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ABSTRACT 
R e s u l t s  f rom f i e l d  measurements  o b t a i n e d  d u r i n g  
p o r t  deve lopment  s t u d i e s  i n  c e r t a i n  t u r b i d  c o a s t a l  
l o c a t i o n s  s u g g e s t e d  t h a t  r e l a t i v e l y  weak wave 
a c t i v i t y  o v e r  s h a l l o w  muddy a r e a s  can  c r e a t e  a  
near-bed l a y e r  of  f l u i d  mud which  i s  t r a n s p o r t a b l e  
by modest t i d a l  c u r r e n t s  i n t o  d redged  n a v i g a t i o n  
c h a n n e l s ,  h a r b o u r s  and b e r t h i n g  a r e a s .  

Subsequen t  l a b o r a t o r y  f l ume  s t u d i e s  c a r r i e d  o u t  on 
t h e  l o c a l  mud c o n f i r m e d  t h i s  h y p o t h e s i s .  

To m o n i t o r  t h e  movement of  a  near -bed  t u r b i d  l a y e r  
i t  i s  n e c e s s a r y  t o  know t h e  t h i c k n e s s ,  d e n s i t y ,  
speed  and d i r e c t i o n  of movement w i t h i n  p r e c i s e  
l i m i t s .  I t  i s  d e s i r a b l e  a l s o  t o  know how t h e  l a y e r  
moves i n  r e l a t i o n  t o  t h e  w a t e r  column above .  To 
meet  t h e s e  r e q u i r e m e n t s ,  f i e l d  i n s t r u m e n t a t i o n  h a s  
been  deve loped  a t  HR. 

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





INTRODUCTION 
F l u i d  mud i s  u n i v e r s a l l y  r e c o g n i s e d  a s  a  major  
s o u r c e  of  s i l t i n g  i n  p o r t s .  I t  c a n  be formed i n  a  
v a r i e t y  o f  ways - by r a p i d  d e p o s i t i o n  of suspended  
sed imen t  d u r i n g  p e r i o d s  of s l a c k  w a t e r ;  by a g i t a -  
t i o n  d r e d g i n g ;  by s a l i n i t y - d e n s i t y  d i f f e r e n c e s  
d u r i n g  l o c k  o p e r a t i o n ;  by s h i p p i n g  a c t i v i t y ;  o r  
by wave a c t i o n  o v e r  c o a s t a l  nud banks .  Once 
formed,  i t  may f l o w  unde r  t h e  i n f l u e n c e  o f  g r a v i t y  
and h y d r o s t a t i c  f o r c e s  and f i n a l l y  s e t t l e  and 
c o n s o l i d a t e  i n  n a v i g a t i o n  c h a n n e l s  and d r e d g e d  
b e r t h s  p roduc ing  c o n s i d e r a b l y  h i g h e r  s i l t a t i o n  
r a t e s  t h a n  t h o s e  s o l e l y  a t t r i b u t a b l e  t o  d i r e c t  
d e p o s i t i o n  f rom s u s p e n s i o n .  

A few y e a r s  ago  a  s t u d y  was c a r r i e d  o u t  t o  d e t e r -  
mine t h e  optimum l a y o u t  of  a  ma jo r  p o r t  e n l a r g e m e n t  
and redevelopment  p r o j e c t  (Ref 1).  I n c l u d e d  i n  t h e  
t e rms  of r e f e r e n c e  were  t h e  d e t e r m i n a t i o n  of t h e  
s i l t a t i o n  mechanism f o r  t h e  e x i s t i n g  p o r t  and  t h e  
p r e d i c t i o n  o f  s i l t a t i o n  r a t e s  and d r e d g i n g  
r e q u i r e m e n t s  f o r  t h e  r e d e v e l o p e d  p o r t  and o f f s h o r e  
approach  c h a n n e l .  R e s u l t s  f rom a  20-month f i e l d  
programme d e m o n s t r a t e d  t h a t  n e i t h e r  f l u v i a l  n o r  
mar ine  s e d i m e n t s  f u l l y  suspended  i n  t h e  f l o w  c o u l d  
a c c o u n t  f o r  t h e  s c a l e  of s i l t a t i o n  e x p e r i e n c e d .  

