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Currently, it is proposed to design horizontal drains for the city of Fergana to reduce the negative impact of the rise in 

the level of groundwater on the environment, agricultural crops, buildings, and structures, as well as on underground 

communications. Groundwater depth measurements were carried out in observation wells in the city area and the results 

were analysed. The depth of groundwater level drop within the horizontal drainage effect is physically and mathematically 

modelled. For this, long-term data from observation wells were analysed and the hydraulic parameters of horizontal 

drainage were selected considering the hydrogeology of the area. Taking into account the terrain and characteristics of 

the soil layers, the possibility of diverting the collected water outside the city through the "Margilan Say" waterwork 

passing through the city centre has been developed. The differential equation of groundwater movement is solved by 

numerical calculation and the results are analysed graphically. According to the analysis of the results of numerical 

calculation, it is proved that it is possible to control the groundwater level with horizontal drainage. The adequacy of the 

results was assessed by comparing data collected in natural field conditions.  

 

KEY WORDS: horizontal drainage, groundwater, depth of groundwater, coefficient of hydraulic conductivity, mathematical 

model. 

 

 

 
 

Introduction 

 

The rapid development of construction is exacerbating 

the engineering geological and environmental problems 

of groundwater. In many cases, for example, when 

excavating a foundation pit, soil deformation or cracking 

of the deep bottom, subsidence in underground 

construction by dewatering, piping or sand liquefaction, 

the problem of stability in the rock layer, concrete, iron 

and steel corrosion of manufactured fittings has always 

been one of the problems to be solved. Researchers and 

engineers are paying close attention to engineering 

geological and hydrogeological problems or construction 

disasters. There has been new information about 

groundwater engineering over the last decade (Tang et 

al., 2017). 

Determining the impact of groundwater on 

the surrounding area is a major problem in groundwater 

hydrogeology (Mulligan and Ahlfeld, 2016). Urban 

groundwater collection and assessment are of great 

importance for irrigated agriculture and urban water 

supply, and this topic has been modelled by many 

researchers (e.g. Arnold et al., 1993; Sophocleous et al., 

1999; Bredehoeft, 2011; Rossman and Zlotnik, 2013; 

Maxwell et al., 2014). The development and application 

of groundwater models is the basis for the application of 

modern and efficient methods of groundwater 

management. The study of groundwater flow systems has 

used mainly sandbox models, analogue models, and 

mathematical models (Istok, 1989; Arifjanov et al., 

2021). Models often allow the physical and geological 

state of spatially variable aquifers to be determined, 

which is difficult to calculate and study. However, 

because this calculation is complex and time-consuming, 

such calculations are performed based on modern 

software. Over the years, many researchers have used 

a physical model of groundwater and a variety of 

mathematical methods to reduce computational time. 

Typically, the reduction in model time depends on 

the accuracy of the model (Gosses et al., 2018; 

Abdulkhaev et al., 2021). The mathematical model based 

on the groundwater process consists of an equation 

describing physical processes in the area, initial and 

boundary conditions of the flow. 

Mathematical models can be solved analytically or 

numerically and are solved for steady and unsteady 

groundwater flow conditions (Anderson et al., 2015). 

Analytical models require a high degree of simplification 

of the problem that can be solved mathematically. Simple 

analytical solutions can be solved using a calculator, but 

more complex solutions are often obtained using 

a spreadsheet, computer program or special software 

(Barlow and Moench, 1998).  Assumptions based on 

analytical solutions are justified for relatively simple 
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systems and therefore do not apply to many practical 

groundwater issues. Nevertheless, analytical solutions 

are still useful for some problems and provide important 

insights into the behaviour of groundwater systems. 

