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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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BAC PEJAKTOP
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IJIABHBI PEJAKTOP
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Opannus),  https://www.scopus.com/authid/detail.uri?authorld=7003436752;  https://www.webofscience.com/
wos/author/record/1230499

HIEH Iun, PhD, 3amecturens aupexropa Komurera mo ropHoii reoxornn Kuraiickoro reonorndeckoro
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KATAJIUH Credan, PhD, acconmupoBaunslii npodeccop, Texuuueckuit ynusepeuret pesnen (pesnen,
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wos/author/record/ 1309251

CAI'MHTAEB “Kanaii, PhD, accorymposanusii npogeccop, HazapbaeB ynuBepcuter (Acrana, Kazaxcramn),
https://www.scopus.com/authid/detail.uri?authorld=57204467637; https://www.webofscience.com/wos/author/record/907886

®OPATTUHHU IMaono, PhD, accormuposannblii npodeccop, Munanckuii yausepcurer buxokk (Munas,
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PATOB Bbopan6aii ToB6acapoBH4, JOKTOp TEXHHYECKHX HayK, mpodeccop, 3aBemyromuii kadenpoit
«l'eodpusuka u cericmonorus», Kazaxckuii HallMOHAIBHBIA UCCIIEIOBATENBLCKINA TEXHUYECKUI YHUBEPCUTET HM.
K. CarnaeBa (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100; https://
www.webofscience.com/wos/author/record/1993614

POHHMU Bepuarccon, mnpodeccop, Jupexrop LleHTpa coBpeMEHHBIX OIMKHEBOCTOYHBIX HCCIICIOBAHH,
Jlynnckuit yrusepcurer (Jlymn, IIsemms), https://www.scopus.com/authid/detail.uri?authorld=7005388716;
https://www.webofscience.com/wos/author/record/1324908

MUPITAC Baagumup, PhD, npodeccop, BocTrounslii HaydHO-HCCIE0BATENbCKHI LEHTDP, YHUBEPCHTET
Apwans, (Apwdns, Wspamns),  https://www.scopus.com/authid/detail.uri?authorld=8610969300; https:/www.
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Abstract. Relevance. Lands disturbed by open pit mining are characterized
by complex morphology, low slope stability, and unfavorable hydrogeological
conditions, which limit their subsequent economic use. Insufficient development
of localized engineering solutions reduces the effectiveness of reclamation
measures. The objective of the study was to substantiate technological solutions
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for mining reclamation that ensure the stability and environmental reliability of
man-made landscapes. Methods. The study contained a full set of engineering,
laboratory, and field-based methods aimed at assessing the stability of man-
made landforms and substantiating rational parameters for mining reclamation.
Engineering and geodetic surveys were conducted using modern total station
and satellite positioning equipment, which made it possible to create a detailed
digital terrain model of the disturbed area and determine the actual geometric
parameters of slopes, berms, and drainage depressions. Simultaneously, samples
of man-made soils were collected for laboratory analysis to determine particle
size distribution, moisture content, density, internal friction angle, cohesion, and
filtration characteristics. The obtained parameters served as the basis for slope
stability calculations and for selecting rational surface grading parameters. The
proposed engineering solutions were verified through pilot-scale layered surface
grading carried out with bulldozer and excavator equipment under production
conditions. The stability of the formed terrain was evaluated using instrumental
monitoring that included repeated geodetic measurements and observations of
deformation processes during the monitoring period. Results and conclusions. The
results showed that layered grading with optimized slope angles and the formation
of technological berms significantly improves slope stability and increases the
safety factor to regulatory values while reducing the probability of deformation
processes. Rational parameters of granulometric composition of man-made soils
and the optimal thickness of the fertile layer were substantiated, ensuring favorable
agrophysical conditions for subsequent biological reclamation. The arrangement
of surface drainage and planning depressions effectively reduced water erosion
intensity and prevented waterlogging processes. The obtained results confirm that
the proposed technological solutions increase engineering reliability, reduce the
duration of reclamation works, and improve the economic efficiency of disturbed
land restoration projects.

