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Abstract: Several natural threats characterize hard coal mining in Poland. The coexistence of methane
and rock-burst hazards lowers the safety level during exploration. The most dangerous are high-
energy bumps, which might cause rock-burst. Additionally, created during exploitation, safety pillars,
which protect openings, might be the reason for the formation of so-called gas traps. In this part, rock
mass is usually not disturbed and methane in seams that form the safety pillars is not dangerous
as long as they remain intact. Nevertheless, during a rock-burst, a sudden methane outflow can
occur. Preventing the existing hazards increases mining costs, and employing inadequate measures
threatens the employees’ lives and limbs. Using two longwalls as examples, the authors discuss the
consequences of the two natural hazards’ coexistence. In the area of longwall H-4 in seam 409/4, a
rock-burst caused a release of approximately 545,000 cubic meters of methane into the excavations,
which tripled methane concentration compared to the values from the period preceding the burst.
In the second longwall (IV in seam 703/1), a bump was followed by a rock-burst, which reduced
the amount of air flowing through the excavation by 30 percent compared to the airflow before, and
methane release rose by 60 percent. The analyses presented in this article justify that research is
needed to create and implement innovative methods of methane drainage from coal seams to capture
methane more effectively at the stage of mining.

Keywords: methane hazard; rock-burst; the safety of exploration

1. Introduction

Extraction of coal in hard coal mines in Poland involves numerous natural and techni-
cal hazards [1,2]. When designing a new section’s exploitation, it is necessary to identify
the levels of natural hazards and apply the conclusions in the final design. The identi-
fication and prevention of natural hazards require state-of-the-art methods, technology,
instruments and machinery, as well as relevant expertise and know-how.

Polish hard coal mines have to cope with adverse geological conditions and the
presence and coexistence of the following hazards [1,2]:

methane

coal dust explosion
rock-bursts, cave-ins
fire

water

rock-and-gas outbursts
climate

Because mining in Poland reaches more profound levels every year, the degree of
co-existing hazards rises considerably. At present, the average depth of exploitation is
800 m below sea level, but in many mines it is even greater than 1000 m and probably will
increase in the years to come [2]. That means growth in methane release and higher virgin
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temperature of the rocks, which causes the climate conditions for deterioration and the
endogenous fire hazard to rise. The presence of all these factors combined can lower the
safety level of working underground.

The considerable depth of exploitation of coal seams contributes to the increase in the
scale of natural hazards. With increasing depth, the methane content in the coal seams
increases. On the other hand, decreasing the rock-mass permeability with the rise of the
stress state causes a reduction of methane drainage efficiency. The exploitation of coal
seams at these depths increases the risk of bumps and rock-bursts. Improperly selected
methods of preventing these threats may contribute to the sudden release of methane and
the danger of miners’ death.

Some of the most severe threats existing in Polish mines are methane and rock-
burst hazards [1,2]. Using inadequate prevention methods can, as a consequence, lead
to casualties. The present article highlights the implications of their coexistence and
draws attention to the necessity of implementing appropriate preventive measures. In
the beginning, the authors focus on describing the very nature of methane hazard and its
prevention; in subsequent sections, they show the effects of the coexistence of the methane
and rock-burst hazards, using longwalls in two Polish mines as examples.

The description of the presented events was the part of the scientific report carried
out under the supervision of Nikodem Szlazak, co-author of the article, and commissioned
by the Higher Mining Institute in Katowice and the Mining Commission for the Study of
the Disaster Causes [3].

2. Sources of Methane Origin and Methods of Methane Hazard Prevention

In the Upper Silesian Coal Basin’s coal measures—considering its area and hitherto
identified layers—the presence of methane varies, and its distribution is very uneven [4,5].
In the northern and central parts of the Basin, methane is virtually non-existent or very
scarce. On the other hand, its southern part has a very high methane content [4,5]. For
example, this situation exists in Brzeszcze and Silesia mining plants suited in its eastern
part, and in the western region, the Rybnik Coal Area is the most methane prone.

