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EXPERIMENTAL STUDY ON THE EFFECTS OF VIBRATIONAL FREQUENCY
ON THE PERMEABILITY OF GAS-CONTAINING COAL ROCKS

Low-frequency mechanical vibrations can trigger disasters such as coal-gas outbursts. An in-house
“vibration-triaxial stress-seepage” experimental apparatus was used to measure the gas flow rate of rock
specimens with varying vibrational frequency, gas pressure, and confining pressure. The results of these
tests were then used to derive expressions that describe how the permeability of gas-containing coal rocks
is related to these aforementioned factors. In addition, sensitivity coefficients were defined to characterise
the magnitude of the permeability response to each permeability-affecting factor (i.e., vibrational frequency
and gas pressure). The following insights were gained, regarding the effects of vibrational frequency on
the permeability of gas-containing coal rocks: (1) If gas pressure and confining pressure are fixed, the
permeability of gas-containing coal rocks rapidly increases, before gradually decreasing, with increasing
vibrational frequency. Thus, the permeability of the gas-containing coal rock is always larger with vibra-
tions than without. (2) If vibrational pressure and confining pressure are fixed, the relationship between
the permeability of gas-containing coal rocks and gas pressure is consistent with the “Klinkenberg effect,”
i.e., the permeability initially decreases, and then increases, with increasing gas pressure. (3) The change
in permeability induced by each unit change in gas pressure is proportional to the gas pressure sensitivity
coefficient. (4) The change in permeability induced by each unit change in vibrational frequency is pro-
portional to the vibrational frequency sensitivity coefficient.

Keywords: gas-containing coal rock, low-frequency vibration, gas pressure, permeability, sensitivity
coefficient

1. Introduction

Permeability indicates how difficult it is for gas to seep through a coal seam; this indicator
is necessary to prevent and mitigate coal-gas outbursts [1,2]. Hence, in-depth studies on coal-
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gas seepage in coal seams have a theoretical and practical significance in the discernment of the
triggering mechanisms of coal-gas outbursts and the prediction of these disasters. The seepage
of coal-gas has been investigated via theoretical and experimental approaches by researchers
around the world. The following four mainstream seepage theories have been established after
many years of theoretical study: linear seepage theory, non-linear seepage theory, the theory of
seepage in geophysical fields, and multi-seam gas seepage theory [3-5]. In experimental studies,
researchers have investigated the effects of ground stress, temperature, gas pressure, adsorption/
desorption, mining-induced stresses, and coal quality on the permeability of gas-containing coal
rocks [6-8] discovered that the rate of gas seepage and its response to temperature changes are
related to the changes in internal energy and structure of loaded coal bodies. Hence, the rate of
gas seepage, and its response to temperature, can be used as warnings for the destabilisation or
failure of coal bodies. [9] used an in-house experimental system to investigate the effects of water
content on gas seepage. It was found that gas seepage is related to water content by a negative
exponential. [10] compared coal briquettes and raw coal in terms of the effects of temperature
on their respective permeabilities; they found that coal permeability generally decreases with
increasing temperature. It is known that the effects of these factors on gas seepage are not sim-
ple or monotonous [11-13] have studied the permeability trends of gas-containing coal rocks in
the presence of heat-flow-solid coupling. [6], [14] and [15] have corrected seepage models and
performed experiments and simulations to study the extent to which coal-gas seepage is affected
by known influencing factors.

Recent studies show that coal-gas outbursts can not only be induced by the low-frequency
mechanical vibrations that are produced by excavation works, air picks, and hole boring, but also
by gas pressure and ground & mining-induced stress. This is because low-frequency mechanical
vibrations affect the flow of the coal-gas in a coal seam [16,17]. Very few studies regarding the
effects of low-frequency mechanical vibrations on the permeability of gas-containing coal rocks
have been performed. However, the only study concerning these effects is that by [16] and [18],
which focused on the effects of low-frequency mechanical vibrations on the adsorption-desorption
processes of gas-containing coal rocks in the absence of external stress. However, this study
does not account for the effects of low-frequency mechanical vibrations on the permeability of
gas-containing coal rocks in the presence of triaxial stress.

