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Abstract

The steady trend of complication of mining and geological factors in underground coal mining and at
the same time the processes of mining intensification cause growth of dynamic manifestations of natural
factors of mining, such as sudden coal and gas outbursts, rock bursts, rock collapses, leading to gas and
dust explosions and fires. This requires developing the models of different phenomena manifestation risks,
which enable improving the process safety of a mining enterprise. In this study, based on the methodology
of aerological risk assessment in coal mines, a structural analysis of aerological risks was carried out.
The criteria of hazard of mining-geological and mine engineering factors and vulnerability of schemes
and methods of ventilation, ventilation facilities, and main fans were developed. A hierarchical structure
of aerological risks of higher ranks was developed. The presented risk structure allows determining the
area of superposition of hazards of coal mining and vulnerability of ventilation systems for each mine
and its individual facilities, as well as quantifying these areas in the form of aerological risks. The ranges
of aerological risk values of higher ranks for super-category mines and mines hazardous by sudden coal
and gas outbursts for different ventilation modes were established. The presented methodology enables
forecasting and reducing aerological risks in course of designing, operation, liquidation, and conservation
of coal mines.
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TIPUBOAUT K HEOOXOAMMOCTHM pa3pabaThiBaTh MOAEIM PUCKOB MPOSIBIEHNST PA3HbBIX SIBJIEHMIA, UTO ITO3BOJISI-
€T TMOBBICUTb TEXHOJIOTMYECKYIO 6€30MMaCHOCTh TOPHOTO MPEeATIPUSITYSI. B Tpe/icTaB/IeHHOM UCCIeJOBAHUY HA
OCHOBe METO[IOJIOTUY OI[€HKY a3POIOTMUECKMX PUCKOB B YTOJMbHBIX MIAXTaX MPOBEIeH CTPYKTYPHBIN aHAIU3
a’posIoTMUecKux prckoB. ChopMMUpPOBaHbI KPUTEPUY OTIACHOCTU FOPHO-TEOTOTUUECKMX Y TOPHOTEXHUYUECKUX
(baKTOPOB U YA3BUMOCTHM CXEM U CITOCOGOB BEHTUJISIIIUY, & TAKKE BEHTUIISIIIIOHHBIX COOPYKEHMIT U BEHTUIISI-
TOPOB IJIABHOTO MPOBETPUBaHMs. PazpaboTaHa mepapxmuueckast CTPYKTypa aspoIorMyeckuX PUCKOB BBICIINX
paHroB. [IpencraBieHHast CTPYKTypa PUCKOB ITO3BOJISIET [JIS1 KAKI0M IAXThI U OTAEIbHbIX €€ 06beKTOB OIpe-
JIeTUTH 00JIaCTh MIepeceYeHNst OMacHbIX (PaKTOPOB YIVIeJOObIUM U YSI3BUMOCTY CUCTEM BEHTWISILIVIY, & TAKKE
KOJINYECTBEHHO OIIEHUTDb 3T 00JIACTYU B BUJIE€ a3POJIOTMUECKUX PUCKOB. YCTAHOB/IEHBI AMATIa30HbI 3HAUEHUIA
a3pOJIOTMUECKOTO PYUCKA BBICIIMX PAHTOB JIJIST CBEPXKATETOPUITHBIX MIAXT U IIAXT, OTIACHBIX 10 BHE3AITHbIM
BbIGPOCAM YIVISL M ra3a, ISl Pa3HbIX BEHTWISLMOHHBIX PEXMMOB. [IpefcTaBieHHas: METOJOIOTHS TIO3BOISIET
OCYIIECTBIISITh TPOTHO3MPOBAHME U CHVKEHME adpOJIOTMUYECKUX PUCKOB MPU MTPOEKTUPOBAHMM, IKCIUTyaTa-
LMY, TUKBUOALMM Y KOHCEPBALIVIY YTOMbHBIX HIAXT.
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Introduction

The problem of ensuring aerological safety of coal
mines has a complex, systemic nature. The solution of
the problem requires the effectiveness of implementa-
tion of an interrelated set of technical, technological,
engineering, and information systems, production ac-
tivities, and skilled personnel, aimed at reducing not
only the level of aerological risk, but also other types
of risk, such as geotechnical, geomechanical, hydro-
geological, organizational, and technical [1-3].

