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Research article
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Mapping coal fires using Normalized Difference Coal Fire Index (NDCFI):
case study at Khanh Hoa coal mine, Vietham

L. H. Trinh! , V. N. Nguyen? <
ILe Quy Don Technical University, Hanoi, Vietnam
2 Hanoi University of Mining and Geology, Hanoi, Vietnam
0 nguyenvietnghia@humg.edu.vn

Abstract

Khanh Hoa coal mine (Thai Nguyen province) is one of the largest coal mines in the north of Vietnam.
For many years, this area suffered from underground fires at coal mine waste dumps, seriously affecting
production activities and the environment. This paper presents the results of classification of underground
fire areas at Khanh Hoa coal mine using Normalized Diference Coal Fire Index (NDCFI). 03 Landsat 8 OLI_TIRS
images taken on December 2, 2013, December 10, 2016, and December 3, 2019 were used to calculate NDCFI
index, and then classify the underground fire areas by thresholding method. In the study, the land surface
temperature was also calculated from Landsat 8 thermal infrared bands data, and then compared with the
results of underground coal fire classification at Khanh Hoa coal mine. The obtained results showed that the
NDCFI index can be used effectively in detecting and monitoring underground fire areas at coal mines. The
use of the NDCFI index also has many advantages due to its calculation simplicity and rapidness compared to
other methods for classifying underground coal fire areas.

Key words
coal fire, Khanh Hoa coal mine, Landsat data, NDCFI index, remote sensing

For citation

Trinh L. H., Nguyen V. N. Mapping coal fires using Normalized Difference Coal Fire Index (NDCFI): case
study at Khanh Hoa coal mine, Vietnam. Mining Science and Technology (Russia). 2021;6(4):233-240.
https://doi.org/10.17073/2500-0632-2021-4-233-240

TEXHOJIOT'MYECKASA BE3OIMNACHOCTb B MUHEPAJIbHO-CbIPbEBOM KOMITJIEKCE
N OXPAHA OKPY)XAIOLLEW CPEAIbI

Hay4Hasa cTaTbd

BbisiBneHne no)KapoB Ha YyrofibHbIX pyfiHUKaX C UCNOJIb30BaHNEM
CTaHAapPTU3UPOBAHHOIO OTHOCUTE/NIbHOIO MHA,EKCa FOPeHUs YIS
Ha npumMepe yrosibHOro pyaHuka Kxaubxoa, BbetHam

JI. X. Ynnp! , B. H. Hryen? D
! Texruueckuti yHueepcumem um. Jle Kyu JToH, 2. Xaroii, Bemuam
% XaHotickuii 2opHo-2eonozuueckuii yHugepcumem, 2. XaHoti, Bemuam
B4 nguyenvietnghia@humg.edu.vn

AHHOTauusA

YronbHbIl pygHUK Kxanbxoa (npoBuHius Txaii HryeH) — ogyH 13 KPyITHEMIIMX YyTOAbHBIX PYJIHMKOB Ha Ce-
Bepe BreTHaMa. B TeueHe MHOTUX JIET B 3TOM palioHe MPOMCXOAIN MOi3eMHbIe TI0sKaphbl B OTBa/IaX PyIHU-
Ka, YTO OKa3bIBAJIO 3aMeTHOEe HeraTMBHOE BO3[eJiCTBME Ha MPOM3BOACTBEHHYIO AeATENbHOCTb U OKpYXKalo-
IIYI0 cpeny. B maHHOI cTaThe ImpecTaBIeHbl pe3yabTaThl KinaccuuKalyuy yIacTKOB MOI3€MHBIX TTOKapoB Ha
yrosibHOM pynHMKe KxaHbxoa ¢ MCII0Nb30BaHNEM CTaHAAPTU3MPOBAHHOTO OTHOCUTEIbHOTO MHA,EKCA TOPEHMS
yrst (NDCFI). KocmocHuMKH, caenandbie cnyTHukoM 03 Landsat 8 OLI TIRS (¢ ucronb3oBaHueM nHpa-
KpacHOTO ckaHepa) 2 mexabpst 2013 roma, 10 nekabpst 2016 roma u 3 mekabps 2019 roga, 66U UCIIOTb30BAHbI
st pacuerta namexca NDCFI, a 3atem kiaccuuraIuy yI4aCTKOB ITOA3EMHBIX TIOKapOB METOIOM ITOPOTOBOIA
dwnbTpanuu. B xome uccienoBaHus Tak)Ke PacCUMTHIBAIACh TEMITEpATypa MOBEPXHOCTY 3€MJIM TI0 TaHHBIM
u3MepeHni cryTHuka Landsat 8 B TeruioBom mH(MpakpacHOM Iyamna3oHe, a 3aTeM CPaBHMBAIACh C Pe3YIlb-
TaTaMu KinaccubmKaluum MoA3eMHbBIX YTOMbHBIX MOKAapOB Ha YTOIbHOM pyngHMKe KxaHbxoa. [TosyueHHbIe pe-

© Trinh L. H., Nguyen V. N., 2021
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3y/bTaThI TIO0Ka3amn, 4To uHaeke NDCFI MoskeT 6bITh 3¢deKTMBHO MUCIIONb30BaH ISl OGHAPYKEeHUSI M MO-
HUTOPMHTA YYaCTKOB/0YaroB MOA3E€MHBIX MTOXXapOB Ha YroJbHbIX pPygHMKaX. Micrmonb3oBanue nHaekca NDCFI
TaKKe IMeeT MHOTO ITPeUMYILECTB 61aromapst IpoCTOTe U GBICTPOTE PACYETOB T10 CPABHEHUIO C APYTUMU Me-
TOIaMM KiIaccUUKAIMM YIACTKOB/OUAroB MO/I3€ MHBIX YTOIbHBIX MTOKAPOB.
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1. Introduction

Most types of coal have the ability to self-ignite
under certain environmental conditions (endogenous
combustion). The generation and accumulation of
heat is the major direct cause of the spontaneous coal
combustion [1]. Underground fires at coal mines produce
many toxic gases, especially carbon monoxide (CO) and
carbon dioxide (CO,). It is very difficult to extinguish
underground coal fires. This is an extremely dangerous
phenomenon in underground mining, seriously affecting
the environment and causing damage to buildings and
infrastructure [2, 3].

Underground coal fires occur in practically leading
coal producing countries of the world, such as India,
China, Venezuela, USA, RSA [4]. There were coal fires
covering area up to several hundreds square kilometers,
lasting for many years and still not extinguished [5].
In Vietnam, some underground coal fires were recorded
in Quang Ninh coal basin (2009), at Nong Son coal mine
(Quang Nam province, 2011) and Khanh Hoa coal mine
(Thai Nguyen province, 2014).

Remote sensing data are widely used in the world
in early detection and monitoring of underground fires
at coal mines. Most of these studies use land surface
temperature calculated from the thermal infrared data
from Landsat and Aster satellite images to monitor
underground coal fires [6—12]. These studies all showed
that land surface temperatures in underground coal
fire areas were much higher than in the surrounding
area, even compared to urban areas characterized by
impervious surfaces. Research of [13] at the Raniganj
coalbelt (India) showed that the temperatures in the
overburden dumps of open cast mines ranged 28 to 32 C
and within the mine 35 to 38 °C. Moreover, in some
places temperature was found to be as high as 68 °C [13].
Due to low spatial resolution of the thermal infrared
band data of Landsat and Aster images, some recent
studies integrated Landsat 8 and Sentinel 2 images to
detect underground fire areas in more details [10, 14].

Located in Southeast Asia, Vietnam is rich in mineral
resources with 10 billion tons of anthracite coal, more
than 200 billion tons of brown coal in the northern delta
area [15]. In recent years, a number of studies on the
application of remote sensing data in early detection and
monitoring of underground coal fires in Vietnam were
performed. Trinh and Zablotskii [11] used multi-temporal
Landsat image data to monitor the change of land surface

temperature at Khanh Hoa coal mine. The obtained
results showed that the land surface temperature within
coal mines and waste dumps was usually higher than
35 °C, while some areas had temperatures above 40 °C
[11]. Landsat 8 image data and spatial analysis techniques
were also used to predict underground fire locations at
Khanh Hoa coal mine [12, 16]. Based on the analysis of the
distribution of land surface temperatures calculated from
Landsat satellite images, these studies enabled predicting
fire locations, thereby providing information to help
managers to promptly respond to underground fires at
Khanh Hoa coal mines.

The use of land surface temperature data calculated
from remote sensing images in monitoring of underground
coal fires has the advantage of high accuracy of the
results, but the calculation process is rather complicated.
Band rationing method based on multi-spectral images
with the advantages of simplicity in calculation and time-
saving can be used effectively in classifying coal mining
areas, including areas where underground fires occur [17].
Raju (2015) proposed using the Normalized Difference
Coal Fire Index (NDCFI) to quickly map the areas where
underground fires occur in the Jharia coalfield (India). In
study [17], he observed that the spectral reflectance value
of the pixels attributed to the fire exhibits maximum and
minimum intensity response in band 8 (SWIR, 2.295 -
2.365 pym) and band 4 (SWIR, 1.600 — 1.700 um) of Aster
image, respectively. These spectral bands of the Aster
images correspond to band 7 (SWIR2, 2.11 - 2.29 ym) and
band 6 (SWIR1, 1.57 — 1.65 um) of Landsat 8 OLI images.
Thus, it is possible to use Landsat shortwave infrared
bands to calculate NDCFI index for classification of
underground coal fire areas.

This study presents the results of classification of
underground fire areas at Khanh Hoa coal mine (Thai
Nguyen province, northern Vietnam) based on Landsat
8 multi-temporal data using NDCFI index. 03 Landsat
8 images taken on December 2, 2013, December 10,
2016 and December 3, 2019 were used to calculate the
NDCFI index, and then classify the underground coal
fire areas using the thresholding method. In the study,
we also compared the obtained results and the surface
temperatures determined from the Landsat 8 data. This
comparison allowed to demonstrate the effectiveness of
the NDCFI index in classifying underground fire areas
compared to the traditional method based on the land
surface temperature measuring.
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2. Materials and methodology

Study area

Thai Nguyen is the province with the second largest
coal reserves in Vietnam (reserves about 15 million tons
of fat coal, 90 million tons of coal) after Quang Ninh
province. Khanh Hoa coal mine is the largest coal mine
in Thai Nguyen province with mining area and waste
dump covering more than 300 hectares; the annual coal
extraction capacity exceeds 600 kt of coal. Underground
fires at coal mines and waste dumps of Khanh Hoa coal
mine proceed for a long time, seriously affecting the
quality of living environment and production activities.
Although many solutions were applied, so far the

,, | “province

Fig. 1. Location of Khanh Hoa coal mine, Thai Nguyen province, Vietnam
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problem of underground fires at Khanh Hoa coal mine
has not been completely solved. Geographical location
of Khanh Hoa coal mine (Thai Nguyen province) is
shown in Fig. 1.

Materials

In this study, multispectral cloud-free Landsat 8 OLI
TIRS images with spatial resolution of 30 m (multispectral
bands) and 100 m (thermal infrared bands), taken on
December 2, 2013, December 10, 2016, and December 3,
2019 in the Thai Nguyen province (northern Vietnam)
were used for calculating NDCFI index. The Landsat 8
data present the L1C level product, downloaded from
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the United States Geological Survey website!. Landsat 8
image data used in this study are presented in Fig. 2,
RGB = NIR:RED:GREEN.

Methodology
After acquiring, the Landsat 8 data were subjected
to atmospheric correction [18] and geometric correction.
The spectral reflectance values at short-wave infrared
bands (band 6 and band 7) were used to calculate NDCFI
index using the following formula [17]:

NDCE] = Pswir2 ~—Pswir1 _

1

Pswir2 Pswir1 W

After calculating NDCFI index, thresholding method

was applied to classify the underground coal fire areas.

The threshold value was selected based on the NDCFI
index analysis histogram.

1 http://glovis.usgs.gov (Accessed: July 18, 2021)
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In order to compare the results of the underground
coal fire classification, we also calculated the land surface
temperatures based on the Landsat 8 thermal infrared
bands data. The split-window algorithm was used to
calculate land surface temperatures from Landsat 8 data
using the following formula [19-21]:

T =Tgo+ ¢(Tpio~ Tp1y) *+ €(Tg10 = Ty )™t
+ ¢yt (C3+ e W)(1 =€) + (¢s + cW)Ae, (2)

where: T, - land surface temperature; Ty, Ty, -
brightness temperature of bands 10 and 11 of Landsat 8
imagery; w — atmospheric water vapor content (g/cm?).
The value of atmospheric water vapor content was
calculated using formula proposed by Huazhong [22];
¢ — mean emissivity; Ae — emissivity difference; c, to ¢, -
values of split-window coefficients [23].

Flowchart (methodology) for the underground coal
fire classification using NDCFI index calculated nased on
Landsat 8 OLI_TIRS data is shown in Fig. 3.

vy,

03.12.2019

Fig. 2. Landsat multi-temporal imagery data for Khanh Hoa coal mine area

[ Landsat 8 OLI_TIRS multi-temporal data ]

v
ﬁ Pre-processing jj

_____________________________

_____________________________

[ NDCEFI index j

y
Classification of underground
coal fire areas by thresholding

_____________________________

[ Land surface temperature j

A
Land surface temperature
distribution map

[ Results analysis and comparison j

Fig. 3. Flowchart (methodology) for underground coal fire classification
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3. Results and discussion

Figure 4 shows the NDCFI indices for Khanh Hoa
coal mine (Thai Nguyen province) calculated based on
Landsat 8 images taken on December 2, 2013, December
10, 2016 and December 3, 2019. On the NDCFI images,
the Khanh Hoa coal mine is represented by bright pixels,
differing from the surrounding area. The area within the
Khanh Hoa coal mine and the waste dump, where the
underground coal fire occurred, has the brightest color.
This can be explained by the fact that the reflectance
value of underground coal fire pixels at waveleng
2.11-2.29 ym (band 7 of Landsat 8 image) is much higher
than at waveleng 1.57-1.65 ym (band 6 of Landsat 8
image). Meanwhile, the reflectance value of vegetation
in band 7 is lower than in band 6 of Landsat 8 image, so
vegetation is represented by dark pixels on the NDCFI
index images. Built-up lands and bare lands are light
gray on the NDCFI images because the difference in their
spectral reflectance value in bands 6 and 7 of Landsat 8
image is not marked.

Based on the analysis of the NDCFI index histogram,
threshold value was selected to classify the underground

02.12.2013

10.12.2016
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coal fires. In the study area in Khanh Hoa coal mine
(Thai Nguyen province), the threshold value to classify
underground coal fire areas / surrounding areas was
-0.22. The image processing to select the threshold value
was performed using ENVI 5.2 software.

The results of the underground coal fire classification
at Khanh Hoa coal mine (Thai Nguyen province) based
on the NDCFI index calculated from Landsat 8 satellite
images dated December 2, 2013, December 10, 2016
and December 3, 2019 are shown in Figure 5, where the
underground coal fire areas are painted red, while the
surrounding areas are white. The underground coal fire
areas classified based on the NDCFI index in 2013, 2016,
and 2019 covered 103.68 ha, 98.01 ha, and 93.87 ha,
respectively.

To compare the results of underground coal fire
classification at Khanh Hoa coal mine by using NDCFI
index, the land surface temperatures were also calculated
from Landsat 8 images. The land surface temperatures
in the study area calculated from the Landsat 8 satellite
images of 2013, 2016, and 2019 are presented in Fig. 6.
The lowest and highest land surface temperatures on

03.12.2019

Fig. 4. NDCFI index calculated based on Landsat images in the period of 2013-2019
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-
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Fig. 5. The results of underground coal fire identification at Khanh Hoa coal mine
based on NDCFI index by thresholding method
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December 2, 2013, December 10, 2016, and December 3,
2019 were 21.02 °C and 38.82 °C, 20.95 °C and 38.31 °C,
19.86 °C and 38.92 °C, respectively. It can be seen that the
difference between the highest and lowest land surface
temperatures in the study area is not large. Areas of high
land surface temperatures are locally distributed in Khanh
Hoa coal mine area (shown by white pixels). The land
surface temperatures in the inner city of Thai Nguyen are
lower (about 30 to 35 °C), while the agricultural lands and
forest areas have the lowest surface temperatures (less
than 30 °C).

Figure 7 shows the land surface temperature spatial
distribution maps for the area of Khanh Hoa coal mine
location, which were obtained from Landsat 8 data.
In this Figure, seven zones were identified with the
following temperatures: below 20 °C, 20-23 °C, 23-26 °C,
26-29 °C, 29-32 °C, 32-35 °C, and above 35 °C. It can
be seen that the land surface temperatures within the
Khanh Hoa coal mine area was much higher than those
in the surrounding areas, even compared to Thai Nguyen
city, which was characterized by impervious surface.
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Areas with land surface temperatures higher than 35 °C
were concentrated within Khanh Hoa coal mine (shown
by red in Fig. 7).

The areas with land surface temperatures higher than
35 °C calculated from Landsat 8 images in December 2,
2013, December 10, 2016 and December 3, 2019 covered
101.16 ha, 96.60 ha, and 92.05 ha, respectively. Thus,
it can be seen that the results of the underground coal
fire classification using NDCFI index have very strong
correlation with the high surface temperature areas,
above 35 °C - the threshold temperature value for
identifying underground coal fires [5]. The correlation
coefficient between the NDCFI index and the land surface
temperature on December 2, 2013, December 10, 2016,
and December 3, 2019 reached 0.867, 0.807, and 0.862,
respectively. The above findings show that NDCFI index
can be effectively used in early detection and classification
of underground coal fires. The use of NDCFI index for
studying underground coal fires has advantages of its
simplicity and rapidity compared to the method based on
using land surface temperatures.
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Fig. 6. Land surface temperatures in the study area calculated
from Landsat 8 images in the period of 2013-2019
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Fig. 7. NDCFI index calculated from Landsat images in the period of 2013-2019
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4. Conslucsion

Underground coal fires are very dangerous
phenomenon in coal mining, greatly affecting the
environment and production activities. Early detection of
areas with high risk of underground fire is an urgent task;
it is necessary to effectively respond to underground coal
fires. This paper presents a solution for early detection
and monitoring of areas with high risk of underground
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coal fire based on NDCFI index calculated from Landsat
satellite data. The obtained results showed that NDCFI
index has very high correlation with the land surface
temperature. Areas with NDCFI values higher than
-0.22 practically correspond to areas with land surface
temperature above 35 °C. Applying NDCFI index allows
providing timely information for managers to effectively
respond to underground fires in coal mining sector.
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Prediction of ground subsidence due to underground mining through time
using multilayer feed-forward artificial neural networks and back-propagation
algorithm - case study at Mong Duong underground coal mine (Vietnam)
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Abstract

The paper is devoted to studying the possibility of using artificial neural networks (ANN) to estimate ground
subsidence caused by underground mining. The experiments showed that the most suitable network structure
is a network with three layers of perceptrons and four neurons in the hidden layer with the back propagation
algorithm (BP) as a training algorithm. The subsidence observation data in the Mong Duong underground coal
mine and other parameters, including: (1) the distance from the centre of the stope to the ground monitoring
points; (2) the volume of mined-out space; (3) the positions of the ground points in the direction of the main
cross-section of the trough; and (4) the time (presented by cycle number), were used as the input data for the
ANN. The findings showed that the selected model was suitable for predicting subsidence along the main profile
within the subsidence trough. The prediction accuracy depended on the number of cycles used for the network
training as well as the time interval between the predicted cycle and the last cycle in the training dataset. When
the number of monitoring cycles used for the network training was greater than eight, the largest values of RMS
and MAE were less than 10 % compared to the actual maximum subsidence value for each cycle. If the network
training was less than eight cycles, the results of prediction did not meet the accuracy requirements.
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MAPKLUEWUOEPUA
Hay4Has cTaTbs

MporHo3upoBaHne NpocafKu rpyHTa B pe3ynbraTe Nog3eMHOi A06bIun
C UCNOJIb30BaHNEM MHOIOCJIOMHbIX UCKYCCTBEHHbIX HEMPOHHbIX ceTel
C NPAAIMOii CBA3bIO U aNropuTMa 06paTHOro pacnpocTpaHeHus — UCCle;0BaHne
Ha npMMepe NoA3eMHOro yroibHoro pyaHuka MoHr [lyoHr (BbeTHam)

K.JI. Hryen! P4, K. M. Hryen! , . T. Tpau? , X. H. Byit!
! Xanotickutl yHugepcumem 2eoJi02uu U 20pHo20 denda, 2. XaHoti, BbemHam
% Xawoiickuii yHusepcumem 2paxoaHckozo cmpoumesnscmaa, 2. Xauoti, Boemnam
04 nguyenquoclong@humg.edu.vn

AHHOTaUuA

CraTbs MOCBSIILIEHA M3YyUeHMIO BO3SMOXKHOCTH MCITOIb30BaHMSI MCKYCCTBEHHBIX HelipoHHbIX ceTelt (MHC) ajist
OII€HKU ITPOCA/IKM TPYHTA, BBI3BAHHO MIOA3eMHOI1 T0ObIYeit. JKCIIepUMEHTHI TI0Ka3aJin, UTO Hanbosiee Imoixo-
JSIIelt CTPYKTYPOJ CeTU SIBJISIETCS CeThb C TPEMS CI0SIMM ITePLENITPOHOB M YeThIPbMS HeipOHaMM B CKPBITOM
CJI0e C aJITOPUTMOM OGPaTHOTO PACIIPOCTPAHEHUS B KauecTBe aJiropuTMa obydueHwus. JlaHHbIe HAOMIOmeHNS
3a MPOCaJKOii TPYHTa Ha MOJI3€MHOM YTOJIbHOM pynHMKe MoHTr JIyoHT 1 Jpyrue napaMeTpsl, BKIIOUAOIIMe:
1 — paccTosiHMe OT IIeHTpa HITPeKa 10 TOUYeK Ha3eMHOTO MOHUTOPUHTA; 2 — 06beM BbIPabOTaHHOTO IIPOCTPaH-
CTBa; 3 — MOJIOKEHME Ha3eMHBIX TOUEK B HAIlpaB/JIeHMM [TIaBHOTO CEUeHMsS MYJIbIbl IPOCAgKN; U 4 — BpeMs
(pencTaBlieHHOE HOMEPOM IIVMK/IA), ObLIM MICTIOb30BaHbl B KAUECTBE BXOAHBIX JaHHbIX 1151 THC. Pe3ynbTaThl
T0Ka3ajIu, 9YTO BbIOpaHHAs MOJE/b MpreMieMa ISl IIPOTHO3MPOBAHMUS MTPOCAIKY BIOJIb TJIABHOTO CEYEHUS
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(mpodwis) B mpenenax My/abAbl Mpocagky. TOUHOCTb MPOTHO3MPOBAaHMS 3aBucCela OT KOIMYECTBa IMKIIOB,
MCIIO/Ib30BAHHBIX [JIsI OOYUYeHUST HEIIPOHHOI CeTH, a TAK)Ke OT BPEMEHHOTO MHTePBaIa MEXIY IMPOTHO3UPY-
€MbIM IIMKJIOM U TTOCIeSHUM IIMKJIOM B Habope NaHHbIX ISl 00yueHus1. Korma KonmnyecTBO IMKIOB MOHUTO-
PUHTA, UCTIOb30BAHHBIX [JIs1 00YYEHMUSI CETH, TPEBHIIIAI0 BOCEMb, HanbObINe 3HaueHust RMS (cpegHekBa-
IpaTuyeckast morpenHoctb) M MAE (cpemHsist aGCoIOTHAS o1bKa) cocTaysivi MmeHee 10 % oT haKT1ueckoro
MaKCUMMAaJIbHOTO 3HAYEHMsI TPOCAKY AJI KasKA0T0 IMK/IA. EC/IM YMCTo IUKIIOB OOYYeHUSsI CeTH ObIIO MEHbIIIe
BOCHMM, Pe3Yy/IbTAThI IPOTHO3MPOBAHMSI HE COOTBETCTBOBAIM TPEOOBAHMSIM 10 TOUHOCTM.

