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Abstract. A number of high-profile industrial accidents occurred at sludge and
tailings storage facilities in different countries of the world are considered. The
problem of ecological and technogenic danger of operating such objects, which
leads to significant casualties among the civilian population, serious economic
losses and harms the surrounding natural environment, is illustrated. The main
causes of emergency situations have been established and analysed, it will help to
reduce the risk of accidents and to minimize negative environmental consequences
for similar facilities in Ukraine. The retrospective review covers the period from
1960 to 2022. During this time, about 150 cases of soil dams’ destruction in waste
storage facilities were recorded. The different tendency in the frequency of accidents
is noted. In particular, during the period from 1960 to 2009, there were 98 accidents
with an average frequency of nearly two (1.98) per year. Over the last decade
(2010-2020), the number of accidents reached 36 cases, and their frequency almost
doubled to 3.6 accidents per year. Over the past two years, from the beginning of
2021 to December 2022, 10 accidents have already been registered. The vast
majority of accidents during this period occurred in 34 countries of the world. The
largest number of them was noted in the USA (22.4%), China (10.4%), Brazil
(7.5%), Chile (6.7%), the Philippines (6.0%), Canada (5.2 %), Great Britain (4.5%)
and other countries. Studies note jumps in the increase of accidents that have ten-
year trends (1975, 1985, 1995, 2005). The general tendency of mass accidents since
the beginning of 2015 is shown, which is substantiated by the expired terms of
operation of many mining and ore enterprises (mines) and significant (exceeding
normative) terms of operation of tailings storage facilities, which in some places
were left without proper supervision and care. It was established that a violation of
the dam slope stability (37%), an overflow of the designed capacity of the tailings
storage facility (12%), seismic activity (11%), etc., are the main causes of accidents.
A review of modern approaches to the management of dangerous anthropogenic
objects and methods of diagnosing the technical condition of such structures was
conducted. The use of a complex of organizational and technical solutions about the
implementing the modern methods of assessment and control the technical condition
of waste storage facilities at various levels of their operation and stages of the life
cycle is proposed.

Key words: tailings storage facility; anthropogenic accident; soil dam; mining
industry waste; diagnostics of technical condition.
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JI.M. Pynakos
JHINMpOBCHKUH IepKaBHUMA arpapHO-eKOHOMIYHUH yHiBepcHuTeT, M. J{Hinpo, Ykpaina

EKOJIOI'TYHA TA EKCILTYATAIIMHA BE3IIEKA XBOCTOCXOBHIII:
AHAJII3 ABAPIU, TIPUYUH TA METOIB JIATHOCTUKHA
TEXHIYHOI'O CTAHY

Anomauin. Pozenanymo pso pe3oHanCHUx npomuciosux asapii, sAKi cmaiucy Ha
WLAMO- MA X80CMOCX08UWax pisHux kpaiu ceimy. Iloxazano npobnemy ekonoziunol
i mexHoeeHHOI Hebe3nexku excnayamayii makux 06’€kmis, wo npuzeo0ums 00
SHAYHUX JICEPMB ceped YUBLTbHO2O HACENEHHS, CePUO3HUX eKOHOMIYHUX 30UMKIG |
3a60a€ WKOOU HABKOTUUHLOMY NPUPOOHOMY cepedoguwy. Bcmanosneno ma
NPOAHANI308AHO OCHOBHI NPUYUHU BUHUKHEHHS ABAPIUHUX CUMYayill, W0 003601UMb
SMEHWUMU PU3UK BUHUKHEHHS aapiii ma MIMIMI3y8amu HEe2amueHi eKONO02IuHI
HacnioKu O AHANO2IYHUX 00 '€kmie Ha mepumopii Ykpainu. Pempocnexmusenuii
021130 oxonmoe nepioo 3 1960 no 2022 poxu. 3a yeu uac 3agikcosani 6au3bK0
150 sunaoxie pyunyeants ipyHmogux 0amod HaKonuyyeayis 8ioxodis. Biomivaemocs
Ppi3Ha meHOeHYisl BUHUKHEeHHs wacmomu asapii. 3okpema, y nepioo 3 1960 no
2009 pix mpanunoce 98 asapiti 3 wacmomoro 6 cepednvbomy maudxce 0si (1,98) na
pik. 3a ocmanne OJecamupivus (2010-2020 pp.) xinekicme asapiii docsena
36 sunaoxis, a ix vacmoma 36inbwULIACy Matiice yOsiui — do 3,6 asapiil Ha pik. 3a
ocmanmi 08a poku, 3 nowamky 2021 no epydenv 2022 poxy, dice 3apeccmpo8ano
10 asapii. Ilepesasicna 6invwicms asapii 3a yeti nepiod cmanucs 6 34 kpainax
ceimy. Haiibinbwa ix xinekicme eiomivena ¢ CLIA (22,4 %), Kumai (10,4%),
bpasunii (7,5%), Yuni (6,7%), @ininninax (6,0%), Kanaoi (5,2%), Benuxii
Bpumanii (4,5%) ma inwux xpainax. [ocnioscennsamu 8iOMiuaOmMucsa CHAECKU
30Lnben s asapitl, sKi maromo oecamupiuni mpenou (1975 p., 1985 p., 1995 p.,
2005 p.). [lokazana 3aeanbna menoenyis macosux agapiti 3 nowamxy 2015 poky, wo
OOIPYHMOBYEMbCA BUUEPNHUMU MEPMIHAMU pobomu 0a2amvox 2ipHUYO-PYOHUX
nionpuemcme (Konaniemv) ma 3HAYHUMU (NOHAO HOPMAMUBHUMU) MEPMIHAMU
eKCnyamayii Xxeocmocxo8uwy, AKi N00eKyOU 3aTUUUTUCL Oe3 HATEHCHO20 HA2AAOY |
0o2ns0y. BcmaHnoéneno, wo 0CHOSHUMU NPUYUHAMY ABAPill € NOPYUIEHHS CIIUKOCMI
cxuny oamou (37%), nepenosnenns npoekmuoi emuocmi xeocmocxosuwa (12%),
ceticmiyni nposisu (11%) mowo. Ilposedeno 0210 cyuacnux nioxodig¢ 00
VAPAGNIHHS MEXHO2EHHO-Hebe3neuHumMu 00 eKkmamu ma Memooie 0iacHOCMmUKU
MEXHIYHO20 CMAHY MAKUX Cnopyo. 3anponoHo8aHo GUKOPUCHMAHHS KOMNIEKCY
OPeaHi3ayitiHUX Ma MEeXHIYHUX PIueHb Wo00 BUKOPUCTNAHHS CYYACHUX Memooie
OYIHIOBAHHS MA KOHMPONIO 30 MEXHIYHUM CMAHOM HAKONUYY8auie 6i0X00i6 Ha
PI3HUX Pi6HAX IX eKCnyamayii ma cmaoisix HCUmmesoeo YuKiy.
Knrouosi cnosa: xeocmocxosuuje; mexHoeeHHa asapis; (pyHmoga 0amoa; 8ioxoou
2IPHUYO000YBHOT NPOMUCTO0BOCT; DIACHOCMUKA MEXHIYHO20 CTNAHY.
https://doi.org/10.32347/2411-4049.2023.2.66-84

Beryn

BunoOyTok KOpPHCHUX KONAIWH Ta BHUPOOHWYA JiSUTLHICTH  MiJIPHEMCTB
TEIUIOCHEPreTUKU, METAIypriiHOi, XiMi4HOI Ta IHIIMX Taiy3eldl HPOMHUCIIOBOCTI
CHPUYHHSIIOTH (POPMYBaHHS 3HAYHOI KIJIBKOCTI BiAXOMiB. 3a AaHMMHU [1] OIHM3BKO
160 Tucsu ra Teputopii YKpaiHu BKPUTI MPOMHUCIOBUMHU Biaxomamu. Il{opidHo B
VYkpaiHi yTBOPIOEThCS OJIM3BKO 8 MIIH TOHH 30JIONLIAKOBHX BIAXONIB, a ix
30epiraHHs CynpOBOKYETHCS HU3KOK BKpail HETATUBHHUX HACIIIKIB JJIS JOBKIJIISA
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Ta 31M0poB’s moAuHH. OOCATH BKEe HAKONMWYCHWX BITXOIIB CATAIOTh Maibke
300 mutH ToHH. B Toli ke yac B Ykpaini Omm3pko 300 BUBeAeHUX 3 eKcIuTyatarii i
HEPEeKyJIbTUBOBAaHUX Kap €piB, a TaKOXX MIIBHOHM TeKTapiB IUION[ LUIAMO- Ta
XBOCTOCXOBHI [2, 3].

HanzBuyaiini curyamii Ha XBOCTOCXOBHIIAX, SIKi HAKOMUYYIOTh BEIHKI OOCATH
BiJIXOJIiB TipHUY0100YBHOI IPOMHUCIIOBOCTi, MOXKYTh MPU3BOJUTHU 10 3a0pyAHEHHS
HaBKOJIMIIHBOTO PUPOIHOTO CEPeIOBHIIA. BOHNM SBIAIOTH Cepilo3Hy 3arpo3y I
JOEH Ta TOBKULIS, OCOOIHMBO y Pa3i HEHAIEKHOTO MPOEKTYBAHHS, TIOBOKCHHS 3
XBOCTaMH a00 yNpaBiiHHSA UM TOCTIOAaPCTBOM.

Ha mincraBi 1o0pe 3a0KyMEHTOBAaHMX BUIIAJIKIB aBapiii, 3 TOCBiMY CBITOBOI Ta
BITYM3HSHOI €KCIUTyaTallii, MOXHa MPOaHANi3yBaTH OCHOBHI IPUYHHH 1 (haKkTOpH iX
BUHHUKHEHHS. L{e 00TpyHTOBY€ aKTyalbHICTh Ta O3BOJISE TPOBOAUTH JOCHIPKECHHS
3 TOUIYKY OpraHi3aliiHO-TeXHIYHMX 3aXOJ(iB Ta PO3POOKH HOBHX IIJXOMIB JJIS
ITiIBUIICHHS PiBHS €KOJOTI9HOI O€3MeKN XBOCTOCXOBHIII.

IMocTanoBka npod.iemMu

I3 344 nasBHUX B YKpaiHi XBOCTOCXOBHII YCi, Maibke 0e3 BUKITIOUCHHS, 30y10BaH1
13 TpyHTOBHX MatepianiB. TpuBana ekcruryararis i He 3aBXK/IU HaJeKHHUH KOHTPOIb
3HIKYIOTh PIBEHb €KOJIOTIUHOI OE3MEeKH HaBiTh 3aKOHCEPBOBAHMX 1 BUBEJICHUX 13
eKcInTyaTarnii xBoctocxosuil. [Ipu mpoMy nesiki 3 HUX MpocTo OE3BiANOBITATHHO
KHHYTI 1 HECYTh HE MEHIITY 3arpo3y, HiX Airoui.

TexHoreHHi aBapii Ha XBOCTOCXOBHIIAX IPOJOBXKYIOTh BiIOyBaTHUCS SIK Y
KpaiHax, II0 PO3BHBAIOTHCS, TAK 1 B PO3BUHEHHUX, II0 BUMAarae yJOCKOHAJIECHHS,
pPO3pOOKHM Ta 3aCTOCYBaHHS HOBHX IMJIXOAIB 1 METOIIB IO YHPAaBIiHHSI TaKWMHU
TEXHOTeHHUMHU 00’ektamu [4, 5]. PyiiHyBaHHS KOHCTpYKUiil Ta aBapii, Xod i
PiAKICHI, ajie MPOJIOBKYIOTh BiOYBAaTHCS 3 YACTOTOIO, IO MEPEBUIILYE OYiKYBaHHS
cycmigbeTBa [6-8].

