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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. Reliable operation of bearing units is important for the
mining, coal, and mineral processing industries, since failure of these elements can
cause shutdowns of crushers, conveyors, mills, and other drive equipment. At the
same time, early defects are often not visually observed, but they already affect the
vibration signal. Therefore, the use of machine learning methods for processing
vibration parameters is a relevant direction for moving from emergency repair
to earlier diagnostic control. Objective. The objective of the work was to make a
preliminary assessment of the possibility of predicting the technical condition of a
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bearing unit of mining equipment using vibration parameters and a random forest
model. Methods. The study was carried out on a laboratory test bench witha 1.1 kW
electric motor, belt drive, shaft, and two bearing supports. Tests were performed
at rotation speeds of 900, 1200, and 1500 rpm and for three bearing conditions:
normal condition, insufficient lubrication, and an initial outer race defect. The
vibration signal was recorded at a sampling frequency of 10 kHz and divided into
time windows. RMS vibration acceleration, crest factor, kurtosis, peak-to-peak
value, and spectral energy were calculated for each signal fragment. Results and
conclusions. It was found that RMS vibration acceleration increased from 0.42—
0.71 m/s? for the normal unit to 0.69—1.31 m/s? for the outer race defect. The most
informative features were energy in the 1000-3000 Hz range, crest factor, and
kurtosis. The random forest model provided a classification accuracy of about 90
%. It is concluded that the proposed approach can be used as a simple preliminary
diagnostic level for bearing units, but industrial application requires additional
verification on real mining equipment.

Keywords: mining equipment, bearing unit, vibration diagnostics, machine
learning, random forest, technical condition, failure prediction, industrial reliability
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AHHOTaUus. O3exminiei. MOUBIHTIPEK TOPANTAPBIHBIH CEHIMII )KYMBICHI Tay
KEH, KOMip JKOHE OHJCY OHEpKociOi YIIiH YIKeH MarblHara ue, ce0ebi MyHmai
AIEMEHTTEPIIH iICTCH IIBIFYhI YCATKBIIITAPIBIH, KOHBEHEPIEPIiH, THipMEHACPIIH
JKoHE 0acKa JKeTEKTi KaOIbIKTapAbIH TOKTAybIHA OKeyl MyMKiH. COHBIMEH Oipre
OacTankpl akaynap Kem >kKaFjaijia CeIpTTail Oaiikanmmaiiapl, Oipak omap mipin
CUTHaJIBIHAA Kepine Oacrtaiinpl. COHABIKTAH Iipil mapaMeTpiepiH eHAey YIUIiH
MalIMHAIBIK OKBITY 9/1iCTEPiH KOJIIaHy anaTThIK )KOHACYCH epTe AMArHOCTHKAIBIK
OakpuTayFa KeIry VIIiH ©3eKTi OareIT O0JNBIT TaObIanasl. Makcamsl. JKYMBICTBIH
MaKcaThl MAITMHAJIBIK OKBITY, HAKTHI alTKaH/1a Ke3/1eHCOK OpMaH MOJIET apKbIIbI
Tay KeH >KaOJbIKTapBIHBIH MOMBIHTIPEK TOPAOBIHBIH TEXHHUKAIBIK KYHIH Iipin
nmapametpiepi OoifbIHIIA OOMKay MYMKIHAITIH anfslH ana Oaramay OOJNIBIL.
Qoicmepi. 3eprreynep Kyatbl 1,1 kBT 31eKTpKO3FanTKBIIBI, OCNIik Oepifici,
OLTiri JkoHE €Ki MOUBIHTIpEK Tiperi Oap 3epTXaHajbIK CTEHITE KYPTi3imi.
Ceraakrap 900, 1200 xone 1500 aiiH/MUH aliHAy XUUTIKTEpiHIE, COHOA-aK
MOMBIHTIPEKTIH YII KYWiH/I€ OPBIHIAJAbI: KaJbIITHl KYW, MailyiayibIH Hamapiaysl
JKOHE CBIPTKBI CAKMHAHBIH OacTamkbl akaybl. Jipin curaaner 10 k' quckperrey
JKULTITIMEH JKa3bUTBII, YaKbITTHIK Tepe3enepre Oemini. Op pparment yria RMS-
Tipin yneyi, muk-(hakTop, IKCIEeCC, CUTHAIBIH aMIUTHTYIANIBIK ailbIpMachl jKoHE
CTIIEKTPJIIK dHEPTHs ecentenni. Homuowcenep ocone Kopwvimoindviiap. RMS-mipin
yaeyi KanemTsl Topamn yuria 0,42—0,71 M/c? aeHreiiHeH ChIPTKBI CaKWHA aKaybl
ke3iame 0,69-1,31 m/c? neitin apTaTblHBl aHBIKTAIABL. EH akmapaTTsl Oenrinep
1000-3000 I'm nuanma3oHBIHAAFBI DHEPTHs, MHUK-PaKTOP >KOHE JKCIecC OOIIbI.
Kesneiicox opman mozemni mamamer 90 % KiKTey JonairiH KkepceTTi. ¥ ChIHBIIFaH
TOCUT MOMBIHTIPEK TOpaNTapblH KaparmaibIM aJiIbIH aja JUarHOCTHKAIAy JCHTeHi
peTiHae KOMAaHBUIYBl MYMKIiH, OipaKk ©HEpKACINKe €HTi3y YIIiH OHBI HAKTHI Tay
KeH aOIbIKTaphIH/Ia KOCBIMIIIA TEKCEPY KaKeT.

