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The initiation movement of mud exposed to currents was investigated experimentally. The initial movement of

Mud mud with different sedimentary densities was determined by measuring the flow velocity and grey level of

Critical flow velocity of erosion

Shear stress of initiation movement of sediment
Grey value

PIV

water’s image synchronously. A new method to determine the initiation movement of mud is provided (i.e., the
method of relative grey value of water’s image in the flume). The experimental results show that the initiation
movement of mud can be classified as slight erosion and chunk erosion. The sediment concentration on a muddy

bed is low for the slight erosion, and the variation in water’s relative grey level is of the order of ~10. The
sediment concentration for the chunk erosion corresponding to a jump in the curve of relative grey value clearly
increases, and the variation in relative grey value at that instant is larger than 20. The critical flow velocity,
critical friction velocity, and critical shear stress of initiation of movement of mud increase with the increase in

deposit density.

1. Introduction

Muddy coasts widely exist in the world, andthe sediment at the
muddy coasts is mainly composed of mud. The initial movement of mud
in the tidal current significantly affects the maintenance of muddy
coasts. The initiation of movement of noncohesive particles has been
widely studied, and this process is relatively well understood [1-5,7].
For cohesionless sediments, the main resistance to erosion is provided
by the submerged weight of sediment. However, in cohesive beds, the
net attractive interparticle surface forces, frictional interlocking of
grain aggregates, and electrochemical forces control the resistance to
erosion and detachment. These forces vary with the type of clay, prior
moisture conditions, type of shear application, and drainage conditions
[6,8]. According to a study [9], the cohesion of soils significantly affects
the deformation. Recently, Perret et al. [10] conducted experiments on
the initiation condition of gravel-silt sediment mixtures; the effects of
fine sediments were evaluated by testing beds with sand, artificial fine
sand, or cohesive silt infiltrated in the gravel matrix.

The main mechanisms that cause the movement of sediment in
flowing water are the velocity of flow, shear and normal stress resulting
from flow turbulence (e.g., [11]). When the hydrodynamic force in a
turbulent flow exceeds the resisting force of a cohesive sediment bed,
the sediment is detached from the bed, and the flowing water becomes
turbid. This stage is characterized by the initiation of erosion [12].
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In the early 1930s, Shields [1] conducted a pioneering study on the
threshold of particle movement and investigated the bed-load move-
ment using similarity principles. Later, many researchers carried out
experiments with sediments of different sizes and mineralogies and
deduced the threshold velocity formula of mud by considering the co-
hesive forces between particles [13-22]. Smerdon and Beasley [17]
conducted experiments in a flume and investigated the relationships
between the shear stress of critical erosion, plasticity index, and dis-
persity. Partheniades [18] presented two modes of cohesive sediment
erosion, i.e., surface erosion and mass erosion. In recent years, biolo-
gical effect on the stabilization of sediment of mud has been studied by
some researchers [23-27]. In these studies, a phenomenon known as
“biostabilization” occurs, defined as “a decrease in sediment erodibility
caused by biological actions” [28].

During the 1980s, Cao and Du [29] used muddy clay with different
porosities to study the relationships between scour rate and shear stress
on the bed. The results reported by Xu [30] show that consolidation
compacting degree is the main factor influencing the critical erosion of
cohesive soil. Kamphuis [31] conducted a series of studies on the ero-
sion of cohesive soil and found that the critical shear stress of erosion is
related to the plasticity index of sediment and the vane shear strength
of sediment. Biological activity also affects the erosion behavior
[32,33], and the erosion resistance increases with organic content [34].
Huang et al. [35] provided a model for the initiation of movement of
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cohesive soil by correlating critical shear stress and shear strength.
Roberts et al. [36] evaluated the effects of particle size and bulk density
on the erosion of quartz particles. They found that cohesive effects
become significant as the particle size decreases. The critical shear
stress depends on the bulk density and particle size.

Jin et al. [37] evaluated the effects of bentonite on the erosion rates
of quartz particles. Lick et al. [38] developed a theoretical description
of initiation of movement of sediments consisting of uniform-size,
quartz particles. Xiao et al. [39] conducted laboratory experiments on
the critical erosion of cohesive clay in a flume and discussed the effect
of wet unit weight of soil on critical erosion. The results reported by
Xiao et al. [39] show that the critical erosion pattern of cohesive clay is
mainly suspension load. Recently, some experimental studies were
conducted to determine the relationship between critical shear stress,
erosion rate, and deposition rate with different mechanical, physical,
electrochemical, and biological soil properties [40,41].

