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ABSTRACT

The effect of  waves on the stabi l i ty of  dredged alopes ia a signi f icant
factor vhich has to be takea into account in the idi t ia l  deeign and
est inat ion of maintenance cost of  a dredged channel.  The effect of  wavee
can be considerable, the passage of a save wi l l  have two effects.  Firet ly
the slope si l l  be subject to f luctuat ions in hydrostat ic pressure and
secondly to a shear streas generated by the orbital uot.ioaa of the water.

The object ives of the atudy was pr inar i ly to develop and evaluate the
laboretory equipnent for inveat igat ing the stabi l i ty of  elopee under navea
and also to determiae the stabi l i ty of  one epecif ic mud under a range of
cond i t ions .

Two seriee of teeta nere inpleaented. The f i rgt  rras to determine the
relat ive etabi l i ty in teroe of t iue to fai lure of one specif ic type of mud
nith a range of dengit ies and elope anglee under a eeries of di f ferent save
condit ioas. The second eeries of tests was deeigned Co ezaoine the
relatiooahip betweea uaximuu applied bed ahear stress and rate of
entrainoent for a horizoatal bed of the aud at one particular deosity. The
results of the f i ret  ser ies of teste are ugeful  in quant i fy ing the effecta
of a wave induced ahear dtress on the atabi l i ty of  a elope of one specif ic
type of mudr and are used to i l lustrate both the l ikely general  behaviour of
mude under the action of wavee and the relative sensitivity of the different
paraaeters inveet igated.

The eecond series of tests showe th8t the cr i t ical  ahear streas under naves

^ i"  of  a sini lar order of uagoitude to that under unidirect ional currenta and-r-  
that the rate of entrainment for an appl ied excess ahear scress ie also a
eini lar order of magnitude to the rate of erosion under uni.direct ional
cur ren ta .

The Binghan yield atresa wae determined for each oud density used and the
relat ionehip between the Biughao yield stress and density i l lustrated. Thie
nay be of part icular use in future studies in explaiaiag che behaviour of
mude o f  d i f fe ren t  compos i t ion .

Reconnendat ione for further inveet igat ions include uore detai led teste to
determine the etable condit ione of dredged slopea undet '  wav€a with greater
accuracy ,  and compar ieon o f  the  s tab i l i t y  o f  mude w i th  concras t ing
conpoe i t ion ,  to  e t tenpt  to  ee tab l i sh  a  phys ica l  p roper ty  w i th  nh ich  to
predict  their  behaviour under rraves of di f ferent ouds. I t  ie also
reco"rmended that the rate of entrainoent of mud beds sett led fron euapeaeion
should be determined.
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I. INTRODUCf,IOil

The  e f t ec t  o f  waves  on  the  s tab l l i t y  o f  , l r edged  s lopes

i s  a  s i gn i f i can t  f ac t , o r  wh i ch  has  t . o  be  taken  i n to

accouat  ln  the in l t . la l  design and est lmar, ion of  [ ,he

cost  of  naintenance of  a dreC,ged channel  .

A rev iew of  t .he nethods of  analys is  and exper imenta l

techniques (Delo and Burt  1937) concluded

that  laborac.ory scale r , rork need not  be v lewed as an

exact  repl ica of  a real  proEot .ype buC as an actempC Co

est .abl lsh laws which apply on laboraE,ory s lopes and.

hence ,  l t  i s  assu .med  on  l a rge r  s l opes .  Mechods  o f

analyses inc lude t radic lonat  so l l  mechani-cs technlques

adapted to cake l -nto account  t ,he ef fects of  movlng

r tater ,  most  appl icable when the sol l  fa i ls  as a movlng

olock,  and t .he rneological  approach which is  most .

appl icable when fa l lure is  in  the forno of  secl lment

f l o w .

The  e f f ec t  o f  $ raves  can  be  cons ide rab le ,  Lhe  passage

o f  a  wave  w i l l  nave  Ewo  e f f ec t s ,  f i r s t l y  r . he  s l ope

wi l l  be subjected.  to  f luctuat . lons Ln hydrostat , ic

p ressu re  anq  secood l y  t . he  s l ope  wr l l  be  sub jecC  to  a

shea r  s t ress  gene ra ted  by  t he  o rb i t a l  mo t l on  o f  t he

waEer .  The  re la t l ve  s l gn l - f i cance  o f  t he  wave  e f f ecus

is  d.epen<lenE on che dept .h of  water  over  the s lope,  Ehe

p reva l l l ng  ! / ave  c l ima re  anc t  che  phys i ca l  p rope r t i es  o f

che  bed  ma t ,e r i a l .  O the r  f ac to rs  t , ha t  cao  e f  f ecc  t he

s tab l l i t y  o f  a  d redged  s lope  a re  un id l rec t i ona l

cu r ren ts ,  ea rLhquakes ,  sed lmen ta t l oo  and

b logeochen l ca l  e f t ec t s ,  t he  s l gn l f l cance  o f  each  w i l l

be dependent  upon a range of  envi ronmencal

p a r a m e t e r s .

The  ob jec t i ves  o f  t he  t nves t i ga t i on  l r as  t . o  c teve lop  anc r

eva lua te  t he  l abo ra to ry  equ ipnoen t .  and  p roced .u res

oecessa ry  t o  i op lenenc  che  i nves t l ga t i ons  and  to

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



f u t u r e  s c u d i e s .  T h e  o b j e c t i v e  w a s  t o  e v a l u a t e  t h e

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

i n v e s t i g a t i o n s  w e r e  s p l i t  i n t o  t w o  s e r i e s  o f  t e s t s .

T h e  f i r s t - w a s  d e s i g n e d  E o  d e t e r m i n e  t h e  r e l a t i v e

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

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

d i f f e ren t  wave  he ighEs .  The  second  se r i es  o f  t es t s

was  unde r taken  to  i nvesE igaEe  the  ra te  o f  en t ra inmenc

in to  suspens ion  o f  a  ho r i zonEa l  bed  unde r  a  range  o f

w a v e  c o n d i t i o n s

T h e  B i n g h a m  y i e l d  s E r e s s  ( t o g e t h e r  w i c h  o t h e r

rheo log i ca l  p rope r t i es )  was  de te rm ined  fo r  each  mud

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

the  re la t i onsh ip  be tween  B ingham y ie ld  s t ress  and

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

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

s t r e s s  i n  f u t u r e  i n v e s E i g a t i o n s .

2 FLUME APPARATI}S

2 . L  D e s c r i p t i o n

The  expe r imen ts  rde re  ca r r i ed  ou t  i n  a  rec tangu la r

f l u m e  1 8 m  l o n g ,  0 . 7 5 n  w i d e  a n d  0 . 7 5 n  d e e p  ( s e e  F i g  1 ) .

A paddle wave generator  at  one end of  the f lume was

used  to  c reace  un i f o rm  s inuso ida l  waves  o f  p re -se t

he igh t  and  pe r i od .  A t  t he  oppos i t e  end  o f  che  f l ume

to  t he  padd le ,  a  spend ing  beach  o f  f oam la id  a t  a

s lope  o f  app rox ima te l y  45 "  p reven ted  re f l ec t i on  o f  t he

w a v e s .

T h e  f l u n e  w a s  f i t r e d  w i t h  a  f a l s e  f l o o r  6 m  i n  l e n g t h t

5 m  f r o m  E h e  h r a v e  g e n e r a t o r .  A  f u t l  w i d c h  E r o u g h ,  0 . 7 m

long  and  0 .08m deep ,  was  moun ted  i n  t he  f i na l  one

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

e n a b l i n g  m u d  s l o p e s  o f  b e t w e e n  0 "  a n d  1 5 " ,

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

d e p t h  o f  w a t e r  i n  t h e  f l u m e  w a s  0 . 4 0 m  o r  0 . 4 5 m



2 . 2 CaI ibra t . ion

equl  pment ,

o f

re la t . i ve  t o  t he  f a l se  f l oo r .  A  v i ew ing  w incow ln  che

trough seccion of  che f lume al lowed observat lon and

video-recordlng of  che bed.  and.  suspendect  sedl rnent

moveo ren t  d .u r tng  the  tes t s .

