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Abstract. In the riverbeds and canals that run on non-cohesive grounds, 
bedload sediments move in the ridges form. Ridge forms determine the 
flow rate of bedload sediments, hydraulic resistances, the types and rates of 
deformations in alluvial channels. The main elements of ridge formations 
are height, gentle and steep length with corresponding escarpments. The 
ridge's steep length and this corresponding escarpment change with 
changes in the flow hydraulic characteristics. With a change in the ridge's 
steep length and its steep escarpment, the hydraulic resistance of the 
channel, the flow rate of bedload sediments, the types, and the channel 
deformation rates change. In the laboratory, a series of experiments with 
different sediments compositions and diameters were carried out on the 
hydraulic tray to determine the main elements (total, gentle and steep 
length, and the ridge height) and the dynamic characteristics of the ridge 
formations and the flow hydraulic characteristics. Calculation formulas for 
determining the coefficient of the ridge lower escarpments with and 
without taking into account the angle of the natural ground escarpment 
under water and in the dry state, and the dependence of the steepness of the 
relative ridge on the relative flow velocity, are obtained. The obtained 
dependencies allow to accurately determine the geometric and dynamic 
characteristics of bedload ridges and the corresponding hydraulic 
characteristics that may define the view ridge formations, ridges resistance 
of the channel, and the flow rate of bedload sediments, and to design 
sustainable escarpments large channels. 

1 Introduction  

In the Republic of Uzbekistan, the riverbed of all large irrigation canals (Large Ferghana 
canal, Large Namangan canal, Large Andijan canal, Bozsu, Dargom, Amuzang, Tashsaka, 
Pakhta-arna, Kizketkan, etc.) is composed of various non-cohesive grounds. These non-
cohesive sediment grounds move in a suspended state and move along the bedload, which 
occurs mainly in the ridge form. These forms determine the flow rate of bedload sediments, 
hydraulic resistances, the types and rates of deformation in alluvial channels (1–6). The 
study of the mobility, shape, and size of ridge formations is one of the topical issues of the 
modern theory of the bedload sediments movement. 

The main elements of ridge formations are height, gentle and steep length with 
corresponding escarpments. One of the characteristic elements of the ridge forms of moving 
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sediments is the angle of the ridge lower escarpment -ctgφ, i.e., the ratio of the ridge steep 
length to its height.  The ridges steep length and corresponding escarpment change with 
changes in the flow hydraulic characteristics, which leads to changes in the hydraulic 
resistances of the channel, flow rate of bedload sediment, the types, and rate of deformation 
of the channel.   

Knowledge of the formation regularities and changes in time and space of the angle of 
the ridges' lower escarpments is important in addressing issues related to the definition of 
bedform types, the height of ridge formations, riverbed hydraulic resistances, and bedload 
sediments flow rate. Despite this, the scientific literature does not pay enough attention to 
the special study of this important geometric characteristic of the sediments' ridge forms. 

In several works [7–14], it is noted that the value of the angle downstream side (ctg φ) 
for short ridges slightly less than the angle of repose (ctg φ0) materials in water, due to the 
influence of the reverse flow in the vortex zone cellar ridge. At the same time, it is assumed 
that the value of the lower escarpment angle of remains constant for this form of ridges and 
does not depend on the flow hydraulic characteristics. The conclusions of some authors 
(15,16) seem to be valid only for the ridges form that was obtained in their studies. 

According to Hino (17), in the case of fully developed ridges, their spectrum is 
determined only by the lower escarpment coefficient, and the value of the latter does not 
depend on the flow hydraulic characteristics. 

When studying statistical characteristics of sand waves, some authors (18) investigated 
the nature of the lower escarpment angles distribution and did not find the influence of the 
flow hydraulic characteristics on its value. The above works do not generalize the data 
obtained, do not conduct a quantitative and qualitative analysis of the works devoted to the 
ridges' lower escarpment, and the conclusions drawn are local in nature. 

