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Abstract

Coal and gas outbursts are small-scale geological disasters controlled by tectonic movement, and tectonic coal is widespread
in outburst zones. In this study, we compare tectonic and intact coal specimens to examine the basic properties of tectonic
coal. We estimate the different energies and limits of the crushing work ratio of coal from five typical outburst cases using
on-site outburst data, and discuss the relationship between outbursts and tectonic coal. The results show that tectonic coal
is a product of tectonic movement and its original primary structure is destroyed during the tectonic process. Compared
with intact coal, tectonic coal shows low strength properties and a crushing work ratio of 22.11 J/m?. The specific surface
area and total pore volume of the minipores, mesopores, and macropores of the coal strongly increase under conditions of
intense tectonism, which indicates that tectonic coal has a very high capacity for rapid initial gas desorption. An adequate
supply of gas is required to transport outburst coal, such that the existence of coal particles smaller than the critical diameter
is important. Our calculations indicate that the crushing work ratio of coal from the five outburst case ranges from 22.19 to
78.67 J/m?. Only the crushing work ratio of tectonic coal satisfies the requirement for these cases. Therefore, the properties
of the tectonic coal and crushing work ratio for the five cases indicate that the widespread occurrence of tectonic coal plays
a crucial role in outbursts.
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u Poisson’s ratio

P Gas pressure

\% Gas volume

K Adiabatic coefficient
Vv Free gas volume

1) Coal porosity

Vv Coal volume

D Diffusion coefficient

t Diftusion time

O,  Gas desorption volume at time ¢

Q. Final gas desorption volume

P,  Atmospheric pressure

V2 Adsorbed gas volume

QO;;  Gas desorption volume in the i particle-size range
W,; Transport work of the i segment

m;  Outburst coal mass of the i segment

Distance from the outburst point

fm  Friction coefficient

0 Coal seam angle

v Initial gas desorption rate of coal particles

¢ Correction factor

n The ratio of the average horizontal principal stress
to the vertical stress

H Cover depth

oy  Maximum horizontal principal stress

o,  Minimum horizontal principal stress

oy  Vertical stress

y Average density of the overlying strata

1 Introduction

Coal is a solid combustible organic rock that is transformed
from plant debris via complex processes over a long geo-
logical timeframe (Schweinfurth 2003). In addition to sedi-
mentary factors, the coal seams are subjected to complex
tectonic action during later period, resulting in complex
and diverse structural features (Draper and Boreham 2006).
Tectonic processes (e.g., faulting, folding, and slipping) can
introduce tectonic stress, which destroys the primary struc-
ture of the coal and leads to severe crushing or even pul-
verization (Shepherd et al. 1981; Yan et al. 2012). Severely
crushed or pulverized coal is commonly termed tectonic coal
or tectonically deformed coal. In contrast, intact coal has not
been affected or has been less affected by tectonic processes
and maintains its primary structure.

Coal and gas outburst (hereafter referred to as out-
burst) is unexpected disaster in underground mines and
involves the instantaneous release of gas and stress ener-
gies under the combined action of geological factors and
mining activities (Chen et al. 2013; Lin et al. 2018). Over
the years, many scholars have conducted extensive studies
on outburst processes and mechanisms based on on-site
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investigations, similar experimental simulations and theo-
retical analyses (Liu et al. 2019; Paterson 1986; Tu et al.
2018b; Xu et al. 2006; Yin et al. 2016). However, several
factors (stress, gas, coal properties, geological condition,
etc.) affect this type of hazard, and there are complex cou-
pling relationships between these factors (Valliappan and
Zhang 1999; Wold et al. 2008; Xue et al. 2014); thus, the
mechanisms of outbursts under various geological and
mining conditions have not been fully understood (Li et al.
2017; Tu et al. 2016). Currently, the commonly accepted
view is comprehensive hypothesis, which is that outbursts
are the comprehensive result of stress, gas, and coal prop-
erties (Chen 2011; Hanes et al. 1983; Jiang et al. 2015;
Xu et al. 2006), and the whole process of an outburst can
be divided into four stages, including preparation, trigger,
development, and termination (Tu et al. 2018a; Zhao et al.
2016). Nevertheless, most of studies on comprehensive
hypothesis only focus on the contributions of stress and
gas to outbursts and lack attention to the influence of coal
properties on outbursts.

However, studies on outburst cases have proven that tec-
tonic coals are known to be the major causes of coal and gas
outburst (Shepherd et al. 1981). Hodot (1966) found that the
structural damage coefficient for outburst risk coal seams
(in the central zone in Donbass of the Soviet Union) was
three times greater than that for no outburst risk coal seams,
and large amounts of tectonic coal were found in outburst
risk coal seams. Based on a study on relevant literature and
outburst sites, Shepherd et al. (1981) confirmed that geologi-
cal tectonics have been identified as a prime factor in the
occurrence of outbursts. Outburst zones usually consist of
tectonic coal, and the microscopic structure of this type of
coal is quite different from that of intact coal. Sato and Fujii
(1989) noted that the area of the outburst zone was approxi-
mately 400 m? and extended upward along the normal fault,
which suggested that the normal fault played a great role in
the outburst of the Sunagawa coal mine in Japan. Lei et al.
(2010) applied the theories of plate tectonics and regional
structural evolution to investigate the low indicators (e.g.,
low gas-bearing capacity and low gas pressure) of out-
burst mechanisms for the “three soft” coal seam in western
Henan, and concluded that serious outbursts in this mining
area are controlled by tectonic coal and gas. In addition,
Cao et al. (2001) believed that there were three principal
factors controlling outbursts associated with reverse faults,
and outbursts always occurred within a zone of tectonic coal
surrounding the fault. Therefore, these studies confirm that
outbursts are miniature geological disasters controlled by
tectonic movement, and tectonic coal exists commonly in
outburst zones. However, these studies have not conducted
an in-depth analysis on the basic properties of tectonic coal;
therefore, they have been unable to explain why this kind of
coal is prone to outbursts.



