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Abstract: In the natural current of water, the growing bed movement leads to a reduction of reservoir volume and canal
cross-section area, filling by forebay of pump station and hydroelectric station pressure basins with sediment. This leads to
abrasive wear of pumps, water turbines, and pressure pipelines, as well as other negative consequences. In many countries,
rivers come laden with a large amount of sediment and enormous costs. At determining of sediment discharge it is important
values of height and movement velocity of bed ridges. The determination of these values is based on experimental studies was
not taken into account the heterogeneity of sediment with different fractions. For this reason, the calculated values according to
obtained formulas have large discrepancies with field data. To eliminate these discrepancies, experimental studies were
conducted using six types of fractions with the same weighted average diameter. Based on of laboratory data diagrams and
interrelation were obtained for ridge length, height and movement velocity from sediment hydraulic and geometric sizes.
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1. Introduction

Periodical structures form on an erodible surface when it
interacts with air or water flow. Such periodical structures
can be seen on the bottom of all waterways and reservoirs, on
the snow surface, in hydro and pneumatic transport pipes.
Data about the wavelike movement of Karakum sands in
shape of pocks, ridges, and dunes are given in work [1].
Formation of ripples are observed even in the Pacific ocean
under the action of deep current. Movement disperses
medium under influence of turbulent flow in the form of
periodical structures yield a huge loss to the humanity, since
it deforms river and man-made waterway channels and
carries sand and snow into the sites of national economy and
etc. This has made people fight against the negative
consequences of this phenomenon since olden times.

For the first time, they have started to study sediment
movement in China in the 15" Century. Channel control
works were required for rivers in China (for instance, Huang

He), which carry a huge amount of sediment.

Later, with the development of navigation, the science
about sediment movement has started to develop in Europe.
First Du Bua and later Dikon have carried out their research
in this area [2, 3]. DuBua observed bedload form creation
and movement in laboratory conditions, and Baumgarten
observed bedload form movement in field conditions for the
first time and measured the parameters in Garonne river.

It is impossible to solve the problem, related to the
formation and realization of bedload periodical structural
forms in turbulent flow by analytical methods, since the
process depends on many factors [4-7]. In present, such
problems are solved by laboratory research and the accuracy
of obtained results are estimated with field observations [8-
13]. Discrepancy in estimated and observed parameters of
ridges is mainly related to bedload structure variation in
space and time, imperfection of measuring technology and
methods. As a result of laboratory and field research until
now huge amount of theoretical and empirical formulas have
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been obtained, which determine the connection of bedload
form parameters to flow and sediment characteristics [14-18,
1, 8, 9]. The range of new tasks has been revealed, and their
solution is yet to be obtained.

After Dikon and Engels’s experimental research, in 1914
G. Jilbert and Murphy’s experimental work came out [19]. B.
F. Snishenko, Z. D. Kopaliani, T. Sh. Majidov, D. M. Kondep,
A. B. Gray, D. Saymons, E. Richardson, P. Sanghal, B. Singh,
Jalin M. S., Hassan W. N. M., Bagnold, R. A., Hall Philip and
others have also brought in a huge contribution in studying
bedload sediment movement [20-31, 1, 8, 14, 15].

All the above listed works lack consideration of the impact
of sediment natural composition change on the length, height,
and velocity of ridge movement, therefore we decided to
conduct additional research in this area.

2. Materials and Methods
2.1. The goal and Research Tasks

The goal of the research is to estimate the impact of the
various types of heterogeneous sediment of constant size on
the length, height, and velocity of channel ridge form
movement.

The following research tasks were set:

1. Improving methods for accounting varieties

heterogeneous soils.

2. Checking the applicability for the coefficient of
heterogeneity of mixtures as e=d,/d;, involving the
existing data on grain-size distribution of bedload
heterogeneous sediment.

3. Set up the following relationship of flow characteristics

of

44

and ridge parameters with the coefficient of mixture
heterogeneity:

H7 L ‘87 ‘805 qT:f (szdm/di)
hra 1r7 Cr:f (Szdm/di)

(1)
)

4. Determining the impact of sediment mean size,
composition and flow hydraulic characteristics of ridge
parameters:

he, I, C=f (H, 9, Q, I, 9/90, din., dyax, din/di)

where: d,, — mean sediment diameter;

d e — maximum sediment diameter;

d; — particle sizes with corresponding probability (=5, 10,
15,25, 35, 50, 60, 65, 70, 75, 85, 90, 95);

9 and 9y— mean and eroding flow velocity;

H — mean flow depth;

I — water surface slope;

g, — bedload sediment discharge;

¢ — coefficient of sediment heterogeneity;

h,, I, C. — height, length and velocity of ridge movement,
accordingly.

