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1 INTRODUCTION 

Fluid mud is a dense suspension containing a 

concentration of mud flocs which is high enough to 

significantly change the physical properties of the 

mudlwater mixture compared to that of clear water with 

the same salinity and temperature. 

Fluid mud is for~ned under a variety of conditions. 

Once formed it may flow under the influence of gravity 

and hydrostatic forces and then settle and dewater in 

navigation channels and berths, causing significant 

rates of siltation over and above that due to 

settlement directly from suspension. 

The report analyses the behaviour of fluid mud in 

estuaries. It describes and quantifies the formation 

of fluid mud from a more dilute suspension and its 

motion down a sloping bed and along a flat bed. The 

report does not include an analysis of the generation 

of fluid mud by wave action or mechanical agitation. 

However, the theories are applicable to the movement 

of a layer of fluid mud formed by either of these 

processes. 

2 DEFINITION OF 

FLUID MUD 

The interaction of suspended mud flocs starts to 

hinder and reduce the rate of settling at 

concentrations &reater than about 10,000ppm. Krone 

(Ref 1) defined fluid mud as a suspension with a 

concentration in excess of this value. However, there 

are estuaries in the United Kingdom where this value 

is exceeded over the whole cross-section on the main 

run of the tide and where a well defined layer of 

fluid mud forms at slack water which has 

concentrations in the range 60,000 - 103,000ppm. When 

the concentration of a flocculated mud exceeds about 

75,000pp01, a weak interlocking matrix of mud flocs is 

formed vhich has a Bingham yield strength of about 

0.1?I/m2. Layers of fluid mud with concentrations of 



' a b o u t  70 ,000  - 100,000ppm have  been  r e p o r t e d  i n  t h e  

P a r r e t t  ( F i g  1 )  (Ref 2 ) ,  B r i s t o l  Avon (Ref 3 ) ,  S e v e r n  

(Ref h ) ,  Weser (Ref 5 ) ,  G i r o n d e  (Ref 6 ) ,  and Thames 

E s t u a r i e s  (Ref 7 )  and  many o t h e r  e s t u a r i e s  i n  

d i f f e r e n t  p a r t s  o f  t h e  wor ld  (Ref 8 ) .  

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

a b o u t  50,000ppm do  n o t  d i f f e r  s i g n i f i c a n t l y  f rom t h a t  

o f  w a t e r .  The o n l y  e f f e c t  o f  t h e  suspended  

c o n c e n t r a t i o n s  i s  t o  i n c r e a s e  t h e  e f f e c t i v e  b u l k  

d e n s i t y  of t h e  mud w a t e r  m i x t u r e .  The Bingham y i e l d  

s t r e n g t h  of muds w i t h  c o n c e n t r a t i o n s  i n  e x c e s s  o f  

a b o u t  100,000ppm r a p i d l y  i n c r e a s e s  and  t h e  mud m i x t u r e  

behaves  a s  a  v e r y  weak s o i l .  Such a  weak s o i l  d o e s  

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

less t h a n  a b o u t  1 i n  10 .  

T h e r e  i s ,  t h e r e f o r e ,  o n l y  a  r e l a t i v e l y  na r row band o f  

c o n c e n t r a t i o n s  i n  t h e  r a n g e  50 ,000  - 120,000ppm when a  

mud behaves  a s  a  non Newtonian  f l u i d .  The a c t u a l  

c o n c e n t r a t i o n  o f  t h e  f l u i d  mud found i n  a  p a r t i c u l a r  

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

p r o p e r t i e s  and  t h e  s h e a r i n g  r a t e  w i t h i n  t h e  mud l a y e r .  

A t y p i c a l  v a l u e  f o r  t h e  c o n c e n t r a t i o n  of a  f l u i d  mud 

l a y e r  i n  a n  e s t u a r y  w i t h  low i n t e r n a l  s h e a r i n g  r a t e s  

i s  a b o u t  70,000ppm. The t y p i c a l  v a l u e  i n  t h e  boundary  

l a y e r  o f  a  wave w i t h  much h i g h e r  s h e a r i n g  r a t e s  i s  

p r o b a b l y  a b o u t  100,000ppm. 

2 .1  P r o p e r t i e s  o f  

f l u i d  mud 

F l u i d  mud i n  a n  e s t u a r y  u s u a l l y  h a s  a  d r y  d e n s i t y  i n  

t h e  r a n g e  70 t o  100kg/m3 and  a  v i s c o s i t y  2  - 10 times 

h i g h e r  t h a n  s e a w a t e r  and  a n  a p p a r e n t  Bingham s h e a r  

s t r e n g t h  i n  t h e  r a n g e  0 . 1  - 0 . 4 ~ 1 m ~ .  

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

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

and i n t e r l o c k  w i t h  e a c h  o t h e r  h i n d e r i n g  t h e  upward 

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



.interparticular friction and fluid friction. The 

larger flocs are loose aggregations of smaller denser 

and stronger flocs. The shearing of the fluid causes 

a continual disruption and deformation of the mud 

flocs. Higher shearing rates generally result in 

smaller and stronger flocs. The non-Newtonian 

properties of the fluid vary with the floc structure 

and hence the shearing rate. 

3 FORMATION OF 

FLUID PIUD 

3.1 Formation of 

fluid mud from 

a suspension 

Fluid mud may be formed as a result of settlement from 

a dilute ( <  50,000pprn) suspension in either still or 

flowing water or as a result of a disturbance of a 

settled bed by wave action or mechanical agitation. 

The main factor determining whether fluid mud forms 

from a dilute suspension is the manner in which the 

settling velocity of the mud flocs varies as a 

function of the concentration, (Fig 2), (Ref 9). 

In-situ measurements of the settling velocity of mud 

flocs has shown that the settling velocity increases 

approximately linearly with the concentration, in the 

range 10 - 4,000ppm. In this range, the flocs settle 

more or less independently of each other, but their 

average size increases with the concentration because 

of the number of collisions between the flocs 

increases in proportion to the concentration. 

The settling velocity reaches a peak and remains 

constant at about 2 to 4mmn/s with concentrations in 

the range 4,000 to about 20,000ppm. It should be 

noted that settling velocities in laboratory apparatus 

will usually be an order of magnitude less than in 

estuaries due to the short flocculation times. In 

this range, the flocs are starting to hinder the 



Uovement of water b e i n g  d i s p l a c e d  as t h e y  s e t t l e .  