[Mutanus yTwimizamii BiIXOIB, HEIOMYIICHHS IiX Mirpaiii B HABKOJIMIIHE
CEpe/IOBHIIlE Ta 3a0e3IEUCHHS EKOJIOriuHOi Oe3MeKH Ha ChOTOJHINIHIA JIeHb €
HaJ3BUYAHO akTyadbHUM [9]. O3HalioMIICHHsS, BUBUEHHS Ta TJIMOOKHI aHai3
NPUYMH BUHUKHEHHS aBapiiiHMX cHTyaliil Ha THX HiANPUEMCTBAX, SIKI MAalOTh
TEXHIYHI YW KOHCTPYKTHUBHI HEIOJIKH, 3a3HaNM pyWHYBaHb 1 T.d., JTO3BOJIHTH
3MEHIIUTH KiJTBKICTh Ta MOMEPEAUTH HACHTIIKA MacIITaOHUX aBapiid 1 KatacTpod y
Mait0ytHeoMy [10]. 3 yciei cykynHocTi cBiToBOro peectpy aam6 [11], Tinbku 3a
JAHUMH «YPaHOBOTO IPOEKTY», SKHH € 4YaCTHMHOIO BcecBiTHBOI iH(pOpMariiHol
ciyx0u 3 eHepreTuku [12] 1 Bege 00JIIK Ta OXOILIIOE HACIIIKU BILIUBY BUAOOYTKY
ypaHy Ta BUpOOHUITBA SACPHOTO MaJIMBa HA 370POB’ S OTOUYIOUUX Ta HABKOJIHUILIHE
cepenosuiie 3 1960 poky, HaniuyeThest Oin3bko 150 aBapiii.

TakuM YMHOM, METOIO pOOOTH OYyJIO BCTAHOBIICHHSI Ta aHAII3 OCHOBHHX MPHYUH
BUHHUKHEHHS aBapiiHUX CUTYyalil i MOIIYK ONTHMAJIBHUX METO/IB Ta MiAXOIIB IS
€KOJIOT1YHO 0€3MEeYHOro yNnpaBiHHs TAKUMH CIIOPYAaMH Ha TepuTopii Ykpainu.

J1i1st TOCSATHEHHST METH HEOOXiJTHO BUPIIIUTH HACTYITHI 3aB/IaHHSL:

1) nmocniauTH Ta MpoaHaIi3yBaTH BiIOMI aBapii y CBIiTI 32 OCTaHHI POKH;

2) BCTAaHOBHTH OCHOBHI MPUYMHHA BUHUKHEHHS aBapiii;

3) OWIHWUTH CydYacHi IIIXOAM Ta METOAM JIarHOCTHKH TEXHIYHOTO CTaHy,
CHUCTEMH yTPABIIIHHA Ta 3a0€3MeUeHHS SKOJIOTITHOI OS3MeKH i 9ac eKCIuTyaTallii,
3aKpUTTS Ta PEKYJIbTUBALI] HAKOMTUYYBayiB MPOMHUCIOBUX BiIXOiB.
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MeToauKa J0CTiIKeHb

[lpu y3arampHeHHI KiNBKOCTI 1 YacTOTH BHHUKHEHHS aBapiii BHKOPUCTAaHO
CTaTHCTUYHI Ta aHANITUIHI METOAH OIIHKU 3 0OpOOKOI0 Y TaOMUYHUX peaaKTopax.
Hus rpadigroi iHTepmperamii OTpUMaHUX pe3yNbTaTiB 3aCTOCOBAHO CydacHi
mporpamMHi 3aco0u. BUKOpHCTaHHS aHATITUYHOTO MiAXOMY JO3BOJWIO BHSBHTHU 1
3rpyITyBaTH MPUYUHHY 1 HACHIIKY HaI3BHYAHHUX TIOJTIH.

Pe3yabTaTi 10ocaigxeHnb

PerpocnektuBHUN oTisan oxorumoe mepiom 3 1960 mo 2022 poxu. 3a meit dgac
3aikcoBani 6mu3bKo 150 BUMaAKiB pylHYBaHHS IPYHTOBHX JamM0 HaKOIHYYyBadiB
BimxomiB (puc. 1).

BinMiuaeTbes pi3Ha TeHICHISI BAHUKHEHHS 9acTOTH aBapiil. 30Kpema, y mepiof
3 1960 mo 2009 pik Tpammiaochk 98 aBapiii 3 YaCTOTOIO B CEPEIHBOMY Maibke IBi
(1,98) Ha pik. 3a ocranHe necstupivus (2010-2020 pp.) KinbKicTh aBapiii gocsria
36 BumankiB, a X 4acToTa 30UIBIIIIACE MaibKe yABIdi — 0 3,6 aBapiit Ha pik. 3a
OCTaHHI nBa pokH, 3 movarky 2021 mo rpymens 2022 poky, BXKE 3apeecTpOBAHO
10 apapiii. JlocimKeHHSIMHA BiIMI4alOThCs TICBHI CIUICCKH 30UIBIICHHS aBapii, sKi
MaroTh Aecatupiuni Tpeaam (1975 p., 1985 p., 1995 p., 2005 p.). XapakTepHOIO €
3arajbHa TCHACHINS MacOBHX aBapii 3 modyaTky 2015 poky, o oOIpyHTOBYETHCS
BUYEPIIHUMH TEpPMiHaMH po0OOTH 0araTbOX TIPHUYO-PYAHUX MiJIPUEMCTB
(komaseHb) Ta 3HAYHUMH (MIOHAJHOPMATUBHHMHK) TEPMIHAMH EKCILTyaTamii
XBOCTOCXOBHILL, IKi MOJCKYAH 3IHLIMINCH 0€3 HAJIS)KHOTO HArMALY 1 OTJIsAy.

KimpkicTs apapii
~
|

"1 bt oo i

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

PORII CIIOCTEpeAHE

Puc. 1. Iluramika KUTBKOCTI Ta 3arajibHUHA TPCH]I BHHUKHEHHS aBapiii HA XBOCTOCXOBHUINAX
3a epiox 3 1960 p. no 2022 p.

{06 kpare 3po3yMiTH Ta BUSBHTH MPUYUHH iX (HOpPMYyBaHHS, MPOAHATIZYEMO
JeSKI 3 HUX, 110 3a ocTanHi 10—20 pokiB Oyjau HaMOLIBII pe30HAHCHUMH, HaOYIH

pO3roJIoCy 1 3aBAAN 3HAYHOI KON JKUTTIO 1 3JI0POB IO JIIOJICH Ta HABKOJIHUITHEOMY
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cepenoBuIy. BapTo 3a3Ha4nTH, IO BCi Taki 00’ €KTH 3aKPHTI ISl OTOUYIOUHX 1 10
HUX HEMAa€ BIJILHOTO JOCTYILY, TOMY KUIbKICTh aBapiii Moke OyTH 3HaYHO O1JIBIIOLO,
a CyCHUIBCTBO 3HAE JIMIIE MPO Ti, sIKi 3aBJaji 3HAYHOI IIKOJIM 1 MPUXOBATH 1X BXKE

HeMOXUTHBO (Tabi. 1).

Tabmuns 1. Ornsg HaiiOinpIn pe30HaHCHUX aBapiil 3a OCTaHHI TPHU IECITUPIYYS

[+
2
O0’¢ekr, o
HaCeJIEeHUH MyHKT, IIpuunna aBapii O06’eM XBOCTIB Ta HaCIiIKU aBapii (30UTKH) %
KpaiHa, pik E
=
1 2 3 4
XapMmoHi, npopus Tina rpe6m | 600 Tuc. M3 XBOCTIB BHIOOYTKY 30J10Ta
MeppicmpyT, Ticys CHJIBHOTO | Mpoiuum 4 KM BHU3 3a Te4i€lo, 3arunyio 17 | [13, 14]
[TAP, 1994 Jlouty 0ci0, 3Ha4Hi 30MTKH HAaCEICHOMY IYHKTY
Onb-Ilopko . 400 Tuc. T BiAXOMIB IUHKY, CBUHIIO i
- OPKO, pPOpPUB Tpediti . FIXOMIB IIHHKY, CBHIHILO I [15, 16]
Boanigis, 1996 cpibna nporekan 300 kM p.Ilinkomaiio
. 4-5 mMiH M® TOKCHYHOI BOJIU Bifl
. oOBasieHHs TpebTi L
Jloc ®paiinec, BHPOOHUIITBA IMHKY, CBUHIIIO, Mifi, cpibia
- Yyepes HOpyLIeHHS . . [17]
Icmanis, 1998 e Ta [IJTaMy 3aTOIMHJIO TUCSYi TeKTapiB
CLIBCHKOTOCIIOIAPCHKUX YTilb
Cypirao-aenb- BUKHJI XBOCTIB i3 700 THC. T IIaHICTUX XBOCTIB 30JI0Ta
Hopre, MOILIKOKEHOT moxoBanu 17 OyAuHKIB mifg 3emIeto, 51 ra [18]
®ininminyg, 1999 OCTOHHOI TPYOH pHCOBOI 3eMITi 3200JI04€HO
oOBai tambu 20 000 T xBOCTIB, 3a0pyTHEHUX BaKKUMH
Bas-Bopia, XBOCTOCXOBHII[A MeTajaMu (Mifb, CBHHEb, INHK), Ta [19]
PymyHist, 2000 MICIIST CUJTBHOTO 100 000 m® mmamiB 3a6pyJHUIH CTPYMOK
Jiouty Bacep, npuroky piuku Tuca
o . o0Bai gamou ckuz 2,5 M= M3 PiAMHY B CycCimHii
Pynnux ARTIK, L . 3
ITsexis, 2000 XBOCTOCXOBHIIA BiZICTIMHHUK, MICJIsl BOTO BUKH] 1,5 MITH M [20]
’ gepe3 QiIbTpario 3aJIMIIKIB IUIAMY MiJli 3 BIICTIHHUKA
oOBaJIeHHS 1aMOu 950 Trc. M3 nuTamiB KaM’ STHOBYT UTbHUX
XBOCTOCXOBHIIA BiIXO/IiB HAMIMITH 10 TigporpadidHoi
. BHACITIZIOK Mepexi Ha BiacTanb 120 kM. Ie nmpusserno
Inec, KenTyxkxi, . . .
CILIA. 2000 MOPYLIEHHS Jo 3aru6eni pubu B piuni bir-Cenai Ta [21]
? Mi3eMHOT KOMANbHI | JIesKHUX 11 mpuTOKax. MicTa B3OBXK PiuKu
il HaKOMYyBayeM | OyJiM 3MyIlIeHi BIAKIIOYNTH 3a0ip MUTHOT
HIIaMy BOJII
YaCTKOBHI 00Bal 70 000 — 100 000 M® XBOCTIB CBUHIIIO i
[axTa Caca, JaMOM B pe3ynbTaTi | IUHKY BUTEKNIM Ha 12 KiJJoMeTpiB BHU3 32 [22]
MakenoHisi, 2003 | pyiiHyBaHHS Tediero piukn KameHuns B o3epo
npeHaxHoi cuctemu | Kamimandi.
HDODHE THebiT sukuz 30 000 M3 piIKMX ypaHOBKX ITaMiB
MaibBesi, pop P MPHU3BIB 10 MiBHUIICHHS KOHIICHTpAIIil
) MICIISE CHITBHOTO : . . [23]
®panuis, 2004 oL HiTpaTiB 70 170 MI/1 y BOZOTIPOBiTHOMY
Y KaHaJi
oOBasIeHHS 190 000 M® XBOCTIB 3aI1i3a COPOBOKYBAJIH
o e3epByapy UL 3CYyB Ta XBIJIIO BUCOTOIO KiJIbKa METPIB, SKa
Taomm, Kuraii, pe3cpByapy Y 'P1B,
2008 BiIXOJIB Ha HOIIUPHIACH HA 2,5 KM BHH3 32 TEUi€lo, [24, 25]
HE3aKOHHIN 1axTi 3acunaBiIy 6azap Ta )KUTIOBI OyAUHKH,
i1 Yac Jomry 277 4050BiK 3ariHyJI0 Ta 33 mopaHeHo
700 000 M3 piIKOTO YEPBOHOTO MUTAMY
. BUPOOHHUITBA OOKCHTIB 3aTONMIIO KiJIbKA
KomnoHnrap, oOBasieHHs Tpeluti . .
HAaceJIeHUX IyHKTIB, 3arudyJiio 10 ocio, [12]
VYropmuna, 2010 XBOCTOCXOBHIIIA o
nocrpaxjanu 120 monel, 3aTomieHo
8 KBaZpaTHUX KiJIOMETPIB yTijib
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[+
2
O0’¢ekr, o
HaCeJEeHUH MyHKT, IIpuunna aBapii O06’eM XBOCTIB Ta HacIiIKU aBapii (30UTKH) 2
. . ]
KpaiHa, pIK =
=
1 2 3 4
300 tuc. M3 BinxoiB BUPOGHMIITEA 30J10TA i
cpibua; yeTBepo JiroAel yOuTo i OogHOTO
Pynuux DOib- . nopaneHo; piuka Jloc-Pemenioc B lypanro,
oOBasieHHs Tpeuti . .
Sppepo, piuka Can-Jlopenno i Bogocxosume Emnb- [26]
XBOCTOCXOBHILA . .
Mekcuka, 2013 Komenepo B Cinanoa 3a6pyaHeHi, puoda
3aruHy’na B piuti Jloc-Pemenioc B 130 km
HIDKUE 32 TEUi€r0
oOBasieHHs Tpeduti 100 000 M® XBOCTOBOTO IIAMY CYpMH
XBOCTOCXOBHINA Oymu ckuHyTI B piuky KocTaitHuk
[IlaxTa Cronwiie, . Y 4 priKy ?
Cenbis. 2014 BHACIIIZIOK 3CYyBY, 3abpyaHuBIIK 27 KM pycia Ta 360 ra [27]
pout, CIIPOBOKOBAHOT'O CUIBCBKOTOCIIONAPCHKUX YTilb
CHJIBHHM JIOIIEM
oOBaJIeHHs 1aMOH 32 mutH M® XBOCTIB 3aJ1i3a 3aTOMMIO
XBOCTOCXOBHIIA M. bernry-Ponpirec, 3pyiinyBamu 158
4yepe3 HeJOCTaTHIN OyIuHKIB, 17 4OIOBIK 3arMHYIIH 1 2 3HUKIIH
€HaX, 110 0€e3BICTH; XBOCTH 3a0pyAHIIN PIUKH
IIlaxTa Germano, AP » I P Py PIAK]
Epasia. 2015 HPHU3BEIIO [0 IiBuiunmii ['yanakco, Kapmens i Pio-J{oue | [28, 29]
p ’ PO3piIKCHHS HPOTSKHICTIO 663 KM, 3MUIU 1S KM? 3eMenb
XBOCTOCXOBHIIIA Y370BXK PIYOK Ta BiJpi3aid MEIIKAHIIB BiJ
IICIIST HEBEJIUKOTO TIOCTa4aHHs MUTHOI BOAN; 30MTKHU CKIIAIN
3eMJICTPYCY 6mm3pKo 6,7 muipa gonapis CIIA
100 000 M® KHCIIMX TOKCHYHHMX CTIYHHX
. oOBaseHHS (ocdaTHIX BOI XIMHYJIH BUCOXJIUM
Mimop Potem, . .. . . .
Ispaims. 2017 ¢bocdorincooi PYCIIOM piuKH AIIATUM i 3aJIUIIAIA CITi ] [12]
paLib, rpebi €KOJIOT1YHOTO PYHHYBaHHS JOBKUHOIO
noHaj 20 kM
12 maH M3 XBOCTIB 3a1i3a CITYCTOIIMIIH
HaJIMBHY CTaHIIIO PyIHHKA, HOTO
aJIMiHICTpaTUBHY YaCTHHY Ta JBa MEHIII
Bpymanunbo, oOBasieHHs 1aMOu BiJCTIHHUKH; 3pYHHYBaHO MICT 3aTI3HIIHOT [30]
Bpaswuis, 2019 XBOCTOCXOBHIIA TUIKK IaXTH Ta YaCTHHY MICIIEBOI rpOMaan
Bina ®epreko, moomusy M. bpymaninso. B
pe3ynbTati 267 YONOBIK 3arHHYIIH, KiJlbKa
3HUKJIM 0e3BiCTH
2,53 MutH M3 BOM Ta XBOCTIiB MOJiOeHa
HOPYIIEHHS . s
KOHCTpYKii nocsaraynu piuku MigziMi uepes 3 km, 1o
Tueni, Kuraid, Y MTOCTABHJIO TiJ[ 3arpo3y 3amacd MUTHOT
HEPETUBHOTO . S [31]
2020 Boau i 68 000 oci6 y micti Tieni; 3a
KOJIOJIS1351 1aMOu . .
KiUTbKa JTHIB 3a0pyTHEHHS cATHYI0 208 KM
XBOCTOCXOBHIIA .
BHH3 32 TEUIi€I0
JI0 HAaBKOJIMIITHBOTO CEPeIOBHUIIA
notpamu 1 500 M3 mmamy
HOPYIIEHHS . .
VYayunn, ITAP, aHTPAIMTOBOTO BYI'LIs, 110 BMIILYIOTh
KOHCTPYKIIi . . S [12]
2021 .. TOKCUYHI BaXKKI METaJH 1 XIMIUHI CIIOIyKH,
IIJJaMOBOT 1aMOu >
BKJIIOYAI0YN PTYTh, MapraHelb, MUII K,
MiIb 1 CBUHEID
12,8 mma M® Bomu 1 XBOCTIB aiaMasiB
copMyBalll CENEBy XBUIIIO IIMPHHOIO 0
Pynank HOPYIICHHS bopmy SeTCRY P A
. 1 kM, sika mpoinuia Oinbiie 8§ KM, OXOIIa
VinbsiMcoH, KOHCTPYKIIii mamOu 2 . L [12]
. 5,09 km? mtomyi, normkoauiaa 13 OyIuHKIB i
Tanzanis, 2022 XBOCTOCXOBHIIA

