a r a t i o n ,  The f i n d i n g s  s u p p o r t  

3 o p l i a g 8 s  mudel of l e e s i d e  d e p o s i t i o n  o f  a small l a b o r a t o r y  

d e l t a  (1964). 

6.3 P r o b l e m s  a n d  F u t u r e  Besearch  

The p r e s e n t  f l ume  e x p e r i m e n t  i l l u s t r a t e s  t h a t  by 

r e s t r i c t i n g  t h e  d e g r e e  of freedom, the role of specific 

i v a r i a b l e s  i n v o l v e d  i n  t h e  d e l t a  b u i l d i n g  aechanism can  be 
B 



i s o l a t e d  for d e t a i l e d  o b s e r v a t i o n s .  However, i t  is t o  be 

reinembered t h a t  t h e  c o n d i t i o n  g e n e r a t e d  i n  t h e  flume i s  a g r o s s  

s i m p l i f i c a t i o n  of t h e  p r o t o t y p e  i n  n a t u r e ,  F u r t h e r m o r e ,  t h e  

scale b a r r i e r  is d i f f i c u l t  t o  n e g o t i a t e  i n  e x t r a p o l a t i n g  t h e  

results to l a r g e - s c a l e  n a t u r a l  o c c u r r e n c e s ,  D e s p i t e  these 

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

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

E x p e r i m e n t a l  procedures and equ ip t sen t  c u r r e n t l y  used are 

a d e q u a t e ,  However, i t  is recommended t h a t  f u t u r e  s t u d i e s  of  t h e  

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

a) Because  of a p r o b a b l e  v a r i a t i o n  i n  t h e  p r e s s u r i z e d  

water-flow s y s t e a  o f  t h e  t a p - p o i n t s ,  it i s  n e c e s s a r y  t o  

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

i n d e p e n d e n t  r e s e r v o i r  a n d  a power d r i v e n  mechanisa  f o r  t h e  

f lume,  

b)  T h e  channel-componen t of t h e  f l u m e  s y s t e a  s h o u l d  have 

s u f f i c i e n t  l o n g i t u d i n a l  r e a c h  to  p r o v i d e  a d e q u a t e  t i  me and  

s p a c e  for  t h e  flow t o  a d j u s t  w i t h  t h e  boundary  c o n d i t i o n s ,  

c )  D e t e r m i n a t i o n  o f  v e l o c i t y  components  i n  time and space is 

v e r y  i m p o r t a n t  i n  s u c h  an i n v e s t i g a t i o n ,  Because  of c e r t a i n  

s h o r t c o m i n g s ,  t h e  P i t o t  s t a t i c  t u b e  is n o t  s u i t a b l e  for 

d e t e r m i n i n g  v e l o c i t y  h e a d s  a t  low d i s c h a r g e ,  or when the 

water is  c h a r g e d  w i t h  s e d i m e n t s ,  

d) Because  a p a r t  of t h e  finer s e d i m e n t  i s  a l w a y s  l o s t  

d u r i n g  t h e  runs, i t  is b e t t e r  n o t  t o  r e c y c l e  s e d i m e n t  when 



t h e  m a t e r i a l  is r i v e r  s ed imen t .  

e) It would be b e t t e r  i f  a v e r y  l a r g e  f l u m e  s y s t e m  i s  

employed t o  overcome a c e r t a i n  scale barrier e n c o u n t e r e d  i n  

t h e  p r e s e n t  s t u d y .  

f) It i s  felt  t h a t  t h i s  s t u d y  c o u l d  be b e t t e r  per formed by a 

team of w o r k e r s  r a t h e r  t h a n  by a n  i n d i v i d u a l .  