Since it is difficult to estimate the impact of heterogeneity
of various types of natural sediment on the process of
bedload ridge formation and movement in field conditions,
main experiments were conducted in laboratory conditions
(Table 1, Figure 1). Experimental research was conducted on
hydraulic channel in the laboratory, field observations of
ridge movement for various sediment composition were done
on canals and rivers of the republic.

Table 1. Grain-size distribution of artificially made sediment.

N T £ sedi ¢ Grain-size distribution in % mass, for particle size in mm dp, _ d_m
- Typeolsedimen 1027 745 5:3 342 2+1 105 057025 025:0.1 <0.1 mm ~d

1 Edge fractioned = - 5675 225 275 45 14.9 14.25 46 249 083
2 Small fractioned 9.5 8.5 8.75 13.75 2225 1475 875 9.25 45 251 224
3 Large fractioned - - 36.5 27 18 115 507 131 062 253 124
4 Evenly fractioned 11.1 10.1 10.1 11.1 11.1 1.1 111 12.1 122 251 28
5 Mean fractioned - 14,4 14.8 153 327 186 22 1.25 075 248 188
6 Homogeneous - - - 100 - - - - - 2.50 1.0
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Figure 1. Grain-size distribution of experimented mixtures.
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2.2. Laboratory Experiments

Experimental studies were carried out in the channel
laboratory of the Research Institute for Irrigation and water
problems in the hydraulic tray (Figure 2). The hydraulic tray
has the following dimensions: length is 10.0 m, width is 0.24
m and the height of the sides is 0.60 m. Water is supplied
from the pool by a centrifugal pump to the head, and then to
a water receiving tank with a triangular weir with a thin wall,
between a pipe with a diameter of 0.40 m and through a
metal mesh-damper on the tray.

At the end of the tray there is a water discharge plate for
regulating the depth of water, the position of which is set
using a knob and a millimeter scale, and a concrete threshold,
0.15 m high to prevent erosion of the final section. The rail is
mounted on the tray in a horizontal position for moving the
microeholot cart and tester.

Measurement of hydraulic flow elements was carried out
in four working sections, located at a distance from the
beginning of the tray, respectively: 2.0 m; 4.0 m; 6.0 m and
8.0 m.

Experimental studies included six series of main
experiments. Each series consisted of ten to fifteen
experiments, with water consumption - Q=5, 10, 15, 20 /s.
With a constant flow rate of water, only the amount of solid
flow rate was changed (carried out from one to six
experiments). A total of 81 experiments were performed.

To reproduce natural flows, flowing on eroded channels
and transporting bottom and suspended sediments in the
laboratory, there is a need for a uniform supply of
experimental material to the model. In many cases, the flow
of sediment is done manually: in portions, after a certain time
interval. Firstly, it is very laborious, requires additional labor,
and secondly, the continuity of the mechanism of natural
mixing of sediment with the flow is violated. This leads to a
distortion of the results, i.e. characteristics of the flow and
channel of the process under investigation on eroded models.
In order to improve the flow of sediment on the experimental
unit, a disk-scraper type dispenser was designed [20]. The
dispenser is designed for a uniform supply of dry and raw
experimental material to the channel models in a wide range
of their composition and size.

Experiments with each water flow began with the smallest
amount of sediment. In subsequent experiments, only the
amount of solid flow rate increased, the water flow rate and
the position of the shield at the end of the tray remained
unchanged until the end of the experiment.

Before the start of the experiment, the sediment of this
mixture lay 0.15 m under a certain gradient at the bottom of
the tray -1,. Before the experiment, the material was kept
under water for 12-24 hours. In order to avoid erosion of the
bottom, at the beginning of each experiment, the tray was
filled with water to a depth of 0.30-0.40 m from the
downstream, with the shield closed. The water flow was set
and a uniform flow regime was set on the tray, at which
bedding began, i.e. average flow rate was close to non-
blurring 9,,=9,, after which the flow of sediment to the flow

in the initial part of the tray began to flow. After some time,
in the initial part the bottom mark changed and the flow
velocity increased. The resulting protrusion of the bottom is a
single ridge, began to move downstream and passed the
entire width of the tray. After the passage of this wave in the
tray, a new bottom slope and a free surface of water were
established. When the state of hydrodynamic equilibrium was
established, i.e. the volume of sediment discharge captured
was equal to that supplied and the slope of the eroded bottom
remained on average constant, measurements of the bottom
relief with a micro-echo sounder began, after which the
experiments were stopped. To study the development of
dynamic and geometric dimensions of the ridges, echo
sounding was performed without stopping the experiments.
The speed of movement of the trolley was close to the flow
rate.