c.-r. yriggst. [opanewi 3 woi. i 115 xurenis
cesta HreanxoJ10 moctpaxaaini
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l'eorpadis aBapiii Ha XBOCTOCXOBHINIAX OCHTH PI3HOMAaHITHA 1 OXOILIIOE
nepxkaBu A3sii, Abppuku, AMepuku i €Bponu (puc. 2).

[t (21 gepsxasa);

194 CIIA: 224

Mekcuka; 2.2

Pocis: 2.2
Boarapis: 2,2

[cnanis; 3.0 Kuraii ; 104

M'saama: 3.7

[epy . 4.5 ‘ )
Benuxka Bpaswunia: 7.5
bpuranis; 4.5

Kanazma: 5.2 Yumi: 6.7

Oimimiam 6.0

Puc. 2. BigcoTkoBwmii posmoin aBapiii 3a mepioz 3 1960 p. mo 2022 p.

[epeBaxkna OinplricTh aBapiii 3a el mepion cramucs B 34 KpaiHax CBITY.
Haii6inpma ix kinekicts BiamiueHa B CIIA (22,4 %), Kurai (10,4%), bpazwmmii
(7,5%), Yui (6,7%), @ininninax (6,0%), Kanani (5,2%), Benuxiit Bpuranii (4,5%)
Ta IHIINX KpaiHax.

AHaJ1i3 OCHOBHHMX IPHMYUH BUHUKHEHHS aBapil

Orysin cBITOBOrO JOCBiAY Ta BHCHOBKHM E€KCHEPTIB MOKAa3ajH, 110 B I'PYHTOBUX
rpebsiX XBOCTOCXOBHI OTPUMAIM PO3BUTOK HACTYIHI HeOe3NedHi TeXHOTEHHI
MPOLIECH: 3CYBH, cydo3is, mpoBajibHi sBUINa Ta iH. [32—35]. Po3noxain aBapiii 3a
NPUYMUHAMHE iX BUHHKHEHHS HaBEJIeHO Ha puc. 3.

TIpocaakyu BHACIIOK BAPOOHMYOT AisuibHOCTI | 1
Eposis a cydosia [
Hescranosneni gpakra |0
B nigzemuux Box |l
TTopyIeHHs: CTPYKTYPHOI L{iicHOCTI :-
®inprpawiiini npouecu :,_-
TTopyIIeHHs OCHOBH :—
Ceiicmiuni mposeu [ NN
TleperoBHEHHS IPOSKTHOT eMHoCTI | I
Topymienns criiikocTi 1aM6u T
15 20 25 30 35 40
Bincorku, %

[puunnu aBapiit

o
ol
=
o

Puc. 3. BincoTkoBHiA po3ITo1i OCHOBHUX NPUYNH BHHUKHEHHS aBapii
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AHami3 TpUYMH BUHUKHEHHS aBapiii Ha XBOCTOCXOBHINAX BKa3zye Ha
KOMIUICKCHUH TEXHOT€HHO-TIPUPOJHHUK XapakTtep ix moxomkeHHs. [lopyd 3
TEXHIYHUMH, TEXHOJOTTYHUMH 1 KOHCTPYKTUBHIUMH OCOOJIMBOCTSIMH Barome MicIre
3aiiMaroTh KJIIMaTH4Hi 1 ceiicMivHi. SICKpaBUM MPUKIAIOM MOKe OyTH 3eMIeTpyc,
skuit BimOoyBes B Typmii i Cupii Ha mOYaTKy JIFOTOTO IIHOTO POKY Ta MPH3BIB 10
KaTacTpo(iYHUX HACIiAKIB.

B pesynbraTti y3araabHEHHsI BCTAHOBJICHO, [II0 OCHOBHUMH IIPUYMHAMH aBapii €
MOPYIIEHHS CTIHKOCTI cxmry nam6m (37%), TIepernoBHEHHS MPOEKTHOI €MHOCTI
xBocTtocxoBuma (12%), ceficmiuni nposiu (11%) Tomo.

JoBoni yacTo mpuUuMHAMHU aBapiii OyiM MOPYIIEHHS OCHOBH 1 CTPYKTYPHOI
LiTICHOCTI Tima mamOu Ta impTpamniitai nposBu. OHIEO 13 MPUYUH YTBOPEHHS
MPOBaJliB B IPYHTOBUX TPeONAX € PO3BUTOK Ccyo3ilHUX sBHI] 1 mpoueciB. [Ipu
UBOMY CJIJ PO3PI3HATH MEXaHiuyHy 1 XiMi4Hy cyQo3il0 TIpCBKUX MOpiA, IO
CKJIQIaloTh TiNO TpyHTOBUX Tpebenp. Ilim MexaHIiYHOIO Ccydo3i€r0 pO3yMirOThH
pO3MyIIyBaHHS TMOpin (HaildacTimie TmicKiB), HaBiTh TaKWX, IO HE MICTATh
PO3YMHHUX PEUYOBWH, i BHHECEHHS JAPIOHUX YACTOK 13 HUX CTPYMEHSIMH BOJIH, SKa
¢binpTpyeThes. [lig xiMiuHOIO Cydo3i€ro CiTil pO3yMiTH BIITYTOBYBAaHHS 1| BUHECEHHS
3 TOpiA CTPYMEHSMH BOAH, AKa (iIBTPYETHCS, BOMOPO3UMHHUX cojel (Timcy,
KaM’siHOT COJIi 1 T.JI.).

[Tig gac iHXeHEPHO-TEOIOTIYHOT OIIHKM MOKJIMBOCTI BHHUKHEHHS U PO3BHUTKY
cy(o3iifHUX SBHII i YTBOPEHHS IyCTOT B IPYHTOBHX Jam0ax pO3TISIIAIOTHCS 1
BUBYAIOTHCS, B MEPIILY YePry, YUHHUKH, PEJCTaBICHI Ha cxeMi (puc. 4).

— I'eomopdostoriuni 0co6IMBOCTI paiioHy
3 — ['eonoriuna OynoBa paiioHy
=
5
S
g
B — YMOBH pyxy MOBEPXHEBUX 1 ITiI3EMHUX BOJ
=
S
= —
5]
(D)
m
= f— ®di3nko-MexaHivHI Ta Pi3UKO-XIMIYHI BIACTHBOCTI IMOPIT
5}
&
()
%
e Xapakrep, riIiMOMHA 1 IIBUAKICTH BUBITPIOBAHHS TIOPiJT
— TexTOHIYHI YUHHUKH

Puc. 4. ImxeHepHO-TeoIOriUHa OLIHKA MOKJIMBOCTI BUHUKHEHHS W PO3BHUTKY Cy(O31HHUX
SIBHII 1 YTBOPEHHS ITyCTOT B IPYHTOBUX IPeOIsX
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Orasa cy4acHUX MeTOdiB AiarHOCTUKM TEXHIYHOI0 CTaHy CIIOPY/

3 MeToro 3abe3neueHHs] 0e3MeKH CHOpyA HEOOXiAHO PO3pOOHMTH Ta 3a0e3MeUUTH
BUKOHAHHS 3aXOJiB TiarHOCTHYHOTO, TEXHIYHOTO, OpraHi3aliiHOTO, IPaBOBOTO,
€KOHOMIYHOTI'O Ta IHIIOT0 XapaKTepy, CIPSIMOBAaHUX Ha MONEPEIKCHHS BUHUKHEHHS
aBapiffHUX CHUTYaIlil Ta JIKBiaIit0 Y1 00MEeXEeHHs MaciuTabiB aBapii [36, 37].

