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ABSTRACT 

The f e a s i b i l i t y  of many e n g i n e e r i n g  works, bo th  new developments and 
maintenance programmes, w i t h i n  a  c o a s t a l  o r  e s t u a r i n e  environment may 
s i g n i f i c a n t l y  depend i n  economic and e c o l o g i c a l  terms on t h e  a b i l i t y  t o  
p r e d i c t  t h e  movement of  f i n e  cohes ive  ~ e d i m e n t s . ; ~ T h e  behaviour o f  such 

-, sed iments ,  o r  mud8 a s  they  a r e  commonly c a l l e d . -  c o n t r o l l e d  by a  complex 
a r r a y  o f  phya ica l  and chemical  f a c t o r s ,  which a r e  o n l y  p a r t l y  underatood,  
and by t h e  hydrodynamics of t h e  flow. P r e d i c t i o n  o f  mud behaviour  i s  
t h e r e f o r e  v e r y  d i f f i c u l t  from i t s  p h y s i c a l  and chemical  p r o p e r t i e s  a l o n e .  
Accordingly,  t h e  e n g i n e e r i n g  approach u s u a l l y  adopted h a s  been t o  de te rmine  
i n  t h e  l a b o r a t o r y  f o r  a  g i v e n  f low c o n d i t i o n  t h e  behaviour of  a sample o f  
mud t a k e n  from t h e  f i e l d .  

Within  mud t h e r e  is a  l a r g e  p r o p o r t i o n  o f  p a r t i c l e s  which a r e  v e r y  small 
such t h a t  t h e  e f f e c t  of  t h e  s u r f a c e  physico-chemical f o r c e s  becomes a s  
impor tan t  a s  t h e  e f f e c t  of  g r a v i t y  f o r c e s .  F l o c s  w i l l  form a s  a  r e s u l t  of  
c o l l i s i o n s  and cohes ion  of i n d i v i d u a l  p a r t i c l e s .  The maximum f l o c  s i z e  i s  

.;L/ governed by t h e  p a r t i c l e  s i z e ,  c o n c e n t r a t i o n ,  mineralogy,  ph and i o n i c  
s t r e n g t h  of  mud. chemical  composi t ion o f  t h e  f l u i d ,  and hyzodynamic 
parameters  such a s  v e l o c i t y  and t u r b u l e n c e  s t r u c t u r e ,  i n t e r n a l  s h e a r  and bed 
s h e a r  s t r e s a .  

Mud may be  cons idered  t o  e x i s t  i n  f o u r  s t a t e s ,  namely, a  mobi le  suspended 
sediment ,  a  near  bed s t a t i o n a r y  suspens ion  of h igh  c o n c e n t r a t i o n ,  a  
p a r t i a l l y  c o n s o l i d a t e d  bed and a s e t t l e d  bed. F l o c s  may a e t t l e  towards t h e  
bed and become p a r t  o f  t h e  bed o r  may be re-suspended from t h e  p a r t i a l l y  
c o n s o l i d a t e d  bed and t h e  s e t t l e d  bed. The p r o c e s s e s  o f  d e p o s i t i o n ,  
c o n s o l i d a t i o n  and e r o s i o n  may be i d e n t i f i e d  i n  terms of  f l o c  behaviour .  Up 
t o  now, t h e  m a j o r i t y  of  work h a s  cons idered  t h e s e  p rocesses  i n  i s o l a t i o n  
a l though  t h e r e  i s  an i n c r e a s i n g  awareness t h a t  i t  i s  n e c e s s a r y  t o  more 
c l o s e l y  s i m u l a t e  t h e  c y c l i c  e lements  of  e s t u a r i n e  c o n d i t i o n s .  

An e n g i n e e r i n g  gu ide  i s  presen ted  which g i v e s  p r a c t i c a l  a d v i c e  on t h e  
approaches  t o  be taken i n  p r e d i c t i n g  t h e  behaviour o f  mud. I t  i s  
recognised ,  however, t h a t  t h e  emphasis must s t i l l  be placed on e m p i r i c a l  
r e l a t i o n s h i p s .  

A s t a t e - o f - t h e - a r t  r ev iew o f  t h e  a v a i l a b l e  d a t a  on t h e  e n g i n e e r i n g  
p r o p e r t i e s  and behaviour  of  e s t u a r i n e  muds i s  presen ted .  Work has been 
c o l l a t e d  under t h e  t o p i c s  o f  d e p o s i t i o n ,  c o n s o l i d a t i o n  and e r o s i o n .  Both 
l a b o r a t o r y  and f i e l d  based r e s e a r c h  are d e s c r i b e d  and comparisons a r e  drawn 
between t h e  d a t a  from d i f f e r e n t  sources .  

I n  t h e  concluding remarks,  some impor tan t  a r e a s  of  mud behaviour i n  need o f  
f u r t h e r  r e s e a r c h  a r e  i d e n t i f i e d .  
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1 INTRODUCTION 
The a b i l i t y  t o  p r e d i c t  t h e  movement of c o h e s i v e  
s e d i m e n t  w i t h i n  c o a s t a l ,  e s t u a r i n e  o r  i n l a n d  w a t e r s  
h a s  a s i g n i f i c a n t  e c o n o m i c a l  and  e c o l o g i c a l  i m p o r t a n c e  
i n  t h e  deve lopment  of new e n g i n e e r i n g  works  and  the  
m a i n t e n a n c e  o f  e x i s t i n g  i n s t a l l a t i o n s .  The f u t u r e  
v i a b i l i t y  o f a  p roposed  new p o r t ,  f o r  example ,  c o u l d  
l a r g e l y  depend  on  t h e  c o s t  o f  r o u t i n e  d r e d g i n g  
n e c e s s a r y  t o  s u s t a i n  i t s  a c c e s s i b i l i t y  t o  s h i p p i n g .  
Many o t h e r  schemes ,  s u c h  a s  t l ~ e  r e c l a m a t i o n  o f  
i n t e r t i d a l  f l a t s ,  o r  t h e  c o n s t r u c t i o n  o f  f l o o d  
p r o t e c t i o n  s t r u c t u r e s  o r  t h e  l a y i n g  of o u t f a l l s ,  a l s o  
r e q u i r e  a sound e n g i n e e r i n g  a p p r a i s a l  o f  t h e  l i k e l y  
c h a n g e s  i n  t h e  p a t t e r n s  of s ed imen t  movement which 
w i l l  r e s u l t  a f t e r  t h e  scheme is b u i l t .  F u r t h e r m o r e .  
t h e  c a p a b i l i t y  t o  p r e d i c t  t h e  movement of  c o h e s i v e  
s e d i m e n t  i s  c r u c i a l  i n  t h e  u n d e r s t a n d i n g  of  t h e  
d i s t r i b u t i o n  of  c e r t a i n  p o l l u t a n t s ,  i n  p a r t i c u l a r  
heavy  m e t a l s  which a r e  a d s o r b e d  on  t o  c l a y  and  s i l t  
p a r t i c l e s .  

The p r o c e s s e s  of  d e p o s i t i o n ,  c o n s o l i d a t i o n  and  e r o s i o n  
o f  c o h e s i v e  s e d i m e n t  a r e  c o n t r o l l e d  by a  complex a r r a y  
o f  p h y s i c a l  and  c h e m i c a l  f a c t o r s  which a r e  o n l y  p a r t l y  
u n d e r s t o o d .  Any a t t e m p t  t o  p r e d i c t  t h e  movement of  
c o h e s i v e  s e d i m e n t  must  f i r s t  i n v e s t i g a t e  t h e  n a t u r e  o f  
t h e  hydrodynamics  of t h e  w a t e r  and  t h e n  r e l a t e  t h e  
movement of w a t e r  t o  t h e  movement of c o h e s i v e  
s e d i m e n t .  A s  y e t ,  i t  is n o t  p o s s i b l e  t o  p r e d i c t  t h e  
b e h a v i o u r  of  a c o h e s i v e  s e d i m e n t  from i t s  p h y s i c a l  and  
c h e m i c a l  p r o p e r t i e s  a l o n e  and  t h e  p r i n c i p a l  t h r u s t  o f  
r e s e a r c h  h a s  been  t o  d e t e r m i n e  i n  t h c  l a b o r a t o r y ,  f o r  
a g i v e n  s e t  of f l o w  c o n d i t i o n s ,  t h e  b e h a v i o u r  of a  
s a m p l e  of  t h e  c o h e s i v e  s e d i m e n t  t a k e n  f rom t h e  f i e l d .  
S o l u t i o n s  i n  t h i s  i n s t a n c e ,  a r e  t h e r e f o r e ,  ba sed  on 
e m p i r i c a l  d a t a  and  have  l i m i t e d  v a l u e  t o  o t h e r  s i tes .  

The c o m p l e x i t y  of  c o h e s i v e  s e d i m e n t  may be  
d e m o n s t r a t e d  by r e f e r e n c e  t o  a  c h a r a c t e r i s a t i o n  of  
c o h e s i v e  s e d i m e n t  p r e s e n t e d  by H a y t e r  and  Mehta (1982)  
a n d  r e p r o d u c e d  i n  T a b l e  1. The number of  p a r a l n e t e r s  
which need  t o  be d e t e r m i n e d  t o  c o m p l e t e l y  d e s c r i b e  a 
c o h e s i v e  s ed imen t  is  q u i t e  c o n s i d e r a b l e .  Hence i t  i s  
e a s i e r  t o  u n d e r s t a n d  why s t u d i e s  of c o h e s i v e  s e d i m e n t  
have  been e m p i r i c a l  and  s i t e  s p e c i f i c  r a t h e r  t h a n  of  a  
more f u n d a m e n t a l  n a t u r e .  

Even t h e  l a b o r a t o r y  s t u d i e s  t o  d a t e ,  however ,  h a v e  had  
t h e  drawback o f  c o n s i d e r i n g  o n l y  one p r o c e s s  i n  
i s o l a t i o n ,  e . g .  d e p o s i t i o n  o r  e r o s i o n ,  a n d  even  t h e n  
u s u a l l y  a t  a  c o n s t a n t  r a t e  of  f l o w .  I n  n a t u r a l  
c o n d i t i o n s  t h e  p r o c e s s e s  a r e  o f t e n  s t r o n g l y  c y c l i c  
w i t h  t h e  d e p o s i t i o n ,  p a r t i a l  c o n s o l i d a t i o n  a n d  
r e - e r o s i o n  of c o h e s i v e  s ed imen t  o c c u r r i n g  r e p e a t e d l y  
w i t h  t h e  t i d e s .  L a b o r a t o r y  s i m u l a t i o n  o f  t h e  t i d a l  



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

E s t u a r i n e  c o h e s i v e  s e d i m e n t ,  commonly c a l l e d  mud, i s  
composed p r i m a r i l y  o f  s i l t  and  c l a y .  Fo r  e x a m p l e ,  t h e  
s i z e  d i s t r i b u t i o n s  o f  f i v e  muds i n v e s t i g a t e d  a t  
H y d r a u l i c s  R e s e a r c h  are g i v e n  i n  F i g u r e  1.  The 
m i n e r a l o g y  and c a t i o n  e x c h a n g e  c a p a c i t y  o f  t h r e e  o f  
t h e  muds are p r e s e n t e d  i n  T a b l e  2 .  Mud c o n t a i n s  a  
l a r g e  p r o p o r t i o n  o f  v e r y  s m a l l  p a r t i c l e s  wh ich  h a v e  a  
l a r g e  s p e c i f i c  area s u c h  t h a t  t h e  e f f e c t  o f  t h e  
s u r f a c e  phys i co -chemica l  f o r c e s  becomes a s  i m p o r t a n t  
a s  t h e  e f f e c t  o f  g r a v i t y  f o r c e s .  Some o f  t h e s e  
i n d i v i d u a l  p a r t i c l e s  a r e  less t h a n  1 m i c r o n  i n  
d i a m e t e r  and  may b e  k e p t  i n  s u s p e n s i o n  by Rrownian 
m o t i o n  a l o n e .  F l o c c u l a t i o n  of  p a r t i c l e s  w i l l  t a k e  
p l a c e  when t h e  n e t  p h y s i c o - c h e m i c a l  i n t e r p a r t i c l e  
f o r c e s  become a t t r a c t i v e .  

The s i z e  and s e t t l i n g  v e l o c i t y  o f  t h e  f l o c s  may be 
much l a r g e r  t h a n  t h a t  o f  t h e  i n d i v i d u a l  p a r t i c l e s  and 
r a p i d  d e p o s i t i o n  may o c c u r  as a  r e s u l t  o f  
f l o c c u l a t i o n .  The i m p o r t a n c e  o f  f l o c c u l a t i o n  may b e  
d e m o n s t r a t e d  by c o n s i d e r i n g  t h e  d a t a  g i v e n  by M i g n i o t  
( 1 9 6 8 )  which  i s  shown i n  F i g u r e  2 .  The f l o c c u l a t i o n  
f a c t o r ,  F ,  i s  t h e  r a t i o  o f  t h e  s e t t l i n g  v e l o c l t y  o f  
f l o c c u l a t e d  s e d i m e n t  t o  t h a t  o f  t h e  c h e m i c a l l y  
d i s p e r s e d  s e d i m e n t .  T h i s  f a c t o r  i s  s e e n  t o  v a r y  w i t h  
mean p a r t i c l e  d i a m e t e r  f rom a f i g u r e  i n  t h e  o r d e r  o f  
1 0 4  f o r  p a r t i c l e s  w i t h  a d i a m e t e r  o f  0 .1  m i c r o n  t o  
u n i t y  f o r  p a r t i c l e s  w i t h  a d i a m e t e r  o f  a b o u t  60 
m i c r o n s .  T h i s  i m p l i e s  t h a t  t h e  c o h e s i v e  b e h a v i o u r  o f  
s e d i m e n t  c e a s e s  f o r  p a r t i c l e s  w i t h  a mean d i a m e t e r  
g r e a t e r  t h a n  60 m i c r o n s .  

The maximum f l o c  s i z e  i s  gove rned  by t h e  p a r t i c l e  
s i z e ,  c o n c e n t r a t i o n ,  m i n e r a l o g y ,  ph and i o n i c  s t r e n g t h  
o f  t h e  mud, by t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  p o r e  
water and s u s p e n d i n g  water, and  by t h e  hydrodynamic  
p a r a m e t e r s  o f  t h e  water s u c h  a s  t h e  v e l o c i t y  and  
t u r b u l e n c e  s t r u c t u r e ,  i n t e r n a l  s h e a r  and  bed s h e a r  
s t ress.  The s e t t l i n g  u n i t  i s  t h e r e f o r e  t h e  f l o c  
r a t h e r  t h a n  d i s c r e t e  p a r t i c l e  g r a i n s  as i n  
non -cohes ive  s e d i m e n t .  T h i s  dependence  t h e r e f o r e  
i n h i b i t s  t h e  deve lopmen t  o f  a set o f  u n i v e r s a l  
e q u a t i o n s .  

C o h e s i v e  s e d i m e n t  c a n  b e  c o n s i d e r e d  t o  e x i s t  i n  f o u r  
s ta tes .  T h e s e  f o u r  s t a t e s  are i l l u s t r a t e d  i n  F i g u r e  3 
and  may b e  d e s c r i b e d  as a  m o b i l e  s u s p e n d e d  s e d i m e n t ,  a 
n e a r  bed  s t a t i o n a r y  s u s p e n s i o n  o f  h i g h  c o n c e n t r a t i o n  
w i t h  a small c o h e s i o n  which  i s  some t imes  r e f e r r e d  t o  
a s  f l u i d  mud, a  p a r t i a l l y  c o n s o l i d a t e d  b e d ,  and  a 
s e t t l e d  bed .  



The t h r e e  p r o c e s s e s  o f  c o h e s i v e  s ed imen t  of  p r i m a r y  
i n t e r e s t  t o  t h e  e n g i n e e r  a r e  d e p o s i t i o n  o r  s e t t l i n g ,  
c o n s o l i d a t i o n  and e r o s i o n  o r  r e s u s p e n s i o n .  D e p o s i t i o n  
i n v o l v e s  t h e  s e t t l i n g  t h r o u g h  t h e  w a t e r  column and o n  
t o  t h e  bed o f  f l o c c u l a t e d  s e d i m e n t .  C o n s o l i d a t i o n  o f  
a  d e p o s i t  is t h e  g r a d u a l  e x p l u s i o n  o f  i n t e r s t i t i a l  
w a t e r  by t h e  s e l f  w e i g h t  o f  t h e  s e d i m e n t  accompanied  
by a n  i n c r e a s e  i n  bo th  t h e  d e n s i t y  of  t h e  bed and  i t s  
s t r e n g t h  w i t h  time. E r o s i o n  is t h e  removal  o f  
s e d i m e n t  from t h e  s u r f a c e  o f  t h e  bed due  t o  t h e  s t r e s s  
of  t h e  moving w a t e r  above  t h e  bed.  

2 ENGINEERING G U I D E  

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

t T h i s  s e c t i o n  s u m a r i s e s  i n  a n  e n g i n e e r i n g  form t h e  main  
p r o c e s s e s  of  c o h e s i v e  s e d i m e n t  b e h a v i o u r ,  namely ,  
d e p o s i t i o n ,  c o n s o l i d a t i o n  a n d  e r o s i o n .  The d a t a  
p r e s e n t e d  a r e  i n t e n d e d  t o  show t h e  p r a c t i s i n g  e n g i n e e r  
w h i c h  p a r a m e t e r s  a r e  i m p o r t a n t  i n  e a c h  of t h e  
p r o c e s s e s  and t o  e n a b l e  b road  e s t i m a t e s  o f  t h e  r a t e s  
01 d e p o s i t i o n ,  c o n s o l i d a t i o n  and e r o s i o n  t o  be made 
based  on  a  l i m i t e d  knowledge of t h e  f i e l d  c o n d i t i o n s .  

The b e h a v i o u r  o f  c o h e s i v e  s e d i m e n t  d o e s  v a r y  
c o n s i d e r a b l y  i n  q u a n t i t a t i v e  terms f rom one  s o u r c e  t o  
a n o t h e r .  T h e r e f o r e ,  i t  is c r u c i a l  c h a t  t h e  e n g i n e e r  
a p p r e c i a t e s  t h a t  e s t i m a t e s  b a s e d  on  t h e  d a t a  p r e s e n t e d  
h e r e w i t h  may w e l l  be  i n  e r r o r  by h a l f  a n  o r d e r  of  
magn i tude .  

Fo r  most  s e r i o u s  e n g i n e e r i n g  problems i n v o l v i n g  
c o h e s i v e  s e d i m e n t  i t  would be  e s s e n t i a l  t o  u n d e r t a k e  a  
d e t a i l e d  s t u d y .  T h i s  would  i n v o l v e  some o f  t h e  
f o l l o w i n g  t e c h n i q u e s  : f i e l d  measu remen t s ,  l a b o r a t o r y  
t e s t i n g  o f  s e d i m e n t ,  n u m e r i c a l  m o d e l l i n g  o f  
hydrodynamics  and s e d i m e n t  t r a n s p o r t  and  p h y s i c a l  
m o d e l l i n g  o f  hydrodynamics .  

2 . 2  D e p o s i t i o n  

2 . 2 . 1  S e t t l i n g  v e l o c i t i e s  

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

W 5 0 .  Half  t h e  s e d i m e n t  by w e i g h t  s e t t l e s  a t  a  g r e a t e r  
v e l o c i t y  t h a n  W 5 0 .  The d a t a  c o l l a t e d  d u r i n g  t h e  
l i t e r a t u r e  s u r v e y  on s e t t l i n g  v e l o c i t i e s  a r e  
summar ised  below. T h i s  i s  f o l l o w e d  by a  p r o c e d u r e  f o r  
d e t e r m i n i n g  o r  e s t i m a t i n g  t h e  s e t t l i n g  v e l o c i t i e s  o f  
f l o c s  f o r  a  s p e c i f i c  l o c a t i o n .  



Knowledge 

- Measurement of  t h e  s e t t l i n g  v e l o c i t y  of f l o c c u l a t e d  
s e d i m e n t  must be  done i n  t h e  f i e l d  a s  removal  o f  a  
s amp le  t o  t h e  l a b o r a t o r y  changes  t h e  f l o c  
s t r u c t u r e .  The d a t a  shown i n  F i g u r e  4 i m p l i e s  t h a t  
l a b o r a t o r y  measurements  c o u l d  be a n  o r d e r  of  
magn i tude  l o w e r  t h a n  t h o s e  measured i n  t h e  f i e l d .  

- S e t t l i n g  v e l o c i t y  of  c o h e s i v e  s ed imen t  i s  v e r y  
dependen t  o n  t h e  su spended  s ed imen t  c o n c e n t r a t i o n .  
S e t t l i n g  v e l o c i t i e s  i n c r e a s e  w i t h  h i g h e r  su spended  
c o n c e n t r a t i o n s ,  see F i g u r e  4. 

- S a l i n i t y  may h a v e  a  s e c o n d a r y  b u t  i n c o n s i s t e n t  
e f f e c t  on  t h e  s e t t l i n g  v e l o c i t y  of  c o h e s i v e  
s e d i m e n t .  T h i s  i s  i l l u s t r a t e d  by t h e  Thames f i e l d  
d a t a  i n  F i g u r e  5. 

- V a r i a t i o n  i n  s e t t l i n g  v e l o c i t i e s  i s  c o n s i d e r a b l e  
f o r  s ed imen t  from d i f f e r e n t  l o c a t i o n s .  The d a t a  i n  
F i g u r e  6 a r e  f rom e i g h t  e s t u a r i e s  a n d  s h o v  a n  o r d e r  
of magni tude  d i f f e r e n c e  f o r  t h e  ex t r eme  r a n g e s .  

- I n d i v i d u a l  f l o c s  o f  a  s u s p e n s i o n  have  s e t t l i n g  
v e l o c i t i e s  whlch d i f f e r  c o n s i d e r a b l y .  The g e n e r a l  
e q u a t i o n  f o r  Thames d a t a  i s  g i v e n  i n  F i g u r e  7. 