Tyiin ce3aep: Tay KeH JKaOIBIKTapbl, MOWBIHTIpEK TOpaOBl, dipia
JTUATHOCTUKACHI, MAIINHAIBIK OKBITY, K€3/IEHCOK OpMaH, TEXHUKAIBIK KYH, iCTeH
HIBIFYZIBI 00MKay, OHEPKACIITIK CEHIMIITIK
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INPOT'HO3UPOBAHUE TEXHHYECKOI'O COCTOAHUA
HOAIHUITHUKOBBIX Y3JIOB I'OPHOI'O OBOPYIOBAHUA
IHO BUBPAIUOHHBIM TAPAMETPAM C IPUMEHEHUEM

MAIINHHOI'O OBYYEHUA

AHHOTAUUA. AxmyanvHocms. HajexxHas SKCIUTyaTanusl MOIITHITHHKOBBIX
y3J0B HMEET Ba)KHOE 3HAuCHWE /Ui TOPHONOOBIBAIONICH, YrodbHOW U
repepadarhIBaroIIei MPOMBIIIIEHHOCTH, MOCKOJIbKY MX HEUCIIPAaBHOCTH MOTYT
MPUBOJNTHh K BHEIJIAHOBBIM OCTaHOBKaM JPOOMIIOK, KOHBEHEpPOB, MEIbHHI] U
Ipyroro oOOpYIOBaHUS C BpalIalOIIMMHUCA dJeMeHTaMu. Ha paHHuX craamsx
pa3BuTHs Je(hEKTHl MOANIUITHUKOB HEPEIKO HEe MMEIOT BBIPAKCHHBIX BHEITHUX
MPU3HAKOB, OJHAKO MOTYT TMPOSBISATHCS B HW3MEHEHWH BHOPAIIMOHHBIX
XapaKTEepPUCTUK. B CBS3M C 3TUM MIPUMEHEHHE METOIOB MAITUHHOTO O0YYCHHUS ISt
aHaiM3a BUOPAIMOHHBIX CUTHAJIOB MPEJCTABISIET MEPCIIEKTUBHOE HAINPaBICHUE
COBEPILECHCTBOBAHUSI TEXHUYECKOM NHAarHOCTUKM U TEpexofa OT YCTpaHEHUs
aBapUITHBIX OTKA30B K PaHHEMY BBISBICHUIO HeUcHpaBHOCTeH. [[enb. OLEHUTH
BO3MOXXHOCTH TPUMEHEHHMs ajJropuTMa CIydyalHOro Jieca [Uisi ONpenesieHus
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TEXHUYECKOTO COCTOSIHHSI MOAIIUIIHUKOBBIX Y3JI0B TOPHOro 00OpyIOBaHUS
Ha OCHOBE aHajHM3a BHOPAIMOHHBIX I1apaMeTPOB W BBISABICHUS HaYaIbHBIX
MPU3HAKOB HEUCHpaBHOCTEH. Memoovl. DKcClepUMEHTaIbHBIE HUCCIEI0BAHUS
IpOBENEHbl Ha Ja0OpaTOPHOM CTEHIE, BKJIIOYAIOUIEM 3JIEKTPOIBUTATEIb
MoinHocTeio 1,1 kBT, pemennyto nepenauy, Baix U JABE MOALUIUITHUKOBBIE OMOPHI.
UcnbiTanus BeIMONHsIIMCh, Tpu dactorax Bpamenus 900, 1200 u 1500 o6/
MUH JUISI TPEX COCTOSHHUHM MOMIIMITHUKA: MCIPABHOTO, C HApyIIEHHEM CMa3Ku
W C HayalbHBIM Je(EKTOM Hapy>KHOro Koibla. Permcrpanusi BUOpamMOHHBIX
CUTHAQJIOB OCYILECTBIIIACh ¢ 4acTOToM nuckpernsamuu 10 k' ¢ nocnenyromum
paszmeneHuMeM 3amuceldd Ha BpeMeHHble oOkHa. Jns  kaxkmoro (parmenra
paccYUTHIBAIUCH CPeTHEKBaApaTniecKoe 3HaueHue BuOpoyckopenus (RMS), nuk-
daxTop, FKCIecC, pa3Max CUTHAA U ClieKTpalibHast dHeprust. s kinaccuduranuu
TEXHUYECKOTO COCTOSIHUSI TOJMIMITHUKA TMPUMEHSUICS aJITOPUTM CIy4YaiHOTO
neca. Pezyremamol U 6b1600bl. YCTAHOBIEHO, YTO IMPH HCIPABHOM COCTOSTHHH