[lomyky HamiffHOTO 3aXWCTy 1 [IaTHOCTHKH CTaHy B pI3HHX Jep)KaBax
MpUIUSIIOTE Oarato yBaru. Tak, B poOOTI KaHaichbkux BueHUX [38] aBTOpH
MPOIMOHYIOTh KOMIUICKCHMM —MiIXiJ Ta JAUBEPCU(IKOBAHI TEXHOJIOTIi Jjs
IHTETPOBAHOI CUCTEMH CIIOCTEPEIKECHHS B PEAIbHOMY Yaci /Uil BUPILICHHS TUTaHHS
CTifikocTi Tpebenn, 6e3nmekn poOITHUKIB Ta HACEIEHHSI, OXOPOHH HABKOJIHITHBEOTO
Cepe/IOBHIIA 3 BUKOPUCTAHHIM KOHTPOJIHHO-BUMIPIOBAJILHOT allapaTypH.

Ha migcraBi OararopiyHoro aHamisy, 10 Bkitoyae Maixe 100-piuHuil CriiyibHUR
IoCcBin mpoBimHUX imxkeHepiB-reoTexHikiB CLIA i cBity, Oyno Bumano «JloBigHHK
mo cTifikocTi 1 crabimizamii cxwimy». Jlpyre BumaHHS OXOIUTIOE [OBITHHUKOBY
iHpopMallilo, TeOopilo, aHAIITHYHI METOAM, MiAXOAM JO MPOEKTYBaHHA 1
OyZAiBHMLTBA, & TAKOX MPHUKJIAAU I MPAKTUYHOTO BUKOPUCTAHHS IPU MOBHOMY
MPOEKTYBaHHI CTIHKOCTI cxmiiB [39].

B Typeuumni Juisi TIiABHIICHHS €MHOCTI XBOCTOCXOBHIIA IMPOBOISTHCS
JOCIIPKEHHSI TEOTEXHIYHOI XapaKTEepUCTUKU 1 CTIMKOCTI HMU30BOTO CXWIIY IaMOH
reOMEeXaHIYHUMH JIJAO0PATOPHUMHU BUTIPOOYBAHHSAMH Y ITOE€THAHHI 3 BUKOPUCTAHHSIM
EMIIPUYHUX METOMIB JUIsi BHU3HAYCHHS MEXaHIYHUX BIIACTUBOCTEH Martepiairy
MMOTOYHOI JaMOM, XBOCTOCXOBMINA Ta Marepialy KaM'sHOI HaKUIKH, sika Oyne
BUKOPHUCTOBYBATHCSA JJIs KpiruteHHs rpedoi [40].

VY poboti mombcekux BueHHMX [41] mpeacraBieHi IIMPOKI MOMKJIMBOCTI, IO
HAQ/Ial0ThCsl TIIOOANEHUM MOHITOPHHTOM Yy CHpaBi €(QEeKTHBHOTO 3aro0iraHHs
aBapisM Ha XBOCTOCXOBHIIAX 3 BHKOPHUCTAHHSM KOHTPOJIBHO-BUMIipIOBAJIHHUX
cucreM. OcoOnmBa yBara 3BEPTAETbCd HA  MOTEHLIaJdl  BUKOPHCTaHHS
PI3HOCTIPSIMOBAHOTO MOHITOPHHTY, Y TOMY YHCJiI TEXHIYHOTO Ta €KOJOTiYHOTO
MOHITOPHHTY, Ha MPHUKJIai OJIHIET 3 HAHOUIBIINX Y CBITI TIPOTEXHIYHUX CIIOPY]T —
Cxosuma xBoctiB XKenozuuit Mict (TSF). Ananiz maHux MOHITOPHHTY JO3BOJISIE
BXKMBATH TIPEBEHTUBHUX 3aXO0/IiB MPOTH MIOMIIOK Yy OYyIiBHUIITBI Tpedeih 00'€KTIB,
SKi MOXYTh MaTH PYWHIBHI HACHiAKH ISl SKUTTS JIIOJUHA Ta HABKOJHITHHOTO
cepeioBHIa. MOHITOPUHI HaBKOJHMIIHLOIO CEPEJOBHILNA HaiuacTille BKIIOYAE
TiAPONOTIYHMI Ta XIMIYHUH MOHITOPUHI OCHOBHMX KOMITOHEHTIB HaBKOJHIIHBOTO
CepeJIOBHINA, TAKUX K IPYHTH, MTOBITPSI, MiJ3eMHI Ta TOBEPXHEBI BOJH, & B paMKax
TEXHIYHOTO MOHITOPHUHTY BUKOHYIOTBCS TaKi BUMipIOBaHHS: jedopMallisi IpyHTY,
BUKJIMKaHa OyJliBHUIITBOM, 3HAYCHHSI HAIIPYTH, 3HAYEHHS [TOPOBOTO THUCKY BOAH Y
XBOCTOCXOBHINAX, 3yCWIUISI Ta 3MIlMeHHs (BepTHKaNbHI ab0 TOpH30HTAIbHI
3MillIEHHs, MOBOpPOTH Ta aedopmarliii Gopmu). 11106 3ade3meuuT IOCTOBIPHY
IHTEpIpETaLilo OJEpPKAaHUX Pe3yJbTarTiB, Oyjia 3ampoBajykeHa iHTerpoBaHa 0asa
nanux ['IC, B skiit 30epiratoTbes BCi JaHI BUMIiprOBaHb, 3i0paHi 3a JOMOMOTOIO
CHCTEMH MOHITOPHHTY.

Ha ocobnuBy yBary 3acinyroBylOTH HOBI IOCATHEHHS B Taiy3i CYITyTHHKOBOTO
MOHITOpHHTY xBocTocxoBuila. CynyTHukoBuil MoHiTOpuHT Ilenwsckito TSF
(Mexkcuka) € mpukiamoM Takoro BukopuctaHHs. 3 2013 poky B IleHbsckiTo
(Mexkcurka) 3MIHCHIOETHCS CYITyTHUKOBUH MOHITOPUHT, SIKHI BKJIIOYAE MOTIKHEBI
CYIyTHUKOBI 3HIMKH CE€pPEeIHBOT PO3AUIBHOI 3MaTHOCTI Ta IOMICSYHI CYIyTHHKOBI
3HIMKH BHCOKOI pO31JIbHOI 31aTHOCTI Ta Tornorpadidni kapTu [42].
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Sk 3a3HavaroTh BUeHI 3 ABcTpanii i @immsaAii [43], MOHITOPHHT T€OTEXHITHOT
CTaOITbHOCTI XBOCTOCXOBHUIIIA B PEXKUMI pPEaJbHOrO 4Yacy JI03BOJISE Kparle
OXapakTepu3yBaTH MOTEHUIHHI BHYTpimHI aedopmanii, migiHoM piBHS IPYHTOBUX
BOJI Y XBOCTOCXOBHII[AX, a TAKO)XK aHOMaJIbHE MPOCOYyBaHHS. Takuii MOHITOPUHT
J03BOJISIE  OTIEPAaTOpaM  XBOCTOCXOBHINA BKMBATH MOXKJIMBUX 3aXOMIB  JUIS
IMOM'SIKIIIEHHS HACIIAKIB a00 HaBITH 3a00IrTH 3005IM.

Ha rrepexonanns Bueanx 3 Kanamu [44] 6aratooOIIaiounMy € HeiHBa3UBHI METOIN
MOHITOPHHTY, TaKi SK IIOKaJpOBa EIIEKTPUYHA TOMOrpadis MHUTOMOTO OIOpY
(TL-ERT), ockiibKH BOHA Haaa€ BEIMKOMACIITAOHY iH(OpMAIlio Tpo Hajapa, sKa
JIOTIOBHIOE ~ Ha3eMHI  crocTepekeHHS  (mepexin, aepodororpammerpis — abo
TVICTaHIIIHE 30HIyBaHHSA) 1 TPAAUIIIIHI IHCTPYMEHTH MOHITOPHHTY.

Hocninauku 3 Kanagau i ABctpanii [45] Ha 7amMOi XBOCTOCXOBHIIA B TiBHIYHIN
yactuni Kananu 00'ennany inTepdepoMeTpito HABKOIHUIIHBOTO ITyMY 3 KiJIbKICHOIO
MOJICTUTI0O HANPYTH IS BiACTEXKEHHsS 3MiH IIBHUAKOCTI momepedHoi xswmii (Vs).
3MiHM CEHCMIYHMX MIBUAKOCTEH MeHIe 1% CHIBHO KOPETIOIOTH 3 KOJMBAHHSIMHU
piBHS BOAM Yy CYCiIHBOMY XBOCTOCXOBHINI. Mojens cTpecy, BiakamiOpoBaHa 3
BUKOPHCTAaHHSM 3alWCiB Ha piBHI cTraBKa i mpodimiB Vs, oTpuMaHUX B XOIi
BHIIPOOYBaHP Ha TPOHWKHEHHS KOHYyCa, IEMOHCTpPYE, IO 3MiHH CeHCMidHOI
HIBUJKOCTi, OTPUMaHi 3a JOMOMOTOI iHTepdepOMETpii HABKOIUIIHBLOTO IIyMY,
SIBJITIOTH COOOF0 MepeBaXkHO 3MiHM Vs. KpiM Toro, 1s Mojeins oOMexye 3MiHH Vs
TAOMHOIO ~16 M, IO BiANOBIa€ HEYIIUTFHEHNM XBOCTaM il Tpebieto. OCKinbKu
Vs BUKOPUCTOBYETHCSI JJIsl OI[IHKU 3IaTHOCTI IPYHTIB 10 PO3PIIPKEHHS, 1IeH METOT
Jla€ BOKJIMBI MEpEBary IJsl PO3yMiHHS 3MiH y poOOTi rpedii 3 yacom.

Kuraiiceki Bueni [46, 47] 3a3HauaroTh, M0 Tmone (impTpamii rpedi
XBOCTOCXOBHIIA TICHO TIOB'si3aHE 31 cTaHOM Oesrekn. OnepaTuBHA OIiHKa O€3MeKn
monst GinkTpamii Ha OCHOBI JaHUX MOHITOPHHTY Ma€ BENWKE 3HA4YeHHS s
3a0e3rneueHHsT Oe3MeYHol eKcIulyaTallii XBocTocxoBuIla. Yepe3 ckiajHU BILUIVB
(daktopiB mons  Qimbrpamii JamMOM  XBOCTOCXOBHWIIA TPATUIIMHUNA METOX
ineHTudikaiii aHOMasil, 3aCHOBaAaHUM Ha pErpeciiiHiil Mojesi, He MpaIloe Yepes
WOro HHM3bKY TOUYHICTH mimOopy. Takum dYMHOM, HOBHM MeToX ineHTH(iKarii
aHOMAJIiH ISl MOHITOPHHTY JaHWX 3aCHOBaHWH Ha MOKpAIIeHIi XMapHii MOJeli Ta
MoO/ieTli HEHpOHHOI Mepexi pajianbHOi 0a30BOi (PYHKIi, SKa MOXE TOYHO
i1eHTU]IKYBaTH JaHi aHOMAJil Ta PO3PI3HATH BIATYK KUIBKOCTI HAaBKOJIMIIHHOT'O
cepenoBuma. Ha ocHOBI B3a€MO3B'I3Ky MK IIOJIEM IPOCOYYBAaHHS Ta CTIHKICTIO
yKOCy TOOYJIOBaHO CYpOraTHy MOJETb MK TJIMOMHOIO JIiHII HACHYEeHHS Ta
Koe(ilieHTOM Oe3IeKH CTIHKOCTI YKOCY, a TaKOXX 3alpOIIOHOBAHO METO/| OL[IHKH
0e3IeKy oIS IPOCOYYBAHHS B peallbHOMY 4aci.