- Hinde red  s e t t l i n g  of f l o c s  i n  h i g h  c o n c e n t r a t i o n  
s u s p e n s i o n s  r e s u l t s  i n  a  r e d u c t i o n  of  t h e  s e t t l i n g  
v e l o c i t y .  T h i s  i s  shown f o r  t h e  S e v e r n  E s t u a r y  i n  
F i g u r e  8. 

P r o c e d u r e  

- measure  s e t t l i n g  v e l o c i t y  i n  t h e  f i e l d  f o r  a  r a n g e  
of  su spended  s e d i m e n t  c o n c e n t r a t i o n s  t o  d e t e r m i n e  
W a g a i n s t  c o n c e n t r a t i o n  a n d  wn/W r a t i o  a g a i n s t  
c o n c e n t  c a t i o n .  

- i f  e s t u a r y  i s  on  F i g u r e  6 u s e  r e g r e s s i o n  l i n e  t o  
f i n d  W S o  a g a i n s t  c o n c e n t r a t i o n .  

- u s e  e q u a t i o n  W5,, = 1 .0  C'" (W i n  m m / s ,  C i n  
g / l )  f o r  C i n  t h e  r a n g e  0 .05  t o  2 . 0 g / l .  

- f o r  a n  e s t i m a t e  of  W n / W 5 "  u s e  F i g u r e  7 .  



2.2.2 Ra te  of d e p o s i t i o n  i n  s t i l l  w a t e r  

Knowledge 
p--- 

The r a t e  of  d e p o s i t i o n  of c o h e s i v e  sediment  o n t o  t h e  
bed i s  g iven  by 

where C is t h e  c o n c e n t r a t i o n  of suspended sed imen t  
n e a r  t h e  bed and W s O  is t h e  median s e t t l i n g  v e l o c i t y  
corresponding t o  t h e  n e a r  bed c o n c e n t r a t i o n .  

The a v e r a g e  r a t e  of d e p o s i t i o n  over  a p e r i o d  of t ime 
can  on ly  be  c a l c u l a t e d  i f  t h e  dep th  of t h e  w a t e r  and 
t h e  d e p t h  v a r i a t i o n  of i n i t i a l  c o n c e n t r a t i o n  of 
suspended sediment  a r e  known o r  assumed. For  t h e  
purpose  of p r o v i d i n g  some d a t a  a s imple  s e r i e s  of 
c a l c u l a t i o n s  were made f o r  w a t e r  d e p t h s  of 5m and 20m. 
It was assumed t h a t  t h e  i n i t i a l  s u r f a c e  c o n c e n t r a t i o n  
o f  suspended sediment  was one h a l f  of  the d e p t h  mean 
c o n c e n t r a t i o n  and t h a t  t h e  n e a r  bed c o n c e n t r a t i o n  was 
i n i t i a l l y  twlce  t h e  d e p t h  mean c o n c e n t r a t i o n .  The 
median s e t t l i n g  v e l o c i t y ,  W g O ,  was g i v e n  by W S 0  = 

1.0 (mmls and g l l ) .  

P rocedure  

- i n s t a n t a n e o u s  r a t e  of d e p o s i t i o n  can be c a l c u l a t e d  
e a s i l y  f o r  t h e  p a r t i c u l a r  v a r i a t i o n  of W s 0 w i t h  C 
and t h e  n e a r  bed c o n c e n t r a t i o n  of suspended 
sediment .  

- i n s t a n t a n e o u s  r a t e  of d e p o s i t i o n  from F i g u r e  9 f o r  
low v a l u e s  of  suspended sediment  c o n c e n t r a t i o n s  and 
from F i g u r e  10 f o r  h i g h  c o n c e n t r a t i o n s  i f  W s O  
a g a i n s t  C is  unknown. 

- a v e r a g e  r a t e  of d e p o s i t l o n  o v e r  a time p e r i o d  c a n  
be c a l c u l a t e d  u s i n g  a  t ime s t e p  model w i t h  t h e  
dep th  of w a t e r ,  i n i t i a l  c o n c e o t r a t i o n  of suspended 
sediment v a r i a t i o n  w i t h  d e p t h  and W S 0  o r  Wn a g a i n s t  
C as t h e  govern ing  pa ramete r s .  

- a v e r a g e  r a t e  of d e p o s i t i o n  from F i g u r e s  11 and 1 2  
i f  i n i t i a l  suspended sediment  c o n c e n t r a t i o n  p r o f i l e  
and W s O  a g a i n s t  C a r e  unknown. 



2.2.3 R a t e  o f  d e p o s i t i o n  i n  f l o w i n g  w a t e r  

L a b o r a t o r y  t e s t s  i n  s t r a i g h t  and  c i r c u l a r  f l u m e s  h a v e  
shown t h a t  d e p o s i t i o n  i n  f l o w i n g  w a t e r  i s  c o n t r o l l e d  
by t h e  s h e a r  stress e x e r t e d  by t h e  moving w a t e r  on t h e  
bed o f  t h e  f l u m e .  

Knowledge 

- f o r  a g i v e n  f l o w i n g  s u s p e n s i o n  t h e r e  e x i s t s  a  bed 
s h e a r  stress below which  a l l  t h e  s ed imen t  w i l l  
e v e n t u a l l y  d e p o s i t .  The magni tude  oE t h i s  c r i t i c a l  
bed s h e a r  stress,  ~ ~ d ,  is  a b o u t  0.06 ~ / m ~ .  

- f o r  a g i v e n  f l o w i n g  s u s p e n s i o n  t h e r e  e x i s t s  a  h i g h  
bed s h e a r  s t r e s s ,  h, above which none of t h e  
s ed imen t  w i l l  d e p o s i t .  

- t h e  amount of  s ed imen t  which d e p o s i t s  when t h e  bed 
s h e a r  s t r e s s  i s  r educed  f rom h t o  a s h e a r  stress 
h i g h e r  t h a n  ~ ~ d  i s  a  p r o p o r t i o n  of  t h e  i n i t i a l  
t o t a l  amount o f  s ed imen t  and  i s  independen t  oE 
c o n c e n t r a t i o n .  

- t h e  r a t e  of  d e p o s i t i o n  f o r  a bed s h e a r  s t r e s s  sb, 
where  0 rb scd may be e s t i m a t e d  by 

t h e  p r o b a b i l i t y  p  t a k e s  t h e  v a l u e  be tween 0 and  1, 
g i v e n  by 

P r o c e d u r e  - 

- i n s t a n t a n e o u s  rate of  d e p o s i t i o n  by c a l c u l a t i o n  
knowing W 50 a g a i n s t  C and assuming 

-icd. 

- i n s t a n t a n e o u s  r a t e  of  d e p o s i t i o n  f rom F i g u r e  1 3  i f  
w a g a i n 6  t C i s  unknown. 

- a v e r a g e  ra te  of d e p o s i t i o n  d u r i n g  t h e  time p e r i o d  
a t  s l a c k  w a t e r  when T~ < T ~ ~ ,  s e e  F i g u r e  14 ,  may be  
c a l c u l a t e d  by a time s t e p  a p p r o a c h  i f  t h e  d e p t h ,  
su spended  sed imen t  c o n c e n t r a t i o n  p r o f i l e  w i t h  d e p t h  
and  W S 0  a g a i n s t  C a r e  known and T~~ i s  assumed.  

- a v e r a g e  rate of  d e p o s i t i o n  d u r i n g  t h e  time when T~ 

< 'cd 
may be found  from F i g u r e s  15 and 16 i f  W 5 0  



a g a i n s t  C i s  unknown. T h i s  assumes t h a t  t h e  n e a r  
bed c o n c e n t r a t i o n  of suspended sediment is a lways  
twice  the  mean. 

2 .3  C o n s o l i d a t i o n  

2.3.1 Bed f o r m a t i o n  d e p t h  

The growth of a  l o o s e  bed from a  suspens ion 'o f  
cohes ive  sediment  i s  d e p i c t e d  d i a g r a m a t i c a l l y  i n  
F i g u r e  17. From a n  i n i t i a l  homogenous suspens ion  t h e  
suspens ion /wa te r  i n t e r f a c e  f a l l s  a t  a  n e a r  c o n s t a n t  
r a t e  u n t i l  i t  meets t h e  r i s i n g  suspens lon /bed  
i n t e r f a c e .  A t  t h i s  p o i n t  t h e  bed i s  a t  i t s  Format ion 
d e p t h  from which t ime t h e  newly formed w a t e r l b e d  
i n t e r f a c e  s lowly  reduces .  

Knowledge 

- t h e  f o r m a t i o n  mean d e n s i t y  a s  measured i n  t e s t s  i n  
s e t t l i n g  columns i s  l a r g e l y  independent  of both  
suspended s o l i d s  c o n c e n t r a t i o n  (F ig  1 8 )  and 
s a l i n i t y  ( F i g  19)  and may be approximated t o  
7 5 g / l .  

Procedure  

- conduct  a  l a b o r a t o r y  s e t t l i n g  column t e s t  and 
measure t h e  d e p t h  of t h e  bed formed. 

- f o r  a  g iven  ave rage  r a t e  of d e p o s i t i o n  and t ime  
p e r i o d  t h e  bed fo rmat ion  dep th  can  be e s t i m a t e d  by 
assuming a  mean d e n s i t y  of 7 5 g / l .  Th i s  i s  done i n  
F i g u r e  20. 

2.3.2 Mean d e n s i t y  v a r i a t i o n  w i t h  t ime 

S e l f  we igh t  c o n s o l i d a t i o n  of loose  beds w i t h  t h e  
accompanying l a r g e  s t r a i n s  i s  d i f f i c u l t  t o  model 
ma themat ica l ly  w i t h o u t  t h e  l a b o r a t o r y  d e t e r m i n a t i o n  o f  
c e r t a i n  r e l a t i n s h i p s .  T h e r e f o r e ,  i t  i s  necessa ry  t o  
r e l y  on t h e  d a t a  From t h e  l a b o r a t o r y  work a l r e a d y  
conducted  o r  t o  i n i t i a t e  l a b o r a t o r y  t e s t s  u s i n g  a  
sample of t h e  cohes ive  sediment  from t h e  s tudy  a r e a .  

Procedure  

- conduct  a  l a b o r a t o r y  s e t t l i n g  column t e s t  and 
measure h e i g h t  of bed and t ime.  

- d e t e r m i n e  from t h e  d a t a  i n  F i g u r e  21 a n  e s t i m a t e  
f o r  t h e  mean d e n s i t y  of a  bed w i t h  t ime .  



2.3.3 Densi ty  v a r i a t i o n s  w i t h  d e p t h  

Knowledge 

T h e o r e t i c a l  approaches t o  determining t h e  v a r i a t i o n  of 
d e n s i t y  through a  bed a r e  l i m i t e d  and emphasis has t o  
be placed on l a b o r a t o r y  r e s u l t s .  

Procedure 

- conduct a  l a b o r a t o r y  s e t t l i n g  column t e s t  and 
measure i n - s i t u  d e n s i t y  throughout t h e  dep th .  

- t h e  d e n s i t y  a t  a  c e r t a i n  dep th  w i t h i n  a  bed may be  
e s t i m a t e d  from t h e  l a b o r a t o r y  d a t a  p resen ted  i n  
F i g u r e  22. 

2.4 Eros ion  

2.4.1 Threshold  of e r o s i o n  

Knowledge 

- a  c o n s o l i d a t i n g  bed of cohes ive  sediment has  a n  
i n c r e a s i n g  d e n s i t y  wi th  dep th  ( s e e  F i g  22).  

- l a b o r a t o r y  s t u d i e s  have shown t h a t  t h e  r e s i s t a n c e  
of a bed of cohesive  sediment t o  e r o s i o n  i s  a  
f u n c t i o n  of t h e  d e n s i t y  of t h e  exposed s u r f a c e .  

- t h e  f lowing water  e x e r t s  a  s h e a r  s t r e s s ,  g, on t h e  
bed and t h e  e r o s i o n  r e s i s t a n c e  may be r e p r e s e n t e d  
by t h e  s h e a r  s t r e s s ,  T ~ ~ ,  which i s  j u s t  
i n s u f f i c i e n t  t o  cause  e r o s i o n  ( s e e  F i g  2 3 ) .  

Procedure 

- conduct l a b o r a t o r y  t e s t s  i n  a n  e r o s i o n  flume and 
s e t t l i n g  column using samples of cohes ive  sediment 
from t h e  s tudy  a r e a  t o  determine s u r f a c e  T ~ ~ ,  
d e n s i t y  a g a i n s t  dep th ,  and T~~ a g a i n s t  d e n s i t y .  

- assume a  d e n s i t y  p r o f i l e  f o r  t h e  bed and use t h e  
r e l a t i o n s h i p  shown i n  F igure  24 t o  f i n d  5, a g a i n s t  
d e n s i t y .  

- u s e  t h e  t h r e s h o l d  va lues  of rCr given i n  Tab le  3 .  



2 .4 .2  Rate  of e r o s i o n  

Knowledge 

- when t h e  bed s h e a r  s t r e s s ,  T ~ ,  exceeds  t h e  c r i t i c a l  
s h e a r  s t r e s s ,  T ~ ~ ,  t h e  r a t e  of e r o s i o n  i s  a  
f u n c t i o n  of t h e  difference, rb - rcr, termed t h e  
e x c e s s  s h e a r  s t r e s s .  

- v a r i a t i o n  i n  e x p e r i m e n t a l  d a t a  i s  c o n s i d e r a b l e  both  
f o r  a  p a r t i c u l a r  cohes ive  sediment and between 
d i f f e r e n t  c o h e s i v e  sed iments .  

Procedure  

- i n s t a n t a n e o u s  r a t e  of e r o s i o n ,  E, a s  a  f u n c t i o n  of 
e x c e s s  s h e a r  s t r e s s  T~ - zCr may be determined by 
l a b o r a t o r y  t e s t i n g  a  sample of cohes ive  sediment  i n  
a  mud flume . 

- i n s t a n t a n e o u s  r a t e  of e r o s i o n ,  E, may be e s t i m a t e d  
from t h e  d a t a  i n  F igure  2 5  a s  E = 2 ( . %  - T ~ ~ ) .  

- average  r a t e  of e r o s i o n  f o r  t h e  pe r iod  d u r i n g  t h e  
t i d a l  c y c l e  when rb > rcr may be c a l c u l a t e d  by a  
t ime s t e p  model provided t h a t  t h e  r e l a t i o n s h i p s  of 
d e n s i t y  a g a i n s t  d e p t h ,  c r i t i c a l  s h e a r  s t r e s s  
a g a i n s t  d e n s i t y  and r a t e  of e r o s i o n  a g a i n s t  e x c e s s  
s h e a r  s t r e s s  a r e  known. 

- average  r a t e  of e r o s i o n  and d e p t h  of e r o s i o n  f o r  
t h e  p e r i o d  d u r i n g  t h e  t i d a l  c y c l e  when T,, > T~~ may 
be e s t i m a t e d  from F i g u r e s  27 and 28 f o r  t h e  assumed 
r e l a t i o n s h i p s  of d e n s i t y  a g a i n s t  d e p t h  and c r i t i c a l  
s h e a r  s t r e s s  a g a i n s t  d e n s i t y  g iven  i n  F i g u r e  26, 
and E = 2 ( r b  - rc r ) .  

2 .5  Convers ions  
between bulk  s o i l  
pa ramete r s  

I n  a d d i t i o n  t o  t h e  d r y  d e n s i t y  of a  c o n s o l i d a t e d  bed,  
t h e  degree  of c o n s o l i d a t i o n  may a l s o  be expressed  i n  
terms of t h e  bulk d e n s i t y ,  t h e  mois tu re  c o n t e n t ,  t h e  
w a t e r  v o i d s  r a t i o ,  o r  t h e  v o i d s  r a t i o .  The 
d e f i n i t i o n s  of  t h e  v a r i o u s  pa ramete r s  a r e  a s  f o l l o w s :  

Mass of d r  mud 
Dry d e n s i t y  = Volume o t  wxt mud 

Mass of wet mud 
Bulk d e n s i t y  = Tolume of  wet mud 



Mass of water i n  mud M o i s t u r e  c o n t e n t  = Mass of dry mud 
voids ratio P Volume o f  w a t e r  i n  mud 

Volume of w e t  mud 

Volume of . v o i d s  
ratio = m m i i  

F i g u r e  29 shows t h e  r e l a t i o n s h i p  between t h e  f i r s t  
f o u r  o f  t h e s e  p a r a m e t e r s  f o r  a  mud h a v i n g  a  s p e c i f i c  
g r a v i t y  of 2.65. 

2 .6  C a l c u l a t i o n  of  
f i e l d  bed s h e a r  
stress 

Knowledge 

The r a t e  of d e p o s i t i o n  of c o h e s i v e  s e d i m e n t  from a  
s u s p e n s i o n  and  t h e  r a t e  of e r o s i o n  of m a t e r i a l  f rom a 
c o h e s i v e  bed a r e  c o n t r o l l e d  by t h e  bed s h e a r  s t ress ,  

8. T h e r e  a r e  t h r e e  ways i n  which t h e  bed s h e a r  
s t ress  may be  c a l c u l a t e d  : by d i r e c t  f i e l d  
measurement ,  by e s t i m a t i o n  of t h e  bed roughness  a n d  
u s e  of app rox ima te  f o r m u l a e ,  and  by hydrodynamic 
computer  m o d e l l i n g  (which a g a i n  r e q u i r e s  a  knowledge 
o f  t h e  bed roughness ) .  The p r o c e d u r e  w i l l  be g i v e n  
f o r  t h e  f i r s t  two of t h e s e  methods.  

P r o c e d u r e  

- measure  t h e  c u r r e n t  v e l o c i t y  i n  t h e  f i e l d  a t  a  
number of p o i n t s  i n  a  v e r t l c a l  l i n e  ( t y p i c a l l y  
a b o u t  f i v e )  n e a r  t o  t h e  bed i . e . ,  l m  and be low,  
t h r o u g h o u t  a  t i d a l  c y c l e .  A p l o t  of v e l o c i t y  
a g a i n s t  t h e  l o g a r i t h m  of h e i g h t  above  bed f o r  a 
p a r t i c u l a r  i n s t a n t  i n  time s h o u l d  g i v e  a n e a r  
s t r a i g h t  l i n e .  The v a l u e  of t h e  s h e a r  v e l o c i t y  U* 
is g i v e n  by t h e  r e c i p r o c a l  o f  5 .75  times t h e  
g r a d i e n t  of t h e  s l o p e .  The bed s h e a r  stress i s  
r e l a t e d  t o  t h e  s h e a r  v e l o c i t y  by 

where p  i s  t h e  d e n s i t y  of t h e  w a t e r  a t  t h e  
a p p r o x i m a t e  t e m p e r a t u r e  and  s a l i n i t y .  

- u s e  t h e  r e l a t i o n s h i p  between s h e a r  v e l o c i t y  a n d  
mean w a t e r  v e l o c i t y  U g i v e n  by 

U, = U . n  /g/h1/6 (m-s u n i t s )  

where n  i s  t h e  Manning bed r o u g h n e s s  c o e f f i c i e n t  
( t y p i c a l l y  i n  t h e  r ange  0 .018  - 0.025) 



g  i s  t h e  a c c e l e r a t i o n  of  g r a v i t y  

h  is t h e  d e p t h  of f l ow .  

The bed s h e a r  stress c a n  be  c a l c u l a t e d  u s i n g  

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

3 DEPOSITION 

3 .1  I n t r o d u c t i o n  
A s  p r e v i o u s l y  s t a t e d  t h e  s e t t l i n g  u n i t  d i f f e r s  i n  
c o h e s i v e  s e d i m e n t  From t h a t  i n  non -cohes ive  s e d i m e n t .  
I n d i v i d u a l  p a r t i c l e s  f l o c c u l a t e  and  fo rm  f l o c s  w h i c h  
c a n  h a v e  a s e t t l i n g  v e l o c i t y  l a r g e  enough  t o  s e t t l e  
o u t  of t h e  s u s p e n s i o n .  T h i s  s e c t i o n  c o n s i d e r s  t h e  
p r o c e s s e s  o f  f l o c c u l a t i o n  a n d  q u i e s c e n t  s e t t l i n g ,  
f i e l d  measu remen t s  o f  s e t t l i n g  v e l o c i t i e s  and  s e t t l L n g  
f r o m  f l o w i n g  w a t e r .  

3 . 2  F l o c c u l a t i o n  
F l o c c u l a t i o n  o f  s e d i m e n t  p a r t i c l e s  i s  a w e l l  known 
phenomenon a n d  is t h e  consequence  o f  p a r t i c l e s  
s t i c k i n g  t o g e t h e r  as t h e y  are b r o u g h t  i n t o  c o n t a c t  
w i t h  e a c h  o t h e r .  C o l l i s i o n  a n d  c o h e s i o n  a r e  t h e r e f o r e  
t h e  e s s e n t i a l  p r o c e s s e s  o f  f l o c c u l a t i o n  a n d  t h e s e  
f a c t o r s  are v i r t u a l l y  i n d e p e n d e n t  o f  one  a n o t h e r  a n d  
a r e  w e l l  d e s c r i b e d  by Krone (1962 )  a n d  P a r t h e n i a d e s  
( 1 9 6 2 ) .  

