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Analytics

The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The accumulation of technogenic deposits generated by
long-term mining and mineral processing activities is associated with increased risks
of erosion, contaminant migration, and slope instability. Insufficient compaction and
structural heterogeneity of the upper layers of tailings storage facilities significantly
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reduce the effectiveness of conventional environmental protection measures and
complicate long-term management. Objective. To substantiate an engineering and
geological approach to the conservation of technogenic deposits aimed at improving
their mechanical stability, reducing filtration processes, and enhancing overall
environmental safety under specific geological and climatic conditions. Methods.
The study included field investigations of a representative tailings deposit, drilling
and sampling, and laboratory determination of granulometric composition, moisture
content, density, and shear strength parameters. Based on the obtained data, pilot-
scale conservation measures were implemented, including surface reprofiling,
controlled compaction of the upper layer, and installation of a low-permeability
mineral cover. Slope stability factors, infiltration rates, and erosion resistance were
evaluated before and after treatment. Results and conclusions. 1t was established
that insufficient initial compaction (84-86% of maximum density) and high
moisture variability significantly reduce slope stability. Optimization of compaction
parameters increased dry density to 97-99% of the Proctor maximum, resulting in a
rise in internal friction angle and cohesion, and improving the slope stability factor
by more than 20%. The application of a compacted low-permeability layer reduced
water infiltration by up to 80% and significantly decreased wind erosion intensity.
The proposed conservation approach is technically simple, energy-efficient, and
economically justified compared to reprocessing or relocation. The results confirm
the feasibility of implementing localized conservation measures to ensure long-
term environmental safety and structural reliability of technogenic facilities.

Keywords: technogenic deposits, tailings conservation, slope stability, filtration
properties, soil compaction, environmental safety
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AHHOTaNUS. O3¢exminiei. ¥3aK Mep3iMJIi Tay-KeH OHJIPY KOHE MUHEPAJIBIK
IIMKI3aTThl KalTa ©HJIey HOTHIKECIHJIC KaJIbIITACAThIH TEXHOTCHJIK IIOTIHJIIep
APO3USHBIH KYIICH1, JIACTAYIIbl 3aTTApAbIH MHUIPAIUSICHl JKOHE CHICTEPIiH
TYPAaKChI3JJaHybl CHSIKThI TOYCKEIJIJICPMEH CUTIATTaa ibl. XBOCTOXPAHUIHUILEICPIiH
YCTiHI1 KaOaTTapbIHBIH >KETKUIIKCI3 THIFBI3JANYBI JKOHE KYPBUIBIMIBIK OipKemnKi
eMECTITl ASCTYpJi TaOWFaTThl KOpFay HIapajlapblHBIH THIMAUITIH TOMEHJETI,
ojapJpl y3aKk Mep3iMil maijanaHynel  KublHAatanbsl. Makcamest. Haktbl
IeOJIOTHSUIBIK JKOHE KJIMMATTBHIK JKarJaiiapibl €CKepe OTBIPHIN, TEXHOTCHJIK
HerTHAIeP/l KOHCEPBAIUSIAY/bIH WHKESHEPIIK-TeOJIOTHUSIIBIK TICUIIH HETI3/IeY,
OJIapJIbIH MEXAHUKAJBIK TYPAKTBUIBIFBIH aPTThIPY, CY3TUICHY YIEPICTEPIiH a3aiTy
YKOHE IKOJIOTHSUIBIK KayiNCi3AiriH KaMTaMachl3 eTy. 9dicmepi. 3epTTey 0apbIChIHIA
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TEXHOTEH/IIK 00BEKTIJIe JaNallbIK KYMBICTAP JKYPri3iiin, OypreuIay )KoHE ChIHaMa
aly OpBIHAANJBL, COHJIAH-aK TPaHYJIOMETPUSUIBIK KYPaMbl, bUIFAIIBUIBIFHI,
TBHIFBI3JBIFBI JKOHE OEpIKTIK cunaTrTamaiapbl 3epTXaHaJbIK JKaFJaija aHbIKTaJIbl.
ATBIHFAH HOTIDKEJICp HeETi3iHAe OCTKi KadaTThl KaiiTa Mpoduibaey, >KOFaprbl
KabaTTel OaKblIAaHATBIH TYPAE THIFBI3/IAY JKOHE TOMEH OTKI3TIIITI KOPFaHBIII
KabaTbIH OpHATy OOMbIHIIA MMJIOTTHIK IIApaap Ky3ere achlpbulIbl. OHIeyTe Neiin
KOHE KEHIH eHIC TYPaKThUIBIFBI KOA(OUIMEHTI, MHOUIBTPAIMS KAPKBIHIBUIBIFBI
KOHE 2po3usiFa Te3IMIUTIK Oaranannel. Hamuowcenepi men KopolmuvlHOBLIADGL.
bactanker MaTepruanablH KETKUTIKCI3 THIFBI3AATYHBI (MaKCUMAJAB! THIFBI3IBIKTHIH
84-86%-b1) JKOHE  BUIFAJJIBUIBIKTBIH ~ JKOFapbl ~ ©3TEPTillTIri  EHICTePIiH
TYPaKTBUIBIFBIH ~ TOMEHJICTETIHI  aHBIKTANABL.  TBIFBI3AAy  [apaMeTpiiepiH
OHTAWNAHJBIPY HOTHKECIHJIIE KYPFaK THIFBI3ABIK [IpokTop OoiibiHIna 97-99%-
Fa JIediH apTThl, Oy imKi yikedic OYpBINIBI MEH UIIHICY KYIIHIH O©CYiH >KOHE
TYpPakTbUIBIK KO3 ummenTini 20%-1an actaM )KOFapbljayblH KAMTaMacChl3 €TTi.
Temen oTKI3rimTi KOpraHbI KabaThlH Koyigany cy UHpuibTpauusicelH 80%-ra
NeHiH TOMEHIETIN, JKeJI JPO3WICHIH aWTapibIKTall a3alTThI. ¥ CBIHBUIFAH TOCLT
TEXHOJIOTHSIIBIK TYPFBIJAH KapamaibiM, SHEpIrus THIMJI JKOHE SKOHOMMKAJIBIK
KarblHaH HETi3eNreH. 3epTTey HOTIDKENEpl TEXHOTEHIIK HbICAaHAApIbIH
y3aK MEp3iMJIi DKOJIOTHSUIBIK KAyIINCI3MIriH KaMTaMachl3 €Ty YIIiH KEepPruliKTi
KOHCEPBALMSUIBIK [Iapaapabl €Hri3yIiH THIMALTITIH Josenaei .