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

i n s i q h t  i n t o  t h e  mechanism of d e l t a  f o r m a t i o n  i n  a v a r i e t y  of 

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  c o n d i t i o n s .  B u t  d e l  t a - b u i l d i n g  

p r o c e s s e s  are v e r y  c o m p l i c a t e d ,  i n v o l v i n q  Many v a r i a b l e s  r a t h e r  

t h a n  a  f e u  dominan t  ones ,  T h e r e  is a n  o b v i o u s  need f o r  a 

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

i n t e r d e p e n d e n t  and  i n t e r a c t i n g  v a r i a b l e s .  A very promis ing  

laboratory f l u m e  research e x i s t s  f o r  c o n s i d e r a t i o n  of t h e  

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

s l o p e  and  ~ o r p h o l l o g  y, and  off - s h o r e  e n e r q y  c o n d i t i o n s .  P u r t  her 

work c o u l d  g i v e  better u n d e r s t a n d i n g  of t h e  n a t u r a l  p r o c e s s e s ,  

and a lso  p r o v i d e  a r e n o v a t e d  methodology for d e a l i n g  w i t h  

n a t u r a l  probleras,  

Another  p r o a i s i n g  avenue  of f l u a e  e x p e r i m e n t a l  r e s e a r c h  

suqqested b y  the p r e s e n t  s t u d y  is t h e  c o n s i d e r a t i o n  of 

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

l a b o r a t o r y  d e l t a s ;  t h a t  is, the f o r m a t i o n  of b a r s  or shoals,  a n d  

the b u i l d i n g  of n a t u r a l  l e v e e s ,  d i s t r i b u t a r y  sys tem,  a n d  t h e  

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



The f l u m e  s y s t e m  

&&ore ~ g & g g  used i n  t h e  p r e s e n t  e x p e r i m e n t  u a s  

d e s i g n e d  and  b u i l t  b y  t h e  writer, and  was f i n a n c e d  by the 

Depar tment  of Geography, Siaon P r a s e r  University. The f lume  

s y s t e m  c o n s i s t s  of three major  components:  t h e  f l u m e  b a s i n ,  t h e  

f l ume  c h a n n e l ,  and  t h e  hopper ,  The f l u m e  was p l a c e d  on two 

tables w i t h  n e c e s s a r y  s u p p o r t s  as shown i n  f i g u r e  A- 1. 

f l u s e  &&, 300 cn l o n g ,  120 cm wide is made o f  1.27 

cm (0.5 i n c h e s )  plywood (see f i g u r e  A-2). The plywood was s i z e d  

and nailed t o g e t h e r  t o  b u i l d  t h e  t r a p s h a p e d  b a s i n .  The joints 

were sealed with f ibre  qlass t o  p r e v e n t  l e a k a g e ,  A few 

i n n o v a t i o n s  were i n t r o d u c e d  i n t o  the b a s i n ,  S i x  foam slabs 

c o v e r i n g  a l o n g i t u d i n a l  d i s t a n c e  of 240 c m  t o  ra ise  t h e  

bas in-bot tom b y  10 cm, Twenty-f ive l a t e r a l - l i n e s  (A t o  Y) and  4 8  

l o n g i t u d i n a l - l i n e s  (0 to 48), 5 ce a p a r t ,  were drawn on t h e  f o a a  

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

(dia,  0.4 cm) were c o n n e c t e d  t o  t h e  b a s i n  fo r  d r a i n i n g  out t h e  

water a t  the end of t h e  run ,  T o  c o n t r o l  t h e  uater-level of t h e  

f l u m e  b a s i n ,  a 22 cm h i g h  weir u a s  b u i l t  a t  a l o n g i t u d i n a l  

d i s t a n c e  of 180 c n ,  Two o u t l e t  t u b e s  (d i a .  2 , s  c a )  were f i x e d  a t  



a d i s t a n c e  o f  190 ca f rom t h e  c h a n n e l  mouth t o  p r o v i d e  a 

n e c e s s a r y  exit for t h e  s p i l l e d - w a t e r  o v e r  t h e  weir d u r i n g  t h e  

run .  

z& f 1 u e  a n n e & ,  100 cm l o n g ,  10,2 cm wide and 10 cm 

deep, is made of plywood ( F i g u r e  A - 1  a n d  A-2). I t  is a 

r e c t a n g u l a r  open-channel  whose bo t tom a n d  s i d e s  were capped  wi th  

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

s u p p o r t e d  b y  a b l o c k  of wood, Yater was drawn i n t o  t h e  f l u m e  

s y s t e m  t h r o u g h  two f l e x i b l e  h o s e s  ( d i a ,  2.54 cm) . . 
is a r e c t a n g u l a r  cone-shaped  box b u i l t  w i t h  f o u r  

p i e c e s  of plywood. The u p p e r  and  lower e n d s  r e p r e s e n t  

squa red -open ings ,  m e a s u r i n g  30 cm x 30 cm and  8 cm x 8 c a ,  

r e s p e c t i v e l y ,  a n d  t h e  v e r t i c a l  h e i g h t  o f  t h e  c o n e  wall i s  6 5  cm 