Role of Tectonic Coal in Coal and Gas Outburst Behavior During Coal Mining

4621

In this work, we conducted a series of experiments to
compare tectonic and intact coals and study the basic proper-
ties of tectonic coal. Using on-site outburst data, we estimate
the energies and limits of the crushing work ratio of coal for
five typical outburst cases. Additional outburst cases were
analyzed to confirm the widespread existence of tectonic
coal in outburst zones, and the relationship between out-
bursts and tectonic coal is discussed in detail.

2 Geological Origin of Tectonic Coal

Tectonic coal forms when intact coal is subjected to one
or multiple tectonic movements. During the coal-forming
process, the primary structure of the coal undergoes brittle
fracturing, crushing, ductile deformation, or superposition
failure, which may lead to changes in its internal chemical
composition and structure (Ju et al. 2005; Li et al. 2011,
2013). On-site investigations (Bustin 1982; Fowler and
Gayer 1999; Lei et al. 2010; Lu et al. 2015; Shepherd et al.
1981) have found that tectonic coal is widely distributed
across many typical coalfields in three different distribution
patterns: regional distribution, local distribution, and strati-
fied distribution.

We use data from the Guhanshan coal mine, located in
the Jiaozuo coalfield in Henan Province, China. The Guhan-
shan mine lies between the Guhanshan fault and Youfang
fault (Fig. 1). The tectonic setting is simple: a gently dipping
monoclinal structure with an SE strike and NW dip. How-
ever, the Jiaozuo coalfield is located in the transition zone
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between the Taihang orogenic belt and North China tectonic
belt. After the coal-forming period (Carboniferous—Per-
mian), the coal strata experienced successive tectonic epi-
sodes, including the Indosinian, Yanshanian, Sichuan, and
North China movements. The tectonic movement created
compressional stress that led to sliding of the 2, coal seam
bed in the Guhanshan mine; thus forming tectonic coal. The
tectonic coal in seam 2, is stratified, about 1-m thick, and
located at the bottom of the coal seam (Fig. 1).

The difference between the tectonic coal and overlying
intact coal is shown in Fig. 2. The intact coal is mostly com-
plete with clear surface fractures, and more edges and cor-
ners than the tectonic coal. The high strength of the intact
coal indicates that it is not easy to break. After the intact
coal is broken by a hammer, the fracture extends mainly
along the primary weakness plane, and the coal specimen
breaks into several irregular-shaped pieces, which are large
and lumpy (Fig. 2a). The tectonic coal, however, is similar
to reconstructed coal; it shows low strength, which is highly
crushed by mining activities, and specimens are easily bro-
ken into particles or pulverized by hand, as shown in Fig. 2b.

The distribution of tectonic coal depends on complex
geological processes (Alpern 1970; Li et al. 2013). Bed-
ding plane sliding is the main factor controlling the regional
distribution and stratified distribution of tectonic coal (Li
2001); these are mostly caused by folds (Fig. 3a) and bed-
ding faults (Fig. 3b). The rheology of coal seams and duc-
tile shear zones caused by bed sliding can also determine
whether the deformation is strong or weak, which leads to
different coal seam deformation structures.

Fig. 1 Regional geological tectonics and characteristics of the 2, coal seam in the Guhanshan mine
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Fig. 3 Relation between tectonic movements and distribution types of tectonic coals. a Fold, b bedding fault, and ¢ cutting fault

The local distribution is mostly caused by faults cutting  throughout the geological process, which causes crack-
through the coal seam in the vertical plane (cutting fault)  ing and crushing of the coal, and secondary faults, which
(Cao et al. 2001), as shown in Fig. 3c. The upper and lower  develop from the main fault, lead to further destruction.
plates of these faults repeatedly interact with each other
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Ultimately, a fault fracture zone forms near the fault surface
where tectonic coal is usually found.

3 Tectonic Coal Properties

A series of experiments were conducted to compare tec-
tonic and intact coals. These tectonic coals and intact coals
were collected from the 2, coal seam at the Guhanshan coal
mine in Henan Province, China. Meanwhile, both tectonic
coals and intact coals are collected from the same location
(16,031 working area). Prior to the mechanical experiments,
the basic parameters of tectonic coal and intact coal were
tested. Among them, the basic parameters of tectonic coal
are as follows: gas adsorption constants a = 37.03m>/t and
b = 0.85MPa~"; moisture content M,,=1.57%; ash content
A4=13.52%; volatile content V4,,=10.27%; and Protodya-
konov coefficient f = 0.18. In contrast, basic parameters of
intact coal are: gas adsorption constants a = 40.68m>/t and
b = 0.71MPa™"; moisture content M,4=1.12%; ash content
Ay4=13.41%; volatile content V,;=12.88%; and Protodya-
konov coefficient f = 1.50.

3.1 Mechanical Properties
On-site investigations have shown that tectonic coal is highly

crushed after mining activities. A complete drill core speci-
men (e.g., @50x 100 mm) of tectonic coal is, therefore,
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practically impossible to obtain for sample analysis methods
routinely applied in intact coal studies (Viete and Ranjith
2006). Hence, we use reconstituted coal specimens as an
analog for tectonic coal in a series of mechanical experi-
ments (Liu et al. 2017). To best represent its structural
characteristics, tectonic coal with its original particle-size
distribution was compressed into a specimen of the desired
dimensions (@50 X 100 mm) using a mold at 100 MPa.

Figure 4 shows the stress—strain curves for tectonic and
intact coal under different confining pressures. The tectonic
coal (Fig. 4a) undergoes elastic and plastic deformation
before reaching peak stress with an axial strain generally
> 2%, while plastic deformation of the intact coal (Fig. 4b)
is not observed prior to the peak stress. The strength of the
tectonic coal decreases gradually after peak stress, while
that of the intact coal decreases more abruptly. The tectonic
coal expands upon failure and no macroscopic fractures on
the specimen surface were observed. In this state, samples
are easily crushed into a larger number of pulverized coal
particles (Fig. 4a). In contrast, intact coal undergoes shear
failure, the specimens demonstrate clear macroscopic frac-
tures along a given shear angle or primary weakness plane
and are broken into several pieces (Fig. 4b).

