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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

MOJIEJTIOBAHHS JTUHAMIKU TPYHTOBHUX BO/I
TA IX 3ABPYJHEHHS

BIJISIEB M. M., ooxm. mexu. nayk, npog.,
KO3AYMHA B. B.Z, acn.

! Kadenpa rigpasniku, BogonocTadanus Ta (isuky, YKpaiHCHKMii IepsKaBHMiT yHIBEPCHTET HAyKH i TeXHOMOriH, By Jlasapsua, 2,
49010, quinpo, Ykpaina, Ten.: +38 (056) 373-15-09, e-mail: biliaiev.m@gmail.com, ORCID ID: 0000-0002-1531-7882

2" Kadenpa rifipaBiiiku, BOJONOCTaYaHHs Ta (i3UKH, YKpaiHCHKUH JIepKaBHUH YHIBEPCUTET HAyKH i TEXHOJOTIH, By Jlazapsua 2,
49010, quinpo, Ykpaina, Ten.: +38 (056) 373-15-09, e-mail: kozachyna.valeriia@gmail.com, ORCID ID: 0000-0002-7433-7306

Anotauist. ITocmanogéxa npoonemu. Benuki HakonudyBaui piAKMX BiAXoJiB (HAaNpWKIai, IIAXTHI BOJOHMH,
XBOCTOCXOBHIIA TOIO) — [I€ AOBrOTPHUBAII JPKEpelia, IO 3MIHIOIOTH TipoJIOriuHui pexuM. HeraTMBHUM HaciigKoM

137



VYkpaiHcbkuil xKypHan OyaiBHULTBA Ta apxiTektypu, Ne 2 (020), 2024 p., ISSN 2710-0367 (print), ISSN 2710-0375 (online)

LBOTO MpOLECY CTa€ MiATOIUIEHHS TepuTopii. KpiM TOro, MpoHMKHEHHs 3a0pyJHEHOI BOIM 3 TakuX HEOE3NEeUHHX
JDKEpeIl 3MIHIOE SIKICTh I'PYHTOBUX BOJ. TOMYy akTyaJlbHUM OauMThCS aHaNi3 BILIMBY TaKHX aHTPOIIOT€HHUX JDKEpPEN Ha
TIPOLIEC MiATOIUICHHs Ta MOTIPIIEHHS SKOCTI MiA3eMHUX Boa. [lyis po3B’si3aHHs 1€l 3a/1a4i AyKe BaXKIIMBE 3aCTOCYBaHHS
METO/Zy MaTeMaTH4YHOIO MOJENIOBaHHA SK e(QEKTHBHOrO 3aco0y MOCHiKEHHS 3aJad LbOro Kiacy, OCKUIBKH
3aCTOCYBaHHs (DI3MYHOTO MOJICNIIOBAHHS B paMKax 3ajay IbOr0 KJIACy NPaKkTHYHO HeMosmBe. Mema pooomu —
PO3pOOIIEHHST YHCENIFHUX MOJIeTIel U TPOrHO3YBAHHS 3MiHHM TiIPOJIOTIYHOTO pexuMy (IIATOIUIEHHS TEPHUTOpii) Ta
SIKOCTI IMiJI3EMHUX BOJ 32 BIUIMBY JDKEPEN aHTPOIIOTeHHOTO 3a0pynHeHHs. Memoouka. JIis ONiHEHHS TUHAMIKH 3MiH
TiAPOJIOTIYHOTO PEXMMY BHKOPHCTOBYETHCS JBOBHUMIpHE piBHSHHS (DimbTparii Oe3HAmipHOTO CTOKY IMiA3€MHHUX BOJ.
JIBoBUMIipHE piBHSHHS TeoMirparii (ITaHOBa MOJIENb) BUKOPUCTOBYETHCS IUIS aHANI3Y 3MiH SKOCTI IPYHTOBHX BOJ ITiJ|
yac iH(QiIpTpanii 3a0pyaHeHoi BoaM 3 BifcTiiHWKa. Lle piBHSAHHA BpaxoBy€ KOHBEKTUBHHH IEpEHOC 3a0pyIHEHb Y
¢inpTpamiiHOMYy TOTOLI, THCIIEPCiI0 Ta IHTEHCHBHICTH iHQINbTpamii 3a0pyAHIOBaYiB y MOTIK IPYHTOBUX BOA. st
YHCJIOBOTO IHTErPYBaHHS DIBHSHHS (UIbTpalii 3aCTOCOBYETBHCS METON MOBHOI ampokcumamnii. Jlns ducenpHOTro
IHTErpyBaHHsl pIBHSIHHS TeoMirpaiii BHKOPUCTOBYEThCS HesiBHA cxema posiuerieHHs. Haykoea Hosusna.
3anpornoHoBaHo e(pEeKTUBHI YHUCIOBI MOZENI AJIsl EKCIPEC-OLIHKM 3MiH JUHAMIKH Ta SIKOCTI MiJI3eMHHUX BOJ| 32 BILUIUBY
AQHTPONIOTEHHUX JIKEPEJI, 1[0 3MIHIOIOTH Tifposioriunuil pexkuM. [To0ynoBaHi YncenbHI MOJENI BPaXOBYIOTh KOMILUIEKC
BaXJIMBHX (Di3MYHUX (aKTOpiB, 10 BIUIMBAIOTH HA IpOLEC TeoMirpamnii Ta 3aTOIUIEHHS TepUTOpii, a came: KoedilieHT
¢utpTpanii, 3MiHHY TTIMOMHY 3ajisaraHHs Oe3HAIPHUX ITJ3eMHUX BOJ, AWUCIIEPCHICTb, IHTEHCUBHICTD JDKEpPENa BUKHUIY
JMOMIIIOK y Tim3eMHi Boaw, MOTIK. Lle mae MOXIHBICTP OTPUMATH KOMIUIEKCHY OIIHKY IPOIECY MiATOIUICHHS Ta
3a0pyaHeHHs mia3eMHux Boj. IIpakmuuna 3nauumicms. CTBOPEHO KOMIT IOTEPHHUN KOJ, SIKUH O3BOJISE NMPAKTHIHO
BHKOPHCTOBYBATH po3po0ireHi guciosi moxeni. Lle#t kox — epekTUBHUIA iHCTPYMEHT TS TEOPETUIHOTO JOCHIKSHHS
HECTALlIOHAPHHUX TMPOIECiB MIATOIUIEHHS TEPHUTOpii Ta AHTPONMOTeHHOro 3a0pyIHEHHS WiA3eMHUX BoA. Buchnoeku.
Po3pobieHo uncensHy Monenb Ul po3paxyHKy AWHAMIKH Ii3eMHUX BoA. Monenb J03BOJISE NIPOTHO3YBATH PiBEHb
MITHATTSA TPYHTOBUX BOJ 32 BIUIMBY TEXHOTEHHOTO JpKeperia iHQimpTparii cTiYHHX BOJ i3 BiAcTiiHuKa. Po3pobieHo
YHCIIOBY MOJIENb ISl PO3PaxyHKY IMPOLECY reoMirpalii BiJi aHTPOIOTEHHOTO JDKepena BUKUAIB. Mozenb jae 3Mory
MPOrHO3yBAaTH JTUHAMIKY (hOpMyBaHHS 30HU 3a0pyAHEHHS B OC3HAIIPHOMY CTOIll IPYHTOBUX BOJ. P03po0seHi YnciIoBi
MOJIelli BpaXOBYIOTh HAaWBa)KJIMBIII MapaMeTpH, IO BIUTMBAaIOTh Ha ()OPMYBaHHS 30H 3aTOIUICHHS Ta 3a0pyAHEHHS
IPYHTOBHX BO/I.

