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Laboratory Study Phenomenon of
Coal and Gas Outburst Based on a
Mid-scale Simulation System

Baisheng Nie23", Yankun Ma'?*, Shoutao Hu" & Junqing Meng?2

Outburst simulation experiments facilitate understanding coal and gas outburst in underground
mining. With the help of the mid-scale simulation system, a model based on similitude principle,

coal seam sandwiched by roof and floor, was constructed to conduct an outburst experiment. It

had a three-dimensional size of 1500 mm x 600 mm X 1000 mm with 0.5 MPa gas pressure. The
experimental procedures include specimen preparation, moulding, sealing, gas charging and
adsorption, and completion. The outburst process was investigated by analyzing the gas pressure
variation, temperature variation, outburst propagation velocity, particle size of outburst coal and
energy transformation. During the experiment, each gas charging was accompanied with gas pressure
or temperature fluctuation because of coal behavior of gas adsorption-desorption. The outburst
propagation velocity was 17.2 m/s, obtained by a mass-weighted calculation of velocities of outburst
coal. The small-size coal particles have a higher desorption rate and tend to participate in outburst
process. According to energy conservation law, the energy forms of the outburst included elastic strain
energy (E.), gas expansion energy (E,), internal energy of coal (AU), breakage work (W,), throwing out
work (W,) and gas-flow loss energy (AE), and each was calculated respectively. Gas potential energy,
including gas expansion energy and internal energy of coal, registered a larger percent and was far
greater than the strain energy. And it can be the main factor influencing the occurrence of low-threshold
outburst. The experimental system provides a feasible way to study the initiation and evolution of coal
and gas outbursts.

In the process of coal exploitation, coal and gas outburst (hereinafter referred to as “outburst”) is a dynamic
disaster without any conspicuous precursor. It may occur in workface, with large amount of coal and gas eject-
ing instantaneously, sometimes leading to large fatalities. Outburst can be more frequent as the mining goes
deeper®. Factors influencing the outburst occurrence and the mechanism of outburst initiation and evolution have
not been fully understood*®. Outburst simulation experiment can be an efficient method to carried out further
research. Many scholars developed different experimental apparatuses to study outburst phenomenon and made
a certain progress.

A shock-tube apparatus was built at Peking University to simulate the sudden decompression of coal samples.
Guan et al.® hypothesized that the mechanism of outbursts is similar to magma fragmentation during explosive
volcanic eruption. Wang et al.” used a self-developed shock tube to investigate the energetic failure of gassy coal
induced by rapid decompression and desorption. The outburst pipe was designed and outburst experiments on
the influence of sorption process were carried out at laboratory conditions®®. Skoczylas® analyzed the impact of
uniaxial strength and gas pressure for the outburst to estimate the risk of hazard area. Jiang et al.'’ simulated the
outburst induced by rock cross-cut coal uncovering with one dimensional outburst simulation and proposed the
“spherical shell losing stability” model. Wang et al.!! analyzed the contributions of in situ stress and gas pressure
to the outburst process, using the test system of one-dimensional outburst.

An experimental apparatus was constructed by Tu et al.’ to simulate the outburst related to gas-rich areas,
and the tension effect of gas on coal was observed. Yin et al.'? developed a comprehensive simulation device
with large-sized coal samples. It satisfied the outburst experiments with non-uniform distribution of loadings, a
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Figure 1. The design idea of outburst simulation.

certain size of outburst port and 2 MPa gas pressure'®'*. Jin et al.'* developed an apparatus, composed of outburst
chamber, simulated roadway, decompression device, data acquisition system and vacuum/gas injection equip-
ment, to study the formation and transport of outburst coal-gas flow in underground roadway and concluded
that rapid gas desorption played a decisive role on the promotion of outburst. The outburst simulation system
based on CSIRO model was developed by Yuan et al.® and test results showed that the coal strength prevented the
outburst'.

A Mid-scale simulation system for outburst experiment developed by Nie et al.'® can accommodate specimen
with dimensions of 1500 mm x 600 mm x 1000 mm, simulating the coal seam sandwiched by roof and floor and
local stress concentration ahead of work face. It made the specimen approximate to coal mining circumstance
to a certain degree, and the experiment be flexible in operations. Based on the Mid-scale simulation system, this
paper conducted the investigation on the outburst occurrence and propagation by analyzing the variation of gas
pressure and temperature, velocity attenuation of outburst coal and distribution of pulverized coal. Additionally,
energy conservation law was used to calculate and analyze energy transformation during an outburst. This work
may help understanding of the outburst mechanism and provide some implications on outburst prevention in
underground mining.

1.16

Methodology

Experimental system of outburst simulation.  Simulation model. ~The similitude-based scaling is often
too restrictive because it may not satisfy all of the resulting scaling laws exactly'”. The notion of approximate
similitude is necessary in conducting a research, as exact similitude is impossible!”!8. The important components
should be scaled and the less important ones can be neglected. Coal mass is complex porous and organic rocks.
The gas transportation and storage in coal are complex as well. Raw coal sampled from coal workface is used for
experiment without additional processing. So certain similar scales about coal materials are set as one, such as
adsorption constant, porosity and density. Many scholars adopted one as gas pressure similar scale to conduct
outburst simulation>!"!215, According to similitude principle on solid mechanics, similar conditions are shown
as follows".

p =1 )

where C,, C,GCCp Cp represent the similarity constants for stress (o), unit weight (), geometry size (I), Young’s
modulus (E), gas pressure (p). Similarity constant C; is defined as the ratio of the physical quantity of prototype i,
to that of the model i,, that is:

i
G = ._p

i )

The experimental model of outburst is shown in Fig. 1. Based on similitude principle, geomechanical model
is laid out by preparing similar materials in the experimental apparatus, manifesting outburst-induced factors in
coal mining circumstances, such as strata distribution, stress distribution in front of workface, gas pressure and
gas content.