Table 1 lists the strength and deformation parameters of
the tectonic and intact coals. The tectonic coal has a lower
uniaxial compressive strength (0.735 MPa) than the intact
coal (9.815 MPa), as well as substantially lower cohesion
(0.73 MPa vs. 5.39 MPa), both of which are mostly related
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Fig. 4 Stress—strain curves and macroscopic failure of tectonic and intact coal under different confining pressures. a Tectonic coal; b intact coal
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Table 1 Strength and

- Coal o3 (MPa) E (MPa) Poisson’s 01 peak (MPa) ¢ (MPa) 0(°)
dCfOI'I'I.latIOI’l Parameters of ratio (1) ’
tectonic and intact coals
Tectonic coal 0 168 0.39 0.735 0.73 30.0
1 301 0.45 5.525
2 485 0.27 8.99
4 613 0.38 14.86
6 745 0.38 20.535
Intact coal 0 2700 0.37 9.815 5.39 39.0
1 3520 0.48 22.875
2 5350 0.45 33.85
4 4610 0.42 44.835
6 3650 0.37 49.33

to structural differences between the two sample types
(Jones et al. 1999). The primary structure of tectonic coal is
destroyed by tectonic action and its mechanical properties,
which are strongly related to the intraparticle-binding force
caused by cementation, are altered. In contrast, the primary
structure and mechanical properties of the intact coal remain
preserved during deformation.

In addition, the elastic modulus of the tectonic coal
increases with confining pressure, but remains several times
lower than the intact coal, even though a singularity exists
in the intact coal data set.

3.2 Pore Structure and Its Effect on Gas Desorption

Coal as a porous medium is a cross-linked macromolecu-
lar network structure containing abundant micropores
(diameter < 10 nm), minipores (10-100 nm), mesopores
(100-1000 nm), and macropores (> 1000 nm) (Cai et al.
2013; Zhang et al. 2017). Coal-forming processes lead to
the creation of pores of different sizes and structures, which
can be affected by tectonic activity (Ju et al. 2005; Li 2001).

The N, adsorption and mercury intrusion porosimetry
(MIP) methods were used to characterize the pore struc-
tures of tectonic and intact coals using a particle size of
5—-6 mm (Clarkson and Bustin 1999). Because the reliable
measurement range of these two methods is controversial,
we employed the N, adsorption method at 77 K for analyz-
ing coal pores <300 nm and the MIP method to measure
mesopores and macropores > 300 nm (Jin et al. 2018). The
Barrett—Joyner—Halenda approach (BJH model) (Barrett
et al. 1951) and quenched solid density functional theory
(QSDFT model) (Gor et al. 2012) were also applied in the N,
adsorption method. The volume and specific surface area of
coal pores were obtained using the QSDFT model for pores
<10 nm and by the BJH model for pores of 10-300 nm in
diameter.

The pore size distribution of tectonic and intact coal
specimens is presented in Fig. 5. Three peaks are observed
in the micropore range of the tectonic coal, while the intact
coal shows only a single peak. The tectonic coal pore size
distribution curve is higher than the intact coal curve for
pores > 10 nm. There are substantial qualitative differences
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Fig.5 Pore size distribution curve of tectonic and intact coals. a Pore diameter <10 nm, b pore diameter 10-300 nm, and ¢ pore diameter

>300 nm
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Table 2 Comparison of pore volume and specific surface area between tectonic and intact coals
Parameter Coal Pore size distribution
Micropores Minipores Mesopores Macropores
(d<10 nm) (10 <d < 100 nm) (100 <d <1000 nm)  (d>1000 nm)
Pore volume (x 1072 cm®/g) Tectonic coal 1.24 6.36 11.43 48
Intact coal 0.981 0.46 0.503 0.4
Specific surface area (m%g) Tectonic coal 0.988 0.64 0.1923 0.0069
Intact coal 0.747 0.07 0.0059 0.00065

between the tectonic and intact coals, with sizes ranging
from minipores to macropores.

As listed in Table 2, the pore volume and specific surface
area of the tectonic coal micropores are 1.24 x 107> cm®/g
and 0.988 m?/g, respectively, which are higher than the
intact coal values by a factor of ~ 1.3. The volumes of mini-
pores, mesopores, and macropores, however, are signifi-
cantly higher in the tectonic coal, by factors of 13.83,22.72,
and 12, respectively, and the specific pore surface areas are
9.14, 32.59, and 10.61 times greater than those of the intact
coal, respectively. These results demonstrate that the spe-
cific surface area and total pore volume in the larger pores
(minipores, mesopores, and macropores) strongly increase
under intense tectonic activity, in agreement with the previ-
ous studies (Li et al. 2013; Qu et al. 2010).

Pore structure is the controlling factor for gas storage and
migration in coal seams (Busch and Gensterblum 2011),
which are directly affected by pore structure changes (Cai
et al. 2013; Yao et al. 2008). We conducted 120-min desorp-
tion experiments at a constant temperature of 30 °C using
tectonic and intact coal particles of 1-3 mm in size. The
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desorption curves are shown in Fig. 6. The desorption vol-
ume of both coal types increases with adsorption equilib-
rium pressure; however, the desorption volume of tectonic
coal is 2.27-4.04 times greater than that of the intact coal
under the same gas pressure conditions. The gas desorp-
tion curve for the tectonic coal flattens later in the 120-min
period, while that of the intact coal continues to slowly rise.
The results demonstrate that tectonic coal reaches desorp-
tion equilibrium within 120 min, while intact coal requires
additional time.