I t  was obse rved  f rom f i e l d  r e c o r d s  t h a t  when 
modera t e  wave a c t i v i t y  o c c u r r e d ,  near-bed suspended 
l o a d s  i n c r e a s e d .  A l a b o r a t o r y  f lume  s t u d y  was 
c a r r i e d  o u t  o n  l o c a l  mud and i t  was found t h a t  
unde r  c e r t a i n  wave c o n d i t i o n s  a  h i g h l y -  
c o n c e n t r a t e d ,  t u r b i d  l a y e r  deve loped  j u s t  above  t h e  
bed which c o u l d  be t r a n s p o r t e d  by r e l a t i v e l y  weak 
t i d a l  c u r r e n t s .  Using  l o c a l  wind r e c o r d s ,  h ind -  
c a s t s  were  made t o  d e t e r m i n e  t h e  h e i g h t ,  p e r i o d  and 
f r e q u e n c y  of  o c c u r r e n c e  of waves c a p a b l e  o f  g e n e r a -  
t i n g  a  t u r b i d  l a y e r .  The movement o f  t h e  l a y e r  was 
d e t e r m i n e d  from t i d a l  f l o w  p a t h  d a t a .  The r e s u l t s  
d e m o n s t r a t e d  t h a t  s i l t a t i o n  on  t h e  s c a l e  t h a t  
o c c u r r e d  i n  t h e  p o r t  c o u l d  be e x p l a i n e d  by t h e  
e x i s t e n c e  of s u c h  a  t u r b i d  l a y e r .  
Al though t h e  l a b o r a t o r y  t e s t s  were  c r u d e ,  t h e  
r e s u l t s  were t a k e n  i n t o  a c c o u n t  i n  t h e  f o r m u l a t i o n  
o f  a  s i l t a t i o n  mechanism and t h e  c o n s t r u c t i o n  of a  
c o n c e p t u a l  model which  y i e l d e d  s i l t a t i o n  r a t e s  i n  
s u f f i c i e n t l y  c l o s e  ag reemen t  w i t h  t h o s e  b e i n g  
e x p e r i e n c e d  i n  t h e  p o r t  t o  j u s t i f y  a t t e m p t s  t o  
p r e d i c t  s i l t a t i o n  f o l l o w i n g  p o r t  deve lopmen t .  



It was, however, acknowledged that the range and 
combination of wave and tidal conditions under 
which the turbid layer could form had not been 
fully explored. It was also appreciated that 
although existing equipment could measure the 
in-situ density of muddy deposits, no 
instrumentation had yet been developed to confirm 
the formation and record the movement of a fluid 
mud layer in nature. 

This report describes the development of 
instrumentation designed to meet the measurement 
objectives. A field trial of the measurement 
system, carried out on the river Avon, near 
Bristol, is described. 



The underwater package shown in Plate 1 consists of 
a 3m-long streamlined rod fitted with a fin and 
suspended from an electro-mechanical cable. At the 
lower end of the rod is attached a nuclear trans- 
mission probe, shown in more detail on Plate 2. 
This is fitted with a 50mm diameter electro- 
magnetic current meter to monitor fluid movement on 
the probe axis. At the upper end of the rod, clear 
of the near-bed sediments, a watertight housing 
contains a precision pressure-sensing depth 
transducer, a twin-axis inclinometer to indicate 
the attitude of the rod, and a compass. The 
underwater unit weights approximately 50 Kg which 
enables it to penetrate low-density material under 
its own weight. 

The outputs from the sensors are taken by cable to 
an inboard readout unit. The depth measuring 
system can resolve to +lcm over the range 0-30111 and 
the depth is read froma digital LED display. The 
inclinometer measures pitch and roll attitudes over 
the range +loo with a resolution of +l0 and is read 
from twin analgoue meters. The X and y components 
of flow are indicated on analogue meters and the 
output from each channel may be connected to a 
chart or magnetic tape recorder. 

