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ABSTRACT

The  e roe ion ,  t r anspo r t ,  depos i t i on  and  conso l i da t i on  o f  cohes i ve  sed imen t
w i th in  es tua r i ne  o r  o the r  wa te r  cou rsea  c rea tes  a  w ide  range  o f  des ign ,
ma in tenance  and  managemen t  p rob lems  i n ,  f o r  examp le ,  po r t s ,  ha rbou rs  and
docks .  The  ove ra l l  movemen t  o f  cohes i ve  sed imen t  w i t h i n  euch  fac i l i t i es  can
have  e ign i f i can t  economica l  and  eco log i ca l  impo r tance .  Accumu la t i on  o f
cohes i ve  sed imen ts  i n  nav iga t i on  channe l s  and  be r ths  reduces  the  wa te r
dep ths  and  o f t en  resu l t s  i n  t he  need  fo r  d redg ing .  O the r  schemes ,  such  as
the  rec lama t i on  o f  i n te r t i da l  r nud f l a t s  o r  t he  cons t ruc t i on  o f  f l ood
p ro tec t i on  s t ruc tu reo ,  o r  t he  l ay ing  o f  ou t fa l l a ,  r equ i re  a  sound
eng inee r i ng  app ra i sa l  o f  t he  l i ke l y  changes  i n  t he  pa t te rns  o f  sed ioen t
movemen t  vh i ch  may  resu l t  a f t e r  t he  scheme ie  bu i l t .  Hany  po l l u t i ng
chen i ca l  spec ies  a re  p re fe ren t i a l . l y  so rbed  on to  cohes i ve  sed imen t  and  move
w i th  t hem in  t he  na te r .

A l l  o f  t hese  p rob leme  h igh l i gh t  t he  need  fo r  good  oe thods  fo r  p red i c t i ng  t he
movemen t  o f  cohes i ve  eed imen t .  A t  p resen t ,  numer i ca l  mode ls  do  ex i s t  wh i ch
p red i c t  t he  oovemen t  o f  cohes i ve  eed imen t  (eee  Hyd rau l i ce  Resea rch r  19g5  aad
Hay te r  end  Meh ta ,  1986 ) .  I l oweve r ,  t he  phye i ca l  p roceaaea  a re  gene ra l l y
rep regen ted  by  s i np le  enp i r i ca l  a l go r i t hns .  Eence ,  t he re  i s  a  need  to
improve the model l ing of  cohesive sediment  behaviour  through a rnore r igorous
na thena t i ca l  r ep resen ta t i on  o f  t he  nud  bed  p rocesses  and  l abo ra to ry  t escs  i n
the mud carousel  f luo le.

The HR mud carousel  f lume was nodi f ied by the addi t ion of  a micro-computer
for  contro l ,  a  densiometer  for  cont inuous rneeeurement  of  the euspended
so l i ds  concen t ra t i on  ( l i nked  to  a  cha r t  r eco rde r )  and  an  u l t r aaon i c
t ransducer for  non-destruct ive detenoinat ion of  the th ickness of  the nud
bed .  Lase r  dopp le r  anemomet ry  nas  enp loyed  to  measu re  t he  ve r t i ca l  ve loc i t y
p ro f i l e  a t  t h ree  sec t i ons  ac rosa  the  w id th  o f  t he  f l une  f rom wh ich  the  bed
ehea r  8 t re88  was  ca l cu la ted .  These  deve lopmen ts  enab led  the  ca rouse l  t o  be
used for  invest igat ing the behaviour  of  a mud bed dur ing e imulated t ida l
c y c l e s .

A mathemat ica l  model  wae formulated to a inulate the three basic  physical
P rocesses  o f  nud ,  naue l y  e ros ioo ,  conso l i da t i on  and  depos i t i on  du r i ng
repeated t ida l  cyc lee.  The nodel  extended the work done in another  par t  of
t h i s  con t rac t  ( see  G inge r ,  1987 )  on  the  mode l l i ug  o f  coneo l i da t i ng  oud
d e p o s i t s .

New exper imenta l  procedurea r rere developed to enable the erosion and
conso l i da t i on  p rope r t i ee  o f  a  nud  to  be  de te ro ined .  The  new e ros ion  tes t s
were undertaken in the carougel  and the procedure enabled the densi ty  of  the
e rod ing  eu r face  o f  t he  mud  bed  to  be  de te rm ined .  The  coaso l i da t i on  t es tg
were per formed in set t l ing coluuns and involved the coat inuoua depoei t ion of
mater ia l  f rom suepension and the detern inat ion of  important  enpi r ica l
re la t i onsh ipa  be tween  vo ids  ra t i o ,  e f f ec t i ve  a t reaa  and  pe rmeab i l i t y .

Fou r  ca rouee l  t i da l  cyc le  t es t s  we re  conduc ted  to  i nvee t i ga te  t he  behav iou r
of  mud bede and to prov ide data for  test ing the mathemat ica l  nodel .  The
f i r e t  t es t  was  used  p r imar i l y  t o  p rove  the  ca rouse l .  The  e f f ec t  o f
p rog ress i ve l y  i nc reas ing  the  nagn i t ude  o f  t he  peak  bed  shea r  s t rees  o f
repea ted  cyc les  was  examined  i n  t he  second  tes t .  The  th i rd  t ea t  s tud ied  the



e f f e c t  o f  p r o g r e e s i v e l y  d e c r e a e i n g  t h e  p e a k  b e d  s h e a r  8 t r e 8 s  w h i l e  t h e
fou r th  t es t  was  conduc ted  to  l ook  a t  t he  e f f ec t  o f  sho r t  pe r i ode  o f
c o n e o l i d a t i o n  o n  t h e  r e - s u s p e n s i o n  o f  n u d .

The  ma thenaE ica l  mode l  e rag  used  to  s imu la te  t he  behav iou r  o f  t he
expe r i oen ta l  mud  bed  ae  tes ted  du r i ng  the  eecond  t i da l  cyc lee  tes t .  The
resu l t s  o f  t he  mode l  eho r red  reasonab le  ag reemen t  w i t h  expe r imen ta l  da ta  i n
quan t i t a t i ve  t e rne  and  good  ag reemen t  i n  qua l i t a t i ve  t e rms .

The mathenat ica l  model  wag ueed to s imulate the behaviour  of  the rnud bed at
t he  en t rance  channe l  t o  Queen  A lexand ra  Dock ,  Ca rd i f f  as  pa r t  o f  a  recen t
p ro jec t  s tudy .  The  resu l t s  f o r  one  pos i t i on  i n  t he  channe l  we re  p resen ted
and  these  c lea r l y  i l l us t ra ted  the  impor tance  o f  modeL l i ng  t he  nho le
neaP-sp r i ng -neap  t i da l  p rocesses  w i tb  respec t  co  t he  mud  bed  behav iou r .

I t  i s  r ecommended  tha t  t he  l abo rs to ry  and  oa themat i ca l  mode l  s i nu la t i on  o f
t i da l  cyc lee  be  p roved  by  de ta i l ed  f i e l d  measu remen t  o f  t he  nea r -bed
Proce8se8 .  Th ie  wou ld  p rov ide  i nva luab le  da ta  wh i ch  wou ld  l ead  to  8  more
in fo rned  8aaes8$en t  o f  t he  phys i ca l  p rocesses  o f  mud  i n  t he  f i e l d .  The  mud
f ron  the  chosen  f i e l d  s i t e  wou ld  be  tee ted  i n  t he  l abo ra to ry  t o  de te rm ine
i t s  bae i c  phys i ca l  p rope r t i es  wh i ch  toge the r  w i t h  f i e l d  da ta  on  the  bed
shea r  8 t re88  and  nea r  bed  sed inen t  concen t ra t i ons  wou ld  enab le  t he
ma themat i ca l  mode l  t o  be  run  to  p red i c t  t he  changes  i n  e leva t i on  and  dene i t y
s t ruc tu re  o f  t he  bed .
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I

l . l

INTRODUCTION

The  need  fo r

r e s e a r c h

Behav iou r  o f

cohe  s  i ve

s e d i m e n t

T h e  e r o s i o n ,  t r a n s p o r t ,  d e p o s i t i o n  a n d  c o o s o l i d a t i o n

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

c o u r s e s  c r e a t e s  a  w i d e  r a n g e  o f  d e s i g n ,  m a i n t e n a n c e

a n d  m a n a g e m e n t  p r o b l e m s  i n ,  f o r  e x a m p l e ,  p o r t s t

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

s e d i m e n t  w i t h i n  s u c h  f a c i l i t i e s  c a n  h a v e  s i g n i f i c a n c

e c o n o m i c a l  a n d  e c o l o g i c a l  i m p o r t a n c e .  A c c u m u l a t i o n  o f

c o h e s i v e  s e d i m e n t s  i n  n a v i g a t i o n  c h a n n e l s  a n d  b e r t h s

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

f o r  d r e d g i n g .  O L h e r  s c h e m e s ,  s u c h  a s  t h e  r e c l a m a t i o n

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

p r o t e c C i o n  s t r u c t u r e s '  o r  t h e  l a y i n g  o f  o u t f a l l s ,

r e q u i r e  a  s o u n d  e n g i n e e r i n g  a p p r a i s a l  o f  t h e  l i k e l y

changes  i n  t he  pa t te rns  o f  sed imen t  movemen t  wh i ch  may

r e s u l t  a f t e r  t h e  s c h e m e  i s  b u i l t .  l ' l a n y  p o l l u t i n g

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

cohes i ve  sed imenE aod  move  w i th  t hem in  t he  wa te r .

A l l  o f  t hese  p rob lems  h igh l i gh t  t he  need  fo r  good

methods  fo r  p red i c t i ng  t he  movemen t  o f  cohes i ve

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

p red i c t  t he  movemen t  o f  cohes i ve  sed imen t  ( see

l l y d r a u l i c s  R e s e a r c h ,  1 9 8 5  a n d  H a y t e r  a n d  M e h t a ,  1 9 8 6 ) '

H o w e v e r ,  t h e  p h y s i c a l  p r o c e s s e s  a r e  g e n e r a l l y

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

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

sed imen t  behav iou r  t h rough  a  more  r i go rous

m a t h e m a t i c a l  r e p r e s e n t a E i o n  o f  t h e  m u d  b e d  p r o c e s s e s

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

The  behav iou r  o f  cohes i ve  sed imen t  i s  comp lex  ( see

D e l o  a n d  B u r t ,  1 9 8 6 ) .  I t  i s  g o v e r n e d  b y  m a n y

1 . 2



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

e x a m p l e ,  p a r t i c l e  s i z e ,  n u m b e r  o f  p a r t i c l e s ,

m i n e r a l o g y ,  p h ,  i o n i c  s t r e n g t h ,  c h e m i c a l  c o m p o s i t i o n

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

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

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

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

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

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

b e e n  c o n d u c t e d  i n  t h e  l a b o r a t o r y  o n  a n  e m p i r i c a l  a n d

s i t e  s L r c c i t i c  b a s i s .

C o h e s i v e  s e d i m e n t  c a n  b e  c o n s i d e r e d  t o  e x i s t  i n  f o u r

s t a t e s .  T h e s e  f o u r  s t a t e s  a r e  i i l u s t r a t e d  i n  F i g u r e  1

a n d  m a y  b e  d e s c r i b e d  a s  a  m o b i l e  s u s p e n d e d  s e d i m e n t ,  a

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

w i t h  a  s m a l l  c o h e s i o n  w h i c h  i s  s o m e t i m e s  r e f e r r e d  t . o

a s  f l u i d  m u d ,  a  p a r t i a l l y  c o n s o l i d a t e d  b e d ,  a n d  a

s e t t l e d  b e d .

The  th ree  p rocesses  o f  cohes i ve  sed imen t  o f  p r imary

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

a n d  e r o s i o n .  D e p o s i t i o n  i n v o l v e s  t h e  s e t t l i n g  r h r o u g h

t h e  w a t e r  c o l u m n  a n d  o n  t o  t h e  b e d  o f  f l o c c u l a t e d

s e d i m e n t .  C o n s o l i d a t i o n  o f  a  d e p o s i t  i s  t h e  g r a d u a l

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

t he  sed imenr  accompan ied  by  an  i nc rease  i n  bo th  t he

d e n s i t y  o f  t h e  b e d  a n d  i t s  s t r e n g t h  w i t h  t i m e .

E ros ion  i s  t he  remova l  o f  sed imen t  f r om the  su r face  o f

t he  bed  due  to  t he  s t ress  o f  t he  mov ing  r . r a te r  above

t h e  b e d .

E v e n  t h e  l a b o r a t o r y  s t u d i e s  t o  d a E e ,  h o w e v e r ,  h a v e  h a d

the  d rawback  o f  ma in l y  cons ide r i ng  on l y  one  P rocess  i n

i s o l a c i o n r  e . B .  d e p o s i t i o n  o r  e r o s i o n ,  a n d  e v e n  t h e n

u s u a l l y  a t  a  c o n s t a n t  r a t e  o f  f l o w .  I n  n a t u r a l

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

w i t h  t h e  d e p o s i t i o n r  p 4 r t i a l  c o n s o l i d a t i o n  a n d



r e - e r o s i o n  o f  c o h e s i v e

w i t h  t h e  t i d e s .

T h i s  r e p o r r  d e s c r i b e s

t h e  c a r o u s e l  f l u m e  a n d

p h y s i c a l  p r o c e s s e s  o f

c y c  l e s .

s e d i m e n t  o c c u r r i n g re  pea t  ed  l y

t h e  l a b o r a E o r y  i n v e s t i g a t i o n  i n

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

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

2

t t

THE CAROUSEL

D e s c r i p t i o n

T h e  c a r o u s e l  ( F i g  2 )  c o n s i s t s  o f  a n  a n n u l a r  f 1 u m e ,

w i t h  a n  o u t e r  d i a m e t e r  o f  6 m ,  a  c h a n n e l  w i d t h  o f  0 . 4 m

a n d  d e p t h  o f  0 . 3 5 m ,  a n d  h a s  a  d e t a c h a b l e  r o o f  0 - 0 9 m

t h i c k  ( s e e  B u r t  a n d  G a m e ,  1 9 8 5 a ) .  T h e  f l u m e  s t a n d s

a p p r o x i m a t e l y  1 . l m  o f f  t h e  g r o u n d ,  s u p p o r t e d  b y  1 2

b r i c k  p i l l a r s .  T h e  c h a n n e l  a n d  E h e  r o o f  a r e

c o n s t r u c t e d  o f  f i b r e - g 1 a s s ,  w i t h  a  0 - 1 2 m  l o n g  p e r s p e x

s e c t i o n  i n  t h e  c h a n n e l  f o r  v i e w i n g .  T h e  r o o f  f i t s

i n t o  t h e  c h a n n e l ,  a n d  f l o a t s  o n  t h e  f L u i d .  F l u i d

mo t i on  i n  t he  ca rouse l  i s  i nduced  and  con t i nued  by  t he

d rag  be tween  the  roo f  and  the  f l u i d  su r face  as  t he

r o o f  r o t a t e s .

The  d r i v i ng  mechan i sm fo r  Ehe  roo f  cons i s t s  o f  a  DC

Torque  mo to r  w i t h  a  d r i ve  whee l ,  wh i ch  tu rns  a

h o r i z o n t a l  p l a c e  a r o u n d  t h e  c e n t r a l  s p i n d l e .  I t  i s  t o

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

(v ia  t he  s t ra in  gauge )  and  to  t he  roo f  a t  t he  o the r .

The  s t ra in  gauge  i s  used  to  measu re  t he  fo rce  app l i ed

t o  t h e  r o o f  o f  t h e  c a r o u s e l  a s  i t  r o t a t e s .  I t

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

a r rangemen t  a t t ached  to  t he  d r i v i ng  a rm a t  Lhe  po in t

o f  conLac t  w i t h  t he  roo f .  The  magn i tude  o f  t he

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

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



, , '
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reco rde r .  The  s t ra in  gauge  l s  ca l i b ra ted  by  app l y i ng

known  fo rces  v ia  a  pu l l ey  sys tem.

The  speed  o f  t he  mo to r ,  and  hence  roo f  speed ,  i s

con t ro l l ed  by  a  m ic ro  compu te r .  The  mo to r  speed  can

be  se t  t o  an  accu racy  o f  0 .17 "  o f  t he  max imum speed .

Th i s  p roduces  a  mean  \ ra te r  ve loc i t y  range  i n  t he

f l u m e  f r o m  z e r o  t o  a p p r o x i m a t e l y  0 . 7 m s - 1 .

