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Abstract
Background. To evaluate the effect of different irrigation parameters, a model 

of a sloping slope was developed for experiments, and different irrigation regimes 
were investigated using a horizontal well simulator. To consider the process of 
subsurface irrigation were modeled sloping slopes of sand-soil on the laboratory 
installation of the author’s design, implemented at the Department of Hydraulics 
and Agricultural Water Supply of Kuban State Agricultural University. Based on 
the analysis of the results of the experiments, a graph showing the trajectory of ir-
rigation water movement when modeling subsurface irrigation using a simulator 
of horizontal well was obtained for the first time. The obtained results showed that 
the main flow of irrigation water in the process of its movement has the trajectory 
of a downward curve, originating directly from the simulator of horizontal well, 
then passing at an angle the whole considered area of the slope, and ending at its 
lower boundary.

Purpose. Purpose of the study to investigate the effectiveness of subsurface ir-
rigation on sloping slope models using a horizontal well simulator. 

Materials and methods. Measurement of the indicators of slope angle and soil 
moisture level were carried out in laboratory conditions, experiments using a sim-
ulator of horizontal wells; the method of mathematical modeling was used for the 
analysis of wetting processes; statistical methods were used for the processing of 
experimental data. This work is based on the analysis of methods and techniques of 
irrigation on sloping soil surfaces. To consider the process of subsurface irrigation 
were modeled sloping slopes of sand-soil on the laboratory installation of the au-
thor’s design, implemented at the Department of Hydraulics and Agricultural Water 
Supply of Kuban State Agricultural University. Horizontal well simulators in the 
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form of U-shaped tubes consisting of two vertical parts and one perforated horizon-
tal part were placed in the sand-soil of the author’s laboratory installation. A mul-
tifactorial experiment was conducted on the experimental laboratory installation to 
study the technical feasibility of quality irrigation of crops grown on sloping slopes 
with the help of simulators of horizontal wells equidistantly located down the slope.

Results. The data obtained during the laboratory experiment were processed, and 
on the basis of their analysis the graphs of dependences of water penetration distanc-
es on its volumes at angles of inclination to the plane of 10-30 degrees were plotted.

Conclusion. Based on the analysis of the results of the experiments, for the first 
time a graph showing the trajectory of irrigation water movement when modeling 
subsurface irrigation using a simulator of a horizontal well was obtained, which 
demonstrated the movement of the main flow of irrigation water, which is the tra-
jectory of a downward curve originating directly from the simulator of a horizontal 
well, then passing at an angle through the whole slope area under consideration, 
and ending at its lower boundary.

Keywords: subsurface irrigation; simulator of horizontal wells; U-shaped tube; 
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ОРОШЕНИЕ СКЛОНОВЫХ ЗЕМЕЛЬ 
СПОСОБОМ ПОДПОЧВЕННОГО ПОЛИВА 

С ИСПОЛЬЗОВАНИЕМ ИМИТАТОРА 
ГОРИЗОНТАЛЬНЫХ СКВАЖИН

Л.В. Кравченко, А.С. Лебедев,                                                                              
А.Е. Хаджиди, Т.Ю. Хаширова

Аннотация
Обоснование. Для оценки влияния различных параметров полива была 

разработана модель наклонного склона для экспериментов, исследованы раз-
личные режимы полива с использованием имитатора горизонтальных сква-
жин. Для рассмотрения процесса подпочвенного полива были смоделированы 
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наклонные склоны пескогрунта на лабораторной установке авторской кон-
струкции, реализованные на кафедре гидравлики и сельскохозяйственного 
водоснабжения Кубанского ГАУ. Полученные результаты показали, что ос-
новной поток поливочной воды в процессе своего движения имеет траекторию 
ниспадающей кривой, берущей свое начало непосредственно от имитатора 
горизонтальной скважины, далее проходящей под некоторым углом весь рас-
сматриваемый участок наклонного склона, и заканчивающейся у нижней его 
границы.

Цель. Цель исследования изучить эффективность подпочвенного полива 
на моделях наклонных склонов с использованием имитатора горизонтальных 
скважин. 

Материалы и методы. Измерение показателей эффективности угла на-
клона и уровня увлажненности почвы проводились в лабораторных условиях, 
эксперименты с использованием имитатора горизонтальных скважин; для ана-
лиза процессов увлажнения использовался метод математического моделиро-
вания; для обработки экспериментальных данных – статистические методы. 
Данная работа основана на анализе методов и способах полива на наклонных 
поверхностях почвогрунта. Для рассмотрения процесса подпочвенного полива 
были смоделированы наклонные склоны пескогрунта на лабораторной уста-
новке авторской конструкции, реализованные на кафедре гидравлики и сель-
скохозяйственного водоснабжения Кубанского ГАУ. В пескогрунт авторской 
лабораторной установки были помещены имитаторы горизонтальных скважин 
в виде П-образных трубок, состоящие из двух вертикальных частей и одной 
перфорированной горизонтальной. На опытной лабораторной установке был 
проведен многофакторный эксперимент по изучению технической возможно-
сти осуществления качественного полива сельскохозяйственных культур, вы-
ращиваемых на наклонных склонах, при помощи имитаторов горизонтальных 
скважин, эквидистантно расположенных вниз по склону.