Cohes ion  i s  u n d e r s t o o d  t o  be d e t e r m i n e d  by t h e  
a t t r a c t i v e  s u r f a c e  f o r c e s  o f  c l a y  p a r t i c l e s .  T h e s e  
f o r c e s  a r e  s t r o n g  a t  s h o r t  d i s t a n c e s ,  b u t  f a l l  
i n v e r s e l y  w i t h  t h e  s e v e n t h  power of  d i s t a n c e  f o r  
s p h e r e s  a n d  i n v e r s e l y  w i t h  t h e  s q u a r e  o r  c u b e  o f  t h e  
d i s t a n c e  f o r  p a r a l l e l  p l a t e s .  P a r t i c l e s  w i l l  c o h e r e  
i f  t h e s e  s h o r t  r a n g e  f o r c e s  d o m i n a t e  t h e  r e p u l s i v e  
f o r c e s  g e n e r a t e d  by t h e  c l o u d s  o f  c a t i o n s  a r o u n d  t h e  
p a r t i c l e s .  The s t r e n g t h  o f  t h e  r e p u l s i v e  f o r c e s  
d e p e n d s  o n  t h e  c h a r g e  on  t h e  m i n e r a l  s u r f a c e ,  which  i s  
d e t e r m i n e d  by t h e  m i n e r a l  c o m p o s i t i o n ,  and  by t h e  
amount  and  t y p e s  of  c a t i o n s  p r e s e n t  i n  t h e  s u s p e n d i n g  
f l u i d .  

C o l l i s i o n s  o f  p a r t i c l e s  a r e  t h e  r e s u l t  o f  one  o f  t h r e e  
mechan i sms ,  name ly ,  Brownian m o t i o n  o f  t h e  s u s p e n d e d  
p a r t i c l e s ,  i n t e r n a l  s h e a r  o f  t h e  water, and  
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 i e s  o f  t h e  p a r t i c l e s  o r  
f l o c s .  

Brownian m o t i o n  is c a u s e d  by  t h e  t h e r m a l  a g i t a t i o n  o f  
t h e  s u s p e n d i n g  medium and  r e s u l t s  i n  e r r a t i c  movement 
o f  s m a l l  su spended  p a r t i c l e s .  The f r e q u e n c y  of  



c o l l i s i o n  on a  s i n g l e  p a r t i c l e ,  I ,  was d e s c r i b e d  by 
Fuchs (1964) ,  as 

where k  i s  Bo l t zman ' s  c o n s t a n t ,  T  i s  a b s o l u t e  
t e m p e r a t u r e ,  n  i s  t h e  number of p a r t i c l e s  p e r  c u b i c  
c e n t i m e t r e  and  p i s  t h e  v i s c o s i t y  of t h e  w a t e r .  

C o l l i s i o n s  of p a r t i c l e s  may o c c u r  due  t o  i n t e r n a l  
s h e a r i n g ,  o r  l o c a l  v e l o c i t y  g r a d i e n t s  i n  t h e  f l u i d .  
The f i r s t  t r e a t m e n t  of f l o c c u l a t i o n  i n  a  un i fo rm s h e a r  
f i e l d  w a s  t h a t  of Smoluchowski (1917)  who d e r i v e d  a n  
e x p r e s s i o n  f o r  t h e  f r equency  o f  c o l l i s i o n s  between 
s p h e r i c a l  p a r t i c l e s  moving a l o n g  s t r a i g h t  p a r a l l e l  
s t r e a m l i n e s :  

where R i s  t h e  c o l l i s i o n  r a d i u s  (sum of r a d i i  of  
p a r t i c l e s  which c o l l i d e )  and G i s  t h e  l o c a l  v e l o c i t y  
g r a d i e n t .  

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 i e s  of p a r t i c l e s  w i l l  
a l s o  g i v e  r i s e  t o  i n t e r p a r t i c l e  c o l l i s i o n .  The 
c o l l i s i o n s  on a s e t t l i n g  p a r t i c l e  p e r  s e c o n d ,  H ,  i s  

where E i s  t h e  c a p t u r e  c o e f f i c i e n t  and V i s  t h e  
r e l a t i v e  v e l o c i t y  between p a r t i c l e s .  

A l l  t h r e e  of t h e s e  mechanisms o p e r a t e  i n  a n  e s t u a r y  
a l t h o u g h  Krone (1972) concluded t h a t  t h e  f o r m a t i o n  of  
l a r g e  a g g r e g a t e s  i s  p redominan t ly  due  t o  i n t e r n a l  
s h e a r i n g .  

N e v e r t h e l e s s ,  t h e  s i z e  of  f l o c s  formed by c o l l i s i o n s  
from any o f  t h e  t h r e e  mechanisms i s  l i m i t e d  by t h e  
maximum r a t e  o f  i n t e r n a l  s h e a r  t h a t  t h e  f l o c s  can  
w i t h s t a n d .  I t  i s  e v i d e n t ,  t h e r e f o r e ,  t h a t  i n t e r n a l  
s h e a r i n g  c a n  b o t h  promote t h e  growth  of f l o c s  and  
l i m i t  t h e i r  s i z e .  Hence, suspended f l o c s  shou ld  
a t t a i n  a maximum s i z e  g i v e n  c o n s t a n t  c o n d i t i o n s  of  
i n t e r n a l  s h e a r .  Krone (1963) d e r i v e d  a n  e x p r e s s i o n  
which r e l a t e d  t h e  maximum s i z e  of  f l o c  and s h e a r  i n  a 
l a m i n a r  f l o w  f i e l d  

where W i s  t h e  s u r f a c e  roughness  of t h e  f l o c  and  bax 
is  t h e  maximum s h e a r  s t r e n g t h  of t h e  f l o c .  T h i s  
r a d i u s  i s  t h e  l i m i t i n g  v a l u e  f o r  two e q u a l  s i z e d  f l o c s  
t o  c o l l i d e  and  a d h e r e  t o  each  o t h e r  a l t h o u g h  f l o c s  of  
t h i s  s i z e  w i l l  s t i l l  g a t h e r  s m a l l e r  o n e s .  The o r d e r  



of a g g r e g a t i o n  of a f l o c  w a s  shown by Krone (1963)  t o  
i n f l u e n c e  i t s  s h e a r  s t r e n g t h  a s  measured by both  
c a p i l l a r y  and r o t a t i n g  c y l i n d e r  v i s c o m e t e r s .  

More r e c e n t l y  however,  e x p e r i m e n t a l  and t h e o r e t i c a l  
s t u d i e s  by Van de Ven and Mason (1977)  have  
h i g h l i g h t e d  a  fundamenta l  weakness of t h e  Smoluchowski 
t h e o r y .  The p r e s e n c e  of a p a r t i c l e  i n  f a c t  c a u s e s  
s t r e a m l i n e s  t o  d e v i a t e  from s t r a i g h t  l i n e s  and 
a p p r o a c h i n g  p a r t i c l e s  must f o l l o w  c u r v i l i n e a r  p a t h s  
r a t h e r  than  r e c t i l i n e a r  as assumed by Smoluchowski. 
Van de  Ven and Mason used a  r i g o r o u s  hydrodynamic 
a n a l y s i s  and found t h a t  f o r  smooth, s p h e r i c a l  
p a r t i c l e s  i n  s imple  s h e a r  t h e  c o l l i s i o n  e f f i c i e n c y  was 
much l e s s  t h a n  u n i t y .  

An i m p o r t a n t  consequence  of t h e  modernised  t h e o r y ,  
e s p e c i a l l y  f rom a p r a t i c a l  p o i n t  of  view, i s  t h e  f a c t  
t h a t  t h e  c o l l i s i o n  e f f i c i e n c y  depends  q u i t e  s t r o n g l y  
on t h e  p a r t i c l e  s i z e ,  whereas s i m p l e  t h e o r y  p r e d i c t s  
no s i z e  dependence .  Thus, a s  a g g r e g a t e s  grow l a r g e r ,  
t h e  c o l l i s i o n  e f f i c i e n c y  shou ld  d e c r e a s e  q u i t e  
markedly.  Gregory (1981) conc luded  t h a t  t h i s  may 
p a r t l y  e x p l a i n  t h e  common o b s e r v a t i o n s  t h a t ,  f o r  a 
g i v e n  s h e a r  r a t e ,  f l o c s  t e n d  t o  grow o n l y  t o  a c e r t a i n  
l i m i t i n g  s i z e ,  a l t h o u g h  t h i s  e f f e c t  i s  u s u a l l y  
e x p l a i n e d  i n  te rms of f l o c  break-up. 

Migniot  (1968) d i s c u s s e d  f l o c c u l a t i o n  and s t a t e d  t h a t  
w i t h i n  c e r t a i n  l i m i t s  a s u s p e n s i o n  of c o h e s i v e  
sediment  i n  w a t e r  w i l l  f l o c c u l a t e  more q u i c k l y  w i t h  
s m a l l e r  e l emen ta ry  p a r t i c l e s ,  h i g h e r  c o n c e n t r a t i o n  and 
g r e a t e r  c o n t e n t  of f l o c c u l a n t  sa l ts  i n  t h e  w a t e r .  
F l o c c u l a t i o n  w i l l  c o n s i d e r a b l y  r educe  t h e  r a n g e  of  
mean s i n k i n g  r a t e s  from between 10-S mmlsec and 
10- l  mmlsec f o r  e l emen ta ry  p a r t i c l e s  t o  between 
1 . 5  X 1 0 - l  m m / s  and  6 X 1 0 - l  m m / s  f o r  f l o c s ,  a  
r e d u c t i o n  i n  r a t i o s  of 1 i n  10000 t o  1 i n  4. 

P e i j i u  (1982)  a n a l y s e d  t h e  pr imary  f a c t o r s  a f f e c t i n g  
t h e  f l o c c u l a t i o n  of c o h e s i v e  sediment  and d e r i v e d  
fo rmulae  based  on dynamic e q u i l i b r i u m  f o r  t h e  l i m i t i n g  
s e t t l i n g  v e l o c i t y  and e q u i v a l e n t  f l o c  d i a m e t e r .  From 
a c o n s i d e r a t i o n  of t h e  r e l a t i o n s h i p  between t h e  
f l o c c u l a t i o n  and r h e o l o g i c a l  p r o p e r t i e s  of a  s l u r r y  a 
fo rmula  f o r  t h e  Bingham y i e l d  s t r e s s  was d e r i v e d  and  
shown t o  be  c o n s i s t e n t  w i t h  e x p e r i m e n t a l  d a t a .  

3 . 3  Qu iescen t  
S e t t l i n g  

S t u d i e s  of t h e  s e t t l i n g  behav iour  of  suspended mud 
have been conducted  both  i n  t h e  l a b o r a t o r y  w i t h  
s u s p e n s i o n s  which had p rede te rmined  l e v e l s  o f  
c o n c e n t r a t i o n  and s a l i n i t y  and i n  t h e  f i e l d  where 
u n d i s t u r b e d  samples  were o b t a i n e d  and immedia te ly  
t e s t e d .  Of t h e  former  c a t e g o r y ,  e a r l y  work was 



c a r r i e d  o u t  by t h e  DSIR ( 1 9 3 8 ) ,  which was f o l l o w e d  by 
work o f  McLaughlin ( 1 9 5 9 ) ,  Krone (1962)  
P e i r c e  and  Williams (1966)  and  Mign io t  (1968) .  
However, i t  was Owen (1970 and  1972)  who made t h e  
f i r s t  d e t a i l e d  s t u d y  of s e t t l i n g  v e l o c i t i e s  of a mud. 
Kranck (1980)  i n v e s t i g a t e d  t h e  s i g n i f i c a n c e  o f  
f l o c c u l a t i o n ,  and  t h e  f a c t o r s  which e f f e c t  
f l o c c u l a t i o n ,  i n  r e l a t i o n  t o  s e t t l i n g  v e l o c i t i e s  o f  
f i n e - g r a i n e d  sed imen t .  More r e c e n t l y  Leussen  (1986)  
r e p o r t e d  on tests c a r r i e d  o u t  i n  a l a r g e  s e t t l i n g  
column. F i e l d  s t u d i e s  of n a t u r a l l y  f l o c c u l a t e d  
suspended mud by Owen (1971)  showed s e t t l i n g  
v e l o c i t i e s  up t o  t e n  times g r e a t e r  t h a n  normal  methods 
o f  s a m p l i n g .  O the r  f i e l d  s t u d i e s  have  been r e p o r t e d  
by Krone (1972) ,  B u r t  and  S t evenson  ( 1 9 8 3 ) ,  S t e v e n s o n  
and  B u r t  (1985)  a n d  P u l s  a n d  Kuehl  ( 1 9 8 6 ) .  

3.3.1 L a b o r a t o r y  

The e f f e c t  o f  f o u r  f a c t o r s  on t h e  s e t t l i n g  v e l o c i t y  o f  
mud have  been  s t u d i e d  i n  t h e  l a b o r a t o r y  e x p e r i m e n t s  
l i s t e d  above .  These  were, t h e  i n i t i a l  c o n c e n t r a t i o n  
o f  t h e  suspended  mud, t h e  s a l i n i t y  of t h e  s u s p e n d i n g  
w a t e r ,  t h e  d e p t h  of  t h e  s e t t l i n g  t u b e  and  t h e  
t e m p e r a t u r e  o f  t h e  s u s p e n s i o n .  The DSIR Water 
P o l l u t i o n  R e s e a r c h  S t a t i o n  (1938) measured t h e  t i m e s  
r e q u i r e d  f o r  e q u a l  p e r c e n t a g e  d e p o s i t i o n  i n  40  f t  and  
4  f t  s e t t l i n g  t u b e s  o f  R ive r  Mersey mud and  found t h e y  
were i n  t h e  r a t i o  of two t o  one  compared t o  t h e  h e i g h t  
r a t i o  o f  t e n  t o  one .  Subsequen t  tes ts  were made w i t h  
t h e  a d d i t i o n  o f  sewage which had  t h e  e f f e c t  of 
i n c r e a s i n g  t h e  f l o c c u l a t i o n  and  hence mean s e t t l i n g  
v e l o c i t i e s  f o r  t h e  4  f t  column b u t  n o t  i n  t h e  40  f t  
t u b e .  T h i s  i n d i c a t e d  t h a t  t h e  f l o c s  had  r eached  a 
t e r m i n a l  s i z e  governed  by f l u i d  s h e a r  a f t e r  s e t t l i n g  
less  t h a n  40  f t .  

McLaughlin (1959)  performed e x p e r i m e n t s  i n  a  95 .2  m m  
i n t e r n a l  d i a m e t e r  g l a s s  s e t t l i n g  t u b e  1 . 2  m l o n g  i n  
which samples  were wi thdrawn a t  d e p t h s  o f  298 ,  496 and  
1,113 mm. The i n i t i a l  c o n c e n t r a t i o n  was 655 ppm and  
t h e  s e t t l i n g  v e l o c i t y  a t  900 mm w a s  found t o  be  twice 
t h a t  a t  6 0 0  mm. 

Fo r  f r e e  s e t t l i n g  a t  c o n c e n t r a t i o n s  up t o  a maximum o f  
1000  ppm Krone (1962) found  t h a t  t h e  s e t t l i n g  v e l o c i t y  
i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  t o  t h e  413 power 
which  Krone e x p l a i n e d  by c o n s i d e r i n g  t h e  p r o b a b i l i t y  
of f l o c  c o l l i s i o n .  Krone conduc ted  tests t o  s t u d y  t h e  
i n f l u e n c e  o f  s a l i n i t y  and  c o n c e n t r a t i o n  on t h e  
s e t t l i n g  v e l o c i t y  and  found t h a t  i t  was i n d e p e n d e n t  of 
s a l i n i t i e s  above  5 g / l  f o r  a c o n c e n t r a t i o n  of 0 . 1 2  g11 
and  up t o  20  g / l  f o r  1 .0  g 1 1  c o n c e n t r a t i o n .  

P e i r c e  and  Wi l l i ams  (1966)  i n v e s t i g a t e d  t h e  e f f e c t  o f  
c o n c e n t r a t i o n  on s e t t l i n g  v e l o c i t y  i n  t h e  r a n g e  20000 



t o  500000 ppm which was w e l l  i n t o  t h e  h indered 
s e t t l i n g  zone.  They compared t h e  r e s u l t s  t o  a  
modif ied  form of t h e  Richardson-Zaki e q u a t i o n  

where wc is t h e  s e t t l i n g  v e l o c i t y  a t  c o n c e n t r a t i o n  c  
wo i s  t h e  S tokes '  s e t t l i n g  v e l o c i t y  of a  f l o c  

pf i s  t h e  f l o c  d e n s i t y  
E i s  t h e  f l o c  v o i d s  r a t i o  

P e i r c e  and Wil l iams a s s u  a  v a l u e  of  5  f o r  t h e  i n d e x  
and p l o t t e d  v a l u e s  of W 

C 
'9' a g a i n s t  c o n c e n t r a t i o n  

which gave two s t r a i g h t  l i n e s  i n  t h e  c o n c e n t r a t i o n  
ranges  20000 t o  200000 and 200000 t o  500000. 

Migniot  (1968) s t u d i e d  t h e  e f f e c t  of s a l i n i t y  and 
c o n c e n t r a t i o n  on t h e  s e t t l i n g  v e l o c i t y  of mud and 
found t h a t  f o r  low c o n c e n t r a t i o n s  t h e  s e t t l i n g  
v e l o c i t y  was c o n s t a n t  a t  s a l i n i t i e s  above 3  g / l  and 
f o r  h i g h e r  c o n c e n t r a t i o n s  i t  was c o n s t a n t  above 
s a l i n i t i e s  of 10 g / l  There was, however, a  r e d u c t i o n  
observed i n  t h e  s e t t l i n g  v e l o c i t i e s  f o r  s a l i n i t i e s  
g r e a t e r  t h a n  30 g / l .  

Owen (1970) performed t e s t s  on a n  e s t u a r i n e  mud t o  
de te rmine  t h e  e f f e c t  of c o n c e n t r a t i o n ,  s a l i n i t y  and 
dep th  of s e t t l i n g  on t h e  s e t t l i n g  v e l o c i t y .  So~oe 
p r e l i m i n a r y  t e s t s  were c a r r i e d  o u t  u s i n g  a  9  m h i g h  
s e t t l i n g  column a l though  the  main exper iments  were 
conducted i n  0 .5 ,  1.0, 1.5 and 2  m h i g h  s e t t l i n g  
columns. 

Within  c e r t a i n  l i m i t s  Owen found t h a t  i n c r e a s i n g  
e i t h e r  s a l i n i t y  o r  c o n c e n t r a t i o n  o r  both  i n c r e a s e d  t h e  
s e t t l i n g  v e l o c i t y .  The e f f e c t  of s e t t l i n g  dep th  was 
i n c o n c l u s i v e  i n  t h a t  u n r e p r e s e n t a t i v e  r e s u l t s  were 
cons ide red  t o  have been ob ta ined  f o r  t h e  l m h igh  
s e t t l i n g  column. In  a  subsequent  s t u d y ,  Owen (1972) 
found t h a t  i n c r e a s i n g  t h e  t empera tu re  had l i t t l e  
e f f e c t  on s e t t l i n g  v e l o c i t i e s  a f t e r  a l l o w i n g  f o r  
changes i n  t h e  v i s c o s i t y  of t h e  suspending f l u i d .  
Only a  s l i g h t  tendency towards g r e a t e r  f l o c c u l a t i o n  
and h i g h e r  s e t t l i n g  v e l o c i t i e s  was noted.  

Owen observed t h a t  h indered  s e t t l i n g  s t a r t e d  a t  a  
c o n c e n t r a t i o n  of around 20 g / l  f o r  a low s a l i n i t y  of 
1 . 0  g / l .  T h i s  term i s  a p p l i e d  t o  t h e  phenomena of a  
r e d u c t i o n  i n  s e t t l i n g  v e l o c i t y  a t  very high 
c o n c e n t r a t i o n s  due t o  s e t t l i n g  of f l o c s  be ing  impeded 
by t r a p p i n g  w a t e r  a s  the  Inass of  f l o c s  s e t t l e s .  A s  
t h e  s a l i n i t y  was i n c r e a s e d  t h e  o n s e t  of t h e  h indered  
s e t t l i n g  phase occur red  a t  a  lower c o n c e n t r a t i o n  such 
t h a t  a t  a  s a l i n i t y  of 40 g / l  h indered  s e t t l i n g  



commenced a t  5 g / l .  Above c e r t a i n  s a l i n i t i e s  Owen 
found  t h a t  a r e t a r d e d  s e t t l i n g  p h a s e  was e n c o u n t e r e d  
i n  wh ich  f u r t h e r  i n c r e a s e s  i n  s a l i n i t y  r e d u c e d  t h e  
mean s e t t l i n g  v e l o c i t i e s .  The s a l i n i t y  a t  wh ich  
r e t a r d e d  s e t t l i n g  commenced v a r i e d  s l i g h t l y  w i t h  
c o n c e n t r a t i o n s  f rom a b o u t  1 5  g / l  a t  low c o n c e n t r a t i o n s  
o f  0 . 1  g / l ,  t o  4 0  g / l  f o r  c o n c e n t r a t i o n s  o f  4  g / l .  

Kranck  (1980 )  u s e d  a  p i p e t t e  a n a l y s i s  p r o c e d u r e  on 
sod ium c h l o r i d e  s o l u t i o n s  and  measured  t h e  
c o n c e n t r a t i o n  of  p a r t i c l e s  i n  c e r t a i n  s i z e  classes 
u s i n g  a C o u l t e r  c o u n t e r .  F o r  d i s p e r s e d  s o l u t i o n s  t h e  
s i z e  d i s t r i b u t i o n  s p e c t r a  showed t h a t  p a r t i c l e s  o n l y  
a b o v e  a c e r t a i n  s i z e  we re  l o s t  and  t h a t  t h i s  
c o n t r o l l i n g  s i z e  d e c r e a s e d  w i t h  t i m e .  However,  f o r  
f l o c c u l a t e d  s e d i m e n t ,  p a r t i c l e s  o f  a l l  s i z e s  we re  l o s t  
a f t e r  a s h o r t  p e r i o d  of time. From t h e  s h a p e  o f  t h e  
s i z e  d i s t r i b u t i o n  s p e c t r a ,  Kranck  was a b l e  t o  d e d u c e  
t h a t  t h e  make up  o f  t h e  f l o c s  which  d e p o s i t e d  was 
similar t o  t h a t  i n  t h e  o r i g i n a l  s u s p e n s i o n .  The  
c o n c e n t r a t i o n  was shown t o  v a r y  w i t h  t i m e  i n  
a c c o r d a n c e  t o  a  power l a w  r e l a t i o n s h i p  w i t h  a n  i n d e x  
o f  -413. 