Simulation system. The mid-scale outburst simulation system consists of test chamber, distributed loading sys-
tem, outburst-inducing device, vacuum pumping and gas charging system, and data acquisition system (Fig. 2).
The physical picture of the experimental apparatus is shown in Fig. 3. Inlets of gas charging and sensors are at the
left side, and an outburst port for emitting coal and gas at the right side. Sealing rings of front cover plate make
sure good pressure tightness, ranging —0.1~2.0 MPa.

Distributed loading system consists of pump station, oil cylinders, spring packs and pressboards. Maximum
pressure supplied by hydraulic power unit is 20.0 MPa. Spring packs connecting pressboards transfer loading
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Figure 3. The experimental apparatus.

stress from oil cylinders. The preset spring packs with varied elastic force distribute loading stress on specimen
(Fig. 1) and the concentration factor is 1.6, to achieve non-uniformly distributed loading.

A rupture disc installed on the outburst port is chosen as outburst-inducing device, which is destroyed imme-
diately if the pressure exceeds its threshold value. Vacuum pumping and gas charging system consists of the
vacuum gage and pump, purging valve, piezometer, and pipeline. A real-time data acquisition system, including
sensors and high-speed photography, collects pressure, temperature, and dynamic phenomenon of outburst coal.

Experimental procedures. The outburst experiment at middle scale is conducted in an open space. The
experimental procedures include specimen preparation, moulding, sealing, gas charging and absorption, and
completion, as shown in Fig. 4.

Specimens preparation. 'The outburst-prone coal with 560 m buried depth was sampled from No. 2 coalbed at
Dashucun Coal Mine in the north of China. A series of physicochemical parameters of coal, such as parameters
for the proximate analysis of coal, were measured and listed in Table 1.

Similitude principle for coal is C,=0,/0,,=15/1.5=10, C,=7,/7,,= 1 and C,=1,/],,=10. The samples,
smashed and sieved to less than 1 mm, were moulded with mixing 6% water?. The layout model has a size of
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Figure 4. Flow chart of coal and gas outbursts’ test procedures.

Dashucun coal 548 1.67 1.42 0.347 1.88 18.19 11.17 80.87

Table 1. Parameters of Dashucun coal. H is the burial depth of coal seam, p, is real density, p, is apparent
density, fis protodrakonov strength index, M, is moisture content, A, is ash content, Vdafis volatiles content,
FCis fixed carbon.

Silt mudstone 10 1.7 0.28 9:0.7:0.3

Mudstone 10 1.7 0.27 9.1:0.7:0.2
Roof

Silt mudstone 10 1.7 0.28 9:0.7:0.3

Silt rock 10 1.7 0.29 8.9:0.7:0.4
Coal No. 2 20 1.42 — —

Argillaceous siltstone 10 1.7 0.26 8.9:0.8:0.3
Floor

Mudstone 10 1.7 0.27 9.1:0.7:0.2

Table 2. Geometry and mixture ratio parameters. UCS is uniaxial compressive strength.

1.5m x 0.6 m X 0.8 m, equipped with 0.2m floor, 0.2 m coal seam and 0.4 m roof (Fig. 1). The floor included
argillaceous siltstone and mudstone layers, at thickness of 0.1 m respectively. The roof included four layers at
thickness of 0.1 m each, which are silt mudstone, mudstone, silt mudstone and silt rock layers from top to down.
The preparation of model materials for each stratum is shown in Table 2.

Model layout and system assembling. 'The geomechanical model was built layer by layer from floor to roof. The
materials of each stratum were laid out squarely and moulded with stress of 1.5 MPa for about 30 minutes. The
distribution of sensors and pipeline in the model is shown in Fig. 5. Pressure and temperature sensors and pipe-
line were embedded in coal seam. The metal perforated pipe with a diameter of 5mm was used as pipeline for
gas charging. During the experiment, rapture discs with threshold values of 0.5 MPa, 0.74 MPa and 1.0 MPa were
prepared for triggering an outburst. If the value 0.5 MPa failed, the experiment proceeded with a higher value,
beginning with the sealing procedure. As the model was completed, cover plates and sealing ring were installed
and loading system maintained the stress of 1.5 MPa on the model (local concentration stress 2.4 MPa).
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Figure 5. Layout of sensors and pipeline in coal sample (top view).
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Figure 6. The pressure variation of gas pressure during test (i, i, iii, iv, v, vi, vii, viii, ix, X, xi, xii, xiii represent
the sequence number of gas charging).

