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Abstract: Understanding the influence of methane adsorption on coal mechanical properties is an
important prerequisite for preventing coal mining and gas mining disasters. In the present research,
meager coal and gas coal samples were obtained from Huaneng Yunnan Diandong Energy Co., Ltd.
The triaxial compression tests were carried out under different methane adsorption equilibrium
pressures and confining pressures. The influence laws of different factors on the mechanical properties
of coal were analyzed. The results show that the triaxial stress-strain curve of adsorbed methane
coal has similar morphology with that of non-adsorbed coal. Under the same confining pressure,
the stress-strain curve morphology of coal before and after adsorbing methane is basically the same
but the compressive strength of coal after adsorbing methane decreases. The greater the adsorption
equilibrium pressure of methane, the smaller the compressive strength of coal. The change in
the mechanical properties (compressive strength and elastic modulus) of coal caused by methane
adsorption can be described by the Langmuir curve and the correlation coefficient is more than 0.99.
Under any stress environment, high-rank coal shows greater strength and lower elastic modulus than
low-rank coal, which is mainly due to the existence of a developed cleat system in high-rank coal that
provides more conditions for methane adsorption. The research results provide important data-based
support for the prevention of coal and gas outbursts.

Keywords: methane; adsorption; coal; compressive strength; infiltration; triaxial mechanics

1. Introduction

With increasing mining activities, underground mining is reaching deeper levels,
which are settled on geological environments different from shallow coal mines [1]. Dis-
turbance of land by mining breaks the stress and gas pressure equilibrium of the original
rock in the coal reservoir. During the process of tunneling, large mining spaces along
the goaf result in a significantly high pressure on the working face and surrounding rock
of the roadway [2,3]. As the surrounding rock is simultaneously affected by the lateral
support pressure of the adjacent working face [4,5], the pressure of the surrounding rock
can increase to values up to 10 times more than those of the original rock stress [6-8].
Additionally, the stored gas can also present different gusher states. This phenomenon
inevitably leads to the movement, deformation, and even destruction of gas-containing coal
rock strata [9,10], thus promoting the occurrence of coal mine power disasters, such as rock
burst and coal and gas outbursts [11], posing a serious threat to coal mine workers. In order
to eliminate potential dangers and effectively prevent the occurrence of coal mine power
disasters, it is necessary to understand the laws of deformation and failure in gas-containing
coal rocks. It is particularly important to study the mechanical properties of gas-containing
raw coal under high stress environments [12,13].

The mechanical behavior of gas-containing coal rock under constant triaxial stress
conditions have been thoroughly investigated. Wang et al. [14] analyzed strength variation
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and elastic modulus in gas media by measuring the triaxial compressive strength and
deformation of more than 200 gas-containing coal samples with an in-house triaxial experi-
mental device. Li et al. [15] applied a triaxial experiment to anthracite samples containing
high amounts of gas to investigate the effects of axial pressure and lateral pressure on coal
deformation and coal seam permeability. Kang et al. [16] performed triaxial compression
experiments at different confining and gas pressures to investigate energy consumption
and the seepage characteristics of coal samples during the compression process. By using
the intrinsic time plasticity theory, Qiu et al. [17] established a constitutive relationship
for the intrinsic time of gas-containing coal. In addition, some scholars have studied the
effects of geological conditions [18,19], temperature [20,21], different loading and unloading
conditions [22,23], effective confining pressure [24,25], and waste characterization [26] on
the performance of gas-bearing coal.

As shown herein, previous researchers have mostly studied the triaxial compression
mechanisms in coal rock containing gas under varying condition of stress, gas pressure,
and temperature. However, there are few reports on the mechanical behavior of high-
rank coal and medium-rank coal under high stress environments. By using the original
coal samples obtained in the Qujing mining area, we applied three-dimensional stress
to study changes in mechanical properties of raw coal containing methane at different
effective confining pressures and methane pressures. The study presented herein provides
a valuable reference for deep coal seam mining for the prevention and control of coal and
gas disasters, especially during the application of deep coal seam fracturing technology in
surface coalbed projects.

