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Abstract

The Kargoba mineral occurrence in East Kazakhstan covers an area of 25.5 km? and is characterized by
rugged mountainous terrain at elevations of 800-1,013 m above sea level. This study presents a metho-
dology for high-resolution unmanned aerial vehicle (UAV)-based aeromagnetic surveying aimed at tar-
geting copper-molybdenum mineralization. The study sought to identify geophysical targeting criteria
and refine the boundaries of prospective zones. The survey was conducted using a DJI Matrice 300 RTK
quadcopter equipped with a Geoshark MG30GM quantum magnetometer. Magnetic-field interpretation
included derivative-based transforms, namely the tilt derivative (TDR), first vertical derivative (VDR),
and total horizontal derivative (THDR), as well as three-dimensional modeling of magnetic sources. Six
anomalous zones were delineated. Zone A-2 was identified as the highest-priority exploration target,
exhibiting an anomaly amplitude of up to 500 nT and a spatial association with a granodiorite intrusion.
The following criteria were established for targeting porphyry mineralization: anomaly amplitudes of
200-500 nT, horizontal gradients exceeding 3 nT/m, anomaly strike lengths of 0.5-2 km, spatial asso-
ciation of positive and negative magnetic anomalies, and spatial correlation with hydrothermal alte-
ration zones. Comparison of the identified anomalies with published data from the Lavrion district
in Greece supported the applicability of the selected approach. A key diagnostic feature is the spatial
association of anomalies of opposite polarity, reflecting the structural and geological controls on mi-
neralization. The high spatial resolution of the aeromagnetic survey at Kargoba enables more precise
delineation of prospective mineralized zones and more effective positioning of exploration drillholes.
The use of a UAV considerably facilitates and accelerates surveying in rugged and inaccessible terrain.
Compared with conventional ground surveys and crewed airborne surveys, it reduces survey time and
costs while maintaining high data quality. The proposed approach therefore offers a cost-effective,
lower-risk means of targeting concealed mineralized bodies and extends the capabilities of mineral
exploration in remote regions.

Keywords
porphyry mineralization, mineral exploration, exploration targeting, copper-molybdenum occurrence,
magnetic anomaly, aeromagnetic survey, unmanned aerial vehicles (UAVs), East Kazakhstan
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FEOJ1I0rUA MECTOPOXXAEHWUIM NOJIE3HbIX UCKOMAEMbIX

Hay4Hasa cTaTbs

A3pomMmarHuTHas pa3eepKa C NPpMMeHeHUeM
6ecnunoTHOro ieTaTeNibHOro annapara npy NPOrHo3UpPoBaHNK
MeaHO-MonnéaeHoBoro pypaonposeneHusa Kapro6a

I.B. Opas6ekoBa!’ , 1.E. Marari6aeBa? , H.A. 3umaHoOBCKas?> X,
A.A. Parmanosa?(, A.C. CapcembaeBa’

! Yuueepcumem Illakapuma, 2. Cemeti, Pecnyonuxa Kazaxcmat

2 BocmouHo-Kasaxcmauckuti mexHuueckuti yHusepcumem umenu 1. Cepukbaesa,
2. Ycmo-KameHozopck, Pecnybnuka Kazaxcman

Dl nzimanovskaya@edu.ektu.kz

AHHOTauUusA

VYuactok pymomnposiBienusi Kapro6a (Boctounbiii KazaxcraH) miomanbio 25,5 KM? XapakTepusyeTcs
CUJIBHO PacwIeHEHHBIM TOPHBIM pernbedom ¢ abcomorTHbiMy oTMeTkamu 800-1013 m. B pabore mpe-
CTaBJieHa METOJMKa BbICOKOMETAJbHOM a3pOMAarHUTHON ChEMKM C MCIIOJIb30BaHMEM OECIUIOTHOTO
JIeTaTeJIbHOTO ammapara Ajisi TPporHo3a MegHO-MOIMOIeHOBOTO opymeHeHus. Llenbs uccienoBaHus —
BbISIBJIEHME Teo(DU3NUYeCKuX KPUTEPUEB PYMOKOHTDPOJIS M YTOUYHEHME TPaHMUI] MEpPCIEeKTUBHBIX 30H.
CpéMKa BhIIONMHSIACh KBagpokonTepom DJI Matrice 300 RTK ¢ kBaHTOBBbIM MarHuToMmeTpoMm Geoshark
MG30GM, nposenena 3D-uHTepnpeTanusi MarHUTHOTO IIOJSI C IIPMMEHEHMEM IIPOU3BOLHBIX TPAaHC-
dopmant (TDR, VDR, THDR). B pe3ynbraTe BbIfie/IeHO 1I€CTh aHOMaJIbHBIX 30H, U3 KOTOPBIX Haubosee
MEePCIIeKTUBHOM sIBJsgeTcs 30Ha A2 ¢ aMrummTtymoii ;o 500 HTJI U IpOCTPaHCTBEHHOJ CBSI3bIO C IPaHO-
IVOPUTOBOI MHTPY3Meii. YTOUHEHbI KPUTEPUM TPOTHO3UPOBAHMS TOPMUPOBOTO OPYAEHEHMS: aMILIN-
tyma 200-500 HTJI, TOpM30HTAIbHBIE TPAAVEHTHI CBbINIE 3 HTJI/M, IMPOTSSKEHHOCTh aHOMAIBHBIX 30H
0,5-2 KM, CONPSKEHHOCTD MOJIOKUTENBHBIX U OTPULATEbHBIX aHOMAJIUIL U UX KOPPEJSIUS C 30Ha-
MM TUIPOTEPMaJIbHbIX M3MeHeHUii. CpaBHeHVE BbISIBJIEHHBIX aHOMAaJIMIi C JAHHBIMU 3apyOEsKHBIX UC-
wiemoBaHuMii paiiona Jlapuon ([penst) MOATBEPAWIIO MPABUIBHOCTL BIOPAHHOTO MeToa. KiroueBoii
0CO6EHHOCTBIO 3[IeCh BBICTYIIAeT COUeTaHMe Pa3HO3HAKOBBIX aHOMAaINi, KOTOPOE OTpaxaeT CTPYKTYp-
HO-TeO0JIOTMYeCKMe 0COOeHHOCTY KOHTPOJISI OpyeHeHMsl. BbIcOKoe pa3pelieHne MarHUTHOM CbEMKM Ha
yuactke Kapro6a mo3BoJiseT TOYHO JIOKQJIM30BaTh PYAHbIE 30HBI ¥ ONTUMMU3UPOBATH PACIIONOXKEHNE
pasBemoYHbIX CKBaXKNH. [IpyMeHeHne BITJIA 3HauMTeNbHO YIIPOIIAET U YCKOpsieT o6cieqoBaHue TPy -
HOJOCTYITHOTO TOPHOTO paiioHa: COKPAIalOTCS CPOKY BBITIOTHEHUS MarHUTHOM ChbEMKU U CHUXKAETCS
€€ CTOMMOCTb 10 CPAaBHEHMIO C TPAAMUIMOHHBIMYM Ha3€eMHBIMY MapLIpyTaMy U MWIOTUPYEMOT aBUaLy-
eif, Ipu 3TOM 0OecIeunBaeTcsl COMOCTaBMMOe Win 6ojiee BICOKOE KauecTBO JaHHBIX. Takum o6pa3om,
penJI0KeHHbIN MOAX0/, M03BOJISIET PELIaTh 3a4a4y IOMCKOB CKPBITBIX PYAHBIX TeJl C MEHBILIMMU 3aTpa-
TaMM ¥ PUCKaMM, paclIMpsIsi BOSMOXKHOCTY Te0JI0TOpa3BefKy B YAATEHHBIX pajiOHax.

KnioueBble cnoBa

nopdupoBoe MeCTOpOKAeHNEe, Te0I0rOpa3BenKa, IPOrHO3MPOBaHMe PYIHbBIX Tel, MeIHO-MOAM6aeHoBoe
PYIOTIPOSIBIIEHVe, MATHUTHASI aHOMAJIVSI, a9POMAarHUTHAS CheMKa, 6eCITUIOTHbBIE JIeTaTeTbHbIE aTapaThl
(BIUTA), Boctounsliit Kasaxcran

duHaHcupoBaHue

CraTbs BBITIOJIHEHA B pAMKax IPaHTOBOTO GDMHAHCUPOBAHMS TI0O HAYYHBIM U (MJIM) HAYYHO-TEXHNIECKUM
npoektam Ha 2024-2026 roabl (MMHMUCTEPCTBO HAYKM U BbICIIET0 00pa3oBaHus Pecrry6mmku KaszaxcraH)
N2 AP23484205 «AHamm3 CIIeKTPaIbHbIX XapaKTePUCTUK CITYTHUKOBBIX ¥ HA3€ MHBIX JAHHBIX C I1€JIbI0 JIO-
Ka/IM3anyy MOMCKa peIKOMETA/UIBHOTO Opy/leHeHusT B ipeenax LienTpanbHoit Kamobr».
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Introduction

The effective prediction of concealed orebodies in
remote and inaccessible areas remains an important
challenge in modern mineral exploration [1]. Conven-
tional aeromagnetic surveys conducted using crewed
aircraft have several major limitations, including high
costs, complex logistics, and insufficient spatial resolu-
tion in areas of rugged terrain. These limitations can be
addressed through the use of unmanned aerial vehicles
(UAVs) equipped with high-sensitivity magnetome-
ters [2]. In recent years, this approach has been increa-
singly adopted, substantially improving the accuracy
and spatial resolution of aeromagnetic surveys [3-5].

Despite the clear advantages of UAVs, their use
presents several methodological and technical chal-
lenges, including terrain-following flight-path plan-
ning, electromagnetic interference generated by the
UAV itself, accurate positioning, and maintaining the
specified flight altitude [4]. Furthermore, the inter-
pretation of high-resolution magnetic data requires
algorithms and software capable of identifying and
reliably interpreting anomalies associated with dif-
ferent geological sources [6, 7].

Similar spatial analysis and mineral-resource pre-
diction problems have also been successfully addressed
for other types of mineral resources using computer
modeling. For example, a GIS-based modeling metho-
dology was developed for common non-metallic mine-
rals hosted in the Cenozoic deposits of the Brest Re-
gion. The methodology can be used to predict mineral
deposits and assess their development potential with
due consideration of geological and land-use factors [8].

Alongside advances in geophysical exploration
methods, automated mineralogical analysis tech-
niques are also being actively developed. In particu-
lar, convolutional neural network-based approaches
have been proposed for segmenting ore minerals in
digital images of polished sections, enabling highly
accurate identification of mineral phases [9]. These
developments reflect a broader transition in mineral
exploration toward quantitative, reproducible, and
automated data-processing methods.

Thus, the aim of this study is to develop and test
an integrated methodology combining high-resolution
UAV-based aeromagnetic surveying, advanced data pro-
cessing and interpretation techniques, and the geolo-
gical characteristics of the Kargoba mineral occurrence.

To achieve this aim, the following tasks were ad-
dressed: UAV-based aeromagnetic surveying of the
study area; magnetic data processing and transfor-
mation; construction of a 3D magnetization model
to a depth of 500 m; delineation and classification of
anomalous zones; and identification of priority targets
for further exploration.
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Methodology

Aeromagnetic surveying is based on measuring
variations in the Earth’s magnetic field caused by con-
trasts in the magnetic susceptibility of rocks. Under
potential-field theory, anomaly sources can be repre-
sented by equivalent source bodies in three-dimen-
sional space, enabling filtering and inversion methods
to be used to reconstruct the source structure’.

The method is particularly suitable for areas
characterized by extensive magmatism and ore-re-
lated intrusions, such as the Kargoba area. Porphy-
ry-system models indicate that hydrothermal-meta-
somatic alteration zones near the apices of intrusions
display a marked geophysical contrast with the sur-
rounding rocks and can therefore be effectively de-
lineated by aeromagnetic surveying [10].

UAV-based aeromagnetic surveying was selected
to obtain high-resolution magnetic-field data over
rugged terrain that is difficult to cover using conven-
tional crewed airborne surveys [11].

The use of a quantum magnetometer and mag-
netic-data processing techniques, including reduc-
tion to the pole, the first vertical derivative, the total
horizontal derivative, and the tilt derivative (TDR),
followed procedures previously applied in interna-
tional studies [12-14].

The aeromagnetic data were processed in two
stages. Initial processing and assessment of field-data
quality were performed on site, while final data pro-
cessing was completed after the field survey. Geosoft
Oasis montaj? was used for data processing and rou-
tine quality control.

The contribution of this study is the adaptation
of the established methodology to the mountainous
terrain of East Kazakhstan, modifying an interpre-
tive tomography algorithm used to construct the 3D
model in Voxler to account for the dimensions and
acquisition parameters of the survey block, and es-
tablishing criteria for identifying anomalies consi-
dered prospective for mineralization by comparison
with known deposits of a similar type.

Equipment and survey procedure
A DJI Matrice 300 RTK multirotor UAV served as
the airborne platform for the aeromagnetic survey>.

1 Report on supplementary geological investigations and
inferred resource assessment for map sheets L-44-V, XI, and
XVII (Kazakhstan sector). Kapchagai Geological Exploration
Expedition LLP, Almaty; 2016. Principal investigators: A.V. Du-
binkin, A.K. Akhmatolla, V.V. Podkovyrov et al.

2 Seequent. Oasis montaj. URL: https://www.seequent.
com/products-solutions/oasis-montaj/

5 DJI. Matrice 300 RTK. URL: https://www.dji.com/
support/product/matrice-300
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Fig. 1. Example visualization of aeromagnetic survey database elements for lines L1034 (a) and L1042 (b)

UgCS Pro software* was used for flight planning,
UAV control and monitoring, and the real-time dis-
play of telemetry data transmitted by the UAV.

Magnetic measurements were acquired with
a Geoshark MG30GM rubidium quantum magneto-
meter mounted on the UAV [15].

Initial data processing was performed concur-
rently with data acquisition, on a daily basis after the
field crew returned to the field base. Data from the
airborne magnetometer and the magnetic base sta-
tion were transferred to the processing computer and
imported into Geosoft Oasis montaj databases. The
data were edited by removing the run-in segments
preceding each survey line and the turns between ad-
jacent lines. The completeness and quality of the raw
data were then visually checked, and a preliminary
magnetic-field map was progressively updated as new
data became available.

4

SPH Engineering. UgCS User Manual. URL: https://
manuals.ugcs.com/

For visual quality control of the data acquired
along each survey line, Geosoft Oasis montaj was
used to display profiles of the measured total mag-
netic field (Ta), the International Geomagnetic Refe-
rence Field (IGRF) calculated at the magnetometer
elevation, temporal variations in the geomagnetic
field recorded at the magnetic base station (MVS_RMg),
ground elevation derived from SRTM data, and mag-
netometer elevation (Elev_Mg 27 m). An example of
these database profiles is shown in Fig. 1.

Aeromagnetic survey error was evaluated from dif-
ferences between repeat-line and survey-line measure-
ments and from crossover differences at intersections
between survey lines and tie lines. The results are pre-
sented in Table 1.

Repeat-line measurements covered 14.9 line km,
accounting for 6.2% of the combined length of the sur-
vey and tie lines, compared with the 5% specified in the
technical requirements. Based on the differences be-
tween repeat-line and survey-line measurements, the
estimated error of the Kargoba aeromagnetic survey

110


https://mst.misis.ru/
https://manuals.ugcs.com/
https://manuals.ugcs.com/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ10Nr'MA
2026;11(2):107-121

was £2.99 nT. The maximum permissible error speci-
fied in the technical requirements was =5 nT, increa-
sing to =7 nT in areas of high magnetic-field gradients.
Fig. 2 shows two representative profiles. Line L1036
displays a positive magnetic anomaly with an ampli-
tude of approximately 200 nT, whereas line L1087 dis-
plays a high-amplitude anomaly of up to 500 nT.

Aeromagnetic survey error at crossover points be-
tween tie lines and survey lines was estimated for lo-
cations where the horizontal magnetic-field gradient
was below 50 nT/km using the root-mean-square error
formula:

where §; is the difference between the final AT rea-
dings at the crossover points, nT; n is the number of §
differences.
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Aeromagnetic survey error estimated from repea?l?ifel
measurements

No. Line i diflf\:(:::llce g::actl?;g

length, m T > nT >
1 |L1036:0 1,231 0.24 2.23
2 |L1087.2:0 1,844 2.04 4.53
3 |L1092.2:0 2,122 -0.28 1.00
4 |L1093.2:0 2,236 0.37 0.38
5 |L1101.2:0 1,450 0.27 0.44
6 |L1113:0 1,761 -3.34 5.48
7 |L1122:0 2,145 -0.23 0.94
8 |L1123:0 2,113 0.68 1.52
Total 14,903 0 2.99
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Fig. 2. Comparison of survey-line and repeat-line magnetic-field measurements for two representative profiles: L1036,
showing a positive anomaly of moderate amplitude (a); and L1087, showing a high-amplitude anomaly (b)
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Analysis of the magnetic-field values at 485
crossover points yielded a root-mean-square error of
+3.46 nT.

Following final data processing, the complete
magnetometric database was compiled, and grids of
the anomalous magnetic field and its most informa-
tive transforms were calculated.

Maps of the magnetic field and its most informa-
tive transforms are presented in Figs. 3-9.

Fig. 3 shows the anomalous magnetic-field mo-
del for the Kargoba area as a contour map generated
using Surfer software.

In accordance with the applicable mapping spe-
cifications, the map uses shades of red for negative
anomalous magnetic-field values and shades of blue
for positive values.

A profile map showing the amplitude and va-
riation of AT along the survey lines was used for the
initial assessment of data quality and the spatial dis-
tribution of the anomalous magnetic field. Analysis
of the anomaly pattern identified zones with pro-
nounced local peaks, potentially corresponding to
geological bodies with strong magnetic susceptibility
contrasts. Comparison of these zones with the mag-
netic-field transforms shown in Figs. 4-8 confirmed
the presence of buried magnetic sources associated
with intrusive bodies.

The anomalous magnetic field was also displayed
using the Image Maps raster mode in Geosoft, pro-
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viding a clearer representation of the overall anoma-
ly morphology and its distribution across the survey
area. At another stage of data processing, a Shaded
Relief display was applied to better define the mor-
phology of the major anomalies.

Before detailed interpretation, the anomalous
magnetic field over the Kargoba area was reduced to
the pole (see Fig. 4). Reduction to the pole transforms
the observed magnetic field into the field that would
theoretically be measured at the geomagnetic pole,
where both the Earth’s magnetic-field vector and the
magnetization of the source rocks are vertical. In the-
ory, the maxima and minima of reduced-to-the-pole
anomalies generated by subsurface sources should be
centered over the causative bodies, as is generally the
case for gravity anomalies. The magnetic anomalies
should also become approximately monopolar, with
their associated opposite-polarity lobes largely sup-
pressed, thereby providing a clearer overall anomaly
pattern.

Reduction to the pole, like most other magnetic-
field transformations, was performed using Geosoft
Oasis montaj™. The inclination and declination used
in the calculation were 68.65° and 5.21°, respectively.

The morphology of the anomalous magnetic field
indicates that its sources occur at different structural
levels. Accordingly, one of the principal interpretation
tasks is to separate the magnetic-field contributions
of sources located at different depths.
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Fig. 3. Contour map of the anomalous magnetic field
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The high-frequency component of the magne-
tic field is most clearly expressed in the first vertical
derivative (VDR) (see Fig. 5). The vertical-derivative
transform enhances the high-frequency component
of the magnetic-field spectrum, emphasizes features
associated with relatively shallow local sources, and
suppresses the low-frequency component. Compared
with the original field, the first vertical derivative pro-
vides sharper delineation of the upper edges of mag-
netically active bodies.
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Fig. 4. Reduced-to-the-pole anomalous magnetic field
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More accurate delineation of the boundaries of
magnetic sources can be achieved by analyzing the
distribution of the total horizontal derivative (THDR).
Magnetic-field gradients are free from the linear
background associated with large regional anomalies
and the normal regional gradient. In the THDR field,
the boundaries of anomalies with different ampli-
tudes are marked by extrema, allowing the outlines of
both weak and strong anomalies to be visualized si-
multaneously. Linear zones of maximum THDR values
delineate anomalous areas, trace steps and inflection
lines in the original magnetic field that can be cor-
related with extensive geological contacts and faults,
and emphasize the boundaries of tectonic blocks®.

For comparison with the vertical components
of the anomalies, the total horizontal derivative of
the magnetic field was also calculated. This trans-
form provided a more accurate estimate of the lateral
boundaries of the sources; however, it proved less in-
formative than the first vertical derivative (see Fig. 5)
and the analytic signal (see Fig. 6).

Fig. 6 shows a map of the analytic signal ampli-
tude of the magnetic field.

The analytic signal amplitude (AS) of the anoma-
lous magnetic field is defined as:

AS =+'VDR? + THDR?,

where VDR is the first vertical derivative and THDR is
the total horizontal derivative of the magnetic field.

The analytic signal amplitude is useful for deli-
neating magnetic-source boundaries and is inde-
pendent of both the dip of the anomaly-producing
geological bodies and the latitude of the survey area.
Like the total horizontal derivative, the analytic sig-
nal can be used to trace contacts between magnetic
units, refine source locations, and delineate the up-
per edges of magnetic bodies.

The Tilt derivative (TDR) is widely used as an al-
ternative to the first vertical derivative (VDR) for en-
hancing fine-scale features of the magnetic field:

TDR = tan"'[VDR / THDR].

The tilt angle is expressed in radians. TDR ex-
trema have nearly equal amplitudes of approximately
*1.5 and clearly identify the maxima and minima of
the original field regardless of their intensity. The TDR
enables reliable mapping of the positions and edges of
source bodies and facilitates the tracing of structural
features within the survey area. TDR extrema corre-
spond to the axes of the source bodies, whereas zero

5 Shadrintsev M.P., et al. Report on the results of recon-
naissance geological and geophysical surveys conducted in the
Tarbagatai area in 1974-1975 (map sheets L-44-9-G; L-21-B-b, g;
L-44-22-A-a, v). Altai Integrated Geological and Geophysical Ex-
pedition, Opytnoye Pole, May 1976.
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values mark their boundaries. The TDR is considerably
less dependent on the amplitude of the original-field
anomalies than the first vertical derivative, total hori-
zontal derivative, and analytic signal. It therefore pro-
vides clearer delineation of the axes of weak anomalies
associated with deeper sources. The TDR is compara-
ble to a residual-anomaly field and enhances the fine
structure of the magnetic field.
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Fig. 6. Analytic signal of the anomalous magnetic field
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The tilt-derivative map of the Kargoba area is
shown in Fig. 7. The total horizontal derivative of the
tilt angle (TDR-THDR) enhances and traces the edges
of magnetic sources. This transform is not affected
by ringing, which can generate spurious maxima, and
therefore does not produce false edges. The amplitudes
of the TDR-THDR maxima can be used to estimate the
depths of source edges. The axes of zones with maxi-
mum TDR-THDR values trace the boundaries between
bodies with contrasting magnetic properties.

To examine the three-dimensional distribution
of magnetic properties in the Kargoba area, 3D mo-
deling was performed using an interpretive tomogra-
phy algorithm. A model representing the equivalent
distribution of magnetic sources was calculated using
specialized filtering procedures applied to the origi-
nal magnetic field. These procedures are implemented
in the Express gravity-magnetic modeling and inversion
module of the IP Seismic software package. The method
is classified as interpretive tomography and does not
require prior information about the target®.

The 3D magnetic model of the Kargoba area was
calculated over a depth interval of 0—1,000 m, with
elementary cell dimensions dX = 25 m, dY = 25 m,
and dZ = 10 m. The resulting model, initially gene-
rated in SEG-Y format, was exported as an ASCII text
table and imported into the Geosoft Oasis montaj™
database. Depths were converted to absolute eleva-
tions. The 3D grid was generated using the 3D Grid-
ding/Kriging algorithm, and the model was visua-
lized in Geosoft 3D. The cell dimensions of the Vox-
ler 3D model of excess magnetization in the Kargoba
area were 25x25x10 m.

Elements of the 3D magnetization model for the
aeromagnetic survey area covering the Kargoba mi-
neral occurrence are shown in Figs. 8 and 9.

Magnetization values are expressed in arbitrary
units. Higher values are shown in yellow, red, and
pink, whereas lower values are shown in shades ran-
ging from green and light blue to dark blue.

A schematic geological map of the Kargoba area
at a scale of 1:25,000” was used as the geological basis
for interpreting the magnetic anomalies.

The schematic geological map of the Kargoba
mineral occurrence is shown in Fig. 10.

¢ Shadrintsev M.P., et al. Report on the results of recon-
naissance geological and geophysical surveys conducted in the
Tarbagatai area in 1974—1975 (map sheets L-44-9-G; L-21-B-b, g;
L-44-22-A-a, v). Altai Integrated Geological and Geophysical Ex-
pedition, Opytnoye Pole, May 1976.

7 Report on supplementary geological investigations and
inferred resource assessment for map sheets L-44-V, XI, and
XVII (Kazakhstan sector). Kapchagai Geological Exploration
Expedition LLP, Almaty; 2016. Principal investigators: A.V. Du-
binkin, A.K. Akhmatolla, V.V. Podkovyrov et al.
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Results and discussion

Unlike conventional ground magnetic surveying,
UAV-based surveys provide a denser and more uniform
observation grid, particularly in remote and poorly ac-
cessible areas. This substantially improves mapping
resolution and the reliability of spatial analysis of
magnetic sources. For example, in conventional sur-
veys with a station spacing of 50-100 m, the detection
of small, thin local bodies at depths of up to 150 m may
be hindered by spatial smoothing of the signal and ter-
rain effects [16, 17].