Al though t h e  f l o c s  t ouch  each  o t h e r  t h e y  a r e  t o o  weak 

t o  t r a n s m i t  s i g n i f i c a n t  f o r c e s  w i t h o u t  de fo rming .  The 

s e t t l i n g  v e l o c i t y  of mud f l o c s  d e c r e a s e s  r a p i d l y  f rom 

a n o u t  2mm/s t o  a minimum v a l u e  of a p p r o x i m a t e l y  

0.05mm/s as t h e  c o n c e n t r a t i o n  r i s e s  from 20,003 t o  

a b o u t  100,000ppm. 

Provided  t h e  bed s t r e s s  is l e s s  t h a n  a b o u t  0 . 0 7 ~ / m ~ ,  

f l u i d  mud d e w a t e r s  a t  a r a t e  of a b o u t  0.05mm/s t o  f o r n  

a weak s o i l  w i t h  a d r y  d e n s i t y  of a b o u t  170 - 3 0 0 ~ ~ / m ~  

which h a s  a r e l a t i v e l y  h i g h  s h e a r  s t r e n g t h  and does  

n o t  f l o w  e a s i l y  ( F i g s  3  and 4)  (Ref 10  and Re£ 1 1 ) .  

A l a y e r  of f l u i d  mud w i l l  form a t  t h e  bottom of  a 

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

f l u x  o f  mud s e t t l i n g  i n t o  t h e  l a y e r  of w a t e r  above  t h e  

bed exceeds  t h e  r a t e  a t  which mud d e p o s i t s  on t h e  bed.  

I n  t h i s  c o n t e x t ,  t h e  bed i s  assumed t o  be  a weak s o i l  

w i t h  a bulk  d e n s i t y  of a b o u t  1 .2 t /m3 .  I n  t h e  a b s e n c e  

of a s i g n i f i c a n t  amount of v e r t i c a l  t u r b u l e n t  exchange  

n e a r  s l a c k  w a t e r  t h e  n e t  f l u x  of s e t t l i n g  p a r t i c l e s  i s  

t h e  p roduc t  of t h e  s e t t l i n g  v e l o c i t y  and t h e  

c o n c e n t r a t i o n  of mud i n  s u s p e n s i o n .  T h i s  f l u x  r i s e s  

t o  r e a c h  a maxirnun of a b o u t  40g/m2/s  a t  a 

c o n c e n t r a t i o n  of a b o u t  20,000ppm and f a l l s  r a p i d l y  a t  

h i g h e r  c o n c e n t r a t i o n s  as shown i n  F i g u r e  5. At s l a c k  

w a t e r  t h e  mud f l o c s  s e t t l e  towards  t h e  bed. F l u i d  mud 

w i t h  a  c o n c e n t r a t i o n  of a b o u t  70,003ppm d e w a t e r s  o r  

d e p o s i t s  o n t o  t h e  bed a t  a  r a t e  of a b o u t  4g/m2/s .  

It f o l l o w s  t h a t  a l a y e r  of f l u i d  mud w i l l  o n l y  grow i n  

t h i c k n e s s  i f  t h e  f l u x  of ~nud s e t t l i n g  o n t o  t h e  bed 

exceeds  t h e  r a t e  a t  which t h e  f l u i d  mud d e w a t e r s .  

T h i s  f l u x  i s  e q u i v a l e n t  t o  a  concen t r . 3 t ion  of a b o u t  

2500ppm i n  t h e  o v e r l y i n a  w a t e r  as shown i n  F i g u r e  5 .  

I t  i s  t h e r e f o r e  p o s t u l a t e d  t h a t  f l u i d  mud is u n l i k e l y  

t o  form a t  s l a c k  w a t e r  i n  a n  e s t u a r y  u n l e s s  t h e  

c o n c e n t r a t i o n  of mud i n  s u s p e n s i o n  i n  t h e  bot tom of  a 

w a t e r  column e x c e e d s  a b o u t  2500ppm. I n  t h e  a u t h o r ' s  



.experience fluid mud is seldom found in estuaries 

where this concentration is not exceeded. For 

example, fluid mud will only be found in the Thames 

estuary in the mud reaches during spring tides. 

A knowledge of the settling velocity function maybe 

used to predict the growth of fluid mud in a 

mathematical model of an estuary. The main 

uncertainty is the dry density and rate of dewatering 

of the fluid mud ghich probably varies with the 

rheology and proportion of silt in the nud. 

3.2 Formation of 

fluid mud by wave 

action 

Wave action in shallow water in an estuary can 

fluidise the surface of a mud bed. Wave action erodes 

the weakest surface layers of the nud deposits. 

Experiments with a naturally settled bed of mud has 

shown that wave action erodes mud of a given dry 

density at about the same peak shear stress that is 

required with a steady uni-directional flow. A very 

high proportion of the eroded mud is contained in the 

relatively thin boundary layer of the wave in the forn 

of fluid mud with concentrations of about 100,000ppm. 

This happens because the sharp density gradient damps 

the vertical turbulent exchange with the water column 

above. 

3.3 Fornation of 

fluid mud by a 

mechanical 

a~itation 

The disturbance by drag heads oE dredgers and by 

propellers of ships with a small underkeel clearance 

may fluidise a mud bed. The spoil discharyed fro~n a 

suction dredger will often have the consistency of 

fluid mud. 



4 STRESS-STRAIN ' 

PROPERTIES OF 

FLUID MUD 

The r h e o l o g i c a l  p r o p e r t i e s  of  f l u i d  mud w i t h  

c o n c e n t r a t i o n s  of  abou t  70,000 - 100,000ppm have been 

examined by Krone (Ref 12)  i n  a  r o t a t i n g  c y l i n d e r  

v i scomete r  a t  s h e a r i n g  r a t e s  i n  t h e  range 2  - 50s-1,  

which i s  i n  t h e  range  commonly found i n  t h e  lowest  

l a y e r s  of  a n  e s t u a r i n e  channe l  f o r  bed s t r e s s e s  i n  

e x c e s s  of t h a t  a l l o w i n g  d e p o s i t i o n .  I n  1964, t h e  

s e n i o r  a u t h o r  used t h e  same equipment t o  t e s t  t h r e e  

d i f f e r e n t  mud samples from B r i t i s h  e s t u a r i e s  ( F i g  6 ) .  

