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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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K. CarnaeBa (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100; https://
www.webofscience.com/wos/author/record/1993614
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Abstract. Relevance. Stable operation of crushing equipment is important
for the mining, coal, and construction materials industries, because a decrease in
crusher productivity affects the performance of the entire crushing and screening
circuit. Under real operating conditions, equipment productivity depends on the
particle size and moisture content of the rock material, discharge gap width, feed
stability, and electric motor load. Therefore, it is difficult to estimate productivity
only by traditional engineering calculations. Insufficient forecasting of such
changes can lead to time losses, excessive energy consumption, and a decrease
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in the quality of the crushed product. Objective. The objective of this work was
to assess the possibility of applying the random forest algorithm to predict the
productivity of crushing equipment using a limited set of technological parameters
that can be obtained in laboratory and industrial conditions. Methods. The study was
carried out using a laboratory jaw crusher DShch 60x100. A vibrating screen, a set
of sieves, electronic scales, a tachometer, current clamps, an infrared pyrometer,
and Python-based data processing tools were used. A total of 72 experimental
runs were performed at discharge gap widths of 5, 8, and 12 mm, with different
material moisture levels and feed modes. The Random Forest Regressor algorithm
was used to build the predictive model, while linear regression was applied for
comparison. Results and conclusions. It was found that increasing the discharge
gap from 5 to 12 mm increased the average productivity from 108.4 to 183.2
kg/h, but reduced the fraction below 5 mm from 61-66 % to 34-39 %. Increasing
material moisture to 3—5 % reduced average productivity from 151.8 to 137.6
kg/h. The random forest model showed R? = 0.86, MAE = 9.7 kg/h, and RMSE =
12.4 kg/h, which was better than the linear regression model. The most significant
predictors were discharge gap width, initial feed size, motor current, and material
moisture. The obtained results demonstrate that a simple predictive model can be
used for preliminary control of crushing equipment productivity.

Keywords: crushing equipment, mining enterprise, random forest, machine
learning, productivity, jaw crusher, particle size distribution, predictive model
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AnHoTauus. Ozexminiei. ¥cakray KaOIbIKTAPBIHBIH TYPAKThI KYMBICHI Tay
KEH, KOMIip jKoHEe KYPBUIBIC MaTepHajiapbl OHEpKaciOl YIIiH YJIKEeH MaHbI3Fa He,
ce0beb1 ycaTKpIl OHIMAUIITHIH TOMeH eyl OYKUI ycaKTay-CyphINTay KeHIeHiHiH
JKYMBICBIHA ocep eTeli. HakTel eHIIpICTIK KaFdaina >kaOabIK ©HIMIIIIr Tay
JKBIHBICBIHBIH IpUTITT MEH BUIFAIBUIBIFBIHA, IIBIFAPY CaHbUIAYBIHBIH CHIHE,
Marepuai Oepy CUMAaThIHA KOHE AIIEKTPKO3FAITKBIII KYKTeMeciHe OaiiaHbICThI
Oosazpl. COHABIKTaH OHBI TEK ISCTYPJIi €CenTey 91icTepiMeH a1 Oaranay spKaliaH
MYMKiH eMec. MyH1ali e3repicTep/i ajiblH ajla 00KayIbIH )KETKUTIKCI3IT1 yaKbIT
LIBIFBIHBIHA, SHEPTHSHBIH apThIK KYMCalyblHa JKOHE JalblH OHIM CanachblHBIH
TOMEH/IeyiHe ajbll Kelyl MYMKiH. Makcamui. JKXyMBICTBIH MaKcaThl 3epTXaHaJIbIK
KOHE OHMIPICTIK Kargaliga aJblHybl MYMKiH IIEKTEYJIi TEXHOJIOTHUSIIBIK
napaMeTpiep Heri3iHAe ycakTay >XKaOABIKTAapbIHBIH OHIMAIITIH Ooikay YIIiH
Ke3[IefICOK OpMaH alrOpUTMIH KOJAaHy MYMKIHIIrH Oaramay Oonabl. Qdicmepi.
3eprreynep LI 60x100 3eprxaHallbIK >KaKThl YCATKBIIIBIHAA IKYPri3ijii.
JKympicTa BUOpaUMAIBIK €NIeK, €JEeKTepP JKUBIHTBIFBI, JJCKTPOHIBIK Tapasbl,
TaxOMETpP, TOK KBICKBIILITAphl, MUpoMeTp koHe Python oprackima mepexrepui
eHJey Kypannapbl Konganeuiabl. LIsirapy cansiiaysl 5, 8 xoHe 12 MM OojiraH
Ke3Jle, MaTepUaibH 9pTYpPJil BUIFAIABUIBIFBIHIA KOHE Oepy pexumuepinge 72
TOXKipuoOe opbiHaanIbl. Bomkamabik Moaens Kypy yiin Random Forest Regressor
QITOPUTMI KOJNJAHBUIABI, all CaJBICTBIPY YIIIH CBHI3BIKTBIK perpeccus Mopaemi
naigananeuiael. Homuoicenep men xopwvimuinObiiap. lllbirapy caHpuiayblH 5
MM-JIeH 12 MM-re JeiiH apTTeipy oprama eHimaimikti 108,4-ten 183,2 xr/car
NeiiH KeOelTTi, Oipak 5 MM-z1eH Kinn ¢pakuus ynecin 61-66 %-nan 34-39 %-ra
JeiiH TOMeHAETTi. MaTepuasl bUTFaJABUIBIFBIHBIH 3—5 %-Fa JeifiH ecyi opraima
enimuinikti 151,8-1en 137,6 kr/car neiin azaiittel. Kesnelicok opman moseni R? =
0,86, MAE =9,7 kr/car xone RMSE = 12,4 xr/car kepceTTi, 0¥ CHI3BIKTHIK MOJICITh
HOTHIKeNIepiHEeH jKakchl 001ab1. EH MaHbI3/161 Oenrinep mbiFapy caHblIaybIHBIH CHi,
OacTankpl MaTepua ipiiiri, AMEKTPKOZFAITKBIII TOTHI KOHE bUIFAJIIBUIBIK OOIBI.
AJbIHFaH HOTHIKEIIEP YCAKTay ka0 bIKTapbIHBIH OHIMIUTITIH aJJIbIH aja Oakbuiay
YIIIH KapanaibiM 00KaMIbIK MOEIIBII KOJIJJaHyFa O0JIaThIHBIH KOPCETE/I.