(Figure A - 1  and A D Z ) ,  The lower end  of t h e  h o p p e r  is f i x e d  on a 

r e c t a n g u l a r  p i e c e  o f  plywood wi th  a  h o l e  ( d i a m e t r e  3 - 5  cm) a t  

t h e  middle.  A ~ e t a f  p l a t e  w i t h  s i x  openings was used  t o  r e q u l a t e  

the sed imen t - f eed  rates i n t o  t h e  f l ow system.  The hoppe r  was 

s u p o r t e d  by  t h r e e  bricks on e i t h e r  side of t h e  f l ume  head  

(Figure A- I ) . 
a f l o w  circuit fnr flume is  shown i n  f i g u r e  A-3. 

Water was drawn from two t a p p a i n t s  t h r o u g h  f l e x i b l e  h o s e s  i n t o  

t h e  f l ume  c h a n n e l ,  and t h e n c e  to t h e  f l u m e  b a s i n .  Durinq t h e  

test run ,  t h e  s p i l l e d - w a t e r  o v e r  t h e  weir was d r a i n e d  o u t  

t h r o u g h  t h e  two e x i t - p i p e s  w i t h o u t  r e c i r c u l a t i o n ,  





I Plan View 

I'igurv A-2. P h  I $ ~ l d  Elcvd tion ot t l  lc Fliur~c: Systan. 
Scale is 1 cm to 30 cm. 

Tp: Tap-points 
Ch: Flume Channel 
Ba: Flume Basin 
Ex; Exit-outlet 
Dr : Main Drain 



A!E&mL&B 

Computa t ions  of V e l o c i t y ,  D i s c h a r g e  a n d  F roude  Number 

a f i m - v w  of a l o c a t i o n ,  V, was c o r p u t e d  f rom t h e  

r e l a t i o n :  V = 2gh where  g i s  t h e  a c c e l e r a t i o n  due  to g r a v i t y  

(980 cm/sec ) and h r e p r e s e n t s  v e l o c i t y - h e a d  aeasnleed a t  the 

l o c a t i o n .  

pitB4 stat& &J&J was used t o  d e t e r a i n e  t h e  

v e l o c i t  y-head, The i n s t r u m e n t  c o n s i s t s  of two s e p a r a t e  p a r a l l e l  

p a r t s  i n  a s i n g l e  tube w i t h  a r i g h t  a n g l e  bend a t  one  e n d ,  One  

of t h e s e  p a r t s  i n d i c a t e s  t h e  s u n  of t h e  p r e s s u r e  head and  

v e l o c i t y  h e a d  f i ee l  t o t a l  head), and t h e  o t h e r  p a r t  i n d i c a t e s  

t h e  p r e s s u r e  head, The h e a d s  o f  t h e  p i t o t  t u b e  are  c o n n e c t e d  

w i t h  t h e  g l a s s  t u b e  f i x e d  v e r t i c a l l y  on a board, The p i t a t  tube  

is iamersed  a t  a r e q u i r e d  f low-depth  a n d  water is sucked  up 

t h r o a q h  t h e  g l a s s - s t e a s  t o  remove a l l  a i r .  When t h e  i n s t r u m e n t  

i s  h e l d  t i g h t  f a c i n g  t h e  c u r r e n t ,  d i f f e r e n t i a l  water rises are 

i n d i c a t e d  b y  t h e  v e r t i c a l  g l a s s - s t e m s ,  The v e r t i c a l  d i s t a n c e  

between t h e s e  two rises is t h e  v e l o c i t y  head,  T a b l e s  B1, B 2 ,  and  

8 3  r e p r e s e n t  t h e  v e l o c i t y - h e a d ,  f l o w - v e l o c i t  y and d i s c h a r g e  of 

t h e  d i f f e r e n t  locations of t h e  r u n s .  



