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Abstract
Intensive development of industry is accompanied by an increase in man-made load on the environment, which
leads to pollution of soils and groundwater. The problem of protecting groundwater from the penetration of toxic
substances from industrial waste disposal areas is of particular relevance. The study was conducted in the zone of
influence of phosphogypsum dumps of PJSC "Rivneazot" with a total volume of about 22.4 million tons, which are
a significant source of long-term man-made load. The dumps cause intensive pollution of the soil mass and
groundwater with highly mineralized solutions and heavy metals, which creates risks for the water resources of the
region.
The work investigates the processes of migration of pollutants in porous media and analyzes the factors that
determine their distribution. Methods of mathematical modeling of filtration flows and mass transfer are used,
taking into account hydrodynamic and physicochemical processes.
A significant excess of the maximum permissible concentrations of pollutants in the zone of influence of
technogenic dumps has been established, in particular, the mineralization of water reaches 8.3 g/dm?, and the
concentrations of individual components exceed the regulatory values by dozens of times.
An engineering system for localization of pollution has been proposed, which includes drainage structures, anti-
filtration screens and combined methods of water purification. The results obtained allow to increase the efficiency
of forecasting and preventing pollution of soils and groundwater.

Keywords: groundwater, pollution, man-made dumps, filtration, drainage systems, environmental safety, sorption,
engineering protection.

Introduction

Ensuring the ecological safety of natural systems is one of the key problems of our time, which directly affects
the quality of life of the population and the sustainability of the functioning of the biosphere. In conditions of intensive
industrial development, the anthropogenic load on the environment is significantly increasing, which is accompanied
by the accumulation of waste and the degradation of natural resources.

The state of soils and groundwater, which are the main sources of drinking water supply, requires special attention.
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Pollution of these environmental components occurs as a result of the penetration of toxic substances from industrial
facilities, in particular technogenic dumps containing highly mineralized and chemically active compounds.

Despite the presence of natural barrier properties of soils, modern studies prove their insufficient effectiveness in
preventing the migration of pollutants into aquifers. This necessitates the development of scientifically sound
methods for predicting the spread of pollution and creating effective engineering systems for their localization.

In this regard, it is relevant to study the processes of filtration and mass transfer in soil environments, as well as
to develop comprehensive approaches to protecting groundwater from man-made impacts.

1. Literature review

The problem of soil and groundwater pollution due to anthropogenic impact is the subject of numerous studies in
the fields of hydrogeology, ecology and engineering geology [1-13]. Scientific works note that groundwater is
vulnerable to anthropogenic loads due to the limited rate of self-purification and the complexity of controlling mass
transfer processes in porous media [2, 4]. Localized sources of pollution, such as industrial waste dumps, which form
long-term foci of pollution [3].

Considerable attention in the literature is paid to the study of filtration processes and groundwater movement.
Classical works are devoted to the description of filtration flows based on continuum models that allow determining
the distribution of pressures and velocities in aquifers [4, 5]. In these approaches, the real porous space is replaced
by a conditionally continuous medium, which allows the use of differential equations of hydrodynamics for flow
analysis [5].

A separate area of research is related to modeling the processes of mass transfer of pollutants in groundwater. The
works of various authors consider the mechanisms of convective transport, hydrodynamic dispersion and molecular
diffusion [6, 7]. It has been established that convection determines the main direction of movement of pollutants,
while dispersion forms a zone of mixing and erosion of the pollution front [6].

An important aspect is the consideration of the physicochemical processes of interaction of pollutants with a
porous medium. The literature has widely studied the phenomena of sorption, desorption and ion exchange, which
significantly affect the migration rate and concentration fields of pollutants [7, 8]. It has been shown that sorption
processes can both delay the spread of substances and contribute to their accumulation in soils [8].

Existing analytical and numerical models allow describing the processes of pollutant migration under simplified
conditions, in particular for one-dimensional and two-dimensional flows [6, 9]. However, the application of such
models in real conditions requires taking into account the heterogeneity of the environment, the complex geometry
of aquifers and variable boundary conditions [9].

Along with theoretical research, engineering methods for protecting soils and groundwater are actively
developing. Scientific works describe various designs of anti-filtration barriers, drainage systems, geochemical
screens and biogeochemical treatment methods [8, 10]. It has been established that the most effective are combined
approaches that combine mechanical interception of flows and physicochemical treatment [10].

However, an analysis of the literature shows that most of the existing research either focuses on individual aspects
of the process or does not take into account the complex impact of technogenic factors [3, 9]. The issues of integrating
mathematical models with practical engineering solutions for pollution localization remain insufficiently studied.

Thus, there is a need to develop comprehensive approaches that combine modeling of filtration processes, mass
transfer analysis, and justification of effective engineering systems for groundwater protection in areas of technogenic
impact.

2. Unsolved aspects of the problem

Despite a significant amount of research in the field of pollutant migration in groundwater, a number of important
issues remain insufficiently studied. In particular, existing models are often based on simplified assumptions
regarding the homogeneity of the porous medium and the constancy of hydrodynamic parameters, which limits their
application in real conditions of technogenically disturbed areas. Complex physicochemical processes, such as
nonlinear sorption, multicomponent mass transfer and transformation of pollutants in the soil environment, are not
sufficiently taken into account [10-18].

In addition, there is a limited number of studies aimed at integrating mathematical models with practical
engineering solutions for pollution localization. Most of the proposed technical systems are considered separately
from the processes of pollutant migration and do not take into account their dynamic interaction with filtration flows.
This complicates the justification of the optimal parameters of drainage and protective structures.

Also, the issues of long-term forecasting of the spread of pollution in groundwater and assessment of the
effectiveness of combined treatment methods under conditions of variable natural and man-made factors remain
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insufficiently studied. This necessitates the development of comprehensive approaches that combine mathematical
modeling, experimental research and engineering solutions.

3. Purpose of the article and research objectives

The purpose of the article is to study the patterns of migration of pollutants in foundations and groundwater in
areas of man-made dumps, as well as to substantiate effective engineering solutions for localization and prevention
of increased pollution based on mathematical modeling of filtration and mass transfer processes.

To achieve the goal, the following tasks are solved in the work:

- to analyze the current state of the problem of violation of foundations and groundwater in areas of man-made
impact;

- to investigate the main patterns of filtration processes in porous media;

- to analyze the mechanisms of mass transfer of pollutants due to convection, dispersion and sorption;

- to assess the ecological state of the studied area based on experimental data;

- to substantiate the parameters of drainage systems for intercepting contaminated groundwater;

- to develop an engineering scheme for localization and drainage of contaminated water;

- to assess the effectiveness of the proposed technical solutions for reducing the level of pollution.