A f ,urb id l ty  sensor was used to oeasure suspended

secl iment .  coneenLraclons at  var lous depths and

posic lons a long the f lune ar  t ime int .ervals  throughout

each  Ees t .  Samp l i ng  appa ra tus  was  used  to  reEr leve

samp les  f o r  ca l i b ra t i on  o f  Uhe  t . u rb id i t y  senso r .  The

tu rb id i cy  senso r  used  was  an  Ana l i t e  Nepne lonece r

wh j - ch  ope ra ted  on  the  p r l nc lp le  o f  backsca t te r  o f

I n f ra  Reo  1 ,196g .  (Tne  deg ree  o f  backsca t te r  be lng  a

func t l on  o r  t he  re f l ee t l on  coe f f i c l en t  and

concen t ra t i on  o f  suspended  sed inen t . ) .

A snal l  rectangular  perspex box l50nm long by l00nm

wide  w iEh  renovab le  eno  wa l l s  was  used  to  t ake  a

sanop le  o f  t he  bed  fo r  dens i t y  p ro f i l l ng .  The  box  was

p laceo  i n  t he  t r ough  w i th  j - t s  end  wa l l s  re rnoved  p r i o r

to t i l l ing wi th t .he nu<t  bed.  AL rhe end of  the test

the end.s srere s lot ted in ,  Ehe box was renoved t roo t .he

trough and t .he densj_ty prof i le  decermined uslng a

C,amma ray t raasmlss lon ctensi t ,y  probe.

The  wave  a rop l i t ude  anc t  pe r i od  a t  va r i _ous  se t . t i ngs  o f

t he  wave  gene ra to r  we re  de te rm ined  by  ca l i b ra t l oo  w i t , h

a t .win wire wave probe.  The wave probe gave readings

o f  re lac i ve  wace r  l eve l s  wh l ch  l n  con junc t i on  w i th  a

charc recorder  gave t 'he wave ampl i tude and per lod.

Bo th  wace r  depchs  usec t  i n  t he  expe r imencs  were

ca l i b ra ted  fo r  t he  f  i ve  se t , t . i ngs  on  the  wave

g e n e r a t , o r .  ( S e e  T a o l e  l ) .

The Anal ice Nephelometer  curb id i . ty  meter  \^ras

ca l i b ra ted  us iog  waLer  samp les  t r om tne  t l ume  c .u r i ng



an  e ros ion  tes t .  The  concen t . ra t i on  o f  suspended

sed i rnenc  i n  t he  samp le  was  dece rm ineo  
!V  

a  t i _ f  c ra t i on

techn  j . que .  The  re la t . i . onsh lp  o f  che  me te r  read ing  to

concen t ra t l on  ( f aO fe  Z )  rdas  found  to  be  l i nea r  ove r

t h e  c o n c e n t , r a t l o n  r a n g e  o f  t h e  c e s c s  i e  0  t o  0 . 2 k g / n 3

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

g i ven  by

C = 0 . 3 7 7 R - 0 . 2 1 ( t  )

q the re  C  =  concen t raE , i on  o f  suspendec l  sed imen t .  { kg / t r 3 )

R = meter  readj -ng

The Gamma ray densLty probe was cal lbrated wl t .h  mud of

known  bu l k  cens i t y ,  de te rm lned  us lng  a  p lgnoae te r  ( see

Tab le  3 ) .  The  coun t  ra te  Eo  dens i t . y  re la t i onsh ip  was

also found to be l l -near  over  E.he range of  t .he r ,ests

( s e e  F i g  3 ) .  T h e  e q u a t l o o  f o r  c o n v e r s i o n  o f  c o u n t

ra te  Eo  dens i t y  i s  g l ven  by

P d = - 0 . 0 3 1 2 n + 2 0 6 5

where  po  =  dry  dens l ry  (Xg ln3)

n  =  counts  per  n inu te

(z>

2 . 3  T e s t  p r o c e d u r e

A  s tock  mud  f rom PorE  Ke lang ,  Ma lays la ,  w lEh  a  d ry

densicy of  72Akg/n3 was used co make up 50 l l t res of

nud of  the correct  d.ensl ty  for  each t .est , .  Tne Erough

was  se t .  l n  t he  ho r i zon ta l  pos iE ion  anc t  f i l l ed  w i t . h  Ehe

nud unt , i l  the mud sur face was Level  wlEh the fa lse

f loor  of  tne f lurne.  The sur face was smoothed and Lhe

f lune t i l lec qr i th  sracer  E.o E.he requl red depth.  For

each  s lope  s t . ab l l lEy  Ees ts  t , he  des i red  wave  seb t l ngs

anct  s lope angle were implemented and t .he test  run

unt . l l  t .he bed fa l led,  up t ,o  a maximtuu t lne of  three

hou rs .  Fa i l u re  was  deemed  to  have  occu r red  once  the

channe l  a t .  t he  end  o f  t he  t r ough  was  fu l l  o f  mud .

This t lme r^ras recorded.  for  each tesE, .



The eroslon race tesLs were a l l  undertaken on

hor lzonta l  beds.  The amounE of  suspended mat,er la l  ln

che  f l une  was  measu red  a t  ha l f  nou r l y  i n te rva l s

throughout  each Eest  by tak ing turb id i t ,y  reacl lngs for

3  d i f f e ren t  dep ths  aE  LZ  pos l t i ons  a long  che

cal ibrated sect ion of  the f lume. Three addiElonal

readings l rere a lso taken at  each t lBe ln terval  to

determine the amount  of  suspended sedlment  bet ldeen the

cal ibrat ,ed sect ion of  the f lume anct  the wave

gene ra t .o r .  Wa te r  samp les  o f  va r i ous  concen l ra t . l ons

were a lso taken to eal ibrate t ,he turb id i ty  meter .

2 . 4  A n a I y s l s

Froru the calLbrated values of  wave helght  and per iod,

and depth of  eraEer,  Lhe maxlmum boEton orb l ta l

ve loc iEy  was  ca l cu la ted  us lng  f i r s t  o rde r  l i nea r  wave

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

u =- - - i !  _  -  (3 )
"m T s inh (zTtd/L)

erhere I I  = wave height  (n)

T  =  wave  pe r i od  ( s )

L = wave leneth (n)

U  =  max lmum bo t tom o rb l t a l  ve loc l cy  (m /s )
m

d  =  wa te r  depch  (m)

The  magn icuc le  o f  che  wave  l engEh  was  de te rm lned

i E e r a E i v e l y  s i n c e

ro2 = gk canh (kci)

whe re  u t  =  2n lT  ( s )

( 4 )

g  =  acce le ra t i - on -due  f , o  g rav i t y  (n / s2 )

k  =  2n /L  ( , o - I )



The maximum bed shear s f , . ress was caLeulaced f rom the

max lnum bo t too  o rb lLa l  ve loc i t y  us lng  the  fo l l ow lng

equa  t i on  :

I

Tro = pw (2vn/ ' t72g 
^

where T_ = &axlmum bed snear sLress (N/ ts2)
m

pw = f lu id d.ensi r ,y  ( tcg/n3)

u  =  k i nemar i c  v i scos i t y  (m /s )

T = i . rave per iod (  s)

dM
- s
l = -

r Cl E

The calculated maxlmum boeton orb i ta l  ve loc l t les and

bed shear s t . ress at  each depEh and wave generator

set t ,Lng are shown in Table l .

The t ,urb id i t .y  meter  readlngs erere converted in to

concen t ' r a t l on  us j -ng  tne  ca l_ ib ra t i on  equa t i on  ( l ) .

From each hal f  hour ly  set  of  readings Che change 1n

t ,he tota l  mass in  suspenslon l ras calculated by sunnlng

Che  coocen t ra t i on  read ings  ove r  t he  l eng th  o f  Lhe

f l u n e .

The t .ota l  mass values vrere normal lsed to g ive oass per

squa re  nec re  o f  bed  su r face .  Tne  ra te  o f  en t ra lnnen t .

i s  g l ven  by

(s)

( 6 )

whe re  E  =  ra te  o f  enc ra in ruen t ,  ( t <g /n2 /mrn )
r

M  =  rnass  i n  suspens lon  pe r  un i t .  a rea  ( f cg /n2 )
s

t  =  c i ne  (m ln )

The  re la t l onsh ip  be tween  excess  shea r  s t ress  anc t  ra te

o f  enc ra in rDen t  f o r  che  mud  < tens i t y  t es tec l  we re

a s s e s s e d .



