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I Clarivate
Analytics

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

Kaszaxcman Pecnyonuxacol ¥nmmoix eoinvim akademusicol « KP ¥£A Xabapnapwi. ['eonoeusi scane
MEXHUKATLIK SbLIBIMOAD CEePUsChly blIbIMU JCypHAIbIiHbIY Web of Science-miy oicanananean
nyckacol Emerging Sources Citation Index-me undexcmenyee kabviioaneanvlH xabapiaiiovl.
Byn unoexcmeny 6apwicoinoa Clarivate Analytics komnanusicol scypHanowvl 00au api the Science
Citation Index Expanded, the Social Sciences Citation Index oicone the Arts & Humanities
Citation Index-xe xabwvi0ay macenecin xapacmuipyoa. Webof Science szepmmeywiinep,
asmopnap, bacnawbliap MeH meKemenepze KOHmMenm mepenoiei MeH canacvih Ycuvlhaovl. KP
¥I'A Xabapnapwi. 'eonozus scone mexuuxanvlk eviiimoap cepusicol Emerging Sources Citation
Index-xe enyi 6i30iy KoeamoacmvlK yuiik ey 03eKkmi Jicane 6e0eNoi 2e0102Usl HCIHE MEXHUKATBIK
EbLILIMOAp OOUbIHULA KOHMEHMKE A0a0blebIMbI30bl OLI0IPeOi.

HAH PK coobwaem, umo nayunoiii sicypran «Mzeecmuss HAH PK. Cepusi eeonocuu u mexnuueckux
Hayk» 6vL1 npunam 0 undexcuposanus 6 Emerging Sources Citation Index, 06noenennoii éepcuu
Web of Science. Cooepoicanue 6 3mom uUHOEeKCUpO8aHUU HAXOOUMCS 8 CMAOUul paccmMoOmpeHus
xomnanueu Clarivate Analytics ons danvueiiueeo npunsmus sicypHana 6 the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index. Web
of Science npeonacaem xavecmeo u enyOuHy KOHmMeHmMa Ol UCCledosamenel, asmopos,
uzoamenei u yupescoenuil. Brmouenue Hzeecmusi HAH PK. Cepus ceonocuu u mexHuueckux
nayx 6 Emerging Sources Citation Index demoncmpupyem nauty npugepiceHHocms K Haubonee
AKMYanbHOMY U GIUAMENbHOMY KOHMEHMY NO 2€0102UU U MEXHUYECKUM HAYKAM Olsl HAule2o
coobwecmaa.



Bac penakrop

KYPBIHOB Mypar KypbiHYJIbI, XUMHUS FBUIBIMIAPBIHBIH TOKTOpBI, Tpodeccop, KP ¥FA
akanemuri, Ka3zakcran PecnyOmukackl YarTeik FwutbiM  akagemusichiHbIH mpesuneHTi, AK «/1.B.
CoOKONBCKHI aTBIHAAFBI OTHIH, KaTaln3 jKOHE MEKTPOXUMHS HHCTUTYTBIHBIH» 0ac TUPEKTOpHI (AJIMATHI,
Kazakcran) H =4

FplabiMu XaTiibl

ABCAJIBIKOB BaxbiT Hapukaiiyabl, TeXHUKa FRUIBIMIApBIHEIH JTOKTOpHI, podeccop, KP ¥FA

JKayanThl XaTIbIChl, A.b. BekTypoB aTbIHAaFb! XUMUS FBUIBIMIAPEI HHCTUTYTHI (AnMarsl, Kazakcran) H=5
PepnakunusaablK ajka:

OBCAMETOB Mauic Kyasicyiabl (6ac penakTopablH OpbIHOAcaphl), T€OJOTHS-MHHEPATOTUS
FBUIBIMJIAPBIHBIH  TOKTOpBI, mpodeccop, KP ¥FA akamemnri, «Y.M. Axmencaduna aTbIHAAFBI
THIIPOTCOIOTHS KOHE T€OIKOOTH MHCTUTYTHIHBIHY) TUPEeKTophl (AnMarel, Kazakcran) H = 2

JKOJITAEB Tepoii JKoaraiiynel (6ac pemakTopiblH OpBIHOAcCAPhI), TEONOTUS-MHHEPAIOTHS
FBUTBIMJIAPBIHBIH JOKTOPHI, mpodeccop, K.M. CaTmnaeB ThIHIAFBI T€ONIOTHS FHUIBIMIAPH HHCTUTYTHIHBIH
nupektopsl (Anmarsl, Kazakcran) H=2

CHOY [Ipuuen, Ph.D, kaybiMaacteipbutran npogeccop, Hebpacka yuuBepcuteTinid Cy FhUIBIMIAPDI
3eprxaHachlHbIH qupekTops! (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, taburu tapux Mmypaxaiieinsiy JKep Typassl FbutbiMaap Oestiminjae
TIETPOJIOTHS XKOHE Taiiiasbl Ka30aap KeH OpBIHAAPBI CalachIHAAFEl 3epTTeyIepain kerekmrici (Jlonmomn,
Anrnus) H =37

MMAH®UJIOB Muxaua BopucoBud, TeXHUKa FRUIBIMIAPBIHBIH JOKTOPEI, Hancn yHHBepcHuTeTIHIH
npodeccopsl (Hancu, @panrms) H=15

HIEH IMun, Ph.D, KeITaii reoIorusuIbIK KOFaMBIHBIH Tay T€0JIOTHSACH KOMUTET] TUPEKTOPEIHBIH OPbIH-
Gacapbl, AMEpHKaH/IbIK YKOHOMHKAIBIK Teosiortap KaybiMaacToiFbiHbIH Mylieci (ITexun, Keitait) H = 25

OUIIEP Axkcean, Ph.D, [/IpesneH TeXHUKAIBIK YHUBEPCUTETIHIH KaybIMAACTHIPBLUIFAH Ipodeccopsl
(dpesnen, bepnun) H=6

KOHTOPOBUY Anekceii IMHIbeBHY, T€OJOTUS-MHHEPAIOTNs FHUIBIMAAPLIHBIH JIOKTODBI,
npodeccop, PFA akamemuri, A.A. Tpodumyka arblHIaFbl MyHai-ra3 TeOJIOTHSCHI JKoHEe reodusuka
nHcTuTyTH (HOoBOCHOMpCK, Peceit) H = 19

ATABEKOB Baanuvup EHokoBHY, XUMUs FBUIBIMAAPBIHBIH J10KTOpHI, benapycs ¥FA akanemuri,
YKana matepuanap XUMHACHI MHCTUTYTBIHBIH KYPMETTi aupektopsl (Munck, berapycs) H =13

KATAJUIUH Credan, Ph.D, J/[pe3neH TeXHUKaJIBIK yHUBEPCUTETIHIH KaybIMaCTBIPBUIFaH Podeccopbl
(dpesnen, bepmun) H = 20

CEMTMYPATOBA Dieonopa FOcymoBHA, reoioris-MHHEPANOTHS FHUTBIMIAPHIHBIH JOKTOPHI,
npodeccop, KP ¥FA xoppecnonaent-mymeci, K.J. Carnaes arsiaaarsl [ €0m0Tus FRUTBIMIAPEI HHCTUTYTHI
3epTXaHachIHbIH MeHrepyiici (Anmarsl, Kazakcran) H=11

