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Abstract
Purpose Incipient motion plays an instrumental role in under-
standing various aspects of sediment transport, such as river
bed aggradation and degradation, channel design, bank ero-
sion, scour around bridge piers, and water quality issues.
Materials and methods Experiments were conducted to study
the incipient motion of gravel particles in three types of bed
material, i.e., gravels only, silt-gravel mixture, and clay-silt-
gravel mixture. The clay content varied from 10 to 50% in the
clay-silt-gravel mixture while silt and gravel were in equal
proportion by weight. Samples were taken out from the pre-
pared cohesive bed for the determination of their bulk density,
unconfined compressive strength, and water content. The in-
cipient motion was observed visually, which corresponded to
the beginning of movement of gravel particles in the mixture.
The shear stress corresponding to incipient motion was com-
puted using measured flow depth and slope of water surface.
The physical appearance of the top layer of cohesive bed was
observed visually at the end of experiment.
Results and discussion The effects of clay content, water con-
tent, unconfined compressive strength, and bulk density of the
mixture on the critical shear stress were investigated using the
data collected in this study on clay-silt-gravel mixture along
with the data from previous studies. A relationship is proposed

for the computation of critical shear stress of gravel particles
in the cohesive mixtures. The physical appearance of the top
surface of the bed for clay-silt-gravel mixture has also been
investigated with varying percentages of clay content in the
mixture.
Conclusions High clay percentage significantly increased the
critical shear stress. The presence of silt lowers the critical
shear stress especially when there is low clay content (up to
20%) in the mixture. The clay content along with the bulk
density was found to be the dominant parameters that affect
the incipient motion of the gravel particles in the cohesive
mixtures. The proposed relationship for critical shear stress
was found to be in good agreement with the observed ones.

Keywords Bulk density . Clay-silt-gravel . Critical shear
stress . Incipient motion . Scour

1 Introduction

Incipient motion refers to a flow condition at which sediment
present in the channel bed begins to move. The study of in-
cipient motion plays an instrumental role in understanding the
various aspects of sediment transport, such as river bed aggra-
dation and degradation, stable channel design, stream bank
erosion, scour around bridge piers, water quality issues, and
effects of fine sediment on aquatic life. Studies on incipient
motion are widely categorized in two parts, i.e., one for cohe-
sionless sediment and another for cohesive sediment. The
criteria for incipient motion of uniform cohesionless sediment
have been well established and studied by several authors
(Shields 1936; Iwagaki 1956; Yang 1973; Yalin and
Karahan 1979). Shields curve (1936) has been widely used
for the computation of critical shear stress of uniform cohe-
sionless sediment. Brownlie (1981) presented a revised
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Shields curve and proposed an expression for the computation
of dimensionless critical shear stress that can be expressed as

τ*cc ¼ 0:22Y þ 0:06 10ð Þ−7:7Y ð1Þ
where

Y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρs−ρð Þgd3=ρν2

q� �−0:6

ð2Þ

Here, τ∗cc is the dimensionless critical shear stress for the
cohesionless sediment; ρs and ρ are the particle and fluid den-
sities (kg m−3), respectively; g is the gravitational acceleration
(m s−2); d is the arithmetic mean size of the cohesionless
sediment (m); and ν is kinematic viscosity (m2 s−1).

Yalin (1977) favors the method of visual observation for
identification of incipient motion as he stated that BIn practice
one has no alternative but to identify the beginning of sedi-
ment transport with the sediment transport itself.^ He present-
ed the following mathematical expression for incipient motion
for uniform cohesionless sediment:

ε ¼ m
ΩT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρd550;g
ρsg

 !vuut ð3Þ

where m is the number of particle detachment observed, T is
the time duration of observation, Ω is the surface area of
mobile bed, and d50, g is the d50 of gravel particle. For incipient
condition, ε > 0 and should have a constant value. In the pres-
ent study, m is taken as the mass (in newtons) of detached
particles in place of the number of particles detached for the
computation of ε.

Various studies have investigated non-uniform cohesion-
less sediments (Parker et al. 1982; Bridge and Bennett 1992;
Patel and RangaRaju 1999;Wu et al. 2000; Aberle and Nikora
2006; Gaucher et al. 2010). Incipient motion of the non-
uniform sediment is complex compared to that of the uniform
cohesionless sediment as the movement of particles in a non-
uniform sediment mixture is characterized by their unequal
mobility especially when the mixture comprises of fine to
coarse sediment like silt-gravel. The unequal mobility of par-
ticles has been analyzed as the fraction-wise movement of
particles present in the sediment mixture (Kuhnle 1993;
Patel and RangaRaju 1996; Dong 2007).

