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Abstract

The strength of a cohesive sediment bed is difficult to determine and must be found experimentally from laboratory
tests or through in situ field tests. A new in situ erosion instrument, the In situ Erosion Flume (ISEF), has been developed
which is a circulating flow system in the vertical plane. The erosion process of sediment particles of the bed in the test
section of the ISEF is related to the prevailing bed-shear stress induced by a unidirectional current. The bed-shear stress
can be determined from the measured velocity profile in the test section assuming a logarithmic distribution in a vertical
direction. The bed-shear stress equation has been calibrated under various conditions characterised by initiation of motion
of sand and gravel particles at a flat bed where the bed-shear stresses mobilising the particles are known from the Shields
curve. Three reproducibility tests were carried out under laboratory conditions. The bed consisted of kaolinite and was
formed by sedimentation in still fresh water. The results of the three tests showed similar values. The erosion of a kaolinite
sediment bed is more precisely determined under laboratory conditions by means of the ISEF. The results are compared
with data from the literature. The ISEF is a relatively simple instrument for the determination of the strength of (cohesive)
sediment beds. The results based on the ISEF measurements represent the minimum shear stress exerted at initiation of
erosion of the bed, which will lead to the maximum shear strength of the top layer of the (cohesive) sediment bed.  1998
Elsevier Science B.V. All rights reserved.
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1. Introduction

Intertidal mud flats, salt marshes and coastal wet-
lands in estuaries and along shallow tidal basins are
important for several reasons. They host ecosystems
characterised by highly specialised tidal habitats and
a high productivity, and they are important bird
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refuges valuable for nature conservation. They also
act as a buffer for dikes and lowlands surround-
ing the tidal basins. Such intertidal areas contain
primarily cohesive sediment beds. Due to their rela-
tively low level in relation to mean high tides, they
will be prone to effects of sea-level rise or changes
in hydrodynamic conditions. Their protection and
maintenance is based on the knowledge of the effect
of changing hydrodynamic conditions on the deposi-
tion of mud and sand and the erosion of the cohesive
sediment beds.

Erosion of a sediment bed depends on the
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near-bed flow and the composition and resistance
of the bed sediment. Cohesive sediment bottoms
consist primarily of clay and fine silt, and contain
varying quantities of organic matter. The clay parti-
cles are cohesive because electrochemical repulsive
and attraction forces are acting between the particles.
Sediments of this type are called cohesive because
the sediment particles do not behave as individual
discrete particles but tend to stick together forming
aggregates (mud flocs) of which the size and settling
velocity are much higher than that of the individual
particles. Additionally, after deposition, these sedi-
ments are more resistant to erosion as the mutual
attractive forces increase the strength of the bed, and
higher bed-shear stresses are needed for erosion.

Migniot (1968) and Parchure and Mehta (1985)
have observed that the critical bed-shear stress for
erosion can be related to the sediment concentra-
tion. Complementary research, both under laboratory
conditions and in the field, has shown additional
influence on the ultimate strength of cohesive sedi-
ment beds through biogenic stabilisation by benthic
diatoms (for instance, Holland et al., 1974; Vos et
al., 1988; Grant and Daborn, 1994), by the grain-size
composition or sand–mud ratio of the bed (Van Rijn,
1993; Mitchener and Torfs, 1996) and through chem-
ical characteristics both for the eroding fluid and for
the pore water and the sediment (see also Winterw-
erp, 1989; Berlamont et al., 1993). The strength of
intertidal mud flats is strongly related to physical,
biological and chemical parameters (e.g., Verreet et
al., 1986; Amos et al., 1992a) and rather complex to
predict. It is because of this complexity that the bed-
shear strength of cohesive sediments must be found
experimentally from laboratory tests using natural
muds (e.g. Kuijper et al., 1989), or through in situ
field tests (e.g. Amos et al., 1992a,b). Although the
necessity of laboratory studies has been emphasised
(Dade and Nowell, 1992; Grant and Daborn, 1994)
it has been observed that due to treatment, handling
and storing of the samples under laboratory condi-
tions, the sediment properties will change, resulting
in higher strength of the samples than under natural
conditions. Therefore, it is important that measure-
ments of the erosive resistance of cohesive sediments
are performed in situ.

