eISSN 2500-0632

(> Mucuc

YHUBEPCUTET
>

Mining Science
and Technology /

[OpHbIe HayKu x9N
N TEXHOJIOTUM 2024

L) 3
[

° L)

Ry Xl A

A AN \‘ec
/‘Q\ Tech

https://mst.misis.ru/

s

https://t.me/MinSci

1 3 -




MINING SCIENCE
AND TECHNOLOGY (Russia)

Fopr|e HayKn 1 TEXHONOI

elSSN 2500-0632

2024
Vol. 9, no. 2

Activities of the Mining Science and Technology (Russia) (Gornye nauki i tekhnologii) international journal are aimed
at developing international scientific and professional cooperation in the field of mining.
The journal target audience comprises researchers, specialists in the field of mining, representatives of academic and

professional communities.

The journal publishes original papers describing research findings, experience in the implementation of projects in

mining industry, review publications.

The journal seeks to develop interdisciplinary areas that contribute to progress in mining, for example, technological
and environmental safety, project organization and management in mining industry, development of territories, legal
aspects of natural resource use, and other areas studied by researchers and practitioners. The journal always welcomes

new developments. Papers are accepted in English or Russian.

EDITOR-IN-CHIEF
Vadim L. Petrov, Prof.,, Dr.Sci.(Eng.), University of Science and
Technology MISIS, Moscow, Russian Federation

DEPUTIES EDITOR-IN-CHIEF

Oleg I. Kazanin, Prof., Dr.Sci.(Eng.), Saint Petersburg Mining University,
St. Petersburg, Russian Federation

Svetlana A. Epshtein, Dr.Sci.(Eng.), University of Science and
Technology MISIS, Moscow, Russian Federation

EDITORIAL BOARD

Zach Agioutantis, Prof., Ph.D., University of Kentucky, Lexington,
Kentucky, USA

Maksim A. Bogdasarou, Prof., Dr.Sci.(Geol. and Min.), Brest State
A.S. Pushkin University, Brest, Belarus

Grigory Yu. Boyarko, Prof. Dr. Sci. (Econ.), Cand. Sci. (Geol. and Miner.),
National Research Tomsk Polytechnic University, Tomsk, Russian
Federation

Xuan Nam Bui, Prof., Dr.Sci., Hanoi University of Mining and Geology,
Duc Thang - Bac Tu Liem, Hanoi, Vietnam

Carsten Drebenstedt, Prof., Ph.D., Freiberg University of Mining and
Technology, Freiberg, Germany

Faramarz Doulati Ardejani, Prof., Ph.D., Colledge of Engineering,
University of Tehran, Tehran, Iran

Mikhail S. Ershov, Prof., Dr.Sci.(Eng.), National University of Oil and
Gas “Gubkin University”, Moscow, Russian Federation

Akper A. Feyzullaev, Prof., Dr.Sci.(Geol. and Min.), Institute of Geology
and Geophysics of the National Academy of Sciences of Azerbaijan,
Baku, Azerbaijan

Ochir Gerel, Prof., Dr.Sci.(Geol. and Min.), Geoscience Center, the
Mongolian University of Science and Technology, Ulaanbaatar, Mongolia
Zoran Gligori¢, Prof., Dr.Sci. (Mining-Underground Mining), University
of Belgrade, Belgrade, Republic of Serbia

Monika Hardygora, Prof., Ph.D., Wroclaw University of Technology,
Wroclaw, Poland

Nikolae Ilias, Prof., Dr.Sci.(Eng.), University of Petrosani, Petrosani,
Romania

Vladislav Kecojevic, Prof., Ph.D., Benjamin M. Statler College
of Engineering and Mineral Resources, West Virginia University,
Morgantown, West Virginia, USA

Aleksey A. Khoreshok, Prof., Dr.Sci.(Eng.), Gorbachev Kuzbass State
Technical University, Kemerovo, Russian Federation

Vladimir I. Klishin, Prof., Dr.Sci.(Eng.), Institute of Coal, Siberian
Branch, Russian Academy of Sciences, Kemerovo, Russian Federation
Vladimir N. Koshelev, Prof., Dr.Sci.(Chem.), National University of
0il and Gas “Gubkin University” (Gubkin University), Moscow, Russian
Federation

QUARTERLY
FOUNDED in 2016

REGISTRATION

The journal science and applied research journal is registered
by the Federal Service for Communication, IT and Mass
Communication Control on August 10, 2015.

Registration Certificate E-No. ®C77-62652

INDEXATION
Scopus, CAS, EBSCO, DOAJ, PUHII, BUHUTU PAH, Dimensions,
BASE, J-Gate, Jisc Library Hub Discover.

Jyant Kumar, Prof., Ph.D-Geotech.Eng., Indian Institute of Science,
Bengaluru, India

Vladimir A. Makarov, Prof., Dr.Sci.(Geol. and Min.), Siberian Federal
University, Krasnoyarsk, Russian Federation

Sergey I. Malafeev, Prof., Dr.Sci.(Eng.), Vladimir State University
named after Alexander and Nikolay Stoletovs, Vladimir, Russia

Oleg S. Misnikov, Prof., Dr.Sci.(Eng.), Tver State Technical University,
Tver, Russian Federation

Valery V. Morozov, Prof., Dr.Sci.(Eng.), University of Science and
Technology MISIS, Moscow, Russian Federation

Igor M. Petrov, Dr.Sci.(Eng.), Infomine Research Group LLC, Moscow,
Russian Federation

Bakhadirzhan R. Raimzhanov, Prof., Dr.Sci.(Eng.), University of Sci-
ence and Technology MISIS (branch), Almalyk, Uzbekistan

Bayan R. Rakishev, Prof., Dr.Sci.(Eng.), Kazakh National Research
Technical University named after K.I. Satpayev, Alma-Ata, Kazakhstan
Oscar Jaime Restrepo Baena, Prof., Ph.D., National University of
Colombia, Medellin, Colombia

Alexander N. Shashenko, Prof., Dr.Sci.(Eng.), National Mining
University, Dnipro, Ukraine

Vadim P. Tarasov, Prof., Dr.Sci.(Eng.), University of Science and
Technology MISIS, Moscow, Russian Federation

Denis P. Tibilov, Prof., Dr.Sci.(Econ.), Moscow State Institute of
International Affairs (University) under the Ministry of Foreign Affairs
of Russia, Moscow, Russian Federation

Niyaz G. Valiev, Prof., Dr.Sci.(Eng.), The Ural State Mining University,
Ekaterinburg, Russian Federation

Natalia Zhuravleva, Prof., Dr.Sci.(Eng.), West Siberian Testing Center
JSC (WSTCenter JSC), Novokuznetsk, Russian Federation

Vera V. Yurak, Assoc. Prof., Dr. Sci. (Econ.), Ural State Mining University,
Yekaterinburg; Institute of Economics, Ural Branch of the Russian
Academy of Sciences, Yekaterinburg, Russian Federation

EDITORIAL COUNCIL

Yuri G. Agafonov, Assoc. Prof., Cand.Sci.(Eng.), University of Science
and Technology MISIS, Moscow, Russian Federation

Michael R. Filonov, Prof., Dr.Sci.(Eng.), University of Science and
Technology MISIS, Moscow, Russian Federation

Leonid A. Plaschansky, Prof., Cand.Sci.(Eng.), University of Science
and Technology MISIS, Moscow, Russian Federation

Yuri I. Razorenov, Prof., Dr.Sci.(Eng.), Platov South-Russian State
Polytechnic University, Novocherkassk, Russian Federation

EXECUTIVE SECRETARY
Daria P. Galushka, University of Science and Technology MISIS,
Moscow, Russian Federation

FOUNDER AND PUBLISHER
' MISIS University of Science and Technology

@ UNIVERSITY  MISIS

CONTACT

4 Leninsky Prospect, Moscow 119049, Russian Federation
Phone: +7 (495) 955-00-77

e-mail: send@misis.ru

OPEN a ACCESS
This work is licensed under a
BY Creative Commons Attribution 4.0 License.


https://mst.misis.ru/
http://Creative Commons Attribution 4.0 License

FTOPHbIE HAYKM
U TEXHOJIOI' UM

Mining Science and Technology (Russia)

JesiTeTbHOCTD HAYYHO-IMIPAKTUYECKOro JKypHaia

elSSN 2500-0632

2024
T.9,N2 2

«lopuble Hayku wu TexHonorum» (Mining Science

and Technology (Russia)) HampaBiaeHa Ha pa3BUTME MEXKIYHAPOLHOTO HAYYHOTO ¥ NPodeccHOoHaTbHOro

COTpyaHUYECTBA B obacTu TOPHOTO aena.

LeneBas ayauTopusa JKypHaJa - MucoIiemoBaTen, CIienuaancCTbl B obacTu TOpHOro pesa, IpeacTaBUTeIN

aKaJIeMM4ecKoro 1 mpodeccruoHaaIbHOTO COOOIIECTB.

B XypHajie myOJIMKYIOTCSI OPUTMHAIbHbIE CTAThU, OMMCHIBAIOIME PE3Y/IbTAThl MCCIEAOBAHNIA, OTIBIT peaau3alum
[TPOEKTOB B TOPHOITPOMBIIIJIEHHOM KOMITIEKCE, 0630pHbIe MyOIMKaIUn.

JKypHan cTpeMuTCs pasBMBaTh TaKMe MEKAUCHMIUIMHAPDHbIE HampaBJeHMs, KakK TeXHOJIOoTMYyecKas
M 9Kosornyeckasi 6e30MacHOCTb, OPraHM3anMsl M yIpaBieHue MPOeKTaMy B TOPHOI TIPOMbIIIIEHHOCTY, Pa3BUTHE
TePPUTOPUIL, TIPABOBbIE ACTIEKTHI VICIIOIb30BAHMSI TPUPOJHBIX PECYPCOB Y APYTHME, KOTOPbIE CIIOCOGCTBYIOT IIPOTPeccy
B TOPHOM J1eJie U Peanu3yI0TCsl UCCIeA0BaTeISIMU M TPAKTUKAMMU.

FMABHbIA PEQAKTOP

IlerpoB Bagum JleounpoBuy, npod., 1.T.H., YHUBEPCUTET HAYKU U TEX-
Honoruit MUCHC, r. MockBa, Poccuiickasi @egepanyis

3AMECTUTEJIN TNTABHOIO PEOAKTOPA

Kasauuu Oner UBanoBuy, ripod., 1.1.H., CaukT-IleTep6yprckuii TOpHbIi
yuusepcutert, I. CaukT-ITetep6ypr, Poccuiickast ®emepariyst

dmureiiH CBeT/iaHa AGpaMOBHa, /1.T.H., YHUBEPCUTET HayKy 1 TEXHOJIO-
ruit MUCHC, r. MockBa, Poccuiickas ®epeparys

PEOAKLIMOHHASA KOJIJTIErUA
Aruyrautuc 3ak, npod., 1-p Hayk, YauBepcuteT KeHTYKKHM, T. JIeKCHUHT-
TOH, KenTykku, CIIA

BorgacapoB Makcum AnbGeproBud, npod., O.I.-M.H., BpecTtckuit
rocymapcTBeHHbl yHuBepeuteT uMm. A.C. IlymkuHa, r. Bpect, Benapych

Bosipko I'puropmii I0ppeBuy — npod., 1.3.H., K.I.-M.H., HalimoHaIbHbI
uccnenoBaTenbCKuii TOMCKMIT TOMUTEXHUYECKMIT YHUBEPCUTeT, I. TOMCK,
Poccuiickas @enepanyst

Bymu Cyan Ham, nipoc., A-p HayK, XaHOMCKWIT YHMBEPCUTET TOPHOTO Jena
Y TeXHOJIOTUM, T. XaHOoii, BbeTHam

BaymeB Husi3 l'agsiv orisl, 1pod., A.T.H., YpaabCKuii rocyiapcTBeHHbIN
TOpHbIi yHUBEpCUTeT, T. EkaTepuu6ypr, Poccuiickas @emepatiyst

Tepen Oump, npod., 1.I.-M.H., LleHTp reonoro-reodm3nveckux ucciesoBaHuA,
MOHTO/BCKMIT YHUBEPCUTET HayKM U TEXHONOTUH, T. YnaH-Batop, MoHronms
I'nmuropwy 3opaHu, npod., I-p HayK, Bearpanckuit yHuBepcurer, T. Benrpan,
Pecmry6imka Cep6ust

IOpe6enmrear KapcreH, mpod., a-p HayK, TeXHUUECKUiT YHUBEPCUTET
@paitbeprckasi ropHasi akagemus, T. Dpaiibepr, lepmanust

Iynatu Apgeskauu ®@apamap3, 1pod., I-p HayK, HKeHepHbIi KOIeIK,
TerepaHckuii yHuBepcurer, I. TerepaH, ipan

EpmioB Muxani Cepreesuy, 1pod., I.T.H., Poccuiickuit rocyiapcTBeHHbI
yHuBepcuTeT HedTM U Tasa (HALMOHAJIBHBIN JCCIENOBATENbCKUI
yauBepcureT) M. Y. M. I'y6knHa, r. Mocksa, Poccuiickas @enepanys

JKypasneBa Haranbs BuxkroposHa, npod., A.T.H., AO «3amagHo-Cnbup-
CKMIi ucnpITaTenbHblii HeHTp» (AO «3CULleHTp»), . HOBOKYy3HeL K, Poccuii-
ckast Penepanys

Wmmnam Hukonae, mpod., 1.T.H., YuuBepcuteT [leTpoiany, r. [TeTporiann,
PymbIiHMS

KenomxkeBuu Bragucias, mpod., 1-p HayK, UHCTUTYT MHKEHEPHOTO Aena
¥ MMHepa/IbHbIX pecypcoB uM. BeHgxkamuHa M. CraTiepa YHuBepcuTera
3anagHovi Bupmkuuum, r. MopranTtayH, 3anagHas Bupmkunus, CIIA
Kmymmme Brapyvmup WBanoBM4, nipod., 4.T.H., UHCTUTYT yris Cubup-
ckoro otneneHus Poccuiickoit akagemMun Hayk, r. Kemeposo, Poccuiickast
®denepanust

Komenes Bnagumup Hukonaesuy, rpod., 1.X.H., Poccuiickuit rocymap-
CTBEHHBIVI YHUBepcuTeT HedTy 1 ra3a um. V. M. I'y6kuHa, r. Mocksa, Poc-
cutickast ®emepanns

Kymap bkbsiHT, Tpod., A-p HAyK (T€OTEXHUYECKUI WHKVHUPWHT),
Wnpuitckuit uHcTUTYT HayKy (Indian Institute of Science), r. Banranop, Uuaus

MakapoB Bnagumup AsekcaHgpoBud, rpod., A.r.-M.H., CUGUPCKUit
denepanbublit yHuBepcuTeT, T. KpacHosipck, Poccuiickas ®engepanyst

NMEPUOANYHOCTD 4 pasa B rox,
OCHOBAH B 2016 romy

PETCTPALUA

3apeructpupoBaH QefepanbHOI CTykO601i TI0 HA30PY

B cdepe cBsI3M, MHGOPMAIIMOHHBIX TEXHOIOTUI ¥ MacCOBBIX
KoMmmyHMKanuit 10 aBrycra 2015 roga.

CBuUIeTenbCTBO 0 peructpauyy 1 N dC77-62652.

MWHOEKCUPOBAHUE
Scopus, CAS, EBSCO, DOAJ, PUHII, BUHVUTU PAH, Dimensions,
BASE, J-Gate, Jisc Library Hub Discover.

OPEN 8 AccEss ~KYPHaJ OTKPBITOTO JOCTYTIA.

ManadeeB Cepreit iBaHoBu4, 1pod., A.T.H., Bragumupckuii rocygap-
crBeHHblIT yHUBepcuTeT uMeHy A.T. n H.T. CroneToBsIx, I. Bragumup, Poc-
cuiickast Gepepauys

MucaukoB Oser CrennaHoBuY, 1pod. , 1.T.H., TBEPCKOI roCy1apCTBEHHBIN
TeXHUYeCKUit yHUBepCUTeT, I. TBepb, Poccuiickas ®@enepanmst

Mopo3oB Basnepwuii BanenTunosud, rnpod., 1.1.H., YHUBEPCUTET HAYKU
u TexHonoruit MMCHUC, r. Mocksa, Poccuiickast @enepanyis

IlerpoB Uropp Muxaitnosuu, 1.1.H., OO0 «VccregoBaTenbckasi TpyIia
«HdpomaitH»», . MockBa, Poccuiickast ®eneparyst

PaumvkaHoB bBaxagupkaH PaumvokaHoBudY, mpod., A.T.H., bmiman
VHuBepcutera Hayku u TexHonorunit MUCUC, r. Anmansik, Y36ekucTan
PakumeB basu PakumeBuy, rnpod., O.T.H., Kasaxckuii HallyOHa/IbHbI
MCCeoBaTeNIbCKUIT TexHuueckuii yHusepcuter um. K. M. Catnaesa,
r. Anma-Ata, Kazaxcran

Pectpeno basna Ockap Xaiime, nipod., I-p HayK, HalMoHaabHbI YHU-
Bepcutet Komym6um, r. MegenbuH, Komymonst

TapacoB Bagum IlerpoBud, npod., a.1.H., HUTY «MWCuC», r. Mocksa,
Poccuiickas @enepariyst

Tu6unos Jenuc [lerposuy, npod.,1.5.H., MOCKOBCKMII TOCYAAPCTBEHHbIN
MHCTUTYT MEXAYHapOOHbIX OTHOIIeHui (YHuBepcuteT) MuMHMUCTepCTBa
MHOCTPaHHbIX Aen Poccun, r. MockBa, Poccuiickasi @epepanyis
®deit3y/utaeB AKmep AKmep orisl, npod., 1.T.-M.H., IHCTUTYT reosorumn
n reodpusuku (MIT) HaumonanpHoit Akagemuy Hayk Asepb6aiimkaHa,
r. Baky, Azepb6aiimkan

Xopemok  Anekceii  AsmekceeBnd4, Tmpod., [I.T.H.,, Kysbacckuit
roCylapCcTBeHHbIt TexHuyeckuit yHuBepcurer um. M.C.Topbauesa,
r. KemepoBo, Poccuiickas @enepanys

Illammenko Anekcanap Hukomaeswu, mpod., I.T.H.,
TOPHBIN YHUBEPCUTET, I. [IHenp, YKpauHa

Xapauropa MoHuka, rpod., I-p Hayk, BpolmaBckuit TeXHOIOTMYeCcKuit
YHUBEPCUTET, I. Bpoiias, ITonbiia

IOpak Bepa BacuawseBHa, 101I., 1.3.H., YpaJbCKUiI TOCYyIapCTBEHHbIN
TOPHBIt YHMBepCUTeT, I. EkaTepuHOYpr; cTapiinii Hay4HbI COTPYISHUK,
VHCTUTYT 35KOHOMMKM YpaslbCKOTO OTAeneHMs: Poccumiickoii akazemun
Hayk (3 YpO PAH), r. Ekatepun6ypr, Poccuiickast ®emepariyst

HauyoHanbHbIi

PEOAKLIMOHHDbINA COBET
Aracdonos H0pwuii ['puropbeBud, fo1l., K.T.H., YHUBEPCUTET HAYKU U TEX-
Honoruit MUCHUC, r. Mocksa, Poccuiickas @enepauus

IInamanckwuii Jleonuzy AnekcaHAPOBUY, IPOQd., K.T.H., YHUBEPCUTET Ha-
yku u TexHonoruit MUCHC, r. Mocksa, Poccuiickas @epepanys

PasopenoB 0pwuii UBaHoBuy4, npod., 1.T.H., IOkHO-Poccuitckuit rocy-
IapCTBeHHbIN MoautexHuudyeckuii yuusepcurer (HIIW) um. M.J. Ilna-
TOBa, I. HoBouepkacck, Poccuiickas @eneparyst

O®unoHos Muxaun PygonbdoBud, npod., 1.T.H., YHUBEPCUTET HAYKU
u TexHonoruit MMICHUC, r. Mocksa, Poccuiickas @enepanms

OTBETCTBEHHbIN CEKPETAPb
Tamymka Japbs IleTpoBHa, YHUBepcuTeT Hayku U TexHonoruit MUCHUC,
r. MockBa, Poccuiickast @egepanys

YYPEOUTEJb U U3 ATEJIb

¢

AQOPEC YYPEOAUTENA W U3OATENA
119049, . MockBa, JIeHMHCKMIT TPOCHEKT, A, 4

MWUMCUC VuusepcureT HayKyu 1 TeXHONOTUIA
i raxmonorwn MCHC

KOHTAKTbI PEAAKLIUN

Anpec: 119049, r. MockBa, JIeHMHCKWII IPOCIIEKT, 1. 4
Tenecdon: +7 (495) 955-00-77

e-mail: send@misis.ru

KoHTeHT mocTyneH nog inieH3ne
BY Creative Commons Attribution 4.0 License.


https://mst.misis.ru/
http://Creative Commons Attribution 4.0 License

MINING SCIENCE 2024
AND TECHNOLOGY (Russia) Vol. 9, no. 2

Fopr|e HayKn 1 TEXHONOInn

CONTENTS

MINERAL RESOURCES EXPLOITATION

Enhancing the performance of integer models for addressing the long-term production

planning problem in open pit mines by decision variable fixation based on parametric analysis

Of the fiNal Pit LML ceeeeeeeieeeee e e e e e e e e e e e eeeeaa e eeeseeeeeesassssnnnnnnnaeseeeeesessssnnnn 74
K. Hasozdemir, S.G. Ergelebi

Effect of explosive detonation velocity on the degree of rock pre-fracturing during blasting......... 85
S.V. Khokhlov, Yu. 1. Vinogradov, V.A. Makkoev, Z.A. Abiyev

Theoretical aspects of block stone blasting method..............cooiiiiiiiiiiiiiiiiieeeeeeeeees 97
V.N. Kovalevsky, A. V. Mysin, V.1. Sushkova

GEOLOGY OF MINERAL DEPOSITS

Composition and mineralogy of granitoids of the Ob-Zaisan folded region
in the context of the prediction of groundwater radioactivity.......ccceeeeeeeeeiiieiiiiiieieeeeeeeeeeeeeeeees 105
V.P. Sukhorukov, A.F. Sukhorukova, D.A. Novikov, A. S. Derkachev

MINING ROCK PROPERTIES. ROCK MECHANICS AND GEOPHYSICS

Determination of deformation modulus and characterization of anisotropic behavior
(o) 0] (oTul VA (014 (a0 4 T 13 <N 116

O. Ahrami, H. Javaheri Koupaei, K. Ahangari

BENEFICIATION AND PROCESSING OF NATURAL AND TECHNOGENIC RAW MATERIALS

Current trends of improving the efficiency of froth separation of diamond-bearing kimberlites ..... 134
V. V. Morozov, E. G. Kovalenko, G.P. Dvoychenkova, I. V. Pestryak, S.P. Lezova

Enhancing flotation beneficiation efficiency of complex ores using ionometry methods............. 146
T.A. Yakovleva, A. O. Romashev, G.N. Mashevsky

Comparative processing studies of the Arkachan deposit gold-bearing ores
using dry separation and classical wet gravity separation methods..........cccccuvereeeeirieccnreeeeeennnne. 158

A.I Matveev, I.F. Lebedev, V.R. Vinokurov, E. S. Lvov

SAFETY IN MINING AND PROCESSING INDUSTRY AND ENVIRONMENTAL PROTECTION

Geoenvironmetal assessment of different types of cryolithic soils in Western Yakutia
under the conditions of diamond-mining OPerations ...........cceeeeeeeeeeeeeeeeeeecececcceeeeeeeeeaeeeees 170

A.S. Titov, A. S. Toropov

POWER ENGINEERING, AUTOMATION, AND ENERGY PERFORMANCE
Reliability analysis of open-pit power supply system COMPONENtS .......ccceeeeeeeeeerunneeeeeereeeeeeeeeeenns 183
R.V. Klyuev

/2



FOPHBIE HAYKMW R
N TEXHOJIOM UK o N

Mining Science and Technology (Russia)

COLOEPXXAHUE

PASPABEOTKA MECTOPOXXAEHMW MOSE3HBIX MCKOMAEMbIX

[MToBbinieHMe 3(PHEKTUBHOCTH 1eJIOUNCTIEHHBIX MOIesIel 151 pellleHus 3aauy IOJTOCPOUYHOTO
TJIAHMPOBAHMS JOOBIUM HAa OTKPBITHIX TOPHBIX paboOTax MyTeM YCTaHOBJIEHMS IIepeMEeHHbIX
pelleHmit Ha OCHOBE MapaMeTPUUYeCKOro aHa/IM3a KOHEUHOTO KOHTYPA KAPBEPA .. cveeeeuueereeeennnnnnns 74
K. Xacosdemup, C. I. Dpuenebu

BnusiHue cKopoCTU geTOHaLMM B3PbIBUATHIX BEIeCTB HA CTEIEeHb IIpeapa3pylieHns
TOPHOM TTOPOIBI TIPU B3PBIBE.....ciuuueeerueeeeruneeerrneeersnsessunseessnesessnasesssssssssssssssnesssssasssssnsssssnssssssassssnnnes 85
C.B. Xoxnos, IO. Y. BuHozpados, B.A. Makkoes, 3.A. AGues

TeopeTuueckye acreKThl TEXHOJIOI MM B3PbIBHOV OTOOMKI OJIOUHOIO KAMHST ....uvveeeveeeervreeesseesassnennns 97
B. H. Kosanesckuti, A. B. MbicuH, B. . Cywikosa

FEO/10M A MECTOPOXAEHWI MONE3HbBIX MCKOMAEMbIX

CocTtaB 1 MmuHepaaorus rpaauTonsoB O0b-3alicaHCKOM CKIaauaToi 06/1acT

B CBSI3U C IIPOTHO30M PAAMOAKTUBHOCTY MOA3EMHDBIX BOL .ccvvuuunreeerruuneeeerennnseeeerennnesessssnnssessssnnnns 105
B.I1. Cyxopykos, A. @. Cyxopykosa, /I. A. Hosukos, A. C. /lepkaues

CBOWCTBA FOPHbIX MOPO/. FTEOMEXAHUKA. TEODU3NKA

Omnpenenenne Moay/s gedopMallum M XapaKTePUCTUK aHM30TPOITHOTO MOBEIeHMS

OTOUHBIX MACCHBOB TOPHBIX TIOPO, +eeeeeeeaunurrrereeeessasasnsrreeeeeesessassssssessssssssssssssssssssssssssssssesesssssssnnes 116
O. Axpamu, X. /Drasaxepu Kynau, K. Axanzapu

OBOTALEHWVE, TTEPEPABOTKA MUHEPAJIBHOIO 1 TEXHOIEHHOI O CbIPbH

CoBpeMeHHbIe HapaB/ieHMs MOBbIIeHNs 3(PeKTUBHOCTY IIeHHO cenapanumn
AJIMA30COAEPSKAIIMX KUMOECPDIIMTOB . ...cceeeereeeeeeeeeeeeeeeeeeeeeeeeeeeeseseseeseseessessssnssnsssssssssssssssssssssssssssssnes 134
B.B. Mopo3os, E.I'. KosaneHko, I'.I1. /Igotiuenxkosa, U. B. [lecmpsk, C.I1. Jle308a

IToBeImeHne 3 PeKTUBHOCTH (GIOTAIMOHHOIO 0O0TaIeHMs KOMIUIEKCHBIX PY/I
C MICTI0JIb30BAHMEM METOHOB MPSIMOI MOTEHIIMOMETPMM....eeeeeeeeerrrrrnnnnnnnaaeeeeeeesssssssssssnnnsseseeesseees 146
T.A. Adxoenesa, A. O. Pomauwes, I'. H. Mawesckuti

CpaBHUTENIbHBIE TEXHOJOTUYECKME UCCIEN0BAHMS 30JI0TOCOAEPsKALEN PYAbl MECTOPOXKIEHMS
ApKkayaH MeToIaMM CyXOro 000raIieHus ¥ KIaCCUIECKO MOKPO TPABUTAIINM .........uvvvveeeeeennnn. 158
A.U. Mameees, U. @. JleGedes, B. P. BuHokypos, E. C. JIb608

TEXHOSIOMYECKASA EE30MACHOCTb B MUHEPASBHO-ChIPBEBOM KOMIMEKCE
N OXPAHA OKPYXAIOLLEM CPEAbI

l'eoskosiornyeckas oljeHKa pa3HbIX TUIIOB ITOYB KPMOJIUTO30HbI 3arlagHOoM SIKyTUmn
B YUIOBUSIX QYHKIIMOHMPOBAHMS a/IMa30400bIBAIOIINX TTPEIIIPYSITIM «..uvvvreeeeeeeeeeennrrreeeeessseennnnns 170

A.C. Tumos, A.C. Toponos

SHEPIETUNKA, ABTOMATUIALUNA N SHEPTOOPDPEKTUBHOCTb
AHanmm3 HaJeXXHOCTY 3JIEMEHTOB CUCTEMBI 3JIEKTPOCHAOKEHMS KAPBEPOB ...cceeeeeeeeeeeeeeeeeennnnnnnnnns 183
P.B. Kntoes

/3



MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2024;9(2):74-84 Hasozdemir K., Ergelebi S. G. Enhancing the performance of integer models...

MINERAL RESOURCES EXPLOITATION
Research paper

https://doi.org/10.17073/2500-0632-2023-09-156 @ @
UDC 622.015 —av

Enhancing the performance of integer models for addressing
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Abstract

The importance of strategic mine planning to ensure the long-term viability of mining projects has increased
significantly because of the limited availability of high-grade ore deposits. Given its high-dimensional and
combinatorial nature, developing a precise mathematical optimization technique to solve the entire problem
remains challenging, particularly for real-size block models. The primary objective of this study was to propose
a method that combines a nested pit strategy with integer programming (IP) models to overcome computational
limitations by reducing the problem’s complexity, decreasing solution times, and providing insights into
alternative production schedules for large-scale open-pit mines. The proposed algorithm strategically fixes the
decision variables based on parametric analysis of the ultimate pit limit to simplify the IP model. The approach
was applied to various block models from MineLib, and the results were compared with standard IP solutions
and findings from related studies using alternative algorithms. Applying the proposed method demonstrated
significant reductions in the solution time (up to 95%) and the ability to solve intractable models.
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PA3PABOTKA MECTOPOXXAEHWIX NMONE3HbIX UCKOMAEMbIX

Hay4Hasa cTaTbs

MoBbiweHue 3PPeKTUBHOCTHU LLeNIOYUCIEHHbIX MoAenen
ANS peLleHns 3aaumn JONTOCPOYHOro NJIaHUPOBaHUA A06bIun
Ha OTKPbITbIX FOPHbIX paboTax MyTeM yCTaHOBJ/IEHUSA NePEeMEHHbIX peLleHUH
Ha OCHOBE NapaMeTpUUYEeCKOro aHain3da KOHeYHOro KOHTypa Kapbepa

K. Xacozgemup (2 <, C.I. dpueneou
Cmambynbckuti mexHuueckuti ynusepcumem, 2. Cmamoyn, Typyus
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AHHOTaUuA

BaskHOCTb CTpaTernueckoro IJIaHUPOBAHMS TOPHBIX paboT [yIsl obecrieueHus JOJATOCPOUHOI SKU3HECTTOCO6-
HOCTY TOPHBIX ITPOEKTOB 3HAUMTEIHbHO BO3POC/IA M3-32 COKPAIIEHMS YMCIa MECTOPOKIeHi 60raThiX py.
VUuThIBasi €ro MHOTOMEPHYIO ¥ KOMOMHATOPHYIO IIPUPOAY, pa3paboTKa TOYHOTO METOAa MaTeMaTU4eCcKOu
ONTUMM3AIINU IJIsSI PellieHus] BCel 3a5auUM OCTAeTCS CJIOKHOI ITpo6ieMoii, 0cO6€HHO /1Jist GIOUHBIX MOesiei
B HATYPaJIbHYIO BeuyHy. OCHOBHAS LieTb JAHHOTO MCC/IENOBaHMs 3aK/II0Yaiach B TOM, YTOObI IIPEAJIOKUTD
MeTOZ,, COYeTaIoLMI1 CTPaTernio BIOKEHHBIX KOHTYPOB Kapbepa C MOAESIMU L[eJI0UMCIEHHOrO NTPOrpaMMu -
poBanus (LIT/LJIIT) ns mpeomosieHus BbIYMCIUTENbHBIX OTPAHNMYEHNMI 33 CUeT CHVKEHUS CJIOKHOCTHM 3a1a-
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Yy, COKpaIlleHNsI BpeMeHM pellleHus U ITpefocTaBaeHus MHGOopMaluy 00 a/ibTepHATUBHBIX rpaduKax JOObIUM
IIST KPYTTHOMACIITAOHBIX OTKPBITHIX Pa3paboToK. IIpeyioskeHHbIN aITOPUTM CTPATETMUeCKN YCTAHABIUBAET
IlepeMeHHbIe pellleHys] Ha OCHOBe ITapaMeTpMUUeCcKoro aHain3a KOHEYHOTO (IIPOeKTHOr0) KOHTypa Kapbepa
st yrpouieHust LTIT-mogenn. TOT 1moaxop, 66T TPUMMEHEH K Pa3JIMYHbIM OIOUHBIM Mozensm u3 MineLib,
a pe3y/lbTaThl OBLIM COTIOCTABJIEHBI CO CTAaHAAPTHBIMU LITI-perneHMs MY 1 pe3yabTaTaMy COOTBETCTBYIOIIMX
MUCCIef0BaHMI C UCIIONIb30BAaHMEM aIbTEPHATUBHBIX aJIrOPUTMOB. [IpuMeHeHMe IpenOKeHHOr0 MeToza
MIPOIEMOHCTPUPOBAJIO CYIIECTBEHHOE COKpaIlleHMe BpeMeHM pellleHus (Ha BeIMuMHy 00 95%) ¥ BO3MOXK-
HOCTb pellleHUs TPYIHOPa3peliMbIX MOAENe.

KnioueBble cnoea
OTKPBIThIE TOPHbIE PabOThI, TOJTOCPOUHOE TIAHMPOBaHMe AOObIUM, IVIAHMPOBaHMe J06bIUM, OIITUMMU3ALINS,
LeJoOUMCIeHHOe IIporpaMmMMpoBaHMe, YCTAaHOBKA IMepeMEHHbBIX pellleHNs, IICeBAOINOTOK

BnaropapHocTu

HacTosimiee uccienoBaHme SIBASIETCSI COCTaBHOM YaCThl0 KaHAMIAATCKOM OuccepTalym, TOCBSIeHHO TeMe A0 -
TOCPOYHOTO TUIAHMPOBAHUS NOObIUM HA OTKPBITBIX TOPHBIX paboTax. @MHAHCOBYIO MOAIEPKKY 3TOMY MCCIIe-
IOBaHMIO OKa3aja OTaen HayYHO-MUCCIeN0BATETbCKMX IMTPOEKTOB CTaMOY/IbCKOTO TEXHUUECKOT'O YHUBEPCUTETA.
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Introduction

Open-pit mining refers to the method of extrac-
ting valuable materials from the earth's surface by
excavation with the intention of generating financial
gain through their subsequent sale. A mining project's
economic sustainability is heavily reliant on the care-
ful control of this process. To enhance the manage-
ability of this procedure, the mineral deposit is par-
titioned into discrete units known as blocks, which
are typically modest in size and may not necessarily
exhibit cubic dimensions. Each individual block inside
the dataset contains distinct properties pertaining to
the ore body, including the quantity of ore present,
the quantity of waste material, the grade of the valua-
ble mineral contained within, and the anticipated va-
lue of this mineral following the process of extraction.
Geostatistical approaches are employed to determine
these properties. The block model, as depicted in Fig.
1,1is a representation of an orebody that has been par-

titioned into discrete blocks. This modeling approach
has gained significant traction in the field of compu-
ter optimization [1].

Open-pit mine production scheduling (OPMPS)
includes determining which blocks, within the final
pit limit, should be mined each year and where the
blocks should be transported, such as to a mill, trash
dump, or stockpile, in order to maximize net pre-
sent value (NPV) [1]. Long-term production planning
for open-pit mine operations plays a key role in the
assessment of mining projects. An important con-
tribution in this field is presented in [2], wherein an
algorithm developed that utilizes graph theory and
dynamic programming to identify the ultimate pit
limit that maximizes revenue. Furthermore, it is ne-
cessary to take into account various operational
limitations when addressing this scheduling prob-
lem. One instance of constraints that are common-
ly referred to as spatial precedence constraints,
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Fig. 1. Example Block Model
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geometric sequencing constraints, or wall slope con-
straints is employed to guarantee the stability of ex-
cavated blocks by preventing inward collapse of the
deposit. Alternatively, it is imperative that a specific
block not be subjected to excavation prior to the re-
moval of the blocks placed above it. Fig. 2 illustrates
the implementation of precedence constraints, re-
quiring excavation of blocks 1 to 9 either in earlier
stages or concurrently with block 10.
T N NVnt .
max Z=)» > (1+r)tXn.

t=1 n=1
This article is organized in the following manner:
In Section 1, a comprehensive integer programming
model is introduced to address the open-pit mining
scheduling problem. Section 2 provides an overview
of relevant literature to this subject. Section 3 of the
paper presents a flowchart outlining the proposed
method along with detailed specifications of the sam-
ple block models. The numerical outcomes of the pro-
posed methodology are presented in Section 4, where
its effectiveness is assessed based on the observed
reductions in solution times. The concluding section
enumerates the limitations inherent in the proposed
methodology and presents prospective possibilities

for future academic research.

)

1. General Integer Programming model
of OPMPS problem

The ultimate pit consists of N blocks, and the
planning horizon is T time periods. A discounted cash
flow of ¢; units will be obtained by the extraction of
block i within the period t, r is the discount rate and
A represents the block attributes such as ore tonnage
and waste tonnage. Each block i is assigned a value g
for each attribute a € A. uf provides an upper bound
on the amount of tonnage that can be excavated in
the time period t. Each block i must consider a smaller
set of predecessor blocks S; (see Fig. 2).

Objective Function:

(2)
Subject to:

N
dai(xi-x<u, i=1,..,N,t=1, .. T,acA, (3)
i=1

x'<x, t=1,..T. 4
x<x,t=1,.,T,i=1,.,N, je§, (5)
X’ =0, (6)

X efo, 1}, t=1,..,T, i=1, .., N. (7
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Fig. 2. Representation of precedence constraints

Eq. (2) is the objective function and attempts to
maximize the net present value of the mining opera-
tion. Eq. (3) enforces the capacity constraints. Eq. (4)
enforces the rule that each block must be excavated
once and remain excavated. Finally, precedence con-
straints are enforced using Eq. (5). x} =0 implies that
none of the blocks in the ultimate pit is excavated
before the planning horizon in Eq. (6). The decision
variables of the model are binary, so they can be 1 if
block i is mined in period t and 0 otherwise, Eq. (7).
This basic formulation of the OPMPS problem con-
tains NT binary variables. The major challenge in
solving OPMPS is that the model instance contains
many blocks and time periods, and each block-time
period combination has associated binary decision
variables to capture the more realistic constraints
requiring all previous blocks to be extracted before
removing any subsequent blocks. The application
of integer models to address the problems of long-
and medium-term production planning in open-pit
mines is sometimes limited by difficulties such as
the inability to find a solution or prolonged time re-
quired to find a solution, particularly when dealing
with large-scale mineral deposits. This paper pro-
poses a hybrid solution that combines nested pit
methodology with ILP as an option to eliminate the
aforementioned issues. The aim of the proposed al-
gorithm is to fix the decision variables of the integer
programming (IP) model using nested pit limits ge-
nerated through parametric analysis. This approach
yields efficient outcomes and reduces problem com-
plexity. The next section outlines the phases of the
proposed algorithm.
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2. Literature Review

The conventional approach employed in addres-
sing the OPMPS problem involved dividing the pri-
mary problem into smaller sub-problems, which
were subsequently addressed individually [3]. The
sub-problems, outlined in Fig. 3, include determining
the ultimate pit limit, constructing nested pits based
on ore selling price and applying a revenue adjustment
factor, establishing push-backs as depicted in Fig. 4,
and developing a production scheduling plan [4, 5].

Despite the utilization of this approach by the
planners thus far, there are limitations as well.

e When the sub-problems are combined, it is
possible that the optimal solutions obtained from
these sub-problems may not result in an optimal
solution for the main problem.

» The time value of money is not considered in
the evaluation.

« The use of a fixed cut-off grade in the planning
process has a negative impact on the economic relia-
bility of the production schedule.

Pushbacks are a crucial component in the long-
term planning process for open-pit mines, as they
play a vital role in determining the final design of the
mine and the profitability of the operation. They serve
as a guide for the temporary production scheduling
stage, delineating the start and end points of the
extraction process. Moreover, pushbacks ensure the
safety of the pit walls, help meet the required ore
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production levels, and provide a minimum operational
width to accommodate mining equipment and access
to the mine for other activities.

The methodology in order to obtain a series of
nested pits [6]:

1. A set of blocks denoted as B.

2. Set B represents the final pit of the deposit.

3. Nested pits are generated using a metal price
parameterization and an economic block model.

4. Parameterization corresponds to a sequence of
Nrevenue factors 0 < A, <X, <...< Ay < 1, which scales
the metal price and each RAF produces a pit.

RAF is a variable which when multiplied with
other pit optimisation parameters such as metal
price, will produce the different nested pit outlines
at different factoring.

In [7], it was determined that the designation of
ultimate pit problem can be equivalently framed as
the task of identifying the most valuable path within
a graph denoted as G = (S, E, W). S is number of nodes,
E is number of edges and W is the weight of the ed-
ges of the graph (Fig. 5). The problem here is to find
a set of nodes (set of tasks) with a maximal value and
which respect the precedence relations. Such problem
is usually solved using a maximal flow algorithms.

[8] showed that the ultimate pit problem is equi-
valent to the maximum closure problem, which in
turn, can be reduced to the min cut problem. This al-
lows one to use known efficient algorithms for maxi-

Designation
F of Production Capacity
Designation Production
of Production Costs Planning

Designation
of Ultimate Pit Limit

Calculating cut-off
Grade

Pushback Generation

g

Fig. 3. Schematic view of the production scheduling problem of open pit-mines [3]

==\

Fig. 4. Pushbacks (left), The chosen pit shells for the long-term schedule (right)
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mum flow to find the ultimate pit. The mathematical
model of the maximum closure algorithm is given be-
low [9]. Objective function, given in eq. (8), is maximi-
zation of the total value of the closure and Constraint
(9) identify the precedence constraints. x; gets the va-
lue of 1 if node i is in the closure, 0 otherwise (eq. 10).
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maxiezjlvcixi. ®)

Subject to:
x,-x;<0, jeZ, ieN; )
x,€{0, 1}, ieN, (10)

where Z, is the set of the successors of node i; ¢, is the
value of node i.

[10-12] presented a solution to address the pit
limit problem (Fig. 6) by utilizing established effi-
cient algorithms for the min cut problem. Their work
demonstrates that the LG algorithm can be employed
as a network flow algorithm, frequently referred to as
the pseudoflow algorithm. The authors demonstrated
the process of obtaining an ideal network flow using
a succession of normalized trees. The researchers also
conducted an analysis of the runtime of the LG me-
thod and made enhancements using scaling strategies
that differ from those employed in generating push-
back designs. Their findings demonstrate that LG can
be implemented to operate with a time complexity of
O (mn log n), where m represents the number of arcs
and n represents the number of nodes.

Fig. 5. Network view of the open pit mine
(with nodes and edge capacities)

+1 +1 -1 -1
X X, X3 Xy
+2 -1
X5 Xg

Fig. 6. Ultimate pit limit (Bold lines)
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[13] used the Bienstock-Zuckerberg algorithm in
order to improve the Lagrangian relaxation approach
that is used in solving the MIP models of the OPMPS
problem. [14] proposed a combination of maximum
flow and genetic algorithms that try to solve this
problem under uncertainty. First, the final pit limit
was determined by the maximum flow algorithm on
the block model created according to the values ob-
tained from the simulated ore deposits regarding dif-
ferent economic values. Then, the production plan-
ning of the blocks within this limit is obtained by the
genetic algorithm. They applied penalties for the con-
straints that were not satisfied by the maximum flow
algorithm. They shared their results by applying the
proposed model to a copper and a gold mine. Some
researchers have attempted to enhance the resilience
and adaptability of long-term plans by using stochas-
tic methods to address uncertainties in variables such
as ore grades, processing capacities, and market con-
ditions. [15] incorporated geological variability and
grade uncertainty into the production scheduling op-
timization process using conditional simulation and
stochastic integer programming (SIP). [16] offered an
integrated approach to generate schedules under geo-
logical uncertainty for mining complexes with multi-
ple processing and transportation alternatives.

Metaheuristic approaches such as the tabu search,
genetic algorithm, bat algorithm, gray wolf algorithm,
firefly optimization, and particle swarm optimization
are used to solve the OPMPS problem and obtained
results are compared with classical methods in [17-20].

3. Proposed algorithm
for solution time improvement

The proposed method aims to reach the optimum
or near-optimal solutions in a shorter time by narro-
wing the solution space of the problem by strategical-
ly fixing the decision variables of the IP model of the
OPMPS problem. The decision process utilized to fix the
decision variables in this context is based on nested pits
generated by the parametric analysis of the ultimate pit
limit. The conventional approach involves representing
the economic block model of a mineral deposit as a net-
work based on graph theory. Subsequently, this network
is subjected to analysis using maximum flow algorithms
to find the ultimate pit limit, which corresponds to the
production volume that yields the highest income. The
next phase involves subjecting the blocks within the
ultimate pit limit to a maximum flow analysis. This
analysis entails recalculating their economic values
based on the Revenue Adjustment Factor (RAF), resul-
ting in the generation of progressively smaller open pit
boundaries. The aforementioned boundaries are com-
monly referred to as nested pits.
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In the procedure outlined above, the selection of
the RAF involves incrementing it by 0.01, often within
the range of 0.2 to 1, in order to establish an approx-
imate calculation for 80 nested pit limits. Afterward,
the calculation of the quantity of ore and waste ma-
terial, the grade of the valuable mineral, and the eco-
nomic value resulting from the excavation of these
nested pits are performed. Following this computa-
tion, the open pit limits providing the annual pro-
duction capacity are selected to represent the long-
term production plan, and a determination is then
performed to solve the open pit production planning
problem. One significant issue associated with this
method pertains to the considerable changes in the
open pit limits, which are determined based on the
income adjustment factor. Once a certain threshold
is reached, these boundaries undergo rapid changes
in size. As a result, the quantity of material available
between two consecutive limits usually exceeds the
annual production capacity by a significant amount.
In academic literature, this situation is known as the
gap problem. Fig. 8 provides a numerical illustration
of this situation. The histogram depicted in Fig. 7 il-
lustrates that the parametric analysis yields a mini-
mum final pit limit of 18 blocks, whereas the nearest
second-largest quarry contains 3049 blocks. The gap
problem refers to the absence of an appropriate quar-
ry boundary that can be chosen for the initial period
while utilizing the conventional planning method.

This paper proposes a hybrid solution that com-
bines the nested pits methodology with IP as an op-
tion for reducing the aforementioned issues. The aim
of the proposed algorithm is to fix the decision va-
riables of the integer programming (IP) model using
the nested pit limits generated through parametric
analysis. The act of decision variable fixing in the
context of integer programming refers to the prede-
termination of certain decision variables, which ulti-
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mately dictates the production scheduling of open-pit
mining operations within predetermined boundaries.
This approach yields efficient outcomes, reducing the
problem's model complexity. The next section out-
lines the phases of the proposed algorithm.

