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ABSTRACT

Hydraulics Research (HR) and the Department of the Environment (DoE) have
jointly funded research with the objective of col laborating with University
and Polytechnic researchers in the fiald of cohesive sediments. One such
collaboration was undertaken with the Department of Civil Engineering at
Liverpool University, which received a two year grant from the Science and
Engineering Council  commencing 0ctober 1988, to stuCy mud process modell lng.
Hydraulice Research had conunitted to provide support for thls research by
assisting in the testing of mud from the site at which the nud process
modell ing was to be investigated. Assistance lras also to be given in the
execution of a field survey at the sj-t,e. TLre site chosen for the study was
Grangemouth on the Flrth of Forth, Scotland.

An investigation of the propert ies of Grangemouth mud was undertaken at , .  l ,
Hydraulics Research by HR staff and a visit ing research assistant from
Liverpool University. The study comprised standard mud tests to measure the
consolidation and erosion propert ies and new investigative techniques to
determine the likely importance of other cohesive sedirnent transport
processes.

New techniques were used to study the settling of cohesive sediment on
slopes and the entrainment of fluid mud by flowing water. Both of these
processes were postulated as being important in the transport mecbanlsms at
Grangemouth. An attempt will be made to observe these processes in the
field during the forthcoming survey exercise at Grangemouth. Ttre resuLts of
the laboratory studies described in this report and the f ield measurements
wlII be used in the developrnent of a three dimensional mud transport
numerical model at Liverpool University.

Sedimentology tests were undertaken to determine part icle size distr ibution,
organic content, bulk denslty and cation exchange capacity of the mud.
Standard laboratory tests were run to determlne the consolidation and
erosion propert les of the mud. Six consolidation tests were conducted in
sett l ing columns and emplrical relationships between effective stress and
dry density and between permeabillty and dry density were deterrulned. Three
erosion tests were conducted in the carouEel flume from which an empirical
relationship between erosion shear strength and dry denslty was found and an
estimated value of the erosion constant.

New laboratory techniques tilere employed to study the process of deposttion
of sediment on slopes and the entrainment of fluid mud ln flowing water. A
researcher from Liverpool University conducted tests in a small tilting
flume at Hydraulics Research to investigate the deposit ion of mud on slopes.
Tno mechanisms for movement of the mud down the slope were identified. fhe
first was rrdensity flowtt, which was thought to be dependent on the
occurrence of hlndered sett l ing (for whlch the near-bed concentration needed
to exceed approximately 10 g1-t). The second mechanism was rrbed slumptt,
which occurred if  a weak matrix of f locculated sediment, forming on the bed,
exceeded a crit ical thickness. The crit ical thickness was found to be
dependent on the bed slope. Re-entrainment of the moving bed layer into the
overlying suspension and erosion of the underlying mud bed, by the moving
bed layer, \rere not observed in the experiments. Bed slurnp was considered
to be the main mechanlsm for down the slope transport of mud.



Tests were conducted in the carousel flume to investigate the entrainment of
fluid mud by flowing water. It was intended to examine the irnportance of
the bulk Richardson number in determining the critical condltions for
entrainment,. However, i t  was found to be generally diff icult to generate in
the carousel the desired init ial condit ions of a f luid mud layer beneath an
overlying less concentrated suspension. Nevertheless, instabil i t ies were
seen i.n the form of interfacial r'raves between the fluid mud and overlying
flovl ing suspension in some of the tests.
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INTRODUCTION

CHAMCTERISATION
OF THE MUD

Hydraulics Research (HR) and the Department of the
Environment, (DoE) have jointly funded research with
the object ive of col laborat ing with Universi ty and
Polytechnic researchers in the f ie ld of cohesive
sediments. One such collaboration was undertaken with
the Department of Civil Engineering at Liverpool
University, which received a two year grant from the
Science and Engineering Council cornrnencing October
1988, to study mud transport  model l ing. Hydraul ics
Research provided support  for this research by
assisting in the testing of mud from the site at which
the mud transport  nodel l ing was to be invest igated.
Assistance was also given in the execut ion of a f ie ld
survey at the si.te. The site chosen for the study was
Grangemouth on the Fir th of Forth, Scot land.

The investigation of the properties of Grangemouth mud
was undertaken at Hydraulics Research by HR staff and
a visi t ing research assistant f rom Liverpool
University. The study involved sedimentology tests to
determine part ic le size distr j -but ion, organic content,
bulk density and cation exchange capacity of the nud.
Standard laboratory tests were run to deLermine the
consol idat ion and erosion propert ies of the nud. In
addit ion, other laboratory tests were conducted to
study the process of deposit ion of sediment on slopes
(Liverpool University researcher) and the entrainment
of f lu id nud in f lowing water.

Forth Porls Authority collected six drums of mud
samples by a dredger from the entrance to Grangemouth
Docks on 10 Novenber 19BB (Fig 1).  The drums were
t,ransported by courier to Hydraulics Researeh. The
laboratory test were conducted between November 19BB
and January 1989.

Bulk densities were determined on mud samples from
each of the six drums. The densit ies were 1440, 1360,
1350,  1370,  1350 and 1350kgm-r  fo r  d rums I  to  6
respect ively.  The average value of 1370kgm-:
represents a dry density of approximately 600kgn-r.

The part ic le size distr ibut ion for al l  s ix drums is
shown in Figure 2. This shows that the percentage by
weight of s i l t  ( ie < 63 microns in diameter) in each
drum is between B0 - 90%, with the remainder being
f ine sand.



The organic content of samples from the six drums was
obtained by the acid digestion method. This gave an
organ ic  conten t  in  the  range 4 .7  -  5 .5% fo r  a l l  s ix
drums.

The cation exchange capacity was measured on the sub
20 nicron fract ion, which contains the clay minerals.
This was in the range 18.8 -  2O.3meq/L00g for al l  s ix
drums.

