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Investigation on the pore
characteristics of coal specimens
with bursting proneness

Yutao Li'*, Yaodong Jiang?, Bo Zhang?, Honghua Song?, Wenbo Dong! & Pengpeng Wang?

To achieve further insight into the pore characteristics, the coal specimens with different bursting
proneness before and after uniaxial compression failure are tested and compared in this paper.

The data of mercury intrusion test is corrected by that of low-temperature nitrogen adsorption and
desorption test (LTNAD). The pore size distribution and pore volume of specimens are obtained. The
pore compressibility coefficient is determined based on the fractal dimension of pore. Scanning electron
microscope (SEM) and computed tomography (CT) are combined to evaluated the pore connectivity.
The value of pore compressibility coefficient of specimens with high bursting proneness is larger than
that of medium bursting proneness. It means more compressibility and abrupt failure under stress.

The researches of both SEM and CT indicate that the pore connectivity of specimens with medium
bursting proneness is better. The results show that great differences exist in the pore characteristics of
specimens with high and medium bursting proneness, and uniaxial compression failure exacerbates the
complexity of pore characteristics.

In China coal occupies a dominant position in energy, burst is one of the most frequent and destructive forms of
dynamic disasters in coal mines. It is the sudden release of elastic strain energy of coal, which causes great damage
to engineering structures and mechanical equipment, has been a serious threat to human safety'~*. The mecha-
nism of burst is complex and there are many influencing factors, including the intrinsic physical and mechanical
properties of coal, external engineering geological conditions and site construction conditions, such as the thick-
ness of overburden strata greater than 500 feet (151.5 meters), a strong floor rock that does not heave readily,
mountainous terrain, steeply dipping beds, and similar geologic structures where localized stress concentration
exists, stress concentration caused by unreasonable mining methods*°.

Coal is plant remains subjected to a prolonged and complicated process of biological, chemical, and tectonic
factors under high temperatures and pressures, which is an anisotropic rock with a sophisticated pore structure’.
Under different stress and strain environments, the interaction of primary pore and secondary pore induced by
inelastic deformation produces great changes in porosity, permeability, adsorption, and desorption properties of
coal'®. The changes of pore characteristics have an important influence on the properties of materials. Chen et al.!!
considered that the properties of porous materials are closely related to the characteristics of pore structure.
Under quasi-static or dynamic loading condition, compressive strength of concrete decreases with the increasing
porosity. Lee et al.! considered that the compressive strength of porous materials decreased with the increase of
porosity to highly porous mullite ceramics. Liu ef al."® considered that coal deformation and gas migration are
closely related to pore characteristics.

Experts and scholars from domestic and abroad have made an effort to characterize pore structure and attained
valuable results. Jiang et al.'* and Yu et al.'® analyzed the method of age and maximum entropy estimation. Okolo
et al.'® elaborated the pore characteristics of coal including the surface area and porosity by small angle X-ray scat-
tering and mercury intrusion porosimetry. Wang et al.'” used fractal dimension and image analysis technology
to characterize the pore and fracture characteristics in low-rank coal samples and the influence of pore structure
parameters on gas permeability of coal samples. Bhatia'® revised the random-pore model, the solid consisted of
spherical microporous grains and the micropores in each grain. The model gave the most adequate correlation with
experimental data for various coals. Zhu et al.’® analyzed the pore surface area, pore volume and pore
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compressibility of gas outburst coal and bursting proneness coal by mercury intrusion test and low-temperature
nitrogen adsorption and desorption test (LTNAD), and concluded that there were significant differences in pore
structure characteristics between them. Li et al.?® characterized the heterogeneity of low porosity and low perme-
ability in naturally fractured rock specimens by mercury intrusion experiment and fractal dimension calculation.
Zhang et al?! developed the steady-state swelling model based on Gibbs adsorption model, approved that adsorp-
tion and desorption would occur between coal and adsorbate, and the main way for adsorbate to enter coal is pore
system. Zhao et al.*> measured the pore size distribution of six coal specimens by nuclear magnetic resonance cry-
oporometry technology and LTNAD, and proved that both techniques could describe the pore characteristics of
coal specimens. Cinefra* and Nasihatgozar?* demonstrate the influence of nanoparticles on the visco-embedded
nanoplate and concrete beams. Liu et al.? investigated the relationship of pore structure and methane adsorption
capacity based on scanning electron microscopy (SEM). Zhao et al.?® studied the pore structure characterization
of coal through synchrotron radiation nano-CT and proved the anisotropy of permeability.

