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ABSTRACA

The predlctlon of sedlment tranaport has many lmportant appllcatlons in the
estuarlne envLronment, such ag the control of slltat,loa and dredglng and the
aaaeasmeot of pollutl.on trasafer. Underetandlng the physlcal mechaolgms of
consolldatlon and eroslon leads to a better evaluaulon of eed,iment Dovemeot.
Many estuarlee cootain a slgnlflcant proportlon of saod elther ln the bed or
movlag 1n the Yater columo, shLch may affect the consoltdatloa and eroelonal
propertles of t,he mud. Thle report descrlbes recent leboratory studles
carrled out by Hydraullcs Research (nR) to lnvestlgate the coaeolidatlon and
erosl.onal propertles of nud/sand mlxture beds.

A eerles of consolldatloa tests trae perforned 1n settllng columng to
lnveetlgate the deposltloo and consolldatlon of a prenlxed nud/saad
auepenaion. The perceotagea of sand ueed, as percentageg of the total dry
welght of naterlal, were OZ, 502 and 652, slEh the actual concentratlone of
mud aod gand choseD to glve tro dlfferent bed thlckneases for each
perceotage. The tests revealed that the sand aettled out of suapenelon
flret to fora a layer at the botton of the bed.

A second serlee of consolldatlon tests sae carrLed out involvLng the
contlououe deposltlon of aud alone from a suepenslon pumped tnto the column
at a eonstant rate for each test. A auapenslon of nud was used at tso
dlffereat coscentratlons; the lnput rate and duratlon of loput varled
betrveen te8t6. The reaultlng flnal denslty profllee suggested that, the
proflle of the fully coneolldated nud bed ls lndependent of depoaltlon rate
or duratlon of lnput, and 18 detctrLned by the effectlve atre6s wlth volds
rat,lo relatlonshlp.

A thtrd eeries of consolldatlon teets was ruo, to look at the effect of
varylng amounts of sand ln the input euspenelon of a contiosous deposltion
teaL. Flve dlfferent perceotages of gaod sere used, fron 0z to
approrLmately 602 of tbe total dry nelght of naterlal. The loput rate and,
duratloa of ioput sere choaen to glve two different bed thlckaesaea for each
ratlo. The lncreaelag proportloo of eaod Ln the euspenslon I'aa reflected by
lncreaelng deoslty, at a flxed depth, Durlng the 7 daya consolidatloa the
aeod settled out of the top part, of the bed to leave a gaad, free layer. The
deoelty la thls eand free layer at a flred depth Lncreaaed wlth lncreaslng
percentage of eand.

A nes eroalon test procedure raa developed to gl.nulate the slowly increaeLag
and decreaalng bed ahear streasea eaconotered ln natural condltloas. Foar
eroaloa testa nere undertaken ln the flR nud carousel, wlth the rate of
lncrease of ehear streas aystenatleally reduced betseen teata. The eroslon
cooataot for each run of each teet saa calculated and saa found to decrease
ag the rate of lncrease of shear stress rrae reduced.

Flve erosloo te6ta were conducted La the carousel on mud/gand beda. A
speclal hopper sas uged to eprlnkle the sand lnto the carousel eoue time
after a mud bed had eettled. Flve dlffereot pereeotages of sand rlere used
1a the top 5nm of the bed, fron OZ to approxl.mately 662 of the total dry
welght of materlal. The same etepped bed ahear atf,ess pattera ras applled
ln each teat. The concentratloo of suspended nud sas aeen to l.ocreaee for a
partlcular conatant bed shear atreaa as the amount of sand I'as reduced.



1 t .

1 2 .

FIGURES

1. Set t , l lng col  umn apparat ,us
2 -  s l ng le  sho t  t es t s .  F lna l  dens l t y  p ro f i , r es ,  20mn  bed .s
3 .  S ing le  sho t ,  t es t s .  F lna l  dens i t y  p ro f l l es ,  50nnm beds
4.  Si .ngle shot ,  tests.  Slze gradings f ron the top mm and

bot t .om nm of  the bed
5 -  con t l nuous  depos l t l on  Les ts ,  mud  on ry .  Va r l a t i on  o f  bed

thlckness wlt,h t.1ne
6 .  con t l nuous  deposL t i on  Ees ts ,  mud  on l y .  F ina l  dens l t y

p ro f l l es ,  20nm beds
7.  Cont lnuous deposl t lon test ,s ,  mud only.  F lnal  densl t ,y

prof l les,  50mm beds
8.  Cont lnuous deposl t lon,  mud only.  F lnal

depth and ef fect lve st ress agalnst  vo lds
9.  C.onElnuous deposl t lon,  Bud only.  F lnal

depth and ef fect lve st , ress agalnst  vo lds
10.  Cont l -nuous deposl t lon tests,  nud. , /sand.

prof  1 les,  20mn bed.s
Con t l nuous  depos l t , l on  t es t s ,  mud /sand .
p ro f l l es ,  50mm beds
ConEinuous <teposLt lon test ,  C2,  19% sand.
w l th  t 1ne .

13.  cont lnuous deposl t lon !ests,  mucr /sand.  Near-sur face denslEv
wl  Eh t lne,  20mn becls

l 4 -  con t l nuous  deposL t l on  t es t s ,  nuo /sand .  Nea r - su r face  c lens l t v
wi th t lue,  50mm beds

I5 -  con t l nuous  depos i c i on  tes t s ,  nud /sand .  s l ze  g rad lngs  f ro rn  t he
fop mm and bot tom nn of  the bed,  0% sand

16.  Cont lnuous deposl t lon test ,s  mud, /sand.  Stze gradlngs f ron var lous
polnts 1n the bed, 3Zy" sand. and 532 sand

17 -  F lna l  dens l t y  p ro f l l es  f o r  s l ng le  sho t  t es t  Az  and
cont lnuous deposl t lon test  C4,  50% sand

18 .  The  ca rouse l
19.  Average bed shear s f ress agalnst  roof  speed
20.  Roof  speed,  suspended sol lds concent , rat l_oo and depCh of

e ros lon ,  mud  e ros ion  TesE  I
21.  Roof  speed,  suspended sol lds concent , rat lon and dept ,h of

eros lon,  nud eroslon Test  2
22.  Roof  speed,  suspeaded sol ld .s  concentrat lon and depth of

eros lon,  mud eroslon Test  3
23.  Roof  speed,  suspended sol lds concentrat ion and depth of

e ros lon ,  mud  e ros lon  TesL  4
24.  Appl led bed shear s t ress and bed shear s t rength,  mud

eros ioo  Tes t  3
Denslty profi le of mucr bed and nud/sand bed after 3 <rays
consol ldat lon.  50% sand Ln top 5nn of  bed
The sand hopper
Roof  speed and suspended sol1ds concentrat lons,  mud/sand
TesE  l ,  66% sand

densl ty  agalnst
rat lo ,  20mn beds

densl ty  agalnst
rat lo ,  50mm beds

Flnal  densl ty

Flnal  densl t ,y

Dens l cy  p ro f l l es

2 5 .

2 6 .
2 7 .
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ERRATA
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p25, Last paragraph, l lne 5

"The graphs for Tests 2 to

the eroslon constant m" of

(Fig 32) which had no sand

to  0 .0005kg/N/s .  "

shouLd read

"The graphs for Tests 2 to

the erosion constant rn" of

(Fie 32) which had no sand

to  0 .0014kg/N/s .  n

and sand nixtures

i . . i l

12  .  10 .89

4 (Figs 29-3L) al l  indicate a value of

around 0.0002kg/N/s. However,  Test 5

shows a value of m" in the range 0.0004

4 (Figs 29-3L) alL indicate a value of

around 0.0005kg/N/s. However,  Test 5

shows a value of m" in the range 0.0009

p29,  3 rd  paragraph,  l ine  lL

" T h e  m e a n  v a l u e  o f  m "  f o r  T e s t s  2 ,  3  a n d  4  ( . . . . . )  w a s  a r o u n d

O.OOO2kg/N/s, whereas for Test 5 (Ot sand) me was in the range

0.0004 to 0.0006kg/N/s, which indicates that even the presence of a

smal l  quant i ty of sand (1-1t)  af fects the erosion constant.r '

should read

" T h e  m e a n  v a l u e  o f  m "  f o r  T e s t s  2 ,  3  a n d  4  ( . . . . . )  w a s  a r o u n d

0.0005k9/N/s, whereas for Test 5 (0t sand) me was in the range

0.0009 to 0.OlLakg/N/s, which indicates that even the presence of a

smal l  quant i ty of sand ( l - l t )  af fects the eroslon consLant.  "

FLg29 Ver t i ca l  sca le  (p rev ious ly  0 .0 -2 .0 )  shou ld  cover  range 0 .0  -  4 .6

Labe ls  on  l lnes :  m :  0 .0002 shou ld  read n  -  0 .0005

F ig  30  Ver t i ca l -  sca le  (p rev ious ly  0 .0 -2 .0 )  shou l -d  cover  range 0 .0  -  4 .6

Labe ls  on  l ines :  m -  0 .0002 shou ld  read rn  -  0 .0005

Labe ls  on  l ines :  m :  0 .0003 
'shou ld  

read rn  -  0 .0007

F ig  31  Ver t i ca l  sca le  (p rev ious ly  0 .0 -2 .0 )  shou ld  cover  range 0 .0  -  4 .5

Labe ls  on  l ines :  m -  0 .0002 shou ld  read rn  -  0 .0005

Labe ls  on  l lnes :  m -  0 .000L shou ld  read m -  0 .0002

F ig32 Ver t i ca l  sca le  (p rev lous ly  0 .0 -2 .0 )  shou ld  cover  range 0 .0  -  4 .5

Labe ls  on  l ines :  m :  0 .0004 shou ld  read m *  0 .0009

Labe ls  on  l ines :  m :  0 .0006 shou ld  read n  :  0 .0014

1-2 .  1-0.  89
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The predlct lon of  sedloenL t ranspor l  nas oany

lopor tant  appl lcat lons in  rhe estuar lne envl roonenf , ,

such as che controf  of  s l l ta t . lon and dredglng aod the

assessoen t  o f  po l l u t i on  t r ans fe r .  Unde rs tand lng  tne

phys l ca l  nechan l sms  o f  conso l l da t , l on  and  e ros ion

Ieads to a betLer  evaluat lon of  sedlaent  movemenc.

Many  es tua r l es  con ta ln  a  s l gn l f l can t  p ropo r t l on  o f

sand e lcher  in  che bed or  movlng 1n the erater  co lumn,

wh lch  nay  a f f ee t  t he  conso l l da t l on  and  e ros lona l

p rope r t l es  o f  t . he  oud .  Du r l ng  a  pe r l od  o f  s l ack

wa te r ,  t he  f l ux  pe r  un l t  a rea  o f  bo th  mud  and  sand  to

the  bed  o f  such  an  es tua ry  can  be  es t lma ted .  F ron

t h l s ,  1 L  w o u l d  b e  v e r y  u s e f u l  t o  b e  a b l e  t o  a s s e s s

boch  t . he  sho r t  ce rm and  l onge r  ce ra  re -e ros lon

c h a r a c t e r l s t l c s  o f  u n l s  t y p e  o f  d e p o s l c .  F o r  L h l s

pu rpose ,  l t  1s  necessa ry  co  l nves t l gace  ho$ r  ehe

p resence  o f  t he  sand  a f f ec t s  Lhe  su r face  dens l cy  o f

L h e  b e d ,  t h e  c r l t l c a l  s h e a r  s t r e s s  f o r  e r o s l o n  o f  c h e

bed .  su r face  and  tne  deos l t y -dep th  p ro f l l e  o f  l he  bed .