Outbursts generally last only a few to a few tens of sec-
onds, and the Zhongliangshan mine outburst lasted 39 s (Tu
et al. 2018a). The gas desorption capacity during the initial
gas desorption stage, therefore, has a direct effect on out-
bursts. To assess the initial gas desorption capacities of tec-
tonic and intact coal, the average desorption speeds during
the first 30 s are compared as a function of adsorption equi-
librium pressures in Fig. 7. Average gas desorption speeds
increase with adsorption equilibrium pressure for both coal
types during the first 30 s, with 5.69-9.14 times faster speeds
observed in the tectonic coal compared with the intact coal
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Fig.6 Changes in desorption volume over time under different adsorption equilibrium pressure conditions. a Tectonic coal; b intact coal
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Fig.7 Average desorption speeds of tectonic and intact coals in the
first 30 s

at the same pressure. This indicates that tectonic coal has
an extremely rapid initial gas desorption capacity. The pore
structure of tectonic coal, thus, controls its initial gas des-
orption capacity, making it much more prone to outbursts
than intact coal (Tu et al. 2016).

3.3 Crushing Work Ratio

The crushing work ratio of coal is an important parameter
for characterizing the energy demand for crushing. A limited
number of studies in the literature have tested the crushing
work ratio of coal, generally by means of the impact crush-
ing method (Cai and Xiong 2005; Hodot 1966). During this
test, a mass of lump coal is placed in a ramming cylinder

and a hammer is dropped from a certain height to impact the
sample several times. The total crushing work is calculated
as follows:

W = mghn, ()
where W represents the total crushing work, J; m represents
the mass of the hammer, kg; 4 represents the drop height,
m; g represents the gravitational acceleration, N/m?; and n
represents the times of impact.

The newly added surface area AS is obtained by analyzing
the particle-size distribution of the crushed coal. The crush-
ing work ratio I” can be calculated as follows:

I =W/AS, 2
where I' represents the crushing work ratio, J/m?%; and AS
represents the newly added surface area, m”. Equation (1)
shows that the total crushing work is related only to exter-
nal parameters such as m, h, and n. However, an effective
conversion rate for the crushing work using this method is
difficult to obtain.

We developed an alternative method for testing the crush-
ing work ratio of coal based on the same measuring principle
as the impact crushing method. This approach considers the
intrinsic properties of coal and is based on the coal particle
compression test (Dong et al. 2018). The test was conducted
using a TY8000-A uniaxial testing device (Jiangsu Tianyuan
Test Equipment Co., Ltd.), as shown in Fig. 8. The device
contains two rigid platens, the upper of which can be moved
by a servomotor that drives the screw. The applied force was
tested by a BAB-5MT or BAB-50MT load transducer, and
the displacement was measured using a photoelectricity dis-
placement coder. A coal particle is first placed on the lower
platen and then compressed by lowering the upper platen.

Fig.8 Experimental device and
force—displacement curve
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When the upper platen senses the coal particle by a force of
2% 107 N, the testing system starts to record the loading
force and platen displacement. A video microscope is also
used to monitor deformation. The force—displacement curve
(Fig. 8) derived from the test is integrated to produce the
crushing work of the coal particle as follows:

W, = / Flodsx, 3)

where w;; represents the crushing work of each experiment,
J; F represents the applied force, N; x represents the dis-
placement of the upper platen, m; and x,, and x, represent
the initial and final displacements, respectively (m).

Spherical particles with an intact appearance were
selected as the experimental samples. The initial particle
sizes of the tectonic and intact coal samples are listed in
Table 3. To account for variations between samples, all
experiments were repeated and the results were averaged.
Eighty particles of both tectonic and intact coal were used,
and each particle was compressed three-to-five times to
ensure crushing. The crushing work per unit mass was cal-
culated for each coal particle, as shown in Fig. 9. The total
crushing work and total coal particle mass were used to cal-
culate the average crushing work per unit mass. The results
show that the crushing work per unit mass for intact coal is
consistently higher than that for tectonic coal, and the aver-
age intact coal value (2240.35 J/kg) is ~11.27 times greater
than that of tectonic coal.

The total crushing work is obtained by the following
equation:

W= w, &)

Using the standard sieves (i.e., the Taylor system), the
crushed tectonic and intact coal samples were sieved to
obtain the particle-size distribution, as shown in Table 3.
The proportions of tectonic and intact coal particles with
particle sizes > 1 mm account for 76.98% and 84.97%,
respectively. However, the proportion of coal particles with
a particle size <0.5 mm is higher in the tectonic coal than
in the intact coal. Moreover, pulverized coal, with a particle
size <0.075 mm, was found in the tectonic coal but not in
the intact coal.

Based on the assumption that the coal particles are
spherical before and after crushing, the average particle
size was used to represent the coal particle size in each
size range. The average particle size >4 mm was measured
using a Vernier caliper and the results were averaged. The
average particle size <0.075 mm was 0.015 mm, which
is consistent with experimental results of Cai and Xiong
(2005). The mean value of the particle-size range was used
to represent the average particle size in the other six ranges

Table 3 Particle-size distribution for tectonic and intact coal samples before or after the experiments

Total quality (g)

Mass distribution in different size range (%)

Initial particle size

Coal

0.18-0.25 mm 0.075-0.18 mm <0.075 mm

1-2.8 mm 0.5-1 mm 0.25-0.5 mm

Average >4 mm 2.8-4 mm

Range

2.94
16.95

1.79
4.62

0.99
2.03

3.15
5.96

19.76 65.21 9.10

16.39

4.35

3.71-4.75
4.83-8.85

Intact coal

1.66

8.75

19.15

41.44

6.60

Tectonic coal

@ Springer



Q Tuetal

4628
10000
L
@ g
= 8000
o 2240.35 J/kg
e 1800 -
g n
o 6000 T 1200
=
=} L ]
Lf-_‘) H 600
i 198.82 J/kg
g 4000+ - L] - ' Intact coal Tectonic coal
. act coa ectonic coa
B L ] - - - n
%ﬁ oDHod l.- - '...l
| |
22000 =% "o teogte
C) ....l. t.-'- -.I.
- - ufg '. "
ug” o =
0 .
Intact coal Tectonic coal

