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Abstract. One of the most important design parameters of dehumidification and irrigation systems (CIS) operating 

in both dehumidification and irrigation mode is the distance between the drains of the regulating collector and 

drainage network. Therefore, to justify the determining indicators and parameters of the drainage network, when 

it operates in the subsurface irrigation mode, similar to the previously studied drainage mode, approaches, methods 

and dependencies for their calculation are generalized and analyzed, a set of multiple factors of influence is 

justified (head over drains, soil filtration coefficient, time of ground water level rise, depth of drainage, distance 

from the drainage axis to the water barrier, etc.), which are elements of a complex multiparametric model. By 

applying the methods of statistical modeling and probability theory, mathematical models were developed to 

determine the mean square deviation of the determining factor from the established set of indicators of the function 

under study. Based on the obtained analytical and graphical results, it was found that, as with drainage in the 

dehumidification mode, with subsurface moisture, the drainage parameters are significantly affected (at the level 

of 73%...94%) by the head above the drains 58...82%, the soil filtration coefficient and the time of raising the 

ground water level is 12...18%. These same indicators directly or indirectly form the water supply module during 

irrigation measures, the value of which quantitatively and qualitatively reflects the efficiency of humidification of 

the drained soils according to their profile and the entire drained array within the system and determines the 

parameters of the collector and drainage network operating in the subsurface irrigation mode. 

Keywords: water supply module, defining indicator, justification of parameters, complex irrigation systems, 

subsurface irrigation. 

Introduction 

Complex irrigation systems (CIS), in contrast to drainage systems, create a more favorable water 

regime and conditions for growing crops.  

The subsurface irrigation is the traditional and most widespread method of water regulation on 

drained lands during dry growing seasons. For subsurface irrigation, as well as for dehumidification, the 

same collector-drainage network is used. It determines the technical, economic and environmental 

efficiency of the CIS as a whole. Moistening of the root layer of soil is carried out by regulating the 

groundwater level (GWL) by means of moistening sluicing.  

The main part of the existing CIS, built mainly in the 70-80s of the last century, has exhausted its 

resource and does not provide the design parameters of water regulation. In addition, the ongoing climate 

changes necessitate the transfer of their operating mode from periodic to regular irrigation, the 

associated improvement of water regulation technology, type, design and parameters of the system and 

its main technical elements, respectively, their reconstruction and modernization to increase the overall 

technological, economic and environmental effectiveness of their functioning [1; 2].  

One of the most important design parameters of double-acting systems operating in both 

dehumidification and irrigation modes is the distance between the drains of the regulating collector-

drainage network. 

The multi-parameter and multifunctionality of the drainage, which operates in the mode of 

subsurface irrigation, are determined by a number of factors influencing it, and reflect the objective 

complexity of their determination. This led to the development of a large number of methods and models 

to substantiate them. 

In this regard, it is of interest to analyze and generalize the approaches, methods and dependencies 

for determining the inter-drainage distances of the CIS, with subsurface irrigation, and to find out the 

significance of the influence of the main parameters that directly or indirectly affect the distance between 

drains, similar to the previously studied drainage regime [3; 4].  
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At the same time, a characteristic feature of the CIS with bilateral regulation is that the processes 

of water flow in the elements of a closed collector-drainage network (CCDN) during its operation in the 

mode of drainage and subsurface irrigation are similar, but mutually opposite in their implementation. 

Accordingly, the connection between the groundwater level regime of the reclaimed field and the 

CCDN is ensured by the transformation of the movement of a relatively uniform and continuous 

filtration flow into a heterogeneous structure of a set of isolated water turbulent flows in hierarchically 

and hydraulically connected pressure drainage pipelines, as constituent elements of the CCDN, and the 

speeds during its operation in the mode dehumidification, and on the contrary - when it operates in the 

mode of subsurface irrigation.  

This allows us to carry out this research according to a scheme similar to the earlier research of the 

drainage operation in the drainage mode [3; 4]. 

Materials and methods 

The existing hydromechanical and empirical methods were analyzed and generalized to solve this 

problem, as well as the main calculated dependencies for determining the parameters of drainage, which 

operates in the mode of subsurface irrigation. This was done by such scientists as Darcy, Dupuis, I. 

Boussuneska, S.F. Averyanov, P.Ya. Polubarinov-Kochin, M. Ya. Yangol, N.N. Verigin, A.I. Ivitskiy, 

S.V. Vasiliev, A.I. Verbitskiy, Sh. I. Brusilovskiy, A. Yu. Dirce, A. Kusta, P. Balzaryavichus, A. Ya. 

