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Compressive mechanical properties and pore-fissure characteristics of coal rock specimens
from three stably developed coal seams M1, M8 and M12 in the Xinjiang Yili Basin were
investigated in detail by a series of tests. The results show that the compressive mechanical
properties of coal rocks in the Yili Basin are significantly affected by the confining pressure.
The peak axial stress increases and the peak modulus of elasticity decreases as the confining
pressure increases. The peak axial strain increases and then remains constant, while the peak
circumferential strain and peak volumetric strain increase and then decrease. The confining
pressure has almost no effect on Poisson’s ratio of the coal rock specimens. In addition,
electron microscopy tests show that the microscopic fraction of the coal rock specimens is
predominantly vitrinite, accounting for 83.1%-89.2%, while the percentage of the inertinite
group is relatively small, at 10.3%-16.1%. The throat radius of the coal rock is mainly
concentrated around 1-2µm, while the pore radius of the coal rock is between 150-200µm.
The coal rock has an overall fine throat and low permeability, and the coal rock in the Yili
Basin of Xinjiang is a typical low-permeability coal rock.

Keywords: triaxial compression, mechanical properties, mercury injection, pore-fissure char-
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1. Introduction

Coal is currently one of the world’s major energy sources, and its position will remain unchanged
for a long time in the future. With gradual depletion of coal resources and gradual reduction of
coal reserves at shallow depths, the mining of coal is subsequently moving deeper underground.
Compressive mechanical properties of coal rocks are closely related to safe production of coal
mines, and the study of the compressive mechanical properties of deeper coal rocks remains a
priority (Wang et al., 2013; Blondeel and van de Graaf, 2018; Haque et al., 2018; Xu et al., 2019;
Shan et al., 2021; Liu et al., 2022).
The studies on the mechanical behavior of coal rocks have been extensively reported (Yin et

al., 2016; Chen et al., 2019; Zhong et al., 2022). Yin et al. (2016) studied physical and mechanical
properties of coal rock after treatment at different temperatures under impact loading. Dynamic
compression experiments were conducted by using a split Hopkinson pressure bar (SHPB). They
found that the stress-strain curves under impact loading lacked the stage of micro-fissure closure
and the slope of the elastic deformation stage was higher than that under static loading. Chen
et al. (2019) investigated deformation and failure behavior of a coal-rock combined body un-
der uniaxial compression by experiments and numerical simulations. Their experimental results
showed that the mechanical properties and deformation failure characteristics of the coal-rock
combined body were governed mainly by the coal. Zhong et al. (2022) investigated the role of
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pore fluid in low-permeability coal away from the excavation boundary but still influenced by
the periodic excavation disturbance, a series of undrained cyclic triaxial compressive tests were
conducted on saturated coal. Their results showed that pore water had little effect on the axial
strain evolution of coal, but has a significant effect on the radial and volumetric strain evolution.

The shape, size and surface characters of pore-fractures in coal are a basis for understanding
of the occurrence and migration of coalbed methane (CBM), which requires quantitative char-
acterization (Chen et al., 2017; Zhu et al., 2021; Xue et al., 2022). Njiekak et al. (2018) studied
porosity, shape and size of carbonates by a micro-computed tomography (CT) and scanning
electron microscopy (SEM). Their results showed that as micro-CT porosity depended on the
scan resolution and image segmentation processes, to rely solely today on micro-CT scanning for
pore volume evaluation of heterogeneous carbonate samples should be considered with extreme
caution. Wang et al. (2020) analyzed size distribution and volume contribution of pore-fractures
in coal at three cohesive-scales (nanometer-scale, micrometer-scale and macro-scale) by using
X-ray CT image. They found that the pore volume contribution measured using X-ray CT image
analysis increased, then decreased with increasing pore diameter, and the specific surface area
decreased rapidly with increasing pore diameter. Qajar and Arns (2022) studied the evolution
of pore structure and permeability of a microporous carbonate rock during chemical dissolution
using information provided from X-ray micro-computed tomography (µ-CT) and mercury intru-
sion porosimetry (MIP) techniques. They found that the permeability changes were controlled
by macroporosity and critical pore diameter.

