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

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

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

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

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

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

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

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

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

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

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

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The degree of fragmentation of the rock mass directly
determines the efficiency of subsequent excavation and haulage operations. It
should be noted that existing methods for calculating productivity usually account
for blast quality only at a qualitative level, without providing its precise numerical
description in terms of particle-size distribution and the bulking factor. Hence,
there is a scientific problem of quantitatively assessing the effect of the particle-
size distribution of blasted rock on the productivity of loading-and-excavating
equipment. Objective. The aim of this study is to develop a generalized integral
mathematical model linking particle-size distribution parameters to the productivity
of open-pit excavators. Methods. A mathematical model quantitatively linking
the particle-size distribution of blasted rock mass is developed, and generalized
relationships with the productivity of open-pit excavators are established. The
Kuznetsov—Cunningham model (Kuz-Ram) is used to predict fragmentation.
Results. Analytical expressions for the bucket fill factor Kt and the digging time
tk are obtained in terms of the parameters of the Rosin—Rammler distribution. The
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bucket fill model explicitly incorporates the effect of over-fragmentation (fine-
fraction spillage), while the model branches at dso/d»=0.7 are coupled continuously
and smoothly. An integral calculation procedure is developed that makes it possible
to determine the optimal conditioned lump size d* for a specific excavator model.
Conclusions. Accordingly, the proposed approach makes it possible to obtain
adequate quantitative indicators characterizing the size distribution of fragmented
rock material and to identify the optimal range of blasting intensity at which the
productivity of excavation equipment reaches its maximum. The relationships
established in the study provide a basis for accounting for the quality of rock
mass preparation for excavation by blasting when evaluating the efficiency and
optimizing the operating parameters of mining and haulage systems employing
both road and rail transport under specific mining-technical, geological, geometric,
organizational, and economic operating conditions.