The mode of erosion of cohesive sediment was studied in the past.
For coarse sand-clayey mud mixtures, Muray [42] found that sand
moves as bed load, whereas the fines move as suspension. The visual
observation of erosion processes reported by Kamphuis and Hall [31]
reveals that the size of particles eroding from the bed decreases with the
increase in sand content. At low shear stresses, the finer fraction is
washed out, and at higher shear stresses, the larger grain size material is
eroded. Amos et al. [43] reported two modes of erosion for cohesive
beds: “Type 1”7 erosion with a peak in the erosion rate that rapidly
decreases with time, also known as “benign” erosion; “Type 2” erosion
where a high erosion rate is sustained, also known as “chronic” erosion
of material from the bed.

Currently, some disagreements exist about the criterion of initiation
of movement of mud. Many factors affect this problem: e.g., bulk
density, particle size, size distribution, mineralogy, organic content,
and size of gas bubbles) [36]. Most researchers obtained the friction
velocity on the surface of mud only by measuring the mean flow ve-
locity. In fact, for the same value of mean flow velocity, a different
velocity profile corresponds to a different friction velocity. Moreover,
the criterion of evaluating the initiation of movement of mud is not
quantitative, and most of the existing studies determined the critical
flow velocity of initiation of movement mainly by observation, leading
to great subjectiveness about the results.

In this paper, a PIV velocimeter was used to measure the velocity
profile to determine the friction velocity more precisely. To quantita-
tively determine the initiation of movement of mud, a new method is
provided to determine the initiation of movement of mud by measuring
the grey value of water’s image. In this study, the initiation of move-
ment of mud with different deposition densities in unidirectional cur-
rents was investigated experimentally in a flume. A continuous current
dynamo was used to drive the water pump that changes the flow in the
flume.

2. Experimental details
2.1. Experimental apparatus and method

The experiment was conducted in a flume with a length of 25m,
width of 0.5 m, and height of 0.6 m. An electromagnetic flowmeter was
used to measure the water flux in the flume; the mean flow velocity was
obtained from the water flux. The water level was obtained from the
ruler installed on the side wall of glass. A propeller-type flow meter
installed at the upstream of incoming flow was also used to measure the
flow velocity with an accuracy of 0.1 cm/s. A DC motor was used to
drive the water pump that changes the flow flux of water in the flume,
and the flow velocity is changed correspondingly.

To precisely measure the velocity profile near the bed without dis-
turbing the flow and erosion of soil, a PIV velocimeter, a noncontact
measurement method, was used. The PIV is composed of a continuous
laser, Photron Fastcam SA-1.1 high-speed camera with a resolution of
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1024 x 1024, and data-processing software. The frame frequency of
the camera was 1000 frames per second. Therefore, the accuracy of PIV
can be up to 0.001 m/s, and the space resolution is 1 mm. In the PIV
measurement, the density of tracer particle with a diameter of 15 um is
1.05 g/cm?®; the particle was used before the occurrence of erosion.
When the erosion of mud occurs, another tracer particle, i.e., pollen
with a diameter of 50 um, was used to eliminate the disturbance of mud
particles in the water for the measurement of flow velocity with PIV.

With the increase in flow velocity, the water gradually becomes
turbid. When the erosion of mud occurs, the water becomes clearly
turbid. According to the principle of image processing, an image with
different turbidity has a different grey value. The grey value for pure
white image is 0, and that for pure black image is 255. Therefore, water
at a different flow velocity has the corresponding grey value. The se-
diment concentration in water is small at the initial time, and the grey
value of water’s image is also small (e.g., the grey value of clear water is
almost 0). When much mud is present in the water, then the sediment
concentration in the water is larger, and it also has a higher grey level.
During the test, the image of water at different times was recorded
using a SONY camera, and the grey value of water’s image at any time
can be obtained. The grey value of water’s image at the work section in
the flume was regarded as the reference for each group test when the
flow velocity is zero. The relative grey value of water’s image, i.e., the
difference between the grey value at any time and the reference, can be
also acquired. This helps to estimate the initiation of mud’s movement.

