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For  many y e a r s  1IK have been a p p l y i n g  t h e i r  s u i t e  of inud t r a n s p o r t  computer  

models  c a l l e d  IUDFLOW t o  s t u d y  t h e  impac t  of e n g i n e e r i n g  schemes on 

s i l t a t i o n  and e r o s i o n  of  mud i n  e s t u a r i e s .  These models  a r e  p a r t  of t h e  HR 

TIDE\JAY computer  sys t em f o r  m o d e l l i n g  t i d a l  f l o w s  and t h e  t r a n s p o r t  of 

s e d i m e n t ,  s a l t ,  h e a t  and p o l l u t i o n .  It h a s  no t  been p o s s i b l e ,  however,  t o  

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

a s p e c t s  of t h e  models  a r e  working  p r o p e r l y .  The d i f f i c u l t y  i s  t h a t  e r o s i o n  

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

t o  e n a b l e  any bed l e v e l  changes  t o  be q u a n t i f i e d  i n  t h e  f i e l d .  

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

t h e  e x i s t i n g  T4LJDFLOW-2D model u s i n g  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  from t h e  

HK e r o s i o n  f lume.  I n  t h e  p a s t  t h i s  f lume was used  p r i m a r i l y  t o  d e t e r m i n e  

e r o s i o n  t h r e s h o l d s  and e r o s i o n  r a t e s  of mud beds  f o r  u s e  i n  model s t u d i e s  

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

a l s o  be a n a l y s e d  t o  h i n d c a s t  t h e  o r i g i n a l  s t r u c t u r e  of t h e  e r o d e d  bed and 

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

c o n d i t i o n s .  

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

t o g e t h e r  w i t h  d e t a i l s  a b o u t  t h e  f o r m u l a t i o n  of t h e  model and t h e  u n d e r l y i n g  

p h y s i c s .  A new g r a p h i c a l  method i s  p r e s e n t e d  i n  F i g  2  f o r  d e t e r m i n i n g  a  

s i n g l e  r e p r e s e n t a t i v e  v a l u e  of t h e  e r o s i o n  c o n s t a n t  i n  Eq 3 from 

c o n c e n t r a t i o n s  and bed s t r e s s e s  n e a s u r e d  i n  t h e  e r o s i o n  f l ume .  It i s  shown 

how e r o s i o n  i n  t h e  f l ume  can  be a c c u r a t e l y  s i m u l a t e d  by t h e  model from a  

knowledge of t h e  s h e a r  s t r e n g t h  s t r u c t u r e  of t h e  bed.  The s i m u l a t i o n  of  

e r o s i o n  u s i n g  dens i ty -mass  and e r o s i o n  s t r e n g t h - d e n s i t y  r e l a t i o n s  d e r i v e d  

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

t h e  q u a l i t y  of t h e  r e l a t i o n s  r a t h e r  t h a n  t o  a  s h o r t c o m i n g  of  t h e  model .  

The s t u d y  c o n c l u d e s  t h a t  t h e  main s o u r c e s  of i n a c c u r a c y  i n  s i m u l a t i n g  mud 

t r a n s p o r t  i n  r e a l  e s t u a r i e s  would be i n  t h e  d e t e r m i n a t i o n  of t h e  bed d e n s i t y  

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

d e n s i t y  of t h e  bed.  F u r t h e r  b a s i c  r e s e a r c h  i s  needed t o  g a i n  a  b e t t e r  

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

bed can  be produced .  N e v e r t h e l e s s  t h e  e x i s t i n g  models  c a n  s t i l l  be a p p l i e d  

t o  a  wide r a n g e  of e n g i n e e r i n g  p rob lems  i n v o l v i n g  d e p o s i t i o n  and e r o s i o n  i n  

p o r t s ,  h a r b o u r s ,  r i v e r s  and e s t u a r i e s .  
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LZI:IEl<ICAL SIFIULATION OF THE EKOSION OF YARINE MUD 

1 INTRODUCTION 

For  many y e a r s  HR have  been a p p l y i n g  t h e i r  s u i t e  of mud t r a n s p o r t  

computer  models  c a l l e d  MUDFLOW t o  s t u d y  t h e  impact  of e n g i n e e r i n g  

sche:ncs on s i l t a t i o n  and e r o s i o n  of mud i n  e s t u a r i e s .  These  models  a r e  

p a r t  of t h e  HK TIDEWAY computer  s y s t e ~ n  f o r  m o d e l l i n g  t i d a l  f l o w s  and 

t h e  t r a n s p o r t  of s e d i m e n t ,  s a l t ,  h e a t  and p o l l u t i o n .  I t  h a s  n o t  been  

p o s s i b l e ,  however,  t o  c o l l e c t  f i e l d  d a t a  of s u f f i c i e n t  q u a l i t y  t o  

t h o r o u g h l y  check  t h a t  a l l  a s p e c t s  of t h e  models  a r e  work ing  p r o p e r l y .  

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

t h e  s u p p l y  of s e d i m e n t  t o o  v a r i a b l e  t o  e n a b l e  any  bed l e v e l  changes  t o  

b e  q u a n t i f i e d  i n  t h e  f i e l d .  

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

i n  t h e  e x i s t i n g  'I,IUDFLOW-2D model u s i n g  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  

f rom t h e  HK e r o s i o n  f l ume .  I n  t h e  p a s t  t h i s  f l ume  was u s e d  p r i m a r i l y  

t o  d e t e r m i n e  e r o s i o n  t h r e s h o l d s  and e r o s i o n  r a t e s  of mud beds  f o r  u s e  

i n  model s t u d i e s  and o t h e r  e n g i n e e r i n g  a s s e s s m e n t s .  However t h e  

e x p e r i ~ n e n t a l  r e s u l t s  c a n  a l s o  be  a n a l y s e d  t o  h i n d c a s t  t h e  o r i g i n a l  

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

t e s t i n g  t h e  model u n d e r  w e l l  d e f i n e d  c o n d i t i o n s .  