Kuro4oBi ciioBa: ounamixa niozemHux 600; 3a0pyOHeHHs NIO3eMHUX 800, 3aMONJIeHHS MepUmopii; Maconepexoc;
Mamemamuyne MoOe08aAHH s

Problem statement. Problem of ground  stakeholders should be prepared to consider
waters rise, pollution and its management  changing operations and construction methods
attracts attention among the world [1; 3; 8; 9]. as the work progresses and more information

Many engineering projects, especially  becomes available. This will provide the best
large-scale ones, involve excavation work on  assurance that the project will be completed
aquifers. For all such excavations, an  safely, economically, and within the realistic
appropriate groundwater and surface water  timeframe and cost of the program.
management and control system(s) must be It is particularly important to note that the
planned before the start of each project. In  rise in groundwater levels is occurring in areas
practice, this can only be done with information ~ where there is a change in the hydrogeological
about the soil conditions and groundwater that  regime, for example, due to the construction of
may be encountered based on site investigation ~ wastewater storage ponds from various
data. Groundwater control (as well as surface  enterprises (Fig. 1).
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 Fig. 1. Settling pond

differ from those expected. If this occurs, all ~  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):
2
AR (LSS Y
ot oy
where h — depth of underground flow; k —
filtration coefficient; 4 — lack of saturation; W —
infiltration rate; hm average depth of
underground flow.
When using equation (1), an aquitard is
assumed to be horizontal.
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The components of the underground flow
velocity vector are determined on the basis of
Darcy's law:
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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; O — intensity of impurity
emission into the underground stream; ux, uy —
dispersion  coefficients; n is  porosity
coefficient; ¢ — time.

The position of the emission source
(sedimentation pond) is modeled using the
Dirac delta function &(x—x:)(y—i), where xi, yi —
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 oh*  oh?
“o " “m(y*wj’ @
oh

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

first step of splitting:

ne 1 l 1 1
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At Ax Ay
- second step of splitting:
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U
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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second step of splitting:
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the following designation was used: Vt = e

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

[1]:

first step of splitting:
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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. Waz2 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;
u =0.2; W=0.001 m/s; ux=0.1u; uy = 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 Cmax at this
time step.
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Fig. 2. Contamination area Cpax =98, t=0.15
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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
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
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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.

2. A numerical model for calculating the
process of geomigration from an anthropogenic
source of emissions was developed. The model

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.

makes it possible to predict the dynamics of the
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