3

3 .1

FLI'ME TESTS

Programme

3 .  l .  I  S t a b i l i t y  t e s t . s

The  f i r sc  se r i es  o f  expe r lmen ts  was  des igned  Eo

determlne the cr l t lca l  condlg lons of  bed s lope angle

c[ ,  maxi -num bed shear s t ress tb,  and bed densi ly  pO for

fa i lure of  a mud s lope,  and t ,o  g ive an inc icat . ion of

t ime  E .o  f a i l u re  ra te  f o r  excess  shea r  s t ress .

Fo r  t . he  f  i r s t .  f i ve  t es t , s  t he  f a l se  f l oo r  was  O . l n

above the bed.  ot  Ehe f lune anct  che dept ,h of  wat ,er

above  lE  was  0 .45m.  Fo r  t he  subsequen t  t , es t s  t he

f loor  was ra ised Co 0.  l7n and the water  depth changed

to  0 .408  above  the  new f l oo r  l eve l .

Three d i f ferenE r i rave setc lngs were enployed g lv lng a

range  o f  bed  shea r  sc resses  f rom 0 .42N/n2  to  0 .90N/n2 ;

four  densi r les of  bed f rom 35 2kg/n3 to 51 2ke/m2;  ancr  a

n u m b e r  o f  b e d  a n g l e s  b e t . w e e n  0  a n d  1 5 "  ( s e e  T a o l e  4 ) .

The t ,ests were undertaken 1n order  of  increasing

ang le ,  dens i t y  anc  wave  he lgh t ;  t he  f i r su  Ces t  be lng

t ,he  Iowes t  ang le ,  dens i t y  and  wave  he lghE  and  the

f i na l  t es t  be lng  the  mos t  dense ,  I a rges t  ang le  w i . t h

the  h lghes t  waves .

Each densi ty  and angle corDbinat ion was t .es[ed.  under

a l l  t h ree  wave  he lgh ts ,  be fo re  l nc reas lng  the  ang le .

Once a l l  cests nad been completed on the lowest

dens l t y  t he  nex t  h ighe r  dens i cy  o f  bed  was  used .  The

same ang le  and  wave  cond i t i ons  we re  Ees ted  an< l  i f

fa i lure hact  not  occurred sr ich ln 3 hours for  the lo l rer

dens i t . y  bed  the  cesc  was  noE  repeaEed  fo r  che  h ighe r

c t e n s i c y  b e d .



A  s t r e s s - r e l a x a t i o o - s L r e s s  t e s t  ( T e s c  2 8 )  n a s  d e s i g n e d

t ,o  f i nd  ouc  i f  t he re  was  any  recove ry  i n  bed  shea r

s t reng th  i n  t he  hou r  be t rdeen  two  pe r i ods  o f  app l i ed

bec t  shea r  sL ress .  r f  Ehe  bec r  t ook  l onge r  ( i n  t e rms  o f

du ra t l on  o f  app l i ed  be< l  shea r  s t ress )  co  f a l l  t han  a

be<l  subjeet ,ect  to  the same maxj-mun bed shear s t ress

conE inuous l y  (Tes t  l 0 )  r hen  ch i s  wou ld  be  an

ind l ca t i on  o f  r ecove ry  o f  bed  shea r  s t reng th .

3 . I . 2  E n t r a l n m e n t

rn i t i a l l y  t h ree  eo t ra inmen t  t es t s  we re  p ranned  us ing

row, necl lurn and h igh wave induced bed shear s t resses.

These were deslgned E.o exami.ne t .he re lat lonshlp

Detween rat .e of  entra innent .  and bed shear s t , ress aE.  a
pa r t i cu la r  bed  d .ens i t , y .  A  dens i t y  o f  350ke /m3  

" " "
chosen  s lnce  i t  v ras  no t i ced  du r i ng  t . he  s l ope  s tab i l i c y

tes t , s  t . ha t  Che re  was  ve ry  l i t t l e  en t ra inmen t  a t  any

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

t ,hree t ,ests had been analysed,  the t rough was modl f iec l

t o  have  f l ex ib le  rubbe r  enc l  wa l l s ,  as  desc r i bed

ea r l i e r r  ood  a  f u r t he r  two  tes t s  l r e re  run  us ing  nud  o f

s l n l l a r  d e n s l t y .

Io test A4 and 45 t.he removable box rdas used in

conjuncclon wj- t ,h  the gamma ray densi ty  probe t ,o

de t .e rm ine  the  ve r t l ca l  bed  dens l t y  p ro f l l e  a t  t he  end

o f  t he  t es t .  I n  Tes t  A ,5  a  f u r che r  se r i es  o f

concentraLlon readings were caken in the \ .7ater  co lumn

d i rec t l y  above  the  bed  i n  o rde r  t o  dece rn lne  the

extent ,  and magnl tude of  the near bed turb id layer ,  a

reg ion  o f  h l gh  t . u rb id i t , y  i n  t , he  bo [coo  few  n i l l ime t res

of  the $rat .er  coLuurn found to ex i .s t  in  prev lous studles

(Kenc t r i ck  1987 ) .  Th i s  ru rb id  l aye r  i s  impor taRE s lnce

in  che  p resence  o f  a  cu r ren t  i c  wou ld  m ix  i nE ,o  h ighe r

l -ayers ancr  hence would resul t  1rr  h igh concentrat i -ons

throughout  the r , rat .er  co lumn.



3 . 2 S l o p e  s c a b l l i t y

resu l t s

3.2 .  r General

The resul ts  of  t .he s lope st .abi l i t , ) f  test ,s  are tabulated

in  Tao le  5 .  Tne  beds  w i th  a  dens i t y  o f  350kg /n3

fa l led in  less than one mlnute at  a l l  angles and shear

s t resses  cesced .  Conve rse l y ,  beds  w i t , h  a  c l ens l t y  o f

5 lOkg /n3  were  sEab le  f o r  more  than  180  m lnu tes  unde r

al l  concl i -Eions Eestect  (up to a maximun bed shear

s t r e s s  o f  0 . 9 0 N / r a 2  a n d  a n  a n g l e  o f  1 3 . 5 " ) .

The  resu lEs  o f  t he  t es t s  on  beds  w i th  a  dens i t y  o f

400ke/m3 and 460kg/n3 were p lot ted as s lope angle

agalnst .  maximum becf  snear s t ress,  ln  F igures 4 and 5,

respect , ive ly .  The data points are label led wi th the

t , ioe to fa l lure l f  fa i lure occurred.  between 1 and 180

mlnutes.  Also shown ln F lgures 4 and 5 are l ines

dep l c t i ng  a  poss ib le  c rend  i n  che  o .aca .  These

lnterpretaEions are tentat ive and aEe Eo be taken as a

qua l t t a t , l ve  i nd i ca t l on  o f  t he  t r enc l  .

A graph of  s lope angle agalnsE c loe to fa l lure was

plot ted tor  a densl ty  of  400kg/r3 
"nd 

a uaximun shear

sEress  o f  0 .43N/m2  (F lg  6 ) .  The  re la t i onsh i -p

becweeo maximum bed shear s t ress and t lue was a lso

p loc ted  as  an  examp le  f o r  a  dens i t , y  o f  460ke /m3  and  a

s l o p e  a n g l e  o f  7 . 5 " .  I t  c a n  b e  s e e n  f r o m  t h e s e  g r a p h s

tha t  bo th  re la t , l onsh ips  have  the  fo rm o f  exponen t l a l

cu rves .  The  h ighes t  ang les  and  shea r  s t resses  resu l t

1n t .he shorE,esE t . lme to fa l lure.  The t loe to fa i lure

inc reases  exponen t . l a l l y  w i t , h  dec reas ing  ang le  and

maximun bed shear s t ress unt i l  aE some value the t . i rne

Eo  fa i l u re  becomes  ve ry  l a rge .  A t  ang les  and  max lmum

bed  shea r  sCresses  be lov  t h i s  va lue  Lhe  bed  i s

s t a b l e .