2. Materials and Methods
2.1. Instruments and Sample

In the present experiments, we selected the coal rock adsorption-penetration-triaxial
mechanical coupling system developed by Anhui University of Technology (as shown in
Figure 1). The system includes three subsystems:

(1) The adsorption subsystem is comprised of a flow meter, positive pressure air pump,
vacuum pump, pressure sensor, high-pressure gas steel cylinder, several pipelines,
pipe valves, and pressure reducing valves, among others. This subsystem was used
to inject gas into both ends of the installed coal sample at a constant temperature (the
room temperature was controlled by air conditioning) and constant pressure (the gas
pressure was controlled using metering pump controls) until adsorption equilibrium.

(2) The mechanical testing subsystem includes a triaxial pressure chamber, pressure
frame, deformation sensor, loading controller, and porous backing plate, among
others. This subsystem was used to perform triaxial tests on the coal sample during
gas adsorption equilibrium.

(3) The data acquisition subsystem consists of an acquisition card and computer. This
subsystem was used to collect sensor data.

In the present research, coal samples were obtained from the undisturbed lump coal
of C3 coal seam (meager coal) and C2 coal seam (gas coal) at Huaneng Yunnan Diandong
Energy Co., Ltd. (Qujing, China). The burial depth of C3 and C2 coal seams where the
sampling point is located is 366 m and 397 m, respectively. In the process of sampling,
lump coal more than 0.5 m away from the coal wall was taken. After taking out the
coal sample, it was placed into a sealed tank to prevent the coal sample from absorbing
water and being oxidized. According to the standard recommended by the International
Society for Rock Mechanics, the coal samples were processed to obtain ¢ 50 mm x 100 mm
specimens. Considering the discreteness and effects of the mechanical properties of coal
seam in different bedding directions, the bedding plane of coal was placed perpendicular
to the axis during processing. Taking into account the effects of the heterogeneity of coal
water content on metal adsorption, the coal sample was dried at a temperature of 55 °C for
24 h in order to reduce the effects of water on the adsorption deformation and mechanical
properties of coal.
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Figure 1. Structure diagram of test system.

2.2. Experimental Scheme

The mechanical characteristics of the raw coal-containing gas were determined using
the triaxial compression test when the coal sample reached the gas adsorption equilibrium.
Tests were performed at a constant confining and pore pressure. Axial loading was con-
trolled by deformation and the deformation rate was 0.05 mm/min. Axial loading was
applied until the failure limit of the coal sample was reached. During the test, gas pressure
of coal samples was set to 1, 3, and 6 MPa, and confining pressure to 0, 3, 6, and 9 MPa. A
total of 12 combined tests were carried out.

3. Results

Figures 2 and 3 show the stress-strain curves of coal samples under different combina-
tions of confining and equilibrium pressure. As observed, each coal sample experienced
four typical stages before reaching peak strength: (a) microfracture compression and closure;
(b) elastic deformation; (c) stable fracture expansion; and (d) rapid fracture expansion.

At the initial stage, the external force compressed and closed the microfractures inside
the sample, causing an increase in axial deformation. After the fracture completely closed,
the increase in stress resulted in a linear variation of the axial and radial strain of the sample.
That is, elastic deformation occurred. With a further increase in stress, internal fractures
gradually appeared and steadily developed. When the stress was about to reach peak
strength, the internal fracture expansion rate increased, the axial stress-strain curve did
not show a yield point, the radial strain rate gradually increased, and finally the sample
reached peak failure and entered the post-peak stage.

In the elastic stage, the slopes of the stress-strain curves in each subgraph were similar,
the curve shapes were also relatively similar, and the peak stress variation of rock samples
was less than 5%. These data indicates that the experimental method, process, and results
obtained in the present research are reliable.
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Figure 2. Meager coal triaxial compression stress-strain curve. (a) Stress-strain curve of Meager coal
when confining pressure is 0 MPa. (b) Stress-strain curve of Meager coal when confining pressure
is 3 MPa. (c) Stress-strain curve of Meager coal when confining pressure is 6 MPa. (d) Stress-strain
curve of Meager coal when confining pressure is 9 MPa.