Analytical models can be useful tools for building more 

complex digital models, i.e., they are used to verify that 

the codes that solve the digital models are programmed 

correctly (Haitjema, 2006). The analytical element 

method provides analytical solutions to complex 

problems. The analytical element method is based on 

Green's functions and relies on computer code to locate 

certain types of analytical solutions called analytical 

elements (Strack, 1989; Haitjema, 1995). Currently, 

analytical element models are most commonly used in 

the two-dimensional and time-constant state of 

the groundwater flow problem (Haitjema 2006; Hunt 

2006). Analytical element models are also useful for 

three-dimensional and time-variable modelling. Usually, 

numerical models based on the finite element or finite 

element method allow to calculate the movement of 

groundwater in three-dimensional porous media with 

complex initial and boundary conditions, stable and 

unstable flow (Anderson et al., 2015). 

The rise of the underground water level in the centre of 

Fergana city, Beshbola, Yormazor and Joydam regions is 

causing many problems in residential areas. To solve this 

problem, deep ditches are being dug, and water is being 

collected, which causes various problems and 

inconveniences in the city. Therefore, it is relevant to 

design horizontal drainage for urban groundwater 

management and to develop a mathematical model of 

groundwater level change within the drainage effect. 

 

Materials and methods 

 

The rising groundwater level in the Fergana region 

(Fig. 1) in recent years has caused many problems. 

The groundwater level was measured, and the results 

were analysed from observation wells in the area. For 

areas above groundwater, the hydraulic parameters of 

the horizontal drainage were selected using 

the hydrogeology of the area. The selected hydraulic 

parameters and measurement results were taken as 

the initial data for the mathematical model, and 

the groundwater level in the urban area was calculated 

based on this model. 

Central Fergana region is divided into 5 regions 

according to water permeability: (i) rapid seepage area 

(mountainous areas, where underground water is deep); 

(ii) the area located above the Big Fergana canal 

(including areas with poor drainage); (iii) the area with 

poor drainage (the area between the Katta Fargona kanali 

and the Janubiy Fargona kanali); (iv) central region 

(the region located below the Katta Fargona kanali); (v) 

non-flow area (flat area along the Syrdarya river bed). 

Hydrogeological studies in the city of Ferghana show that 

the main factor of the rise of groundwater is mountain 

rivers (Shoxmardon soy, Isfayram soy), reservoirs 

(Karkidon reservoir), canals (Janubiy Fargona kanali) 

and water causes the water of the structures to soak into 

the ground and accumulate on the waterproof layer. 

According to engineering research, the area receives 

the most annual rainfall in the fall, winter, and spring 

months, as it receives more rain during this period 

and less during  the summer months. The average annual  

 

 

 
Fig. 1.  The location of Fergana region within Uzbekistan and districts 

of Fergana city.  
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rainfall is 181.1 mm, and the daily rainfall is 0.496 mm. 

From July to September, the weather is dry, with less 

rainfall. The coefficient of hydraulic conductivity of 

the area is K=0.000436 m s-1, and in most places, 

the depth of impermeable layer is 40 m. 

Currently, rising groundwater levels in the area have 

a negative impact on buildings and structures, 

the environment, crop fields and underground 

communications. There are open horizontal canals and 

ditches in the city area, which are rapidly filling up and 

have a negative impact on the environment. Such 

structures occupy a large area when considered in general 

(Akmalov and Gerts, 2016). The best solution to these 

and similar problems is to collect groundwater through 

closed horizontal drains and supply it to irrigated areas 

outside the city. Studies of the hydrogeological condition 

of the area have proven that the topography is suitable for 

the discharge of the collected water out of the city 

through the "Margilan Say" waterworks passing through 

the city centre (Arifjanov et al., 2019; Arifjanov et al., 

2021; Erkinjonovich et al., 2021). 

The depth of groundwater table below the surface was 

measured from observation wells located in the studied 

area for 6 years (Fig. 2 and 3). According to the measured  

 

 

 
Fig. 2.  The depth of groundwater table below the surface in the observation well No. 

12-01-01 in the Yormazor area. 