CONSOLIDATION TESTS

Laboratory tests were condueted in settling columns to
invest igate the consol idat ion propert ies of the mud
(see Ref 1 for a detai led descript ion of the
procedure).  Each test involved the cont inuous
deposition of a rnud bed from a suspension with a
constant mud concentration. This suspension was
injected int,o a column over a period of some hours.
Bed thickness, excess pore pressures and density
prof i les were reeorded frequent ly over a number of
days unt i l  bed consol idat ion was nearly complete. fhe
nud used throughout the deposition tests came from
drum 6. Table I surrnarises the input conditions of
the six consol idat ion tests.

In each test the thickness of the bed reached a peak
soon after the end of the input phase, when virtually
al l  the mater ial  had sett led out of suspension. The
bed thickness then deereased vi th t ime, quickly at
f i rst  but tai l ing off  to a conslant value which
corresponded to near complete consol idat ion (Fig 3).

Figure 4 shows the final observed densities for each
test against depth from the bed surface. The points
show some scatter but indicate a trend of increasing
density with depth.

For each test,  and for each t ime prof i les were
measured, the depth from the surface and the density
at f ive percentage mass points are calculated. The
percentage mass points were 20% ( ie the point in the
bed with 20% of the total  mass beneath i t ) ,  40"A, 60%,
80% and 100%. The effect ive stress at each of these
points ( total  stress minus excess pore pressure) is
then calculated. Figure 5 shows the relat ionship
between effect ive stress and dry density for these
percentage mass points.  A l ine of besl  f i t  by eye was
dravm through the points and had the equation:

o '  =  5  - 0 . g 5 p d  +  0 . 0 0 0 5 5 p 6 2

in the range 50 < pd < 350kgm-r

( 1 )



EROSION TESTS

where

o '  =  e f fec t i ve  s t ress  (Nm-2)

P6 = dry density of mud (kgm-t)

The density of the upper layer during fornation of the
bed was approximately 50kgm-r.

A relationship between permeability and dry density
was also determined (Fig 6).  The same percentage mass
points (20% mass below, 4O%, 60%, 80% and 100%) were
used, with permeabi l i ty and density calculated for
these points.  A l ine of best f i t  by eye through the
points had the equaLion:

l o g  ( k )  =  - 0 . 0 1 p 6  -  5 . 0 0

where

k  =  permeab i l i t y  o f  nud (ms-1)
p6 = dry density of mud (kgm-:)

( 2 )

Three erosion tests were conducted in the carousel,  on
mud from drum 6. The rnud was first mixed
homogeneously in a mixing tank and then pumped inlo
the carousel. Before each test the mud was mixed into
suspension by hand and then allowed to deposit and
consol idate. Two tests \rere run with 2.7 days
consolidation and one with 7 days consolidation.

An erosion test in the carousel comprises a number of
discrete runs during which the speed of rotation of
the roof (and hence the bed shear stress) is held
conslant. fn a test there may be 2-5 runs each
last ing 60-200 minutes. The speed of the carousel is
systematical ly increased for each successive run.

A run comrnences when the concenLration of suspended
solids is constant in the previous run. The speed of
rotat ion of the roof is increased over a period of
about 30 seconds to its new vaIue. The concentration
of suspended solids as measured continuously by the
densiometer at f i rst  increases rapidly ( indicat ing
strong erosion),  then the rate of increase tai ls of f
until the concentration remains nearly consLanL (no
further erosion).  This pattern is ref lected by the
readings from the ultrasonie transducer which is
mounted on the underside of the flume mid-way across
its width. The change in the readings is directly
proport ional to the depth of erosion.



At the end of a run, when erosion has stopped, the
actual depths of erosion at intervals across the vidth
of the flume are determined using the ultrasonic
transducer.  The typi .cal  depth of erosion which is
nornal ly attained at the end of the test is about
5mm.

The object ives of the analysis are to calculate the
relationshi.ps for the shear strength of the mud with
density and the rate of erosion with appl ied shear
stress. The method of analysis of the data is
documented in detai l  in Ref 1. The shear strength of
the exposed bed surface against density is plot ted for
the three tests in Figure 7. A best f i t  l ine through
the data gives a relat ionship of

r e  =  0 . 0 0 4 5 p U 0 . r

where

t" = shear strength of mud (Nm-2)
p4 = dry density of mud (kgm-z)

The nost common representation of erosi-on is

|  < l

dm/dt = Am"(r- t")

where

dm/dt = rate
m" = erosion
t = appl ied

f o r t > t "

o f  e r o s i o n  ( k g m - 2 s - 1 )
c o n s t a n t  ( k g N - r s - 1 )
shear  s t ress  (Nm-2)

( 4 )

A useful  analysis of the erosion constant can be made
by assuming that the shear strength of the bed during
any discharge run is proport ional to the eroded mass
(Ref 2).  The constant of proporl ional i ty for a run is
gi-ven by

o  = ( t 6 - r o )  /  ( c " - c o )

where

16 is appl ied bed stress for the run
'ro is shear strength of bed at start  = equi l ibr ium

from previous run
c" is equi l ibr ium concentrat ion at the end of run
co is ini t ia l  concentrat ion = equi l ibr ium

concentration at end of previous run

This does noL assume that there is a l inear relat ion
between strength of bed and overlying weight for the
complete bed. This overal l  structure is f ixed by the
equi l i -br iun condit ions at the end of each run. I t  is

(s)



DEPOSITION
SLOPES

ON

merely assumed that there is a l inear var iat ion from
one equilibrium state to the next and c can vary for
each run.

If it is further assumed that the erosion rate for the
exposed mud surface area is given by equation (4) we
obtain, using (5) and replacing m by eV
dc ld t  =  Am"c(c" -co) /V  (6 )

where V is the volume of fluid in the flume and A is
the area of erosion. This can be integrated as

(c"-co) = (c"-co) exp (-Am.st/V) (7)

This solution exhibits the expected behaviour of
concentrat ions, tending to equi l ibr ium values for
large t imes. Based on the analyt ic form of this
theoret ical  solut ion, the carousel erosion f lume
results for a t ,est can be normal ised and plotted using
l inear normal ised t ime (<rt)  (mzs-r;  and logari thnic
normal ised  concent ra t ion  [ (c " -co) / (c " -c ) ]  axes  to  g ive
a represent.at ive erosion constant for the test.