The main hazards in coal mines are dust and gas,
they lead to the most severe types of accidents, gas
and dust explosions and fires [4, 5]. In recent years
in the Russian Federation and abroad, an intensive
search for new, more effective means and methods
of explosion protection of mine workings, meeting
modern requirements and technical capabilities is
carried out [6-8].

As a result of these studies, the following areas
have been studied in greater depth with the use of nu-
merical modeling:

— methane distribution in areas of intensive min-
ing in coal mines [9-11];

— properties of multicomponent explosive gas-air
mixtures in a mine atmosphere [12];

- processes of coal dust deposition in mine
workings [13, 14].

In the current conditions of high loads on the
mining faces, an intensive in-situ degassing of mines
is carried out to ensure the safety of high-produc-
tive faces, as exemplified by the Mine named after
S.M. Kirov (Leninsk-Kuznetsky) [15]. In [16, 17] suc-
cessful solutions for degassing of mine working fields
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and reduction of dust formation in longwall faces are
presented.

In the conditions of development of high-gas-
bearing coal seams, hazardous by the dust factor, it
is impossible to ensure aerological safety without
applying degassing and technologies of dedusting of
coal seams [18, 19]. However, ventilation is still the
primary method for gas and dust hazard control in
coal mines. At a sudden stop of the main fan in fiery
mines, if turning on the standby fan is impossible,
all work in the mine areas must be stopped, electri-
cal equipment should be de-energized, all personnel
should be relocated to the air shaft in 30 minutes,
and at faults, which require a long time to fix, the
personnel should be delivered to the surface. There-
fore, for effective selection of air-supply schemes in
coal mines, the issues of evaluation and analysis of
aerodynamic parameters of air streams require con-
tinuous research [20-22]. It is necessary to calculate
the stability of air streams in mine workings based
on quantitative parameters, ventilation directions,
and the factor of thermal drop of ventilation pres-
sure [23]. Aspects of aerological safety, based on
quantitative assessments of accident risks, find their
application in the implementation of the projects
of digital transformation and intellectualization of
mining systems [24, 25]. This, in turn, determines
the promising directions of coal mines technolo-
gical structure development [26, 27], allows deve-
loping evolutionary models of the safety system
of coal mines based on multifactor modeling, in-
cluding with the use of intelligent algorithms and
methods [28, 29].
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Methodology for aerological risk assessment

In order to successfully solve many design and
production issues related to ensuring aerological
safety of coal mines at the proper level, it is neces-
sary to analyze and process huge flows of structured
information, which are interconnected hierarchical-
ly and represent a kind of information architecture
of aerological safety. For this architecture, hazard
criteria for the system as a whole and the vulnerabi-
lity of its elements should be prescribed, in accor-
dance with which engineering solutions to prevent
the impact of hazardous mining and geological and
mine engineering factors of coal mining should be
developed. The ultimate goal of building an aero-
logical safety architecture is to quantify aerological
safety and identify ways to improve it.

One of the quantitative characteristics of aero-
logical safety are aerological risks, which express
a probabilistic measure of the hazard of accidents
due to unsatisfactory composition of the mine at-
mosphere, occurring in ventilation schemes of a cer-
tain vulnerability. As a result of this research, hazard
and vulnerability criteria were formed in the struc-
ture of aerological risks, covering the entire aero-
logical safety architecture. This made it possible to
combine all the studies conducted and quantify both
the aerological safety of the mine as a whole and its
individual components.