In t .he pas! ,  work has been done on sand/mud beds by

Bass l  ( 1985 )  bu t  Ln l s  s tudy  cove red  p redomlnan t l y  sand

beds ,  as  f r equen t l y  f ound  l n  r l ve rs .  The  pe rcen tages

o f  s l l t  used  i n  ch l s  wo rk  d rd  no t  even  change  the

nedlan par t . lc le  s lze of  the sedlnenL and eannot

the re fo re  be  d l rec t l y  app l l ed  t o  es t . ua r l es  wh i . ch  a re

predonlnant ly  coheslve sedlment  er l th  sone sand.

Labo ra to ry  s t , ud les  nave  been  ca r r l ed  ou t  ac  Hyd rau l l cs

Resea rch  (HR)  t o  l nves t l ga te  t hese  conso l l daE lon  and

e ros lona l  p rope r t l es  o f  nud /sand  m lx tu re  beds .



1 )

The prograome of work  cons l s ted  o f :

Set t l lng and consol idacLon tests on nud

nud /sand  n i x tu res ,  bo th  f r on  a  p rem lxed

suspens ion  and  by  con t l nuous  depos i c l on ,

exarolne the densi ty  sLructure of  f ,he bed

1 1 )

and

t o

forned.

Eros lon  Ees ts

ln f l uence  o f

shea r  s t ress

the  mud .

o n

che

oo

nud beds t ,o  invest igace the

rate of  lncrease of  appl led Ded

the  e ros lon  cha rac te r l s t l - cs  o f

2. r

CORSOLIDATIOA

TESTS

Descr lpL lon  o f

apparaLus

t i i . )  E ros lon  tes t s  on  oud /sand  m! -x tu re  beds  eo

exan lne  che  e f f ece  o f  che  sand  f rac t l on  on  che

e ros lon  o f  che  rnud .

Th l s  repo r t  dese r l bes  these  recenc  s tud les  a t  HR.

T h e  c o n s o l l d a t l o n  c e s t s  a r e  d e s c r l b e d ,  w l t h  r e s u l t s ,

l n  S e c t l o n  2 .  S e c t l o n  3  r e p o r t s  o n  L h e  e r o s l o n

tes t s  n i ch  va ry lng  ra tes  o f  i nc rease  o f  app l l ed  bed

shea r  sL ress  and  Sec t l on  4  desc r l bes  the  e ros lon  tesEs

on  mud /sand  a l x tu re  bec l s .  The  conc lus ions  d rawn  f ron

a l l  t he  t es t s  a re  g l ven  l n  Sec t l on  5 ,  a l ong  w lLh

reco runenda t i ons  fo r  f u r che r  wo rk  t o  be  done  l n  t h l s

f  1 e l d .

The  ces ts  e re re  ca r r i ed  ou t  l n  a  2  rDe t re  se t t , l l ng

co luon  o f  92nm lnEerna l  d l aneEer ,  cons t ruc ted  o f

p e r s p e x  s e c t l o n s  ( s e e  F l g  l ) .  A  s a n p l l n g  p o r t  a t  a

he lgh t  o f  0 .5n  above  t , he  base  o f  t he  co lumn  was  used

ln the s ingle shoc t ,est .s  to enable soal l  vo lunes of

t he  suspens lon  ro  be  w l thd rawn  fo r  coocen [ ra t l on  and
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accuracy

sa l l n l t y  ana l ys l s .  A  second  po r t  ho le  aC  the  sane

he igh t  was  used  i - n  t he  con t tnuous  depos l t l on  t es t s  t o

i n j ec t  a  s teady  sL reao  o f  a  p rem lxed  suspens lon  i nco

the  co lunn ,  wh l ch  was  l n l L l a l l y  f u l l  o f  sa l l oe  wace r .

An  ouc le t  a t  l . 5m above  che  base  o f  t he  co lunn  was

used to extract ,  the excess c lear  waLer above the

se t t l i - ng  bed .  The  suspens lon  l o  be  l n j ec ted  was  kep t

cons tan t l y  n l xed  by  a  recL rcu la t l ng  puBp .  I t  was  chen

exEracted f rom rne boLtoo of  the n i .x lng cank by a

var lable speed per lsra l t lc  puop and ln jected 1ot .o the

co lumn .  A  consLan t  ra te  o f  l npu t  ove r  a  se t  Pe r l od  o f

t lme  was  choseo  fo r  each  tesL .

Dens l t y  p ro f l l es  we re  ob ta lned  fo r  each  bed  1n  the

se t t l i ng  co lunn  by  noeasu r l ng  the  t ransm iss lon  o f

en l ss lons  f ron  a  13333  sou rce  ove r  30  seconds  aL  2B t0

o r  5mro  ve r t l ca l  l n t . e r va l s  ch roughouL  the  deP th  o f  cne

bed .  The  l n te rva l  used  was  dependenE on  the  th l ckness

of  the bed and was chosen to g lve approxlnate ly

10  read ings  fo r  each  bed .

The  c loe  quo ted  fo r  each  dens i t y  p ro f l l e  was  f , he

average t ioe for  t .he densl ty  rea_dlngs in  that  prof  l le ,

as  i c .  cook  a round  10  n lnuces  fo r  each  comp le te

p ro f t l e .  I t  was  assuned  LhaE  Lhe re  was  no  s ign l f l can t

change ln densl ty  over  t .he t loe per lod caken Lo read

the  p ro f l l e .  The re  was  a  s tanda rd  dev la t l on  f o r  rhe

dens l t y  read lngs  found  l n  p rev lous  l nves t tgac lon  by

Hyd rau l l cs  Resea rch  o f  ! t% .  The  ve r t l ca l  he lgh t  (a t

2mm or  5nm lntervals)  was read wlLh an aceuracy of

t 0 .25nm.  The  dens lLy  p robe  was  ca l l b raLed  regu la r l y

by Beasur ing the count  rate in  sal lne soluc lons of

known  dens i t y .  Th l s  i nd l caLed  a  I l nea r  re la t i onsh lp

ove r  t he  oens l t y  range  app t l cab le  l n  t he  Les ts  o f  Lhe

f o r m



P b = K l r + K 2
qrhere

po =  bu lk  dens l ty  (kg l .3 )

r  = count rate per mlnute

K l ,  K 2  =  c o n s c a o c s

( l )

2 . 3  T e s c  P r o c e d u r e

Because che tota l  quancley of  sedlnent  puc 1nt .o the

co lumn  du r i ng  each  tes t  was  known ,  i nLeg raL lon  o f  t ne
dens i t y  p ro f l l es  shou ld  l nd lea re  ( l )  t ne  d l sc r lDu r l on

o f  oass  th rough  the  co luon  and  (11 )  rhe  . coca l  mass  i n

the  co luBn .

The  rnud  used  th roughou t  t he  expe r l oen ta l  l nvesc lga t l on

was Hong Kong nud.  This was s l_eved througn a 200pn

s leve  to  renove  she l l s ,  sand  anc t  l a rge  o rgan i c

pa r t l c l es .  A  s t . ock  suspens lon  was  made  up  o f  30kg /m3

nud  a t  30kg /n3  NaCI .  Th l s  suspens lon  was  d l l u ted  as

necessa ry  f o r  each  tes t  $ r1 th  a  sa l l _ne  so luc ton  o f

30kg /n3  NaCt .  The  sano .  used  was  K lng ,s .  Ly ln  sand .  wL rh

a loedian par t lc le  s ize c l r '  =  230p.n,  and only 2% of .

t h e  p a r c l c l e s  I e s s  c h a n  l 0 0 p n .

F o r  c h e  S e r l e s  A  t e s t s  ( s l n g l e  s h o t )  a  s u s p e n s l o n  o f

nud or  oud/sand was d l lu ted co t .he requl red

concen t ra t t on  and  Lho rough l y  n l xed  be fo re  pou r i ng  i n to

the  sec t l l ng  co lunn  ro  t he  requ l red  dep th .

Fo r  t he  Se r l es  B  and  C  tescs  ( conc lnuous  depos l t l oo )

the  co luun  was  f l r s t  f l l l ec  w i t h  a  sa l l ne  so lu t l on  o f

30kg /o3  NaC l  uo  Lhe  he igh f ,  o f  che  ove r f l ow  ou r l e r .  A

suspens lon  o f  nud  (Se r l es  B )  o r  nud /sand  (Se r l es  C )

was oade up to the requl red concentraLion and kepc

thoroughly n lxed in Che conlcal_-bot ton n lx lng rank by

the  rec l r cu la t l ng  puep .  A t  t he  sLa rc  o f  r he  tes t  t he

pe r l s ta l t t c  pump r ras  sw i t ched  on  Lo  a l l ow  che
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o f  t e s t s

suspension Lnto the column. The speed of  the pump was

chosen accordlng to the th lckness of  bed requl red and

was  l e f t  r unn lng  fo r  e i t he r  2  o r  4  hou rs .

Du r l ng  the  f l r s t  day  o f  each  Les t  a  c l ens l t y  p ro f l t e

was obta lned and che bed th ickness l ras recorded every

30  n lnu tes .  Subsequen t  dens i t y  p ro f l l es  and  bed

th lcknesses were recorded at  approxlmately  24 nour

lncervals  unr l l  the bed had consol ldaced fot  7 days.

In  Ehe  Se r l es  B  and  C  ces ts  ( con t l auous  depos l t l on ) ,

sanples of  the suspenslon belng ln jected by che

pe r l sca l t l c  pump were  gaken  a t  r egu la r  i n te rva l s

du r l ng  che  2  o r  4  nou r  l npu t  phase .  These  were

ana l ysed  fo r  nud  and  sand  concen t . ra t l ons ,  t o  check  on

the  n i x l ng  o f  t he  suspens lon .

The  Se r l es  A  tes t s  ( s l ng le  shoc )  we re  conduc ted  to

l l l us t ra te  t . ha t  a  mud /sand  suspens lon  wou ld  se t t l e  and

conso l l da te  t o  f o rm  a  bed  w l th  s l gn l f t can t  pa r t l c l e

s l ze  seg rega t l oo  as  a  resu l t  o f  Ehe  sand  se t t l l ng  ouc

oo re  qu i ck l y  ac  t he  bo t ton  o f  che  bed .  The

percentages of  sand used 1n the Lests were 0%, 502" and

66% of  Lhe tota l  dry welght  of  Bater la l .  For  eacf i

pe rcen tage ,  suspens lons  were  p repa red  co  g l ve  a  bed  o f

approxloate ly  20mrD and a beo of  approxlnate ly  5Oon,

sect led f ron a colursn f l l led to a helght  of  2n.  Tne

requ l red  bed  ch l ckness  and  suspens lon  compos l t l ons  a re

sunna rLsed  i n  Tab le  l .

The  Se r l es  B  tes t s  ( con t l nuous  depos l t l on ,  nud  on l y )

were done co evaluate the apparatus and to lnvesclgate

the  e f f €c t  o f  depos l t l on  ra te  on  Lhe  conso l l da t l on  o f

a mud bed.  In par t lcu lar  these tesLs were conducted

to  examine  the  assuap t l on  Cha t  t he re  l s  a  un lque



2 . 5  R e s u l c s

re laL lonsh lp  be tween  e f f ec t l ve  s f , , r ess  and  vo lds  raC lo
(see  De lo ,  1987 ) .  Tne  concen t ra t t on  o f  t . he  con t l nuous

lnpu t .  suspens lon  l r as  e i che r  6 .0kg /n3  o r  3 .Okg /n3 .  Tne

du raL lon  o f  t he  l npu t  s ras  e l t , he r  2  hou rs  o r  4  hou rs .

For  each conblnat lon of  duraclon of  input  and

concen t ra t l on ,  Che  l npu t .  r a te ,  con t ro l l ed  by  che

pe r l s ta l t l c  puop ,  vas  cnosen  so  tha !  bed .s  o f

approxlmately  20mn or  50mm were produced.  These

pa raoe te rs  a re  t abu la ted  fo r  t he  Se r l es  B  ces ts  l n

Tab le  2 .