Figure 8 shows Lhe normal ised results of erosion rate
for the three tests together.  The erosion constant,
me, was in the range

r e  =  0 . 0 0 0 2 - 0 . 0 0 0 6 k g N - r s - r  ( 8 )

The individual runs in eaeh test varied within this
range, with the runs in test 3 (7 days sett l ing) being
in  the  lower  end o f  th is  rang"  ( rne  =0 .0002kgN-1s-1) ,
and the runs in tests I and 2 in ihe higher end of the
range.

The researcher from Liverpool University conducted
tests to invest igate the deposit ion of nud on slopes.
Fu11 detai ls of  the tests,  with results and
discussion, are given in Appendix A and are only
summarised here.

The tests were run at HR in a t i l t ing f lume, 2.30m
long, 0.15m wide and 0.40m deep. The f lume could be
jacked up at one end to give the desired bed slope. A
range o f  bed s lopes  f rom 1 :10  to  1 :50  was covered.
The concentration of suspended sediment was chosen to
cover a range of l ike1y f ie ld concentrat ions. Bed
thicknesses wi- th t ime were recorded at s ix stat ions
a long the  s lope.



A I

Sett l ing column tests,  with the same suspension
concentrat ions, were run paral lel  to the f lume tests
to determine resuLt ing bed thicknesses where no
lateral movement was involved.

Two mechanisms for movement of the mud down the slope
were ident i f ied. The f i rst  was r iDensity Flow", a
horizontal  density gradient which caused sett l ing
part ic les to be def lected in the downslope direct ion.
This was thought to be dependent on the occurrence of
hindered sett l ing, for which the near-bed
concentrat ion needs to exceed approximately 1091-t .
This mechanism was considered to be of minimal
signi f icance in typical  f ie ld condit ions.

The second mechanism was trBed S1ump", which occurs i f
a weak matr ix of f locculated sediment,  forming on the
bed, exceeds a cr i t ical  thickness. This weak matr ix
(a  B ingham f lu id ) ,  usua l l y  ca l led  " f lu id  mud ' r ,  may
form i f  the sediment is sett l ing at a raLe which
exceeds the formation of the bed (ie faster than the
water is being expel led frorn the bed).  The cr i t ical
thickness is dependent on the bed slope (Fig 18 in
Appendix). Bed slump was thought to be the main
mechanism for the downslope transport of mud.

Re-entrainment of mud particles from the moving bed
and erosion of the bed below the moving layer were not,
observed in the experiments but are discussed in
Appendix A, along with suggest ions for further work.

ENTRA]NMENT TESTS

Obj ect ives

The aim of the r"rork was to look at the conditions for
the formation of fluid mud and the parameters
determining i ts re-erosion or entrainment.  In
par t i cu la r ,  f rom HR repor t  SR 147 (Ref  3 ) ,  two
relat ionships are suggested and the laboratory tests
attempted to invest igate these relat ionships. They
were :

"The overlying \.rater r+ill entrain mud from the fluid
mud layer if the bulk Richardson number Rig is less
than 10, where

A p g d -
K 1 o  =

"  (AU)  2
(e)



and

Ap = density difference between fluid nud and
suspension (kgm-2)

g = accelerat ion due to gravi ty (ms-2)
d, = thickness of fluid mud layer (m)
AU = velocity difference between fluid mud and

suspensi-on (ms- 1)

rrThe vertical flux of mud entrained from the
is assumed to be simi lar to that for sal t  in
wedge:

l -

f f f '  
=  -V"Co (kgm-zs-1)  when Ri  g  (  10

mud layer
a sal ine

(  1 0 )

where

V^=AU+ (11)=  ( 1  +  6 3  R i t z l  
- r  -

Co = constant concentration in fluid mud layer

6 . 2  D e t a i l s  o f  t e s t s

Using the mud suspension which was already in the
carousel, tests lrere run in which the mud was allowed
to sett le from suspension for short  per iods ( lOmins to
t hour) and then the roof speed (and hence shear
stress) was increased gradual ly to see when the mud
started to erode/be entrained. Irrespect ive of how
Iong the mud had settled or the rate of increase of
shear stress, at  a roof speed corresponding to l .4V
( l .0 rpm,  approx .  0 .05Nm-2)  the  nud began to  be
entrained and the concentration in suspension rose.
Just prior to this, the interface between the fluid
mud (or bed) and the overlying suspension began to
become unstable, with waves passing along the surface,
increasing in size, and f inal ly breaking the surface.
From previous measurements of velocity nade with a
laser,  the horizontal  veloci ty of the overly ing
suspension at this time on the outside edge of the
carousel was approximately 0.13ms-1 at the interface
between the fluid mud and overlying suspension.

The concentration continued to rise as long as the
roof speed was increasing. Tests in which the roof
speed was held constant (with an appl ied vol tage
greater than l .4V) also showed an ini t ia l  r ise in
concentrat.ion as the mud started to erode, but this
reached a peak afLer about 10 minutes and then started
to drop again. The interface also appeared to
stabi l ise again, with waves no longer vis ible.  The
drop in concentration may be due to the material being



6.3 Recommendations

svept to the inside of the carousel by the secondary
f low, or i t  could be due to some other process.

An attempt was then rnade to create conditions with
different Richardson numbers, by trying to change Ap
and d-. This was done in a settling colurnn, as
changing these parameters in the carousel is a major
operat ion, and i t  was necessary to be sure that i t  was
going to work before going ahead with this. Starting
vith a column fil led to the same depth as the carousel
(0.110m) and with the same concentrat ion (=40kgm-r
mud), the density of the forrning bed was measured both
just above and just below the interface, and at
several  points in the bed.

Tests vere then run in an attempt to change the
density profile by adding a small amount of very
concentrated suspension. The concentrat ion in this
suspension was calculated to increase the thickness of
the bed by 5run after one hour, whilst leaving the
depth of suspension above the bed as close to O.lm as
possible. The result ing density prof i les from these
tests indicated that the bed was forming with a
def ini te density prof i le,  rather than a layer of
nearly constant density as previously suggested (see
Refs 3 and 4). The density difference between the top
of the trbedrr and the overlying suspension was not easy
to determine, because of the changing profile down the
bed and down the water column. No obvious change in
Ap could be picked out from these tests.  In addit ion,
the depth of the fluid mud layer remained unclear, as
the density profile showed that no layer of conslant
density was being formed in these conditions.