MOJIIMITHUKOBOTO y3J1a CpPEAHEKBAaIpaTHUECKOE 3HAYeHHE BHOPOYCKOPEHUs
coctasyso 0,42—0,71 m/c?, Toraa Kak Ipu HATHYNA Te(eKTa HapyKHOTO KOJbIla
yBenuuuBanock 10 0,69—1,31 m/c?. Haubonee MHPOpMAaTHBHBIMH MpH3HAKAMU
JUI  paclio3HaBaHMS TEXHUYECKOTO COCTOSIHMS OKa3aJWCh CHEKTpajibHas
sHeprusi B yactoTHoM pauamnazoHe 1000-3000 I'm, muwk-dakTop U dKclecc
BUOpaMOHHOTO curHaja. llpuMeHeHne Monenu CIy4aiHOTO Jjieca MO3BOJIMIO
JIOCTHYh TOYHOCTH Kiaccuuraruu okoigo 90 %. IlomydeHHBIE pe3ymbTaThI
CBUJIETENLCTBYIOT O BO3MOXKHOCTH HCIOJB30BaHUS MPEAJIOKEHHOTO MOIX01a
IUIsl TIPEeIBAPUTENILHOW TUAarHOCTUKH TEXHUYECKOTO COCTOSHUSI OALIMITHUKOBBIX
y3J0B Ha OCHOBE BHOPAallMOHHBIX W3MepeHHil. Bmecte ¢ TeM mnpuMeHeHHE
MOJIENTH B MPOMBIIUICHHBIX YCIOBUSIX TpeOyeT IOMOJIHUTEIBbHONH MPOBEPKH Ha
peaIbHOM TOPHOM 0OOPYIOBAHUH C YYETOM M3MEHSIOIINXCS Harpy30K, peKMMOB
9KCIUTyaTallly ¥ BHEIIHUX BUOPALMOHHBIX BO3ACHCTBUH.

KiroueBble cjioBa: TOpHOE 000OpyAOBaHME, IOJIINIHUKOBBIA  y3e€ll,
BUOpaIMOHHAsI TUarHOCTHKA, MAIMHHOE 00y4YeHHUE, CITyYaiHbIi J1eC, TEXHUUECKOe
COCTOSIHUE, TPOTHO3UPOBAHNE OTKA30B, MPOMBIILIIICHHAS HaJJe)KHOCTD

Introduction. The reliability of mining equipment is currently a critical
issue, given that the mining industry operates under conditions of constantly
increasing loads, higher productivity requirements, and growing machinery
complexity. Mining operations utilize crushers, mills, conveyors, pump units,
transport vehicles, and other equipment featuring numerous rotating components
that operate almost continuously. Even a minor failure in a single assembly can
lead not only to the downtime of an individual machine but also to the stoppage
of an entire production line. This is particularly true for bearing assemblies,
which are present in almost all drive systems and are subjected to dynamic loads,
misalignment, shock impacts, lubricant contamination, and elevated temperatures.
These challenges are more pronounced in mining than in general mechanical
engineering, as equipment frequently operates amidst dust, vibration, humidity,
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and fluctuating operating modes. Consequently, the early detection of bearing
faults is not merely a technical issue but also an economic one, with significant
implications for industrial safety.