Tyiiin ce3nep: ycakray »aOAbIFbl, Tay KEH KOCIOPHBI, Ke3ACHCOK OpMaH,
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AunHoTanus. Axmyarvhocms. CrabwinbHas U 3(dQexTuBHas pabora
IPOOMILHOTO 00OPYIOBAHMS WMEET BaXKHOE 3HAUCHHUE IIJIST TOPHOMOOBIBAIOIICH,
YTOJBHOM MPOMBIIUIEHHOCTH M MPOU3BOACTBA CTPOUTENBHBIX MaTepHasoB,
MTOCKOJIBKY CHI)KEHHUE ITPOU3BOAUTEILHOCTH OTACIBHBIX IPOOMIOK OTPHIIATEIIHHO
CKa3piBaeTCsi Ha (DYHKIMOHMPOBAHWUH BCETO JAPOOHILHO-COPTUPOBOYHOTO
KOMITJIEKCA. B nmpou3BOACTBEHHBIX  YCIOBMSX  MPOU3BOAUTEIBHOCTD
00OpyIOBaHMS 3aBHCAT OT COBOKYIHOCTH TEXHOJOTHYECKHX (DaKTOpOB,
BKJIIOYAas KPYMHOCTh M BIAXHOCTh MCXOAHOM TOpPHOM MacChl, IIHUPHUHY
pasrpy309HOM NN, PEKUM TIOAaYN MaTepuala ¥ Harpy3Ky 3JIeKTPOABUTATEI.
MHOro(axkTopHbIi XapakTep dTUX 3aBUCUMOCTEH 3aTpyaHSIET MPOTHO3UPOBAHKE
MIPOU3BOAUTEIFHOCTH UCKIFOYUTEIHHO TPAIUITMOHHBIMHU PACUETHBIMHA METOTAMH.
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Henocraroynasi TOUHOCTh MPOTHO3WPOBAHUS MOXET MPUBOJIUTH K YBEIHMYSHUIO
MPOCTOEB OOOPYHOBAaHUS, OTONHUTEIBHBIM OJHEpPro3arparaM H yXyAIICHHIO
IpaHyJIOMETPUYECKUX XapaKTEPUCTUK ApobieHoro marepuana. [fens. OUeHHUTH
BO3MOKHOCTH TTPUMEHEHHSI aJTOpUTMa CIydalfHOTO Jeca JIsl MPOTHO3UPOBAHUS
MPOU3BOJUTEIBHOCTH JAPOOMIBLHOTO 00OpYNOBaHMSI HA OCHOBE OTPAHUYEHHOTO
Ha0opa TEXHOJIIOTHYECKHX IapaMeTpoB, H3MEpSAEMBIX B JaOOpaTOpPHBIX U
MIPOM3BOACTBEHHBIX YCIOBUAX. Memoosl. DKCTIepUMEHTAIbHbIE HCCIeI0BaHUs
MIPOBE/ICHBI Ha JTA00paTopHOii mekoBoi apodwmike 111 60 x 100 ¢ ucronbp3oBanneM
BHOPAIIMOHHOTO TPOXOTa, HA0Opa CUT, YIEKTPOHHBIX BECOB, TAXOMETPa, TOKOBBIX
kiemed u nupomerpa. OOpaboTKa SKCIEPUMEHTAIBHBIX JAHHBIX M MOCTPOCHHE