Oleinik, V.L. Polyakov, I. Nikolskiy-Gavrilov and others [5-9]. Among foreign scientists, the most 

famous developments are the developments of Hooghoudt, Ritzema, Skaggs, Van Schilfgaarde, Mishra 

and Singh, van Genuchten, Mualem, etc. [10].  

To substantiate the defining indicators and parameters of the drainage network during its operation 

in the mode of subsurface irrigation, similarly to the previously investigated mode of drainage, a set of 

multiple influencing factors was justified (pressure over drains, soil filtration coefficient, time of 

groundwater level rise, depth of the drain, distance from the axis of the drain to the aquiclude, etc.), 

which are elements of a complex multi-parameter model. 

By applying the methods of statistical modeling and probability theory, mathematical models were 

developed to determine the standard deviation of the determining factor from the established set of 

indicators of the researched function. 

With the help of the obtained analytical and graphic results, from the selected set, the factors that 

mostly affect the parameters of the collector-drainage network during its operation in the mode of 

subsurface irrigation were established. 

On the basis of the developed mathematical models for determining the standard deviation of the 

determining factor from the established set of determining indicators of the investigated function, the 

confidence intervals of the interdrain distances of the collector-drainage network of the CIS operating 

in the mode of subsurface irrigation were determined.  

Results and discussion 

At different stages of the development of land reclamation science, two main methods for 

calculating the parameters of agricultural drainage operating both in the drainage mode and in the subsoil 

moistening mode were determined – empirical, based mainly on the statistical processing of data from 

numerous field studies, and hydromechanical, based on the theoretical foundations of water movement 

in natural and technical systems. 

The empirical method is mainly based on the calculation of the water balance of the reclaimed soil 

and presents a quantitative characteristic of its water regime: in case of subsurface irrigation, this is the 

water supply module as the intensity of the supply of moistening water to the soil profile or to the drained 

massif as a whole. According to this method, the distance between drains, as in the case of drainage, is 

calculated according to factors influencing the intensity of drainage operation in the mode of subsurface 

moistening (granulometric composition, water-physical and physicochemical properties of the soil, 

evaporation rate, water permeability of rocks, etc.). 

This method is based on the assumption that the heavier the soil, the more its filtration properties 

decrease, and the less the distance between drains, which operate with subsurface irrigation. 
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A significant advantage of the empirical method for calculating the distance between drains 

operating in the subsurface irrigation mode is its ease of use. This method also has disadvantages. It is 

based mainly on the use of long-term field observation data on changes in groundwater levels during 

subsurface irrigation and requires additional costs for its implementation. In addition, it has a number 

of applications that are determined by the multiple zonal conditions of the object under study. Therefore, 

it can give only an approximate result and needs further theoretical substantiation. 

The hydromechanical method for determining the distances between drains during subsurface 

irrigation is the most theoretically justified, but it does not take into account the economic, 

environmental, and also some mode-technological aspects of the drainage operation. Most of the 

formulas obtained on the basis of this method do not take into account the water supply conditions in 

the phase of the rise in the groundwater level, which is more intense than the phase of decline. If this 

condition is not taken into account, the error in determining the distance between drains can be from 3 

to 40%, depending on the duration of the One of the most important design parameters of double-acting 

systems operating in both dehumidification and irrigation modes is the distance between the drains of 

the regulating collector-drainage network. period. However, as the most theoretically substantiated, this 

method allows for a qualitative analysis of the factors of hydrodynamic processes occurring in soil with 

subsurface moisture. 

In Ukraine, one of the most well-known and used dependencies for calculating the distances 

between drains in the early stages of construction of the CIS is the formula of A.M. Yangolya [5; 8] 
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where  B – distance between drains, m; 

 α – coefficient depending on the depth of the aquiclude; 

 tp – duration;  

 k – coefficient of filtration of the permeable layer of soil, m·day-1;  

 h0
 
– retaining level above the drain, m;  

h1, h2 
– groundwater levels, counting from the bottom in the middle between the drains - 

respectively before and after backwater, m;  