The combined use of high-frequency transforms,
such as the tilt derivative (TDR) and analytic signal,
with UAV magnetic data provides a spatial resolution
of 25-30 m, comparable to the drill spacing used du-
ring resource evaluation. Furthermore, unlike conven-
tional inversion approaches involving upward conti-
nuation, the proposed method employs a regularized
inverse solution adapted to the near-field conditions
characteristic of low-altitude measurements at flight
heights of 35-50 m.

Previous studies of UAV applications in porphyry
systems, including those conducted in Peru and Central
Asia [18], have focused primarily on overall mapping
accuracy or the detection of large-scale structures. By
contrast, the present study demonstrates the poten-
tial to identify concealed, localized bodies of possible
economic significance through integrated analysis of
magnetic-field transforms, 3D modeling, and geologi-
cal correlation. The study therefore contributes to the
development of methods for local depth interpretation
of UAV aeromagnetic data.

The effectiveness of the proposed approach was
evaluated at the Kargoba mineral occurrence, one of
the less extensively studied sites in East Kazakhstan
exhibiting indications of porphyry mineralization.
To test the methodology under actual geological and
structural conditions, previously available data were
analyzed together with the newly acquired aeromag-
netic data.

The Kargoba mineral occurrence was discovered
in 1957. Aerogeophysical Team No. 31 of the Chin-
giz Division of the Volkov Expedition identified two
areas of copper mineralization represented by pyrite,
chalcopyrite, malachite, and azurite in bleached sand-
stones, granodiorite porphyries, and quartz porphy-
ries. Trenches were excavated, and four boreholes up
to 100 m deep were drilled. The boreholes intersected
several mineralized intervals containing 0.1-0.5% Cu
at depths of 12-92 mé®.

8 Shadrintsev M.P., et al. Report on the results of recon-
naissance geological and geophysical surveys conducted in the
Tarbagatai area in 1974-1975 (map sheets L-44-9-G; L-21-B-b, g;
L-44-22-A-a, v). Altai Integrated Geological and Geophysical Ex-
pedition, Opytnoye Pole, May 1976.
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In 1974-1975, the Tarbagatai Team of the Altai In-
tegrated Geological and Geophysical Expedition® con-
ducted a comprehensive exploration program to inves-
tigate and evaluate the mineral occurrence in greater
detail. The program included induced-polarization and
self-potential electrical surveying on a 250%25 m grid,
a soil geochemical survey on the same grid, trenching
and test-pitting, 890 m of shallow drilling for geolo-
gical mapping, and two exploration boreholes up to
300 m deep. The work established a veinlet-dissemi-
nated copper-molybdenum style of mineralization and
its genetic association with a granodiorite intrusion.

Further investigations of the Kargoba occur-
rence were conducted in 2005-2007'° over an area of
25.5 km? The work was intended to refine the geo-
logical structure, examine the controls on minerali-
zation, trace the mineralized zones northwestward
and southeastward, and explore and evaluate the
right-bank part of the occurrence. It included recon-
naissance geological traverses, magnetic surveying
on a 1,000-500x%50 m grid, 467 m?® of trenching, and
geochemical exploration based on primary dispersion
halos, including bedrock sampling along reconnais-
sance traverses and geological-geochemical profiles,
with a total of 773 samples collected.

The combined geological, geochemical, and geo-
physical evidence indicates the potential for eco-
nomically significant mineralization on both the left
and right banks. At least four orebodies with high
copper and molybdenum grades have been delinea-
ted at the surface and to depths of up to 160 m on the
left bank. The present erosion level is interpreted to
expose only the uppermost part of the mineralized
system. Average grades and orebody thicknesses may
therefore increase with depth, and the individual ore-
bodies may merge into a single body at deeper levels.

Exploration on the right bank of the Kargoba Ri-
ver delineated a major zone of silicification comprising
pyrite-bearing quartz-sericite metasomatic rocks. The
zone can be traced southeastward from the river for
approximately 1 km and is 0.5-0.7 km wide. High con-
centrations of ore-forming elements occur within this
zone in the area of granodiorite-porphyry outcrops.

There is therefore a high probability of identifying
a porphyry copper mineralized system within an area
of almost 1 km? on the right bank, potentially compara-
ble in scale and resources to that on the left bank.

The exploration program at the Kargoba cop-
per-molybdenum occurrence delineated a highly pro-
spective porphyry copper target recommended for fol-
low-up prospecting, evaluation, and exploration.

° Ibid.

10 Alimkhanov N.K., Bashkirtsev A.M., et al. Report on the
project “Exploration of Prospective Areas in the Eastern Region”,
2005-2007. GRK Topaz LLP, Ust-Kamenogorsk, December 2007.
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The available data indicate that the granodiorite
bodies are the principal source associated with cop-
per-molybdenum mineralization. Their emplacement
resulted in the formation of extensive zones of hydro-
thermal-metasomatic alteration containing ore mi-
neralization. A belt of epidotized and silicified an-
desite and andesite-dacite lavas was also identified
along the contact with the granite intrusion. The belt
extends for 750-800 m in a near north-south direc-
tion and ranges from 10 to 80 m in width. Copper min-
eralization, represented by malachite along fractures
in the rocks, is visible within this zone.

High molybdenum concentrations have also been
recorded, and silver and gold may occur in potentially
economic concentrations.

Despite the relatively small size of the survey
area, its anomalous magnetic field is strongly diffe-
rentiated. The lowest magnetic-field values coincide
spatially with Middle-Upper Devonian siltstones and
polymictic sandstones occupying the central part
of the survey area and extending northwestward as
a broad belt.

Devonian quartz and quartz-plagioclase rhyo-
lite porphyries of the felsic subvolcanic intrusive
complex, which are most widespread in the north-
eastern part of the study area, are expressed as
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a relatively low-gradient magnetic field of elevated
intensity.

Mosaic-patterned positive magnetic-field values
characterize areas underlain by lavas and tuffs of an-
desite and andesite-dacite porphyrites of the Silurian
Donenzhal Formation. The most intense local posi-
tive magnetic anomalies are associated with grano-
diorite porphyries of the third phase of the Lower
Carboniferous Saur Intrusive Complex.

The zones of positive magnetic anomalies delin-
eated within the Kargoba mineral occurrence were
numbered and plotted on the interpretation map
shown in Fig. 11.

The magnetic survey delineated six zones of posi-
tive magnetic anomalies within the Kargoba area.

A-1. This zone is located in the northwestern part
of the survey area, measures approximately 2x0.5 km,
and is elongated northwestward. Its position and strike
are consistent with the geological boundaries shown on
the schematic geological map of the Kargoba mineral
occurrence. The anomalous zone has a complex, irre-
gular mosaic pattern, with individual magnetic maxi-
ma reaching 400, 500, and 800 nT. The anomaly pro-
bably has a composite source comprising andesite and
andesite-dacite porphyrite lavas together with gra-
nodiorites and diorites of the Saur Intrusive Complex.
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Fig. 11. Magnetic-field interpretation map showing exploration targets and major lineaments

Source: Dubinkin A.V., Akhmatolla A.K., Niyazov A.V., et al. Supplementary geological investigation and inferred resource assessment
for map sheets L-44-V, XI, and XVII (Kazakhstan sector): unpublished geological report. Almaty: Kapchagai Geological Exploration
Expedition LLP; 2016
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Fig. 12. Anomalous magnetic field over the Yubileynoye (a) and Raigorodok (b) gold deposits

A-2. This anomalous zone is located on the left
bank of the Kargoba River and broadly coincides
with the mapped exposure of a granodiorite-porphy-
ry stock of the Saur Intrusive Complex. It comprises
four discrete magnetic maxima. The northern maxi-
mum is approximately isometric in plan view, mea-
sures 400-500 m in diameter, and has an amplitude of
480 nT. Additional local maxima to the west and south
are slightly elongated in a near north-south direction,
measure approximately 100-150x%150-250 m, and
have amplitudes of 180-200 nT.

A-3. This zone occurs in the southern part of the
survey area. It comprises a chain of local magnetic
maxima forming a single east-west-trending linear
zone measuring approximately 2,000x200-250 m.
The local maxima have amplitudes ranging from
180 to 400 nT. Zone A-3 is spatially associated with
the contact between andesite porphyrites of the Si-
lurian Donenzhal Formation and the Middle-Upper
Devonian sequence of siltstones and polymictic sand-
stones. The magnetic anomalies may be caused by
granodiorites of the Saur Intrusive Complex emplaced
along east-west-trending faults.

A-4. Approximately 400 m south of A-3, close to
the boundary of the magnetic survey area, zone A-4
was delineated within an area underlain by Silurian
andesite and andesite-dacite porphyrites. The zone
measures approximately 1,200x250 m and contains
individual positive magnetic maxima with amplitudes
of up to 250 nT.

A-5. This northwest-trending linear zone, loca-
ted in the northern part of the magnetic survey area,
measures approximately 4,500%500-1,200 m and is

characterized by elevated magnetic-field values of up
to 150-180 nT. On the geological map, the zone coin-
cides with outcrops of rhyolite porphyries belonging
to the Devonian felsic subvolcanic intrusive complex.

A-6. This zone represents part of a low-ampli-
tude positive magnetic anomaly of 110-120 nT in
the southwestern corner of the survey area. The
geological map shows Middle-Upper Devonian po-
lymictic sandstones in this area. The anomaly may be
related to small Devonian subvolcanic rhyolite-por-
phyry bodies.

From an exploration perspective, A-2 is the most
prospective zone for porphyry copper mineraliza-
tion. The geometry and amplitude of the magnetic
response associated with the granodiorite-porphyry
stock are broadly comparable to the anomalies re-
corded over the Yubileynoye and Raigorodok gold
deposits (Fig. 12). Exploration of this zone should
therefore assess its potential for both copper and gold
mineralization.

The Yubileynoye deposit is located in Aktobe Re-
gion, Republic of Kazakhstan, on the western limb of
the Kunduzdy Syncline. It is associated with a stock of
biotite-hornblende plagiogranite porphyry intruding
basalts and andesite-basalts of the Mugodzhar For-
mation and surrounded by intensely silicified rocks.

Gold mineralization occurs in hydrothermally al-
tered rocks both along the peripheral part of the in-
trusion and within the intrusion itself. The orebodies
comprise stockwork zones formed by a dense net-
work of veinlets 0.1-10 cm thick. Locally, the veinlet
network becomes sufficiently dense to form massive
quartz-rich metasomatic rocks. The ores are of the
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moderately sulfidic type. The principal minerals in the
primary ores are chalcopyrite, pyrite, magnetite, na-
tive gold, and stibnite. Accessory ore minerals include
sphalerite, galena, pyrrhotite, marcasite, and rutile.
Gangue minerals comprise quartz, calcite, dolomite,
epidote, albite, chlorite, actinolite, and sericite.

In addition to gold, copper, and silver, the disse-
minated quartz-sulfide ores contain 0.001-0.1% arse-
nic and antimony and 0.01-0.2% zinc. Molybdenum,
lead, scandium, gallium, yttrium, ytterbium, bismuth,
and tungsten occur sporadically at concentrations of
up to several thousandths of a percent.

The deposit coincides with an intense, nearly iso-
metric positive magnetic anomaly. Its high amplitude
may reflect both the high magnetic susceptibility of
the granodiorite-diorite intrusive rocks and hornfel-
sing of the overlying host rocks.

The Raigorodok ore field is spatially associated
with local magnetic anomalies of 800-1,000 nT. The
North Raigorodok ore field occurs at the contact be-
tween a gabbro-diorite-monzonite massif and an Up-
per Ordovician conglomerate sequence near an apical
projection of the massif. The host rocks are intensely
granitized and skarn-altered.

The orebodies range in strike length from several
tens of meters to 400 m and in thickness from a few
meters to several tens of meters. They are separated
by barren rock packages and subeconomic interbeds
whose thicknesses are comparable to those of the ore-
bodies. Gold is distributed unevenly within the ores.
Gold grades are generally low, commonly 0.5-2.5 g/t,
while silver grades are of a similar order.

The South Raigorodok deposit is hosted in the
endocontact and exocontact zones of a small dioritic
to gabbro-dioritic intrusive body that cuts an Upper
Ordovician sequence of coarse-clastic to boulder con-
glomerates. The orebodies comprise irregular zones
of gold-bearing veinlet-disseminated sulfide mine-
ralization containing pyrite, chalcopyrite, galena, and
molybdenite. Their geometry is particularly complex
at the intersections of fracture zones with different
orientations. The mineralized zones range from 1-2
to 35-40 m in thickness, and gold grades range from
trace levels to 150 g/t.

The Central Raigorodok mineral occurrence is as-
sociated with the supra-apical part of a small stock-
like diorite body. The orebodies consist of zones of
veinlet silicification 0.5-1 m thick and occur mainly
along contacts between diorite and diorite-porphyry
dikes and the enclosing conglomerates. Gold grades
range from 0.3 to 10 g/t.

By analogy with these deposits, exploration is
recommended in the area of magnetic anomaly A-2
at Kargoba for both copper and gold. The most pro-
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spective targets are hydrothermally altered rocks
both in the peripheral exocontact zone and within
the intrusion itself. The geophysical exploration pro-
gram should also include gamma-ray spectrometry to
identify and map zones of secondary alteration and
high-precision detailed gravity surveying to charac-
terize the three-dimensional density structure of the
intrusion.

This analogue-based approach to target delinea-
tion is supported by the results of digital elevation
model analysis in the Aktogai ore field [19]. That
study showed that major porphyry copper deposits,
including Aktogai and Aidarly, are expressed in the
topography as localized caldera-like depressions.
Areas with similar morphometric characteristics
were therefore considered prospective for further
exploration. This interpretation is consistent with
the delineated A-2 zone, which is likewise characte-
rized by the combined presence of positive magnetic
anomalies, hydrothermal alteration, and structurally
controlled landforms.

Conclusion

The aeromagnetic survey provided a detailed
1:5,000-scale magnetic dataset to support further ex-
ploration at the Kargoba mineral occurrence.

The survey was conducted using a modern low-al-
titude UAV-based acquisition system comprising a DJI
Matrice 300 RTK and a rubidium quantum magneto-
meter. This technology combines the high maneuve-
rability of a UAV with the high sensitivity of the mag-
netometer. It enables high-precision aeromagnetic
surveying at very low altitudes with detailed terrain
following over both level ground and rugged terrain.
Compared with ground magnetic surveying, the new
system increased survey productivity severalfold
and provided substantially greater detail and spatial
resolution than conventional aeromagnetic surveys
conducted using crewed aircraft.

The magnetic data were processed and inter-
preted using modern techniques and software. The
calculated magnetic-field transforms enabled the
separation of components associated with structural
elements of different scales and source depths within
the magnetic model.

The study achieved its objective by demonstra-
ting the effectiveness of high-resolution UAV-based
aeromagnetic surveying for delineating concealed
zones of porphyry mineralization. New qualitative
and quantitative data were obtained, including a 3D
magnetization model extending to a depth of 500 m.
Six anomalous zones were delineated from this mo-
del, of which A-2 was identified as the priority tar-
get for further investigation. The inferred orebody
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parameters include depths of 50—-150 m and a strike
length of approximately 2 km. The spatial association
between the magnetic anomalies and the granodiorite
intrusion was confirmed. The identified geophysical
criteria — anomaly amplitudes of 200-500 nT, strike
lengths of 0.5-2 km, the occurrence of paired anoma-
lies, and their spatial association with granodiorites —
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support the prospectivity of the area for porphyry
copper-molybdenum mineralization.

The results demonstrate that the proposed
methodology can be applied in comparable geolo-
gical settings and provide a reliable basis for subse-
quent drill testing, with a high likelihood of inter-
secting potentially economic mineralization.
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Abstract

This article addresses the technological foundations and design requirements for developing a machine in-
tended for layer-by-layer surface milling of stump-containing peat deposits. The issue is particularly rele-
vant for small-scale enterprises employing adaptive peat production technologies, where traditional stump
removal methods are economically and technically impractical due to high preparatory costs and the need for
bulky equipment. The study aims to substantiate the design parameters of a milling machine capable of si-
multaneously comminuting peat mass and embedded wood inclusions without their preliminary extraction.
This approach is intended to enhance production efficiency, improve product quality, and reduce negative
environmental impact. The research tasks included analysing milling regimes, interaction between cutting
elements and wood inclusions, and developing proposals for a drive system with increased reliability under
variable loads. A comprehensive methodology was applied: generalisation of data on physico-mechanical
properties of peat and wood, analysis of literary and experimental sources, and theoretical substantiation
of cutting parameters and milling drum design. A dual-motor hydraulic drive configuration was considered,
wherein an auxiliary motor is activated upon increased cutting resistance, ensuring stable machine opera-
tion under deposit heterogeneity. As a result, optimal parameters of the milling drum were substantiated
(working width 4.5 m, diameter 0.335 m, rotational speed 149 s~!, peripheral velocity 25 m/s, feed per knife
0.015 m), providing peat crumbs with a particle size fraction of 10-25 mm and comminution of wood to di-
mensions suitable for subsequent separation, peat processing, and waste utilisation. The proposed approach
facilitates accelerated drying of peat crumbs under natural conditions, reduced waste volumes, and rational
resource utilisation. It is concluded that the proposed design demonstrates high efficiency for operation at
small peat deposits with areas up to 100 ha. The obtained results will be applied in the design of a prototype
and further development of adaptive peat production technology.

Keywords
adaptive technology, layer-by-layer surface milling, embedded wood, peat, particle size distribution, milling
machines, production efficiency
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9KOHOMMYECKU Y TEXHOJIOTMYECKYM HelleJIeCcO00pasHbl M3-3a BBICOKOI CTOMMOCTH MTOATOTOBUTENbHBIX PAOOT
¥ HeOOXOAVMOCTY UCIIOIb30BAHMS TPOMO3IKO TeXHuKu. Llenb paboTsl — 060CHOBaHME TTAapaMeTPOB KOH-
CTpyKuyM Gpe3epHOit MalIvHbl, CIIOCOOHOV OIHOBPEMEHHO M3MeIbYaTh TOPQSHYI0 MacCy U MOrpeGEHHBIE
B Heil JpeBecHbIe BKIOUEHMS 6e3 MpelBapuUTEeIbHOTO U3BJIeUeHMS MOCIeqHUX. B paboTe MpUMeHEH KOM-
TUIEKCHBIN MOAXO/;: 060611eHMe TaHHbIX 110 HU3MKO-MeXaHMUYeCKUM XapaKTepuCTkKaM Topda 1 ApeBeCHHbI,
aQHAJIU3 JINTEPATYPHBIX U IKCIIEPUMEHTATbHBIX UCTOYHUKOB, TEOPETUYECKOEe 0O0CHOBaHME TTapaMeTpPOB pe-
3aHUS ¥ KOHCTPYKIMU dpesepHoro 6apabaHa. B pesynbraTe 060CHOBaHbI ONMTMMAaIbHbIE TTAPAMETPHI (pe-
3epHOro 6apabaHa: mupuHa 3axata 4,5 M, amameTp 0,335 M, uacTora BpaieHus 149 ¢!, oKpy>kHast CKOPOCThb
25 m/c, nomauda Ha HOxX 0,015 M, obecreunBamMe ToaydyeHre Kpommku ¢ppakuym 10-25 MM 1 gpobaeHne
IpeBeCHHBI IO Pa3MePOB, TPUTOIHBIX ITOC/Ie cernapanyy AJis ocieaywouiei nepepabotku topda u yrunmsa-
UMY OTXOAO0B. [IpeyioKeHHbI ITOAX0, TIO3BOISIET BECTU A06bIUY Topda Ha 3ajeskax ¢ JpeBeCHbIMM BKITIOUe-
HUSIMU 6€e3 MpeiBapUTETbHO KOPUEBKH, UTO CHYKAET 3aTPAThl HA TIOATOTOBUTEIbHbBIE PAGOTHI U pacIIupsieT

pecypcHyio 6a3y MajIbIX MPeANpPUITHUIA.
KnioueBble cnoea

aJanTVBHAS TEXHOJIOTUSI, IOBEPXHOCTHO-ITOC/IONHOE (hpe3epoBaHme, orpedbeHHas apeBecuHa, Topd, dpak-
LIMOHHBIN COCTaB, ¢ppe3epyoliye MaliMHbl, 3HeKTUBHOCTb TPOM3BOICTBA

Ans yutTupoBaHus
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Introduction

Most peat producers currently operate on a rel-
atively small scale, with production geared primarily
toward local consumption [1]. In this context, study [2]
demonstrated the need to develop and implement an
adaptive peat production technology at peat sites of
up to 100 ha. This requires the development of mul-
tifunctional machinery, including equipment capable
of simultaneously milling the peat deposit and the
wood inclusions embedded within it.

One of the main ways to reduce the cost of deve-
loping small peat sites is to develop mechanized
equipment [3] capable of milling peat together with
wood inclusions without prior stump removal. This ap-
proach opens up new opportunities for layer-by-layer
surface milling of peat deposits to produce milled peat
of a specified quality and ensure the efficient use of
biogenic resources [4].

Milling establishes the process conditions for all
subsequent production stages, including drying, har-
vesting, and processing of the milled peat [5]. Various
types of peat milling machines are used for this pur-
pose [6]. These machines are designed to operate un-
der harsh conditions [7]. Innovative solutions in this
area are technically feasible and economically viable
and can support the sustainable development of small
peat producers [8].

The aim of this study was to justify the design
parameters of a milling drum capable of minimizing
energy consumption while producing milled peat
with a specified particle size distribution suitable for
subsequent production and processing operations.

The objectives of the study were as follows:

1. To analyze published and experimental data on
the physical and mechanical properties of peat and
wood.

2.To justify the cutting parameters required to
obtain milled peat particles in the 10-25 mm size
range, which is considered optimal for subsequent
production stages.

3.To develop design proposals for the milling
drum and consider a dual-motor hydraulic drive con-
figuration to improve reliability under variable loads.

The proposed approach builds on the research
reported in [2] and will be applied in the design of
a milling drum for operation in peat deposits with
a high stump content under challenging peat extrac-
tion conditions.

Study rationale

The development of small peat deposits covering
up to 100 ha requires economically viable solutions,
since conventional stump grubbing is not justified
because of its high cost and labor intensity [2]. Prac-
tical experience [9] shows that the use of high-capa-
city machinery at small deposits with limited working
areas is inefficient: its full production capacity cannot
be utilized, while the associated capital costs substan-
tially increase the unit cost of production.

Simultaneous milling of peat and stumps embed-
ded in the deposit eliminates the need for additional
operations and avoids the cost of purchasing and op-
erating numerous specialized machines. It also allows
the same set of machinery to be used under different
operating conditions, in accordance with the concept
of adaptive technology [2].

The concept of continuous milling of a peat de-
posit together with wood inclusions was first consi-
dered in the mid-twentieth century [10]. However,
it was not widely adopted because of technical lim-
itations and the insufficient power of the tractors
available at the time. Modern engineering solutions,
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including a dual-motor hydraulic drive and optimi-
zation of the cutting-element parameters, allow this
concept to be revisited and implemented under cur-
rent operating conditions.

Layer-by-layer surface milling is a key operation
on which all subsequent stages of the production pro-
cess depend, including drying, spreading, harvesting,
and utilization [5]. Milling quality directly affects the
particle size distribution of the milled peat, the drying
process, and the condition of the deposit surface after
machine operation [3]. It is therefore essential to se-
lect cutting elements and milling parameters [4, 11]
that produce a uniform milled peat spread and ensure
effective comminution of the peat while simultane-
ously reducing the stumps to fragments no smaller
than 10 mm, allowing them to be efficiently removed
using standard separators.

Studies have shown that the specific energy con-
sumption of wood milling is substantially higher
than that of peat milling [4, 12]. A key optimization
objective is therefore to reduce failures and overloads,
which can be achieved using the dual-motor hydraulic
drive proposed in [13]. The proposed machine should
be mobile, cost-effective, and suitable for commer-
cial production, as supported by studies on machi-
nery design for small peat deposits [14]. It must also
be suitable for peat extraction conditions, including
operation under variable loads and in high-moisture
environments. The interaction between the cutting
elements and the heterogeneous medium is stochas-
tic and therefore requires an adequate mathematical
description of the cutting forces [15].

Current conditions therefore call for new engi-
neering solutions that allow milling to be performed
without prior preparation of the peat deposit. Such
operations require robust and reliable equipment ca-
pable of withstanding variable loads while producing
material in the specified particle size range.

Methodology

The study was based on an integrated analysis
of the literature and synthesis of reliable data on the
physical and mechanical properties of peat and wood.
The available data were considered sufficient to jus-
tify the design parameters without the need for addi-
tional experimental studies.

A particle size range of 10-25 mm for the milled
peat was adopted as the optimization criterion for the
cutting conditions, since this range facilitates faster
drying and efficient separation [16]. The resulting
wood fraction can also be used as fuel [17]. Machines
based on a similar operating principle — forestry
mulchers — have demonstrated high efficiency in co-
mminuting woody residues and stumps [18].
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Mathematical modeling was used to determine
the drum parameters from the following kinematic
equations:

_ nDn Vf

Ve =50 STy
where v, is the peripheral speed, m/s; D is the drum
diameter, m; n is the drum rotational speed, rpm; s is
the feed per knife, m; v;is the forward speed, m/s; z is
the number of knives.