MIPOTHO3HBIX MOJIEIeH BBHITONHIINCH B MporpaMMHOi cpeae Python. IlpoBeneno
72 sKcTepUMEHTa MPHU MIUPUHE Pa3rpy304HOM menu 5, 8§ u 12 MM, pa3IuuHbIX
3HAYCHHSIX BIIAXXHOCTH HMCXOJHOTO MaTepuaja W pexuMmax ero momadu. s
MIPOTHO3UPOBAHMS TPOU3BOAUTEIFHOCTH WCIOIB30BaH aJTOPUTM perpeccuu
cirygaitnoro sieca (Random Forest Regressor). B kauecTBe cpaBHUTENEHON MOJETTH
MpUMEHEHa JIMHEeHHas perpeccus. KadecTBO TpPOTHO3WPOBAaHWSA OLEHWBAIH C
ucnojib3oBanueM kod(pdunuenta aerepmuHanmu (R?), cpennelr abCoIrOTHOU
omnOku (MAE) uxopHsi u3 cpenneii kBaapaTuanoit omuoku (RMSE). Pezyismamut
U 6b1600bl. YCTAHOBJICHO, YTO YBEIMYEHHUE IUPHUHBI Pa3TPy30uHOM mienu ¢ 5 10
12 MM COIpOBOXK/IAT0CH MOBBIIIEHUEM CPEAHEN MPOU3BOAUTEIBLHOCTH LIEKOBOM
npobunku co 108,4 mo 183,2 xr/4. [Ipu 3ToM mons dhpakmmu pazMepoM MeHee
5 MM ymenbiuiack ¢ 61-66 no 34-39 %. IloBblilieHNE BIAXXHOCTH UCXOAHOTO
Marepuana 10 3—5 % npuBOAMIO K CHIDKEHHUIO CPEIHEH NPOU3BOJUTEIBLHOCTH CO
151,8 mo 137,6 kr/4. [IporHo3Has Mojielib Ha OCHOBE aJIFOPUTMA CIIy4aiiHOTO Jieca
MPOJIEMOHCTPUPOBAJIA CIEAyIOUUE MoKa3aTenu kauectsa: R* = 0,86, MAE = 9,7
kr/a 1 RMSE = 12,4 xr/4, npeB30iias1 M0 TOYHOCTH TMPOTHO3UPOBAHUS MOICITbH
nuHelHoW perpeccun. Hanbosnee 3HaUMMBIMU MPHU3HAKAMU OKa3aJUCh HIMPHHA
pasrpy309HON IMEH, KPYMHOCTh MCXOJHOTO MaTepraia, TOK 3JIEKTPOABUTATEINS
U BJIQXHOCTb TOpHOH Macchl. [lomydeHHbIE pe3yiabTaThl CBUAETEILCTBYIOT O
BO3MOYKHOCTH TIPUMEHEHUS aITOPUTMa CITy9aiiHOTO Jieca ISl PeBapUTEIHHOTO
MIPOTHO3UPOBAHUS M OTNEPAaTUBHONW OIEHKH MPOU3BOIUTEIBHOCTH JPOOMIHHOTO
000pYZIOBaHUS C YUETOM M3MEHEHHSI OCHOBHBIX TEXHOJIOTHYECKHX ITapaMeTPOB.