The  Se r l es  C  tes t s  (mud /sand  con t , l auous  depos l_ t1on )

ee re  cond .uc ted  to  l nves t l ga te  t he  e f f ec t .  o f  va ry lng

aooun ts  o f  sand  on  che  conso l l da t i on  and  dens l cy

p ro f i l e .  The  mud  concen t rac ion  o f  Lne  conc inuous

lnput  suspenslon eras approxlnacely 6kg/m3 nud in each

tes t . .  The  du ra t  j - on  o f  t he  i npuc  was  2  hou rs  whe re  a

bed of  approxlmately  20urr0 was requl red and 4 hours

where  a  bed  o f  50nm was  requ l red .  F l ve  d l f f e ren l

pe rcen tages  o f  sand  were  used  a t  each  bed  th l ckness ,

va ry lng  f ron  0% co  app rox l "aace l y  607 "  o f  r he  co ra l  d r y

we lghc  o f  oa te r i a l .  These  va lues  a re  t abu laced  fo r

L h e  S e r l e s  C  c e s c s  1 n  T a b l e  3 .

2 . 5 . 1  S i n g l e  s h o r  -  S e r l e s  A

The  resu l t s  o f  t he  s l ng le  sho t ,  Les t s  a re  p lo t . ced  as

f l na l  dens l r y  p ro f l l es  a f t e r  7  days  l n  F lgu re  2

(approxinatety 20nn beds)  and Ftgure 3 (approxioar .e ly

50mn beds ) .  F lgu re  2  shows  tha t  l e l ow  a  dep rh  o f  6nn

the presence of  che sand can be c lear ly  seen by the

rap ld  l nc rease  l n  dens l t y  w i ch  dep th .  Fo r  t he  case

wl tn 66% sand che densl ty  at  a helghc 3na above che

bo tLoo  o f  che  bed  1s  app rox lmace l y  l l 00kg /m3 .  Th l s

coopares wl th 650kg/n3 ar  the sane helght  for  the case

wlrh 50% sand and only 350kg/o3 for  rhe bed of  mud



\ . rL th no sand aC al l .  In  the eop parc of  Ehe bed a

trend of  lncreased densl ty  at  a f ixed oepth can be

seen  w t th  che  l nc reased  pe rcen tage  o f  sand .  A t  a

dep th  o f  5nn  f ron  the  su r face ,  t he  dens i t y  f o r  t he

case  s r i t h  662  sand  l s  280kg / r3 ,  
"o *p . red  

w i th  170kg /n3

fo r  50% sand  and  140kg /n3  fo r  O% sand .  A  s ln i l a r

pa t t . e rn  i s  obse rved  a t  3mno  f rom Lhe  su r face  w l th

dens l t l es  o f  230kg /n3 ,  l 40kg /m3  and  100kg /s3  fo r  657  ,

50Z. ,  and 0% sand respect lve ly .

The f ina l  c iensl ty  prof l les for  the 50mn beds ( t '19 3)

a lso show th ls  patLern.  The presence of  the sand can

be  seen  1n  the  bo t ton  l 5nn  o f  t he  beds  w l th  a  rap ld

inc rease  i n  deos i . t y  e r iCh  dep th .  A t  a  he igh t  o f  5nn

above  the  bo t tou  o f  t he  bed  che  dens i t y  f o r  t he  case

w1 t .h  667 "  sand  i s  app rox ima te l y  1200kg /n3 ,  coopa red

w i th  l l 00kg /o3  f . o r  5O% sand  and  350kg /n3  fo ,  0% sand .

Inc reas lng  dens l t y  ac  a  f l xed  dep tn  be low  Lhe  su r face

fo r  l nc reas tng  pe rcen tages  o f  sand  can ,a l so  be  seen  i n

P igu re  3 .  A t  a  dep th  o f  10nn  be low  t . he  su r face ,  t he

dens l t y  f o r  t he  case  w1 t .h  66% sand  l s  290kg /n3 ,

compared  w l th  250kg /u3  fo r  5O% sand  aod  170kg / rn  3  f o r

07 "  sand .  F rom the  con t l nuous  depos l t l on  t esLs  ( see

2 .5 .3 )  a  s lm l l a r  t r end  r . r as  f ound  i n  che  top  pa r t  o f

t he  bed ,  l r hen  1 t  was  shown  1n  add l t l on  t ha t  t he re  was

no  sand  l n  t he  t op  pa r t  o f  che  bed .  I t  i s  ve ry

l l ke l y ,  t he re fo re ,  t ha t  che re  l s  no  sand  1n  the  top

pa r t  o f  t he  beds  i n  che  s lng le  sho t  ces t s .  The

resu l t s  f o r  Che  s lng le  sho t  t es t s  suppo r t  t he  l dea

p r o p o s e d  l a t e r  ( s e e  2 . 5 . 3 )  c h a t  t h e  p a s s a g e  o f  c h e

sand  has  a f f ec ted  fhe  dens l cy  l n  t he  uppe r  pa rc  o f  t he

bed .

S l ze  g rad tngs  o f  t ne  pa rL l c l es  l n  t he  t op  n l l l lme t re

and  the  bo tcon  o l l l l oe r re  o f  t he  bed  fo r  Tes t  A4

(50nn,  no sand) and Tesc A6 (50nn,  66% sand) are g lven

ln  F lgu re  4 ,  sho l r l ng  t he  pe rcen tage ,  by  d ry  we lgh t ,  o f

par t lc les below a g lven d. laoeter .  Io  both Lest ,s  the



par t l c l es  aL  che  su r face  a re  f l ne  s l l t ,  w l t h

app rox lna re l y  902  o f  pa r r l c l es  l ess  rhan  lOpu  and  9g%

of  pa r t l c l es  l ess  Ehan  60pn .  Bo th  Ees ts  show c lea r

pa r t l c l e  s l ze  seg regac lon  be tween  the  top  and  bo t tom.

Test  A4 (wl th no ext , ra sand) shows thac the bot toB is

oade  up  o f  s l l t  pa rc l c l es  w i ch  70% less  t han  60 ! ro  and

90% less chan 100po,  whereas Tesr  A6 (66% sand) shows

that  the bot tots  1s nade up ent , i re l_y of  sand,  wl th no

parc lc les less than l00pn and only 50% Iess t .han

300pn .

2 . 5  . 2

F lgu re  5  shows  the  va r l a t , i on  o f  bed  rh l ckness  aga ins t

t l ne  f o r  t he  20nn  oeds  i n  t he  Se r l es  B  tes t s  (nud

on l y ) .  T lme  l s  shonn  on  a  l oga r lEno l c  sca le  as  t he

g rea tesC  va r l ac lon  1n  bed  ch l ckness  l s  a t  t he  sLa r t .  o f

t . he  t esE .  The  d l f f e r l ng  depos l t l on  race  and  du ra t l on

o f  i npuc  o f  ces t  83  can  be  seen  by  t he  pos l t i on  o f

t he  peak  l n  bed .  t h l ckness .  Fo r  t escs  B l  and  82  t . h i s

peak  oeeu rs  a t  app rox lma te l y  160  m inu tes  a fE .e r  rne

sca r t  o f  Lhe  tes t ,  e rhen  the  max lmuB bed  th l ckness  l s

32non .  Fo r  t es t  83 ,  l n  wh l ch  Che  oeposLE lon  ra te  e ras

app rox lma te l y  ha l f  r ha r  f o r  B l  and  82  buc  che  du ra t l oo

o f  l npuc  was  4  hou rs  ra the r  t han  2  hou rs ,  Ehe  max lmum

bed  th l ckness  1s  22nn  a f t e r  app rox lua te l y  260  ra lnu tes .

The lower eaxlnuo bed th l ,ckness of  cesc 83 snoers tnat

the bed has a l ready had t lne Lo consol ldare a

s lgn l f l cao t  a8oun t  r . r h l l sL  1c  Ls  s t t l t  depos l t t ng .  No

d l f f e rence  can  be  noced  beLween  f , es t s  B l  and  82 ,  wh l ch

ind l caces  tha t  t he  coocenc ra t l on  o f  t he  l npu t

suspens lon  does  no t  a f f ec t  t he  conso l l c ta t l on  o f  t he

bed  p rov lded  tha t  t he  depos lL lon  ra te  i s  t he  same.

A fce r  10 ,000  m lnuces  (7  days )  a l l  uh ree  beds  have

reduced 1n bed th lckness to 16-17nm wnlch suggesrs

tha t  t he  t l r ue  and  ra te  o f  depos l t l on  does  no t  a f f ecL

the  f i na l  bed  uh i ckness .



The  f i na l  densL ty  p ro f l l es  a f t e r  7  days  fo r  che  Se r tes

B f ,ests are shonn 1n Flgure 6 (20mn beds)  and Figure 7

(50mn beos ) .  I n  each  f l gu re  che  p ro f l l es  a re  qu lE ,e

s lo i l a r ,  e r l ch  l i c t l e  d l f f e rence  l n  t he  f i na l  p ro f l l es

wh ich  o igh t  be  oue  to  che  d i f f e r l ng  depos l t l on  ra tes .

For  che th lnner  beds (F lg 6)  the densl r les are a l l  ln

the  range  60 -100ke / .3  uL  a  po lnc  2nm be iow  tne

su r face ,  r l s l ng  co  200 -280kg / r3  a t  a  po ln t  l 5nm be low

t .he  su r f  ace .

These  p ro f l l es  a re  s l - ! 011a r  t o  t he  p ro f l l es  f o r  t he  Eop

ha l f  o f  t he  t h l cke r  beds  (F lg  7 )  whe re  the  dens l t l es

a re  a l so  l n  t he  range  60 - f00kg / r3 . t  a  po ln t  2no  be low

che  su r face  and  200 -230kg /n3  a t  a  po ln t  l 5nm oe lo l r  t he

s u r f a c e .  T h e  d e n s l c l e s  t h e n  l n c r e a s e  c o  2 8 0 - 3 5 O k g / t 3

a t  a  dep tn  o f  30nn . Tes t  84  shows  s l l gh t l y  l ower

dens i c . l es  ac  a  f l xed  dep th  be low  the  su r face  than

Tes ts  85  and  86 ,  buc  be low  a  dep th  o f  app r .ox lma te l y

l 2mu  f ron  the  su r face  Ehe  dens i t y  has  l nc reased  to

220kg /o3 ,  s i n l l a r  t o  Tes ts  85  and  86 .  These  resu l t s

wou ld  seen  to  suppo r t  che  Lheo ry  o f  a  un lque

re laL lonsn l -p  be tween  e f f ec t l ve  s t ress  and  vo lds  ra t l o

wh lch  de te rm lnes  the  p ro f l l e  when  conso l l da t l on  i s

conp lece .

S lnce  e f f ec t l ve  sc ress  1s  a  f unc t l on  o f  cuou la t i ve

oass  f ron  che  su r face  and  vo lds  ra t l o  l s  a  f uncE lon  o f

dens l t y ,  Lhe  re lac lonsh lp  may  a l so  be  exp ressed

be tween  the  dep th  f r on  the  su r face  and  dens l t y  ( see ,

D e l o  1 9 8 7 ) .  F l g u r e  8  s h o w s  t h e  f t n a l  d e n s l L y  p r o f l l e

for  each 20nor bed p lot ted as densl ty  agalnsL depth

f roo  Lhe  su r face .  A Iso  snown  a re  che  bes t  f l c  l l nes

f ron  wh lch  Lhe  e f f ec t l ve  sL ress  aga los t  vo lds  ra t l o

re lat lonshlps were c ier lved for  each test  (F18 8)  -  The

e f fec t l ve  s f , r ess  va r i ed  f r on  0N /n2  
"e  

ch "  su r face  o f

t he  bed  ( vo lds  ra t l o  )65 ,  d ry  dens l t y  <40 tg /n3 )  t o

t5n /n2  ac  a  vo lds  rac io  o f  8  (d ry  dens l t y  *  300kg /n3 ) -

S ln l l a r l y ,  F lgu re  9  shows  dens l t y  aga lns t  dep th  f r o ro



Che  su r face  fo r  each  50nB  bed ,  l r l t h  besc .  f l t  l i nes  f o r

each  t , es t .  Tne  co r respond ing  e f f ecL i ve  sE ress  aga lnsc

vo lds  ra t l o  re la t l onsh lps  a re  a l so  shown  l n  F igu re  9 .

