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The outburst probability index (Ww) as a new tool in the coal seam outburst
hazard forecasting

Abstract

Gas and rock outbursts are one of the most unpredictable natural hazards in Polish and worldwide
underground mining. The complexity and unpredictability of this phenomenon make forecasting and
underground prevention difficult to achieve. Gas-geodynamic phenomenon occurs in greater intensity in
the southern part of the Upper Silesian Coal Basin (USCB) - close to the Bzie-Czechowice fault zone. The
relatively low firmness of coal combined with high methane content and pressure may result in a coal
seam outburst. To forecast the gas and rock outburst occurrence, the sorption capacity and gas diffusion
parameters are used in Polish coal mining. To provide a new, more direct and helpful tool for outburst
hazard occurrence interpretation — an outburst probability index (Ww) has been developed in the CLP-B
Laboratory. The components of the simple formula are: methane content, firmness of coal, desorption
intensity, effective diffusion coefficient and methane sorption capacity. The four numerical ranges are
provided to define the probability of the coal seam outburst occurrence. The new method proposed by the
CLP-B Laboratory simplifies the outburst hazard prediction and can be used successfully in the coal
mines to foresee the forthcoming danger. The result of the outburst probability index reflects changes in
each component, which makes it adequate in long-term outburst research in the new drifting roadways.
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The Outburst Probability Index (Ww) as a New Tool
in the Coal Seam Outburst Hazard Forecasting

Marcin Dreger*, Piotr Celary

CLP-B Laboratory, Rybnicka 6, 44-335, Jastrzebie-Zdr6j, Poland

Abstract

Gas and rock outbursts are one of the most unpredictable natural hazards in Polish and worldwide underground
mining. The complexity and unpredictability of this phenomenon make forecasting and underground prevention
difficult to achieve. Gas-geodynamic phenomenon occurs in greater intensity in the southern part of the Upper Silesian
Coal Basin (USCB) — close to the Bzie-Czechowice fault zone. The relatively low firmness of coal combined with high
methane content and pressure may result in a coal seam outburst. To forecast the gas and rock outburst occurrence, the
sorption capacity and gas diffusion parameters are used in Polish coal mining. To provide a new, more direct and helpful
tool for outburst hazard occurrence interpretation — an outburst probability index (Ww) has been developed in the
CLP-B Laboratory. The components of the simple formula are: methane content, firmness of coal, desorption intensity,
effective diffusion coefficient and methane sorption capacity. The four numerical ranges are provided to define the
probability of the coal seam outburst occurrence. The new method proposed by the CLP-B Laboratory simplifies the
outburst hazard prediction and can be used successfully in the coal mines to foresee the forthcoming danger. The result
of the outburst probability index reflects changes in each component, which makes it adequate in long-term outburst
research in the new drifting roadways.

Keywords: gas and rock outburst, methane content, natural hazards, methane sorption capacity, gas diffusion

methods and dependences between outburst in-
dicators developed in the Polish and world mining
[5,7—10]. The CLP-B Laboratory measures coal
sorption properties in the hazards zones, during
drifting of new roadways, according to Polish
regulation [6]. Mining at greater depths, in the fault
zone vicinities and in the unrecognized mining
areas is associated with the natural hazards inten-
sification [11—13]. There was an urgent need to
develop and apply a new solution to better interpret
outburst parameters and sorption properties com-
bined with forecasting the gas-induced geodynamic
events better. The novelty of the outburst proba-

1. Introduction

he gas and rock outburst phenomenon is one

of the most dangerous natural hazards that is
present in coal, salt and ore underground mining
[1—4]. A gas-geodynamic event is a result of several
geological factors like high rock gas pressure
(methane, carbon dioxide, etc.), high rock gas con-
tent and occurrence of weakened zones (low rock
firmness, tectonics, etc.) [e.g. 5]. The prediction of
the gas-induced geodynamic events in Polish min-
ing is based on the outburst indicators measured
during mining and in the laboratory. Additional

parameters — coal sorption properties (methane
sorption capacity and effective coefficient of
methane diffusion in coal) are determined by min-
ing specialists [2,6]. Prediction and risk analysis of
the outburst occurrence is mostly based on the
firmness of coal, gas desorption intensity, gas con-
tent and pressure. There were many equation

bility index (Ww) is the danger assessment included
in one simple equation, which can be used by
mining specialists, scientists and mining techni-
cians. Most of the equation components are studied
even a few times a week, which is why the outburst
risk changes can be seen during mining. The coal
seam outbursts, which occurred in the world
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mining, were connected with fault tectonics. The
altered zone presence is associated with e.g.
changed stress and gas distribution in the coal seam
[1,9—-13]. The most violent gas-geodynamic events
which took place in the Upper Silesia Coal Basin
(USCB) (Pniowek coal mine in 2002 — no deaths,
55,000 m® of released CH, and Zofiéwka coal mine
in 2005—15,000 m®> CH,, three deaths) were associ-
ated with tectonic disturbances [9—12]. Coal was
sheared, changed and weakened, which has helped
methane to accumulate. An outburst took place also
in the homogenous seam without tectonic distur-
bances (Budryk coal mine in 2012—340 m® of CH,
was released, and no fault was documented) [9].

