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Summary
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This repofi summarises, in an engineering form, the main processes of
cohesive sediment behaviour, namely, deposhion, consolidation and erosion.
The data presented are intended to show the practising engineer which
parameters are important in each of the processes and to enable broad
estimates of the rates of deposition, consolidation and erosion to be made
based on a limited knowledge of the field conditions.

The work was canied out as pad of a strategic research programme on
cohesive sediment transport processes undertaken for the Department of the
Environment. This report extends and updates the first mud manual which
was published in 1988 by incorporating the results of recent research
undeilaken by HR Wallingford, UK Universities and Polytechnics and
international research groups.

The behaviour of cohesive sediment is controlled by a complex array of
physical, chemical and biological factors, which are only partly understood.
The usual methodology of engineering investigations which require a
knowledge of the propefiies of cohesive sediment has been to determine
either in-situ or in the laboratory the behaviour of the cohesive sediment.
Accordingly, the data obtained is site specific. The properties of cohesive
sediment will vary spatially within a site and to a greater eldent will vary
between sites. At present, it is not possible to predict the behaviour of a
cohesive sediment from its physicaland chemical properties alone.

The three processes of cohesive sediment of primary interes{ to the engineer
are deposition, consolidation and erosion. Deposition involves the settling
through the water column and on to the bed of flocculated sediment.
Consolidation of a deposit is the gradual expulsion of inlerstitialwater by the
self weight of the sedirnent accompanied by an increase in both the density
of the bed and its strengh with time. Erosion is the removal of sediment from
the surface of the bed due to the stress of the moving water above the bed.

The behaviour of cohesive sediment does vary considerably in quantitative
terms from one source to another. Therefore, it is crucial that the engineer
appreciates that estimates based on the data presented herewith may well be
in error by hatf an order of magnitude. For large engineering problems
involving cohesive sediment it would probably be essential to undedake a
detailed study. This would involve most of the following techniques: field
measurements, laboratory testing of sediment, modelling of hydrodynamics
and sediment transpon.

This controlled report is a commissioned subject area review which provides
advice to practising engineers on the engineering properties of cohesive
sediments. For further inforrnation please contact the Sediments Group.
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= semi-olbitalexcursion length = UmT/2r (F)
= suspended sediment concentration (t<gm'3)
= near-bed suspended sediment concentration (kgm's)
= @ncentration of suspended sediment in class i (kgms)
= @nstant sediment concentration of mud layer
= consolidation constants in equations 3.1 and 3.2
= suspended sediment concentration as a funclion of time (kgrnt)
= constant determined by relative direction of waves and currents
= water depth (m)
= thickness of the fluidised layer (depth of fluid mud) (m)
= rate of change of mass on the bed per unit area (kgm 2s-1)

= median particle diameter (m)
= @nstants in equation 4.1
= cuff€flt friction factor
= waV€ friction factor = max(f*, fJ
= rough bed friction factor
= smooth bed friction factor
= flocculation factor (wJw"o)
= acceleration due to gravity (ms2)
= phase of tidal constituent at points 1, 2
= wdv€ height (m)
= permeabitity (msl)
= wave number furlL (nil)
= Nikuradse equivalent sand grain roughness (m)
= @nstant in equation 2.1
= wsVB length (m)
= erosion constant (kgN'lSl)
= rn?ss per unit area which is fluidised (kgm'1
= constant (in equation 2.1)
= sediment transpon rate (kgrntsl)
= relative roughness - ffq
= tidal range at points 1, 2
= bulk Richardson number
= wave Reynolds number
= time (s)
= woV€ period (s)
= shear velocity (ms't)
= mean velocity of fluid mud layer (mtt)
= bottom orbitalvelocity (mst)
= rnaximum bottom orbitatvelocity (ms't)
= depth averaged cunent vetocity (mst)
= velocity at height y (ms 1)
= entrainment velocity (ms1)
= median settling vetocity (mst)
= flocculated settling velocity (ms-r)
= chemically dispersed settling velocity (ms-r)
= settling velocity of sediment class i
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Notation (continued)
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= waV€ boundary layer thickness (m)
= shear rate (s1)
= von Karman's constant (0.4)
= water sudace level relative to mean sea level (m)
= angle of bed slope
= dynamic viscosity of the mud (Nsrn2)
= kinematic viscosity (r's't)
- density of fluid (kgrnt)
= bulk density of sediment (kgm't)
- dry density of sediment bed (kgrrs)
= density of fluid mud layer (kgrnt)
= formation density of bed (kgm't)
= vertical effective stress (Nm'2)
= shear stress at bottom of fluid mud
= shear stress at interface of mud and water
= applied bed shear stress (Nm'2)
= critical shear stress for deposition (Nm'z)
= critical shear stress for deposition of sediment class i (Nm'z)
= critical shear stress for erosion (Nm'2)
= peak bed shear stress (Nm'2)
= shear stress profile in the bed
= propoilion of total concentration in sediment class i
= wdVe frequency 2fllT (s'1)
= frequency of main M, tidal constituent
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Introduction

1.1 General
This report summarises, in an engineering form, the main processes of
cohesive sediment behaviour, namely, deposition, consolidation and erosion.
The data presented are intended to show the practising engineer which
parameters are impoilant in each of the processes and to enable broad
estimates of the rates of deposition, consolidation aM erosion to be made
based on a limited knowledge of the field conditions.

The work was carried out as part of a strategic research programme on
cohesive sediment transpon processes undertaken for the Depadment of the
Environment. This repod extends and updates the first mud rnanual which
was published in 1988 by incorporating the resufts of recent research
undedaken by HR Wallingford, UK Universities and Polytechnics and
international research groups.

The aim of this repod is to provide a means of dissemination of research
findings on cohesive sediment to the practising engineer.