Some p r e l i m i n a r y  r e s u l t s  o n  t h e  s e t t l i n g  v e l o c i t y  o f  
f l o c s  w e r e  g i v e n  by L e u s s e n  (1986 ) .  I n  a l a r g e  
s e t t l i n g  column o f  h e i g h t  4.0m a n d  d i a m e t e r  0.3m t h e  
c o n c e n t r a t i o n s  a t  11 s a m p l i n g  p o i n t s  were m o n i t o r e d  
o v e r  a p e r i o d  of t i m e  as s u s p e n s i o n s  of  f l o c c u l a t e d  
k a o l i n i t e  we re  a l l o w e d  t o  s e t t l e .  T e s t s  w i t h  i n i t i a l  
c o n c e n t r a t i o n s  of  1000 mg/ l  a n d  5 0  mg/l  i n  b o t h  f r e s h  
water and  sa l t  water a t  3 2  mg / l  we re  c o n d u c t e d .  The 
p r i n c i p a l  t h r u s t  o f  t h e  work however  was t o  s t u d y  t h e  
e f f e c t  o f  t u r b u l e n c e  o n  t h e  s e t t l i n g  v e l o c i t y  by 
i n s e r t i n g  a n  o s c i l l a t i n g  g r i d  i n t o  t h e  column.  
A l t h o u g h  n o  r e s u l t s  o f  t h i s  p a r t  o f  t h e  work w e r e  
p r e s e n t e d ,  t h e  b a s i s  o f  s i m u l a t i n g  t h e  t u r b u l e n t  s h e a r  
s t ress  o f  a n a t u r a l  e s t u a r y  by t h e  e n e r g y  d i s s i p a t i o n  
p e r  u n i t  t i m e  and  volume i n  t h e  s e t t l i n g  column is 
q u e s t i o n a b l e .  Krone  (1986 )  a r g u e d  t h a t  i t  i s  t h e  
l o c a l  v e l o c i t y  g r a d i e n t  t h a t  c o n t r o l s  f l o c  g r o w t h  a n d  
b r e a k  u p  r a t h e r  t h a n  t h e  rate of  e n e r g y  d i s s i p a t i o n .  

3 .3 .2  F i e l d  

I m p o r t a n t  f i e l d  measu remen t s  of t h e  s e t t l i n g  
v e l o c i t i e s  o f  n a t u r a l  f l o c s  i n  t h e  Thames a t  Woolwich 
F e r r y  T e r m i n a l s  (HRS ( 1 9 6 9 ) )  were r e p o r t e d  by Owen 
(1971 ) .  An i n s t r u m e n t  was d e v e l o p e d  t o  t a k e  
u n d i s t u r b e d  s a m p l e s  o f  s u s p e n d e d  s i l t  i n  a n  e s t u a r y  
a n d  t o  d e t e r m i n e  t h e  s e t t l i n g  v e l o c i t y  o f  t h e  s i l t  
f l o c s  i n  t h e i r  n a t u r a l  s t a t e .  The e f f e c t  of 
t u r b u l e n c e  o n  t h e  s e t t l i n g  v e l o c i t y  was i n v e s t i g a t e d  
by c a r r y i n g  o u t  tests  a t  v a r i o u s  p o s i t i o n s  i n  t h e  
e s t u a r y  d u r i n g  S p r i n g  a n d  Neap t i d e s .  The r e s u l t s  
were compared w i t h  c o n v e n t i o n a l  methods of  s a m p l i n g  



and laboratory testing and showed settling velocities 
up to ten times greater. Also, the settling 
velocities were found to vary linearly with 
concentrations during Spring tides and with the square 
of concentration during Neap tides. Owen at first 
attributed these differences to the difference in 
turbulent structures for the two extremes of tidal 
range but later considered that the results were 
inconclusive. 

A field study by Krone (1972) involved simultaneous 
measurements of currents, salinities and suspended 
sediment concentrations at locations around an area of 
rapid shoaling in an estuary. It was concluded that 
flocculation processes were an important factor in the 
estuary as deposition was much faster than could be 
accounted for by the settling velocities of the 
individual particles. 

Tests using the instrument developed by Owen (1971), 
known as the Owen tube, were conducted by Burt and 
Stevenson (1983) and Stevenson and Burt (1985) in the 
Thames estuary. Rather surprisingly, there was no 
significant variation in settling velocities with 
salinity, which varied in the range 1-30 ppt. The 
principal influence on the settling velocity was the 
concentration of suspended sediment and this 
relationship was found to be approximately linear. 

Puls and Kuehl (1986) used an Owen tube to measure 
field settling velocities of flocs in the Elbe 
estuary, West Germany. The median settling velocity 
of the mud flocs was found to be proportional to the 
concentration raised to the power of between 2.5 and 
3.0. 

Although, the Owen tube was an important development 
it nevertheless measures the settling velocity of the 
flocs in the quiescent conditions of the settling 
column rather than their natural hydrodynamic 
environment. It has therefore been a common aim of 
researchers to determine the settling velocity of 
cohesive sediment in flowing water. 

3.4 Settling from 
flowing water 

The deposition of cohesive sediments from flowing 
water was first studied by Krone (1962) and 
Partheniades (1962) at the University of California, 
and by Postma (1962) at Delft Hydraulics Laboratory. 
Further work was carried out by Partheniades et al. 
(1966, 1968) at the Massachusetts Institute of 
Technology, by Kuenen (1965) at the University of 
Groningenin, The Netherlands and later by Mehta and 
Partheniades (1973) at Florida University. More 
recently, laboratory experiments have been performed 



by Kusuda e t  a l .  ( 1982 )  a t  Kyusha U n i v e r s i t y  i n  J a p a n ,  
and  a t  H y d r a u l i c s  R e s e a r c h  L td .  where a  maior  mud " 

r e s e a r c h  f a c i l i t y  has  been  co~nmis s toned  (Bur t  and  Game 
(1985)  ). 

The c o n c e p t  of a  l i m i t i n g  bed s h e a r  s t r e s s  above  which  
no d e p o s i t i o n  t a k e s  p l a c e ,  was i n t r o d u c e d  by Krone 
(1962)  f o l l o w i n g  e x p e r i m e n t s  i n  a  0 .91  m w ide  
r e c t a n g u l a r  f l u m e  which had a n  a c t i v e  d e p o s i t i o n  
l e n g t h  of  27 .4  m. The bed was l e v e l  and  f l o w  was 
r e t u r n e d  by two p r o p e l l e r  pumps which m a i n t a i n e d  f l o w  
v e l o c i t i e s  up t o  0.30 m/s. Measurements  were t a k e n  oE 
suspended  s e d i m e n t  c o n c e n t r a t i o n ,  f l ow  v e l o c i t y  and  
time. T e s t s  were  conduc t ed  w i t h  c o n c e n t r a t i o n s  up t o  
1 7 , 0 0 0  ppm of  San  P r a u c i s o  Bay mud. Krone d e r i v e d  a 
g e n e r a l  e q u a t i o n  which  r e l a t e d  t h e  su spended  s e d i m e n t  
c o n c e n t r a t i o n  t o  t h e  t i m e  f rom t h e  s t a r t  of a n  
e x p e r i m e n t .  

T h i s  was g i v e n  a s  

A t c  n  'b t 
l o g  C = (S) [l-]log(l + + B 

f  '1 C 

where C = c o n c e n t r a t i o n  
A = c o n s t a n t  
t c  = f l o c c u l a t i o n  time 
np = number of  p a r t i c l e s  p e r  u n i t  volume 

nf = number of  f l o c s  p e r  u n i t  volume 
h  = d e p t h  of  f l o w  
7b = bed  s h e a r  s t r e s s  
71 = l i m i t i n g  bed s h e a r  s t r e s s  
B = c o n s t a n t  

A f r a c t i o n  of  t h e  su spended  s e d i m e n t  was l a b e l l e d  w i t h  
a  r a d i o - a c t i v e  t r a c e r  a n d  Krone conc luded  t h a t  as t h i s  
d e p o s i t e d  f a s t e r  t h a n  t h e  s e d i m e n t  a s  a  who le  t h e r e  
must h a v e  been  some i n t e r c h a n g e  be tween  t h e  su spended  
a n d  d e p o s i t e d  f r a c t i o n .  T h i s  h a s  been  d i s p u t e d ,  
however ,  by P a r t h e n i a d e s  (1962)  and  Mehta (1973 )  who 
c o n s i d e r e d  t h a t  t h e  minimum v e l o c i t y  n e c e s s a r y  t o  
p r e v e n t  d e p o s i t i o n  was c o n s i d e r a b l y  s m a l l e r  t h a n  t h a t  
n e c e s s a r y  f o r  e r o s i o n .  

A l though  P a r t h e n i a d e s  (1962)  ma in ly  s t u d i e d  t h e  r a t e  
o f  e r o s i o n  h e  a l s o  c a r r i e d  o u t  some t e s t s  o n  
d e p o s i t i o n .  The tests were  pe r fo rmed  i n  a  s t e e l  f l u m e  
18.3 m l o n g ,  0 . 3 0  m wide  and  0.38 m deep  w i t h  a n  
i n i t i a l  c o n c e n t r a t i o n  o f  11,500ppm. S t a r t i n g  w i t h  a  
r e l a t i v e l y  h i g h  v e l o c l t y  h e  o b s e r v e d  t h e  change  i n  
c o n c e n t r a t i o n  as t h e  v e l o c i t y  was r educed  by a  s m a l l  
amount .  An a p p a r e n t  e q u i l i b r i u m  was a t t a i n e d  and t h i s  
p r o c e d u r e  was r e p e a t e d  u n t i l  a v e l o c i t y  was r e a c h e d  a t  
w h i c h  a l l  t h e  c l a y  was d e p o s i t e d .  The bed s h e a r  
s t r e s s  a t  t h i s  l i m i t i n g  v e l o c i t y  was o b s e r v e d  t o  b e  



a b o u t  0 .06  ~ / m ~  which c o r r e s p o n d e d  well w i t h  K r o n e ' s  
work. 

The f i r s t  tests  i n  a n  a n n u l a r  f lume were  r e p o r t e d  b y  
Postma (1962) i n  a s t u d y  of t h e  e r o s i o n  and  d e p o s i t i o n  
of mud f rom Demerara. Four  p a d d l e s  were u s e d  t o  
m a l n t a i n  t h e  c i r c u l a r  f l o w  of  w a t e r  i n  t h e  t a n k  which  
had a n  i n n e r  d i a m e t e r  o f  0 .44  m ,  a n  o u t e r  d i a m e t e r  o f  
0 .74  m and  a  h e i g h t  o f  0 . 3 3  m. F o r  i n i t i a l  
c o n c e n t r a t i o n s  of 11000 and  26000 ppm i t  was f o u n d  
t h a t  a t  v e l o c i t i e s  o v e r  0 .10  - 0.15  m / s  no d e p o s i t i o n  
t o o k  p l a c e .  Postma a l s o  conc luded  t h a t  t h e  v e l o c i t y  
r e q u i r e d  t o  p r e v e n t  s e d i m e n t a t i o n  was c o n s i d e r a b l y  
s m a l l e r  t h a n  t h e  c r i t i c a l  v e l o c i t y  a t  which e r o s i o n  
s t a r t s .  

Kuenen (1965)  used  two c i r c u l a r  f l u m e s  w i t h  r o t a t i n g  
p a d d l e s  t o  i n v e s t i g a t e  turbidity c u r r e n t s  and  c l a y  
s u s p e n s i o n .  Most of t h e  work c o n c e n t r a t e d  on v e r y  
h i g h  c o n c e n t r a t i o n s  o f  f l u i d  mud a l t h o u g h  some 
e x p e r i m e n t s  on c l a y  s u s p e n s i o n s  i n d i c a t e d  a  minimum 
c r i t i c a l  v e l o c i t y  below which t h e  s e d i m e n t  d e p o s i t e d  
and  a n o t h e r  c r i t i c a l  v e l o c i t y  above  which n o  s e d i m e n t  
d e p o s i t e d .  

The f i r s t  r e p o r t  of tests  u s i n g  a  r o t a t i n g  a n n u l a r  
f l ume  w i t h  c o u n t e r  r o t a t i n g  r i n g  came from 
P a r t h e n i a d e s  e t  a l .  (1966)  who s t u d i e d  d e p o s i t i o n  o f  
mud i n  a  f l ume  w i t h  i n t e r n a l  and  e x t e r n a l  d i a m e t e r s  o f  
0.72 m and  0 . 9 1  m r e s p e c t i v e l y .  The c h a n n e l  was 
r o t a t e d  a t  a  c o n s t a n t  s p e e d  and  a r i n g ,  j u s t  i n  
c o n t a c t  w i t h  t h e  f l u i d  s u r f a c e  was r o t a t e d  i n  t h e  
o p p o s i t e  d i r e c t i o n .  Measurements  were  t a k e n  of t h e  
d i f f e r e n t i a l  v e l o c i t y  be tween t h e  c h a n n e l  and  r i n g ,  
t h e  s h e a r  s t r e s s  on t h e  r i n g ,  t h e  suspended  s e d i m e n t  
c o n c e n t r a t i o n  and t h e  t e m p e r a t u r e  o f  t h e  f l u i d .  The 
s e d i m e n t  used  i n  a l l  e x p e r i m e n t s  was a commerc ia l  
k a o l i n i t e  c l a y  mixed w i t h  t a p  w a t e r  i n  t h e  f i r s t  p h a s e  
and  w i t h  t a p  and  d i s t i l l e d  w a t e r  i n  t h e  s econd  phase .  

From p l o t s  of  s ed imen t  c o n c e n t r a t i o n  a g a i n s t  time i t  
was n o t e d  t h a t  a  s h a r p  d e m a r c a t i o n  o c c u r r e d  when t h e  
d i f f e r e n t i a l  v e l o c i t y  f e l l  below a c e r t a i n  v a l u e .  
Above t h i s  v e l o c i t y  a n  equilibrium c o n c e n t r a t i o n  would 
be  a t t a i n e d  a f t e r  r e d u c i n g  t h e  speed  o f  r o t a t i o n  f rom 
i t s  i n i t i a l  h i g h  v a l u e ,  whereas  below i t  t h e  suspended  
sed imen t  c o n c e n t r a t i o n  would t e n d  t o  d r o p  t o  z e r o .  

Fo r  a n  i n i t i a l  c o n c e n t r a t i o n  of a b o u t  1000 ppm 
P a r t h e n i a d e s  found t h a t  c o n t r a r y  t o  K r o n e ' s  a s s e r t i o n  
a  p l o t  of  l o g  c o n c e n t r a t i o n  v e r s u s  t i m e  d i d  n o t  y i e l d  
a s t r a i g h t  l i n e ,  even  a t  t h e  v e r y  low c o n c e n t r a t i o n s  
of less t h a n  300 ppm. The r a t i o  of e q u i l i b r i u m  
c o n c e n t r a t i o n ,  Ceq. t o  i n i t i a l  c o n c e n t r a t i o n ,  C O ,  was 
shown t o  i n c r e a s e  s l i g h t l y  w i t h  i n c r e a s i n g  i n i t i a l  
c o n c e n t r a t l o n  f o r  a  d i f f e r e n t i a l  v e l o c i t y  o f  0.644 m / s  



bu t  f o r  a  d i f f e r e n t i a l  v e l o c i t y  of 0.810 m / s  t h e  r a t i o  
was v i r t u a l l y  c o n s t a n t .  T h i s  independence  of  Ceq/Co 
w i t h  i n i t i a l  c o n c e n t r a t i o n  i s  i n  agreement  w i t h  t h e  
open f lume s t u d i e s  of  P a r t h e n i a d e s  (1965) .  Fol lowing 
on  from t h i s  f i n d i n g ,  P a r t h e n i a d e s  a rgued  t h a t  no 
i n t e r c h a n g e  of m a t e r i a l  between t h e  bed particles o r  
f l o c s  and t h e  suspended sediment  took p l a c e  because  
o t h e r w i s e  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  would be 
c o n s t a n t  and independen t  of i n i t i a l  c o n c e n t r a t i o n .  

I n  a n  a t t e m p t  t o  d e t e r m i n e  t h e  c o n t r o l l i n g  v a r i a b l e  i n  
t h e  d e p o s i t i o n  p r o c e s s ,  P a r t h e n i a d e s  p l o t t e d  t h e  
e q u i l i b r i u m  c o n c e n t r a t i o n s  v e r s u s  t h e  a v e r a g e  s h e a r  
s t r e s s  i n  t h e  c h a n n e l ,  f o r  one v a l u e  of i n i t i a l  
c o n c e n t r a t i o n ,  and found t h a t  t h e  p o i n t s  f o r  t h r e e  
d e p t h s  f e l l  on t h e  same cu rve .  T h i s ,  however, would 
h o l d  o n l y  when t h e  c h a n n e l  and r i n g  speed  were 
a d j u s t e d  a c c o r d i n g  t o  t h e  o p e r a t i n g  c u r v e s ,  i . e . ,  when 
t h e r e  was a p p r o x i m a t e l y  uni form d e p o s i t i o n  a c r o s s  t h e  
c h a n n e l .  

The i n t r o d u c t i o n  of  bed s h e a r  s t r e s s  a s  t h e  
c o n t r o l l i n g  p a r a m e t e r ,  r a t h e r  t h a n  a v e r a g e  s h e a r  
s t r e s s  i n  t h e  c h a n n e l ,  was l a t e r  made by P a r t h e n i a d e s  
e t  a l .  ( 1968)  r e p o r t i n g  on  f u r t h e r  t e s t s  u s i n g  t h e  
a n n u l a r  f l ume .  A power r e l a t i o n s h i p  between t h e  bed 
s h e a r  s t r e s s  a t  t h e  c e n t e r l l n e  of t h e  channe l  and t h e  
a v e r a g e  s h e a r  s t r e s s  o v e r  t h e  c h a n n e l  boundary was 
g i v e n .  P a r t h e n i a d e s  showed t h a t  t h e  r a t l o  Ceq/Co 
p l o t t e d  a g a i n s t  e x c e s s  s h e a r  s t r e s s  y i e l d e d  a  s t r a i g h t  
l i n e  on a  log-normal g r a p h .  Below a  c e r t a i n  v a l u e  of  
bed s h e a r  s t r e s s  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  was 
z e r o .  

An e x p l a n a t i o n  oE t h e  d e p o s i t i o n  p r o c e s s  i n  te rms o f  
t h e  s h e a r  s t r e n g t h  o f  f l o c s  was proposed  by 
P a r t h e n i a d e s  i n  which f l o c s  w i t h  s t r o n g  enough bonds 
a r e  a b l e  t o  w i t h s t a n d  t h e  h i g h  boundary d i s r u p t i v e  
s t r e s s e s  and e v e n t u a l l y  r e a c h  and s t i c k  t o  t h e  bed. 
A s  a l r e a d y  s t a t e d ,  however, t h i s  may no t  be t h e  o n l y  
e x p l a n a t i o n  f o r  r e a c h i n g  a n  e q u i l i b r i u m  c o n c e n t r a t i o n  
( see  Gregory  (1981)  i n  s e c t i o n  2.2 on  f l o c c u l a t i o n ) .  

P a r t h e n i a d e s  conducted  a n o t l ~ e r  s e r i e s  of e x p e r i m e n t s  
t o  examine whe the r  any exchange of m a t e r i a l  took p l a c e  
between t h e  suspended sediment  and  t h e  bed d e p o s i t .  
A f t e r  a n  e q u i l i b r l u m  c o n c e n t r a t i o n  had been r eached ,  
t h e  s u s p e n s i o n  was s l o w l y  f l u s h e d  w i t h  f r e s h  w a t e r  
u n t i l  t h e  c o n c e n t r a t i o n  w a s  reduced Erom t h e  i n i t i a l  
v a l u e  o f  983 ppm t o  200 ppm. The r a t e  a t  which t h e  
c o n c e n t r a t i o n  d imin i shed  d u r i n g  t h e  f l u s h i n g  and t h e  
q u a n t i t i e s  of  s ed imen t  b e f o r e  and a f t e r  was shown by 
P a r t h e n i a d e s  t o  s u g g e s t  t h a t  no exchange took  p l a c e .  

L iml t ed  t e s t s  were a l s o  c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  
r a t e  of d e p o s i t i o n  and r e s u l t s  were p r e s e n t e d  wlilch 



showed a  power r e l a t i o n s h i p  between c o n c e n t r a t i o n  and 
t ime and a  l i n e a r - l o g  c o r r e l a t i o n  between t h e  r e l a t i v e  
c o n c e n t r a t i o n  (CO-C(t) )/ (co-Ceq) and t ime.  

An e x t e n s i v e  s t u d y  of t h e  d e p o s i t i o n a l  behaviour  of 
c o h e s i v e  sediments  was under taken  by Mehta and 
P a r t h e n i a d e s  (1973) i n  which they  i n v e s t i g a t e d  t h e  
r a t e  of d e p o s i t i o n  of k a o l i n i t e  and mud i n  an  a n n u l a r  
f lume.  The flume was s i m i l a r  t o  t h a t  used a t  MIT 
e x c e p t  t h a t  i t  was l a r g e r ,  having a  mean r a d i u s  of 
0.76 m. It a l s o  had a  f a l s e  bottom which enabled 
d i r e c t  measurement of t h e  bed s h e a r  s t r e s s .  From t h e  
e a r l y  exper iments  Mehta sllowed t h a t  t h e  r a t i o  C e q / C o  
v a r i e d  s o l e l y  wi th  bed s h e a r  s t r e s s .  A l l  d a t a  l a y  on 
a  s i n g l e  a t r a l g h t  l i n e  on a  log-normal p l o t  of Ce,/Co 

and t h e  bed s h e a r  s t r e s s  parameter  ( $ - 1 ) / ( ~ 3 - 1 ) ' ~ ,  
where $ = T,,/ zbmin and ( 3 - 1 )  50 i s  t h e  geomet r i c  
mean. A s i n g l e  v a l u e  of t h e  s t a n d a r d  d e v i a t i o n  of  
a = 0.49 c h a r a c t e r i z e s  t h e  d a t a .  