River bed is often consists of a mixture of cohesive as well
as cohesionless materials. Singh et al. (2007) reported that the
Ganga river bed is consisted of sediment having clay, silt,
sand, and gravel. Jain (2008) reported the presence of clay,
sand, and gravel mixture on the bank of the river Ganga at
Rishikesh, India. The erosion characteristic of cohesive sedi-
ment is significantly different from cohesionless sediment due
to dominancy of physio-chemical properties of the cohesive
sediment (Kothyari and Jain 2010). On mixing the cohesion-
less sediment with cohesive sediment, the resulting mixture

possesses a certain amount of cohesive property (Mitchener
and Torfs 1996; Kothyari and Jain 2010); therefore, that is
treated as a cohesive sediment mixture.

In the past, several experimental studies have been con-
ducted on incipient motion for different cohesive sediment
mixtures like clay-sand, clay-silt-sand, clay-gravel, and
clay-sand-gravel (Kamphuis and Hall 1983; Mitchener
and Torfs 1996; Ansari et al. 2007; Kothyari and Jain
2008; Ahmad et al. 2011; Ikari and Kopf 2011). Based on
the experimental study on cohesive mixture of clay-silt-
sand, Kamphuis and Hall (1983) concluded that the critical
shear stress increases linearly with unconfined compres-
sive strength. They reported higher resistance of channel
bed against erosion for higher clay content and plasticity
index. Mitchener and Torfs (1996) reported that the bulk
density of mud-sand cohesive mixture increases with an
increase in clay content. Kothyari and Jain (2008) conduct-
ed the experimental study on incipient motion for a cohe-
sive mixture of clay-gravel and clay-sand-gravel in which
clay content was varied from 10 to 50%. They concluded
that the critical shear stress increases with an increase of
clay content and unconfined compressive strength while
decreases with an increase of void ratio. Dong (2007)
pointed out that the incipient motion for gravel-silt mixture
has different behaviors than that for gravel-sand mixture
when compared with the Shields curve. The presence of
silt in the mixture may result in significant changes in
critical shear stress when compared with a silt-free mix-
ture. Kothyari and Jain (2008) reported the incipient mo-
tion for the cohesive sediment mixture of clay-gravel. The
presence of silt with gravel particles in cohesive mixture
has not been studied so far. The present study focuses on
the incipient motion for gravel particles in the mixture of
clay-silt-gravel. An attempt has been made to develop a
relation to compute the critical shear stress of gravel parti-
cles in cohesive sediment mixture.

To investigate the effect of clay percentage present in the
mixture, the critical shear stress has been compared with the
cohesionless sediment having same mean size as that of co-
hesive sediment mixture. Dimensionless critical shear stress
and unconfined compressive strength for cohesive sediment
mixture has been computed as

τ*cc ¼ τ cc= ρs−ρð Þgda ð4Þ
UCS* ¼ UCS= ρs−ρð Þgda ð5Þ
da ¼ ∑ d50Pð Þ=∑P ð6Þ
Here, τ∗cc is the dimensionless critical shear stress of cohesive
sediment mixture, τcc is the critical shear stress of cohesive
sediment mixture (N m−2), UCS is the unconfined compres-
sive strength of cohesive sediment mixture (N m−2), UCS∗ is
the dimensionless UCS, da is the arithmetic mean size of the
cohesive sediment mixture (m), d50 is the sediment size (m)
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such that 50% of material is finer than that size by dry weight,
and P is the percentage of the individual sediment in the sed-
iment mixture.

