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ABSTRACT

Thie report is an update of the working manual part of rThe hydraulic
engineering characteristice of eetuarine mudsr Report No SR77, December
1986, made in the light of reeearch conducted at ltydraulice Research ttd
(En) ana invited coomenta received froo end uaers in the industry. A
coneiderable reeearch programme has been undertaken by HR since the
publicatioa of Report No SR77 and valuable infornation has been gained in
respect of the behaviour of mud during t idal  cycles (Ref 2),  the depoeit ion
of sediment from flowing water (Ref 20), the consolidation of weak mud beds
(Ref 26),  the effect of  eand on the consol idet ion and eroeion processea
(Ref 27) and tbe response of mud bede under wavea (nefe 32 aod 33). These
findinge have been incorpora-ted into this reviged manual.

Report No SR77 sas sidely circulated to consulting engioeerar contrectorat
academics and staff at ER, with a request for their viers on the reportrs
technical coateot, atyle and usability. Approxinately balf of the
recipiente repl ied with helpful  and, in maay cesea detai led coments.
Overall, the general inpreseioa nas poeitive and eocouragiag. Thie report
has been drafted with these cotrneate taken into account sberever poaeible.

Thie report aumarieee, in an engineering form, the main proceseee of
coheeive eediment behaviour, aamely, depoeition, coneolidatioa and erosion.
The data preeented are intended to ehow the practising engineer shich
paranetera are important in each of the process€s aod to enable broad
eetimates of the rates of depoeition, consolidation and eroeion to be made
baeed on a linited knosledge of the field eonditioas. The behaviour of
coheaive aedinent doee vary coneiderably in quantitative terms frou ooe
aource to another. Therefore, it is crucial that the engineer appreciates
that eetiaates baeed on the data presented bererith nay well be in error by
half an order of magnitude. For most eerious engineeriag probleme iavolviag
cohesive sediment it would be eseential to undertake a detailed etudy. This
would iuvolve sone of the following techniques : field neasuremeatat
laboratory testing of sediment, numerical modelling of hydrodynanics aod
sediment traneport and pbyeical nodelliog of hydrodynaoicg.
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INTRODUCTION

The  ab i l i t y  t o  p red i c t  t he  movemen t  o f  cohes i ve

sed imen t  w i t h i n  coas ta l ,  es tua r i ne  o r  i n l and  wa te rs

has  a  s i gn i f i can t  economica l  and  eco loq i ca l  impo r tance

in the development  of  new engineer ing r . rorks and rhe

ma in tenance  o f  ex i s t i ng  i ns ta l l a t i ons .  The  fu tu re

v iab i l i t y  o f  a  p roposed  new po r t ,  f o r  examp le ,  cou ld

la rge l y  depend  on  the  cos t  o f  r ou t i ne  d redg ing

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

l , tanv other  schemes,  such as the rec lamat ion of

i n te r t i da l  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 res  o r  t he  l ay ing  o f  ou t fa l1s ,  a l so

require a sound engineer ing appraisal  of  the l ike ly

changes in the Dat terns of  sediment  movement which

w i l l  r esu l t  a f t e r  t he  scheme i s  bu i l t .  Fu r the rmore ,

the capabi l i tv  to  predict  the movement of  cohesive

sediment  is  cruc iat  in  the understanding of  the

d i s t r i bu t i on  o f  ce r ta in  po l l u tan ts ,  i n  pa r t i cu la r

heavy metals  which are adsorbed on to c lay and s i l t

p a r t i c  l e s  .

The  p rocesses  o f  depos i t i on ,  conso l i da t i on  and  e ros ion

of  cohesive sediment  are contro l l .ed by a complex array

of  physical  and chemical  factors which are only par t ly

understood.  Any at tempt to predict  the movement of

cohesive sediment  must  f i rs t  invest igate the nature of

the hvdrodvnamics of  the water  and then re late the

movement of water to the moverneot of cohesive

sed imen t .  As  ye t r  i t  i s  no t  poss ib le  t o  o red i c t  t he

behaviour  of  a cohesive sedimeat  f rom i ts  physical  and

chemica l  p rope r t i es  a lone  and  the  p r i nc ipa l  t h rus t  o f

research has been to determine in the laboratory,  for

a  g i ven  se t  o f  f l ow  cond i t i ons ,  t he  behav iou r  o f  a

sample of  the cohesive sediment  taken f rom the f ie ld.

So lu t i ons  i n  t h i s  i ns tance ,  a re  t he re fo re ,  based  on

emp i r i ca l  da ta  and  have  l i l n i t ed  va lue  to  o the r  s i t es .



The  comp lex i t y  o f  cohes i ve  sed imen t  may  be

demons t ra ted  by  re fe rence  to  a  cha rac te r i sa t i on  o f

cohes i ve  sed imen t  (ne t  t )  r eDroduced  i n  Tab le  1 .  The

number of  parameters which need to be determined to

conp le te l y  desc r i be  a  cohes i ve  sed imen t  i s  qu i t e

cons ide rab le .  T lence  i t  i s  easy  to  unde rs tand  why

studies of  cohesive sediment  have been empir ica l  and

si te speci f ic  rather  than of  a more fundamental

na tu re .

Mos t  o f  t he  l abo ra to ry  s tud ies  t o  da te ,  howeve r ,  have

had the drawback of  consider ing only one process in

i so la t i on ,  e .g .  depos i t i oo  o r  e ros ion ,  and  even  then

usua l l v  a t  a  cons tan t  ra te  o f  f l ow .  I n  na tu ra l

cond i t i ons  t he  p rocesses  a re  o f t en  s t rong l y  cyc l i c

w i th  t he  depos i t i on ,  pa r t i a l  conso l i da t i on  and

re-erosion of  cohesive sediment  occurr ing repeatedly

w i th  t he  t i des .  Labo ra to ry  s i nu la t i on  o f  t he  t i da l

cyc le  i n  re la t i on  t o  t he  phys i ca l  p rocesses  o f

cohesive sediment  has recent ly  been undertaken at

I {ydraul ics Research (Ref  2)  and some of  the resul ts

a re  reDor ted  he re in .

