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Abstract. Problem statement. Large accumulators of liquid waste (e.g., mine water ponds, tailing ponds, etc.) are
long-term sources that change the hydrological regime. A negative consequence of this process is flooding of the
territory. In addition, the infiltration of contaminated water from such hazardous sources changes the quality of
groundwater. Therefore, it is important to analyze the impact of such anthropogenic sources on the process of flooding
and deterioration of groundwater quality. To solve this problem, it is very important to use the method of mathematical
modeling as an effective mean of researching problems of this class, since the use of physical modeling is practically
impossible within the scope of problems of this class. The purpose of the article. Development of numerical models for
predicting changes in the hydrological regime (flooding of the territory) and groundwater quality under the influence of
anthropogenic pollution sources. Methodology. To assess the dynamics of changes in the hydrological regime, a two-
dimensional equation of filtration of a non-pressure groundwater flow is used. A two-dimensional geomigration
equation (planned model) is used to analyze changes in groundwater quality during infiltration of contaminated water
from the settling pond. This equation takes into account the convective transfer of contaminants in the filtration flow,
dispersion, and the intensity of contaminant infiltration into the groundwater flow. The method of total approximation is
used for numerical integration of the filtration equation. For the numerical integration of the geomigration equation, an
implicit splitting scheme is used. Scientific novelty. Effective numerical models for rapid assessment of changes in
groundwater dynamics and quality under the influence of anthropogenic sources that change the hydrological regime
are proposed. The constructed numerical models take into account a set of important physical factors that affect the
process of geomigration and flooding of the territory, namely: filtration coefficient, variable depth of free-flowing
groundwater, dispersion, intensity of the source of impurity emission into the groundwater flow. This makes it possible
to obtain a comprehensive assessment of the process of flooding and groundwater pollution.. Practical significance.
A computer code has been created that allows practical usage of the developed numerical models. This code is an
effective tool for theoretical study of non-stationary processes of territory flooding and anthropogenic groundwater
pollution. Conclusions. A numerical model for calculating groundwater dynamics has been developed. The model
allows to predict the level of groundwater rise under the influence of a man-made source of wastewater infiltration from
a settling pond. A numerical model for calculating the process of geomigration from an anthropogenic source of
emissions has been developed. The model makes it possible to predict the dynamics of contamination zone formation in
a non-pressure groundwater flow. The developed numerical models take into account the most important parameters
that affect the formation of flooding zones and groundwater contamination.