These tests suggest that the conditions in the
carousel are not part icular ly good for creat ing f lu id
mud. Disadvantages may be the shal low sett l ing depth,
or the range of concentrat ions invest igated.
Dewater ing of the f lu id mud ( i f  i t  exists) appears to
happen too quickly in the carousel.

It vould be useful Lo run further Lests with the mud
settling from a greater depth than that i-n the
carousel.  These would show i f  i t  is possible to
create a si tuat ion where a layer of constant density
is formed, which dewaters more slowly than for the
tests in the carousel.  The cr i t ical  value of the
Richardson number has stil l not been checked because
the carousel is not sui table for determining ei ther
the thickness of the "f1uid" mud or the density
difference between the mud and the overlying
suspension.



CONCLUSIONS

z .

1 . An investigation of the properties of Grangemouth
mud was undertaken at Hydraulics Research. The
mud was collected by the Forth Ports Authority
(Fig i ) .  The study involved sedimentology tests
to determine part ic le size distr ibut ion, organic
content, bulk density and cation exchange
capacity of the mud. Standard laboratory tests
were run to determine the consolidation and
erosion propert ies of the mud. In addit ion,
other laboratory tests were conducted to study
the process of deposit ion of sediment on slopes
(Liverpool Universi ty researcher) and the
entrainment of fluid mud in flowing water.

The average bulk density of the mud in the six
drums was 1370kgm-3. Between 80-90% of the mud
was silt sized parLicles and the remainder was
f ine sand (f ig 2).  fhe organic conLenl was
approximately 5% and the cation exchange capacity
was approximately 2Orneq/1009.

Six consol idat ion tests were conducted in
sett l ing columns. An empir ical  relat ionship ( f ig
5) between effect ive stress (o')  and dry density
(p6) was found to be:

o ' = 5 - 0 . 0 5 p 6 + 0 . 0 0 0 5 5 p 4 2  ( 1 )

The formation density of the upper layer was
found to be approximately 50kgm-r.  An empir ical
relat ionship (Fig 6) between permeabi l i ty (k) and
dry density (p6) was found to be:

I o g  ( k )  =  - Q . 0 1 p 6  -  5 . 0 0  ( 2 )

Three erosion tests were conducted in the
carouseL f lume. An empir ical  relat ionship
between erosion shear strength (ro) and dry
density (p6) (Fig 7) was found to'be:

r e  =  0 . O 0 4 5 p 6 o . s  ( 3 )

The erosion constant (m.) was calculated (Fig B)
to be in range:

f r e  =  0 . 0 0 0 2 - 0 . 0 0 0 6 k g N -  t s -  t ( 8 )

5. The researcher from Liverpool Universi ty
conducted tests in a tilting flume to investigate
the deposition of mud on slopes. 1\ro mechanisms
for movement of the mud down the slope were
ident i f ied. The f i rst  was "Density Flow", which

4 .
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was thought to be dependent on the occurrence of
hindered sett l ing ( for which the near-bed
concentration needs to exceed approximately
1091- t ) .  The second mechan ism was "Bed S lump" ,
which occurs i f  a weak matr ix of f loceulated
sediment,  forming on the bed, exceeds a cr i t ical
thickness. The cr i t ical  thickness is dependent
on the bed slope (f ig fB in Appendix).  Bed slump
was considered to be the main mechanism for the
downslope transport  of  mud.

6. Tests were conducted in the carousel f lume to
investigate the entrainment of fluid mud by
flowing water. It vas found that the carousel
was not part icular ly good for generat ing f lu id
mud. It was recommended that greaLer depths of
f low than those in the carousel could be
invest igated.

The assistance of the Forth Ports Authori ty in the
col lect ion of the mud samples is grateful ly
acknor+ledged.
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TABLE 1 :

Test
No .

GC1
GC2
GC3
GC4
cc5
GC6

Descr ip t ion  o f
tes ts

Concentrat,ion
of nud input
suspension

(kgm- I  )

L 2 . 9 3
1 2 .  1 1
1 1 . 9 8
1 5  . 7 8
L 2 . 2 6
LI .42

suspensions and resultlng beds in consolidation

Rate of Durat ion Deposit ion Bed
input of input rate thickness

at end of
tes t

(m3h-  1 )  (hou rs ) (rrn)

0 .0026
0 .003  I
0 .0038
0 .0013
0 .0044
0 .  0025

z
2
2
4
2
4

(kgm- z )

5 .02
5 .73
6 .80
3 .07
8 .  13
4 .33

42
44
47
44
50
69

T2
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1- Introduction

over recent years, interest has been shown into what happens as mud
set t les out  of  suspension on to a s loping bed.  Does the mud remain
where ic falls on the bed or does it move down the slope, in a
similar way that rain drains from a catchment? The effect of mud
moving down slopes of an estuary bed could be quite significant;
f i l l ing up low points in  the estuary,  e.g.  dredge ber ths,  approach
channels,  etc . ,  much quicker  than i f  on ly  ver t ica l  set t l ing occurs.

Numerical models which simulate the movement of mud in the estuary,
and which are used to prediet the dredging requirements for port and
harbour developments, thus need to incorporate any downslope movement
of mud Ehat ls l ikely to occur. To be able to predict the occurrence
of any downslope movement of mud and quantify it, an appreciation of
the mechanism which causes the phenomenon ls required.

To this end, a series of experiments was conducted ac Hydraulics
Resea rch  L td .  (H .R . ) ,  f r om 21s t  November  t o  23 td  December  1988 ,  i n
thei r  laborator les.  The fo l lowlng repor t  descr ibes the exper iments
that qtere conducted and the observations which were made. DLscussion
of the observation, the presentation of conclusions and
recommendations for future work are also included.