T a b l e  B-1 

Veloc i ty -head  and  f low v a r i a b l e s  

C o n t a i n e d  i n  t h i s  s e c t i o n  o f  t h e  table are d a t a  r e l a t i n g  t o  
v e l o c i t y - h e a d s  (cm) and f l o u  v e l o c i t i e s  (cm/sec) r e c o r d e d  a t  t h e  
mouth o f  t h e  f l ume  c h a n n e l  i n  the s e d i m e n t - f r e e  f l o w  sys t em.  The 
l o c a t i o n a l  r e f e r e n c e s  on t h e  measurements  are shown i n  f i g u r e  
B-1 
Ref. vsri.am aries-A W e s - B  Series-C e s  Sgies-E 
P h/V 1 .90 0.30 0. 15- 0.80 1 .OO 
1 61.02 24.25 17-15 39.29 44 27 

P h/V 0.85 f leasurements  of t h e  0,20 0.40 
6 40.81 above  data i n v o l v e d  19.39 28 .OO 

6/10th of the 
P h/B 1.80 f law-depth  f rom t h e  0 45 0 ,75 
7 59.39 water-surface 29.69 38 34 

O t h e r  variables computed from t h e  above  figures or  o t h e r w i s e  
measured are shown below, 





TABLE B-2 

W o c i u - h e a d  data of &e jets 

Contained i n  t h i s  s e c t i o n  of t h e  table are d a t a  r e l a t i n g  t o  
v e l o c i t y - h e a d s  {cm) and flow v e l o c i t i e s  (cm/sec) recorded  a t  t h e  
mouth of t h e  flume c h a n n e l  i n  t h e  s ed iment - f ree  flow system. The 
l o c a t i o n a l  r e f e r e n c e s  on t h e  s e a s u s e m e n t s  a t e  shown i n  figure 7 

Serb- S e r i e s - 0  a e s - C  M e s - U  Series-E 

(Tab le  c o n t i n u e d  on next page) 

170 



T a b l e  B- 2 ( c o n t i n u e d )  

*** r e p r e s e n t s  h is less t h a n  0.05 i ,em, v e l o c i t y  < 9 ca/sec, 

Compota t ions  of t h e  flow v e l o c i t y  of t h e  c h a n n e l  were dune 

by  measur ing  t h e  velocity-head a t  t e n  l o c a t i o n s  across t h e  

c h a n n e l  w id th ,  They i n v o l v e  t h e  d e t e r m i n a t i o n  of t h e  v e l o c i t y  

head  a t  0 ,2  a n d  0 ,8  of the total f l aw-dep th  of t h e  c h a n n e l .  

Another aethod i n v o l v i n g  six-tenths of t h e  flow d e p t h  from the 

w a t e r  s u r f a c e  was employed t o  d e t e r m i n e  t h e  v e l o c i t y - h e a d  where 

the c h a n n e l  flow d e p t h  was sha l low.  The  average velocity was 

c o a p n t e d  by  taking t h e  a r i t h m e t i c  mean of the ten or six 

l o c a t i o n s .  T a b l e  B1 lists t h e  measurements  a n d  t h e  v e l o c i t i e s  of 



t h e  c h a n n e l  f low.  

sow-discBars2 was computed  from t h e  e q u a t i o n  Q = V.A,  

where V r e r p r e s e n t s  the a v e r a g e  v e l o c i t y  and  A is the 

cross-sectional area ( w i d t h  x d e p t h )  of the c h a n n e l  f l o w .  The 

flow d e p t h  a n d  w i d t h  were d i r e c t l y  measured ,  a n d  are shown i n  

table B l .  

P;E~ude meex v a s  computed from t h e  r e l a t i o n ,  

F r ,  = 2gd  where  Fr. = Froude l umbe r  
V = Average  v d o c i t y  o f  t h e  c h a n n e l  flow 
g = A c c e l e r a t i o n  due t o  g r a v i t y  (980 cn/sec ) 
d = C h a n n e l  f l ow-dep th ,  

m w  3;he fa a t  d i f f e r e n t  l o c a t i o n s  a l o n g  

l o n q i  t u d i n a l ,  lateral,  a n d  v e r t i c a l  d i r e c t i o n s  was compu t e d  f rom 

