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Substantiation of pillar parameters in mining of inclined coal seams
in Quang Ninh Province, Vietham

V. N. Nguyen! , T. N. Pham! 34D, P. Osinski? , T. C. Nguyen! %, L. H. Trinh?
! Hanoi University of Mining and Geology, Hanoi, Vietnam
% Institute of Civil Engineering, Warsaw University of Natural Science, Warsaw, Poland
5 Le Quy Don Technical University, Hanoi, Vietnam

< phamthinhan@humg.edu.vn

Abstract

Design and operation of auxiliary underground workings in coal mines involves substantiation of
parameters of coal pillars and requires development of new approaches to substantiate their geometrics.
On the one hand, sufficient stability of a “rock mass — working — coal pillar” system should be ensured.
On the other hand, the parameters of “frozen” coal reserves in the pillars should be justified. The joint
solution of these two problems requires accurate forecasting based on modern digital models of a rock
mass. In this study, a model of rock mass and mine workings with different dimensions of a coal pillar
is presented with the use of Flac3D software. The simulation findings showed that when developing
sloping coal seams, the volume of coal extraction in a longwall has an effect on the stress-strain state of
the enclosing rock mass. During the study different factors having effect on geometrics of a coal pillar
were analyzed, and their influence on the field of stresses and shear of inclined layers in a rock mass
was studied, and the size of the plastic deformation zone around an auxiliary mine working was also
determined. The study findings are also of practical importance in terms of substantiating the parameters
of a working support design. The size of coal pillar is also connected with the support type. It should be
taken into account that bolts should be of sufficient length to ensure firm fixing and located in the zone
of intact rocks. The research showed that a coal pillar should be 10 to 15 m wide in order to ensure optimal
mining conditions and safety.

Keywords

Mining, coal mining, coal pillar, rock mass, working, rock mass stress, stability, numerical model, Quang Ninh,
Vietnam, Flac3D
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JIOCTaTOUYHYIO YCTOMYMBOCTb CHMCTEMbBI «MAaCCUB FOPHBIX ITOPOJ], — BhIPaGOTKA — YTOIbHbIN LIEJIUK», C APYTOif —
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060CHOBATh ITapaMeTPhI «3aMOPOKEHHBIX» B LIeJIMKaX 3aracoB yr/si. COBMECTHOe pelieHye 3TUX ABYX 3amad
TpebyeT TOYHOIO MPOrHO3MPOBAHMSI HA OCHOBE COBPEMEHHBIX IM(PPOBBIX MOEIeil MacCBa TOPHBIX MTOPO.,.
B HacTos1IEeM MCCIeIOBaHUM aBTOPBI ITyG/IMKAIMK, UCIIONb3Ys TporpaMMHoe obecrieuenue Flac3D, mpencra-
BWJIM MOJIe/Th MacCBa TOPHBIX MIOPOJ, ¥ BEIPAOOTOK C Pas3JIMUYHBIMM pa3MepaMy YTOJIbHOTO LieJinKa. Pe3ynbra-
ThI MOJI€JTMPOBAHMSI TTIOKA3aJT, UTO B YCJIOBUSIX HAKIIOHHOTO 3ajIeTaHMs YTOTbHbIX TVIACTOB M MACCHBA TOPHBIX
opoz, 06bEM TOOBIYM YIVIS B 3a60€ BIMSIET Ha HATIPSDKEHHO-Ie(hOPMUPOBAHHOE COCTOSTHME MACCUBA TOPHBIX
ropoz. B xome vccienoBaums 6bUTM ITPOAHATM3UPOBAHBI pa3IMUHbIe (DAKTOPBI, BAMSIONIVE HA TeOMeTpude-
CKMe IapaMeTpbl YTOMbHOTO IeTMKa, M3Y4eHO MX BAMSHIMe Ha 110J1e HaIPsKeHMi U CMellleHI it TOPHBIX TIOPOf,
MIPOMCXOMSIIINX B YUIOBMSIX MX HAKJIOHHOT'O 3aJIeTaHMsI B MAacCUBe, a TAKKe OIpee/ieHa BeJIMUMHa 30HbI TTa-
CTUYecKoii Jedopmariy BOKPYT BCIIOMOTaTeIbHOM BhIPpabOTKM. Pe3ybTaThl MCCIeIOBAHMST MMEIOT ITPAKTHU-
YyecKoe 3HaUYeHMe M B YaCTy 0OO0CHOBAHMS ITapaMeTPOB KOHCTPYKIMM KPeIlu BhIpabOTKM. PazMep yroibHOTro
LIeJIKa TaKKe CBSI3aH C TUIIOM Kpery BbipaOboTKu. CleayeT yUUThIBATh, YTO aHKEP JO/DKEH MMeTh JOCTATOU-
HYIO [IJIS TPOYHOT0 KpeIIeHUsI JJIMHY Y pacIioyiaraThCsl B 30He HeHapyIlIeHHbIX TOPHBIX Topof,. VccienoBanms
TToKa3ay, 4YTo AJIsI 00ecreyeHns ONTUMAIbHBIX YCIIOBUI BeleHMs TOPHBIX PaboT M 6e30IacHOCTY IMPUHA
YTOJIbHOTO 1IeJIVKa IOJ/KHA COCTaB/sATh oT 10 10 15 M.
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TOpHOE [eJI0, MoObIUa YIJIST, YTOJbHBIN I1eJIMK, MacCUB TOPHBIX ITOPOI, BLIPAOOTKA, HATIPSIKEHMSI B MAacCCHBe
TOPHBIX MTOPOJ, YCTONYMBOCTD, LIMGPOBasi MO e/b, TPOBUHIMS KyaHrHMHB, BbeTHaM, Flac3D
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Introduction

The Vietnamese coal industry aims to improve the
methods of underground coal mining while improving
the technical and economic level of mine development
and mining safety. Quang Ninh Province has signifi-
cant reserves of coal for underground mining. By 2025,
the underground mining volume is expected to reach
63.1 min t of coal. Although the underground coal min-
ing is the most difficult technologically, underground
mining of the most valuable coal grades for the indus-
try is quite justified.

For several decades, coal industry has been con-
ceptually developing using “mine - longwall” process
principle, which ensures high productivity and com-
petitiveness of mining enterprises. Such solutions are
successfully applied at advanced coal mines in Russia,
China, India, USA, Australia, and many other countries.
The greatest effect of this approach is achieved while
developing extraction panels of more than 1000 m long
at longwall length of not less than 250-400 m. For the
conditions of inclined coal seams typical for Quang
Ninh Province, the implementation of high-produc-
tivity solutions on the basis of the previously voiced
principles is complicated to a great extent. However,
since more than 24 % of the total coal balance reserves
occur under these conditions, it is necessary to solve
the whole set of problems to provide effective ope-
ration of mines. One of the key problems to be solved
when justifying mining processes and parameters is
substantiating the size of pillars, ensuring the stability

94

of mine workings. The search for process solutions in
this field for the conditions of Vietnam’s coal mining
is described in [1-4]. Although safety pillars became
widely used in underground coal mining in Quang
Ninh Province of Vietnam, no clear techniques for
calculating and substantiating their parameters are
available. In most cases, assessment of pillar param-
eters was based on empirical dependencies, which led
to overestimation of pillar widths and, consequently,
reduced the efficiency of coal extraction. In some cas-
es, at the design stage, decisions were made without
preliminary calculations, based on analogies, which
also provided overstated values of pillar parame-
ters. In conditions of longwall (mechanized) coal ex-
traction from inclined coal seams, the task becomes
even more complicated [5]. The approaches described
in [6, 7] allowed to make calculations of safety pillars
in conditions of Khe mine [6], where the pillar width
of 6 m was substantiated, but the criteria related to
ensuring stability of an auxiliary mine working, as well
as a longwall parameters and characteristics were not
taken into account [6]. The main idea of the present
study is to determine the parameters of safety pillars
by the criteria of stability of an auxiliary working [8],
as well as taking into account the characteristics of
alongwall in the conditions of inclined coal seams. The
methods of numerical simulation of stress-strain state
of rock mass on the basis of finite-difference models
[9, 10] were used as a toolkit in the study. Flac3D was
used as a software environment.
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1. Simulation model parameters

Geometrics: length, 220 m; width, 120 m; height,
150 m.

The rock mass model includes 14 different rock
layers with different properties. The rocks mechanical
properties are presented in five categories (Table 1).

A force simulating the mass rock pressure acts
on the top of the model. The formalized boundary
conditions of the model are shown in Fig. 1.

When creating a model of the coal mining area,
the following was taken into account: rock layer slo-
ping occurrence; dimensions of coal pillars, including
coal seam thickness; parameters and characteristics
of rocks (consisting of sandstone, siltstone, and coal)
occurring between coal seams (see Table 1) [11]. Nu-
merical parameters of the model take into account
a coal seam dip angle of 20°, thickness of 3.5 m, and
the rock mass thickness (from a working bottom) of
300 m. The mine working support is presented by
CBII-27 steel arched support, spaced at intervals of
0.7 m in a working.

The workings are shaped as a rectilinear semicir-
cular arch 5.0 m wide and 3.5 m high (a working pa-
rameters are also relevant for solving the task [12]).
The model includes two longwalls, LC1 and LC2, 190 m
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long, two ventilation drifts 01, 03, and a haulage road-
way 02. The model coordinate center is located in the
center of the lower ventilation drift. The simulation
grid becomes denser while approaching the workings
that allows more accurate studying stress-strain state
of the rock mass, having effect on the workings sta-
bility (Fig. 2).

2. The main stages of model development

Based on actual tunneling data and processing re-
sults obtained by experimental method of observation,
an algorithm for conducting the study was derived:

Step 1: Model development: establishing the va-
lues of stress at the measurement points in the rock
mass and running the model until the equilibrium
state is reached.

Step 2: Workings #1 and #2 tunneling up to the
boundary of the mine field. Running the model until
equilibrium state is reached.

Step 3: LC1 longwall operation. Running the model
until equilibrium state is reached.

Step 4: Working #3 tunneling. Running the model
until equilibrium state is reached.

Step 5: Collecting parametric modeling data.
Determination of the stress-strain state of a rock mass

Table 1
Mechanical properties of rock layers
Compressive Density y, |Bedding angle ¢, | Rock deformability
R Strength ¢, MPa L t/m® degrees C, MPa
Sandstone (f= 6-8) 96.64 20 2.67 34 33.6
Siltstone (f=4-6) 47.79 18 2.73 32 14.6
Gritstone (f= 8-10) 138.13 22 2.59 34 47.2
Coal (f=1-2) 15 5 1.50 20 2.2

FLAC3D 7.00

© 2020 Itasca Consulting Group, Inc.
Zone Group Slot 1

layer 1
layer 2
layer 3
layer 4
layer 5
layer 6
layer 7
layer 8
layer 9
layer 10
layer 11
layer 12
layer 13
layer 14
roadway 1
roadway 2
roadway 3

Vented tunncl 01

Fig. 1. Boundary conditions and model of force distribution
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for subsequent analysis and determination of mine
workings stability.

Calculation of stress-strain state models of rock
mass was carried out at different widths of coal pillars:
5,8, 10, 15, 20, 30 m. Stability of mine working No. 3
was assessed.

3. Analysis of modeling findings

Distribution of stresses in a rock mass represented
in Fig. 3 shows that coal extraction in LC1 longwall has
a significant effect on distribution of vertical stress
components in the rock mass around LC2 longwall. In
this case, the maximum stress in the rock mass, about
25 MPa, is achieved in the coal seam within the long-
wall contour. The zone of maximum support pressure
in the vicinity of LC2 longwall is located at a distance
of about 7.5 m from the edge of coal pillar.

FLAC3D 7.00

© 2020 Itasca Consulting Group, Inc.
Zone Group Slot 1

layer 1
layer 2
layer 3
layer 4
layer 5
layer 6
layer 7
layer 8
layer 9
layer 10
layer 11
layer 12
layer 13
layer 14

Zone Applied Force Vectors

Maximum: 273.648
Scale: 0.0533645
—>
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Distribution of stresses in a rock mass at a working
roof is shown in Fig. 3. The stresses distribution in
rock mass is asymmetrical in relation to the working.
Thus the size of coal pillar has a significant effect on
geotechnical conditions in LC2 vicinity.

The results of mathematical simulation data pro-
cessing showed that when coal pillar width increases,
the maximum compressive stress in the rock mass to
the left of a working tends to shift towards the mined-
out space of LC1 longwall. Decrease in coal pillar size
results in gradual decreasing its carrying capacity that
leads to shifting the maximum compressive stress to-
wards the zone below LC1 longwall.

Fig. 5 shows the positions of rock mass plastic
fracture zone around auxiliary working #3. This was
used for analyzing these zones distribution. The data
were also obtained on the basis of the above model.

Fig. 2. Model in Flac3D

FLAC3D 7.00

© 2020 Itasca Consulting Group, Inc.

Zone ZZ Stress
Cut Plane: on
Deformed: 8

6.2478E-01
0.0000E+00
-2.5000E+00
-5.0000E+00
-17.5000E+00
-1.0000E+01
-1.2500E+01
-1.5000E+01
-1.7500E+01
-2.0000E+01
I—2.2500E+01
-2.5000E+01

FLAC3D 7.00
© 2020 Itasca Consulting Group, Inc.
Zone ZZ Stress
Cut Plane: on [MPa]
Deformed: 8
5.0554E+00
4.0000E+00
2.0000E+00
0.0000E+00
—2.0000E+00
—4.0000E+00
—6.0000E+00
—-8.0000E+00
—1.0000E+01
—-1.2000E+01
—-1.4000E+01
I —-1.6000E+01
—-1.8000E+01

Fig. 3. Distribution of vertical (a) and horizontal (b) stresses in rock mass
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Fig. 4. Distribution of stresses at a working roof at different sizes of coal pillar

a b c
d e f
Zone State By Any

None

shear-n shear-p

shear-n shear-p tension-p

shear-p

shear-p tension-p

tension-p
g
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The simulation findings showed that mining
operations in LC1 longwall resulted in fracturing
the rock mass around working #2. As the size of
the simulated coal pillar gradually increased, the
linear dimensions of the zone of the coal pillar
plastic deformation changed (“continuous zone” —
“discontinuous zone”) (Fig. 5, a—d) and reached 7 m.

It is known that when using working bolting,
a bolt rests on intact rock mass [13-15], so the size
of coal pillar must be sufficient to install and fix a
bolt in intact stable rock. Taking into account this
requirement, width of a coal pillar should be at least
2.5 m. If the auxiliary tunnel is placed in the zone of
decreasing stresses, the tunnel support stability and
the coal pillar stability will be ensured.

When driving an auxiliary working based on bol-
ting support, geotechnical conditions of a coal pillar
must provide sufficient strength for bolting. If coal
pillar stability (rock strength) is too low (increased
fracturing or deformation of the rock mass), it is inca-
pable to provide reliable operation of bolting support.
Therefore, bolts should be positioned outside the frac-
ture zone, potentially caused by the influence of LC1
longwall. Consequently, the decision to select the size
of a coal pillar should ensure not only the stability of
a working, but also its effective operation.
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Conclusions

1.For the conditions of inclined coal seams
extraction, rock mass pressure on a working roof and
stresses distribution on both sides of a working are
asymmetrical.

2. As the size of coal pillar increases, the position of
maximum vertical stress shifts to the side of coal pillar.
This phenomenon demonstrates in fact a transition of
the system from one steady state to another one.

3. If the rock mass is insufficiently stable, a special
attention should be paid to strengthening support to
increase the corresponding stability.

4. The selection of a coal pillar size should be based
not only on the analysis of the rock mass deformation
behavior, stress distribution, and the interval of plastic
fracture zone, but also on the need to maximize coal
reserve extraction.

5. The size of coal pillar is also connected with the
support type. While supporting a working by bolting,
one should take into account that bolts should be of
sufficient length to ensure firm fixing and be located in
the zone of intact rocks.

6. The research showed that a coal pillar should
be 10 to 15 m wide (in the conditions of the presented
model) in order to ensure optimal mining conditions
and safety.

References
1.MingJ. Numerical simulation of narrow coal pillars at fully-mechanized caving face with driving

roadway along goaf. Coal Technology. 2010;29(12):71-73.

2. Ullah M.F., Alamri A.M., Mehmood K., et al. Coal mining trends, approaches, and safety hazards: a brief
review. Arabian Journal of Geosciences. 2018;11(21):651. https://doi.org/10.1007/s12517-018-3977-5

3. Qu Q. Study on destressing technology for a roadway driven along goaf in a fully mechanized top coal
caving face. Journal of Coal Science & Engineering. 2003;9(1):33-37.

4. Zhang K.X. Determining the reasonable width of chain pillar of deep coal seams roadway driving along
next goaf. Journal of China Coal Society. 2011;36(1):29-35.

5.Sun Y., Li G., Zhang J., Qian D. Experimental and numerical investigation on a novel support system for
controlling roadway deformation in underground coal mines. Energy Science & Engineering. 2020;8(2):490-500.

https://doi.org/10.1002/ese3.530

6.Nam P.Q., Minh T.T. Studying the stability and determining the reasonable location of auxiliary
mining tunnels with the steep condition coal seam in Quang Ninh. In: National Mining Science and Technical

Conference. Quang Ninh. 2018.

7. Doan D.V. Research on determining the size of coal pillar for the auxiliary mining tunnels at level — 300
in Khe Cham coal mine using FLAC3D software. Mining Industry Journal. 2016;5.

8.Pham N.T., Nguyen N.V. The effects of dynamic pressure on the stability of prepared drifts near the
working surface areas. Journal of Mining and Earth Sciences. 2021;62(1):85-92. (In Vietnamese). https://doi.

org/10.46326/JMES.2021.62(1).10

9.Le D.T.,Bui T.M. Numerical modelling techniques for studying longwall geotechnical problems under
realistic geological structures. Journal of Mining and Earth Sciences. 2021;62(3):87-96. (In Vietnamese).

https://doi.org/10.46326/JMES.2021.62(3).10

10. Voznesensky A.S., Kidima-Mbombi L.K. Formation of synthetic structures and textures of rocks when
simulating in COMSOL Multiphysics. Mining Science and Technology (Russia). 2021;6(2):65-72. https://doi.

org/10.17073/2500-0632-2021-2-65-72

11.Hung V.M. Study on the law of occurrence of mine pressure and rock deformation in
mechanized underground coal mining in Quang Ninh. Research project under the Ministry of Industry

and Trade. 2015.


https://mst.misis.ru/
https://doi.org/10.1007/s12517-018-3977-5
https://doi.org/10.1002/ese3.530
https://doi.org/10.46326/JMES.2021.62(1).10
https://doi.org/10.46326/JMES.2021.62(1).10
https://doi.org/10.46326/JMES.2021.62(3).10
https://doi.org/10.17073/2500-0632-2021-2-65-72
https://doi.org/10.17073/2500-0632-2021-2-65-72

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU WU TEXHOJ10I'MA https://mst.misis.ru/

2022;7(2):93-99 Nguyen V. N. et al. Substantiation of pillar parameters in mining of inclined coal seams...

12.Pham N.T., Qi F. Application of the numerical method to analyze the effect of cross-sectional type
in stabilizing the coal mine tunnel. Journal of Mining and Earth Sciences. 2022;63(2):62-70. (In Vietnamese)
https://doi.org/10.46326/JMES.2022.63(2).06

13. Zhang K., Zhang Y., Ma Z., et al. Determination of the narrow pillar width of gob-side entry driving.
Journal of Mining & Safety Engineering. 2015;32(3):447-452.

14. Xie G.X., Yang K., Chang ]. C. Influenced of coal pillar width on deformation and fracture of gateway

surrounding rocks in fully mechanized top-coal caving mining. Journal of Liaoning Technical University.
2007;26(2):173-176. (In Chinese). https://doi.org/10.3969/j.issn.1008-0562.2007.02.004

15. Yao G.M., Kang L.]., Study on the chain pillar stability of the developing entry in longwall top-coal
mining. Journal of China Coal Society. 2002;027(001):6-10. (In Chinese). https://doi.org/10.3321/j.issn:0253-
9993.2002.01.002

Information about the authors

Viet Nghia Nguyen - Lecturer, Hanoi University of Mining and Geology, Hanoi, Vietnam; ORCID 0000-0001-
7010-8613, Scopus ID 57204141788, e-mail nguyenvietnghia@gmail.com

Thi Nhan Pham - Lecturer, Hanoi University of Mining and Geology, Hanoi, Vietnam; Scopus ID 57369754200;
e-mail phamthinhan@humg.edu.vn

Piotr Osinski — Assistant, Department of Geotechnical Engineering, Warsaw University of Life Science,
Warsaw, Poland; ORCID 0000-0003-1503-7650, Scopus ID 55929586000, ResearcherID N-5911-2015

Thi Cuc Nguyen - Lecturer, Hanoi University of Mining and Geology, Hanoi, Vietnam; Scopus ID 57450931300;
e-mail nguyenthicuc.nn@humg.edu.vn

Le Hung Trinh - Lecturer, Le Quy Don Technical University, Hanoi, Vietnam; ORCID 0000-0002-2403-063X,
Scopus ID 57035066200; e-mail trinhlehung@Iqdtu.edu.vn

Received 01.05.2022
Revised 20.05.2022
Accepted 28.05.2022

99


https://mst.misis.ru/
https://doi.org/10.46326/JMES.2022.63(2).06
https://doi.org/10.3969/j.issn.1008-0562.2007.02.004
https://doi.org/10.3321/j.issn:0253-9993.2002.01.002
https://doi.org/10.3321/j.issn:0253-9993.2002.01.002
https://orcid.org/0000-0001-7010-8613
https://orcid.org/0000-0001-7010-8613
https://www.scopus.com/authid/detail.uri?authorId=57204141788
mailto:nguyenvietnghia@gmail.com
https://www.scopus.com/authid/detail.uri?authorId=57369754200
mailto:phamthinhan@humg.edu.vn
https://orcid.org/0000-0003-1503-7650
https://www.scopus.com/authid/detail.uri?authorId=55929586000
https://publons.com/researcher/2345186/piotr-osinski/
https://www.scopus.com/authid/detail.uri?authorId=57450931300
mailto:nguyenthicuc.nn@humg.edu.vn
https://orcid.org/0000-0002-2403-063X
https://www.scopus.com/authid/detail.uri?authorId=57035066200
mailto:trinhlehung@lqdtu.edu.vn

MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU WU TEXHOJ10I'MA https://mst.misis.ru/

2022;7(2):100-110 Hung K. T. Identification of geochemical anomalies associated with Sn-W mineralization...

GEOLOGY OF MINERAL DEPOSITS

Research paper
https://doi.org/10.17073/2500-0632-2022-2-100-110 =

Identification of geochemical anomalies associated with Sn-W mineralization
in the Dong Van region, North-Eastern Vietnam, using statistical methods
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Abstract

Sn-W multimetal mineralization in the Dong Van region, North-Eastern Vietnam was studied using statistical
and multivariate approaches based on 890 samples of stream bottom sediments collected for assaying for
27 elements. The findings of frequency analysis demonstrated that Pb, As, Bi, Li, Sn, W, Ta, Ce, Ag, Sb, and
Be have close ties with multimetal ores, implying that these elements can be used as prospecting indicators
for multimetal mineralization. In addition, correlation matrix and dendrogram studies were also applied
to subdivide the elements in the stream bottom sediment samples assays into two groups: associated with
multimetal mineralization (Be-Sn-W-Bi, and, to a lesser extent, Li-Pb sub-groups) and not associated with
the mineralization: (As-Cd-Sc-Cr-Ce-La, Co-Ni-V, and Ga-Ge-Ba sub-groups). Sn and W were found to
be the best indicator elements for the mineralization, according to the findings of geochemical modeling
and location of their anomalies in the region. Furthermore, extensive Sn and W anomalies were identified
in the Dong Van region (using threshold values (mean * 3 STD), providing the most important indications
for multimetal mineralization prospecting in the region. The studies also suggest genetic ties between the
region’s multimetal mineralization and the northwest-southeast fault system and concealed granitoid blocks.
Finally, the performed statistical analyses (with the use of threshold values) of stream bottom sediments
assays allowed revealing indicator elements and their geochemical anomalies and using them as an effective
tool in further prospecting and exploration for multimetal mineralization in the region.
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FEOJ1I0rUa MECTOPOXXAEHWIM NOJIE3HbIX UCKOMAEMbIX
Hay4yHaqa cTaTbA

BbisiBNeHne reoxXuMHUYeCKMX aHoOMasul, CBA3aHHbIX ¢ Sn-W MuHepanusauuen
B npoBuHUMK [loHr BaH, ceBepo-BOCTOUYHbIN BbeTHaMm,
C Ucnonb3oBaHMeM CTaTUCTUYECKUX METOA0B

X.T. XyHr R
Xanotickuii yHugepcumem 20pHozo dena u zeonozull, 2. Xaroti, Bemnam
D khuongthehung@humg.edu.vn

AHHOTauusA

N3yuenue Sn-W KOMIIJIEKCHOJ (MMOJMKOMIIOHEHTHOM) MMUHepaiu3aluu B npoBuHUMUM [oHT BaH, ceBe-
PO-BOCTOUHBIN BbeTHaM, MIpOBOAMIIOCH C UCIIOIBb30BAHMEM CTATUCTUUECKUX U MYJAbTUBAPUAHTHBIX ITOX0-
IoB Ha ocHOBe 890 Mpo6 JOHHBIX OT/IOKEHMIT BOJHBIX ITOTOKOB, OTOOpaHHBIX IS aHaIM3a Ha 27 3JIeMEHTOB.
PesynbTaThl UaCTOTHOTO aHa/M3a Iokasanu, uto Sn, W, Pb, As, Bi, Li, Ta, Ce, Ag, Sb u Be umeror TecHbie
CBSI3Y C KOMIUIEKCHBIMM PYHZAaMM, YTO O3HAUaeT, UTO STU JIEMEHTBI MOTYT ObITh MCIIOb30BaHbl B Kaue-
CTBE ITOMCKOBBIX MHIMKATOPOB KOMILJIEKCHOI (TIOJMKOMITIOHEHTHO) MuHepanusauuu. Kpome Toro, 6buin
[IPOBeeHbl UCCAeLOBaHMSI C UCIIOAb30BaHMEM KOPPEISILMOHHBIX MaTpUL, U LeHAPOrpaMM IJis pa3geneHnst
9JIEMEHTOB B aHa/IM3aX P06 MOHHBIX OTIOKEHMIT Ha ABe TPYIIIIbI: CBSI3aHHbIE C KOMILJIEKCHOI MMUHEepain-
3auueit (mogrpymnmsl Be-Sn-W-Bi 1, B MeHbI1eii cTenedu, Li-Pb) 1 He cBsI3aHHbIe ¢ MUHepaM3anyeii (of-
rpymrbl As-Cd-Sc-Cr-Ce-La, Co-Ni-V 1 Ga-Ge-Ba). Sn u W 6bLIM NIpU3HAHBI TYUIIMMHU SI€MeHTaMU-UHIN-
KaTopaMmu MUHepaIn3alyum, COrJIaCHO pe3ybTaTaM re0XMMMUUECKOTO MO ETMPOBAHMS U PACIIONIOKEHUIO UX
aHOMaJINit B IpOBMHLIM. Bojiee TOTO, B IpOBUHIMY [IOHT BaH ObIIM BhISBIEHBI OOLIMPHBIE T€OXUMUYECKIIE
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aHomanuu Sn u W (C ucrosb30BaHMeM MOPOTOBbIX 3HAUEHMI copepkaHuit (cpeguee * 3 STD)), uto maet
Haubosiee BasKHbIe YKA3aHUS IS TIOMCKOB KOMIUIEKCHOW MMHepanu3auuu B NMPOBUHIMK. MccieoBaHUS
TaKe YKa3bIBalOT Ha TeHeTu4ecKye CBSI3M MeXAy KOMIUIEKCHOJM MMHepanu3alyeil IpOBUHLIUM U CUCTe-
MOIJi Pa3JIOMOB HaIpaBIeHUsI CeBePO-3ara/ — I0T0-BOCTOK U CKPbITBIMM TPAHUTOUAHBIMYU G10KaMu. B uTore
MIPOBEIEHHBIN CTATUCTUUECKNI aHAIN3 COOep KaHmii (C MCIOIb30BaHeM ITOPOTOBbIX 3HAUEHMIT) B ITpo6ax
JIOHHBIX OTJIOKeHUIi TT03BOJINII BBISIBUTh MHAVKATOPHbIE 3JIEMEHTBI U UX TeOXMMUYeCKre aHOMaJIMK U UC-
TI0JIb30BaTh X B KauecTBe 3 (PeKTUBHBIX MHCTPYMEHTOB IIPY JATbHENIINX TTOVCKAX U Pa3BeiKe KOMILIeKC-
HOM MMHepaM3al U B IPOBUHIUN.

KnioueBble cnoBa
reoxuMmueckme aHomanuu, Sn-W MuHepanmusauys, CTaTUCTUUeCKMe MeTozbl, Geostatistic, MpoBUHIMS
IloHr BaH, ceBepo-BOCTOUHbIN BbeTHaAM
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Introduction

Mineral resource research relies heavily on stream
sediment surveys. In fact numerous types of depos-
its have been identified by this way in North-Eastern
Vietnam [1, 2]. However, the processing of such data
to find multivariate geochemical patterns and sig-
nals linked to mineralization is a complicated prob-
lem [3]. Principal component analysis is a useful data
analysis technique for reducing the number of varia-
bles in a dataset or identifying components to reveal
hidden patterns in multivariate data [4, 5]. In addi-
tion to basic principal component analysis, there are
several other types of principal component analy-
sis [6, 7]. These methods may be used with raw data,
log-transformed data, selected data, and other types
of data [8].

Traditional statistical analysis tools such as proba-
bility graphs, univariate and multivariate analysis
methods [8-10], and fractal and multifractal models
have all been proposed to differentiate geochemical
anomalies from background [11-14]. Reimann et al.
[15] compared various statistical methods for deter-
mining element concentration threshold values. They
found that the box plots, median * 2 median abso-
lute deviations, and empirical cumulative distribution
functions work better than mean * 2 standard devia-
tions for estimating anomaly threshold values. Fractal
and multifractal algorithms have frequently been used
to identify geochemical anomalies due to spatial auto-
correlation nature of data [16—-18].

The Dong Van region in northeastern Vietnam
is regarded as a significant prospective area for mul-
timetal ores (i.e., Fe, Mn, Sn, W, and Au) [1]. Further-
more, since tin, tungsten, and gold commonly occur
in association with arsenic mineralization, such as
As-Sn-W-Au Nam Khi, Lang Xum, Lang Me, and Lang
Lup deposits, mineralization plays an important role
as a source of precious metals for industry! [19]. From

! USGS. Minerals Yearbook. United States Geological
Survey: Reston, VA, USA; 2014. https://doi.org/10.3133/mybvI
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1965 until the present, this region was surveyed at
a scale of 1:500,000-1:50,000 for geological mapping
and mineral exploration [20-23]. However, geological
sample collecting and geochemical data processing
are insufficient to identify prospective Sn-W mineral-
ization areas. As a result, more research needs to be
undertaken in the Dong Van region of northeastern Vi-
etnam, in order to identify new multimetal ore areas.