3 . 2 . 2  B e d  d e n s i t y

The  range  o f  oed  dens iE . l es  t es ted  was  f rom 350kg /m3  to

5 l 0 k g / m 2 ,  B e d s  o f  l o w e r  d e n s i r . y ,  a s  e x p e c E e o ,  t a i l e d

a t ,  l ower  ang les  and  bed  shea r  s t resses  than  h lghe r

dens l t . y  Deds .  Tne  Deds  e r i r , h  dens i t y  350kg /n3  were

unst .able under a l l  naxlmum bed shear scresses Eested

(0 .42N/n2  and  above )  and  a l l  s l ope  ang les ,  even  on  tne

ho r l zon ta l .  The  beds  o f  dens i t . y  510kg /m3 ,  on  the

o the r  hand ,  d ld  no t ,  t aL l  even  unde r  an  ang le  o f  13 .5 "

and subject .ed t .o  the h lghest  maxl !0um bect  shear s t ress

( 0 . 8 9 1 1 / n 2 ) .

The  resu l t s  o f  t he  t es t s  on  the  beds  w l th  dens iE les  i - n

be tween  400kg /m3  and  460kg /n3  a re  p lo t ,Eed  on  F lgu res  4

and 5.  The beds wl t .h  a densl ty  of  400ke/n3 ( f ' fg  zr )

we re  founc l  t o  f a i l  i n  l ess  t nan  I  m lnu te  t o r  ang les  o f

greater  t ,han 7.5"  and when subjecced to a oaxlmum bed

shea r  s t ress  o f  g rea te r  t han  0 .67N/m2 .  They  were  a l so

found to be stable for  over  180 mlnutes when

subjected to an angle below 2.5"  and a bed shear

s t ress  o f  l ess  t han  0 .+ t t / n3 .  The  beds  w lch  a  dens i cy

o f  460kg /m2  (F ig  5 )  we re  s tab le  a r ,  h i ghe r  shea r

st ress/angle conbtnat lons.  The becls  were stable for

oore than 180 ntnuces at  angles up to 4o when

subjecte<l  to  a maxlmum bed shear s t ress of  less than

0 . 5 2 N / n 2 .

3 . 2 . 3  S l o p e  a n g l e

The s lope angle had a narked ef fect  on Ehe stabl l l ty

and rat ,e of  far lure of  noud beds (see Figs 4 and 5) .

The  range  o f  ang les  t esEed  was  f rom 0  to  13 .5 ' .  I t

was found that  the t i !0e Eo fa l lure was decreased by

inc reas lng  the  ang le  o f  s l ope .  Fo r  examp le ,  a  bed  o f

densi - t .y  400kg/n3 subjected to a maxlmuro bed shear

sL ress  o f  0 .42N/n2  was  s t , ab le  t o r  no re  t han  180

l 0



minu t ,es  on  the  ho r i zonLa l ,  whe reas

than 1 mtrnuEe at ,  a  s lope angle of  I

: i t .  fa l led in  less

3 o  ( s e e  F i g  4 ) .

3 . 2 . 4  B e d  s h e a r  s t r e s s

The maxlmum bed shear s t ress ls  a lso a major  factor

af fect lng t ,he sEaDi l l ty  and t lme to fa i lure of  nud

beds.  The range of  bed shear s t resses Eesled was f rom

0 . 4 2 N / n 2  t o  0 . 8 9 N / m 2 .  A  b e o  o f  o . e n s i r y  4 6 0 k e / m 3  w i r h

a s lope of  7"  was founcl  to  be stable for  over  180

mlnutes uncler  a snear scress of  0.42N/n2 but  fa l led in

under 1 Blnute when subjected to a traxi-nun bed shear

s t r e s s  o f  0 . g g N / n 2 .

A coupar lson between the ef fect  of  i .ncreaslng the

angle and the ef fect  of  lncreaslng the peak bed shear

st ress shows that  an lncrease ln maxlmum bed shear

s t ress  o f  0 .10N/n2  has  the  equ i va len t ,  e f f ec r  o f

lncreaslng the angle by 5"  over  the range of  angles

and  bed  shea r  s t resses  t . es ted .

3 . 2 . 5 Tlme

The re lat lonshlp between s lope angle and t lne ta l lure

fo r  one  d .ens l t y  and  shea r  sc ress  l s  shown  on  F igu re  5 .

The re lat . lonshlp beLween maxlmum bed shear s t ress and

t ime  fo r  beds  o f  one  dens lEy  anc t  s l ope  ang le  i s  shown

on  F igu re  7 .  As  can  be  seen  the re  i s  a  s l ope  ang le

and maximum bed shear sEress below whlch t ,he beds are

s t a b l e .

The  s t , r ess - re laxa t i on -sc ress ,  Tes t ,  28 ,  f a i l ed  a f ce r

the sane cumulat lve t , ime of  naxlmum bed shear s t , ress

as  Tesc  I0  ( t he  equ i va l . en t .  con t i nuous  EesE) .  The re

was  no  ev idence  o f  r ecove ry  o f  Ehe  bed  du r i ng  the

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

l l



3 . 3 Re sul- t,s ot

en t ra innen t  i n to

s u s p e n s i o n  t e s t s

The  tesE^  daca  and  resu l t , s  a re  t . abu r .a ted  i - n  Tab re  6  t o r

a l l  f i ve  enEra ln ruen t  i nco  suspens ion  tes t s  and  p ro t t ed

as  to ta r  mass  i - n  suspens ion  aga insE ,  c i ne  1 ' ,  p i gu res  l 0

co  13 .  The  e ros ion  ra tes  we re  found  f rom the  g rad len t ,

o f  Che  besc  f i c  j - i ne  E .h rough  the  po in t s  ca l cu la ted  by

l i nea r  reg ress lon .  Tes ts  A l ,  A2  an< t  A3  gave  rap id

inc reases  l n  eoncen t rac ion  fo r  t he  f i r s t  ha l f  nou r .

Th i s  was  caused  t . o  a  l a rge  eK ten t .  by  t he  e t  f  ec t s  o f

Che  45 "  enc  wa l l s .  Once  tne  bed  hac l  e roded

su f f l c l en t l y  t he  end  e f f ec t s  dec reased  and  che  e ros lon

rate becatre constant ,  wi th t . ine.  In  Test .s  A4 and 45

the  bed  was  re ta ined  by  ve rc l ca t r  f l ex lb le  rubbe r  enc

wa l l s  wh l cn  a l l owed  r , he  bed  to  osc l l l a te  f r ee l y .

These  tes t s  gave  a  cons tan t ,  e ros lon  ra t . e  n iE ,h  E lme

f ron  the  beg lnn lng  o f  t , he  t , esL .

Verc ical  concentrat lon prof i les were neasured d l rect ly

above the bed every 30 mlnutes throughout  Tesc 45.

The  resu l t s  o f  t . hese  read ings  a re  p resen tec t  l n  Tab le  7

and p lot t ,ed as a graph of  height .  above the bed agalnst

concen t ra t l on  f o r  a l l  r ead lngs  t . oge t ,he r  (F tgu re  l 4 ) .

The resul ts  show a markect  r .ncrease 1n concentrat lon ln

the  bo t ton  40mn ln  a l l  p ro f l l es .  Th i s  l s  Bos t

not lcable in  the prof i le  taken at  30 ru lnutes when the

concen t ra t i on  l nc reasec t  t r on  0 .06kg /m3  a t  40nm to

0 . l 2kg /n3  a t  5mm above  E ,he  bed .  Th i s  reg ion  o f  h l gh

concentrat lon eay be ldent . i f led as a near  bed,  turb ld

layer  anct  has found.  to ex is t ,  in  prev ious stuct les

(Kenc r r t ek  f  987 ) .

Ver t lca l  densi ty  prof l les through the bed were taken,

using t ,he removable t rough,  at  the end of  Test  A4 and

A5.  The data f rom these are sho\"m in Tabte g.  The

resu l  t . s  sho$ red  no  s ign i t i can t  d i f  f  e rence  l n  < lens l t y

t 2



betr reen rne bot t .or0 of  the bed and the top,  (see Flg

14 ) .  F ro rn  chese  p ro f i l es  i t  may  be  conc lude< t  t ha t

there was no s lgni - f lcant ,  sor t ing of  the coarser

pa rc l c l es  ove r  t he  du ra t l on  o f  C f re  t es rs .

The resul ts  of  the rate of  ent , ra inrBent  tests were

p lo t t ed  as  e ros ion  ra te  aga lnsE  max imum bed  shea r

s t ress  (F j -g  15 ) .  A  t r end  l n  t he  ra re  o f  en t , ra lnDen t

can  be  seen  f rom F ig  15 .  The  l ower  shea r  s t resses

resul ted in  lower eros lon rates t ,han t ,he h igher  shear

s E r e s s e s .

