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The report describes the theory and first application of a new type of 

multi-layer model which can simulate the interaction of tidal and fluvial 

flows on saline intrusion, mud transport and siltation in deep partially 

mixed canalised estuaries. The physics of the various interacting processes 

are described. Novel aspects include the method of calculating vertical 

mixing and the modelling of the formation of a thin layered slack water 

deposit. 

The derivation of the basic differential equations and the numerical 

solution technique are described in the report. 

The capability of the model is described with examples from an application 

\ to the Brisbane river estuary. It was used to predict siltation caused by 
, \ 

individual river floods. The results were analyses using statistical 

methods to predict long term siltation rates over a period of 50 years. 

The model, which represents the state of the art for its type, is important 

because it allows planners to predict the effect of engineering works on mud 

transport and siltation in a common type of estuary. 

The model is at present being used to predict the effect of proposed 

modifications to the residual flows over Teddington weir on the pattern of 

mud transport and siltation in the Thames Estuary, for the Thames Water 

Authority and the Port of London Authority. 

The calibration procedure could be simplified and the predictive ability of 

the model could be improved by undertaking further research into better 

methods of modelling the density profile of the unconsolidated slack water 

deposits. 

There is a need to develop a three-dimensional mud transport model to 

predict conditions in berthing areas and tidal basins. 
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INTRODUCTION 
Many of t h e  w o r l d ' s  major c i t i e s  and l a r g e s t  p o r t s  a r e  
s i t e d  on a r t i f i c i a l l y  deepened and c a n a l i z e d  
e s t u a r i e s .  The c a p i t a l  d redg ing  works r e q u i r e d  t o  
e n l a r g e  n a v i g a t i o n  channe l s  a r e  major  e n g i n e e r i n g  
p r o j e c t s .  The p e r i o d i c  removal of s i l t a t i o n  i n  such 
a r t i f i c i a l  channe l s  is  a  s e r i o u s  d r a i n  on t h e  budget 
of many p o r t s .  There  is  t h e r e f o r e  a  need f o r  
e n g i n e e r s  who a r e  p lann ing  t o  deepen t h e  approach 
channe l  t o  a  p o r t  t o  be a b l e  t o  p r e d i c t  t h e  f u t u r e  
s i l t a t i o n  r a t e s  and hence t h e  c o s t  of maintenance 
d redg ing .  

The lower  r e a c h e s  of a n  e s t u a r y  a r e  g r a d u a l l y  t r a i n e d  
and deepened t o  accommodate t h e  i n c r e a s i n g  s i z e  of 
v e s s e l s  u s i n g  a  p o r t .  Maintenance d redg ing  i s  t h e n  
o f t e n  reduced i n  t h e  landward r e a c h e s  of a n  e s t u a r y  a s  
t h e  deep d r a f t  v e s s e l s  c e a s e  t o  u s e  t h e  upst ream 
b e r t h s .  The c o n s t r u c t i o n  of r e s e r v o i r s ,  d i v e r s i o n s  
and e x t r a c t i o n s  f o r  wa te r  supp ly  and i r r i g a t i o n  
purposes  may reduce t h e  f l u v i a l  i n f l o w s  t o  such an 
e x t e n t  a s  t o  change t h e  p a t t e r n - o f  s i l t a t i o n  i n  a n  
e s t u a r y .  

Bes ides  governing t h e  d i s t r i b u t i o n  of s i l t a t i o n ,  t h e  
p a t t e r n  of mud t r a n s p o r t  a l s o  d e t e r m i n e s  t h e  t r a n s p o r t  
and accumula t ion  of p a r t i c u l a t e  p o l l u t a n t s  and t h e  
p e n e t r a t i o n  of l i g h t  and hence t h e  h e a l t h  of t h e  
eco-system i n  an e s t u a r y .  

The accumula t ive  and i n t e r a c t i v e  e f f e c t - o f  e n g i n e e r i n g  
works b u i l t  i n  a  p i e c e  meal f a s h i o n  over  a  long  p e r i o d  
of t ime make i t  i n c r e a s i n g l y  more d i f f i c u l t  t o  
implement good o v e r a l l  p lann ing  and d e s i g n  of works i n  
an  e s t u a r y .  

The mathemat ica l  model d e s c r i b e d  i n  t h i s  r e p o r t  i s  
capab le  of p rov id ing  p l a n n e r s  w i t h  u s e f u l  p r e d i c t i o n s  
f o r  a  range of e n g i n e e r i n g  problems a s s o c i a t e d  w i t h  
deep c a n a l i z e d  e s t u a r i e s .  

A c a n a l i z e d  e s t u a r y  i s  d e f i n e d  a s  a  body of w a t e r ,  
narrow w i t h  r e s p e c t  t o  i t s  l e n g t h ,  which moves under  
t h e  i n f l u e n c e  of e x t e r n a l  t i d a l  f o r c e s  and f l u v i a l  
f lows .  The o u t f a l l  of a  r i v e r  i s  t h e  meet ing p l a c e  of 
f r e s h  wa te r  and s e a  wa te r ,  which g i v e s  r i s e  t o  a  
v a r i e t y  of impor tan t  phenomena, such a s  s t r a t i f i c a t i o n  
and g r a v i t a t i o n a l  c i r c u l a t i o n  and t h e s e  e f f e c t s  a r e  
enhanced i n  a  deep e s t u a r y .  The d e p t h  of an  e s t u a r y  
i s  measured i n  a b s o l u t e  terms and r e l a t i v e  t o  t h e  
t i d a l  range where f o r  p r a c t i c a l  purposes ,  one can  
assume t h a t  a  deep e s t u a r y  i s  one i n  which t h e  mean 
d e p t h s  a r e  i n  excess  of about  10m and t h e  t i d a l  range 
t o  mean dep th  r a t i o  i s  l e s s  than  a b o u t  0.4. The t i d e  
u s u a l l y  p ropaga tes  through t h e  deep r e g i o n s  of such 



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

The s i l t i n g  m a t e r i a l  may c o n s i s t  of bulky  c o h e s i v e  
mud, c l e a n  g r a n u l a r  sand o r  a m i x t u r e  of bo th .  The 
s e d i m e n t s  may be b rough t  down d u r i n g  f l u v i a l  f l o o d s  o r  
reworked mar ine  sed imen t s  b rough t  up from t h e  s e a  by 
t h e  t i d e .  T h e r e  i s  a  wide v a r i a t i o n  i n  t h e  geography 
of i n d i v i d u a l  t i d a l  c h a n n e l  sys t ems  and i n  t h e  
combina t ion  of  d i f f e r e n t  t i d a l  and f l u v i a l  r eg imes .  
The problem of d e t e r m i n i n g  which of  t h e  main f a c t o r s  
which i n f l u e n c e  s i l t a t i o n  i n  a n a v i g a t i o n  c h a n n e l  h a s  
i n  t h e  p a s t  been t h e  c a u s e  of h e a t e d  d e b a t e  by 
e n g i n e e r s  and even  p o l i t i c i a n s .  I n  some c a s e s  works 
have  been c a r r i e d  o u t  which have had t h e  o p p o s i t e  
e f f e c t  t o  t h a t  which was i n t e n d e d  due  t o  i g n o r a n c e  o f  
t h e  p r o c e s s e s  i n v o l v e d  by t h e  d e s i g n e r  of t h e  works. 
However, b a s i c  p h y s i c a l  p r i n c i p l e s  can  be a p p l i e d  t o  
a n a l y s e  t h e  p r o c e s s  of s i l t a t i o n  i n  each  p a r t i c u l a r  
s i t u a t i o n ,  and t h e  a d v e n t  of  t h e  computer  h a s  e n a b l e d  
e n g i n e e r s  t o  f o r m u l a t e  m a t h e m a t i c a l  models based on 
t h e s e  p r i n c i p l e s .  These  models  can  be used  t o  
s i m u l a t e  and p r e d i c t  t h e  movement of w a t e r ,  s a l t  and 
sed imen t  i n  t i d a l  c h a n n e l s  and hence  t h e  p a t t e r n  o f  
s i l t a t i o n .  

2 MATHEMATICAL 
MODELS 

A m a t h e m a t i c a l  model i n  t h e  c o n t e x t  of s i l t a t i o n  i n  
e s t u a r i e s  i s  t h e  s y s t e m a t i c  c a l c u l a t i o n  of t h e  
movement of water, s a l t  and s e d i m e n t s  e lement  by 
e l emen t  t h r o u g h o u t  t h e  e s t u a r y  a t  s u c c e s s i v e  t i m e  
i n t e r v a l s .  The main f e a t u r e s  of  t i d a l  mot ion  are 
d e t e r m i n a t e  and r e spond  t o  b a s i c a l l y  s i m p l e  laws of 
p h y s i c s .  T h a t  i s  t o  s a y ,  t h e  i m p o s i t i o n  of  a n  
e x t e r n a l  f o r c e  on a body of w a t e r  must r e s u l t  i n  i t s  
a c c e l e r a t i o n ,  and t h e  n e t  amount of  water t h a t  l e a v e s  
o r  e n t e r s  a n  e l emen t  e q u a l s  t h e  amount s t o r e d  o r  l o s t  
by i t .  S i m i l a r l y ,  laws g o v e r n i n g  t h e  c o n s e r v a t i o n  of  
m a t t e r  may be a p p l i e d  t o  t h e  mot ion  of d i s s o l v e d  s a l t  
and suspended s e d i m e n t ,  b u t  c e r t a i n  a s p e c t s  of  t h e i r  
mot ion  can ,  as y e t ,  o n l y  be d e f i n e d  by e m p i r i c a l  
r e l a t i o n s h i p s .  Models based on t h e  laws of p h y s i c s  
a r e  termed d e t e r m i n i s t i c  models ,  whereas  models based 
who le ly  on e m p i r i c a l  r e l a t i o n s h i p s  a r e  termed 
f u n c t i o n a l  models .  Most s ed imen t  t r a n s p o r t  models a r e  
h y b r i d  s i n c e  t h e y  c o n t a i n  e m p i r i c a l  r e l a t i o n s h i p s  
which have a n  i m p o r t a n t  i n f l u e n c e  on t h e  s o l u t i o n  and 
t h e  p r e d i c t i v e  a b i l i t y  of t h e s e  hybr id  models i s  
l i m i t e d  by t h e  r a n g e  of c o n d i t i o n s  f o r  which t h e i r  
e m p i r i c a l  f u n c t i o n s  are known t o  ho ld  t r u e .  The 
i n t e r a c t i o n  of t h e  main p r o c e s s e s  c a u s i n g  s i l t a t i o n  i n  
a t i d a l  c h a n n e l  are shown s c h e m a t i c a l l y  i n  F i g u r e  1 -  

The f i r s t  comple t e  m a t h e m a t i c a l  model of  mud t r a n s p o r t  
and s i l t a t i o n  i n  a n  e s t u a r y  was developed by Odd and 



Owen on t h e  Thames e s t u a r y  i n  1968 (Ref 1 ) .  S i n c e  
t h e n ,  HR have developed and s u c c e s s f u l l y  used a  s e r i e s  
of i n c r e a s i n g l y  complex numer ica l  models (Ref 2 )  t o  
s i m u l a t e  mud and sand t r a n s p o r t  i n  d i f f e r e n t  t y p e s  of 
e s t u a r i e s .  However, t h i s  r e p o r t  is on ly  concerned 
w i t h  s i m u l a t i n g  c o n d i t i o n s  i n  narrow e s t u a r i n e  
channe l s .  

3 TIDAL FLOW 
PROCESSES 

The main f o r c i n g  motions caus ing  sediment t r a n s p o r t  i n  
e s t u a r i e s  a r e  t h e  e x t e r n a l  t i d e  and f l u v i a l  in£  lows. 
An e s s e n t i a l  p r e r e q u i s i t e  of any sediment  t r a n s p o r t  
c a l c u l a t i o n  i s  t h e  a b i l i t y  t o  s i m u l a t e  and p r e d i c t  t h e  
p a t t e r n  of primary t i d a l  c u r r e n t s  and e q u a l l y  
i m p o r t a n t l y  t h e  secondary dep th  dependant and 
p a r t l y  non- t ida l  c u r r e n t s .  The s t r e n g t h  of t h e  
pr imary t i d a l  c u r r e n t s  depends on t h e  t i d a l  range t o  
d e p t h  r a t i o ,  t h e  resonance c h a r a c t e r i s t i c s  of t h e  
e s t u a r y  and i t s  r a t e  of narrowing.  

One of t h e  most impor tan t  a s p e c t s  of t h e  h y d r a u l i c s  of 
deep e s t u a r i e s  is  t h e  l o n g i t u d i n a l  g r a v i t a t i o n a l  
c i r c u l a t i o n  t h a t  i s  d r i v e n  by t h e  l o n g i t u d i n a l  d e n s i t y  
g r a d i e n t s  w i t h i n  t h e  e s t u a r y .  The magnitude of t h e  
l o n g i t u d i n a l  p r e s s u r e  g r a d i e n t ,  which causes  t h e  
g r a v i t a t i o n a l  c i r c u l a t i o n ,  i s  a  f u n c t i o n  of t h e  s l o p e  
of t h e  mean t i d e  l e v e l  and t h e  v e r t i c a l  v a r i a t i o n  i n  
t h e  t i d e  average  l o n g i t u d i n a l  d e n s i t y  g r a d i e n t  a s  
f o l l o w s :  

where ps is  t h e  d e n s i t y  of t h e  s u r f a c e  wa te r  (kg/m 3, 
' 

g is  t h e  a c c e l e r a t i o n  of gravi ty(9 .81m 3s 2). 

