Geotech Geol Eng (2022) 40:4943-4959
https://doi.org/10.1007/s10706-022-02192-9

ORIGINAL PAPER

q

Check for
updates

Pore Size Distributions and Multi-Fractal Characteristics
of the Intact and Pulverized Coal in High Gas Mine

Jie Zhu® - Yuhang Yang - Tangsha Shao -
Chenyu Hou + Yaodong Jiang - Yuhan Zhao -
Jinge Wang - Jiazhi Li

Received: 23 June 2021 / Accepted: 19 May 2022 / Published online: 21 June 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract The pore structure and microfracture
evolution characteristics of coal in high gas mine are
worthy of studying to make clear the mechanism of
coal and gas outburst. Samples were collected from
2# coal seam (high gas coal seam) in Dongpang Coal
Mine, China. Two groups of samples were divided:
one was cut from the intact coal blocks which was
roughly a cube with the particle size less than 1 cm,
and the other was the pulverized coal drilled from the
working face. Mercury intrusion porosimetry (MIP)
and gas absorption were used to investigate the pore
size distributions (PSDs) of coal samples. The experi-
mental results display that the compressibility of coal
matrix has a significant influence on the pore volume
of coal specimens especially when the pressure is
greater than 20 MPa. Macropores in both intact and
pulverized coal samples account for the largest pro-
portion but the average micropore volume for the pul-
verized coal is 2.67 times that of the intact coal. The
greater pore tortuosity of pulverized coal indicates
that it has worse pore connectivity overall. Multi-
fractal analysis result shows the PSDs of pulverized
coal are more homogeneous than intact coal. During
the process of mining, the vertical loading and hori-
zontal unloading cause the opening and propagation
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of microfractures and increase the difference of
the PSDs between the intact and pulverized coal. It
results in the not smooth of gas flow from pulverized
coal area. Gas might be prone to accumulate in the
area with more pulverized coal.
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1 Introduction

Coal and gas outburst is a phenomenon of sudden
ejection of gas and coal rocks from the coal face
within a short time (Li et al. 2003). The commonly
accepted hypothesis of gas outburst holds that gas
outburst is the result of the multiple actions, such
as ground stress, the physical and mechanical prop-
erties of gas and coal. Among them, broken coal is
an important factor for gas outburst (Beamish and
Crosdale 1998; Cheng and Lei 2021). It is shown
that a large amount of pulverized coal also appears at
the scene of gas outburst. Different particle sizes of
coal has a noticeable effect on its physico-mechani-
cal properties and characteristics of coal-gas out-
burst (Guo et al. 2018; Zhuo et al. 2020). It is gener-
ally believed that the reduction of coal particle size
mainly increases the porosity and total pore volume
of coal (Xu et al. 2010; Guo et al. 2014). Therefore,
in order to give the early warning of coal and gas
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outburst, attention should be paid to the differences
between intact coal and pulverized coal regions and
its influence on gas diffusion and flow (Jin et al. 2016;
Wang et al. 2019).

Many methods are used to study the pore charac-
teristics of porous materials. The indirect methods
include mercury intrusion porosimetry (MIP) (Li
et al. 1999), gas adsorption (Cai et al. 2013), and
nuclear magnetic resonance (NMR) (Suggate and
Dickinson 2004), etc., which can obtain the pore size
distributions (PSDs) of porous media. The direct
measurements can observe the size and morphology
of pore obviously, such as scanning electron micros-
copy (SEM) (Giffin et al. 2013) and X-ray CT imag-
ing (Karacan and Okandan 2001). The pores with
pore size above 3 nm can be measured by MIP. But
when the intrusion pressure is greater than a certain
value, the pressure may damage certain pores and the
compressibility of coal matrix maybe replace pore
filling (Friesen and Mikula 1988; Li et al. 1999).
Therefore, Low-temperature nitrogen gas adsorption
(LNA) which can investigate pore characteristic in
the range of 1.7 nm to 271.3 nm and low-temperature
carbon dioxide adsorption (LCA) that is employed to
describe the microporosity with pore size less than
2 nm are used to correct the characterization of the
PSDs by MIP. Based on Hg porosimetry and Fick’s
first law that can describe the fluid diffusion, pore tor-
tuosity 7 in porous solids is also deduced from their
properties of the connected porosity (Carniglia 1986).

