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Abstract. The article deals with deformations of channel beds in of
various-grained, non-cohesive, rather coarse-grained soils having more
than 0.55 mm mean diameter of particles that might form natural pavement
at velocities slightly higher than non-erosive ones. Laboratory experiments
prove that as soon as natural pavement has formed, modelled bed deforms
only a little. Is proposed scheme of calculation of parameters of the
channel and the channels deformation. The bed should be erosion
normally of the slopes. To estimate the time of deformation is proposed to
use for the flow of the bottom sediments of probabilistic formulas, based
on a model of K. I. Rossinskii. To determine the diameter of armoring and
depth of erosion of the riverbed of the proposed new method of calculation
that gives the values close and experienced and method of A.V.
Magomedova. Is given block diagram of the calculation riverbed in a nonuniform particle size. Channels sizes you can define by setting a slight
excess permissible velocities, or you can take specified values. There is
good agreement between the values of erosion obtained in the experiments
and in the calculations. In the presence of the surface layer of the slope or
the ballast layer of geotextile of various-grained of a certain thickness may
be formed armoring, capable of protecting the slopes of the channel from
erosion.

1 Introduction
Construction of soil channels without concrete reinforcement keeps is still appropriate
because of its economic attractiveness. High velocities possible in concrete bed are not
required in most cases, as the surface has a slight slope. Problems of filtration and
overgrowing can have alternative solutions, e.g. with the use of geomembranes [1] and/or
other methods.
Initial data for hydraulic calculation of the channel in a non-cohesive soil by method of
permissible speed are: a design discharge, a curve of soil granulometry and its weighted
mean diameter, a coefficient of roughness. The calculation begins with allocating or finding
the maximum depth.
As a rule, cross-section profile is prescribed to be parabolic or trapezoid. Obtaining the
maximum depth of bed by formulas for parabolic channel, later, going to medium depth
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and, at last, to the width at the top. Defining the maximum depth of a channel according to
the formulas for a parabolic channel, you go to the average depth, then the width of the top.
If we consider the squares of parabolic and trapezoidal bed to be equal, we arrive to the
depth of the trapezoidal channel:
2𝜔
ℎ=
,
(1)
4𝜔
𝐵+√𝐵2 −
𝑡𝑔𝛼

where α means a slope steepness angle.
To find a non-erosive velocity, recommends allowing for non-uniform distribution of
velocity among the channel section, i.e. lower stability for slopes wash-out and, as a result,
lower non-erosive velocity.
This, with slope steepness angle α taken as a half of angle of internal friction φ, the
coefficient that accounts for lower stability of the particles at the slope, is
𝜓 2 = 𝑐𝑜𝑠𝛼√1 − 𝑡𝑔2 𝛼/𝑡𝑔2 𝜑 .
(2)
Deformations of soil-bed channels has been studied for a long time; the results of
experiments are set out in works [ 2,3,4] that deal with deformation of channels having beds
formed of rather fine or homogenous non-cohesive soils that can sustain velocities equal or
slightly different to non-erosive ones. Certain vagueness is explained by the fact that only
some authors give details of non-erosive velocity obtaining (by experiment or by formulas).
The experiments deformed the beds as follows: first, ridges were formed at slopes and
then at the bottom; this was followed by widening of the bed and reducing of depth. In
continuous experiments [2,4] bed deformations developed point bars. In such beds,
dynamical axis of a water-course curves in plan. That generally similar processes take place
in full-scale channels, is proved by numerous literature sources, e.g. [5].
Beds formed by coarse-grained soils, various-grained are deformed differently, as they
form natural pavement that hinders deformations.
Natural pavement (i.e. a layer of large particles that accumulates during bed wash-out
when smaller particles are removed by water), according to studies [6,7,8,9,10,11] only
forms in various-grained, non-cohesive soils (coefficient of heterogeneity Кh = dmean/d95<
0.8) and in rather coarse non-cohesive soil [ 7 ] having grains of more than 0.55 mm in
diameter. This is because, as [8] shows, when particles smaller than 0.5-0.6 mm lose their
stability, they convert to suspension almost instantly after beginning of motion.
Natural pavement in river beds has potent effect on the river morphology by reducing
general wash-out, and projecting of channels in various-grained, non-cohesive soils has
certain features.
Natural pavement forms by falling and accumulating of large particles in the bottom of
the ridges. Finer particles form active layer of the soil and move ridge-shaped along the
layer of bottom, gradually increasing particles. Numerical methods [9,10,11,15] described
process of coarsening the particles in the surface layer.
Some laboratory experiments refined the process of general wash-out of the bed in
various-grained , non-cohesive soils and regularities of initial soil re-sorting.