The s t r e n g t h  of t h e  g r a v i t a t i o n a l  c i r c u l a t i o n  v a r i e s  
d i r e c t l y  wi th  t h e  magnitude of t h e  product  of t h e  
d e p t h  and t h e  l o n g i t u d i n a l  d e n s i t y  g r a d i e n t .  It i s  
reduced by v e r t i c a l  mixing,  which is  u s u a l l y  h e a v i l y  
damped i n  s t r a t i f i e d  f lows ,  and by energy d i s s i p a t i o n  
of  t h e  bed, which is  i n c r e a s e d  by t h e  occur rence  of 
h i g h  t i d a l  v e l o c i t i e s  i n  t h e  lower l a y e r s .  The n e t  
landward p r e s s u r e  g r a d i e n t  and t h e  n e t  landward 
r e s i d u a l  f low a t  t h e  bed d i s a p p e a r  a t  a  n u l l  p o i n t  i n  
t h e  e s t u a r y  where t h e  two terms on t h e  r i g h t  hand s i d e  
of e q u a t i o n  3 .1  c a n c e l  each o t h e r  o u t .  The p a t t e r n  of 
g r a v i t a t i o n a l  c i r c u l a t i o n  w i l l  va ry  accord ing  t o  t h e  
degree  of s t r a t i f i c a t i o n ,  bu t  i t  i s  no t  dependent  on 
t h e  e x i s t e n c e  of v e r t i c a l  d e n s i t y  s t r a t i f i c a t i o n .  
Many deep e s t u a r i e s  wi th  weak o r  n e g l i g i b l e  v e r t i c a l  
s t r a t i f i c a t i o n  have s t r o n g  g r a v i t a t i o n a l  c i r c u l a t i o n s .  
The l o n g i t u d i n a l  d e n s i t y  g r a d i e n t s  tend t o  d i s t o r t  t h e  



shape  of t h e  v e l o c i t y  p r o f i l e  on t h e  f l o o d  and ebb 
p h a s e s  of t h e  t i d e  and t h e r e b y  i n d u c e  a n e t  landward  
l o n g i t u d i n a l  movement of water i n  t h e  bed l a y e r s  
seaward  of  t h e  n u l l  p o i n t .  T h e r e  i s  a c o r r e s p o n d i n g  
n e t  seaward  f low of water i n  t h e  s u r f a c e  l a y e r s  of t h e  
e s t u a r y  g i v i n g  rise t o  a two- layer  c i r c u l a t i o n .  The 
l e v e l  a t  which t h e  r e s i d u a l  c u r r e n t s  r e v e r s e  d i r e c t i o n  
v a r i e s  w i t h  p o s i t i o n  i n  t h e  e s t u a r y .  I f  t h e  t i d a l  
r a n g e  is  s i g n i f i c a n t  compared t o  t h e  mean d e p t h ,  t h e r e  
may be  a t h r e e - l a y e r  s t r u c t u r e  w i t h  a small n e t  
landward  movement of water i n  t h e  l a y e r s  above mean 
t i d e  l e v e l .  

G e n e r a l l y  i t  i s  i m p o r t a n t  t o  be  a b l e  t o  c a l c u l a t e  t h e  
v e r t i c a l  s t r u c t u r e  of t h e  f low and suspended and 
d i s s o l v e d  c o n c e n t r a t i o n  d i s t r i b u t i o n s .  T h i s  r e q u i r e s  
t h e  u s e  of a l a y e r e d  o r  X-z-t model. I f  t h e  r a t e  of  
t i d a l  mix ing  is  small compared t o  t h e  i n f l u x  of  
f l u v i a l  w a t e r ,  a s u r f a c e  l a y e r  of b r a c k i s h  w a t e r  w i l l  
form w i t h  a f a i r l y  d i s t i n c t  i n t e r f a c e  from t h e  more 
s a l i n e  w a t e r  below. I f  t h e  i n t e r f a c e  is  v e r y  s h a r p  i t  
may be n e c e s s a r y  t o  employ a two-layer  model r a t h e r  
t h a n  a  m u l t i - l a y e r  model because  of t h e  i n a b i l i t y  of 
t h e  l a t t e r  model t o  r e s o l v e  t h e  g r a d i e n t s  a t  t h e  
i n t e r f a c e .  

The g r a v i t a t i o n a l  c i r c u l a t i o n  i n  a deep  e s t u a r y  t e n d s  
t o  c o n t a i n  t h e  suspended s e d i m e n t s  i n  a r e l a t i v e l y  
w e l l  d e f i n e d  t u r b i d  zone  c l o s e  t o  t h e  n u l l  p o i n t .  I f  
t h e  peak bed s t r e s s e s  are low enough,  mud s h o a l s  w i l l  
form i n  t h i s  r e g i o n  which is  o f t e n  c a l l e d  t h e  mud 
r e a c h e s  of  a n  e s t u a r y .  

4 THE MODEL 
The model ,  a l t h o u g h  r e f e r r e d  t o  a s  a m u l t i - l a y e r  
model ,  can  pe r fo rm two d i f f e r e n t  t y p e s  of c a l c u l a t i o n  
depend ing  on t h e  t y p e  o r  p a r t  of  t h e  e s t u a r y  be ing  
model led  : 

( a )  I n  r e a c h e s  where t h e  v e r t i c a l  s t r u c t u r e  of t h e  
e s t u a r y  i s  i m p o r t a n t  t h e  model s o l v e s  t h e  
two-dimensional  (width-averaged)  e q u a t i o n s  o f  
mot ion  d e s c r i b i n g  c o n s e r v a t i o n  of volume, 
momentum, s a l t  and suspended s o l i d s .  

( b )  I n  w e l l  mixed r e a c h e s  t h e  model s o l v e s  t h e  
one-dimensional  o r  b u l k  f low c o n s e r v a t i o n  
e q u a t i o n s .  

The t y p e  of c a l c u l a t i o n  t o  be  per formed i n  any p a r t  o f  
a n  e s t u a r y  i s  f i x e d  b e f o r e  t h e  model i s  a p p l i e d  and ,  
i n  l ooped  o r  branched c h a n n e l  ne tworks ,  t h e  model may 
compr i se  s e v e r a l  r e a c h e s  of t y p e s  ( a )  and ( b ) .  The 
model i s  c o n s t r u c t e d  i n  t h i s  way t o  minimise  
c o m p u t a t i o n a l  time and computer  s t o r a g e  r e q u i r e m e n t s  
when m o d e l l i n g  l o n g  o r  complex e s t u a r i e s  c o n t a i n i n g  



r e a c h e s  w i t h  homogeneous f low f a r  from a  r e g i o n  of  
i n t e r e s t .  

4 . 1  B a s i c  d i f f e r e n t i a l  
e q u a t i o n s  

The e q u a t i o n s  used t o  d e s c r i b e  u n s t e a d y  l a t e r a l l y  
ave raged  f l o w  a r e :  

C o n s e r v a t i o n  of  momentum: 

where B i s  t h e  w i d t h  of  t h e  c h a n n e l  ( m )  
n  i s  t h e  h o r i z o n t a l  v e l o c i t y  (m/s)  
W i s  t h e  v e r t i c a l  v e l o c i t y  (1x11s) 
T i s  t h e  Reynolds  stress ( ~ / m ~ )  

H y d r o s t a t i c  p r e s s u r e  a p p r o x i m a t i o n :  

C o n s e r v a t i o n  of volume: 

C o n s e r v a t i o n  of mud: 

where  c  i s  t h e  c o n c e n t r a t i o n  of suspended mud 
W i s  t h e  s e t t l i n g  v e l o c i t y  of mud (m/s)  
F i s  t h e  v e r t i c a l  t u r b u l e n t  f l u x  of  mud 

(kg /m2/ s )  

C o n s e r v a t i o n  of s a l t :  

where S i s  t h e  s a l i n i t y  (kg/m3) 

d m - r e p r e s e n t s  d e p o s i t i o n  o r  e r o s i o n  i n  t h e  bed l a y e r .  
d t  

L o n g i t u d i n a l  d e r i v a t i v e s  and c o r r e l a t i o n s  of t u r b u l e n t  
f l u c t u a t i o n s  have been n e g l e c t e d .  However, i t  was 



thought  n e c e s s a r y  t o  i n c l u d e  t h e  l o n g i t u d i n a l  
d i s p e r s i o n  terms i n  e q u a t i o n s  (4 .4)  and (4.5) t o  a l l o w  
f o r  t h e  enhanced l o n g i t u d i n a l  mixing r e s u l t i n g  from 
l a t e r a l  v a r i a t i o n s  i n  c o n c e n t r a t i o n  and t h e  mean 
l o n g i t u d i n a l  v e l o c i t y  component. The Boussinesq 
approx imat ion  has been made s o  v a r i a t i o n s  i n  d e n s i t y  
i n  t h e  momentum e q u a t i o n  have been n e g l e c t e d  excep t  i n  
t h e  p r e s s u r e  term. 

VERTICAL EXCHANGE 
The v e r t i c a l  exchange of momentum through t h e  agency 
of t u r b u l e n t  mixing g i v e s  r i s e  t o  i n t e r n a l  s t r e s s e s  i n  
t h e  f low which a f f e c t  t h e  shape of t h e  v e l o c i t y  
p r o f i l e  and hence t h e  t r a n s p o r t  of sediment  a long  t h e  
e s t u a r y .  The s t r e n g t h  of t h e  t i d a l  c u r r e n t s  and t h e  
d e g r e e  of s t r a t i f i c a t i o n  a l s o  de te rmine  t h e  r a t e  a t  
which suspended sediment  is  l i f t e d  from t h e  lower t o  
t h e  upper  l a y e r s  of t h e  f low by v e r t i c a l  t u r b u l e n t  
exchange.  Suspended mud f l o c s  s e t t l e  downwards 
towards  t h e  bed a t  a  r a t e  which i s  dependent on t h e i r  
s i z e  and submerged d e n s i t y .  

Over t h e  p a s t  decade,  HR have pu.t a  major r e s e a r c h  
e f f o r t  i n  deve lop ing  p r a c t i c a l  t h e o r i e s  f o r  d e s c r i b i n g  
v e r t i c a l  t u r b u l e n t  exchange i n  s t r a t i f i e d  t i d a l  f lows .  
The u n i v e r s a l  c o e f f i c i e n t s  i n  t h e  semi-empir ica l  
f u n c t i o n s  were d e r i v e d  from t h e  a n a l y s i s  of f i e l d  
o b s e r v a t i o n s  i n  r e a l  e s t u a r i e s .  The t h e o r i e s  employed 
by HR a r e  based on t h e  concept  of mixing l e n g t h s  which 
a r e  c o n s i d e r e d  t o  be adequa te  f o r  d e s c r i b i n g  v e r t i c a l  
t u r b u l e n t  exchange i n  g r a d u a l l y  v a r y i n g  t i d a l  f lows  
(Ref 3 ) .  I n  t h e  a u t h o r s 1  o p i n i o n  i t  i s  no t  y e t  
p r a c t i c a l  t o  i n c o r p o r a t e  t h e o r e t i c a l l y  more 
s o p h i s t i c a t e d  t u r b u l e n c e  models due t o  t h e  l a r g e  
number of non-constant  c o e f f i c i e n t s  which a r e  
n e c e s s a r y  t o  d e a l  w i t h  s t r a t i f i e d  f lows .  

The t u r b u l e n t  h o r i z o n t a l  v e l o c i t y  ( U ) ,  v e r t i c a l  
v e l o c i t y  ( W ) ,  and s a l i n i t y  ( S )  can  be expressed  a s  a  
sum of a  t u r b u l e n t  mean component (denoted by -) and a  
f l u c t u a t i n g  component (denoted by l )  by d e f i n i n g :  

- 1 
where,  f o r  example U = - ?+zdt where T  i s  l o n g  

T t  
compared t o  t h e  pe r iod  of t h e  t u r b u l e n t  f l u c t u a t i o n s  - - 
and,  by d e f i n i t i o n  <' = W '  = S '  = 0.  



(For  t h e  two-dimensional  a n a l y s i s ,  t h e  l a t e r a l  
v e l o c i t y  component i s  n e g l e c t e d ) .  

The h o r i z o n t a l  Reynolds  stress i s  d e f i n e d  a s :  

- - -  
7 = -  p u'w' 
X Z 

and  t h e  v e r t i c a l  mass f l u x  i s  

where 7 i s  t h e  mean d e n s i t y .  F o l l o w i n g  P r a n d t l ,  t h e  
Reynolds  stress can  be  w r i t t e n  as: 

and t h e  mass f l u x  can  be w r i t t e n  as: 

where R i s  t h e  P r a n d t l  mix ing  l e n g t h  f o r  momentum and 
m 

R i s  t h e  mix ing  l e n g t h  f o r  d i s s o l v e d  and suspended 
C 

matter. 

I n  homogeneous c o n d i t i o n s ,  i f  a  l o g a r i t h m i c  v e l o c i t y  
p r o f i l e ' a n d  a l i n e a r l y  v a r y i n g  s h e a r  s t r e s s  are 
assumed,  t h e  mix ing  l e n g t h  f o r  momentum a t  any h e i g h t  
( z )  above t h e  bed c a n  be  e x p r e s s e d  i n  t e rms  of  t h e  
t o t a l  d e p t h  of f l ow a s :  

where  K i s  von Karmen's  c o n s t a n t .  

I n  t h e  l i n e  w i t h  many r e s e a r c h e r s ,  Odd and Roger (Ref 
4 )  proposed  t h a t  i n  s t r a t i f i e d  c o n d i t i o n s ,  t h e  mixing  
l e n g t h  would be  m o d i f i e d  by buoyancy e f f e c t s  and c o u l d  
be  w r i t t e n  i n  t e rms  of t h e  homogeneous mixing  l e n g t h  
( l m o )  and a  f u n c t i o n  of t h e  g r a d i e n t  R icha rdson  number 

(Ri) a s :  



where R{ = -8. a~ 2 - 1 (z) 

They de te rmined  t h e  f u n c t i o n  f ( R i ) i n d i r e c t l y  from a  

l a r g e  se t  of d a t a  ob ta ined  under  h i g h l y  s t r a t i f i e d  
c o n d i t i o n s  i n  t h e  G r e a t  Ouse and found t h e  f u n c t i o n  t o  
f a k e  on two forms depending on whether t h e  Richardson  
number i n c r e a s e d  monotonical ly  from bed t o  s u r f a c e  o r  
had a  maximum v a l u e  i n  t h e  body of t h e  f low. The 
i d e n t i f i c a t i o n  of two forms f o r  t h e  damping f u n c t i o n  
was c o n s i d e r e d  s i g n i f i c a n t  because ,  two forms of t h e  
damping f u n c t i o n  d i f f e r e n t i a t e  between f lows  w i t h  
pe rhaps  t h e  same g l o b a l  Richardson number bu t  w i t h  
e n t i r e l y  d i f f e r e n t  i n t e r n a l  s t r u c t u r e s .  T h i s  e a r l i e r  
work i d e n t i f i e d  t h a t  f o r  t h e  s t r a t i f i e d  e s t u a r i n e  
f lows  under  c o n s i d e r a t i o n ,  t h e  p resence  of a peak 
Richardson  number - t y p i c a l l y  a t  t h e  p o s i t i o n  of a  
peak i n  t h e  d e n s i t y  g r a d i e n t  - had a  l i m i t i n g  e f f e c t  
on t h e  mixing throughout  t h e  e n t i r e  f low dep th .  