The sensitivity analysis has been carried out using statisti-
cal parameters of correlation coefficient (r), root mean square
error (RMSE), mean absolute percentage of error (MAPE),
BIAS, and scatter index (SI) as per following equations
(Najafzadeh and Lim 2015):

r ¼
∑
N

i¼1
Y i Actualð Þ−Y Actualð Þ
� �

Y i Modelð Þ−Y Modelð Þ
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i¼1
Y i Actualð Þ−Y Actualð Þ
� �2

∑
N

i¼1
Y i Actualð Þ−Y Actualð Þ
� �2s ð7Þ

RMSE ¼
∑
N

i¼1
Y i Modelð Þ−Y i Actualð Þ
� �2

N

2
664

3
775

1=2

ð8Þ

MAPE ¼ 1

N

∑
N

i¼1
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∑
N
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Y i Actualð Þ

� 100
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BIAS ¼
∑
N

i¼1
Y i Modelð Þ−Y i Actualð Þ
� �

N
ð10Þ

SI ¼ RMSE

1=Nð Þ ∑
N

i¼1
Y i Actualð Þ

ð11Þ

2 Experimental set-up and observations

Experiments were conducted on a tilting flume having 16 m
length, 0.75 m width, and 0.50 m depth in the Hydraulic
Engineering Laboratory, Civil Engineering Department,
Indian Institute of Technology Roorkee, Roorkee, India. The
channel had a test section of 6.0 m length, 0.75 m width, and
0.18 m depth and located at a distance of 7.0 m from the
channel entrance. The median size (d50) of clay, silt, and grav-
el in the mixture was 0.014, 0.062, and 5.50 mm, respectively,
as illustrated in Fig. 1, and the geometric standard deviations
were 2.06, 1.18, and 1.31, respectively. Clay used in the pres-
ent study is classified as lean clay according to the Unified
Soil Classification System (ASTM D2487 2011). The geo-
metric standard deviation was computed as 0.5[(d84/d50) +
(d50/d16)] (Garde and RangaRaju 2000), where d84, d50, and
d16 are the sediment size such that 84, 50, and 16% of material
are finer than those of the size by weight, respectively. Various
properties of the clay used in the present study are given in
Table 1.

The incoming flow in the flumewas regulated with the help
of a valve fitted in the supply. The dischargemeasurement was
done volumetrically using a tank provided at the end of the
flume. A rectangular trap, which was placed at the end of the
flume just after the tail gate, was used for the collection of the
bed load. A two-dimensional bed-level profiler having a res-
olution of 1.0 mm was used to measure the profile of the
channel bed. The water surface profile was measured with
the help of a point gauge having the least count of 0.10 mm.
Bed and water surface profile measurements were taken at a
longitudinal spacing of 0.50 m along the center line of the
flume.

In the mixtures of clay-silt-gravel, the percentage of clay
was varied from 10 to 50% on weight basis while the other
sediments (i.e., silt and gravel) were taken in equal propor-
tions. Channel bed in the test section was prepared by taking
dry weight of sediment as per proportions and then manually
mixed together with water. After mixing, the sediment was
covered with polythene and left for 24 h for uniform moisture
distribution and finally filled in the test section and compacted
in three equal layers. Each layer was compacted by passing a
cylindrical roller over it having a weight equal to 400 N while
the sides of channel were compacted by a hand rammer hav-
ing rectangular bottom. Bed preparation has been done under
control condition by allowing the equal number of passes (ten
passes, i.e., five rounds) of cylindrical roller over the test sec-
tion in each layer. Extra sediments were chiseled off using a
sharp-edge large knife after compacting all the three layers,
and finally, the prepared cohesive bed was left for about 16 h
in order to achieve the cohesive bonding between the cohesive
and non-cohesivematrices. Figure 2a shows the preparation of
cohesive mixture while Fig. 2b shows the prepared cohesive
bed. Samples were taken out from the downstream section of
prepared cohesive bed for the determination of bulk density,
unconfined compressive strength, and water content. After
taking the sample, the hole was filled and hammered in order
to maintain the prepared cohesive bed. Before the beginning
of the experimental run, bed was saturated for 24 h in order to
achieve the field’s condition (Jain 2008). For all the experi-
mental runs, the sediment beds were prepared afresh. The
water content of the sample was computed as per an oven-
dry method. The bulk density was computed as per a standard
core cutter method (IS 1975). Void ratio has been computed
with the help of bulk density. The unconfined compressive
strength of the sample was measured in the laboratory with
the help of unconfined compression test apparatus as shown in
Fig. 3.

The incipient motion condition of gravel particles was de-
termined in a clay-silt-gravel mixture bed, gravel bed, and silt-
gravel mixture bed. Initially, the experiment was conducted
for gravel bed only, then silt was mixed with gravel particles in
equal proportion and incipient motion was investigated for
gravel particles. After that, the experiment on incipient motion
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of gravel particles was conducted for the cohesive mixture of
clay-silt-gravel in which clay content was varied from 10 to
50% by weight.