In this paper, the pore characteristics of specimens with high bursting proneness (Hongginghe Coal Mine) and
medium bursting proneness (Nalinhe Coal Mine) before and after uniaxial compression failure are described by mer-
cury intrusion test and LTNAD. The data of mercury intrusion test is corrected by the data of LTNAD, and then used to
quantitatively describe the pore size distribution and porosity. Pore compressibility coefficients are calculated. Scanning
electron microscope (SEM) and computed tomography (CT) are combined to evaluated the pore connectivity.

Experiments

Specimens preparation. High bursting proneness specimens tested were collected from No. 9 coal seam in
the Hongginghe Coal Mine at the average buried depth of 760 m. Medium bursting proneness specimens tested
were collected from No. 3 coal seam of Nalinhe Coal Mine at the average buried depth of 600 m. All the specimens
were carefully transported to the laboratory, and stored under environment-controlled conditions for weathering
protection until the initiation of experiment. The uniaxial compression test was carried out firstly. The specimens
were standard cylinder with diameter of 50 mm and height of 100 mm, and numbered HQH-1(—2, —3) and
NLH-1(—2, —3). The specimens were core-drilling, and the two ends of the specimens are ground flat on the
flattening machine. It ensured that the surface of both sides of the specimens were parallel and smooth without
large scratches, and the degree of non-parallelism between the two ends should not be greater than 0.01 mm,
and the deviation between the diameters of the upper and lower ends should not be greater than 0.02 mm. The
mercury intrusion test and LTNAD were carried out subsequently. Specimens in the two tests were different from
the former. They were divided into two categories. The No.1 part was extracted from lump coal directly. The sam-
pling-region was the same as the specimens of uniaxial compression test but right above of them, and numbered
HQH-1-1, HQH-2-1, HQH-3-1 and NLH-1-1, NLH-2-1, NLH-3-1, respectively. The No. 2 part was extracted
from the central region of fracture propagation zone after uniaxial compression failure, and numbered HQH-1-2,
HQH-2-2, HQH-3-2, and NLH-1-2, NLH-2-2, NLH-3-2, respectively, as shown in Fig. 1. The specimens were
crushed to particles of about 1-2 cm in diameter and 5 g in mass. Before the uniaxial compression test, the axial
wave velocity test and industrial analysis of specimens were carried out, and the results were shown in Table 1.

Monitoring plan. The uniaxial compression test was conducted on the GCTS comprehensive test system,
and it had dynamic and static closed-loop digital electro-hydraulic servo control function. The loading process
was controlled by displacement of 0.002 mm/s. The deformation was recorded by the circumferential strain gauge.
After the maximum stress, the coal specimens would be quickly unloaded and protected by thermal contractible
plastic sleeve. It would be profitable to observe the development of surface fractures after damaged and sample
for the successive test.

The mercury intrusion test was performed on AutoPore IV 9500 Micromeritics Instrument. The maximum
of working pressure was 60000 psi (414 MPa), and the pore size measuring range was 3 nm-1000 pm. Before the
test, the specimens were dried for 12hours at 373 K, and then evacuated from the low-pressure port to <50 pm
Hg for 5 minutes. The purpose was to remove residual gas and moisture in the coal specimens. According to the
suggestions of Gan et al.”’ and Zhao et al.?®, the contact angle between mercury and pore surface was set to 130
degrees, and the surface tension of mercury was set to 0.485J/m>

The LTNAD was completed on ASAP 2460 physical adsorption device, which was produced by Micromeritics
Company. The pore size tested measuring range of the equipment was 1-300 nm. The residual gas and moisture in
specimens were removed before the test, and the method was the same as mercury injection test. During the test,
the temperature was 77 K, and the relative pressure (P/P;) was no more than 0.996. The pore size distribution and
volume of coal specimens were determined by Barrett-Joyner-Halenda (BJH) method®.

Scanning electron microscope (SEM) and computed tomography (CT) were finished at State Key Laboratory
Coal Resources and Safe Mining of China University of Mining & Technology, Beijing. The specimens were
scanned by SEM-Servopulser scanner, magnification included 35, 50, 100, 200, 500, 750, 1000. The cylindrical
specimens with diameter of 50 mm and height of 100 were scanned using an ACTIS300-320/225 scanner man-
ufactured by BIR Corporation, USA. The scanning time is 15s per slice with slice thickness and slice spacing
both of 0.05 mm. The 3-D reconstructed model was built by Mimics. Mimics is a modular software and an image
control system invented by Materialise.

Test Results

Stress-stain curves of coal specimens with bursting proneness. In uniaxial compression test, the
stress-strain curves of coal specimens were shown in Fig. 2. The stress-strain curves of two groups of speci-
mens both included four stages: micro-porous fracture compaction stage, elastic deformation stage, second-
ary micro-porous fracture initiation and stable expansion stage, and post-peak micro-porous fracture rapid
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Figure 2. Stress-strain curves of the two groups of specimens.