This repoil has five main chapters which are preceded by the next section
which is an introduction to the cohesive sediment processes which explains
the fundamental behaviour of cohesive sediment. Each of the main chapters
is structured into sections each of which outline in summary form first the $ate
of knowledge on the topic and then the procedure for rnaking an engineering
calculation. Chapter 2 describes the deposition process starting with
flocculation and settling velocity, and moving on to deposition in still water and
flowing water, fluid mud deposition and finally deposition under waves.
Chapter 3 considers the consolidation processes with reference to the density
variation in a cohesive bed with respect to depth and time. Chapter 4 presents
a description of the erosion mechanisms for cohesive sediment including
erosion by curents, fluidisation by waves, and movement and entrainment of
a fluidised layer. Chapter 5 gives an outline of the rheological aspects of
cohesive sediment by describing the flow behaviours. Chapter 6 descdbes the
calculation of water sudace slope and bed shear stress under currents and
waves and in combination

1.2 Cohesive sediment processes
The transpofi of cohesive sediment within estuarine or inland water courses
creates a wide range of design, maintenance and management problems in
poils, harbours and docks. Accumulation of sediment in navigation channels
and berths often results in the need for expensive dredging operations. New
developments require a sound engineering appraisalof the likely changes in
the patterns of sediment rnovement which may result after the development.
In addition, many pollutanls are preferentially adsobed on to the fine cohesive
fraction of the sediment and hence, for ecological reasons, it is of great benefit
to be able to predict the movement of the contaminated sediment.

The behaviour of cohesive sediment is controlled by a complex array of
physical, chemical and biologlcal factors, wh'rch are only padly understood.
The usual methodology of engineering investigations which require a
knowledge of the properties of cohesive sediment has been to determine either
in-situ or in the laboratory the behaviour of the cohesive sediment.
Accordingly, the data obtained is site specific. However, as the nature of
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lcohesive sediment is influenced by many processes, for example, deposition
and consolidation history, wave disturbance,lidal cunent erosion, bioturbation,
algal and organic inputs, the properties of cohesive sediment will vary spatially
within a site and to a greater extent willvary between sites. At present, it is
not possible to predict the behaviour of a cohesive sediment from its physical
and chemical propefiies alone.

Estuarine cohesive sediment is composed primarily of sitt and clay. For
example, the size distributions of samples of cohesive sediments are given in
Figure 1.1. Cohesive sediment contains a large proportion of very small
particles which have a large specific area such that the effect of the sudace
physico-chemical forces becomes as impofiant as the effect of gravrty forces.
Some of these individual particles are less than 1 micron in diameter and may
be kept in suspension by Brownian motion alone. Flocculation of particles will
take place when the net physico-chemical interparticle forces become
attractive.

Flocculation of sediment particles is the consequence of particles sticking
together as they are brought into contact with each other. Collision and
cohesion are therefore the essential processes of flocculation and these
factors are virtually independent of one another.

Cohesion is understood to be determined by the attractive forces of clay
pafiicles. These forces are strong at short distances, but fall rapidly with
distance. Particles will cohere if these shod range forces dominate the
repulsive forces generated by the clouds of cations around the padicles. The
strength of the repulsive forces depends on the charge on the mineralsurface,
which is determined by the mineral composltion, and by the amount and types
of cations present in the suspending fluid.

Collisions of particles are the result of one of three mechanisms, namely,
Brownian motion of suspended particles, internal shear of the water, and
differential settling velocities of the particles or flocs. All three of these
mechanisms operate in an estuary although it is considered that the forrnation
of large aggregates is predominantly due to internal shearing.

Nevedheless, the size of flocs formed by collisions from any of the three
mechanisms is limited by the maximum rate of internal shear that the flocs can
withstand. lt is evident, therefore, that internal shearing can both promote the
growth of flocs and limit their size. Hence, suspended flocs should attain a
maximum size given constant conditions of intemal shear. The size and
settling velocity of the flocs may be much larger than that of the individual
particles.

Cohesive sediment can be considered to exist in four states. These four
states are illustrated in Figure 1.2 (Ackers, 1988) and may be described as a
mobile suspended sediment, a near bed stationary suspension of high
concentration with a srnall cohesion which is sometimes refened to as fluid
mud, a partially consolidated bed, and a settled bed. The three processes of
cohesive sediment of prirnary intered to the engineer are deposition,
consolidation and erosion. Deposition involves the settling through the water
column and on to the bed. Consolidation of a deposit is the gradual expulsion
of interstitial water by the self weight of the sediment accompanied by an
increase in both the density of the bed and its strength with time. Erosion is
the removal of sediment from the surface of the bed due to the stress of the
moving water above the bed.
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The behaviour of cohesive sediment does vary considerably in quantitative
terms from one source to another and with time. Therefore, it is crucial that
the engineer appreciates that estimates based on the data presented herewith
may well be in enor by half an order of magnitude.

For large engineering problems involving cohesive sediment it would probably
be essential to undertake a detailed study. This would involve most of the
following techniques: field measurements, laboratory testing of sediment,
modelling of hydrodynamics and sediment transpoil.

2 Deposition

2.1 Flocculation and settling velocity

2.1.1 Knowledge
1. Flocculation of sediment particles is the consequence of padicles
sticking together as they are brought into contact with each other. Collision
and cohesion are the essential processes of flocculation (Krone, 1962).

2. The size and hence the settling velocity of a floc will be much larger
than that of the con$ituent individual particles. The data in Figure 2.1 shows
the ratio of the settling velocities of flocculated and chemically dispersed
discrete particles (Migniot, 1968). For particles of diameter 0.1 micron the ratio
is 10,000. For a diameter of 60 microns there is little flocculation and the
settling velocity ratio is 1. However, all estuarine sediments and suspended
flocs have a range of constituent particle sizes and a simple settling velocity
ratio does not exist.

3. The rnaximum floc size is governed by: the discrete particle sizes,
suspended sediment concentration, mineralogy, organic content, Ph and ionic
strength of the mud; the chemical composition of the pore water and
suspending water; and the hydrodynamic parameterc of the flow such as the
velocity and turbulence structure, internal shear and bed shear siress.

4. The size distribution of flocs (aggregates of discrete particles) in the field
has been studied (Krone, 1972) and directly measured using a submerged
laser particle analyser (Bale and Morris, 1987), submerged video recording of
settling through an open-ended column (van Leussen, 1988), and video irnage
processing of settling in an Owen tube (Dearnaley, 1991).