However, the randomness of pore spatial distribu-
tions makes it difficult to characterize its complexity
mathematically for traditional Euclidean geometry
(Li et al. 2015). The fractal theories originally pro-
posed by Mandelbrot (1967), have been applied to
quantitatively describe the physical properties of
spatial inhomogeneity. The fractal dimension repre-
sents the internal irregular distributions of pores for
porous media (Fu et al. 2001; Gauden et al. 2001).
The heterogeneous PSDs of coal also can be discov-
ered by multi-fractal analysis (Muller and McCauley
1992; Caniego et al. 2003). By investigating the local
densities of pore and fracture distributions, multi-
fractal analysis can describe them by fractal dimen-
sions spectrum such as singularity dimension spec-
trum and generalized dimension spectrum (Chhabra
et al. 1989; Ferreiro and Vazquez 2010). Multi-frac-
tal approach provides a “fingerprint” to distinguish
the effect of coal compression from the pore filling
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process during mercury intrusion (Li et al. 1999) and
is also appropriate to distinguish the PSDs of tectoni-
cally deformed coals (TDCs) in detail (Li et al. 2015).

In this paper, intact and pulverized coal from
No.20011 working face of 2# coal seam (high gas
coal seam) in the Dongpang Mine were applied to
study the influence of coal matrix compressibility and
obtain the comprehensive characteristics of the PSDs
by MIP, LNA and LCA. Based on the experimental
data, the pore tortuosity factor 7 of coal was gained
through using Carniglia’s calculation model. Fur-
thermore, multi-fractal singularity spectrum and the
generalized spectrum were presented to describe the
inhomogeneous PSDs of coal. Finally, the evolution
of pore structure and microfractures as well as the
mechanism of gas outburst under the condition of
mining were discussed.

2 Experiments
2.1 Experimental Samples

The collected coal samples were from 2# coal seam
(high-gas coal seam) in Dongpang mine of Xing-
tai Mining Bureau in Dameng Village, Qiu County,
Hebei Province, China. The geographical coordinates
of Dongpang mine are 37° 18’ N and 114° 20’ E. The
2# coal seam with the average thickness of 4.18 m is
stable and has simple geological structure and low
sulfur content (average 0.42%). It is the topmost and
workable coal seam in the coal-bearing strata. The
absolute gas emission of the mine was calculated
to be 49.79 m*/min and the relative gas emission to
be 7.62 m*/t in July 2014. Based on the analysis of
microlithotype classification, there are less durite,
xylovitrite and fusain in the 2# coal seam. The whole
layer of the coal seam exists duroclarite, in which the
semi-bright coal is distributed in the all parts.

The maximum reflectance of vitrinite and maceral
for the collected coal samples is shown in Table 1.
The results show that the proportions of vitrinite,
inertinite, semi-vitrinite and exinite are 59.8%, 24%,
8.2% and 7.9%, respectively. The R, of 2# coal
seam is 0.758%. The inorganic components mainly
are clay (2.5%), followed by iron sulfide (0.7%).

Samples were collected from No.20011 work-
ing face of 2# coal seam with the mining depth as
-490~-520 m and were divided into two groups as
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shown in Fig. 1. One group of coal samples was cut
from the intact coal block which was roughly a cube
with the particle size less than 1 cm. The other group
- of samples was the pulverized coal drilled from the
working face. Each group was randomly divided
into 6 specimens, including the intact coal samples
(I-1 ~1-6) and the pulverized coal samples (P-1~P-6).
As shown in Table 2, the particle size of the pulver-
ized coal changes from less than 0.2 to 5 mm. The
largest contents of particles in pulverized coal are
0.3-5 mm particles and its average proportion is
77.82%.

carbonate silicon oxide

iron sulfide

0.7

2.2 Experimental Schemes

Inorganic components

clay
2.5

MIP was carried out to observe the microstructure
characteristics of coal samples. Some parameters
such as total pore volume, porosity and bulk density
were measured by AutoPore IV 9500 mercury injec-
tion instrument in the laboratory of Thermal Physics
of Tsinghua University in China. The surface ten-
sion of mercury was 4.85 X 1073 N/cm, and the wet-
ting angle was 130.000°. Coal samples were heated to
110 °C in a vacuum oven for 4 h. Under the action of
external forces, the vacuumed samples were used to
measure mercury intrusion volume.