The presence of methane does not correlate with specific stratigraphic layers [4,5].
It exists at all levels except for the Libiaz layers. The same layers contain methane in
some areas while being free from it elsewhere. There is no close correlation between the
degree of carbonization and the methane content in the carboniferous [4,6]. In some mines,
heavily metamorphosed coal contains minimal amounts of methane. On the other hand,
much less metamorphosed coal in, e.g., the Silesia mining plant is characterized by high
methane content. An essential factor for methane content in coal is the type of overburden’s
thickness, but this is not the only condition of methane’s presence in larger amounts. The
research conducted so far makes it possible to conclude that methane found in coal deposits
exists in two primary forms [7]:

e sorbed methane linked through its physical-chemical properties with coal substance;
e free methane found in the pores and fractures in the barren rock and coal seams.

Nevertheless, a close connection between methane content and tectonics exists as
dislocations are clear boundaries separating blocks with different methane concentra-
tion degrees.

Studies into the methane content of the rock mass, conducted in the prospecting holes
in the south-western part of the Basin, confirmed the existence of a zone with high methane
content in the roof of the carboniferous formation above the overburden [8]. Figure 1
presents methane content changes, depending on the depth below the carboniferous roof [8].
The high-methane-content zone’s thickness is approximately 200 m, with the methane
content often exceeding 10 m® CH; /Mg daf. Next, methane content sinks from 2 to 5 m?
CH, /Mg daf, only to rise above 11 m3 CH, /Mg daf at a depth of 700-900 m. Below 1000 m,
free nitrogen and helium occur. The first peak of methane content corresponds to the
presence of the impermeable overburden at a depth of 150-200 m below the carboniferous
roof; it is caused by a high degree of metamorphism in the carboniferous formation
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at a considerable depth, which had the following consequences: A greater degree of
carbonification and a higher reduction in the amount of volatile matter, an increased amount
of thermogenic methane in coal, reduced coal hardness and coal’s sorption capacity. These
factors, combined with a large methane content and reduced coal hardness, contribute
to the emergence of a high-pressure gradient within the so-called gas trap. That causes
methane release into the excavations to grow, which may be the reason for methane and
rock outbursts.
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Figure 1. The averaged changes in methane content g, moisture content W, and volatile parts V92f in
the coal deposits of the Rybnik Coal Basin. Adapted from Tarnowski J. 1971 [8].

Figure 2 presents the distribution of methane content according to depth in the De-
bierisko deposit [9]. What follows is that coal extraction from seams with high methane
concentration calls for implementing accurate measures to lower methane release into
excavations. The proper assessment of methane hazards, forecasts, monitoring, hazard
control and implemented preventive measures is crucial for the safety of exploitation in
that type of seams.

Methane hazard prevention involves both procedures for identifying and controlling
methane hazards and the methods of removing explosive accumulations of methane from
excavations. In hard coal mines, the prevalent methods implemented to stop methane
hazard are as follows [1,10]:

e sufficient ventilation lets avoiding the emergence of methane ‘fuses’ or local accumu-
lations of methane in excavations ventilated by airflows generated by the main fans
and in workings ventilated using a separate ventilation system;

e methane drainage from coal seams through drainage boreholes, drilled from under-
ground excavations or the surface;

e methanometric systems to control methane concentration in mine air, using sensors
deployed in the different types of workings following the applicable regulations;

e supplementary ventilation devices installed in places with limited ventilation and
local accumulations of methane.

Methane drainage from the rock mass is the most effective method of minimizing
methane hazard, reducing methane release into working spaces and eliminating or min-
imizing the occurrence of such events as outflows, sudden outbursts of methane and
coal [11-23]. The procedure that has proved to be the most efficient is draining methane
from the rock mass and from waste areas secured with stoppings and transporting it to
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the surface, using the depression caused by pumping in a methane drainage station. This
method helps maintain sufficient ventilation parameters and involves specific requirements
regarding the choice of methods for developing coal seams containing methane. Polish
coal mines use pre-extraction methane drainage only sporadically (if at all) because the
low permeability of coals means that this method is inefficient [22,24-26].

Methane content [m? CH,/Mg daf] Methane content [m? CH,/Mg daf]
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Figure 2. The distribution of methane content according to depth within a selected area: (a) Description for borehole
Szczygltowice borehole; (b) description for borehole Debirisko Glebokie 8 [9].