Therefore, we have conducted a detailed investigation into the effects of low-frequency
mechanical vibrations on the permeability of gas-containing coal rocks under triaxial stress by
using an in-house “vibration-triaxial stress-seepage” experimental apparatus. Sensitivity coef-
ficients were also defined for gas pressure and vibrational frequency in order to describe the
magnitude of the permeability response to changes to these factors. This study was purposed to
reveal the permeability characteristics of gas-containing coal rocks under the influence of low-
frequency vibrations.

2. Experimental apparatus

The effects of low-frequency mechanical vibrations on the permeability of gas-containing
coal rocks were investigated by using an in-house experimental apparatus. The test system con-
sists of four parts, the test generating system for loading the specimen, the excitation system for
applying controllable external vibration force to the specimen, the pressure loading system and
the monitoring system. The test system mainly includes core holder, modal exciter, signal gen-
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erator with built-in power amplifier, gas loading device, confining pressure loading device, axial
pressure loading device, flow monitoring device, etc. [19,20]. A schematic of the experimental
apparatus is shown in Fig. 1. In this figure, 1 is a core holder, 2 is a modal exciter, 3 is the signal
generator of a built-in power amplifier, 4 is a high-pressure gas cylinder, 5 is a pressure gauge,
6 is a six-way valve, 7 is a force pump, and 8 is a flow monitor.

The primary parameters of the experimental apparatus are as follows:

(1) Confining pressure: 0-32 MPa, accuracy: 0.1 MPa.

(2) Axial pressure: 0-32 MPa, accuracy: 0.1 MPa.

(3) Range of output frequencies: 2-20 kHz, accuracy: +0.1 Hz.

(4) Dimensions of the experimental chamber: @25 x 25 mm ~®25 x 80 mm.
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Fig. 1. Schematic of the experimental apparatus

The specific technical parameters of core gripper, vibration exciter, signal generator with
built-in power amplifier and other experimental equipment used in this test are shown in Table 1.

TABLE 1
Relevant technical parameters of test equipment
Test equipment Name of technical index Technical parameter value
Overall stiffness of the machine 7109 N/m
Core holder Working pressure 32 MPa
Working temperature 180°C
Maximum exciting force 20N
Maximum amplitude 3 mm
Vibration exciter Maximum frequency 15 kHz
Output mode Ejector
Maximum acceleration 20¢g
Output frequency range 2-20 kHz

Signal generator

Output waveform

Sine wave, square wave, triangle wave,
white noise

power output

30 w

Display frequency

0-99999 Hz
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3. Experimental methods and procedures

3.1. Specimen preparation

The coal specimens used in this experiment were sourced from the Shanxi Datong Coal
Mine. First, a ®25-mm core barrel and core-drilling machine were used to obtain approximately
50-mm-long cores. A core polishing machine was then used to shape and polish these cores into
25 x 50 mm raw coal samples. After the residual coal dust was wiped off of the sample surfaces,
the samples were wrapped in cling wrap and stored in a dry and ventilated environment. Some
of the samples are shown in Fig. 2.

Fig. 2. Photograph of some of the samples

3.2. Experimental procedure

The experimental apparatus shown in Fig. 1 was used to investigate gas seepage in coal
samples at varying vibrational frequency (0, 10, 20, 30, 40, and 50 Hz), gas pressure (0.2, 0.3, 0.4,
0.5,0.6,0.7,0.8,09,1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, and 2.0 MPa), and confining/
axial pressure (4 MPa, 6 MPa and 10MPa). The energy of the vibration in the test is proportional
to the square of its amplitude. There are 18 cases in the test, as shown in Table 2. Each case needs
to be tested three times, and a total of 54 test samples are required. 99.99% nitrogen gas was
used as the gaseous medium, and the experiments were performed at a constant temperature of
37°C. The experimental procedure was as follows:

(1) Allintake valves, in addition to the valve connected to the pressure gauge, were opened,
while the remaining valves were kept closed. The experimental chamber was then
filled with nitrogen gas up to a pressure of 3 MPa. Under these conditions, a change in
measured pressure implies that the experimental apparatus is leaky. When this occurred,
actions were taken to repair the leak, and the air-tightness of the experimental system
was then inspected; this process was repeated until the measured pressure was stable.
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After the sample was installed in the chamber inside the core holder, a wrench was
used to tightly close the lid of the chamber. The chamber was then connected to a high-
pressure pipeline, which was connected to a flow monitor.