Laminar c o n d i t i o n s  p r e v a i l e d  i n  t h e  12mm gap between 

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

mud v a r i e d  a f t e r  t h e  s u s p e n s i o n  was s t i r r e d  and 

depending on whether t h e  s h e a r i n g  r a t e  was i n c r e a s i n g  

o r  d e c r e a s i n g .  I t  behaved a s  an  u n s t a b l e  

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

va ry ing  between 1 and 20 t imes  t h a t  of s e a w a t e r .  The 

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

s h e a r i n g  r a t e s  and i n c r e a s e  d u r i n g  reducing s h e a r i n g  

r a t e s  i n  the  range 2 - 10s- l .  Krone showed t h a t  mud 

f l o c s  grow when t h e  s h e a r i n g  r a t e s  a r e  l e s s  t h a n  about  

6s-I . 

F l u i d  mud w i t h  a  c o n c e n t r a t i o n  between 70,000 and 

80,000ppm a p p e a r s  t o  have a n  e f f e c t i v e  Bingham y i e l d  

s t r e n g t h  of about  0.1N/m2, ( F i g  6 ) .  T h i s  v a l u e  was 

not  proved c o n c l u s i v e l y .  S t a t i c  t e s t i n g  a s  has  been 

proposed by D r  D J A U i l l i a m s  of U n i v e r s i t y  Col lege  of  

Swansea. 

A t  s h e a r i n g  r a t e s  i n  t h e  range  10 - 50s-I t h e  l a m i n a r  

f l u i d  mud s u s p e n s i o n s  were unab le  t o  t r a n s m i t  a  s t r e s s  

of more than  about  0 .2  - 0.25N/m2. The t r a n s m i t t e d  

s h e a r  dec reased  w i t h  i n c r e a s i n g  s h e a r i n g  r a t e  i n  some 

s i t u a t i o n s .  Shear r a t e s  i n  e x c e s s  of 1 , 0 0 0 s - ~  o n l y  

occur  v e r y  c l o s e  t o  t h e  bed d u r i n g  peak t i d a l  c u r r e n t s  

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

mud were t e s t e d  i n  a  c a p i l l a r y  v iscometer  w i t h  



s h e a r i n g  r a t e s  i n  t h e  range 100 - 1500s- l. I n  t h i s  

c a s e ,  t h e  p r o p e r t i e s  of t h e  f l u i d  mud were independen t  

of s h e a r i n g  r a t e  i n d i c a t i n g  t h a t  the  f l o c s  were broken 

down t o  s imple  a g g r e g a t i o n s  of primary c l a y  p a r t i c l e s .  

A t  c o n c e n t r a t i o n s  of about  75,000ppm the  d i f f e r e n t i a l  

v i s c o s i t y  was on ly  twice  t h a t  of seawate r .  However, 

t h e  e f f e c t i v e  Bingham s h e a r  s t r e n g t h  was abou t  l ~ / m ' ,  

which i s  approx imate ly  equa l  t o  t h e  bed stress e x e r t e d  

by a  v e l o c i t y  of l m / s  over  a  s~nooth  mud bed. 

When f l u i d  mud i s  shea red  i t  t r a n s m i t s  t h e  r e s u l t i n 2  

s h e a r  s t r e s s  by two mechanisms, f i r s t l y  by 

i n t e r p a r t i c u l a t e  f r i c t i o n  and second ly  by f l u i d  

f r i c t i o n .  

I n  l aminar  c o n d i t i o n s ;  

where 

i s  t h e  aingham y i e l d  s h e a r  s t r e n g t h  ( ~ / r n ~ )  

U i s  t h e  v e l o c i t y  (mls)  

La~ninar  c o n d i t i o n s  p r e v a i l  when t h e  Reynolds number i s  

l e s s  than  abou t  1000. The e f f e c t  of a  t e n - f o l d  

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

t h e  range of v e l o c i t i e s  f o r  which l aminar  c o n d i t i o n s  

p r e v a i l  and t o  t h i c k e n  t h e  laminar  sub- layer  when 

smooth t u r b u l e n t  c o n d i t i o n s  e x i s t .  Smooth t u r b u l e n t  

c o n d i t i o n s  probably  occur  i n  t h e  t h i c k e r  moving f l u i d  

mud l a y e r s  found i n  t u r b i d  e s t u a r i e s .  The t h i c k n e s s  

of t h e  l aminar  sub- layer  f o r  a  Newtonian f l u i d  i s :  

where 



. "0 i s  t h e  bed s t r e s s  ( ~ / m ~ )  

v i s  t h e  k i n e m a t i c  v i s c o s i t y  ( m 2 / s )  m 

pm is t h e  bu lk  d e n s i t y  of t h e  f l u i d  mud (ka/m 3, 

5 MOVEMENT OF FLUID 

MJD DOWN A 

SLOPING BED 

The bed of  a  t y p i c a l  e s t u a r y  s l o p e s  towards a  c e n t r a l  

channel  which i t s e l f  z e n e r a l l y  s l o p e s  i n  a  seaward 

d i r e c t i o n  o r  towards t h e  c e n t r e  of deep r e a c h e s .  A t  

s l a c k  t i d e  a  l a y e r  of f l u i d  mud may form o v e r  a  wide 

a r e a  of t h e  bed of a n  e s t u a r y .  Once t h e  f l u i d  mud 

exceeds  a  c r i t i c a l  dep th  it w i l l  t end  t o  f low down t h e  

bed s l o p e  towards t h e  l o c a l  deep r e g i o n  w i t h i n  t h e  

e s t u a r y  where i t  w i l l  form a  pool  of f l u i d  mud w i t h  a  

f l a t  s u r f a c e .  

5 . 1  I n i t i a l  motion 

F l u i d  mud w i l l  s t a n d  on a  s l o p e  i n  s t i l l  w a t e r  

provided t h a t  the  component of t h e  n e t  g r a v i t a t i o n a l  

f o r c e  down t h e  s l o p e  does not  exceed t h e  aingham y i e l d  

s h e a r  s t r e n g t h  of the  mud ( F i g  7 ) .  

F = d  . Ap.  g .  s i n O =  
m b 

where 

dm i s  t h e  c r i t i c a l  t h i c k n e s s  (m) 

I f  O i s  smal l .  s i n  O O 

" 
d  - B - - 

m 
c r i t  

AE 0 

T y p i c a l l y  r = 0.1 ?I/m2 Ap = 107.0 - 1020 = 50kg/tn3 
B 



The c r i t i c a l  t h i c k n e s s  of a  f l u i d  )mud l a y e r  w i t h  t h e  

'above p r o p e r t i e s  t h a t  w i l l  s t a n d  on a  g i v e n  s l o p e  i s  

a s  f o l l o w s :  

The same r e s u l t  i s  shown g r a p h i c a l l y  i n  F i g u r e  8 .  