LNA was done by the ASAP2020 automatic in the
Comprehensive Thermal Physics of Thermal Physics
of Tsinghua University. In the LNA, the temperature
was 77 K and the adsorption medium was nitrogen
of purity 99.999%. As the relative pressure (P/P)
increased from O to 1, the quantity of adsorbed lig-
uid nitrogen can be measured. The instrument could
determine BET specific surface area, BJH adsorption
cumulative volume, etc. Carbon dioxide was regarded
as adsorbent in the LCA. American ASAP2020 auto-
matic was also used to carry out the experiment under
the condition of 293 K temperature.

exinite
7.9

inertinite
24

Semi-vitrinite

8.2

Organic constituents

vitrinite
59.8

ROmaX
0.758

2.3 Experimental Results

Coal thickness

1.63

2.3.1 Mercury Intrusion Porosimetry

According to the work of Cai et al. (2013), a com-
bined pore classification is applied: Super-micropore
(d<2 nm), micropore (2 nm<d<10 nm), tran-
sition pore (10 nm<d<100 nm), mesopore
(100 nm<d< 1000 nm), macropore (d>1000 nm)
and microfracture (d> 10000 nm), where d is the pore

Drilling
20,011

Table 1 The basic information of coal samples

Coal seam
2#
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(a) Intact coal

Fig.1 The experimental samples of intact coal and pulverized coal

Table 2 Different size particle content of pulverized coal

Diameter of pulverized ~02mm 0.2~0.3 mm 0.3~5 mm

coal

The quality proportion 16.14 6.05 77.82
(%)

size of coal. The MIP curves of the intact and pulver-
ized coal samples are shown in Fig. 2.

The MIP curves of all samples are similar in shape,
as shown in Fig. 2. The slopes of the curves at the ini-
tial phase increase sharply, indicating that there are a
lot of macropores. With the increase of pressure, the
curves tend to be flat, which means that mesopores
and transition pores are less in the total pore volume.
Because of the abundance of micropore contents, the
slopes increase greatly again at the end of the curves.
Comparing the hysteretic loops that is between the
curves of mercury intrusion and extrusion, similar
characteristics also can be observed. The narrow hys-
teretic loops suggest that semi-open pores are pre-
sented in coal samples, which influence the pore con-
nectivity and is not conducive to gas desorption and
migration.

2.3.2 Nitrogen and Carbon Dioxide Gas Adsorption

According to the liquid nitrogen adsorption experi-
ment, the isothermal adsorption and desorption
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(b) Pulverized coa

curves of LNA testing are obtained as shown in
Fig. 3.

Five types of hysteresis loops have been identi-
fied and correlated with different pore shapes such
as: cylindrical shape, slit shape, wedge shape, ink
bottle shape (Nie et al. 2015; Thommes et al. 2016).
By observing Fig. 3, for all samples, adsorption and
desorption curves are overlapped at a relatively low
pressure, which demonstrates that a lot of closed and
semi-closed pores exist in a small pore size range, for
instance wedge-shaped and slit-shaped pore. When
the relative pressure P/P, is about 0.5, the desorption
curves of all the pulverized coal samples appear an
inflection point of small drop, indicating that there
are ink bottle shape pores. The high peak value of
adsorption curve corresponds to the good adsorption
capacity. Thus, the pulverized coal has the stronger
adsorption capacity. Pore parameters of coal sam-
ples obtained by MIP and gas absorption are listed in
Table 3.

Xu et al. (2010) pointed out that pore diameter
decreased while the total volume of pores increased
with the reduction of briquette particle size under the
same geological conditions, and the pores were bet-
ter developed and more evenly distributed. As we can
see from Table 3, the average total pore volume and
pore size of pulverized coal samples are 0.1098 mL/g
and 16.03 nm, while that of intact coal samples are
0.0735 mL/g and 20.96 nm. The mean Sggy of the
intact and pulverized coal is 0.627m?%g and 1.072
m?/g, respectively. It shows that compared to intact
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Fig.2 The mercury intrusion porosimetry curves of coal samples
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Table 3 Parameters obtained from the above experiments

Sample ID Parameters obtained from MIP Parameters Parameters obtained from LCA
obtained from
LNA
Total pore volume Average Porosity  p, Ps Ve Sger  Total pore volume Total pore area
pore diam-
eter

(mL/g) (nm) (%) (gmL) (gmL) (cm%g) (m%g) (cm’/g) (m?/g)
I-1 0.0994 26.49 12.26 1.233 1405 0.00079 0.686 0.0022 13.404
I-2 0.0663 17.87 8.52 1.286 1.405 0.00072 0.344 0.0049 24.094
I-3 0.0666 18.91 8.66 1.301  1.425 0.00057 0.326 0.0059 22.271
I-4 0.0478 15.64 6.67 1.395 1495 0.00146 1.27  0.0049 20.308
I-5 0.1168 34.70 10.17 1.169 1.302 0.00104 0.64  0.0020 13.940
I-6 0.0442 12.16 5.68 1.285 1.362 0.00062 0.497 0.0019 12.242
Average 0.0735 20.96 8.66 1.278  1.399  0.00087 0.627 0.0036 17.710
P-1 0.1267 16.40 15.24 1204 1419 0.0035 0.832 0.0080 47.727
P-2 0.0988 16.70 12.07 1222 1.389 0.00405 0.896 0.0088 50.078
P-3 0.1208 18.50 14.73 1.22 1.43 0.00418 0.937 0.0038 25.927
P-4 0.0710 11.30 9.03 1.271  1.397 0.00381 0.894 0.0044 29.909
P-5 0.0968 13.40 11.90 1.23 1.396  0.00443 1.172 0.0041 29.176
P-6 0.1448 19.90 16.88 1.166 1.402 0.00449 1.698 0.0061 37.498
Average 0.1098 16.03 13.31 1.219 1406 0.00408 1.072 0.0059 36.719