4. Methods. Research material and sample preparation

The work used a set of theoretical and experimental methods. The theoretical part is based on mathematical
modeling of filtration and mass transfer in porous media using equations of hydrodynamics and diffusion-convective
transport. Analytical solutions that take into account dispersion and sorption processes were used to assess the
migration of pollutants.

The experimental base includes field and laboratory studies of soils and waters in the zone of influence of
phosphogypsum dumps. Samples with an increased content of heavy metals (Fe, Mn, Cr) and salts were taken at a
distance of up to 1 km from the source to analyze the spatial distribution of pollution.

Preparation and analysis: soil samples were brought to a homogeneous state using standard methods, and water
samples were filtered and preserved. Concentrations of substances were determined by physicochemical methods, in
particular photometry and titrimetric.

The obtained experimental data were used to verify mathematical models and justify the parameters of engineering
pollution containment systems, in particular drainage structures and anti-filtration screens [19-22].

5. Measurements and analytical methods.

Measurement of pollutant concentrations in soils and groundwater was carried out on the basis of a combination
of field and laboratory studies. Sampling was carried out in accordance with standard hydrogeological and ecological
methods, taking into account the spatial variability of the environment. Soil samples were taken at different depths,
as well as at different distances from the source of pollution, which allowed forming a representative sample for
further analysis. Water samples were taken from control wells and observation points within the zone of influence of
technogenic dumps.

Laboratory studies included the determination of physicochemical parameters, in particular mineralization, pH,
content of heavy metal ions (Fe, Mn, Cr) and other polluting components. For quantitative analysis, photometric and
titrimetric methods were used, which provide sufficient accuracy in the study of natural waters and soil extracts.
Sample preparation was carried out by filtration, preservation and standardization of analysis conditions, which
minimizes the influence of extraneous factors on the measurement results [23-39].

Analytical data processing was based on methods of mathematical statistics and numerical analysis. Interpolation
and approximation were used to assess the spatial distribution of pollutants. Verification of the results was carried
out by comparing experimental data with the results of mathematical modeling of filtration and mass transfer
processes.

The dynamics of pollutant migration was analyzed using solutions of convective-diffusion transport equations
taking into account sorption. Model parameters (filtration, dispersion, sorption coefficients) were determined on the
basis of experiments or reference data with subsequent adaptation to the object. The sensitivity of the models was
assessed by varying the input data to determine the key pollution factors. A complex combination of measurements
and analytical methods increased the reliability of the results and allowed us to substantiate the parameters of
pollution localization systems.

6. Data processing and modeling

Experimental data were processed using statistical analysis and numerical modeling methods, which allowed to
ensure the consistency of measurement results and increase their reliability. Primary data were subject to verification
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for the presence of anomalous values and measurement errors. For this purpose, descriptive statistics methods were
used, including determination of mean values, standard deviation and coefficient of variation. Emissions were
identified according to statistical consistency criteria and, if necessary, excluded or additionally verified.

Spatial analysis of the distribution of pollutants in soils and groundwater was performed using interpolation
methods, in particular inverse distance weighting (IDW) and approximation based on regression models. This
allowed to construct concentration isolines and identify areas of increased technogenic load. Integral indicators, in
particular coefficients of exceeding maximum permissible concentrations, were used to quantitatively assess the
degree of pollution.

Mathematical modeling of filtration and mass transfer processes was carried out on the basis of classical equations
of groundwater hydrodynamics and convective-diffusion transport. Calculations were performed assuming the
continuity of the porous medium and isotropic properties in the first approximation. The filtration velocity field was
determined on the basis of solving the equations of groundwater motion, after which it was used as an input parameter
for modeling the migration of pollutants.

To describe the transport of impurities, a model was used that takes into account convection, hydrodynamic
dispersion and sorption processes. The model parameters (filtration coefficient, longitudinal and transverse
dispersion coefficients, sorption distribution coefficient) were determined on the basis of experimental data and
literature sources with subsequent calibration. The model calibration was performed by minimizing the deviation
between the calculated and experimental values of concentrations.

Finite difference methods and iterative algorithms for solving differential equations were used for numerical
implementation of the models. Sensitivity analysis allowed to assess the impact of individual parameters on the
modeling results and to establish the dominant factors that determine the speed and direction of pollution spread. The
obtained modeling results were used to predict the development of pollution zones over time and to justify the
effectiveness of engineering measures, in particular drainage systems and anti-filtration screens. Comparison of
scenarios allowed to determine the optimal parameters of protective structures and assess their impact on reducing
environmental risk [36-39].

7. Results and discussion

7.1. Review of methods for predicting pollution migration in the area of man-made waste dumps

According to the studies conducted in [1, 2], the distribution of velocities in the pore space, especially for
heterogeneous media, is practically impossible to determine. When solving practical problems, it is enough to know
only the flow rates, velocities and pressures of the liquid within small volumes, which at the same time are much
larger than the pore sizes. For this, you can use the model of a continuous filtration flow, in which it is assumed that
the liquid moves, filling the entire space: both pores and soil particles. Thus, the real flow of the liquid is replaced
by its fictitious filtration flow, which completely fills the entire volume. The flow line of the filtration flow is a line,
the tangent to which at each point coincides with the direction of the filtration velocity.

The basic law of filtration relates the velocity of the liquid to the difference in pressure H in the filtration flow. In
differential form, the law has the form

V =—-KgradH. (1)
The filtration coefficient K is determined by
K=k _ke )
Y7

where ¢ and v - dynamic and kinematic viscosity; p - liquid density; x - permeability of the medium.
The filtration flow equation, if compressibility is neglected, is written as
a[KMJ+8(KM]+6(KM) - 0. (3)
Ox ox ) Oy oy 0z 0z
In [1], the nonlinear condition on a free surface is considered in detail. The author considered the filtration of a
liquid with a free surface over an impermeable water barrier. The equation for a free surface z=f{x,y) which has a

small slope is written as
Q(Kha—Hj+i k2 +i(1<haﬂj+g a2t @
Ox ox ) Oy oy ) Oz Oz ot

For horizontal water resistance & = H, then at K = const:
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K(ah+ahj+28:2nah. (5)
ox’ oy ot

Analytical solution of nonlinear equations (4) and (5) encounters difficulties of a mathematical nature, although
for a number of one-dimensional problems a number of exact solutions were obtained by Berentblatt G.I. [2]. There
are methods of linearization of equation (5), for example, Aravin V.I., Numerov S.N. [1] led it to the equation of heat
conductivity.

