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Abstract: The instability and failure of coal pillars is one of the important factors leading to the
catastrophic consequences of coal mine goaf collapse. Coal mine water has the characteristics of high
salinity. Long-term mine water erosion can easily deform the coal pillar structure, eventually leading
to instability and damage. This study carried out tests on coal samples soaked in salt solutions with
different concentrations, and the nuclear magnetic resonance (NMR) method was used to obtain the
dynamic evolution of the pore-fracture structure of coal. On the basis of fractal theory, the changes in
fractal dimension of pore structure during the soaking process were discussed. The damage variable
based on the pore fractal dimension was defined and the evolution relationship between the damage
variable and immersion time was characterized. The findings demonstrated that the porosity change
rate has an exponentially increasing relationship with the immersion time, and with the increasement
of concentration of salt solution, the porosity change rate also shows increasing trends. The number
of seepage pores and total pores increased with the immersion time. While, with the extension of
soaking time, the number of adsorption pores first increased and then decreased. The connectivity
between pores was enhanced. The relationship between the fractal dimension and the immersion
time is linearly decreasing. The damage variable showed an increasing trend with the immersion
time. As the concentration of salt solution increased, the damage of coal increased. The research
results are of great significance for rationally evaluating the stability of coal pillars and ensuring the
safe operation of underground engineering.
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1. Introduction

During the underground mining process of coal mines, the coal pillars are reserved in
the goaf area as the main load-bearing structure. When a mine is closed, groundwater flows
into the goaf and gradually floods the underground structure. Mine water is characterized
by high salinity and is rich in C1~ and SO4?~ plasma components [1,2]. The coal pillars
reserved in the goaf have been exposed to the environment of concentrated salt mine water
for a long time. Under the long-term erosion of mine water, coal pillars are prone to water
softening, including chemical erosion, dissolution, and expansion. The number of internal
pores and fractures increases and the structure undergoes severe deformation, leading to
instability of the coal pillar and ultimately causing disasters of surface subsidence. Change
in the pore-fracture structure is an important reason for the instability and failure of coal
pillars. Therefore, it is necessary to carry out quantitative analysis of the time-dependent
changes in the internal pore-fracture structure of coal under the action of salt solution,
which is of great significance for evaluating the stability of underground coal pillars.
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When exposed to mine water for a long time, the hydrochemical reaction will change
the mineral composition and matrix structure of coal, causing changes in physical prop-
erties, which eventually bring great uncertainty to the safety and stability of the coal
pillar. Previous studies [3-10] indicated that the physical and mechanical properties of rock
materials not only depend on their own characteristics such as mineral composition and
pore-fracture network, but are also affected by external factors. Among them, the action of
hydrochemicals has a significant impact on the physical properties and mechanical strength
of rocks. Extensive research on water-coal interactions has been carried out [11-19]. Under
the action of water immersion, soluble organic matter and inorganic matter in coal will
dissolve in water, causing certain physical and chemical changes. The redistribution of
chemical elements and changes in microstructure will ultimately lead to differences in coal
properties. Ai et al. [11] carried out water saturation tests on coal and the mechanism of
water on the microstructure of coal was analyzed by means of NMR, SEM, and XRD. It
was found that the porosity gradually increases with soaking time. Liu et al. [14] found
that the increase in water content intensifies the pore alteration of the ultrasonic stimulated
coal, and the change in pore structure promoted the diffusion of gas in the pore-fracture
channel. Yao et al. [18] studied the spatiotemporal distribution of water content and the
crack expansion characteristics in coal before and after water immersion. The results
of NMR test showed that the water content in the coal increases exponentially with the
soaking time, and the presence of water promotes the development and expansion of
pores. Wang et al. [19] demonstrated that the presence of water significantly changed the
permeability characteristics of coal and the permeability of saturated water coal was two
orders of magnitude lower than that of dry coal. When the chemical solution interacts
with the coal, complex physical and chemical reactions occur within the coal matrix, which
significantly change the properties of the coal. Previous researchers have elucidated that
the porosity, permeability, and dissolution degree of mineral components of coal increase
with the prolongation of chemical corrosion time [20-26]. The physical and mechanical
properties of underground coal pillars change significantly under the action of concentrated
salt mine water. However, there are few reports on the evolution characteristics of the
internal pore-fracture structure of coal under the action of salt solution.