B e f o r e  t e s t i n g  t h e  model i n  t h i s  way, we f i r s t  d e s c r i b e  t h e  u n d e r l y i n g  

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

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

2  FOKMULATION OF HODEL 

The s e d i m e n t s  unde r  c o n s i d e r a t i o n  have  h i g h  p r o p o r t i o n s  of c l a y  and  

s i l t  p a r t i c l e s  of s i z e  l e s s  t h a n  0.06mm which g i v e  raarked c o h e s i v e  

p r o p e r t i e s .  D e p o s i t s  of t h i s  m a t e r i a l  a r e  u s u a l l y  r e f e r r e d  t o  a s  

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

mixes  of s e d i m e n t s  i n  s u s p e n s i o n ,  even  though t h e  v a r i o u s  s i z e  

f r a c t i o n s  p r e s e n t  i n  t h e  s u s p e n s i o n  do n o t  move a s  a n  e n t i t y .  

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

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



- t r a n s p o r t  by c u r r e n t s  

- s e t t l e m e n t  u n d e r  g r a v i t y  

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

component i s  of s i g n i f i c a n c e  unde r  most c i r c u m s t a n c e s )  

and t h e  p h y s i c a l  p r o c e s s e s  a t  t h e  water-bed i n t e r f a c e  

- d e p o s i t i o n  n e a r  s l a c k  w a t e r  

- c o n s o l i d a t  i o n  of d e p o s i t s  unde r  t h e  we igh t  of s u b s e q u e n t  d e p o s i t s  and 

a s  a  f u n c t i o n  of t i m e  

- r e s u s p e n s i o n .  of d e p o s i t s  ( o r  e r o s i o n  of o r i g i n a l  bed )  when c u r r e n t s  

i n c r e a s e .  

F o r t u n a t e l y ,  i t  i s  n o t  a lways  n e c e s s a r y  t o  model t h e  c o m p l e t e  s t r u c t u r e  

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

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

t o  c o n s i d e r  dep th -ave raged  e q u a t i o n s .  T h i s  a p p r o x i i n a t i o n  i s  

p a r t i c u l a r l y  a p p r o p r i a t e  f o r  mode ra t e  suspended  c o n c e n t r a t i o n  of l e s s  

t h a n  a  few thousand  mg/l  of f i n e  c o h e s i v e  p a r t i c l e s  w i t h  low s e t t l i n g  

v e l o c i t i e s .  Under t h e s e  c i r c u m s t a n c e s ,  t h e  dep th -ave raged  

c o n c e n t r a t i o n ,  c ( x , y , t ) ,  s a t i s f i e s  t h e  c o n s e r v a t i o n  of mass e q u a t i o n .  

where  ( U ,  v )  = dep th -ave raged  components  of v e l o c i t y  (m/ s )  

D = l o n g i t u d i n a l  ( s h e a r  f l o w )  d i s p e r s i o n  c o e f f i c i e n t  (m 2/s)  
S 

Dn 
= l a t e r a l  ( t u r b u l e n t  ) d i f f u s i v i t y  ( m 2 / s )  

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

( S ,  n)  = n a t u r a l  c o - o r d i n a t e s  ( p a r a l l e l  w i t h  and normal  t o  mean 

f l o w )  ( m )  

t = t i m e  ( s e c )  

d  = w a t e r  d e p t h  (m) 

dm = e r o s i o n  f rom o r  d e p o s i t i o n  on t h e  bed ( k g / m 2 / s )  
d t  

Net d e p o s i t i o n  from a d i l u t e  s u s p e n s i o n  i s  u s u a l l y  assumed t o  o c c u r  

when t h e  bed s t r e s s  f a l l s  below a  c r i t i c a l  v a l u e  z and t h e  d e p o s i t i o n  
d  

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



wilere W ( c )  = s e t t l i n g  v e l o c i t y  
S 

T~ = c r i t i c a l  d e p o s i t i o n  s t r e s s  

T h i s  can  be t h o u g h t  of a s  a  d e p o s i t i o n  p r o p o r t i o n a l  t o  -c and a 
d  

v e r t i c a l  d i f f u s i v e  f l u x  p r o p o r t i o n a l  t o  -c. idhen -c = -c t h e  r a t e  of  d '  
s e t t l i n g  i s  b a l a n c e d  by t h e  v e r t i c a l  d i f f u s i v e  f l u x  due  t o  t u r b u l e n c e  

and t h e r e  i s  no d e p o s i t i o n .  A s  t h e  c u r r e n t  s l o w s  down, i t s  a s s o c i a t e d  

bed s t r e s s  and t u r b u l e n t  i n t e n s i t y  r e d u c e s ,  t h e r e b y  weakening t h e  

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

s i m p l i f i c a t i o n  of wha t ,  i n  n a t u r e ,  i s  a  v e r y  c o m p l i c a t e d  p r o c e s s .  F o r  

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

r a t h e r  a  g r a d u a l  change  ove r  from a  n o n - d e p o s i t i o n a l  t o  a  f u l l y  

d e p o s i t i o n a l  s t a t e .  I n  be tween,  t h e r e  i s  l i k e l y  t o  be some i n t e r c h a n g e  

of suspended  p a r t i c l e s  w i t h  bed p a r t i c l e s .  However, f o r  t h e  p u r p o s e  of 

making e n g i n e e r i n g  judgements  i t  i s  s u f f i c i e n t  t o  r e p r e s e n t  t h e  

d e p o s i t i o n  i n  t h e  above  manner,  and a c c o r d i n g l y  t o  s i m u l a t e  d e p o s i t i o n ,  

v a l u e s  a r e  r e q u i r e d  f o r  W ( c )  and zd. However, s i n . ce  z  exceeded  z  i n  
S a 

a l l  of t h e  e r o s i o n  f l ume  r u n s  t h e  a c c u r a c y  of e x p r e s s i o n  2 was n o t  

t e s t e d .  