Bed s l o p e s  i n  e s t u a r i e s  t y p i c a l l y  vary  between a b o u t  

1 0 - l  on t h e  s t e e p e r  banks and 10-4  o r  l e s s  i n  t h e  

l o n g i t u d i n a l  d i r e c t i o n .  A l a y e r  of f l u i d  mud b i g g e r  

than  abou t  0.2m w i l l  no t  remain s t a t i o n a r y  on s l o p e s  

exceeding about  10-3. 

5.2 Movement of f l u i d  

mud dovn a  

s u b m e r ~ e d  s l o p e  

When a  l a y e r  of f l u i d  mud s t a r t s  t o  f low down a  s l o p e  

i t  behaves a s  a  dense f l u i d  wi th  a  bulk  d e n s i t y  of  

about  1070kg/m3 a s  compared wi th  t h e  d e n s i t y  of a  

t y p i c a l  e s t u a r i n e  water  of 1020kg/m3. A d e n s i t y  

c u r r e n t  of t h i s  type  (Ref 13) has  f e a t u r e s  i n  common 

w i t h  f r e e - s u r f a c e  Elows, bu t  d i f f e r s  e s s e n t i a l l y  

because t h e  buoyancy of t h e  su r round ing  f l u i d  r e d u c e s  

t h e  g r a v i t a t i o n a l  f o r c e  i n  p r o p o r t i o n  t o  t h e  

normal i sed  d e n s i t y  d i f f e r e n c e  

I n i t i a l l y ,  t h e  mud w i l l  f low a s  a  uniform s l u g  w i t h  no 

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

i n t e r n a l  s t r e s s  i n c r e a s e s  t h e  core  of t h e  f l u i d  mud 

w i t h o u t  r e l a t i v e  motion d e c r e a s e s  a s  shown i n  

F i g u r e  9. The d e t a i l e d  s t r u c t u r e  of t h e  v e l o c i t y  



profile is difficult to determine because the flow 

Below the central slug may be laminar and the flow 

above may be turbulent and there is no theory readily 

available to specify the transfer of momentum within 

and between the various sub-layers. However, assuming 

a small slope and in the absence of concentration 

gradients in the mud layer, and assuming no erosion or 

entrainment, one can formulate the following equations 

to calculate the mean velocity in the layer: 

vhere 

f is a friction factor 

a is the ratio s .  / s 
1 0  

Harlernan (Ref 13) recommends a value of 0.43 for a in 

turbulent flows. 

The resulting relationship between d U and O is 
m' m 

shown in Figure 10. 

The rate of mud transport, qm, down the slope is given 

by: 

q, is rate of mud transport (kg/m/s) 

4, increases with approximately the three-halves power 

of the thickness of the mud layer. Neither a or B 
are absolute constants. z varies with the shearing a 



rate. a tends to zero at low velocities and probably 

increases with the densimetric Froude number. 

The above theory assumes that the bulk Richardson 

number, Ri, is high enough to inhibit significant 

entrainment of clear water into the fluid mud layer, 

that is: 

This condition is probably only satisfied for bed 

slopes flatter than about 2 X 1 0 - ~  (Fig 10). For bed 

slopes greater than 2 X 10-3, the entrainment of 

overlying water is likely to become significant and 

the mud layer will tend to become thicker and more 

diluted. The entrainment velocity varies as a 

function of R as follows (Ref 14): 
i 
B 

For values of R. less than unity, a increases rapidly 
1 

from about 0.4 to 0.8. The stress exerted by the 

fluid mud layer on the underlying bed at these higher 

flow velocities will tend to erode the exposed layer 

of mud. A weak mud deposit with a dry density of 

about 200kz/m3 would start to be eroded at a bed 

stress of about l ~ / m ~ ,  which is equivalent to a 

velocity of about lm/s. 

If the erosion of mud at the base of the fluid mud 

layer was more or less balanced by entrainment of 

clear water into the surface of the layer it will tend 

to thicken. As a result, the velocity would increase 

thereby increasing the rate of erosion and entrainment 

and under certain conditions this could cause an 

avalanche of mud. 



If entrainment occurs the thickness of the layer 

varies with distance and one needs to consider the 

full equations for unsteady turbulent flow which may 

be expressed in one dimension in the following form: 

a (c,dm1+- a ( c u d  )-~[l.r~l - 61me(1\1 - .r k o  ?X m m m  e 

These equations can only be solved by numerical 

methods. 

6 MOVEMENT OF PLUID 

MUD ALONG A FLAT 

BED 

For many years there has been disagreement on whether 

or how a layer of fluid mud might start to move along 

a channel with a flat bed. Experiments by Krone 

(Ref 1) in a shallow flume showed that a thin layer of 

fluid mud was eroded and re-suspended before it began 

to move. However, observations in many estuaries have 

shown that siltation rates cannot be accounted for 

solely by considering the transport of suspended mud 

and can only be explained by the ioovernent of a thin 

layer oE fluid mud along the flat bed of an estuary. 

There are no well documented observations of velocity 

profiles within a fluid mud layer on a flat mud bed 

known to the author. Approximate observations have 

been made in the Bristol Avon and Parrett estuaries 

where the bed of the channel has a slope in the 

seaward direction. 



6 . 1  I n i t i a l  motion , 

Consider a  s t a t i c  pool o r  l a y e r  of f l u i d  mud t h a t  h a s  

formed on the  bed of a  deep channel  i n  an e s t u a r y  a t  

s l a c k  water .  A s  the  water  s u r f a c e  s l o p e  i n c r e a s e s  

a f t e r  the change of t h e  t i d e  i t  w i l l  e x e r t  a  n e t  body 

f o r c e  on the  l a y e r  of f l u i d  mud ( F i g  7 )  which w i l l  be 

r e s i s t e d  by t h e  Bingham s h e a r  s t r e n g t h  of t h e  mud. I f  

one assumes t h a t  t h e  s h e a r  s t r e s s  e x e r t e d  by t h e  wa te r  

f lowing over  the  f l u i d  mud i s  n e z l i g i b l e ,  i t  f o l l o w s  

t h a t  a t  t h e  p o i n t  of i n c i p i e n t  motion: 

where 

i s  the  water  s u r f a c e  s l o p e  
?K 

The t h i c k n e s s  of a  f l u i d  mud l a y e r  t h a t  can r e s i s t  

movement by a  given imposed wate r  s u r f a c e  s l o p e  i s  

shovn i n  F i g u r e  11. 