2 Methods
Laboratory research of deformation of bed formed by in heterogenous in sizes, noncohesive soil was made at 18х2х1m hydraulic flume of variable slope. Three types of
heterogenous in sizes, non-cohesive soils having mean weighted diameter of 0.50 mm were
involved in experiments I, II, and III) ; 1.38 mm in experiment IV and 0.64 mm in
experiment V. Сoefficients of soil heterogeneity (Кh = dm / d 95, where d m is mean-weighted
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diameter of soil, - diameter of particles; 95% of soil weight is made of particles of smaller
size) made, respectively, 0.27, 0.29, and 0.32, i.e. the soil was heterogenous in all cases.
Experiments were preceded with soaking of soil, forming of trapezoidal bed and
experimental obtaining of non-erosive velocities. Parameters of experiments are shown in
Table 1, where all the values of water-course hydraulic parameters are given for the
moment of time before the experiment.
In experiments I and III deformations were the same as in homogenous soils [3,5,6], but
experiment III saw less deformations. Ridges originated at the bottoms of the slopes, then
propagated along all the bed and got warped. The bank collapsed where the bottom of the
warped ridge adjoined it. Experiment II showed almost no deformations.
Table1. Main parameters of experiments

Experiment

Q,
hmean,
hmax,
B,
I
Umean,,
B/hmean
m
l/s
sm
sm
sm
Х103
sm/s
I
40.5
9.3
13.8
119
1.2
36.6
12.7
2.5
II
35.5
9.9
14.6
141
0.55
26.0
14.2
3.1
III
35.5
8.2
12.8
127
0.8
33.4
15.3
3.1
IV
42
8.0
12.2
130
0.95
38.8
16.1
3.2
V
45.5
9.0
13.9
134
1.0
37.8
14.9
3.2
Here: Q - flow of water, hmean and hmax – mean and maximum depth, I – bias , Umean mean velocity, m = сtgα - coefficient of laying the slope.
Experiments IV and V significantly changed the type of bed deformations. In their
beginning, ridges of the so called deficiency forms formed by small fraction sand appear
first at the slopes and then at the bottom. With time, they become lower and more shallow
to degenerate into narrow strips of fine sand first at the slopes and then at the bottom and
form a layer of larger particles, or natural pavement. The bed got wider, but just slightly.
Soil composition of slopes changed significantly, as large particles were accumulating at
the bottoms of ridges. Smaller particles were washed out from the slopes and gathered in
ridges trailed along the layer of large particles at the bottom and were gradually carried
away with the water-course.
Findings of soil granulometric analysis, obtained by experiments, are shown in the
Table 2. It should be noted that the process of particles increasing was faster in the
experiment IV, than in the experiment V, because the former used more particles of larger
size. The largest particles of soil lay in the bottom parts of slopes where the wash-out is the
greatest
.
Table 2. Characteristics of soil for various points of cross section in experiments III-V

Experiment
No.

At the water
edge

III
IV
V

d,
mm
0.50
1.32
0.68

Kh
0.27
0.25
0.25

In
the
middle of
the slope
d,
Kh
mm
0.56 0.31
1.97 0.31
1.21 0.31

At
the
bottom of
the slope
d,
Kh
mm
1.50 0.26
2.50 0.39
2.30 0.34

At
the
bottom of
ridges
d,
Kh
mm
0.73 0.32
1.20 0.32
1.11 0.34

At the top
of ridges
d,
mm
0.21
0.32
0.28

Kh
0.42
0.64
0.60

Calculation of bed reorganization may employ the procedure offered in [7], where
layer-by-layer wash-out occurred in perpendicular to the slopes, that agrees with the results
of experiments. In experiments IV and V (before consumption increase) bed widened not
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more than by 3%, in calculations the value was 12%. Diameter of natural pavement
particles that formed as a result of experiments differed not more than 21% from the one
calculated.
Fig.1 shows changing of the bed relative width (B/hmean- the width along the edge to the
mean depth) in time in experiments made by the author and in experiments made in
homogenous soil without forming of natural pavement.