E r o s i o n  

A s i m i l a r  a p p r o a c h  i s  used  t o  r e p r e s e n t  e r o s i o n .  I n t u i t i v e l y ,  one  

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

exceeded  t h e  s h e a r  s t r e n g t h  of t h e  exposed  bed and t h e  e r o s i o n  r a t e  t o  

depend on t h e  e x c e s s  s h e a r .  I f  'he e r o s i v e  power of t h e  s t r e a m  i s  low 

we would n o t  e x p e c t  much e r o s i o n  t o  t a k e  p l a c e .  A s  i n  t h e  d e p o s i t i o n  

s i t u a t i o n ,  t h e r e  w i l l  be  t i m e s  when a  b u r s t  of t u r b u l e n c e  s l i g h t l y  

h i g h e r  t h a n  a v e r a g e  h i t s  a  s l i g h t l y  weaker  p a r t  of t h e  bed c a u s i n g  

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

assume t h a t  we have  a  s i m i l a r  c u t  o f f  f o r  e r o s i o n  a s  assumed f o r  

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

c r i t i c a l  s t r e s s  f o r  d e p o s i t i o n  b e c a u s e  d e p o s i t s  undergo  some d e g r e e  of 

c o n s o l i d a t i o n .  The most common r e p r e s e n t a t i o n  of e r o s i o n  i s  

where me = e r o s i o n  c o n s t a n t  ( k g / N l s )  



z = e r o s i o n  s t r e n g t h  of t h e  bed (ig/m2) 
e  

2 A = a r e a  of e r o s i o n  (m ) 

Given t h e  s t r e n g t h  p r o f i l e  of t h e  bed z ( z )  and a n  e r o s i o n  r a t e  t h e n  we 
e  

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

T h i s  assumes  t h a t  e r o s i o n  i s  g r a d u a l  which i s  n o t  n e c e s s a r i l y  t h e  c a s e  

f o r  c e r t a i n  t y p e s  of newly formed s l a c k  w a t e r  d e p o s i t s  b u t  a l t h o u g h  

t h e r e  i s  no ph:ys ica l  r e a s o n  f o r  a s suming  e r o s i o n  r a t e  t o  be d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  e x c e s s  s h e a r ,  P u l s  (Kef 1)  shows t h a t  t h i s  i s  a  

b e t t e r  v a r i a b l e  f o r  d e s c r i b i n g  mud e r o s i o n  t h a n  o t h e r s .  I n  any  e v e n t  

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

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

t h a t  i f  t h e  e r o s i o n  c o n s t a n t  i s  t o o  h i g h  t h e n  t o o  much e r o s i o n  o c c u r s  

i n  t h e  e a r l y  s t a g e s ,  b u t  t h i s  e x p o s e s  s t r o n g e r  bed m a t e r i a l  and e r o s i o n  

s l o w s  down a c c o r d i n g l y .  The o p p o s i t e  happens  i f  in i s  unde r -va lued .  
e  

The u l t i m a t e  r e s u l t  i n  any c a s e  would be e r o s i o n  down t o  t h e  bed l e v e l ,  

where t h e  s t r e n g t h  of t h e  exposed  m a t e r i a l  c o r r e s p o n d s  t o  t h e  naximu~n 

bed s t r e s s  of t h e  t i d a l  c y c l e  o r  of t h e  s p r i n g - n e a p  c y c l e ,  i f  l o n g e r  

p e r i o d s  a r e  b e i n g  c o n s i d e r e d .  T h i s  d o e s  n o t  mean t h a t  t h e r e  i s  no need  

t o  do f u r t h e r  work on t h e s e  p r o c e s s e s  - we would a lways  p r e f e r  t o  u s e  

t h e  c o r r e c t  f o r m u l a t i o n  i f  i t  were  known - b u t  r a t h e r  t h a t  we c a n  s t i l l  

g e t  u s e f u l  i n f o r m a t i o n  e v e n  i f  we do n o t  know a l l  of t h e  e r o s i o n  

p r o p e r t i e s  of t h e  bed m a t e r i a l .  T h i s  p o i n t  w i l l  be c o n s i d e r e d  a g a i n  i n  

t h e  mud e r o s i o n  f l u m e  s i m u l a t i o n .  

C o n s o l i d a t i o n  

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

a s sumes  t h a t  t h e  bed s t r e n g t h  p r o f i l e  i s  known. T h e r e  a r e  two problems 

i n  e x t e n d i n g  t h i s  model t o  r e a l  s i t e s .  F i r s t l y ,  i n  a  p u r e  e r o s i o n a l  

s i t u a t i o n  t h e r e  i s  t h e  d i f f i c u l t  t a s k  of p r e s c r i b i n g  t h e  i n i t i a l  bed 

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

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

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

d e n s i t y  p r o b e s .  The more d i f f i c u l t  p r o b l e n  i n  t i d a l  s i t u a t i o n s  i s  when 

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

s t r e n g t h  p r o f i l e  of t h e  new d e p o s i t s  depends  on t h e  we igh t  of o v e r l y i n g  

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

e r o s i o n .  I n  a d d i t i o n ,  t h e  s t r e n g t h  of t h e  bed c a n  be weakened by t h e  



f l o w  of p o r e  w a t e r  e s c a p i n g  f rom d e e p e r  d e p o s i t s  and i n c r e a s e d  by t h e  

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

r e s u l t  of t u r b u l e n t  f l u c t u a t i o n s  which r e - a r r a n g e  t h e  bed m a t r i x .  On 

a v e r a g e  t h e  weaker  bonds b r e a k  up and form new bonds;. Some of t h e s e  

w i l l  be weaker  and t h e s e  would presumably  be broken  a g a i n .  But  some 

would s l i p  i n t o  s t r o n g e r  c o n f i g u r a t i o n s  and be ma in t a ined  and t h e  f i n a l  

r e s u l t  f rom a p e r i o d  of working  would be  a s t r o n g e r  bed t h a n  a t  t h e  

o u t s e t .  These  f o u r  c o n s o l i d a t i o n  p r o c e s s e s  w i l l  modify t h e  s t r e n g t h  of 

t h e  bed. I n  some c a s e s  t h i s  w i l l  n o t  be enough t o  r e s i s t  t h e  n e x t  