TyiiiH co31ep: TEXHOTCHTIK IMOTiHALIE, KAABIK KOMaTapbliH KOHCEPBAIHIIAY,
CHIC TYPaKTBUIBIFBI, CY3TUIIK KAaCHETTEp, TOMBIPAKTHI THIFBI3NAY, IKOJIOTHUSIIBIK
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AnHOTauus. Axmyanvnocms. HakoruieHHEe TEXHOTEHHBIX — OTJIOXKCHHH,
00pa3yonmxcsBpe3yIbTaTe U TeTBHONTOpHOJ0OBIBaIOIIC M TIepepadaThiBatoIeit
JeSITeNIbHOCTH, COMPOBOXK/IACTCS TMOBBIIICHHBIMH PHUCKaMHU 3PO3UH, MHUTpAUN
3arpsI3HAIONIMX BELICCTB U HAPYILICHUsS] YCTOHYMBOCTH CKJIOHOB. HemocraTounas
YIJIOTHEHHOCTB U CTPYKTYpHAst HEOAHOPOIHOCTH BEPXHHX CJIOEB XBOCTOXPAHHUITHUIL]
CYIIECTBEHHO CHIKAIOT J(PQPEKTUBHOCTh TPAAMLMOHHBIX NPUPOJOOXPAHHBIX
MEpPONPHUIATHH ¥ YCIOXKHSIOT HMX JOJITOCPOYHYIO OJKCIUTyaTauuio. [Llens.
O6ocHOBaTh WHKEHEPHO-TEOJIOTHUECKUN TOAXO[ K KOHCEPBAallMM TEXHOTEHHBIX
OTJIOKEHUH, HAlpaBJICHHBIM Ha IMOBBIIICHHE WX MEXaHWUUYECKOW YCTOWYUBOCTH,
CHIDKCHHE (HIBTPALIMOHHBIX TPOLECCOB M  O0ECleueHHe HKOJIOTHUECKOH
0€301aCHOCTH C YUYETOM KOHKPETHBIX T€OJIOTHUECKUX U KIMMAaTHIECKUX YCIOBUH.
Memoowr. IIpoBeeHbl TIONEBbIE 00CIEA0BAHUS TEXHOTEHHOTO 00beKTa, OypeHHe
u oTOop mpoO, J1abopaToOpHOE OIpPENEICHUE TI'PaHYJIOMETPUYSCKOTO COCTaBa,
BJIaYKHOCTH, TUIOTHOCTH M ITPOYHOCTHBIX XapaKTepucTHK. Ha ocHOBe momyueHHbIX
JAHHBIX PEaJTU30BaHbI OMBITHO-TIPOMBIIIJICHHBIE MEPOIPHUSTHS, BKJIFOYAIOIINAC
nepenpouIMpoOBaHIE MOBEPXHOCTH, KOHTPOJIUPYEMOE YIUIOTHEHHE BEPXHETO
CIIO M YCTPOHCTBO MAJIONPOHHMIIAEMOTO 3aIIUTHOTO TOKPHITUS. BeimonHeHa
olLeHKa K03()(UIHEeHTa YCTOMYMBOCTH CKIOHOB, MHTEHCUBHOCTH WH(HIBTPALIUU
U YCTOMYMBOCTH K 9pO3UH A0 U mociie o0paboTKu. Pe3ynbmamst u 6b1600bi.
YcTaHOBIIEHO, YTO HEJOCTAaTOYHAsl CTENEHb YMJIOTHEHUS! MCXOJHOIO MaTepuala
(84-86% 0T MakcUManIbHOW IMJIOTHOCTH) U BBICOKAS HM3MEHUYMBOCTH BIIAXKHOCTU
NPUBOJAT K CHIKCHHIO YCTOWYMBOCTH CKJIOHOB. OnTuMmu3anus HapameTpoB
YIJIOTHEHHUS! TIO3BOJIMJIA YBEJIMYUTH IUIOTHOCTH A0 97-99% oT Makcumyma 1o
[IpoxTopy, 4To 0OECIEUnIIO POCT yIia BHYTPEHHETO TPEHUS U CLETIJICHNUS, a TAKKe
noBblieHHE Kod(pdunmenTa ycroiuuBoctn Oosee yem Ha 20%. [Ipumenenue
3alIUTHOTO MAJIONIPOHUIIAEMOT0O CJIOSI CHU3WIO MHPHUIbTpanuio Boasl 10 80% u
CYIIECTBEHHO YMEHBIIUIIO BETPOBYIO 3p03HI0. [Ipe/oskeHHbII TOAX0] SBISIETCS
TEXHOJIOTHYECKH TIPOCTHIM, SHEPT03(H(HEKTUBHBIM U SKOHOMHYECKH OMPaBIaHHBIM
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[0 CpPaBHEHUIO C IepepaboTKOM WM TIepeMEelIeHHEeM OTXOJOB. Pe3ynbTaTsl
MOJITBEPK/IAIOT 11€JICCO00PA3HOCTh JIOKAJIBHBIX MEPONPUSITHH 10 00ECICUCHUIO
JOJITOBPEMEHHOH IKOJIOTHUECKON 0€30TIaCHOCTH TEXHOTEHHBIX O0BEKTOB.