To obtain the specified particle size range, the
milling depth, feed per knife, drum peripheral speed,
and the number and geometry of the cutting elements
were calculated. The resulting values formed the basis
for the milling drum design, which was intended to
ensure consistent comminution of both the peat and
the wood inclusions.

Results and discussion

The exploitation of small peat deposits of up to
100 ha is becoming increasingly important in many
regions of Russia, as it helps meet local demand for
peat used both as fuel and for agricultural purposes.
The diversification of peat applications, primarily
toward further processing that preserves some of its
natural properties, has necessitated the development
of new peat production machinery and technologies
capable of producing material with the required par-
ticle size characteristics [2].

Layer-by-layer surface milling of a peat deposit
is the first and key operation in the milled peat pro-
duction cycle [2]. The quality of this operation large-
ly determines the performance of the entire cycle,
including drying time, peat yield per cycle, moisture
content, and other properties of peat produced un-
der natural field conditions [5]. The milling operation
must therefore create a layer of milled peat that dries
as rapidly as possible under the prevailing weather
conditions. This is the primary technical requirement
for the milling operation.

Milling quality is assessed by the particle size dis-
tribution of the resulting milled peat and its drying
behavior during the production cycle [16]. Another
important criterion is the condition of the production
field surface after milling [19]. The particle size dis-
tribution of the milled peat is also influenced by the
milling depth, peat deposit properties, and the periph-
eral speed of the cutter, which corresponds to the cut-
ting speed [7]. An optimal peripheral speed of 25 m/s
was established, providing stable fragmentation of the
wood without excessive comminution of the peat.

The analysis showed that the 10-25 mm size
fraction provides an optimal balance between drying
rate and the efficiency of separating wood inclusions.
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Particles of this size, spread in a layer 1-1.5 particles
deep, exhibit the highest rate of moisture loss while
offering minimal resistance to airflow [3, 5, 16]. Larger
peat particles were found to dry more rapidly (Fig. 1),
thereby reducing the time required to reach the har-
vesting moisture content.

A layer of fine particles dries more slowly than
a layer of coarser particles because its smaller pores
reduce the rate of moisture evaporation. Fine parti-
cles at the surface form a dense layer with low ther-
mal conductivity, limiting the penetration of solar ra-
diation into the underlying material and slowing the
drying of the lower layers. The 10-25 mm size fraction
therefore substantially improves drying efficiency and
the reliability of the milled peat production process.

A properly formed milled peat spread is charac-
terized by a uniform depth of the milled layer and
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a homogeneous particle size distribution dominated
by coarser peat particles [20]. For milled peat inten-
ded for agricultural use, a direct relationship has also
been established between particle size and substrate
properties, including air capacity and water reten-
tion [21]. The cutter design and knife geometry should
therefore be selected to produce a particle size distri-
bution favorable for drying in the spread layer while
minimizing the spread nonuniformity coefficient.

Feed per knife is one of the principal parame-
ters determining both the milling process and the
design of the cutter elements [6, 7]. The proportion
of the 10-25 mm fraction, (F,,_,;), varies nonlinearly
with feed per knife (Fig. 2). The maximum value of
(Flo-05), reaching 58.3%, was obtained using straight
knives of triangular cross-section at a feed per knife
of 0.015m[11, 20].
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Fig. 1. Dependence of drying rate (i) and water-holding capacity (B) on milled peat particle size (d) [5, 20]
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Fig. 2. Dependence of the proportion of the 10-25 mm fraction F,,_,; in milled raised-bog peat
on feed per knife s for milling drums fitted with straight knives of triangular cross-section (1)
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The difference in performance between straight
and through knives is attributable to the physical
processes involved in chip formation and in drawing
the detached material through the gap between the
cutter and the peat deposit. The quality of the milled
peat spread depends on the type of milling equip-
ment and the cutting elements fitted to it.

The specific energy consumption for peat mil-
ling ranges from 0.14 to 1.1 MJ/m3, whereas that for
milling green wood is considerably higher, ranging
from 12.6 to 14.4 MJ/m3 [4, 17, 22]. The mean spe-
cific energy consumption for milling peat together
with stumps is 5.76 MJ/m? [13], indicating that this
process can be implemented without a substantial
increase in energy demand. The separated wood
fraction can be used as fuel. Thermal conversion of
blended fuels based on peat and comminuted wood
can yield biochar with favorable fuel properties [23].
In Europe, the replacement of peat with locally avai-
lable biomass, including comminuted wood, is also
being considered [24].

The most promising technical solution for
layer-by-layer surface milling of a peat deposit to-
gether with stumps was proposed by M.I. Sarma-
tov [13] based on laboratory and theoretical stu-
dies. This work provided a justification for the cut-
ter geometry and kinematic parameters and intro-
duced a calculation model for determining the po-
wer required to drive the drum knives [25, 26]. Fur-
ther developments were reported in [27, 28], which
presented analytical relationships for calculating
the increase in resisting torque when the cutter
encounters a stump and for determining the active
width of the cutter. These relationships were used
to establish the optimal number and arrangement of
knives on the drum and to justify the advantages of
a continuous cutting edge.

Milling units with a larger working width are
known to be less maneuverable, more material-in-
tensive, and more labor-intensive to maintain [6, 29].
A working width of 4.5 m was therefore selected for
the cutter. This width permits a whole number of
passes across the production field, providing high
productivity while maintaining sufficient machine
maneuverability.

According to [30], the knife design, the material
from which the knives are made, and their arrange-
ment on the drum are critical to the efficient opera-
tion of the milling unit. The knives must be made of
high-strength, wear-resistant materials suitable for
the intended operating conditions [31]. This is par-
ticularly important when milling wood inclusions,
which substantially increase cutting resistance.
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The peripheral speed required to fragment the
wood can be achieved either by increasing the drum
rotational speed [32], which is subject to technical
limitations, or by increasing the cutter diameter,
which is a more practicable solution. Because the
cutter mass is inversely proportional to the square
of the peripheral speed, reducing its mass at a con-
stant rotational speed requires an increase in cutter
diameter [33]. Based on the design proposed in [13],
the cutter diameter measured over the knife tips was
set at 0.335 m.

The proposed machine is expected to employ
a dual-motor hydraulic drive in which the second
motor is automatically engaged when cutting resis-
tance increases, for example when the cutter en-
counters a large stump [13]. This configuration is
expected to improve operational reliability and re-
duce the risk of equipment failure.

The following key parameters should be adopted
in designing a milling drum for layer-by-layer sur-
face milling of peat deposits with a high stump con-
tent to obtain milled peat in the required 10-25 mm
size range:

- working length of the drum, 4.5 m;

— cutter diameter measured over the knife tips,
0.335 m;

— drum rotational frequency, 149 s7!;

— peripheral speed at the cutting edges, 25 m/s;

— feed per knife, 0.015 m;

— knife working height (milling depth), 0.020 m;

— knife working width, 0.025 m;

— number of cutting elements per cutting plane, 6;

— machine travel speed, 2.14 m/s;

— number of hydraulic drive motors, 2.

Promising directions for further development
include the introduction of systems for monitoring
and automated control of cutter operating para-
meters [34]. Further research should also investi-
gate the use of composite materials for cutting
elements capable of withstanding higher loads with
minimal wear.

Conclusion

The engineering solutions presented in this ar-
ticle are aligned with current trends in mining tech-
nology aimed at improving the efficiency and envi-
ronmental safety of mineral deposit development.

The study demonstrated the feasibility of deve-
loping a specialized milling machine for layer-by-
layer surface milling of peat deposits with a high
stump content. The identified design parameters and
features of the milling unit will enable simultaneous
comminution of the peat and wood inclusions, pro-
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duction of milled peat in the 10-25 mm size range,
and reliable equipment operation.

The key engineering solutions include a mil-
ling drum with the following optimal parameters:
a working width of 4.5 m, a diameter of 0.335 m,
a rotational frequency of 149 s!, a peripheral speed
of 25 m/s, and a feed per knife of 0.015 m. These
parameters ensure the required quality of the milled
peat. The dual-motor hydraulic drive is expected
to improve machine reliability and reduce the risk
of equipment failure when the cutter encounters
large stumps.

The study findings are of practical value and will
be used to design a prototype for operation under
actual field conditions at peat extraction sites. By
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eliminating preliminary stump grubbing, the pro-
posed design can reduce production costs and im-
prove the environmental performance of the peat
production process. Future work will focus on deve-
loping a prototype fitted with heavy-duty cutting
elements made of composite materials and integra-
ting load-monitoring systems to optimize operating
parameters. The peat and comminuted wood pro-
duced during milling can be separated and subse-
quently used as feedstock for biochar production by
pyrolysis, thereby broadening the options for waste
utilization. The findings provide a basis for develo-
ping an adaptive peat production technology that
accommodates different scenarios for the commer-
cial use of the available resources.
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Abstract

Declining ore grades at the Norilsk deposits are accompanied by increasing variability in the quality of mined
ore and deterioration in the quality of saleable products. These trends necessitate a revision of the funda-
mental approaches to optimizing mining systems for ore-stream quality management. This study aimed to
advance the theoretical framework and improve the methodology for substantiating process engineering
solutions for integrated ore quality management in underground mining through innovative modernization
of mine flowsheets. An integrated research approach was employed, including a review of previous studies;
analysis of Russian and international experience in ore-stream management; field sampling of ore in depo-
sits and along ore streams, followed by geological and mineralogical testing and correlation analysis; produc-
tion-scale investigations of particle-size segregation during mining; analytical studies based on probability
theory and mathematical statistics; and modern modeling methods. An updated classification of methods
for assuring and controlling ore quality in underground mining is proposed. Blending methods are classified
as blending and stabilization methods aimed at achieving and maintaining the required quality of mined
ore, whereas segregation and separation methods are intended to divide, separate, or sort the material. Pro-
duction-scale investigations confirmed that considerable potential exists for more effective control of ore-
stream quality. Fundamental principles were formulated for developing process engineering solutions at the
underground-mine design stage to manage copper-nickel ore quality and substantially improve the quality
of mine products.

Keywords
underground mine, particle-size segregation, ore quality parameters, ore quality management, mining
technology, mining operations, grade stabilization, mineral composition
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LMY TOPHOTEXHMYECKMUX CUCTEM JJIsl YIIPaBIeHMs] KaueCcTBOM PyIOOINOTOKOB. Ileb McciieqoBaHust — pa3Bu-
TI€ TeOPUM U COBEPIIEHCTBOBAaHME METOMOJIOTMM 000CHOBAaHMS TEXHOJOTMUECKUX PeIleHMii CUCTeMHOTO
obecrieueHyst KauecTBa Mpyu MO3e€MHOM H06bIUe Pyl Ha OCHOBE MHHOBAI[MOHHBIX PeIleHuii 10 MOJepHM-
3alMM TEXHOJIOTUUYECKUX CXEeM PYIHMUKOB. B paboTe MCIIOAb30BaH KOMIUIEKCHBII METOI MCCIegoBaHUIA,
BK/IIOUAONIMII 0006IIeHe pe3ylbTaTOB paHee BBIMTOJHEHHbIX HAayUYHbIX paboT, aHaJIU3 OTEeUeCTBEHHOTO
¥ 3apybeXkKHOTO OTIbITA I10 YIIPABAEHUIO PYIOIIOTOKAMM, HATYpHOE ONIpOoOOBaHME PYAbl B 3a/ieXkaX U PyIo-
IIOTOKE C re0Ioro-MMUHepaJorMuYeCKMMM UCIBITAHUSIMY ¥ KOPPEeISLVMOHHBIM aHa/lIN30M, IIPOM3BOICTBEH-
HbI€ UCC/IEIOBAHMS 110 U3YUYEHUIO Cerperauyuy pyIHO Macchl Mpy J00bIYe, aHATUTUYECKME UCCIIeIOBaHMUS
C MICTI0JIb30BAHMEM METOI 0B TEOPUM BEPOSITHOCTEN ¥ MaTeMaTUUeCKOM CTaTUCTUKM, a TAK)KE COBpeMEHHbIe
MeTOIbl MoAenupoBaHus. IIpefcTaBieHa aKTyaJaM3MpOBaHHAs CUCTEMAaTU3aLUsI METOAOB obecrievyeHus
¥ KOHTPOJISI KaUeCTBa P/ IIPU MOA3EMHOI T0ObIUe: CIIOCOObI YCPEeAHUTEBHOTO XapakTepa paccMaTpuBa-
I0TCST KaK YCpeoHUTebHO-CTabuIn3alMoOHHbIe (CMeCUTeIbHbIe) MeTOMAbI, HallpaBJIeHHbIe Ha IOBbILIeH e
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Introduction

One of the principal requirements imposed by
consumers on mineral raw materials is the consistent
quality of the material extracted from the subsurface.
Underground mining of ore deposits amid declining
ore grades is generally accompanied by deterioration in
the quality of mined ore, requiring mining companies
to improve their competitiveness. The Norilsk cop-
per-nickel deposits are no exception in this respect. For
the underground mines of the Norilsk Division of PJSC
MMC Norilsk Nickel, addressing this challenge prima-
rily requires meeting market demand for higher-quality
saleable ore and increased metal output while expan-
ding the mining and processing of ore with progressive-
ly deteriorating quality characteristics. Research aimed
at advancing the theory and technologies of integra-
ted ore quality management in underground mining is
therefore both relevant and timely. The present study
is driven by the need to identify process engineering
solutions capable of substantially improving the qua-
lity of mine products under conditions of steadily de-
clining grades in the remaining ore reserves.

Research aim and objectives
The following objectives were formulated:
— to develop an overall research methodology and
select the study object;
- to investigate the geological variability in ore
quality within the Norilsk copper-nickel ore deposits
and assess the complexity of their occurrence;
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- to conduct in-mine investigations of ore segre-
gation within the mine flowsheet and examine chan-
ges in ore quality parameters during mining;

—to update and systematize methods for ore-
stream quality management;

- to develop a system of mining, process engi-
neering, organizational, and technical measures ca-
pable of improving ore quality and maintaining the
stability of the mineral composition of the mined ma-
terial within a combined mine system for production
quality management.

At present, the high-grade ore deposits of the
Talnakh ore cluster are being mined most intensively.
The mineral material extracted from the subsurface
comprises three commercial types of copper-nickel
ore — high-grade, cuprous, and disseminated ores —
as well as diluting material consisting of waste rock
and cemented backfill. The run-of-mine material pro-
duced by the mines is supplied as feed to the Norilsk
and Talnakh concentrators. The chemical composi-
tion of the feed material significantly affects concen-
trate production, the metallurgical process as a whole,
and metal recovery.

Statistical processing of a large dataset was used
to forecast changes in ore production and the reco-
verable value of the mined ore. The analysis indicates
that over the next 20 years of underground mining at
the Norilsk ore deposits, the total value of recovera-
ble components per tonne of copper-nickel ore will
decline (Fig. 1).
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Fig. 1. Forecast changes in ore production and the value of recoverable components during development
of the Norilsk ore deposits

Against this background, the planned 30% in-
crease in mine production relative to the current level,
together with the gradual introduction of lower-grade
disseminated and refractory ores, is expected to reduce
the recoverable value of the mined ore by 35% or more.
Thus, as the quality of the commercially mineable re-
serves of the principal ore types declines, a comprehen-
sive basis is required for mine design solutions aimed
at optimizing underground grade-stabilization sys-
tems. Such solutions should combine innovative mo-
dernization of mine flowsheets with additional process
engineering measures designed to improve the quality
of the mined material. This makes it necessary to revise
several fundamental principles of ore quality manage-
ment in mining operations at the Norilsk deposits [1].

Research methodology and study objects

An integrated research methodology was em-
ployed, including a synthesis of findings from previous
studies; analysis of Russian and international expe-
rience in ore-stream management; in-situ sampling
of ore within the deposits and along the ore streams,
followed by geological and mineralogical characteri-
zation and correlation analysis; production-scale in-
vestigations of ore segregation during mining; ana-
lytical studies based on probability theory and mathe-
matical statistics; and modern modeling methods.
The authors’ contribution included establishing cor-
relations between metal grades in the ore and parti-
cle-size classes under the operating conditions of the
mines, as well as updating and systematizing methods
for ore quality management in underground mining.
For the first time, analytical studies and field observa-
tions were conducted to assess the blending capacity

of individual stages of the mine production chain, and
computer modeling was performed for the precon-
centration of valuable components in the ore. A mine
flowsheet was developed for an underground system
designed to establish and stabilize ore quality du-
ring mining. The content and architecture of a mine-
wide information and control system for real-time ore
quality monitoring throughout the entire mining pro-
duction chain were also substantially redesigned.

1. Theoretical studies

Ore quality management during mining is inhe-
rently a techno-economic problem and is generally
achieved through process control, ore blending, real-
time control of mining operations, separation of ore
streams into different material-handling routes as the
extracted mineral material is delivered from the mine,
and other measures [2].

In the authors’ view, the multistage mine planning
process is initially intended to establish the target ave-
rage metal grade in the planned ore output, whereas
organizational and operational processes are inten-
ded to ensure that this grade is distributed uniform-
ly throughout the ore streams by mechanical mi-
xing. Mined ore can be mixed in load-hau-dump and
haulage equipment, mechanical crushers, ore passes,
underground bins, stockpiles, and storage facilities.
Taken together, these processes provide mined mi-
neral material with the optimum average quality!. Ore
quality management should therefore be understood
as a set of organizational and production measures

! Regulations on the Department of Production Auto-
mation and Digitalization, SP-132-2021, Polar Division of PJSC
MMC Norilsk Nickel. Norilsk; 2021. 17 p. (In Russ.)
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implemented within the underground mine system
to establish the optimum average quality of the ore
during mining and ensure that this quality is distri-
buted uniformly throughout the mined material [3, 4].
Overall, blending and separation operations form the
basis of mineral raw material quality management
during deposit development [5]. In view of these con-
siderations, the methods used to assure and control
ore quality in underground mining were updated and
systematized (Fig. 2).
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The updated systematization of ore quality ma-
nagement methods was based on the findings of pre-
vious studies, together with the authors’ field observa-
tions and assessments. It differs from commonly used
classifications by dividing ore quality management
methods into three groups: organizational, operatio-
nal and technical, and process engineering methods.
Blending operations are classified as blending and sta-
bilization methods intended to improve ore quality
and maintain it within the ore streams.

Methods for ore quality management in underground mining

Long-term
Short-term
Intramonth
Increasing the number
of production faces
Diverting part of the ore into
a separate ore stream
Ore stockpiling without blending
Blasting
Loading and unloading
Mechanical crushing

Control of ore production volumes

| Ore drawing and transfer through ore passes

|

il

in ore passes and bins
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| l | | | | l |
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Mine workings and structures
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Modification of mining methods
and their parameters
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|
i

in haulage vehicles

workings, and bins
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drawpoints, ore-transfer
mining and haulage equipment
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Fig. 2. Structuring of updated methods for ore quality assurance and control in underground mining
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The process engineering methods comprise seg-
regation-based technologies intended for material
separation. Segregation and separation methods of
ore quality management are used to separate or sort
the mined material or remove some of its constituents
from the production volume [2, 6]. Selected portions
of the mined material are separated to increase the va-
luable-component grade in a specified portion of the
production output. Equipment used for this purpose
may include load-haul-dump and haulage machines,
real-time monitoring devices, batch or particle sor-
ting units, screens, crushers, and feeders? [2]. Segrega-
tion-based separation methods, in turn, are intended
to increase the grade of valuable components in the
mined ore or sort the material using modern X-ray
radiometric ore-sorting and preconcentration equip-
ment. Segregation-based flowsheets involving small-
batch separation and small-batch preconcentration
incorporate X-ray radiometric separators, which can
reject more than 40% of the low-quality fraction from
the total mined material and almost double the grade
of the valuable component in the preconcentrate [2].

2. Empirical studies

To establish design requirements for mine systems
capable of maintaining stable ore quality during under-
ground mining of copper-nickel ores, the natural vari-
ability in ore quality at the Norilsk deposits was quan-
tified using the index of geological complexity, A. The
analysis was based on geological reporting data gene-
rated in the Geologist automated workstation database
environment (version 13.1) and in Micromine software
(version 2023.5), which provides an integrated frame-
work for data collection, storage, and processing.

The geological variability in the quality characte-
ristics of deposits within the Norilsk mineral resource
complex was investigated at the company’s under-
ground mines. The Zapolyarny Mine develops the No-
rilsk-1 deposit using a mining method involving caving
of the overlying rock mass. The Komsomolsky Mine
extracts several commercial types of copper-nickel
ore from the Talnakh and Oktyabrskoye deposits. The
higher-value, high-grade ores of the Talnakh deposit
are mined selectively using mining methods with com-
plete cemented backfilling of the mined-out areas®.

2 Regulations on month-ten-day period-day-shift mine
planning by the Planning Center at the Komsomolsky Mine. No-
rilsk; 2019. 10 p. (In Russ.)

5 Regulations on month-ten-day-period-day-shift mine
planning by the Planning Center at the Komsomolsky Mine. No-
rilsk; 2019. 10 p. (In Russ.)

Strategy for the development of sulfide and copper-nickel ore
deposits of the Talnakh ore cluster and the Norilsk-1 deposit by the
mining enterprises of the mineral resource complex of the Polar
Division of OJSC MMC Norilsk Nickel. Mining Administration, Po-
lar Division of OJSC MMC Norilsk Nickel. Norilsk; 2013. (In Russ.)
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To provide a comprehensive basis for mine de-
sign and process engineering solutions concerning
the grade-stabilization capacity of underground mine
processes, changes in ore quality parameters along
the ore streams were investigated. The field studies
showed that the natural quality of copper-nickel ores
is affected most strongly by the combined process
engineering and technical measures associated with
mining operations and the transfer of mined material
through the underground material-handling system.
In particular, the formation of ore quality characteris-
tics within the ore streams was examined by correla-
tion analysis using the primary data from the site-spe-
cific design for extraction of a stope, together with
data from Micromine (Fig. 3), MineSched, and the ten-
day and shift scheduling system DSG 2.0. The latter
is a digital solution integrated into the business pro-
cesses of Norilsk Nickel’s mines to improve production
quality and ensure compliance with production sche-
dules. The specialized GEOVIA MineSched software
package (version 2021) supports mine planning and
production optimization for both open-pit and under-
ground mining operations.

The pattern of within-block variability in metal
grades in the stope is shown in Fig. 4.

Slot raise of Stope No. 2

Stope
No.2

Floor
of Stope

No. 1 Slot raise of Stope No. 1

Floor of Stope No. 1

Legend
I stage I, rings 1-11 I Stage IV, rings 138-170
I Stage 11, rings 12-118 I Stage V, rings 171-212
Stage III, rings 119-137 [ Stage VI, rings 213-245
Fig. 3. General view of the stope in the detailed stope
extraction design developed in the Micromine mining
and geological information system
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In mining practice, an ore pass is often regarded as
an effective underground blending facility. During the
extraction of disseminated ores in particular, however,
an ore pass may cause deblending because of parti-
cle-size segregation within the mined material. Par-
ticle-size segregation of the rock-ore material during
development of a copper-nickel ore deposit arises from
the inverse relationship between the size of the blas-
ted ore fragments and their metal grades (Fig. 5).
Field investigations of the ore stream were conducted
to examine this segregation phenomenon. The sam-
pling scheme included sampling of the muckpile, car-
by-car sampling of each ore train on the haulage levels,

N (€} = wu

Valuable-component grade, arbitrary units
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and sampling of ore from the bucket of a load-haul-
dump machine (LHD). During the observation period,
1.926 thsd t of ore passed through the haulage-level
workings. Thus, as the ore fragment size in the muck-
pile decreased from 350 to 50 mm, the nickel grade in
the mined ore increased from 0.19 to 0.34%, while the
copper grade increased from 0.22 to 1.30%.

Analysis of the identified statistical relation-
ship demonstrates the need for new mine design and
process engineering solutions for copper-nickel ore
quality management. These solutions should ensure
stable average metal grades in the segregated mined
material delivered to the concentrator.

[ |
| | | | | |
O | | | | | |
! 50 100 ! ! 150 ! 200 ! 245
Stage I, Stage II, Stage III, Stage IV, Stage V, Stage VI,
rings 1-11 rings 12-118 rings  rings 138-170 rings 171-212 rings 213-245
119-137
Fig. 4. Variability in the grades of metals A and B by stope extraction stage
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Fig. 5. Inverse relationship between blasted ore fragment size and nickel (a) and copper (b) grades
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Results

An assessment of the complexity of orebody oc-
currence at the Norilsk copper-nickel deposits showed
that the deposits do not fall into the complex category
(A =0.01-0.5). However, mining conditions deteriorate
as the orebody occurrence complexity index increa-
ses. Consequently, the predicted ore loss and dilution
rates for individual mining units increase, thereby re-
ducing ore recovery during mining and widening the
discrepancy between planned and actual mining per-
formance under the changed mining conditions [7].

To investigate changes in ore quality parameters
along the ore stream, Micromine was used to calculate
indices of ore quality variability during mining opera-
tions (Table 1). The results indicate that metal grades
in the ore output will be unstable as the ore is blasted
in the stope through successive blast-hole rings.