Keywords: mining reclamation, disturbed lands, waste dumps, slope stability,
man-made soils, drainage systems

For citations: Jumatov Y.K., Tashbulatov S.B., Pushanov A.N., Kozenkova G.L.,
Yarygina I.V. Technological Substantiation of Sustainable Mining Reclamation
of Disturbed Lands in Open Pit Operations. News of the National Academy of
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AnHOTanusA. O3exminiei. KeH opbIHAapBIH allIBIK UTEPy Ke3iHe nakiaa 00iaFaH
Oy3bUTFaH Kepiiep Kyplenl peiabedrieH, OeTKeUIepiH TOMEH TYPaKThUIBIFBIMEH
JKOHE KOJIAWChI3 T'HJPOTCOJIOTHSUIBIK — JKaFJaiijlapMEH  CUIATTaIabl, Oy
olapJpl KCHIHHEH 9SKOHOMHUKAJBIK NaijanaHyabl IiekTeimi. JKeprimikri
WH)KEHEPIIK MIeMIiMACPAIH JKETKITIKCI3 MBICHIKTATybl PEKYJIbTUBALMSIIBIK ic-
mapanap/blH THIMIUITIH TeMeHaeTedl. JKymvicmbly Mmakcamosl TEXHOTEHIIK
JlanpamadTrapblH TYPaKTBUIBIFBI MEH JKOJIOTHSIJIBIK CEHIMJILIITIH KaMTamachl3
€TETIH Tay-KEeH TEXHUKAJBIK PEKYJIbTHBAIUSICHIHBIH TEXHOJOTHSIBIK MIEHIIMICPIH
Herizaey 0onnbl. Odicmepi. 3epTTey OapbIChIHIA TEXHOTSHJIIK JaHIaTapbiH
TYPaKThUIBIFBIH ~ Oarajay JKOHE Tay-KeH-TeXHHUKAJIBIK PEKYJIbTHBAIIUSHBIH
YTBIM/IBI TMapaMeTpiiepiH HeTi3Aey MaKcaTblHAa WHXKEHEPIiK, 3epTXaHajbIK
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JKOHE OHJIPICTIK OMIiCTEePMiH KemIeHI KONIaHbUIABI. MHKeHEepIiK-Treone3usIIbIK
3epTTeyiep 3aMaHayH TaXeOMETPHSUIBIK JKOHE CITyTHUKTIK OJIIIey KypalaapbIHbIH
KOMETIMeH JKYpri3inii, Oysr Oy3bIIFaH ayMaKThIH HaKThl CAHIBIK PEIbe]) MOACIiH
KypyFa >koHe OeTkeilnepiiH, OepMaiapAblH JKOHE JIPEHAKABIK OWBICTap/bIH
reOMETPHSUIBIK MapaMeTpiepiH aHbIKTayFa MYMKiHIIK Oepai. CoHbIMEH KaTap
TEXHOTEH/IIK TONBIPAKTAPABIH YJTiJepl ajbIHBIN, OJAPIBIH TPAHYIOMETPHSIIBIK
KYpambl, bUTFAIABUIBIFBI, THIFBI3IBIFBIL, 1ITKI YHKEIiC OYPBIIIBI, ITiHICY KYIII )KoHE
CY3TUTIK KacHeTTepi 3epTXaHAJbIK JKaFJaia aHbIKTaJIbl. AJIBIHFAH MOJIIMETTEP
OCTKEWNIep/iH TYpPaKTBUIBIFBIH €CENTeyre >KOHEe JKep OeTiH KocmapiayaslH
OHTAWJIBI TapaMeTpiiepiH TaHjaayFa MaiJadaHbUIIbl. Y CHIHBUIFAH WHXKCHEPIIK
MeIIiMAEP/IiH THIMAUIIN OHIIPICTIK KaFfaina Oympio3ep KoHE HSKCKaBaTop
TEXHHUKACHIH KOJIJIaHa OTBIPHIIT JKYPTi3UITeH TOKIPUOETiK-0HEPKICINTIK KabaTTar
JKocmapiay apkputel Tekcepinai. Kanbimrackan penbedTiH —TYpaKTHUIBIFBI
acmanTelK MOHHUTOPUHT 9JicTepiMeH OaranaHbIl, KaldTalamMa TeOAe3HsIIbIK
eIIeyaep MeH JehopMaIusIIbIK IpoliecTepre OakplIay XKyprizinai. Homuowcerep
MeH KOpulmulHObLIAp. 3epTTey HOTIDKENepl KepceTKeHIeH, OeTkeiiepaiy
OHTAWJIaHABIPBUIFAH CHICTIIT MEH TEeXHOJIOTHSUIBIK OepManap/bl KaJlbITacThIPy
apKBLIBI Ka0aTTaI )KOCTIapIiay TYPaKThUIBIK KO GUIIHEHTIH HOpPMATHBTIK JCHT eire
AeWiH apTTHIPBIN, AeGOpPMANMSUIBIK Toyekenaepai asairampl. TexHOTreHIiK
TONBIPAKTAPIBIH TPAHYJIOMETPUSUIBIK KYPaMbBIHBIH ~YTBIMJABI —TapaMeTpIiepi
KOHE KYHapibl KaOaTThIH OHTAMJIBl KAJBIHIBIFBI HETI3/eNilN, OHOJOTHSIIBIK
PEKYJABTHBALMS  YIIIH KOJAWIbl arpo(u3MKaNbIK SKaFgaiiap KaMTamachl3
etinmi. XKep ycrTi CyblH yHbIMAAacKaH Typae OYpy Kykeci Cy 3pO3USCHIHBIH
KapKbIHJIBUIBIFBIH ~ TOMEHJETINl, ayMaKThIH OaTmakTaHyblH OoOJbIpMayFa
MYMKIHJiK Oep/i. ¥ ChIHBIIFaH TEXHOJOTHSUTBIK IICITIMAEp PEKYIbTUBALIUSTIaHFaH
HBICAHIaP/IbIH HHYKEHEPITIK CEHIMIUTITIH apTTHIPHII, dKYMBICTap/IbIH MEP3iMi MEH
IIBIFBIHIAPBIH KBICKAPTAThIHBI aHBIKTAJIIBI.