Fig.9 Crushing work per unit mass of coal particles

Table 4 Total crushing work, newly added surface area, and crushing
work ratio

Coal Total crushing Newly added sur-  Crushing
work (J) face area (m?) work ratio (J/
2
m°)
Intact coal 6.4972 0.006704 969.18
Tectonic coal 3.0330 0.137158 22.11

from 0.075-0.18 mm to 2.8—4 mm. The surface area of
coal particles in the different size ranges can be expressed
as follows:

6Gy,
5, = 1

= 5)

where S; represents the surface area of the coal particles,
m?; G represents the coal mass, kg; y; represents the mass
proportion of coal particles, %; d,, represents the average
particle size, m; and p represents the density of coal, which
is considered to be a constant, kg/m®. Thus, the newly added
surface area is as follows:

AS= )5, -5, (©6)
6Gy; 6G
AS= Y =429
Z pdim pdm (7)

where S, represents the surface area of initial coal particles,
m?, and d_, represents the average particle size of the initial
coal particles, m. Equations (2), (4), and (7) were used to
calculate the total crushing work, newly added surface area,
and crushing work ratio, respectively. As listed in Table 4,
the crushing work ratios for the intact and tectonic coal were
969.18 J/m? and 22.11 J/m?, respectively. Thus, the crushing

@ Springer

work ratio of the intact coal is more than 40 times greater
than that of the tectonic coal.

4 Outburst Energy Demand of Real
Outburst Cases

4.1 Outburst Energy

Extensive research conducted by Hodot (1966) and Gale
(2018) provides a detailed analysis on outburst energy; the
authors noted that outbursts derive their energy from stress
energy, gas energy, and additional energy from mining activ-
ities. Most of the outburst energy dissipates in the form of
work during the outburst process, resulting in the crushing
and transport of outburst coal. The remaining energy, which
is limited, is transferred into vibration energy and sound
energy. This relation is given as follows:

Wet+ W+ We=W, + W, +W;, (8)

where W, represents the stress energy, MJ; W, represents the
gas energy, MJ; W; represents mining activities with addi-
tional energy, MJ; W, represents the crushing work, MJ; W,
represents the transport work, MJ; and W, represents the
remaining energy, MJ. Mining activities generally play an
important role in outburst trigger, but the outburst energy
mainly comes from gas energy and stress energy during the
outburst development stage. In general, the gas energy and
stress energy are much larger than the additional energy
from mining activities. Therefore, to simplify the calcula-
tions, W; and Wj are ignored:

4.1.1 Stress Energy

During the outburst process, the rapid transfer of stress
causes the coal to fail, accompanied by the release of stress
energy (Feng et al. 2018). Under triaxial stress states, the
stress energy of underground coal can be expressed as
follows:

E, = ﬁ[ﬁlz +6§ +032 —2u(0,0, + 0,04 +°'3°'1)]’ (10)

where E, represents the stress energy per unit volume, MJ/
m>; 0,, 0, and o, represent triaxial stresses, MPa; E repre-
sents the elastic modulus, MPa; and u represents Poisson’s
ratio. Equation (10) shows that the smaller the elastic modu-
lus, the larger the stress energy.

4.1.2 Gas Energy and Its Source

Gas is one of the outburst power sources and plays an
important role in the transport of outburst coal (Sobczyk
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2014). Gas contributes to outbursts by the release of
expansion energy. However, gas expansion occurring over
a short period can be simplified into an adiabatic process:

dW, = —PdV, (11)

where P represents the gas pressure, MPa, and V represents
the gas volume, m>. There is a relationship between gas pres-
sure (P) and gas volume (V):

P\ VE =P,V}, (12)
where k represents the adiabatic coefficient; V, represents
the gas volume at the gas pressure P,, m>; and V, represents
the gas volume at the gas pressure P,, m®>. When the gas

pressure changes from P, to P,, the gas energy is as follows:

P2 PV, | (P, 0
Wg= de=— PdV = — —-1].
Pl K_l Pz

13)

A large amount of gas is required to provide outburst
energy. These gases are free and adsorbed gas. Free gas is
stored in the fracture system and exists in the gas phase,

making it immediately available to participate in the out-
burst (Zhao et al. 2016):

1

P x

Vf=¢vm(—l> ,
P2

where V' represents the free gas volume, m?; ¢ represents
the coal porosity, %; and V,, represents the coal volume, m>.
However, the process by which adsorbed gas participates
in an outburst is more complex. In essence, adsorbed gas
must first desorb and transform into free gas. Assuming that
gas desorption on micropore surfaces is an instantaneous
process, gas diffusion becomes the factor that controls the
involvement of adsorbed gas in the outburst. This process is
affected by the particle size and diffusion coefficient (Guo
et al. 2016b). Based on the unipore diffusion model (Busch
and Gensterblum 2011; Crank 1979), the gas desorption vol-
ume of coal particles over a short time can be calculated by
the following:

(14)

&2y,

0. Vz
where d represents the diameter of a coal particle, m; D is
the diffusion coefficient, m/s; ¢ represents the diffusion time,
s; O, represents the gas desorption volume at time ¢, m>; and
Q. represents the final gas desorption volume, m?. Q_ may
not change much with coal particle-size variations, because

the coal crushing process makes little contribution to the
internal pore area. Guo et al. (2014) tested the isothermal

adsorption of coal for different particle sizes and obtained
several coinciding Langmuir curves:

0. = abP abP,
© \1+bP 1+bP,

)(1 -My,—Ay, (16)
where P, represents the atmospheric pressure, MPa; M4
represents the moisture content, %; and A, represents the
ash content, %. Therefore, the adsorbed gas volume can be
expressed as follows:

Vi = 2 Qip

where V? represents the adsorbed gas volume, m?3, and 0O;
represents the gas desorption volume in the i particle-size
range, m?>. Based on Egs. (14) and (17), Eq. (13) can be
written as follows:

k-1
P2 ’ Pl -

W, = ——(V!+Vv2 — -1].

g K—l( 2 2)[<P2> ]

4.1.3 Dissipation of Outburst Energy

a7

18)

