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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. Uranium is a strategic raw material widely used in nuclear energy.
Among the existing methods of uranium mining, open and underground mining,
as well as in-situ leaching (ISL), are widely applied. ISL is recognized as the most
environmentally friendly and cost-effective method for developing hydrogenous
uranium deposits. In Kazakhstan, all hydrogenous uranium deposits are developed
using the ISL method. The efficiency of the process significantly depends on timely
control of parameters, which emphasizes the need for mathematical modeling.
This paper presents modern approaches to managing the ISL process based on
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mathematical models. Particular attention is paid to the network hydrodynamic
model, which, using data on uranium concentration, environmental permeability,
and other geotechnological parameters, increases the profitability of deposit
development. Measuring flow rates and nodal pressures in a well network allows
calculation of the pressure drop in the ore body between injection and production
wells, as well as hydraulic resistance. Determining these parameters is important
for increasing production efficiency, reducing energy costs, and minimizing
reagent consumption. The obtained results create a scientific basis for developing
innovative solutions in the field of ISL process automation. These solutions can be
used to design optimal well placement schemes and determine the most effective
cell radius. In the future, this study will contribute to the creation of an intelligent
control system for the uranium leaching process. The use of neural networks for
modeling and analyzing the ISL process is of particular interest and is a promising
direction for further development.

Keywords: underground leaching, uranium mining, control system, network
model, intelligent control systems, network graph, operational field
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AHHOTanusl. YpaH — SOPOJBIK SHEPreTHKana KEHIHEH KOJIJaHbUIaThIH
CTpaTeTHsUTBIK ITUKI3aT. YpaHIbl OHAIPYIIH KOJJIAHBICTAFBl OMICTEPiHIH ilIiHIe
KapbepIiK, IMaxTaJblK JKOHE JKePacThl CUITICI3ACHIIPY 9/iCTEpiH aTayFa OOajbl.
CoHfbl 9ofic THIPOTEHMAIK YpaH KEH OpBIHAAPbl YIIIH SKOJOTHSUIBIK JKOHE
SKOHOMHUKAITBIK JKaFbIHAH €H THIMJII 9JIiC peTiH/e TaHBLIAJbI KOHE Ka3ipri TaHja
KeHiHeH Konanbuiaael. Kazakcran PecnyOnukackinaa 6apibIK THAPOTEHIIIK ypaH
KEeH OpBIHAAPHI KEepacThl CUITICI3ACHIIPY oliciMeH wrepimyme. byn mporectiH
TUIMJIUTITT OHBIH TapaMeTpliepiH yaKThUIBI OacKapyFra TikeJel OaillaHBICThI
OONFaHIBIKTaH, OCHI MPOLECTIH HAKThl MAaTeMaTHKAJbIK MOJECTIH jKacay
KOKETTUTITIH Kepcereni. by makamama MporecTiH MareMaTHKalbIK MOJIENiHe
HeT13/IeJITeH JKePacThI MaiManay MpoIeciH OacKapyablH 3aMaHayy ToCUIepi KaH-
YKAKThI TAIKbIJIAHAIBL. OCipece, YpaHHBIH KOHIIEHTPAIIUSCHI, OpTa OTKI3TITITiHIH
KOPCETKIIITEpi jKoHe 0acka Jja TeOTEXHOJIOTHSIIBIK CHITaTTamMalap Heri3iHIe KeH
OPHBIH UTEPYIIiH THIMAUIITIH apTTHIPATHIH KEMTIK THIPOAMHAMUKAIBIK MOJIEITbIe
epeKIle Ha3ap aylapblIabl. AFBIH HIBIFBIHBI MEH TOPANTHIK KbICHIMIAp OOWBIHIIA
KYPTri3iIeTiH oJIeyep aiaay »KoHe COPFbI YHFBIMaJIaphl apAaChIHIaFbl KEH OPHBIHA
KBICBIM aWbIPMachblH JKOHE T'HIPABIMKAJBIK KEACPriulepAi HaKThl aHBIKTayFa
MYMKiHAIK Oeperni. bynm mapamerpnepzi 1om aHBIKTay OHIIPICTIK THIMAUTIKTI
apTTBIpyFa, JHEPIUsl HIBIFBIHBIH TOMEHJETYTe JKOHE pPeareHTTepli YHemjeyre
MYMKIiHAIK Oepei. ANBIHFAaH HOTHIKENEp JKepacThl CIATICI3EHAIpY MpOIeciH
aBTOMATTaH/IBIPy/Ia MHHOBALMSUIBIK IISIIIMACPIl 93ipiieyre KaKeTTi FhUIBIMHU HeTi3
Oona amanpl. Byn memrimaep yHFBIMangapasl OPHAIACTHIPYIBIH TEXHOJIOTHSIBIK
CXeMachlH )k00ajayFa, YAIIBIKTHIH THIM/II paJuyChIH 0N aHBIKTayFa KOJIaHbLIA
anagpl. 3epTTey HOTWXedepi Oonamakra ypaH CUITICI3ZeHAIpY NpoLeciH
MHTEIUIEKTYaJIbl 0acKapy >KYHeCiH KypyAa KeHIHEH MaiijlalaHbuIaThiH OOJabl.
XepacTbl cinTici3geHaipy MpOLEeCciH 3epTTeyle HEUPOHIBIK KeIiiepai KoIIaHy —
epEeKIe FEUTBIMH KbI3BIFYIIBIIBIK TYIBIPAIbL.