Keywords: ground waters dynamics; ground waters pollution; territory flooding, mass transfer;, mathematical
modeling
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Awnoranis. ITocmanoeéxka npoonemu. Benuki HakonnuyBaul piAKMX BiAXOAIB (HANpUKIaJA, IIAXTHI BOJOHMH,
XBOCTOCXOBHIIA TOIO) — II€ JOBTOTPHBAI JDKEpela, M0 3MIHIOIOTh TiPOJIOTIYHANA pexuM. HeraTuBHUM HACIiIKOM
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IBOTO TIPOILIECY CTa€ MiATOIUIEHHS TepuTopii. KpiM TOrO, MpOHWKHEHHS 3a0pyaHEHOi BOOM 3 TaKMX HEOE3MEUHHX
JOKEpeIl 3MIHIOE SIKICTh I'PyHTOBHX BOA. TOMY aKkTyalbHUM OAuuThCs aHAJi3 BIUIMBY TaKMX aHTPOIOI€HHUX JUKEpEN Ha
MIPOLIEC MiATOIUICHHS Ta MOTIPIICHHS SKOCTI MiA3eMHUX BoA. J{iis po3B’sa3aHHA 1i€l 3a1aui qy)Ke BaXkKJIMBE 3aCTOCYBaHHS
METOJly MaTeMaTH4HOrO MOJICNIOBAaHHS SK €(QEeKTUBHOro 3aco0y MJOCHUKEHHS 3aad LbOro Kiacy, OCKLIBKH
3aCTOCYBaHHS (DI3MYHOIO MOJENIOBAHHS B paMKax 3a/ad LBOro KJlacy NpPakTHYHO HeMoxiuBe. Mema pooomu —
PO3pOOIEHHS YHCENBHUX MOJETeH Ul MPOTHO3YBaHHS 3MIHHM TiIPOJIOTIYHOTO pexuMy (TATOILIEHHS TepUTOpii) Ta
SIKOCTI T1JI3EMHUX BOJ| 33 BIUIMBY JIKEpEJ aHTPOIOT€HHOTo 3a0pynHeHHs. Memoouka. JIist OLiHEHHS! TUHAMIKU 3MiH
TiAPOIOTIYHOTO PEXMMYy BHKOPHCTOBYETHCS JBOBHUMIpHE PIBHSHHS (inbTparii Oe3HamipHOTO CTOKY IMiA3€MHHX BOJ.
JIBoBHMipHE piBHSHHS reoMirpamii (MIaHoBa MOJIENb) BUKOPUCTOBYETHCS IS aHAJI3y 3MiH SKOCTI IPYHTOBHX BOA Tij
yac iH(QiTpTpanii 3a0pyaHeHOi BoaM 3 BifcTiiHWKa. Lle piBHSIHHS BpaxoBy€ KOHBEKTHBHHI IEpeHOC 3a0pyAHEHB Y
¢binpTpanifHOMy TOTOI, AWCIEPCiI0 Ta IHTEHCHBHICTH 1HGINbTparii 3a0pyAHIOBadiB y MOTIK IPYHTOBUX BO. st
YHCJIOBOTO IHTETPYBaHHA PiBHAHHSA (UIBTpamii 3aCTOCOBYETHCS METOJ MOBHOI ampokcumarii. i YHceIsHOTro
IHTeTpyBaHHA pIBHAHHS TeOMIrpamii BHKOPHCTOBYEThCSI HesBHa cxeMa po3meruieHHs. Haykoea noeusna.
3anponoHoBaHO €(DEKTUBHI YUCIIOBI MOJENI JJIs CKCIPEC-OIIHKK 3MiH TWHAMIKH Ta SIKOCTI MiJ3¢MHHUX BOJ 33 BIUIHBY
AHTPOIOTEHHUX JKEPEJI, 10 3MIHIOIOTh Tiiposioriunuid pexxum. [1oOynoBaHi yncelbHI MOJIENl BpaXOBYIOTh KOMILIEKC
Ba)XJIMBUX (i3NUHMX (pakTOpiB, 110 BIUIMBAIOTH Ha TPOIEC TeoMirpamii Ta 3aTOIUICHHS TepUTOpii, a came: KoedimieHT
¢binpTpanii, 3MiHHY TJIMOMHY 3araHHs O€3HAIIPHHUX MiA36MHUX BOJ, JIUCIEPCHICTB, IHTEHCHBHICTD JyKepesia BUKUIY
JIOMIIIOK y TiJ3eMHI BojaW, NOTIK. lle 1ae MOXIMBICTH OTpUMAaTH KOMIUIEKCHY OILIIHKY MHpOLECY IiATOIUICHHS Ta
3a0pyaHeHHS Mia3eMHUX BoA. IIpakmuuna 3nauumicms. CTBOPEHO KOMII'IOTEPHHH KOJ, SIKMH I03BOJISIE MPAKTHYHO
BHKOPHCTOBYBATH PO3po0iieHi gucioBi Monemi. Lle# kox — eeKTUBHUIA iIHCTPYMEHT [T TEOPETUIHOTO TOCHIIKCHHS
HECTAI[IOHApHUX TMPOIECiB MiATOIUICHHS TEPUTOPil Ta aHTPOIMOTEHHOTO 3a0pyAHEHHS WiA3eMHUX BOJ. BucHnoexu.
Po3pobneno umcenpHy MOJENb IS PO3PAXyHKY AWHAMIKH MiA3eMHHX BOX. MoJenb 103BOJISiE IPOTHO3YBAaTH PiBEHBb
MiIHATTS TPYHTOBUX BOJ 3a BIUIMBY TEXHOTEHHOTO JpKepela iHQUIbTparii cTiYHHX BOJX i3 BincTiiiHumKa. Po3pobieHo
YHCIIOBY MOJENb JAJIS PO3paxyHKY IIPOLECY T€OMIrparii BiX aHTPONOTEHHOTO JKepena BUKHAIB. Moaenb Jae 3MOry
IIPOTHO3YBATH JAWHAMIKY ()OpMyBaHHs 30HM 3a0pyJHEHHS B O€3HAMIPHOMY CTOL IPYHTOBUX BoJ. Po3poliieHi unciosi
MOJIeJli BpaxOBYIOTh HaWBa)KJIMBIIII MapaMmeTpH, L0 BIUIMBAIOTH Ha ()OPMYBaHHS 30H 3aTOIUICHHS Ta 3a0pyAHEHHS
I'PYHTOBHUX BOJI.

Kuaro4oBi ciioBa: dunamixa niozemHux 800; 3a0pyOHEeHHSA RIO3EMHUX 00, 3aMONJICHHS MePUmopii; MAcoOnepeHoc;
Mamemamuyne MOOeNBaAHHs.