KuiroueBble cj10Ba: TEXHOTCHHBIE OTIIOKECHHUSI, KOHCEPBALIMSI XBOCTOXPAHUIIHILL,
YCTOHYMBOCTh CKJIOHOB, (DWIIBTPAIIMOHHBIC CBOWCTBA, YIUIOTHEHUE TPYHTA,
JKOJIOTHYECKAasl 0€3011aCHOCTh

Introduction. The accumulation of man-made mineral formations, formed
as a result of long-term mining and processing activities, often lasting not 5-10,
but 30-70 years, and in a number of industrial regions even over 100 years,
today represents not just an abstract problem, but a very tangible, multi-layered
- environmental, technological and even socio-economic - challenge of a global
scale, since, according to various studies, the total volume of such accumulations
reaches tens of billions of tons (in some countries - more than 10-15 billion tons),
including waste rock dumps, tailings ponds with an area of 10-50 to 500-1000
hectares and other anthropogenic massifs formed over decades (Rachman Asmar
et al., 2025; Wibowo et al., 2025; Myrzakulov et al., 2024), while these formations
themselves, despite the presence of residual valuable components (sometimes up to
0.2—-1.5% of metals in tailings) simultaneously create a whole range of risks - from
wind erosion with losses of up to 0.42 kg/m? in 20 minutes at a wind speed of 12—
15 m/s to water infiltration with coefficients of about 3.2x10° m/s, the formation
of acid drainage, dust formation and migration of toxic elements into soils and
groundwater, where concentrations can exceed background values by 2—5 times or
more, especially in arid and semi-arid zones with an annual precipitation of about
200-300 mm and sharp seasonal fluctuations in humidity (from 6.5% to 14.2%),
where the stability of such man-made bodies becomes a critical parameter directly
affecting environmental safety, land use structure and the quality of life of the
population (Malozyomov et al., 2024; Sherov et al., 2021; Tananykhin et al., 2026).

In global practice, if we look beyond the surface and take into account the
accumulated engineering experience over the past 20-30 years, quite a number of
approaches to solving the problem of man-made deposits have been proposed and
implemented. Among these, one of the most discussed areas remains their processing
with the extraction of residual useful components using modern enrichment
technologies (Fazylov et al., 2026). This allows for the partial recovery of up to
10—40% of the remaining metals and a reduction in waste volumes. However, it
requires significant capital investment (often 20-30 USD/m? and higher), stable
market conditions, and developed infrastructure. In reality, however, especially
with low content (less than 0.3—-0.5%) or small volumes, such processing proves
economically unjustifiable. another way - the complete removal or relocation of
man-made masses with subsequent reclamation of territories - at first glance seems
radically effective, but is accompanied by high transportation costs, additional
land disturbance (sometimes up to +15-25% of the area) and the creation of new
storage facilities (Kulikova et al., 2023; Mashekov et al., 2018; Aldini et al., 2025),
therefore, against this background, an alternative logic based on the conservation
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of such formations directly on site is becoming increasingly noticeable, where due
to relatively simple, but technologically proven measures - re-profiling the surface
to slopes of about 15-16°, controlled compaction of the upper layers to 97-99% of
the maximum Proctor density (instead of the original 84-86%), the installation of
protective low-permeability screens with a thickness of about 0.15-0.30 m with a
filtration coefficient of about 107 m/s - it is possible to reduce water infiltration
to 80%, increase the slope stability coefficient by more than 20% (from ~1.18 to
1.30-1.42) and reduce wind erosion several times, while maintaining a reasonable
balance between costs (about 4—-6 USD/m?), technological feasibility and long-term
environmental efficiency, which is especially important for regions with a high
concentration of mining enterprises and accumulated tailings storage facilities.