Algorithm

1. Utilization of Hochbaum's pseudoflow algo-
rithm to determine the limit of the ultimate pit.

» The outermost pit shell in Fig. 8 (all blocks
within the outermost pit limit, obtained by RAF = 1).

» The generation of nested pits by the utilization
of parametric analysis on the blocks located within
the boundaries of the ultimate pit, employing the
RAF (see Fig. 8).

2. Computation of the material quantities within
the nested pits, as well as the identification of
potential pit shells that can fulfill the intended annual
production capacity (see Fig. 8).

* The innermost pit limit is the candidate pit
shell for the first period. (Orange blocks, obtained by
RAF =0.2). The second pit limit is the candidate pit
shell for the second period. (Green blocks, obtained
by RAF = 0.4).

3.1In each time period, the decision variables of
the blocks located beyond the limits of the nested
pit that have been identified as candidates for that
specific period are fixed (Figs. 9, 10).

e For example, for T'=4 periods, the x, variables
of the gray blocks are fixed at 0, because the orange
blocks represent the candidate pit shell for the 15t pe-
riod and yield the highest income with a sufficient
amount of ore within themselves (Fig. 9). Another
example can be seen in Fig. 10. x,, variables of gray
blocks are fixed at 0, so blocks that will be excavat-
ed during the second period of production will be
searched within the green limit because there is suf-
ficient ore for the processing capacity and they yield
the highest income.

25 3500
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151 1803 -2000 &
® A c
10- 1306 1373 1266 F1500 3
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Number of Blocks

Fig. 7. The Gap Problem is illustrated by the distribution of blocks within nested pit shells

/79


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHBLIE HAYKU U TEXHOJNO0INMA
2024;9(2):74-84

4. A different strategy is implemented to fix var-
iables in the context of ore abundance within a can-
didate shell over a certain time period. In this proce-
dure, if there is an excess amount of ore within the
shell, the decision variables of the blocks within that
shell are fixed at 1, as those blocks are expected to be
excavated in subsequent periods i.e. x,; variables asso-
ciated with pink blocks in Fig. 11 are fixed as 1 imply-
ing that they are expected to be excavated at the end
of T=5).
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5. The final process for fixing variables is imple-
mented as follows: if the amount of ore in a candidate
shell is less than the ore production capacity, the de-
cision variable for all blocks within that shell is fixed
at 1 since these blocks can be excavated within that
time frame. (Blue blocks in Fig. 11).

6. Solving the problem with reduced size, which is
obtained by fixing the decision variables.

The block models in Table 1 were obtained from
MineLib, a widely used dataset in the mining industry.

Fig. 8. 2D section of example nested pits (with candidate pit shells for periods)

Fixed blocks

15t period

Fig. 9. Example of variable fixing for 15 period

Fixed blocks

2 period

Fig. 10. Example of variable fixing for 2" period

Fig. 11. Variable fixing in the context of ore abundance (pink blocks) and inadequacy of ore (blue blocks)
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4. Numerical results obtained
by suggested method

The proposed methodology for reducing the
solution time of the OPMPS problem is implemented
on six different block models obtained from MineLib.
MineLib is comprised of various example block models
utilized to demonstrate the performance of various
algorithms proposed for the solution of the OPMPS
problem. The results are given in the following
fashion: First, the block models were tried to be solved
without any decision variable fixing, and results were
tried to be obtained. After that, the proposed method
is applied to the same block model, and improvements
in solution times are investigated. The GUROBI solver
is used for solving the IP models. Optimality gap
relaxation is set to %1, and the upper bound for the
operating time is set to 36,000 seconds. The GUROBI
solver is using the Barrier Method to designate the
upper bound of the LP relaxation. Table 2 depicts the
numerical results of the suggested method and its
comparison with the standard IP model. The acronym
“Nstl” denotes the absence of a solution within the
designated time limit, whereas “memory” refers to
the situation when the computational technique for
solving the model surpasses the computer's available
memory capacity. “%inf” indicates that the decrease
in solution time could not be measured because the
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standard TP model was unable to solve the problem
within the given time limit or exceeded the RAM
capacity of the PC.

As can be seen from Table 2. By applying the sug-
gested technique to various block models, we were
able to observe significant improvements in the du-
ration of the solution time. This demonstrates the ef-
fectiveness and practicality of the proposed method
in real-world scenarios. In the mean time, some of the
problems that can not be solved with the general IP
model have been solved with the proposed method
which depicts the efficiacy of the suggested method.
By means of NPV of the solution, there are some de-
crease on the NPV amount which is a drawback of the
suggested methodology. This situation arises due to
the limitation of solution alternatives with nested pit
boundaries. The decline in net present value (NPV)
may be deemed acceptable in the context of solving
complex block models of significant scale that are
infeasible to solve. An additional limitation of the
proposed algorithm is its reliance on the existence
of constraints concerning the capacity of ore produc-
tion. The solutions derived from this methodology
may turn out to be unfeasible when there are con-
straints on the total production capacity. To address
this limitation, one potential solution is to incorpo-
rate relaxation techniques into the Integer Program-

Table 1
Block model specifications
—_ # Binary : Discount -
ID # of blocks | # of blocks within UPL Variables Ore capacity Rate Periods T
zuck_small 9,400 8,752 122,528 20M 10% 14
kd 14,153 13,258 132,580 10M 10% 10
zuck_medium 29,277 29,230 263,880 SM 10% 9
marvin 53,271 5,324 69,212 20M 10% 13
zuck_large 96,821 96,821 968,210 M 10% 10
mclaughlin 2,140,342 112,687 1,126,687 3.5M 10% 10
Table 2
Numerical Results
Solution time NPV Optimali Solution Time NPV Optimali Decrease
ID of standard ILP | of standard p Ga Y| of the suggested | of suggested p Ga Y| in solution

model (sec) ILP model p algorithm algorithm p time
zuck_small 2,688 827.4M 1.79% 110 815.2M 0.60% -95%
kd 2,806 413.2M 0.15% 177 405.7M 0.98% -93%
zuck_medium 23,110 721.3M 1.7% 428 706.3M 0.88% -98%
marvin 1,471 799.5M 0.98% 71 798.3M 0.96% -95%
zuck_large Nstl Nstl Nstl 2,221 76.9M 0.08% %inf
mclaughlin Memory Memory Memory 3,332 1,031.2M 0.16% %inf
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ming (IP) model. This would allow for the inclusion of
total production capacity limitations within the ob-
jective function through the utilization of Lagrange
Multipliers. Additionally, it is possible to use various
heuristic approaches to ensure compliance with the
limitations on total production capacity following
the resolution of the integer programming (IP) model
using the suggested strategy.

The graphical results of the Marvin block model
are displayed in Fig. 12, with the intention of enabling
a comparison between the suggested methodology
and the traditional IP model. It is apparent that simi-
lar results can be attained within a shorter timeframe
through variable fixing. The outcomes of the pro-
posed algorithm are additionally compared with the
results achieved by the modified TopoSort algorithm
in [11] and the Bienstock & Zuckerberg algorithm
in [21] as illustrated in Table 3. The TopoSort findings
are the most optimal and feasible known outcomes of
the relevant block models. The algorithm proposed by
Bienstock and Zuckerberg yields a better net present
value (NPV); nonetheless, these results are deemed
infeasible.

Based on the findings shown in Table 3, the
proposed methodology demonstrates notable effi-
cacy in addressing the OPMPS problem while also
exhibiting the potential to enhance the maximum
achievable NPV for certain block models, as repor-
ted in MineLib [22].
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Table 3
NPV comparison of the suggested algorithm
with related studies

Block Model | Toposort | emsiodk & | Sugseted
mclaughlin 1073,3M 1079,0M 1031,2M
marvin 820,7M 863,4M 798,3M
zuck_medium | 615,4M 710,6M 706,3M
kd 396,8M 409,4M 405,7M
zuck_small 788,6M 854,2M 815,2M

Conclusion and future study suggestions

Open-pit mining plays an essential part in the
socio-economic progress of nations and the advance-
ment of technology, as it provides the extraction of
valuable minerals that serve as the building blocks of
these advancements. The achievement of cost-effec-
tive mining operations necessitates the implemen-
tation of a strategic planning approach. Within this
particular context, many researchers have proposed
alternative approaches to address the issue of open
pit mining production scheduling. The primary aim
of this scheduling procedure is to maximize the net
present value. The methods represented in this field
consist of maximum flow algorithms, linear program-
ming, integer programming, dynamic programming,
metaheuristic methods, and simulation techniques.
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Fig. 12. Example comparison of scheduling results of Marvin block model (conventional IP result (top),
IP result with fixed variables (bottom))
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While these strategies have proven to be successful in
addressing small or medium-sized ore deposits, their
efficacy and efficiency are limited when it comes to
handling larger mineral deposits. This paper presents
a recommended alternative approach aimed at over-
coming the challenges associated with the implemen-
tation of existing approaches in the context of large
mineral resources. Traditionally, the OPMPS problem
has been solved by manually picking those that meet
the annual production capacity from the nested open
pit boundaries generated from the mineral deposit’s
parametric analysis. The objective of this study is to
decrease the problem size by constraining some de-
cision variables of the integer programming model
using limits derived from conventional approaches.
This approach aims to address the challenges associa-
ted with resolving block models of mineral deposits
that are either unsolvable or require excessive time
to resolve within a limited timeframe. The efficacy of
the suggested method has been demonstrated through
its application to sample block models in the existing
literature. The acquired findings demonstrate that the
suggested method not only significantly reduces the
solution time by up to 95% but also enables the solving
of models that were previously unsolvable due to limi-
ted computational resources. Although the decrease in
NPV for some models may appear to be a drawback of
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this method, it is a significant contribution to the mi-
ning industry that various production plan alterna-
tives can be examined in a short period of time based
on varying mining capacities and ore sales prices.

Future research possibilities include the incorpo-
ration of parameters such as ore grade, vertical rate of
advance, and minimum mining width, which should
be considered during mining operations, into the
planning procedure. The incorporation of operational
factors, such as the minimum mining width, can be
achieved by integrating them as relevant constraints
inside the parametric analysis phase of the proposed
method. By using this approach, candidate shells for
the periods would meet the given constraints prior to
solving the integer programming (IP) model. In ad-
dition, further research could explore the effects of
techniques employed to meet the constraints of total
production capacity. Furthermore, it is worth consi-
dering the inclusion of metaheuristic approaches as
potential avenues for future research. These methods,
although challenging to develop a viable production
plan initially, can be explored in subsequent studies
where the initial results obtained from the proposed
method are utilized and the net present value (NPV)
is enhanced through the application of various meta-
heuristic techniques such as simulated annealing,
tabu search, and ant colony optimization.

10.

11.
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Abstract

At many quarries for the extraction of building stone there is a problem of increased output of fines after
all stages of crushing and grinding, which leads to a decrease in the economic performance of mining
enterprises. The fine fraction is formed by the crushing/grinding of prefractured rock mass. Reducing the
intensity and size of the prefracture zones will lead to a solution to the problem at hand. To determine
the effect of explosive detonation properties on the degree of structural weakening of a rock mass, studies
were conducted to measure the detonation velocity, stresses generated by a blast in the rock mass, as well
as laboratory studies of microfracturing by X-ray computer microtomography. The size of the prefracture
zones increases from 33 to 77 charge radii with increasing the detonation velocity from 2 to 5.2 km/s.
The dependence of the number of microdefects (microfractures) generated by a blast on the velocity of
explosive detonation takes the form of an exponent for the near zone and is linear for the distances far
from the blast. According to the data of the experiments conducted at short distances (10R), the density
of induced microfracturing N is within =5 thousand pcs/cm?, and with increasing the detonation velocity
it increases to ~13.8 thousand pcs/cm?®. At medium (40R) and long (70R) distances, N increases from =750
to 2,400 pcs/cm?® and from 0 to =200 pcs/cm?, respectively. Using explosives with a reduced detonation
velocity allows reducing the “surplus” impact on a rock mass and thus reducing the intensity of prefracture
in the zone of controlled crushing during a blast. The study allowed obtaining quantitative parameters of
the intensity and size of the prefracture zones, which compose the supplement to findings of historical
studies on qualitative determination of prefracture.

Keywords
prefracture, crushing to rubble, blast stresses, microfracture, fracture density, detonation velocity, fines yields
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PA3PABOTKA MECTOPOXXOEHWUN NOJIE3HbIX UCKOMAEMBbIX
Hay4Hasa cTaTbs

BnusiHMe CKOPOCTU e TOHALUM B3PbIBUYATbIX BelLeCTB
Ha cTeneHb NpeApa3pyLIeHUs ropHoi NopoAabl NpU B3pbiBe

C.B. XoxnoB , J0./. BuHOorpamos , B.A. MakkoeB <, 3.A. AGueB
Cankm-ITemepOypzckuii 20pHblli yHuepcumem umnepampuust Examepunst I, 2. Cankm-Ilemep6ype, Poccuiickas ®edepayus
< s215079@stud.spmi.ru

AHHOTauus

Ha mHorux Kapbepax 110 LLOGBI‘IG CTPOUTEJIbHOI'O KaMHS MMPUCYTCTBYET np06nema IIOBBIIIEHHOTI'O BbIXOOa
OTCeBa I10oCJIe BCexX CTEUZU/IIZ ,E[pOGHeHI/IH n M3meJsibueHMsd, KOTopasd IIpMBOAUT K CHUMXKEHUIO 5KOHOMMUYECKOM
3¢ deKkTMBHOCTM rOpHBIX MpeAnpusaTuii. Menkast hpakius 06pas3yeTcs: BOUIeICTBUE U3MeTbUeHUS pepas-
PYLIEHHOVM TOPHOI MacChl. YMeHblIeHNe MHTEHCUBHOCTM U pasMepoB 30H IpenpaspylleHus [puBeneT
K pelieHn1o IIOCTaBJIEHHO HpO6J’IEMbI. ,H,JIH orpeneseHnsa BAUAHNSA 1€TOHAaIMOHHbIX CBOJICTB B3PbIBUATLIX
BEIIECTB HA BEIMUYMHY CTPYKTYPHOI'O OC/IabIeHNsT MacCuBa, ObIIM ITPOBEOEHbI MUCCIETOBAHMUS 110 U3Mepe-
HUIO CKOPOCTM eTOHAIIMY, HAMIPSKeHWH, BO3HUKAIOUIMX TIPY B3PbIBE B MAacCUBe U JIabopaTOpHbBIE MCCIIe-
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JIIOBaHMS MUKPOTPEIIVMHOBATOCTM METOJJOM PEHTTE€HOBCKO KOMITbIOTEPHOI MUKpOoTOMOrpaduu. Pazmepbl
30H IpeapaspylIeHNst ¢ POCTOM CKOPOCTH HeTOHAIUM C 2 10 5,2 KM/C YBeIMUMBAIOTCS € 33 10 77 paanycoB
3apsiaa. 3aBUCYMOCTb KOIMYECTBA BHOBb 00Pa30BaHHbBIX B3PbIBOM MUKPOAe(EKTOB OT CKOPOCTU IeTOHA-
LMY B3PbIBUATHIX BemlecTB (BB) mpuHMMaeT BUA, 9KCITOHEHTHI 1J1sI OVDKHE 30HbI U JIMHEIHA /I JATbHUX
OT B3PbIBA PACCTOSTHMIA. I10 TAaHHBIM ITPOBEIEHHBIX SKCIIEPUMEHTOB, Ha OMKHMUX paccTossHusX (10R) ruroT-
HOCTb HaBeJEHHO MUKPOTpeuMHOBaTOCTU N HaXOOUTCS B Ipejenax =5 ThIC. IT/CM3, a C pPOCTOM CKOPOCTU
IeTOHALMM yBeInuuBaeTcs 1o ~13,8 Toic. mt/cm’. Ha cpemunx (40R) u ganpHux (70R) pacCTOSSHMSIX 3HaUe-
uue N pacreT ¢ =750 mo 2400 mt/cm3 u ¢ 0 mo ~200 1mrT/cm3 cooTBeTcTBeHHO. [IpuMeHsist BB ¢ moHMskeHHOI
CKOPOCTBIO IeTOHALMM, MOXKHO CHU3UTD «U3JIUIIHee» BO3ENCTBYE HAa MaCcCUB M T€M CaMbIM YMEHbIIUTD
MHTEHCUBHOCTD ITpeipa3pylieHus B 30He PeTyInpyeMoro ApobieHus Mpyu B3pbiBe. B pesynbraTe uccieno-
BaHMS MOJIyYeHbl KOJMYECTBEHHbIE IMapaMeTpbl MHTEHCUMBHOCTM M pa3MepoB 30H IpeApaspylLieHus], YTO

elSSN 2500-0632

https://mst.misis.ru/

Khokhlov S. V. et al. Effect of explosive detonation velocity on the degree of rock pre-fracturing during blasting...

SIBJISIETCSI OTIOJTHEHMEM IIPeIIIeCTBYIIMX paboT M0 KaueCTBeHHOMY OIpefie/IeHUIO TIpeApa3pyIeH sl

KnioueBble cnoea

npeApaspylieHne, 1pobiaeHne Ha 1e6eHb, HANPSKEHUS TIPY B3pbIBe, MUKPOTPEIINHA, TVIOTHOCTb TPELIVH,

CKOPOCTb AETOHALIVM, BBIXO, MeJIOUM

Ana uuTupoBaHus

Khokhlov S.V., Vinogradov Yu.I., Makkoev V.A., Abiyev Z.A. Effect of explosive detonation velocity on the
degree of rock pre-fracturing during blasting. Mining Science and Technology (Russia). 2024;9(3):85-96.

https://doi.org/10.17073/2500-0632-2023-11-177

Introduction

The non-metallic materials production segment
in the Russian market is an integral part of the mining
industry. Crushed stone is the most widely used prod-
uct of mining and processing of non-metallic building
materials, which is used for road construction, pro-
duction of reinforced concrete, ready-mix concrete,
laying and repair of railroad tracks, etc.

In recent years, the volume of crushed stone pro-
duction reached 22 million m3/year [1, 2]. The eco-
nomic performance of mining enterprises for the pro-
duction of crushed stone products directly depends
on the volume of quality fractions of crushed stone
produced, which is related to the issue of the product
quality [3-5].

The problem of increased yield of substand-
ard fines when crushing blasted rock mass exists in
crushed stone production at present time [6]. Up to
30% of the final product volume is lost as fines that
leads to a decrease in the volume of quality fractions
and unsustainable environmental management [7],
which is reflected in the growth of areas of fines
dumps [8-10].

When material is crushed in crushers, fines is
formed during processing of rock mass prefractured
by blast [11], since structurally weakened fragments
with increased density of microfractures have reduced
strength characteristics and tend to crumble into
small pieces under relatively small impacts [12, 13].

Changing the detonation characteristics of ex-
plosives has a direct effect on the size of the zones
and the degree of prefracture. The results of historical
tests [14] show that increasing velocity of explosive
detonation results in increasing the prefracture zone,
in which elastic and strength characteristics of rock
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mass properties change with distance from an explo-
sive charge.

Assuming that prefracture is the accumulation of
microdefects in a medium, applying the approach to
the determination of fracturing and microfracturing
based on the multistage fracturing model [15] leads
to the need to study the quantitative parameters of
microfracturing as a function of detonation velocity.

The purpose of the work is to determine the de-
pendence of the quantitative index of microfracture
density on the velocity of detonation of an explosive,
which affects the magnitude of stresses occurring in a
rock during a blast. An appropriate methodology for
establishing this dependence is proposed. The study
is necessary to quantify the prefracture parameters
and the size of a structural weakening zone.

1. Theoretical treatment

During blast crushing of hard rocks, a zone of
wave prefracture is formed [16], within which in-
duced microfracturing increases. The accumulation
of microdefects in the volume of both the rock mass
and a separately considered piece of the rock mass
after the blast leads to structural weakening of the
rock and decreasing its strength [11, 12]. A prefrac-
ture zone is predominantly developed in hard rocks
that adversely affects the economic performance of
building stone mining.

Considering the structural weakening of the
strength of a rock mass or individual pieces of a rock
mass at different distances from a blast, it is necessary
to use the multistage model of solid body fracture as
a basic model of rock fracture. In accordance with
this model, each newly formed defect in a rock mass
is predetermined by the presence of smaller defects.
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In accordance with this model, each newly formed
defect in a rock mass is predetermined by the pre-
sence of smaller defects. At the first stage, a process
of random quasi-uniform accumulation of first-order
defects occurs. It is worth noting that a rock mass,
regardless of its structural characteristics, is always
an anisotropic medium [17]. The inhomogeneity of
a medium, as well as the local differences in the in-
ternal loads in a rock mass, leads to the formation
of areas of high concentration of first-order defects
at the second stage. At the final phase of the stage,
when the concentration of first-order defects exceeds
a critical threshold level, fusion of the defects (frac-
tures) occurs, which leads to the formation of sec-
ond-order defects [15]. Accumulation of defects oc-
curs until the moment of rupture — separation of the
fragment under study into two or more pieces.

The structural weakening zone is limited to the
region of blast-induced microfractures [18]. And the
induction of these microfractures (wave prefracture)
depends on the magnitude of stresses occurring in
arock [19].

Rock rupture mainly depends on the energy of
stress waves [20] propagating in a medium [21, 22].
One of the most important wave characteristics af-
fecting the magnitude of stress is a blast pulse, which
predetermines all subsequent stages of the blast de-
velopment: rock deformation, rock crushing, and rock
mass movement. The influence of a blast pulse on the
character of rupture is considered in [23, 24].

The findings of historical studies with the blast
of the reference explosive Ammonite No. 6ZhV [25]
showed that the dependence of the velocity of a rock
mass displacement at different distances during the
blast on the relative distance has the form of a po-
wer function (Fig. 1). It should be noted that the stu-
dies covered the conditions of Olenegorsk ferruginous
quartzite open pit.
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The concept of prefracture refers not only to the
part of a rock mass behind the controlled crushing
zone, but also to individual rock fragments in the
crushing zone after a blast. This is important be-
cause these pieces have blast-induced microfractu-
ring, which contributes to structural weakening of the
strength of these pieces, and as a result, the yield of
substandard fractions when crushing the blasted rock
mass into crushed stone increases.

The determination of a rock mass structural
weakening magnitude dependence on the stresses
caused by a blast will make it possible to determine
the size of the prefracture zone and the intensity of
fracturing.

2. Research techniques

In determining the parameters of rock prefrac-
ture, the method of full-scale experiment was used
to determine the stresses generated in a rock during
a blast and to measure the detonation velocity of ex-
plosives. A laboratory study method was used to in-
vestigate the nature of microfracture formation. The
methods of statistical data processing and analysis
were applied to determine the size of the prefracture
zones, as well as for data processing and interpreta-
tion [26] and comparison of the study results.

2.1. Stress measurement

The measurement of stresses in a rock, arising
during a blast at different distances from the charge,
in order to obtain the information about the nature of
wave processes during blasting was carried out by an
indirect method, by means of performing experimen-
tal blasts with recording acceleration of displacement
of rock mass particles by measuring transducers. The
measurements of accelerations were carried out ac-
cording to the known method [27-29] with blasting
of Ammonite No. 6ZhV, Granulite R, and Emulsolite
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Fig. 1. Graph of rock mass displacement velocity as a function of relative distance [compiled by the authors]
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A-20 explosive charges with recording of readings of
rock mass particle displacement accelerations at three
relative distances from the blast — 10, 40, and 70 radii
of the charge.

The study was carried out at a limestone quar-
ry. A schematic of the hole locations for each blast is
shown in Fig. 2. Orange indicates a blast hole, blue in-
dicates measurement holes for sensor placement. The
given arrangement of holes ensures the accuracy of
measurements due to the absence of additional media
interfaces between a blast hole and each of the sensors.

Each accelerometer was fixed at the level of the
center of an explosive charge. The sensors were fixed
in the holes with alabaster with drilling fines added
to create an environment as close as possible to the
rock mass.

The conversion of accelerations to stresses was
accomplished by integrating acceleration values into
velocity values. A velocity is taken into account when
calculating sound pressure or stress. The sound pres-
sure is represented as the difference between the in-
stantaneous pressure in the wave propagation path
and the static pressure proper. The stress wave at
each point in the wave field propagates similarly to
the particles displacement velocity at the same point.
The coupling parameter between pressure and dis-
placement velocity is wave impedance of the medium
or its acoustic impedance [30]. The above parameters
are related to each other by a relationship:

g =pC,
where P - sound pressure, Pa (MPa); U — cparticle dis-
placement velocity, m/s; pC — acoustic impedance.

The relationship between the stresses occurring
in a rock and the displacement velocity under the
influence of a seismic explosion wave is established
using the method of conversion of the mass veloci-

@
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ty data into the parameters of the resulting stresses
through the calculation of the stress in the rock using
the following formula:

c, =p,C,U

p-x? (2)
where o, — stresses arising in a rock (pressure of a seis-
mic blast wave), MPa; p, — material density, kg/m?;
C, - longitudinal wave propagation velocity in a rock
mass, m/s; U, —rock displacement velocity within the

measured limits, m/s.

2.2. Detonation velocity measurement

In the field experiments, the detonation veloci-
ty at each blast was measured by MREL equipment,
namely the DataTrap II VoD Recorder. The measure-
ments were carried out using the resistive method, in
which the instrument measures and records the va-
lue of the electrical resistance of a special probe cable
that decreases as the detonation wave propagates in
a charge. The measurement cable is a special coaxial
cable with a center conductor and shielding. The cable
is placed along the entire length of a blasthole before
charging begins. It is mandatory that the cable is in
tension when charging an explosive to avoid unreli-
able results.

Line resistance values are recorded at a frequency
of 2.5 MHz. With the known intrinsic resistance of the
measuring cable 10.8 Ohm/m, the standard software
builds a graph of dependence of distance, m, on time,
ms. An example of the graph is shown in Fig. 3.

The detonation velocity is determined by the fol-
lowing formula:

Al
D=", 3
AL )

where D is detonation velocity, m/s; Al is the distance
between the ends of the mean measurement line on
the graph, m; At is the difference in the time values
corresponding to the taken distance values, s.

Fig. 2. Hole location scheme [compiled by the authors]
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The resistive method of measuring the detona-
tion velocity of explosives can be used to measure
the velocity of propagation of detonation waves in
explosives if the magnitude of the shock pulse act-
ing on the cable is greater than the quadratic value
of the dynamic viscosity coefficient of the material
of the inner insulating sheath of the measuring ca-
ble [31]. This condition is met if the cable is properly
positioned along the length of the explosive charge
column.

2.3. Determination of the size of prefracture zones
and the degree of microfracturing

After drilling of technological and blasting holes
in accordance with the methodology, drilling of geo-
technical holes was carried out with sampling (coring)
of rock mass [32] before and after blasting. Pre- and
post-blast sampling was conducted from holes loca-
ted at relative distances of 40 and 70 charge radii, as
well as at intermediate distances. The recovered sam-
ples (specimens) were delivered to laboratories for
further laboratory testing.

The method of acoustic emission (AE) analysis
was used to determine the pressure (stress) in a rock
required to initiate the accumulation stage — microf-
racture formation. The AE method provides recording
time with minimal delay [33], which contributes to
obtaining reliable data on the onset of microfracture
formation. The approach has performed well not only
in static testing [34, 35] but also in sample dynamic
loading testing [36, 37].

In the process of stress rupture of rock samples,
the distinctive feature is the rupture stadiality [38].

0.60
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In a rock, being a heterogeneous material, the regu-
larity of stage change is due to the progression of the
defect level according to the multistage rupture con-
cept [39]. Researchers [38, 40] distinguish 4 stages of
sample strain: I — initial, at which some of the exis-
ting defects are closed; II — stage of linear strains, at
which the "collapsed" defects are reopened and new
first-order defects are formed; III - stage of elasto-
plastic strains, at which the process of formation
of first-order defects (microfractures) is intensified
and the formation of second-order defects begins;
IV — prefracture stage, which is caused by the accu-
mulation of macrofractures and precedes the sample
rupture [40].

In the above description, the prefracture stage
is different from the concept of prefracture in our
study, as it is defined in terms of the beginning of
imminent sample rupture. In our study, on the other
hand, prefractured rock is considered as structurally
weakened rock.

In rocks such as marble, limestone, and granite,
emission activity, indicating the beginning of the pro-
cess of microfracture formation, appears at a pressure
of 15-38% of the uniaxial compressive strength of the
rock [40]. Closely spaced values were given by other
authors [41], which demonstrated a value of about
25-30% of the uniaxial compressive strength. The
change in the state of a sample in accordance with the
decrease in the longitudinal wave velocity begins at
stresses of 10—15 MPa [42].

We assume a minimum value of 15% of the
rupture pressure for the onset of microfracture
formation.
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Q .
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Fig. 3. Graph of distance versus time dependence when measuring detonation velocity [compiled by the authors]
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Fig. 4. Graph of stress as a function of distance [compiled by the authors]

While the qualitative determination of the pre-
sence of microfractures is necessary to determine the
size of the wave prefracture zone, the quantitative pa-
rameter is required to justify the degree of prefrac-
ture, which is determined by the intensity of fractu-
ring, which is the concentration of microfractures per
a certain volume (cm3).

The X-ray computed microtomography me-
thod [43] was applied to obtain quantitative cha-
racterizations of the sample microfracturing. The
reconstruction of binary models of X-ray images
allowed the calculation of microfractures per the
material volume [44]. SkyScan 1173 tomograph was
used for this study and the data were processed using
a specialized software.

X-ray computer microtomography data are pre-
sented as a set of cross-sections for each sample. The
material was taken from the entire sample volume at
a layer thickness increment of 20 um. Since the resol-
ving power of the equipment allows to determine mi-
crofractures with a minimum length of 50 ym, and the
average limestone grain size is about 0.2 mm [45, 46],
the number of intergranular and transgranular mi-
crofractures only was taken into account. The con-
centration of fractures was determined through their
density — the number of visible microfractures per
unit of area, after which a conversion to fracture den-
sity was performed (the number of fractures per unit
volume (pcs/cm?)).

3. Findings

When explosive charges were detonated, the ac-
celerations of rock mass displacement at different
distances and the detonation velocity at each blast
were measured. The average detonation velocities
for Granulite, Ammonite, and Emulsolite were 2,000,
4,330, and 5,215 m/s, respectively.

To calculate the stresses, the following param-
eters were taken into account: p, — material density,

90

kg/m?; C, - longitudinal wave propagation velocity
in the rock mass, m/s; U, - rock displacement veloci-
ty within the measured limits [30]. The displacement
velocity of rock mass particles was calculated taking
into account the stress wave front rise time as a func-
tion of the distance.

As shown in Fig. 4, the dependence of blast-in-
duced stresses in a rock on the relative distance, de-
noted by the value of the radius of an explosive charge,
takes the form of a power function. Vertical lines on
the graph indicate the boundaries of microfracture
formation zones (prefracture zones), which are in the
range from 33 (for Granulite) to 77 (for Emulsolite)
charge radii. These limits were determined based on
the stress values (stress wave pressure) presented in
the graph, in accordance with the rock uniaxial com-
pressive strength of 95 MPa. The maximum recorded
stress at 10 charge radii is 515 MPa and the minimum
one at 70 charge radii is 0.4 MPa.

The dependence of the acceleration pulse rise
time on the distance is shown in Fig. 5.
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Fig. 5. Graph of acceleration pulse rise time
as a function of distance [compiled by the authors]
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Samples recovered before and after a blast were
scanned to obtain a volumetric model and subse-
quently calculate fracture densities. The results of the
binary models reconstruction for the sample X-ray
images are presented in Fig. 6.

The method of calculation of microfracture densi-
ty allowed determining the difference of their density
before and after a blast. Fig. 7 shows an example of pro-
cessing (quantification of microfracture density data).

According to the experiment data before the blast,
the average fracture density was 1,678 pcs/cm?. The
present value was taken as relative zero. The depen-
dence of the microfracture density N on the stresses
o occurring in a rock is shown in Fig. 8 and is deter-
mined by the following expression:

N =35.3895-195.49. @)

Based on the data obtained, we plotted the densi-
ty of microfractures caused by the blast as a function
of detonation velocity in limestone rock for various
relative distances (Figs. 9-11).
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4. Discussion

The obtained dependences are presented based
on the parameters of blasts of Ammonite No. 6ZhV,
Granulite RP and Emulsolite A-20 for limestone type
rock with uniaxial compressive strength of 95 MPa.
The different types of explosives with detonation ve-
locities differing by at least 20% were used to allow an
objective comparison of the results obtained.

The dependence of stresses in the rock caused by
a blast on the relative distance for each type of ex-
plosives has the form of a power function that agrees
with the data obtained earlier by other authors. The
boundary of the prefracture zone in case of the blast
of Emulsolite is at 77 radii of the charge from the blast
hole and decreases to 33 radii for the blast of Granu-
lite. This confirms the fact of the influence of an ex-
plosive detonation velocity on the size of prefracture
zones. Beyond these boundaries, no blast-induced
microfracturing is observed, as evidenced by the labo-
ratory study on determining microfracture densities

Fig. 6. Sample volumetric model [compiled by the authors]

Fig. 7. Microfractures in a sample recovered after
a blast at a relative distance of 40R (marked in blue)
[compiled by the authors]
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R?=0.9889

Microfracture density N
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Fig. 8. Graph of the number of fractures in the rock
as a function of stress [compiled by the authors]
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Fig. 11. Graph of the number of fractures
as a function of detonation velocity at 70R
[compiled by the authors]
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at different distances. This allows qualitative deter-
mination of prefracture in the limestone rock mass,
but most of the study is devoted to quantifying the
density of microfractures within the rupture and pre-
fracture zones.

At short distances (10 charge radii), the functions
of the dependence of stresses and fracture density on
the velocity of explosive detonation have an exponen-
tial form, while at medium and long distances (40 and
70 radii), the dependence is linear. This may indicate
that the velocity of explosive detonation has the grea-
test effect on rock prefracture predominantly at short
distances. At the same time, the stress pulse rise time
increases with increasing the distance. A high-ampli-
tude stress pulse of short duration favors over-cru-
shing of the rock at close distances, but with increa-
sing distance from the blast the stress wave flattens
out, leading to better crushing in terms of building
stone extraction.

Determination of a quantitative indicator of rock
microfracturing is necessary to calculate the degree
of wave prefracture of both the whole rock mass and
individual pieces after a blast. Undoubtedly, the ac-
cumulation of microdefects is stochastic in nature,
but an increase in the density of microfractures in the
entire volume of the samples was established. The
obtained dependence of the microfracture density on
the blast-induced stresses arising in a rock has a line-
ar form. In [47-50], it was determined that the magni-
tude of blast stresses affects the degree of structural
weakening of the fragment under consideration that
is explained by an increase in fracture density. But in
the above studies the authors did not consider quan-
titative indicators of fracturing, and thus the results
of the present study are an addition to the previous
studies findings.

Natural microfracturing also affects the strength
properties of a rock [51], but in this paper, wave rock
prefracture by blasting was considered. The density of
natural microfractures was considered as relative zero
because the existing microdefects in the rock before
a blast affect the stress wave parameters in the rock,
and these parameters were actually measured.

Conclusion

When mining hard rock for crushed stone,
blast-induced microfracturing has an adverse impact
on the quality of the final product.

The results of the experimental studies to de-
termine the qualitative and quantitative parameters
of rock prefracture during blast are presented. For
instance, when the velocity of explosive detonation
increases from 2 to 5.2 kmy/s, the prefracture zone in-
creases from 33 to 77 charge radii. The dependence of


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(2):85-96

the number of microdefects (microfractures) genera-
ted by a blast on the velocity of explosive detonation
takes the form of an exponent for the near zone and
is linear for distances far from the blast. According to
the data of the experiments conducted at short dis-
tances (10R), the density of induced microfracturing
N is within =5 thousand pcs/cm3, and with increasing
detonation velocity it increases to =13.8 thousand
pcs/cm®. At medium (40R) and long (70R) distances,
N increases from =750 to ~2400 pcs/cm® and from O to
~200 pcs/cm3, respectively.

It was established that the greatest influence on
the shape and duration of the blast pulse is exerted by
the velocity of explosive detonation. As the detona-
tion velocity decreases, the peak pressure of the head
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part of the pulse decreases, and the duration of its rise
increases, while a low-amplitude pulse of long dura-
tion contributes to better crushing of a rock mass with
the least effect of prefracture.

Using explosives with a reduced detonation ve-
locity allows reducing the “surplus” impact on a rock
mass and thus reducing the intensity of prefracture
in the zone of controlled crushing during a blast. This
is because the individual pieces will be weakened to
a lesser extent after a blast and as a result, the yield
of undersize when crushing rock into crushed stone
will be reduced.

Further consideration of other ways of influen-
cing the degree of structural weakening of a rock
within the rupture zone is planned.
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Abstract

Block stone excavation is a key aspect of the building materials industry, important for providing construction
with durable materials and when giving aesthetic solutions to various structures and design elements.
However, when excavating stone (using drilling and blasting), it is necessary to maintain its integrity for
further processing and use. The conditions required for applying the method of blasting separation (split off)
of stone blocks from hard rock mass were considered, which is important for improving the quality of blasted
stone blocks. The rational parameters of stone block blasting with Granilen elastic tubular charges (Granilen
ETCs) are presented. An approach to the preliminary assessment of stone block fracturing zone under various
explosive loading regimes was determined. The relationship between the consumption of explosives and
fracturing of stone blocks at possible blasthole spacing was considered. The mechanism of creating an
extended rupture plane in a rock mass was studied. The decisive role of stress waves in the formation of an
extended main rupture along the line of blasthole charges was established. It was shown that it is possible
to localize the zone of induced fracturing by regulating the conditions for the interaction of stress waves.
The results of numerical modeling of stress fields at blasting a single charge and a two-charge Granilen
ETC system are presented, which made it possible to assess zones of induced fracturing and the conditions
for the formation of a main rupture. Blasting effectiveness increases significantly due to the orientation
of the expected stone block separation line parallel to the plane of the best rupture, taking into account
the anisotropy of the physical and mechanical properties of granites. The study confirms the feasibility of
increasing the yield of commodity blocks when selecting rational blasting parameters.

Keywords
block rock mass, drilling and blasting parameters, directed flow, charge design, blast pulse, blast product
pressure, stress diagrams, dynamic strength limit, roughness, induced fracturing
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PA3PABOTKA MECTOPOXXOEHWUN NOJIE3HbIX UCKOMAEMBbIX
Hay4Has cTaTbs

TeopeTnyeckue acneKTbl TEXHOJIOrMU B3PbIBHOW OTOOMKM 6/1I04HOr0 KaMHS

B.H. KoBaneBckuii , A.B. MbicuH , B./. CymikoBa =Y
Cankm-ITemepO6ypeckuli 2opHslii yHusepcumem umnepampuyst Examepunst I, 2. Cankm-ITemep6ype, Poccutickas @edepayus
D s235054@stud.spmi.ru

AHHOTaUuA

Io6brya 6IIOYHOTO KaMHSI SIBJISIETCS] KITFOYEBBIM aCIIEKTOM MHIYCTPUU CTPOUTETbHBIX MaTePUaIOB, BaXKHbIM
IIs1 06ecIieyeHst CTPOUTEIbCTBA IIPOYHBIMY MaTepuajaMy U Py MPUAAHUM SCTETUUECKUX PellleHnit pas-
JMYHBIM KOHCTPYKIMSIM U 3jIeMeHTaM au3aiina. OmHako mpu go6biue KaMHs (ITIPOM3BOACTBE GYPOB3PBIBHBIX
paboT) HeOOXOIMMO COXPAHUTD €r0 IEJIOCTHOCTD JIJIS TTOC/IeIyoneil 06paboTKM U UCITOIb30BaHMs. B pamkax
UCCIIen0BaHSI GBIV PACCMOTPEHBI YCJIOBYIST, HEOGXOAVIMbIE IJISI TPUMEHEH VS TEXHOIOTUY B3PbIBHOI OTOOVKM
6JI0YHOTO KaMHSI 13 CKaJIbHbIX TOPHBIX ITOPO/I, YTO aKTYaIbHO /1S TTOBBINIEHMS] KaUeCTBa OTOMBAEMbIX KAMHe-
6510K0B. [TpuBeeHbI palMOHaTbHbIE TAPAMETPbI B3PbIBHOI OTOOVKY KAMHEOIOKOB 3apsiaMi 371aCTUUHBIMMU
tpybuaTeiMu (39T) «['panunen». OnpeiesieH MOAXOA, K IIPeJBAPUTETbHON OIleHKe 30HbI HApYIIeHHOCTH 6J10U-
HOT'O KaMH$I IIpU Pa3IMYHbIX PeKMMaXx B3PbIBHOTO HarpykeHus. PaccMoTpeHa B3aMOCBSI3b MEXY PACXOL0M
B3pbIBUATHIX BelllecTB (BB) 1 HapyIIeHHOCTHI0 KAMHEO/IOKOB ITPY BO3MOKHBIX PACCTOSTHUSIX MEXIY HITTYyPaMU.
WccnenoBaH MexaHM3M CO34aHMS IIPOTSIKEHHOM IVIOCKOCTY pa3pbiBa B MacCUBe FOPHBIX ITOPOL. YCTaHOBIIe-
Ha OTIpe[esIoNiasi poyib BOJTH HAMpPsDKeHUH pyu (GOpMUPOBAHNUY MPOTSHDKEHHON MarucTPaabHON TPEIVHbI
10 IMHUY IIITYPOBBIX 3apsAnoB. [IokazaHa BO3MOXKHOCTD JIOKaAM3aLyyM 30HbI HABeIeHHOM TPeIlyHOBAaTOCTU
3a CUeT peryiMpoBaHMs YCJIOBMIT B3aMOIeCTBMS BOJIH HaIlpsiKeHMIt. IIpyuBeeHbl pe3yibTaThl YUMCIEHHOTO
MOZe/IMPOBAaHMSI TI0JIell HalIPSKeHU I IIPY B3PbIBE OOMHOYHBIX U CUCTeMbI U3 ABYX 3apsanoB 39T «'panusen»,
YTO TIO3BOJIMJIO OLIEHUTH 30HbI HABEJEHHO! TPEIIMHOBATOCTU U YCJIOBUI (POPMUPOBAHMSI MarucTpaabHOM
TPemuHbI OTPbIBa. IHERTUBHOCTDh B3PbIBHOI OTGOKM 3HAYUTETHHO BO3PACTAET 38 CYET OPUEHTAIUY JIU-
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HUM TIPeATIONaraeMoro OTPbIBA MOHOJIMUTA MMapajiebHO TUIOCKOCTM HAWIYYIIEr0 PacKosia, YYMThIBasl MpU
3TOM aHM30TPOINNIO GU3UKO-MEXaHUUECKMX CBOICTB rpaHUTOB. McciienoBaHme OATBEPKIAET BO3MOKHOCTH
TIOBBIIIEHNSI BBIXO/IA TOBAPHBIX OIIOKOB MPY MOAO0Pe PalMOHATBHBIX [TAPAMETPOB B3PBIBHOW OTOOIKMA.

KnioueBble cnoBa

GJIOUHBIN MacCKB, TApaMeTPpbl 6YPOB3PhIBHBIX PabOT, HAIIPaBIeHHbI PacXo/l, KOHCTPYKIMS 3apsiaa, UMITYIIbC
B3pbIBA, [laB/ieHMe IIPOAYKTA B3PbIBa, SIIOPbI HAIPSIKEHMIA, IMHAMMUYECKIUI IIpeel IMPOYHOCTH, IIePOX0oBa-

TOCTb, HAB€J€HHAas TPEIIMHOBATOCTb
p,flﬂ LUTUpoBaHua

Kovalevsky V.N., Mysin A.V., Sushkova V.1. Theoretical aspects of block stone blasting method. Mining Science
and Technology (Russia). 2024;9(2):97-104. https://doi.org/10.17073/2500-0632-2023-12-187

Introduction

Block stone excavation is a key aspect of the
building materials industry, important for providing
construction with durable materials and when giving
aesthetic solutions to various structures and design
elements. However, when excavating stone (using
drilling and blasting), it is necessary to maintain its
integrity for further processing and use [1].

Some deposits demonstrate high variability in
physical and mechanical properties in different parts
of a quarry field.

The natural features of natural stone deposits de-
termine the volume of blocks mined and their yield
from a rock mas being developed [2]. They are go-
verned by the distances between existing fractures,
which vary widely in granite rock masses [3].

The choice of a block stone blasting process flow
sheet (PFS) is determined by the structure of rock
mass, petrographic features, geometric dimensions of
the useful thickness [4].

In this regard, drilling and blasting method in the
development of block stone deposits remains in de-
mand at present [5].

As studies [6—8] show, the main parameters of dril-
ling and blasting operations at separation of stone blocks
from a rock mass are a blasthole diameter, distance be-
tween blastholes, their depth, thickness of a separated
stone block, charge type, design, mass, diameter.

The choice of the optimal blasthole spacing de-
pends both on the physical and mechanical proper-
ties of a rock and on the initial parameters of the blast
pulse: the amplitude of the initial pressure in the blast
chamber and the duration of action at the quasi-static
stage, necessary for the formation and growth of the
main rupture between the blastholes, as well as to en-
sure the movement of a stone block [9].

In this case, the blasting conditions should ensure
the creation of a fracture in the split-off plane with
minimal disturbance of the peri-blasthole space [10].

In order to ensure the process of directional frac-
turing, it is necessary that the pressure of blast pro-
ducts would be greater than the tensile strength of
a rock, and, for the preservation of a peripheral rock
mass, the pressure of blast products in a blasthole
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should not exceed the rock compressive strength [11].
These conditions are achieved by selecting rational
blasthole spacing and optimal parameters of a blast
pulse [12, 13]. In particular, the use of Granilen ETCs
fully allows meeting these requirements [14].

Performing directed fracturing is possible when
the pressure of gaseous products in a blasthole ex-
ceeds the dynamic tensile strength of a rock, and the
preservation of a rock mass in the peri-blasthole zone
requires that this pressure does not exceed the com-
pressive strength of the rock [15-17].

The results of the studies presented in [18, 19] indi-
cate that the increase of the radial air gap with respect to
the radius of the charge by 3—4 times provides a predo-
minant role of the blast products quasi-static pressure
in the directional rupturing. Therefore, a very effective
way to control the intensity of the wave and quasi-static
stress field can be the regulation of the volumetric con-
centration of explosive charge energy in a blasthole [20].

The use of Granilen ETCs assumes the crea-
tion of the above conditions. The design of Granilen
ETCs provides the possibility of regulating the force
and time parameters of a blast impulse by changing
a charge mass in a blasthole, its length, using the gap
between the charge and the blasthole wall, applying
stemming, varying blasthole spacing.

The substantiated rational values of blasthole
charges parameters allow providing the minimum
roughness of faces of a split off stone block and insig-
nificant induced fracturing in the peri-blasthole zone.

Methods and materials
As a rule, separation of a stone block from a rock
mass occurs when closely spaced blasthole charges are
simultaneously initiated with the detonating cord. In
this case, the rock in the plane of location of charges
in block perimeter blastholes will be subjected mainly
to the action of tensile stresses [21-23].
Consequently, the following conditions must
be met in order to split off a block and move it by
0.15-0.3 m [24]:
F2F+F,+F, 1)

where F is force causing breaking away (separation)
and displacement of a stone block, Pa; F, is force
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R

leading to split off of a stone block from a rock mass
with rupturing area S (S = BH,,,,), Pa, where B is
length of a stone block, m; H,,,, is bench height, m;
F, is friction force, Pa; F; is a force allowing to take
into account the layer dip angle, Pa.

Then:

F= Pprdthb (2)

where P,, is pressure of gaseous blast products in

a blasthole, Pa; N is number of blastholes in a row, pcs;
d,, is blasthole diameter, m; L,, is blasthole depth, m;

h?