In  t he  ca rouse l  t he  samp l i ng  sys tea  cons i s t s  o f  two

port  holes,  one on each wal l  o f  the f lume, BOmm above

the  f l oo r .  Th rough  each  o f  t hese  po r t  ho les  p ro t rudes

an  ' L '  shaped  s ta in less  s tee l  sanp l i ng  t ube ,  wh i ch  has

an internal  d lameter  of  2nrm. The outer  wal l  saupl ing

tube has i ts  entrance fac ing upstream and i ts

e leva t l on  can  be  a l t e red  by  ro ta t i ng  t he  ou te r  po r t i on

of  th is  tube across a scale corresponding to 0-100mrn

above the f lume f loor .

2 . 2 . I  D e n s i o m e t e r

F lu id  i s  con t i nuous l y  ex t rac ted  f rom the  ca rouse l  by

a  pe r i s ta l t i c  punp  and  passed  th rough  a  cons tan t

temperature q/ater  bath and a densioneter  before belng

re tu rned  to  t he  ca rouse l .  The  dens lome te r  wo rks  on

the pr inc ip le of  detern in ing the f requency of  a th in

v ibrat ing g lass tube through which the f lu id is  pumped

and compar ing th is  to the f requency wi th c lean water

punped through a second densiometer .  The readlngs

obta lned are analysed and d isplayed on a char t

reco rde r .  Bo t t l e  samp les  o f  t he  f l u i d  a re  t aken  f rom

t ime to t ine and analysed gravimetr ica l ly  to  mainta ln

an  accu ra te  ca l l b ra t i on .  I n  t h l s  manner  l t  i s

poss ib le  t o  measu re  t he  suspended  sed imen t

concen t ra t l on  o f  t he  f l u i d  i n  t he  ca rouse l

con t i nuous l y  t o  w i t h i n  a  f ew  Dercen t .  I t  has  been



sho \ " rn  i n  p rev ious  measu remen ts  by  Bu r t  and  Game

( i 9 8 5 b )  t h a t  t h e  m e a n  s o l i d s  c o n c e n t r a t i o o  o f  t h e

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

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

t h a n  5 2  d i f f e r e n c e .

2 . 2 . 2  M i c r o - c o m p u t e r  C o n t r o l

T h e  s p e e d  o f  r o t a t i o n  o f  t h e  r o o f  o f  t h e  c a r o u s e l

f l u m e  i s  c o n c r o l l e d  b y  a  m i c r o - c o m p u t e r .  A  0 - 1 0 V

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

the  DC To rque  mo to r  wh i ch  d r i ves  t he  roo f .  Th i s

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

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

o f  b e d  s h e a r  s t r e s s  w i t h  t i m e  i s  f i r s t  d e t e r m i n e d  a n d

then  by  wo rk ing  back  th rough  ca l i b ra t i ons  o f  ave rage

b e d  s h e a r  s t r e s s  a g a i n s t  m e a n  f l o w  v e l o c i t y ,  s p e e d  o f

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

o u t p u t  f r o m  t h e  m i c r o - c o m p u t e r  a g a i n s t  s p e e d  o f

ro ta t i on ,  t he  necessa ry  pa t t . e rn  o f  vo l t age  ou tpu t  \ , t i t h

t ime  i s  de r i ved  and  p rog rammed  i n to  t he

m i  c r o - c o m p u t e r .

2 . 2 . 3  U l t r a s o n i c  T r a n s d u c e r

The  th i ckness  o f  t he  bed  i n  t he  ca rouse l  i s  measu red

f rom benea th  t he  f l ume  a t  t he  pe rspex  v iew ing  sec t i on

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

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

be tween  the  mud  bed  and  the  ove r l y i ng  f l u i d  and

enab les  t he  th i ckness  o f  t he  bed  to  be  de te rm ined  to

w i t h i n  0 . l m m .  T h e  E r a n s d u c e r  i s  c a l i b r a t e d  t h r o u g h  a

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

A  novab le  moun t i ng  dev i ce  ho lds  t he  t ransduce r  i n

c o n t a c t  w i t h  t h e  u n d e r s i d e  o f  t h e  p e r s p e x  s e c t i o n  a n d

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

c h e  0 . 4 m  w i d c h  o f  t h e  f l u m e .  I n  t h i s  w a v  i t  i s



2 . 3 B e d  s h e a r  s t r e s s

m e a s u r e m e n L

p o s s i b l e  t o  o b t a i n  p r o f i l e s  o f  t h e  b e d  a n d  d e t e r m i n e

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

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

s h e a r  s t r e s s  e x e r t e d  b y  t h e  f l u i d  o n  t h e  b e d .

f i r s t  m e t h o d  w a s  s i m o l e  a n d  i n v o l v e d  d i r e c t

measu remen t  o f  t he  ene rgy  i npu t  t o  t he  roo f  t h rough

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

s p e e d s  o f  r o t a t i o o  o f  t h e  r o o f .

The  second  and  more  comp lex  way  o f  de te rm in ing  the  bed

s h e a r  s t r e s s e s  w a s  b y  m e a s u r e m e n t  o f  t h e  n e a r  b e d

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

anemomet ry .  The  measu remen ts  a re  ve ry  accu raEe

( l  l m m s - l )  a n d  c a n  b e  m a d e  a t  a n y  p o i n t  i n  E h e

c r o s s - s e c t i o n  o f  t h e  f l u m e ,  t h r o u g h  t h e  p e r s p e x

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

v e l o c i t y  p r o f i l e s .

T h e  e q u i p m e n t  c o m p r i s e s  t h r e e  p a r t s :

The

(  a )  L a s e r  o p t

o f a 5 m i

s p l  i t t e r ,

i c a l  u n i t  ( r i g  : a ) .

l l i w a c t  h e l i u m - n e o n

a  B r a g g  c e l l  a n d  a

T h i s  c o n s i s t s

l a s e r ,  a  b e a m

l e n s .

( b )  P h o t o m u l t i p l i e r  o p c i c a l

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

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

v i e w i n g  e y e  p i e c e .

( c )

u n i E  ( r i g  l u ) .  T h i s

i p l i e r  t u b e ,  a n

a mi r ro r  and a

E l e c t r o n i c  u n i t s .  T h e s e  c o n s i s t  o f  p o w e r

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

B r a g g  c e l l  d r i v e r ( s )  a n d  e l e c t r o n i c

f r e q u e n c y  s h i f t ,  a n d  c i r c u i t r y  t o  e x t r a c t

t h e  r e l e v a n t  d o p p l e r  f r e q u e n c y  f r o m  t h e

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



T h e  l a s e r  v e l o c i t y  m e t e r  o p e r a t e s  b y  e m i t t i n g  t w o

conve rgen t  beams  i n  t he  same ho r i zon ta l  p l ane .  These

beams  pass  th rough  the  pe rspex  w indow o f  t he  f l ume  and

i n t e r s e c t  a t  s o m e  p o i n E  i n  t h e  f l o w .  I t  i s  a t  t h i s

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

f l o w  n o r m a l  t o  t h e  b e a m  c r o s s i n g  i s  m e a s u r e d  ( s e e  F i g

3 c ) .  T h e  p h o t o m u l t i p l i e r  u n i t  i s  f o c u s s e d  o n  t h e

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

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

f r o m  t h e  t w o  b e a m s ,  d o p p l e r  s h i f t e d  i n  f r e q u e n c y  b y

e q u a l  a n d  o p p o s i t e  a m o u n L s .  T h e  d i f f e r e n c e  i s

d e t e c t e d  i n  a  s i g n a l  m o d u l a t i o n ,  w h i c h  i s  t h e n

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

vo l t age  ou tpu t  wh i ch  i n  t u rn  i s  f ed  on to  a  cha r t

r e c o r d e r .  F r o m  t h i s  t h e  v e l o c i t y  c a n  e a s i l y  b e

c a l c u l a t e d .

The  f r i c t i on  ve loc i t y  a t  Ehe  bed  was  de te rm ined  f rom

l o g - l i n e a r  p l o t  o f  h e i g h t  a b o v e  b e d  a n d  t a n g e n t i a l

v e l o c i t y .  V e l o c i t i e s  w e r e  d e t e r m i n e d  a E  t h r e e

s e c t i o n s  a c r o s s  t h e  h ' i d t h  o f  t h e  f l u m e  f o r  d i f f e r e n t

speeds  o f  r o ta t i on  o f  t . he  roo f .  The  bed  shea r

s t resses  were  then  compu ted  f rom the  l oga r i t hm ic

p o r t i o n  o f  E h e  v e l o c i t y - d e p t h  p r o f i l e s .

The  ave rage  bed  shea r  s t ress  ac ross  t he  f t i dch  o f  f l ume

m e a s u r e d  b y  t h e  l a s e r  v e l o c i t y  i s  s h o w n  i n  F i g u r e  4 .

A l s o  g i v e n  i n  F i g u r e  4  i s  s h e a r  s t r e s s  o n  t h e  w e t t e d

pe r ime te r  as  g i ven  by  che  ene rgy  i npu t  measu red

th rough  the  s t ra in  gauge .  These  t \ ^ to  cu rves  show

r e a s o n a b l e  a g r e e m e n t  a n d  i n d i c a t e  a  s L e a d y  i n c r e a s e  i n

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

t he  roo f .  Fo r  t he  pu rpose  o f  es t ima t i ng  t he  bed  shea r

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

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

i n p u t  w a s  u s e d .  H o w e v e r ,  i t  m u s t  b e  a p p r e c i a t e d  t h a t

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



a  h i g h  c o n c e n t

a c c o r d i n g l y  w i

c l e a r  w a t e r  i n

u n d e r t a k e n .

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

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

w h i c h  t h e  c a l i b r a t i o n s  w e r e

( 1 )

3 . 1

TORUULATION OF

UODEL

I n t r o d u c t i o n

A  m a t h e m a t i c a l  m o d e l  w a s  d e v e l o p e d  t o  s i m u l a t e  t h e

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

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

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

i m p l i e s  t h a t  a L  a n y  t i m e  t h e  m e a n  c o n c e n t r a E i o n  o f

s o l i d s  i n  t h e  o v e r l y i n g  s u s p e n s i o n  w i l l  b e  d i r e c t l y

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

a r e a .  F u r t h e r m o r e ,  i f  i t  i s  a s s u m e d  t h a t  t h e  s o l i d s

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

f l o w  ( t t r a t  i " ,  v e r t i c a l l y ,  r a d i a l l y  a n d

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

bv

0  ( d c )  _
0r

w h e r e

dm
d r

v ra te r  dep th  ( rn )

t i m e  ( s )

=  e r o s i o n  f r o m  o r d e p o s i t i o n  o n  r h e  b e d  ( k g / m 2 / s )

d

t

dm
d r

The  s t ruc tu re  o f  t he  bed

may  be  rep resen ted  by  t he

s u s p e o s i o n  w i t h  d e p t h  o f

a t  a n y  l n s t a n t

ra te  o f  change

e  r o s  i  o n ,

l .n  t ] .me,

o f  m a s s

L 1

i n

d m
Yh dh

1

;
n

( 2 )



Lrhe re

P n  =  d r Y  d e n s i t Y  o f

m  =  m a s s  o f  s o l i d s

A  =  s u r f a c e  a r e a  o f

b e d  a t  a n  e r o s i o n  d e p t h  t r  ( t g / m  3 )

i n  s u s p e n s i o n  ( k g / m 2 )

mud (*  2)

3 . 2  E r o s i o n

The  pu rpose  o f  t he  ma themat i ca l  mode l  \ " t as  t o  p red i c t

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

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

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

e f f e c t  r e q u i r e d  t h e  e r o s i o n ,  d e p o s i t i o n  a n d

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

e q u a t i o n s  a n d  t h e  p a r a m e t e r s  i n  t h e  e q u a t i o n s

d e t e r m i n e d  i n d i v i d u a l l y  b y  e x p e r i m e n t .

I n t u i t i v e l y ,  o n e  w o u l d  e x p e c t  e r o s i o n  t o  s t a r t  w h e n

t h e  s t r e s s  e x e r t e d  b y  t h e  f l o w  e x c e e d e d  r h e  s h e a r

s t r e n g t h  o f  t h e  e x p o s e d  b e d  a n d  t h e  e r o s i o n  r a t e  t o

depend  on  the  excess  shea r .  I f  t he  e ros i ve  power  o f

t he  s t ream i s  l ow  no t  much  e ros ion  wou ld  be  expec ted

t o  t a k e  p l a c e .  T h e r e  w i l l  b e  t i m e s  w h e n  a  b u r s t  o f

t u r b u l e n c e  s l i g h t l y  h i g h e r  t h a n  a v e r a g e  h i t s  a

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

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

igno red  and  i t  may  be  assumed  tha t  t he re  i s  a  cu t  o f f

f o r  e ros ion .  The  mos t  common  rep resen ta t i on  o f

e r o s i o n  i s

d m
# = m  ( r _  r  )c l t  e  e '

whe re

( 3 )

d m

d r
m

e
T =

e

u n i t

e  ros

apP  I

e  ros

e r o s i o n  r a t e  ( k g  l r n 2 l s )

i o n  c o n s r a n t  ( k g / N / s )

i e d  s h e a r  s  t r e s s  ( t l / m  2 ;

i o n  s h e a r  s t r e n g t h  ( u / * 2 )



T h i s  m e a n s  t h a c  e r o s i o n  i s  g r a d u a l  w h i c h  i s  n o t

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

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

v

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

p r o p o r t i o n a l  t o  t h e  e x c e s s  s h e a r ,  D e l o  a n d  B u r t  ( 1 9 8 6 )

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

m u d  e r o s i o n  E h a n  o t h e r s .  I n  a n y  e v e n t  i t  i s  n o t  t o o

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

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

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

i s  t o o  h i g h  t h e n  t o o  m u c h  e r o s i o n  o c c u r s  i n  t h e  e a r l y

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

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

i f  m  i s  u n d e r - v a l u e d .  T h e  u l t i m a t e  r e s u l t  i n  a n y
e

case  wou ld  be  e ros  i on  do \ " rn  t o  t he  bed  l eve  l ,  whe re  t he

s t r e n g E h  o f  t h e  e x p o s e d  m a t e r i a l  c o r r e s p o n d s  t o  t h e

m a x i m u m  b e d  s t r e s s  o f  c h e  t i d a l  c y c l e  o r  o f  t h e

s p r i n g - n e a p  c y c l e ,  i f  l o n g e r  p e r i o d s  a r e  b e i n g

c o n s i d e r e d .

3 . 3 D e p o s  i t i o n

N e t  d e p o s i t i o n  f r o m  a  d i l u t e  s u s p e n s i o n  i s

a s s u m e d  t o  o c c u r  w h e n  t h e  b e d  s t r e s s  f a l l s

c r i t i c a l  v a l u e  r .  a n d  t h e  d e p o s i t i o n  r a t e
CI

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

d m

#  
=  - . " s0 ( rd -  t ) l aa

whe re

u s u a l l y

b e l o w  a

f o r  s t r e s s e s

( 4 )

iona I

t o  a .

d m
d r

c

u n i r  d e p o s i t i o n  r a c e  ( k B  l * 2 l s )

n e a r  b e d  c o n c e n t  r a t  i o n  ( k g / *  3 )

\ -
m e d f f m  s e t t l i n g  v e l o c i t y  ( m / s )

c r i t i c a l  d e p o s i t i o n  s r r e s s  ( n / m  2 )

a p p l i e d  s h e a r  s t r e s s  ( n / m 2 )

b e  t h o u g h t  o f  a s  a  d e p o s i t i o o  p r o p o r t

v e r t i c a l  d i f f u s i v e  f l u x  p r o p o r t i o n a l

' la ,n

w r o ( c )  =

" d

T =

T h i s  c a n

t .  a n d  a
cl

1 0

t o



W h e n  r  = . d ,  t h e  r a t e  o f  s e t t l i n g  i s  b a l a n c e d  b y  t h e

ve r t i ca l  d i f f us l ve  f l ux  due  to  t u rbu lence  and  the re  i s

no  depos i t i on .  As  the  cu r ren t  s l ows  down ,  i t s

a s s o c i a t e d  b e d  s t r e s s  a n d  t u r b u l e n t  i n t e n s i t y  r e d u c e ,

t h e r e b y  w e a k e n i n g  t h e  v e r t i c a l  d l f f u s i v e  f l u x ,

r e s u l t i n g  i n  a  n e t  d e p o s i t i o n .  T h i s  i s  a

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

comp l i ca ted  p rocess .  Fo r  examp le ,  t he re  w i l l  no t  be

an  ab rup t  cu t  o f f  r  
U  

fo r  depos i t i on  bu t  ra the r  a

g radua l  change  ove r  f r om a  non -depos i t l ona l  t o  a  f u l l y

d e p o s i t i o n a l  s t a t e .  I n  b e t w e e n ,  t h e r e  i s  1 i k e l y  t o  b e

some in te rchange  o f  suspended  pa r t i c l es  w i t h  bed

pa r t i c l es .  Howeve r ,  f o r  t he  pu rpose  o f  mak ing

eng inee r i ng  j udgemen ts  i t  i s  su f f i c i en t  t o  rep resen t

the  depos i t i on  i n  t he  above  r l anne r ,  and  acco rd ing l y ,

t o  s imu la te  depos i t i ons ,  va lues  a re  requ i red  fo r  w^ (c )

a n d  r  
U .