To determine the values of the lower escarpment angles in (19) for the first time 
conducted ridges experimental studies composed of sediments with the average particle 
diameter of d=0.23 mm. Analyzing of experiments results involving materials of field 
studies and experimental data of other authors, he concluded that the angle of the ridges 
lower escarpment in changing their forms until antidune does not depend on the flow 
hydraulic characteristics and it is determined by the value of the relative density of non-
cohesive grounds: 

 
𝑡𝑡𝑔𝑔𝜑𝜑 = 7.08𝑒𝑒0.19𝜌𝜌1    (1) 

 
here: ρ1 = ρs – ρ/ρ is relative ground density; ρs and ρ is ground and water density. 

The solid particle density of bedload sediments varies within narrow limits, from 2600 
to 2700 kg/m3 (20). According to (1), upon receipt appears to be used mostly experiments 
data authors (21), in which experimental materials density were varied in a wide range from 
1050 to 2650 kg/m3. If that the natural sediment density equals 2650 kg/m3, the lower 
escarpments angle calculated by the formula (1) will be equal to the constant value that 
does not correspond to a conclusion about the ridges' lower escarpments variability formed 
from natural sediment.  

Analysis of works (8,15,22,23), dedicated to determining the angle of the lower 
escarpment ridge, shows that authors, without paying due attention to the flow hydraulic 
characteristics, influence the value of the lower escarpment angle, stated that the value of 
the lower escarpment angle is not constant and depends on bedload materials characteristics 
(19,24–26). 

2 Materials and methods 
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characteristics, influence the value of the lower escarpment angle, stated that the value of 
the lower escarpment angle is not constant and depends on bedload materials characteristics 
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2 Materials and methods 

The purpose of conducted experimental studies was to evaluate change in the lower 
escarpment angle depending on the change in the flow hydraulic characteristics. Based on 
obtained dependencies, it will be possible to determine the ridge formations type, the 
riverbed ridge resistance, bedload sediments flow rate, and make it possible to design stable 
escarpments of large canals. 

Due to the difficulty of measuring geometric dimensions in full-scale conditions, 
experiments were carried out in the laboratory on the hydraulic tray (Figure 1). The bedload 
sediments of the Chirchik river taken below the Gazalkent dam were used as experimental 
material. The method of conducting experiments was adopted close to the method used 
earlier by some researchers (27–30). 
 

 
Fig. 1. Scheme of a flat glazed experimental unit: 

1 is main pool; 2 is main tank; 3 is water intake tank; 4 are dampener grids; 5 is connecting pipe; 6 is 
spillway; 7 is dispenser; 8 is tray; 9 is rail; 10 is centrifugal pump; 11,12 is sump pool; 13 are return 
pipes; 14 is control panel; 15 are chips-dampers. 

3 Results and Discussion 

To determine the angle of the ridge lower escarpment in our experiments, we measured the 
length of the ridges' steep part, which is the escarpment projection on the horizontal axis. 
The value of the bedload escarpment angle was calculated by dividing the steep length by 
the ridge height (Figure 2): 
 

𝑚𝑚2 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑙𝑙𝑘𝑘
ℎ𝑟𝑟

                                                            (2) 
 

here: ctgφ  is cotangent of the bedload escarpment angle (ridge lower escarpment 
coefficient); lк and  hr are steep length and ridge height.  
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Fig. 2. Stages of the ridge lower escarpment formation (mК): 1 is coefficient of natural ground 
escarpment m0;  2 - at ϑ/ϑ0 =1,0÷1,5, mК> m0;  3 - at ϑ/ϑ0=1,5÷1,6, mК = m0; 4 - at ϑ/ϑ0>1,6, mК< m0. 

