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Velocity-based analysis of sediment incipient deposition
in rigid boundary open channels
Hafzullah Aksoy, Mir Jafar Sadegh Safari, Necati Erdem Unal
and Mirali Mohammadi

ABSTRACT
Drainage systems must be designed in a way to minimize undesired problems such as decrease in
hydraulic capacity of the channel, blockage and transport of pollutants due to deposition of sediment.
Channel design considering self-cleansing criteria are used to solve the sedimentation problem.
Incipient deposition is one of the non-deposition self-cleansing design criteria that can be used as a
conservative method for channel design. Experimental studies have been carried out in ﬁve different
cross-section channels, namely trapezoidal, rectangular, circular, U-shape and V-bottom. Experiments
were performed in a tilting ﬂume using four different sizes of sands as sediment in nine different
channel bed slopes. Two well-known methods, namely the Novak & Nalluri and Yang methods are
considered for the analysis of sediment motion. Equations developed using experimental data are
found to be in agreement with the literature. It is concluded that the design velocity depends on the
shape of the channel cross-section. Rectangular and V-bottom channels need lower and higher
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incipient deposition velocities, respectively, in comparison with other channels.
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INTRODUCTION
Continuous deposition of sediment in drainage systems
causes numerous undesired problems. It inﬂuences the
environment by transporting pollution and overﬂowing pollutant water to be spread over urban areas. At the same time,
it reduces the hydraulic capacity of the channel by decreasing the ﬂow cross-section area. The aforesaid problems have
adverse effects on the performance and efﬁciency of drainage systems. Additional costs arise to keep the system at
its design performance.
A reasonable solution to prevent such problems is the
design of drainage systems considering self-cleansing criteria: (i) sediment particles at the channel bottom start to
move (Bong et al. , ); (ii) sediment particles
moving within the ﬂow are transported without being
deposited (May et al. , Butler et al. ; Safari et al.
). The second criterion is mostly used for drainage
system design. It covers three conditions: (a) nondeposition without deposited bed, (b) non-deposition with
deposited bed, and (c) incipient deposition. The nondeposition without deposited bed condition is used for
doi: 10.2166/wst.2017.429
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preventing deposition of sediment, which keeps the channel bottom clean (Mayerle et al. ; Ab Ghani ;
May ; Ackers et al. ; May et al. ; Ota & Nalluri ; Vongvisessomjai et al. ; Ota & Perrusquia
; Safari et al. ). It is suitable for small drainage systems (circular channels with diameter less than 500 mm) as
it is more conservative to give a steeper channel bed slope
for large sewers (Ab Ghani ; Ackers et al. ). To this
extent, the non-deposition with deposited bed criterion is
adapted for designing large sewers in which a small portion of deposited bed exists at the channel bottom. This
reduces the design channel bed slope considerably without
a signiﬁcant effect on the transport capacity of the channel
(Ackers ; El-Zaemey ; Ab Ghani ; May ;
Nalluri et al. , ; Perrusquia & Nalluri ; Nalluri
& Ab Ghani ). However, it needs careful operation as
ﬂow is close to the critical deposition condition. Incipient
deposition is deﬁned as the condition in which sediment
particles in suspension start to deposit. They are transported as bed load or accumulated at the channel bottom

2536

H. Aksoy et al.

|

Incipient deposition in rigid boundary open channels

without making a deposited bed layer (Loveless ; Safari
et al. , ).
Incipient deposition was ﬁrstly investigated by Loveless
() in several cross-section channels, namely rectangular,
circular, U-shape and oval. As it was in ASCE Task Force
(), Loveless () assumed that incipient motion and incipient deposition are similar to each other with a questionable
slight difference. Experimental data of Loveless () ﬁt the
models of May () and Ackers () acceptably. Safari
et al. (, ) studied incipient deposition of sediment particles in rigid boundary channels considering the effect of the
channel cross-section by using the experimental data of Loveless (). It is concluded that incipient deposition velocity is
higher than that of incipient motion under the same ﬂow conditions for non-cohesive sediment whereas, in the case of
cohesive particles, the velocity needed to set the particles in
motion is considerably higher than the velocity at which the
movement ceased (Butler et al. ). The results denied the
common assumption that incipient deposition and incipient
motion are the same. Safari et al. () re-analyzed the experimental data of Loveless () and developed incipient
deposition models using the method proposed by Graf & Acaroglu () to propose a set of practical formulae for channel
design. The two related concepts, incipient deposition and
incipient motion, were distinguished using the available data
in the literature. In order to explain the exact difference
between incipient deposition and incipient motion, Aksoy &
Safari () performed a preliminary study on incipient
motion and incipient deposition in a trapezoidal cross-section
channel. As a result, it was found that the threshold condition

Figure 1

|

Experimental apparatus and channel cross-sections.