Py s the bulk density; p, is the skeletal density; Vg is the BJH adsorption cumulative volume of pores; Sy is Brunauer-Emmett—

Teller specific surface area

coal, the cumulative pore volume of pulverized coal
is greater and its pore structure is more developed.

3 Pore Structure Characteristic of Coal
3.1 Mercury Porosimetry Corrected

When the pressure is greater than a limit value,
the measured increment of mercury volume is not
entirely caused by the filling of mercury but by the
compressibility of the coal matrix (Li et al. 1999).
The pore volume increment AV, . observed from
MIP is expressed as follows:

N

AV, =AV.+AVp €))

where AV is the volume increment produced by the
compressive coal matrix, and AVp is the actual pore
volume increment of samples.

The combined analyses of MIP, LNA and LCA
were applied to gain the comprehensive pore char-
acteristics. Without considering the compressibility
of mercury, the compressibility coefficient K of
coal matrix can be defined as:

_ v
€7 V.dP

(@)

where dV/dP is the function of the change of coal
matrix volume with pressure, and V(- is the corrected
cumulative pore volume of samples.

As shown in Fig. 4, when the mercury intrusion
pressure is greater than 20 MPa, the cumulative mer-
cury intrusion volume and pressure of coal samples
can be fitted into a good linear trendline, and all the
R? are greater than 0.98. The same phenomenon can
be found in Li et al. (2015).

Therefore, when the mercury intrusion pressure is
greater than 20 MPa, AV /AP can be expressed as:
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Fig.4 Linear regression of mercury pore volume versus pressure with pressure greater than 20 MPa based on MIP data

50nm
AV,
AVe 2 v 3)
AP AP

where constant f# represents AV /AP which is the
slope of the trend line mentioned above, and the sum
of the pore volume with pore size of 3-50 nm (the
corresponding mercury intrusion pressure varies from
413 to 20 MPa) can be obtained from LNA.

Assuming AV /AP is independent of the pressure,
the K- of 12 coal samples can be obtained from Eq. (2)
by substituting dV-/dP with AV-/AP:

50nm
3 AV,

3nm
—)/V,
)/ Ve

4
Ke=(- @

Combined with the pore volume got from LCA
data (pore size less than 1 nm), LNA data (pore
size of 1-3 nm), the corrected MIP data (pores size
greater 3 nm), the real pore volume V- and the com-
pressibility coefficient K can be calculated, as shown
in Table 4. Figure 5 shows the comparison of accu-
mulative mercury volume before and after correction
of coal matrix compression.

As shown in Table 4, the average compress-
ibility coefficient of intact coal samples is

Table 4 Correction of the

Cumulative pore
volume (mL/g)

Corrected cumulative pore ~ R?
volume V. (mL/g)

4 Sample ID Kox107
experimental data (MPa™h)
I-1 0.754
2 1227
-3 1.185
I-4 1.415
L5 0.854
L6 2389
Average 1.304
p-1 1.022
P2 1.197
P-3 1.098
P-4 2613
P-5 1.502
P-6 0.761
Average 1.366

0.1019 0.0788 0.9958
0.0713 0.0484 0.9945
0.0726 0.0504 0.9919
0.0530 0.0343 0.9955
0.1189 0.0975 0.9944
0.0463 0.0249 0.9955
0.0773 0.0557 0.9946
0.1349 0.0966 0.9960
0.1078 0.0740 0.9960
0.1248 0.0897 0.9898
0.0755 0.0375 0.9965
0.1011 0.0653 0.9981
0.1511 0.1188 0.9916
0.1159 0.0803 0.9946
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Fig.5 The cumulative mercury intrusion volume before and after correction

1.304x 107> MPa~! and that of pulverized coal sam-
ples is 1.366x10~> MPa~!. There is not an obvi-
ous difference on the compressibility of coal matrix
between the intact and pulverized at the same sam-
pling site. The average cumulative pore volume of
intact samples before correction is 0.0773 mL/g
and becomes 0.0557 mL/g after correction, which
is reduced by 27.9%, while that of pulverized
coal changes from 0.1159 to 0.0803 mL/g, which
decreases by 30.7%. Combined with Fig. 5, it con-
cludes that it is necessary to correct the pore volume
from MIP when we describe the pore characteristics
of coal samples.