Based on the analysis above, the crushing of coal is one of
the necessary processes in an outburst and is important for
the quick desorption of adsorbed gas. However, the large
amount of newly added surface requires exceedingly high
crushing work to overcome the newly added surface energy.
Thus, the crushing work can be expressed as follows:

W, =AS-T. (19)

Assuming only horizontal displacement of coal during
the outburst, the transport path of the outburst coal can be
divided into several small segments; the transport work in
each segment can be expressed by the following:

W,; = m,g(f,, cos 6 F sin 0); x 107°, (20)
where W,,; represents the transport work of the i segment,
MIJ; m; represents the outburst coal mass of the i segment,
kg; [; represents the distance from the outburst point, m; f,, is
the friction coefficient; and 6 represents the coal seam angle,
°. Therefore, the total transport work is as follows:

W, = )\ W,

ey

4.2 Particle-Size Characteristics of Outburst Coal
4.2.1 Particle-Size Distribution of Outburst Coal
According to outburst case studies, the outburst coal is
highly crushed or even pulverized with an accumulation

angle less than its repose angle. Figure 10a shows the coal
particle-size characteristics in the fifth mine of the Yangmei
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Fig. 10 Particle-size character-
istics of outburst coal. a Fifth
mine of the Yangmei block
outburst and b Machang mine
outburst

Coal particles

Pulverized coals

Table 5 Mass distributions of outburst coals in different particle-size ranges (Hu 2013; Zhao et al. 2016)

Outburst location

Mass distributions of outburst coal (%)

<0.lmm 0.1-1.0mm I-5mm 5-10mm >10 mm

# 4 coal seam in Yutianbu mine, +90-m elevation 4.6 39.1 23.5 16.0 16.8

# 4 coal seam in Yutianbu mine, +90-m elevation 3.6 38.0 31.0 17.6 9.8

K, coal seam at the open-off cut of the 5th cross-cut in Zhongliangshan mine, 25.4 26 27.6 1.0 20.0
+280-m elevation

K1 coal seam at the Xisi half rising cross-cut in Zhongliangshan mine, +280-m 4.3 29.9 24.6 14.1 27.2
elevation

K10 coal seam at the 5th cross-cut in Zhongliangshan mine, +280-m elevation 35 30.4 30.5 19.4 16.2

K10 coal seam at the Xisi half rising cross-cut in Zhongliangshan mine, +280-m 6.6 27.5 16.9 18.2 30.8
elevation

# 6 coal seam in Nantong mine, — 100-m elevation 1.1 11.9 23.9 235 39.5

Average value 7.0 29.0 254 15.7 229

block outburst, and Fig. 10b shows pulverized coal from the
Machang mine outburst.

Hu (2013) investigated coal particle composition in sev-
eral outburst cases, and the mass distribution of the out-
burst coal is shown in Table 5. These outburst coals contain
a large fraction (>30%) of <1.0-mm coal particles, while
pulverized coal with particles <0.1 mm are also found in
proportions ranging from 1.1 to 25.4% at the different out-
burst locations.

4.2.2 Role of Pulverized Coal in Rapid Gas Desorption
Assuming that coal is an isotropic material, Zhao et al. (2016)

proposed that the diffusion coefficient D does not vary with
particle size under the same concentration difference; noting

@ Springer

that the initial gas desorption speed (v) of coal particles is
proportional to the particle size (d):

v _dy

v, d ¢
where v, and v, represent the initial gas desorption speed of
coal particles, with corresponding coal particle sizes of d,
and d,, respectively. By considering the influence of inho-
mogeneity, Watanabe (1985) obtained a modified relation
between d and v as follows:

Vi

Va B d; |

(23)
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where ¢ is the correction factor. Both Eqgs. (22) and (23)
indicate that a decrease in d causes an increase in v (Guo
et al. 2016a). Busch et al. (2004) reported a critical diam-
eter for the desorption of coal particles. Similar results were
obtained in studies by Airey (1968), Jin et al. (2016) and
Zhao et al. (2016). When the coal particle is larger than the
critical diameter, v decreases with increasing d. However,
when the coal particle is smaller than the critical diameter,
v increases sharply as d decreases.

As mentioned above, outburst coal contains a large fraction
of coal particles with particle sizes less than the critical diam-
eter. These coal particles generally have the ability to rapidly
desorb gas. The existence of these small coal particles leads to
the rapid desorption of adsorbed gas within the outburst pro-
cess, which is a very important gas energy source for outbursts.

4.3 Energy Calculation for Real Outburst Cases

Table 6 summarizes five typical outburst cases that occurred
in China at depths ranging from 203 to 800 m in shallow-
crust regions. According to the classification of outburst
coal mass (An and Cheng 2014), the intensity types for
these cases include sub-large-scale outbursts (outburst coal
mass: 100—499t), large-scale outbursts (outburst coal mass:
500-9991), and oversized outbursts (outburst coal mass
>1000t). Unsurprisingly, all of these outbursts occurred in
tectonic zones such as areas containing faulting and folding,
particularly synclinal axis areas. The coal seam gas pressure is
1.0-2.0 MPa, and large amounts of highly crushed or pulver-
ized coal are found in these cases.

