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ABSTRACT

A series of laboratory experiments on cohesive sediments under inorganic

conditions was undertaken in order to evaluate the impact of fluid bed shear

stress on the build-up of bed resistance to erosion with time. The importance

of small pressures due to flowing water to increase bed strength is presented.

It is also shown that the susceptibility of a cohesive bed to changes in its

erodibility is related to deposited bed thickness due to sediment disturbance

caused by dewatering from the consolidating bed. Laboratory experiments that

use beds deposited from suspension should thus report the thickness of the

bed prior to resuspension.

Keywords Annular flume, bed thickness, erosion rate variability, kaolinite,
physical alterations, subcritical flows.

INTRODUCTION

The behaviour of cohesive sediment beds under
steady, unidirectional currents is of great import-
ance in engineering, biology and chemistry (Lick
et al., 1994; Ziegler & Nisbet, 1995 Statham, 2000).
Predictions of erosion and deposition of cohesive
sediments are important in the evaluation of
nutrient, chemical or pollutant mobilization from
beds (Boudreau, 1997), in the evaluation of the
morphodynamics of navigation channels (in tidal
rivers, estuaries and water ways; Nichols, 1986,
1993; West, 1994), and in the evaluation of water
quality and consequent effects on aquatic organ-
isms (Wiltshire et al., 1998).

In nature, a cohesive bed is affected by many
variables that influence the behaviour of that bed
(Partheniades, 1993). In order to measure and
predict these complex effects, it is necessary to
know how a particular sediment will behave
under inorganic conditions. Once this is known,
the complicating biochemical effects may be
examined; the latter being a condition more
typical of nature (Yingst & Rhoades, 1978; Ruddy
et al., 1998).

According to Parchure (1984) and Parchure &
Mehta (1985), a settled cohesive sediment bed
subjected to a constant bed shear stress will

exhibit an exponential decay in erosion rate with
time (Type I erosion). This is due to an increase in
sediment strength with eroded depth to a position
where bed strength equals the applied bed shear
stress. An artificially placed bed, however, is
usually homogeneous with depth, resulting in a
constant erosion rate with time (Type II erosion,
sensu Villaret & Paulic, 1986). Estuariane sedi-
ments usually display Type I erosion in the
uppermost 5 mm which reflects the surface fine-
grained layer and collapse zone of Droppo &
Amos (2001) or the unconsolidated new deposit
of Hayter, 1985); that is, a region of rapid strength
increase with depth. Type II erosion is more
common for lower sediment layers (usually below
5 mm) and higher flow velocities (rough turbu-
lent). The present study focuses on laboratory
settled beds that exhibit Type I erosion.

MATERIALS AND METHODS

The experiments were carried out in Laboratory
Carousel which is a laboratory equivalent of the
Sea Carousel (Amos et al., 1992). The Carousel is
an annular flume 2 m in diameter (Fig. 1). The duct
is 15 cm wide and 40 cm high. Flow in the flume
is driven by eight paddles fixed equidistantly to
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the underside of a rotating lid. Flow is controlled
by lid rotation that is programmed by a script file
and downloaded to a computer-controlled motor.
Mean tangential and radial current speeds were
measured using a Marsh-McBirney� electromag-
netic current meter (ECM) located at the centre-
line of the channel at a height of 8Æ5 cm above the
bed. Three optical backscatter sensors (OBSs)
were mounted through the flume wall at heights
of 10, 20 and 30 cm to monitor turbidity. Three
sampling ports were located on the outer wall at
the heights of the OBSs. Samples were taken
regularly from these ports in order to calibrate the
OBSs. Measured volumes of water were filtered
through 25 mm, Whatmann� GFC glass fibre
filters to determine dry-weight suspended mass
during the experiments on bed erosion.

A Campbell Scientific� CR10 data logger/con-
troller read, transformed, and stored the meas-
urements made by the sensors which logged at
1 Hz. The time-series of data so derived was de-
spiked and time-averaged over 10 s intervals in
order to smooth results.

The material used in the experiments was
Glomax� kaolinite. A grain size distribution is
shown in Fig. 2. The kaolinite was a well-sorted
clay with a disaggregated median size (D50) equal
to 1Æ9 microns. The flume was filled with fresh
water and brought to a salinity of 35Æ3& by
introducing Instant Ocean� synthetic sea salt.
Synthetic sea salt was used instead of natural sea
water in order to minimise organic contamin-
ation. The flume was maintained biologically
neutral by using NaN3 (sodium azide) at a
concentration of 0Æ01 g l)1. The effectiveness of
this measure to prevent growth of microorgan-
isms was checked weekly in triplicate. This was
done by measuring dissolved oxygen (O2) through
titration of samples incubated over four days. The

results were compared to similar analyses under-
taken on sterilized water samples (controls) that
reflect inorganic changes. Departures from the
controls reflect the loss of O2 due to organic
activity. The water temperature was held constant
(17 �C) by means of an external cooling system.
The saturated sediment bed within the flume was
formed by settling sediment slurry that was
mixed thoroughly in the water column at an
azimuthal velocity of 0Æ6 m s)1. It was left to
consolidate in still water for 20 h.