An alternative and increasingly relevant direction is the conservation of
technogenic deposits in situ, aimed at ensuring their long-term physical and
chemical stability while minimizing environmental impact. Conservation measures
may include surface profiling, compaction, installation of protective covers,
drainage systems to control infiltration, and the application of binding or insulating
materials. Compared to large-scale reprocessing or relocation, conservation requires
relatively moderate investments and can be implemented step by step, taking into
account local geological, hydrogeological, and climatic conditions. Nevertheless,
the effectiveness of conservation depends on a correct assessment of the stability
of technogenic bodies, the prediction of possible degradation processes, and the
selection of technically justified protective solutions. Insufficiently substantiated
measures may lead to continued pollutant migration or structural instability of the
deposit body (Khoirunnisak et al., 2025; Arafat et al., 2025; Shabanov et al., 2023).

The relevance of conservation as a practical solution is increasing in the context
of sustainable development and the transition to more responsible subsoil use. Many
countries are faced with legacy mining sites where the original operators no longer
exist or where economic conditions do not allow for profitable reprocessing. In such
cases, ensuring environmental safety through rational conservation becomes not
only an ecological task but also a socio-economic priority. For regions with a high
concentration of mining enterprises, including Central Asia, the development of
scientifically grounded, technically simple, and economically feasible conservation
approaches is particularly important. The solution of relatively small, site-specific
tasks—such as the assessment of slope stability, the optimization of surface
protection layers, or the evaluation of water infiltration regimes—can significantly
improve the overall reliability of technogenic formations and reduce long-term
environmental risks (Filina et al., 2024; Sherov et al., 2024; Toshov et al., 2023).

In this context, the present study is aimed at substantiating and evaluating a
technically feasible method for the conservation of technogenic deposits under
specific geological and climatic conditions, with an emphasis on ensuring their
structural stability and minimizing adverse environmental impact. The work
focuses on solving a limited but practically significant task related to improving the
reliability of conservation measures for technogenic formations.
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Methods and Materials. The experimental work in question was not carried
out spontaneously, but within the framework of a fairly clearly structured,
essentially multi-stage program, including, on the one hand, detailed field
surveys of the selected man-made object, on the other - a laboratory study of the
composition of the material (with the determination of a whole set of parameters,
from granulometry to strength), as well as pilot industrial tests of the conservation
option aimed at increasing the stability of the surface and simultaneously reducing
water infiltration, and the study itself, although it solved a local problem, at first
glance limited (in fact, it was a question of refining the upper protective layer with
a thickness of about 0.3 m with a total sampling depth of up to 1.0 m), nevertheless
had quite practical significance, since real geological and climatic conditions were
considered with characteristic variations in humidity from ~ 6.5% to 14.2% and
a density of about 1.42 t / m® in a natural state, and all stages, without exception,
were carried out by the authors on a typical site of the tailings storage facility,
Where signs of erosion (cracks up to 12 mm wide and up to 80 mm deep) and
seasonal waterlogging were already recorded, the massif itself consisted of loose,
finely dispersed material with a predominance of particles smaller than 0.1 mm (up
to 62—-68%), moderate slopes of approximately 17.8° (locally up to 21-23°), and
pronounced structural heterogeneity.

During the first stage, which occupied a significant portion of the fieldwork,
measurements of the geometric characteristics of the object were taken—from slope
angles to microrelief assessment. Slopes were recorded using a digital inclinometer
(accuracy up to 0.1-0.2°), and the thickness of the loose layer was determined
through a combination of probing and selective opening followed by sampling.
The samples of man-made material themselves were extracted from various depths,
down to 1.0 m, using a hand auger, after which, in parallel, density measurements
were carried out using the sand displacement method (which made it possible to
fairly reliably estimate the actual degree of compaction, which, as calculations
showed, was only about 84-86% of the maximum), and all of these seemingly
routine procedures had direct practical significance, since it is the combination of
density and slope geometry (with a stability coefficient of about 1.05-1.18 under
unfavorable conditions) that determines whether an object will retain its shape for
decades or begin to degrade after 2-3 seasons.

The next stage involved laboratory testing, where the material was “taken apart™:
the particle size distribution was determined using a vibrating sieve analyzer with
a frequency of 50 Hz (the duration of one cycle was about 10 minutes), moisture
content was determined by drying at a temperature of 105°C to a constant weight
(with a deviation of no more than 0.1-0.2%), density and strength characteristics
were determined through a series of tests, including a direct cut under normal loads
from 50 to 200 kPa (which corresponds to the real stresses in the upper layers),
while the angle of internal friction of the original material was about 19-22°,
and adhesion was 14-18 kPa, and additionally, compaction tests were performed
according to the Proctor standard, which made it possible to determine the optimal
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moisture content of about 12.8% and the maximum dry density of up to 1.68 t/m?,
which together made it possible to quantitatively, rather than “by eye”, evaluate
how the material reacts to compaction. and what parameters need to be set to form
a truly effective protective layer.