Coal is a complex heterogeneous and anisotropic porous rock. In addition to small
pores, there are also complex discontinuities or joint networks inside the coal. The pores
or fissures are filled with different mineral particles. When the water or chemical solution
flows into the coal matrix, a series of physical and chemical effects will occur on the
mineral composition and pore structure. The physical and chemical interaction changes
the microstructure of coal matrix, which eventually affects the macroscopic properties. The
damage evolution at micro scale is of great significance for understanding the deformation
and failure mechanism of large-scale rock. With the development of science and technology,
testing methods such as X-ray computed tomography (CT) [27], nuclear magnetic resonance
(NMR) [28], scanning electron microscopy (SEM) [29], mercury intrusion [30], and nitrogen
adsorption [31] have been used to characterize the microstructure of rocks. Among them,
NMR is widely used because of its short test period, no damage to the primary pore
structure, and large pore size test range. Many scholars have studied the evolution of
coal pore structure and its fractal characteristics under different external factors by using
NMR method. Zhou et al. [32] quantitatively analyzed the fractal characteristics of pore-
fracture structure of low-rank coal by using nuclear magnetic resonance technology and
established a permeability model based on the pore fractal. Liu et al. [33] used NMR to
obtain the changes in pore structure and permeability of coal under different water pressure
conditions, and built a fractal permeability model of coal. It is confirmed that the internal
pore structure of water injected coal is complex and it has fractal characteristics. Chen
et al. [34] quantitatively analyzed the dynamic changing characteristics of the pore structure
in coal under the effect of stress. It found that when the confining pressure increased, the
pore structure was compacted, and the fractal characteristics of the seepage space gradually
became significant. Lei et al. [35] carried out a study on the fractal characteristics of low-rank



Mathematics 2024, 12, 72 3 of 21

coal under the action of liquid nitrogen freeze-thaw cycle and quantitatively evaluated the
complexity of coal pore structure. It indicated that the fractal dimension of seepage pores
and open pores was negatively correlated with the number of freeze-thaw cycles. The pore
structure of coal has fractal characteristics, and it is more complicated and inhomogeneous
than that of other types of rocks such as sandstone, carbonate and shale [36]. The above
research reveals the complexity of evolution of coal pore structure under the action of
different external factors, but there are few studies on the fractal characteristics of coal pore
structure under the action of salt solution and the relationship between pore fractal and the
coal damage.

This paper aims to study the damage effect of salt solution immersion on the pore-
fracture structure of coal. The coal samples were immersed in salt solutions of different
concentrations, and then NMR measurements were carried out on the coal samples im-
mersed in salt solutions for different times. The relationship between the porosity change
rate and immersion time and salt solution concentration was discussed. The evolution
characteristics of pore size and the number of different types of pores were analyzed.
After that the fractal dimensions of pore spaces were calculated using fractal theory. The
relationship between fractal dimension and immersion time and porosity was discussed.
Damage variables based on pore fractal dimension were defined, and the evolution of
damage variables with immersion time under the action of salt solutions was discussed.
Finally, the damage mechanism of coal under the action of salt solutions was analyzed. The
results of this study are helpful to quantitatively characterize the change in pore structure
in coal pillar under the action of concentrated salt mine water, which is of great significance
for stability research of coal pillar in underground mine.

2. Materials and Methods
2.1. Coal Sample Preparation

The coal selected for the experiment were taken from Ningdong mining area, China.
In order to analyze the mineral composition of the raw coal, the retrieved coal was firstly
ground into a powder of about 200 mesh by a grinder. The elements contained in the
coal were detected by X-ray fluorescence spectrometer, and X-ray diffraction analysis was
further carried out based on the measured element content. The inorganic components
of coal are kaolinite, quartz and siderite, whose contents are 51.3%, 41.9%, and 6.8%,
respectively (as shown in Figure 1).
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Figure 1. Mineral composition analysis. (a) X-ray diffraction curve; (b) mineral content.

The coal blocks retrieved from the site were wrapped in plastic wrap and transported
to the laboratory for processing. First, a rock coring machine was used to drill a cylindrical
coal sample with a diameter of 50 mm, and then the rock cutting machine was applied to
cut the core into a sample with a height of 100 mm, and finally the upper and lower end
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faces of the sample were polished smooth with sandpaper to form a standard cylindrical
specimen with a specification of ®50 x 100 mm. According to the ISRM rock preparation
standard, the unevenness of the two end faces should not exceed 0.02 mm. The parallelism
of the end faces should not exceed 0.005 mm. The verticality of the shaft should not exceed
0.001° and the surrounding is smooth. In order to ensure the relative uniformity of samples
used in the test, the coal samples were drilled from the same block.