The  va lue  o f  w " ( c )  i s  no rma l l y  f ound  by  measu remen t  l n

the  f i e l d  o f  t he  se t t l i ng  ve loc l t y  o f  t he  f l ocs  us ing

an  Owen  tube .  The  se t t l i ng  ve loc l t y  i s  co r re la ted

w l th  t he  suspended  so l i ds  concen t ra t i on .

For  the purpose of  s inulat lng the deposi t ion of  mud ln

the carousel  the set t l ing behaviour  of  the mud was

de te rm ined  f rom the  ra te  o f  dec rease  o f  suspended

so l i ds  concen t ra t i on  o f  a  f l u i d  i n  t he  ca rouse l  i n

q u i e s c e n t  c o n d i t i o n s  ( s e e  S e c t i o n  4 . 3 ) .  T h e  r a t i o  o f

t he  nea r  bed  suspended  so l i ds  concen t ra t i on  t o

depth-averaged concentrat ion was taken to be constant

du r i ng  a  t i da l  cyc le .

3 . 4  C o n s o l i d a t i o n

The  rep resen ta t i on  o f  t he  bed  as  a  number  o f  d i sc re re

layers ln  the present  model  was based on the work

recen t l y  unde r taken  by  G inge r  (1987 )  on  the  mode l l i ng

o f  conso l i da t i ng  mud  depos i t s .  The  de ta i l s  o f  t he

1 1



m o d e  I  d o  n o t  n e e d  t o

p r i n c i p a l  a s s u m p t i o n s

t h a t  t h e r e  i s  a

t h e  v o i d s  r a t i o

s o l i d s )  a n d  t h e

p a r t  i c u l a r  s o i  I ,

b e  r e p e a t e d  b u t  t h e  t h r e e

a r e :

u n i q u e  r e l a t i o n s h i p  b e t w e e n

( v o l u m e  o f  w a t e r / v o l u m e  o f

p e r m e a b i l i t y  f o r  a

w h a t e v e r  i t s  h i s t o r y ,

1

3 .

t h a t  t h e r e  i s  a  s i m i l a r

b e t w e e n  t h e  v o i d s  r a t i o

s t r e s s ,

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

a n d  t h e  e f f e c t i v e

PEYSICAL

PROPERTIES TESTS

I n t r o d u c t i o n

t h a t  t h e  b e d  o f  a  c o n s o l i d a t i n g  s o i l  c a n  b e

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

w i t h  a  c e r t a i n  v o i d s  r a t i o  ( a n d  L h e r e f o r e

u n i q u e  v a l u e s  o f  p e r m e a b i l i t y ,  e f f e c t i v e

s t r e s s  a n d  d e n s i t y )  a n d  p o r e  \ d a t e r

D r e s s u r e .

T h e  m o d e l  w a s  s u b s t a n t i a l l y  m o d i f i e d ,  h o \ d e v e r ,  t o

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

s u r f a c e  o f  t h e  b e d .  F u r t h e r m o r e ,  t h e  e m p i r i c a l

r e l a t i o n s h i o s  b e t w e e n  t h e  v o i d s  r a t i o  a n d  t h e

p e r m e a b i l i t y  a n d  e f f e c t i v e  s t r e s s  r e s p e c t i v e l y  w e r e

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

t e s t s  o n  t h e  s a m e  m u d  a s  t h a t  u s e d  i n  t h e  t i d a l  c y c l e

t e s t s  i n  t h e  c a r o u s e l .  T h i s  m e t h o d  w a s  p r e f e r a b l e  t o

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

b y  o t h e r  r e s e a r c h e r s .

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

s e c t i o n  r e q u i r e s  c e r t a i n  p a r a m e t e r s r  w h i c h  d e s c r i b e

t h e  b a s i c  p h y s i c a l  b e h a v i o u r  o f  E h e  m u d ,  t o  b e

d e t e r m i n e d .  T h e s e  D a r a m e t e r s  a r e :

4 . 1

t 2



m
e

r
e

e r o s i o n  c o n s t a n t

e r o s i o n  s h e a r  s t

d e n s  i t y  )

m e d i a n  s e t t  l i n g

s u s p e n d e d  s o l i d s

c r i t i c a l  s h e a r  s t

r a t i o  o f  n e a r - b e d

s u s p e n d e d  s o l i d s

p e r m e a b i i i t y  ( a s

r a t  i o )

e f f e c t i v e  s r r e s s

r a t  i o )

i n i t i a l  d e n s  i c y

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

v e l o c i t y  ( a s  a  f u n c I i o n  o f

concen t  ra  t  i on  )

( p )

w r o ( c )  =

't
)u

' ' t 3

k ( e  )

r e s s  f o r  d e p o s i t r o n

t o  d e p t h - a v e r a g e d

c o n c e n t r a t  i o n s  ( w h e n

a  f u n c t i o n  o f  v o i d s

t<'uo )

4 . 2 Eros  i on

o t ( e )  = ( a s  a  f u n c t i o n  o f  v o i d s

o f  a  n e w  d e p o s i t

O f  t h e s e  e i g h t  p a r a o e t e r s  o n l y  T d  n a s  n o E  d e t e r m i n e d

e x p e r i m e n t a l l y  f o r  E h e  K e l a n g  m u d .  T h e  n e x t  t h r e e

S e c t i o n s  d e s c r i b e  t h e  t e s t s  u n d e r t a k e n  t o  q u a n t i f y  t h e

o the r  seven  pa rame te rs .  A  summary  o f  che  resu l t s  i s

o r e s e n l e d  i n  S e c t i o n  4 . 5 .

4 . 2 . 1  B e d  p r e p a r a t i o n

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

c a r o u s e l  a r e  s h o w n  s c h e m a t i c a l l y  i n  F i g u r e  5 .  B e f o r e

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

m ixed  homogeneous l y . .  Th i s  i s  ach ieved  by  pu t t i ng  t he

mud  and  na te r  i n to  t he  m ix ing  tank  and  pump ing  the

f l u i d  t h r o u g h  t h e  r e c i r c u l a E o r y  s y s t e m .

The  suspens ion  i s  Ehen  pumped  i n to  t he  f l ume  f rom the

t a n k  u n t i l  t h e  r e q u i r e d  d e p t h  o f  s u s p e n s i o n  i n  t h e

f l ume  i s  reached .  The  roo f  i s  l owered  on to  t he

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

a l l o w e d  t o  d e p o s i t  a n d  c o n s o l i d a t e .  T h e  p e r i o d  o f

c o n s o l i d a t i o n  i s  u s u a l l y  i n  t h e  r a n g e  o f  2 - 1 0  d a y s  a n d

t h e  r e s u l c i n g  b e d  h a s  a  t h i c k n e s s  o f  b e t w e e n  l 5 - 2 5 m m '
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T h e  d e p t h  o f  f l u i d  a b o v e  t h e  b e d  i s  a d j u s t e d  t o  b e

c l o s e  t o  l O O n r n  w h i c h  c o r r e s p o n d s  t o  t h e  d e p t h  o f  f l o w

f o r  w h i c h  t h e  b e d  s h e a r  s t r e s s  m e a s u r e m e n t s  \ r e r e

m a d e .

4 . 2 . 2  T e s t  p r o c e d u r e

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

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

t h e  r o o f  ( a n d  h e n c e  t h e  b e d  s h e a r  s t r e s s )  i s  h e l d

c o n s t a n t .  I n  a  t e s t  t h e r e  m a y  b e  b e t w e e n  2 - 5  r u n s

e a c h  l a s t i n g  6 0 - 2 0 0  m i n u t e s .  T h e  s p e e d  o f  t h e

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

s u c c e s s i v e  r u n .

A  run  commences  when  the  concen t ra t i on  o f  suspended

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

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

t o  i t s  n e w  v a l u e .  T h e  c o n c e n t r a E i o n  o f  s u s p e n d e d

s o l i d s  a s  m e a s u r e d  c o n t i n u o u s l y  b y  L h e  d e n s i o m e t e r

w i l l  a t  f i r s t  i n c r e a s e  r a p i d l y  ( i n d i c a t i n g  s t r o n g

e r o s i o n ) ,  t h e n  m o r e  s m o o t h l y  ( r n o d e s t  e r o s i o n )  a n d

f i n a l l y  t h e  c o n c e n t r a t i o n  w i l l  r e m a i n  n e a r l y  c o n s t a n t

( n o  e r o s i o n ) .  T h i s  p a t t e r n  i s  r e f l e c t e d  b y  t h e

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

moun ted  on  the  unde rs ide  o f  t he  f l ume  m id -v ray  ac ross

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

t h e  d e p t h  o f  e r o s i o n .

A t  Ehe  end  o f  a  run  when  e ros ion  has  s topped  the

a c t u a l  d e p t h  o f  e r o s i o n  a t  a  2 0 m m  i n t e r v a l  a c r o s s  t h e

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

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

n o r m a l l y  a t t a i n e d  a t  t h e  e n d  o f  t h e  t e s t  i s  a b o u t  5 m m .

I f  m o r e  m u d  i s  e r o d e d  t h e n  t h e  h i g h  c o n c e n t r a t i o n s  o f

s u s p e n d e d  s e d i m e n t  b e g i n  t o  p r e v e n t  t h e  d e n s i o m e t e r

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

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

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

b e c o m e s  m o r e  p r o n o u n c e d .

4 . 2 . 3  A n a l y s i s

T h e  b a s i c  d a t a  o b t a i n e d  f r o m  a  t e s t  a r e  t h e  s u s p e n d e d

s o l i d s  c o n c e n t r a t i o n  w i t h  t i m e ,  t h e  d e p t h  o f  e r o s i o n

a t  t h e  m i d - s e c t i o n  o f  t h e  f l u m e  w i t h  t i m e  a n d  t h e

d e p t h s  o f  e r o s i o n  a c r o s s  t h e  f l u m e  a t  t h e  e q u i l i b r i u m

p o i n t  i n  e a c h  r u n .  T h e  o b j e c t i v e s  o f  t h e  a n a l y s i s  a r e

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

s t r e n g t h  o f  t h e  m u d  w i t h  d e n s i t y  a n d  t h e  r a t e  o f

e r o s i o n  w i t h  a p p l i e d  s h e a r  s t r e s s .

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

d e s c r i b e d  b y  t h e  d i s c r e t e  v a l u e s  a t  t h e  e q u i l i b r i u r n

po in t  i n  each  run  o f  t he  speed  o f  r o ta t i on  o f  t he

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

and  the  ave rage  dep th  o f  e ros ion  ac ross  Ehe  f l ume .

U s i n g  t h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e  4  r h e  a v e r a g e

b e d  s h e a r  s t r e s s  i s  t h e n  e s t i m a t e d  f o r  t h e  p r e s c r i b e d

s p e e d  o f  r o c a t i o n  o f  e a c h  r u n .  A t  e q u i l i b r i u m  i n  e a c h

run ,  t he  shea r  s t reng th  o f  t he  exposed  su r face  o f  t he

b e d  i s  e q u a l  t o  t h e  a p p l i e d  s h e a r  s t r e s s -

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

e roded  po r t . i on  o f  t he  bed  can  be  desc r i bed  by  t hese

p o i n t s .  T h i s  g i v e s  a n  e x p r e s s i o n

K l + K 2 h K 3 ( 5 )

whe  re

e

.E
e

h

e r o s i o n  s h e a r  s t r e n g t h  o f  b e d  ( l l / m 2 )

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

s u r f a c e  ( m )

K I r  K 2 r  K 3  =  c o n s t a n t s
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I t  i s  a l s o

d e n s  i  t y  o f

e x p r e s s e d

n e c e s s a r y  t o

the mud bed

A S

c a l c u l a t e

w i t h  d e p t h .

t h e  v a r i a t i o n

T h e  d e n s i t y

i n

may b e

' h

w h e  r e

d m l

d h A
( 6  )

d e p r h  h  ( k g l m 3 )
n

m

d r y  d e n s i t y  o f

m a s s  o f  s o l i d s

a r e a  o f  e r o s i o n

b e d  a t  a n  e r o s i o n

i n  s u s p e n s  i o n  ( t < g )

( *  2 )

E x p r e s s i n g  t h e

c o n c e n t r a t i o n

r e w r i t t e n  a s :

m a s s  o f  s o l i d s  r n

o f  s u s p e n d e d  s o l i d s

t e r m s  o f  t h e

,  e q u a t i o n  ( 6 )  c a n  b e

ph

whe re

T h e  r a t i o  o f  V / A  i n  e q u a t i o n  ( 7 )

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

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

a g a i n s t  t h e  a v e r a g e  d e p t h  o f  e r o s

r e l a t i o n s h i p  m a y  b e  a p p r o x i m a t e d

c = K \ + K 5 h + K e h 2

where

d c V

d h A
( 7 )

(B )

v=

c o n c e n t r a t i o n  o f  s u s p e n d e d  s o l i d s  ( t g / m r )

v o l u m e  o f  s u s p e n s i o n  ( m 3 )

K 4 r  K 5 r  K O  =

D i f f e r e n t i a t

e q u a t  i o n  ( 7  )

c o n s  t a n t  s

i n g  e q u a t i o n  ( 8 )

l e a d s  t o  t h e  r e

w i l l  b e  n e a r l y

d e p t h  o f  f l o w ,  d .

s u s p e n d e d  s o l i d s

i o n  a  q u a d r a c i c

o f  t he  f o rm

a n d  s u b s t i t u t i n g  i n c o

l a t  i o n s h i p
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p h = K 7 * K g h

C o m b i n i n g  e q u a t i o n s  ( 5 )  a n a  ( 9 )

w h i c h  r e l a t e s  t h e  e r o s i o n  s h e a r

d e n s i t y  o f  t h e  e x p o s e d  m u d ,  a n d

a p p r o x i m a t e d  t o  t h e  f o r m

l e a d s  t o

s  t  r e  ng th

wh ich  can

(e )

a n  e x p r e s s i o n

t o  t h e

be

K r n

.  
=  K 9  P h  

r v

A  u s e f u l  a n a l y s i s  o f

b y  a s s u m i n g  t h a t  t h e

any  d i scha rge  run  i s

( u i  1 e s ,  1 9 8 5 ) .  T h e

run  i s  g i ven  by

a - t
l . n

a = -
c  - c

whe re

D

x =
o

( r0 )

t h e  e r o s i o n  c o n s t a n t  c a n  b e  m a d e

shea r  s t reng th  o f  t he  bed  du r i ng

p ropo r t i ona l  t o  t he  e roded  mass

c o n s t a n t  o f  p r o p o r c i o n a l i t Y  f o r  a

( r l )

a p p l i e d  b e d  s t r e s s  f o r  E h e  r u n

s h e a r  s t r e n g t h  o f  b e d  a t  s t a r t

equ i l i b r i um f rom p rev ious  run

e q u i l i b r i u m  c o n c e n r r a t i o n  a t  t h e  e n d  o f

run

=  i n i t i a l  c o n c e n t r a t i o n  =  e q u i l i b r i u m
o

c o n c e n c r a t i o n  a t  e n d  o f  p r e v i o u s  r u n

T h i s  d o e s  n o t  a s s u m e  t h a t  t h e r e  i s  a  l i n e a r

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

w e i g h L  f o r  t h e  c o m p l e t e  b e d .  T h i s  o v e r a l l  s t r u c c u r e

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

each  run .  We  have  mere l y  assumed  a  l i nea r  va r i a t i on

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

f o r  e a c h  r u n .
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I f  w e  f u r t h e r  a s s u m e  t h a t  t h e  e r o s i o n  r a t e  f o r  e x p o s e d

m , r d  s u r f a c e  a r e a  i s  g i v e n  b y  e q u a t i o n  ( 3 )  w e  o b t a i n ,

u s i n g  ( 1 1 )  a n d  r e p l a c i n g  m  b y  c V

d c
+  =  A m  a ( c  -  c  ) l v  ( I 2 )
o t  e  e  o

W h e r e  V  i s  t h e  v o l u m e  o f  f l u i d  i n  t h e  f l u m e  a n d  A  i s

t h e  a r e a  o f  e r o s i o n .  T h i s  c a n  b e  i n t e g r a t e d  a s

( c  -  c )  =  ( c  -  c  )  e x p  ( - a r n  c t l v )  ( r 3 )
e e o e

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

c o n c e n t r a t i o n s ,  t e n d i n g  E o  e q u i l i b r i u m  v a l u e s  f o r

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

t h e o r e t i c a l  s o l u t i o n ,  E h e  c a r o u s e l  e r o s i o n  f l u m e

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

l i n e a r  ( c r t )  a n d  l o g a r i t h m i c  [ ( . .  -  c o ) / ( c "  -  c  )  ]  a * e s

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

t e s  t .