 

 

 
Fig. 3.  The depth of groundwater table below the surface in the observation well No. 

12-01-06 in the Yormazor area. 
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data, the depth of groundwater table below the surface in 

the observation well No. 12.01.01 varies from 0.4 to 1.5 

m, and in observation well No. 12.01.06 varies from 0.7 

to 1.9 m. 

The specific filtration rate for imperfect horizontal 

drainage (Fig. 4) is: 

 

𝑞 =
𝐾(𝐻2−𝐻𝐷

2 )

2⋅(𝐿+𝛥𝑓(𝐻𝐷))
                                            (1) 

 
where  

H      – the height of the groundwater table above 

the impermeable layer [m], 

HD    – the height from the impermeable layer to 

the drainage centre [m], 

K      – coefficient of hydraulic conductivity [m s-1], 

L      – the length of the affected area of horizontal 

drainage [m], 

ΔfHD – additional filtration resistance. 

 
Since the soil of the study area consists of 2 different 

layers, the coefficient of hydraulic conductivity is found 

as follows: 

 

𝐾 =
𝐾1ℎ1+𝐾2ℎ2

ℎ1+ℎ2
                                                          (2) 

 

The additional filtration resistance is found as follows 

(Averyanov, 2015): 

 

𝛥𝑓𝐻𝐷
= 0.73 ⋅ 𝐻𝐷 ⋅

2⋅𝐻𝐷

𝜋𝐻𝐷⋅𝑑
                                            (3) 

where  

d      – drainage diameter [m]. 

 

The ordinate Z from the impermeable layer to 

the depression line at a distance x from the centre of 

the drain is found as follows: 

 

𝑍 = √(𝐻𝐷
2 + (𝐻2 − 𝐻𝐷

2) ⋅
𝑥

𝐿
                             (4) 

 

The time taken for groundwater to recede in the area 

affected by drainage is as follows (Averyanov, 2015): 

 

𝑡 = √
𝐿2

3⋅
𝐾

𝑆𝑠
⋅ℎ𝑎

                                                          (5) 

 

where   

Ss     – soil water removal coefficient [m-1], 

ha     – the average capacity of the area where 

groundwater levels are declining [m]. 

 

The following formula is used to determine the average 

capacity of an area where groundwater levels are 

declining: 

 

ℎ𝑎 =
𝑆

2
   (6) 

 

where 

S      – the height from the centre of the drain to 

the groundwater table [m]. 

 

 

 

 
Fig. 4.  Scheme of hydrodynamically imperfect horizontal drainage; GWL – 

groundwater level, x – length from the centre of the drainage, h1 – thickness of the first 

layer, h2 – distance between the top of the second layer and drainage centre, S – distance 

between GWL and drainage centre, HD – distance from impermeable layer to drainage, 

H – thickness of the aquifer, K1 and K2 – coefficient of hydraulic conductivity of the first 

and second layer, respectively, L – the length of the affected area of horizontal drainage, 

Z – the difference between impermeable layer and depression line at a distance x. 
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Using the above formulas, the water consumption 

received by the horizontal drainage of length L was 

calculated. 

 

Mathematical model 

 

The relationship and mass conservation law expressed 

in Darcy’s law represent the process of groundwater 

flow. The Laplace equation is used to express the flow 

of groundwater by the method of finite separations. 

The two-dimensional Laplace equation appears as 

follows: 

 
𝜕2ℎ

𝜕𝑥2 +
𝜕2ℎ

𝜕𝑦2 +
𝑄

𝑇∙∆𝜔
= 0                                       (7) 

 

where 

𝑇     – transmissivity coefficient, which depends on the 

coefficient of hydraulic conductivity and the 

thickness of the layer, 𝑇 = 𝐾ℎ ∙ 𝑏, [m2 s-1]. 