Statistic and multivariate analysis were used to
process 890 geochemical samples, in order to identi-
fy multimetal mineralization/ore occurrences in the
Dong Van region.

1. Geological setting

The Song Hien zone is located within the
northeast block of the Vietnam’s segment. It is
a 200 kilometer-long NW-SE trending tectonic zone,
which hosts the Song Hien Permian-Triassic and
Triassic volcanic-sedimentary strata with subordi-
nate middle-late Paleozoic terrigenous-carbonate
rocks (Fig. 1). The Song Hien zone is thought to be
a pre-late Paleozoic-early Mesozoic intracontinen-
tal rift basin related to the Emeishan plume [24-27],
or a pre-late Paleozoic-early Mesozoic back-arc ba-
sin formed by rifting within the merged Indochi-
na-South China plate [28].

The study area belongs to the Song Hien zone of
Northeast Vietnam (Fig. 1, A). The lithology of the
Dong Van region comprises mostly Triassic sedimen-
tary rocks (marlaceous shale, oolithic limestone, silt-
stone, tuffaceous sandstone, shale, sandstone), Devo-
nian, Carboniferous, and Permian sedimentary rocks
(i.e., conglomerate, clay shale, carbonate rocks, and
marly sandstone). Cambrian, and Ordovician sedi-
mentary rocks are also present in the Song Hien mar-
gin. Triassic gabbro and unknown age granitoid rocks
occur in the central and western part of the zone
[21-23, Fig. 1, B]. Quaternary sediments are mostly
found along valleys (i.e., sandstone and gravelstone).
The Dong Van region is located in the northern part
of the Song Hien zone extending from northwest to
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southeast (Fig. 1, B). The Cao Bang-Lang Son-Tien
Yen strike-slip fault zone in the northern part and
the Duong Thuong-Du Gia reverse fault in the south-
ern part play an important role in controlling the
Song Hien structural zone [20]. The intrusive mag-
matic rocks in this area were considerably controlled
by these faults and other minor fault systems, con-
tributing to the area's more intricate structure [22].

There is a primary multimetal mineralization zone
in the studied area, namely Dong Van, extending from
northwest to southeast and covers 1,190 square kilom-
eters. The zone I mainly encompassed by Triassic sed-
imentary rocks [21-23, Fig. 1, B]. According to Truyen
et al. [22], uneven concentrations of Sn, W, and As were
found in this mineralized zone, as illustrated by Thang
et al. [29].
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2. Materials and methodologies
2.1. Collection and preparation
of bottom sediment samples
Geochemical exploration techniques for exploring
mineral deposits usually use bottom sediment sam-
ples. For this study, eight hundred ninety geochemi-
cal samples of recent bottom sediments were collected
along river and streams at 25-50 m intervals. Surface
sediments (0-3 ¢cm deep) were collected by means of
hand shovel from all points (on both river sides) with
low current velocities, in order to take fine and recent
material. Each sample contained around 25-130 g of
recent bottom sediment, depending on a sediment
sample particle size (Fig. 2).
The sample sets were processed based on distinct
characterizations of the zone’s bottom sediments.
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Fig. 1. Tectonic sketch map of northeastern Vietnam, showing the study area (A) [20];
Simplified geological map of the Dong Van region (B) (modified from [22])

102


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2022;7(2):100-110

In addition, the contents of 27 chemical components
(elements) were measured using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) (i.e., Ag, As, Be,
Ba, Bi, Cd, Ce, Co, Cr, Cu, Ga, Ge, La, Li, Mo, Nb, Ni, Pb,
Sb, Sc, Sn, Sr, Ta, V, W, Y, and Zn).

2.2. Data transformation

In this study, a total of 27 elements (variables)
(i.e., Ag, As, Be, Ba, Bi, Cd, Ce, Co, Cr, Cu, Ga, Ge, La,
Li, Mo, Nb, Ni, Pb, Sb, Sc, Sn, Sr, Ta, V, W, Y, and Zn)
in the bottom sediment samples were processed. If
the variables did not demonstrate asymmetric dis-
tribution, skewness (statistical distribution test) and
transformed variables were used to assess the normal
distribution of each variable [30]. Furthermore, ten
distribution models (geometric, special discrete, uni-
form, triangular, Pareto, binomial, exponential, log-
normal, normal, and transformed gamma) were deve-
loped to achieve normality and transition for skewed
variables [8, 31-33].
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2.3. Multivariate analysis

Multivariate analysis methods are used to clari-
fy and explain correlations between multiple factors
linked with statistical data throughout the assessment
and collecting of this data.

Geostatistic 9.0 is used to examine the findings of
correlation coefficients and cluster studies, which as-
sist in analyzing links between elements and element
grouping.

The purpose of cluster analysis is to reduce the
number of significant subgroups of people or things in
an extensive data collection. Data subdivision (group-
ing) is performed on the basis of the items' similarity,
based on predetermined characteristics.

Ward (1963) describes Ward's mathematical tech-
nique as a criterion for studying hierarchical clusters.
Ward [34] introduced a universal agglomerative hier-
archical clustering technique, in which the criteria for
picking the pair of clusters to be joined at each level are
based on the optimal value of an objective function.

239 105°15" 106°45'(23°
2% 0 5 10 LEGEND "
— kil(\mctrcs_ \Zl Boundary lincs [Z Geological boundary
D Rivers and streams ZI Fauls
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Fig. 2. General map of the Dong Van region, northeastern Vietnam showing bottom sediment sample points
(shown as black dots)
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Eigenvalues and eigenvectors are used to generally
express covariance and correlation coefficient matrices.

In the meanwhile Varimax rotation was performed
to enhance the factor loads. Ward's approach was used
to carry out Pearson's correlation coefficients cluster
analysis (or hierarchical cluster analysis), and the re-
sults were shown in a dendrogram.

3. Results and discussion
3.1. The characteristics
of statistical element distribution
Statistical distribution models for elements of mul-
timetal ores and associated elements can be used to
identify the laws of their statistical distribution. Results
of geochemical data statistical analysis for the whole re-
gion were displayed separately. The resulting element
contents hierarchy in the whole region was as follows:
Pb > As >Bi>Li>Sn >W >Ta > Ce > Ag > Sb > Be > Mo
>La>Nb>Cr>Ni>Cd>Y >Cu>Ba>Co >Sc>Zn >
Sr >V (Table 1). Moreover, Pb, As, Bi, Li, Sn, W, Ta, Ce,
Ag, Sb, and Be constituted more than 90 % of the to-
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tal, indicating obvious association with multimetal ores.
Finally, these elements can be used as indicators when
prospecting for multimetal mineralization.

Using the three-sigma limit method, the geochem-
ical samples were statistically processed in this study
(Table 2). We used mean value, variance, and coef-
ficient of variation as the basic statistical metrics. In
addition, skewness and kurtosis techniques were used
to test the element distribution models and the major-
ity of the element contents on the basis of geometric
distribution criteria (Table 3). Geostatistic 9.0 software
program evaluated the distribution models and statis-
tical analysis [35].

The distribution rules of the indicator elements
did not adhere to the normal standard distribution
and were modified to geometric distribution, pursu-
ant to the characterization of the statistical distribu-
tion of Sn and W in secondary geochemical disper-
sion haloes (Table 3). The overall contents of Sn and
W are higher than crustal abundance (Sn* = 2.5 ppm,
W* = 1.3 ppm [36]), while the distributions of the Sn

Table 1
Frequency analysis of the elements contents [ppm] in the sediment samples
Element Amount Inf(.)rme-ltion Probability Element Amount Infgrm:iltion Probability
of Information (AI)  Combination (IC) (%) of Information (AI) | Combination (IC) (%)
Pb 0.573 0.573 30.02 Nb 0.337 1.842 96.49
As 0.572 0.810 42.41 Cr 0.313 1.868 97.87
Bi 0.564 0.987 51.69 Ni 0.235 1.883 98.64
Li 0.561 1.135 59.46 Cd 0.197 1.893 99.18
Sn 0.546 1.260 65.98 Y 0.190 1.903 99.68
W 0.527 1.365 71.52 Cu 0.095 1.905 99.80
Ta 0.512 1.458 76.39 Ba 0.082 1.907 99.89
Ce 0.492 1.539 80.62 Co 0.069 1.908 99.96
Ag 0.471 1.609 84.31 Sc 0.046 1.909 99.99
Sb 0.439 1.668 87.39 Zn 0.029 1.909 100
Be 0.435 1.724 90.31 Sr 0.000 1.909 100
Mo 0.413 1.773 92.87 \Y 0.000 1.909 100
La 0.369 1.811 94.86
Note: Al and IC are described by Hung et al. (2020) [2].
Table 2
Statistical characteristics of the indicator elements (ppm) in the Dong Van region
Parameters Ag As Be Pb Bi Sb Ce Sn Ta W Ge Li
Mean 1.27 | 49.39 5.67 | 27.9858 | 0.98 | 19.2444 | 87.55 | 14.6279 | 23.0603 | 19.7104 5.5618| 46.403
Median 0.33 27.63 1.90 23.31 0.47 3.2 78.15 8.805 5.255 5.87 5 33.715
Mode 18.54 | 49.00 | 31.60 10.77 4.03 37.24 64.05 49.07 20.63 48.02 0 40.19
Standard deviation | 13.10 | 75.83 | 29.49 | 21.7042 | 3.62 | 60.9511 | 40.018 | 45.4845 | 46.9017 | 61.1201 | 1.579 | 47.3386
Variance 171.60 |5750.53| 869.61 |471.0731| 13.09 |3715.039| 1601.45 |2068.8392199.772|3735.672|2.4934 | 2240.944
Sfﬁg?f;ﬁg; () 102903 153.55)520.29 7755 |371.94 31672 | 4571 | 310.94 20339  310.09 2839 102.02
Skewness 25.87 6.32 14.85 2.252 | 18.13 6.19 2.35 14.913 4.109 9.053 | 2.463 7.51
Kurtosis 717.33 | 52.41 | 270.95| 9.444 |384.99 47.879 7.91 273.92 | 22.217 | 106.11 | 4.073 | 83.746
Minimum 0.04 2.00 0.10 0.77 0.03 0.24 16.05 0.07 0.13 0.02 5 5.69
Maximum 370.70 | 945.65 | 636.31 | 209.29 | 85.61 | 743.58 | 337.75 | 986.44 | 415.76 | 967.95 10 703.89
Summary 1132.97 | 43954 |5044.38 |24907.39 |865.90 | 17127.49|77916.67|13018.85| 20523.7 |17542.25| 4950 | 41298.7
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and W contents vary from uneven to extremely une-
ven. On this basis, the different geochemical anom-
alies can be identified at a local scale. This indicates
that Sn and W can form small primary geochemical
anomalies. This data can allow primary geochemical
dispersion haloes to be detected. This in turn can be
used to identify prospective targets for Sn-W miner-
alization in the Dong Van region.
3.2. Correlation and cluster analyses application

The correlation analysis findings allow a pair
correlation matrix of the best indicator elements to
be created for the geochemical landscape (pattern)
of the entire region. Table 4 shows the elements pair
correlation matrix. Among the indicator elements,
Be, Sn, W, and Bi demonstrate obvious correlation.
Sn and W especially establish the element associ-
ation as an indication for multimetal ore prospec-
ting. Li also demonstrated marked correlation with
Be and Bi, indicating Li participation in ore-forming
processes.

elSSN 2500-0632

https://mst.misis.ru/

Hung K. T. Identification of geochemical anomalies associated with Sn-W mineralization...

Thus, the calculations showed close correlation
ties between Be, Sn, W, and Bi, thus indicating that
they formed stable association.

A dendrogram was created, in order to determine
the correlation ties between the studied elements in
the secondary geochemical haloes in the Dong Van
region based on the pair-correlation analysis findings
(Fig. 3). Pearson's correlation coefficients were used to
statistically measure the ties.

The dendrogram depicts associations between the
elements studied and allows for their grouping/sub-
grouping. Multimetal mineralization-associated ele-
ments are represented by two sub-groups, Be-Sn-W-Bi,
and, to a lesser extent, Li-Pb. At the same time, three
other sub-groups, i.e., As-Cd-Sc-Cr-Ce-La, Co-Ni-V,
and Ga-Ge-Ba, not associated with the mineralization,
can be distinguished. For instance, the dendrogram
also defines a local Co-Ni-V branch, which indicates
that Co, Ni, and V are not syngenetic components of
the multimetal ores in the region.

Table 3
Testing of Sn, W statistical distribution models
Sn (ppm) W (ppm)
o Con- anform- Con- anform-
Dlig)lftlm- Devia- ACtl'lal oA formin.g Iy Ig)llgn:g- Synthe- | Devia- ACtl.lal L1 formin.g A Ig)llgn:g— Synthe-
model gy | S | CLl (1.358)| gorov- | sizer | tion Aok SRt | (Gl (1.358)| gorov- | sizer
tion ((18.307)| square Smirnov tion |(18.307) square Smirnov
test test test test
Geometric 2.486 1 3.267 1-Yes | 0.160 1-Yes 0.300 | 5.045 1 31.429 | 1-No | 0.345 1-Yes 1.973
Gamma 24.441 2 61.592 | 2-No | 1.562 2-No 4.515 | 22.369 2 51.685 | 2-No | 1.470 2-No 3.906
Lognormal | 61.402 3 164.788 | 3-No | 3.412 3-No 11.514 | 32.496 3 88.052 | 3-No | 1.889 3-No 6.201
ziiileéfe 104.029| 5 |459.352| 4-No | 7.294 | 5-No | 30.463 | 58.635| 4 147230 4-No | 3.282  4-No | 10.459
Pareto 115.827 6 487.814 | 5-No | 7.537 6-No 32.196 | 98.299 5 412.558| 5-No | 6.929 5-No 27.638
Exponential | 94.306 4 606.050 | 6-No | 6.356 4-No 37.7853/111.040| 6 449.417| 6-No | 7.227 6-No 29.871
Binomial 287.065| 10 |926.397| 7-No |20.737| 10-No 65.874 1281.168| 10 [1223.811| 7-No [20.239| 10-No 81.753
Normal 266.722| 9 |2150.286| 8-No |14.912| 7-No 128.4381260.992| 9 |2059.889| 8-No |14.689 7-No 123.336
Triangular |234.503 7 14426.587) 9-No |17.320 8-No 254.552(231.131 7 |4598.079] 9-No |17.081 8-No 263.743
Uniform 251.125| 8 |8564.185| 10-No |18.822| 9-No |481.669|244.535 8120.654| 10-No |18.324| 9-No |457.075
Note: The Kolmogorov-Smirnov test was implemented in Chakravarti et al. [31].
Table 4
The correlation coefficient for indicator elements (ppm) in the sediment samples
Ag As Be Bi Ce Li Pb Sb Sn Ta W
Ag 1
As 0.032 1
Be 0.062 0.445 1
Bi 0.051 0.205 0.711 1
Ce 0.026 0.262 0.082 0.142 1
Li 0.044 0.425 0.569 0.542 0.386 1
Pb -0.009 0.310 0.173 0.057 0.331 0.333 1
Sb 0.071 0.407 0.392 0.499 0.437 0.465 -0.027 1
Sn 0.006 0.623 0.645 0.213 -0.027 0.377 0.325 0.106 1
Ta -0.021 -0.019 -0.045 -0.036 -0.000 -0.078 0.110 -0.073 0.041 1
w 0.018 0.438 0.588 0.412 -0.048 0.400 0.264 0.176 0.666 0.138 1
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Fig. 3. Dendrogram of elements contents in the Dong Van region's geochemical landscape (ppm).
Numbers indicate cluster analysis linkage distances based on Ward’s agglomerative clustering algorithm

A combination of multivariate correlation and den-
drogram analysis was used, in order to determine the
relevance of syngenetic element association for pros-
pecting multimetal ores in the study region. As a re-
sult, Be, Sn, W, and Bi were recognized as a members of
the syngenetic association. Despite the high contents
of some other elements in the samples, they cannot be
considered as indicators of multimetal mineralization
(or some other mineralization) in this region.

3.3. Geochemical anomaly modeling

Secondary geochemical dispersion is the move-
ment of elements at or just below the Earth's surface,
which results from weathering, erosion, and deposi-
tion. External circumstances can damage and modi-
fy ore bodies, mineralization zones, and change geo-
chemical landscape of a region. Some minerals can be
dissolved, washed-out, some elements can migrate,
while others can be accumulated with an increase of
their contents. The material elements of the secondary
geochemical haloes are redistributed in the weather-
ing conditions. The haloes can be considerably larger
than primary ore bodies. The secondary geochemical
haloes and geochemical anomalies are of crucial im-
portance in prospecting concealed mineral deposits in

the region. Geochemical anomaly diagrams were used
to represent the spatial variation of the element con-
tents in the region and predict prospective areas for
multimetal mineralization.

Secondary geochemical anomalies of Sn and W
were constructed, in order to represent the spatial
distribution of these good indicator elements for mul-
timetal ore prospecting in the Dong Van region. Cre-
ating such geochemical anomaly diagrams is aimed at
establishing the distribution and accumulation of in-
dicator elements in certain locations (Figs. 4, 5). This
allows for the interpretation and selection of anom-
alies connected with mineralization, while eliminat-
ing anomalies that provide no information about any
mineralization.

In order to reveal prospective anomalies, isolines
for Sn and W (the indicator elements) contents based
on three preset anomaly thresholds were constructed
and mapped taking into account geochemical back-
ground values. The anomaly thresholds of the first
order (mean * 1 STD), second order (mean *= 2 STD),
and third order (mean * 3 STD) were selected using the
statistical processing findings to estimate geochemical
background values based on the local average values
(Table 5, Figs. 4, 5). For this purpose, mean and STD
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Table 5

Anomaly contents of Sn, W in the Dong Van region based on anomaly thresholds using calculated, theoretical,
and probability standard deviation

Element Method Crustal Back- | First-order | Second-order | Third-order Anomaly
(ppm) abundance | ground | anomaly anomaly anomaly
Calculated standard deviation (CSD) 2.5 19 65 110 156 156
Sn Theoretical standard deviation (TSD) 2.5 19 19 20 20 20
Probability standard deviation (PSD) 2.5 19 38 57 76 76
Probability distribution (PPD) 2.5 19 36 49 868 868
Calculated standard deviation (CSD) 1.3 19 81 142 203 203
W Theoretical standard deviation (TSD) 1.3 19 20 20 20 20
Probability standard deviation (PSD) 1.3 19 38 56 75 75
Probability distribution (PPD) 1.3 19 37 75 856 856

Note: Crustal abundance values for the indicator elements (Sn* = 2.5 ppm, W* = 1.3 ppm) were taken from Fortescue [32].

values were calculated on the basis of geometric dis-
tribution. Geochemical anomalies associated with
multimetal mineralization can be selected, while ge-
ochemical anomalies not connected with the mine-
ralization can be rejected based on the geochemical
anomaly diagrams for the indicator elements, in com-
bination with prospecting data to ascertain the geo-
chemical anomalies.

Tin occurrence locations in the mineralized zone
are expressed in the geochemical anomalies of Sn and
W. The geochemical anomalies of the indicator ele-
ments were identified in three separate areas, as shown
in Fig. 5. The anomalies are often elliptical, extending
northwest-southeast in accordance with the established
mineralization zone orientation. Most of the geochem-
ical anomalies are confined to the Song Hien formation
area. The geochemical anomalies identified, particular-
ly those of tin and tungsten adjacent to the mineralized
zone, are relatively large and have a complex shape. This
indicates the potential presence of concealed ore bo-
dies associated with the granitoid massive. Geochemi-
cal anomalies with no ties to mineralization are often
presented by limited secondary accumulations located
on local slopes and similar land forms.

Conclusions
Multimetal mineralization in the Dong Van region,
northeastern Vietnam was studied using statistical and
multivariate analytic approaches based on 890 geo-
chemical sediment samples. The findings of frequency
analysis demonstrated that Pb, As, Bi, Li, Sn, W, Ta, Ce,
Ag, Sb, and Be have close ties with multimetal ores. This

implies that these elements can be used as prospecting
indicators for multimetal mineralization. Furthermore,
extensive Sn and W anomalies were identified in the
Dong Van region, providing the most important indica-
tions for multimetal mineralization prospecting in the
region. In the region under examination, correlation
matrix and dendrogram studies were also used to sub-
divide elements in the stream sediment samples as-
says into two groups: those associated with multimetal
mineralization (Be-Sn-W-Bi, and, to a lesser extent,
Li-Pb sub-groups); and those not associated with the
mineralization: (As-Cd-Sc-Cr-Ce-La, Co-Ni-V, and Ga-
Ge-Ba sub-groups).

Threshold value (mean * 3 STD) was then applied
to identify the indicator elements anomaly locations
(and background levels) associated with known mul-
timetal mineralization in the region. Thus, such ano-
malies can be a promising tool for further multimetal
mineralization prospecting and exploration.

According to the findings of geochemical mode-
ling and location of the anomalies in the region, Sn
and W are the best indicator elements for the mi-
neralization. The studies also suggest genetic ties
between the region’s multimetal mineralization and
the northwest-southeast fault system and concealed
granitoid blocks.

Finally, the statistical analysis (with the use of
threshold values) of stream bottom sediments assays
enabled indicator elements and their geochemical
anomalies to be established, and for them to be used as
an effective tool in further prospecting and exploration
for multimetal mineralization in the region.
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Forecasting PM, . emissions in open- pit minesusing a functional link
neural network optimized by various optimization algorithms
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Abstract

PM, ; air pollution is not only a significant hazard to human health in everyday life but also a dangerous
risk to workers operating in open-pit mines OPMs), especially open-pit coal mines (OPCMs). PM, . in OPCMs
can cause lung-related (e.g., pneumoconiosis, lung cancer) and cardiovascular diseases due to exposure to
airborne respirable dust over a long time. Therefore, the precise prediction of PM, . is of great importance
in the mitigation of PM, . pollution and improving air quality at the workplace. This study investigated the
meteorological conditions and PM, . emissions at an OPCM in Vietnam, in order to develop a novel intelligent
model to predict PM, . emissions and pollution. We applied functional link neural network (FLNN) to predict
PM, . pollution based on meteorological conditions (e.g., temperature, humidity, atmospheric pressure, wind
direction and speed). Instead of using traditional algorithms, the Hunger Games Search (HGS) algorithm was
used to train the FLNN model. The vital role of HGS in this study is to optimize the weights in the FLNN
model, which was finally referred to as the HGS-FLNN model. We also considered three other hybrid models
based on FLNN and metaheuristic algorithms, i.e., ABC (Artificial Bee Colony)-FLNN, GA (Genetic Algorithm)-
FLNN, and PSO (Particle Swarm Optimization)-FLNN to assess the feasibility of PM, ; prediction in OPCMs
and compare their results with those of the HGS-FLNN model. The study findings showed that HGS-FLNN was
the best model with the highest accuracy (up to 94-95 % in average) to predict PM, ; air pollution. Meanwhile,
the accuracy of the other models ranged 87 % to 90 % only. The obtained results also indicated that HGS-FLNN
was the most stable model with the lowest relative error (in the range of 0.3 to 0.5 %).

Keywords
open-pit coal mine, air pollution, dust, PM, ;, human health, hunger games search, functional link neural
network, optimization, Coc Sau open-pit coal mine, Quang Ninh province, Vietnam
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Hay4Has cTaTbs

MporHosuposaHue Bbi6pocos nbinu (PM, ;) Ha yronbHbIX paspe3sax
C MOMOLLLbIO HEUPOHHOM ceTu C PYHKLIMOHANIbHBbIMU CBA3SAMM,
ONMTUMMWU3UPOBAHHOM Pa3NIMYHbIMU aNrOPUTMaMHU
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AHHOTauusa
3arpsisHeHMe Bo3gyxa PM, ¢ (TBepple yacTUIIbI pa3MepoMm 2,5 MK 1 MeHee) ITpe/iCTaBIIsieT c000ii He TOIBKO 3Ha-

YUTEJIbHYIO OMTACHOCTb JIJIST 3JOPOBBSI UeIOBEKA B TIOBCETHEBHOI SKM3HY, HO U OTIACHBI PUCK JIJIST pAOOUMX NP
OTKPBITBIX TOPHBIX paboTax, 0COOEHHO Ha YTOMbHBIX pa3pe3ax. PM, . Ha yTOIbHBIX pa3pe3ax MOTYT BbI3bIBATH 3a-
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6osieBaHMsI JIETKMX (HaIpuMep, THEBMOKOHMO3, PaK JIETKMX) U CEPAEUHO-COCYIVCThbIe 3a601eBaHMs 13-3a IJI-
TEeJIbHOTO BO3ZeMCTBYSI BAbIXxaeMoii mbuti. [I09TOMY TOUHOe IporHo3upoBanue PM, . MMeeT 60bIIOe 3HAUEHVEe
IUTSI MMHMMM3a1uu 3arpsisHeHust PM, ¢ ¥ yirydiiieHust KauecTBa BO3ayxa Ha pabounx MecTax. B JaHHOM mccieno-
BaHMM U3Y4YaJINCh METEOPOIIOTUYECKYE YCIOBUS U BbIOPOCH PM, ; Ha yrobHOM pa3pe3e BO BbeTHaMe C 1IeJTbI0
pa3paboTKM HOBOV MHTEUIEKTYaIbHOV MOZEJTH 1JIsI IPOTHO3MPOBaHMSI BBIOPOCOB 1 3arpsisHeHust PM, ., mpume-
HSITach HepOHHAs ceThb ¢ PyHKIMOHANIbHbIMMU CBsi3siMu (FLNN) 17151 mporHo3mupoBaHus 3arpsisHeHust PM, . B 3a-
BUCUMOCTM OT METEOPOIOTMYECKUX YCIOBU (B YaCTHOCTH, TEMITEPATYPbI, BIAKHOCTHU, aTMOC(hEpHOro AaBiie-
HVisI, HAIIPaBJIEHMS M CKOPOCTY BeTpa). BMeCTo TpaguIMOHHbIX arOpUTMOB 11t 06yueHust Mmomenu FLNN 6bit
MCII0/Ib30BaH aITOPUTM IT0MCKa MeToLoM rosofHbix urp (HGS). Baknerimast porns HGS B taHHOM MccienoBannum
3aK/II0YaeTCs B ONITMMM3alMy BecoB B Momea FLNN, kotopast 6b11a HazBaHa Mogebio HGS-FLNN. Taxske 6bL1m
pPacCMOTPEHBI TPU APYyTVie TMOPUAHbIE Mo, ocHOBaHHbIe Ha FLNN 1 MeTasBpuUCTUYECKUX aITOPUTMAX, T.€.
ABC (uckyccrBeHHas muenHasi KomoHus)-FLNN, GA (reHetmueckuii anroputm)-FLNN 1 PSO (onTumusanys
pos yactuiy)-FLNN, A1 oLleHKM BO3MOKHOCTM IIPOrHO3MpoBaHust PM, . Ha yrobHBIX paspe3ax M CpaBHEHMS UX
pesynpraToB ¢ pedynbratamyu Mogeny HGS-FLNN. UccnemoBanns nokasany, uto HGS-FLNN siBnsiercs nyuiien
MOJIeJIbIO C CaMO¥i BbICOKOJ TOYHOCTHIO IPOTHO3MPOBAHMS 3arpsisHeHMs Bosayxa PM, . (B cpegHem fo 94-95 %,
TIPY 3TOM TOYHOCTD JIPYTUX MOJIe/eil BapbupoBaiach ot 87 mo 90 %), a Takke Hanbosee CTabUIbHOV MOZIETbIO
C HaMMeHbIlIei OTHOCUTEIbHOI omnbKoii (B quamnasoue ot 0,3 mo 0,5 %).

KnioyeBble cnoBa

yI‘OJ‘[beII}'I paspes, 3arpsi3HeHne Bo3ayxa, Ibljib, PMZ.S’ 300pOBbE Ye/JI0OBEKa, IMOMCK MeTOOOM IOJIOAHBbIX UTD,
HeVipoHHAs CeThb ¢ QYHKIMOHAIbHBIMMU CBI3SIMU, ONTUMM3anys, paspe3 Kok Cay, nmpoBuHumsl KyaHTHMHBD,
BreTHaMm

BnaropapHocTu

IlaHHOe yccaenoBaHme 6p10 GMHAHCOBO MOAePsKaHO MUHMCTEPCTBOM 006pa3oBanmst 1 MpodeccroHaIbHO
nonrotoBku (MOET) BreTHama B pamkax rpanTta N2 B2018-MDA-03SP. ABTops! Takske 6aromapsit LieHTp rop-
HBIX U 3JIEKTPOMEeXaHNUYeCKMX MCCiefoBaHmii XaHOMCKOTO YHMBepPCUTeTa ropHoro Aena u reonorun (HUMG),
BreTHam; MHXeHepOB U PyKOBOAMUTesell yroibHOro paspesa Kok Cay, npoBuHuust Kyanruuss, BeeTHaMm, 3a
TIOMOLIb ¥ COTPYLHUYECTBO.
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Introduction

“Mining is not everything, but without mining,
everything is nothing”, Max Planck, famous German
theoretical physicist, said. Practically everything,
for example, metals, cement, construction materials,
bridges, glass, towers/buildings, coal, power plans,
etc., originate initially from mining. Such activities
have a positive economic effect on development of
countries worldwide and energy security of each
country. However, mining operations also have sig-
nificant negative environmental impacts, especially
air pollutants (e.g., total suspended particulate (TSP),
inhalable dust particles with diameters that are gen-
erally 1.0, 2.5, and 10 micrometers and smaller (PM, ,
PM, ., PM,,)) [1-3] Fig. 1). Open-pit mines (OPMs)
have a more serious environmental impact compared
with underground mines because of the outdoor work
implementation. Depending on the particle size, the
adverse effects on human health and occupation-
al exposure may be more or less significant [4, 5].
Among the particles generated by OPM operations,
OPCM-produced particles are considered as the most
dangerous due to their different sizes and chemical
and mineralogical composition (e.g., coal, minerals,
organic compounds, etc.) [6].

In OPCMs, many activities can produce dust (i.e.,
PM, ), for instance, drilling, blasting, excavation,

hauling, and transportation among others. The dust
impact radius can increase due to specific meteoro-
logical conditions (e.g., wind direction and speed). In
recent years, with exponential increase in energy con-
sumption, OPCM operation has deepened to increase
coal production [8]. Deeper OPCMs are unable to use
natural ventilation efficiently. This results in availa-
bility of huge amount of thin particles in mining me-
dium. These particles can be dangerous for miners
and cause severe health impacts [9, 10].