KnioueBble cnoBa

rmoj3eMHast pa3paboTKa MOJe3HbIX MCKOTIaeMbIX, MY/IbJia TIPOCAJKM, TPOTHO3UPOBAHME MTPOCATKM, UCKYC-
CTBEHHAs HeJIPOHHASI CeTh, 0OpATHOE PaCIIPOCTPAHEHME

Ansa ymTupoBaHms

Nguyen Q. L., Nguyen Q. M, Tran D. T., Bui X. N. Prediction of ground subsidence due to underground mining
through time using multilayer feed-forward artificial neural networks and back-propagation algorithm —
case study at Mong Duong underground coal mine (Vietnam). Mining Science and Technology (Russia).
2021;6(4):241-251. https://doi.org/10.17073/2500-0632-2021-4-241-251

1. Introduction

Underground mining produces large goaf that
unbalances natural stress in the ground. Then gravity
forces the soil and rock above to tend towards filling the
goaf below to achieve a new equilibrium [1]. This filling
process causes ground subsidence with formation of a
subsidence trough, which is dangerous to natural and
man-made structures located on the surface. Therefore,
special interest is paid to monitoring and prediction of
subsidence within mining areas in the world [2-4] and in
Vietnam [5].

Based on the development of computer science, the
studies of ground subsidence prediction with the use
of Artificial Neural Network (ANN) were performed by
many authors. Ambrozi¢ & Turk [2] first published the
results of prediction of subsidence due to underground
coal mining at the Velenje mine, Slovenia, using a 2-layer
direct transmission ANN. Hejmanowski & Witkowski [6]
published the study on application of ANN for mining-
caused surface deformation prediction in Poland. Zhao
& Chen [7] presented the results of ANN application
in prediction of surface deformation at metal mines
in China. The study of Yang & Xia [4] presented the
subsidence prediction for mines with thin rock layer
below and thick soil layer above the productive strata.
K. D. Kim et al. [8] studied and predicted the ground
surface subsidence in Samcheok city due to the coal mine
operation. Y. Kim et al. [9] developed an ANN model to
predict the subsidence caused by mining activities using
the results of survey of 247 subsidence areas at 27 mines
for training and validation of their ANN model. Lee et al.
[10] used the input data including topography, geology,
mining methods etc., for ANN training and creating
the map of ground surface subsidence prediction in an
underground mining area. These studies were mainly
devoted to estimation of subsidence at the final stage
of the displacement process, i.e. description of the
subsidence trough in its final static phase, while studying
the ground surface subsidence process through time will
allow the early warning of deformations on the surface.
However, the studies on application of ANN in predicting
the subsidence through time are not available.

The studies of ground surface subsidence prediction
through time mostly use mathematical models, in which

the exponential function proposed by Knothe is mostly
applicable due to its advantage of allowing predicting the
subsidence of monitoring points on the surface through
time [11-13]. However, the ground surface subsidence
due to underground mining is a complicated process, and
it cannot be fully described by the Knothe function, so
the accuracy of subsidence prediction is not rather high
in some cases [12, 14]. To overcome this problem, several
extension forms of Knothe function were proposed [13, 15],
e.g. adding a parameter to this function to describe the
most realistic subsidence process and thereby optimising
subsidence prediction [12, 15]. Gonzalez-Nicieza et al. [16]
used the prediction function of Knothe-Sroka-Schober to
develop a new prediction function and applied it to the
Central Asturian coal basin. Their subsidence prediction
results proved to be close to the actual subsidence
observations. Liu et al. [17] developed the function for
subsidence prediction through time on the basis of Harris
function and achieved more accurate results compared to
applying the original Harris function.

The above studies on ground surface subsidence
prediction through time focussed mainly on the prediction
for each monitoring point. Its advantage is suitability
for the prediction of subsidence under structures on the
surface, but the disadvantage is the subsidence prediction
at the monitoring point only, while the subsidence in
any other point is interpolated from the subsidence in
the monitoring points. To overcome these limitations
applying ANN was suggested to predict subsidence as
well as determine the subsidence value in any points in
the subsidence trough at any time. With the advantage of
being a non-model based method, ANN is easy to test and
modify using different groups of input parameters. Thus,
ANN seems to be the most suitable method for predicting
and interpolating surface subsidence through time in
mining areas, especially at underground coal mines such
as in Quang Ninh, Vietnam.

Depending on the availability of training data,
ANN can be used to predict subsidence in many cases
such as predicting subsidence in the planning phase or
predicting subsidence in the mining phase. For the case of
predicting in the planning phase, a lot of training data on
many different mining condition parameters is needed.
With such training data ANN is capable to be predictable
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during mining phase too. However, it is quite difficult to
collect such training data nowadays.

In this study, we tested the prediction of subsidence
at underground mines through time during mining
phase using training data, consisted of data of historical
subsidence monitoring at Mong Duong underground coal
mine (Quang Ninh, Vietnam). The testing results allowed
evaluating the effect of the number of training cycles as
well as the ANN ability to predict surface subsidence at
underground coal mines in Quang Ninh area.

2. Function of subsidence prediction
for Multi-Layer Perceptron ANN

The most widely used ANN model is the Multi-Layer
Perceptron (MLP) (Fig. 1). A general MLP is a network with
nodes, or neurons, connected to each other and placed in
n layers, including the input layer (which was not taken
into account in some studies), the output layer (n" layer)
and the hidden layer (n — 1). The input neurons are not
neurons in a very real sense, because they do not perform
any computations with the input data, but they simply
accept the input data and transmit them to the next layer
[18]. The neurons of the following layer are connected with
and receive data from the neurons of the previous layer
(the data are not transmitted in the opposite direction,
so this network is called “feed-forward neural network”).

Input Hidden Output

layer layers layer

Yo

Fig. 1. Feed-forward neural network
https://www.intechopen.com/chapters/51131

In a multilayer feed-forward neural network, the
output value of one layer becomes the input value for the
next layer. The output value of each neuron is defined as
follows:

Ni

1 1,1-1),,(1-1

=l 2l Ty b . M)
=1

In which:

y?" is the output value of the i neuron in layer I
(I=1,..,Landi=1,...,N),

ool(..” D is the weight that links the j" neuron of class
[ -1 to the i neuron of class L.

The function f is chosen based on specific
requirements. In subsidence prediction, a sigmoid
function is often used (Eq. 2) because of smoothness of
this function. Furthermore, this function is especially
convenient for using in ANNs training by back-
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propagation algorithm, because it is easy to derive, and
the amount of computations in the training process can
be significantly reduced.

1

f(x)=——. )
1+e

When all the neurons in a layer have completed their
computations, the next layer can start the computations,
because the outputs of the previous layer are combined
with the associated weights and become the inputs for
the next layer. When all the neurons have completed
the computations then the output neurons produce the
result. In order to get the desired outputs, in the training
data and training process, the associated weights of
the neural network should be adjusted. The algorithms
that determine the associated weights of the cycle data
are called network training algorithms. Among these
algorithms, the most popular one for MLP networks is
back-propagation algorithm [19].

Same to feed-forward neural networks used for
other purposes, the feed-forward neural network used in
surface subsidence prediction in the mining area consists
of 3 layers, including: input layer, hidden layer, and
output layer. The input layer consists of neurons, each of
which receives an input value that is a factor influencing
the surface subsidence. The hidden layer consists of
neurons that determine general relationship between
the parameters influencing the surface subsidence. The
output layer has only one neuron and the output value
of this neuron is the predicted subsidence value. These
three layers are connected: all the neurons of the input
layer are connected to each neuron of the hidden layer,
and these connections are represented by associated
weights in the network training process. Similarly, each
neuron of the hidden layer is connected to the neuron of
the output layer.

3. Selection of input data for ANN
in ground surface subsidence prediction
through time

The parameters influencing the surface deformation
process are topography, soil and rock mechanical
properties, thickness and dip angle of the coal seam,
average mining depth, etc. Among these parameters, soil
and rock mechanical properties commonly do not change
through time in the same mining area, so they are not
selected as input factors [20].

The parameters of topography, coal seam dipe angle,
average mining depth are characterized by the distance
from the center of a stope to the monitoring points
on the surface at the time of subsidence monitoring.
The size of coal mining stope (underground working)
changes through time, so the distance from its center to
the monitoring points on the surface also changes. The
symbol for this distance between monitoring point i* and
the center at subsidence monitoring time T'is L.

The factors of average thickness of the coal seam,
shape and size of the stope and mining progress are
characterized by the volume of the mining stope (or the
volume of coal extracted) through time are denoted as V,.
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The coordinates of the monitoring points i on the
main profiles of the subsidence trough are (X, Y)) in
the coordinate system whose origin is the center of the
subsidence trough (this center is determined based
on the maximum subsidence angle (0) or subsidence
monitoring data). In the direction of the coal seam dip,
the coordinates of the monitoring point are Y; =0, X, # 0
(X; is negative at points located on the opposite slope of the
subsidence trough and vice versa). In the strike direction,
the coordinates of the monitoring point are X; =0, Y, # 0
(Y, is negative at points located in the direction of the
mining starting and vice versa). The monitoring time is
an important input parameter; as time goes on, other
parameters such as the distance from the center of a coal
mining stope to monitoring points on the surface and the
volume of the stope (coal extracted) change. The symbol
T; is time of subsidence monitoring in i cycle, T; + n is
the time of subsidence prediction (n is the time interval
between subsidence monitoring cycles).

Thus, 4 input parameters selected for ANN in
predicting underground mining-caused ground subsidence
through time include: monitoring time (T}), volume of coal
stope (V)), distance from the center of the coal stope to
monitoring points on the surface (LE"), and coordinates of
the monitoring points on the surface (V) (Fig. 2).

4. Selection of ANN architectural parameters

For improving the accuracy of the prediction results,
the number of the ANN hidden layers should be increased,
but this will complicate the ANN structure, increase the
training time and the associate weight computation time
[7]. Selecting the number of hidden layers depends on
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the ANN structure and the number of training cycles. If
the number of training cycles is small and the number
of hidden layers is large, the ANN is characterized by
overfitting. In subsidence prediction, due to the small
number of training data, the ANN with a hidden layer is
evaluated as the most suitable [21].

For the feed-forward ANN subsidence prediction
model, it is easier to determine and adjust the number
of neurons in each hidden layer than to increase the
number of hidden layers. Determining the number of
neurons in the hidden layer is important in forming
the ANN architecture. Although hidden layers do not
directly interact with the inputs, they greatly influence
the outputs. Therefore, the selection of the number of
hidden layers and the number of neurons in a hidden
layer should be carefully considered. Although the
hidden layers do not directly interact with the inputs,
they greatly influence the output. Therefore, selecting
the number of hidden layers and the number of neurons
in the hidden layer must be carefully considered. If the
number of neurons in the hidden layer is too small, the
ANN will be underfitted (underfitting is a phenomenon
when the ANN predicts inaccurately even on the
training data). Conversely, if the number of neurons in a
hidden layer is too great, the ANN may suffer from some
problems such as too large training time, overfitting
(overfitting is a phenomenon when the ANN prediction
is very accurate with training data, but less accurate with
actual data). The common methods for determining the
number of neurons in a hidden layer are as follows [22]:

— The number of neurons in each hidden layer should
be between the number of neurons in the input and
output layers.

Center of stope

1 T, 2 I, / 3 T
AV AV AVAV AV AV AV AoV B y (f
VAV AVAVAVAVAYVAVAVAVANR 4 1 1

l
|
|
|

Vs

Fig. 2. ANN input parameters

244


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2021;6(4):241-251

—The number of neurons in each hidden layer
should be equal to two-thirds of the sum of the number of
neurons in the input and output layers.

— The number of neurons in each hidden layer should
be calculated by the following formula [23]:

i<14+m(l+3), 4)

where: m is the number of training cycles, [ is the number
of hidden layers.

In this study, the selected feed-forward neural
network for the prediction of surface subsidence through
time at Mong Duong underground coal mine has 1-hidden
layer ANN architecture with 4 neurons in the hidden
layer. Thus, the input layer consists of 4 neurons, each
of which represents a parameter: monitoring time (7)),
volume of stope (coal extracted) (V,), distance from the
center of the coal extraction stope to monitoring points
on the surface (L?), and coordinates of the monitoring
points on the surface (Y)). The hidden layer also consists
of 4 neurons that determines the general relationship
between the parameters influencing the mine surface
subsidence. The output layer has only one neuron and
its output is the predicted subsidence value (Fig. 3).

Input layer

Hidden layers Output layer

Subsidence

Fig. 3. Architecture of ANN for subsidence prediction

5. Trainning feed-forward ANN

The ANN training data includes collected data and
subsidence monitoring data along monitoring line P, the
main cross-section of the subsidence trough, located
above stope No. 2 in coal seam No. 9 of North Mong Duong
at Mong Duong underground coal mine. Coal extraction
in stope No. 2 started in the second quarter of 2013 and
was completed in the second quarter of 2014.

The monitoring line P in the direction of extraction
propagation was arranged with 22 monitoring points.
The distance between them ranges 10 to 30 m. The
subsidence monitoring was carried out for 2 years
with a 2-month cycle (total of 12 monitoring cycles),
using a Leica NAK2 automatic level which meets the
mine surveying technical requirements. The elevations
of the monitoring points were measured against
the benchmark of class IV levelling accuracy. After
completion of the monitoring in 2014, the mine surface
was re-surveyed to ensure accurate determination of
the maximum subsidence value. After stopping the
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cyclical subsidence monitoring, the mine surface was
re-monitored to ensure accurate determination of the
maximum subsidence value.

The cyclical subsidence monitoring data and 4 input
parameters (the extraction volume, the distance from
the stope center to the monitoring points on the surface,
the coordinates of the monitoring points and the time)
corresponding to these cycles formed the training and
validation data files. The subsidence monitoring data of
the remaining cycles were used to test and evaluate the
subsidence prediction accuracy of the ANN.

The ANN for ground surface subsidence prediction
through time was trained in 5 cases as follows:

Case 1: Using the data of the first 11 cycles for
training; the subsidence in the last cycle was used to
evaluate the ANN prediction accuracy.

Case 2: Using the data of the first 10 cycles for
training, the subsidence in the next 2 cycles was used to
evaluate the prediction accuracy of the ANN.

Case 3: Using the data of the first 9 cycles for training,
the subsidence in the next 3 cycles was used to evaluate
the ANN prediction accuracy.

Case 4: Using the data of the first 8 cycles for training,
the subsidence in the next 4 cycles was used to evaluate
the ANN prediction accuracy.

Case 5: Using the data of the first 7 cycles for training,
the subsidence in the next 5 cycles was used to evaluate
the the ANN prediction accuracy.

The described training and prediction data of the
monitoring cycles are shown in Table 1.

Table 1
ANN training and prediction
Case Monitoring cycles Monitoring cycles
for training for prediction

1 1,2,3,...,9,10, 11 12
2 1,2,3,...,8,9,10 11,12
3 1,2,3...,7,8,9 10,11,12
4 11,2,3,..,6,7,8 9,10,11,12
5 1,2,3,4,5,6,7 8,9,10,11,12

In all the 5 cases, the data of the first cycles used
to build the predictive model were randomly divided in
the proportion of 60 %, 20 %, and 20 % corresponding
to the training files, validation files, and testing files,
respectively.

The training data set (Fig. 4) is in MS Excel format
with 5 columns (corresponding to 4 input parameters
and the monitored subsidence values in the monitoring
points) and many rows (the number of rows depends on
the training data amount).

The training and prediction data were normalized
using formula (5):

_ X~ Xnin
T ®
max min
where: x, y are the pre-normalized and post-normalized
values of the input parameters, respectively; x,.x and
Xmin are the pre-normalized maximum and minimum
values of each input parameter.
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A | B | . | D E
Cycle Volume Distancei Coordinate Mon_ltored
(months)  (m3) (m) i) |Toordence
1 (mm)
2 (0] 0.0 129.9 -194.0 o
=3 (0] 0.0 103.8 -150.0 (o]
5 2 13000.0 135.2 -194.0 (0]
6 2 13000.0 107.3 -150.0 (o]
8 4 26000.0 233.6 156.0 -7
9 4 26000.0 254.9 180.0 -23
10
il 8 52000.0 207.8 156.0 -51
2 8 52000.0 228.6 180.0 -34
14 10 65000.0 194.6 156.0 -12
15 10 65000.0 215.1 180.0 -9
T 12 78000.0 182.1 156.0 -18
18 12 78000.0 202.2 180.0 -16

Fig. 4. Structure of training data file in MS Excel format
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We have built the model based on Matlab platform
(version R2016a) for ANN training and ground surface
subsidence prediction in underground mining areas.
In this modular programming, we used some neural
network functions in the Neural Network Toolbox of
Matlab, which gave reliable results and saved program-
ming time.

The training process of the feed-forward ANN for
subsidence prediction gave good results at all 3 stages:
training, validation, and testing. In the first 4 cases,
the output errors were tiny and gradually tended to
approaching “0”, as shown in Fig. 5, a (training, validation,
and testing error curves), Fig. 5, b (histograms of training,
validation, and testing errors) and Fig. 6 (coefficients of
correlation between the predicted subsidences and the
actual subsidences).

This all showed that that the feed-forward ANN
was successfully trained and ready for subsidence
prediction.
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Fig. 5. (a) Error curve for ANN training (b) Error histogram for ANN training

Training: R = 0.9963 Validation: R = 0.99566

3 If ~ IF
=} =
+ (=]
+ 0.8 0.8
(] +
00 =
= 9]
ad b0
0.6 =0.61
N H
S 041 T 04
! &
o
1=

30.2 8‘0'2
5 =3
=
S . . . . 2y . . . . .

0 02 04 06 08 1 0 02 04 06 08 1

Target Target
(a) (b)

Test: R=0.99458 All: R =0.99589

2 2

8 S O Data

S o —Fit

< T 08f |y

+ -

g o %

o0 < 0.6 o
=

S * Q

2 XY

f 3 o°

i II\

E 402 50

a 2 o)

o a, (@)

=3 i

5] 5 ) N —
© "0 02 04 06 08 1

Target

Fig. 6. Ccoefficients of correlation between the feed-forward ANN predicted subsidences and the actual subsidences:
(a) for training data, (b) for validation data, (c) for testing data, and (d) for all the data

246


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2021;6(4):241-251

6. Evaluation of subsidence prediction accuracy
The accuracy of the subsidence prediction based on
feed-forward ANN was evaluated using the mean absolute
error (MAE), root mean square (RMS), and coefficient of
correlation (r) between the monitored subsidence (actual
subsidence) and the predicted subsidence:

1 n
RMS = ;Z(ni—n?)z, ©)
i=1

—nP
MAE:ZH:T]I—TL" (7)

> (=) =)
i=1

r =

. 27 ®)
S -m)*mP -
i=1

where: n, and n/ are actual subsidence and predicted
subsidence, respectively; M; and 1)/ are mean of actual
subsidence and predicted subsidence, respectively.

7. Results and discussion

The trained feed-forward ANN was used to predict
the subsidence in 22 points on monitoring line Pin several
cycles. In more details, case 1 predicted the subsidence in
cycle 12; case 2 predicted the subsidence in cycles 11 and
12; case 3 predicted the subsidence in cycles 10, 11, and
12; case 4 predicted the subsidence in cycles 9, 10, 11, and
12; and case 5 predicted the subsidence in cycles 8, 9, 10,
11,and 12.

If we let the neural network (ANN) to continuously
predict the subsidence, and the training data are available
forthefirst cycles only,the ANN will continue to predict the
subsidence while the subsidence process may stop (when
the mine/the coal mining stope is no longer exploited).
We solved this problem by using training data, namely,
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subsidence monitoring data from other subsidence
troughs in the mining area. The more subsidence troughs
were used to train the ANN, the better and more accurate
subsidence prediction was produced by the ANN.