2. Experimental Work

2.L Apparatus and Test procedure

The tests were conducted in a ti l t ing tank which is shown in Figure 1.
The tank was p ivoted at  one end and by us ing a jaek,  posi t ioned at  the
other  end of  the tank,  the requi red bed s lope could readi ly  be
achieved. At six locations along the length of the tank, measurement
scales were f i t ted,  perpendicular ly  to  Ehe f loor  of  che tank,  so water
depths and set t led bed th icknesses could be easi ly  measured.  In  some
tests,  a concentrat ion measur ing probe,  a nephelometer ,  r^ras posiu ioned
just above the bed, approxirnarely half way along the length of the
tank,  to  measure the near-bed concentrat ion.

For a typical test, saline water r.ras mixed with a mud slurry to
produce a uniform concentratlon suspenslon throughout the tank.
samples of the suspension rirere taken so that the starting
concentrat ion and sal in icy could be determined for  each mixture
tested. After uniform conditions had been achieved, the mixing r,ras
stopped and the suspension a l lowed to set t le .  Measurements of  the
set t led bed th ickness and the near-bed concencrat ion were made at
regular intervals throughout the test and recorded.

Another  ser ies of  tests was a lso eonducted in  para l le l  wi th the
t i lc ing tank tests descr ibed above.  These testss were conducted in  a
standard set t l ing column and were used to determine:  -

a)  How the set t led bed chickness var ied wi th t ime for  d i f ferent
eoncentrations and different depths of suspensions, where no
latera l  movement occurred.

b)  i {haE densi t ies oceurred at  d i f ferent  polnts throughout  the bed
th ickness.

The bed thickness was measured using a tape attached to the side of
che set t l ing eolumn whi le  a radioact ive densimeter  was used to
determine the bed densi t ies.

2.2 30 g/L Harwich Mud Test

This init ial test was used to cry and demonstrace the occurrence of
mud movement down a s lope.  To th is  end,  no measurements of  set t led
bed th ickness or  near-bed concentrat ions were made.  A v ideo tape
recording was,  however,  made of  the set t l ing mechanism.

The t i l t ing tank was f i l led wi th s lurry  of  approximately  30 g/L
concen t ra t i on  and  t i l t ed  t o  g i ve  a  bed  s lope  o f  1 :10 ,  app rox ina te l y .
The mud used to make the slurry originated from Harwich Harbour,
Essex.  The fo l lowing observat ions were made dur ing the course of  the
exper iment :  -

1)  Fol lowing the mix ing,  the s lurry  was of  a uni form concentrat ion
throughout the tank. Flocs formed only slowly as the residual
t u rbu lence ,  f r om the  m ix ing  p rocess ,  d i ss ipa ted .

2)  Once f locculat ion and the set t l ing process became establ ished,
four  d is t inct  bands formed through the depch of  the suspension,
as shown in F igure 2.



Band 1: This near-surface layer had a relatively low sediment
concentrat ion,  conta in ing main ly  unf locculated par t ic les.  This layer
was formed by the uud particles floeculating and settl ing, faster than
the unflocculated particles, into the lovrer parts of the tank.

Band 2: In chis layer, hindered settl ing was the predominant feature.
Hindered set t l ing is  where tshe set t l ing veloc i ty  of  par t ic les is
reduced by araLer, displaced by the movement of these parcicles,
f lowing in  the opposi te d i rect ion.  F locs of  d i f ferent  s izes set t le  at
different rates and the concentration of this type of suspension is
such chat there ls conslderable interacclon becween partlcles as uhey
set t le .  This  causes par t ic les to col l - ide,  resul t ing in  f locs
continually increasing and decreasing in size. The mean movement of
a l l  the par t ic les in  th is  layer  was in the ver t ica l  d i rect ion.

Band 3: This layer was located at the base of Band 2 and above the
set t led bed.  rn th is  layer ,  h indered set t l ing was st i l l  present  but
the particles were observed co move laterally down the slope, as well
as by the vertical settl ing. The interface between Band 2 and Band 3
was broadry parallel to the settled bed and the floor of che tank, as
shown in Figure 2. This phenomenon of lateral movemenc of sediment as
it settled in the vicinity of the bed was designated as "density
f l o w " .

Band 4:  This consisted of  the set t led bed layer ,  made f rom deposi ted
f locculated par t ic les.  The set t led bed th ickness var ied in  a
different manner than if no lateral movement of mud partlcles had
taken place along the length of the tank, as shorsn in Figure 3.

The thickness of each of these layers changed wich clme. Band 3 grew
in thlckness to a maximum value of about 3cm then gradually reduced to
zero as the condi t ions necessary for  i ts  ex is tence var ied.

2.3 5 g/L Grangemouth Mud Test

Based on the observation of the 30 g/L Harwtch Mud test, described in
sec t i on  2 .2 ,  i t  was  dec ided  to  pe r fo rm a  se r i es  t es t s ,  i n  t he  sane
tilt ing tank, where conditions srere much closer to those experlenced
in typ ical  f ie ld s i tuat ions.  I t  was declded to examine suspenslons
having an init ial uniform concentration less than 15 g/1 of
Grangemouch Mud.  Bed s lopes of  1:10 to 1:50 were to be considered,
again to be more representat ive of  f ie ld condi t ions.

The first of this prograrune of tests used a concentration of 5 g/L of
Grangemouth Mud wi th the tank t i l ted to g lve a bed s lope of  1:10
approximately. In this test, however, no lateral movement of mud was
observed to occur ;  the four  bands descr ibed in sect ion 2.2 were not
all present. Although a Band 1 layer formed, the Band 2 was not the
same as in the 30 g/L HarwLch Mud test. Although the particles in
Band 2 had flocculated there hras no hindering by displaced water and
only minor  in teract ion between the par t ic les as they set t led.  Band 3
was  no t  p resen t , so ,  pa r t i c l es  se t t l ed  s t ra igh t  f r om Band  2  xo  fo rm
the bed,  Band 4.

The concentrat ion of  the suspension hras moni tored 1.5cm above the
f loor  of  the tank (0.7cm above the f ina l  set t led bed.  level )  us ing a
nephelometer .  The var iat ion of  the suspension concentrat ion at  th is
point throughout the duration of the test is shown in Figure 4.