The hierarchical structure of aerological risks
was created from particulars to generals accor-
ding to “the bottom-up approach” from the indivi-
dual facilities of the mine to the mine as a whole.
For this purpose, the entire mine was divided into
three areas based on the level of operation of its
facilities. First, the concept of aerological risks
was developed for working areas and development
workings, which took the lower position in the
ranking system and were defined as rank III risks.
Aerological risks of failures capable to lead to acci-
dents within mine wings took the middle position
in the ranking structure and were defined as rank
IT risks. Aerological risks of failures capable to lead
to accidents of the entire mine scale took the top
position in the ranking structure and were defined
as rank I risks.

Aerological risks of rank III were investigated in
earlier works of the author, and based on these studies
findings, the following was developed:

— the hierarchical structure of risks of this rank;

— the hazard criteria of factors and vulnerability
of ventilation schemes at the level of areas and deve-
lopment workings;

— the methods of aerological risk assessment for
working areas and development workings;
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— the methodology for calculating the predicted
values of risk when using measures to manage gas
release through degassing of high-gas-bearing coal
seams, hazardous in terms of dust explosions;

as well as:

- quantitative comparison of gas hazard risks of
mine workings with different ventilation schemes was
obtained; the influence of mine workings aerodynam-
ic ageing on the risks of area and permanent mine
openings with different methods of their protection
was assessed;

—values of rank III aerological risks were calcu-
lated for a number of mines in the Kuznetsk Basin.

Since the structure of rank III risks has already
been given in previous publications of the author, it is
necessary to focus in more detail on the structure of
risks of ranks IT and I.

Hazard and vulnerability indicators
in the structure of risk ranking | and Il

The basic scheme of the structures of all ranks
is the same, almost the same set of mining hazards
is used, but the areas of impact of these factors at
each level are different. This makes it necessary to
establish different types and levels of ventilation
vulnerability and, correspondingly, different levels
of negative consequences of ventilation failures.
The main hazard indicators in the structure of aero-
logical risks of all ranks are gas and dust hazards
as well as rock temperature. Assessment of the ex-
plosiveness of coal mines includes an assessment
of the explosive properties of multicomponent gas-
dust-air mixtures containing heavy hydrocarbons
in the mine atmosphere. For rank II risks, the most
hazardous layer of a mine wing is selected, while for
rank I risks, the most hazardous seam of the mine
is selected.

Aerological risk of rank I R, is calculated by the
formula

Ram = hnVm, (D

where 2, is accident hazard factor for a mine; v, is
mine ventilation vulnerability factor;

7\4m = (SdmCIdm * ngCIgm)}\'O; (2)

where §,, is factor of significance of the dust factor
for a mine; qg, is value of the mine hazard indicator
code based on specific dust emission; d, is factor of
significance of the gas factor for a mine; g, is value of
the mine hazard indicator code based on relative gas
content; A, is normalizing multiplier;

Vi = ((vaavs + OymOlym + (meamf)VO: (3)

where ¢, is vulnerability significance factor of the
mine ventilation scheme; a,, is vulnerability code
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value of the mine ventilation scheme; ¢,,, is vulner-
ability significance factor of the mine ventilation
method; a,, is vulnerability code value of the mine
ventilation method; ¢, is vulnerability significance
factor of the main mine fans; o, is vulnerability
code value of the main mine fans; v, is normalizing
multiplier.

By decomposing the values of the indicators in
formula (3), we obtain:

Qys = ((Pspdaspd * QgiOlg; + (vaiavsi)vb (4)

where ¢,,, is factor of significance of the influence
of the mine ventilating pressure drop value on the
vulnerability of the mine ventilation scheme; o4
is vulnerability code value of the mine ventilation
scheme depending on the value of the mine venti-
lating pressure drop; ¢; is significance of the degree
of influence of direction of fresh air and return air on
air leaks; a4 is vulnerability code value of the mine
ventilation scheme depending on the degree of in-
fluence of direction of fresh air and return air on air
leaks; o, is significance of the influence of ventila-
tion stability on the vulnerability of the scheme; o,
is vulnerability code value of the mine ventilation
scheme depending on the mine ventilation stability;
v; is normalizing multiplier;

