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A B S T R A C T

The article focuses on a theoretical and experimental framework for the quantification of interaction between
nonlinear geomechnical and physicochemical processes in high-stress coal-bearing rock mass during mining
under high seismic risk due to large-scale blasting and earthquakes, as well as because of structural and tem-
perature effects. The tests were aimed to examine and study comprehensively the piston mechanism of gas ex-
change and mass transfer processes, revealed recently at the Institute of Mining, SB RAS, as well as to explain the
fact that the earthquake-induced low-velocity (quasi-meter range) pendulum waves (velocity to 1 m/s and fre-
quency of 0.5–5 Hz) could stimulate an increase in the gas content in coal mines. In order to perform laboratory
investigation at the Institute of Mining SB RAS, special-purpose stand for analyzing gas exchange and mass
transfer processes in coal-bearing geomaterials under various thermodynamic conditions (P, V, T) and gas
composition was constructed in cooperation with the Institute of Semiconductors Physics SB RAS. Matching of air
flow rate with compression pressures allowed to obtain relations showing that air flow rate increases at the
uncertain time interval under the increasing of the compression pressure. The same measurements was carried out
with another gases such as Hydrogen H2, Helium He, methane CH4, carbon dioxide CO2 and carbon oxide CO. The
laboratory tests aimed to detailed investigation of the previously revealed “piston mechanism” of gas exchange
and mass transfer processes in the coal specimens and their quantitative description in terms of theory of the
pendulum waves were carried in the first time. Consequently, there are some arguments for the testing of the
opportunity of quantitative description of the “piston mechanism” related to gas exchange and mass transfer
processes in the scale of coal mines. It is relevant when pendulum waves induced by powerful earthquakes and
technical blasting reaches the mine.
1. Introduction

Development and industrial implementation of high-efficient and
non-hazardous technologies of coal and mine-methane mining, espe-
cially under the significant depths, are related to gas exchange and mass
transfer processes, where they are included due to evolution of geo-
mechanical processes induced by man-made activities.

In order to describe the process of migration of the gas, which consists
of a solid coal matrix along a system of cracks and pores, simplifying
hypotheses are accepted. They allow to use numerical solutions of sys-
tems of differential and integral equations with given initial and
boundary conditions. Such an approach allows to describe complex
evolutionary process of heat-mass-gas exchange, but it sometimes leads
to a loss of ability to describe actually observed physic mechanical effects
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in rock mass, when mining of mineral resources is carried out. The fea-
tures of “non-linear response” of productive hydrocarbons series to
earthquakes, powerful technological blasting and vibration actions from
the daylight surface can be considered as examples [1]. Oscillating mo-
tion pattern of structural elements of the rock masses in confined con-
ditions leads to the conversion of the elastic energy into the kinetic
energy of the element motion.

The tests were aimed to examine and study comprehensively the
piston mechanism of gas exchange and mass transfer processes, revealed
recently at the Institute of Mining, SB RAS, as well as to explain the fact
that the earthquake-induced low-velocity (quasi-meter range) pendulum
waves (velocity to 1 m/s and frequency of 0.5–5 Hz) could stimulate an
increase in the gas content in coal mines [2].

The Institute of Mining manufactured testing and measuring
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Fig. 1. Experimental measuring apparatus: (a) 1—coal specimen;2—granite plates; 3—movable crosspiece unit; 4—IR imager; 5—ALMEC-tv set; (b)
40 mm�40 mm�40 mm specimen of coking coal from Berezovo-Biryulinskoe deposit (Kuzbass).

Fig. 2. Scanned surface of coal specimen 30 mm�10 mm after failure under uniaxial compression (at t ¼ 337 s); domains 1 and 2 are on the left and rift of the main
fracture, respectively.
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apparatus equipped with a system for remote measurement of tempera-
ture and stresses in coal under loading to failure (see Fig. 1).

Compression was implemented by Instron 8802machine, loading was
set in accord with the crosspiece unit displacement at a rate of 0.2 mm/
min (3.3�10�6 m/s). The values of the crosspiece unit displacement and
the forces created by the compression machine were continuously reco-
ded and filed.

Fig. 2 shows the scanned surface of a coal specimen after failure and
the two near domains on the left (1) and (2) of the main fracture for the
comparative analysis of micro-displacements and microstrain velocities.
In the delineated same-size rectangular domains, longitudinal tranversal
and shearing microstrains εx, εy and εxy were calculated.

Fig. 3(a)–3(c) show the time-dependences for the microstrains εx, εy
and εxy : blue color for domain 1 and red color for domain 2, black color is
the stress–time curve for the specimen under compression until failure in
the dimensionless coordinates σ=σlim.