KuaroueBble ciioBa: npoOmibHOE OOOpyAOBaHWE, TOPHOE MPEANpPHUATHE,
CITy4aiHbIH Jiec, MAITMHHOE 00yYeHHe, TPOU3BOJUTEIHHOCTh, IEKOBasl IPOOHIIKA,
TPaHyJIOMETPHYECKHUI COCTaB, IPOTHO3HAS MOJIENb.

Introduction. In modern global mining operations, the reliability of equipment
performance is becoming increasingly critical, as the extraction and processing of
mineral resources are no longer solely about maximizing output volumes. These
operations are inextricably linked to energy consumption, environmental impact,
production costs, and the enterprise's ability to maintain continuous operation
without unplanned downtime. This is particularly evident at the crushing stage;
since crushing equipment sits near the beginning of the processing chain, any
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drop in performance below design specifications disrupts the downstream
operation of screens, mills, and transport systems—and sometimes the entire
crushing and screening complex. Amidst rising global demand for minerals and
increasingly complex geological conditions, predicting crusher performance has
evolved from a purely technical matter into a broader operational and economic
issue. Consequently, mining enterprises are gradually shifting from conventional
equipment monitoring to more intelligent data analysis, although in practice, this
transition is often slow and fraught with challenges.

Crusher performance depends on a multitude of factors, making it difficult
to capture with a single, simple formula. Key variables include the strength
and moisture content of the rock mass, the particle size distribution of the feed
material, the wear level of crushing components, feed rates, start-stop frequency,
screening parameters, and the performance of associated equipment. Studies have
shown that even design parameters for roll crushers require adjustment based on
specific structural and operational conditions, as actual operating modes differ
from laboratory or theoretical design parameters (Abramkin et al., 2023). Material
particle size is also crucial, as changes in the size distribution of the crushed or
ground product directly impact subsequent processing stages (Khetagurov et al.,
2024). Therefore, predicting crusher performance cannot rely on a single metric—
such as motor power or crusher load-alone; instead, it requires an assessment of
a complex set of factors that collectively define the actual state of the process.
Traditionally, engineering calculations, routine monitoring, operator experience,
and the statistical analysis of production data are used to address this task. These
approaches have distinct advantages: they are readily understood by specialists,
do not require complex digital infrastructure, and can be implemented even at
facilities with limited automation. For instance, calculation-based and design-
oriented approaches are well-suited for equipment selection and capability
assessment during the design phase. Developments in impact crushing methods also
demonstrate that refining the material breakage principle itself can yield practical
benefits and enhance processing efficiency (Matveev et al., 2025). However, a
drawback of these methods is their frequent lack of flexibility regarding ongoing
production operations; they often fail to account for random fluctuations in raw
material properties or detect hidden dependencies, and typically do not provide
advance warning of when productivity is likely to decline.

Another approach involves the implementation of technical diagnostics and
equipment condition monitoring systems. This approach is already gaining
significant traction in the energy, mechanical engineering, and mining sectors.
For instance, vibration monitoring is employed to assess the condition of diesel
engines and other industrial machinery, as vibration parameters often serve as
reliable indicators of changes in the technical state of components (Afanaseva et
al., 2025). Similarly, the analysis of compressor equipment places great emphasis
on unit condition, reliability, and the advancement of diagnostic techniques
(Afanaseva et al., 2026). This path is also promising for crushing equipment, as
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parameters such as vibration, motor current, bearing temperature, and load can be
correlated with changes in throughput. However, there are drawbacks: facilities
may lack a comprehensive sensor suite, some data may be noisy or incomplete,
and equipment parameters depend not only on the machinery's condition but also
on the characteristics of the incoming mined material.

In recent years, machine learning methods have been increasingly adopted,
enabling the construction of predictive models based on actual production data
rather than relying solely on physical relationships. In geology and mining, these
methods are already being used to predict rock properties, classify geophysical
anomalies, assess the state of natural systems, and identify ore bodies (Kukartsev
et al., 2026; Nurgaliyeva et al., 2026; Tynchenko et al., 2026; Dolgikh et al., 2025;
Spanov et al., 2019; Osipova et al., 2024). This demonstrates the utility of machine
learning in scenarios involving multiple factors and complex, non-obvious
interdependencies. Multidimensional models of equipment productivity are also
being developed in metallurgical manufacturing-an approach conceptually similar
to predicting the performance of crushing complexes (Fastykovsky et al., 2025).
Yet, machine learning has its limitations; a model may perform poorly under
changing conditions if it was trained on a limited dataset. Furthermore, the results
can be difficult for engineering personnel to interpret, especially when complex
neural network algorithms are employed.

Against this backdrop, the random forest algorithm stands out as a convenient
and practical tool. Its advantages include the ability to account for non-linear
relationships between parameters, robustness against certain types of data noise,
and a lack of requirement for the rigorous feature engineering demanded by
some other methods. Moreover, random forest enables the assessment of factor
importance-a crucial aspect of engineering analysis, as enterprises need not
only to generate forecasts but also to gain insight into which parameters most
strongly influence productivity. In the context of modeling the reliability of
mining operations, the need to employ mathematical and statistical models to
assess the state of production systems has already been highlighted (Malozyomov
et al., 2024). Similarly, issues regarding the controllability of mining equipment
demonstrate that technical systems should be viewed not merely as a collection
of individual machines, but as an interconnected structure where parameters
influence one another (Shishkin et al., 2024).

Importantly, applying random forest to forecast the productivity of crushing
equipment does not require the implementation of a massive digital system. The
initial stage can simply involve addressing a specific, limited task: selecting a
defined set of operational parameters, preparing a training dataset, and verifying
whether the model can predict changes in the productivity of a crusher or crushing
circuit. This approach is valuable because it allows an enterprise to determine-
without significant investment-whether further development of digital monitoring
holds practical merit. Similar digital modeling approaches are already being
applied to rock grinding processes in ball mills, where modeling facilitates a
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better understanding of material and equipment behavior (Chanturia et al., 2025).
Furthermore, energy consumption forecasting demonstrates that operational data
can be effectively used to predict the future operating modes of technical systems
(Klyuev et al., 2022).