Sampling

location Fixed carbon (%) | Ash content (%) | Volatile matter (%) | Moisture (%) | axial wave velocity (m/s)
Hongginghe | 56.59 7.17 28.20 8.05 850-950

Nalinhe 37.26 18.11 38.57 6.05 850-920

Table 1. Results of industrial analysis and axial wave velocity test of coal specimens.

expansion stage. The stages were consistent with Xue’s research®. The average uniaxial compressive strength
and elastic modulus of specimens from Hongqinghe Coal Mine were 19.293 MPa and 3.169 GPa, respectively.
The average uniaxial compressive strength and elastic modulus of specimens from Nalinhe Coal Mine were
12.115MPa and 2.251 GPa, respectively. It could be seen that great differences existed in the process of energy
accumulation and dissipated between the two groups of specimens. Under the same stress, the specimens with
high bursting proneness had larger deformation and stronger compressibility. After the maximum stress, the
specimens approached to abrupt failure. After the first stress reduction of the specimens with medium bursting
proneness, the stress continued to increase, the process of energy dissipation is more complex, and the specimens
approached to gradual failure.

The mercury intrusion test and LTNAD. The pore parameters of specimens based on the mercury intru-
sion test and LTNAD were shown in Table 2. The porosity of specimens from Nalinhe Coal Mine were higher than
that of the Hongqinghe Coal Mine both before and after uniaxial compression failure, but the pore specific area
and median pore diameter were lower than the former. The reason was that the quantity of different pore diame-
ters from the two groups of specimens varied greatly. The bulk density and accumulative density were higher than
the former. It indicated that the mineral composition of the two groups of specimens was quite different.
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Figure 3. The pore size distribution of specimens from LTNAD and MIP data before and after uniaxial
compression. (a) specimens from Hongqinghe Coal Mine before uniaxial compression failure; (b) specimens
from Nalinhe Coal Mine before uniaxial compression failure; (c) specimens from Hongginghe Coal Mine after
uniaxial compression failure; (d) specimens from Nalinhe Coal Mine after uniaxial compression failure.
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Specific Median pore Bulk density | Accumulative
Specimens ID | Porosity (%) | surface (m%*/g) | diameter (nm) | (g/ml) density (g/ml)
HQH-1-1 10.239 28.769 11.80 1.208 1.352
HQH-1-2 10.735 33.275 13.00 1.180 1.346
HQH-2-1 12.338 35.247 15.01 1.163 1.350
HQH-2-2 12.698 29.261 14.92 1.160 1.343
HQH-3-1 13.403 42.003 10.11 1.285 1.507
HQH-3-2 13.733 43.601 10.52 1.262 1.458
NLH-1-1 13.627 32.351 12.33 1.366 1.582
NLH-1-2 14.425 33.477 12.73 1.354 1.582
NLH-2-1 14.240 38.879 11.16 1.361 1.535
NLH-2-2 14.686 36.470 11.84 1.353 1.531
NLH-3-1 13.976 30.929 12.22 1.429 1.664
NLH-3-2 14.139 33.411 11.80 1.374 1.579

Table 2. Pore parameters of the two groups of specimens.

The pore size distribution of specimens before and after uniaxial compression failure were shown in Fig. 3.
NA represented the result of LTNAD, and MIP represented the result of mercury intrusion test. The pore size
measuring range of equipment were 1 to 300 nm (in LTNAD) and 30 nm to 1000pm (in mercury intrusion test),
and the overlap was 30-300 nm. The result in mercury intrusion test was much larger than that of LTNAD. The
main reason was that the high working pressure in mercury intrusion test brought the compression deformation
of coal matrix and pore, and the increment of pore volume, these distorted the result. This was consistent with
the previous study’!. In LTNAD, relative pressure was low (P/P, < 1, P refers to working pressure, P refers to the
saturation vapor pressure), and partial pore could not adsorb fully. The result of pore volume was distorted either.
It was reasonable to correct the result in mercury intrusion test based on the result in LTNAD.
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Figure 4. Plots of cumulative volume of every specimen as a function of pressure before and after the uniaxial
compression failure and linear regression of pore volume versus pressure. (a) specimens from Hongqinghe Coal
Mine before uniaxial compression failure; (b) specimens from Nalinhe Coal Mine before uniaxial compression
failure; (c) specimens from Hongginghe Coal Mine after uniaxial compression failure; (d) specimens from
Nalinhe Coal Mine after uniaxial compression failure.