Fl = G;iupt (BHbench - Ndthbh )’ (3)
where o, is dynamic tensile strength, Pa;

Gfupt = Kweak 'Kf ’ Ki '[Gfupt]’ (4)
where K, is a coefficient of structural weakening of
arock mass, K, =0.2-0.4;

2
(]
p.rm

K is coefficient of impact (for granite = 4-5.7)'; K; is
acoustic index of fracturing; C,,,, and C, are P-wave
velocities in a rock mass and rock sample, respective-
ly, m/s.

The force which should be applied to overcome
the friction between the block and the base as the

block moves:

F,=F, =fGcosa, (5)

where f, = tga is friction coefficient; G is rough block
of stone weight, kg:

G = prmBHbenchW’ (6)

where p,, is density of rock mass, kg/m?3; W is line of
least resistance, m; F; is force allowing to account for
a layer dip angle, Pa:

F, =Gsinao.

(7)

The solution of equations (1)—(7) allows obtain-
ing an expression for calculating the number of blast-
holes:

N BH,,,[05,,.p,,W(f,cosa+sina)] "
dy, Ly, (P, bp T Gfupt)
The length of a split off block
B N, +1 , ©)
a

where a is the distance between blasthole charges, m:

! Dambaev Zh. G. Physical bases of directional rock
blasting and techniques of gentle block stone blasting. [Abstract
of Doctoral thesis in Eng. Sci.]. St. Petersburg; 2000. 37 p.
(InRuss.)
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d
dbh (Pbp + cyrupt

)

ol + P W(f cosatsina)’

(10)

Choosing the type of explosives (in our case, Gra-
nilen-2 ETC) and using the Noble-Abel formula [25],
we determined the mass of explosive to be blasted in
a blasthole volume to create the required pressure of
detonation products P,, (11):

m. = P, proLbhd;h
" 4.22,410°n(PT, +P,T,-107)

(11

where T, is initial temperature, T, = 273 K; n is the
number of moles of gaseous blast products; T, is tem-
perature of blast products, K; P, is atmospheric pres-
sure, Pa, P, = 0.1 MIla.

During blasting separation of a stone block from
a rock mass, ruptures and fractures originate in places
where pulse reactions occur, the intensity of which is
sufficient for rock rupture and which is determined by
the charge design, power, and location in the separated
stone block [26-28].

In the presence of a layer rupture, the depth of
the placed charge (eccentricity) is determined from
the following expression:

_H?+4W?
-~ 6H
where H is height of a rock block, m; Wis width (thick-
ness) of a rock block, m.

In case of the absence of a layer rupture, the depth

of charge placement is determined from the following
expression:

h (12)

_ H?+4W* + HWf,
C 6(H+WF)

where f, and f; are dynamic friction coefficients at the
top and bottom vertices of a stone block. For approxi-
mate calculations, we can assume f, = 0.25; f; = 0.5.
The optimal width (thickness) of a stone block is
determined from the following expression:

2 2
W:\/(Shh%j +16(2— J

where h,, is charge height, m; m is underbreak, m.

Based on the above methodology, the parame-
ters of drilling and blasting operations for stone block
splitting off using Granilen-2 ETCs were calculated,
which are presented in Table 1. Along with the deter-
mination of the key D&B parameters, the most im-
portant condition for the extraction of high-quality
stone blocks is the accuracy of delineation of the sepa-
rated stone block and ensuring the minimum radius
of induced fracturing in the peri-blasthole zone.

, (13)

3h, +6m
H

_3h, +6m
H

fas (14)
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Table 1
Design D &B parameters for rock block excavation
in the presence of bottom rupture
(d,, =42 mm, d,, = 15 mm, [, =2.9 m)
Blasthole spacing, m
0.3 0.4 0.5 0.6

Item

Charge weight
in a blasthole, kg

Total charge weight, kg 22.4 22.7 22.5 22.7
Number of blastholes 83 63 50 42
Blasthole pressure, MPa 31.0 42.5 55.5 67.0

Expected radius
of induced fracturing, m

Charge length
in a blasthole, m

0.27 0.36 0.45 0.54

0.026 | 0.03 | 0.035 | 0.038

0.75 0.84 1.4 1.7

The values of these block contour deviations are
determined by the charge convergence coefficient
equal to

= (15)

where a is blasthole spacing, m; W is width of a stone
block, m.

Consequently, the minimum values of a stone
block side roughness can be achieved at the optimal
value of n.

Based on the results of the tests performed at
granite block stone quarries, the dependence of the
magnitude of the block contour deviation on blast-
hole Granilen-2 ETCs spacing was obtained (Fig. 1).

At low-velocity loading mode and interaction
of stress waves, an asymmetric stress field is formed
around the peripheral (contour) blastholes, which
leads to deterministic growth of the main rupture in
the split off plane.

Since microfractures are generated by a tensile
stress pulse, their surfaces coincide with the radial
planes. A contour rupture propagates simultaneously
along several structural fractures by fusing microf-
ractures into macrofractures [29]. As a consequence,
along the line connecting neighboring charges, the
rock mass is weakened by tensile stresses along the
contour line, and the main rupture starts to grow be-
tween the blastholes, while the growth of side frac-
tures is suspended [30, 31].

The results of studies [25, 32] show that the ra-
dius of the zone of induced fracturing in a split off
stone block depends both on the size of the char-
ges in the blastholes and the blasthole spacing. The
rupture kinetics at directional rupture is determined
by both the physical-and-mechanical properties of
rocks and the parameters of stresses and pressures
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Block surface roughness

Al-10%, m
O = N W A U1 O ~ 0

o

01 02 03 04 05 06 07 038
Blasthole spacing a, m

Fig. 1. Block surface roughness
as a function of blasthole spacing

created by the blast products in a charge chamber
(blasthole).

When a system of cylindrical charges is blasted,
stress waves interact, resulting in a transformation of
the stress field.

The approximate method of stress field estima-
tion on the basis of numerical modeling and analyti-
cal calculation was used according to the methodolo-
gy set forth in the studies on the blast of charges with
air gap.

As an explosive, Granilen-1 ETCs with charge
diameter d, = 11 mm with blast heat Q = 1550 kJ/kg
was used. The charges were located in blastholes of
diameter d,;, = 42 mm in granite rock mass with rock
density p,,4 = 2200 kg/m3, with longitudinal wave ve-
locity C, = 6,200 m/s.

The condition of interaction of stress waves pro-
viding the main rupture propagation was determined
from the expression

a a a “dyn
Ggomax [Ej = G(pl [Ej + G@Z [Ej 2 Gri);t ) (16)

where ¢, and o, are amplitudes of tangential com-
ponent of stress wave from blasts of neighboring
charges, respectively; a — charges spacing, m; cs;f;f -
dynamic tensile strength of granite, Pa.

Then [33]:
St = 45up0> (17)
where o}, is static tensile strength, o, , = 9.1 MPa,

oo =36.4 MPa.
This value was taken as the ultimate stress level,
below which no main rupture propagation occurred.
The length of a natural microfracture [, for gra-
nites according to the data of [33] was 0.01-0.03 cm.
The maximum amplitude pressure on a blasthole

walls for granites should not exceed 90 MPa [25].
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Findings

Figs. 2—4 show the results of calculation of the
maximum tangential tensile stresses field when
blasting a system of two Granilen-1 ETCs spaced
0.47 and 0.58 m. The charges were initiated simul-
taneously using a DShE-12 detonating cord passing
through the charge channel. The linear densities of
charge were 0.14 and 0.16 kg/m.

It follows from the results that the interaction of
simultaneously blasted charges leads to a significant

100
90
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0

Tangential stresses oo, MPa

0 0.1 0.2 0.3 0.4 0.5
Blasthole spacing a, m
—— o0, —— 00y == Oy
Fig. 2. Individual and total tangential stresses when
blasting adjacent charges (a =0.47 m, g = 0.14 kg/m):
o, and o, are the amplitudes of the tangential component
of the stress wave from the first and second charges,
respectively, MPa; o¢; is total amplitude of the tangential
component of the stress wave from two charges, MPa;
Oy 1S Maximum permissible value of rupture stress, MPa

—— 0,
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Fig. 3. Individual and total tangential stresses when
blasting adjacent charges (a =0.58 m, g = 0.14 kg/m):
o, and o, are the amplitudes of the tangential component
of the stress wave from the first and second charges,
respectively, MPa; o¢; is total amplitude of the tangential
component of the stress wave from two charges, MPa;
O, 18 Maximum permissible value of rupture stress, MPa

—— 00,
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change in the stress field in the vicinity of the plane
passing through the charges.

It is obvious that if for a single charge the stress
continuously decreases with growing distance from
the charge, then for interacting charges the stress
initially (at first) decreases with growing distance
from the charges, and then increases again, reaching
a maximum at half the distance between the charges.
Fig. 5 shows the calculated dependence of individual
tangential tensile stresses at linear charging densities
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Blasthole spacing a, m
—— o0, —— 00y == OOy
Fig. 4. Individual and total tangential stresses when
blasting adjacent charges (a = 0.58 m, g = 0.16 kg/m):
o, and o, are the amplitudes of the tangential component
of the stress wave from the first and second charges,
respectively, MPa; o is total amplitude of the tangential
component of the stress wave from two charges, MPa;
Gy 1S Maximum permissible value of rupture stress, MPa

—— 00,
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o O O
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10ry,

14r,

Distance from a charge center to the investigated point r, m
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Fig. 5. Zone of induced fracturing at linear charge densities
q, =0.14 kg/m, g, = 0.16 kg/m: r;, is radius of fracturing, m;
Oy 1S Maximum permissible value of rupture stress, MP
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q=0.14 and 0.16 kg/m and charge spacing a = 0.6 m on
the distance from a charge.
The data shown in Fig. 5 allow estimating poten-
tial zones of induced fracturing around the blasthole.
The given dependencies allow estimating poten-
tial zones of induced fracturing around a blasthole at
different charging densities.

Conclusion

It was established that for the most probable
propagation of radial main rupture between blasthole
charges during stone block mining it is necessary to
use the effect of stress wave interaction.

It should be noted that in order to minimize the
zone of induced fracturing, the charge amount should
be selected so that the tensile stress field in the plane
of the rupture does not exceed the tensile strength.
The main rupture propagation begins with the arrival
of a rarefaction wave reflected from the surface of the
separated stone block.

It can also be stated that as the average pressure
P, increases, the length of the main rupture decreases
due to the increase in the number of microfractures.
Even at the maximum pressure on the blasthole walls,
the length of the rupture from an individual blasthole
is such that, taking into account the increasing stress
intensity factor and the linear system of fractures
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propagating between blastholes, the blastholes spa-
cing can be much greater than commonly accepted.

However, at low pressure (small number of frac-
tures), this potential blasthole spacing is not feasible
due to the random direction of fracture propagation
and hence unpredictability of the rupturing (split
off) direction. It is therefore necessary to increase
the charge (capacity, blasthole pressure) to increase
the number of fractures so that the fractures neces-
sarily propagate along or near the direction of the
blasthole line.

With the simultaneous growth of the charge size,
the blasthole spacing should be reduced so that the
growth of fractures propagating from the blastholes
in all directions stops early enough (which happens as
soon as the fractures growing in the direction of the
blasthole line start to “feel each other”) and the dis-
turbed area around the blastholes is minimized.

Thus, obtaining a directional rupture requires
reducing the blasthole spacing and at the same time
increasing the blasthole charge within certain limits.

The potential for directional rupture at in-
creased blasthole spacing with reduced charges can
be realized by using potential naturally occurring
directions/weakeness planes) in a stone (cleavage,
layering, etc.), which prevent fracture growth in
other directions.
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Abstract

The presented research is carried out in continuation of the works connected with studying the nature of
radioactivity of drainage waters of quarries of Novosibirsk region, performed by the Laboratory of Hydrogeology
of Sedimentary Basins of Siberia, INGG SB RAS, which showed that the waters of granite quarries are
characterized by significantly higher radioactivity, than waters of other host rocks. The results of detailed
mineralogical and geochemical studies of granitoids of the Ob-Zaisan region within the Kolyvan-Tom folded
system are presented for the first time. The relevance of the present study is determined by the previously
obtained data on high concentrations of uranium, thorium, and radon in drainage water of quarries developed
in this territory. The granitoids of the Priobsky (Obsky and Novosibirsk massifs) and Barlak complexes were
studied. It was established that the rocks of the complexes differ significantly in the spectrum of accessory
minerals, which acted as the concentrators of natural radioactive and rare-earth elements: in the Barlak,
in addition to apatite, sphene, and zircon, typical for all phases of the intrusion, fluorite, topaz, rutile, and
minerals enriched with rare-earth elements are found: monazite, xenotime, bastnesite, parisite, less often
uraninite. It was shown that a wide range of mineral-concentrators of radioactive and rare-earth elements
determines higher concentrations of radionuclides in groundwater of the Barlak granitoid complex. Maximum
uranium concentrations are one order of magnitude and those of thorium are two orders of magnitude higher
in the groundwater of the Barlak granitoid complex compared to those of the Priobsky granitoid complex.
The following peak concentrations, mg/dm?, were established in the groundwater of the studied granitoid
complexes: 28U up to 1.40 and #*’Th up to 2.16-1073. One can predict a high background of radionuclides in the
groundwater of the Barlak and Priobsky granitoid complexes, within the ranges, mg/dm?: 28U from 0.1-10-3
to 1.40 and *’Th from 1-107¢ to 2.16-1073. Radon ?*’Rn activity in the groundwater ranges 1-50 Bq/dm? in
the contact zones of granitoids with different-aged sedimentary rocks to 600-5,000 Bq/dm? in the areas of
granitoids occurrence.

Keywords

granitoids, mineral-concentrators of radioactive and rare-earth elements, groundwater, radionuclides, 2*U,
22Th, 222Rn, Novosibirsk region, Western Siberia
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AHHOTaUuA

[IpencraB/ieHHOE MCC/IeNOBaHMEe BBIMOJTHEHO B IPOJO/DKEeHME pabGoT, CBSI3AHHBIX C M3YUYEHMEM IPUPOIbI
PaAiMOaKTUBHOCTY IPEHAKHBIX BOI KapbepoB HoBOCMOMUPCKOIT 06/1aCTH, BHIMOJIHEHHBIX JJaOOpaToOpuein Tm-
JIPOTEOJIOTUM 0CamOUHbIX b6acceitHoB Cubupu MHIT CO PAH, roe rmokasaHo, UTO BOAbI TPAHUTHBIX KapbepoB
XapaKTepPU3YIOTCs CYIIeCTBEHHO 00siee BHICOKMMM 3HAUYEHUSIMY PAAVOaKTUBHOCTHU, YEM BOIbI APYTUX BMe-
IIAIOIIMX ITOPOI. BriepBble mpencTaBieHbl pe3yIbTaThl AeTATbHBIX MUHEPAIOTMYECKUX U TEOXMMUUECKUX UC-
cremoBaHmii rpaHuTonmoB O6b-3aiicaHcKoit 061acTy B npegenax KonbiBaHb-TOMCKOI CK/IaAuaTOi CUCTEMBI.
AKTyaJIbHOCTb HACTOSIIETO UCCAeN0BaHUS OINpenensieTcsl MOMyueHHbBIMM paHee NJaHHBIMM O BBICOKMX KOH-
LIeHTpaUMsIX ypaHa, TOPUS U paJoHa B APeHaXKHbIX BOJAX pa3pabaTbIBAeMbIX KapbePOB 3TOI TEPPUTOPUMN.
W3yueHbl rpaHmTOnabI prodckoro (O6¢koi u HoBocu6UpCKMii MacCuBbI) M 6ap/iakCKOTO KOMIUIEKCOB. YCTa-
HOBJIEHO, UTO ITOPOIbI KOMIUIEKCOB CYIIECTBEHHO Pa3jIMJalOTCsI CIIEKTPOM aKI[eCCOPHBIX MUHEPAIOB, KOTO-
pbIe BBICTYIAIOT KOHIIEHTPATOpaMy MPUPOAHBIX PaAMOaKTUBHBIX ¥ PeIKO3eMeIbHBIX 3JIEMEHTOB: B Gap/iak-
CKOM, ITOMMMO aIlaTuTa, cheHa U IIMPKOHA, XapaKTepHbIX 1151 BceX (a3 BHeApeHMsI, PURCUPYIOTCS QIIIOOPUT,
TOIAa3, PyTUI M 00orailleHHbIe peIKO3eMeTbHbIMM 3JIeMeHTaMy MUHepabl: MOHALIUT, KCEHOTUM, 6aCTHE3UT,
Mapu3unT, peske ypaHUHUT. [Toka3aHo, UTO MIMPOKUIL CIIEKTP MUHEPATIOB-KOHIIEHTPATOPOB PagMOaKTUBHBIX
M PeaKO3eMeNbHBIX 3JIEMEHTOB OIpemenseT 60/iee BBICOKME KOHIEHTPALUMM PAAVOHYKINAOB B MOI3€MHBIX
Bofax 6ap/iakCKOro rPpaHUTOMAHOTO KOMILIEKca. MaKc/MaibHbIe KOHIIEHTPAalMY ypaHa Ha MOPSIOK, a TOPUS
Ha [IBa ITOPSIAKA BBIIIE B ITOI3€MHBIX BOJaX 6apiIaKCKOro rPaHUTOMIHOTO KOMILIEKCA, IO CPABHEHMIO C ITPU-
06CKMM. B MoaseMHBIX BOJAX M3YyUYEHHbIX IPAHUTOMUIHBIX KOMILIEKCOB YCTAHOB/IEHbI MaKCHMa/IbHble KOH-
ueHtpauyu, mr/om3: 38U no 1,40 1 2Th mo 2,16 1073. MOKHO TPOTrHO3MPOBATh BHICOKMT (DOH PaiIOHYKITUIOB
B IMMOfI3eMHBIX BOJax 6ap/iakCKOro M MPMOOCKOTO TPAaHUTOMIHBIX KOMILIEKCOB B Ipemenax, mr/ame: 233U ot
0,1-103 10 1,40 u »?Th ot 1-10-° 1o 2,16 10-3. AKTMBHOCTH pafioHa **’Rn B MOA3eMHbIX BOZAX MPU 3TOM OyIeT
cocTaBsITh OT 1-50 BK/IM3 B 30HaX KOHTAKTOB I'PAHUTOMIOB C PAa3HOBO3PACTHBIMM OCAIOUYHBIMU ITOPOJAMU
1o 600-5000 Bx/mm3 B 06/1aCTSIX pa3BUTHUS IPAHUTONUIOB.

KnioueBble cnoBa
TPaHUTOMUIbI, MUHEPAIbI-KOHLIEHTPATOPbl PagMOaKTUBHBIX M PeIKO3eMeIbHbIX 3/IeMEHTOB, ITOJ3€MHbIe
BOJIbI, paAyOHYKINAbL, 23U, 232Th, 2?Rn, HoBocub6upcKas 061acTh, 3ananHas Crubupb

BnaropapHocTu

[ToneBble U aHATUTUYECKME PAOOTHI IO U3YUEHUIO XMMUYECKOTO COCTaBa MPUPOIHBIX BOJ, BHIITOMHEHBI TIPU
(buHaHCOBOII MoAAepskKe MpoekTa MMHMUCTEPCTBA HayKyM U Bhiciiero o6pasoBanmus PO N2 FWZZ-2022-0014,
aHAIUTUUYECKME PaBOThl TI0 M3YUYEHUI0 MUHEPAJIOro-rneTporpaduueckux U reoXMMUUECKMX 0COOEHHOCTEN
rpanuToumoB O6b-3alicaHCKOI CKIamuaToi 061aCTy — IIpY MOAAEepsKKe mpoekTa N2 22-17-20029 Poccuiicko-
ro HayuyHoro ¢oHpa u IIpaButenscrBa HoBocOGUpCKoii 06acTu.

[ns uutTuposaHus

Sukhorukov V.P., Sukhorukova A.F., Novikov D.A., Derkachev A.S. Composition and mineralogy of granitoids
of the Ob-Zaisan folded region in the context of the prediction of groundwater radioactivity. Mining Science
and Technology (Russia). 2024;9(2):105-115. https://doi.org/10.17073/2500-0632-2024-01-208

Introduction
One of the most urgent problems of modern hy-
drogeochemistry is the study of the phenomenon of
radioactivity of natural waters and identification of
factors controlling it. It was shown previously that
waters of granite quarries are characterized by signi-
ficantly higher radioactivity in comparison with wa-

ters of other host rocks on the example of drainage
waters of quarries of the Novosibirsk region [1] and
natural groundwater outlets [2] within the Ob-Zaisan
folded zone.

In many countries of the world, including China,
India, Turkey, USA, Mexico, Norway, Great Britain,
Hungary, Egypt, Asian countries, and others, the pro-
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cesses of radionuclide migration in groundwater are
actively studied and simulated. The studies in south-
eastern Mexico by J.I. Morales-Arredondo et al. have
shown that the concentrations of uranium and tho-
rium isotopes in groundwater are low enough not to
be dangerous for the population, but it is necessary
to control the concentration of radon, which can be
high [3]. According to Chinese scientists C. Yu, Z. Song
and many others, the weathering processes of granite
massifs enhances the dissemination and transfer of
uranium and thorium into the aquatic environment.
The scientists note the important role of changes
in geochemical conditions [4]. P. Bajak, K. Csondor,
D. Pedretti et al. developed conceptual models of ra-
dionuclide mobilityin rocks and groundwater that take
into account the changing redox conditions in aqui-
fers for the territory of Hungary [5]. S. M. Pérez-More-
no, J.L. Guerrero, F. Mosqueda et al. analyzed the
hydrochemical behavior of long-lived natural radio-
nuclides of uranium, thorium and radon in ground-
waters of Spain in different geological conditions and
performed dose estimates for the ingestion of these
radionuclides with water. It was shown that their high
concentrations are connected with the granitic base
and reductive conditions [6].

Radon activity in water is universally assessed as
a potential environmental risk for the population and
is determined by radioactive decay of elements of the
uranium-radium series. At the same time, there is no
direct correlation between uranium concentration in
host rocks and radon concentration in groundwater [3].

The results of studies of groundwater radioac-
tivity in different regions show that the maximum
concentrations of radionuclides such as uranium and
thorium are usually associated with felsic intrusive
rocks, in which the average concentrations (accor-
ding to N.A. Grigoriev) of uranium and thorium
are 3.2 and 14.0 g/t, respectively!. In waters of fel-
sic igneous rocks of the zone of intensive water ex-
change, uranium concentration ranges 2,0-1073 to
3-102 mg/dm?. The previously obtained data on
uranium concentration in water samples allow to
classify the groundwater of granitoids of the Ob-Zai-
san region according to the classification A.N. Toka-
rev as uranium waters and, at higher concentrations,
even to uranium deposit waters.

For the territory of Novosibirsk and its environs
since 2018, the team of the Laboratory of Hydrogeo-
logy of Sedimentary Basins of Siberia, INGG SB RAS,
has been carrying out work to study the chemical and
radionuclide composition, radon levels in ground-

! Geological Dictionary: in 3 vol. Ed. O.V. Petrov; Ed.-
comp.: S.I. Andreev et al. Ed. 3%, reprint and add. St. Petersburg:
VSEGEI Publ. House; 2010-2012. (In Russ.)
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water of various aquifers [7]. The waters both in the
zone of granitoids occurrence and beyond its limits,
in argillaceous shales and marmorized limestones of
Upper Devonian-Lower Carboniferous age, were stud-
ied. The occurrences of radon waters Tulinskoye [8]
and Kamenskoye [9], and drainage waters of Borok
quarry [10] were studied in detail. Data on uranium
and thorium concentrations in the groundwater were
obtained. At the same time sampling of rocks of wa-
ter-bearing horizons was carried out for it’s detailed
mineralogical and petrographic investigation.

Consequently, the main purpose of the study is
to reveal the relationships between the composition,
mineralogy, and spectrum of accessory minerals of
the Priobsky and Barlak complexes of granitoids of
the Ob-Zaisan folded region and the level of radioac-
tivity of groundwater occurring within them.

Research techniques and subject

The study is based on the collection of geologi-
cal rock samples and water samples collected by the
authors of the paper during field work in 2022-2023
within the Ob-Zaisan folded region from the areas of
occurrence of granitoids of the Priobsky and Barlak
complexes. The rocks were sampled at 10 sites from
Borok, Skala, Novobibeevsky, Gorsky, Tulinsky, Mo-
chishche quarries, outcrops confined to groundwater
outlets, and hole cores (Fig. 1).

The microscopic description of 29 petrograp-
hic thin sections of granitoids was carried out by
the classical method. The determination of petroge-
nic element concentrations was performed by X-ray
fluorescence analysis using a SRM-25 unit at the
Center for collective use of scientific equipment for
multi-element and isotopic studies of the Siberian
Branch of the Russian Academy of Sciences (TsKP
MII SB RAS, Novosibirsk). The determination of the
concentrations of rare and rare-earth elements in
granites was carried out by ICP-MS method using
a high-resolution mass spectrometer ELEMENT of
Finnigan (Germany) in the TsKP MII SB RAS (Novo-
sibirsk) according to the standard technique.

The accessory mineral paragenesis in the rocks
of the Novosibirsk granitoid massif was studied in
polished sections by scanning electron microsco-
py at a MIRA 3 LMU electron scanning microscope
(TESCAN ORSAY Holding).

Groundwater collection amounted to 78 sam-
ples; pH, Eh, temperature, dissolved O, concen-
tration were determined directly at the sites using
measuring facilities (Hanna HI9125, oxygen meter
AKPM-1-02L) and a field hydrogeochemical labo-
ratory. The measurements of radon concentration
in natural waters were carried out using a complex
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“Alpharad Plus” in the Laboratory of Hydrogeolo-
gy of Sedimentary Basins of Siberia, INGG SB RAS.
Laboratory study of water chemistry was carried out
by titrimetry, ion chromatography, and inductively
coupled plasma mass spectrometry in the Topical
Research Laboratory of Hydrogeochemistry at the
Engineering School of Natural Resources of Tomsk
Polytechnic University (TRL of Hydrogeochemistry
IShPR TPU).

Geological Setting

Carbonate-volcanogenic-terrigenous deposits of
the Middle Devonian-Early Carboniferous age over-
lain by Quaternary alluvial and subaerial sediments
are widespread within the Ob-Zaisan folded region. In
the Permian-Triassic time, a granite intrusion intru-
ded them, and granitoids of the Novosibirsk massif
were formed. Within the territory of interest, the Priob-
sky and Barlak granitoid complexes are distinguished.

The Priobsky complex is represented by the
petrotypical Obsky and Novosibirsk massifs in the
Novosibirsk folded zone (Kolyvan-Tom folded sys-
tem) and is characterized by a three-phase struc-
ture. The first phase is composed of monzonites and
quartz monzonites (uP;-T,p,), with diorites occur-
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ring less frequently. The second, main phase is repre-
sented by monzogranites (eyP;—T,p,), granosienites,
while granites and granodiorites are less common.
The third phase includes small bosses and dikes of
monzogranites (¢yP;-T,p;), monzoleucogranites, and
their porphyritic analogs [11].

Two intrusion phases are distinguished within
the Barlak complex. The first, main phase is predomi-
nantly composed of medium-grained monzoleuco-
granites (elyT, ,b,), while leucogranites and mon-
zogranites (eyT, ,b,) are observed less frequently.
The second phase is represented by small bodies and
dikes of fine-grained monzoleucogranites (elyT,_,b,).

In the studied area, granitoids are represented by
the second phase of the Priobsky complex (P;—T),) and
the first phase of the Barlak complex (T,_,).

The multiphase Priobsky complex has a rela-
tively simple petrographic composition. Diorites,
quartz diorites, and their moderately alkaline ana-
logues constitute the first phase and have limited
occurrence. The second phase of the Priobsky com-
plex composes the large Novosibirsk massif, located
within the city limits, and is exposed in the Gorsky,
Tulinsky, Bugrinsky, Trolleyny, and Borok quarry
areas, as well as the Obsky massif in the Dubrovinsky
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Fig. 1. Location of the study area and rock sampling sites:
1 - Priobsky complex, 2™ phase of intrusion; 2 — Priobsky complex, 1%t phase of intrusion;
3 - Barlak complex, 1t phase of intrusion; 4 — Barlak complex, 2nd phase of intrusion; 5 — Late Permian-Middle Triassic granites;
6 — study areas (designations in Table 1); 7 — border of Novosibirsk city
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and Novobibeevsky areas (Fig. 2, a—d). The sampled
rocks of the second phase are represented by biotite
and biotite-amphibole granites, monzogranites, and
less frequently leucogranites. The biotite-amphibole
granites contain about 25% of quartz, 20-35% of
K-feldspar and plagioclase, while the content of bio-
tite and hornblende is insignificant, about 2-5 vol.%.
Sphene, apatite, and zircon are present as accessory
minerals. The structure of the rocks is predominant-
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ly equigranular, hypidiomorphic with grain size of
2-3 mm, less often porphyritic with grain size up to
15 mm. At the Novobibeevsky area, the rocks show
signs of deformation.

By petrochemical composition the rocks belong
to moderately alkaline granites. The silica content
varies from 66 to 71 wt.%, rarely up to 75% in leuco-
granites. The content of Na,O + K,O lies in the range
of 8.1-9.5 wt.% (Fig. 3, a).

Fig. 2. Main rock types of granitoids of the Ob-Zaisan region:
the Priobsky complex: a — biotite-amphibole granite (Borok area); b — biotite-amphibole granite (Bugrinsky area);
¢ - monzogranite (Gorsky area); d — biotite-amphibole granite (Tulinsky area); e — pyroxene-amphibole-biotite granodiorite
(Dubrovinsky area); f - biotite-porphyritic granite (Novobibeevsky area); Barlak complex: g — biotite monzogranite (Skala area);
h - porphyritic leucogranite (Mochishche area)
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Fig. 3. The composition of granitoids of the Priobsky and Barlak complexes on diagrams:
a - K,0/ Na,0-Si0, diagrams; b — discriminant diagrams. I — Priobsky complex; 2 - Barlak complex;
3 - the granitoid complexes occurrence fields (according to A. G. Babin et al. [11])
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The Barlak complex is characterized by a mono-
tonous composition. It is represented by biotite mon-
zogranites, less frequently by porphyritic leucogra-
nites with yellowish-reddish tints appearing in their
coloring within undulose zones due to weathering.
Dotted sulfide impregnation and cassiterite are found
in quartz veins, while beryl and topaz are found in peg-
matites. Ultra-acid granites belong to moderately al-
kaline potassium granites (rocks of this complex were
sampled in the Mochishche quarry, where the massif
of granitoids of the Barlak complex intrudes the gran-
ites of the second phase of the Priobsky complex, and
at the Skala and Bibikha areas (Fig. 2, h, g).

The rocks are represented by biotite monzogran-
ites and less frequently by leucogranites. The rocks
contain quartz, 30-35%, K-feldspar and plagioclase,
30-40%, and biotite of 2 to 10%. The structure of the
rocks is granitic, hypidiomorphic, can vary from fine-
grained (0.5-1 mm) to medium-grained (2-4 mm).
Zircon and apatite are found as accessory minerals in
granites; in some samples, orthite and monazite occur.

By petrochemical composition, the rocks belong
to the moderately alkaline series that is consistent
with their high content of K-feldspar, and less fre-
quently to the normal- and low-alkaline series. The
content of the sum of K,O + Na,O is mainly in the range
of 6.5-8.6 wt.%, rarely decreasing to 3-4.3 wt/%. SiO,
content (69-82 wt.%) of the granites of the Barlak
complex distinguishes them from the granites of the
Priobsky complex, in which it is mainly at the level of
66—71 wt.% (see Fig. 3, a).

Table 1
Main rock types of granitoids of the Ob-Zaisan region
No. ‘ Area ‘ Rock type
Priobsky complex

Novosibirsk massif

1 |Borok Biotite-amphibole granite
Monzogranite

2 |Bugrinsky Biotite-amphibole granite

3 |Gorsky Monzogranite
Leucogranite

4 |Tulinsky Biotite-amphibole granite

5 |Trolleyny Biotite-amphibole granite

Obsky massif

6 |Dubrovinsky Pyroxene-amphibole-biotite

granodiorite

Biotite granite
Melanocratic diorite
Leucogranite

Biotite porphyritic granite
Barlak complex

Biotite monzogranite
Biotite monzogranite
Porphyritic leucogranite

7 |Novobibeyevsky

8 |Skala
9 |Bibikha
10 [Mochishche
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On the discriminant diagrams (Fig. 3, b), the
granitoids of the Priobsky complex according to the
results of ICP assays of the collected rock samples
are located in the field of syncollisional and post-
collisional granites, and the granitoids of the Barlak
complex, in the field of island arc granites that corre-
sponds to the data of A.G. Babin et al. [11].

Mineralogical and petrographic characterization
of rocks

The most widely sampled rocks were the rocks of
the Priobsky complex, where a collection of 15 samples
was taken from 7 areas, and six rock types were iden-
tified. The Barlak complex was studied at three areas
in 14 rock samples, and two rock types were identified.
Table 1 shows the main rock types that were collected
for mineralogical and petrographic study; the general
view is shown in the photo table in Fig. 2, and the de-
scription is given below.

Priobsky complex rocks

Biotite-amphibole granite (Fig. 4, a). These rocks
were sampled within the Novosibirsk massif (Tulin-
sky, Trolleyny, Bugrinsky, Gorsky areas) and Priobsky
massif (Dubrovinsky area).

Its mineralogical composition, rock-forming mi-
nerals, %: quartz 25-30, plagioclase 30-45, microcline
23-35,amphibole 2-5, biotite 3-7; accessory minerals:
sphene, apatite, zircon (see Fig. 2, a). The rock is formed
by idiomorphic crystals of plagioclase and melanic
(mafic) minerals and xenomorphic grains of K-feld-
spar and quartz located between them. Plagioclase
forms prismatic and elongated idiomorphic crystals,
often with pronounced faceting, polysynthetic twins,
and zonal structure. The grain size is predominantly
1.5-2 mm. Microcline forms xenomorphic grains
2-4 mm in size, located between idiomorphic pla-
gioclase laths. The microcline is characterized by
perthitic structures. Quartz forms xenomorphic grains
1-2 mm, the grain shape is isometric or weakly elon-
gated, with irregular boundaries, often with blocky
extinction. Hornblende forms idiomorphic crystals of
1-1.5 mm, elongated up to prismatic, occasionally with
pronounced faceting. The coloration is dark green to
black. Biotite is of tabular habitus 1-2 mm in size, the
color is dark brown; the mineral is partially replaced
by chlorite. Sphene forms well-faceted rhomboid crys-
tals about 0.5 mm in size or larger grains up to 1 mm
without pronounced faceting. Apatite forms long pris-
matic colorless crystals up to 0.2-0.5 mm in size.

Monzogranite porphyritic (Borok area, Fig. 4, b).
The mineral composition, %: quartz about 30, plagi-
oclase 15-20, microcline 45-50, biotite 3—5. Accesso-
ry minerals: zircon, apatite, sphene. The structure of
the rock is porphyritic, the structure of the rock ma-
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trix is hypidiomorphic. The phenocrysts are formed
by crystals of K-feldspar and plagioclase with the
sizes ranging from 4 to 8—10 mm. The grain size in
the rock matrix is about 1-2 mm. Plagioclase forms
elongated crystals, some of which with good faceting,
while others have curved, jagged facets. Microcline
forms isometric grains with irregular edges. Its phe-
nocrysts demonstrate zones of growing, characteri-
zed by abundant quartz inclusions. The microcline is
typically perthitic. Biotite is brown, forms individual
grains and lenticular clusters. The accessory mine-
rals occur as single grains. Zircon occurs as isometric
grains of about 0.1 mm in size; sphene — idiomorphic
rhomboid grains in intergrowths with an ore mineral.
The secondary alteration is presented by minor seric-
itization of plagioclase and pelitization of microcline.

Leucogranite — Gorsky and Dubrovinsky areas
(Fig. 4, ¢). Its mineral composition, %: quartz 30-35,
plagioclase 35-50, orthoclase 15-30, biotite not more
than 2. The accessory minerals are rare and represen-
ted mainly by sphene and apatite. At the Dubrovinsky

i

Fig. 4. Microphotographs of granitoids from the sampled massifs (see Table 1):
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area, garnet occurs as an accessory mineral of leuco-
granites. The structure is uniform, granitic. The grain
size ranges from 0.5 to 1-2 mm. Plagioclase forms
more idiomorphic grains with irregular edges, while
orthoclase and quartz form isometric, xenomorphic
grains. Biotite is dark brown, wide-tabular, partially
replaced by chlorite. Sphene forms rhomboid shape
crystals up to 0.5 mm long. Garnet forms isometric
crystals, colorless, up to 0.2-0.3 mm in size, evenly
distributed in the rock, composes up to 1 vol.% of the
rock. The garnet crystals are often with pronounced
faceting and rhythmic and zonal structure.
Pyroxene-amphibole-biotite =~ granodiorite -
Dubrovinsky area (Fig. 4, d). The rocks are similar in
composition and structure to biotite-amphibole gran-
ites, but are characterized by a lower quartz content
and the presence of an insignificant amount of clinopy-
roxene. Its mineral composition, %: quartz — 20, plagi-
oclase - 30, microcline — 30, biotite — 10, pyroxene — 3,
amphibole - 7. The accessory minerals are represen-
ted by significant amounts of apatite (up to 1 vol.% of

- ~p b -
R pe 2

The Priobsky complex: a - biotite-amphibole granite; b — monzogranite; ¢ - leucogranite; d — pyroxene-biotite-amphibole
granodiorite; e — melanocratic diorite; f — biotite granite; The Barlak complex: g — biotite monzogranite; h — leucogranite.
The photos are given on the left with one polar and on the right with crossed polars. All photos are taken at the same scale.
The mineral designations: Bt - biotite; Hbl - hornblende; Kfs — K-feldspar; Pl — plagioclase; Qz — quartz, Sph — sphene
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the rock), as well as sphene and zircon. The structure
of the rock is hypidiomorphic, with the grain size of
1-2 mm. Plagioclase forms partially faceted grains
with polysynthetic twins, while microcline and quartz
form isometric xenomorphic grains without faceting.
Mafic minerals form clusters and spots. Clinopyroxene
is colorless, often replaced by a rim of light green am-
phibole. Biotite is brown to light brown. Apatite forms
prismatic crystals up to 0.3-0.5 mm with abundant
inclusions of a needle ore mineral. Sphene forms iso-
metric, non-faceted grains up to 0.1 mm in size, while
zircon forms faceted grains up to 0.1 mm.

Melanocratic diorite — Dubrovinsky area (Fig. 4, e).
Its mineral composition, %: plagioclase — 30, horn-
blende - 40, clinopyroxene — 20, biotite — 10; acces-
sory minerals: apatite and zircon. The rock structure
is hypidiomorphic, the texture is inequigranular.
The rock consists mainly of plagioclase and amphi-
bole (the grain size of about 2-3 mm), clinopyroxene
(0.3-0.5 mm), and biotite (0.3 mm). Plagioclase forms
xenomorphic grains located between amphibole grains
and is partially sericitized. Light green colored horn-
blende forms idiomorphic grains, often faceted. Clino-
pyroxene forms smaller grains of isometric habitus,
located as inclusions in plagioclase; sometimes clus-
ters of such grains surround amphibole. Biotite of light
brown color forms growths in the grains of amphibole.
Apatite is frequent, forming elongated crystals up to
1 mm in size with abundant inclusions of an ore mine-
ral. Zircon forms faceted crystals up to 0.15 mm in size.

Biotite granite — Dubrovinsky, Novobibeevsky
areas (see Fig. 2, f). The mineral composition, %:
quartz — 20, biotite — 10, microcline - 15, plagi-
oclase — 55; the accessory minerals: apatite and zircon
(Fig. 4, f). The structure of the rock is hypidiomorphic,
cataclastic. Porphyritic varieties are common at the
Novobibeevsky area. Plagioclase in the rock forms iso-
metric and weakly elongated grains 2-3 mm in size,
partly with faceting, while microcline and quartz oc-
cur as xenomorphic non-faceted grains. Biotite forms
reddish-brown elongated scales 0.5—-1 mm, which are
often located along the boundaries of quartz and feld-
spar grains, deformed in places. In porphyritic vari-
eties, phenocrysts are composed of orthoclase, their
size is about 10 mm. Apatite forms slightly elongat-
ed crystals up to 0.3 mm, the central part of which is
grayish due to dust-like impurities. Zircon forms iso-
metric grains up to 0.1 mm in size.

Rocks of the Barlak complex
The Barlak and Kolyvansky massifs are composed
of similar composition rocks. They were sampled in
the area of Bibikha and Skala settlements respective-
ly. The rocks are represented mainly by equigranular
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medium-grained biotite monzogranites. The rocks are
biotitic; hornblende is subordinately abundant in leu-
cogranites of the Mochishche boss and in rare cases in
monzoleucogranites of the Barlak Massif. In all these
rocks, K-feldspar predominates over plagioclase.

Biotite monzogranites — Skala and Bibikha areas
(Fig. 4, g). Mineral composition of the rocks, %:
quartz — 35, microcline — 30, plagioclase — 25, bio-
tite — 10. The rock structure is granitic. Plagioclase
forms idiomorphic crystals of prismatic habitus
0.5-2 mm in size, microcline forms prismatic crystals
with irregular edges and poikilitic growths of plagi-
oclase. Quartz forms xenomorphic isometric grains.
Biotite is dark brown to black, forms wide tabular
scales, often associated with accessory minerals.

Porphyritic leucogranite — Mochishche area
(Fig. 4, h). The Mochishche boss located in the edge of
the Novosibirsk massif was sampled in the Mochish-
che quarry. The rocks are represented by porphyritic
leucogranite. Its mineral composition, %: quartz -
30, orthoclase — 30, plagioclase — 38, biotite — 2. Ac-
cessory minerals: zircon, orthite, apatite. The rock
structure is porphyritic, granitic. The phenocrysts are
represented by orthoclase 3-4 mm in size. It forms
isometric grains with irregular edges, often zoned.
In the rock matrix, the grain size is 0.5-1 mm. Pla-
gioclase is idiomorphic and forms prismatic faceted
grains, while quartz and orthoclase are xenomorphic.
Biotite forms tabular and elongated scales of dark
brown to black color, partially or completely replaced
by secondary chlorite. Orthite (Fig. 4, g) forms sharp-
ly zoned prismatic grains 0.8 mm long. The central
part of the grain is light brown, the marginal parts are
almost colorless. Zircon is zonal, forms faceted crys-
tals about 0.15 mm in size.

Accessory minerals

Paragenesis of accessory minerals in the studied
rocks is represented by a wide range of minerals, most
of which can serve as mineral-concentrators of ura-
nium, thorium, and other rare-earth elements, which
determines the radioactivity of the rocks themselves
and that of fracture-vein groundwater.

The rocks of the Barlak complex are characterized
by a wider range of accessory minerals compared to
the rocks of the Priobsky complex. The main accesso-
ry minerals encountered in the rocks of the Priobsky
complex are apatite, sphene, and zircon; they were
identified in the Borok, Bugrinsky, Gorsky, Tulinsky,
Dubrovinsky, and Novobibeevsky areas and are de-
scribed in the rock characterization.

In the Kolyvansky massif of the Barlak complex
(Skala, Bibikha areas), apatite, sphene, and zircon,
widespread in all granitoids of the Ob-Zaisan region,
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were also identified as accessory minerals. In addition,
fluorite, topaz, and rare earth element-enriched mi-
nerals such as monazite and xenotime are characteris-
tic minerals; uraninite is less common. Superimposed
greisen mineralization with cassiterite, associated
with sericite veins, was also found.

Fluorite forms mainly xenomorphic grains, usu-
ally colorless or spotted purple. Topaz occurs in mon-
zogranites, but predominantly is contained in quartz
veins and pegmatoidal clusters, in which it forms fa-
ceted prismatic crystals up to 1 cm in size. Monazite
and xenotime form grains without a clear faceting,
zoning is not visible in them, and they often associate
with dark brown biotite. Rutile is rare, also occurs in
association with biotite, forms small (0.03 mm) oval
grains of dark brown color. Uraninite is rare, found in
association with monazite in the form of isometric
grains in biotite monzogranite in the Skala quarry.

In the Barlak complex within Mochishche area,
the following minerals were identified as accesso-
ry: fluorite, calcite, rutile, zircon, orthite, and REE-
rich minerals: mainly fluorocarbonates bastnesite
((Ce, La, Y) CO4F) and parisite (CaLa,(CO,),F,), pwhile
monazite (CePO,) and xenotime (YPO,) are less com-
mon. Bastnesite forms irregularly shaped grains, most-
ly without faceting, 30-50 microns in size; parisite
occurs as split crystals or clusters of needle-like crys-
tals 20—30 microns in size, sometimes forming inter-
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growths with bastnesite. Monazite and xenotime form
mainly isometric grains 20-30 microns in size, some-
times also forming intergrowths with parisite , which
is consistent with the data of V. I. Sotnikov et al. [12].

Geochemical peculiarities
of fracture-vein waters of granitoids

Fracture-vein waters of Upper Paleozoic granites
are predominantly neutral and slightly alkaline with
pH 6.9-7.8, properly fresh with total salinity of 330 to
690 mg/dm3, characterized mainly by HCO, Mg-Ca
and SO,—~HCO, Na-Mg-Ca composition, have high sili-
con concentration, from 10 to 23 mg/dm?, averaging at
15 mg/dm?®. The medium geochemical parameters range
from reducing to oxidizing conditions with Eh ranging
from -81.2 to +509.6 mV; O,dissolv ranges from 1.62 to
9.91 mg/dm?®. The average values of geochemical coef-
ficients for this group are: Ca/Si — 11.49; Mg/Si - 2.48;
Na/Si - 1.25; Si/Na - 0.87; Ca/Na - 10.02; Ca/Mg -
4.76; tNa/rCl - 8.79 u SO,/Cl - 4.35, indicating the
accumulation of calcium, magnesium, and proceeding
sulfide oxidation processes in the waters. In terms of
microcomponent composition, rather high for waters
concentrations of Fe, Mn, Zn were identified, averaging,
mg/dm?3, 1.18; 0.16; 0.02, respectively. At the same time,
it should be noted that the microcomponents distribu-
tion spectrum in the waters in general has an inherited
character when compared with the host granites [7].