For separate elements in the analyzed domains 1 and 2 (see Fig. 2),
the microstrains εx, εy , εxy versus time and rate of change are plotted.

The microstrain time/rate functions ε
0
xðtÞ, ε

0
yðtÞ, ε

0
xyðtÞ were deter-

mined as derivatives of the trends.
According to Refs. [3,4], results of physical simulation and field tests

aimed to analyze the connections between strain-wave processes (Fig. 3)
and thermal processes (Fig. 4) generated in structured geomaterials and
coal specimens of different types (coal fields of Kuzbass) under uniaxial
stiff compression with the speed 3:3� 10�6 m/s till the failure have
allowed to establish:
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� Almost from the very beginning of loading, low-frequency internal
micro-deformation processes of the components ½ðεx; εy ; εxyÞ;10�2�
are generated in coal specimens under low-frequent movement
(0.5–5 Hz) of structural elements interconnected by type of physical
pendulums. The amplitude of such oscillation grows (Fig. 3) with
growth of relative σ=σB stress level during of loading time �t till the

failure ( t
_ ¼ t=tB; where t– current time of the specimen compression

to the moment tB, when the specimen achieves strength limit σBÞ.
� Distribution of the induced temperature field in the test coal speci-
mens is nonuniform. The patterns of temperature distributions (Fig. 4
c) and microstrains (Fig. 3, example εxÞ resemble one the other owing
to internal structure of the test specimens of various rank coal (х, у)
(linear size of “mechanical” heterogeneities).

Papers [3–7] explain experimental and analytical theory of interac-
tion between nonlinear geomechanical and physicochemical processes
during exploitation of coal fields of Kuzbass. These theoretical basics
consider open “piston mechanism” of gas exchange and mass transfer
processes in the stressed coal-bearing rock mass and significant influence
of pendulum waves induced by natural and artificial earthquakes and
powerful technological blasting on gas-dynamic activity of coal mines. In
order to better understand this phenomenon, sample preparation is
performed and, based on “piston mechanism” the technique of the lab-
oratory tests aimed to simulate gas exchange and mass transfer processes
is developed.

During the tests, the comprehensive investigation of influence on



Fig. 3. Time-dependences of the microstrains εx , εy , εxy in the dimensionless

coordinates t
_ ¼ t=tB; σ=σlim for coal specimen under uniaxial compression (red

color—domain 1; blue color—domain 2).
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“piston mechanism” of gas exchange and mass transfer processes is per-
formed. The tests were carried out using specially constructed double-cell
system with designated (P0, V0, T0) and controlled parameters (P1, V1, T1)
during time t of thermodynamic quantities (P, V, T) of gasmixtures, located
in the cells (0) and (1). The cells are sealed and separated between each
other, they contain specimens of different metamorphic stage, which are
uniaxial loaded [σ(t)] with additional impulse impact f(t).

2. Test preparation for gas exchange and mass transfer processes
in coal-bearing geomaterials

In order to perform laboratory investigation at the Institute of Mining
SB RAS, a special-purpose stand for analyzing gas exchange and mass
transfer processes in coal-bearing geomaterials under various thermo-
dynamic conditions (P, V, T) and gas composition was constructed in
cooperation with the Institute of Semiconductors Physics SB RAS.

Specoments of coal samples were prepared for uniaxial compression
tests in the confined space of the cell. For this purpose, coal cylinders
with height 5 cm and diameter 5 cm and with parallel bases were pre-
pared from the lumps of coal mined from Kuzbass coal fields.

The prepared specimens were pasted-in metal casings and were
subjected to testing on a special hydraulic pressing machine under
loading to 15 t and then were unusually compressed until close to failure
(Fig. 5).
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The specimens were pasted-in using a sealing paste to avoid the gap
between walls of the coal specimen and the casing, while the opportunity
of small expand of the specimen during loaded without breakage of the
sealing was provided.

Fig. 6 shows structural diagram of the stand, photos of the pressing
machine and the system of pressure keeping of gas flow and longitudinal
strains measurements for the investigation of the “piston mechanism” of
the gas exchange and mass transfer processes.

In order to evaluate changes of gas permeability of the specimen
under various loading, the system of input pressure keeping and
measuring of the velocity of the gas which is passing through the spec-
imen (the flow) was developed at the Institute of Semiconductors Physics
SB RAS. In this case, the original system of strain sensor for compression
measuring was applied, the device for movement measuring (linear
strains) based on incremental decoder was developed. In addition,
servicing software for processing and saving of the data about the
observed process and the visualization of imaging information for
created loading modes (including hysteresis type) on the specimens and
system's responses on the loading cycles was developed.