The predicted subsidences were compared with
the monitored subsidences in the corresponding cycles.
The accuracy of the subsidence prediction results was
evaluated based on MAE, RMS and r values (formulas 9,
10, and 11) for all monitoring points in the same cycle.
The results of the accuracy evaluation for the 5 cases were
as shown in Table 2.

Table 2
Evaluation of subsidence prediction accuracy
Case Cycle RMS (m) | MAE (m) r
1 12 0.035 0.030 0.995
5 11 0.031 0.023 0.995
12 0.036 0.027 0.993
10 0.026 0.018 0.996
3 11 0.031 0.021 0.996
12 0.041 0.028 0.994
9 0.020 0.013 0.997
10 0.043 0.032 0.990
4 11 0.071 0.050 0.977
12 0.081 0.059 0.967
8 0.107 0.095 0.996
9 0.156 0.132 0.922
5 10 0.171 0.137 0.899
11 0.189 0.152 0.898
12 0.197 0.160 0.999
Case 1: the errors of subsidence prediction

RMS=0.035m and MAE = 0.030m were equivalent to 4.3%
and 3.7 %, respectively, of the maximum subsidence in
cycle 12 (which was equal to -0.814m). The coefficient
of correlation (r) between the actual subsidence and
the predicted subsidence in cycle 12 was 0.995. Figure 7
shows the actual and predicted subsidence curves
in cycle 12.
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Fig. 7. Actual and predicted subsidence curves in cycle 12 (Case 1)

247


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0NMA
2021;6(4):241-251

Case 2:incycle 11, the errors of subsidence prediction
RMS =0.031m and MAE = 0.023m were equivalent to 4.1 %
and 3.0 %, respectively, of the maximum subsidence in
cycle 11 (which was equal to -0.686m). The coefficient
of correlation r = 0.995. In cycle 12, RMS = 0.036m,
MAE = 0.027m were equivalent to 4.4 % and 3.3 %,
respectively, of the maximum subsidence in cycle 12. The
correlation coefficient r = 0.993. Figure 8 shows the actual
and predicted subsidence curves in cycles 11 and 12.

Case 3:incycle 10, the errors of subsidence prediction
RMS =0.026m and MAE = 0.018m were equivalent to 3.6 %
and 2.5 %, respectively, of the maximum subsidence in
cycle 10 (which was equal to —0.580m). In cycle 11, RMS =
0.031m, MAE = 0.021m were equivalent to 3.9 % and 2.6%,
respectively, of the maximum subsidence in cycle 11. In
cycle 12, RMS = 0.041m, MAE = 0.028m were equivalent to
5.0 % and 3.4 %, respectively, of the maximum subsidence
in cycle 12. The correlation coefficients in all 3 cycles
were very close to 1, namely, 0.999, 0.996, and 0.994 in
cycle 11, cycle 12, and cycle 13. respectively. Figure 9
shows the actual and predicted subsidence curves in
cycles 10, 11, and 12. Thus, in all 3 cycles, the MAE and
RMS characterizing the accuracy of subsidence prediction
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were tiny, and the predicted and actual subsidence
curves proved to be very close to each other. This clearly
demonstrated that the subsidence prediction results were
characterized by rather good accuracy.

Case 4: in cycle 9, the errors of subsidence prediction
RMS =0.020m and MAE = 0.013m were equivalent to 3.0 %
and 2.0 %, respectively, of the maximum subsidence in
cycle 9 (which was equal to -0.461m). In cycle 10, RMS
= 0.043m and MAE = 0.032m sequentially equivalent to
5.9 % and 4.4 % of the maximum subsidence of cycle 10. In
cycle 11, RMS =0.071m, MAE = 0.050m were equivalent to
9.3 % and 6.6 %, respectively, of the maximum subsidence
in cycle 11.In cycle 12, RMS = 0.081m, MAE = 0.059m were
equivalentto 9.9 % and 7.3 %, respectively, of the maximum
subsidence in cycle 12. The correlation coefficients r in
these 4 cycles were different. The correlation coefficients
rwere 0.997 and 0.995, very close to 1, in cycles 9 and 10,
respectively, and gradually decreased in cycles 11 and 12
t0 0.977 and 0.967, respectively.

We see that the values of MAE and RMS of the
subsidence prediction in cycles 9 and 10 were tiny,
but increased in cycles 11 and 12. Simultaneously, the
correlation coefficient was high in cycle 9 and gradually
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Fig. 8. Actual and predicted subsidence curves in cycles 11 and 12 (Case 2)
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decreased for cycles 10, 11, and 12. These showed that the
predicted subsidence error increases with increasing the
period lasted from the monitoring cycles (used to train
the ANN) time to the prediction time.

Figure 10 shows that predicted and actual subsidence
curves are very close to each other in cycles 9, 10, and 11,
demonstrating that the predicted subsidences have high
accuracy.

Analysis of the results of cases 3 and 4 showed that,
although the number of subsidence monitoring cycles
used to train the ANN was large (at least 8 cycles), we
should use the ANN to predict the subsidence for the
next 3 cycles only, and then should continue monitoring
to update the ANN model input parameters to ensure the
prediction accuracy.

Case 5: in cycle 8, the errors of subsidence prediction
RMS = 0.107m and MAE = 0.095m were equivalent
to 31.4 % and 11.8 %, respectively, of the maximum
subsidence in cycle 8 (which was equal to -0.341m). This
was the most accurate subsidence prediction result in case
5, while even its prediction accuracy was much inferior of
that in cases 1, 2, 3, and 4. The reason of this insufficient
accuracy was that the number of monitoring cycles (used
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for the ANN training) in case 5 was only 7, less than that
used in cases 1, 2, and 3.

In cycles 9, 10, 11, and 12, the values of RMS and
MAE were larger than those in cycle 8. For instance, RMS
values in cycles 9, 10, 11, and 12 were 33.8 %, 29.5 %,
32.6 %, and 33.9 %, respectively, of the maximum
subsidence. Similary, MAE values in cycles 9, 10, 11, and
12 were 28.6 %, 23.6 %,26.2%, and 27.6 %, respectively, of
the maximum subsidence. The correlation coefficients in
all the cycles were much lower than those in the previous
four cases. Figure 11 shows that, in all the cycles, the
predicted and actual subsidence curves differ markedly
from each other.

It can be seen that if we would like to predict
the subsidence with high accuracy, we should use at
least 8 cycles as ANN training data. However, if many
monitoring cycles are used as the training data, only few
cycles further can be predicted, providing low practical
significance of the subsidence prediction through time.
At the same time, to improve subsidence prediction
through time, it is expedient to use more data of other
similar subsidence troughs in the same mining area as
ANN training data.
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Fig.10. Actual and predicted subsidence curves in cycles 9, 10, 11, and 12 (Case 4)
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8. Conclusion

The three-layer feed-forward neural network
applying back-propagation algorithm, the most
common training algorithm, form a suitable ANN model
to predict subsidence of monitoring points located on the
surface along the main profile within a subsidence trough
in underground coal mining area.

The quality (accuracy and reliability) of the subsidence
prediction in the area of Mong Duong underground
coal mine depended on the number of ANN training
monitoring cycles as well as the time interval between
the cycles to be predicted and the last monitoring cycle
used to train the neural network. When the number of the
monitoring cycles used for training the neural network
was greater than 8, the subsidence prediction results were
very accurate. This was demonstrated by closeness of
the predicted subsidence curves to the actual subsidence
curves, as well as by the corresponding values of RMS, MAE,
and the coefficient of correlation (r) between the actual
subsidence and the predicted subsidence. For instance,
the maximum values of RMS and MAE were 10 % lower
than the maximum actual subsidence, and the correlation
coefficient was more than 0.9 (practically equal to 1).
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When the number of monitoring cycles used for
training the neural network was 7, the subsidence
prediction results were significantly less accurate.
This was illustrated by the deviation of the predicted
subsidence curve from the actual subsidence curve. At
the same time, RMS and MAE of the predicted subsidence
in cycle 8, which provided the most accurate prediction
result, were only 14.5 % and 11.3 %, respectively, of
the maximum actual subsidence. The values of these
parameters in the following cycles were even higher,
about 30 % and 20 %, respectively. Thus,when the training
data were provided by less than 8 cycles, the subsidence
prediction can not ensure acceptable accuracy.

The results of the case study at Mong Duong
underground coal mine showed that ANNs were
effective in predicting subsidence in underground
mining areas. However, in order to improve practicality
of ANN subsidence prediction, one should perform
extensive studies with a large set of ANN traning
data, for instance, data on subsidence from many
other subsidence troughs, as well as test other neural
networks which can prove to be more suitable for this
training dataset.
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AHHOTaUuA

[Ipy rom3eMHOI pa3spaboTKe [IYOOKMX TOPU3OHTOB TOPHOE HaBJIeHIMe MOKET IPOSBJIATHCSI B 10607 ¢dop-
Me, CO3/IaBasi CepPhe3HYI0 YIPO3y KMU3HM paboTaoM, Hapylias HOPMAaIbHbIA X0 BeIeHMsI TOPHBIX padboT
u cHKast 3¢(GeKTMBHOCTh TOPHOTO TIPOM3BOZICTBA. PeriieHne mpo6eMbl yIIpaBaeHusT TOPHBIM JIaB/ieHMeM
CTaHOBUTCSI BeCbMa aKTYaJIbHBIM [IJIs1 IOA3€MHBIX PYOHMUKOB, BEOYIIMX Pa3pabOTKY SKUIbHBIX MECTOPOKIEe-
HMit Ha TTy6uHe 6osee 250 M. Llebio paboThI AB/sIETCS pa3paboTka M 060CHOBAHME TEXHOIOTMYECKUX CXEM,
obecreunBanIx 6e30macHyio 1 3pGeKTUBHYI0 0TPabOTKY MECTOPOKIEHN B CJIOKHBIX TOPHO-MeXaHMue-
CKUX YCIOBUSIX. B paboTe ycraHOBIIEHbI (DaKTOPHI TIepepacipeieeHus ¥ OMacHoi KOHIEHTPALUY HalpsiKe-
HMIT B paspabaTbIBaeMOM PYIHOM MacCHBe, M3yUeHbI CTIOCOObI YITPaBIE€HMsI TOPHBIMY MaCCHBAMU B CIIOSKHBIX
reoMeXaHMYeCKUX YCIOBMSIX, BHISIBJIEHBI MX JOCTOMHCTBA M HemoCTaTku. OmpenesieHo, YTo MOA3TaKHasT CH-
cTema pa3paboTKy C KOMGMHMPOBAHHBIM MCIIOb30BAHMEM CYIIECTBYIOIMX CITIOCOG0B YIIPaBAEHMUS TOPHBIM
JABJIEHNMEM U IIPUMEHEHMEM CaMOXOIHO TEXHUKM B IIPOU3BOACTBEHHBIX MTPOLIeccax JAaHHON CUCTEMBI B Ha-
CTOsILee BpeMs SBJISIeTCS OJHMM M3 IIPOrPeCCUBHBIX [JII COBEPUIEHCTBOBAHMS M pacCIlMpeHus 00/IacTu ee
npumMeHeHus. Ha mpumMepe 3apMUTAHCKOM 30JI0TOPYIHOM 30HBI paCCMOTPEHbI BapMaHThl TEXHOIOIMUECKIX
CXeM ITOI3TAKHO CMCTEeMBI, COUETAIONMX KOMOMHAIIMIO Pa3sHbIX CIIOCOO0B YIIPaBIeHNsSI TOPHBIM JABJI€HM-
€M, ITO3BOJISIIOIINX MUHMMMU3UPOBATh HEJOCTATKM OJHOTIO, MCIIOIb3Ys IPEeUMYILeCTBa APYTIuX. IIpemiosKeHbl
MOJ3TaKHbIE CUCTEMbI Pa3spabOTKM C MCKYCCTBEHHBIMM OMOPHBIMM YAEPKUBAIOIIMMU LEIUKAMM MHOIOY-
TOJIbHO (HOPMBI ¥ TTOAITaskHbIE CHCTEMbI PaspabOTKM C MCKYCCTBEHHBIMM OTIOPHBIMM YAEPSKUBAIOIIMMU
CTONMIOUATHIMM LIeIMKAMM, [TO3BOJISIONIVE CHU3UTD [TOTEPU PYIbl B MeXKIYKaMEPHBIX [eIMKaX, IIOTOJIOUMHAX
U TIPY BTOPUMYHOM pa3y6oskuBanuy. KpoMe aToro, MCKyCTBEHHbIE LIeJIMKY, IPUHMMAST Ha ce0s CkuMalolie/
pacTsIrMBalole HallpssKeH s, IPeIoTBPAIlaioT MX KOHIIEHTPALMIO U CO34al0T 6e30IMacHbIe YCIOBUS /ISt OT-
PabOTKY CMEKHBIX M HIKeJIeKAIMX TOPM30HTOB.

KnioueBble cnoBa

TOpHOe aBJieHle, reoMexaHMueckye IPoLecchl, cucTeMa pa3paboTky, CTPYKTypHasi HEOLHOPOLHOCTb, LIe/NK,
YCTOMYMBOCTb MaCCHBa, MOAATAXKHOE 00pyIIeHe, TTO3TaXKHbIe MITPeKV, KOMITeHCAI[MOHHbIe KaMephbl, PyI0-
CITYCKU
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Sublevel stoping with applying artificial hardening stowing pillars
for extraction of veins in complicated geotechnical conditions

Sh. I. Khakimov, Sh. R. Urinov X
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Abstract

In the process of underground mining of deep levels rock pressure can appear in any form, creating a serious
threat to the lives of miners, disrupting the normal course of mining works and reducing the efficiency of
mining production. The solution of the problem of rock pressure control becomes very urgent for underground
mines developing vein deposits at a depth of more than 250 m. The aim of the study is the development and
justification of mining methods to provide safe and efficient mining of deposits in complicated mining and
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mechanical conditions. In this paper, the factors of redistribution and dangerous concentration of stresses
in the mined ore mass were identified, the methods of rock mass management in complicated geotechnical
conditions were studied, and their advantages and disadvantages were revealed. It was determined that
the sublevel stoping with the combined use of existing methods of rock pressure control and applying self-
propelled mining machinery is currently one of the most promising method finding widening application
scope. In the context of Zarmitan gold ore zone the options of technological schemes of the sublevel stoping
method were considered, providing for a combination of different methods of rock pressure control, allowing
to minimize the disadvantages of one method through using the advantages of other ones. We proposed
sublevel stoping options with artificial polygonal pillars and with artificial columnar pillars, which allowed to
reduce ore losses in inter-stope pillars, arch pillars, and secondary dilution. In addition, artificial pillars, taking
compressive/tensile stresses, prevent their concentration and create safe conditions for extraction at adjacent

and underlying levels.
Keywords

rock pressure, geomechanical processes, mining method, structural heterogeneity, pillar, stability of a rock
mass, sublevel caving, sublevel drifts, compensation stopes, ore chutes
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BeepeHue

Pertene mpo6ieMbl yIpaBjaeHMs TOPHBIM JaBiie-
HMEM $IBJISIeTCS BeCbMa aKTyaJbHBIM [JIg LeJIOTO psifa
MOA3€MHBIX PYIHUKOB M BO MHOTOM CIEepXKMUBAeTCs U3-
3a HeJJOCTaTOYHOJ M3yYE€HHOCTU IIPUPOIbI U MeXaHU3Ma
reoMexaHMYeCcKMX IIPOLEeCCOB U SIBJIEHU, BO3HUKAIOIINX
C yIIy6eHeM TOpPHBIX PAOOT B TEKTOHMYECKM HAPYIIeH-
HBIX MaCCMUBAaX FOPHBIX MOPOJ, MO BAMSIHMEM MHOTOUMC-
JIEHHBIX TIPUPONHBIX M TEXHOTeHHbIX (akTopoB [1-3].
CnokHast TreoMexaHMUYecKasi OOCTAaHOBKA CKJIaIbIBaeT-
csl IpU OTPabOTKe KMUIBHBIX MECTOPOXKIEHUIA, KOTOPbIE
CBOJVICTBEHHBI MMEHHO PYAHBIM MECTOPOXIEeHUIM [4-6].
Takue ¢daxkTopbl, KaK CTPYKTYpHAas HEOTHOPOLHOCTD,
CJIOKHAsT reoMeTpust (GOPMUPYIOIIMUXCS BbIPaOOTaHHBIX
MMPOCTPAHCTB, HAIMYYE MHOTOUMCIEHHbIX ¥ pa3HooOpas-
HBIX 1IeJIMKOB, MOTYT NIPUBOAUTD K MepepacnpeneneHnio
Y OITACHO}M KOHIIEHTpALMM HampsSKeHuil B paspabaThi-
BaeMOM PyJHOM MacCCUBE U B UTOTE MOTYT SIBISITHCS 0~
IIOJTHUTE/IbHBIMM IIPUUYMHAMM HeraTUBHBIX IIPOSIBJIEHUIA
TOpHOro HaBneHus [7-9].

B 3aBMCHMMOCTM OT CTelleHM YCTOMUMBOCTY BMella-
IOIIUX TIOPOJL ¥ KOHCTPYKTUBHBIX OCOOEHHOCTE MpuMe-
HSIEMBIX CUCTeM pPa3paboTKM TOAAepsKaHye OUMCTHOTO
MPOCTPAHCTBA MPOM3BOAST PA3HBIMM CIIOCOOAMU, MMe-
IOIIVMYM CBOM TOCTOMHCTBA M HENOCTATKM, B TOM YUCIIEe
pas/inyHble TEXHUKO-3KOHOMMUUECKNe TTOKa3aTesn.

Matepuanbl U MeTOAbI

AHaMM3 TEXHUYECKON JIUTEPATYPhI U MpaKTHKa pabo-
ThI M3BECTHBIX KPYITHbIX TOPHOPYIHBIX KOMITAHUI TTOKA-
3BIBAIOT HEOCIIOPMMbIE ¥ OUEBUIHbBIE TIPEVMYIIECTBA CH-
CTeM IomaTakHOTo 06pymenus [10-12, 13, 14] kak 6omee
SKOHOMMYHOTO ¥ IIPOTPEeCCUBHOTO CITIOCO0a PaspabOTKN.
B maHHOI1 cucTeMe pa3paboOTKM MPOXOIKa ITOATOTOBUTENTb-
HO-Hape3HbIX BIPAOOTOK (TOATasKHbIE ITPEKY, KOMIIEH-
CallOHHbIE KaMepPbl, PYIOCITYCKM M AP.) IPUBOAUT K pas-
Ipy3Kke MaccuBa C IepepacipeaeneHeM KOHIIEHTPaIMii
HaIpsDKeHMIT BHYTPU M 3a IpeneiaMy BbIEMOYHON eny-
Huibl. Co3maioTcst 6e30macHbie YCIOBUS [JISI OTPabOTKA
CMEKHBIX PYIHBIX TeJT M HIDKeIeKaIMX TOPU30HTOB.

Heo6xXomuMoO OTMETUTb, YTO IpUMMEHEHMUe Camo-
XOJTHOWM TEeXHUKM B MPOU3BOACTBEHHBIX MPOILeccax MOf-
3eMHOJi TOObIUM CUCTEMOV C MOJ3TAKHBIM 0O6pPYIIIeHUEM
>KUTbHBIX MECTOPOXKIEHMI OTKPbIBaeT HOBble BO3MOYKHO-
CTY JI7IS1 COBEPIIIEHCTBOBAHMSI CHCTeM pa3paboTKy, Tpeby-
eT [MOJIHOTO M3MeHeHUsI CYILeCTBYIOILMX TEXHOIOTMUECKUX
CXeM TIOATOTOBKM (pabouymx TOPM3OHTOB, BbIEMOUYHBIX
eIVIHUIIL Y TIIAXThI B 11€JIOM) ¥ BbIOOPA MX ITapaMeTPOB.

AHaM3 MOI3eMHbBIX TOPHBIX paboOT PYOHMUKOB 3ap-
MUTAHCKOV 30JI0TOPYAHOWM 30HBI MpenonpeensieT pe-
HIeHNe B TMOJb3Y MOAITAKHON OTOOMKYU PYIbl CKBAXKM-
HaM¥ MaJjoro AuaMeTpa, BKIYaolleli MporpecCUBHYIO
TEeXHOJIOTUIO U MeXaHU3aluio paboT C CaMOXOIHO TeX-
HUKoO# [15].

HoBble pecypcocbeperaroniye TEXHOJIOTUM C TOM3-
TaKHBIM OOpPYIIeHMEM, COUeTaIoNe KOMOMHAIIMIO pa3-
HBIX CIOCOGOB YIIpaBjeHMSI TOPHBIM [JaBJeHUEM, I0-
3BOJISIIONIMX MUHUMMU3UPOBATh HEJOCTATKM M3BECTHBIX
TEXHOJIOTUIA, SIBSIIOTCS OOHMMU M3 MPOrPECCUBHBIX, HO
MaJIOM3yUYEHHBIX, 06/1aCTh UX 6€30MacHOT0 U 3PPEKTHB-
HOTO TIIpMMeHeHMsI He ompejesieHa U TpeOyeT ITOMOIHN-
TeJIbHBIX MCC/IeOBaHMIA.

Ha ocHOBe BbINIEN3I0KEHHOTO AJIsI OTPabOTKM 3aria-
COB 3apMUTAHCKOV 30JIOTOPYLHOM 30HBI PacCMOTPEHBI
M TIpe[JIaraloTcs ABa BapMaHTa TEXHOJOTMUYECKUX CXeM
MTOATAKHBIM OOPYIIEHVEM C KOMOMHMPOBAHHBIM CIIOCO-
60M yITpaB/IeHNsI TOPHBIM MacCMBOM (puc. 1 u 2).