2. Materials and methods

The CLP-B Laboratory performs sorption capacity
and effective diffusion coefficient tests on hard coals
to characterise their capability of gas (methane)
accumulation and desorption. Tests are conducted
on high-accuracy gravimetric analysers — IGA 001
and XEMIS 001. The new tool — the outburst prob-
ability index (Ww), has been developed on the basis
of the analysis of 350 samples (sorption and diffu-
sion) and accompanying gas-geodynamic data (coal
firmness, desorption, gas content). A coal seam
outburst is a violent gas and coal release to the mine
workings as a result of gas pressure and content,
stress regime and faults and breaks presence in the
rock mass [13,14]. In the Authors’ opinion, the
outburst interpretation and prediction should
contain fault tectonics as one of the main elements to
study and recognise. Most of the gas-induced geo-
dynamic events are related to fault tectonics (from a
few centimetres to a few meters drop) [7,10—16].
Faults often cause deformation in the coal structure,
which favours the gas (methane) accumulation in the
changed (altered) cataclastic or mylonitic coal grains
under high pressure [e.g. 16]. Coals in the close vi-
cinity of the tectonic zones are often characterised by
lower firmness and greater gas diffusion and
desorption [e.g. 11, 15, 16]. In the USCB, most of the
gas and rock outbursts took place in the area close to
the Bzie-Czechowice fault zone [e.g. 1, 13]. The
outburst probability index and comprehensive

Table 1. Categories of the gas and rock outburst hazard [6].

research of tectonics need to complement each other
during gas-related hazard predictions.

Sorption and diffusion long-term tests were per-
formed in the isothermal (in the rock mass tempera-
tures) and isobaric conditions on all types of hard
coals produced in the gas and outburst hazard zones
in the Polish mining [17,18]. The additional tests of
altered coals from tectonic zones were made to
compare results with non-altered coals (in
50 x magnification). To develop the formula and
result ranges of the outburst probability index (Ww),
the limit values of the accompanying gas-geodynamic
data and sorption properties were defined, based on
the Regulation of the Minister of Energy [6].

e The coal firmness describes the rock’s (coal’s)
ability to resist damage, and in Polish mining,
f=0.30 is the critical value [6,19].

o The methane desorption describes the intensity
of realising gas from crushed coal sample after
2min. The test is performed in a liquid
manometer — DMC 2. The critical value is
1.20 kPa [6,10,20].

o The gas (methane) content is considered the
most important outburst factor by many scholars
[e.g. 5, 7]. It shows the amount of adsorbed
methane in 1 Mg of dry ash-free (daf) coal sub-
stance. The critical methane content was set at
4.5 and 8.0 m*/Mg®f [e.g. 11, 12, 20].

o The sorption capacity is defined as the volume of
sorbed gas (CHy) on a dry coal sample at a given
temperature and pressure, expressed in cm>/g or
m3/Mg [2,10,21]. The critical value defining a
poorly sorbed coal, was determined in the
CLP-B Laboratory as 1.50 cm®/g.

o The effective diffusion coefficient (defined by
Timofeev [22]) measured as methane molecule’s
movement in solid rock (coal) between grains
given in cm?/s [21,23]. After Wierzbinski [10], the
outburst-prone coal is defined when diffusion
coefficient is measured greater than
0.15 x 10 ® cm?/s. The faster molecule’s move-
ment is caused by a damaged coal structure. Close
to the geological disturbances, the sorption ki-
netics is characterised by relatively big values De
>0.8 x 10~° em?/s [10].

Number of category Methane content [m3/Mgdaf]

Coal firmness Desorption intensity [kPa]

1 4.5—-8.0 <03 > 1.20
II > 8.0
il e Gas and rock outburst occurred

e Sudden methane leakage occurred
o II category conditions and extra outburst symptoms need to occur [6]




JOURNAL OF SUSTAINABLE MINING 2023;23:55—60 57

In Polish hard coal mining, three categories of
gas and rock outburst hazards are obligatory [6]
(Table 1). For classifying a coal seam or part of it as
one of the three categories, the methane content is
used as the primary condition. The second one is
coal firmness or desorption intensity results or
additional conditions like gas-related phenomena in
the past.