3. Performing of the measurements

The pasted-in specimen into metal casing were unusually compressed
until near failure. Failure pressure was in the range 17.8–20.4 MPa
considering the cross-sectional area of the specimen with diameter of
0.05 m. To optimize the test technique, all measurements were carried
out for the same pasted-in fat ranked coal specimen No.1 with Vdaf ¼
31%, through which air flow was passed.

The air pressure was maintained at the levels of 0.02 MPa and 0.1
MPa at the inlet and outlet of the test specimen, respectively. The air flow
rate at the coal specimen outlet was 85 mL/min (1.420�10�6 m3/s) at
the onset of testing. All measurements were taken under room
temperature.

First, as the pressing load on the specimen was increased from 0 to 6
MPa, the air flow rate in the specimen decreased from 85 mL/min
(1.420�10�6 m3/s) to 75 mL/min (1.253�10�6 m3/s), as was antici-
pated from the logic of any material compression. But then (after
reaching the pressure of 6 MPa and higher), due to the piston effect, the
air flow rate jumped in the coal specimen from 75 to 110 mL/min (from
1.253 to 1.837) �10�6 m3/s). At a certain time, under uniform increase
in the compression pressure, the air flow rate came out to a plateau and
never increased later on (Fig. 7).

After stopping the loading of pressing machine to the specimen, the
pressure reduced itself (9 MPa). It is necessary to pay attention to elas-
ticity of the specimen, which is fixed according to the features of the
loading program. If the loaded specimen does not show reverse relaxa-
tion, i.e. the specimen is not elastic, the pressing machine keeps the force
well after pressure increasing. If the specimen is elastic, e.g. coal, the
pressing machine force is reduced gradually. The pressing machine
(hydraulic table pressing machine with loading capacity up to 15 tons
NORDBERG PRO N3515T) was being relaxed up to reverse relaxation
impact from the specimen was not stopped. Using a pressing machine
keeping the pressure automatically according to its software would not
allow to establish this phenomenon. Air flow passing through the spec-
imen stay stable and at the maximum rate. When the pressure reduced
itself to the starting point of the rapid increasing of air flow rate (up to 75
mL/min), it stopped reducing and stayed at the constant level, while the
air flow kept staying constantly at the previous maximum rate.

To determine the dependencies of gas flow rate through the coal
specimen on the pressure, the tests were performed under various
maximum pressures of loading from the pressing machine (8.8–16.3
MPa). The aim of the tests was to find out “hysteresis” pressure on the
coal specimen No.1 in gas flow behavior under oscillating load at the
increments. Results of above-mentioned tests are shown in Fig. 8. Their
hysteresis pattern directly shows significant role of “the piston mecha-
nism” of evolution of gas exchange and mass transfer processes in



Fig. 4. 3D distributions: (a) temperature in coal with marginal granite plates in the beginning of loading; (b) temperature in coal with marginal granite plates before
coal failure; (c) microstrains εх over scanned surface of coal specimen before failure.

Fig. 5. The coal specimen, which was pasted in the metal casing for the tests.
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multiphase coal bearing rock mass under changing stress-strain fields
from different inducing sources.

Under different maximum compression pressures, time interval,
where the increasing of the air flow rate through the same specimen
happens, remains constant (30–40 s). After loading being stopped, the air
flow is keeping to increase for about the same time with the same
increasing gradient. Then, it reduces gradually.

Matching of air flow rate with compression pressures allowed to
obtain relations (Fig. 9) showing that air flow rate is increased at the
uncertain time interval under the increasing of the compression pressure.

Following study was divided into two parts.

� In the first part, gas flow rate measurements were performed under con-
stant inlet pressure for two other specimens (No.2 and No.3) from another
Kuzbass mine. The specimens were placed to the measuring cell in a
sealed way. The measurements were performed in a sequence for all
below-mentioned gases under inlet pressure 5�10�3 MPa. The
volumetric gas flow rate was measured without consideration gas
113
viscosity and under constant pressure and temperature 20 �C.
Average results are shown in the Tables 1 and 2.

The measurements were directed to coals from Kuzbass mines with
Vdaf ¼ 37–38% (see Table 2). Gas composition of this mine is typical for
Kuzbass coal fields. Apart from main gas components such as methane,
carbon dioxide and nitrogen, it contains heavy carbohydrates and
hydrogen. Maximum grade of the carbohydrates in coals reaches 18.5%,
and that of hydrogen reaches 11.8%.

� In the second part, measurements of specimen gas permeability changes
were performed under variable mechanical compression. Value of inlet
gas pressure in the measuring cell was 5�10�3 MPa and was not
changed. All gases, shown in the Table 1, were measured in a
sequence way.