Based on these data, a pilot conservation option was implemented on a test site of
approximately 100 m?: the upper 0.3 m of the material were first reprofiled (leveling
the slopes to ~15-16°), then compacted with a vibrating plate at a frequency of 60
Hz and a specific pressure of about 15 kPa, while the moisture content was brought
to optimal values (12—-13%) through controlled wetting, and then an additional
protective layer of local loam with a thickness of about 0.15 m, with reduced
permeability (a coefficient of about 1.6x107 m/s versus the original 4.8x10°° m/s),
which was also compacted, and then, using a double ring infiltrometer, the filtration
capacity was assessed, showing a decrease in the infiltration rate of approximately
3.2x10° to 6.5x107 m/s, or almost 80%, which, when recalculated to annual
volumes (with precipitation of about 250 mm), means a reduction in water inflow
from ~6,300 to less than 1,400 m? per hectare.

It is important to note that the methodology itself was not initially conceived
as a large-scale, expensive project, but as a limited-in-scope, yet realistically
approach, where a combination of field observations, laboratory calculations,
and pilot implementation made it possible to obtain a fairly comprehensive, yet
economically reasonable picture of efficiency (with costs of about 4-6 USD/m?
versus 20-30 USD/m? for alternative options). The results obtained under these
conditions have very specific significance for industry, as they demonstrate that
even without complex technologies,

Results. Field studies conducted at the selected man-made site have shown quite
convincingly, without any reservations, that the massif in question is characterized
by insufficient stability of the surface zone and pronounced heterogeneity of the
upper layer, and it is this combination of factors - uneven structure plus weak
compaction - that directly, without intermediate assumptions, affects its behavior
in the long term (not for months, but for 5-10-20 years), while the average slope
angle within the surveyed area was about 17.8 °, however, locally zones with slopes
of 21-23 °© were recorded, which is already beyond the recommended values for
the stable storage of fine tailings in comparable climatic conditions, and visual
observations carried out during dry periods (at a humidity of about 6.5-7.0%)
revealed a developed network of cracks up to 10-12 mm wide and up to 60-80 mm
deep, indicating shrinkage processes associated with seasonal humidity fluctuations
(up to 14-14.2% after precipitation), and such defects cannot be considered
“cosmetic”, since they form channels for accelerated infiltration of atmospheric
moisture (at speeds of about 3.2x10°° m/s) and subsequent migration of dissolved
components deep into the massif and further into underground horizons, which is
critical for industrial mining facilities.

Granulometric analysis performed using vibrating sieve equipment (50 Hz, 10
minutes per sample) showed that the material of technogenic origin consists almost
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entirely of fine fractions: the proportion of particles less than 0.1 mm reaches
62—-68% by weight, and the clay component (<0.01 mm) is about 24%, which, on
the one hand, explains the susceptibility of the surface to wind erosion (especially
at wind speeds of 12—15 m/s, when losses can reach 0.42 kg/m? in 20 minutes),
and on the other hand, enhances the dependence of strength characteristics on
moisture, while the natural moisture content of the upper half-meter layer varies
over a fairly wide range (6.5-14.2%), the average density in natural occurrence
is about 1.42 t/m?, while the laboratory-established maximum dry density reaches
1.68 t/m* with an optimal moisture content of 12.8%, and this discrepancy is clearly
This shows that the actual state of the massif corresponds to only 84—86% of the
potential compaction level, which, frankly, is insufficient for reliable and long-term
preservation without additional measures.

Shear tests conducted in the normal stress range of 50-200 kPa demonstrated
that the internal friction angle of the uncompacted material is within 19-22°,
and the adhesion is 14-18 kPa. Moreover, with an increase in moisture content
to 14-15%, adhesion decreases by approximately 20-25%, which significantly
degrades slope stability during periods of moisture. If we use limit equilibrium
calculations, the stability factor for the steepest sections at a near-saturated state
barely reaches 1.18 (sometimes decreasing to 1.05—1.10), that is, it is practically
at the limit of the permissible level. This, without exaggeration, confirms the need
for targeted engineering solutions rather than formal monitoring of degradation
processes. After re-profiling and compaction of the top layer with a thickness of
about 0.3 m on the test site, the results were, let’s say, quite indicative: the achieved
dry density increased to 1.63-1.66 t/m? (that is, up to 97-99% of the laboratory
maximum), the humidity during the work was maintained in the range of 12-13%
(which ensured optimal energy transfer from the vibratory plate with a frequency of
60 Hz and a pressure of about 15 kPa), and repeated density measurements across
the site showed uniform compaction with deviations of no more than 2-3%, while
the strength characteristics significantly improved - the angle of internal friction
increased to 26-28 °, adhesion reached 22-25 kPa, and, as a result, the stability
coefficient increased to 1.42 in a dry state and did not fall below 1.30 even when
simulating almost saturated conditions, which already forms a safety margin that
allows to significantly reduce the risk of local landslides, subsidence and erosional
washouts.