Several in situ instruments are being used for ero-
sion experiments. Amos et al. (1992a) developed a

benthic annular flume in the horizontal plane (Sea
Carousel) based on the principle of earlier developed
laboratory carousels in which the shear stress is in-
duced by a horizontal circulating flow. This principle
has also been used by Black (1993), who developed
the mobile recirculating seawater flume (MORF) for
measurements of resuspension of intertidal muds.
Maa et al. (1993) developed an annular sea-bed
flume (VIMS) which can be deployed under deep-
water conditions. Straight flumes have been reported
by Young (1976) and Gust and Morris (1989).

Although the forcing of the flow of water differs
for each instrument, the technique used is broadly
the same, viz. a sort of field flume in which a
circulating (or straight) water flow exerts a shear
force on the bed surface. A disadvantage of this
type of technique is the relatively large size of the
instrument required to ensure a logarithmic velocity
distribution. Reported sizes of the instruments are in
the order of 2 m and the size of the test section is in
the order of 0.1–1 m2.

Other techniques used for the determination of
the strength of a cohesive sediment bed can be di-
vided into: (1) generating a water jet impacting on
the sediment surface (e.g. the cohesive strength me-
ter CSM; Patterson, 1989); (2) generating turbulent
motion of the water column above the sediment sur-
face by oscillation of a horizontal grid (e.g. shaker;
Tsai and Lick, 1986); (3) inducing turbulent motion
by a propeller at close range above the bed surface
(EROMES; Schünemann and Kühl, 1991); and (4)
generating a stream of water between an inverted
bell-shaped funnel, placed at close range above the
sediment surface (ISIS; Williamson, 1994). A great
advantage is that instruments of this type are small
and therefore easy to handle. The test surface of these
instruments is relatively small (in the order of 0.01
m2 and smaller) so that the results are highly depen-
dent on small-scale irregularities of the bed surface
and the settings of the instrument on the bed surface.
Disadvantages are therefore primarily found in the
distribution of the bottom-shear stress which is often
not quite regular in time and space. Therefore, the
ideal in situ instrument should be light and small, but
have a relatively large test surface (of at least 0.1 m2).

The shear strength of cohesive sediment beds in
the salt marshes along the Dutch Wadden Sea is
best determined by using the principle of the rotation



E.-J. Houwing, L.C. van Rijn / Journal of Sea Research 39 (1998) 243–253 245

of the water flow. Most existing instruments are
oriented in the horizontal plane. To avoid secondary
flow patterns, these instruments are rather large and
unwieldy. We have now developed a new in situ
erosion instrument based on a circulating flow of
water in the vertical plane. This has allowed us to
reduce the dimension of the instrument, which makes
it relatively light and easier to use.

This article describes the development and cali-
bration of the erosion instrument under laboratory
conditions. Its reproducibility was tested. Finally, the
instrument was tested in the laboratory on a kaolinite
bed and the results compared with those of other
laboratory studies reported in the literature.

2. Description of the In Situ Erosion Flume

The In Situ Erosion Flume (ISEF) is a circulating
flow system in the vertical plane. It consists of a
lower horizontal test section, two bent sections and
an upper section where the flow is generated by a
propeller (Fig. 1).

The horizontal test section and the two bent sec-
tions have a rectangular cross-section 0.1 m high and
0.2 m wide. The bottom part of the horizontal test
section is open over a length of 0.9 m. When the ISEF
is resting properly on the sediment bed, the surface of
the bed will be in line with the thin steel bottom plates
of the flume on both ends of the horizontal section.

Fig. 1. A schematic drawing of the In Situ Erosion Flume
(ISEF). With (1) the propeller, (2) the perspex coverplate, (3) the
electromagnetic flow meter (EMF) and (4) the turbidity meter
(MEX).

The total weight of the flume is ¾50 kg. The total
volume of water in the flume is 100 dm3.

The propeller can be rotated at various speeds by
means of an adjustable oil-pressure system. The flow
velocity in the horizontal test section is measured
by means of a small disc-type electromagnetic flow
meter (EMF). The disc has a diameter of 0.033 m and
a thickness of 0.011 m. The centre of the measuring
volume is located 2 mm below the disc.

The suspended-sediment concentration in the
ISEF is measured by an optical sensor (MEX). This
sensor contains two 880-nm light diodes (IREDs)
and two silicon photodiodes, placed in the opposite
direction to one another and mounted in a plastic
tube. The measuring volume between the four diodes
is about 1.5 cm. The measuring method is based on
the attenuation of the infrared light beam, caused by
light absorption and reflection due to the presence of
suspended particles in the measuring volume.

3. Determination of the bed-shear stress

3.1. Basic formulae

The erosion process of sediment particles of the
bed is related to the prevailing bed-shear stress.