This study takes the Yili Basin, Xinjiang, as the study area, and investigates in detail the
compressive mechanical properties and pore-fracture characteristics of coal specimens from three
stably developed coal seams in the Yili Basin by triaxial compression tests, mercury compression
tests and scanning electron microscopy tests. This will provide reference and guidance for the
evaluation of recoverability and exploration and development of deep-seated coal rocks.

2. Experimental study

2.1. Sample preparation

The coal formations in the Yili Basin can be broadly divided into six systems from the bottom
up, which are Triassic, Jurassic, Cretaceous, Palaeocene, Neoproterozoic and Quaternary. There
are a total of 12 coal seams in the area, recorded asM1-M12 from the bottom to top, of which the
stable development is in seam 1 (M1), seam 8 (M8) and seam 12 (M12). The test coal specimens
were taken from each of these stable coal seams. Fresh and intact coal rock blocks were wrapped
tightly in a plastic film and transported back to the laboratory, where they were then processed
into standard cylindrical coal specimens of 2.5 cm diameter and 5 cm length, and numbered
according to the location of the seam. The accuracy of the specimen is in accordance with the
requirements of the International Society for Rock Mechanics (ISRM) (Fairhurst and Hudson,
1999), i.e. the permissible deviation of height, diameter or side length of the sample is ±0.3mm,
the permissible deviation of unevenness of the two end faces of the sample is ±0.05mm, and
the end faces should be perpendicular to the axis of the sample with a permissible deviation of
±0.25◦.

2.2. Test methods

The M8 coal seam is between the M1 and M12 coal seams, the coal rock specimens for the
triaxial compression tests were taken from the M8 seam and the tests were repeated three times
under the same confining pressure. Meanwhile, both the permeability test and the component
test were repeated at least three times.
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2.2.1. Triaxial compression testing

The triaxial compression tests and permeability tests are carried out using the TFD-2000L
triaxial rheological testing machine, which has a maximum axial load of 2000 kN and a maximum
confining pressure of 200MPa (Fig. 1a). The specific test steps are as follows: 1) The coal rock
specimen was fixed to the base of the loading system and wrapped with a heat-shrinkable tube.
Then heated it with a heat gun to make it tight to the coal wall, and fixed the top and bottom
ends of the coal sample with sealing rings to ensure its good sealing. Then, the confining pressure
chamber was closed and silicone oil was added. 2) The confining pressure control system was
started to increase the confining pressure at a rate of 0.5MPa/min. According to the sampling
depth of the coal rock specimens, the confining pressures were set at to 5, 10, 15 and 20MPa,
respectively. 3) When the confining pressure reached the specified size, the coal rock sample
was at hydrostatic pressure. At this point, the axial stress was applied by displacement loading
with 0.01mm/s until the specimen failure (Determination method of physical and mechanical
properties of coal and rock: GB/T23561.9-2009).

2.2.2. Permeability testing

The permeability test of the coal rock specimens was also performed using the TFD-2000
triaxial rheological testing machine, which has inlet and outlet pipes at the upper and lower
ends (Fig. 1b). 1) The first step was the same as the first step of triaxial compression test.
2 The axial stress and confining pressure of the coal rock specimens were maintained at 5MPa.
The vacuum pump was turned on and the coal rock specimen was vacuumed for 6 hours and
the temperature was maintained at 30◦C by heating the silicone oil. 3) The gas inlet valve
was opened and CH4 was introduced, and the gas pressure at the inlet end was adjusted to
1.2MPa. Gas adsorption was carried out on the coal specimen until the adsorption equilibrium
was reached, and the parameters to be measured were recorded. 4) Changed the inlet pressure
(1.6, 1.2, 0.8 and 0.4MPa) and repeated steps (2), (3) and (4). 5) Based on Darcy’s law, the
permeability K of the coal rock can be calculated (Lin and Zhou, 1987)