Downloaded from https://iwaponline.com/wst/article-pdf/209266/wst076092535.pdf
by guest

Water Science & Technology

|

76.9

|

2017

has a wider range between higher and lower boundaries; incipient deposition where particles in motion tend to deposit and
incipient motion where stationary particles tend to move. In
order to achieve more conclusive results, conducting a new
set of experiments with a wider range of sediment sizes in
different channel cross-sections seems to be valuable.
As highlighted above, there are very few studies on incipient deposition of sediment in rigid boundary channels.
Examination of incipient deposition by evaluating sediment
motion under laboratory conditions with consideration of
shear stress, velocity, channel cross-section, particle size,
settling velocity of particles, and other boundary conditions
becomes vital. To this extent, this study experimentally
investigates incipient deposition of sediment in ﬁve different
cross-section channels, namely trapezoidal, rectangular, circular, U-shape and V-bottom. This has been done through
use of two well-known velocity-based methods, the Novak
& Nalluri and Yang methods.

EXPERIMENTAL DATA
Experiments were carried out in the Hydraulic Laboratory,
Civil Engineering Faculty of Istanbul Technical University
(Safari ; Unal et al. ). Experiments were conducted
in ﬁve channels. Made of the transparent thermoplastic also
known as acrylic or acrylic glass (Plexiglas), each channel is
12 m long. Trapezoidal, rectangular, circular, U-shape and Vbottom cross-sections were used. The channels were mounted
on an iron-made support structure. As shown in Figure 1,
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all cross-sections have a width of 300 mm, approximately.
The rectangular, U-shape and V-bottom cross-sections
have a surface width of 300 mm, while the trapezoidal
channel has the same width at the bottom. The circular
cross-section has an inner diameter of 290 mm. The crossfall in the U-shape and V-bottom cross-sections is 50 mm.
The trapezoidal cross-section has an outer angle of 60 at
the 30 cm-long side wall.
Experiments were repeated for nine channel bed slopes
changing from 0.00147 to 0.01106. As sediment, four sizes
of uniform non-cohesive sands were used. The granulometry
curves of sands are given in Figure 2. Characteristics of the
sediment used in the experiments are shown in Table 1, in
which d50 is the median diameter, s the mass density and
σ g the geometric standard deviation of the particle size distribution. For each experiment, discharge was measured by
an ultrasonic ﬂow-meter. Sediment motion was observed
throughout each experiment. Observation was made in the
4 m-long section of the channel, located 4 m from the
upstream and 4 m from the downstream. Observations and
measurements were done under uniform ﬂow conditions.
Experiments start with such a ﬂow condition that velocity is high enough to prevent the deposition of sediment
particles. A non-deposition sediment transport condition is
W
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achieved by adjusting the ﬂow discharge. In this condition,
discharge is high enough to prevent sediment deposition;
sediment particles within the ﬂow are transported. Incipient
deposition can be achieved by reducing the ﬂow velocity. A
gradual decrease in the discharge allows the ﬂow to switch
from non-deposition to incipient deposition. The ﬂow condition in which sediment particles begin to deposit is
called incipient deposition. As used by Loveless (), in
the experiments, incipient deposition was identiﬁed as the
sediment transport mode in which sediment particles were
clustered visibly in certain areas at the bottom of the
channel. In this case, ﬂow velocity is sufﬁciently low for
incipient deposition of sediment. Incipient deposition in
trapezoidal and rectangular channels has similar forms.
However, in U-shape and V-bottom channels, sediment particles were deposited in the center line of the channel. The
form of deposition was dependent on the shape of the channel bed. In the V-bottom channel, which has a narrow
center line, sediment particles accumulated on each other,
while accumulation in the circular and U-shape channels
is not, due to the wider bed formed along the centerline
width they have. Sediment particles spread over the bed
width to make a deposited sediment layer.