5. Measurement of the settling velocity of flocculated sediment must be
done in the field as removal of a sample to the laboratory changes the size
distribution of the flocs. The data shown in Figure 2.2 indicates that laboratory
measurements of median settling velocity could be an order of magnitude
lower than those measured in the field with an Owen tube (Owen, 1971).

6. Each Owen tube measurement involves withdrawing samples from the
tube over one hour, and during this time the presence of the tube itself has an
impact on the settling velocity. Video image analysis of settling in an Owen
tube has indicated that the median settling velocity determined by Owen tube
analysis may underestimate the settling velocity particularly in the firct 5-10
minutes of settling (Deamaley, 1991).

7. A suspended cohesive sediment has a range of settling velocities due
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to the size and density distributions of the flocs. A typical settling velocity
distribution and median settling velocity of a concentration of lkgrn3 of
Thames suspended sediment is shown in Figure 2.3 (Stevenson and Burt,
1985). The median settling velocity wuo is the settling velocity for which half
the sediment by weight willsettle at a higher (or lower) velocity.

L The median settling velocity of cohesive sediment is strongly dependent
on the suspended sediment concentration. Median settling velocity w5o
increases with increasing suspended sediment concentration c. The
relationship may be approximated by the following empiricalform of equation:

wso = KcN . . . ( 2 .1 )

where K and N are constants.

9. The values of K and N vary considerably for different esluaries. A
summary of resuhs from Owen Tube experiments conducted by HR in nine
estuaries which is shown graphically in Figure 2.4. The line drawn through lhe
middle of the data can be represented by:

wso = 0.001 c1'o . . . ( 2 .2 )

10. Hindered settling is the process by which a high concentration of settling
flocs interfere with their surrounding flow of fluid. lt usually commences at a
suspended sediment concentration of between 2kgrns to 10kgm'3 (Krone
1972, Butt and Stevenson 1983, Puls and Kuehl 1986). The settling velocity
as a function of suspended concentration peaks and eventually decreases at
very high suspended sediment concentralions. An example of setlling velocity
data for the Severn Estuary is given in Figure 2.5.

11 . Changes in salinity above 2kgrns have only a small effect on the settting
velocity of cohesive sediment (Bun and Stevenson, 198lit).

2.1.2 Procedure
The settling velocity of a suspended cohesive sediment is often used in the
form of Equation 2.1 in the, prediction of the rate of deposition. Altematively,
the whole settling velocity distribution can be used to represent the differential
settling of different sized aggregates.

New field measurements
1. Measure settling velocity distribution in the field using an Owen Tube or
in-situ video for preferably at least 6 samples with a range of suspended
sediment concentrations, and either

2. Use video image analysis to relate the settling velocity distribution to the
floc size distribution and total concentration in suspension, or

3. For each sample, plot settling velocity against percentage by weight of
sample exceeding that settling velocity and determine the median settling
velocity w* (similar to Figure 2.3), and

4. Plot median settling velocity w* of each sample against suspended
sediment concentration c on log scales and fit a straight line if appropriate
(similar to a single line in Figure 2.4). Determine the values of K and N in
Equation 2.1.
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Existing field mEasurements
5. lf the site of interest has been investigated before and the data is still
appropriate use data in Figure 2.4.

No field measurements
6. Use Equation 2.2 (i.e. K - 0.001 and N = 1.0) with caution as there is
a significant variation about this average relationship.

2.2 Deposition in still water

2.2.1 Knowledge
1. The rate of deposition of sediment to the bed can be described by the
near-bed concentration of suspended sediment q and its median settling
velocity w*. In stillwater, the rate of deposition of sediment from suspension
dm/dt can be expressed by:

dm/dt = -%wso . . . (2 .3)

2. The concentration of suspended sediment will decrease with time as
sediment deposits on the bed and the rate of deposition will accordingly
decrease.

3. There is likely to be a gradient of concentration of suspended sediment
in the water column with the near-bed concentration greater than the depth-
mean aver€lge.

2.2.2 Procedure
New field measurements
1. The instantaneous rate of deposition can be calculated from the
measured median settling velocity relationship and the near-bed suspended
sediment concentration with Equation 2.3.

Existing field measurements
2. lf the site of interest has been investigated before and the data is gill
appropriate look up the rate of deposition given in Figure 2.4 forthe respective
estuary.

No tield measurements
3. Use the average settling velocity relationship given in Equation 2.2wrth
caution and the near-bed suspended sediment concentration with Equation
2.3.

2.3 Deposition in flowing water

2.3.1 Knowledge
1. Laboratory tesls have been conducted in straight and circular flumes to
investigate the mechanism of deposition of cohesive sediment (Krone 1962,
Partheniades 1962, Postma 1962, Fartheniades et al. 1966, Partheniades et
al. 1968, Mehta and Partheniades 1973, Mehta 1988, Kusnda et al. 1982, Burt
et al. 1985, Delo 1988).

2. Field measurement of the deposition of cohesive sediments in estuaries
dudng single tides has been undertaken recently by HR Wallingford (Diserens,
Delo and Ockenden, 1991). The hydrodynamics of the flow (including wave
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induced currents), suspended sediment concentration and the bed elevation
were recorded.

3. The rate of deposition of mhesive sediment from suspension dm/dt can
be modelled by the near-bed concentration q, median settling velocity w*,
bed shear stress trb exerted by the flowing water and a critical bed shear stress
to, which is defined as the bed stress above which there is no deposition of
suspended sediment. For a uniform sediment, or one for which the settling
velocity is approximated by the median settling velocity, an empirical equation
can be used to calculate the rate of deposition:

dm/dt = - (1 - rJra\ Gu wso for q < 16 . . . (2 .5)

4. The critical bed shear stress for deposition of cohesive sediment ro, is
estimated from laboratory tests to be between 0.06Nm 2 and 0.10Nm'2.

5. Suspended cohesive sediments can be considered to consist of flocs
which have a distribution of sizes, densities, settling velocities, strengrths and
critical shear stresses for deposition. The representation of these suspended
sediments at a pailicular concentration by a median settling velocity and a
single critical shear stress for deposition of all the sediment is therefore an
approximation. Part of the suspended sediment will deposit at bed shear
stresses greater than the 'average' critical stress given above. Figure 2.6
shows the fraction of sediment remaining in suspension following deposition
in flowing water. The deposition of a distributed suspended cohesive sediment
has been investigated and modelled (Mehta 1988, Mehta and Lott 1987, Delo
1988, Krishnappen 1991, Vebeek et al 1991, Ockenden and Williamson
1992), but the approach requires more input information than for a uniform
sediment.