Comprehensive Description of Pore characteristics

Pore volume. According to the previous studies, a combined pore classification was employed in this paper:
microfracture (d > 10,000 nm), macropore (1000 < d < 10,000 nm), mesopore (100 < d < 1000 nm), transition
pore(10 < d < 100 nm), micropore (2 < d < 10nm) and super-micropore (d < 2nm), where d was pore diame-
ter>¥, Researches demonstrated that the working pressure in mercury intrusion test had an obvious influence on
the results because of the pore compressibility, and the results should be corrected when the pressure was bigger
than 10 MPa*.

Here would introduce the correcting method. Since the volume of micropore and transition pore were quite
different between result of the two tests in Fig. 3, the result of mercury intrusion test was corrected based on the
data of LTNAD, and the full-scale pore size distribution and pore compressibility in coal specimens were obtained
ultimately.

In porous compressible media, the increment of pore volume measured by mercury intrusion test can be
described as®:

AVys = AV, + AV, (1)

where AV, refers to the increment of pore volume. AV, refers to the increment of pore-filling volume. The
super- micropore and micropore in the specimens could not be filled in the mercury intrusion test, even under
high pressure, while they could be obtained by the data of LTNAD. AV, refers to the increment of pore volume
caused by the compressibility of coal matrix.

An excellent linear relationship could be obtained in the plots of the observed pore volume versus mercury
intrusion pressure when the pressure is high, as shown in Fig. 4.

According to Eq. (1), % could be further represented as

A g ZandYy

AP AP )
where S refers to AV, / AP, which was approximately considered as a constant under high pressure, and equaled
to the slope of the fitting line in Fig. 4. AP refers to the increment of mercury intrusion pressure. Eéi’,’nmA V refers
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Figure 5. Comparison of observed mercury intrusion volume before and after correction. (a) specimens from
Hongqinghe Coal Mine before uniaxial compression failure; (b) specimens from Nalinhe Coal Mine before
uniaxial compression failure; (c) specimens from Hongginghe Coal Mine after uniaxial compression failure; (d)
specimens from Nalinhe Coal Mine after uniaxial compression failure.

to the pore volumes of 3-17 nm in diameter, the corresponding pressure was larger than 60 MPa in this paper. The
fitting results were the best in this interval both before and after the uniaxial compression failure for specimens,
and the correlation coefficients were all 0.98 or so, as shown in Fig. 4. Z;ZL’Z"AVP were obtained from the data of
LTNAD.

Both the original accumulated pore volume and the corrected accumulated pore volume calculated by Eq. (2)
were presented in Fig. 5. The correction value of specimens from Hongqinghe Coal Mine before uniaxial com-
pression failure was larger than that of Nalinhe Coal Mine. The curve after correction was more upward, indi-
cating that the compression deformation was larger. After uniaxial compression failure, the pore volume of two
groups of specimens increased slightly, and HQH-3-2 specimens data appeared discrete. The remaining data
showed that specimens from Nalinhe Coal Mine had larger pore volume. It indicated that specimens from
Hongqinghe Coal Mine had more deformation under high pressure, which was coincided with result the of uni-
axial compression test.

Before and after uniaxial compression failure, the pore size distribution of two groups of specimens was shown
in Fig. 6. It could conclude that the pore size distribution of specimens from Hongginghe Coal Mine was more
complicated. The quantity of transition pore (10 < d < 100 nm), mesopore (100 < d < 1000 nm) and macrop-
ore (1000 < d < 10,000 nm) were great. After the uniaxial compression failure, the total pore volume remained
approximately (HQH-1 changes from 0.06118 to 0.06011 ml/g; HQH-2 changes from 0.05649 to 0.05867 ml/g;
HQH-3 data is discrete), but the volume of micro fracture and micro-pore decreased, and the volume of mac-
ropore, mesopore and micro-pore increased. The increase or decrease in quantity of transition pore was uncer-
tain because the uniaxial compression destroyed the original structure of coal matrix, expanded microcracks
into cracks, and produced new super-micropore. The pore size distribution of specimens from Nalinhe Coal
Mine mainly concentrated on micropore, transition pore and mesopore. The total pore volume changed greatly
after uniaxial compression failure (NLH-1 changed from 0.05357 to 0.07305 ml/g, NLH-2 from 0.06045 to
0.06894 ml/g, NLH-3 from 0.08276 to 0.06616 ml/g). This indicated that the deformation of various parts in
specimens was quite different. The volume of microfractures and macropore increases greatly, while the volume
of micropore decreases.
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Figure 6. Plots of pore size distribution of the two groups of specimens before and after the uniaxial
compression failure. (a) specimens from Hongqinghe Coal Mine before the uniaxial compression failure; (b)
specimens from Hongginghe Coal Mine after the uniaxial compression failure; (¢) specimens from Nalinhe
Coal Mine before the uniaxial compression failure; (d) specimens from Nalinhe Coal Mine after the uniaxial
compression failure.