EXPERIMENTAL DATA ANALYSIS
Methods proposed by Novak & Nalluri () and Yang
() are used for analyzing incipient deposition experimental data. The methods are named N-N and Yang,
respectively. The methods and analysis are given in the following sections.

N-N method
Through theoretical consideration, sediment particles at the
channel bed move in the ﬂow, while drag and lift forces
dominate the buoyed weight of sediment and the resistance
force. The aforementioned forces are calculated by
Figure 2

Table 1

|

|

Sediment granulometry.

Fd ¼

π
cd ρd2 u2b
8

(1)

Fl ¼

π
cl ρd2 u2b
8

(2)

π
Fg ¼ d3 (ρs  ρ)g
6

(3)

Characteristics of sediment used in experiments

d50 (mm)

0.15

0.58

1.08

1.52

S

2.60

2.63

2.56

2.60

σg

1.3

1.6

1.3

1.4
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(4)

where Fd, Fl, Fg, Fr are the drag force, the lift force, the
buoyed weight of sediment, and the resistance force, respectively; cd and cl are the drag and lift coefﬁcients, respectively;
ρ and ρs are ﬂuid and sediment speciﬁc masses, respectively;
d is sediment median diameter, ub is near bed ﬂow velocity,
g is gravitational acceleration, and k is the Coulomb friction
coefﬁcient. The drag force should be equal to the resistance
force in the sediment threshold condition. Therefore,
Fd ¼ k(Fg  Fl ):

(5)

Substituting Equations (1)–(4) into Equation (5) gives
ub
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼
gd(s  1)

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
k
:
3 cd þ kcl

(6)

According to Novak & Nalluri (, ), Equation (6)
can be simpliﬁed as
 b
Vid
d
Frid ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼a
R
gd(s  1)

 0:70
Vid
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 0:48
R
gd(s  1)

(8)

 0:64
Vid
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ 0:62
R
gd(s  1)

(9)

 0:55
Vid
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 0:92
R
gd(s  1)

(10)

for rectangular, circular and U-shape channels, respectively.
Safari et al. () generalized the above equations for any
channel cross-section as
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As presented above, the dimensionless particle Froude
number (Frid) and relative particle size (d/R) are used for
developing incipient deposition relationships. Utilizing the
experimental data of this study
 0:44
Vid
d
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 1:28
, 0:01 < < 0:15
R
R
gd(s  1)

(12)

 0:45
Vid
d
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 0:86
, 0:01 < < 0:18
R
R
gd(s  1)

(13)

 0:44
Vid
d
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
, 0:01 < < 0:09
¼ 1:14
R
R
gd(s  1)

(14)

 0:41
Vid
d
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 1:35
, 0:01 < < 0:08
R
R
gd(s  1)

(15)

 0:43
Vid
d
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 1:28
, 0:01 < < 0:09
R
R
gd(s  1)

(16)

(7)

in which relative particle size (d/R where R is hydraulic
radius) is used. In order to make a practical engineering
tool for channel design, in Equation (7) ﬂow mean velocity
(Vid ) is used instead of near bed ﬂow velocity. The left hand
side of Equation (7) is incipient deposition particle Froude
number (Frid). Safari et al. (), who applied Equation (7)
on the experimental data of Loveless (), proposed

 0:60
Vid
d
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 0:72
:
R
gd(s  1)

|

(11)

are obtained for trapezoidal, rectangular, circular, U-shape
and V-bottom cross-section channels, respectively for given
ranges of relative particle sizes. Comparison of Equations
(12)–(16) with their corresponding experimental data are
shown in Figure 3. It is seen that among different cross-section channels, the rectangular channel needs the lowest
incipient deposition velocity in comparison with other
cross-section channels. V-bottom and U-shape channels
require higher incipient deposition velocity. Trapezoidal
and circular channel data remained between U-shape and
rectangular channel data. However, the circular channel
needs slightly lower incipient deposition velocity in comparison with the trapezoidal channel.
Incipient deposition experimental data obtained in
this study for rectangular, circular and U-shape channels
are compared with corresponding data of Loveless ()
in Figures 4–6. Data from this study are found to be
close to the experimental data of Loveless (); thus
Equation (13) proposed for the rectangular channel in
this study is near to Equation (8) developed on Loveless
() rectangular channel data for 0:02 < d=R < 0:10. It
should be noticed, the smallest sediment particle size
used by Loveless () had a median size of 0.45 mm.
In this study, ﬁne sand with median size of 0.15 mm is
used as the smallest particle size. This study provides
data for smaller d/R. It is found from Figures 5 and 6
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Figure 3

|

Incipient deposition equations based on N-N method.