6. A distributed sediment can be modelled by dividing the sediment into
classes, each with a unique settling velocity, wg, coflc@fitration, q, and critical
shear stress for deposition, t*. The total sediment deposited on the bed, Am,
during a time interval, At, is given by the sum of the individual amounts
deposited from each class:

N
Am = r wsi Qc'c(t) (1 - totcn) at

1
where

. . . (2 .6)

$ci = proportion of the total concentration in sediment class i
c(t) = susPeneded sediment concentration at time t

Sediment class i only deposits if ro S to,.

2.3.2 Procedure
New field and laboratory measurements
1. The instantaneous rate of deposition can be calculated from the
measured median settling velocity relationship, the near-bed suspended
sediment concentration, the shear stress at the bed and an assumed value of
ro (0.08Nm'21with Equation 2.5.

2. A field bed frame can be deployed to measure the hydrodynamics,
suspended sediment concentration and bed elevation through a tkle. The data
can be used to determine the in-situ rate of deposition. In addition, a validated
deposition algorithm similar to that given by Equation 2.5 can be evaluated.
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3. Use video image analysis or similar equipment lo make measurements
of the settling velocity distribution and floc size distribution. Use this to model
deposition of distributed sediment according to Equation 2.6.

4. Determine the criticalshear stress for deposition (single value or value
for each sediment band) from laboratory deposition tests in a straight or
annular flume.

Existing field measurements
5. lf the site of interest has been investigated before and the data is still
appropriate use the settling velocity from Figure 2.4 and use Equation 2.5 with
an assumed value of ro (0.0gNrn2) to calculate the instantaneous rate of
deposition of suspended cohesive sediment from flowing water.

No field measurements
6. Use with caution the average settling velocity relationship (Equation 2.2)
and Figure 2.4 with an assumed value of to (0.08Nm-2; to calculate the
instanlaneous rate of deposition suspended cohesive sediment from flowing
water.

7. Estimate the shear stress for deposition for each class of a distributed
sediment from Figure 2.5.

2.4 Fluid mud

2.4.1 Knowledge
1. Fluid mud may be formed by settlement from a mud suspension in
either stillor flowing water, or by disturbance of a settled bed by wave action
(see section 4.2) or mechanical agitation.

2. The settling velocity reaches a peak of approximately 2 - 4mms'1 and
remains constant for suspended sedimeni concentrations in the range 4kgrng
to 20kgrn3. The ftocs hinder the displacement of the water as they settle.
However, although the flocs touch each other, they are loo weak to transmit
significant forces without deforming. The settling velocity decreases rapidly as
the suspended sediment concentration increases above 20kgrns and may
typically be 0.05mms't at 75kgm'3 lsee Figure 2.5).

3. In the absence of a significant amount of vedical turbulent exchange
near slack water, the net flux of settling particles is the product of the settling
velocity and the concentration of mud in suspension near the bed. This flux
rises lo a rnaximum of around 40grn2s1 at a suspended sediment
concentration of approximately 20kgm'3 and reduces at higher suspended
sediment concentrations as shown in Figure 2.7. Fluid mud with a suspended
sediment concentration of TOkgrns dewaters or deposits onto the bed typicatly
at a rate of about O.O04kgrn2s1.

4. A layer of fluid mud above the bed will only grow in thickness if the flu
of mud settling on to the bed exceeds the rate at which the fluid mud dewaters
to become a weak soil. This is equivalent to a suspended sediment
concentration of approxirnately 2.5kgm'3 in the overtying water.

5. Fluid mud with suspended sediment concenlralions of T0kgrn3 to
1O0kgrn3 have been reported in the Parrett (HR, 1991), Severn (Kirby and
Parker, 1973), Weser (Wellershans, 1981), Gironde (Barbier, 1977\, Thames
(Odd and Owen, 1972) and other places around the world.

sR 3@ 23/06/92



6. lf the shear stress between a moving fluid mud layer and the bed falls
betow O.lNm'2 it willde-water. Fluid mud dewaters at a rate of approxirnately
0.o5mms'1 to form a weak soil with a dry density of loOkgrns to 3ookgm's
which does not flow easily (HR, 1991).

2.4.2 Procedure
Field and laboratory measurements
1. Measure suspended sediment concentrations by sampling or optical
techniques. lf the suspended sediment concentration is greaterthan 2.5kgm'3
preceding slack water, fluid mud is likely to be formed.

2. Measure dewatering rates in the field using echo sounding techniques
to record the fluid mud/water intedace, or

3. Gonduct laboratory tests on fluid mud pumped out of the field to
determine dewatering rates.

No field measurements
3. Calculate the flux of settling mud to the bed according to Figure 2.7.

4. Assume a consiant dewatering rate of 0.05mms'1.

2.5 Deposition in waves

2.5.1 Knowledge
1. Surface waves generate orbital velocities and an oscillating shear stress
on the bed. The wave induced bed shear slress will augment the current
induced bed shear stress. The deposition of cohesive sediment could be
prevented by wave action pafiicularly in shallow waters.

2.5.2 Procedure
1. From a knowledge of the wave climate calculate the frequency
distribution of wave induced peak bed shear stress. Compare this with the
current induced bed shear stresses and the value of the critical stress for
deposition ro to compute the rate of deposition.

3 Consolidation

3.1 Density variation with depth and time

3.1.1 Knowledge
1. There is a lack of knowledge regarding the interface between a flowing
suspended sediment and a deposited bed. This is due primarily to the
difficuhy in measuring flow and suspended sediment concentration at the
necessary resolution (less than 10mm) to define the physics close to the bed.

2. However, from laboratory studies it may be assumed that the sediment
deposited to the bed has an initial forrnation dry density pu of approximately
30-70kgrn3.