The bed-shear stress can be determined from the
measured velocity profile assuming a logarithmic
distribution in vertical direction, which reads as:

uz D uŁ
�

ln

�
z

z0

�
(1)

in which:
uz D flow velocity at height z above the bed (m s�1)
uŁ D ..−b/=.²//

0:5 D bed-shear velocity (m s�1)
−b D bed-shear stress (N m�2)
z D height above the bed (m)
z0 D 0.033 ks C 0:11¹=uŁ D zero-velocity level (m)
ks D effective roughness of Nikuradse (m)
� D constant of von Karman (0.4) (�)
¹ D kinematic viscosity coefficient (m2 s�1)
² D fluid density (kg m�3)

Based on Eq. 1 the bed-shear stress can be ex-
pressed as:
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The velocity distribution in the horizontal test sec-
tion is asymmetrical due to the presence of the bent
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upstream resulting in relatively large velocities in the
outer part of the bend. Redistribution of the veloc-
ity profile may take place in the horizontal section.
A full equilibrium flow will not be established in
the ISEF because of the relatively short test section
(0.9 m). This means that the velocity distribution in
the near-bed region of the horizontal section might
deviate slightly from the logarithmic distribution. In-
troducing a calibration coefficient Þ (close to unity)
to account for this effect, and using the maximum
velocity um at the upper edge of the boundary layer
(Ž) above the bed, Eq. 2 can be expressed as:

−b D ²�2.Þum/
2

ð
�

ln

�
Ž

0:033ks C 0:11¹ .−b=²/
�0:5

�½�2

(3)

3.2. Experimental set-up

The bed-shear stress equation was calibrated un-
der various conditions characterised by initiation of
motion of sand and gravel particles at a flat bed. The
bed-shear stresses mobilising the particles are known
from the Shields curve (Fig. 2 Fig. 1). A layer of
sediment particles of known grain size was placed in
the test section of the ISEF. The surface at the bed
was flattened in such a way that the bed level lay
exactly in line with the bottom plates of the ISEF.

Fig. 2. Initiation of motion and suspension for a current over a plane bed, presented by the critical Shields parameter as function of
the Reynolds number (Van Rijn, 1993). ž, measured; 1, occasional particle movement at some locations; 2, frequent particle movement
at some locations; 3, frequent particle movement at many locations; 4, frequent particle movement at nearly all locations; 5, frequent
particle movement at all locations; 6, permanent particle movement at all locations; 7, general transport (initiation of ripples).

Three stages of particle motion as defined in Fig. 2
were considered: stages 1, 3 and 5. During each
stage, the velocity profile in the vertical plane was
measured by means of the EMF. The EMF was con-
nected to a vertical positioning system accurate to
0.0005 m. The height of the velocity measurements
was increased with steps of 0.005 m.

The flow velocity in the ISEF was increased until
particle movement was observed by means of an
underwater camera. The camera was resting on the
transparent (perspex) cover plate of the test section.
Four size classes of sediment were tested (Table 1).
The water temperature during the test procedure was
about 10ºC.

To obtain information on the vertical velocity
distribution over the full range of conditions up to 2
m s�1, velocity profiles were measured above a flat

Table 1
The characteristic particle diameters of the sediment material of
the four types used

Sediment type Particle size (µm)

d10 d50 d90

1 220 280 320
2 480 680 815
3 650 890 1300
4 1030 1820 3770
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rigid bed consisting of non-movable particles of 100
µm.

3.3. Analysis results

The velocity measurements above the flat bed of
moving particles were carried out at conditions just
beyond initiation of motion. The velocity profiles
measured above the movable bed are presented in
Fig. 3. Repeated measurements above the movable
bed as well as above the rigid non-movable bed
showed maximum variations of about 5%, which
were probably related to variations of the propeller
circulating the flow.

The thickness of the bottom boundary layer (Ž)
was defined by the height where the maximum cur-
rent velocity is found. Based on the measured veloc-
ity profiles, this height was found to be about 0.025
m above the sediment bed (Fig. 3).

The velocity profiles measured at 0.55 m from the

Fig. 3. Velocity profiles above a movable bed for sediment types 1 (a), 2 (b), 3 (c), and 4 (d).

entrance of the test section showed a dip in the up-
per part of the profile. The reason for this dip is not
yet clear. It is recommended to perform more detailed
velocity measurements at more locations using a hot-
film anemometer or a laser–Doppler velocity meter.