3. Examples of Overlapping of Methane and Outburst Hazard
3.1. Research Objectives

The methane content in a seam decreases during extraction as methane is drained and
released into workings, where ventilation air dilutes it to lower methane concentration.
Specially constructed pillars protect, active for an extended period, mining excavations in
seams with a high methane content. In such conditions, methane in seams that form the
safety pillars is not dangerous as long as they remain intact. A bump or a rock-burst in this
area can release a large amount of methane into the working, removing oxygen from the
mine atmosphere and threatening the personnel deployed there. In such cases, the lives of
the miners working in these excavations are at risk not only because of a possible sudden
energy discharge that deforms or destroys the working; another threat is the released
methane, which displaces all oxygen from the excavation.

Here we describe the examples of such occurrences. They refer to actual accidents
recorded in longwall H-4 in seam 409/4 in mine X and longwall IV in seam 703/1 in mine
Y, where bumps of energy 1.9-108 J and 9.8-107 ] respectively, caused the rock-burst and
sudden methane outflow in both of them.

3.2. The Methodology of the Research

According to Polish mining regulations [27], all coal mines are equipped with the SMP-
NT/A environmental parameters monitoring system with CMC-3MS telemetry centers
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and an integrated CST security system with CST-40A telemetry exchanges. Automatic
methane measurement protects all longwalls and faces supplied with electricity following
the requirements of applicable regulations and as agreed by the Ventilation Department’s
Head. The SMP-NT/A methane sensors with continuous recording protect all ongoing
faces and longwalls and are powered directly from telemetry centers or, if possible, using
in-house central units. The monitoring system is usually equipped with sensors to measure
methane concentration, carbon monoxide, oxygen, air velocity, temperature, pressure and
more. An intrinsically secure telecommunications network allows sending data to and
from the sensors to the telemetry centers.

Diagrams of the longwalls’ gasometric system, and the arrangement of CH4 and CO
sensors, are presented in Figures 3 and 4. Additionally, figures show the analyzed sensors
marked with a blue rectangle.

Based on the analysis of the methane sensors indications for the longwalls mentioned
earlier, it was possible to assess the consequences of the coexistence of methane and
outburst hazard. The observations included sensors:

1. For the longwall H-4 in seam 409 /4:

> Sensor MM187-RW-placed in the Drift H-2 to seam 409/3 in the distance of
10-15 m before the crosscut with the Transport Glade H-2 in seam 409/1 and
409/2 (Figure 3);

> Sensor MM 123-RW placed in the Drift H-2 to seam 409/3 in the distance of
10-15 m before the crosscut with the Transport Glade H-2 in seam 409/1 and
409/2 (Figure 3).

2. For the longwall IV in seam 703 /1:

> Sensor G of CHy (1.5%) placed in the Researcher roadway 3a-E-E1 in seam
703/1 at the height of the longwall window (Figure 4);

> Sensor M of CHy4 (1.5%) placed in the Researcher roadway 3a-E-E1 in seam
703/1 5 m ahead of a transformer (Figure 4).

The description of the events that occurred in longwalls H-4 in seam 409/4 and IV
in seam 703/1 was the part of the scientific report commissioned by the Higher Mining
Institute in Katowice and the Mining Commission for the Study of the Disaster Causes [3].
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Upper Jastrzebie 1

Before the event, in the H-4 longwall area in seam 409/4, the coal mine carried out
preparatory works in three longwall fronts; two in the Tailgate Road H-4 (two longwall
faces led on compaction), and one in the Tailgate Road H-2. Additionally, in this area, the
F-H Ventilation drift was carried out. Figure 3 presents a diagram of the H-4 longwall’s
ventilation area along with the placement of gasometric system sensors. Additionally,
Figure 5 shows the map of the developed longwall H-4.
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Figure 5. The map of the developed longwall H-4 in seam 409/4.

4. Results and Discussion
4.1. The Area of Longwall H-4 in Seam 409/4 in Mine X

Realization of the preparatory works in the deposit H required air from the Belt
drift and the Circular drift F, both on the level 900 m, of 1570 m3/min and 1020 m3/min,
respectively. After airing the workings, the air was discharged via the H-2 Ventilation
ramp in seam 409/3-4, to the Circular and Belt drift F on the level 900 m (1070 m?/min and
1520 m>/min, respectively).

The part H in the seam 409/4 lays in the central and southern parts of the “Jastrzebie
Gorne I” mining area, in the monoclonal part of the deposit, at a depth of ~815 m to ~990 m.
It was accessible from the south through the Circular and Belt drift F, both on the level
900 m and north and south through the Transport Glade H-2 and Drift H-2, also on 900 m.