CATYBIHTAEB Kanaii, Ph.D, xaysimmacteipsuiran npogeccop, Hazapbaes ymmsepcureti (Hyp-
Cyurran, Kazakcran) H =11

DOPATTUHMU IMaouo, Ph.D, bukokk Munian yHHBEpCUTETI KaybIMAACTHIPBIIFAH mpodeccopsl (MmumaH,
Uranus) H = 28

«KP ¥F'A Xa6apaapsl. ['eosiorusi xoHe TEXHUKAJIBIK FHUIBIMAAP CEPUsIChD».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Menmrikreymi: «Kazakcran PecryOnukachiHbIH ¥JITTHIK FRUIBIM akageMusick» PKB (Anmars! K.).
Kazakcran PecmyOnukachiHBIH AKHapar »KoHE KOFaMIBIK JaMy MUHHCTPJITiHIH AKHapar KOMHUTETiHIE
29.07.2020 x. 6epinrer Ne KZ39VPY 00025420 mep3imMaik 6acbUIbIM TipKeyiHe KOWBLTY Typalibl KyoiK.
TaKpIPBINTHIK OAFBITHL: 2€0102Usl, MYHAL HCIHE 2a30bl OHOEYOTH XUMUALLIK MEXHOL02UANAPbI, MYHAL
XUMUACDL, MEMANOAPObL ALY HCIHE ONAPObIH KOCLIHOBLIAPIHBIY MEXHONOSUACHL.
Mep3iMaimiri: KpUIbIHA 6 PET.
Tupaxsr: 300 nana.
Penakuusaei MekeH-xkaiibl: 050010, Anmarsr K., [lleBuenko kerr., 28, 219 6en., Ten.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© Kazakcran PecryOnukachiHbIH ¥ITTHIK FBUIBIM aKageMuscel, 2023

Tunorpadususie MekeH-kaibl: «Apyna» KK, Anmarsl k., Myparbaes kemt., 75.
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I'naBHBIii penaxkTop

KYPUHOB Mypar ’KypuHOBHY, TOKTOp XMMHUYECKHX HayK, mpodeccop, axagemuk HAH PK,
npesuseHT HanmonanpHoi akagemun Hayk PecryGnmkm Kasaxcran, reHepanbHblii pupextop AO
«MHCTUTYT TOTUIMBA, KaTaiau3a U anekTpoxuMun uM. J1.B. Cokonbckoro» (Anmarsl, Kazaxcran) H = 4

YueHHBIIi cekpeTapb

ABCAJIBIKOB BaxbiT HapukéaeBu4, TOKTOp TEXHHYECKHX HAyK, Mpodeccop, OTBETCTBEHHBIN

cexperaps HAH PK, UucTnTyT XuMnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenaknuoHHasg KodJgerus:

ABCAMETOB Masuc KyapicoBud, (3aMeCTUTEINb ITTABHOTO PEAKTOPA), JOKTOP I'€0JIOTOMHUHEPAIIO-
THYECKHX HayK, mpodeccop, akaaemuk HAH PK, mupextop MHCTUTYTA THAPOTE€OIOTHU U TEOIKOTOTUH M.
V.M. Axmencaduna (Anmarsl, Kazaxcran) H =2

JKOJITAEB TI'epoii KoaraeBuu, (3aMeCTUTENb INIABHOTO PENAKTOpa), JOKTOP T'€OJOTOMHHEpAo-
THYeCKUX Hayk, mpodeccop, mupekrop MHcruryrta reonmornueckux Hayk nm. K.M. CarmaeBa (AmnMarsl,
Kazaxcran) H=2

CHOY Jpuuen, Ph.D, acconnupoBanHslii mpodeccop, aupexrop JlabopaTopun BOTHBIX HayK YHHBED-
cutera Hebpacku (mrar Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pyxoBoauTes HCCIEI0BaHIH B 00JIACTH IIETPOJIOTHU  MECTOPOXKIACHHI
M0JIe3HBIX HCKomaeMbIX B OTaene Hayk o 3emie Myses ecrectBenHol uctopuu (Jlonnon, Aurmus) H = 37

IMAH®HWJIOB Muxana BopucoBud, T0KTOp TEXHHYECKNX Hayk, mpodeccop Yansepcutera Hancn
(Hancu, ®dpannus) H=15

HIEH ITun, Ph.D, 3amecturens qupexropa Komutera o ropxoii reosornu Kuraifickoro reooruaeckoro
o01ecTBa, wieH AMEepUKaHCKOW acconmanuy skonomudeckux reoioros (ITexun, Kurait) H = 25

OUIIEP Axkceab, accouunpoBaHHBIA mpodeccop, Ph.D, TexHmueckmit yHuBepcurer [pesneH
(dpesnen, bepnun) H=6

KOHTOPOBUY Aunekceli DMUIbeBHY, TOKTOP TI'eOJIOTO-MHHEPAIOTHIECKUX HAyK, Ipodeccop,
akagemuk PAH, Uuctutyr HedrerasoBoit reomornu u reopusuku um. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccust) H=19

AT'ABEKOB Baagumup EHokoBHY, TOKTOp XMMUUECKUX HayK, akageMuk HAH benapycu, moueTHsIi
mupekTop MHCTHTYTa XUMHUU HOBBIX MarepuaiioB (Munck, benapycs) H =13

KATAJIUH Credan, Ph.D, accouuuposanusiii mpodeccop, Texuuueckuit yausepcuret (pesneH,
Bepnmun) H = 20

CEMTMYPATOBA Dieonopa FOcynoBHa, TOKTOp reonoro-MAHEPAIOrHYECKHX HayK, Tpodeccop,
uneH-koppecnionneHT HAH PK, 3aBenyromas naGoparopun MHcTHTyTa Teonormdecknx Hayk um. K.
CarnaeBa (Anmatsl, Kazaxcran) H=11

CAT'MHTAEB Kanuaii, Ph.D, accormmupoBannslit mpodeccop, Hazapdaes yausepcuter (Hypcynras,
Kazaxcran) H=11

D®PATTUHU IMaoso, Ph.D, accounmmpoBanHBIil mpodeccop, MuUIaHCKUH yHHBEPCHUTET BHKOKK
(Munan, Utamns) H = 28

«M3Bectusst HAH PK. Cepust reo1oruu 1 TeXHH4eCKHX HAYK».
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© HarmmonansHas akagemus Hayk Pecrryonuku Kaszaxcran, 2023
Anpec tunorpaduu: UIT «Apynay, . Anmarsl, yi1. Mypar6aesa, 75.
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Editorial chief

ZHURINOYV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, president
of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC “Institute of
fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan) H = 4

Scientific secretary

ABSADYKOYV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive secretary of

NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H =5
Editorial board:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of hydrogeology and
hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska
University (Nebraska, USA) H = 32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the Earth
sciences section of the museum of natural history (London, England) H = 37

PANFILOV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H = 25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden, Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences, professor,
academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS (Novosibirsk,
Russia) H=19

AGABEKOYV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus, honorary
director of the Institute of chemistry of new materials (Minsk, Belarus) H =13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H =20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences, professor,
corresponding member of NAS RK, head of the laboratory of the Institute of geological sciences named
after K.I. Satpayev (Almaty, Kazakhstan) H=11