Table 2
Radionuclide composition of groundwater of Ob-Zaisan region granitoids
Water sampling location U-10% ‘ Th-10= ‘ C R
ping mg/dm3 Bq/dm?
Priobsky complex
Borok quarry 0.9-21.3* 0.1-9.6 0.97-14.9 18-89
8.3(9) 4.2 9) 3.1(9) 53 (9)
Tulinsky quarry 1.2(2) 0.3-0.7 (2) 2.4-5.7(2) 2(1)
Gorsky quarry 1.0-1.2 (2) 0.1-0.15(2) 9.3-10.4 (2) 0(2)
Bridge-4 (well) 0.7-1.8 0.1-1.7 0.1-2.5 285-597
1.4 (4) 0.6 (4) 0.7 (4) 561 (7)
Hospital-34 (borehole) 1.5-1.7 0.05-1.1 1.6-9.2 98-276
1.6 (11) 0.1(11) 4.1 (11) 183 (11)
Novobibeevsky quarry 1.0-1.2 0.3-3.1 2.4-26.6 6-39
1.1(5) 2.0(5) 15.6 (11) 21(5)
Novobibeevo settlement (borehole) 11.4 4.2 36.5 429
Chkalovskie Prostory DNG, boreholes 1.1-4.4 0.3-1.0 0.3-0.9 45-141
3.1(6) 0.5 (6) 0.7 (6) 98 (6)
Barlak complex
Skala quarry 94-140 3.9-216.3 3.3-17.8 154-474
118 (4) 72.2 (4) 594 334 (4)
Aeroflot horticultural non-commercial 30.9-34.8 0.1-14 0.1-0.4 196-352
partnership (borehole) 32.3(11) 0.1(11) 0.1(11) 272 (13)
Mochishche quarry** 8-29 n/a n/a 103-630
Yuzhno-Kolyvansky occurrence** 110-250 n/a n/a 4150-4960

Note: *

determinations; ** — archive data, n/a — no data available
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Groundwater radionuclide composition

Table 2 shows the concentrations of uranium,
thorium, and radon in the waters of the Priobsky
and Barlak complexes. Peak concentrations of ura-
nium and thorium were measured in waters within
the formations of the Barlak complex (areas Skala,
Aeroflot, Mochishche), where natural radionuclides
are contained in waters within the following ran-
ges, mg/dm3: 38U from 2.0-1072 to 1.4 and %2Th from
1to 216.3-10°%. 2?Th /23U ratio in the waters ranges
from O to 1.78-1073. 222Rn activity ranges from 154 to
630 Bq/dm?, which allows to classify the waters as
weakly radon and moderately radon. The waters of
the Priobsky complex are characterized by signifi-
cantly lower radionuclide concentrations, mg/dm?:
238U from 0.7-102 to 21.3-102and %2Th from 0.1 to
9.6-107°. The *2Th /38U ratio in the waters varies be-
tween 0 and 36.5-107*. The #22Rn activity in these wa-
ters varies in the range from 6 to 597 Bq/dm?, which
allows assigning them to the classes of non-radon to
moderately radon waters (according to the N.I. Tols-
tikhin classification).

According to the data obtained by the team of the
Laboratory of Hydrogeology of Sedimentary Basins of
Siberia in 2018-2023 [1, 2, 11], in fracture ground-
water of argillaceous and calcareous-argillaceous
shales the uranium and thorium concentrations are
typically lower (in some cases by several orders of
magnitude) than in the granitoids. For instance, in
the Insky springs waters in clay shales, natural ra-
dionuclides are contained in the following ranges,
mg/dm3: 238U from 2.83-107° to 4.13-1073; 22Th from
2.39-10° to 1.16-107%, the ratio **Th /U in the wa-
ters varies from 8.85-10™ to 3.61-1073, the activity
of #22Rn varies from 7 to 149 Bq/dm?3. Groundwater
in the vicinity of the Verkh-Tula settlement (spring,
boreholes) are characterized by even lower radionu-
clide concentrations in the range, mg/dm?: 238U from
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3.8:10°t0 7.2-10-3; 252Th from 0.1 to 8.0- 10, radon
activity up to 28 Bq/dm?. Such concentrations are
characteristic of the water-bearing complex of wide-
spread clay shales.

Conclusion

A detailed study of the composition and mine-
ralogy of granitoids of the Ob-Zaisan folded zone was
carried out, and for the first time a wide range of ac-
cessory minerals differing in the Priobsky and Bar-
lak complexes was identified. In addition to apatite,
sphene, and zircon, which were determined in both
complexes, fluorite, topaz, monazite, xenotime, cas-
siterite, rutile, orthite, and less frequent uraninite
and rich in rare-earth elements bastnesite and pari-
site were identified in the Barlak complex. Waters of
the Barlak massif (areas Skala, Mochishche, Aeroflot)
are characterized by the highest uranium and thorium
concentrations.

It should be noted that on the whole the obtained
data are well correlated with radionuclide concen-
trations in groundwater of the study area (historical
data). The concentrations of uranium and thorium in
the granitoids are several orders of magnitude higher
than those in other water-bearing rocks of the Ob-Za-
isan folded region — widespread argillaceous and cal-
cacerous shales, as well as intrusions of intermediate
composition, limestones, and coals. The obtained
data will be further used for modeling of interaction
processes in a water-rock system.

One can predict a high background of radionuclides
in the groundwater of the Barlak and Priobsky grani-
toid complexes, within the ranges, mg/dm?: 28U from
0.1-103to 1.40 and 2Th from 1.0-10°t0 2.16-1073.Ra-
don *2Rn activity in groundwater ranges 1-50 Bq/dm?
in the contact zones of granitoids with different-aged
sedimentary rocks to 600—5,000 Bq/dm?3 in the areas of
granitoids occurrence.
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Abstract

The anisotropy in the deformational behavior of blocky rock masses has been comprehensively investigated.
The uniaxial deformation modulus was selected as the key parameter. This modulus is generally anisotropic
and depends on the loading direction, as well as on the properties of the intact rock, joints, and joint setting.
Representative volumes of blocky rock masses were numerically simulated using the discrete element method
and were loaded uniaxially in various directions. Subsequently, the failure mode and the deformation modulus
were studied for different loading directions and various relative joint settings. A new nonlinear, stress-
dependent stiffness matrix for joints was introduced, incorporating the surface conditions of the joints in
terms of the Joint Roughness Coefficient (JRC) and the properties of the intact rock materials in terms of
the Uniaxial Compressive Strength (UCS). The results of the assessments are presented in the form of rose
diagrams, showing variations in the deformation modulus of the blocky rock mass that depend on the joint’s
JRC, the intact rock’s UCS, and the structure of the rock mass in term of the relative joint angle. Also, the
expected degree of anisotropy for various joint surface conditions and uniaxial compressive strengths of intact
rock were introduced. In the Geological Strength Index (GSI) table, results are classified such that assigning a
value to the JRC for each class of joint surface conditions allows for the corresponding deformation modulus
and degree of anisotropy. According to this chart, it is deduced that the effect of joint roughness on the
deformation modulus of blocky rock masses is greater than that of the intact rock UCS. The results support
the hypothesis that a blocky rock mass has a critical strain that is independent of the loading angle (6) and the
orientation of the third joint set (a).
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AHHOTauus

BcecTropoHHe u3yueHa aHM30TPOMUsS NePOpPMAIMOHHOTO TOBEJEeHNSI GIOYHBIX MACCUBOB TOPHBIX TOPO/I.
B KauecTBe K/IIOYEBOTO MapaMeTpa BbIGpaH MOMY/Ib OMHOOCHO medopmManyy. B 1ieJloM OH SIB/ISIETCS aHU-
30TPOITHBIM U 3aBUCUT OT HAIIPAaBJIeHMSI HAarPy>KeHMs], @ TAKKe OT CBOJMCTB HeHapylleHHO NTOPOAbl, TPeLuH
Y 9JIEMEHTOB UX 3ajieraHust. [IpeicTaBuTeIbHbIE 00bEMbI GJIOYHBIX MACCHMBOB FOPHBIX TIOPOA, ObUTM YMCIEHHO
CMOJe/IMPOBAaHbI METOAOM JUCKPETHBIX 3/IEMEHTOB M OLHOOCHO HAarpy>kKeHbl B Pa3/IMUHbIX HAIIpaBAeHUSIX. 3a-
TeM OBLIM M3YUeHbl PeKUM Pa3pyIIeHUsT M MOLY/Ib AedopMaluy Ijisl pa3INUHbIX HAIIPaBIeHUIT HATPYsKeHUS
Y Pa3JIMYHBIX OTHOCUTEIbHBIX JIeMEeHTOB 3ajleraHys TpellyH. BHepeHa U 1CIIo/b30BaHa HOBas HeJIMHelHas
MaTpuLa JXeCTKOCTU TPELIVH B 3aBUCMMOCTHU OT HaIIPSIKEHMS, B KOTOPOW YUYUTBIBAIOTCSI COCTOSIHME ITOBEPX-
HOCTY TpelyH B Buae Ko3hduimenTta mepoxopatocty (JRC) 1 HeHapyIIeHHOTO MacCHBa ITOPO, B BUIE IIpe-
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Jesa MpoYHocTH rpu ogHoocHOM ckatvy (UCS). Pe3ynbTaThl OLIEHOK MPEICTaBIeHbI B BUE PO3-IMarpamm,
JIeMOHCTPUPYIOIIUX 3MeHeHre MOIYIs fedopMaiuu 610YHOTO MacCHBa TOPHBIX TIOPOJT B 3aBUCUMOCTH OT
K03 bUIMEHTa IEPOXOBATOCTY IIBOB, IPOYHOCTY ITPY OZHOOCHOM CKaTUM HEHAPYIIIEHHOH ITOPOIbI U CTPYK-
TYPbI MACCHBA TOPHBIX ITOPOJ, [0 OTHOCUTETbHOMY YIJTY TpelluHbl. Takke MpeICcTaBIeHa OXK1IaeMast CTeleHb
aQHM3O0TPOIIMM JIS1 PA3JIMUHBIX YCIIOBUIA TOBEPXHOCTHBIX TPEUIVH Y TIPOYHOCTYU TP OTHOOCHOM CKaTUM He-
HapyLIeHHO MOpobl. B Tabmuiie reonornueckoro nuaekca npouyHoctu (GSI) pesynbraTsl Kinaccuumposa-
HBI TAKMM 06pa3oM, UTo, MpUCBOUB 3HaueHue JRC KaXKIOMY KIacCy COCTOSIHYSI TOBEPXHOCTY TPEIIVH, MOXHO
OTIpefenuTh MOAY/Ib AedopMaluy U CTeleHb aHU30TPOIIMM, COOTBETCTBYIOIIMe 3HaueHnsIM GSI. CormacHo
3TOI CXeMe MOKHO C/IeJIaTh BBIBOJ, UTO BJIMSIHME IIEPOXOBATOCTY TPEIIMH Ha MOMY/b AedopMaluy 6;I04HbIX
MacCHBOB FOPHBIX TIOPOJ, 6OJIbIlE, UeM BIIMSIHME MPEAesa MTPOYHOCTU MPU OJHOOCHOM CKaTUM HEHapyIIeH-
HOI1 Topoabl. [ToyueHHbIe pe3yIbTaThl MOATBEPKAAIOT U0 O TOM, UYTO GJIOUHBINI MacCUB UMEET KpPUTHUYE-
CKyI0 iedopMallnio, KOTOpast He 3aBUCUT OT YIVIa HAarpy>XeHust O 1 HalpaBJIeHUsI TPEThe CUCTEMBI TPEIIMH .
KnioueBble cnoBa

MopyJib Aedhopmaium, 6;I0YHbIN MaCCUB TOPHBIX MTOPOJ, AaHU30TPOTINS, MATPUILIA JKECTKOCTU TPEIIVH, CTEITIeHb
aQHM3O0TPOIIMHU, PEKUM pa3pylIeHNs

Ansa umtupoBaHus
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Highlights

e New nonlinear stress — dependent relations for
both normal and shear stiffness of joints have been
introduced

e Blocky rock masses are classified based on their
joint surface condition and the strength of the intact
rock.

e Results are organized in manner analogous to
the GSI chart, allowing for the determination of the
range of deformation modulus and degree of aniso-
tropy for a specified blocky rock mass with an eva-
luated GSI.

e The degree of anisotropy in the deformation
modulus of blocky rock masses, defined as the ratio of
the maximum deformation modulus to the minimum,
was determined to be between 1.6 and 2.3, with an
average value of 1.88.

Equation Symbols
o,: Normal stress;
o.: Uniaxial Compressive Strength;
o, Uniaxial Compressive Strength of intact rock;
o,,: Uniaxial Compressive Strength of rock mass;
1,: Shear stress;
1. Peak shear stress;
1,.- Ultimate shear stress;
¢: Friction angle of intact rock;
;- Friction angle of joint;
o,: Base friction angle of joint;
a: Empirical constant;
C: Cohesion parameter of intact rock;
C:: Cohesion parameter of joint;
K: Bulk modulus of intact rock;
G: Shear modulus of intact rock;
T: Tensile strength of intact rock;
T;: Tensile strength of joint;

E;: Intact rock elastic modulus;

E,: Deformation modulus of rock mass;

E. ... Maximum deformation modulus of rock
mass;

E_..: Minimum deformation modulus of rock
mass;

GSI: Geological strength index;

JRC: Joint roughness coefficient;

JCS: Compressive strength of the joint wall;

UCS: Uniaxial compressive strength;

K,: Joint normal stiffness;

K: Joint shear stiffness;

K.,: Coupling effects of the shear and normal be-
havior of the joint;

K,,: Coupling effects of the normal and shear be-
havior of the joint;

K Initial joint normal stiffness;

K: Initial joint shear stiffness;

R Failure ratio;

R;: Degree of anisotropy deformation;

U,: Normal join relative displacement;

U,: Shear joint relative displacement;

U,.: Maximum joint vertical displacement;

U: Joint aperture at the beginning of loading;

U’ Shear displacement at peak strength;

D: Disturbance factor.

.

Introduction

The deformation modulus of rock mass is a fun-
damental parameter in the geomechanics of tunnels,
mining, and other geotechnical rock-supported facili-
ties. The mechanical properties of a rock mass, seen as
a fractured medium, are determined by the intact rock,
the pattern of relative joint-sets, the geometrical ar-
rangement of the joints, and their mechanical proper-
ties. Joint sets, acting as planar discontinuities, confer
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scale and direction-dependent mechanical properties.
Each joint set introduces anisotropy in the direction
of its normal vector. When a rock mass is heavily frac-
tured, the individually imposed anisotropy by the joints
in any direction can considered uniformly distributed,
resulting in an isotropic rock mass. Otherwise, even in
dimensions larger than the representative elementary
volume (REV), where the rock mass can be treated as
a continuum, its directional dependence persists.

For rock masses with simple joint settings, ana-
lytical relations, such as those proposed by Singh [1],
Gerrard [2], Oda [3] and Amadei and Savage [4], are
available to evaluate the deformation modulus. An
example of such type of relations is the three-di-
mensional equivalent continuous model presented
by Kulhawy [5] for a rock mass with three orthogo-
nal joint sets that displays orthotropic behavior. Ho-
wever, it is impossible to find a closed-form solu-
tion for the deformation modulus of rock masses
with numerous joint sets or when considering more
advanced constitutive behavior for intact rock and
joints. It is noteworthy that empirical methods com-
monly used in rock engineering to evaluate rock mass
deformability, such as those presented by Serafim &
Pereira [6], Gokceoglu et al. [7], Hoek & Diederichs
[8], overlook the effect of rock mass anisotropy and
there is a lack of a mathematical platform for creating
a behavioral model.

In experimental methods, as the mechanical
properties of the rock mass are scale-dependent,
the scales of rock samples and test probes seldom
correspond proportionally to the actual rock mas-
ses. Heuze [9] concluded that the rock mass defor-
mation modulus measured in the field ranges wide-
ly between 20 and 60% of the intact rock modulus
measured in the laboratory. In-situ tests are costly,
time-consuming, and challenging to interpret due
to the presence of undefined joints and uncertain
boundary conditions. They are often used cautiously
as a representative of the extent of the affected rock
mass. Furthermore, multiple tests in various direc-
tions are necessary to characterize the inherent ani-
sotropy of the rock mass.

Numerical simulations of rock masses as frac-
tured discontinue generally employ two metho-
dologies. One is the continuum approach, where
the impact of discontinuities is implicitly consi-
dered through equivalent mechanical properties, as
per Singh [1], Agharazi et al. [10]. The other involves
numerical solution techniques such as discrete
element, finite element, or finite difference meth-
ods, in which discontinuities are explicitly simula-
ted. The discrete element method (DEM), introduced
by Cundall [11] and further developed by subsequent
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researchers [12, 13], is highly regarded for its ability
to describe the geometric configurations and consti-
tutive relations of joints and intact rock. Many stu-
dies on the mechanical behavior of rock masses have
employed discrete element method [14-16].

The present study investigates the anisotropic
deformation modulus of blocky rock masses formed
by three intersecting joint sets, including two or-
thogonal sets. This was achieved through discrete
element simulations of representative volumes of
blocky rock masses.

The critical factor influencing the deformational
behavior of a rock mass is the stiffness of its frac-
tures and discontinuities. The stiffness of planar dis-
continuities, expressed through the normal (K,) and
shear (K,) components, is crucial for evaluating the
stiffness of the rock masses. Definitions that close-
ly reflect actual conditions improve the accuracy
of the calculated rock mass deformation modulus.
Therefore, efficient relationships that accurately
represent nonlinear joint behavior are essential for
calculating the rock mass deformation modulus. To
this end, a newly inferred nonlinear stress-depend-
ent stiffness matrix for joints has been introduced
for the simulations. This matrix accounts for the real
nonlinear behavior of joints through their basic pa-
rameters, eliminating the need for multiple tests.
This study is unique in that directly incorporates the
fundamental joint parameters into the calculation of
rock mass modulus, enhancing the precision and ap-
plicability of the results.

This study aims to present a realistic portrayal
of the anisotropic behavior of blocky rock masses by
combining numerical simulation with a mathema-
tically- empirical relationship for joint stiffness in
a practical manner. It addresses the deformation mo-
dulus, failure mechanism, and post-failure behavior
for different loading directions, along with summari-
zing the degree of anisotropy. The deformation mo-
duli are depicted through rose diagrams, illustrating
the variability of the blocky rock mass deformation
modulus in various directions as a function of the rock
mass’s intrinsic parameters along. These parameters
include the joints JRC, the intact rock’s UCS, and the
structure of the rock mass in terms of relative joint
angle. These diagrams allow for the estimation of the
blocky rock mass deformation modulus in different
directions without relying on laboratory and in-si-
tu tests or empirical relationships. Furthermore, by
consolidating the analysis results into the GSI table,
the data were categorized such that assigning a JRC
value to each class of joint surface conditions enables
the determination of the corresponding deformation
modulus and degree of anisotropy for GSI values.
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1. Modeling strategy

To examine the state of anisotropy in blocky rock
masses, representative volumes were simulated using
the discrete element method (via 3DEC software, Itas-
ca 2013') and subjected to uniaxial loading in various
directions.

For different relative joint settings — representing
various blocky rock masses — the failure modes and
the deformation moduli were ascertained for different
loading directions. The modeling procedure includes:
a) defining the geometric configuration of the blocky
rock masses; b) applying uniaxial loading to the se-
lected rock mass in various directions; c) specifying
the mechanical constitutive behavior of joints and in-
tact rock in a parametric manner; and d) identifying
a representative volume for the rock masses. These
steps are elaborated on in the subsequent subsections.

1.1. Geometric setting
of studied blocky rock masses

The term 'blocky rock mass' usually refers to
a rock mass that encompasses three joint sets [17].
In this study, we consider blocky rock masses that in-
clude two orthogonal joint sets intersected by a third
set, as shown in Fig. 1. In Fig. 1, the third joint set
forms an angle (o) with the second joint set, and its
strike is perpendicular to the strike of the joint set 1.
This study examines rock masses formed by values of
a=5°,15°,30°,45° 60°, 75° and 90°.
1.2. Loading scheme
To evaluate the anisotropic behavior of the mo-
dels, a representative volume element of the mass was
subjected to uniaxial loading in different directions.
This load is applied perpendicular to a plane with

! Ttasca Consulting Group Inc., 2013. 3DEC 5.00, User’s
Guide, Itasca Consulting Group, Inc.
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Fig. 1. A blocky rock mass with two orthogonal joint sets
intersected by a third joint set forming an angle (o)
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a strike parallel to the ‘X’ axis, deviating from the -7’
axis by an angle 6.

Fig. 2 depicts the directions of uniaxial loadings
on a blocky rock mass with a = 45°. As another exam-
ple, Fig. 3, a illustrates a model of a blocky rock mass
with a = 90° and 6 = 0, and Fig. 3, b shows a model of
a blocky rock mass with a. = 90° and 6 = 45°.

The 3DEC models are made as cubes with axes
aligned with the global coordinates of the software
environment, and uniaxial load is consistently ap-
plied in the direction of the global vertical axis. To
load the mass at an angle 0 for each set of joints, the
joint planes are rotated around the global x axis by
angle 0, as shown in Fig. 1.

1.3. Mechanical properties of joint
A general constitutive equation for the deforma-
tion of joints can be expressed as:

O, _ Kn Ksn Un
Tn - KHS KS US ’ (1)

where o, is the normal stress, t, is the shear stress,
U, is the normal relative displacement, and U; is the
shear relative displacement of the joint. K, and K, are
the normal and shear stiffnesses of the joint, respec-
tively, and K, and K, are the coupling effects of the
shear and normal behaviors of the joint, which have
been neglected in this study. To account for a realis-
tic behavior of joint stiffness in the models, new non-
linear stress-dependent expressions for the diagonal
components of the joint stiffness matrix are intro-
duced in the following subsections. These expressions
define the stiffness matrix components as a function
of the normal stress to the joint (c,) the joint surface
condition in terms of the Joint Roughness Coefficient
(JRC), and the intact rock material in terms of the
Uniaxial Compressive Strength of intact rock (o).

10 /‘1950 T180° \ 165°

Fig. 2. Directions of Uniaxial Loadings on a blocky rock
mass with o = 45 degrees
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a
Fig. 3. A blocky rock mass with: a — a = 90° and loading angle 6 = 0; b — a. = 90° and loading angle by 6 = 45°

1.3.1. Normal stiffness
The normal behavior of a joint can be described
by the hyperbolic model proposed by Goodman et al.
[18] and Bandis et al. [19] as:

j— aUn
! Unc _Un ’ (2)
where U, is the joint vertical displacement, U  is
the maximum joint vertical displacement, and “a” is

an empirical constant. Fig. 4 shows a typical normal
behavior of joints. From the definition of K, and

Eq. (2):

(¢

do, aU,,
K, = = P 3
au, U, -U))
Thus, the initial joint normal stiffness K, at the
onset of loading, when U, = 0, is:

a

K=o “)

nc

By solving Eq. (4) for “a” in terms of U, and K,
and substituting in Eq. (2) for U, and then into Eq. (3),
K, becomes:
2
K =K, + n + 20,

o, U, ol )

K"i (e} —K U Gn _KniUn
Eq. (5) expresses the normal joint stiffness in a
specified state of stress and deformation relative to
its initial value, K,; which can be evaluated as follow:

Bandis et al. [19] proposed the initial normal stiff-
ness of joints as:

K, =-7.15+1.75]RC +0.02 {%} (6)

Here, JRC is the Joint Roughness Coefficient of the
joint surface and JCS is the compressive strength of
the joint wall expressed in MPa, which can be equated
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b

with the compressive strength of the intact rock (o).
The joint aperture U, mm, at the beginning of loading
can be estimated by Bandis et al. [19]:

0.040, 02}‘ o

By substituting U from Eq. (7) into Eq. (6), an ex-
pression for estimating K, is derived.

1.3.2. Shear stiffness
The relationship between the relative shear dis-
placement (U,) and shear stress (t) can be described
by a hyperbolic function [19-21] as:

-1

R

re| T ®)
KU, T

where Kj; is the initial shear stiffness, 1, is the shear
strength of the joint, R, is the failure ratio (t,/7,,), and
1, 1S the ultimate shear stress. Consequently:

U=]RC[

-2
R K .U
Ks:£=Ksi [ A e 9)
dau, T,
K RK.|
Uszl:_si_g} . (10)
T T
6
s
£
z 1
0 : T :
0 0.1 0.2 0.3 0.4

Normal deformation (mm)

Fig. 4. Typical normal stress-deformation behavior of joints
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Table 1
Correlation selection between uniaxial compressive
strength and friction angle for intact rock

o, MPa ¢, degree
;<50 25
50 <o, <100 30
100 < o, < 250 35

At the shear strength of a joint, using t = t; and
U, =U"" from Eq. (10), we get:
T
f

K 'Upeak . (11)

st s

R =1-

Following Barton and Choubey [22], the shear dis-
placement at peak strength along a joint is considered
to be 0.01 times the length of the joint or fault block;
hence, the relative shear displacement, U”* is 0.01.
From Eq. (11):

T

0.01K_. " (12)

Substituting Egs. (10) and (12) into Eq. (9), we
obtain:

R =1-

172

S 0.01 . (13)

s J k_k.[l_o'glfk‘fJ

K, =K, 1+(
Tr

According to Bandis et al. [19]:
K, =(-17.19+3.86JRC)(c,)""™® (14)
and following [23-25]:

T, =Gntan{]RC10g]:—S+(pb}. (15)

n

1.4. Mechanical properties of intact rock

The intact rock is assumed to behave as an iso-
tropic elastic-perfectly plastic material, and the
Mohr-Coulomb criterion was adopted as the yield or
failure model. The relationship between the elastic
modulus, E; and the uniaxial compressive strength,
o, of intact rock was selected from the relationships
proposed by Deere & Miller [26]. They proposed cor-
relations between o, and Schmidt hammer rebound

number (R, ), and between E; and R, as:
6. =6.9-10 %P0 19 Npy; (16)
E, =0.6005pR, , —2.0276, GPa, (17)
which yields:

E, =69.02310g(0.1455,)-13.07, GPa, ~ (18)
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where o, is in MPa. Egs. (16) and (17) have been pro-
posed based on experimental results from 28 litholo-
gical units and 3 types of rocks [26].
Poisons’ ratio is selected as 0.25.
The cohesion parameter of intact rock, C, is deter-
mined as [27]:
C=0.16c,. (19)

For the friction angle of intact rock, a value is se-
lected as representative for each group variation of o,
as presented in Table 1, based on typical values of ¢
for various rocks in [28] and Barton & Choubey [22].

1.5. Representative Elementary Volume
of the rock masses

It is recognized that the mechanical behavior
of rock masses with a systematic pattern of joints is
scale-dependent. Depending on the relative block size
(ratio of block size to a characteristic size of the rock
mass, e.g. S/Lin Fig. 1), rock mass behavior can range
from that of intact rock to an asymptotic value at
a large scale where the rock mass may be considered
a continuum. Cuba [29] suggested that a certain scale,
known as the “Representative Elementary Volume”
(REV), can be chosen above which the characteris-
tics of the domain remain basically constant. Empir-
ically based relations can be employed to estimating
this scale. Schultz [30] recommended a scale of 5 to
10 times the block size or fracture spacing (relative
block size = 0.2 to 0.1).

For a cubic volume containing three uniform
joint sets with spacing S and dimension L, the mini-
mum relative dimension (L/S) of the REV can be de-
termined through successive analyses of the cube’s
uniaxial behavior. The chosen volume consists of
two orthogonal joint sets intersected by a third set at
o = 45°, as illustrated in Fig. 1. The results for peak
uniaxial strength and uniaxial secant stiffness corre-
sponding to 50 percent of the peak strength E, are
presented in Fig. 5. From this figure, L/S = 10 was
selected as the REV scale.

2. Validation of the modeling strategy

The validation of the implemented modeling
procedure has been conducted through a series of
comparisons between existing results and nume-
rical modeling predictions. This includes compari-
son for: a) simulated variation of uniaxial compres-
sive strength UCS of a rock mass with a single joint
set with closed-form solution results (Section 2.1),
b) predicted mode of failure of jointed rock masses
with experimental modeling results (Section 2.2),
and c) predicted anisotropic modulus of rock with
a single joint set with experimental modeling results
(Section 2.3).
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2.1. Simulation of UCS of a rock mass
with a single set of joints

Jaeger proposed a closed-form solution for pre-
dicting the variation of uniaxial compressive strength
of a rock mass with a single joint set in various direc-
tions [31]. Fig. 6 compares the UCS from the numerical
model of a cylindrical specimen with a single joint set
to the solution proposed by Jaeger et al. [31]. The an-
gle of the joints relative to the vertical axis varies from
0° to 90°. In the numerical solution, a cylindrical rock
mass sample with a diameter of 2 m and a length of 4 m
was loaded to failure. The UCS values are compared in
Fig. 6. As shown in Fig. 6, the results closely align with
the solution by Jaeger et al. [31]. Details of the intact
rock and the joints are provided in the caption of Fig. 6.

2.2. Simulation of experiments on failure modes
of jointed rocks

Yang et al. (1998) [32] performed a series of phy-
sical model tests to investigate the failure mode and
anisotropy of jointed rocks. These models included
simulated rock specimens (composed by cement and
sand) with one or two non-orthogonal joint sets, as
presented in Table 2. Table 2 also provides a compari-
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son between the failure states observed in test results
reported by Yang et al. (1998) [32] and the outcomes
of numerical simulations of these models, which were
found to be consistent.

2.3. Simulation of experiments on deformation modulus
of jointed rocks
Fig. 7 present a comparison between the experi-
mental deformation modulus from Yang et al. [32] and
the results of numerical simulation for a rock mass
with a single joint set. The consistency between expe-
rimental results and numerical simulation is evident.

3. Results of Simulations
3.1. Anisotropy in rock mass stress-strain behavior
and failure mechanism

When a rock mass is subjected to uniaxial loading,
the possible failure mechanisms include intact rock
failure, failure due to sliding on the joints, and a com-
bination of these two modes. In the analyses, stress-
strain curves and modes of failures have been exam-
ined. The mechanisms of failure and the post-failure
behavior for each loading direction are summarized in
Tables 3 and 4.

9000 1.2E+10 250
~ 8000 -
g -1E + 10 200
E 7000 - -
o £ 150 -
5 6000 - AN -8E + 09 g =
5 g 3 100 w
@ 5000 ~\0—0—0—0 & T p
e “6E+09 7 = 4
£ 4000+ 50 -
[s+]
% 30007 -4E +09
[s+]
‘E 0 T 1
> 2000 A 0 50 100
-2E + 09 B (Degree)
1000 ~ === Proposed model
0 0 = Closed from solution jeager
0 2 4 6 8 10 12 14 Fig. 6. UCS variation in a rock mass
L/s with a single joint set and varied joint
—@— Peak strength E,, inclination. Intact rock parameters:

Fig. 5. Variation in uniaxial peak strength and E., for a blocky rock mass
(o =45°in Fig. 1) with L/ S ratio (intact rock shear modulus G = 4 GPa,
intact rock bulk modulus K = 6.66 GPa; ¢ = 25, v = 0,25, c = 2.4 GPa)

G =4.28 GPa; K= 1.75 GPa; ¢ = 40;
T =200 kPa; Joint parameters: ¢; = 10 kPa;
@;=30; T; = 20 kPa; K, = 15 GPa/m;
K,=12GPa/m

Table 2

Comparison of failure modes in physical and numerical models

Proposed model

Test result

Rock mass with one joint set

Intact rock failure
Intact rock failure

Test result

Rock mass with two joint sets

dip=0 Intact rock failure

dip =90 Intact rock failure
Proposed model

dip = 0/90 Intact rock failure

dip = 60/-60 (60/120) Joint sliding

dip = 40/-40 (40/140)

Mixed failure (joint sliding + intact rock)

Intact rock failure
Joint sliding
Mixed failure
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800 1
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ul
[}
(=}

i

400 1
300+
200+

Deformation modulus (MPa)

100 -

0 -I!.. T T T T T \ T T = T :>
0 100 200 300 400 500 600 700 800
Deformation modulus (MPa)

= Measured from physical tests Yang et al.
— Predicted proposed model

Fig. 7. Experimental vs. numerical simulation deformation
modulus comparison from Yang et al. [32] for a rock mass
with a single joint set. Fundamental material properties:

G=1.913 GPa; K = 2.448 GPa;
JCS =17.63 MPa; ¢ = 31; 5,=1.05 MPa; v=0.19;
UW. =1.05 g/cm®; 6. =7.63 MPa

Table 3
Failure mechanisms for the blocky rock masses shown
in Fig. 1
o

5 15 30 45 60 75 90

0° |IRF+]JS|IRF+]JS|\IRF+]S| ]S JS |IRF+]S| IRF

15° |IRF+]JS|IRF+]S| ]S JS |IRF +JS|IRF + JS|IRF +]S

30° JS JS JS JS JS JS JS

45° JS JS JS JS JS JS JS

60° JS JS JS JS JS JS JS

75° |IRF+]JS|IRF+]S| ]S JS JS |IRF+]JS|IRF+]S

90° |IRF + JS|IRF + JS|IRF +]S| ]S JS |IRF+]S| IRF

Note: IRF: Intact rock failure; JS: Joint sliding

Table 4
Post-failure behavior of blocky rock masses shown
in Fig. 1
o

6
5 15 30 45 60 75 90

0° | P&B|P&B|S&B|P&S|P&S |P&B|P&B

15°¢ |P&B|P&S S S |S&B|S&B|S&B

30° | P&S S S S P&S | P&S S
45° | P &S S S S S S P&S
60° |P&S S P&S S S S S
75° |P&B | P&B S S S |P&B|P&B

90° |P&B|P&B|S&B|P&S | P&S|P&B|P&B

Note: P: Perfect plastic; S: Softening; B: Brittle
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For instance, in the case of poor rock (0 < JRC< 4
and o, < 25 MPa) by selecting o, = 15 and JRC = 2 as
mean values, Fig. 8 shows how axial stress-strain
curves vary with the relative uniaxial loading direc-
tion a. o, represents the UCS of the intact rock. For
each curve, the mode of failure has also been indica-
ted in the Figure.

When the loading direction is perpendicular to or
parallel with the planes of the joints, (0 =0 or 6 = 90) and
(o =0 or a = 90), failure of the blocky rock mass occurs
due to the failure in the rock material. In other cases,
failure of the rock mass occurs due to the sliding on the
joints or as a combination of sliding on the joints and
failure of the intact rock. When the direction of loading
varies from 15 to 75° (15 < 0 £75), failure in the blocky
rock mass occurs due to the sliding on the joints. In
this case, the uniaxial strength of the rock mass, o,,,
is between 0.35 to 0.45MPa (o, < 0,03c,). When 6
varies from 0° to 15° or from 75° to 90° (0 < 6 < 15 or
75 < 0 < 90), failure occurs as a combination of the fai-
lure of the intact rock and sliding on the joints. In this
case, ¢, varies from 0.8 to 1.4MPa (c,, < 0.1c,,). For the
case of fair-quality blocky rock mass (4 < JRC < 8 and
50 < o,;<100), when the failure occurs due to the sliding
on the joints, o, < 0.050,; and when failure occurs as
a combination of failure of the intact rock and sliding
on the joints, ¢, < 0.16c,,. For good-quality blocky rock
masses (8 < JRC < 12 and 100 < o, < 250), when failure
occurs due to the sliding on the joints, o, < 0.14c,; and
when it occurs as a combination of the failure of the
intact rock and sliding on the joints, ¢, < 0.46,,. Fig. 9
shows a subset of these results for brevity.

It is important to note that when failure in the
blocky rock mass occurs due to sliding on the joints
(at 6 = 30, 6 = 45, and 6 = 60), the yield strain ran-
ges from 0.2 to 0.4 and is independent of the loading
angle (0) and the direction of the third joint set (o).
When samples undergo softening after peak stress,
phenomena such as block rotation within the mass
and the formation of a zigzag pattern on the fracture
surface are observed.

3.2. Anisotropy in deformation modulus of blocky
rock masses

The deformation modulus is considered a func-
tion of the characteristics of the joints and intact
rock, as well as the direction. Blocky rock masses
were classified based on the joints condition by JRC
as (0<JRC<4,4<JRC<8,8<JRC<12,12<]JRC< 16,
16 < JRC < 20) and the UCS of the intact rock as
(o4 < 25 MPa, 25 < 6, < 50 MPa, 50 < o, < 100 MPa,
100 < o, < 250 MPa). The deformation modulus for
each group is calculated for different o directions.
Results of these calculations are presented in a polar
coordinate system introduced in Fig. 10.
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In this system, angle 6 (defined in Fig. 1) is mea-
sured in the positive trigonometric direction from 0°
to 90°, and the value of the deformation modulus is
indicated in the radial direction from the center. In
these charts, the deformation modulus is expressed
in GPa. In Fig. 10, the curve represents the range
16 < JRC < 20 and 50 < o, <100 MPa at o = 30°. Each
point on this curve, which attributes a modulus va-
lue E to 0 in 5° increments, is calculated as follows:

— for a specific value of 0;

— for o, ranging from 50 to 100MPa in 5 steps (60,
70, 80, 90, 100MPa);

— for JRC from 16 to 20 in 4 steps (17, 18, 19, 20);

1600 |
1400 |
= 12001

Intact rock + joint sliding

o
o
(=)

Intact rock + joint sliding
800
600 1 Joint sliding failure

o f—c

200 1

O T T T 1
0 1 2 3 4
Axial strain, 1073
0=0°

Axial stress (K

500+
450
400
350+ N
300+
250+
200
150+
100+
50+

Joint sliding failure

Axial stress (KPa)

T

0 0.5 1 15 2 2.5
Axial strain, 1073
0=30°

T 1

500+
450 1
400
3501
3001 Joint sliding failure
2501
200
1501
100
50 1
0 T T T
0 05 1 15 2 25
Axial strain, 1073
6 =60°
a=15

Axial stress (KPa)

T 1

—oa=5 —a =30 o =45

—a=60
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—an E is calculated for each pair of JRC and o,
and their mean value is attributed to the 6 value.

Figs. 11 to 14 display the results. In these figures,
each curve corresponds to a specific value of o. From
these figures, by knowing the rock mass structure (a),
joint conditions (based on JRC), and intact rock pro-
perties (represented by o), the deformation modulus
of the rock mass can be extracted from the curves for
different loading directions. For example, in Fig. 10,
for a rock mass with two orthogonal joint sets and
a third joint set at o = 30, if the condition of joint is
very good, (16 < JRC < 20), and 50 < o, < 100 MPa, the
deformation modulus at 6 = 15° is 39 GPa.

1000
900
800
700 A

600 - /\@ Intact rock + joint sliding
500 - /

400 [ e . .1 .

2004 | \@ Joint sliding failure

200+
100
0

Intact rock + joint sliding

Axial stress (KPa)

0 05 1 15 2 25
Axial strain, 1073
0=15°

500
450 ~._Joint sliding failure
400
350 1

300

2501
200 -
150

100
50

Axial stress (KPa)

T 1

0 0.5 1 1.5
Axial strain, 1073
0 =45°

Intact rock + joint sliding

400+ Joint sliding failure

Axial stress
(o))
o
(e

0 1 2 3 4
Axial strain, 1073
0="75°

a=75 —a=90

Fig. 8. Stress-strain curve comparison for different directions of third joint set (a) at different loading angles (6) for poor
quality blocky rock mass (JRC = 2 and ;= 15 MPa)
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Fig. 9. Stress-strain curve comparison for different directions of the third joint set () at different loading angles (0):
a, b, ¢, for fair quality blocky rock mass (JRC = 8 and ;= 80 MPa);
d, e, f, for good quality blocky rock mass (JRC = 12 and o, =150 MPa)

90° 60 Gpa

60°

Rose graph for o = 30°

40 Gpa

Deformation

modulus value @ A 0= 150
0
@ Rotation angle

Fig. 10. Polar coordinate representation of blocky rock mass deformation modulus as a function of angle 6
(curve shown for 16 < JRC < 20, 50 < o, < 100 MPa, and o = 30°)
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3.3. Indexing anisotropy in blocky rock masses

An anisotropy index (R;), defined as the ratio of the
maximum deformation modulus (E,,,) to the minimum
deformation modulus (E_ ), can be expressed as:

E
R, =—max 20
} Emin ( )
R; has been calculated for each curve in Figs. 11 to
14, and the results are presented in Fig. 15. For exam-

90° 2 GPa 90° 5GPa

60°

elSSN 2500-0632

https://mst.misis.ru/

Ahrami O. et al. Determination of deformation modulus and characterization of anisotropic behavior of blocky rock...

ple, in Fig. 15, a, the first column shows that R, = 1.64
corresponds to the anisotropy of a blocky rock mass
with o = 5°,0 < JRC < 4 and o, < 25 MPa. This is the
mean value of R, ’s calculated for pairs of (JRC, o)
as JRC=1,2,3,4and o, =5, 10, 15, 20, 25 MPa. For
each column, the values are displayed as bars above
it. The magnitude of anisotropy index for a blocky
rock mass can be expected to be between 1.6 and 2.3
(1.6 < R_ < 2.3), with an average value of 1.88.

90° 10 GPa

30°
f, - 1GPa Sﬁ
=0° , 0=0° =0°
0<JRC< 4 4<JRC< 8 8§<JRC< 12
90° 20 GPa 90° 25 GPa
60°
—a=5°
—a=15°
o =30°
0 30° —a =45°
—a =60°
a=75°
E, = 5 GPa o = 90°
\ 0=0° =(°
12<JRC< 16 16 < JRC< 20
Fig. 11. Deformation modulus of blocky rock masses for o, < 25
90° 6GPa 90° 15GPa

0<JRC<4

90° 30 GPa 90°

30°

\ 0=0°

4<JRC

40 GPa

<8 8<JRC< 12

—a=5°
——a=15°
o = 30°
— o = 45°
—a = 60°
o=75°
—a =90°

12<JRC< 16

16 <JRC< 20
Fig. 12. Deformation modulus of blocky rock masses for 25 < ¢,; < 50
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3.4. Comparison of results
with empirical relationships

For further evaluation of the results presented in
Figs. 11 to 14, the range of variation of the deforma-
tion modulus for each class of blocky rock masses is
presented and compared with corresponding results
from empirical relationships in Tables 5. In this ta-
ble, the classification of blocky rock masses is based

90° ¢ GPa 90° 10 GPa

60°

30°
2 GPa

£, - 16Pa \)\

0<JRC< 4

90° 40 GPa 90° 60 GPa

30°

\ ezoo
12<JRC< 16

1
4<JRC<8
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on the surface condition of the joints, similar to the
GSI table by Hoek [17]. For each class of rock mass
(with specified range of JRC), E,, values calculated for
different ranges of ¢, were compared, and maximum
and minimum values are presented in the table.

Table 5 assigns range of GSI values for each class
of rock mass based of JRC values, in analogy with the
GSI table by Hoek [17].

90° 20 GPa
60°

10 30°

8<JRC< 12

60°

—a=5°

—a=15°
a = 30°

— o = 45°

30°
—o = 60°

/ -

16 <JRC< 20

Fig. 13. Deformation modulus of blocky rock masses for 50 < c,; <100

90° 15 GPa
60°
\
/\ 30°
5G
E,=
N\
- 0° »? 6=0° - 0°
0<JRC< 4 4<JRC<8 8<JRC< 12
90° 60 GPa 90° 80 GPa
—a=5°
——oa=15°
o = 30°
—a =45°
—oa = 60°
- a=75°
En —oa =90°

12<JRC< 16

16 <JRC< 20
Fig. 14. Deformation modulus of blocky rock masses for 100 < o,; < 250
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A comparison in Table 5 shows that the relation
proposed by Hoek and Diederichs [8] with a disturbance
factor (D) of 0 (“D” is zero for an undisturbed state, 0.5
for partially disturbed, and 1for fully disturbed states)
shows the best match with the numerical simulation
results. This is graphically presented in Fig. 16. The
modulus values obtained from the relation proposed
by Serafim & Pereira [6] are higher than those in the
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current study, but the values from Gokceoglu et al. [7]
are lower compared to the results of the current simu-
lations. Also, the deformation modules from Sonmez
[36] and Carvalho [35] are high when compared to the
results of the current research for blocky rock mass
with weak joints. However, for strong joints, the modu-
lus values are lower, indicating a very high safety factor
for weak joints and a very low one for strong joints.

3.0 3.0
2.5 2.5
N 2.0 2.0
< 1.5 < 1.5
1.0 1.0
0.5 0.5
0 0
o 5 15 30 45 60 75 90 a 5 15 30 45 60 75 90
0 <25 1.64 2.47 2.46 1.71 244 241 1.5 6,;<25 1.53 246 2.17 1.8 2.07 242 1.5
W 25<06,;<50 1.3 1.59 1.56 1.34 1.52 1.57 1.24 W 25<06,;<50 1.37 197 1.77 1.52 1.72 1.9 1.38
W 50<06,;<100 1.37 1.84 1.73 1.5 1.68 1.82 1.35 M50<0,;<100 1.32 1.77 1.59 142 1.55 1.73 1.31
100<o6,;<250 1.29 1.62 1.52 1.37 149 1.6 1.28 100<o0,;<250 1.32 1.88 1.59 1.42 1.55 1.7 1.31
Il average 14 1.88 1.81 1.48 1.78 1.85 1.34 I average 1.38 2.02 1.78 1.54 1.72 19 1.37
M total average  1.65 1.65 1.65 1.65 1.65 1.65 1.65 M total average 1.68 1.68 1.68 1.68 1.68 1.68 1.68
Ryfor0<JRC< 4 Ryfor4<JRC<8
3.0 3.5
2.5 3.0
2.0 2.5
& 15 S
1.0 1:0
0.5 0.5
0 0
a 5 15 30 45 60 75 90 a 5 15 30 45 60 75 90
0 <25 1.27 2.38 2.06 1.49 2.03 2.42 1.22 ;<25 1.25 248 2.33 2.11 2.5 246 1.04
M 25<0,<50 1.15 2.38 2.06 1.66 1.91 2.25 1.21 W25<0,;,<50 1.51 249 233 211 23 246 1.04
M 50<0,<100 1.18 2.25 194 1.54 1.8 2.11 1.19 M50<0,<100 1.6 3.19 3.02 2.36 298 3.16 1.02
100<0,<250 1.14 247 2.08 1.59 1.99 2.37 1.22 100<oc,;<250 1.58 3.16 2.98 2.34 2.95 3.14 1.03
Il average 1.8 2.3 2 1.57 193 2.25 1.21 Il average 148 2.8 2.64 2.22 2.67 2.77 1.03
M total average 1.86 1.86 1.86 1.86 1.86 1.86 1.86 M total average 2.23 2.23 2.23 2.23 2.23 2.23 2.23
Ry for 8 <JRC< 12 Refor 12<JRC< 16
3.0
2.5
2.0
g 1.5
1.0
0.5
0
a 5 15 30 45 60 75 90
6;<25 1.65 2.84 2.52 2.008 2.52 2.82 1.34
W 25<0,;<50 1.5 2.59 2.25 1.89 2.16 2.53 1.31
M 50<06,;<100 1.56 2.64 2.21 1.76 2.1 2.64 1.31
100<o0,<250 1.43 2.77 2.42 1.88 229 2.76 1.34
M average 1.52 2.6 23 1.86 2.26 2.66 1.32
I total average  2.07 2.07 2.07 2.07 2.07 2.07 2.07

Rifor 16 < JRC < 20
Fig. 15. Anisotropy index, R, in blocky rock masses
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3.5. Deformation modulus and anisotropy index
of blocky rock masses as a function of GSI

The results of the calculation of deformation
modulus, E,, and the anisotropy index, R;, of blocky
rock masses can be summarized in a GSI table as
shown in Fig. 17. The JRC values relate to the surface
quality of the joints in this table.

Figs. 11 to 14 show that when JRC is assumed
to be constant in each column of the GSI table, an
increase in one interval in o, results in an average
eight-fold increase E,,. On the other hand, for a spe-
cific value of ¢, an increase in JRC by one interval
causes an average 24-fold increase in the deforma-
tion modulus.

It can be inferred that the effect of the quality
of the joints is greater than the strength of the in-
tact rock on the deformation modulus of blocky rock
masses.

For example, according to Table 6, at a fixed in-
terval of 50 < 6, <100, an increase in the JRC from 0
to 20 results in the deformation modulus increas-
ing from an average of 2.5GPa to 50GPa, which is
a 20-fold increase. For 8 < JRC < 12, an increase in
o, from o, < 25 MPa to o, < 250 MPa results in the
average deformation modulus for the rock mass in-
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creasing from 4 GPa to 27.5 GPa. This represents an

approximate 6.8-fold increase. Based on this ob-

servation, joint roughness affects the deformation
modulus about three times more than the intact
rock’s UCS.