5 . 1  E f f e c t  of 
Richardson number 
on s o l u t e  mixing 
l e n g t h  

I n  1957, E l l i s o n  p r e s e n t e d  a  theory  t h a t  p r e d i c t e d  t h e  
dependence of t h e  t u r b u l e n t  Schmidt Number ( l c / l m )  on 
t h e  g r a d i e n t  Richardson Number and a  c r i t i c a l  f l u x  
Richardson Number, Rfc, which when s i m p l i f i e d  and 
e x p r e s s e d  i n  terms of mixing l e n g t h  is: 

E l l i s o n ' s  f u n c t i o n  imposes t h e  f o l l o w i n g  c o n d i t i o n s  on 
t h e  v a l y e  of t h e  f l u x  Richardson Number, 

L 

Rf = R 2 and t h e  t u r b u l e n t  Schmidt Number 1 11 . 
i l C m 

m 

Namely, t h a t  a s  R i  i n c r e a s e s ,  Rf i n c r e a s e s  towards a  
maximum v a l u e ,  Rfc, and t h a t  lc/lm d e c r e a s e s  from 
u n i t y  and t ends  t o  ze ro .  E l l i s o n  argued t h a t  Rfchad a  
v a l u e  of a b o u t  0.15. I n  o t h e r  words, on ly  a  s m a l l  
f r a c t i o n  of t h e  t u r b u l e n t  energy g e n e r a t e d  by i n t e r n a l  
s h e a r i n g  is a v a i l a b l e  f o r  i n c r e a s i n g  t h e  p o t e n t i a l  
energy of t h e  f low. E l l i s o n ' s  e x p l a n a t i o n  of t h e  
r e l a t i v e  i n e f f i c i e n c y  of mass t r a n s f e r  i n  s t r a t i f i e d  
c o n d i t i o n s  is  t h a t  a  d i s p l a c e d  f l u i d  p a r t i c l e  t e n d s  t o  
r e t u r n  t o  i t s  e q u i l i b r i u m  l e v e l  b e f o r e  i t  has  had t ime 
t o  mix w i t h  i t s  sur round ings .  A p a r c e l  of wa te r  can  
t r a n s f e r  i t s  momentum d u r i n g  a b r i e f  e x c u r s i o n  w i t h o u t  
mixing w i t h  i t s  sur round ings  through p r e s s u r e  



f l u c t u a t i o n s  bu t  i n  o r d e r  t o  t r a n s f e r  m a t t e r  i t  must 
mix w i t h  i t s  sur round ing  wa te r .  

A s e t  of mixing l e n g t h  f u n c t i o n s  f o r  c a l c u l a t i n g  t h e  
v e r t i c a l  t u r b u l e n t  exchange of momentum and s o l u t e s  i n  
g r a d u a l l y  v a r y i n g  t u r b u l e n t  s t r a t i f i e d  f lows  i s  
proposed i n  which t h e  momentum mixing l e n g t h  is:  

1. I n  quas i -equ i l ib r ium w i t h  t h e  i n s t a n t a n e o u s  
v e l o c i t y  and d e n s i t y  p r o f i l e s  

2. I n s e n s i t i v e  t o  l a r g e  v a r i a t i o n s  i n  t h e  
l o n g i t u d i n a l  d e n s i t y  g r a d i e n t s  

3. G e n e r a l l y  uniform throughout  t h e  d e p t h  e x c e p t  
n e a r  t h e  bed and t h e  s u r f a c e  where t h e  
homogeneous p r o f i l e  p r e v a i l s .  

4. A s t r o n g  f u n c t i o n  of t h e  magnitude and r e l a t i v e  
d e p t h  of t h e  peak g r a d i e n t  Richardson Number 

5. A f u n c t i o n  of t h e  l o c a l  R i  v a l u e  i n  t h e  absence  
of a  peak i n  t h e  R i  p r o f i l e .  

6. S e n s i t i v e  t o  t h e  c o n t r i b u t i o n  of suspended s o l i d s  
t o  t h e  t o t a l  bulk  d e n s i t y  of t h e  f low f o r  low R i  
v a l u e s  

7. E f f e c t i v e l y  independent  of v a r i a t i o n s  i n  t h e  
v a l u e  of R i  when i t  exceeds  u n i t y .  

The s o l u t e  mixing l e n g t h ,  l,, i s  g e n e r a l l y  a  f r a c t i o n  
of t h e  l o c a l  momentum mixing l e n g t h  and i n d i r e c t l y  a  
f u n c t i o n  of both  t h e  peak Ri v a l u e  ( i f  p r e s e n t )  and 
t h e  l o c a l  R i  va lue .  The i n s t a n t a n e o u s  mixing l e n g t h  
p r o f i l e  i n  t h e  model i s  c a l c u l a t e d  i n  t h e  f o l l o w i n g  
manner: 

1. E v a l u a t e  t h e  v e r t i c a l  bu lk  d e n s i t y  d i s t r i b u t i o n  
i n c l u d i n g  d i s s o l v e d  and suspended m a t t e r  

2. E v a l u a t e  t h e  g r a d i e n t  Richardson Number, R i ,  
smooth t h e  R i  p r o f i l e  i f  necessa ry .  The amount 
of smoothing is  a  m a t t e r  of judgement 

3. Examine t h e  R i  p r o f i l e  from t h e  bed upwards f o r  
t h e  e x i s t e n c e  of a  w e l l  d e f i n e d  peak 

4. I f  t h e  R i  v a l u e  i n c r e a s e s  c o n t i n u o u s l y  from t h e  
bed upwards t o  a  l e v e l  bounding 75% of t h e  dep th  
of t h e  f low o r  g r e a t e r ,  t h e  momentum mixing 
l e n g t h ,  L, is: 

l m ( z )  = 0.4. ( 1  - :)' [l + p R i ( z )  f o r  (5 .10)  



z  h -n Lm = 0.42 ( 1  - -;r) ( l + @ )  f o r  

5.  I f  t h e r e  i s  a s i g n i f i c a n t  peak i n  t h e  R i  v a l u e  a t  

z  = z and z  /d i s  l e s s  t h a n  0 .75 ,  t h e  momentum 
i i 

mix ing  l e n g t h  h a s  a c o n s t a n t  v a l u e  g i v e n  by: 

f o r  R i  ( z  ) < 1.0 
i 

f o r  Ri  ( z  ) r 1.0  
i 

e x c e p t  n e a r  t h e  bed and t h e  s u r f a c e  where 1 ( z  ) 
m i 

i s  l m o ( z ) ,  t h e  homogeneous mix ing  l e n g t h  and 

i s  a p p l i e d .  

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

6 BOUNDARY CONDITIONS 
The model was d e s i g n e d  f o r  complex e s t u a r i e s  and can  
a c c e p t  s e v e r a l  t y p e s  of seaward o r  landward boundary  
c o n d i t i o n s :  e i t h e r  a d i s c h a r g e  o r  l e v e l  and 
p r e s c r i b e d  c o n c e n t r a t i o n s  a t  t h e  landward b o u n d a r i e s  
and t i d a l  v a r i a t i o n s  i n  l e v e l  and c o n c e n t r a t i o n  



profiles at the seaward boundaries. At the seaward 
boundary the concentration is found using a 
characteristic method on the ebb tide and a ramp 
function is used to determine concentrations during 
the transition from ebb to flood tide if no prescribed 
concentration profile is imposed. On the flood tide 
these concentrations are prescribed. In addition, the 
convective inertia term is set to zero at the seaward 
boundary as well as at all the junctions. In the 
surface layer the equation describing conservation of 
mass is integrated from the surface layer interface 
to the surface and becomes: 

Since the model also describes mud transport and 
allows the bed level to vary, a similar continuity 
equation should apply to the bed layer. However, 
because the time scale for significant bed level 
movement is much greater than the model timestep, the 
following simplified continuity-equation was used for 
water movements in the bed layer. 

In two-dimensional reaches, the shear stress at the 
bed is introduced by using a roughness length ks and 
by assuming a logarithmic profile in the bed layer. 
The layer average velocity at the bed is therefore 
related to the bed stress by the Colebrook-White 
transition law: 

where v is the kinematic viscosity of water (m2/s) 

7 NUMERICAL 
SOLUTION TECHNIQUE 

The flow and conservation equations are solved using 
an implicit finite difference technique using a 
vertical horizontal rectangular grid set along the 
centre line of the tidal channel. The main body of 
water in the channel is thereby divided into a number 
of thin layers of constant thickness but variable 
width. 

The finite difference grid used in the model is shown 
in Figure 5. The basic grid is rectangular with 
velocity components defined at the centre of each face 
of each grid cell and salinity and suspended solids 



7.1 Layer  averaged 
e q u a t i o n s  of 
mot ion 

\ 
' \ 

c o n c e n t r a t i o n  d e f i n e d  a t  t h e  c e n t r e  of each c e l l .  The 
h o r i z o n t a l  i n t e r v a l  ( h )  is  v a r i a b l e  and is much 
g r e a t e r  t h a n  t h e  v e r t i c a l  i n t e r v a l  l(&) which is 
c o n s t a n t  e x c e p t  i n  t h e  bed and s u r f a c e  l a y e r s .  The 
s u r f a c e  i s ,  a t  t h e  p r e s e n t  s t a t e  of development of t h e  
model, c o n t a i n e d  w i t h i n  one l a y e r  of v a r i a b l e  d e p t h  
and t h e  bed is  a l lowed t o  move through t h e  g r i d  a s  
a s  e r o s i o n  of d e p o s i t i o n  occurs .  The bed l a y e r  i s  
a l lowed t o  va ry  i n  t h i c k n e s s  between & and 2 k  and 
t h e  bed o n l y  changes l a y e r s  when i t  exceeds  t h e s e  
l i m i t s .  I n  t h i s  way, i t  is  p o s s i b l e  t o  r e p r e s e n t  t h e  
l o n g i t u d i n a l  bed p r o f i l e  q u i t e  a c c u r a t e l y .  E q u a t i o n s  
4.1 t o  4.5 a r e  i n t e g r a t e d  over  t h e  (depth of each l a y e r  
and t h e  r e s u l t i n g  d i f f e r e n t i a l  e q u a t i o n s  and t h e i r  
f i n i t e  d i f f e r e n c e  r e p r e s e n t a t i o n  a r e  d e r i v e d  a s  
f o l l o w s  :- 

I n t e g r a t i o n  of e q u a t i o n  (4 .1 )  o v e r  t h e  t h i c k n e s s  of a  
l a y e r  g i v e s :  

where t h e  s i d e  f r i c t i o n  term has  been i n c l u d e d  and R 
i s  t h e  w e t t e d  p e r i m e t e r .  

s i m i l a r l y  i n t e g r a t i o n  of e q u a t i o n s  4.3, 4.4 and 4 .5  
y i e l d :  



The p r e s s u r e  term i n  any l a y e r  can be wr i t ' t en  i n  t e r m s  
of t h e  p r e s s u r e  term i n  t h e  o v e r l a y i n g  l a y e r s  a s  
(Ref 3 ) .  

l @  1 @ g  = (=Iku + X  {Az z ) k u  f (Az 9) & k  } (7 .5 )  

where a t  t h e  s u r f a c e  

7.2 F i n i t e  d i f f e r e n c e  
r e p r e s e n t a t i o n  

The model u s e s  a  s i x  p o i n t  i m p l i c i t y  f i n i t e  d i f f e r e n c e  
scheme of t h e  Crank-Nicolson t y p e  f o r  t h e  c a l c u l a t i o n  
of c, h, s and c. W i s  c a l c u l a t e d  from e q u a t i o n  (7 .2)  
e x p l i c i t l y  a f t e r  t h e  l o n g i t u d i n a l  v e l o c i t y  has  been 
found. The main terms used i n - t h e  f i n i t e  d i f f e r e n c e  
e q u a t i o n  f o r  t h e  c o n s e r v a t i o n  of momentum a r e :  

where B = ( B ~  + Bk-1)12 
k  

6P- where p lh + g k b e - k  from 7.5 and 7.6 
2 %  



The above equations have been writt:en for uniform Ax 
for simplicity. The modification for variable h is 
straightforward and is used in the model. 
Substituting these terms into equation 7.2 and 
grouping terms at the new time level gives 

- - - - 
where the coefficients f- kd9 fkj fku9 gk9 and E are 

k 
functions of known values of the variables. 

* + - +  + 
Setting Uk = Uk + gk (hi+l - hi) 

and substituting in 7.14 gives 

where E- is a function of known variables. 

At the bed and surface this equation becomes 
respectively 

Equations 7.16 to 7.18 can be solved in each vertical 
* 

for U The implicit calculation in the vertical 
k ' * 

direction for U with horizontal derivative ( k X 
represented explicitly leads to a stability constraint 

of the form 



* * 
Having found U k ,  t h e  v a r i a b l e  Qi i s  i n t r o d u c e d  where  

where Ai and  Bi  a r e  known c o n s t a n t s .  I n  b u l k  f l o w  
r e a c h e s ,  a  s i m i l a r  f i n i t e  d i f f e r e n c e  r e p r e s e n t a t i o n  of 
t h e  c o n t i n u i t y  and momentum e q u a t i o n s  can  be w r i t t e n  
as 

where p f  v, a, y and I$ a r e  known f u n c t i o n s  of t h e  
i' i' 

v a r i a b l e  a t  t h e  p r e v i o u s  t imest .ep.  E q u a t i o n s  7.21,  

7.22 and 7.23 can  now be  s o l v e d  t o  d e t e r m i n e  a l l  Q 
+ 
i + + 

and hi t h r o u g h o u t  t h e  model. U can  t h e n  be 
I k  

d e t e r m i n e d  from 7.15 and W; from 7.2.  