Tyiiin ce3aep: Tay-KeH TEXHUKAJIBIK PEKYJIbTHBALMICKHI, OY3bUIFaH Kepiep,
Tay JKBIHBICTAPBIHBIH YHIHJIEpi, OCTKEHIEpIiH TYPaKThUIBIFBI, TEXHOTCHIIIK
TONIBIPAKTAp, IPEHaKABIK JKYHenep
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AnHorauusi. Axmyanvrocms. HapymeHnsle 3emnd, (opMHpyeMble IpH
OTKPBITOH pa3padOoTKe MECTOPOKACHUH, XapaKTEPU3YIOTCSI CIIOKHBIM pelbedoM,
HU3KOW YCTOMYMBOCTBIO OTKOCOB M HEOJArOMPHSITHBIMU THAPOT€OJOTHYECKHUMU
YCIOBUSIMH,  YTO  OrPAaHUYMBAET  UX  IOCJIEAYIOLIEE  XO35HUCTBEHHOE
ucnonb3oBanue. Hemocrtarounas mpopaOOTaHHOCTH JIOKAJIbHBIX HHKCHEPHBIX
peuieHunit cHmKaeT 3(pPeKTHBHOCTD PEKYJIbTUBAMOHHBIX MEpONpUATHil. [[end.
O00CcHOBaTh TEXHOJOTHMYECKUE PEIICHUS TOPHOTEXHMYECKOH pEKYIbTHBALIUY,
00eCTeYrBalONINe yCTOMYMBOCTh M DKOJIOTUYECKYIO0 HaAE&KHOCTh TEXHOT'CHHBIX
nannmadroB. Memoov.. B Xome wuccienoBaHUS TPUMEHSICS —KOMILJIEKC
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WH)XEHEPHBIX, JJAOOPATOPHBIX U MIPOU3BOJICTBEHHBIX METOIOB, HAIIPABJICHHBIX Ha
OLIEHKY YCTOHYMBOCTH TEXHOTCHHBIX JaHAMA()TOB U pa3padOTKy paloOHaIbHBIX
napaMeTpoB TOPHOTEXHHYECKOW PpEKyIbTHBALMK. BBIMOTHEHBI WH)XEHEPHO-
reoJ1e3nYeCKUe N3bICKaHMUS C HCTIOIb30BAaHNEM COBPEMEHHOTO TaXEOMETPHUUECKOTO
U CIIyTHHKOBOTO OOOPYHOBaHHs, YTO IO3BOJIMJIO CO3/aTh JETAIM3UPOBAHHYIO
muppoByl0 Monenb penbeda HapyIIEHHOW TEPPUTOPUU U ONPEICIHUTH
(akTHUECKHE TEOMETPUYECKHE IapaMeTpbl OTKOCOB, OepM M JPEHaKHBIX
noHmxeHnid. OJHOBPEMEHHO MPOBOJMICS OTOOp 00pas3loB TEXHOTCHHBIX
IPYHTOB Ul J1a0OPaTOPHOTO ONPEAETCHUs MX T'PaHyJIOMETPUYECKOTO COCTaBa,
BJI&KHOCTH, IJIOTHOCTH, yIJIa BHYTPEHHETO TPEHHS M CLEIUICHUS, a TaKxke