SAGINTAYEYV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H = 11

FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H =28
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© B.R. Rakishev'', A.A. Orynbay'?, A.B. Mussakhan', 2023
!Satbayev University, Almaty, Republic of Kazakhstan;
?Almaty University of Power Engineering and Telecommunications named after
Gumarbek Daukeyev, Almaty, Kazakhstan.
E-mail: b.rakishev(@satbayev.university

AUTOMATED FORECASTING OF THE PARTICLE SIZE COMPOSITION
OF BLASTED ROCKS DURING BLASTHOLE DRILLING IN HORIZONTAL
UNDERGROUND WORKINGS

Rakishev Bayan — Academician of the National Academy of Sciences of the Republic of Kazakhstan,
Doctor of Technical Sciences, Professor of the Department of Mining, Satbayev University, Almaty,
Kazakhstan, 050013/A15P4X4

E-mail: b.rakishev(@satbayev.university, https://orcid.org/0000-0001-5445-070X;

Orynbay Asfandiyar — PhD, Senior Lecturer, Department of Electronics and Robotics, Almaty University
of Energy and Communications, 050013/A15G8M2, Researcher, Department of Mining, Satbayev
University, Almaty, Kazakhstan, 050013/A15P4X4

E-mail: a.orynbay@aues.kz, https://orcid.org/0000-0002-3720-7625;

Mussakhan Anuar — Doctoral student, Department of Mining, Satbayev University, Almaty, Kazakhstan,
050013/A15P4X4

https://orcid.org/0000-0002-5114-6574.

Abstract. The article describes an analytical method for determining the particle
size composition of the rock mass exploded by blasthole breaking of rocks in horizontal
underground workings (tunnels). It is based on taking into account the size of the zones
of intensive crushing of rocks around the blasthole charge and the presence of natural
jointings in the rock mass. The radii of the zones of intensive crushing are calculated
using the preset physico-mechanical properties of the blasted rocks and the physico-
chemical characteristics of the applied explosive materials (EMs). The particle size
composition of natural jointings is calculated using the average size of the jointing in
the rock mass. Based on the combined consideration of these components, an analytical
method has been developed for the first time in mining that allows to determine each
rock class by size in terms of the blasted rock in the course of driving of horizontal
underground workings (tunnels). A software program has been developed for the
automated determination of the particle size composition of the blasted rock mass,
which interconnects the influence of the physico-technical properties of the blasted
rocks, the physico-chemical characteristics of the EM used, and the parameters of
layout of charges in the rock mass. With this program, calculations were carried out in
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relation to the anticipated particle size composition of rocks under various parameters
of drilling and blasting operations at the Zhezkazgan mines of Kazakhmys Corporation
LLP. The comparison of the theoretical and experimental data types has demonstrated
a high degree of their identity. These findings confirm that the proposed theoretical
approach to determining the particle size composition of the blasted rocks takes into
consideration the actual mechanism of destruction of the real rock mass by explosion in
the course of driving of horizontal underground workings (tunnels).

Keywords: ultimate explosion cavity radius, radii of crushing zones, presence of
natural jointings, volumes of intensive crushing, automated determination of particle
size composition of blasted rocks

© B.P. PakumeB", A.A. Opbin6aii'?, A.b. Mycaxan', 2023
!CotnaeB Yuusepcurerti, Anmarsl, Kazakcran;
FymapOek JloykeeB aTbIHAaFBl AJTMATBI SJHEPTeTHKA JKOHE OalTaHbIC YHUBEPCHUTETI,
Anmartsl, KazakcTaH.

E-mail: b.rakishev(@satbayev.university

KOJIIEHEH, )KEPACTBI KA3BAJIAPBIHJIA KAPBLIBIC
YHFBIMAJIAPBIH BYPFBLIAY KE3IH/E 'KAPBLIFAH KbIHBICTAPJbIH
TPAHYJIOMETPUSLIBIK KYPAMBIH ABTOMATTAH/BIPBLIFAH
BOJIKAY.

AnHoTanusi. Makanana KeJJeHEH >Xep acTbl JKYMBICHIHAA (TyHHENIbAEpHE) Tay
KBIHBICTAPBIH JKapy Ke3iHAe KapbUIFaH Tay-KeH MAacCacChIHBIH TPaHyJIOMETPHSUIBIK
KYpaMblH aHBIKTayAblH aHAIMTHKAJBIK dfici cunartanrad. O KapbUlbIC 3apsiAbIHBIH
aifHaJachIHAAaFbl Tay O KBIHBICTAPBIHBIH KAPKBIHABI YCaKTaly aliMaKTapbIHBIH
KOJIEMiH oHE Tay MaccacblHIarbl TaOUFW CHIHBIKTApIbl €CENKe allyFa HETi3JelreH.
Kapkplaapl ycakray aliMakTapblHBIH PagUyCcTapbl JKapbUIFaH Tay >KbIHBICTAPBIHBIH
Oepinred (QU3MKaNbIK-MEXaHUKAJIBIK KACHETTEpiHE KOHE KONJAHBUIATHIH >KapBUIFBIII
3aTTapablH  (QU3MKA-XUMHSJIBIK CHUIIaTTaMalapblHa colikec ecenrenedi. Harypan
OipIiKTepAiH TPaHyIOMETPHUSUIBIK KYpaMbl MacCUBTEri OipJiKTiH opTalla eJeMiHeH
ecenteneni. Ocbl Kypampmac OemikTepiiH OipieckeH eceOiHIH HeTi3iHIe Tay-KeH
OHJIIPICIHIE aJFalll PeT KeJJIEHEH jKepacTbl Ka30anapbelH (TYHHENBIEPIi) XKYprizy
Ke3iHJIe KapbUIFaH Tay KbIHBICBIHIAFHI eJeMaepl OOWBIHIIA >KBIHBICTAPABIH dpOip
KJIACHIH aHBIKTAY[blH aHAJTUTHUKAIBIK 9/Iici 93ipienai. XKapbuiran Tay >KbIHBICTAPBIHBIH
(U3UKAIBIK-TEXHUKANBIK ~ KACHETTEPiHIH, KOJNAAHBIIATBIH  KAPBUIFBIII  3aTTHIH
($U3NKa-XUMUSIIBIK CHIIATTaMallapbIHBIH JKOHE OpHajacy NapaMeTpiepiHiH ocepiH
e3apa OalllaHBICTBIPATHIH, JKapbUIFAH Tay-KEH MAacCachIHBIH O6JIleK oJIeMACpiHiH
TapadyblH aBTOMATTaHIBIPBUIFAH TYPAC AaHBIKTayFa apHaJIfaH KOMIIBIOTEPIIK
OarnmapiaMa o3ipJieHAl. KbIHBIC MaccachlHAAFbl 3apaaTapabiH. Ockl OaraapiaMaHbIH
kemerimeH «Kazakmpic Kopmopamusicery KIIC JKeskasran keHimTepinae Oyprouiay-
XKapy IKYMBICTapbIHBIH OpTYpil mapaMeTpriepi OOWBIHIIA Tay >KbIHBICTAPBIHBIH
00IDKaMIBI TPaHYIOMETPHSIIBIK KYPaMBIHBIH €cenTeyiaepi )Kyprizini. Teopusuibik sxoHe
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9KCIIEPUMEHTTIK MAJIIMETTEPAL CANIBICTHIPY OJIApABIH COUKECTITiHIH KOFaphl A9PEKECIH
KepceTTi. Byl HOTHXKE >kapbUFaH Tay >KbIHBICTAPBIHBIH OOJIIEKTEePIiH OJIIeMIiK
TapajdyblH aHBIKTAYIBIH YCBIHBUIBII OTBIPFAH TEOPHUSUIBIK TOCLII KOJJCHEH YKepPacThl
Kaz0amaphIH (TyHHEIBISPI1) aiinay Ke3iHae HaKThI Tay-KEeH MacCaChIHBIH JKaphUIBLICTICH
YKOWBLTYBIHBIH HAKTHI MEXaHU3MIH €CKepPETiHIH PacTai/Ibl.