K =
2qpµL

(p2 − p20)S
(2.1)

where K is the permeability [mD]; q is the CH4 percolation flow rate at standard conditions
[cm3/s]; µ is the CH4 gas dynamic viscosity, and µ = 1.1502 · 10−5 Pa s; L is the length of the
specimen [cm]; S is the cross-sectional area of the coal rock specimen [cm2]; p0 is the atmospheric
pressure [Pa]; p is the air pressure at the inlet end of CH4 [Pa].

2.2.3. Coal rock component testing

1) The coal specimens were crushed to less than 1.00mm and the proportion of coal samples
made less than 0.10mm not and more than 10%. The pulverized coal was mixed with the shellac
in a certain proportion, and the coal brick was made by the hot glue method, which was ground,
polished and dried in order to be ready for determination. 2) The coal brick was placed under a
polarized light microscope, and the difference in the characteristics of the coal rock components
under the microscope was determined, and the percentage of the statistical points of each coal
rock component to the total effective points was used as the final measurement result. (Method of
microscopic determination of the reflectance of vitrinite in coal: GB/T 6948-2008; Determination
of maceral group composition and minerals in coal: GB/T 8899-2013).

Furthermore, the Coretest ASPE730 constant velocity mercury piezometer used for mercury
injection testing is capable of feeding mercury at up to 900 psi with a constant feed rate of
0.00005ml/min and a high resolution pressure sensing acquisition device with a resolution of
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0.001 psi. (Determination of pore size distribution and porosity of solid materials by mercury
pressure and gas adsorption: GB/T21650-2008).

Fig. 1. Equipment for triaxial compression and penetration tests: (a) TFD-2000L triaxial rheological
testing machine, (b) confining pressure chamber

3. Triaxial compression test results

3.1. Stress-strain curves

The triaxial compressive total stress-strain curves of the coal rock specimens under different
confining pressures are shown in Fig. 2. It can be found that the confining pressure has a
significant effect on the characteristics of the total stress-strain curves of the coal rock specimens.
As shown in Fig. 2a, when the coal specimen is in uniaxial compression, the full stress-strain
curve can be roughly divided into four stages, namely the initial compression-density stage, the
elastic stage, the failure stage and the residual stress stage. When the coal rock specimen is in
uniaxial compression, its initial stress increases rapidly, while the axial strain increases slowly,
and the stress-strain curve is initially straight and then slightly curved. When the coal sample
enters the second stage, the elastic state, the stress-strain curve is a straight line segment. When
the specimen reaches the peak load and damage occurs, the axial stress drops significantly,
followed by the residual stress phase. As shown in Fig. 2b, the full stress-strain curve of a coal
sample under confining pressure can be roughly divided into three stages, namely the initial
compression-density stage, the plastic stage and the damage stage. The stress-strain curve for
the coal rock under confining pressure conditions has no obvious elastic segment, and as the
stress increases the curve shows a clear non-linearity with a typical plastic deformation phase.
The coal sample then breaks down and the stress decreases with no residual stress stage.

3.2. Peak strain and peak stress

The peak mechanical parameters of the triaxial compression of the coal rock under different
confining pressures are shown in Fig. 3, and the basic mechanical parameters are listed in Table 1.
From Fig. 3a and Table 1, it can be seen that the influence of the confining pressure on the peak
axial stress of the coal rock specimen is very obvious. When the confining pressure is 0MPa, the
peak axial stress is 2.85MPa, and when the confining pressure is 5MPa, the peak axial stress is
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Fig. 2. Triaxial compression total stress-strain curves for coal rock specimens at different confining
pressures: (a) 0MPa, (b) 5MPa, (c) 10MPa, (d) 15MPa, (e) 25MPa

Fig. 3. Relationship between peak mechanical parameters and confining pressure: (a) axial stress,
(b) strain, (c) elastic modulus and Poisson’s ratio
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27.81MPa, which is an increase by 9.76 times. At the same time, it can be found that the rate of
increase of the peak axial stress in the coal rock decreases significantly with the gradual increase
of the confining pressure. This indicates that although the confining pressure can significantly
increase the peak axial stress in the coal rock, the rate of increase is limited.