An additional effect was obtained by installing a protective layer of low-
permeability loam about 0.15 m thick, which after compaction showed a filtration
coefficient of about 1.6x107 m/s (versus the original 4.8x10° m/s for the man-
made material), and field tests using a double ring infiltrometer recorded a decrease
in the steady-state infiltration rate from 3.2x10° to 6.5x107 m/s, that is, by about
75-80%, and if this is converted into annual volumes with an average rainfall of
about 250 mm, then infiltration decreases from approximately 6,300 m* to less
than 1,400 m® per hectare, which already has quite tangible practical meaning,
especially for mining and uranium industries, where control of pollutant migration

316



ISSN 2224-5278 3.2026

substances is not a formality, but a matter of preventing groundwater pollution and
the associated environmental and economic consequences.

Table 1. Comparative geotechnical, hydraulic and erosion parameters of the technogenic deposit
before and after conservation treatment.

Untreated After com- After Relative
Parameter Unit condition action compaction + |change
(average) P protective layer | (%)
. 12-13 11-13 Stabilized

0, —
Natural moisture content % 6.5-14.2 (controlled) | (stabilized) regime
In situ dry density t/m? 1.42 1.63 1.66 +16.9

% of
Degree of compaction Proctor | 84-86 97 99 +15

max
Internal friction angle degrees | 19-22 26 28 +32 (avg.)
Cohesion kPa 14-18 22 25 +47 (avg.)
Calculated safety factor (dry) |— 1.18 1.36 1.42 +20
Calculz.ited safety factor (near | 1.05-1.10 1125 130 419
saturation)
Filtration coefficient m/s 48x10° |2.1x10° [6.5x107 —86
Steady-state infiltration rate | m/s 32x10° |14x10° |[6.5%x107 —80
Estimated annual infiltrated m’/year | ~6300 2800 <1400 78
water (per ha)
Wind erosion mass loss (15 ke/m® | 042 018 0.09 79
m/s, 20 min)
Surface runoff coefficient % 35 49 58 +66
Surface crack width (max mm 12 34 not observed Slgmﬁcant
observed) reduction

. . % of

Microdepression coverage 18 4 <1 -94

area

In addition to purely mechanical stabilization, which, of course, had its
effect (an increase in density to 1.63-1.66 t/m* and an increase in the degree of
compaction to 97-99%), an additional, at first glance less noticeable, but in practice
extremely important role was played by the re-profiling of the surface, thanks to
which it was possible to smooth out the microrelief and eliminate those very local
irregularities where water had previously accumulated, since before the start of the
work, microdepressions with a depth of 5 to 12 cm (sometimes up to 0.12 m) were
recorded on approximately 18% of the surveyed area, acting as a kind of “traps” for
moisture, whereas after the planning operations the slope of the surface was brought
to more stable values of about 15-16°, and the depressions themselves actually
disappeared, and this, in combination with controlled tests of artificial sprinkling
(the water supply intensity was about 60 mm/h with an exposure duration of 30
minutes, which is equivalent to about 30 mm of precipitation in half an hour),
allowed us to record a very clear result: the share of surface runoff increased from
35% to 58%, that is, almost 1.65 times, which directly indicates more efficient
removal of moisture from the dump body, and therefore a decrease in infiltration
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(previously reaching 3.2x10° m/s) and a decrease in the risk of leaching of dissolved
components deep into the massif, which is especially critical for arid and semi-arid
mining regions with an annual rainfall of about 200-250 mm, where even short-
term but intense rains can trigger a chain of processes - from local erosion to the
transfer of pollutants over significant distances.

No less indicative was the combined effect of compaction together with the
installation of a protective layer on the material’s resistance to wind exposure: if
before the measures were taken, at air flow speeds of 12—15 m/s (which is a typical
value for many regions during windy periods), mass losses of up to 0.42 kg/m? were
recorded in a wind tunnel after just 20 minutes of exposure, accompanied by active
dust formation, then after the implementation of a set of measures (compaction +
a coating about 0.15 m thick with a filtration coefficient of 1.6x107 m/s), these
losses decreased to 0.09 kg/m? under the same conditions, that is, almost 4.5-5
times, and such a difference is not just figures for the sake of reporting, but a
quite noticeable reduction in dust emissions, which could otherwise be carried for
kilometers (sometimes 1-3 km or more) and settle in adjacent areas, which is of
direct importance for non-ferrous metallurgy enterprises, rare metal processing and
other industries working with finely dispersed tailings, since reducing emissions
simultaneously reduces both the environmental burden (less air pollution) and
material losses, which, when calculated for large areas (tens and hundreds of
hectares), can reach very significant amounts within a single season.