The transmission probe (Plate 2) consists of two 
vertical stainless steel tubes connected by 130mm- 
long horizontal cross-bars forming an 'H'-shaped 
assembly. Near the lower pointed end of one 
vertical tube is a 3-millicurie (1.1 X ~ o ~ B ~ )  
Barium 133 radioactive source have a half-life of 8 
years. The source is mounted within a lead colli- 
mator to produce a narrow beam of gamma-rays 
directed across the gap between the two tubes. The 
second vertical tube contains the radiation 
detector. Attenuation of the narrow gamma-ray beam 
in the source-to-detector interspace is a function 
of the bulk density of the medium within that 
space. Density measurements with a vertical 
resolution of a few aillimeteres are possible so 
long as the probe is held vertical, i.e. the gamma- 
ray beam remains horizontal. This feature is 
particularly useful when measuring the density 
profiles of highly stratified layers. 

Output displays and high voltage for the nuclear 
detector are provided by a scalerlratemeter. 
Radiation readings are indicated in analogue form 
on the unit's ratemeter display. A more precise 
radiation measurement is made by counting for a 
pre-set time period (typically 3 seconds) the 
incoming radiation pulses. The cumulative counts 
in the elapsed time are displayed on a liquid 
crystal display. 



The r e a d o u t  u n i t  i s  powered by a n  i n t e r n a l  
r e c h a r g e a b l e  b a t t e r y ,  p r o v i d i n g  e i g h t  h o u r s  of  
c o n t i n u o u s  u s e .  

The r a d i a t i o n  c o u n t s  may be c o n v e r t e d  i n t o  
e q u i v a l e n t  s e d i m e n t  d e n s i t i e s  by r e f e r e n c e  t o  a  
c a l i b r a t i o n  c u r v e .  The i n d i v i d u a l  d e n s i t y - d e p t h  
p r o f i l e s  may t h e n  be  p l o t t e d .  

The p l o t t i n g  p r o c e d u r e  i s  semi-automated ,  u s i n g  a  
programmed mic rocompu te r  which  c o n t a i n s  t h e  
r e l e v a n t  c a l i b r a t i o n  i n f o r m a t i o n .  With t h i s  u n i t  
i t  i s  n e c e s s a r y  o n l y  t o  key i n  t h e  r a d i a t i o n  c o u n t s  
t o g e t h e r  w i t h  t h e  a p p r o p r i a t e  d e p t h s .  The p r o f i l e s  
a r e  t h e n  a u t o r n a t i c a l l y  p l o t t e d  o n  a  g r a p h  p l o t t e r .  

I n  o r d e r  t o  g i v e  p r e c i s e  e l e v a t i o n  c o n t r o l  of  t h e  
measurement  head when o p e r a t i n g  o v e r  t h e  s i d e  of  
t h e  b o a t ,  a  mot ion-compensa t ing  h a n d l i n g  s y s t e m  was 
d e v i s e d .  The s y s t e m ,  shown i n  P l a t e  1, c o n s i s t s  of  
a  l i g h t  a luminium a l l o y  framework c a r r y i n g  a  
p i v o t e d  beam which  i s  sp rung- loaded  u s i n g  heavy- 
d u t y  r u b b e r  c o r d s .  The beam c a r r i e s  two s e t s  of  
p u l l e y s ,  one  c o a x i a l l y  w i t h  t h e  p i v o t ,  t h e  o t h e r  1 
m e t r e  o u t b o a r d  of  t h e  p i v o t .  T h r e e  e l e c t r i c a l l y -  
d r i v e n  winches  a r e  mounted on t h e  f ramework ,  e a c h  
h o l d i n g  35 m e t r e s  o f  4mm-diameter s t a i n l e s s  s t e e l  
w i r e  r o p e .  The o u t e r  w inches  c o n t r o l  t h e  r a i s i n g  
and l o w e r i n g  of a  200kg s i n k e r  w e i g h t  s u p p o r t e d  on 
t h e  two w i r e s  which a r e  spaced  450mm a p a r t .  I n  
o p e r a t i o n  t h e  s i n k e r  w e i g h t  i s  lowered  t o  t h e  s e a  
bed and t h e  two g u i d e  w i r e s  a r e  t e n s i o n e d  a g a i n s t  
t h e  r u b b e r  c o r d s .  The c o n t r o l  winch  r a i s e s  and 
l o w e r s  t h e  measurement  package  on t h e  g u i d e  w i r e s .  
The i n s t r u m e n t  mount ing  b r a c k e t s  d i s p l a c e  t h e  p r o b e  
a b o u t  3UOmm away f rom t h e  s i n k e r  t h u s  a l l o w i n g  
measurements  t o  b e  t a k e n  i n  a n  u n d i s t u r b e d  r e g i o n  
o f  t h e  t u b i d  l a y e r .  The h a n d l i n g  s y s t e m  
compensa tes  f o r  a  v e r t i c a l  mo t ion  of t h e  v e s s e l  o f  
up t o  90 cms. 