Equation (4) is written for the case of an absolutely impermeable water barrier. Quite often there is a “relative
water barrier”, due to which weak movement of liquid through cracks and pores is possible. The flow rate ed through
the lower boundary (the base of the aquifer) is determined by the difference in pressure in the upper and lower
aquifers ed =Ky(H-H;)/ point O (Fig. 1). Here H; is the pressure in the lower layer, Kjis the filtration coefficient of
the aquifer, point O is its thickness (thickness). Taking into account the flow, equation (4) is written as follows:

E(Khaﬂj+g xn +E(Kha£j+g—£(H—H,)=n%.
ox ox ) Oy oy ) Oz 0z ot

0

Fig. 1. Flow diagram through a poorly permeable layer: 1 - ground surface, 2 - free surface, 3 - poorly
permeable layer
Rys. 1. Schemat przeplywu przez warstwe stabo przepuszczalng: 1 — powierzchnia gruntu, 2 — powierzchnia
wolna, 3 —warstwa stabo przepuszczalna

Mass transfer in the filtration flow is a set of processes of mechanical transport of dissolved or emulsified
substances, their physicochemical transformations and mass exchange with a porous medium. The main factors of
mass transfer are: 1) mechanical (forced) convection, 2) hydrodynamic dispersion (convective diffusion), 3) sorption
and mass exchange, 4) physicochemical transformations (disintegration, formation of new substances) [8].

Under the influence of forced convection, mechanical movement of particles of a substance in the form of
solutions or colloids occurs along the streamlines of the filtration flow. The speed of movement of the substance front
in the absence of mass exchange with a porous medium is determined by the filtration speed along the streamline
V(&) and the active porosity n.: d(&)/dt = V(&) here £ is a curvilinear coordinate counted along the streamline. A
particle of matter during the time interval [¢#;, ¢;] will move along the streamline by a distance &; - &, which is
determined from the equation [§]

_ G dé e V()
tz_tl_,[ * ’V(g)_i
V(&) R,

The heterogeneity of the porous medium leads to the fact that forced convection is accompanied by the formation
of a transition zone between the flow regions with maximum and minimum concentrations. The intensity of the
transition zone formation is quantitatively characterized by the coefficient of hydrodynamic dispersion, which is a
second-rank tensor. In a homogeneous porous medium, the coefficients of longitudinal (along the direction of flow)
and transverse (perpendicular to the flow) dispersion D, and Dr, m?/day, are distinguished. It was experimentally
established [7] that

D,=D,+6,v|, D, = D, + 65, (6)

where J; and Jr parameters of longitudinal and transverse dispersion, m; Dy . molecular diffusion coefficient.
Longitudinal dispersion is usually an order of magnitude greater than transverse dispersion. Since it is practically
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impossible to determine the values of dispersion parameters theoretically, the results of experimental measurements
DL and DT are used when solving practical problems.

Sorption (desorption) is the binding or release of a substance on the surface of a sorbent. According to the Nernst
model, particles from a solution are attracted to a stationary near-surface layer of a liquid under the action of an
electric charge.

An important sorption parameter is the specific ion exchange capacity N0, mg-eq-g-1 - this is the mass of a
substance absorbed by 1 g of a sorbent. Due to the complex pore structure, the capacity is not fully used. The N
indicator increases with a decrease in sorbent particles, reaching a maximum in clays.

The kinetics of sorption is determined by the mass exchange rate y, day™!, which depends on the time of equilibrium
between the solution and the sorbent. If for physical adsorption this process lasts hours or days, then long-term mass
transfer is usually described by equilibrium sorption isotherms N=f{p). Under conditions of low concentrations, a
linear dependence of the concentration of the substance in the sorbent (N) on its concentration in the solution (p) is
used.

Non-equilibrium mass transfer is described by nonlinear differential equations of the form dN/dt=f(p, N). At low
concentrations, a linear Henry isotherm is used: dN/dt=y(Kdgp-N), where the ratio of ¢ and N/Kd determines the
direction of the process (sorption or desorption). Irreversible sorption is described by the equation dN/dt=agp, and the
processes of dissolution and crystallization are described by the dependence on the maximum solubility ¢max and
the empirical parameters a, £, 7.

The concentrations of the substance in the pore solution (¢) and the solid phase (/) are the main functions sought
in mass transfer modeling. The study of the migration of substances in groundwater is based on a combination of
filtration, transport, diffusion and mass balance equations. For typical aquifers, where the horizontal dimensions
significantly exceed the vertical, a two-dimensional equation is used, obtained by averaging the concentration over
the thickness of the layer (after D.V. Rudakov)

olpat ol alpae olia g, a0 (7)
6x[D" P Mj}ray[l)’ Py V¢J+m gy —4,=(1-n) 6t+n P

where m - flow depth (aquifer thickness); g., g+ - mass flows through its upper and lower boundaries; u, v, - filtration

rate components; D,, D, — dispersion (diffusion) components; é(x’ y,t)zlf(p(x, y,z,0)dz - vertically averaged
mo

concentration.

Among the problems of groundwater dynamics, calculations of drainages that intercept filtration (including
polluted) groundwater flows have acquired great practical importance.

Under conditions of a steady two-dimensional groundwater flow for a single well with a constant flow rate (rate)
0, located in a homogeneous layer of average thickness t and with a filtration coefficient K at a point with coordinates
(x0,0), the distribution of groundwater drawdown H is described by the equation

Km(azh+62h]=Q5( Cxy-v)e ®
ox* oy’ v o

where h=Hy-H,;, Hy- groundwater level formed without the influence of a well; H, - their reduced level.

The solution of equation (8), first obtained by Forhheimer for a semi-bounded region x>0, on the boundary of
which x=0 a constant level (4 = 0) is maintained, has the form

h(x, y) = %mé, )

r= \/(x—xo)z +(y=,),p= \/(x+ x,)>+(y+,)* For a group of n arbitrarily located wells, the distribution of

drawdown in a semi-confined layer (x>0) is calculated by summing the drawdowns from individual wells according
to the formula

1 z ya)
h(x, = In =, (10)
o= aem 2O
Non-steady filtration under the action of a single well is described by the equation
o’h  O’h Oh
Km + —-06(x—x,,y— =) —, (11)
[axz ayzj 05—,y =y, )= X

where X=f*m — elastic capacity of a pressure layer. It is defined as the ratio of the change in the volume of water in
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the aquifer per unit area to the corresponding change in pressure. The solution of equation (11), first obtained by
Theis for an unconfined layer, has the form

2
7

0 ; 2 2 2 ( 1 2)
2 El- =(x- —y,)%
27Km l[ 4at]’ rEEmR) A=)
where a= Km/2. - piezoelectric conductivity coefficient of the layer, £i(¢) - integral exponential function. For a semi-

bounded domain
I I W G Y G
h(x. )= ZﬂKm{E{ 4atj El[ 4at}}’

1= () +(r-1)

The calculation of the decrease for a group of wells is performed similarly to formula (10).