𝐾ℎ    – the coefficient of hydraulic conductivity in the 

horizontal direction, [m s-1], 

𝑏      – the thickness of the layer, [m], 

∆𝜔   –elementary surface, [m2], 

𝑄     – water consumption, [m3 s-1]. 

 

The general  water  balance  equation  was  expressed by  

S. F. Averyanov as follows: 

 

. ( )- com е g аt dr eva pla exitQ Q Q Q Q Q Q Q                     (8) 
 

where  

comQ
 – the amount of water coming into the area,           

[m3 s-1], 

.е gQ
  – amount of surface water, [m3 s-1], 

аtQ
   – waters formed from atmospheric precipitation, 

[m3 s-1], 

drQ
   – the amount of water collected from the area 

through drains, [m3 s-1], 

evaQ
  – the amount of evaporation from the soil surface, 

[m3 s-1], 

plaQ
  – the absorption of water from the ground by 

plants, [m3 s-1],  

exitQ
  – the amount of groundwater that has flowed out of 

the area, [m3 s-1]. 
 

After determining the boundaries of the study area, 

the selected area is divided into segments. Each node in 

the segment has 4 adjacent points, and the secondary 

product on the x- and y-axes can be written as (Fig. 5 and 

6) (Istok, 1989): 

 

 

 
Fig. 5.  Dividing the area of interest into a net. 

 

 

 
Fig. 6.  Internal nodes of the finite element mesh. 
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𝜕2ℎ

𝜕𝑥2 =
ℎ𝑖−1,𝑗−2ℎ𝑖,𝑗+ℎ𝑖+1,𝑗

(𝛥𝑥)2                  (9) 

 
𝜕2ℎ

𝜕𝑦2 =
ℎ𝑖,𝑗−1−2ℎ𝑖,𝑗+ℎ𝑖,𝑗+1

(𝛥𝑦)2                 (10) 

 

By substituting Equations (9) and (10) to Equation (7), 

we obtain a limited difference equation: 

 
ℎ𝑖−1,𝑗−2ℎ𝑖,𝑗+ℎ𝑖+1,𝑗

(𝛥𝑥)2 +
ℎ𝑖,𝑗−1−2ℎ𝑖,𝑗+ℎ𝑖,𝑗+1

(𝛥𝑦)2 ±
𝑄𝑖,𝑗

𝑇(𝛥𝑥)2 = 0         (11) 

 

ℎ𝑖−1,𝑗 + ℎ𝑖,𝑗−1 − 4ℎ𝑖,𝑗 + ℎ𝑖+1,𝑗 + ℎ𝑖,𝑗+1 ±
𝑄𝑖,𝑗

𝑇(𝛥𝑥)2 = 0         

(12) 

 

We find hi,j from Equation (12) as follows: 

 

ℎ𝑖,𝑗 =
ℎ𝑖−1,𝑗+ℎ𝑖,𝑗−1+ℎ𝑖+1,𝑗+ℎ𝑖,𝑗+1

4
±

𝑄𝑖,𝑗

4𝑇(𝛥𝑥)2             (13) 

 

If the calculation is repeated many times, the number of 

iterations is expressed in terms of m: 

 

ℎ𝑖,𝑗
𝑚+1 =

ℎ𝑖−1,𝑗
𝑚 +ℎ𝑖,𝑗−1

𝑚 +ℎ𝑖+1,𝑗
𝑚 +ℎ𝑖,𝑗+1

𝑚

4
±

𝑄𝑖,𝑗

4𝑇(𝛥𝑥)2             (14) 

 

The above equation is valid for the internal nodes of 

the bounded region. If we assume that ℎ𝑖,𝑗−1 = ℎ𝑖,𝑗+1 for 

the boundary on the 𝑥 -axis, we make the following 

changes to Equations (13) and (14) for the boundary 

nodes on the 𝑥 -axis: 

 