Having  de t e rmined  t h e  f low f i e l d ,  t h e  e q u a t i o n s  f o r  
t h e  c o n s e r v a t i o n  of s a l t  and mud can  t h e n  be s o l v e d  
u s i n g  t h e  A D 1  method d e t a i l e d  below f o r  t h e  s a l t  
e q u a t i o n :  

S A  - S A  1 - - 
. 6 / 2  . l L ? x  (('k+l + S;)-U-A-(S + S-) X 

k k  k-l  k  

* + 
where  W = (wk + w i ) / 2  

k  



* 1 * * * * 
U A ) + 7 ( ( s k U  + sklwkuBku - (:sk + X 

k- l  k-l 

8 PHYSIO-CHEMICAL 
PROPERTIES OF MUD 

HR have i n v e s t i g a t e d  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  
many marine muds a s  p a r t  of b a s i c  and ad hoc 
e n g i n e e r i n g  s t u d i e s .  Mud c o n s i s t s  of a  m i x t u r e  o f  
c l a y  p a r t i c l e s  ( l e s s  than  2 p), si!Lt ( l e s s  than  60 p) 
and sand.  F l o c c u l a t e d  c l a y  p a r t i c l e s  form a  bu lky ,  
c o h e s i v e  matrix which c o n t a i n s  s m a l l ,  non-cohesive 
p a r t i c l e s  of s i l t  and f i n e  sand.  The main e f f e c t  o f  
t h e  sand and s i l t  c o n t e n t  i s  t o  i n c r e a s e  t h e  bulk  
d e n s i t y  of a  s e t t l e d  mud d e p o s i t .  T i d a l  mixing 
p r o c e s s e s  tend t o  even o u t  v a r i a t i o n s  i n  t h e  
physio-chemical  p r o p e r t i e s  of t h e  c l a y  f r a c t i o n  i n  a n  
e s t u a r y .  The s e t t l i n g  v e l o c i t y  of i n d i v i d u a l  c l a y  
p a r t i c l e s  i n  f r e s h  ( n o n - s a l i n e )  r i v e r  w a t e r  i s  
assumed t o  be n e g l i g i b l e .  F l o c c u l a t i o n  i s  u s u a l l y  
complete  when t h e  s a l i n i t y  exceeds  abou t  0 .5ppt .  

9 SETTLING VELOCITY 
OF MUD FLOCS 

  he s e t t l i n g  v e l o c i t y  of mud f l o c s  i n  s u s p e n s i o n  i n  
t h e  s a l i n e  r e g i o n s  of e s t u a r i e s  cain be determined 
u s i n g  a n  Owen s e t t l i n g  t u b e  and HR have made such  
o b s e r v a t i o n s  i n  many e s t u a r i e s  over  a  pe r iod  of y e a r s .  
I t  has  been found t h a t  t h e  s e t t l i n g  v e l o c i t y  of f l o c s  
i n  n a t u r a l  t i d a l  w a t e r s ,  f o r  c o n c e n t r a t i o n s  i n  t h e  
range 0-4000ppm, a r e  g e n e r a l l y  abou t  an  o r d e r  of 
magnitude h i g h e r  t h a n  t h o s e  determined i n  t h e  
l a b o r a t o r y .  The much h i g h e r  s e t t l i n g  v e l o c i t i e s  i n  
t h e  f i e l d  a r e  assumed t o  be caused by t h e  much l o n g e r  
f l o c c u l a t i o n  t ime and d i f f e r e n t  t u r b u l e n t  
c h a r a c t e r i s t i c s  i n  n a t u r a l  f lows.  The s i z e  and hence 



t h e  s e t t l i n g  v e l o c i t y ,  of mud f l o c s  has been shown t o  
be a  s t r o n g  f u n c t i o n  of t h e  o o n c e n t r a t i o n  of suspended 
s o l i d s .  The s e t t l i n g  v e l o c i t y  of f l o c s  is  determined 
by t h e  ba lance  between t h e i r  submerged weight  and t h e  
v i s c o u s  d rag ,  a s  r e p r e s e n t e d  by S t o k e ' s  Law. T h e i r  
s e t t l i n g  v e l o c i t y  i s  t h e r e f o r e  i n f l u e n c e d  by t h e  w a t e r  
t empera tu re .  I t  seems u n l i k e l y  t h a t  s a l i n i t i e s  i n  
e x c e s s  of O.5ppt have any i n f l u e n c e  on t h e  s e t t l i n g  
v e l o c i t y  of f l o c s  o t h e r  than  caus ing  a  change i n  t h e i r  
submerged weight .  E x i s t i n g  d a t a  has  been a n a l y s e d  f o r  
i t s  dependency on c o n c e n t r a t i o n  of suspended s o l i d s  
and t h i s  shows t h a t  t h e  median s e t t l i n g  v e l o c i t y  is  a  
r e l a t i v e l y  w e l l  de f ined  f u n c t i o n  of t h e  c o n c e n t r a t i o n .  
For c o n c e n t r a t i o n s  i n  t h e  range 0-4000ppm, t h e  
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  atbout t h e  
f o u r - t h i r d s  power of t h e  concentra t : ion.  The s c a t t e r  
i n  t h i s  r e g i o n  i s  thought  t o  a r i s e  mainly from 
d i f f e r e n c e s  i n  t h e  l o c a l  r a t e  of d i s s i p a t i o n  of 
t u r b u l e n t  energy.  The median s e t t l i n g  v e l o c i t y  
reaches  a  peak and remains c o n s t a n t  a t  abou t  2mm/s f o r  
c o n c e n t r a t i o n s  i n  t h e  range 4000-20000ppm. I n  t h i s  
range of c o n c e n t r a t i o n s  t h e  p a r t i c l e s  a r e  beg inn ing  t o  
h i n d e r  each o t h e r  s e t t l i n g .  The s e t t l i n g  v e l o c i t y  of 
mud f l o c s  i n  t h e  range of c o n c e n t r a t i o n s  h i g h e r  than  
20,000ppm d e c r e a s e s  r a p i d l y  and reaches  a  minimum 
va lue  of about  0.05mm/s f o r  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 about  75,000ppm. 

The f l u x  of s e t t l i n g  p a r t i c l e s ,  which 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 ,  
r eaches  a  peak v a l u e  f o r  c o n c e n t r a t i o n s  of abou t  
20,000ppm. The v e r t i c a l  d i s t r i b u t i o n  of suspended mud 
depends on t h e  changing ba lance  between t h e  downward 
f l u x  of s e t t l i n g  p a r t i c l e s ,  and t h e  upward f l u x  due t o  
v e r t i c a l  t u r b u l e n t  exchange. The form of t h e  
r e l a t i o n s h i p  between 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  p l a y s  an impor tan t  r o l e  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  of mud and t h e  f o r m a t i o n  of 
f l u i d  mud a t  s l a c k  wate r .  Mud w i l l  d e p o s i t  from 
f l o w i n  wate r  i f  t h e  bed s t r e s s  is  l e s s  than  about  5 O . l N / m  . I f  t h e  suspens ion  i n  t h e  lowes t  l a y e r  has  
no t  reached t h e  c o n c e n t r a t i o n s  of f l u i d  mud, i t  w i l l  
s e t t l e  a t  t h e  f o l l o w i n g  r a t e :  

where W = f u n c t i o n  ( c ) .  

10.  FORMATION OF A 
MUD DEPOSIT 

Provided t h e  c o n c e n t r a t i o n  of t h e  suspended s o l i d s  i n  
t h e  o v e r l y i n g  wate r  i s  l e s s  than  about  2,50Oppm, which 
is  a  common s i t u a t i o n  i n  many e s t u a r i e s ,  t h e  mud w i l l  
s e t t l e  d i r e c t l y  on t h e  bed and form a  d e p o s i t  i n  which 



t h e  d e n s i t y  and s h e a r  s t r e n g t h  i n c r e a s e s  r a p i d l y  w i t h  
dep th .  The main body of a  mud d e p o s i t ,  which i s  n o t  
u s u a l l y  d i s t u r b e d  dur ing  a  normal t i d a l  c y c l e ,  has a  
much h i g h e r  and more uniform dens i t ,y  and s h e a r  
s t r e n g t h .  The t h i n  s u r f a c e  l a y e r s ,  which a r e  o n l y  a  
few m i l l i m e t r e s  t h i c k ,  a r e  o f t e n  c a l l e d  ' s l a c k  w a t e r  
d e p o s i t s ' .  T h i s  i s  because they  a r e  u s u a l l y  re-eroded 
a s  soon a s  t h e  t i d a l  c u r r e n t s  i n c r e a s e  a f t e r  t h e  t u r n  
of t h e  t i d e .  The s l a c k  wa te r  d e p o s i t  a l s o  u s u a l l y  
forms a f t e r  any sand has  s e t t l e d  o n t o  t h e  bed. 

R h e o l o g i c a l  and flume exper iments  i n d i c a t e  t h a t  t h e  
s h e a r  s t r e n g t h  of a  mud d e p o s i t  i n c r e a s e s  w i t h  t h e  512 
power of t h e  c o n c e n t r a t i o n  ( d r y  weight  pe r  u n i t  
volume ) . 
7 ' k  YD e 

512 (N/m2), f o r  yD 75kg/m3. (10.1) 

I n  f a c t ,  t h e  s t r u c t u r e  of t h e  m a t r i x  of mud f l o c s  i s  
s u c h  t h a t  t h e  d e n s i t y  i n c r e a s e s  i n  sudden s t e p s  a s  
a g g r e g a t i o n s  of one f l o c  s i z e  and d:ens i ty  c o l l a p s e s  t o  
t h e  nex t  s m a l l e r  and s t r o n g e r  grouping.  It i s  assumed 
t h a t  t h e  w a t e r  t a k e s  h a r d l y  any t ime t o  d r a i n  
v e r t i c a l l y  through t h e  v e r y  t h i n  o v e r l y i n g  a g g r e g a t i o n  
of mud f l o c s .  

For t h e  mathemat ica l  model, 1aborat:ory d a t a  may be 
used t o  f i n d  t h e  mean d e n s i t y  and naean s h e a r  s t r e n g t h  
of a  number of i d e a l i s e d  sub- layers  i n  t h e  bed and i n  
t h e  p r e s e n t  model, f o u r  l a y e r s  a r e  used which a r e  
assumed t o  c o n t a i n  a  c o n s t a n t  mass of d r y  m a t t e r  p e r  
u n i t  a r e a  of bed. For  example, t h e  d e n s i t y ,  s h e a r  
s t r e n g t h  and cor respond ing  t h i c k n e s s  of t h e  f o u r  
l a y e r s  might be a s  fo l lows :  

Layer  Shear  Dry Th ickness  Mass 
S t r e n g t h  Dens i ty  
~ / m  kg/m3 mm kg/m2 

The d e n s i t y  and s t r e n g t h  of t h e  mud m a t r i x  i n  t h e  main 
body of t h e  bed tends  t o  remain c o n s t a n t  w i t h  dep th  
f o r  between 0.5-10m, i n d i c a t i n g  ve ry  slow 
c o n s o l i d a t i o n .  T h i s  may be e x p l a i n e d  by t h e  f a c t  t h a t  
t h e  s i z e  of t h e  pathways f o r  w a t e r  t o  pass  through t h e  
mud mat r ix  r a p i d l y  d e c r e a s e  wi th  i n c r e a s i n g  d e n s i t y  
e f f e c t i v e l y  p r e v e n t i n g  f u r t h e r  c o n s o l i d a t i o n  of t h e  
sub-sur face  l a y e r s .  



The model a l lows  t h e  s l a c k  wa te r  d e p o s i t s  t o  form i n  
t h e  f o l l o w i n g  manner: t h e  mud accumulates  i n  l a y e r  
one u n t i l  i t  exceeds  0.16kg/m2, a t  which time l a y e r  
two f i l l s  up and O.16kg i s  removed from l a y e r  one.  
Layer  t h r e e  f i l l s  up when t h e  weight  of mud i n  l a y e r s  
one and two exceeds  0.32kg/m3 e t c .  When a l l  f o u r  
sub- layers  a r e  f u l l ,  t h e  e x c e s s  mud i s  added t o  t h e  
main body of t h e  bed which i s  assumed t o  have a  
uniforrn d e n s i t y  and s h e a r  s t r e n g t h .  The s l a c k  w a t e r  
d e p o s i t  may appear  t o  be v e r y  t h i n  b u t  t h e  mass of mud 
c o n t a i n e d  i n  f o u r  f u l l  l a y e r s  (0.64kg/m2) is  
e q u i v a l e n t  t o  a  mean c o n c e n t r a t i o n  of 64ppm i n  10m of  
w a t e r .  