Keywords: open-pit excavator, particle size distribution, bucket fill factor,
digging time, target fragment size, Kuz-Ram, Rosin—Rammler distribution, ECG,
productivity, blast preparation
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AnHoTanus. Ozexminiei. Tay MacCaChIHBIH YCaKTaAIy AOpekKeci KeHiHT1 Kazy
JKOHE TaChIMaJIIay OTIepaIUsIIaPbIHBIH THIMIUTITIH TiKeJICH alKbIHAaM b, ATall Ty
Ka)KeT, OHIMJTITIKTI €CeTTeY/IiH KOJIAHBICTaFbI 9/1iCTEMENIepi dKapy JalbIHIBIFBIHBIH
carachlH TEK CanaibIK JCHIelie FaHa eCKepe/li, OHbIH IPaHyJIOMETPHUSIIBIK Kypam
MEH KOTICHITY KO3 (UIIMEHTI apKbUTBI HAKTHl CAHIIBIK CHITATTaMAaChIH OepMeimi.
OchbiJiaH KapbUIFaH Tay MAacCaChIHBIH TI'PAaHYJIOMETPHSUIBIK KYPaMbIHBIH Ka3blIIl-
THEY Ka0IbIKTAPBIHBIH OHIMJIUTITIHE 9CEPiH CaHABIK Oaraiay/ibIH FEUIBIMHU MiHIETI
TybIHAANBI. Makcamol. OChbl YMBICTBIH MAKCAThl — FPAHYTOMETPHSIIBIK KYpaM
rmapaMeTpIIepiH Kaphepilik dKCKaBaTOPIApAbIH OHIMIUTITIMEH O0aiIaHBICTBIPATHIH
JKaJMbUIAHFaH WHTETPAJIJBIK MaTeMaTHKAIBIK MOJEIb a3ipiey. Odicmep. by
JKYMBICTA JKapbUIFAaH Tay MAacCaChIHBIH TI'PaHYJIOMETPHSUIBIK KYPaMbIH CaHJIBIK
TypAe OalaHBICTBIPATBHIH MATEMATHKAIBIK MOJCNb J3IpJCHl, Kapbepiik
AKCKaBaTOPJIAPABIH OHIMIUTITIMEH >KaNMBIIaHFAH TOYEJIUTIKTED AaHBIKTAJIbL.
Homuoicenep. Posur—Pammiep ynecTipiMiHiH mapamerpiiepi apKbUIbl IOMIIITIH
Tony koa(duimeHti Kt xoHe Ka3y yakbIThl tK VIIH aHAJTHUTHKAIBIK ©PHEKTEP
aNbIHIBI. APTHIK ycakTay acepi (ycak (pakiUsHBIH «Maiganany» KO3FasbIChl)
TONTHIPY K0P PHUITHEHTI MOIETIHE TIKEIEH EHTI31JITeH, aJl MOACHIBIIH TapMaKTaphl
d50/d:=0,7 HykTeciHae Y3MiKCi3 api OIpKaJBINTHI XKaJiFacaabl. [ paHyIOMETpUSHbI
6ommxkay ymiH Kysunenos—Kanuuarem moneni (Kuz-Ram) konganbsuiaasl. ¥ cakray
OIpPKENKUTITIHIH N KepceTKilliHe OaiIaHbICTHl OHIMIUTIK (DYHKIUSACHIHBIH d*/
d. = 0,19-0,25 apanbireiaga Oip iMIKi MAaKCUMyMFa W€ OONAaTHIHBI KOPCETIITCH.
HakTbl 5KcKaBaTOp MOJEINI YIIIH KECEKTIH OHTAWIbI KOHAMIMSIIBIK ememi d*-
THl aHBIKTayFa MYMKIHIIK O€peTiH HHTErpajJblK €cenTey pocimi a3ipieHi.
Kopvimwinovr. Ocbltaiinia, YCBIHBUIFAH TACIT KECEKTEpIiH Meuep OoWbIHIIA
TapalyblH CHITATTAWTHIH Oapabap CaHIBIK KOPCETKIIITEpIi aixyFa MYMKIHIIK
Oepemi. 3eprreyje KYpPri3ulleH Ce3IMTaBIK TaJlJjaybl JKapy apKbUIbl yCakTay
KapKBIHABUIBIFBIHBIH  Ka3y JKaOJBIFBIHBIH OHIMJIUIITT MaKCUMyMFfa IKETETiH
OHTAlJIBI Muana3oHbl 0ap ekeHiH kepcereai. OChbl TUAMA30HHAH THIC IIBIFY —
ycakTanamay (ipi KOHIUIIHASITBIK eMeC KeCEKTeP, HerabapuT) )KarbIHa [1a, MEeKTCH THIC
yakTally ’arblHa J]a — IOMIIITIH TOJNy KOd(QQUIMEHTIHIH TOMEH/ICYiHe, IeMEK,
OHIMJIUTIKTIH TOMEH/JICY1HE OKeJIe/li. 3ePTTeY HOTHIKECIH/IE aIbIHFaH TOYCIIUTIKTEp
Tay KBIHBICTAPBIH JKaPbIIN Ka3yFa JalbIH/ay carnachlH aBTOMOOHIIB KIHE TEMIPIKOIT
KoJIiri 0ap Tay-KeJliK KeIMeHACPiHIH >KYMBICBIHBIH THIMIUIITIH Oaramay MEH
napaMmeTpiiepiH OHTAWIAHABIPY KE3iHAe OoJIap/bl NaijajaHy/IblH HAaKThl Tay-
TEXHHUKAJIBIK, Tay-T€OJIOTUSIIBIK, TAy-I€OMETPUSIIBIK, YHBIMIACTHIPYIIBLIBIK KOHE
SKOHOMUKAJIBIK YKaFailapblH/Ia eCKepyTre MYMKIHIIK Oepeti.
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AnHOTanusA. Axmyanvrocms. CTeneHb POOJISHUS TOPHONH MacChl OKa3bIBaeT
CYIIeCTBEHHOE BIHSIHHAE HA Y PEKTUBHOCTH IO CIEAYIONIHX IPOIIECCOB DKCKABAIIUU
1 TpaHcnopTupoBanus. CyliecTByIOIINE METOJUKH pacyeTa IPOU3BOIUTEIHHOCTH
KapbepHBIX DKCKABATOPOB, KAaK MPABHJIO, YYHUTHIBAIOT KA4eCTBO B3PHIBHOU
IIOATOTOBKH FOpHOﬁ MacCCbl NPEUMYIICCTBECHHO Ha KAa4E€CTBCHHOM YPOBHC,
He o0ecrednBas JOCTaTOYHO TOYHOW KOJUYECTBCHHOW OILIGHKHM BIUSHUS
TPaHYJIIOMETPHUIECKOTO COCTaBa M K03 (humpeHTa pa3phIxiieHns Ha 3QPEKTUBHOCTD
BBIEMOYHO-TIOTPY30UHBIX paboT. B CBsI3M ¢ 3TUM aKkTyaJlbHON Hay4HOU 3ajnadcit
SBISICTCS  pa3pabOTKa MareMaTH4YeCKMX METOJOB KOJMYECTBEHHOW OICHKU
3aBUCUMOCTHU MTPOU3BOAUTEILHOCTH KapbePHBIX IKCKABATOPOB OT XapaKTEPUCTHK
IPaHyJIOMETPUYECKOTO COCTaBa B30PBAHHON TOpHOW Macchl. [[ens. Pa3paboTarh
HMHTEIPaIbHYI0 MaTeMaTHUYECKYI0 MOJICNb, YCTaHABIMBAIOIIYIO KOJIMUYECTBEHHYIO
3aBUCHMOCTD IIPOU3BOJUTEILHOCTH KapbepPHBIX 3KCKABATOPOB OT IapamMeTpOB
IPaHYJIOMETPHYECKOTO COCTaBa B30PBAHHOW TOPHOW MAacCChl M IO3BOISIONIYIO
ONPEICNIATh  ONTUMAaJbHBIE  XapaKTePHCTUKU ee  JApoOneHus. Memooul.
HccnenoBanre OCHOBAaHO HAa MAaTEMATHUYECKOM MOJICITUPOBAHUN 3aBHCHMOCTHU
MIPOU3BOAUTEILHOCTH KAPhEPHBIX IKCKABATOPOB OT IPaHYJIOMETPUYCCKOTO COCTaBa
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B30pPBaHHOW TOpPHOH Macchl. s MPOTHO3UPOBAHMS T'PAHYIOMETPHUUECKOTO