OTInunTeNnbHON 0COGEHHOCTBIO MEPBOrO BapuaHTa
TEeXHOJOTMYEeCKOi cxeMbl (CM. pUC. 1) SIBIsIeTCS KOMOU-
HMPOBaHHOE MCITOMb30BaHME CII0COO0B TOAAEePsKAHMS
BBIPAOOTAHHBIX ITPOCTPAHCTB MCKYCCTBEHHBIMM I[€JIM-
KaMM MHOTOYTOJbHOV (OpMbI, HOPMUPYEMBIMU ITyTEM
3aK/IaiKy TBep[elollero Mmarepyuasna B ClelnyaabHO Mo
TOTOBJIEHHbIE THE3a (BHIPAOOTKM).

3mech BO3MOXHBI [1Ba BapyaHTa CXxeM IMOITOTOBKU —
6710YHAsT ¥ y4yacTKOBasl. BJIOUHY0 CXeMy 1ies1ecoo6pasHo
MCII0/Ib30BaTh IIPU OTPAbOTKe KOPOTKUX IO MPOTSIKEH-
HOCTMU PYIOHBIX TeJl. BblIeMKy 3aI1acoB IIpY 3HAYUTEIbHO
MIPOTSDKEHHOCTM PYAHOTO Tejia 11e/1eC0006pa3HO OCYIIeCT-
BJISITh T10 YYaCTKOBOJ CXeMe.
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B 6I0YHBIX CcXeMaxX MPOBOASAT ABe (JIaHTOBbIE BOC-
cratoriye. OfHa U3 HUX — PyIHAs —UCIIOIb3yeTCsT B Kaye-
CTBe KOMITEHCAIIMOHHOM KaMephbl, a Apyrasi — rojeBast —
B KauecTBe PygoCITyCKa U3 O3 TasKel.

B ydJacTKOBBIX CxeMax ITOATOTOBKM ITPOXOASIT ABE
BOCCTawIMe Ha (GIaHTax U ONHY IIOJNIEBYIO — B LIEHTPE
6moka. IIpu 3TOM (IaHTOBbIE BOCCTAIOIINE VICIIONb3Y-
IOTCSI KaK KOMIIEHCAIMOHHbIe KaMepbl M [IJIsST OTBOZAA
OTpaboTaHHOJ CTPYyM BO3MyXa, a LEeHTpaJbHas BOCCTa-
I0Iasi — B KaUecTBe PYHOCITyCKa M3 TOAITaxkeil 060mx
(br1aHTOB — JIEBBIX U MTPABBIX.

B ydJacTKOBBIX CxeMaxX IpemyCMaTpUBAeTCsl TaKKe
MMPOBOJUTH COONKM, COEIMHSIONIE CMEXKHbBIE TTOIITaKA
MeXIy co060ii, KOTOpble HEOOXOIMMBI JIJIsI OTBOJIA 3arpsi3-
HEHHOTO BO3yXa M BBIITyCKa ITOITyTHO PYIbI M3 IMOASTA-
keii. ITu cOOoliKM B maibHenemM — mpu GOpMUPOBAHUA
MCKYCCTBEHHOTO IIeJIMKa — OymyT KaMepamu IJIsl 3a/IMB-
KM TBepeollero 3akjaJiouHOro marepuasna. Paszmepsl
M PACCTOSTHMS MEKAY COOMKaMy OIpedesisioTCs 10 HOP-
MaTUBHOMY IIpeieTy MPOYHOCTY 3aK/Ia0UHOTO MaTepu-
ajia, onpefensieMOMYy B 3aBUCUMOCTY OT TOPHO-TE0JIOTH -
YeCKIX ¥ TOPHOTEXHMUECKUX YCIIOBUIA.

[TogroToBUTENILHO-HApe3Hble paboThl B 000MX Ba-
pMAHTax BKIIIOYAIOT IMPOXOAKY BOCCTAIOIINX, HAKIIOHHOTO
y4acTKOBOro TpaHcroptHoro c¢be3fa (HTC), opToB 3ae3-
noB K HTC u pyzmocmycky, 3ae3m0B Ha yuacTkoBbiit HTC 1 k
PYAOCITYCKY B KOHIIEHTPAlMOHHOM TOpM30HTe. B Kaue-
CTBe Hape3HbIX IMPOBOISITCS TAKKe MOIITasKHbIE IITPEKM.
Bricora nmopaTtaskeit 10—15 M, B 3aBMCUMMOCTM OT MOILIHO-
CTY PYIHBIX TeJl ¥ BO3MOKHOCTY MCKPUBJIEHMS CKBAYKMH.

OuncTHbIE PAGOTHI TP BapyaHTe pa3paboTKM UCKYC-
CTBEHHBIMM II€JIMKAMM MHOTOYTOJbHOV (OPMBI ITPOBO-
ISITCSI C OTCTaBaHMEeM OT BepxXHero rnoasTaxka Ha 10-12 m.
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Pa6oThl 1O BO3BEIEHUIO MCKYCCTBEHHBIX IIEJIMKOB
OCYIIIECTBJSIOTCS OJHOBPEMEHHO Ha BCex IofAdTaxkax
B CJIeAyIolieM TopsiaKe:

1. [IpousBoauTcs pacmupeHue M obpa3oBaHue
KyI1ojia IIOTOJIOYMHBI Had IMOA3Ta>KHbIM IITPEKOM 10
TpebyeMoro pasmepa MyTeM pa3OypuBaHMUS, 3apsiKa-
HUST ¥ B3PBIBAHMSI KOMIUIEKTA IIITYyPOB O opMe KIM-
Ha. [Ipy 3TOM KpaeBble IIMYpPbl OGYPSTCS IOH, YIJIOM He
MeHee 45°.

2. TToTonmounHa HaJl pacii¥peHHO YacThIo TTOITaxKa
C BbIEMKOJT 06pasyeTcs IyTeM MPOXOIKY HaKIOHHBIX BbI-
PaboOTOK OGBIUHBIM CITOCOOOM TOJIINHOM 2,0 M.

3.Y BepxylKM TOTOJIOUMHBI OJIS 3aJIMBKU TBEpHe-
IOIIer0 MaTepuasa M CO3MaHUS MCKYCCTBEHHOTO IIe/MKa
myTeM pPa3OypMBaHMUs, 3apsDKaHMUST M B3PBIBAHUS KOM-
TIJIEKTA TTapajuIeIbHbIX IIITyPOB 06pa3yeTcs 1Ieb.

4. TIpoBOOMUTCS 3aUMCTKa OCHOBAHMST YaCTy IOMITa-
5Ka OT MOCTOPOHHMX MPeIMETOB MO MUCKYCCTBEHHbI 11e-
JIVK, OCBITIAHHAS Pya CIY>KUT CTEHKO /IS MCKYCCTBEH-
HOTO ILieJIMKa C 3a60iiHOI CTOPOHBI.

5. Iyt o6pasoBaHMsl MMPOTUBOITIOJIOKHOM CTEHKMU [IJIST
CO3JaHMSI VICKYCCTBEHHOTO IIeJIMKa IMPOM3BOAUTCS OT-
CBITIKA PY/IbI C TIOCIIETYIONIMM BBIITyCKOM PYABI IIPYU OTpa-
60TKe HIKHEero ITo3TasKa.

6. 3aroiHeHMe CO3JTaHHOI BbIPabOTKM MPOMU3BOANT-
cs1 TBepAelolleli 3aKIaIKoi ¢ J0OaBIeHNEM B ee COCTaB
KPYITHBIX TOPOAHBIX 3aIIOTHUTEIEN.

OCHOBHBIMM JOCTOMHCTBAMM 3TOI CUCTEMBI SIB-
JISTIOTCSI obecrieueHue HamexkHOJ Oe3ormacHoCTH, 6ojee
IIPOYHOTO MaTepuasa 1enmka [2, 4], mpocrasi opraHusa-
IIMST OUMCTHBIX PabOT M MeHbIIMe MaTepyuaabHbIe 3aTpa-
ThI IO CPABHEHMIO C CHCTEMOI pa3paboTKM C 3aKIa[gKOi
OUMCTHOTO IIPOCTPAHCTBA, CPABHUTEILHO BBICOKME Kaye-

1 B-B
[B 7

727727 ’//// /// 277777

/ /

e

[B

Puc. 1. [TogaTaskHast cucTemMa pa3paboTKy C MCKYCCTBEHHBIMM II€IMKaMI MHOTOYTOJIbHOM (hOPMBbI 13 TBEPIEIOIEei 3aK/IaIKN
1 - 3ae3[ K pyIoCITyCcKy; 2 — MOAITaKHbIN ITPeK; 3 — PYAOCIYCK; 4 — OTKPhITOE BhIpabOTaHHOE IMPOCTPAHCTBO; 5 — OT6UTas pyaa;
6 — VICKYCCTBEHHBI 11eJTMK MHOTOYTOIbHOI (DOPMBI; 7 — MECTO 3aJI0KEHNUST 0UePeHOTO Ie/TMKa MHOTOYTOJIbHOM (GOPMBI;

8 — Heot6uTas pyna; 9 — meperoponka u3 pymaHoit Hachimu; 10 — MOOKeHMe BbIpabOTKY (COCYbI) AJIST YCTPOIICTBA Ie/TMKa
Ha JTare ee CTPOUTENbCTBA; 11 — MOIOKeHMe BhIPaboTKM (COCYbI) Ha sTare GOpMUPOBAHMS 1IeINKa;

12 - nonosxkeHue BoIPabOTKY C TIePEKPbITHEM (PYIHBIM HACBITIOM) TTepe[] 3aK/IaK0 1enKa; 13 — 06ypeHHbIe CKBasKIHbBI

Fig. 1. Sublevel stoping with artificial consolidating stowing pillars of polygonal shape:
1 - crosscut to ore chute; 2 — sublevel drift; 3 — ore chute; 4 — open mined-out space; 5 — muck; 6 — artificial polygonal pillar;
7 — place of establishing the next pillar of polygon shape; 8 — intact ore; 9 — ore embankment partition;
10 - position of drift at the stage of its construction for pillar establishing; 11 - position of drift at the stage of pillar establishing;
12 - position of drift with overlapping (ore embankment) before pillar establishing; 13 - boreholes
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CTBEHHbIE U KOJTMYECTBEHHbIE T0KA3aTeIN JOOBIUM PYIbI,
MIMPOKYE BO3MOXKHOCTM IIPMMEHEHMS] CAaMOXOIHBIX Ma-
IIMH B TIPOU3BOACTBEHHBIX TIpoIleccax ¥ oIepanusix
OUMCTHBIX PaboT.

OCHOBHbIE HEJIOCTAaTKM ITOI CUCTEMbI Pa3pabOTKu:
SKeCTKast CBSI3b MPOIECCOB OTOOMKY PY/IbI C OMepaIusImMu
COOPYKEHMS LIeJTMKOB IIPY TOAX0AE K IMHUM UX GopMu-
pOBaHMM, HU3KUIT YPOBEHb MeXaHU3alUM MPU CO3TaHUU
1IeJINKOB, 3HAUMTEbHbIE 3aTpPaThl TPyJa U BpeMeHM Ha
BO3BeIeHUY 1€JTNKOB.

[Tpu BTOpOM BapMaHTe TMOAITAXKHOI CUCTEMBI pas-
PabOTKM C MCKYCCTBEHHBIMMU CTOJAOUYATHIMMU IIEIMKAMMU
OUMCTHBIE PaboThl ¥ (GOPMUPOBAHME LIEJIMKOB (pUC. 2)
OCYIIECTBJISIOTCS B ClIeAyIoleM TOopsiaKe:

1. IIpoiigeHHbIe paHee COOVIKM, HAUMHAS C BEPXHETO
MTO/I3TasKa IO HAIIPaBAEHMIO OT (PJIAHTOB K IEHTPaTbHOM
YacTM ydacTKa [0 ouepeny 3arloHSIIOTCS TBepAeroliei
3akiafkoi. Takoil MOpSIIOK 3aIllOJIHeHUST MOXXHO OCy-
MIECTBJISITh OJHOBPEMEHHO Ha TOUIENYIOIINX HIDKese-
KalMX TIoAdTaxkaX. 3[Mech HeoOXOAMMO OTMETUTh, 4TO
MpoLiecc Mo CO3JaHMUI0 MCKYCCTBEHHOTrO IeluKa B pac-
CMaTpUBaeMOI CXeMe He MMeeT KeCTKUX CBSI3€il C APyTru-
MM TPOIeCCaMM Hape3HBIX U OUMCTHBIX paboT. [TosTomy
3aK/IaJO0YHble PabOThI MOXKHO, aske HYKHO, IPOBOINUTH
OTHOBPEMEHHO C ITPOXOAKOI MOAITaXKHBIX IITPEKOB C OT-
cTaBaHMEM Ha OfHY CHOJIKY, TOCKOIbKY 3P GEeKTUBHOCTD
TBepHAeIoNIeli 3aKIaKM 3aBUCUT OT BpeMeHM 3aTBephe-
HMS 0 MOHOJIMTHOTO OeToHa.

2. OuMcTHBIe PabOThl HAUMHAIOT U3 BEPXHETO MOM3-
Taxka OJHOBPEMEHHO B ABYX (raHrax I10 HAIpPaBIEHWIO
K LIeHTpy yuacTka. OrepeskeHne OUMCTHBIX paboT B BepX-
HeM TMOJ3TaKe OT HWDKHUX U TMOCIeIyIOMUX MOoa3TasKei
IO/DKHO ObITh He MeHee 10-12 M.
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OT6O0VIKYy PYAbl OCYIIECTBJISIOT C TOMOIIbI0 KOM-
IIJIEKTa BeepPHbIX CKBaXKMH. CKBasKMHBI OYPAT CaMOXOJ -
HBIMM OYpPOBbIMM MallyHamu. [Ipy B3pbIBaHMUM YaCTh
OTOUTOI PYIbI OCTAETCS B ITOMOIIBE IMOAITAasKHBIX IITPe-
KOB, a JIpyrasl 4acTb I1aJaeT [0 BbIPAOOTAHHOMY ITpPO-
CTPAHCTBY BHU3.

OCHOBHBIMM [TOCTOMHCTBAMM 3TOI CUCTEMbI SIBJISI-
10TCs obecrieueHe 6e30MacHOCTH, TPOCTast OPTaHU3aLIus
OUMCTHBIX pabOT ¥ BO3BeIEHMS ICKYCCTBEHHBIX II€JTMKOB,
HU3KUIT YPOBEHb TPYAOBBIX M MaTepuaabHBIX 3aTparT,
10 CpaBHEHMIO C CUCTEMaMM Pa3spaboTKM C 3aKIamKoit
OYMCTHOTO MPOCTPAHCTBA, CPABHUTEIbHO BbICOKME Kaue-
CTBEHHBIE M KOJIMUECTBEHHbBIE [TOKA3aTe M JOOBIYY PYIbI,
BO3MOKHOCTb I'MOKOTO TIepexojia OT OJHOW CXeMBI K JIpy-
ro’i. OTIMYNUTENbHON YepPTOVi JaHHOJ CXeMbl 110 CpaBHe-
HMIO C ITEPBBIM BapMaHTOM SIBJISIETCSI ITPAKTHUYECKast He3a-
BUCUMOCTD IIPOLeCca 3aKJIaAKy OT ITPOI[eCCOB Hape3HbIX
U OUMCTHBIX PabOT. DTO MO3BOJISIET BECTU 3aK/Ia[0uHbIe
PaboThl OMHOBPEMEHHO C ITPOXOAKOI MOAITAKHBIX IITPe-
KOB, MIPOJIJieBasi Ipy 3TOM BpeMsi 3aTBepAeBaHUs 3aK/ia-
JIOYHOTO MaTepuaja 1 MOBbIIIas IPOUHOCTD Ie/IMKa.

OCHOBHbIE HEOOCTATKM 3TOM CUCTEMBI: BBICOKUIL
pacxofl TBepelolero Marepmajia M 3HAUYMTeJIbHbIE 3a-
TpaThl BpeMeH! U Tpy/la Ha BO3BeHeHMe 1[eTMKOB.

B 060ux paccMaTpuBaeMbIX BapMaHTaX TOCTaBKY OT-
OUTOI PYIbI U3 KasKAOTO MOAITAKA IO PYIOCITYCKa Mpem-
M0JIaraeTcsl OCYIIeCTB/ISITh aBTOHOMHO, UTO MCK/IIOYaeT
HeoOXOAMMOCTh CO3/TaHMSI OTKATOYHOTO TOPM30HTA.

Bce omepaniyy mo Bo3BeleHUIO MCKYCCTBEHHBIX I1le-
JIMKOB B M3JIOKEHHBIX TEXHOJIOIMUECKUX CXeMax BBITIOJ-
HSIIOTCSI TIPEMMYIeCTBEHHO C ITOMOIIbI0 CaMOXOIHO
TeXHUKU, UMEIOIIeNcs Ha PYGHUKAX 3apMUTAHCKOM 30-

HOTOpyﬂHOﬁ 30HBI.
/////////////Q/ \ /’
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Puc. 2. TlogaTakHas cucreMa pa3paboTKy ¢ MICKYCCTBEHHBIMM CTO/IGUATHIMU IIeJTMKAMMA:
1 - momaTaKHBIN MITPEK; 2 — 3ae3[] K PYyAOCITYCKY; 3 — CTONMOUATDI MCKYCCTBEHHBIN 1[eNMNK; 4 — 06ypeHHbIe CKBasKHBI
It 06pa3oBaHMsI KOMITEHCAIIMOHHOI KaMephbl; 5 — BBIpaboTaHHOE OTKPBITOE IMPOCTPAHCTBO; 6 — OTOUTAs pyaa; 7 — HeoTouTas pyaa,
8 - pyzocItyck; 9 — meperopojka 3 pyIHoit Hackini; 10 — TIONMOXKEHUS BbIPDA6OTKY AJIs1 YCTPOIICTBA CTOMOYATOrO IIeJIMKA Ha dTarne
ee popmupoBanus; 11 — momoskeHust BBIPAabOTKYM Ha 3Tarne GopMMUPOBAHUS CTONOUATOTO 1eJIMKa; 12 — TOMOKeHNST BBIPA6OTKM

C MepeKpbITYEM (PYIHBIM HACBITIOM) Tepel, 3aK/IaAKO0 CTOI6UATOTO IeTnKa

Fig. 2. Sublevel stoping with artificial columnar pillars:
1 - sublevel drift; 2 — crosscut to ore chute; 3 — artificial columnar pillar; 4 — boreholes for compensation stope formation;
5 — open mined-out space; 6 - muck; 7 — intact ore; 8 — ore chute; 9 — ore embankment partition;
10 - position of drift at the stage of its construction for pillar establishing; 11 — position of drift at the stage of pillar establishing;
12 - position of drift with overlapping (ore embankment) before pillar establishing
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3aknioyeHue

TakuMm 06pa3oM, Ha mpuMepe 3apMUTAHCKO 30510-
TOPYIHOI 30HBI 151 6€30TaCHOM ¥ TOJMHOM OTPabGOTKMU
3aI1acoB pyabl B IaGOYCTOMUMBBIX MacCUBax M 30HAX
KOHIIEHTpaLMM HaNpsDKEHUI ITpenjiaraloTcsl BapyaHThI
TTOAITAKHOM CUCTEMBI pa3paboTKU € MCKYyCCTBEHHBIMU
OTIOPHBIMM YAEPKUBAKIIMMU IeIMKAMU U3 TBEpAeIo-
TIeit 3aKIaK/ MHOTOYTOJIbHOM M CTO/I6YATOM (DOPMBI.

BesormacHble yOIOBUS U TOJTHOTA OTPAOOTKM B ITPe/I-
jlaraeMbIX BapMaHTaX JOCTUTAIOTCS ITyTeM MCIOAb30-
BaHMS KOMIIJIEKCA IMOATrOTOBUTEIbHO-HAPE3HBIX BbIpa-
GOTOK TIOJITAXKHOI CUCTEMbI Pa3paboOTKM B KayecTBe
OTpEe3HBIX IIeeil IS CHITUSI U TIepepaciipeneneHus
HAIPsDKEHMST B MacCUBe TOPHBIX MTOPOJ M C MarasmHu-
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pOBaHMEM OTOUTOV Pyabl B KOMOMHALIMM C MCKYCCTBEH-
HBIMM OTIOPHBIMM YAEPKUBAIOIIVIMU LIeIMKaMy U3 TBep-
Jerollen 3akaagKu.