To manage OPM dust emission, many resear-
chers have measured and analyzed the amount of PM
of different sizes, in order to evaluate the impacts of
PM depending on size. They have proposed solutions
for reductions of air pollution [11-13]. Dr. Emanue-
le Caudaet al. (NIOSH Center for Direct Reading and
Sensor Technologies) investigated the distribution
of PMs from different sources, and their findings
showed that coal mine dust emission is a significant
PM source (Fig. 2), and its forecast and control is an
actual challenge.

Another approach to solving the dust pollution
problem is estimating/forecasting the dust emission/
concentration in OPCMs. Most historical studies re-
lated to PM emissions from OPCM have focused on
estimating PM concentration in these operations
[14, 15]. In recent years, artificial intelligence (AI) has
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Cc
Fig. 1. Open-pit mines air pollution from various sources:

a - Transportation air pollution [7]; b — Shovel air pollution; ¢ — Air pollution by various operations; d — Blasting air pollution
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Fig. 2. Distribution of dust from various sources by size

Source: Nanozen (the official site). Dust specific calibrated real-time particle monitors.
https://nanozen.com/nanozette-q120/[Accessed: 03/10/2021]
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been widely applied to predict dust concentrations/
emissions in OPM. It is also recommended as a robust
tool for use in other sectors [16—20]. In the aims of
forecasting OPCM air pollution Lal B. and Tripathy
S.S. [21] applied a multiple layers perceptron (MLP)
neural network model to predict dust concentration
in an Indian OPCM. Their study confirmed the high
accuracy of the MLP model in predicting dust con-
centration. Bakhtavar E. et al. [22] also applied an ar-
tificial causality-weighted neural network (ACWNN)
model for predicting OPM blasting dust emissions.
They applied a fuzzy cognitive map to extract the
weights of inputs for the dust emission prediction
neural network. However, the study only predicted
horizontal and vertical dust distributions. Consider-
ing other activities in OPCM (i.e., drilling), Bui H.-N.
et al. [23] predicted PM10 emission by means of the
support vector regression model optimized by parti-
cle swarm optimization (PSO). Using deep learning
technique (e.g., long short-term memory — LSTM), Li
L. et al. [24] predicted the PM, . and PM,, emissions
in OPMs at RMSE (root-mean-square error) of 29.517
and 23.204, MAPE (mean absolute percentage error)
of 11.573 % and 8.537 %, respectively. Lu X. et al.
[25] proposed a hybrid PSO-GBM (Gradient Boosting
Machine) model for forecasting PM, . concentrations
based on other machine learning algorithm. High
convergence was observed in their study with the cor-
relation coefficient ranged 0.920 to 0.942.

The dust concentrations/emissions were stu-
died in terms of measurement and prediction. In
most cases they were measured and forecasted based
on single activity in OPMs. Although several Al mo-
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dels were proposed and successfully applied to fore-
casting dust emissions/concentrations, their validity
was limited due to the range of meteorological con-
ditions in different areas and the robustness of diffe-
rent intelligent models. In OPMs, PM, . was evaluated
as much more dangerous than PM10 in the working
environment. They can cause restrictive respirato-
ry disorder and diseases related to lung and cardio-
vascular system [26-28]. Therefore, in this study we
designed an air quality evaluation intelligent system
to measure PM, . emission in OPMs. We used the in-
ternet of things method for data transfer to worksta-
tions. Subsequently, a novel hybrid-neural network
model based on functional linked neural network
(FLNN) and hunger games search (HGS) algorithm,
abbreviated as HGS-FLNN model, was developed, in
order to forecast PM, . emission in a deep OPCM. It
is worth mentioning that the proposed HGS-FLNN
model was never developed and applied previous-
ly for forecasting OPM dust emission. The obtained
HGS-FLNN model results were then compared with
three other hybrid models, i.e., ABC (artificial bee
colony)-FLNN, GA (genetic algorithm)-FLNN, and
PSO-FLNN to highlight outstanding performance of
the HGS-FLNN model.

1. Data collection
In order to estimate PM, . emission in OPMs, the
Coc Sau OPCM in Vietnam was investigated (Fig. 3).
This is one of Vietnam's largest and deepest OPCMs
with a depth of 300m below sea level in July 2021'. Due

! Coc Sau Coal Company. Summary report of production
in 2021, Coc Sau. 2021 (In Vietnamese).

Fig. 3. Study area and air quality measurement stations locations
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to the irregular shape and great depth, the mine air
quality, especially in terms of PM, ., is very bad. Due
to the great depth, the mine is unable to use natural
ventilation. Therefore, the impact of high PM, . con-
centrations is significant. As described above, PM,; is
one of the most adverse particles capable of causing
occupational diseases. Hence, predicting PM, . in this
mine is aimed at finding suitable solutions to reduce
the air pollution (e.g., PM, ;) in the mine working en-
vironment.

In the aims of developing Al models to predict
PM, ., the dataset was collected using three measuring
stations (Fig. 3). Each station was designed as an air
quality measuring system capable of measuring not
only PM, . but also meteorological conditions, such as
temperature (T), atmospheric pressure (AP), humidity
(H), wind direction and speed (WD, WS). These sta-
tions measured all the parameters hourly and trans-
ferred the data to the mine’s technical department via
the 4G network. Historical studies indicated that me-
teorological conditions significantly affect OPM dust
emission [29, 30]. Therefore, they were used as the
input variables to predict PM, . in the present study.
Since the mine geometry does not change significant-
ly with deepening, the mine PM, . pollution over the
operation time is considered to be stable. It is worth
noting that WD (e.g., West, East, North, South) was
converted to numeric for solving regression problem
in this study. The dataset is presented in Table 1.

elSSN 2500-0632

https://mst.misis.ru/

Bui X.-N. et al. Forecasting PM, s emissions in open-pit mines...

Table 1
PM, ; emission and meteorology conditions
in the study area

Category PM,. T H AP | WD | WS
Min. 10 | 18.5  83.4 | 985.5 1 0.1
15t Qu. 23 | 22.4 | 91.7 |1,000.3| 3 24
Median 34 | 234 | 94.7 1,004.4 10 | 3.3
Mean 34.98 23.43| 94.3 |1,004.3| 8.534 | 3.285
34 Qu. 44 | 245 | 97.1 |1,008.2) 12 | 4.2
Max. 90 | 28.8 | 100 |1,023.9 16 7.5

2. HGS-FLNN model design for predicting PM, .

In the aims of predicting PM, , FLNN, a kind of
ANN, was selected as a single-layer architecture in
this study [31, 32]. The unique mechanism of this net-
work is based on the input variables and non-linear
functional expansions [33]. It can generate hidden
neurons and calculate the sum of weights. This ap-
proach enables complexity associated with regres-
sion problems [34] to be reduced. For training the
FLNN model, the simple least mean square (LMS),
back propagation (BP), or gradient descent-based
methods can be applied to update the model's weights.
The FLNN model architecture is illustrated in Figure 4.

The FLNN model (Figure 4) has many nodes ge-
nerated with a large number of weights. In connection
with this, updating weights to the network is chal-
lenging for a FLNN model with traditional training

1 A b
x:(k) ® Wi,
sinmx, (k) :9 Wiy
x,(k) cosmx, (k) :9 Wis
> sin3mx, (k) :9 Wiy
cos 3mx, (k) 29 Wis
X,(k) ® W Final
sinmx,(k) :b Way output
% cosTx,(k) 29 Was
sin3mx,(k) bWt
. cos 3mx,(k) :§ Wos I
* Estimated
° output
° xn(k) & Wi
- ® D d
X (k) Sll’lTCXN(k) 59 WNZ Ofliglelt %CZ)
N cosTxy(k) & Wi
sin3mxy(k) :é Ws
cos 3mxy(k) :g Whs .
) Training rror
algorithm

Fig. 4. FLNN model architecture
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algorithms (e.g., BP, LMS) [35]. Local optima may oc-
cur while training the FLNN model with traditional
training algorithms. This can reduce FLNN model
performance in predicting PM, ..

In order to overcome this problem, optimization
algorithms can be used for network training in the
aims of optimizing the FLNN model weights. Meta-
heuristic algorithms are a good choice since they en-
able the FLNN model to reach the global optimum [36,
37]. In this study, HGS, a new metaheuristic algorithm
proposed by Yang Y. et al. [38], was selected to train
the FLNN model instead of traditional algorithms. The
HGS is highly competitive algorithm in resolving op-
timization problems [39]. It was designed on the basis
of hunger-driven activities of individuals in a swarm
while hunting prey or looking for food. The HGS details
are available in the original study [38]. The HGS flow-
chart is presented in Figure 5.

A novel hybrid AI model was designed based on
the FLNN and the HGS algorithm for predicting PM, .
in OPCMs, referred to as the HGS-FLNN model. The
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HGS algorithm was developed and used to train and
generate the weights for the FLNN model based on
hunger-driven activities. Subsequently, the weights
were updated for the network, and the model error
was calculated. While optimizing the FLNN mod-
el for predicting PM, ., RMSE was used as the loss
function for evaluating the model's performance, to
determine whether the criterion is met or not. The
proposed HGS-FLNN model framework is presented
in Figure 6.

3. Development of the HGS-FLNN model
for predicting PM,

The HGS-FLNN model for predicting OPCM PM, .
was developed as described in Figure 6. Before develop-
ing the HGS-FLNN and other models, the dataset was
randomly divided into two parts in the ratio of 4:1 for
developing and testing the models, respectively. In ad-
dition, the datasets were also normalized by scaling be-
tween 0 and 1, in order to improve the models accuracy
and minimize errors.

A 4

Initialize parameters

.| Calculate the fitness
of all individuals

A

Sort the fitness

A 4

Check the number
of hungers in the swarm

A

Calculate the hungry

!

Update weights

Check the number
of hungers in the swarm

Calculate the variation
control for all positions

Update range of activity

Update positions

No

Check

the criterion

Fig. 5. HGS optimization algorithm simplified flowchart
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[

Initialize parameters
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v
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Check the number
of hungers in the swarm
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Sort the fitness Calculate the variation
control for all positions

Check the number * L
of hungers in the swarm Update range of activity

v v

Calculate the hungry Update positions
I v

Generate weights

Prior to optimizing the FLNN model, the func-
tional expansion and HGS’s parameters were estab-
lished and calibrated. The Chebyshev function was
selected as the FLNN model expansion function for
transferring the input variables data (i.e., T, H, AP,
WD, WS) to the hidden nodes. In addition, ReLu
(Rectified Linear Unit) activation function was used
to transform the data (weights) in the FLNN model
nodes. For the HGS optimizer, different numbers of
hungers were considered, e.g., 50, 100, 150, 200, 250,
300, 350, 400, 450, 500 for evaluating the optimizer
performance. The switching updating position prob-
ability was selected equal to 0.03 with the threshold
of 1000. For each hunger and its position, the HGS
created weights and then updated them to the FLNN
model. Finally, the RMSE values were calculated, and
the best model with the lowest RMSE was selected,
as shown in Figure 7. For this purpose, the Mealpy
library developed by Thieu N.V.?2 was used. The per-
formance curves show that the HGS-FLNN model
training performance and RMSE are excellent. The
next chapter is devoted to the performance testing
and evaluation.

2 Thieu N.V. A collection of the state-of-the-art meta-
heuristics algorithms in Python: Mealpy. 2020.
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Fig. 7. Optimization performance of the HGS-FLNN model
for predicting PM, .
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4. Development of other models
for predicting PM, .

PSO, GA, and ABC well-known metaheuristic al-
gorithms are widely used for resolving optimization
problems [40-48]. In this study, we hybridized FLNN
model (for predicting PM2.5 in OPCMs) with these al-
gorithms to produce so-called PSO-FLNN, GA-FLNN,
and ABC-FLNN models. It should be noted that they
are also novel hybrid models related to air pollution
prediction, especially for PM, . predicting. The PSO,
GA, and ABC basic principles are available in the fol-
lowing studies [49-61]. It is worth mentioning also
that the role of the PSO, GA, and ABC is similar to the
HGS optimizer in this study, and the development of
the PSO-FLNN, GA-FLNN, and ABC-FLNN models is
similar to that of the HGS-FLNN model.

4.1. PSO-FLNN

In order to develop the PSO-FLNN model, the
same framework with Chebyshev function and ReLu
activation function was used (similar to that used for
the HGS-FLNN model). Different numbers of swarms
were also set in interval of 50-500 similarly to those
used for the HGS-FLNN model. The PSO’s parame-
ters were set as follows: C, = 1.2, C, = 1.2, W,;, = 0.4,
Whax = 0.9. The PSO was also implemented with
1000 iterations through RMSE objective function. The
best PSO-FLNN model was then defined based on the
lowest RMSE (Fig. 8).

0.05 1

0 200 400 600 800 1000
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— Population size = 200
— Population size = 250

—— Population size = 300
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Fig. 8. Optimization performance of the PSO-FLNN model
for predicting PM, .

elSSN 2500-0632

https://mst.misis.ru/

Bui X.-N. et al. Forecasting PM, s emissions in open-pit mines...

4.2. GA-FLNN

In order to develop the GA-FLNN model, the
same framework with Chebyshev function and ReLu
activation function was used (similar to that used
for the HGS-FLNN and PSO-FLNN models). Diffe-
rent numbers of swarms were also set in interval of
50-500 similarly to those used for the HGS-FLNN and
PSO-FLNN models. The GA’s parameters were set as
follows: P, = 0.85, P,, = 0.05. The GA was also imple-
mented with 1000 iterations through RMSE objective
function. The best GA-FLNN model was then defined
based on the lowest RMSE (Fig. 9).
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Fig. 9. Optimization performance of the GA-FLNN model
for predicting PM,

4.3. ABC-FLNN

Similar to the PSO-FLNN and GA-FLNN models,
the ABC-FLNN model to predict PM, ; was also deve-
loped based on the same approaches. The same
framework of the initial FLNN model (i.e. the inputs,
expansion function, activation function) was used.
Next, the ABC optimizer implemented global search
to provide the set the number of weights. Subsequent-
ly, they were updated to the initial FLNN model and
the error (i.e., RMSE) was calculated. Different num-
bers of bees were also set equal to 50-500, as those
used for the HGS-FLNN, PSO-FLNN, and GA-FLNN
models. The size of neighborhood for the elite and
other bees (as the ABC’s parameter) was set at 16.4.
The ABC algorithm optimized the initial FLNN model
with 1000 iterations through the RMSE objective func-
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tion, as shown in Figure 10. Ultimately, the best ABC-
FLNN model was defined based on the lowest RMSE.
Training curves in Figure 10 show that the learning
performance of the ABC-FLNN model is good. The
next chapter describes the performance testing and
evaluation.
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Fig. 10. Optimization performance of the ABC-FLNN model
for predicting PM, .

5. Findings and discussion

Figures 5-8 demonstrate that the HGS-FLNN,
ABC-FLNN, PSO-FLNN, and GA-FLNN models are
well-trained with good convergence. However, it is dif-
ficult to indicate which model is the best for predicting
PM, . using these Figures only. We used statistical indi-
ces, such as MAE, RMSE, R?, and MAPE to estimate the
accuracy of the developed hybrid FLNN-based models.
They are useful not only in estimating the accuracy of
the models but also for determining the properties of
the developed models (e.g., overfitting, underfitting).
The results are presented in Table 2.
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Table 2 shows that the HGS-FLNN model is ob-
viously superior to the other models. In the HGS-
FLNN model, the MAE ranges 1.405 to 1.497 only,
whereas the ABC-FLNN, PSO-FLNN, and GA-FLNN
models provided higher errors (MAE of 1.776, 2.326,
3.693, respectively, in the training dataset, and MAE
of 2.246, 2.453, 3.602, respectively, in the testing
dataset. Similarly to MAE, the RMSE values in the
HGS-FLNN model amounting to 2.652 and 2.700 (in
training and testing phases, respectively) are lower
than those in other models. The training and testing
phases of the other models yielded higher RMSE va-
lues (ranged 3.298-5.938 and 3.857-5.672, respec-
tively). It is remarkable that MAPE was 0.054 only in
the HGS-FLNN model training and 0.057 in testing of
the corresponding dataset. In other words, the MAPE
in the HGS-FLNN model-based predicting PM, .
ranged at 5.4-5.7 % only taking into account the me-
teorological conditions.

With regard to the level of regression in the
models (i.e., correlation factor R?), the results also in-
dicated that the HGS-FLNN model demonstrated the
highest R?in both phases. Furthermore, as observed,
the developed models did not demonstrate overfitting.
In other words, the training and testing phases showed
practically similar accuracy of the results on predic-
ting PM2.5 in this study. The visualization of the
models regression levels in Figures 9 and 10 shows
the best correlation between the predicted and mea-
sured data in the HGS-FLNN model, when compared
to the other models. Whereas the correlation in the
HGS-FLNN model is perfect, the other models (i.e.,
ABC-FLNN, PSO-FLNN, and GA-FLNN) demonstrate
lower correlation, especially the GA-FLNN model. The
GA-FLNN model demonstrated the lowest performance
in predicting PM, in this study. The PSO-FLNN and
ABC-FLNN models demonstrated better correlation/
performance than the GA-FLNN model.

Turning to the FLNN-based models training per-
formance (Figures 5-8), and taking a closer look at the
performance lines and RMSE values, one can see that
the HGS-FLNN model training performance is much
better than that of the other models with lower RMSE
values. This finding confirms the results presented in
Table 2 and Figures 9-10. In other words, this con-

Statistical indices for examination of the FLNN-based models for predicting PM, , fable?
Model Training Testing
MAE RMSE R? MAPE MAE RMSE R? MAPE
HGS-FLNN 1.405 2.652 0.967 0.054 1.497 2.700 0.966 0.057
ABC-FLNN 1.776 3.298 0.949 0.070 2.246 3.857 0.931 0.097
PSO-FLNN 2.326 3.968 0.930 0.087 2.453 3.962 0.933 0.091
GA-FLNN 3.693 5.938 0.837 0.125 3.602 5.672 0.852 0.129

119


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)
FOPHbIE HAYKU U TEXHOJIOIMA

2022;7(2):111-125

firms that the HGS algorithm performs better than the
other algorithms (i.e., ABC, PSO, and GA) in this case.
This statement does not mean that the HGS algorithm
is better than the ABC, PSO, and GA algorithms in all
cases. It depends on datasets used in each case study.
Nevertheless, the HGS algorithm is considered as the
best for predicting PM, . in the OPCM at least in the
present study. In order to measure the accuracy of the
HGS-FLNN model in practice, the relative error (RE)
was calculated, as shown in Figure 13. As can be seen,
in the HGS-FLNN model, RE is very small. Most of the
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RE values ranges —0.3 to 0.5. Only one data point is out
of this range, but this RE value is also low at 0.699. At
the same time, the other models demonstrated higher
REs, ranged —0.63 to 2.194. Notice that the ABC-FLNN
model statistical indices (Table 2) indicated its better
performance, when compared to the PSO-FLNN and
GA-FLNN models. However, the ABC-FLNN model pro-
vided some data points with the highest RE, as shown
in Figure 13. Finally, this study allowed a confident
conclusion to be made that the HGS-FLNN model was
the best technique to predict PM, ..
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Fig. 11. Correlation between the predicted and measured data in the FLNN models (training dataset) under swarm-based
algorithms optimization
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Conclusion

PM, . in OPCMs is a serious occupational hazard
to miners’ health. It can cause respiratory, lung, cardi-
ovascular, and cancer diseases. Historical reports indi-
cate that increasing air PM2.5 pollution concentration
by 10 pg/m?® results in an increase in lung cancer rate
by 36 %. Meanwhile, OPCM PM, . emissions measured
in this study ranged 10 to 90 ug/m3. These are really
hazardous levels for the health of miners. Therefore,
accurate air PM, . pollution prediction is of crucial im-
portance in terms of occupational health and selecting

elSSN 2500-0632
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solutions to reduce OPCM PM, . pollution. This study
proposed the novel HGS-FLNN model for predicting
PM, . pollution in OPCMs with an average accuracy of
94-95 %. In addition, three other hybrid models were
developed, reviewed, and evaluated in terms of PM, .
prediction. However, their accuracy proved in the range
of 87 % to 90 % only. The obtained results also indi-
cated that the HGS-FLNN model was the most stable
model with a very low relative error. It can be used in
mining engineering to predict and control PM, . pollu-
tion in OPCMs.
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Abstract

Mine planning involves selecting an optimal mine layout. At the same time key factors, including those
influencing mining safety, should be comprehensively taken into account. A developed rock burst forecasting
technique taking into account mine workings of an extraction area and a mine goaf enables determining
the safe direction of a coal face. The proposed technique also takes into account all faulting/joint systems,
occurring beyond a mine field. The distribution of specific potential energy in an intact rock mass is proposed
to be used as the basis of the input data required for rock burst forecasting. The forecast is carried out via
estimating the Lode-Nadai coefficient at different directions of coal face advancing. The stress (intensity)
coefficient is proposed to be used as a criterion in order to determine a safe direction. We determined the
safety criterion is equal to 10 in the Komsomolskaya Mine conditions. Besides, the safest direction of a coal
face advance to mitigate the risks of rock burst was determined for this mine. The direction between 138° and
128° counter-clockwise from the north direction was identified to be the safest for the Komsomolskaya Mine
conditions for any values of deformation modulus and Poisson’s ratio.
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AHHOTauunA

[TnaHMpoBaHMeE TOPHBIX PabOT CBSI3aHO C BHIOOPOM OITMMAJIbHBIX PEIIEHU 10 PaCKpPOKe IaXTHOTO OIS,
[Ipy 3TOM HEOOXOOMMO KOMILIEKCHO YYUTHIBATH OCHOBHBIE (haKTOPHI, BIAMSIOLIYE B TOM UMC/Ie Ha Ge3omac-
HOCTb Be/IeHMsI TOPHbIX paboT. PazpaboTaHHas MeTOIMKa MPOTHO3a TOPHBIX YAAPOB B IIPOIecce BeIeHMs TOp-
HBIX paboT, YUMThIBAIOIIasi TOPHbIE BHIPAGOTKY BHIEMOYHOI'O YUaCTKa ¥ BhIpaboTaHHOE MTPOCTPAHCTBO, TO3BO-
JISIeT ompenennTh 6e30TacHOe HampasieHre GPOHTA OUMCTHBIX PaboT. [Ipemaraemast MeTOIMKA YUUTHIBAET
TakoKe BCe Te0JIoTMUecKye HapylleHUs, KOTOpble HaXOMASITCS M 3a MpeaenaMy LIaXTHOTO IMoJs. B ocHOBe uc-
XOITHBIX JAHHBIX, HEOOXOAVIMBIX JISI OCYIECTBIIEHNS ITPOTHO3a TOPHBIX YAAPOB, MTPeJIaraeTcs MCIoab30BaTh
pacrmpezeneHue yenbHOl MOTeHIIMATbHOM SHEPTUYU B HETPOHYTOM MaccuBe. I[IpOrHO3 OCyIecTBISIeTCS TyTeM
oneHky napamerpa Haman—-Jlome (Lode—Nadai coefficient) mpu pasiMuHbIx HarpaBaeHUX ABVDKEeHMS QPOHTA
OUMCTHBIX paboT. [Iy1s1 oripeseneHust 6e30MacHOTO HATIpaBIeHNsI MTpeiylaraeTcsl B KauecTBe KPUTEPUsI VCIIOIb-
30BaTh KOG GUIIMEHT HATIPSDKEHHOCTH. B cTaThe onpeened Kputepuit 6e30macHOCTH 1yist yeaoBuit . Komco-
MoJibcKast, paBHbIi 10. Taxoke AJi1 JaHHOM IIaxThl 6bUIO OIpeeeHo HallpaBieHue GPOHTa OUMCTHBIX PaboT,
TIPY KOTOPOM CYI[ECTBEHHO CHVKAIOTCSI PUCKM TIPOSIBJIEHNST TOPHBIX yrapoB. Hanbosnee 6e30macHbIM 1S yC-
JoBuii . Komcomornbcekas sIBsieTCsl BApMAHT HalpasaeHuss Mexxny 138° u 128° mpoTuB 4acoBOi CTPeIKU OT
CeBepHOT0 HaIIpaBJIeHMs IS TIOOBIX peann3saunii Momyst nedopmaiinu 1 Koadduimenta I[MyaccoHa.

KnioueBble cnoea

yrojibHasl NIaxTa, 6e30MacHOCTb, TOPHBIN yAap, MPOrHO3, BHIEMOUHBIN Y4aCTOK, aITOPUTM
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Introduction

Mining safety assurance is a complex, system task
to be solved long before drivage. At the same time dif-
ferent factors should be taken into account at different
stages of a mining enterprise existence. Geotechnical
safety is governed by a large number of influencing vari-
ables: physical properties of a rock mass, mining depth,
occurrence of geological faults and their influence on
stressed state of a coal seam [1, 2], structural features of
a rock mass [3, 4, 5], influence of tectonic forces [6], etc.
There are complex approaches to forecasting hazardous
zones on the basis of assessing the stability (faulting) of
a rock mass!. A mining area (mining allotment or mine
field) is selected in locations with the least amount of
major geological faults. In coal mining the influence
of such faults located outside a mine field is not con-
trolled. We propose a rock burst forecasting technique
taking into account all adjacent geological faults with
the aim of increasing mining safety. It is applicable in
mining conditions when at least one geodynamic event
has been recorded. The given technique allows deter-
mining a safe direction of coal face advance.

Input data for rock burst forecasting

One of the most attractive techniques for fore-
casting rock bursts is the evaluation of events based
on the concept of seismicity of events [7]. According to
the documents [8, 9] regulating the operation of seis-
mic stations, 4 energy levels are distinguished. Energy
level II corresponds to fracturing (disturbance) in the
near-contour rock mass enclosing mine workings and is
defined at 3500 ] and more. Energy level III corresponds
to the impact of coal-face work and is defined at 6000
] and more. Introducing such energy levels is based on
selection of a safety criterion and recommendations of
seismic services. This study considers energy levels II
and III, while the others are excluded because rock burst
manifestation hazard is assessed starting from energy
level 3500 ] and more. Energy levels II and III serve as
threshold values for manifestation of minimum distur-
bance (fracturing), because an impact of coal-face work
when extracting coal will take place in any case. Thus,
we determine the boundary zone between the zone
of fracturing in the near-contour rock mass enclosing
mine workings and the coal-face impact zone. Applica-
tion of energy level IV will overestimate the safety cri-
terion value. In this case, one can note a general trend
in the distribution of energies (determined based on
seismic station data), calculated for an intact coal seam
in accordance with a mathematical model developed by
the authors. The mathematical model is based on the
concepts of the nature of tectonic forces [6], the models
of rock mass behavior [10, 11, 12], the results of labora-

! Forecasting possible faulting zones. 2017. URL:
https://www.micromine.ru/possible-zones-of-tectonic-fault-
prediction/ (accessed date: 31.12.2021)
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tory sample testing [13] and the samples physical prop-
erties [14]. The authors [15] note that the accuracy of
describing the behavior of a rock mass depends on the
correct selection of a model. We summarized these ap-
proaches and integrated them into a single forecasting
technique. The seismic energy values obtained for the
Komsomolskaya Mine (Fig. 1, a) were compared with
the calculated values of specific potential energy in an
intact coal seam (Fig. 1, b).

The resulting distribution of specific potential en-
ergy in an intact rock mass is the basis of the inputs
required for rock burst forecasting. In addition, the in-
puts should contain a mine plan.

Technique for determining a safe direction
of a coal face advance

When solving the problem of rock burst forecas-
ting at different values of deformation modulus E,, and
Poisson's ratio v for an intact rock mass in a faulting
(disturbance) zone, assessment of stress-strain state of
a coal seam should be performed. Rock physical proper-
ties for the model are determined in accordance with
the technical documentation of a mine and [16]. The
most characteristic options of tasks are selected in ac-
cordance with a stress map. At the first stage, different
tasks with different set of the values of deformation
modulus and Poisson's ratio are solved, and the speci-
fic potential energy is determined. Then the solutions
with the greatest qualitative differences are selec-
ted. For the example under consideration (Komsomol-
skaya Mine) the following options correspond to the
characteristic solutions: 1) E,, = 1,489 MPa, v =0.211;
2)E, =1,335MPa,v=0.181; 3) E,, = 1,037 MPa, v = 0.203;
4)E, = 1,305 MPa, v = 0.232; 5) E,, = 1,296 MPa, v = 0.162;
6) E,, = 1,395 MPa, v=0.224; 7) E,, = 1,524 MPa, v =0.179;
8) E,=1,036 MPa, v=0.160; 9) E,=1,331 MPa,
v=0.171; 10) E,, = 1,433 MPa, v=0.174.

Then the considered extraction area comprising
a set of mine workings (a coal face and adjoining drifts,
as well as mined-out space) was added into the simula-
tion model. For each set of the parameters, we estima-
ted the Lode—Nadai coefficient to compare with that of
an intact coal seam (see Fig. 1, b). Fig. 2 shows a map
of the Lode—Nadai coefficient values depending on the
location of an extraction area for the 1st direction of
coal face advancing (218° from the north direction). In
the model plane, the direction change in increments
of 10° was selected (from the initial position of 218°
clockwise from the north direction). At the Komso-
molskaya Mine, the direction of coal face advance is
selected depending on the mine field boundaries (in a
direction orthogonal to the boundaries). The bound-
aries, as a rule, correspond to the geometry of faults/
joint systems. A coal face in this case falls on the
5-6" directions in accordance with the chosen desig-
nations (168-158° clockwise from the north direction).
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Fig. 1. Data of seismic observations (a); map of specific potential energy in intact rock mass (b)
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Fig. 4 shows the distribution of maximum and
minimum principal stresses along a coal face advance
direction (Fig. 5) inward the rock mass at different
combinations of the physical properties.

Interpreting graphs in Fig. 4 via the representation
of specific potential energy allows determining the
gradient between the maximum principal stress and
the stress on the boundary of the simulated coal face.
The sandstone rock pressure is represented in the form
of gravity per unit area (a stress equivalent). On this
basis specific energy is calculated as follows:

E _ (psandst gH)2
grav_sandst — T ’ ( 1 )

sandst

where p,,.. is the sandstone density, kg/m?; g is the
gravitational acceleration, m/s?; H is a depth of coal
extraction, m; E ., is the sandstone modulus of defor-
mation, MPa.
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The ratio of the specific activation energy W,, rep-
resenting the gradient from the maximum or minimum
stresses (two curve behavior types in Fig. 4) towards
the free surface, to the specific potential energy of the
overlying rocks weight E, is a value characterizing the
degree of rock burst hazard used when selecting an op-
tion of coal face advance direction in the framework
of designing optimal mine layout. The obtained value
should be compared with the critical value correspon-
ding to the safe specific potential energy. This ratio can
be called as a stress coefficient K.

Depending on the maximum principal stresses ob-
served at a coal face (local maximums or local mini-
mums) we present two options of calculations.

The formulas describing a local stress maximum
on the boundary of a simulated coal face are presen-
ted below. The model solutions with E,, = 1,036 MPa,
v =0.160 (Fig. 6) correspond to this case.