Figure 2. Scheme of a flat glazed experimental unit.

I-main pool; 2-main tank; 3-water intake tank; 4-mesh damper; 5-pipe
connecting; 6-weir; 7-dispenser; 8-tray; 9-rail; 10-centrifugal pump; 11,12-
pool sump; 13 return pipes; 14-regulating shield; 15- shavings absorbers.

The speed of movement determined by echoing was
checked by the results of visual observations. In order to
avoid errors when measuring the sediment discharge in a
volumetric way, taking into account the pulsating nature of
the sediment movement, sediment received in the sand trap
during the passage of 3-4 bottom waves were taken.

After the termination of the experiment, water from the
tray was gradually released without disturbing the state of the
bottom structures. The measurements of the parameters of the
bottom forms, as well as their photographs, were carried out.

To study the distribution of particle size on the length of
the bottom of forms in several places sampled. In order to
study the sedimentation in the formation of waves, samples
were taken, and on the body is thicker bottom structures. The
average flow velocity was determined by the average depth
of the flow, taken over the crest of structural forms. When
studying the kinematics of the flow, the velocity was
measured simultaneously by several microwheels.

In subsequent experiments of this series, the bottom slope
remained unchanged, as it was at the end of the previous
experiment, only the amount of sediment supplied increased.
With the transition to another series of experiments, the
bottom slope was established again [32].
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3. Results and Discussion
3.1. Ridge Length

Ridge length is one of the important ridge form
characteristics. Almost in all the theoretical works, related to
the study of ridge formation mechanisms, ridge form lengths
are studied. Since one of the goals of our research was to set
the connection of ridge length of various sediment
composition with constant mean particle size and relative
flow velocity, from the obtained experimental data we
created graphical relationships of —/./d=f (9/39,) (Figure 3).

i/d 7

16 18 2 2, 2,4 2,6 2,8

Figure 3. Plot of ridge length and sediment composition to the relative flow
velocity.

The analysis of the obtained graphs showed that with an
increase in flow rate, the influence of particle size on the
height of the ridges increases [32]. If the value 9/9,=2.2+2.4
ridges have a maximum height. With a further increase in the
ratio of speeds (9/9, > 2.4) the height of the ridges decreases.
At the same time, the influence of sediment size also
decreases. For values - 9/94=2.3+2.5 the influence of
sediment size on the height of the ridges is insignificant. The
following design formula was obtained on the basis of

analytic and graphical relationship with accuracy of 0.8+0.95:

7=k (3) + K 3)

where: K; - the coefficient of proportionality for the i-th
composition, which, on the basis of the obtained graphical
dependence (Figure 4), is determined by the following
formula:

K, = 49.9¢2 — 127.4¢ + 594 4)

K~ the coefficient depending on the heterogeneity of the
ridge, based on the obtained graphical dependencies (Figure
5), is determined by the formula:

Ky = 262.9¢% — 682.4¢ + 1824 5)

Ki 700

A evenly fractioned

® edge fractioned
Omean fractioned
small fractioned

Olarge fractioned
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Figure 4. Graph of the dependence of the coefficient K, on the heterogeneity
of sediment.
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Figure 5. The graph of the dependence of the coefficient K, from the
heterogeneity of sediment.

Substituting (4), (5), (3) we get the following dependency:

I = _(49.9¢% — 127.4¢ + 594) (i) +262.9¢% —
d 9o
682.4¢ + 1824 (6)

here:

l,=d (—(49.982 — 127.4¢ + 594) (;;0) +262.9¢% —
682.4¢ + 1824) (7)

3.2. Ridge Height

Determining ridge height in channel flow is necessary for
estimating bed roughness in determining channel hydraulic
resistance, bedload sediment discharge and channel
deformation calculations, also for setting threshold height in
water intake structures, installation depth for pump station
exhaust pipes and etc.

In order to set the connection of ridge height of various
sediment composition with constant mean particle size and
relative flow velocity, from the obtained experimental data
we created graphical relationships of - 4,/d=f (99, (Figure
6).
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B 28 98-

Figure 6. Plot of ridge height and sediment composition to the relative flow
velocity.