In practice, vertical and horizontal drainage systems are used. Depending on the dimensions of the problem, the
drain is schematized as a point or linear drain [7]. The calculation formulas for linear drain are obtained by integrating
the corresponding solution for a point drain along the drainage contour. For a horizontal drain, the contour of which
is given by the equations y=f{x) or x=f{y), it is written

h(x, )=~

h(x, y,0) = ].Ql(é)h(x—éay—f(é),t)dé =

= [0, )h(x=g(n),y=n.0)dn
N
where A(x,y,t) - solution for lowering the level from a point drain of unit intensity, and (x;y;), (x2):) are the
coordinates of the end points of the contour. The specific flow rate of the drain Q; can be variable along its length.
Methods for calculating drainages under different hydrogeological conditions are covered in detail in the fundamental
works of V. I. Aravin, S. M. Numerov, F. M. Bochever and V. S. Usenko.

Formula (13) for linear drains is also used to predict flooding caused by leaks from urban water and heat supply
networks. In this case, Q; determines the leak intensity, and the equations y=f{x) and x=f{y) describe the spatial
position of the damaged section of the pipeline.

When modeling the spread of pollution in groundwater, the following assumptions are permissible. At low
concentrations, the transport of substances does not affect the flow dynamics, which allows solving the filtration
problem independently of the migration problem. For a steady filtration flow, the migration problem is solved on the
basis of a predetermined velocity field. In long-term forecasts, the sorption kinetics can be neglected, using a linear
mass transfer isotherm. Pollution sources are schematized as hydrodynamically active or passive depending on the
volume of leaks. The most accurate forecast is based on the filtration flow velocity field, which is the basis for solving
the mass transfer problem. A preliminary assessment of the groundwater contamination zone can be performed using
the “piston model” [7], where the influence of diffusion is neglected. For a plane-parallel flow between sections 1
and 2 (Fig. 2) with an average power m, the horizontal components of the filtration velocity are:

u =—KM—%=const, v=0.
[ mn

where Q, - filtration flow rate per unit of its width.
A

4
@ v”—\CP(x, t-1g)
%

X

“x

Fig. 2. Scheme of piston displacement in undisturbed unidirectional flow
Rys. 2. Schemat przemieszczenia tloka w niezaktoconym przeptywie jednokierunkowym
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If pollution starts to arrive through intersection / after the moment /=0, then the length of the pollution zone at
the moment ¢; is x; = O, t/(nen), and the time for the pollution front to reach the point x4 is ty = (e m n x4)/Q, Here
the migration speed u, = u/n.. The concentration at the point x is

0,t<0,
plx,0)=p,(1-0(-1,)), 0=
L¢t>0.

The diffusion model of migration prediction allows to take into account the erosion of the pollution front. Most
of the available analytical solutions are developed for simplified schemes of plane-parallel and radial flows.

A fairly common case is migration in a semi-infinite region, at the inlet boundary of which x = 0 the concentration
@o 1s given. The process of solute transport is described by a one-dimensional equation

pd¢ o4 _, 0 (14)

ox’ ox ‘ot
The solution of equation (14) was first obtained by Samuelson [8] and has the form

P(x,) = 0.5p,lerfe(& —n) +e*“erfe(E + )},
u~/t

x
7= 2./Dn,’ £= 2./Dt/n,

Numerical analysis shows that at D/(ux)<0.005 the second term with an error of 4% can be rejected. [6]. The
coordinate of the point with a concentration of 0.5¢9 moves with a constant speed u/n., which corresponds to the
piston displacement scheme. When the pollution front moves, three zones are formed: 1) a zone of high
concentrations close to ¢o; 2) a mixing zone, where the concentration varies from 0 to ¢o; 3) an uncontaminated zone,
where ¢=0. The width of the mixing zone L between points with a concentration of 0.99 ¢y and 0.01 ¢y is 6.6 \/Dt/n,

, increases with time.
To describe unsteady mass transfer in two- and three-dimensional plane-parallel flows in the presence of
constantly operating planar sources of pollutants, the formulas obtained by Bochever F. M. are used [8]:

o(x.y.1) = ﬁ j 4(t(1-0)p. (x,10)p, (y.10)d, s

P(x,y,2,0) = nijq(t(l — N, (x,10)p,(,10)p.(z,10)d0,

e

where ¢y, @), ¢-- solutions of one-dimensional mass transfer problems along the axes Ox, Oy, Oz after "instantaneous"
contamination of a local area.
For an aquifer that is unlimited in plan, the expression ¢, can be used

p(x,0) = O,S{erf[x_x‘_*u*tJ - erf[x‘x‘“f} (16)

For ¢, you can take this formula by substituting the appropriate notations. Fig. 3 shows an example of the
distribution zone of a substance in groundwater, calculated using a two-dimensional model.

200+

i
200 400 x.m 600

Fig. 3. Concentration distribution ¢ obtained according to the two-dimensional model for a certain moment in
time
Rys. 3. Rozktad koncentracji ¢ wyznaczony na podstawie modelu dwuwymiarowego dla pewnego momentu
czasowego

Thus, there is a well-developed mathematical apparatus for describing the migration of contaminants in
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groundwater filtration flows, but their use in each case requires adaptation of the approach to the boundary conditions
and physicochemical characteristics of the object under study.

7.2. Review of technical systems for pollution prevention in the conditions under study

Water filtration through the body of protective structures is undesirable, as it threatens the environment and the
integrity of structures. Most hydraulic structures are built from permeable materials or on filtering bases, therefore
their mandatory part is anti-filtration devices (screens, sumps, diaphragms, etc.). Their purpose is to prevent water
penetration or reduce its losses to a safe level.

Traditional materials (clay, concrete, metal, wood) have significant disadvantages: they are often labor-intensive,
expensive or limited by specific construction conditions. In contrast, polymer films (PE, PVC) have a number of
advantages: practical water resistance; chemical resistance to aggressive environments; high deformability and
manufacturability; independence from local construction conditions.

However, polymer materials also have disadvantages, in particular, a tendency to aging and the dependence of
properties on temperature fluctuations.

The reliability of the film elements must be guaranteed throughout the entire service life of the structure. They
must withstand mechanical loads and environmental influences without losing their integrity. This is critically
important for facilities where water leakage is unacceptable (for example, storage of aggressive liquids), since any
damage to the film leads to a violation of the tightness of the system.

Fig. 4. shows a scheme for protecting phosphogypsum dumps with a polyethylene diaphragm.

Fig. 4. Scheme of a protective structure with a polyethylene diaphragm: 1 - polyethylene diaphragm 2 - loading
layer of large stone; 3 - phosphogypsum dumps,; 4 - concrete curtain, 5 - trap channel
Rys. 4. Schemat konstrukcji ochronnej z przepong polietylenowq: 1 — przepona polietylenowa 2 — warstwa
obciqzajqca z duzych kamieni; 3 — haldy fosfogipsu, 4 — kurtyna betonowa, 5 — kanat zaporowy

In the absence of mechanical damage, the movement of water through the film is possible only by diffusion. These
losses are insignificant, but they must be taken into account when designing storage facilities for highly toxic
substances.