To determine the ridge steep length, according to experimental data, the dependence graph 
is constructed lк/hr= f(ϑ/ϑ0) (Figure 3), which is approximated by the dependence: 
 

𝑙𝑙𝑘𝑘
ℎ𝑟𝑟
= 6,594 ( 𝜗𝜗

𝜗𝜗0
)
2
− 27,26 𝜗𝜗

𝜗𝜗0
+ 29,1                                    (3) 

 

 
Fig. 3. Dependence of ridges relative steepness on the relative flow rate (sediments with mean 
diameters 0.31 mm, 0.80 mm, 1.62 mm, 1.55 mm, 2.53 mm, 2.50 mm, 4.03 mm, 4.0 mm, and spatial 
model of the Main canal diversion) 

From formula (3), may determine the ridge steep length: 
 

𝑙𝑙𝑘𝑘 = ℎ𝑟𝑟 (6,594 (
𝜗𝜗
𝜗𝜗0
)
2
− 27,26 𝜗𝜗

𝜗𝜗0
+ 29,1)                                                  (4) 

 
The ridge height is determined by the formula (31,32):  
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The ridge height is determined by the formula (31,32):  
 

ℎr = 𝑑𝑑 (−4,38 ∙ 𝑒𝑒0,23∙𝜀𝜀 ∙ ( 𝜗𝜗
𝜗𝜗0
)
2
− (9,2𝜀𝜀2 − 35,8𝜀𝜀 − 12,7) ∙ ( 𝜗𝜗

𝜗𝜗0
− 1,1))   (5) 

 
here: d is the sediment mean diameter; ϑ and ϑ0  are average and non-eroding velocities of 
the flow; ε is coefficient of sediments heterogeneity. 

The ridge lower escarpment is always supported by the reverse currents of the whirlpool 
flow zone. The nature of the whirlpool zone is determined by the Froude number Fr and the 
mobility criterion ϑ/W (29). Therefore, the ratio of the average flow velocity ϑ/ϑ0 to the 
non-eroding one was taken as a parameter determining the change in the position of the 
ridge lower escarpment. 

As a result of statistical processing of our laboratory data and the Main canal diversion 
(MCD) spatial data model (Figure 4) using correlation obtained the following relation to 
calculate the magnitude of ridge lower escarpments with the magnitude of the correlation 
coefficient ηху=0,83: 

 
𝑚𝑚𝑘𝑘 = 10 (𝜗𝜗0𝜗𝜗 )

2,85
                                                       (6) 

 

 
Fig. 4. Dependences of the absolute (a) and relative (b) coefficients of the ridge lower escarpment on 
the relative flow velocity: 

5

E3S Web of Conferences 264, 03015 (2021)	 https://doi.org/10.1051/e3sconf/202126403015
CONMECHYDRO - 2021



1- 0.31 mm; 2 - 0.80 mm; 3 - 1.62 mm; 4 - 1.55 mm; 5 - 2.53 mm; 6 - 2.50 mm; 7 – 4.03 mm; 8 – 4.0 
mm; 9 - spatial model of the MCD. 

The analysis of the graphical relationship in Figure 4a shows that the ridge lower 
escarpment coefficient (mK) is inversely proportional to the velocities ratio ϑ/ϑ0, i.e., with a 
flow rate increase, the ridge lower escarpment becomes steeper. Within values of the lower 
escarpment coefficient mK=0.1÷1.0, the ridge is washed away. 

To determine values of the lower escarpment coefficient through values of the natural 
escarpment coefficient of materials, the dependence graph was constructed: 

 
𝑚𝑚𝑘𝑘
𝑚𝑚0

= 𝑓𝑓 ( 𝜗𝜗
𝜗𝜗0
)                                                            (7) 

 
Figure 4b shows the curve constructed from experimental points that are described by 

the dependency: 
 

𝑚𝑚𝑘𝑘
𝑚𝑚0

= 7,6 ( 𝜗𝜗
𝜗𝜗0
)
3,9

                                                  (8) 
 

The correlation coefficient of the dependence (8) according to the results of statistical 
processing is equal ηху=0,85. Using the dependence (9) may establish the relationship to 
determine the ridge lower escarpment coefficient, taking into account the natural 
escarpment coefficient of materials m0: 

 