Estuar ine cohesive sediment ,  commonly cal led mud,  is

composed pr i tnar i ly  of  s i l t  and c lav.  For  example,  the

s i ze  d i s t r i bu t i ons  o f  f i ve  muds  i nves t i ga ted  a t

I l yd rau l i cs  Resea rch  a re  g i ven  i n  F igu re  t .  The

mineralogy and cat ion exchange capaci ty  of  three of

the muds are Dresented in Table 2- .  l ' {ud conta ins a

large proport ion of  very soal1 par t ic les which have a

la rge  spec i f i c  a rea  such  tha t  t he  e f f ec t  o f  t he

sur face physico-chemical  forces becomes as important

as  t he  e f f ec t  o f  g rav i t y  f o r ces .  Some o f  t hese

ind i v i dua l  pa r t i c l es  a re  l ess  t han  1  m ic ron  i n

diarneter  and may be kept  in  suspension by Brownian

m o t i o n  a 1 o n e .  F l o c c u l a t i o n  o f  p a r t i c l e s  w i l l  t a k e

p lace  when  the  ne t  phvs i co -chemica l  i n te rpa r t i c l e

fo rces  become a t t rac t i ve .



F loccu la t i on  o f  sed imen t  pa r t i c l es  i s  t he  consequence

o f  pa r t i c l es  s t i ck ing  toge the r  as  t hey  a re  b rough t

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

a re  t he re fo re  t he  essen t i a l  p rocesses  o f  f l occu la t i on

and  these  fac to rs  a re  v i r t ua l l y  i ndependen t  o f  ooe

ano the r  and  a re  we l l  desc r i bed  e l sewhere  (qe fs  3  and

4 ) .

Cohesion is  understood to be determined by the

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

fo rces  a re  s t rong  a t  sho r t  d i s tances ,  bu t  f a l l

inversely  wi th the seventh Dorter  of  d is tance for

spheres and inversely  wi th the square or  cube of  the

d i s t a o c e  f o r  p a r a l 1 e l  o l a t e s .  P a r t i c l e s  w i l l  c o h e r e

i f  these shor t  range forces dominate the repuls ive

forces generated by the c louds of  cat ions around the

pa r t i c l es .  The  s t reng th  o f  t he  repu l s i ve  f o r ces

deoends on the charqe on the mineral  sur face,  which is

determined by the mineral  composi t ion,  and by the

amount  and tvpes of  cat ions Dreseot  in  the suspending

f  1 u i d .

Co l l i s i ons  o f  pa r t i c l es  a re  t he  resu l t  o f  one  o f  t h ree

mechanisms,  namely,  Brownian mot ion of  the suspended

part ic les,  in ternal  shear of  the l ta ter ,  and

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

f locs.  Al l  three of  these mechanisms operate in  an

es tua ry  a l t hough  i t  was  pos tu la ted  (Re f  5 )  t ha t  t he

format ioa of  large aggregates is  predominant ly  due to

in te rna l  shea r i ne .

Neve r the less ,  t he  s i ze  o f  f l ocs  f o rmed  by  co l l i s i ons

from any of  the three mechaaisms is  l imi ted by the

maximtrm rate of  in ternal  shear that  the f locs can

w i ths tand .  I t  i s  ev iden t ,  t he re fo re ,  t ha t  i n te rna l

shear ing can both promote the growth of  f locs and

l im i t  t he i r  s i ze .  Hence ,  suspended  f l ocs  shou ld



a t ta in  a  max imum s i ze  g i ven  coos tan t  cond i t i ons  o f

i n te rna l  shea r .

The  s i ze  and  se t t l i ng  ve loc i t y  o f  t he  f l ocs  may  be

much  l a rge r  t han  tha t  o f  t he  i nd i v i dua l  oa r t i c l es  and

rap id  depos i t i on  may  occu r  as  a  resu l t  o f

f l occu la t i on .  The  impor tance  o f  f l occu la t i on  may  be

demonstrated by consider ing the data shown in

F i g u r e  2  ( R e f  6 ) .  T h e  f l o c c u l a t i o n  f a c t o r ,  F ,  i s  t h e

ra t i o  o f  t he  se t t l i ng  ve loc i t y  o f  f l occu la ted  sed imen t

to  t ha t  o f  t he  chemica l l v  d i spe rsed  sed imen t .  Th i s

fac to r  i s  seen  to  va ry  w i t h  mean  pa r t i c l e  d iame te r

f rom a  f i gu re  i n  t he  o r i l e r  o f  10q  fo r  pa r t i c l es  w i t h  a

d iame te r  o f  0 .1  m ic roa  to  un i t y  f o r  pa r t i c l es  w i t h  a

diameter  of  about  60 microns.  This i rnpl ies that  the

cohesive behaviour  of  sediment  ceases for  par t ic les

wi th a 'nean c l iameter  sreater  than 50 microns.

The maximrm f loc Fize is  governed by the par t ic le

s ize,  coocentrat ion,  mineralogvl  o l l  and ionic  s t rength

of  the mud,  by the chemical  composi t ion o€ the pore

rrater  and susDending \ rater ,  and by the hydrodynamic

parameters of  the water  such as the veloc i ty  and

turbulence st ructurer  in ternal  shear and bed shear

s t ress .  The  se t t l i ng  un i t  i s  t he re fo re  t he  f l oc

ra the r  t han  d i sc re te  pa r t i c l e  g ra ins  as  i n

non-cohesive sedimeat .  This  dependence therefore

inhib i ts  the developoent  of  a set  of  universal

equa t i ons .

Cohesive sediment  can be considered to ex is t  in  four

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 l l u s t r a t e d  i n

I ' igure 3 (Ref  7)  and may be descr ibed as a mobi le

susDended  sed imen t ,  a  nea r  bed  s ta t i ona ry  suspens ion

o f  h ieh  concen t ra t i on  w i t h  a  sma l1  cohes ion  wh ich  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 v

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 imenc  o f  p r imarv

inLe res t  t o  t he  eng inee r  a re  depos i t i on r  conso l i da t i on

and  e ros ion .  Depos i t i on  i nvo l ves  t he  se t t t i ng  t h rouqh

the  wa te r  co lumn  and  on  to  t he  bed  o f  f l occu la ted

sed imen t .  Conso l i da t i on  o f  a  c l epos i t  i s  t he  g radua l

e x p u l 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

the sediment  accomoanied by an increase in both the

dens i t y  o f  t he  bed  and  i t s  s t reng th  v r i t h  t ime .