HckycTBeHHbIE OTNOPHbIE yAepskKuUBaloliue IeTnuKu
U3 TBephelolleil 3aKIafgKM 06ecrmeunuBaioT IMOoamepiKa-
HMe BMeUIAIUX MOPOJ, KaMephl B yCTOMUYMBOM COCTO-
SIHUM, TIO3BOJISIIOIIEM COKPATUTh OTC/IOeHMEe GOKOBBIX
MOpoJ, ¥ BTOPMUUHOE pPa3ybokMBaHME, CHU3UTHb HAB-
JleHVe BMelllalolMX IOpOJ Ha 3aMara3suHMPOBAHHYIO
PYOY U YIYUYIIUTD YCIOBUS BbIMTycKa. Llennky mpuHumMa-
10T Ha ce0sT CKUMaloIIye,/pacTIrMBaoIIye HalpsKeHus,
MpefoTBPALIal0T UX KOHIEHTpaluM U CO3HAIT 6e30-
TTacHBIE YCJIOBUS OTPAGOTKY CMEKHBIX Y HUSKEIeXKaIINX
TOPU30HTOB.
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AHHOTauusa

I'panynomerpuyeckuii COCTaB Kak CTPYKTypHas XapaKTePUCTMUKA OTBAJIbHBIX M HACBIITHBIX MacCMBOB IIPU Be-
JIEHVV TOPHBIX ¥ CTPOUTENIbHBIX PaboT MprobGpeTaeT KOMMUECTBEHHbIE 3HAUEHNST B TTPOLIECCe B3PbIBHO MO/ -
TOTOBKM I'OPHBIX TIOPOJI, IIOT'PY30YHBIX OTlepaliuii ¥ TPaHCIIOPTUPOBAHMS TOPHOIt Macchl. Takue Gpu3nKko-mexa-
HMYEeCKMe U CTPYKTYPHO-TeKCTypHbIe ITapaMeTphl CKaJIbHOTO MacCyBa FOPHBIX IOPOJ, KaK Mpezen MPOYHOCTU
IIOPOJ, ¥ MacCUBa, TPELIMHOBATOCTb, IMaMeTpP eCTeCTBEHHO OTAEIbHOCTY TOPHBIX MOPOJ, OKa3bIBAIOT 3HA-
YUTeNbHOE BIMSHME Ha IPaHYy/IOMEeTPUUECKIIi COCTaB B30PBAHHOI TOPHOI Macchl. C IPyTroii CTOPOHBI, TaKKe
XapaKTepUCTUKM, KaK YCTOMUMBOCTb, IPOHULAEMOCTb OTBAIbHBIX MaCCUBOB, BO MHOTOM 3aBUCSIT OT JIMTOJIO-
rMYEeCKOro ¥ rpaHy/IOMETPUUECKOTO COCTaBa Pa3PhIXJIeHHBIX TOPHBIX MIOPOZ,, Cararwliux OTBaJIbl, M UX pacipe-
JleJieHMs TI0 BBICOTe. B cTaThbe OMMCaHbl pe3ynbTaThl UCCIeA0BAaHMS TPAHYIOMETPUUECKOrO COCTaBa TOPHBIX
TOpOJ, OTBANIOB pa3pe30B Kysbacca 1 0COGEHHOCTH ero MPOCTPAHCTBEHHOTO U3MEHEHUSI B TeJle OTBAIOB. V3-
yUYeHMe TeKCTyp HaCBIITHBIX MAaCCUBOB U (DM3UKO-TEXHUUECKUX CBOVICTB YKJIAJbIBAEMBIX ITOPOJ, TTPOBOIMUIOCH
Kak Ha oTBasiax Kysbacca, Tak 1 B 1a60paTOPHBIX YCIOBUSIX. [paHyIOMEeTpUUECKHMI COCTaB METKOKYCKOBOI ua-
CTY OTBAJIOB C pa3MepaMu KycKOB Mopof, Ao 50 MM uccaenoBaacs cuToBbIM MeTomom 1mo I'OCT 12536-2014,
a cpefHe- M KPYITHOKYCKOBOI — METOOM KOCOYTOJIbHON (oToriaHumeTpun. IlojieBbie HaGMIOAe s TOKa3a-
JIVI, YTO HVKHSISI YaCTh OTCBHIMTAHHBIX M0 GYJIbI03epHOII epubepuifHOl M 3KCKaBaATOPHON TEXHOIOTUY OT-
BaJIbHbIX MacCHBOB CHOPMMPOBAHa KPYITHON (pakiyesi co CpefHMM pa3sMepoM KyCKOB d., = 0,8—1 M, cpenHsis
YacThb — KyCKaMy [TOPoAbl pasmepoM d, = 0,4-0,6 M, BepXHss — IPeyMYyILeCTBeHHO MeJIKoi (pakuymeii ¢ pas-
MepoMm KyckoB MeHee 0,1 M. COOTHOILIeHMe JIVHBI, IIMPUHBI Y TOMIIMHBI Y KyCKOB B30PBAaHHBIX TOPHBIX MTOPO]L
coctasisteT 1:0,85:0,8, UTO COOTBETCTBYET YIIMHEHHO-YIUIOIIEHHON (hopMe YacTuil. ITO TpebyeT 3HAUNTEITb-
HOTO YMC/1a KOOPAMHAT IIPU ONIMCAHMUM TTOJIOKEHMSI KYCKOB B MacCHBe, a TaKKe yuyeTa MOMEHTOB MHEPL MUY [IPU
MOZeNMPOBaHMM IBVDKEHMS TaKUX YaCTULL 10 LOCTMKEHMS MMM YCTOMUMBOTO TOI0KeHMs. 115 yueTa Hem30-
METPUYHOI (OPMbI UACTHUII, TIPY MOJETMPOBAHUY MOKET ObITh MCIIOTH30BAHO COBPEMEHHOE HEKOMMEPYECKOe
¥ KOMMepuecKoe IMPOorpaMMHOe obecriedeHne py Hannumuy HeoOX0OMMBbIX alllapaTHBIX MOIIHOCTEIA.
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TOpHbIE TIOPOJIbI, OTBAJI, ChIMTyYasl Cpesia, TPaHyIOMeTPUYECKI COCTaB, TPEIIMHOBATOCTh, FTeOMeXaHNUeCKe
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Grain size distribution of waste rock masses of Kuzbass coal strip mines
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Abstract

Grain size distribution as a structural characteristic of waste rock and bulk masses in the course of mining
and construction works acquires quantitative values in the process of rock blasting and hauling of rock
mass. Such physical-mechanical and structural-textural parameters of a rock mass, as the ultimate strength
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of rocks and rock mass, fracturing, diameter of the natural rock jointing, have a significant impact on the
blasted rock mass grain size distribution. On the other hand, such characteristics as stability, permeability
of waste rock masses largely depend on the lithology and grain size distribution of the loosened rocks
composing waste rock dumps and their height distribution within a dump. The paper describes the
findings of the study of the grain size distribution of waste rock masses of Kuzbass coal strip mines and
the features of its spatial variations within the masses. The textures of the bulk masses and physical and
technical properties of the stacked rocks were studied both at the Kuzbass waste rock sites and in laboratory
conditions. The grain size distribution of the fine lump part of the dumps with the lump size up to 50 mm
was investigated by sieve method according to GOST 12536-2014, and the medium and large lump part
was studied using oblique photoplanimetry. The field observations showed that the bottom part of the
rock dumps, dumped by peripheral bulldozer or excavator methods was composed of coarse fraction with
average lump size of: d., = 0.8—1 m, while the middle part, of rock lumps of d., = 0.4-0.6 m, and the upper
part, mainly of fine fraction with lump size of less than 0.1 m. The ratio of length, width, and thickness of
the blasted rock lumps was 1:0.85:0.8, which corresponds to elongated-flattened shape of the lumps. This
requires significant number of coordinates for describing the lump positions in the rock mass, as well as
taking into account the moments of inertia when modeling the motion of such lumps until they reach a
stable position. Up-to-date non-commercial or commercial software and corresponding hardware can be

used to take into account non-isometric shape of the lumps when modeling their motion.

Keywords

rocks, waste dump, loose medium, grain size distribution, fracturing, geotechnical calculations, Kuzbass
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BeepeHue

MOHUTOPUHI TPaHYJIOMETPUUECKOTO COCTaBa OT-
BaJIOB BCKPBINTHBIX TOPOJ, Ha AENCTBYIOUMX pa3pe3ax
¥MeeT BakHOe 3HaueHue, TMOCKOJbKY MMEHHO OH BO
MHOTOM OIpe/eisieT HEeCYIIYI0 CIIOCOOGHOCTh OTBAIbHbIX
MacCUBOB. JTO BMSHME BbIpa)kaeTcsl B HEpaBHOMEPHOM
pacripefiejieHMM KyCKOB TOPHBIX IMOPOJ C Pa3jIMUYHBIMU
pasmepamu IO BbICOTe. BMecTe ¢ TeM pasmepbl KYCKOB
B30pBaHHbIX [TOPOJ, UMEIOT IPSIMYI0 KOPPEJISIMIO C ITPOY-
HOCTBIO IOPOJ, B MaccuBe [1]. laHHBIe rpaHy/lIOMeTpuUe-
CKOT'O COCTaBa B30PBaHHBIX BCKPBIIIHBIX MMOPOJ, IpUMe-
HSIIOTCSI TIPY MaTeMaTU4ecKOM MOJIeIMPOBaHUNM OTBaJIOB
IIJISI TeOMexXaHUYeCKX PacueToB UX YCTOMIMBOCTHA.

AKTyaslIbHOCTb pPabOTHI TaKKe 00YC/IIOBJIEHA TEM, UTO
B HAacTosllee BpeMs yLessieTcs OYeHb Maj0 BHMUMaHUS
MUCCIeOBaHMSIM, HAlpaBJAEHHBIM Ha M3yueHMe rapame-
TPOB 3a00WHBIX OJIOKOB I'MIPABINYECKMX SKCKABATOPOB.
B ¢BsI3u ¢ TeM 4TO (PUPMBI-TIPOU3BOANUTENN TIPENOCTAB-
JIIIOT [aHHble, OMMChIBAIOIIME IMapaMeTpbl 4YepIiaHus
9KCKaBAaTOPOB, TOIBKO MO YCpPeIHEeHHbIM rpadukram, He-
BO3MOYKHO CIeIaTh BIBOZ, 00 YCTOMUMBOCTM IKCKABATO-
pa, pacnoOkKeHHOI0 Ha BepxHeli IIoujafKe yCTyIa, pu
ero paboTe HUKHUM yepriaHueM [2-4]. Yron oTkoca ycTy-
1a B 9TOM CJlyyae OOJDKEH PacCYMThIBATbCSI MHAVUBULY-
aJIbHO JJ151 KaKA,0TO U3 BApMaHTOB TOPHO-TE0IOrMYeCKUX
YCIOBUI, KOTOPBIX MOXKET OBITH MHOKECTBO M3-3a pa3HO-
00pa3sus JIUTOTUIIOB pa3pabaThiBa€MbIX TOPHBIX MOPO.,.
Kpome Toro, Hafio yUMThIBATh CBSI3HOCTh MOPOJ, UX KY-
CKOBaTOCTb U Jipyrue HpuU3nKo-TeXHMYecKe CBOCTBa.

[lomMmo pelieHus 3aJad YCTOMYMBOCTM MaccCuBa
B30pBaHHO} TOPHOJ Macchl, OIpee/NeHHbIi MHTepec
BBI3bIBA€T OLlEHKa MCII0JIb30BaHMSI pa3pylleHHbIX Trop-
HBIX IOPOJ, B KaueCTBe HAIOJHUTENS [/ OUMCTHBIX CO-

OpY’KeHMII MIaXTHBIX U KapbepHBIX CTOYHBIX BOJ. Bims-
HJe TPaHyJIOMEeTPUUYECKOTO U IeTPorpagmyeckoro cocra-
Ba TOPHOI MaccChl Ha (PMIBTPOBAIbHbBIE XapPAKTEPUCTUKYI
MCKYCCTBEHHBIX (UIBTPYIOIINX MAaCCHMBOB TIOKa3aHO
B paborax [5, 6]. I3yueHne TpaHy/IOMETPUYECKOTO COCTa-
Ba B3OPBaHHBIX MTOPOJ, [IO3BOJIUT ONpPeLeIUThb IIepBooYe-
penHble TTOAXO0AbI K pellleHUIO BblllleyKa3aHHbIX 3a4au4.

MaTepuanbl n MetTogbl

Vi3yueHne rpaHyJIOMeTPUYECKOTO COCTaBa OTBAJIb-
HOT'O MacCuBa MMeeT CBOMM OOBEKTOM OTHe/NbHbIE Ky-
CKM TIOpPOIBI C pasauMuHbIMM (opmoit U pasmepamiu,
a mpegMeTOM — pasMepbl KyCKOB, IO KOTOPBIM ITPOU3-
BOOUTCS pasfeneHue Ha Gbpakiuy B30PBAHHON TOPHOI
macchel [7]. B rpa"ynomeTpum reomatepuanioB dopma
KYCKOB ITOpPOJIbI MUMEET He MeHblllee 3HauUeHMe, YeM UX
pasmep, MOCKOIbKY BBICTYTIAET CBOETO POJA «OTIPEIeNIN-
TeJeM» pasmepa.

WHTerpaabHO pasmep u popma Kycka IMopojibl MOTYT
OBITh BBIPAXKEHBI Uepe3 CPemHIO IJIMHY CeKYIIUX, T.e.
cpefHee pacCTOSTHME MEXIY CTydaiiHbIMM TlapaMy TOUEK,
MIPUHAJIeKAIIMX TOBEPXHOCTM KyCKa:

\%4
laverage = 4?’ (€]
rae V, S — 06beM U IUIOIAb TOBEPXHOCTM KyCKa ITOPO-
IIbI COOTBETCTBEHHO.

V3-3a HEM30METPUUHOCTY KYCKOB ITIOPOJIbI X CPe/I-
HUJ JIMHeHbI pasMep MOXKHO NPUHATD 38 1,5l4erqge.
[ M30MEeTPUUHBIX TeJl CpeoHUI JMHENHbI pasMep
COBITQJIAeT C UX MCTUMHHBIMM pasmMepamu (ISl mapa —
9TO OuMaMeTp, IJid Kyba — pebpo). B kauecTBe cpeqHero
pasMepa KyCKOB Ha IpaKTMUKe 3a4acTyio MPUHMUMAIOT
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cpellHee TeoMeTpuUuecKoe UM cpefgHee apudmernde-
CKOe MaKCUMaJIbHOTO ¥ MUHUMAaJIbHOTO 3HaYeHUN Jn-
HeHOoro pa3mMepa.

B rpanynoMeTpuu pas3pylieHHbIX TOPHBIX MTOPOJ, Ya-
CTO MCIIO/Ib3YETCSl TIOHSITHE SKBUBAJIEHTHOIO AMaMeTpa.
W pgng Kycka Moponbl M3 pasBaja B3OPBAHHOM TOPHOI
MAacCChI, ¥ IS apa, MUMEIOIIero TOT ke 00beM, UTO U pac-
CMaTpPUBAEMbIi KyCOK ITOPOJIbI, 06EM OTIPeIeNsieTCsT KaK

V=l7t13

)
6 average (2)
r1€ lyyerqge — CPEIHMI Pa3Mep KyCKa WM €r0 SKBUBAJI€HT-
HbIi 1uameTp (d).

B mnockom wiyyae 5KBMBJIEHTHBIV IMaMeTp KycKa
MOPOJIbI OYyIIeT paBeH AMaMeTpPy KPyTa, IUIOIalb KOTOPO-
ro paBHAa CpejiHel TIOIAIM CeYeHM KycKa CydaiHbIMU
TJIOCKOCTSIMU.

Bmernatoinye nmopoabl Kys6acca rpeacTaBieHbl B OC-
HOBHOM aprujuiMTaMu, ajJeBpoIMTaMu U MecuaHUKaMU.
B 3HauuTEeNIbHO MeHbIIEeN CTEIEeHM BCTPEUarTCs MarMma-
TUYECKME TUTyTOHMYECKNe U MeTamopduueckue mopo-
Ibl. 3aMeprl OauHbl A, npuHbl B 1 TonmyHel C KyCKOB
pasIMUYHbBIX pa3MepoB JJISI OCAJOYHBbIX ITOPOJ, IOoKasa-
s cooTHormieHne A : B: C=1:0,85 : 0,8 (ycpemHeHHbIe
3HaueHus). [lomyuyeHHOe COOTHOIIeHNe MPaKTUUeCKn
COBMAJlaeT C aHAJOTUYHBIM COOTHOILIeHMEeM [JIs1 KYCKOB
B30pBaHHBIX apTU/UIMTOB, aJl€BPOJIMTOB U IE€CYaHMKOB
paspesoB KysbaccaA :B:C=1:0,8:0,75, onmucaHHOTO
B paborax [8, 9].

B mpoiiecce BbieMKM, MOTPY3KM, TPaHCIIOPTUPOB-
KU ¥ OTBAI006pa30BaHMsI TOPHOI MacChl OCTPbIE U BbI-
cTymaloIye pedépa KyCKOB IMOPOAbI OTKAJbIBAIOTCS, UTO
npubmkaetT GOpMy YacTUIL TMOPOABI K YIJIMHEHHO-
YILIOLIEHHOVA.

i MomenupoBaHUs OTBaJbHBIX (B 0OIIeM CIy-
yae — JIIOObIX HACBIITHBIX) MACCHMBOB C IPUMEHEHUEM
COBpeMeHHOTO CB0oOOmHO pacmpoctpaHsemoro (YADE,
MercuryDPM ¥ aHaJIOTMUHBIX) U KOMMEPYECKOTO IMPO-
rpaMmmHoro o6ecreuenus (PLAXIS, PFC2D, Altair EDEM)
(opmoit MmosebHOTO TIpeCTaBIeHMS YaCTUL MOXKET CITy-
SKUTD Kak cdepa, Tak 1 ja06ast apyras o6beMHast Gurypa
C TOTOJIOTUYECKM 3aMKHYTO MOBEpPXHOCThIO. EC/iv B Ha-
yasie 2000-X romoB IocienHee ObUIO MPAKTUYECKU He-
BO3MOJKHO M3-3a anmapaTHbIX orpannvyenuii [10, 11], To
B HacTosIIlee BpeMs TEXHMYECKM 3TO pean3yeMo B pam-
Kax OTHebHOI JJabopaTopuu. Tem He MeHee MOIeTUpPO-
BaHMe KyCKOB TOPHBIX TOPOJ] TelaMi HeM30MeTPUUHOI
dbopmbI 1e1IECO006PA3HO UMb C TIPUMEHEHMEM Cephe3-
HBIX BBIYUCIUTENIBHBIX MOIIHOCTEl HAa COBPEeMEHHbBIX
rpadguyeckux IMpoleccopax € pacIpeneeHHO cpenoit
MOZe/NMNpPOBaHus, C npumMmeHeneM apxutekrypbl CUDA
v PhysX v sHaunTeNbHBIMY 06beMaMM Kak Tpaduieckoii,
TaK M OMNepaTUBHON MaMsTH, IPU MUCIOAb30BAHUM JIO-
KaJIbHBIX PaOOUYMX CTAHIMIA.

3a pasMmep KycKa IOpOIbl TIpM MOAEIMPOBaHUU
CTPYKTYPbI HACBITTHOTO MaccuBa MPUHMUMAETCS] SKBUBA-
JIEHTHBIV MaMeTp, BBIYMCIeHHBIN TT0 JaHHBIM TPaHy/I0-
MeTPUYeCKOT0 COCTaBa MOPOJ, YKIaAblBaeMbIX B TaKOi
MacCuB.

TeopeTuueckrie OCHOBbI MaTeMaTUUYECKOTO MoOfe-
JIMPOBAHMS 3€PHUCTBIX CpPe[l, 3aJI0’KeHHbIe OTeUeCTBEH-
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HbiMu [10-14] u 3apybeskHbiMu aBTOpamu [15-18],
IMOKAa3bIBAIOT, UTO Haubojee MmpueMIeMOi MOIeIbHOI
dbopmoit yacTuIlbl 3€pHUCTOI cpenbl SBsSeTCs 160
onHa cdepa, 1nb6o ob6beMHas Gurypa, mpeacTaBieHHas
CONMMKeHHBIMM (MEXKIIeHTpoBOe paccrossHue ot 0,2 pa-
nuyca) chepaMyu — B 00b€MHOM MJIM KPyTaMy — B IIO-
CKOM CJTy4ae. DTO MOATBEPXKIAETCS TEM, UTO YKa3aHHbIE
(bopmbl uvacTul, SBASIOTCS Haubolee MpUeMIEeMbIMU
IJIST MOJIeIMPOBAHMSI CBIMYUMX CpeJll C MpUMeHeHUueM,
B YaCTHOCTM, CBOGOZHO pacpoCTpaHsIeMbIX TPOrpaMM-
HbIX KOomoB Yade u MercuryDPM, 6e3 cyllecTBEHHO
MOTEPU CKOPOCTY MOIEIMPOBaHMsI, B OT/IMUMEe OT 6o-
Jiee CIOXKHO¥M (OPMBI KYCKOB, COCTOSIINX, HapuMep,
U3 Tpex u 6ojiee CONpSKEHHBIX cdep. Vcrmoab3oBaHue
CIOKHBIX (OPM KyCKOB MOMAEINPYEMOV Cpenbl IIpu-
BOAUT K YBEJIMUYEHUIO BPEMEHM MOJeIMPOBaHMUS aHa-
JIOTUYHOTO O0OGbeMa Cpelbl Ha OOMH-ABA MOPSIAKA Jaske
C MpUMMEeHEeHNEeM COBpeMeHHBIX KOHGUTypaluii mepco-
HaJIbHBIX KOMIIbIOTEPOB (TBEpAOTEIbHbIN HaKOIUTEb
dbopmara M.2 c mogmepskkoit NVMe, 1ieHTpaabHbIN MTPO-
mneccop 4,2 [T, onepatvBHasi MHOTOKaHa/JIbHAS ITAMSTh
64 T'6, rpaduueckuii mpomeccop 1,7 I'Tu, rpadpudeckas
Bupeonamats 4 I'6, mogmepskka CUDA u PhysX).
Vi3ydyeHne TEKCTYpP HACBIITHBIX MacCUMBOB U (U3MU-
KO-TeXHMUYECKUX CBOMCTB YKIaIbIBAEMbIX ITOPOJ IPO-
BOIMJIOCH KaK Ha orBajnax Kysbacca, Tak u B 1aboparop-
HBIX YCI0BMSIX [19, 21, 22]. 'paHyioMeTpUYeCKuii COCTaB
MEeJIKOKYCKOBOJ YacTu OTBaJOB C pa3MepaMy KyCKOB
nopog, 1o 50 MM McCIemoBaCs CUTOBBIM METOOOM IO
I'OCT 12536-2014, a cpegHe- U KPYyIHOKYCKOBOJ — Me-
TOMIOM KOCOYTOTbHO (oTormaHumeTpun. [Ipyu sTOoM Ipu
obpaboTke ¢oTorpaduii OTKOCOB MHPUMEHSIACh JEeMO-
Bepcust porpaMMHoOro obecrneuenust «Split-Desktop».