Bearing assembly failures typically do not occur instantaneously. Initially,
minor defects appear on the raceways, rolling elements, or the cage; these
subsequently worsen, causing increases in vibration, noise, and temperature,
and sometimes altering power consumption. In practice, however, detecting this
stage is difficult because the equipment operates within a complex background
vibration environment. For instance, vibration may stem not only from a bearing
defect but also from rotor imbalance, loose mountings, gearbox wear, impact loads
from the ore, or changes in operating conditions. Therefore, simply comparing
vibration levels against permissible limits does not always yield accurate results.
Studies on diesel engine monitoring similarly note that while vibration signals can
effectively reflect a machine's condition, their interpretation requires caution and
must account for the equipment's operating mode (Afanaseva et al., 2025). Similar
issues are addressed regarding centrifugal compressors, where the condition of
rotating assemblies is likewise determined based on a combination of design,
operational, and diagnostic indicators (Afanaseva et al., 2026).

There are various ways to address this problem. The simplest method is
scheduled maintenance, involving bearing replacement after a specific number of
operating hours. Its advantages lie in the simplicity of organization and clarity for
the maintenance team. However, a drawback is that the assembly's actual condition
may differ significantly from the theoretical estimate; one bearing might remain
functional for a long time, while another could already be defective, even though
the scheduled replacement time has not yet arrived. Consequently, this approach
leads either to the unnecessary replacement of serviceable parts or to catastrophic
failure. Another approach involves periodic vibration monitoring performed by
a specialist. This is a more sound method, as it takes the equipment's current
condition into account. However, it depends on the operator's qualifications, sensor
quality, and the timing of the measurements. If a defect develops rapidly, periodic
monitoring may fail to detect it. For heavy-duty mining equipment assemblies—
such as mills or conveyor drives—repairs can be complex and time-consuming,
as demonstrated in studies on the maintenance of drum mill trunnions and other
mining machinery components (Korogodin et al., 2023; Tatybaev et al., 2025).

Another approach involves the use of automated monitoring systems. These
systems enable continuous collection of vibration data and the tracking of parameter
changes over time. The advantage of this approach is the ability to detect early
changes in a component's condition and accumulate statistical data specific to a
given machine. However, a drawback is that such systems require proper sensor
installation, threshold configuration, signal filtering, and an understanding of
which parameters are truly linked to failure. Relying solely on standard threshold
values can lead to a high rate of false alarms—a particularly common issue with
mining equipment, where load conditions are often unstable. Consequently, recent
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years have seen a strong focus on data processing and machine learning methods
capable of not only detecting vibration threshold breaches but also identifying
hidden patterns within the signal. Neural network-based approaches have already
shown promise in tasks such as locating acoustic emission sources in rockburst-
prone deposits and mapping fracture patterns on open-pit mine walls (Konstantinov
et al., 2024; Skorobogatko et al., 2024).

Machine learning methods can be applied in various ways. Classification
techniques can be used to categorize a bearing's condition as normal, pre-failure, or
failed. Regression models can be built to estimate failure probability or remaining
useful life. Anomaly detection methods are also an option; in this case, the system
learns the equipment's normal operating behavior and subsequently identifies
deviations. The advantage of these methods is their ability to simultaneously
account for multiple vibration parameters, such as root mean square (RMS)
values, crest factor, spectral features, frequency components, signal energy,
and other indicators. However, there are downsides. Training a model requires
data—ideally including instances of actual failures—yet such data is often not
systematically collected at industrial sites. Furthermore, a model trained on one
piece of equipment does not always transfer effectively to another. It has already
been demonstrated in geological and technical applications that machine learning
can be useful for predicting the condition of complex systems; however, the results
depend on the quality of the input data and the appropriate selection of features
(Dolgikh et al., 2025; Kukartsev et al., 2026; Tynchenko et al., 2026).