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

T h e  l o c a t i o n s  of t h e  v e l o c i t y - h e a d  B e a s u r e m e n t s  are shown i n  

f i g u r e  7 ( S e c t i o n  5 .3 )  a n d  d a t a  r e l a t e d  t o  these measu remen t s  

a re  l i s t e d  i n  t a b l e s  B-2 a n d  8-3, 



T a b l e  B-3 

Conta ined  in t h i s  t a b l e  a r e  a l l  t h e  data re lat ing  t o  t h e  
ve loc i t y -heads  of t h e  jet flows measured along t h e  v e r t i c a l  a x i s  
of t h e  je ts ,  The l o c a t i o n s  of the measurement are shown i n  
f i g u r e  7, The data a r e  in c a m  

O m  4 5m20 I m 4 0  Om95 2-65 3m55 
f i / Q  2m0 3.30 O m  90 O e  60 1 a70 2m25 

U m O  Om35 Om10 Om05 Om 15 Oe20 
6m Q O m  00 O e O O  O m  00 Om00 O e O O  

O m  4 3m50 Om90 O m  60 1,753 2,35 
2m0 2m40 Om65 0.45 1.20 1.65 
4mO la30  Om35 Om25 Om65 0m85  

M/ll 6.0 O m  30 0m15 O e  10 Om30 0*40  
8mO Oa10 **** SSS* **s* 0.05 

10. 0 0000 om00 oeoo om00 om00 

(Continued on next page) 



T a b l e  B-3 ( c o n t i n u e d )  

A 1 1  values are w i t h i n  t h e  range of +/- 1 0.02cm. 
**** i n d i c a t e s  t h a t  v e l o c i t y - h e a d  i s  less t h a n  0.05 



Appendix C 

Sampl ing  a n d  s ize  o f  s e d i m e n t  a n a l y s i s  

S a ~ l p l e s  of s e d i m e n t  were t a k e n  from e i g h t  l o c a t i o n s  c o v e r i n  q 

t o p s o i l ,  f o r e s e t ,  a n d  b o t t o n s e t  m a t e r i a l s .  S e d i a e n t  s a m p l e s  were 

d r i e d  a t  room t e a p e r a t u r e  a n d  a n a l y s e d  by  a v i s u a l  a c c u m u l a t i o n  

tubem 

The equ ipmen t  c o n s i s t s  o f  a s e d i m e n t a t i o n  t u b e  and  a 

s p e c i a l  r e c o r d e r ,  The  t u b e  h a s  a l e n g t h  o f  120 c m  and a n  i n s i d e  

d i a m e t e r  o f  2.54 c m , ,  e x c e p t  for t h e  l o v e r  end ,  v h i c h  h a s  a 

c o n s t r i c t e d  s e a m e n  t - accumula t ion  s e c t i o n  u i t h  a  d i a m e t e r  o f  

5.00 am, The size a n a l y s i s  is based  on a s t r a t i f i e d  

s e d i m e n t a t i o n  s y s t e m  i n  which a sample ( u e i g h i n g  w i t h i n  5 t o  7 

qm) i s  i n t r o d u c e d  a t  t h e  t o p  of a s e t t l i n g  t u b e  c o n t a i n i n g  

water, A manual ly  o p e r a t e d  pen is u s e d  t o  t r a c e  t h e  height of 

s e d i m e n t  a c c u ~ u l a t i o n  on a c h a r t  which moves a t  a n  un i fo rm 

speed ,  A n a l y s e s  are i n  t e r n s  o f  fall. v e l o c i t y  of i n d i v i d u a l  

p a r t i c l e s  of which t h e  sample  is composed. The c u m u l a t i v e  s i z e  

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

i n t e r c e p t s  on t h e  o r d i n a t e  a x i s .  