All of the valves that control axial pressure and confining pressure were opened, and
a force pump was used to slowly increase the axial pressure and confining pressure of
the sample up to 4 MPa; this was purposed to simulate a hydrostatic pressure environ-
ment. The control valves were shut after the axial and confining pressures stabilised.
The pressure loading valve was then opened, and the gas pressure was increased to
one of the 19 aforementioned gas pressure values. The measurement of gas flow was
initiated after the gas bubbles discharged by the outlet tube became uniform and stable;
the gas flow was measured three times at each level of gas pressure.

One of the core-holder chamber covers was removed to change the sample. The high-
pressure pipeline was then reconnected, and the modal exciter and signal generator were
activated. Vibrations were applied to the sample for 500 s at one of the five aforemen-
tioned vibrational frequencies. Step (4) was then repeated at the end of each vibration
experiment.

After all 4-MPa confining/axial pressure experiments were completed, Steps (4) and
(5) were repeated with confining/axial pressures of 6 and 10 MPa. The experiment
concluded after measurements were obtained under all of the aforementioned pressure
conditions.

TABLE 2
Test plan
Test piece No Confining pressure Vibration ) Gas pressure
and axial pressure /MPa frequency /Hz (interval 0.1MPa)/MPa

A-1 0

A-2 10

A-3 4 20

A-4 30

A-5 40

A-6 50

B-1 0

B'2 10

B'3 20

B-4 6 20 0.2-2.0
B-5 40

B-6 50

C-1 0

C-2 10

-3 0 20

C-4 30

G5 40

C-6 50
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3.3. Method to calculate permeability

The time taken for the gas to drain water from a coal sample (drainage time) was measured
under various experimental conditions; the drainage times corresponding to each experimental
condition were averaged after all invalid measurements were excluded. The gas flow correspond-
ing to each experimental condition was calculated by applying the drainage time and range of
measurement of the measuring cylinder. The permeability of the sample was then calculated by
using the permeability equation. Please note that the steady-state gas flow was calculated by using
the volume of the measuring cylinder, ¥, and the drainage time, ¢, i.e., O, = V/t.

In this experiment, it was assumed that the migration of gas in the coal sample was an
isothermal process that satisfies the ideal gas law. Based on Boyle’s law and Darcy’s law, the
permeability of a coal sample is expressed as [21,22].

_ 2upyQ L

K=
Api-p;

(1)

In this equation, K is the permeability of the coal sample in 10! m?; 4 is the absolute
viscosity of the gas, which is 1.35 x 107> pa-s; p, is the atmospheric pressure of the laboratory,
which is 0.1 MPa; Q, is the steady-state gas flow in cm?/s. L is the length of the specimen, which
is 50 mm; A is the cross-sectional area of the sample, which is 4.91 cm?; p, is the inlet pressure
of the sample in MPa; p, is the outlet pressure of the sample, which is 0.1 MPa.

4. Analysis of experimental results

4.1. Mechanisms by which gas pressure affects the permeability
of gas-containing coal rocks

At vibrational frequencies of 0, 10, 20, 30, 40, and 50 Hz, the permeability of a coal rock
sample varies according to gas pressure, as shown in Fig. 3. An expression for the relationship
between permeability and gas pressure was obtained by fitting the experimental data, as shown

(5]

In this equation, y,, xc, w, and z are fitting parameters.

k=yy+————-e )

w7/ 2

Based on the permeability-versus-gas pressure plots shown in Fig. 3 and Eq. (2), it may be
that, under the conditions that the vibrational frequency and confining pressure are fixed, the
permeability initially decreases, and then increases, with increasing gas pressure. This “V”-shaped
plot is consistent with the Klinkenberg effect; these results also show that the critical gas pressure
of the Klinkenberg effect is approximately 0.9 MPa in this experiment. When the gas pressure is
constant, the permeability decreases with the increase of confining pressure.