Figure 4

|

Incipient deposition equations based on N-N method for rectangular channel.

Figure 5

|

Incipient deposition equations based on N-N method for circular channel.

that circular and U-shape channel incipient deposition
experimental data of this study match quite well with
the corresponding data of Loveless (), who used
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sediment with a median size of 6 mm in a U-shape channel. Hence, as it is shown in Figure 6, Loveless ()
provided data for d/R > 0.1.
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Incipient deposition equations based on N-N method for U-shape channel.

Results obtained in this study tend to support the ﬁndings of Loveless (), conﬁrmed also by Safari et al.
(). The U-shape channel needed higher incipient deposition velocity than the rectangular and circular channels.
It is an important point to mention that rectangular, circular
and U-shape channels in Loveless () differ from each
other in size, while each channel in this study has a width
of 300 mm approximately. Therefore, it can be said that
this study provides more conclusive results in terms of the
effect of channel cross-section shape on the incipient deposition of sediment within ﬂow.

Yang method

(17)

in which w is the settling velocity of sediment particle and c0d
is the drag coefﬁcient at w. Assuming c0d ¼ α1 cd (α1 is a constant) and substituting Equation (1) into Equation (17) gives
πgd3
FD ¼
(ρ  ρ)u2b :
6α1 w2 s

(18)

Applying logarithmic law for velocity distribution and
using ﬂow mean velocity (Vid) instead of ub by integrating
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FD ¼

2
 2 
πgd3
Vid
B
(ρs  ρ)
5:75( log (Y=d)  1) þ B
6α1
w

(19)

is obtained in which B is the roughness function and Y is
ﬂow depth. Considering the lift force (Fl) and assuming
cd ¼ α2 cl (α2 is a constant) and following the same procedure as in Equation (19)
2
 2 
πgd3
Vid
B
Fl ¼
(ρ  ρ)
5:75( log (Y=d)  1) þ B
6α1 α2 s
w

(20)

is achieved. Substituting Equations (3) and (20) into the
resistance force relationship (Equation (4)) gives

Yang () proposed a method in which the settling velocity
of a sediment particle is taken into account. Yang () also
indicated that the terminal settling velocity of a sediment
particle is reached when there is a balance between the
drag force generated by the sediment particle as it falls
and its buoyed weight given by
π 0 2 2 π 3
c ρd w ¼ d (ρs  ρ)g
8 d
6

velocity distribution, a logarithmic relationship (Yang )

(
2)
 
kπgd3
1 Vid 2
B
Fr ¼
(ρs  ρ) 1 
:
α1 α2 w
5:75(log(Y=d)  1) þ B
6
(21)
At the threshold condition, the drag force should be
equal to the resistance force; thus from Equations (19)
and (21)

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Vid
5:75ðlogðY=dÞ  1Þ
α1 α2 k
þ1
¼
B
α2 þ k
w

(22)

is obtained. Yang () indicated that in hydro-dynamically
smooth and transition regions with Re* ¼ u*d/ν < 70, B is
given as a function of particle Reynolds number by

B ¼ 5:5 þ 5:75 log (u d=ν)

(23)
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where ν is the kinematic viscosity of ﬂuid and u is shear velocity, calculated by
u ¼

rﬃﬃﬃ
τ
ρ

(24)

where τ is the average bed shear stress. Substituting
Equation (23) into Equation (22) gives

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Vid
( log (Y=d)  1)
α1 α2 k
¼
þ1
log (u d=υ) þ 0:956
α2 þ k
w

(25)

that is a hyperbolic function between Vid/w and u*d/ν. In
the rough region, laminar friction contribution is neglected
and B takes a constant value of 8.5 (Yang ). Thus,
Equation (22) turns into

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Vid
( log (Y=d)  1)
α1 α2 k
þ1
¼
1:48
α2 þ k
w

(26)

which is a straight horizontal line when Vid/w is plotted
against u*d/ν. Using experimental data, Yang () quantiﬁed coefﬁcients to develop the ﬁnal form of Equations (25)–
(26) as