A companion setcling column test ac the same concentration,
approximatery, wich a depth of 40cm approximately was perforrned. The
depth was equlvalent to that experlenced in the deep end of the
ti lt ing tank. The final setEled bed lewe1 in the coltrmn test r,ras
6.5mrn contrast ing wi th 1O.5mn which was measured in the t i l t ing tank
Lest ,  for  the same depth.  r f  the set t led bed th ickness in  the
settl ing column test is adjusted to compensate for the difference in
the suspension concentrations between Lhe deep end of the ti l t lng tank
and the set t l ing column (4.74 g/ r  to  3.a7 g/L) ,  a  th ickness of  10.0uun
is obtained. This thickness, together with the possible measurenenc
errors associated wlth the experiment, substantlate the observation
that no lateral movement of rnud occurred.

As no lateral movement of mud was observed at this concentration, on a
re lat ive ly  s teep s lope,  i t  was decided to cease the 5 g/L ser ies of
t e s t s .

2.4 LO g/L Grangemouth l{ud resrs

A complete ser ies of  tests,  wi th d i f ferent  bed s lopes,  was condueted
for an init ial Llg/l suspenslon eoncentration of Grangernouth Mud. The
b e d  s l o p e s  e x a m i n e d  w e r e  a s  f o l l o w s :  1 : 8 . 8 ,  1 : 1 0 . 0 ,  1 : 1 0 . 2 ,  L : L 2 . 7 ,
1 : 1 5 . 1 ,  L : I 9 . 7 ,  1 : 3 1 . 0 ,  1 : 3 8 . 5  a n d  l - : 5 0 . 7 .  T h e  a v e r a g e  c o n c e n t r a t i o n
of  the suspension,  sampled over  the durat ion of  the tests was 8.82
8/r .

Dur ing th is  ser ies of  tests,  two phenomena were recognised in
conneetion with the lateral movement of mud.

The first phenomenon ls thought to be the sane mechanism as that
observed in the 30 g/ l  Harwich mud tests,  descr ibed in seet ion 2.2 and
cal led "densi ty  f low".  I t  was observed that ,  a l though th ls  mechanisrn
was present for all the slopes considered, it proved to be somewhat
transient. As the mixing turbulence dissipated, the sedimenL
f locculated and set t led and the f lu id mud f low scarced.  Af ter  a per iod
of t irne, depending on the slope of the bed, the flow reversed; f lowing
uphi l l .  soon af ter  th is  reversal  of  f low,  the f lu id mud f low stopped.
The reason for this behavlour is thought to be due to internal
sloshing of the fluld mud flow agalnsr rhe downhil l end of rhe rank,
see  F igu re  5 .

The second phenomenon observed durlng these tests would appear to be a
more cradi t lonal  fa i lure and was termed'bed s1-umpr.  That  is ,  as the
set t led bed forms on the s loping f loor  of  the tank,  i t  reaches a
crlt ical thiekness at whlch the top-most layer moves downhil l under
i ts  se l fweight .  ( In ternal  f r ic t ion of  the set t led bed (  the downslope
weight  component  of  the bed).  This  mechanism again only lasted
tenporarily and was only observed to occur on slopes steeper than
1 : 1 5 . 1 2 .

From the measurements made dur ing these tests,  the set t led bed
th ickness at  the conclus ion of  each test  (60 mins) ,  for  a suspension
depth of  300mm, was p lot ted against  the bed s lope.  This graph is
shown in Figure 6. A more complete graph is shor,m in Figure 7, where
the f ina l  set t led bed prof i le  (af rer  60 mins)  is  shovm for  the lengrh
of  the tank,  for  each bed s lope considered.  r t  should be noted in
connect ion wi th F igure 7,  that  apar t  f rom at  s tat ion 3,  the depth of



suspension at each of the measurement stations varied lrith bed slope,
so the bed thicknesses at these statlons for the different slopes are
not  d i rect ly  eomparable.

I t  proved d i f f icu l t  to  deEermine the longicudinal  seLt led bed prof i le ,
for zeto laEeral movement of mud, directly from the settl ing column
tests,  as i t  was not  possib le to obta in a c lose agreement  between the
suspension concentratlons for the settl ing column tests and for the
cilt ing tank tests. The average values of concentration in che
c i l c i ng  t ank  tesc  was  8 .82  g /L  whe reas  wa lues  o f  9 .24 ,  8 .2O,  8 .63  and
8.4L E/L nere determlned for  the set t l lng column Cests.  This
variation arose even after the suspension for the settl ing column
tests was decanted from the ti l t ing tank suspension.

However, the bed thicknesses measured in the settl lng column tests
were adjusted, in Table L, to aceount for the dlscrepaney in the
concentration of the suspensLons. The bed thicknesses adJusted to a
concentrat ion of  8.82 g/L,  for  a s i tuat ion where no la tera l  movement
occurs, are plotted against the different depths of suspension in
Figure 8. This enabled the measured bed thicknesses from the ti l t ing
tank tests to be compared with the situation where no lateral movement
had uaken place. This eomparison is shown in Figures 9 co 16, for the
di f ferenc s lopes examined.  F igures 9 to L4 indicate that  mater ia l
moved in a downslope direetion due to density flow and bed slump.
However, in Figures 14 and 15, the picture is confused, probably due
to inaccuracites in applying the adjustment for the suspension
concentrat ion and s loshing ef fects.

The near-bed concentration measurements were discontinued in the
t i l t i ng  t ank  tes t s  a f t e r  t he  f i r s t  t es t  ( s l ope  o f  1 :10 ) ,  i n  o rde r  t o
speed up the acquisit ion of bed thickness measuremencs. The
calibration of the nephelometer, for the concentrations being measured
was thought to be unreliable, as it was on the extreme of the
instrument  operat ing capabi l i t ies.

The radioactive densimeter lras also found to be very sensitive for the
relatiwely low concentration which it was used to measure. Measurement
of the density in the upper layers of the settled bed did indieate a
density of 70 to 8O g/L, for the sane conditions under which bed slump
occurred.  This value of  densicy is  typ ical  of  ' f lu id mud'  ,  as def ined
by HR, see Odd and Rodger (1986).