POvm = (Pvmgh(’vvmghvb (5)

where o, is factor of significance of the degree of
influence of the ventilation method on the workings
gas hazard at a sudden stop of the main fan; o,,g is
value of the vulnerability code of the degree of in-
fluence of the ventilation method on the workings
gas hazard at a sudden stop of the main fan; v, is
normalizing multiplier;

(mez ((mesamfs + (mepamfp + (Pmﬂamﬂ)v?n (6)

where ¢, is factor of significance of the degree of in-
fluence of the stability of the joint operation of the
main fans; o, is value of the code of the degree of
influence of the stability of the joint operation of the
main fans; ¢, is factor of significance of the degree
of the mine provision with air; o, is value of the code
of significance of the degree of the mine provision
with air; @,y is factor of significance of the magnitude
of the external air leakage; o, is value of the code of
significance of the magnitude of the external air leak-
age; vz is normalizing multiplier.

The presented indicators of hazard and vul-
nerability in the structure of the risks of rank I are
hierarchically linked in the functional system shown
in Fig. 1.
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The vulnerability of ventilation at the rank I risk
level includes: the vulnerability of mine ventilation
schemes and methods and the vulnerability of main
fans. The vulnerability of mine ventilation schemes
is determined by: the magnitude of the mine venti-
lating pressure drop, the degree of influence of the
fresh air and return air movement directions on air
leakage; the stability of mine ventilation. The vul-
nerability of ventilation methods at the level of rank
I risks includes: the degree of influence of the method
of ventilation on the workings gas hazard in the case
of stopping the main fans.

The vulnerability of main fans is determined by:
the stability of joint operation of main fans, the de-
gree of the mine provision with air, the magnitude of
external air leakage.

The vulnerability of ventilation at the rank II risk
level includes: the vulnerability of schemes and meth-
ods of ventilation of mine wings and the vulnerabili-
ty of ventilation facilities. In turn, the vulnerability
of ventilation schemes of mine wings is determined
by: the magnitude of the ventilating pressure drop in
haulage and ventilation main drifts, which depends
on the type of drift (field, seam), method of protec-
tion (pillar-pillar, pillar-mined-out space, mined-out
space-mined-out space); the degree of influence of
the direction of fresh air and return air motion on air
leakage; stability of ventilation of a mine wing; the
value of thermal drop of ventilation pressure in in-
clined workings.

The vulnerability of ventilation methods at the
level of rank II risks includes: the degree of influ-
ence of the method of ventilation on the workings
gas hazard in the case of stopping the main fans. The
vulnerability of ventilation facilities is determined
by the degree of their effect on the stability of ven-
tilation.

Aerological risk of rank II is calculated by the fol-
lowing formula:

Ramw = }‘mWVWIW’ (7)

where 1,,, is the accident hazard factor for a mine
wing; v,,, is the vulnerability factor of a mine wing
ventilation;

7\‘mw = (Sdqudmw + 8gmwf'lg,'rrlw)7\‘0rnw; (8)

where 8, is factor of significance of the dust factor
for a mine wing; g, is the value of the mine seam
hazard indicator code based on specific dust release
for a mine wing; 8., is factor of significance of the
gas factor for a mine wing; g, is the value of the
mine seam hazard indicator code based on relative
gas content for a mine wing; g, is normalizing
multiplier;
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Fig. 1. Hierarchical structure of rank I aerological risks
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Viw = ((pwvsawvs + OrvmOwym + (pmwvfamwvf)vlk’ (9)

where ¢,,; is vulnerability significance factor of
a mine wing ventilation scheme; a,,, is vulnerabi-
lity code value of a mine wing ventilation scheme;
¢wwm 18 vulnerability significance factor of a mine
wing ventilation method; a,,, is vulnerability code
value of a mine wing ventilation method; @, Kis
vulnerability significance factor of a mine wing
ventilation facilities; o, is vulnerability code
value of a mine wing ventilation facilities; vy, is
normalizing multiplier.