Gas charging and completion.  The gas-tightness can be tested by dropping some soapy water in connected posi-
tion after injecting a certain amount of air into chamber. If in good gas-tightness, the chamber will be outgassed
to vacuum and gas charging will be started in 12 hours later. Non-explosive carbon dioxide (CO,) was used for
the experiment. Firstly, CO, with pressure of 0.2 MPa was injected into the chamber repeatedly till the pressure in
the chamber was relatively stable. And it was continued with the injection pressure of 0.3 MPa. In order to ensure
enough safety margin of rupture disc, the injection was terminated as soon as 0.3 MPa gas pressure was main-
tained. Finally, the occurrence of an outburst was induced by injecting gas with pressure of more than 0.5 MPa.

Results

Variation of gas pressure.  Gas pressure was recorded by pressure sensors during the experiment as shown
in Fig. 6. As gas pressure remained —0.09 MPa about 6 h after vacuum pumping, the air tightness was in good
condition. The gas pressure fluctuated observably in the process of 0.2 MPa and 0.3 MPa gas charging. Injected gas
in the chamber was adsorbed constantly by coal sample, resulting in pressure decrease. Repeated gas charging led
pressure up and down till pressure stayed stable, approaching adsorption equilibrium. According to characteris-
tic curve of adsorption isotherm, to some extent, gas adsorbed quantity increases as pressure rises**?!. Thus, the
variation tendency of 0.3 MPa gas injection was similar to that of 0.2 MPa injection.

While the injection pressure increased to 0.53 MPa, over the threshold value of rupture disc tearing, a prom-
inent pressure gradient between coal sample and ambient environment led to the occurrence of outburst. The
values recorded by No. 2 and No. 3 sensors dropped to zero respectively in 2 seconds and 3.5 seconds. No. 2 sensor
underwent a pressure rise at 700 ms and dropped at 800 ms. The small pressure recovery was due to the sealing
effect of coal and rock fragments, and large amount of desorbed gas rapidly expanding to push them outside. The
pressure of No. 3 sensor, far from outburst port and closer to inner chamber, declined slowly and lasted longer. It
is due to a smaller pressure gradient at this position that leads to a smaller desorption rate.

Variation of temperature. Temperature variation can influence the process of adsorption and desorp-
tion significantly. Adsorption process is exothermic and desorption process endothermic*»*. According to the
temperature records of sensors during the experiment, the varied tendency of coal sample was consistent with
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Figure 7. The temperature variation of coal sample during test (i, i, iii, iv; v, vi, vii, viii, ix, X, xi, xii, xiii

represent the sequence number of gas charging).

ambient environment, as shown in Fig. 7. Sections of coal sample close to outburst port can exchange heat with
outside more efficiently, and the physical process of adsorption and desorption were affected by ambient temper-
ature easily. So the temperature of No. 1 sensor was the lowest and the next was No. 2 sensor. Values of No. 3 and
No. 4 sensors were almost the same, not been seriously affected.

At the stage of vacuum pumping the temperature declined rapidly. It carried out 13 times gas charging during
experiment, each accompanied by a small increase of temperature and subsequent decrease with ambient tem-
perature down. All sensors’ values reached the maximum in the first gas charging, because coal sample adsorbed
large amount of gas at one time. While injection pressure increased to 0.53 MPa, the temperature increased rap-
idly until the outburst occurred. Then a rapid temperature drop occurred because of a large amount of gas deso-
rption. No. 2 sensor had a high descending rate and a large amplitude, compared with No. 3 sensor. It is located
closer to outburst port, where the gas had a larger desorption rate.

Propagation of outburst coal. The propagation time of the front margin of outburst coal stream were
measured by photography as shown in Fig. 8(a). The velocity of coal stream can be calculated by velocity-time
formula. Relationship between velocity of outburst coal and propagation distance can be obtained by curve fitting
as: y=—11.7In(x) + 49.719, R2=0.9322 (Fig. 8(b)). The propagation velocity of coal stream was at high speed
and decreased rapidly with the propagation distance increasing. An average velocity of outburst coal approached
21.43m/s at 1 m to 6 m in front of the outburst port, and it decayed to a minimum of 4.5m/s at 36 m to 42 m.
While pulverized coal did not erupt at 1.92 s, outburst propagation faded. Therefore, the outburst terminated at
1.92 s and outburst propagation lasted 3.7s. About 369.9 kg specimens were expelled, including coal and rock
samples. The expelled materials appeared as fan-shaped distribution, and maximum propagation distance was
41.4m (Fig. 8(c)).

The expelled coal was collected and divided into 8 groups, from 0 to 6m, 6 to 11 m, 11 to 16 m, 16 to 21 m, 21
to 26 m, 26 to 31 m, 31 to 36 m and 36 to 42 m of fan-shaped area in front of the outburst port. The possessed prop-
agation distances of 8 groups were 6 m, 16 m, 21 m, 31 m, 36 m, and 42 m respectively. 8 groups of outburst coal
with an open space underwent the similar velocity attenuation process, though at different positions. According
to equation y =—11.7In(x) +49.719 (Fig. 9B), the velocity attenuation equations of outburst coal can be obtained
by modifying dependent variable x. The average velocity of the sampled coal can be arithmetic average of initial
and final velocities. The equations and calculated results were shown in Table 3. Kinetic energy was the main form
of outburst propagation and the velocity of outburst coal was the characteristic parameter that manifest the out-
burst propagation. It was obtained by a mass-weighted calculation of the velocities of the 8 groups outburst coal
(Eq. 3) and the calculated result was 17.21 m/s.

v = Zlei%

Myotal (3)

where v is the propagation velocity of outburst. v; is the average velocity of the outburst coal with mass m; and
n=8. M,y is the total mass of sampled coal.