Fron the work carr led ouc prevlously  on Kelang mud

(Hyd rau l i cs  Resea rch ,  1987 )  rhe  fo l l ow ing  re la t l onsh lp

was der ived for  the eroslon rate ln  a uni -d l rect lonal

c u r r e n t ,  i e

E  =  0 . 0 0 0 5  ( r - r e )

where E

a

I

t he  da ta  g i ven  i n

s n e a r  s t r e s s ,  T

F l g u r e  1 5 ,  t h e

,  r das  es t l .ma ted

(7>

c r i t i ca l  max imum

E o  b e  0 . 3 N / m 2 .

r a L e  o f  e r o s l o n  ( x e / a z / s )

bed.  shear  sEress  ( l l /m2)

cr i t l ca l  bed shear  s t ress  ( l ' l /m2)

I n  F lgu re  15 ,  t he  s t ra igh t  l l ne  re la t i onsh ip  t h rough

Che daE,a polnts a lso re lates the entra lnnent ,  rat ,e t .o

t .he d i f  ference bet .ween t .he appl led maxinoum bed shear

sEress  and  a  c r i t . i ca l  shea r  s r ress  be low  wh icn  oo

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

u n i c s  i s  g i v e n  b y ,

E ' ,  =  0 . 0 0 0 3  ( t ,  -  
" * " )

( 8 )

where ra te  o f  en t ra  j - nmen t  ( ke /m2 /  s )

max imum bed  shea r  sE ress  ( l l /m2 )

c r i c i ca l  max lmr " rm  bed  shea r  sc ress  (N /mt )

E r r

r
t

mc

For

bed

t ' l



4 . 1

RHEOLOGICAL

PROPERTIES

In t roduc t i on

Ic vrould be expected thaE t 'n is  cr iE, ica l  
"* .  

1"  re laced

to the densi ty  of  the nucl  ancl  would increase wic.h

cens iEy .  The  va lue  o f  Ehe  c r l t . i ca l  e ros j_on  shea r

s t ress ,  1E^ ,  f o r  Ke lang  mud  o f  d r y  dens l t y  350kg / ro3  naye
be  esE , i na ted  by  ex t , r apo la t l ng  t he  resu l t . s  ob ta ined  i n

the  p rev lous  s tudy .  Th l s  l s  f ound  t . o  g i ve  a  va lue

c l o s e  t o  l . 0 N / m 2 .

In  engLnee r l ng  te rms  iE  may  be  sugges ted  f rom these

few  Les ts  t ha t  t he  ra tes  o f  e ros lon  l n  un l -d i recC iona l

current  and ent . ra inment  uncler  vraves have s lml lar

re la t , l onsh ips  co  excess  shea r  sE ress  (1e  equa t i ons  (7 )

and  (8 ) ) .  A  conpa r l son  o f  r .  and  
" r "  

t o .  a  < l r y

densl t .y  of  350kg/r3 indlc" t .es a nuch h lgher  value for

E .he  c r i t l ca l  s t , r ess  1n  un l -o i rec t . l ona l  e ros lon  ( i e

l . 0 N / o 2  c o u p a r e d  r o  0 . : N / n 2 ) .

The  rheo log lea l  p rope r t i es  o f  t he  mud ,  f o r  t he  f ou r

densl t ies tesced in the f lune ,  were deterrDlned by Dr

Harctnan aE the Departnent  of  ChenlsEry,  at  Readlng

Un ive rs l t y  ( see  Hardnan ,  1988 ) .  Th i s  sec t l on

sumnar l ses  t he  f i nd ings  o f  ch l s  l nves t l ga t i on .

The res is tance to shear of  a mud can be def i .ned by t ts

rheological  propert ies racher than corre la. t i .on sr l th

i ts  densi t .y .  The Binghan y le ld srress of  a nud

de f l nes  the  fo rce  neeessa ry  ro  snea r  i t  pe r  un l t  a res

aE, t .he p lane of  shear ing.  This property  !0ay be more

use fu l  t han  dens iEy  i n  p red i c rLng  rhe  scab i l l r y  o f

s lopes s lnce rnuds of  d l f ferent  cooposi t ions wl l l

exh ib l t .  < f l f f e ren t  res i s tances  to  shea r  a t  t he  same

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

The Bingham yle lC sEress is  founc.  by subject ing a

sanple of  mud.  to a shear rate and neasur lng t ,he shear

s t ress .  A  p lo t  o f  s t ress  aga lnsE .  shea r  ra te  ( i dea l1y )

g i -ves a st . ra ight  1 lne re lat , lonship for  shear rates

g rea te r  t , han  ze ro  ( see  F lgs  16 -19 ) .  The  shea r  sE ress

at  which the mud just  beglns to shear is  Ehe Blngham

yie ld s t . ress .  Of  ten,  however ,  Ehe shear sEress E,o

shear rate re lat ionship beyond the Blngham yle ld

sL ress  i s  non - l i nea r  and  an  es t , imace  o f  t he  B lngham

yie lc l  s t ress can only be obta lned by extrapolat lon.

Thus,  co obta ln the Blngham yie ld at ress of  Ehe nuc

sanp les ,  t he  shea r  s t ress  r ras  oeasu red  a t  va r i ous

shea r  raLes .  A  g raph  o f  shea r  s t ress  aga lns t  shea r

rate lras plotEed and the Bi-nghauo yield st.ress

det .erminea by ext , rapolat lon back to zero shear rate.

P r l o r  t o  t he  rheo log i ca l  t es t s ,  che  pa r t . l c l e  s l ze

dist r lbuclon of  each sanple was det .ermined uslng a

Malvern 3600D laser  par t . lc le  s i -ze.  The s ize gradings

of  each sanple gave good agreement  wi th each other ,

hav ing  a  D50  o f  app rox ina te l y  8pm,  a  D9O o f

app rox lmace l y  40 l rm  and  a  D rO  o f  app rox ima t .e l y  2 .8pe .

These f lgures compared wel l  r . r1th Hydraul lc  Researchrs

gravlmet , r lc  determl-nat ion whl-ch gave a DUO of  l0pm aod

"  
D90  o f  80pm ( t t yd rau l l cs  Resea rch ,  1987 ) .

A  Boh l l n  rheomete r  f i tEed  w i t . h  a  C25  concenc r i c

cy l i nde r  ( se lec ted  so  tha t  che  spac ing  be tv reen  rhe

concen t r l c  cy l l nde rs  1s  l a rge  compared  to  Ehe  s l ze  o f

t h e  p a r t i c l e s ) .  A  9 6 . 2 g c m  t o r q u e  e l e m e o t  a n d
' v i - scos l t y '  so f twa re  l r as  used  fo r  che  expe r imen ta l

wo rk  and .  caca  ana l vs i s .

Each sarople of  mud was 
'shaken 

t ,o

suspens ion  and  a  sy r i nge  used  t . o

quan t . iEy  Co  the  measu r l ng  cup  o f

s a m p l e  w a s  s h e a r e d  ( t . 8 6 1  x  1 0 - 3

produce a horoogenous

t rans fe r  a  sma l l

t he  rheo {Be te r .  The

to I  4 .  6 5 s-  l ;  . . to  ch"

t q
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s h e a r  s E . r e s s  m e a s u r e o .  A  h y s t e r e s i s  t e s t  w a s  a l s o

ca r r i ed  ouE ,  f o r  each  samp le ,  f r om low  to  h l sh  t o  l ow

shea r  raE .e .  AJ .  I  expe r imen t , s  rne re  ca r r i ed  ou t  aL

25 .0 "C  and  a  f r esh  sanp le  o f  r nuo  ( i e  unshea red )  used

f o r  e a c h  r u n .

4 . 3  R e s u l c s

The  resu l  t , s  o f  t he  shea r  res t s  we re  p lo t , t ed  as  s t . r ess

againsc shear rate.  The Blngham yle lc l  s t , ress found by

ex t rapo la t , i ng  t he  l i ne  o f  bes t  f i c  by  eye  to  ze ro

s h e a r  r a e e .  ( F i g s  1 6  E o  1 9  s h o w  t h e  r e s u l t s  o f  t h e

h y s t e r e s l s  t e s t s ) .  T h e  r e s u l t . s  o f  b o t h  s e r i e s  o f

tests ls  g lven ln Taole 8 ancl  p lotced as Bingharn y ie ld

s r , r e s s  a g a l n s r  d e n s l r y  ( F 1 g  2 0 ) .