100 000
90 000 1 D=0
80000 -
70 000
60 000 -
50 000 A
40 000
30 000 -
20 000 -
10 000 -

0 - 2 g _: K . .
0 20 40 60 80 100 120

Rock mass modulus (MPa)

X Hoek & Diederichs
® Bie niawski
Serafim & Pereira
Fig. 16. Comparative analysis of rock mass deformation
modulus from empirical formulas versus numerical
simulation

Stephans & Banks
® Simulated Model

Table 5
Comparative evaluation of deformation modulus for blocky rock masses (E,,)
using empirical formulas and numerical simulation
Joint surface condition Poor Very poor Very good Good Fair
Reference
JRC 0<<4 4<<8 8<<12 12<< 16 16 < <20
Deformation modulus (GPa)
Numerical simulation 0.79-6.2 1.6-11.5 4-217.5 7-54.2 8-75.5 -
GSI 25-45 35-55 45-65 55-75 65-85 -
1QRMR - 10)/40 3.16-10 5.6-17.7 10-31.6 17.7-56.2 31.6-100 [6]
2RMR - 100 - - - 0-60 40-80 [33]
0.1451¢065468I 0.744-2.752 1.43-5.29 2.75-10.18 5.29-19.58 10.18-37.66 [7]
0.0736€"75>RMR 0.7-3.2 1.5-6.8 3.2-14.5 6.8-30.9 4.5-65.7 [7]
0.33g0064Gs! 1.63-5.87 3.1-11.14 5.87-21.14 11.14-40.1 21.14-76.04 [34]
ES'Y* 6.22-10.85 8.21-14.32 10.85-18.91 14.32-24.96 18.91-32.96 [35]
E,(S%)0 8.61-14.49 | 11.37-18.38 14.49-22.95 18.38-28.76 22.95-35.85 [36]
( 1-D/2
D=0;10 T 1.05-6.13 2.56-13.96 6.13-28.73 13.96-50 28.73-71.42 [8]
l+e "
; 1-D/2
D=05;10"| ——(———— 0.254-1.54 0.629-3.71 1.54-8.59 3.71-18.23 8.59-33.27 [8]
1+ e(7 +25D-GST) /11
; 1-D/2
D=1;10 PR e vy 0.055-0.334 0.135-0.823 0.334-1.96 0.823-4.68 1.96-10.21 [8]
1 te +25D-GSI') /11

GSI = RMR-5, s- exp(GSI;wOj

129


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA) eISSN 2500-0632

FOPHbIE HAYKU U TEXHOJIOIMA

2024;9(2):116-133 Ahrami O. et al. Determination of deformation modulus and characterization of anisotropic behavior of blocky rock...

https://mst.misis.ru/

. o
Geological Strength Index (GSI) @ S 2 ‘2 o
%] = 7] = U wn
< [} <} k3] [ < oo
From the description of structure and ks = & =B E 5.5
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Structure Decreasing surface quality —
Intact / Massive — intact rock specimens
or massive in-situ rock masses with very few 90
/ widely spaced discontinuities N/A N/A
Blocky - very well interlocked undisturbed 80
rock mass consisting of cubical blocks formed
by three orthogonal discontinuity sets 70
GSI
65-85 55-75 45-65 35-55 25-45
JRC
16-20 12-16 8-12 4-8 0-4
EHI
8-75.5 7-54.2 4-27.5 1.6-11.5 0.79-6,2
R
2.1 2.2 1.8 1.6 1.6

Fig. 17. Deformation modulus, E,,, anisotropy index, R, and JRC for blocky rock masses in the GSI chart

Table 6
Rock mass deformation modulus as a function of JRC and o
GSI 25-45 35-55 45-65 55-75 65-85
JRC 0-4 4-8 8-12 12-16 16-20 g :,?
o, Deformation of modulus (GPa) § -'-g 2 8:9
G,< 25 0.79-1.75 1.6-4 4-10 7-19 8-23 E é E §
25< 6, <50 1.75-2.8 2.75-6 7-14.5 8-29 17-40 E § g g
50< c,<100 2.5-5 5.2-10 8-19.5 15-38 20-50 0 k=
100< 6,,<250 3.7-6.2 6.7-11.5 12-27.5 18-54.2 22-75.5 4

\/

24-fold increase in deformability modulus on average

Conclusion

A systematic investigation of anisotropy in the
deformation behavior of blocky rock masses is car-
ried out using discrete element simulations. The rock
mass consists of two orthogonal joint sets intersected
by a third. The third joint set forms a variable angle
with the second joint set, and its strike is perpendicu-
lar to that of joint set 1. Elements with representative
volumes of the masses were uniaxially loaded in dif-
ferent directions.

New nonlinear stress-dependent relations for
the normal and shear stiffness of joints have been
introduced and used in the simulations. JRC and in-
tact rock UCS serve as independent variables in these
relations. It was determined that joint normal and
shear stiffness coefficients significantly influence
the overall deformation behavior of the rock mass.
Notably, the effect of normal stiffness on the rock
mass deformation modulus is approximately twice
that of shear stiffness. Additionally, it was observed
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that the roughness of the joints has a much greater
impact on the deformation modulus than the UCS of
the intact rock.

An important consideration is the potential pres-
ence of thin layers on the joints. In this research, the
effects of joint fillers are reflected in the JRC as illus-
trated in the first row of Table 6. However, the ad-
hesion and friction coefficient on the joint surfaces,
which can significantly influence simulation results
due to the presence of thin layers, are not detailed. In
this context, Voznesenskii et al. [37], conducted com-
prehensive research discussing the significant impact
of thin layers of carbonaceous clays on the contact
cracking resistance between different rocks.

Numerical investigations indicated that a mass
with L/S > 10 can be considered as a REV for a blocky
rock mass when evaluating the deformation modulus
and failure modes.

The deformation modulus, failure mode, and
post-failure behavior of the blocky rock masses were
evaluated for various relative loading and joint an-
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gles. The degree of anisotropy for the deformation
modulus (due to the fracture systems), represented by
the anisotropy index R;, was deduced as 1.6 € R, < 2.3,
with an average value of 1.88 in blocky rock masses.

When the mode of failure is characterized by
“slipping on the joints”, the yield strain ranges from
0.2 to 0.4, independent of the loading angle and the
direction of the third joint set.

Results are presented in the form of polar curves
showing variations in the blocky rock mass deforma-
tion modulus, which depend on the joints’ JRC, the in-
tact rock’s UCS, and the rock mass structure in terms
of the relative joint angle. These curves facilitate the
estimation of the blocky rock mass deformation mo-
dulus in different directions without the need for la-
boratory and in-situ tests or empirical relationships.

In the GSI table, results are categorized such
that assigning a JRC value to each class of joint sur-
face conditions allows for the determination of corre-
sponding deformation modulus and degree of anisot-
ropy for GSI values.
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Abstract

Along with the introduction of new froth separation sections at new and existing enterprises, the basis for
increasing the output of small diamonds is the reduction of their losses at the existing froth separation sections.
The results of the studies of diamond surface composition under conditions of technogenic hydrophilization
made it possible to establish the influence of the effects of crystallization of carbonate and silicate mineral
films and the fixation of sludge fractions on the hydrophobicity and floatability of diamonds. It was proposed to
use combined regimes of conditioning of ore and recycled water to increase floatability of diamonds, providing
removal of hydrophilizing coatings and restoration of natural hydrophobicity of diamonds. The application of
methods of acoustic, thermal, electrochemical, and reagent treatment of water-mineral disperse systems, as
well as their combinations to increase floatability and reduce losses of hydrophilic diamonds in the process of
froth separation was considered and substantiated.

Based on the study of the effect of the temperature factor in the preparation and froth separation processes,
the optimal temperature regime of froth separation cycle operations was substantiated, providing the use
of the heat consumed for thermal treatment of the initial diamond-containing material at a temperature
of 85-90°C to maintain the required temperature in the conditioning operations with a collector and
immediately in the froth separation and flotation operations.

It was shown that the regulation of phase composition of an apolar collector by additives of low- and medium-
molecular fractions provides increase of its collecting ability due to transition of asphaltene-resin fraction
into adhesion-active form and occurrence of processes of the collector autodispergating in aqueous phase.
On the basis of the statistical analysis of froth separation process indicators depending on changing the share
of recycled water in the processes the reason for worsening the indicators (performance) was determined,
which consisted in a significant increase in the concentration of sludges. The optimum degree of recycled
water use (85%) was determined, which ensures decreasing the used collector consumption by 8% without
decreasing diamond recovery and concentrate quality.
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AHHOTauus

Hapsny c BHegpeHreM HOBbIX OTIe/leHUit TeHHO cenapaliuy Ha HOBBIX U AeiCTBYIOIINX MPeAIIpUITUIX pe-
CYypCOM TIOBBIIIEHMS BbIITyCKA MeIKMUX aIMa30B SIBJISIETCS CHIDKeHMe UX TTOTePh Ha IeliCTBYIIINX Mepeaenax
TIeHHOIi cemapanun. MccaenoBaHue cOCTaBa MOBEPXHOCTM aIMa30B B YCJIOBUSIX TEXHOT€HHOI ruapodwmim-
3alMM MMO3BOJIUJIO YCTAHOBUTD BMsiHME 3(PGHEKTOB KPUCTA/UTU3ALMUY TUVIEHOK KapOOHATHBIX U CUIMKATHBIX
MMHEPAJIOB, a TAKKE 3aKpeIvIeHNs IUIaMOBBIX (Dpakiuii Ha yMeHbleHue TuapodoO6HOCTY U QIOTUPYEMOCTH
asMasoB. [IpeyiokeHO UCTI0Nb30BaTh ISl TIOBBIIIEHUST (DIOTUPYEMOCTY aJIMa30B KOMOMHMPOBAHHbBIE PESKM-
MbI KOHAUIIMOHMUPOBAHUS PYIbl M 000POTHOI BOJIbI, OOeCieunBalollue yaajaeHue rugpoGuin3upyommx mo-
KDBITUIT ¥ BOCCTAHOBJIEHME TIPUPOAHOM rMAPoho6HOCTY aTMa30B. PaccMOTpeHO 1 060CHOBAHO MPUMEHEHME
Croco60B aKyCTUYECKO, TEIIOBO, MeKTPOXMMUYECKOI M peareHTHO 06paboTKM BOMHO-MUHEPATbHBIX
IMCIIEPCHBIX CUCTEM, @ TAKKE MX KOMOMHALIVI 1J1sI TOBBIIEHNS (PIOTUPYEMOCTY U CHVDKEHUS TIOTEPH TUIPO-
(wIbHBIX aIMa30B B IIPOIlecce MEHHOI cenaparuu.

Ha ocHOBaHUM UCCIeIOBaHNS BIAUSIHUS TEMIIEPATYPHOrO (hakTopa B MPOIeccax MOATOTOBKU U TEHHOI ce-
rapauyy 060CHOBAH ONMTUMAJIbHBI TEMITEPATYPHBI PesKUM OTepaluii IMK/Ia TIeHHO cermapauym, UCIoJb-
3YIOLIMIt TeIIo, pacxomyeMoe [Jsl TeIIOBOi 06paboTKM MCXOZHOTO aiMa30Ccofepskallero MpPOAYyKTa IMpu
temnepatype 85-90°C, myig nopmepkaHusi TpebyeMoil TeMIiepaTypbl B OMEpanusX KOHAUIMOHUPOBAHUS
¢ cobupaTesieM U1 HETTOCPECTBEHHO B ONepalMsx MeHHOI cenapaiuu u QuoTaiuu.

[Toka3aHo, UTO peryiupoBaHue Ha30BOro COCTaBa aroJIPHOTO cobuparesst Jo6aBKaMy HU3KO- U CpeHe-
MOJIEKY/ISIPHBIX (Dpakiuii ob6ecrieunBaeT MOBBIIIEHNE €T0 COOUPATENbHO CITOCOOGHOCTM 3a CUET MepeBoa
achasbTeH-CMOMNUCTON (PpaKUyUM B aATe3MOHHO-aKTUBHYIO (OPMY U ITPOTEKAHMS MPOIECCOB aBTOAMCIIED-
rMpoBaHus cobupaTens B BOJHOI dase.

Ha ocHOBaHMM CTAaTMCTMUECKOTO aHa/IM3a MoKa3areseii rmpoiiecca MeHHOI cermapaluy B yCIOBUSIX U3MeHe-
HMUSI TOJIM HATIPaB/IsIEMON B TEXHOJIOTMYECKME TTPOLIeCChl 0O0OPOTHOI BOABI OMpeieieHa MPUUMHA CHYKEHUS
rokasaresiei, 3aK/I04Yaloniascs B CyllleCTBEHHOM BO3pacTaHUM KOHIleHTpaluu nuiaMmoB. OmnpefeneHa OnTu-
MaJibHas CTeIeHb 3aMbIKaHUs BOI0060poTa (85 %), o6ecreunBaloiasi CHIsKeHMe pacxofa MpUMeHSIEMOTO CO-
6uparesisi Ha 8 % 6e3 yMeHbIIIeHUS] U3BJIEUEHNST aJIMA30B U CHVDKEHMS KaueCTBa KOHIIEHTPATOB.

KnioueBble cnoea

aJIMa3bl, KUMOEPINTBI, TOKPBITHS, KOHAUIMOHUPOBaHMe, rapod0obu3alys, CobupaTeb, IEHHAS cerrapalys,
3aMKHYTbI Bom0060poT, AK «AJIPOCA»
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Introduction

One of the promising areas for increasing the
output of fine diamond size classes at ALROSA’s en-
terprises is their extraction from kimberlites using
a method of froth separation developed at ALROSA
under the guidance of PhD M.N. Zlobin [1, 2]. The im-
portance of the froth separation and flotation process
is due to the fact that it enables achieving beneficia-

tion of -2 +0.5 mm size class, to which more than 40%
of the total quantity of diamonds in the ore belong,
which constitute up to 10% of the value of all com-
mercial products.

Along with the introduction of new froth separa-
tion sections at new and existing enterprises, the ba-
sis for increasing the output of small diamonds is the
reduction of their losses at the existing froth separa-
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tion sections, which currently reach 20%. The losses
are primarily caused by hydrophilic mineral coatings
present on a diamond surface, formed under condi-
tions of hypergenic processes in a deposit or due to
technogenic hydrophilization [3, 4]. A promising way
to remove hydrophilizing coatings and restore the
natural hydrophobicity of diamonds is using a com-
bination of different types of physical and physico-
chemical methods of treatment, the most effective
of which are thermal, acoustic treatment of pulp, and
electrochemical treatment of recycled water [5, 6].
At the same time, a necessary condition for achieving
a positive result is to ensure a selective regime of di-
amond hydrophobization, which is achieved by using
dispersing agents for sludges and agent-regulators of
crystallization of hydrophilizing coatings [7].

Another important trend in increasing the effi-
ciency of the froth separation cycle is optimization
of the composition of collectors, which are presen-
ted by various petroleum products [8, 9]. This solves
the problems of both increasing diamond recovery
and reducing the consumption and, consequent-
ly, the cost of reagents. An important condition for
increasing diamond recovery is a reasonable selec-
tion of the temperature conditions of the processes
of conditioning a diamond-containing product with
collectors and the processes of froth separation and
flotation as such [9].

The selected directions of improving the pro-
cess of froth separation and flotation allow achie-
ving maximum performance with the correct selec-
tion of the process parameters, taking into account
the mechanism of interaction of mineral surface
with ionic-molecular components of the pulp liquid
phase and with a collector, as well as changes in the
composition of the aqueous phase under conditions
of closed-loop water circulation [10, 11]. Therefore,
the main scientific goal of the research was to es-
tablish the regularities of changes in surface proper-
ties and floatability of diamonds when using differ-
ent types of conditioning of water-disperse systems
in the processes of froth separation and flotation of
diamond-bearing kimberlites.

1. Research techniques

The elemental composition of the surface mi-
neral coatings on diamonds was analyzed using the
method of scanning X-ray electron spectrometry at
a JSL-5610LV Jeol scanning electron microscope [12].
The information on the mineralogical composition
of the solid phase was obtained by analyzing the data
of infrared spectrophotometry in the wave number
range of 400-4000 cm™ using a Specord 75 IR instru-
ment [13].
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An improved technique of measuring the three-
phase wetting contact angle of a collector drop on
minerals using an OCA 15EC instrument was used
to study the effect of a collector composition and
preparation regimes on the collector fixation and
hydrophobicity of diamonds and kimberlite mine-
rals [14].

The method of combined optical microscopy
was used to study the phase composition and struc-
ture of the collectors [15]. The images of a thin layer
of the petroleum products were obtained by a Mi-
cromed-3-LUM microscope. Visiometric analysis
and determination of size distribution of grains of
asphaltene-resin and paraffin fractions were carried
out using VideoTesT 4.0 program package!. The pe-
culiarity of the applied technique is the possibility to
determine the mass fraction of both asphaltenes and
petroleum resins in a collector in the form of solid
formations.

The collecting properties of the studied col-
lectors in relation to diamonds were tested using
a frothless flotation cell, Hallimond tube [16]. For
laboratory studies of the process of diamond-con-
taining kimberlite product froth separation, a froth
separator equipped with a conditioner with reagent
dosers, a unit for electrochemical treatment of re-
cycled water, and a steam generator were used. The
initial material with the coarseness of 0.5 to 2 mm,
which was taken from the feed of the froth separa-
tion cycle, diamond-containing gravity concentrate,
was used in the research.

To determine the regularities of interaction of
the collector with minerals, the methods of extrac-
tion-spectral analysis of the collector distribution
between the liquid and solid phases of the flotation
system were used [17].

Scaled-up tests of the froth separation process
were carried out at a LFM-001C automated unit of the
Yakutniproalmaz Institute using closed-loop water
cycle. The reagent regime used was consistent with
the plant reagent regime. In the scaled-up tests, con-
ditioning of a sample with a collector for two minutes
was performed after pretreatment. A prepared sam-
ple of diamond-containing material was fed onto the
separator froth bed. The resulting froth and cell prod-
ucts were dewatered on a sieve. The separated aque-
ous phase was returned to the recycled water tank.
Diamonds were extracted from the froth separation
products after drying them for weighing and recovery
calculation.

1 VideoTesT-Master (Structure) 4.0: specification. Saint
Petersburg 2002, 15 p.

136


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU W TEXHOJOIMA

2024;9(2):134-145

2. Restoration of natural hydrophobicity
and floatability of hydrophilized diamonds

In order to select the conditions for preventing
technogenic hydrophilization of diamonds, special
studies were conducted, and quantitative regularities
of formation of hydrophilizing coatings on their sur-
face were determined. For this purpose, surface com-
position studies were carried out while ageing a sam-
ple in desludged and non-desludged recycled water.
The surface composition was determined by scanning
X-ray electron spectroscopy. At the same time, the
floatability of diamonds was determined by flotation
of a sample weighing 200 mg with grain size of 0.5 to
1 mm in a frothless flotation unit for 4 min at a total
air consumption of 50 ml. Prior to flotation, condition-
ing of the diamond sample in a collector emulsion was
carried out.

To reproduce the conditions of formation of tech-
nogenic mineralization occurring at the contact of
diamonds with mineralized aqueous phase in sample
preparation operations, the prepared sample before
conditioning with a collector was pre-aged in recycled
water in an open container for 180 min.

The tests results showed that ageing diamonds in
the process water of the processing plant No. 3 of the
Mirny Mining and Processing Complex leads to a con-
tinuous increase in the mass fraction of mineral coa-
tings on the surface of diamond crystals (Fig. 1) and
a decrease in the diamond floatability (Fig. 2).

The high rate of changing surface composition
and decreasing floatability allows concluding that
the initial cause of diamond hydrophilization is
the crystallization of carbonate and silicate mine-
ral films [6]. The comparison of the dependences
shows that ageing diamonds in non-desludged pro-
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Fig. 1. Changes in the mass fraction of elements of mineral
coatings on the surface of diamonds when they are aged
in desludged (1, 2) and non-desludged (3, 4) recycled water:
1, 3 - calcium; 2, 4 - silicon

o
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cess water leads to a significantly more intensive
(4-5.5 times) increase in the concentration of min-
eral coatings on the diamond surface (see Fig. 1) and
a significant decrease in the floatability of minerals
(by 10.1%, see Fig. 2). The most probable mechanism
of technogenic hydrophilization of diamonds is fi-
xation of sludge fractions on the surface of floating
minerals hydrophilized by mineral films.

To solve the problem of restoring the natural
hydrophobicity and floatability of diamonds, taking
into account the significant contribution of sludges,
the application of acoustic activation was consi-
dered [18, 19]. Taking into account the results of our
own earlier studies [5, 6, 9], it was proposed to use
combined regimes, including the application of both
acoustic and thermal treatment to increase the floa-
tability of diamonds.

The tests were performed with diamond-con-
taining samples at a laboratory froth separator. The
diamonds were extracted from selected kimberlite
samples of +0.5-2 mm grain size at an X-ray lumi-
nescence separator. The diamond-free samples of
kimberlite products were then averaged and divided
into 30 g subsamples. 20 diamond crystals were ad-
ded to each subsample. A prepared subsample in the
presence of sodium hexametaphosphate was treated
with a collector (F-5 bunker fuel oil and butyl aer-
ofloat at consumptions of 1,000 and 25 g/t, respec-
tively) and fed to the froth separator. The frothing
agent, methylisobutylcarbinol (MIBC), was fed into
the aqueous phase of the froth separation process.

In the course of the laboratory tests at the froth
separation unit, an initial subsample was heated and
aged at a temperature of 60-95°C for 1 min. Then
acoustic (ultrasonic) treatment was carried out at an

100
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[«
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& 70
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50 T T T

0 50 100 150 200
Ageing, min
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Fig. 2. Recovery of diamonds in frothless flotation after
ageing them in low-salinity (1), desludged (2)
and non-desludged (3) high-salinity recycled water
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IL 100-6/1 unit for 1-2 min. After removal of excess
water phase with sludge fraction, reagents (the fuel
oil and aerofloat) were added to the subsample and
agitated for two minutes.

The prepared subsample was fed to the froth bed
of the laboratory separator. The concentrate (froth
product) and tailings (cell product) obtained in the
froth separation process were dewatered. The sepa-
rated aqueous phase was returned to the recycled
water tank. Diamonds were extracted from the froth
separation products after drying them for weighing
and recovery calculation.

The results of the analysis showed that the joint
application of thermal and ultrasonic treatment
led to a 1.8-4.2-fold decrease in the proportion of
diamond surface with mineral coatings. The earlier
studies showed that the maximum increase in dia-
mond recovery was achieved with the use of a combi-
nation of ultrasonic treatment and heating a sample
to 85-90°C [20].

The study of reagent methods of intensifying
diamond desludging by conditioning of froth sepa-
ration feed also showed the effectiveness of using
sodium polyphosphate, oxyethylene diphosphonic
acid (OEDP), and sodium metasilicate. The results
of X-ray-electron spectral analysis showed that the
use of dispersing agents allowed to reduce the sur-
face concentration of mineral contaminant compo-
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nents by 1.3-1.5 times and promotes the removal of
sludges from the diamond surface. Good results were
achieved with the simultaneous application of ultra-
sonic scrubbing and additions of oxyethylene diphos-
phonic acid to the aqueous phase at a consumption
of 500 g/m® [20]. The maximum positive effect was
achieved when ultrasonic, thermal, and reagent treat-
ment processes were used together. The results of the
tests showed that the combination of ultrasonic (UST)
and thermal treatment of the initial feed with the ad-
dition of oxyethylene diphosphonic acid (OEDP) or
sodium polyphosphate provided an increase in dia-
mond recovery by 7.5% with a significant decrease in
the yield of kimberlite into the concentrate (Table 1).

A significant effect on hydrophobization and in-
crease of floatability of diamonds is provided by elec-
trochemical conditioning of recycled water [6, 21]. To
assess the effect of a combination of factors (chan-
ging diamond hydrophobicity and the saturation of the
aqueous phase of the pulp with gas), a test was con-
ducted to determine the collector retentivity in rela-
tion to diamond crystals of flotation size (+0.6—1 mm).
In the test, a droplet of the fuel oil interacted with
a subsample of diamond crystals (100 mg) at the bot-
tom of a glass cuvette and then recycled water were
added. The fuel oil droplet concentrated at the aque-
ous phase-air interface and floatated diamonds fixed
at the fuel oil-aqueous phase interface (Fig. 3, a).

Table 1

Effect of ultrasonic and thermal treatment and additives of oxyethylidene diphosphonic acid (OEDP)
and sodium polyphosphate on froth separation outcomes

o Processing conditions Recovery to concentrate, %
" | UST duration, sec. | Temperature, °C | Dispersing agent concentration, mg/L Diamonds ‘ Kimberlite
Using OEDP
1 - 24 - 82.5 0.86
2 60 24 100 90.0 0.40
3 60 85 200 90.0 0.33
Using sodium polyphosphate
4 60 24 100 80.0 0.44
5 60 85 200 90.0 0.36

a

b

Fig. 3. An aggregate of a F-5 bunker fuel oil droplet and diamonds on the surface of recycled water:
a - in ordinary recycled water; b — in recycled water after electrochemical conditioning
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Fig. 4. Scheme for preparation of diamond-containing
product for froth separation process, including thermal
treatment of ore pulp and electrochemical treatment
of recycled water

The results of observations showed that when
using recycled water that has undergone electro-
chemical conditioning, a droplet of the fuel oil
spreads to a greater extent along the interface be-
tween the aqueous phase and air, and a 40-50%
greater number of diamond crystals are fixed on it
(Fig. 3, b). At the same time, a large number of gas mi-
crobubbles are observed on the surface of diamonds,
which indicates the saturation of the treated water
with gas phase and the tendency of the gas phase to
form bubbles on the surface of diamond crystals.

To evaluate the effectiveness of the combination
of the thermal and electrochemical conditioning,
a scheme was tested, including heating of the froth
separation feed before the flotation reagents condi-
tioning operation and the subsequent use of the accu-
mulated heat in the operations of the froth separation
feed conditioning with the reagents and properly the
froth separation process (Fig. 4).

The flotation tests were carried out using elec-
trochemical conditioning of recycled water. Electro-
chemical conditioning was carried out in a diaphragm-
less electrolyzer at a current density of 100 A/m? and
an electricity consumption of 1.5 kWh/m?. To clarify
the mechanism of the electrochemical conditioning
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effect on diamond properties, tests with hydrophobic
and technogenically-hydrophilized diamonds were
performed. Hydrophilization of diamonds was car-
ried out by ageing them in sludge-containing recycled
water of the froth separation cycle in contact with air
for three hours.

The analysis of the developed regime testing
at the laboratory froth separation unit showed that
when using the combined thermal and electroche-
mical treatment (at a temperature of 85-90°C), the
diamond recovery (82.5%) is noticeably higher than
the recovery when using these treatment methods
separately (58.5% and 69%, Table 2). The yield of
kimberlite into the concentrate remained stable in
all tests (0.47-0.6%) [20].

The analysis of the conducted studies outcomes
showed that floatability of hydrophilic diamonds af-
ter thermal and electrochemical treatment increased
by 49% and became comparable with the recovery of
naturally hydrophobic diamonds. This result allows
concluding that the reason for the increase in floata-
bility of diamonds is the restoration of their natural
hydrophobicity due to the removal of hydrophilizing
films. The observed increase in the recovery of na-
turally hydrophobic diamonds (up to 18%) indicates
the manifestation of the effect of additional aeration
of the medium by electrolysis gases, which is typical
for the conditions of application of electrolysis prod-
ucts (see Fig. 3) and, possibly, due to other effects,
for example, an increase in the activity of a collector.

Selection of temperature regime of conditioning
of diamond-containing product with collector

The temperature of a medium in the preparatory
and basic process operations is an important parame-
ter of froth separation cycle [9, 17]. To determine the
rational thermal regime, wetting contact angle mea-
surements were performed on diamonds and kimber-
lite in the temperature range of 14 to 60°C.

Table 2
Effect of temperature on wetting contact angles
of diamonds and kimberlite by a droplet of collector
in aqueous medium

Medium |Wetting contact angle on minerals, deg.
No. temperature, (minimum-maximum/average)

°C Diamond Kimberlite
1 14 91-95/93 Breakaway
2 24 92-97/94.5 Breakaway
3 30 94-101/97.5 Breakaway
4 40 94-100/97.0 Breakaway
5 50 91-96/93.5 Piecewise, 40-75/57.5
6 60 90-93/91.5 Piecewise, 45-75/60

139


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(2):134-145

The influence of temperature on the adhesive
activity of a collector to the surface of a diamond
and kimberlite in aqueous medium was assessed by
measuring the wetting contact angles using a spe-
cial technique, including the application of a drop-
let of F-5 fuel oil to the wetted surface of a mineral
and the subsequent rise in the liquid level in the cu-
vette, described in detail in [9]. The results showed
that the wetting contact angle, which characterizes
the hydrophobicity of a diamond and its tendency to
interact with a collector, increases in the temperature
range of 14-40°C and decreases with further tempera-
ture increase (Table 2). The fixation of the collector on
the surface of kimberlite is observed fragmentarily and
manifests itself at temperatures above 40°C.

When the thermal conditioning of the initial feed
of the froth separation cycle is carried out at 80-90°C,
the temperature in the subsequent operation of con-
ditioning with reagents is 25-30°C, and in the froth
separation operation, 20-22°C. The higher medium
temperature in the conditioning and froth separation
operations with the use of thermal conditioning re-
lative to the medium temperature in the control test
(14°C) is provided by the heat energy expended in the
initial feed thermal conditioning operation. The froth
separation tests confirmed the results of the tests on
studying the effect of temperature on the adhesive ac-
tivity of a collector in relation to diamonds and showed
that maintaining the medium temperature in the ope-
ration of conditioning the diamond-containing pro-
duct with the collector up to 30-40°C led to an in-
crease in diamond recovery by 6.2-7.3% (Table 3).

The obtained results (achieving the maximum
positive effect at a temperature of 40°C) showed that
in order to achieve the best outcomes, it is advisable,
along with thermal conditioning of the froth separa-
tion cycle feed, to conduct additional pulp heating in
the operation of conditioning of the froth separation
feed. At the same time, the required temperature re-
gime of the froth separation and flotation operation
(24 to 28°C) is to be maintained [9].

Table 3
Effect of medium temperature in the collector
conditioning operation on diamond and kimberlite
recovery in the froth separation operation

No Medium Flotation recovery, %
‘| temperature, °C Diamond Kimberlite
1 14 (without thermal 79.1 1.7
conditioning)
2 24 83.6 1.7
3 30 85.3 1.7
4 40 86.4 1.6
5 50 85.0 1.6
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The efficiency of the selected temperature re-
gime of the froth separation process was tested on
a LFM-001C automated froth separation unit of the
Yakutniproalmaz Institute. In the tests, the initial
diamond-containing product was heat treated at
a temperature of 85°C. Due to the accumulated heat,
the temperature of the medium in the operation of
conditioning with the collector was 34-40°C, and in
the froth separation operation, 24 °C. The tests results
showed that the diamond recovery to the concentrate
achieved at thermal conditioning of the initial feed
and subsequent increase of the medium temperature
in conditioning and froth separation operations ex-
ceeded the corresponding recovery values in the con-
trol test at the medium temperature in conditioning
and froth separation operations of 14°C by 3.5%.

Thus, according to the results of scaled-up stu-
dies conducted at the automated unit, the temperature
regime of the froth separation cycle operations for the
processing plants of Alrosa was recommended, which
implied maintaining the temperature in the heat treat-
ment operation of the initial feed at 85-90°C, in the
conditioning operation with the collector, at 30-40°C,
and in the froth separation operation, at 20-24°C.

Optimization of collector fractional composition

Fuel oils used in diamond flotation are not optimal
collectors. This is due to the fact that GOSTs and TU for
petroleum products determine their composition and
properties to satisfy the requirements of consumers,
which are power engineering and transportation facili-
ties. Earlier studies have shown that F-5 and M-40 fuel
oils contain a large amount of inactive resin-asphal-
tene fraction present as crystallized solids [9].

In order to increase the collecting ability of M-40
and F-5 fuel oils, it was proposed to transfer the res-
in-asphaltene fraction from the coarse-dispersed state
to the form of colloidal or molecular solution by ad-
ding light ends of petroleum refining [17]. To determine
the collector structure formation regularities at its di-
lution and the subsequent selection of the fractional
composition, the modified M-40 fuel oil was studied
using the method of combined optical microscopy. The
technique application allows to diagnose the presence
of crystalline and colloidal forms of insoluble compo-
nents, for example, the fraction of petroleum resins
and asphaltenes in a petro leum product [22, 23].

The studies carried out by optical microscopy
method using a Micromed-3-LYuM microscope in
combined lighting regime showed that the resins and
asphaltenes are present in the dispersed state (black
crystals and aggregates) and in the form of solution in
medium- and low-molecular components (areas with
yellow—-green glow).
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The analysis of the results showed that dilution of
M-40 fuel oil with diesel oil cut (DOC) by 20 and 30%
results in dispergating of the aggregates of asphal-
tene crystals and their dissolution with formation of
fine-dispersed and dissolved forms (Fig. 5).

To determine the efficiency of fixing the collector
on diamonds, the technique of UV-spectral analysis of
the distribution of a collector between the liquid and
solid phases of the flotation system was used, inclu-
ding operations of extraction of organic substances
from the components of the aqueous dispersed sys-
tem diamond — aqueous phase, measurement of con-
centrations, and the collector balance calculation [17].

The collecting properties of the studied collectors
in relation to diamonds were tested using a frothless
flotation cell, Hallimond tube. The diamonds of the
coarseness of 0.5 to 1 mm, which were taken from
diamond-containing gravity concentrate, were used
in the research.

W
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Fig. 5. Change of mass fraction of asphaltene-resin phases
at dilution of M-40 fuel oil with diesel oil cut:
1 - calculated; 2 - in solid form according to the results
of visiometric analysis; 3 — in dissolved and emulsion forms
(as a difference of the first two values)

Table 4
Amount of fixed collector and recovery
of diamonds to concentrate in Hallimond tube frothless
flotation of diamonds

Share Diamond
No. Collector used of collector | recovery into
fixed on concentrate,
diamonds, % %
M-40 fuel oil 45 68.4
M-40 fuel 0il+20% DOC 61 78.6
M-40 fuel 0il +20% 82 92.2
DOC +DEK (KSM-1)
4 | M-40 fuel 0il +20% 87 92.5
DOC+EMK (KSM-2)
5 [M-40 fuel 0il+20% 80 88.7
DOC+DMK (KSM-3)
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The research results showed that the compound
collector, obtained by dilution of M-40 fuel oil by 20%
DOC, demonstrated the best process performance: an
increase in the proportion of collector fixed on the
surface of diamonds by 16%, and a significant in-
crease in their floatability (Table 4, test 2).

Another effective approach to modify the char-
acteristics of the collector is the addition of reagents
to its composition, providing autodispergating of the
collector in aqueous phase. It was confirmed that the
use of ketone additives (DEK — diethyl ketone, EMK —
ethyl methyl ketone, DMK - dimethyl ketone) in the
compound M-40 fuel oil-based collector composition
provided an increase in the proportion of the collector
fixed on diamonds from 45 to 87% (Table 5, tests 3,
4, 5). The proportion of collector fixed on kimberlite
minerals increases insignificantly in this case.

The results of the flotation tests showed (see
Table 4) that the maximum recovery of diamonds
using the compound of M-40 fuel oil and aliphatic
ketones was achieved in the area of mass fraction of
ketones of 8-20%.

Collectors KSM-1 and KSM-2, which are com-
pounds of M-40 fuel oil, diesel oil cut, and ketones,
were also tested at a LFM-001S froth separation unit,
operating in close to industrial regime (collector con-
sumption of 1000 g/t, butyl aerofloat consumption
of 50 g/t, a frothing agent consumption of 150 g/t).
Bench test results showed that in the temperature
range of 14-24°C, the diamond recovery reached
90-95% with a selectivity of 82.2-89.25% [17]. The
comparison of the flotation tests results showed
that the use of KSM-1 and KSM-2 collectors allowed
achieving the recovery of 90% at half less consump-
tion of the collector (Fig. 6). This is very important in
terms of both reducing costs for flotation agents and
decreasing environmental impact.

Selection of water recycling scheme parameters
in froth separation cycle

The proportion of recycled water in a water con-
sumption in the froth separation cycle is a key para-
meter determining the level of accumulation of solu-
ble salts, sludges, and flotation reagents in the aque-
ous phase of beneficiation processes [24, 25].

The main reason for worsening froth separation
performance at increasing the share of recycled water
in the total water balance is the process of sludge ac-
cumulation. An increase in the share of recycled water
leads to an increase in the concentration of sludge,
which is due to the deterioration of conditions and
decreasing efficiency of the recycled water clarifica-
tion operation.

On the other hand, increasing the share of re-
cycled water increases residual concentrations of
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collector by 25-40%. This not only does not worsen
flotation performance, but also reduces reagent con-
sumption by10-15%.

The results of the regression analysis showed that
sludge concentration is the most significant adverse
factor leading to lower diamond recovery, which re-
sults from a significantly stronger negative association
(PCC =-0.56, Table 5) compared to the association with
other parameters (PCC = -0.31-0.32, Table 5).

The results of the regression analysis are con-
firmed by a comparative analysis of the dependence
of sludge accumulation and diamond recovery to the
concentrate on the proportion of recycled water in
the froth separation cycle. As can be seen from Fig. 7,
when the proportion of recycled water reaches 85%,
a gradual increase in the concentration of sludge in
recycled water and a decrease in diamond recovery are
observed. Therefore, the proportion of recycled water
in the water balance in the froth separation cycle of
85% was established as the maximum permissible
value (Fig. 7).

The increase in the proportion of recycled water
from 70 to 85% recommended based on the findings
of the present research was tested and implemented
when modernizing the scheme of the froth separation
cycle at Processing Plant No. 3 of Mirny Mining and
Processing Complex. The task of reducing the concen-
tration of sludge in recycled water was achieved with
the use of single-stage clarification of the -2—+1 mm
coarseness initial feed thickening overflow and final
tailings of the froth separation. The results of the
tests showed the feasibility of reducing the collector
consumption by 7% with the proportion of recycled
water of 85% while maintaining diamond recovery
and concentrate quality at the same level (Table 6).

To increase the proportion of recycled water in the
water balance of the froth separation cycle up to 90% (in
order to reduce the consumption of flotation agents), it
is necessary to use effective methods to decrease the
concentration of sludge in recycled water. This result
can be achieved by using a two-stage scheme for clari-
fication of the recycled water or by adding coagulants
or flocculants that do not adversely affect the froth
separation process. Reduction of sludge concentration
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by 20-30%, achieved through the application of a two-
stage clarification scheme, will allow increasing the
proportion of recycled water up to 90% without reduc-
ing diamond recovery and achieving a total reduction
in reagent consumption by 11%.
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Fig. 6. Diamond recovery in froth separation
with the use of collectors:
1 - M-40 fuel oil; 2 - KSM-1 collector; 3 — KSM-2 collector;
4 — KSM-3 collector
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Fig. 7. Effect of the proportion of recycled water in the
water balance of froth separation cycle on: I - sludge

concentration and 2 - diamond recovery; 3 — limiting value
of the proportion of recycled water

Table 5

Pair correlation coefficients (PCC) between diamond recovery and parameters of recycled water
of froth separation cycle

Recycled Diamond recovery, % PCC between diamond recovery

ecycled water parameters NGB s Medium and recycled water parameters
Proportion of recycled water 65 90 74 -0.31
Salinity, g-ion/1 0.4 0.6 0.47 -0.32
Sludge concentration, g/1 3.1 5.8 4.0 -0.56
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Froth separation cycle indicators when changing recycled water proportion fable
Recycled water Collector consumption, g/t Diamond recovery into | Kimberlite yield into
proportion, % F-5 bunker fuel oil Butyl aerofloat concentrate, % concentrate, %
Single-stage desludging
70 1,100 25 87.9 0.65
75 1,050 23.5 87.9 0.64
85 1,020 22.8 87.8 0.63
90 970 21.5 85.8 0.62
Two-stage desludging
85 1,020 22.8 87.9 0.60
90 970 21.5 87.8 0.60
Conclusions It was shown that an effective way to increase

It was shown that technogenic hydrophilization
of diamonds is caused by the processes of crystal-
lization of films of carbonate and silicate minerals
and fixation of sludge fractions on the hydrophilized
surfaces of diamonds. It was proposed to use com-
bined regimes of conditioning of ore and recycled
water using acoustic, thermal, electrochemical, and
reagent treatment to increase diamond recovery,
providing an increase in floatability of hydrophilic
diamonds by 30-35% by reducing or preventing their
hydrophilization and removal of sludges.

A rational temperature regime of froth separa-
tion cycle is proposed, including thermal treatment
of the initial feed and assuming the use of heat con-
sumed in the cycle to increase the temperature of
the medium in the operations of conditioning with
the collector and froth separation of a size class
beneficiated. The feasibility of reducing diamond
losses due to maintaining the optimal thermal re-
gime by 3.5% was established.

the performance of froth separation is the modifica-
tion of phase composition of fuel oils by additives
of low- and medium-molecular fractions, which en-
sured the transition of asphaltenes and oil resins
into an adhesive-active form, as well as provided
autodispergating the collector in the aqueous phase.
Tests of KSM-1 and KSM-2 reagents with additives
of alkyl ketones confirmed their greater efficiency in
comparison with F-5 bunker fuel oil.

The optimum proportion of recycled water (85%)
was determined, which was achieved by applying
a water recycling scheme including single-stage
clarification of the initial feed thickening overflow
and final tailings of the froth separation cycle, pro-
viding an 8% reduction in collector consumption
while maintaining diamond recovery and concen-
trate quality at a high level. Application of a two-
stage clarification scheme is proposed to reduce the
concentration of sludge in water and increase the
proportion of recycled water use.
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Abstract

Flotation beneficiation plays a leading role in the processing most ores. The efficiency of this process is
ensured by the correct selection of operating modes, which involves choosing the most selective reagents
and determining their optimal consumption. Despite the significance of this issue, the classic approach to
determining beneficiation parameters involves testing followed by the processing of the results obtained
and the determination of the reagent consumption. However, such studies do not reveal the essence of the
physicochemical processes occurring within the pulp, and the results of testing one sample may not correspond
to the optimum when the properties of the sample change.

The purpose of this work is to develop and implement a methodological approach to the study of ore flotation
beneficiation using ionometry methods. The data obtained from ion-selective sensors significantly deepen
our insight into the transformations occurring during the flotation process and allow for consideration of
possible adverse factors that hinder effective process progression.

To achieve this goal, a comparative analysis of two approaches to flotation beneficiation testing was performed
using complex sulfide ores as examples. In the first stage, a flotation beneficiation study was conducted
through D-optimal factor testing, which included 20 individual tests to determine the optimal consumption
of modifying reagents, yielding qualitative indicators. In the second stage, flotation tests were conducted
using electrochemical monitoring with pH, Ag,S, Pt, and membrane electrodes. A universal flowchart for
flotation studies with ion-selective sensors has been developed, facilitating the application of this approach
to various ores. The implementation of the results from this comparative analysis has led to a 7.8% increase
in beneficiation efficiency while reducing reagent consumption. Additionally, the insights gained into the
electrochemical processes occurring allowed for assumptions about the adverse factors affecting flotation
outcomes. In conclusion, a model for the potential application of this approach at existing enterprises was
proposed, including the implementation of an “intelligent assistant” for flotation operators based on the
developed electrochemical models.

Keywords

flotation, flotation beneficiation, complex ores, ionometry methods, ionometry, optimization, electrodes,
dressability, simulation, reagents, testwork design, pH, Ag,S, Pt electrodes

Funding

The work was carried out within the framework of a grant from the Russian Science Foundation (project
No. 23-47-00109).

For citation

Yakovleva T.A., Romashev A.O., Mashevsky G.N. Enhancing flotation beneficiation efficiency of complex
ores using ionometry methods. Mining Science and Technology (Russia). 2024;9(2):146—157. https://doi.
org/10.17073/2500-0632-2023-08-145

© Yakovleva T. A, Romashev A. O., Mashevsky G. N., 2024

146


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2023-08-145
https://orcid.org/0000-0003-4834-0429
https://orcid.org/0000-0003-3210-8000
https://www.scopus.com/authid/detail.uri?authorId=56330093400
https://orcid.org/0009-0008-9038-8665
https://www.scopus.com/authid/detail.uri?authorId=56290154600
https://doi.org/10.17073/2500-0632-2023-08-145
https://doi.org/10.17073/2500-0632-2023-08-145

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOIMA https://mst.misis.ru/

2024;9(2):146-157 Yakovleva T. A. et al. Enhancing flotation beneficiation efficiency of complex ores...

OBOrAWLEHUE, MEPEPABOTKA MUHEPAJIbHOIO U TEXHOIMEHHOI'O CbIPbA
Hay4Hasa cTaTbs

MoBbiweHue apPpeKTUBHOCTH
¢noraumnoHHoOro o6orawLeHuss KOMIJIEKCHbIX pyA,
C UCMONIb30BaHUEM METOAO0B NPAMOI NOTEeHLMOMETPUU

T.A. IxoBnesa' (>, A.O. PomamnieB! 04, I.H. MameBcKuii?
! Cankm-Ilemep6ypzckuli 20pHbili yHugepcumem umnepampuuyst Ekameputot II, 2. Cankm-Ilemep6ype, Poccutickas @edepayus
2 Ipynna komnauuti <HOBOMO3K», 2. Cankm-ITemep6ype, Poccutickas @edepayus
<l romashev_ao@pers.spmi.ru

AHHOTauus

drnoTalMOHHOE OboralieHne UrpaeT BeayI[yi0 Pojib IPU HmepepaboTKe 60JbLUIMHCTBA TUIIOB pya. dddek-
TUBHOCTb JAHHOTO Ilepefena B 60/bIielt cTereH o6ecrneunBaeTcs MpaBuIbHbIM IT0A00POM PEXMMOB pabo-
ThI, BBIGOPOM Haubojiee CeIeKTMBHBIX PeareHTOB UM OIpele/eHreM UX ONTMMAaIbHOro pacxoma. Hecmorps
Ha OUYEBMIHYIO BaKHOCTh JaHHOIO BOIPOCA KIACCMUYECKMM ITOAXOIOM K OIpeaeaeHNuI0 JaHHBIX Mapame-
TPOB SIBJISIETCS TIOCTAHOBKA T/IaHa 9KCIIepMMEHTA C MOoCIeAyIoleit 06paboTKO MOTyUeHHBIX Pe3y/IbTaToB.
Mexxay TeM MpoBefeHye IOJ00HOr0 PoJa MCCIeI0BaHMii He pacKPbIBAeT CYUIHOCTY (PU3MKO-XUMUUECKUX
MPOLIeCCOB, MPOUCXOASIINX B IyJIbIle, a Pe3y/IbTaThl, IIOyUYeHHbIE HA OTHOM 06pasiie, MOTYT He COOTBEeT-
CTBOBaTh ONITUMYMY IIPM M3MEHEHUM UCXOOHbBIX XapaKTePUCTUK IIPOOHI.

Ilesblo JaHHOM paboOThI ABISIETCS pa3paboTKa M peann3alyss MeTOAMYECKOTO MOAX0a C UCII0Ab30BaHMEM
METO/IOB IIPSAMOIi ITOTEHLIMOMETPUM TIPU UCCIAeNOBAHUM PYH, Ha 060TaTUMOCTh (HIOTALMOHHBIM METOLOM.
[TonyuyaeMblie JaHHbIE OT MOHOCENEKTMBHBIX CEHCOPOB MMO3BOJISAIOT B 3HAUNTEIbHOM Mepe paclIMpUTh Kap-
TUHY TIPOUCXOISIINX B ITpoliecce (uoTanuy mpeobpasoBaHmit 1 yuecTb BO3SMOKHbIE HEeraTMBHbIE GaKTOPBI,
MpensaTcTByoinnue 3QpheKTUBHOMY IIPOTEKaHMIO IIpoLiecca.