The standard deviations of nickel and copper
grades attributable to within-block variability were
predicted to exceed 0.41 and 0.55%, respectively. The
production-scale investigations therefore showed
that the composition of the mined material is partial-
ly destabilized at individual stages of the production
chain, reducing the overall grade-stabilization capac-
ity of the mine flowsheet.

For example, particle-size segregation during the
transfer of mined material through ore passes cau-
ses deblending, that is, separation by particle size, and
reduces the blending coefficient. Thus, segregation of
the mined ore disrupts the natural grade-stabilization
effect of the mine flowsheet while simultaneously cre-
ating favorable conditions for separation technologies.
The higher the ore contrast index, the more favorable
the conditions for separation and, consequently, for the
use of underground segregation-based technologies [8].
In-mine investigations were conducted to determine
ore contrast. Under the conditions of the Norilsk un-
derground mines, rock-ore fragments within the spe-
cified size range were classified as having low contrast
at M = 0.4-0.8 and moderate contrast at M = 0.8-1.1.
Despite the relatively low contrast of the Norilsk ores,
computer modeling of preconcentration of the mineral
components in the mined ore was performed [2, 9]. Nu-
merical modeling and statistical processing of the test
data were carried out using STATISTICA 10.0 and Mi-
crosoft Office Excel. The modeling results showed that
this solution reduces the volume of saleable ore by 36%
by removing lower-grade fractions from the total mined
material. As a result, the average nickel grade in the pre-
concentrate increases by 63% relative to the feed, from
0.26 to 0.41%, that is, by more than 1.5 times. The aver-
age copper grade in the preconcentrate increases from
0.38 to 0.60%, corresponding to an absolute increase of
0.22 percentage points, at a metal recovery of 94%.
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Table 1
Statistical indices of ore quality variability

Predicted indices
of process-induced
variability during blasting
in the stope

Variability indices
in the stope orebody
according to the mine
design

Ni Cu Ni Cu

Coefficient of variation, v, %

64.76 41.08 89.24 51.01

Discussion

The integrated study showed that sulfide ores
within the Norilsk underground mining area are he-
terogeneous in terms of valuable-component grades,
modes of occurrence, spatial distribution, and ore-
body structure [10]. Because the ore deposits of the
Norilsk mineral resource complex exhibit high na-
tural variability in in-situ ore quality characteristics
(o = 0.07-1.40; v = 39.30-111.50), they may be re-
garded as geologically complex from the standpoint
of maintaining a stable mineral composition of the
ore during underground mining. Therefore, the con-
ceptual basis for developing underground systems
for copper-nickel ore quality management should
incorporate an updated set of methods and models.
Their use in mine design and process engineering de-
cision-making can improve the quality of the mined
material despite the rapid deterioration in the quali-
ty of commercially mineable reserves of the principal
ore types.

The range of ore quality fluctuations within the
ore streams can be reduced most effectively within
the underground mining system. For example, after
blasting, the range of variation in the quality charac-
teristics of blasted disseminated ore is smaller at the
production face and in LHD buckets than in rail cars.
One of the principal causes of ore quality destabili-
zation during the extraction of disseminated ores is
the use of a caving method, for which ore loss and di-
lution rates reach 15-20% or more. Another cause is
natural particle-size segregation during underground
mining operations and material-handling processes.

Under mine operating conditions, particle-size
segregation should therefore be considered as a phe-
nomenon that can be used beneficially to increase the
grade of valuable components in the mined ore by re-
jecting waste rock and part of the subeconomic ore at
the mining stage.

It should be taken into account that, under ac-
tual underground mining conditions, in-mine pre-
concentration is expected to reduce the ore tonnage
delivered to the processing plant by more than 50%.
The in-mine preconcentration model also did not
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account for the decrease in metal grades in the mined
material from the production face to the surface or
the resulting decline in ore-grade contrast. Conse-
quently, when copper-nickel ores exhibit relative-
ly low grade contrast, the use of preconcentration
alone within the mine production chain is unlikely to
achieve adequate throughput.

For complex-structured orebodies, a promising
approach should therefore combine separation with
the controlled addition of subeconomic ore from the
orebody contact zone. As demonstrated in [11], ac-
counting for the exponential decline in valuable-com-
ponent grades within the contact zone provides
a sound basis for incorporating part of the subeco-
nomic ore into the main ore stream without reducing
concentrate quality, thereby increasing the overall
recovery of the ore reserves. Accordingly, optimiza-
tion of technologies intended to improve ore quality
requires an integrated solution aimed at establishing
a combined production quality management system
that accounts for segregation of the mined material.
The studies described above therefore provide a ba-
sis for formulating the fundamental principles under-
lying process engineering solutions incorporated
into underground mine designs for copper-nickel ore
quality management [12, 13].

e e

Production
face 3 LHD haulage )

Level -471 Tn
Level -560 Crusher

Production

LHD haulage

Level =700

Production
face 1 LHD haulage

_— S —> —>
FEEE N

elSSN 2500-0632

https://mst.misis.ru/

Turtygina N. A. et al. Mine design and process engineering solutions for copper-nickel ore quality management...

A classification of equipment and methods for ore
grade stabilization, including their respective indices
and operating principles, was proposed in [12]. A sub-
stantial natural blending effect was shown to occur
when mined ore is stored in stockpiles, ore passes, or
bins [5, 14]. On this basis, the present study recom-
mends converting the underground mine crushing and
storage complex into a blending and stabilization facil-
ity with a predicted blending coefficient of K; = 1.6-2.8
(Fig. 6). The underground ore-stream quality manage-
ment system is designated as 1-A-A,-2-B-B,,. This
designation indicates that, at the first management
stage, organizational measures are implemented to es-
tablish the target average ore quality in specified quan-
tities of mined ore through real-time mine planning
and hourly intrashift control. At the second manage-
ment stage, production and process engineering meas-
ures ensure the uniform distribution of the established
average metal grades throughout the mine-wide ore
stream through the use of a specially designed stock-
pile-based blending facility [4].

The overall underground ore quality management
system should include an information and control ar-
chitecture comprising two subsystems: an information
subsystem for real-time ore quality management and
a production and process engineering subsystem (Fig. 7).
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The production and process engineering subsys-
tem has a conventional configuration and encom-
passes the organization of production operations
and processes required for mining. By contrast, the
modern real-time information and control subsys-
tem must be developed substantially anew using
radiometric and electronic equipment functionally
and structurally integrated into the mine produc-
tion chain. This subsystem should provide centra-
lized real-time monitoring of metal grades through-
out the mining process: at the production faces; up-
stream and downstream of ore passes; in rail cars
on haulage levels; in skips before hoisting; and in
bins, material-transport streams, and stockpiles.
Ore quality monitoring stations may be used for this
purpose [15, 16].

Introducing real-time ore quality monitoring
equipment into mining operations and integrating it
into a unified underground mine production system
will accelerate data processing, analysis, and opera-
tional response by improving the mobility and access
to information of engineering and technical person-
nel. This will, in turn, improve real-time intrashift
planning and control over production processes
aimed at meeting the planned ore quality and produc-
tion-volume targets.

Key findings

To ensure the long-term security of the mineral
resource base of the Norilsk mines, the fundamen-
tal principles of the strategic approach to optimizing
process engineering solutions for copper-nickel ore
quality management in underground mining should
be reconsidered.

As the Norilsk deposits are progressively deple-
ted and ore quality variability increases during under-
ground mining of copper-nickel ores, improvements
in mined ore quality require an innovative and inte-
grated approach. This approach should involve mo-
dernization of mine flowsheets through the combined
use of blending and stabilization methods and seg-
regation-based separation methods for ore quality
management during mining.

Underground mines should make use of their avail-
able process capacity for blending the mined material in
order to manage product quality. The most promising
option is to locate blending and stabilization facilities
at the surface, at the end of the mine production chain.

Under specific mine conditions, particle-size
segregation should be used beneficially to reject the
low-quality fraction from the total mined material and
increase the grade of valuable components in the ore
streams.
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Ore quality management during mining should
be implemented as a multistage process. Accordingly,
the information and control subsystem of a modern
underground mine should be upgraded to provide
mine management personnel with data on changes
in ore quality variability parameters throughout the
mining process, from the working face to the surface.
Digitalization of data flows in mine production ma-
nagement will create an integrated information envi-
ronment and ensure the transparency and accessibi-
lity of reliable ore quality data. These data provide
the basis for process engineering solutions incorpo-
rated into mine designs to increase metal recovery by
stabilizing grades in the mill feed.

A comprehensive basis for mine design and pro-
cess engineering solutions aimed at optimizing the
formation and stabilization of mined ore quality
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is provided by establishing a combined production
quality management system in the underground
mine. Such a system should account for segregation
of the mined material and incorporate underground
preconcentration technology to increase the grade of
valuable components in the mined ore.

Conclusion

The fundamental principles developed from the
research findings and engineering studies provide
a conceptual basis for mine design solutions incor-
porating innovative modernization of process flow-
sheets and optimization of underground systems
for copper-nickel ore quality management. This ap-
proach can improve the economic performance of the
entire mining and metallurgical complex of the No-
rilsk industrial region.
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Pilot testing of sylvinite ore reserves re-mining method
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Abstract

As part of the previously justified mining method for the Verkhnekamsk potash salt deposit (VPSD) — which
involves the re-extraction of reserves from the Krll sylvinite layer in areas previously mined with “yielding”
pillars — pilot tests of the method were conducted. Their primary objective was to assess the technical feasibility
and safety of stoping in the KrII* layer — a natural-technogenic rock mass — as well as to refine the mining-
geological and mining-technical conditions for re-mining. The results of the pilot testing and the analysis
of the observations of the workings condition in the re-mining area showed that, when exposed, the weakly
consolidated caved rock is prone to inrush. The most dangerous areas in this regard are sections where old
workings have been undercut by inclines, as well as areas near abandoned pillars with increased rigidity. Cyclic
variability in the physical and mechanical properties was observed in the KrII* natural-technogenic layer. Spe-
cifically, the rock strength ranges 0.4 to 3.8 MPa in the zone of rock caving to 16.2 to 24.0 MPa in pillars. The
displacement rates of a working contour in the KrII* natural-technogenic layer are generally 22—-28 mm/year
and fall within the range typical of the standard mining-geological conditions of the VPSD. The stability of the
workings enclosing (surrounding) rock mass was assessed as satisfactory. The implementation of the re-mining
method opens a prospect of increasing the recovery of sylvinite ore from the KrII layer.
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AHHOTauusa

B pamkax paHee 060CHOBAHHOI CMCTEeMbI Pa3paboTKM BepxHeKaMCKOro MeCTOPOKIAEeHMST KaIUITHbIX COJIei,
3aKJTIOYAIONIENiCcsl B OBTOPHOI BhIEMKE 3aacoB CUJIbBMHUTOBOTO Tuiacta Kpll Ha yuacTkax, 0OTpaboTaHHBIX
C «OJAT/IMBBIMMU» LIeIMKaMU, TPOBeAeHbl ee OIMbITHO-MPOMbIlieHHble uctbiTauusi (OITM). X ocHOBHOI
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LIEeJIbIO SIBJISVIACh OIl€HKA TEXHMUYECKOM BO3MOXKHOCTY M 6Ge30MacHOCTU IMPOXOAKM OUMCTHBIX BbIPaGOTOK
B c(hOPMIUPOBAaHHOM MPUPOTHO-TEXHOTeHHOM MaccuBe riacta Kpll* a Takske B yTOUHEHUM TOPHO-TEOJIOTH -
YeCKMUX U TOPHOTEXHUYECKUX YCIOBMI MIOBTOPHOI OTpaboTku. PesyabraThl OIM 1 aHanu3 HabGIogeHuii 3a
COCTOSTHMEM BbIPAabOTOK Ha yYacTKe IMOBTOPHOI OTPabOTKY MOKA3an, YTO TIPY BCKPBITUM CIIA60KOHCOMUI-
POBaHHbIe 0GPYIIIEHHbIE TOPOIbI CKIOHHBI K BbIBAI00Opa3oBaHuio. Hanboee onacHbIMM B 5TOM OTHOIIEHUU
SIBJISTIOTCSI YYAaCTKY TOACEYKM CTapbIX BIPAOOTOK YKIOHAMM, @ TaKKe 30HbI BOINM3M OCTABJIEHHBIX 1LI€JMKOB
TIOBBIIIEHHOI JXeCTKOCTH. 111 IpUpPOHO-TexHOoreHHOTo 11acta Kpll* ycraHoBieHa IuK/InJecKast MU3MeHUM-
BOCTb (GM3UKO-MeXaHNYeCKUX CBOMCTB. B uacTHOCTH, pe/ies IPOYHOCTY ITopoy, u3MeHseTcs ot 0,4-3,8 MIla
B 30He 06pyIIeHHbIX TOPoA, 10 16,2-24,0 MITa B nenukax. CKOpOCTM CMelLeHMs] KOHTYPa BbIPAOOTOK B MPU-
POIHO-TeXHOTeHHOM I1acTe Kpll* B OCHOBHOM COCTaBJISIIOT 22-28 MM /TO[ ¥ YK/IAAbIBAIOTCS B AMAMa30H 3Ha-
YeHWUI, XapaKTePHBbI IJ151 TUTIOBBIX TOPHO-Teonornvyeckux yceiosuii BKMKC. YcToiunBOCTh TPUKOHTYPHOTO
MaccuBa MIPOVeHHBIX BBIPAOOTOK OI[@eHMBAETCS KaK yIOBIeTBOPUTEIbHAS. Peann3aiys TeXHOIOTUY TTOBTOP-
HOJ1 OTPabOTKM OTKPHIBAET MEPCIIEKTUBY MTOBBIIIEHNS U3BJI€UEHMST CUJIbBMHUTOBOM pyabl ¢ macta Kpll.

KnioueBble cnoea

COJISTHBIE TTOPO/IbI, TOBTOPHAS OTPab0TKa, TPUPOSHO-TEXHOTEHHBIN IJIaCT, KaAMePHO-CTOIO0BAs CUCTEMA pas-
pPabOTKM, OTIBITHO-ITPOMBIIIIJIEHHbIE UCTIBITAHMS, (DM3UKO-MeXaHUUeCKMe CBOVCTBAa, MOHUTOPUHT, nedopma-
LMSI M YCTOMYMBOCTH BbIPAOOTOK

®duHaHcupoBaHue
Pa6oTa BbITIOJTHEHA B paMKaxX KPYITHOTO HAyYHOTO MPOEKTa Mpyu (GUHAHCOBOI mopmepxke MyuHOOpHAYKM
Poccun (cornmamenue N2 075-15-2024-535 ot 23.04.2024).
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Introduction

The term “re-mining (re-extraction) of mineral
resources” refers to the extraction of reserves that
were previously lost (undermined, caved, or left in
pillars) or left in the subsoil because their initial ex-
traction was uneconomical at operating or closed
mines [1, 2]. Depending on the minerals being ex-
tracted and the primary mining method used, diffe-
rent re-stoping processes are employed at different
deposits. For instance, the re-mining of ore deposits
is primarily based on the additional extraction of
caved rock mass from stoping zones [3-5]. To date,
this method has found the widest application at coal
deposits mined using both breast stoping (longwall
system) [6, 7] and the Silesia method [8, 9].

The extraction of mineral using the Silesia/room-
and-pillar mining methods opens up broad prospects
for the use of methods that allow for the re-extraction
of ores left in rib, barrier, and panel pillars [10-12].
There are quite a few technical approaches to im-
plementing re-extraction in such conditions [13, 14],
including two-stage stoping [15-17].

In the 1980s and 1990s, attempts were made to
carry out planned two-stage mining of sylvinite de-
posits within the Verkhnekamsk potassium salt de-
posit (VPSD), the largest of its kind in Europe. The
essence of this method is as follows [17]: during the

initial stage of layer mining, wide “rigid” rib pillars
were left in place, after which the stopes were filled
with salt waste, primarily using a hydraulic method.
In the second stage, after the filling mass has reached
the required strength, the rib pillars were partially
extracted. It should be noted that two-stage stoping
has not become widespread at the Verkhnekamsk
potash salt deposit mines. This is due to a combina-
tion of factors: the complexity of coordinating sto-
ping and backfilling operations; the deterioration of
the physical and mechanical properties of the rock in
the pillars as a result of wetting by backfill brines; the
complex nature of deformation in the heterogeneous
pillars formed during the second stage; the need to
maintain the development workings for an extended
period; and so on.

In addition to the extraction of pillars resulting
from the commissioning of the second stage, re-mi-
ning methods also include the recovery of reserves
previously classified as non-commercial due to un-
favorable economic conditions and/or technological
limitations. Specifically, for the Starobinsky potash
salt deposit (Belarus), a study was conducted on the
feasibility of extraction of the partially mined out
4™ sylvinite layer, which was left behind during the
extraction of the underlying layers 2, 2-3, and 3 of the
Third Potash Horizon [18-20].
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Another approach within the framework of po-
tash deposit re-mining method involves the extrac-
tion of reserves from a natural-technogenic layer un-
der VPSD conditions [21]. This layer was formed in
areas where room-and-pillar mining system was used
to develop the KrlI sylvinite layer, with leaving “yiel-
ding” rib pillars in the mining field of the BKPRU-2
mine operated by PJSC Uralkali. Under the influence
of rock pressure, these pillars deform and fracture,
causing the stopes to be filled primarily with their
fragments and resulting in the formation of a con-
tinuous rock mass with periodically varying physical
and mechanical properties. As shown in [21], the se-
condary natural-technogenic KrII* layer has sufficient
recoverable thickness and acceptable strength charac-
teristics that creates the conditions for the re-extrac-
tion of sylvinite ore reserves under VPSD conditions.
This method is particularly relevant for mines in the
final stages of operation, as it is designed to extend
the mine's operational life. In addition, its implemen-
tation will make it possible to include reserves previ-
ously classified as production losses in the extraction
process, thereby increasing the overall recovery factor
for a mineral from a producing layer.

When selecting process flow sheets for re-mining
of the KrIl* natural-technogenic layer using room-
and-pillar method, the key issues are determining
the bearing capacity and deformation behavior of
heterogeneous rib pillars composed of rock masses
with varying strengths. This is essential for ensuring
safe conditions for re-mining of the overlying wa-
tertight rock strata and for protecting a mine from
flooding. A solution to these problems obtained for
the first time on the basis of quantitative estimates
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using numerical simulation methods [21] provides
the scientific basis for demonstrating the feasibility
of re-mining of silvinite ore reserves.

The implementation of the proposed method for
stoping within the KrlII* natural-technogenic layer
requires the preparation of a “Safety Justification for
a Hazardous Production Facility” and the conduct of
pilot tests. This work was carried out between 2022
and 2024 and included scientific support, which in-
volved monitoring the condition of the mine workings.
The main objective of the testing was to assess the
technical feasibility and safety of driving and stoping
within the KrII* natural-technogenic layer rock mass,
as well as to clarify the mining-geological and mine
engineering conditions for driving and stoping.

In light of this, the following main objectives were
set for the testwork:

1) determining the optimal conditions for imple-
menting the method for the re-extraction of reserves
from the KrII* natural-technogenic layer;

2) clarification of the geological features and
physical and mechanical properties of the KrII* layer;

3) monitoring deformation processes in mine
workings and assessing their stability.

Testing conditions and key technical solutions

A 170-by-200-meter area within the mining field
of the BKPRU-2 mine was selected for pilot testing of
the method for re-mining of the KrII* natural-tech-
nogenic layer. The testing area is located in a zone
where the initial mining of two gently dipping, closely
spaced sylvinite layers was performed in the first half
of the 1970s, leaving “yelding” rib pillars in the KrII
layer with the parameters shown in Fig. 1, a.
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Fig. 1. Parameters of the initial mining of the KrII and AB layers (a)
and the re-mining of the natural-technogenic KrII* layer (b) in the testing area
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During the initial mining of the KrlI layer in
the area under consideration, a protective silvinite
member approximately 0.7 m thick was left in the
roof. Subsequently, the stopes were filled primarily
with fragments of this layer and the marginal parts
of the pillars, and to a lesser extent with host rocks.
Under the influence of moisture and rock pressure,
the caved rocks eventually consolidated, forming
a continuous and relatively monolithic rock mass.
Thus, the naturally and technologically formed KrII*
layer 2.4-2.8 m thick composed of alternating of
caved rock and remnants of pillars, has a KCI content
close to that found in natural potash layers, which
makes it commercially viable for re-mining.

The paper [21] examines various options for
re-extraction of the KrII* natural-technogenic layer
using room-and-pillar method. The calculations
showed that, at the testing area, safe conditions for
re-mining of the KrII* layer were achieved by driving
single-pass stopes with an Ural-61A shearer, coaxial-
ly with first-stage rib pillars with a twofold increase
in the inter-axis distance. The parameters for imple-
menting this process flow are shown in Fig. 1, b.

The pilot tests involved the re-extraction of re-
serves from the testing area — occurring in the first-
stage pillars — by driving ten testing stopes in the
meridian direction. The area preparation involved
driving transport and ventilation inclines from the
main-direction workings, which had been driven
through the underlying rock salt layer, as well as an
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extraction drift through the KrII* layer. To maintain
stability, the extraction drift is located in the rigid
pillars area between the starting workings of the pri-
mary mining stage. At the end of a pass, the stopes
were connected by ventilation connections. In ad-
dition, several stopes were connected by research
connections in order to conduct field research. In
order to experimentally evaluate a stable mine wor-
king roof span within the natural-technogenic layer,
some connections were driven in two passes across
the width, with the passes overlapping. The location
of the research workings relative to the previously
driven development workings and stopes is shown
in Fig. 2.

The stability of the workings in the natural-tech-
nogenic layer was ensured by undercutting all three
clay “cakes” in the roof, as well as by using roof bolting
at the junctions of the workings and in sections where
the working width exceeded one shearer pass, when
excavating caved unstable rock in former stopes.

To monitor the condition of the workings and
the load-bearing elements of the room-and-pillar
system for re-mining, underground observation sta-
tions (OS) were set up at the testing area to monitor
the displacement of the workings surrounding rock
mass. In addition, the scientific support for the tes-
ting project included a detailed study of the geolo-
gical setting and physical and mechanical properties
of the rocks in the KrII* natural-technogenic layer, as
well as an assessment of their gas-bearing capacity.

0S15
0S 14

LEGEND

+ +Workings of the primary mining
system through layer KpII

0S 16 Q +——=Workings of the primary mining
system through layer KplI

TCh Testing Chamber

& Observation Station (OS)

\0S 1\0S2

Fig. 2. Testing area workings layout
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Features of driving workings

in the natural-technogenic layer rock mass

During driving the research workings within the
KrII* natural-technogenic layer at the testing area,
it was found that the voids in the previous stopes
are currently almost entirely filled with blocky ma-
terial that was cemented to varying degrees (Fig. 3).
The worked-out stopes were filled in several stages.
First, the protective member of sylvinite layer left in
the roof fails. Next, vertical compression of a pillar
caused it to expand laterally. As a result, the margin
parts were broken down into a system of contour sub-
parallel prismatic blocks. These blocks shifted and
tilted into the mined-out space, dislodging cuttings
from the floor and causing it to accumulate in the
center of a stope.

The formation of a system of subvertical frac-
tures in the central part of a pillar results in the for-
mation of a trapezoidal skeleton bounded by faults,
within which the lower part of the KrIl layer (sub-
layers, SL 5-7 in Fig. 3) remains virtually unchanged
in thickness. At the same time, the reduction in the
height of the pillar is primarily due to creep defor-
mations, which predominate in the upper part of the
layer (sublayers, SL 1-4), where more than half of the
layer’s thickness is lost. At the same time, the rock
filling the stopes contains virtually no material from
the overlying layers, indicating that the AB-KrII*
technical interlayer has not caved. Thus, the stopes
were filled primarily through the redistribution of
rocks from the KrlII sylvinite layer.

As a result of transverse deformation, the width
of the pillars increased to 5.0-6.0 m across the layer
floor, while the width of the caved rock area at the
site of the former stopes was 3.0-4.0 m. The thick-
ness of the KrII layer within the contour of the for-
mer stopes decreased to 2.4-2.6 m, and, in the pil-
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lars, to 2.6—2.8 m, which represented 52-57% and
57-61%, respectively, of the initial thickness of 4.6 m
(see Fig. 1).

In the course of re-mining at the testing area,
field tests were conducted on large-scale prismatic
specimens measuring 400%200%x200 mm to deter-
mine their uniaxial compressive strength, in accor-
dance with the methodology described in [21].

The results of the field tests on large-scale spe-
cimens at the testing area revealed significant vari-
ation in the strength characteristics of the KrII* na-
tural-technogenic layer. For the rock caved into the
stopes, the compressive strength ranges from 0.4
to 3.8 MPa, with an average value of 2.0 MPa. The
strength of the rocks of rib pillars ranges from 16.2 to
24.0 MPa, with an average of 20.6 MPa, which rough-
ly corresponds to the natural properties of the intact
KrII layer as determined during background testing.

Thus, within the re-mining area with newly dri-
ven stopes, the strength properties of the KrIl*
natural-technogenic layer are characterized by an
extremely heterogeneous distribution. In the central
part of the pillars, the strength is at the background
levels for the VPSD and decreases by nearly an order
of magnitude in areas of caved rock.