The s e d i m e n t  sizes c o r r e s p o n d i n g  t o  p e r c e n t i l e s  of 5, 16, 

25, 50, 75, 84 and 95 were r e a d  from t h e  c h a r t  a n d  a r e  l i s t e d  i n  



t a b l e s  C - 1 a n d  C - 2 .  811 p e r c e n t i l e s  are e x p r e s s e d  i n  p h i  

u n i t s ,  

The s e d i m e n t  p a r a m e t e r s  u sed  i n  t h i s  s t u d y  are t h o s e  

s u q g e s t e d  b y  P o l k  a n d  Yard (1957) .  The p a r a m e t e r s  are e x p r e s s e d  

as  f o l l o u s :  

016  + 0 5 0  080 

Hean S i z e  = ---------------- 
3 

S o r t i n q  ( s t a n d a r d  d e v i a t i o n )  = 084 - 016 095 - 05 

---*----- + -------- 
4 6.6 

K u r t o s i s  = 0 9 5 - 0 5  

--I--------- 

2,44(075-025)  

The measu re  of c e n t r a l  t e n d e n c y  is t h e  n e d i a n  d i a a e t e r s ,  

50% v a l u e  on t h e  c u m u l a t i v e  f r e q u e n c y  graph, The a e d i a n  

s e p a r a t e s  t h e  s a m p l e  into two e q u a l  h a l v e s  b y  weiqht .  The  o t h e r  

way of e x p r e s s i n g  t h e  c e n t r a l  t e n d e n c y  is t o  use t h e  mean v a l u e ,  

If the s a m p l e  h a s  a s y m m e t r i c a l  d i s t r i b u t i o n  t h e  aean a n d  a e d i a n  

are  t h e  same; i f  t h e  mean d i f f e r s  f rom t h e  median the 



T a b l e  C-1 

Conta ined  i n  this t a b l e  a r e  t h e  d a t a  r e l a t i n g  t o  t h e  sed iment  
s i zes  c o r r e s p o n d i n g  t o  v a r i o u s  p e r c e n t i l e s  e x p r e s s e d  i n  P h i  
u n i t s ,  The d a t a  are r e a d  f r o n  g r a p h s  t r a c e d  b y  t h e  v i s u a l  
Accumulation tube .  The s e d i a e n t  s a m p l e s  represent t o p s e t  (T) , 
f o r e s e t  (F) and b o t t o m s e t  ( B )  d e p o s i t s  c o l l e c t e d  f r o n  t h e  
l o n g i t u d i n a l  d i s t a n c e s  of 25, 65, 105 and 145 c n  from t h e  
channel mouth, They a r e  l i s t e d  below i n  t h e  i n c r e a s i n q  o r d e r  o f  
d i s t a n c e s ,  

Refer-  I  (  05 
e n c e s  I I 

I 1  
( T i  1.0 

Run -4 IF1  0.705 
401 a 6 4  
t 1 
I  I 
I T J  1.56 

f u n  -9 IF1 0,705 
4 B 4  1.09 
I L 
# I  
IT[ 1e515 

Run -14 4F) 0.775 
1 B I  0.40 
t I  
1 1  
13'1 1.185 

Bun - 20 12) 0.705 
IB1 0.92 
I  I 
t 3 
(Ti 1*99 

Run - 26 1P1 0,845 
134 1 - 0  
1 t 
1 i 
IT1 1.09 

Pun-4 JF1 0.40 
LBt 1-045 
1 1  
I t  
l ' P I  1.395 

Run -9 IF) 0.575 
(BI 1.135 
i 1 

(Continued on n e x t  



Table C- 1 (continued) 