3 Incipient motion

After channel bed preparation, initially low discharge was
allowed in the flume and uniform flow was maintained by
operating the tail gate. Then, a small increment in the dis-
charge was allowed and the sediment bed was observed visu-
ally during the process in order to examine the detachment of
the gravel particles. The flow condition, at which the detach-
ment of gravel particles begins, was treated as the incipient
motion condition. At this flow condition, measurement of dis-
charge, water surface profile, and bed surface profile were
taken. Visual observation method to identify incipient motion
condition has been adopted earlier by Kothyari and Jain
(2008). The mean velocity of flow was computed using mea-
sured discharge and flow depth. Flow depth was computed as

an average of differences between the measured bed and water
surface profiles at the middle of each section. The shear stress,
corresponding to incipient motion, was computed using the
measured flow depth and slope of water surface.

Appearance of the top surface of the bed was analyzed
visually after the end of incipient motion for each run. It was
noticed that the appearance of the top surface of bed varied
with the percentage of the clay in the sediment mixture of
clay-silt-gravel. For low clay content (i.e., up to 20%), the fine
particles (i.e., silt and clay) went into suspension and washed
away along with the flow, leaving the coarser (i.e., gravel)
particles on the top surface of the bed. This may be attributed
to high silt content and low clay content in the sediment mix-
ture which might not be able to bind the sediment particles
together and resulted in rapid suspension of fine (clay and silt)
particles. The appearance of gravel particles on the top surface
of the bed was less dominating as clay percentage increases
from 10 to 50% as illustrated in Fig. 4. An increase in clay
percentage from 20 to 30% in the mixture resulted in a stron-
ger bond among the particles. Patterns of line and mass
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Fig. 1 Size distribution of
sediments

Table 1 Clay properties
Clay properties Value Method used

Liquid limit 38.90% Casagrande apparatus

Plastic limit 19.90% By making threads of 3.00 mm dia.

Plasticity index 19.00% = (Liquid limit − Plastic limit)

Maximum dry density 1.70 g cm−1 Standard proctor compaction test
Optimum moisture content 18.00%

Cohesion 28.59 kN m−2 Triaxial shear test
Angle of internal friction 31.8°

Relative density 2.60 Pycnometer test

Clay mineralogy Kaolinite 78% X-ray diffraction test
Illite 17%

Montmorillonite 5%
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erosions were noticed in few runs with 20 and 30% clay con-
tent, respectively, in the mixture of clay-silt-gravel. However,
it was observed that line erosion was dominant in case of 30%
clay content and mass erosion in case of 40–50% clay content
in the mixture. For the clay percentage of 40 and 50%, it was
observed that particles were eroded in the form of bunch or
chunks as the bonding between the particles was much stron-
ger due to the cohesive nature of the clay particles. Mass
erosion was prominent upstream of the test section. The

physical appearances of the top surface of the eroded bed for
different clay contents are shown in Fig. 4a–d for illustration.

A visual observation method to identify the incipient mo-
tion condition has been adopted in the present study as per
Kothyari and Jain (2008) along with Yalin (1977) criteria of
incipient motion. As per Yalin (1977) criteria, parameter (ε)
(in Eq. (3)) should have a constant value for each experimental

run and, to achieve this, the three parameters (i.e., Ω=d250;g
� �

,

T
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρsg=ρd50;g

p� �
, and (m)) should be constant for each exper-

imental run. The first two parameters have constant values of
148,760.3 and 82,500.6, respectively, for all experiments in
the present study, and the third parameter (i.e., the mass pa-
rameter (m)) varied in a close interval of 0.9 to 1.98. Hence,
the Yalin parameter (ε) has nearly the constant value in a close
interval of 7.35 × 10−11 to 16.15 × 10−11 which indicates that
the present study follows the Yalin criteria for incipient
motion.

4 Results and discussion

4.1 Parameters affecting incipient motion

The probable parameters that influence critical shear stress of
particles in the cohesive sediment mixture are clay content
(Pc), ratio of water content to optimum water content (W/
Wp), dimensionless unconfined compressive strength
(UCS∗), and dimensionless bulk density (ρb/ρ). Variations of
these parameters with τ∗cc are shown in Figs. 5, 6, 7, and 8,
respectively. The data of the present study on clay-silt-gravel
mixture along with the data of Kothyari and Jain (2008) on
clay-gravel mixture have been used in this study. The range of
parameters is given in Table 2.