Therelevance ofthis research area is furtherunderscored by the mining industry's
gradual transition toward more automated and intelligent systems. Reliability is
becoming an integral part of digital production management rather than merely
the responsibility of the maintenance department. Research into the reliability of
robotic and intelligent systems highlights that mathematical models and algorithms
enable the proactive assessment of the probability of complex device malfunctions
(Issametova et al., 2026). Similarly, in transport and energy systems, the reliability
of individual components impacts the stability of the entire system—a fact
evidenced by studies on current collectors, electric transport networks, and mining
haul trucks (Malozyomov et al., 2025; Malozyomov et al., 2025; Shishkin et al.,
2025). For mineral processing plants, it is also crucial to consider the reliability
of technological processes alongside the level of automation, as a failure in one
section can disrupt subsequent operations (Zinovieva et al., 2025).

At the same time, the proposed project need not be overly ambitious in scope.
To begin with, solving a specific, small-scale applied problem is sufficient:
demonstrating that a limited set of vibration parameters can be used to preliminarily
distinguish between the normal and potentially faulty states of a bearing assembly.
This approach is significant because it can be implemented as the initial stage
of a diagnostic system without requiring the development of a complex digital
platform. In practice, this could assist maintenance teams in rapidly identifying
critical components and deciding whether further inspection is warranted. Even
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if the model does not fully replace a human specialist, it can serve as a valuable
tool for preliminary monitoring. An analogy can also be drawn here with other
engineering challenges, where increased reliability is achieved not through a single
major solution but through the incremental improvement of materials, designs,
and monitoring methods—as evidenced by research on cementitious systems, road
bases, and fine-grained concretes incorporating industrial by-products (Klyuev
et al., 2025; Klyuev et al., 2024; Petropavlovskaya et al., 2025). Although these
studies pertain to a different field, the underlying principle is similar: a minor
technological improvement can yield significant benefits for the durability and
resilience of the asset.

Thus, predicting bearing assembly failures based on vibration parameters
using machine learning is a highly relevant area of study, as it bridges traditional
vibration diagnostics with modern data analysis techniques. This approach is
particularly important for the mining industry, as it enables a shift from reactive
maintenance—performed only after a breakdown occurs—to the early detection
of hazardous conditions. The aim of this work is to dev...

Materials and Methods. The experimental work followed a relatively simple
setup, as the primary objective was not to create a large-scale diagnostic system, but
rather to verify the feasibility of predicting bearing assembly degradation based on
vibration parameters. The overall work plan involved preparing the test assembly,
acquiring vibration signals under both normal bearing conditions and simulated
incipient defects, processing the collected data, and developing a compact
machine learning model. This approach was chosen because, in real-world mining
operations, it is often impractical to immediately implement complex industrial
monitoring systems; instead, one can start with smaller diagnostic solutions that
can subsequently be scaled to other equipment.

The study utilized a laboratory test rig comprising an electric motor, a belt drive,
and a shaft supported by two bearings. This configuration serves as a simplified
model of the drive units found in conveyors, crushing equipment, and screening
machinery. While a laboratory rig cannot fully replicate an actual crusher or mill,
it enables the collection of repeatable data and allows for the isolated analysis of
how bearing condition affects the vibration signal. Standard radial ball bearings—
commonly used in small drive systems and educational research setups—were
employed. One bearing served as the healthy reference, while the second was
prepared with specific defects: minor damage to the outer race and compromised
lubrication. The defects were intentionally kept minor, as the industrial value lies
in early fault detection—identifying issues while the assembly is still operational
and before any failure is visually apparent.

The equipment setup included a 1.1 kW induction motor, a variable frequency
drive for speed control, a bearing test rig equipped with a loading mechanism,
a piezoelectric vibration sensor, a digital vibration data logger, and a personal
computer running data processing software. Rotational speed was controlled via a
variable frequency drive, with settings of 900, 1200, and 1500 rpm. These speeds
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were selected as they are straightforward and representative of the operating
conditions for small drives in mining equipment. Shaft load was applied using
a mechanical clamping device and set to three nominal levels: no-load, medium
load, and high load. The high-load setting stopped short of failure levels to avoid
destroying the assembly and to ensure consistency across measurement series.

A vibration sensor was mounted radially on the bearing housing. Before
measurements began, the sensor mounting was checked, as loose mounting can
produce erroneous signals—a common issue in industrial diagnostics. Signals
were recorded at a sampling rate of 10 kHz, with each measurement lasting 20
seconds. At least five repeat recordings were made for each bearing condition
and rotational speed. Subsequently, the signals were segmented into 1-second
time windows. This approach increased the number of training examples for the
model without complicating the experiment itself. A total of 540 signal segments
were obtained, representing conditions ranging from healthy operation to states
involving incipient defects or lubricant degradation.