A geological study of core samples from bore-
holes drilled into the roof of the workings at the
testing area revealed zones of stratification and loo-
sening in the rocks of the AB-KrII* parting above the
former stopes. These often contain accumulations of
condensate brines that have migrated from the floor
of the stopes created in the overlying AB layer. In ad-
dition to the parting, local brine seepage is observed
when the shearer cuts through rock that has caved
into the stopes. The nature of the brines is due to the
long-term condensation of moisture from the air in
the old mine workings.

Rock caved into a stope

Pillar

Rock caved into a stope

Fig. 3. Structure of the KrII* Natural-Anthropogenic layer
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During the research driving at the testing area,
it was determined that various metallic objects may
be found in the caved rock; these include fragments
of mechanisms, assemblies, and equipment parts
left during the initial mining of the panel, as well as
other debris (conveyor belts, wood, etc.). This leads
to increased wear on the shearer’s teeth and makes
driving more difficult. In addition, the increased clay
content and wetting by condensation brines contrib-
ute to the high viscosity of the rock that caved into
the stopes. As a result, the driving rate in the layer
decreases and the number of tool-related incidents
increases.

The complex hypsometry of the Krll* natu-
ral-technogenic layer, which differs significantly
from the natural conditions under which the VPSD
sylvinite layers occur, also complicates driving and
stoping.

The natural-technogenic layer contains voids
ranging from small, irregularly or round-shaped ca-
verns with volumes of several cubic centimeters to
voids larger than one cubic meter, which are parts of
the first mining stage workings left unfilled with rock
mass fragments (Fig. 4). The following factors are
likely causes of the void formation:

- uneven tilting of the opposite walls of the pri-
mary stopes during the deformation of the yelding rib
pillars due to the heterogeneous geologic and min-
ing conditions of the KrlI layer (folding, variations in
occurring depth, thickness, etc.) and local deviations
from the pillar design parameters;

—the location of the primary workings near
high-stiffness (rigid) pillars, which thus protect them.

If large voids are reopened or if they are located
close to the research workings, there is a risk of acce-
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lerated deformation of the contour, leading to a loss
of its integrity in the form of fractiring, delamination,
and roof breaks. Safe driving in the specified zones of
the natural-technogenic layer must include the fol-
lowing measures:

- the creation of a safety zone near the contour
of a rigid pillar, within which mining operations are
prohibited during re-extraction;

— use of a semi-automatic (remote) control mode
for a shearer;

—the use of additional methods to monitor the
condition of the workings enclosing rock mass (drill-
ing blast holes and performing video endoscopy of the
rock mass, monitoring displacements of the workings
contours).

Monitoring the condition of workings
in a natural-technogenic layer

Monitoring of the displacement of the workings
enclosing rock in the KrII* natural-technogenic layer
was carried out at underground observation (moni-
toring) stations (OS) set up in the testing area. The
locations of the stations within the testing area are
shown in Fig. 2. A long-term observation station
consists of deep and contour benchmarks (mine sur-
vey plugs) installed within a working cross-section
(Fig. 5). The free end of the benchmarks has a moun-
ting hole for attaching them to a measuring device —
a belt extensometer. To assess the impact of various
factors (the presence of rock caved into the stopes,
the width of the working face, support, etc.) on the
magnitude of rock displacements in the surrounding
rock mass, the stations were installed under a wide
range of geological and mining conditions.

b

Fig. 4. Appearance of the workings driven through the KrII* natural-technogenic layer:
a — an intersection of rock caved into the stope on the right wall of the working;
b - an outcrop of weakly consolidated rock on the left wall of the working
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Monitoring of the rock mass displacement was
performed by periodically measuring the distances
between benchmarks installed in opposite parts of
aworking (roof-floor, left-right walls). During the initial
stage of the observations, periodic measurements were
taken once every 3 months on average. Subsequently,
the frequency of measurements decreased depending
on the intensity of the rock mass displacement.

Based on the observation results, graphs were
plotted showing the displacements of the benchmarks
as a function of the time elapsed since a station was
established. In addition, the average annual displace-
ment rate of the enclosing rock mass was calculated
for all observation stations.

elSSN 2500-0632

https://mst.misis.ru/

Baryakh A. A. et al. Pilot testing of sylvinite ore reserves re-mining method

As an example, Fig. 6, a shows graphs of the verti-
cal displacements of the roof rock at observation sta-
tion 4, located at the junction of the extraction drift
and the starting research stopes 1-2 (see Fig. 2). An
analysis of the monitoring data revealed that the ma-
ximum rate of vertical displacement of the roof strata
took place during the initial observation period. Sub-
sequently, the deformation rate gradually decreases,
stabilizing at 22-28 mm/year. A relationship was also
established between the magnitude of the displace-
ments and the distance to the roof of a working: the
minimum values were recorded at a distance of 6.0 m
from the roof, while the maximum values were re-
corded directly at a working contour.
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Legend:

1 - contour benchmark (Py);

3 - benchmark at a distance of 1.5 m (P, ,);
5 -Dbenchmark at a distance of 4.5 m (P,.);

a

2 —benchmark at a distance from the contour of 0.75 m (P, ,.);
4 - benchmark at a distance of 3.0 m (P;,);
6 - benchmark at a distance of 6.0 m (P, );

- - - - measured distance

b

Fig. 5. Scheme of stations positioning for monitoring the displacement of the enclosing rock mass:
a - mine workings roof; b — rib pillar
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Fig. 6. Rock mass displacement as a function of time:
a - vertical roof displacements at the junctions of workings (OS 4); b — horizontal displacements of the rib pillar (OS 3)
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A qualitatively similar pattern of deformation in
the roof rock, despite quantitative differences in the
absolute values of the displacements, was observed at
all observation stations equipped with vertically ori-
ented deep benchmarks according to scheme shown
in Fig. 5, a. At the same time, an analysis of the mon-
itoring results showed that the displacement rates of
the contours of the research workings at the points
where they intersect caved rock are generally lower
than in the previously left pillars in the KrII* layer.
This observed pattern is due to the vastly different
deformation properties of these structural elements
within the natural-anthropogenic layer, which cause
a heterogeneous stress field to form within it. As
a result, stress concentrations in the primary mining
pillars lead to increased rates of displacement of the
workings contours relative to parts of former stopes
filled with caved rock.

This same reason explains the nonuniform na-
ture of the horizontal displacements of the bench-
marks shown in Fig. 6, b, which were installed in the
re-formed rib pillar according to the scheme in Fig. 5, b.
Thus, the greatest rock displacements — 39.4 mm — over
the observation period were recorded at the pillar con-
tour. As the distance from the contour exceeds 0.75 m,
the displacements decrease sharply, stabilizing in the
range of 14.5 to 23.8 mm. At the same time, the mea-
sured displacement value at a distance of 1.5 m is lo-
wer than the values observed in the 3.0-4.5 m distance
range. This deviation from the general pattern is due to
the fact that the benchmark P, < is located in the caved
rock mass with different deformation characteristics.

Based on the results of workings condition obser-
vations in the testing area, the following conclusions
can be drawn. When exposed, weakly consolidated
caved rock exhibits low stability. The most dangerous
areas in this regard are sections where old workings
have been undercut by inclines, as well as areas near
abandoned pillars with increased rigidity. For the most
part, the observed workings contour displacements
fall within the range of values typical of the standard
mining and geological conditions at VPSD. The stabi-
lity of the workings enclosing rock mass in the KrIl*
natural-technogenic layer is assessed as satisfactory.

Conclusion

In order to evaluate the new mining method for
the Verkhnekamsk potash salt deposit, which involves
the re-extraction of reserves from the Krll sylvinite
layer, pilot tests of this method were conducted. The
tests were carried out within the mining field of the
BKPRU-2 mine operated by Uralkali PJSC in the area
where room-and-pillar mining method with “yielding”
pillars was previously used.
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The tests conducted confirmed the practical fea-
sibility and specific characteristics of driving wor-
kings within the KrII* natural-technogenic layer. The
technical solutions adopted for the conditions of the
testing area ensure the stability of the mine workings
throughout the entire period of mining.

The main requirements governing safe mining
conditions during the re-extraction of reserves from
the KrII* natural-technogenic layer include the fol-
lowing:

—a sufficient degree of compactness and con-
tinuity of the formed rock mass, which results from
complete backfilling of stopes when using a primary
mining method with “yielding” pillars;

— selection of re-mining parameters that ensure
rigid support of the overlying watertight strata;

— driving stopes coaxially with the rib pillars of
the primary mining system;

—the creation of a safety zone near the contour
of a rigid pillar, within which mining operations are
prohibited during re-extraction;

—use of the semi-automatic (remote) control
mode for a shearer.

Based on the results of a study of the geologi-
cal structure of the KrII* natural-technogenic layer,
sporadic voids were discovered, consisting of areas
of the first stage of mining that were not filled with
rock fragments. Cyclic variability in the physical and
mechanical properties of the KrII* layer has also
been established. Specifically, the rock strength ran-
ges from 0.4-3.8 MPa in the zone of caved rock to
16.2-24.0 MPa in pillars.

An analysis of the monitoring data on deforma-
tion processes in the mine workings driven in the
KrIl* natural-technogenic layer showed that the
rates of displacement of their contours are general-
ly 22-28 mm/year and fall within the range typical
of the standard mining-geological conditions of the
VPSD. The stability of the workings enclosing (sur-
rounding) rock mass is assessed as satisfactory.

Despite the broad prospects for applying the
re-mining method in the BKPRU-2 mine field, most
of which has been mined-out with leaving “yiel-
ding” pillars in the KrlI layer, additional studies are
needed to calculate recoverable reserves to be in-
volved, with a focus on assessing the feasibility of
implementing this method at specific stoping areas.
This is due to the variability of geological and mi-
ning conditions, which are determined by factors
such as the parameters of primary mining, the deg-
ree of compactness and continuity of the formed
rock mass of the natural-technogenic layer, the
presence of geological anomalies in the structure
of the watertight strata, proximity to the perma-
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nent boundaries of mining operations, the pre- reserves into extraction and increase the overall

sence of protected sites on the Earth’s surface,  sylvinite ore recovery factor from the KrIl layer.

and so on.

Under conditions similar to those at the testing

Thus, the implementation of this method will  area, the expected increase in the recovery factor
make it possible to involve previously written-off  averages 16% [21].
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Abstract
Modern mining operations are conducted under complex geological conditions characterized by variable gas-dy-
namic and aerodynamic parameters, placing stringent demands on the reliability and stability of mine ventila-
tion systems. This study presents the results of mathematical modeling based on integro-differential equations
describing unsteady airflow distribution and accounting for distributed parameters, including airway geometry,
air leakage, and heat and mass transfer. Anon-Lie method was used to identify an additional invariance that can-
not be detected by classical Lie—Ovsiannikov symmetry analysis. A conserved quantity — the generalized circu-
lationI'(t) - was identified. It comprises the classical circulation term and an additional term accounting for flow
unsteadiness, thereby enabling airflow reversal in diagonal connections to be predicted without iterative recal-
culation of the entire ventilation network. A numerical algorithm combining finite-difference and finite-ele-
ment methods was developed. Application of the model to the airflow distribution network of the No. 15 West
longwall face identified critical diagonal branches with a high risk of airflow reversal and determined the
ranges of the stability indices. The findings provide a theoretical basis for systems designed to provide early
warning of emergency ventilation modes and for adaptive ventilation control, with the potential to improve
mining safety.
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TIpe/ICTaBJ/IEHbI Pe3Y/IbTAaThl MATEMATUUECKOTO MOIEIMPOBAHMS, OCHOBAHHOTO Ha MHTETpo-IudbepeHIInab-
HBIX YPaBHEHMSIX HECTALIMOHAPHOTO BO3AyX0OpacIpeneneHus C yUeTOM pacipeneéHHbIX TapaMeTpoB — reo-
MeTpUM BhIPABOTOK, yTEUEK, TEIUIO- U MaccooOMeHa. [IJIs1 MCCIefOBaHMUSI CKPBITBIX CBOMCTB CHMCTEMBI IPUMe-
HEH HEeJIMEeBCKUIT METO/I, TO3BOIUBIINI BBISIBUTH JIOIIOJHUTENbHYI0 MHBAPUAHTHOCTD, HE 0OHAPYXMBAEMYIO
KJIaCCUYeCKUM IoaxomoM JIu. YcTaHOB/IEHA COXPaHSIONIASCSl BeIuuuHa — 0606IIEHHAs UUpKyasuus (L),
BKJTIOYAIOINAs] KJIACCUYECKMit uieH U J06aBKy, yUMTHIBAIOLIYIO HECTALIIOHAPHOCTD ITOTOKA, YTO JAET BO3MOXK-
HOCTb ITPOTHO3MPOBATH OIIPOKNU/IBIBAHNE CTPYIi B AMATOHATbHBIX COeAVHEHMSIX 6e3 UTepaIMOHHOTO Iepecyé-
Ta BCeii BEHTU/ISILIMOHHOI ceTu. PaspaboTaH 4MCaeHHbIi aITOPUTM Ha OCHOBE KOMOMHALIMM METOH0B KOHeU-
HBIX pa3HOCTel ¥ KOHEYHBIX 371eMeHTOB. Ha mpumepe cxeMbl Bo3myxopacrpeneneHust 15-it 3araTHOi JTaBbl
BBISIBJIEHBI KPUTUYECKME OMArOHAIM C BBICOKMM PUCKOM OIIPOKMIBIBAHMS, OIIPENEIEH AMana30oH M3MeHeHUs
roKasarejsiei ycroitunBocTy. [lolyueHHbIe pe3yIbTaThl CO3[AI0T TEOPETUUECKYI0 OCHOBY JIJIsI pa3paboTKY Cu-
CTeM paHHero MpenyNpexxAeHNs aBapUITHbIX PEXXMMOB U aJalITUBHOTO YIIPaBIeHMs BEeHTUISILMel, UTO B Iep-
CIIEKTHBE TIOBbINIAeT 6e30MaCHOCTb BeAEHNSI TOPHBIX PaboT.

KnioueBble cnoBa
TOpHOe IIpeaIpmuAaTe, BEHTWIALMS, MOAE/IMPOBaHMEe, YPaBHEHM S, MTHBAPUAHTHOCTD, UMPKY/ISALINA, METOM, aJIr0-
PUTMBI, YCTOIZ‘IMBOCTB, IIPpOTHO3MpPOBaHNe

Ans yutTupoBaHus
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Introduction

The reliability of mine ventilation systems is
essential to the safety and efficiency of mining op-
erations. Under variable and often extreme external
conditions, including fluctuations in pressure, tem-
perature, humidity, and air composition, maintaining
stable ventilation performance presents a complex
engineering challenge. Integro-differential equa-
tions are widely used to describe the processes oc-
curring in such systems because they can account for
both instantaneous and cumulative effects, as well as
interactions among multiple physical factors. Seve-
ral issues remain unresolved, including the absence
of invariants that remain conserved under abrupt
changes in airway geometry, the difficulty of pre-
dicting airflow reversal under multiple simultaneous
disturbances, and the poor convergence of numerical
methods for stiff systems. This study focuses on the
first two of these issues.

Conventional analysis and modeling methods do
not always provide the required accuracy or solution
stability under uncertain and unsteady conditions. In
this context, the additional invariance of integro-dif-
ferential equations is of particular interest. An equa-
tion is said to possess additional invariance when cer-
tain characteristics of the system remain unchanged
under transformations outside the classical symmetry
group. This approach can reveal hidden relationships,
improve the stability of numerical methods, and pro-
vide more robust criteria for the design and operation
of ventilation systems.

This study aims to develop and theoretically sub-
stantiate a mathematical model of mine ventilation
system reliability based on integro-differential equa-
tions with additional invariance and to assess its ef-

fectiveness in predicting the stability of airflow distri-
bution under time-varying external disturbances.

Accordingly, the invariant I'(t) is introduced to
predict airflow reversal. The convergence of the nu-
merical methods lies outside the scope of this study
and requires separate investigation.

To achieve this aim, the study pursued the fol-
lowing objectives:

1. To construct a system of integro-differential
equations describing airflow dynamics in a mine ven-
tilation network while accounting for distributed pa-
rameters, including changes in airway geometry, air
leakage, and heat and mass transfer.

2. To identify additional invariance operators for
the resulting system of equations and determine the
associated conservation laws.

3.To develop a numerical algorithm for solving
the integro-differential equations using a combination
of the finite difference and finite element methods.

4. To evaluate the model reliability through a pre-
liminary qualitative comparison with known physical
laws and literature data.

The study applies the theory of additional inva-
riance of integro-differential equations to the relia-
bility analysis of mine ventilation systems, providing
a potential basis for safer and more efficient ventila-
tion control [1-3].

Materials and methods
The model represents the mine ventilation sys-
tem as a network of mine workings, including shafts,
crosscuts, drifts, and longwalls faces, together with fan
installations, airflow regulators, and stoppings. The
network is treated as a distributed-parameter system.
The model describes unsteady aerodynamic processes

152


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2026-05-1174

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2026;11(2):151-158

involving changes in pressure, airflow rate, tempera-
ture, and air composition in each network branch.

The study used an integrated approach combining
theoretical analysis, mathematical modeling, nume-
rical calculations, and field validation to investigate
the additional invariance of integro-differential equa-
tions and its application to mine ventilation system
reliability.

Theoretical analysis. Existing integro-differen-
tial models of airflow distribution in mine ventilation
networks were reviewed. Particular attention was gi-
ven to the conditions under which solutions remain
invariant under specified transformations, allowing
additional symmetries and the associated conserva-
tion laws to be identified.

Mathematical modeling. Integro-differential
models were developed from the fundamental equa-
tions of aerodynamics and heat transfer, accounting for
mine-specific conditions, including changes in airway
geometry, air leakage, temperature, and humidity. The
mine ventilation network was represented as a direc-
ted graph. Its edges correspond to mine workings with
specified aerodynamic resistances, whereas its nodes
represent airway junctions, splits, and intersections.
For each edge, the model includes a momentum equa-
tion for airflow based on a generalized Darcy—Weis-
bach equation incorporating inertial terms, a continu-
ity equation, and a heat-balance equation accounting
for heat exchange with the surrounding rock mass and
moisture release. Invariance was analyzed using group
analysis of differential equations and Lie group theory.

Numerical methods. Numerical algorithms com-
bining the finite difference and finite element me-
thods were developed and implemented to solve the
resulting integro-differential equations. The model
inputs include airway geometry (length, cross-sec-
tional area, and shape); the aerodynamic resistances
of fixed and adjustable network components; fan cha-
racteristics expressed as pressure-quantity characte-
ristic curves; and the initial and boundary conditions,
including pressure, temperature, and humidity at the
surface and at the working face. The model outputs
are the time-dependent distributions of airflow rate,
static pressure, temperature, and methane concen-
tration across the network branches, together with
stability indicators such as the pressure-based stabi-
lity margin and the risk of airflow reversal in diagonal
branches. A series of numerical tests was performed
for different ventilation-network configurations to
assess the stability and reliability of the solutions.

Qualitative reliability assessment. The ob-
tained theoretical and numerical results were com-
pared with known physical laws and literature data
on airflow parameters in coal mines. This allowed
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a preliminary conclusion on the qualitative agree-
ment of the proposed model with the physics of the
processes. A full-scale verification with quantitative
comparison against field data requires a separate
study and was not performed in this work.

Together, these methods provide a framework for
evaluating the role of additional invariance in mine
ventilation system reliability [2, 4, 5].

Theoretical framework:
Fundamental approaches to mathematical
modeling of mine ventilation systems

General description of the modeled system

A mine ventilation system is a complex distribu-
ted network of mine workings, including shafts, cross-
cuts, drifts, and longwalls. Unsteady airflow through
this network is driven by pressure differences gene-
rated by fan installations, natural ventilation pres-
sure, and heat release. The mathematical description
of such a system includes:

— a momentum equation for airflow based on the
generalized Darcy-Weisbach relation with inertial
terms;

— a continuity equation;

- a heat-balance equation accounting for heat ex-
change with the surrounding rock mass and moisture
release;

— an equation of state for air.

In compact operator form, the system can be writ-
ten as:

L,(0)u(t,x)=0, L (0)u(t,x)=0,

where u=(Q, p, p, T)' is the vector of unknown field
variables — airflow rate, pressure, density, and tem-
perature — and L, and L, are differential operators
containing partial derivatives with respect to time
and spatial coordinates. Additional relations, inclu-
ding junction conditions at the network nodes and
boundary conditions at the surface and the working
face, define the structure of the ventilation graph.

Classical Lie-Ovsiannikov and non-Lie methods
for symmetry analysis

The Lie-Ovsiannikov method is traditionally
used to analyze the symmetries of differential equa-
tions. It seeks invariance under sets of first-order
differential operators. Although this approach is ef-
fective for a broad class of systems, some equations
possess hidden symmetries that cannot be detected
by the classical method.

Studies [4-6] proposed an alternative to the Lie—
Ovsiannikov method, hereinafter referred to as the
non-Lie method, for identifying additional invariance
in systems of differential equations. This method has
revealed additional invariance in the Dirac and Max-
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well equations [7, 8], as well as in several other Poin-
caré-invariant equations.

Definition. Let L(x, p) be a linear differential
operator. The equation

L(x, p)y =0

is said to be invariant under a set of operators Q ={Q,},
if, for each A,

L(x, p)(Q,¥)=0
provided that y satisfies the original equation. The set
Qisreferred to as a set of additional invariance opera-
tors if its elements cannot be obtained by the classical
Lie-Ovsiannikov method, for example, when Q, are
integro-differential operators or differential opera-
tors of order higher than one.

Unlike classical symmetries, additional invari-
ance describes properties of solutions that remain
unchanged under transformations outside the Lie-
Ovsiannikov symmetry group of the equation. These
properties are often associated with integral conser-
vation laws that do not follow directly from the equa-
tions of motion.

Application of the non-Lie method
to mine ventilation problems

The system of equations describing unsteady air-
flow distribution in a mine ventilation network, writ-
ten in operator form, possesses additional invariance.
The principal steps of the non-Lie method used to
identify this invariance are described in [7, 8-10].

The original system of operator equations is first
transformed into a canonical form, namely, a decou-
pled system in which the individual components of
the vector-valued solution no longer depend on one
another. This is achieved through an invertible trans-
formation U(p) acting on the solution vector. The
transformation substantially simplifies the subse-
quent invariance analysis.

The solution set of the decoupled system is then
examined to identify operators that commute, in
a generalized sense, with the differential operator de-
fining the original equation. The analysis shows that
such operators exist and form a Lie algebra. In par-
ticular, for system (1) with (m = 0), a case analogous
to electrodynamics, a nine-dimensional Lie algebra
of additional invariance operators was identified. Its
basis elements Q,, where (a,b=1, 2, 3), are inte-
gro-differential operators. Their action on a solution
therefore involves both differentiation and integra-
tion with respect to the spatial variables.

Explicit expressions for the operators Q,, are pro-
vided in [11-13]. For the purposes of this study, their
physical implications for mine ventilation are more
important than their analytical form.
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Physical interpretation
For a closed contour C in the ventilation network,
that is, a sequence of mine workings forming a cycle,
invariance under the operators Q,, implies the conser-
vation of a quantity referred to here as the generalized
circulation:

1 ¢ov
I'(t)= (i)(vdl) +C—2js‘§ds,

where v is the air velocity in the mine working, di-
rected along its axis; S is any surface bounded by the
contour C; and c is the speed of sound in air, approxi-
mately 340 m/s under standard conditions.

The first term,

v,

is the classical velocity circulation known from fluid
mechanics. The second term,

1
c'got

arises from the additional invariance and is absent
from conventional ideal-fluid models. It accounts for
unsteady effects: changes in air velocity over time
produce an additional contribution to the conserved
quantity.

Practical significance

The quantity I'(t) is constant in time for any
solution of the system. Thus, if I'(0) is known at the
initial time, for example, under normal ventilation
conditions, I'(t) remains unchanged as the network
parameters vary, including airway resistances, fan
operating modes, and thermal effects. This remains
valid until the solution ceases to exist, for example,
when airflow reversal occurs.

This invariant provides a practical tool for mine
ventilation analysis. Consider a diagonal connection
consisting of two airflow paths and a cross-connec-
tion, where airflow reversal may occur. Under the
conventional approach, the entire network must
be recalculated repeatedly as the resistance of one
branch changes in order to determine when stabi-
lity is lost. With the invariant I'(¢), it is sufficient to
calculate the invariant once for the critical contour
and then monitor the departure of the current system
state from the state that would preserve I'. Once this
departure exceeds a specified threshold, the system is
approaching airflow reversal.

Applications in numerical modeling
and reliability assessment

Additional invariance offers the following practi-
cal applications:

1. Verification of numerical schemes. When the
equations are discretized, the numerical scheme
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should preserve the invariant I'(t) within a small er-
ror margin. If the calculated value of I'(t) changes by
more than a specified threshold, for example, 0.1%,
this indicates insufficient integration accuracy or an
inappropriate step size.

2. Prediction of airflow reversal. In diagonal con-
nections, the onset of instability can be determined
from the behavior of I'(t) without iterative recalcu-
lation of the entire network, substantially reducing
computation time.

3. Reliability criteria. Airflow distribution is con-
sidered reliable if T'(t) remains within specified limits
for all critical contours C over the prescribed range of
parameter perturbations.