Figure 5 shows that the value of τ∗cc increases with the
increase of clay content from 10 to 50% for the mixtures of
clay-gravel and clay-silt-gravel. An increase of clay percent-
age in the sediment mixture makes the stronger bond among
the sediments present in the mixture due to its dominating
physio-chemical properties and resulted in high erosion resis-
tance against the flow that leads to a higher value of critical
shear stress. Dimensionless critical shear stress is noticed to be
higher in magnitude for clay-gravel mixture when compared
with clay-silt-gravel mixture for 10–30% of clay content in
their mixture. However, for higher clay content (i.e., 40–
50%), the dimensionless critical shear stress for clay-silt-
gravel mixture is higher than that of clay-gravel mixture,
which may be attributed to the weight of larger size of gravel
(5.5 mm) in clay-silt-gravel mixture than that of gravel size
(3.1 mm) in clay-gravel mixture. However, a low value of τ∗cc
for clay-silt-gravel mixture than that of clay-gravel mixture
(for 10–30% clay) may be attributed to high silt content in
the clay-silt-gravel mixture.

Fig. 3 Sample before and after the test in the unconfined compression
test apparatus

Fig. 2 a Mixture preparation and b prepared channel bed for clay-silt-
gravel mixture
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The water content of sediment mixtures in respect to the
ratio of water content (W) to optimum water content (Wp)
plays a significant role in the detachment of soil particles from
the channel bed. For low water content (i.e., [(W/Wp) < 1]),
attractive forces are dominant among the soil particles that
result in the detachment of soil particles in flocculated struc-
tures, however; in case of high water content (i.e., [(W/Wp) >
1]), repulsive forces increase that leads to orientation of

particle into dispersed structure (Shroff and Shah 2003).
Figure 6 shows a plot between τ∗cc and W/Wp for the clay-
silt-gravel mixture for varying clay contents of 10 to 50%
which indicates high critical shear stress for high clay content
mixture havingW/Wp close to unity or less. It is also clear that
W/Wp is less than unity for most of the data points having high
clay content (40–50%) in the sediment mixture and greater
than unity for low clay content (10–20%) in the mixture.

Fig. 4 a–d Physical appearance
of the top surface of bed after the
incipient motion runs for clay-silt-
gravel mixture
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Fig. 5 Variation of τ*cc with
clay percentage in fraction
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This may be caused to flocculate and dispersion structure of
soil for high and low clay content in the mixture, respectively.
Figure 6 depicts low and high critical shear stress for the same
range of W/Wp at 0.8–1.0 which attributed to the variation of
clay content in the mixture. High clay content in the mixture
provides higher strength to bed, and it leads to higher critical
shear stress.

UCS test has been conducted for the compactness of cohe-
sive bed. A plot between τ∗cc and UCS∗ is shown in Fig. 7
which depicts that τ∗cc increases with the increase of UCS

∗ for
both the mixtures, i.e., clay-silt-gravel and clay-gravel. It has
been noticed that UCS increases with the increase of clay
percentage. High clay content enhances compactness of the
cohesive bed and becomes highly resistive against load failure
which resulted in a higher value of UCS.

Figure 8 reveals that τ∗cc increases with an increase of bulk
density. For the same clay percentage, bulk density for clay-
gravel mixture is higher than that of clay-silt-gravel mixture

especially for the 10 to 30% of clay content in the mixture. It
may be attributed to the presence of higher silt content. Noted
that both UCS and water content affect the bulk density.

Void ratio is an alternate parameter for bulk density that
affects the bonding among the particles in the sediment mix-
ture. Figure 9 shows the data for void ratio for the clay-silt-
gravel mixture of the present study along with the data for the
clay-gravel mixture of Kothyari and Jain (2008) to illustrate
the effect of the presence of silt in the cohesive mixture. A
higher value of void ratio for clay-silt-gravel mixture than that
of clay-gravel mixture as illustrated in Fig. 9 leads to a weaker
bond among the particles for clay-silt-gravel mixture. The data
on compressive strength of different sediment beds in terms of
unconfined compressive strength are illustrated in Fig. 9
which indicate an increase of strength of bed with the increase
of clay content in the mixture.