3.2 Pore Tortuosity

Pore tortuosity factor 7 is an important parameter to
describe the structure of seepage-pores and microf-
ractures. 7 is defined as the ratio between the actual
length L, of the seepage channel and the apparent
length (macroscopic distance) L, through the seepage
medium. It is shown in the following formula (Khab-
bazi et al. 2016):

L
=2 5)

Carniglia (1986)has presented an equation to cal-
culate 7, calling for physical performance data of
porous materials obtained from Hg porosimetry. The
equation could be expressed as follows:

7 =x-(0.92y)!*¢ (6)

where x is a function of pore volume, y reflects the
pore shape and is obtained from above experimental
data, and ¢ is pore shape exponent (¢=1 for cylin-
ders). If y< 1.1, 7 is equal to x. Where x and y can be
expressed as:

x=223-1.13V.p, (7)
2 AV;
Y=g a (8)

where p, is the bulk or particle density of the soild,
S is the BET surface area, AV, is the corrected incre-
ment of pore volume within the ith pore size interval
I, and d; is the average diameter within /,. Based on
Carnigila’s equation, the author calculated the more
accurate 7 of coal samples by applying the corrected
MIP data. The results of = and the related parameters
are listed in Table 5.

From the observation of Table 5, the average
value of 7 of intact coal samples is 2.316 while that
of pulverized coal samples is 11.966. The greater the
pore tortuosity, the greater the resistance through the
porous medium and the lower the seepage pore con-
nectivity, and therefore the lower the permeability
(Chen et al. 2013). Thus, it can be deduced that the
permeability and pore connectivity of pulverized coal
is poor overall, which means that gas is easily accu-
mulated in the area with the more pulverized coal.
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Table 5 Pore tortuosity 2 3
Sample ID N / V, / /mL
factor and the related amp'e pir (M78) c (eme) Py (¢/mb) Y . ’
parameters I-1 0.686 0.0788 1.233 0.670 2.120 2.120
I-2 0.344 0.0484 1.286 1.146 2.160 2.403
I-3 0.326 0.0504 1.301 1.054 2.156 2.156
14 1.270 0.0343 1.395 0.442 2.176 2.176
I-5 0.640 0.0975 1.169 0.347 2.101 2.101
1-6 0.497 0.0249 1.285 1.259 2.194 2.941
Average 0.627 0.0557 1.278 0.820 2.151 2.316
P-1 0.832 0.0966 1.204 3.590 2.099 22.896
P-2 0.896 0.0740 1.222 1.684 2.128 5.110
P-3 0.937 0.0897 1.220 2.619 2.106 12.231
P-4 0.894 0.0375 1.271 0.784 2.176 2.176
P-5 1.172 0.0653 1.230 2.753 2.139 13.726
P-6 1.698 0.1188 1.166 2.987 2.073 15.657
Average 1.072 0.0803 1.219 2.403 2.120 11.966
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3.3 Pore size Distributions

Based on the corrected MIP data, the PSDs with dif-
ferent pore diameters are shown in Fig. 6 and the con-
tents of different pores are drawn in Fig. 7.

As can be seen from Fig. 6, there are some dif-
ferences in the PSDs when comparing with the
intact and pulverized coal samples. For macropore
with a pore diameter greater than 10 pm, the aver-
age pore volume of the intact coal is significantly
more than pulverized coal. When the pores size is
between 3.3 nm to 13.7 nm, pore volume of the pul-
verized coal is greater than the intact coal. Com-
bined with Fig. 7, the average macropore volume of
intact coal and pulverized coal are 0.0489 mL/g and
0.0615 mL/g, respectively. The average micropore
volume of pulverized coal is 2.67 times that of intact
coal. It can be concluded that the intact coal is domi-
nated by macropores, while the main pore types of
pulverized coal are micropores and macropores. It is
commonly accepted that the micropores mainly con-
trol the gas adsorption and storage in coal, which also
demonstrates that the pulverized coal has a strong
adsorption capacity and gas accumulation more easily
occurs in the more pulverized coal area.