 δ – active soil porosity, fraction of a unit;  - parameter determined by dependence  
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One of the most important design parameters of double-acting systems operating in both 

dehumidification and irrigation modes is the distance between the drains of the regulating collector-

drainage network. In particular, for homogeneous soil with atmospheric and ground water supply for 

the case when the distance from the axis of the drain to the aquiclude TD ≤ B/4, the distance between the 

drains during the moistening work of drainage is determined by the formula  
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where Ф – total filtration resistances. 
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where  D – outer diameter of the drain, m;  

 Ф0 – filtration resistance by the nature of the opening of the aquifer;  

 H – design head, m;  

 T – formation conductivity, m2·day-1;  

 q – intensity of water supply, m·day-1; 

 TD – distance from the axis of the drain to the aquiclude, m. 
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The scheme for calculating the distances between the drains of the CIS operating in the mode of 

subsurface irrigation for the calculated dependence (3) is shown in Fig 1.  

 

Fig. 1. Scheme for calculating the distance between drains of complex irrigation systems 

operating in the mode of subsurface irrigation: 1; 2; 3 – groundwater levels; TD – distance from the 

axis of the drain to the aquiclude; HD – depth from the ground surface to the axis of the drain;  

H0 – water pressure in the drain; h1 – distance from the axis of the drain to the GWL before moistening 

in the middle between the drains; h2 – distance from the axis of the drain  

to the GWL after moistening in the middle between the drains  

The formula of V.L. Polyakov [11,12] is very promising for substantiating the distance between 

humidifier drains LW in the design of CIS. The formula was obtained by him as a result of subsequent 

research 
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where ke – weighted average filtration coefficient; 

 mc – average power of the filtration flow; 

tw – preset time and rate Sw (optimal depth of groundwater level by the end of the moistening 

event) of irrigation;  

 μw – average value of the coefficient of the averaged lack of saturation; 

 Δmw = mw – m0; 

 m0 – initial pressure in drains; 

 mw – pressure in drains; 

 M – full thickness of the soil-ground layer (from the aquiclude to the surface of the earth). 

Thus, analyzing the main methods and models for determining the inter-drainage distances during 

subsurface irrigation, it can be seen that as a result of the extreme complexity of the heterogeneous 

processes that occur in wetted areas, scientists have developed many dependencies, which to one degree 

or another take into account many factors that determine the design conditions and affect the calculation 

of drainage parameters.  

Consequently, the complexity and multivariance of the models for calculating the inter-drainage 

distances for subsurface irrigation determine the objective need to study the significance of the influence 

of the different nature of the factors of the moistening action of drainage, both individually and in 

interaction with others. This approach allows the study to be carried out within a wide range of changes 

in the initial parameters. 

Fig. 2 shows a structural and logical diagram that reflects the influence of the main conditions of 

drainage (climatic, soil, relief, etc.) when moistening drained lands and multiple factors of influence 

(water supply module, head above the drain, time of moistening, distances from the axis of the drain to 

the aquiclude, drain diameter and drain filter characteristic) on its parameters and are elements of a 

complex multi-parameter model. 

It should be noted that in many dependencies for calculating the interdrain distances during the 

moistening work of drainage, the theory of hydrodynamic filtration does not exhaustively describe the 

laws of water movement, since many factors affect the structure and length of the filtration flow in this 
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case. But at the same time, the direct influence on the groundwater level of such factors as the soil 

filtration coefficient, the pressure above the drain and the time of moistening is clearly established. 

 

Fig. 2. Structural and logical diagram of formation of work or the action of drainage, which 

operates in the mode of subsurface irrigation: kф – filtration coefficient; z – sediment layer;  

E – evaporation layer; μ
 
– coefficient of water supply; hi

 
– depth of the GWL; i – slope of the ground 

surface; Ф0 – filtration resistance by the nature of the opening of the aquifer; q
 
– water supply module; 

H0
 
– water pressure in the drain; t – irrigation time; TD – distance from the axis of the drain to the 

aquiclude; D – drain diameter; F∂ – drainage filter characteristic 

In addition, at present, models for determining inter-drainage distances, both during drainage and 

subsurface irrigation, are considered only in relation to the soil, and not the territory of the drained 

massif as a whole, and do not take into account the variation in the determining factors of the drainage 

action along the profile and area of the CIS. 

Thus, the efficiency of drainage in the mode of subsurface irrigation directly depends on its design 

parameters, primarily on the distance between drains. In this case, the spacing between drains, with 

subsurface irrigation, depends on many factors that are interconnected and can be independent in terms 

of probabilistic content. 