It may be concluded that clay content, water content, and
compaction are the main factors that govern the incipient
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motion; however, the effect of clay content is more pro-
nounced. As water content in the mixture and UCS govern
the bulk density, it is appropriate to consider clay content and
bulk density as governing parameters for the incipient motion
of cohesive mixture in addition to the sediment size.

4.2 Effect of clay and silt contents on incipient motion

Effect of clay content and sediment size on incipient motion
was analyzed by plotting the dimensionless critical shear
stress (τ∗cc) and particle Reynolds number (R∗) on the revised
Shields curve (Brownlie 1981) as shown in Fig. 10.
Approximation of Shields curve as per Cao et al. (2006) has
also been included in Fig. 10 which is close to Brownlie
(1981) especially for high-particle Reynolds number.

Buffington and Montgomery (1997) reviewed the eight-
decade data on incipient motion for gravel-bedded river and
reported the range of dimensionless critical shear stress as
0.030–0.073 for visually based study of incipient motion of
gravel particles. Rouse (1939) reported the dimensionless crit-
ical shear stress for gravel bed as 0.056 (Bunte et al. 2010). In
the present experimental study, dimensionless critical shear
stress in pure gravel was observed in the range of 0.05–

0.052 which is very close to the Shields value as per revised
Shields curve (Brownlie 1981) as well as in good match with
the other studies, i.e., Rouse (1939) and Buffington and
Montgomery (1997).

The value of τ∗cc for gravel in clay-gravel mixture lies
above the revised Shields curve while, for only gravel bed,
τ∗cc lies close to the revised Shields curve. This may be due to
the presence of clay which makes the cohesive bond between
particles and causes more resistance of sediment movement
against the flow.

Investigation of incipient motion of gravel in gravel bed
and silt-gravel bed indicates that the presence of silt in the
gravel decreases the critical tractive shear stress as illustrated
in Fig. 10. This is attributed to exposure of gravel particles
due to dislodging of silt at low tractive shear stress.

The addition of clay with silt-gravel mixture has been an-
alyzed for incipient motion of gravel particles by plotting the
value of τ∗cc for clay-silt-gravel mixture on the revised Shields
curve (Fig. 10). It can be noticed that the dimensionless critical
shear stress for silt-gravel mixture lies below the revised
Shields curve and even below the 10% of clay content in the
mixture of clay-silt-gravel which may be attributed to higher
silt content and no clay content in the mixture.
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Table 2 Range of parameters for incipient motion

Study Sediment
mixture

Clay % Arithmetic mean
size (μm)

Mean flow
depth (m)

Mean flow
velocity (m s−1)

Water surface
slope (−)

Dimensionless
critical shear stress (−)

Present study Gravel 0 5500 0.070–0.097 0.816–0.884 0.0051–0.0085 0.05–0.052

Silt-gravel 0 2781 0.024–0.025 0.364–0.398 0.0077–0.0105 0.028–0.034

Clay-silt-gravel 10–50 1397.5–2504.3 0.023–0.059 0.306–0.902 0.0045–0.0123 0.032–0.16

Kothyari and Jain (2008) Clay-gravel 10–50 1552–2790.4 0.028–0.15 0.526–0.848 0.0023–0.0098 0.049–0.12
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The presence of silt has also been analyzed by comparing
the value of τ∗cc for clay-silt-gravel mixture against the mix-
ture of clay-gravel. It can be seen that all data of Kothyari and
Jain (2008) lie above the revised Shields curve (Fig. 10) for
clay-gravel mixture. However, the value of τ∗cc for clay-silt-
gravel mixture lies above the revised Shields curve for clay
content of 30 to 50% while the values of τ∗cc for 10 and 20%
clay content lies below the revised Shields curve. This is be-
cause of not achieving the proper compaction level due to
higher silt content and low clay content in the mixture which

leads to dislodging of fine particles along with the flow and
resulted in exposure of gravel particles, and it causes lower
critical shear stress. Due to the weak bond among the particles
under the high silt and low clay content (for 10 and 20% clay
content) in the clay-silt-gravel mixture, the fine particles (clay
and silt) move early, followed by gravel particles. The early
movement of the fine particles disturbs the position of gravel
particles as the gravel particles are surrounded by the fine parti-
cles which leads to the movement of gravel particles at less shear
stress compared to the revised Shields curve. It may be
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concluded that the presence of silt has a significant impact on the
incipient motion of gravel particles present in sediment mixture
especially when there is low clay content in the mixture.