It is worth noting that the productivity of crushing equipment depends not
only on the machine itself but also on the state of the surrounding production
infrastructure. For instance, feed hoppers and transfer points influence material
feed uniformity and crusher load, while changes in processing factors can even
affect the material intensity and reliability of the crushing and transfer structures
(Kardashin et al., 2025). Therefore, a predictive model must view productivity as
the outcome of the interaction between multiple parameters. In a broader sense,
this parallels challenges in materials science and construction technology, where
the properties of the final material depend on composition, additives, and structural
formation conditions (Klyuev et al., 2025; Petropavlovskaya et al., 2025). Even
research into the use of industrial waste demonstrates that production systems
often require the simultaneous consideration of multiple factors, rendering simple
explanations insufficient (Klyuev et al., 2024).

The relevance of this area of study stems from the fact that crushing equipment
is a key component of a mining operation; unstable performance leads to losses in
time, energy, and the productivity of the entire complex. While many enterprises
already possess data—collected either automatically or manually-this information
is not always utilized for predictive purposes. The Random Forest algorithm
offers a sufficiently interpretable intermediate tool bridging the gap between
conventional statistics and complex neural network systems. Although it does not
solve every problem at once, it enables a step toward more informed management
of the crushing process. The objective of this study is to develop and conduct a
preliminary evaluation of a productivity prediction model for mining crushing
equipment based on the Random Forest algorithm, utilizing a limited set of
operational parameters.

Materials and Methods. The experimental work was designed to test the
feasibility of using a random forest algorithm to predict the performance of
crushing equipment—not within a massive industrial system, but using a relatively
small and manageable dataset. The study did not aim to provide a comprehensive
description of every process within the crushing and screening complex, as such an
undertaking would require long-term industrial monitoring and an extensive sensor
network. The primary objective was to simulate conditions approximating those
of a mining operation and, based on the resulting parameters, evaluate whether
a machine learning method could anticipate changes in crusher performance.
This approach holds industrial significance, as even an early forecast of a drop in
performance could enable an operator to adjust the material feed rate or inspect
the equipment proactively.

The experiments were conducted at a laboratory facility dedicated to the
crushing and analysis of granular materials; the equipment configuration is typical

199



ISSN 2224-5278 5.2026

of a mid-to-high-tier technical university. The primary equipment included a DSh
60x100 laboratory jaw crusher, a GIL-052 vibrating screen, a set of sieves (with
mesh sizes of 1, 2, 5, 10, and 20 mm), a VLTE-2100 electronic balance (0.01 g
precision), a MASSA-K industrial scale (up to 30 kg capacity), an ShS-80 drying
oven, an AT-6 digital tachometer, a Mastech MS2108A clamp meter, a CEM DT-
8861 infrared pyrometer, and a laptop equipped with Microsoft Excel, Python
3.11, and the pandas, scikit-learn, and matplotlib libraries. As this equipment is
not unique and is commonly found in educational or research laboratories, the
proposed methodology can be replicated without significant expense.

The feedstock consisted of crushed rock of medium strength, comprising a
mixture of limestone and dense sandstone. The material was pre-dried in an oven
at 105°C for 2 hours and then cooled to room temperature. For some experiments,
the material was additionally moistened to a level of 3—5% to assess the effect
of moisture content on crushing performance. Before being fed into the crusher,
each batch of material was weighed, and its initial particle size distribution was
determined via sieve analysis. Batch masses ranged from 5 to 10 kg; this allowed
experiments to be conducted without overloading the laboratory equipment while
still yielding clearly discernible differences between crushing modes.

Crushing was performed using three primary discharge gap settings: 5, 8,
and 12 mm. The drive shaft rotation speed was monitored using a tachometer
and maintained within the 280-310 rpm range. Material was fed manually into
the hopper in small portions, with the time required for the entire batch to pass
through the crusher recorded for each experiment. Throughput was calculated
as the ratio of processed material mass to crushing time and expressed in kg/h.
Additional measurements included electric motor current, bearing housing
temperature (before and after the experiment), visual feed uniformity, material
moisture content, mean initial particle size, and the proportion of fines following
screening. These parameters were selected because, in industrial settings, they—
or their equivalents—are frequently available for monitoring and can be correlated
with actual equipment loading.

Actotal of 72 experimental crusher runs were conducted. For each run, a database
record was created containing the input material parameters, crusher operating
modes, and the resulting throughput. Some data were specifically obtained under
conditions of uneven feed, as this scenario is common in mining operations and
holds significant industrial importance. Sudden changes in feed rate can cause
unstable crusher operation, thereby reducing the efficiency of the entire processing
section. Consequently, including these tests made the dataset more representative
of real-world conditions, albeit in a simplified form.