Pesynbrathbl
PesynbraThl MccaeOBaHUI TPAHYIOMETPUUECKOTO
cocTaBa TipeAcTaBieHbl HA puc. 1 u 2. Ha puc. 2 npep-
CTaBJIEHO MPOLIEHTHOE COep>KaHMe BCeX YaCTUL, MacCu-
Ba (COOTBETCTBYIOLIEE KPUBOI1 4 Ha puc. 1).
W, %
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0 T L
0.001 0.01 0.1 1

Puc. 1. HTerpanbpHble (CyMMapHbIe) KDUBbIE
IPaHyJIOMETPUYECKOTO COCTaBa OTBAIOB Wiy,
110 0OBEMHOMY COZIepPsKaHMI0 hPaKIIii:
1, 2, 3 — nisi HUXKHe, cpeHeli, BepxHeli yacTeii OTBajaa
COOTBETCTBEHHO; 4 — [JIs1 BCEero OTBala

Fig. 1. Integral (cumulative) curves of the waste dumps grain
size distribution W, by the volumetric content of fractions:
1, 2, 3 - for the lower, middle, upper parts of the waste dump,
respectively; 4 — for the whole waste dump
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W3 puc. 1 BUAHO, YTO HUXKHSSI TPETh OTBAJOB CO-
IEepPKUT TIPeMMYIeCTBEHHO KyCKM KPYIIHBIX pasme-
poB (de; = 0,8 M), cpenHsss 4acThb — CPeJHUX pasme-
poB (d,, = 0,4 M), BepXHss YacTb — MEJIKMX Pa3sMepoB
(deq = 0,04 m). Cerperauyusi pa3sMepoB KyCKOB I10 BbICOTE
oTBajia OOYC/IOB/IeHA TIPSIMOI ITPOIMOPIIMOHATbHOCTHIO
paccTosiHMSI TlepeMeneHsI KyCcKa M0 OTKOCY ero pasmepy.

Bricokasi 0mHOPOJHOCTh TPAHYIOMETPUYECKOTO CO-
CTaBa XapaKTepHa [AJ1s1 HUSKHUX CJT0EB OTBasia (IJ1s1 KPyTi-
HOKYCKOBO# Macchl KO3(DOUIMEHT HEeOTHOPOIHOCTU
C, = 2,4, nns cpegHekyckoBoit — C, = 2,2). 3HaueHMe 10-
PUCTOCTU B HUKHUX CJIOSIX TOCTUTAET 3HaueHus n = 40 %,
a abCoMIOTHBIE pa3Mephl ITyCTOT — HECKOMbKUX JIECSITKOB
CaHTUMETPOB. HI>kKHMEe ¢JIOM OTBAJIOB XapaKTePU3YIOTCS
B [1€7I0M KapKaCHOM MM KapKacHO-He3aloJIHeHHO BHY-
TPEeHHEe TEKCTYPOIA.

Bonee cnokHasi MeJIKOKYCKOBasi CCTeMa XapaKTep-
Ha [J151 BepXHeTro CJ1051 OTBAJIOB. TeKCTypa 3TOTo CJIOS OT-
JIMYAeTCs OTHOCUTEbHO BbIZlePsKaHHOM M30TPOMTHOCTHIO
13-3a pe3Koi pasHopasMepHoctu yactul, (C, > 20) u xa-
OTUYECKOTO uepedoBaHMsI IMPOCTPAHCTBEHHBIX PeIIeTOK
pas3IMUHOM KOHMUTypauuy, BIUIOTh [0 UX ITOJHOTO OT-
cyTcTBUS. [Io CpaBHEHMIO C HIDKHEN U CpefHel TPeTIMU
OTBaJIbHOTO MaccyBa (110 BbICOTE) aOCOMIOTHBIE Pa3MephI
TOp BepxHero c10s1 Ha 1-3 nmopsaka MeHbIIIe.

Pe3koe ymeHbllleH/ e TIOPUCTOCTU U PasmMepoB MOP
06yC/I0B/IEHO 60JIee MHTEHCUBHBIM (DU3UUYECKUM BbIBE-
TpUBaHMEM, pa3pyllieHreM KyCKOB U X IepeyrnaKkoBKOit
B BEepXHEM CJI0€ C TeUueHMeM BpeMeHU, 10 CPaBHEHUIO
C HIDKHUMMU C10sIMU. IHT@HCUBHOCTb IIPOTEKAHUS ITPO-
1IeCCOB BBIBETPMBAHMUS 3aBUCUT OT BOAOYCTOMUYMBOCTU
Y TPOYHOCTY TIOPOA,

CkanbHble ¥ TONYCKaJbHbIE BCKPBILIIHbIE MMOPOJbI
yIJleHachIeHHbIX Tom Kysbacca mpencTaBieHbl T1aB-
HBIM 00pa3’oM aprWIIMTaMM, ajeBpOJIUTAMMU U Tecda-
HUKaMM pas3auvHOil MmpodyHocTu. [Ipemesn MpPOUYHOCTU
Ha ©kaTue R, TecuaHMKOB (KaK BOJOHACHIIIEHHbIX,
Tak U cyxux) B 1,5 pasa Bblllle, Y4eM COOTBETCTBYIOIIMIA
npefesl MPOYHOCTU aprUMIIUTOB U aleBpONUTOB. st
otnoxkernit Cesepuoro u IlentpanbHoro Kys6acca xo-
apbuimenT pasmsruaemoctu K, (OTHOIIeHMe Tpepena
MMPOYHOCTY B BOJOHACBIIIEHHOM COCTOSIHUM K MpeJieny
MMPOYHOCTU B CYXOM COCTOSIHUM) [IJISI TIeCUaHUKOB CO-
crasysieT B cpenpHem 0,65; miist ornoxkeHuit IOskaoro Kys-

W, %18
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6acca — 0,7-0,9. [Ins aJieBPOJIUTOB ¥ apTU/UIMTOB BCEX
otnoxkenuit Kys6acca cpennue sHaueHust K; HaxXoOsaTcs
B mpenenax 0,5-0,6.

Huskoit cTeneHbl0 YIIOTHEHMSI 00J1aIal0T MacCu-
BbI, OTCHIITAHHBIE TTPEUMYIIECTBEHHO U3 KPEITKUX Iec-
yaHMUKOB. [IpM 9TOM HMKHME TpyOO0OBIOMOUYHbBIE CJIOU
OTBAJIOB, CJIOKEHHBbIE KyCKaMM C HaMOOJbIIMM IIpene-
JIOM MIPOYHOCTY Ha CKaTue 1 HauMeHee TTo/IBepPskeHHbIe
(usuveckomy 1 XMMMUECKOMY BbIBETPUBAHMIO, OCTAIOT-
Cs B TeueHMe JIJINTEIbHOTO BpeMeH!M B paspbIXJIeHHOM
cocTosiHMU. M3MeHeHMe pa3MepoB IMOpP B TaKUX CJIOSIX
MIPOVCXOAUT TIPEMMYIIECTBEHHO 3a CYET ITOCTETIeHHOI0
3aMJIMBAHUS MEeJIKOAMUCIIEPCHOM MacCOoli, MPOHMKAKIIEN
U3 BEPXHUX CJI0EB.

IJjisT 4MCIeHHOTO MOZEeIMPOBaHUS HACBIMHBIX TI0-
POIHBIX MACCMBOB 11€JIeCO00PA3HO MepeitTy OT QYHKINNU
F(d) pacripeneneHust pa3MepoB KYCKOB ITOPObI IO 00be-
My (MJIM TI0 Macce), TeOpeTUuYecKy 060CHOBaHHOII B pabo-
Te [7], K GyHKUMM paciipefeneHus pa3MepoB KyCKOB IO
uncny yactut Fy g, rae d — iuamMeTp KyCKOB, YTO OIMCHI-
BaeTcs CIeAyIOIIMM BbIpaKeHUEeM:

41
| d—ZdF(d)
d
Fn(d)=d[1’1—, 3)
| d—zdF(d)

dy
rae d,u d, — HauMeHbIIMII ¥ HaMOONMBLIMII pasMepbl
KYCKOB.

IlJis1 BBIUMC/IEHMS UMCIa KYCKOB i-i1 pakiuy mpemi-
naraetcs popmyJia:

W;
Z )
d @
roe W; — comepskaHue i-it ppakiyu (o o6bemMy) B Maccu-
Be, %; d; — cpeHMIT TMaMeTp KYCKOB i-it dpakuuu, M.
AHanM3 rpaHCcoCTaBa HACBIITHBIX OTBAJIbHBIX MacCK-
BOB IT0Ka3aJjl, UTO CyMMapHoe cofepskanue Gpakiuii (o
00beMy) ¢ pasMepaMy KYCKOB MeHbIlIe d alllpoOKCUMUPY-
eTCsl BbIpaKeHMeM:

W= 81,5 - d*7, (5)

Ni(d):

16 1
14 4
12 1
10 1

0.001 0.003 0.005 0.007 0.01 0.025 0.1

0.25 0.5 0.7 1 1.5 1.7

2 dm

Puc. 2. Tucrorpamma auddepeHInanIbHOro CoaepskaHusi KYCKOB COOTBETCTBYIOMIMX GPAKIMii B OTBasIe

Fig. 2. Histogram of the differential content of lumps of the corresponding fractions in the waste dump
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Puc. 3. ViHTerpanbHoe copepkanne Wy, , Gpakumii cooTBeTcTByIONIEro uamerpa d (1o 9mcry YacTHL)

Fig. 3. Integral contents W), of fractions of the corresponding diameter d (by number of particles)

BennumHa Kos¢hduieHTa KOPpeIsiiu perpec-
cuonHo momenu (5) R? = 0,991, 4To MO3BONSIET CYIUTD
0 IOCTATOYHO BBICOKOI ee afeKBaTHOCTN.

WuTerpasibHOe TMPOLIEHTHOE comepxkaHue Wpg
(pakumit mopon, OTBaJIOB IO UMCITY YacCTUI] (YyCpeTHEeH-
Hble 3HaueHus gy CeBepHoro, Cpeguero u OskHoro Kys-
6acca) rmpeaCcTaBaeHO HA PUC. 3.

3HaueHMs] MHTETPaJbHOr0 CcomepskaHust (Qpakiuii
Wp( TO 4MCITy KyCKOB amIpOKCMMMPYIOTCS 06paTHOI
CTereHHO 3aBUCUMOCTBIO:

WD(d) = 9 . 10_5 d_1’9699. (6)

KosdbduiineHnT xoppensiuuy perpecCMOHHON Mofe-
mm (6) R*=0,9855.

3HaueHus, TOJyYeHHble Mo Qopmyne (6), MHTe-
IrPaJIbHOTO COJepKaHMsI KYCKOB IO UMCIYy YaCTUL, UC-
MOb3YIOTCSI B KauecTBe MCXONHBIX JAHHBIX IJISl OIpe-
JIlelleH)sl pasMepa KyCKOB IIOPOAbI IPU UMCIEHHOM
MOJeIMPOBaHMM HAChITTHBIX MacCUBOB M3 pa3pylIeHHbIX
CKaJIbHBIX U TIOJTYCKATbHBIX TIOPOZ, TIPU UCIIOIb30BAHUN
QJITOPUTMOB MOJe/IMPOBaHNSI, HE TTO3BOJISIOLIMUX YUUTDI-
BaTh JaHHbIE I'PAaHYIOMETPUUECKOT0 COCTaBa 1o 06beMy
wu 1o macce [18, 20].

BbiBogbl
1. HeopHOpO#HOE CTpOeHMe OTBajJbHBIX MacCUBOB
B OOJIBIIMHCTBE CJTyyaeB OOYC/JIOBIEHO OCOOEHHOCTBHIO
rpaBUTALMOHHOIO MaccollepeHoca CKIaaupPyeMbIX B OT-
BaJ IIOPOJ,, CBSI3aHHOJ C Pa3MYHONM KPYITHOCTbIO KYCKOB
KOPEHHBIX ITOPOZ, BCKPBILIN.

IMoneBble HAGMIOMEHMSI TIOKA3aJIM, UTO HIKHSS
YacTb OTCHITIAHHBIX IO GYIbI03epHON TepudepuitHoi
WIN 9KCKaBATOPHONM TEXHOJOTUM OTBAIbHBIX MAaCCUBOB
chopmupoBaHa KpyrmHOi ¢pakiyeinr co cpegHUM pas-
MepOM KYCKOB d., = 0,8—1 M, cpefHsas 4acTh — KyCKaMu
nopozbl pasmepom do, = 0,4-0,6 M, BepXHss — Ipeu-
MYIIECTBEHHO MEJIKO (pakiyeir ¢ pa3sMepoM KyCKOB
menee 0,1 M. HeomHOpOmZHOCTb (DU3UKO-TEXHUUECKUX
rmapamMeTpoB (PPaKIMOHMPOBAHHBIX 10 BBICOTE OTBAJIOB
orpeensieTcsl HeOAHOPOJHOCTbIO UX TEKCTYPHBIX Xa-
PaKTepUCTUK.

2. CooTHOIIIeHe IJIMHbI, ITMPUHBI Y TOMIIMHBI y Ky-
CKOB B30pBaHHbBIX TOPHBIX MOpof, coctasisier 1:0,85:0,8,
YTO COOTBETCTBYET YIJMHEHHO-YIIOIEHHO (hopme ya-
CTUIIL. DTO TpebyeT 3HAUMUTETHbHOTO YMC/Ia KOOPAMHAT TP
OMMCAHMUM TIOJIOXKEHMSI KYCKOB B MacCHBe, a Takxke yye-
Ta MOMEHTOB MHEepLU TIPpU MOAENNPOBAHUN ABVSKEHUS
TaKMX YaCTUIL 0 AOCTVDKEHUS MMM YCTOMYMBOTO T0JIO-
skeHus. 1S yueTa HeM30MeTpUuIHoi hopMbl YaCTULIL TP
MOZEIMPOBAHUM MOXKET OBITh MCIIOb30BAHO COBPEMEH-
HOe HeKOMMepyecKkoe M KOMMepueckoe ITPOTrpaMMHOe
obecrieueHne Mpy HAIMUYMM HEOOXOIMMBIX amIapaTHbIX
MOIIJHOCTEIA.

3. Bbibop pasmepa KyckoB d IpM MaTeMaTUUeCKOM
MOJIeTMPOBAHMUM CTPYKTYPbI HACBITTHOTO MacCHBa ITPOMU3-
BOAMTCS MO0 10 MHTETPaIbHOMY COmepskaHMIo hpaKiit
B MaccuBe 1Mo 06beMy (MJIM IO Macce) MO 3aBUCUMOCTY
Wi = 81,5 - d****, 1ub0 110 MHTerpajbHOMY COePKaHIIO
(bpakumit B MaccuBe Mo YMCIY YaCTHULL TI0 3aBUCUMOCTHU
WD(d) =9.10°5d-1,96%,
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YBenuuyeHue Xo4UMOCTU PeAYKTOPOB MOTOP-KoJIeC KapbepHbIX CaMOCBasoB
METOZ0M BHeZpeHUsl KOHTPOoNns (paKTUYECKOro TEXHNYECKOro COCTOSHUSA

A. A. Xopemniok! <, A. B. KyapeBaThix! , A. C. AmeysoB! R
A. B. BunuaukToB! 3¢, JI. 1. KauToBMY>

! Kyszbacckuti 2zocyoapcmeerntbiii mexHuueckuti ynusepcumem umenu T. @. Topbauesa, 2. Kemeposo, Poccutickas @edepayus

? HayuoHanoHolli uccnedogamensbckuti mexHonozuueckuti ynugepcumem «MocKo8cKuli uHcmumym cmanu u cniagoge»
(HUTY MHCuC), 2. Mockea, Poccutickas Dedepayus

D4 haa.omit@kuzstu.ru

AHHOTauunA

B HacTosIIee BpeMs Ha YIOJIbHBIX paspesax Kysoacca 60/bilioe BHUMaHMeE YIeSeTCs YIYUIIeHNIO KaueCTBEeH-
HBIX ITOKa3aTesieii TOpHOL00bIBAONIEl TeXHMKY, BKIIOUAsT HAJeXKHOCTh U JOJTOBEYHOCTh COCTABHBIX Y3JIOB
u arperatoB. OnuH 13 CIIOCOOOB YAYUIIEHNS] ITUX MOKa3aTesiell — COKpalleHe KOJIMUeCTBa HelpeaBUIeH-
HBIX OTKa30B, IS JOCTVKEHMS 9TO 1eJIi He0OXOAMMO BHEIPUTh B TEXHOJIOIMYECKYIO KapTy TeXHUUECKOTO
06CTY>KMBaHMS JOTIOTHUTEIBHYIO OIepaIiio 10 AMAarHOCTMPOBAHUIO JeTajieil KapbepHoro camocBasa. [Tpu
9TOM Heo6XO0IMMO, YTO6BI MIPOLECC AMATHOCTUKM He YBeIMUMBaJA BPEMS IIPOCTOS] TEXHUKM, a 3PPeKTUBHO
BBISIBJIS/L COCTOSIHME PEeIYKTOPOB MOTOP-KOJIeC B IIpOllecce SKCILTyaTaluy caMocBasioB. Llenbio mcciemoBa-
HUSL SIBJISIETCSI YBEIMUEHME HaIesKHOCTU U pecypca peqyKTOpPOB MOTOP-KOJIeC KPYITHOTabapUTHBIX CaMOCBa-
j0B BenA3. BbIXon 13 CTPOSI peayKTOpa MOTOP-KOJieca XOTh U SIBJIIETCS PeAKUM SIBJileHMeM, HO CTOMMOCTD
HOBOTO TaKOIO arperaTta MoXXeT BapbupoBaTh OT 3,5 mo 10 MutH py6. [103TOMYy BaskHO MCIIOIb30BaTh TaKue
MEeTO/bI AMarHOCTMPOBAHMSI, KOTOPbIE MIO3BOJISIT B KpaTuaiiliiie CPOKM 1 6e3 pa3bopKi y3/10B BbIIBUThH COCTO-
stHue arperatoB. OtipesenieHe PakTUUECKOTO TEXHMYECKOTO COCTOSIHMS PEYKTOPOB MOTOP-KOJIEC BO3MOXKHO
pas3IMUHBIMM METOLAMM: BUOPOAKYCTUUECKMM ; aKYCTUUECKVM } TEIIOBBIM ; (PU3MKO-XMMUYECKIM aHaIM30M
0TpaboTaBIIMX IKCILIYyaTAllMOHHBIX MaTepuasaoB. MccaemoBaHus 1TOKa3aay, YTO HY OAVH U3 9TUX METOMOB
HeJIb3sI MICITOJIb30BaTh B KAUECTBE YHMBEPCAIbHOrO. IIpy 060CHOBaHMM U BbIOOPE MeTOIa HEOOXOAMMO YUM-
TBIBAThb pasHble (PAKTOPbI, B TOM UMC/I€ TEXHOJOTMYECKNe, WM MUCII0b30BaTh KOMOMHALIMIO METOIOB, UTO
COKPATUT PUCKY, HO YBEJIMUUT OJHOBPEMEHHO 3aTpaThl. Heo6xomumo pa3pabaThiBaTh O0Jiee COBEPIIEHHbI
MEeTOJ, AMarHOCTMPOBAaHMSI, OCHOBAHHbBIN Ha MCIT0/Ib30BaHMM HECKOJIIbKMX METOI0B OFHOBPEMEHHO.

KnioueBble cnoea
YTOJIbHBIN pa3pes, caMOCBaJl, Ha/IEXKHOCTh, BUOPOAMArHOCTKA, TETIJIOBOI PEXKUM, aKyCTUUYECKIEe TTapaMeTphbl,
a"aim3 macia, KemepoBckast 06;acTh, Kysbacc
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Increasing life of pit dump truck motor-wheel gearboxes
by introducing the monitoring of the actual technical condition
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Abstract
At present, Kuzbass coal strip mines pay great attention to improving quality performance of mining equipment
operation, including reliability and durability of components and units. One of the ways of the performance
improvement is decreasing number of unforeseen failures. To achieve this purpose a mine dump truck part
diagnostics should be introduced into a maintenance service procedure. At the same time the process of
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diagnostics should not increase the machinery downtime, but effectively reveal a condition of motor-wheel
gearboxes in the course of dump truck operation. The aim of the research is to increase the reliability and
service life of motor-wheel gearboxes of large BelAZ dump trucks. Failure of a motor-wheel gearbox is a rare
phenomenon, but the cost of a new gearbox can vary from 3.5 to 10 million rubles. That is why it is important
to implement such methods of diagnostics, which allow revealing the condition of gearboxes in the shortest
possible time and without disassembling corresponding units. Determination of the actual technical condition
of motor-wheel gearboxes is possible by different methods: vibroacoustic; acoustic; thermal; physical and
chemical analysis of spent operating materials. The studies showed that none of these methods can be used
as a universal one. When justifying and selecting the most suitable method, different factors should be
considered, including technological, or a combination of methods should be applied, which will reduce risks,
but at the same time increase costs. It is necessary to develop a better diagnostic method based on the use of
several methods simultaneously.

Keywords
coal strip mine, dump truck, reliability, vibration-based diagnostics, thermal conditions, acoustic parameters,
oil analysis, Kemerovo region, Kuzbass
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2021-4-267-276

BeepeHue

Kysbacc sBisieTcs JmuaepoM TOPHOIOOBIBAIOIIEI]
MPOMBIIIIJIEHHOCTY ¥ 3aHMMaeT Befylilee MecTo B Poc-
CUM TI0 OOBIYUE YIJIST OTKPBITHIM CIoc060M. Tak, coTyiacHO
craTucTKe 3a nporireniii 2020 rom 661710 JOOBITO CBbI-
nre 220 MJIH T YIVIS, IPU 9TOM OKOJIO 164 MJIH T JOGBITO
MMEHHO OTKPBITBIM criocobom [1-3]. Hamnbomee pacripo-
CTpaHEHHbIM BUAOM TPaHCIOPTa, NMPUMEHSIEMbIM MpU
OTKPBITOJi TOOGBIUE YIJIs, IBJISIETCSI aBTOMOOVIIbHBIN. DTO
06yCJIOBIEHO TEM, UTO OH 06/IaIaeT PSIAOM ITPEUMYIIIECTB
10 CpaBHEHMIO C IPYTMMM BUAAMM TPAHCIIOPTAa: MaHeB-
PEeHHOCTb, BbICOKAS TPOU3BOAUTEIBLHOCTD U JIP.