Once  aga in  t he  e f f ec t l ve  sL ress  va r l ec t  f r on  0N /n2  a t .

che  su r face  o f  che  bed .  Lo  app rox lnace l y  15N/n2  a r  a

vo ids  ra t i o  o f  8 -10 .

2 . 5 . 3  C o n t l n u o u s  d ? p o s i L i o n  -  S e r l e s  C

The resul t .s  of  t .he Ser les C tests ( rnud/sana) are shown

as  f l na l  dens l t y  p ro f i l es  t n  F lgu re  I 0  (20nn  nomina l

beds )  and  F lgu re  l l  ( 50nn  no ro lna l  beds ) .  I c  can  be

seen in boch f lgures chac only wl th srore chan 507" sand

does  the  sand  s ign l f i can t l y  a f f ec t  t he  depch  o f  t he

fu l l y  conso l i da ted  bed ,  whe re  i c  adc l s  app rox lma te l y

5nn  c .o  t he  ch inne r  beds  (F lg  l 0 )  and  8 - l 0mm co  che

th i cke r  beds  (F ig  I  1 ) .  A  sand  con tenc  o f .  5O% by  d ry

we igh t  rep resencs  l ess  cnan  107"  by  vo lume .  The

inc reas lng  p ropo r t l on  o f  sand  i n  t he  l npu t  suspens ion

l s  shown  by  che  i nc reased  dens l cy  a t  a  f i xed  dep th ,

pa r t l cu la r l y  i n  t he  l ower  pa r r  o f  Lhe  bed .  I n  cne

th lnne r  beds  (F1g  10 )  t he  dens l c i es  a t  a  po inc  4mra

f ron  Lhe  boccoo  o f  Lne  bed  $ re re  280kg /m3 ,  620kg /n3 ,

630kg /m3 ,  750kg /n3  and  900kg /m3  fo r  sand  (by  co ta l  d r y

we lgh t )  o f  0%,  l 97  ,  4L%,  50% and  577"  respec t l ve l y .  I n

Lhe  th i cke r  beds  (F lg  I  t )  t he  dens l c l es  a t  a  po ln t

l0nn f  rom the bot tom of  che bed r . rere 290kg/ru3,

5 l 0 k g l o 3 ,  6 7 0 k g / n 3 ,  7 5 0 k g / n 3  a n d  8 9 0 k g / m 3  f o r  s a n d

con ten ts  o f  07 " ,  l 8%,  327 " ,  37% asd  53% respec t l ve l y .

The stepped prof i . Ies lndlcate t ,hac af ter  7 days

conso l l da t i on  t he  saod  has  se t t l ed  donn  th rough  the

bed leavlng only muo 1n the Lop par t  of  the bed.  The

prof l les show a nore sudclen increase 1n densl ty  ! t1 th

depch ,  usua l l y  j us t  a f t e r  t he  dens lEy  reaches

200kg /n3 .  The  dep th  o f  t he  bed  w ieh  a  dens l t y  l ess

t r ran  200kg /m3  l s  t abu la ted  fo r  each  tes t  l n  Tab le  3 .

As  a  gene ra l  t r end  the  dep th  o f  ch l s  l - ower  dens lLy

1 0



part  of  the bed decreases as Lhe proport lon of  sand

lncreases.  Tesc C9 f i ts  ln  to the t rend shown by the

lower par t  of  each bed but  ls  unusual ly  dense 1n che

top  few  $11 l1me t res .

The development of che sand-free layer can be seen ln

Flgure 12 whlch shows densl ty  prof l les at  successlve

t lnes for  Test  C2 (20nn bed,  19% sand).  The f i rs t

prof i le  shown was taken af ter  2 hours,  at  the end of

the lnput  phase.  Al t .hough the bed had oot  yet

reached i ts  uaxlmum th lckoess,  t .he prof l le  ls  a snooEh

curve wl th no sudden lncreases ln  densl ty  for  a smal l

lncrease ln depth,  whlch lndlcat .es Lhat .  the sand is

st l l l  present  throughout  the depth.  At  successive

t l oes  t he  dens l t y  a t  t he  bo t ton  o f  t he  bed  i nc reases ,

whl lsu towards the top of  the bed the densl ty

dec reases  as  Lhe  sand  se t t l es  t h rough  i t .  Th l s

resu l t s  l n  Ehe  f l na l  scepped  p ro f l l e  (as  l n  F lg  10 ) .

The fornat lon of  the bed can be fo l lowed by looklng

at  t .he dry denslcy of  the mater la l  a t  3nn below the

sur face of  the bed wl th t l rne,  as shown ln F lgure 13

(20nn beds)  and Flgure 14 (50nn beds) .  T lnse ls  showo

on  a  l oga r l t ho l c  sca le  as  t . he re  i s  a  g rea te r  change  1n

bed th lckness 1n the f l rs t  f ,ew hours of  each test .  In

each f lgure chere ls  a per lod of  rapld ly  decreaslng

near-sur face densl ty  whlch reaches a mln loun soon

af ter  the star t  o f  the test  and then s lowly r lses

agaln,  level l lng of f  Lowards the end of  the test .  The

rapld decrease ln densl ty  corresponds to the fornaglon

phase  o f  t he  bed .  Jus t  a f t e r  t he  s ta r t  o f  t he  t es t

the bed ls  very th ln and conta lns a h lgh proport ion of

sand whlch has a l ready setEled out  whl ls t  the mud ls

s t l l l  se t t l l ng  f r on  the  suspens lon .  As  the  bed  bu l l ds

up,  the mud set t l lng togetner  wi th the sand lowers t 'he

densl ty ,  uat i l  a  mln lmum ls  reached about  one hour

a f t e r  che  end  o f  t he  l npu t  phase  ( i e  ac  3  hou rs  i n

F igu re  13  and  a t  5  hou rs  i n  F lgu re  l 4 ) .  Th i s

l l



coinc ides wl th che t ine of  maxlmum bed t .h ickness,  when

a l l  o r  mos t  o f  t he  oa te r l a l  has  depos i t ed .  The rea fce r

the n later la l  begins to consol idate faster  than che

deposlL ion of  any recoaln lng oater la l .  Fol lowing th is

mlnloum value of  near-sur face densi ty  Ehe bed

consol idates,  lnd lcated by the r lse ln  densi ty  whlch

levels of f  cowards the end of  the test .

The ef fect  of  t .he sand can be seen general ly  to  ra lse

the sur face densl ty  of  the f lna l  bed.  Ia  F igure 13

(20nn beds)  the presence of  192 sand has no not lceable

ef fect ,  leavlng the near-sur face densl ty  at

app rox lna te l y  100kg /m3 ,  as  f o r  no  sand .  Fo r  50% saad

the denslty ls around 140kg/m3 and both 4L% and 577,,

sand g lve around l80kg/n3.  Thls s lggests that  soal l

percentages of  sand have l l t t le  ef fect  on the sur face

dens l t y  sh l l sE  l a rge r  pe rcen tages  l nc rease  the  dens l t y

up to a naxlmum value.  In  F igure 14 (50mn beds)  . t ,he
densl t les are 100-110kg/n3 for  07" ,  18% and 32% satd

anci approxlnately 180kg/n3 foc 377" asd, 537 sand.. Thls

agaln supports  che ldea chat  the larger  percencages of

sand have lncreased the f lna l  sur face densl ty  but  only

up to a rnaxl rnun of  around 180kg/n3.

Thls presents an loEerest lng quest lon because,  as

al ready demonstrated by che f1nal  densl t .y  prof1 les,

the top par t  of  each f lna l  bed conta lns no sand.  Slze

gradtngs at  several  polnts ln  che bed are shown for

Tesc C6 (0% sand) ln  F lgure 15 and for  Test  CS (327"

sand) and Test  C10 (53% sand) 1n Figure 16.  From

Flgures 15 and 16 together ,  1t  can be noted thaL the

slze gradlngs at  lSmol  below the sur face ln  tests C8

and c lO both show s l lght ly  t r lgher  percentages of  the

more  coa rse  s l l t  pa r t l c l es  t han  fo r  Lhe  boc ton  o f  t he

bed io test  C6 (no sand).  Fron Flgure t6 l t  can a lso

be seen that .  a t  both the sur face and lSnn below the

su r face  the .  s l ze  g rad lngs  a re  ve ry  s l n l l a r  f o r  t he

tests wi th 32% sand and 537" sand and tnat  there are no
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part lc les less chan 100pn,  which indicales chaL chere

1s no sand ln thts  par t  of  the bed.  However,  f rom

Flgure 14,  the near-sur face densl t ies fot  32% sand and

532 sand are l10ke/n3 and l80kg/ru3 respect lve ly ,

eompared wl th 100-110kglm3 for  no sand.  Fron Figure

11 t .he < iensl t les at  18nm below the sur face are

32oke/m3 tor 327" sand and 430kg/n3 for 53% sand, as

compared wich 200kg/n3 for  no sand.

The lnfornat ion f rom the sLze gradlngs and the densl ty

prof l les toget ,her  lnd lcates that  the passage of  an

lncreased percencage of  sand through the Lop par t  of

the bed has nade l l t t , le  or  no change co the par t lc le

content ,  1rr  th ls  par t  of  the bed but  has caused the

densl ty  to tncrease.  This neans that  Ehe mud

aggregates must  be more t , lght . ly  compacLed.  one

poss lb le  cause  o f  t h i s  l s  t ha t  t he  sand  has  passed

tnrough the mud tak lng the f lne s l l t  par t le les wl th

i t ,  thereby leavlng the more coarse s l l t  par t lc les 1n

the  uppe r  t eg lon ,  g l v l ng  a  h j . ghe r  dens l t y  p ro f l l e .

An a l ternat lve explanat lon 1s chat  the downward

passage  o f  t he  sand  pa rc l c l es  has  l e f t  d ra lnage  pa ths

1n the over ly lng mud through whlch the water  has been

expel led more qulck ly  f ron che nud bed,  causlng more

consol ldat . lon.  A greacer  perceotage of  sand would

leave nore such dralnage paths and hence cause greater

consol i .dat lon.

The naxlnum sur face densl ty  of  180-200Lgl*3 for  both

37% and 53% sand ( f rorn Flgure 14)  suggests that  a

I1m1t may have been reached ln the consol idat lon '

r , rh lch ls  not  exceeded by deposl t lng nater la l  wlEh a

hlgher  percentage of  sand.  An explanaclon of  th ls

could be Lhat  for  h lgher  percenLages of  sand the

dralnage paths caused by che sand are beglnolng f ,o

have  t r r t o  counEer -ba lanc lng  e f f ec t s .  I t  l s  poss ib le

t .hat .  the h igher  percentages of  sand leave aore

d ra inage  Pa ths  and  henee  cause  S rea te r  conso l l daL lon '
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3 . 1

A ilEW EROSION

TEST PROCSDURE

D e s c r l p t l o n

but  ac the saoe c ime the dra inage paths are leaving

the Dud oaEr lx  more open,  Eherefore naklng the whole

mud  l aye r  l ess  dense ,  w i t h  Lhe  ove ra l l  e f f ec t  t ha t  Lne

densi ty  ls  not  increased beyond a cer ta l$ l ln l t .