4 . 2 . 4  R e s u l t s

The  desc r i p t i on  o f  t he  beds  wh ich  we re  tes ted  i n  t he

t h r e e  e r o s i o n  t e s t s  i s  g i v e n  i n  T a b l e  1 .  T h e

c o n s o l i d a t i o n  p e r i o d s  f o r  T e s E s  1 '  2  a n d  3  w e r e  4

d a y s ,  6  d a y s  a n d  1 7  d a y s  r e s p e c t i v e l y .  T h e  r e s u l t i n g

m e a n  d e n s i t i e s  o f  E h e  b e d s  w e r e  1 6 3 '  1 6 5  a n d  1 9 3 k g / m 3

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

c o n s o l i d a t i o n  o n  t h e  b e d s .

T h e  d e t a i l s  o f  t h e  r u n s  i n  e a c h  t e s t  a r e  p r e s e n t e d  i n

Tab le  2 .  Fou r  runs  were  conduc ted  i n  Tes t  1 ;  E \ . r o  runs

i n  T e s t  2 ;  a n d  t h r e e  r u n s  i n  T e s t  3 .  T e s t s  2  a n d  3

w e r e  d e s i g n e d  t o  e x t e n d  t h e  r a n g e  o f  m u d  d e n s i t i e s

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

A c c o r d i n g l y ,  t h e  f  i r s t  r u n  i n  t h e s e  t r . t o  t e s t s  $ t a s  a t  a

s p e e d  o f  r o t a t i o o  e q u a l  t o  t h e  l a s t  r u n  i n  T e s t  1 .
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T h e  r e s u l t s  o f  e a c h  t e s t  a r e  s h o w n  i n  a  g r o u p  o f  f i v e

f i g u r e s :  T e s t  I  -  F i g u r e s  6 - 1 0 ,  T e s t  2  -  F i g u r e s

f l - 1 5 ,  a n d  T e s t  3  -  F i g u r e s  1 6 - 2 0  a n d  a r e  s u m m a r i s e d

i n  T a b l e  3 .  T h e  f o r m a t  o f  t h e  p r e s e n t a t i o n  i s  s i m i l a r

f o r  e a c h  t e s t .  T h e  f i r s t  f i g u r e  s h o w s  t h e  v a r i a t i o n

i n  s p e e d  o f  r o t a t i o n ,  s u s p e n d e d  s o l i d s  c o n c e n t r a c i o n

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

o f  t h e  p r o f i l e  o f  t h e  e r o d e d  b e d  a t  t h e  e n d  o f  e a c h

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

F i g u r e s  7 , 1 2  a n d  1 7 ) .  S o m e  d i f f e r e n t i a l  e r o s i o n

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

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

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

T h e  r e l a t i o n s h i p s  b e t w e e n  s u s p e n d e d  s o l i d s

c o n c e n t r a t i o n ,  d r y  d e n s i t y  o f  m u d  a n d  e r o s i o n  s h e a r

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

f o r  e a c h  t e s t  i n  F i g u r e s  8 ,  1 3  a n d  1 8  r e s p e c t i v e l y .

F i g u r e s  9 ,  1 4  a n d  1 9  d e p i c t  t h e  v a r i a t i o n  i n  e r o s i o n

s h e a r  s t r e n g t h  w i t h  d r y  d e n s i t y  o n  a  l o g - 1 o g  p l o t -  I n

F i g u r e s  1 0 ,  1 5  a n d  2 0  t h e  p l o t s  o f  n o r m a l i s e d

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

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

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

m .
e

The  mos t  app rop r i a te  h tay  o f  i n te rp re t i ng  t he  da ta  o f

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

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

g raph .  Th i s  i s  shown  i n  F igu re  21  wh ich  dep i c t s  t he

e r o s i o n a l  s h e a r  s t r e n g t h  ( n / m 2 )  a g a i n s t  d r y

d e n s i t y  ( k g / m 3 ) .  A  s t r a i g h E  l i n e  f i t  t h r o u g h  a l l  t h e

e r ro r  ba rs  o f  t he  da ta  po in t s  i nd i ca ted  tha t  t he

p o w e r - 1 a w  r e l a t i o n s h i p  r ^ I a s  g i v e n  b y :

T
e

=  0 .00050  On t .  u (  r4 )

was  found  toT h e  v a l u e  o f  L h e  e r o s i o n  c o n s l a n t r  m

l9



4 . 3  D e p o s i t i o n

v a r y  f r o m  r u n  t o  r u n  a n d  f r o m  t e s t  t o  t e s t .  I n  T e s t  I

( f i g  t O )  t h e  e r o s i o n  c o n s t a n t  h , a s  c a l c u l a t e d  t o  b e

a r o u n d  0 . 0 0 0 9 t c e / N / s  f o r  R u n s  1  a n d  4  a n d  0 . 0 0 0 5 k g / N l s

f  o r  r uns  2  and  3 .  I n  t he  second  tes  t  ( f  i g  l 5  )  t he  t i ' r o

r u n s  e a c h  B a v e  a  s i m i l a r  v a l u e  f o r  t h e  e r o s i o n

c o n s t a n t  o f  a p p r o x i m a t e l y  0 . 0 0 0 5 k g / n / s .  T e s t  3  ( f i g

2 0 )  y i e l d e d  a n  e r o s i o n  c o n s t a n t  o f  o n l y  0 . 0 0 0 2 k g / N / s

f o r  R u n  1 ,  w h e r e a s ,  f o r  R u n s  2  a n d  3  t h e  c o n s t a n t  \ t a s

d o u b l e  t h a t  v a l u e  a t  a p p r o x i m a t e l y  0 . 0 0 0 4 k g / N 1 s .

O v e r a l l ,  a  t y p i c a l  v a l u e  f o r  t h e  e r o s i o n  c o n s t a n t

w a s ,

* .  =  0 . 0 0 0 5 k g / N / s (  1 5  )

4 . 3 . I  T e s t  p r o c e d u r e

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

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

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

v e l o c i t y  o f  t h e  f l o c s  w u o  ( c )  a s  a  f u n c t i o n  o f

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

t h a t  i s ,

w u o  ( c )  =  K 1 1  .  
K t z ( 1 6 )

and  the  cons tan t  i n  t he  re la t i onsh ip  beEween  the  nea r

b e d  s u s p e n d e d  s o l i d s  c o n c e n t r a t i o n  c n ' ,  a n d  t h e  d e p t h

a v e r a g e d  c o n c e n t r a t i o n  6 r  t h a t  i " ,

c  ,  =  K . ^  ;
N D  L 5

( 1 7 )

T h e  t e s E s  v t e r e  c o n d u c t e d  i n  q u i e s c e n t  c o n d i t i o n s  a n d

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

s o l i d s  a t  m i d - d e p t h  i n  a  s e t t l i n g  s u s p e n s i o n  w h i c h  h a d

b e e n  i n i t i a l l y  w e l l  m i x e d .  T h e  s t a r t i n g  s u s p e n d e d



so l l ds  concen t ra t i on  was  va r i ed  i n  t he  t es t s  and  the

range  o f  va lues  used  was  chosen  to  re f l ec t  t he  l i ke1y

range  o f  so l i ds  concen t ra t i on  l n  t he  ca rouse l  t i da l

c y c l e  t e s t s .  A c c o r d i n g l y ,  t e s t s  r i t e r e  c a r r i e d  o u t  i n

w h i c h  t h e  i n i t i a l  s o l 1 d s  c o n c e n t r a t i o n  w a s

a p p r o x i m a t e l _ y  3 . 2 ,  1 . 7 ,  1 . 2  a n d  0 . 5 k g / m 3  r e s p e c t i v e l y .

T h e  d e p t h  o f  s u s p e n s i o n s  i n  a t 1  t h e  t e s t s  w a s  0 . 1 m .

A  s imp le  ma the rna t i ca l  mode l  was  fo rmu la ted  to  s i r nu la te

the  se t t l i ng  o f  suspended  so l i ds  t h rough  a  f l u i d  i n

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

g i ven  by  equa t i on  (16 ) .  Fo r  g i ven  va lues  o f  K1  l  ,  K l2

and K13 the model  y ie lded the depth averaged suspended

so l i ds  coneen t ra t l on  w l t h  t ime .  By  compar ing  the  da ta

o f  a  t es t  w i t h  t ha t  o f  t he  mode l  a t  m id -dep th  i t  was

poss ib le - to  ad jus t  t he  va lues  o f  t he  coe f f i c i en t s  t o

g i ve  t he  c loses t  ag reemen t .

4 . 3  . 2  R e s u l t s

The  measu red  concen t ra t l ons  o f  suspended  so l i ds  a t

mid-depth ln  the tests are shown in F igures 22 and 23.

S imu la t i on  o f  t h i s  m id -dep th  concen t ra t i on  was

undertaken using the mathemat ica l  model  and the

resul ts  are a lso shown in F igures 22 and 23.  The best

f i t  coe f f i c i en t s  f o r  equa t i on  (17 )  we re  found  to  be

Kr r  =  0 .00002  and  K12  =  0 .8 .  The  ra t i o  o f  nea r  bed  to

mean  suspended  so l i ds  concen t ra t i on  was  es t lma ted  to

b e  K r 3  =  1 . 6 .

4 . 3 . 3  C r i t i c a l  s h e a r  s t r e s s

T h e  s h e a r  s t r e s s ,  . d ,  a t  w h i c h  d e p o s i t i o n  o f  c o h e s i v e

sediment  is  assumed to occur  f rom f lowing water  has

been studied in  the laboratory by a nurnber of

resea rche rs  ( see  De lo  and  Bu r t ,  1986  fo r  a  rev iew) .

Di f ferent  muds have been tested over  the years by

var ious workers and the value of  the cr i t ica l  shear

2T



4 . 4  C o n s o  I  i d a t  i o n

C e s  t s

s t r e s s  h a s  b e e n  f o u n d  t o  b e  a b o u t  0 . 0 6  N / m 2 .  A s  n o

l a b o r a t o r y  t e s t s  t o  d e t e r m i n e  T d  n e r e  c o n d u c t e d  o n  t h e

K e l a n g  m u d  u s e d  i n  t h e  t i d a l  c y c l e s  t e s t s ,  t h i s

t y p i c a l  v a l u e  f o r  t h e  c r i t i c a l  s h e a r  s t r e s s  ( i . e .  a ^

0 . 0 6  N / m 2 ;  r a s  a d o p t e d .

4 . 4 . 1  D e s c r i p t i o n  o f  a p p a r a t u s

T h e  t e s t s  w e r e  c a r r i e d  o u E  i n  a  s e t t l i n g  c o l u m n  o f  2

m e t r e s  h e i g h t  a n d  9 2 m m  i n t e r n a l  d i a m e t e r  c o n s t r u c t e d

o f  p e r s p e x  s e c t i o n s  ( s e e  F i g  2 4 ) .  T h e  c o l u m n  w a s

g r a d u a t e d  i n  m i l l i m e t r e s  f o r  t h e  f i r s t  h a l f  m e E r e

s e c t i o n  a n d  m a r k e d  a t  I  m e t r e  i n t e r v a l s  t h r o u s , h o u t  i t s

I  e n g t h .

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

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

e m i s s i o n s  f r o m  a  1 3 3  B a  s o u r c e  o v e r  3 0  s e c o n d s  a t  2 m m

or  5mm in te rva l s  t h roughou t  t he  dep th  o f  t he  bed .  The

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

r a t e  i n  s a l i n e  s o l u t i o n s  o f  k n o r ^ r n  d e n s i t y .  T h i s

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

a p p l i c a b l e  i n  t h e  t e s t s  o f  t h e  f o r m ,

p  =  K I q r  +  K I 5

whe  re

b u l k  d e n s i r y  ( k g / m 3 )

r  =  coun t  ra te  pe r  m inu te

K I q ,  K t S  =  c o n s t a n t s

( 1 8 )

B e c a u s e  t h e  t o t a l  q u a n t i c y  o f  s e d i m e n t  i n  t h e  i n i t i a l

s u s p e n s i o n  w a s  k n o w n ,  i n t e g r a t i o n  o f  t h e  d e n s i t y

p r o f i l e s  s h o u l d  i n d i c a t e  ( i )  t h e  d i s t r i b u t i o n  o f  m a s s
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t h rough  the  co lumn ,  and  ( i i )  t he  t o ta l  mass  i n  t he

co lumn .

A  samp le  o f  s i l t  f r om Por t  Ke lang  was  used  th roughou t

the  expe r imen ta l  i nves t l ga t i on .  The  mud  was  s ieved

th rough  a  200 tm s ieve  to  remove  she l l s ,  sand  and  l a rge

o rgan i c  pa r t i c l es .  A  s tock  suspens ion  was  made  up  o f

around 7ke/ t i  o f  mud at  33kg/m3 NrC1.  This suspension

r^ras wel l  mixed.

The stock suspension \ . ras held in  a conta iner  above the

column and was constant ly  mixed by re-c l rcu lat ing

pump ing  to  p reven t  se t t l emen t  o f  coa rse r  s i l t

pa r t i c l es .  The  co lumn  was  f i l l ed  t o  t he  he igh t  o f  t he

ou t l e t  po r t  w i t h  33kg /m3  sa l i ne  so lu t i on .  The  s l l t

suspenslon Lras ln t roduced into the column through a

po r t  a t  a  he igh t  o f  500nn  f rom the  s tock  suspens ion

conta lner .  The excess water  was dra ined through an

ou t l e t  a t  t he  t op  o f  t he  co lumn  and  d i sca rded .  The

rate of  input  to  the column was regulated us ing a

va r i ab le  speed  pe r i s ta l t i c  pump.  A  cons tan t  ra te  o f

input  over  a set  per iod of  t ime was chosen for  each

tes t .  Bed  th l ckness  and  dens i t y  p ro f i l es  we re

reco rded  a t  i n te rva l s  du r i ng  depos i t i on  and

c o n s o l i d a t i o n .

4 . 4 . 2  A n a l y s i s

The two fundamental  assumpt ions nade in the model l ing

of  the consol idat ion process are that  there are unlque

va r i a t l ons  o f  e f f ec t i ve  s t ress  w i t h  vo ids  ra t i o  and

pe rmeab i l l t y  w l t h  vo ids  ra t i o  re la t i onsh ips .  The  ra te

o f  conso l i da t l on  l s  p r i nc lpa l l y  gove rned  by  t he

va r i a t i on  o f  pe rmeab l l l t y  w l t h  vo ids  ra t i o

re la t i onsh ips  and  Ehe  p ro f i l e  when  conso l i da t i on  i s

v i r t ua l l y  comp le te  i s  de te rm ined  by  t he  va r i a t i on  o f

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

2 3



t w o  r e l a t i o n s h i p s  h a v e  t o  b e  d e t e r m i n e d  e x p e r i m e n t a l  1 y

i n  t h e  l a b o r a t o r v .