Fig.1. Changing the relative width of channels in time: — author — —[3] —~—[2] —ᴠ—ᴠ—[4]

In procedure [6], the most dubious is the issue of finding the non-erosive velocity
during forming of natural pavement, because the formula for non-erosive velocity includes
a diameter that defines the height of roughness protrusions (d 95) and a diameter of particles
for which non-erosive velocity is to be obtained.
Diameter of natural pavement at j-th step is obtained from the formula:
𝑑𝑚
𝑗
𝐷𝑛𝑝𝑗 = 𝐷𝑛𝑝𝑗−1 + ∑𝑗=𝑘 ∆𝑛𝑗−1 𝑃𝑙𝑗 (1 −
)
(3)
𝑑𝑙𝑗

where dl j and Pl j ,respectively, are mean diameter and relative weighted content of large
fractions in initial soil; these fractions accumulate in bed under hydraulic conditions that
correspond to j-th step of calculation, Δnj mean interval of wash-out value that goes
normally to the slope.
It should be pointed out that in experiments described natural pavement formed with Кh
= 0.29- 0.32 coefficients of heterogeneity and only in experiments where mean weighted
diameter of particles was more than 0.5 mm.
This means that values of coefficients of heterogeneity are still insufficient for forming
natural pavement.
It follows from experiments described that dm= 0.55 mm can be taken as a rough
boundary value of particles size that allows forming of natural pavement.

3 Results and Discussion
In accordance with [16] heterogeneity in size of fine-grained soils (with mean diameter of
particles less than 0.55 – 1.0 can well be omitted during wash-out.
For 0.8 mm diameter of particles, Van Rijn showed changing of critical velocity [17], as
per [6 ], it changes with particles diameter d <1 mm. Studies [18] and [19] show that with
mean size of soil particles being 0.33- 0.65 mm, the Shields [20] graph shows changes in
dependence for stability coefficient of various-grained, non-cohesive soils. For more
coarse-grained soils (larger than 0.33-0.65 mm) it passes lower than for homogenous in
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size, and for finer-grained soils, on the other hand, it passes higher. Most likely, it is
explained by changing of method for stability loss of particles finer than 0.5 mm:
probability of their suspension is higher, than probability of turnover or beginning of
slipping [8].
We see natural pavement as such coarsening of surface layer of particles, that, when
reached, does not cause any further deformations of bed. The composition of the natural
pavement that forms at the surface of the soil depends on the depth of wash-out, i.e. the
depth of soil conversion layer. The wash-out stops when diameter of particles in the natural
pavement exceeds the diameter of soil grains resistive to wash-out under current hydraulic
conditions in the flow.
To find diameter of particles resistive to wash-out under current hydraulic condition we
account for shading effect of larger particles [7] and, for relation d I / d r > 0.4 we
accept the following expression for bottom non-erosive velocity in various-grained noncohesive soils:
𝑈 𝜓
ℎ
𝑈𝛥𝑛
= (𝑑 𝛥𝑛)0,157,
(4)
𝑖 /𝑑𝑟
where di and dr mean diameters of particles in i-th fraction and the particles that define the
roughness of the bed (d95 in the beginning of calculation and Dnp for further steps).
Bottom velocity at the height of roughness protrusions:

̅∆ =
𝑈

1,16𝑈𝑑𝑟0,2

,
(5)
ℎ0,2
where U means an average velocity at the vertical of depth h.
Minimum diameter of fractions is obtained for each step of calculation from the
formula:
1,16𝑈𝑚 𝑑𝑟0,043

𝑑𝑐𝑟.𝑚𝑖𝑛 = (

ℎ0,2 𝜓

2,915

𝜌 𝑛1

√7,81𝑚

1 (𝑔(𝜌𝑠 −𝜌)

)

.