Since screens can deform during operation due to erosion or suffusion of soil, the main attention in the work is
paid to justifying the parameters of drainage structures. They must effectively intercept the flow of highly mineralized
water coming from the object.

Fig. 5 shows a diagram of intercepting soil flow from an array of phosphogypsum dumps by one drainage line.

Fig. 5. Scheme of the drainage line arrangement for intercepting soil flow from an array of phosphogypsum
dumps: 1 — phosphogypsum dumps, 2 — concrete curtain, 3 — migration flow, 4 — trap channel; 5 — direction of
filtration flow; 6 - drain; 7 — groundwater level after drainage arrangement

Rys. 5. Schemat rozmieszczenia linii drenazowej przechwytujgcej przeptyw gruntu z szeregu sktadowisk

| Inzynieria Mineralna — Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society |




fosfogipsu: 1 — sktadowiska fosfogipsu; 2 — kurtyna betonowa, 3 — przeptyw migracyjny; 4 — kanat zaporowy; 5 —
kierunek przeptywu filtracyjnego,; 6 — drenaz; 7 — poziom wod gruntowych po rozmieszczeniu drenazu

It is possible to install the nth number of drains [1] (Fig. 6).

In the practice of hydraulic engineering construction, when artificially intercepting contaminated groundwater in
order to prevent soil contamination, it is possible to apply a scheme for installing a group of wells, the mutual
arrangement of which may be different.

: P T
Fig. 6. Scheme of arrangement of n number of drains for intercepting soil flow from an array of
phosphogypsum dumps: 1 - phosphogypsum dumps, 2 - concrete curtain; 3 - migration flow; 4 - direction of
filtration flow; 5 - catchment channel; 6 - drain; 7 - groundwater level after drainage arrangement.
Rys. 6. Schemat rozmieszczenia n drenow przechwytujgcych spfyw gruntu z szeregu skladowisk fosfogipsu: 1 -
sktadowiska fosfogipsu; 2 - kurtyna betonowa, 3 - przeptyw migracyjny, 4 - kierunek przeptywu filtracyjnego, 5 -
kanat zlewniowy, 6 - drenaz; 7 - poziom wod gruntowych po utozeniu drenazu.

The scheme of groundwater interception by a well row is presented in Fig. 7. In this case, the wells can be located
along the contaminated site in several rows. The number of wells and their placement is optimized by appropriate
hydrotechnical and migration calculations.

\  ctamel [
=1 | Mot growdvaterfevel || well |
= —
TS, . } ;
/ o —
Groundwater \‘ ~ TS
level after lower- \

ing

Fig. 7. Scheme of interception of the groundwater flow of contaminated water from the pollution object by a
well row
Rys. 7. Schemat przechwytywania przeptywu wod podziemnych zanieczyszczonych z obiektu zanieczyszczenia
przez szereg studni

For more effective interception of groundwater, horizontal drainage can be reinforced with vertical wells that will
discharge into drains (Fig. 8).

Fig. 8. Scheme of interception of polluted waters by drainage reinforced with vertical wells: 1 —
phosphogypsum dumps; 2 — concrete curtain; 3 — migration flow; 4 — direction of filtration flow, 5 — trap channel;
6 - drain; 7 — groundwater level after drainage installation,; 8 — well
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Rys. 8. Schemat przechwytywania wod zanieczyszczonych drenazem wzmocnionym studniami pionowymi: 1 —
haldy fosfogipsu,; 2 — kurtyna betonowa, 3 — przeptyw migracyjny, 4 — kierunek przeptywu filtracyjnego, 5 — kanat
wychwytowy, 6 — drenaz; 7 — poziom wod gruntowych po wykonaniu drenazu; 8 — studnia

For massifs with a low filtration coefficient, it is recommended to strengthen the drainage with vertical wells.

For the treatment of effluents squeezed out of waste, a combination of biogeochemical and geochemical methods
has been proposed:

Geochemical barrier: interception of heavy metals by a natural sorbent (loams of a special composition) at the
base of the catchment channel.

Biological treatment: use of two-stage ponds with natural aeration and aquatic vegetation.

Analysis of the “bottom sediments - vegetation” system showed that reed is more effective than sedge and cattail
in accumulating chromium, copper, nickel, cadmium, cobalt and manganese. Duckweed turned out to be the best
sorbent: its accumulation coefficients are 16,000—24,000 for manganese and 4,000—8,000 for iron. The combined use
of reeds and duckweed provides effective purification from the main pollutants of the object - iron, manganese and
chromium.

The main load on the purification of the water of the fishing channel is carried out by a geochemical screen, which
is arranged in the form of soil dams with a counter-filtration tray. In the second-stage biopond, the filtrate passes
through a layer of natural sorbent, after which it enters the third stage through the drainage system for further
purification and subsequent discharge into the drainage channel. The duration of such a screen is determined by the
limiting sorption capacity of the rock for specific toxic components.

To protect fertile soils, the use of a screen made of loess loam (0.5 m) is effective. Studies have confirmed that
such a layer reduces the influx of lead and zinc into the black soil by 2 times, and copper, cobalt and cadmium by 1.6
times. At the same time, the concentration of iron, manganese and chromium in the contact zone remains stable.
Reducing the number of mobile forms of metals in the soil ensures a decrease in their content in agricultural products.

For the reclamation of territories, carbonate loams (alone or with sand) are widely used as ameliorants. They
improve the chemical composition of rocks, increase the moisture capacity, porosity and permeability of the substrate.

The methodology for minimizing heavy metal pollution in the area affected by phosphogypsum dumps includes:
creating geochemical and film screens; installing drainage structures to intercept technogenic waters; using perennial
grasses (alfalfa and sainfoin) as test crops and buffers; implementing a methodology for calculating heavy metal
sorption parameters to predict the state of groundwater.

Unlike standard schemes designed for the flow of clean water, the proposed approach takes into account the
specifics of highly mineralized solutions, in particular the processes of diffusion transfer, sorption and desorption in
the soil mass.

7.3. Substantiation of technological parameters for interception and discharge of polluted waters

The results of the studies confirmed the filtration of highly mineralized waters from the territory of the
phosphogypsum dumps of PJSC "Rivneazot", which causes pollution of soils, groundwater and the Goryn River. The
source of pollution is both the dumps themselves and the adjacent territory (radius of 1 km), where, as a result of
wind erosion and water migration, the concentrations of toxicants exceed the MPC.

In particular, the following indicators were recorded:

- Nitrates in the soil: 30-90 mg/dm?* (MPC — 45 mg/dm?).