Erosion is  the removal  of  sediment  f rom the sur face of

the bed due to the st ress of  the moving l ta ter  above

the  bed .

This repor t  summarises,  in  an engineer ing form, the

main processes of  cohesive sediment  behaviour ,  namely,

depos i t i on ,  conso l i da t i on  and  e ros ion .  The  da ta

presented are in tended to show the oract is inq engineer

which parameters are important  in  each of  the

Drocesses and to eoable broad est imates of  the rates

o f  depos i t i on ,  conso l i da t i on  and  e ros ion  to  be  made

based  on  a  L im i ted  know ledee  o f  t he  f i e l d  cond i t i ons .

The behaviour  of  cohesive sediment  does vary

considerablv in  quanEi tat ive terms f rom one source to

another .  Therefore,  i t  is  cruc ia l  that  the engineer

aporeciates that  est imates based on the data Dresented

herewi th may wel l  be i -n error  by hal f  an order  of

magni tude.

For  most  ser ious engineer ing problems involv ing

cohes i ve  sed imen t  i t  wou ld  be  essen t i a l  t o  unde r take  a

de ta i l ed  s tudy .  Th i s  wou ld  i nvo l ve  some o f  t he

fo l l ow ing  techn iques  :  f i e l d  measu remenrs r  l abo ra to ry

tes t i ng  o f  sed imen t r  numer i ca l  mode l l i ng  o f

hydrodvnamics and sediment  t ransport  and ohysical

mode l l i ng  o f  hyd rodynamics .



2 DEPOSITION

2 . L  S e t t l i n g  V e l o c i t i e s

The  bas i c  Da rame te r  used  i n  de te rm in ing  ra tes  o f

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

se t t l i ng  ve loc i t y  o f  t he  f l occu la ted  sed ioen t .  Th i s

i s  usua l l y  rep resen ted  by  t he  med ian  se t t t i ng  ve loc i t y

WSO.  Ha l f  t he  sed imen t  by  we igh t  se t t l es  a t  a  g rea te r

ve loc i t y  t han  W59 .  The  da ta  coL la ted  du r i ng  the

l i t e ra tu re  su rvey  on  se t t l i ng  ve loc i t i es  a re

summar i sed  be low .  Th i s  i s  f o l l owed  by  a  p rocedu re  fo r

de te rm in ing  o r  es t ima t i ng  t he  se t t l i ng  ve loc i t i es  o f

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

Knowledge

-  Ueasu re f l en t  o f  t he  se t t l i ng  ve loc i t y  o f  f l occu la ted

sediment  must  be done in the f ie ld as rernoval  of  a

sample to the laboratory changes the f loc

structure.  The data shom in F igure 4 imply that

laboratory measurements could be an order  of

magni tude lower than those measured in the f ie ld

( R e f  8 ) .

-  Se t t l i ng  ve loc i t y  o f  cohes i ve  sed imen t  i s  ve ry

dependent  on the susoended sediment  concentrat ion.

Sec t l i ng  ve loc i t i es  i nc rease  w i th  h ighe r  suspended

c o o c e n t r a t i o n s .  ( R e f s  5 ,  9 ,  1 0  a n d  1 1 ) .

-  V a r i a t i o n  i n  s e t t l i n g  v e l o c i t i e s  i s  c o n s i d e r a b l e

fo r  sed imen t  f r om d i f f e ren t  l oca t i ons .  The  da ta  i n

F igu re  5  a re  f r om e igh t  es tua r i es  and  show an  o rde r

o f  maqn i tude  d i f f e rence  fo r  t he  ex t reme  ranges .

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

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

6



egua t i on  f o r  Thames  da ta  i s  g i ven  i n  F igu re  6  (Re f

1 2 ) .

-  t l i nde red  se t t l i ng  o f  f l ocs  i n  h igh  concen t ra t i on

suspens ions  resu l t s  i n  a  reduc t i on  o f  t he  se t t l i ng

ve loc i t y .  Th i s  i s  shown  fo r  t he  Seve rn  Es tua ry  i n

F i g u r e  7 .

-  Sal in i ty  rnay have a secondary but  inconsistent

e f f ec t  on  the  se t t l . i nq  ve loc i t v  o f  cohes i ve

sed imen t  (Re f  12 ) .  Th i s  i s  i l l us t ra ted  by  t he

Thames  f i e l d  da ta  i n  F i su re  8 .

Procedure

-  measure  se t t l ing  ve loc i ty  in  the  f ie ld  fo r  a  range

of susoended sedimenL concentrat ions to determine

Wuo aga ins t  concent ra t ion  and Wo/W50 ra t io  aga ins t

concent ra t ion .

or

- i f  estuary is on Figure 5 use regression l ine to

f ind  Wuo aga ins t  concent ra t ion .

o r

-  es t imate  W5g by

W 5 0  =  0 . 0 0 1 C

where

(0 .05  <c  <2 .0 )  (1 )

W50 =  med ian  se t t l i ng  ve loc i t y  o f  f l ocs  ( * s -  I )

C -  suspended se<l iment  concentrat ion ( tgm- 3)

-  f o r  a n  e s t i m a t e  o f  W n / W 5 0  u s e  F i g u r e  6 .



2 . 2 R a t e  o f  d e o o s i t i o n

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

Knowledge

The rate

i s  q i ven

o f

by

depos i t i on  o f cohesive sediment  to the bed

( 2 )dm- =
d r

where

-c 'ws o

dm
l f  

= ,ass f lux per unir area (tern-2"- 1)

f ,  =  suspended sediment  conceotrat ion (kqrn-

W50  =  med ian  se t t l i ng  ve loc i t y  o f  f l ocs  (ns -

The average rate of  deposi t ion over  a per iod of  t ime

can  on l y  be  ca l cu la ted  i f  t he  deo th  o f  t he  wa te r  and

the  dep th  va r i a t i on  o f  i n i t i a l  conceo t ra t i on  o f

susoended sediment  are known or  assumed.  For  the

purpose of  prov id ing some data a ser ies of  s inple

ca l cu la t i ons  r {e re  made  fo r  wa te r  dep ths  o f  5m and  20m.