EROSION AND 
RESUSPENSION OF 
MUD 

Research by HR has shown t h a t  t h e  r a t e  of e r o s i o n  of 
t h e  s u r f a c e  of a  mud d e p o s i t  may be c a l c u l a t e d  i n  
terms of an  e x c e s s  s h e a r  ( ~ / m ~ )  o v e r  and above t h a t  
r e q u i r e d  t o  i n i t i a t e  motion,  T ~ ,  which i s  i t s e l f  
dependent on t h e  d r y  d e n s i t y  of t h e  t h e  exposed 
s u r f  ace .  

where M i s  a n  e m p i r i c a l  c o n s t a n t .  
e  

Observa t ions  of t h e  r a t e  of r i s e  of suspended s o l i d s  
c o n c e n t r a t i o n  n e a r  t h e  bed i n  e s t u a . r i e s  a f t e r  t h e  
change of t h e  t i d e  i n d i c a t e  t h a t  t h e  sub- layers  i n  t h e  
s l a c k  w a t e r  d e p o s i t  e rode  a lmost  i n s t a n t a n e o u s l y  a s  
t h e  t i d a l  v e l o c i t i e s  i n c r e a s e .  So, f o r  t h e  purposes  
of t h e  model i t  was assumed t h a t  t h e  whole mass of mud 
i n  each sub- layer  (0.16kg/m2 i n  t h e  example q u o t e d )  
would be eroded a s  a  s h e e t  a s  soon a s  t h e  bed s t r e s s  
exceeded t h e  p r e s c r i b e d  c r i t i c a l  va lue .  The main body 
of t h e  bed was assumed t o  e rode  more s t e a d i l y  
a c c o r d i n g  t o  e q u a t i o n  (11.1).  The bed s t r e s s  e x e r t e d  
by t h e  f low on t h e  bed depends on t:he roughness of t h e  
mud s u r f a c e .  T h i s  may be smooth (ks = 0 )  but  t h e r e  i s  
ev idence  t h a t  t h e  e f f e c t i v e  roughness of a n  e r o d i n g  
mud bed i s  i n  t h e  o r d e r  of 1 o r  2mm. The model l o g s  
o r  r e c o r d s  t h e  s t a t e  of t h e  s l a c k  w a t e r  d e p o s i t  and 
a u t o m a t i c a l l y  f i l l s  and empt ies  each l a y e r  depending 
on t h e  r a t e  of e r o s i o n  o r  d e p o s i t i o n .  It i s  p o s s i b l e ,  
f o r  example, f o r  only  t h r e e  of t h e  s l a c k  w a t e r  
sub- layers  t o  be eroded on a  neap t i d e  and f o r  
two t o  re fo rm a t  s l a c k  wa te r ,  l e a v i n g  t h e  d e p o s i t  w i t h  
a  m i s s i n g  t h i r d  l a y e r .  



11.1 Sand-mud mix tu res  
The model s i m u l a t e s  t h e  e f f e c t  of d i f f e r e n t  m i x t u r e s  
of sand and mud i n  t h e  main body of t h e  bed. The 
s l a c k  wa te r  d e p o s i t  i s  assumed t o  be f r e e  of sand 
p a r t i c l e s ,  which s e t t l e  t o  t h e  bed e , a r ly  i n  t h e  s l a c k  
wa te r  p e r i o d .  The composi t ion of t h e  main body of t h e  
bed i s  schemat ised i n t o  f o u r  s i z e  f r a c t i o n s :  t h r e e  
be ing  sand and one being mud. I n  th.e model t h e  main 
body of t h e  bed is  d i v i d e d  i n t o  a  number of r e l a t i v e l y  
t h i n  (200mm) h o r i z o n s  each c o n t a i n i n g  va ry ing  amounts 
of each sediment  f r a c t i o n .  

The p r o p o r t i o n  of t h e  bed s u r f a c e  a v a i l a b l e  f o r  
e r o s i o n  i s  normal ly  assumed t o  be r e l a t e d  t o  t h e  
volume of each  sediment  t y p e  con ta ined  i n  t h e  exposed 
hor izon .  E r o s i o n  of t h e  sub-surface  hor izons  cannot 
t a k e  p l a c e  u n t i l  a l l  t h e  sediment of whatever s i z e  h a s  
been eroded from t h e  s u r f a c e  h o r i z o n ,  down t o  some 
minimum t h i c k n e s s .  T h i s  a l l o w s  a  t h i n  l a y e r  of c o a r s e  
sediment  o r  cohes ive  mud t o  p r o t e c t  o r  armour 
u n d e r l y i n g  l a y e r s  of more e a s i l y  e r o d i b l e  m a t e r i a l .  

11 .2  Sand i n  
s u s p e n s i o n  

The v e r t i c a l  d i s t r i b u t i o n s  of suspended mud and sand 
p a r t i c l e s  i n  a  t i d a l  f low can normal ly  be c o n s i d e r e d  
t o  be al lnost  independent  of each o t h e r  a s  r e g a r d s  
p a r t i c l e  i n t e r a c t i o n s  because of t h e  r e l a t i v e l y  low 
c o n c e n t r a t i o n s .  Even t h e  f i n e s t  sand p a r t i c l e s  have a  
s e t t l i n g  v e l o c i t y  which exceeds  t h a t  of most mud 
f l o c s .  Whereas mud may be uniformly d i s t r i b u t e d  over  
t h e  v e r t i c a l ,  sand c o n c e n t r a t i o n s  u s u a l l y  i n c r e a s e  
r a p i d l y  nea r  t h e  bed. 

A t  p r e s e n t  i t  is  n o t  common p r a c t i c e  t o  c a l c u l a t e  t h e  
c o n c e n t r a t i o n s  of sands  i n  suspensilon i n  d i f f e r e n t  
l e v e l s  i n  s h a l l o w  t i d a l  f lows.  I n s t e a d  one c a l c u l a t e s  
t h e  t o t a l  r a t e  of t r a n s p o r t  of a  gi.ven g r a i n  s i z e  i n  
terms of i t s  a v a i l a b i l i t y  on t h e  bed, t h e  bed s h e a r  
s t r e s s  and wa te r  temperature .  To d a t e ,  t h e r e  a r e  no 
methods f o r  p r e d i c t i n g  t h i s  s a t u r a t e d  r a t e  of sand 
t r a n s p o r t  w i t h o u t  r e c o u r s e  t o  one o r  more e m p i r i c a l  
r e l a t i o n s h i p s  based on f i e l d  d a t a .  However, i n  deep 
t i d a l  f lows  i t  may t ake  a  s i g n i f i c a n t  amount of t ime 
f o r  t h e  f i n e r  sand f r a c t i o n s  t o  be l i f t e d  i n t o  t h e  
upper  l a y e r s  of t h e  f low by v e r t i c a l  t u r b u l e n t  
exchange. T h i s  means t h a t  t h e  a c t u a l  load  of sand 
c a r r i e d  by t h e  f low may be g r e a t e r  o r  l e s s  than t h e  
s a t u r a t e d  v a l u e  depending on t h e  a v a i l a b i l i t y  of 
sed iments  i n  t h e  up-flow d i r e c t i o n .  Recent r e s e a r c h  
by HR h a s  shown t h a t  i t s  p o s s i b l e  t o  t a k e  i n t o  accoun t  
some of t h e s e  unsteady e f f e c t s  wi thou t  a  f u l l  s o l u t i o n  
of t h e  c o n c e n t r a t i o n  e q u a t i o n s .  Th.is i s  done by 
i n t r o d u c i n g  two e x t r a  parameters  wh~ich t a k e  i n t o  
account  t h e  v e r t i c a l  s t r u c t u r e  of t.he unsteady 
v e l o c i t y  and c o n c e n t r a t i o n  p r o f i l e s .  The d e t a i l s  of 



t h e  t o t a l  bed load type of sand t r a n s ' p o r t  f u n c t i o n  
used i n  t h e  model a r e  o u t s i d e  t h e  scope of t h i s  
r e p o r t .  

APPLICATION TO THE 
BRISBANE RIVER 
ESTUARY 

The f i r s t  a p p l i c a t i o n  of TIDEFLOW-2DV was t o  t h e  
Br i sbane  r i v e r  e s t u a r y  i n  A u s t r a l i a  where t h e  P o r t  of 
Br i sbane  a u t h o r i t y  (PBA) is developing new p o r t  
f a c i l i t i e s  near  t h e  mouth of t h e  Br i sbane  t i d a l  r i v e r .  
The proposed work i n  t h e  e s t u a r y  inc:Ludes l e n g t h e n i n g ,  
deepening and widening t h e  e x i s t i n g  swing b a s i n  a r e a  
and deepening t h e  approach channels .  PBA a l s o  wish t o  
c e a s e  o r  reduce maintenance dredging upstream i n  t h e  
e x i s t i n g  p o r t  a r e a  some 19km from Moreton Bay, 
F i g u r e s  (8) and ( 9 ) .  

The main o b j e c t i v e s  of t h e  i n v e s t i g a t i o n  were: ( i )  
t o  i d e n t i f y ,  q u a n t i f y  and s i m u l a t e  t h e  p r o c e s s e s  
c a u s i n g  s i l t a t i o n  i n  t h e  n a v i g a t i o n  channe l s ,  swing 
b a s i n s  and b e r t h s  i n  t h e  seaward rea.ches of t h e  
Br i sbane  r i v e r  e s t u a r y ;  ( i i )  t o  p r e d i c t  t h e  e f f e c t  of 
c a p i t a l  dredging works a s s o c i a t e d  with p o r t  
developments a t  Fisherman I s l a n d s  and changes i n  t h e  
p a t t e r  of maintenance dredging i n  t h e  e x i s t i n g  p o r t  
a r e a  on s i l t a t i o n  i n  t h e  t i d a l  r i v e r .  

TIDEFLOW-2DV was used t o  s i m u l a t e  t h e  uns teady  
p a t t e r n s  of mud t r a n s p o r t  and s i l t a t ~ i o n  r e s u l t i n g  from 
t h e  i n t e r a c t i o n  of t i d a l  f lows w i t h  s h o r t  f l a s h y  
f l u v i a l  f l o o d s ,  which a r e  t h e  main cause  of s h o a l i n g  
i n  t h e  p o r t .  The dredged channel  s i l ts  up w i t h  muddy 
sed iments  a t  a r a t e  of about  1.5 mi:Llion c u b i c  meters  
p e r  annum where t h e  bulk  of t h e  s i l l t a t i o n  i s  l o c a t e d  
i n  t h e  e x i s t i n g  p o r t  a r e a  e s p e c i a l l : ~  i n  Hamilton Reach 
(F ig  9 ) .  

The e s t u a r y  has  a  t y p i c a l l y  f l a s h y  hydrograph w i t h  
l o n g  p e r i o d s  of p r a c t i c a l l y  no flow i n t e r s p e r s e d  wi th  
s h o r t  f l o o d  e v e n t s  which u s u a l l y  occur  i n  t h e  months 
between December and A p r i l  and l a s t  on average  abou t  
1 2  days .  The t i d a l  regime i n  Moreton Bay i s  a  mixed 
one w i t h  s i g n i f i c a n t  d i u r n a l  and semi-diurnal  
c o n s t i t u e n t s ,  t h e  M 2  semi-diurnal  t i d a l  c o n s t i t u e n t  
being t h e  l a r g e s t  wi th  a n  ampl i tude of 0.72m. The 
t i d a l  compartment of t h e  Brisbane r i v e r  is  narrow 
compared t o  i t s  l e n g t h  , which i s  about 1OOkm from t h e  
e n t r a n c e  t o  Mount Crosby weir .  

HR and PBA mounted two i d e n t i c a l  two-day l o n g  
i n t e n s i v e  s imul taneous  o b s e r v a t i o n s  a t  seven s e c t i o n s  
between km 4 and km 26 i n  t h e  p o r t  a r e a  i n  t h e  d r y  
s e a s o n  i n  August 1977, and a g a i n  dur ing  t h e  passage of 
a  s m a l l  f l u v i a l  f l o o d  i n  A p r i l  1978. HR a l s o  
s u p p l i e d  t h e  PBA survey team w i t h  a rapid-drop 



p r o f i l e r  (RDP) (Ref S ) ,  which w a s  mounted on a  f a s t  
l aunch  and was used t o  moni tor  suspended s o l i d s  and 
s a l i n i t y  p r o f i l e s  throughout  t h e  l e n g t h  of t h e  e s t u a r y  
a t  r e g u l a r  i n t e r v a l s .  

For economy, t h e  TIDEFLOW-2DV model was des igned  t o  
s i m u l a t e  on ly  t h o s e  reaches  of t h e  e s t u a r y  where t h e  
v e r t i c a l  s t r u c t u r e  of t h e  f low was thought  t o  be 
impor tan t .  The o t h e r  r e a c h e s  where t h e  flow was 
v e r t i c a l l y  w e l l  mixed was s i m u l a t e d  i n  one dimension.  
I n  t h e  c a s e  of t h e  Br i sbane  e s t u a r y ,  t h e  seaward 40km 
was s i m u l a t e d  i n  two dimensions  wit'h l a y e r s  l m  t h i c k .  
The remaining landward p o r t i o n  of t h e  e s t u a r y  was 
s i m u l a t e d  i n  one dimension.  A sche,matic 
r e p r e s e n t a t i o n  of t h e  e lements  in -p lan  is  shown i n  
F i g u r e  (11) .  

A s t u d y  was made of t h e  geology and r e c e n t  
sedimentology of t h e  e s t u a r y  w i t h  t h e  aim of f i n d i n g  
t h e  d i s t r i b u t i o n  of bed s u r f a c e  sediment types .  A 
v a r i e t y  of h i s t o r i c a l  d a t a  was examined i n c l u d i n g  a  
mix tu re  of s e i s m i c  d a t a ,  d r i l l i n g  l o g s ,  g r a b  sampl ing 
a n a l y s e s  and s i d e  s o n a r  p l o t s .  . T h e  h i s t o r i c a l  d a t a  
was supplemented by a  s e r i e s  of new f i e l d  
i n v e s t i g a t i o n s  under taken  by HR and PBA i n  t h e  s u r f a c e  
1 o r  2m of t h e  r i v e r  bed. T h i s  i n c l u d e d  c o l l e c t i o n  of 
bed s u r f a c e  g r a b  samples ,  v i b r o  c o r e  samples ,  and bu lk  
d e n s i t y  p r o f i l e s  u s i n g  a r a d i o a c t i v e  t r a n s m i s s i o n  
probe.  The main f i n d i n g s  of t h i s  i . n v e s t i g a t i o n  were 
t h a t  t h e  sedirnents below t h e  p r o j e c , t  dredged dep th  
were g e n e r a l l y  i n e r o d i b l e  rock,  gra .vel  o r  c l a y .  The 
main s i l t i n g  m a t e r i a l  i n  t h e  p o r t  a.rea i s  a  s l i g h t l y  
sandy mud w i t h  t h e  f o l l o w i n g  average  p r o p e r t i e s :  

T o t a l  bu lk  d e n s i t y  - 1.3 tonnes/m3 
T o t a l  d r y  d e n s i t y  - 0.5 tonnes/m3 
Sand f r a c t i o n  (60 - 150 mic rons )  abou t  25% by weight  
Bulk d e n s i t y  of mud matrix - 1.25 t:onnes/m3 

I n  t h e  model, t h e  t i d a l  l e v e l  a t  t h e  mouth of t h e  
e s t u a r y  was s y n t h e s i s e d  u s i n g  t h e  d i u r n a l ,  
semi-diurnal  and q u a r t e r  d i u r n a l  harmonic c o n s t a n t s  
( F i g  1 0 ) .  The model a l s o  r e q u i r e d  a  seaward boundary 
v a l u e  f o r  t h e  s a l i n i t y  and suspended s o l i d s  
c o n c e n t r a t i o n s  on t h e  incoming t i d e .  These  were 
p r e s c r i b e d  from f i e l d  d a t a .  