At a constant confining pressure, the shapes of the stress-strain curves of coal before
and after methane adsorption were very similar. However, after methane adsorption, as the
compressive strength of coal decreased, the equilibrium pressure for methane adsorption
became higher and the compressive strength of coal became lower. When the adsorption
equilibrium pressure was constant, the compressive strength, elastic modulus, and maxi-
mum strain of coal samples increased with the increase in confining pressure. In addition,
when the confining pressure was constant, the compressive strength, elastic modulus, and
maximum strain of coal samples decreased with the increase in confining pressure. As
shown in Table 1, in meager coal, when the adsorption equilibrium pressure was 1 MPa
and as the confining pressure increased from 0 to 3, 6, and 9 MPa, the compressive strength
increased from 9.17 to 14.08, 22.38, and 26.21 Mpa, respectively. Moreover, the elastic
modulus increased from 1.98 to 2.59, 3.87, and 4.86 Gpa, respectively. When the confining
pressure was 3 MPa and the adsorption equilibrium pressure was 1 MPa, the amount of
methane adsorbed was less than that observed at 2 and 3 MPa. Additionally, the compres-
sive strength decreased from 14.08 to 13.87 and 13.61 MPa, respectively, and the elastic
modulus from 2.59 to 2.41 and 2.29 GPa, correspondingly.
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Figure 3. Gas coal triaxial compression stress-strain curve. (a) Stress-strain curve of Gas coal when
confining pressure is 0 MPa. (b) Stress-strain curve of Gas coal when confining pressure is 3 MPa.
(c) Stress-strain curve of Gas coal when confining pressure is 6 MPa. (d) Stress-strain curve of Gas
coal when confining pressure is 9 MPa.

Table 1 shows the compressive strength o, and elastic modulus E of coal samples
under different equilibrium pressures for methane adsorption. As shown in Table 1, under
the same adsorption equilibrium pressure, the compressive strength and elastic modulus of
meager coal were much larger than that of gas coal. In addition, the percentage of strength
reduction for the meager coal after methane adsorption was higher than that observed in
gas coal. The data in Table 1 shows that the elastic modulus of coal decreased with the
increase in methane adsorption equilibrium pressure. This probably occurred because of
the plastic effect of coal caused by methane adsorption. The plastic effect of coal occurs
because the segmental mobility in the polymeric coal structure increases after methane
adsorption. This produces coal softening, which weakens the structure of coal. Therefore,
methane adsorption causes an expansion in coal volume, an increase in coal toughness,
and a decrease in elastic modulus.

As shown in Table 1 and Figure 4, at a given adsorption equilibrium pressure and with
the increase in configuring pressure, the compression degree of the coal sample increased,
as well as the longitudinal wave speed. On the contrary, at a constant confining pressure,
the increase in adsorption equilibrium pressure resulted in an increase in the amount
of methane adsorbed on coal. In addition, the coal volume expanded, which led to the
continuous decrease in the longitudinal wave speed, which showed a variation of 10%.
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Table 1. Experimental results.

Coal Quali Adsorption Equilibrium  Confining Pressure Compressive Modulus of Longitudinal Wave
ty Pressure p/MPa ps/MPa Strength o./MPa Elasticity E/GPa Velocity/m.s—1
0 9.17 1.98 2238.943
1 3 14.08 2.59 2338.796
6 22.38 3.87 2342.136
9 26.21 4.86 2350.827
0 8.89 1.69 2056.944
Meager coal 2 3 13.87 241 2151.145
6 22.19 3.73 2154.296
9 26.13 4.79 2190.796
0 8.68 143 1858.014
3 3 13.61 2.29 1933.194
6 22.01 3.59 2090.706
9 25.97 4.67 2210.848
0 8.36 1.69 2100.566
1 3 12.65 2.18 2210.477
6 19.62 3.78 2223.801
9 24.85 4.39 2243.496
0 8.03 1.33 1919.577
Gas coal 5 3 12.41 1.97 2021.629
6 19.50 3.58 2043.039
9 24.71 4.26 2089.539
0 7.69 1.19 1721.695
3 3 12.17 1.71 1806.884
6 19.38 3.35 1972.387
9 24.56 4.13 2102.529
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Figure 4. Longitudinal wave speed. (a) Meager coal. (b) Gas coal.
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4. Discussion
4.1. Quantification of Coal Mechanical Parameters