The following section presents specific examples
of using the invariant I'(t) to analyze the stability of
the ventilation network of the No. 15 West longwall
face (Fig. 1) and compares the results with conven-
tional ventilation pressure analysis.

Results
The effectiveness of the intelligent ventilation
control system was evaluated in terms of tempera-
ture, diffusion, pressure, pressure drop, gas and dust
conditions, including methane emissions and dust
concentration, airflow distribution, and equipment
operating status.

Q, m%/s
60
50
or 40
L2 40 - 30
€ 30 20
o %8 - 10
oL 0
(1)
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0

Fig. 1. Aerodynamic parameters of loops decomposed
into components of bounded complexity
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The decomposition method was refined and ap-
plied to determine the qualitative and quantitative
characteristics of the ventilation layouts in the pro-
duction districts under study.

The proposed method identifies loops of varying
complexity more efficiently and supports the selec-
tion of an appropriate strategy for controlling the
ventilation systems of production districts [11-14].

Analysis of the loops in the airflow distribution
layout of the No. 15 West longwall face (see Fig. 1)
identified 12 active diagonal branches with a wide
range of stability-index variation. Airflow rever-
sal was possible in 10 diagonal branches. A further
54 diagonal branches were classified as non-reali-
zable because their stability-index ranges lay out-
side the resistance adjustment range of the mine air-
flow regulators. Five diagonal branches were located
in return airways. The second stage of the study ex-
amined the airflow distribution layout of the No. 15
East longwall face.

Aerodynamic parameters were measured at se-
lected sections of the mine workings.

For each modified loop, aerodynamic resistance
was calculated from the corresponding ventilation
pressure drop, and the stability criterion was deter-
mined at the onset of airflow reversal. Airflow rever-
sal adversely affects the ventilation of production
districts, particularly under emergency conditions,
and poses a safety hazard. Improper placement of
airflow control devices increases the risk of rever-
sal [7, 15].

The ventilation control method is implemented
in dedicated software that supports both ventilation
control and the selection of mine ventilation layouts.
The software also calculates aerodynamic parameters
for selected airflow distribution configurations under
operating conditions.

The following organizational and technological
measures were recommended:

— designing mine ventilation network configura-
tions with specified reliability indices;

- selecting, from the available structural confi-
gurations, the one providing the highest operational
reliability;

- selecting, from among the available structural
configurations, the one providing the highest opera-
tional reliability;

- identifying the weakest components of tech-
nical systems, adapting integrated reliability assess-
ment methods, and evaluating the effectiveness of
structural redundancy;

— adjusting the operating parameters of the main
ventilation fans, including temperature and pressure,
as a function of the drive-motor rotational speed,;
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- providing bypasses arrangements, including
dedicated bypass channels, alternative paths, and
backup routes, to maintain system operation under
abnormal or emergency conditions;

- using an isenthalpic throttling process;

- increasing the circulation rate through the
heat exchanger in which the compressed air is cooled,
using a pump;

- selecting system components from different
manufacturers that operate on different physical
principles and incorporate different materials, ma-
nufacturing processes, and software;

- monitoring indicators of the technological,
technical, and technogenic stability of complex tech-
nical systems with a variable structure, together with
their availability factors;

— monitoring aerodynamic parameters related of
air quality;

— using hardware and microcontroller algorithms
to adjust the parameters of positive and negative air-
flow regulators in real time.

Discussion

The findings offer a new perspective on the sta-
bility of mine ventilation systems. Unlike conven-
tional approaches based on steady-state ventilation
pressure calculations and iterative methods [1, 3, 10],
the proposed invariant-based approach provides
a quantitative estimate of the stability margin of di-
agonal connections without repeatedly recalculating
the entire network. This shifts ventilation manage-
ment from reactive response to predictive control,
in line with current trends in mine ventilation risk
management [2, 6].

When the model was applied to optimize venti-
lation under increasing production rates, the system
demonstrated considerable adaptability to changes
in production conditions. This helped prevent sys-
tem overload and maintain acceptable working con-
ditions. These findings support the conclusions re-
ported in [8, 9] regarding the need to account for the
dynamics of gas-dynamic processes.

The physical interpretation of the generalized
circulation I'(t) warrants particular attention. Clas-
sical circulation reflects steady vortical structures,
whereas the additional term containing the time de-
rivative of velocity captures flow inertia and chan-
ges in kinetic energy. The invariant I'(t) is sensitive to
transient dynamics that conventional models either
disregard or can represent only through complex cal-
culations [10, 14]. The model therefore incorporates
effects that are difficult to predict within conventio-
nal frameworks and builds on the non-Lie method of
symmetry analysis [7, 11].
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Under geologically complex conditions charac-
terized by frequent pressure fluctuations, the model
adapted successfully and helped maintain stable ven-
tilation and safe working conditions. This result is
consistent with field observations reported in [5, 13],
which showed that conventional ventilation layouts
are sensitive to external fluctuations.

Analysis of the loops in the No. 15 West long-
wall ventilation network identified 12 active diago-
nal branches with wide ranges of stability-index va-
riation. Airflow reversal was possible in 10 diagonal
branches, five carried return air, and 54 were classi-
fied as non-realizable because their stability-index
ranges lay outside the resistance adjustment range
of the mine airflow regulators. These findings indi-
cate that the invariant-based approach effective-
ly identifies critical network components requiring
priority monitoring, consistent with the decomposi-
tion methodology used in [11-14].

The adaptive model reduced energy consumption
by 10-15% compared with conventional methods,
which is consistent with the results of fan operating
mode optimization reported in [16, 17].

It should be emphasized that the proposed in-
variant criterion should be regarded as an indicator
rather than a definitive condition of airflow stability.
A deviation of I'(t) from its conserved value is highly
likely to indicate impending airflow reversal; howe-
ver, preservation of the invariant does not guarantee
stability under abrupt changes in airway geometry,
such as roof falls or blockages [10, 15]. Future research
should combine the invariant-based approach with
catastrophe theory and fuzzy logic methods [2, 9] to
develop integrated reliability criteria that account for
both deterministic and stochastic factors.

From an engineering perspective, the most prom-
ising application is to incorporate the calculation of
I'(t) into an automated ventilation control system.
This would require monitoring air velocity in the
key branches of critical contours using ultrasonic or
thermal anemometric sensors and performing nu-
merical integration with a time step matched to the
sensor sampling interval [4, 14]. If T'(t) moves outside
the specified threshold band, the system could issue
a warning or initiate a preemptive adjustment of fan
operating conditions [12, 16, 17]. As demonstrated
in [18], appropriate selection of motor ratings and op-
erating modes for ventilation fans can substantially
improve energy efficiency and reduce operating costs,
which is consistent with the proposed adaptive-con-
trol approach. The model thus provides both a theo-
retical basis and a practical framework for developing
early-warning systems for emergency conditions in
coal mines [8, 14].
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Conclusions

1. The study developed a system of integro-dif-
ferential equations describing unsteady airflow distri-
bution in a mine ventilation network. The system ac-
counts for flow inertia, distributed parameters such as
airway geometry and air leakage, and heat exchange
with the surrounding rock mass, and can therefore
represent transient conditions caused by changes in
branch resistance.

2. The non-Lie method revealed additional inva-
riance in the system. For a closed contour, the analysis
identified a conserved quantity, the generalized circu-
lation I'(t), which comprises the classical circulation
term and an additional term accounting for flow un-
steadiness. This invariant cannot be detected by the
classical Lie-Ovsiannikov method, demonstrating the
novelty of the approach for mine ventilation analysis.

3. A numerical algorithm combining finite diffe-
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pressure, temperature, and methane concentration
across the network branches. The algorithm also es-
timates the pressure stability margin and the risk of
airflow reversal in diagonal branches.

4. The invariant-based approach requires less
computation than conventional ventilation pressure
analysis because the stability of diagonal branches
can be assessed without iterative recalculation of the
entire network as the parameters vary.

5. A preliminary qualitative assessment of the
model reliability was carried out based on compar-
ison with known physical laws and literature data.
Quantitative verification of the developed model
against field data was not performed in this work and
requires further research. The practical significance
of the results lies in establishing a theoretical frame-
work for predictive stability analysis of ventilation
systems: the invariant I'(t) can be used in early war-

rences in time with finite elements in space was de-
veloped to calculate the distributions of airflow rate,

ning algorithms for airflow reversal and adaptive fan
control, which can ultimately improve mine safety.
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Abstract

Underground coal mining is currently facing major challenges; however, demand for coal as an energy source
and chemical feedstock is expected to increase in the near future. Accidents remain frequent in coal mining,
with approximately 40-50 incidents reported each year. Among the most hazardous accidents are fires caused
by spontaneous coal combustion, which can result in fatalities among mine workers, damage to mining equip-
ment, and the loss of mine sections or reserves. Early detection and localization of spontaneous-combustion
fires enable fire sources to be identified at an early stage, thereby improving the effectiveness of fire-control
and mitigation measures. This analytical review proposes a classification of acoustic methods for detecting
and locating fire sources in coal seams, with the origin of the recorded acoustic signal used as the classification
criterion. For each method, applicability limits were defined, and its strengths and weaknesses were identified.
The results may be used to select the most suitable diagnostic approach for spontaneous-combustion fires
under specific operating conditions. Acoustic diagnostics of fire sources in coal seams can detect combustion,
determine the coordinates of fire sources, track the spatial extent and temporal evolution of fire bounda-
ries, and identify the fire stage. Based on Professor N.F. Kusov’s hypothesis, an instrument was developed
to support acoustic monitoring and single-station acoustic direction finding of fire sources in a coal-bearing
rock mass. Spontaneous coal fires may also contribute to the formation of zones with elevated radionuclide
concentrations. In such cases, acoustic diagnostics may be used to determine the coordinates of these zones.
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acoustic diagnostics, fire sources, coal seams, single-station acoustic source localization, single-station
acoustic direction finding, natural enrichment
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AHHOTaUuA

[o6bIua yIis MOoA3eMHBIM CITOCOO0OM B HACTOSIIIIEe BpPeMSI MIEPEKMBAET KPU3UC, OAHAKO B O/IvDKaiiiei mep-
CIeKTUBE CUTYalus U3MEHUTCS, TaK KaK CIIPOC HA SHepreTuyeckue pecypchl U XMMUYECKoe ChIpbe OymeT
TOJIBKO pacTy. B mporiecce mo6bIuM YIJIST PETYISIPHO IIPOUCXOAST aBapun. IIpumepHo 40-50 ciyyaeB B Tof.
Hawubomnee omacHblii BUJT aBapuUK — SHIOT€HHBII TTOKap, MOKET MPUBECTU HE TOITBKO K rMbeu ropHopabounx
Y YHUYTOKEHUIO TOPHOTO 000PyL0BaHMSI, HO U K IOTepe LIeJIOT0 MeCTOPOXKAeHNs. [IMarHocTuKa 3HI0TeHHbIX
TIO3KapoB MMO3BOJISIET HA paHHE! CTafauy 0OHAPYKUTD 0Yar, YTO CYIIeCTBEHHO MOBbIIIAeT 3P GheKTUBHOCTb Me-
POTIPUSITUI T10 JIOKAIU3ALIUM U JIMKBUIALMM aBapui. IIpOBEeIEHHBIN aHAIUTUIECKNIT 0630p aKyCTUUECKUX
C11oco60B AMArHOCTMKY 0YaroB ITOXKapOB B YTOIbHBIX TIACTaX MO3BOJIMJI pa3paboTaTh Kinaccubukaimio. B Heii
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KJIacCUPUKAIMOHHBIM TIPU3HAKOM SIBJISIETCS] TIPUUNMHA TOSBIEHUS] PETUCTPUPYEMOTO aKyCTUYECKOTO M3Iy-
yeHusl. Y KaskIOTO CIIoco6a orpeeneHbl rPaHUIIbI BO3MOKHOTO MTPUMeHEHMs, a TAKKe BbIJIelIeHbl CUJIbHbIE
" cabble CTOPOHBI. Pe3ynbTaThl MCCIe0BaHMI O3BOSIT BBIGPATh ONTUMAaIbHBIN BAPUAHT IMarHOCTUKY IH-
JIOTeHHOTO Toskapa MoJ, CBOU yCIOBUS. AKyCTHMUeCcKas AMarHOCTMKa 04aroB MOXKapoB B YTO/MbHBIX IJIACTaX I10-
3BOJISIET YCTAHOBUTH (QaKT TOPEHMSI, OTIPeeINTh KOOPAMHATDI 0UaroB U MPOCTPAHCTBEHHO-BPeMeHHOe T10JI0-
SKeHMe UX TPaHMI, a TaKkKe CTaauio rmoxkapa. Ha ocHoBe rumnoressl npodeccopa H. @. Kycosa ajisa peanusaimm
aKyCTMYeCKOTO MOHUTOPMHTA ObUT M300peTeH MPpMOop, KOTOPBIN MO3BOSIET TEJIEHTOBATh U3 OIHOV TOYKU
ouary roskapa B yroJIbHOM MaccuBe. B mepcriekTrBe SHJOTeHHbIE YTOMbHbIE IIOXKAPBI MOTYT ObITh MUCTOYHUKOM
PaAVOHYKINAOB. AKyCTUYECKast IMarHOCTMKA B JAHHOM CJTyuyae MOXKeT ObITh MCIIOIb30BaHA [IJIs1 OTIpele/IeH S

elSSN 2500-0632

https://mst.misis.ru/

Borisenko D. I., Kobylkin S. S. Acoustic methods for detecting and locating fire sources in coal seams...

KOOPOMHAT 30H C CAaMOITOBBIIIAIONIENCSI KOHIIEHTPAIMEe pagIuOHYKINUIOB.
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Introduction

Mine fires are among the most hazardous acci-
dents in underground mining. Large amounts of com-
bustible material, including coal and timber supports,
together with high-velocity ventilation airflow in
mine workings, create conditions for rapid fire deve-
lopment. Toxic and asphyxiant gases can then spread
quickly through the mine workings [1].

For any scientific or technological development,
defining its scope of application is as important as
developing the method itself. This study does not
consider methods based on physical principles other
than acoustics for detecting fire sources in coal seams.
Instead, it focuses on acoustic diagnostics, which
cannot fully replace the methods currently used but
can provide an important complementary tool. In-
terest in acoustic methods for detecting and loca-
ting fire sources in coal seams has increased in recent
years both in Russia [2] and internationally [3-5],
including studies involving artificial intelligence [6].
Despite this growing interest, these methods have
not yet been systematically described, and no clas-
sification has been proposed. As a result, it remains
unclear which methods are most appropriate under
specific operating conditions. Detecting and loca-
ting fires in coal seams is important not only for mine
safety but also for related applications, including the
identification of zones with elevated radionuclide
concentrations.

This study aimed to systematize acoustic meth-
ods for detecting and locating fire sources in coal
seams and to define the conditions under which they
can be applied.

The objectives of the study were as follows:

1. To classify acoustic methods for detecting and
locating fire sources in coal seams.

2. To identify criteria evaluating these methods
under specific operating conditions.

3. To compare the identified categories of methods
according to these criteria.

4. To consider single-station acoustic source lo-
calization, including single-station direction finding,
as a promising direction in acoustic diagnostics.

5. To examine the identification of zones with
elevated radionuclide concentrations in coal as a po-
tential application of acoustic diagnostics of fire
sources in coal seams.

Methods

This study reviews existing acoustic methods for
detecting and locating fire sources in coal seams, pro-
poses their classification, and provides a comparative
analysis. The study combined literature analysis with
a synthesis of results from laboratory and field studies,
including mine-based tests, conducted by the authors
and by other researchers. Acoustic monitoring devices
were developed and patented for the authors’ experi-
ments. Particular attention is given to single-station
acoustic source localization, an approach that has so
far received insufficient attention in the literature but
offers new prospects for acoustic diagnostics.

Results

Acoustic methods for detecting and locating fire
sources in coal seams can be divided into three cate-
gories according to the origin of the recorded acoustic
signal: passive, active, and combined methods. Passive
methods involve recording acoustic emission gene-
rated directly in the rock mass by physical processes
accompanying combustion, including vibrations of
condensed-medium surfaces. Active methods involve
recording incident, reflected, and refracted acoustic
waves that propagate through the rock mass in re-
sponse to an external probing pulse, such as an impact
or explosion. Combined methods involve recording
acoustic emission generated when combustion ther-
mally activates an acoustic emitter, or indicator.
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Passive methods

This category includes methods that record acous-
tic emission generated by processes accompanying
combustion, including rock failure, such as fracturing
and roof collapse [7], whistling associated by gas re-
lease, boiling of water, and similar phenomena.

Acoustic emission during coal combustion under
laboratory conditions has been studied by Russian [8]
and international researchers [9] over the past two
decades. Research output on acoustic emission in
mining has grown by more than two orders of mag-
nitude since 2010, with the vast majority of studies
conducted by Chinese researchers [10]. More recent-
ly, research has begun to focus on infrasonic pulses
generated during coal self-heating, that is, at the
stage preceding flaming combustion [11-13].

Stationary methods

Acoustic emission accompanying coal combus-
tion is recorded by sensors installed at known lo-
cations. The fire source is located using acoustic
source-localization techniques based on differences
in the arrival times of characteristic pulses.

This approach is justified for powerful low-fre-
quency pulses, for example, during roof collapse above
a burned-out area, when waves with frequencies of
2.0-4.5 Hz are generated [14]. For this approach to
be effective in detecting fires at early stages, sen-
sors must be installed throughout the mine workings
during mine development.

Mobile methods

This approach uses portable equipment. A sin-
gle kit carried by one person can be used to perform
several dozen measurements at different points
within several hours, that is, during one work shift.
This method, developed by one of the authors of the
present study, was successfully tested in an operating
mine at an active fire site [15].

Active methods
Transmission-based acoustic testing

Fire sources are assumed to lie between the
acoustic source and the acoustic receivers. This con-
figuration corresponds to acoustic logging.

Study [16] demonstrated the feasibility of mo-
nitoring the combustion front using surface-based
acoustic localization. However, acoustic localization
requires special high-power sources of pulsed elas-
tic vibrations with a resonant frequency of approxi-
mately 1 kHz. In addition, surface-based localization
is possible only in the absence of strong acoustic-im-
pedance contrasts above the coal seam under inves-
tigation.

During mining operations at the Moszczenica coal
mine in Poland, patchy burned-out zones were identi-
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fied in Carboniferous strata. In these zones, the phy-
sical properties of the rocks had been altered. These
changes allow seismic methods to be used in coalfield
studies to monitor zones where coal has disappeared
from the seam [17].

Based on theoretical modeling of the wavefield,
criteria were developed for identifying coal-free zones.
In the model of an undisturbed seam, the wavefield is
characterized by intense single and multiple reflec-
tions. Removal of coal-seam fragments leads to at-
tenuation of the recorded signal because of multiple
wave reflections.

Mine-based experimental studies confirmed the
validity of the proposed criteria for identifying coal-
free zones detected in deep geological boreholes.

Reflection-based acoustic testing

The acoustic source and receivers are located on
the same side of the target objects, that is, the fire
sources.

Study [18] used a pointed sledgehammer. Good
results were obtained in a number of mine workings
in the Donetsk and Ural basins. However, the method
failed when extraneous voids, such as the goaf, were
present along the acoustic path between the target
cavities in the rock mass and the sensor installa-
tion points. In such cases, acoustic waves followed
indirect propagation paths through the host rocks,
which sharply reduced the diagnostic value of the
signals. Acoustic-wave propagation in loose coal was
examined in [19], which is relevant because loose
coal, together with fragments of the host rocks, may
be present in the goaf.

Combined methods

The position of the combustion front can be
determined by direction finding of seismoacoustic
pulses generated in the seam roof above the com-
bustion front, using a system of spatially distributed
geophones and arrival-time differences [7].

According to the patent!, to broaden the appli-
cability of this approach, boreholes are drilled and
temperature indicators are placed in them at points
with specified coordinates. When the specified rock
temperature is exceeded in the monitored area, this
event is recorded and a signal is transmitted to the
ground surface. The position of the combustion front
is then determined from the signal of the triggered
indicator and its coordinates.

1 Rzhevsky V.V., Yamshchikov V.S., Shkuratnik V.L., Po-
tapov S.L. Method for monitoring the position of the combus-
tion front during underground coal gasification. USSR Patent
No. 1173751. Appl. No. 3706101/03, 29 February 1984. Publ.
27 November 1995. (In Russ.)
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In addition, to improve the accuracy and reliabili-
ty of combustion-front monitoring, explosive charges
with a specified ignition temperature are used as tem-
perature indicators. They are combined into groups
by means of pyrotechnic delay elements; the groups
differ in the number of charges, their yield, and the
delay interval. The resulting acoustic signals serve as
indication signals; their amplitudes and the time in-
tervals between them are measured.

The design of the indicators and the installation
procedure were subsequently improved?.

Among the methods considered, combined
methods provide the most reliable, accurate, and
unambiguous identification of combustion at speci-
fied coordinates. However, the accuracy of fire-source
delineation directly depends on the number of in-
dicators used: the greater their number, the higher
the cost. Therefore, this approach is justified for
monitoring the spatial position and temporal evo-
lution of the combustion front during underground
coal gasification, whereas its use for determining
the coordinates of fire sources should be decided on
a case-by-case basis. In any event, this approach can
be combined with other methods, which, depending
on the specific conditions, can improve overall diag-
nostic performance.

Discussion

This section consists of two parts: a comparison
of different approaches to acoustic diagnostics of fire
This section compares the main categories of acous-
tic methods for detecting and locating fire sources in
coal seams and discusses prospects for their further
development.

The comparison is limited to acoustic methods.
The study does not introduce a single integral mea-
sure of method performance because such a measure
would require direct comparison of parameters that
differ in nature. Cost, implementation time, accura-
cy, and detection range can be expressed quantita-
tively. By contrast, applicability, environmental im-
pact, and the ability to determine the fire stage can
only be assessed qualitatively. In addition, method
performance depends strongly on specific operating
conditions. It is therefore more appropriate to com-
pare the relative advantages and limitations of each

2 Gladun Yu.V. Development of seismoacoustic methods
for monitoring the boundaries of the goaf during underground
coal combustion. [Diss. abstract ... Cand. Sci. (Eng.)]. Moscow:
Moscow Mining Institute; 1990. 19 p. (In Russ.)

Potapov S.L. Monitoring the movement of the combustion
front and the condition of the roof during underground coal
combustion using explosive indicators. [Diss. ... Cand. Sci. (Eng.)].
Moscow: Moscow Mining Institute; 1990. 164 p. (In Russ.)
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method according to a set of predefined criteria. In
this study, the performance of acoustic methods for
detecting and locating fire sources in coal seams was
assessed by determining how well each method met
the proposed criteria under different operating con-
ditions.

The simplest assessment scheme uses three cate-
gories: high, medium, and low. In a specific situation,
these categories may be compared with traffic-light
colors: good (green), moderate (yellow), and poor
(red). According to Professor L.I. Baron [20], values
in mining are generally considered accurate when
their coefficient of variation does not exceed 20%. It
is therefore sufficient to distinguish five assessment
categories: high, above medium, medium, below me-
dium, and low.

To provide a quantitative basis for comparing
acoustic methods for detecting and locating fire
sources in coal seams, numerical scores were intro-
duced (Table 1).

As shown in Table 1, two scoring scales are used:
0-4 and 1-5. The 0-4 scale is applied to criteria for
which no result may be achieved in principle, for
example, when a method cannot be applied under
certain conditions. The 1-5 scale is used for criteria
for which a zero value is impossible, such as cost.

Table 1
Numerical values
used for comparative assessment
Assessment value
LSS Interpretation
category on the on the
0-4 scale | 1-5 scale
High The criterion is clearly 4 5
met; for a quantitative
characteristic, this
corresponds to the
maximum value
Above The criterion is met 3 4
medium to a high degree, but

not at the maximum
possible level

Medium The criterion is met, 2 3
but with relatively
low reliability or
unambiguity
Below The criterion can be met 1 2
medium in principle, but with
reservations
Low The criterion cannot 0 1

be met, or can be met
only with substantial
reservations
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The acoustic methods considered in this study
are characterized by parameters of different types,
including capabilities and costs. A higher capabili-
ty score indicates an advantage of a method, where-
as a higher cost score indicates a disadvantage.
To account for both types of parameters in the com-
parison, positive scores were assigned to charac-
teristics reflecting advantages, and negative scores
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were assigned to characteristics reflecting limita-
tions or costs.

As noted in the Introduction, it is important to
define the applicability limits of a particular techni-
cal solution, method, or broader diagnostic approach.
The results of the comparative analysis of acoustic
methods for detecting and locating fire sources in coal
seams are therefore presented in tabular form (Table 2).