Vid
2:5
¼
þ
0:66
,
log (u d=υ)  0:06
w
Vid
¼ 2:05,
w

1:2 <

u d
< 70
υ

u d
> 70
υ

(27)

(28)

In this study, the methodology of Yang () was used
to develop
Vid
81:62
u d
< 47:61
¼
 12:92, 3:13 <

log (u d=υ) þ 3:96
υ
w

(29)

Vid
3:56
u d
< 29:89
¼
 0:69, 2:36 <

log (u d=υ) þ 0:33
υ
w

(30)

Vid
4:47
u d
< 41:11
¼
 0:47, 3:02 <

log (u d=υ) þ 0:29
υ
w

(31)

Vid
23:79
u d
< 48:11
¼
 4:17, 3:19 <

log (u d=υ) þ 2:02
υ
w

(32)
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(33)

for incipient deposition of sediment in trapezoidal, rectangular, circular, U-shape and V-bottom channels, respectively,
for given ranges of particle Reynolds numbers in which
the settling velocity of sediment particles (w) within turbulent ﬂow is computed by
w¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3:3gd(s  1):

(34)

As mentioned before, the Yang diagram is composed of
two parts; a hyperbolic part and a constant part. Particle
Reynolds numbers of experimental data in this study are
found in the range of 1:2 < u d=υ < 70 for which the hyperbolic part is applied. Therefore Equations (29)–(33) were
developed in hyperbolic form in this study.
Comparison of Equations (29)–(33) in Figure 7 indicates
that incipient deposition experimental data of trapezoidal, circular, U-shape, and V-bottom channels ﬁt quite well to the
Yang curve, while circular channel data are slightly below
the Yang curve. It can be said that the required incipient deposition velocity in rigid boundary channels with trapezoidal,
circular, U-shape, and V-bottom channels is approximately
equal to the incipient motion velocity in loose boundary channels when the Yang method is considered. The rectangular
channel requires lower incipient deposition velocity among
the ﬁve different cross-section channels.
As presented before, the non-deposition design is based
on three criteria: non-deposition without deposited bed,
non-deposition with deposited bed, and incipient deposition. Among these, incipient deposition is less
conservative than non-deposition without deposited bed
and more conservative than the non-deposition with deposited bed criteria. The former is applied for small sewers,
while the latter is used for large sewers. Therefore, it may
be concluded that incipient deposition can be used for the
design of medium size drainage systems, as there is sediment
accumulated in some parts of the channel bed without
making a deposited bed layer. However, in non-deposition
without deposited bed, the channel has no deposited bed.
This case may be observed in longitudinally steep channels.
For the case of non-deposition with deposited bed, sediment
particles are transported at the bed surface at the bottom of
the channel. Consequently, it can be said that the incipient
deposition can be considered as a design criterion between
the two common design criteria; non-deposition with and
without deposited bed.
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Incipient deposition equations based on Yang method.

Results indicate that the velocity required for incipient
deposition of sediment depends on the channel crosssection. This can be linked to the fact that velocity
distribution in open channels is non-uniform over the
cross-section. This study provides a practical tool based on
the mean ﬂow velocity to use for the channel design.

CONCLUSION
Incipient deposition of sediment in ﬁve different crosssection channels, namely trapezoidal, rectangular, circular,
U-shape and V-bottom, is investigated experimentally. Two
well-known methods, Novak & Nalluri () and Yang
(), are considered for calculating ﬂow velocity under
the incipient deposition condition. When the method of
Novak & Nalluri () is considered, experimental data
are found in a good agreement with the corresponding
data available in the literature. Among the ﬁve channels,
the rectangular channel provides the lowest incipient deposition velocity. This indicates the effect of the channel crosssection on the incipient deposition. Based on the ﬁndings of
this study, the Yang () method, originally proposed for
loose boundary channels, can be successfully used for modeling sediment transport in rigid boundary channels as the
incipient deposition data in this study are found to be
close to the Yang curve. Hence, it can be said that the incipient deposition velocity in rigid boundary channels is close
to its counterpart in loose boundary channels.
Despite the positive achievement, it should be mentioned that incipient deposition experimental data used in
this study is for relatively ﬁne sediment. For further exploration, new sets of experiments using coarser sediment
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particle size would be useful for extrapolation of the
equations.
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