The test section was located at the middle of the flume. The cameras
for PIV and grey value measurement of water’s image were placed at
the side of the flume. The laser device was placed over the flume.
During the initial movement of sediment, the SONY camera recorded
the variation of sediment concentration in the water, providing the grey
value of water’s image by image processing. The schematic of the setup
is shown in Fig. 1.

The flow velocity and grey value of water’s image were measured
simultaneously, and the measuring area obtained by PIV for velocity is
10cm x 10 cm. For each velocity, the acquisition time was 5s to 10,
and more than 1000 frames of velocity field data were obtained using a
high-speed camera during this time. Then, the time-averaged velocity
was computed from those frames of velocity field data. The velocity at
the position 1-2 mm distance from the surface of mud can be measured
using the PIV method.

2.2. Test samples and testing procedure

The mud used in the experiments was sampled from a natural
harbor (i.e., located at the Lianyungang waterway in Jiangsu Province,
China), and the deposit density of in-place mud is 1.400 g/cm>. The
grain density is 2.706 g/cm®, and the mean size of the mud (ds) is
5.12 ym. This indicates that it belongs to cohesive soil. The grain size
distribution curve is shown in Fig. 2.

Before each test, the mud was mixed well and evenly placed along
the bottom of the flume according to the designed density of mud. The
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Fig. 1. Schematic of experimental setup.
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Fig. 3. Variation in deposit density with time.

thickness of mud in the test is 5cm, and the length is 6 m. When the
mud was placed in the flume, considering the soil structure, the test was
conducted after the disturbed mud settled for 24 h. To investigate the
variation in the density of disturbed mud sample with time, some
sample mud was taken from the flume to test the deposit density. The
results of the variation of deposit density with time are shown in Fig. 3.
The figure shows that the deposit density slightly varies when it is
larger than 1.2 g/cm® within 24 h. According to the trend shown in
Fig. 3, the deposit density inspected in the test is well designed, and the
designed deposit density of mud in the experiments is 1.155-1.400 g/
cm?®. The water depth is 10 cm.

In the test, the flow velocity gradually increases from the value of 0.
For each velocity from O to the critical flow of initiation movement of
sediment at an interval, the readings of electromagnetic flow meter and
propeller flow meter were recorded, and the image of water at the work
section was captured using a camera to obtain the grey value of water’s
image. The velocity profile was also measured using PIV. Moreover, the
experimental phenomenon was also visually observed to estimate the
initiation of movement of mud. Six groups of tests were conducted, and
the detail parameters are shown in Table 1.

3. Results and discussion
3.1. Typical characteristics of initiation of movement of mud

The experimental results show that the initiation of movement of
mud can be divided into slight erosion and chunk erosion. The surface
of mud is flat and smooth when the flow velocity is small (Fig. 4a). With
the increase in flow velocity, local erosion occurs at the surface of mud.
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Table 1
Experimental parameters for six groups of tests.

Test No. Water depth Deposit density
H (cm) pc (g/cm®)
1 10 1.155
2 10 1.206
3 10 1.250
4 10 1.303
5 10 1.354
6 10 1.400

Some mud is lacerated from the bed, and a small sheet of mud sheds
from the surface (Fig. 4b). This is defined as slight erosion. The shed-
ding mud enters the water. At this moment, the water becomes turbid,
and the flow velocity reaches up to the critical velocity corresponding
to slight erosion (Fig. 4b). With the continuous increase in flow velo-
city, the surface of mud at several locations is heavily lacerated by the
flowing water (Fig. 4c), and the water becomes more turbid (Fig. 5c).
This is defined as chunk erosion.

Fig. 5 shows the image of water from the initial time to chunk
erosion. The corresponding grey level image of water’s image (Fig. 5) is
shown in Fig. 6. Fig. 6 shows that the grey value near the surface of mud
clearly varies. Therefore, a local region near the surface of mud was
selected to compute the grey value of water’s image, as shown in Fig. 6.
The local region (rectangular block in the figure) was divided into eight
parts, and the grey level value is their average value. The figure shows
that the grey value of water’s image significantly increases with the
development of erosion. During the chunk erosion, the grey value of
water’s image reaches up to the maximum value.