Table 2
Comparative assessment of acoustic diagnostic approaches for fire sources in coal seams
Passive
Criterion Active Combined*
mobile stationary
Applicability High (4): Medium (3): High (5): Low (1):
applicable with almost limited by access applicable with almost  |limited by whether
no restriction to measurement points |no restrictions indicators can be installed
near the fire zone
Applicability to fire |Limited (0): Broad (3): Medium (2): Broad (4):
detection in the no substantial change limited by access depends on sensor limited by whether

goaf

in continuity occurs

to measurement points
near the fire zone

location

indicators can be installed

Reliability Low (1): High (5): Medium (3): High (5):
discontinuities are not acoustic field has additional data are indicators are activated
necessarily caused by fire characteristic required at a preset temperature

parameters

Detection range Long (4): Short (2): Long (5): Medium (3):
almost unrestricted limited by attenuation |almost unrestricted limited by indicator size

of acoustic emission
from the fire source
or combustion front

Timeliness Medium (3): High (4): Low (1): High (5):
depends on the time required |depends on the depends on the time information is transmitted
for sensor installation time required for required for collapse almost immediately,

field and laboratory above the burned-out at the speed of sound
measurements area

Delineation Medium (3): High (4): Low (1): High (5):

accuracy depends on sensor spacing |depends on the distance |affected by wave depends on the
and wave diffraction around |to the fire source diffraction around coordinates of indicator
obstacles obstacles placement

Ability to determine | Narrow (0): Broad (4): Narrow (0): Medium (2):

number of sensors and
additional disturbance
of the rock mass

mental impact

mental impact

the fire stage insensitive to the self-heating | established during insensitive to the depends on indicator
stage calibration self-heating stage design
Labor input Medium (-3): Low (-1): Low (-2): High (-5):
mainly associated with mainly associated with | mainly associated with | mainly associated
sensor installation field and laboratory installation of the with manufacture and
measurements recording system installation of indicators
Cost Medium (-3): Low (-1): Medium (-3): High (-5):
capital costs: equipment kit; |capital costs: equipment |capital costs: equipment |capital costs: equipment
operating costs: sensor kit; kit and sensor kit and fabrication and
installation and data operating costs: installation; installation of indicators;
interpretation field and laboratory operating costs: data operating costs: data
measurements interpretation interpretation
Environmental Medium (-2): High (0): High (0): Low (-4):
compatibility installation of a large virtually no environ- virtually no environ- installation of a large

number of indicators and
additional disturbance
of the rock mass

* Starting from the second row, it is assumed that the indicators are installed in the combustion zone.
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Table 2 shows that at least one acoustic diag-
nostic approach performs well for each criterion
considered. The main limitation is the accuracy of
fire-source delineation when the distance between
the combustion front and the sensors is large. The
number of measurements is limited primarily by
cost considerations, whereas the exact coordinates
of sensor installation are not subject to strict con-
straints. In practice, situations in which sensors can-
not be placed within several hundred meters of a fire
source are relatively uncommon. Measurements can
therefore usually be performed at distances not ex-
ceeding 200-300 m from the fire source. As data are
accumulated from a series of measurements taken at
different locations, the search area is progressively
narrowed. To adapt the assessment to specific ope-
rating conditions, weighting coefficients can be in-
troduced to reflect the relative importance of each
criterion. The preferred diagnostic approach is then
selected by summing the products of these coeffi-
cients and the scores assigned to the corresponding
cells in Table 2. The highest total score indicates the
most suitable option.

The comparison presented in Table 2 indicates
that the methods considered should be combined
so that the limitations of one method are offset by
the strengths of another. Acoustic diagnostics of fire
sources in coal seams can detect combustion, deter-
mine fire-source coordinates, track the spatial extent
and temporal evolution of fire boundaries, and identi-
fy the fire stage. The choice of a diagnostic method, or
a combination of methods, therefore depends on the
specific operating conditions. Numerical scores are
assigned to the criteria relevant to the problem under
consideration, additional weighting coefficients are
introduced where necessary, and the most suitable op-
tion is selected on the basis of the resulting total score.

Future directions

The use of more advanced technical solutions ex-
pands diagnostic capabilities and improves the per-
formance of acoustic methods for detecting and lo-
cating fire sources in coal seams. One less obvious but
promising direction, particularly in passive acoustic
diagnostics, is single-station acoustic source locali-
zation. This approach involves determining the bea-
ring of an acoustic signal source in a rock mass
using sensors installed at a single measurement sta-
tion rather than sensors distributed spatially across
the seam. More than 40 years ago, researchers out-
side Russia examined this problem [21] and con-
cluded that the direction of arrival of a continuous
acoustic signal could not be determined from sin-
gle-station measurements.
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In the early twenty-first century, however, Rus-
sian scientist Professor Nikolai F. Kusov proposed
a different hypothesis. He suggested that the direc-
tion of arrival could be determined because a com-
pressional wave propagates outward from the source
in all directions and, in the case of a point source, ra-
dially. According to this hypothesis, particles on the
surface of a solid medium are displaced not normal
to the undisturbed surface but along the radius from
the wave source. This differs from the behavior of a li-
quid, where particles at any point on the free sur-
face are displaced vertically. This principle is shown
schematically in Fig. 1. The gray half-plane repre-
sents the solid medium, that is, the rock mass; the
black dot indicates the acoustic emission source; the
concentric circles show the acoustic wavefronts at
equal time intervals; the red arrows indicate the ra-
dius vectors of the points under consideration on the
solid-medium surface relative to the wave source;
the black arrows show particle displacement vectors
on the solid-medium surface; the white circles with
a solid outline indicate the initial particle positions
in the area under consideration; the white circles
with a dashed outline indicate the particle positions
after displacement caused by the first arrival of the
acoustic wave; and the numbers indicate the arbi-
trary numbering of particles.

Based on this hypothesis, a method was developed
to provide an empirical technical implementation of
single-station acoustic source localization [22]. The
method is based on placing several sensing elements
with different spatial orientations at the recording
station. For continuous processes, such as fire, at least
two sensing elements are required: one with a fixed
spatial orientation and another whose orientation is
varied during recording (Fig. 2).
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Fig. 1. N. F. Kusov’s hypothesis (explained in the text)
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The bearing of the acoustic-wave source is deter-
mined by comparing the amplitudes of the first arri-
vals of acoustic pulses recorded by the movable cone
with pulses previously recorded by the same cone
and with pulses recorded simultaneously by the fixed
cone. If the acoustic-pulse parameters remain con-
stant over time, one cone is sufficient. If they vary, as
is generally the case, two cones are required. For a pla-
nar case, such as a coal seam, two cones are sufficient.
To determine the bearing of acoustic-wave sources in
three-dimensional space, either a third cone should
be used or the position of the movable cone should be

Fig. 2. Schematic diagram of the rpethod: varied sequentially in two planes.
I - working surface of the medium; The method was tested on a model object, name-
2 - fixed sensing element; 3 - movable sensing e}gment; I dst block i hich hanical i ¢
4 - protractor for measuring the angular position Yy a sandstone OC. 1 whic 'mec anica lmpa_c S
of the sensing elements served as the acoustic source (Fig. 3), and under in-
dustrial conditions at an open-pit coal mine with an
artificial combustion source.

The test procedure was as follows. The sensing
elements of the measurement system were placed on
the prepared surface of the test object, namely the
vertically oriented surface of the rock sample, with
contact provided by the cone tips. Controlled hammer
impacts were then applied to the opposite side of the
test object at the same point. The impacts were ap-
plied in series, with ten impacts in each series. The
first cone remained in the same position throughout
the test, whereas the second cone was rotated by 5°
in the specified direction after each series of impacts.
For the proposed method of determining the bea-
ring of an acoustic emission source, impact intensi-
ty, whether from one impact to another or from one
series to another, is not critical. The key parameter is
not the absolute amplitude but the relative amplitude
of the signals generated in the two sensing elements

Fig. 3. General view of the sandstone block )
used in the test and the contact cone of the experimental when each acoustic pulse reaches them.
setup; the photograph is rotated, which accounts The test results confirmed N. F. Kusov’s hypo-
for the cropped corners [22] thesis (Fig. 4).
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Fig. 4. Relative amplitudes of the first arrivals of acoustic pulses as a function of the angular position
of the movable sensing element: acoustic-pulse source bearing, 60°; angular position of the fixed sensing element, 112° [22]
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The scatter between series ranged from 4 to 25%.
Fig. 4 shows the values averaged for each series.

After the bearing of an acoustic source has been
determined from several points, its coordinates can be
calculated. Thus, highly directional sensing elements
installed in an undisturbed coal pillar or coal seam can
be used to determine the bearing of fire sources that
generate characteristic acoustic emission from a single
point in the bearing plane, that is, the seam plane.

The concept of single-station acoustic source lo-
calization is not limited to bearing determination.
If longitudinal and transverse waves are recorded
in a medium with a known sound velocity, this ap-
proach can also be used to determine the distance to
the acoustic source. Sound velocity depends on seve-
ral factors, including moisture content, pressure, and
fracturing, which can be accounted for by introducing
appropriate corrections. A mathematical description
of single-station acoustic source localization remains
a subject for further research.

Economic implication

The economic effect of specific acoustic methods
for detecting and locating fire sources in coal seams, or
combinations of such methods, can be calculated accu-
rately only for diagnostic operations that have already
been implemented, when the scope of the measures
taken is known and the associated costs can therefore
be determined. In general terms, it is more appropriate
to discuss the sources of this effect.

From a safety perspective, accurate detection and
localization of fire sources and their timely suppres-
sion can reduce the cost of fire-control measures, such
as nitrogen injection into mine workings. At the same
time, the value of human life cannot be reduced direct
economic losses and the cost of replacing workforce.

When the value of mineral resources affected by
fire is considered, quantitative estimates are fully jus-
tified. With regard to coal preservation, some reports
indicate that in the People’s Republic of China, coal
losses caused by spontaneous-combustion fires alone
amount to hundreds of billions of dollars annually.
However, many fire sources may exist simultaneously,
be at different stages, and develop at different rates.
Most importantly, diagnostic conditions may differ
substantially. Reliable numerical estimates therefore
require the analysis of specific cases.

Beyond coal losses, fire sources in coal seams have
another aspect that is highly promising for further
research. Coal contains various chemical elements,
including radioactive elements [23]. Their concen-
trations may differ by a factor of 1,000 or more be-
tween deposits [24]. In some cases [25-27], uranium
and thorium contents may vary substantially within
the same coal seam. It has been established [28] that

elSSN 2500-0632

https://mst.misis.ru/

Borisenko D. I., Kobylkin S. S. Acoustic methods for detecting and locating fire sources in coal seams...

the tendency of coal to self-heat increases as the de-
gree of coal metamorphism decreases. The lower the
degree of coal metamorphism, the higher the content
of radioactive elements in coal [29]. In other words,
the tendency of coal to self-heat increases with in-
creasing uranium content. During coal combustion,
the concentration of radioactive elements in ash in-
creases. At thermal power plants, this increase is typi-
cally three- to fourfold and may reach fifteenfold [30],
whereas in fire sources in coal seams it may increase
by orders of magnitude [31].

Conclusion

This analytical review examined acoustic methods
for detecting and locating fire sources in coal seams
and proposed their classification. The methods were
compared in tabular form. The results show that com-
binations of different acoustic methods can be used
to identify and locate fire sources in coal seams under
virtually any real operating conditions. The prospects
for passive acoustic diagnostics based on the concept
of single-point acoustic source localization are also
highlighted.

The main conclusions are as follows:

1. Acoustic methods for detecting and locating fire
sources in coal seams were classified according to the
origin of the recorded acoustic emission. On this basis,
passive, active, and combined methods were identified.

2. Criteria were identified for evaluating acoustic
methods for detecting and locating fire sources in coal
seams under specific operating conditions. These cri-
teria include applicability, applicability to detecting
fires in the goaf, reliability, distance, timeliness, de-
lineation accuracy, ability to determine the fire stage,
labor input, cost, and environmental impact.

3. Acoustic diagnostics of fire sources in coal
seams can detect combustion, determine fire-source
coordinates, track the spatial extent and tempo-
ral evolution of fire boundaries, and identify the fire
stage. The diagnostic method, or combination of
methods, is selected according to the specific opera-
ting conditions. For this purpose, numerical scores are
assigned to the criteria relevant to the problem under
consideration, and additional weighting coefficients
are introduced where necessary. The most suitable
option is then selected on the basis of the resulting
total score.

4. Highly directional sensing elements installed
in an undisturbed coal pillar or coal seam can be used
to determine the bearing of fire sources that generate
characteristic acoustic emission from a single point in
the bearing plane, that is, the seam plane.

5. Acoustic diagnostics of fire sources in coal seams
can be used to determine the coordinates of zones with
elevated radionuclide concentrations.
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Abstract

This study is motivated by the need to improve the reliability of predictions of gasogeodynamic phenomena
(GGP) in coal mines by refining acoustic prediction methods. This requires methods for determining the key
parameters governing acoustic-wave propagation through the coal-rock mass, including the acoustic attenua-
tion coefficient. The objective was to justify an algorithm for measuring the acoustic attenuation coefficient
under mine conditions over the frequency range used for GGP prediction. To this end, the noise spectrum
generated by an operating roadheader was recorded at a Kuzbass mine using the multichannel Mikon-GEO
system and geophones installed 11, 21, 31, 47.7, 57.7, and 67.7 m from the roadway face. The results showed
that, owing to interference among longitudinal and shear waves and waves reflected from the coal seam-host
rock interfaces, the attenuation coefficient calculated from a line spectrum by summing harmonic ampli-
tudes within 20-Hz frequency windows did not increase linearly with frequency, as expected for an unbounded
homogeneous solid, but instead varied nonmonotonically. This introduces errors into rock-mass stress esti-
mates obtained using methods based on spectral analysis of noise generated by operating mining equipment.
To eliminate this source of error, it was proposed that the attenuation coefficient be determined after sum-
ming the harmonic amplitudes within frequency windows at least 200 Hz wide. It was also proposed that the
averaging time for the amplitudes of the spectral components correspond to the roadheader operating inter-
val between successive stoppages for roadway support installation. Under the experimental conditions, this
approach produced a linear increase in the acoustic attenuation coefficient over the extrapolated frequency
range of 0-700 Hz, with a coefficient of determination of 0.997.
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CBOWCTBA NOPHbIX MOPOJ. FTEOMEXAHUKA U FTEOOU3UKA

Hay4Has cTaTbs

N3mepeHne KoapduumeHTa 3aTyXxaHNA aKyCTUUYECKOro U3JjlyyeHus
OT pa6oTaroLL,ero NPOXoA4YEeCKOro Kom6aiHa B yrosibHOM LLIaxTe

A.B. lllagpun X

DedepanbHblii uccnedosamensckuii uenmp yens u yenexumuu CO PAH (OHUIL] YVX CO PAH),
2. Kemepoeo, Poccutickas @edepayus

>4 avsh-357@mail.ru

AHHOTaUuA

AXTYaJIbHOCTb TAHHOTO UCCIeA0BaHMSI 00YCJIOBI€HA HEOOXOAMMOCTHIO TIOBBIIIEHNST JOCTOBEPHOCTHU TPO-
rHO3a reoras’ofMHaMMUUYeCKUX SIBIEHUI B YTONbHBIX LIAXTaX aKyCTMYECKMMM METOZAMU IyTeM UX COBep-
IIeHCTBOBaHMU. [IJI1 9TOr0 HEOOXOAMMbI METO/bI OIIPee/IeHNsI OCHOBHBIX MapaMeTPOB, OMpPeIessTIonnx
pacrpocTpaHeHMe aKyCTUUeCKUX BOJIH I10 YIJIeIOPOoJHOMY MaccuBy. K ux uncry orHocuTces koabduimeHT
3aTyxaHus 3ByKa. Llesib: 060CHOBATDH aATOPUTM M3MepeHMs B MIAXTHBIX YCIOBUSX KOG bULIMEeHTa 3aTyXa-
HMSI aKyCTMYECKOr0 U3JyUyeHMsl B Iuarna3oHe 4acToT, MCI0/Ib3yeMOM i poryosa I'I4. [Insa nocTmskeHmst
YKa3aHHOJ ey Ha omHO¥ u3 maxT Kysbacca ¢ momMoIpi0 MHOTOKaHaIbHO anmnapaTtypbl MukoH-T'EO pe-
TUCTPUPOBAJICS CIIEKTP «IIyMa» paboTalolero Mpoxoauyeckoro KoMbaiiHa ceiicMOIpueMHUKaMMU, YCTaHOB-
JIEHHBIMM Ha PacCTOSIHMM COOTBETCTBEHHO 11;21;31;47,7; 57,7 1 67,7 M OT 326051 BBIPAaOOTKM. YCTAHOBJIEHO,
uyTo 6naromapsi MHTephepeHIMM MPOJOIbHO U MOIIePeYHOl BOJTH M MX OTPasKeHMiI OT rpaHuIl pasmgena
YTOJIBHOTO TUIACTAa ¥ BMEIAIIIMUX TTOPOA 3aBUCUMOCTh KO3GhdUIMeHTa 3aTyxaHMUs 3BYKa JIMHEYATOTrO
CIIeKTpa C OKHOM CyMMMpoBaHusi rapMmoHuk B 20 I'l He Bo3pacTaeT JMHEINHO ¢ 4YaCTOTOM, KaK 3TO MMeeT
MeCTO B OJTHOPOJHOM TBepPJOM Tejie 6e3rpaHMYHbIX Pa3MepOB, a IPMOOpeTaeT HEMOHOTOHHBIN XapaKTep.
OTO NPUBOAUT K MOTPEIIHOCTY OLIEHKM HaIpPSIKEHHOTO COCTOSIHMSI MacCuBa MeTOAaMM, OCHOBAaHHBIMM Ha
CIIEeKTPaAJIbHOM aHa/lu3e IryMa paboTaloliero ropHoro o6opynoBanus. [ ycTpaHeHMs YKa3aHHOTO Helo-
CTaTKa MpejioXeHO ONpeesiTh KO3hdUIMeHT 3aTyxaHMsI B YaCTOTHBIX OKHAX, COOTBETCTBYIOIINX OJIHO
rapMoHyKe, paBHbIX He MeHee yeM 200 I'y. [Tpuyem Bpems ycpegHeHMS aMIUIUTYZ, CIIEKTPAJIbHBIX COCTaB-
JSTIONUX TIPEIJIOKEHO O6paTh PaBHBIM MHTEPBATY MEXIY IMKIAMU OCTAHOBKM KOMOAiTHA IS KperIeHust
60pTOB BbIPAOOTKM. [IJIs1 YCIIOBMIt SKCIIEPMMEHTa 3TO MO3BOJIMIIO MOJTYYUTD JIMHEHbI XapakTep BO3pac-
TaHus Ko3duMeHTa 3aTyxaHus 3ByKa B 3KCTpaIonMpoBaHHOM Auamna3oHe yactotr 0—700 Ty ¢ koaddu-
umeHTom getepmuHauyu 0,997.

KnioueBble cnoea

reora3ogyHaMMUeCcKye SIBJIEHNS, TEKYIIUI MPOTHO3, KPUTEPUI OMTACHOCTY, aKyCTUUECKOe U3ITyuyeHne, ajiro-
PUTM oOIIpeneieHNud, KOS(b(l)I/ILU/IEHT 3aTyXaHusd, I/IHTep(l)epeHLU/IH BOJIH, CHEKTp&]’IbeIVI dHa/In3, BpeMeHHOe
OKHO, YaCTOTHO€ OKHO

®duHaHcupoBaHue

Pabora BbITIOJIHEHA B paMKkax rocymapcrBeHHoro 3amaHus OI'BHY «DenepanbHblii McCaenoBaTeIbCKUA
LEeHTp YI/Isl U yraexumuu Cubupckoro otaeneHus Poccuiickoii akageMuy HayK» mpoekT FWEZ-2026-0002
«Pa3paboTka MeTOIOB KOMOMHMPOBAHHOTO MPUMEHEHUS reoU3NYecKUX CUCTEM ITPOTHO3a, KOHTPOJIS
M yIpaBjeHUsI COCTOSIHMEM TOPHOTO MacCuBa, a TaKKe TeXHOJIOTUIA MpefoTBpallleHNsl ra3oauHaMuyeckmux
SIBJIEHVI1 1 MOHUTOPMHIA IIPOBENEeHHBbIX MEPONPUITUI IO UX peanusdauum» (per. N2 1023032200092-2-
1.5.1;2.7.5).

Ans yuTupoBaHus

Shadrin A.V. Measurement of the attenuation coefficient of acoustic signals generated by an operating
roadheader in a coal mine. Mining Science and Technology (Russia). 2026;11(2):169-179. https://doi.
org/10.17073/2500-0632-2025-11-1058

Introduction
Acoustic methods are widely used in mining
to investigate rock-mass structure and properties,
monitor various technological processes, and assess
safety under the influence of various factors [1-3].
Among these methods, those used for operational
prediction of gasogeodynamic phenomena (GGP)

form a distinct group. This group, in turn, comprises
two main subgroups. The first is based on recording
acoustic emission from the near-face region of wor-
kings being driven [4-6]. The second relies on spec-
tral analysis of acoustic signals generated either
by operating mining equipment or by an impact
source [7-9]. The impact source may be a sledge-
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hammer or hammer?!, or a purpose-built drop-weight
device in which a metal weight of known mass is
dropped from a fixed height [10].

The main parameters used in acoustic investiga-
tions for regional, local, and operational GGP predic-
tion are oscillation frequency and energy, wave pro-
pagation velocity, and attenuation in the monitored
medium. These parameters must therefore be known
for computer modeling of acoustic-wave propagation
aimed at improving GGP prediction methods. In ad-
dition to the characteristics of the acoustic source,
however, these parameters depend strongly on the
structure, composition, physical and mechanical pro-
perties, and stress state of the specific part of the rock
mass under investigation. These factors govern the
generation, propagation, and attenuation of acoustic
waves. Methods capable of rapidly determining these
parameters experimentally are therefore required.

The operating frequency range is a key charac-
teristic of acoustic signals. On the one hand, it deter-
mines the resolution of the method when monitoring
rock-mass structure: the higher the frequency, the
smaller the discontinuities that can be identified. On
the other hand, the frequency range determines the
acoustic attenuation coefficient and, consequently,
the effective range of the monitoring method. The
higher the frequency, the greater the acoustic atte-
nuation coefficient and the shorter the effective moni-
toring range. For example, earthquakes are recorded
at large source-receiver distances at very low fre-
quencies of 0.001-16 Hz, whereas rockbursts within
a mine field are recorded at frequencies ranging from
a few hertz to several hundred hertz [11, 12]. Opera-
tional GGP prediction in coal mine workings using the
method based on the parameters of an artificial acous-
tic signal employs a frequency range from a few hertz
to 5 kHz when a piezoelectric transducer is used for
signal acquisition [7-9]. In practice, however, strong
signal attenuation at high frequencies and the op-
erating characteristics of the acoustic receivers limit
the usable range to 1.5-2.0 kHz. Thus, the acoustic
attenuation coefficient depends on the type of acous-
tic receiver used, the rock-mass structure, its strength
properties, and the stress state of the specific part of
the coal-rock mass under investigation.

The objective of this study was to justify an algo-
rithm for measuring the acoustic attenuation coeffi-
cient under mine conditions over the frequency range
used for GGP prediction.

1 Guidelines. Method for acoustic sounding of a rock mass
using a hardware and software system. Moscow: Intersectoral
Research and Engineering Laboratory for the Development,
Manufacture, and Implementation of Automated Systems in the
Mining Industry (MNTL RIVAS); 2016. 36 p. (In Russ.)
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The following tasks were addressed:

1. Identify the factors and parameters governing
the attenuation coefficient of acoustic signals gene-
rated by an operating roadheader in a coal-rock mass.

2. Synchronously record, using several sensors in-
stalled at different distances from the face of a deve-
lopment heading, the time history of acoustic signals
generated by the roadheader cutting head.

3. Determine the spectrum of the recorded sig-
nals from the data obtained.

4. Analyze the results and propose an algorithm
for determining the effective attenuation coefficient
of the noise generated by an operating roadheader.

Parameters and factors governing acoustic-wave
attenuation in a rock mass

The acoustic sources monitored using the above
GGP prediction methods - cracks undergoing discon-
tinuous growth and the noise generated by mining
equipment cutting coal or rock — emit longitudinal
and shear waves over a broad frequency range. These
wave types differ in propagation velocity and atte-
nuation coefficient, both of which depend strongly
on the physical and mechanical properties, thermo-
dynamic state, and structural characteristics of the
rock mass [11-13]. Various sources report that the
longitudinal-wave velocity is 1.5-2.5 times [14] or
1.7-1.9 times [15] the shear-wave velocity. The atte-
nuation coefficient in solids and rock masses is ap-
proximately directly proportional to frequency [15-17]
and inversely proportional to stress in the rock
mass [18]. The attenuation coefficient of shear waves
is generally lower than that of longitudinal waves [19].
For example, experiments have shown that “the shear-
wave amplitude along the axis of the main lobe of its
directivity pattern is generally 1.5-2 times that of the
longitudinal wave in the same direction” [14].

The acoustic signal from a monitored source, as
recorded by seismic receivers, is affected by numer-
ous factors, including the layered structure of the
rock mass, the presence of discontinuities and various
heterogeneities, the stress state, the operational pa-
rameters of mining activities, and the simultaneous
operation of other acoustic sources [20-22].

The layered structure of the coal-rock mass cau-
ses the coal seam to act as a waveguide. If the acous-
tic source is also located within the coal seam, most
of the energy emitted by the source is concentrated
in the seam rather than in the host rocks. Interfe-
rence among longitudinal and shear waves and their
reflections from interfaces between layers of con-
trasting acoustic impedance, together with possible
mode conversion, gives rise to a channel wave in the
coal seam [1].
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The waveguide behavior of the coal seam also
filters the full spectrum of the emitted signal, prefe-
rentially transmitting the harmonics with the lowest
attenuation. Seam thickness determines the predomi-
nant frequency range recorded because it is an inte-
ger multiple of the half-wavelengths of the least atte-
nuated harmonics. Accordingly, as seam thickness in-
creases, the spectrum of harmonics filtered by the rock
mass shifts toward lower frequencies. Conversely, as
seam thickness decreases, the filtered harmonics shift
toward higher frequencies.