@) . S (

-

Fig. 1. Results of wind erosion simulation for the technogenic deposit: (a) untreated surface under
airflow of 12—15 m/s, demonstrating intensive dust emission and material loss; (b) conserved surface
after compaction and protective layer installation, showing significantly reduced dust generation and
improved resistance to wind erosion.
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From a technological point of view, the implemented conservation option
proved itself, to put it mildly, to be quite viable and even, in a sense, “down-to-
earth”, since all operations were carried out using standard construction and mining
equipment — without complex installations, without multi-stage technological lines,
without capital-intensive complexes — and the energy consumption for compaction,
performed by a vibratory plate with an operating frequency of about 60 Hz and a
specific pressure of about 15 kPa, amounted to only about 0.8—1.1 kW h for every
10 m? of processed surface (which, if recalculated per hectare, gives approximately
800—-1100 kW h/ha), that is, an order of magnitude lower than in the processing
of tailings, where specific energy costs can reach 815 kW h/m? or more, while
the cost assessment carried out for a pilot site of about 100 m? showed that the
complex of proposed measures (repurposing, compaction of a 0.3 m thick layer,
installation of a 0.15 m thick protective coating) costs approximately 4-6 USD/
m?, varying depending on the availability of local materials and logistics, while
alternative scenarios - partial processing or movement of man-made masses - under
comparable conditions require 20-30 USD/m?, and sometimes even more (up to 35-
40 USD/m? with an increase in the transportation distance to 5-10 km), and such a
difference, which is not 10-20%, but 4-6 times, quite clearly demonstrates that the
proposed approach makes not only engineering, but also quite tangible economic
sense for enterprises forced to seek a balance between costs and environmental
requirements.

The results of subsequent monitoring, which was carried out for approximately
6 months (i.e., about 180 days, including both dry periods and episodes with
precipitation of up to 20-30 mm in a short period of time), were no less indicative:
no new cracks were observed to form on the treated surface (either with a width of
10-12 mm, or even with minimal values of 2-3 mm), no signs of erosion or localized
erosion were recorded, while the adjacent, untreated areas continued to demonstrate
the usual picture - seasonal cracking, the development of microdepressions with a
depth of 5-10 cm and focal gullies after rains, while measurements of moisture at
a depth of about 0.5 m under the protective layer showed fairly stable values in the
range of 9-11% (with variations of no more than £1%), while in the untreated areas
this parameter “wandered” much wider - from 7% in dry periods to 15-16% after
precipitation, and it is precisely this stabilization of the water regime, although
not obvious at first glance, that plays a key role in maintaining the constancy of
the mechanical properties of the material (the angle of internal friction is 26-28°,
adhesion is 22-25 kPa) and, as a result, reduces the risk of uneven settlement,
subsidence and gradual degradation of the massif, which in the long term (1-3-5
years or more) becomes a critical factor in the reliability of man-made objects.
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Fig. 2. Visual comparison of the technogenic deposit surface condition: (a) untreated area
characterized by cracking and erosion features; (b) conserved area after six months of monitoring,
demonstrating improved surface integrity, absence of visible cracks, and enhanced stability.

The obtained results, if considered not in fragments, but in the aggregate of
all measurements, tests and observations (including a density of 1.63-1.66 t/
m?, a degree of compaction of 97-99%, filtration coefficients of about 6.5x107
m/s after treatment and initial values up to 4.8x10° m/s, as well as a decrease in
infiltration by almost 80% and a decrease in wind losses from 0.42 to 0.09 kg/m? in
20 minutes at speeds of 12—15 m/s), quite confidently confirm that even relatively
limited in scale, local in nature measures (conditionally - work on an area of 100
m?, a layer 0.3 m thick plus a covering of 0.15 m) are capable of significantly, and
not symbolically, improving both the mechanical stability of man-made massifs
(an increase in the stability coefficient from ~1.18 to 1.30-1.42), as well as their
hydrological characteristics, and for industries such as mining, metallurgy and
uranium mining, where there may be dozens, and sometimes hundreds, of similar
facilities with areas from 10 to 500 hectares and a service life of decades (20-30-50
years or more), the recorded changes—whether it be a reduction in infiltration from
thousands of cubic meters per hectare (~6,300 m*/year) to levels less than 1,400
m?/year, or stabilization of humidity in the range of 9-11% instead of jumps of
7-16%—are not of theoretical, but of quite practical significance, since they directly
affect the risks of pollution, slope stability and operational reliability, and, what is
especially indicative, the study clearly demonstrates that the solution to a relatively
small engineering problem (in fact, the optimization of the upper protective layer
several tens of centimeters thick) is capable of producing a measurable effect in
several directions at once—from environmental safety to a reduction operational
risks.