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

s f r e s s  ( o ' )  m a y  b e  e q u a t e d  t o  t h e  t o t a l  s t r e s s  ( o )  a s

t h e  p o r e  p r e s s u r e  i s  a l m o s L  z e r o .  A  p l o t  o f  t o t a l

s t r e s s  a g a i n s t  v o i d s  r a t i o  t h r o u g h  t h e  d e p E h  o f  t h e

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

e f f e c t i v e  s t r e s s  r e l a t i o n s h i p .  T h e  t o t a l  s t r e s s  a t  a

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

s u b m e r g e d  w e i g h f  o f  t h e  l a y e r s  a b o v e .  t h a t  i s

o  =  L 7  o .  K - -  A h  ( 1 9 )
z  

- 0  - d  " 1 6

Kre  =  g (ps -  o r ) / 0 "

whe re

6 2  =  t o t a l  s E r e s s  a t  d e p t h  z  ( n / * 2 )

p ,  =  d r y  d e n s i t y  ( k g / m 3 )' c l

p  =  p a r r i c l e  d e n s i t y  ( k g / m 3 )
S

P ,  =  w a r e r  d e n s i r y  ( k g / m 3 )

g  =  a c c e l e r a t i o n  d u e  t o  g r a v i t y  ( m / s 2 )

l h  =  change  i n  dep th  (m)

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

a t  a  p a r t i c u l a r  p o i n t  b y

v
S ,

e  =  -  - l -
' d

( 2 0 )

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

r a t i o  c a n  b e  e x p r e s s e d  i n  t h e  f o r m

K  i z
o r  =  

- . _ . :  
-  K i g  ( 2 1 )

e  ^ "
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vrhe re

K I T r  K l B t  K t S  =  c o n s t a n t s

A l s o  i t  i s  e v i d e n t  t h a t  t h i s  e q u a t i o n  g i v e s  a  u n i q u e

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

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

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

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

r a t i o  r e l a t i o n s h i p .

S i n c e ,  e f f e c t i v e  s t r e s s  i s  a  f u n c t i o n  o f  c u m u l a t i v e

m a s s  f r o m  t h e  s u r f a c e  ( E q u  1 9 )  a n d  v o i d s  r a t i o  i s  a

f u n c t i o n  o f  d e n s i t y  ( n q u  2 0 ) ,  t h e  r e l a t i o n s h i p  b e t w e e n

t h e s e  p a r a m e t e r s  ( E q u  2 1 )  m a y  a l s o  b e  e x p r e s s e d  i n

t h e s e  t e r m s .  D i f f e r e n t i a t i n g  t h i s  r e l a t i o n s h i p

b e t w e e n  c u m u l a t i v e  m a s s  a n d  d e n s i t y  a n d  r e - a r r a n g i n g ,

g i v e s :

K , - - 1
p  r o

z = t;l-l
t J "' c l

whe re

hu 
. Kzo

p
s

,3
(22>

K z o  =  f u n c t i o n  ( K t e ,  K 1 7 ,  K t t  a n d  K 1 9 )

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

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

d e p o s i t e d .  A n  a s s u m p t i o n  i s  m a d e  t h a t  t h e  p o r e  q t a t e r

p r e s s u r e  e q u a l s  t h e  t o t a l  s t r e s s  a n d  h e n c e  t h e

e f f e c t i v e  s E r e s s  i s  z e r o .

F r o m  D a r c y r s  l a w

q = A k i

2 5

( 2 3 )



w h e  r e

q  =  v o l u m e  o f  w a t e r  p e r  u n i t  t i m e  ( m 3 / s )

A  =  a r e a  ( * 2 )

k  =  p e r m e a b i l i t y  c o n s t a n t  ( * / s )

i  =  h y d r a u L i c  g r a d i e n t

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

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

i  =  ( p .  -  p  ) l p
o w w

The  vo lume  o f  l r a te r  pe r  un i t  t ime  i s  equ i va len t  t o

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

p e r m e a b i l i t y  b e c o m e s

( 2 4 )

( 2 5 )
v p

. s wr=1p -p )
o w

whe re

v _  =  v e l o c i t y  o f  s e d i m e n c  p a r t i c l e s  ( m / s )
s -

The  pos i t i on  o f  t he  po in t  i n  t he  bed  i s  de te rm ined

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

T h e  v a l u e s  o f  p e r m e a b i l i t y ,  k  f o r  e a c h  l a y e r  a r e

p l o t t e d  a g a i n s t  v o i d s  r a t i o ,  e  f r o m  w h i c h  a  b e s t  f i t

cu rve  i s  de te rm ined  o f  t he  t ype

K ^ ^
k  =  K r t  e  

- t z

whe re

K 2 1 r  K 2 2 =  C o o s t a n t s .

4 . 4 . 3  R e s u l  t s

( 7 _ 6 )

T h e  r e s u l E s  o f  T e s t  1  ( t a U l e  4 )  a r e  p l o t t e d  a s  b e d

t h i c k n e s s  a g a i n s t  t i m e  a n d  d e n s i t y  a g a i n s t  t i m e  i n
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F i g u r e  2 5 .  T h e  b e d  t h i c k n e s s  i n c r e a s e d  l i n e a r l y  a s

the  s i l t  was  depos i t ed  to  a  max imum o f  75mm a t te r  4

h o u r s  w h e n  d e p o s i t i o n  c e a s e d .  T h e  b e d  t h i c k n e s s  t h e n

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

30mm.  The  mean  d ry  dens i cy  i nc reasec l  f r om 25kg /m3  a t

t he  t ime  when  the  bed  th i ckness  \ t as  a t .  a  max imum to

1 2 0 k g / m 3  a f t e r  6  d a y s .  T h e  d e n s i t y  p r o f i l e s  a t  2 4

h o u r l y  i n t e r v a l s  a r e  s h o w n  t o g e t h e r  i n  F i g u r e  2 6 .

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

d e n s i t y  t h r o u g h o u t  t h e  b e d ,  t h e  f i r s t  d e o s i t y  p r o f i l e

( a f t e r  4  h o u r s )  s h o w e d  l i t t t e  v e r t i c a l  v a r i a t i o n  i n

d e n s i t y l  t h e  d e n s i t y  b e i n g  a r o u n d  2 5 k g l n 3  c h r o u g h o u t

t h e  b e d .  T h e  f i n a l  d e n s i t y  p r o f i l e  ( 4  d a y s )  s h o w e d  a

m u c h  l a r g e r  i n c r e a s e  i n  b u l k  d e n s i t y  v e r t i c a l l y  -

r a n g i n g  f r o m  2 5  t o  l 2 O k g / m 3 .

T h e  r e s u l t s  f o r  T e s t  2  ( t a U l e  5 )  a r e  p l o t E e d  a s  b e d

t h i c k n e s s  a g a i n s t  t i m e  a n d  m e a n  b u l k  d e n s i t y  a g a i n s t

t i m e  i n  F i g u r e  2 7 .  T h e  b e d  t h i c k n e s s  i n c r e a s e d

l i n e a r l y  t o  a  m a x i m u m  o f  a p p r o x i m a t e l y  6 3 m m  a f t e r  6 |

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

3 0 m r n  a f t e r  7  d a y s  a s  t h e  b e d  c o n s o l i d a t e d .  T h e  m e a n

d r y  d e n s i t y  i n c r e a s e d  t o  1 2 0 k g / m 3  a f t e r  4  d a y s .  T h e

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

t o g e t h e r  i n  F i g u r e  2 8 .  T h e  m e a n  d e n s i t y  i n c r e a s e d

t h r o u g h o u t  t h e  t e s t  a n d  t h e  d e n s i t y  g r a d i e n t  i n  t h e

b e d  i n c r e a s e d  w i t h  t i m e .

I l t e  r e s u l i s  f o r ' f e s t  J  ( T a b L e  5 )  a r e  p i o t t e d  a s  D L : - .

t h i c k n e s s  a g a i n s t  t i m e  a n d  m e a n  b u l k  d e n s i t y  a g a i n s t

t i m e  i n  F i g u r e  2 9 .  T h e  b e d  t h i c k n e s s  i n c r e a s e d

l i n e a r l y  t o  a  m a x i m u m  o f  a p p r o x i m a t e l y  9 6 m m  a f t e r  5

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

5 0 m m  a f t e r  4  d a y s  a s  t h e  b e d  c o n s o l i d a c e d .  T h e  m e a n

d r y  d e n s i t y  i n c r e a s e d  t o  8 2 k g / m 3  a f t e r  4  d a y s .  T h e

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

t o g e t h e r  i n  F i g u r e  3 0 .  T h e  m e a n  d e n s i t y  i n c r e a s e d
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t h roughou t  t he  t es t  and  che  dens i t y  g rad ien t  i n  t he

b e d  d e c r e a s e d  w i t h  t i m e .

T h e  f i n a l  d e n s i t y  p r o f i l e  f o r  e a c h  t e s t  \ " t a s  p l o t t e d  a s

d e n s i t y  a g a i n s c  d e p t h  f r o m  s u r f a c e  ( s e e  F i g  3 l )  a n d  a

b e s t  f i t  l i n e  a r r i v e d  a E  f r o m  w h i c h  t h e  v o i d s  r a r i o

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

w a s  d e r i v e d  ( s e e  F i g  3 2 ) .  T e s t  3  g a v e  s l i g h t t y  l o w e r

d e n s i t i e s  f o r  a  g i v e n  d e p t h  t h a n  e i t h e r  T e s t s  L  o r  2

a n d  h e n c e  L h e  c o n s t a n t s  a r e  s l i g h t l y  l a r g e r r  s e e  T a b l e

1 .  T h e  e f f e c t i v e  s t r e s s  v a r i e d  f r o m  0 N / m 2  a t  t h e

s u r f a c e  o f  t h e  b e d  ( v o i d s  r a t i o  =  - )  t o  1 0 N / m  2  a t  a

v o i d s  r a t i o  o f  1 0 .

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

c a l c u l a t e d  a n d  p l o t t e d  t o g e t h e r  ( F i g  3 2 )  a n d  E h e  b e s c

f i t  l i n e  f o r  a l l  t h e  r e s u l t s  w a s  c a l c u l a t e d .  T e s t  3

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

p e r m e a b i l i E y .  T h e  p e r m e a b i l i t y  r a n g e d  f r o m  I 0 - 1 o / "  
" t

a  v o i d s  r a t i o  o f  2 0 0  t o  1 0 - 6  a t  a  v o i d s  r a t i o  o f  5 .

4 . 5  S u m m a r y  o f  r e s u l c s

The  fo l

Ke  l ang

e

w 5 o  =

l ow ing  mean  va lues  o f  t . he  pa rame te rs  o f  t he

m u d  w e r e  d e t e r m i n e d :

0 .  0 0 0 5 k g  /  N /  s

o.ooo5o  on t 'o  (u /m2)

o .  o o o o 2  c o ' 8  ( m / s  )

o .  o 6 N / m 2

1 . 6

- 1  q  ^
l 0  

, . r e t  ( m / s )

d

V =
I J

2B



6 ,  =  5ooo /e2  (n /mz )

P o  =  2 5 k g / m 3

5 CAROUSEL TIDAL

CYCLE TESTS

5 .  f  I n t r o d u c t i o n

F o u r  c a r o u s e l  t i d a l  c y c l e  t e s t s  w e r e  c o n d u c t e d  w i t h

t h e  o b j e c t i v e s  o f  a s s e s s i n g  t h e  g e n e r a l  p e r f o r m a n c e  o f

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

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

d a t a  w i t h  w h i c h  c o  t e s t  t h e  m a t h e m a t i c a l  m o d e l '

The  f i r s t  Ees t  was  des igned  p r imar i l y  t o  p rove  l he

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

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

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

t he  peak  app l i ed  bed  shea r  s t ress .  Th i s  i s  somewha t

ak in  t o  t he  p rocess  wh ich  takes  p lace  du r i ng  the  neap -

s p r i n g  a n d  s p r i n g - n e a p  t i d a l  c y c l e s  r e s p e c t i v e l y  a s

the  t i da l  r ange r  Deak  f l ow  ve loc i t y  and  peak  bed  shea r

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

s u b s e q u e n t l y  d e c r e a s e  t o w a r d s  E h e  n e a p  t i d e '  T h e  l a s t

t i da l  cyc le  Ees t  s tas  conducEed  to  examine  the

i n f l u e n c e  o f  E h e  t i m e  o f  c o n s o l i d a t i o n  b e t w e e n  t h e

p e r i o d s  o f  e r o s i o n  o f  t h e  b e d .

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

r o t a t i o n  o f  r o o f  a n d  s p e e d  o f  r o t a E i o n  a g a i n s t  a v e r a g e

bed  shea r  s t ress  a re  shown  i n  F igu re  33 .  The  requ i red

p a E t e r n  o f  b e d  s h e a r  s t r e s s  w i t h  c i m e  f o r  e a c h  t e s t  i s

f i r s t  de te rm ined  and  then  by  wo rk ing  back  th rough

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

ou tpu t  w i t h  t ime  can  be  de r i ved  and  i npu t  i n to  t he

m i c r o - c o m D u t e r .
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5 . 2  T e s t  A

5 . 2 . I  D e s c r i p t i o n  o f  c y c l e s

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

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

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

N e v e r t h e l e s s ,  t h e  t e s t  r . / a s  s t r u c t u r e d  s o  t h a t  s o m e

i n s i g h t  i n t o  t h e  b e h a v i o u r  o f  a n  e s t u a r i n e  m u d  b e d

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

t  i d a  I  c y c  l e s  .

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

T e s t  A  i s  s h o w n  i n  F i g u r e  3 4 .  T h e  l e n g t h  o f  t i m e  a t

t h e  p e a k  s h e a r  s t r e s s  w a s  v a r i e d  f r o m  c y c l e  t o  c y c l e

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

i n c r e a s i n g  a t  e v e r y  o t h e r  c y c l e .  T h e  r i s i n g  l i m b '

f a l l i n g  l i m b  a n d  t h e  t i m e  a t  z e r o  r o t a t i o n  w e r e  t h e

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

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

l i n e a r l y  t o  o b t a i n  t h e  m a x i m u m  v a l u e  o f  4 . 0 V  ( i . e .

2 . 9 r p m .  ' c .  =  0 . 3 1 N / m 2 )  ^ f t " t  1 . 3 3  h o u r s .  A f t e r  a
b

p e r i o d  o f  t i m e  a t  t . h i s  m a x i m u m  ( i . e .  z e r o  t o t  c y c l e s  I

a n d  2 1  1  h r  f o r  c y c l e s  3  a n d  4 1  2  h r s  f o r  c y c l e s  5  a n d

6 , 3  h r s  f o r  c y c l e s  7  a n d  8 ,  a n d  4  h r s  f o r  c y c l e  9 )

t h e  v o l t a g e  d e c r e a s e d  t o  z e r o  o v e r  L h e  f o l l o w i n g  1 . 3 3

h r s .  a f t e r  w h i c h  i t  r e m a i n e d  a t  z e r o  f o r  3 . 3 3  h r s .

A c c o r d i n g l y ,  t h e  o v e r a l l  l e n g t h  o f  t h e  n i n e  t i d a l

c y c l e s  w e r e  6  1 6 r 7  1 7 r 8 r 8 r 9 r 9  a n d  l 0  h o u r s

r e s p e c t i v e l y .

5 . 2 . 2 R e s u l t s

E o r  t h i s  p r o v i n g  t e s t  t h e  c o n c e n t r a t i o n  o f  s u s p e n d e d

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

t h e  n i n e  c y c l e s .  T h e  r e s u l t s  o f  t h e  t i m e - v a r y i n g

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

i n  F i g u r e  3 4 .  T h e  o v e r a l l  p a t t e r n  i s  o n e  i n  w h i c h

3 0



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

the  r l s l ng  l imb  o f  t he  f l ow  cyc le ,  t hen  con t l nues  to

i n c r e a s e  b u t  a t  a  r e d u c e d  r a t e  d u r i n g  t h e  c o n s t a n !

r a t e  o f  f l o w  p e r i o d  ( c y c l e s  3  t o  9  o n l y ) .  A f t e r  t h i s

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

fa l l i ng  l imb  o f  t he  cyc le  and  then  reduces  qu i ck l y  t o

v i r t ua l l y  ze ro  du r i ng  the  no  f l ow  pe r i od .  The  peak

concen t ra t i on  o f  suspended  so l i ds  i n  each  cyc le

f o l l o w e d  a  c o n s i s t e n t  t r e n d  i n  t h a t  i t  w a s  s i m i l a r

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

peak  va lue  i nc reased  f rom one  pa i r  o f  cyc les  t o  t he

nex t  up  to  a  va lue  o f  abou t  2 .7kg /n3  ,  wh i ch  was  no t

exceeded  du r i ng  the  n in th  cyc le .