4.3 Relationship for critical shear stress

A relationship has been developed for the computation of
critical shear stress for the gravel particles present in the co-
hesive mixtures. The following variables are considered as a
function of critical shear stress of gravel particles

τ cc ¼ f τ cm;Pc;Ps; ρb; ρð Þ ð12Þ
τ cm ¼ τ*cm ρs−ρð Þgda ð13Þ
Here, τcm is the critical shear stress (N m−2) for the cohesion-
less sediment, Pc is the clay content in fraction, Ps is the silt
content in fraction, and ρb is the bulk density (kg m−3) of the
cohesive sediment mixture.

Equation (12) may be written in the dimensionless form as

τ cc
τcm

¼ f Pc;Ps;
ρb
ρ

� �
ð14Þ

Equation (14) leads the following relationship for the compu-
tation of critical shear stress of gravel particles using the data
of the present study of clay-silt-gravel mixture and Kothyari
and Jain’s (2008) data of clay-gravel mixture:

τ cc
τcm

¼ 1þ 0:354Pc
2:081 1þ Psð Þ2:275 ρb

ρ

� �4:10

ð15Þ

It may be noted that Eq. (15) converses to critical shear stress
equation of Brownlie (1981) for cohesionless sediment in case
of no clay content in the mixture.

The computed value of τcc/τcm from Eq. (15) has been plot-
ted against the observed ones as shown in Fig. 11 which reveals
that Eq. (15) predicts well the value of τcc/τcm as it is in good
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Fig. 11 Comparison of the
observed and computed values of
(τcc/τcm) using the proposed
Eq. (15)

Table 3 Results of sensitivity analysis

Functions r RMSE MAPE BIAS SI

τcc
τ cm

¼ f Pc;Ps;
τcc
τ cm

� � 0.91 0.31 0.49 0.06 0.04

τcc
τ cm

¼ f Ps;
τcc
τ cm

� � 0.49 6.54 14.36 24.16 0.96

τcc
τ cm

¼ f Pc;
τ cc
τcm

� � 0.85 0.43 0.56 − 0.37 0.06

τcc
τ cm

¼ f Pc;Psð Þ 0.84 1.02 1.74 − 2.82 0.15
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agreement with the observed ones. The proposed Eq. (15) has a
good value of regression coefficient (R2 = 0.82) for the data
used in developing the equation. The data from Kothyari and
Jain (2008) seem tighter around the line of agreement than that
of author’s data. However, the author’s data are more support-
ive towards the regression line than that of Kothyari and Jain
(2008) data as illustrated in Fig. 11 that leads to a higher re-
gression coefficient for the author’s data (R2 = 0.86) than that of
Kothyari and Jain (2008) data (R2 = 0.79).

The sensitivity analysis has been performed for variables in
the proposed Eq. (15) by using statistical parameters as per
Eqs. (7)–(11). The sensitivity analysis is carried out by elim-
inating one variable each time from Eq. (15) to evaluate the
impact of that input on the output. The result of sensitivity
analysis in terms of statistical parameter is shown in Table 3.
Table 3 indicates that the variable clay content (Pc) is the most
sensitivity parameter while the other variables (ρb/ρ) and (Ps)
have the least influence.

5 Conclusions

Results of an experimental study on incipient motion of gravel
particles in the cohesive sediment mixture of clay-silt-gravel
have been presented herein. The incipient motion of the gravel
was visually observed, and the flow condition at which the
gravel particles start to move is considered as incipient mo-
tion. The erosion pattern on the top surface of the bed was
observed visually after the end of each run and found to vary
with clay percentage. More gravel particles were noticed on
the top surface of the bed for 10 and 20% clay content in clay-
silt-gravel mixture. However, the dominancy of gravel parti-
cles on the top surface was less for high clay percentage in the
sediment mixture. A line erosion pattern was observed for
30% clay content while mass erosion pattern in the form of
chunks was observed for 40 and 50% of clay content in the
mixture. A high clay percentage in the mixture significantly
increases the critical shear stress. The presence of silt has a
significant impact on the incipient motion of gravel particles
(as it lowers the critical shear stress) present in the sediment
mixture, especially for low clay content (up to 20%). The clay
content along with the bulk density was found to be the dom-
inant parameters that affect the incipient motion of the gravel
particles in the cohesive mixtures. The relationship proposed
in the present study for the computation of critical shear stress
of gravel particles is in good agreement with the observed
ones.
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