0l m 50100 10(?00
8000 Units
1.00
0.75
6000 — 0.50
0.25
0.00
4000 6st direction -0.25
n=158 y 2 -0.50
Geological faults Coal face advance direction -0.75
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Fig. 3. Map of Nadai-Lode coefficient values at different positions of a mine working:
(a) the 6t direction (158°) [current], (b) the 10th direction (118°)
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Stress coefficient at the local maximums of stress-
es observed on the boundary of the simulated coal face
W,
Egravfsandst (2)

Specific potential activation energy at local maxi-
mums of stresses observed on the boundary of the sim-
ulated coal face

[Ginax face __ ngax face]z [Glmin _ G?r)nin] 2 )
- ’ (3)

K=

W, =0.5
' E E

1 1

£ 70
E«
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stress gradient at local maximums of stresses observed
on the boundary of the simulated coal face

min __ o max face
1

(¢
grad, ==—5——, )

where g™ face gre the local maximums of stresses on the
boundary of the simulated coal face, MPa; ™" are the
local minimums of stress inward the rock mass, MPa;
E, is the calculated modulus of deformation at the i-th
point of the rock mass corresponding to maximums/
maximums of stresses, MPa; r™" is the distance from the

£ 70
E’s
£ 56
g
@42
[a]
R
2
a
5
g of 1 1 1 x ]
= 70 110 220 330 440 550
Distance from coal face line, m
b

Fig. 4. Distribution of principal stresses along a coal face advance direction inward the rock mass for the 1st direction:
a — for the maximum principal stresses o,; b — for the minimum principal stresses o5

=

Y

Mined-out mine workings

Host rocks

Fig. 5. Schematic diagram for determining the distribution of maximum and minimum principal stresses along
a coal face advance direction
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boundary of the simulated coal face to a local minimum
of stresses, m.

Table 1 presents the values used for the distribu-
tion determination.

The value r =0 is the boundary of the simulated coal
face (the face plane). For the graph of the presented form,
we determined of*fc = 43.86 MPa, o = 18.41 MPa,
rmin = 280 m and made calculations according to formu-
las (2)-(4).

Then, we considered the second case, when lo-
cal minimums occur on the boundary of the simu-
lated face. The model solutions with E,, = 1,037 MPa,
v =0.203 correspond to this case (Fig. 7).

Stress coefficient at the local minimums of stress
observed on the boundary of the simulated coal face is
equal to:
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Specific potential activation energy at the local
maximums of stresses observed on the boundary of the
simulated coal face is equal to:

max max] 2 min face min face] 2
() -0 (0 -0
Waz=o.5[[1 Lo 3 ]j;@

E. E.

1 1
stress gradient at the local maximums of stresses ob-
served on the boundary of the simulated coal face is
equal to:

max _ 3 min face
1

grad, S . — — , (7

r

where o™ ¢ gre the local minimums of stresses on the
boundary of the simulated coal face, MPa; c™* are the lo-
cal maximums of stress inward the rock mass, MPa; E; is
the calculated modulus of deformation at the i-th point
of the rock mass corresponding to maximums/maximums

W, . .

K,= E—az (5) of stresses, MPa; r™* is the distance from the boundary of
grav_sandst the simulated coal face to a local maximum of stresses, m.

Table 1

Data for plotting maximum principal stresses as a function of the distance from the boundary
of the simulated coal face (inward the rock mass) (for E,. = 1,036 MPa, v = 0.160)
Parameters Values
Maximum principal stresses c;, MPa 43.86 | 32.38 | 28.51 | 23.53 | 21.78 | 18.41 | 20.26 | 17.62 | 16.96 | 16.67

The distance from the boundary of the simulated coal 0
face (inward the rock mass) r, m

79 172 212 280 | 387 | 459 564 | 649

Table 2

Data for plotting maximum principal stresses as a function of the distance from the boundary
of the simulated coal face (inward the rock mass) (for E,. = 1,037 MPa, v = 0.203)

Parameters

Values

Maximum principal stresses c,, MPa 20.97

54.54 | 35.14 | 36.92 | 34.1

29.67 | 32.85 | 28.39 | 26.94 | 25.98

The distance from the boundary of the simulated coal 0
face (inward the rock mass) r, m

79 172 | 212 | 280 | 387 | 459 | 564 | 649
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Fig. 6. Distribution of the principal stresses along a coal
face advance direction inward the rock mass by the example
of the 1st direction for E,, = 1,036 MPa, v =0.160
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face advance direction inward the rock mass by the example
of the 1st direction for E,, = 1,037 MPa, v = 0.203
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Table 2 presents the values used for the distribu-
tion determination for this option.

Then opinfee = 20.97 MPa, op> = 54.54 MPa,
rm= = 38 m were inserted into formulas (5)—(7), and cal-
culations were made.

Referring graphs in Fig. 4 to the first or second op-
tions, we made the corresponding calculations and ob-
tained 10 values of activation energy for the maximum
principal stresses and 10 values of stress gradient.

Similarly, the minimum principal stresses were
determined for the graphs of each considered coal
face advance direction (angle p in Fig. 2). Within a di-
rection, we obtained 10 values of activation energy
for the maximum principal stresses and 10 values
of stress gradient. Stress coefficients K; and K, were
calculated for each option. Further K, and K, were
represented as one characteristic K. We performed
the above-described calculations for each of the di-
rections presented in Fig. 2. The results were summa-
rized and integrated into a single matrix. This matrix
of the values was used to draw an isogram (Fig. 8).

The isogram is a surface of the stress coefficients.
In the matrix’s rows, the gradient values determined
by formulas (5) and (7) depending on the type of dis-
tribution are presented; the columns present the di-
rections of the simulated coal face advance. The ma-
trix included the vectors of stress coefficients for each
direction, calculated by analogy with the example
shown above.

To assess the safety of a selected coal face advance
direction, we proposed using a safety criterion, a com-

Grad

218 208 198 1838 178 168
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parison of safe energy (dimensionless safety criterion
[K])- The criterion is determined on the basis of the
comparison of data from the seismic station and the
ratio of the calculated specific potential activation en-
ergy to the specific potential energy of gravity of the
overlying rocks Eg,,, sanas (2) and (3), i.e. [K] is compared
with K, and K,,.

Taking into account the data from Fig. 1 and the
inputs on energy levels, we calculated that the bound-
aries of the II energy level (see Fig. 1, a) were charac-
terized by the specific potential energy in an intact coal
seam of 60 k]/m? (see Fig. 1, b), while the boundaries of
the III energy level (see Fig. 1, a), by that of 112.5 kJ/m3
(see Fig. 1, b).

Let's substitute these values into the numerator
in formula (1) as the activation energy. The specific
potential energy of gravity remains unchanged. The
square brackets below denote that the value is a cri-
terion.

Egmvisandst =18 k]/ m®.

At W, =60 kJ/m3 [Klintae™ = 3-333.

At W, =112.5 kJ/m3 [K]intae™ = 6.25.

[Klinace 18 @ safe value corresponding to an intact
coal seam. The upper index denotes a reference to the
corresponding energy level.

Mining-induced stresses in a rock mass exceed an
intact rock strength due to the action of complicating
factors. For the transition to the criterion in the condi-
tions of coal extraction we used the fact that in practice
relatively safe coal faces at deep levels can be referred
to the III stability category according to the studies

Srress coefficient, units
>30

148 138 128

Coal face direction (counted off from the North
direction in a clockwise direction

Fig. 8. Isogram of stress coefficient depending on the stress gradient and coal face advance direction
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described in [17, 18]. Stability category III is charac-
terized by stabilization of deformation growth after
1-2 weeks. The coefficient taking into account the
excess of the actual stresses over the calculated rock
strength amounts to 1.61-3.0. Taking into account this
coefficient, [K];.q." Varies in the range of 5.37-10, while
[K]inae™ ranges 10.06—-18.75. This principle is based on
analogy with the recommendations on introducing a
coal strength variability factor, presented in normative
documentation and Safety rules instructions?. The va-
lidity of such a transition from an intact rock mass to
unstable (disturbed) rocks finds confirmation in labo-
ratory tests conducted by researchers [19].

When changing from an intact rock mass to rocks
of stability category III as relatively stable and de-
termining the boundary zone between the disturbed
zone in the near-contour rock mass enclosing mine
workings and the coal face impact zone we adop-
ted safety criterion [K] = 10 at the coal face working
stage.

According to Fig. 6, in the conditions of the
Komsomolskaya Mine, the safest option is the coal
face advance direction between 138 and 128° coun-
ter-clockwise from the north direction for any values
of deformation modulus and Poisson's ratio. The direc-
tion around 188° is also characterized by a lower stress
coefficient, but not at all values of deformation modu-
lus and Poisson's ratio. Substantiating the parameters
of safe coal extraction at deep levels should be guided
by this principle. Insignificant deviations of the angle
lead to redistribution of stresses in the face plane and
may cause accidents or incidents.

Algorithm for rock bursts forecasting
in conditions of coal face work

Based on the above, we concluded that at the
stage of a mine design an important prerequisite is
selecting safe direction of a coal face advance. In coal
seams disturbed by faults, even prior mining, unfa-
vorable conditions arise due to accumulation of po-
tential energy in a rock mass. The excesses of this
energy manifest themselves as rock bursts [20, 14].
In coal mines energy manifestations in a rock mass
are recorded by sensors sending the data to seismic
stations. These manifestations are recorded as events.
The above-described example of rock burst forecas-
ting and selecting a safe direction of coal face advance
can be written as an algorithm (Fig. 9).

? Industrial safety federal norms and rules "Instruction
for dynamic effects forecasting and rock mass monitoring in the
course of coal deposit development”. Order #515 of the Federal
Service for Ecological, Technological, and Nuclear Supervision
of December 10, 2020. Accessed in the Electronic Fund of
Legal and Regulatory Documents. URL: https://docs.cntd.ru/
document/573264171
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The procedure of the algorithm application is as
follows:

1. At the first stage, required data are collected (lo-
cations of rock burst manifestation, geological docu-
ments, and physical properties of rocks).

2. Then a 2D model is built in a vertical cross-sec-
tion, taking into account the intersection of the maxi-
mum number of faults. The possibility of applying the
first assumption (not taking into account the vertical
component of a rock pressure) should be confirmed.

3.In addition, the components of rock pressure
(horizontal stresses taking into account a side pressure
coefficient) are determined in the vertical cross-sec-
tion. Thus we obtain the boundary conditions for fur-
ther simulation.

4. Then, a 2D model is built in a horizontal
cross-section. Then, the directions of tectonic forc-
es are determined and hazardous zones are identified
taking into account the ratio of horizontal stresses
to vertical ones. The construction of the 2D model in
the horizontal cross-section is performed with the
assumption that the extracted coal seam dip angle,
height differences, local disturbances (seam crumple,
bifurcation, plicative dislocations) are not considered.
These seam features are taken into account in a more
detailed local forecasting.

5. Further, the probability density function of the
number of stress materializations depending on the set
of physical property variations in the system of set val-
ues “Deformation modulus — Poisson’s ratio” (200 sets)
is determined.

6. The behavior pattern of an intact coal seam is
calculated using the Lode-Nadai coefficient: genera-
lized tension, compression, and shear. The subsequent
selection of a coal face advance direction should be
based on the fact that generalized compression should
be observed in the potential locations of a coal face
construction. A significant part of mining areas meets
to generalized compression conditions [20].

7. After the analysis of stresses in an intact rock
mass the analysis of stresses in the mining-disturbed
rock mass is performed taking into account the mine
workings at changing directions of their axes in incre-
ments of 10°. The Lode-Nadai coefficient is also cal-
culated in this case in order to identify the pattern of
stress redistribution.

8.Then the safety criterion is determined. The
safety criterion value corresponding to the most fa-
vorable conditions is selected on the basis of compar-
ison of the data of seismic station and the specific po-
tential energy distribution. The value of factor of safety
is taken with the correction for a coal seam disturbance
due to formation of weakening zones (adjacent to mine
workings) and compared with the resulting stress co-
efficient. Stress coefficient is a value depending on the
stress gradient along the normal to a face line.
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Assumptions

Rationale for the first
assumption: the possibility
of not taking into account
the vertical component (5 %)

The second assumption:
coal seam dip angle

and height differences are
not taken into account

( Rock burst risk assessment

)

A 4

1) potential rock burst manifestation

location;

2) geological model of a deposit and

host rocks;
3) physical properties of rocks
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9.If the stress coefficient is less than 10, mining
is safer in terms of rock burst risk. If the criterion is
more than 10, it is recommended to develop additional
measures to ensure control and safety of mining.

The presented algorithm is universal for all mining
enterprises. Its application is possible at any mine or in
any design organization. Special software can be addi-
tionally used for its implementation. When using this
algorithm for the Komsomolskaya Mine conditions,
Plaxis and MathCad software was used.

Conclusion

The developed techniques for rock burst fore-
casting make it possible to take into account geolo-
gical faults outside a mine field and the effect of mine
workings with their mutual influence, as well as that
of a mined-out space.

To estimate the hazard of rock bursts, a crite-
rion, stress coefficient, was introduced. The crite-
rion is determined on the basis of comparison of
data from a seismic station and the ratio of the cal-
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culated specific potential activation energy to the
specific potential energy of gravity of the overlying
rocks. The forecast is carried out via estimating the
Lode-Nadai coefficient at different directions of coal
face advancing.

To implement the technique, an algorithm for
current regional rock burst forecasting at coal mines
has been developed and tested in the conditions of the
Komsomolskaya Mine.

The developed solutions make it possible to im-
prove mining safety.

According to this algorithm, which is based on
the developed technique of rock burst forecasting in
the conditions of the Komsomolskaya Mine, the safety
criterion value was determined to be 10. Besides, the
safest direction of a coal face advance to mitigate the
risks of rock burst was determined for this mine. The
direction between 138° and 128° counter-clockwise
from the North direction was identified to be the safest
for the Komsomolskaya mine conditions for any values
of deformation modulus and Poisson’s ratio.
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Controlling blast energy parameters
to ensure intensive open-pit rock fragmentation
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Abstract

Controlling blast action, in order to increase its energy efficiency in a production blasthole is quite an
important issue. This is because it enables the formation of broken rock mass with preset coarseness
parameters. Increasing the blast pressure and the time of the blast impact on a rock mass is traditionally
recommended as one of the ways to improve the blast action on the rock mass, thus reducing the oversize
yield in open pits. One device which enables this approach to a certain extent is a turbulator. The turbulator
is fabricated of aluminum plate twisted in a helical fashion around its longitudinal axis. It is mounted in
a production blasthole according to a specially designed scheme. The methodology developed to study the
stress and strain state of a rock mass when using a turbulator in a blasthole explosive charge allows the
size of radial fracture zone and the radius of rock fragmentation to be defined. A method was developed to
initiate blasthole charges in a pit blasting block. It includes drilling blastholes, filling them with explosive,
installing downhole blasting caps, and blasting using non-electric initiation system. A blasting block is
divided into two equal parts (sections), which in turn contain three series of blastholes for short-delay
blasting. Blasthole charges are initiated simultaneously in the two parts of the block based on a trapezoidal
blasting pattern, thus ensuring meeting detonation waves. In the first series, instantaneous blasting of
blastholes located on both ends of the blasting block and forming a trapezoid (in plan view) is carried
out. Then after 42 ms, the second series of blastholes (also forming a trapezoid) is detonated. After
another 42 ms, the remaining blastholes are detanoated along the perimeter of the blast block in the
third series. Implementation of this design with the effect of turbo-blasting for rock fragmentations by
blasthole charges at the Kalmakyr deposit of JSC “Almalyk Mining and Metallurgical Complex” has led
to the reduction of consumption of explosives, volume of drilling, secondary fragmentation costs, and
increased productivity of excavators and mining safety.

Keywords
mining, open pit, blasting, explosives, rock fragmentation, turbo-blast, turbulator, blasthole charges,
initiation, JSC “Almalyk Mining and Metallurgical Complex*, JSC “Navoi Mining and Metallurgical Complex”,
Uzbekistan
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AHHOTauunA

VipaBjieHue eiiCTBMEM B3pbIBA Ha OCHOBE IOBBINIEHMUS €r0 SHepreTuueckoii 3hdeKTUBHOCTY B TEXHO-
JIOTUYECKOI CKBaXKMHE SIBJIIETCSl aKTyaJIbHOWM 3a/aueil, Tak KaK MO3BOJIIeT ob6ecrneunTh GOpMUPOBAHNE
pa3pylIeHHO! TOPHOI Macchl ¢ 3aJJaHHBIMM TapaMeTpaMyu KpymHOCTUM. OOHUM U3 HampaBJIeHUIl MOBbI-
meHus 3G(GEeKTUBHOCTY B3PbIBHOTO BO3JEICTBUS HA TOPHYIO IMOPOAY U CHUKEHUS BbIXO[a HErabapuToB
Ha Kapbepax TPaAVIMOHHO PEKOMEH/IYEeTCsl yCUIeHe B3PbIBHOTO JTaBJIeHUS U YBeJIMUeHMe BpeMeH! BO3-
JeViCTBUS B3pbIBA Ha MAaCCUB TOPHBIX MOPoA. OOHUM U3 YCTPOIICTB, UCIIOIb30BaHME KOTOPOTO MO3BOJISIET
B OTIpe/IeJIEHHO CTeleH! peasn30BaTh ITOT MOAXO], IBJsEeTCS TypOynusaTop. TypOynn3aTop M3roTaBinBa-
10T 13 AJIIOMVHMEBOJ MJIaCTUHBI, CKPyUEHHO? BUHTOO6Pa3HO BOKPYT MPOAOIbHOI ocu. MOHTaX yCTpOJiCTBa
B B3PbIBHOI TEXHOJIOTMYECKOI CKBaXKMHE OCYILECTBJISIOT 10 CIel1aJbHO pa3paboTaHHOI cxeMe. Pa3pabo-
TaHHas METOAMKA UCC/IeN0BaHNS HATIPSIKEHHO-Ie(OpMUPOBAHHOTO COCTOSTHUS TOPHOTO MacCMBa MpU UC-
M0JIb30BaHMM KOHCTPYKIMM TypOy/In3aTopa B CKBaKMHHOM 3apsifie B3PbIBUATHIX BEIECTB IT03BOJIMIIA OIpe-
IeJTUTb pa3Mep 30HbI PAAMATbHBIX TPEUMH U paguyc OpobiaeHus TOPHBIX MOpoj. PekomMeHayeTcs criocob
VHUIMVPOBAHMS CKBaKMHHBIX 3aPSIIOB B3PhIBUATHIX BEIIECTB BO B3PHIBHOM 6JIOKe Kapbhepa, BKITIOUAKOII A
OGypeHre B3PbIBHBIX CKBa)KMH, 3aIMTOJIHEHME UX B3PbIBYATHIM BENI€CTBOM, YCTAHOBJIEHME BHYTPUCKBAKH-
HbIX KaTlCI0JIeii-IeTOHATOPOB 1 B3PbIBAHVE HEIIEKTPUUECKOI CUCTEMOI MHUIIMUPOBaHMS. B3pbIBHOI 610K
paspenseTcs Ha Be paBHbIE YaCTy, KOTOPbIE B CBOIO OUYEepeb COlepskaT TPU CePUM CKBAXKVMH JJIsT KOPOTKO-
3aMe/IJIEHHOTO B3PbIBaHMS. IHMIMMPOBaHME CKBaKMHHBIX 3aPSII0B ITPOU3BOAUTCS OMHOBPEMEHHO B IBYX
yacTsix 60Ka B BUE TparelnyeBUAHON CXeMbl B3PbIBaHUS C OOecrevyeHreM BCTPEUYM AeTOHALMOHHBIX
BOJIH. B mepBoii cepuu ¢ ABYX KOHIIOB B3PHIBHOTO 6/I0Ka IMPOM3BOAUTCS MIHOBEHHOE B3PbIBaHME CKBAKUH
B BUJe Tparneyuu. [lajee BO BTOPOii cepuy yepes 42 McC B3PbIBAIOTCS MTOCJIEAYIONIME€ CKBaKMHbBI TAK)KE B BUJIE
Tparnenuu. Eile yepe3 42 McC 10 IepUMETPY B3PbIBHOTO 6JI0KA B TPEThel Cepuu B3PbIBAIOTCS OCTaBIIMe-
Cs1 CKBaXKMHBI. BHepeHMe KOHCTPYKIMK C UCIOIb30BaHueM 3¢ deKkta TypOOB3pbIBaHUS MPU APOOGIEHUN
TOPHBIX TTOPOJ, CKBaKMHHBIMU 3apsiiaMu Ha MecTopokaeHun Kambmakbip AO «AJIMabIKCKUII TOPHO-Me-
TaJUTyprUYeCKMii KOMOMHAT» MTO3BOJIMIIO CHU3UTH ITOTPE6GHOCTD BO B3PhIBUATHIX MaTepuaaax U yMeHbIIUTb
06bEMBI OypeHMs, CHU3UTD 3aTpaThl HA BTOPUYHOE IPOOJEHNE, IOBBICUTh MPOU3BOAUTENBHOCTb PAGOTHI
9KCKaBaTOPOB U 6€30I1aCHOCTh TOPHBIX PABOT.

KnioueBble cnoea

Jo6bIya MOJIe3HbIX MCKOMAeMbIX, Kapbhep, B3PbIBHbIE PAaGOThI, B3pbIBUAThIE BENIECTBA, PA3PYIIEHME TOPHBIX
opoi, TypGOB3PbIB, TYPOYIMU3ATOP, CKBAKMHHbBIE 3apsiAbl, UHUIIMUPOBaHKe, AO «AJMaJIbIKCKUI TOPHO-Me-
Ta/uTypruvecknit kKomomHat», AO «HaBouiickuii TOpPHO-MeTa/uTypriuuecKuii KoOMOMHAT», Y306eKucTaH

®duHaHcupoBaHue
I/ICCJIE,ELOBaHI/Ie BBIIIOJITHEHO B paMKaX IIaHa IIPUKIAAHbIX HAaYUYHO-MCCIeO0BaTEIbCKUX pa60T HaBowuiicko-
To roCcygapCTBEHHOIO 'OPHOIO MHCTUTYTA HA TEMBbI: «Paspa60TKa TEXHOJIOTUAN 0TCTpOI71KI/I YCTOIZ‘JI/IBO-KOH-

CTPYKTUBHBIX 6OPTOB KapbepoB C yUETOM TEXHOJIOIMM BeleHUs 6YPOB3PbIBHBIX paboT» (mpoekT N2BB-A-
Tex-2018-37).
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Introduction

There are three main approaches to influencing
the mechanical effect and controlling rock fragmen-
tation, among known modern blasting optimization
techniques [1, 2]:

1) the development of a rational design of explo-
sive charge for effective rock mass fragmentation;

2) the observance of the principle of energy corre-
spondence between the energy expended on rock frag-
mentation and the energy concentrated in an explosive
charge unit;

3) the development of different blasting tech-
niques.

A review of the current condition of drilling and
blasting operations, taking into account the regulari-
ties of changing rock mass explosiveness [2-7], showed
that drilling and blasting performance in these condi-
tions can be improved. This can be achieved by defin-
ing the main regularities of the drilling and the effect
of blasting parameters on physical-and-mechanical
and mining properties of a rock mass, which change
with the development depth, and on rock mass frag-
mentation performance. Other important factors to
be defined include the justification of drilling and
blasting parameters when using explosives to pro-
vide increased blasting performance and safety; the
development of efficient blasting methods to improve
rock mass fragmentation quality; the development of
an integrated safety system for the production and
use of explosives, as well as the development of tech-
nical and process solutions aimed at controlling blast
action based on experimentally established physical
phenomenon of increasing its energy and impulse in
a blasthole.

At present time even the use of progressive
methods of drilling and blasting does not enable the
complete elimination of coarse fractions yield (over-
size), as evidenced by the experience of breaking hard
and very hard rocks in mining operations [8]. The
increase of oversize yield from 2.5 to 5 % was found
to lead to a reduction in excavator productivity by
20-30 %, while 20 % oversize yield reduces produc-
tivity 2.0-2.5 times [9-11]. Special attention should
thus be paid to the solution of problems of improving
rock mass fragmentation quality and ensuring de-
crease in oversize yield.

The traditional technique of blasting at deep
levels of open pits has run its course. Therefore,
more advanced methods need to be implemented, in
order to fully ensure the preset quality of rock mass
fragmentation. The current techniques for blasting
rock mass fragmentation do not provide uniform
fragmentation. This leads to a deterioration in rock
mass preparation quality and increases excavation
costs. When studying the processes of blasting rock
mass fragmentation with the use of blasthole ex-
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plosive charges, special attention needs to be paid
to the physical features of their fragmentation de-
pending on the specific structural and strength prop-
erties of a blasted rock mass. The use of turbo-blast
phenomenon is the most promising area in creating
methods of rock fragmentation with asymmetric spa-
tial distribution of blast energy and its maximum con-
centration depthward a rock mass to be fragmented.

1. Study of the effect of “turbo-blast”
in rock fragmentation
with blasthole explosive charges

In order to increase the efficiency of blast action
on a rock mass and reduce oversize yield in open pits,
it is recommended to increase the action pressure and
time by using a turbulator, the effect of which is de-
scribed in detail in [12]. A turbulator is designed to
increase the actual coefficient of utilization of the
potential energy of a commercial explosive column
charge. This is achieved by means of increasing the
rate of secondary chemical reactions of an explosive
afterburning in a blasthole after the detonation wave
passage, until the detonation products reach the free
surface.

The basic design of a turbulator is a plate made of
steel or aluminum sheet, twisted helically around its
longitudinal axis [12] (Fig. 1).

Fig. 1. Basic turbulator design [12]

Turbulator actuation by a detonation wave is pre-
sented in Figure 2 [12].

According to Fig. 2, in blasthole 1, detonation of
intermediate detonator 2 in explosive 4 forms deto-
nation wave 5 moving toward turbulator 6. The deto-
nation wave passing through the helical plate moves
further along the charge - 4.

The detonation wave passing along the turbulator
causes turbulization effect. Fig. 2, b shows the result-
ing pressure at the detonation wave front.

In the turbulator, the pressure and velocity head of
high-density detonation products moving behind the
wave front arise.
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The detonation wave is divided into force com-
ponents F, and F,, whereby the component F, creates
torque around the longitudinal axis of the turbulator,
imparting a rotational motion impulse. The compo-
nent F, imparts a translational motion impulse along
the blasthole to the turbulator. As a result, high-
speed rotational-translational motion begins as the
detonation wave passes through the turbulator along
blasthole 7.

The high-speed rotational-translational motion
causes axisymmetric 8 and longitudinal 9 vortex flows
of explosive gases in the blasthole. In front of the tur-
bulator, a gas compression zone arises (zone 10), and
behind it, a depression zone (zone 11) due to the in-
jection of explosive gases depthward the blasthole.
The vortex flows 9 tear off finely dispersed particles

Stemming
A

elSSN 2500-0632

https://mst.misis.ru/

Nasirov U. F. et al. Controlling blast energy parameters to ensure intensive open-pit rock fragmentation

(PM) of fragmented rock 17 from the blasthole wall
12 (Fig. 3). The flows are formed in zone 18 due to the
blast shattering effect. The PM (particulate matter)
concentration decreases towards the blasthole walls
and increases towards the blasthole axis. Further, the
explosive gases penetrate into the fractures in rock
mass 19 [12].

Let us consider the hydrodynamic theory of deto-
nation and shock wave propagation along a turbulator
according to the schematic shown in Fig. 4.

Let us assume the following parameters of the
medium in front of and behind the shock wave front:
pressure P,and P,, density p, and p,, and temperature
T, and T,. We will use the laws of conservation of mass,
momentum, and energy to find the relationship be-
tween these parameters.

'

Vortex flow zone

Fig. 2. Schematic of detonation wave action when using a turbulator [12]:

1 -blasthole; 2 - intermediate detonator; 3 — non-electric detonation system SINV; 4 — explosive charge column; 5 — detonation
wave; 6 — turbulator; 7 — high-speed translational-rotational motion of a turbulator along a blasthole; 8 — axisymmetric vortex flows
of explosive gases; 9 — longitudinal vortex flows of explosive gases; 10 — zone of gas compression; 11 — zone of gas depression; 12 —
blasthole wall; 13 — bow shock wave front; 14 — estimated position of the contact surface; 15 — design position of the return wave in
the DD; 16 - jets of detonation products penetrating the plasma
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Fig. 3. The process of explosive gas vortex flow formation in a blasthole when using a turbulator:
17 — rock PM; 18 - zone of blast shattering effect; 19 — rock mass fractures

Zone of wave passage

Vortex flow zone y  throughturbulator T - s H ________ B
S N
(/'(_F‘\ A0 A Q7 X /// D s
etonation . . .
{ %‘: \: ‘A// products Reaction zone Initial explosive
STYNN VY YN
> T e Tt

Fig. 4. Scheme of shock wave propagation along a turbulator

During time t the shock wave moves to distance
Ut, and the shock wave front moves to distance Dt. The
mass of the detonation wave compressed during this
time is p,(D - U)St, Before compression, the mass was
equal to the product p,DtS. From the law of conserva-
tion of mass,

p,DSt=p,(D -U)St, 1)

or
poD=p,(D -U), 2)

where p, is the detonation wave density before com-
pression, kg/m?; p, is the detonation wave density after
compression, kg/m?; D is the initial explosive detona-
tion velocity, m/s; U is the detonation velocity after
passing through a turbulator, m/s.

The change in the mass impulse is equal to the im-
pulse of the force acting on it:

(P, - P,)St=p,DStU, 3)

or
P - F,=p,DU, @

147

where P, is the initial pressure of gases inside a blast-
hole, MPa; P, is the pressure of gases inside a blasthole
after passing through a turbulator, MPa.

Since the process is considered adiabatic, the
change in the total energy of the detonation wave
mass p,DSt is equal to the sum of the work of external
forces and the energy after passing through a turbu-
lator, i.e.

p, DSt =PUSt+E +E,. (5)

Let us denote the internal energy of a unit of mass
of the detonation wave before and after compression
by ¢, and ¢, respectively, and the kinematic energy of
a unit of mass after compression by mU?/2.

Then:

2
p, DSt [el —e,+ %) =PSUt+E.+E,, (6
where E, is the rotary motion energy, J; E,, is the trans-

lational energy, J; S is the blasthole cross-sectional
area, m>.
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Let us define the mechanical stress on a blasthole
walls when using a turbulator according to the scheme
shown in Fig. 5.

We will define the detonation wave length and ro-
tation velocity by means of the following formulas:

AS = 0oR; (7
V= lmA_S—A_S'
TS0 At At ®)
d(aR) Rdo
:—:—:R
T a ®)

where AS is the detonation wave rotation length, m; o
is the turbulator rotation angle, deg; R is the turbula-
tor torsion radius, m; v is the detonation wave rotation
velocity, m/s; w is the rotation frequency, Hz; t is the
rotation time, s.