cocTaBa wHcmonb3oBaHa Mojenb KysnenoBa — Kannunrema (Kuz-Ram).
Pacnpenenenue pa3mMepoB KyCKOB T'OPHOM MacChl ONHCAHO C HCIIOJIb30BaHHEM
¢ynkumun Posuna — Pammiepa. Ha ocHoBe aHaJIMTHUYECKOro TOAXOIA

YCTaHOBJICHBI 3aBUCUMOCTH KOA(QUIMEHTA HAMOJHEHHUS KOBIIA W BPEMCHU
YepraHus OT HapaMeTPOB I'PaHyJIOMETPUUECKOro pacmpeneieHus. Paspaborana
WHTErpajbHas pacdyeTHas NPOLEAypa ONpeleseHUs] ONTHMAaJIbHOTO pasmepa
KyCKa TOPHOHM Macchl C Y4ETOM XapaKTePUCTUK IKCKABAIIMOHHOTO 000PY/IOBaHNSI.
Pesynemamer.  1losydeHbl aHaIMTUYECKHE BBIPAXKEHUS, XapaKTEPU3YIOLIHE
3aBMCUMOCTH KO3((UIIMEHTA HANIOIHEHUs KoBIIa K, ¥ BpeMeHH yepnanus t, oT
napaMeTpoB pacnpeneneHus Posuna — Pammiiepa. B Maremarndeckyro Mopelb
ko> (HHUIMEHTa HAMOTHEHUS KOBIIA BKIIOUYCH d(PPEKT mepen3MeTIeHUS TOPHOU
MAacchl, CONPOBOXKIAIOIIMICS TepechlaHueM MeNkux ¢paxkuuid. ObecrieueHbl
HETPEPBIBHOCTh M IJIAJIKOCTh COMpsDKeHHs BeTBedl monenu npu d50/d.=0,7.
YeraHoBiIeHO, uYTO (YyHKIMS IPOU3BOIUTEIBHOCTH MMEET €IMHCTBEHHBIN
BHyTpeHHHU MakcumyM npu d*/d. = 0,19-0,25 B 3aBUCUMOCTH OT TIOKa3aTels
paBHOMepHOCTH qpobiaeHus \(n\). Paspaborana uHTErpaibHas Ipolieypa pacyera,
TTO3BOJISIONIAST OTIPEACIATh ONTHMAIBHBIN KOHIUIIMOHHEBIN pa3Mep Kycka \(d"*\)
JUTST KOHKPETHOH MOJIeNT KapbepHOTO 3KCKaBaropa. Buieodsi. PazpaboTaHHBIN
MOJIXO/ TO3BOJISIET KOJMYECTBEHHO OLIEHUBATH BIMSHUE TPAHYIOMETPHUUECKOTO
cocTaBa B30PBAaHHOH TOPHOM MacChl Ha IPOU3BOJUTEIBHOCTh KAaPHEPHBIX
HKCKaBaTOPOB M ONPENEIIATh ONTUMAIbHBIN 1Mana30H HHTEHCUBHOCTH B3PBIBHOTO
npoOneHusi, 00ecreunBarOIUi MaKCUMalbHYI0 3(PQEKTHBHOCTh BBIEMOUYHO-
norpy3o4Hbix pador. IlomydeHHble aHAJIUTHYECKHE 3aBUCHUMOCTH CO34AIOT
METOINYECKYIO OCHOBY JIJIsl yUeTa KadecTBa B3PbIBHON MOJATOTOBKH TOPHBIX ITOPOJ
npu oneHke 3(Q(HEKTUBHOCTH W ONTUMHU3AIUH apaMeTpoB (YHKIHOHUPOBAHUS
TOPHOTPAHCIIOPTHBIX KOMIUIEKCOB C aBTOMOOMJIBHBIM U KEJIE3HOAOPOKHBIM
TpancropToM. [Ipeayioxennas MoeIb MOKET IPUMEHSTHCS ¢ yYETOM KOHKPETHBIX
TOPHOTEXHUYECKHX, TOPHO-TEOIOTHYECKUX, TEOMETPUIECKIX, OPraHU3aIlMOHHBIX
1 3KOHOMHMYECKHUX YCIOBHUH 3KCIIIyaTalluy KapbepPHOTO 000PYI0BaHUsI.