The graph shows i .ncreasing Bingnam yie ld s t ress wi th

lnc reas lng  dens lLy .  r t  l s  a l so  ev iden t ,  t ha t  t he re  i s

a far  greater  increase 1n Binghan y ie ld s t ress at  the

h ighe r  dens l t l es  t han  t . he  l ower  dens l t i es .

4 . 4  D i  s c u s s i o n

The  hys te res l s  t es t . s  exh ib i t s  t , he  e f f ec t  o f  ' shea r

t ,h inning '  a decrease ln v lscosl ty  wLth i .ncreasing

shear rate.  Thls may be expla lned by the fact  that

t he  ma jo r l t y  o f  t he  pa r t l c l es  a re  p la te - l l ke  c l ay

part ic les -  when shear lng oceurs the par t le les become

a l i gned  i n  t he  d i rec t l on  o f  shea r .

A f te r  shea r i ng  tne  saop l_es ,  t he  pa r t l c l es  rema in

a l i gned  fo r  some  t lme .  Tn i s  l s  i l l us t ra ted  by  t he

fac t ,  t haE .  t . he  sE ress /s t ra in  hys te res i s  cu rve  fo r

cecreasing shear rate is  lower than t ,hat  tor  t ,he

i . nc reas ing  shea r  ra te  ( see  F igs  16 -19 )

The Blngham yle lc t  s t ress values for  these nnud samples

was of  E.he sane oroer  as that  founcl  for  Antwerp

sed imen t , s  (Ve r ree t  eE  a l ,  1986 ) .  An twerp  rnud  r , r l Lh  a

densiE,y of  approxlmarely  275kg/m3 had a Bingharn y le ld

1 6



5

5 .1

FIELD APPLICATION

L iu i t a t l ons  o f

resu l  t s

sE , ress  o f  l 0N /m2  whereas

dens iEy  o f  360ke / r3  h "d .  
"

2 0 N / m 2 .

Port  Kelang mud wi- th a

B ingham y ie ld  s t ress  o f

Be fo re  c l i s cuss ing  the  p rac t . l ca l  s l gn i f i cance  o f  Ehe

resu l t s  ob ta ined  i n  t he  f l ume  expe r i r uen ts  i r  i s

necessa ry  t o  i den t i f y  sone  o f  t , he  poss ib le  l i n l t a t l ons

of  the method.s adopted.  Al though,  Ehe resul t ,s  are

most  usefu l  ln  quant l fy ing the ef feccs of  a wave

induced  bed .  shea r  sE ress  on  the  s tab l l i t y  o f  a  s l ope ,

1 t  has  co  be  recogn l sed  thac ,  a t  p resenE ,  t he  resu l t . s

a re  spec i f i c  t o  one  Eype  o f  mud .  As  such ,  t he  resu l t s

do not  necessar l ly  ind icate the behaviour  of  any ot .her

type of  mucl .  The t rends that  the resul t ,s  show,

however,  may be used t ,o i l lust rate t ,he l lke ly  general .

behavlour  of  ouds under t ,he act . lon of  waves and the

re la t i ve  sens i c i v l cy  o f  o l f f e ren t  pa rame te rs  l n

respec t  t o  t he  s tab l l l t y  o f  unde rwa te r  cohes i ve

s l o p e s .

The nature of  the restraLnt  to  the mud bed.  <tur ing a

Ees t  p rov lded  e l t he r  by  t he  s lop ing  s ides  to  rhe

t rough  o r  l a te r  by  che  f l ex lb le  rubbe r  re ta ln lng

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

rea l i t y ,  a  mud  s lope  cou ld  ex tend  fo r  many  teos  o f

mec res  and  as  such  any  sho r t  l eng t ,h  o f  s l ope  1s

cons t ra lned  by  s i n l l a r  mud  t , o  l t se l f  a t  e i t he r  end .

To some degree che fa i rure of  a par t icu lar  mucl  beq was

depenctent ,  on i ts  end condi t . ions,  i€ ,  t . rough s lope or

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

Fu r the re rno re ,  18 ,  was  i nev i t ab le  Eha t  t he  de f i n i c i on  o f

f a i - I u re  was  co  some deg ree  sub jecE ive ,  excepE  i n  t es t s

where  fa i l u re  occu r red  e i t he r  ve ry  qu i_ck t y  o r  noc  a t

L /



5 . 2 Procedure

a l l .  I c  was  a . l - so  i n iE ia l l y  hoped  rnac '  some

measu remen t  o f  t . he  bu l k  ne t  movemenE,  o f  mud  down  the

s l o p e  e o u l o  b e  n a d e ,  b u t ,  d u e  E . o  t h e  d r f f i c u l t i e s  o f
p rov id ing  sa t i s fac to ry  end  cond iE . i ons  such  measu re rDenE

w a s  i n  p r a c t , i c e  n o t ,  p o s s i b l e .

To  assess  che  l l ke l y  e f f ecc  o f  waves  on  a  d redgec t

s rope  i t  wou ld  De  necessa ry  t o  de te rm ine  Ehe  va r ra t l on

ln  < lens iEy  e r i t h  depLh  E ,h rough  the  s lope  and  to  ob ta ln

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

requ i remenc  wou ld  be  ove r  and  above  the  use tu l

geocechnlcal  paramet,ers such as unctra lned shear

st rength and poor pressure whlch woulcr  be essent lar

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

The purpose of  obta ln ing a sample of  t .he mud would be

to enable soDe tests ln  a wave f lume to be undercaken

to  de t ,e r rD lne  t . he  so rE  o f  enp l r l ca l  r e l a t , i onsn ips  g l ven

in  F igu res  4  and  5 .  UnE l l  E .he  con t ro l l i ng  pa rame te r

fo r  t he  behav iou r  o f  a  mud  s lope  unc re r  t he  ac t , i on  o f

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

rheo log i ca l  pa rame te r ,  I abo ra t , o r y  t es r i ng  wou ld  be

essent , ia l  .

In  addl t lon to the mud propert ies i t ,  would a lso be

necessa ry  t o  have  a  know ledge  o f  che  l l ke l y

s igni f lcant  erave helghts and per ioc ls  j .n  the regLon

where  Ehe  d redged  s lope  i s  s i t ed .  These  coup led  w i th

water  dept .hs wourd enable the maximr-un bed,  shear sEress

to  be  ca l cu la ted  on  a  p robab i l i s t . i c  bas l s .  I n

addi t . ion,  l t  would be iopor t ,anE.  to know the l ike ly

range of  t tc la l  eurrents,  and hence,  current  induced,

bec t  shea r  sE resses .

The approach recommended ln assessing the iopact ,  o f

waves on a d. rectgect  s lope may be re_staced as t le ld

su rvey '  l abo raEory  ces t l ng  and  desk  ca l cu la t i on .  w i t . h

l 8



respect  Eo che calcu.Lacioo aspeccs t .h is  could Eake che

fo rn  o f  an  i n i t i a l  s t , a t , i c  ana l ys i s  based  on  c lass l ca l

so lu t l ons  ( see  De lo  and  Bu r t ,  L9g7  fo r  a  rev iew)

fo l rowed by an appraisal  of  dr f ferent .  wave condle lons

on the l lke ly  degradat ion of  E,he dredger l  s lope.  In

nost  f le ld s i tuat ions the densi t ,y  of  the exposed,

surface of the dredged slope would j.ncrease ctown t,he

slope.  The ef fect  of  a par t . icu lar  wave induced

maxi-muo bed shear s t . ress woulct  t .herefore become

prog ress i ve l y  t r ess  seve re  down  the  s lope  because  the

densi ty  would be increaslng.  I t  could be qui te

feas ib le  f o r  a  pa r t l cu la r  s l ope  con f i gu ra t l on  and

d ,ens i t y  va r i a t , l on  $d th  dep th ,  t ha t  t he  su r tace  fa l l s

rapld ly  at  the top of  the s lope for  a g iven appl ted

maximum bed shear s t ress but  Ls scable at .  a  cercain

dls t ,ance down the s lope.