(GWIBTPAaMOHHBIX  XapakTepucTHK. llomydyeHHble JaHHBIE HCIOIB30BAIUCEH
Uil pacu€TOB YCTOWYMBOCTH OTKOCOB M BBIOOpA pAlMOHAIBHBIX IMapaMeTPOB
IUIAaHUPOBOYHBIX  paboT. [lpakTmueckas mpoBepka MPOEKTHBIX pPELICHUN
OCYILECTBIIAIACH METOZOM OIIBITHO-ITPOMBILIJICHHOTO ITOCJIOHHOTO IIITAHUPOBAHUS
MOBEPXHOCTH C TNPUMEHEHHEM OyJIbJ03€PHOM M HKCKaBATOPHON TEXHUKH.
CrabuinpHOCTH  C(HOPMUPOBAHHOTO penbeda OLEHUBAJIACH €  OMOLIBIO
WHCTPYMEHTAJIBHOIO MOHHUTOPHHIA, BKJIIOYAIOIIETO MOBTOPHBIC T'€0AC3MUECKHE
M3MEpPEHUs] W HaOMIofeHMs 3a AePOpPMALMOHHBIMHU TpoleccaMu. Pe3yivmamuyl
U 6b1600bl. YCTAHOBJICHO, YTO MOCIOWHOE MJIAHUPOBAHUE C ONTHMHU3UPOBAHHOM
KPYTHU3HOW OTKOCOB M (DOPMHPOBAHHEM TEXHOJOTHUYECKUX OEpM CIIOCOOCTBYET
MOBBILICHUIO KOAPPHUINEHTa YCTOMUYNBOCTH OTKOCOB /10 HOPMATHBHBIX 3HAYCHUN
U CHIDKACT BEPOSATHOCTH PAa3BUTHA Je(POPMALMOHHBIX TpoueccoB. OnpeneneHsl
panMoHaNbHBIE TApaMEeTPhl TPAaHYJIOMETPHUYECKOIO COCTaBa TEXHOTCHHBIX
IPYHTOB M ONTHMajbHas MOLIHOCTH IJIOZOPOIHOIO CJIOs, OOecledrBarone
¢opmupoBanue OnaronpusTHONH arpodu3uyecKol cpeapl AN MOoCHenyromei
Ouonorndeckoil pekyiabTUBanMU. OpraHuzanus CHCTEMbl ITOBEPXHOCTHOIO
BOJI0OTBO/IA U TUITAHUPOBOYHBIX APCHAKHBIX IOHIKCHU [TO3BOJIMIIA CYIIECTBEHHO
COKpaTUTh HMHTEHCHUBHOCTb BOAHOM 3PO3WM M MPEJOTBPATHUTH MPOLECCHI
3a0onaunBaHusi  TeppuTopuu. llomydeHHble  pe3ynbTaThl  MOATBEPKAAIOT,
YTO MNPEIIOKEHHBIC TEXHOJOTHYECKHE PELICHHUs MOBBIIAIOT HHXCHEPHYIO
HaAEKHOCTh PEKYJIbTUBUPOBAHHBIX OOBEKTOB, COKPAIIAIOT CPOKH BBITOJIHECHUS
pabor u o0ecrnednBalOT IKOHOMHUYECKYIO AI(PQPEKTHBHOCTb MEPOIPHUATUH MO
BOCCTAHOBJICHHIO HAPYIICHHBIX 36MEJb.