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

some d e p o s i t s  w i l l  r emain ,  p a r t i c u l a r l y  d u r i n g  neap t i d e s ,  and t h e s e  

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

may o r  may n o t  have  g a i n e d  enough s t r e n g t h  t o  r e s i s t  t h e  f o l l o w i n g  

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

From t h i s  i t  i s  c l e a r  t h a t  a  f u l l y  dynamic model would r e q u i r e  a  

t h e o r e t i c a l  d e s c r i p t i o n  of t h e  bed c o n s o l i d a t i o n  s o  t h a t  t h e  d e n s i t y  

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

3  HR EROSION FLUME 

The f lume  used  f o r  t h e  e r o s i o n  t e s t s  c o n s i s t s  of a n  e n t r y  s e c t i o n  ( 8 . 5 1 ~  

l o n g ) ,  a  work ing  s e c t i o n  ( 7 . 3 ~  l o n g )  and an  e x i t  s e c t i o n  (1.6m l o n g ) .  

I t  i s  made of f i b r e - g l a s s ;  t h e  c r o s s  s e c t i o n  i s  r e c t a n g u l a r  w i t h  a  

w i d t h  of 30cm and a  d e p t h  of be tween 14cm and 20cm. The f l ume  i s  

c o v e r e d  by a  m e t a l  r o o f .  The f l ume  i s  p a r t  of a  c l o s e d  l o o p :  t h e  w a t e r  

f l o w s  f rom t h e  e x i t  s e c t i o n  back t o  t h e  e n t r y  s e c t i o n  t h r o u g h  a  20cm 

d i a m e t e r  r e t u r n  p i p e .  P r e c a u t i o n s  a r e  t a k e n  t h a t  t h e r e  i s  no a i r  i n  

t h e  f l o w  sys t em.  The f low i s  d r i v e n  by a n  a x i a l  pu~n~p, which i s  l o c a t e d  

j u s t  downst ream of t h e  e x i t  s e c t i o n .  

The t r o u g h  f o r  t h e  mud bed h a s  s l o p e s  w i t h  a g r a d i e n t  of 1 : 2 0  a t  b o t h  

e n d s  i n  o r d e r  t o  min imise  end e f f e c t s .  The mud beds  have  a  maximum 

t h i c k n e s s  of  60mm; t h e  minimum bed t h i c k n e s s  d u r i n g  t h e  t e s t s  p r e s e n t e d  

i n  t h i s  p a p e r  was 38mm. F o r  p r e p a r i n g  t h e  bed f o r  a n  e r o s i o n  t e s t ,  t h e  

roo f  of t h e  work ing  s e c t i o n  i s  removed and r e p l a c e d  by a n  open-bottomed 

t a n k  (2m h i g h ,  0.3m wide ,  7.3m l o n g ) .  The f l u m e ' s  work ing  s e c t i o n  i s  

t h u s  c o n v e r t e d  i n t o  a  2.2m deep  s e t t l i n g  t a n k .  



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

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

a p p l i e d  t o  t h e  w a l l s  of t h e  f l u m e ' s  working  s e c t i o n  by t h e  f l o w i n g  

w a t e r  i s  d e t e r m i n e d  by measu r ing  t h e  head l o s s  a l o n g  t h e  l e n g t h  of t h e  

work ing  s e c t i o n .  The head l o s s  i s  e v a l u a t e d  f rom t h e  s t a t i c  p r e s s u r e s  

t h a t  a r e  measured  a t  s e v e n  p o s i t i o n s  i n  one  s i d e  w a l l  of t h e  work ing  

s e c t i o n .  A t  e a c h  p o s i t i o n  t h e r e  a r e  t h r e e  p r e s s u r e  t a p p i n g s  ~nounted  

v e r t i c a l l y  i n  l i n e .  T l ~ e  p r e s s u r e  t a p p i n g s  a r e  connec t ed  t o  a  c e n t r a l  

bank of s t i l l i n g  w e l l s  v i a  a man i fo ld  and a s i l t  t r a p .  The w a t e r  

l e v e l s  i n  t h e  s t i l l i n g  w e l l s  a r e  measured  by mic rome te r  s c r ew p o i n t  

gauges .  

The s u s p e n s i o n  c o n c e n t r a t i o n  i n  t h e  f l u m e  i s  d e t e r m i n e d  f rom 20ml 

samples  t h a t  a r e  w i thd rawn  f rom t h e  f l ow.  The sample r  i s  s i t u a t e d  j u s t  

downstream of t h e  a x i a l  pulnp where t h e  f l o w  i s  well-mixed.  The 

c o n c e n t r a t i o n  i s  i n r n e d i a t e l y  d e t e r m i n e d  by u s i n g  a  photo-  

a b s o r p t i o m e t e r .  Whi le  r u n n i n g  a  t e s t ,  i t  i s  t h u s  a l w a y s  known w h e t h e r  

t h e  c o n c e n t r a t i o n  i s  chang ing  o r  w h e t h e r  i t  r ema ins  c o n s t a n t .  

Bed u r e v a r a t i o n  i n  t h e  e r o s i o n  f l ume  

The mud bed i n  t h e  f l u m e ' s  work ing  s e c t i o n  i s  c r e a t e d  unde r  q u i e s c e n t  

c o n d i t i o n s .  F o r  c r e a t i n g  t h e  bed,  t h e  roof  of t h e  working  s e c t i o n  i s  

removed and r e p l a c e d  by t h e  s e t t l i n g  t a n k .  The t a n k  i s  f i l l e d  w i t h  

w a t e r  of t h e  s a n e  s a l i n i t y  t h a t  w i l l  be used  f o r  t h e  f o l l o w i n g  e r o s i o n  

t e s t .  A s l u r r y  of  mud of t h e  same s a l i n i t y  ( s l u r r y  p r e p a r e d  one day 

b e f o r e )  i s  t h e n  pumped i n t o  t h e  s e t t l i n g  t a n k .  The s l u r r y  i s  i n j e c t e d  

t h r o u g h  6 v a l v e s  t h a t  a r e  e v e n l y  s p a c e d  a l o n g  t h e  t o p  of t h e  t a n k .  The 

mean s u s p e n s i o ~ n  c o n c e n t r a t i o n  i n  t h e  s e t t l i n g  t a n k  i s  i n  t h e  o r d e r  of 

4000mg/l.  