There are two principal stresses at or near the horizontal
plane influenced by gravity and tectonic stress. The maxi-
mum horizontal principal stress is generally greater than the
vertical stress in shallow crust (Hudson and Cooling 1988;
Liu et al. 2014). Brown and Hoek (1978) summarized global
in situ stress measurement results and found that the ratio of

100

100 403 < T 1500
H

+0.5,
- H

2oy (25)
where # represents the ratio of the average horizontal princi-
pal stress to the vertical stress; H represents the cover depth,
m; oy represents the maximum horizontal principal stress,
MPa; o}, represents the minimum horizontal principal stress,
MPa; and oy, represents the vertical stress, MPa. The vertical
stress is approximately equal to the gravity of the overlying
strata:

oy ~ 78H, (26)
where 7 represents the average density of the overlying
strata, which usually is 2500 kg/m°>. In addition, Liu et al.
(2014) summarized in situ stress measurement results from
the Huainan coalfield at a depth range of 350-1100 m and
derived the upper and lower limits of the two horizontal

principal stresses. The upper limits are as follows:

oy = 0.0335H +4.621 )

o, = 0.0201H +4.116 ° @7
and the lower limits are

oy = 0.0101H +8.721 .

o, = 0.0064H +3.728 - (28)

Hence, Eq. (26) is used to estimate the vertical stresses.
Equations (27) and (28) are used to estimate the upper and
lower limits of the two horizontal principal stresses, respec-
tively, from which an average value is taken. Thus, the three
principal stresses of the five case studies can be estimated, as

Table 7 Estimation of three principal stresses for five outburst cases

Outburst case oy MPa) oy (MPa) o, (MPa) n

the average horizontal principal stress to the vertical stress () ~ DPaping coal mine 153 20.01 12.03 1.047
generally lies within limits defined by the following: Xiangshui coal mine 5.08 11.10 6.61 1.745
Machang coal mine 16.75 21.28 12.80 1.017
_outon (24)  Bailongshan coal mine 125 1757 1055 1125
2oy Fifth mine of the Yangmei ~ 20.0 24.11 1452 0.966
block
Table 6 Coal and gas outburst cases
Outburst case Date Cover depth Gas pressure  Outburst coal ~ Outburst dis-  Structure
(m) (MPa) mass (t) tance (m)
Daping coal mine 2004/10/20 612 2.0 1894 256 Fault area
Xiangshui coal mine 2012/11/24 203 1.65 490 66 Serious structural area
Machang coal mine 2013/03/12 670 1.2 2051 188 Serious structural area
Bailongshan coal mine 2013/09/01 500 1.57 868 200 Fault area
Fifth mine of the Yangmei block 2014/05/13 800 1.0 325 30 Synclinal axis
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listed in Table 7. Average # values for the five case studies are
1.047,1.745, 1.017, 1.125, and 0.966; all of which lie within the
limits defined by Eq. (25). Moreover, most values are within the
range of 0.8—1.2, which is common in China (Liu et al. 2014).

As shown in Table 5, the mass distribution of the outburst
coal samples in these five cases was also divided into five
particle-size ranges: <0.1 mm, 0.1-1.0 mm, 1.0-5.0 mm,
5.0-10 mm, and > 10 mm. The particle size in each size
range was characterized by the mean value of the particle-
size range, except for the size range > 10 mm, which was
simplified to 10 mm.

The influence of the original surface area on the newly
added surface area was limited, and the former was thus
ignored. The total newly added surface area of the outburst
coal was calculated using Eq. (7). The contributions of coal
particles in the different particle-size ranges to the total
newly added surface area were obtained, as shown in Fig. 11.
The results show that the generation of pulverized coal
(d <0.1 mm) had the greatest impact on the newly added
surface area (68.1%). The proportion of coal particles with
particle size > 10 mm was 22.9%, but these had little effect
on the newly added surface area (1.1%).

80

60

40

20

4.1

Proportion of newly added surface area (%)

1.0 1.1

T T T
<0.1 0.1-1.0 1.0-5.0 5.0-10 >10
Particle size range (mm)

Fig. 11 Contribution of coal particles in different particle-size ranges
to the total newly added surface area

Equations (10), (18), and (21) were used to calculate the
stress energy, gas energy, and transport work, respectively,
and the crushing work ratio was calculated by Eq. (19). To
simplify the calculation, outburst coal was regarded as hav-
ing a uniform distribution with a friction coefficient f,, of 0.5
(Hodot 1966; Tu et al. 2018a). However, because the data are
relatively old and cannot be reproduced, exact descriptions
of these outbursts are difficult to obtain. Certain parameters
and conditions must be empirically established to obtain a
reliable answer, as based on observations or experimental
data (Dong et al. 2017; Gercek 2007; Hodot 1966; Jin et al.
2018; Medhurst and Brown 1998; Pan et al. 2013; Tu et al.
2018a). The values of these parameters are: outburst time
t =39 s; elastic modulus £=2000 MPa; Poisson’s ratio
1=0.32; coal density p=1.4X 103 kg/m3; porosity ¢=6%;
atmospheric pressure P,=0.1 MPa; diffusion coefficient
D=5x10""?2 m%s; adiabatic coefficient x=1.31; gas adsorp-
tion constants =235 m>/t and »=0.8 MPa~'; moisture con-
tent M,;=1.3%; and ash content A;=13.5%.

Results detailing the different energies involved in
the outburst cases are shown in Table 8. It is clear that
662.35-5736.40 m> (30 °C, 0.1 MPa) of the adsorbed gas
is utilized for these cases, which is 7.18-8.61 times greater
than that of the free gas. Gas supplies most of the outburst
energy, but the contribution of stress energy to the outbursts
is also significant, especially for large-scale or oversized
outburst.

Based on detailed studies which were conducted by Zhao
et al. (2016), adequate gas energy is required for outburst
development and the transport of outburst coal. However,
a large amount of adsorbed gas is needed for an outburst
to occur; therefore, the existence of coal particles with a
particle size less than the critical diameter is particularly
important to ensure sufficient gas supply.

According to the energy conversion relationship, the
stress energy and residual gas energy (except for the deple-
tion of transport work) used for coal crushing are limited. In
this situation, the coal must have low strength and cohesion
(i.e., easily crushable). The limits of crushing work ratios
of the outburst coal for these five cases range from 22.19
to 78.67 J/m.