KiroueBble ci10Ba: TOPHOTEXHHYECKAsh PEKYJIbTHUBALMS, HapylLICHHBIC
3€MJIM, OTBaJIbl TOPHBIX MOPOJ, YCTOHYMBOCTH OTKOCOB, TEXHOTCHHBIC T'PYHTHI,
JPEHaKHBIE CHCTEMBI

Introduction. Globally, the problem of disturbed lands resulting from
mining activities is among the most pressing environmental and technological
challenges of our time. Intensive development of mineral deposits, accompanied
by the expansion of open-pit and underground mining, leads to the formation
of significant man-made landscapes characterized by soil disturbance, altered
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hydrogeological conditions, vegetation degradation, and reduced biodiversity
(Abbasetal., 2025; Zhou et al., 2016; Shabanov et al., 2023). As accessible mineral
resources are depleted and increasingly complex deposits are developed, the scale
of anthropogenic impact on the environment continues to increase, increasing
demands on the environmental responsibility of subsoil users and the effectiveness
of restoration measures. Under these conditions, mining reclamation is a key tool
for minimizing the long-term negative impacts of mining and returning disturbed
areas to economic and natural circulation (Al Smadi et al., 2025; Goltsev et al.,
2020).

Modern scientific and practical research offers a wide range of approaches to
solving the problem of disturbed land reclamation. Traditional methods based
on waste dump planning, slope terracing, topsoiling, and subsequent biological
restoration remain the most common due to their technological maturity and relative
affordability. Their advantage lies in their applicability in a variety of natural and
climatic conditions and on sites of varying scales. However, such solutions are
often formal in nature, focused primarily on short-term surface stabilization,
and do not always ensure long-term geomechanical stability and ecological self-
regulation of restored landscapes (Bogunovic et al., 2018; Kulikova et al., 2023;
Malozyomov et al., 2024).

An alternative approach involves the implementation of landscape-oriented and
ecosystem-based principles of reclamation design, which involve the formation
of stable geotechnical structures taking into account the natural topography,
water flow, and soil-forming processes. The advantage of this approach is
increased environmental efficiency and the integration of disturbed areas into
the natural environment (Chen et al., 2020; Myrzakulov et al., 2024). However,
its implementation requires more complex engineering calculations, long-
term monitoring, and significant capital expenditures, which limits widespread
industrial adoption, especially at existing facilities (Mashekov et al., 2018).

In recent years, technological solutions based on the use of mining and
industrial waste to form reclamation pavements and planning arrays have been
actively developing. This approach allows for the simultaneous solution of waste
disposal and land restoration issues, reducing the burden on landfills. Its advantages
include resource conservation and economic feasibility. Disadvantages include
the need for strict environmental monitoring, assessment of pollutant migration,
and ensuring the long-term geochemical stability of the resulting man-made soils
(Kozhukhova et al., 2018; Sherov et al., 2023).

Another promising area is the digitalization of reclamation design, including
the use of geoinformation systems, remote sensing, and 3D geomodeling. These
tools improve the accuracy of engineering solutions and allow for the prediction of
slope stability and terrain dynamics. However, their implementation is associated
with the high cost of software and hardware systems and the need for specialized
competencies (Nayak et al., 2024; Smee et al., 2010).
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Despite the diversity of existing approaches, the problem of improving the
efficiency of mine reclamation remains relevant. This is due to the need to adapt
technologies to specific mining and geological conditions, reduce costs while
maintaining environmental performance, and ensure industrial safety in the final
stages of mine development. Local engineering solutions aimed at improving
individual reclamation processes are particularly important, as they form the
practical basis for subsequent scaling and replication of effective methods. The
relevance of this research direction is determined by the need to develop and
validate modern, technologically feasible approaches to mining reclamation that
ensure the sustainability of existing man-made landforms and the possibility of
their further economic use with limited resource expenditures. In the context of
increasingly stringent environmental requirements and the need for rational nature
management, improving engineering solutions in this area is of scientific and
applied interest (Tananykhin et al., 2026; Zaalishvili et al., 2024).

The objective of this work is to research and validate effective solutions in the
field of modern mining reclamation of disturbed lands, aimed at increasing the
sustainability and environmental reliability of emerging man-made lands while
solving local production and technological challenges.

Methods and Materials. In accordance with the stated objective of the study,
the experimental work was focused on solving a local production and technological
problem related to improving the efficiency of individual mining reclamation
operations involving disturbed lands. The overall work plan included in-kind
surveys of the man-made site, the selection and validation of a rational planning
scheme, the pilot development of a reclamation profile, and the subsequent
assessment of'its geomechanical stability and technological feasibility. The research
was conducted on a waste disposal site formed as a result of open-pit mining of a
common mineral deposit. The site is characterized by heterogeneous rock particle
size distribution and the presence of localized zones of waterlogging, which is of
significant industrial significance when selecting a reclamation technology.

At the initial stage, the authors conducted engineering, geodetic, and mining
surveys of the area using a Leica TSO7 total station and Trimble R8s satellite
survey equipment. The data obtained allowed them to create a digital elevation
model of the disturbed area and determine the actual parameters of slopes,
berms, and drainage depressions. Concurrently, samples of man-made soils were
collected using a UKB-12/25 drilling rig from depths of up to 3.0 m for subsequent
laboratory analysis of their physical and mechanical properties, which are of key
industrial significance in the design of sustainable reclamation structures.