Pulverized coal distribution. The outburst coal was sampled and sieved to particles larger than 20 mesh,
20 to 40 mesh, 40 to 60 mesh, 60 to 80 mesh, 80 to 100 mesh and smaller than 100 mesh (Fig. 9). The scattering
fragments of coal or rock material was closer to outburst port. The small size grains were far away from outburst
port. The weight of particles smaller than 100 mesh increases with the distance in front of the outburst port.
Particles larger than 20 mesh possessed a large mass percent in front of outburst port and reached a maximum
proportion in a range of 0 to 6 m.

Proportions of particle size fraction of outburst coal had a significant change, compared with origi-
nal coal sample. Particles of outburst coal smaller than 100 mesh took a higher percentage than coal sample.
Correspondingly, particles larger than 20 mesh took a smaller percentage. It is indicated that the small size coal
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particles tend to participate in the outburst process. This can be interpreted as result of coal particles with small
sizes possessing a higher desorption rate?*. They originate from the original coal sample and the breakdown of
coal in process of the outburst.

Energy analysis about experiment. The process of an outburst obeys the energy conservation law. The
elastic strain energy (E,), gas expansion energy (E,) and internal energy of coal (AU) convert into the breakage
work (W), throwing out work (W,) and gas-flow loss energy (AE). They can be expressed as follows:

E.+E,+ AU=W + W, + AE (4)

The strain energy stored in the coal mass under the effect of stress can be expressed as follows:

1 2 2 2
E, = —1I[of + 05 + 05 — 200, + 0,05 + 0y03)]
e 2Ep 1 2 3 192 203 193 (5)
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1 0~6m 6 y=—117In(x+ 36) +49.719 7.99 6.16 7.07 32.6
2 6~11m 11 y=—117In(x+31)+49.719 9.77 6.16 7.96 48.3
3 11~16m 16 y=—117In(x+26) +49.719 11.87 6.16 9.01 312
4 16~21m 21 y=—117In(x+21)+49.719 14.44 6.16 10.30 36.2
5 21~26m 26 y=—117In(x+16) +49.719 17.73 6.16 11.94 31.8
6 26~31m 31 y=—117In(x+11)+49.719 22.32 6.16 14.24 40.4
7 31~36m 36 y=—117In(x+6) +49.719 29.99 6.16 18.07 84.2
8 36~42m 41 y=—11.7Inx+49.719 76.66 6.16 41.41 62

Table 3. Velocity calculation according to propagation distance of outburst coal.

where 0, 0, and o3 are the three principal stresses. p is the density of coal and E is the Young’s modulus. Vis the
volume of coal mass and y is the Poisson’s ratio. Considering the apparatus providing full constraint at zero dis-
placement in horizontal direction, the horizontal stress can be calculated by o, = 03 =0, * /(1 — p).

Gas expansion energy stored by free gas can be expressed as follows?”:

o
% v
Ep_ pl 1 po] 1

7_1 P]

(6)

where pyand p, are gas pressure and atmospheric pressure; V| is the volume of gas emission;  is the process index.
For an isothermal process, y= 1, for an adiabatic process, Y= 1.31, and for a changeable process, y=1~1.31.

Gas stored in coal mass can be divided into free gas and absorbed gas. In the process of outburst, the gas
emission volume V| contains free gas and desorbing gas and can be expressed by Eq. (5). The free gas is relatively
stable and stored in pore space. The desorbing gas increased sharply with the initiation of outburst till the end of
outburst. The content of free gas and absorbed gas in coal mass can be calculated by Eqgs (8) and (9)>*.

Vi= oy X, — X)) + X, )
__abp, 1 (-1 o 100 — My — Ay
Yl4bp,  14031M,, 100 (8)
o, T
, =
Topy € &)
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where X, and X, are respectively the content of absorbed gas and free gas; X, is the content of absorbed gas
at atmospheric pressure; « is the desorption rate of coal particle at time t; T, is temperature of the isothermal
adsorption test; T; and T are the temperature respectively before and after outburst; a and b are the Langmuir
adsorption constant (for CO,); Vj is total pore volume per ton of coal; ( and n are coefficients that depend on the
gas pressure of coal seam.

Based on the diffusion model of Fick, the desorption rate of coal particles can be expressed as Eq. (10)**%7.

12 1
o, = —(Dt/7)2
(= (Dt/m) (10)
where D is diffusion coefficient. d is the size of coal particle after outburst and can be calculated by Eq. (11).
d=3"" wd; 11)

where d is the mean particle size (m), w; is the percentage of particles at a diameter of d;and m=6.

By combining Eq. (6)~(11) the gas expansion energy (E,) can be calculated.

The coal samples undergo the variation of temperature in the process of outburst and internal energy can be
calculated by Eq. (12).