3 CALIBRATIONS 
( a )  D e n s i t y  p robe  

The t r a n s m i s s i o n  p robe  was c a l i b r a t e d  i n  t h e  
l a b o r a t o r y  u s i n g  a  s e r i e s  of s amples  c o v e r i n g  t h e  
d e n s i t y  r a n g e  1 . 0  t o  2 .0  g  cm-3. C a l i b r a t i o n  
t u b s  c o n t a i n e d  c l e a r  w a t e r  a t  t h e  low d e n s i t y  end 
of t h e  r a n g e ,  compacted sand a t  t h e  h i g h  d e n s i t y  
end and s t a b l e  c a l c i u m  c h l o r i d e  s o l u t i o n  i n  t h e  
m i d d l e  o f  t h e  r a n g e .  With c a r e f u l  c a l i b r a t i o n  a  
measurement a c c u r a c y  of  +0 .01  g  cm-3 may be  
a c h i e v e d .  I n  t h e  f i e l d  a c a l i b r a t i o n  check  i s  made 
u s i n g  c l e a r  w a t e r .  

( b )  E l e c t r o m a g n e t i c  c u r r e n t  me te r  

The e l e c t r o m a g n e t i c  c u r r e n t  me te r  was c a l i b r a t e d  i n  
a  2m d i a m e t e r  a n n u l a r  f l ume  of c r o s s - s e c t i o n  3OOmm 
by 300mm. An e l e c t r i c a l l y  d r i v e n  r o t a t i n g  arm was 
used  t o  move t h e  c u r r e n t  m e t e r  head a round  t h e  
f lume  a t  c o n t r o l l e d  s p e e d s  i n  t h e  r a n g e  0  t o  0 . 5  
m s - l .  The c u r r e n t  m e t e r  head was c o n n e c t e d  by 
c a b l e  t o  t h e  r e a d o u t  u n i t  and t h e  X and y  o u t p u t s  
r e c o r d e d  on  a  twin-channel  c h a r t  r e c o r d e r .  The 
c u r r e n t  meter  was c a l i b r a t e d  i n i t i a l l y  w i t h  t h e  
f lume f i l l e d  w i t h  c l e a r  w a t e r .  The c a l i b r a t i o n  
p r o c e d u r e  was t h e n  r e p e a t e d  w i t h  t h e  f lume  
c o n t a i n i n g  a  well-mixed w a t e r / s i l t  s o l u t i o n .  The 
d e n s i t y  of t h i s  f l u i d  was d e t e r m i n e d  f rom s a m p l e s  
t a k e n  a t  t h e  t i m e  of  c a l i b r a t i o n .  C a l i b r a t i o n s  
were  c a r r i e d  o u t  i n  a  r a n  e  of f l u i d  d e n s i t i e s  up 5 t o  a  maximum of 1 . 2  g  cm- . 
I t  was found t h a t  t h e  i n s t r u m e n t  s e n s i t i v i t y  
remained v i r t u a l l y  c o n s t a n t  a t  a  v a l u e  of  200 
m V / m / s  a t  f l u i d  d e n s i t i e s  up t o  1 .15  g  cm-3. 
A t  h i g h e r  d e n s i t i e s  t h e  s e n s i t i v i t y  d e c r e a s e d  and 
a t  a  d e n s i t y  of  1 .2  g  cm-3 t h e r e  was a  
r e d u c t i o n  i n  s e n s i t i v i t y  of  some 25 p e r  c e n t .  