The critical bed-shear stresses .−b;cr/ correspond-
ing to stages 1, 3 and 5, as obtained from Fig. 2, are
presented in Table 2. The relative inaccuracy of the
critical bed-shear stress was about 20%, due to the
variations in the ‘maximum’ velocity obtained at the
edge of the boundary layer with deviations of š0.01
(m).

The Þ-coefficient can be computed from Eq. 3,
yielding:

Þ D .�um/
�1

�
−b;cr

²

�0:5

ð ln
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Table 2
The maximum velocity .um/ measured at z D Ž, the correspond-
ing boundary layer thickness (Ž) and the critical bed-shear stress
.−b;cr/ obtained from Fig. 2, for four types of sediment and three
stages (1, 3 and 5) as specified in Fig. 2

Stage Sediment type

1 2 3 4

um (m s�1)
1 0.21 0.26 0.28 0.43
3 0.23 0.28 0.35 0.54
5 � 0.34 0.43 0.64

Ž (m)
1 0.03 0.03 0.02 0.02
3 0.03 0.03 0.02 0.02
5 � 0.03 0.02 0.03

−b;cr (N m�2)
1 0:12š 0:02 0:15š 0:03 0:19š 0:04 0:60š 0:10
3 0:15š 0:02 0:21š 0:03 0:27š 0:04 0:80š 0:10
5 � 0:27š 0:03 0:35š 0:04 1:00š 0:10

where −b;cr D the known critical bed-shear stress (N
m�2) based on the Shields curve (Table 2), um D
the measured velocity (m s�1) (Table 2) at z D Ž D
0:025 (m) above the bed, assuming ks D d90 (m) for
a flat bed, � D 0:4 (�), ² D 1000 (m2 s�1) and
¹ D 1:31 10�6 (kg m�3) at the temperature of 10ºC.
Although the experiment was based on the use of
non-cohesive (sand) sediments only, it is assumed
that in cohesive sediments, which mostly show flat
bed profiles, the flow will be in the smooth regime
and the relationship between the um and −cr will
not change. The results are shown in Fig. 4. The
computed Þ-coefficients showed a decreasing trend
with the particle Reynolds number .uŁks=¹/. The
inaccuracy of the Þ-coefficient is š0.1, presented as
a vertical bar (Fig. 4).

The hydraulic flow regime as a function of
Reynolds number is given by:

Hydraulic smooth for
uŁks

¹
� 5

Hydraulic transition for 5 <
uŁks

¹
< 70

Hydraulic rough for
uŁks

¹
½ 70

In the case of the smooth flow regime, an
Þ-coefficient of 0.9 is recommended.

Fig. 4. The computed α-coefficients plotted against the parti-
cle Reynolds numbers (Re*) on a log scale for a hydraulic
smooth regime at Re* <5, a hydraulic transition regime when
5<Re* <70, and a hydraulic rough regime at Re* ½70.

4. Reproducibility measurements

Reproducibility tests are essential for a correct
interpretation of in situ field measurements. Changes
in test results should be due to changes in bed
composition rather than to differences in the settings
of the instrument. It is expected that with the ISEF,
erosion will appear more easily along the edges
of the test section because here the bed might be
slightly disturbed. Besides, small undulations on top
of the sediment bed can lead to fluctuations in the
velocity profile resulting in variations of the shear
stress as obtained from Eq. 3.

To investigate the reproducibility error of the
ISEF, three laboratory tests were carried out. For
each test, a new sediment bed was constructed in the
test section of the ISEF. The bed consisted of kaoli-
nite and was formed by sedimentation in still fresh
water. The mean density of the kaolinite bed was in
the order of 350 kg m�3. The water temperature was
about 10ºC.

The current velocity in the ISEF was increased in
steps of 1 h during each experiment. The sediment
concentrations were measured by means of the opti-
cal sensor at 0.05 m above the bed at the end of the
test section.

Fig. 5 shows increasing concentrations as a func-
tion of the flow velocity above the test section. The
results of the three ISEF tests showed similar val-
ues. Initiation of erosion of the kaolinite bed started
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Fig. 5. Reproducibility of three erosion tests performed by the
ISEF, showing an increase in suspended concentration (erosion
of the kaolinite bed) at an increase of the applied current velocity.

around 0.15 m s�1 (0.05 N m�2). Erosion proceeded
under the higher velocities and stresses applied.

The standard deviation of the three ISEF test
results was estimated to be ¾20%. Only at high
stresses (current velocity >0.4 m s�1 or stresses
>0.23 N m�2) did the standard deviation increase to
values >50%. This might be due to the generation
of erosion holes resulting in additional turbulence
above the bed yielding higher variations in stresses.