Fig. 7 shows the variation in relative grey value of water’s image
with flow velocity for different deposit densities of mud. The figure
shows that the relative grey value slowly varies when the flow velocity
is small. The relative grey value clearly increases when slight erosion
occurs, and it has a sudden increase during the chunk erosion. Fig. 7
shows that the magnitude of relative grey value has the order of 10 for
slight erosion and more than 20 for chunk erosion.

To verify the correlation between sediment concentration and re-
lative grey value of water’s image, a calibration test was conducted in
the laboratory. At the initial stage, a glass box with a known volume
contains clear water. Then, some mud with known mass was added to
the box at a time interval and mixed well every time. Because the
amount of mud added to the glass box is known, the mass of mud in the
water per cubic meter can be calculated each time. The image of water
with a certain mud content in the glass box is photographed with
camera and the corresponding to the relative grey value of image can be
obtained. Finally, the relationship between sediment concentration and
relative grey value was obtained, as shown in Fig. 8. Almost a linear
relationship exists between the relative grey value of water and sedi-
ment concentration, as shown in Fig. 8. When the relative grey value of
water has the order of ~10, the sediment concentration is about 66 g/
m?>.The calibration curve also shows that the sediment concentration
with a value of about 130 g/m® corresponds to the relative grey value of
20. According to our observation in the flume, when the sediment
concentration is over 130 g/m>, chunk erosion occurs at every place.
Based on the variation in water’s relative grey value with flow velocity
as shown in Fig. 7 and the experimental observation of erosion, the
critical flow velocity of erosion of mud was determined, as shown in
Table 2. Table 2 shows two values for critical flow velocity, critical
friction velocity, and critical shear stress. The upper value (smaller
value) corresponds to the results of slight erosion, whereas the lower
value (larger value) corresponds to those of chunk erosion. The details
of relationship between critical flow velocity and critical friction ve-
locity and shear stress are described in Section 3.2. The critical flow
velocity of slight erosion for p. = 1.155 g/cm® is 17.53 cm/s and for
pe = 1.400 g/cm® is 72.93 cm/s. The critical flow velocity of slight
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(a) initial time for no erosion(top view)

Fig. 4. Typical phenomenon for critical erosion of mud (p.

(b) Slight erosion(top view)

(¢) chunk erosion(top view)

1.206, u = 0.366 m/s).

(a) Image of water at the initial

state (u = 0) (side view)

(b) Image of water for slight

erosion (u=0.252 m/s) (side view)

(c) Image of water for chunk

erosion (u=0.371 m/s) (side view)

Fig. 5. Variation in the image of water with flow velocity.

erosion for p. = 1.400g/cm>® is 4.16 times larger than that for
pe = 1.155 g/cm®. This indicates that the deposit density of mud is a
key factor for the initiation of movement of mud. Table 2 shows that the
critical flow velocity for chunk erosion is 1.2-1.4 times larger than that
for slight erosion. The critical flow velocity for chunk erosion for
1.400 g/cm?® is up to 94.65 cm/s.

The initiation of movement of mud is mainly related to the density
of particle, diameter of particle, particle-size distribution, and mineral
gradient. In general, the deposit density of mud reflects the effects of
the above mentioned factors. Fig. 9 shows the relationship between
relative deposit density ((o,—p)/p) and flow velocity of initiation of
mud’s movement (U,). p is the mass density of water in the environ-
ment, and its value is 1.0105 g/cm®. The figure shows that the deposit
density of mud significantly affects the initiation of movement of mud.
With the increase in deposit density of mud, the flow velocity of in-
itiation of movement of mud also increases. Based on Fig. 9, the em-
pirical relationship between them can be written as follows:

. —p
Uy = 249.79(% "2 2132
¢ p )}

U, = 303.19(% =P _20.53
o (2)

where U, is the critical flow velocity for slight erosion, and U, is the
critical flow velocity for chunk erosion.
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Fig. 7. Variation in water’s grey value with flow velocity during critical ero-
sion.