The v e l o c i t y  measurement r e s o l u t i o n  was 
a p p r o x i m a t e l y  lcm p e r  s econd .  
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The mot ion-compensa t ing  s y s t e m  a p p e a r e d  t o  o p e r a t e  
s a t i s f a c t o r i l y  a l t h o u g h  t h e  a c t u a l  m o t i o n  o f  t h e  
b a r g e  was f a i r l y  min ima l  i n  t h e  ca lm c o n d i t i o n s  
p r e v a i l i n g  d u r i n g  t h e  e x p e r i m e n t a l  p e r i o d .  C o n t r o l  
of  t h e  e l e v a t i o n  of  t h e  measu r ing  head  t o  w i t h i n  
o n e  o r  two c e n t i m e t r e s  was e a s i l y  a c h i e v e d .  

Throughout  t h i s  t i d a l  p e r i o d  t h e  v e l o c i t y  w i t h i n  
t h e  w a t e r  column above  t h e  mud l a y e r  was m o n i t o r e d  
u s i n g  a  d i r e c t - r e a d i n g  i m p e l l e r - t y p e  c u r r e n t  m e t e r .  
I n  a d d i t i o n ,  t h e  l e v e l  of t h e  s u r f a c e  of  t h e  mud 
l a y e r ,  a s  i n d i c a t e d  on  t h e  Raytheon echo- sounde r ,  
was r e c o r d e d .  The r e s u l t s  of t h e s e  s u p p l e m e n t a r y  
measurements  a r e  shown i n  F i g u r e s  2 and 3. 

I t  i s  s e e n  t h a t  t h e  maximum n e a r - s u r f a c e  v e l o c i t y  
of  a b o u t  0 .65  m / s  o c c u r r e d  a t  mid-ebb. The change  
of  c u r r e n t  d i r e c t i o n  a t  t h e  o n s e t  o f  t h e  f l o o d  t i d e  
o c c u r r e d  n e a r  t h e  bed s o o n  a f t e r  low w a t e r  whe reas  
t h e  f l o w  a t  t h e  s u r f a c e  c o n t i n u e d  i n  t h e  e b b  
d i r e c t i o n  f o r  a  f u r t h e r  n i n e t y  m i n u t e s .  Dur ing  
t h i s  t r a n s i t i o n  p e r i o d  t h e  a l i g n m e n t  o f  t h e  b a r g e  
i n  t h e  r i v e r  c h a n n e l  was v e r y  e r r a t i c ,  b e i n g  
i n f l u e n c e d  i n  p a r t  by a  l i g h t  down-channel b r e e z e .  
T h i s  i n s t a b i l i t y  of t h e  b a r g e  p r e v e n t e d  o p e r a t i o n  
o f  t h e  f l u i d  mud p r o f i l i n g  s y s t e m  d u r i n g  t h i s  s t a g e  
o f  t h e  t i d e .  



5 CONCLUSIONS AND 
RECOMMENDATIONS 

The development  of  a  f i e l d  i n s t r u m e n t a t i o n  s y s t e m  
f o r  t h e  measurement of d e n s i t y  and v e l o c i t y  
p r o f i l e s  i n  f l u i d  mud l a y e r s  has  been  comple t ed  
s u c c e s s f u l l y .  

A number of measurement p r o f i l e s  were  o b t a i n e d  
d u r i n g  a  s h o r t  f i e l d  t r i a l  c a r r i e d  o u t  on  t h e  K i v e r  
Avon, n e a r  B r i s t o l .  

The n o i s e  l e v e l s  on t h e  o u t p u t  s i g n a l s  f rom t h e  
e l e c t r o m a g r l e t i c  c u r r e n t  me te r  were u n e x p e c t e d l y  
h i g h .  An improvement i n  t h e  q u a l i t y  of t h e s e  
s i g n a l s  i s  r e q u i r e d  b e f o r e  r o u t i n e  usage  of  
t h e  p r o f i l i n g  equ ipmen t .  

Al though t h e  mot ion-compensa t ing  s y s t e m  a p p e a r e d  t o  
o p e r a t e  s a t i s f a c t o r i l y  i t  i s  recommended t h a t  
f u r t h e r  f i e l d  t r i a l s  a r e  c a r r i e d  o u t  i n  l e s s  
t r a n q u i l  c o n d i t i o n s .  
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Distance below surface of fluid mud (m) F 
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