A f t e r  a  s h o r t  t i m e ,  t h e  mud b e g i n s  t o  d e p o s i t  on t h e  f l o o r  of t h e  

work ing  s e c t i o n .  When most of t h e  mud h a s  r e a c h e d  t h e  bed ( a f t e r  a b o u t  

3 h o u r s ) ,  t h e  w a t e r  i n  t h e  s e t t l i n g  t a n k  i s  d r a i n e d  o f f .  F i n a l l y ,  t h e  

t a n k  i s  removed and t h e  f l u m e ' s  roof  i s  b o l t e d  on t o  t h e  working  

s e c t i o n .  

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

t h e  g l a s s  windows i n  t h e  s i d e  w a l l s  of t h e  work ing  s e c t i o n  i t  c a n  be 



s e e n  t h a t  t h e  s u r f a c e  of t h e  mud bed i s  ve ry  smootll ,  even  above t h e  

s l o p e s  a t  t h e  two e n d s  of t h e  working  s e c t i o n .  

'The t h i c k n e s s ,  B ,  of t h e  mud bed i s  measured  when t h e  e r o s i o n  t e s t  

s t a r t s .  

E r o s i o n  t e s t  p r o c e d u r e  

A t  f i r s t  t h e  a x i a l  f l ow  pump i s  s w i t c h e d  on a t  i t s  l o w e s t  speed  f o r  

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

c i r c u i t .  A t  t h i s  minimum d i s c h a r g e  t h e  mud bed i n  t h e  working  s e c t i o n  

i s  n o t  e r o d e d .  The s u s p e n s i o n  c o n c e n t r a t i o n  measured a t  t h i s  t ime  i s  

t h e  s o - c a l l e d  background c o n c e n t r a t i o n  ( a b o u t  40 rdg/ l ) .  

I n  t h e  s e q u e l ,  t h e  f l ume  d i s c h a r g e  i s  i n c r e a s e d  i n  d i s c r e t e  s t e p s  by 

i n c r e a s i n g  t h e  s p e e d  of t h e  pump. The t i m e  between t h e  d i s c h a r g e -  

i n c r e a s e s  v a r i e s  be tween a b o u t  20 m i n u t e s  and 300 m i n u t e s .  Keadings  

( a t  l e a s t  one e v e r y  t e n  m i n u t e s )  a r e  t a k e n  of t h e  p r e s s u r e s ,  t h e  f l o w  

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

o f  a  r e c i r c u l a t i n g  sys t em,  t h e  r a t e  of e r o s i o n  of t h e  mud bed i s  

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

t h e  f l o w i n g  w a t e r .  When e r o s i o n  c e a s e s ,  t h e  c o n c e n t r a t i o n  r ema ins  

c o n s t a n t  ( a s suming  t h a t  t h e r e  i s  no d e p o s i t i o n  of mud, which i s  t r u e  

f o r  a  bed s h e a r  s t r e s s  t h a t  i s  g r e a t e r  t h a n  a b o u t  0.05FJ/m2, Ref 2 ) .  

The f l o w  d i s c h a r g e  i s  i n c r e a s e d  t o  a  new v a l u e  soon  a f t e r  a  c o n s t a n t  

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

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

a p p r o p r i a t e  t i m e .  Ou tpu t  f rom t h e  e x p e r i m e n t s  c o n s i s t s  of t a b l e s  and 

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

1. A f t e r  e v e r y  i n c r e a s e  i n  d i s c h a r g e  t h e  c o n c e n t r a t i o n  i n c r e a s e s  a t  

f i r s t  r a p i d l y  ( s t r o n g  e r o s i o n ) ,  t h e n  more smoo th ly  (modes t  e r o s i o n ) ,  

and f i n a l l y  t h e  c o n c e n t r a t i o n  might  r ema in  c o n s t a n t  ( n o  e r o s i o n ) ,  u n t i l  

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

s i t u a t i o n  w i t h  no e r o s i o n  i s  c a l l e d  a n  e q u i l i b r i u m .  The maximum 

a c c e p t a b l e  e r o s i o n  d e p t h ,  z (measured  downwards f rom t h e  t o p  of  t h e  

i n i t i a l  b e d )  i s  a b o u t  213 of  t h e  i n i t i a l  bed t h i c k n e s s .  

A t  t h e  end of a  r u n  t h e  f l ume  i s  r u n  a t  maximum d i s c h a r g e  s o  t h a t  t h e  

r e s t  of t h e  bed i s  r a p i d l y  e r o d e d  and a l l  t h e  mud i s  p u t  i n t o  



s u s p e n s i o n .  From t h e  measured F i n a l  s u s p e n s i o n  c o n c e n t r a t i o n ,  t l ie 

t o t a l  amount of mud i n  t l ie  i n i t i a l  bed i s  d e t e r m i n e d .  

E v a l u a t i o n  of t h e  e r o s i o n  c o n s t a n t ,  In 
,O 

I n  t h e  p a s t  t h e  e r o s i o n  c o n s t a n t  was e v a l u a t e d  f rom e r o s i o n  r a t e s  

d e t e r m i n e d  a t  d i f f e r e n t  t i m e s  from t h e  s t a r t  of each  t e s t .  T h i s  

a p p e a r s  t o  stiow t h a t  t h e  e r o s i o n  c o ~ i s t a n t  i s  a  f u n c t i o n  of d u r a t i o n  of  

e r o s i o n  (Kef 3 ) .  A more u s e f u l  a n a l y s i s  can  be made by assuming t h a t  

t h e  i n c r e a s e  i n  t h e  s h e a r  s t r e n g t h  of t h e  bed d u r i n g  any d i s c h a r g e  r u n  

i s  p r o p o r t i o n a l  t o  t h e  e roded  mass. The c v o s t a n t  of p r o p o r t i o n a l i t y  

f o r  a  d i s c h a r g e  (Q) r u n  i s  g i v e n  by 

where 7; i s  a p p l i e d  bed s t ress  f o r  t h e  d i s c h a r g e  r u n  
b  