This phenomenon is caused by imbalances between the deformations associated with
gas adsorption-induced coal swelling, which narrows the pores/cracks of the coal body, and
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Fig. 3. Experimental and fitted permeability-versus-gas pressure plots
with varying vibrational frequency and confining pressure
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gas pressure-induced coal skeleton compression, which expands the internal pores and cracks
of the coal body. At low gas pressures, an increase in gas pressure leads to larger amounts of
adsorption-induced coal swelling than pressure-induced coal skeleton compression; because the
deformations of the former are greater than those of the latter, the Klinkenberg effect is signifi-
cant at low gas pressures. After gas pressure exceeds the critical point, further increases in gas
pressure lead to greater amounts of pressure-induced coal skeleton compression than adsorption-
induced coal swelling; because the deformations of the latter are greater than those of the former,
the Klinkenberg effect gradually disappears at high gas pressures. According to Reference [23].
[24] the critical point of the Klinkenberg effect is dependent on the type of coal, coal quality,
pore pressure and stress state of the coal rock. According to the seepage measurements in this
experiment, the critical point is altered by changes in confining pressure. Nonetheless, the critical
point generally occurs at approximately 0.9 MPa.

4.2. Mechanism by which vibrational frequency affects
the permeability of gas-containing coal rocks

At gas pressures of 0.5, 1.0, 1.5, and 2.0 MPa, the permeability was observed to vary
with vibrational frequency, as illustrated in Fig. 4. An expression for the relationship between
permeability and vibrational frequency was obtained by fitting the experimental data, as shown
below:

K=cw’+dw® +ew+f 3)
In this equation, ¢, d, e, and fare fitting parameters.

As shown in Fig. 4, under the condition that gas pressure and confining pressure are fixed,
the permeability of gas-containing coal rocks first increases, then decreases with increasing vi-
brational frequency. At vibrational frequencies below 10 Hz, the permeability rapidly increases
with increasing vibrational frequency until a peak is reached. Further increases in vibrational
frequency lead to a gradual decrease in permeability until a constant value is reached. This
describes the overall trend by which permeability varies with vibrational frequency. Hence,
permeability initially increases and then decreases with increasing vibrational frequency. In all
cases, under the condition of vibration, the permeability of coal is higher than that of coal without
vibration (i.e. the vibrational frequency is 0 Hz). Therefore, vibrations increase the permeability
of gas-containing coal rocks.

At the initial stage of vibration, the raw coal is affected by vibration, which leads to the
expansion of existing cracks and the increase of porosity in the raw coal, thus increasing the
permeability of coal and rock. The porosity and permeability of the coal rocks will therefore rap-
idly increase, with increasing vibrational frequency during this stage. This leads to permeability
being maximised after a small increase in vibrational frequency. If the vibrational frequency is
further increased, the compressive forces generated by the vibrations will compress the pores of
the coal body and ultimately reduce its porosity and permeability; this effect becomes stronger
as the vibrational frequency is increased. As the vibrational frequencies applied in this experi-
ment are relatively low, the vibrations did not produce plastic deformations or large cracks in
the coal samples. Furthermore, the cracks inside the coal samples did not extend to the exterior.
Hence, the vibrations that were applied during this experiment only produced compressive actions
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Fig. 4. Experimental and fitted permeability-versus-vibrational frequency plots
with varying gas pressure and confining pressure

within the coal body, and the permeability of the coal samples trended towards a fixed value as
the vibrational frequency was increased.

4.3. Sensitivity of coal permeability to gas pressure

In this work, the gas pressure sensitivity coefficient is defined as the absolute change in
permeability resulting from a unit increase in gas pressure, under some constant confining pres-
sure. In other words, our gas pressure sensitivity coefficient is a modification of the sensitivity
coefficient defined by Xu et al., with the modification being the inclusion of absolute permeability
values. The modified sensitivity coefficient provides a clearer description of the degree by which

gas pressure affects permeability. The equation used to calculate the gas pressure sensitivity
coefficient is as follows:
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In this equation, C, is the gas pressure sensitivity coefficient, K is the initial permeability of the rock
sample in m?, 9K is the change in permeability in m?, and dp is the change in gas pressure in MPa.

According to Egs. (2) and (4), the gas pressure sensitivity coefficient, C,,, is related to gas
pressure, p, by the following equation:

_ 4z(p —xc) {_2[%]2}

C » 3 -e (5)
kow’ N /2
In this equation, y,, xc, w, and z are fitting parameters.
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Eq. (5) can be used to calculate the C,, of a coal sample at each vibrational frequency and
confining pressure. C, was thus plotted against gas pressure, as shown in Fig. 5. It can be seen
from Fig. 5 that under the condition of constant vibration frequency and confining pressure, with
the increase of gas pressure, the sensitivity coefficient of gas pressure first decreases to the lowest
value and then increases gradually.