A t  t h i s  s t a g e  t h e  maximum s h e a r i n g  f o r c e  a t  t h e  bottom 

of t h e  l a y e r  depends on t h e  product  of t h e  t h i c k n e s s  

of t h e  l a y e r  and t h e  wa te r  s u r f a c e  s l o p e .  This  means 

t h a t  t h i n  l a y e r s  a r e  more r e s i s t a n t  t o  motion than  

t h i c k  l a y e r s .  It a l s o  e x p l a i n s  why t h i n  l a y e r s  of 

f l u i d  mud i n  a  t r a d i t i o n a l  s t r a i g h t  flume do not f a i l  

i n  t h i s  mode but a r e  eroded from t h e  s u r f a c e  

downwards. T h i s  mode (Ref 15) of f a i l u r e  does not 

occur  i n  c i r c u l a r  f lumes because they  do n o t  g e n e r a t e  

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

d i r e c t i o n .  The v a r i a t i o n  i n  the  e f f e c t i v e  s t r e s s  on 

t h e  base of l a y e r s  of f l u i d  mud 0.1 and 1.0m t h i c k  i n  

the  mud reaches  of t h e  lower Thames e s t u a r y  dur ing  a 

s p r i n g  t i d e  i s  shown i n  F igure  12.  I n  r e a l i t y ,  t h e  

t h i c k n e s s  of the  f l u i d  mud l a y e r  i n  t h e  Thames e s t u a r y  

i s  u n l i k e l y  t o  exceed a  t h i c k n e s s  of O . l m  i n  t h e  

absence of a g i t a t i o n  by d redgers .  The maxirnum wate r  



. s u r f a c e  s l o p e  was abou t  4 x 10-~.  The wa te r  s u r f a c e  

s l o p e  i n  a n  open mud flume is u s u a l l y  l e s s  than  t h i s  

va lue .  

The t h i c k n e s s  of a  f l u i d  mud l a y e r  formed a t  s l a c k  

wa te r  i n  a n  e s t u a r y  w i t h  n e g l i g i b l e  s i d e  s l o p e s  i s  

l i m i t e d  by t h e  mass of mud i n  t h e  o v e r l y i n g  wa te r  

column s o  t h a t :  

The t y p i c a l  t h i c k n e s s  of a  l a y e r  of f l u i d  mud i n  t h e  

P a r r e t t  e s t u a r y  a t  s l a c k  wa te r  i s  1 . 4 m  a s  shown i n  

F igure  1. A t y p i c a l  v a l u e  i n  t h e  Thames e s t u a r y  i s  

l i k e l y  t o  be l e s s  than  O . l m .  I 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  of t h e  f l u i d  mud i s  about  0 . 1 ~ / m ~ ,  i t  i s  

e v i d e n t  t h a t  a  O . l m  t h i c k  l a y e r  w i l l  no t  f a i l  a t  t h e  

base  bu t  e rode  o r  be e n t r a i n e d  from t h e  s u r f a c e  

downwards a s  assumed i n  t h e  o r i g i n a l  mud t r a n s p o r t  

model of t h e  Thames e s t u a r y  (Ref 7 ) .  The f l u i d  mud 

w i l l  c o n t i n u e  t o  dewater  d u r i n g  t h e  e r o s i o n  p rocess  a s  

h a s  been observed i n  t h e  HR c i r c u l a r  f lume. 

A t h i c k  l a y e r  of f l u i d  mud is more l i k e l y  t o  s h e a r  a t  

t h e  base  of t h e  l a y e r .  I n i t i a l l y ,  t h e  l a y e r  w i l l  move 

a s  a  r i g i d  s l u g  of mud w i t h  no i n t e r n a l  r e l a t i v e  

motion because  t h e  i n t e r n a l  s h e a r  s t r e s s  w i l l  be l e s s  

than  t h e  s h e a r  s t r e n g t h  of t h e  mud mat r ix .  The 

o v e r l y i n g  wa te r  m y  o r  may no t  be f lowing i n  the  same 

d i r e c t i o n .  A s  t h e  wa te r  s u r f a c e  s l o p e ,  v e l o c i t i e s  and 

i n t e r n a l  s t r e s s e s  i n c r e a s e  t h e  t h i c k n e s s  of t h e  s l u g  

of undeformed mud w i l l  d imin i sh  and t h e  l e v e l  of 

t u r b u l e n c e  i n  t h e  l o g e r  p a r t  of the  l a y e r  w i l l  

i n c r e a s e .  

The p resence  of the  d e n s i t y  i n t e r f a c e  w i l l  s e v e r e l y  

l i m i t  t h e  l e v e l  of t u r b u l e n c e  w i t h i n  t h e  f l u i d  mud 

l a y e r  and hence the  i n t e r n a l  Reynolds s t r e s s e s .  



Houever,  t h e  o v e r l y i n g  wa te r  w i l l  t end  t o  e r o d e  t h e  

s u r f a c e  of t h e  f l u i d  mud l a y e r  once t h e  i n t e r f a c i a l  

s t r e s s  exceeds  t h e  c r i t i c a l  s t r e s s  f o r  e r o s i o n  of t h e  

mud a t  a  dry  d e n s i t y  of a b o u t  75kg/m3 which is 

a p p r o x i m a t e l y  e q u a l  t o  t h e  Bingham y i e l d  s t r e n g t h  of 

a b o u t  0 . 1 ~ / m * .  The s h a r p  d e n s i t y  g r a d i e n t  a t  t h e  

i n t e r f a c e  between t h e  f l u i d  mud (75,000ppm) and t h e  

o v e r l y i n g  w a t e r  w i l l  i n h i b i t  v e r t i c a l  mixing  and t h e  

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

f low.  

A t  a b o u t  t h i s  s t a g e  smooth t u r b u l e n t  c o n d i t i o n s  s h o u l d  

e x i s t  t h roughou t  t h e  whole t h i c k n e s s  of t h e  f l u i d  mud 

l a y e r  e x c e p t  f o r  a t h i n  l a m i n a r  sub - l aye r  a t  t h e  

base .  