Tyiiin ce3nmep: xepacThl mIaiiMaiay, ypaH eHIIpYy, Oackapy XKyiheci, JKeIiTiK
MOJIeJb, MHTEJUIEKTYaJIbl OacKapy JKyienepi, Jeninik rpaduk, naimganany epici
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AHHOTaNUs. YPaH SBISETCS CTPATETNYECKUM ChIPBEM, IIIUPOKO MPUMEHSIEMBIM
B sjepHOH »Hepretuke. Cpean CyHIeCTBYIONIMX METOJOB JOOBIYM ypaHa MOYKHO
BBIJICJINTH METOABI: KAapbepHBIM, LIAXTHBIH M TOJ3EMHOTO BBIIICTAYNBAHMS.
[ocnemauiiMeToAMPU3HAH HAH00IEE€IKOTOT MYHBIM UOKOHOMHUECKU AP PEKTUBHBIM
JUISl THIIPOTEHHBIX YPAaHOBBIX MecTopoxaeHuil. B PecryOnuke Kazaxcran metonom
MOA3EMHOTO BBILICTAYMBAaHUs Pa3padaTHIBAIOTCS BCE THIPOTEHHBIC ypaHOBBIC
MeCTOpOXKAeHUs. DPPEKTUBHOCTh NaHHOTO TMpOLEecca B 3HAYUTENHLHONW CTENEeHU
3aBHCHT OT CBOEBPEMEHHOIO YNPABJIECHHUs €r0 MapamMeTpamH, 4TO MOAYEPKUBAET
HEOOXOIMMOCTbH pa3padOTKH MaTeMaTHYeCKO Mosienu mpolecca. B nanHoii crarbe
paccMaTpHuBarOTCA COBPEMEHHBIE MOAXO0/IbI K YIIPABIEHHIO IIPOLIECCOM MOJ3EMHOTO
BBIIENIAYMBAHUS HA 0CHOBE MaTeMaTH4YeCKOM Mozieu pouecca. Ocodoe BHUMaHHE
YAENEHO CETEeBOI I'MIpOAMHAMUYECKON MOJENN Mpoliecca, KOTopas MO3BOJIIET Ha
OCHOBE JIaHHBIX O KOHILEHTpALUSAX ypaHa, MMOKa3aTesX MPOHUIAEMOCTH CpEbl
U JIpyTUX TEOTEXHOJOTMYECKHX XapaKTePHUCTHUKaX IMOBBICUTH PEHTAOEIbHOCTH
pa3paboTKK MeCTOpOXKACHUH. l3MepeHHss pacxomoB TMOTOKOB M Y3JOBBIX
HaIllOpoB B CETH MO3BOJISAIOT ONPEIENATh Mepenaj AaBICHUH Ha pYyIHOM Tele
MeX/ly 3aKaqyHOM M OTKaYHOM CKBaKMHOW UM T'MJIPOCONPOTHUBIECHUE PYAHOTO Teja.
Onpeznenenue 3TUX MapaMETPOB HAIIPABICHO Ha MOBBILIEHHE MPOU3BOJICTBEHHOMN
3 PEKTUBHOCTH, COKpAIIEHHE YHEPro3arpaT U pacxoaa peareHToB. [lomydyeHHbIe
Pe3yNBTaThl CO3JAI0T HAYYHYIO OCHOBY JUIS pa3padO0TKH MHHOBALMOHHBIX PEIICHUN
B 00JIaCTH aBTOMAaTH3allMM MpOIecca MOJ3EMHOIO BBIIIENAYMBaHUs ypaHa. DTu
pemieHnss MOTYT OBITh TPUMEHEHBI JJIsi MPOEKTHPOBAHHS TEXHOIOTHYECKON
CXEMBI PacIOJIOKEHUS CKBaKUH M OIPENIEICHNs] ONTUMAJIBHOTO pajyca suehKu.
B nanpHeimeM pe3ynbraThl JAaHHOTO HMCCICAOBaHMS OyayT NPUMEHSTHCS IS
CO3JIaHUS MHTEJJIEKTYalbHON CUCTEMBI YIPABICHHSI MTPOLECCOM BBILIETAUNBAHUS
ypana. OcoOblii MHTEpeC MNpeaCcTaBisieT NMPUMEHEHHE HEWPOHHBIX ceTel uis
HCCJIEZIOBAHUS Tpoliecca MOJ3EMHOT0 BhIIIEIaYUBaHUsA ypaHa.