Iy peanusalyy ITOCTABIEHHON 1M MPOBeeH CPaBHUTEIbHbIN aHAIU3 JBYX MOAXOMOB K ITOCTAaHOBKE
OIIBITOB 1O (IOTALMOHHOMY 060rallleHNI0 Ha IIpuMepe KOMILIeKCHBIX CyabMuUAHbIX pya. Ha mepsoMm sTarre
MIPOBeIeHO McciemoBaHMue 1Mo GUIOTAlMOHHOMY O0OTAlleHNIO TPV MOMOIIM TOCTAaHOBKM D-ONTMMabHO-
ro GaKTOPHOTO 3KCIIepMMEHTa, BK/IoUawIiinero 20 OmbiTOB MO MOA00PY ONMTUMAaIbHbIX PACXOJ0B peareH-
TOB-MOZAM(PUKATOPOB C MMOJTyYeHMeM KaueCTBEHHbBIX [T0Ka3aTeseii. Ha BTOpoM 3Tare mocTaBjIeHbl OIbIThI
no ¢roTaunuy ¢ IpMMeHeHMeM JTeKTPOXUMUIECKOTO KOHTPOJIS ¢ moMoIubio pH, Ag,S, Pt 1 MeMOpaHHBIX
3JIeKTPOMOB. B pesynbraTe paspaboraHa yHMUBepcalabHas 6JI0K-cxema IIpoBeneHus GIoTaliOHHBIX MCCIe-
JIOBAaHMI C MOHOCETEeKTUBHBIMIM CEHCOpPaMU, ITO3BOJISIIONIAs peaan30BaTh JaHHBIM MOAX0MA Ha Pa3IMYHbIX
pymax. ITonyueHHble pe3yabTaThl MO3BOIMIN MHTEHCUDUIIMPOBATH MPOIlecC 060TalleHNsl, TTOBBICUB €ro
adexTrBHOCTL Ha 7,8 %, P COKpalleHUM pacxoia MofaBaeMbix peareHToB. [IoMMMO 3TOro, MOJyUYeH-
Hble JaHHbIe TIO3BOJIMIN BBISIBUTD DSl HETaTUBHBIX (DaKTOPOB, BAMSIOIIMX HA Pe3yabTaT. B 3akimioueHne
IpejiokeHa MOIe/b IJis peajlu3alyuy TAaHHOIO IMOAXO4Aa Ha IMpelpUSTHUSIX, BKIIOUYalollas BHeIpeHle
«MHTEJJIEKTYaJIbHOTO ITOMOIIHMKA» orepaTopa (GaoTaluy Ha OCHOBE MHULIMAIM3MPOBAHHBIX 3JIEKTPOXU-
MMUUYECKUX MO ee.

KnioueBble cnoBa

dnorauus, groranoHHoe oboraiieHne, KOMIUIEKCHbIE PY/Ibl, METO/IbI TIPSIMOJ MOTEHIIMOMETPUN, MOHOME-
TpUsl, OIITUMMU3ALIVS, SJIEKTPOAbI, O6OTallleHe, MOIEIMPOBAaHNE, PEATeHTHI, IVIAHVMPOBAHNE SKCIIEPUMEHTA,
pH, Ag,S, Pt-anekrpopsl

®duHaHcupoBaHue

Pa6ora BbINoTHEHa B paMkax rpanta PHO (rmpoekt N2 23-47-00109).
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Yakovleva T.A., Romashev A.O., Mashevsky G.N. Enhancing flotation beneficiation efficiency of complex
ores using ionometry methods. Mining Science and Technology (Russia). 2024;9(2):146—-157. https://doi.
org/10.17073/2500-0632-2023-08-145

Introduction concentrate production by increasing the volume of

The processing of mineral raw materials with  ore processed [1]. Additionally, efforts to increase or

low grade of commercially valuable components  replenish the concentrate produced often result in

poses challenges for industrial enterprises aiming to  the neglect of integrated subsoil usage, compromising

modernize production. Currently, most enterprises  the achievement of sustainable development goals
address the problem of replenishing losses in  in the mineral sector [2, 3].
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Applying a more flexible approach through the
use of modern automation technologies, as opposed
to extensive method, enables the simultaneous reso-
lution for both economic and, more importantly, en-
vironmental issues [4]. In the modernization of tech-
nologies at processing plants, researchers typically
focus on optimizing the costliest stage, ore prepara-
tion [5]. While these efforts are crucial in reducing
the final costs of the products obtained, the challen-
ges of enhancing the comprehensiveness and depth
of processing are predominantly addresses by intensi-
fying the main stage: the flotation process [6-8].

In the contemporary practice of flotation bene-
ficiation, the variability of the processed raw mate-
rials, especially due to ore heterogeneity, is one of
the adverse factors affecting process performance [9].
This variability complicates the automatic control of
the flotation process and the of dosing flotation rea-
gents, thereby deteriorating both the qualitative and
quantitative process indicators[10].

The selection of a reagent regime when studying
ores for flotation dressability also poses challenges.
Typically, this involves a step-by-step determination
of the optimal consumption of each reagent type
to establish the optimum conditions, or it involves
applying various optimum plans. Although these
methods are well-established, they require significant
effort to conduct the testwork. For example, the
commonly used Box-Behnken design necessitates
17 tests (in the simplest case, without repetitions).
An alternative is the use of ionometry, measuring
and recording electrode potentials. This approach,
while established in electrochemical research, lacks
a generally accepted methodology for its application
in selecting reagent regimes and requires further
refinement.

Therefore, the purpose of this work is to develop
and test a methodological approach for studying
flotation using ionometry.

To achieve this goal, we compared two approaches
to designing tests for initial study of raw material
dressability. The first, traditional approach uses
a methodology to develop an optimal testwork plan,
taking proposed flotation reagents’ consumption
values as predictors (calculated in grams per tonne)
to find the conditions providing the best quality
indicators. The second approach utilizes ion-selective
sensors (electrodes).

Theory
The flotation process, from the standpoint of
automatic control and regulation, can be conditionally
divided into three consecutive stages. The first stage,
ore pulp preparation (ore grinding, adding water
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and modifying reagents, and the interaction of the
ore with the reagents in the pulp), encapsulates
the physicochemical essence of flotation. The
second stage, the hydrodynamic one, includes the
automatic stabilization of airflow rate and pulp level
in a flotation machine, as well as other actuators
controlling the process. The third stage involves
adjusting the froth layer characteristics, where
the secondary beneficiation of the processed raw
materials occurs [11]. The first stage is of particular
interest as it is the primary contributor to producing
high-quality concentrate.

One approache to automatic process control in-
volves studying the electrochemical properties of
the flotation pulp. The importance of optimizing flo-
tation based on ionometry was recognized as early
as 1933-1934 when Wark and Cox first researched
the relationship between the wetting contact angle
and the pH value [5]. Their work also notes that pH
is an important parameter in flotation processes.
Over the years, pH remained the sole electrochemi-
cal parameter recognized in ore flotation dressability
studies. However, analyzing additional parameters,
such as electrode potentials, can uncover implicit
dependencies and enhance overall process efficiency
by creating digital twins of a particular processing
stage or an entire plant flow sheet [12-14]. Recent
publications have addressed this topic. For exam-
ple, papers [15, 16] describe a “Digital Plant” pro-
ject implementation: using the bulk flotation area
of the Talnakh processing plant, a digital twin of an
operator was created - a system that simulates the
actions of an operator, stabilizes the flotation pro-
cess, and performs control actions in real time [15].
Works [17, 18] emphasize the use of ion-selective
electrodes for electrochemical pulp monitoring. The
data obtained allowed for the investigation of elec-
trochemical corrosion processes and the formation
of coordination compounds of BtX with metals. Af-
ter analyzing this data, the informative value of film
membrane ion-selective EM electrode potentials was
demonstrated. The investigation into the kinetics of
potential shifts of a film membrane electrode within
the decopperization and deironing circuit for rough-
er zinc concentrate at the Uchaly processing plant
revealed substantial deviation of the electrode’s
potential values into negative territory. These de-
viations did not match the actual concentrations of
free xanthate ions in the pulp. The markedly nega-
tive potential recorded by film membrane electrode
indicate the formation of complexes between xan-
thate ions and zinc cations. Additionally, patent [19]
describes a pioneering practical shift from estab-
lishing control measures on “g/t” to applying mass
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ratios of pulp components that form sulfoxide com-
plex, acting as depressants for Ni and Fe. Here, bi-
sulfite ions were employed as sulfoxide depressants,
with a maintained mass balance between iron ions,
thiosulfate ions, and bisulfite ions in the pulp’s lig-
uid phase. This industrial innovation highlights the
potential for iron sulfite complex formation within
the pulp, which can strongly adhere to the surface
of nickel and pyrrhotite (sulfides) as hydrophilic an-
ions, resulting in their depression.

While electrode use in enhancing flotation pro-
cesses is not novel, the application of such know-
ledge to ore dressability studies is notably lacking,
especially given the absence of a standardized meth-
odological approach. The literature reviewed focuses
on operational technologies, underlining the critical
need to bridge this knowledge gap.

Research Materials and Techniques

Complex copper ores, comprised: 0.75% Cu,
23.48% Fe, 2.49% S, 64.61% Si0,, were chosen for this
study. The mineralogical composition of the sample
used in the research is presented in Table 1.

Preliminarily tests were carried out to determine
the optinal grinding duration for the initial sample
to achieve the liberation of mineral components, tar-
geting a yield of 65% for the —0.071 mm grain size
class. These tests were performed in a laboratory mill,
MShL-7, with a ball load constituting 40% of the vol-
ume (9 kg) and a rotational speed set to 80% of the
critical speed. The kinetic studies indicated that the
required grinding time to reach the desired grain size
was 12 min and 10 s.

Flotation beneficiation tests were conducted
using a 3-L cell pneumatic-mechanical flotation
machine from Vektis Minerals LLC. The material,
immediately after grinding, was introduced to the cell
where it interacted with flotation reagents according
to a test plan.
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The reagents employed included: CaO as a me-
dium regulator, Na,S as a depressant (sulfidizer), and
BtX (butyl potassium xanthate) as a collector. The
tests protocol was as follows: the initial subsample
with a grain size of —2.0 mm was milled to achieve
65% passing —0.071 mm, during which dry medium
regulator (CaO) was also incorporated. Subsequent-
ly, the 1st rougher flotation was carried out with
the addition of Na,S and BtX reagents, along with
a constant T-80 frother dosage of 40 g/t. While the
purpose of this research was not the selection and
comparison of various reagents — although such an
evaluation is extremely pertinent in the current eco-
nomic climate — approach described below can be
adapted for that purpose as well.

After the test, the beneficiation products were
dried and analyzed using an EDX-8000P energy-dis-
persive X-ray fluorescent spectrometer, capable of
detecting elements from C to U, manufactured by
Shimadzu. Sample preparation for measurements
involved obtaining a representative subsample
weighing 5+ 1 g followed by comminution.

During flotation beneficiation, the pulp’s elec-
trochemical properties were monitored using a la-
boratory setup (Fig. 1), consisting of an array of elec-
trodes connected to an EMF-16 Precision Electro-
chemistry Interface for real-time data acquisition
redox and ion-selective electrodes (supporting up to
16 channels).

The following ion-selective sensors (elec-
trodes) were used to examine the feedstock’s elec-
trochemical properties: a pH electrode for asses-
sing hydrogen ions concentration in the pulp/wa-
ter [20]; an Ag,S-electrode [21]; an EM — membrane
electrode [22]; and an Pt electrode to determine the
medium’s redox potential [23]. In line with the deve-
loped methodology’s requirements for electrochemi-
cal measurements, the ion-selective electrodes were
calibrated to establish the electrochemical model

Table 1

Mineralogical composition of the sample

Mineral Mass fraction of rzlineral Mineral Mass fraction of Tineral
in samples, % in samples, %
Ore minerals Nonmetallic minerals
Pyrite, marcasite 2.27 Calcite 32-35
Chalcopyrite 2.55 Garnet 19-20
Arsenopyrite 1.58 Chlorite 15-16
Magnetite 1.05 Microcline 10-11
Limonite 0.40 Pyroxene 3-4
Fahl ore 0.21 Kaolinite 2-3
Bornite 0.11 Quartz 2-3
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necessary for diagnosing xanthate consumption and
selecting the appropriate electrode set' [24, 25].

The electrodes’ performance was gauged by cal-
culating the slope of the electrode function, which
for a singly charged component should be 59+5, in
accordance with the Nernst equation [26-28].

Calibration of pH electrodes followed a standard
procedure, using buffer solutions and accounting for
the temperature of the medium under examination.

! Romashev A.O., Yakovleva T.A., Gatiyatullin B.L. Com-
puter program No. 2023680109. A program for selecting ion-se-
lective sensors based on calibration data. Application submis-
sion: 2023-09-14, patent publication: 26.09.2023.
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Results and Discussion

The initial phase of our flotation beneficiation
research was conducted using a “classical” method,
where we assembled a matrix for a three-factor D-op-
timal experiment [29]. This types of designs are wide-
ly used in various scientific disciplines for their su-
perior capability in assessing the nonlinear impacts
of factors [30-32]. The structure and design of the
D-factor experiment are shown in Fig. 2 and Table 2,
respectively. The consumptions of the aforemen-
tioned reagents were selected as predictors, and the
consumption intervals were chosen based of an ana-
lysis of literature sources and operation experience

| Precision
Electrochemistry
| Interface

Auxiliary electrode

Ag,S-electrode

EM membrane
electrode

pH electrode

—

Fig. 1. Laboratory setup for monitoring electrochemical parameters in a flotation machine cell
(complied by the authors)

200 3%
1Tk

150 ol Grinding time )
g CaO 12 min 10 sec l\éf&s Flo'gatlon
=} T80-40gtf 1M
£ 100 =4min
=}
© 50 Initial
) ore
@]

Procedure
1 20
* The number indicates
the repetitions at a given point

Rougher flotation tailings
(to scavenging operations)
Rougher flotation concentrate

(to cleaner operations)

Fig. 2. Matrix of the D-factor experiment and flowchart for the series of tests (compiled by the authors)
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Table 2
Testwork design and outcomes
Factor |Reagent| UoM Minimum Maximum Min. level Max. level Average STDEV

A Na,S g/t 20.00 100.00 -1+ 20.00 +1 «<> 100.00 58.25 30.06

B BtX g/t 50.00 200.00 -1 50.00 +1 < 200.00 117.81 58.27

C CaO gt 0.00 200.00 -1 0.00 +1 > 200.00 104.85 75.38
from similar enterprises. As an optimization criteri- 80
on, the Hankok-Luyken efficiency criterion for cop-
per was used. This criterion serves as a technological 78,
optimization measure because it includes qualitative (@]
beneficiation indicators and generally reflects the de- O
gree of current beneficiation expertise relative to the 767 ®
maximum potential experience, the so-called case of P
“ideal” beneficiation. A total of 20 flotation tests were 749 8 b
carried out (including repetitions in central points) |  _ ____.oe==""777
within the prescribed consumption ranges of the ex-  _ | __..c=-=="""" ®---

. 2@ =" @] ® ©
periment plan. From the products of each test, three : o PR
representative samples were taken to analyze qual- 5 |. :
itative indicators, and the arithmetic mean of these 5 70®
three measurements was considered the final result. |
It should be noted that this work only addressed the 68.
rougher flotation stage, omitting additional flotation
operations needed to produce standard products. 661 .

Our statistical analysis for model adequacy 0 50 100 150 200
showed an insubstantial effect of CaO consumption
on flotation efficiency (Fig. 3), with no marked effi-
ciency improvement upon increasing its usage. The
local peaks arise from the influence of other factors.
Hence, it is judicious to assign a zero consumption
level for this reagent for the samples under scrutiny.

The analysis of the response surface of the effi-
ciency of the beneficiation process, as a function of
the consumption of Na,S and BtX, allows us to con-
clude that there is a local peak under the given test
conditions (Fig. 4).

To find the optimal consumption corresponding
to the point of the local peak, the gradient search
method was used, suitable for analyzing complex
nonlinear dependencies. The solution found enabled
the establishment of the consumptions for CaO,
Na,S, and BtX at 0, 49.64, and 103.48 g/t, respectively.
According to the resulting model, the beneficiation
efficiency at these parameters is 74.34%.

To confirm the data obtained, an additional
series of tests were carried out using the determined
consumption values, and the averaged results (with
each experiment was repeated 3 times) are presented
in Table 3. The copper recovery to the concentrate of
the 1st rougher flotation was 75.8%, with a copper
grade of 16.20% and a beneficiation efficiency of
72.81%, which had a relative error of 2.05% compared
to the model data.

CaO0 consumption, g/t

Fig. 3. Effect of CaO consumption on beneficiation
efficiency (compiled by the authors)

Fig. 4. Response surface of the beneficiation process
efficiency as a function of Na,S and BtX consumption,
based on results from the D-factor experiment
(compiled by the authors)
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The second stage of the research involved dressa-
bility tests with electrochemical parameter monitoring.
A generalized flowchart of the research using ion-se-
lective sensors is depicted in Fig. 5. This flowchart is
divided into three stages. Stages 1 and 2 are conducted
during the initial examination of a sample prior to flo-
tation beneficiation. The information obtained at these
stages first allows for the identification of the most sen-
sitive electrode pairs (stage 1) and secondly determines
the target values for the argentite electrode potential
and the stabilization time. The selection technique is
more fully described in [27] and [33].
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Within the framework of this flowchart, tests
to investigate the electrochemical properties of the
initial pulp were conducted. The schematic of these
tests is shown in Fig. 6.

The method for investigating the electrochemical
properties of ore pulp entails studying the kinetics of
changes in the electrochemical parameters of the pulp,
using a multisensor potentiometric system that mo-
nitors the potentials of electrodes installed directly in
the pulp [27]. Then, an indicator (xanthate) is intro-
duced into the resulting pulp both with and without
preliminary aeration (Fig. 6, b and a, respectively).

Table 3
Results of open flotation tests at varying consumptions of selected reagents
X Percentage, % Recovery, %
Product Yield, % : '

Cu Fe S Sio, Cu Fe S Sio,
1st rougher flotation concentrate 3.54 16.05 20.16 15.00 47.31 75.8 3.04 21.33 2.59
Waste tailings 96.46 0.18 23.60 2.03 65.25 24.2 96.96 78.67 97.41
Ore 100.00 0.75 23.48 2.49 64.61 100 100.00 | 100.00 | 100.00

Electrode calibration Determination of grinding time
fooo oo oo
Electrode Solution v b, Reagents
preparation preparation I-I iz Comminution < — - — . (consumption
L | " inie)
l t=15min —
Calibration = <«——— BtX batch --->
feeding Flotation
No
No l
Analysis of results
Electrochemical Data analysis and electrode Lopt Grain-size analysis;
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Fig. 5. Flowchart of flotation studies with ion-selective sensors (compiled by the authors)
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Based on the obtained potentiograms of the abso-
lute electrochemical potentials and diagnostic models,
conclusions were drawn about the main components
of the pulp that adversely or positively impact perfor-
mance of the technological process. The results of the
tests investigating the initial electrochemical parame-
ters of the pulp are illustrated in Fig. 7.

After mixing the initial sample pulp, the poten-
tials of the Mo, Pt, and Ag,S electrodes shifted to the
negative zone (Fig. 7, a, b). The potentiograms show
a sharp increase in potential values during pulp aera-
tion (point 3 in Fig. 7, a, b), which could be attributed

a [ ]Measurement checkpoints

batch feeding (20+20+20+20+20)
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to redox processes occurring [27]. The significantly
negative potential of the Ag,S electrode upon mixing
the initial pulp (after grinding) (point 1 in Fig. 7, a, b)
suggests the presence of complexation processes, cor-
roborated by changes in the kinetics of the film (mem-
brane) ion-selective EM electrode potential. The Ag,S
electrode readings, during aeration tests (point 3,
Fig. 7, a, b), indicate that Cu*" cations enter the pulp,
binding the initial xanthate portions (i.e., xanthate
binds to copper cations). Therefore, the incremental
addition of Na,S could depress mineral surfaces and
neutralize (mitigate) this adverse effect.

8]
Butyl xanthate Butyl xanthate

batch feeding (20+20+20+20+20)

b [ ] Measurement checkpoints Butyl xanthate @

batch feeding (20+20+20+20+20)

Butyl xanthate|$|
batch feeding (20+20+20+20+20)

_

Fig. 6. Flow chart of a series of tests:
a — without aeration; b — with preliminary aeration (compiled by the authors)
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Fig 7. Results of tests investigating initial electrochemical parameters: a — without aeration; b — with preliminary aeration
(compiled by the authors)
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Table 4
Results of open flotation tests at Ag,S potential maintained at -450 mV
Percentage, % Recovery, %
Product Yield, %
Cu Fe S Sio, Cu Fe S Sio,
1st rougher flotation concentrate 3.12 19.89 19.62 15.18 36.67 83.13 2.61 19.03 1.77
Waste tailings 96.88 0.13 23.6 2.08 65.51 16.87 97.39 80.97 98.23
Ore 100.00 0.75 23.48 2.49 64.61 100.00 | 100.00 | 100.00 | 100.00
-280
~300 f——— |
-320 ]
E —340 - \‘
= —360 1 ZONEI ZONE II ZONE III ZONE IV
£ 380
2 Diagnostic Zone of initial Na,S Aeration area
2. —400 1 zone pulp parameters batch feeding
<]
S 420
B
i -440 -
o —460
< -480
-500
_ | 3 min
520 <
-540 T . : : : :
0 200 400 600 800 1000 1200 1400

Observation time, s

Fig. 8. Potentiogram displaying the kinetics of changes in Ag,S electrode potential
(compiled by the authors)

The results of this test are presented in Fig. 8
and Table 4. In Fig. 8, four zones of electrode func-
tion readings are discernible. Zone I shows a flatte-
ning of the electrode function. In Zone II, monitoring
of the initial pulp parameters revealed the Ag,S elec-
trode potential in negative zone at —320 to -330 mV,
likely due to soluble elements in the ore generating
Fe? ions in the pulp. During Zone III, the Na2S rea-
gent was titrated for three minutes [33], a technique
employed to sustain the Ag,S electrode potential at
-450 mV [27]. In Zone IV, xanthate and air were in-
troduced.

The batched reagent consumptions were as
follows: Na,S - 15 g/t and BtX - 100 g/t. The test results
showed that the 1st rougher flotation concentrate
grade increased from 16.05 to 19.89% Cu, while the
Cu content in the tailings decreased from 0.26 to
0.18%. Consequently, Cu recovery rose by 7.37%. The
beneficiation efficiency reached 80.61%, which was
7.8% higher than the target value obtained from the
experimental design.

These results imply that the beneficiation
flowchart for this raw material might effectively
comprise only three operations: 1%t and 2™ rougher
flotations, as well as a scavenging flotation, since the
1st rougher flotation already achieves substantial
recovery of sulfides into bulk concentrate.

Conclusion

The studies conducted have validated the effec-
tiveness of ionometry methods for investigating ore
dressability. By adjusting reagent feed and concur-
rently monitoring electrode potentials, we achieved
a 7.8% increase in beneficiation efficiency within
a single operation.

The research and the methodology introduced
for examining the electrochemical properties of pulp
enable rapid identification and management adverse
factors affecting flotation, leading to enhance process
quality indicators. The reducing in investigation time
and the possibility of indirect real-time monitoring
are also of notable importance. This method can serve
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as a blueprint for a production process, placing mon-
itoring points throughout the production flowchart,
and permits the real-time analysis of industrial ben-
eficiation processes and, with provision for on-the-
fly adjustment reagents feeding points in the flota-
tion process. A significant benefit of systems based
on ion-selective sensors is their capability to deliver
operational control data with minimal delay. The in-
formation and diagnostic models generated can help
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to minimize the influence of human error and reduce
production costs through optimal reagent dosing.
Looking ahead, the rapid advancement of artificial
intelligence systems promises the development of
self-learning systems employing neural network tech-
nology. These systems could function as an “interac-
tive assistant”, offering real-time mode-adjustment
recommendations with zero lag, leading to significant
costs savings and significant economic benefits.
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Comparative processing studies of the Arkachan deposit gold-bearing ores
using dry separation and classical wet gravity separation methods
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Abstract

The use of dry methods of processing and beneficiation of mineral raw materials is one of the promising
areas, as this approach to concentrate production is less energy-consuming, less labor-intensive, and
economically beneficial. The paper presents experimental studies on preliminary dry separation of Arkachan
deposit ores to determine the quality of beneficiation of the separation products. The studies on dressability
were carried out on pilot plants for dry ore processing and beneficiation: combined impact crusher DKD-
300, centrifugal mill TsSMVU-800, pneumatic separator POS-2000. Processing of the obtained separation
products by pneumatic separation and screening according to the sequential flow chart of crushing and
grinding was carried out in laboratory conditions at a gravity concentration table SKO-0.5. The GRG test
was performed at an ITOMAK-0.1 centrifugal concentrator using a sequential grinding circuit. The GRG test
showed that for more efficient gravity separation of gold, up to total gold recovery of 73.91%, the degree
of grinding up to 80% passing 0.071 mm was required, allowing obtaining a gravity concentrate graded at
70.28 g/t gold.

Keywords
crusher, mill, pneumatic separator, dry separation, screening, grinding, concentrator, gold, recovery,
performance
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AHHOTaUunA

Vcronb30BaHMe CYXUX TEXHOJIOTMI ITepepaboTKM ¥ 060TaIleHNUSI MMHEPATbHOTO ChIPhSI SIBJISIETCSI OMHUM U3
TepCIIeKTUBHBIX HAIPaBJIE€HMI, TaK KaK JaHHbIM CII0co6 MPOM3BOACTBA KOHIIEHTPAaTa MeHee SHepro3arpa-
TE€H, MeéHee TPYJOE€MOK M SIKOHOMMYECKHN BbITOJEH. B pa60Te IIpUBEOEHbBI 3KCIIEPMMEHTA/IbHbIE paﬁOTbI 110
MpeaBapuUTeIbHOMY CYXOMY 060TallleHMI0 Py MeCTOPOKIAEeHMs ApKavaH /IJisl Oorpee/ieHus] KauecTBa 060-
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raieHus MpoAyKTOB pasnesneHus. VicciemoBaHus Ha 060TaTMMOCTh MPOBOAMINCH HA OMBITHBIX YCTaHOB-
Kax CyXOro MeTofa IlepepaboTKM M 000ralleHus pyi: APo6MUIKe KOMOVMHMPOBAHHOIO YIAPHOTO OeiCTBUS
IOKI-300, enTpobeskHoii meabuuile IIMBY-800, mHeBMocenapaTope I[TOC-2000. O6pa6oTKa MoTyueHHbIX
MIPOYKTOB pasfiefieHusl MHeBMOcCemnapanueil 1 TPOXOUeHWEeM IO TOCAeNOBATeIbHON cxemMe ApobieHus
¥ U3MeJIbUeHMs TIPOBOAM/IACH B JJAO0PAaTOPHBIX YCIOBMSIX Ha TPABUTALIMOHHOM KOHILIEHTPALIMOHHOM CTO-
se CKO-0,5. GRG-TecT mpoxoauI Ha HeHTpobeskHOM KoHIileHTpaTope U'TOMAK-0,1 1o mociaenoBaTeabHOI
cxeMe u3MeNbueHMs. AHanm3 npoBeméHHoro GRG-Tecra Imokasasi, 4To IJIisl 6ojiee IPUEMJIEMBIX YCIOBUIA
rpaBUTALMOHHOTO oboraiieHus 3010Ta — A0 73,91 % — HeoO6xomuMa cTereHb uaMeabueHust 0o 80 % Kimacca
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-0,071 mm, Aj1 moMy4eHUs TPaBUTALIMOHHOTO KOHIIeHTpaTa ¢ cogepxanuem 70,28 r/T 3010Ta.

KnioueBble cnoBa

IpOOWUIIKa, MeTbHUIIA, THEBMOCEMAPATop, CyXoe oboramieHne, Kiaccubukauys, M3MelbueHne, KOHIEHTPa-

TOD, 30JI0TO, U3BJIeueHue, 3pHeKTUBHOCTb

®duHaHcupoBaHue

PaboTa BBITIOIHEHA B paMKax TOCYIapCTBEHHOTO 3aJaHuss MUHMCTEPCTBA HAYKM M BBICIIETO 0Opa30OBaHMS
Poccuiickoit ®epgepanyn (Tema N2 0297-2021-0022, ETUICY HUOKTP N¢ 122011800089-2) ¢ ncmnoib30BaHMEM
ob6opynoBanus LIKIT ®ULIL THIT CO PAH (rpanT N213.1IKI1.21.0016).

Ansa ymTupoBaHmsa

Matveev A. 1., Lebedev I. F., Vinokurov V. R., Lvov E. S. Comparative processing studies of the Arkachan deposit
gold-bearing ores using dry separation and classical wet gravity separation methods. Mining Science and
Technology (Russia). 2024;9(2):158-169. https://doi.org/10.17073/2500-0632-2023-10-168

Introduction

Reducing the cost of finished products by app-
lying the most economically advantageous processes
and technologies of mineral processing and benefi-
ciation is one of the urgent tasks in the mining and
processing industry. One of the promising areas is the
use of dry methods of mineral raw materials benefi-
ciation, as this approach to concentrate production
has a number of significant advantages.

The purpose of this work is conducting experi-
mental studies on preliminary dry separation of the
Arkachan deposit ores and assessing the quality of the
separation products with the recovery of gold from
the pneumatic separation concentrate and tailings by
gravity separation methods.

The ore samples from the Arkachan deposit
by material composition are lumpy ore material of
-150+40 mm in particle size, with veins of quartz-car-
bonate, quartz-carbonate-sulfide, quartz-goethite,
and quartz-limonite composition.

The technology of the tests on dry ore separa-
tion provides for treatment of the separation pro-
ducts for maximum recovery of free gold from the
products and correct accounting in determining the
qualitative and quantitative indicators of the separa-
tion processes [1-3].

The technology involves two interrelated pro-
cesses:

— ore preparation (crushing and grinding) to re-
lease and recover free gold up to 50 microns [4-6];

- pneumatic separation to produce concentrates
with a high grade of free gold at a particle size of up
to 100 microns.

The tested technology provides for the use of
crusher DKD-300! [7, 8] based on the technique of
multiple impact action [9, 10] with productivity up to
15 tph, centrifugal mill TsMVU-800? with productivity
up to 6 tph, and pneumatic separator POS-2000 with
productivity up to 6 tph.

Classical wet gravity separation was carried out
using the GRG test methodology, which involves
sequential release and recovery of gold as an ore is
ground in stages. The GRG test consists of three suc-
cessive stages of mineral disintegration and three
stages of beneficiation.

For the comparative characterization of these
two technologies, optimal crushing process parame-
ters of crushing and grinding apparatuses, fraction-
al compositions of crushing and grinding products,
release of gold-bearing minerals from the ore ma-
trix, the results of the studies on dry beneficiation
of the crushed fraction using POS-2000 pneuma-
tic separator with the determination of the reco-
very of gold-bearing minerals by pneumatic sepa-
ration, the degrees of reduction were determined
and used [11, 12]. The quality of beneficiation and

! Matveev A.l., Vinokurov V.P., Grigoriev A.N., Monas-
tyrev A.M. Patent No. 2111055 of the Russian Federation.
Combined impact crusher. Published on 20.05.1998.

? Matveev A.l., Grigoriev A.N., Filippov V.E. Patent
No. 2150323 7 B02 C 13/20. Counter Impact Centrifugal
Pulverizer. SB RAS North Mining Institute. Published on
06/10/2000; Matveev A.I., Vinokurov V.R., Grigoriev A.N. Patent
No. 2746502 B02C 7/00. Vertical Centrifugal Pulverizer. Federal
State Budgetary Institution of Science Federal Research Center
Yakutsk Research Center of the Siberian Branch of the Russian
Academy of Sciences. Published on 14.04.2021.
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the separation products was determined by particle
size class. The technological assessment was given
and the feasibility of using dry ore separation for
obtaining gold concentrates at the preliminary stage
of beneficiation were substantiated [13, 14].

General methodology of the performed studies
on ore sample processing

The experimental sample processing was carried
out in conjunction with basic sequential processing
of an ore sample weighing at least 500 kg. A small
portion of the initial sample was retained for umpire
analytical studies.

The tests were carried out according to the flow
chart, providing for the sequential processing of ore at
the DKD-300 crusher, TsMVU-800 mill, and POS-2000
pneumatic separator (Fig. 1).

For end-to-end testing, the initial sample af-
ter each crushing cycle was separated by screening
into particle size classes of +5 mm, -5+3 mm and
-3+0 mm.

The +5 mm particle size classes formed in the
crushing process were subjected to successive staged
crushing at a DKD-300 crusher, and the number of
crushing cycles was determined by sufficient degree
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of mass loss of +5 mm size classes after the latest
crushing cycle.

The crushing products of -5+3mmand -3+ 1 mm
particle size classes were ground at a TsMVU-800
centrifugal mill. The grinding products were sepa-
rated at POS-2000 pneumatic separator to obtain
concentrate and tailings. For the end-to-end tests,
grinding and pneumatic separation were performed
sequentially.

The pneumatic separation concentrates were
screened to separate into two particle size classes:
-1 mm and +1 mm. The resulting -1 mm class was
further concentrated at a SKO-0.5 table, then at
a Moseley analyzer for free gold recovery by finishing
(magnetic separation and washing in bromoform).

The -3+0 mm particle size class obtained af-
ter primary crushing was also screened to separate
the +1 mm particle size class, which was sent for
regrinding with following pneumatic separation. The
screening products of +1 mm and -1 mm particle size
classes were subjected to pneumatic separation at
the POS-2000 to obtain concentrate and tailings.

Free gold was separated from the pneumatic
separation concentrates using Moseley analyzer fini-
shing, magnetic separation, and bromoform washing.

Ore
Crushing
Screening
5 —543 -3+0
Crushing
Screening l
+5] -5+3] }-3+0 Y
Crushing Grinding Screening Grinding
— 71 _341 -1+0 T
Screening Pneumatic separation Pneumatlc separation
- - i Grindin, Tail.
s 5+3 l 5+0 Conc. . Tail. g Pneumatic separatlon S
Screening Screening C creemng
onc. 1
A -3+1 -140 *1] -1 1]
Grinding Pneumatlc separation Concentration

Concentration
on a gravity table

Conc.

Tail. ON a gravity table Concentration

. . LY on a gravity table
Pneumatic separation Grinding Conc. Int. Tall Screemng Conc. I nt. lTa‘I 8! y
Conc. Tail. . -1 Concentration Conc. Int. | Tajl,
. . . Concentration 1 i
Screening Pneumatic separation|  on a Moseley analyzer c on a Moseley analyzer Concentration
+1 -1 Conc. Tail. ; oncentration Conc.]”  |Tail. on a Moseley analyzer
. Cone[ |Tail. on a gravity table Y yA
Screening P . X G Tail. Conc. Tail.
Concentration +1 _; Pneumatic separation onc. Int. [ Tai
on a gravity tablg Conc, Tail. Concentration Screening
Conc.[  [int. JTail. on a Moseley analyzer 311 140
. Concentration Concentration : l l
Concentration : : Conc. Tail. ) )
on a Moseley analyzer on a gravity table' on a gravity tabl? Grinding Pneumatic separation
Conc. ﬁTail. Conc. Int. | Tail. Conc. Int. [Tail. _1_ ‘ Conc. Tail.
Concentration Concentration Pneumatic separation
on a Moseley analyzer on a Moseley analyzer Conc. Tail.
Conc. Tail. Conc. Tail. i .
onc ai onc. ai " Screening X Concentration
I - on a gravity table
. .1035kg| Int. il.
Concentration Cone I 1Tall
Crushing at a DKD-300 crusher onagravity table -~ antration
Grinding at a TsMVU-800 mill Conc. Int. [Tail. ONa Moseley analyzer
Pneumatic separation at a POS-2000 separator Conc. Tall
Concentration

Fig. 1. Flow chart of sample processing: Conc.

on a Moseley analyzer
Conc. Tail.

- concentrate; Tail. - tailings, Int. — intermediates
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All crushing and grinding products were subjec-
ted to particle size distribution analysis with appro-
priate sampling, and the separation products from the
pneumatic separation, concentration table, and Mo-
seley analyzer were analyzed by fire assay or atomic
adsorption method for residual gold grade after com-
plete recovery of free gold particles.

Based on the conducted research results, the
qualitative and quantitative indicators of the sample
processing flow chart were calculated. The quality of
pneumatic separation was determined after analyzing
the processing products taking into account the re-
covered amount of free gold.

As the final step, a balance calculation of the pro-
cessing products in terms of gold grade and recovery
by processing cycle (crushing-grinding-pneumatic
separation) and for throughout sample processing
was performed.

Methodology of the GRG test
for assessing the gravity dressability
of the gold-bearing ore

A study of the initial ore sample by GRG test
was carried out to determine the deposit ore gold
dressability based on the use of a Knelson centrifu-
gal concentrator [15-17]. The GRG test technique is
based on the sequential recovery of released gold by
grinding stage, i.e. as gold is released, and excludes
overgrinding and comminution of coarse gold parti-
cles [18, 19]. The GRG test involves three consecutive
cycles of mineral disintegration and corresponding
three cycles of subsequent beneficiation [20, 21].

The GRG test specifies the grinding degrees of the
test materials:

Stage 1 —up to 100% passing 1 mm (P100 -1 mm);

Stage 2 - up to 80% passing 0.315 mm (P80
-0.315 mm);

Stage 3 - 88% passing 0.071 mm (P88 —0.071 mm).

At the first stage of grinding, DAU-250 active im-
pact crusher was used, whose technical characteris-
tics are given in Table 1.

The initial mass of a sample taken for the test was
65 kg, which was milled and beneficiated to produce
concentrate and tailings.

The second stage received the ground tailings
of the first stage, the third stage received the ground
tailings of the second stage; the grinding was car-
ried out at a MSHL-120 laboratory ball mill. Gene-
ral drawing of the laboratory ball mill is shown in
Fig. 2, and its technical characteristics are given
in Table 2.

The beneficiation was carried out at an ITO-
MAK-0.1 centrifugal concentrator (Fig. 3). This cen-
trifugal concentrator is a Russian analog of a Knelson
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concentrator; technological characteristics of these
facilities are comparable under equal operating con-
ditions. Technical characteristics of the ITOMAK-0.1
are given in Table 3.

The flow chart of the GRG test using the DAU-250,
MShL-120, ITOMAK-O0.1 facilities is presented in Fig. 4.

Table 1
Technical characteristics of DAU-250 crusher
Parameter Value
Max. particle size of feed material, mm 100
Relieve slot, mm 1-10
Motor power, KW 7.5
Motor speed, rpm 960-1,490
Feed throughput, tph 1.0
Weight with electric motor, t 0.8

Fig. 2. Laboratory MShL-120 ball mill

Table 2
Technical characteristics of MShL-120
Parameter Value
Drum volume, 1 120
Feed material particle size, mm, max 8
Drum speed, rpm 48-60
Final product particle size, mm -0.071
Ball load, kg Up to 80
Diameter of balls, mm, within 20-80
Installed power, kW 1.5
Operating mode Intermittent,
continuous

Grinding method Dry
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Fig. 3. ITOMAK-0.1 centrifugal concentrator

Table 3
Technical characteristics of ITOMAK-0.1
Parameter Value
Motor power, W 250
Three-phase AC mains supply voltage*, V 380+38
Solid sludge capacity, kg/h 100
Slurry capacity, m3/h 0.37
Maximum flushing water consumption, m3/h 2.5
Feed material particle size (for alluvium), mm, 2.0
max
Feed material particle size (for ore), mm, max 0.5
Slurry solid content, % Upto 75
Concentrate volume, ml, max 120
Facility weight, kg, max 55
Overall facility dimensions, mm, Lx WxH, max | 550 x 350 x 780

Initial ore 50 kg
(up to 100% passing 1 mm (-1 mm))

!
1%t stage of gravity ITOMAK

! |

/\ « Concentrate

v
Regrinding

AN

Tailings - R A

(up to 80% passing 0.315 mm (-0.315 mm))

2nd stage of gravity ITOMAK

'
A« ----- Concentrate

Regrinding

|
Tailings----vA

(88% passing 0.071 mm (-0.071))

31 stage of gravity ITOMAK

A«--- Concentrate
Fig. 4. GRG test design

Tailings >A

Results of Arkachan deposit ore metallurgical
sample investigations involving crushing, grinding,
and pneumatic separation

According to the methodology of the conducted
researches the tested flow chart of sample processing
represents consecutive operations of gold release by
staged crushing, grinding, and pneumatic separation
of crushed materials passing 3 mm, carried out di-
rectly in the DKD-300 crusher, TsMVU-800 mill, and
POS-2000 pneumatic separator.

The tests were carried out according to the flow
chart presented in Fig. 1, according to the general
methodology, providing sequential crushing of ore
in the crusher.

A total of three crushing cycles were performed
at a DKD-300 crusher during the sample processing
(Table 4).

As shown in Table 4, the maximum degree of
crushing by cycle was 9.35.

Grinding of ore samples was carried out in a cen-
trifugal step mill TsMVU-800 according to the flow
chart shown in Fig. 1. The crushing and screening
products of the -5+3 mm and -3+ 1 mm particle size
classes (Tables 5, 6) comprised the grinding feed. All
the grinding products were subjected to pneumatic
separation in POS-2000 pneumatic separator.

As can be seen from the results obtained (see
Table 5), when grinding the particle size clas-
ses —=3+1 mm, the minimum fineness number was
2.01 mm and the maximum one was 2.17 mm. When
grinding coarser classes of -5+3 mm, the fineness
number ranged from 3.05 to 3.59 mm (see Table 6),
being significantly higher. This is due to the pecu-
liarity of impact grinding in centrifugal mills, where

Table 4
Particle size distributions of the DKD-300 crusher
crushing products

Particle size class Yield, %
(mm) 1%t cycle 2Mcycle | 3% cycle
-0.071 3.57 2.44 2.18
-0.1+0.071 1.99 0.62 0.76
-0.2+0.1 2.82 1.66 2.27
-0.315+0.2 1.15 1.07 1.47
-0.63+0.315 3.61 1.93 2.58
-1+0.63 4.92 2.86 3.44
-2+1 8.78 5.92 7.22
-5+2 22.93 32.07 37.40
-10+5 14.59 24.63 23.03
-20+10 21.23 22.44 17.34
-40+20 8.83 4.34 2.31
+40 5.59 0.00 0.00
Degree of crushing 9.35 2.28 2.02
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the effect of the mass of a broken piece manifests
itself. The more massive and coarser a particle, the
greater the energy of dynamic impact when the par-
ticles collide with the mill's working bodies; corre-
spondingly, the higher the fineness number.
POS-2000 pneumatic separator was tested in
two operating modes. The first mode consisted in
the sequential combined operation with centrifugal
mill TsMVU-800, and the second one, in separate
pneumatic separation of passing 1 mm screening
products. The resulting pneumatic separation con-
centrate was divided into two classes, -1 mm and
+1 mm. The particle size class -1 mm was concen-
trated at a SKO-0.5 concentration table to produce
a rough concentrate. The table concentrate was fur-
ther processed in a Moseley analyzer until a “primary
concentrate” — ultra concentrate — was obtained.
Gold grade in the +1 mm particle size classes and
in the pneumatic separation tailings was determined
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In the second mode of operation, i.e. at pneuma-
tic separation of screening products of —1 mm particle
size class, the obtained pneumatic separation concen-
trate was also concentrated at the SKO-0.5 concen-
tration table to assess the quality of separation. The
concentrate was then processed at a Moseley table to
separate the primary gold concentrate.

The beneficiation results at three different pneu-
matic separator productivities after processing the
separation products by concentration at the SKO and
at the Moseley analyzer with the corresponding re-
sults of gold grades assays in the separation products
are shown in Table 7.

The highest gold recovery, 35.25%, was observed
at the lowest productivity, 1.8 tph (i.e. in the most
quiet option of separation), but the rational level of
productivity in this case was 3 tph. The gold grade in
the pneumatic separation tailings is higher than in
the concentrate in all cases, indicating the transfer of

by fire assay.

fine and bound gold into the tailings.

Table 5
Particle size distributions of —-3+1 mm particle size class crushing cycles products
Particle size class 1* cycle 2" cycle 3" cycle
(mm) Initial After grinding Initial After grinding Initial After grinding
-0.071+0 0.00 4.11 0.00 4.10 0.00 2.64
-0.1+0.071 0.00 2.85 0.00 2.25 0.00 2.58
-0.2+0.1 0.00 14.24 0.00 14.13 0.00 15.10
-0.315+0.2 0.00 9.49 0.00 8.71 0.00 7.82
-0.5+0.315 0.00 9.18 0.00 10.39 0.00 10.57
-1+0.5 0.00 26.58 0.00 28.35 0.00 31.26
-1.6+1 64.06 25.95 68.66 25.61 70.35 24.73
-2.5+1.6 19.93 7.59 17.31 6.46 16.40 5.29
-3.2+2.5 16.01 0.00 14.03 0.00 13.25 0.00
Grinding degree - 2.17 - 2.15 - 2.01
Table 6
Particle size distribution characteristics of grinding of crushing cycle products of -5+3 mm particle size class
Particle size class 1* cycle 2" cycle 3" cycle
(mm) Initial After grinding Initial After grinding Initial After grinding
-0.071+0 0.00 16.71 0.00 10.25 0.00 8.74
-0.1+0.071 0.00 6.48 0.00 4.30 0.00 4.14
-0.2+0.1 0.00 15.46 0.00 14.75 0.00 14.25
-0.315+0.2 0.00 7.23 0.00 9.22 0.00 9.20
-0.5+0.315 0.00 5.49 0.00 8.81 0.00 8.05
-1+0.5 0.00 13.72 0.00 18.03 0.00 17.24
-1.6+1 0.00 16.71 0.00 17.83 0.00 20.00
-2.5+1.6 0.00 6.73 0.00 6.35 0.00 6.90
-3.2+2.5 78.97 11.47 86.52 9.22 74.40 10.34
-5+3.2 21.04 0.00 13.48 1.23 25.60 1.15
Grinding degree - 3.59 - 3.34 - 3.05
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Results of the GRG test

GRG test was conducted with the initial ore
sample weighing 65 kg at the ITOMAK-0.1 centri-
fugal concentrator in the following modes: solid
sludge productivity — 100 kg/h; pulp productivity -
0.37 m3/h; maximum consumption of flushing wa-
ter - 2.5 m3/h.

The solids content in the slurry fed to gravity sep-
aration was 25-30%. This test was performed in three
stages. At the 1st stage, ore sample weighing 65 kg was
crushed in the impact crusher DAU-250 to 100% pass-
ing 1.0 mm, and the crushed ore was passed through
ITOMAK-0.1 concentrator. Next, the tailings of the
first stage were re-ground to 80% passing 0.315 mm
and processed at the ITOMAK concentrator. At the 3%
stage, the tailings of the 2" stage were re-ground to
88% passing 0.071 mm. During the process at all stag-
es, samples were taken from the tailings for particle
size distribution analysis. All gravity concentrates and
tailings of the ITOMAK centrifugal concentrator were
sampled for particle size distribution determination
as well as for gold fire assay.
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The initial 65 kg sample was initially crushed to
a particle size of -1 mm. For determining initial gold
distribution by size class, sieving was carried out on
sieves with mesh 0.63, 0.5, 0.315, 0.2, 0.1, 0.071 mm.
From each resulting particle size class, subsamples
were taken for fire assay. Based on the results of the
assay, a table of gold distribution by particle size class
was compiled (Table 8). The table shows that gold is
unevenly distributed by size class. The highest gold
grades were found in the fine -0.2 mm particle size
classes, while the highest proportion of gold was con-
tained in the -0.2+0.1 mm and -0.071 mm classes,
27.35% and 23.46%, respectively.