- Manganese in groundwater: 50—300 mg/dm? in certain areas (MPC — 0.1 mg/dm?).

- Iron: 1000-2000 mg/kg (MPC — 0.3 mg/dm?).

- Total chromium: 3.0—6.0 mg/dm?* (MPC — 1.0 mg/dm?).

- Water mineralization: 8.3 mg/dm?>.

Also, the standards for the content of lead, zinc, copper, cadmium, nickel, cobalt and nitrites were exceeded
everywhere. To localize the pollution, an engineering network for intercepting highly mineralized waters was
developed (Fig. 9).

The proposed scheme involves creating a drainage network around the dumps to intercept polluted waters and
divert them to the treatment facilities of PJSC "Rivneazot" (distance 5 km). Catchment channels (3) have been
designed along the perimeter of the facility to collect the filtrate formed as a result of precipitation. The pumping
station (5) feeds the collected solution into a 406,000 m? settling pond located on top of the dumps. This placement
minimizes the risk of highly mineralized water entering the soil and its further migration to the Horyn River.
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Fig. 9. Engineering network for pollution prevention within the impact of phosphogypsum dumps: 1 - drains; 2 -

collecting collector, 3 - catchment channels; 4 - phosphogypsum dumps; 5 - pumping station; 6, 13 - pressure

pipeline; 7 - storage basin; 8, 9 - free-flow pipeline; 10 - drainage well; 11 - collecting basin; 12 - pumping
station; 14 - treatment facilities

Rys. 9. Sie¢ inzynieryjna do zapobiegania zanieczyszczeniom w obszarze oddziatywania hatd fosfogipsu: 1 —
dreny; 2 — kolektor zbiorczy, 3 — kanaly zlewne, 4 — haldy fosfogipsu; 5 — stacja pomp, 6, 13 — rurocigg tloczny; 7
— zbiornik retencyjny; 8, 9 — rurocigg swobodnego przeptywu, 10 — studnia drenazowa, 11 — zbiornik zbiorczy; 12

— stacja pomp; 14 — urzgdzenia oczyszczajgce

The parameters of the drainage systems are calculated based on theoretical developments [2] using the point flow
method to determine the one-way inflow. The hydrodynamic model (Fig. 10) takes into account layers with different
permeability and pressure regime, which allows adapting the calculations to the specific geological conditions of the

g 1
Catchwater
drain
= %7
T 7 s

TITTTT 777775777707 7797 27777 TIF 737 77 7777777 7ITF7 7747777

object.

Fig. 10. Calculation scheme of one-way inflow to the drain: 1 — depression curve; 2 — drain
Rys. 10. Schemat obliczeniowy jednokierunkowego doptywu do odptywu: 1 — krzywa depresji; 2 — odphyw

Solution of the problem for a drain placed in an arbitrary coordinate [3]:
~ -2y + v +0) Jx - 1) + (v -5)°]
Hxy)= W{ [(x+0) +(+b)x+ L) +(y-b) ]+
s [(x=1)* +(y+2nm, =) [(x = L)? + (v + 2nm, +b)*]
el [(x+L) +(y+2nm, —b)? [+ [(x + L)? + (v + 2nm, +b)* ]

[(x L)’ +(y—2nm, +b)’ l(x L) +(y—2nm, —b)’ J oC (17)

[(x+L) +(y=2mm, +b)* J(x+ L) + (y—20m, —b)’
In order to satisfy the condition H=H; at x=0, the constant value C must be taken equal to H;. The pressure H; on
the contour of the tubular drain with radius 7p is determined from expression (17), substituting into it x = L - 77 and

y=-b
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H, - 4 ), r;Z(r; +4b*) -
dnk, | QL-r)’[@L-r,)+4b7]
[ 2 Zk 2 2 252 (18)
+§,C' In ry +4(nm, —b) (r, +4n"m;) y
= l@L—-r)? +4(m, + by J@L-r,) +4n’m?]
[(r2 +4(nm, +b)*] Ve H..
leL—r,)* +4(nm, +b)*] '
From formula (18), taking into account that r;; < m; and r7 <<L, we obtain for the flow rate g=¢; per unit length
of the drain

161 (L +b%)

qJ—4”k1(H|—HJ){1nW (19)

- 2 2 2 -
+Zc'[ln(l+l‘7b)z+2ln(l+ Ly imas—* )} ).
n=1 - n

(nm, m, (nm, +b)*
At k; = 0and x; = k; from the obtained formulas, the dependences for the pressure and flow rate in the case of a
homogeneous pressure reservoir with capacities m; i m:

) k(H,~H,) (20)
= m, ’
—+—1In
m 27 . ﬂ(2b+rg)
! 277, sin —————%
2m,
At k=0
q,= kl(Hl_HJ) . (21)
A
i+ilnﬂ
m T

1 A

Let us consider the inflow scheme for » number of drains (Fig. 11).

catchwater
drain

" water table level
s

Fig. 11. Calculation scheme for intercepting soil flow by a drain system
Rys. 11. Schemat obliczeniowy przechwytywania przephywu gruntu przez system drenazowy

To solve problems of this type for the second drain, we assume that the Y axis passes through the center of the
first drain. Then we can write at k; = x>

4l D) I 2lnsinzB -2l Sme] ;(22)

q;z =4k (H, - H), )[

m w

0 A

/ /
2b +ry

2m,

B=

. . / .
where q) - flow rate of the second drain, m%/s; H ﬂ/ - pressure over the second drain, m; 7 ; - radius of the cross-

section of the second drain, m; L’ - distance from the second drain to the power source, m; &’ - depth of the second
drain, m.
For complete interception of the soil flow, the following condition must be met H 27 =0, the pressure above the

n_ pn-l : -
, , , 4| L) 1 ™ dinsin B - 210 S
drain was zero. For n drains we can write |, _ . m, 4ar; 4 o (23)

A A
q,

performing the necessary mathematical operations in equation (23), we obtain
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4n(L -1
4k | 47 ) 21 o
HY=H" - & 167z —o; (24
45
where g ; - runoff intensity » drains, m’/s; H , - pressure over the n drain, m; » q- cross-sectional radius of the n

drain, m; L, - distance from the nth drain to the power source, m; b, - depth of the nth drain, m.

To isolate highly mineralized waters, it is proposed to install a drainage line along the contour of the object at a
distance of 20 m from the catchment channel (channel depth - 0.5 m). According to the calculation scheme (Fig. 12),
for complete interception of the filtrate, the drain is laid on the bottom of the waterproof layer (depth 5 m from the
surface). The difference in pressure between the drain installation mark and the water level in the channel is 2 m. To
prevent the leakage of pollutants into groundwater, the pressure above the ND drain should be zero.