The  magn i tude  o f  t he  concen t ra t i on  o f  suspended  so l i ds

may  be  cons ide red  to  re f l ec t  t he  ave rage  dep th  o f

e ros ion  o f  ma te r i a l  f r o rn  t he  bed .  I n  t h l s  p rov ing

tes t  no  d i rec t  measu remen t  o f  t he  bed  l eve l  was  made

us ing  the  u l t r ason i c  t r ansduce r .  The re fo re ,  t he

resu l t s  may  be  l n te rp re ted  to  i nd i ca te  t ha t  by  t he

n in th  cyc le  t he  peak  shea r  s t ress  had  been  app l i ed  t o

the  bed  fo r  a  su f f i c i en t l y  l ong  enough  pe r i od  to  e rode

down to a sur face of  mud which had a shear s t rength

equ i va len t  t o  t he  app l i ed  s t ress .  Du r l ng  the  f i r s t

s i x  cyc les  t he  concen t ra t i on  o f  suspended  so l i ds  was

s t i l l  i nc reas ing  a t  t he  t ime  when  the  app l i ed  shea r

s t ress  was  reduced .  Th i s  imp l i es  t ha t  t he  bed  was

s t i l l  e r o d i n g  a t  t h i s  t i m e .

I t  i s  i n te res t i ng  t o  cons ide r  Lhe  ra te  o f  i nc rease  o f

t he  concen t ra t i on  o f  suspended  so l i ds  and  pa r t i cu la r l y

to  compare  th i s  f o r  success i ve  cyc les .  The  resu l t s  o f

t he  f i r s t  t h ree  cyc les  have  been  p lo t t ed  re la t i ve  t o

the  t ime  a f t e r  t he  s ta r t  o f  each  cyc le  i n  F igu re  35 .

The  i nc rease  i n  suspended  so l i ds  concen t ra t i on  du r l ng

the  f i r s t  cyc le  occu r red  l a te r  re la t l ve  t o  t he  seeond

cyc le  up  un t i l  t he  max imum app l i ed  shea r  s t ress  a t

wh i ch  t ime  the  t \ r o  cu rves  became co inc iden t .  Th i s
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c l e a r l y  i n d i c a t e s  t h e  d i f f e r e n c e  b e t w e e n  t h e  f i r s t

t i m e  e r o s i o n  o f  t h e  b e d  w h i c h  h a d  c o n s o l i d a t e d  f o r

a l m o s t  6  d a y s  a n d  t h e  e r o s i o n  o r  r e - s u s p e n s i o n  o f  t h e

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

c o n s o l i d a t e d  f o r  o n l y  2  h o u r s  o r  s o .  N o t

s u r p r i s i n g l y ,  t h e  y o u n g e r  d e p o s i t  w a s  m o r e  e a s i l y

remo  ve  d .

B e c a u s e  t h e  d e p o s i t i o n  a n d  c o n s o l i d a t i o n  p h a s e s  o f

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

'  t \ .  
' l - . r '  

i t s : r i l r l t r , . ' l  |  ,  r , 1 \ - , i  b r t i . n  i \ L :  s : : n e  ; t t  t l t , ,  b e g i n n i . n g

o f  c y c l e s  2  a n d  3 .  A c c o r d i n g l y ,  t h e  i n c r e a s e  i n

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

b e d  s h e a r  s t r e s s  i n  b o t h  c y c l e s  2  a n d  3  w a s  i d e n t i c a l

( s e e  F i g  3 5 ) .  B e y o n d  t h i s  t i m e  t h e  b e d  i n  c y c l e  3

c o n t i n u e d  t o  b e  e r o d e d  a s  t h e  p e a k  s h e a r  s t r e s s  \ " / a s

m a i n t . a i n e d  f o r  a  p e r i o d  o f  I  h o u r .

T h e  r e s u l t s  o f  c y c l e s  3 , 4  a n d  5  a r e  p r e s e n t e d

r e l a t i v e  t o  t h e  t i m e  f r o m  t h e  b e g i n n i n g  o f  e a c h  c y c l e

o n  a  c o m m o n  t i m e  a x i s  i n  F i g u r e  3 6 .  T h e  s l i g h t

d i f f e r e n c e  i n  c y c l e s  3  a n d  4  b e t w e e n  t h e  t i m e s  o f

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

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

t ime  o f  t ha t  po r t i on  o f  t he  bed  wh ich  i s  be ing  e roded

d u r i n g  t h a t  p e r i o d .  I n  c y c l e  3 ,  t h e  m a l e r i a l  w h i c h

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

g r e a t e r  t h a n  a b o u t  l . 8 k g / m 3  ( i . e .  t h e  m a x i m u m

c o n c e n t r a t i o n  i n  c y c l e  2 )  m a y  b e  c o n s i d e r e d  t o  h a v e

b e e n  e r o d e d  f o r  t h e  f i r s t  t i m e .  H o w e v e r ,  i n  c y c L e  4 ,

t h i s  s a m e  m a t e r i a l  i s  b e i n g  r e s u s p e n d e d  a f t e r  h a v i n g

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

t h r e e  h o u r s  o r  s o .  C y c l e  5 ,  w h i c h  h a d  a  s i m i l a r  b e d

s t r u c t u r e  t o  c y c l e  4  a t  t h e  s t a r t ,  m a y  b e  s e e n  f r o m

E i g u r e  3 6  t o  h a v e  p r o d u c e d  i d e n t i c a l  c o n c e n t r a t i o n s  o f

s u s p e n d e d  s o l i d s  u p  u n t i l  t h e  t i m e  w h e n  t h e  a p p l i e d

s h e a r  s t r e s s  b e g a n  t o  r e d u c e  i n  c y c l e  4 .
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5 . 3  T e s t  B

O n e  f u r t h e r  p o i n t  o f  i n t e r e s t  i n  t h e  g r a p h s  o f

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

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

c o n c e n t r a t i o n  i s  f i r s t  r e c o r d e d .  T h i s  t i m e  w a s

v i r t u a l l y  t h e  s a m e  f o r  a l l  t h e  c y c l e s  a r o u n d  3 0

m i n u t e s  a f t e r  t h e  s l a r t  e x c e p t  t h e  f i r s t  i n  w h i c h  i t

r d a s  5 - 1 0  m i n u t e s  l a t e r .  T h e  s h e a r  s t r e s s  a t  t h e s e

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

s u r f a c e  o f  t h e  d e p o s i t s .  U n d e r s t a n d a b l y ,  t h e  s u r f a c e

o f  t h e  b e d  a t  t h e  s t a r t  o f  c y c l e  I  w o u l d  h a v e  h a d  a

s o m e w h a t  h i g h r r -  s h c a -  ' j t r i - r r r g t h  d r t t :  t o  i f s  l o n 3 , e r

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

5 .  3 . 1  D e s c r i p t i o n  o f  c y c  I e s

T h e  s e c o n d  t i d a t  c y c l e s  t e s t  w a s  c o n d u c t e d  t o

i n v e s t i g a t e  t h e  b e h a v i o u r  o f  a  d e p o s i t e d  m u d  b e d

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

a p p l i e d  s h e a r  s t r e s s  p r o g r e s s i v e l y  i n c r e a s e d '  T h e

a p p l i e d  b e d  s h e a r  s t r e s s  a g a i n s t  t i m e  f o r  T e s t  B  i s

s h o w n  i n  F i g u r e  3 7 .  E a c h  o f  t h e  f o u r  c y c l e s  w a s  s i x

h o u r s  i n  d u r a t i o n  a n d  a l l  h a d  a  s i m i l a r  r a E e  o f

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

o f  t h e  c y c l e .  T h e  t i m e  d u r i n g  w h i c h  t h e  v o l t a g e

s e t t i n g  w a s  r e d u c e d  f r o m  i t s  p e a k  v a l u e  l o  z e r o  w a s  3 0

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

s e t E i n g s  o f  c y c l e  L  -  4 . 0 V  (  i ' e  2 . 9 r p m ,  ' b  =  0 ' l l t l / m  2 ) ;

c y c l e  2  -  4 . 6 6 v  ( i e  3 . 3 r p m ,  t O O . 4 0 t ' l / m 2 ) ;  c y c l e  3  -

5 . 3 3 v  ( i e  3 . B r p m ,  r -  =  4 . 4 8 t 1 / m 2 ) ;  c v c l e  4  -  6 ' 0 v  ( i e
, b

4 . 2 r p m .  x .  =  0 . 5 7 N / m 2 ) .  T h e  t i r n e  f  o r  w h i - c h  t h e
D

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

c y c l e .  F o r  c y c l e  1  i t  w a s  2 5 0  m i n u t e s ,  c y c l e  2  i t  w a s

2 3 7  m i n u t e s ,  c y c l e  3  i t  w a s  2 2 3  m i n u t e s  a n d  f o r  c y c l e

4  i t  w a s  2 1 0  m i n u t e s .
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5 . 3 . 2  R e s u l t s

T h e  t i m e  v a r y i n g  a p p l i e d  b e d  s h e a r  s t r e s s ,  s u s p e n d e d

s o l i d s  c o n c e n t r a t i o n  a n d  d e p t h  o f  e r o s i o n  o f  T e s t  B

a r e  s h o w n  i n  F i g u r e  3 7 .  O v e r a 1 l ,  t h e  p a t t e r n  o f  t h e

v a r i a t i o n  w i t h  t i m e  o f  s u s p e n d e d  s o l i d s  c o n c e n t r a t i o n s

tdas  a  s teep  i nc rease  i n  concen t ra t i on  wh i ch  began  pa r t

way  th rough  the  r i s i ng  l imb  o f  t he  app l i ed  shea r

s t ress  and  ended  co inc iden t  w i t h  t he  peak  i n  shea r

s t r e s s ,  f o l l o w e d  b y  a  s m a l l  d e c r e a s e  d u r i n g  t h e

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

reduc t i on  wh i ch  p rog ress i ve l y  reduced  du r i ng  the

pe r l od  when  the  f l u i d  was  s t i l l .  Look ing  i n  more

d e t a i l  a t  c y c l e s  2 , 3  a n d  4 ,  i t  m a y  b e  o b s e r v e d  f r o m

F igu re  37  tha t  a  t empora ry  reduc t i on  i n  t he  ra te  o f

i nc rease  i n  t he  concen t ra t i on  o f  suspended  so l i ds

occu r red  pa r t  way  th rough  each  cyc le .  Th i s

co r responds  w i th  t he  max imum concen t raL ion  a t t a i ned  i n

the previous cyc le and may be considered to mark the

d i v i s i on  i n  each  cyc le  be tween  the  re -suspended

mate r i a l  and  the  f i r s t - t ime  e roded  ma te r i a l .  The  fac t

t ha t  t h i s  was  cha rac te r i sed  by  a  reduc t i on  i n

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

re -suspended  ma te r l a l  had  a  somewha t  l ower  shea r

s t reng th  t han  the  o r i g i na l  ma te r i a l .  Th i s  wou ld

fu r the r  imp ly  t ha t  t h i s  was  the  resu l t  o f  l ower

dens i t i es  i n  t he  re -suspended  ma te r i a l  due  to  t he

cons ide rab l y  sho r te r  conso l i da t t on  t ime  -  t h ree  hou rs

aga ins t  20  days .  Hence ,  t he  d i scon t i nu i t y  i n  dens i t y

o f  t he  bed  a t  t he  s ta r t  o f  cyc les  2 ,  3  and  4  may

reasonab l y  be  assumed  to  have  been  p resen t  a t  t he

in te r face  o f  t he  re -suspended  ma te r i a l  and  the

o r i g i n a l  b e d .

The  dep th  o f  e ros ion  (a1so  shown  i n  F igu re  37 )  was

measu red  us ing  the  u l t r ason i c  t r ansduce r  du r i ng  cyc les

l ,  2  and  3 .  The  read ings  v /e re  t aken  on l y  du r l ng  Ehe

e ros ion  pa r t  o f  t he  cyc les  and  i n  pa r t i cu la r  t o  t he

f i r s t - t i m e  e r o s l o n  o f  t h e  b e d  m a t e r i a l .
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5 . 4 T e s t  C

The  t ime  du r i ng  each  cyc le  a t  wh i ch  the  suspended

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

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

su r face  o f  t he  bed .  I n  cyc le  I  an  i nc rease  i n

c o n c e n t r a t i o n  w a s  f i r s t  r e c o r d e d  a t  0 . 8  h o u r s  a f t e r

t h e  s t a r t  o f  t h e  c y c l e .  T h e  a p p l i e d  b e d  s h e a r  s t r e s s

a t  t h i s  s t a g e  w a s  0 . 1 5 N / m 2 .  F o r  c y c l e s  2 ,  3  a n d  4  t h e

onse t  o f  e ros ion  o f  t he  su r face  l aye rs  cha rac te r i sed

by  the  i nc rease  i n  suspended  so l i ds  concen t ra t i on

o c c u r r e d  s o m e w h a t  e a r l i e r  i n  t h e  c y c l e  a t

a p p r o x i m a t e l y  0 . 5  h o u r s  a f t e r  L h e  s t a r t .  T h i s

i nd i ca ted  a  l ower  su r face  shea r  s t reng th  o f  a round

0 .06N/#  .  Th i s  was  unde rs tandab le  as  t he

conso l i da t i on  pe r i od  o f  t he  recen t l y  depos i t ed  l aye rs

was onlv about  four  hours.

5 . 4 . 1  D e s c r i p t i o n  o f  c y c l e s
+

The  t i da l  cyc les  i n  t he  t h i rd  t . es t  we re  s im i l a r  t o

those in Test  B except  that  the peak appl ied bed shear

s t ress  p rog ress i ve l y  dec reased  du r i ng  the  th ree

cyc les .  The  sawtoo th  p ro f i l e  o f  shea r  s t ress  aga insE

t ime  i s  p resen ted  i n  F igu re  38 .  The  expe r imen t  began

by eroding the bed down to an average depth which was

capab le  o f  r es i s t i ng  an  app l i ed  shea r  s t ress  o f

app rox ima te l y  0 .19N/# .  A f te r  qu i ck l y  reduc lng  the

f l u i d  ve loc i t y  t o  ze ro  t he  sed imen t  i n  suspens ion  was

a l l owed  to  depos i t  and  conso l i da te  f o r  a  pe r i od  o f  3 -5

hou rs .  The  vo l t age  se t t i ng  was  then  i nc reased  a t  a

c o n s t a n t  r a t e  t o  3 . O v  1 r b  =  0 . 1 9 N / m ' )  a n d  t h e n  r e d u c e d

over the fo l lowing hal f  an hour to zero.  The peak

v o l t a g e  o f  c y c l e  2  w a s  2 . 5 v  l t b  =  0 . 1 4 N / m z )  a n d  f o r

c y c l e  3  i t  w a s  2 . 0 V  ( t b  =  0 . 0 9 N / m 2 ) .  E a c h  c y c l e

l a s t e d  s i x  h o u r s .
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5 . 5  T e s t  D

5 . 4 . 2  R e s u l t s

T h e  a p p l i e d  b e d  s h e a r  s t r e s s ,  s u s p e n d e d  s o l i d s

concen t ra t i on  and  dep th  o f  e ros ion  w i th  t ime  a re  shown

f o r  T e s t  C  i n  F i g u r e  3 8 .  T h e  c o n c e n t r a t i o n  o f

s u s p e n d e d  s o l i d s  e x h i b i t e d  a  p a t t e r n  s i m i l a r  t o  t h e

a p p l i e d  s t r e s s .  P e a k  c o n c e n t r a t i o n  c o i n c i d e d  w i t h  t h e

peak  shea r  s t ress  and  the  magn i tude  o f  t he  peak

concen t ra t i on  cons i s ten t l y  dec reased  i n  t he  t h ree

c v c l  e s .

Du r i ng  the  f i r s t  cyc le ,  a l t hough  the  uppe r  pa r t  o f  t he

bed  had  been  e roded  and  re -depos i t ed  on l y  t h ree  hou rs

be fo re  e ros ion  re -commenced ,  t he  bed  had  ga ined

su f f i c i en t  s t reng th  no t  t o  be  immed ia te l y  e roded  back

down  to  t ha t  p rev ious  dep th .  I n  f ac t ,  t he  su r face  o f

t he  bed  res i s ted  a  shea r  o f  abou t  0 .06N/m2  be fo re

e ros ion  occu r red  wh ich  was  abou t  equa l  t o  t he

e ros iona l  shea r  s t renq th  o f  t he  su r face  o f  t he

o r i g i n a l  b e d .

In  t he  subsequen t  cyc les ,  t he  peak  shea r  s t ress  was

lower  wh i ch  had  the  e f f ec t  o f  e rod ing  l ess  ma te r i a l  i n

each  cyc le .  The  onse t  o f  e ros ion  i n  cyc le  2  and

cyc le  3  occu r red  a t  a  shea r  s t ress  equa l  t o  t ha t  i n

c y c l e  1 .