6 .2  V e l o c i t y  p r o f i l e  

i n  t h e  f l u i d  mud 

l a y e r  

The v e l o c i t y  p r o f i l e  i n  t h e  f l u i d  mud l a y e r  may be 

c a l c u l a t e d  as f o l l o w s :  

I f  t h e  t h i c k n e s s  of t h e  f l u i d  mud l a y e r  i s  s m a l l  

compared t o  t h e  t o t a l  d e p t h  of  f l ow and i f  t h e  l o c a l  

g r a d i e n t  R icha rdson  number a t  t h e  i n t e r f a c e  exceeds  

u n i t y ,  t h e  mixing  l e n g t h  d i s t r i b u t i o n  w i t h i n  t h e  

smooth t u r b u l e n t  r e g i o n s  of  t h e  l a y e r  !nay be d e f i n e d  

as f o l l o w s :  

Z 1 ( 2 )  - 0.42 f o r  0  < - 0 . 1  
m ( 1 7 )  

dm 

1 ( z )  = 0.04 d  f o r  0 .1  
m m 

( 1 8 )  

The above  d i s t r i b u t i o n s  were d e r i v e d  f rom t h e o r i e s  by 

Odd and Rodger (Ref 1 6 ) .  P rov ided  t h e  i n t e r f a c i a l  

s h e a r  exceeds  t h e  Bingham s h e a r  s t r e n g t h  and t h e  

Reynolds  s h e a r  s t r e s s  d i s t r i b u t i o n  i s  l i n e a r .  



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

( F i g  13).  

F i r s t l y ,  a  l aminar  sub- layer  wi th  a  t h i c k n e s s  of a  few 

m i l l i m e t r e s  where v i s c o u s  f o r c e s  p r e v a i l  and the  s h e a r  

s t r e s s  i s  d e f i n e d  a s  f o l l o w s :  
du 

7 = 7 + 
Z d 

( 2 0 )  

which, w i t h  e q u a t i o n  19 ,  r e s u l t s  i n  t h e  f o l l o w i n g  

v e l o c i t y  p r o f i l e :  

vhere  

and 

The approximate  t h i c k n e s s  of t h e  l aminar  sub- layer  i s  

g i v e n  by Equa t ion  ( 2 4 ) :  

The second r e g i o n  of the  v e l o c i t y  p r o f i l e  e x t e n d s  over  

abou t  10% on t h e  f l u i d  mud l a y e r  vhere  the  momentum 

mixing l e n g t h  i n c r e a s e s  l i n e a r l y  w i t h  t h e  d i s t a n c e  

froru t h e  bed. The Reynolds s t r e s s  i n  t h i s  r e g i o n  a r e  

d e f i n e d  by 



which, w i t h  e q u a t i o n  1 9 ,  r e s u l t s  i n  t h e  f o l l o w i n g  

v e l o c i t y  p r o f i l e  f o r  Z < <  l 

These two r e g i o n s  only  c o n t r i b u t e  abou t  5% of t h e  

d i s c h a r g e  of water  and mud i n  t h e  l a y e r  a s  a  whole. 

I n  t h e  t h i r d  r e g i o n ,  which ex tends  over 90% of t h e  

l a y e r ,  t h e  momentum mixing l e n g t h  i s  assumed t o  have a  

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

g i v i n g  a  v e l o c i t y  p r o f i l e  o f :  

The p r e d i c t e d  v e l o c i t y  p r o f i l e  i n  a  f lowing  f l u i d  mud 

l a y e r  where t h e  i n t e r f a c i a l  s t r e s s  exceeds  t h e  Bingham 

s h e a r  s t r e n g t h  of t h e  mud i s  shown i n  F i g u r e  1 4 ,  i n  

terms of a  r e l a t i v e  dep th  and a  r e l a t i v e  v e l o c i t y  

d e f i n e d  i n  Equa t ion  (29) :  

The v e l o c i t y  p r o f i l e  i s  l i n e a r  i n  t h e  mid-regions of 

t h e  l a y e r  wi th  a  s l i p  zone near  t h e  bed. I f  t h e  

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

could  be used t o  c a l c u l a t e  t h e  e f f e c t i v e  f r i c t i o n  

f a c t o r  f o r  t h e  l a y e r  i n  terms of i t s  o v e r a l l  Reynolds 

number. 

The g e n e r a l  e q u a t i o n  f o r  t h e  motion of a  mud l a y e r  

a long  a  channel  i s  a s  f o l l o w s :  . 



where 

W i s  t h e  w i d t h  of  t h e  c h a n n e l  (m) 

I) i s  t h e  w a t e r  s u r f a c e  l e v e l  

fll i s  t h e  i n t e r f a c e  l e v e l  

q, i s  t h e  bed l e v e l  

U is t h e  mean v e l o c i t y  ( m l s )  
m 

Am 
i s  t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  l a y e r  (a2) 

The r a t e  of mud t r a n s p o r t  i n  t h e  l a y e r  would b e  

d e f i n e d  by E q u a t i o n  ( 3 2 ) :  

It i s  n o t  c e r t a i n  whe the r  t h e  s t a n d a r d  mud e r o s i o n  

fo rmula  cou ld  be used  t o  c a l c u l a t e  t h e  e r o s i o n  of t h e  

u n d e r l y i n g  bed i n  t h i s  c a s e .  

For  e s t u a r i e s  t h a t  a r e  wide i n  r e l a t i o n  t o  t h e i r  

l e n g t h  i t  would be n e c e s s a r y  t o  s o l v e  f o r  f low i n  t h e  

f l u i d  mud l a y e r  i n  two dimensions  i n  p l a n .  

7 DISCUSSIONS AND 

CONCLUSIONS 

The r e p o r t  i s  a  r ev iew of t h e  behav iour  of f l u i d  mud 

i n  e s t u a r i e s .  The a u t h o r s  have  a t t empted  t o  deve lop  

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



fo rmat ion  of f l u i d  mud from more d i l u t e  suspens ions  

and i t s  motion down a  submerged s l o p e  and a long  a  f l a t  

bed w i t h i n  an e s t u a r y .  The r e p o r t  does no t  i n c l u d e  an 

a n a l y s i s  of the  g e n e r a t i o n  oE f l u i d  mud by wave a c t i o n  

o r  mechanical  a g i t a t i o n .  But the  t h e o r i e s  a r e  

a p p l i c a b l e  t o  t h e  movement of a f l u i d  mud l a y e r  formed 

by those  d i f f e r e n t  p rocesses .  