We will use a well-known formula for determining
kinetic energy, in order to determine rotational and
translational motion energies:

2
g -1
2

It follows from equations (8)-(10) that the rota-
tional velocity is equal to v = Rw. Given this expression,
we obtain the formula for determining rotational mo-
tion energy:

(10

2p2
E :M(DR ’ an
r 2
or
I 2
E =" (12)

where I - is the moment of inertia, kg-m?.
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In formula (12) we will take into account the moment
of inertia for a turbulator of length / and mass M, i.e. [13]:

[y
I :EMI . (13)
Hence the translational motion energy:
Mw’l*
tr = 24 * (14)

Substituting expressions (11) and (14) into equa-
tion (7), we obtain the equality of the law of conserva-
tion of mass:

Mol
24
The mechanical work of a blast in a blasthole when
using a turbulator is determined by the formula:
Mwo’R’ M ol
24

The mechanical stress on a blasthole walls is de-
fined as:

2 2p2
pODSt(s1 -€, +%] =P SUt + MO; R +

- (15)

A=PSUt+ (16)

F PS
O=—=—= P,
S-S 17)
where F is the effective force, N; S — the cross-sectional
area of a blasthole, m?; P — the mechanical pressure, MPa:

A
P=—1y),
AV (18)
where AV is the volume of rototraversingly moving
gases, m>:

AV =SAl=S(D-U)t, (19)
where Al is the length of rototraversingly moving
gases, m.

Fig. 5. Scheme for the calculation of mechanical stress on blasthole walls:
1 - blasthole; 2 - turbulator; 3 — detonation wave; R — turbulator torsion radius; o — turbulator rotation angle;
® — detonation wave rotation frequency; v — detonation wave rotation velocity; AS — detonation wave rotation length
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Substituting expressions (16), (17), and (19) into
(18), we obtain a formula for determining the me-
chanical stress on a blasthole walls when using a tur-
bulator:

M®*R? N Mo?*l?

PSUt
el 24 (20)

o= S(D-U)t

We have thus determined the mechanical stress on
a blasthole walls when using a turbulator. Implemen-
tation of the design with the effect of turbo-blasting
for rock fragmentations by blasthole charges reduces
the consumption of explosives, the volume of drilling,
the secondary fragmentation costs, and increases the
productivity of excavators and mining safety.

2. Determining the radial fracture zone size
when using a turbulator
in a blasthole explosive charge

On the basis of the theoretical assumptions
from [14-17] the effect of the physical and mecha-
nical properties of rocks and the explosives energy
characteristics on the size of the rock fragmentation
zone formed due to a blast when using a turbulator
in a blasthole explosive charge was investigated. The
mechanism of the fragmentation zone formation is
shown in Fig. 6.
1 Oy
v

Fig. 6. Mechanism of fragmentation zone formation:
o, — compressive stresses; o, — tensile stresses

The flow of expanding gases as a result of turbu-
lator action will move into fractures, thus promoting
their opening. The expanding gases flow speed is rath-
er high, and the gas in this case can reach the fracture
tip. Due to the fact that the gas flow in the fractures
is accompanied by hydrodynamic and thermal losses,
the pressure will begin to rapidly decrease, becoming
insufficient for further fracturing.

Thus, the size of the blast-caused radial fracturing
zone will depend on the pressure and strength of the
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blast detonation products and the elastic properties of
the rocks surrounding the charge.

Studies have shown that when using a turbulator
in a blasthole explosive charge, the fragmentation zone
size does not exceed 3-15 radiuses of the charge. In this
regard, the radius of the radial fracturing zone will also
depend on the explosive charge radius, the longitudinal
wave propagation velocity in a rock mass, and stress.

The radius of the radial fracturing zone is deter-
mined by means of the formula [13]:

Jr

r,=rnC ——,m, (21)
d 0~'p Sccomp

where r, is the radius of explosive charge, m; y the rock
density, kg/m?®; C, is the longitudinal wave velocity in
a rock mass, m/s; o, is the ultimate compression

strength of a rock, N/m?.
When using a turbulator in a blasthole explosive
charge, the longitudinal wave velocity in a rock mass is
determined taking into account the turbulator rotation

angle. Hence
C,=D-cosa, m/c, (22)

where D - is the velocity of detonation of an industrial
explosive, m/s; o — is the turbulator rotation angle, deg.

It was found that the longitudinal wave velocity in
the rock mass decreases with an increase in the tur-
bulator rotation angle. For instance, at the turbulator
rotation angle of 450, the longitudinal wave velocity in
the rock mass is 2,700 m/s.

It is recommended to determine the radial fractur-
ing zone radius when using a turbulator in a blasthole
explosive charge by means of the formula:

_0,2Dr,\Jy
rad — o

comp

where D the detonation velocity of industrial explo-
sive, m/s; r, is the radius of explosive charge, m; v is
the rock density, kg/m®; o,,,, is the rock compressive
strength, H/m?; o is the turbulator rotation angle, deg.

cosal, m, (23)

3. Study of rock fragmentation process
when using a turbulator
in a blasthole explosive charge

According to the energy principle of drilling and
blasting parameters calculation [17, 18], the quality of
fragmentation, all other things being equal, is condi-
tional on the explosive energy store in the rock mass
volume to be fragmented. However, the blast energy
can be used in different ways for rock fragmentation.
The quality of rock fragmentation has been established
to be dependent upon along with the explosive energy
store, a number of factors. The most important of these
are: rock mass fracturing; charge diameter; blasting
pattern; interval, and order; as well as the charge de-
sign and type of stemming.
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In view of the above, the dependence of the
change in the average diameter of a piece of blasted
rock mass d; on the specific explosive consumption
q (kg/m3 when using a turbulator can be expressed
as follows:

di = dO eXp(kexp.enqu)'

This formula allows for a dependence to be ob-
tained, in order to define the distance between rows
of blastholes and between blastholes in a row. This in
turn allows the rock fragmentation radius when using
a turbulator in a blasthole explosive charge to be deter-
mined, depending on the blasting conditions and the
required quality:

r _ plch M
crorad 1 d ) IV, (24)
mH ————1In-2
\/ : kexp.endo di

where p is the capacity of 1 I.m. of blasthole, m; [, is
the explosive charge length in a blasthole, m; m is the
separation factor of blasthole charges; H, is the bench
height, m; k., ., is the factor taking into account the
use of explosive energy for rock fragmentations at spe-
cific blast patterns; d, is the average diameter of rock
mass block on the basis of blockiness (jointing) degree,
mm; d; is the average diameter of a blasted piece of
rock, mm.

4. Development of a blasting rock mass
fragmentation method
with the use of a turbulator

A method of blasting rock mass fragmentation
with the use of a turbulator has been developed. The
method provides uniform and high-quality blasting
rock mass fragmentation, as well as increasing the
actual explosive charge potential energy efficiency
by means of changing the mechanism of its trans-
mission and increasing the fragmentation process
duration.

According to this method, an aluminum plate
2x20x180 mm is twisted in a helical manner around
the longitudinal axis by 360° (in a single turn). The
plate is mounted vertically in the center of a poly-
vinyl chloride tube 180 mm long and 100 mm in di-
ameter. Then the tube is sealed at both ends. This
creates a device referred to as a turbulator in an air
cavity (Fig. 7).

Then blastholes are drilled in the rock mass to be
blasted according to a blasting pattern. At the bottom
of each blasthole, an intermediate detonator is in-
stalled and a small amount of industrial explosive is
inserted to completely cover the intermediate detona-
tor (Fig. 8). Then a turbulator is placed into each blast-
hole and the blastholes are filled with the remaining
amount of the explosive, and blasthole stemming and
blasting is performed.
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Applying the method of blasting rock mass frag-
mentation with the use of a turbulator enables uniform
and high-quality blasting rock mass fragmentation. It
also increases the actual explosive charge potential en-
ergy efficiency by means of changing the mechanism
of its transmission and increasing the fragmentation
process duration.

N

180

100
Fig. 7. Design of a turbulator in an air cavity made
of PVC tube

Fig. 8. Design of a blasthole explosive charge
with a turbulator for rock mass fragmentation:
1 - blasthole; 2 — intermediate detonator;
3 - non-electric detonation system; 4 — industrial explosive;
5 — air cavity turbulator design; 6 — stemming
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5. Development of a method
of sectional blasthole initiation

A method of blasthole explosive charges initiation
in a blasting block has also been developed. This allows
for the duration, frequency, and orientation of blast
load application to be regulated. It also increases blast
energy utilization for rock fragmentation (Fig. 9).

This method provides for drilling rows of blast-
holes in a block to be blasted according to a blasting
pattern. The blastholes are filled with an industrial
explosive, and SINV non-electric detonation system
is used for the blasthole charge initiation. The blast-
ing block is divided into two equal parts (sections),
and these, in turn, into three series of short-delayed
blasting blastholes. The blasthole charges are initiated
simultaneously in the two sections of the block based
on a trapezoidal blasting pattern. This ensures that the
detonation waves meet when moving toward each oth-
er simultaneously and provides collision of broken rock
lumps. In the first series, the instantaneous blasting of
blastholes located at both ends of the blasting block
and forming a trapezoid (in plan view) is carried out.
Then, after 42 ms, the second series blastholes (also
forming a trapezoid) are blasted. In another 42 ms, the
remaining blastholes are blasted along the perimeter
of the blast block in the third series.

Applying this blasting method enables the effec-
tive utilization of blast energy and collision of moving
rock lumps. This increases the energy consumption in
rock fragmentation, provides preset fragmentation de-
gree and a quality of rock mass preparation for differ-
ent deposit development designs with minimal mate-
rial and power consumption.
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6. Industrial testing of the methods developed
in order to improve the quality
of rock mass fragmentation

In accordance with the “Program of research on re-
distribution of blast energy along the length of a blast-
hole charge when using the effect of turbo blasting”
at Kalmakyr deposit of JSC “Almalyk Mining and Met-
allurgical Complex”, pilot tests were carried out. They
used the new design of blasthole explosive charges
with the turbo blasting effect and the method of blast-
hole explosive charges initiation in a blasting block.

The blasting tests were performed at “Yoshlik-1”
open pit, located in the territory of Tashkent Region
of the Republic of Uzbekistan at a distance of 1 km to
the south of Almalyk city. The open pit produces cop-
per-molybdenum ores. The pit rock mass excavation
design capacity is 88.1 million m>.

The main ore-bearing rocks at “Yoshlik-1” are
syenite-diorite (58% of the estimated ore reserves), to
a lesser extent diorite (35%), and granodiorite-porphy-
1y (7%). The role of other rocks in the ore bodies’ loca-
tion is extremely insignificant.

General characteristics of the ores and rocks:

— Protodyakonov hardness index — 10-15;

— Bulk density:

e balance and off-balance ores — 2.6 t/m?;

e oxidized ore — 2.5 t/m3;

e rock — 2.44 t/m3;

- fragmentation index - 1.5;

— pit watering — 65-68%.

A SBSh-250MNA-32 drilling rig performed drilling
of blastholes under the Program. ANFO explosive was
used in blasting at the mine.

_J...\: H

Fig. 9. Blasting pattern in the method of sectional blasthole initiation:
I and II - the first and second sections of blasting block; I — the first blasting series with no delay;
2 - the second blasting series with delay of 42 ms; 3 - the third blasting series with delay of another 42 ms
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The parameters of the blasthole relieving (frag-
mentation) charges were calculated in accordance
with the “Regulatory Guide for Drilling and Blas-
ting” and “Technical Rules for Blasting on the Sur-
face” [17, 18].

The parameters for the drilling and blasting when
using the traditional and developed methods of blast-
ing rock fragmentation are given in Table 1.

Table 1
Drilling and blasting parameters when using

the traditional and developed methods
of blasting rock fragmentation

Item Value
Protodyakonov rock hardness index, f 10-14
Bench height, m 15
Drillhole depth, m 18
Drillhole diameter, mm 244.5
Blastholes spacing, m x m 7x7
Number of blastholes, pcs. 65
Weight of explosive in a blasthole, kg 588
Explosive type ANFO
Intermediate detonator type Almanit
Volume of blasted rock mass, m3 50,180
Explosive specific consumption, kg/m3 0.76
Drilling specific consumption, m/m? 0.0245
Drilling rig productivity, l.m./year 41,800
Quantity of intermediate detonators, pcs. 1

The method of blasting rock mass fragmentation
with use of a turbulator was applied, in order to in-
crease the efficiency of blast action on a rock mass and
decrease the oversize yield. The use of this charge de-
sign changed the energy transfer mechanism allowing
the fragmentation process time to be increased. The
fragmentation process is determined by a primary
compression wave and a system of subsequent stress
waves, providing more uniform and high-quality rock
mass fragmentation.

The scheme of sequential blasting of blasthole ex-
plosive charges with the use of a counter dynamic ef-
fect was industrially tested.

According to this scheme, 5 rows of blastholes
of 252 mm in diameter were drilled in a blasting block
at 5x5 m grid spacing by means of SBSh-250MN dril-
ling rig. At a bench height of 15 m, the blasthole
length was 17 m, the stemming length was taken
at 5 m, and the charge length was 12 m. The blast-
holes were filled with ANFO industrial explosive with
charge density of 0.85 g/cm?®. The mass of each blast-
hole charge was 618 kg.

Downhole blasting caps were installed at the
bottom of the blastholes (one blasthole — one blas-
ting cap). Delay intervals between the blasthole se-
ries were taken at 0.42 ms and 84 ms. The detona-
tion sequence was according to a trapezoidal scheme,
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ensuring the detonation waves meeting in the center
of the blasting block. The initiation of charges in the
SINV system was carried out by means of ED-8Zh
electrical blasting caps and the main wire of DShE-12
detonating cord. SINV-START served as the source of
the explosive pulse for the SINV non-electric detona-
tion system.

The blasting block was divided into two equal
sections, I and II with 15 blastholes in each section,
and these, in turn, into three series of short-delayed
blasting blastholes. Instantaneous blasting of blast-
holes forming a trapezoid (in plan view) was carried
out simultaneously in sections I and II from both
ends of the blasting block in the first series. Then, af-
ter 42 ms, the second series blastholes (also forming
a trapezoid) were blasted. After another 42 ms, the
remaining blastholes (the third series) were blasted
along the perimeter of the blast block.

The main parameters characterizing the blasting
results were the blasted rock mass PSD, and the over-
size yield. The results of industrial blastings by means
of the traditional (standard) and developed methods
are shown in Figs. 10 and 11.

After each blast the broken rock PSD was analyz-
ed while handling. Comparative PSD data for the tra-
ditional and developed methods are shown in Table 2
and Fig. 12.

Table 2
Comparative PSD data for the traditional
and developed methods of rock fragmentation

Linear size |Shares of fractions depending on the
of fractions d, method of rock fragmentation, %
mm traditional developed

0-300 20 61.3
301-400 11 12.1
401-500 10 11.2
501-600 16 10.5
601-700 11 2.3
701-800 12 1.6
801-900 11 1
901-1000 5 -

above 1000 4 -

The particle size distribution (PSD) analysis
showed that the method developed, when compared
to the traditional one, reduced the average lump size
by 43 % and the number of oversized lumps by 44 %.
Pilot tests showed that the method developed pro-
vides uniform rock fragmentation.

Thus, the design with the effect of turbo-blasting
in rock fragmentations by blasthole charges reduces
the consumption of explosives, the volume of drilling,
the costs for secondary fragmentation, while increas-
ing the productivity of excavators and mining safety.
Implementing the developed method of sequential
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Fig. 10. Results of industrial blasting by means of the traditional rock mass fragmentation method
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Fig. 12. PSD in the traditional (a) and developed (b) methods of rock fragmentation
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blasting of blasthole explosive charges with the use
of the counter dynamic effect enabled effective uti-
lization of blast energy and collision of moving rock
lumps. This increased the blast energy consumption in
rock fragmentation, and provided preset fragmenta-
tion degree and quality of rock mass preparation with
minimal material and power consumption.

Conclusions

1. One of the most important components in open-
pit mining of mineral deposits is blast action control.
This requires a proper understanding of the physical
mechanism of the blast effect on a rock mass to be
fragmented. Increasing the action pressure and time
by means of a turbulator is recommended, in order to
improve the efficiency of a blast action on a rock mass
and decrease the oversize yield in open pits. A turbu-
lator is designed to increase the actual coefficient of
utilization of the commercial explosive column charge
potential energy. This is achieved by increasing the
rate of secondary chemical reactions of the explosive
afterburning in a blasthole after the detonation wave
passage until the detonation products reach the free
surface.

2.The proposed mathematical model of blast
energy redistribution along the length of a blasthole
when using the effect of “turbo-blasting” shows how
the degree of blast action on a rock mass can be opti-
mized via redistribution of blast energy along the ex-
plosive charge length. The mechanical pressure on the
walls of a blasthole depends on the following factors:
the pressure behind the shock wave front; the blast-
hole cross-sectional area; the detonation velocity after
passage through a turbulator; the shock wave passage
time; the length and mass of the turbulator; the rota-
tion frequency; the turbulator torsion radius; and the
initial explosive detonation velocity.
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3. The physical and mechanical properties of the
rock and explosive energy characteristics have an ef-
fect on the size of the rock fragmentation zone formed
due to a blast, when using a turbulator in a blasthole
explosive charge. The size of the radial fracturing zone
formed during a blast depends on the pressure of the
blast detonation products and strength and elastic
properties of the rocks surrounding the charge. The ra-
dial fracture zone radius when using a turbulator in a
blasthole explosive charge varies in direct proportion
to the charge radius, the industrial explosive detona-
tion velocity, the blasted rock density, and the turbula-
tor rotation angle and is inversely proportional to the
rock ultimate compressive strength.

4. The method of blasting rock mass fragmenta-
tion with the use of a turbulator is recommended. The
method provides for the uniform and high-quality
blasting rock mass fragmentation, and also increases
the actual explosive charge potential energy efficien-
cy by changing the mechanism of its transmission, and
increasing the duration of the fragmentation process.
A method of blasthole explosive charges initiation in
a blasting block is also recommended. This allows the
duration, frequency, and orientation of blast load ap-
plication to be regulated and the blast energy utiliza-
tion for rock fragmentation to be increased.

5. Use of turbo-blasting for rock fragmentation by
blasthole charges and the method of blasthole explo-
sive charges initiation in a blasting block at the Kal-
makyr deposit of JSC "Almalyk Mining and Metallurgical
Complex" has reduced the consumption of explosives,
the volume of drilling, secondary fragmentation costs,
and increased the productivity of excavators and mi-
ning safety. The particle size distribution (PSD) analy-
sis shows that the methods developed, when compared
to traditional ones, reduced the average lump size by
43 % and the number of oversized lumps by 44 %.
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Assessment of mine water solid phase impact on section pumps performance
in the development of kimberlite ores
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Abstract

Despite innovations in ALROSA’s (PJSC) mining and processing complexes under the updated strategy
for economic development, practice shows that in recent few years the operating costs of the section
pumps at the Udachny underground mine’s main drainage have increased significantly. Such an increase
could be the result of a concentration of mechanical impurities in the mine water. This study is aimed
at the integrated assessment of the impact of mechanical impurities concentration in mine water on
the performance of the Udachny underground mine’s main drainage section pumps. It is also aimed at
studying the feasibility of sinking additional inclined clarifying working-reservoirs. The target goal was
achieved by means of visual, analytical, statistical, and other types of research in determining the impact
of the concentration of mechanical impurities in mine water on the performance indicators of section
pumps of the kimberlite mine’s underground drainage facilities. The integrated studies showed that the
concentration of mechanical impurities in mine water is the key factor in determining the overhaul life and
electricity demand of pumping equipment. The Udachny underground mine’s main drainage section pumps
overhaul life can be calculated as a linear function of their delivery rates at the moment of taking-down for
overhaul. This function is reliably described by empirical expression Q = -7.5X, + 326.67, where X; is the
averaged mechanical impurities concentration in the mine water. Calculations showed that reducing the
concentration of mechanical impurities in mine water from 17 to 4 g/l would decrease the annual operating
costs of the Udachny underground mine’s main drainage section pumps by 100 million rubles.

Keywords
diamond mining, underground mine, PJSC ALROSA, Udachny mine, mine drainage, section pumps, wear,
groove seals, mechanical impurities, operating efficiency
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OueHKa BNusHUA TBepAoK ¢a3bl LWaXTHbIX Bog Ha 3¢p(PeKTUBHOCTD
CEKLMOHHbIX HACOCOB NpU pa3paboTke MeCTOPOXXAEHUA KUM6EepPANTOBDbIX PYA
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AHHOTauus

HecmoTpst Ha IPUHSITbIE HOBOBBEIEHMS B TOPHO-000raTUTEIbHBIX KoMOUHaTax AK «AJIPOCA» (TTAO) B pam-
Kax 0GHOBJIEHHOJi CTPATErUy M0 IKOHOMUYECKOMY Pa3BUTHIO, IPAKTMUKA CBUIETENbCTBYET, UTO 32 TIOC/IEIHE
HEeCKOJIbKO JIeT CYIIeCTBeHHO BO3POC/IM 3aTPaThl Ha SKCINIyaTalMI0 CeKLIMOHHBIX HACOCOB ITIaBHOTO BOAOOT-
JIBa TMOJI3€MHOT'0 PYIHMKA «YIauHblii». TAKOMY POCTY 3aTpaT MOT CIIOCOOCTBOBATb 3aMETHBI POCT KOHIIEH-
Tpaluy MeXaHNUeCcKuX MpuUMeceii B MaxXTHBIX Bogax. Hacrosias paboTa mocBsiieHa KOMILIEKCHOM OIleHKe
BJMSIHUSI KOHIIEHTPAIMM MeXaHNYeCKUX MpUMeceil B IMAXTHBIX BOJAX Ha 3(deKTUBHOCTb CeKIMOHHBIX Ha-
COCOB IJIaBHOJ BOJOOT/IMBHONM YCTAHOBKU MOJ3€MHOI0 PYAHMKA «YOAUHBIN» IJI1 TEXHUKO-3KOHOMMUYECKOTO
000CHOBAHMST MTPOXOKY TOTIOTHUTETbHBIX HAKIIOHHBIX OCBET/ISIIOIIX pe3epByapoB. [locTaBieHHas 1e/b 10-
CTUTAeTCS IyTeM MPOBEeEeHMS] BU3YAIbHBIX, aHATUTUUECKUX, CTATUCTUUECKUX U APYTUX BUIOB MCCIeN0Ba-
HMI 10 YCTAHOBJIEHUIO CTeIIeHV BIAVSIHUSI KOHLEHTPaLl M MeXaHM4YeCKUX IpyMeceli B IaXTHBIX BOLAX Ha Psif,
9KCIUTyaTalMOHHBIX MTOKA3aTeseil CEeKIIMOHHBIX HACOCOB BOJOOTIMBHBIX XO3SI/ICTB MOJ3eMHBIX KMMOEPIUTO-
BBIX PYIHMUKOB. KOMIIZIEKCHBIMU MCC/IELOBAaHUSIMM LOKA3aHO, YTO KOHLIEHTPALMSI MeXaHMUeCKUX IpuMecei

© Ovchinnikov N. P, 2022
150


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2022-2-150-160
https://orcid.org/0000-0002-4355-5028
https://www.scopus.com/authid/detail.uri?authorId=57191629443
mailto:ovchinnlar1986@mail.ru
https://doi.org/10.17073/2500-0632-2022-2-150-160
https://doi.org/10.17073/2500-0632-2022-2-150-160
https://orcid.org/0000-0002-4355-5028
https://www.scopus.com/authid/detail.uri?authorId=57191629443
mailto:ovchinnlar1986@mail.ru

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2022;7(2):150-160

B IIAXTHBIX BOJAX SIBJISETCS] KJIIOUEBBIM (PAKTOPOM, OIPENesISIOIINM MeXPEMOHTHBIN Pecypc M 3IeKTPOIIo-
TpebeHne HaCOCHOTO 060pymoBaHMs. MeKpeMOHTHBIN Pecypc CeKLIMOHHBIX HACOCOB TVIABHOI BOMOOT/IVB-
HOJ1 YCTAHOBKM TOJI3€MHOTO PYIHMKA « YIAUHbI/» MOKET ObITh PACCUMTAH KaK JIMHeTHas GYHKUIMS VX TOJaun
Ha MOMEHT BbIBOJIa B KAlIMTA/IbHbIV PEMOHT, MU3MeHeHMe KOTOPOJ C BbICOKOI CTeNIeHbI0 JOCTOBEPHOCTU OIM-
CBIBAETCSI AMITMPUYUECKUM BbipakeHnem Q = -7,5X, + 326,67, rne X, — ycpeJHeHHAs! KOHLIEHTPAIMSI MeXaHuue-
CKUX TIpMMeceii B IIaXTHBIX BoJax. PacyeTHbIM IyTeM YCTaHOBJIEHO, YTO CHIDKeHME KOHILIeHTpalyuu MeXaHu-
YeCKMX IpUMecei B aXTHBIX BOAax € 17 7o 4 r//1 TO3BOMUT YMEHBIINUTD FOJJOBbIE 3aTPAThl HA SKCILUTyaTaLI0
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HaCOCHOTO 060PYIOBaHMS IJIABHOV BOJOOT/IVBHOM YCTAHOBKY PyAHMKA «YaauHblii» Ha 100 MiTH py6iieii.

KnioueBble cnoBa

JI06bIua a/iMa30B, IoA3eMHbIii pymHUK, AK «AJIPOCA» (ITAO), pyaHUK «YIauHbIii», BOOOOT/INB, CEKI[MOHHbIE
HAaCOChI, U3HOC, IeJIeBbIe YIUVIOTHEHNSI, MeXaHnUecKye nmpumecu, 3pGeKTMBHOCTb SKCILTyaTalluu

OAna uuTupoBaHus

Ovchinnikov N.P. Assessment of mine water solid phase impact on section pumps performance in the
development of kimberlite ores. Mining Science and Technology (Russia). 2022;7(2):150-160. https://doi.

org/10.17073/2500-0632-2022-2-150-160

Introduction

During the pandemic many domestic mining com-
panies faced sales problems.The above was also true
of ALROSA diamond-mining company (hereinafter
the Company), whose main production facilities are
located in the Mirny district, Western Yakutia. While
the demand for industrial and gem-quality diamonds
is decreasing, the Company is actively implementing
a variety of technological and technical solutions
aimed at reducing the costs of mining and processing
of rough diamonds as part of its updated economic de-
velopment strategy.

Innovations implemented at the mining and
processing divisions have had a positive effect on
the Company's financial position to a great extent.
However, at the same time the costs of certain mining
process stages continued to grow. The main drainage
of the Udachny underground mine is part of such spe-
cial cases in the mining process flow sheet.

A significant share of the costs of mine drain-
age pumping equipment (centrifugal section pumps)
operating is related to overhauls and electricity con-
sumption. Fig. 1 shows that over the past six years,
the costs in these items increased more than 2 times.

S, mln rub.

Thus, there is an urgent need to establish the reasons
for such growth of the costs.

The appreciable growth in the concentration of
mechanical impurities in mine waters promotes hydro-
abrasive wear of the liquid end parts, mainly the im-
peller groove seals (hereinafter groove seals). This can
lead to premature deterioration of the pumping equip-
ment performance [1, 2] and can considerably increase
the costs.

The adverse impact of abrasive fluid flow on
pumping equipment has been noted in historical
studies [3-5].

High concentration of mechanical impurities in
the pumped out mine water is caused by intensive pol-
lution of drainage routes, along which the mine water
moves from the mining levels to the sump galleries.

The main pollution sources are the rock mass,
spilled from the conveyors and thickened sludge-slur-
1y, spilled during its LHD hauling from sumps and clari-
fying working-reservoirs and hoisting to the surface.

At the same time, studies [6, 7] have shown that
section pumps often fail due to extensive cavitation
damage of the liquid end parts in the process of under-
ground mining.
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Fig. 1. The Udachny underground mine drainage pumping equipment operating costs by year
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Certain papers [8, 9] have demonstrated activa-
tion of adhesion wear of section pump casing and rotor
parts, typically if the maximum radial clearance in the
groove seals has been attained.

The mine water pumped out by the pumps is main-
ly characterized by high mineralization and pH in the
vicinity (above or below) of 7 [10].

In this connection, in the case of sufficient aggres-
siveness of mine water to metal, metal corrosion of the
section pump liquid end parts can occur [11].

The above-mentioned studies supported to the
conclusion that the decrease in the durability of the
pumps liquid end parts in underground mines and coal
mines was caused by complex multifactorial damage.
This was due to the complex impact on the metal of hy-
droabrasion, corrosion, cavitation, and adhesion types
of wear. The impact of each of these damaging process-
es depends on hydrogeological and mining conditions
of the specific developed mineral deposit.

The operation services of the enterprise aim to
achieve a considerable reduction of solids content
at the outlet of the drain sumps of the Udachny un-
derground mine’s main drainage (from 17 to 4 g/1).
A further aim is to achieve effective dewatering of
sludge-slurry deposits via sinking additional inclined
clarifying working-reservoirs with a total useful ca-
pacity of 7.500 m? (Fig. 2). However, the technical solu-
tions implementation bottleneck is due to very high
capital costs of about 340 million rubles.
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This study is aimed at the integrated assessment of
the impact of the concentration of mechanical impuri-
ties in mine water on the performance of the Udachny
underground mine main drainage section pumps, as
well as a feasibility study of sinking additional inclined
clarifying working-reservoirs.

The target goal was achieved by means of visual,
analytical, statistical, and other research methods to
determine the impact of mechanical impurities con-
centration in mine water on performance indicators of
section pumps of the Company’s underground mines.

The study subject was section pumps of drainage
facilities of the Company's underground mines.

Research techniques

The study of the Udachny underground mine’s main
drainage section pumps groove seal wear
(the JSH-200 and NTsS(K) 350-1100 pump models)
The findings of numerous examinations of the
worn-out groove seals showed that they were subject
to hydroabrasive wear. This was evidenced by the pe-
culiar waves on the outer surfaces of the impellers and
the inner surfaces of the sealing rings, caused by vor-
tex motion of the mine water polluted with mechanical
impurities (Fig. 3, a—c). The largest mechanical impu-
rities at an angle close to the normal, strike the metal
causing its deformation in the form of dents and swell-
ings. Smaller mechanical particles moving tangential-
ly, cut the metal layer and the formed swellings [12].

Fig. 2. Proposed main drainage system:
1 - clarifying working-reservoir #3; 2 — clarifying working-reservoir #4; 3 — drain sump #1; 4 — drain sump #2;
5 — design clarifying working-reservoir #5; 6 — design clarifying working-reservoir #6; 7 — bulkheads; 8 — slurry clarifier
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The greatest damage to the metal from contact
with mechanical impurities was observed in sites of
corrosion, developed on the surfaces of the groove seal
parts in the form of local spots (Fig. 4). The corrosion
film formed on the parts surfaces is very sensitive to
abrasion by mechanical impurities [13].