Data processing was carried out in several stages. First, clearly erroneous
values—such as those resulting from underloading the crusher or a complete
stoppage of material feed—were excluded. Next, all parameters were
consolidated into a single table, and categorical features (e.g., material type and
feed characteristics) were encoded numerically. The Random Forest Regressor
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algorithm from the scikit-learn library was used to build the model. The dataset
was split into training and testing sets using an 80:20 ratio. The model utilized 100
trees, with a maximum tree depth of 8; higher depth values caused the model to
overfit the training data, resulting in poorer performance on the test set. Prediction
quality was evaluated using the coefficient of determination (R?), mean absolute
error (MAE), and root mean square error (RMSE).

For comparison, a simple linear regression model was also constructed to
demonstrate the advantages of the Random Forest approach in the presence of
non-linear relationships between parameters. This comparison is particularly
important from an industrial perspective, as it helps determine whether the use of
a more complex algorithm is justified or if a standard calculation formula suffices.
Following model training, feature importance was calculated to identify which
parameters had the greatest impact on throughput predictions. This result is of
practical significance, as it can be used to select the most essential sensors and
monitoring parameters for the subsequent implementation of a forecasting system
at an actual crushing and screening facility.

Results and Discussion. The experiments yielded a dataset comprising 72
observations of a laboratory jaw crusher operating under various conditions
regarding discharge gap settings, material moisture content, and feed characteristics.
Although the sample size was not large, it proved sufficient for a preliminary
assessment of the random forest algorithm's applicability, as the data captured
both stable crushing regimes and instances of irregular feed. This is significant
because, in industrial settings—particularly within the mining and coal sectors—
crushing equipment rarely operates under perfectly uniform conditions. Material
feed is often uneven, and variations occur in particle size and moisture content;
occasionally, portions of the rock exhibit higher strength, all of which directly
impact actual throughput.

The experiments revealed that crusher throughput depended significantly on
the discharge gap width. With a 5 mm gap, the average throughput was 108.4
kg/h; this increased to 146.7 kg/h with an 8 mm gap and reached an average of
183.2 kg/h with a 12 mm gap. However, widening the gap did not always result
in a proportional increase in throughput, as the particle size distribution of the
finished product deteriorated. For instance, the fraction of material smaller than
5 mm accounted for 61-66% with a 5 mm gap but dropped to 34-39% with a
12 mm gap (Table 1). These findings demonstrate that industrial facilities cannot
focus solely on maximizing throughput. For the mining and mineral processing
industry, achieving a balance between the volume of processed material and the
quality of the crushed product is crucial, as an excessively coarse product places
an increased load on downstream mills and screens.
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Table 1. Experimental crushing results depending on discharge gap, material
moisture and feed mode.

Min Fra- Ave-
. Mate- Ave- | Ave- | Ave- Ave- . rage
Dis- rial Num- rage | rage | rage rage | D' Max | ction mo-
charge . Feed ber g g g & du- | produ- | below
mois- feed | batch | cru- | produ- . . . tor
2P | {ire mode of size. | mass. | shin .. cti- | ctivity, 5 :
s s ) g | ctivity, R cur-
mm o tests . vity, | kg/h | mm,
% mm kg |[time,s| kg/h rent,
kg/h % A
5 0.4 |Uniform| 8 18.6 | 6.8 226 108.3 | 96.5 | 119.8 | 66.2 | 5.1
5 4.1 |Uniform| 8 189 | 6.9 268 927 | 84.4 | 103.6 | 63.8 | 5.8
5 4.3 | Uneven 8 214 | 7.1 293 872 | 786 | 99.1 | 614 | 6.7
8 0.5 |Uniform| 8 192 | 7.0 173 145.7 |134.2| 158.5 | 51.6 | 5.3
8 3.8 |Uniform| 8 20.1 | 7.0 190 132.6 |121.7| 1463 | 489 | 5.9
8 4.0 | Uneven 8 226 | 7.2 205 126.4 | 113.8| 139.7 | 46.5 | 6.8
12 0.4 |Uniform| 8 20.7 | 7.3 143 183.8 |169.5| 198.4 | 38.7 | 5.6
12 3.7 |Uniform| 8 21.1 | 7.2 158 164.1 |151.6| 179.2 | 36.1 | 6.2
12 4.2 | Uneven 8 238 | 74 171 155.8 |139.9| 1714 | 344 | 7.1

The effect of material moisture content also proved to be quite significant.
For dry material, the average throughput across all operating modes was 151.8
kg/h, whereas at a moisture content of 3—5%, it dropped to 137.6 kg/h. The
most pronounced decrease was observed with a narrow discharge gap of 5 mm,
where the moist rock mass would occasionally hang up in the crusher's working
zone, impeding material flow. In this scenario, the average processing time for
a 7 kg batch increased from 235 to 279 seconds. While this manifested not as
an emergency shutdown but rather as minor operational instability, such small
deviations can accumulate in a real-world crushing and screening facility, resulting
in a substantial loss of productivity over the course of a shift. For instance, if an
industrial crusher loses even 6—8% of its throughput during an 8-hour shift, a
crushed stone producer could face a shortfall of tens of tonnes of finished product.