Data analysis of the influence of particle size of sediment
on the height of the ridges, depending on 9/9y- h,=f (d, 9/9,)
show fine fraction material (d;-0.1+10.0 mm; d,,=2.51 mm)
to experimental data with large fractional material
(d=0.1+5.0 mm; d,;=2.53 mm), height of ridges with equal
values - 9/9, tends to decrease [32]. With increasing flow
rate, the influence of particle size on the height of the ridges
increases. If 9/9p=2.2+2.4 ridges have a maximum height.
With a further increase in the ratio of speeds (9/9>2.4) ridge
height decreases. At the same time, the influence of sediment
size also decreases. At values - 9/9,=2.3+2.5 the influence of
sediment size on the height of the ridges is insignificant.

KV 10

9
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W edge fractioned

omean fractioned

3 small fractioned
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1

0
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Figure 7. Graph of the dependence of the coefficient K, on the heterogeneity
of sediment.

The following design formula was obtained on the basis of
the analysis of the graphical relationship with accuracy of
0.7+0.9:

hr 92 9
B —Kr-(%) +K, - (19—0— 11) (8)
where: K- the proportionality factor for the i-th composition,

which, on the basis of the graphical dependence obtained
(Figure 7), is determined by the following formula:

K, = 4.38 - £023¢ 9)

K, — the coefficient depending on the heterogeneity of the
ridge, based on the resulting graphical dependence (Figure 8),
is determined by the formula:

K, = —9.2¢2 + 35.8¢ + 12.7 (10)
50
K,
25
40
35 — °
30 A evenly fractioned
25 ® edge fractioned
20 Omean fractioned
15 small fractioned
10 Olarge fractioned
5 © homogeneous
e e

05 1 15 2 25 3

Figure 8. Graph of dependence of coefficient Kn on sediment heterogeneity.

Substituting (9), (10), (8) we get the following dependency:

9

- = —4‘.38 * 60 * (_) - (9.25 - 35.85 - 12-;) *
d 190

(;’;0 - 11)
here:

9

2
h.=d (—4.38 . e023e . (ﬁ—) —(9.262 — 35.8¢ — 12.7) -

(1;’;0— 1.1)>

3.3. Ridge Shifting Velocity

(12)

Ridge dynamic parameters, i.e. movement velocity is
particularly important in designing channel deformation and
bedload sediment discharge. Researchers have been studying
these characteristics for almost two centuries.

In order to set the connection of ridge movement velocity
of various sediment composition with constant mean particle
size and mean/scouring flow velocity, from the obtained
experimental data we created graphical relationships of -
C.=f (9-9,) (Figure 9).

Analysis of the graph (Figure 9) shows that with
increasing flow rates, the speed of movement of the ridges
increases [32]. This pattern was observed by almost all
researchers.

The following design formula was obtained on the basis of
the analysis of the graphical relationship with accuracy of
0.75+0.9:

Cr = K- (9 =99) — K (13)

where: K. - coefficient of proportionality for the i-th
composition;
K — ridge breaking factor.
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20 30 40 50 60 70

Figure 9. Plot of ridge movement velocity and sediment composition to the
scouring flow velocity.
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Figure 10. Graph of the coefficient of K. on the heterogeneity of sediment.
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Figure 11. A plot of the displacement coefficient of the ridge K, on the
heterogeneity of sediment.

The proportionality factor for 6 sediment compositions,
based on the resulting graphical dependence (Figure 10), is
determined by the following formula:

K, = 0.0026¢% — 0.0066¢ + 0.033  (14)

The coefficient of the starting of the ridge, on the basis of
the obtained graphical dependence (Figure 11), is determined
by the formula:

K = —0.11¢2 + 0.6 (15)
st

Substituting (15), (14), (13) we get the following
dependency:

C, = (0.0026¢% — 0.0066¢ + 0.033) - (9 — ) — 0.11% — 0.6 (16)

The relationships (7, 12, 16) obtained from experimental
data give more precise determination for ridge length, height
and movement velocity change depending on sediment
composition heterogeneity of waterways in valley and
piedmont regions.

4. Conclusions

From the above analysis we can draw that geometric
and dynamic bedload ridge characteristics depend on
bedload sediment composition. Relationships of
heterogeneous bedload sediment ridge length, height, and
moving velocity vs. flow relative velocity were obtained.
The obtained relationships show that sediment
heterogeneity and flow relative velocity change has a
direct effect on the bedload ridge form length, height, and
its shifting velocity. The increase of the relative flow
velocity results in the decrease of ridge length. The
increase of the relative flow velocity up to 2.2+2.4 result
in the increase of ridge height at first, then in its decrease.
The increase in the difference between mean and scouring
flow velocities result in the increase of ridge movement
velocity from even to mean fracture composition.
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