By decomposing the values of the indicators in
formula (9), we obtain:

Pyys = ((desapds + PmwvcCmwve +

+ PrwvsCmwvs + (Pivptdaivptd)VZky

(10)

where ¢,4 is significance factor of the effect of the
magnitude of ventilating pressure drop in haulage and
ventilation main drifts; o, is vulnerability code value
of the mine wing ventilation scheme depending on the
magnitude of ventilating pressure drop in haulage and
ventilation main drifts; ¢,.,q is significance factor of
the degree of influence of the direction of fresh air and
return air movement on air leaks; o,,.q, is vulnerabili-
ty code value of a mine’s wing ventilation scheme de-
pending on the degree of influence of the direction of
fresh air and return air movement on air leaks; @, iS
significance factor of the influence of ventilation stabi-
lity on the vulnerability of the ventilation scheme of
a mine wing; o, i significance code value of the
vulnerability of the ventilation scheme of the mine
wing, depending on the stability of ventilation; @i, is
significance factor of the magnitude of thermal drop
of ventilation pressure in inclined mine workings;
awpa 18 significance code value of the magnitude of
thermal drop of ventilation pressure in inclined mine
workings; vy is normalizing multiplier;

Pymw = (PvmwghavmwghVSk’ (1 ]-)

where @, is factor of significance of the degree of
influence of a mine’s wing ventilation method on the
workings gas hazard at a sudden stop of the main fan;
oymwgn 1S Value of the vulnerability code of the degree
of influence of a mine’s wing ventilation method on
the workings gas hazard at a sudden stop of the main
fan; vy, is normalizing multiplier;

Oyfs = (Pvfsavfsv4k: (1 2)

where o, is factor of significance of the degree of in-
fluence of ventilation facilities on the stability of ven-
tilation; o, is the value of the code of the degree of
influence of ventilation facilities on the stability of
ventilation; v, is normalizing multiplier.
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The presented indicators of hazard and vulnera-
bility in the structure of rank II risks are hierarchical-
ly represented in the form of a functional diagram in
Fig. 2.

Thus, the presented methodology of aerologi-
cal safety architecture design, including aerological
risk assessments, enables quantifying the effective-
ness of various methods of mine ventilation im-
provement.

Research Findings

A well-known approach of obtaining normali-
zing factors characterizing the share of vulnerability
(aerological risk) of schemes and methods of mine
(mine wing) ventilation as compared with the most
adverse situation (taken as a unit) was taken as a ba-
sis for quantitative assessment of hazard, vulnera-
bility, aerological risk. For a mine it comprises a cen-
tral duplex ventilation scheme, blow-in method of
ventilation, exacerbated by unfavorable conditions:
the scheme with low degree of stability (tilting of
the ventilation stream occurs at normal operation of
the mine — the 3 category of stability), a great mine
ventilating pressure drop, a large degree of influence
of the direction of fresh air and return air movement
on air leakage, a large degree of influence of the ven-
tilation method on gas hazard (content) in workings
when the main fans stop, low mine provision with
air, high external air leaks, etc.

Table 1 shows ranges of values of aerological
risk of rank I for super-category mines and mines
hazardous by sudden coal and gas outbursts for dif-
ferent ventilation modes The first figure of the range
of the risk values reflects the most favorable condi-
tions: the least dust emission, no diagonals in the
ventilation network, direct-flow scheme of air move-
ment, low mine ventilating pressure drop, stable
joint work of main fans, the availability of air supply
reserve in a mine, low external leaks, etc.

Analysis of the calculated data shows that while
the risks for different ventilation schemes and me-
thods increase from the best to the worst condi-
tions in 2.1 times (0.152/0.078), the value of the
risk depends on the values of ventilation parame-
ters to much greater extent and the risk increases
in 6.8 times (0.535/0.078) from the best to the worst
conditions. A similar dependence was identified for
rank II risks (Table 2).