Mercury intrusion and extrusion curves. According to the previous study, the pore could be classified
open pore and closed pore. Open pore included inter-connected pore, passing pore, and one dead end pore
(namely semi-open pore). The passing pore could be divided into cylindrical pore and split pore. Semi-open pore
could be divided into cylindrical pore with one dead end, inkbottle-shaped pore and tapered-end pore, as shown
in Fig. 7%.

The mercury intrusion and extrusion curves of specimens before and after uniaxial compression failure were
shown in Fig. 8 (the HQH-3-2 data was discrete and omitted). Hysteretic loops exited between intrusion curve
and extrusion curve. Generally, the existence of hysteretic loops was due to the existence of open pore in spec-
imens, and the pore-throat structure of inkbottle-shaped pore leaded to the convex phenomenon in mercury
extrusion curves (at 320 MPa of pressure in the test). The larger the width of hysteretic loops, the larger the dif-
ference of pore volume between mercury intrusion and mercury extrusion under the same pressure. It signified
that the more open pore existed. To specimens from Hongqginghe Coal Mine, the width of hysteresis loops was
larger than that of Nalinhe Coal Mine. The convexity phenomenon of mercury intrusion and mercury extrusion
curves was more obvious than that of Nalinhe Coal Mine. These demonstrated that more inkbottle-shaped pore
and capillary phenomena occurred. However, the increased or decreased width of the hysteretic loops of different
specimens in the same group demonstrated the variability of pore size distributions. The uniaxial compression
failure changed the width of hysteretic loops slightly, because the size of specimens in the mercury intrusion test
was small (1-2 cm in diameter). The existing research could only statistically prove that the mercury intrusion
and extrusion curves of specimens with different bursting proneness were different, and the volume of pore with
different size varied irregularly before and after uniaxial compression failure.

Pore compressibility. Under high mercury intrusion pressure, the elastic-plastic deformation of coal matrix
occurred, and the pore changed inevitably. These were displayed in the non-linear increase of cumulative mercury
intrusion volume during the mercury intrusion stage and the different width of hysteresis loop. Because of the
significant impact on the result of mercury intrusion test, the pore compressibility of two groups of specimens
with different bursting proneness was further analyzed in this paper.

According to Menger Model and mercury intrusion test*’, computational formula of the pore compressibility
coeflicient of coal specimens was shown as Eqs (3) and (4):
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Figure 8. The mercury intrusion and extrusion curves of the two groups of specimens before and after uniaxial
compression failure. (a) specimens from Hongginghe Coal Mine; (b) specimens from Nalinhe Coal Mine.

Pressure (MPa)

V, dpP (3)
v, P av,
— 0 = - — x —=
dr r dP (4)

where V) refers to the mercury intrusion volume, approximately equals to the sum volume of pores with diameter
of greater than specified value (2r, r equals the pore radius). 9"? refers to the functional relation between the mer-
cury intrusion volume and working pressure. @

The relationship between mercury intrusion pressure and pore diameter satisfies Washburn Equation:

P = —20 % cosO/r (5)

where P refers to the mercury intrusion pressure. o refers to the mercury surface tension (0.485 J/m? in this test).
0 refers to the contact angle of mercury(130°in this test), r refers to the pore radius.
The relationship between pore volume, pore radius and fractal dimension of pore volume was shown in Eq. (6):
dvp 2-D

dr (6)

where D refers to fractal dimension.
Equation (7) was derived from Eqs (4-6):
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d& o pP—*
dpP

7)

Finally, calculating the logarithm of both sides of Eq. (7) could obtain the Menger Model, as shown in Eq. (8):

av;

lg —2 « (D — 4)lgP
gdPoc( )ig

(8)

The fractal dimension values(D) of different pores were calculated by the slopes of ﬁttmg lines between lg —£

and Ig P. The high-pressure stage was selected to research, the relationship between lg - —and 1gP was shown 1n

Fig. 9.

Equation (9) was derived from Eq. (8):

Vo = a + bPP~

Equation (10) was derived from Eqgs (3) and (9):

where constant of a and b were the intercept and slope of the fitting line in Fig. 4, respectively.