1 3  SUSPENDED MUD 
LOAD OF THE RIVER 

HR made a n  a n a l y s i s  of t h e  d i s c h a r g e  and suspended 
sediment  r e c o r d s  of t h e  Br i sbane  and Bremer r i v e r s  
w i t h  t h e  aim of de te rmin ing  t h e  f requency and 
d i s t r i b u t i o n  of f l u v i a l  f lows and t h e  q u a n t i t i e s  of 
suspended sed iments  brought  i n t o  t h e  e s t u a r y .  The 
a n a l y s e s  show t h a t  t h e  r i v e r  has  a  t y p i c a l l y  f l a s h y  
hydrograph w i t h  long  p e r i o d s  of p r a c t i c a l l y  no flow 



i n t e r s p e r s e d  w i t h  s h o r t  f l o o d  e v e n t s ,  which u s u a l l y  
occur  i n  t h e  months between December and A p r i l .  An 
approx imate  c o r r e l a t i o n  was e s t a b l i s h e d  between t h e  
mean d a i l y  d i s c h a r g e  and t h e  suspended mud l o a d  of t h e  
r i v e r s .  The optimum v a l u e  f o r  t h e  c o n s t a n t  of 
p r o p o r t i o n a l i t y  f o r  t h e  Br i sbane  r i v e r  sediment  r a t i n g  
f u n c t i o n  was e s t a b l i s h e d  by e q u a t i n g  t h e  t o t a l  sum of 
s y n t h e s i s e d  sediment  l o a d s  f o r  a  number of f l o o d  
e v e n t s  w i t h  t h e  t o t a l  observed load  f o r  a l l  t h e  
e v e n t s .  The mud c o n c e n t r a t i o n  i n  t h e  r i v e r  was found 
t o  vary  approx imate ly  l i n e a r l y  w i t h  t h e  d i s c h a r g e .  
The a n a l y s e s  show t h a t  t h e  a n n u a l  i n f l u x  of mud i n t o  
t h e  head of t h e  e s t u a r y  v a r i e d  from, abou t  30,000 
tonnes  i n  1975 t o  over  5  m i l l i o n  tonnes  i n  1974. I t  
i s  e s t i m a t e d  t h a t  on average  abou t  600,000 tonnes  of 
mud e n t e r s  t h e  e s t u a r y  every  y e a r  from t h e  r i v e r s .  

1 4  S I U T I O N  OF 
CONDITIONS DURING 
THE DRY SEASONS 

I n i t i a l l y ,  t h e  model was s e t  up t o  s i m u l a t e  a  
r e p e a t i n g  25 hour  s p r i n g  t i d e  cycle.  d u r i n g  t h e  d r y  
season .  R e s u l t s  from t h e  model-were compared w i t h  
o b s e r v a t i o n s  made d u r i n g  t h e  simu1t:aneous e x e r c i s e  i n  
August  1977, when t h e  f l u v i a l  f lows had been ve ry  low 
f o r  s e v e r a l  months. There  was s t i l . 1  a  s i g n i f i c a n t  
s a l i n i t y  g r a d i e n t  i n  t h e  e s t u a r y ,  b u t t h e r e  was some 
d i f f i c u l t y  i n  d e f i n i n g  t h e  l o n g i t u d i n a l  s a l i n i t y  
d i s t r i b u t i o n  because  t h e  f i e l d  o b s e r v a t i o n s  were 
s u s p e c t .  However, t h e  model s imula ted  t h e  c o r r e c t  
p a t t e r n  of t i d a l  p ropaga t ion  ( F i g u r e  13)  and t h e  main 
f e a t u r e s  of t h e  v e r t i c a l  s t r u c t u r e  of t h e  t i d a l  
c u r r e n t s  i n  t h e  p o r t  a r e a ,  F i g u r e s  (14)  and (15) .  It 
shou ld  be no ted  t h a t  t h e  r e s u l t s  from t h e  model r e f e r  
t o  l a t e r a l l y  averaged v a l u e s ,  whereas t h e  o b s e r v a t i o n s  
were measured a t  a  s i n g l e  v e r t i c a l  i n  t h e  middle  of 
t h e  channel .  

The s m a l l  d e g r e e  of s t r a t i f i c a t i o n  and t h e  weak 
l o n g i t u d i n a l  d e n s i t y  g r a d i e n t s  a f f e c t  t h e  v e l o c i t y  
p r o f i l e s  and t ime h i s t o r i e s  i n  t h e  f o l l o w i n g  manner. 
The s t r a t i f i c a t i o n  d e l i n k s  t h e  s u r f a c e  and sub-sur face  
l a y e r s  a l l o w i n g  them t o  move r e l a t i v e l y  i n d e p e n d e n t l y  
of each o t h e r .  The l o n g i t u d i n a l  d e n s i t y  g r a d i e n t  
g e n e r a t e s  a  s m a l l  bu t  s t e a d y  landward f o r c e  on t h e  
w a t e r  i n  t h e  lower l a y e r s .  T h i s  causes  t h e  c u r r e n t s  
t o  s t a r t  t o  f l o o d  i n  t h e  bed l a y e r  a lmos t  two h o u r s  
b e f o r e  t h e  s u r f a c e  l a y e r .  There  i:s a  s t r o n g  b i a s  i n  
t h e  landward d i r e c t i o n  i n  t h e  bed l a y e r  and a n  e q u a l l y  
s t r o n g  b i a s  i n  t h e  seaward d i rec t i ton  i n  t h e  s u r f a c e  

. . layers .  The r e s i d u a l  v e l o c i t i e s  glenerate a  two-layer 
g r a v i t a t i o n a l  c i r c u l a t i o n .  

The model a l s o  s i m u l a t e d  t h e  main f e a t u r e s  of t h e  
p a t t e r n  of mud t r a n s p o r t  and s i l t a t i o n  i n  t h e  d r y  
s e a s o n ,  F i g u r e s  (16)  t o  (17) .  The suspended 



c o n c e n t r a t i o n s  were r a t h e r  low i n  t h e  range 20-40ppm 
i n  t h e  p o r t  a r e a .  Hardly  any d e p o s i t i o n  occur red  a t  
s l a c k  w a t e r  due t o  t h e  ve ry  low s e t t l i n g  v e l o c i t i e s .  
Note t h a t  t h e  o b s e r v a t i o n s  were made a t  a  p o i n t  
whereas t h e  model v a l u e s  a r e  averaged both  a c r o s s  t h e  
channe l  and a l o n g  a  1,000m long  e lement .  An a n a l y s i s  
of t h e  model r e s u l t s  i n  terms of t i d e  averaged mud 
c o n c e n t r a t i o n s  and n e a r  bed s a l i n i t i e s  show how t h e  
s a l i n i t y  d i s t r i b u t i o n  de te rmines  t h e  l o c a t i o n  of 
maximum t u r b i d i t y ,  which was abou t  20km upst ream of 
t h e  p o r t ,  F i g u r e  (17).  The a n a l y s i s  showed t h a t  t h e  
l o n g i t u d i n a l  d i s t r i b u t i o n  of s i l t a t i o n  is  governed 
bo th  by t h e  t u r b i d i t y  and t h e  d u r a t i o n  of p e r i o d s  when 
d e p o s i t i o n  can occur  d u r i n g  t h e  t i d a l  c y c l e ,  F i g u r e  
(18) .  The model showed t h a t  t h e r e  were two zones of 
s i l t a t i o n  i n  t h e  d ry  season ,  one n e a r  t h e  t o e  of t h e  
s a l i n e  i n t r u s i o n  (km 35-45) and a  second one j u s t  
ups t ream of t h e  p o r t  a r e a  (km 20-30). 

15  SIMULATION OF 

4 CONDITIONS DURING 
A.ND IMMEDIATELY 
AFTER A FLUVIAL, 
FLOOD 

The model was then  used t o  s i m u l a t e  t h e  passage  of a  
s m a l l  f l u v i a l  f l o o d  which was observed i n  A p r i l  1978 
a f t e r  a  long  p e r i o d  of low f l u v i a l  f lows.  Such 
f l u v i a l  f l o o d s  a r e  c o n s i d e r e d  t o  be t h e  main cause  of  
s i l t a t i o n  i n  t h e  p o r t .  The i n t e r a c t i o n  of t h e  t i d e  
and t h e  f l u v i a l  f lows r e s u l t  i n  a  ve ry  uns teady  
p a t t e r n  of s a l i n e  i n t r u s i o n  and sediment  t r a n s p o r t  
which i s  un ique  t o  each f l o o d  e v e n t  and which can o n l y  
be s i m u l a t e d  i n  a  model r e p r e s e n t i n g  t h e  v e r t i c a l  
s t r u c t u r e  of t h e  f low. 

The observed f l o o d ,  which on a v e r a g e  i s  exceeded a b o u t  
t h r e e  t imes  a  y e a r ,  occur red  i n  two s t a g e s  a f t e r  a  
long  p e r i o d  of  n e g l i g i b l e  f l u v i a l  f lows  F i g u r e  ( 1 9 ) .  
During t h e  f i r s t  phase,  t h e  r i v e r  d i s c h a r g e  r o s e  t o  a  
v a l u e  of abou t  40m3/s f o r  abou t  10 days .  The main 
f l o o d  s t a r t e d  on t h e  2nd A p r i l  and peaked on t h e  3 r d  
A p r i l .  RDP su rveys  were made on t h e  4 t h ,  5 t h ,  6 t h  and 
7 t h  A p r i l  1978. A s t a n d a r d  type  of s imul taneous  
survey a t  s e v e r a l  f i x e d  s t a t i o n s  was made i n  t h e  p o r t  
a r e a  on t h e  1 0 t h  and 1 1 t h  A p r i l  1978. 

The i n i t i a l  c o n d i t i o n s  f o r  t h e  model s i m u l a t i o n  were 
s e t  approx imate ly  us ing  t h e  r e s u l t s  from a n  RDP su rvey  
on 29 th  March 1978. The s a l i n i t y  of t h e  incoming s e a  
w a t e r  a t  t h e  mouth of t h e  e s t u a r y  was s e t  t o  remain 
c o n s t a n t  a t  30pp t ,  which was lower  t h a n  t h e  v a l u e  
obse'rved on t h e  29th  March 1978 (which may have been 
e r r o n e o u s )  b u t  s i m i l a r  t o  t h e  v a l u e s  recorded  on a l l  
t h e  l a t e r  su rveys .  The model was run from 29 th  March 
t o  1 2 t h  A p r i l  1978. 



An approximate  comparison between th.e p r e d i c t e d  and 
observed l o n g i t u d i n a l  p r o f i l e s  of s a . l i n i t y  and 
t u r b i d i t y  i n  t h e  bed and s u r f a c e  l a y e r s  on t h e  main 
run of t h e  f l o o d  and ebb t i d e s  on t h e  4 t h  and 7 th  
A p r i l  1978 a r e  shown i n  F i g u r e s  (20) and (21) .  The 
mul t i - l ayer  reach  on ly  extended t o  km 40; beyond t h i s  
s e c t i o n  t h e  model was one-dimensional. It  should be 
noted t h a t  t h e  RDP p r o f i l e s  were not; s imul taneous  and 
t h e  o b s e r v a t i o n s  were made a t  random v e r t i c a l s  
somewhere i n  t h e  c e n t r e  of t h e  e s t u a r y .  The model 
v a l u e s  a r e  averaged over  a  t h i c k n e s s  of l m ,  t h e  width  
of t h e  e s t u a r y  and a long  a  1 ,000 reach.  

The model appears  t o  reproduce t h e  main f e a t u r e s  o f  
t h e  very unsteady p rocesses  a d e q u a t e l y  c o n s i d e r i n g  t h e  
l a r g e  number of assumptions  made i n  t h e  c a l c u l a t i o n .  
For example, t h e  c o n c e n t r a t i o n  of lnud i n  t h e  r i v e r  was 
based on a  r a t i n g  f u n c t i o n  and t h e  s a l i n i t y  on t h e  
incoming t i d e  i n  t h e  mouth of t h e  e :s tuary  was s e t  t o  
be a  c o n s t a n t .  The degree  of v e r t i ~ c a l  s t r a t i f i c a t i o n  
i n  t h e  Hamilton Reach r o s e  t o  a  peak v a l u e  of about  
20ppt on t h e  4 t h  A p r i l  a t  t h e  h e i g h t  of t h e  f l o o d ,  
F i g u r e  (22) .  The model was mor'e a c c u r a t e  a t  
s i m u l a t i n g  t h e  d e p r e s s i o n  of t h e  s u r f a c e  s a l i n i t y  t h a n  
t h e  bed s a l i n i t y ,  which was s t r o n g l y  i n f l u e n c e d  by t h e  
p r e s c r i b e d  seaward boundary v a l u e  of 30ppt.  The model 
p r e d i c t e d  t h e  l o c a t i o n  of t h e  peak i n  suspended s o l i d s  
c o n c e n t r a t i o n s  i n  t h e  bed l a y e r s  a s  i t  moved down t h e  
e s t u a r y ,  but  tended t o  under-es t imate  t h e  observed 
v a l u e s  i n  t h e  c e n t r e  of t h e  channel .  