(6)

Reasoning that the largest diameter of moving soil particles makes d cr.min affords
identifying the moving fractions of the particles.
Estimation of bed deformations time requires calculation of bed-load consumption per
each step of calculation. Total firm consumption, expressed as the sum of moving fractions
consumption, is found for each fraction of the moving soil:
𝐺̅ = ∑𝑛𝑖=1 𝐺𝑖
(7)
After correction of dependence for mean relative height of particles jumps in nearbottom area [22]:
̅
𝐻
𝑑

= 0,63 (6,25 −

𝑊

𝑊 −0,5

) (𝑈 )
𝑈

,

𝑊

𝑊 −0,5

∗

∗

(8)

̅ is a mean height of jumps; d is a mean diameter of particles, W means hydraulic
where 𝐻
size of particles; ,𝑈∗− means dynamic velocity of the flow; now, we can correct the
formula given in [23,24], for specific volume consumption of bed-load:

𝐺𝑖 = 0,69 (𝜑𝑖 − 𝜑𝑠𝑖 ) (6,25 −

) (𝑈 )
𝑈
∗

∗

𝑈∗ 𝑑 ,

(9)

where φi and φsi are, respectively, probability of tearing off the bottom and suspension of
particle in i–th fraction.
A.V. Magomedova i (3) deducted the dependence with some assumptions; in particular,
it is obtained from the premise that granulometry of soil is described by normallylogarithmic and gamma distribution.
To check universality of the dependence (3), we, like in [6] adhere to layer-by-layer
wash-out and accumulation of coarse fraction in each step to find diameter of pavement for
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particles not moved by the fractions flow with known mean velocity in the flow. Unlike of
dependence offered in [6] , roughness is defined not by permanent diameter d95, and, since
the second step of calculation, by the diameter of natural pavement forming - Dnp.
Let’s find the diameter of natural pavement from the granulometry of particular soil and
its porosity. Like in [6,19] we will follow layer-by-layer wash-out pattern and find the
amount of coarse particles remaining at the bottom, for each step of the preset wash-out
interval. Diameter of natural pavement is expressed as a weighted mean square value.
In case value obtained from formula (11) will be less than diameter of maximum coarse
particles, the natural pavement may form, if it will be more, the calculation stops.
Ordinate of integral granulometry curve Рl.d1, that corresponds to the value , can be
found by interpolation between values of coarse-fraction diameters - dl.d1.
Find the percentage of coarse particles in the soil:

Рcr.d1 = 1 - Р d1
(10)
Value Pl.d finds diameter of coarse particles that are not moved by the flow and form
natural pavement – d l.i . To make interpolation convenient, it is advisable to compile an
additional table of values Pl. i at dl.i or plot an appropriate graph by adding the upper
boundary value for the coarsest fraction.
With preset wash-out depth Δh1 , the first step of calculation finds the volume of the soil
washed out:
2

We.1 = Δh1 (1х1),

(11)

where 1х1 (m ) means a square of the site being washed out.
The volume occupied by soil particles in volume We.1:

Ws.1= (1- р) We.1,
(12)
where р means a porosity of soil, we accept that porosity in volume is the same as porosity
in square (for coarse-grained sand and gravel-pebble soils р = 0.28-0.40).
The volume of large(coarse) particles in volume We1:

Wl.s1. = Рl.d.1. Ws1 .
(13)
Find volume and square of midsection for the large (coarse) particle of diameter dl.d1. W1 and S1. The amount of coarse particles in the amount of soil being washed out We.1:
𝑊
𝑛𝑙.1 = 𝑙.𝑠1.
(14)
𝑊1
The relation square occupied by large(coarse) particles:
𝑆 𝑙.1 = 𝑛𝑙.1 𝑆1 /(1х1) (15)
Diameter of natural pavement at the first step of calculation is defined as mean weighted
in square on the
basis that coarse particles of diameter d1.dl occupy square of Sl.1
, and all other particles
have mean weighed mean diameter dm and occupy remaining square:

𝐷𝑛.𝑝.1 = 𝑑𝑚 (1 − 𝑆𝑙.1 ) + 𝑑𝑙.𝑑1 𝑆𝑙.1 .