_ b(D - 3PP
a + bpP~3

&)

(10)

The pore compressibility coefficient was calculated and showed in Fig. 10. Before and after uniaxial com-
pression failure, the pore compressibility coefficient of specimens from Hongginghe Coal Mine was bigger than
that of Nalinhe Coal Mine. It indicated that the pore deformation was bigger and the pore compressive prop-
erty was better to the specimens from Hongqinghe Coal Mine under the same stress. Before uniaxial compres-
sion failure, the pore compressibility coefficient of specimens from Hongqinghe Coal Mine changed from 86.69
to 0.01 x 10~>MPa~!, and that of Nalinhe Coal Mine changed from 44.86 to 0.01 x 107> MPa~'. The mercury
intrusion pressure changed from 0.003 to 410 MPa correspondingly. After uniaxial compression failure, the pore
compressibility coeflicient of specimens from Hongqinghe Coal Mine changed from 68.76 to 0.01 x 107> MPa™!,
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Figure 10. Plots of the pore compressibility coefficient and pressure of the two groups of specimens before and
after uniaxial compression failure. (a) specimens from Hongginghe Coal Mine; (b) specimens from Nalinhe
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Figure 11. Images obtained by SEM. (a) image of Hongqinghe Coal Mine with magnification of 50; (b) image
of Hongqinghe Coal Mine with magnification of 500; (c) image of Nalinhe Coal Mine with magnification of 50;
(d) image of Nalinhe Coal Mine with magnification of 750.

and that of Nalinhe Coal Mine changed from 46.31 to 0.01 x 107> MPa~!. The results showed that pore volume
of specimens from Hongqinghe Coal Mine was less, the distribution was more sophisticated and the quantity of
open pore were bigger.

Pore connectivity. SEM provided high resolution two-dimensional images to describe the pore character-
istics of the coal, but the specimens were small, and this method is destructive. Micro-CT compensated for these
and images could be reconstructed for further analysis®. They were used to study pore connectivity. Part of the
images obtained by SEM were provided in Fig. 11. Part of the images received by Micro-CT and the process of
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Figure 12. Images obtained by CT and the process of three-dimensional reconstruction. (a) CT schematic
diagram of specimens from Hongqinghe Coal Mine; (b) CT schematic diagram of specimens from Nalinhe
Coal Mine; (c) three-dimensional reconstruction sketch of CT image.

three-dimensional reconstruction were exhibited in Fig. 12. It could find out that most of the pore in the spec-
imens from Hongqinghe Coal Mine were stomata, which was caused by gas accumulation and gas migration.
Most of the pore in the specimens from Nalinhe Coal Mine were Tectonic pore, which was caused by geological
structures and external loads. The pore interconnectivity is calculated by Mimics, the values of specimens from
Hongginghe Coal Mine and Nalinhe Coal Mine are 48.891% and 57.973%, respectively. Combined with results
of mercury intrusion test and LTNAD test, it would draw the conclusion that the pore connectivity of specimens
from Nalinhe Coal Mine were better.

Conclusion

1

2

3)

Coal with different bursting proneness show great difference in pore size distribution, pore connectivi-

ty, energy accumulation and dissipation during the uniaxial compressive deformation and damage. The
failure of uniaxial compression increases the complexity of pore size distribution. The energy accumulation
capacity of specimens with high bursting proneness is stronger than that of medium bursting proneness,
the implication is more elastic energy at same strain.

Most of the pore in specimens with high bursting proneness is open pore, and the quantity of transition
pore(10-100 nm), mesopore (100-1000 nm) and macropore (1000-10,000 nm) are great. The energy is
inclined to accumulates under stress. The dominant pore in specimens with medium bursting proneness is
transition pore(10-100 nm) and mesopore (100-1000 nm). The results show that the pore connectivity of
specimens with medium bursting proneness are better.

Before and after uniaxial compression failure, the values of pore compressibility coefficient of specimens
with high bursting proneness are larger under low pressure. However, they decrease significantly when the
pressure increased. The values of pore fractal dimension of specimens with high bursting proneness are
smaller. It indicates that the pore is more easily to deform.

Data availability

The data appeared in the manuscript were from experiment.

Received: 9 July 2019; Accepted: 25 October 2019;
Published online: 11 November 2019

SCIENTIFIC REPORTS |

(2019) 9:16518 | https://doi.org/10.1038/s41598-019-52917-9


https://doi.org/10.1038/s41598-019-52917-9

www.nature.com/scientificreports/

References

1.
2.
3.

4.

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.
21.
22.

23.
24.

25.
. Zhao, Y. et al. Failure mechanisms in coal: Dependence on strain rate and microstructure. AGU J. Geophys. Res. Solid Earth 120,

27.
28.

29.
30.
31.
32.
33.
34.
. Song, X, Tang, Y. G., Li, W,, Zeng, E. G. & Xiang, J. H. Pore structure in tectonically deformed coals by small angle X-ray scattering.
36.
37.

38.

Wang, G. et al. Rockburst mechanism and control in coal seam with both syncline and hard strata. Saf. Sci. 115, 320-328 (2019).
Cai, M. Principles of rock support in burst-prone ground. Tunn. Undergr. Sp. Technol. 36, 46-56 (2013).