Herein, the changes in the mechanical properties of coal caused by methane adsorp-
tion are expressed using a mathematical model [27]. After methane adsorption reached
equilibrium, changes in the compressive strength of coal Ao, increased with adsorption
pressure, which can be expressed using the Langmuir equation [28]:

ap
Ao, = 1
=03 M
where Ag, represents the reduction in the compressive strength of coal caused by methane
adsorption (MPa), p indicates methane adsorption equilibrium pressure (MPa), and « and
B correspond to the curve fitting parameters.
Coal compressive strength after adsorption equilibrium of methane can be determined by:

o = 0p — Aoe ()

where 0y is the compressive strength of the coal sample before methane adsorption in MPa.

Figure 5 shows the relationship between equilibrium pressure for methane adsorption
and the reduction in coal compressive strength caused by methane adsorption. As shown in
Figure 5, least square regression analysis indicates that meager coal and gas coal displayed
R? values of 0.9983 and 0.9979, respectively. In addition, coal samples presented « values of
7.3217 and 0.3795, respectively, and f values of 5.9793 and 3.0916, correspondingly.

03 45
Gas coal:

~OIP p_goor0) A= 36 &
@ p+30916 ~ A _— - E
= N ‘
=02 —~ [
E A~ 1 F27 5
3 Meagre coal:
< ™~ 73217p ., =
3 Ao =—22"F (p*_(o0083) 8
S 7=5.0793 - 18 O
gfCl.l . ;b:f)
= L 09 S

0 1 1 1 0
0 2 4 6 8

Adsorption equilibrium pressure/MPa

Figure 5. Reduction in compressive strength of coal sample vs. methane adsorption equilibrium
pressure.

Reduction in the elastic modulus of coal caused by methane adsorption can be ex-
pressed as shown in Equation (3) and the elastic modulus of coal samples under different
equilibrium pressures can be expressed by Equation (4), that is:

Ap
_ _ 3
ot o 3)
E=Ey— AE 4)

where AE represents the reduction in the elastic modulus of coal caused by methane
adsorption (MPa), p is the equilibrium pressure for methane adsorption (MPa), A and ¢
are the curve fitting parameters, and Eq corresponds to the elastic modulus of coal before
methane adsorption (MPa).

Figure 6 displays the relationship between equilibrium pressure for methane adsorp-
tion and elastic modulus reduction caused by methane adsorption on coal. In this case,
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R? values for meager and gas coal were 0.9976 and 0.9991, respectively. The data also
indicated A values of 170.9973 and 9.9137, correspondingly, and ¢ values of 7.1612 and
2.0103, respectively.

300 r 700
25 Gas coal: [ 600
=”§i, R =09976) &
] p=20103 500 &
& 200 - AN 5
g &

: N L 400 4
<150 | / E
= , Meagre coal: L 300 O
g 170.9973p  _, Z
5 AE=102DP 5 _00001) d
%100 - p=711612 200 &
- 2 :

50 4 F 100

0 . . 0

0 2 4 ¢ ’

Adsorption equilibrium pressure/MPa
Figure 6. Reduction in elastic modulus vs. equilibrium pressure for methane adsorption.

In summary, the results obtained in these experiments were similar to those obtained
using the Langmuir adsorption equation. Thus, we determined that the relationship
between compressive strength reduction and the elastic modulus reduction for coal after
methane adsorption and the adsorption equilibrium pressure depend on the experimental
conditions and the metamorphic degree of coal.

4.2. Effects of Methane Adsorption on Tensile Strength of Coal

According to the results presented in Table 1, methane adsorption resulted in a sig-
nificant reduction in coal compressive strength. This occurred because the structural
reorganization and coal expansion caused after methane adsorption reduced the coal

surface quality.
RT (P
8y = —3;5 | Qdlnp) ©)

where A7 is the surface energy variation (J), R is the ideal gas constant (8.314 ] /mol-K), T
corresponds to temperature (K), M indicates the molecular weight of methane, S represents
the specific surface area of coal (m?), Q is the adsorbed amount (mL/ g), and p is the
adsorption equilibrium pressure (MPa).