Apply lng general  quaneiEat , lve values to the ef fect  of

waves oo a crec lged s lope ln a par t lcu lar  muct  is  not

poss lb le  rdue  to  t he  w ide l y  d i f f e r i ng  behav iou r  o f  nu<1

and Ehe vary ing Trave condi t lons at  locat ions

t ,hroughout  th is  country and the wor ld.  I lowever,  f rom

the  po in t  o f  v i ew  o f  i nce rp re t i ng  t he  s ign i f i cance  o f

the f ind lngs for  the Kelang mud i t  may be usefu l  t ,o

quo te  sone  examp les .  Lec  us  assume tha t  a  4m deep

slope i.s to be dredgecl 1n Kelang nud and, that, Ehe dry

densLcy  va r i es  f r om 300kg /m3  ac  t he  su r face  Eo

500kg /m3  a t  a  c tep th  o f  4m.  F rom a  c lass i ca l -  ana l ys i s

o f  t he  s tab l l i t y  o f  t he  unc te rconso l i da ted .  submerged

s lope  l n  s t i l l  wa te r  1 t  l s  assumed  thac  the  s tab le

ang le  i s  app rox lma te l y  7  deg rees .  I f  t he  wave

condi f , , ions in  the area suggesE that .  the maxlmum bed

shea r  s t ress  f o r  say ,  a  recu rn  pe r i oc .  o f  I  yea r

( i gno r i ng  cu r renc  l nduced  shea r  s t ress )  i s

a p p r o x i m a t e l y  0 . 5 U / n 2  r r r e n  w h a c  e t t e c t  w i l l  c h i s  n a v e

on  t . he  des ign  o f  t he  d redge< t  s l ope?
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6 . 1 Conc lus lons

From the  resu l cs  o f  l abo raco ry  Lescs  on  raud  dens i t , l es

o t  3 5 0 ,  4 0 0 ,  4 6 0  a n d  5 1 0 k g / m 3  i r  w a s  f o u n o  ( s e e

s e c t i o n  3 . 2 )  E n a t  b e d s  w i c h  t h e  l o w e s r  d e n s i t . y  f a i l e o

aL any s lope angle for  naximum becl  shear s t . resses

g rea te r  chan  0 .42 t t / n2  wh i l e  chose  r \ ' iEn  E .he  h lghes t .  d i a

not  fa i l  even at .  an angle of  15 degrees and a shear

sc ress  o f  0 .90N/n2 .  The  t rdo  l n te rmec lLa t ,e  densL t , l es  o f

becl  lnd lcaced chat  ac 400kg/m3 and a shear sEress

O.5U/n2  (F i -g  a )  a  s l ope  ang le  o t  one  o r  rwo  deg rees

Inay  De  s tab le  i n  Ehe  Iong  run ,  whe reas ,  aE  a  d .ens lEy

o t  460kg /n3  (F iS  5 )  a  s l ope  o f  becween  2  Lo  5  deg rees

nay r r r l t ,hstand a naxlmum Ded shear s t ress of  0.5N/m2.

Therefore,  1t  ls  apparent ,  t .hat  a conslc lerable par t  of

t ,he s lope would probably fa l l  l f  a  <t redged s lope of  7

deg rees  was  sub jecE ,  t . o  a  shea r  s t ress  o f  0 .5N /n2 .  A

poss lb le  ou t l l ne  o t  t he  deg rac led  s lope  a f ce r

exper lenclng the descr lbed wave condi t lons coulc l  be

obca ined  t ron  E .he  equ l l i b r i um s lope  ang les  quo ted

above an<l  thel r  respeccive dept ,h f rom the sur face of

t .he bed.  I f  th is  outcome was unacceptable then a

f la t ,cer  s lope woulc need to be consicterect  and t ,he

l i k e l y  e f f e c t  o f  w a v e s  a g a i n  a s s e s s e d .

The resul ts  of  the t .ests are speel t lc  co one t ,ype

of  nucl  and as such do not  necessar l_ ly  ind icate

the behavlour  of  any ocher mud,  however the

trends that  the resul ls  show may be used t .o

i l l us t ra te  t . he  I  r ke l y  e t f ec t s  o f  c l i f  t e ren r

pararueEers in  respect  to  s tablL i ty  of  uncterwater

s lopes und.er  waves.

Unt i l  t .he contro l l lng paraoeter  for  the behavtour

of  nu<t  s lopes has been c lear ly  ident l f ied,  be l t ,

dens l t y  o r  a  rheo log l ca l  pa rameCer ,  l abo ra to ry

t , esc ing  i s  essenc ia l  i n  p red i c t i ng  E .he  s tab i l l t y

o f  a  nud  s lope .

1 .

2 .
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3 . The  s tab l l l c y  o f  a  d redged  s lope  cou ld  be

assessed  Dy ,  f l r sc  de te rm ln lng  the  usua l

geotechnlcal  paraoecers of  cne mud anct

lmp lemen t l ng  convenE , l ona l  s t , a t . l c  ana l ys t s ,

f o l l oweo  by  an  app ra i sa l  o f  che  l l ke l y  e t f ecE ,  on

the s lope of  che preval l lng l_ocal  wave c l loaEe

and r . rater  < lepths basecl  on a ser les of  laboraCory

f l u m e  E e s t s -

The  c r l t l ca l  shea r  sc ress  und .e r  waves  nas  found

E ,o  be  o f  a  s l n l l a r  o rde r  o f  oagn l cude  c ,o  Ehac

und,er  unl -d l recc lonal  curreots and Che rate of

e ros lon  t . o  excess  shea r  sc ress  re lac lonsh tp  was

also found.  to be of  C.he same order  as that ,  for

un l -d l rec t l ona l  cu r ren ts .

Fu tu re  t es t . s  shou ld  l nc lude  a  p re l lm lna ry

lnves t l ga t l on  co  deee ro lne  the  lB0  m1n  t , o  f a i l u re

cond lC loos  aC  each  d .ens l cy ,  f o l l owed .  by  oo re

de ta l , l ed  ces t s  co  de te r ru lne  accu race l y  t he

cond l t l ons  l ead lng  co  fa l l u re  a t ce r  180  ro1ns .

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

contrascl .ng cooposl t lon should be underCaken co

t , ry  and escabl lsh a physlcal  propert ,y  er lCh shlch

t ,o preolcc che behavlour  und.er  waves of  oucts ot

d l f  f  e r e n t  c o r o p o s l t l o o s .

A  f l e l d  l nves t . l ga t l on  t o  conpa re  sCab l l l t y  o f

s l opes  1n  f1e ld  cond l t l ons  aod  chose  p red l cced

f rom labo ra to ry  expe r lmeo ts .

f u i  l nvesc lga t l on  o f  che  race  o f  enc ra lnmenc  fo r

beds  se r t l ed .  f r oo -  suspens lon  fo r  a  c l ose r

compar l son  t r l ch  un l - c l . i r ecc lona l  cu r renE ,  e ros lon

c e s t s .

4 .

6.2 Recomoend.at . lons
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5 .  I nves t , l ga t i on  o f  t he  ra tes  o t  enc ra lnmen t  f o r

beds subject .ed t ,o  both waves and currents

s luu l t aneous l y  ( t hese  can  be  e l che r  p lacea  o r

setE.Led be<ls)  co determine the comblned ef fecc on

che  race  o f  e ros i . on .

Addapclon of  cohesive sedlment ,  t ransporc modeLs

to  l nc lude  the  e f t ec t s  o f  enc ra ln r0en t  by  waves .

6 .

! L



7. REFERENCES

Delo and Burc 1987.  The stabl l lcy of  coheslve dredged

slopes.  A rev lew of  methods of  analys ls  and

exper lmenta l  technlques HR Reporc SRl l7.

Hardnan 1988.  Rheological  propert les of  Kelang nud

cont , ract  repor t  to  HR Ltd.  DepartmenE of  chemlst ry

Univers i ty  of  Readlng.

Kencl r lck 1987.  Laboratory exper lmenLs oo a near_bed

turb ld layer .  HR report  SRgg.

Hydraul lcs Research.  por t  Kelang Sl lEat lon studles.

Properc les of  Kelang uud.  Reporc No EXl570,  lgg7.