Laboratory studies included determination of particle size distribution using
a Retsch AS 200 sieve analyzer, moisture content and density using standard
methods, and the angle of internal friction and adhesion using an SP-1M shear
instrument. Additionally, the filtration capacity of the rocks was assessed using
the LFU-3 laboratory setup, which allowed us to predict surface and intra-mass
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drainage conditions. The obtained parameters were used to calculate slope stability
and select optimal grading angles, which has direct industrial significance for
preventing deformation and landslides on reclaimed waste dumps.

Pilot work to form a reclamation profile was carried out using a Caterpillar D6R
bulldozer, a Komatsu PC300 hydraulic excavator, and an XCMG LW500 front-end
loader. Grading operations were carried out layer by layer, forming slopes with a
steepness of 18-22° and installing technological berms up to 6 m wide. Rock
movement and distribution were carried out at a bulldozer operating speed of 2.5—
3.0 km/h, with the grading layer thickness being 0.4—0.6 m per pass. The choice of
these modes was determined by the need to ensure compaction without additional
rolling, which reduces production costs and is of great industrial importance in the
reclamation of extensive waste heaps.

A mixture of loamy overburden and previously stockpiled soil substrate was
used to form a potentially fertile layer. Application was performed using an
excavator and bulldozer, followed by leveling with a DZ-98 motor grader at a
working speed of 4-6 km/h. The average thickness of the applied layer was 0.35
m. Density was monitored using a DPG-1M dynamic densitometer directly in the
field, allowing for prompt adjustments to process modes.

The stability of the formed slopes and graded surfaces was assessed using
instrumental monitoring, using inclinometer measurements and repeated
tacheometric surveys 1, 3, and 6 months after completion of the work. Water
erosion and localized subsidence were also recorded. This approach confirmed the
technological reliability of the proposed solutions, which is of significant industrial
significance for the implementation of local reclamation schemes at existing
mining operations. The methodology used, based on a combination of in-situ
measurements, laboratory analysis, and pilot-scale planning, yielded representative
data on the impact of process parameters on the stability of reclaimed landforms.
The practical focus of the research and its relevance to the actual conditions of a
waste disposal facility underscore the industrial significance of the topic and the
potential application of the results to similar, limited-scale production problems.

Results. The completed field and pilot studies yielded a set of quantitative and
qualitative results characterizing the effectiveness of the proposed local solutions
for mine reclamation. Based on initial geodetic surveys and the resulting digital
terrain model, it was established that the original surface of the waste dump site
was characterized by significant morphological heterogeneity. The elevation
difference over an area of 6.4 hectares reached 18.7 m, with the steepness
of individual slopes exceeding 32°, significantly exceeding the permissible
values for subsequent economic use of the land. The stability factor, based on
limit equilibrium calculations in the natural state, was 1.08—1.12, indicating the
potential susceptibility of the slopes to deformation processes (Figure 1). These
data confirmed the need for planning work and were of significant industrial
significance for ensuring the long-term safety of the reclaimed areas, including in
the mining and construction industries.
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Figure 1. Cross-sectional transformation of the dump slope morphology before and after technical
reclamation, illustrating slope flattening, bench formation, drainage organization, and improvement
of slope stability.

Laboratory analysis of the selected man-made soils revealed significant
lithological and granulometric heterogeneity. The content of fractions smaller than
0.01 mm varied from 9 to 21%, sand particles from 34 to 57%, and crushed stone
and gravel up to 28%. The average natural moisture content was 7.6%, and the
bulk density was 1.74 t/m?. The angle of internal friction varied between 26 and
31°, and the specific cohesion was 14-22 kPa. The filtration coefficient, according
to laboratory tests, was in the range of 0.18—0.42 m/day, indicating moderate water
permeability and the need for organized surface runoff. The obtained characteristics
were used to refine the parameters of slopes and berms, which has direct industrial
significance in the design of stable waste disposal structures at open-pit mining
enterprises. During the pilot industrial planning, approximately 148,000 m* of
man-made rock was moved and redistributed. The formation of slopes with a
steepness of 18-22° reduced the average weighted surface inclination by 27%
compared to the initial state. After completion of the planning work, the safety
factor increased to 1.32—1.41, which meets regulatory requirements for reclaimed
sites. Instrumental monitoring showed that over a six-month observation period,
horizontal slope edge displacements did not exceed 42 mm, and vertical settlements
did not exceed 36 mm, which is within acceptable engineering tolerances. The
absence of progressive deformation confirms the technological reliability of the
applied scheme, which is of significant industrial significance, primarily for the
coal, ore, and non-ore industries, where extensive waste heaps are formed.