Consequently, the spacing between drains during subsurface irrigation, according to the analysis of 

its calculated dependences, is a complex multiparametric function (Fig. 2), in which it is advisable to 

identify the parameters that have the greatest influence on the final result of its formation. 

Therefore, it is of interest to study the influence of the variability of the main factors on the distance 

between drains under subsurface moisture. To solve the formulated problem, the methods of statistical 

modeling and probability theory were applied, the essence of which is as follows. 

As in the case of dehumidification [3], at present the design of CIS facilities is based on 

deterministic dependencies. In this case, the defining parameter Y characterizing the performance of the 

system is often a function of several arguments хi, that is, we have a function of the form [13-16]. 

 
),...,,( 21 nxxxFY = .  (6)

 

If the deterministic dependencies are built on the basis of a sufficient amount of experimental data, 

then the value of the function for the corresponding values of the arguments will be equal to the 

mathematical expectation 
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Such analytical deterministic relations can be used to estimate the mean square deviations of a 

function. 

In the overwhelming majority of cases, function (6) is nonlinear. However, in a narrow range of 

variation of their arguments, nonlinear functions can be approximately replaced by linear ones. For this, 

the function linearization method is used [15]. 
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If the values x1,x2,…xn are not correlated, then the variance and standard deviation of the function 

are equal: 
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Partial derivatives in dependencies (8), (9) with an m  index mean that their value is calculated at 

xi = mi. Expressions for the determination of partial derivatives are obtained by differentiating the 

analytical deterministic dependence for function (7). 

To assess the reliability of the values of the function, one must have not only its numerical 

characteristics (mathematical expectation, variance, standard deviation), but also the distribution law of 

the function. 

In many cases, the values of the arguments are influenced by a significant number of factors, as a 

result of which the distribution of the arguments is close to normal. Therefore, the function also has a 

normal distribution with parameters that are determined by the formulas (7) - (9) [14-16]. 

In this case, on the basis of existing theoretical studies the following dependence was used to 

determine the boundaries of the confidence interval of the Y function  
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where mY – mathematical expectation of the function Y in the vicinity of non-critical points;  

 tβ – number of standard deviations σY that need to be postponed from its mean ȳ = mY; 

β – probability of confidence with which the random variable is covered by the  

interval (10). 

Based on the results of the analysis of dependencies for calculating drainage parameters with 

subsurface irrigation, it was found that due to the complexity and multifactorial nature of this 

phenomenon, a significant number of methods and models have been developed for calculating the 

distances between drains. 

Therefore, to reveal the influence of the main factors on the parameters of the values of the distances 

between drains during subsurface irrigation, we used, according to SBS V.2.4-1-99 [16], a general 

equation that takes into account the development of O. Ya. Oleinik, A.I. Murashko and V.L. Polyakov. 

This equation also takes into account the structural features of the design and the features of the work 

of horizontal material drainage. The effectiveness of its application has been confirmed by other 

researchers and practitioners both in the drainage zone and in the zone of irrigation reclamation. 

To analyze the distance between drains in case of subsurface irrigation, equations (3, 4) and a 

calculation scheme (Fig. 1) were used. 

Analyzing the relation between the parameters of formulas (3) and (4), it is seen that 
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where t, D and Δh – parameters for each specific case are set as constant values.  

The rest of the parameters of function (11), by their nature, relate to random variables, that is, they 

have their own variation on the area of the system. 

Taking into account formula (9) and functional dependence (11), the mean-square value of the 

distance between drains with subsurface irrigation is. 
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where Пi – percentage of the corresponding parameters of dependence (12) in the value σB
2.  
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To implement the assigned task, statistical modeling was planned and carried out using generalized 

averaged data on the most common soil and conditions of drained territories. 

The analysis of the influence of the parameters of the indicators on the distance between the drains 

during subsurface irrigation was carried out by conducting a machine experiment on the options that 

consider the following variable conditions: 

• by GWL of water h = 0.5;0.6;0.7;0.8 m; 

• duration of groundwater level rise t = 2; 4; 7; 10 day; 

• filtration coefficient kФ = 0.5;1.0 m·day-1; 

• depth of the drain HD = 1 m; 

• distance from the axis of the drain to the aquiclude TD = 2 m; 

• considered drains from pottery pipes; 

• outer diameter D = 0.055 m; 

• filtration resistance Ф0 = 1. 