I17151 TIepeBO3KM MOJIe3HbIX CKOMaeMbIX Ha pa3pesax
MMPUMEHSIOTCSI KpyITHOrabapuTHbIE KapbepHbIe CAaMOCBa-
spl. B Kysbacce mpenmnpusTus 1Mo go0bIye MCKOITaeMbIX
OTHAIOT MpeIoUTeHMe TeEXHUKe, TPOU3BELeHHOI Ha 3a-
Bogax OAO «benas» [2, 4].

Iis nmpumepa 6110 B3ssiTo OO0 CIT «Bap3acckoe To-
BapUILECTBO», TOOBIBaIOIlee KOKCYIOMIMIICS YTOJIb Ha ce-
Bepe KemepoBckoii o6mactu. VI3 mpuBeqeHHBIX TaHHbIX
BUITHO, UTO B TeUeHMe 3 JieT yBeJIMUMBAETCS MapK Kapbep-
HBIX CaMOCBAJIOB, Py 3TOM Gojiee 80 % COCTAB/ISIOT aB-
Tomobmiu Mmapku benA3 [5, 6].

Ta6nuua 1/ Table 1
CnmcovyHoe KOJIMYEeCTBO CaMOCBaIOB
000 CII «bap3acckoe TOBapuIilLeCTBO»

List of dump trucks of JV Barzasskoye Partnership LLC

Mapxka camocBaia 2018 2019 2020
BenA3-7555 4 0 6
BenA3-75131 50 50 65
Komatsu HD785 8 8 10

AHanmu3 paboThl KapbepHbIX CAaMOCBAJOB Ha pas-
pesax OOO CII «bapsacckoe TOBapuIeCTBO», TTOKa3aJl,
4yTo 10 23 % 0611ero BpeMeHy MPOoCTOeB IMPUXOIUTCS Ha
OTKa3bl pelyKTopa MOTOp-Kosieca. OgHOV U3 BemyIux
cTaTeli pacxoda SIBJISIIOTCS TPaThl HA €r0 PeMOHT U IIpU-
obpeTeHue. BIXof 13 CTPOs TaHHOTO y3Jia KapbepHOIo

caMoOCBajia XOTb U SIBJISIETCSI PeIKUM SIBJIeHMEM, HO CTO-
MMOCTb HOBOTO TAaKOI'0 arperata MOXXeT BapbMpOBaTh OT
3,5 no 10 mutH pyo. [7, 8].
Ta6muua 2 / Table 2
CTaTHCTHUKA BBIXOOB PEIYKTOPAa MOTOP-KoIeca
u3 crposi B 000 CII «bap3acckoe TOBapuIIECTBO»

Statistics of motor-wheel gearbox failures
in JV Barzasskoye Partnership LLC

Top, 2018 | 2019 | 2020

KonuecTBo pefyKTOpOB MOTOP-KOJIeCa, 39 56 36
BBILIEIIINX U3 CTPOSI

TakMm 06pa3oM, BOSHMKAET HEOOXOIMMOCTh BHeIpe-
HUSI CPEACTB IT0 KOHTPOJTIO 38 (PaKTUUYECKUM TEXHUUECKIM
coctossHMeM aaHHoro ysna [9, 10]. Kpome Toro, nuarso-
CTVKA TOJDKHA OCYIIECTBIIATHCST HE TOJMBKO 6€3pa36opHbIM
CII0co60M, HO Takke 1 6e3 BhIBOZa KaphepHOI'o CaMoCBasia
C JIMHUM TI0 JOObIUE MTOJIe3HBIX UCKOIIaeMbIX.

B mpoiiecce skcrutyaTtanuyu B y3/1aX MeXaHM3MOB
M MallIMH IIpOTeKaeT JBa B3aMMOCBSI3aHHBIX ITpoIlecca:
TpeHMe U M3HOC, KOTOPbIE SIBJISFOTCSI OCHOBHBIMM ITPU-
YMHAMM CHVKEHMSI XOOVMMOCTU TEXHUKU B IIeJIOM. B pe-
3y/IbTaTe 3TUX IIPOIIECCOB MPOUCXOIUT IGO0 paspylieHne
TTOBEPXHOCTHOTO CJI0S, JIMOO MpUIMIIaHME TPOTYKTOB
M3HOCA K TPYIIMMCST TTOBepxXHOCTSIM. O6a 3TUX SIBJIEHUS
MIPUBOIAT K HAPYIIEHUIO 3a30POB MEKAY KOHTaKTUpye-
MbIMU feTansivu [11, 12] m usmMeHeHusIM B paboTe mexa-
HM3Ma: YPOBHSI IIIyMa y3J1a, BUbpaIusM, TeMIiepaTypHO-
ro pexxuma 1 ap. BoT mouemy Heo6X0aMMO MCITO/Ib30BaTh
TaKMe Cpe[CTBa IMAarHOCTUKY, KOTOpPbIe MOTYT (DUMKCUPO-
BaThb 3T GU3MYECKNE TTapaMeTPhl.

B psime uccnemoBaHuit yUeHbIMU ObUTM OTIPeeTeHbI
Hanbonee 3¢ GdeKTUBHbIE METOObl AMATHOCTUKMU Y3JI0B
U arperaTos:

® BIOPOAKYCTUUECKUIT;

® aKyCTUYeCKUii;

® TeIlJIOBOJA;

® OU3UKO-XMMUUECKUIT aHaIu3 OTpaboTaBIIMX
9KCIUTyaTalMOHHBIX MaTepuanos [13-15].
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3apaum uccnepoBaHui
3agavyamMiy JAaHHOTO MCC/IeMOBAHUS SIBJISIOTCS IIPO-
BelleHVe CPaBHUTEJBHOTO aHajau3a CYIIeCTBYIOMIUX
GecrpepbIBHBIX METOMOB OIpemeneHus: (aKTUUeCKo-
IO TEXHUYECKOTO COCTOSIHUS PEeIyKTOPOB MOTOP-KOJIeC
u 060CHOBaHME BbIOOpa METOMAA AJISI BHEAPEHUSI ero Ha
IIPOM3BO/ICTBE.

MeToponorua uccnegosaHui

Bubpoakycmuueckuti memood duazHoCmuKku. ITOT Me-
tTonm GasupyeTcsl Ha aHauu3e KoysieGaHUit, BbI3BaHHBIX
aKyCTUYECKUMMM ¥ BUOPALMOHHBIMU SIBJIEHUSIMU, KO-
TOpble BO3HMKAIOT B IpoIlecce paboOThl CIOKHBIX MeXa-
HU3MOB. OTHMM U3 €ro IJIABHBIX JOCTOMHCTB SIBJISIETCS
BO3MOXKHOCTb JMArHOCTMPOBAHMSI arperata 6e3 Heo6-
XOOMMOCTM ero pa36opku. CyIiecTByeT MHOKECTBO Jie-
Taseii, paboTamIINX M0 Pa3IUIHbIM CXeMaM JIBVKEHMS,
IMOSTOMY BBISIBJISIIOTCSI HECKOJIBKO TIPUUMH, BbI3bIBAIO-
IIMX KoJiebaHUsT MexXaHM3MOB. B y3jax ¥ MexaHM3Max,
COBepIIAKINMX BpalllaTeIbHOE ABVDKEHUE, TPUUMHAMMU
BO3HMKHOBEHMS KOJIeOaHMI1 Yyalle BCero SIBJISIIOTCS OUC-
6ayiaHC, BOSHMKAIOMINI 113-3a HEKaueCTBEHHOTO PeMOH-
Ta JleTaseil arperarta, MM yBeJIMUIMBaoeecs B poliecce
paboThl MexaHM3Ma MOBBIIIEHHOE M3HAIIMBAaHME COMPSI-
raloumMxcsl MOBEePXHOCTel U, KaK CJIeACTBUE, CMellleHle
LIeHTpa TsoKecTu aetaneil [16]. KonebaHusi, BO3HUKAIO-
1e 13-3a 3TOTO, COMPOBOXKIAIOTCS IepeMeIeHUsIMU
¢ GOJIBINIOV aMITIUTYIOM, MaJIBIMU YCKOPEHUSIMU U OoJiee
HU3KUMU, TI0O CPABHEHMUIO C IPYTUMU, YaCTOTaMM BUOpa-
uyy. YacTora BMOpanuy HAMPSIMYI 3aBUCUT OT CKOPO-
CTM MeXaHM3Ma U SIBJSeTCSI XapaKTepHOl 4epTOoil 3TOro
BuAa KojebaHMil. JJaHHAsT 0COOEHHOCTh IO3BOJISIET €€
JIETKO BBIZIETUTD U3 001Iero oHa BMOpaIuii 1 TIOKaJIbHO
06HapyXuTh. YacToTa BuOpaLuii MexaHM3Ma paBHSIET-
€S 4acTOTe BpallleHMsl Bajia, Ha KOTOPOM ITPUCYTCTBYET
HecbaJlaHCUpOBaHHAs Macca. BTopoii mpuumMHOi Koje-
GaHMii SIBJISIIOTCS COyOapeHusl mertaneii. B pesynbTare
yIapoB AeTasel OpPyr O Apyra BO3HMKAIOT KojaebaHUs
C BBICOKOJ1 YaCTOTO, C MEHBIITMMY aMIUITUTYIaMM U BbI-

PM;!. 1. IIpub6op ,zmﬁ OUarHOCTUPOBAHUS pe,uyKTopaA
moTtop-kojeca «IMAMEX 2000»
Fig. 1. DIAMEH 2000 instrument for diagnostics
of a motor-wheel gearbox
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COKMMM ycKopeHMsiMU. [Ipy aTOM Bupe IMarHOCTUPO-
BaHMSI BBIBOOMTCS IMarpaMma, Ha KOTOpOJ IOKasaHa
3aBUCUMOCTD TIepuoaa KoyuebaHuii OT aMIuIUTyabl. Yem
CUIbHEE YBEJIMUMBAETCS aMILIUTYAa KojaeGaHuil, TeMm,
COOTBETCTBEHHO, CUJIbHEe KOJebyeTcss MeXaHU3M.

B 6a30Boi1 cucTemMe BUOPOOMATHOCTUKY PEAYKTOPA
MOTOP-KOJIeCa 3aJI0’KE€HbI 1Ba OCHOBOIIOIAramyx KOM-
noHeHra. IlepBpIli — 3TO anmnapaTypHO-IIPOrpaMMHas
YacTh, KOTOPAs peaansyeT aITOPUTMBI CheMa, 06paboT-
KM nHOpMaUuM ¥ aHaIM3a TEeXHUUECKUX U3MepeHM
C BbIauell AMarHOCTUYECKUX pelieHUI O TeXHUYeCKOM
COCTOSTHUM OOBbeKTa sl nuarHocTuku [16, 17]. Bro-
poit — 3TO caM 0OBeKT IMArHOCTUPOBAHMS C TTIOKa3aTe-
JSIMY T€XHUYECKOTO COCTOSIHMSI, KOTOpPOe MOSKeT OBbITh
XOPOIIMM, JONYCTVMMBIM M HelonycTuMbIM. Ha maHHO
OCHOBE CTPOMTCS CUCTeMa PacliO3HaBAHMSI HeUCIIpaB-
HOCTel, CBSI3bIBAIOIASI CHSITbIE C arperarta BuGpaiu-
OHHbIe IIapaMeTpPbl C KOHKPETHBIMM HEUCIIPABHOCTSIMU
M BO3MOXHBIMM BBIXOLAMMU U3 CTPOSI pemyKTopa MO-
TOp-KoJjeca.

Bubpoakyctmueckast [UarHoCTUKA ITPOBOAMUTCS C T10-
MoIupio npubopa «IMAMEX 2000».

Memoo akycmuueckoti duazHocmuku. CyIecTByeT Me-
TOJ, aKyCTUYECKOJ IMarHOCTUKY arperaTtoB U y3JI0B Me-
XaHM3MOB, KOTOPBI/i OCHOBAaH Ha CpaBHEHUM LIyMa WA
BUOPAIVY UCCIEyeMOTr0 MeXaHM3Ma C ITaJIOHOM.

ITo TakoMy crocoby CHayaia U3MEPSIIOT MHTErPasib-
HbIi YPOBEHb LIyMa, 3aTE€M BBIYMCISIOT aBTOKOPPEISILI-
OHHYI0 QYHKIIMIO CUTHAJIA, IeIA0T CIIEKTPAIbHbI aHATN3
IIyMa M BBIYMCISIOT CTaTUCTUUYECKMEe XapaKTePUCTUKU:
3aKOH paclpefeneHMs aMIUIMTYL, ¥ 4acCTOT, KOPPessiy-
OHHYIO QYHKIIVIO WU CITIEKTPAbHYIO TJIOTHOCTD [12].

[Ipn sTOM CUTrHaIBI, U3/TydyaeMble UCCIeSyeMbIM Me-
XaHM3MOM B 33JaHHOM pPeXuMe paboTbl, CPABHUBAIOTCS
C 3apaHee OIpefeleHHbIM KJIacCOM CUTHAJIOB, KOTOpDbIE
COOTBETCTBYIOT DPa3JMYHOMY TEXHUUYECKOMY COCTOSIHUIO
MexaHu3ma. OgHAKO MpUMeHeHMe M3BEeCTHBIX CIIOCOO0B
B OJHMX CIy4asxX He JaeT BO3SMOKHOCTY OIIpeleUThb TeX-
HJYeCKOe COCTOSTHYME MexXaHM3Ma MallyHbI C JOCTATOYHOM

Puc. 2. IIpu6op /i aKyCTUUECKOTO AMArHOCTPOBAHMS
pemyKTopa MOTOP-Kojieca ACCHMCTEHT

Fig. 2. ASSISTANT instrument for acoustic diagnostics
of a motor-wheel gearbox
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TOYHOCTBIO, & B APYTMX TpeOyeT MPUMEHEHMUs CJIOKHOM
CIleLaIbHOM 3JIeKTPOHHO annapaTypsbl /11 BbIUMCIeHUS
CTAaTUCTUUYECKUX XapaKTEPUCTUK CUTHAJIOB U CPaBHEHUS
MX C XapaKTePUCTUKAMM CUTHAIOB 3TaIOHHBIX COCTOSTHUIA
MexaHN3MoB [14]. Kpome Toro, npu onpeneneHun MecTo-
IIOJIOKeHUSI MCTOUHMKA CUTHA/IA IIOBBILIEHHOIO YPOBHS
TpebyeTcst MpoBejeHNe CJIOXKHBIX BBIUMCIEHWA.

V3BecTHBIE CITOCOOBI YACTO 3aK/TIOUAIOTCS B TOM, UTO
MOCPeACTBOM JATUMKOB MPeoOPA30BLIBAIOT aKyCTUYe-
CKUJi IIYyM B 5JIeKTpUYeCcKue CUTHaIbl, IPOU3BOISIT BU-
3yanmu3aluio STUX CUTHAJIOB MOCPeNCTBOM OCLM/UIOrpa-
da n mo n306paskeHNI0 HA HKpaHe ocIyuIorpada cygsir
0 pesynbTaTax KOHTPOJISL.

IaHHbI MeTo 3(PGEKTUBEH TOTOMY, UTO HET HEOO-
XOIMMOCTH B pa360pKe peqyKTopa MOTOP-KoJeca, oCTa-
TOYHO TMOJKITIOUUTb 000PYIOBaHMe U MTPOU3BECTU 3aMe-
DBl HEOOXOAVIMBIX BeJIMIMH [17].

AxycTuyeckas [MarHocTuKa pegyKropa MOTOp-Koe-
ca IIPOBOJUTCS C TIOMOIIIbIO MPUGOPa ACCUCTEHT, KOTOPbIi
[103BOJISIET [JOCTATOYHO TOYHO OIpefeNnUTb COCTOSIHUIE
arperara, aTh IIPOTHO3 110 €ro AajbHelIlei 3KCIulyaTa-
L[MM, TAKUM 00pa30M, CHM3UTh 3aTPaThl Ha MOKYIIKY U pe-
MOHT PeIyKTOPOB ¥, COOTBETCTBEHHO, COKPaTUTh BpeMs
MIPOCTOSI CAMOCBAJIOB B PEMOHTHBIX 30Hax [1, 18].

Tennogoti Memod KOHTPOJST (HAKTUUECKOTO TEeXHMU-
YeCKOro COCTOSIHUSI PelyKTOPOB MOTOP-KOJIeC KPYIIHO-
rabapuTHBIX KapbepPHBIX CAMOCBAJIOB OCHOBBIBAETCS HA
NIpOBeJeHNM 3aMepOB TeMIlepaTypbl UCCIeAyeMOoro ysjia
B IIpoliecce ero sKcIuryatauuu. Bo Bpemsi paboThl Ka-
pPbEpHOJ TeXHMKM BO3HMKAIOT IIPOLIECCHI, NPUBOAALIME
K HapylIeHMI0O HOPMAaTMBHBIX 3a30POB MEXIYy KOHTaK-
TUPYIOLIVMY AeTanaMu. B pesynbraTe 9TOro yBenmumBsa-
€TCsl CKOPOCThb M3HOCA, M3-3a Yero yCWIMBAETCS IIPOLLecce
TpeHus U, KaK CJIe[ICTBYe, [IOBBIIIAeTCS TeMIlepaTypa pe-
nykropa. Ho, nomMmuMo MOBbILIeHNST TeMIlepaTyphbl BCEro
MexaHM3Ma, Takke OyIyT BO3HMKATh JIOKaJIbHbIEe Iepe-
rpeBbl B MeCTax CONPMUKOCHOBEHUSI 6osiee M3HOUIEHHBIX
nmetaneit. Takum o06pasoM, IMpPUMEHEHME TeIUIOBU30pa
1o3Bo/IsieT (UKCUPOBATh IPOUCXOZISIINE M3MEHEHMWS
B TEXHMYECKOM COCTOSTHUM PELYKTOPOB [14].

OU3UKO-XMMUYECKMIT aHAIN3  IKCILTyaTUPyeMOro
TPaHCMJCCMOHHOTO Macjia B pegyKTope MOTOp-Koneca 6a-
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3MpPYeTCsT Ha TeX ke MPUHIMITAX M3HAIIMBAHUS U TPEHMSI,
YTO ¥ IIPeIbIayIIe Crioco6bl qMarHoCcTvku. Ho y Hero ectb
cBOM 0cobeHHOCTH. Tak, B IIpoliecce TPeHMs JeTaei arpe-
raTta IMmpoUCXOOUT U3HaILlIMBaHMe TOBEPXHOCTE, MPOLYKThI
KOTOPOTO YAISIIOTCS 3 MeCTa KOHTaKTa C TIOMOIIbI0 Mac-
Jla. A Tak KaK Mac/io B arperatax MCIo/Ib3yeTCs UMKINIHO,
TO B T€UEHMe BpeMeH) OHO HaKaruIMBaeT B cebe Bce Me-
TaymMueckue npumecu [19]. B naHHOM MeTone KOHTPOJISI
MacIo BBICTYTIAeT B POJIV MHAMKATOPA YPOBHS M3HOCA TPY-
muxcs nap. IlpoBemeHne aHanmsa I10 OIpee/IeHUIO TIPo-
LIEHTHOTO COojiepskaHusI TpUMecH TI03BOJISIeT OLIEHUTh He
TOJIbKO KaueCTBO Mac/ia, er0 OCTaTOYHbI Pecypc, HO Takxke
10 KOCBEHHBIM ITPM3HAKaM JaTh 3aK/I0UeHMe O (haKTHue-
CKOM COCTOSTHUM penyKTopa. Kpome Toro, 3Hast MmaTepua-
JIbI, I3 KOTOPBIX M3TOTaBIMBAIOTCS IIECTEPHM, MOXKHO BbI-
SIBUTh KOHKPETHYIO JIeTa/b C TIOBBIIIIEHHBIM M3HOCOM, TaK
KaK cofiepskaHye MMeHHO 3TOr0 Marepuasa OymeT mpeBa-
JIMPOBaTh B TPAHCMMCCMOHHOM Maciie.

Pe3ynbTaTbl uccnepoBaHui

OKcIepyMeHTa/IbHbIe MCCIeNOBAHNUS BUOPOAKYCTHU-
YecKOro, aKyCTMUeCKOTO U TeIVIOBOTr0 MeTOLOB OMarHo-
CTUKU PeAyKTOPOB MOTOP-KOJIeC KapbepHbBIX CAMOCBaJIOB
benA3 ocyiecTBiasinch Ha TexHUKe AO «Camek».

MeToabl BMOPOAKYCTUYECKOM M aKyCTUUECKON mui-
arHOCTUKU SIBJISIIOTCSI B3aMMOZIOTIOMHSIIONMMM, TaK KaK
TIPUYMHBI, 10 KOTOPbIM BO3HMKAIOT BMOPAIVIM U IITYMBI,
MIEHTUYHBI ¥ CBSI3aHbI MeXIy cob6oit. O6a stux dpusu-
YyecKuX mapamMeTrpa paboThl PemyKTopa IPUCYTCTBYIOT
MOCTOSIHHO. Jla’ke Ha MCIIPaBHOM arperaTte OHM eCTb, HO
TOJIbKO UX YPOBeHb MUHUMaeH. CiiefoBaTeNnbHO, Nepe
BHEJPEHMEM U IIPMMEHEHMEM STUX METOJIOB HEOOXOm M-
MO IPOBECTM KOHTPOJIbHbIE M3MepeHUs] Ha HeCKOIbKUX
MCIIPABHBIX aBTOMOOWIISX, YTOOBI B AATbHENMIIIEM ITPOBO-
JIUTb CPaBHEHME NMATHOCTMPyeMbIX MaliuH [14, 18-20].