Fig. 12. Scheme for calculating the arrangement of a drainage line to intercept soil flow from an array of
phosphogypsum dumps: 1 — phosphogypsum dumps; 2 — concrete curtain, 3 — road; 4 — drain; 5 — natural
groundwater level; 6 — groundwater level after drainage; 7 — sandy loam; 8 — loam

Rys. 12. Schemat obliczenia rozmieszczenia linii drenarskiej przechwytujqcej sptyw gruntu z szeregu sktadowisk
fosfogipsu: 1 — sktadowiska fosfogipsu; 2 — ostona betonowa,; 3 — droga; 4 — drenaz; 5 — naturalny poziom wod
gruntowych; 6 — poziom wod gruntowych po odwodnieniu, 7 — glina piaszczysta; 8 — glina

In order to intercept drainage water as much as possible, the drainage radius should be such that it can pass the
drainage flow. To calculate the required radius of the drainage line, we will use the dependence (21). After
transformations, we will obtain:

_(”kl (H\—H ;) 7Z'L)
ry="te T 9)
7T
Figures 13, 14 show the results of calculations for possible ranges of parameters in the form r; = f(k;; L; m).

L 12
2] ER
EE0s8 —~—1=fik,m=2,L=20)
f:% 06 | —a— fik,m=2,8,1L220)
":%‘ "’g 0.4 ——p=f(k,m=3,6,L=20)
“ 02 . ‘ ‘ ——p=f{k,.m=1,6,L=20)
0,13 0.15 0.17 0,19 | —prfikm=12,1-20)

Radius of the drainage line, m

Fig. 13. Dependence of the line drainage radius on the filtration coefficient at different values of the aquifer
thickness
Rys. 13. Zaleznos¢ promienia odptywu liniowego od wspotczynnika filtracji przy roznych wartosciach migzszosci
warstwy wodonosnej
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Fig. 14. Dependence of the drainage radius on the aquifer capacity at different values of the distance of the
drainage installation from the catchment channel
Rys. 14. Zaleznos¢ promienia odwodnienia od pojemnosci wodonosnej przy roznych wartosciach odlegtosci
instalacji odwodnieniowej od koryta zlewni

For more effective interception of groundwater, horizontal drainage can be reinforced with vertical wells, which will
discharge into drains (Fig. 15). To determine the diameter of the well, it is advisable to use the theoretical
developments of M. M. Veregin on lowering groundwater.

Fig. 15. Scheme of interception of polluted waters by drainage reinforced with vertical wells: 1 — phosphogypsum
dumps; 2 — concrete curtain; 3 —road,; 4 — groundwater level after drainage installation; 5 — drain; 6 —well; 7 —
natural groundwater level

Rys. 15. Schemat przechwytywania wod zanieczyszczonych drenazem wzmocnionym studniami pionowymi. [ —
hatdy fosfogipsu, 2 — ostona betonowa, 3 — droga, 4 — poziom wod gruntowych po wykonaniu drenazu; 5 — drenaz;
6 — studnia; 7 — naturalny poziom wod gruntowych

When operating with a single well, the head (water depth) /4 at any point in the ground flow is expressed by the
following equation:

W= _‘;[mpk . o,sg(l,’"ﬂ. (26)
Tt

7 m r,

where k- filtration coefficient. Here we only note that at /=m (perfect well), as well as at m/rx I, the value ¢=0.
Therefore, for the case when the well reaches an impermeable layer, dependence (26) can be rewritten as

pr=p?— 4P| 7)
7k 7,
The quantities p, and rrare expressed as follows
re=\lr-b-p) +(y-psina), (28)
pkz\/(x+b+p)2+(y—psina)2 . (29)

pr 11 bipolar coordinates of any point, respectively equal to its distance to the center of an arbitrary well and to its
mirror image relative to the water edge; g - well flow rate.

The value Ne is equal to the water depth at any point in natural conditions (before the wells start operating). N.=
1 m - above the drainage line.

When all n wells operate, based on the principle of adding flows, the head / at the same point will be expressed
as follows:

k=n-1
W =H’ _i[ m&], (30)
7tk ; Ty
To determine the radius of the well that is necessary to completely intercept the groundwater flow of contaminated
water, we will use the dependence
H :anm (1)
wr "y

Taking 2 =0 we get ro=0.1 m.
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Inr, =In(2l) =17
q
Fig. 16, 17 show the results of calculations for a possible range of parameters r7 = f (L, I; ry).
Reinforcement of drainage with vertical wells is recommended in the case when the soil massif from which
polluted water is drained is represented by soils with a low filtration coefficient.
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Drainage line radius 1z, m

Fig. 16. Dependence of the drainage radius on the well radius at different values of the distance between the

wells
Rys. 16. Zaleznos¢ promienia odplywu od promienia studni przy roznych wartosciach odlegtosci miedzy
studniami
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Drainage line radius 1z, m
Fig. 17. Dependence of the drainage radius on the distance between wells at different values of the well radius
Rys. 17. Zaleznos¢ promienia odplywu od odleglosci miedzy studniami przy roznych wartosciach promienia
studni

7.4. Justification of the optimal parameters of volumetric drainage filters for intercepting polluted waters
The choice of drainage filter parameters (thickness, density and diameter of drains) requires solving a technical

and economic problem. Increasing the filter thickness reduces the filtration resistance and allows you to increase the
distance between drains, which reduces construction costs, but increases material consumption.

Reducing the filter density also saves material and expands the drain step, but excessive reduction in density under
load leads to filter deformation and reduced drainage efficiency. The optimal option should provide minimal capital
costs while unconditionally maintaining the required drainage effect.

In the work, the minimum capital investment in the construction of drainage with volumetric filters with the
mandatory provision of the calculated drainage flow module is taken as the optimality criterion:

K =27D + ZF => min, (32)
where ZD - costs for construction of drainage without taking into account the cost of the filter, UAH/ha; ZF - costs
for manufacturing the filter and the cost of the material, UAH/ha.

ZD = Kzp'Lo (33)

ZF = Kzr Py 5 (34)
where Kzp - the cost of construction of 1 p. m of drainage without a filter, determined by calculation, UAH/ha; Kz -
the cost of a volumetric filter taking into account the cost of the material and the costs of manufacturing the filter,
UAH/ha; Ly - the length of the drains per unit area, m/ha; Py - the consumption of filtering material per unit area,
kg/ha.