Tilt ing Tank Hean Concentration - 8.82 gt/l

Settling Columr

Depth Bed thickness Concentratlon AdJsC. Factor AdJst Depth
(un) (m) (e/I) (m)

222  8 .  s 8 . L 9 7 L . O 7 6 9 . 1 4 6

3 0 1  L 2 . O 8 . 4 0 7 1.  0 /+9 L2 .s90

4 1 5  1 9 . 0 9 . 2 3 8 0 .  9 5 5 1 8  .  1 3 5

2 6 7  1 0 . 0 8 . 5 3 3 t . 022 L0 .22

Table 1 : Adjustment of Bed Thicknesses measured in the Settl ing
Column Tests to correspond to the mean slurry density of the
t i l t ing tank tests.



3 . Discussion of Results

From the experiments described in
there are two mechanisms which are
s l o p e .

Seet ion 2, i t  would appear that
capable of moving sediment down a

3.1 Densicy Flow

The first mechanism appears to be eaused by a density gradient whichdevelops ln a region Just above the bed. Tde laterar density gradientis thought to be generated by the near-bed suspension concentration
being sufficient to enable a 

-reaction 
from the bed to be transmittedback ln to the suspension by the in teract ion of  set t l ing par t icres orflocs. Thls reaction fiom che bed reduces the speed at whichparticles settl-e and causes a vertical variatlon in the concentrationof  suspenslon above the bed,  see Flgure L7.  r f  the bed is  hor izontar ,there wil l be no lateral density gradient as the concentration of thesuspenslon at 

"ly 
height above a fixed datum would be the same.However,  i f  the bed- is  - lop ing,  a ratera l  densi ty  gradient  wi r r  ex is t ,ns shoran in Figure 17, 

-caused-by the relative verticar dispracenent ofthe concentrat ion prof i les

As sediment settles through the water corumn, ic is deflected from 1csvertical path as the lateral densrty gradrent becomes present -Band 3in Figure 2 - before flnarly sertl-tnf on to the bed. The amounr oflateral movement, experienced by a settl ing particre, depends on ther-a9i -o of  the parr ic le 's  verr ica l  to  t ts  h i r izonta l  veroci ty  ana thethickness of Band 3. Both the settl ing velocity and the thickness ofBand 3 (Density Flow Layer) depend on the concentration of uhesuspension.  High concentrat ions resul t  in  a s lower set t l ing weloc icyand a greater thickness of Band 3 The horizontal velocity-"o*porr.,.a
only varies as a consequence of the relative vertical displacement ofthe concentrat ion prof i les;  the steeper the srope,  the greater  thedensi ty  gradient .

The signlficance of this mechanism, with regard to the movement of muddown s lopes,  is  chought  to be n in imal  in  cJry ica l  f ierd s i tuat ions,
because:  -

1)  Par t ic les_ set t l ing to the bed are onry def leeted s ideways asthey pass ttrrough Band 3, on their journey to the bed. Thus for aconscant slope, under steady settl ing tonditions the amount of
sediment  t ransported of f  the s lope is :  _

M  :  u p .  C .  6 h .  T

6h - the thickness of the Density Flow Layer; Band 3.

trO - 
!1" ,.*. ltr 

horizonral velocity caused by rhe densiry
gradient  over  the th ickness of  Band 3.

c :  the mean concentrat ion of  the suspension wi th in Band 3.

T :  durat ion for  which the Densi ty  F low occurs.

where



In the 30 g/L Harwich Mud test the maximum values of 6h and u^
observed vrere approxinate ly  2.0 crn and 1 cm/s respect ive ly .  r f  thes6
values are considered wi th a l lke ly  maxlmum f ie ld concentrat ion of  20
g/L and T : 2hours (slack trater at the turn of the cide), the maximum
flux M would be 28 kg per  m width of  s lope.

2)  For  the densi ty  gradient  mechanism to ex is t ,  i t  is  necessary
that the concentration of the slurry is sufficiently high to enable
part ic le  in teract ion and/or  h indered set t l ing.  This mechanism was not
observed to occur  in  exper iments wi th a mean coneentrat ion of  4.42

8/L. This is in agreemenc with typical conditions whieh are required
fo r  h inde red  se t t l i ng ,  i . e .  concen t ra t i on
reasonable criterion for the occurrence of Density Flow may be that
the near-bed mud concentrat ion should exceed 10 g/L,  which wi l l
rest r ic t  qui te s igni f icant ly  the occurrence of  the mechanism in f ie ld
condi t ions,  where typ ical  va lues are < sg/L.

The re lat ive ins igni f icance of  Densi ty  F low is  fur ther  wel l
i l lust rated by the resul ts  of  the 10 g/L Gxangemouth Mud tests,  see
Sect ion 2.4.  rn F igure 6,  i t  can be seen that  the same bed th ickness
was observed for  a f la t  bed as for  s lopes shal lower than 1:15,  where
Densi ty  F low was observed.

3.2 Bed Slunp

The second mechanism is  a more Lradi t ional  s lope fa i lure,  as descr lbed
in Sect ion 2.4.  IL  can,  perhaps,  be thought  of  as a s l ight ly  more
compl lcated vers ion of  a shal low s lope fa l lure studied in  soi l
mechanics.  As ln  soi l  mechanics fa i lures,  there are thoughc to be
cr ic ica l  s lope condl t ions at  which the deposi ted sediment  scar ts  to
move down the slope. The added complication comes from the manner ln
whieh sediment deposited on the bed gains strengch.