For  a  c o n s t a n t  ambient  wa te r  q u a l i t y  Mehta p o s t u l a t e d  
t h a t  t h e  physico-chemical  p r o p e r t l e s  of d i f f e r e n t  
sediment  suspens ions  can be d e s c r i b e d  by t h e  c a t i o n  
exchange c a p a c i t y  (CEC). Th i s  is a  measure of t h e  
c a t i o n  adsorb ing  c a p a c i t y  of t h e  c l a y  m i n e r a l s  and i t  
may be cons ide red  a s  a  measure of  t h e  i n t e r p a r t i c l e  
f o r c e s  t h a t  b ind t h e  c l a y  p a r t i c l e s  t o g e t h e r  i n t o  
f l o c s .  However, t h e  r e l a t i o n s h i p  which Mehta shows 
between CEC and zbmin f o r  t h e  d i f f e r e n t  sed iments ,  i n  
which zb,i, i n c r e a s e s  w i t h  CEC, must be c o n s i d e r e d  a s  
t e n t a t i v e  because  t h e  v a l u e  of  CEC of k a o l i n i t e  was an 
assumed one.  

With r e s p e c t  t o  t h e  r a t e s  of d e p o s i t i o n ,  Mehta 
p r e s e n t e d  numerous g raphs  t o  show t h a t  i n  many c a s e s  
a l l  of t h e  deposition phase could  be d e s c r i b e d  by a  
s t r a i g h t  l i n e  r e l a t i o n s h i p  between d e p o s i t e d  sediment  
f r a c t i o n  ( c ~ - c ( ~ ) ) / ( c ~ - c ~  ) denoted by C*, and t l m e ,  t 
when p l o t t e d  on logar i thmyc  - normal a x e s .  The 
s t a n d a r d  d e v i a t i o n ,  o2 and geomet r i c  mean, t 5 0 w e r e  
p l o t t e d  a g a i n s t  t h e  bed s h e a r  s t r e s s  pa ramete r ,  
o t h e r  than  r e f l e c t i n g  a  g e n e r a l l y  s i m i l a r  shape o  2 bu t  
c u r v e s  provided l i t t l e  f u r t h e r  unders tand ing .  I n  
d i s c u s s i o n ,  Mehta argued t h a t  f l o c s  which a r e  
s u f f i c i e n t l y  l a r g e  w i l l  be a b l e  t o  descend towards t h e  
bed c o u n t e r i n g  t h e  upward momentum f l u x  due t o  
t u r b u l e n t  d i f f u s i o n .  Close  t o  t h e  bed, t h e  f l o c  i s  
s u b j e c t e d  t o  t h e  h i g h e s t  d r a g  and hydrodynamic l i f t  
f o r c e s  which a r e  p r o p o r t i o n a l  t o  each o t h e r  and va ry  
i n  a  s t o c h a s t i c  n a t u r e .  The p r o b a b i l i t y  t h a t  a  f l o c  
i s  a b l e  t o  w i t h s t a n d  t h e  h igh  s h e a r  s t r e s s e s  and 
become p a r t  of t h e  bed is g e n e r a l l y  l e s s  than u n i t y .  
That  p r o b a b i l i t y  i s  expec ted  t o  depend on t h e  Elow 
c o n d i t i o n s  a s  w e l l  a s  t h e  p r o p e r t i e s  of t h e  f l o c .  



Kusuda e t  a l .  ( 1982 )  r e p o r t e d  on  t e s t s  c a r r i e d  o u t  i n  
a n  a n n u l a r  f l ume  i d e n t i c a l  i n  c o n c e p t  t o  t h a t  u s e d  by 
M e h t a  It had  a c h a n n e l  0.2 m w i d e ,  0.2 m h i g h  and  
1 .00  m i n  mean r a d i u s .  No d i r e c t  measurement  o f  bed 
s h e a r  s t ress  was made e i t h e r  by a  f a l s e  bo t t om o r  
t h r o u g h  t h e  v e l o c i t y  p r o f i l e  n e a r  t h e  bed ,  a l t h o u g h  
t h e  bed s h e a r  s t r e s s  was c a l c u l a t e d  f rom t h e  r i n g  
s h e a r  s t ress .  The s i z e  d i s t r i b u t i o n  and  s u s p e n d e d  
s e d i m e n t  c o n c e n t r a t i o n  we re  measured d u r i n g  d e p o s i t i o n  
t e s t s  on  a  r i v e r  mud and  bay mud. E q u i l i b r i u m  
c o n c e n t r a t i o n s  were o b t a i n e d  which v a r i e d  c o n s i s t e n t l y  
i n  magn i tude  w i t h  bed s h e a r  s t r e s s .  Dur ing  a  
d e p o s i t i o n  t e s t  t h e  s i z e  d i s t r i b u t i o n  o f  t h e  s e d i m e n t  
w a s  f ound  t o  s u c c e s s i v e l y  na r row  i n  r a n g e  a s  t h e  
l a r g e r  d i a m e t e r  p a r t i c l e s  d e p o s i t e d .  

P r e l i m i n a r y  r e s u l t s  f rom a  s t u d y  of t h e  d e p o s i t i o n  o f  
c o h e s i v e  s e d i m e n t s  i n  a l a r g e  a n n u l a r  f l u ~ o e  were g i v e n  
by B u r t  and  G a m e  ( 1 9 8 5 ) .  The ' C a r o u s e l '  i s  a 6  m 
d i a m e t e r  c i r c u l a r  Flume which  h a s  a f i x e d  c h a n n e l  
0 . 4  m w i d e  and  0 .35  m h i g h ,  and  a  r o t a t i n g  r o o f  0 . 09  m 
t h i c k  wh ich  f l o a t s  o n  t h e  f l u i d  s u r f a c e .  I n  a g r e e m e n t  
w i t h  o t h e r  r e s e a r c h e r s  a  c r i t i c a l  motor  s p e e d  was 
r e p o r t e d  below which  a l l  t h e  su spended  s e d i m e n t  
d e p o s i t e d .  F u r t h e r m o r e ,  t h e  r a t i o  of e q u i l i b r i u m  t o  
i n i t i a l  c o n c e n t r a t i o n  a t  a c e r t a i n  motor  s p e e d  was 
shown t o  be  i n d e p e n d e n t  o f  i n i t i a l  c o n c e n t r a t i o n s ,  
wh ich  v a r i e d  up  t o  24000 ppm. 

4 CONSOLIDATION 

4 . 1  I n t r o d u c t i o n  
Suspended  s e d i m e n t  w i l l  d e p o s i t  f r om f l o w i n g  w a t e r  
when t h e  bed s h e a r  stress r e d u c e s  below a c e r t a i n  
v a l u e  a n d  f l o c s  w i l l  s e t t l e  on t o  t h e  bed.  F l o c s  a r e  
t h u s  l a i d  on one  a n o t h e r  a n d  as a d d i t i o n a l  m a t e r i a l  
a c c u m u l a t e s  on t o p ,  t h e  E l o c s  a r e  b r o u g h t  c l o s e r  
t o g e t h e r  and  t h e  p o r e  water f rom i n s i d e  and  be tween  
t h e  f l o c s  i s  e x p e l l e d .  C o n s o l i d a t i o n  w i l l  o c c u r  d u e  
t o  t h e  s e l f  w e i g h t  of t h e  s o i l  p a r t i c l e s .  

4 . 2  C o n s o l i d a t i o n  o f  
d e p o s i t e d  
s e d i m e n t  

L a b o r a t o r y  measurements  h a v e  been made on 
c o n s o l i d a t i n g  mud by a number o f  r e s e a r c h e r s  o f  whom 
t h e  e a r l i e s t  we re  p r o b a b l y  Work and  K o h l e r  ( 1940 ) .  
Krone (1962 )  measured  :he p r u f i l e  o f  d e n s i t y  a f t e r  1 2  
d a y s  w i t h i n  a  c o n s o l i d a t i n g  bed and  found  t h a t  d e n s i t y  
i n c r e a s e d  g r a d u a l l y  i n  a  l i n e a r  manner w i t 1 1  d e p t h  
e x c e p t  f o r  s l i g h t  d e v i a t i o n s  a t  t h e  s u r f a c e  and  t h e  
bed .  Krone a l s o  measured  t h e  s h e a r  s t r e n g t h  o f  b e d s  
p r e p a r e d  w l t h  a u n i f o r m  d e n s i t y .  The c o n s o l i d a t i o n  
p r o c e s s  was r e p o r t e d  by Krone t o  o c c u r  i n  two d i s t i n c t  
p h a s e s  d u r i n g  e a c h  o f  which  t h e  d e n s i t y  v a r i e d  
l i n e a r l y  w i t h  t i m e  b u t  a t  d i f f e r e n t  r a t e s .  I n  



c o n t r a s t ,  however ,  M i g n i o t  ( 1968 )  deduced  a  
l o g a r i t h m i c  d e n s i t y  p r o f i l e  w i t h  d e p t h  and  i d e n t i f i e d  
t h r e e  p h a s e s  o f  c o n s o l i d a t i o n .  The f i r s t  p h a s e  was 
s i m p l y  t h e  mud f l o c s  s e t t l i n g  i n t o  a  F a i r l y  open  
l a t t i c e  and  p u s h i n g  t h e  w a t e r  t h r o u g h  t h e  l a t t i c e  
g a p s .  Dur ing  t h e  s e c o n d  p h a s e  M i g n i o t  c o n s i d e r e d  t h a t  
t h e  l a t t i c e  had  c l o s e d  up q u i t e  c o n s i d e r a b l y  and  t h a t  
t h e  w a t e r  was e s c a p i n g  r e l a t i v e l y  s l o w l y .  F i n a l l y ,  
d u r i n g  t h e  t h i r d  p h a s e  t h e  w a t e r  i s  removed f rom t h e  
mud f l o c s  by c o m p r e s s i o n .  

P r o b a b l y  t h e  f i r s t  m a j o r  s t u d y  of t h e  p r o p e r t i e s  o f  a 
c o n s o l i d a t i n g  mud was c o n d u c t e d  by Owen ( 1 9 7 0 ) .  Both 
t h e  bed f o r m a t i o n  p r o c e s s  d u r i n g  d e p o s i t i o n  and  t h e  
c o n s o l i d a t i o n  p r o c e s s  w e r e  s t u d i e d .  T e s t s  w e r e  
c a r r i e d  o u t  w i t h  a n  i n i t i a l  s u s p e n s i o n  d e p t h  o f  1 0  m 
i n  a  9 2  mm d i a m e t e r  s e t t l i n g  column a n d  w i t h  
s u s p e n s i o n  c n c e n t r a t i o n s  o f  1000 ,  4000 ,  8000  a n d  
16000  ppm a n d  s a l i n i t i e s  o f  2 ,  4 ,  8, 1 6  a n d  32  g 1 1  and  
f r e s h  w a t e r .  I n  a d d i t i o n  a  s u s p e n s i o n  o f  16000  mg/ l  
and  s a l i n i t y  o f  1 6  g / l  was t e s t e d  w i t h  i n i t i a l  
s u s p e n s i o n  d e p t h s  o f  1 0 ,  7 ,  4 .5  and  2 m r e s p e c t i v e l y .  
The bed t h i c k n e s s  was measured  a t  f r e q u e n t  i n t e r v a l s  
a s  w e l l  a s  t h e  s h e a r  s t r e n g t h  o f  t h e  f i n a l  bed .  

F o r  t h e  mud used  by Owen, wh ich  was from Avonrnouth, 
s a l i n i t y  was found  t o  have  v i r t u a l l y  no e f f e c t  on  t h e  
p r o p e r t i e s  measu red .  T h i s  was a t t r i b u t e d  t o  t h e  h i g h  
i l l i t e  c o n t e n t  i n  t h e  mud which  i s  a r e l a t i v e l y  i n e r t  
c l a y  m i n e r a l .  R e s u l t s  f r o m  s i m i l a r  bed t h i c k n e s s e s  
we re  i n d i s t i n g u i s h a b l e  r e g a r d l e s s  o f  w h e t h e r  t h e  bed 
was formed f rom a s t a n d a r d  d e p t h  and  v a r y i n g  
c o n c e n t r a t i o n  o r  a  s t a n d a r d  c o n c e n t r a t i o n  and  v a r y i n g  
d e p t h .  Dur ing  t h e  f o r m a t i o n  p r o c e s s ,  t h e  bed 
t h i c k n e s s  i n c r e a s e d  l i n e a r l y  w i t h  t i m e  and  t h e  mean 
d e n s i t y  o f  t h e  bed was c o n s t a n t  a l t h o u g h  i t s  v a l u e  
i n c r e a s e d  w i t h  c o n c e n t r a t i o n .  A l s o ,  t h e  s u r f a c e  
d e n s i t y  o f  t h e  bed was found  t o  be c o n s t a n t  d u r i n g  t h e  
f o r m a t i o n  p e r i o d  b u t  was h i g h l y  d e p e n d e n t  on  t h e  bed 
t h i c k n e s s .  

Us ing  t h e  t h e o r y  g i v e n  by Kynch ( 1 9 5 2 ) ,  Owen p r e d i c t e d  
t h a t  t h e  d e n s i t y  p r o f i l e  was d i m e n s i o n l e s s  and  
c o n s t a n t  d u r i n g  f o r m a t i o n  and  had  a  w ide  r a n g e  o f  
d e n s i t i e s  f r om t h e  s u r f a c e  t o  t h e  bed.  D u r i n g  t h e  
i n i t i a l  c o n s o l i d a t i o n  s t a g e ,  however ,  t h e  p r e d i c t e d  
d e n s i t y  p r o f i l e  became more u n i f o r m  b u t  a f t e r  a b o u t  
4000  mins  a r a n g e  i n  d e n s i t y  o n c e  a g a i n  a p p e a r e d .  

At t h e  end  of  e a c h  t e s t  t h e  a c t u a l  d e n s i t y  p r o f i l e  was  
measu red  and  i t  was found  t h a t  t h e r e  was a  u n i q u e  
d i m e n s i o n l e s s  d e n s i t y  p r o f i l e  f o r  d i f f e r e n t  d e p t h s  o f  
bed .  A  compar i son  of two measured  d e n s i t y  p r o f i l e s  
w i t h  Kynch ' s  t h e o r y  showed m o d e r a t e  a g r e e m e n t ,  
a l t h o u g h  t h e r e  was a  d e v i a t i o n  t owards  t h e  b a s e  o f  t h e  
bed where  p r e d i c t e d  d e n s i t i e s  we re  h i g h e r  t h a n  t h o s e  



measu red -  T h i s  c o u l d  n o t  be e x p l a i n e d  w i t h o u t  
q u e s t i o n i n g  t h e  v a l i d i t y  of t h e  b a s i c  a s s u m p t i o n  o f  
t h e  t h e o r y  which  was t h a t  t h e  l o c a l  s e t t l i n g  v e l o c i t y  
o f  t h e  mud was p r o p o r t i o n a l  o n l y  t o  t h e  l o c a l  
d e n s i t y .  

C o n s i d e r a b l e  improvements  were  l a te r  made t o  t h e  
s e t t l i n g  column a p p a r a t u s  u s e d  by Owen w i t h  t h e  
i n t r o d u c t i o n  o f  a  Ha rwe l l  r a d i o a c t i v e  t r a n s m i s s i o n  
p r o b e .  The  p r o b e  was mounted on  a  p u r p o s e - b u i l t  f r ame  
which  a l l o w e d  i t  t o  be  t r a v e r s e d  up  and  down t h e  
column.  A d e n s i t y - d e p t h  p r o f i l e  o f  t h e  c o n s o l i d a t i n g  
mud c o u l d  t h u s  be  o b t a i n e d  ( s e e  ILydrau l ics  R e s e a r c h  
S t a t i o n  1980 )  w i t h o u t  d e s t r o y i n g  t h e  bed.  

R e c e n t l y ,  howeve r ,  a  s u b s t a n t i a l  and  c o n t i n u i n g  
r e s e a r c h  program a t  Oxfo rd  U n i v e r s i t y  h a s  g r e a t l y  
c o n t r i b u t e d  t owards  t h e  u n d e r s t a n d i n g  of  t h e  
c o n s o l i d a t i o n  of  s o f t  s o i l s .  L a b o r a t o r y  e x p e r i m e n t s  
have  been  c o n d u c t e d  i n  a s e t t l i n g  column i n s t r u m e n t e d  
w i t h  p o r e  p r e s s u r e  t r a n s d u c e r s  a t  s p e c i f i c  p o i n t s  a n d  
a  t o t a l  stress t r a n s d u c e r  a t  t h e  b a s e  of  t h e  column.  
A n o n - d e s t r u c t i v e  X-ray a t t e n u a t i o n  t e c h n i q u e  was u s e d  
t o  measu re  t h e  d e n s i t y  t h r o u g h o u t  t h e  column.  
T h i s  e n a b l e d  t h e  c a l c u l a t i o n  of  e f f e c t i v e  s t r e s s e s  
w i t h i n  c o n s o l i d a t i n g  mud t o  be  made and  t h e o r i e s  
r e l a t i n g  t o  s e l f  w e i g h t  c o n s o l i d a t i o n  we re  m o d i f i e d  i n  
t h e  l i g h t  o f  t h e  e m p i r i c a l  r e s u l t s .  

Been a n d  S i l l s  ( 1981 )  r e p o r t e d  on  e x p e r i m e n t s  
c o n d u c t e d  by Been (1980 )  a s  w e l l  a s  t h e  l a r g e  s t r a i n  
c o n s o l i d a t i o n  t h e o r y  f r o m  Lee (1979)  a n d  Lee and  S i l l s  
( 1 9 8 1 ) .  The  e x p e r i m e n t a l  o b s e r v a t i o n s  made by Been 
a n d  S i l l s  a r e  b e l i e v e d  t o  be  u n i q u e  b e c a u s e  of  t h e  
a c c u r a c y  a n d  s p e e d  o f  t h e  s o i l  d e n s i t y  measu remen t s .  
S i x t e e n  e x p e r i m e n t s  were r u n  w i t h  i n i t i a l  u n i t  w e i g h t s  
o f  10 .0  t o  1 2 . 0  kN/m3 a n d  h e i g h t s  643 t o  1929 mm. 
P o r e  p r e s s u r e  measurements  were made by s t a n d  p i p e s  t o  
b e g i n  w i t h  b u t  t r a n s d u c e r s  were u s e d  i n  t h e  l a t t e r  
e x p e r i m e n t s .  The d u r a t i o n  of  t h e  e x p e r i m e n t s  r a n g e d  
f rom o n e  d a y  t o  one  hund red  d a y s .  D e n s i t y  p r o f i l e s  a t  
i n s t a n c e s  i n  time d u r i n g  s e t t l i n g  and  c o n s o l i d a t i o n  
were p r e s e n t e d  by Been and  S i l l s  and t h e s e  i l l u s t r a t e d  
d i f f e r e n c e s  which were d e p e n d e n t  on t h e  i n i t i a l  
c o n c e n t r a t i o n .  

F o r  a n  i n i t i a l  u n i t  w e i g h t  o f  10 .7  kN/m3 f o u r  p h a s e s  
were found  t o  e x i s t  f o r  t h e  f i r s t  f ew  h o u r s .  T h e s e  
were w a t e r ,  s u s p e n s i o n ,  a l o o s e  s o i l  and  d e n s e  bed 
l a y e r .  A  s t e p  change  i n  t h e  d e n s i t y  a t  t h e  s u s p e n s i o n  
s o i l  i n t e r f a c e  was n o t e d  and  t h e  d e n s i t y  of t h e  
s u s p e n s i o n  d e c r e a s e d  s l i g h t l y  a s  t h e  s o i l  p h a s e  
i n c r e a s e d  i n  b o t h  d e p t h  and  d e n s i t y .  A f t e r  7  h o u r s  
t h e  s u s p e n s i o n  p h a s e  no l o n g e r  e x i s t e d  a n d  t h e  l o o s e  
s o i l  p h a s e  b e n e a t h  t h e  water s t a r t e d  t o  d e c r e a s e  i n  
d e p t h  w h i l e  i n c r e a s i n g  i n  d e n s i t y .  E f f e c t i v e  s t r e s s e s  
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Time dependent compression,  o r  c r e e p ,  was shown by 
E l d e r  and S i l l s  (1984) t o  p lay  a n  impor tan t  r o l e  i n  
pr imary c o n s o l i d a t i o n ,  p a r t i c u l a r l y  a t  low d e n s i t i e s .  
T h i s  phenomenon was e x p l a i n e d  by c o n s i d e r i n g  a  
c o l l a p s e  i n  t h e  s o i l  s t r u c t u r e  r a t h e r  than f l o c  
s p a c i n g  d e c r e a s i n g  c a u s i n g  i n t e r p a r t i c l e  f o r c e s  t o  
i n c r e a s e .  T e s t s  were a l s o  performed i n  a s e t t l i n g  
column t o  s t u d y  the  e f f e c t  of g r a d u a l  d e p o s i t i o n .  
T h i s  was ach ieved  by pumping a dense  s l u r r y  i n t o  t h e  
t o p  of a  s e t t l i n g  column a t  a c o n s t a n t  r a t e  ove r  many 
h o u r s .  A v e r y  l a r g e  d i f f e r e n c e  was s e e n  between t h e  
c o n s o l i d a t i o n  behaviour  of t h e  g r a d u a l l y  d e p o s l t e d  
m a t e r i a l  and t h e  i n s t a n t a n e o u s l y  d e p o s i t e d  m a t e r i a l  of 
comparable masses .  The g r a d u a l l y  d e p o s i t e d  bed was 
found t o  t a k e  t e n  t imes  l o n g e r  t o  c o n s o l i d a t e  by a  
f a c t o r  of two than  t h e  i n s t a n t a n e o u s l y  d e p o s i t e d  bed.  