4 Discussion and Analysis
4.1 Multi-Fractal Analysis

In order to calculate the multi-fractal singularity
spectrum, three important parameters should be cal-
culated: the probability quality distribution P,(¢), the
singular exponent a and the dimension function fla)
(Caniego et al. 2003). The multi-fractal singular spec-
trum is a unimodal convex function. In previous stud-
ies, a and f{a) can be calculated as follows (Zhu et al.
2019):

TV wig, €) 1g[Pi(e)]

9
lg(e) ®

a(q)

YV w,(q. ) lglw,(g. )]

10
lg(e) 4o

fla(g)] «

The generalized fractal dimension (¢~D,) also
can be used to study the pore characteristics. The
multi-fractal generalized spectrum is a monotonically
decreasing function. When ¢#1, the generalized
multi-fractal dimension D, defined by Chhabra et al.
(1989)is:

D = 1 .. logng)Pi(f)q

11
1Tg-1e% T ge) o

When g=1, according to L’'Hospital rule, D, can be
calculated by f (a;)) (Halsey et al. 1987; Chhabra
et al. 1989):

, 27 w(q.0)lglw,q. ©)]
Dy =f'la(g)] = lim =

12)

Capacity dimension D, information dimension
D, and correlation dimension D, can be obtained by
the above formula (Martinez et al. 2010). D, repre-
sents the proportion of non-empty boxes containing
some porosity in a contiguous small area; D, pro-
vides information about the concentrated distribu-
tion of porosity. At the same time, we also can get
the Hurst index (Martinez et al. 2010):

H=D,+1)/2 (13)

The related parameters are calculated as shown
in Table 6 as well as the multi-fractal singular spec-
trum and the multi-fractal generalized spectrum are
drawn in Fig. 8 and Fig.9, respectively.

The multi-fractal singularity index « can repre-
sent the concentration of porosity in coal samples.
The higher the value of «, the more apparent the
fluctuation of the PSDs and the more inhomogene-
ous distribution of the porosity in a narrow range of
pore sizes (Caniego et al. 2003). From the Table 6,
the average value a, of intact coal is 2.887 and
that of pulverized coal is 2.224, indicating that the
porosity of intact coal is more densely distributed
in a certain interval and the fluctuations of its PSDs
are more obvious. The heterogeneous PSDs are also
positive correlated with the width of multi-fractal
singular spectrum f(a) or the values of a, a,, (Li
et al. 2015). According to Fig. 8, the width of fla)
for intact coal (Fig. 8a) is wider than pulverized
coal (Fig. 8b) overall, which also suggests that the
PSDs of intact coal are more complex than pulver-
ized coal.
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Table 6 The calculated parameters of multi-fractal dimension

Sample ID Parameters of multi-fractal singular dimension

Parameters of multi-fractal generalized dimension

ay Apy ay— g a,—ay a;—o,, H D, D, D, Dy—D,y D_jo—Dy D_jy— D,y

I-1 2.966 0.671 5.010 2.295 2.044 4339 0.898 1.725 0.928 0.796 1.019 2.919 3.937
I-2 2.640 0.605 4.758 2.036 2.117  4.153 0.905 1.725 1.014 0.809 1.070 2.679 3.749
I-3 2.578 0.651 4.768 1.927 2.190  4.117 0.931 1.725 1.095 0.862 1.027 2.694 3.721
1-4 2.565 0.671 4579 1.8%4 2.015  3.908 0919 1.725 1.054 0.837 1.024 2.516 3.540
I-5 4.034 0.266 6.134 3.768 2.100  5.868 0.715 1.725 0.596 0.430 1.429 3.966 5.395
1-6 2.538 0.687 4.470 1.851 1932 3.783 0.949 1.725 1.130 0.898 0.996 2.428 3.424
Average  2.887 0.592 4.953 2.295 2.066 4.361 0.886 1.725 0.969 0.772 1.094 2.867 3.961
P-1 2.395 0.821 5.075 1.575 2,679 4254 1.034 1.725 1.277 1.067 0.859 2.954 3.813
P-2 2.140 0.846 3911 1.294 1.771  3.065 1.055 1.724 1.328 1.111 0.823 1.859 2.683
P-3 2.235 0.831 5.061 1.403 2.826  4.229 1.043 1.725 1.302 1.086 0.844 2.904 3.748
P-4 2.084 0.808 4.635 1.277 2.550  3.827 1.089 1.725 1.412 1.178 0.843 2.517 3.360
P-5 2216 0.792 4910 1.424 2.694 4118 1.060 1.725 1.343 1.121 0.865 2.783 3.648
P-6 2.275 0.706 5.185 1.570 2910  4.480 1.015 1.726 1.270 1.031 0.953 3.016 3.969
Average  2.224 0.801 4.796 1.424 2572 3.995 1.049 1.725 1.322 1.099 0.865 2.672 3.537
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Fig.8 Multi-fractal singular spectrum of coal samples