- 10000, 35)
E
Py = a({(D+t))p-Loy , (36)
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where E - distance between drains, m; ¢ - filter thickness, m; D - drain diameter, m; p - filter density, kg/m°.
The calculation is performed taking into account soil and hydrogeological conditions in the following sequence:
1. With known drain diameters and type of filtering material, we specify different values of the initial filter
thickness: #;, t,, ...t, and initial density: p1, p2, ...pn;
2. For each of the values of ti and pi, determine the load of the drainage trench backfill per 1 p. m of drain:
, _ 2jHb (37)
" m(D+2t)
where j - bulk density of the backfill soil, kg/m?; H - trench depth, m; b - trench width, m.
3. Depending on the type of filtration material, its filtration coefficient is determined at p = pg;

ky=ap, (38)
where a, b — empirical coefficients depend on the type of material, kg/m?;
4. We determine the actual thickness of the filter taking into account the deformation #;, and the actual density

Pos
=1 1-a (39)
¢ 0 Pon ’

2t,(D +t,)

“t,(D+2t,)+Dt,
where D — pipe diameter, m; P — load, kg/cm?; m, n — empirical coefficients depend on the type of material.

5. Att =tgand p = pg we calculate the filtration resistance by the nature of the aquifer opening @;;

@, =2I1-K] - pj(a, +ait, +a,t; +ast,)—In4H,/D(41)

6. Taking into account the filtration scheme, we determine the total filtration resistances according to the degree
and nature of the aquifer opening [3].

7. We determine the distance between the drains according to the formulas:

a) with a relatively shallow water resistance
HT
B=4( |12 +——-1L,) (42)
2q

o 2KH,
q(In(2E / D)+ @,

where K, - soil filtration coefficient, m/day; H, - calculated pressure over the drain, m; ¢ - water inflow to the drain,
m/day; L,q - total filtration resistance by the degree and nature of the formation opening (F,+F}).

8. According to formula (35), the length of drains per 1 ha is determined and according to (40) at t = #; p = ps po
is calculated;

9. With known values of ZD and ZF, according to formulas (33) and (34), we determine the value of the
optimization criterion K;

10. According to the minimum value of the criterion, we determine the optimal initial parameters # and pi, and
the distance between the drains that corresponds to them.

According to this method, the optimal parameters of volumetric drainage filters are given (Table 1).

(40)

Py =P

b) with deep water resistance

(43)

Table 1. Optimal parameters of volumetric drainage filters
Tabela 1. Optymalne parametry filtrow drenazowych objeto§ciowych

Filter materials
Parameters straw flaxseed a mixture of fescue | a mixture of straw and
and sawdust artificial fibers
Filter density, g/cm? 061260 0,18...0,22 0,18...0,22 0,18...0,22
Filter thickness, mm | 10... 12 10... 12 10... 12 10... 12

The use of volumetric filters made of organic materials allows for a 1.3...1.4 - fold reduction in the cost of drainage
construction compared to the nonwoven fabric filter option [13].
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7.5. Recommendations for environmentally safe operation and disposal of phosphogypsum dumps of PJSC
“Rivneazot”

Based on a comprehensive analysis of the facility (topography, composition of soils and waters, water-physical
properties), a three-stage strategy for the environmentally safe operation of the phosphogypsum dumps of PJSC
"Rivneazot" is proposed [1].

Stage 1: Localization and removal of pollution. Installation of a perimeter collector and drainage network to
intercept technogenic waters. Polluted wastewater will be transported to the enterprise's treatment facilities (distance
5 km), which will prevent them from entering underground horizons, the Horyn River and drinking water sources of
nearby villages (Metkiv, Rubche).

Stage 2: Reclamation and conservation Covering the dumps with a protective film with subsequent application of
a meter-long layer of fertile soil. Planting vegetation (grasses and shrubs) will provide surface stabilization,
neutralizing wind erosion and secondary pollution of the territories.

Stage 3: Resource-saving processing (prospective). Complete utilization of phosphogypsum as a secondary raw
material for: production of high-strength building materials (blocks, panels, binder grades >500); extraction of rare
earth metals (content in raw materials — up to 1%) with simultaneous waste decontamination. [1, 2, 3, 4]. This set
of measures will allow to move from waste accumulation to its complete elimination with obtaining an economic
effect.

Conclusion

In the work, an urgent scientific and practical problem is solved, which consists in establishing the patterns of
pollution distribution in the soil massif during groundwater filtration from the source of pollution, on the basis of
which methods of assessment and analysis of the impact of man-made objects on the environment and calculation of
rational parameters of pollution localization within the impact of phosphogypsum dumps are created, technological
solutions for the localization of such pollution are developed.

The implementation of these solutions will allow to increase the level of environmental safety by using more
reliable engineering systems for environmentally safe storage of phosphogypsum dumps and reduce the morbidity
of the population living within the impact of the dumps.
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MODELOWANIE PROCESU ROZPRZESTRZENIANIA SIE ZANIECZYSZCZEN GLEBY I
OPTYMALIZACJA SYSTEMOW OCHRONY WOD PODZIEMNYCH W STREFACH WPLYWU
ODPADOW TECHNOGENICZNYCH

Streszczenie

Intensywny rozwoj przemystu wigze si¢ ze wzrostem antropogenicznego obcigzenia srodowiska, co prowadzi
do zanieczyszczenia gleb i wod gruntowych. Problem ochrony wod gruntowych przed przenikaniem substancji
toksycznych z terenow sktadowania odpadéw przemystowych jest szczegoélnie istotny. Badania
przeprowadzono w strefie oddziatywania hatd fosfogipsu PJSC ,,Rivneazot” o lacznej objetosci okoto 22.4
min ton, ktore stanowig istotne zrddlo dlugotrwatego antropogenicznego obcigzenia. Haldy powoduja
intensywne zanieczyszczenie gleby i wod gruntowych roztworami wysoko zmineralizowanymi i metalami
cigzkimi, co stwarza zagrozenie dla zasobow wodnych regionu. W pracy zbadano procesy migracji
zanieczyszczen w osrodkach porowatych oraz przeanalizowano czynniki determinujace ich dystrybucje.
Wykorzystano metody matematycznego modelowania przeptywow filtracyjnych i transportu masy,
uwzgledniajace procesy hydrodynamiczne i fizykochemiczne. Stwierdzono znaczne przekroczenia
dopuszczalnych stezen zanieczyszczen w strefie oddzialywania sktadowisk technogenicznych, w
szczegolnosci mineralizacja wod sigga 8,3 g/dm?, a stezenia poszczegolnych sktadnikow przekraczaja wartosci
dopuszczalne kilkadziesiat razy. Zaproponowano inzynieryjny system lokalizacji zanieczyszczen, obejmujacy
urzadzenia drenazowe, kraty przeciwfiltracyjne oraz kombinowane metody oczyszczania wod. Uzyskane
wyniki pozwalajg na zwigkszenie skuteczno$ci prognozowania i zapobiegania zanieczyszczeniom gleb i wod
podziemnych.

Stowa kluczowe: wody podziemne, zanieczyszczenia, sktadowiska antropogeniczne, filtracja, systemy
drenazowe, bezpieczenstwo ekologiczne, sorpcja, ochrona inzynieryjna
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