Beneficiation of this sample in the ITOMAK cen-
trifugal concentrator produced concentrate weighing
2.573 kg and tailings weighing 61.327 kg. The resul-
ting products were screened into particle size clas-
ses: —1+0.63 mm; -0.63+0.5 mm; —-0.5+0.315 mm;
-0.315+0.2 mm; -0.2+0.1 mm; -0.1+0.071 mm;
-0.071 mm. The material from each particle size class
was subjected to fire assay. The assay results and gold
distribution in the first stage are presented in Table 9.

Table 7
Pneumatic separation results
L. : . Gold grade
No. Product Productivity, tph Weight, g Yield, % . o/t Recovery E, %
POS-9-1 separation 54,950 100.00 0.91 16.61 100.00
POS-9-1 concentrate 16,600 30.21 0.29 17.47 31.76
POS-9-1 tailings 30,107.5 54.79 0.55 18.20 60.02
POS-9-1 losses 8,242.5 15.00 0.08 9.10 8.22
POS-9-2 separation 52,500 100.00 0.88 16.73 100.00
POS-9-2 concentrate 22,200 42.29 0.30 13.65 34.50
POS-9-2 tailings 22,425 42.71 0.38 17.10 43.66
3 |POS-9-2 losses 7,875 15.00 0.19 8.55 21.83
POS-9-3 separation 43,050 100.00 0.59 13.75 100.00
POS-9-3 concentrate 16,600 38.56 0.21 12.57 35.25
POS-9-3 tailings 19,992.5 46.44 0.33 16.50 55.75
3 |POS-9-3 losses 6,457.5 15.00 0.05 8.25 9.00
Table 8
Distribution of gold by particle size class in the initial sample of -1.0 mm particle size
Particle size class (mm) Yield, % Weight, g Au Grade (g/t) Au proportion, %
-1+0.63 32.20 20,575.8 2.12 14.74
-0.63+0.5 6.80 4345.2 3.52 5.17
-0.5+0.315 13.20 8,434.8 3.78 10.77
-0.315+0.2 9.00 5751 3.48 6.76
-0.2+0.1 12.30 7,859.7 10.3 27.35
-0.1+0.071 6.30 4,025.7 8.64 11.75
-0.071+0 20.20 12,907.8 5.38 23.46
Total 100 63,900 4.63 100.00
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The table shows that in the 1st stage of gravity
separation of ore crushed to -1 mm particle size class,
high proportions of gold belonged to the concen-
trates in the finer particle size classes (-0.2+0.1 mm;
-0.1+0.071 mm; -0.071 mm), with a noticeable redis-
tribution of gold into these classes with a total pro-
portion of 83.72% in the -0.2 mm particle size class.
As for tailings, all particle size classes showed rough-
ly similar gold grades, but the coarse classes +0.2 mm
demonstrated higher gold grades. The highest grade
was found in -0.315+0.2 mm class, 8.8 g/t. This may
be due to the presence of unreleased gold in these
size class.

Further, the tailings obtained at the 1%t stage of
gravity separation were further milled in the labora-
tory ball mill (see Fig. 2) to 80% passing 0.315 mm and
became the feed for the 2nd stage of gravity separa-
tion at the ITOMAK.

From this product, a 1,000 g subsample was ta-
ken for sieving and sampling for gold fire assay. The
assay results and gold distribution are presented in
Table 10.

As can be seen from the results presented in Ta-
ble 10, after grinding the tailings of the 1 stage of gra-
vity separation to 80% passing 0.315 mm, the residual
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gold grade in the tailings of the first stage of concen-
tration is redistributed evenly by size class. The gold
grades range from 3.44 g/t (-0.5+0.315 mm class) to
6.66 g/t (for -0.1+0.071 mm class). The highest pro-
portion of redistributed gold was found in the -0.2+0.1
and -0.071 mm classes, 26.19 and 25.79%, respectively.

The crushed tailings were sent to Stage 2 gravi-
ty separation at the ITOMAK concentrator. The con-
centrate weighing 2,210 kg and tailings weighing
57.117 kg were obtained. The obtained products were
subjected to particle size analysis by particle size
class: +0.315 mm; -0.315+0.2 mm; —-0.2+0.1 mm;
-0.1+0.071 mm; -0.071 mm. Gold grades were deter-
mined for each size class of each product obtained.
The results are presented in Table 11.

The data presented in Table 11 shows that the
proportion of gold in the concentrate (particle size
class) passing 0.071 mm is 38.33%, while the maxi-
mum proportion of gold in the tailings belongs to the
particle size class 0.2+0.1 mm and amounts to 30.98%.
This is due to the fact that the ore is hard-dressable
to a certain extent in terms of gold release, just as in
the case of crushing the ore to -1 mm particle size,
grinding to -0.315 mm did not release much of the
gold present in the ore.

Table 9
Results of the GRG test Stage 1

Particlelsize Concentrate Tailings
class (mm) | yjeld, % | Weight, g| Au Grade (g/t) Au distribution, %| Yield, % | Weight, g| Au Grade (g/t)| Au proportion, %
-1+0.63 21.72 558.93 13.0 3.35 12.30 7,543.22 4.12 9.64
-0.63+0.5 17.07 439.09 8.80 1.78 8.80 5,396.78 5.20 8.70
-0.5+0.315 17.02 438.03 21.6 4.36 12.60 7,727.20 5.08 12.18
-0.315+0.2 13.89 357.42 41.1 6.78 13.40 8,217.82 8.80 22.43
-0.2+0.1 21.39 550.45 115 29.20 22.60 | 13,859.90 4.96 21.32
-0.1+0.071 4.70 120.91 284 15.84 9.40 5,764.74 4.96 8.87
-0.071+0 4.20 108.18 775 38.68 20.90 | 12,817.34 4.24 16.86
Total 100 2573 84.24 100 100 61,327.00 5.26 100

Table 10

Particle size distribution and gold grades and proportions in ground tailings from Stage 1 gravity separation
at ITOMAK concentrator

Particle size class (mm) Yield, % Weight, g Au Grade (g/t) Au proportion, %
-0.5+0.315 20.00 12,065.4 3.44 14.24
-0.315+0.2 17.10 10,315.917 4.40 15.58
-0.2+0.1 26.80 16,167.636 4.72 26.19
-0.1+0.071 13.20 7,963.164 6.66 18.20
-0.071+0 22.90 13,814.883 5.44 25.79
Total 100 60,327 4.83 100.00
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The tailings obtained after the 2" stage of gravi-
ty separation were ground to 88% passing 0.071 mm
using the laboratory ball mill. As with the feed for the
2" stage gravity separation at ITOMAK, the ground
tailings became the feed for the 3™ gravity separation
stage at the ITOMAK. A sample weighing 517 g was
taken from the crushed tailings and subjected to par-
ticle size distribution analysis. The gold grade was as-
sayed in each obtained particle size class.

As can be seen from the table, after grinding the
tailings of the 2nd stage of gravity concentration to
88% passing 0.071 mm, most of the contained gold
(89.27%) goes to the -0.071 mm particle size class.

The ground tailings were sent to Stage 3 gravi-
ty separation in the ITOMAK concentrator. A con-
centrate weighing 1.479 kg and tailings weighing
55.121 kg were obtained. Gold grades were assayed in
each size class of each product obtained. The results
are presented in Table 13.

Table 14 summarizes the GRG test results for the
three ITOMAK gravity separation stages.

The table shows that the maximum gold content
in the concentrate is in the -0.071 mm size class,
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and the minimum value of gold content is in the tai-
lings, while the distribution of gold in the concen-
trate and in the tailings is almost the same, with the
maximum value belonging to the finer class passing
0.071 mm.

The test results established the initial ore grade
at 8.44 g/t, which is consistent with the value for
sample #1 (trench 500) obtained from through sample
processing.

The highest gold recovery was achieved at the
15t stage of gravity separation (ore ground to -1 mm
particle size class), in which 40.20% of released
free gold were recovered into the concentrate, with
38.68% of which belonged to -0.071 mm particle size
class. This indicates that gold contained in the ore is
mainly represented by fine free gold particles of less
than 71 microns in size that is confirmed by the test
results presented in Table 9.

Grinding of tailings of the 1st stage to 80% pas-
sing 0.315 mm made it possible to extract additio-
nally into concentrate 14.46% of released gold, which
is also mainly represented by particle size class
-0.071 mm and amounts to 38.33% (see Table 11).

Table 11
Results of the GRG test Stage 2

Particle size Concentrate Tailings
class (mm) | yjeld, % | Weight, g| Au Grade (g/t) | Au proportion, % | Yield, % | Weight, g | Au Grade (g/t)| Au proportion, %
-0.5+0.315 12.66 279.79 12.7 4.71 5.54 3,164.28 4.56 4.73
-0.315+0.2 32.97 728.64 21.1 20.38 18.90 |10,795.11 7.80 27.58
-0.2+0.1 38.30 846.43 23.2 26.03 29.05 | 16,592.49 5.70 30.98
-0.1+0.071 8.92 197.13 40.4 10.56 16.43 9,384.32 4.40 13.53
-0.071+0 7.15 158.02 183 38.33 30.08 17,180.79 4.12 23.19
Total 100 2,210 34.14 100 100.00 | 57,117.00 5.34 100

Table 12

Particle size distribution and gold grades in the ground tailings of the 2" stage of gravity separation
at the ITOMAK concentrator

Particle size class (mm) Yield, % Weight, g Au Grade (g/t) Au distribution, %
-0.1+0.071 12.00 6,792 4.00 10.73
-0.071+0 88.00 49,808 4.54 89.27
Total 100 56,600 4.48 100.00

Table 13
Results of the GRG test Stage 3

Particle size Concentrate Tailings

class (mm) | yjeld, % Weight, g | Au Grade (g/t) | Au proportion, % | Yield, % | Weight, g | Au Grade (g/t) | Au proportion, %
-0.1+0.071 32.14 475.35 35.40 16.19 11.46 6,316.87 2.32 11.29
-0.071+0 67.86 1,003.65 86.80 83.81 88.54 | 48,804.13 2.36 88.71
Total 100 1,479 70.28 100.00 100 55121.00 2.36 100
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Table 14

Summary table of GRG test results

Product Yield, % Weight, g Au Grade (g/t) Au distribution (Au proportion), %
Stage 1 - 100% passing 1 mm

Concentrate 1 4.03 2,573.00 84.24 40.20

Tailings 1 95.97 61,327.00 5.26 59.80

Feed (ore) 100.00 63,900.00 8.44 100.00
Stage 2 - 80% passing 0.315 mm

Concentrate 2 3.73 2,210 34.14 19.82

Tailings 2 96.27 57,117 5.34 80.18

Feed (tailings 1) 100 59,327 6.42 100.00
Stage 3 - 88% passing 0.071 mm

Concentrate 3 2.61 1,479 70.28 44,46

Tailings 3 97.39 55,121 2.36 55.54

Feed (tailings 2) 100 56,600 4.13 100.00

Total

Concentrate 1 4.19 2,573.00 84.24 38.57

Concentrate 2 3.60 2,210.00 34.14 14.46

Concentrate 3 2.41 14,79.00 70.28 20.88

Tailings 3 89.80 55,121.00 2.36 26.08

Feed - ore 100.00 61,383.00 8.79 100.00

When the 2™ stage tailings were milled to 88%
passing 0.071 mm, 20.88% of the released gold was
additionally recovered into the concentrate, which is
also mostly in the -0.071 mm particle size class and
amounts to 83.81% (see Table 13).

Thus, the results of the standard GRG test
showed the following: from the ore milled to 100%
passing 1 mm, 38.57% of gold are recovered into the
concentrate; from the tailings of the 1st stage after
regrinding to 80% passing 0.315 mm, 14.46% of gold
are recovered into the concentrate.

The total recovery to the gravity concentrate ob-
tained after the first and second stages of grinding
was 53.03%. Grinding of 2 stage gravity separation
tailings to 88% passing 0.071 mm enabled obtai-
ning additionally a gravity concentrate 3 containing
70.28 g/t gold at a recovery of 20.88%. The total gold
recovery into the three gravity concentrates (1+2+3)
amounted to 73.91%.

Discussion of the test results

Au grade in ore samples from Arkachan deposit
provided for the study, namely, sample No.1 (trench
500), 7.95 g/t and No.2 (trench 600), 11.28 g/t was
redetermined based on the results of processing and
balance calculations.

Ore quality in terms of gold grade in the tested
samples is high, but in contrast to the data of the
geological report, the polydispersity of gold is not

confirmed, i.e. we are talking only about dispersed
gold particles passing 100 ym or impregnated gold,
presumably in pyrite. For this ore the existing tech-
nology of dry separation is inefficient, as the applied
technology of dry grinding in a step centrifugal mill
does not release such dispersed gold; in addition, the
process of pneumatic separation doesn’t provide re-
quired beneficiation, despite the fact that the process
of gold release and its redistribution into fine particle
size classes is observed to some extent.

A detailed study of the feasibility of pneumatic
dry ore separation requires more thorough post-fine
grinding studies at the laboratory level rather than at
the bulk test level.

The processing of the pneumatic separation
products by gravity separation methods showed the
feasibility of gold recovery, which requires a high de-
gree of grinding, 80% passing 0.071 mm. This conclu-
sion is confirmed by historical GRG tests performed
in TsNIGRI.

Conclusions

The research on the processing of the Arkachan
deposit ore samples for assessing efficiency of dry
separation technology to obtain highly concentrated
gold-containing products allowed establishing the
following:

—the experimental studies and balance calcu-
lations determined the gold grade in the studied
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samples: in sample No. 1 (trench 500), 7.95 g/t and
in sample No. 2 (trench 600), 11.28 g/t, with gold in
the samples occurs in finely dispersed form (less than
100 pm) and impregnated in mineral, presumably in
pyrite;

— the studies of the crushing process in DKD-300
in cyclic mode show quite a high result in terms of
crushing degree in the initial ore sample: for sample
No. 1 (trench 500) in the first cycle — 9.35, in the se-
cond cycle — 2.28, in the third cycle — 2.02; for sam-
ple No. 2 (trench 600) the crushing degrees were 9.23,
2.89, and 2.16 in the corresponding cycles;

- the studies of the grinding process of the
crushing products passing 5 mm in the TsMVU-800
centrifugal mill showed that the grinding is general-
ly effective for obtaining the bulk of the ore in frac-
tion passing 1 mm in two cycles; the total yield of
the control particle size class —0.071 mm for the size
class —5+3 mm is 27.5%, for the size class —=3+1 mm,
16.2%, which corresponds to the indicators of con-
ventional coarse grinding;
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— the release of gold (unlocking intergrowths) is
confirmed by redistribution and selective concentra-
tion of gold into -3 mm particle size classes in the
crushing processes with a degree of concentration of
1.51 for sample No. 2 (trench 600) and 1.52 for sam-
ple No. 1 (trench 500), as well as redistribution of gold
into -0.071 mm class in the grinding processes and
in the GRG test;

— the beneficiation of gold by pneumatic separa-
tion in the POS-2000 failed due to too coarse grinding
at the TsMVU-800 centrifugal mill;

—the GRG test showed that for more efficient
gravity separation of gold, up to 73.91%, the degree
of grinding up to 80% passing 0.071 mm is required,
allowing obtaining a gravity concentrate graded at
70.28 g/t gold;

— dry beneficiation as applied to the ores of Ar-
kachan deposit is technologically inefficient. Addi-
tional laboratory studies of pneumatic separation
processes at high degree of ore materials grinding
are required.
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Abstract
The problems of geoenvironmental consequences of mining operations are especially acute in the arctic and
subarctic regions, where the spread of permafrost significantly reduces the buffering capacity of landscapes.
The article presents data on the content of heavy metals in the soil cover of the transient zone between the
middle taiga and north taiga landscapes of Western Yakutia under the conditions of mining operations and
assesses the resistance of different types of soils to heavy metals pollution. Field and laboratory works were
carried out in August 2022. The heavy metals content was determined by atomic absorption spectrometry.
Specialized software was used for analysis, such as MS Excel 2013, Statistica 12.0, and QGis 3.26.1. Calculation
of organic forms of heavy metals in soil solutions was performed using the NICA-Donnan model. In the
course of studies, the structure of the soil cover in the Nakyn kimberlite field in the conditions of the mining
industrial complex operation was determined and a sketch map of the soil cover of the territory was compiled.
The geochemical series of the studied heavy metals is as follows according to the degree of concentration of
heavy metals in cryolithic soils: Pb > Zn > Ni > Cu > Cd > As > Hg. Positive correlations between humus and
Cd, Pb, Zn, as well as the occurrence of synergism in the Pb—Cd, Zn-Pb, Zn—-Cu pairs were revealed. The soils
organic matter enhances migration of heavy metals. The man-made input of Ni and Zn in cryolithic soils
will lead to increase of mobile fraction. Cd is more mobile in pale-yellow carbonate and cryogenic soils. The
regional background level of heavy metals for these types of soils was calculated, which can be used in future
works when the intensity of mining operations increases.
Keywords
heavy metals, soil pollution, taiga-frozen soils, cryogenic soils, diamond mining, Nyurba kimberlite field,
arsenic (As), cadmium (Cd), mercury (Hg), lead (Pb), copper (Cu), nickel (Ni), zinc (Zn), Western Yakutia,
speciation, geochemistry, thermodynamic modeling, NICA-Donnan.
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MEeTaJJIOB B TIOUBEHHOM ITOKPOBE ITepeXOAHOM 30HbI OT CPeIHETAEKHBIX K CeBEPOTAEXKHBIM JaHAIahTaM
3amagHoii IKyTUM B YCIOBUSX (PYHKIMOHMPOBAHMS TOPHOIOOBIBAIOIIETO MPOM3BOMACTBA Y MPEOJIOKEHBI
MOJXOAbI K OLleHKe YCTOMUMBOCTY PAa3HbIX TUIIOB MOYB K 3arPSI3HEHUIO TSDKeJIbIMM MeTaiaMu. IloneBbie
1 1abopaTopHbie paboThl TpoBeeHbI B aBrycte 2022 r. OnpeneneHne cogep>KaHmUs TSDKETbIX METaJIOB TPO-
BOAMJIOCh METOOM aTOMHO-a6COPOLMOHHOI ClieKTpoMeTpun. ik aHa/I13a UCII0/Ib30BaIOCh CIIeLan3un-
poBaHHOe mporpamMmHoe obecrieuenme — MS Excel 2013, Statistica 12.0, QGis 3.26.1. PacueT opraHu4eckux
bopm HaxOXIeHMST TSKEJIbIX METAJ/UIOB B ITOYBEHHBIX PACTBOpPAaX BBIMIOJIHEH C MOMOIIbI0 Momenyu NICA-
Donnan. B xoze uccienoBaHus orpefe/ieHa CTPYKTypa IMOYBEHHOTO MOKpoBa HaKbIHCKOTO KMMOEPIUTO-
BOTO MOJISI B YCIAOBMSAX (PYHKLIMOHMPOBAHMS TOPHOIIPOMBIIIJIEHHOTO KOMILJIEKCA M COCTAB/IEHa KapTa-cxXema
TMOYBEHHOTO MOKPOBA TePPUTOpUM. [e0XUMMUIECKUI psIA, M3YUEeHHBIX TSHKeJIbIX MeTasI0B 10 CTelleH) KOH-
LIEHTPUPOBAHUS TSDKEIBIX META/VIOB B TIOUBAX KPMOMUTO30HBI: Pb > Zn > Ni > Cu > Cd > As > Hg. BeiaBieHbI
TTOJIOKUTEIbHBIE 3aBUCUMOCTM Mexkay rymycoMm u Cd, Pb, Zn, a Takke IIpOSIBIEHNE CMHEPTU3Ma B ITapax
Pb-Cd, Zn-Pb, Zn-Cu. OpraHuueckoe BemeCTBO IMOYB YCWIMBAET MUTPALIMIO TSDKEIbIX METaIoB. TeXHO-
TeHHOE MOCTYILJIEHME B ITOYBBI KPUOMUTO30HBI Ni 1 Zn IIpMUBeIEeT K pOCTY IO UX MOABUKHBIX HopM. B ma-
JIeBO-KapOOHATHRIX M KpMo3eMax B 6osbiieii creneny moasisked Cd. Paccunrad permoHanbHbiii POHOBBIN
YPOBEHbD TSIKEJIbIX META/JIOB [JIsl JAHHBIX TUIIOB TIOYB, KOTOPbIV MOKET ObITh MCITOJIb30BAH B OYAYIINX pa-
60Tax Mpu yBeIUYeHUM MHTEHCUBHOCTY TOPHOA06bIBAOIIMX PaboT.

KnioueBble cnoea

TSDKeJIble MEeTaJUTbl, 3arpsi3HeHNe TT0YB, TA@XKHO-Mep3JI0THbIE ITOUBbI, KPMO3EMBI, aIMa30/100bIua, HIOPOMHCKOE
KUMOEepIMTOBOE T0JIe, MbIIIbSK (As), kKagmuii (Cd), pryts (Hg), cBuner (Pb), mens (Cu), Hukenb (Ni), HUHK (Zn),
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Introduction

Large industrial complexes influence the change
in physical and chemical parameters of cryolithic
soils [1], affect the functioning of the soil cover di-
rectly and determine the intensity of its man-made
pollution [2]. Man-made pollution of soils spreads
along the prevailing wind direction over considera-
ble distances by atmospheric transfer of pollutants
formed during the operation of heavy machinery [3]
and dusting processes [4]. The territories of the
permanent allotment are almost completely trans-
formed [5], natural landscapes are converted into
man-made ones, and beyond its boundaries local
areas characterized by the increased content of
chemical elements may be formed [6].

The location of large industrial complexes in
subarctic regions, where the soil profile is thin, the
drainage of the territory is poor, and permafrost
rocks are widespread, requires a deeper study of the
geoenvironmental consequences of mineral extrac-
tion [7], as they have a negative impact on the ability
of soils to self-restore. This is also noted by a num-
ber of authors [8].

The above factors make it necessary to study
heavy metals in the soil cover of the cryolithic zone
near operating industrial complexes to form a da-

171

tabase for complex geoenvironmental research and
monitoring [9]. The relevance of the study of the na-
tural environment geochemical features in the Far
East of the Russian Federation, also in the conditions
of active cryogenic processes, is emphasized by the
availability of recent studies in such regions [10].

The research was conducted in the Nyurba Dis-
trict of the Republic of Sakha (Yakutia) within the
Nakyn kimberlite field (NKF) [11] (Fig. 1). The pur-
pose of the study was to analyze the features and
distribution patterns of the gross content along
with the assessment of migration features associa-
ted with the organic matter of heavy metals (HM)
in cryolithic soils under the conditions of diamond
mining operations.

To achieve this goal the following tasks were
set and solved: to conduct field geoenvironmental
studies in the territory under consideration and
soil sampling, to determine the main chemical in-
dicators and the actual content of HM in soils, to
determine the main distribution patterns of HM de-
pending on chemical indicators and the soil type,
to establish the forms of occurrence of HM in water
extracts, and to calculate the background values of
the gross content of Cd, Hg, Ni, Cu, Zn, Pb, and As
for further studies.
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The NKEF is located within the Siberian platform
composed of metamorphic rocks of the Archean age,
overlain by a thick sedimentary cover of the V-] age.
In terms of the regional tectonic structure, the NKF
is located at the junction of the Nepsko-Botuobinsky
anteclise, the Syugdzhersky saddle and the Vilyui
syneclise. The relief of the territory is denudational.
It is represented by a slightly sloping plain, which
is structurally confined to the macroslope of the
Markha-Khannya-Nakyn interfluve. The absolute
elevations are 220-248 m.

The climate of the area is extreme continental. The
northwestern wind direction prevails (27%), although
calms dominate (36%). The territory is dissected by
a ravine and gully network. The main water artery is
the Dyakhtar-Yuryage River (a tributary of the Markha
River). The soil cover belongs to the group of taiga-
frost soils. According to geobotanical zoning the
territory belongs to the boreal vegetation kingdom of
the Central Siberian province with the predominance
of Larix Gmelinii (Rupr.) [11].

Objects and methods of research

Field work was carried out in 2022 on the terri-
tory of transitional landscapes of the Markha-Khan-
nya-Nakyn interfluve (Fig. 2). A part of the research
was carried out within the sanitary protection zone
(SPZ) of the mining complex, and a part outside the
SPZ, in the ratio of 40/60. To determine the content of
heavy metals in the soil cover of the adjoining territo-
ry, test sites with the soil structure survey points were
allocated. Soil by-pits were arranged throughout the
territory, and soil sections were studied at the sites

A
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a
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with different biotopes to the depth of permafrost
occurrence. The test sites were arranged, considering
the wind rose: a half of the test sites was arranged on
the leeward side, and the other half on the windward
side. The main sources of possible soil cover pollution
at this location are the site of immediate field devel-
opment and its infrastructure.

Sampling and sample transportation were
carried out in accordance with the methods generally
accepted in the geoenvironmental studies!. A total of
54 samples were collected at 27 sampling locations in
the surveyed area.

The gross content of the following heavy met-
als was determined in the collected samples: Cd, Hg,
Ni, Cu, Zn, Pb, and As by atomic absorption spectro-
metry using the Kvant-Z spectrometer. The phys-
ical and chemical parameters were determined by
potentiometric method (pH), the content of organ-
ic matter was determined by colorimetry according
to I.B. Tyurin, the particle-size distribution was de-
fined in field conditions according to Kachinsky, and
laboratory studies were performed by sieve analysis.
The quantitative data obtained were processed using
the Microsoft Excel 2013, Statistica 12.0 software,
and cartographic material was compiled using the
Quantum GIS 3.26.1 software.

1 All-Union instruction on soil surveys and compilation
of large-scale soil maps of land use, GOST 17.4.4.02 “Nature
protection. Soils. Methods for sampling and preparation of soil
for chemical, bacteriological, helmintological analysis».

Fig. 1. Sketch map of the studied area:
a - relative to the Russian Federation; b - satellite image of the surveyed area in R-G-B
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The standard calculation of the total pollution
indicator — Z_ [12] was used for integral assessment:

Z =Y (K +..+K_)-(n-1),

where K_ is the coefficient of concentration of the i-th
component; n is the number of the summed K,

where C; is the actual content of the element; C, is the
background content of the element.

The ranking has been adopted conditionally in
accordance with the current RD: 16 — permissible;
16-32 — moderately dangerous; 32—128 — dangerous;
> 128 - extremely dangerous [12].

The migration patterns of elements in the water-
soluble fraction (1 : 10) of soils were calculated using
the Minteq 3.1 complex, taking into account pH, the
main anions and cations, and the dissolved organic
carbon concentrations according to the NICA-
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Donnan model with the fulvic acids to humic acids
ratioof 1 : 8.

To assess the environmental state of soils it is
customary to use the reference (background) content
of various elements in them, but to date, extensive
background studies for the gross content of HM for
this area or in similar conditions have not been
conducted. A comparison is proposed based on our
own background studies, n = 5.

Results and discussion

Cryogenic soils, pale-yellow carbonate soils and
peat-bog soils are common within the surveyed area
(Fig. 3).

High-frost homogeneous cryogenic soils (Fig. 4, a)
are up to 42 cm thick, structureless, running. The par-
ticle-size distribution is close to light loams, and the
permafrost surface is undulate. The upper levels are
weakly acidic, neutralized with depth, and the soil
acidity is in direct correlation with organic matter,
which is typical for such soils [13].

Fig. 2. Soil cover research:
a - preparation for test pit drivage; b - test pit drivage

1, |l e |

Homogenous cryogenic soils on floodplain
complexes and waterlogged lands

A Pale-yellow carbonate soils on drained terrace

and interfluve areas

Peat-bog soils on stagnant-water sites

Fig. 3. Schematic map of soil conditions of the surveyed area (1 : 5000)
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Peat-bog soils (Fig. 4, b) have been formed within
oligotrophic bogs and in areas of local depressions.
These soils are developed to a depth of 40 cm, and the
lower level is waterlogged.

Pale-yellow carbonate soils (Fig. 4, c¢) are domi-
nant in the surveyed area and occupy up to 69% of
the territory. This type of soil has a greater profile
thickness — up to 64 cm, has been formed on sandy-
light loamy substrate in the old bed of the Dyakhtar
Yuryage River, and the permafrost layer is under al-
luvial sediments.

Cryogenic soils occupy mainly slightly slo-
ping areas of the Dyakhtar-Nakyn interfluve and are
formed on cryogenic landforms (Fig. 5, a — boolgu-
nyakhs, weakly polygonal relief). The subtype is ho-
mogeneous thin high-frost cryogenic soils. They are
diagnosed mainly by cryoturbation traces within the
profile [14].
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Peat-bog soils (Fig. 5, b) are confined to the
Dyakhtar-Yuryage River valley (Fig. 5, b). The studies
showed that soil groupings have a relatively homoge-
neous structure and thickness. The vegetation cover
is homogeneous, with Larix Gmelinii as the dominant
species in the stand, and the Betula Alba (Roth.) birch
as an admixture; the state of the stand in interfluvial
and terrace complexes is suppressed, with dechroma-
tion and, less often, defoliation observed; in flood-
plain complexes it is satisfactory [15].

Pale-yellow carbonate soils (Fig. 5, ¢). They are
formed both on solid masses of Larix Gmelinii and on
forest edges covered mainly with shrubby species —
cowberry Vaccinium vitis-idaea (L.) Avror., blueberry
Vaccinium uliginosum (L.), waterberry Empetrun ni-
grum (L.), on extensive thickets of cladonia Cladonia
stellaris (Opiz.) Pouzar &Vezda and Cladonia rangiferi-
na (L.) Weber &Wigg (Fig. 5, ¢).

Fig. 4. Characteristic structure of the soil profile:
a - studied cryogenic soils; b — peat-bog soils; ¢ — pale-yellow carbonate soils

Fig. 5. Overview of the sites:
a - intersected cryogenic soils; b — peat-bog soils; ¢ — pale-yellow carbonate soils
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The studied cryogenic soils are characterized
by a generally low humus content in the upper
level (0.73+0.05% on average) with an abrupt
characteristic increase in the lower layer due to
cryoturbation (V = 12/56%) (Table 1). The clay
fraction is relatively homogeneous in the range of
24.0-29.1%, which corresponds to heavy sandy-
light loamy soils. The reaction of the medium in the
studied levels varies from slightly acidic to slightly
alkaline, and there is no characteristic distribution
in the levels due to cryoturbation.

The humus content in the upper levels of pale-
yellow carbonate soils is generally uniform, and in
the underlying level the humus content decreases
abruptly. The clay fraction varies from 16.8 to 39.1%
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in the upper level and 20-31% in the lower level,
which corresponds to light loams with insignificant
sandy loam interlayers. The reaction of the medium is
typical for pale-yellow carbonate soils — it varies from
acidic to alkaline with depth throughout the profile.

In peat-bog soils the total humus content
decreases noticeably, and the medium changes
from neutral to slightly acidic-acidic with depth.
The content of physical clay is from 9 to 29%, which
corresponds to sandy and light loamy soils.

The highest humus content is observed in the pe-
ripheral parts of the surveyed area in close proximity
to the transport and industrial infrastructure facilities
on the windward side. With a relative homogeneity of
soil and vegetation conditions, the differences in the

Table 1
Results of chemical studies of collected soils
. . .. Mean and error Coefficient
Indicator Level Depth, cm Variation range XLS, R 7 07
Homogeneous high-frost cryogenic soils
T 7...24 0.60...0.83 0.73+0.05 12
Humus, %
Cr 24...43 0.42...2.44 1.29+0.36 56
T 7...24 6.8...7.1 7.00+£0.06 2
pH (aqueous)
Cr 24...43 6.1....7.6 6.93+0.27 8
T 7...24 3.9..4.6 4.25+0.01 7
pH (salt)
Cr 24...43 4.5...6.7 5.131£0.46 18
) T 7...24 22.3...26.7 24.0+£0.9 7
Physical clay, %
Cr 24...43 24.0...36.7 29.10+2.62 18
Pale-yellow carbonate soils
A 2...26 0.95...8.53 1.9+0.7 116
Humus, %
B-BCy 26...53 0.2...3.6 0.8+£0.3 119
Ay 2...26 5.1...5.9 5.60+0.09 6
pH (aqueous)
B—BCy 26...53 6.2...7.1 6.85+0.08 4
Ay 2...26 4.1...59 4.10+0.17 4
pH (salt)
B—BCy 26...53 4.1..44 4.25+0.04 12
Ay 2...26 16.8...39.1 30.50+2.14 27
Physical clay, %
B—BCy 26...53 20.2...40.0 27.05+1.34 22
Peat-bog soils
0 5-14 0.8...5.8 2.36+0.80 77
Humus, %
T 14-36 0.1...1.3 0.80+0.22 61
(0] 5-14 5.6...7.3 6.76+0.30
pH (aqueous)
T 14-36 5.5...6.2 6.00£0.11
(0] 5-14 4.1...5.5 4.6+0.2 11
pH (salt)
T 14-36 3.6...4.0 3.84+0.06 4
(0] 5-14 21.5...28.3 25.12+1.10 10
Physical clay, %
T 14-36 9.0...29.9 22.20+3.14 32

Note. Designations of soil levels are given in accordance with the 2004 soil classification.
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humus content can be characterized by an increase in
the content of not only humus, but also a non-humic
part of organic matter due to the input of the man-
made impact [16]. The latter is reflected in the shift
of the soil medium towards acidic one and increased
migration properties with a natural increase in the
concentration of HM in the future [17].

The HM content is relatively homogeneous
(Table 2); practically no sharp peaks are observed in
the sample, and the increased content is noted for all
the studied HM (except for As and Hg). Accumulation
occurs in the upper levels for Ni, Cu, less frequently
for Cd, and in the lower levels mainly for Cd, Pb, and
Zn. Nevertheless, such differences are weakly con-
trast. An increasing contrast of metal accumulation
in soil levels will indicate an increase in the man-
made load and landscape transformation.

According to the average values, the HM content
is higher in lower levels. Analyzing the nature of HM
accumulation, we can say that the upper levels accu-
mulate HM mainly through the mechanism of their
sorption by organic components under the conditions
of weakly acidic medium and weak drainage — main-
ly oxygen sorption physical and chemical barriers are
formed. The lower levels are characterized by accu-
mulation under the conditions of neutral and weakly
alkaline medium, and weak development of gley pro-
cesses in the soil profile for these depths is noted in
the form of bluish spots and leather coatings. Thus,
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the conclusion about the formation of gley alkaline
physical and chemical barriers in above-permafrost
levels is fair [14]. The HM content in the upper layer in
the descending order can be written in the following
form: Pb >Zn > Ni > Cu > Cd > As > Hg.

For the lower layers the record is identical, and
only the concentrations of individual elements
change. At the same time, the content of Pb, Zn, Cu
in peat-bog soils is higher than in pale-yellow soils
and cryogenic soils. This is due to the higher humus
content in the soil profile and geochemical specifics
(Fig. 6).

Considering very homogeneous spatial distri-
bution of HM in the soil surface layer both from the
windward and leeward sides, it can be concluded
that there is no or hard-to-diagnose (by available
methods) mad-made impact as such, the exception
being a few test sites sampled in the zone of direct
adjoining to the waste dump. Here, maximum con-
centrations of the studied HM are recorded. Howe-
ver, considering the metallogeny of the area, this may
also have a predominantly natural origin, since the
ratio of ore elements is preserved. Other authors also
come to similar conclusions for cryolithic zone land-
scapes adjacent to mining areas [3]. The increased
content of organic matter in soils in these areas is
also noted in comparison with the other samples.
No own studies have been conducted on the struc-
ture of emissions on the territory of the enterprise.

Table 2
Results of studies of HM in collected soils
Indicator Level Variation range Mean and error Coefficient Coefficient of
8 XtS, of variation V, % variationn = 5
. Upper 5.2...8.1 7.00+0.14 10
P Lower 6.1...8.1 7.09+0.10 7
Upper Less than 0.05
Arsenic As Less than 0.05
Lower Less than 0.05
Upper 0.65...4.00 1.52+0.18 62
Cadmium Cd 1.04
Lower 0.53...3.80 1.52+0.14 48
Upper Less than 0.005
Mercury Hg Less than 0.005
Lower Less than 0.005
Upper 31...120 56+4 33
Lead Pb 50
Lower 39...155 58+5 43
Upper 3.22...21.90 6.80+0.87 68
Copper Cu 9
Lower 2.8...28.9 7.77+£1.40 93
Upper 16.9...28.6 22.9+0.5 12
Nickel Ni 21
Lower 19.2...37.0 24.00+0.74 16
Upper 18.6...51.0 35.6+2.1 31
Zinc Zn 34
Lower 18.6...52.0 36.6%2.0 28
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Analysis of state reports of the Republic of Yakutia
showed that the structure of emissions is dominated
by gases, 50-65% of which is carbon monoxide.

The correlation analysis shows that there is
a correlation between HM concentrations at the sig-
nificance level of < 0.05 and humus (Fig. 7). Positive
correlations are observed between humus and Cd, Pb,
and Zn. Synergism among the studied HM is reflec-
ted in the following pairs: Pb-Cd, Zn-Pb, and Zn-Cu.
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The values of concentration coefficients of the
HM content in the soil cover, exceeding the back-
ground, are observed for Cd, Pb, Ni, Zn throughout
the sample, and for Cu the background is exceeded
in 87 % of cases, more often in the upper levels. The
basis of the structure of concentration coefficients
is cadmium, and lead and nickel to a lesser extent.
The values of the total pollution indicator vary
from 2 to 10 (see Fig. 3), the average value being 6.

mg/kg
70

60 -
50 A
40 1

30 1
20
10 1
0 -5 0l BN
Cd Pb Cu Ni Zn

B Lower level

W Upper level

Fig. 6. Distribution of the heavy metals content in soils depending on the soil type (left) and soil level (right)

Indicator |Humus, %| pH Cd Pb Zn Cu Ni
rS
Humus, % -0.06 0.06
pH -0.03 -0.05 -0.12 -0.05 -0.15 p=0,05 (r > 0,29)
Cd -0.03 -0.28 - -0.12
Pb -0.05 -0.22 0.10
p=0,05(r>-0,29)
Xn -0.12 -0.28 -0.07
Cu -0.06 -0.05 -0.22 0.06
Ni 0.06 -0.15 -0.12 0.10 -0.07 0.06
Fig. 7. Spearman’s rank correlation coefficients between humus and heavy metals
C PYC PB
Ni 18% Zn 18% Ni 20% Zn 17% Ni 18% Zn 17%
Cd 18% Cu2l%
o Cd 25%
Cu21% Cd25%
Cu23%
Pb25% Pb 15% Pb19%

Fig. 8. Structure of Z_ in the studied soils:
C - cryogenic soils; PYC - pale-yellow carbonate soils; PB — peat-bog soils
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According to criteria [12], the territory can be
ranked according to one pollution level, “Permis-
sible” (100% of the territory). It is important to
note that the total pollution indicator was deve-
loped for soils of residential areas, and it is not quite
correct to apply it to natural areas (including those
subject to technogenesis); it can serve as a reference
and information indicator, the application of the
current gradations in accordance with the RD is con-
ditional, and the impact should be assessed with the
help of complex geoenvironmental studies [16].

The structure of the total pollution indicator
differs for the group of soils under study (Fig. 8).
Pale-yellow carbonate soils are characterized by
the predominance of cadmium and nickel, and cad-
mium has the highest concentration coefficients
(CCmax — 5.4 units). In peat-bog soils, cadmium and
copper also demonstrate a high share in the struc-
ture of the total pollution indicator. This may be due
to the higher content of organic compounds and the
predominance of humic substances in the profile of
these soils. In the studied cryogenic soils, it is diffi-
cult to identify certain regularities in the content of
HM due to the absence of clear differentiation of the
content of chemical elements in the profile of these
soils. Lead prevails in the structure of the total pol-
lution indicator.

The homogeneous distribution of HM concen-
trations in the upper level relative to the lower level
can also indicate the absence or minor occurrence of
the man-made component in the studied area — only
in the areas adjacent to the waste dump, the accu-
mulation factor increases by 1.7-3.2 times.

The features of the HM chemical elements dis-
tribution in the soil cover can be characterized by
metallogenic features of the territory itself, and
to a lesser extent by the presence of the HM under
study in the structure of diamond mining emis-
sions [17]. It is important to note that the territory
under study belongs to the Vilyui-Markha system of
deep faults. In general, the formation of geochem-
ical anomalies in the form of dispersion halos of
predominantly siderophilous (Fe, Ni, Co) and chal-
cophilous (Zn, Cd, Cu, Pb, S) elements is character-
istic of the depositional environment in the area of
such structures [18]. The insignificant contribution
of man-made impact in the structure of the total soil
pollution indicator is indeed confined to the territo-
ries adjacent to the mining and processing facilities.
This may be due to both the metallogeny of the area
and the prevalence of calms, and atmospheric trans-
port with the prevalence of the northwestern winds
is expected at a considerable distance from these
facilities [19].
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The man-made supply of heavy metals as a result
of mining operations will be accompanied by an in-
crease in the share of the most mobile forms of these
elements. As shown by numerous geoenvironmen-
tal studies, the largest share of elements in soils is
strongly associated with its mineral and organomin-
eral components. In this connection the interest was
directed to the study of the migration ability of the
studied elements in the most mobile form (water-
soluble) (Fig. 9). Establishment of the predominant
forms of metals and theirreferencing tonatural organic
ligands can substantiate the forecast of changes in
the environmental situation and change the list of
priority pollutants [18].

Despite the fact that in a water-soluble extract
a small fraction (up to 2%) of the total organic carbon
in soil and approximately the same similar fraction of
the gross metal content (up to 2.5%) are mobilized, it
is this fraction that is the most mobile in ecosystems
and is able to be included in the biological cycle.

According to the thermodynamic modeling data,
the studied elements were divided into two groups:
mainly associated with fulvic acids (Cu, Cd, Pb) and
in the form of free ions (Zn and Ni). Free ions are
the most accessible form for inclusion of metals in
the biological turnover. It is also the most toxic one.
Thus, when entering the cryolithic soils in the sur-
veyed area without taking into account the hazard
class, nickel and zinc will be mobile elements to the
maximum. Cadmium will be more mobile in pale-ye-
low carbonate and cryogenic soils. Copper is the most
firmly associated with natural organic substances in
all types of soils. A part of zinc and nickel in peat bog
soils is weakly associated with the organic matter.
Under changing geochemical conditions, they can be
transferred both to the form of free ions and to the
form more firmly associated with humic substances.

By the share of mobility of water-soluble forms
of heavy metals, the studied types of soils form the
following series: pale-yellow carbonate < cryogenic
soils < peat-bog soils.

Thus, pale-yellow carbonate soils, which domi-
nate at this area, have the lowest environmental
capacity in relation to heavy metals. However, con-
sidering the relief, it can be assumed that when the
territory of pale-yellow carbonate soils is drained by
precipitation, a significant share of soluble forms of
metals will go to the territory with stagnant humidi-
fication (peat-bog soils), where the toxicity of metals
will be partially leveled.

At present, it is proposed to rate the soil cover
for the HM content in accordance with the existing
maximum permissible concentrations (MPC), and in
their absence — with the approximate permissible
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concentrations (APC). This proposal is questionable,
since MPC/APC do not take into account the regional
biogeochemical features of the territory. In the ab-
sence of the established MPC/APC it is proposed to
use the established regional background, but it has
been calculated not in all regions and not for all soils.

Due to the long-term functioning and evolution
of the soil cover in the conditions of a relatively close
location of the operating mining and processing com-
plex, the obtained data on the gross HM content can
be used as background values for further research and
control of the soil cover condition during monitoring
and production control.

Cd
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Based on the results of the soil survey, the back-
ground values for the studied soils were calcula-
ted. The distribution of HM in the peat-bog soil and
pale-yellow carbonate soil samples obeys the Gauss’s
law. With such distribution, background values can
be determined as the mathematical expectation of
a normally distributed sample, considering tripled
standard deviation. To determine the background
values of the HM content in cryogenic soils, the sam-
ple volume was insufficient, moreover, cryoturbation
processes in the soil profile predetermine the com-
plex conditions of chemical elements distribution in
the soils themselves.

g

8

- I

0% 20% 40% 60% 80% 100%

MPb(2+) MPb-HA MPb-FA " Pb-DOM,, ™ Other

Zn

»» [ I

o-c I

I |

0% 20% 40% 60% 80% 100%

M7Zn (2+) WZn-TK BEZn-FA Zn-DOM,;, M Other

»» I
I

0% 20% 40%
BNi (2+) ENi-HA ENi-FA

60% 80% 100%
Ni-DOM,;, M Other

Fig. 9. Speciation of heavy metals in the water-soluble fraction of soils: C - cryogenic soils;
PEC - pale-yellow carbonate soils; PB — peat-bog soils; Me-HA — complexes with humic acids;
FA - complexes with fulvic acids; Me-DOM,,, — weakly (electrostatically) bound to dissolved organic matter (Donnan phase)
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Table 3
Calculation of background values for pale-yellow carbonate and peat-bog soils
HM Min Max Mathema}tlc Calculated background
expectation and + 3¢
Peat-bog soils, n = 18
Arsenic As Less than 0,05
Cadmium Cd 0.8 4.0 2.0 5
Mercury Hg Less than 0.005
Lead Pb 31.0 72.0 51.0 81.0
Copper Cu 5.9 10.3 8.0 13
Nickel Ni 19.2 28.5 23.0 32
Zinc Zn 18.6 50 31.0 80
Pale-yellow carbonate soils, n = 26
Arsenic As Less than 0.05
Cadmium Cd 0.53 3.50 1.0 3
Mercury Hg Less than 0.005
Lead Pb 39.0 107.0 53.0 102
Copper Cu 3.31 28.9 10.0 32
Nickel Ni 16.9 37.0 24.0 37
Zinc Zn 24.0 52 41 67

Due to the absence of data on the background
content for further studies, it is proposed to estab-
lish the fact of true pollution and its dynamics us-
ing the obtained data on the upper boundary of the
background content of HM in peat-bog and pale-yel-
low carbonate soils (Table 3).

For this territory, it is recommended to carry out
local environmental monitoring of the state of na-
tural landscapes in the zone of direct mining opera-
tions. The gross content of HM can be used as an es-
timate of the general condition of the territory, while
the impact determination requires a transition to HM
mobile forms in the “soil-phytocenosis—zoocenosis”
system. The test sites should be located, considering
the wind rose at the most typical biotopes, and the
most typical species, such as Larix Gmelinii, Vaccinium
vitis-idaea, Vaccinium uliginosum, Cladonia stellaris,
should be taken for sampling of plant organs. At the
same time, it is recommended to determine the fact
of impact or its absence only during comprehensive
studies.

Conclusion
The results of the study show a high content of
cadmium, lead, nickel and copper in the soil cover
in the immediate vicinity of diamond mining ope-

rations. The analysis of concentration coefficients
shows that the upper levels accumulate HM by their
sorption by humus under the conditions of a weak-
ly acidic medium and weak drainage on the oxygen
sorption physical and chemical barrier. Lower levels
are characterized by accumulation under the condi-
tions of a neutral and weakly alkaline medium in the
soil profile on a pale-yellow alkaline physical and
chemical barrier in suprapermafrost levels. The ge-
ochemical representation of a number of HM in the
soil cover of the surveyed area is characterized as:
Pb >Zn >Ni > Cu > Cd > As > Hg. Correlation series of
HM were compiled, which reflect positive dependen-
cies between humus and Cd, Pb, Zn, as well as the oc-
currence of synergism in the Pb—Cd, Zn-Pb, Zn-Cu
pairs. The territory can be ranked by one pollution
level, “Permissible”. An increase in the HM content
in the soil cover occurs as it approaches the mine
sites of the mining and processing complex.
Pale-yellow carbonate soils have the lowest buf-
fering capacity in relation to heavy metals among
the studied soils based on the abundances of their
easily mobile species. Among the studied pollutants
the greatest tendency to binding by natural organic li-
gands was revealed for such elements as lead and cop-
per. Zinc and nickel will actively migrate in the ionic
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form. Cadmium occupies an intermediate position  the state of the soil cover in the diamond mining zone
in terms of the ratio of ionic and organically bound  within the Nakyn kimberlite field, within the bound-
forms. aries of the SPZ of mining and processing complexes,

The data presented in the study, due to the ab- and as target indicators for the subsequent reclama-
sence of similar studies, can be used in monitoring  tion of disturbed lands.