I t  was assumed that  the in i t ia l  sur face concentrat ion

of  suspended sediment  r ras one hal f  o f  the depth mean

concentrat ion and that  the near bed concentrat ion was

in i t i a l l y  tw i ce  t he  dep th  mean  coocen t ra t i on .  The

med i .an  se t t l i ng  ve loc i t y ,  W5g1  was  g i ven  by

equa t i on  t .

Procedure

ins tan taneous  ra te  o f  depos i t i on  can  be  ca l cu la ted

f rom equa t i on  2  i f  t he  oa r t i cu la r  va r i a t i on  o f  WUo

with C and the near bed concentrat ion of  suspended

sediment  are known.

e;

ry



2- .3  Ra te  o f  depos i t i on

in f lowing nater

i ns tan taneous  raEe  o f  depos i t i on  f r om F igu re  9  f o r

1ow va lues  o f  susoeoded  sed imen t  concen t ra t i ons  and

f rom F igu re  10  fo r  h igh  concen t ra t i ons  i f  W50

against  C is  unknown.

average rate of  deposi t ior l  over  a t ime per iod can

be  ca l cu la ted  us ing  a  t ime  s tep  mode l  w i t h  t he

depth of  water ,  in i t ia l  concenrrat ion of  susoended

sed imen t  va r i a t i on  w i t h  dep th  and  WUO o r  W.  aBa ins t

C as the governing parameters.

average rate of deposit ion from Figures 11 and 12

i f  in i t ia l  suspended sed iment  concent ra t ion  pro f i le

and tr{Uo against C are unknown.

Laboratory tests in  s t ra ight  and c i rcu lar  f lumes have

shown  tha t  depos i t i on  i n  f l ow ing  wa te r  i s  con t ro l l ed

by the shear s t ress exer ted by the moving water  on the

b e d  o f  r h e  f l u m e  ( t e f s  3 1  4 ,  1 3 ,  l - 4 ,  1 5 r  1 6 1  1 7 ,  1 8 ,

1 9  a n d  2 0 ) .

Recent  developments have been made in the model l ing of

t he  depos i t i on  f r om f l ow ing  wa te r  o f  a  d i s t r i bu ted

sed imen t  (ne fs  20  and  21 ) .  A  d i s t r i bu ted  sed imen t  i s

a term which is  used to descr ibe a set l iment  which is

no t  eas i l y  cha rac te r i sed  by  a  s i ng le  se t t l i ng  ve loc i t y

and  c r i t i ca l  bed  shea r  s t ress  f o r  depos i t i on .  Such  a

set l iment  may be bet ter  rePresented by consider ing the

sed imen t  t o  be  d i v i ded  i n to  a  number  o f  c l asses ,  each

o f  wh i ch  has  a  d i s t i nc t  concenEra t i on ,  se t t l i ng

ve loc i t v  and  c r i t i ca l  bed  shea r  s t ress .  On  the  o the r

hand ,  a  un i f o rm  sed imen t  i s  one  wh ich  may  be



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

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

Al though some of  the ear l ier  exper imenta l  work was

conduc ted  us inq  fa i r l y  un i f o rm  sed imen ts  i t  i s  now

be ing  recogn i sed  tha t  es tua r i ne  sed imen ts  may  more

typ i ca l l y  behave  as  a  d i s t r i bu ted  sed imen t .  Howeve r ,

a s  i s  d i s c u s s e d  i n  t h e  l i t e r a t u r e  ( A e f  Z 0 ) ,  t h e

apo l i ca t i on  o f  a  d i s t r i bu ted  sed imen t  mode l  i s  a t

p r e s e n t  d i f f i c u l t .

Knowl edg e

fo r  a  g i ven  f l ow ing  un i f o rm  o r  d i s t r i bu ted

suspens ion  the re  ex i s t . s  a  bed  shea r  s t ress  be low

wh ich  a l l  o f  t he  sed imen t  w i l l  even tua l l y  depos i t .

The  magn i tude  o f  t h i s  c r i t i ca l  bed  shea r  s t ress ,

T  . .  i s  b e t w e e n  0 . 0 6  a n d  0 . 1 0 N m - 2 .
c d '

t he  ra te  o f  depos i t i on  o f  a

bed shear s t ress r ' r  where

es t ima ted  by

dm
aE 

= - DC.wso

uni form sediment  at  a

0 ( t O a t " U m a y b e

( 3 )

where

p  =  p robab i l i t y

Q = suspen<led sedi rnent  coocentrat ion ( tg m- 3)

W50  =  med ian  se t t l i ng  ve loc i t y  o f  f l ocs  ( * s -  1 )

The probabi l i ty  p takes the value between 0 and 1,

g iven by

p = ( 1 - r O / t " U )

1 0

( 4 )



vrhere

p  =  p robab i l i t y

T ,  =  bed  shea r  s t ress  (Nm-  2 )
D

x  .  =  c r i t i ca l  bed  shea r  s t ress  f o r  t o ta l
c o

depos i t i on  (nm-  2 )

-  f o r  a  g i ven  f l ow ing  d i s t r i bu ted  suspens ion  the re

ex i s t s  a  h igh  bed  shea r  s t ress ,  t * ,  above  wh ich

none  o f  t he  sed imen t  w i l l  depos i t  (  t ,  i s

app rox ima te l y  0 .5  t o  1  N  rn -2 ) .

-  the amount  of  a d is t r ibuted sediment  which deposi ts

when the bed shear s t ress is  reduced f rom Tm to a

shear s t ress h igher  than 'u"U is  a proport ion of  the

in i t ia l  to ta l  amount  of  sediment  and is  independent

o f  concen t ra t i on .