3. The deposited cohesive sediment of the bed will consolidate under its
self weight. This process comprises the expulsion of the pore water with
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accompanying large strains. The excess pore pressures within the cohesive
bed will dissipate with time and the interparticle stress o"' will increase. The
floc matrix will compress to form a struclure of higher density po with a
correspondingly lower permeability k.

4. The consolidation process for a cohesive sediment bed will generally
result in a density profile which increases with depth below the sudace and
with time.

5. The density at any point and time within a cohesive sediment bed will
depend to a large degree on the time history of the deposition to the bed and
the physical characteristics of the cohesive sediment.

6. The vedical effective stress or' is the interparticle stress and is given by
the difference between the total stress and the pore water pressure.

7. Two empirical relationships have been derived from laboratory tests in
consolidation columns on cohesive sediments. However, even for the same
type of cohesive sediment the relationships are dependent on the rate and
quantity of deposition. The effective stress ou' can be expressed as a function
of dry density po (a typical relationship is shown in Figure 3.1) by

ou '  =  C r+GzPo+CsPo"

The permeability k of the cohesive sediment
function of dry density po (Figure 3.21by

log(k) = Co + Cu po

where C.' ... Cu are constants.

. . . ( 3 .1 )

can also be expressed as a

. . . (3 .2)

Both relationships describe consolidation after the lirst few hours. In the early
stages of consolidation, these relationships appear to show some dependency
on lime.

L To predict the density at a given time and depth within a cohesive
sediment bed requires a knowledge of the time history of the deposition to,
and erosion from the bed, the formation density of deposits and the empirical
relationships between effective stress and dry densis, and permeability and
dry density.

9. The density structure of cohesive sediment beds vary considerably
between sites and at any particular site. In a navigation channel experiencing
net deposition, the dry density could increase from 200kgm 3 near the surface
to 500kgrn3 at a depth of 1m. An inter-tidal mudflat however is likely to have
a near surface dry density of approximately 500kgrn3 1ie. below any recent
deposits) and a dry density of approximately 1000kgm 3 at a depth of lm. A
sub-tidal cohesive sediment bed which does not experience significant net
deposition is likely to have a density structure similar to an inter-tidal mudflat.

3.1.2 Procedure
Field and laboratory measurements
1. Obtain in-situ measurement of density in the upper lm of the cohesive
sediment bed at the site of interest using an instrument such as a Haruell
gamma ray density probe.
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2. Conduct consolidation column tests by depositing a cohesive sediment
bed from a suspension at an appropriate rate, and measure density and
permeability. Determine the values of the constants in Equations 3.1 and 3.2
and the formation density.

3. lf cohesive sediment from the site has been previously tested in the
laboratory use the empirical relationships given.

4. Run a mathematical model to predict the density with time and depth
using the laboratory derived relationships. Compare rnodel resuhs with the
existing condilions f rom in-situ measurements.

No field measurements
1. Use the empirical relationships below wilh caution to run a nrathernatical
model to predict the density with time and depth.

Po = 50kgrn3

o u '  =  C r * C z P a + C s P o 2

log(k) = Co + C5 po

. . . (3 .3)

. . . ( 3 .1 )

. . . (3 .2)

Erasion

4.1 Erosion by currents

4.1.1 Knowledge
1. The flocs on the sudace of a cohesive sediment bed are bound together
by interparticle attractive forces. To remove a floc by flowing water requires
a shear stress sufficient to overcome the attractive forces. The erosion shear
strengh of a cohesive sediment sudace is defined as the shear stress required
to be exefled by the flowing water lo cause erosion of flocs.

2. The erosion shear strength t" of a cohesive sediment bed has been
shown by laboratory studies (HR Wallingford, 1989) to be related to the dry
density po by the following form of empirical equation

tre = E.t PoE2 . . . ( 4 .1 )

3. The erosion shear strengh of a cohesive sediment bed usually
increases with depth together with the dry density. Therefore, under a
constant fluid bed shear stress to an eroding cohesive sediment bed will
eventually cease to erode when the erosion strength of the exposed cohesive
sediment r" is equivalent to to (Figure 4.1).

4. At shear stresses well in excess of the critical floc erosion shear
strength, a cohesive sediment bed may experience mass erosion. The
process of mass erosion comprises the detachment of lumps of cohesive
sediment from the bed. There is little quantitative field or expedmental data
on the mass erosion of cohesive sediment.

5. The rate of erosion of cohesive sediment has been studied in laboratory
flume experiments (HR Wallingford, 1989) and to a lesser extent in the field
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(Diserens et al, 1991). lt has been found that the rate of erosion dm/dt is
related to the magnitude of the excess shear stress (cu - t") by the constant
m.. This can be expressed by the empirical equation:

dm/dt = rrte (ru - t") for tt > r" . . . (4 .2)

6. There is considerable variation in the erosion propedies of cohesive
sediments from different sites. The average and ttrnge of erosion properties
of cohesive sediments tested at HR Wallingford are presented in Figures 4.2
and 4.3.

4.1.2 Procedure
Field and laboratory measurements
1. lf a suitable field erosion device exists for the site of interest, rnake in-
situ measurements of the surface erosion strength, dry density and rate of
erosion and determine the variation of erosion slrength and density with depth
below the surface, or

2. Obtain a sample of cohesive sediment from the site and investigate its
erosional properties in a laboratory flume. Derive the values of the constants
in Equations 4.1 and 4.2trom the experimental resuhs.

Existing field or laboratory measurements
4. lf the site of interest has been investigated in the past by field or
laboratory experiments and the results are still appropriate use those values.

No field or laboratory measurements
5. Use with caution the average values of the erosion constants for
Equations 4.1 and 4.2 shown in Figures 4.2 and 4.3.

4.2 Fluidisation by waves

4.2.1 Knowledge
1. Under cyclic loading by waves, the structure of the bed may be
progressively weakened. The mud bed responds in both an elastic and a
viscous manner; the elastic response is in the form of a restoring force
(restoring the bed to its undisturbed position) while the viscous response is in
the form of a dissipative force. Eventually, there is a complete breakdown of
the structure (fluidisation), which allows the mud bed to be eroded or entrained
much more easily.