3. Results and discussion

3.1. Outburst probability index formula

An outburst probability index has been developed
a simple equation (1) for mining authorities to
interpret five main outburst components together.
The novelty in the conducted research was taken
into consideration the sorption capacity and diffu-
sion as equally important values as firmness,
desorption and gas content.

_ G xDexdp
(1 +f)111

where:

G — gas (methane content) [mS/Mg],

De — effective diffusion coefficient [cm?/s],

dp — methane desorption intensity [kPa],

f — firmness,

a, — sorption capacity [m*/Mg].

The result of equation (1) is a dimensionless
value > 0. Solving the equation on the basis of the
limit values of the accompanying gas-geodynamic
data and sorption properties (see section 2), the
result received for the I and II categories of methane
hazard is 4.2 and 7.4, respectively. These two results
were determinants for the categorization of the Ww
(Table 2).

The result of the outburst probability index reflects
changes in each component what makes it adequate
in long term outburst research in the new drifting
roadways. The sorption capacity and diffusion coef-
ficient define the gas in the equilibrium state, the
amount of free gas and its dynamic transportation in
the system of the pores in coal during liberation
processes [e.g. 9, 24]. All tested coals (500) were
sampled in the gas and outburst hazards areas. The

Wuw (1)

Table 2. Categories of the outburst probability index results [own
research].

Result of the Ww equation (1) The outburst risk probability

<1 low

1-4 medium

4-7 high

>7 extremely high

coal firmness ranged from 0.31 to 0.58, desorption
intensity from 0.10 to 1.96 kPa, and methane content
from 0.5 to > 9 m*/Mg®, The sorption properties of
coal are reduced with the increase of rock mass
temperature by about 0.5—0.8 m*/Mg/1°C [17,21].
Besides temperature, sorption properties are associ-
ated with maceral composition, metamorphism
stage, moisture, ash content and pressure [e.g. 21].
The average sorption capacity from 500 coal samples
was 2.15m*/Mg (from < 1.5 to > 3.0 m*/Mg), and
the diffusion coefficient ranged from 0.02 to
0.34 x 10~ ® cm?/s. The Langmuir sorption isotherms
varied from 11 to 25 m3/Mg (Figure 1), which shows
the varied properties of coals — from limited to large
sorption capacities. The large spread of the data
makes correct outburst interpretation difficult to
achieve. The outburst probability index includes all
the necessary variables; therefore, hazard categori-
zation helps to identify the potential risk of the gas-
related phenomenon. The average result of the Ww
was 1.4, which points to a medium probability of
most of the studied coal seams. The highest proba-
bilities were found for the close vicinities of tectonic
zones (Ww > 7), where diffusion and desorption were
increased, but gas content was relatively low (G <
4.5 m®*/Mg™), which suggests the degassing act of
the faults.

3.2. Altered coals from tectonic zones

Coals from the areas of tectonic disturbances were
studied to identify the altered structure — cataclasis.
On the other hand, a sample from a further distance
from the fault was studied to compare all the
outburst indicators together. The magnification
was x 50 (Figure 2). In the mining history, most of
the outbursts took place in the areas of geological
disturbances [17,20]. Coals found in the post-
outburst material are often characterized by lower
strength parameters. They can adsorb much more
gas than coals in the undisturbed rock mass area,
and the diffusion is higher than average [e.g. 15]. In
Figure 2a, the altered coal with cataclastic structure
is presented. The effective diffusion coefficient
(0.34 x 10 8 cm?/s) combined with extremely low
coal strength (f=0.30—0.31) and good sorption
properties (> 2 m*/Mg) resulted in Ww > 7, which
classifies that coal to extremely prone to outburst
phenomenon. The degassed zone in the close area
to the disturbance lowered the overall Ww score,
but it shows the usefulness of the outburst proba-
bility index for effective interpretation and predic-
tion of the gas and rock outburst under similar
conditions in the future. Further from the fault, the
gas content of the coal seam was varied from 2.5 to
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h<1.5m/E

- \/

Effective diffusion coefficient [1x10%cm?/s |

——Diffusion ——Fault<l.5m ——Fault<2m —Ww

Mining advance [m]

h<2m/E

w
g
Outbrust probability index (Ww)

Fig. 1. The minimum and maximum Langmuir’s sorption of tested coals [own research].