Problem statement. Problem of ground
waters rise, pollution and its management
attracts attention among the world [1; 3; 8; 9].

Many engineering projects, especially
large-scale ones, involve excavation work on
aquifers. For all such excavations, an
appropriate groundwater and surface water
management and control system(s) must be
planned before the start of each project. In
practice, this can only be done with information
about the soil conditions and groundwater that
may be encountered based on site investigation
data. Groundwater control (as well as surface
water runoff) is generally considered by the
client, engineer, and architect to be a
“temporary work”, the contractor's
responsibility, and is almost always of little or
no interest to them. In many cases, this
philosophy proves to be short-sighted and
ultimately results in significant financial, time
and reputational losses for the client.

Sometimes, as the work progresses, the
actual soil and groundwater conditions may
differ from those expected. If this occurs, all
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stakeholders should be prepared to consider
changing operations and construction methods
as the work progresses and more information
becomes available. This will provide the best
assurance that the project will be completed
safely, economically, and within the realistic
timeframe and cost of the program.

It is particularly important to note that the
rise in groundwater levels is occurring in areas
where there is a change in the hydrogeological
regime, for example, due to the construction of
wastewater storage ponds from various
enterprises (Fig. 1).

—

Fig. 1. Settling pond
https://www.pseau.org/outils/ouvrages/irc_university_of

_leeds_waste_stabilization_ponds 2004.pdf
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Infiltration of wastewater from ponds leads
not only to a rise in the water table (the process
of flooding the territory begins), but also to a
deterioration in groundwater quality. The
situation can be aggravated by the fact that, in
addition to deteriorating groundwater quality,
wastewater entering the underground stream
from storage facilities can be aggressive and,
over time, affect the stability of the foundations
of structures, underground utilities, etc. In this
regard, an important task arises of predicting
changes in groundwater dynamics and quality
under the influence of man-made, long-term
sources of pollution.

It should be emphasized that currently,
empirical and analytical models are used to
solve problems of this class, which make it
possible to determine the dynamics of
groundwater and the impact of drainage
systems on its change [2;3-6;9; 10]. Such
models are effective in engineering practice,
but they provide predictive data only for
“simplified” scenarios. Due to the increasing
level of requirements for predictive results,
there is an increasing need to use numerical
models to solve problems of this class.
Therefore, the development of numerical
multifactor models that allow solving applied
problems at a new level remains an urgent
problem.

The purpose of the article. Development
of a numerical model for analyzing changes in
groundwater dynamics and quality under the
influence of anthropogenic sources of pollution.

Methodology. The process of groundwater
rise under the influence of a settling pond with
contaminated wastewater is considered. The
groundwater dynamics is described by the
following equation (generalized Boussinesq

equation):
j +W,

oh

. kh”’(
where 4 — depth of underground flow; k& —
filtration coefficient; u — lack of saturation; W —
infiltration rate; An average depth of
underground flow.

When using equation (1), an aquitard is
assumed to be horizontal.

on:  on’
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y
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The components of the underground flow
velocity vector are determined on the basis of
Darcy's law:

oh

u=—k—,v
ox
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oy

The setting of boundary conditions for
equation (1) is discussed in [3].

Since the wastewater in settling ponds is
contaminated, the infiltration of this wastewater
into groundwater leads to its gradual
contamination. Therefore, when analyzing the
environmental impact of settling ponds, it is
necessary to analyze the process of mass
transfer of contaminants in groundwater. Over
time, these impurities will reach water intakes
from groundwater sources, which will have a
negative impact on public health.

The geomigration equation averaged over
the depth of the groundwater flow is used to
predict groundwater contamination [3—5]:
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where u, v — components of the underground
flow rate; S — concentration of impurities in the
underground flow; Q — intensity of impurity
emission into the underground stream; i, u, —
dispersion  coefficients; n is  porosity
coefficient; 7 — time.

The position of the emission source
(sedimentation pond) is modeled using the
Dirac delta function o(x—x;)(y—y:), where x;, y; —
Cartesian coordinates of the emission source.

The formulation of boundary conditions for
equation (3) is discussed in [4; 5].

Numerical model. For the numerical
integration of modeling equations (1), (3), a
rectangular difference grid is used. The value of
the depth of the underground flow and the
concentration of the impurity is determined in
the middle of the rectangular difference cells.
The components of the filtration flow rate are
determined on the sides of the difference cells.
Markers are used to build the view of the
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computational domain, specify the position of
the pollution source, the location of the river,
etc.