3.2. Friction velocity and shear stress of initiation of movement of mud

Fig. 10 shows the typical flow velocity field on the surface of mud
measured by PIV. For the measurement of flow velocity, the origin of
coordinate is located at the surface of mud, and the X axis is along the
flow direction. Because of the good performance of PIV, the flow

(a)Grey level image of water at

initial time (u=0)

(b) Grey level image of water for slight

erosion (u =0.239 m/s)

(c) Grey level image of water for

chunk erosion (u = 0.366 m/s)

Fig. 6. Variation in the grey level image of water with flow velocity (side view).
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velocity at the location 1-2 mm distance from the surface of mud can be
measured, i.e., the flow velocity at the transition region of turbulent
boundary layer can be directly measured. Notably, the color at the far
left side of the image shown in Fig. 10 is the noise; therefore, the ve-
locity at the middle of region in Fig. 10, i.e., x = 40, was used in this
study. According to the velocity field measured by PIV, the flow velo-
city profile along the vertical direction can be obtained, and the typical
profile is shown in Fig. 11. The velocity profile at logarithmic co-
ordinate is shown in Fig. 12. The velocity profile near the wall region is
clearly observed.

According to the open channel turbulence theory [44,45], the ver-
tical time-averaged velocity distribution near the wall layer (0 < y/
H < 0.2, H is the water depth in the open channel, y is the vertical
coordinate with the origin of coordinate set at the bottom) can be ex-
pressed as follows:

Viscous sublayer ut = y*, y* < 5

3)

Turbulence logarithmic layer u™ = 2.5Iny* + 5.5, y* > 30 (©)]

Uy _
— o Us =

+— T+
where u =Y -

%W , I is the time-averaged velocity, u- is
the friction velocity, v is the kinematic viscous coefficient, t, is the fluid
shear stress at the wall. At the turbulent zone near the wall, the re-
lationship between time-averaged velocity (1) and the distance from the
wall is a logarithmic function. According to Eq. (4), the slope rate of
fitted straight line is equal to 2.5 us. Then, the friction velocity (u+) can
be deduced, and the shear stress on the mud bed (7,) is also computed.
Table 2 shows the results of u: and 7,. The relationships between re-
lative deposit density, critical friction velocity of erosion, and critical
shear stress of erosion are shown in Figs. 13 and 14. Table 2 and
Figs. 13 and 14 show that the critical friction velocity of erosion for the
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Fig. 10. Typical distribution of flow velocity field (measured by PIV).

deposit density used in this study is between 0.87 cm/s and 3.64 cm/s
for slight erosion, and 1.16 cm/s and 4.73 cm/s for chunk erosion. The
critical shear stress of erosion in this study is between 0.076 Pa and
1.340 Pa for slight erosion and 0.136 Pa and 2.261 Pa for chunk erosion.
Both the critical friction velocity and critical shear stress of erosion
increase with the increase in relative deposit density, as shown in
Figs. 13 and 14.

Table 2
Test data for critical erosion of mud.
No. Deposit density Critical flow velocity for erosion Critical friction flow velocity of erosion Critical shear stress of erosion remark
pe/(g/cm®) U/(cm/s) u./(cm/s) Te/(N/m?)
1 1.400 72.93 3.642 1.340 For slight erosion
94.65 4.730 2.261 For chunk erosion
2 1.354 67.50 3.375 1.151 For slight erosion
82.05 4.110 1.707 For chunk erosion
3 1.303 51.78 2.586 0.676 For slight erosion
72.30 3.620 1.324 For chunk erosion
4 1.250 34.82 1.740 0.306 For slight erosion
49.00 2.45 0.607 For chunk erosion
5 1.206 23.93 1.190 0.143 For slight erosion
36.63 1.830 0.338 For chunk erosion
6 1.155 17.53 0.870 0.076 For slight erosion
23.35 1.16 0.136 For chunk erosion
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4. Comparison with the previous studies

Fig. 15 shows a comparison between the present experimental re-
sults and those obtained by Hong and Ying [46], Xiao et al. [39],Yang
and Wang [47], and Jiang et al. [48]. The mean grain sizes of dso =
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Fig. 16. Comparison with previous results.