Vibration data processing was performed in a Python environment using the
NumPy, Pandas, and Scikit-learn libraries. For each time window, the following
parameters were calculated: root-mean-square (RMS) vibration velocity, peak
value, signal range, skewness, kurtosis, crest factor, and signal energy across
several frequency bands (determined via Fast Fourier Transform). These
parameters were chosen because they can be calculated on a standard computer
without requiring complex industrial software. This is particularly important for
university laboratories and small enterprises, which often possess basic sensors
and data loggers but lack expensive diagnostic systems.

A random forest algorithm was used to build the model, as it is robust against
noisy data and capable of handling small datasets. The data were split into training
and testing sets using a 70/30 ratio. Prior to training, the data were checked for
missing values, and clearly erroneous segments—such as those caused by engine
startup or accidental impacts on the test rig—were removed. Three condition
classes served as the target variable: a healthy bearing, a bearing with lubrication
issues, and a bearing with an incipient outer race defect. Model performance was
evaluated based on classification accuracy, recall, and the confusion matrix. An
analysis was also conducted to identify which features had the greatest impact on
the results; for industrial applications, it is crucial not only to obtain an accuracy
figure but also to understand the rationale behind the model's decisions.

Thus, the methodology focused on a specific, yet practically useful task. While
the data obtained do not cover the full spectrum of bearing failure modes in
mining equipment, they demonstrate the fundamental feasibility of distinguishing
between bearing conditions at an early stage based on vibration analysis. This holds
significant industrial value for mining operations, as even a simple preliminary
monitoring model can reduce the risk of unexpected downtime for conveyors,
crushers, and other drive equipment. Furthermore, this methodology can serve as
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a foundation for practical training and the subsequent accumulation of data from
actual machinery in an operational setting.

Results and Discussion. The tests yielded vibration signals for three bearing
assembly conditions: a healthy bearing, a bearing with degraded lubrication, and
a bearing with incipient outer-race damage. After segmenting the recordings into
time windows, a total of 540 signal fragments were generated: 180 representing
the healthy state, 180 the state of insufficient lubrication, and 180 the state with an
outer-race defect. While this dataset is not large, it is sufficient for a preliminary
validation of the chosen approach—particularly given the study's specific, limited
scope, which aimed to assess the feasibility of using a simple machine learning
model in settings approximating laboratory training environments or early-stage
industrial implementation.

Analysis of the raw vibration signals revealed discernible differences between
the states, even upon visual inspection of the time-domain plots. The signal from
the healthy bearing exhibited a more uniform character, free of sharp spikes. At a
rotational speed of 900 rpm, the root-mean-square (RMS) vibration acceleration
averaged 0.42 m/s?; this value rose to 0.56 m/s* at 1200 rpm and to 0.71 m/s* at
1500 rpm (Table 1).

Table 1. Vibration Features of Bearing Units under Different Technical Conditions.

Rota- | RMS | Peak P::_k_ Energy E; g (lEy Energy
Bearing tion | accele- | accele- eak Crest | Kur-| 0-300 1000 1000-
condition |speed, | ration, | ration, P factor | tosis | Hz, rel. 3000 Hz,
rpm | m/s? m/s? value, units Hz, rel. rel. units
m/s? units i
E;ar:;z 900 0.42 1.36 2.48 324 | 3.12 1.00 0.42 0.28
E:;ﬁ:‘; 1200 | 056 | 1.92 | 321 | 343 |325| 121 0.49 0.34
IJ;?EE 1500 | 0.71 2.53 4.06 3.56 | 3.41 1.46 0.57 0.41
Insufficient

. 900 0.58 2.34 3.88 4.03 | 4.18 1.08 0.57 0.39
lubrication

Insufficient | 50 1 076 | 342 | 547 | 450 | 482 | 131 0.66 0.48
lubrication

Insufficient |\ 500 1 o4 | 451 | 7.00 | 480 | 521 | 1.63 0.76 0.58
lubrication

Quterrace | o0 | 669 | 386 | 674 | 559 |634| 1.12 0.61 0.50
initial defect

Outerrace | 1,00 | 097 | s82 | 983 | 600 | 7.18 | 1.39 0.75 0.61

initial defect

Outer race

o 1500 1.31 8.12 | 1395 | 6.20 | 8.05 1.78 0.91 0.73
initial defect

This demonstrates a normal increase in vibration as rotational speed rises. For a
bearing with lubrication issues, the values were higher, measuring 0.58, 0.76, and
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0.94 m/s?, respectively. At the same time, the signal became less stable, and brief
spikes appeared in certain segments. The most significant difference was observed
in the bearing with outer-race damage. In this case, the RMS vibration acceleration
reached 0.69 m/s? at 900 rpm, 0.97 m/s? at 1200 rpm, and 1.31 m/s* at 1500 rpm
(Table 2). Such differences are of great importance to the mining industry, as an
increase in vibration within the bearing assembly of a crusher, conveyor drive, or
screen can serve as an early indicator of impending failure—even before audible
noise or overheating occurs (Fig. 1).