It was also found that the electric motor current served as a reliable indicator of
changes in the crushing mode. Under steady feed conditions, the average current
ranged from 4.8 to 5.6 A, whereas uneven feeding and the passage of larger
lumps caused it to rise to 6.3—7.1 A. However, throughput did not always increase
in tandem with the current. In fact, in several experiments, higher current was
accompanied by a decrease in actual throughput because the crusher was operating
under overload conditions, causing material to move more slowly through the
working zone. This finding is of significant industrial importance for ore quarries,
open-pit coal mines, and producers of non-metallic construction materials, where
operators often rely on drive load as a key indicator. The data demonstrate that
high current does not necessarily equate to high efficiency, highlighting the need
for a more comprehensive predictive metric.

Following data preparation, a random forest model was developed to predict
crusher throughput. The dataset was split into a training set comprising 58
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observations and a test set comprising 14 observations. Using 100 trees and a
maximum depth of 8, the model achieved a coefficient of determination (R?) of
0.86 on the test set (Fig. 1).

a) Random forest prediction accuracy b) Prediction error distribution
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Figure 1. Prediction of jaw crusher productivity using the random forest model: a) comparison
of actual and predicted productivity values; b) distribution of absolute prediction errors for test
observations.

The mean absolute error of the prediction was 9.7 kg/h, while the root mean
square error (RMSE) was 12.4 kg/h. For comparison, a linear regression model
applied to the same data yielded R? = 0.62, MAE = 17.8 kg/h, and RMSE =
22.6 kg/h. The difference between the models is attributed to the fact that the
relationship between throughput, moisture content, feed particle size, motor
current, and discharge gap width was non-linear (Table 2). This is to be expected
in real-world conditions, as the crushing of rock mass is a complex process in
which a single factor can manifest differently depending on the operating mode.

Table 2. Comparison of regression models for predicting crusher productivity.

Maxi- | Predi-
Trai- . mum | ction .
ning Test Main input R R* | MAE, RM- | MA- abso- | time ‘Practlcal
Model obser- obser- variables tra- test | kg/h SE, | PE, lute for interpre-
. vations in kg/h | % tation
vations error, | one
kg/h | case, s
Gap, Suitable only
Linear moisture, for rough
regres- 58 14 feed size, [0.68]0.62| 17.8 | 22.6 | 13.9 | 374 | 0.01 estimation
sion current, under stable
temperature modes
Gives
Deci- C.}ap, bette.r 190&1
ion tree moisture, prediction,
s 58 14 feed size, |0.97[0.74| 142 | 18.7 | 10.8 | 31.5 0.01 | but is unstable
regres-
” current, fine for new
sion ; L
fraction combinations
of factors
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Maxi- | Predi-
Trai- ) mum | ction .
ning Test Main input R R? | MAE, RM-| MA- abso- | time 'Practlcal
Model obser- obser- variables tra- test | kg/h SE, | PE, lute for interpre-
. vations in kg/h | % tation
vations error, | one
kg/h | case, s
m (i}atp’r Most suitable
Ran-dom o1sture, model for
forest feed size, operational
58 14 current, fine [0.94|0.86| 9.7 | 124 | 7.1 21.2 0.04 R
regres- . forecasting
” fraction,
sion . of crusher
bearing roductivit
temperature P Y
Gra- Gap,
dient moisture, Accurate
boo- 58 14| feedsize: 1o o600831 105 | 13.6| 7.8 | 239 | 005 |model butless
sting current, fine stable on small
regres- fraction, datasets
sion feed mode
Requires
S\:gzi)g? Scaled careful
regres. 58 14 process |0.79]0.69| 159 |204 | 12.1 | 348 | 0.03 parameter
g parameters scaling and
sion :
tuning
Can be used
k-nearest as a simple
neigh- Scaled comparison
bors 58 14 process | 0.82]0.71| 15.1 | 19.3 | 11.4 | 32.6 | 0.02 model, but
regres- parameters depends
sion strongly on
dataset density

The most accurate predictions were obtained for steady-state feeding regimes
involving dry material. In these cases, the error typically did not exceed 5-8 kg/h.
The model performed less accurately in experiments involving moist material and
uneven feed rates, where the error sometimes rose to 18-21 kg/h. However, even
these results can be considered acceptable for an initial engineering assessment,
as the model correctly identified the general trend of changes in throughput.
While it did not always pinpoint the exact numerical value, it demonstrated that
throughput would decrease as moisture content and the proportion of coarse
fractions increased. This is valuable for industrial applications, as operators often
prioritize early warnings that operating conditions are shifting unfavorably over
precise calculations in kg/h.