There is an “eastern” fault h~15-45 m with the N-S course in the eastern border of the
analyzed section, while the western edge of it is a “Jastrzebie” fault h~25-30 m with the
same course. Parallel faults accompany these disturbances with discharges up toh > 5 m.
A standard fault h~5-1 m with a path similar to the W-E direction runs through the central
part of the section H and at a distance of ~30-75 m from the “eastern” fault in the eastern
region, the fault h~0.5-2.5 m runs parallel. In the southern part, on the other hand, there
are assumed reverse faults h~2.5-5 m. In its border parts, there are latitudinal faults from
h~6 m to h~30 m.

Beforehand, the coal mine carried exploitation in three longwalls in the upper seam
409/3 transversely to the direction of the deposit’s extent.

The data from the automatic methane measurement system'’s sensors and the airflow
balance allowed calculating the section H area’s absolute methane bearing capacity [3].
Before the event, methane emission was equal to 10.36 m® CH,/min, among which faces
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of the Road H-4 and H-10 generated 6.00 m3 CHy/min. The remaining 4.36 m3 CH4/min
came from the Tailgate Road H-2. The calculated values indicate that the discharge was
much lower than it resulted from the absolute methane bearing capacity forecasts made for
these workings.

The area in which the incident took place showed previous seismic activity. From
4 April 2018 until a rock-burst on 5 May 2018, the total number of bumps in section H
was 134. Most of them produced energy of approximately 10?~10° J. Only six of them had
energy approximating 10% J.

Table 1 shows the effect of the bumps on methane release into excavations during the
period preceding the accident under analyzes.

Table 1. The effect of the bumps on methane release into excavations in section H [3].

A Bump in the Area in Section H with an Energy Equal to or Higher
Excavation 1x104]J

25.04.2018 30.04.2018 01.05.2018 04.05.2018

Roadway H-10 seam

409/3-409/4 none none none increase by 0.1%

increase by

Tailgate Road H-4 none increase by 0.1%

0.1%
increase by 0.1%
increase by 1.0%
increase b (behind the dust
Maingate Road H-4 none o y collector) none
0.1-0.2% .
increase to 1.7%
(the sensor in the
face area)
Ventilation drift F-H increase by none non crease by 0.5%
level 900 0.1% o one crease by 0.5%
Drift H-2 on on on o
to the seam 409/3 one one one one

The table data shows that section H’s bumps did not significantly increase the work-
ings’ methane concentration. It did not exceed 0.5%, except for the H-4 Maingate Road on
1 May 2018; the methane concentration behind the dust collector increased by 1.0%, and
the sensor in the face area showed 1.7% of methane. Taking the above into account, bumps
with energy up to 10 ] or higher do not pose a potential threat of rock-burst and a sudden
outflow of methane. The low energy bumps do not cause sudden desorption of methane
into the excavation. Therefore, one can conclude that the applied rock-burst prevention in
such events was sufficient.

On 5 May 2018 at 10:58:00, a bump with 1.9 x 10% J’s energy occurred, causing a
rock-burst in section H, releasing a large amount of methane into the excavations [3]. The
bump was so strong that people staying in the buildings located above the ground felt it.
The burst epicenter’s localization was in the area of Roadway H-10 in seams 409/3 and
409/4, marked with a purple dot in Figure 6. The consequence of the rock-burst was the
destruction of the roadway.
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Figure 6. The map of seam 409/3 in the area of longwall H-4 with indicated spots where bumps
occurred with an energy of 10°-108 J.

Figure 7 presents the distribution of methane content in seam 409/4 in section H,
clearly showing that methane content in the excavation of longwall H-4 was significantly
lower than along the Roadway H-10 and Ventilation ramp H-2 of seam 409/3-409/4.
The lower methane content measured in seam 409/4 during the creation of development
workings for longwall H-4 resulted from the degasification of seam 409/4 through earlier
extraction in seam 409/3. In the area of Roadway H-10, the methane content approximated
8 m3 CHy/ Mg daf, whereas, in the longwall H-4, it varied between 0.440 to 4.007 m>
CH,4 /Mg daf. Creating a safety pillar protecting the openings into a section of the deposit
caused the high methane content in seams 409/3 and 409/4 (Figure 5). In this part, rock
mass was not disturbed and the coal mine did not proceed with drainage.