Fig. 1. A schematic diagram of the annular flume ‘Laboratory Carousel’ used in this study.

Fig. 2. A grain size distribution of the kaolinite sedi-
ment used in this study.
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Flow in the flume was equated with mean bed
shear stress using results presented by Amos et al.
(1992) from Sea Carousel. These results showed
that the root-mean-square friction velocity (U*rms)
is related to the mean azimuthal velocity (Ux)
measured by the EMCM through the relationship:
U*rms ¼ 0Æ045Ux (drag coefficient, Cd ¼ 0Æ002).
This relationship accounts for the changing bed
stress radially, but does not include the radial
component of stress, which is about 0Æ1 of the
tangential component and so it is thus within the
noise of the methods of detection. Thompson
et al. (2003) evaluated drag coefficients and bed
stresses within Laboratory Carousel using eight
differing methods (five proxy and three direct). In
this fashion, the total drag coefficient was shown
to vary with Reynolds number and bed roughness
and was between 0Æ0007 and 0Æ008. The value of
Cd ¼ 0Æ002 fell within the range of values deter-
mined by Thompson et al., 2003 and hence is
justified in this study.

The influence of suspended sediment concen-
tration (C) on the fluid density and on the applied
bed shear stress was neglected. Thus, bed shear
stress (so) was derived as follows:

so ¼ ð0:045UxÞ2q ð1Þ

where q is the density of the saline water
(1025Æ5 kg m)3). Observations made during the
present study have shown that mass erosion (bulk
erosion of Mehta, 1984) starts to take place at flow
speeds of the order of 0Æ5 m s)1. So, the experi-
mental current speed range was maintained
below this value, while the speed increments
were between 0Æ046 m s)1 and 0Æ064 m s)1.

Grain size spectra of suspended material were
evaluated from samples collected during the
experiments using a Coulter Counter� (model T
& TA). The purpose of this was to determine if the
bed was graded, which would likely influence
bed stability. The results, shown in Fig. 3, indi-
cate that there was no significant difference in the
grain size distributions of successively eroded
layers. Hence the bed was considered uniform.
The depth-averaged dry bulk density (qb) was
determined from: (1) the total starting suspended
mass M0 [30Æ26 and 2Æ37 g l)1 for a bed thickness
(d) of 19 and 2 mm respectively]; and (2) dividing
this mass by the volume of deposited bed derived
from measuring the thickness of the consolidating

Fig. 3. A suspended grain size
spectra of successively eroded bed
layers.
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bed (d) multiplied by the area of the Laboratory
Carousel (0Æ874 m2): qb ¼ M0

0:874d kg m)3. Depth-
averaged dry-weight densities of 503 and
374 kg m)3 were derived for the kaolinite at
d ¼ 19 and 2 mm respectively.

RESULTS AND DISCUSSION

An applied bed shear stress_ can affect the
physical properties of the soft, topmost sediment
layers, leading to measurable changes in the
erodibility (Kusuda et al., 1985). Working with
placed cohesive beds with different water con-
tents, Kusuda et al. (1985) noted a significant
decrease in the erosion rate (e) after 10 to 30 min
from the test start caused mainly by the harden-
ing of sediments as the result of the applied
shear stress, while on the contrary, selective
erosion has not much influence in such decrease
of e.

A series of experiments was designed and
carried out on a newly settled kaolinite bed to
test if the hardening effect of subcritical bed

shear stresses on bed stability was significant.
Here, subcritical bed shear stresses are defined
as those values that over one hour do not
produce measurable erosion. In the experiments,
the bed was left to consolidate for 20 h (to a
thickness of 19 mm). As shown in Fig. 4A, the
bed was subjected to the action of three increas-
ing successive subthreshold bed shear stresses
(0Æ008, 0Æ018 and 0Æ052 Pa) over time intervals
ranging from 5Æ4 to 67 min. Then, the bed was
subjected to an erosive shear stress of 0Æ102 Pa
and the evolution of suspended sediment con-
centration through time was measured (Fig. 4B).
It is evident that erosion rates (curve steepness)
show differences among the experiments of the
series, with a reduction in the erosion rate up to
50%. This reduction on the observed e is related
to the length of the time over which the
subthreshold bed shear stresses were applied.
Such great differences in bed response may
make laboratory experiments inconsistent; per-
haps more so if the hardening effect of the
applied shear stress continues throughout the
period of erosion.