0.0066 mm and 0.0073 mm were used by Jiang et al. [48], and the
mean grain size of dso = 0.005 mm was used by Hong and Ying [46].
All the water depths are similar except for that reported by Xiao et al.
[39]. The figure shows a relatively good consistency among the results
for the case of smaller deposit density (i.e., p, < 1.25 g/cm®). However,
when the value of p, is larger than 1.25 g/cm?, there are some differ-
ences between the results obtained in the present study and Jiang et al.
[48]. For the case of a larger deposit density (o, > 1.25 g/cm?®), the flow
velocity of critical erosion reported by our study is larger than those
reported by Jiang et al. [48],Yang and Wang [47], and Xiao et al. [39].
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The causes of difference between the results in the present study and
those reported by Jiang et al. [48], Yang and Wang [47], and Xiao et al.
[39] can be attributed to the difference of assessment criterion, con-
solidated statement, composition of soil, etc. The abovementioned
analysis shows that complex factors affect the critical flow velocity of
erosion when the deposit density is larger than 1.25 g/cm?®, and a larger
diversity exists among the existing studies.

The results on the critical shear stress of erosion versus deposit
density obtained in the present study, Roberts et al. [36], and Bale et al.
[49] are plotted in Fig. 16. The data reported by Bale et al. [49] ori-
ginates from the field measurement at the Tamar Estuary in UK. The
figure shows the same trend on the variation of critical shear stress of
erosion with deposit density of mud in the results reported in the pre-
sent study and Roberts et al. [36], i.e., the critical shear stress of erosion
increases with increasing deposit density of mud, but the magnitude of
critical shear stress at the same deposit density of mud is different. The
critical shear stress of erosion slightly changes with the deposit density
of mud in the results reported by Bale et al. [49]. The true causes about
the results reported by Bale et al. [49] were not revealed well. In our
opinion, the criterion for the initiation of movement of mud is mainly
qualitative, leading to a large deviation of the experimental data. The
quantitative criterion to determine the initiation of movement of mud
should be urgently studied. The method of relative grey value of water’s
image in the flume to determine the initiation movement of silt pro-
vided in this paper may contribute to this problem. A continuous study
to verify this method should be conducted further.

5. Summary and concluding remarks

The initiation of movement of mixed mud sampled from a natural
harbor (i.e., located at the Lianyungang waterway in Jiangsu Province,
China) under the action of current was investigated experimentally. The
initiation of movement of mud in unidirectional currents was de-
termined using a new method of grey value of water’s image in the
flume. The flow velocity was measured using a PIV velocimeter. Some
different characteristics about the initiation of movement of mud were
investigated. Some conclusions are summarized as follows:

1) In this study, a new method, i.e., grey value of water’s image
method, to determine the initiation of movement of mud exposed to
unidirectional currents is provided, and it was validated for esti-
mating the initiation of movement of mud.

2) The initiation of movement of mud in currents can be classified as
slight erosion and chunk erosion. The sediment concentration on the
muddy bed is low for slight erosion, and the variation in grey value
of water’s image is the order of ~10 at that moment. The rate of
chunk erosion corresponding to a jump in the curve of grey value of
water’s image clearly increases, and the variation in grey value is
usually larger than the order of 20 at that moment.

3) The critical flow velocity of slight erosion for deposit density
pe = 1.155-1.400 g/cm?® is in the range of 17.53-72.93 cm/s, and
that of chunk erosion is in the range of 23.35-94.65 cm/s. The re-
lationship between critical flow velocity and deposit density can be

follows: Ug= 249.79(%)—21.32 and

expressed as

I

Us = 303.19(% =P _2053.

4) The critical fricfion velocity of erosion for the deposit density used
in this study is between 0.87 cm/s and 3.64 cm/s for slight erosion,
and between 1.16 cm/s and 4.73 cm/s for chunk erosion. The cri-
tical shear stress of erosion in this study is between 0.076 N/m? and
1.340N/m? for slight erosion, and between 0.136 N/m? and
2.261 N/m? for chunk erosion. They can be calculated using the
channel turbulence theory.

5) The critical flow velocity, critical friction velocity, and critical shear
stress of initiation of movement of mud increase with the increase in
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deposit density.

Because of the complexity of this problem, many factors affect the
initiation of movement of sediment. Only the deposit density of mud
was considered in this study, and other factors (e.g., mineral gradient,
organic gradient, cohesion of soil) should be investigated in detail. If
our results will be referred in other places, the conditions may be in the
range of 1.155g/cm® < pc < 1.400 g/cm®, and the mean size of mud
(dsp) is 5.12 um. The quantitative criterion to determine the initiation
of movement of mud should be urgently studied. The method of relative
grey value of water’s image in the flume to determine the initiation
movement of silt provided in this paper may contribute to this problem.
A continuous study to verify this method will be conducted further.
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