Similarly, in the multi-fractal generalized spec-
trum, the value of D, and the width of D, spectrum
also can indicates the information of the heteroge-
neous PSDs. The further the value of D, goes away
from Dy, or the wider the width of Dq, the more clus-
tered the pores within a small pore size rang (Fer-
reiro and Vazquez 2010). Combined Table 6 and
Fig. 9, the average value of D, for pulverized coal is
1.322, rather close to the average Dy, (1.725), and its
width of D, spectrum is narrower compared to the

@ Springer

(b) Pulverized coal

intact coal on the whole, indicating the low hetero-
geneity of the PSDs for pulverized coal. Meanwhile,
the lower values D, and the wider the width of D,
spectrum of intact coal samples show that porosity
concentrates across the range of pore sizes and its
PSDs are more complex.

As we can see from the Fig. 8, a,, divides the graph
into two parts: the left region ((high value informa-
tion, densely pore region) and the right region (low
value information, sparse pore region). When the
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(a) Intact coal

Fig.9 Multi-fractal generalized spectrum of coal samples

right is wider than the left (a,_ay> ay-a,,), the PSDs
are mainly controlled by the low value information.
Conversely, it is dominated by high value informa-
tion (Caniego et al. 2003). In Table 6, for the pulver-
ized coal samples, the average value of a, a, (2.572)
is greater than ay-a,, (1.424), representing that the
pores with small pore size play a dominant role in the
PSDs of pulverized coal samples. On the contrary, the
average value of a,_a, (2.060) is smaller than ay-a,,
(2.295) for intact coal samples, which means that the
PSDs of the intact coal are mainly controlled by large
pores.

The Hirst index H is an important parameter to
study the internal pore connectivity of coal and usu-
ally associates with the autocorrelation of the PSDs.
When H is close to 1, the PSDs has a strong autocor-
relation and the pore connectivity among different
pore size intervals becomes better (Martinez et al.
2010). As we can see in the Table 6, the mean value
of H of the intact coal is 0.886 while that of pulver-
ized coal is 1.049. Since the dominance of the PSDs
of pulverized coal is small pores while that of intact
coal is large pores, the small pore distributions of pul-
verized coal exist the stronger autocorrelation and the
better pore connectivity.

4.2 The Influence of Microfractures

There are a lot of microfractures in coal seam,
which are the important channels for gas desorp-
tion and diffusion. As the mining depth increasing,
the stress in overlying strata increases. The microf-
ractures are affected by the overlying loading firstly,

(b) Pulverized coal

followed by the macropores, mesopores, transition
pores and micropores. The larger the loading is, the
more pores are affected (Sun et al. 2020). Consider-
ing that the stress of coal samples in the laboratory
has been relieved, the multi-fractal analyses are also
carried out for the pore evolution without the effects
of microfractures (pores size greater than 10 pm) in
order to understand the pore structure of coal in deep
coal seam. The multifractal parameters without the
influence of microfractures are calculated as shown in
Table 7.

From Table 7, the average value of D_,, — D, of
pulverized and intact coal are 2.530, 2.157 respec-
tively. When the stress is relieved, the effects of
microfracture causes the average value of D_;, — D,
of pulverized and intact coal increase to 3.537 and
3.961, as shown in Table 6. It shows that the micro-
fractures lead to the higher fluctuation and greater
complexity of the PSDs for all the samples. In addi-
tion, the variations on the value of D_;qy — D, of
intact coal are greater than that of pulverized coal,
which indicates that the PSDs of intact coal are more
homogenous when the influence of microfractures are
not considered. The similar conclusion of coal sam-
ples can also be got by analyzing the multi-fractal
singular spectrum.

Taking samples I-4 and P-4 for example, the multi-
fractal singular spectrums whether considering the
effect of microfractures were drawn in Fig. 10. It is
obvious that without the microfractures, the width of
Sfla) decreases for samples 1-4 and P-4, indicating that
the evolution of microfractures make the complex
and heterogeneous PSDs. Most of the microfractures
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Table 7 Parameters of multi-fractal dimension without microfractures