An e x t e n s i o n  of t h e  work on c r e e p  was r e p o r t e d  by 
E l d e r  and S i l l s  (1985) i n  which a  sample o f  a normal ly  
c o n s o l i d a t e d  bed was unloaded and then  loaded a g a i n .  
I t  was s e e n  t h a t  t h e  r e s p e c t i v e  c o n s o l i d a t t o n  c u r v e s  
were d i f f e r e n t  b e f o r e  and a f t e r  t h e  unloading and 
r e l o a d i n g  p r o c e s s  which i l l u s t r a t e d  t h e  e f f e c t  of  
c r e e p .  

Bur t  and Pa rke r  (1984) i n v e s t i g a t e d  t h e  e f f e c t  of  
p r o g r e s s i v e  d e p o s i t i o n  on t h e  d e n s i t y  of a  n a t u r a l  mud 
bed. F ixed  masses of sediment  were added a t  24 hour 
i n t e r v a l s  t o  a  1 0  m h i g h ,  92  mm d i a m e t e r  s e t t l i n g  
column. A t o t a l  of 7 beds were added and d e n s i t y  
p r o f i l e s  were measured up t o  1 5  days  a f t e r  t h e  l a s t  
a d d i t i o n  of sediment .  It i s  concluded t h a t  a  s e r i e s  
of  d e p o s i t e d  beds  w i l l  t end towards one homogenous bed 
w i t h  d e n s i t y  p r o f i l e  s i m i l a r  i n  form t o  t h a t  of an 
i n d i v i d u a l  bed. 

Although t h e  m a j o r i t y  of  work on t h e  c o n s o l i d a t i o n  o f  
muds has been l a b o r a t o r y  o r i e n t a t e d  some s t u d i e s  have 
been under t aken  t o  measure t h e  i n - s i t u  pore  p r e s s u r e s  
of e s t u a r i n e  mud beds .  F t e l d  work i s  c u r r e n t l y  be ing  
under t aken  by S i l l s  (1986) i n  s o f t  m u d s  A s  p a r t  of a  
major programme t o  s tudy  t h e  behaviour  of t h e  cohes ive  
sediment  of t h e  I r i s h  Sea n e a r  S e l l a f i e l d ,  i n - s l t o  
measurements have been made of d e n s i t y  u s i n g  a  n u c l e a r  
back s c a t t e r  probe  and pore  w a t e r  p r e s s u r e  u s i n g  a  
d i f f e r e n t i a l  p i ezomete r .  Measurement h a s  a l s o  been 
made o f  t h e  s h e a r  s t r e n g t h  of c o r e s  recovered from t h e  
s e a  bed a s  w e l l  as d e n s i t y  and m i n e r a l o g i c a l  
d e t e r m i n a t i o n .  A s t i l l i n g  pond a t  t h e  Royal P o r t b u r y  
Docks, B r i s t o l  h a s  been ins t rumented  w i t h  t o t a l  s t r e s s  
t r a n s d u c e r s ,  both  v e r t i c a l  and h o r i z o n t a l ,  and pore  
p r e s s u r e  and w a t e r  h e i g h t  measurements. Sediment w i l l  
d e p o s i t  on  and around t h e s e  i n s t r u m e n t s  and t h e  
development of t h e  bed w i l l  be moni tored .  I t  i s  
i n t e n d e d  t h a t  i n - s i t u  d e n s i t y  p r o f i l e s  w i l l  be 
o b t a i n e d .  



It i s  i m p o r t a n t ,  however, t o  r e c o g n i s e  t h e  v a l u e  of 
f i e l d  work i n  t h e  unders tand ing  of s e l f  weight  
c o n s o l i d a t i o n .  T h e o r i e s  which a r e  evolved from 
t h e o r e t i c a l  and e m p i r i c a l  c o n s i d e r a t i o n s  w i l l  be 
enhanced many t imes  over  i f  t h e i r  p r e d i c t i o n s  a r e  
found t o  c o r r e l a t e  w e l l  w i t h  a c t u a l  bed measurements. 
Rut ,  f i e l d  work i n  an  e s t u a r i n e  mud s u b j e c t  t o  
p o s s i b l e  con t i r lua l  e r o s i o n  and d e p o s i t i o n  r e q u i r e s  
c o n s i d e r a b l e  e f f o r t  i f  r e l i a b l e  d a t a  a r e  t o  be 
o b t a i n e d .  

5 EROSION 

5.1 I n t r o d u c t i o n  
In  a muddy e s t u a r i n e  environment t h e r e  i s  a  p o r t i o n  of 
t h e  bed which i s  p e r i o d i c a l l y  resuspended.  Th i s  upper  
bed i s  u s u a l l y  ve ry  s o f t  w i t h  a  h i g h  w a t e r  c o n t e n t  and 
i s  on ly  p a r t i a l l y  c o n s o l i d a t e d .  It i s  s t r a t i f i e d  w i t h  
r e s p e c t  t o  cohes ion  and d e n s i t y  v a r i a t i o n s  wi th  d e p t h  
and i s  u s u a l l y  t o o  s o f t  t o  e n a b l e  t h e  u s e  of s t a n d a r d  
s h e a r  t e s t s  f o r  measuring c o h e s i v e  s h e a r  s t r e n g t h .  
Beneath t h i s  upper l a y e r  which may have a  dep th  i n  t h e  
o r d e r  of 0.1 - 1.0 m t h e r e  i s  a  p o r t i o n  of bed which 
h a s  compara t ive ly  uniform p r o p e r t i e s .  P rev ious  
r e s e a r c h  can  a l s o  be b road ly  d i v i d e d  i n t o  two 
c a t e g o r i e s  by t h e  n a t u r e  of bed i n v e s t i g a t e d .  The 
f i r s t  c a t e g o r y  r e l a t e s  t o  beds d e p o s i t e d  from 
q u i e s c e n t  o r  low flow c o n d i t i o n s  and t h e  second 
c a t e g o r y  t o  beds formed from a  t h i c k  s l u r r y  o r  
remoulded w i t h ,  i n  some c a s e s ,  a d d i t i o n a l  compaction.  
Accordingly ,  t h e  g e n e r a l  form of e x p r e s s i o n s  t o  
d e s c r i b e  t h e  r a t e  of e r o s i o n  d i f f e r  f o r  t h e  two t y p e s  
of bed. 

5.2 E r o s i o n  of f r e s h l y  
d e p o s i t e d  
sed iments  

Krone (1962) performed exper iments  i n  which he  
measured t h e  c o n c e n t r a t i o n  and t i m e  d u r i n g  t h e  e r o s i o n  
of  mud which had p r e v i o u s l y  been d e p o s i t e d  from 
s u s p e n s i o n .  He sugges ted  t h a t  a s  t h e  c o n c e n t r a t i o n  
i n c r e a s e d ,  t h e  amount of m a t e r i a l  r e -depos i t ed  
i n c r e a s e d ,  a  p o i n t  suppor ted  by h i s  r a d i o a c t i v e  t r a c e r  
work. However a s  p r e v i o u s l y  s t a t e d ,  t h i s  phenomena 
was checked by P a r t h e n i a d e s  (1962) by r e p l a c i n g  t h e  
sediment- laden r e c i r c u l a t i n g  wa te r  w i t h  f r e s h  w a t e r  
d u r i n g  a n  exper iment  and obse rv ing  t h e  e r o s i o n  r a t e s .  
No d i f f e r e n c e  was found i n  t h e  r a t e s  of e r o s i o n  b e f o r e  
and a f t e r  changing t h e  wa te r  and h e  cou ld  o n l y  e x p l a i n  
t h e  r e s u l t s  of Krone by s t a t i n g  t h a t  t h e  r e s p e c t i v e  
exper iments  were no t  c a r r i e d  o u t  i n  t h e  same flume. 

C r i t i c a l  s h e a r  s t r e s s e s  below which no e r o s i o n  took  
p l a c e ,  were c a l c u l a t e d  by Krone by e x t r a p o l a t i n g  t h e  
t e s t  r e s u l t s  and t h e s e  i n d i c a t e d  t h a t  a  bed d e p o s i t e d  
from f lowing  w a t e r  had a  h i g h e r  c r i t i c a l  s h e a r  stress 



t h a n  one d e p o s i t e d  from s t i l l  wa te r .  T h i s  was 
a t t r i b u t e d  t o  more s e l e c t i v e  bonding i n  t h e  c a s e  o f  
f lowing  wa te r  a s  t h e  f l o c s  which s e t t l e  t o  t h e  bed 
w i l l  have r e s i s t e d  t h e  h igh  s h e a r i n g  s t r e s s e s  nea r  t h e  
bed,  and hence,  w i l l  be s t r o n g e r  than  t h o s e  depos i t ed  
from s t i l l  w a t e r .  

P a r t h e n i a d e s  conducted e r o s i o n  t e s t s  on two beds which 
had a  macroscopic s h e a r  s t r e n g t h  i n  t h e  r a t i o  of 100 
t o  1. S u r p r i s i n g l y ,  h e  found t h a t  t h e  minimum 
v e l o c i t y  a t  i n i t i a t i o n  of scour  was s i m i l a r  and t h a t  
t h e  r a t e s  of e r o s i o n  were of t h e  same o r d e r  of 
magnitude.  He a l s o  found t h a t  t h e  e r o s i o n  r a t e s  
depended on average  s h e a r  s t r e s s ,  i n c r e a s i n g  r a p i d i l y  
a f t e r  a  c r i t i c a l  va lue  had been exceeded.  A t h e o r y  
based on p r o b a b i l i t y  was proposed which had t h e  
g e n e r a l  form 

1 B-C w2 E = K I l -  J-B-C exP (7 ) dw I 
i n  which E i s  t h e  r a t e  of e r o s i o n ,  K ,  B and C a r e  f low 
dependent v a r i a b l e s  and W i s  a  dummy v a r i a b l e .  

By a n a l y s i s  of t h e  suspended sediment d u r i n g  a n  
e r o s i o n  t e s t ,  P a r t h e n i a d e s  concluded t h a t  t h e  
p r o p o r t i o n  of s i l t  t o  c l a y  f r a c t i o n  remained t h e  same, 
which impl ied  t h a t  both  types  of p a r t i c l e s  were 
eroded.  The s t r i k i n g  e r o s i o n  p a t t e r n  observed d u r i n g  
t h e  t e s t s  l e d  P a r t h e n i a d e s  t o  deduce t h a t  t h e  
s t r u c t u r e  of tu rbu lence  must be a n  impor tan t  parameter  
i n  e r o s i o n .  The maximum d e p t h  of e r o s i o n  occur red  i n  
t h e  c e n t r e  of t h e  flume w i t h  t h e  bed s h e a r  s t r e s s  i n  
t h e  eroded groove lower than  t h e  r e s t  of t h e  bed. 
T h i s  could on ly  be e x p l a i n e d  by t h e  h i g h e r  t u r b u l e n c e  
a t  t h e  c e n t r e  of t h e  f lume. 

Eros ion  s t u d i e s  were performed by Migniot  (1968) on 
beds which had c o n s o l i d a t e d  by d i f f e r e n t  amounts and 
w i t h  muds from a  v a r i e t y  of s o u r c e s .  He v a s  p r i m a r i l y  
i n t e r e s t e d  i n  t h e  c r i t i c a l  s h e a r  s t r e s s  f o r  e r o s i o n  
and h e  a t t empted  t o  c o r r e l a t e  t h i s  w i t h  p h y s i c a l  
p r o p e r t i e s  of t h e  bed. I n  p a r t i c u l a r ,  t h e  i n i t i a l  
r i g i d i t y  of t h e  mud bed,  which was measured by 
r e c o r d i n g  t h e  t o r q u e  necessa ry  t o  move a  r o t o r  around 
which t h e  mud had c o n s o l i d a t e d ,  was used by Migniot  t o  
g i v e  a n  e s t i m a t e  of t h e  c r i t i c a l  s h e a r  s t r e s s .  

Owen (1975) conducted t e s t s  i n  a  r e - c i r c u l a t i n g  f lume 
t o  s tudy  t h e  e r o s i o n  of Avonmouth mud beds n a t u r a l l y  
d e p o s i t e d  from q u i e s c e n t  suspens ions .  The e r o s i o n  of 
t h e  bed v a s  examined f o r  muds a t  two d i f f e r e n t  
d e n s i t i e s  and s a l i n i t i e s .  I n  l i n e  v i t h  o t h e r  
r e s e a r c h e r s  work, Owen a l s o  found t h a t  a  c r i t i c a l  
s h e a r  s t r e s s  e x i s t e d .  For bed s h e a r  s t r e s s e s  below 
t h i s  c r i t i c a l  v a l u e ,  e r o s i o n  ceased a f t e r  a  c e r t a i n  



p e r i o d  which  was i d e n t i f i e d  by a n  e q u i l i b r i u m  b e i n g  
a t t a i n e d  i n  t h e  suspended  sed imen t  c o n c e n t r a t i o n .  A t  
bed s h e a r  s t r e s s e s  above  t h e  c r i t i ca l  v a l u e  e r o s i o n  
was found t o  c o n t i n u e  i n d e f i n i t e l y .  It a p p e a r e d  t h a t  
t h e  e q u i l i b r i u m  was gove rned  by t h e  s t r e n g t h  p r o f i l e  
of t h e  bed  i n  t h a t  e r o s i o n  p roceeded  u n t i l  a l a y e r  o f  
mud was exposed  which was s u f f i c i e n t l y  s t r o n g  t o  
r e s i s t  f u r t h e r  e r o s i o n  a t  t h a t  a p p l i e d  s h e a r  s t r e s s .  
A t  s h e a r  stresses above  t h e  c r i t i c a l  v a l u e ,  t h e  r a t e  
of e r o s i o n  i n c r e a s e d  l i n e a r l y  w i t h  a p p l i e d  s t r e s s .  
A l though ,  t h e  v a l u e s  o f  c r i t i c a l  s h e a r  s t r e s s  showed 
o n l y  s m a l l  d i f f e r e n c e s  f o r  t h e  d i f f e r e n t  d e n s i t i e s  and  
s a l i n i t i e s ,  t h e  s l o p e  o f  t h e  l i n e a r  r e l a t i o n s h i p s  
d i f f e r e d  s u b s t a n t i a l l y ,  w i t h  t h e  r a t e  o f  e r o s i o n  b e i n g  
much less b o t h  f o r  t h e  beds  of h i g h e r  d e n s i t y  and  
h i g h e r  s a l i n i t y .  

L a b o r a t o r y  tests  were  per formed by Lonsda l e  a n d  
S o u t h a r d  (1974)  i n  a  r e c i r c u l a t i n g  f l u m e  i n  which  t h e  
t h r e s h o l d  v e l o c i t i e s  f o r  e r o s i o n  were  measured  f o r  a  
r e d  c l a y  s l u r r y .  D i f f e r e n t  w a t e r  c o n t e n t s  were  
i n v e s t i g a t e d  a n d  i t  was found t h a t  f o r  w a t e r  c o n t e n t s  
above  67 .5% e r o s l o n  was i n i t i a t e d  by s u r f a c e  e r o s i o n ,  
whe reas ,  a t  l ower  water c o n t e n t s  t h e  bed f a i l e d  a s  t h e  
m a c r o s c o p i c  s h e a r  s t r e n g t h  was exceeded .  I n  f i e l d  
t e s t s ,  Young and  S o u t h a r d  (1978)  measured  t h e  c r i t i c a l  
s h e a r  v e l o c i t y  f o r  e r o s i o n  of sea bed muds i n - s i t u .  
Va lues  f o r  t h e  c r i t i c a l  s h e a r  v e l o c i t y  ranged  from 
0 .32  t o  0 . 8 4  c m / s ,  a l t h o u g h ,  muds r e - d e p o s i t e d  i n  t h e  
l a b o r a t o r y  f lume had s h e a r  v e l o c i t i e s  g r e a t e r  by a  
f a c t o r  o f  two. 

Fukuda a n d  L i c k  (1980)  t e s t e d  t h r e e  s e d i m e n t s  
r e p r e s e n t a t i v e  of Lake  E r i e  t o  d e t e r m i n e  t h e  i n f l u e n c e  
o f  w a t e r  c o n t e n t  and m i n e r a l  s i z e  and  c o m p o s i t i o n  o n  
t h e  i n i t i a l  r a t e  of e r o s i o n  and  e q u i i i b r i u m  
c o n c e n t r a t i o n s .  Beds were d e p o s i t e d  i n  q u i e s c e n t  
c o n d i t i o n s  i n t o  an  a n n u l a r  f lume and  a l l o w e d  t o  
c o n s o l i d a t e  f o r  p e r i o d s  o f  1 t o  1 0  d a y s .  The a u t h o r s  
c o n s i d e r e d  t h a t  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  v a s  due  
t o  a n  e q u i l i b r i u m  between t h e  r a t e s  of e r o s i o n  and  
d e p o s i t i o n ,  a l t h o u g h  i t  h a s  been shown by a  number of 
r e s e a r c h e r s  t h a t  t h e  bed s h e a r  s t r e s s  r e q u i r e d  t o  
i n i t i a t e  e r o s i o n  i s  h i g h  enough t o  p r e v e n t  a n y  
d e p o s i t i o n  of s e d i m e n t .  However, t h e  i n i t i a l  r a t e  o f  
e r o s i o n  was found  t o  i n c r e a s e  l o g a r i t h m i c a l l y  w i t h  
i n c r e a s i n g  low v a l u e s  of a p p l i e d  s h e a r  s t r e s s  a n d  
l i n e a r l y  w i t h  h i g h e r  v a l u e s  of a p p l i e d  s h e a r  s t r e s s .  

T h r e e  d i f f e r e n t  muds were  t e s t e d  by Thorn and  P a r s o n s  
(1980)  i n  t h e  r e - c i r c u l a t i n g  f l ume  p r e v i o u s l y  used  by 
Owen (1975) ,  and  i n  a 10  m h i g h  s e t t l i n g  column a l s o  
u s e d  by Owen (1970) .  The d i m e n s i o n l e s s  d e n s i t y  d e p t h  
p r o f i l e s  of t h e  t h r e e  muds ( B r i s b a n e ,  Grange~nouth  and  
Belawan) were  found t o  be s i m i l a r .  Frora t h e  t e s t s ,  
t h e  c r i t i c a l  s h e a r  s t r e s s ,  7, f o r  t h e  i n L t L a t i o n  o f  



e r o s i o n  was measured a t  v a r i o u s  d e p t h s  th rough  t h e  
beds .  The r e l a t i o n s h i p s  between c r i t i c a l  s h e a r  s t r e s s  
a n d  d e n s i t y  of t h e  mud s u r f a c e  were a l l  found t o  
f o l l o w  similar power laws .  E ros ion  r a t e s  were 
c a l c u l a t e d  a s  a f u n c t i o n  of t h e  e x c e s s  bed s h e a r  
s t r e s s  (zb-zc)  f o r  t i m e  s t e p s  of 1 0 ,  20 a n d  30 mins  
a n d  t h e s e  were s e e n  t o  be r e a s o n a b l y  s i m i l a r .  
However, a n o t h e r  mud t e s t e d  l a t e r  by Thorn (1981)  gave  
q u i t e  a d i f f e r e n t  r e l a t i o n s h i p  between c r i t i c a l  o r  
e q u i l i b r i u m  s h e a r  s t r e s s  and  bed s u r f a c e  d e n s i t y  
compared w i t h  t h e  t h r e e  p r e v i o u s  muds. The r a t e s  o f  
e r o s i o n  a t  v a r i o u s  time s t e p s  f o r  t h e  S c h e l d t  mud 
showed s i g n i f i c a n t  d i f f e r e n c e s  when compared w i t h  t h e  
g roup  r e l a t i o n s h i p  f o r  t h e  ear l ie r  t h r e e  muds. 

It  is i m p o r t a n t  t o  r e a l i s e  t h a t  i n  t h e  t e s t s  conduc ted  
by Owen (1975) ,  Thorn and P a r s o n s  (1980)  and  Thorn 
(1981)  t h e  s u r f a c e  d e n s i t y  of t h e  mud sample be ing  
e roded  was n o t  d i r e c t l y  measured,  b u t  i n f e r r e d  from an  
assumed d i m e n s i o n l e s s  d e n s i t y  d e p t h  p r o f i l e  of t h e  mud 
s e t t l e d  i n  t h e  1 0  m s e t t l i n g  column. T h e r e  i s  l i t t l e  
e v i d e n c e  t o  s u p p o r t  t h i s  a s sumpt ion  and  indeed  t h e  
work of Been and  S i l l s  (1981) ,  H a y t e r  and blehta 
(1982)  and  P a r c h u r e  (1984)  add  we igh t  t o  t h e  argument  
t h a t  i t  may b e  a n  i n v a l i d  a s sumpt ion .  

The d a t a  of t h e  f o u r  muds t e s t e d  by Thorn t o g e t h e r  
w i t h  d a t a  from e r o s i o n  t e s t s  on a Mersey mud were 
r e - a n a l y s e d  by P u l s  (1984) working  a t  H y d r a u l i c s  
Resea rch  L t d .  Three  forms of e x p r e s s i o n s  f o r  t h e  
e r o s i o n  r a t e  v e r s u s  a b s o l u t e  e x c e s s  s h e a r  s t r e s s  
(%-zc r )  and  n o r m a l i s e d  e x c e s s  s h e a r  s t r e s s  
( 8 - z c r ) / z c r  were t e s t e d  a g a i n s t  t h e  d a t a .  It was 
found  t h a t  t h e  b e s t  f i t  was a power law r e l a t i o n s h i p  
between r a t e  of  e r o s i o n  and e x c e s s  s h e a r  s t r e s s  which  
gave  r e g r e s s i o n  c o e f f i c i e n t s  i n  t h e  r a n g e  0.73-0.87 
f o r  t h e  f i v e  muds. Although t h e  i n d e x  and  c o n s t a n t  
v a r i e d  c o n s i d e r a b l y  f o r  e a c h  mud, f o r  a l l  muds t a k e n  
t o g e t h e r  t h e  v a l u e  of  t h e  i n d e x  was 1.00 and t h e  
c o n s t a n t  was 1.98.  P u l s  a l s o  f i t t e d  a l i n e a r  
r e l a t i o n s h i p  which gave  a  c o n s t a n t  of 4.31 f o r  a l l  t h e  
muds which had  a  much lower  r e g r e s s i o n  c o e f E i c i e n t  oE 
0.62. 