%ua - 4 j J 
Run - 9  1 J 
Bun - 14 ( 1 
Run - 20 J ) 
Bun - 26 3E( 

1 I 
4 t 
J I 

Run 4 I I 
Run - 9 f 1 
Bun - 14 1 ) 
Bun - 26 1 4 
Bun - 26 1 I 

1 I 
i J 

05 1 0 1 6  1 0 2 5  1 0 5 0  1 
I I t 1 
J I I 1 

0575 4 0845 1 a09 ) 1.56 4 
s575 J 0845 11oO45 1 1.29 1 

1.785 1 2.16 1 2.325 1 2.63 1 
1 I I J 
t 1 I 1 

1.29 J 1.64 ] 1.845 f 2022 1 
,705 J 1,135 3 1.535 4 1.845 1 
,845 1 3.535 4 1.755 4 2.15 1 

1 1 t # 
1 1 1 1 

1.535 4 1.845 1 2.015 J 2.275 1 
0,575 4 0.775 1 1.00 4 1.515 1 
1.67 1 2 . 0 1 5  1 2 . 1 3  1 2 . 4 8  J 

1 t I t 
t I I I 

Bottomset deposit only 



T a b l e  C-2 

Sed imen t  g r a i n  s i z e  a n a l y s i s  

Con ta ined  i n  t h i s  t a b l e  are the d a t a  relating t o  the s e d i m e n t  
sizes c o r r e s p o n d i n g  t o  v a r i o u s  p e r c e n t i l e s  e x p r e s s e d  i n  Ph i  
u n i t s .  The d a t a  are r e a d  from g r a p h s  t r a c e d  b y  the v i s u a l  
Accumula t ion  tube .  The s e d i n e n t  s a m p l e s  r e p r e s e n t  t o p s e t  (T) , 
foreset (P) and  bottomset (B) d e p o s i t s  c o l l e c t e d  from t h e  
l o n g i t u d i n a l  d i s t a n c e s  of 25, 65 ,  105 a n d  145 cm fro@ the 
c h a n n e l  mouth. They are l i s t e d  below i n  t h e  i n c r e a s i n g  o r d e r  o f  
d i s t a n c e s .  

Refer- ) J 
eztces 1 I 

4 I 
IT4 

Bun - 17 J P J  
I B 1 
1 f 
1 1  
I Td 

Run - 18 lP( 
I B I  
1 f 
1 I 
t 'pt 

Run - 19 ) P I  
JB1 
I 1  
I 1  
JTl  

Run - 20 l P J  
I B I  
1 1  
t I 
I T !  

Run - 2 1  J P I  
1 B I  
J I 
1 I 
I T 1  

Bun - 22 f P I  
1 B t  
1 I 

{Continued on next page )  





T a b l e  C-2 ( c o n t i n u e d )  

Run - 20 1 1 2.015 j 2.26 1 2.44 1 2.73 1 3.035 1 3, 16 4 3.54 
Run - 21  1 1 2.015 ) 2 , 2 6  1 2,36 4 2.63 1 2.90 1 3.03 I 3,26 
Run - 22 J ( 1,67 1 2.015 I 2.13 1 2.44 1 2.68 1 2 .78  1 3.12 

1 J 1 I 1 I I 1 

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

f o l k  a n d  Hard (1 957)  s u g g e s t e d  a v e r b a l  scale t o  d e s c r i b e  

s o r t i n g  a s  f o l l o w s :  

St < 0.35 v e r y  w e l l  s o r t e d  

0.35 < st < 0 ,50  well s o r t e d  

0 ,50 < st < 1.00 m o d e r a t e l y  s o r t e d  

1 ,00  < st < p o o r l y  s o r t e d  

st 4,OO e x t r e e e l y  p o o r l y  s o r t e d .  

I t  is s u g g e s t e d  t h a t  when s e d i m e n t  is b i a o d a l ,  t h e  s o r t i n g  

will raost l i k e l y  be p o o r e r  t h a n  when it is unimodal .  The d e g r e e  

of s o r t i n g  d e p e n d s  t o  a c o n s i d e r a b l e  extent on t h e  method o f  

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

d e p a r t u r e  of t h e  mean from t h e  median,  I n  s y m m e t r i c a l  

d i s t r i b u t i o n  t h e  mean a n d  median v a l u e s  are the sase, I f  

s k e w n e s s  i s  n e g a t i v e  t h e  mean is less t h a n  t h e  median;  t h e  

d i s t r i b u t i o n  i s  skewed t o w a r d s  smaller 0 value or c o a r s e r  

p a r t i c l e s .  On t h e  o t h e r  hand,  i f  s k e w n e s s  i s  p o s i t i v e  the 

d i s t r i b u t i o n  is  skewed t o w a r d s  t h e  higher 0 v a l u e s  or  f i n e r  

par  t i des .  

K u r t o s i s  is a measu re  of peakaednes s .  Very h i g h  o r  low 

v a l u e s  of K u r t o s i s  s u g q e s t  t h a t  one t y p e  o f  material was s o r t e d  



i n  a r e q i o n  of h igh  e n e r g y ,  a n d  t h e n  t r a n s p o r t e d  uithout c h a n g e  

i n  c h a r a c t e r  to another env ironment ,  where it becomes mixed with 

another sedinent, p o s s i b l y  of low e n e r g y .  
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