2. The damping of waves over a fluid mud bed, showing the dissipation of
wave energy, has been obserued in flumes and in the laboratory. Hence, the
estimation of shear stress at the bed surface for the purpose of conelation with
the rate of erosion shouH not necessarily be based on the assumption of a
rigid bed (Maa and Mehta, 1985).

3. Fluidisation of the mud is dependent on the wave chanacteristics and the
mud properties (Derbyshire and Kendrick, 1987).

4. The action of the waves may be sufficient to cause surface erosion, with
matedal passing directly into suspension. Experiments with a natural mud bed
have shown that wave action erodes mud of a given dry density at about the
same peak shear stress as that required with unFdirectionalflow. The erosion
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rate was found to be similar to the proportional excess shear stress
relationship for current erosion given in Equation 4.2 (Diserens and Delo,
1 988).

5. A very high propodion of the eroded mud is contained within the
relatively thin wave boundary layer because the sharp density gradient damps
the vertical turbulent exchange with the water column above. The vertical
turbulent exchange increases as the flow velocity of the overlying water
increases.

4.2.2 Procedure
Laboratory measurements
1. Conduct laboratory tests under combined waves and cunents to
determine a critlcal wave shear stress for fluid mud generation and movement
or entrainment into suspension.

No field or laboratory measurements
2. Catculate the combined wave and current shear stress from the current
velocities and wave conditions (Equation 6.13).

3. Calculate lhe mass which is fluidised, M, by assuming that ihe bed is
fluidised to a depth (and density) at which the shear strength of the bed
(Figure a.2) is equal to the combined wave and current shear stress. Assume
that the fluidised material is contained within a thin layer close to the bed.
Calculate the thickness of the layer, d' according to:

dm = rnax([//0.075, 6)

where
dm = thickness of the fluidised layer (m)
M = ffElss per unit area which is fluidised (kgrn')
6 - wave boundary layer thickness
= $Jzf.s UoTt4n

fw = wave friction factor
Ub = bottom orbitalvelocity (mst)
T = wave period (s)

. . . (4 .3)

The wave friction factor and bottom orbital velocity can be calculated according
to the procedure in section 6.3.

4.3 Movement of fluidised layer

4.3.1 Knowledge
1. Once the mud has been fluidised it will move more easily than a
structured bed. lt may flow under forces due to a sloping bed, the water
surface slope or the mud/water intedace slope. lt may also be entrained into
the overlying water.

2. The effects of the bed slope or the water surface slope are generally
much.more significant than the effect of the interface slope between the fluid
mud and the overlying water, unless the interface slope is the only forcing
factor (eg open water dumping of mud over a flat bed).

3. Field observations (HR Wallingford, 1991) have not shown any
indication of a significant shear stress below which the fluid mud did not move.
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where
to
71

dm
d

However, there was a strong tendency for the fluid mud to dewater and
consolidate with low bed stresses in the order of O.lNm'2. Measured velocity
profiles in the fluid mud layer could be predicted by application of a smooth
turbulent theory, allowing a thick laminar sub-layer (in which viscous forces
predominate) and a smooth turbulent region with a logarithmic velocity profile.

4. For fluid mud moving down a bed slope, the ratio of the shear stress at
the interface between the water and mud, r,, to the shear slress at the bed, to,
is approximately 0.43 (Harleman, 1961).

5. For fluid mud moving under a water sudace slope, the ratio of the shear
stress at the interface, t,, to the shear stress at the bed, te, is a function of the
water depth:

x\ = to (1 'd/d) . . . (4 .4)

= shear stress at bottom of fluid mud
= shear stress at interface of mud and water
= deplh of fluid mud
= depth of overlying water

4.3.2 Procedure
Field measurements
1. Use field equipment to the measure the velocity profile in the fluid mud
layer and overlying water column during formation and movement of the fluid
mud layer.

No field measurements
2. lf the mud is on a slope, use the depth of the fluid mud layer to
calculate the velocity of the layer due to the bed slope from Figure 4.4. This
figure has been calculated assuming that smooth turbulent theory applies in
the fluid mud layer. lt assumes a unfform density for the fluid mud layer of
1075kgm'3, and a uniform dynamic viscosity of 0.7Nsm2.

3. lf the layer is subject to a water surface slope, calculate the water
surface slope according to section 6.1. Galculate lhe velocity of the layer
moving due to this water surface slope from Figure 4.5.

4. Calculate the sediment transport rate, Q* according to:

Qm = prd,, 'u,

4.4 Entrainment of a fluidised layer

. . . (4 .5)

4.4.1 Knowledge
1. The entrainment of clear water into a fluid mud layer appears to behave
in a similar way to the mixing of a sah wedge. Entrainment occurs if the bulk
Richardson nurnber, Ri", is lower than about 10. The entrainment velocity
varies as a function of Ri, (HR, 1991).
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Ap = density difference between fluid mud and water
Au = the difference between the fluid mud velocity and the overlying

water velocity.

3. The entrainment rate may be approximated lo that of a salt wedge:

dn/dt - -Ve Au co, RiB < 10 ...(4.7)

where

Ve  =u rA
(1+63Rir2)o'7s

co = @nstant sediment concentration of mud layer

. . . (4 .8)

4.4.2 Procedure
1. Calculate the bulk Richardson number according to Equation 4.6. lf RiB
< 10, calculate entrainment rate according to Equations 4.7 and 4.8, or

2. Use Figures 4.4 and 4.5 to estimate whether mud is entrained given the
depth and velocity of the layer.

4.5 Movement of a viscous layer

4.5.1 Knowledge
1. Even quite dense (>2oOkgrns) deposits of mud can move with time, with
the rate of spreading much too slow to be described by the movement of fluid
mud. The mud can be described theoretically as a viscous layer of thickness
h moving down a slope of angle 0. For viscous flow, with constant viscosity

2. The bulk Richardson number Ri, is:

R i a  =  A P g d n ' / A u 2

where

a(z) = p dU/dz

where
r(zl = shear stress at height z in the bed

p = dynamic viscosity of the mud (Nsrn2)
U(z) - velocity at height z in the bed

. . . (4 .6 )

. . . (4.e)

. . .  (4 .11)

4.5.2 Procedure
1. Assume a constant density and constant viscosity (reasonable for a thin
layer). Calculate the force balance:

(pu -p * )gs inO+dr l dz=o ... (4.10)

2. Assume a no-slip condition at the bottom of the layer. Then the velocity
profile in the layer is :

U(z) = (po - p*) g sin0 (hz - o.5*) | p
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4.