7; i s  u n i t  s t r e n g t h  of bed a t  s t a r t  = e q u i l i b r i u m  f rom p r e v i o u s  
0 

Q r u n  

c  i s  e q u i l i b r i u n  c o n c e n t r a t i o n  a t  end of Q run  
e  

c  i s  i n i t i a l  c o n c e n t r a t i o 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  a t  end 
0 

of  p r e v i o u s  C) r u n  

T h i s  d o e s  n o t  assume t h a t  t h e r e  i s  a  l i n e a r  r e l a t i o n  be tween s t r e n g t h  

of bed and o v e r l y i n g  we igh t  f o r  t h e  c o m p l e t e  bed. T h i s  o v e r a l l  

s t r u c t u r e  i s  f i x e d  by t h e  e q u i l i b r i u m  c o n d i t i o n s  a t  t h e  end of e a c h  

d i s c h a r g e  r u n .  We have  rnerely assumed a  l i n e a r  v a r i a t i o n  f rom one 

e q u i l i b r i u m  s t a t e  t o  t h e  n e x t  and a can  va ry  f o r  each  r u n .  

I f  we f u r t h e r  assume t h a t  t h e  e r o s i o n  r a t e  f o r  exposed  mud s u r f a c e  a r e a  

is  g i v e n  by e q u a t i o n  ( 3 j  a s  reco~nmended i n  Ref 1, we o b t a i n ,  u s i n g  ( 4 )  

and r e p l a c i n g  m by CV 

where  V is  t h e  volume of w a t e r  i n  t h e  f l ume  (2.30m3) and A = 1.95 m2. 

T h i s  c a n  be i n t e g r a t e d  a s  



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

t o  e q u i l i b r i u ~ n  v a l u e s  f o r  l a r g e  t i m e s .  

Based on t i le  a n a l y t i c  form of t h i s  t h e o r e t i c a l  s o l u t i o n ,  t h e  e r o s i o n  

f l ume  r e s u l t s  f o r  t e s t s  on Mersey mud ( F i g  1 )  have  been n o r m a l i s e d  and 

p l o t t e d  i n  F i g  2 u s i n g  l i n e a r  ( a t )  and l o g a r i t h m i c  ( ( c  - c  ) / ( c  - c ) )  e  o  e  
a x e s  t o  g i v e  3 r e p r e s e n t a t i v e  e r o s i o n  c o n s t a n t  f o r  t h e  t e s t s .  

Ttie b e s t  s t r a i g h t  l i n e  eye  f i t  t o  t h e  n o r m a l i s e d  d a t a  g i v e s  t h e  

f o l l o w i n g  e x p o n e n t i a l  r e l a t i o n s h i p  f o r  a l l  t e s t  r u n s  

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

which i s  i n  good ag reemen t  w i t h  t h e  e r o s i o n  c o n s t a n t  f o r  X e r s e y  mud 

found i n  Ref 1 based  on i n s t a n t a n e o u s  r a t e s  of e r o s i o n .  The u n u s u a l  

b e h a v i o u r  i n  d i s c h a r g e  run  4 was p r o b a b l y  c a u s e d  by a  p a t c h  of s t r o n g e r  

t h a n  a v e r a g e  bed. But even  i n  t h i s  r u n  t h e  e r o s i o n  r a t e  g i v e n  by t h e  

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

c a s e s .  

An a d v a n t a g e  of t h e  method used  i n  t h e  c u r r e n t  work i s  t h a t  t h e  d e n s i t y  

s t r u c t u r e  of t h e  bed i n  t h e  f l ume  i s  n o t  r e q u i r e d  t o  e v a l u a t e  m . 
e  

4 NUMERICAL SIPIULATION 

S i m u l a t i o n  w i t h  ~ r e s c r i b e d  bed s t r e n g t h  u r o f i l e  

Us ing  t h e  measured e q u i l i b r i u m  s h e a r  s t r e s s  ( z  ) and c o n c e n t r a t i o n  ( c  ) 
e  e  

v a l u e s  f rom t h e  e r o s i o n  f lume e x p e r i m e n t  we c a n  c o n s t r u c t  t h e  s h e a r  

s t r e n g t h  p r o f i l e  i n  t e rms  of t h e  e r o d e d  mass of mud. I n  t h e  c a s e  of 

Mersey mud ( F i g  3 ) ,  a  l i n e a r  r e p r e s e n t a t i o n  

3  was found a p p r o p r i a t e  where c  i s  t h e  e x c e s s  c o n c e n t r a t i o n  (kglm ) above  

t h e  background c o n c e n t r a t i o n  c  = 0.039 kg/m3 a t  t h ~ e  s t a r t  of t h e  
b  



t e s t .  S i n c e  t h e  e x c e s s  c o n c e n t r a t i o n  i s  p r o p o r t i o n a l  t o  t h e  e roded  mud 

e q u a t i o n  ( 9 )  c a n  be r e c a s t  a s  

i n  t e rms  of t h e  o v e r l y i n g  mass W (kg /m2)  making use  of t h e  f lume 
0 

volume t o  e r o s i o n  a r e a  r a t i o  VIA = 1 . 1 8 5  

A bed was s e t  up i n  t h e  cornputer model w i t h  e r o s i o n  s t r e n g t h  g i v e n  by 

e q u a t i o n  ( 1 0 ) .  The model upda ted  ttie s t r e n g t h  of t h e  exposed  s u r f a c e  

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

Us ing  t h i s  bed s t r u c t u r e  we r a n  t l ie  model f o r  a  s e r i e s  of d i s c h a r g e s  

( s t r e s s e s )  c o r r e s p o n d i n g  a s  c l o s e l y  a s  p o s s i b l e  t o  t h e  e f f e c t i v e  bed 

s t r e s s e s  of t h e  e x p e r i m e n t .  S e t t l i n g  v e l o c i t i e s  were  o b t a i n e d  f rom t h e  

e m p i r i c a l  r e l a t i o n  g i v e n  i n  F i g  4 ,  however,  t h i s  d i d  n o t  a f f e c t  t h e  

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

c o n s t a n t  ( 0 . 0 0 5 )  found i n  S e c t i o n  4  was u s e d .  A compar ison  of t h e  

computed and measured  c o n c e n t r a t i o n s  i n  t h e  f l ume  i s  shown i n  F i g  5 .  