Tyiiin ce3mep: >KapbUIbIC KYBICBIHBIH IIEKTI PagMyChl, YCaKTay aiMaKTapbIHbIH
panuychel, TaOuFH GparMeHTTEPIiH Kypambl, KAPKBIHIBI YCAKTay KeJIeMIepi, JKapblIFaH
Tay JKbIHBICTAPBIHBIH TPAHYIOMETPUSIIBIK KYPAMbIH aBTOMATTHI TYP/IE aHBIKTAY
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ABTOMATU3UPOBAHHOE ITPOI'HO3MPOBAHUE
IT'PAHYJIOMETPUYECKOT'O COCTABA B30OPBAHHBIX ITIOPO/I ITPU
IITYPOBOM OTEOMKE B TOPU30HTAJIBHBIX IIOJA3EMHBIX
BBIPABOTKAX

AHHoTaums. B crarke omnucaH aHaJIUTHYECKUH  METOJ  OIpeJeieHUs
TPaHYJIOMETPHUIECKOTO COCTaBa B30PBAHHOW TOPHON MacChl IPH IIITypOBOH 0TOOITKE
MOpOJl B TOPU3OHTAJIBHON MOA3eMHON BhIpaboTke (B TyHHensix). OH Oa3upyercs Ha
ydeTe pa3MepoB 30H MHTEHCHBHOTO APOOJICHUS MOPOJA BOKPYT INITypOBOTO 3apsja
U COACpX AHUS €CTECTBEHHBIX OTIEIBHOCTEH B MaccuBe mopona. Pamuycel 30H
HUHTCHCHUBHOT'O IlpO6J'IeHI/I$I PaCCUUTBIBAIOTCA 10 3aJaHHBIM @HSHKO-MGX&HI/I‘IGCKI/IM
CBOMCTBAM  B3PBIBAEMBIX TIOPOA W  (DHM3UKO-XMMHYECKHM  XapaKTepUCTHKaM
MPUMEHAEMBIX  B3pbIBUaTbix BemiecTB (BB). I'panymomerpuueckmii  cocTaB
€CTECTBEHHBIX OTIEIFHOCTEH PAaCCUUTHIBACTCS 10 CPEAHEMY pa3Mepy OTIEIBHOCTH B
MaccuBe. Ha 6a3e COBMECTHOTO y4eTa 3TUX COCTABJISIOIIUX BIIEPBBIC B TOPHOM JCiie
pa3paboTaH aHATUTHYECKHII METOJI OTIpeIeNICHHs KaXKI0T0 Kilacca MOpo IO KPYITHOCTH
BO B30PBAaHHOW MOpPOIE MPHU MPOXOAKE TOPU3OHTAIBHBIX TOA3EMHBIX BBIPAOOTOK
(Tynueneit). Pa3paborana KoMmmbplOTepHAss TIPOrpaMMa  aBTOMATH3MPOBAHHOTO
OTIpeNeleHnsT TPAHCOCTaBa B30PBAaHHOW TOPHOM MAacChl, B3aWMOYBS3BIBAOIIETO
BIUSHUS (PU3UKO-TEXHUYECKUX CBOWMCTB B3PBIBAEMBIX TOPOA, (DPU3MKO-XUMHYECKHUX
XapaKTepuCTUK mpumeHsiemoro BB u mapameTpoB pacnoioxeHus 3apsiioB B MAaCCUBE
mopoa. C MOMOIIBIO 3TOH MPOTrpaMMBI TIPOBEIACHBI PACUYEThl IMPOTHOZUPYEMOTO
IPaHyJIOMETPUYECKOTO COCTaBa IOPOA MPH Pa3IUYHBIX MapaMeTpax OypOB3PBIBHBIX
pabor Ha maxrtax JKeskasrama TOO «Koprmopamms Kazaxmeicy. CorocraBieHue
TEOPETHUECKUX W DKCIEPUMEHTANBHBIX MAaHHBIX TOKa3alld BBICOKYHO CTEMEHb HX
UJCHTUYHOCTU. Takoi pe3ynbTaT MOATBEPKIACT, YTO MpeAjaraeMblii T€OPETUUYECKUI
moAXOo OMpPEACTICHUA I'PAaHYJIOMETPUUYCCKOTO COCTaBa B30OPBAHHBLIX IMOPOA YUUTHIBACT
JICACTBUTEIBHBIA MEXAHU3M Pa3pyLICHMs] PEAIBHOIO MACCHBA IOPOJ B3PBIBOM IIPU
MIPOXOJIKE TOPU3OHTAIBHBIX MOJ3EMHBIX BBIPAOOTOK (TyHHETEH).
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KioueBble c¢JIOBa: TpEACNbHBIA pPagnyC B3PBIBHOW TOJIOCTH, PagUyChl 30H
IpoOIieHs, COZepIKaHHe eCTECTBEHHBIX OTACIbHOCTEH, 00BEMbl HHTEHCHBHOTO APOO-
JICHWsI, aBTOMAaTHYECKOE OMNpEeC/ICHHE TPAHYJIOMETPHUSCKOTO COCTaBa B30OPBAHHBIX
nopoz

Introduction

In works (Hekmat, 2018; Faramarzi et al., 2013: 82-94; Shalamanov et al., 2017;
Campbell, 2017) focus on the assessment of the quality of the blasted rock mass
typically apply the widely known Kuz-Ram model of distribution of the particle size
composition of rock cuts named after its authors Kuznetsova and Rosin-Rammler. They
are designed to assess the the particle size composition of rocks after the explosion and
do not provide a forecast of the quality of crushing before the explosion. Other authors
attempt to predict the particle size composition of the blasted rock mass by using neural
networks (Huang et al., 2020; Bahrami et al., 2012; Dhekne et al., 2014; Ebrahimi et
al., 2016; Enayatollahi et al., 2014; Oraee et al., 2006; Gao et al., 2018; Hasanipanah et
al., 2018; Monjezi et al., 2009; Monjezi et al., 2010; Salimi et al., 2012; Sayadi et al.,
2013; Shams et al., 2015; Shi et al., 2012; Singh et al., 2016). However, such attempts
are not brought to engineering analyses. They do not take into consideration the actual
mechanism of destruction of rocks by blasting. The paper presents an alternative
rock mass destruction model differing from those aforementioned, which allows for
an analytical interconnection of physico-mechanical properties of rocks, fracturing
(blockiness) of the rock mass, physico-chemical characteristics of the applied explosive
material (EM), and different conditions of exploding the breaking-up rock sheet. This
creates conditions for the preliminary calculation of the particle size composition of the
blasted block of the rock mass, i.e. his prediction.