ℎ𝑖,𝑗 =
ℎ𝑖−1,𝑗+ℎ𝑖+1,𝑗+2ℎ𝑖,𝑗+1

4
±

𝑄𝑖,𝑗

4𝑇(𝛥𝑥)2                           (15) 

 

or 
 

ℎ𝑖,𝑗
𝑚+1 =

ℎ𝑖−1,𝑗
𝑚 +ℎ𝑖+1,𝑗

𝑚 +2ℎ𝑖,𝑗+1
𝑚

4
±

𝑄𝑖,𝑗

4𝑇(𝛥𝑥)2             (16) 

For all boundary nodes, changes are made as in Equations 

15 and 16. The following initial and boundary conditions 

are used to solve the problem numerically: 

 

0(0; )h y h , 
0( ;0)h x

h

y







,  
0( ; )yh x N

h

y







, 

 

0( ; )xh N y h ,  
( ,0) ,0 ,1x i i

h
h h

y


 

 , 
( , ) , , 1yx N i Ny i Ny

h
h h

y



 



  

where 

ℎ0         – initial depth of groundwater, [m], 

𝑁𝑥, 𝑁𝑦  – the number of nodes on the x and y axis, 

respectively. 

 

In the calculation, the groundwater level in all parts of 

the region was assumed to be 2 m, and the infiltration 

coefficient was 0.496 m d-1. Based on the above 

conditions, the differential equation (16) is solved 

numerically. 

 

Results and discussion 

 

Groundwater levels have risen in the Beshbola, Joydam 

and Yormazor districts of Fergana (Fig. 1). The use of 

horizontal drains to reduce groundwater is one of 

the most effective methods. Based on the above initial 

and boundary conditions, a mathematical model of 

the groundwater table under the influence of drainage 

was developed. The results of the numerical calculation 

are presented in the form of a graph in Fig. 7. The colours 

in the graph show the change in the groundwater level 

within the drainage area. 

In fact, it can be seen that the groundwater level has risen 

significantly during the months of heavy rainfall. 

The  depth of groundwater table below the surface 

fluctuated   from    0.4   to   1.5  m   in   observation   well 

 

 

 
 

Fig. 7.  Changes in the depth of groundwater in the area of drainage influence. 
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No. 12.01.01, and from 0.7 to 1.9 m in observation well 

No. 12.01.06 (Fig. 2 and 3).  

In the initial case, the level of underground water is 

0.4 m, and this value was obtained based on the results of 

measurements in observation wells. The area of 

the modelled area is 400x300 m, and the change of 

groundwater at every 10 cm depth is highlighted in 

different colours. 

Based on the Fig. 7, it is possible to construct 

a depression curve and predict the depth of 

the groundwater level at a distance x from the drain. 

 

Conclusion 
 

In recent years, the rise in the level of underground water 

in residential areas and urban areas has caused many 

problems. In the central parts of the city of Fergana, in 

the regions of Yormazor, Beshbola and Joydam, the level 

of groundwater table below the surface is 1–1.5 meters. 

To solve this problem, deep pits are dug and water is 

collected. The ditches built in different parts of the city 

are causing various problems and inconveniences. It is 

planned to manage urban groundwater table through 

horizontal drainage, improve the environmental 

condition of the city, and reduce the negative impact of 

underground water on buildings and engineering 

communications in the city. Collected water is supplied 

to agricultural fields outside the city through 

the Margilan stream.  

The use of horizontal drains is one of the most effective 

ways to reduce groundwater. The hydrogeology of 

the area, field research experiments, initial and boundary 

conditions, mainly the change of the groundwater level 

within the framework of the drainage effect, are 

physically and mathematically modelled. Numerical 

results of physical and mathematical calculations are 

presented in graphic form for the convenience of 

scientists. Each change in groundwater level is 

highlighted in the graph with colours and lines. 

According to the results of the analysis, it has been 

proven that it is possible to control the level of 

groundwater through horizontal drains in the places 

where the groundwater has risen. 
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