Sample ID Parameters of multi-fractal singular dimension

Parameters of multi-fractal generalized dimension

ay Apy ay— g a,—ay a;—o,, H D, D, D, Dy—D,y D_jo—Dy D_jy— D,y
I-1 1.948 1.128 3.178 0.821 1.230  2.050 1.130 1.475 1.296 1.261 0.308 1.504 1.812
I-2 2206 1.136 4.123 1.070 1.917  2.987 1.138 1.475 1.304 1.277 0.295 2.361 2.656
I-3 1.955 1.160 3.396 0.795 1.441  2.236 1.159 1.475 1.333 1.318 0.240 1.700 1.940
1-4 1.838 1.048 3.166 0.790 1.328  2.118 1.157 1.475 1.344 1314 0.324 1.489 1.813
I-5 2.648 0.806 3.604 1.841 0.957  2.798 0.987 1.475 1.033 0.975 0.614 1.913 2.528
1-6 1.967 0.744 3211 1.223 1.244 2467 1.064 1.475 1.253 1.128 0.659 1.534 2.194
Average  2.094 1.004 3.446 1.090 1.353  2.443 1.106 1.475 1.261 1.212 0.407 1.750 2.157
P-1 2.131 0.789 3.726 1.342 1.595  2.937 1.053 1.479 1.222 1.106 0.621 2.004 2.625
P-2 1.857 1.012 3.629 0.845 1.772 2.617 1.149 1.479 1.351 1.298 0.386 1.900 2.286
P-3 1.913 0.779 3.735 1.134 1.822  2.956 1.095 1.479 1303 1.190 0.611 1.996 2.607
P-4 1.913 0.922 3.493 0.991 1.580  2.571 1.134 1475 1.321 1.267 0.455 1.783 2.239
P-5 2.044 0.703 3.710 1.341 1.666  3.007 1.052 1.479 1.242 1.104 0.695 1.984 2.679
P-6 2.007 0.779 3.850 1.227 1.843  3.071 1.051 1.479 1.247 1.103 0.636 2.105 2.741
Average 1978 0.831 3.691 1.147 1.713  2.860 1.089 1.478 1.281 1.178 0.567 1.962 2.530
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Fig.10 Multi-fractal singular fractal dimension spectrum of I-4 and P-4

are compacted due to the stress in overlying strata, as
well as the pore and microfracture distributions must
change with the increase of the depth of the strata.
Thus, under the condition of the real coal seam,
the PSDs might be between the two states above
mentioned.

The Hurst index H of all samples are plotted in
Fig. 11. Without the effect of microfractures, the
average values of H for intact and pulverized coal
sample are 1.106 and 1.089, respectively. The

@ Springer

evolution of microfractures reduces the average H
of the intact and pulverized coal to 0.886 and 1.049,
respectively, which suggests that the microfractures
have an obvious influence on H of intact coal and it
results in the lower pore connectivity in the distri-
butions of large pore.

The pore connectivity in the intact and pulverized
coal is different, and the pore tortuosity of pulverized
coal is greater but the permeability is lower. Thus,
gas will be prone to adsorb and accumulate in the
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Fig.11 The Hurst Index of
coal sample

The Hurst index
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area with more pulverized coal. During the process of
mining, the vertical loading and horizontal unloading
happen simultaneously on coal seam ahead of min-
ing face. It leads to the microfracture opening and
propagation, most of which are closed because of the
stress in overlying strata. The evolution of pores and
microfractures causes gas desorption and migration in
coal seam. Once coal fracture structure and gas flow
reach the unstable state, the necessary conditions to
gas outburst are provided.

5 Conclusions

The PSDs of the intact and pulverized coal samples,
collected from the high gas mine in Hebei province,
China, were analyzed by MIP, LNA and LCA. Multi-
fractal characteristics of coal samples were presented
based on the experimental data. The main conclu-
sions are as follows:

(1) The compressibility of coal matrix has a signifi-
cant influence on the pore volume in coal sam-
ples especially when the mercury pressure is
greater than 20 MPa. Experimental results show
that the contents of macropores are the most both
in the intact or pulverized coal samples, but the
average micropore volume for the pulverized
coal samples is 2.67 times that of the intact coal
samples. There is more likely to absorb gas in the
pulverized coal area.

(2) The PSDs of coal samples have obvious multi-
fractal characters. The average multi-fractal sin-

1-4 I-5 1-6 P-1 P2 P3 P4 PS5 P-6

Samples ID

gularity index a, for the intact and pulverized
coal samples are 2.887 and 2.224, respectively.
The PSDs of intact coal are more complex and
heterogeneous than pulverized coal. The average
pore tortuosity 7 of pulverized coal is 5.16 times
that of intact coal, indicating that the pore con-
nectivity of pulverized coal samples is worse on
the whole.

(3) During the process of mining, the vertical load-
ing and horizontal unloading on coal seam ahead
of mining face lead to the microfracture opening
and propagation. The microfracture evolution
makes the obvious change on the PSDs of intact
coal. It indicates that mining causes gas des-
orption of the pulverized coal area but gas flow
from pulverized coal area to the other area is not
smooth. Gas might be prone to accumulate in the
area with more pulverized coal.
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