Whl ls t  the conLlnuous deposl t lon of  mud and sand

together  nas noL resul ted 1n homogeneous beds,  i t  has

neverthelbss produced nud/sand mlxcure beds v lLh the

sand present  ln  aE least  Ehe bot ton 502 of  the bed.

Flgure 17 connpares Ehe oed produced by contlrruous

deposl t lon of  a suspenslon wl th equal  dry welghcs of

nud and sand (Test C4) rrlLh Lhat produced by a slngle

shot  test ,  o f  the sarDe suspenslon (Tesc A2).  In  the

s lng le  shoc  tes t  t he  sand  on l y  a f f ec t s  t ne  bou ton  30%

of the bed.  For  the cont lnuous deposlc lon test ,  the

presence of  the sand or  the passage of  t .he sand

chrough the mud has af fected at  least  80% of  the bed.

Eroslon 1s the removal  of  sedlnenL f roa the sur face of

the bed oue Lo the st ress of  the novlng rdacer  above

Ef ie bed.  To"date,  nost  laboratory s tudles of  the

eroslon process have lovolved a constant  rate of  f low

of  the f lu ld for  a f lxed per lod of  t1me, et i th  Lhis

f low rate (and hence bed shear s t ress)  belng increased

ln d iscrete sceps.  In  natura l  condl f , loas the bed

shear s t ress does not  lncrease ln s teps but '  ra ther

lncreases and decreases aore s lowly and smoothly .  To

s lmu la te  whae  nappens  i n  t he  f l e l d  more  c lose l y  a  new

eroslon tesf ,  procedure was invest lgaced'  wl thouc the

d i sc re te  s teps  1n  bed  shea r  s t ress .

The tests were run 1n t .he HR mud carousel  (F lg fB) ,  an

annu la r  f l ume  w l th  a  de tachab le  roo f .  The  roo f  f i t s
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ln to the channel  and f loaLs on the f lu id.  F lu ld

Bot lon ln  Ehe carousel  is  lnduced and cont lnued by che

drag between the roof  and the f lu id sur face as uhe

roof  rotates.  The carousel  ls  descr ibed ln deta l l  by

Burt  and Gane (1985) and the operat lon and

lns t runen ta t l on  by  De lo  (1987 ) .

To prepare a mud bed 1n the carousel  uhe nud ls  f l rs t

nlxed homogeneously in a olxi.ng tank wlth a

rec l rcu lat lng pump and then punped lnto Che carousel

f lume unt l l  the requl red depth of  suspenslon ts

reached.  Before each test ,  the nuci  ls  tocal ly  remixed

into suspensi -on ln  che f lune and a l lowed co set t le  and

conso l l da te  f o r  a  f l xed  pe r l od  o f  t lme .  The  dep th  o f

f l u l d  above  Lhe  bed  l s  ad jus ted  to  be  c lose  to  l 00nn

whlch corresponds to the depth of  f low for  whlch the

bed shear s t ress measurements were made.

The average bed shear s t ress across the wldth of  the

f lune measured by laser  aoenonetry (see Delo,  1987) is

g l ven  l n  F lgu re  19 .  The  ave rage  shea r  sE ress  on  the

vret ted per loeter  as g lven by the energy inpuE measured

through the st ra ln gauge d lv lded by t ,he wet ted sur face

area 1s a lso shown ln F lgure 19.  These t rdo curves

show reasonable agreement  and lndlcate a steady

lncrease 1n bed shear s t ress wl th lncreaslng speed of

ro tac lon  o f  t ne  roo f .  Fo r  t he  pu rpose  o f  es t l ' na t l ng

the bed shear s t ress dur i .ng ao eroslon test ,  the curve

represencing the average shear s t ress as calculated

frou che energy input  was used.  However,  l t  must  be

app rec la ted  thaE  l n  an  € ros lon  tesE  Lhe  f l u i d  l n  t he

carousel  may have a h igh conceotrat lon of  suspended

so l l ds  and  the re fo re  may  behave  s l l gh t l y  d l f f e renu l y

f rom the c lear  water  in  whlch the cal lbrat lons were

tsade.

Each  e ros lon  tes t  conp r i sed  3  o r  4  d l sc re t . e  runs  each

last ing 60 -  200 minutes.  A run commences t then the
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3 .2  Tes t  P rog ramme

concen t ra t l on  o f  suspended  so l l ds  1s  cons tanc  l n  t ne

p rev lous  run .  The  speed  o f  r oca t i on  o f  che  roo f  (anc

hence bed shear s t ress)  1s then i .ncreased s lowly f roo

the prevlous equl l lbr lun value t .o  a oew value.  The

rate of  lncrease of  shear s t ress 1s f lxed at  Che sE,ar f , ,

o f  ehe  tes r  and  va r l es  f r on  0 .O5N/n2 /n ,  t o  0 .5n /n2 ln r .

This new value of  the shear scress ls  t .hen held unci l

the concentrat lon of  suspencied sol ids (as measured

cont lnuously by the denslometer)  becomes constant  once

agaln.  Thls s lgnals the equl l lbr l r rm condl t lon and the

end of  the run.  The th lckness of  che bed ls  measured

frou beneath the f lune by an u l t rasonlc t ransducer.

The readings f ron the E,ransducer ref lect  the pat tern

shown by Che concent , rat lon,  wl th a gradual  change

du r ing  che  pe r l od  o f  l nc reas lng  shea r  sL ress  wh i ch

chen  ta l l s  o f f  once  the  new shea r  s t ress  has  been

reached ancl  f lna l ly  renalns near ly  constant .

The  ca rouse l  was  f l l l ed  t o  a  dep th  o f  0 .120n  w l th  a

suspension of  28.5kg/r3 suspended sol ids (Hong Kong

nud) and 35.7kg/n3 sal . r .  The consol idaclon per lod for

each  o f  t he  t es t s  was  3 .7  days .  The  ra te  o f  l nc rease

o f  bed  shea r  s t ress  was  app rox lna re l y  0 .4N lm2 /h r  f o r

Tes t  l .  Th l s  was  dec reased  ro  O .2N /n2 /h r  l n  Tes r  2 ,

- . f  N /n2 lh r  1n  Tes r  3  and  0 .05N lm2 ln r  l n  Tes r  4 .  These

values are sutrmar lsed ln Table 4 wi th the f lna l  roof

rotat lon speed for  each run 1n the four  t .escs.  In

Tes ts  2 ,3  and  4  t he  roo f  ro ta t l on  speed  was  b rough t  co

1 . 4 7 r p n  ( a p p r o x l n a c e l y  0 . 0 8 N / n 2 )  b e f o r e  r u n  1 .  T h t s

was  j us t  be low  the  c r l t l ca l  shea r  sc ress  f o r  e ros lon

and meanc t .hat  eros lon star ted soon af ter  run I

began
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3 . 3  R e s u l t s

The roof  speed,  suspended sol ids concenErat lon and

depth of  eros lon dur lng Test  I  are shown 1n Flgure 20.

The rate of  lncrease of  shear sLress ls  re lat lve ly

high (0.+t t /n2lnr)  and resul ts  ln  a large lncrease in

concentrat lon of  suspended sol lds over  a shor t  per lod

of  t lme at  t .he starc of  each run.

The roof  speed,  suspended sol lds concentrat lon and

depth of  eros lon dur lng Tests 2,  3 and 4 are shown 1n

Flgures 21 to 23 respeet lve ly .  The same f lnal  va lues

of  the shear s t ress for  each run \ tere appl ied 1n Tesc

2 as ln  Test  1,  but  dur ing the tn l rd run t ,here \ tas a

sudcien lncrease 1n suspended sol ids concentrat lon

v t i Lhou t .  a  co r respond lng  Lnc rease  l n  shea r  s t ress .

Thls was caused by lurops of mud belng erocled fron the

sur face.  Afcer  t ,h1s polnt  ic  could be seen that  the

suspended sol lds nere no longer evenly n lxed

throughout  the depth and that  the sedlmenE-suspenslon

lnter face was no longer so c leanly def lned by the

u l t r ason l c  t r ansduce r .  Tes t  2  was  the re fo re  s topped

a t  t h l s  po ln t .  As  t he  ra te  o f  l nc rease  o f  shea r

st ress decreased f rom one test  to  the next ,  the ra le

of  lncrease of  suspended sol lds concentrat lon a lso

dec reased

Intu l t lve ly ,  one would expecE eroslon to s tar t  t rhen

the st ress exer ted by the f low exceeded f ,he shear

s t reng th  o f  t he  exposed  bed  and  the  e ros lon  ra te  t o

depend on the excess shear.  The most  common

rep resen ta t l on  o f  e ros lon  1s

# 
=  nu( t - t . )

wnere
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dm

aE 
=  un i r  e ros lon  ra re  ( kg /82 /s )

r .  =  e ros ion  cons tan t  ( kg / l t / s )

' r  =  app t l ed  shea r  s r ress  (N /m2)

t .  =  e ros ion  shea r  s t reng th  (N /02 )

Al though there ls  no physlcal  reason for  assumlng

erosion rate to be d l rect ly  proporc lonal  t ,o  t ,he excess

shea r ,  De lo  and  Bu r t  ( 19g6 )  . showed  chac  th l s  t s  a

bet . ter  var lable for  descr lb ing muo erosLon than

o L h e r s .

An est lnat lon of  the eroslon constantr  r t r " r  can be made

by calculat . lng average values of  the var lables 1n

equat lon 2 over  t ,ne per lod c lur lng each run when tne

app l l ed  shea r  s t ress  1s  l nc reas lng .  The  equa t , l on  t , hen

becomes

AM
G 

=n. ( r - " . )  (3)

where

Al. ' l  = change of oass per unlt area durlng tlme

Ar  ( ke /m2)

A t  =  t l ne  pe r l od  o f  l nc reas lng  shea r  s t ress  ( s )

( t  -  t ^ )  =  ave rage  va lue  o f  excess  shea r  s t resse
d.ur tng r l rne Ar  (N/m2)

The average values and resul t lng values of  me are

tabu la ted  fo r  each  run  o f  a l l  f ou r  ces t s  1n  Tab le  5 .

The change 1n mass ls  ca lculated f ron the change ln

concencraf , lon and Che average depth of  f low dur ing the

t l ne  pe r l od .  The  shea r  s t reng th  o f  t he  bed  i s

calculat .ed by assuoing a l lnear  re lat lonshlp beLween

the  shea r  s t reng th  and  the  dep t .h  o f  e ros ion ,  de f i ned

by  the  va lues  o f  t nese  va r l ab les  a t  t he  equ i l l b r l un

pos l t l on  aL  the  end  o f  each  run .  The  chang lng  shea r
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3.4  Conc lus lon

sL reng th  o f  che  bed  as  t he  bed  e rodes  i s  shown  fo r

Test .  3  1n Figure 24 rogeeher wl- th che appl ted bed

shea r  sc ress .  Tne  excess  shea r  s t ress  a t  any  f , ime  l s

Lhe d i f ference between the t ,sro l lnes,  anci  can be seea

to be zero at  the equi l ibr lun posl t lons when the bed

has eroded down to a level  where the bed shear

s t rengch  l s  equa l  t o  che  app l i ed  shea r  s t ress .  The

average value of  Che excess shear s t ress used 1n t ,he

calculat lons of  the erosion constant  1s found by

tak lng the average of  the values at  the scar t  and end

o f  t he  pe r l od  o f  i nc reas ing  shea r  sc rengLh .