KitroueBble cji0Ba: KapbepHBIH SKCKaBaTop, IpaHyJIOMETPUYECKHI COCTaB,
K09()(UIIMECHT HATIOJIHEHUSI KOBIIA, BpeMsl YepIraHusl, KOHAUIUOHHBIN Kycok, Kuz-
Ram, pacnpenenenune Pozura—Pammiepa, SKI, mpon3BoIUTETEHOCTD, B3phIBHAS
MOJTOTOBKA

Introduction. The performance of excavator—truck complexes (ETC) in open-
pit mines is determined by a set of interrelated factors, among which the quality
of blast preparation of the rock mass plays a key role. This is because the particle
size distribution of the blasted muckpile directly affects three fundamental and
interrelated parameters of the excavator cycle: bucket fill factor K,, digging time
tu, and specific digging resistance Ki: (Adushkin and Kryukov, 2014; Brunton et
al., 2003). For excavator—truck and excavator—-rail complexes as a whole, the same
factor similarly affects the fill factor of the truck body or dump car and the volume
of loaded rock mass.
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At the same time, most existing normative productivity calculation methods
account for fragmentation only through a binary qualitative classification of
“well/poorly blasted” rock. A similar limitation is noted in foreign commercial
methods developed by Hitachi, Caterpillar, and Komatsu (Caterpillar Performance
Handbook, 2022). This makes the development of quantitative models that
explicitly link fragmentation parameters with excavator productivity and the
performance of mining and transport complexes an important task. The problem
is extensive and multifactorial, which makes its mathematical description difficult
to implement. Therefore, the aim of the present study was to construct an abstract
integral mathematical model of the “blasting — fragmentation — excavation”
system that can: (1) predict muckpile particle size distribution from blast design
parameters; (2) analytically estimate the bucket fill factor (K,) and digging time
(ta) using characteristic muckpile dimensions-the characteristic fragment size (dp),
the 80th-percentile size (Pso), and the uniformity index (n) of the size distribution;
and (3) determine the optimum target fragment size (d*) for a specific excavator
size class. The resulting relationships can be effectively used to establish the
relationship between the degree of rock loosening and the efficiency of the mining
and transport complex using simulation, logical-statistical, and object-oriented
modeling methods (Galiyev et al., 2026; Galiyev et al., 2026; Galiyev et al., 2023).

Materials and Methods. Basic excavator productivity model. The theoretical
productivity (m3/h) of a single-bucket power-shovel excavator is determined by
the classical expression (Kuznetsov, 1973):

0 3600 E - K,
=—>, 2.1
: K'D I I:l'-li

where E is the bucket capacity, m?; K, is the bucket fill factor; K, is the rock
loosening coefficient; and ti is the duration of the working cycle, s.

The value of K, is directly and rather strongly determined by the particle size
distribution of the blasted rock mass. As fragment size and heterogeneity increase,
the packing density of the rock in the bucket decreases, causing the loosening
coefficient to increase. According to experimental data (Yanchenko, 2019), when
the share of the fine fraction (0-25 cm) decreases from 65% to 14% and the share
of coarse fractions (100—180 cm) increases accordingly, the loosening coefficient
in the excavator bucket increases from 1.27-1.38 to 1.76—1.98. Since productivity
in Eq. (2.1) is expressed as the in-situ rock volume, an increase in K, at the same
geometric bucket capacity reduces the in-situ rock volume represented by one
excavation cycle. This dependence of the loosening coefficient on muckpile
fragmentation, together with rock strength and bulk density, determines the
physical meaning of K; in the denominator of Eq. (2.1).

The cycle duration is decomposed into the following components:

ty = tu + tnog + tp + tnosg' + tap, (2.2)
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where tu is the digging time; tmoB and tmos’ are the rotation times of the loaded
and empty buckets; tp is the dumping time; and tBp is the auxiliary-operation time.
Under normal operating conditions, tnoB + tnos’ + tp + tBp = const = 25-30 s for
ECG-8I... ECG-18 excavators. Thus, fragmentation affects tir mainly through ta
and K.

Operational productivity accounting for working-time utilization:

Qa = Q’r ) Ksp ) I{TE}{ (2’3)

where Ku is the working-time utilization coefficient (0.75—-0.85); Krr is the
technical availability coefficient (0.80-0.92).

Muckpile particle size distribution model (Kuz-Ram)

Mean fragment size equation

The Kuznetsov—Cunningham (Kuz-Ram) model (Kuznetsov, 1973;
Cunningham, 2005) is used to predict the particle size distribution of blasted rock
mass. The mean fragment size is determined from the Kuznetsov equation:

f _
dsp = A ()" (Easp) ™™, 3.1)

where A is the coefficient accounting for rock-mass structure (5-13); f is
the Protodyakonov rock-strength coefficient; and q is the specific explosive
consumption, kg/m?.

Rosin—Rammler distribution

The cumulative fragment-size distribution is described by the two-parameter
Rosin—Rammler law:

F(d)=1—exp [— (di)”] , (3.2)

where dp is the characteristic size (d for which F =1 — 1/e = 0.632); n is the
fragmentation uniformity index. The characteristic size dp is related to the mean
size by:

d, =—2s (3.3)

B (in2)~/n’
The uniformity index n is determined using the Blastek—Cunningham formula:
n=22 _14.5.(1_3): .{L_c)“’l, (3.4)

' o B L

where B is the spacing between blasthole rows, m; D is the blasthole diameter,
m; W is the burden, m; Lc is the explosive charge length, m; and L is the blasthole
length, m.