5 . 5 . 1  D e s c r i p t i o n  o f  c y c l e s

The  pu rpose  o f  t he  t i da l  cyc les  run  i n  Tes t  D  was  to

inves t i ga te  t he  impor tance  o f  t he  t ime  o f

conso l i da t i on  on  the  e ros ion  o f  t he  bed .  On ly

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

inves t i ga ted ,  name ly  be tween  2  and  t  hou rs ,  as  t h i s

was  cons ide red  to  be  rep resen ta t i ve  o f  s l ack  wa te r

pe r i ods  du r i ng  the  sem i -d iu rna l  t i da l  cyc le .
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T h e  t i m e  p r o f i l e  o f  a v e r a g e  a p p l i e d  b e d  s h e a r  s t r e s s

i s  s h o w n  f o r  T e s t  D  i n  F i g u r e  3 9 .  T h e  r i s i n g  p a r t  o f

e a c h  c y c l e  w a s  i d e n t i c a l  a n d  t o o k  t h e  v o l t a g e  s e t t i n g

f r o m  z e r o  t o  4 . 0 V  ( 2 . 9 r p m ,  t b =  0 . 3 1 N / m 2 )  i n  0 . 5  h o u r s '

T h e  t i m e  a t  p e a k  b e d  s h e a r  s t r e s s  w a s  d e p e n d e n t  o n  t h e

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

b e t w e e n  I  a n d  2  h o u r s .  T h e  e x a c t  t i m e  a t  c h e  p e a k  b e d

s h e a r  s c r e s s  w a s  n o t  i m p o r t . a n t  a s  t h e  f u n c f i o n  o f  t h i s

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

e x p o s e d  l e v e l  i n  t h e  m u d  b e d .  T h i s  e n s u r e d  t h a t  t h e

i n i t i a L  c o r : . ' i t i o r . r s  i . o r  r h e  d t : p o : i t i o r r  a n d

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

T h e  f o u r  c y c l e s  h a d  t i m e s  o f  c o n s o l i d a t i o n  o f  2  h o u r s

( c y c l e  1 ) ,  4  h o u r s  ( c y c l e  2 ) ,  t  h o u r s  ( c y c l e  3 )  a n d  2

h o u r s  ( c y c l e  4 ) .  C y c l e  4  w a s  t h e  s a m e  a s  c y c l e  1  a n d

\ ^ ras  conduc ted  to  g i ve  an  i nd i ca t  i on  o f  t he

r e p e a t a b i l i t y  o f  t h e  s y s t e m .

5 . 5 . 2 R e s u l  t s

The  t ime  va ry ing  app l i ed  bed  shea r  s t ress  and

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

F i g u r e  3 9 .  I n s p e c t i o n  o f  t h e  c o n c e n t r a t i o n  c u r v e s  o f

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

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

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

F i g u r e  4 0  i n  w h i c h  t h e  c o n c e n t r a c i o n  o f  s u s p e n d e d

s o l i d s  i s  s h o w n  f o r  c y c l e  I  ( 2  h o u r s  c o n s o l i d a t i o n )

a n d  c y c l e  3  ( 9  h o u r s  c o n s o l i d a t i o n ) .

A l t h o u g h  t h e  p e a k s  a r e  d i f f e r e n t '  s o m e w h a t  h i g h e r  f o r

c y c l e  3 ,  t h e  m o s t  i n t e r e s t i n g  f e a t u r e  i s  t h e  r e l a t i v e

s h a p e  o f  L h e  c u r v e s  i n  t h e  f i r s t  h a l f  a n  h o u r  o f  e a c h

c y c l e .  D u r i n g  t h i s  t i m e  t h e  b e d  i n  c y c l e  3  e r o d e s  a t

a  s l o w e r  r a r e  L h a n  i n  c y c l e  I  w h i c h  i n d i c a E e s  a  m o r e

r e s i s t a n t  b e d .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  k n o w l e d g e

t h a c  t h e  g r e a t e r  t i m e  o f  c o n s o l i d a t i o n  i n  c y c l e  3
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6 MODEL

SIMIILATION

C a r o u s e l  t i d a l

cyc les

( i . e .  t  h o u r s )  w o u l d  h a v e  g e n e r a t e d  a  m o r e  d e n s e  b e d ,

and  hence  more  res i s tance  to  e ros lon ,  i n  compar i son

w i t h  t h e  b e d  i n  c y c l e  I  ( 2  h o u r s  o f  c o n s o l i d a t i o n ) .

I n  c y c l e  4 ,  t h e  s h a p e  o f  t h e  p r o f l l e  i n  t h e  e a r l l e r

s tages  i s  ve ry  s im i l a r  t o  t ha t  i n  cyc le  1  wh i ch  r r ras  an

iden t i ca l  cyc le .  Howeve r ,  t he  i nc rease  i n  t he  peak

concen t ra t i on  i n  cyc le  4  ove r  cyc le  I  i s  p robab l y

a t t r i b u t e d  t o  t h e  f a c t  t h a t  e q u i l i b r i u m  w a s  n o t

a t t a i ned  a t  t he  ve ry  beg inn ing  o f  t he  t es t  be fo re

c y c l e  l .  N e v e r t h e l e s s ,  o v e r a l l  L h e  r e s u l t s  w e r e

cons i s ten t  and  showed  c lea r l y  t he  e f f ec t  o f

c o n s o l i d a t i o n  o n  t h e  r e - s u s p e n s i o n  o f  m u d  d e p o s i t s .

The  node l  desc r i bed  i n  Sec t l on  3  was  deve loped  to

s imu la te  t he  behav iou r  o f  mud  beds  du r i ng  t i da l

cyc les .  The  pe r fo ruance  o f  t he  mode l  was  assessed  by

compar ing  the  mode l  resu l t s  and  l abo ra to ry  da ta  o f

Tes t  B .  The  bas i s  f o r  t he  compar i son  was  the

concen t ra t l on  o f  suspended  so l i ds  w i t h  t ime .

The model  requi red as lnput  the paranneters whlch

desc r i bed  the  bas i c  behav iou r  o f  t he  mud  i n  respec t  t o

1 t s  e r o s i o n ,  d e p o s i t i o n  a n d  c o n s o l i d a t i o n  p r o p e r t i e s

( s e e  S e c t i o n  4 ) .  I n  a d d i t l o n ,  i t  w a s  n e c e s s a r y  t o

de f i ne  t he  l n i t i a l  dens i t y  s t ruc tu re  o f  t he  bed ,  and

the  ave rage  app l l ed  bed  shea r  s t ress  w i t h  t ime .

6 . 1

The  l n i t i a l  dens l t y  s t ruc tu re

ca rouse l  cou ld  no t  eas i l y  be

reference was made to the rnud

which had been deposl ted f rom

of the bed in the

d e t e r m l n e d .  A c c o r d i n g l y ,

bed  i n  e ros ion  Tes t  3

the  saoe  concen t ra t i on
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o f  s u s p e n d e d  s o l i d s  a n d  w h i c h  h a d  c o n s o l i d a t e d  f o r  a

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

s t r u c t u r e  i n  t h e  t o p  0 . 0 0 2 m  g i v e n  b y :

p h = 6 9 + 5 7 2 0 0 h ( 2 1  )

whe  re

l -q
l t

h -

d r y  d e n s i r y  ( k g / m r )

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

T h e  r e s u l t s  o f  t h e  m o d e l  s i m u l a t i o n  o f  T e s t  B  a r e

s h o w n  i n  F i g u r e  4 1 .  I t  i s  c l e a r  t h a t  i n  q u a l i t a t i v e

te rms  the re  i s  good  ag reemen t  be tween  the  mode l

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

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

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

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

e a c h  c y c l e .  T h i s ,  a s  p r e v i o u s l y  d i s c u s s e d  i n

S e c t i o n  5 . 3 . 2 ,  r e p r e s e n t s  t h e  t r a n s i t i o n  b e t w e e n  t h e

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

l a s t  c y c l e )  a n d  t h e  e r o s i o o  o f  t h e  o r i g i n a l  b e d .

I n  q u a n t i t a t i v e  t e r m s  t h e  a g r e e m e n t  b e t w e e n  t h e  m o d e l

s i m u l a t i o n  a n d  t h e  l a b o r a t o r y  r e s u l t s  i s  r e a s o n a b l e '

T h e  f i r s t  c y c l e  i s  m a t c h e d  w e l l  b y  t h e  m o d e l  a l t h o u g h

t h e  o n s e t  o f  e r o s i o n  i s  a  l i t t l e  l a t e r  i n  t h e  m o d e l

t h a n  i n  t h e  c a r o u s e l  t e s t .  l n  c y c l e s  2  a n d  3  t h e

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

s o l i d s  c o n c e n E r a t i o n  d u r i n g  t h e  e r o s i o n  p h a s e '  D u r i n g

t h e  d e p o s i t i o n  p h a s e  t h e  m o d e l  t e n d e d  t o  s l i g h t l y

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

g e n e r a l l y  l o w e r  c o n c e n t r a t i o n s  o f  s u s p e n d e d  s o l i d s '

C y c l e  4  g a v e  t h e  c l o s e s t  c o r r e l a t i o n  b e t w e e n  t h e  m o d e l

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

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

u n d e r - p r e d i c t e d  b y  t h e  m o d e l .
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O v e r a l l ,  t h e  r e s u l t s  o f  t h e  m o d e l  a r e  e n c o u r a g i n g  i - n

t h a t  i t  s h o w s  t h a t  t h e  a l g o r i t h m s  u s e d  t o  d e s c r i b e  t h e

d i f f e r e n t  p h a s e s  o f  b e h a v i o u r  o f  t h e  m u d  c a n  b e

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

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

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

a d d i t i o n  t o  p r o v i d i n g  u s e f u l  i n f o r m a L i o n  o n  t h e  b a s i c

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

6 . 2  C a r d i f f  D o c k s

e  n f  r an  ce

channe  I

T h e  m o d e l  h a s  a l s o  b e e n  u s e d  t o  s i m u l a t e  t h e  b e h a v i o u r

o f  t h e  m u d  i n  t h e  e n t r a n c e  c h a n n e l  t o  Q u e e n  A l e x a n d r a

D o c k ,  C a r d i f f  ( s e e  H y d r a u l i c s  R e s e a r c h ,  1 9 8 7 ) .  T h e

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

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

mud  taken  f rom Card i f f  Bay  r . r as  t esced  i n  t he

l a b o r a t o r y  t o  d e t e r m i n e  i t s  e r o s i o n  a n d  c o n s o l i d a t i o n

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

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

( H y d r a u l i c s  R e s e a r c h r  1 9 8 4 )  a n d  t h e  c r i t i c a l  s h e a r

s t r e s s  f o r  d e p o s i t i o n  n a s  e s t i m a t e d  o n  p a s t

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

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

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

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

U n l i k e  t h e  c l o s e d  s y s t e m  o f  t h e  c a r o u s e l  i n  w h i c h  t h e

t o t a l  m a s s  i n  t h e  b e d  a n d  i n  s u s p e n s i o n  i s  c o n s t a o t  i t

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

n e a r - b e d  c o n c e n t r a t i o n  o f  s u s p e n d e d  s o l i d s .  T h i s  w a s

d o n e  f r o m  f i e l d  m e a s u r e m e n t s  t a k e n  a t  a  n u m b e r  o f

p o s i t i o n s  w i t h i n  a n d  o f f s h o r e  o f  C a r d i f f  B a y .

T h e  r e s u l t s  o f  t h e  p h y s i c a l  p r o p e r t i e s  t e s t s  m a y  b e

s u m m a r i s e d  i n  t h e  f o l l o w i n g  r e l a t i o n s h i p s :
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T h e  a p p l i e d  b e d  s h e a r  s t r e s s  a n d  t h e  n e a r - b e d

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

t h e  e n t r a n c e  c h a n n e l  a r e  s h o w n  i n  F i g u r e s  4 2  a n d  4 3

r e s p e c t i v e l y .  V a l u e s  o f  b o t h  p a r a m e t e r s  w e r e  l i n e a r l y

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

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

T h e  r e s u l t s  o f  L h e  m o d e l  r u n  a r e  s h o w n  i n  F i g u r e s  4 4 ,

4 5  a n d  4 6 .  T h e  q u a n t i t y  o f  m u d  e r o d e d  a n d  d e p o s i t e d

d u r i n g  e a c h  t i d a l  c y c l e  ( F i g  4 4 )  i n d i c a t e s  t h a t  b o t h

o f  t hese  quan t i t i es  reach  a  peak  a t  t he  max imum sp r i ng

t i d e .  T h e  m a s s  o f  m u d  d e p o s i c e d  i s  i n  p r o p o r t i o n  t o

the  t i da l  r ange  and  has  a  m in imum va lue  a t  t he  m in imum

neap  t i de .  Howeve r ,  t he  mass  o f  mud  e roded  does  no t

r e a c h  a  s i g n i f i c a n t  v a l u e  u n t i l  c y c l e  9  a f t e r  w h i c h  i t

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

2 L .  T h e r e a f t e r ,  t h e  m a s s  o f  m u d  e r o d e d  i s

i n s i g n i f i c a n t .  I n  b r o a d  t e r m s ,  s o m e  d e p o s i t i o n  o c c u r s

i n  e a c h  t h e  t i d a l  c y c l e ,  w h e r e a s ,  e r o s i o n  i s  l i r n i t e d

t o  t h e  t h i r t e e n  s P r i n g  t i d e s .

T h e  n e t  q u a n t i t y  o f  m u d  e i t h e r  d e p o s i t e d  o r  e r o d e d

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

c u m u l a t i v e  q u a n t i t y  i n  F i g u r e  4 5 .  D e p o s i t i o n a l  a n d

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

t h e  n e t  e f f e c t  i s  o n l y  s l i g h t  d e p o s i t i o n '  A l s o  f o r

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

a l m o s t  i n  b a l a n c e  a n d  t h e  n e t  e f f e c t  v a r i e s  b e t w e e n

s l i g h t  d e p o s i t i o n  a n d  s l i g h t  e r o s i o n .  H o w e v e r ,  d u r i n g

t h e  t w o  p e r i o d s  o f  m i d - t i d e s  a t  c y c l e s  4  t o  l 0  a n d
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7 . 1

CONCLUSIONS AND

RECOMI.{ENDATIONS

C o n c l u s i o n s

2 I  t o  2 5  i n c l u s i v e  t h e  n e t

d e p o s i t i o n .  A c c o r d i n g l y ,

a d d e d  t o  t h e  o r i g i n a l  b e d

t h e s e  m i d - t i d e  p e r i o d s  b u t

d u r i n g  t h e  p r i n c i p a l  n e a p

t i d e s .

e f f e c t  i s  c l e a r l y

t h e  c u m u l a t i v e  m a s s  o f  m u d

i n c r e a s e s  s h a r p l y  d u r i n g

r e m a i n s  r e a s o n a b l y  c o n s t a n t

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

T h e  d e n s i t y  p r o f i l e s  t h r o u g h  t h e  n e w  d e p o s i t .  a f t e r  7 ,

1 4 ,  2 l  a n d  2 8  c y c l e s  a r e  s h o w n  i n  F i g u r e  4 6 .  B e c a u s e

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

l a y e r s  e a c h  w i t h  a  c e r t a i n  d e p t h . a n d  m a s s  ( a n d  h e n c e

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

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

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

t i m e  i s  c l e a r l y  s h o w n .  F o r  e x a m p l e ,  t h e  b o t t o m  l a y e r

o f  t h e  n e w  d e p o s i t  h a d  a  d r y  d e n s i t y  o f  1 1 4 k g / m 3  a t

c y c l e  7  w h i c h  t h e n  i n c r e a s e d  b y  c o n s o l i d a t i o n  t o

1 4 3 k g / * 3  a t  c y c l e  1 4 ,  1 5 3 k g / m 3  a t  c y c l e  2 1  a n d

1 7 3 k g / m 3  a E  c y c l e  2 8 .

T h i s  e x a m p l e  o f  t h e  a p p l i c a t i o n  o f  t h e  m o d e l

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

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

o f  t h e  b e d .  B y  t h i s  a p p r o a c h  i E  i s  c o n s i d e r e d  t h a t  a

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

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

e s t u a r i e s  g e n e r a L l y  w i l l  b e  a t t a i n e d ,  a n d  p r e d i c E i o n s

o f  e r o s i o n  a n d  d e p o s i t i o n  w i l l  b e  i m p r o v e d .