Li, Z., He, X., Dou, L. & Wang, G. Rockburst occurrences and microseismicity in a longwall panel experiencing frequent rockbursts.
Geosci. J. 22, 623-639 (2018).

Jiang, Y. & Zhao, Y. State of the art: Investigation on mechanism, forecast and control of coal bumps in China. Yanshilixue Yu
Gongcheng Xuebao/Chinese J. Rock Mech. Eng. 34 (2015).

. Wang, H. et al. Investigation of Intrinsic and External Factors Contributing to the Occurrence of Coal Bumps in the Mining Area of

Western Beijing, China. Rock Mech. Rock Eng. 50, 1033-1047 (2017).

. Khair, A. W. An analysis of coal bump liability in a bump prone mine. Int. J. Min. Eng. 3, 243-259 (1985).
. Mendhe, V. A. et al. Fractal and pore dispositions of coal seams with significance to coalbed methane plays of East Bokaro,

Jharkhand, India. J. Nat. Gas Sci. Eng. 38, 412-433 (2017).

. Wang, T, Sang, S., Liu, S. & Du, Y. Occurrence and genesis of minerals and their influences on pores and fractures in the high-rank

coals. Energy Explor. Exploit. 34, 899-914 (2016).

. Pillalamarry, M., Harpalani, S. & Liu, S. Gas diffusion behavior of coal and its impact on production from coalbed methane

reservoirs. Int. J. Coal Geol. 86, 342-348 (2011).

Coetzee, G. H. et al. Pore development during gasification of South African inertinite-rich chars evaluated using small angle X-ray
scattering. Carbon N. Y. 95, 250-260 (2015).

Chen, X., Xu, L. & Wu, S. Influence of Pore Structure on Mechanical Behavior of Concrete under High Strain Rates. J. Mater. Civ.
Eng. 28, 04015110 (2015).

Lee, J. H., Choi, H. ], Yoon, S. Y., Kim, B. K. & Park, H. C. Porous mullite ceramics derived from coal fly ash using a freeze-gel
casting/polymer sponge technique. J. Porous Mater. 20, 219-226 (2013).

Liu, J. et al. Structural control on pore-fracture characteristics of coals from Xinjing coal mine, northeastern Qinshui basin, China.
Arab. ]. Geosci. 8, 4421-4431 (2015).

Jiang, R. et al. Maximum entropy searching. CAAI Trans. Intell. Technol. 4,1-8 (2019).

Yu, T. et al. Three-stage network for age estimation. CAAI Trans. Intell. Technol. 4, 122-126 (2019).

Okolo, G. N, Everson, R. C., Neomagus, H. W.]. P,, Roberts, M. ]. & Sakurovs, R. Comparing the porosity and surface areas of coal
as measured by gas adsorption, mercury intrusion and SAXS techniques. Fuel 141, 293-304 (2015).

Wang, G. et al. Quantitative analysis of microscopic structure and gas seepage characteristics of low-rank coal based on CT three-
dimensional reconstruction of CT images and fractal theory. Fuel 256, 115900 (2019).

Bhatia, S. K. Modeling the pore structure of coal. AICKE J. 33,1707-1718 (1987).

Zhu, J., Zhang, B., Zhang, Y., Tang, J. & Jiang, Y. Coal pore characteristics in different coal mine dynamic disasters. Arab. J. Geosci.
11, 1-10 (2018).

Li, K. & Horne, R. N. Experimental study and fractal analysis of heterogeneity in naturally fractured rocks. Transp. Porous Media 78,
217-231(2009).

Zhang, B., Zhu, J., Tang, D. & Jiang, Y. The effect of adsorption-induced swelling on porosity based on the transient coal swelling
model. AIP Adv. 9 (2019).

Zhao, Y., Sun, Y., Liu, S., Wang, K. & Jiang, Y. Pore structure characterization of coal by NMR cryoporometry. Fuel 190, 359-369
(2017).

Cinefra, M. Numerical method for frequency response in visco-embedded nanoplate. Int. J. Hydromechatronics 2, 119-130 (2019).
Nasihatgozar, M. Analysis of buckling in concrete beams containing nanoparticles utilising numerical approach. Int. J.
Hydromechatronics 2, 179-187 (2019).

Liu, X. & Nie, B. Fractal characteristics of coal samples utilizing image analysis and gas adsorption. Fuel 182, 314-322 (2016).

1195-1209 (2014).

Gan, H., Nandj, S. P. & Walker, P. L. Nature of the porosity in American coals. Fuel 51, 272-277 (1972).

Zhao, D., Guo, Y., Wang, G. & Mao, X. Characterizing nanoscale pores and its structure in coal: Experimental investigation. Energy
Explor. Exploit. 37, 1320-1347 (2019).