Результаты. Полученные в ходе лабораторного эксперимента данные 
были обработаны, на основании их анализа были простроены графики зави-
симостей расстояний проникновения воды от ее объемов при углах наклона 
к плоскости 10-30 градусов.

Заключение. На основании анализа результатов проведенных эксперимен-
тов впервые получен график, отображающий траекторию движения поливоч-
ной воды при моделировании подпочвенного полива при помощи имитатора 
горизонтальной скважины, продемонстрировавший движение основного по-
тока поливочной воды, представляющего собой траекторию ниспадающей 
кривой, берущей свое начало непосредственно от имитатора горизонтальной 
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скважины, далее проходящей под некоторым углом весь рассматриваемый 
участок наклонного склона, и заканчивающейся у нижней его границы.

Ключевые слова: подпочвенный полив; имитатор горизонтальных сква-
жин; П-образная трубка, визуальный осмотр; видеоэндоскоп
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Introduction
Cultivation of agricultural structures is largely determined by the timeliness and 

sufficiency of irrigation water volumes delivered to the fields. If the first, the time-
liness of irrigation, is solved mainly by organizational and logistical methods, then 
the second condition, i.e., provision of necessary volumes of irrigation water, often 
has problems associated with both its physical deficit, including due to changes in 
climatic conditions, and with the complexity of water delivery to agricultural lands 
located at sufficiently large distances from water supply sources [1-5].

This becomes especially important for the conditions of growing agricul-
tural products on sloping slopes, the percentage of which is used in agriculture 
in Krasnodar Krai (and not only) is quite high.

Materials and methods
It should be noted that the organization of supply and distribution of irriga-

tion water at the top of the slope is a complex technical task, in addition, it is 
necessary to develop a set of measures for its retention and uniform distribution 
over the entire area of the slope.

Currently, there is a significant number of studies devoted to the study and 
development of irrigation technologies on sloping surfaces, but the problem 
remains relevant and requires further study and solution [6-12].

In order to solve the problem of developing the technology of subsurface irri-
gation of agricultural structures grown on sloping slopes, as well as to identify and 
take into account as many factors influencing this process as possible, a multifac-
tor laboratory experiment was designed to study different variants of application of 
this technology on the laboratory unit of the author’s design and implementation.

The main factors influencing the technological process of subsurface irri-
gation were determined, as well as the functional values obtained as a result of 
the experiment (Table 1).
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Table 1.
Plan for a multivariate laboratory experiment

Rock type
Tilt angle

К1
(sandy soil)

α1

L1 L2 L3

V1 V2 V3

l1 l2 l3

t1 t2 t3

φ1 φ2 φ3

α2

L1 L2 L3

V1 V2 V3

l1 l2 l3

t1 t2 t3

φ1 φ2 φ3

α3

L1 L2 L3

V1 V2 V3

l1 l2 l3

t1 t2 t3

φ1 φ2 φ3

where α1-3 – tilt angles; К1-3 – permeability coefficients; L1-3 – borehole depth, cm; V1-3 – 
water volume, ml; l1-3 – liquid penetration distance, cm; φ1-3 – measured moisture con-
tent within the rock type under study, %; t1-3 – time measurement for determining the 
moisture content indicator inside the soil, min.

The experiment was prepared and conducted at the Department of Hy-
draulics and Agricultural Water Supply of Kuban State Agricultural Univer-
sity using a laboratory unit of its own design and execution, scale 1:100. In 
the process of its realization, works were carried out on the production of a 
working model of the slope, allowing to change the values of the angles of its 
inclination to the horizon. In addition, on the slope itself were placed at dif-
ferent depths simulators of horizontal wells, which made it possible to model 
different variants of subsurface irrigation, according to the given methodol-
ogy in Table 1.

The 3000 cm long experimental setup was divided into three parts in order 
to set different tilt angles as shown in Figure 1. Each part of the model was sep-
arated from the other by waterproof plates made of PVC material. The modeled 
tilt angle to the plane was made of PVC plates having struts along the entire 
length of the arrangement inside each model. On top of the slope plate, 10 cm 
high sand-soil was poured on top of the slope plate. Then inside the sand-soil 
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was laid U-shaped tube to a depth of 2 cm, consisting of two vertical and 1 hor-
izontal perforated tube. And the horizontal tube has a perforation on the side 
of 45 degrees. The spacing of the U-shaped tube was carried out for technical 
reasons, and to prevent hydraulic fracturing and flow of drilling mud on the 
surface of the sand-soil. In order to determine the fluid movement inside the 
sand-soil, an observation well for the whole depth of the sand-soil was laid in-
side at a distance of 5 cm from the U-tube. For the convenience of monitoring 
the movement of liquid inside the sand-soil, the observation wells were marked 
with a series of 1-cm-long marks.