In the l i terature,  Odd and Rodger ( l -986) ,  ic  is  postu lated that  a
sediment bed forms at a rate which is controlled by the rate at which
water  is  expel led f rom between par t ic les.  A maximurn bed format ion
rate is  referred to and a value of  4 g/nz/s is  ass igned to i t ,  but
recomrnendations have been made, Odd and Cooper (1988), that further
experiments be conducted to quantify the paramecer more precisely. If
the rate at which sediment settles on to the bed exceeds this maximum
rate of  bed format ion,  a weak inter lock ing matr ix  of  f locculated
sediment  forms on top of  the bed.  Typical ly  th is  'matr ix ' ,  commonly
referred Lo as ' f lu id mud'  ,  has a dry densi ty  of  about  75 g/L and can
be thought of as a Bingham fluid, having a Bingham yield strength, YB,
of  approximately  0.1 N/m' ,  a l though fur ther  quant i f ieat ion bas be6n
reques ted ,  by  Odd  and  Copper  (1988 ) ,  f o r  t hese  p rope r t i es .  Shou ld
conditions prevail such that the weak matrix forms and it acquires a
thiekness where the downstream component of self-weight exceeds the
Bingham yie ld s t rength,  then bed s lump wi l l  oecur .

Using a dry densi ty  of  75 kE/^"  and a Binghan y ie ld s t rength of  0.1
N/rn '  for  the weak matr ix ,  the cr ic ica l  th ickness requi red for  bed
slump to occur ,  for  d i f ferent  s lopes,  was calculated,  and is  shown in
f igure 18.  From Figure 18,  i t  can be seen that  the predicted cr i t ica l
th ickness for  bed s lunp to occur ,  is  Ehe same order  of  magni tude as
the moving bed layers observed in the 10 g/L Grangemouth Mud tests.
The reason that  the cr i t ica l  condi t ion was not  exceeded for  a l l  s lopes
is that  the deposi t ion of  sediment  at  a race greater  than the maximum



bed formation rate \{as not sustained for a long enough period to
produce the build up of the weak matrix layer to a sufficient
th ickness.

Considerat ion is  made in the l i terature (Odd and Rodger,  1986) of
re-entrainment of mud from the noving bed layer back into the
suspension. In addition, erosion of mud from the underlying bed into
the moving bed layer is also taken into account. Neither such
mechanism was observed during the l-0 g/I Gxangemouth Mud Tests. It is
believed that neither entrainment mechanisn is l ikely to occur under
conditions observed for the l-0 g/I Gxangemouth Mud tescs.

For the re-entrainment of mud perticles from the mowing bed back into
Ehe suspenslon, the mechanism would have to prevent partlcles settl ing
on to the bed before any partlcles could be extracLed fron it. If a
moving bed layer exists where the interfacial shear stress, between it
and the overlying suspension, exceeds the erosive threshold and where
no or  very l i t t le  set t lement  takes p lace,  then re-entra inment  could be
expected to occur .

Concerning the erosion of the underlying mud, if the moving layer is
treated as a fluid flowing under the action of gravity, then it is
reasonable to expect that the internal velocity gradienc could
generate a shear stsress at the interface with the bed whieh is large
enough Eo remove material fron the latter. Conversely, it can also be
argued that the average particl-e size is reduced by the shear near the
bed interface and that the resulting smaller particles prowide greater
resistance to movement, because of the greater number of coll isions
and bonds being created and broken. This is consistent with
observations of how Che bed J-ayer stops mowing; by Che moving layer
reducing ln thickness from beneath, 1.e. the moving bed layer gains
sErength to become parc of the statlonary bed; an apparent growth in
the thickness of the stationary bed thus occurs.This phenomenon can be
observed ln the vldeo recordlng of bed slump.

The growth or deeay of a moving bed layer, therefore, is a balance
between re-entralnment lnto the water column and erosLon from or
deposition on to the bed. If all the potential energy is not expended
on internal resistance the mowing bed layer wil l speed up or if the
movLng bed veloc l ty  exceeds a cr i tLcal  ve loc l ty  then erosion of  the
underlying bed may cake plaee. Obviously the changing of particle
sizes within the moving bed layer wll l affect the rate at whlch
sediment wil l be deposited on the bed. Thus further work needs to be
done to quantify the bed fornation rate to account for these
cond i t i ons .

As borne out by Figure 6, once crit ical conditions are exceeded and a
moving bed layer  forms,  the mass t ransport  is  s igni f icant ly  greater
than that associated with denslty flow, mainly due to a greater length
of  s lope contr ibut ing to Lhe run of f  o f  mud.  Therefore,  i f  the rate of
deposicion exceeds the maximum bed formation rate throughout a period
around slack water then greater amounts of sediment wil l be
transported off a slope by bed slurnp than by density flow.



4. Conclusions

Two mechanisms are identif ied which cause flocculaced mud particles to
move down a slope, as they settle from a mud suspension to form parc
of  a deposi ted bed.  They are:  -

-  
1)  Densicy Flow -  hor izonta l  densi ty  gradient  causes par t icres,

which are set t l ing ver t ica l ly  f ron suspension,  to  be def leeied in  the
dor^mslope d i rect ion,  see Figure 17.  The def lect ion occurs in  a narrow
band just above the bed, Band 3 in Figure 2. As thls phenomenon is
thought to be dependant on the occurrence of hindered settl ing, the
near-bed suspension eoncentration needs to exceed approximately l0
E/L.  As th is  mechanism merely def lects f locs as they set t le ,  i ts
significance in transporting naterial down slopes is ihought to be
minimal  in  typ ical  f ie ld condi t ions.

2)  Bed s lump -  the upper layers of  a set t led bed suf fer  a
traditional slope failure. The upper layers of the bed are thought to
be composed of a weak sediment matrix (a Bingham fluld) commenly
referred to as " f lu id mud".  This weak matr ix  is  generated by sediment
settl ing on to the bed at a rate greater than a maximtrm bed formation
rate. Bed sluurp only oecurs lf the thlckness of the weak matrix
exceeds a cr i t ica l  va lue,  which is  dependant  on the bed s lope,  see
Figure 18. Bed slunp is rhough to be responsible for the najority of
!h" downslope transport of mud. Re-entrainment of the moving bed
layer into the overlying suspension and erosion of the underlying mud
bed, by the moving bed layer were noc observed in the experimlnts.

r t  is  proposed chat  fur ther  work should be undertaken to: -

a) quantify Density Flow and Bed Sltrnp in terms of: -

i )  the concentrat ion of  the sediment  suspension;

i i )  the depth of  the water  co lumn;

b)  quant i fy  the propert ies of  bed s lunp mater ia l ,  i .e .  the
Bingham yie ld s t rength,  etc .
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