Real acoustic sources, however, have relatively
broad directivity patterns. Part of the acoustic ener-
gy is therefore refracted at the interfaces between the
coal seam and the host rocks. These waves are sub-
sequently reflected from interfaces between layers
of contrasting acoustic impedance or from various
heterogeneities and return to the coal seam. Because
their propagation paths are longer than those of the
direct longitudinal and shear waves, they arrive later.
This time delay is evident when the signal source is
impulsive. In particular, these additional oscillations
in the tail of seismic signals generated by powerful
impulsive sources such as earthquakes are known as
coda waves [23].

With a continuous source and at short distan-
ces from the source, the longitudinal, shear, and coda
waves cannot be resolved separately. Their harmonic
components nevertheless interfere to form the resul-
tant wavefield.

Because the resultant wavefield is produced by
interference among these wave types, signal attenua-
tion is evaluated in terms of an effective attenuation
coefficient [1].

Acoustic-wave attenuation during propagation
through a rock mass is caused primarily by energy
absorption due to internal friction, energy scatte-
ring by heterogeneities in the medium, and geomet-
rical spreading governed by the source radiation pat-
tern [19]. Taking these factors into account, the signal
amplitude at a given distance from the source can be
expressed either as a function of the propagation time
t to the receiver or as a function of the source-receiver
distance r. In the first case, the amplitude of the re-
sultant seismic wave A(f, t) at frequency f and time t
can be written as follows [11]:

A(f,)=S(f, t)-t" -ex iﬂ}
(f,)=5(f, 1) p{Q(f) (1)
where S(f, t) is the source time function at frequency f
and time t; y is a dimensionless parameter character-
izing geometrical spreading and is equal to 1.0, 0.5, or
0.75 for body, surface, and diffuse waves, respective-
ly [11]; and Q(f) is the effective seismic quality factor.
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The function t is determined by the source radiation
pattern and describes the geometrical spreading of
radiated energy with time. At a fixed harmonic, the
quality factor characterizes the relative loss of wave
energy due to internal friction over one oscillation pe-
riod. The quality factor increases as the relative ener-
gy loss decreases. The effective seismic quality factor
characterizes this process for the entire wave packet.

In the second case, the amplitude of the resultant
wave A(f, r) t distance r from the source can be written
as follows [19]:

A(f, 1) =Ay(f)- R(r)-exp[—o.; (f) 1], )

where A, (f) is the resultant-wave amplitude at the
source; R(r) is the geometrical-spreading function;
a.(f) is the effective attenuation coefficient of the re-
sultant wave produced by interference.

The exponential terms in square brackets in
Egs. (1) and (2) describe the same attenuation in the
two representations of the resultant-wave amplitude
and can therefore be equated. Substituting t=r/V,
into the exponent in Eq. (1), where V is the effective
velocity of the resultant wave, yields the following
relationship between the effective attenuation coeffi-
cient and the effective seismic quality factor:

aeff(f) = g_f‘-/. 3)

Modeling acoustic-wave attenuation with dis-
tance requires knowledge of the function R(r). For an
acoustic source with a small radiating area located on
the surface of a mine working, the radiation pattern
at low frequencies can be approximated as spheri-
cal; that is, sound propagates in nearly all directions.
In this case, R(r) = 1/r [19]. At high frequencies, the
spreading function more closely approximates that of
a plane wave [14], for which R(r) = 1 [19]. Because the
resultant wave generated by a crack undergoing dis-
continuous growth or by operating mining equipment
contains a broad frequency spectrum, the spreading
function may be represented as:

Ry =r"", (4)
where0<n<1.

Based on experimental findings, cylindrical ge-
ometrical spreading, for which R(r)=1/ \/;, was as-
sumed in Refs. [1, 24]. Those studies, however, pri-
marily examined ultrasonic waves. It may therefore
be assumed that, in the frequency range of 0—1.5 kHz,
a roadheader cutting head or drill rod generates
a wave whose radiation pattern, depending on the
harmonic frequency, is intermediate between spheri-
cal and cylindrical.

Egs. (1) and (2) indicate that the resultant-wave
amplitude decreases monotonically with increasing
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distance from the source. Experimental data reported
in several studies, however, show departures from this
relationship. In ultrasonic sounding of a rock mass,
such departures are particularly pronounced at short
source-receiver distances [14]. A nonmonotonic va-
riation in wave amplitude with distance should pro-
duce a corresponding nonmonotonic variation in
the effective attenuation coefficient. This behavior
is demonstrated below using experimental results
obtained over the frequency range employed for op-
erational GGP prediction using the method based on
artificial acoustic signal parameters.

Experimental determination
of the attenuation coefficient

During operational GGP prediction at a Kuzbass
mine using the method based on artificial acous-
tic signal parameters, a nonmonotonic variation in
the amplitude of the noise generated by an opera-
ting roadheader was experimentally recorded over
source-receiver distances ranging from 11 to 67.7 m.
Roadheader noise was recorded using the Mikon-GEO
hardware and software system and six seismic recei-
vers (SRs) installed 11, 21, 31, 47.7, 57.7, and 67.7 m
from the roadway face. The experimental conditions
are described in Ref. [25].

The signal amplitude recorded by SR 6, the most
distant receiver, was found to be comparable to the
background acoustic noise level measured when the
roadheader was not operating. Signals from this re-
ceiver were therefore excluded from further ana-
lysis. Fig. 1 shows the initial signal spectra from the
remaining five SRs before the subsequent avera-
ging of harmonic amplitudes over the frequency and
time windows considered below. The spectra were
obtained using a fast Fourier transform with a fre-
quency resolution of 1 Hz, and the amplitudes of the
corresponding harmonics were averaged over 1-min
time windows.

The data also show that, under the experimental
conditions, the signal amplitude at frequencies above
1200 Hz was comparable to the noise level recorded
when the roadheader was not operating. Subsequent
analysis was therefore restricted to the frequency
range of 1-1200 Hz.

Fig. 1 shows, for example, that in the low-fre-
quency range of 0-100 Hz, the harmonic amplitudes
recorded by SR 2, which was farther from the source,
were greater than those recorded by the closer SR 1.
The amplitudes recorded by SR 5 also exceeded those
recorded by SRs 3 and 4. As the frequency increased
and the harmonic amplitudes recorded by all SRs de-
creased, the departure from a monotonic decrease in
amplitude with increasing r became less pronounced.

elSSN 2500-0632

https://mst.misis.ru/

Shadrin A. V. Measurement of the attenuation coefficient of acoustic signals generated by an operating roadheader...

When the distance dependence of the resul-
tant-wave amplitude A(f, r) is expressed as in Eq. (2),
the effective attenuation coefficient is calculated

as follows [1]:
ln[Ai )
A

o, =——=,

il
T

ie[2; 5], (5)

where o, is the effective attenuation coefficient over
the section between SR 1 and SRi,m™; A, and A, are the
harmonic amplitudes recorded by SRs 1 and i espec-
tively, a.u.; r;, is the distance between SR i and SR 1, m.
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Fig. 1. Initial signal spectra recorded by SRs 1-5
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If the attenuation coefficient is determined from
the spectrum shown in Fig. 1, it is negative at frequen-
cies for which the amplitude recorded by a more dis-
tant SR exceeds that recorded by a closer SR. This con-
tradicts the physical meaning of signal attenuation.
To eliminate this paradoxical result, the harmonic
amplitudes were averaged over frequency windows
wider than 1 Hz.

Another source of variability in attenuation-co-
efficient estimates is the dependence of the signal
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spectrum on the position of the cutting head on the
roadway face. Reference [25] showed that the spectra
recorded during the first, third, and sixth minutes of
roadheader operation differed substantially. To eli-
minate this effect, the spectral amplitudes were ave-
raged over longer time windows. However, even ave-
raging over a 9-min window did not eliminate the ef-
fect. The signal amplitude during the second 9-min
interval was approximately twice that during the first
interval (Fig. 2).
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Fig. 2. Signal line spectra with harmonic amplitudes averaged within 20-Hz frequency windows
and over 9-min time windows
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The substantial difference between the signal
spectra recorded during the first and second 9-min
intervals was mainly attributable to changes in the
distance between the acoustic source and receiver as
the cutting head moved across the roadway face, va-
riations in rock-mass fracturing as the cutting head
penetrated deeper into the rock mass, possible va-
riations in the force exerted by the cutting head on
the rock mass, and the transition from cutting coal
to cutting the host rock. These factors introduce
variability into operational GGP prediction results.
Their influence can be minimized by increasing the
time over which the measured spectra are averaged.
For a valid comparison of GGP prediction results
obtained using geophysical and instrument-based
methods, the averaging time should approximately
correspond to the time required for the face to ad-
vance by the characteristic distance used in the in-
strument-based prediction method. This distance
is 1 m - the length of the test-borehole interval
used to measure the initial gas emission rate and/or
drill-cuttings yield as the borehole is drilled in suc-
cessive intervals. In practice, when prediction is per-
formed using the method based on artificial acoustic
signal parameters, a convenient averaging period is
the duration of roadheader operation between suc-
cessive roadway-support cycles, because the advance
per cycle is close to 1 m. A roadheader generally re-
quires approximately 30 min to advance the roadway
by this distance.

To illustrate how the spectra change as the ave-
raging time increases, Fig. 3 shows the spectrum of
the same signal as in Fig. 2, but averaged over an
18-min interval.

Fig. 3 shows that doubling the duration of the
time-averaging window did not substantially change
the distribution of harmonic amplitudes across
frequency, but somewhat reduced the variability
in spectral amplitudes caused by movement of the
cutting head during roadheader operation between
stoppages for roadway support installation. Never-
theless, the pattern persisted in the low-frequency
portion of the spectrum: at some frequencies, the
harmonic amplitudes recorded by more distant SRs
exceeded those recorded by SRs closer to the source.
Increasing the width of the frequency-averaging win-
dow from 1 Hz (Fig. 1) to 20 Hz (Figs. 2 and 3) made
this pattern less pronounced but did not eliminate
it. The frequency-averaging windows were therefore
widened further. Fig. 4 shows the effect of this in-
crease. The experimental points are plotted at the
midpoint frequencies of the corresponding windows.

Fig. 4 shows that, with a 100-Hz averaging win-
dow, the sum of the harmonic amplitudes recorded by
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SR 2 in the 0-100 and 200-300 Hz windows exceeded
the corresponding sums recorded by SR 1 (Fig. 4, a).
A similar pattern was observed for SR 3 relative to
SR 1 in the 200-300 Hz window. When the avera-
ging-window width was increased to 200 Hz (Fig. 4, b),
this pattern almost disappeared. It was completely
eliminated when the frequency-averaging window
was increased to 300 Hz (not shown).
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Fig. 3. Signal line spectra with harmonic amplitudes
averaged within 20-Hz frequency windows
and over an 18-min time window
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By widening the frequency windows over which f o,
the harmonic amplitudes were averaged, the above o, =0, +pLt——, ie(M ; M), (6)
nonmonotonic behavior of the roadheader-noise fo Sau
spectrum with distance from the source was elimi-  where q, is the attenuation coefficient of the ith har-
nated. This made it possible to determine the effec-  monic, m™; a, is the attenuation coefficient of the

tive signal attenuation coefficient for each section  lowest-frequency harmonic within the geophone op-
between SR 1 and SR i using Eq. (5). The results are  erating range in the absence of stress, m™'; f, and f, are
shown in Fig. 5. As shown in the figure, the effective ~ the frequency of the ith harmonic and the lowest fre-
attenuation coefficient increases linearly with fre- quency within the operating range of the equipment,
quency over the range of 0-500 Hz. respectively, Hz; B is a parameter referred to here as

0,,¢(f) curve presented in Fig. 5, together with the cor- by the properties of the rock mass, m™; oy, and ¢

Fig. 6 shows the 100-500 Hz segment of the  the dynamic attenuation coefficient and determined

cur

responding linear trend line extrapolated to 0-700 Hz ~ are the mean limiting and current stresses in the rock

(R?=0.997). mass, respectively, Pa; M, and M are the harmon-
We previously proposed expressing the depend-  ic numbers corresponding to the lowest and highest
ence of the attenuation coefficient on frequency and  frequencies within the geophone operating range, re-
stress state as follows [8]: spectively.
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Fig. 4. Harmonic amplitudes recorded by SRs 1-5 after averaging over 18 min
and within frequency windows of (a) 100 Hz and (b) 200 Hz
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Fig. 5. Frequency dependence of the effective attenuation Fig. 6. Mean attenuation coefficient o, versus frequency f
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SR 1 and SR i, and the corresponding mean value, o, line extrapolated to 0—700 Hz (dashed line)
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The extrapolation equation obtained in Micro-
soft Excel and shown in Fig. 6 indicates that, in this
case, a, = 0,0038 m™'.

The dynamic attenuation coefficient B can be
determined using the measured effective attenua-
tion coefficients at the beginning and end of the lin-
ear segment of a.,.(f).

Rearranging Eq. (6) gives:

_ (ai - aO )f;)chr

7

f;Glim ( )

According to the data in Fig. 6, o, = 0.0038 m!

at a frequency close to f,=1Hz, whereas

Qg = 0.1238 m™! at a frequency close to f= 600 Hz,

corresponding to the 500-700 Hz window. Sub-

stituting these values into Eq. (7) yields, for the
experimental conditions,

(e}
B =0.0002—, ®)

The experiment was conducted in a section clas-
sified as nonhazardous using an instrument-based
method for operational GGP prediction. Accordingly,
the ratio /0o, should also correspond to a non-
hazardous stress state. Assuming that ¢,/ = 0.6,
substitution into Eq. (8) gives p=0.00012 m™. For
the seam section considered and the equipment
used to record operating-equipment noise over the
frequency range of 1-600 Hz, with f, = 1 Hz, Eq. (6)
then takes the form:

O,
o, =0.0038+0.00012f, —", m™’;
chr (9)
fo =1Hz; f, €(0; 600 Hz).

It should be noted, however, that when Eqg. (9)
is used in algorithms for determining the GGP ha-
zard indicator and criterion in prediction methods
based on spectral analysis of operating-equipment
noise, the harmonic amplitudes of the line spectrum
should be averaged within frequency windows at
least 200 Hz wide.
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Conclusion

Acoustic signals generated by the roadheader
cutting head and propagating through the near-face
region of a mine working carry information about the
stress state of the rock mass. The principal characte-
ristics of these signals used to assess the rock-mass
stress state are the operating frequency spectrum and
the dependence of the attenuation coefficient on fre-
quency and ground pressure.

The decrease in acoustic-signal amplitude with
increasing distance from the cutting head is non-
monotonic and includes an oscillatory component.
The signal spectrum also changes substantially as
the cutting head moves across the roadway face and
penetrates deeper into the rock mass. This reduces
the reliability of attenuation-coefficient estimates.
To overcome this limitation, it is proposed that the
attenuation coefficient be determined from time-
averaged data, with the harmonic amplitudes aver-
aged within frequency windows.

The algorithm for determining the effective at-
tenuation coefficient of noise generated by an ope-
rating roadheader comprises the following steps:
installing several seismic receivers with identical
specifications in the rib of the monitored roadway,
20-50 m from the face; simultaneously recording the
acoustic signals generated by the cutting head; aver-
aging the harmonic amplitudes over a time window
corresponding to the duration of roadheader opera-
tion between successive stoppages for roadway rib
support installation and within frequency windows
200-300 Hz wide; calculating the attenuation coeffi-
cient for the sections between the receiver closest to
the face and each of the remaining receivers, followed
by averaging the values obtained; and using these
data to construct the frequency dependence of the
mean attenuation coefficient and its linear extrapo-
lation over the frequency range of 0-700 Hz, or over
a wider range in which the attenuation coefficient
increases with frequency. This extrapolation is then
used to determine the parameters o, and f in Eq. (6),
which describes the dependence of the effective at-
tenuation coefficient on frequency and the stress
state of the near-face region of the roadway.

References

1. Azarov N.Ya., Yakovlev D.V. Seismoacoustic method for predicting mining and geological conditions of
coal deposit exploitation. Moscow: Nedra; 1999. 199 p. (In Russ.)

2. Pisetsky V.B., Lapin S.E. Forecast of hazardous geodynamic phenomena in the course of underground
mining operations. Ekaterinburg: Ingortech LLC; 2025. 112 p. (In Russ.)

3. Tailakov O.V., Utkaev E.A., Sokolov S.V. Features of the application of acoustic methods for moni-
toring the condition of a carboniferous massif in an operating coal mine. Bulletin of Scientific Center
VostNII for Industrial and Environmental Safety. 2025;(2):27-33. (In Russ.) https://doi.org/10.25558/

VOSTNII.2025.73.38.003

177


https://mst.misis.ru/
https://doi.org/10.25558/VOSTNII.2025.73.38.003
https://doi.org/10.25558/VOSTNII.2025.73.38.003

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

2026;11(2):169-179 Shadrin A. V. Measurement of the attenuation coefficient of acoustic signals generated by an operating roadheader...

10.

11.

12.

13.

14.

15.

16.
17.
18.

19.

20.

21.

22.

23.

Shadrin A.V., Zykov V.S. Acoustic emission of outburst-prone coal seams. Moscow: TsNIEIugol; 1991.
43 p. (In Russ.)

Razumov E.E., Prostov S.M., Mulev S.N., Rukavishnikov G.D. Seismic information processing algo-
rithms. Mining Informational and Analytical Bulletin. 2022;(2):17-19. (In Russ.) https://doi.org/10.2501
8/0236 1493 2022 2 0 17

Lei Y., Wen Z., Wang L. et al. Deterministic cascade evolution in coal and gas outbursts: From ear-
ly acoustic signatures to system-wide failure. International Journal of Mining Science and Technology.
2025;35(6):975-987. https://doi.org/10.1016/j.ijmst.2025.05.003

Gorbachev A.S., Shilov V.I. Hardware and software for acoustic sounding. Occupational Safety in
Industry. 2022;(3):20-25. (In Russ.) https://doi.org/10.24000/0409-2961-2022-3-20-25

Shadrin A.V. Essence of coal emission hazard prediction methods based on spectral analysis of “noise”
of operating equipment. Bulletin of Scientific Center VostNII for Industrial and Environmental Safety.
2024;(1):5-17. (In Russ.) https://doi.org/10.25558/VOSTNII.2024.76.26.001

Gorbachev A.S., Shilov V.I., Shilov D.A. Parameters of artificial acoustic signal in layered massif.
Bulletin of Scientific Center VostNII for Industrial and Environmental Safety. 2025;(2):13-26. (In Russ.)
https://doi.org/10.25558/VOSTNII.2025.34.10.002

Romanov V.V., Malskiy K.S., Poserenin A.I., Dronov A.N. Determination of seismic wave attenua-
tion in rocks surrounding underground excavations. Mining Informational and Analytical Bulletin.
2018;(1):110-116. https://doi.org/10.25018/0236-1493-2018-1-0-110-116

Dobrynina A.A., San’kov V.A., Albaric ]. et al. Seismic wave attenuation in the lithosphere of
the north tanzanian divergence zone (East African rift system). Russian Geology and Geophys-
ics. 2017;58(2):253-265. https://doi.org/10.1016/j.rgg.2016.03.016 (Orig. ver.: Dobrynina A.A.,
San’kov V.A., Albaric J. et al. Seismic wave attenuation in the lithosphere of the north tanzani-
an divergence zone (East African rift system). Geologiya i Geofizika. 2017;58(2):308-322. (In Russ.)
https://doi.org/10.15372/GiG20170209)

Salyukov V.S., Kutkin Ya.O., Voznesenskii A.S. Experimental determination of dissipation factor in
rock samples of different types and genesis. Journal of Mining Science. 2025;61(3):356-364. https://
doi.org/10.1134/S1062739125030020 (Orig. ver.: Salyukov V.S., Kutkin Ya.O., Voznesenskii A.S.
Experimental determination of dissipation factor in rock samples of different types and genesis.
Fiziko-Texhnicheskiye Problemy Razrabbotki Poleznykh Iskopaemykh. 2025;(3):15-24. (In Russ.) https://
doi.org/10.15372/FTPRP120250302)

Ivanov P.N., Bezrukov V.I. Experimental study of elastic properties of coals of various degrees of
tectonic disturbance by laser-ultrasonic spectroscopy. Mining Informational and Analytical Bulletin.
2021;(4-1):26—-40. (In Russ.) https://doi.org/10.25018/0236 1493 2021 41 0 26

Glushko V.T., Yamshchykov V.S., Yalansky A.A. Geophysical control in coal mines. Kyiv: Naukova
Dumka; 1978. 224 p. (In Russ.)

Kozlovsky E.A. (Ed.) Mining encyclopedia. In 5 vols. Vol. 1. Moscow: Soviet Encyclopedia; 1984. P. 83.
(In Russ.)

Chaban I.A. Sound attenuation in soils and rocks. Acoustical Physics. 1993;39(2):362-369. (In Russ.)
Nozdrev V.F. Molecular acoustics. Moscow: Vysshaya shkola; 1974. 288 p. (In Russ.)

Novik G.Ya., Rzhevskaya S.V. Physical and technical support of mining production. Moscow: Nedra; 1995.
256 p. (In Russ.)

Zatsepin A.F. Acoustic control. In 2 parts. Part 1. Introduction to the physics of acoustic control.
Yekaterinburg: GOU VPO UGTU-UPI; 2005. 88 p. (In Russ.)

Woijtecki L., Kurzeja J., Knopik M., The influence of mining factors on seismic activity during longwall
mining of a coal seam. International Journal of Mining Science and Technology. 2021;31(2):429-437.
https://doi.org/10.1016/j.ijmst.2021.01.010

Pan Y., Lin S., Yang D. et al. A review of influencing factors on teleseismic treveltime tomography.
Earthquake Science. 2023;36(3):228-253. https://doi.org/10.1016/j.egs.2022.16.006

Jiao Y.Y., Wu K., Zou J. et al. On the strong earth-quakes induced by deep coal mining under thick
strata — a case study. Geomechanics and Geophysics for Geo-Energy and Geo-Resources. 2021;7:97.
https://doi.org/10.1007/s40948-021-00301-1

Shevchenko Y.V., Yakovenko V.V. The coda-based earthquake energy class. Journal of Volcanology and
Seismology. 2020;14(2):127-135. https://doi.org/10.1134/S0742046320020074 (Orig. ver.: Shevchen-

178


https://mst.misis.ru/
https://doi.org/10.25018/0236_1493_2022_2_0_17
https://doi.org/10.25018/0236_1493_2022_2_0_17
https://doi.org/10.1016/j.ijmst.2025.05.003
https://doi.org/10.24000/0409-2961-2022-3-20-25
https://doi.org/10.25558/VOSTNII.2024.76.26.001
https://doi.org/10.25558/VOSTNII.2025.34.10.002
https://doi.org/10.25018/0236-1493-2018-1-0-110-116
https://doi.org/10.1016/j.rgg.2016.03.016
https://doi.org/10.15372/GiG20170209
https://doi.org/10.1134/S1062739125030020
https://doi.org/10.1134/S1062739125030020
https://doi.org/10.15372/FTPRPI20250302
https://doi.org/10.15372/FTPRPI20250302
https://doi.org/10.25018/0236_1493_2021_41_0_26
https://doi.org/10.1016/j.ijmst.2021.01.010
https://doi.org/10.1016/j.egs.2022.16.006
https://doi.org/10.1007/s40948-021-00301-1
https://doi.org/10.1134/S0742046320020074

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

2026;11(2):169-179 Shadrin A. V. Measurement of the attenuation coefficient of acoustic signals generated by an operating roadheader...

ko Y.V., Yakovenko V.V. The coda-based earthquake energy class. Vulkanologiya i Sejsmologiya.
2020;(2):69-78. (In Russ.) https://doi.org/10.31857/50203030620020078)

24. Zakharov V.N., Gulyaev P.N., Kharchenko A.V. Investigation of acoustic-vibration processes of
the coal-rock mass in mining zones. Mining Informational and Analytical Bulletin. 2005;(6):69-74.
(In Russ.)

25. Shadrin A.V., Shnayder L. V. The influence of removing the seismic receiver from the face of the mine
plane on the acoustic radiation spectrum of the combine when the forecast of dynamic phenomena.
News of the Tula State University. Sciences of Earth. 2025;(1):722-737. (In Russ.)

Information about the author

Aleksandr V. Shadrin - Dr. Sci. (Eng.), Chief Researcher, Federal Research Center of Coal and Coal
Chemistry, Siberian Branch of the Russian Academy of Sciences (FRC CCC SB RAS), Kemerovo, Rus-
sian Federation; ORCID 0009-0006-1891-3328, Scopus ID 56234018500, ResearcherID AAC-9483-2022,
SPIN 5206-4952; e-mail avsh-357 @mail.ru

Received 25.11.2025
Revised 20.02.2026
Accepted 12.03.2026

179


https://mst.misis.ru/
https://doi.org/10.31857/S0203030620020078
https://orcid.org/0009-0006-1891-3328
https://www.scopus.com/authid/detail.uri?authorId=56234018500
https://www.webofscience.com/wos/author/record/AAC-9483-2022
https://www.elibrary.ru/author_profile.asp?id=162991