The trend of the peak strain of the coal rock with the confining pressure is shown in Fig. 3b.
The peak axial strain increases rapidly with an increase of the confining pressure and then
remains almost constant. The peak circumferential strain, on the other hand, increases first
and then decreases with increasing confining pressure, reaching a maximum value when the
confining pressure is 5MPa. The peak volumetric strain increases from negative to positive with
the increasing confining pressure, which indicates that the peak volumetric strain is determined
by the peak circumferential strain at 0-5MPa and the peak volumetric strain is determined by
the peak axial strain when the confining pressure is 10-20MPa.

The relationship among the peak modulus of elasticity and the peak Poisson’s ratio and the
confining pressure is shown in Fig. 3c. The peak modulus of elasticity of the coal rock decreases
significantly with an increase of the confining pressure, i.e. the peak modulus of elasticity of the
coal rock achieves the maximum value at 0MPa, which is due to the presence of the confining
pressure which makes the axial strain of the coal rock increase significantly during the compres-
sion process, however, the axial stress cannot increase proportionally with the axial strain. For
Poisson’s ratio of the coal rock, which remains between 0.18 and 0.21, the effect of the confining
pressure on the modulus of elasticity of the coal rock is relatively small.

Table 1. Basic mechanical parameters of coal rock specimens under different confining pressures

σr σap εap εrp εvp E
µ

[MPa] [MPa] [0.001] [0.001] [0.001] [GPa]

0 2.85 11.76 −7.63 −4.23 1.51 0.18

5 27.81 82.21 −46.68 −12.36 0.58 0.20

10 33.25 85.69 −18.74 45.51 0.51 0.19

15 36.98 82.73 −24.37 34.24 0.54 0.21

20 42.37 98.48 −35.89 31.61 0.56 0.20

Note: σr is the confining pressure
σap is the peak axial strength
εap is the peak axial strain
εrp is the peak circumferential strain
εvp is the peak volume strain
E is the elastic modulus, µ is Poisson’s ratio

3.3. Ultimate failure pattern

The triaxial compression damage pattern of the coal rock specimens is shown in Fig. 4.
Oblique shear damage and vertical splitting damage are the main forms of damage to the coal
rock. Moreover, the degree of coal rock fragmentation significantly increases with an increase
of the confining pressure. This indicates that although high confining pressure can effectively
increase the load capacity and deformation capacity of the coal rock, once the coal rock is
damaged, the energy released and the degree of fragmentation will also increase significantly.
As a result, the coal rock needs to be mined more safely and cautiously under high confining
pressure.
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Fig. 4. Triaxial compression failure patterns of coal rock under different confining pressure

4. Mercury pressure testing and pore-fracture characterisation

4.1. Capillary pressure

The capillary pressure curves of the coal rocks obtained from the mercury pressure tests are
shown in Fig. 5. The capillary pressure curve of the coal specimen is generally located in the
upper left part of the figure, which indicates that the physical properties of the coal rocks in the
Yili Basin of Xinjiang are generally poor and the permeability is small. The capillary pressure
curve increases significantly with increasing mercury saturation, with no obvious flattening trend
throughout the process. The rate of capillary pressure increase is significantly faster when the
mercury saturation is between 0-20%. When the mercury saturation is above 20%, the rate of
capillary pressure increase slows down significantly, indicating poor pore radius sorting in the coal
rock specimens. This differs significantly from the capillary pressure curves obtained for other
more common higher-order coal and sandstone reservoirs, which typically have more significant
flat segments. Furthermore, the overall sortability of the conventional sandstone and high-order
coal reservoirs is better and is usually dominated by the development of pore fractures, the
main feature being the larger volume and greater number of pores within their coal rocks. In
contrast, for the lower-order coals, the microfractures within the coal specimens are relatively
underdeveloped and the pore-fissure radii are overall poorly sorted, forming a curve pattern that
projects to the upper left.