Feature importance analysis revealed that the discharge gap width had
the greatest impact on the prediction, accounting for 0.31 of the total feature
importance. The average size of the feed fraction was the second most significant
factor, contributing 0.24. This was followed by electric motor current (0.18),
material moisture content (0.13), the proportion of fine fractions in the feed
material (0.08), and bearing housing temperature (0.04). Material type—based on
the adopted coding scheme—nhad the least influence, contributing approximately
0.02; this is attributed to the similar properties of the limestone and sandstone used.
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These results indicate that for future industrial implementation, priority should be
placed on monitoring feed parameters and the coarseness of the raw rock mass,
before subsequently expanding the system to include temperature sensors and
other diagnostic tools.

An interesting finding was that bearing temperature changed only slightly
during the course of a single experiment. Before crushing began, the temperature
was 22-24°C, rising to an average of 28-33°C by the end of the experiments.
In some instances, involving uneven feed, the temperature reached 36°C, though
this did not reach a critical level. Consequently, in this short-term laboratory
series, temperature was not a primary factor for predicting throughput. However,
for an industrial crusher operating continuously for extended periods, bearing
temperature may be of greater significance. This is particularly important in the
mining industry, where a bearing assembly failure necessitates not only crusher
repairs but also halts the flow of raw material to downstream processing stages.

A comparison of actual and predicted values revealed that the random forest
model performs best under average operating conditions but struggles to handle
abrupt transient states. For instance, at an actual throughput of 142 kg/h, the model
predicted 147 kg/h—a satisfactory result. However, at an actual throughput of 96
kg/h—with wet material and a narrow discharge setting—the prediction was 112
kg/h, indicating that the model underestimated the extent of the throughput drop.
This is likely due to an insufficient number of examples of such adverse factor
combinations in the training dataset. Therefore, future work should include an
increased number of experiments involving wet material, varying rock strengths,
and more precisely measured feed irregularities.

The results obtained have practical industrial significance, primarily for
enterprises involved in the extraction and processing of construction stone, as well
as for iron ore quarries, open-pit coal mines, and mineral processing plants. In
these sectors, crushing equipment often acts as the bottleneck in the production
line. If a crusher’s throughput drops, downtime affects not just that single unit
but the entire chain of equipment. Even a laboratory-scale model demonstrates
that—based on a few accessible parameters—it is possible to estimate expected
throughput in advance and make decisions regarding discharge gap adjustments,
feed rate changes, or preliminary material drying. This is particularly relevant
for the construction materials industry when producing crushed stone of specific
fractions, and for the ore industry when preparing raw materials for grinding and
beneficiation.

Overall, the results confirm that the random forest algorithm can serve as a
simple tool for predicting crushing equipment throughput based on a limited
set of process parameters. While this work does not solve the challenge of fully
digitizing a crushing and screening complex, it demonstrates the feasibility of
creating a localized predictive model that can subsequently be adapted to real-
world production data. The practical value of this approach lies in the fact that
it does not require an immediate, complex artificial intelligence system; instead,
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it can be implemented incrementally, starting with standard measurements of
mass, time, motor current, moisture content, and material size. This is especially
important for mining enterprises, as even a slight improvement in the operational
stability of the crushing section yields economic benefits and reduces the risk of
unplanned shutdowns.

Conclusion. The study demonstrated that the random forest algorithm can be
used to predict the performance of mining crushing equipment based on a relatively
small set of process parameters. While the study did not address a comprehensive
digital model of the entire crushing and screening complex, it successfully tackled
a specific task: estimating the throughput of a laboratory jaw crusher while
varying the discharge gap width, material moisture content, feed particle size, and
feed characteristics. This approach is practically significant because it allows for
gradual scaling to industrial conditions without the immediate need for a complex
and costly automation system.

Experimental results showed that increasing the discharge gap from 5 to 12
mm raised the average throughput from approximately 108.4 to 183.2 kg/h but
simultaneously reduced the yield of the fine fraction (under 5 mm) from 61-66%
to 34-39%. Increasing material moisture content to 3—5% lowered the average
throughput from 151.8 to 137.6 kg/h, particularly when the discharge gap was
narrow. This highlights the importance of considering the combined effect of
multiple factors rather than just a single variable in the crushing process.

The random forest model demonstrated higher accuracy compared to linear
regression. On the test dataset, the model achieved an R? of 0.86, an MAE of 9.7
kg/h, and an RMSE of 12.4 kg/h, whereas the linear model yielded higher error
rates. The most significant features were discharge gap width, average feed particle
size, electric motor current, and moisture content. Future work should focus on
expanding the dataset and validating the model using data from an industrial-scale
crushing unit.
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