References

1. Gololobova A.G., Legostaeva Ya.B. Ecogeochemical monitoring of soil cover on diamond mining
site in Western Yakutia. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering.
2020;331(12):146-157. (In Russ.) https://doi.org/10.18799/24131830/2020/12/2948

2. Demkova L., Jezny T., Bobulska L. Assessment of soil heavy metal pollution in a former mining area —
before and after the end of mining activities. Soil & Water Research. 2017;12(4):229-236. https://doi.
org/10.17221/107/2016-SWR

3. Elsukova E.Yu., Opekunova M.G., Opekunov A.Yu. Technogenic transformation of heavy metal
streams in soils in regions under influence of copper-nickel production. International Research
Journal. 2019;(12):118-124. (In Russ.) https://doi.org/10.23670/1R].2019.90.12.024

4. Vysotskaya N.A., Piskun E.V. The Main Factors of Adverse Environmental Impact of Potash Production
and Methods of Environmental Protection. Mining Science and Technology (Russia). 2019;4(3):172-180.
(In Russ.) https://doi.org/10.17073/2500-0632-2019-3-172-180

5. Sorokina O.A.,Kisselev V.I. Chemical pollution of soils in the area of development of Dzhalindinsky
alluvial and ore deposits of gold (Amur region). Ecology and Industry of Russia. 2005;(7):24-28.
(In Russ.)

6. Basoval.A., Ivatanova N.P., Kopylov A.V. Assessment of the ecological state of soils in regions of
developed mining industry. Proceeding of Tula State University. Natural Sciences. 2012;(1-2):14-16.
(In Russ.)

7. Gololobova A.G., Legostaeva Ya.B. The stability of frozen soils in conditions of development of mining
industry. In: 17 International Multidisciplinary Scientific GeoConference, SGEM 2017. Water Resources.
Forest, Marine and Ocean Ecosystems Conference Proceedings. Albena, Bulgaria. 2017;17:655-662.

8. Legostaeva Ya., Popov V., Kozloval. et al. Tectonic and eco-geochemical situation of the Nakyn
Kimberlite Field. In: Geology and Mineral Resources of the North-East of Russia: Materials of the XI All-
Russian Scientific and Practical Conference. April 5-7, 2021. Yakutsk: North-Eastern Federal University
Publ. House; 2021. Pp. 388-390. (In Russ.) https://doi.org/10.52994/9785751331399 2021 103

9. Zvereva V.P,, Frolov K.R., Lysenko A.I. Formation of mine drainage in the Far Eastern region and its
impacton the ecosphere and public health. Mining Science and Technology (Russia). 2022;7(3):203-215.
https://doi.org/10.17073/2500-0632-2022-3-203-215

10. Serebryakov E.V., Gladkov A.S., Koshkarev D.A. Three-dimensional structural-material models of
the formation of the Nurbinskaya and Botuobinskya kimberlite pipes. Geodynamics & Tectonophisics.
2019;4(4):899-920. (In Russ.) https://doi.org/10.5800/GT-2019-10-4-0448

11. Kilizhekov O.K., Tolstov A.V. New opportunities for the growth of diamond reserves in the Sredne-
Markhinsky district of Yakutia. In: Proceedings of the Workshop. Diamond Deposits: Formation Processes,
Localization Patterns, Forecasting and Prospecting Methods. Materials of the Meeting. Novosibirsk; 2016.
Pp. 54-60. (In Russ.)

12. Yershov Y.I. Cryogenic soils on the trappean rocks of Central Siberia. Eurasian Soil Science.
2022;55(6):695-709. https://doi.org/10.1134/S1064229322060059 (Orig. ver.: Yershov Y.I. Cryogenic
soils on the trappean rocks of Central Siberia. Pochvovedenie. 2022;(6):657-672. (In Russ.) https://doi.
org/10.31857/S0032180X22060053)

13. Motuzova G.V. Soil resistance to chemical effects. Moscow: Moscow State University Publ. House; 2000.
57 p. (In Russ.)

14. Legostaeva Ya.B., Shadrina E.G., Soldatova V.Yu., Dyagileva A.G. Ecogeochemical and bioindication
assessment of transformation of ecosystem in process drafting of primary deposits of diamonds
in Yakutia. Modern Problems of Science and Education. 2011;(6). (In Russ.)

15. Feklistov P.A. Estimation of the impact area of the Nyurbinsk diamond deposit road rotational
settlement Nakyn-Industrial zone by means of bioindication. Arctic Enviromental Research.
2012;(3):48-53. (In Russ.)

181


https://mst.misis.ru/
https://doi.org/10.18799/24131830/2020/12/2948
https://doi.org/10.17221/107/2016-SWR
https://doi.org/10.17221/107/2016-SWR
https://doi.org/10.23670/IRJ.2019.90.12.024
https://doi.org/10.17073/2500-0632-2019-3-172-180
https://doi.org/10.52994/9785751331399_2021_103
https://doi.org/10.17073/2500-0632-2022-3-203-215
https://doi.org/10.5800/GT-2019-10-4-0448
https://doi.org/10.1134/S1064229322060059
https://doi.org/10.31857/S0032180X22060053
https://doi.org/10.31857/S0032180X22060053

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2024;9(2):170-182 Titov A. S., Toropov A. S. Geoenvironmetal assessment of different types of cryolithic soils in Western Yakutia...

16. Jaishankar M., Tseten T., Anbalagan N. et al. Toxicity, mechanism and health effects of some heavy
metals. Interdisciplinary Toxicology. 2014;7(2):60-72. https://doi.org/10.2478/intox-2014-0009

17. Gololobova A.G., Legostaeva Ya.V. Influence of mining and processing activities on frozen soils of
the khannya-nakyn interfluves (Western Yakutia). In: Geology and Mineral Resources of the North-East
of Russia: Materials of the XI All-Russian Scientific and Practical Conference. April 5-7, 2021. Yakutsk:
North-Eastern Federal University Publ. House; 2021. Pp. 367-370. (In Russ.) https://doi.org/10.52994/
9785751331399 2021 97

18. Dinu M.I., Shkinev V.M. Complexation of metal ions with organic substances of humus nature:
methods of study and structural features of ligands, and distribution of elements between species.
Geochemistry International. 2020;58(2):200-211. https://doi.org/10.1134/S0016702920020032 (Orig.
ver.: Dinu M.I., Shkinev V. M. Complexation of metal ions with organic substances of humus nature:
methods of study and structural features of ligands, and distribution of elements between species.
Geohimiya. 2020;65(2):165-177. (In Russ.) https://doi.org/10.31857/5001675252002003X)

19. Gololobova A.G., Legostaeva Ya.V. Heavy metals in cryozems of Western Yakutia. In: 19 International
Multidisciplinary Scientific GeoConference, SGEM 2019. Water Resources. Forest, Marine and Ocean
Ecosystems Conference Proceedings. Albena, Bulgaria. 2019;19(3.2):239-246.

Information about the authors

Anton S. Titov - Environmental Engineer, EKOSTANDART LLC. “Technical solutions”, Moscow, Russian
Federation; ORCID 0009-0005-0157-4609; e-mail Titov.A@ecostandard.ru

Andrey S. Toropov - Cand. Sci. (Geolog. and Mineral.), Researcher at the Faculty of Chemistry, Lomonosov
Moscow State University, Moscow, Russian Federation; ORCID 0000-0001-7759-2831, Scopus ID
57693206900; e-mail torop990@gmail.com

Received 11.12.2023
Revised 11.03.2024
Accepted 15.03.2024

182


https://mst.misis.ru/
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.52994/9785751331399_2021_97
https://doi.org/10.52994/9785751331399_2021_97
https://doi.org/10.1134/S0016702920020032
https://doi.org/10.31857/S001675252002003X
https://orcid.org/0009-0005-0157-4609
https://orcid.org/0000-0001-7759-2831
https://www.scopus.com/authid/detail.uri?authorId=57693206900

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOIMA https://mst.misis.ru/

2024;9(2):183-194 Klyuev R. V. Reliability analysis of open-pit power supply system components

POWER ENGINEERING, AUTOMATION, AND ENERGY PERFORMANCE
Research paper

https://doi.org/10.17073/2500-0632-2024-03-254
BY

UDC 621.31:622
Reliability analysis of open-pit power supply system components

R.V. Klyuev D
Moscow Polytechnic University, Moscow, Russian Federation
DA kluev-roman@rambler.ru

Abstract

In the field of designing power supply systems of open pits an important role is attributed to the problems of
components reliability analysis, which can be solved by integrated application of different analysis methods
for individual types of electrical equipment and network devices in power supply systems. The purpose of the
work is to establish optimal parameters for an open-pit mine power supply at mining and processing complexes,
and to conduct research that allows a technical and economic model of the system to be created. It has been
established that mathematical statistics provides a number of methods for establishing the homogeneity (or
heterogeneity) of the population of random variable values. When analyzing the data of failure statistics of
electrical equipment, the method of comparative estimate of two sample averages (compared to the method of
comparing the empirical distribution with the normal distribution or the moving average method) is the most
acceptable. The paper presents accident rates of electrical equipment of open-pit substations and network
devices of the quarry processed on the basis of data, also presents the relationship between the reliability of
the circuit and its elements and shows the influence of protection reliability on the reliability of the circuit.
Methods of optimizing open-pit power supply systems are presented, which consist in the use of first-order
gradient methods, second-order methods or the so-called quadratic optimization methods, and random search
methods. A group of gradient methods is the most widespread for solving nonlinear programming problems,
among which the method of steepest descent should be considered primarily. The combination of random
search with the penalty function method makes it possible to determine conditional extrema for the problem
of optimizing the electrical grid and system operation mode. The method of random descent, which consists in
determining the minimum of the target function according to an appropriate algorithm, is also considered, in
which the direction of motion is generally given by a random vector uniformly distributed over a hyposphere.
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reliability of components, power supply system, open pit, gradient methods, accident rate, mine substations,
random search, target function
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AHanus Hage)XXHOCTH 3/IeMEHTOB CUCTEMbI JNIeKTPOCHa6)KeHns KapbepoB
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AHHOTaUuA

B 0651aCTV MMPOEKTUPOBAHMS CUCTEM JTEKTPOCHAGKEHNSI KapbepOB BaskHAsI POJIb OTBOAMUTCS BOIIPOCAM aHa-
Ji3a HAAEeKHOCTU 3JIEMEHTOB, KOTOpPbI€ MOI'YT 6bITb peleHbl B XO04e ITpoBeaeHMsI KOMIIJIEKCHOTO ITpMMeHe-
HUS pa3/IMUHbIX MEeTOOOB pacueTa OTAe/JIbHbIX BIUI0B SHEKTp0060py,HOBaHI/IH U CeTeBbIX YCTpoﬁCTB B CUCTeMax
3)’[8KTp0CHa6)KeHI/[H. He)’[b}O pa6OTbI ABJIAETCA YCTAHOBJIEHME OIITMMAJIbHBIX ITapaMeTpPOB 3]'[6KTpOCHa6)K8HI/IH
PYIHMKA OTKPBITHIX TOPHBIX Pa6OT TOPHO-060raTUTENIbHBIX KOMOMHATOB, IIPOBEAEHME MCC/IeA0BaHMIA, T03BO-
JISTIOIIMX CO34aTh TEXHMKO-3KOHOMMYECKYIO MOOEe/Ib CCTEeMbI. VCTaHOBJIeHO, YTO MaTeMaTnuecCcKas CTaTUCTUKa
JlaeT psifi MeTOLO0B YCTAaHOBJIE€HMSI OLHOPOAHOCTY (MM Pa3HOPOLHOCTM) COBOKYITHOCTM 3HAUEHUI CITy4aiiHOM
BEJIMUMHBI. HpI/I dHa/In3e OaHHbIX aBapI/II;'IHOI‘/J[ CTaTUCTUKU BHeKTpOOGOpy,ELOBaHI/IH "Haunbonee IIpremMJIeMbIM
SIBJISIETCSI METOJ, CPaBHUTEIbHOM OLIEHKM IBYX BHIOOPOUHBIX CPeIHMX (I10 CPaBHEHMIO C METOAOM CpaBHEHMS
SMIMPUYECKOTO pacIipeie/ieHus] C HOpMaJIbHBIM WJIM METOIOM CKOJIb3s1Iel cpefHeii). B pa6oTte npuBeqeHsbl
06pa6OTaHHbIe Ha OCHOBE€ OaHHbIX aBapMﬁHOCTM BHEKTpOOGOIZ)y,E[OBaHI/IH PYAHMYHBIX HO,HCTB.HLU/HZ U CeTeBbIX
yCTpOI;iCTB Kapbepa, TakKKe MIpeaCcTaB/JI€Hbl COOTHOLIEHMA MEXAY HAAEKHOCTbIO CXEMbI U €€ 3/IEMEHTaMU U I10-
Ka3aHO BJIMSHME Hage>XHOCTU 3alIThl HAa HAOEe>KHOCTb CX€MBI. Hpe,ZLCTaB.T[eHbI METObI OIITUMMU3ALINUN CUCTEM
9/IeKTPOCHABKEeHMSI KApbePOB, 3aK/II0UAOLIMeCs B IPUMMEHEeHM IPaIeHTHbIX METOIOB IIePBOro MOpsaKa, Me-
TOAOB BTOPOIO IMOPAAKA UM TAaK HA3bIBA€MbIX KBaAPATUMUYHBIX METOA0B OIITMMM3ALIUN, METOO0B CI[Y‘Iaf;IHOI‘O
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nmowcKa. B kauecTBe Hanbosee pacIpoCTpaHEeHHbIX LIS PelIeHMsI 3824 HeIMHEIHOTO MPOrpaMMMUPOBAHMS UC-
TI0JTb3YeTCsI TPYIITaA IPaIMEHTHBIX METOZOB, CPEeI KOTOPBIX B TIEPBYIO OUepe/lb CJIedyeT PACCMaTPUBATh METOZ,
HaucKkopeiimero cirycka. CoyeTaHue CIydaifHOrO TIOMCKA ¢ METOZOM MITpadHbIX QPYyHKIMIT JaeT BO3MOKHOCTh
OTIpeNeNISITh YCIOBHBIE SKCTPEMYMBI IS 33[1a4M ONTUMM3AIUU PEXUMA PabOThI IEKTPUUECKOI CeTU U CU-
cTeMbl. TaKKe pacCMaTpUBAETCS METOJ, CTyYaifHOTO CITYCKa, 3aK/II0YAI0IIMIACS B OTIpeielIeHUM MYUHUMYMa Lie-
JIeBOY (YHKIIMY IO COOTBETCTBYIOIIEMY aJITOPUTMY, IIPU KOTOPOM HarpaBJieHM e OBVKEHNS B 001IeM CTyyae
3a/1aeTCsI CTy4aifHbIM BEKTOPOM, PABHOMEPHO pacIipe/ielleHHbIM IO rurocdepe.

KnioueBble cnoea
HaOe>XHOCTb 3JIEMEHTOB, CCTeMa SJ'IEKTpOCHa6)KeHI/IH, Kapbep, rpain€HTHbI€ METOMbI, aBapI/II;'IHOCTb, pya-
HUYHbBIE IMOACTAHLIVN, CTyJaiftHbIl TTOUCK, 11eieBast (GyHKIMS
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Introduction

Fulfillment of the problems set for the mining in-
dustry is impossible without further increase in pro-
duction efficiency, labor productivity and automation
of production processes, increase of the efficiency
level of mining production and the use of electrical
equipment [1, 2].

The growth of power availability per man leads
to an increase in the cost of creating and operating
a power supply system (PSS). In this regard, the prob-
lems of building an optimal PSS not only for a mining
enterprise as a whole, but its individual subsystems as
well, solved at the design stage, as well as the prob-
lems of building reliability models of a PSS [3, 4] are
of particular relevance.

The application of optimization methods in the
design practice, including those using artificial intel-
ligence, will significantly improve the designing qual-
ity in accordance with the problems of the need to
improve the design business on the basis of the wide
introduction of scientific achievements into the engi-
neering practice [5, 6].

The achieved scientific and technical progress
in the technique and technology of open-pit mining
(a high degree of concentration of mining operations,
operation of large deep pits, steady growth of the
installed capacity of mining machines and power
availability per man) poses a number of technical and
economic problems of efficiency improvement in the
field of designing power supply of open pits, which re-
quire urgent solution.

The efficiency of open-pit PSS depends not only
on the quality of the equipment used [7, 8], but also
on the correctness of design decisions and the quality
of design documentation. However, at present PSS’s
are designed by traditional methods developed for the
conditions of open pits of relatively small productivity
and depth. Complex interrelationships between sys-
tem parameters, electrical loads and mining-geomet-
ric, technical and technological parameters of modern
open pits are taken into account during designing in-

sufficiently. Electrical loads are analyzed on the basis
of demand coefficients, and the choice of the power
supply scheme is based on the technical comparison
of a limited number of options without taking into ac-
count the dynamics of mining operations and changes
in electrical loads. This does not help to choose its op-
timal parameters.

When solving technical and economic problems
of power supply designing, design institutes cannot
widely use the capabilities of computer technolo-
gy due to the lack of algorithms suitable for specific
conditions of open-pit mining. It practically excludes
multivariant and optimization analyses, causes dete-
rioration of the quality and increase of terms for de-
sign preparation, with an abrupt increase in the scope
of design.

The purpose of the work is to establish the opti-
mal parameters of power supply of an open-pit mine
within mining and processing complexes (MPC) and
to conduct studies that allow investigation of the re-
liability of PSS individual components in order to fur-
ther consider the safety of work in the electrical grids
of the mining industry [9, 10].

Analysis of existing power supply schemes
of open pit mines

The accident rate of individual components of
grids and electrical equipment of enterprises depends
on many disturbing factors, on the state of installa-
tion and repair works performed, various operating
conditions, their technical state, etc. [11, 12]. The
influence of each of these factors separately is often
insignificant and practically imperceptible, but the
total effect leads to results fluctuating from case to
case. Consequently, accident rates can be considered
as a random variable, which is the subject of mathe-
matical statistics and probability theory. Proceeding
from the statistical nature of the accident rate phe-
nomenon and from the essence of the probability
concept of some event, the quantitative expression of
the reliability concept can be formulated as follows:
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reliability is the probability that a component or an
installation as a whole will operate satisfactorily for
a certain period of time. For example, if the duration
of emergency downtime of the installation during
a year is equal to 8.76 hr, then the probability of its
failure is P = 8.76/8760 = 1073, and the reliability is
P'=1-105.

Method of reliability analysis of electrical
equipment individual types and network devices

In electrical distribution networks and systems,
damage to certain types of components can cause
downtime of a part or the whole installation for the
time of finding and eliminating the failure (emergen-
cy downtime), or for the time of finding the failure
and subsequent disconnection of the damaged sec-
tion (emergency shutdown time) [13, 14].

According to the operational data on the emer-
gency downtime and emergency shutdown duration x
of the main types of electrical equipment and network
devices used in open pits, the two most important sta-
tistical characteristics are determined: the weighted
average of argument x and standard o,.

Comparison of the obtained average values and
standards shows that the value of coefficient of varia-
bility k for the considered variation series keeps some
constant value with maximum deviation of its indi-
vidual values from the average value up to 4%:

o.
k=—.
X (1)
Respectively, the following ratio is true practical-
ly for all sample distributions:

o, =kx;. (2)
The obtained ratio indicates the same regularity
in distribution of all considered variation series and

that we should expect almost a constant value of the
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standard of the modifying function argument for all
sample distributions.

To reveal the law of distribution of the observed
frequencies for the emergency downtime and emer-
gency shutdown time, a quantile plot of the argument
distribution for some types of electrical equipment is
drawn on the probability paper (Fig. 1).

As the quantile plot shows, the points of values of
some distribution functions are grouped near curves
resembling a logarithmic curve.

Fig. 2 shows new quantile plots on the log-pro-
bability paper. The plot shows that the points are
grouped very closely near straight lines, with more or
less noticeable deviation of the points from a straight
line observed for only up to 5% and above 95% of the
quantiles.

For graphic estimation of the obtained deviations
of the distribution function values from a straight line
(Fig. 3), the curves of permissible values of emergency
deviations from the theoretical line with the reliabili-
ty (probability) of P =0.95 were drawn.

Fig. 3 shows that the permissible value of random
deviations from the theoretical line is much higher at
values P close to 0 or 100% than at the values close
to 50%. Therefore, the observed noticeable deviation
of points of the distribution function values from
a straight line of up to 5% and above 95% quantiles
(see Fig. 2) cannot noticeably change the sample dis-
tribution law. In addition, the number of observations
within these limits does not exceed 10% of the sam-
ple volume. Comparison of the curves for permissible
values of random deviations from the theoretical line
with the obtained deviations of the values of the sam-
ple distribution function from a straight line shows
that the latter are within the permissible limits of ran-
dom deviations at P = 0.95 and n > 250. Respectively,
the emergency downtime and emergency shutdown

100
90

Cumulative frequency, %
ul
o

-1 =)

0123 456 7 8 9101112 1314 15 16 17 18 19 20
Time, hr

3 ¢4

Fig. 1. Quantile plot of distribution of the emergency downtime and emergency shutdown time
of open pit excavator cables and networks
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time both in case of damaged excavator cables and in
case of open-pit network failures is distributed accor-
ding to the log-normal distribution. According to the
result of graphical analysis, sample distributions are
adjusted by the equation:

e ', 3
c,V2n
where @ (u) is the distribution function; u;, is the argu-
ment of the modifying function; u is the mean value
of the modified argument; and o, is the standard of
the modified argument.

The results of analytical evaluation of the dis-
crepancy between sample and theoretical frequencies
are: A, =0.307 and P, = 0.999; A, = 0.818 and P, = 0.52;
A; = 0.448 and P, = 0.987; A, = 0.942 and P, = 0.365
(indexes P and A correspond to line numbers given in
Figs 1, 2). Random values A, which are greater than or
equal to the observed values, may occur with a prob-
ability greater than 0.365, i.e., the difference between

d(u) =

100
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the theoretical and sample distributions is insignifi-
cant. Analytical verification confirms the conclusions
obtained by graphical analysis.

The slope of a straight line to the quantile plot
abscissa axis in case of log-normal distribution is de-
termined by the value of the modifying function argu-
ment standard.

The quantile plot (see Fig. 2) shows that the value
of the modifying argument standard for all distribu-
tions is very stable, since all the straight lines of the
plot are within two straight lines insignificantly dis-
tant from each other.

The average value of the modifying argument
standard for all the distributions under study is
o, = 0.347. The maximum deviation of its indivi-
dual values from the average value is 20.1%, which
can be neglected and in the first approximation
o, = 0.347 = const can be assumed (o, = 1gu,, - 1gu,,,,
where u,, and u,,, are 60% and 15.69% of quantiles
respectively).

90 -
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50
40
30 -
20 +
10 -
0

Cumulative frequency, %

0 1 2 3 4 5 6

8 9 10 11 12 13 14 15 16

Time, hr
-1 =2

3 ¢4

Fig. 2. New quantile plot of distribution of the emergency downtime and emergency shutdown time
of open pit excavator cables and networks
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Fig. 3. Curves of permissible random deviations from the theoretical line with the reliability
of P=0.95,1-1atn=100,2-2 atn > 250
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Similar analyses made for all main components of
open-pit power supply schemes show that:

1. The emergency downtime and emergency shut-
down time is subject to the log-normal distribution.

2. The modifying function argument standard
practically maintains a constant value.

When the distribution is log-normal, the following
ratio takes place:

M(gu)=1ge, 4)

where M(lgu) is the mathematical expectation of the
logarithm of the observed argument; Ige¢ is the mean
value of the modified argument.

The value of 1g¢ is median Me in the modified ar-
gument distribution, and the quantiles of the modi-
fied value coincide with the modified quantiles of the
original value, as long as the modification is performed
by a non-decreasing function. Hence, value ¢ shall be
equal to the median in the x distribution. However,
the median changes if any values of the argument less
than the median change randomly, remaining less
than Me under these changes. This property of the
median and the fact that the probabilities of occur-
rence of a certain number of observations to the left
and right of the median are equal to each other, allow
them to be used to determine the mean values of the
argument with relatively small sample sizes.

Based on the known ratio:

lgx=1ge+1.151c" ©)
the following can be written:
lgx=1ge+0.1387. (6)

The obtained equality can be used to determine
the average value of the considered failure parame-
ters and to make practically its exact estimate with
very insignificant sample sizes, even with n = 25-25.
At the same time, the obtained mean values are
within the confidence limits defined by the accuracy
of 0.15 of the mean value determined with the sam-
ple sizes exceeding 150-200 and having a reliabili-
ty practically equal to 0.9. Mean values determined
with such accuracy and reliability are quite applica-
ble as input data for determining the quantitative
indicators of the electrical grid reliability.

The conducted analyses show that the annual
durations of emergency downtime of open-pit elec-
trical equipment are also distributed according to
the log-normal distribution and the values of the
modified argument standard have deviations not ex-
ceeding 20% of the determined standard mean va-
lue of o, = 0.347. Respectively, the time of emergen-
cy downtime of certain types of electrical equipment
and network devices per year can also be calculated
by the proposed method without determining their
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average damage rate per year with subsequent mul-
tiplication by the average duration of emergency
downtime.

To determine the reliability index of power sup-
ply schemes, it is necessary to know the third failure
parameter — the mean value of the number of failures
per year of individual types of electrical equipment
and network devices.

Determination of the arithmetic mean of the
number of failures is not difficult, but determina-
tion of the statistical mean necessary to calculate the
quantitative reliability indicators is associated with
some difficulties (complications) related to the need
to take into account the degree of influence of dis-
turbing factors on the failure parameter values.

Individual values of failure parameters, posses-
sing a common mean level, deviations from which ap-
pear to be random, constitute a homogeneous popu-
lation. In this case, the value of their arithmetic mean
is the mean in the statistical sense and, expressing
the mean level, summarizes random deviations. If
a part of their disturbing factors causes a systemat-
ic deviation of the values of failure parameters from
some level, along with random values, it creates a new
level (mean), thus forming a heterogeneous popula-
tion. The arithmetic mean loses its cognitive meaning
when one tries to use it to characterize failure param-
eter values that make up a heterogeneous population.
This is because it is impossible to express the mean
level that does not exist in a heterogeneous popula-
tion by any indicator. In this case, to obtain a statisti-
cal mean, it is necessary to divide the heterogeneous
population into homogeneous ones and then to de-
termine the mean value for each homogeneous po-
pulation of failure parameters and, if necessary, to es-
tablish the form and measure of correlation between
the failure parameter values and disturbing factors.

Mathematical statistics provides a number of
methods for establishing the homogeneity (or hetero-
geneity) of the population of random variable values.
When analyzing the data of failure statistics of elec-
trical equipment, the method of comparative estimate
of two sample averages compared to the method of
comparing the empirical distribution with the nor-
mal distribution or the moving average method is the
most acceptable

The essence of the recommended method as
applicable to the failure data processing is that the
sample data for a certain set of disturbing factors de-
termines the value of x,. After excluding the factors
whose influence on the formation of the average level
is clarified from the factors population, a new sample
is taken and average ¥, is also determined. Then the
criterion is determined:
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t= 1 2

J(nl+n2>[2<xl—a>2+z<x2—@>ﬂ' ™)

nn,(n, +n, —2)

According to the value of t found and the num-
ber of degrees of freedom k, probability P is found
using the Student’s distribution probabilities table. It
can be used to expect value t to be numerically equal
to or greater than the observed (calculated) value. If
P >0.95, the compared averages differ insignificantly
and the values of the failure parameters form a ho-
mogeneous population. The number of degrees of
freedom is determined as the number of independent
values of failure parameters. If for some sample of
size n, the values of failure parameters shall satisfy h
conditions linking them, then the number of degrees
of freedom is equal to: k=n, - h.

Accident rates
Accident rates of electrical equipment of open-pit
substations and network devices [15, 16], processed
on the basis, given in Table 1.

Correlations between reliability of the scheme
and its components

Using the provisions of the probability theory and
the data given in Table 1, correlations between relia-
bility of the scheme, its individual circuits and compo-
nents with different connection types were obtained:

— with series connection a failure of each compo-
nent causes a malfunction of the whole installation
and therefore: P'=1-3%p, P"=Xp;
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— with parallel connection, power outage can occur
only if all parallel circuits fail, therefore: P'=1 - p,p,,

P"=pp,;
— with mixed connection:

P =(1-pp,)-(1-ps), P =p\p, + s,

where p, is the probability of failures of the scheme
individual parallel circuit components; p,, p, is the
probability of failures of individual parallel circuits
and components; p. is the probability of failures of
a series circuit or component in case of mixed connec-
tion; P', P" are the reliability and probability of failure
of the scheme.

In conclusions of accident rates of individual
components and circuits the schemes are considered
as events independent of each other.

Influence of protection reliability
on scheme reliability

Based on the essence of the probability concept of
some event to determine the probability of incorrect
action of protection ps, it is necessary to take a certain
number of protection actuations S for the number of
all cases belonging to some particular stochastic test
plan, and to take the statistical mean of the number of
malfunctions of protection m with the accepted num-
ber of actuations for the number of cases favorable to
the protection malfunction, i.e.:

p; =ms. ®)
Downtime duration of the busbar system T for

incorrect protection functions p; can be determined
from the expression:

Table 1
Accident rates of electrical equipment of open-pit substations and network devices
Item Number of damages | Probability | Probability
Name of electrical equipment and network devices per 1 facility, of emergency | of emergency
No A 5
: times/year shutdown downtime

1 |Flexible cables 3.65 0.595-10* 13.1-10*
In-pit overhead power lines with excavator number x used for

2 |- stripping y=4.7-x+1.7 0.595-10* 13.5-10*
- offsite dumps y=1.32-x+0.87 0.595-10™* 4.6-10*
- onsite dumps y=2.5-x+0.67 0.595-10* 6.66-10™

3 |Mobile substations 0.99 0.595-10* 1-10*

4 |Boxes of RVNO and VYaP type 0.228 0.595-10* 0.42-10*

5 |Transformer points within the pit and at dumps 0.111 0.595-10* 0.29-10*

6 | Pit power supply points with disconnection devices 2.3 0.595-10* 2.36-10™*

7 |Excavator electrical equipment (upstream of disconnection device) 0.6 0.595-10* 1.1-10*

8 |Daylight surface overhead power line 0.402 0.595-10* 1.3-10*

9 | Overhead power line between substations 0.302 0.595-10* 0.86-10*
Collecting busbars with maximum protection on outgoing feeders

10 |in case of incorrect operation of protections for one emergency - 0.35-10° -
shutdown of protections

11 |Connections 0.098 - 0.35-10*
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T =npit, )
where n is the total number of failures on feeders
outgoing from the busbars; t is the statistical mean
duration of busbar downtime during the protection
malfunction.

The influence of the protection operation on the
scheme reliability is determined from the expression

B T _ npgt
" 8760 8760°

(10)

Methodology of reliability analysis of schemes

When assessing the reliability of electrical
schemes, a special place is taken by substations and
distribution points (DP) busbars, whose reliability
indicators depend not only on the accident rate of
the busbars themselves, but also on the number of
failures on feeders outgoing from them and the pro-
tections function. Thus, the probability of interrup-
tion of power supply to load A (Fig. 4) is influenced
not only by the failure of the circuit through which
power is transmitted, but also by the failure of other
feeders outgoing from busbar 2.

Therefore, bus bars 2 (see Fig. 4) with feeders
outgoing from them shall be replaced by another
conditional component, for example, a component
with an accident rate equal to the sum of the accident
rate of the busbars and the probability of coincidence
of failures on feeders with protection malfunction.
Then, to determine the probability of interruption of
power supply to load A, we obtain a design circuit of
series-connected components (Fig. 5), from which:

P=2.p (11)
where p;, is the probability of failure of individual com-
ponents in the design circuit.

When determining the probability of failure of
conditional component III for another receiver, for
example, B, the number of emergency disconnec-
tions of outgoing feeders may be slightly different
than for load A and is due to a difference in the num-
ber of failures on the loads A and b feeders. This dif-
ference is very small compared to the total number
of failures on the outgoing feeders, so in practical
calculations it can be neglected and the probability
of failure of component III can be assumed to be the
same for all receivers (feeders). Further presentation
of the methodology for determining the reliability
indicator is made on a specific example (Fig. 6).

We determine the reliability indicators of substa-
tions 1, 2, 3, 4 and the whole network if:

Variant I

1. The probability of failure of connections be-
tween substations is equal to a, b, ¢, d, and e.
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2. The receiver capacities of substations 1, 2, 3, 4
have the following ratios: N, : N, : N; : N, =2 :3:5: 2.

3. The capacity of the connections is equal to:
Nyi =Ny3=N + N, + N;+ N, N, =N, + N; + N,
N, .=N,+N,.

4. The reliability of substation operation is equal
to 1, the protection at all substations is ideal.

For substation 4, the accident rate of the scheme
section from district substation A to substation 3,
which has two parallel branches with failure proba-
bilities b, a + ¢ + d, is equal to b(a + ¢ + d). Consequent-
ly, the considered scheme for substation 4 can be re-
placed by the scheme shown in Fig. 7, from which the
probability of interruption of power supply to substa-
tion4isequalto: P,=b(a+c+d)+e.

— Bk

OPL, OPL,

2

Fig. 4. Design circuit of the electrical grid:
OPL - Overhead Power Line

Fig. 5. Design circuit of series-connected components:
OPL - Overhead Power Line

Fig. 6. Example of presentation of the methodology
for determining the reliability indicator

b-(a+c+d)

[ ] Substation 4
Fig. 7. Replacement of the scheme in Fig. 6
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The probabilities of interruption of power sup-
ply to substations 1, 2, 3 are equal to: a(c + b + d),
(a+c)-(b+d),b(a+c+ d)respectively.

Variant II

Let us modify condition 3 and assume that
Ny =N;+N,+N;, N, ;=N + N, + N;+ N, N, , =N, + N;,
N, ;=N, +N,.

The probability of interruption of power supply
to substations 1, 2, 3 does not change, but the proba-
bility of scheme failure in relation to substation 4
changes significantly, because connection A-1-2-3
to substation 3 in case of failure of connection A-3
is not able to power substation 4. The probability of
interruption of power supply to substation 4 is de-
termined by the failure of connections A-3 and 3-4
and is equal to: P',=Db +e.

Thus, the same scheme with the same loads de-
pending on the capacities of separate scheme sections
has different reliability indicators.

Variant III

Let us change condition 2 and accept that
N, :N,:N,:N,=5:1:2:4.

The values of probabilities of power supply in-
terruption to individual substations do not change,
but the capacity of the receivers of each substation,
kW -h, does change. Therefore, a change in the ratio
between the substation capacities of the scheme un-
der study changes the duration of downtime of the
whole scheme receivers. Therefore, the sum of pro-
babilities of power supply interruption to individual
substations (receivers without taking into account
their capacities) cannot be a reliability indicator of
the whole scheme. The capacities of substations (re-
ceivers) can be taken into account, if the probability
of power supply interruption to substations is brought
to the same capacity, for example, to the total capacity
of all substations, by multiplying them by the ratio of
capacities of individual substations to their total ca-
pacity. The obtained new values of the probability of

[A] [A]

2-(b+c+d)-a/12

3.(a+c)-(b+d)/12

5-(a+tc+d)-b/12

2-[(atctd)-b+e]/12

[] =N

12N,

2-(b+c+d)-a/12

3.(a+c)-(b+d)/12

5-(a+tc+d)-b/12

3-(at+e)/12
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power supply interruption to individual substations,
which have the same significance from the duration
of downtime of receivers standpoint, allow modify-
ing the scheme under consideration into a single-line
scheme with one conditional receiver, whose capacity
is equal to the sum of the capacities of all substations
(receivers).

Modification according to the conditions of the
considered scheme variants is shown in Fig. 8.

The results of probability calculations for power
supply interruption to all scheme receivers, assuming
that a-b—c-d-e, are equal to:

Variant I - 31(12 +la,
4 6

Variant II - Zéa2 +la,
4 3

Variant III - SLaz +la.
12

Thus, the reliability analysis of schemes should
be performed as follows:

1. Replace the busbars of substations and distri-
bution substations with conditional components III,
whose failure probability is determined by the sum of
the probability of failures of the busbars themselves
and the probability of coincidence of failures on out-
going feeders with protections malfunction.

2. Determine the probability of power supply in-
terruption to each receiver (substation), taking into
account the capacities of individual scheme sections.
In case of complex schemes, to simplify the calcula-
tion, convert them into design circuits for each re-
ceiver (substation).

3. Reduce the probabilities of power supply inter-
ruption to individual loads to their total capacity and,
using the probabilities given, make a design circuit
with one conditional load of the total capacity.

4. Determine the probability of power supply in-
terruption to all receivers of the scheme.

A

5.-(b+c+d)-a/12

1-(a+c)-(b+d)/12

3-(atc+d)-b/12

4-[(atc+d)-b+e]/12

[1=N;

Fig. 8. Modification according to the conditions of the considered scheme variants

190


https://mst.misis.ru/

% MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(2):183-194

Methods of optimizing open-pit power supply
systems

The central problem in the development of any
CAD subsystem is to determine the optimal para-
meters of this subsystem. Only in this case the ad-
vantages of designing automation can be realized
in full [17, 18].

The variety of the content of practical problems
reflected in the existing mathematical models is so
great that it is usually necessary to investigate many
ways to achieve the optimum. None of the optimiza-
tion methods is universal from the application to any
particular problem standpoint, but also does not act
in isolation from others.

An optimization problem can be mathematically
formulated as follows: there is function F of several
variables X,. These variables are related to each other
by k-equations or inequalities of the form:

W(X,, X,, ., X,)20;
(12)
W.(X,, X,, .., X,) 20,

where W,, W, are some functions of variables X,
i=1,2,...,n).

It is required to find the minimum (maximum)
of function F. Three directions for solving the above
problem can be distinguished based on the applica-
tion of:

— first-order gradient methods;

- second-order methods or so-called quadratic
optimization methods;

- random search methods.

A group of gradient methods is the most wide-
spread for solving nonlinear programming problems,
among which the method of steepest descent should
be considered primarily.

The search for the minimum using the method of
steepest descent consists in the sequential applica-
tion of the following expression for the calculation of
the main variables:

oo
]

XV =X® 4 h

where X{““? are the refined values of the required pa-
rameters at the (k+1)-th iteration; X{ is the value of
parameters at the k-th iteration; h is the coefficient
of the length of increment; acD/ 0X'" are the values of
particular derivatives from the target function for the
main variables at the k-th iteration.

It is convenient to present the values of de-
rivatives at the sequential iteration in the form of
a matrix.

The increment length coefficient can be calculat-
ed by the formula:
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2
o (oD
. { *D oD oD
7| 0X,0X, oX; 0X,

h= (14)

Let it be necessary to minimize function U(Z) with
a continuous gradient under constraints: W(Z) = 0,
Z SZ<Z_.
The vector of parameters Z is presented as a set of
vectors X and Y (dependent and independent param-
eters). In this case, the problem can be presented as

minimization of an implicit function:
UIX(Y), Y]|=H(Y). (15)
With constraints: X_, < X(V) <X, Y, .. SY<Y,

min min max?

where X(Y) is an implicit function determined by the
steady-state condition equation:
W(X,Y)=0. (16)

The problem is proposed to be solved in two stag-
es: entering the mode into the permissible region and
determining the minimum of the target function in
the permissible region.

Let there be a problem of entering the mode into
the permissible region. With Y©, X = X©is calculated
from equation (16). Corrections AX to initial approxi-
mation vector X© are determined by the equation:

ow

ZEAX =W,

X a7
where oW/oX is the matrix of particular derivative
functions.

Based on (15), the gradient is calculated:

v _on| _ oW oX (18)
oY oY|, oxoy’

where

-1
%[ﬂ} w. (19
oY | oX | oY

The permissible vector of descent (V) is obtained
from the gradient by replacing with zeros the compo-
nents of the corresponding variables that are on the
boundary and tend to go beyond the permissible limits
and change the sign of the remaining components.

The following approximation of vector Y:

YO=YO1Vt=Y(@), (20)
where t = min(t,, t,).
Value t, is determined by the Newton method
from expression:

oM
v, =0 21)

Ultimate increment t,, = min (t,,) is the solution
of the equation:
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Z[Y®)-2Z, =0, (22)
where
. at oz <0,
z =1 " ot 23)
. at oz 0.
min ot

The end of the computational optimization pro-
cess is controlled by value V, taking into account the
changes in vector Y and 1(Y) over a number of succes-
sive approximations.

The disadvantages of this method include wor-
sening of convergence when approaching the mini-
mum of the target function, as well as the complexity
of the algorithm and the labor intensity of its imple-
mentation.

To take into account inequality-type constraints
when applying gradient methods, it is proposed to use
the penalty function method.

In the literature, a network of gradient-based op-
timization methods is given and their comparative
characteristics are provided.

The most powerful optimization method based on
the first-order gradient method is designed to solve
problems minimizing the function:

U= Z N.(X). (24)

Compared to the reduced gradient method, the
steady-state equation is written in the form of explicit
functions, and the functional constraints are controlled
by penalty functions, whereas in the reduced gradient
method they are controlled by changing the basis, i.e.,
by exchanging variables of vectors X and Y.

Optimization methods of the second direction
have been widely used in numerous studies.

A method of solving the problem of integrated
optimization is known. The basic idea is to modi-
fy an initially nonlinear problem with constraints
into a sequence of problems without constraints,
whose solution approaches the solution of the origi-
nal problem. The modified problem is solved by the
Fletcher-Powell method [19].

Different methods of modifying the original prob-
lem are analyzed in scientific papers. The analysis of
the Fiacco and McCormick, Zangwill, and Powell [20]
methods showed the expediency of the latter two
methods as not requiring an initial point satisfying
inequality-type constraints.

Using the Zangwill’s transformation correspon-
ding to the application of penalty functions, the fol-
lowing unconstrained function is formulated:

FOO =M+ X n WO + 18,0 (25)
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In equation (25), term g(X) representing an in-
equality-type constraint exists only when this con-
straint is violated.

According to the Fletcher—Powell method, for
quadratic function f(X) the following ratio is true:

fX-X)=1,8(X), (26)

where X is the point of maximum; [;is the reverse ma-
trix of the second partial derivatives of function f(X),
called the Hesse matrix; g(X) is the vector of the first
partial derivatives of function f(X).

The difference in the left-hand side of ratio (26)
represents the distance between any point X and the
point of minimum. For a non-quadratic function, X
is not an exact minimum, but this point can be con-
sidered as an initial approximation for the sequential
iteration by expression (26).

Matrix [; is obtained iteratively by an algorithm
that requires only the first derivatives of the target
function. After determining AX and a new point of
matrix [, which was initially singular, matrix /; is re-
calculated by adding the coefficient matrices to it:

[ =19+ AV + BY, 27)
where
Oy )y (YyOT0
APY ), (YOI,
YT Oy ®
]

i) _
B = ,
(i) (i)

_AXPAX]
jk T AX(i)Ty(i) ’

Y(i) _ 6f(i+1) ~ af(i>
oX  oX

The peculiarity of the Fletcher—-Powell method is
that there is no need to compute the inverse matrix of
the second partial derivatives.

The disadvantages of the method include: (1) the
Hesse matrix shall be permanently stored in the com-
puter core memory and changed at each step of the al-
gorithm; (2) when solving problems with a large num-
ber of variables, changes in matrix [, may be insufficient
to obtain such values of AX that would reduce f(X).

To eliminate these disadvantages, the idea of di-
rect estimation of the Hesse matrix is proposed:

HAX = g(X), (28)

where H is the Hesse matrix.

Equation (28) is solved relative to AX using Gauss
elimination, which consists in reducing the system to
a triangular form. The main disadvantage of the method
is its dependence on the choice of the starting point.

Statistical methods for optimizing power sup-
ply systems are outlined and have been developed by
D.A. Arzamastsev [21]. The formulation of the problem
of the electric grid mode complex optimization is con-
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sidered. The combination of random search with the
penalty function method makes it possible to deter-
mine conditional extrema for the problem of optimiza-
tion of the electrical grid and system operation mode.

In the permissible region of the k-factor space un-
der study, starting point X'” is chosen with coordinates
X2, x{”, ..., X, and the value of target function T
is calculated in it. To move to new point X" with coor-
dinates XV, X{", ..., X\", a random vector is selected,
which is evenly distributed over a hyposphere of radius
h with the center in the coordinate origin:

AXO = (AX©?, AXO, ..., AX?). (29)

Coordinates of point X" are determined by sum-
ming up two vectors:

XV =XO0 4 AXO, (30)

The value of the target function in point X is
equal to T™.

The completed step is considered successful and

point X" is accepted if the following condition is ful-
filled:
T(l) < T(O>. (31)

Otherwise, point X" is not accepted. Once again
a random vector is selected and a new attempt to make
a successful step is made. The process of transfer from
point XV to point X® is performed in the same way.

The advantage of the random search method is
the simplicity of the structure of program implemen-
tation on the computer, high reliability and efficiency
in solving many nonlinear programming problems. It
is the only method capable of solving multiextremal
problems. It is especially effective in the absence of
analytical expressions for the gradient. At the same
time, when approaching the minimum of the target
function using the random search algorithm, the
number of unsuccessful steps increases, so it is advi-
sable to do refinement near the extremum using some
deterministic optimization method, such as gradient.

A variety of the random search method is the ran-
dom descent method.

When determining the minimum of the target
function according to a random descent algorithm,
the direction of motion is generally given by a ran-
dom vector uniformly distributed over a hyposphere.
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However, unlike the random search algorithm, the di-
rection is not chosen at every step. In the randomly se-
lected successful direction, a number of working steps
are performed until the function starts to increase. At
the resulting point, a successful direction is selected
again, and descent is performed in that direction until
it is exhausted, and so on. Thus, a descent to the region
of the required minimum is performed.

Conclusion

The existing power supply schemes of open-pit
mines have been analyzed from the standpoint of the
accident rate of separate network components and
electrical equipment of open pits and the influence of
various disturbing factors on it. The analysis for all
main components of open-pit power supply schemes
showed that the time of emergency downtime and
the time of emergency shutdown is subject to the
log-normal distribution, and the standard of the modi-
fying function argument practically keeps a constant
value. The conducted analyses show that the annual
durations of emergency downtime of open-pit elec-
trical equipment are also distributed according to the
log-normal distribution and the values of the modi-
fied argument standard have deviations not exceed-
ing 20% of the determined standard mean value of
0.347. The method of reliability analysis of schemes
for several variants has been developed. It consists in
determining the probability of power supply interrup-
tion to each receiver (substation), taking into account
the capacities of individual scheme sections and in-
dividual loads in relation to their total capacity. Me-
thods of optimizing the open-pit power supply sys-
tems are presented, which consist in the use of
first-order gradient methods, second-order methods
or the so-called quadratic optimization methods, and
random search methods. A group of gradient methods
is the most widespread for solving nonlinear program-
ming problems, among which the method of steepest
descent should be considered primarily. The method
of random descent, which consists in determining the
minimum of the target function according to an ap-
propriate algorithm, is also considered, in which the
direction of motion is generally given by a random
vector uniformly distributed over a hyposphere.
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