Kaufmann, J., Loser, R. & Leemann, A. Analysis of cement-bonded materials by multi-cycle mercury intrusion and nitrogen
sorption. J. Colloid Interface Sci. 336, 730-737 (2009).

Xue, D. et al. Experimental research on the structural behavior of fractured coal under uniaxial compression. Energies 11, 1-18
(2018).

Cai, Y. et al. Pore structure and its impact on CH, adsorption capacity and flow capability of bituminous and subbituminous coals
from Northeast China. Fuel 103, 258-268 (2013).

Li, W,, Liu, H. & Song, X. Multifractal analysis of Hg pore size distributions of tectonically deformed coals. Int. J. Coal Geol. 144-145,
138-152 (2015).

Sing, K. S. W. et al. Provisional international union of pure and applied chemistry commission on colloid and surface chemistry
subcommittee on reporting gas adsorption data * reporting physisorption data for gas/solid systems with special reference to the
determination of surface area and porosity. Pure Appl. Chem. 57, 603-619 (1985).

Friesen, W. I. & Mikula, R. J. Fractal dimensions of coal particles. J. Colloid Interface Sci. 120, 263-271 (1987).

J. China Coal Soc. 39, 719-724 (2014).

Tang, J., Feng, L., Li, Y., Liu, J. & Liu, X. Fractal and pore structure analysis of Shengli lignite during drying process. Powder Technol.
303, 251-259 (2016).

Lu, G. et al. Pore fractal model applicability and fractal characteristics of seepage and adsorption pores in middle rank tectonic
deformed coals from the Huaibei coal field. J. Pet. Sci. Eng. 171, 808-817 (2018).

Roslin, A., Pokrajac, D. & Zhou, Y. Cleat structure analysis and permeability simulation of coal samples based on micro-computed
tomography (micro-CT) and scan electron microscopy (SEM) technology. Fuel 254, 115579 (2019).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (Nos. 51874312, 51861145403,
41872205), State Key Research Development Program of China (2016YFC0801401), Scientific Research Foundation
of State Key Lab. of Coal Mine Disaster Dynamics and Control (2011DA105287—FW201508), the Fundamental
Research Funds for the Central Universities of China (2010QL02) and Yue Qi Distinguished Scholar Project of
China University of Mining & Technology (Beijing). These sources of supports are gratefully acknowledged.

Author contributions
Y.T. Li conceived and wrote the manuscript, Y.D. Jiang provided the theoretical background, B. Zhang and H.H.
Song performed experiment, WB Dong and PP Wang conducted the tables and figures.

SCIENTIFIC REPORTS |

(2019) 9:16518 | https://doi.org/10.1038/s41598-019-52917-9


https://doi.org/10.1038/s41598-019-52917-9

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.L.

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

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

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

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

© The Author(s) 2019

SCIENTIFICREPORTS|  (2019)9:16518 | https://doi.org/10.1038/s41598-019-52917-9


https://doi.org/10.1038/s41598-019-52917-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigation on the pore characteristics of coal specimens with bursting proneness

	Experiments

	Specimens preparation. 
	Monitoring plan. 

	Test Results

	Stress-stain curves of coal specimens with bursting proneness. 
	The mercury intrusion test and LTNAD. 

	Comprehensive Description of Pore characteristics

	Pore volume. 
	Mercury intrusion and extrusion curves. 
	Pore compressibility. 
	Pore connectivity. 

	Conclusion

	Acknowledgements

	Figure 1 Schematic diagram of the sampling-region of coal specimen.
	Figure 2 Stress-strain curves of the two groups of specimens.
	Figure 3 The pore size distribution of specimens from LTNAD and MIP data before and after uniaxial compression.
	Figure 4 Plots of cumulative volume of every specimen as a function of pressure before and after the uniaxial compression failure and linear regression of pore volume versus pressure.
	Figure 5 Comparison of observed mercury intrusion volume before and after correction.
	Figure 6 Plots of pore size distribution of the two groups of specimens before and after the uniaxial compression failure.
	Figure 7 Sketch of the shape of pore in specimens36.
	Figure 8 The mercury intrusion and extrusion curves of the two groups of specimens before and after uniaxial compression failure.
	Figure 9 Plots of and lgP of the two groups of specimens before and after uniaxial compression failure.
	Figure 10 Plots of the pore compressibility coefficient and pressure of the two groups of specimens before and after uniaxial compression failure.
	Figure 11 Images obtained by SEM.
	Figure 12 Images obtained by CT and the process of three-dimensional reconstruction.
	Table 1 Results of industrial analysis and axial wave velocity test of coal specimens.
	Table 2 Pore parameters of the two groups of specimens.