An analysis of the effectiveness of layered planning showed that a technological
layer thickness of 0.4-0.6 m achieves an optimal balance of productivity and
compaction. The average actual density after a bulldozer pass was 1.86 t/m?,
6.9% higher than the initial value without additional compaction. This reduced
the work duration by 14% and lowered operating costs by 11.3%. This result is
of significant industrial significance for construction materials companies and
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aggregate quarries, where reclamation volumes reach significant levels and the
economic efficiency of the technology plays a key role.

To form the potentially fertile layer, 22,500 m* of a mixture of overburden
loam and preserved soil substrate were used. The average thickness of the applied
coating was 0.34 m with a thickness variation coefficient of 8.2%, indicating a
fairly uniform distribution. Field density measurements showed values of 1.42—
1.48 t/m?, providing favorable conditions for the subsequent biological reclamation
stage (Figure 2). Just three months after application, natural herbaceous vegetation
emerged over 38% of the area without additional seeding, indicating sufficient
agrophysical potential of the resulting substrate. This result has significant
industrial implications for the accelerated return of land to economic use, including
agricultural and forestry use.

Surface runoff direction

Fertle reclamation
layer-0.34 m

~ | Loam-soil mixture
: I Root penetration zone

- I Moisture retention layer

2 S
-
e F -
-

----- : Compacted technogenic materials :

Leveled dump surface

Fig. 2. Structural profile of the applied fertile reclamation layer showing thickness uniformity,
density parameters, moisture retention capacity, and early-stage natural vegetation development.

Particular attention was paid to assessing the drainage properties of the formed
relief. After installing berms and graded depressions, the total length of organized
drainage lines was 2.1 km. Field observations during periods of intense rainfall
(up to 46 mm in two days) showed a decrease in the area of stagnant water from
17% to 3% of the study area. The depth of localized erosion did not exceed 4—6
cm, which does not critically affect slope stability. A more than threefold reduction
in erosion activity is of significant industrial significance, as it reduces the risk
of failure of reclamation structures and reduces the costs of their subsequent
maintenance.

A numerical assessment of production efficiency showed that the proposed
localized reclamation scheme reduces total costs by 9.8% compared to the
traditional technology, which involves additional compaction with rollers and
gentler slopes (Table 1). Savings are achieved by reducing heavy equipment shifts,
optimizing the rock haulage distance, and reducing the amount of regrading.
Furthermore, the work on the 6.4-hectare pilot site was completed in 41 calendar
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days, compared to the estimated 47 days using the standard technology. These
results confirm the industrial feasibility of implementing the developed solutions
in mining companies.

Table 1. Integrated Geotechnical, Hydrological, and Operational Performance Indicators of the
Pilot Reclamation Site.

Parameter . . Initial After
Group Indicator Unit State Reclamation Change / Effect
Surveyed area ha 6.4 6.4 —
Elevation range m 18.7 9.3 —50.3%
Morphology . o Improved
& Relief Maximum slope angle >32 22 stability
Average slope angle ° 27.4 19.9 —27%
Bench width (average) m — 6.5 Formed
Factor of safety (lmit | 11 og 112 | 132141 | Meets standards
equilibrium)
Slope Probability of failure o .
Stability (calculated) % 14-17 3-5 Reduced risk
Deformation hazard o Potentially Stable Improved class
category unstable
Natural moisture % 7.6 8.4 Stabilized
content
Geotechnical Bulk density t/m? 1.74 1.86 +6.9%
CoteCmICat ™ ternal friction angle ° 26-31 28-33 Strength increase
Properties -
Cohesion kPa 14-22 18-26 Improved
Fine fraction (<0.01 % 9-21 12-18 Optimized range
mm)
Filtration coefficient m/day | 0.18-0.42 | 0.14-0.31 —23%
Filtration & Surface Ezzglnetwork km — 2.1 Constructed
Drai
rainage Waterlogging area % of site 17 3 —82%
Local erosion depth cm up to 12 4-6 Reduced
Rock mass relocated thoumssand — 148 Completed
Earthworks Layer thickness m — 0.4-0.6 Optimized
(6] ti
perations Bulldozer passes passes L 34 Standardized
(average)
Compaction coefficient — 0.92 0.98 Increased
Potentially fertile layer thousgand o 75 Applied
volume m
Layer thickness m - 034 Uniform
(average)
Reclamation | Thickness \(anatlon % . 32 Low variability
Layer coefficient
Soil density t/m? — 142148 | Suitable for
vegetation
Natural vegetation o .
coverage (3 months) & 0 38 Rapid recovery
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Paé:::le;er Indicator Unit I;l tl:til Recll:fr:)ez:«tion Change / Effect
Horlzontal mm — <42 Within tolerance
Monitoring displacement
Results Vertical settlement mm — <36 Within tolerance
Monitoring period months — 6 Completed
Project duration days 47* 41 —12.8%
Operating cost % o 0.8 Sa\./ings
Economic & reduction achieved
Production Equipment time o o 14 Improved
Efficiency reduction productivity
Fuel consqmpﬂon % — 10.6 Estimated saving
reduction

*Baseline traditional technology (design estimate).