KiioueBble cioBa: 1MOA3eMHOE BBIIIENAaUYMBaHKE, J00bYA ypaHa, CHCTeMa
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yOopasJICHUA, CCTEBAd MOJACIIb, MHTCIUICKTYAJIbHBIC CUCTCMBI YIIPABJICHUA, rpa(b
CCTHU, DKCILITYAaTallMOHHOC T10JIC

Introduction.

The development of a hydrogenous uranium deposit is carried out by the
simplest, highly effective method of in-situ leaching (ISL) (Laverov et al., 1998).
Uranium is extracted from the ore body through a system of process wells. A
working solution, usually consisting of a sulfuric acid solution capable of dissolving
uranium-containing minerals, is fed into the productive horizon through injection
wells. As a result of the physicochemical interaction of the leaching solutions with
the ore-forming minerals in the productive horizon, a productive solution is formed
containing useful components, which is then extracted to the surface using a system
of pumping wells (Beletsky et al., 1997). The main objectives of managing the
geotechnological process of in-situ leaching are to increase the profitability of
deposit development, increase the share of uranium extracted from the productive
horizon, and reduce groundwater pollution (Zhiganov et al., 2001). To solve these
problems, information is needed on the hydrogeological state of the productive
horizon and groundwater, as well as methods of deposit development (Muzaparov,
2011). Hydrogeological initial data include information on the permeability of ores
and host rocks, the position of the piezometric level of groundwater, the pressure
of various aquifers found in the deposit section and the nature of their connections
with each other, the temperature and composition of groundwater (Ravshanov et
al, 2025). These data are needed to determine the isolation zones in wells, select
the number of columns when designing wells, determine the type of well pump for
pumping out productive solutions and select the design of the receiving part of the
wells (Istomin et al., 2013).

In the Republic of Kazakhstan, the underground leaching method is used for
all hydrogenic uranium deposits. The advantage of the method is the processing
of large reserves of poor ores, as well as individual deposits with small reserves of
the useful component. Despite this, the efficiency of this process largely depends
on the timely management of its parameters, which emphasizes the need to develop
a mathematical model of the process. The existing practice of managing the
technological process of underground leaching is aimed at maintaining the balance
flow characteristics of leaching and productive solutions. In this case, the tasks
for flow characteristics are determined empirically. Thus, the process is controlled
under conditions of insufficient information on the current characteristics of the ore
body.

This paper proposes the development of a network hydrodynamic model of
the in-situ leaching process, designed to optimize uranium mining by the in-situ
leaching method, allowing the selection of the optimal method for developing a
deposit.

In practice, depending on the location of injection and extraction wells, the
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scheme for opening the production field of a hydrogenous uranium deposit is
determined (Altayev et al., 2003).

Materials and methods

The objective of ISL process management is to increase the efficiency of uranium
extraction from the subsoil and reduce the cost of uranium mining. This can be
achieved by creating optimal physical and chemical conditions for the transition
of uranium from ore to process solutions and optimal hydrodynamic conditions for
uranium extraction to the surface with the productive solution through pumping
wells. Factors that negatively affect the efficiency of ISL are incorrect layout of
process wells, dilution of the productive solution with formation waters, the release
ofprocess solutions beyond the ore deposits, uneven leaching of uranium in the block
and the formation of pillars, and low intensity of uranium extraction (Bugenov et
al., 2006). These phenomena lead to an increase in the terms of block development,
an increase in the specific consumption of acid and the L:S ratio, a decrease in the
concentration of uranium in the productive solution, and, as a consequence, an
increase in material and financial costs per unit of output (Dzhakupov, 2019).