Inpidiceki BueHi [48] 3BepTaroTh yBary Ha Te, IO MOHITOPHMHI KOHCTPYKLIiH
BIJIiIFpa€ KUTTEBO BAXKIMBY pOJIb, MO0 MaTH 3a3JaJierilb MEBHUH MPOTHO3
CTPYKTYPHHX YIIKO/KEHb, IKi MOXKYTh OYTH CHPUYHHEH] 3MiHOIO HAaBKOJIMIITHHOTO
cepenoBuiia. MoHITOpUHT cTaHy KoHCTpyKUili (SHM) mMae BupimansHe 3HaUeHHS
Opy  BU3HAYEHHI OYIKyBAaHOIO TEPMiHY CIyKOM LHBIIBHUX  CIIOPY.
VYaockoHaneHHs Pi3HUX JATYMKIB Ta cucteM 30opy naHux (DAQ) mozBonmio
OBl TOYHO NPOTHO3YBATH TEPMIiH CIYXOM OyIiBEIbHMX KOHCTPYKLiH, IIO
MiJ1al0ThCS BIUIMBY CTATHYHMX Ta IWHAMIYHUX YMOB HaBaHTakeHH:. OTxe, SHM
€ B@XKJIMBOIO 00JIACTIO TOCHIDKEHB ISl PO3YMIHHS CTaHy Ta TEPMIHY CITyKOH
TaKHX CIOPYI, K TpeoTi.

B Vkpaini 11 BupimeHss i€l mpoOieMu 3alpornoHOBaHi KOMIUIEKCHHH METOX
OIIIHKH 1HIEKCY MOTEHITIHHOT HEOE3MEeKH BIUIMBY MTPOMHCIOBHUX XBOCTOCXOBHII Ha
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HAaBKOJIMITHE ~CEPEJOBHINE, METOJX KOHTPOJBHHX CIIUCKIB, IO JIO3BOJISIE
BUKOPHUCTAHHS aBTOMAaTH30BaHUX AJITOPUTMIB BUOOPY MPUPOJAOOXOPOHHUX 3aXOIiB
B 3aJI€KHOCTI BiJ 3HAYEHHS OLIHKK BIANOBIAHOCTI BHMoOraM Oe3mekd 00’€kTa
ayANTYy, Ta EKOJOTIYHHNA eKCIIpPeC ayAuT JUIl KOMIUICKCHOTO OLIHIOBAHHS BILUIHBY
MOTEHIIHHO HeOe3meyHnX 00 €KTiB 3 HASBHICTIO XBOCTOCXOBHII Ha €KOJOTIYHY
Oe3reKy HaBKOJIHMIIHBOTO cepenoBuia [49-51].

Kpim nporo, meranpHimie BUPIMIATH 3aBJAaHHS J1arHOCTUKH TEXHIYHOTO CTaHy
CHOPY/ JO3BOJISIOTH TOJBOBI POOOTH 13 3aCTOCYBaHHIM KOMILIEKCY Teo]i3uaHNX
METOAIB MPUPOAHOTO IMIYIBCHOTO enekTpomarHiTHoro mons 3emii (ITIEMII3) Ta
BEPTUKAIBHOTO eJIeKTpUYHOro 30HayBaHHs (BE3), siki mIMpOKO BUKOPUCTOBYIOTHCS
Ha mpakTuii [52-59].

HaBiTh netanbHUl aHali3 1HXCHEPHO-TEOJIOTIYHMX YMOB HE B 3MO31 HaJlaTH
TOYHY 1 00’€KTUBHY OIIIHKY CTaHY IOCTIKyBaHOTO 00’ekTa. TOMy IPOMOHYETHCS
Baromy yBary NpHIUTUTH TAKUM 3aX0J1aM, K 00CTEKEHHs, TacIioPTU3aLlis, HaJaHH;
MIPEBEHTUBHUX PEKOMEH/IAIIIH 1 MOCTIHHNN KOHTPOJIb 32 CTAHOM 00’ €KTa.

st monepemkeHHs cyo3ii BUKOHYIOTBCS TaKi 3aXO/IH:

1) 3amobiraHHs HaIXOPKEHHIO 1 MIEPECYBAaHHIO BOAW B IOPOJAX: PETYIIOETHCS
MOBEPXHEBHH CTIK, IEpeXBaT MiI3eMHUX BOJ APCHAKHIUMH IIPUCTPOSMH;

2) 3aXMCT TIMHUCTHX TOPiJ BiJl BUBITPIOBAHHS IIIXOM BJIAIITYBaHHS 3aXUCHUX
MOKPUTTIB 3 MICKY, IIepeM ‘SITO1 IIIHHY;

3) BiamTyBaHHS MOBEPXHEBHX [PEHAXIB (U1 BiABENEHHS MiA3€MHUX BOJ 1
MoTepePKEHHsI BAMUBAHHS YaCTOK);

4) 3MEHIIEHHS MIBHIKOCTI PyXy MiJ3€MHHUX BOJ LUISIXOM 3MiHM KOHCTPYKIIiI
cnopyau. Hanpuknax, mig rpebissiMd  BIAIITOBYIOTh TIWHSHI TOHYpPH, SKi
MTOIOBXKYIOTh NIISX (DUTBTpAIlii i 3HUKYIOT TPAIiIEHTH HATIOPY.

BucHoeku

1. Orusan 1 aHami3 TEXHOTEHHUX KaTtacTpo( BKa3y€e HA MUTTEBICTh iX BUHUKHEHHS,
CKJIQJIHICTh 1 HEMOYIJIUBICTh CIIPOTHO3YBATH 1 MONEPEAUTH MaHOYTHIO aBapiro,
JIIOTMHA 3aJTUIIAETHCS CIIOCTEpiradeM i KOHCTaTaTopoM (DaKTiB.

2. Anamiz TpUYMH BWHUKHEHHS aBapiii Ha XBOCTOCXOBHINAX BKa3dye Ha
KOMIUIEKCHUI TEXHOTEHHO-TIPUPOAHUHN XapaKkTep iX MOXOKEHHS, PalToOBICTh Ta
HU3bKY MOJIMBICTH MTOTIEPEIKEHHSL.

3. Yepes BUUEpIHI TEPMiHU €KCIUTyaTallii, HEJOCTATHICTh TEXHIYHUX HAIIAAIB 1
JIOTJISITIB, EKCILTyaTallisl XBOCTOCXOBHII IOTPEOYE OLIIbII YBaYKHOTO 1 PETSIIbHOTO
CTaBJICHHS Ta PO3POOKH JI€BUX 3aXO/IB, TAKHX K 00CTEKECHHS, IACIIOPTH3ALIiS,
Ha/IaHHS MPEBEHTUBHUX PEKOMEHMALil 1 MOCTIHHUIA KOHTPOJb 338 TEXHIYHUM
CTaHOM 00’€KTa.

4. B sxocTi HaJIIHHOTO 3aXKCTY 1 IIaTHOCTUKH, 3 YPaXyBaHHSIM KpAI[UX CBITOBHUX Ta
BITYM3HSHUX NMPAKTHK, MOXE CIIyTyBaTH KOMIUIEKCHHUH MiAXi[ i3 3aCTOCYBaHHIM
OpraHi3amifHO-TEeXHIYHUX METO/IB 1 MiAXO0IIB MO0 3a0e3MeUYeHHs eKOJIOTIYHOL
0e3mneKu Ta HadiiHOT poOOTH CIIOPY/I.

5. O3Haky MOTEHUIMHMUX aBapidl 3ycTpivaroTbes y PI3HUX MOEIHAHHAX, ajie OyTH
BUSIBJICHUMH LUIIXOM IPOCTOTO OOCTEKEHHS 1 Bi3yalbHOTO OTJISILY HE MOXKYTh.
3HavHy X YaCTHMHY MOJJIMBO BHSIBUTH Ta CIIPOTHO3YBAaTH ITOTCHITIHHI 3MiHU
CTaHy CHOPYIH TUIBKH INUISIXOM BUKOPHUCTAHHS KOHTPOJIHHO-BHUMIPIOBAIBHOL
amaparypu Ta Teo(]i3MYHHX METOIIB IOCTIIKCHHS 1HKEHEPHO-TEOJIOTIYHHX
MPOLIECIB, 110 BiI0OYBaIOTHCS B IPYHTOBUX OTOPOKYBAIbHUX JamMOax.

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023



CIIMCOK JIITEPATYPHU

1. dx  Bupimmre  mpobremy  yrwmizamii  BimxomiB.  (n.d.). [web  log].
https://biz.nv.ua/ukr/experts/jak-virishiti-problemu-utilizatsiji-vidhodiv-2178636.htmi

2. Yersepuk, M., bybnosa, O., & Jlepuenko, K. (2021). 3MeHImIEHHS TEXHOTEHHOTO
HaBaHTa)KeHHsI Ha JIOBKIIJIS IIUISIXOM pecTpyKTypu3auii kommuiekciB « TEC - ByriipHI maxTH -
LIJIJAMOCXOBHII[@» B «ECHEPro-ONpiCHIOBAIBHI-NIpooBobYi  Kopropanii». SCIENTIFIC
PRACTICE: MODERN AND CLASSICAL RESEARCH METHODS VOLUME 1.
https://doi.org/10.36074/logos-26.02.2021.v1.54

3. Chetverik, M., Bubnova, O., Babii, K., Shevchenko, O., Moldabaev, S. (2018). Review
of geomechanical problems of accumulation and reduction of mining industry wasters, and
ways of their solution. Mining of Mineral Deposits, (12 (4)), 63-72.

4. Hapich, H., Pikarenya, D., Rudakov, L., Maximova, N., & Makarova, T. (2020).
Assessment of the accident risk and calculation of the failure processes in terms of the Earth
Dike of a tailing dam. Municipal Economy of Cities, 3(156), 99-104.
https://doi.org/10.33042/2522-1809-2020-3-156-99-104

5. Hapich, H. (2019). Assessing level of environmental and operational safety of low-
pressure hydroengineering structures. Transactions of Kremenchuk Mykhailo Ostrohradskyi
National University, 4, 46-52. https://doi.org/10.30929/1995-0519.2019.4.46-52

6. International Commission on Large Dams (ICOLD), United Nations Environment
Programme (UNEP), “Tailings dams risk of dangerous occurrences — Lessons learnt from
practical experiences” (Bulletin 121, ICOLD, 2001).

7. Hirschberg S, Spiekerman G, Dones R. (1998). Severe Accidents in the Energy Sector.
Switzerland. 469 pp. ISSN 1019-0643.

8. Williams, D.J. (2021). Lessons from tailings dam failures — where to go from here?
Minerals, 11(8), 853. https://doi.org/10.3390/min11080853

9. Rudakov, L.M., & Hapich, H.V. (2019). Modern State, dynamics of changes and
prospects for the development of hydrotechnical reclamations in Dnipropetrovsk Region.
Misceioomuuii Temamuunuii Hayxosuii 36ipnux "Meniopayis i Booue I'ocnodapemeo”, (1),
54-60. https://doi.org/10.31073/mivg201901-161

10. Hapich, H.V. (2013). Assessment of the technical condition of earth dams as an element
of the environmental monitoring system of territories. Collection works of National Mining
University, 42, 168-173. https://core.ac.uk/download/pdf/168413168.pdf

11. World Register of Dams. ICOLD CIGB. (n.d.). Retrieved February 22, 2023, from
https://www.icold-cigh.org/GB/world_register/world_register_of dams.asp

12. WISE (World Information Service on Energy): Chronology of major tailings dam failure,
2020. Available at: https://www.wise-uranium.org/mdaf.html

13. Papageorgiou, G., Fourie, A.B., & Blight, G.E. (2021). Static liquefaction of Merriespruit
Gold Tailings. Geotechnics for Developing Africa, 61-72.
https://doi.org/10.1201/9781003211174-9

14. Dam breach modeling. (2016). Dam Failure Mechanisms and Risk Assessment, 161-221.
https://doi.org/10.1002/9781118558522.ch8

15.Olalla, C., & Cuéllar, V. (2001). Failure mechanism of the Aznalcéllar Dam, Seville,
Spain. Géotechnique, 51(5), 399-406. https://doi.org/10.1680/geot.2001.51.5.399

16. Penman, A.D. (2003). Discussion: Failure mechanism of the aznalcéllar dam, Seville,
Spain. Géotechnique, 53(5), 521-522. https://doi.org/10.1680/geot.2003.53.5.521

17. Maglambayan, V.B., Montes, S., Hipol, K., Mamitag, M., Pineda, R.P., Rodolfo, R.,
Oliveros, N., & Sy, A. (2005). Carlin-type gold prospects in Surigao del Norte, Mindanao
Island, Philippines: Their geology and mineralization potential. Resource Geology, 55(3),
145-154. https://doi.org/10.1111/j.1751-3928.2005.tb00237.x

18. Macklin, M.G., Brewer, P.A., Balteanu, D., Coulthard, T.J., Driga, B., Howard, A.J., &
Zaharia, S. (2003). The long term fate and environmental significance of Contaminant Metals
released by the January and March 2000 mining tailings dam failures in Maramures County,