Cornelisse et al. (1994) found that the areal size
of the test section is crucial for the reproducibility of
the erosion instruments. The spatial variations in the
bed properties and the turbulent stresses are averaged
out when the erodible area is larger. They found a
linear relationship between the standard deviation
of the repeated measurements and the areal surface
which reads as: R D 800ŁA�0:5, based on 13 tests
carried out with four different erosion instruments.
The surface area of the test section of the ISEF
measures 1800 cm2 and the resulting error R is
calculated to be ¾15%, which is in agreement with
the results of the reproducibility test reported above.

5. Erosion of a kaolinite bed

5.1. Introduction

The erosion of a kaolinite sediment bed was de-
termined under laboratory conditions by means of
the ISEF and compared with data from Parchure and
Mehta (1985) and Kuijper et al. (1989). Parchure

and Mehta (1985) have shown that a consolidated
kaolinite bed is generally characterised by a critical
strength against erosion increasing with depth be-
neath the bed surface. In this case, the erosion rate of
a non-homogeneous bed can be represented by the
function:

E D Ef e[
 .−b�−s.z//
0:5] (5)

where E D erosion rate (kg m�2 s�1), Ef D floc
erosion rate (kg m�2 �1), 
 D factor (m N �0.5), −b D
applied bed stress (N m�2) and −s;z D bed strength at
depth z beneath the bed surface (N m�2).

Erosion of the kaolinite bed in the test section of
the ISEF is found as long as the bed-shear stress .−b/

exerted by the current velocity in the ISEF is larger
than the shear strength .−s/ of the top layer of the
kaolinite bed. Erosion of the bed is arrested when
the strength of the newly exposed top layer of the
bed is equal to or overcomes the shear stress applied.
This can be observed from the development of the
sediment concentration in time, as follows: −b > −s

if dc=dt × 0, and −b � −s if dc=dt ³ 0, where
dc is the observed change in suspended sediment
concentration in the ISEF and dt is the change in
time.

5.2. Test procedure

The sediment bed in the test section consisted of
kaolinite and was formed by sedimentation in still
water. The initial concentration was 500 kg m�3. The
initial thickness of the bed was 0.06 m. After 6 days’
consolidation, the kaolinite bed was 0.05 m thick and
the top of the bed was exactly in line with the bottom
plates of the test section.

The density of the kaolinite bed was determined
with a conductivity concentration meter (CCM). The
CCM consisted of four small electrodes, each with
a diameter of 0.3 mm and placed 0.6 mm from
each other. The electrodes measured the change in
resistance for changes in fluid–sediment mixtures.
The height of the measuring volume was 1 mm. To
improve the sensitivity of the instrument, 10 g salt on
5 dm3 water was added during the present calibration
for kaolinite material (Fig. 6).

The suspended sediment concentration in the
ISEF was measured with an optical sensor. The
position of the sensor was fixed at 0.65 m from the



250 E.-J. Houwing, L.C. van Rijn / Journal of Sea Research 39 (1998) 243–253

Fig. 6. The calibration curve for the conductivity concentration
meter (CCM) showing the relationship between the registration
by the CCM (output in V) and the concentration of kaolinite.

entrance of the test section. The measuring volume
was 0.01 m below the cover plate, which was about
0.09 m above the bed surface. During the experi-
ment, the output of the optical sensor was visualised
directly on the computer screen. The calibration
of the optical sensor was based on water samples
pumped during the test procedure.

Current velocity in the ISEF was increased in
steps. First, it was increased until erosion of the bed
was observed. It was then kept constant, maintain-
ing a constant shear stress acting on the sediment
bed (first step). The length of this (and any fol-
lowing) step was defined by erosion of the bed
.−b > −s; dc=dt > 0/ until erosion stopped .−b � −s;
dc=dt D 0/. Subsequently, current velocity was in-
creased anew until erosion was again observed, and
the velocity was kept constant for some time (the
next step).

5.3. Results

The density of the kaolinite bed after consolida-
tion is presented in Fig. 7. The bed density increased
as a function of depth. A good description can be
found by means of the power function:
²

N² D Þzþ (6)

where ² is the concentration (kg m�3) at depth z (m),
N² is the mean depth concentration (514 kg m�3), Þ is
a factor with a value of 2.95 m�1 and þ an exponent
with a value of 0.26 (�).