Results. One of the main indicators of the underground leaching process is the
pressure difference on the ore body between the injection and extraction wells,
which is determined by Darcy's law (Mukhanov at al., 2016).

AP, =1,Q, 6]

where 1"; — is the hydraulic resistance of the ore body.

The value r — of hydraulic resistance to filtration of a liquid solution in a porous
medium during plane-radial movement is determined by the expression (Rogov et
al., 2000):

B In i_i +C,

" T23K,.H 2)

The process of underground leaching includes the simultaneous operation of N
process wells, consisting of N, injection wells and N, _ pumping wells.

N=N_+N_ 3)

In addition, depending on the location of the process wells, linear, hexagonal
and square underground leaching schemes are distinguished (Tsoy et al., 2016).

Thus, the well network with the technological layout scheme and with the ore-
bearing permeable layer, as well as with surface pipelines and pumps form a single
network hydrodynamic structure. This network structure is a very complex artificial
network system (wells, filters, pipelines, pumps), interacting with an even more
complex natural system - a rock massif containing an ore-bearing layer (Ismanova
etal., 2021).

Using the principle of superposition of the potential field AP of pressures
on wells, taking into account the interaction of all N wells with each other for a
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stationary steady flow, we obtain the following system of equations (Rogov et al.,
2000).
@yt 1@ oty =4 P,
15, Q) T 1@ + oty @y =A P, 4)
1@y T 72l + -+ Ty @y =4 Py

where &; — is the productivity of the i-th well.

The productivity of a pumping well is determined by the expression (Yazikov,
2014).

1,157 m-2m Ky - M, - (5, +S,)

100 - (In32 +5,) ()

We determine the productivity of the injection well, that is, the injection of the
working reagent into the formation per unit of time:

1157 -n-2m-Ky-M,-S,

3

100 - (zn%:— +5.) (6)

Where,

R_ —optimal cell radius, m;

R_ —actual cell radius, m;

Ky —filtration coefficient in the ore part of the horizon;
M_ —effective capacity of the productive horizon;

5., — pressure at injection wells, m H20;

5, — depression in pumping wells, m of water column;

1 —the ratio of the number of injection wells to the number of pumping wells.
The optimal cell radius is determined from the following expression (Yazikov et
al., 2005) for the hexagonal scheme:

| R
_"|S-(n+1)-H-Cckk-K¢-ﬂ-(n-55+50)-H-ln(lnR—i]

R
) w' 395-f Py Cs @)
Where
g = 4,23
(R R 8
(lnﬁi-l-.?k)-ln (Ingh) ®)
Optimal radius of the linear process flow diagram:
!
YS-(n4+1)-H Cop-Ky-B-(n-5,+5,) m(£2 4025 In (En%}
o 1601 p, - G, L + 1) ©

\
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11,04

ﬁ =
a-(Ing+5,) In (Ingd) (10)

The optimal radius of a square cell is determined by the following expression:

‘S (n+1)-H-Coy-Ky-B-(n-5,+5,) -m(§* +0,25)% -In (En%)

R, \l| 331-f-p, C,-&(E+1)2 : (11)

Where & — the ratio of the distance between rows to the distance between
pumping wells in a row;

R; — approximate cell radius, m;
fowrt ratio;

2., — density of rocks of the ore horizon;
C, — daily operating costs for the mine;

€. — cost of 1 linear meter of a technological well;

et —distance between pumped wells in a row, m.

_ b
‘Ta

b —distance between pumping and injection rows, m;
d — distance between pumping wells in a row, m.

Let us consider the arrangement of the sets of injection N, and extraction N_
using the example of a network graph (Figure 1).

Considering that & P; = P,; — P,; in accordance with the graph G, = (U, T)
(Figure 1), we have expenses along the arcs [13]:

1
qy1-1 = ,Tﬁpi
Qa2 = ,,Lﬁpz
Z3
e (12)
qi—j = _ﬁpz'_;l'

:"'l:-l-'
From equations (12) we obtain the flow rates of all N,
expenses along arcs I — J.