The proposed model of destruction of the rock mass by a cylindrical explosive
charge is based on the hypothesis of G.I. Pokrovsky (IlokpoBckwuii, 1957: 276), which
was further developed in the works of B.R. Rakishev (Pakumes, 1983: 240; Pakuies,
2016: 340). According to the accepted model of rock mass destruction by explosion of a
cylindrical charge, the first stage of the explosion encompasses a powerful compression
wave formed by the explosion that destroys the rock during the contact “charge—
medium” (crushing or transforming it into a plastic state), expands the explosion cavity,
while the zone of radial fractures extends from the border of the zone of crushing (fine
crushing) (Fig. 1).

The process is initially little different from the phenomena accompanying the
explosion in an infinite medium, but the interaction of the compression wave with the
free surface leads to a more intensive crushing of the material in its vicinity and in
the rock body. During this time, the main destruction of the breaking-up rock takes
place, while the explosion cavity of a cylindrical shape achieves its extreme (maximum)
position (see Fig. 2 a, b).
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explosion cavity, r2 is the radius of the fine crushing zone, r1 is the radius of the fracture zone

The second stage of the explosion encompasses the disruption of the axisymmetric
development of the explosion cavity as a result of the influence of the free surface, while
gaseous explosion products (GEPs) additionally destroy the breaking-up rock sheet and
impart thereto an accelerated motion in the direction of the free surface (Fig. 2 c,d). The
main defining factor during this stage is the impact of the GEPs remaining in the cavity.

The third stage involves the distribution of fragments of the broken-up rock under
the influence of the GEPs and gravity, and the development of rock disintegration (see

Fig. 2 d, e).

|.'|

Fig. 2. Outlines of the stages of development of an explosion in horizontal underground workings
(tunnels) with a single (a,b) and group (c,d) EM charge: beginning (a) and completion (b) of the first
stage, beginning (c) and completion (d) of the second stage; beginning (d) and completion (e) of the

third stage; A is the width of the blasted block, B is the height of the blasted block, h is the thickness of
the blasted sheet, h , is the height of a cylindrical charge in the blasthole without overdrilling, h, is the

height of an intensively crushed rock sheet above the column of the charge, h =r,, 1, is the radius of the

| is the radius of the fracture zone, h is the height of rock shotplle at break line of

fine crushing zone, r

blasting rock mass, B, - is the width of rock shotpile
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Key results of the explosion of EM charges in the breaking-up rock sheet. The key
results of the explosion in a solid medium are the ultimate radius of the explosion cavity,
the radius of the fine crushing zone, and the radius of the zone of radial fractures (see
Fig. 1). Works (Pakumes, 2016: 340; Huxudoposckuii, 272) based on the general
theorems of theoretical mechanics and the laws and principles of the theory of elasticity
(CrantoxoBuua, 1975; Xanykaes,1974: 223; Anymkun, 1961: 94-102; Ponuonos et
al., 1971: 200; Rakishev et al., 2011: 65-69; Rakishev, 2020). Derive the following
equation for the relative extreme (maximum, ultimate) radius of the explosion cavity or
the main criterion of the explosion effect in a solid medium:

= (P P, (M)

where F, is the initial pressure of gaseous explosion products (GEPs) in the charging

chamber (MPa); £, is the strength characteristics of the rocks under the conditions of
the comprehensive explosion stress (MPa).

The initial pressure of GEPs is calculated using the famous formula (Xanyxaes, 1974:
223).

| 3 (2)
P==p. 0
i Rf.".f

Here Pgy is the density of the EM charge in the blasthole (borehole) (kg/m?); and
I+ is the velocity of detonation of the EM charge in the blasthole (m/s).

Some sources (Paxumes, 2016: 340; Hukudoposckwuii, 272); derive the following
equation for the strength characteristics of the rocks under the conditions of the
comprehensive explosion stress:

i g 114
i-]“';l- | B (3)

o
i

P=a

[: .I-l' ._'

where @ is the breaking-down point of the rock in terms of compression (MPa);

I|II'
P is the rock density (kg/m®); ¢ is the velocity of the sound in the rock (m/s).

For the radius of the fine crushing zone (see Fig. 1) the following equation is derived:
(o) )

P

=y

Sl:r-: W

Here I, is the extreme (rna)'fimur{l, ultimate) radius of the explosion cavity (m):
P = "o T is the radius of the blasthole (m).

For the radius of the zone of radial fractures (see Fig. 1) the following dependence
is obtained:
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b

n=h
l+v o,
where 4 is Poisson’s ratio, and ¢, is the breaking-down point of the rock in terms

of tension (MPa).
The principle of rational layout of EM charges in the blasted rock mass has been
formulated, which provides for the largest-scale envelopment of the breaking-up rock
sheet by joints formed by the explosion effect. In terms of borehole bench breaking, it

is expressed by the following equations (see Fig. 3):

“..,.;-.'fﬂt]ﬂa|“._.,t;:|' EMEL 6)
W T a ’ f ’
where k is the coefficient taking into account the fractions of destruction of the rock
mass both from the effect of the reflected tension waves and the GEPs, &k =1; I is the
bench toe line of resistance (BTLR) (m); a is the distance between boreholes in a row

(m); M1 is the height of the cylindrical charge in the borehole without overdrilling (m);
j; 1s the height of the blasted block (m); £, is the height of the intensively crushed rock
sheet above the column of the charge, it is equal to the radius of the fine crushing zone.

Inasmuch as the first two explosion stages in terms of both benching-based and
non-benching-based breaking proceed in the same manner, the expressions in (6) are
also true for cylindrical charges located in underground horizontal workings (tunnels)
of different purpose (see Fig. 5). Therefore, the line of least resistance (LLR), which is
the shortest distance from the axis of the charge placed in the blasthole to the nearest
free surface or W', is defined from the first correlation of expressions in (6), taking into
account the fact that k=1, W'=W{lsina. Inasmuch as the bench face angle on average is
a = 63°, then W'=0.901W.

Thus, the LLR is equal to:
Wi=21r (7)
g "\l :
:l'";"..':’:'." =Hz==
\‘il;;'_;-;__i_;

Fig.3. Parameters of layout of a group of EM charges in the bench: A is the length of the blasted block, B
is the width of the blasted block, h is the bench height, a is the bench face angle, W is the bench toe line
of resistance, b is the distance from the axis of the borehole of the first row to the upper edge of the bench,
a is the distance between boreholes in a row, a_is the distance between the borehole rows, , 1,1, 1, is the
charge length, , is the length of the uncharged part of the borehole, 1  is the length of the overdrill, h  is
the height of a cylindrical charge in the borehole without overdrilling, hag is the height of the air gap, h is
the height of the intensively crushed rock sheet above the column of the charge, h  =r,, 1, is the radius of
the fine crushing zone, r, is the radius of the fracture zone
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In accordance with the second correlation from (6), the reasonable distance between
the blastholes must amount to:

u-‘:l-r,. (8)

According to the third correlation from (6), the length of the charge in the blasthole
is equal to:

hy, =0,Th-h, . )

The length of the undercharging (the uncharged part of the blasthole) may be accepted
as equal to (see Fig. 5a):

Iy 22n (10)
The total length of the charge in the blasthole amounts to:

The length of the overdrill or the depth of the blasthole exceeding the height
(thickness) of the blasted block may be accepted as equal to:

L, =5 (12)
The length (depth) of the blasthole:

Analytical determination of the particle size composition of the rock mass exploded
by blasthole breaking. The productive capacity of the mining and conveyor equipment in
tunnel driving is predetermined by the quality of the blasted rock mass. It is characterized
by lumpiness of the rock and the distribution of cuts by size in the disintegration, i.e.
particle size composition of the blasted rocks.