𝑚𝑚𝑘𝑘 = 7,6𝑚𝑚0 (
𝜗𝜗
𝜗𝜗0
)
3,9

                                            (9) 
 

The natural escarpment coefficient of materials is determined by dependencies:  
 
- under water: 

𝑚𝑚0 =
2,33
𝑑𝑑0,14                                                            (10) 

 
- for dry ground conditions: 
 

𝑚𝑚0
1 = 1,71

𝑑𝑑0,06                                                            (11) 
 

The graphical dependence analysis in Figure 4 shows that the velocity ratio increase 
ϑ/ϑ0, escarpments coefficients ratio decreases. Thus, may distinguish three stages of the 
ridge lower escarpment formation: 

I. stage - the value of the ridge lower escarpment coefficient is higher than the 
natural escarpment coefficient of experimental materials at ϑ/ϑ0=1,0÷1,5,  mК> m0 
or mК/ m0 >1,0.             

II. stage - the value of the ridge lower escarpment coefficient and the natural 
escarpment coefficient of experimental materials are equal at ϑ/ϑ0=1,5÷1,6, mК = 
m0 or mК/m0=1,0. 

III. stage - the value of the ridge lower escarpment coefficient is less than the natural 
escarpment coefficient of experimental materials at ϑ/ϑ0=1,6÷2,8, mК< m0  or 
mК/m0<1,0. 

A further decrease in the ratio of escarpment coefficients mK/m0 with a corresponding 
increase in the velocity ratio ϑ/ϑ0 leads to ridges washing. Figure 3.46 shows marked stages 
of the change in the schematized ridge lower escarpment depending on the change in the 
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velocity ratio ϑ/ϑ0. The ridges forms belonging to the III stage formation of the lower 
escarpment were obtained in the studies of Tsubaki and Nagai.  

The spread of the experimental points (Figure 4) is explained by the fact that in some 
experiments, the lower escarpment characteristics, i.e., the ridge steep lengths, were 
measured after the experiment or after emptying the tray. Under such conditions, the 
influence of reverse vortex currents (under the influence of which the ridge lower 
escarpment is maintained) disappears, which leads to dislodging of the experimental 
material under the own weight influence. Thus, the ridge lower escarpment is given the 
natural steepness. Therefore, measurements of the ridge lower escarpment elements should 
be made before the experiment ending during the ridges functioning.  

The position and change of the ridge lower escarpment depend on characteristics of the 
whirlpool zone reverse currents, so in future studies, special attention should be paid to 
establishing more strict quantitative relationships between the ridge lower escarpment 
shape and the whirlpool zone characteristics. 

4 Conclusions 

The study of the flow hydraulic characteristics influence on the ridge lower escarpment 
coefficient led to the following conclusions: 
1. With a change in the hydraulic elements of the flow, the ridge lower escarpment value 

also changes. The position of the lower escarpment depends on the flow kinematic 
(velocity) characteristics. 

2. With a change in the velocity ratio ϑ/ϑ0, the ridge lower escarpment takes different 
positions. At the ϑ/ϑ0=1.0÷1.5, it is less than natural escarpment of materials, in the 
range, ϑ/ϑ0=1.5÷1.6 is equal to the natural escarpment of the ground, and with the 
further increase in the range ϑ/ϑ0=1.6-2.8, it is more than natural escarpment of 
materials. 

3. The formula is derived to determine the ridge lower escarpment with and without 
taking into account the angle of the natural escarpment of the ground under water and 
dry ground condition. 

4. The graphical dependence lк/hr=f(ϑ/ϑ0) and formulas for determining the ridge steep 
length are obtained. 

5. Three stages of the ridge lower escarpment formation are identified. 
6. Following the dependencies (6), (8), and (9) established by us, the steepness of the 

ridge lower escarpment increases with the increasing flow velocity. At low flow rates, 
the steepness of the ridge lower escarpment is less than the natural escarpment of the 
experimental materials, and at high velocities, it is more. 
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