The unsteady f l u v i a l  f lows genera ted  a n  e q u a l l y  
unsteady g r a v i t a t i o n a l  c i r c u l a t i o n ,  which p e r s i s t e d  
long  a f t e r  t h e  f l u v i a l  f l o o d  f lows had dropped. The 
s t e e p  l o n g i t u d i n a l  d e n s i t y  g r a d i e n t s  produced a  s t r o n g  
landward b i a s  i n  t h e  v e l o c i t i e s  i n  t h e  bed l a y e r  i n  
t h e  p o r t  a r e a ,  F i g u r e  (23) .  The p r e d i c t e d  p a t t e r n  of 
d e p o s i t i o n  and e r o s i o n  i n  Hamilton Reach (km 1 9 )  i s  
i l l u s t r a t e d  i n  F i g u r e  (24) .  T h i s  shows t h a t  t h e r e  i s  
no sudden peak i n  s i l t a t i o n  c o i n s i d i n g  wi th  a  peak i n  
t h e  f l u v i a l  flow. T h i s  probably  d i d  not  happen 
because t h e  f l o o d  d i d  no t  b r i n g  down much new sediment  
i n t o  t h e  e s t u a r y .  I t s  main e f f e c t  was t o  s t r e n g t h e n  
t h e  g r a v i t a t i o n a l  c i r c u l a t i o n  which c a r r i e d  more 
sediment i n t o  t h e  e s t u a r y  from Moreton Bay. A 
schemat ic  r e p r e s e n t a t i o n  of t h e  sed imenta t ion  p r o c e s s  
i s  shown i n  F i g u r e  (25).  An a n a l y s i s  of t h e  model 
r e s u l t s  show t h a t  d u r i n g  t h e  10  day per iod  of t h e  
f l o o d ,  8,000 tonnes  of f l u v i a l  mud e n t e r e d  t h e  head of 
t h e  e s t u a r y  and 10,000 tonnes  of marine mud e n t e r e d  
t h e  mouth of t h e  e s t u a r y .  

I t  t a k e s  a  c o n s i d e r a b l y  l o n g e r  t ime f o r  t h e  mud t o  
reach  t h e  lower e s t u a r y  than  f o r  t h e  f l u v i a l  w a t e r  t o  
be evacuated from t h e  e s t u a r y .  T h i s  occurs  because a  
c o n s i d e r a b l e  f r a c t i o n  of t h e  new sediment is 



p e r i o d i c a l l y  re-suspended and c a r r i e d  back up t h e  
e s t u a r y  i n  t h e  lower l a y e r s  on t h e  f l o o d  t i d e  whereas 
t h e  f l u v i a l  w a t e r  p a s s e s  f a i r l y  r a p i d l y  o u t  of t h e  
e s t u a r y  v i a  t h e  s u r f a c e  l a y e r s  wi tha 'u t  g r e a t l y  
a f f e c t i n g  t h e  l o n g i t u d i n a l  s a l i n i t y  d i s t r i b u t i o n  i n  
t h e  lower l a y e r s  of t h e  f low.  Each f l u v i a l  f l o o d  
c a r r i e s  an  e x t r a  load of mud i n t o  t h ~ e  e s t u a r y  and 
u n i q u e l y  and t e m p o r a r i l y  a l t e r s  t h e  p a t t e r n  of t i d a l  
p r o p a g a t i o n ,  s a l i n e  i n t r u s i o n  and sediment  t r a n s p o r t  
f o r  a  p e r i o d  of s e v e r a l  weeks. The suspended sed iment  
moves p r o g r e s s i v e l y  seaward on each t i d a l  c y c l e  u n t i l  
i t  becomes f l o c c u l a t e d  by t h e  s e a  wa te r ,  p e r i o d i c a l l y  
e roded ,  t r a n s p o r t e d  and d e p o s i t e d  by t h e  t i d e s ,  and 
t r a n s l a t e d  by t h e  g r a v i t a t i o n a l  c i r c : u l a t i o n  u n t i l  i t  
s e t t l e s  i n  t h e  deep dredged reaches  of t h e  lower 
e s t u a r y  where t h e  c u r r e n t s  a r e  no l o n g e r  s t r o n g  
enough t o  resuspend i t .  The r a t e  and p a t t e r n  of 
s i l t a t i o n  i n  any one wet s e a s o n  depends on t h e  
f requency ,  magnitude,  d u r a t i o n  and sediment  load  
c a r r i e d  by each  f l u v i a l  f l o o d  and t h e  manner i n  which 
i t  i n t e r a c t s  w i t h  t h e  t i d a l  f lows.  It seems v e r y  
1 i k e l y . t h a t  t h e  sediment  brought  i n t o  t h e  e s t u a r y  
d u r i n g  f l u v i a l  f l o o d s  is  re-worked and e v e n t u a l l y  
d e p o s i t e d  i n  t h e  deep dredged a r e a s  s e v e r a l  months 
a f t e r  t h e  f l o o d  even t .  

1 6  TRAPPING 
EFFICIENCY OF THE 
ESTUARY 

The t r a p p i n g  e f f i c i e n c y  of t h e  e s t u , a r y  and t h e  
l o c a t i o n  and l o n g i t u d i n a l  d i s t r i b u t i o n  of s i l t a t i o n  i s  
a  f u n c t i o n  of t h e  volume of each i n d i v i d u a l  f l u v i a l  
f l o o d  and t h e  a r t i f i c i a l  geometry of t h e  lower  e s t u a r y  
imposed by c a p i t a l  and maintenance d redg ing  works. 
For  p r a c t i c a l  purposes ,  one can  assume t h a t  most 
f l o o d s  i n  t h e  Br i sbane  r i v e r  have a  d u r a t i o n  of abou t  
12 days  and t h a t  t h e  volume of f l o o d  w a t e r  i s  
approx imate ly  p r o p o r t i o n a l  t o  t h e  peak d i s c h a r g e ,  
T a b l e  1, F i g u r e  (26) .  The mud l o a d  of a  f l o o d  on t h e  
o t h e r  hand i n c r e a s e s  approx imate ly  w i t h  t h e  s q u a r e  of 
t h e  peak d i s c h a r g e .  Observa t ions  and mathemat ica l  
model c a l c u l a t i o n s  show t h a t  a lmost  t h e  e n t i r e  
sediment  load  of s m a l l  and medium f l o o d s  i s  t r a p p e d  
w i t h i n  t h e  e s t u a r y  wi th  l i t t l e  l o s s  t o  Moreton Bay. 
The e f f e c t  of t h e  l a r g e r  f l o o d s  is t o  push t h e  c e n t r e  
of g r a v i t y  of s i l t a t i o n  f u r t h e r  sea.ward and t o  s p r e a d  
t h e  zone of s i l t a t i o n  over  a  l o n g e r  r each .  A t  some 
c r i t i c a l  f l o o d  s t a g e ,  depending on t h e  dep th  of t h e  
e s t u a r y ,  t h e  f l u v i a l  d i s c h a r g e  i s  b i g  enough t o  f l u s h  
t h e  s a l i n e  wedge o u t  of t h e  e s t u a r y :  which a l l o w s  a  
l a r g e  p r o p o r t i o n  of t h e  mud l o a d  brought  down by t h e  
f l o o d  t o  pass  o u t  of t h e  e s t u a r y .  The f l o o d  c a u s i n g  
t h e  wors t  amount of s i l t a t i o n  is  t h e r e f o r e  n o t  t h e  
l a r g e s t  one.  For  example, t h e  1974 f l o o d  caused 
l i t t l e  damage t o  t h e  p o r t  i n  terms of mud s i l t a t i o n .  
A c o n s i d e r a t i o n  of t h e  f requency of g i v e n  f l o o d  e v e n t s  



shows t h a t  t h e r e  is  some s m a l l e r  f l o o d  which on 
a v e r a g e  c a u s e s  t h e  most damage t o  t h e  p o r t .  The model 
was used t o  c a l c u l a t e  t h e  t r a p p i n g  e f f i c i e n c y  of t h e  
e s t u a r y  f o r  a r a n g e  of  f l o o d  magni tudes .  

1 7  ANALYSIS OF FLOOD 
DATA 1927-1972 

Data  on a l l  d a i l y  f l u v i a l  f l o w s  i n  e x c e s s  of  10 cumecs 
o v e r  Mount Crosby w e i r  from 1927 t o  1972 was made 
a v a i l a b l e  by PBA. T h i s  d a t a  comprised 414 f l o o d  
e v e n t s  i n  t h e  46 y e a r  p e r i o d  covered  by t h e  d a t a  
g i v i n g ,  on a v e r a g e ,  9  f l o o d s  p e r  y e a r .  The f l o o d  
hydrographs  have approx ima te ly  t h e  same shape  and 10 
day d u r a t i o n  r e g a r d l e s s  of peak d i s c h a r g e ,  as 
i l l u s t r a t e d  i n  F i g u r e  (26 ) .  The f l o o d s  were d i v i d e d  
i n t o  c l a s s e s ,  a c c o r d i n g  t o  volume, each c l a s s  c o v e r i n g  
a range  of 25 m i l l i o n  m 3  and t h e  a v e r a g e  f l o o d  volume 
i n  each  c l a s s  was c a l c u l a t e d .  Tab le  ( 1 )  shows t h e  
r e s u l t s  of t h i s  c l a s s i f i c a t i o n .  F i g u r e  (27 )  shows t h e  
f r equency  of  f l o o d  e v e n t s  as a funct i ion  of  t h e  t o t a l  
volume p a s s i n g  ove r  Mount Crosby weir. 

The model was used t o  p r e d i c t  t h e  t r a p p i n g  e f f i c i e n c y  
of t h e  e s t u a r y  f o r  f o u r  d i f f e r e n t  f l o o d s ,  numbered 1 
t o  4  i n  o r d e r  of d e c r e a s i n g  s i z e ,  which were 
c o n s i d e r e d  t o  be r e p r e s e n t a t i v e  of t h e  whole r ange  o f  
h i s t o r i c a l  f l o o d  e v e n t s ,  e x c l u d i n g  t h e  1974 '100 y e a r  
f l o o d ' .  The f l u v i a l  f low was s p e c i f i e d  as a s e r i e s  of 
mean d a i l y  d i s c h a r g e s .  The model assumed a l i n e a r  
v a r i a t i o n  between d a i l y  v a l u e s  i n  o r d e r  t o  o b t a i n  a  
con t inuous  hydrograph and t h e  suspe.nded sed imen t  
c o n c e n t r a t i o n  was o b t a i n e d  from t h e  d i s c h a r g e  u s i n g  
e m p i r i c a l  r e l a t i o n s h i p s  f o r  t h e  B r i s b a n e  and Bremer 
r i v e r s . .  The i n i t i a l  d i s t r i b u t i o n s  of s a l t  and 
suspended sed imen t  were set t o  be r e p r e s e n t a t i v e  o f  
c o n d i t i o n s  a t  t h e  end of a p e r i o d  of low f l u v i a l  
f lows .  These  i n i t i a l  v a l u e s  were  n.ot c o n s i d e r e d  t o  
have a  s i g n i f i c a n t  e f f e c t  on t h e  r e . s u l t s  e x c e p t  
pe rhaps  i n  t h e  c a s e  of t h e  s m a l l e s t  f l o o d s  because  
c o n d i t i o n s  i n  t h e  e s t u a r y  responded r a p i d l y  t o  t h e  
f l u v i a l  d i s c h a r g e .  

The model a l s o  r e q u i r e d  t h e  s p e c i f i c a t i o n  of  a n  
i n i t i a l  d i s t r i b u t i o n  of bed sed imen t  types .  T h i s  w a s  
e s s e n t i a l  - e s p e c i a l l y  i n  t h e  upper  e s t u a r y  - i n  o r d e r  
t o  p r e s e n t  t h e  model w i t h  t h e  a p p r o p r i a t e  d i s t r i b u t i o n  
of  bed sed imen t  which c o u l d ,  i f  c o n d i t i o n s  p e r m i t t e d ,  
be eroded and r e -depos i t ed  i n  t h e  lower r e a c h e s  of t h e  
e s t u a r y  . 
A l l  t h e  model s i m u l a t i o n s  assumed t h a t  t h e  
c o n c e n t r a t i o n s  of  s a l i n i t y  and suspended sed imen t  i n  
w a t e r  e n t e r i n g  t h e  e s t u a r y  f rom Noreton Bay i n  t h e  
lower  l a y e r s  would be c o n s t a n t  a t  30ppt  and 3dppm 
r e s p e c t i v e l y .  I n  r e a l i t y ,  t h e s e  v a l u e s  would v a r y  
depending on t h e  p a r t i c u l a r  f l o o d  e v e n t  and t h e  r a t e  
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n e t  i n f l u x  of sediment p l u s  t h e  c h a n g e ' i n  suspended 
load  between t h e  s t a r t  and t h e  end of t h e  t e s t  
r e p r e s e n t e d  25% of t h e  t o t a l  d e p o s i t i o n .  Flood 4 a l s o  
d e p o s i t e d  t h e  major f r a c t i o n  of t h e  sediment i n  and 
above Hamilton Reach, F i g u r e  (31).  I n  t h i s  t e s t ,  t h e  
n e t  i n f l u x  of sediment p l u s  the  change i n  suspended 
l o a d  accounted f o r  702 of t h e  t o t a l  d e p o s i t i o n ,  Tab le  
( 2  

18 TRENDS I N  THE 
MODEL PREDICTIONS 

The model showed t h a t  l a r g e  i n f r e q u e n t  f l o o d s  r e s u l t  
i n  a  l a r g e  amount of d e p o s i t i o n  i n  fhe  lower reaches  
of t h e  e s t u a r y  w i t h  a  much s m a l l e r  a~mount of 
d e p o s i t i o n  i n  and above Hamilton Reach. The l a r g e  
f l o o d s  d i s c h a r g e  t h e  m a j o r i t y  of  t h e i r  load  i n t o  
Moreton Bay. The t r a p p i n g  e f f i c i e n c y  of t h e  e s t u a r y  
( i e  t h e  n e t  amount of mud accumulat ing i n  t h e  e s t u a r y  
a s  a  pe rcen tage  of t h e  f l u v i a l  l o a d )  a s  a  f u n c t i o n  of 
t h e  volume of f l o o d  wate r  p a s s i n g  over  Mount Crosby 
w e i r  i s  shown i n  F i g u r e  (32) .  