The particle size composition of the blasted rocks depends heavily on the physico-
mechanical properties of the rock mass, the fracturing (blockiness) of the rock mass,
the physico-chemical characteristics of the EM used, and the parameters of layout of
charges in the blasted sheet of the rock mass. The fracturing of the rock mass is the sum
total of visible and invisible fractures breaking the rock mass into natural

Table 1. Particle size composition of natural jointings in the rock mass

Classes Rock masses by Presence in the rock mass (%) of jointings with the size of (m)
ofrock | blockiness (average
masses by diameter of <0.15 0.16-0.30 0,31-  046- 0,61- 0,76- 091
blockiness the jointing, m) ' ’ ' 0,45 0,60 0,75 0,90
I Small-block 63,97 | 1743 475| 1,30 035 0,10 0,03]
(d=0,1m) 63,97 18,39 4,12 1,08 0,27 0,07 0,015
I Medium-block 36,03 | 23,39 1518 9,85 6,39| 4,15 2,69
(d=0,3m) 36,03 28,05 14,78 9,03 5,41 3,04 1,35
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- Coarse-block 16,09  1564| 1519] 14,76| 1434| 13,94| 13,54

(d.=0,5m) 1609 2336 17,85 1552 1327 10,65 6,77
. Very coarse-block | 6,71 | 850  10,78] 13,66| 17.31| 21,94| 27.81|
(d.=0,7m) 6,71 1771 164 1698 17,59 1741 13,90

Note: in numerator — actual, in denominator — virtual value of the presence of natural jointings in the
rock mass

jointings, which is characterized by blockiness, i.e. the sizes of natural jointings in
the rock mass. The particle size composition of natural jointings of the rock mass is
determined by direct measurements or calculated using the average size of jointings
based on the author’s approach (Huxkudoporckuii, 272); The particle size composition
of jointings in the rock mass of the Zhezkazgan mines of Kazakhstan, determined by
means of calculations and resembling closely the actual one, is presented in table 1.

Let us consider the algorithms of formation of rock cuts by size in different sheets of
the blasted rocks, starting from the intensive crushing zone. The structure of this zone
consisting of the sum total of the zones of fine crushing and radial fractures is presented
in a cross-sectional view of a cylindrical charge in Fig. 1.

In order to accomplish the task, the volume of the intensively crushed rock per unit
of length of a cylindrical charge (Fig. 1, 4) should be divided into distinct parts by size
of cuts contained therein. The basis thereof is represented by the experimental data
obtained in the course of explosion of a meter-long bench composed of mottled clays.
As aresult of the analysis of these data, the linear size of the cuts located near the outline
of the fine crushing zone was found to predominantly represent 2r, (Pakuies, 2016:
340) (Fig. 4a). In this respect, the distance between joints on the inner border of the
zone of radial fractures, i.e. the linear size of the rock cut may be accepted to the first
approximation as equal to:

by=2-5 (14)
where r; is the radius of the borehole (blasthole) (m).
Therefore, according to the pattern in (5), the distance between joints on the inner
border (see Fig. 4a) of the zone considered, i.e. the linear size of the rock cut will be
equal to:

Fig. 4. Distribution of intensively crushed rock cuts around the exploded EM charge:
a — sizes of rock cuts (b,, b,) on the borders of the zones of fine crushing (r,) and radial
fractures (r,); b — distribution of classes of rocks by size V"(x ) in the zone of intensive

crushing.
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v O

by =bh,
"1+v o

(15)

[}

Calculations show that in terms of applying blastholes with the radius of r,=0.025
m, the total volume of the fine crushing zone consists of cuts with the size up to 0.05 m,
while the zone of radial fractures contains cuts with the size of 0.051+0.150 m.

In blasthole breaking, the blasted rock mass is usually divided by the size of cuts

into 7 classes in increments of 0.15 m. The first class includes cuts with the size up
to 0.15 m, the second class includes cuts sized between 0.16—-0.30 m, the third class
includes cuts sized between 0.31-0.45 m, the fourth class includes cuts sized between
0.46—0.60 m, and the seventh class includes cuts with the size exceeding 0.91 m.
As the represented data demonstrate, the first size class (0-0.15 m) should include the
total volume of rocks of the zones of crushing and radial fractures, while the second
class (0.16—0.30 m) and the other size classes should contain the remaining volume of
rocks beyond the zone of intensive destruction.
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Fig. 5. Parameters of layout of a single charge (a), a group of EM charges (b) and breaking-in cavity
(c) in horizontal underground workings (tunnels): A is the width of the tunnel, B is the height of the
tunnel, h is the height (thickness) of the blasted sheet, d, is the diameter of the blasthole, 1, is the length
of the blasthole, 1, is the length of the charge, 1, is the length of the uncharged part of the blasthole, 1  is
the length of the overdrill, h is the height of a cylindrical charge in the blasthole without overdrilling,
h, is the height of the intensively crushed rock sheet above the column of the charge, h =r,, a is the
distance between blastholes, b is the distance from the line hole to the contour of the tunnel, a_is the
distance between the rows of blastholes, a__ is the distance between contouring holes, r, is the radius of
the zone of fine crushing, r, is the radius of the fracture zone, 1, is the radius of the fine crushing zone in
the breaking-in (c), r, is the radius of the mixed crushing zone in the breaking-in (c), L is the trace of the
virtual free surface of a cylindrical breaking-in with the radius r,.

In terms of the rational layout of blasthole charges of different purpose (see Fig.
5b), the volume of the intensively crushed rock of the breaking-up sheet of the rock
mass will be equal to the sum of the volumes of the intensively crushed rock around the
breaking-in, outer, and line holes.

For breaking-in charges, i.e. the breaking-in cavity, the radius of the intensive
crushing zone will be equal to the radius of a cylindrical breaking-in, i.e. (see Fig. 5c):
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rg=rth (16)

2

where , is the radius of the fine crushing zone around the blasthole charge, and

iy 1is the radius of the fine crushing zone in the cut, m.
For the double-row cut (in terms of a smaller section of the working):
4

;-.:_ - 71, = 3,31'1 (17)
W3

For the triple-row cut (in terms of a larger section of the working):

4
h===n+n =33 (18)
k -\'|3 . . i

The volume of the intensively crushed rock in the cut:

Vo) =7 U + hy) (19)

Cul
s

where V. "(x,) is the volume of the rocks of the first (x,) size class in the zone of

intensive crushing of the cut, 4, is the charge height (see Fig. Sa), iy is the height of
the intensively crushed rock sheet below the column of the charge, equal to the radius
of the fine crushing zone.

The volume of the intensively crushed rock around stoping holes (see Fig. 5b):

* (xh=mrt (b, + N (20)
Tl | | o A& AL

where -""-",,-.JI.. is the number of stoping holes, it.
The volume of the intensively crushed rock around contouring holes (see Fig. 5b):

2

v 2 ; il : ; e
r""'"'[".l :I = l;|.I:.‘ll| I:'h::-l-' F Irillnl-' ]'.llhn."'l" - IT‘ ﬁ_ E”-llllT'le;I| ] _'r'l-\.lll.H ""-cn.'." T~ I-||L|.|-I' ] B (21)

~r2 (B =sin Buh, +h N

is the number of contouring holes, it., & is the number of line holes

where N cor

MU

at the corners of the section of the working, N _ =4 mr., I is the segment angle of

the zone of radial fractures of the contouring hole falling beyond the contour of the
section of the working, f# = Zarccos(r: -#) | (rad).