Kusuda e t  a l .  (1982) working  i n  c o n j u n c t i o n  w l t h  t h e  
U n i v e r s i t y  o f  F l o r i d a  i n v e s t i g a t e d  t h e  e r o s i o n  of  
d e p o s i t e d  k o a l i n i t e  beds  i n  t h e  a n n u l a r  f lume used  by 
Mehta (1973).  The c r i t l c a l  s h e a r  stress was found t o  
i n c r e a s e  a s  t h e  vo id  r a t i o  d e c r e a s e d  and i t s  v a l u e  was 
found t o  be  a p p r o x i m a t e l y  t w i c e  t h a t  of t h e  Bingha~n 
y i e l d  s t ress .  A power law r e l a t i o n s h i p  was shown t o  
e x i s t  between t h e  i n i t i a l  r a t e  o f  e r o s i o n  and t h e  
n o r m a l i s e d  e x c e s s  s h e a r  s t r e s s  ( % / z c  - l ) .  

Work c a r r i e d  o u t  a t  t h e  U n i v e r s i t y  o f  F l o r i d a  on t h e  
s t u d y  of e r o s i o n  was f i r s t  r e p o r t e d  by Mehta and  



P a r t h e n i a d e s  (1979) .  F o l l o w i n g  o n  from t h i s ,  Yeh 
( 1 9 7 9 ) ,  P a r c h u r e  ( 1 9 8 0 ) ,  D i x i t  (1982)  and  P a r c h u r e  
(1984)  have  a l l  r e p o r t e d  s t u d i e s  on t h e  e r o s i o n a l  
b e h a v i o u r  o f  k o a l i n i t e  and  mud i n  b o t h  a n  a n n u l a r  
f l u m e  and a  r e - c i r c u l a t i n g  f l ume .  V i r t u a l l y  a l l  t h e  
beds  u sed  Ln t h e  tests  had been d e p o s i t e d  f rom a  
s u s p e n s i o n  i n  s t a t i c  o r  s low f l o w i n g  w a t e r .  The 
e x c e p t i o n  was a  p l a c e d  bed used  by Mehta and 
P a r t l i e n i a d e s .  The tests showed t h a t  e r o s i o n  c o n t i n u e d  
i n d e f i n i t e l y  i n  a  un i fo rm bed ,  whe reas ,  i n  a  d e p o s i t e d  
s t r a t i f i e d  bed e r o s i o n  ceased  when t h e  bed s u r f a c e  
c o u l d  resis t  t h e  bed s h e a r  stress and  n o t  because  of  
a n  e q u i l i b r i u m  between e r o s i o n  and d e p o s i t i o n .  

S i m i l a r  t r e n d s  were a l s o  s e e n  f o r  d e p o s i t e d  k a o l i n i t e  
beds  i n  a  l o n g  r e c i r c u l a t i n g  f l ume  by Yeh (1979) .  A 
d e v i c e  f o r  measu r ing  t h e  i n - s i t u  d e n s i t y  o f  a  
d e p o s i t e d  bed was d e s c r i b e d  by P a r c h u r e  (1980) .  T e s t s  
conduc ted  by D i x i t  (1982)  i n  a  l ong  f lume showed t h a t  
t h e  characteristic bed s h e a r  stress i n c r e a s e d  w i t h  
i n c r e a s i n g  t i m e  of c o n s o l i d a t i o n  up t o  120 h o u r s  a f t e r  
which  i n c r e a s l n g  t h e  c o n s o l i d a t i o n  t o  240 h o u r s  g a v e  
no f u r t h e r  change .  The r e l a t i o n s h i p  between e r o s i o n  
r a t e  and  t h e  n o r m a l i s e d  e x c e s s  s h e a r  s t r e s s  was 
e x p r e s s e d  a s  a n  e x p o n e n t i a l  f u n c t i o n  

i n  which t h e  two c o e f f i c i e n t s ,  a and  were  found t o  
be  i n d e p e n d e n t  of t h e  c o n s o l i d a t i o n  t i m e  

An e x t e n s i v e  ser ies  of t es ts  were u n d e r t a k e n  t o  s t u d y  
t h e  e r o s i o n  o f  k a o l i n i t e  and  a  l a k e  mud i n  a n  a n n u l a r  
f l ume  by P a r c h u r e  (1984) .  The e f f e c t s  of s a l i n i t y  and  ' micro-organisms on t h e  c r i t i c a l  s h e a r  s t r e n g t h  and  t h e  
r a t e s  of e r o s i o n  were  i n v e s t i g a t e d  f o r  beds  d e p o s i t e d  
f rom s u s p e n s i o n .  The d e n s i t y  d e p t h  p r o f i l e s  o f  t h e  
beds  were measured and  were  found t o  f o l l o w  
e x p o n e n t i a l  r e l a t i o n s h i p s .  The p r o f i l e s  o f  t h e  
d i f f e r e n t  beds  d i d  n o t ,  however ,  have  s i m i l a r  
magn i tudes  even  when e x p r e s s e d  i n  d i m e n s i o n l e s s  t e r m s  
o f  mean-bed d e n s i t y  and  i n i t i a l  t h i c k n e s s .  

U n l i k e  t h e  a p p r o a c h  f o l l o w e d  by Mign io t  ( 1 9 6 8 ) ,  
Lambermont and Lebon (1978) .  and  Thorn and  P a r s o n s  
(1980)  which  c o n s i s t e d  o f  u s i n g  a  c o r r e l a t i o n  be tween 
bed d e n s i t y  and  t h e  bed s h e a r  s t r e n g t h ,  P a r c h u r e  
c o n s i d e r e d  t h a t  t h e  r e s u l t s  of Krone ( 1 9 6 2 ) ,  
P a r t h e n i a d e s  (1962) ,  and C h r i s t e n s e n  and Das (1973)  
showed t h a t  i t  was n o t  r e l i a b l e  t o  make such  a  
c o r r e l a t i o n .  

Measurements  were  t a k e n  by P a r c h u r e  o f  t h e  c r i t i c a l  
s h e a r  s t r e n g t h  o f  t h e  beds  which  were  found  t o  v a r y  i n  
t h e  r a n g e  0 .04  - 0.17 ~ / r n ~ .  S a l i n i t y  i n c r e a s e d  t h i s  
s h e a r  s t r e n g t h  r a p i d l y  f o r  s a l i n i t i e s  i n  t h e  r a n g e  0  



t o  2 p p t ,  b u t  above 1 0  p p t  t h e  e f f e c t  was n e g l i g i b l e .  
The c r i t i c a l  s h e a r  s t r e s s  of t h e  t o p  l a y e r  of mud was 
Eound t o  be c o n s t a n t  f o r  c o n s o l i d a t i o n  t imes  of  1 d a y  
t o  10  d a y s ,  a l t h o u g h  lower  l a y e r s  were found t o  
i n c r e a s e .  T h i s  was e x p l a i n e d  by t h e  l a c k  of 
ove rburden  on  t h e  su rEace  which p r e v e n t e d  t h e  f l o c s  
f rom c rumbl ing  and r educ ing  t h e i r  o r d e r  a g g r e g a t i o n  
and increasing t h e l r  s h e a r  s t r e n g t h .  It i s  
i n t e r e s t i n g  t o  compare t h i s  w i t h  t h e  approach  of Been 
and S i l l s  (1981) who added a n  imag ina ry  ove rburden  t o  
t h e  s u r f a c e  of  t h e  s o i l  i n  t h e i r  t h e o r e t i c a l  a n a l y s i s  
t o  t a k e  accoun t  of t h e  i n c r e a s e  i n  d e n s i t y  of t h e  
s u r f a c e  d u r i n g  c o n s o l i d a t i o n .  

From t h e  s h e a r  s t r e n g t h  - dep th  p r o f i l e s  of t h e  b e d s ,  
P a r c h u r e  proposed  a  t h r e e  zoned s t r u c t u r e  common t o  
t h e  beds t e s t e d .  The t h r e e  zones  have t h e  upper  
b o u n d a r i e s  oE t h e  c r i t i c a l  s h e a r  s t r e s s ,  t h e  
c h a r a c t e r i s t i c  s h e a r  s t r e s s  and t h e  maximum s h e a r  
s t r e s s  r e s p e c t i v e l y .  The d e p t h  a t  which t h e  
c h a r a c t e r i s t i c  s h e a r  s t r e s s  o c c u r s  was i d e n t i f i e d  by a  
s h a r p  r e d u c t i o n  i n  t h e  r a t e  of i n c r e a s e  i n  s h e a r  
s t r e n g t h  w i t h  d e p t h .  

Pa rchure  c a r r i e d  o u t  a  E lush ing  expe r imen t  i n  which 
t h e  s u s p e n s i o n  was ve ry  s lowly  r e p l a c e d  w i t h  f r e s h  
w a t e r  w h i l e  t h e  Elume was r o t a t i n g  a f t e r  a n  
e q u i l i b r i u m  c o n c e n t r a t i o n  had been a t t a i n e d  d u r i n g  a n  
e r o s i o n  t e s t .  The subsequen t  minlmal i n c r e a s e  i n  t h e  
c o n c e n t r a t i o n  oE t h e  f r e s h  w a t e r  gave Eur t l i e r  s u p p o r t  
t o  t h e  argument t h a t  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  i s  
n o t  a n  e q u i l i b r i u m  between t h e  r a t e  oE d e p o s i t i o n  and 
t h e  r a t e  of e r o s i o n .  

C o n s i d e r a t i o n  of a l l  t h e  r e s u l t s  oE t h e e r o s i o n  t e s t s  
l e d  P a r c h u r e  t o  e x p r e s s  t h e  r a t e  of e r o s i o n  a s  a n  
e x p o n e n t i a l  f u n c t i o n  of t h e  s q u a r e  r o o t  oE e x c e s s  
s h e a r  s t r e s s .  T h i s  had t h e  form 

E = E£ e x p  [ e  (sb - 7s) k~ ( 9 )  

where i s  t h e  a v e r a g e  f l o c  e r o s i o n  r a t e  which i s  
d e f i n e d  as t h e  r a t e  o f  e r o s i o n  a f t e r  t h e  major  e r o s i o n  
h a s  c e a s e d  and is a  r e s u l t  of a s t o c h a s t i c  n a t u r e  of 
t h e  e r o s i o n  p r o c e s s .  The f a c t o r  0 i s  shown t o  be 
i n v e r s e l y  p r o p o r t i o n a l  t o  a b s o l u t e  t e m p e r a t u r e ,  and by 
ana logy  w i t h  t h e  r a t e  p r o c e s s  e x p r e s s i o n s  P a r c h y r e  
r e g a r d e d  6 t o  a l s o  be p r o p o r t i o n a l  t o  ( %  - ss )z .  
However, t h e  d a t a  were wide ly  s c a t t e r e d  Eor t h i s  
r e l a t i o n s h i p  w i t h  some d a t a  l y i n g  a n  o r d e r  of 
magni tude  o f f  t h e  l i n e  i n  te rms oE e r o s i o n  r a t e .  
O t h e r  r e s e a r c h e r s '  d a t a  were r e a n a l y s e d  by P a r c h u r e  
bu t  c o n s i d e r a b l e  d i f f e r e n c e s  i n  t h e  f l o c  e r o s i o n  r a t e ,  
E£ and  t h e  f a c t o r  0 were  Eound. 
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Models ba sed  on  t h e  p r i n c i p l e  of t h e  e l a s t i c  b e h a v i o u r  
o f  mud have  been c o n s i d e r e d  by M a l l a r d  and  Ual rymple  
(1977 )  a n d ,  i n  a mod i f i ed  form t o  i n c l u d e  a  s o i l  
i n e r t i a  t e rm ,  by Dawson ( 1 9 7 8 ) .  T h i s  method l e d  t o  
t h e  p r e d i c t i o n  t h a t  w a t e r  wave l e n g t h  d e c r e a s e s  
r e l a t i v e  t o  t h e  r i g i d  bed s o l u t i o n  due  t o  t h e  e l a s t i c  
n a t u r e  of  t h e  bed,  a l t h o u g h  a s  Maa and Mehta s t a t e ,  
t h i s  was c o n t r a r y  t o  t h e  l a b o r a t o r y  d a t a  o f  Nagai e t  
a l .  (1983 ) .  A l s o ,  due  t o  t h e  assumed e l a s t l c  
b e h a v i o u r  of  t h e  mud, wave d i s s i p a t i o n  c o u l d  n o t  be  
t a k e n  i n t o  a c c o u n t  i n  t h i s  a n a l y s i s .  

Kolsky (1963)  p r e s e n t e d  l i n e a r i z e d  e q u a t i o n s  of mo t ion  
f o r  a  s m a l l  d i s t u r b a n c e  i n  a n  i n c o m p r e s s i b l e  
v i s c o e l a s t i c  m a t e r i a l  ba sed  on t h e  a n a l o g y  o f  t h e  
s p r i n g - d a s h p o t  sy s t em.  A t h e o r e t i c a l  s t u d y  of  wave 
a t t e n u a t i o n  i n  a  two l a y e r  s y s t e m  i n  which t h e  
v i s c o s i t y  o f  t h e  u p p e r  l a y e r  i s  i g n o r e d  and  t h e  l ower  
l a y e r ,  i . e .  mud, is t r e a t e d  as v i s c o e l a s t i c ,  was g i v e n  
by Macpherson (1980) .  Through t r a n s f o r m a t i o n  o f  
K o l s b y ' s  e q u a t i o n s ,  Macpherson d e r i v e d  a n  e x p r e s s i o n  
s i m i l a r  t o  t h e  Navier -S tokes  e q u a t i o n s  of  mo t ion  b u t  
w i t h  a  complex v i s c o s i t y  term. The same a s s u m p t i o n s  
w i t h  r e s p e c t  t o  t h e  b e h a v i o u r  of t h e  w a t e r  and  mud 
were made by Hs i ao  and Shemdin (1980 )  b u t  t hey  s o l v e d  
K o l s k y ' s  e q u a t i o n s  d i r e c t l y  by a s suming  t h e  e x i s t e n c e  
of a s t r e a m  f u n c t i o n  f o r  t h e  mud bed.  

A v i s c o p l a s t i c  o r  Bingham p l a s t i c  m a t e r i a l  i s  
c h a r a c t e r i s e d  by a y i e l d  s t r e n g t h .  Such  a  m a t e r i a l  
c a n  w i t h s t a n d  a s h e a r  s t r e s s  up t o  a  c r i t i c a l  v a l u e ,  
a b o v e  which i t  is a  f l u i d  and  t h e  v i s c o u s  s h e a r  s t r e s s  
i s  p r o p o r t i o n a l  t o  t h e  e x c e s s  s h e a r  above  t h e  y i e l d  
s t r e n g t h .  However, a t  low r a t e s  of d e f o r ~ n a t l o n  many 
muds show a marked d i f f e r e n c e  f rom t h e  Ringham p l a s t i c  
b e h a v i o u r .  A mud t e s t e d  by F a a s  ( 1 9 8 1 ) .  f o r  example ,  
gave  v i s c o s i t i e s  i n  t h e  r ange  1-10% oE i t s  i n i t i a l  
v a l u e  a s  t h e  r a t e  of s h e a r  was i n c r e a s e d ,  a s  opposed  
t o  a  c o n s t a n t  v i s c o s i t y  c h a r a c t e r i s t i c  of t h e  Bingham 
p l a s t i c  b e h a v i o u r .  Williams and James (1978 )  a l s o  
found  s i m i l a r  p s e u d o p l a s t i c  b e h a v i o u r  i n  two muds 
t e s t e d  f o r  t h e  l l y d r a u l i c s  Resea rch  S t a t i o n .  

Maa a n d  Mehta r e p o r t e d  t h a t  few r e s e a r c h e r s  have  
s t u d i e d  i n  d e t a i l  t h e  mot ion  of a  mud bed unde r  t h e  
a c t i o n  of waves.  M i g n i o t  ( 1968 )  showed t11aL t h e  
maximum h o r i z o n t a l  a n d  v e r t i c a l  d i s p l a c e m e n t s  i n  t h e  
mud d e c r e a s e d  r a p i d l y  w i t h  d e p t h  and  w i t h  t h e  d e g r e e  
of  c o n s o l i d a t i o n .  The r e s u l t s  o f  bo th  Shuckman and 
Yamamoto (1982)  and  Nagai e t  a 1  (1983) a r e  i n  
a g r e e m e n t ,  a t  l e a s t  i n  q u a l i t a t i v e  t e rms ,  w i t h  t h o s e  
of Mign io t .  

Two l o n g  t e r m ,  t ime  dependen t  c h a r a c t e r l s t i c s  of bed 
b e h a v i o u r  were n o t e d  by Maa and Elehta; d e g r a d a t i o n  o f  
s h e a r  s t r e n g t h  o r  ' s o i l  s o f t e n i n g '  ( ~ h i e r s  and  Seed 



(1968) and Schuckman and Yamomato (1982) ), and t h e  
p o t e n t i a l  f o r  mud l i q u e f a c t i o n  ( ~ u r c o t t e  e t  a l ,  
(1984) 1. 
A l i s h a h i  and Krone (1964) probably  conducted t h e  f i r s t  
exper imenta l  s tudy  of waves over  mud. The waves were 
wind genera ted  and t h e  mud was from San F r a n c i s c o  Bay. 
They demonstra ted  the  e x i s t e n c e  of c r i t i c a l  
wave-induced s h e a r  f o r  suspens lon  of t h e  bed s u r f a c e .  
Jackson  (1973) conducted t e s t s  on a  mix tu re  of c l a y ,  
s i l t  and some f i n e  sand on a  s l o p i n g  beach.  For s m a l l  
o r b i t a l  v e l o c i t i e s ,  i n  t h e  range 0.12-0.15m/s, Jackson 
observed t h a t  t h e r e  was l i t t l e  e r o s i o n ,  whereas ,  a t  
o r b i t a l  v e l o c i t i e s  g r e a t e r  than  0 .20 m / s  mass e r o s i o n  
occur red .  

A t ime-concen t ra t ion  v a r i a t i o n  i n  which t h e  
c o n c e n t r a t i o n s  a s y m p t o t i c a l l y  approached a  c e r t a i n  
v a l u e  was r e p o r t e d  by Thimakorn (1980) from t e s t s  w i t h  
mechan ica l ly  genera ted  p r o g r e s s i v e  waves o v e r  an  
e s t u a r i a l  mud bed. 

Maa and Mehta a l s o  p r e s e n t e d  a  t h e o r e t i c a l  model i n  
which t h e  upper  l a y e r  was cons ide red  a s  a  v i s c o u s  
(Newtonian) f l u i d  and t h e  lower l a y e r  t o  be 
v i s c o e l a s t i c .  The model was a p p l i c a b l e  t o  c a s e s  i n  
which t h e  s t r a i n s  can  be assumed t o  be smal l  Ln t h e  
mud l a y e r .  A co~npar i son  between measurements i n  t h e  
mud l a y e r  by NagaL e t  a l .  (1983) and t h e  p r e d i c t i o n  of  
t h e  model, a l though  be ing  somewhat s i m p l i s t i c ,  
appeared t o  g i v e  a  r easonab le  p r e d i c t i o n  of t h e  
c h a r a c t e r i s t i c s  of mud motion. The purpose behind t h e  
development of t h e  model was t o  use  i t ,  i n  c o n j u n c t i o n  
w i t h  a l a b o r a t o r y  s t u d y  of r e suspens ion  by waves, t o  
e s t i m a t e  t h e  i n t e r f a c i a l  s t r e s s  and t o  e v a l u a t e  wave 
a t t e n u a t i o n .  

5.4 Eros ion  of 
remoulded s o i l s  

C h r i s t e n s e n  and Das (1973) conducted t e s t s  on 
remoulded k a l o n i t e  and g r u n d i t e  samples t o  i n v e s t i g a t e  
t h e  e f f e c t  on t h e  r a t e  of e r o s i o n  of t e s t  d u r a t i o n .  
t r a c t i v e  s t r e s s ,  m o i s t u r e  c o n t e n t  and t empera tu re  of  
t h e  water .  The exper imenta l  method adopted invo lved  
l i n i n g  a  102mm l o n g ,  25.4mm d iamete r  b r a s s  tube  w i t h  a  
c l a y  sample 3mm t h i c k .  Water was passed through t h e  
c e n t r e  of t h e  tube a t  Reynolds numbers of 4000-8000. 

The r a t e  of e r o s i o n  v a r i e d  wi th  t ime d u r i n g  each of 
t h e  t e s t s  bu t  followed a  c o n s i s t e n t  t r e n d  which had 
t h r e e  s t a g e s .  I n  t h e  f i r s t  s t a g e  t h e  e r o s i o n  r a t e  
dec reased  w i t h  t ime,  then i t  became c o n s t a n t  d u r i n g  
t h e  second s t a g e ,  and f i n a l l y ,  i n  t h e  t h i r d  s t a g e  t h e  
r a t e  of e r o s i o n  r a p i d l y  i n c r e a s e d  a s  t h e  c l a y  s u r f a c e  
q u i c k l y  d e t e r i o r a t e d .  T h i s  e n t i r e  p r o c e s s  was l i k e n e d  
by C h r i s t e n s e n  and Das t o  t h e  c r e e p  behaviour  of 



c o h e s i v e  s o i l s  a t  s t r e s s  l e v e l s  l a r g e  enough t o  
e v e n t u a l l y  cause  f a i l u r e .  Curves showing t h e  s t e a d y  
s t a t e  r a t e  of e r o s i o n  a g a i n s t  t r a c t i v e  s h e a r  s t r e s s  
demons t ra t ed  t h a t  t h e  r ace  of e r o s i o n  r a p i d l y  
i n c r e a s e d  beyond a c e r t a i n  c r i t i c a l  s h e a r  s t r e s s  f o r  
each s o i l .  S t r e s s e s  above t h e  c r i t i c a l  va lue  l e a d  t o  
s e v e r e  e r o s i o n  of t h e  c l a y  s u r f a c e  i n  a  s h o r t  pe r iod  
of t ime.  