The developed software allows to observe obtained results in the form
of relation graphs between changes of gas flow rate at constant inlet
pressure and changes of mechanical loading to the specimen. Also, the
results can be observed using MS Excel software.

Typical graphs of changes of different gas flow rates through the
specimen No.2 before loading are shown in Fig. 10. The time period of
the measurements was 1 h (3600 s). After analyzing the data about gas
flow through the specimens, the time period was reduced up to 350 s.

Then, the gas flow was passed through the specimens under simul-
taneous loading. The first gas was air. Air flow rate was measured before
the loading, and then during loading. The same measurements were
carried out with other gases such as Hydrogen H2, Helium He, methane
CH4, carbon dioxide CO2 and carbon oxide CO. After all gases were
passed through, the air was passed again under loading. Results of the
tests for the specimen No.2 are shown in Fig. 11.

Fig. 12 shows the measurement results for corresponding gas flows
under passing them through the same specimen No.2. Designations
“Flow-1, Compression-1” and “Flow-2, Compression – 2” refer to the
consequent compressions of the specimen.



Fig. 6. (a) - Structural diagram of the stand for the investigation of the “piston mechanism”; (b) - Photo of the pressing machine; (c) – Metal casing with a coal
specimen inside.
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Fig. 7. Graphs of typical dependencies of changes air flow rate through the coal
specimen and compression pressure on loading time.

Fig. 8. Relations between air flow through the specimen No.1 and pressure of
“hysteresis type” under various cycles of maximum compression pressure: from
8.8 MPa up to 16.3 MPa.

Table 1
Volumetric gas flow rate under its passing through the coal specimen.

Gas Flow rate, mL/min Flow rate, mL/min

Coal specimen N�2 Coal specimen N�3
Dry air 138.6 212.5
Methane(СН4) 149.8 216.5
Hydrogen (Н2) 133.6 196.1
Carbon dioxide (СО2) 141.6 214.5
Carbon oxide (СО) 134.5 210.2
Helium (Не) 126.7 192.8
Dry air 133.8 207.4

Coal of the mine field are characterized with homogenous petrographic
composition; they are summed mostly lustreous and semi-lustreous differences.
In terms of mineral composition, the coals contain following microcomponents:
vitrinite‒ 82–89%, semi-vitrinite‒ 1–2%, liptinite‒ 1.2–2%, intertinite
7.6–14,5%.

Table 2
Quality parameters of coals from Kuzbass coal fiels

Specimen
N�

Coal
rank

Ash-
content,%

Volatile
content, %

Humidity,
%

Volumetric
weight, 103 kg/
m3

2 Gas-
fat

5.4 37.2 3.6 1.27

3 Fat 6.8 38.1 2.2 1.28

T.A. Kiryaeva Geohazard Mechanics 1 (2023) 110–118
The similar results were obtained for another coal specimens from
Kuzbass coal mines.
Fig. 9. Relations between air flow passed through the coal specimen,
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4. Conclusion

Gathered experience of experimental and analytical investigations
based on new experimental data [8–23] allowed to describe gas exchange
and mass transfer processes in the stressed coal-bearing rock mass under
changing thermodynamic conditions (P, V, T) considering the “piston
mechanism” of such processes in coal seams of different metamorphic
stage as well as to establish that earthquake-induced low-speed
(quasi-meter range) pendulumwaves (velocity up to 1 m/s and frequency
0.5–5 Hz) could stimulate an increase in the gas content of coal mines.

The laboratory tests aimed at detailed investigation of the previously
revealed “piston mechanism” of gas exchange and mass transfer pro-
cesses in the coal specimens and their quantitative description in terms of
theory of the pendulum waves were carried in the first time.

Consequently, there are some arguments for the testing of the op-
portunity of quantitative description of the “piston mechanism” related
to gas exchange and mass transfer processes in the scale of coal mines. It
is relevant when pendulum waves induced by powerful earthquakes and
which was matched with compression pressures and loading time.



Fig. 10. Typical diagrams showing flow changes of various gases passed though the coal specimen No.2 before its compression.

Fig. 11. Changes of air flow under its passing through the coal specimen in dependence on loading time.
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Fig. 12. Changes of gas flow under its passing through the coal specimen in
dependence on loading time:a –hydrogen; b - helium; c – methane; d – carbon
dioxide СО2; e – carbon oxide СО
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technological blastingreach the mine. For this purpose, it is planned to
apply adapting methods of mine gas-dynamic activity monitoring using
the automatic gas control systems (AGC) in order to establish determined
connections between energy parameters and the distance of earthquakes
and technological blasting with gas-dynamic activity at the coal mines in
the future.
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