Therefore, the total volume of the intensively crushed rock (of the first class) in
horizontal mine workings (tunnels) in terms of the rational layout of blasthole charges
will be equal to:

Ph0x ) = Vo (o )+ P e+ Vi () (22)

In calculating the volume of rocks of the considered size class in the entire blasted

sheet, the correspondent natural jointings contained in the other part of the blasted sheet
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should be attached thereto, as the rock mass consists of coherent natural jointings of
different shapes and sizes that are separated by visible and invisible joints (Rakishev,
2020: 36—46). This volume is proportional to their presence in the rock mass (see Table
1). Thus, the volume of the first size class in the entire blasted rock is determined from
the following formula:

P ) = V") + pla) [V =F"(x)] (23)
where V'is the volume of the rock of the blasted rock mass sheet; V'(x ) is the total
volume of the rock of the /-st class after the explosion; p(x,) is the presence of jointings
of the /-st class in the rock mass, in unit fractions.

The subsequent classes of the rocks by size (above 0.15 m) are formed as a result of
fracturing of the rocks of the blasted block into natural jointings during the second stage
of the explosion and their crushing as a result of collision of rock cuts in the course of
movement during the second and third stages of the explosion

In order to determine such a volume of the crushed rocks, the following experimentally
confirmed assumptions were accepted. Rock cuts with the size exceeding 0.91 m as a
result of collision will be reduced in the total volume by one half (1/2) of their initial
value (see Formula (24)). The crushed part of these cuts is distributed among the lower
classes (0.16-0.9 m) evenly, and a 1/10 part of the content of coarse cuts p(x.) is added to
each class. The percentage content of cuts in the sixth class (0.76—0.9 m) will be reduced
by 1/3 ofits initial value. This crushed part is added to the lower classes (0.16—0.75 m),
also evenly. In other words, the fraction of these classes will increase additionally by
1/12 of the class content p(x,). The fraction of cuts in the fifth class (0.61-0.75) will be
reduced by one-fourth (1/4) of its initial value. This fraction will be added to the second,
third, and fourth size classes (0.16-0.6) evenly by a 1/12 part of the content of cuts
p(x,). The fraction of cuts of the fourth class (0.46-0.60) will be reduced by one-fifth
(1/5) and added to the second and third classes by 1/10 parts. One sixth (1/6) part of the
fraction of cuts of the third class (0.31-0.45) will be transferred to the second class. The
structure of rock cuts with the size up to 0.15 m does not undergo any alterations. Taken
as a whole, the described over-allocation of rock cuts during the second and third stages
of the explosion can be presented as follows:
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Here  px; ). iy ... x5 ) is the actual presence of the cuts of the 1,2,...,7-
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th classes in the rock mass, in percent; ¥ Lglx: L....qix; ) is the over-allocated
presence of jointings of the 1,2,...,7-th classes in the rock mass, in percent;

The dependences in (24) represent the virtual presence of natural jointings in the
rock mass. The numerical values of the presence of actual and virtual jointings are
presented in Table 1.

The volumes of the crushed rock of all classes are directly proportional to the
product of their virtual presence in the rock mass by the difference of the volumes of
the breaking-up sheet and the intensively crushed rock. In other words, the following is
obtained in relation to the volumes of the classes (i > 2) to be determined:

rfrl':.-"-'.-] — ﬁr[-'ﬁ :I[[“' _ r_r-.“.l :I] (25)

where V”’(xi) is the volume of the intensively crushed rock of the i-th class (i > 2);
V’(xi) is the total volume of the rock of the i-th class after blasting; q(xi) is the virtual
presence of jointings of the i-th class in the rock mass, in unit fractions;

In order to calculate the particle size composition of the blasted rock, it is sufficient
to divide the obtained volumes (23) and (25) by the volume of the breaking-up sheet.
Therefore, the presence of separate fractions in the volume of the blasted sheet is defined
by the following correlation:

Vi)

plx;)= (26)

where p’(xj) is the content of the j-th fraction in the blasted rock mass, in percent.

The system of values p’(xj), as known, represents the particle size composition of the
blasted rock mass. Thus, according to the expression in (26), with the preset physico-
mechanical, structural properties of the rocks, detonation, energy characteristics of the
EM, and parameters and means of explosion, the particle size composition of the blasted
ore and rock is calculated timely.

The developed theoretical approach to the determination of the particle size
composition of the blasted rocks is based on the actual mechanism of destruction of the
real rock mass by the explosion of a cylindrical charge and is thereby fundamentally
different from other approaches present in the literature

Automated determination of the particle size composition of the rock mass exploded
by blasthole breaking. On the basis of the analytical method of determination of the
particle size composition of the rock mass exploded by blasthole breaking, a software
program entitled “Particle size composition of the rock mass exploded by blasthole
breaking” has been developed in the Microsoft Visual Studio 2019 environment [The
program facilitates convenient and flexible calculations in terms of the results of D&B
operations, more precisely, the determination of the particle size composition of blasted
rocks in horizontal underground workings depending on the source data related to the
explosion. The flow graph of the program is presented in Fig. 6.
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According to the proposed program for the automated prediction of the particle size
composition of the blasted rock mass, the passport of D&B operations was compiled
in the course of driving of tunnels (horizontal mine workings) at the East, South, and
West Zhezkazgan mines of Kazakhmys Corporation LLP in two cases. The geometrical
dimensions of the tunnel: in the first case the height is 5.2 m, the width is 4.65 m, the
sectional area S = 22.85 m2, the thickness of the blasted sheet is 3.0 m, in the second
case the height is 4.4 m, the width is 4.3 m, the sectional area

S = 18.14 m2, the thickness of the blasted sheet is 3.0 m. In both cases the physico-
mechanical properties of the rocks are as follows: rock — gray sandstone, rock density
p = 2670 kg/m3, velocity of the sound in the rock ¢ = 4300 m/s, ocpr = 166 MPa, ot =
15 MPa, v = 0.23; the characteristics of the applied granular EM (Rioxam ST): density
of the EM pEM = 1000 kg/m3, detonation velocity D = 3500 m/s. The diameter of the
blastholes is 0.052 m. The diameter of the compensation boreholes is 0.089 m. The
reasonable parameters of D&B operations calculated using the above data are presented
in Table 2, while the particle size composition of the blasted rock mass is presented in
Table 3.

i ol

Fig. 6. Flow graph of the program “Particle size composition of the blasted rock mass exploded by
blasthole breaking”
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Figure 7. Images of the blasted gray sandstone of the Zhezkazgan mines: (a) — South mine, medium-
block; (b) — West mine, medium-block; (¢) — East mine, middle-block; (d) — West mine, coarse-block. The
image of the disintegration of the blasted rock mass is on the left, the analysis of the image with the use of

the device is on the right.