. and N__ in the form of
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Figure 1-Graph GO hydrodynamic system of underground leaching of uranium

For injection wells:
Nye

Qj_ = Z_;, 1 ql -J
J'qnn
Q: = E} 1 q"—_;.
Ry (13)
Qz’ = E_; "J_ 4 =J
Similarly for pumping wells:
N
QJ. - Z_;l lq} 1
J'v n
Q” = Zf 19,2
- t(14)

;".l....

For an ideal network G, = (U, I') the law of conservation of mass will always
be observed in the form (Omelchenko A., 2018):

N, Nge
CZ Q; =Cuc;@f (15)

where €., — is the density of the solution at the input, T/mM?;

c,. —solution density at the outlet, T/m*

In the case where the productivity of injection wells is greater than the
productivity of pumping wells, the solution spreads beyond the geometric contour
of the geological block.

""'-3 C "'"-3 T

cacz Q; HMZ Q7 (16)
i=1 i=1

In cases where the productivity of injection wells is less than the productivity of
pumping wells, the solution becomes diluted with water.
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g Npe
Cacz Qi {Cucz Q_? (17)
i=1 ji=1

Ifthepressure atinjection wells and the depression at pumping wellsis a function of
time S_n=f(t) and 5, = f (), then, accordingly, AP, = f(t),t € (0,T),i = 1,N.
Taking into account that the well parameters change depending on time, the
system of equations (4) can be written in the form of partial differential equations:

a9, (¢ 2., (t At dab (t
. @ :.+ . Q;';:'+"'+Tm @grle: B;J
a9, ( a0, ( a { AP,
NECRECHNE R 0
a@ ur} C8ge) , ., dew(n) _ 82Py()
N

Using the finite difference method Aty,Ats, ..., Aty we find the solution to
equations (18). In this case, the system of equations (4) is valid at each time interval
At;.

Discussion.

Analysis of modern methods of underground leaching of uraniumshows that
the efficiency of the leaching process depends most of all on the technological
scheme of the well arrangement, the distance between rows, the distance between
pumping wells in a row, the distance between injection wells in a row, i.e. on the
hexagonal, triangular, square or linear scheme of the well arrangement (Alibaeva,
2013). Hydrodynamic flows in this case depend on the hydraulic resistance of
filtration of the liquid solution in the porous medium, the filtration coefficient and
the thickness of the ore-bearing filter layer (Galtsev et al., 2018). The flow rate of
the pumping and injection well is directly proportional to the values of depressions
and compressions in the pumping and injection wells and inversely proportional
to the hydraulic resistances of the arcs of the graph between the pumping and
injection wells (Terovskaya et al., 2021). For the most efficient metal recovery, the
volume of the injected acid solution should be equal to the volume of the extracted
productive solution. In this case, the balance of ore flows is regulated by pumping
pumps. Selecting the optimal parameters of the well network allows for effective
management of the process of underground leaching of uranium.

The main element of the control of the underground leaching process are
mathematical models describing the processes occurring during uranium mining
by the underground borehole leaching method. The mathematical model of the
technological network allows determining the productivity of pumping and injection
wells with known values of the network nodal pressures and the coefficient of
hydraulic resistance of filtration. With known values of &;, @7 and AP;;, network
models allow us to calculate the values of ¥'j;. Determining the values of T';; of the
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hydraulic resistance to filtration allows us to predict the costs along the network
arcs, which allows us to effectively manage the process of underground leaching
of uranium, adapt to changes in raw materials and optimally extract valuable
components, which leads to increased productivity and reduced costs in the mining
industry. Thus, the location of process wells along the geometric contour of a
geological block with given network parameters is an important indicator of the
process of underground borehole leaching of uranium.

Conclusions.

The results of the study confirm the high importance of the network approach
in modeling and managing the process of underground leaching of uranium. The
developed hydrodynamic model, based on graph theory and filtration equations,
allows taking into account the spatial structure of the well system and predicting
changes in flow parameters in real field conditions. Calculations of optimal cell radii
for various well placement schemes (hexagonal, square, linear) allow a reasonable
approach to the design of the production field. Measurements of reserves and nodal
heads in the network allow for accurate determination of pressure differences
between injection and pumping wells, as well as the hydraulic resistance of the ore
body. This is critically important for maintaining flow balance, reducing solution
losses and increasing the uranium recovery factor.
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