MeTtop KperuieHus mpubopa sl 3aMepa YPOBHS BH-
Opaiuu rpencraBjieH Ha puc. 1. IIpubop, UCIIONb3yeMbIit
IJIST oTipenesieHnst (GakKTUUeCKOTO TEXHUUECKOTO COCTOSI-
HMS peIyKTOPOB MOTOP-KOJIeC, yCTaHaB/JIMBAaeTCsl Ha BHY-
TpeHHMIT 0007 OMCKa Kojeca, a CYMTHIBAIOMINI TaTUUK
BKPYUYMBAETCS B KOPIYC pefyKTopa. Pe3ynbTaTsl M3Mepe-
HMit U300paskeHbl Ha AyarpaMmax (puc. 3, 4).
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Puc. 3. luarpaMmmMa 3amMepa YpOBHS BMOpAIM UCIIPABHOTO PeayKTopa

Fig. 3. Diagram of gearbox vibration level measurement

270


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2021;6(4):267-276

MM/C

elSSN 2500-0632

https://mst.misis.ru/

Khoreshok A. A. et al. Increasing life of pit dump truck motor-wheel gearboxes...

3.0

2.5

2.0 I

1.5 1

1.0
0.6

0.5

iy ™

0 515!5!ﬁ!4

0 20 40 60 80

100 120 140 160 180 200

‘MM Hz

Puc. 4. [luarpaMma 3aMepa YpOBHS BUOPaLMi M3HOLIEHHOTO peayKTopa

Fig. 4. Diagram of worn gearbox vibration level measurement

Ha rpaduke mo BepTMKaaM pacrojaraeTcs IIKa-
Jla YpOBHS BMOpaIruu (MM/C), a Ha TOPU3OHTAIBHOM OCHU
pacmnosiokeHa mKana 4yactorsl (['11). AHaAAU3UPYST TOMY-
YeHHbIe JaHHbIe, MOKHO ClieJIaTh BbIBOM, O TOM, UYTO MIPU
yacTtore 63 Iy HabmomaeTcs pocT Bubpauuu. Ha ocHo-
Be 3TUX M3MepeHMi1 AenaeTcs 3aK/IlueHle O BO3HMK-
HOBEHMM HEeUCIIPaBHOCTE B AMAarHOCTMPYeMOM Yy3Je.
Ho rnaBHBIVI HEJOCTATOK MpMMEHEHMUS TaKOro MeToaa
IVATHOCTUKY 3aK/I0YaeTcsl B TOM, UTO HET BO3MOXXHO-
CTU OMpeAenuThb, Kakasl neTajlb PeyKTopa BBIXOAUT U3
CTpOSI U KaKOBa CTemneHb ee M3HOocA. [j1s1 pelieHnst 3Toi
npo6JieMbl HEO6XOIMMO MTPOBECTM GOJTBINOE KOTUYECTBO
3KCIIepUMeHTAJIbHbIX UCCIeA0BaHUI I KaXXA0l MapKu
aBTOMOOWJISI C TIOCTeAYIOIIMM pa3bopoM penyKTopa MoO-
TOp-Kosieca. TOMbKO TIPU TaKOM YCJIOBUM MOXKHO OymeT
MMPOTHO3MPOBAaTh OCTAaTOYHBIN pecypc. [laHHBI MeTOf,
KOHTPOJIS TIO3BOJISIET OTCJIEXXMBATh U3MEHEHUS B PeAyK-
TOpe, TO €CTb MOMEHT BO3HUKHOBEHMS HEUCIIPAaBHOCTH,
a TakKe CKOPOCTb M3MeHeHus coCcTostHus [14, 18-20].

OIHOBPEMEHHO C AMArHOCTMKONM IO YPOBHIO BU-
Oparyu ¢ moMoInbio npubopa «AccucredT SI V1» mpoBo-
JIWJICS 3aMep TaKoro napaMeTpa, Kak IIyM B peLyKTOpe.
ITpu6op «AccucteHT SI V1» ycTaHaBIMBaAeTCs aHAIOTUY-
Ho nipu6opy «Inamex 2000» Ha BHYTpeHHMIT 000, A1CKa
KoJieca KapbepHOro camMocBasia (CM. puc. 2). Pe3ynbTaTsl
MPOBeIeHHbIX M3MepeHUil MpelCcTaBleHbl Ha IpaduKrax
HIKe (puc. 5, 6).

Ha puarpammax 1o ropu3oHTaJIbHOWM OCU U3Mepsi-
eTcs yacrora ('), a Mo BepTUKAIbHOM — YPOBEHbB LITyMa
(mB) paboThl pegykTopa. AHaMIM3UPYS TONyYeHHbIe pe-
3yJAbTaThl, MOXKHO CHeJaThb BbIBOA O TOM, YTO IpU 4a-
cToTe 63 I'll HA HEMCIPaBHOM pefyKTOpe MOTOp-Koieca
HabsomaeTcs MmoBkIeHHbrit mym (105 n1B) B cpaBHe-
HUM ¢ ucapaBHbIM (93 1B). Tak ke Kak U IMpU BUOpoa-
KYCTMYECKOJ OMarHoCTUKe, B AuamnasoHe 63 I mpo-
UCXOOUT (PUKCALMs HeUCIpaBHOCTU. TakuM o6pasoMm,
MOATBEPKOAETCSI B3aMO3aBUCUMOCTb 3TUX NIBYX IPO-
ueccos [14, 18-20].
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Puc. 5. VI3aMeHeHMe IIyMa MCIPAaBHOTO PeSyKTOpa MOTOP-Koieca
Fig. 5. Changing noise level of serviceable motor-wheel gearbox
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Puc. 6. Mi3sMeHeHMe IIyMa HEMCIIPABHOTO PeyKTOpa MOTOp-Koeca

Fig. 6. Changing noise level of malfunctioning motor-wheel gearbox

CrieyoluM MeTOAOM KOHTPOJISI TEXHUUECKOTO CO-
CTOSTHUSI pe[lyKTOpa MOTOP-Kojeca SIBJSIeTCSI UAarHOCTU-
Ka C TIOMOIIbIO TEIUVIOBU3MOHHOM (GoToChbeMKM. [TaHHBIN
croco6 peanusyeTcsl ¢ MOMOIIbIO TerioBusopa «Testo
870». [Iy1s1 olleHKM pe3ynbTaToB (puc. 7, 8) IpoBeeHHOTo
JIMarHoCTUPOBAaHUS MUCIOIb30BAINUCh T€ K€ PeAYKTOPBI,
YTO U B IIPEABIOYIINX IBYX CIIOCOOaX.

Kak BMIHO M3 TeMIlepaTypHbIX Ouarpamm, Ha He-
MCIIPAaBHOM pPemyKTOpe TemIlepaTypa BbIipocia Ha 5 °C.
OCo6eHHOCTb 3TOTO CII0C06a KOHTPOJISI TEXHUUECKOTO CO-
CTOSIHVSI PEIYKTOPOB 3aK/II0UaeTcsl B ObICTPOTE €ro Mmpo-
BeIeHMsI, TIPM 3TOM HeT HeOo6XOOMMOCTH YCTaHABIMBATD
IOIOJTHATE/IbHOE 060pyIoBaHMe Ha KapbepHbIii caMo-
CBaJI, MO>XKHO OCYIIECTBJISTh TeMIIEPATypHbII KOHTPOJIb
HeToCpeCTBEHHO Ha paboratoiieM TpaHcropTe. Takke
BO3MOXHO JIOKQJIbHOE Ollpefie/ieHlie HeuCIpaBHOCTH,

TaK Kak y3JIbl, IOABEP>KEHHbIE OOIbIIEMY M3HOCY, OYIYT
60j1ee HarpeThIMu. [JIaBHbI HEIOCTATOK TEIJIOBOTO KOH-
TPOJIS 3aK/TI0YAETCSI B HEBO3MOXKHOCTH CITIPOTHO3MPOBATh
OCTaTOUHBIN pecypc peayKTopa U OTipele/INTh HeUCIIpaB-
HbII1 27eMeHT [14, 18-20].

Ampobaius MeTofa KOHTPOosIs (PaKTUUeCKOTO TeXHU-
YeCKOT0 COCTOSIHMS PeIyKTOpa MOTOP-Koieca KapbepHbIX
camMocBajioB bBelmA3 Ha ocHOBe (U3UKO-XMMMUUYECKOTO
aHa/IM3a TPAHCMMCCMOHHOTO Macja ImpoBoauiaach Ha AO
«YK Kysbaccpa3pesyrosb».

VccnemoBauust  (U3UKO-XMMUUYECKOTO — aHajaM3a
TPAaHCMMUCCUMOHHOTO Macja U3 pelyKropa MOTOpP-Kojeca
MIPOBOIMIIACH Ha KPYIITHOTA0apUTHOM KaphbepHOM CaMo-
cBasie BenA3-75131. llenb DAHHBIX SKCIIEPUMEHTOB —
orpefeneHue TPUMEHSIEMOCTM HAHHOTO MeTona [Jis
KOHTPOJISI TEXHUYECKOTO COCTOSIHUSI PEAYKTOPOB, a TAKKe

Puc. 7. i3mepeHue TeMIiepaTypbl
MCIIPaBHOTO PeIyKTOpa MOTOP-Koieca

Fig. 7. Measuring temperature
of serviceable motor-wheel gearbox

Puc. 8. IsmepeHue TemIiepaTypbl
HEeNCIIPaBHOTO PelyKTOopa MOTOP-KoJeca
Fig. 8. Measuring temperature
of malfunctioning motor-wheel gearbox
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OTCJIEXXMBaHME CKOPOCTY HAKOIIEHWS] PA3IMYHbBIX TTPU-
Meceil B 3KcITyaTupyemMoM Maciie. OIeHKY COCTOSIHUS
Macjaa MPOBOAVIN II0 KOJIUMYECTBY IpuUMeceii ¢ mpumMe-
HEeHMeM MHOTOKaHaJIbHOM (HOTOMETPUUECKON CUCTEMBI
M®C-7. C 1esnpio BbISIBJIEHUSI Hauboyiee ONTUMAaIbHOTO
MHTepBasa 3abopa Mpo6 Mawia MpPOBeIeHa IpeaBapu-
TeJbHAsI paboTa, B pe3y/bTaTe KOTOPOii ObIJIO BBISIBIIEHO,
YyTO MHTepBaja B 50 MOTOUAacOB Haubojee moKasaTelleH,
TaK KaK IMO3BOJISIET B IMHAMMKE OTC/IEXKMBATh POCT IPU-
mecel B Maciie.

OT160p mpo6 MPOBOAMIICS C MOMOIIBIO HITIPUIIA-OT-
OOpHMKA yepes3 TEXHOJIOTMYECKOe OTBEPCTHE, CAeTaHHOe
B KpBIIIKE peayKTopa. PesyabTaThl (PU3MKO-XUMUUECKO-
r0 aHa/IM3a TPAHCMMUCCMOHHOTO Mac/ia MpeCTaBaeHbl Ha
puc. 9.
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Puc. 9. I'paduk n3aMeHeHUs cOmepsKaHusI
MeTaJUIMYECKUX ITPUMeceii B TPAaHCMYCCMOHHOM Macje

Fig. 9. Content of metal impurities in gearbox
oil as a function of operation time (hours)

Ha pucynke mpeacraBieH TrpaduKk 3aBUCUMOCTU
KOJIMYeCTBa MeTa/UTMUeCKuX IpumMeceii B SKCILTyaTUpy-
€MOM TPaHCMMCCMOHHOM Macjie OT HapaOGoTKy 6osblie-
I'PY3HOTO KapbepHOTro caMocBasia. Ha BepTuKaabHOI ocK
0TOOpaskaeTcsl MPOLIEHTHOE COMepskaHue MpUMeceil To
Macce, a Ha TOPU3OHTAIbHOI OCK — HapaboTKa B MOTOYA-
cax [14, 18-20].

M3 aHanm3a rpaduKka MOKHO CIe/IaTh BHIBOA, O HATK-
YUY pe3KOTro CHUKEeHMs KOJIMYeCcTBa IpuMeceii B Maciie
rpu HapaboTtke B 1000 n 2000 MoTOUYaCOB. ITO OOGYCIOB-
JIEHO HeoOXOOMMOCThIO TEXHMUYECKOrO [OJMMBa Maciia
B pemykTop. Haubosnblilee CHYKeHME Ha6MIOOaeTcss Ipu
Hapaborke B 2500 moTouacoB. [laHHOe SIBJIeHME OOBSIC-
HSIeTCSl TpeboBaHMEM 3aBOMA ITPOU3BOIUTENS TI0 TIEPU-
OIVYHOCTYU TIOJTHOM 3aMeHbl TPAaHCMMCCHMOHHOTO Macia
B PeIyKTOpe MOTOP-KoJieca.

IloToTHUTeIbHASI TOPU30HTAIbHAS JIMHYS Ha Tpadu-
Ke Ha ypoBHe 0,5 %— comepskaHyue MeTa/IMUeCKuX Mpu-
Meceil, oTobpaxkaeT KPUTUYECKUIT YpOBEeHb IpumMeceit
B TPAaHCMMCCMOHHOM Macye. IMeHHO Py TaKOM COfep-
SKaHUM HAOJIOAAI0TCSI TTOBBIMIEHHBIN POCT M3HAIIMBAHUS
TPYIIUXCS AeTaneil peqyKTopa, a Takske poCT TeMIIepaTy-
PBI MacJa.

HecMmoTpst Ha CHISKEHME YPOBHSI IIpUMeceii TPy Tex-
HOJIOTMYECKUX MOMMBAX Maciia, HabMogaeTcst IMHETHbIN
POCT MeTaZIMYecKUx mpuMeceii. ITO 06YCIaBIMBAETCS
€CTeCTBEHHBIM M3HOCOM KOHTaKTUPYIOMIVX ap B PemyK-
tope. IIpy 3TOM HAKJIOH KPUBOI OUe€Hb 3HAUUTEbHbIA,
U TOCTATOYHOE BpeMsl PeIyKTop paboTaeT Ha mMacie, Co-
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IepyKalieM IpuMeceil CBBINIE KPUTUUECKON OTMETKH,
YTO, B CBOIO OUepelb, HETaTMBHO CKa3bIBAeTCS HA XOMM-
MOCTU peLyKTOPOB MOTOP-Koiec [14, 18-20].

Pe3ynbTaThl MeTOIA OMArHOCTUPOBAHUS peAyKTOpa
MOTOP-KoJieca ¢ MOMOIIbI0 (U3UKO-XMMUYECKOTO aHa-
M3a TPAHCMMCCMOHHOTO Macja IO3BOJISIIOT BHEIOPSITH
JAHHBI METOJ, MMarHOCTUKM B TEXHOJOTUUYECKUII TTPO-
1IeCC TEXHMYECKOTO OOCTYsKMBAHUS Y PEMOHTA KPYITHO-
rabapuUTHBIX KapbePHBIX CAaMOCBaIOB. HO IIpy MUCITONb30-
BaHMM 3TOTO METOda HeOoOXOOVMMO YUMUTHIBATh IJIaBHBIN
€ro Hef0CTATOK: IIPU MOJIHOM 3aMeHe Macia MIPOUCXOIUT
OOHOBJIEHME CUCTEMbBI «PEIYKTOP-MAaCIO» OT HAKOIUIEH-
HBIX META/UTMYECKNX IpumMeceii. TakuM 06pasoM, ero He-
00X0IMMO MPUMEHSITh HEOTHOKPATHO U (PMKCUPOBATH HE
TOJIbKO KOJIMYECTBO MPUMeECeHt, HO U Yo/l HaKJIOHa KpU-
BOJf, TO €CTbh CKOPOCTb HAKOIUIEHUS MPOAYKTOB M3HOCA.
9To GymeT CBUIETEeNIbCTBOBATh O HAYaBIIIEMCSI TTOBBIIIEH-
HOM M3HOCEe TPYUIMXCSI TOBEPXHOCTE.

3aknoyeHue

[IpoBeneHHbIN aHAIN3 MIPUUMH OTKA30B KapbepPHBIX
CaMOCBaJIOB Ha MPEATIPUATHSIX T10 I0ObIue yIvist B Ky36ac-
ce BBISIBIJI, YTO HEOOXOIMMO pa3pabaThiBaTh ¥ BHEAPSIT
TEXHOJIOTMYECKYI0 OIlepaluio 10 AMarHOCTMPOBAHMUIO
(baxkTMUeCKOro TeXHUUECKOT0 COCTOSIHUS PeIYKTOPOB MO-
TOP-KOJIeC KPYITHOTa0apUTHBIX KapbepPHBIX CAMOCBAJIOB.
9T0 06YC/IOBJIEHO TEM, UTO BPEMS MPOCTOEB, CBSI3aHHOE
C BBIXOZOM U3 CTPOSI JAHHOTO y3J1a, COCTABISIET OOJbIIe
20 % ot 06111ero BpeMeH! ITPOCTOEB.

Cpeny CyliecTBYIOUIMX METOJO0B KOHTPOJISI TeXHUYe-
CKOT'O COCTOSTHMSI BBIIEJISIIOT UeThipe Hanbosee 3hGeKTuB-
HbIX. Ho X mipyMeHeHMe orpaHu4eHo psimoM GhakTopOB:

1. BubpoakycTuueckmii U aKyCTUUYECKUIl MeTOmbl
MMEIOT OOIIYyI0 MPUPOAY BO3HMKHOBEHUSI U, KaK CJIeJi-
CTBUeE, CXOXKMe pe3yabTaThl. TakMM 06pa3om, MPUMEHSITh
00e MeTOAVIKM He MMeeT CMbIC/IA.

2. BubpoakyCcTMyecKuii ¥ aKyCTUUYECKUIA MeTOMbI
TPeOYIOT AOTOTHUTETbHOTO BMENIATeTbCTBA B KOHCTPYK-
LIMI0 pelyKTopa MOTOpP-Kojeca. Kpome Toro, B mpoiiecce
3aMepoB MTapaMeTpPOB BO3MOKHO MOBpeEXeHMe AMarHo-
CTUUYECKOTO Mpubopa, TaK Kak OH pacrojaraeTcs ¢ Ha-
PY’KHO# CTOPOHBI CaMOCBaJa.

3. BubpoakyCcTUIeCKIit 1 aKyCTUIECKUIA METOIbI M-
arHOCTMKM TO3BOJISIIOT HE TOJIbKO OIpefenuTb Haauuue
HeUCIIPaBHOCTYU B PelyKTOpPe MOTOpP-KoJjieca, HO U OTciIe-
KMBaTh B OMHAMMUKe M3MEHEeHUSI er0 TeXHUYeCKOoro CO-
crostHus. TIpy 3TOM 06a 9TMX MeTOo[a He MOTYT yKa3aThb
Ha xapakTep 0TKa3a, TOJIbKO Ha ero Hajuuue.

4. TerioBasi IMarHocTuka sipjasieTcss 3¢@eKTMBHBIM
110 CKOPOCTU MPOU3BeNeHMsI 3aMepOB MeTOLOM, TaK Kak
IUIsT paGoThI C TEIJIOBU30POM He TPeGyeTcs OCTaHOBKU
paboThl KapbepHOTo caMocBana. Ho mpu 9TOM IaHHBIN
CIT0CO6 KOHTPOJISI TEXHUYECKOTO COCTOSTHMS TOTBKO JIOKA-
JM3yeT HeUCITPaBHOCTh, BOSHUKIITYIO B peAYKTODE, YTBEP-
KOATh, KaKasi COCTaBHas eIMHUIIA PeAyKTOpa BbIlia U3
CTpPOSI, MOSKHO TOJTBKO 10 KOCBEHHBIM TTpU3HAKaM.

5. DU3UKO-XUMUYECKUIT aHAIU3 IKCIUTyaTUpyeMo-
ro TPaHCMMCCMOHHOIO Macja pefyKTopa MOTOp-Kojeca
sBsieTcs Haubosmee MHGOOPMATUBHBIM, MO CpPaBHEHUIO
C OCTAJIbHBIMU, HO TIPM 3TOM U Gojiee Tpyoo3aTpaTHBIM.
OTO CBSI3aHO C TeM, UTO 151 3a60pa Mpob Maciaa Heo6X0-
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IMMO OCTAHAB/IMBATh KapbepHBI CaMOCBaJ, TaKXkKe IT0-
HaZoOUTCS XMMMUUeCcKast JJabopaTopusi, KOTOpasi CMOXKET
MPOU3BOOUTD 3TOT aHaMM3. Ellle OMH HEeJOCTAaTOK 3TOT0O
MeToZa — peryiaMeHTHas 3aMeHa Macjia B peqyKTope, IIpu
KOTOPOI1 ITPONUCXOANT yHaTeHe BceX HAKOMMUBIIMUXCS ITPO-
IYKTOB M3HOCA, UYTO, B CBOIO OUepe/ib, He TI03BOJISIET T10-
CTOSTHHO OTCJIEXKMBATD MI3MEHEHMS COCTOSTHUSI PEIYKTOPA.
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Ha ocHoBe BbIIIeCKA3aHHOTO MOYKHO CIIeaThb BbI-
BOZ, O TOM, UTO HET YHMBEPCAJbHOIO METOda KOHTPOJIS
(baKkTMUECKOTO TEXHMUYECKOTO COCTOSTHMSI PeOyKTOpa MO-
TOp-KOJIeca KapbepHOro camocBajia. Heo6xomumo am6o
paspabaTreiBaTh 60Jiee COBEPIIEHHBI METOJ, IMAarHOCTY -
poBaHMs, MO0 MPUMEHSITbh HECKOIbKO CIIOCOOOB OFHO-
BpPEMEHHO.
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