Target size class
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The percentage of fragments larger than dk (oversize fragments) is determined
from (3.2):

R(d_ )= exp [— (:—;)”] (3.5)

The target fragment size dxk is taken as ..., where ... is the linear opening size of
the bucket (Chung and Katsabanis, 2000):

d,=06-d, =06 (TEJLE (3.6)

Let the dimensionless fragment size be & = dso/d3. Taking Eqs. (3.3) and (3.6)
into account, the oversize fraction can be expressed explicitly in terms of &:

R(?) = exp [—lnz - (”f)”]- G.7)

MAIN PART: Analytical models of K, and tu as functions of fragmentation

Bucket fill factor

Based on a generalization of field observations (Brunton et al., 2003; Osanloo
and Hekmat, 2005),

The bucket fill factor is represented as the product of two factors reflecting
opposing effects: reduced filling as fragment size increases and filling losses
caused by over-fragmentation of the rock mass:

K () =K [1—x-F(O]-6(2). (4.1)

where K,0 is the baseline bucket fill factor (determined by rock density and
bucket design: 0.90-0.97 for soft rocks and 0.82—0.90 for strong rocks).

The factor G(&) describes the decrease in bucket filling as fragment size
increases. Based on a generalization of field observations [2, 8], the following
regression relationship was obtained for & € [0; 0.7]:

GE)=1—-a,f—a,¢*, 0<&<07, (4.1a)

where a1 = 0.18 and a2 = 0.35 are regression coefficients.

For £> 0.7, K, decreases sharply because large fragments hang up in the bucket
(the “arching” effect). To avoid a discontinuity at the branch junction, this branch
is written so that both the function value and its first derivative coincide at £ =0.7:

G(f] = G(ﬂr?) ' exp[—.l(f— ﬂr?] _JB({_ ﬂr?]:]r f =07, (4-2)

where G(0.7) =1 — 0.7a1 — 0.4902 = 0.7025; L = (o + 1.402)/G(0.7) = 0.954 is
the coefficient ensuring equality of derivatives at the junction; f = 3.8.
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The factor [1 — «-Ff(§)] accounts for over-fragmentation: fine material is
retained less effectively in the bucket and partly spills during lifting and swinging
(“spillage”). The fine-fraction share is determined from the Rosin—Rammler

distribution (3.2):
{f ) i'!‘|
—n2-\—=| |.
n ( 3 (4.10)

where &f = df/d» is the relative fine-fraction threshold (&f = 0.15 is adopted); «
is the fill-loss coefficient due to the fine fraction (x = 0.3 is adopted).

Digging time

Digging time is determined by the crowd-force mechanism power, specific
digging resistance, and face characteristics. The generalized model is:

F(§) =1 —exp

t() =t2-[1+n{+rniPREI (4.3)

where t40 is the baseline digging time for finely fragmented rock, s; yi = 0.22
and y> = 0.58 are empirical coefficients; R(§) is the fraction of oversize fragments
according to Eq. (3.7).

The physical meaning of the terms is as follows: the first term (y:) reflects
the increase in resistance force with increasing mean fragment size; the second
term (y2-R) represents the additional time required to break and move oversize
fragments.

Overall productivity function

Substituting Egs. (4.1)—(4.3) into Egs. (2.1) and (2.2) gives productivity as a
function of the fragmentation parameters:

3600 - E - K, (&,1)
Ky [t.(6m) + tooned

Q(&n) = (4.4)

As & — 0, productivity decreases because of the factor [1 — kFf], whereas at
large & it decreases because G(&) declines and tu increases. Therefore, the QT(&)
function has a single interior maximum at & = £* = d*/da, determined from the
condition dQt/d§ = 0.

Figures 1 and 2 present the results calculated from Eq. (4.4) for the following
parameters: K;,0=0.92; 0. =0.18; 02 =0.35; f=3.8; A =0.954; k= 0.3; £&f=0.15;
E =8 m3 K, =1.35; tconst =20 s; ta0 = 18 s; 1 = 0.22; y> = 0.58.
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Figure 1. “Dependence of Qt(dso) for different values of n”.
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Figure 2. Family of cross-sections of the Qt(dso/d», n) surface and the locus of maxima &*(n).

As shown in Figures 1 and 2, the Qt1(&) curves are continuous over the entire
interval, including the branch-junction point § = 0.7. The productivity maximum
shifts toward larger & as the uniformity index n increases: £* = 0.19, 0.22, 0.24,
and 0.25 for n = 0.8, 1.2, 1.6, and 2.0, respectively. More uniform fragmentation

(higher n) provides not only a higher maximum Qrt but also a narrower over-
fragmentation zone.