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

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

n o t  q u i t e  r e a c h  e q u i l i b r i u n  i n  i n d i v i d u a l  r u n s ,  ( a  consequence  of t h e  

e x p o n e n t i a l  n a t u r e  of t h e  t h e o r e t i c a l  s o l u t i o n  and a  phenomenon 

o b s e r v e d  by Krone (Kef 4 j )  and t h e  s h a p e s  of t h e  c o n c e n t r a t i o n - t i m e  

c u r v e s  d i d  n o t  e x a c t l y  match t h e  o b s e r v e d  c u r v e s .  N e v e r t h e l e s s ,  t h e  

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

c o r r e s p o n d i n g  s t a g e  i n  t h e  e x p e r i m e n t .  T h e r e f o r e  t h e  model must have  

e r o d e d  t h e  bed down t o  t h e  same d e p t h  a s  i n  t h e  e x p e r i m e n t .  ( 7 e  d i d  

n o t  compare d e p t h  of e r o s i o n  e x p l i c i t l y  because  t h i s  i s  d i f f i c u l t  t o  

measure  and was n o t  r e c o r d e d  i n  t h e  e x p e r i m e n t s ) .  T h i s  e w p h a s i s e s  t h e  

p o i n t  t h a t  weak d e p o s i t s  l e f t  o v e r  a t  one s t a g e  a r e  q u i c k l y  e r o d e d  away 

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

S i m u l a t i o n  u s i n g  t h e  d e n s i t y  s t r u c t u r e  measured  i n  t h e  s e t t l i n g  column 

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

f e a t u r e s  of e r o s i o n  when t h e  e r o s i o n  s t r e n g t h  s t r u c t u r e  of t h e  bed i s  

p r e s c r i b e d .  F o r  p r a c t i c a l  a p p l i c a t i o n s  i t  i s  more l i k e l y  t h a t  d a t a  on 

t h e  p r o p e r t i e s  of t h e  bed would be  s u p p l i e d  i n  t h e  form of i t s  d e n s i t y  

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



r e q u i r e d  i s  a  r e l a t i o n s h i p  be tween bed s h e a r  s t r e n g t h  and d e n s i t y .  I n  

a f u l l y  dynamic s i m u l a t i o n  t h e  d e n s i t y  would be e s t i m a t e d  f rom a  

c o ~ l s o l i d a t i o n  r e l a t i o n  p (W , t )  a s  d e s c r i b e d  e a r l i e r  and t h e  bed s h e a r  
b  0 

may a l s o  need t o  t a k e  a c c o u n t  of i n c r e a s i n g  bed s t r e n g t h  due  t o  h i s t o r y  

of bed s t r e s s e s  work ing  on t h e  bed.  The s i m u l a t i o n  of t h e  dynamic 

c o n s o l i d a t i o n  i s  beyond t h e  s c o p e  of t h e  p r e s e n t  work. I n  t h e  

f o l l o w i n g ,  we d e s c r i b e  a  s i m u l a t i o n  based  on a  known d e n s i t y  s t r u c t u r e  

t o g e t h e r  w i t h  a  s t r e s s - d e n s i t y  r e l a t i o n .  

As p a r t  of t h e  r o u t i n e  t e s t s  on mud s a m p l e s ,  t h e  d e n s i t y  p r o f i l e s  of  

d e p o s i t s  a r e  s t u d i e d  i n  a  s e t t l i n g  and c o n s o l i d a t i o n  column, u s i n g  a  

t r a n s m i s s i o n  gamma r a y  p robe .  The rneasu re~nen t s  a r e  p r e s e n t e d  a s  a  non- 

d i m e n s i o n a l  d e n s i t y  p r o f i l e  ( F i g  6 )  and i n t e g r a t e d  t o  g i v e  t h e  

c u m u l a t i v e  u a s s  p r o f i l e ,  wo(z )  ( F i g  7 ) .  111 t h e s e  f i g u r e s ,  H i s  t h e  

t o t a l  bed t h i c k n e s s  (m),  h  i s  t h e  h e i g h t  above  t h e  bot tom of t h e  bed 

(m), p and p a r e  t h e  l o c a l  and mean bed d e n s i t i e s  ( d r y  w e i g h t  p e r  u n i t  

wet volume) and z  = H - h  i s  d i s t a n c e  below t h e  s u r f a c e  of t h e  bed.  

The v a r i a b l e s  a r e  non -d imens iona l i s ed  b e c a u s e ,  d u r i n g  p r o c e s s i n g ,  t h e  

t u b e  r e l a t i o n s  a r e  r e f e r r e d  t o  t h e  f l ume  bed f o r  d i f f e r e n t  v a l u e s  of H 

and 7. However, f o r  t h e  model s i m u l a t i o n ,  i t  i s  c o n v e n i e n t  t o  combine 

t h e  two r e l a t i o n s ,  ( F i g  8)  and e x p r e s s  t h e  a b s o l u t e  d r y  d e n s i t y  i n  t h e  

s e t t l i n g  column a s  a  f u n c t i o n  of t h e  o v e r l y i n g  w e i g h t  of mud 

The n a t u r e  of t h i s  e x p r e s s i o n  is  n o t  s i g n i f i c a n t .  I ts  p u r p o s e  i s  t o  

convey i n f o r m a t i o n  a b o u t  t h e  d e n s i t y  s t r u c t u r e  t o  t h e  model .  A 

s t r e s s - d e n s i t y  r e l a t i o n  ( F i g  9 )  was c o n s t r u c t e d  from t h e  r e s u l t s  of t h e  

f lume and s e t t l i n g  column expe r imer i t s  a s  f o l l o w s .  The e r o s i o n  s t r e n g t h  

of t h e  bed a t  e a c h  e q u i l i b r i u m  c o n d i t i o n  i s  assumed e q u a l  t o  t h e  s t e a d y  

bed s t r e s s  a t  t h e  end  of each  d i s c h a r g e  r u n ,  and t h e  c o r r e s p o n d i n g  bed 

d e n s i t y  was o b t a i n e d  from t h e  c u m u l a t i v e  mass p r o f i l e  ( F i g  7 )  u s i n g  t h e  

e q u i l i b r i u ~ n  e x c e s s  c o n c e n t r a t i o n  t o  d e f i n e  t h e  weight.  of e roded  mass. 