6.0 m*/Mg®, which points to unequal coal seam
saturation. Firmness and diffusion were, on average,
at a safe level according to [6], but diffusion slightly
exceeded 0.15—0.20 x 10" ®cm?/s in some parts of
the seam. The coal structure was solid and unaltered
(Figure 2b), which resulted in Ww 1.0—2.5 — which
means a medium probability of gas-geodynamic
events. In the Author’s opinion, based on the per-
formed research, methane content is not the pri-
mary indicator in the outburst hazard forecasting. In
one of the studied excavations, the methane content
oscillated from 6 to > 9m>*/Mg®* and methane
desorption was always > 1.20kPa. Therefore, the
Wuw results varied from 1.5 to 3.0, which means that
the risk of the outbursts was just medium. The rest
of the outburst indicators have lowered the
overall risk (f > 045 a; > 2m3/Mg and De <
0.05 x 10~ ® cm?/s). This means that even very high
methane content combined with exceeded desorp-
tion is not always identified with outburst-prone
coals. During the drifting of all studied excavations,
no methane-related phenomenon was observed.

3.3. The gas-related hazard interpretation and
prediction

The outburst probability index Ww, as a new tool
in gas and rock outburst interpretation, needs to be
completed by tectonic analyses. Geological distur-
bances may act as “gas traps” for migrating
methane, magnifying the methane emission and
outburst hazard [e.g. 7, 25]. Additionally, in the
Upper Silesian Coal Basin, the coal permeability is
poor, often below 1 mD. Thus, methane accumu-
lated under relatively big pressure is not easy to
gain from coal seams by the underground degass-
ing, which increases the gas and rock outburst
hazard [17]. Fault tectonics may weaken the coal and
surrounding rocks’ structure and accumulate the
free gas in pores and breaks under relatively big
pressure [e.g. 3, 26, 27]. The structurally changed
coals (cataclastic) are able to accumulate more
methane than non-changed coals [e.g. 27]. When
there are no prevention works, blasting or mining
by roadheaders may release all accumulated energy

b

Fig. 2. The microscopic photos of altered (a) and non-altered (b) coals [own research].
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25

20

15

a_ yax= 25m3/Mg

a = 11m*/Mg
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Methane content [m3/Mg®f]

0 10 20 30 40

50 60 70 80 90 100

Pressure [bar]

Fig. 3. The effective diffusion coefficient and outburst probability index changes during mining in one of the excavations [own research].

and initiate a coal seam outburst. The accurate
identification and analysis of any disturbance in the
vicinity of drifting excavation need to be a part of
proper coal seam outburst hazard forecasting. Even
relatively small faults may increase the outburst
hazard, which was seen in one of the tested galleries
(Figure 3), where the diffusion coefficient suddenly
increased near the occurrence of the faults. Simul-
taneously, the Ww index values have increased too,
which was caused by lowered coal firmness and
greater diffusion coefficient. In the Ww index
equation, those values deterioration resulted in
bigger Ww outcomes — over 2.5 close smaller fault
(1.5 m drop) and 3.5 close to larger dislocation (2 m
drop), respectively (Figure 3). The overall hazard
tested as Ww, showed similar outcomes in the close
vicinity to tectonic disturbance during mining. Due
to tectonic disturbances, coal firmness may be low-
ered and altered coal structure can be favourable to
the liberation greater volumes of methane from
coal. The series of laboratory and in-situ tests show
that the regional and local fault zones need to be
recognized and documented as soon as possible to
prevent the coal seam gas-induced hazards.

4. Conclusions

The coal seam outburst phenomenon is one of the
most dangerous and unpredictable natural hazard
in Polish and world underground mining. The gas-
geodynamic event is caused by many factors which
work simultaneously. The geological disturbances
may weaken the coal structure, which can be the
cause of greater amounts of the free methane
accumulation. The outburst indicators (e.g. firm-
ness, desorption) are measured during mining and
in the laboratory (sorption properties). The wide
range of results makes the gas-induced hazard hard
and complex to predict. In the CLP-B Laboratory,

the outburst probability index (Ww) was performed
to interpret five main outburst components
together. The outburst risk probability ranges from
low (< 1) to extremely high (> 7). During tests, 500
coal samples were examined and interpreted to
perform four categories of the risk probability. The
sorption capacity, diffusion coefficient, firmness,
methane content and desorption are included in the
simple equation to make the outburst indicators
easier to interpret and predict gas-induced phe-
nomenon. The newly developed index shows the
outburst risk changes during mining, which is not
effortless based on single, separate data. The
outburst probability index (Ww) can be used suc-
cessfully in the coal seam outburst hazard areas to
foresee the forthcoming peril. The application of
new tools is an urgent need to fight and prevent the
gas and rock outburst in the underground coal
mines. The new method — the outburst probability
index (Ww) — proposed by the CLP-B Laboratory
simplifies the outburst hazard foresee and can be
used successfully in the coal mines to forecast the
gas-inducted hazard. The result of the outburst
probability index reflects changes in each compo-
nent, which makes it applicable in long-term
outburst research in the new drifting galleries.
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