Fig. 5. High pressure mercury capillary pressure curve for 9 coal specimens

The input and output mercury curves of the coal rock specimens are shown in Fig. 6. The
input and output mercury curves from the three stably developed coal seams in the Yili Basin,
Xinjiang, are generally similar. Among them, the cumulative mercury intrusion of the coal rock
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specimens is in descending order for the M8, M1 and M12 seams. This indicates that the pore
space in theM8 seam is slightly larger than that in theM1 andM12 seams. In addition, all three
groups of coal rock specimens have a small portion of the mercury withdrawal curve overlapping
with the mercury ingress curve at the beginning of the mercury withdrawal, and the hysteresis
loop formed by the mercury ingress and egress curves is small, indicating that the coal rock
specimens have fewer open pores and are less connected.

Fig. 6. Mercury-dehydration curves of three coal rock specimens

4.2. Throat and pore distribution characteristics

The pore volumes of the three groups of coal specimens are shown in Fig. 7, which shows a
typical single-peak structure with peaks mainly in the range of 104-105 nm. The pore volumes
of the three groups of coal specimens are significantly different, with the pore volumes from
the M8 seam being significantly larger than those from the M1 and M12 seams. This trend is
consistent with the variation pattern of the pressure-relief curve in Fig. 6. The analysis by the
Hodot quadratic method (Yang et al., 2020) shows that the pore volume of coal rock specimens
from the Yili Basin, Xinjiang, is 38.6% microporous, 36.8% small porous, 11.5% medium porous
and only 13.1% large porous, and the pores of coal rocks are dominated by microporous and
small pores.

Based on the mercury-pressure tests, the distribution of throat radii and pore radii of coal
rocks in the Yili Basin, Xinjiang, is shown in Figs. 8 and 9. From Fig. 8 it can be seen that the
throat radii of the three stably developed coal seams,M1,M8 andM12, are mainly concentrated
around 1-2µm, which indicates that the overall throat radii of coal rocks are on the fine side,
thus leading to the overall low permeability of coal rocks. On the other hand, the pore radius is
between 150-200 µm, which indicates that the small micropores and medium are more developed
in the coal rocks, while the fine throat channels are more distributed and the pores are mostly
fine necked bottle pores with poor pore connectivity, which is not conducive to the storage
and desorption of coalbed methane (CBM). Figure 10 shows the pore-throat ratio of coal rock
specimens. The pore-throat ratio reflects the configuration relationship between pore and throat.
The distribution of the pore-throat ratio is opposite to that of throat channel, the higher the
permeability of coal rock specimens, the more concentrated the distribution of the pore-throat
ratio.
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Fig. 7. Pore volume relationship for three sets of coal rock specimens

Fig. 8. Characteristics of the distribution of throat radii in coal rock specimens

Fig. 9. Pore radius distribution characteristics of coal rock specimens

Fig. 10. The pore-throat ratio of coal rock specimens
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4.3. Maximum reflectance characteristics of the coal rock microfraction and specular group

The basic physical parameters of the coal specimens are shown in Table 2. Among them, the
permeability of the six coal rock specimens in theM1 andM12 seams ranged from 0.11-0.19 mD,
which is a medium permeability reservoir. The permeability of the coal rock specimens in the
M8 seam ranged from 0.06-0.09 mD, which is typical for low permeability reservoirs. In addition,
the porosity of the nine coal rock specimens ranged from 4.1% to 5.5%, with an average porosity
of 4.98%, which is typical for low porosity reservoirs. The porosity range of the coal sample
specimens indicates that the overall physical properties of the coal rocks in the Yili Basin of
Xinjiang are poor.