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://biz.nv.ua/ukr/experts/jak-virishiti-problemu-utilizatsiji-vidhodiv-2178636.html
https://doi.org/10.36074/logos-26.02.2021.v1.54
https://doi.org/10.33042/2522-1809-2020-3-156-99-104
https://doi.org/10.30929/1995-0519.2019.4.46-52
https://doi.org/10.3390/min11080853
https://doi.org/10.31073/mivg201901-161
https://core.ac.uk/download/pdf/168413168.pdf
https://www.wise-uranium.org/mdaf.html
https://doi.org/10.1201/9781003211174-9
https://doi.org/10.1002/9781118558522.ch8
https://doi.org/10.1680/geot.2001.51.5.399
https://doi.org/10.1680/geot.2003.53.5.521
https://doi.org/10.1111/j.1751-3928.2005.tb00237.x

upper Tisa Basin, Romania. Applied  Geochemistry, 18(2), 241-257.
https://doi.org/10.1016/s0883-2927(02)00123-3

19. Sammelin (Kontturi), M., Wanhainen, C., & Martinsson, O. (2011). Gold mineralogy at
the Aitik Cu—Au-Ag Deposit, Géllivare area, northern Sweden. GFF, 133(1-2), 19-30.
https://doi.org/10.1080/11035897.2010.551542

20.Wang, G., Tian, S., Hu, B., Xu, Z., Chen, J., & Kong, X. (2019). Evolution pattern of
tailings flow from dam failure and the buffering effect of debris blocking dams. Water,
11(11), 2388. https://doi.org/10.3390/w11112388

21. Mijalkovski, S., Despodov, Z., Mirakovski, D., Hadzi-Nikolova, M., & Mitic, S. (2015).
Determination and monitoring of ore recovery and dilution coefficients in Sasa lead and zinc
mine - M. Kamenica, R. Macedonia. Podzemni Radovi, (26), 1-8.
https://doi.org/10.5937/podrad1526001m

22.Bykov, A.A., Travin, S.0., Gromov, O.B., & Mikheev, P.1. (2014). Modeling of uranium
oxides hydrofluorination process with Areva firm technology (Malvési, France). Procedia
Chemistry, 11, 3-9. https://doi.org/10.1016/j.proche.2014.11.002

23. Williams, D. (2008). The influence of climate on seepage from mine waste storages
during deposition and post-closure. Proceedings of the International Conference on Mine
Closure. https://doi.org/10.36487/acg_repo/852_42

24.Wei Z., Yin G., Wang J.G., Wan L., Li G. (2013). Design, construction and management
of tailings storage facilities for surface disposal in China: case studies of failures. Waste
Management & Research. 31(1), 106-112. doi:10.1177/0734242X12462281

25. Winkler, D., Bidlé, A., Bolodar-Varga, B., Erdd, A., & Horvath, A. (2018). Long-term
ecological effects of the red mud disaster in Hungary: Regeneration of red mud flooded areas
in a contaminated industrial region. Science of The Total Environment, 644, 1292—-1303.
https://doi.org/10.1016/j.scitotenv.2018.07.059

26. Randelovi¢, D., Muti¢, J., Marjanovi¢, P., Bordevi¢, T., & Kasanin-Grubin, M. (2019).
Geochemical distribution of selected elements in flotation tailings and soils/sediments from
the dam spill at the abandoned antimony mine stolice, Serbia. Environmental Science and
Pollution Research, 27(6), 6253-6268. https://doi.org/10.1007/s11356-019-07348-4
27.Mura, J., Gama, F., Paradella, W., Negrdo, P., Carneiro, S., de Oliveira, C., &
Branddo, W. (2018). Monitoring the vulnerability of the dam and dikes in germano iron
mining area after the collapse of the Tailings Dam of Fundido (Mariana-mg, Brazil) using
DInSAR techniques with TerraSAR-X Data. Remote Sensing, 10(10), 1507.
https://doi.org/10.3390/rs10101507

28. Agurto-Detzel, H., Bianchi, M., Assump¢do, M., Schimmel, M., Collago, B.,
Ciardelli, C., Barbosa, J.R., & Calhau, J. (2016). The tailings dam failure of 5 November
2015 in SE Brazil and its preceding seismic sequence. Geophysical Research Letters, 43(10),
4929-4936. https://doi.org/10.1002/2016g1069257

29. Santamarina J.C., Torres-Cruz L.A., Bachus R.C. (2019). Why coal ash and tailings dam
disasters occur. Science, 364(6440), 526-528, DOI: 10.1126/science.aax1927.

30.Yuan, Y., Gao, R., Liang, Q., Song, L., Huang, J.,, Lang, N., & Zhou, J. (2020).
A foodborne bongkrekic acid poisoning incident — Heilongjiang Province, 2020. China CDC
Weekly, 2(51), 975-978. https://doi.org/10.46234/ccdcw2020.264

31. Adeyinka, G.C., Bakare, B.F., & lwarere, S.A. (2021). Evaluation and risk assessment
of heavy metals in surface water collected along the Isipingo River, KwaZulu-Natal, South
Africa. International Journal of Environmental Analytical Chemistry, 1-17.
https://doi.org/10.1080/03067319.2021.1947265

32.Azam S., Li Q. (2010). Tailings dam failures: A review of the last one hundred years,
Geotech. 28, 50-53.

33.Penman A., Tedd P. (2015). Tailings dam incidents and new methods.
https://doi.org/10.1680/riacw.31395.0037

34.0boni F., Oboni C. (2020). Two Recent Catastrophic Tailings Dams Accidents. Tailings
Dam Management  for  the  Twenty-First  Century. Springer, Cham.
https://doi.org/10.1007/978-3-030-19447-5 2

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://doi.org/10.1016/s0883-2927(02)00123-3
https://doi.org/10.1080/11035897.2010.551542
https://doi.org/10.3390/w11112388
https://doi.org/10.5937/podrad1526001m
https://doi.org/10.1016/j.proche.2014.11.002
https://doi.org/10.36487/acg_repo/852_42
https://doi.org/10.1177/0734242X12462281
https://doi.org/10.1016/j.scitotenv.2018.07.059
https://doi.org/10.1007/s11356-019-07348-4
https://doi.org/10.3390/rs10101507
https://doi.org/10.1002/2016gl069257
https://doi.org/10.1126/science.aax1927
https://doi.org/10.46234/ccdcw2020.264
https://doi.org/10.1080/03067319.2021.1947265
https://doi.org/10.1007/978-3-030-19447-5_2

35.Chen C. (2022). Hazards identification and characterisation of the tailings storage facility
dam failure and engineering applications. International Journal of Mining, Reclamation and
Environment. 36(6), 399-418. DOI: 10.1080/17480930.2022.2051136

36.IBH B.1.1-24:2009 3axumct Big HeOe3MEYHHX TeoNOTiYHUX TmporeciB. OCHOBHI
TOJIOKEeHHA TpoekTyBaHHA. K.: MiHICTEpCTBO perioHalsHOTO PO3BUTKY, OYHIBHHIITBA Ta
KHUTIOBO-KOMYHAIBHOTO rocnofapcTsa Ykpainu, 2009 p.

37.1bH B.2.4-5:2012 XBocrocxoBuma i mamoHakonunayBadi. Yactura I [IpoektyBanHHs;
Yactuna II Bynisaunrso. K.: MiHicTepcTBO peTiOHAIBHOTO PO3BHUTKY, OyNiBHHITBA Ta
KHUTIOBO-KOMYHAJIBHOT'O rocrofapcTBa Ykpainu, 2012 p.

38.Hui S. R., Charlebois L., Sun C. (2017). Real-time monitoring for structural health, public
safety, and risk management of mine tailings dams. Canadian Journal of Earth Sciences.
55(3), 221-229. https://doi.org/10.1139/cjes-2017-0186

39. Abramson, L.W. (2002). Slope stability and stabilization methods, 2nd ed. Wiley.

40. Ozcan, N.T., Ulusay, R., & Isik, N.S. (2012). A study on geotechnical characterization
and stability of downstream slope of a tailings dam to improve its storage capacity (Turkey).
Environmental Earth Sciences, 69(6), 1871-1890. https://doi.org/10.1007/s12665-012-2016-1
41. Stefaniak K., Wrozynska M. (2018). On possibilities of using global monitoring in
effective prevention of tailings storage facilities failures. Environ. Sci. Pollut. Res. 25, 5280-
5297. https://doi.org/10.1007/s11356-017-0995-x

42. Schmidt B, Malgesini M, Turner J, Reinson J (2016) Monitoring of a large tailings storage
facility. http://www.photosat.ca/pdf/Golder-satellite-monitoring-large-tailings-storage-
facility-oct2015.pdf

43. Clarkson, L., Williams, D., & Seppéld, J. (2020). Real-time monitoring of tailings dams.
Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards,
15(2), 113-127. https://doi.org/10.1080/17499518.2020.1740280

44.Dimech, A., Cheng, L. Z., Chouteau, M., Chambers, J., Uhlemann, S., Wilkinson, P.,
Meldrum, P., Mary, B., Fabien-Ouellet, G., & Isabelle, A. (2022). A review on applications
of time-lapse electrical resistivity tomography over the last 30 years : Perspectives for Mining
Waste Monitoring. Surveys in Geophysics, 43(6), 1699-1759.
https://doi.org/10.1007/s10712-022-09731-2

45. Quellet, S., Dettmer, J., Olivier, G., de Wit, T., & Lato, M. (2022). Advanced Tailings
Dam  Performance  Monitoring  with  seismic  noise and stress models.
https://doi.org/10.21203/rs.3.rs-1647118/v1

46.Li S.M., Yuan LW.,, Yang H., An H.M., Wang G.J. (2020). Tailings dam safety
monitoring and early warning based on spatial evolution process of mud-sand flow. Safety
Sci. 124, 104579. https://doi.org/10.1016/j.ss¢i.2019.104579

47.Dong, K., Yang, D., Yan, J., Sheng, J., Mi, Z., Lu, X., & Peng, X. (2022). Anomaly
identification of monitoring data and safety evaluation method of tailings dam. Frontiers in
Earth Science, 10. https://doi.org/10.3389/feart.2022.1016458

48.Sivasuriyan, A., Vijayan, D.S., Munusami, R., & Devarajan, P. (2021). Health
Assessment of dams under various environmental conditions using structural health
monitoring techniques: A state-of-art review. Environmental Science and Pollution Research,
29(57), 86180-86191. https://doi.org/10.1007/s11356-021-16749-3

49.Shmatkov G.G. Environmental Problems in Ukraine and Human Factors /
G.G. Shmatkov, A.F. Oksamitny, I.A. Nikolaieva // Correlation Between Human Factors and
the Prevention of Disasters / edited by David L. Barry, Wilhelm G. Coldewey, Dieter W.G.
Reimer, Dmytro V. Rudakov. — Amsterdam : 10S Press, 2012. — (NATO Science for peace
and security series. Sub-series E: Human and societal dynamics ; Vol. 94). — P. 218-223.
50. Rudakov D.A. Checklist method as a tool to improve public safety in TMF affected areas /
D. Rudakov, I. Nikolaieva // Engaging the public to fight the consequences of terrorism and
disasters / edited by I. Apostol, J. Mamasakhlisi, D. Subotta, D. W.G. Reimer. — Amsterdam :
I0S Press, 2015. — (NATO Science for peace and security series. Sub-series E: Human and
societal dynamics ; Vol. 120). — P. 139-147.

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://doi.org/10.1080/17480930.2022.2051136
https://doi.org/10.1139/cjes-2017-0186
https://doi.org/10.1007/s11356-017-0995-x
https://doi.org/10.1007/s10712-022-09731-2
https://doi.org/10.21203/rs.3.rs-1647118/v1
https://doi.org/10.1016/j.ssci.2019.104579
https://doi.org/10.3389/feart.2022.1016458
https://doi.org/10.1007/s11356-021-16749-3

51. HukonaeBa M.A. KOHTpONBHBIN CHMCOK KaK MHCTPYMEHT MOBBILICHHUS IKOJIOTHYECKOH
6e3omacHoctyu xBocroxpanuiuiy / V. A. Hukonaesa, /[.B. Pynakos // @opym ripunkis-2014:
Matepiann MikHap. KoH(., 1-4 xoBTHA 2014 p. — JHINponerporcrk : JlizyHoBlIpec, 2014. —
T.1.—C. 190-198.