Table 2. Calculated rational parameters of D&B in the tunnel for S = 22,85 m?(1), S = 18,14 M>(2)

D&B parameters 1 2 D&B parameters 1 2
Ultimate radius of the cavity, r  , m 0,03 0,03 Length of the undercharge of 1,0 1,0
ule blastholes, m
Radius of the fine crushing zone, r,, m 0,25 0,25 |Number of stoping holes, m 10 8
Radius of the zone of radial fractures, r, m 0,50 0,50 Distance between  stoping 1,0 1,0
1 holes, m
Number of all blastholes, N, it. 34 29 Iliumber of contouring holes, 14 14
Number of boreholes (89 mm), it. 3 3 |Distance between contouring 5 (g
holes, m
Number of breaking-in holes, it. 10 7 (l?enggle of contouring holes, 5 5
Distance between the central cut hole and 015 0.15 Capacity of one linear meter 21 21
compensation boreholes, m ’ ’ of the blasthole, kg ’ ’
Distance between the central cut hole and 03 03 |Total EM, ke 1655 141,16

the first row of cut holes, m
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Distance between the central cut hole and 0.55 055 Granular EM (Rioxam ST), 1587 135.36
the second row of cut holes, m kg
Distance between the central cut hole and .
the third row of cut holes, m 0.8 0.8 | Cartriged EM, kg 6.8 5.8
Length of the overdrill of blastholes, m 025 0,25 Eumber of cartriges per face, 5, 59
Depth of blastholes, m 3,25 3,25 | Delay time, ms 100 100
Depth of compensation boreholes, m 3,25 3,25 |Specific charge of EM, kg/m*® 2,44 2,62
Length of the charge of blastholes, m 2,25 2,25

a b

Fig. 8. Cumulative plots of the calculated (®) and actual (m) particle size composition of the
blasted rock mass of small-block (a), medium-block (b) and coarse-block (c) rock masses of the
Zhezkazgan mines at the section of working S = 22,85 m?

Table 3. Calculated and actual particle size composition of the blasted rock mass at Zhezkazgan mines

Rock masses Presence in blasted rock mass (%) of cuts with the size of (m)
Case

by blockiness <0,15 0,16-030 031-0,45 0,46-0,60 0,61-0,75 0,76-0,90  >0,91

Small-block 1 88,5/822 753/11,6 246/59 1,38/0,3 0,1/0 0,02/0 0,01/0
Medium-block | 1 77,28/759 996/14 525/7,1 3,21/2,67 1,92/033 1,08/0 0,48/0
Coarse-block 1 170,19/67,75 83/11,55 634/745 551/53 4,71/38 3,78/2,7 2,4/145
Small-block 2 88,74 /83,55 6,75/9,05 2,29/435 1,54/2,15 0,58/0,75 00’0125/ 0,01/0

Medium-block | 2 80,01/755 8,76/104 4,62/60 2,82/36 1,69/2,7 095/13 0,42/0,5

Note: in numerator — calculated, in denominator — actual value of the presence of fractions of blasted rock cuts

The measurements of the particle size composition of the rocks were conducted
using the Porta Metrics™ specialized equipment of the Canadian company Motion
Metrics. This universal portable device facilitates the measurement of the particle
size composition of the blasted rock mass without using control objects (reference
pegs) for the determination of the scale. The user may simply select a face area that
they are interested in, capture an image and instantly receive the results through the
user-friendly graphical interface. These data include graphs of distribution of rock cut
sizes, the range of their sizes, and so forth. Fragments of such images in the settings of
the mines of Kazakhmys Corporation LLP are presented in Fig. 7. In terms of the 15
main blasts, more than 150 measurements of the particle size composition of the rocks
in different parts of the blasted block have been conducted. The averaged values of
separate fractions of the blasted rocks are presented in Table 3. The cumulative plots

of the calculated and actual particle size composition of a
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b

Figure 9. Cumulative plots of the calculated (@) and actual (m) particle size composition of the
blasted rock mass of small-block (a) and medium-block (b) rock masses of the Zhezkazgan mines
at the section of working S = 18,14 m?

the blasted rocks are presented in Fig. 8, 9.

The analysis of the data presented in Table 3 and Fig. 8 demonstrates that the largest
absolute deviation of the actual value from the calculated one (6.3 %) occurs in small-
block rocks for the fraction of cuts with the size up to 0.15 m. These deviations in the
other fractions (0.16-0.91 m) lie within 0.01-4 %. In medium-block rock masses, the
largest deviation was found (4.04 %) for the fraction of 0.16—0.3. For other fractions
the deviation amounts to 0.48-1.85%. In coarse-block rock masses, the largest deviation
(3.25 %) occurs for the fraction of 0.16—0.30 m. For other fractions, it fluctuates between
0.21 and 2.44 %.

In the second case (see Fig. 9) the largest absolute deviation (5.19 %) of the actual
value from the calculated one occurs in small-block rocks for the fraction of cuts with
the size up to 0.15 m. These deviations in the other fractions (0.16—0.91 m) lie within
0.01-2.30 %. In medium-block rock masses, the largest deviation was found (4.51%)
for the fraction of cuts with the size up to 0.15 m. For other fractions, it fluctuates
between 0.08 and 1.64 %.

The calculated and actual cumulative plots in all rock masses and cases are virtually
the same. These findings point at the identical nature of the calculated and actual
particle size composition of the blasted rock mass in tunnel driving, which corroborates
the validity and authenticity of the new approach to the determination of the particle
size composition of the rocks exploded by blasthole charges in horizontal underground
workings.

Thus, the developed method for the automated determination of parameters of
layout of blasthole charges in the blasted rock sheet and the forecasting of the particle
size composition of the blasted rocks, analytically interconnecting the above with
physico-mechanical properties of the rock mass, fracturing (blockiness) of the rock
mass, physico-chemical characteristics of the applied EMs, and parameters of layout of
charges in the blasted rock sheet, is indeed a reliable and effective means of achieving
the best results in tunnel driving.

Conclusion
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The accepted stage-by-stage model of destruction of the real rock mass under the
influence of the explosion of a cylindrical charge has been described. The key results
of the explosion in a solid medium derived from that model are presented as follows:
strength characteristics of the rocks under the conditions of the comprehensive explosion
stress, relative ultimate radius of the explosion cavity, radii of the zones of fine crushing
and radial fractures, and the principle of rational layout of charges in the blasted block.

For the first time in the mining science, an analytical approach has been developed
that allows to determine the particle size composition of the rock mass exploded by
blasthole breaking in horizontal underground workings.

On the basis of the analytical approach developed, a software program has been
created to facilitate the automated forecasting of the particle size composition of the
rock mass exploded by blasthole charges in horizontal underground workings.

Measurements of the particle size composition of the blasted rock mass have been
performed at the Zhezkazgan mines of Kazakhmys Corporation LLP through the use of
the PortaMetrics™ specialized equipment. These data confirm the calculated particle
size composition of the blasted rock mass in horizontal underground workings.

The fundamental difference of the new approach from its widely known counterparts
lies in the fact that the ultimate radius of the explosion cavity formed by the EM
explosion in the rock is accepted as the defining indicator of the results of the EM
explosion in a solid medium. It represents the integral effect of the explosion in a solid
medium, successfully interconnecting the explosion results with the physico-mechanical
properties of the rocks, the physico-chemical characteristics of the applied EM, and the
explosion conditions.

The results obtained in relation to the explosions with the use of the program of
automated forecasting of the particle size composition of the blasted rock mass correlate
well with data provided by other authors.
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