To build a numerical model of the filtration
flow, equation (1) is reduced to the form:

oh o> on’

P | 0 4
Py ’”(axz 6y2j @
oh
ﬂEZW (5)

For numerical solution of equation (4), a
difference scheme of total approximation was
used:

first step of splitting:

I 1

n+% n n+% n+5 n+2 n+%
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- 2 2 >
At Ax Ay
- second step of splitting:
n+1
n+l 0 n+l n+l n+l n+l
h,.,j — hi,j hm,f — h,.,j hi,j+1 — hm‘
=la > +la————|,
At Ax Ay
where a =—",

Y7,
For numerical integration Eq. (5) Euler
method was used.
For numerical solution of the geomigration
equation (3), it was split as follows [1]:
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A two-step splitting scheme was used for
numerical solution of equation (6) [1]:
first step of splitting:
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where u" = 5 U = 5 Here and further
. . . At
the following designation was used: Af =—.
n

The following two-step splitting scheme
was used for numerical solution of equation (7)

[1]:

first step of splitting:
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H, 2 y PR
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v+ vy
where v* = V= 5

For numerical integration of equation (8),
the Euler method is used.

The computer code WatGE-2 was created
on the basis of the developed numerical models.
The programming language is FORTRAN. The
computer code includes:

1. Wa.DAT - initial data file (entering
information about the size of the calculation
area, the location of the pollution source, the
concentration of the impurity in the wastewater
in the lagoon, etc.);
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2. Wal is a subroutine for calculating the
dynamics of groundwater depth change over
time;

3. Wa2 is a subroutine for calculating the
components of the filtration flow rate;

4. Wa3 — a subroutine for calculating the
change in the concentration of an impurity in
groundwater over time.

The proposed numerical model can be used
for solving the following problems:

1. Modeling ground waters dynamics due
to different factors.

2. Modeling dynamics of ground waters
pollution near storages with wastes.

3. Modeling ground waters pollution after
accident spillages.

4. Modeling ground waters dynamics due
to drainage systems.

Results. Below there are the results of
model problem solving. The following problem
was considered: there is a contamination zone
in ground waters which was formed after the
accident spilling (Fig.2). The underground
water layer had the following parameters: 15 m
was the depth of underground flow at the upper
boundary of the calculation region (boundary
x = 0) and at the low boundary the depth of
underground flow was 11 m; k& = 4 m/day;
=02, W=0.001 m/s; ux=0.1u; u, = 0.1v;
S = 100 (dimetsionless concentration).

Dynamics of pollutant zone moving is
shown in Figures 2—4. Time is dimetsionless.
Every number in these Figures show the
imensionless concentration as the persantage
from the maximum comcentration Cpax at this
time step.
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Fig. 2. Contamination area Cpax=98,¢t=0.15
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Fig. 4. Contamination area Cpax =72, t = 0.22

As can be seen from Figures2—4 the
contaminated zone slowly enlarges. It moves to
the low boundary of the calculation region.
Diffusion and convection cause decrease of
impurity concentration in ground waters. It
should be noted that the calculation time for
each variant of the problem was 3 seconds.
Thus, the built numerical models allow us to
quickly analyze changes in the hydrogeological
regime and groundwater pollution. This is very
useful when performing serial calculations in
practice.

Scientific novelty and practical value.
Effective numerical models for quick
assessment of changes in groundwater
dynamics and quality under the influence of
anthropogenic  sources that change the
hydrological regime are proposed. The
constructed numerical models take into account
a set of important physical factors that affect
the process of geomigration and flooding of the
territory, namely: filtration coefficient, variable
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depth of free-flowing groundwater, dispersion,
intensity of the source of impurity emission into
the groundwater flow. This makes it possible to
obtain a comprehensive assessment of the
process of groundwater flooding and
contamination. A computer code has been
created that allows for the practical use of the
developed models.

Conclusions. 1. A numerical model for
calculating  groundwater  dynamics  was
developed. The model makes it possible to
predict the level of groundwater rise under the
influence of a man-made source of wastewater
infiltration from a pond - a sedimentation tank.

source of emissions was developed. The model
makes it possible to predict the dynamics of the
formation of a contamination zone in a non-
pressure groundwater flow.

3. The constructed numerical models take
into account the most important parameters
affecting the formation of flooding zones and
groundwater contamination.

4. The results of the computational
experiment show that the constructed
mathematical models make it possible to
quickly obtain predictive data for analyzing the
impact of anthropogenic sources on changes in
groundwater quality and their regime.

2. A numerical model for calculating the
process of geomigration from an anthropogenic
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