52. Bogoslovsky V.A., Ogilvy A.A. (1970). Application of geophysical methods for studying
the technical status of earth dams. Geophysical Prospecting. 18(1), 758-773.
https://doi.org/10.1111/j.1365-2478.1970.tb02141.x

53. Kim Jung-Ho, Yi Myeong-Jong, Song Yoonho, Seol Soon Jee, Kim Ki-Seog. (2020).
Application of Geophysical Methods to the Safety Analysis of an Earth Dam. Journal of
Environmental and Engineering Geophysics. 12(2), 221-235.
https://doi.org/10.2113/JEEG12.2.221

54. Lai Sin-Long, Lee Der-Her, Wu Jian-Hong, Dong Yan-Min. (2014). Detecting the cracks
and seepage line associated with an earthquake in an earth dam using the nondestructive
testing technologies. Journal of the Chinese Institute of Engineer. 37(4), 428-437.
https://doi.org/10.1080/02533839.2013.799949

55.Sung-Ho Song, Yoonho Song, Byung-Doo Kwon. (2005). Application of
hydrogeological and geophysical methods to delineate leakage pathways in an earth fill dam.
Exploration Geophysics. 36, 92-96. https://doi.org/10.1071/EG05092

56. Rudakov, L.M., Hapich, H.V., Orlinska, O.V., Pikarenia, D.S., Kovalenko, V.V,
Chushkina, 1.V., & Zaporozhchenko, V.Y. (2020). Problems of technical exploitation and
ecological safety of hydrotechnical facilities of Irrigation Systems. Journal of Geology,
Geography and Geoecology, 29(4), 776-788. https://doi.org/10.15421/112070

57.Hapich, H., Pikarenia, D., Orlinska, O., Kovalenko, V., Rudakov, L., Chushkina, I.,
Maksymova, N., Makarova, T., & Katsevych, V. (2022). Improving the system of technical
diagnostics and environmentally safe operation of soil hydraulic structures on small rivers.
Eastern-European Journal of Enterprise Technologies, 2(10 (116), 18-29.
https://doi.org/10.15587/1729-4061.2022.255167

58. Orlinska, O., Pikarenia, D., Chushkina, I., Maksymova, N., Hapich, H., Rudakov, L.,
Roubik, H., & Rudakov, D. (2022). Features of water seepage from the retention basins of
irrigation systems with different geological structures. Industrial, Mechanical And Electrical
Engineering. https://doi.org/10.1063/5.0109330

59. Orlinska, O.V., Pikarenya, D.S., Maximova, N.M., Gapich, G.V., Ischenko, V.M. (2012).
Evaluation of strength properties of soil dams by method of natural pulse electromagnetic
field of the Earth. Coll. works of National Mining University, 37, 17-23.

Cmamms naditiuna 0o pedaxyii 03.03.2023 i npuvinsima 00 OpyKy niciisi peyeH3yeanHs
13.06.2023

REFERENCES

1. Yak vyrishyty problemu utylizatsiyi vidkhodiv. (n.d.). [web log]. Retrieved from
https://biz.nv.ua/ukr/experts/jak-virishiti-problemu-utilizatsiji-vidhodiv-2178636.html  [in
Ukrainian].

2. Chetverik, M., Bubnova, O., & Levchenko, K. (2021). Reduction of man-made load on
the environment by restructuring the "TPP - coal mines - sludge storage" complexes into
"energy-desalination-food corporations”. SCIENTIFIC PRACTICE: MODERN AND
CLASSICAL RESEARCH METHODS VOLUME 1 [in Ukrainian].
https://doi.org/10.36074/logos-26.02.2021.v1.54

3. Chetverik, M., Bubnova, O., Babii, K., Shevchenko, O., & Moldabaev, S. (2018). Review
of geomechanical problems of accumulation and reduction of mining industry wasters, and
ways of their solution. Mining of Mineral Deposits, (12 (4)), 63-72.

4. Hapich, H., Pikarenya, D., Rudakov, L., Maximova, N., & Makarova, T. (2020).
Assessment of the accident risk and calculation of the failure processes in terms of the Earth

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=BOGOSLOVSKY%2C+V+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=OGILVY%2C+A+A
https://doi.org/10.1111/j.1365-2478.1970.tb02141.x
https://doi.org/10.2113/JEEG12.2.221
https://www.tandfonline.com/doi/abs/10.1080/02533839.2013.799949
https://www.tandfonline.com/doi/abs/10.1080/02533839.2013.799949
https://www.tandfonline.com/doi/abs/10.1080/02533839.2013.799949
https://doi.org/10.1080/02533839.2013.799949
https://www.tandfonline.com/author/Song%2C+Sung-Ho
https://www.tandfonline.com/author/Song%2C+Yoonho
https://www.tandfonline.com/author/Kwon%2C+Byung-Doo
https://doi.org/10.1071/EG05092
https://doi.org/10.15421/112070
https://doi.org/10.15587/1729-4061.2022.255167
https://doi.org/10.1063/5.0109330
https://biz.nv.ua/ukr/experts/jak-virishiti-problemu-utilizatsiji-vidhodiv-2178636.html
https://doi.org/10.36074/logos-26.02.2021.v1.54

Dike of a tailing dam. Municipal Economy of Cities, 3(156), 99-104.
https://doi.org/10.33042/2522-1809-2020-3-156-99-104

5. Hapich, H. (2019). Assessing level of environmental and operational safety of low-
pressure hydroengineering structures. Transactions of Kremenchuk Mykhailo Ostrohradskyi
National University, 4, 46-52. https://doi.org/10.30929/1995-0519.2019.4.46-52

6. International Commission on Large Dams (ICOLD), United Nations Environment
Programme (UNEP), “Tailings dams risk of dangerous occurrences — Lessons learnt from
practical experiences” (Bulletin 121, ICOLD, 2001).

7. Hirschberg, S., Spiekerman, G., & Dones, R. (1998). Severe Accidents in the Energy
Sector. Switzerland. 469 pp. ISSN 1019-0643.

8. Williams, D.J. (2021). Lessons from tailings dam failures — where to go from here?
Minerals, 11(8), 853. https://doi.org/10.3390/min11080853

9. Rudakov, L.M., & Hapich, H.V. (2019). Modern State, dynamics of changes and
prospects for the development of hydrotechnical reclamations in Dnipropetrovsk Region.
Mizhvidomchyy Tematychnyy Naukovyy Zbirnyk "Melioratsiya i Vodne Hospodarstvo™, (1),
54-60. https://doi.org/10.31073/mivg201901-161

10. Hapich, H.V. (2013). Assessment of the technical condition of earth dams as an element
of the environmental monitoring system of territories. Collection works of National Mining
University, 42, 168-173. https://core.ac.uk/download/pdf/168413168.pdf

11. World Register of Dams. ICOLD CIGB. (n.d.). Retrieved February 22, 2023, from
https://www.icold-cigh.org/GB/world_register/world_register_of dams.asp

12. WISE (World Information Service on Energy): Chronology of major tailings dam failure,
2020. Retrieved from https://www.wise-uranium.org/mdaf.html

13. Papageorgiou, G., Fourie, A.B., & Blight, G.E. (2021). Static liquefaction of Merriespruit
Gold Tailings. Geotechnics for Developing Africa, 61-72.
https://doi.org/10.1201/9781003211174-9

14. Dam breach modeling. (2016). Dam Failure Mechanisms and Risk Assessment, 161-221.
https://doi.org/10.1002/9781118558522.ch8

15.Olalla, C., & Cuéllar, V. (2001). Failure mechanism of the Aznalcéllar Dam, Seville,
Spain. Géotechnique, 51(5), 399-406. https://doi.org/10.1680/geot.2001.51.5.399

16. Penman, A.D. (2003). Discussion: Failure mechanism of the aznalcéllar dam, Seville,
Spain. Géotechnique, 53(5), 521-522. https://doi.org/10.1680/geot.2003.53.5.521

17. Maglambayan, V.B., Montes, S., Hipol, K., Mamitag, M., Pineda, R.P., Rodolfo, R.,
Oliveros, N., & Sy, A. (2005). Carlin-type gold prospects in Surigao del Norte, Mindanao
Island, Philippines: Their geology and mineralization potential. Resource Geology, 55(3),
145-154. https://doi.org/10.1111/j.1751-3928.2005.th00237.x

18. Macklin, M.G., Brewer, P.A., Balteanu, D., Coulthard, T.J., Driga, B., Howard, A.J., &
Zaharia, S. (2003). The long term fate and environmental significance of Contaminant Metals
released by the January and March 2000 mining tailings dam failures in Maramures County,
upper Tisa  Basin, Romania. Applied Geochemistry, 18(2), 241-257.
https://doi.org/10.1016/s0883-2927(02)00123-3

19. Sammelin (Kontturi), M., Wanhainen, C., & Martinsson, O. (2011). Gold mineralogy at
the Aitik Cu—Au-Ag Deposit, Géllivare area, northern Sweden. GFF, 133(1-2), 19-30.
https://doi.org/10.1080/11035897.2010.551542

20.Wang, G., Tian, S., Hu, B., Xu, Z., Chen, J., & Kong, X. (2019). Evolution pattern of
tailings flow from dam failure and the buffering effect of debris blocking dams. Water,
11(11), 2388. https://doi.org/10.3390/w11112388

21. Mijalkovski, S., Despodov, Z., Mirakovski, D., Hadzi-Nikolova, M., & Mitic, S. (2015).
Determination and monitoring of ore recovery and dilution coefficients in Sasa lead and zinc
mine - M. Kamenica, R. Macedonia. Podzemni Radovi, (26), 1-8.
https://doi.org/10.5937/podrad1526001m

22.Bykov, A.A., Travin, S.0., Gromov, O.B., & Mikheev, P.I. (2014). Modeling of uranium
oxides hydrofluorination process with Areva firm technology (Malvési, France). Procedia
Chemistry, 11, 3-9. https://doi.org/10.1016/j.proche.2014.11.002

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://doi.org/10.33042/2522-1809-2020-3-156-99-104
https://doi.org/10.30929/1995-0519.2019.4.46-52
https://doi.org/10.3390/min11080853
https://doi.org/10.31073/mivg201901-161
https://core.ac.uk/download/pdf/168413168.pdf
https://www.wise-uranium.org/mdaf.html
https://doi.org/10.1201/9781003211174-9
https://doi.org/10.1002/9781118558522.ch8
https://doi.org/10.1680/geot.2001.51.5.399
https://doi.org/10.1680/geot.2003.53.5.521
https://doi.org/10.1111/j.1751-3928.2005.tb00237.x
https://doi.org/10.1016/s0883-2927(02)00123-3
https://doi.org/10.1080/11035897.2010.551542
https://doi.org/10.3390/w11112388
https://doi.org/10.5937/podrad1526001m
https://doi.org/10.1016/j.proche.2014.11.002

23. Williams, D. (2008). The influence of climate on seepage from mine waste storages
during deposition and post-closure. In Proceedings of the International Conference on Mine
Closure. https://doi.org/10.36487/acg_repo/852_42

24.Wei Z., Yin G., Wang J.G.,, Wan L., & Li G. (2013). Design, construction and
management of tailings storage facilities for surface disposal in China: case studies of
failures. Waste Management & Research, 31(1), 106-112. doi:10.1177/0734242X12462281
25. Winkler, D., Bidlo, A., Bolodar-Varga, B., Erdd, A., & Horvath, A. (2018). Long-term
ecological effects of the red mud disaster in Hungary: Regeneration of red mud flooded areas
in a contaminated industrial region. Science of The Total Environment, 644, 1292—-1303.
https://doi.org/10.1016/j.scitotenv.2018.07.059

26. Randelovi¢, D., Muti¢, J., Marjanovic¢, P., Bordevi¢, T., & Kasanin-Grubin, M. (2019).
Geochemical distribution of selected elements in flotation tailings and soils/sediments from
the dam spill at the abandoned antimony mine stolice, Serbia. Environmental Science and
Pollution Research, 27(6), 6253-6268. https://doi.org/10.1007/s11356-019-07348-4
27.Mura, J., Gama, F., Paradella, W., Negrdo, P., Carneiro, S., de Oliveira, C., &
Branddo, W. (2018). Monitoring the vulnerability of the dam and dikes in germano iron
mining area after the collapse of the Tailings Dam of Funddo (Mariana-mg, Brazil) using
DInSAR techniques with TerraSAR-X Data. Remote Sensing, 10(10), 1507.
https://doi.org/10.3390/rs10101507

28. Agurto-Detzel, H., Bianchi, M., Assump¢do, M., Schimmel, M., Collago, B.,
Ciardelli, C., Barbosa, J. R., & Calhau, J. (2016). The tailings dam failure of 5 November
2015 in SE Brazil and its preceding seismic sequence. Geophysical Research Letters, 43(10),
4929-4936. https://doi.org/10.1002/2016g1069257

29. Santamarina J.C., Torres-Cruz L.A., & Bachus R.C. (2019). Why coal ash and tailings
dam disasters occur. Science, 364(6440), 526-528. https://doi.org/10.1126/science.aax1927
30.Yuan, Y., Gao, R., Liang, Q., Song, L., Huang, J., Lang, N., & Zhou, J. (2020).
A foodborne bongkrekic acid poisoning incident — Heilongjiang Province, 2020. China CDC
Weekly, 2(51), 975-978. https://doi.org/10.46234/ccdcw2020.264

31. Adeyinka, G.C., Bakare, B.F., & Iwarere, S.A. (2021). Evaluation and risk assessment
of heavy metals in surface water collected along the Isipingo River, KwaZulu-Natal, South
Africa. International Journal of Environmental Analytical Chemistry, 1-17.
https://doi.org/10.1080/03067319.2021.1947265

32.Azam, S., & Li, Q. (2010). Tailings dam failures: A review of the last one hundred years,
Geotech., 28, 50-53.