Based on the results illustrated in Figs. 3 and 5, it may be inferred that the extent to which
gas pressure affects permeability is proportional to C,,; the change in permeability with changes
in gas pressure is therefore proportional to C,. Hence, C, characterses the magnitude of the
permeability response to gas pressure.

4.4. Sensitivity of permeability to vibrational frequency

The vibrational frequency sensitivity coefficient is defined as the absolute change in perme-
ability caused by a unit increase in vibrational frequency at some constant confining pressure.
The vibrational frequency sensitivity coefficient may be expressed as follows:

1 0K

Cp =
K K, 0w

(6)

In this equation, Cy is the vibrational frequency sensitivity coefficient, K|, is the initial perme-
ability of the rock sample in m%, 6K is the change in permeability in m?, and de is the change
in vibrational frequency, Hz.

According to Egs. (3) and (6), Ck is related to vibrational frequency, w, by the following
equation:

e’ +2dw+e

C, =
K K()

)

Eq. (7) can be used to calculate C for each value of gas pressure and confining pressure.
Cx was thus plotted against vibrational frequency, as shown in Fig. 6.

By comparing the results in Figs. 4 and 6, it may be inferred that Cx quantitatively describes
the extent to which the vibrational frequency affects permeability, showing that the effects of
vibrational frequency on permeability are proportional to Cy, as is the magnitude of the corre-
sponding changes in permeability.

5. Conclusions

Based on the experimental data, the influence of gas pressure, vibration frequency and vi-
bration time on permeability, the sensitivity coefficient of gas pressure and vibration frequency
is defined to quantitatively analyse the response of permeability to gas pressure and vibration
frequency. The main conclusions are as follows:

(1) Under the condition of constant vibration frequency and confining pressure, the perme-

ability first decreases, then increases with the increase of gas pressure. The relation-
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Fig. 6. Relationship between the vibrational frequency sensitivity coefficient
and vibrational frequency for different gas pressures

ship between gas pressure and permeability in “V” shape conforms to the Klinken-
berg effect, and the critical point of gas pressure is the Klinkenberg critical point, which
is 0.9 MPa;

(2) Under the condition of constant gas pressure and confining pressure, the permeability
of gas-bearing coal increases first and then decreases with the increase of vibration
frequency; the influence of vibration frequency on permeability has a limit value, which
reaches the maximum value when the vibration frequency is 10 Hz, and the permeability
increases faster when the vibration frequency increases from 0 Hz to 10 Hz, and the
vibration frequency increases from 10 Hz when the frequency increases to 50 Hz and
the permeability decreases slowly;

(3) With the increase of vibration frequency, the permeability first increases rapidly and then
decreases slowly. The increase of permeability is greater than the decrease of perme-
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ability. The permeability with vibration frequency is greater than the initial permeability
without vibration frequency, that is, the vibration frequency increases the permeability
of coal;

(4) Under the condition of a certain vibration frequency, the permeability first decreases
rapidly with the increase of vibration time, then decreases, and finally stabilises at
a fixed value;

(5) By comparing and analysing the relationship curve between permeability and gas
pressure and the relationship curve between gas pressure sensitivity coefficient and
gas pressure, it can be seen that the larger the gas pressure sensitivity coefficient is, the
larger the change range of permeability, the smaller the gas pressure sensitivity coef-
ficient is, the smaller the change range of permeability and the smaller the gas pressure
sensitivity coefficient is. The coefficient can quantitatively characterise the influence
of gas pressure on permeability;

(6) By comparing and analysing the relationship between permeability, the vibration fre-
quency and the relationship between vibration frequency sensitivity coefficient, it can
be seen that the larger the vibration frequency sensitivity coefficient is, the larger the
change in the range of permeability; the smaller the vibration frequency sensitivity
coefficient is, the smaller the change range of permeability. The vibration frequency sen-
sitivity coefficient can quantitatively characterise the influence of vibration frequency
on permeability.
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