To a lesser extent, adhesive damage was observed
in the failed groove seals. This damage manifest-
ed itself in a decrease of the thickness of the impel-
lers collars and sealing rings partially or on the whole
surface due to the rubbing of parts against each other
(Fig. 5, a, b). This type of wear is a natural result of cri-
tical axial displacement of the rotor in the examined
section pumps. This can be caused by the uneven dis-
tribution of pressure in the side grooves of the sta-
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ges due to reaching the limit wear of the groove seals
in the hydroabrasive-corrosive working medium. It
should be noted that this type of mechanical wear in
the section pumps liquid end parts usually indicates
an emergency condition of the pumping equipment.

No cavitation wear of groove seals of the inspec-
ted pumps was observed. This is explained by their
operation with the suction line back pressure. The
back pressure ensures that the pump inlet pressure
is higher than atmospheric, thus hindering cavitation
phenomena development.

The visual inspections of the failed groove seals evi-
denced that hydroabrasive wear was the prevailing type
of their surface wear. This wear was more intensively
manifested at the spots of corrosion film formation.

Fig. 3. Hydroabrasive wear of the impeller groove seals:
a — impeller collars; b, ¢ — sealing rings
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Fig. 4. Corrosion film on the surface
of the worn impeller collar

Fig. 5. Adhesion wear of impeller grooves and disks

Study of wear of underground diamond mines’
section pumps

The overhaul periodicity of section pumps, de-
pending on the intensity of hydroabrasive-corrosion
wear of the groove seals surfaces for a given period of
time, is conditioned by the effect of the following in-
ternal and external environment factors:

® Factors responsible for the abrasive flow veloc-
ity: section pump nominal delivery X, and delivery head
X, electric motor nominal speed X, nominal diameter of
the impeller groove X,, nominal radial clearance in the
groove seals X.;

® Factors responsible for the physical-and-
mechanical characteristics of the mine water solid
phase: average concentration of mechanical impurities
X, nominal diameter of an abrasive particle X,, its
hardness X,, and density X,;

® Factors responsible for the mechanical
impurities abrasion resistance of the part surfaces:
metal nominal hardness X,,, averaged mineralization
X,,, and averaged mine water pH X ,.

The author selected the most significant
factors based on the theoretical principles of fluid
pumping, hydrogeological conditions of kimberlite
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ores underground development, and failures of the
examined section pumps.

X, and X, factors were selected from the first group
of factors for further study of the hydroabrasive-cor-
rosion wear. The selection of the X, factor was due
to the fact that it is the best-known parameter which
characterizes the kinematics of water movement in
a pump liquid end. In addition, in accordance with the
theory of hydrotransport, the factor can be considered
as a function of the design parameters of the pumps,
affecting the speed of the pumped flow, i.e., X;—X fac-
tors. It is for this reason that the above three factors
were not taken into account in the further research. X;
factor exclusion was also due to its value in most of the
section pumps in the Company’s underground mines
was the same, at rated 1.450 rpm.

X, factor selection was based on the findings of
the visual inspections of the pumps’ groove seals. The
visual inspections of the section pumps showed that in
most cases the hydroabrasive wear of groove seals of
the pump stages was almost the same. Theoretically the
mechanical impurities have the greatest adverse impact
on the parts of the initial stages due to their sharp an-
gular shape. This shape becomes more rounded as they
move from the first stage to the last. At the same time
the rounded solid particles (grains) in the final stages
move at greater fluid pressure compared to the sharp
grains in the initial stages. Thus, the impact on a metal
of arounded particle in the higher pressure zones should
be compared to its initial sharp shape impact.

From the second group of factors, only X, factor
was selected. With regard to the other physical and
mechanical characteristics of the solid phase in mine
water pumped from underground kimberlite mines
(the other factors of the group), their values are almost
the same. It is for this reason that these factors were
not considered in the further studies.

The liquid end parts of the section pumps opera-
ting in the Company's underground mines’ drainage
systems are mainly corrosion-resistant. Evidence of this
is their identical operating characteristics, including the
steel strength properties. For this reason X, factor was
excluded from consideration. Practice shows that mine
water pumped from underground diamond mines in
terms of its chemical activity to metal is either slightly
alkaline or slightly acid brine, depending on the specific
mine. Based on the above information, X;, and X, fac-
tors were selected from the third group of factors.

The performed review and analysis allowed stat-
ing the average overhaul life of section pumps T can be
represented as a function of the following five factors
selected:

T:f(X17X2’X6>X11’X12)' (1)

The impact of each of the selected factors was de-
termined by means of statistical research.
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Statistical studies
on the selected factors impact on the frequency
of section pumps overhauls

The statistical studies to assess the impact of the
selected factors on the T indicator were performed as
follows. The weighted average values of the parameters
(see formula (1)) were entered into MS Excel spread-
sheets, which subsequently formed the correlation
fields. Equations of linear regression and their confi-
dence parameters were determined by linear-trend ap-
proximation (Fig. 6, a—e). Then we checked the equa-
tions for adequacy on the basis of Fisher's ratio test
(F-test) at the confidence level g = 0.05 in the Data
Analysis software package.
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The confidence factors of the regression equations
obtained testified that the T value was mainly governed
by X, and X, factors. These correlation and regression
analysis findings are adequate, since the F-significance
parameter values in both cases amounted to 0.03. Thus,
the studies have confirmed the adverse impact of the
mine water solid phase on the frequency of overhaul life
of section pumps in the Company’s underground mines.

Although the values of the confidence factors of
the regression equations where X,, and X, factors are
function arguments are not very high, it is clear that
both these factors also have certain effects on the over-
haul life of the Company’s underground mines’ pum-
ping equipment.

T, hours T, hours
4500 4500
4000 y= —;22-9% 1>2(5+6§907.4 4000 | y= ;2%.9%3;(;31254
3500 | - e 3500 s
3000 | 3000
2500 | 2500 -
2000 2000
1500 1500+
1000 F 1000 -
500 500 }
O 1 1 O 1 1 1 1
280 330 380 430 50 300 550 800 1050
a X,, m%h b X, m
T, hours T, hours
4500 299.62x +4375.6 4300
4000 - S T e Y O 4000 L y=-5.5209x + 3802.6
3500 | R*=0.9478 R*=0.4811
3000 3500 -
2500 F 3000 -~~~
2000 2500 |- o —
1500 b
| 2000 | :'
500 - 1500 |
O 1 1 1 1000 1 1 1 1
1 3 5 7 9 100 150 200 250 300 350
C X6’ g/l d Xl’ g/l
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4500
y=519.89x - 1021.5
4000 - R*=0.5124
3500 |
3000 | = -
2500 | -
2000 | |, -
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1000 i i i i
5.5 6 6.5 7.5 8 8.5

Xs

Fig. 6. Average overhaul life of section pumps as a function of rated pump delivery (a), rated pressure head (b), averaged
concentration of mechanical impurities (c), averaged mineralization (d), and averaged mine water pH (e)
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It is interesting that the average overhaul life T,
of the section pumps, used in the main drainage sys-
tem of the Udachny underground mine, decreased to
1625 h, while X, factor increased more than two times
(from 7 to 17 g/1) (Fig. 7, a). At the same time, evalua-
tion by means of the formula obtained from the sta-
tistical research (see Fig. 6, ¢), at X, = 14 g/, gave the
projected overhaul life value below 200 hours (Fig. 7, b).

Due to such inconsistency in the results of the
studies, the author conducted additional research.

Reasons for the difference between the actual

and evaluated values of the average overhaul

life of pumping equipment depending on the
concentration of mechanical impurities in mine water

One of the criteria for the removal of a section
pump for overhaul is a considerable decrease of its
delivery rate (by 30% of the nominal value and more)
as a result of increasing the annular slot.

Evaluations (Fig. 8) using the technique described
in [14] showed that radial clearance (h) in the section
pump groove seals increased by more than 1 mm, their
lower limit at operating time ¢t of 2250 h, X, = 7 g/l;
at operating time t of 1750 h, X, = 9 g/; at operating
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O 1 1
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time t of 1000 h, X, = 16-17 g/1. It should be recalled
that the initial radial clearance in the groove seals of
the Udachny underground mine’s section pumps was
about 0.65 mm.

The difference between the actual and evaluated
values of the pumping equipment average overhaul life
proved to be particularly strong when X, = 16-17 g/1.

Thorough analysis of the Udachny underground
mine’s main drainage pumps operating practice showed
that the actual value of Tr parameter did not sufficient-
ly decrease at X, = 16—17 g/l when a pump was removed
for overhaul after reaching the lower delivery rate Q as
compared with the previous years (Fig. 9, a). Fig. 9, b
demonstrates that parameters Q and T, are strongly
correlated with each other, as indicated by the resulting
confidence factor.

The Company argued that the reduction of the
delivery rate Q in the period of 2019-2021 was due to
the need to prevent an excessive number of overhauls
of pumps in connection with significant increase in X
factor. The correlation and regression analysis showed
the strong correlation between the above-mentioned
parameters (Fig. 10).

, hours
1600
1400
1200
1000
800
600 |-
400
200 |

0 ! !
9 11 13 15

b X, g/l

Fig. 7. Comparison of actual (a) and evaluated (b) values of overhaul life depending on the concentration of mechanical
impurities in mine water
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Fig. 8. Radial clearance in groove seals depending on section pump running time
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Fig. 9. Time history of section pump average overhaul life and its delivery rate at the moment of pump taking-down
for overhaul by year (a) and dependence between these parameters (b)
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Fig. 10. Section pump delivery rate at the moment of taking-down it for overhaul as a function of averaged concentration
of mechanical impurities in mine water

Thus, the overhaul life of the main drainage’s sec-
tion pumps can be calculated as a linear function of
their delivery rates at the moment of removal for over-
haul. This function is confidently described by empiri-
cal expression Q = -7.5X, + 326.67.

Assessment of energy performance of section pumps
when pumping abrasive mine water flow

The laboratory research (Fig. 11, a) undertaken
according to the technique described in [15] showed
that power consumed by centrifugal one-stage pump
P decreases smoothly, at a rate of 13 %, with a consi-
derable decrease in pump delivery Q (by 26 %) due to
the liquid end parts wear. At the same time Fig. 11, b
demonstrates that such a decrease in the delivery rate
Q is accompanied by significant drop in the pressure
head H.

In turn, the section pump delivery rate drop by
20-23 % from its nominal value due to intensive wear
of groove seals leads to the drop of consumed power
by 6.5 % (Fig. 12, a). Such a smooth decrease of the

power consumed by the section pump at different de-
livery rates as compared with the single-stage pump
can be explained by the relative stability of the pres-
sure head value (997-1008 m). This is caused by the
low wear of impeller blades, responsible for the deve-
loped delivery rate and pressure, in connection with
small size of the pumped solid particles (Fig. 12, b).
The bulk of mechanical impurities (80-85 %) is repre-
sented by -0.05 mm size class.

According to [16] the quantity of mechanical im-
purities g, contacting with impeller blades of centrifu-
gal pump, directly depends on their size d:

8:0‘4[ 0.75 -
1+0.35- Pt 2 &)
Ap d

where p,,; — is density of the mechanical impurities,
Ap - is difference of densities of the mechanical im-
purities and pure water, D — is impeller diameter, d — is
size of solid particle.
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In other words, the smallest solid particles are
carried away by mine water flow, and do not comeinto
contact with impeller blades.

Thus, the pumping of mine water by means of
section pumps with worn-out groove seals takes con-
siderably more time when compared with a new or
overhauled pump, while its consumed power decreases
only slightly. This ultimately leads to significant total
increase in power consumption. All this testifies to in-
expediency of long-term operation of section pumps
at low delivery rates in terms of energy performance.
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1.0}

0.9 1 1
1.1 1.3 1.5 1.7

Q, m*%h

a

elSSN 2500-0632

https://mst.misis.ru/

Ovchinnikov N. P Assessment of mine water solid phase impact on section pumps performance...

Findings Discussion

Our research confirmed the adverse impact of in-
tense hydroabrasive wear on the groove seals upon the
performance of the section pumps. Fig. 13 shows that
the impact of X, factor on the total costs in the main
cost items S (overhaul and consumed power costs) of
the section pumps of the drainage facility can be confi-
dently described by the following empirical expression:
S=7.6835X, +49.577. This expression shows that a re-
duction in the concentration of mechanical impurities
in mine water from 17 to 4 g/l leads to a reduction in

H,m
22.0
21.5
21.0
20.5
20.0
19.5

19.0 ] ]
1.1 1.3 1.5 1.7

b

Fig. 11. Consumed power (a) and pressure head (b) as a functions of a single-stage pump delivery rate
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Fig. 12. Consumed power (a) and pressure head (b) as a functions of a section pump delivery rate
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Fig. 13. Total pumping equipment overhaul costs and power consumption as the functions of averaged concentration
of mechanical impurities in mine water
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the annual operating cost of the Udachny mine’s main
drainage pumps by 100 million rubles.

Taking into account the expected economic effect
of reducing solid phase concentration in mine waters,
the capital investments of 340 mln rubles in sinking
two design clarifying working-reservoirs will be repaid
for less than 3.5 years.

Conclusion

In view of the above the following key conclusions
were drawn:

1. The overhaul life of the Udachny underground
mine’s main drainage section pumps can be evaluat-
ed as a linear function of their delivery rates at the
moment of their removal for overhaul. This function
can be reliably described by the empirical expression
Q=-7.5X,+326.67,where X, is the averaged mechani-
cal impurities concentration in the mine water.
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2.Reducing the section pump delivery rate by
20-23 % of its nominal value due to intensive wear
of groove seals leads to a drop in consumed power
by 6.5 %. The smooth decrease in power consumed
by the section pump different delivery rates is due
to the relative stability of the pressure head value
(997-1008 m). This is caused by low wear of impeller
blades due to small size of the bulk of pumped solid
particles (-0.05 mm size class).

3. The evaluation showed that a reduction in the
concentration of mechanical impurities in mine wa-
ter from 17 to 4 g/l leads to a reduction in the annual
operating costs of the Udachny underground mine’s
main drainage section pumps by 100 million ru-
bles. Thus, the payback period for sinking two design
clarifying working-reservoirs aimed at achieving a sig-
nificant reduction in solid phase concentration in mine
waters will be less than 3.5 years.
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Simulation of loads on operating device of peat-cutting unit
with regard to errors in the cutting elements arrangement
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Abstract

The practice of using units with milling-type operating devices showed their insufficient reliability, which
leads to deterioration of the units’ performance. The reasons for this are high dynamic loads in structural
members, which are caused by external resistance forces on a milling cutter. They have random, sharply variable
nature due to structural heterogeneity of a peat deposit, its random physical and mechanical properties, the
presence of wood inclusions in it, as well as periodic interaction of blades with the deposit, and many other
factors. In this case, the parameters of actual milling cutter, due to manufacturing and installation errors,
differ from those specified in the “ideal” design. In addition, wear and irreversible deformations of cutting
elements (blades) occur during operation. As a result the position of blades in a cutter body differs from the
“ideal” positioning pattern. The purpose of the paper is to develop a model of section moment on a milling
cutter when interacting with a peat deposit in the process of technological operations, taking into account the
influence of the error of blade positioning on a cutter body. Expressions for calculating the moment spectral
density were obtained. Its characteristic features were analyzed. Errors in positioning of cutting elements on
a cutter body lead to changes in the magnitude and nature of the load and its frequency content. In this case,
new, additional components appear at frequencies multiple of the cutter’s angular velocity, enriching the load
spectrum and increasing its variance. Their magnitude is determined by the cumulative value of the errors. As
an example, an analysis of the influence of the error in positioning cutting elements on the spectral density
for the operating device of MTP-42 deep milling machine is given. The study results are of practical value and
should be taken into account in the calculation of dynamic loads in designing structural members of milling
units, especially if their operating devices have a large number of blades, use fine feeds, and when the natural
frequencies of the structural members are equal to or multiple of the angular speed of a milling cutter.

Keywords

peat milling unit, milling cutter, blade positioning errors, probabilistic load model, section moment,
spectral density

For citation

Fomin K.V. Simulation of loads on operating device of peat-cutting unit with regard to errors in the
cutting elements arrangement. Mining Science and Technology (Russia). 2022;7(2):161-169. https://doi.
org/10.17073/2500-0632-2022-2-161-169

FOPHbIE MALUMUHDbI, TPAHCINOPT U MALLMHOCTPOEHUE

Hay4Hasa cTaTbs

MopgenupoBaHue Harpy3oK Ha pabouem opraHe TopgsHoro ¢)pesepyioLLero arperara
C yYeTOM MOrpeLlHOCTU PaCCTaHOBKU PEXXYLLLUX 3JIEMEHTOB

K.B. ®omun <
Teepckoli zocydapcmeeHHblll mexHuueckuti yHusepcumem, 2. Teeps, Poccutickas @edepayus
D4 fomin_tver@mail.ru

AHHOTauunA

[TpakTMKa MCIOIb30BAHNST MAIIMH C UCIIOTHUTEIbHBIMIM OpraHaMy (pe3epHOro THUIIa ITOKa3bIBaeT UX HeIo-
CTAaTOUHYIO HaIEXKHOCTb, YTO IIPUBOAUT K YXYALUIEHNUIO TeXHUKO-9KOHOMMUUECKMX XapaKTepUCTUK arperaTos.
[TpUYMHOI 3TOTO SIBJISTIOTCSI BHICOKME TMHAMMYECKIME HATPY3KM B 3JIeMEHTaX KOHCTPYKIVM, KOTOpbIe BO3HU-
KaloT B pe3y/bTaTe AeiCTBUSI CWJI BHEIIHETO COMPOTHBIeHMs Ha dpese. OHM UMEIOT CTyUaifHbIl, pe3Ko Ie-
PEeMeHHBIIi XapaKTep, KOTOPBIi BbI3BAH CTPYKTYPHOI HEOMHOPOIHOCThIO TOPQSIHOM 3aI€KM, ee CAyJaliHbIMU
(busMKo-MexaHMUeCKMMM CBOCTBAMM, HAJIMUMEM B Hell IpeBECHBIX BKIIOUEHMI, a TAKKe TePUOANIECKIM
B3aMMOJIEIICTBMEM HOXEN C 3aJIeXKbl0 ¥ MHOTMMU Ipyrumu (akropamu. [Ipu 5TOM mapamMeTpbl peanbHOI
KOHCTPYKIIMY (Ppe3bl BBUIY ITOTPENTHOCTEN M3TOTOBIEHMS M COOPKM OTIMYAIOTCS OT 3aJaHHBIX ITPU ITPOEKTH-
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poBaHun. Kpome Toro, B Ipoliecce SKCIUTyaTalluy IMPOVICXOIST M3HOC U Heo6paTumble gedopMainm PEKyInX
3JIEMEHTOB. DTO MIPUBOAUT K TOMY, UTO HOKXY PACIIOJIOKEHBI C HEKOTOPBIM HEOOJBIINM CIBUTOM Ha KOPITyCe
(pe3bl OTHOCUTENBHO «M[ealbHOI» CXeMbl pa3Melnenus. Lleb cTaTby 3aKi0vaeTcsl B pa3paboTke MOJen
MOMEHTa COTIPOTUBJIEHMS Ha (ppe3e TIpu B3aMMOJECTBUYM C TOPGDSIHOI 3a/IeKbI0 B IMPOIECCe BbITIOTHEHUS
TeXHOJIOTMYEeCKO oTiepari, yauThlBaloleli BAUSHIME TOTPeITHOCTY PACCTAHOBKY HOKelt Ha KopItyce dhpe3sl.
[MToryyeHbI BeIpaXkeHMsI IJ1S1 pacueTa CIIeKTpaabHONM IVIOTHOCTM MOMeHTa. [IpoaHam3mMpoBaHbl €ro Xxapakrep-
Hble 0co6eHHOCTH. OMMOKM pa3MeleHusT PeXYIMX IeMeHTOB Ha Kopiyce Gppe3bl MPUBOISIT K M3MEHEHNIO
BeJIMUMHBI ¥ XapaKTepa HarpysKy, ee 4aCTOTHOI'O COCTaBa. IIpy 5TOM MOSB/ISAIOTCS HOBbIE, TOIIOJIHUTEIbHbIe
COCTABJISIIOIIVE HA YaCTOTaxX, KPATHBIX YIIOBOI CKOPOCTH (Ppe3bl, 0b6oramiast CrieKTp Harpy3Ku, yBeJIMUMBasi ee
gucrepcuio. VX BelMnuMHa OnpeenseTcsi CyMMapHbIM 3HAUeHVeM OlMO0K. B KauecTBe mpumepa JaH aHaIu3
BJIMSIHUSI TIOTPEIIHOCTM PACIIONOKEHUST PEeXYIIUX 37IEMEHTOB Ha CIEKTPaabHYIO IJIOTHOCTb [JIS UCIIOMHU-
TeJIbHOTO OpraHa MalIiHbI ITyO0KOro (ppesepoBanys Tuna MTII-42. Pe3yabTaThl MCCI€NOBaHMS MMEIOT ITpaK-
TUUECKYIO IIeHHOCTb U JO/IKHBI YUUTHIBATHCS IPU pacueTe AMHAMUUECKMX HATPY30K B 37ieMeHTax KOHCTPYK-
1y Gpe3epyrolmx arperaToB Ipy UX IMIPOEKTUPOBAHMM, OCOOEHHO eI paboure OpraHbl MMEIOT O0JIbIIoe
KOJIMYECTBO Pe3I0B, UCIOIb3YIOT Majible MTOJAUM M KOTa COOCTBEHHBIE YaCTOThI 3/IEMEHTOB KOHCTPYKLIVM
arperaTa paBHbBI WIK KPAaTHBI YIJIOBOI CKOPOCTU (ppe3bl.

KnioueBble cnoea
TopdsiHON (pesepyrommmii arperat, ¢ppesa, OmMOKM PaCCTAHOBKYM HOXEJi, BEPOSITHOCTHASI MOZeJIb HaTrPy3Ku,
MOMEHT COIIPOTUBJIEHMS, CIIEKTpa/JIbHAaA IIJIOTHOCTb

Ansa yuTupoBaHusa
Fomin K.V. Simulation of loads on operating device of peat-cutting unit with regard to errors in the
cutting elements arrangement. Mining Science and Technology (Russia). 2022;7(2):161-169. https://doi.

elSSN 2500-0632

https://mst.misis.ru/

Fomin K. V. Simulation of loads on operating device of peat-cutting unit...

org/10.17073/2500-0632-2022-2-161-169

Introduction

The use of milling units in peat industry allows
increasing productivity and improving the quality of
process operations and provides the possibility of their
integrated mechanization [1-3].

The practice of using machines with milling type
executive bodies showed their insufficient reliability
[4, 5]. The reasons for this are high dynamic loads in
the structural elements, which result from the action
of external resistance forces on a milling cutter [5].
They have random, sharply variable nature [5] due to
structural heterogeneity of a peat deposit [6, 7], its ran-
dom physical and mechanical properties, the presence
of wood inclusions in it [5-7], as well as periodic in-
teraction of blades with the deposit, and many other
factors [5].

At present, to calculate loads on operating de-
vices, simulation modelling methods using computer
technology are used (N.M. Karavaeva, O.A. Golovnina,
V.F. Sinitsyn, F.A. Shestachenko) [5]. They are univer-
sal, but time-consuming in solving these problems.

The application of experimental methods by
means of strain-measuring facilities [8] makes it pos-
sible to obtain information about forces and moments
and their probabilistic characteristics. However, they
are labor-intensive, expensive, and provide informa-
tion about the load only for a given milling unit in spe-
cific operating conditions.

In [5, 9], analytical methods of investigating
loading moments on milling-type operating devices
were developed. Models of force factors in their in-
teraction with a peat deposit were proposed. Expres-
sions for calculating spectral densities were deve-
loped. They take into account the design of a milling

cutter, the unit operating modes and the physical and
mechanical properties of peat. In [10], approaches for
determining mutual spectral moment densities for
milling units with several operating devices are con-
sidered.

In this case, all the dependences were obtained
for an “ideal” operating device, when cutting elements
(blades) are positioned in the specified points on the
milling body in line with design documentation.

It should be taken into account that the parame-
ters of an actual operating device differ from the de-
sign ones due to assembly and manufacturing errors
[11, 12]. As a result the position of blades in a cut-
ter body differs from the “ideal” positioning pattern.
In addition, wear and irreversible deformations, and
even destruction of the cutting elements occur during
operation. In this regard, cutting angles, the shape of
cutters, their height, the position of cutting edges,
and the kinematic characteristics of cutting change
[11-13]. This all, in fact, changes both the arrange-
ment of cutting elements (blades) and the conditions
of blades interaction with a peat deposit. This cau-
ses changes in the magnitudes, nature and frequency
properties of the force factors on an operating device
and affects the formation of loads in the unit struc-
tural members.

Research objectives
The purpose of the paper is to develop models of
the formation of loads on an operating device when
milling a peat deposit taking into account the influence
of errors in blade arrangement on a cutter body and
expressions for calculating the moment spectral
density.
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Research materials,
models and methods

The random nature of the section moment ari-
sing on an operating device in the process of opera-
tion requires the use of approaches of statistical dy-
namics of mechanical systems [14-16] for analyzing
loading of a milling unit and calculating its reliability
indicators [16, 17].

The experience of their use in solving similar
problems in mining industry [18-20] allows consi-
dering one-dimensional and two-dimensional chara-
cteristics of loads only when using both analytical
and numerical methods [21, 22].

As a rule, probabilistic characteristics of forces
and moments, such as mathematical expectation, dis-
persion and spectral density, are considered [20, 22].

Let us consider a milling cutter with working
width B, radius R, rmilling depth H,, horizontal
rotation axis with M cutting planes and K blades
in plane.

Position of blades on a milling cutter body is
determined by the angles between the reference
point and blades in the m-th cutting plane ¢,, (an
“ideal” operating device) and the angles between
neighboring blades in a plane ¢, (in case of uniform
arrangement). We will take into account that each
cutting element (blade) can be shifted by the value
of the error determined by the angle §,, relative to
the “ideal” arrangement of blades (Fig. 1). When
a blade is shifted in the direction of blade movement,
the magnitude of error has “plus” sign, while in the
opposite direction, “minus” sign.

Actual position

ot
w
‘ﬁ
i ’—'7\\\\‘\\
> - P
> %
5
0 &~
o @ S
df \
S
o
\ - 3 il //

“Ideal” position

Fig. 1. Error in blades positioning by angle
in m-th cutting plane
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If a unit depth of milling, operation modes and
physical and mechanical characteristics of a peat de-
posit change rather smoothly during several revolu-
tions of an operating device, so that within one revo-
lution they can be considered to be constant [5, 9],
the section moment is described by the following
expression:

M@®) =SS M, (t-t,-nT,;P,), (1)

m=1 n=—co

where M,,(t; P,,,) — is moment on blades of the m-th
cutting plane during one revolution of the operating
device; t,, — is time interval between the reference point
and the load in the m-th cutting plane t,, = ¢,, / ®q;
T, — is duration of one revolution Ty, = 21 / ©, Where
e — is angular velocity of the milling cutter; P,,, — is
random parameters of pulses at the n-th revolution
of the operating device in the m-th cutting plane.

Expression (1) can be used to describe the section
moment both for an “ideal” operating device and an
actual one (taking into account errors of blade posi-
tioning on the cutter body). The values of M, (t; P,..)
will be different in this case.

The amplitude value of the section moment is
proportional to the feed [2], the value of which for the
“ideal operating device” is ¢ = W/ o4, and taking into
account the blade arrangement error:
+AS,,

)

¢ =Wl
[

W,

where W - is speed of advance of a milling unit; @sz, —
is angle between the blades in the cutting plane (more
precisely between the cutting edges), taking into ac-
count the error of their positioning on the milling cut-
ter body (Fig. 1); A8, = 8, — Oy, -1 — is the difference
between the errors for the adjacent blades in the m-th
plane (if k=1, then k- 1 corresponds to K).

Correspondingly, for the moment in the m-th cut-
ting plane within one revolution, taking into account
the errors of the blades arrangement, the expression
takes the following form:

K
M, ;P)= Y 9 Ayt 1T iP T

k=1 (PT
where M(t; P) — is the change of section moment on
a blade within the angle of contact with a deposit; T =
¢r/ 0y — is the period of repetition of the interaction
of blades in the cutting plane with a deposit; 7, = 8, /
gy — is pulse time delay caused by the error of the k-th
blade position in the m-th cutting plane.

Moment (1) is a random function. Its spectral den-
sity depends on a milling cutter design, the unit opera-
tion modes, the milling depth, which is determined by
the terrain and the type of the cutter suspension, the
oscillations caused by cutting forces and their imbal-
ance, physical and mechanical properties of the peat
deposit and their probabilistic characteristics [5, 9].
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The spectral density of the process (1) can be de-
termined from the following relation [23, 24]:
S(w)=1lim

where N - is number of pulses; T is repetition period;
m{} - is averaging sign; Z®(jo) - spectrum of the
k-th implementation of the process (we omit index k
hereafter); m is mean value of the process; §(w) — is
delta-function (Dirac function) [24].

Squared absolute value of the section moment
spectrum (1) containing (2N + 1) pulses is:

1z, (ju))|2 =

.3
=
H
Z
F
2

Ot +Ad k(pT+A6

o 3)
X exp{—imﬂ(cpm - %)} exp{—i mﬂ(k - S)%}X

D ]

X exp{—jg(Smk —8,5)}exp{—j£2n(n - i)},
O‘)d) O)CD
where the asterisk denotes complex conjugate value;
Sy(; wg; P) — is spectrum M (t; P):
0 /00
S,(jo;0,;P) = f M, (t; P)exp(—jot)dt,
0

where ¢, — is the angle of blade contact with peat
deposit.

Substituting (3) into (2), considering stationa-
rity of the unit operating conditions (the probabilis-
tic characteristics of parameters depend on the mu-
tual arrangement of pulses only p = n — i), using the
approaches presented in [5, 9], we obtained an ex-
pression for single-sided spectral density of section
moment taking into account the errors of cutting
element positioning on a cutter body at fixed angular
speed og:

o'F
S(o; w@)=%{22{% D ZA (@; 0g)—

q=1

2 M
__z TE@ 0) | ) 3 A, (0; 0,)FH0; 0,)+
ql aP n qm:l
Dqu

Xzzexpl l—(tpm (P,)}Am,(w; %)034,25(0)4%)}

& | I°F(0; 0,)
{F(m m Hz%{—apj

m=1 [=1

where the following notations are introduced:

F(0; 04) =[S,(0; ©4;P,,,..-P,

@27 Imn* Qmn )

b
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FZ((’O’ 0‘)@) = SO(O‘)’ w(D’len Qmn )S ((‘0 O‘)tb’ 1 Oh)’

K K
A (@ 0,)= zz(p +A6mk (pT+A6
k=1 s=1
xexp{ -0 s)}e { J—(k S)(PT},
K K
A (05 0,)= z @, +AS,, (pT+A6
k=1 s=1 Or Or

xXexp |:_]_(6mk _815 )j| eXp|:_j_(k - 5)(pTi|;

('0(1) O)CD
Q,, Q, — number of parameters for F,(w; oy; P) and
Fy(0; og; P), respectively; D, - is parameters disper-
sions; ¥(w; wy) — is correlational relationship func-
tion, taking into account correlations between uni-
form and different parameters of load pulses, varying
both in the direction of unit motion and in a direction
transverse to it:

(o w¢)=2{

a<g

0’F (0; 0,)
dP, 0P,

ZquAm(co W, )+

ml

qumlAml(m; ®,)+

.M
XP[—J(D—(% -0,

I’F(0; 0,) | &L =
+22|:3P oP ] ZzAml(m; w¢)p2:14qumlpx

<& qmn~" glin—p m=1 1=1

SRl
xexp| —j—(¢, —¢,) [cos| —2mp |,

(DCD (Dq)
where m, — are mathematical expectations of the pulse
parameters: K., K1, Ky, — correlation and cross-
correlation moments of the parameters.