-  the proport ion of  the suspended sediment  which

remains in  susDension af ter  a few hours at  a

constant  bed shear s t ress Tb,  may be est imated by

(ae fs  17  and  20 )

C .  a .  -  a  .  a
r - ( D  c G )  ( t , { t " ( t )  ( 5 )

C  ' t  -  T  . t  
' ' c d  b  m '

o m c d

where

C. = f ina l  suspended sediment  concentrat ion (kgur-  3)
f -

C = in i t ia l  suspende, i t  sediment  concentrat ion ( tem- 3)
o

T ,  =  bed  shea r  s t ress  (Nm-2 )
D

t  . =  c r i t i ca l  bed  shea r  s t ress  f o r  t o ta l  depos i t i on
c o

i e c - l c  =0  (wm-2 )
t o

t *  =  c r i t i ca l  bed  shea r  s t ress  f o r  no

depos i t i on  (Nm-  2 )

c r  =  i ndex  (app rox ima te l y  equa l  t o  0 .5 )

1 1



Procedure -  Uni form sediment

rns tan taneous  ra te

ca l cu la ted  know ing

o f  depos i t i on  can  be

W5O aea ins t  C  and  assuming  r cd .

i ns tan taneous  ra te  o f  depos i t i on  f r o rn  F igu re  13  i f

WUO aga ins t  C  i s  unknown .

average rate of  deposi r ion dur ing the t ioe per iod

at  s lack i rater  when tO a r"U,  see Fiqure 14,  mav be

ca l cu la ted  by  a  t ime  s tep  aop roach  i f  t he  dep th ,

suspended sediment  concentrat ion prof i le  wi th depth

and WUO against  C are known and 
""d 

i "  assumed.

average rate of  deposic ion dur ing the t ime when 
h

a 
""U 

may be found f rom Figures 15 and 15 i f  W50

against  C is  unknown. This assumes that  the near

bed concentrat ion of  suspended sediment  is  a lways

twice the depth averaqed suspeoded sediment

concen t ra t i on .

Procedure -  Dist r ibuted sediment

for  an est i rnate of  the amount  of  sedimeot  le f t  in

suspens ion  a t  a  cons tan t  shea r  s t ress  i n  t he  l onq

run  ( i e  app rox ima te l y  6h )  use  equa t i on  5 .

t o  es t ima te  t he  l i ke l y  e f f ec t  o f  t he  d i s t r i bu ted

sediment  examine the sensi t iv i tv  of  a uai form

sed imen t  ca l cu la t i on  w i t h  an  i nc reased  va lue  o f  Tc .

b e t w e e n  0 . 1  a n d  0 . 3  N m - 2

L )



3 CONSOLIDATION

3.1  Bed  fo rma t i on

dep th

The  g row th  o f  a  l oose  bed  f rom a  suspens ion  o f

cohes i ve  sed imen t  i s  dep i c ted  d iag rama t i ca l l y  i n

Figure 17.  From an in i t ia l  homogeneous suspension the

suspens ion /wa te r  i n te r face  fa l l s  a t  a  nea r  cons tan t

ra te  un t i l  i t  mee ts  t he  r i s i ng  suspens ion /bed

in te r face .  A t  t h i s  po in t  t he  bed  i s  a t  i t s  f o rma t i on

deoth f rom which t ime the newly formed l rater /bed

in te r face  s low ly  reduces  (Re fs  22 ,  23 ,  24 ,  25  and

26\ .

Knowledge

- the format ion mean densi ty  of  a mud bed measured in

tes t s  i a  se t t l i ng  co lumns  i s  l a rge l y  i ndependen t  o f

both the sol ids concentrat ion of  the suspension and

the sal in i ty  and may be approximated to 80kgn- 3.

Procedure

-  conduct  a laboratory set t l ing column test  and

oeasure the deoth of  the bed formed.

o r

-  for  a g iven average rate of  deposi t ion and t ime

per iod the bed format ion depth can be est imated by

assuming a mean densi ty  of  80kgm- 3.  This is  done

in  F ieu re  18 .

t 3



3 .2  ru lean  dens i t v

va r i a t i on  w i t h

t ime

Knowledge

-  se l f  we igh t  conso l i da t i on  o f  l oose  beds  w i th  t he

accompany ing  l a rge  s t ra ins  i s  d i f f i cu l t  t o  mode l

ma themat i ca l l y  r . r i t hou t  t he  l abo ra to ry  de te rm ina t i on

o f  ce r ta in  re la t i onsh ips .

-  i t  i s  necessa ry  t o  re l y  on  the  da ta  f r om the

laboratory work a l ready conducted or  to  in i t ia te

laboratory tests us inq a sample of  the cohesive

sed imen t  f r om the  s tudy  a rea  (Re fs  5  and  26 ) .

Procedure

-  conduct  a laboratory set t l ing column test  and

measure height  of  bed and t ime.

o r

-  determine an est imate for  the mean densi ty  of  a bed

wi th t ime f rom the data in  F ieure 19

3 . 3  D e n s i t y  v a r i a t i o n s

wi th depth and

t ime

Knowledge

-  an  emp i r i ca l l v  based  numer i ca l  mode l  has  recen t l v

been  deve loped  (Re f  26 )  wh i ch  enab les  p red i c t i on  o f

t he  t ime  and  dep th  va ry inq  dens i t y  o f  a

conso l i da t i ng  mud  bed .

t4



3 .4 Ef fec t  o f  sand

Procedu re

conduc t  l abo ra to ry  se t t l i ng  co lumn  tes t s  and

measu re  i n - s i t u  dens i t y  t h rouqhou t  t he  dep th  and

de te rm ine  the  emp i r i ca l  r e l a t i onsh ips  be tween

e f fec t i ve  sc ress  and  vo ids  ra t i o  and  oe rmeab i l i t v

and  vo ids  ra t i o .  Use  numer i ca l  mode l  t o  p red i c t

t he  behav iou r  o f  a  conso l i da t i ne  bed .

the densi ty  at  a cer ta in depth wi th in a bed may be

rouqhly est imated f rom the laboratory data

p resen ted  i n  F igu re  20 .

Knowledge

recent  exper imenta l  work (Ref  27)  has indicated

that  the densi ty  of  the near sur face region of  a

conso l i da t i ng  mud  bed  i s  i nc reased  i f  sand  has

passed  th rough .