AU = 8- cmAT (12)

where ¢ is the heat capacity of coal mass and AT is the temperature difference before and after outburst. 3 is the
uniformity coefficient, 0.5~1. m is the mass of outburst coal.
Based on energy consumed per surface area, a formula to calculate breakage work per kilo (w)) is as follows?.

_ 3Aw

p

w

11 ]

d, d, (13)
where A is the energy consumed per increasing unit of surface area and d; and d, are mean particle size of coal
sample and outburst coal in different areas respectively. w is the uniform coefficient of 1.2~1.7.

According the variation of weight and particle size of outburst material at different position, the weighting
breakage work per kilo outburst coal can be calculated by Eq. 12.

3AW—~n m; 1 1
w=22ey B
IS [dv do] (14)

1

Kinetic energy of outburst coal can be calculated by equation as follows.

_ L5 2
Mo = 2 (15)
Gas-flow loss energy is the gas kinetic energy while gas phase and coal phase are separated. It can be calculated

theoretically by Eq. (16).

2 (16)

where p’ and v/ are the gas flow density and velocity after gas phase and coal phase are separated. The gas-flow loss
energy cannot be calculated directly, because the outburst space is open and the flow field is too complicated to
trace. It can be calculated indirectly by Eq. (17).

AE=E +E,+AU-W - W, (17)

The parameters required for energy transformation calculating in the outburst experiment are listed in Table 4
and the calculated results are shown in Table 5. Variation of internal energy of coal (AU) occurred in the process
of gas desorption, as described in Section Variation of temperature. The internal energy (AU) contributes to des-
orption behavior of outburst coal. Gas expansion energy (E,) provides the kinetic energy for outburst coal. Thus,
gas potential energy, including internal energy and gas expansion energy, is the energy stored in coal due to gas
desorption and gas expansion. Gas potential energy took a large percent of initiation energy and were far greater
than the coal strain energy (E,). It showed better consistency with the conclusion that the most energy contrib-
uting to outburst derived from gas potential energy®**. 31% of total energy was used as breakage work (W,) and
17% was used to expel material (W,). Gas-flow loss energy (AE), participating in the process of an outburst, made
up 52% of total energy.

Discussion
It took about 25 days to conduct an outburst from debugging experimental system to completing the experiment.
A large amount of coal was sampled for an experiment. It was critical to make sure sufficient gas was adsorbed by
coal samples. Injecting gas repetitively to specimen by pre-buried pipeline performed well during the experiment.
Large amount of coal and gas participated and erupted in the artificial outburst.

The gas content and pressure of coal seam were respectively used as an outburst risk index in many coal
enterprises and institutes. Gas content thresholds of 9 m*/t for CH, was used in the Sydney Basin to indicate
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Parameters Value Parameters Value
Principal stress, o,(MPa) 24 Temperature of the isothermal adsorption test, T,(K) | 298.15
Principal stress, 0,(MPa) 1 Temperature of before outburst, Ty(K) 298.15
Principal stress, 0;(MPa) 1 Temperature of after outburst, T(K) 298.15
Young’s modulus, E(MPa) 50 Pore volume, V,(m?/t) 0.1054
Poisson’s ratio, 0.3 Coefficient about gas pressure, ¢ 1
Gas pressure, p,(MPa) 0.3 Coeficient about gas pressure, n 1
Atmospheric pressure, p,(MPa) 0.1 Particle size before outburst, d,(mm) 0.71
0.68,
Process index. v 13 Particle size after outburst, 0.63,0.61,0.61,
> : dpy dy dsy dyp dsy dy diy dyy (mm) 0.59,0.56, 0.62,
0.59
Langmuir adsorption constant, a(m?/t) 31.72 Diffusion coefficient, D(mm?/s) 0.000728
Langmuir adsorption constant, b(MPa™) 1.22 Heat capacity, c[kJ/(kg-K)] 0.79%
Content of absorbed gas, X, (m?/t) 5.25 Temperature difference, AT(K) 2
Content of free gas, X,(m>/t) 0.03 Uniformity coefficient, 3 0.7
)(éci?rt;;;tt)()f absorbed gas at atmospheric pressure, 1.74 Energy consuming Per surface area adding, A(J/m?) | 505
1
Desorption rate of coal particle, , 0.38 Uniform coefficient, 3 1.5
Gas emission volume, V;(m?%/t) 1.36 Outburst propagation velocity, v(m/s) 17.21
7.07,
7.96,
901, 32.6,48.3,31.2
Average velocity of outburst coal at different 10.30, Outburst coal mass at different positions, m, m, m; 36.2’ 31'8’ 40'4’
positions, v, v, v v, Vs V4, V5, vg(m/s) 11.94, my ms mg m; mg(kg) DS
84.2,62
14.24,
18.07,
41.41

Table 4. Parameters for the outburst experiment.

Total energy(J/
Energy E(J/kg) | E(J/kg) | AU(J/kg) | W,(J/kg) | W,(J/kg) | AE(J/kg) |kg)
Value 30 171 1060 392 215 654 1261

Table 5. The calculated results of energy.

outburst-prone conditions®’. A critical value of 0.74 MPa gas pressure was widely used to access the risk of out-
bursts in China®***. And yet some regions in low gas content and pressure can initiate an outburst, known as
low-threshold outburst. The statistics of the outburst accidents in Xinmi mining area of China from November
1989 to 2011 showed that 57% of outbursts were with gas content of less than 8 m*/t and 75% were with gas pres-
sure of less than 0.74 MPa*.