(16)
In the next calculation step, with wash-out interval Δhi+1 preset, minimum diameter of
particles not moved will reduce because of lower average velocity, and percentage of
coarse particles involved in forming the natural pavement will increase. To obtain the
square occupied by coarse particles, the second step of calculation employs adding the
square occupied by coarse particles and obtained in the first step with the square obtained in
the next (second) step of wash-out, Sc2,
Diameter of natural pavement in j-th step is:
𝐷𝑛𝑝.𝑗 = 𝑑𝑚 (1 − ∑𝑛𝑗=1 𝑆𝑙.𝑗 ) + ∑𝑛𝑗=1 𝑑𝑙.𝑗 𝑆𝑙.𝑗
(17)
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The second step of calculation involves three components:

𝐷𝑛.𝑝.2 = 𝑑𝑙.𝑑1 𝑆𝑙.1 + 𝑑𝑙.𝑑2 𝑆𝑙.2 + 𝑑𝑚 (1 − 𝑆𝑙.1 − 𝑆𝑙.2 ) (18)
etc.
Wash-out and forming of natural pavement will stop when d cr.min will exceed the value
of maximum size of the particles.
Correlation of calculations by the method offered, experimental result and by the
method [6] showed the divergence of not more than 10%, that proves the sufficient
universality of formula (3) and potentials for use of this method.
Based on the described procedure of calculation of the deformation of riverbed in a nonuniform particle size incoherent (various-grained) soils of the proposed algorithm. A
detailed block diagram shown in Fig .2 . Channel settings you can define by the formulas
(1) and (2 ) setting a slight excess permissible velocities, or you can take specified. Table 3
shows the comparing the experimental and calculated values of parameters.

Experiment
III
III
IV
IV
V
V

Table 3. Experienced and design. values of parameters
B, m
B/hmean
U mean, m/s
initial finite initial finite Initial finite
experienced 1.27
1.45
15.1
19.4
0.336 0.326
design
1.27
1.34
15.3
16.0
0.334 0.317
experienced 1.30
1.34
16.1
17.1
0.378 0.336
design
1.30
1.38
16.1
16.9
0.376 0.372
experienced 1.34
1.40
14.9
15.3
0.378 0.336
design
1.34
1.40
14.9
15.3
0.378 0.353

d 10-3 , m
initial finite
0.50
1.50
0.50
1.52
1.38
2.76
1.38
2.66
0.64
2.65
0.64
2.00

Work [25] approached consideration of natural pavement for projecting of channels in
heterogenous in sizes, non-cohesive soils occurring widely in Lithuania. It is noted that the
pavement layer does not break when exposed to the flow with velocity greater than the
velocity at which the natural pavement was forming. In places of slope change special
depressions should be made to accumulate fine particles washed out.
To protect the geomembrane [1]., it is proposed to cover the layer of sorted crushed stone
or gravel to a depth of 1 m. the same effect can be achieved if you leave a protective layer
the entire depth of the sand and the upper part of the slope covered with a layer of variousgrained sand, estimated thickness, which is formed smoothmode, but much cheaper, as the
cost of gravel (broken granite) is, on average, 2.5 times more than the one of the
construction sand.
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Fig.2. Block diagram of algorithm of calculation.
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4 Conclusions
1.

2.

3.
4.

While forming natural pavement, beds in heterogenous in sizes, rather coarse-grained
sand soils deform not like in homogenous sands that must be considered in
calculations.
Diameter of natural pavement and depth of bed wash-out are found by the new method
of calculation that gives the values close experienced and method of A. V.
Magomedova.
Verification of some aspects of washing-out in heterogenous in sizes, non-cohesive
soils require experimental studies for wide range of initial parameters of soils.
The device mounting the surface layer of the slope or the ballast layer of geotextile
heterogeneous various-grained soil with a certain thickness, can protect the slopes of
the channel from erosion.
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