Determination of the optimum target fragment size d*
The condition dQt/d§ = 0 for model (4.4), taking Egs. (4.1)—(4.3) into account,
leads to the following transcendental equation for £*:

2@, 6@ __ /@)
2@ 60 Q)+t (3.1)

where ® = 1 — «Ff(§), the derivatives have the form:

134



ISSN 2224-5278 5.2026

?'(§) =x- ETIET’L;(%) exp l—inz : (%f) l

G'(&) = —(a, + 2a,&), 0=<¢=07,

£ =12 +r@ (154 2 (%) )]

The left-hand side of Eq. (5.1) is positive at small & (the over-fragmentation
effect dominates) and negative at large &, whereas the right-hand side is always
positive; therefore, the equation has a unique root within the interval. Equation
(5.1) is solved by the bisection method for each excavator class; the optimum
fragment size is d* = £*-da. The numerical solutions for the range of machines are
given in Table 1.

Table 1. Optimum target fragment size and expected productivity for a range of excavators
(rock strength f=8-10, n = 1.2).

Excavator Bucket capacity, m* d3, m de, m Qr,m*h K,(d*) d*, m
ECG-5A 5 1.47 0.88 265 0.78 0.33
ECG-81 8 1.72 1.03 425 0.78 0.38
ECG-12 12 1.97 1.18 637 0.78 0.44
ECG-18 18 2.25 1.35 955 0.78 0.50
ECG-32P 32 2.73 1.64 1698 0.78 0.61
WK-20 20 2.34 1.40 1061 0.78 0.52

WK-35 35 2.81 1.69 1857 0.78 0.62
PC-8000 38 2.89 1.74 2017 0.78 0.64

Note: d» = (2E/m)"’3; dx = 0.6-do; d* = £*-do, &* = 0.222, obtained by solving Eq. (5.1) forn=1.2.
Qr values were calculated using the same t40 = 18 s, tconst =20 s, and K, = 1.35 for all machines and
are intended for comparison; for a specific machine, they should be refined using the manufacturer-
specified cycle time.

Numerical study and model verification

Effect of dso/d> on K, tu, and Qt

A parametric study was performed for the ECG-8I excavator (E = 8 m?, d» =
1.72 m, n = 1.2) based on equations (4.1)—(4.4). The results are presented in Table
2.

Table 2. Effect of the dimensionless fragment size dso/d> on excavation parameters (ECG-8I).

dso/d> dso, m K, tu, s
0.10 0.17 0.72 18.4
0.22 (£%) 0.38 0.78 19.0
0.30 0.52 0.78 19.5
0.50 0.86 0.72 21.5
0.70 1.20 0.63 242
0.90 1.55 0.45 27.4
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The table shows that productivity reaches a maximum at dso/d> = 0.22,
corresponding to d* = 0.38 m for the ECG-8I. Within & = 0.15-0.30, productivity
differs from the maximum by no more than 2—3%, i.e., the optimum is relatively
flat. With over-fragmentation (§ = 0.10), Qr decreases by 6% because of filling
losses, whereas increasing the muckpile size to £ > 0.7 reduces productivity by
more than 29% because tu increases and K, decreases Validation using data from
operating mines

To assess the adequacy of the proposed mathematical model (4.1)—(4.4),
calculated optimum median fragment sizes d* were compared with published field
data from operating mines developing hard rock.

Three independent sources containing documented field studies of the effect of
blasted-rock fragmentation on loading-equipment productivity were used as the
validation basis.

Source 1. Brunton, Thornton, Brunton & Péré (2003) — Granny Smith mine,
Western Australia. The study was conducted using a Liebherr 994 hydraulic
excavator (14 m* bucket) in hard rock (f = 8-10). Fragmentation was determined
using Split Desktop for each truck haul. A reduction in Pso from 600 to 200 mm
increased productivity by 26%; optimum bucket loading was achieved at Pso =
0.38-0.42 m [Brunton et al., 2003].

Source 2. Beyglou, Johansson & Schunnesson (2017) — Aitik mine, Sweden
(Boliden Mineral AB). This is the largest open-pit mine in Northern Europe,
producing copper—porphyry ores (f = 6-9). Correlation analysis of 225 loading
cycles showed that rope-shovel loading efficiency decreases sharply at Pso > 800
mm; the target value is Pso = 600-800 mm, corresponding to Pso = 0.36—0.40 m
[Beyglou et al., 2017].

Source 3. Osanloo & Hekmat (2005) — Gol-e-Gohar mine, Iran. Based on
a modified Rosin—Rammler—Bennett distribution and image analysis, excavator
productivity was found to decrease by up to 38% when Pso increased from 400
to 800 mm. The bucket fill factor, which depends on fragmentation and operator
skill, was identified as the main productivity-determining factor (Osanloo and
Hekmat, 2005).

Table 3. Comparison of calculated and actual d* based on data from operating mines (sources:
(Osanloo & Hekmat, 2005; Brunton et al., 2003; Beyglou et al., 2017)).