During the experiment, an artificial outburst was conducted with gas content and pressure respectively at 5.28 m*/t
and 0.5 MPa. Large amount of energy was consumed in coal breakage and throwing out. The coal strength prevented
the outburst and a dynamic threshold of gas pressure existed corresponding different damage states of coal®. Thus,
an outburst corresponds to a type of initial geological states, which may be the low-strength coal, the high gas
pressure or gas content and others. The threshold value of an outburst indicator is not stable in coal basins or even
different mining area. Coal with the low-strength resistance to an outburst may lead a low-threshold outburst. It is
due to the fact that enough energy can pulverize coal and throw it out, especially the gas potential energy.

Conclusion

An experimental system for the outburst simulation on a middle scale was composed of test chamber, distrib-
uted loading system, outburst inducing device, vacuum pumping and gas charging system, and data acquisition
system. Characterization of gas pressure and temperature variation, outburst coal propagation, pulverized coal
distribution and energy consuming were investigated based on an artificial outburst. According to the results
obtained, some conclusions can be made:

(1) The experimental system can simulate field prototype outburst at a one-meter scale, but have some limita-
tions, such as one-dimensional loading and gas pressure less than 2 MPa.

(2) Anoutburst is influenced by gas pressure and temperature significantly, because of the coal behavior of
adsorption and desorption. The dynamic effects of outburst can be analyzed by the propagation of outburst
coal and the proportions of pulverized coal.

(3) The calculated energy results show that gas potential energy takes a large percent of initiation energy and
gas-flow loss energy occupies the greatest proportion of energy consuming. 31% of the energy was used as
breakage work while 17% of the energy was used to expel the material.
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(4) The outburst conducted with 0.5 MPa gas pressure and 5.28 m®/t gas content was called a low-threshold

outburst. It is a common phenomenon and should be taken seriously in underground mining. The gas
potential energy can be the main factor that pulverize the low strength coal and throw it out.
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Published online: 18 October 2019

References

1

2.

10.
11.
12.
13.

14.

15.
16.
17.

18.
. Chen, Y., Zhang, L., Yang, B., Dong, J. & Chen, J. Geomechanical model test on dam stability and application to Jinping High arch

20.

21.

22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34,

. Shepherd, J., Rixon, L. K. & Griffiths, L. Outbursts and geological structures in coal mines: A review. International Journal of Rock

Mechanics and Mining Sciences & Geomechanics Abstracts 18, 267-283, https://doi.org/10.1016/0148-9062(81)91192-x (1981).
Hudecek, V. Analysis of safety precautions for coal and gas outburst-hazardous strata. Journal of Mining Science 44, 464-472, https://
doi.org/10.1007/s10913-008-0051-9 (2008).

. Yuan, L. Control of coal and gas outbursts in Huainan mines in China: A review. Journal of Rock Mechanics and Geotechnical

Engineering 8, 559-567, https://doi.org/10.1016/j.jrmge.2016.01.005 (2016).

. Wold, M. B., Connell, L. D. & Choi, S. K. The role of spatial variability in coal seam parameters on gas outburst behaviour during coal

mining. International Journal of Coal Geology 75, 1-14, https://doi.org/10.1016/j.coal.2008.01.006 (2008).

. Tu, Q. Y, Cheng, Y. P, Guo, P. K, Jiang, J. Y., Wang, L., Zhang, R. Experimental Study of Coal and Gas Outbursts Related to Gas-

Enriched Areas. Rock Mechanics and Rock Engineering 49, 3769-3781, https://doi.org/10.1007/s00603-016-0980-6 (2016).

. Guan, P, Wang, H. & Zhang, Y. Mechanism of instantaneous coal outbursts. Geology 37, 915-918, https://doi.org/10.1130/

G25470A.1 (2009).

. Wang, S., Elsworth, D. & Liu, J. Rapid decompression and desorption induced energetic failure in coal. Journal of Rock Mechanics

and Geotechnical Engineering 7, 345-350, https://doi.org/10.1016/j.jrmge.2015.01.004 (2015).

. Sobczyk, J. The influence of sorption processes on gas stresses leading to the coal and gas outburst in the laboratory conditions. Fuel

90, 1018-1023, https://doi.org/10.1016/j.fuel.2010.11.004 (2011).

. Skoczylas, N. Laboratory study of the phenomenon of methane and coal outburst. International Journal of Rock Mechanics and

Mining Sciences 55, 102-107, https://doi.org/10.1016/j.ijrmms.2012.07.005 (2012).

Jiang, C. L., Xu, L. H,, Li, X. W, Tang, J., Chen, Y. ], Tian, S. X. & Liu, H. H. Identification Model and Indicator of Outburst-Prone
Coal Seams. Rock Mechanics and Rock Engineering 48, 409-415, https://doi.org/10.1007/s00603-014-0558-0 (2015).

Wang, C., Yang, S., Yang, D., Li, X. & Jiang, C. Experimental analysis of the intensity and evolution of coal and gas outbursts. Fuel
226, 252-262, https://doi.org/10.1016/j.fuel.2018.03.165 (2018).