T h e  H R  m u d  c a r o u s e l  f l u m e  w a s  m o d i f i e d  b y  t h e

a d d i t i o n  o f  a  m i c r o - c o m p u t e r  f o r  c o n t r o l ,  a

d e n s i o m e t e r  f o r  c o n t i n u o u s  m e a s u r e m e n t  o f  t h e

s u s p e n d e d  s o l i d s  c o n c e n t r a t i o n  ( l i n k e d  t o  a  c h a r t

r e c o r d e r )  a n d  a n  u l t r a s o n i c  t r a n s d u c e r  f o r
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n o n - d e s t r u c t i v e  d e t e r m i n a t i o n  o f  t h e  t h i c k n e s s  o f

t he  mud  bed .  Lase r  dopp le r  anemomet ry  \ " t as

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

a t  t h r e e  s e c t i o n s  a c r o s s  t h e  w i d t h  o f  t h e  f l u m e

f r o m  w h i c h  t h e  b e d  s h e a r  s t r e s s  \ t a s  c a l c u l a t e d .

T h e s e  d e v e l o p m e n t s  e n a b l e d  t h e  c a r o u s e l  t o  b e

u s e d  f o r  i n v e s t i g a t i n g  t h e  b e h a v i o u r  o f  a  m u d  b e d

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

A  m a t h e m a t i c a l  m o d e l  w a s  f o r m u l a t e d  t o  s i m u l a t e

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

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

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

w o r k  d o n e  i n  a n o t h e r  p a r t  o f  t h i s  c o n t r a c t  ( s e e

G i n g e r ,  1 9 8 7 )  o n  t h e  m o d e l l i n g  o f  c o n s o l i d a t i n g

m u d  d e p o s i t s .

N e w  e x p e r i m e n t a l  p r o c e d u r e s  w e r e  d e v e l o p e d  t o

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

o f  a  m u d  t o  b e  d e t e r m i n e d .  T h e  n e w  e r o s i o n  t e s t s

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

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

b e d  c o  b e  d e t e r m i n e d .  T h e  c o n s o l i d a t i o n  t e s E s

w e r e  p e r f o r m e d  i n  s e t t l i n g  c o l u m n s  a n d  i n v o l v e d

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

s u s p e n s i o n  a n d  t h e  d e t e r m i n a t i o n  o f  i m p o r t a n t

e m p i r i c a l  r e l a t i o n s h i p s  b e t \ t e e n  v o i d s  r a t i o ,

e f f e c t i v e  s t r e s s  a n d  p e r m e a b i l i t y .

A  m u d  f r o m  K e l a n g  w a s  s e l e c t e d  f o r  t h e  t i d a l

c y c l e  e x p e r i m e n t s "  T h e  p h y s i c a l  p r o p e r t i e s  o f

t h e  m u d  w e r e  i n v e s t i g a t e d  b y  e r o s i o n ,

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

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

r e  l a t  i o n s h i p s  w e r e  d e t e r m i n e d  :

* .  =  0 . 0 0 0 5 t g / N / s

4 .
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r  =  o . o o o 5 0  o .  
l ' 4  ( N / r 2 )

e n

N Q

w5o  =  o .oooo2  C" ' "  (m /s )

r .  =  0 . 0 6 N / m 2
cl

K . ^  =  1 . 6

- 7 - 5
k  =  f 0  

r ' ) e t  ( m / s )

d '  =  5 o o o  / e  2  (  l l / '  2 )
V

2 5 k g l m 3' o

5 .  F o u r  c a r o u s e l  t i d a l  c y c l e  t e s t s  w e r e  c o n d u c t e d  t o

i n v e s t i g a t e  t h e  b e h a v i o u r  o f  m u d  b e d s  a n d  t o

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

T h e  f i r s t  t e s t  w a s  u s e d  p r i m a r i l y  t o  p r o v e  t h e

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

t h e  m a g n i t u d e  o f  t h e  p e a k  b e d  s h e a r  s t r e s s  o f

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

T h e  t h i r d  t e s t  s t u d i e d  t h e  e f f e c t  o f

p r o g r e s s i v e l y  d e c r e a s i n g  t h e  p e a k  b e d  s h e a r

s t r e s s  w h i l e  t h e  f o u r t h  t e s t  \ r a s  c o n d u c t e d  t o

l o o k  a t  t h e  e f f e c t  o f  s h o r t  p e r i o d s  o f

c o n s o l i d a t i o n  o n  t h e  r e - s u s p e n s i o n  o f  m u d .

6 .  T h e  r e s u l t s  o f  t h e  f i r s t  t i d a l  c y c l e s  t e s t s

showed  tha t  t he  ca rouseL  pe r fo rmed

s a t i s f a c t o r i l y .  I n c r e a s i n g  t h e  p e a k  b e d  s h e a r

s t r e s s  p r o g r e s s i v e  l y  o n  a l t e r n a t e  t i d a l  c y c  l e s

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

r e - d e p o s i t e d  m a t e r i a l  a n d  t h e  u n d e r l y i n g  o r i g i n a l

b e d  m a t e r i a l .  T h i s  w a s  c h a r a c t e r i s e d  b y  a n

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

t h e  b e d  a t  t h e  e n d  o f  a  t i d a l  c y c l e .  T h e  e f f e c t

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

2  h o u r s  w a s  t o  p r o d u c e  a  b e d  w i t h  h i g h e r

d e n s i t i e s  a n d  h a v e  m o r e  r e s i s t a n c e  c o

r e  - e  r o s  i  o n .

T h e  m a t h e m a t i c a l  m o d e l  w a s  u s e d  t o  s i m u l a t e  t h e

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

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

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

e x p e r i m e n t a l  d a t a  i n  q u a n t i t a t i v e  t e r m s  a n d  g o o d

a g r e e m e n t  i n  q u a l i t a t i v e  t e r m s .

T h e  m a t h e m a t i c a l  m o d e l  w a s  u s e d  t o  s i m u l a t e  t h e

behav iou r  o f  t he  mud  bed  a t  t he  en t rance  channe l

t o  Q u e e n  A l e x a n d r a  D o c k ,  C a r d i f f  a s  p a r t  o f  a

r e c e o t  p r o j e c t  s t u d y .  T h e  r e s u l t s  f o r  o n e

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

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

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

r e s D e c t  t o  t h e  m u d  b e d  b e h a v i o u r .

I t  i s  r ecommended  tha t  t he  l abo ra to ry  and

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

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

n e a r - b e d  p r o c e s s e s .  T h i s  w o u l d  p r o v i d e

i n v a l u a b l e  d a t a  w h i c h  w o u l d  l e a d  t o  a  m o r e

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

m u d  i n  t h e  f i e l d .  T h e  m u d  f r o m  t h e  c h o s e n  f i e l c

s i E e  w o u l d  b e  t e s t e d  i n  c h e  l a b o r a t o r y  t o

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

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

a n d  n e a r  b e d  s e d i m e n t  c o n c e n t r a t i o n s  w o u l d  e n a b l e

t h e  m a t h e m a t i c a l  m o d e l  t o  b e  r u n  t o  p r e d i c t  E h e

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

b e d .

1 ) Re commenda t  i ons

4 5



8 REFERENCES

t .  B u r t ,  T  N  a n d  G a m e ,  A  C .  " T h e  C a r o u s e l :

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

t r a n s p o r t  r e s e a r c h " ,  H y d r a u l  i c s  R e s e a r c h ,

W a l l i n g f o r d ,  E n g l a n d ,  R e p o r t  N o  S R  3 3 ,  J a n u a r y

1 9 8 5 a .

2 .  B u r t ,  T  N  a n d  G a m e ,  A  C .  " D e p o s i t i o n  o f  f i n e

s e d i m e n t  f r o m  f l o w i n g  \ ^ / a t e r :  A n  i n v e s t i g a t i o n  o f

d e p e n c l € i l C  r . ,  ' r  r r  c o n c e  r r  t  r a  t  i o  n "  ,  I J y d  r a u  1  i c  - .

R e s e a r c h ,  W a l  l i n g f o r d ,  E n g l a n d .  R e p o r t  N o  S R  2 7 ,

F e b r u a r y  1 9 B 5 b .

3 .  D e l o ,  E  A  a n d  B u r t ,  T  N .  " T h e  h y d r a u l i c

e n g i n e e r i n g  c h a r a c t e r i s t i c s  o f  e s t u a r i n e  m u d s . t '

H y d r a u l i c s  R e s e a r c h ,  W a l l i n g f o r d ,  E n g l a n d ,  R e p o r t

N o  S R  7 7 ,  D e c e m b e r  1 9 8 6 .

4 .  G i n g e r ,  C  M .  t t S i m u l a t i o n  a n d  e x p e r i m e n t a l

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

H y d r a u l  i c s  R e s e a r c h ,  W a l  l i n g f o r d ,  E n g l a n d ,  R e p o r t

N o  S R  9 5 ,  J u l y  1 9 8 7 .

5 .  H a y t e r ,  E  J  a n d  M e h t a ,  A  J .  " M o d e l l i n g  c o h e s i v e

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

A p p l i e d  M a E h e m a t i c a l  M o d e l l i n g ,  V o l  1 0 ,  A u g u s t

1 9 8 6 .

6 .  H y d r a u l  i c s  R e s e a r c h .  " T e d d i n g t o n  F l o w  P r o p o s a l .

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

t i d a l  T h a m e s . "  R e p o r t  N o  E X  1 3 5 0 ,  O c t o b e r  f 9 8 5 .

7  .  H y d r a u l  i c s  R e s e a r c h .  " C a r d i f f  B a y  F e a s i b i  l i  t y

S t u d y ,  P a r t  A :  T i d a l  S t u d i e s ,  V o l  I I ,  P h y s i c a l

M o d e l ' r .  R e p o r t  N o  E X  1 6 2 9 ,  1 9 8 7 .

8 .  M i l e s ,  G  V .  " N u m e r i c a l  s i m u l a t i o n s  o f  t h e

e r o s i o n  o f  m a r i n e  m u d " .  H y d r a u l i c s  R e s e a r c h ,

W a l l i n g f o r d ,  E n g l a n d ,  R e p o r t  N o  S R  3 1 ,  F e b r u a r y

1 9 8 5 .



TAB LES.





TABLE 1 :

TEST NO

1

I

2

TABLE 2 :

TEST NO

DEPTH OF

SUS PENS ION

( m )

0 . 1 0 0

0 .  1 0 0

0 . 1 0 0

D e t a i l e  o f  r u n s

NUMBER

OF RUNS

4

2

3

CONCENTRATION

O F  S U S P E N S I O N

( t g / m  3 )

2 8 . 2 6

2 8 . 2 6

2 8 . 2 6

I

I  . 6 0

2 . 8 6

2 . 8 6

BED

TTIICKNESS

( m )

0 . 0 1 7 5

0 .  0 1 7 1

0 . 0  1 4 6

MEAN

DENSITY

( te / 'n  3 )

1 6 3

1 6 5

r 9 3

TEMPERATURE

o a

1 2 . 0  -  L 2 . 2

L 2 . 6  -  1 3 .  0

t  5 . 8  -  1 6 . 0

D e s c r i p t i o n  o f  b e d s  i n  e r o s i o n  t e s t s

SAL IN ITY  CONSOLIDATION

PERIOD

l n  e r o s 1 0 n  t e S t S

SPEED OF ROTATION OF RUNS (RPM)

( t g / m 3 )

3 0 . 2

3 0 .  2

3 0 . 2

( d a y s )

4

6

L I

3

2 . 5 2

4 . L 5

2

2 . I 7

3 . 5 2

3 . 8 4

4

2 . 8 6I

a
L

3



TABLE 3:  Summary of  eros lon teat  resul ts

TEST NO MAXIMUM DENSITY - DEPTH EROSION SHEAR EROSION CONSTANT n

EROSION CONSTANTS STRENGTH AGAINST (kg/u/s)

DEPTH (rn)  DENSITY

CONSTANTS

K 7 S & K r o r a n g e

1  0 . 0 0 2 2  3 5  3 4 3 0 0  0 . 0 0 0 0 5 7  1 . 9  0 . 0 0 0 5  _  0 . 0 0 0 9

2  0 . 0 0 3 7  2 7  2 7 I O O  *  *  0 . 0 0 0 5 *

r  0 . 0 0 1 8  b 9  5 7 2 0 0  0 . 0 0 3 2  1 . 0  0 . 0 0 0 2  -  0 . 0 0 0 4

A L L  _  0 . 0 0 0 5 0  L . 4

N o t e s

D e n s i t y  P n  a g a i n s t  d e p t h  h  r e l a t i o n s h i p  h a s  t h e  f o r m  0 n  =  K Z  +  & h
( h <  h  )max

. : ' " : . ; ; j f f .  
s t rength t "  aBalnst  densi ty  en re la t ionship has rhe form

n

The  va lues  o f  t he  cons tan ts  I ( ,  t o  K roa re  l n  S I  un i t s  whe re  app l i cab le .  The

e ros ion  cons tan t  i s  de f i ned  i n  t he  equa t i on  desc r i b i ng  the  ra te  o f  e ros ion ,
d m

# 
=  r .  ( t - - r " )

*  I n s u f f i c i e n t  d a t a .



TABLE 4: C o n s o l i d a t i o n  T e s t  I  r e s u l t e

DURATION OF DEPOSIT ION

CONCENTRATION

RATE OF INPUT TO COLU},IN

RATE OF DEPOSIT ION

'r I i"lE

( h o u r s )

4 . 0 h o u  r s

5 .  0 0 k g  / m 3

2 . 3  1 o -  7 . 3 / "

I  .  7  l 0 -  a r<g  l ^2  l "

0 . 0 0

1 .  0 0

1 . 2 5

1 . 5 0

2  . 0 0

3  . 0 0

3  . 5 0

4 . 0 0

5 . 0 0

5 . 5 0

6 . 2 5

2 2 . 5 0

1 0  1  . 0 0

t r 9 . 2 5

tsL,U

T H I C K N E S S

( m m )

0

1 0

I 5

2 I

30

5 5

6 5

t )

6 9

6 5

6 l

3 9

3 1

3 0

CUI,lU LA I IV E

I-{ASS

(ks  lm  2 )

0 . 0

u . 4

0 . 1

0 . 7

n o

0 . 9

1 . 7

l o

, . ,

2 . 3

3 .0

3 .6

3 .4

3 .6

DEN S ITY

( k s  / m  3 )

I

40

1

3 3

3 0

l 6

1 A

2 5

3 2

3 5

4 9

a )

t l 0

1 2 0



TABLE 5: C o n s o l i d a t i o n  T e s t  2  r e a u l t s

DURATION OF DEPOSIT ION

CONCENTRATION

RATE OF INPUT TO COLUMN

RATE OF DEPOSIT ION

T I 1 4 i -

( h o u r s  )

6 . 5 0 h o u r s

5 . 0 O k g  / m 3

2 . 5  t O - 7 * 3 / s

1 . 9  l 0 - a t < q  l ^ 2 1 "

0  . 0 0

2  . 0 0

4 . 0 0

5  . 0 0

o .  z )

7  7 . 0 0

9 6 . 0 0

1  6 8  . 0 0

Il ir ll

TH I  CKNES S

( m m )

0

20

40

) U

6 3

3 2

3 l

2 9

a . ' r 1 '  . . .  l : ' '

MASS

( k s / m 2 )

DENS ITY

( k s  / m  3 )

0 . 0

1 . 0
,, ,,

,, .7

) o

3 .5

3 .4

3 .5

5 1

5 5

5 q

46

1 0 8

r 0 9

L2l



T A B L E  6 :  C o n s o l i d a t i o n  T e s t  3  r e s u l t a

DURATION OF DEPOSIT ION :

CONCENTRATION :

RATE OF INPUT TO COLUI ' IN :

RATE OF DEPOSIT ION :

T I M E

( h o u r s )

6 . 5 0 h o u r s

5 . 0 O k g  / m 3

3 . 0  1 o - 7 r g / * 3 l t

2  . 3  10 -  a r<g  l n2  |  s

0 . 0 0

3 .  3 0

4 . 0 0

2 8 . 5 0

r 5 8 . 0 0

3 0 0 . 0 0

B E D

T H I C K N E S S

(mm)

0

o )

9 6

7 l

) U

4 9

CUI ' lULATIVE

I.,1ASS

( k s  / m  2 )

DEN S ITY

(ks  /m  3 )

0 . 0

1 . 7

1 . 4

3 . 9

4 . 0

4 . 0

I

2 6

r5

5 5

8 0

B 2



TABLE 7 :

T E S T  N O

E f f e c t i v e  a t r e s a  a g a i n s t  v o i d s  r a t i o  c o n s t a n t g

EFFECTIVE STRESS CONSTANTS

K r z  K t s  K t g

I

2

4 5 0

2 . 0

0  . 0 8 1

5 5 0  2 5 0

2 . 0  2 . 0

0 . 0 5 8  0 . 1 8 0
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