A comparative analysis of stability depending on particle size distribution
revealed that the greatest stability is achieved with a clay-dust particle content of
14-18%. Exceeding 20% increases the risk of waterlogging and reduced strength.
Conversely, with a content of less than 10%, mass cohesion deteriorates and the
likelihood of rockfall increases. These relationships are of significant industrial
significance for the selective placement of overburden during reclamation at non-
ferrous metallurgy and building stone quarries.

Instrumental observations of filtration processes showed that after planning and
compaction, the filtration coefficient decreased by an average of 23%, reaching
0.14-0.31 m/day. This ensured a more uniform distribution of infiltration flows
and reduced the likelihood of localized subsidence. At the same time, organized
surface runoff helped stabilize the moisture regime, which is especially important
for industrial facilities located in areas with seasonal waterlogging. The obtained
results confirm that even local engineering solutions aimed at optimizing slope
parameters, layer-by-layer planning, and rational use of overburden can provide
significant technological and environmental benefits. Their industrial significance
lies in increasing the resilience of man-made landscapes, reducing operational
risks, and accelerating the return of land to economic use. This is particularly
relevant for the coal industry, construction materials extraction, and enterprises
developing placer and non-metallic deposits, where reclamation is large-scale and
continuous.

Thus, the conducted studies demonstrated that the proposed approach ensures
engineering reliability, cost-effectiveness, and environmental acceptability for
mine reclamation when solving limited-scale problems. Quantitative indicators of
stability, compaction, water drainage, and production costs confirm the practical
applicability of the developed solutions and their significant industrial value for a
wide range of mining operations.

Conclusions. The conducted research has confirmed the high relevance
of improving technological solutions in the field of mining reclamation under
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conditions of increasing environmental and industrial requirements. The work
comprehensively summarizes modern approaches to the restoration of disturbed
lands and substantiates the effectiveness of localized engineering solutions aimed
at increasing the stability, safety, and resource efficiency of reclaimed man-
made landforms. Particular attention was paid to integrating geomechanical,
technological, and environmental aspects of reclamation design, which made it
possible to consider disturbed territories not only as objects of restoration but also
as elements of future economic use.

The results obtained demonstrate that preliminary engineering surveys
combined with digital terrain modeling provide a reliable basis for selecting
rational reclamation parameters. The identified morphological heterogeneity
of the pilot waste dump, expressed in excessive slope steepness and low initial
stability coefficients, objectively confirmed the necessity of technical reclamation.
The implemented grading scheme, based on layered planning and optimized slope
geometry, ensured a significant improvement in geotechnical conditions. The
increase in the safety factor to regulatory values and the absence of progressive
deformations during instrumental monitoring indicate the engineering reliability
of the proposed solutions.

Laboratory analysis of man-made soils made it possible to substantiate rational
parameters for slope formation and material placement, taking into account
granulometric composition, strength, and filtration characteristics. The established
relationships between particle size distribution and structural stability have
practical importance for selective overburden management. The pilot earthworks
confirmed that layer-by-layer grading with a thickness of 0.4-0.6 m ensures
effective compaction without additional rolling, which reduces production time
and operating costs while maintaining structural reliability.

The formation of a potentially fertile reclamation layer using a mixture of loamy
overburden and preserved soil substrate created favorable agrophysical conditions
for biological recovery. Early natural vegetation development recorded during
field observations confirms the environmental viability of the formed surface.
At the same time, the arrangement of berms and organized drainage networks
significantly reduced waterlogging and erosion activity, contributing to the long-
term hydrological stability of the reclaimed landscape.

In general, the study proves that even localized reclamation measures
implemented at operating mining facilities can provide measurable environmental
and economic benefits. The reduction in project duration and operating costs,
combined with improved geotechnical and hydrological performance, confirms
the practical feasibility of the developed approach. The proposed technological
solutions can be recommended for wider industrial application in the reclamation
of waste dumps formed during open-pit mining of coal, ore, and non-metallic
deposits, ensuring sustainable land restoration with optimized resource expenditure
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