Use a density in the range 150 - 300 kgrn3

Use a viscosity in the range O.2 - O.7 Nsm'2

5 Rheology

5.1 Flow behaviour

5.1.1 Knowledge
1. The rheological behaviour of cohesive sediments is sfirongly influenced
by physico-chemical factors such as salinity, pH, mineralogical composition,
solid particle properties and organic matter. This influence is largely reflected
in the way in which these factors affec{ the flocculation process (Bryant, James
and Williams, 1980; Verreet and Berlanpnt, 1988; James and Williams, 1982).

2. Several different rheological models have been used to desuibe
cohesive sediment. These models are given in Table 5.1, with a schematic
representation of the flow curues given in Figure 5.1 (after Verreet and
Berlamont, 1987). Deviation from Newtonian behaviour occurs at a
concentration of around lOkgrns dry density. In a shear-thinning rnaterial, the
apparent viscosity decreases with increasing shear rate. A visco-elastic
material has properties of liquids (dissipation of viscous energy by means of
flow) and of solids (storage of elastic energy). Thixotropy is shown by a
hysteresis loop for increasing or decreasing shear rate: there is no longer
unique relation between shear stress, r, and shear rate, 1.

3. Most mud type suspensions exhibit Newtonian type behaviour at low
concentrations but show non-Newtonian shear-thinning or thixotropic
viscoelastic behaviour at higher concentralions. The transition from shear-
thinning to viscoelastic propeilies takes place over a range of only a few
percent of the solids volume fraction of the suspension.

4. lt is impodant to be able to define the flow regime exactly since
approximations in calculations of shear stress and shear rate can lead to
significant errors in prediction of low parameters such as apparent viscosity
and yield stress.

5. Only equilibrium flow curves are capable of being analysed in a
meaningful rnnner for time dependent non-Newtonian rnaterials. The
presence of an apparent yield stress indicates that the upper limiting solids
concentration for successful application of steady shear techniques has been
reached (Williams and Williams, 1989).

6. A controlled stress rheometer differs from a controlled shear rate
instrument in that a shear stress is applied to the sample to be measured.
This enables more meaningful low shear data to be produced since the
instrument reacts in 'sympathy' to the fluid behaviour and does not force the
materialto move as in a controlled shear rate apparatus. Several researchers
have published studies of direct yield measurements (James, Williams and
Williams, 1987). Relationships between rigidity modulus, yield s*ress and
volumefraction of cohesive sediment and concenhated suspensions of Na-illite
(a model sediment) have been published by Williams and Williams (1989,
lseo).
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M
7. For low concentrations it is generally recognised that if careful
experiments are carried out at very low shear rates then whatever the stress
applied the material will flow (no yield stress) but it is all a matter of time scale
(Bryant, James and Williams, 1980; Jones and Golden, 1990). For a particular
shear rate the shear stress increases with increase in concentration. However,
the concept of yield stress is dependent on the time of the experiment. In
certain flow situations the existence of a yield stress can prove to be very
useful, with conelations with various physical properties.

8. The Bingham model adequately represents the shear stressy'shear rate
relationship. The non-Newtonian fluid properties of the mixtures are largely
functions of the concenlration and the type of clay in the fluid matrix. The
apparent viscosity and Bingham yield stress depend on the shear rate ard
increase exponentially with sediment concentration (O'Brien and Julien, 1986:
Jones and Golden, 1990). The yield slress and viscosity can increase by
three orders of magnitude as the volume concentration of sediment changes
from 10-40% (O'Brien and Julien, 1988).

5.1.2 Procedure
Field and laboratory measurements
1 . Use in-situ rheometers to measure the response of a cohesive sediment
bed to shear.

2. Determine the shear stresslshear rate curve for a sample of material in
a laboratory rheometer. This should be a controlled stress rheometer which
does not force the material to move. Test at low shear rates (< 1/s).

No field or laboratory measurements
3. Use the flow curve presented in Figure 5.2 to determine an approximate
shear stressy'shear rate response for a given concentration. These curues
relate to the 'up curve'; ie conditions for the start-up of flow.

6 Water surtace slope and bed shear sfress

6.1 Water surtace slope

6.1.1 Knowledge
1. The water surface slope at a point in a UK estuary can be estimated
from the tidal range at two points 5-1Okm upstream and downstream of the site
and from the 'g' phase of the rnain M, tidalconstituent (at the same two sites),
which is listed in the back of tide tables. The water surface slope is calculated
from the difference in the water levels at the upstream and downstream
locations, x km apart:

an/ax ={y2Rlcos(qrrt - gr) - /z R.cos(rourt - gr) }/x .. .(6.1)

where
Rt, R, = tidal range at points 1,2
gt, g2 = phase of tidal constituent at points 1, 2

ouz = frequency of main M, tidal constituent
t = time
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6.1.2 Procedure
1. Calculate the water surface slope according to Equation 6.1. lf using
the water surface slope for estimation of movement of fluid mud, calculate the
maximum surface stope over the time period in the tide where fluid mud is
expected, or

2. Use tide tables to predict the complete tide curue at both the upstream
and downstream sites, relative to mean sea level. Calculate the water surface
slope from the difference in water levels.

6.2 Currdnts

6.2.1 Knowledge
1. The shear stress generated at the bed by currents can be obtained from
direct field measurement or estimated by a knowledge of the bed roughness,
flow depth and mean current, ahhough extra care is need in stratified flows.

6.2.2 Procedure
1. Measure the mean current speed and direction at 3 to 5 heights above
the bed within the lower 1m of flow every half hour through a tidal cycle. Plot
speed U(y) against the natural logarithm of height above bed log"(y) for each
set of measurements. Fit a straight line and determine its gradient. Calculate
the shear velocity u. from the equation:

U(y) = uJr log"(y) + constant ... (6.2)

The value of von Karman's constant r is 0.4.