Fig. 7. Bed-density profiles as function of depth, measured by
the conductivity concentration meter (asterisks). , this
test, calculated with Eq. 6; – – –, from Kuijper et al. (1989); - - -,
from Parchure and Mehta (1985).

Fig. 8. Time course of the sediment concentrations measured
in the ISEF over seven stages (1–7) of erosion with increasing
current velocity.

During the test procedure, seven steps of ero-
sion with increasing sediment concentrations were
established (Fig. 8). The first five steps represented
erosion of the sediment bed as a continuously de-
creasing function with time after an initial rapid
increase. Only at the last two stages did the higher
stresses generate a linear or quasi-linear erosion pat-
tern. Similar findings have been reported by other
authors under laboratory experiments (e.g. Mehta
and Partheniades, 1982; Kuijper et al., 1989) as well
as during in situ field experiments (e.g. Amos et al.,
1992a,b).

The erosion rate as function of the excess shear
stress .−b � −s/

0:5 is shown in Fig. 9. According to
Eq. 5, the coefficients in the erosion rate expression
were calculated to be Ef D 5:8 10�5 (kg m�2 s�1)
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Fig. 9. Erosion rate against the excess shear stress as derived
from time series in Fig. 8. The points denote separate measure-
ments, the line represents Eq. 5, see text.

and 
 D 11 (m N�0.5). The value of the floc ero-
sion rate Ef was an order of magnitude higher than
reported by Parchure and Mehta (1985) and Kuijper
et al. (1989) (Table 3) and may have been due to
differences in the density as function of depth.

Assuming that erosion of the bed is equally dis-
tributed throughout the surface area, the erosion
depth obtained at the end of each erosion step (1–7)
follows from the change in the suspended concen-
tration during each step in combination with the dry
density profile according to Eq. 6. The subsequent
erosion steps (1–7) show an increase in erosion
depth as a function of the shear stress applied with
each step. Connecting the discrete points will give
the shear strength profile (Fig. 10).

The strength profiles as found by Parchure and
Mehta (1985) and Kuijper et al. (1989) show lower
values than the one constructed from the ISEF mea-
surements (Fig. 10). It is commonly accepted that
higher values of bed-shear stress are needed for ero-

Table 3
Values for 
 , the floc erosion rate .Ef/, and the range of the bed density (²), as found in five different studies

Sediment Reference 
 Ef ð 10�6 ²

(m N�0.5) (kg m�2 s�1) (kg m�3)

Kaolinite in salt water Parchure and Mehta (1985) 17.2 2.3 150–400
Kaolinite in fresh water Parchure and Mehta (1985) 18.4 0.8 ?
Kaolinite Dixit (1982) 25.6 1.0 ?
Kaolinite in salt water Kuijper et al. (1989) 12–28 0.3–3.3 150–500
Kaolinite in salt water present study 11 58 275–675

Fig. 10. The bed-shear strength as a function of depth going with
the bed density profiles from Fig. 7. , this test (see text);
– – –, from Kuijper et al. (1989); - - -, from Parchure and Mehta
(1985).

sion of sediment beds with increasing bed densities.
In this respect the higher bed-strength profiles are
most likely related to the observed higher values of
the bed density profiles (see Fig. 7).

6. Conclusions and recommendations

The following conclusions are made:
(1) The bed-shear stress can be computed from

Eq. 4 using the velocity measured at 0.025 m above
the bed with an inaccuracy of about 20%.

(2) The velocity distribution over the depth in
the horizontal section is asymmetrical because of
the presence of the bent upstream of the horizontal
section. An Þ-coefficient is introduced to account for
this effect.

(3) The calibration coefficient (Þ) is related to
the Reynolds number .uŁks=¹/ according to Fig. 4;
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a value of Þ D 0:9 is recommended for the smooth
flow regime.

(4) The laboratory experiments of the ISEF show
realistic results compared to the findings of other
researchers.

(5) The laboratory experiments show that the re-
producibility of the ISEF is reasonably good (within
20%).

(6) The ISEF is a relatively simple instrument for
the determination of the strength of sediment beds.
The results based on the ISEF measurements repre-
sent the minimum shear stress exerted at initiation
of erosion of the bed that will lead to the maximum
shear strength of the top layer of the sediment bed.

It is recommended to measure velocity fluctua-
tions and bed-shear stresses in the near-bed region of
the horizontal section with a hot-film velocity meter
or a laser–Doppler velocity meter in laboratory con-
ditions. This may lead to a more precise description
of the shear stress exerted on the bed.
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