The resul ts  show a conslderable anounL of  var lat lon

w i th in  each  Les t ,  wh l ch  l s  na ln l y  due  Eo  the  na tu ra l

va r l ab l l i t y  o f  t he  mud  and  the  d l f f l cu l t y  o f

calculat ing the re lat looship between Ehe dept .h of

e ros ion  and  shea r  s t reng th  o f  t he  bed .  I n  pa rC lcu la r ,

run I  ln  each Lest .  depends on the shear scrength of

t .he ln l t laL bed sur face whlch 1s calculaf ,ed on Lhe

bas l s  o f  t h i s  re lac lonsh lp .  Howeve r ,  cons ide r tng  a l l

t he  t es t s  t ogeche r  suggescs  tha t  t ne  ra te  o f  l nc rease

of  shear s t ress oay be re lated to Ehe eroslon

cons tan t , ;  Che  e ros ton  cons tan t  dec reases  f rom

approxlmately  0.003kg/U/s when t .he rate of  lncrease of

shea r  s t ress  i s  0 .4 t t /m2 /n r  t o  app rox l l oa te l y

0.0008kg/N/s when the rat .e of  i rcrease of  shear s t ress

1 s  0 . 0 5 N / n 2 l n r .

The resul ts  presented suggest  that  fhe rate of

lncrease of  shear sLress onay be re lated to the eroslon

constant .  I t  ls  reconmended that  fur ther

l nves t i ga t l oRs  be  ca r r l ed  ou t  on  th l s  aspec t .  Fo r  t he

purpose of  t .h ls  s tudy l t  l ras Eherefore decided that

che  e ros ion  tesc  p rocedu re  desc r i bed  above  was  no t  as

su i t ab le  f o r  t he  mud /sand  a i xEu re  tescs  as  t he  ne t ,hod
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4 . 1

MUD/SAND EROSION

TESTS

Bed  P repa ra t i on

p rev lous l y  adop ted .  f o r  e ros lon  Ces ts ,  w j - t h  c i sc re te

s teps  1n  che  app l l ed  bed  shea r  s t ress .

Tne deposl t ion and consol idat ton resLs descr lbed ln

Sect lon 2 show t ,hat  lc  1s not  posslb le to create a bed.

of  nud and sand mlxed throughout  Ehe depth by s inply

nlx ing the nud and sand lnto suspenslon and then

al lowlng l t  to  set t le .  The sand would setL le out

f l r s t  as  a  l aye r  a t  t he  bo t tom o f  che  bed .  Even  the

cont lnuous deposl t . lon of  nud and sand together

even tua l l y  conso l l da tes  t o  l eave  a  sand - f ree  l ave r .

As che maxinun depth of  eros lon of  the bed.  d.ur lng an

e ros ion  tes t  1s  cyp l ca l l y  l ess  t , han  0 .005n ,  1 t  was

dec ided  t , o  f i r s t  se t t l e  a  bed  o f  nud  l n  t he  ca rouse l

anct  chen add sand af ter  a sul table in terval  or

ln tervals  so thac t ,he sand penetrated approxlnate ly  ro

a depth of  0.005n f ron the bed sur face aad Trras present

ch roughou t  t he  t op  0 .005n  o f  t he  bed .

PreI lnnlnary tests were per formed 1n set t l lng colunns

using a oud suspenslon of  ehe sane concentrat lon as 1n

the carousel  and addlng sand at  d l f ferent  t lmes af ter

the mud bed had set.t led. The t.otal mass of sand added

to each column was calculated to g ive approxlmately

thr lce Che mass of  sand to mud (by dry welght)  ln  the

top  0 .005o  o f  t he  bed .  The  tes t s  l nd l ca red  tha t  sand

added less chan 4 hours af ter  che nud bed begao to

depos l t  t , ended  Lo  pene t ra te  t oo  deep l y ,  I eav lng  11 t€ . l e

o r  no  sand  i n  t he  rop  0 .005n  o f  r he  nuc i  bed .  A l so ,

sand added more than 14 hours af ter  the scarL of

se t t l l ng  o f  che  nuo  bed  s tayed  nos t l y  on  Ehe  su r face

of  the ruud bed.  Sand added 7 hours af ter  the Bud
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4.2  Procedure

began  to  depos i t  r e roa lned  i n  che  top  0 .005n  o f  r he

bed,  as shown in F lgure 25.  Thls sho\ . rs  a densl ty

prof i le  of  the Ded forned by ac id ing sand afcer  7 hours

and t .hen a l lowlng Lhe bed to consol idate for  3 days.

Also shown is  a densj .cy prof l l -e  of  a s in l lar ly

consol ldated bed setc led f rom the sane in l t la l

suspension coneenLrat lon but  r { l thout  Ene lacer

addl t lon of  the sand.  I t  can be seen chat  che

p resence  o f  r he  sand  i n  t he  Lop  0 .005n  g rea t l y

lncreases che denslEy ln  that  reglon.

A sand hopper was deslgned and nade to lntroduce sand

into the carousel ,  spreadlng a predeternnlned mass

evenly over  the whole sur face area of  the bed

(F fgu re  26 ) .  The  hoppe r  cons l s t s  o f  a  t r ough  o f

V-shaped cross-sect lon wi th a hor lzonta l  s lot  a long

the  bo t tom th rough  wh ich  Lhe  sand  fa l l s .  Th l s  c rough

1s supported by four  f langed wheels whlch run round

the r1n of  the carousel  onee the roof  has been

removed.  An adjustable p late a l lows the wldth of  the

s lo t  t o  be  a l t e red  co  g i ve  a  pa r t l cu la r  f l ow  raEe  o f

sand.  The hopper ls  pushed round the r1n of  che

carousel  by che dr ive arm and can therefore be dr lven

at  any desl red speed by the mlcrocomputer .  By seCElng

the f low rate of  sand and the speed of  cne dr lve arm,

a range of  nasses of  sand can be d ls t r lbuted evenly

over  a conplete nunber of  revolut lons of  the arn.

The  ca rouse l  was  f i l l ed  t o  a  depch  o f  0 . l 13nu  w l th  a

suspens lon  o f  30 .3kg /n3  suspended  so l l ds  (Hong  Kong

mud)  and  35 .7kg /n3  sa l t .  Th l s  suspens ion  was

Lhoroughly n lxed in che f lune and a l lowed to set t le

fo r  a  m in lmun  o f  6  hou rs  be fo re  a  ce r taLn  uass  o f  sand

was spr lnk led evenly on to the set t l lng bed by che

sand  hoppe r ,  as  desc r l bed  i n  Sec t i on  4 .1 .  The  toca l
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4 .3  P rog raome

consol ldat . lon t ime for  che bed was 3 oays in  each

t ,es t , .

Each eroslon Les[  on the nud/sand mixture beds

conpr lsed of  2-5 d iscrete runs each last lng

40-100 mlnutes.  A run commenced when the

concentrat lon of  suspended sol lds was coostang 1n the

previous run.  The speed of  rotat lon of  the f lune (and

hence bed shear s t ress)  was then lncreased qulck ly  to

a new value aod held constant  uncl l  Lhe concenLraclon

of  suspended sol lds became near ly  constant  once aga1n,

lndlcat lng no furcher  eros lon aE that  f lxed bed shear

s t ress .  A t  t h l s  po ln t  1n  each  run  Lhe  shea r  s t reng th

of  the exposed sur face of  the bed was equal  to  the

app l l ed  shea r  s t ress .

For  Test ,  l ,  the nud suspenslon in  the carousel

(see 4.2)  was thoroughly n lxed and a l lowed,  ro serr le

for  6 hours.  The sand hopper was then used t ,o

sp r l nk le  3 .5kg  o f  f l ne  sand  (K ing ' s  Lynn ,

d50  =  230pn )  ove r  t he  su r face  o f  r he  sec t l l ng  bed .

Af ter  a fur ther  5 hours the hopper was used to repeat

the  p rocess  w l th  ano the r  3 .5kg  o f  sand .  The  roo f  was

then lowered on co the flutd surface and the bed was

al lowed to consol i -date for  a fur ther  2 l  days before

tes t l ng .  The  pe rcencage  o f  sano  i n  ch l s  t es t  was

nonlnal ly  667",  of  t .he tora l  dry welghr  of  nater la l  1n

the LoP 5mn of  the bed.

Fo r  each  subsequen t  t es t  t he  bed  l e f t  a f t e r  Lhe  end  o f

the prevlous test  was remixed lnto suspenslon.  Any

sand f ron prevlous tests set t led lmmediate ly  to the

bo t ton  o f  t he  bed  and  the re fo re  had  no  fu r the r  e f f ec r

on the fo l lowlng tesc.  The volune of  sand thus le fc

at  the bot , ton was negl lg ib le compared wl th t .he volume

o f  t he  mud  and  the re fo re  d id  noc  s ign j - f l can t l y  a l t e r
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4 . 4 Resu l t . s

the th lckness of  the bed.  Tne percent ,ages of  sand by

weighc in  the top 5ruu of  ghe bed for  t .ests 2,  3,  4 and

5  ve re  non lna l l y  502 ,  2O%,  1 l% and  0% respec t i ve l y .

The  conso l i da t l on  pe r i od  was  3  days  i n  each  tes r .  The

coaposi t lon of  the eroslon test ,  bects is  sunmar ised in

Tab le  6 .

Setc l i -ng colunn tests were run concurrent ly  wl th tne

eroslon cests to check the sand content  of  each t .est

bed.  These tesLs showed thaC che actual  sancl  content

was wi th in l0% of  the nonlnal  sand content  and

decreased ln each successlve t .est .  ln  che sa$e way as

the  non lna l  pe reen tages .

The  saoe  pa t te rn  o f  app l l ed  bed  shea r  s t ress  was

app l i ed  t o  each  tes r  bed .  The  speeds  o f  r o ta t l on  o f

t he  roo f  success i ve l y  app l i ed  we re  2 .17 rpm,  2 .52 rpm

2 . 8 6 r p u ,  3 . 2 l r p n ,  3 . 5 3 r p n u .  T t r e  l e n g t h  o f  r i n e  r h a t

each of  these speeds was held constant  var iec l  s l lght ly

f  ron test  Lo test ,  dependlng 9n E.he t lne t .aken for  the

equ i l l b r i um cond lL loo  to  be  reached  (no  fu rche r

e ros ion ) .  I n  a l l  t es t s  apa r t  f r om Tes t  1 ,  mass

eroslon occurred dur ing the 3rd or  4th run.  Thls was

character lsed by a sudden lncrease 1n concentrat lon

w l th  no  co r respond lng  l nc rease  1n  shea r  s t ress ,  and

lunps of qud could be seen ro have broken away from

the  su r face .  The  cescs  we re  s topped  a f t e r  ch l s  po ln t

as eros lon was i r regular .  The deta l ls  of  tne runs in

each tesL are surDslar ised in  Table 7.

4 . 4 . 1

The roof  speed and suspended sol lds concentrat lon

dur lng Tesc I  (norn inal ly  667" sand) are presented in

F lgu re  27 ,  show lng  ve ry  l l c t l e  i nc rease  l n

concen t raL lon  fo r  any  o f  t he  app l l ed  bed  shea r

2 3



sL resses .  The  suspended  so l l ds  concen t ra t l ons  du r l ng

al l  che f ,ests are shoqrn ln  F igure 28.  Not lng that  the

same bed shear s t ress ls  appl led in  Run I  of  each

tes t ,  and  s ln i l a r l y  Runs  2 ,  3 ,  4  and  5 ,  l t  can  be

seen  tha t  t he  sand  f rac t l on  i s  s i gn i f l can t l y  reduc ing

the amount .  of  eros lon.  Test .  5 ,  wl th no added sand,

shows nuch t r lgher  concentrat lons for  each

correspondlng run rhan Tesr  3 (20y"  sand) whlch,  1n

turn,  shotrs  h lgher  concentrat lons than Test  I

( 6 6 %  s a n d ) .