The bumps of high energy usually cause the rock mass disturbance, like in longwall
H-4 and a sudden large emission of methane. For that reason, they can pose a severe
threat to the working crews’ health and safety. Due to this, coal mines should take steps to
increase rock-burst prevention.

After a bump occurred on 5 May 2018, sensors MM-123 and MM-187 recorded high
methane concentration levels (Figure 3). Of all the analyzed sensors of the methanometric
system in section H, those two survived. They were installed in Drift H-2 leading to seam
409/3, 10 to 15 m ahead of a crossing with Transport Glade H-2 in seams 409/1 and 409/2
(Figure 3).

As a consequence of the bump described above, multiple accidents occurred in which
seven employees suffered; five of them lost their lives, while the other two suffered minor
injuries. Additionally, methane release of such magnitude followed the accident on 5 May
2018 delayed the rescue operation.



Energies 2021, 14, 128

110f 16

Methane content m?® CH,/Mg daf

| S

o -
n

u»uuabcmuocua.ao

Figure 7. Isolines of methane content in the area of longwall H-4 in seam 409/4 [3].

Figure 8 presents the MM-123 and MM-187 sensors’ concentrations after the accident
(marked in Figure 3) [3]. The results presented in the figure show that it increased to
over 60% on the bump day. Then it dropped to around 10% within the next two days.
On 7, 9 and 12 May, the MM-187 sensor showed a methane concentration above 30%.
Concentration on the MM-123 sensor rose to 22% on 7 May, and then fell below 10% and
remained at this level until 9 May. After that date, concentration on both sensors, except
the 12 May (sensor MM-187), remained below 5%.
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Figure 8. The values of CHy concentration recorded by sensors MM-123 and MM-187 (5-15 May
2018)—both sensors marked with rectangles in Figure 3.

Based on an analysis of the sensors’ values, it is possible to evaluate methane release
from section H, in which the bump and the resulting rock-burst occurred on 5 May 2018 at
10:58. The analysis reveals releasing approximately 545,000 m® of methane into excavations.
Thus, the average methane release into excavations from section H was tripled compared
to the period preceding the burst [3], which caused the accident discussed here to occur.
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4.2. The Area of Longwall IV in Seam 703/1 in Coal Mine Y

The development of longwall IV in the seam 703 /1 was being proceeded in the Fourth
Category conditions of methane and the Second Degree of rock-burst hazard. A bump
occurred on 22 January 2019 at 23:35:41 with an energy of 9.8 x 107 J. It resulted in a
rock-burst in the area of crossing a longwall face with a ventilation heading. Figure 9
presents the map of the seam with the highlighted longwall IV with the greenish color.
Figure 4, on the other hand, shows the arrangement of the methanometric system’s sensors
in the workings at longwall IV. Additionally, the figure shows the analyzed sensors marked
with a blue rectangle.
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Figure 9. Seam 703/1 with longwall IV.

The data from the automatic methane measurement system'’s sensors and the airflow
balance allowed calculating the section IV area’s absolute methane bearing capacity. Before
the event, it was equal to 14.47 m® CH, /min, among which the drainage system captured
3.9 m3 CH4/min. The remaining 10.57 m® CH, /min was released to the excavation.

The burst caused the longwall’s final section and ventilation heading’s deformation
and, in the end, methane release into the excavation. The accident proved fatal to one
employee, working in the crossing area of the longwall and the roadway. The airflow
through the longwall excavation was reduced to 30% compared to the one before the burst.

Changes in methane concentration on the sensor in the longwall and roadway pre-
sented in Figure 10 clearly show what happened with the methane concentration at the
moment of the accident. Sensor G (Figures 4 and 10) recorded a sharp increase in methane
concentration from below 0.4% to 5% at the incident. Next, the concentration fluctuated
between 2.2% and 4.3%, then it began to drop, reaching a value below 1.5% around 2:00
a.m. Between 4:00 a.m. and 8:00 a.m. on 23 January, methane concentration fluctuated
wildly, from 1% to 1.8%. It was not until 8:00 a.m. that concentration dropped significantly
below 1.5%.
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Figure 10. A change in methane concentration after the burst recorded by a CHy (G) sensor installed
in the Researcher roadway 3a-E-E1 in seam 703/1 at the height of the longwall window (sensor G in
Figure 4) [3].