The s m a l l e r  more f r e q u e n t  f l o o d s  d e p o s i t  most of t h e i r  
sediment load  i n  t h e  upper reaches  of t h e  e s t u a r y  and 
g e n e r a t e  a  g r a v i t a t i o n a l  c i r c u l a t i o n  which could  c a r r y  
a  s i g n i f i c a n t  mass of mud from Moreton Bay i n t o  t h e  
e s t u a r y .  The r e g i o n  over  which t h i s  marine mud i s  
d e p o s i t e d  w i l l  depend on t h e  posit i ton of t h e  l i m i t  of 
s a l i n e  i n t r u s i o n  which w i l l  vary  depending on t h e  
f l u v i a l  d i scharge .  For smal l  f l o o d s  t h e  l i m i t  of 
s a l i n e  i n t r u s i o n  was always found upst ream of Hamilton 
Reach km 19. For  t h e  l a r g e r  f l o o d s ,  t h e  l i m i t  of 
s a l i n e  i n t r u s i o n  was pushed w e l l  downstream of 
Hamilton Reach - b e f o r e  moving back upstream a s  t h e  
f l u v i a l  f l o o d  subs ided  - w i t h  t h e  r e s u l t i n g  d i f f e r e n t  
p a t t e r n  of s i l t a t i o n .  The l a r g e  f l o o d s ,  of c o u r s e ,  
a l s o  g e n e r a t e  a  g r a v i t a t i o n a l  c i r c u l a t i o n  but t h e  mass 
of sediment involved i n  t h i s  c i r c u l a t i o n  is  s m a l l  
compared t o  t h e  t o t a l  i n f l u x  of r i v e r  sediment .  I t  
was found t h a t ,  by con t inu ing  t h e  s i m u l a t i o n  of f l o o d s  
1 and 4 a f t e r  t h e  f l u v i a l  f lows had subs ided  t h a t  
about  1,000 tonnes  per  day e n t e r e d  t h e  e s t u a r y  from 
Moreton Bay and t h a t  t h e  bulk of ttlis sediment was 
d e p o s i t e d  a t  Hamilton Reach. 

The p rocess  of re-working sediment d e p o s i t e d  i n  t h e  
lower e s t u a r y  by t h e  r e s i d u a l  g r a v i t a t i o n a l  
c i r c u l a t i o n  f o l l o w i n g  a  f l o o d  may be impor tan t .  T h i s  
p r o c e s s  would be most s i g n i f i c a n t  fo l lowing  a  major 
f l o o d  when some of t h e  l a r g e  mass of sediment  
i n i t i a l l y  d e p o s i t e d  i n  t h e  lower e s t u a r y  would i n  t ime 
be eroded and re-deposi ted i n  t h e  more landward 
r e a c h e s .  The f i n a l  d i s t r i b u t i o n  o.E s i l t a t i o n  would 
t h e r e f o r e  vary w i t h  t ime a f t e r  t h e  i n i t i a l  r a p i d  
d e p o s i t i o n  had f i n i s h e d .  



1 9  LONG TERM AVERAGE 
ANNUAL RATE OF 
SILTATI ON 

The long term average  r a t e  of s i l t a t i o n  between 1927 
and 1972 was e s t i m a t e d  by e v a l u a t i n g  t h e  n e t  movement 
of mud i n t o  t h e  e s t u a r y  f o r  each c l a s s  of f l o o d  by 
i n t e r p o l a t i o n  and e x t r a p o l a t i o n  frorn F i g u r e  (33)  and 
m u l t i p l y i n g  i t  by the  recorded number of f l o o d s  i n  
each c l a s s  (column 2  i n  Table  ( 3 ) )  and summing t h e  
t o t a l .  T h i s  method gave a  t o t a l  mass of s i l t a t i o n  of 
11,400,000 tonnes  f o r  t h e  46 y e a r  pe r iod  which i s  
e q u i v a l e n t  t o  a  long term r a t e  of 250,000 tonnes  p e r  
annum. T h i s  i s  e  u i v a l e n t  t o  a n  annua l  i n - s i t u  volume 
of about  600,000m0 (assuming a  bed dry d e n s i t y  of 0.4 
tonnes/m 3) .  

I n  a d d i t i o n ,  t h e  model p r e d i c t e d  a  c o n t i n u i n g  r a t e  of 
s i l t a t i o n  of approximately  1000 tonnes/day i n  and 
downstream of Hamilton Reach fo l lowing  each f l o o d  
even t .  T h i s  d e p o s i t i o n  i s  l i k e l y  t o  p e r s i s t  f o r  a t  
l e a s t  20 days a f t e r  t h e  passage of a  f l o o d  of any 
magnitude,  and s i n c e  t h e r e  a r e  on average 9 f l o o d s  p e r  
y e a r ,  t h e  a d d i t i o n a l  i n f l u x  of mud could amount t o  
180,000 tonnes /year  wi th  an i n - s i t u  volume of 
450,000m3. Th is  f i g u r e  i s  only approximate and w i l l  
depend on t h e  c o n c e n t r a t i o n  of suspended sediment i n  
Moreton Bay which i n  t u r n  w i l l  depend on any 
p receed ing  f l o o d s .  However, t h i s  a d d i t i o n a l  i n f l u x  of 
mud from Moreton Bay w i l l  b r i n g  t h e  t o t a l  p r e d i c t e d  
average  annua l  s i l t a t i o n  r a t e  i n  t h e  o r d e r  of 1 
m i l l i o n  m which compares approximately  w i t h  t h e  
long  term average  recorded r a t e  of d redg ing  measuring 
by hopper volume. 

An a n a l y s i s  of t h e  model r e s u l t s  show t h a t  f l o o d s  w i t h  
a . r e t u r n  p e r i o d  g r e a t e r  than  1 i n  5 y e a r s  only  account  
f o r  about  13% of t h e  t o t a l  s i l t a t i o n ,  whereas t h e  
t h r e e  s m a l l e s t  c l a s s e s  of f lood  account f o r  42% of t h e  
t o t a l  s i l t a t i o n ,  most of which occurs  i n  t h e  upper 
reaches  of t h e  p o r t .  

20 CONCLUSIONS 
During t h e  p a s t  decade,  t h e r e  has  been a  s t e a d y  
improvement i n  t h e  unders tanding and t h e o r e t i c a l  
d e s c r i p t i o n  of mud t r a n s p o r t  p rocesses  i n  t i d a l  
channe l s .  T h i s  has  made i t  p o s s i b l e  t o  c o n s t r u c t .  
g e n e r a l  purpose  mathemat ical  models, which can 
s i m u l a t e  t h e  main f e a t u r e s  of t h e  complete c y c l e  of 
p rocesses  which determine t h e  p a t t e r n  of s i l t a t i o n  i n  
a  narrow e s t u a r y .  I n  t h e  a u t h o r ' s  op in ion ,  t h e  
p r a c t i c a l  a p p l i c a t i o n  of t h e  technique has  now reached 
a  s t a g e  where i t  can be employed a s  an a lmost  s t a n d a r d  
procedure  f o r  i n v e s t i g a t i n g  and s o l v i n g  s i l t a t i o n  
problems i n  narrow e s t u a r i e s .  



A v i a b l e  ma themat i ca l  model r e q u i r e s  s e t s  of e q u a t i o n s  
t o  d e s c r i b e  t h e  p r o c e s s e s  r e p r e s e n t e d  i n  t h e  model ,  
which shou ld  be based on w e l l  grounded p h y s i c a l  
c o n c e p t s  , t h e o r y  and e x p e r i m e n t s .  C e r t a i n  a s p e c t s  of  
t h e  p r o c e s s e s  of mixing,  ene rgy  d i s s i p a t i o n  and 
sed imen t  t r a n s p o r t ,  a s  y e t ,  c a n  o n l y  be d e f i n e d  by 
semi -empi r i ca l  r e l a t i o n s h i p s  based  on f i e l d  
o b s e r v a t i o n s  and l a b o r a t o r y  e x p e r i m e n t s .  The p h y s i c a l  
e q u a t i o n s  and f u n c t i o n a l  r e 1 a t i o n s h i : p s  d e t e r m i n e  t h e  
s t r u c t u r e  of t h e  model b u t  t h e  r e s u l t s  depend h e a v i l y  
on t h e  v a l u e s  of t h e  c o n s t a n t s  and e n g i n e e r i n g  
c o e f f i c i e n t s  a p p l i e d  t o  a p a r t i c u l a r  s i t u a t i o n .  A  
v i a b l e  model from t h e  p o i n t  of view of e n g i n e e r i n g  
a p p l i c a t i o n s  r e q u r i e s  a n  e f f i c i e n t ,  r e l i a b l e  and 
a c c u r a t e  method of s o l u t i o n  of t h e  e .qua t ions ,  g i v i n g  
due r e g a r d  t o  t h e  q u a l i t y  of t h e  d a t a  and t h e  a c c u r a c y  
r e q u i r e d  from any p r e d i c t e d  c a l c u l a t , i o n .  HR employ 
i m p l i c i t  6 p o i n t  f i n i t e  d i f f e r e n c e  sicheues w i t h  second  
o r d e r  accuracy  and a t i m e s t e p  v a r y i n g  between 5 and 10 
minu tes  depending on t h e  p a r t i c u l a r  a p p l i c a t i o n  of t h e  
model. Such a  s h o r t  t i m e s t e p  i s  r e q u i r e d  t o  r e s o l v e  
t h e  r a p i d l y  v a r y i n g  f lows  and c o n d i t i o n s  f o r  s c o u r  and 
d e p o s i t i o n  t h a t  occur  a t  t h e  bed of a n  e s t u a r y  a t  
c e r t a i n  s t a g e s  of t h e  t i d a l  c y c l e .  

A  model of mud t r a n s p o r t  i n  a n  e s t u a r y  r e q u i r e s  
boundary c o n d i t i o n s  i n  te rms of water l e v e l s ,  
s a l i n i t i e s  and suspended s o l i d s  on t h e  incoming t i d e  
a t  t h e  seaward boundary and t h e  f l u v i a l  d i s c h a r g e  and 
suspended c o n c e n t r a t i o n s  a t  t h e  landward  b o u n d a r i e s .  
Models r e q u i r e  a  mass of b a t h y m e t r i c  and sed imen t  d a t a  
t o  d e f i n e  t h e  geometry and t h e  d i s t r i b u t i o n  and 
g r a d i n g  of s e d i m e n t s  i n  and a l o n g  t h e  bed of t h e  
e s t u a r y .  A second mass of  f i e l d  da.ta i n  terms of 
w a t e r  l e v e l s ,  v e l o c i t i e s ,  s a l i n i t i e s  and suspended 
s o l i d s  i s  r e q u i r e d  t o  p rove  and v a l i d a t e  t h e  model f o r  
a r ange  of t i d a l  and f l u v i a l  condit : ions.  

The two-dimensional  i n -dep th  model TIDEFLOW-2DV, 
d e s c r i b e d  i n  t h i s  r e p o r t ,  is c o n s i d e r e d  t o  be a "state 
of t h e  a r t"  model. 

P o r t  works o f t e n  i n v o l v e  c o n s t r u c t i o n  of d redged  
e n t r a n c e s  and t u r n i n g  b a s i n s  which c a n  g i v e  rise t o  
sudden e x p a n s i o n s  i n  a n  o t h e r w i s e  narrow channe l .  A t  
p r e s e n t ,  t h i s  problem is  u s u a l l y  handled  by 
u n d e r t a k i n g  a p h y s i c a l  model o r  a s e p a r a t e  c a l c u l a t i o n  
w i t h  a two-dimension i n  p l a n  ma themat i ca l  model t o  
c a l c u l a t e  t h e  d i s t r i b u t i o n  of  s i l t a t i o n  a c r o s s  t h e  
c h a n n e l .  I d e a l l y ,  one would wish  t o  connec t  t h e  
c h a n n e l  model 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  a l o c a l  
t h r e e - d i u e n s i o n a l  numer ica l  model. However, a s  y e t ,  a 
s u i t a b l e  th ree -d imens iona l  mud t r a ~ n s p o r t  model h a s  n o t  
been deve loped ,  nor  do t h e  present:  g e n e r a t i o n  of 
computers  have  t h e  c a p a c i t y  t o  r u n  2 and 3 -d imens iona l  



models s i m u l t a n e o u s l y .  H y d r a u l i c s  Research hope t o  
overcome both  t h e s e  problems i n  t h e  nex t  few y e a r s .  
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TABLE 3 

HINDCAST MUD SILTATION 1927-72 

Flood volume Number of Mean f l o o d  volume S i l t a t i o n  per  S i l t a t i o n  p e r  
range f l o o d s  i n  i n  c l a s s  ( p a s s i n g  f l o o d  even t  c l a s s  of f l o o d  
( m i l l i o n  m 3, c l a s s  Mound Crosby Weir)  (1000 's  tonnes )  (1000 's  tonnes  

( 1 )  ( 2 )  ( 3  (4  ( 5 )  = ( 2 ) x ( 4 )  

T o t a l  s i l t a t i o n  (d ry  tonnes )  11,395,000 
over  47 y e a r s  (m3) 28,500,000 

Notes: Est imated v a l u e s  a r e  b r a c k e t e d  
Dry d e n s i t y  0.4t/m3 
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Fig 24 Pattern of deposition and erosion in Hamilton Reach 
2-12 April 1978 
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Fig 28 Predicted longitudinal distribution of mud siltation- Flood 1 
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Fig 31 Predicted longitudinal distribution of mud siltation- Flood 4 
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Fig 30 Predicted longitudinal distribution of mud siltation - Flood 3 
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Trapplng efflclency of estuary as a percentage of the Influx of fluvial mud 
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Trapping efficiency of 
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Fig 33 Net movement of mud into the estuary as  a function of 
fluvial flood volume 
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