A usefu l  analys is  of  the eroslon constanL can be made

by assumlng that  Lhe shear s t rength of  the bec dur lng

any  d i scha rge  run  l s  p ropo r t l ona l  t o  Che  e roded  mass

( M i l e s ,  1 9 8 5 ) .  T h e  c o n s r a n t  o f  p r o p o r c l o n a l l t y  f o r  a

run is  g iven by

a -
b o

c -
e

( 4 )

where

T ,  i s  app l l ed  bed  s t ress  f o r  t he  run
D "

T^  l s  shea r  s t reng th  o f  bed  a t  s ta r t  =  equ l l i b r l uno
f rom p rev lous  run

c 1s equl l lbr lu t r  concentrac ion at  the end of  rune '
c  1s  i n l L l a l  concen t . ra t l on  =  equ l l l b r l um

o
concen t rac lon  ac  end  o f  p rev lous  run

Th ls  does  no t  assume tha t  Lhe re  1s  a  l i nea r

re lac ionsnlp betvreen sLrength of  bed and over ly ing

we lgh t  f o r  t he  conp le te  bed .  Th l s  ove ra l l  s t ruccu re

i -s  f  ixed by the equl l lbr lum condi- t ions at ,  the end of

each run-  I t  has merely  been assuroed that .  there ls  a

l i nea r  va rLac lon  f rom one  equ i l i b r l um s ta te  Lo  the

next  and c can vary for  each run.

c
o
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I f  we  fu r the r  assume tha t  Lhe  e ros lon  ra te  f o r  t he

exposed nud sur face area ls  g lven by equacion (2)  we

obta ln,  us lng (4)  and replac lng n Oy cV/A

d c

EE 
= huo ( " .  co) /V

where V ls the volume of f lui.d

the area of  eros lon.  Thls can

(s)

the f lune and A ls

Lntegrated as

ln

be

(""  c) = (ce -  
"o) 

exp (-Aru"sr lv) ( 6 )

Thls solut lon exhib l ts  the expected behavlour  of

concentrat lons,  tendlng to equl l lbr iun values for

large t lmes.  Based on lhe analyElc forn of  th ls

theoret . lca l  so luc lon,  the carousel  eros lon f lune

resul t .s  for  a test  ean be normal ised and p lot ted us lng

l l nea r  ( c r t )  ( n2 l s )  and  l oga r i r hm lc  [ ( . ^ - "  ^ ) l  ( c ^  -  . )  ]o - -  -  e
axes to g lve a representat lve eros lon constant  for  the

tes t . .

Tests 2 to 5 were analysed wl th the above nethod,  but

the lncrease ln coneentrat lon was too smal l  ln  Test .  I

for  th ls  nethod of  analys ls .  The normal lsed resul ts

of  eros lon rate are presented 1n Flgures 29 to 32 fot

Test .s  2 to 5 respect lve ly .  The graphs for  Tescs 2 to

4 (F1gs 29-31)  a l l  lnd lcate a value of  the eroslon

constant  E of  around 0.0002kg/N/s.  However,  Test  5
e

(Flg 32)  whlch had no sand shows a value of  m" ln  Lne

range  0 .0004  to  0 .0006kg /H /s .  Th l s  l nd l ca tes  t ha t

even a snal l  percenrage of  sand (1 lZ)  af fects che

eroslon rate and eroslon constant .
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4 . 4 . 2

The shear s t rength of  Che exposed bed sur face for  each

run of  each test  has been p lotCed agalost  the depth of

e ros lon  i n  F lgu re  33 .  A  l i nea r  re la t l onsh lp  has  been

de f l ned  fo r  Tes ts  2 ,  4  and  5 .  I t  can  be  seen  tha t  an

l -ncrease ln the percentage of  sand reduces the d.epcn

o f  e ros lon  fo r  a  g l ven  shea r  s t ress .  By  ex t rapo la t l on

back  to  t he  su r face ,  che  c r l t l ca l  shea r  s t ress  f o r

e ros lon  o f  t ne  i n l t l a l  su r face  a l so  i nc reases  w l th

lncreaslng percentage of  sancl .  The cr l t lca l  shear

st ress for  novenent  of  a sand only bed (sand par t lc les

o f  230pn )  t s  app rox lmace l y  0 .3g t t / n2  ( f r on  Sh le ld , s

d iag ran ) ,  wh leh  i s  s t l l l  h l ghe r  t han  rhe  va lues

ind i ca ted  1n  F igu re  33  o f  a round  0 .19N/n2  fo r  50% sand

a n d  0 . 1 1 N / m 2  f o r  l l %  s a n d .

The  shea r  s t reng th  o f  t he  exposed  bed  su r face  fo r  t he

f i na l  r un  o f  Tes ts  l ,  Z ,  4  and  5  has  oeen  p lo t t ed

aga lns t  che  dens l t y  aC  the  eax lnum dep th  o f  e ros lon

fo r  each  o f  chese  tes t s  i n  F igu re  34 .  A t  che

equ i l l b r l u rn  pos l t l on  t he  shea r  s t reng t ,h  o f  t he  bed  i s

equal  to  the appl led bed shear s t ress whlch ls  re lated

t .o  t he  speed  o f  r oca t ton  o f  r ne  roo f  ( see  F lg  l 9 ) .

The densl t les have been caken f ron t .he densl ty-depth

prof l le  of  each tesc bed.  Beeause the maxlnun depth

of  eros lon sras very smal l  (approxlnate ly  0.00In 1n

Tes ts  l ,  2  and  4 ,  O .0O3n  l n  Tesc  5 )  1 t  was  on l y

poss lb le  t o  p lo t  one  po ln t ,  f o r  each  tes t ,

correspondlng to the equl_ l ibr lun posl t . lon of  t .he f lna l

run .  Even  fo r  f , hese  po ln t s ,  t he  accu racy  o f  t he

dens l t y  p ro f l l es  f o r  po ln t s  so  c l ose  to  Lhe  su r face  1s

est inaled to be !3O%- Also snown in F lgure 34 1s a

l i ne  o f  compar l son  f rom p rev lous  e ros lon  tes t s  on  Hong

Kong  mud  on l y  beds  (Hyd rau lLcs  Resea rch ,  f 9S7 ) .  Tne

l l ne  i l l us t ra tes  f o r  compar l soo  the  re la t i onsh ip  f ound

in  ch i s  p rev ious  work  wh i ch  was

2 6



CONCLUSIONS AflD

RECO}'I{ENDATIONS

t ,
r  =  0 . 0 0 1 3  0 " 'e

The  po ln t s  f o r  Tes ts  4  and  5  i n  F igu re  34  l i e  c l ose  to

th l s  l i ne ,  sugges t , i ng  t haL  che  snoa l l  pe rcen tage  o f

sand i -n the bed in TesL 4 has nade l l t t le  or  no

d l f f e rence  to  t he  shea r  s r , r eng th  w i t h  dens i t y

re lat i -onship.

The polnes for  Tests I  and 2 l ie  a considerable way

f rom che  l Lne ,  sugges t l ng  rha t  Lhe  much  h ighe r  app l l ed

shear s t , ress needed Eo erode a bed wl th a larger

percentage of  sand doern to the same level  as a mud

only bed ls  not  just  due co the lncreased denslcy of

t he  bed  resu l t i - ng  f r o rn  che  p resence  o f  cne  sand ,  bu t

tha t  t he re  l s  a  d l f f e ren t  shea r  s r reng th  w i t h  dens l t , y

re lat ionship for  uud, /sand Bixture beds.

I t  l s  no t .  poss lb le  t o  de te rm ine  the  ac tua l

re lat lonshlp wi t .h  only  one polnt  f ron each cest  but  i t

would appear LhaL the same shear s t ress wl l l  erode

down co a h lgher  c iensl ty  i f  there is  sand in Lhe bed,

a l though 1t  should be remembered t .hat  rh ls  h lgher

densl ty  w111 be much neare.r  t ,he sur face than for  a mud

on ly  bed .

1.  Laboratory tescs were undertaken Lo exaotne the

e f fecc  o f  sand  on  Ene  conso l i da t l on  and  e ros lon

of  a nud bed.  The tests were carr ied out  l r t  the

Hydraul lcs Research Laboratory '  us lng Hong Kong

nud  and  K ing ' s  Lynn  sand  (dUO -  230p rn ) .

5 . 1  C o n c l u s l o n s
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2 . A se r l es  o f  conso l l da t i on  t es t s  was  pe r fo rmed  i n

se tC l l ng  co lumns  t . o  i nves t i ga te  t he  depos i t i on

and  conso l l da t l on  o f  a  p rem ixed  nud /sand

suspens lon .  The  pe rcen tages  o f  sand  l n  t e rms  o f

nud, /sand ary weight  s t .uc i led wete O%, 50% asd.  66%.

The actual  concentraLlons of  nud and sand were

chosen to g lve cwo c i l f ferent  bed th lcknesses for

each percentage.  The t .ests revealed that ,  che

sand  sec t l ed  ou t  o f  suspens lon  f l r s t  t o  f o rm  a

laye r  a r  rhe  bo t roo  o f  r he  bed  (F lgs  2  and  3 ) .

A  second  se r l es  o f  conso l l dac lon  ces ts  was

carr led out .  ln  set t l lng columns t .o evaluate the

apparatus and to determlne an enpir lca l

re lat lonshlp for  a mud bed between volds rat lo

and  e f f ecc l ve  s t ress .  Th l s  l nvo l ved  the

cont . inuous deposi t ion of  Bater la l  f ron a

suspenslon punped lnto [he coluon at  a const ,anL

ra te  f o r  each  tesc .  A  suspens lon  o f  nud  was  used

a t  two  d l f f e ren t  concen t ra t l ons ;  t he  l npu t  race

and  du ra t i on  o f  i npu t  va r l ed  be tween  tes t s .  The

resu l t i ng  f i na l  dens l r y  p ro f l l es  (F les  6  and  7  )

sugges red  thac  che  p ro f i l e  o f  t he  f u l l y

consol ldated nud bed ls  lndependenc of  deposl t lon

rate or  durat lon of  lnpuc,  and 1s detern lned by

the ef fect . lve st ress wlLh volds rat+o

re la t . l onsh lp  (F rgs  8  and  9 ) .  The  tes t s  showed

t ,hat  Che cont inuous deposl t lon apparatus

pe r f  o rned  sac l s f  ac to r l l y .

A  th l rd  se r l es  o f  conso l i da t l on  t es l s  l r as  run ,  t o

look ac the ef fecc of  vary lng arnounts of  sand.  in

the  l npu t  suspens ion  o f  a  con t tnuous  depos l t l on

tes t .  F l ve  d i f f e ren t  pe rcen tages  o f  sand  were

used  l n  t he  suspens lon ,  f r om 07 "  t o  app rox lna te l y

6O% o f  rhe  co ta l  d r y  we lghc  o f  mare r i a l .  The

lnpu t  ra te  and  du ra t i - on  o f  l npu t  we re  chosen  to

g i ve  two  c l i f f e ren t  bed  cn i ckness  fo r  each  ra t1o .

3 .

4 .
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5 .

The  l nc reas ing  p ropo rc lon  o f  sand  1n  che

suspenslon ! , ras ref lected by lncreasing densl ty  at

a f lxed depcn.  Dur lng Lhe 7 days consol idar lon

the sand set t led ouc of  the cop par t  of  the bed

to leave a sand f ree layer ,  tne densicy of  whlch

depended on the percentage of  sand whlch nad

passed Ehrough.  Higher percentages of  sand made

no change co the s lze gradlngs ln  the sand f ree

layer  buL lncreased che densl ty  Lhere.

A new eroslon test  procedure was developed to

s lmulate the s lowly lncreastng and c iecreaslng

shear s t resses encountered ln natura l  condiL lons.

Four eros ion cests were undertaken in the nud

ca rouse l ,  w l ch  t he  ra t , e  o f  l nc rease  o f  shea r

sL ress  sys tema t l ca l l y  reduced  becween  tes t s .  The

eroslon constant  for  each run of  each test  was

ca l cu la ted  wh ich  sugges ted  chau  che  e ros lon

cons lanL  c iec reases  as  Lhe  race  o f  i nc rease  o f

s h e a r  s t r e s s  d e c r e a s e s .