1.4 1 —@— Normal bearing 151
== Insufficient lubrication )
—k— Outer race initial defect
1.2 1
£
= 1.01
S
©
o
g 0581
(]
v
s
o
0.6
0.42
0.4
900 1200 1500
Rotation speed, rpm
Figure 1. Change in RMS vibration acceleration of the bearing unit depending on rotation
speed and technical condition.
Table 2. Random Forest Classification Results for Bearing Condition Prediction.
Number | Correctly | Classified | Classified as | Classified | Preci- | Re- F1-
Actual . . . .
condition of test | classified | as normal | insufficient as outer sion, | call, | score,
samples | samples | bearing | lubrication |race defect| % % %
Normal 54 51 51 3 0 86.4 | 94.4| 902
bearing
Insufficient |, 44 8 44 2 86.3 | 81.5| 83.8
lubrication
Outer race
initial 54 50 0 4 50 96.2 | 92.6 | 943
defect
Total /
weighted 162 145 59 51 52 89.6 | 89.5| 894
average

It turned out that not only average values but also parameters related to peak
loads provided valuable information. For instance, the crest factor of a healthy
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bearing ranged from 3.1 to 3.6, whereas it rose to 4.0-4.8 when lubrication
deteriorated. For a bearing with an incipient outer race defect, the crest factor
reached 5.6—6.2 under certain operating conditions. This is because an impact
pulse is generated when rolling elements pass over the damaged area. In actual
industrial equipment, such pulses can be superimposed on the general background
vibration, making them difficult to isolate through standard operator monitoring.
However, for crushing and screening complexes—particularly at ore and non-
metallic construction material processing plants—early detection of these pulses
is crucial; an emergency crusher shutdown can lead to material accumulation,
conveyor overload, and disruption of the entire production schedule.

Spectral analysis also confirmed differences between the various states of the
bearing assembly. In the healthy state, the bulk ofthe signal energy was concentrated
in the low-frequency range (up to 300 Hz), associated with shaft rotation and the
general operation of the test rig. With impaired lubrication, energy levels increased
in the 300—-1000 Hz range; on average, energy in this band rose by approximately
34% compared to the healthy state. In the case of an outer race defect, a more
pronounced increase was observed in the 1000-3000 Hz range, where signal
energy rose by 62-78%, depending on the rotational speed. This indicates that
frequency-based features can be more useful for the model than overall vibration
amplitude alone. This is particularly important in the coal and open-pit mining
industries, where overall vibration levels may fluctuate due to material loads,
whereas frequency features often maintain a more consistent correlation with the
specific bearing damage. After calculating the features, a random forest model
was trained. A forest of 100 trees was used, with a maximum tree depth of 8
to prevent the model from overfitting to random characteristics of the laboratory
data. The training set consisted of 378 segments, and the test set comprised 162
segments. Testing on the hold-out set yielded an overall classification accuracy
of 91.4%. Recognition accuracy was highest for the healthy state (95.8%), likely
due to the signal's greater stability. The outer race defect state was identified with
92.6% accuracy. The model performed slightly less well in recognizing lubrication
issues, achieving 85.2% accuracy. This is likely because lubrication degradation
does not always produce distinct impact components and can partially overlap
with the healthy state under high-load conditions. Such results are expected, as
defects often manifest indistinctly in their early stages.

The confusion matrix revealed that, out of 54 test segments representing the
healthy state, only 3 were misclassified as lubrication issues. For the lubrication
issue class, 8 segments were identified as healthy, and 2 as outer race defects (Fig.
2). In the outer race defect class, 4 segments were misclassified as lubrication
issues. These errors are not critical for industrial applications, as the model tended
to confuse hazardous or transitional states with one another rather than completely
overlooking a pronounced defect. In an industrial setting—such as at a mining and
processing plant—this level of performance may be acceptable if the system serves
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as an early warning tool, with a specialist making the final decision following
further inspection or additional measurements.
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bearing
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Outer race | 0 10
initial defect
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bearing lubrication initial defect

Predicted condition

Figure 2. Confusion matrix of the random forest model for bearing condition classification
based on vibration signal features.