Additionally, in Figure 11, we see the methane concentration changes recorded by
sensor M (Figures 4 and 11) in the Research roadway 5 m ahead of a transformer. The
highest recorded value was 7%. After a sharp increase at the time of the accident, the
concentration began to drop sharply, reaching 2.6% at 4:00 a.m. From now on, it started
decreasing more slowly to the value of 1.8% by 10:00 a.m.

The burst caused an additional outflow of 4500 m® CH, within 12 h, which means
that methane release increased by 60% compared to the period before [3].

S -

Methane concentration, %

osd M

2200 0000 0200 04.00 06.00 08.00 1000
2019-01-22 2019-01-23 2019-01-23 2019-01-23 2019-01-23 2019.01.23 2019.01.23
Figure 11. A change in methane concentration after the burst recorded by a CH, (M) sensor installed

in Researcher roadway 3a-E-E1 in seam 703/1 5 m ahead of a transformer (sensor M in Figure 4) [3].

Both accidents analyzed here involved a bump and a resulting rock-burst, causing a
massive outflow of methane into a longwall excavation. The discharge, combined with
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airflow reduction, led to the removal of oxygen from mine air. Of particular significance is
the rock-burst occurrence, which destroyed the excavation structure and changed airflow
distribution. The resulting accidents caused seven casualties.

To sum up:

e A bump of high energy in section H caused the rock mass’s disturbance and a sudden
large emission of approximately 545,000 m® of methane into the excavations.

e  Such a large amount of methane was undoubtedly influenced by creating a safety
pillar protecting the openings into a deposit section (Figure 5).

e In this part, rock mass was not disturbed and the coal mine did not implement any
drainage methods.

e The average methane release into excavations after the rock-burst was tripled com-
pared to the period before the burst.

e  From 5 August 2018 to 15 August 2018, the sensors’ methane concentration changed
from 60% to approximately 35% (Figure 8).
The accident resulted in five casualties.
A bump in the longwall IV area in seam 703/1 occurred on 22 January 2019 and
resulted in a rock-burst in the area of crossing a longwall face with a ventilation
heading.

e  The amount of air flowing through the excavation decreased by 30% compared to the
airflow before.

e  The burst caused an additional outflow of 4500 m® CH, within 12 h, which means that
methane release increased by 60% compared to the period before.

e  Theaccident proved fatal to one employee, working in the crossing area of the longwall
and the heading.

An analysis of these events provides strong evidence that coal extraction under the
conditions of co-existing methane and rock-burst hazards requires implementing methods
of forecasting and adequate preventing measures. The implemented measures must be
able to prevent rock-burst.

5. Conclusions

The natural hazards existing in mines often aggravate each other, increasing the risks
to personnel working in excavations. Both accidents analyzed here involved a bump and a
resulting rock-burst, causing a massive outflow of methane into a longwall excavation.

Usually, bumps with energy up to 10* J or higher do not pose a potential threat of
rock-burst and a sudden outflow of methane. Thus, the prevention methods implemented
in coal mines regarding this particular hazard are well designed. Low energy bumps do
not cause sudden desorption of methane into the excavation. The most dangerous are
high-energy bumps like those which caused accidents in the aforementioned longwalls.

Additionally, creating a safety pillar protecting the openings can cause high methane
content in seams, which might be released during the rock-burst. In this part, rock mass is
usually not disturbed, which causes creating so-called gas traps. The discharge of methane
due to rock-burst, combined with airflow reduction, leads to the removal of oxygen from
mine air.

The analysis carried out in the article concludes that it is vital to research on design-
ing and implementing innovative methods of draining methane from coal seams as a
preventive method against sudden methane outflows. Undoubtedly it will increase the
efficiency of methane capture during mining operations. It is necessary to develop methane
drainage procedures to increase the amount of captured methane by drilling boreholes
above the extracted seam as the longwall progresses. The implemented method should
involve drilling long methane drainage boreholes fitted with pipes, combined with the
currently used methane drainage system, particularly at longwalls mined using a U system
of retreat longwall mining.
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Regardless of the attempts to decrease the amount of methane in coal seams, it is
necessary to monitor the rock-mass stresses and maintain ongoing prevention of rock-
bursts.
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