Table 8 Results detailing the different energies involved in the outburst cases

Outburst case Outburst gas quantity (m*) Stress energy (MJ) Gas energy (MJ) Transport Crushing
work (MJ) work ratio (J/
Free gas Absorbed gas m?)
Daping coal mine 799.02 5736.40 210.69 1965.23 1212.16 57.75
Xiangshui coal mine 178.48 1352.25 15.42 405.06 80.85 78.67
Machang coal mine 548.21 4719.04 261.87 1103.07 963.97 22.19
Bailongshan coal mine 304.40 2333.90 72.13 674.46 434 40.88
Yangquan No. 5 coal mine 80.77 662.35 54.98 133.90 24.36 57.45
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32 cases (36.78%\)\* 41 cases (47.13%)

Fig. 12 The proportion of outbursts that occurred in various tectonic
zones

5 A crucial Role of Tectonic Coal
in Outbursts

Gray (2015) summarized 105 outburst cases from eight
coal-producing countries. Among them, 87 outburst cases
identified their tectonic type, and 95.4% of these outbursts
occurred in tectonic zones (Fig. 12). The specific propor-
tions of outbursts that occurred in faults, folds, and heav-
ily structured zones were 47.13%, 36.78%, and 11.49%,
respectively. Only three outburst cases, which occurred in
the Bowen Basin of Australia, were found to have no rela-
tionship with tectonic action; however, in these three cases,
the outburst coal masses were less than 30 t, which were
only a few meters long, and their intensities were consider-
ably smaller than those in the other cases. Thus, there exists
a qualitatively close relationship between tectonic movement
and outbursts, especially for large-scale or oversized out-
bursts (Wold et al. 2008).

The influence of tectonic movement on outbursts is not
only reflected in the change of coal seam stress and gas but
also in the destruction of the primary coal structures, which
results in the formation of a large amount of tectonic coals
in outburst zones (Cao et al. 2001; Wold et al. 2008). Fig-
ure 13 shows the Protodyakonov coefficient (f) of coal in
outburst zones for several cases in China. These f values are
very low, with a maximum value of 0.33, indicating that the
coal strength in these outburst cases is consistent with that
of tectonic coal.

Tectonic coal is extremely prone to outbursts as deter-
mined by its properties. Based on the mechanical experi-
ments, both the compressive strength and cohesion of
tectonic coal are much less than those for intact coal, the tec-
tonic coal expanded once failure occurred, no macroscopic
fractures were observed on the specimen surface, and the
specimens were easily crushed into a large number of par-
ticles or pulverized particles. In addition, the experiments
show that the crushing work ratio of intact coal is 969.18 J/
m?, while that of tectonic coal is 22.11 J/m?. The mechani-
cal properties of tectonic coal indicate that it can be crushed
easily under low-stress conditions.

0.4
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0.29

=3
w
1

0.17 0.18

0.12

Protodyakonov coefficient f
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0.0 T T T T T T

Daping mine

Wangfenggang mine  Malingshan mine  Jiulishan mine

Outburst cases

Xiangshui mine  Bailongshan mine

Fig. 13 The Protodyakonov coefficient (f) of coal for outburst cases
in China

Complex tectonic movement affects the pore structure of
coal. The abundance of larger pores (minipores, mesopores,
and macropores) strongly increases under intense tectonic
activity, and the volumes and specific surface areas of these
larger pores are more than ten times larger in tectonic coal than
in intact coal. Pore structure is an important factor that directly
affects gas storage and migration in coal seams. Thus, the pore
structure of tectonic coal determines its extremely rapid initial
gas desorption capacity, which makes tectonic coal much more
prone to outbursts compared with intact coal.

Moreover, based on the results detailing the differ-
ent energies involve in the five outburst cases, an adequate
supply of gas is essential for the transport of outburst coal,
which is a necessary condition for outburst development.
662.35-5736.40 m> (30 °C, 0.1 MPa) of the adsorbed gas is
utilized for these cases, which is 7.18-8.61 times greater than
the energy of the free gas; therefore, the existence of coal par-
ticles with particle size less than the critical diameter is par-
ticularly important to ensure the gas supply. According to the
energy conversion relationship, the stress energy and residual
gas energy (except for the depletion of transport work) used for
coal crushing are limited. The limits of crushing work ratios
of the outburst coal for these five cases range from 22.19 to
78.67 J/m?. 1t is clear that only the crushing work ratio of tec-
tonic coal satisfies the requirement for these cases.

It can, therefore, be concluded that these pervasive tec-
tonic coals play a crucial role in outbursts.

6 Conclusion
Outbursts are small-scale geological disasters controlled by

tectonic movement. In this paper, the relationship between
outbursts and tectonic coal is discussed, as it is helpful for
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recognizing coal and gas outbursts and studying outburst
mechanisms. The main conclusions are summarized as
follows.

1. Tectonic coal is a product of tectonic movement. Its
original primary structure is destroyed during tectonic
processes. The crushing work ratio of tectonic coal only
is 22.11 J/m?, while the crushing work ratio of the intact
coal is tens of times greater than that of the tectonic
coal. Compared with intact coal, tectonic coal shows low
strength and cohesion properties. Based on mechani-
cal experiments, the tectonic coal expands once failure
occurs, no macroscopic fractures are observed on the
specimen surface; and the samples are easily crushed
into a large number of particles or pulverized particles.

2. The pore structure of coal undergoes changes due to tec-
tonic movement. The abundance of larger pores (mini-
pores, mesopores, and macropores) increases strongly
under intense tectonic conditions. The pore volume and
specific surface area of pores in tectonic coal are more
than ten times greater than those in intact coal. However,
due to the control of pore structures on gas storage and
migration, tectonic coal has an extremely rapid initial
gas desorption capacity, indicating that tectonic coal is
prone to outbursts.

3. An adequate supply of gas is a prerequisite for the trans-
port of outburst coal; thus, the existence of coal particles
with sizes less than the critical diameter is particularly
important. However, the stress energy and residual gas
energy used for coal crushing are limited. The limits of
crushing work ratios of outburst coal for the five case
studies range from 22.19 to 78.67 J/m>. It is clear that
only the crushing work ratio of tectonic coal satisfies the
requirement for these cases.

4. Tectonic coal plays a crucial role in outbursts, which
are determined by tectonic coal’s properties and energy
limitations of outbursts. Outburst case studies have also
verified the widespread existence of tectonic coal.
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