P rocedu re

-  a t  t he  p resen t  t ime  i t  i s  p ruden t  t o  adv i se  t ha t

due at tent ion be g iven to muddy beds in  which smal l

amounts of  sand may have been deposi ted.  I t  should

be  recogn i sed  tha t  t h i s  wou ld  i nc rease  the  dens i t v

of  the bed.

t 5



4

4 . 1

EROSION

Thresho ld  o f  e ros ion

bv  cu r ren ts

In  a  muddy  es tua r i ne  env i ronmen t  t he re  i s  a  po r t i on  o f

t he  bed  wh ich  i s  pe r i od i ca l l y  resuspended .  Th i s  uppe r

bed  i s  usua l l y  ve ry  so f t  w i t h  a  h igh  wa te r  con ten t  and

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

respec t  t o  cohes ion  and  dens i t y  va r i a t i ons  w i th  dep th

and  i s  usua l l y  t oo  so f t  t o  enab le  t he  use  o f  s tanda rd

shea r  t es t s  f o r  measu r i ng  cohes i ve  shea r  s t reng th .

Beneath th is  upper layer  which may have a depth in  the

o rde r  o f  0 .1  -  1 .0  m  the re  i s  a  po r t i on  o f  bed  wh ich

has  compara t i ve l y  un i f o rm  o rope r t i es ,  p rev ious

research can a lso be broadly d iv ided into two

ca tego r i es  by  t he  na tu re  o f  bed  i nves t i ga ted .  The

f i r s t  ca tego ry  re la tes  t o  beds  depos i t ed  f rom

qu iescen t  o r  l ow  f l ow  cond i t i ons  ( see  fo r  examp le  Re fs

2 1  3 , 6 1  2 8 ,  ? - 9  a n d  3 0 )  a n d  t h e  s e c o n d  c a t e g o r y  t o

beds formed f rorn a th ick s lurry  or  remoulded wi th,  in

soc re  cases ,  add i t i ona l  compac t i on .

Knowledge

a consol idat ing bed of  cohesive sediment  has an

inc reas ing  dens i t v  w i t h  dep th  ( see  F iq  20 )

Iaboratory s tudies have shown that  the res is tance

o f  a  bed  o f  cohes i ve  sed i rqen t  t o  e ros ion  i s  a

func t i on  o f  t he  dens i t v  o f  t he  exposed  su r face .

the  f  l ow ing  l r a te r  exe r t s  a  shea r  s t ress ,  
t r ,  

on  t he

bed  and  the  e ros ion  res i s tance  may  be  rep resen ted

b y  t h e  s h e a r  s t r e n g t h ,  T . " ,  w h i c h  i s  j u s t

i n s u f f i c i e n t  t o  c a u s e  e r o s i o n  ( s e e  F i g  2 1 ) .

L 6



Procedure

-  conduc t  l abo ra to ry  t es t s  i n  an  e ros ion  f l ume  and

se t t l i ng  co lu ' nn  us ing  samp les  o f  cohes i ve  sed imen t

f rom the  s tudy  a rea  to  de re rm ine  su r face  shea r

s t r e n g t h ,  d e n s i t y  a g a i n s t  d e p t h ,  a n d  t " .  a B a i n s t

den  s  i  t y .

o r

-  assume a  dens i t y  p ro f i l e  f o r

re lat ionship shown in F igure

den  s  i  t y .

the bed and use the

22 to f i td  r  aqainst
ce

4 . 2  R a t e  o f  e r o s i o n

by currents

Knowledge

- when t .he bed shear s t ress,  Tb,  exceeds the

shea r  s t reng th ,  Tce ,  t he  ra te  o f  e ros ion  i s

,  desc r i bed  as  a  f unc t i on  o f  t he  d i f f e rence ,

te rmed  the  excess  shea r  s t ress .

cr i  t i ca  1

b e s t

1- r". '

var iat ion in  exper imenta l  data is  considerable both

for  a Dart icu lar  cohesive seCiment  aad between

d i f f e ren t  cohes i ve  sed imen ts .

the erosion coostant  appears to be dependent  to

some degree on the rate of  increase of  bed shear

s t ress  (Re f  27 )  w i t h  i t s  va lue  dec reas ing  w i th

dec reas ing  ra te  o f  i nc rease  o f  bed  shea r  s t ress .

the in t roduct ion in to the bed of  a smal1 quant i ty

of  f ine sand ( -157" by dry weighr)  can reduce the

e r o s i o n  c o n s t a n t  b y  h a l f  ( q e e  Z ; ) .

l 7



Proced  u re

-  i ns tan taneous  ra te  o f  e ros ion  as  a  f unc t i on  o f

excess  shea r  s t ress  rb  -  r " "  * . y  be  de te rm ined  bv

labo ra to ry  t es t i nq  a  samp le  o f  cohes i ve  sed imen t  i n

a mud f lume.

o r

-  instantaneous rate of  eros ion may be est imated f rom

the  da ta  i n  E igu re  23  rd i rh  E=0 .002 ,  i e

dm
AE 

-  E ( tO 
"" " )

where

dm
at 

= mass f lux per  uni t  area ( tqm- 2"-  l )

E = erosion constant  ( tg t l -  1"-  I )

rO = bed shear s t ress (Nm- 2)

T = shear s t rength of  mud ( t ln-  2)
c e

( 6 )

-  average rate of  eros ion for  the per iod dur ing the

t idal  cyc le when tO ,  
" " "  

mav be calculated by a

t ime step model  g iven known re lat ionships of

dens i t y  aga ins t  dep th ,  c r i t i ca l  shea r  s t ress

aga ins t  dens i t v  and  ra te  o f  e ros ion  aga ins t  excess

s h e a r  s c r e s s .

o r

-  average rate of  eros ion and depth of  eros ion for

the per iod dur ing the t ida l  cyc le when r ,  )  
" " "  

* "y

be  es t ima ted  fo r  t he  assuoed  re la t i onsh ips  o f

dens i t y  aga ins t  deo th ,  c r i t i ca t  shea r  s t reng th

aga ins t .  dens i t y  g i ven  i n  F igu re  24 ,  and  equa t i on  6 ,

f r om F ieu res  25  and  25 .
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4 .3  E ros ion  by  waves

Know ledge

-  cons ide ra t i on  o f  t he  phys i ca l  p rocesses  o f  waves

as an eroding mechanism of  mud is  compl icated by

the complexi ty  of  the mud bed resDonse.  Changes in

the character is t ics of  sur face r raves due to mud

mot ion,  erave energv d iss ipated in  the mui l  and the

erosion of  the mud are a l l  in ter l inked.  I lence,  the

es t ima t i on  o f  shea r  s t ress  a t  t he  bed  su r face  fo r

the purpose of  corre lat ion wi th the rate of  eros ion

shou ld  no t  necessa r i l y  be  based  on  the  assumpt ion

o f  a  r i g i d  b e d  ( n e f  g t ) .