Vereet ,  Van Goethem, Vlaene,  Ber lanont , ,  Houthways and

Berleur 1986. Relatlons Detlreen physLco-chemlcal and

rheologlcal  propert tes of  f lne-gra lned muds.

Proceedings of  the t ,h l rd Internaclonal  s lm.poslum on

r i ve r  sed lmen ta t l on .  Vo l  I I I  pp  1637 -1646 .

2 3





TABLES.





TABLE 1

Wave
Set t ing

0 .  50
1  .00
1 .  50
2 .00
2 .  50

0 .  50
1  .00
1 .  50
2 .00
2 .  50

Water
Depth

(m)

0 .  40
0 .  40
0 .40
0 .  40
0 .40

0 .  46
0 .45
0 .  45
0 .45
0 .45

Wave
Height

(m)

0 .053
0 .  069
0  .089
0 .101
0 .118

0 .062
0 .072
0 .096
0 ,  107
0 . t24

WAVE CATIBRATION AND BED SHEAR STRESS DATA

Wave Wavelength Um
Per iod

(s )  (m)  (m /s )

2.24  0 .  197
2 .24  0 .240
2 .24  0 .308
2 .24  0 .  350
2 .24  0 .409

2 .32  0 .191
2 .32  0  .22 t
2 .32  0 .  296
2 .s2  0 .  326
2 .32  0 .379

Tm

(N,/m^2 )

0 .  43
o .52
0 .  67
0 .76
0 .  89

0  .42
0 .48
0 .65
0  .71
0 .  83

1 .33
1 .  33
1 .  33
1 .  33
1 .  33

1 .33
l .  33
1 .  33
1 .  33
1 .  33



TABTE 2 TURBIDITY METSR CATIBRATION

Concentration

(  kelm^3 )

0 .000
0 .010
0 .020
0 .050
0 .  100
o  ,20Q
0.  300

TABTE 3

Densi ty

(kg,/m^3 )

0
240
416
5L2

Meter
Reading

o .20
o .23
0 .25
0 .  34
0 .  50
0 .74
1 .01

I'fETER CALI.BRATION

Meter
Readlng

66380
58506
52509
50250

DENSITY



TABLE

TEST
No.

1
2
3
4
5

15
16
t7
18
19
20
2t
22

23
24
25
26
27

28

0.670
0  .420
0 .420
o .420
0.830

0.  890
0 .670
0 .  670
0 .670
0 .6?0
0 .430
0 .430
0 .430
0 .430

0 .  890
0 .  760
0 .760
0 .  ?60
0 .670
0 .  520
0 .  520
0 .520

0 .890
0 .890
0 .890
0 .890
0 .430

0 .6?0

352
352
352
352
352

416
416
416
416
416
416
416
416
416

464'464

464
464
464
464
464
464

5t2
512
5L2
5t2
5t2

416

<1
<1
<1
<1
<1

<1
<1
15
10

L20
> 180

30
> 180

60

<1
40

3
60

t20
30

> 180
> 180

> 180
> 180
> 180
> 180
> 180

L20

RESULTS OF SLOPE STABITITY TESTS

MAK DRY STOPE TIME
SHEAR DENSITY ANGLE OF FAII,URE

(N, /m^2)  (kg lm^3)  (degrees)  (mins)

0
5
1
0
0

0
7 .5

1
2 .5

0
2 .5

13 .  5
0

7 .5

6
7
B
9

10
11
t2
13
L4

0
2 .5
7 .5

0
0

7 .5
0

2 .5

5
15

I
0
0



TABLE 5 RESULTS OF

TEST NO :
BED DENSITY :
BED SHEAR STRESS:
EROSION RATE :

TIME

(mins )
0

15
30
60

L20
150
180
2LO
240

TEST NO :
BED DENSITY :
BED SHEAR STRESS:
EROSION RATE :

TIME

(mlns  )
0 .0

15 .0
30 .0
60 .0
90 .0

120 .0
150 .0
180 .0
210 .  O

TEST NO :
BED DENSITY :
BED SHEAR STRESS:
EROSION RATE :

TI},18

(mins  )
0

30
60
90

L20
150
180
210
240

ENTRAINMENT TESTSRATE OF

A1
350

0.  43
0 .  35

TOTAL
EROSION

(ke/n^2)
0 .000
0  .061
0 .060
0 .083
0 .091
0 .  123
0 .079
o .L22
0 .161

A2
350

0.65
5 .  79

TOTAL
EROSION

(ke/n^  2 )
0 .000
0 .  200
0 .  706
1 .030
1 .  362
t .487
1 .  567
1 .460
1 .  9?3

A3
350

0.  83
7 .24

TOTAT
EROSION

(kg/m^2)
.  .0 .000

1 .  535
2 .  318
2 .394
2 .469
2 .864
3 .  r45
3 ;  394
3 .  452

kglm^3
N,/m^2
g/min

kg/m^3
Nr/m^2
g/min

kglm^3
N/m^2
g,/mln

A4
350

0.67
7  .45

TOTAL
AROSION

(ke/m^2)
0 .000
0 .249
0 .  389
0 .  501
0 .884
1 .  236

A5
350

0.89
7  .45

TOTAL
EROSION

(ke/m^21
0 .000
0 .067
0 .  194
0 .476
0 .  614
0 .732
0 .  889

kg,/rn^ 3
N,/m^2
g/mLn

kelm^3
N/m^2
g/min

TEST NO :
BED DENSITY :
BED SHEAR STRESS:
EROSION RATE :

TIME

(mlns  )
0

30
60'90

L2A
150

TEST NO ;
BED DENSITY :
BED SHEAR STRESS:
EROSION RATE :

TIME

(mins  )
0

30
60
90

t20
150
180



TABLE 6

HEIGHT
ABOVE BED

(mm)

25
50
75

100
150
200
250
300
350

O.LzB
0 .075
0.057
0 .  060
0  .057
0 .057
0 .057
0 .057
0 .053

0 .053
0 .  057
0  .045
0 .045
0  .049
0 .  045
0  .034
0 .034
0  .034

0 .L77
0 .136
o .L25
0 .  109
0 .  109
0 .  109
0 .  106
0 .  106
0 .  102

0 .  143
0 .136
o . t25
0 .113
0 .  109
0 .  109
0 .  109
0 .  109
0 .  106

TEST A5 VERTICAL CONCENTRATION PROF'ILES

30  m ins  60  m ins  90  m ins  L20  m ins  150  m ins  180  m ins

(kg , /m^3)  ( kg , /m^3)  ( kg , /m^3)  ( kg , /m^3)  ( kg , /m^3)  ( ke lm^3)

0.  109  0 .L47
o. toz 0.L47
0.094  0 .L47
0 .098  0 .  143
0 .087  0 .  125
0 .089  0 . t? t
0 .094  0 .  117
0 .091  0 .117
0 .08?  0 .113



TABLE 7

DEPTH BBLOW
SURFACE

(mm)

' E

5.0
10 .0
15 .0
20  ,0
25 .O
30 .0
35 .0
40  .0
45 .0
50  .0
55 .0
55 .0
55 .0

VERTICAL DENSITY PROFILES TEST

TEST A4
METER DENSITY

READING ( ke,/m^3 )

A4 AND A5

TEST
METER

READING

26985
2700s
27098
26915
26987
27t35
26866
26898

.. 27 t37
26988
27063
26981
27L25
27 L36

A5
DENSITY
( kg,/m^ 3 )

384
383
377
388
384
374
391
389
374
384
3?9
384
375
374

27 rO5
2683 I
26915
26829
267A0
26935
267 t5
26915
26831
26825
27 lag
26945
26992
2692L

376
393
388
394
402
387
401
388
393
394
376
386
383
388



TABLE B RESULTS OF RHEOTOGICAL TESTS

DRY BINGTIAM YIELD STRESS
DENSITY RUN 1 RUN 2

(kg , /m^3)  (N, /m^2)  (N, /m^2)

352  19  (  +9- ,  -10  )  18  (  +4 ,  -1  )
4L6  3?  (+3 , -2 )  37  (+3 , -3 )
464  67  ( t6 , -3 )  55  (+3 ' -4 )
5L2  137  (+8 , -8 )  129  (+5 , -3 )

The Flgures ln brackets are estlmates of the error ln
to..ur"tng the Bingham yleld stress from the graphs.

Possibly the resul t  of  a spur ious point '
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