V a r i a t i o n s  i n  d e n s i t y  of t h e  samples produced r e s u l t s  
which i l l u s t r a t e d  t h a t  d e c r e a s i n g  t h e  d e n s i t y  of t h e  
samples reduced the  e r o s i o n  r a t e s .  This  i s  c o n t r a r y  
t o  many o t h e r  r e s e a r c h e r s  c o n c l u s i o n s  but  was 
a t t r i b u t e d  t o  t h e  g r e a t e r  s u r f a c e  smoothness of t h e  
l e s s  dense  samples due  t o  t h e i r  h i g h e r  mois tu re  
c o n t e n t .  

Temperature e f f e c t s  were found t o  be s i g n i f i c a n t  w i t h  
t h e  e r o s i o n  r a t e  i n c r e a s i n g  c o n s i d e r a b l y  w i t h  
i n c r e a s i n g  t e m p e r a t u r e .  For  example,  an i n c r e a s e  i n  
t empera tu re  of 30°C i s  s e e n  t o  i n c r e a s e  t h e  r a t e  of 
e r o s i o n  f o r  t h e  k a o l i n i t e  sample by more than  a n  o r d e r  
of magnitude.  Fol lowing M i t c h e l l  (1969) ,  who 
c o n s i d e r e d  bonding mechanisms and t h e  s t r e n g t h  of 
s o i l s  i n  te rms of r a t e  p r o c e s s  t h e o r y ,  e x p r e s s i o n s  
were g i v e n  by C h r i s t e n s e n  and Das based on t h e  
assumpt ion t h a t  t h e  mechanism f o r  e r o s i o n  i s  sLmLlar 
t o  t h a t  of  c r e e p .  Allowing f o r  t h e  d i f f e r e n c e s  i n  
s h e a r  s t r e n g t h  between t h e  exper imen t s ,  t h e  a u t h o r s  
concluded t h a t  t h e  r a t e  p r o c e s s  t h e o r y  i s  a p p l i c a b l e  
t o  e r o s i o n .  However, t h e  v a l u e s  of t h e  e x p e r i m e n t a l  
a c t i v a t i o n  a r e  s u b s t a n t i a l l y  lower than  t h o s e  o b t a i n e d  
f o r  c r e e p ,  a l t h o u g h  some of t h i s  d i s c r e p a n c y  may be 
accounted f o r  by t h e  a c c u r a c y  of t empera tu re  c o n t r o l  
and t h e  c r u d e  method f o r  t h e  c a l c u l a t i o n  of 
e x p e r i m e n t a l  a c t i v a t i o n .  

Lambermont and Lebon (1978) o b t a i n e d  t h e  s o l u t i o n  f o r  
t h e  s t a t i o n a r y  e r o s l o n  f l u x  under a  c o n s t a n t  s h e a r  
s t r e s s .  Empirical r e l a t i o n s h i p s  between t h e  d e n s i t y  
and y i e l d  s h e a r  s t r e s s  a f t e r  Migniot  (1968) ,  and 
d e n s i t y  p r o f t l e  through t h e  sediment  l a y e r  a f t e r  
F u j i t a  (1962) were used.  Also ,  t h e  a s sumpt ions  t h a t  
t h e  c r i t i c a l  s h e a r  s t r e s s  i s  un ique ly  r e l a t e d  t o  t h e  
y i e l d  s t r e s s  and t h a t  t h e  s e t t l i n g  v e l o c i t y  i n  v i s c o u s  
s u b l a y e r  becomes n e g l i g i b l e  because  t h e  p a r t i c l e s  a r c  
d e f l o c c u l a t e d ,  were necessa ry  f o r  t h e  s o l u t i o n .  To 
app ly  t h e  e q u a t i o n s ,  two e x p e r i m e n t a l  v a l u e s  of 
e r o s i o n  f l u x  and s h e a r  s t r e s s  were r e q u i r e d .  
U n f o r t u n a t e l y ,  t h e  example g i v e n  i n  which the  
s o l u t i o n s  were compared w i t h  d a t a  Ero~n exper imen t s  by 
P a r t h e n i a d e s  (1965) a p p a r e n t l y  d e p i c t  t h e  g raph  of 
o n l y  t h e  o r i g i n a l  e x p e r i m e n t a l  d a t a  p o i n t s  and f i t t e d  
cu rves .  



Sargunam e t  a l .  ( 1973 )  r e p o r t e d  t e s t s  pe r fo rmed  on  
76mm d i a m e t e r  s p e c i m e n s  a t  v a r i o u s  a p p l i e d  f l u i d  s h e a r  
stresses i n  a  r o t a t i n g  c y l i n d e r  a p p a r a t u s .  The 
e r o s i o n  r a t e s  w e r e  shown t o  v a r y  l i n e a r l y  w i t h  s h e a r  
stress. F u r t h e r  tests  u s i n g  t h e  same a p p a r a t u s  by 
A r i a t h u r a i  and  Aru l anandan  (1978 )  l e a d  t o  t h e  a d o p t i o n  
of  a n  e x p r e s s i o n  f o r  t h e  r a t e  o f  e r o s i o n  i n  terms o f  
t h e  n o r m a l i z e d  e x c e s s  s h e a r  s t r e s s .  Graphs  we re  
p r e s e n t e d  which  d e p i c t e d  t h e  e f f e c t  on  t h e  c o e f f l c l e n t  
I n  t h e  e r o s i o n  e x p r e s s i o n  of  c a t i o n  exchange  c a p a c i t y ,  
c o n c e n t r a t i o n  a t  low sodium a d s o r p t i o n  r a t i o ,  sod ium 
a d s o r p t i o n  r a t i o  and  t e m p e r a t u r e .  F o r  o v e r  2 0 0  t e s t s ,  
and  w i t h  few e x c e p t i o n s ,  t h e  v a l u e  of  t h e  coefficient 
was i n  t h e  r a n g e  0.003-0.03 g / c m 2 / m m .  

Raudk iv i  a n d  H u t c h i n s o n  (1974 )  c a r r i e d  o u t  a  s t u d y  i n  
a f l u m e  t o  e v a l u a t e  t h e  e f f e c t s  of s a l i n i t y  and  
t e m p e r a t u r e  on e r o s i o n  of  k a o l i n i t e .  A l though  t h e i r  
d a t a  showed c o n s i d e r a b l e  s c a t t e r ,  t h e  p l o t s  o f  e r o s L o n  
r a t e  v e r s u s  t e m p e r a t u r e  w e r e  ' U '  s h a p e d .  I n  a n  
a t t e m p t  t o  e x p l a i n  t h i s  u n u s u a l  s h a p e  t h e  a u t h o r s  
d e c i d e d  t o  d raw upon  t h e  rate p r o c e s s  t h e o r y  a s  a n  
a n a l o g y .  

K e l l y  a n d  G u l a r t e  (1981)  a l s o  a p p l i e d  t h e  r a t e  p r o c e s s  
t h e o r y  t o  t h e  e r o s i o n  of a  c o h e s i v e  s o i l .  F o l l o w i n g  
M L t c h e l l  (1964  and  1968) .  and  Ande r s l and  and  Doug la s  
(1970)  expressions f o r  t h e  e x p e r i m e n t a l  a c t l v a t L o n  
e n e r g y  E ,  and  t h e  e x p e r i m e n t a l  f l o w  volume V f ,  we re  
g i v e n  a s  

and  

T h e s e  e x p r e s s i o n s  a r e  ~ o m p l e t e d  a n a l o g o u s  t o  t h o s e  
u s e d  i n  s t u d i e s  of s o i l  c r e e p ,  e x c e p t  t h a t  t h e  stress 
T i s  t h e  a v e r a g e  bed s h e a r  s t r e s s  and  t h e  r a t e  E is 
t h e  e r o s i o n  r a t e .  E x p e r i m e n t s  we re  c o n d u c t e d  i n  a 
r e f r i g e r a t e d  r e c i r c u l a t i n g  w a t e r  t u n n e l  w h i c h  had a  
work ing  s e c t i o n  3m l o n g  and  152mm s q u a r e  i n  c r o s s  
s e c t i o n .  R e s u l t s  we re  p r e s e n t e d  which  i l l u s t r a t e d  
l i n e a r  r e l a t i o n s h i p s  be tween  e r o s i o n  r a t e ,  i n v e r s e  o f  
a b s o l u t e  t e m p e r a t u r e ,  and  e r o s i o n  r a t e  and  s h e a r  
s t r e s s .  The c r i t i c a l  s h e a r  stress was shown t o  
s i g n i f i c a n t l y  i n c r e a s e  w i t h  i n c r e a s i n g  s a l i n i t y  ( 2 . 5  - 
l o p p t ) ,  and  t o  d e c r e a s e  s l i g h t l y  w i t h  i n c r e a s i n g  
m o i s t u r e  c o n t e n t .  K e l l y  and  G u l a r t e  compared t h e i r  
r e s u l t s  wit11 e a r l i e r  s t u d i e s  and  c o n c l u d e d  t h a t  t h e  
r a t e  p r o c e s s  t h e o r y  c o u l d  b e  a p p l i e d  q u a l i t a t i v e l y  t o  
d e s c r i b e  s u r f a c e  e r o s i o n ,  a l t h o u g h  t h e  v a l u e s  of 



e x p e r i m e n t a l  a c t i v a t i o n  e n e r g i e s  f o r  e r o s i o n  were 
lower t h a n  t h o s e  f o r  s o i l  c r eep .  

C u l a r t e  e t  a l .  (1979) compared the  r e s u l t s  o f  t h e  
e r o s i o n  t e s t s  w i t h  t h e  Bingham y i e l d  s t r e s s  o b t a l n e d  
from vane and s t a n d a r d  v i scomete r  t e s t s  f o r  a n  i l l i t l c  
s i l t  m a t e r i a l .  The e f f e c t s  of w a t e r  c o n t e n t  and 
s a l i n i t y  on t h e  c r i t i c a l  s h e a r  s t r e s s  f o r  e r o s i o n  and  
t h e  Bingham y i e l d  s t r e s s  were de termined.  A r e d u c t i o n  
i n  t h e  w a t e r  c o n t e n t  i n c r e a s e d  both  t h e  c r i t i c a l  and 
y i e l d  s t r e s s e s .  However, t h e  s i z e  of t h i s  i n c r e a s e  
was measured i n  o r d e r s  of magnitude f o r  t h e  Bingham 
y i e l d  stress, whereas ,  t h e  c r i t i c a l  s h e a r  s t r e s s  
changed by o n l y  a  f a c t o r  of two f o r  t h e  range o f  w a t e r  
c o n t e n t  examined. I n c r e a s i n g  s a l i n i t y  was found t o  
i n c r e a s e  t h e  c r i t i c a l  s h e a r  s t r e s s ,  a l t h o u g h ,  i t  had 
no e f f e c t  on t h e  Bingham y i e l d  s t r e s s .  

A d i r e c t  comparison of c r i t i c a l  s h e a r  s t r e s s  and 
Bingham y i e l d  s t r e s s  f o r  f o u r  v a l u e s  of s a l i n i t y  i n  
t h e  range of 2 . 5  t o  10.0 pp t  showed f o u r  s t r a i g h t  
l i n e s  o f  i n c r e a s i n g  g r a d i e n t s  from 1 .0  X 1 0 - ~  t o  2.8 X 

1 0 - ~ .  For  a d e p o s i t e d  bed,  Kusuda (1982) quo ted  on 
a v e r a g e  a  g r a d i e n t  of  2. T h i s  d i f f e r e n c e  m a y  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 c e s  i n  t h e  Bingham y i e l d  
s t r e s s e s  which were up t o  f o u r  o r d e r s  of magnitude 
g r e a t e r  i n  C u l a r t e ' s  t e s t s .  

C o n s o l i d a t e d  c o h e s i v e  s e d i m e n t s ,  w i t h  unconf ined 
compress ive  S t r e n g t l l s  up t o  70 kPa,  were e roded  i n  a  
u n i d i r e c t i o n a l  f low g e n e r a t e d  i n  a  flume t u n n e l  by 
Kamphuis and H a l i  (1983).  The c r i t i c a l  s h e a r  s t r e s s ,  
a l t h o u g h  on ly  measured when e r o s i o n  had been v i s u a l l y  
de te rmined  t o  have commenced, i s  shown t o  vary  
l i n e a r l y  w i t h  unconf ined compress ive  s t r e n g t h ,  vane  
s h e a r  s t r e n g t h  and c o n s o l i d a t i o n  p r e s s u r e .  

6 FUTURE RESBARCtl 
NEEDS 

From t h e  work p r e s e n t e d  i n  t h e  l i t e r a t u r e  review and 
summarised i n  t h e  e n g i n e e r i n g  gu ide  i t  i s  e v i d e n t  t h a t  
t h e r e  e x i s t s  gaps  i n  t h e  p r e s e n t  l e v e l  of knowledge i n  
c e r t a i n  a r e a s  o f  c o h e s i v e  sedlment  behav iour .  These 
a r e  i d e n t i f i e d  below t o g e t h e r  w i t h  a b r l e f  o u t l i n e  of  
t h e  n e c e s s a r y  work which shou ld  be under t aken  t o  
improve t h e  l e v e l  of knowledge. 

6 .1  D e p o s i t i o n  
It i s  a p p a r e n t  t h a t  even though d e p o s i t i o n  of sediment  
f rom a s u s p e n s l o n  does  o c c u r  a t  bed s h e a r  s t r e s s e s  
g r e a t e r  than  t h e  c r i t i c a l  s t r e s s ,  T ~ ~ ,  below which a l l  
t h e  sediment  e v e n t u a l l y  d e p o s i t s ,  t h e  e q u a t i o n  used i n  
d e t e r m i n i n g  t h e  r a t e  of d e p o s i t i o n  i n  f lowing  water 
( s e e  S e c t i o n  2.2.3)  does  n o t  t a k e  t h i s  i n t o  a c c o u n t .  
The p r o b a b i l i t y ,  p ,  i n  t h e  e q u a t i o n  



t a k e s  t h e  v a l u e s  between 0 and 1 a c c o r d i n g  t o  t h e  
e q u a t i o n  

p = ( ~ - T ~ / T ~ ~ )  f o r  0 < T b  < Tcr 

A t  bed s h e a r  s t r e s s e s  g r e a t e r  than  .rCr no d e p o s i t i o n  
is assumed t o  t a k e  p l a c e .  

It is i m p o r t a n t ,  t h e r e f o r e ,  t o  s t u d y  t h e  amount and 
r a t e  of d e p o s i t i o n  i n  r e l a t i o n  t o  t h e  bed s h e a r  s t r e s s  
more c l o s e l y  and t o  f o r m u l a t e  a  b e t t e r  e q u a t i o n  t o  
d e s c r i b e  t h e  r a t e  of d e p o s i t i o n  i n  f lowing  w a t e r .  

l 
j' Furthermore ,  t h e  r a t e  of d e p o s i t i o n  d u r i n g  a  time"' 
#! 
, vary ing  bed s h e a r  s t r e s s  p a t t e r n  w a r r a n t s  u rgen t  

S c o n s i d e r a t i o n  a s  t h i s  would more c l o s e l y  r e p r e s e n t  t h e  
r e a l  behav iour  of  suspended sediment  i n  a  t i d a l  

i environment .  

6 . 2  C o n s o l i d a t i o n  
There i s  a  s t r o n g  need f o r  a  b e t t e r  u n d e r s t a n d l n g  of 
t h e  i n i t i a l  c o n s o l i d a t i o n  of r e l a t i v e l y  s m a l l  
d e p o s i t e d  beds ( t y p i c a l l y  50mm t h i c k )  i n  r e l a t i o n  t o  
t h e  i n c r e a s e  i n  d e n s i t y  over  t h e  f i r s t  couple  of days .  
Equa l ly  a s  impor tan t  i s  t h e  l a c k  of i n f o r m a t i o n  on t h e  
c o n s o l i d a t i o n  of s u c c e s s i v e  d e p o s i t s  o f  sediment  from 
suspens ion .  

Both of  these  a r e a s  of need would b e n e f i t  from a  
s e r i e s  o f  t e s t s  conducted i n  a  l a b o r a t o r y  s e t t l i n g  
column w i t h  t h e  f a c i l i t y  f o r  t h e  n o n - d e s t r u c t i v e  
measurement of d e n s l t y  throughout  t h e  bed. 

6 . 3  Eros ion  
The e r o s i o n  of  a  r e c e n t l y  d e p o s i t e d  sediment  i n  
r e l a t i o n  t o  the  t i d a l  c y c l e  and t ime-vary ing  bed s h e a r  
s t r e s s  i s  an impor tan t  a r e a  which is i n  need of 
r e s e a r c h .  In  an  e s t u a r y  t h e r e  may be a  c o n t i n u a l  
c y c l e  o f  d e p o s i t i o n ,  p a r t i a l  c o n s o l i d a t i o n  and 
re -e ros ion  of c o h e s i v e  sediment .  It i s  t h u s  c r u c i a l  
t h a t  exper iments  a r e  conducted which may e n a b l e  t h e  
e r o s i o n  of p a r t i a l l y  c o n s o l i d a t e d  beds t o  be more 
thorough ly  unders tood and t o  some e x t e n t  q u a n t i f i e d .  

6 .4  Sand f r a c t i o n  
The behaviour  of cohes ive  sediment i n  r e s p e c t  of 
d e p o s i t i o n ,  c o n s o l i d a t i o n  and e r o s i o n  w i l l  be 
i n f l u e n c e d  by t h e  amount of sand p r e s e n t  i n  t h e  
sed iment .  It would be u s e f u l  from an e n g i n e e r i n g  
v iewpoin t  i f  some unders tand ing  of t h e  l i k e l y  
behaviour  of  cohes ive  sediment c o n t a i n i n g  a  p r o p o r t i o n  
of sand cou ld  be r e a l i s e d .  
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TABLE 1 Characterisation of eediment 

1. Type of material 

(a) Clay Minerals 

(1) Clay mineral alone 
(it) Mixture of clay minerals in varying proportions 
(iii) Mixture of clay-mineral and non-clay-mineral, both in the 

fine sediment range 

(b) Solls, Muds and Clay Material 

(i) Mixture of cohesive and non-cohesive (such as sand) 
sediments 

(ii) Mixture of clay material and organic matter or organic 
compounds 

(iii) Sediments from natural environment (unclassified) 
(iv) Sediments from natural environment (classified according to 

Soil Classification System) 

(c) Non-sediment Fine Materials 

2. Nature of clay structure 

(a) Electrical forces acting between particles 

(1) Net energy of attraction 
(ii) Double layer thickness 

(b) Particle arrangement or fabric consisting of texture and particle 
orientation 

3. Particle Size Distribution 

(a) Median diameter 
(b) Effective size 
(c) Uniformity coefficient 
(d) Curvature coefEicient 

Cation Exchange Capacity 
Exchangeable Sodium Percentage 
Sodium Adsorption Ratio of Clay 
Dielectric Constant 
Silica-sesquioxide Ratio 
Chemical Composit ion 
Specific Gravity 
Hydration or Adsorbed Water 
Antecedent Water 
Aging 



TABLE 2 Mineralogy and cation exchange of three muds 

Mud Source 

Cation exchange 

(meg1100g) 

% clay minerals 

Montmorillonite 

Kaolin 

Illite/mlca 

Chlori te 

% non-clay minerals 

Grangemouth 

51 

nil 

17 

17 

17 

Brisbane 

5 0 

30 

15 

(5) 

nil 

Belawan 

75-80 

15-20 

30 

30 

trace 

% organics and minor 

constituents 



TABLE 3 Erosion threshold s t r e s s e s  o f  four mud6 

Belawan mud : 0.10N/m2 

Brisbane mud : 0.07N/m2 

Grangemouth mud : 0.10N/m2 

Scheldt mud : 0.07N/m2 
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Fig 2 F loccu la t ion f a c t o r ,  F, as a f unc t i on  o f  median pa r t i c l e  
d iameter  
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10 Ra te  o f  depos i t ion  aga ins t  nea r  bed  suspended cuncen t ra t i on  : 
high concen t ra t i on  
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Fig 12 A v e r a g e  r a t e  o f  d e p o s i t i o n  a g a i n s t  i n i t i a l  mean  s u s p e n d e d  
c o n c e n t r a t i o n  a n d  t i m e  D = 20m 
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F ig  I 4  P e r i o d s  o f  d e p o s i t i o n  i n  a t ~ d a l  c y c l e  
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Fig  18 F o r m a t i o n  a n d  f i n a l  mean  d e n s i t i e s  a g a i n s t  s u s p e n d e d  
c o n c e n t r a t i o n  
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Fig 20 D e p t h  o f  depos i t  aga ins t  average  r a t e  o f  depos i t ion  and time 
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Fig 2 2  D i m e n s i o n l e s s  d e n s i t y - d e p t h  p r o f i l e s  o f  m u d  b e d s  
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:ig 24 Eros ion t h r e s h o l d  s t r e s s  a g a ~ n s t  bed  dens i t y  
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' ig 26 Periods o f  erosion in a t ida l  cycle and assumed bed character ist ics 
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' ig 28  D e p t h  o f  e ros ion  aga ins t  maximum 
shea r  s t r e s s  and time 
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