In a broader sense, the data obtained allow us to make a generalization that may
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sound simple, but behind it lies a rather impressive set of figures and observations:
rationally organized compaction (bringing up to 97-99% of the maximum according
to Proctor with an optimal moisture content of about 12-13%) in combination with
the installation of a low-permeability protective layer (with a thickness of about
0.15 m and a filtration coefficient of 107 m/s) forms a technologically simple, but
at the same time a really working mechanism for the conservation of man-made
formations, and the achieved quantitative improvements - an increase in the angle
of internal friction from 19-22° to 26-28°, an increase in adhesion from 14-18 to
22-25 kPa, a decrease in filtration rate by 5-7 times and a decrease in erosion losses
by almost 4-5 times - convincingly demonstrate that such solutions can be scaled
up and transferred to other objects with similar engineering-geological and climatic
conditions. (precipitation of about 200-300 mm/year, seasonal fluctuations in
humidity, predominance of fine fractions of 60-70%), and for industrial enterprises,
especially those operating in the segment of extraction and processing of minerals,
such targeted conservation strategies look like a completely reasonable compromise,
where environmental responsibility (reduced dust, limited migration of pollutants,
stabilization of the massif) is combined with economic feasibility (costs of 4-6
USD/m? versus 20-30 USD/m? for alternatives), allowing problems to be solved
not “in theory”, but in real operating conditions over a horizon of many years.

Conclusions. The study, if we consider it not formally, but through the prism
of all the accumulated numerical indicators (density of 1.42 t/m? in the initial state
versus 1.63—1.66 t/m? after treatment, degree of compaction of 84-86% versus 97—
99%, filtration coefficients from 4.8x10° to 6.5x107 m/s, reduction of infiltration
by approximately 75-80%, reduction of wind losses from 0.42 to 0.09 kg/m? at
a flow velocity of 12—15 m/s, as well as stabilization of humidity in the range
of 9—11% instead of fluctuations of 7-16%), quite clearly demonstrated that the
long-term sustainability and environmental safety of man-made massifs can be
significantly — and this is not an exaggeration — increased due to relatively simple
from an engineering point of view, but competently selected and economically
justified measures, focused primarily on optimizing the upper protective layer
with a thickness of approximately 0.15-0.30 m, while the obtained results clearly
confirm that factors such as insufficient compaction (below 90% of the maximum),
pronounced structural heterogeneity and uncontrolled moisture penetration (with
an intensity of up to 3.2x10° m/s) are the key reasons for the decrease in the
reliability of such objects and the increase in the risks of erosion, dust formation
and migration of pollutants, and the combination of field observations (slopes of
17.8-23°), laboratory tests (loads of 50-200 kPa, friction angle of 19-22°) and
experimental implementation made it possible to obtain a fairly comprehensive
understanding of the behavior of the material in real, rather than “laboratory”
geological and climatic conditions.

If we formulate a general conclusion without excessive academic ponderousness,
it comes down to a rather practical idea: rational compaction, brought to 97-99%
of the maximum Proctor density at an optimal moisture content of about 12-
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13%, in combination with the installation of a low-permeability mineral coating
(approximately 0.15 m thick and a filtration coefficient of about 10”7 m/s), can be
considered as a completely viable alternative to expensive operations of processing
or moving man-made masses, the cost of which reaches 20-30 USD/m? and higher,
while the proposed approach fits within 4-6 USD/m?, providing not only savings,
but also a noticeable improvement in operational characteristics, and, importantly,
such an approach allows us to find a balance between environmental requirements
and industrial feasibility, since even relatively local interventions (at the level of tens
or hundreds of square meters) lead to an increase in the slope stability coefficient
above 1.30 (up to 1.42 in a dry state), Stabilization of the moisture regime, a
significant reduction in infiltration, and a decrease in wind erosion by almost 4-5
times, which is especially relevant for mining, metallurgy, and uranium industries
operating in arid and semi-arid regions with precipitation of approximately 200-
300 mm/year and frequent winds of 10-15 m/s, where degradation processes occur
more rapidly than usual.

More specifically, an increase in dry density to 97-99% of the maximum value
(1.68 t/m?) directly led to an increase in strength parameters: the angle of internal
friction increased from 19-22° to 26-28°, adhesion—from 14-18 to 22-25 kPa.
As a result, the slope stability coefficient at a near-saturated state exceeded 1.30,
forming not a marginal, but a completely reliable stability margin; The installation
of a compacted loam screen allowed us to reduce the filtration coefficient by more
than an order of magnitude (from 10° to 107 m/s) and reduce vertical infiltration
by approximately 80% (from ~6300 to <1400 m?*ha per year with precipitation
of about 250 mm), thereby limiting the transfer of polluting components, while
an increase in resistance to wind exposure by almost 5 times (0.42 — 0.09 kg/
m?) turned out to be critically important in terms of reducing dust and associated
environmental consequences, which, for large areas (tens of hectares), can already
acquire a regional scale.

In general, to sum it up without being too dry, the obtained results quite
confidently confirm that the targeted treatment of the surface of man-made massifs
— even if limited in volume and carried out by standard equipment with energy
consumption of about 0.8—1.1 kW h per 10 m? — is not only technically accessible,
but also an energy-efficient conservation strategy, and the proposed methodology,
based on very specific numerical parameters and tested in real conditions, can be
adapted for other objects with similar engineering and geological characteristics
(fine-dispersed composition of 60-70%, humidity of 6—14%, slopes up to 20°),
and in the future is quite capable of becoming the basis for the development of
regulatory and production recommendations aimed at sustainable, rather than
formal, management of accumulated mining legacy objects.
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