Yin, G. Z,, Jiang, C. B., Wang, J. G. & Xu, J. A New Experimental Apparatus for Coal and Gas Outburst Simulation. Rock Mechanics
and Rock Engineering 49, 2005-2013, https://doi.org/10.1007/s00603-015-0818-7 (2016).

Xu, ], Liu, D., Nie, W,, Zhang, Y. & Peng, S. J. Researches on Permeability of Coal Seam under Different Stress Field Based on 3D
Physical Simulation Experiments. Disaster Advances 5, 7-12 (2012).

Jin, K., Cheng, Y., Ren, T., Zhao, W,, Tu, Q.,, Dong, J., Wang, Z. & Hu, B. Experimental investigation on the formation and transport
mechanism of outburst coal-gas flow: Implications for the role of gas desorption in the development stage of outburst. International
Journal of Coal Geology 194, 45-58, https://doi.org/10.1016/j.coal.2018.05.012 (2018).

Wang, H. P, Zhang, Q. H., Yuan, L., Xue, . H. & Li, Q. C. Coal and Gas Outburst Simulation System Based on Csiro Model. Chinese
Journal Rock Mechanic Engineering 34, 2301-2308, https://doi.org/10.13722/j.cnki.jrme.2015.0996 (2015).

Nie, B. S., Ma, Y. K., Meng, J. Q. & Hu, S. T. Middle scale simulation system of coal and gas outburst. Chinese Journal Rock Mechanic
Engineering 37, 1218-1225, https://doi.org/10.13722/j.cnki.jrme.2017.1125 (2015).

Kittirungsi, B., Fathy, H. K. & Stein, J. L. In 2006 ASME International Mechanical Engineering Congress and Exposition,
IMECE2006, November 5, 2006-November 10, 2006. (American Society of Mechanical Engineers (ASME)).

Soedel, W. Similitude Approximations for Vibrating Thin Shells. Vol. 48 (1970).

dam. International Journal of Rock Mechanics and Mining Sciences 76, 1-9, https://doi.org/10.1016/j.ijrmms.2015.01.001 (2015).
Nie, B. S, Liu, X. E, Yuan, S. E, Ge, B. Q,, Jia, W.]., Wang, C. L. & Chen, X. H. Sorption charateristics of methane among various rank
coals: impact of moisture. Adsorption-Journal of the International Adsorption Society 22, 315-325, https://doi.org/10.1007/s10450-
016-9778-9 (2016).

Feng, Y. Y., Yang, W. & Chu, W. Coalbed methane adsorption and desorption characteristics related to coal particle size. Chinese
Physics B 25, https://doi.org/10.1088/1674-1056/25/6/068102 (2016).

Feng, Z., Zhao, D., Zhao, Y., Zhao, J. & Liu, Z. Effects of temperature and pressure on gas desorption in coal in an enclosed system: a
theoretical and experimental study. International Journal of Oil Gas and Coal Technology 11, 193-203, https://doi.org/10.1504/
{joget.2016.074284 (2016).

Guo, P. & Cheng, Y. Permeability prediction in deep coal seam: a case study on the No. 3 coal seam of the Southern Qinshui Basin in
China. ScientificWorldJournal 2013, 161457, https://doi.org/10.1155/2013/161457 (2013).

Zhao, W., Cheng, Y. P, Jiang, H. N, Jin, K., Wang, H. E & Wang, L. Role of the rapid gas desorption of coal powders in the development
stage of outbursts. Journal of Natural Gas Science and Engineering 28, 491-501, https://doi.org/10.1016/j.jngse.2015.12.025 (2016).

Li, C. W, Xie, B. ], Cao, J. L., Wang, T. T. & Wang, X. Y. The energy evaluation model of coal and gas outburst intensity. Journal of
China Coal Society 37, 1547-1552, https://doi.org/10.13225/j.cnki.jccs.2012.09.026 (2012).

Yu, B., Su, C. & Wang, D. Study of the features of outburst caused by rock cross-cut coal uncovering and the law of gas dilatation energy
release. International Journal of Mining Science and Technology 25, 453-458, https://doi.org/10.1016/j.ijmst.2015.03.020 (2015).

Nie, B., Yang, T., Lu, H., Li, X. & Yang, L. Gas Diffusion Model through Coal Particles and Parameters Calculation. Disaster Advances
6,51-56 (2013).

Jian, X., Guan, P. & Zhang, W. Carbon dioxide sorption and diffusion in coals: Experimental investigation and modeling. Scientia
Sinica Terrae 55, 633-643, https://doi.org/10.1007/s11430-011-4272-4 (2012).

Chen, Q., Zhang, G., Qin, R. & Tang, M. Measurements of thermal conductivity and diffusivity of losse coal using a hot-wire
method. Journal of China University Mining Technology 38, 336-340 (2009).

Valliappan, S. & Wohua, Z. Role of gas energy during coal outbursts. International Journal for Numerical Methods in Engineering 44,
875-895, 10.1002/(sici)1097-0207(19990310)44:7 < 875::aid-nme527>3.0.c0;2-g (1999).

Beamish, B. B. & Crosdale, P. J. Instantaneous outbursts in underground coal mines: An overview and association with coal type.
International Journal of Coal Geology 35, 27-55, https://doi.org/10.1016/50166-5162(97)00036-0 (1998).