F l ve  e ros lon  tes t s  we re  conduc ted  l n  t he  ca rouse l

on o lud/sand beds.  A specia l  nopper was used to

spr lnk le the sand 1n che carousel  some c lme afcer

a nud bed had set . t led.  F lve d l f ferent

percentages of  sand ln the top 5nm of  the bed

were used,  f rom O% to approxlmately  607".  The

same s tepped  shea r  s t ress  pac te rn  was  app l i ed  l n

each t .esL wl th increased concentrat lons at  each

f lxed shear s t ress as Lhe sand f ract lon was

reduced.  The eroslon constant ,  oe,  was evaluated

fo r  each  run  o f  TesLs  2 ,  3 ,  4  and  5 .  The  Bean

va lue  o f  n  f o r  Tes ts  2 ,  3  and  4  (50%,2O7" ,  t ' I%
e

sand  respec t l ve l y )  was  a round  0 .0002kg /N /s ,

whereas for  Test  5 (O% sand) me was ln the range

0 .0004  to  0 .0006kg / l l / s ,  wh i ch  i nd l caLes  tha t  even

6 .
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5.2 ReconmendaLions

tne  p resence  o f  a  sma l l  quan t l cy  o f  sand  (11%)

a f fec t s  t he  e ros ion  consEao t .

l .  Ic  ls  reconmended that  fur ther  laboraLory s ludies

be conducted on the Posslb le re lat ionshlp between

the rate of  increase of  shear s t ress and the

eroslon coostant  r t r  .
e

2. It ls recommended that nore work 1s underLaken to

understand bet ter  the reason for  the increased

dens l t y  1n  the  sand  f ree  l aye r ,  a f t e r  t he

downward passage of  che sand.

3 0
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TABLES.





TASLE I:

TEST NO

Descrlpt lon of

consolldatlon

suspeasJ.ons

teat,s

and resultlng beds ln SerLes

50

6 6

20

20

2 0

Ai

A2

A3

3 2

3 8

4 0

5 0

6 6

5 0

50

50

A4

A5

A6

DESIRED

BED

THICKNESS

(nn)

CONCENTRATION

OF MUD IN

SUSPENSION

(teln3 )

r . 096

1 .194

1 .539

3 . 6 6 4

3 .  8 3 4

3 . 8 5 4

SAND CONTENT

(% by dry

wel-ght of

ro ra l )

ACTUAL BED

THICKNESS

AFTER 7 DAYS

( mn)

I  4 . 5

13

L4



TABLE 2: De8crlptlon of suspenslons and resultlng bede in serles B

consolLdatlon test.s

TEST DESIRED

NO BED

THICKNESS

( nn)

20

2 0

2A

CONCENTRATION INPUT

OF MUD IN RATE

INPUT

SUSPENSION

(ke / *3 )  (13 / r , r )

ACTUAL BED

THICKNESS

AFTER 7 DAYS

(nm)

L 7

L 7

l 6

(ue/^2 / s>

0 . 0 0 1 5  3 . 8  1 0 - 4

o.oo3o 3 .8  to - ' {

o .ooo9  2 .3  to - r+

DEPOSITION

RATE

1 . 0  l 0 - 3

t . 0  l 0 - 3

DURlfTION

OF INPUT

(  hour s)

2

2

4

B I

B 2

B 3

3 4

3 5

3 7

50

50

50

B 4

B 5

B 6

6 . 0

3 . 0

6 . 0

6 . 0

3 . 0

6 . 0

0 . 0 0 4 0

0 . 0 0  8 0

0 . 0 0 2 0  5 . 0  1 0 - 4



I npu t  ra te  f o r  t es t s  C l  t o  C5

DuraE lon  o f  l npu t  f o r  t es t s  C l  t o  C5

TABI,E 3:

c9

c t0

( tce/m3 )

5 . 9

7 . 8

8 . 9

8 . 5

1 1 . 9

6 . 8

9 . 1

8 . 6

1 0 .  6

t 2 . 2

( tce/or3 )

0 . 0

1 . 9

6 . 2

8 . 5

1 5 . 7

0 . 0

1 . 9

4 . 0

6 . 1

1 3 . 7

Descrlptlon of Buspenslons and

consol idat lon tests

resultlng beds 1n Serles C

0 . 0 0 1 5 m 3 / n r

2  hours

Input  ra te  fo r  tesEs C6 to  c lO 0 .0020m3/hr

Dura t lon  o f  lnpu t ,  fo r  tes ts  C6 to  C lO 4  hours

TEST NO CONCENTRATION CONCENTRATION SAND CONTENT ACTUAL BED

OF MUD IN OF SAND TN (by dry THICKNESS

INPUT INPUT weighr of AFTER

su'3fnnsroN suspENsroN coral) 7 DAys

ul-

C 2

c3

( % )

U

1 9

4 L

5 0

5 7

(mm)

L 7

1 9 . 5

I  8 . 5

1 B

24

DEPTH OF

BED WITII

A DENSITY

LESS TI{AN

20Okg/m r

(nsn)

t l

6 . 5

4

5

4

C4

T 737

40

3 7

3 8

l 8

3 2

37

C5

c6

c7

C8

5 3 4 8

t 0



TABLE 4:

Dep th  o f  suspens lon  fo r  a l l  t es t s

Concen t ra t l on  o f  suspens ion  fo r  a l l  t es t s

Sa l l n i t y  f o r  a l l  t es t s

Conso l l da t i on  pe r l od  fo r  a I I  t escs

Detalls of runs 1n eroslon teats sr.th slowly lncreasrng shear
s t ress

0 .  1 2 0  n

28.5  kg /n3

35.7  kg /  m3

3 . 7  d a y s

TEST NO. NTTMBER

OF RUNS

RATE OF

INCREASE

OF SHEAR

STRESS

( t t /m2lnr)

0 .4

o .2

0 .1

0 .05

ROOF ROTATION SPEED (rpm) TEMPERATURE

Run L

2 . 1 7

2 . 1 7

2 . 1 7

2 . t 7

Run 2

2 . 8 6

2 . 8 6

2 . 5 3

2 . 5 3

Run 3

3 . 2 1

3.2 r

2 . 8 7

2 . 8 7

Run 4 L

3 . 5 3  l l . 4

1 1 . 6

3 . 2 t  I  0 .  8

1 1 . 4



TABLE 5: Average vslues for estlmatlon of erosloa

wlth slori ly lncreasing shear streas

constant ln test,s

CHANGE

IN MASS

AM

(te /n2)

0 . 0 6 r

0 . 0 8 2

0 . 0 0  7

0 . 0 2 7

0 . 0 2 5

0 . 0 9 7

0 . 0 2 2

0 .  0 3 0

0 . o 2 7

0 . 0 3 8

0 . 0 4 4

0 .o29

0 .04  I

0 .  048

TIME

PERIOD

AVERAGE

APPLIED

SHEAR

STRESS

AVERAGE

BED

SHEAR

STRENGTH

AVERAffi

EXCESS

SHEAR

STRESS

EROSION

CONSTANT

AM
Ic

At,

(s )  ( te /n2 ls ) (n/rn2)

a
e

(n /n2)

( r -  c . )  * .

(n /n2;  (ke/N/s)

TEST 1

Run I

Run 2

Run 3

Run 4

TEST 2

Run I

Run 2

Run 3

TEST 3

Run I

Run 2

Run 3

Run 4

TEST 4

Run I

Run 2

Run 3

(Shear  s t ress  lnc reas inc  +r  0 .2  N/ ro2 ln r )

(Shear  s t ress lncreasLng at

2  . 0  I O - s

9 . 1  1 0 - s

1 . 2  1 0 - s

3 . 0  1 0 - s

1 .4  10 -s

4 .6  1o -s

1 .8  10 -s

lncreasi-ng at

8 . 3  1 0 - 5

I  . 5  t 0 - s

1 . 8  l 0 - s

2 . t  t 0 - s

increasing

4.2 rc-6

I  . 0  l 0 - s

t .  I  10 -5

0 . 4  N / n 2 l h r )

0 . 1 5 5

0 . 2 6 2

0 . 3 3  8

0 . 4 0 5

2 1  0 0

900

600

900

r  800

2100

I  200

3 600

r 800

21 00

2 1  0 0

6 900

4200

4200

0 . 1 3 8

0 . 2 5 4

0 . 3 3 8

0 . 1 3 8

0 . 2 1 8

o.z7  6

0 . 1 4 9

0 . 2 3 3

0 . 3 1 0

0 . 3 8 2

0 .  136

o .240

o .323

0 .108

o .2 t2

o .259

o .344

0 .  i 2 B

0 . 2 0 6

o . 2 6 2

0 . 0 0  6

0 . 0 2 9

0 . 0 2 8

0 . 0 2 3

0 . 0 3 1

0 . 0 1 3

0 . 0 2 1

0 . 0

0 . 0 0 5

0 . 0 0 3

0 . 0 0 0  4

0 . 0 0 1

0 . 0 0 0  3

0 .  0 0 1

0 . 0 0 0  9

0 . 0 0 2  0 . 0 0 7

0 . 0 1 4  0 . 0 0 3

0 . 0 1 5  0 . 0 0 1

(Shear  s t ress o.  t  t r t /m2lnr)

0 . 1 3 9

0 . 2 2 5

0 . 2 8 0

0 . 3 4 4

( S h e a r  s t r e s s a t  0 . 0 5  N / n ' l n r )

0 . 0 1 0  0 . 0 0 0 4

0 . 0 1  2  0 . 0 0 0 8

0 . 0 1 . 4  0 . 0 0 0 I



TABLE 6: conposltloo of mud./sand mlxture beds for eroslon te6t,s

Dep th  o f  suspens i_on  fo r  a l1  t es t s  0 .  l l 3  rq

concen t , ra t l on  o f  nuc t  i n  suspens lon  fo r  a l l  t escs  30 .3  ks /m3

Sa l l n l cy  f o r  a l l  t es t . s  35 .7  kg /m3

Total  consol j_dat , ion per loct  for  a l l  tests 3 davs

TEST NO CONCENTMTION TOTAL MASS TIME OF SAND CONTENT BED

oF MUD rN oF SAND ADDrrroN rN Top 5nrn THrcKNEss
SUSPENSION ADDED OF' SAND OF BED AFTER

3 DAYS
( te l r3 )  ( kg )  (% d ry  we igh r  (mn)

o f  t , o ta l )

I  3 0 . 3

2  3 0 . 3

3  3 0 . 3

4  3 0 . 3

,  5  3 0 . 3

7 .O 50% af re r  6hrs  66

5 0 %  a f t e r  l l  h r s

3 . 5  1 0 0 %  a f r e r  T h r s  5 0

0 . 9  1 0 0 %  a f t e r  T h r s  2 0

0 . 4 5  1 0 0 2 "  a f r e r  T h r s  t l

0 . 0

r2 .2

1 4 .  I

L  4 . 2

1 4  . 2

r 6 . 8



TABLE 7s Detai le of ruas in oud/eand erosion tests

TEST NO NUMBER OF ROOF ROTATION SpEEo (rpo)

RUNS BEFORE

MASS EROSION

Run 1 Run 2 Run 3 Run 4 Run 5

TEMPERATURE

(  "c )

1 0 . 9

1 1 . 3

L 4 . 4

r0  .7

9 . 1

2 . L 7

2 . t 7

2 . L 7

2 . 1 7

2 . L 7

2 . 5 2

2 . 5 2

2 . 5 2

2 . 5 2

2 . 5 2

2 . 8 6

2 . 8 6

2 . 8 6

2 . 8 6

3 . 2 L

3.2 r

3 .  s3
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Fig 31 Normolised resutts oF erosioh fqt€r mud/sand Test I
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Fig 32 Normolised results oF erosioh foter mud/sond Test 5
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