Fig. 4. Changes on erosion rate (A) due to subthreshold bed shear stresses applied over different time intervals (B).
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It was observed that the sediment surface was
disturbed and roughened by dewatering of the
consolidating bed. This surface, instead of being
smooth, showed vent cones up to 4 mm in
diameter and less than 1 mm in height, with a
density of the order of 10 cm)2. These vents
suggest that pore pressure was equilibrated with
the hydrostatic pressure. In order to test if
variability in bed erodibility was mainly related
to sediment dewatering, a second series of
experiments was carried out. In two of the
experiments of this series (1 and 2), the total
19 mm of bed thickness was resuspended before
settling and consolidation (Table 1), whereas in
the other two experiments (3 and 4) resuspen-
sion of the first 2 mm only took place, with no
visible alterations on the underlying layers. After
20 h of consolidation, a subthreshold shear
stress of 0Æ041 Pa was applied for 30 min but
only to one of each resuspended bed thickness
(experiments 2 and 4). The bed in all the
experiments of this series was subjected to an
erosive shear stress of 0Æ13 Pa. This value was
reached within a time interval of 2Æ8 min by
stepping 0Æ0061, 0Æ026, 0Æ058 and 0Æ078 Pa
(Fig. 5A). The evolution of suspended sediment
concentration of this experimental series is
shown in Fig. 5B. Large differences in e (curve
steepness) were observed among the experiments
of the series, especially at the very beginning of
erosion. These differences in erosion rate were
smaller by 15% after 6 min from the start of the
erosive step. Differences between experiments 1
and 2 are linked to 30 min of subthreshold shear
stress. The same effect is evident between
experiments 3 and 4. Results from those experi-
ments, where a subthreshold shear stress was
applied (2 and 4), are almost identical. In
experiments 1 and 3, erosion started earlier and
at a higher rate than in experiments 2 and 4
(Fig. 5C). Thus, the greater part of bed suscepti-
bility to hardening by subthreshold shear stres-
ses is related to bed alterations produced by
dewatering, which may be linked to the consol-
idating bed thickness.

The observed erosive behaviour suggests that
the roughened surface caused by dewatering may
be providing a source of form drag that would
have an effect on the bed shear stress, or the
subthreshold shear stresses may cause a rear-
rangement of the sediment fabric. As dewatering
effects diminish with bed thickness, a way of
reducing response variability of a settled sedi-
ment bed to the subthreshold shear stresses
would be to reduce the experimental bed thick-
ness as much as possible. This may be more
representative of what usually takes place on tidal
flats, where the sediment layer eroded or depos-
ited over a tidal cycle is commonly in the order of
millimetres or less.

CONCLUSIONS

Two series of erosion experiments have been
undertaken within the controlled confines of the
annular flume Laboratory Carousel. The purpose
of these experiments was: (1) to determine the
effect of a subcritical flow on bed strengthening of
a standard kaolinite; and (2) to determine what
causes bed susceptibility to the action of subcriti-
cal flows and how to reduce it.

The first experimental series showed that sur-
face erosion rate was strongly influenced by the
shear stresses applied on the bed immediately
prior to erosion. Even within the limits of the
experiments this rate was changed by a factor of
two by varying the period of time over which the
subcritical shear stresses were applied. What is
not clear is whether this effect alters the critical
shear stress (scrit). Thus experiments should
report in detail the nature of bed preparation,
and perhaps, more importantly, the stress history
prior to bed erosion.

The second experimental series indicated that
bed susceptibility to subthreshold shear stresses
is strongly related to the amount of the settled-
consolidating sediments (bed thickness). This
appears to be caused by physical bed alterations
generated by dewatering from the consolidating

Table 1 Procedures used in erosion
experiments used to test the effect
of bed thickness on its erodibility.

Experiments

Depth of
resuspension
(mm)

Compaction
time
(h)

Bed alterations
due to dewatering

ssbcr/time
(Pa/h)

1 19 20 Appreciable –
2 19 20 Appreciable 0Æ041/0Æ5
3 2 20 Non appreciable –
4 2 20 Non appreciable 0Æ041/0Æ5
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bed. As the magnitude of these physical altera-
tions is directly related to the bed thickness, in
order to minimize erosion rate variability experi-
ments should be carried out reducing the bed
thickness as much as possible.
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Fig. 5. Results from four experiments described in Table 1. Experiments 1 and 2, and experiments 3 and 4 were
carried out on 19 mm and 2 mm bed thicknesses respectively. All experiments were performed in the same way, but
on experiments 2 and 4 a subthreshold shear stress of 0Æ041 Pa was applied for 30 min (A). Bed susceptibility to
erosion on experiment 1 is clearly increased compared with experiments 2, 3 and 4, whereas results from experi-
ments 2 and 4 are almost identical (B). In (C) it is observed that erosion seems to start earlier and at a higher rate in
experiments 1 and 3 than in experiments 2 and 4.
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NOMENCLATURE

C suspended sediment concentration (mg l)1)
Cd drag coefficient
Mo total suspended mass (kg)
D50 median diameter of disaggregated particles
(microns)
d thickness of the consolidating bed (mm)
U*rms root-mean-square friction velocity (m/s)
Ux azimuthal velocity (m/s)
e erosion rate (kg m)2s)1)
q density of the saline water (kg m)3)
qb bed depth-averaged dry bulk density (kg m)3)
so bed shear stress (Pa)
scrit critical shear stress (Pa)
ssbcr subcritical shear stress (Pa)
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