In the case of the parameters stationarity and
smoothness of changes, the correlation and cross-cor-
relation moments K, and K,,,, are determined by cor-
relation functions of peat characteristics and working
conditions (peat strength, density, and milling depth)

in the moments of interaction of blades with the peat:
quml = Kquy [(m - l)h];

qumlp = Kquxy [Cp;(m - I)h]’

where Kp(y) — are correlation and cross-correlation
functions of changes in the characteristics of peat de-
posit in a direction transverse to the unit movement;
Kpgsiy(X, y) — are correlation functions of random pa-
rameters, taking into account spatial variability of
characteristics (both in the direction of movement and
in a direction transverse to it); x and y are point coor-
dinates for the corresponding parameters; m, [ - num-
bers of the corresponding cutting planes; h — distance
between cutting planes.

Thus, for a milling cutter that has errors in the
blade arrangement on the cutter body, new compo-
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nents of the section moment that are multiples of the
angular velocity of the cutter rotation arise. While,
for the “ideal” operating device, there are loads in the
spectrum that are multiples of the recurrence period of
the cutting elements interaction with peat deposit [9].

The findings of experimental study [5] confirm
such qualitative description of the influence of the er-
ror in blades positioning on the cutter body on the fre-
quency composition of resistance forces.

In the process of operation, as a result of the action
of a random section moment on the operating device, a
random change in the cutter’s angular velocity occurs.
Taking this factor into account, spectral density can be
described as follows:

Sy(w)= ]i S(w; 0, )W(w,)do,,

where W(wgy) — is o4 distribution density.
Given that [23, 24]:

T f(x)d(cx —x,)dx = lf % ,
) 4
for S,,(w) we get:

4
SM(O)):T—X

D

Q M Q M
X |:%z Z qum((l))Dq - z Z Gqu((’O)Dq + G3 (0)7 (O ) +

q=1 m=1 q=1 m=1

1205 4)
+Z[F(r m,)+= 2{%} Dqu

(2]

We introduced the following notations in expres-
sion (4):

<33 exp[-ir(0, ~0)]Au 1S -

m=1 I=1

T, —— 21 ;

J o,W(w,)do,

2| 0*F (w;
qum((’)) = j|: 1(601‘;’2 (0<1>)

oo q

2| 9°F(w; )
G (@)= J{T
q

—co

] A (0; 0y )W (00, )do,;

1 A, (0; 0y )W (00, )do,;

G (0)= ]i Y(®; 0, WV (0g,)d0,,.

With no errors in positioning cutting elements, i.e.
for an “ideal” operating device, taking into account the
random change of the cutter angular velocity, we ob-
tain the dependence for the moment spectral density,
which is presented in [5, 9].

Expressions (4) give the possibility, at the stage
of designing, to assess the influence of errors of cut-
ting elements positioning on the cutter body on the
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moment spectral density. It presents the input data
for analysis of dynamic loads in structural members
of a milling unit [5, 14], calculation of reliability in-
dicators [16, 17], and selection of optimal operating
parameters and modes.

Analysis of research findings

As an example, let us consider the effect of blade
positioning errors on the characteristics of the mo-
ment on executive body of a MTP-42 deep milling
machine [2]. It is trailed to a T-130B tractor, includes
a milling cutter, a drive system, a frame with an im-
pact plate, rear and front rollers [2].

Taking into account that the deep milling ma-
chine has an impact plate, which rests on a peat
deposit surface [2] and provides a constant milling
depth, as well as considering the correlation relations
for homogeneous pulse parameters only, we can ob-
tain for spectral density from (4):

SM (w)= i{%i qum (0)+ Gs((m ®,)+

T(I)
+m,

M M . 0) 0

x2, >.exp[-jr(g,, —@;)]Am,(f)r—zW(7H’
m=1 I=1
where:
1gm
Gy(@) = [ W(0; 0,)W(0,)do,,

where m,, D,(0,) — are mathematical expectation and
variance of the pulse amplitudes [9]:

C m, Ry |
mA = Rd)bc[ T 60T4 +mY 2. 103 )
C

2 4 p4
D o, R
D, (©y)= e [Dr &) +W}

where b - is the width of blade interacting with peat;
Cr - is coefficient depending on the type of operating
device [2]; 5 - is average thickness of a chip [2]; m,, m,,
D,, D, - are mathematical expectations and variances
of the yield point t and density y of peat; mo, — is
mathematical expectation of the cutter angular speed;

Y(o; 0,)= q>)|2><

XY Y ex {1_(% )}KWZAM((D; 0,)+

m=1 <D

=1
#

=

M
zAml (0); wm)qugmln X

11=1 p=1

. ® o
X exp {—]—((pm - (p,)}cos [—anJ,
o, o

o]

M=

+2|Se (jo; ©,) |2

3
1
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where Ky, (o), Kymip(©0g) —
the pulse amplitudes,

(0,)=Rib*c* x

Aml

DK, [(m- I)h][ “j +D,K, [(m-Dh]> R4],

X

4-10°

Ky (04) = R2b*c* x

_ ) )
| oot 5 o Fon- i

where K [(m-Dh], K, [(m-Dh] — are normalized cor-
relation functions of variation of the yield point <
and density y of peat in a direction transverse to the
milling unit movement; K [(m - I); p], K,[(m - D); p] -
are normalized correlation functions of the spatial
variation (both in the movement direction and in the
direction transverse to the movement) of the yield
point t and density y of peat; S,(jo; ®s) — iS spectrum
of a function describing section moment of unit am-
plitude on a blade.
The squared absolute value S,(jo; ®) is [9]:

1S, (jo; o,)[ =
=%{ |U(w—w¢; 0,) |2 +|U((o+coq,; ooq,)|2 -

—W(0-0,; 0,)XU(0+0,; ©,)c0s@, |,

where:
0o,

. 2 .
U(jo; o, )=—sin
(Jjo; o) LS

o]

Share of blades

-2 -1 0 1 2
Error in angle positioning, degrees

Fig. 2. Distribution of errors of blade positioning
on the operating device (X axis — Error in angle positioning;
Y axis — Share of blades)
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The density of the cutter angular velocity distri-
bution can be calculated using the approaches pre-
sented in [5].

MTP-42 has the following design parameters and
modes of operation. The cutter diameter is 0.8 m. Its
width is 1.7 m. Total number of cutting planes is 29, in
each of which four blades are positioned. Dish-shaped
blades are mounted on the operating device surface in
blade holders [2]. Diameter of a cutting element (blade)
is equal to 0.078 m.

The calculation was performed at average milling
depth of 0.4 m, yield point of 26 kPa [2], peat den-
sity of 890 kg/m® [2] (their coefficients of variation
were accepted at 10%), milling cutter angular speed
of 32.5 s~' having normal distribution density with co-
efficient of variation of 3%. The unit speed of advance
is 0.089 m/s.

The distribution of blade positioning errors rela-
tive to the “ideal” positions on the cutter body is shown
in Fig. 2.

Fig. 3 shows the moment spectral density with-
out taking into account the blade positioning error
(“ideal” operating device), calculated using the ex-
pressions obtained in [5, 9]. Fig. 4 presents the mo-
ment spectral density taking into account the blade
positioning errors.

In Fig. 4, the frequency zones (A and B) lying
between the peaks multiples of blades interaction
frequencies in the cutting plane are highlighted and
presented in separate graphs to show these areas in
more detail.

20e-3
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Fig. 3. Moment spectral density
for “ideal” operating device
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Fig. 4. Section moment (on cutter) spectral density taking into account blade positioning errors

The obtained expressions and calculation results
make it possible to highlight some characteristic fea-
tures of the section moment on a milling cutter.

For the “ideal” operating device, two components
can be distinguished in the spectral density (Fig. 3).
The first one, the continuous one, is proportional to the
variances of the pulse parameters and to the squared
absolute value of the section moment spectrum on a
blade (C in Fig. 3).

Its appearance is defined by correlation functions
of pulses parameters, the spectrum of the moment on
a blade S,(jo; we; P) and the function depending on the
arrangement of blades on a cutter [5]:

Z@)=3.3, exp{—jf«pm —q»)}

m=1 [=1

The second part of the spectral density (D in
Fig. 3) is related to the periodic interaction of blades
with peat (kinematic component) [5].

It represents a sequence of peaks, the form of
which is determined by a kind of angular velocity dis-
tribution density of an operating device, belonging to
frequencies o, = 2nr/ T,where r =1, 2, 3..., multiple of
the period of blades interaction with a peat deposit.
Its value is proportional to the squared mean values
of the pulse parameters, spectrum S,(jo; P) and de-
pends on the blade arrangement.

Errors in positioning cutting elements on a cut-
ter body lead to changes in value and nature of load,
its frequency content (Fig. 4), including appearance
of additional components at frequencies multiple of
cutter angular speed o, = 2nr/ Ty, where r=1, 2, 3...,

K

o

enriching load spectrum and increasing its variance.
Then the spectral density is proportional to:
li

{H%HHAS ®,, —6“)}.
¢r @7

Despite its relatively small value, these features
should be taken into account if an operating device has
a large number of blades and uses fine feeds.

The effect of these additional loads is greatest
when the natural frequencies of a unit drive members
are equal or multiple to the milling cutter angular
speed, because this can lead to resonance phenomena
which can increase the dynamic loads in the unit drive
members.

]

o]

Conclusion

Probabilistic models of section moment at an
operating device of a milling unit were suggested in
the paper, and on their basis analytical expressions
for calculating spectral density of the moment, taking
into account the impact of errors of blade positioning
on the milling cutter body, were obtained. They can
be connected with installation and manufacturing er-
rors, deterioration of cutting elements design para-
meters due to their wear or irreversible deformations
during operation.

Errors in positioning cutting elements on a cutter
body lead to changes in the magnitude and nature of
load and its frequency content. In this case, new, ad-
ditional components appear at frequencies multiple of
the cutter's angular velocity, enriching the load spec-
trum and increasing its variance. Their magnitude
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is determined by the nature and cumulative value of
the errors.

These facts should be taken into account in the
calculation of dynamic loads in designing structural
members of milling units, especially if their operating
devices have a large number of blades, use fine feeds,
and when the natural frequencies of the structural
members are equal to or multiple of the angular speed
of a milling cutter.
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The research findings serve as a basis for the de-
velopment of methods for dynamic analysis of milling
unit structural members, as well as the corresponding
mathematical support and software for their compu-
ter-aided design systems. Application of CAD will in-
crease the efficiency of new machinery development,
reduce the design time, and allow providing recom-
mendations to reduce loads and improve the reliability
of structural members of existing units.
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Abstract

Belt conveyors are widely used in mining industry in open-pit and underground mining for moving bulkload in
horizontal and inclined directions to the sites of processing. In order to create the best conditions of frictional
contact between a belt and a drum, various methods of drive drum lining are used. The main lining material
is rubber of different grades, providing proper coefficient of friction of a belt with a drum (within the range of
0.6-0.62). A drive drum lining material must have high wear resistance, thermal resistance, mechanical strength,
ability not to accumulate electric charges on the surface and not to generate dangerous concentrations of toxic
components (for example, chlorine gases, carbon monoxide) when heated. The use of ceramic lining opens up
great opportunities for increasing lining durability and useful life of high capacity heavy-duty conveyors. The
paper presents the results of the study of stress-strain state of belt conveyor drive drum ceramic lining plates. We
used Solid Work Simulation environment in the study on the basis of the accepted analytical model of plate-belt
contact for drive drum with diameter D = 1250 mm, belt width L = 1000 mm, and the belt entering branch tension
value S, = 25400 daN with regard to the value, direction, and nature of the acting loads. On the basis of stress-strain
analysis of alumina ceramics lining plates, the favorable geometrical parameters of the plate cleats (projections)
and the required properties of lining material ensuring the proper load-carrying capacity at the contact with
the belt rubber facing were found. It was established that a plate cleat diameter for heavy duty conditions
should be not less than 4.5 mm and its end round R should be within the limits of 0.5-0.6 mm, and, in the base,
0.3-0.4 mm at a cleat height of 1.0-1.4 mm in order to prevent stress concentration in hazardous sections. It was
also established that alumina ceramics bending strength must be no less than 350 MPa for effective functioning
of rubber-ceramic lining. Simulation of a plate stress-strain state on exposure to alternating loads made it
possible to identify characteristic areas with maximum stress concentration, which were foci of crack nucleation.
Thus, it became possible to predict lining useful life.
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belt conveyor, drive drum, ceramic lining, geometrical parameters, working section shape, stress concentration,
properties, useful life
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AHHOTauusa

JIeHTOUHbIe KOHBeJephl IMPOKO MPUMEHSIIOTCSI B TOPHOI ITPOMBIIIIEHHOCTY TP OTKPBITOI ¥ ITOA3€MHO# J06bI-
Ye I0JIe3HbIX VICKOTIAEMBIX [IJIST TTepeMeIlleHNST HaChIITHBIX IPYy30B B TOPM30HTAILHOM M HAKIIOHHOM HaITpaB/IeHN-
SIX IO MECT UX IepepaboTKu. [IJIs1 CO3maHMs HAaWIYUIINX YCI0BUIA (GPUKIMOHHOTO KOHTAKTa JIEHThI ¢ 6apabaHOM
TIPUMEHSIIOT Pa3JIMYHbIe CITOCOOBI YyTEPOBKM MTPUBOAHBIX 6apabaHoB. OCHOBHBIMM (YTEPOBOUHBIMY MaTepuaa-
MM CITy>KaT pe3VHbI Pa3IMYHbIX MapoK, 00ecrieunBalole JO/KHbI Ko3hdOULIMEHT clerieHus: 6apabaHa c JieH-
TO¥1, Be/IMUMHA KOTOPOTO HAaXOoauUTCs B npepenax 0,6—0,62. Matepuan GyTepoBKY MPUBOAHBIX 6apabaHOB JO/KEH
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MMETb BbICOKYIO M3HOCOCTOIKOCTh, TEPMOCTOIKOCTh, MEXaHMYECKYIO ITPOYHOCTb, CITIOCOGHOCTh HEe HAKaIlIMBATh
Ha MMOBEPXHOCTM JEKTPUYECKMX 3apsILOB U MPY HarpeBe He 00pa30BbIBATH OMACHBIX KOHIIEHTPAIVIA SIAOBUTHIX
TOKCMYECKMX COCTABISIOIINX, HAIIPMMeD, XJIOPHbIe ra3bl, OKUCh yriepopa. [npokre BO3SMOKHOCTM B Halpasiie-
HMM TIOBBIIIIEHNST JOTITOBEYHOCTY (PyTEPOBOK U TIOBBIIIIEHNS] peCypCa TSDKeJIOHATPYsKeHHbIX KOHBeIiepoB O0bIIO
MOIIIHOCTY OTKPbIBAET IMPUMEHEHVe KepaMuueckux QyTepoBOK. B cTaTbe MpefcTaBaeHbl Pe3yibTaThl UCCIEN0Ba-
HMSI HANPsSKeHHO-Ie(hOpMUPOBAHHOTO COCTOSTHMS KEPAaMUUECKMX (PyTepOBOYHBIX IIACTMH ITPUBOIHOTO 6apabaHa
JIEHTOUHOTO KOHBejiepa. VcciemoBaHye IIPOBOAMIOCH C MCIIONb30BaHMueM cpenbl Solid Work Simulation Ha ocHOBe
MIPUHSTOM PacUueTHOM CXeMbl KOHTAKTa IJIACTMHBI C JIEHTOI /11 IPMBOIHOTO GapabaHa aquametpom D = 1250 Mm
¢ mmpuHo¥ ieHTsI L = 1000 MM ¥ BeJIMUMHONM HATSDKeHMSI Haberawieii BeTBU JIEHTHI Sy = 25400 maH ¢ yueTom
BeJIMYMHBI, HATIPABJIEHNUST ¥ XapaKTepa JeiCTBYIOMMX Harpy3ok. Ha ocHOBe aHaiM3a HAMPssKeHHO-AehopMUpo-
BAHHOTO COCTOSIHMSI (DyTEPOBOUHBIX IIACTUH U3 AJIOMOOKCUIHOI KepaMMKU BbISIBJIEHbI OIarOMpUSITHbIE TEO-
MeTpUYecKye rmapaMeTpbl BBICTYIIOB U TpebyeMble CBOICTBA (PyTEepOBOYHOTO MaTepuasa, 06ecreunBamnme um
IIOJDKHYIO HECYIITYIO CIIOCOOHOCTD PV KOHTAKTe C Pe3MHOBOI 00K/IaIKOM JIeHThI. YCTaHOBJIEHO, UTO AVAMETP BbI-
CTYTIOB TUIACTUH [JIs1 TSKeJIbIX YCIOBUIA SKCILTyaTalMM JO/DKEH COCTaBISITh He MeHee 4,5 MM, ITpU 3TOM pajinyc
CKPYIJIEHNS TOPLIEBOY KPOMKM R sKejlaTelbHO BbIIEPKMBATh B penenax 0,5...0,6 mM, y ocHoBauus — 0,3...0,4 MM
pu BbicoTe BbicTyma 1,0...1,4 MM, 4YTO IpefOTBpAaIlaeT MOSIBJIeH/ e KOHLIEHTPaLy HallPsDKeHUI B ONIaCHBIX ceve-
HUSIX. YCTAaHOBJIEHO, UTO 151 3((HEKTUBHOI SKCIUTyaTalluy pe3uHOKepaMuueckmx (yTepoBOK MpejeN MPOYHOCTU
TIpU U3THOE AJTIOMOOKCUIHOI KepaMUKH AOJIKEeH ObITh He MeHee 350 MITa. CuMy/sIivs HapsskeHHO-AehopMUpo-
BAHHOTO COCTOSIHMS TIJTACTYHBI ITPY BO3I€/ICTBUY Ha Hee 3HAKOIlepeMeHHbIX Harpy30K IM03BOJI/IA BBISIBUTD Xapak-
TepHbIe YYaCTKM C MaKCUMMAaJIbHOJ KOHLEHTpaLyel HallpssKeHWIA, IBSIONecs: oyaramm 3apokIeHNsT TPeLMH.
Takum 06pa3oM, MOSIBMIIACh BO3MOXKHOCTb IIPOTHO3MPOBATH Pecypc GyTepOBKNA.

KnioueBble cnosa
JIEHTOUHBII KOHBeliep, PMUBOAHOI 6apabaH, kKepaMuueckast PyTepoBKa, reoOMeTpuUecKye mapaMeTpbl, pabounii
MpodwIb, KOHLIEHTPALVST HAITPSKeHMI, CBOVICTBA, pecypc

Ons uutuposaHus

Ziborova E.Yu., Mnatsakanyan V.U. Justification of geometrical parameters of lining plates for a belt conveyor
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Belt conveyors are widely used in mining indus-
try in open-pit and underground mining for moving
bulkload in horizontal and inclined directions to the
sites of processing. They belong to continuous trans-
port machines and, as compared with other types of
mining transport are characterized by high energy
efficiency and productivity [1-3]. The basic trends in
belt conveyor development both in Russia and abroad
consist, first of all, in increase of their productivity
and useful life at the expense of traction stabiliza-
tion [4, 5], automation of conveyor lines!, applica-

! Automation of conveyor lines. URL: http://mydocx.ru/8-
5102.html (Accessed date 25.01.2022)

tion of powerful drives [6], increasing the length and
strength characteristics of the applied belts along
with ensuring high level of reliability and durability
of driving and guiding assemblies [7-12], increasing
the conveyors energy efficiency [13] and transporta-
tion efficiency with the use of intermediate drives of
various designs [14].

The main traction and at the same time load-car-
rying body of a belt conveyor is conveyor belt 2, which
moves along a closed circuit (Fig. 1). Drive drum 1 im-
parts motion to belt via friction gearing.

For providing the best conditions of belt-drum fric-
tional contact, in practice, different ways of drive drums
lining are widely used. The main lining material, as

e
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Fig. 1. Belt conveyor schematic:
1 - drive drum; 2 — belt; 3 - belt idlers; 4 — loading device; 5 - tension drum
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arule, is rubber of different grades (Fig. 2, a), which en-
sures proper value of the coefficient of friction between
drum and belt (within the range of 0.6-0.62) [1, 8]. The
rubber lining disadvantage is sharp decrease in the coef-
ficient of friction in watery conditions. This leads to the
belt slipping and loss of traction force.

A drive drum lining material must have high wear
resistance, thermal resistance, mechanical strength,
ability not to accumulate electric charges on the surface
and not to generate dangerous concentrations of toxic
components (for example, chlorine gases, carbon mon-
oxide) when heated.

The use of ceramic linings opens up great oppor-
tunities for increasing the lining durability and useful
life of high capacity heavy-duty conveyors (Fig. 2, b).
Ceramic lining meets all of the above requirements. For
the drums with diameter more than 800 mm, the com-
posite two-three-layer rubber-ceramic, or metal-rub-
ber-ceramic lining is used. Ceramic lining provides the
best conditions of friction/friction with partial meshing
drum-belt contact with the coefficient of friction of 0.8,
which eliminates slippage even at excess moisture in the
contact zone and significantly increases the productivi-
ty of conveyors, as well as securely fixes a moving belt on
a drum width, preventing its slipping? [15].

2 Ceramic plates for drum lining. URL: https://resursbelt.
ru/catalog/effektivnost/futerovka/keramika-na-baraban/;
Soloviev V. G., Soloviev S. V. Drive drum of a belt conveyor.
Patent RU 81949 U1, 2009.
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Research objectives and tasks

It is of great practical importance to reduce a belt
slip along a drive drum and correspondingly reduce
the wear of the belt and the drum surface. In this re-
gard, ceramic lining is the most promising. However,
despite their widespread application, there are still
a number of urgent problems regarding to the need
in increasing their useful life via creation of ceramic
plates with a given geometry, improved mechanical
and operational properties for the conditions of cy-
clic loading. Research literature presents recommen-
dations on the selection of geometric parameters of
highly elastic lining, while there are virtually no such
data for rubber-ceramic lining. A number of lead-
ing foreign and Russian manufacturers of composite
lining only report about dimensions and height pa-
rameters of ceramic plate cleats (projections), the
values of which are determined mainly by techno-
logical considerations or operating experience®.
At the same time achieving potential increase in
a drive drum traction force and friction coefficient
when using rubber ceramic lining first of all re-
quires scientific substantiation of height parame-
ters and shape of a bearing element, which is a cleat

5 Ceramic plates for drum lining. URL: https://resursbelt.
ru/catalog/effektivnost/futerovka/keramika-na-baraban/;
T-REXCERA-REX 12x380x10000 rubber-ceramic drum lining. URL:
https://centrobelt.ru/conveyor-maintenance/pulley-lagging/cera-
lag/cera-rex/
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Fig. 2. Types of lining:
a — rubber; b — rubber-ceramic
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immediately contacting with the belt and accepting
the main load and providing the required friction
during the drive drum rotation. The solution of these
problems will allow determining rational parameters
of the cleats, providing proper useful life of ceramic
plates and, correspondingly, lining useful life along
with increasing conveyors' operation and mainte-
nance performance.

Techniques
When traction force is transmitted between a lin-
ing and a conveyor belt, the arising forces are described
by the following relationship (Fig. 3, a):

T<fN, (1)

where f is coefficient of friction between lining and
belt; N is the normal force from belt pressure on drum,
reduced to unit length (N = S/R,, S is traction body ten-
sion force, R, is drum radius).

In real operating conditions it is accepted to con-
sider the arcs of relative slip (o) and relative rest
(o) (Fig. 3, b) [12]. Friction force margin on a drum
depends on the ratio of these arcs, while the reserve
characterizes slip-free operation of a drive drum. At
significant friction force margin (arc «,) the elastic
slippage of a belt relative to a drive drum decrea-
ses. As the friction force margin decreases, the slip-
page increases, and after reaching a certain limit (at
o, = o) the tractive resistance “disappears” and a belt
begins to slip relative to a drum. Thus, the traction
force is transmitted at the slipping arc, while the arc
o, acts as the traction force reserve. At the same time,
as shown in [16, 17], when using elastic lining, some
part of the traction force is also transferred at the arc
of relative rest.

The influence of geometrical parameters and
lining material properties, which ensure drive oper-
ation without relative slippage of a belt on a drum,
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is considered in [12, 16, 17]. In this case the shear of
lining with the height H under the effect of distrib-
uted forces t is expressed by the following relation:
T = Gy, where G is shear modulus of lining material,;
y is angular (shear) strain of lining (Fig. 3, ¢).

The increment of force S at section dx is defined by
the equality, where it is assumed that y = u/H:

G
dS = Btdx = — Budkx.
tdx = Budx 2)

After a number of transformations in stu-
dies [12, 16], traction factor on a lined drum, which
carries out the traction force transfer without relative
slipping, was expressed by the following formul:

S,

?" =chml or ® = chml, (3)
1
Taking
) G
m =—-,
EHh

after transformation we have got

G
® =ch,|—1
c ‘/EHh ) “4)

where c is arbitrary constant, determined by bounda-
ry conditions; h is thickness of conveyor belt; [ is the
arc length of arc of belt contact; H is lining height;
G is shear modulus of lining material; E is modulus
of elongation.

After transformations, according to [16], the equa-
tion takes the form:

S.
5= (G/H)(B/E)I, 5)

where E, = EhB is belt longitudinal rigidity; B belt
width; S, and §; is tension of entering and leaving
branches of conveyor belt, respectively.

arch

a

Fig. 3. Schematic of traction force transfer by a drum on:
a - non-weighted, non-stretchable thread; b - tensile thread without lining; ¢ - tensile thread with lining
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It follows from formulas (4) and (5) that, along
with a belt material, the lining material rigidity and
height parameters have a significant effect on the trac-
tive force value.

The ultimate angular strain of a lining element
(Fig. 3, ¢) is defined as:

Uy
E’
where u, is ultimate value of belt strain.

Study [17], devoted to research of highly elastic
drum lining parameters, concluded that the increase
in thickness of lining and especially its serrated part
contributed to the increase of traction ability of a
drive drum.

It should be noted that in a ceramic lining, a wor-
king element is a plate cleat, the height and diameter
of which must be strictly regulated due to ceramics
brittleness. Bearing capacity and operating charac-
teristics of lining are first of all defined by stability
and integrity of a cleat, therefore substantiation of its
height parameters, shape (geometry), and required
strength properties is an important applied research
task, the solution of which will improve heavy-duty
conveyors' performance and efficiency of drive drum
lining maintenance and repair.

Cleats take up both by normal and circumferential
forces while rotating drum and, consequently, their
resistance to rupture determines bearing capacity of
lining, especially in the cases when plates are fixed by
glue directly on a drive drum shell without elastic rub-
ber base.

As a rule, cleats are distributed over a plate surface
at a certain distance from each other, often in chess-
board order, which creates a kind of topography for im-
plementation of contact with a belt on the principle of
“friction with partial meshing”, as well as the possibil-
ity of removing water, dirt, and other mechanical par-
ticles from the contact zone of plates with the belt. At
the same time, the plate-belt contact zones location in
single areas of the plate working shape aggravates the
loading of each individual element and requires the lin-
ing material to have high performance characteristics.

The limiting factors of ceramics application
in friction assemblies of belt conveyors are the re-
duced crack resistance and fatigue strength (bending
strength) of the material, caused by heterogeneity of
applied ceramics structure, the presence of latent de-
fects and porosity in it.

Increasing plate cleats height is expedient up to
a certain value only in order to avoid their rupture un-
der the action of cyclic operating loads.

The interaction of a conveyor belt with a lined
drive drum is rather complex process that requires
consideration of a large number of factors. The avail-
able mathematical apparatus used to identify the re-

Yiim = tg Yiim = (6)
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lationship between lining strains and circumferential
forces is very difficult for engineering calculations,
overloaded by a large number of coefficients and of-
ten does not allow to take into account all factors [17].
Therefore, computer modeling capabilities were used
to solve the tasks.

Currently, in mining, geotechnics, and geophys-
ics, methods of computer simulation and numerical
analysis allowing fairly accurate description of various
states of technical system elements are widely used to
describe and study complex production processes oc-
curring in various mining and geological conditions, as
well as solve a number of applied problems in the field
of mining machine drives, belt conveyors, and convey-
or belts [18-25].

In order to identify favorable geometry of ceramic
cleats (inserts), digital models of lining plates were cre-
ated and the stress-strain state of plate cleats in con-
tact with a belt was investigated taking into account
the direction of the existing loads [17]. It was consid-
ered that a belt under the action of tangential forces
experiences shear strain, and a lining experiences both
shear strain in the circumferential direction and com-
pression shear strain in the radial direction (Fig. 4),
that is, it occurs in a complex stress-strain state (SSS).

The lining stress-strain state study assumptions
were as follows:

- a ceramic lining material is isotropic;

- centrifugal forces are not taken into account;

— at the arc of belt contact with lined drum, Euler's
law acts;

- in investigating lining stress-strain state, only
steady-state processes are considered;

- shear strains of the elastic part of a lining, into
which ceramics is embedded (vulcanized), are low
enough and do not exceed 10% of its thickness;

— a belt is assumed to be absolutely elastic.

Computer simulation of the loading process
was performed using Solid Work Simulation software
for lining of drum with diameter D = 1250 mm, belt
width L = 1000 mm, and the belt entering branch ten-
sion value S, = 25400 daN. Alumina ceramics with
compressive strength of 950 MPa, bending strength
of 390-400 MPa, and modulus of elongation
E = 374 I'Tla. GPa were taken as a material for lining
plates. Poisson's ratio v was taken as 0.3. Shear modu-
lus G was determined by the following formula:

G= E .
2(1+v)

When simulating the contact, the following con-
straints were taken into account [11]:

— maximum allowable belt tensions at the point of
entry on a drum are 0.16-0.25 of the tensile strength of
available belts of corresponding width;

— the load on a lining can be up to 1000 kN.
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Ceramic plate
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Lining rubber base
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c

Fig. 4. Schematic diagram for analyzing stress state
of elementary sections of a drum ceramic lining (a),
parameters of ceramic insert (cleat) (b) and a digital model
of the imprint of ceramic plate cleats in the rubber belt
cover due to elastic contact (¢):

R, is radius of drive drum; A is total lining height; h, is ceramic
plate height; o, - is normal stress; 19, ’L“},’ are tangential
stresses in the circumferential direction and across drum

width, respectively; d and h are cleat diameter and height;
J is radius at the base of a cleat; R is cleat end round
(end bending radius)
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A plate dimensions (LxBxh,) were taken as
20x20x8 mm, a cleat diameter d varied in the range of
3.0-4.5 mm, a cleat height h varied from 1.0 to 2.0 mm,
a cleat end round R ranged 0.2-0.8 mm, radius at the
base of a cleat r ranged from 0.2 to 0.4 mm.