Yuan, L. & Xue, S. Defining outburst-free zones in protective mining with seam gas content-method and application. Journal of
China Coal Society 39, 1786-1791, https://doi.org/10.13225/j.cnki.jccs.2014.8019 (2014).

Xue, S., Yuan, L., Wang, Y. C. & Xie, ]. Numerical Analyses of the Major Parameters Affecting the Initiation of Outbursts of Coal and
Gas. Rock Mechanics and Rock Engineering 47, 1505-1510, https://doi.org/10.1007/s00603-013-0425-4 (2014).

Li, Y, Jiang, B. & Zhang, Y. Low-threshold coal and gas outburst dynamic phenomenon and mechanism in Xinmi coal mining area.
Coal Geology & Exploration 43, 1-7, https://doi.org/10.3969/j.issn.1001-1986.2015.06.001 (2015).

SCIENTIFIC REPORTS |

(2019) 9:15005 | https://doi.org/10.1038/s41598-019-51243-4


https://doi.org/10.1038/s41598-019-51243-4
https://doi.org/10.1016/0148-9062(81)91192-x
https://doi.org/10.1007/s10913-008-0051-9
https://doi.org/10.1007/s10913-008-0051-9
https://doi.org/10.1016/j.jrmge.2016.01.005
https://doi.org/10.1016/j.coal.2008.01.006
https://doi.org/10.1007/s00603-016-0980-6
https://doi.org/10.1130/G25470A.1
https://doi.org/10.1130/G25470A.1
https://doi.org/10.1016/j.jrmge.2015.01.004
https://doi.org/10.1016/j.fuel.2010.11.004
https://doi.org/10.1016/j.ijrmms.2012.07.005
https://doi.org/10.1007/s00603-014-0558-0
https://doi.org/10.1016/j.fuel.2018.03.165
https://doi.org/10.1007/s00603-015-0818-7
https://doi.org/10.1016/j.coal.2018.05.012
https://doi.org/10.13722/j.cnki.jrme.2015.0996
https://doi.org/10.13722/j.cnki.jrme.2017.1125
https://doi.org/10.1016/j.ijrmms.2015.01.001
https://doi.org/10.1007/s10450-016-9778-9
https://doi.org/10.1007/s10450-016-9778-9
https://doi.org/10.1088/1674-1056/25/6/068102
https://doi.org/10.1504/ijogct.2016.074284
https://doi.org/10.1504/ijogct.2016.074284
https://doi.org/10.1155/2013/161457
https://doi.org/10.1016/j.jngse.2015.12.025
https://doi.org/10.13225/j.cnki.jccs.2012.09.026
https://doi.org/10.1016/j.ijmst.2015.03.020
https://doi.org/10.1007/s11430-011-4272-4
https://doi.org/10.1016/s0166-5162(97)00036-0
https://doi.org/10.13225/j.cnki.jccs.2014.8019
https://doi.org/10.1007/s00603-013-0425-4
https://doi.org/10.3969/j.issn.1001-1986.2015.06.001

www.nature.com/scientificreports/

Acknowledgements
This work is financially supported by the State Key Research Development Program of China (Grant No.
2016YFC0600708) and Research Funds for the Central Universities (No. 2009kz03).

Author contributions

B.S. Nie and S.T. Hu conceived and designed the experiments; S.T. Hu and J.Q. Meng performed the experiments.
B.S. Nie and Y.K. Ma analyzed the results and wrote the manuscript text. Manuscript preparation were performed
via contributions from B.S. Nie and Y.K. Ma.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.N. or YM.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2019) 9:15005 | https://doi.org/10.1038/s41598-019-51243-4


https://doi.org/10.1038/s41598-019-51243-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Laboratory Study Phenomenon of Coal and Gas Outburst Based on a Mid-scale Simulation System

	Methodology

	Experimental system of outburst simulation. 
	Simulation model. 
	Simulation system. 

	Experimental procedures. 
	Specimens preparation. 
	Model layout and system assembling. 
	Gas charging and completion. 


	Results

	Variation of gas pressure. 
	Variation of temperature. 
	Propagation of outburst coal. 
	Pulverized coal distribution. 
	Energy analysis about experiment. 

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 The design idea of outburst simulation.
	Figure 2 Structure diagram of the outburst simulation system.
	Figure 3 The experimental apparatus.
	Figure 4 Flow chart of coal and gas outbursts’ test procedures.
	Figure 5 Layout of sensors and pipeline in coal sample (top view).
	Figure 6 The pressure variation of gas pressure during test (i, ii, iii, iv, v, vi, vii, viii, ix, x, xi, xii, xiii represent the sequence number of gas charging).
	Figure 7 The temperature variation of coal sample during test (i, ii, iii, iv, v, vi, vii, viii, ix, x, xi, xii, xiii represent the sequence number of gas charging).
	Figure 8 Records about propagation of outburst coal.
	Figure 9 The classification of particle sizes of outburst coal.
	Table 1 Parameters of Dashucun coal.
	Table 2 Geometry and mixture ratio parameters.
	Table 3 Velocity calculation according to propagation distance of outburst coal.
	Table 4 Parameters for the outburst experiment.
	Table 5 The calculated results of energy.