Fig. 1. Schematic diagram of the experimental laboratory setup
1 – Waterproof PVC plate; 2 – Sandy soil; 3 – Observation well; 4 – U-shaped tube; 5 – 
PVC plate for creating a slope; 6 – Crane; 7 – Measuring container

After placing the above mentioned, equipment in the laboratory setup, the 
experiment was carried out from the existing measuring tank filled with wa-
ter up to 1000 ml. After opening the rotary tap, water from the measuring tank 
started to flow into one vertical tube of the U-tube system.

Measurements of sand-soil moisture indices were carried out with the help 
of a tare moisture meter. Measurement of sand-soil moisture was carried out 
with the help of a calibrated probe sensor, the error of which did not exceed 
5%. At the time of the experiment, the movement of liquid was observed using 
a moisture meter and a video endoscope in the observation well. The time of 
each experiment was measured using a stopwatch, the time of which was syn-
chronized with the NTP server MSK-IX.
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Results 
According to the above described, methodology and algorithm of the ex-

periment, experiments with the P-tube placement at a depth of 4 cm and 6 cm 
were carried out. The results of experiments with the U-shaped tube at a depth 
of 2 cm, 4 and 6 cm are presented in Table 2.

Table 2.
Experimental results

Tilt 
angle, 
degree

Liquid 
volume, 

ml

Distance of obser-
vation well location 
from the U-tube, cm

Depth of U-tube placement 2 cm
Humid-
ity, %

Fluid passage 
distance, cm

Depth of water penetration 
into the observation well, cm

10
200

5 cm

5.3 4.5
5.5400 5.7 5

600 7.5 6

20
200 4.4 5.3

3400 6.2 6.7
600 8.8 9

30
200 4.8 5

5400 7 6.2
600 9 7.3

Tilt 
angle, 
degree

Liquid 
volume, 

ml

Distance of obser-
vation well location 
from the U-tube, cm

Depth of U-tube placement 4 cm
Humid-
ity, %

Fluid passage 
distance, cm

Depth of water penetration 
into the observation well, cm

10
200

5 cm

7 3.7
6.5400 13.2 6

600 14.1 7.5

20
200 7.5 4.5

7.5400 12.9 6.4
600 14.1 7.5

30
200 5.3 4.3

6.5400 9 5
600 11.5 6.6

Tilt 
angle, 
degree

Liquid 
volume, 

ml

Distance of obser-
vation well location 
from the U-tube, cm

Depth of U-tube placement 6 cm
Humid-
ity, %

Fluid passage 
distance, cm

Depth of water penetration 
into the observation well, cm

10
200

5 cm

9.5 4.5
7400 13.7 6.5

600 15.3 6.5

20
200 9.4 4

8400 10.4 4.5
600 13.7 6.3

30
200 7.1 4.6

7.5400 8.9 7
600 12.8 7.5
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Based on the data given in Table 2, a graph of dependencies of water pen-
etration distances on its volume at angles of inclination to the plane of 10-30 
degrees was plotted. Thus, on the example of laying a U-shaped tube at a depth 
of 2 cm, we will build a 3D model in the programming language Python, as 
well as calculate the error in Python [11]. Figure 3 shows the graph of water 
penetration distance dependencies on its volume at angles of inclination to the 
plane of 10-30 degrees at a depth of 2 cm of the P-shaped tube.

At the end of the experiments, an evaluation of the obtained metrics was 
performed: 

– Root-mean-square error MSE:

,                                      (1)

where yi – true value;  – predicted value; n – number of data points. The closer 
the MSE is to zero, the better the model.

– Root-mean-square error MAE:

                                        (2)

The smaller the MAE, the more accurate the model.
– Determination coefficient R2:

,                                      (3)

where  – average of the true values.

Fig. 3. Graph of dependences of water penetration distance on its volumes at angles 
of inclination to the plane of 10-30 degrees at the depth of U-tube embedment by 2 cm
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Value of R2 is characterized by the following conditions:
1) R2 = 1 (model perfectly predict the data);
2) R2 = 0 (model predicts no better than the mean value);
3) R2 < 0 (model is worse than the prediction of the mean).
An algorithm implemented in Python was developed to determine the values 

of the metrics and the results obtained are shown in Table 3.

Table 3.
Metrics values

№ Metrics Values
Root-mean-square error MSE 0,1284
Root-mean-square error MAE 0,3062
Determination coefficient R2 0,9265

Conclusion
Based on the analysis of the results of the experiments, a graph showing 

the trajectory of irrigation water movement when modeling subsurface irriga-
tion using a simulator of horizontal well was obtained for the first time. The 
obtained results showed that the main flow of irrigation water in the process of 
its movement has the trajectory of a downward curve, originating directly from 
the simulator of horizontal well, then passing at an angle the whole considered 
area of the slope, and ending at its lower boundary.
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