The imprint of the digital model working surface
on a belt rubber cover, shown in Fig. 4, b, evidences that
the greatest pressure is experienced by the plate pe-
ripheral cleats, which come into contact with the belt
and leave the contact when the drum turns.

The maximum specific shear stress on the drum
was determined by the following formula [17]:

T = S
™" BR )

where S, is tension of conveyor's entering branch; B is
belt width; R is radius of drive drum without lining; h,
is lining thickness; p is coefficient of friction.

Findings

The findings of simulation of the stress-strain
state of a ceramic plate are shown in Figs. 5, 6, and 7.

Fig. 5 shows solid digital models of the plates with
characteristic zones of stress concentration in the
most vulnerable points. Thus, the stresses are localized
mainly at the base of the cleats (Fig. 5, a), as well as in
the middle part of the lower base of the plate. During
the operation of ceramic lining defects begin to nucle-
ate exactly in these areas, thus limiting the plate’s use-
ful life at insufficient level of mechanical properties,
in particular, bending strength. This property deter-
mines the fatigue strength of a ceramic plate and, cor-
respondingly, the resistance to cyclic loads. It has been
established that effective operation of rubber ceramic
lining requires the (plate) alumina ceramics bending
strength to be at least 350 MPa, whereas that of the
ceramics used in recent lining is 280 MPa only.

At the first stage, the diameter and height pa-
rameters of the cleats were investigated. Fig. 6 shows
a graph of stress dependency on the height of cleats
under the most unfavorable contact conditions and
loads at diameters 3.0 mm (curve 1), 3.5 mm (curve 2),
4.0 mm (curve 3), and 4.5 mm (curve 4). The graphs
show that stresses increase with increasing the cleats
height and reach a maximum at the height of 1.8 mm.
The stresses are concentrated at the base of the cleats
that leads subsequently to crack nucleation and accel-
erated failure of the cleats.

Curve 4 indicates a favorable stress field at the ba-
ses of cleats 4.5 mm in diameter due to larger cross-sec-
tion and, consequently, better resistance to strain and
cracking under cyclic loading conditions. The stress-
es simulation findings showed that the height of the
cleats 3.0 mm in diameter should not exceed 1.2 mm.
At the same time, the height of the cleats 4.5 mm in
diameter can vary within the range of 1.0-1.8 mm.
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Fig. 5. Simulation of the stress-strain state of digital solid models:
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a — when loading cleat 4.5 mm in diameter and 1.4 mm high with radius at the base r = 0,25 mm, end round R = 0,4 mm
simultaneously by tangential and normal forces; b — when loading cleat 4.5 mm in diameter and 1.8 mm high by tangential force
at r=0,25 mm and R = 0,8 mm; ¢ — simulation of stresses under cyclic loading of a plate (areas of fatigue crack nucleation

at the cleat bases and in the central zone of the solid part of a plate are shown in red)

< 365
=
S 340
& 315
&
290 -
265 -
240 -
215 -
190 I I I I
1 1.2 1.4 1.6 1.8
Height of cleat, mm
1=4.5mm =02 = 4.0 mm
—=0—73=3.5mm —0—4=73.0 mm

Fig. 6. Stress at plate cleat bases as a function of cleat height and diameter
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Fig. 7 shows the results of a numerical experiment
with the stresses obtained for various combinations
of varied parameters such as a cleat height, round end
R, and cleat base radius r. The analysis was performed
for cleats of 4.5 mm in diameter.

The graphs show that significant increase of
stresses is observed with decreasing the cleat base ra-
dius, and the greater the cleat height, the higher mag-
nitude of the increase. For instance, decreasing r from
0.4to 0.2 mm at h = 1.4 mm and R = 0.3 mm results in
increasing stresses from 260 to 340 MPa. At the same
time, changing end rounds R results in insignificant
changing the near-end stresses.

The numerical experiment data allowed determin-
ing the most rational geometrical parameters, which
provided favorable conditions for contact of plates
with belt under extreme loading conditions. It can be
seen from the graphs that the best contact conditions,
in terms of the resulting stresses, occur at the follo-
wing values of geometric parameters: h = 1.0-1.4 mm,
R=0.4-0.6 mm and r = 0.35-0.4 mm.

The research of strain-stress state of ceramic
plates allowed producing their digital models (Fig. 8)

B 1.0 mm
I 1.2 mm
I 1.4 mm

/T.
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that made it possible to produce their prototypes with
different topography of working section for further
experimental research. Fig. 7, b shows lining proto-
types with ceramic plates embedded (vulcanized) into
rubber substrate. The prototypes were made of differ-
ent fine alumina ceramics grades, which have a dense
structure and improved physical and mechanical
properties. The plate test results will be presented in
the next publications.

Simulation of the stressed state of a ceramic in-
sert (plate) under cyclic load allowed determining
the areas of fatigue cracks nucleation (Fig. 5, ¢). The
Figure shows that the area of high stress concentra-
tion is observed at the cleat bases and in the central
part of the lower plate plane. This is probably where
fatigue cracks will begin to develop and eventually
lead to plate failure.

Conclusion
1. On the basis of stress-strain state analysis of
alumina ceramics lining plates, favorable geometri-
cal parameters of cleats and the required properties
of the lining material ensuring the proper bearing ca-

Stress o, MPa

Fig. 8. Digital models (a) and prototypes (b) of ceramic plates for rubber-ceramic lining
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pacity at their contact with the belt rubber cover were
found. It was established that a plate cleat diameter
for heavy duty conditions should be not less than
4.5 mm and the end round R should be within the
limits of 0.5-0.6 mm, and, at the base, 0.3-0.4 mm,
at a cleat height of 1.0-1.4 mm to prevent stress con-
centration in hazardous sections.

2. It was also established that the alumina ceram-
ics bending strength must be no less than 350 MPa for
effective functioning of rubber-ceramic lining.
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3. Simulation of a plate stress-strain state on ex-
posure to alternating loads made it possible to identi-
fy characteristic areas with maximum stress concen-
tration, which were foci of crack nucleation. Thus, it
became possible to predict lining useful life.

4.Using the obtained digital models of lining
plates, production prototypes were produced in the
aim of conducting further in-situ tests of lining ele-
ments. The production prototypes were made using
ultra-disperse alumina ceramics.
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Abstract

Personnel working at mining enterprises must be prepared to overcome professional difficulties and to possess
the professional competencies required not only for the implementation of processes, but above all their safety.
Modern digital modeling technologies used in mining activities expand the boundaries of practical training
not only for future mining engineers, but also for working specialists. As part of the training process, it is
important that the simulation of the mining environment be of a high quality almost indistinguishable from
the actual environment. In this context, the development of process solutions based on virtual and augmented
reality (VR/AR technologies) is most relevant. Process automation in the conditions of large-scale digital
transformation laid the foundations for the development of VR/AR in mining industry. Data analysis shows
that VR/AR technologies are the major consumer of IT solutions. They are in fact the integrator, or the highest
“IT-transformation”, which in practical terms create digital parallel production objects and processes. Further
developments in this area may also change some of the existing traditional entities or create new ones, in the
training system as well. An example of such an entity, on which the digital future will depend, is the emerging
“digital culture”. As such it will be applicable not only in the corporate, industry, but also nationally. Despite the
diversity of areas in the development of VR/AR technologies, the maximum effect of their implementation is
manifested in the development of special skills of personnel in equipment operation. This clearly relates to the
need to ensure the efficiency and reliability of technological operations and processes. The interaction between
the consumer and producer of VR/AR solutions together with universities allows a number of problems related
to the formation of competencies in the future generation of specialists to be resolved. These include: training
of university graduates; creation of specialized courses in educational programs; individual higher educational
programs; professional development and retraining courses for specialists in the field of VR/AR technologies
in mining; involvement of the academic community representatives in the development of practical tasks
based on VR/AR solutions, including researchers of different specializations (geology, geophysics, geotechnics,
geoinformatics, aerology, geotechnology, mining machinery and equipment, automation, etc.). Other key areas
include the dissemination of the best practices of VR/AR usage in the interests of future customers; creation of
a common method to assess the effectiveness of VR/AR projects to determine their investment attractiveness;
as well as prediction and creation of future technologies.

Keywords

mining, mining engineer, mining engineering education, IT technology, virtual reality, augmented reality,
VR/AR technology, processes, process safety
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MoAroTOBKA NPO®ECCUOHAJIbHbIX KAAPOB. OPTAHU3ALIUA UCCJIEQOBAHUN
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VR/AR-TexHONOrmmM u NOAroToBKa KaApoB A1 FOPHOU NPOMbILLIEHHOCTH
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AHHOTauunA

[TepcoHast, paboTarmmuit Ha TOPHBIX MMPEATIPUSITHSIX, JOIDKEH ObITh TOTOB K IMIPeo0eHNI0 MPOdeCcCMOHATbHBIX
TPyOHOCTEN, 0671a8aTh TPOGECCHOHATbHBIMM KOMIIETEHIIVSIMM, KOTOPbIE CBSI3aHBI HE TOJIbKO C peajn3aluei
TeXHOJIOTMUECKUX MPOLIeCCOB, HO U TPEXe BCEro ¢ nx 6e30macHocThi0. COBpeMeHHbIe TEXHOIOTUH 1IMU(POBO-
ro MOAe/IMPOBaHMSA T'OPHBIX ITPOM3BOACTB MOI'YT PACIIMPUTD I'PAHUIIBI Hp&KTI/I‘—IGCKOVI II0ATrOTOBKM HE TOJIBKO
OyIyIIMX TOPHBIX WHKEHEPOB, HO U PabOTAIIMX CIIeLMAIUCTOB. B mpoiiecce o6yyeHUs] BaKHO 00eCIeYnTh
BBICOKUI YPOBEHb CUMYJISILIUM TIPOU3BOJCTBEHHOV TOPHOTEXHUUYECKON Cpelbl BOCHIPUHMMAEMOV UeI0BEKOM
MPaKTUYECKN B KAaUeCTBe peasbHOIi. B 3TOM KOHTEKCTe pa3BUTHE TEXHOJIOTMUECKUX PellleHnii Ha 6a3e BUPTY-

© Vavenkov M. V., 2022

180


https://mst.misis.ru/
https://doi.org/10.17073/2500-0632-2022-2-180-187
https://orcid.org/0000-0002-5829-7076
mailto:vavenkov@gmail.com
https://orcid.org/0000-0002-5829-7076
mailto:vavenkov@gmail.com

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2022;7(2):180-187

aJIbHOI ¥ TOTIONHEHHO peanbHOCTH (VR/AR-TEXHONMOTHMIT) CTAHOBUTCS Haubomee akTyanbHbIM. OCHOBY (yH-
JaMeHTa pas3BuTus VR/AR B ropHOM Jejie 3aJI0KujIa ITTyOOKasl aBTOMATM3aLMS TEXHOJIOTMYECKUX ITPOLIECCOB
B YCJIOBMSIX MacCIITaGHOI LM POBOii TpaHchopmalimu. AHaIU3 JaHHBIX TIOKAa3bIBaeT, UTO MMeHHO VR/AR-Tex-
HOJIOTMM CTaHOBSITCS IOTpeduTeIeM 60/bIIMHCTBA I T-pellieHnii, IBISISICh IT0 CYTU MHTETPATOPOM, UJIV BBICIIM
«IT-miepemenomM», MIPaKTUIECKM BEOYIIMM K I1(GPOBBIM IapaiieJIbHbIM ITPOU3BOACTBEHHBIM 00bEKTaM U ITPO-
neccam. JlasibHejiiiee pasBuTye COObITUI B 3TOM HATIPABJIEHUM MOXKET U3MEHUTD I HEKOTOPbIE CYIIECTBYIOIINE
TpaJMUIMOHHbBIE CYIIIHOCTY WJIX CO3[aTh HOBbIE, B TOM UMC/Ie B CMCTeMe TOATOTOBKM KafapoB. [IpyMepom Takux
CYIIIHOCTEJ, OT KOTOPBIX Oy/IeT 3aBuceTh 11dpoBoe Oymyiiee, MOXKET CTaTh (hOPMUPYIOIIASICS «LIM(PPOBasT KyJlb-
Typa», KoTopasl 6yzeT IpMUMeHMMa He TOJIbKO B KOPIIOPAaTUBHOM, OTPAaCceBOM, HO U B HAlIMOHAJILHOM acITeKTe.
HecmoTpst Ha MHOroo6pasue Harpas/aeHnii passutus VR/AR-TeXHOIOIMiT MakcuMajbHbIe 3 (eKThI OT X BHe-
IIPEHUST POSIBIISIIOTCST B (DOPMMPOBAHUY CITEIIMATbHBIX HABBIKOB TIEPCOHAsIa B paboTe ¢ 060pyI0BaHMEM, UTO
YETKO YBSI3bIBAETCSI C HEOOXOMMMOCThIO o6ecrieueHmst 3PeKTUBHOCTHM 1 HaI@KHOCTU TEXHOJIOTMUYECKUX OTle-
patuii 1 mpoiieccoB. BzanmopericTBue morpebuTesis v mpousBoauTesist VR/AR-peliieHnit BMecTe ¢ yHUBEPCUTE-
TaMM ITO3BOJISIET PEIINTH KIAcC 3a7ay, CBSI3aHHBIX C: HOPMMUPOBAHMEM KOMITETEHIIVI Y OYIYIIero MOKOJIEeHMS
CTIEIMaIMCTOB — BBIITYCKHMKOB YHUBEPCUTETOB; CO3AaHMEM CIIEIMaTN3UPOBAHHBIX KYPCOB B 06pa30BaTEIbHbIX
IporpaMmax, a Tak)Ke OTIeTbHBIX 00Pa30BaTeIbHbIX ITPOrPaMM B BbICIIEM 00pa30BaHNM, KYPCOB ITOBBIIIEHS
KBa/mMbUKaLIUU 1 IpodeccruoHaIbHOM IeperoAroTOBKM CIIeLMaInCcTOB B 061acT VR/AR-TeXHOIOIMiA B rop-
HOM [iejie; BOBJIEUEHNMEM B ITPOIIECChI pa3pabOTKM MPaKTUUYECKUX 3a/1ay Ha ocHOBe VR/AR- pereHuii mpep-
CTaBuUTeJIel aKaJeMUUeCcKOro CoO0IecTBa — MccaemoBaTeseil pa3sHoii crienuaamsanym (reoiorus, reodnsmnka,
reoMexaHlKa, reoH(pOpMaTHKa, a3POJIOTHSI, FeOTEXHOIOTUH, TOPHbIE MAIIMHbI ¥ 000pyJ0BaHMe, aBTOMATI3a-
LM M T.J1.); pacIipOCTpaHEeHMEM JIYUIIMX MTPAKTUK MCITOab30BaHMs VR/AR B mHTEpecax OyayIImX 3aKa3uMKOB;
CO3[IaHMEM eIMHOI MEeTOIVIKMU IO olleHKe 3 deKkTrBHOCTY BHeApeHVst VR/AR-TIpOEKTOB it OIIpeeieHust UX
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VHBECTULIMOHHO MMPUBJIEKATE/IbHOCTU; IPOTHO3MPOBaHMEM U CO3OAaHNEM 6y,Z[YH.U/IX TEXHOJIOTUIA.

KnioueBble cnoBa

TOpPHOE [1eJI0, TOPHbIII MHKeHep, FOpHOe MHKeHepHoe oOpasoBanue, IT-TeXHOMOTUM, BUPTYaIbHasT peasib-
HOCTb, JOTIOJIHEHHAsI peaibHOCTb, VR/AR-TeXHOIOTMM, TEXHOJIOT MY, TEXHOJIOTMYecKasi 6e30I1acHOCTb
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Introduction

Mining is associated with significant process
risks, the assessment of which is made complicated
by the specific nature of the processes, as well as
a high level of natural uncertainty in the description
of objects, processes and their models. Despite the
achievements of researchers, much of mining is af-
fected by phenomena which are very difficult to pre-
dict [1-3]. Throughout the history of mining, there
have been major accidents with severe consequences.
Mining engineers, for various reasons, felt helpless
in their attempts to predict these disasters [2]. Natu-
rally, the most difficult situation lies in the types of
geotechnologies associated with underground mining
(underground geotechnology, construction geotech-
nology). This is due to the complicated mining and
geological conditions, a significant number of process
factors (dust factor hazard, methane content, ventila-
tion systems and many others), as well as particularly
difficult working conditions (lack of natural lighting,
contamination of the mine atmosphere, significant
physical stresses, etc.). The personnel working at min-
ing enterprises must be prepared to overcome profes-
sional difficulties and possess professional compe-
tencies required not only for process implementation,
but their safety [4-6]. It is for this reason that same
or very similar disciplines related to mining safety are
taught in practically all the curricula for mining en-
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gineers training curricula in specialized universities
of the world [7]. These include such disciplines as:
ventilation (aerology); mining safety; blasting safety;
geotechnics; geophysics; methane safety, etc. [8-10].
Naturally, the autonomy of universities leads to dif-
ferent interpretations of these disciplinary areas, but
the essence is the same. Everything is aimed at en-
suring that the future mining engineer is qualified to
make the right decisions in production conditions, in
order to ensure effective implementation of proces-
ses and to minimize risks of injuries and accidents in
general [11-13].

A special role is played by practical training pro-
grams in which real production conditions provide
theoretical training of future mining engineers who in
this way adapt to real working teams, which is of great
socio-professional importance [14, 15].

Practical training in education implies the stu-
dent's activity in the conditions of real production.
However, in this case its scope is limited by the du-
ration of training. In fact, in the case of a four-year
bachelor’s degree program in mining engineering
(international practice), as offered in many countries,
there is not a great time resourcefor lengthy practical
experience. At the same time, the training of mining
engineers-practitioners is extremely important [16].
In Russia and a number of other countries, educational
programs in mining engineering are implemented at


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0NMA
2022;7(2):180-187

the level of a specialist’s program with 5.5 years pro-
gram of studies. This forms conditions for the concen-
tration of rather lengthy practical cycles (2—3 months)
with the total duration for the whole term of study of
more than 7 months [17]. However, even under these
conditions there is always themutual desire to in-
crease its scope— both on the part of universities and
the employers. Of course, compromises are necessary
to achieve the golden mean between the theory and
practice. However, modern digital modeling technol-
ogies in mining production can expand the limits of
practical training of the future mining engineers and
working specialists. This is especially true when, for
example, a given enterprise is undergoing large-scale
modernization associated with upgrading of equip-
ment and process solutions. This concerns not only
traditional simulators, whose purpose is to devel-
op the specialized professional skills at the training
stage. It is important to provide high quality simula-
tion of the production mining environment as close
to the real environment as possible. In this context,
the development of process solutions based on virtual
and augmented reality (VR/AR technologies) is most
relevant [18, 19] in terms of improvement of practi-
cal training within the framework of educational pro-
grams, including universities.
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Areas for VR/AR development in mining

The mining industry is one of the first industries
to use VR/AR technologies in its activities. Through-
out its historical development, it has had to deal with
a broad range of complex economic, operational and
now environmental and social challenges. Over the
past 10 years, the global mining industry has invested
about 0.5 % of its income in research and development
into VR/AR technologies!.

The intense automation of processes in the con-
ditions of large-scale digital transformation laid the
foundation for the development of VR/AR in the min-
ing industry [20]. The use of a significant variety of IT
solutions at all stages of production cycles of mining
enterprises has been observed (Table 1).

Data analysis shows thatVR/AR technology is the
primary consumer of these solutions. They are the
main integrator, or the highest “IT transformation”
leading to the creation of digital parallel production
objects. Further development in this area may also
change certain traditional entities or create new ones,
also in the staff training system. One example, upon

! Fade L. How virtual & augmented reality are revolu-
tionizing the mining industry. URL: https://vrvisiongroup.
com/how-virtual-augmented-reality-are-revolutionizing-the-
mining-industry/

Table 1

World practices of using IT solutions in mining

IT solution Scope of application

Examples of application, distinctive features

Mining simulators  |Simulation training

Simulators place trainees in a controlled production
environment

Underground
telecommunications

Underground wireless technology

Communication between workers in the mine and the
control site on the surface. Real-time data collection
of equipment performance allows rapid response

to failures and problems

Personnel tracking |Radio frequency identification

of miner's metrics

Instantaneous identification of the worker's location
to avoid downtime, errors, and human error

Microseismic
monitoring

Monitoring of changes in the
structural integrity of the working
area

Evaluation of the rock mass phenomena severity,
determination of geotechnical safety of mine workings and
preventive measures before a catastrophic event or accident

Drones [21] Positioning underground

Displaying of excavation topology, including the condition
of their walls surface

Protective From gas detection devices to Real time gas sensors.
equipment clothing that cools personal Cooling vests and other clothing items
protective equipment (PPE)
Mining data Analysis of data obtained from Improvement of all production processes, including
innovative equipment. Prediction |logistics
of the state of production
processes
VR/AR technologies |Repairs and maintenance, Possibility of team training, including practicing

inspection (audit) and work
control, training and coaching
of employees

of synchronization of operations. Using VR/AR
technologies, the staff not only learns and memorizes

the order of operations, but also visually practices actions
at each stage of work
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which the digital future will depend on, could be the
emerging digital culture, applicable not only in corpo-
rate industry, but also in the national aspect. Digital
culture is understood by experts to be a set of compe-
tencies which determine the ability to use information
and communication technologies for convenience in
a digital environment, interaction with society, and
digital tasks in professional activities.

According to the study carried out by PwC, the
development of digitalization in the industry will
require variability and flexibility in terms of profes-
sional competencies on the part of the personnel. The
accelerated integration of artificial intelligence in the
sphere of industrial production and work in dynamic
data environments by means of the implementation
of IT solutions will require the transition from linear
education to lifelong learning? [22].

Practice of introducing VR/AR

in the mining sector of Russia
Russian mining companies use VR/AR for a range
of different purposes. Interesting studies in terms of
evaluating the level of introduction of virtual and aug-

2 Geissbauer R., Liibben E., Schrauf S., et al. How industry
leaders build integrated operations ecosystems to deliver end-
to-end customer solutions. URL: https://www.strategyand.pwc.
com/gx/en/insights/industry4-0/global-digital-operations-
study-digital-champions.pdf
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mented reality technologies have been conducted by
CapGemini and TAdviser (Russian business sector)?.

The following basic areas were identified:

1) digital methodological support and simulators
for assembly and integration processes for equipment
of high-level complexity (virtual training centers);

2) simulators for working in the conditions of ele-
vated hazard;

3) support for the activities of operating personnel
(remote expert);

4) evaluation of the load and operating modes of
equipment in real time;

5) assessment of the suitability of virtual models
to the real physical characteristics and parameters of
equipment and processes;

6) creation of archives, including visual ones;

7) solving the problem of visualization of a “digital
twin”, also from different and hard-to-access positions
and conditions;

8) virtual and visual description of hazardous pro-
duction zones.

Companies are faced with a wide range of prob-
lems, including process, expert and educational ones.
Many of these problems are associated with ensuring

3 Market of industrial VR/AR solutions in Russia Research
of TAdviser. URL: https://www.tadviser.ru/index.php/Cra-
Ths1:PbIHOK_mpoMbilieHHbIX VR/AR-pemiennii B Poccum_(uc-
cnepoBanne_TAdviser)

AR TECHNOLOGY

Time saving

Reduction of errors
Safety improvement {{Improvement of productivity

-
)
-

{}Efficiency enhancement
{}Reduction of costs

Using digital instructions for assembly, disassembly
and configuration in the process of training

Electronic boundaries
of hazardous zones

Visualization of the infrastructure project
from different standpoints
Visualization of the specific components
and functions beyond the physical
boundaries of equipment

Viewing of reference video
and digital manuals Visualization
of historical records of maintenance

Implementation of the “Remote
expert” mode for the purpose

of helping and managing
the activities of the operating
personnel

Imposition of real-time
data on real parts
of machines

and provision of recommendations
for the tasks performed

Comparison of physical
and digital manuals

Fig. 1. Expected and real effect from the introduction of AR technologies (according to TAdviser research data)
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safety in the conditions of hazardous technological
production. There is a class of companies which have
been developing corresponding competences through
existing corporate centers and/or committees. These
include: SIBUR; Severstal; GazpromNeft; EVRAZ; and
Magnitogorsk Iron and Steel Integrated Works (MMK).
Alrosa and the Siberian Coal Energy Company (SUEK)
are also working in this area.

We will provide data with assessment of effects
from implementation of VR/AR technologies in the
mining complex of Russia (Figs. 1, 2).

This data indicates that the maximum effects of
implementing VR/AR technologies are manifested
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in the formation of special skills of the personnel in
working with equipment. This is clearly linked to the
efficiency and reliability of technological operations
and processes.

Examples of VR/AR solutions in the mining and
metallurgical industries are presented in Table 2.

Some of the main challenges faced by companies
when implementing VR/AR projects at mining enter-
prises are:

- significant financial costs required to build the
necessary digital infrastructure to implement and
adapt VR/AR technologies;

- lack of scalable solutions;

VR TECHNOLOGY

{TiTime saving
Safety improvement

Reduction of errors
Improvement of productivity

[ iEfficiency enhancement
i 'Reduction of costs

Virtual training for assembly/disassembly, repair
and maintenance of equipment

Remote interaction between different
locations for viewing the same design
data and solving conflict situations /

AN

Visualization of a “digital twin”
for the purpose of simulation
of real environment

Switching view during the visual

Virtual training for working
inconditions of elevated hazard,
behavior in extreme situations

and liquidation of accidents

Preliminary concept
_____ - of the design fully created
by means of VR

Virtual examination

inspection of equipment

of the production site

Fig. 2. Expected and real effect from the introduction of VR technologies (according to TAdviser research data)

Table 2
Examples of practical use of VR/AR in Russia
ﬁ?g‘g:;:z SIBUR Gazpromneft Severstal Mag(alltv([)%)rsk Evraz

Examples of | Systems “Remote |Systems “Remote Interactive instructions Virtual training in  Virtual

use expert”, “Digital |expert”, “Digital for disassembling working in a high- |examination
assistant”, assistant”, and detection of risk environment. |of the
interactive interactive training, |flaws in pumping Virtual training production
training, training |training in handling |equipment, practicing |for behavior in site
in handling hazardous reagents, |of safety procedures extreme situations
hazardous virtual technological Jand work in emergency and emergency
reagents maintenance situations, VR shop response

of the Cherepovets
Metallurgical Complex
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- lack of methods for calculating the efficien-
cy of implementing such solutions. This introduc-
es uncertainty into the parameters of investment
projects;

— limited access to advanced process solutions;

— limited competence of the human potential (lack
of qualified personnel at all levels)*.

Role of VR/AR in training staff
for the mining industry

In the context of the mining industry, the main
advantages of the AV/VR technology are that it allows
training in an environment close to reality, as well
as the simulation of virtual scenarios [23]. Obvious-
ly, the introduction of virtual and augmented reali-
ty technologies in educational programs will require
new methodological approaches which will take into
account the level of specialists’ training, their indi-
vidual qualifications (installer, operator, dispatcher,
mine rescuer, etc.), the number of trainees, and the
new role of the teacher, etc. Evaluating the applicabi-
lity of individual AR and VR technologies, developers
also offer mixed MR solutions [24].

The training of operators and maintenance wor-
kers of sophisticated equipmenton simulators in-
cludes:

1) the process of continuous theoretical training;

2) working on simulators where practical situa-
tions at workplaces are practiced;

3) control of knowledge, skills and abilities;

4) working with instructions based on VR/AR solu-
tions;

5) error correction, reinforcement of the correct
action algorithms.

Approaches to the implementation of complex
VR/AR solutions in the main educational programs for
training industry specialists (bachelors, specialists and
masters) are presented in a completely different way.
A future mining engineer (the higher education level
is specialist) should be prepared not only to undertake
practice on simulator systems, but also be able to gen-
erate complex solutions based on expert evaluations
in technological cycles or processes. In this regard, the
use of VR/AR technologies in the mining engineer ed-
ucational process need to be clearly linked with his/her
future labor functions. Global practice shows that the
best solutions for the formation and development of
competencies in the field of the VR/AR environment
are implemented by mining enterprises in partnership
with universities.

The role of universities as the main concentra-
tors of knowledge is associated with the requirements
and expectations of industrial partners. This also

* Why AR is more promising for the industry
compared to VR? URL: https://news.myseldon.com/ru/news/
index/221068050
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involves the development of innovative education-
al programs and technologies. Universities not only
train young specialists, bachelors and masters, but
also transfer advanced competencies to the existing
staff of enterprises. This in turn allows universities
and advanced companies to build long-term partner-
ships. An indisputable advantage of universities is
the state support, including financial support. This
can lead to universities becoming centers of tech-
nological solutions based on VR/AR technologies.
Modern state support of universities in Russia is
based on the principles of co-funding of projects by
business, which ensures the relevance of projects for
the real economy. This approach also allows compa-
nies to receive financial support in the form of tar-
geted subsidies from the federal budget under the
national projects “Education” and “Digital economy”
(subproject “Digital technologies”) for the develop-
ment of VR/AR technologies.

Conclusions

1. Virtual and augmented reality technologies rec-
reate the comprehensive conditions and processes of
mining production in high quality, contributing to the
formation of professional competencies of personnel
of various levels and qualifications. It is worth noting
the special role of VR/AR technologies in ensuring the
safety of mining operations.

2. Interaction between producers, consumers of
services and their cooperation with universities play a
great role in the development of VR/AR technologies.
Such alliances allow a class of problems related to the
formation of competencies in the future generation of
specialists to be resolved. These include: the training
of university graduates; creation of specialized cours-
es in educational programs, as well as individual high-
er educational programs; and professional develop-
ment and retraining courses for specialists in the field
of VR/AR technologies in mining. Another outcome
is the formation of the corresponding staff potential
in general in the industry and not only on a corpo-
rate level. This also requires the involvement of the
academic community in the development of practical
tasks for VR/AR solutions. The researchers engaged in
study come from a range of specializations: geology;
geophysics; geotechnics; geoinformatics; aerology;
geotechnology; mining machinery and equipment, as
well as automation, inter alia. This also creates con-
ditions for critical analysis and the improvement of
specific solutions. The best practices of VR/AR usage
are disseminated in the interests of future customers
(market development) and contribute to the creation
of a common method to assess the effectiveness of
VR/AR projects, thus determining their investment
attractiveness, predictability and the creation of fu-
ture technologies.
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