Mine (country) Rock, f | Excavator, E, m* | d3, m | Calculated d*, m (n | Actual d*,
=0.8-1.6) m!

Granny Smith (Australia)? | §—10 Liebherr 994, 14 2,07 {0,39-0,50 0,40
Aitik (Sweden)? 6-9 - - - ~0,36-0,40
Gol-e-Gohar (Iran)* 10-14 |- - - 0,40-0,80
Notes to Table 3:
! Actual d* values are presented as Pso of the blasted rock mass based on image analysis (Split
Desktop / WipFrag).

2 Brunton et al. (2003): Granny Smith mine, Placer Dome Asia Pacific, Western Australia. Liebherr 994 (14
m?). Pso varied from 200 to 1200 mm; reducing Pso from 600 to 200 mm increased productivity by 26%.
3 Beyglou, Johansson & Schunnesson (2017): Aitik mine, Boliden Mineral AB, Sweden. Target Pso
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= 600-800 mm for maximum loading efficiency; Pso was estimated from the Pso/Pso correlation ~
0.45-0.50.

# Osanloo & Hekmat (2005): Gol-e-Gohar mine, Iran. Direct Pso data are not provided in the source;
the range was estimated using the modified Rosin-Rammler—Bennett distribution.

° Field data for P50 are unavailable; only calculated values from the proposed model are provided.

For the Granny Smith mine, for which the most complete primary data are
available, the actual P50 = 0.40 m lies within the calculated d* range of 0.39-0.50
m and corresponds to the lower end of n = 0.8—1.0, which is characteristic of strong
fractured rocks. For the Aitik and Gol-e-Gohar mines, the reported optimum sizes
(0.36—0.80 m) are of the same order of magnitude as the calculated d* values for
excavators with 10—40 m? buckets (0.36—0.66 m, Table 1); quantitative comparison
requires bucket-capacity and n data.

Sensitivity analysis of productivity to blast-design parameters

The sensitivity analysis was performed to establish a quantitative relationship
between specific explosive consumption (q, kg/m?) and the technical productivity
of the ECG-12 excavator (Qt). The Kuz-Ram model is used as the link, allowing
the median fragment size dso to be expressed as a function of g, rock-mass
characteristics, and blast-pattern geometry.

The calculation was performed under fixed geotechnical conditions:
Protodyakonov strength f = 10—12, bench height H = 12 m, blasthole diameter d
= 250 mm, and emulsion explosive type EM-1. The range of specific explosive
consumption was q = 0.30-0.70 kg/m?.

Dependence of dso on specific explosive consumption

According to the Kuz-Ram model (Cunningham, 1983), the mean fragment
size is determined by:

e 19 /30
go=a. () e (122 6.1)
20 Q QBE E ’

where A is the rock coefficient (A = 7-13 for hard rocks); Vo is the rock volume
per blasthole, m?; QBB is the explosive charge mass in the blasthole, kg; and Erel
is the relative explosive energy compared with ANFO.

As specific explosive consumption increases from q = 0.35 to 0.55 kg/m?,
the median fragment size dso decreases from 0.58 to 0.37 (Table 4) m. Further
increasing explosive consumption above q > 0.60 kg/m? reduces dso by less than
0.05 m for each 0.05 kg/m? increase in specific consumption, indicating saturation
of the fragmentation effect.

Effect of specific explosive consumption on ECG-12 productivity

Substituting the dependence dso(q) into equation (4.4) allows excavator
productivity to be expressed directly as a function of specific explosive
consumption: Qt = Qt(dso(q)). The calculation results for ECG-12 (E =12 m?, d»
=1.97 m, n = 1.2) are presented in Table 4.
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Table 4. Dependence of EKG-12 productivity on specific explosive consumption.

q, kg/m? dso, m dso/d> K. Qt, m*/h AQr, %
0.30 0.65 0.33 0.77 621 -1.3
0.35 0.58 0.29 0.78 629 —
0.40 0.51 0.26 0.78 635 +0.9
0.45 0.45 0.23 0.78 637 +1.2
0.50 0.40 0.20 0.77 636 +1.2
0.52 0.39 0.20 0.77 636 +1.1
0.55 0.37 0.19 0.77 635 +0.9
0.60 0.33 0.17 0.76 631 +0.3
0.70 0.27 0.14 0.75 620 -1.4

Note: AQT is the change relative to the baseline case q = 0.35 kg/m®.

The data in Table 4 show that technical productivity QT reaches a maximum at
q~=0.45-0.50 kg/m? (dso = 0.40—0.45 m, dso/d> = 0.20-0.23), which corresponds to
the solution of Eq. (5.1) for EKG-12 (d* = 0.44 m, Table 1). At the same time, over
q = 0.35-0.60 kg/m?* the muckpile remains within a broad, flat optimum, and the
productivity increase does not exceed 1.2%. At q > 0.55 kg/m?, productivity begins
to decrease because of over-fragmentation (dso/d> < 0.19) and an increased share
of fine material, which is retained less effectively in the bucket (the “spillage”
effect).