The tensile strength required to form a new fracture on coal surface is represented by:

_ [4yE
7=V AL (©)

where E is the elastic modulus of coal (MPa), v corresponds to surface energy (J), and L
indicates fracture length (mm).

Combination of Equations (5) and (6) result in the mathematical expression used to
calculate the variation of tensile strength required to form a new fracture on coal samples
during metal adsorption (Equation (7)):

P
yo \/4ERTf0 Qd(Inp) )

o MSrL

As shown in Equation (7), as equilibrium pressure for metal adsorption increases,
surface energy decreases. This results in a reduction in coal strength and as a consequence,
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a decrease in the tensile strength required to form coal fractures. When the pores and
fissures in the gas-bearing coal increase, the elastic modulus and the stress at the critical
inflection point of brittle ductile failure decrease. To produce the same strain, the axial
stress required for the specimen with more gas content is lower. The distribution of pore
and fissure content significantly reduces the ability of coal to resist deformation failure.

4.3. Effects of Metamorphic Degree of Coal on Compressive Strength

Figures 5 and 7 present the curve for the relationship between strength and elastic
modulus reduction and adsorption equilibrium pressure in coal. Equations (1)—(4) were
used to predict the compressive strength o, and elastic modulus E of coal samples under
different equilibrium pressures for methane adsorption. As shown in Figure 7, in a triaxial
stress environment and after methane adsorption, a more significant strength decrease was
observed in high-rank coals as compared to low-rank coals. When equilibrium pressure for
methane adsorption was 3.0 MPa, the compressive strength and elastic modulus of meager
coal decreased by 14.91% and 19.67%, respectively. It was also observed that compressive
strength and elastic modulus of gas coal decreased by 7.63% and 8.67%, correspondingly.
When the equilibrium pressure for methane adsorption displayed a value of 6.0 MPa, the
compressive strength and elastic modulus of meager coal decreased by 23.17% and 32.76%,
respectively, while those of gas coal decreased by 10.9% and 11.29%, correspondingly. The
natural coal cleat system that is formed during the process of coalification is much more
developed in high-rank coals than in low-rank coals. Thus, gas coal and meager coal
present low and high stiffness, respectively. For this reason, meager coal shows a larger
expansion after methane adsorption, which in consequence can produce more structural
changes in the coal matrix.

100

(61-63) /MPa
E 2 =

a2
=]

0 2 4 6 g 10 12 14 16 18 20
Adsorption equilibrium pressure/MPa

(a)

70

(61-03) /MPa
(=3
[
E /GPa

L
LN

1 1 1_6
10 15 20

Adsorption equilibrium pressure/MPa
(b)

Figure 7. Prediction of compressive strength and elastic modulus of coal samples under different

LN
=
=]
L

methane adsorption equilibrium pressures. (a) Lean coal. (b) Gas coal.
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5. Conclusions

Triaxial compression tests were carried out under different methane adsorption equi-
librium pressures and confining pressures. The main conclusions are as follows:

(1) The triaxial stress-strain curve of a adsorbed methane coal body is similar to that of a
non-adsorbed coal body, that is, before reaching the peak strength, it has gone through
four typical stages: microfracture compression and closure, elastic deformation, stable
fracture expansion, and rapid fracture expansion stage. However, the compressive
strength of coal decreases after methane adsorption. The greater the adsorption
equilibrium pressure of methane, the smaller the compressive strength of coal.

(2) When the adsorption equilibrium pressure is constant, the compressive strength,
elastic modulus, and maximum strain of coal samples increase with the increase in the
confining pressure; when the confining pressure is constant, the compressive strength,
elastic modulus, and maximum strain of coal samples decrease with the increase in
the confining pressure. The adsorbed methane reduces the surface energy of coal
and then reduces the overall strength of coal. The adsorption of methane leads to the
plastic effect of coal and the decrease in the elastic modulus of coal.

(38) The change in the mechanical properties (compressive strength and elastic modulus)
of coal caused by methane adsorption can be described by the Langmuir curve and
the correlation coefficient is more than 0.99. Under any stress environment, high-rank
coal shows greater strength and lower elastic modulus than low-rank coal, which
is mainly due to the existence of a developed cleat system in high-rank coal that
provides more conditions for methane adsorption.
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