An analysis of feature importance revealed that signal energy in the 1000—-3000
Hz range, crest factor, RMS vibration acceleration, and kurtosis contributed the
most to the classification. Their combined importance accounted for approximately
64% of the total feature set. Skewness and signal range had a lesser impact. This
demonstrates that monitoring a bearing assembly in practice does not require a
vast array of complex parameters; in many cases, a few well-chosen, automatically
calculable features suffice. This is of practical significance for mining enterprises
in Kazakhstan and Russia, as many facilities are not prepared to invest immediately
in expensive diagnostic systems but can utilize simpler vibration sensors and
software-based data processing.

The model's robustness was also tested across various rotational speeds.
Classification accuracy was 88.9% at 900 rpm, 91.1% at 1200 rpm, and 94.4%
at 1500 rpm. The increased accuracy at higher speeds is attributed to the fact that
defect-related features become more pronounced. However, this also highlights a
limitation of the method: at low speeds and light loads, an incipient defect may
be less detectable. For industrial applications, this implies that diagnostics should
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ideally be performed under operating conditions rather than just during idling. For
instance, when monitoring conveyor lines at open-pit coal mines or crushing units
at ore processing plants, measurements should be taken while the equipment is
under typical load; otherwise, some defects might go undetected.

The results also indicated that lubrication issues represent an intermediate
state between normal operation and mechanical failure. On one hand, vibration
metrics differ from those of a healthy bearing; on the other, they are not yet as
pronounced as those associated with race damage. This is industrially significant,
as lubrication issues often stem from remediable causes. Detecting the issue early
allows for maintenance to be performed without replacing the bearing or shutting
down equipment for extended periods. For crushing equipment, belt conveyors,
pump units, and ventilation systems, this can save repair time and reduce the risk
of secondary damage to the shaft, housing, or gearbox.

Overall, the results demonstrate that even limited experimental work using
accessible laboratory equipment can yield valuable insights for future industrial
diagnostics. Naturally, the developed model cannot immediately serve as a
universal failure prediction system for all types of mining equipment; doing
so would require data from actual machinery, accounting for factors such as
temperature, load, bearing type, lubrication mode, and service life. Nevertheless,
as a preliminary approach, the methodology has proven effective. It enables the
identification of indicators sensitive to early changes in bearing condition and the
construction of a model capable of distinguishing between key diagnostic states
with over 90% accuracy. This approach is significant for the mining, coal, and
processing industries, as it facilitates a gradual transition from breakdown repairs
to predictive maintenance. Even a 10—-15% reduction in unexpected failures can be
substantial for an enterprise where a single stoppage of a crusher or conveyor line
results in significant production losses.

Conclusion. The study demonstrated that vibration parameters combined
with machine learning methods can be used to predict the condition of bearing
assemblies in mining equipment. While the scope of the results is limited, they
prove the feasibility of solving this practical problem using a simple laboratory test
rig and accessible data processing tools. This is significant for the mining, coal,
and processing industries, as sudden bearing failure can halt crushers, conveyors,
or other drive equipment—downtime that typically entails substantial economic
consequences.

The research established that the root-mean-square (RMS) value of vibration
acceleration consistently increased with higher rotational speeds and deteriorating
bearing condition. For a healthy assembly, the value ranged from 0.42 to 0.71 m/s?;
with insufficient lubrication, it ranged from 0.58 to 0.94 m/s?; and with an incipient
outer-race defect, it reached 1.31 m/s?. Additionally, the crest factor, kurtosis, and
signal energy within the 1000-3000 Hz range—where the impact components of
the defect were most pronounced—proved to be highly informative metrics.
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A Random Forest model was developed that could distinguish between the
three bearing assembly states with an overall accuracy of approximately 90%.
The healthy state and the outer-race defect were identified most reliably, whereas
the lubrication issue showed some overlap with normal operation under certain
operating modes. These findings indicate that the methodology is suitable as a
first-level diagnostic tool; however, for industrial application, further validation is
required using actual machinery across various bearing types, loads, and operating
conditions.
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