Table 2. Basic physical parameters of coal specimens

Speci- Poro- Penetra-
Density
[g/cm3]

Maximum Vitri- Inerti- Chiti-
men sity tion rate specular body nite nite nous
number [%] [mD] reflectance [%] [%] [%] [%]

M1-1 4.9 0.11 0.92 3.52 83.1 16.1 0.8

M1-2 5.2 0.13 0.84 2.67 86.7 13.0 0.3

M1-3 4.1 0.14 0.88 3.62 86.3 13.2 0.5

M8-1 5.3 0.07 0.96 3.13 84.5 15.1 0.4

M8-2 4.5 0.09 0.91 3.47 86.5 13.1 0.4

M8-3 5.5 0.06 0.89 3.59 89.2 10.3 0.5

M12-1 4.8 0.18 0.87 3.64 88.2 11.4 0.4

M12-2 5.1 0.17 0.93 3.17 85.6 14.3 0.1

M12-3 5.4 0.19 0.97 3.01 86.4 13.1 0.6

Meanwhile, the test results show that the microscopic fraction of the coal rocks in the Yili
Basin, Xinjiang, is dominated by vitrinite, with a percentage of 83.1%-89.2 and an average of
86.27%, while the percentage of the inert group is relatively small, with its percentage ranging
from 10.3%-16.1%. It can also be seen that for the coal rock specimens tested, the chitinous
group is very small, at just 0.1%-0.8%. In addition, small amounts of carbonate minerals and
clay minerals were found in the coal specimens.

5. Discussion

A large amount of gas is formed during formation of coal, and effective gas extraction can reduce
the gas content and pressure to a safe range, thus reducing the possibility of gas disaster acci-
dents. As the depth of the coal seam increases, the confining pressure on the coal rock increases.
There is a large number of original defects (micro-fractures and micro-porosity) inside the coal
rock specimens, and these original defects are highly susceptible to compressive deformation
under the action of external stress. As the confining pressure continues to increase, the original
defects are further compressed and closed, and the coal matrix squeezes the micro-pore fracture
space inward, which leads to the narrowing of the seepage channel and the obstruction of gas
transport in the micro-pore fracture space (Gray, 1987). The coal seam permeability character-
istics will directly affect the gas extraction efficiency of the mine. In this study, the permeability
of coal rock specimens under fixed confining pressure conditions was investigated, however, the
effect of different confining pressure on the permeability of coal rock specimens was not con-
sidered. Therefore, the influence of different confining pressure on the permeability of coal rock
specimens will be emphasized in the next work.
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6. Conclusion

In this paper, the triaxial mechanical properties and pore-fracture characteristics of coal rocks
in the Yili Basin, Xinjiang, were investigated by triaxial compression tests, mercury compression
tests and scanning electron microscopy tests. The following main conclusions were obtained.

• Confining pressure has a significant effect on the compressive mechanical properties of
coal rocks in the Yili Basin, Xinjiang. As the confining pressure increases, the axial peak
stress of coal rocks increases, while the peak elastic modulus decreases significantly. The
axial peak strain increases and then remains constant, while the circumferential peak and
volumetric peak strains increase and then decrease. The confining pressure has almost no
effect on Poisson’s ratio of the coal rock specimens.

• Oblique shear damage and vertical splitting damage are the main forms of damage to the
coal rock. Furthermore, the degree of coal rock fragmentation increases significantly with
the increase of the confining pressure.

• The microscopic fraction of coal rocks in the Yili Basin of Xinjiang is dominated by the
mirror mass, with a proportion of 83.1%-89.2, while the proportion of the inert group
is relatively small, with its proportion ranging from 10.3%-16.1%. In addition, the coal
rocks are generally typical low-permeability coal rocks with permeabilities ranging from
0.06-0.19 mD and poor pore connectivity.

It is worth noting that the micro fissure-pores of coal rock specimens are closely related to their
petrographic composition. Therefore, enough attention should be paid in the related future
studies.
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