F lu id  mud is a  r e l a t i v e l y  common phenomena i n  t u r b i d  

estuaries. I t  is a  dense suspens ion  c o n t a i n i n g  a  

c o n c e n t r a t i o n  of mud f l o c s  which i s  high enough t o  

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

t o  t h a t  of c l e a r  water wi th  t h e  same s a l i n i t y  and 

d e n s i t y .  F l u i d  mud occurs  a t  c o n c e n t r a t i o n s  i n  t h e  

range of about  60,000 - 100,000ppm i n  the  form of w e l l  

d e f i n e d  l a y e r s  i n  t h e  muddy reaches  of t u r b i d  

e s t u a r i e s .  Suspensions  w i t h  c o n c e n t r a t i o n s  i n  t h e  

range 10,000 - 20,000ppm have reduced o r  h indered  

s e t t l i n g  r a t e s  but do no t  have a  s i g n i f i c a n t  s h e a r  

s t r e n g t h  o r  enhanced v i s c o s i t y .  The s h e a r  s t r e n g t h  of 

mud r a p i d l y  i n c r e a s e s  a t  dry  d e n s i t i e s  g r e a t e r  than  

abou t  0.1kg/m3. A t  t h e s e  h igher  c o n c e n t r a t i o n s  t h e  

a u t h o r s  c o n s i d e r  t h a t  zud should be t r e a t e d  a s  a  weak 

s o i l  because  i t  w i l l  only  flow down a  very s t e e p  

s l o p e .  I t  i s  recommended t h a t  f l u i d  mud be def ined  a s  

being a  f l o c c u l a t e d  suspens ion  of mud p a r t i c l e s  w i t h  a  

c o n c e n t r a t i o n  i n  t h e  range 60,000 - 120,000, but more 

t y p i c a l l y  w i t h  a  v a l u e  of about  75,000ppm. 

A s  d e f i n e d ,  f l u i d  mud c o n s i s t s  of a  mixture  of f l o c s  

of  d i f f e r e n t  s i z e s  which c o n t i n u a l l y  touch and 

i n t e r a c t  wi th  each o t h e r  h inder ing  the  upward flow of  

water  and t r a n s m i t t i n g  s h e a r  s t r e s s e s  by 

i n t e r p a r t i c u l a r  f r i c t i o n  and f l u i d  f r i c t i o n .  The 

s h e a r i n g  of f l u i d  mud causes  a  deformat ion and 

d i s r u p t i o n  of the  mud f l o c s  causing i t  t o  behave a s  a  

p l a s t i c  non-Newtonian f l u i d  wi th  a  v a r i a b l e  Bingham 

shear  s t r e n g t h  and v a r i a b l e  v i s c o s i t y .  For 

e n g i n e e r i n g  c a l c u l a t i o n s  one can  probably  assume t h a t  

i t  has a  y i e l d  s h e a r  s t r e n g t h  of about  O . l ~ / m ~  and a 



v i s c o s i t y  abou t  twice t h a t  of water .  However, t h e s e  

va lues  a r e  based on e x t r a p o l a t i o n  made i n  a  r o t a t i n g  

c y l i n d e r  v i scomete r  and they need t o  be checked by 

o t h e r  means. 

A l a y e r  of f l u i d  mud forms on t h e  bed of an e s t u a r y  a t  

s l a c k  wa te r  i f  the  mass f l u x  of mud s e t t l i n g  from 

s u s p e n s i o n  above t h e  bed exceeds t h e  r a t e  of 

dewaterink: of t h e  f l u i d  mud. The r a t e  of dewate r ing  

of f l u i d  mud w i t h  a  c o n c e n t r a t i o n  of about  75,000ppm 

i s  abou t  O . O S m m / s  e q u i v a l e n t  t o  a mass f l u x  of abou t  

4g/m2/s.  There  i s  a  need t o  conf i rm t h i s  v a l u e .  The 

minilnum c o n c e n t r a t i o n  i n  t h e  o v e r l y i n g  wa te r  which 

w i l l  match t h i s  mass f l u x  is about  2500ppm. 

T h e r e f o r e ,  one would not  expec t  a  s i g n i f i c a n t  l a y e r  of 

f l u i d  mud t o  form from a  suspens ion  i n  e s t u a r i e s  where 

t h e  peak c o n c e n t r a t i o n  i s  l e s s  than  about  2500ppm. 

A f l u i d  mud l a y e r  w i l l  g a i n  mass and t h i c k n e s s  a t  a  

maximum r a t e  of about  4 0 ~ / m ~ / s  when t h e  o v e r l y i n g  

wa te r  has  a  c o n c e n t r a t i o n  of suspended mud of about  

20,UOOppm. 

F i e l d  o b s e r v a t i o n s  and exper iments  show t h a t  t h e  

c o n c e n t r a t i o n  of mud i n  a  f l u i d  mud l a y e r  i s  u s u a l l y  

a lmos t  uniform throughout  i t s  depth .  The maximum 

t h i c k n e s s  of a  f l u i d  mud l a y e r  formed from suspens ion  

i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  amount of mud he ld  i n  

s u s p e n s i o n ,  provided t h e  bed s h e a r  exceeds  0.1?4/m2 

t ! ~ e r e b y  p r e v e n t i n g  d e u a t z r i n g  a t  t h e  base  of the  f l u i d  

nud l a y e r .  F l u i d  mud l a y e r s  a r e  u s u a l l y  only  a  

f r a c t i o n  of  a  metre i n  t h i c k n e s s  and seldom exceed two 

metres  i n  the  most muddy e s t u a r i e s .  

A f l u i d  mud l a y e r  w i l l  s t a n d  on a  s l o p i n g  bed p rov ided  

t h e  g r a v i t a t i o n a l  f o r c e s  do no t  exceed i t s  shear  

s t r e n g t h .  A c r i t i c a l  t h i c k n e s s  f o r  t h e  onse t  of 

motion v a r i e s  d i r e c t l y  w i t h  t h e  Bingham y i e l d  s t r e n g t h  

and i n v e r s e l y  w i t h  t h e  s l o p e .  F lu id  mud which is 

t h i c k e r  than  t h i s  c r i t i c a l  v a l u e  w i l l  f low a s  a body 

down t h e  s l o p e  towards t h e  deepes t  p a r t  of  t h e  c h a n n e l  
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c r o s s - s e c t i o n  o r  a long  t h e  bottom of a s l o p i n g  c h a n n e l  

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

s l o p e s  a r e  a t  a  [minimum. The mud f lows  i n  t h e  form of 

a  t u r b i d i t y  c u r r e n t  w i t h  d e n s i t y  of a b o u t  1 . 0 7 t / m 2  

compared t o  a  t y p i c a l  e s t u a r i n e  w a t e r  of 1 .02t /m3.  