33.Penman, A., & Tedd, P. (2015). Tailings dam incidents and new methods.
https://doi.org/10.1680/riacw.31395.0037

34.0boni, F., & Oboni, C. (2020). Two Recent Catastrophic Tailings Dams Accidents.
Tailings Dam Management for the Twenty-First Century. Springer, Cham.
https://doi.org/10.1007/978-3-030-19447-5_2

35.Chen, C. (2022). Hazards identification and characterisation of the tailings storage facility
dam failure and engineering applications. International Journal of Mining, Reclamation and
Environment, 36(6), 399-418. https://doi.org/10.1080/17480930.2022.2051136

36. DBN V.1.1-24:2009. Protection against dangerous geological processes. The main design
provisions. Kyiv: Ministry of Regional Development, Construction and Housing and
Communal Services of Ukraine, 2009.

37.DBN V.2.4-5:2012. Tailings storage facility and sludge accumulators. Part | Design; Part
Il Construction. Kyiv: Ministry of Regional Development, Construction and Housing and
Communal Services of Ukraine, 2012.

38.Hui, S. R., Charlebois, L., & Sun, C. (2017). Real-time monitoring for structural health,
public safety, and risk management of mine tailings dams. Canadian Journal of Earth
Sciences, 55(3), 221-229. https://doi.org/10.1139/cjes-2017-0186

39. Abramson, L.W. (2002). Slope stability and stabilization methods, 2nd ed. Wiley.

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://doi.org/10.36487/acg_repo/852_42
https://doi.org/10.1177/0734242X12462281
https://doi.org/10.1016/j.scitotenv.2018.07.059
https://doi.org/10.1007/s11356-019-07348-4
https://doi.org/10.3390/rs10101507
https://doi.org/10.1002/2016gl069257
https://doi.org/10.1126/science.aax1927
https://doi.org/10.1126/science.aax1927
https://doi.org/10.46234/ccdcw2020.264
https://doi.org/10.1080/03067319.2021.1947265
https://doi.org/10.1007/978-3-030-19447-5_2
https://doi.org/10.1080/17480930.2022.2051136
https://doi.org/10.1139/cjes-2017-0186

40. Ozcan, N.T., Ulusay, R., & Isik, N.S. (2012). A study on geotechnical characterization
and stability of downstream slope of a tailings dam to improve its storage capacity (Turkey).
Environmental Earth Sciences, 69(6), 1871-1890. https://doi.org/10.1007/s12665-012-2016-1
41, Stefaniak, K., & Wrbézynska, M. (2018). On possibilities of using global monitoring in
effective prevention of tailings storage facilities failures. Environ. Sci. Pollut. Res. 25, 5280-
5297. https://doi.org/10.1007/s11356-017-0995-x

42.Schmidt, B., Malgesini, M., Turner, J., & Reinson, J. (2016). Monitoring of a large
tailings storage facility. Retrieved from http://www.photosat.ca/pdf/Golder-satellite-
monitoring-large-tailings-storage-facility-oct2015.pdf

43. Clarkson, L., Williams, D., & Seppéld, J. (2020). Real-time monitoring of tailings dams.
Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards,
15(2), 113-127. https://doi.org/10.1080/17499518.2020.1740280

44.Dimech, A., Cheng, L. Z., Chouteau, M., Chambers, J., Uhlemann, S., Wilkinson, P.,
Meldrum, P., Mary, B., Fabien-Ouellet, G., & Isabelle, A. (2022). A review on applications
of time-lapse electrical resistivity tomography over the last 30 years: Perspectives for Mining
Waste Monitoring. Surveys in Geophysics, 43(6), 1699-1759.
https://doi.org/10.1007/s10712-022-09731-2

45, Quellet, S., Dettmer, J., Olivier, G., de Wit, T., & Lato, M. (2022). Advanced Tailings
Dam  Performance  Monitoring  with  seismic noise and stress  models.
https://doi.org/10.21203/rs.3.rs-1647118/v1

46.Li, S.M., Yuan, L W., Yang, H., An, H.M., & Wang, G.J. (2020). Tailings dam safety
monitoring and early warning based on spatial evolution process of mud-sand flow. Safety
Sci., 124, 104579. https://doi.org/10.1016/j.ssci.2019.104579

47.Dong, K., Yang, D., Yan, J., Sheng, J., Mi, Z., Lu, X., & Peng, X. (2022). Anomaly
identification of monitoring data and safety evaluation method of tailings dam. Frontiers in
Earth Science, 10. https://doi.org/10.3389/feart.2022.1016458

48.Sivasuriyan, A., Vijayan, D. S., Munusami, R., & Devarajan, P. (2021). Health
Assessment of dams under various environmental conditions using structural health
monitoring techniques: A state-of-art review. Environmental Science and Pollution
Research, 29(57), 86180-86191. https://doi.org/10.1007/s11356-021-16749-3

49. Shmatkov, G.G., Oksamitny, A.F., Nikolaieva, I.A. (2012). Environmental Problems in
Ukraine and Human Factors. In Correlation Between Human Factors and the Prevention of
Disasters (eds. David L. Barry, Wilhelm G. Coldewey, Dieter W.G. Reimer,
Dmytro V. Rudakov). (NATO Science for peace and security series. Sub-series E: Human
and societal dynamics; Vol. 94, pp. 218-223). Amsterdam: 10S Press.

50. Rudakov, D.A., Nikolaieva, I.A. (2015). Checklist method as a tool to improve public
safety in TMF affected areas. In Engaging the public to fight the consequences of terrorism
and disasters (eds. I. Apostol, J. Mamasakhlisi, D. Subotta, D. W.G. Reimer). (NATO
Science for peace and security series. Sub-series E: Human and societal dynamics; Vol. 120,
pp. 139-147). Amsterdam : 10S Press.

51. Nikolaeva, I.A., & Rudakov, D.V. (2014). Checklist as a tool to improve the
environmental safety of tailings storage facility. In Forum of miners-2014: materials of the
international conf. (Vol. 1, pp. 190-198). Dnipropetrovsk: LizunovPres.

52.Bogoslovsky, V.A., Ogilvy, A.A. (1970). Application of geophysical methods for
studying the technical status of earth dams. Geophysical Prospecting, 18(1), 758-773.
https://doi.org/10.1111/j.1365-2478.1970.th02141.x

53. Kim Jung-Ho, Yi Myeong-Jong, Song Yoonho, Seol Soon Jee, Kim Ki-Seog. (2020).
Application of Geophysical Methods to the Safety Analysis of an Earth Dam. Journal of
Environmental and Engineering Geophysics, 12(2), 221-235.
https://doi.org/10.2113/JEEG12.2.221

54. Lai Sin-Long, Lee Der-Her, Wu Jian-Hong, Dong Yan-Min. (2014). Detecting the cracks
and seepage line associated with an earthquake in an earth dam using the nondestructive
testing technologies. Journal of the Chinese Institute of Engineer, 37(4), 428-437.
https://doi.org/10.1080/02533839.2013.799949

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://doi.org/10.1007/s11356-017-0995-x
http://www.photosat.ca/pdf/Golder-satellite-monitoring-large-tailings-storage-facility-oct2015.pdf
http://www.photosat.ca/pdf/Golder-satellite-monitoring-large-tailings-storage-facility-oct2015.pdf
https://doi.org/10.1080/17499518.2020.1740280
https://doi.org/10.1007/s10712-022-09731-2
https://doi.org/10.21203/rs.3.rs-1647118/v1
https://doi.org/10.1016/j.ssci.2019.104579
https://doi.org/10.3389/feart.2022.1016458
https://doi.org/10.1007/s11356-021-16749-3
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=BOGOSLOVSKY%2C+V+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=OGILVY%2C+A+A
https://doi.org/10.1111/j.1365-2478.1970.tb02141.x
https://doi.org/10.2113/JEEG12.2.221
https://www.tandfonline.com/doi/abs/10.1080/02533839.2013.799949
https://www.tandfonline.com/doi/abs/10.1080/02533839.2013.799949
https://www.tandfonline.com/doi/abs/10.1080/02533839.2013.799949
https://doi.org/10.1080/02533839.2013.799949

55.Sung-Ho Song, Yoonho Song, Byung-Doo Kwon. (2005). Application of
hydrogeological and geophysical methods to delineate leakage pathways in an earth fill dam.
Exploration Geophysics, 36, 92-96. https://doi.org/10.1071/EG05092

56. Rudakov, L.M., Hapich, H.V., Orlinska, O.V., Pikarenia, D.S., Kovalenko, V.V.,
Chushkina, 1.V., & Zaporozhchenko, V.Y. (2020). Problems of technical exploitation and
ecological safety of hydrotechnical facilities of Irrigation Systems. Journal of Geology,
Geography and Geoecology, 29(4), 776-788. https://doi.org/10.15421/112070

57.Hapich, H., Pikarenia, D., Orlinska, O., Kovalenko, V., Rudakov, L., Chushkina, I.,
Maksymova, N., Makarova, T., & Katsevych, V. (2022). Improving the system of technical
diagnostics and environmentally safe operation of soil hydraulic structures on small rivers.
Eastern-European Journal of Enterprise Technologies, 2(10 (116), 18-29.
https://doi.org/10.15587/1729-4061.2022.255167

58. Orlinska, O., Pikarenia, D., Chushkina, 1., Maksymova, N., Hapich, H., Rudakov, L.,
Roubik, H., & Rudakov, D. (2022). Features of water seepage from the retention basins of
irrigation systems with different geological structures. Industrial, Mechanical And Electrical
Engineering. https://doi.org/10.1063/5.0109330

59. Orlinska, O.V., Pikarenya, D.S., Maximova, N.M., Gapich, G.V., Ischenko, V.M. (2012).
Evaluation of strength properties of soil dams by method of natural pulse electromagnetic
field of the Earth. Coll. works of National Mining University, 37, 17-23.

The article was received 03.03.2023 and was accepted after revision 13.06.2023

Pynakos Jleonin MukoaaiioBuu

KaHauAaT C.-I. HayK, [JOUEHT, JIHINpOBCHKUI JepiKaBHUH arpapHO-€KOHOMIYHUMA
YHIBEPCHUTET

Anpeca po6oua: Byn. Cepris €ppemona, 25, m. [Ininpo, Ykpaina, 49600

ORCID ID: 0000-0001-7277-7220 e-mail: rudakov.l.m@dsau.dp.ua

ISSN: 2411-4049. Exosoriyna Ge3rneka Ta IpUpoJOKOpUCTyBaHHs, BuIl. 2 (46), 2023


https://www.tandfonline.com/author/Song%2C+Sung-Ho
https://www.tandfonline.com/author/Song%2C+Yoonho
https://www.tandfonline.com/author/Kwon%2C+Byung-Doo
https://doi.org/10.1071/EG05092
https://doi.org/10.15421/112070
https://doi.org/10.15587/1729-4061.2022.255167
https://doi.org/10.1063/5.0109330