Optimum specific explosive consumption

From an economic perspective, the optimum specific explosive consumption
q* is determined by minimizing the total unit costs of blasting and excavation:

Corome , dc Crowr 4@

clq)=gq- ng+ﬁ Smin,  oo=0 2 C, =%-Er (6.2)

where CBa is the explosive cost, RUB/kg; Cmai is the excavator machine-hour
cost, RUB/h.

For open-pit conditions using emulsion explosives, with an explosive cost of
approximately RUB 850/kg and an EKG-12 machine-hour cost of approximately
RUB 18,000/h, increasing q by 0.10 kg/m? raises explosive costs by approximately
RUB 85/m?, whereas the excavation saving due to the increase in Qt (Table 4) is less
than RUB 0.5/m?. Therefore, considering the excavation stage alone, increasing
q beyond the value required to reach the flat optimum zone is not economically
justified, and the technical optimum

gt~ 0,45-0,50 xr/»’, dsp(q5) % 0,40-0,45 M (6.3)

should be considered the upper bound of the rational specific explosive
consumption. The final choice of q* requires consideration of downstream
processes (transportation, crushing, and secondary crushing of oversize), which is
beyond the scope of the present study and is a subject for further research. The cost
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parameters given are indicative and should be refined for the specific conditions of
the deposit being developed.

Thus, the sensitivity analysis demonstrates that there is an optimum range of
blast fragmentation intensity at which excavator technical productivity reaches a
maximum. Exceeding this range either toward insufficient fragmentation (large
oversize fragments) or toward excessive fragmentation leads to a decrease in the
bucket fill factor and, consequently, a reduction in productivity.

Results and Discussions. The proposed model has several fundamental
advantages over normative methods: it explicitly accounts for the continuous
fragment-size distribution rather than a binary qualitative assessment, links blast-
design parameters to productivity through physically justified equations, and
allows analytical optimization without iterative simulation. Incorporation of the
over-fragmentation effect and smooth coupling of the bucket-fill branches ensure
the existence of a single interior productivity maximum.

The limitations of the model arise from the following assumptions: (1) isotropic
fragmentation (constant n throughout the muckpile); (2) neglect of the effects
of moisture and temperature on rock rheology; and (3) linear approximation of
digging resistance at small d/d3; and (4) the over-fragmentation parameters k
and &f are based on preliminary estimates and require calibration against field
observations. Limitations (1) and (2) can be addressed by integrating DEM-based
blast modeling with ML prediction of rock-mass parameters [Hamdi and Mouza,
2005].

The results are consistent with field studies of Osanloo and Hekmat (2005)
and Beyglou et al. (2017), according to which the best loading performance is
achieved at a median fragment size of approximately 0.36—0.42 m for excavators
with 10-40 m?® buckets, although the exact values depend on excavator type and
the physical and mechanical properties of the rock.

The study established abstract relationships between excavator productivity
and the fragmentation of blasted rock mass. The limitations include the lack of
adequate consideration of the influence of useful bucket load on digging time and,
consequently, excavator productivity, as well as the traction forces and energy
consumption associated with excavation. However, the results provide a basis for
further qualitative treatment of these issues, which are necessary for optimizing
excavator productivity and the performance of mining and transport complexes as
a whole (Shibanov et al., 2024; Annakulov et al., 2023; Annakulov et al., 2023).

Conclusion. A mathematical model has been developed that quantitatively
relates the particle size distribution of blasted rock mass to the productivity of
single-bucket open-pit excavators. The main scientific results are:

1. Analytical expressions for K, and tu were obtained as functions of the
dimensionless ratio dso/d> and the oversize fraction R(dk) based on the Rosin—
Rammler distribution; the over-fragmentation effect was incorporated into the K,
model, and the model branches were coupled continuously and smoothly.
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2. A procedure was developed to determine the optimum target fragment size
d* from a transcendental equation (5.1), solved for each excavator size class.

3. The relative optimum fragment size was found to be d*/d» = 0.19-0.25 and
to increase with the uniformity index n; for eight excavator types (E = 5-38 m?),
d*=0.33-0.64 matn=1.2.

4.For the Granny Smith mine, the actual P50 = 0.40 m lies within the
calculated d* range of 0.39—0.50 m; data from the other mines are consistent with
the calculations in order of magnitude

5. For strong rocks (f = 8-12), technical excavator productivity reaches a
maximum at q = 0.45-0.50 kg/m?, while further increases in specific explosive
consumption do not increase productivity and are not economically justified.

The practical significance of the study lies in the possibility of applying the
developed algorithm in blast-design planning at open-pit mines in Uzbekistan,
including the conditions of Almalyk Mining and Metallurgical Complex (AMMC),
to coordinate blast parameters with ETC productivity.

The relationships obtained in this study make it possible to account for the
quality of rock preparation for excavation by blasting when evaluating the
efficiency and optimizing the operating parameters of mining and transport
complexes using truck and rail haulage under specific geotechnical, geological,
geometric, organizational, and economic operating conditions.
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