The p r o c e d u r e  i n  t h e  model s i m u l a t i o n  was t o  o b t a i n  t h e  s t r e n g t h  of t h e  

bed f r o u  t h e  d e n s i t y - s t r e s s  r e l a t i o n  u s i n g  t h e  e roded  mass t o  d e f i n e  

t h e  bed d e n s i t y .  The r e s u l t  f rom t h e  s i m u l a t i o n  shown i n  F i g  5 d o e s  

n o t  a g r e e  v e r y  w e l l  w i t h  t h e  e x p e r i m e n t .  The r e a s o n  seems t o  be  (Ref 

1 )  t h a t  t h e  d e n s i t y  s t r u c t u r e  of t h e  f l u m e  does  n o t  e x a c t l y  match t h e  

d e n s i t y  s t r u c t u r e  d e r i v e d  from t h e  s e t t l i n g  column measurements .  



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

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

was d e r i v e d  from t h e  f lume e q u i l i b r i u m  s t r e s s e s  and c o n c e n t r a t i o n s ,  

t o g e t h e r  w i t h  t h e  s t r e s s - d e n s i t y  r e l a t i o n  of F i g  9.  The r e s u l t s  of a  

s i m u l a t i o n  us ing  t h i s  d e n s i t y  r e l a t i o n  (Eq 1 1 )  a r e  more s a t i s f a c t o r y  

( F i g  5 )  t h a n  when t i le  s e t t l i n g  colulnn d e n s i t y  was used d i r e c t l y .  

5  DISCUSSION 

The s t u d y  h a s  shown t h a t  t h e  e x i s t i n g  computer  m o d e l l i n g  t e c h n i q u e s  c a n  

s i r n u l a t e  t h e  e r o s i o n  of a  muddy bed when t h e  e r o s i o ~ z  s t r e n g t h  of t h e  

bed i s  known d . i r e c t l y  ( i e .  a s  i n  E q u a t i o n  1 0 )  o r  i n d i r e c t l y  f rom t h e  

bed d e n s i t y  s t r u c t u r e  and a  c o r r e s p o n d i n g  s t r e s s - d e n s i t y  r e l a t i o n .  

The q u a l i t y  of t h e  r e s u l t s  r e f l e c t s  t h e  q u a l i t y  of t h e  r e l a t i o n s  and 

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

v a l i d i t y  of t h e  model .  Even u n d e r  t h e  c o n t r o l l e d  c o n d i t i o n s  i n  t h e  

l a b o r a t o r y ,  i t  was n o t  p o s s i b l e  t o  q u a n t i f y  t h e  e r o s i o n  r a t e  and 

s t r u c t u r e  of t h e  bed e x a c t l y ,  and i t  would be s t i l l  more d i f f i c u l t  t o  

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

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

t h a t  t o o  much ( o r  l i t t l e )  e r o s i o n  i n  t h e  e a r l y  s t a g e s  e x p o s e s  s t r o n g e r  

d e p o s i t s  ( o r  l e a v e s  weaker  d e p o s i t s  e x p o s e d )  which i n h i b i t  ( o r  a l l o w  

f a s t e r )  e r o s i o n  l a t e r  on. On t h e  o t h e r  hand ,  i t  i s  e s s e n t i a l  t o  have  a  

good d e f i n i t i o n  of t h e  bed e r o s i o n  s t r e n g t h  i f  t h e r e  i s  t o  be any  

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

p r a c t i c a l  a p p l i c a t i o n s .  

6 CONCLUSIONS 

1. A new t h e o r e t i c a l  method h a s  been d e v i s e d  f o r  d e t e r m i n i n g  a  

s i n g l e  r e p r e s e n t a t i v e  v a l u e  of t h e  e r o s i o n  c o n s t a n t  m f rom 
e 

c o n c e n t r a t i o n s  and bed stresses measured i n  t h e  HR rnud e r o s i o n  

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

p r o f i l e  of t h e  i n i t i a l  bed. 



I t  ilas been shown t h a t  t h e  r a t e  of e r o s i o n  i n  t h e  mud f lume  c a n  

be a c c u r a t e l y  s i m u l a t e d  i n  t e rms  of t h e  e x c e s s  s h e a r  s t r e s s  

( E q  3 )  from a  knowledge of s h e a r  s t r e n g t h  s t r u c t u r e  of tt ie bed. 

3 .  The main s o u r c e s  of i n a c c u r a c y  i n  s i m u l a t i n g  mud t r a n s p o r t  i n  

r e a l  e s t u a r i e s  would be i n  t h e  d e t e r m i n a t i o n  of t h e  bed d e n s i t y  

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

and t h e  d e n s i t y  of t h e  bed. F u r t h e r  b a s i c  r e s e a r c h  i s  needed t o  

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

f u l l y  dynamic model  of t h e  bed can be produced .  N e v e r t h e l e s s  t h e  

models  c a n  s t i l l  be a p p l i e d  t o  a wide r ange  of e n g i n e e r i n g  

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

r i v e r s  and e s t u a r i e s .  
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Mersey Mud 

Total bed thickness= 0.436m (H) 

Total weight of mud in bed = 0-424 kg (W) 

Fig 7 Cumulative weight profile of mud bed after 2 days 
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