-  f lu id isat ion of  the upper layer  of  a oud bed wi l l

occu r  f o r  ce r ta in  mud  cha rac te r i s t i cs  as  a  resu l t

of  wave induced orb i ta l  ve loc i t ies (net  3Z)

the erosioo rate of  uud f rom the sur face of  a mud

bet l  (densi ty  1280kgtn-3;  was found to be s imi lar  to

the  p ropo r t i ona l  excess  shea r  sc ress  re la t i onsh ip

for  current  eros ion q iven in equat ion 6 (Ref  33)

Procedure

-  conduct  laboratory tests us ing the speci f ic  mud to

de te rm ine  the  c r i t i ca l  wave  shea r  s t ress  f o r  f l u i d

mud generat ion and entra inment  in to suspension

of  low densi ty  beds,  ie  {1200kgrn-  3 and the

e ros iona l  cha rac te r i s t i cs  o f  h i qhe r  dens i t y  beds .

o r

fo r  an  o rde r  o f  magn i tude  es t ima te  o f  e ros ion  ra te

use  equa t i on  6  i n  wh i ch  rO  i s  rep laced  by  t he  peak

bed  shea r  s t ress  due  to  t he  waves .
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5 CALCULATION OF

FIELD BED SHEAR

STRESS

5.1  Cu r ren t  i nduced

b e d  s h e a r  s t r e s s

Know ledge

-  t he  ra te  o f  depos i t i on  o f  cohes i ve  sed imen t  f r om a

suspens ion  and  the  ra te  o f  e ros ion  o f  ma te r i a l  f r om

a  cohes i ve  bed  a re  con t ro l l ed  by  t he  bed  shea r

s t r e s s ,  T b .

-  there are three ways in  which the bed shear s t ress

may  be  ca l cu la ted  :  by  d i rec t  f i e l d  measu remen t ,  by

est imat ion of  the bed roughness and use of

approximate formulae,  and by hydrodynamic computer

model l ing (which again requi res a knowledqe of  the

bed  roughness ) .

Procedure

-  measu re  t he  cu r ren t  ve loc i t y  i n  t he  f i e l d  a t  a

number  o f  po in t s  i n  a  ve r t i ca l  l i ne  ( t yp i ca l l y

abou t  f i ve )  nea r  t o  t he  bed  i . e .w i t h i n  lm ,

th roughou t  a  t i da l  cyc le .  A  p lo t  o f  ve loc i t y

against  the logar i thrn of  height  above bed for  a

pa r t i cu la r  i ns tan t  i n  t ime  shou ld  g i ve  a  nea r

s t ra iqh t  l i ne .  The  q rad ien t  o f  t he  l i ne  i s

du /d ( l og lo  y )  and  the  shea r  ve loc i t y  i s  s i ven  by  u *
=  0 . L 7 4  d u / d ( l o B r o  y ) .  T h e  b e d  s h e a r  s r r e s s  i s

re la ted  to  t he  shea r  ve loc i t v  bv

r b = p u * 2

where
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h 
= tred

p =  dens

u*  =  f r i c

bhear  s t ress  (Nm-  2 )

F.ty of f  lu id ( t  g*- 3)

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

-  use  the  re la t i onsh ip  be tween  shea r  ve loc i t y  and

mean ! i la ter  ve loc i ty  i  g iven by

u .  =  ux .  n  l e l t l l 6  ( r n - s  u n i t s )

where

n  =  l { anh ing rs  bed  roughness  coe f f i c i en t  ( t yp i ca l l y

in  the l range 0.012-0.018 for  very sof t  mud beds or

0 .018  tb  0 .030  fo r  compac ted  mud  beds )

g  =  accb le ra t i on  o f  g rav i t y

h  =  deo th  o f  f l ow .

The  bed  shea r  s t ress  can  be  ca l cu la ted  us ing

equa t i o l n  7 .

o r

-  use the smooth turbulent  law for  very sof t  mud beds

given by

u . .  y
L =  5 . 7 5  l o s  

*  
*  5 . t  ( 8 )

u * - v

where

u  =  ve lqc i t y  a t  he ig t r t  y  (ms -  I )

u *  =  f r i d t i ona l  shea r  ve loc i t v  ( * " -  1 )

y = heidht  above bed (m)
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5.2-  Wave induced

bed  shea r  s t ress

k i n e m a t i c  v i s c o s i t y  ( m 2 " -  1 )

Assuming  tha t  t he  mean  ve loc i t y  occu rs  app rox ima te l y

0 .37  t imes  the  dep th  o f  t he  \ ^7a te r  above  the  bed  and

tha t  v  s  1 .0x10 -6  *2 " - l  t he  bed  shea r  s t ress  rnay  be

ob ta ined  f  r om.  ! ' i gu re  27 .

Knowledge

-  t echn igues  fo r  ca l cu la t i ng  t he  peak  o rb i t a l

ve loc i t i es  a re  we l l  desc r i bed  e l sewhere  ( f o r

examp le ,  Re f  34 )

-  for  g iven values of  wave height  and per iodn and

depth of  water ,  the maximum boEtom orbi ta l  ve loc i ty

can  be  ca l cu la ted  us ing  f i r s t  o rde r  l i nea r  wave

theo rv  f r om the  re la t i onsh io

g = ---- 4.'=_-=- (9)"m  T  s inh  (2nd lL )

where

U = maximum bot tom orb i ta l  ve loc i ty  ( rs-  I )
m

I t  = wave height  (m)

T  =  nave  pe r i od  ( s )

d -  vrater  depth (m)

L = wave length (m)

The magni tude of  the \ rave length is  determined

i t e r a t i v e l y ,  s i n c e

u2  =  gk  t anh  ( kd )

22
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r^the f e

0 r  =  2 n / T  ( s -  l )

g  =  acce te ra t i on  due  to  g rav i t v  ( . s -  2 )

k = 2.n/L (m- r )