It should be noted that the methodology makes
it possible to highlight the most significant compo-
nents (ventilation indicators) from the risk structure
and develop engineering measures to reduce aero-
logical risks and increase the efficiency of aerolo-
gical safety.
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Fig. 2. Hierarchical structure of rank II aerological risks

316



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJ1I0N'MA
2022;7(4):310-319

elSSN 2500-0632

https://mst.misis.ru/

Balovtsev S. V. Higher rank aerological risks in coal mines

Table 1

Rank I aerological risk values for super-category mines and mines hazardous by sudden coal and gas outbursts

Rank I aerological risk values
Ventilation scheme and method Sustainability Sustainability Sustainability
category 1 category 2 category 3
Flank scheme. suction method 0.078-0.535 0.101-0.575 0.203-0.733
’ 0.093-0.611 0.121-0.657 0.242-0.838
. 0.083-0.545 0.105-0.595 0.224-0.756
Flank scheme, combined method 0.098-0.623 0.125-0.68 0.267-0.864
. 0.087-0.556 0.108-0.615 0.245-0.78
Flank scheme, blow-in method 0.104-0.635 0.129-0.703 0.292-0.891
. . 0.088-0.571 0.109-0.647 0.237-0.786
Combined scheme, suction method 0.105-0.653 0.129-0.739 0.282-0.898
. . 0.1-0.599 0.133-0.685 0.262-0.808
Combined scheme, combined method 0.119-0.685 0.159-0.783 0.313-0.923
. . 0.111-0.627 0.159-0.724 0.288-0.83
Combined scheme, blow-in method 0.133-0.717 0.189-0.827 0.344-0.948
. 0.105-0.614 0.179-0.715 0.3-0.832
Central duplex scheme, suction method 0.126-0.702 0.213-0817 0.357-0.951
. 0.129-0.635 0.198-0.74 0.312 — 0.853
Central duplex scheme, combined method 0.154-0726 0.236-0.846 0.372 - 0.975
. 0.152-0.656 0.217-0.766 0.325-0.875
Central duplex scheme, blow-in method 0.182-0.75 0.259-0.875 0.388 — 1.000

Note: The numerator shows risk values for super-category mines, and the denominator shows risk values for mines hazardous by

sudden coal and gas outbursts.

Table 2

Rank II aerological risk values for super-category mines and mines hazardous by sudden coal and gas outbursts

Rank II aerological risk values
Ventilation scheme and method Sustainability category | Sustainability category | Sustainability category
1 2 3
Flank scheme, suction method 706007983__0642299 78} gz:ggﬁ 78%3?:8?22
Flank scheme, combined method 070'100858__00;158 78 %é:gzgg 8%83:8;8;
Flank scheme, blow-in method 0.117-0.607 0.185-0.725 0.326-0.863
Central duplex scheme, suction method 78???:8?3;71 78 %4712:8281 78%8%:8;;?
Central duplex scheme, combined method 78}32:8238 78}8;:8?;2 78%;3:83?3
Central duplex scheme, blow-in method 783?:8?23 78 égi:gggz 78?23:?%3

Note: The numerator shows risk values for super-category mines, and the denominator shows risk values for mines hazardous by

sudden coal and gas outbursts.

Conclusion

The steady trend of complication of mining and
geological factors of coal mining associated with in-
creasing the mining depth and the temperature of
rocks, as well as the simultaneous intensification
of mining operations with the use of up-to-date
high-performance equipment cause growth of dy-
namic manifestations of natural factors of mining,
such as sudden coal and gas outbursts, rock bursts,
rock collapses, leading to gas and dust explosions
and fires. This imposes additional requirements on
the formation and functioning of the architecture
of coal mine aerological safety, namely, the need for
integrity of risk assessment for both a mine and its

facilities, and hence flexibility, responsiveness, and
interconnectedness of the organizational-technical
and technological solutions for reducing the level of
aerological risks.

Such requirements of aerological safety are met
by a hierarchical structure of aerological risks at coal
mines, which allows determining, for each mine and
its individual facilities, the area of superposition of
hazards of coal mining and vulnerability of schemes
and methods of ventilation and ventilation facilities
and quantifying these areas in the form of aerological
risks. The presented methodology enables forecasting
and reducing aerological risks in course of designing,
operation, liquidation and conservation of coal mines.
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