The f low w i l l  be smooth t u r b u l e n t  w i t h  a  s l u g  of mud 

n e a r  t h e  c e n t r e  of t h e  l a y e r  w i t h  no r e l a t i v e  motion 

where t h e  i n t e r n a l  s t r e s s  is l e s s  than  t h e  Bingham 

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

t h i c k e n  and become d i l u t e d  by e n t r a i n m e n t  of  t h e  

o v e r l j i n g  wa te r .  T h i s  e f f e c t  may be o f f s e t  by s c o u r  

of a n  u n d e r l y i n g  muddy bed.  The t h i c k e r  t h e  mud l a y e r  

grows t h e  f a s t e r  i t  f lows  s o  i t  i s  p o s s i b l e  t h a t  t h e  

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

One can  form an e q u a t i o n  f o r  t h e  r a t e  of  t r a n s p o r t  o f  

mud i n  t h e  t u r b i d i t y  c u r r e n t ,  bu t  t h e r e  a r e  one o r  two 

e m p i r i c a l  c o e f f i c i e n t s  which cou ld  on ly  be e v a l u a t e d  

by making o b s e r v a t i o n s  of  a mud f low i n  an e s t u a r y  

such as t h e  B r i s t o l  Avon o r  P a r r e t t  e s t u a r y .  

The t u r b i d i t y  c u r r e n t  c e a s e s  t o  f low when e i t h e r  t h e  

bed s l o p e s  f a l l s  below a  c r i t i c a l  v a l u e  o r  i t  j o i n s  a  

poo l  of f l u i d  mud i n  a  deep s e c t i o n  of t h e  e s t u a r y .  

A l a y e r  of f l u i d  mud w i l l  s t a r t  t o  f low a l o n g  t h e  f l a t  

bed of a n  e s t u a r y  a s  a r e s u l t  of t h e  imposed 

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

s l o p e  a f t e r  s l a c k  t i d e .  A l a y e r  of uni form f l u i d  mud 

w i l l  a lways  s h e a r  a t  i t s  base .  The c r i t i c a l  d e p t h  a t  

which t h e  l a y e r  w i l l  move v a r i e s  d i r e c t l y  u i t h  t h e  

Bingham s h e a r  s t r e n g t h  and i n v e r s e l y  w i t h  t h e  w a t a r  

s u r f a c e  s l o p e .  Th in  l a y e r s  of f l u i d  mud, which form 

a t  s l a c k  w a t e r  i n  many e s t u a r i e s ,  a r e  more r e s i s t e n t  

t o  mot ion  t h a n  t h i c k  l a y e r s  and t end  t o  be e roded  f rom 

t h e  s u r f a c e  downwards. T h i s  p r o c e s s  c a n  be 

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

f lume.  

Once a  t h i c k  l a y e r  of f l u i d  mud f l o w s  a l o n g  a  f l a t  bed 

i t  behaves as a  d e n s e  lower  l a y e r  i n  a  two l a y e r  f low.  
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I n i t i a l l y ,  t h e  l a y e r  w i l l  move a s  a s l u g  w i t h  no 

r e l a t i v e  i n t e r n a l  mot ion .  G r a d u a l l y ,  a  v e l o c i t y  

p r o f i l e  w i l l  form n e a r  t h e  bed and  t h e  s l u g  w i l l  

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

a t  t h e  t o p  of t h e  l a y e r  e x c e e d s  t h e  Bingham y i e l d  

s h e a r  s t r e n g t h .  

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

l a y e r  damps v e r t i c a l  t u r b u l e n t  exchange w i t h i n  t h e  

l a y e r  and  l i m i t s  t h e  v e r t i c a l  t u r b u l e n t  exchange  o f  

momentum f o r  a  g i v e n  v e l o c i t y  g r a d i e n t  t o  a v a l u e  of 

a b o u t  one  h u n d r e d t h  of t h a t  f o r  c l e a r  w a t e r .  Theory  

deve loped  by t h e  a u t h o r s  i n d i c a t e s  t h a t  t h i s  w i l l  t e n d  

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

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

f a c t o r  f o r  t h e  l a y e r  a s  a whole.  The t h e o r y  of a  

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

t h e  r a t e  o f  mud t r a n s p o r t ,  needs  t o  be  checked  by 

making a c c u r a t e  o b s e r v a t i o n s  i n  a n  e s t u a r y .  

To d a t e  i t  h a s  on ly  been  p o s s i b l e  t o  model t h e  

f o r m a t i o n  and  i n s t a n t  r e s u s p e n s i o n  of a  t h i c k  l a y e r  of 

f l u i d  mud i n  a v e r y  t u r b i d  e s t u a r y  (Ref 2 ) .  It s h o u l d  

be  p o s s i b l e  t o  s i m u l a t e  t h e  f o r m a t i o n  of movement of 

f l u i d  mud i n  b o t h  c a n a l i s e d  and  wide e s t u a r i e s .  

However, t h e r e  i s  a need t o  check  t h e  t h e o r i e s  

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

o b s e r v a t i o n s .  

E x i s t i n g  o b s e r v a t i o n s  on t h e  movement o f  f l u i d  mud 

were g e n e r a l l y  made u s i n g  s t a n d a r d  equip,nent  f o r  

m e a s u r i n g  suspended c o n c e n t r a t i o n s  and v e l o c i t y  

p r o f i l e s .  The s e n s i t i v i t y  and methods of l o c a t i n g  t h e  

p robes  r e l a t i v e  t o  t h e  p l a n e  of no h o r i z o n t a l  mo t ion  

have n o t  been a c c u r a t e  enougn t o  d e f i n e  t h e  g rowth ,  

movelnent and  r e s u s p e n s i o n  of f l u i d  mud. The re  i s  a  

need f o r  a n  a c c u r a t e  s e t  of o b s e r v a t i o n s  t o  be made i n  

e i t h e r  t h e  B r i s t o l  Avon o r  t h e  P a r r r t t  e s t u a r i e s .  

T h e r e  i s  a l s o  a need t o  make r e p e a t a b l e  l a b o r a t o r y  



measurements of t h e  r a t e  of d e w a t e r i n g  of f l o c c u l a t e d  

f l u i d  nud s u s p e n s i o n s  i n  a s e t t l i n g  tube .  
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Fig 12 Effective shearing stress a t  the base of a f l u i d  mud layer in the 
Thames Estuary 
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