-  the peak bed shear s t ress under a wave can be

ca l cu la ted  f rom

. r  =  * p f  U 2  ( 1 1 )
m  T t m

where

" ,  
= peak bed shear s t ress (Nn- 2)

p  =  f l u i d  dens i t y  ( t gm-3 )

f  =  wave  f r i c t i on  f ac to r
tt

U = maximuo bot tom orb i ta l  ve loc i tv
m

- the wave f r ic t ion factor  is  dependent  on the wave

Reynolds number and the re lat ive roughness,  ie

(  1 2 )

where

R = \{ave Reynolds number
Id

Uo, = maximum bottom orbi tal  veloci tv (ms- 1)

A = seui-orbi tal  excursion length = UmT/2rt  = (m)

v  =  k inemaEic  v iscos i ty  ( r2s-  l )

U A
R  = i -

w v

and
A

f = -' k
s

where

(  1 3 )

r  =  re la t i ve  rouqhness

A  =  semi -o rb i t a l  excu rs ion  l enq th  =  UmT/2 rc  (m)

k  =  N i ku radse  equ i va len t  sand  g ra in  roughness  (m)
s
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Procedure

-  t he  max imum bo t tom o r i b i t a l  ve loc i t y  can  be

ca l cu la ted  us ing  equa t i ons  9  and  10  o r  ob ta ined

from f rom a general  curve (Ref  34)  q iven in F igure

2 8 .

-  t he  peak  bed  shea r  s t ress  can  be  ca l cu la ted  us ing

equa t i on  (11 )  w i t t r  f ,  be inB  rhe  g rea te r  o f  t he

smooth ( laminar  or  smooth turbulent)  and rough bed

f r i c t i o n  f a c t o r s .

-  t he  smoo th  bed  f r i c t i on  f ac to r  i s  ca l cu la ted  f rom

N
f  = B R - '

Ids w

where

f  = smooth bed €r ic t ion factor
Its

R = nave Reynolds number
Id

a n d  f o r  R  <  5 . 1 0 5  ( l a m i n a r )
w

B  = 2

N  =  o . 5

or  fo r  R >  5 .105 (smooth  tu rbu len t )
$t

B  =  0 . 0 5 2 1

N  =  0 . 1 8 7

(  1 4 )

-  t he  rough  bed  f r i c t i on  f ac to r  i s  ca l cu la ted  f rom

f  =  0 . 3  i f  A / k  <  1 . 5 7
ltr s

(  1 5  )
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r  -  0 . 00251  exD f5 .2 r  r 4 - l  
- 0 ' t n l  

i r  o / n  >L . i 7  ( 16 )
w r  

v L r . . - L  . k  ,

s

where

f  =  rough  bed  f r i c t i on  f ac to r
wr

A = semi-orb i ta l  excurs ion length = U T/2 ru (m)

f t  = Nikuradse equivalent  sand gra in roughness (m)
s

?_5



6 CONVERSIONS

BETINEEN BULK SOIL

PARAUETERS

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

the  deg ree  o f  conso l i da t i , on  may  a l so  be  exp ressed  i n

te rms  o f  t he  bu l k  dens i t y ,  t he  mo is tu re  con ten t ,  t he

rda te r  vo ids  ra t i on ,  o r  Lhe  vo id  ra t i o .  The

de f i n i t i ons  o f  t he  va r i ous  Da ramete rs  a re  as  f o l l ows :

Dry  dens i t y  = Mass of  dry mud
Volume of  wet  mud

Bulk  deas i ty  =  Yags o f  Yet  nud .
Volume of wet mud

Moisture content
t{ass of \rater in mud

Wate r  vo ids  ra t i o  =

l-lass of dry mud

Volume of  water  in  mud

vo id  ra t i o

Volume of wet mud

Volume of  vo ids
volu*e of-;i l-

F igure 29 shows the re lat ionship between the f i rs t

four  of  these Darameters for  a mud havinq a speci f ic

g r a v i t y  o f  2 . 6 5 .
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TABLES.





TABLE 1 Characterisation of sediment

1 .  Type o f  mater ia l

(  a) c lay I ' l inera1s

( i )  C lay  minera l  a lone
(i i )  Mixture of c lay minerals in varying proport ions

( i i i )  M ix tu re  o f  c lay-minera l  and non-c lay-minera l ,  bo th  in  the
f ine sediment range

(b)  So i l s ,  Muds and C lay  l , Ia re r ia l

( i )  Mixture of cohesive and non-cohesive (such as sand)
sediments

( i i )  Mixture of c lay mater ial  and organic matter or organic
compounds

(i i i )  Sediments from natural  environment (unclassi f ied)
( iv) Sediments from natural  environment (classi f ied according to

So i l  C lass i f i ca t ion  Sys tem)

(c) Non-sediment Fine Mater ials

2 .  Nature  o f  c lay  s t ruc tu re

(a)  E lec t r i ca l  fo rces  ac t ing  be tween par t i c les

( i )  Net  energy  o f  a t t rac t ion
( i i )  Double layer rhickness

(b) Part ic le arrangement or fabr ic consist ing of texture and part ic le
or ien ta t ion

3.  Par t i c le  S i .ze  D is t r ibu t ion

(a)  Median d iameter
(b )  E f fec t i ve  s i ze
(c )  Un i f o rm i t y  coe f f i c i en r
(d)  Curvature coef f ic ient

4.  Cat ion Exchange Capaci ty
5.  Exchangeable Sodium Percentage
6.  Sodium Adsorpt ion Rat io of  Clay
7 .  D ie lec t r i c  Cons tan t
8 .  S i l i c a - s e s q u i o x i d e  R a t i o
9.  Chemical  Conposi t ion
10 .  Spec i f i c  G rav i t y
11.  I lydrat ion or  Adsorbed Water
12.  Antecedent  Water
13 Aging



TABLE 2 Mineralogy and cation exchange of three muds

Mud Source

Ca t i on  exchange  capac i t y

(meq /  ro0g)

Z clay minerals

Montmor i l lon i te

Kao l  in i  te

I l  l i t e / m i c a

Chlor i te

Z non-clay minerals

Z organics and minor

cons t i tuents

Grangemouth

20

51

n i l

L7

L7

L7

39

Brisbane Belawan

35

50

30

15

(s)
n i l

50

25

75-80

15-20

30

30

f race

20

t races10 n i l
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Fig 3 States of cohesive sediments
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