2. Or, use a single mean current speed at a height above the bed y or the
depth averaged mean current speed U(assume v=0.4 times water depth) and
the smooth tulbulent law given by:

U/u. = lk log"(u. y/v) + 5.5 ... (6.3)

in which the value of r is 0.4 and v is the kinematic viscosity of water (- 1Oc).

3. The bed shear stress to is given from the shear veloctty by:

Tb = p* U.2 . . . (6 .4)

in which p* is the density of the water.

4. Or, measure the tubulent fluctuating current speeds in three odhogonal
directions at preferably two heights above the bed within the lower 1m of flow.
Determine the shear stress from the turbulent kinetic energy and Reynolds
stress methods (Soulsby and Humphrey, 1989).

6.3 Waves

6.3.1 Knowledge
1. The shear stress generated at the bed by waves can be obtained by
direct field measurement or estimated by a knowledge of the bed roughness,
flow depth, wave height, period and length.
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2. Techniques for calculating lhe peak orbital velocities are well described
elsewhere (Soulsby and Smallman, 1986).

3. For given values of wave height and period, and depth of water, the
maximum bottom obitalvelocity can be calculated using first order linearwave
theory from the relationship

r r  -  rcH
v - - --m 

ffih'@'dtl

where

Um = lrldximum bottom orbitalvetocity (r"'t)
H = wdV€ height (m)
T = wsVe period (s)
d = water depth (m)
L = w?Ve length (m)

The magnitude of the wave length is determined iteratively, since

ro2 = 9k tanh (kd)

where

o = 2nlT (g1)
g = acceleration due to gravity (rt')
k = edL (m'1)

- the peak bed shear stress under a wave can be calculated from

r^ = Yzp*t*lJl

where

hu#
n w = -

t)

where

Rw = wave Reynolds number
Um = ffiaximum bottom orbitalvelocity (mSt)
A = semi-orbital excursion lengrth = UrT/2rc - (m)
u = kinematic viscosity (mtst)

x,n = pedk bed shear stress (Nm'')
pw = fluid density (kgrns)
fw = wdv€ friction factor
U, = maximum bottom orbitalvelocity

- the wave friction factor is dependent on the wave Reynolds number and the
relative roughness, ie

. . . (6 .5 )

. . . (6 .6 )

. . . (6 .7)

. . . (6 .8 )
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and

. . . (6.s)

where

r = relative roughness
A = semi-orbitalexcursion length = UrT/2r (m)
lq = Nikuradse equivalent sand grain roughness (m)

6.3.2 Procedure
Field measurements
1. Record record water pressure fluctuations or water sudace profile and
use established techniques to derive wave height, wave period and depth of
water or record turbulent oscillating currents within 1m above the bed.

2. The maximum bottom orbitalvelocity can be calculated using Equation
6.5 or obtained from a general curve (Soulsby and Smallman, 1986) given in
Figure 6.1.

3. The peak bed shear stress can be calculated using Equation 6.7 with
f* being the greater of the smooth (laminar or smooth turbulent) and rough bed
friction factors.

A
lq

4. The smooth bed friction factor is calculated from

fr," = B R,il

where

fro = smooth bed friction factor
Rw = wave Reynolds number

and for Rw < 5.105 (laminar)

B  =2
N  =0 .5

or for R* >5.105 (smooth turlculent)

B = 0.0521
N = 0.187

- the rough bed friction factor is calculated from

fwr = 0.3 if A/ks < 1.57

. . .  (6.10)

. . .  (6 .11)
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or

fwr = 0.00251 exp[5.21 1A1+'rs1 ifA/ks > 1.57
Ks

. . .  (6.12)

where

fwr = rough bed friction factor
A = semi-orbitalexcursion length = UrT/2n (m)
lG = Nikuradse equivalent sand grain roughness (m)

6.4 Combined wave and current shear stress

6.4.1 Knowledge
1. The combined effect of the waves and currents depends on the
relative direction of the waves and cunents. According to Soulsby (1991), the
combined shear stress can be calculated according to:

ru = 0.125fo0u2 + 0.5f",pu02 + pB*"(f"f*/2)'0'su,nlul ... (6.13)

where
fc = cutront friction factor
Br" depends on the relative direction of the waves and currents.

6.4.2 Procedure
1. Use laboratory or field data under combined waves and currents to
calculate a value of B*" for the required direction, or

2. lf relative direction is unknown, calculate the combined wave/current
shear stress including an interaclion term according to Equation 6.13, using
B*"=0'36'
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Table





Table 5.1 Description of rheological Models (from Verreet and
Berlamont, 1987) (see Figure 5.1)

Equations Materlal typs

NEWTONIAN

SHEAR THINNING
(Pseudoplastlc)

GENERAUSED BINGHAM

BINGHAM PLASTIC

SHEAR THICKENING
(Dllatant)

vtscGELAsnc
(Volgt solad, Kelvln body)

t=n9
oz

l ' 1 ,=1+2 .50

11, = exp[2.50(1 -k,0)]

r  =mt9ln
oz

dilute suspenslons

epherlcal partlcles

llocculated clay slurrles

concentrated def locculated
clay slurries

n < 1

du
E

3a

r'r. = ffi ,#,nu

I = ro.* nJ$ln if lrl> t

witn .S = 0 if ltl< to

T  = t g  + ' l ' l

.=t . (9)n
oz

t=GT+ t r i

n > l

Svmbols

r : sheat gtregs
q : dynamlc viscosity
q. : dynamlc vlscoslty of medium

q
e. = ,r" = relatlve viscosity

dt
fu = I = differential viscosity

dy

a
rL = ? = appsrent viscosity

I

m :'pseudoplastlc vlscoslty'

a

9r

1
t8

T

0

= r a t T  = 0

: true Bingham plastlc yield
gtress

: yleld slress
:'Blngham' yleld stress
: shear delormation

: shear rate

: sollds volume fractlon

n : flow Inder
k : ghear-thlckenlng analog

o f m
h : conslant
G : rlgldlly modulus or

shear modulug
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Figure 1.2 Schematic diagram illustrating four states of cohesive
sediment during a tide
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Figure 4.3 Typical relationships from laboratory erosion tests on
cohesive sedimeni of erosion rate against excess
shear stress
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