Based on the results of a machine experiment, a histogram of the influence of changing natural and 

design factors of drainage parameters on the distance between drains during subsurface irrigation was 

constructed, shown in Fig 3. 

Since the geometric and mechanical content of the factors - the depth from the soil surface to the 

axis of the drain and the depth of the groundwater level - are the pressure forming values, therefore, the 

percentage of the influence of the pressure in the drain on the distance between the drains during 

subsurface irrigation is reflected by the parameter 

 hНН ППП
D
+=

0
.  (13)

 

The corresponding parameters іП  in Fig. 3 are presented as a percentage from σB
2. The obtained 

results of the analysis of the influence of the parameters of the main indicators on the distance between 

the drains at subsurface irrigation show (Fig. 3) that the specific gravity of the pressure above the drains 

is 58...82%, and the filtration coefficient is 12...18%. This indicates that, similar to the drainage flow 

module studied in works [3; 4], mainly the pressure above the drains, the soil filtration coefficient and 

the time of groundwater rise, directly or indirectly form the water supply module with subsurface 

irrigation. 

 

Fig. 3. Histogram of the influence of the main factors on the distance between  

drains, which operate with subsoil moistening 

Thus, the water supply module has a significant effect on the value of the interdrain distance as the 

main design parameter of the CIS elements, it is 73%...94%, and determines the efficiency of its 

operation in the mode of subsurface irrigation. 
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Since the water supply module has a pronounced probabilistic nature of formation, it becomes 

necessary to assess the performance (reliability) of the collector-drainage network of the CIS, operating 

in the mode of subsurface irrigation, and, accordingly, to determine the probabilistic intervals of its 

value by calculating the confidence intervals of interdrain distances. 

In this case, the probability of deviation of the calculated parameters outside the probability 

intervals can be approximately used as the probability of the risk of normal operation of the elements of 

the collector-drainage network and the CIS as a whole, which operates in the mode of subsurface 

irrigation. 

The above calculations within the framework of the machine experiment make it possible to 

perform a probabilistic estimate of the distances between drains В at subsurface irrigation with a given 

necessary confidence probability β. 

So, for example, at t = 4 day, kФ = 0.5 m·day-1, H0 = 0.3; 0.4; 0.5; 0.6 m the boundaries of the 

confidence interval for the distances between drains В at subsurface irrigation, with the confidence 

probability β = 0.90, are illustrated Fig 4.  

 

Fig. 4. Graphs В = f(Н0): 1 – Вmin = f(Н0); 2 – В = f(Н0); 3 – Вmax = f(Н0) 

Comparing the average values of interdrain distances В at subsurface irrigation, calculated 

according to formula (3), with the boundaries of the confidence intervals Bmin and Bmax corresponding 

to the confidence probability β = 0.90, it is seen that with the heads in the drains H0 = 0.3; 0.4; 0.5; 0.6 m 

– Bmin in 1.05...1.06 times less than Bmax in 1.05...1.06 times more than the corresponding B value 

calculated at the average values of the parameters by the formula (8).  

A similar comparison with a confidence level of β = 0.99 shows that Bmin in 1.09...1.11 times less, 

and Bmax in 1.08...1.10 times more than average B values. 

Therefore, on the basis of the proposed probabilistic method for estimating the inter-drainage 

distances for the CIS with subsurface irrigation, the distances between drains calculated by formula (3) 

can be increased by 1.05...1.10 times (the probability of not exceeding is PU = 0.90...0.99) to achieve 

the highest possible technical, economic and environmental efficiency of its work. 

Conclusions 

1. Based on the obtained analytical and graphical results, it is established that, as with drainage in the 

drainage mode, with subsurface irrigation the drainage parameters are significantly affected (at the 

level of 73%...94%) by the head above the drains 58...82%, the soil filtration coefficient and the 

time of raising the groundwater level is 12...18%. 

2. These same indicators directly or indirectly form the module of water supply during irrigation 

measures, the value of which quantitatively and qualitatively reflects the efficiency of irrigation of 

the drained soils according to their profile and the entire drained array within the system, which 

determines the parameters of the collector-drainage network operating in the mode of subsurface 

irrigation, which can be increased by 1.05...1.10 times.  

3. Therefore, there is a need to further study the issue of the conditions for the formation, 

determination and substantiation of the calculated parameters of water supply modules, which 
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decisively affect the drainage parameters of the CIS, the technological environmental and economic 

efficiency of the system as a whole during its reconstruction and construction. 
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