2.2. Salt Solution Preparation and Test Procedures

Mine water is usually weakly acidic or alkaline, mostly containing Na*, K*, C1~,
and SO4%~ plasma components, which has the characteristics of high salinity. The ion
composition of mine water from Ningdong mining area was determined in laboratory. The
chemical test results showed that the main ion components of the mine water are Na*,
S0,42~, and Cl~ and the calculated concentration ratio is about 5:1:3. Therefore, the cation
in the salt solution in this study is Na* and the anion are SO4%>~ and CI~. The concentration
ratio of ion in salt solution is the same as that in mine water. An experimental study on
the time-dependent evolution of pore and fracture structure of coal under action of salt
solution immersion with different concentrations was carried out. Meanwhile, coal samples
soaked in distilled water were prepared as a control group. Under the natural condition, the
physical and chemical action of mine water on coal is a slow process. Due to the limitation
of test time, the means of increasing the acidity and alkalinity of salt solution and increasing
the concentration of ions in solution were adopted to accelerate the physical and chemical
action of salt solution on coal samples. The pH value of the prepared salt solution is 1, and
the concentrations of the salt solution are 0.1 mol/L, 0.5 mol/L, and 1 mol/L. The volume
of solution in each immersion group was 10 L. The experiments were carried out at normal
temperature and pressure. The pretest showed [37] that the quality of coal samples tends
to be stable after soaking for about 30 days, so the soaking period was 30 days.

After the processing of the samples, the longitudinal wave velocity of the coal samples
was tested first. The longitudinal wave velocity range of the samples was 1.8 km/s-2.0 km/s.
The samples with large differences were excluded, and the remaining samples were im-
mersed in distilled water and salt solution with different concentration, respectively. After
soaking for 1 day, 3 days, 5 days, 7 days, 10 days, 15 days, 20 days, and 30 days, the
coal samples were taken for NMR test. The MesoMR23-060H-I low-field NMR instrument
produced by Suzhou Niumag Electronic Technology Co., Ltd. (Suzhou, China) was used for
NMR test. The parameters of NMR were set to RF signal center frequency (SF) of 21 MHz,
echo spacing (TE) of 0.2 ms, repeat sampling interval time (TW) of 1000 ms, sampling
starting point (RFD) of 0.25 ms, and echo numbers of 2000. The experimental process and
equipment are shown in Figure 2.

2.3. The NMR Theory

Nuclear magnetic resonance (NMR) has been widely used as a new technique to
detect micro-structures such as rock pores and fractures, which has the advantages of fast,
non-destructive and simple operation. Low field NMR mainly uses hydrogen proton in
pore water as the signal source for detection. When water is injected into the pores, the
relaxation time and initial magnetization vector of the different sizes pores can be obtained
through the special CPMG sequence. The distribution curve of the transverse relaxation
time (173) of the pore structure can be obtained through the inversion of the hydrogen ion
attenuation signal. For fluid in rocks pores, there are three different relaxation mechanisms,
and when these three actions exist simultaneously, the relaxation time T, of water in the
pores can be expressed as:

1

1 1 1

T T T T T

— p(é) +3(L) + D(7GTE)2 (1)
V) pore 2987 2
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where Tys is the surface relaxation time of the pore fluid; T»p is the volume relaxation
time of the fluid; T5p is the relaxation time of pore fluid caused by gradient magnetic field
diffusion; p is the T relaxation strength of the particle surface; (S/V)pore is the ratio of pore
surface area to fluid volume; T} is the Kelvin temperature; 7 is the liquid viscosity; G is the
field intensity gradient; and T is the echo interval.

Coal Sample Immersion

NMR test

Figure 2. Experimental process and equipment.

According to Formula (1), the free relaxation time is mainly affected by the fluid
characteristics, and its value is negligible compared with the surface relaxation time. The
diffusion relaxation time is affected by field gradient and echo interval. For coal, the values
of G and T, are small, so the diffusion relaxation time can be ignored. Therefore, Formula (1)
can be simplified as:

1 S
= P(V)pm = Fs(p/7) )

where Fg is the pore shape parameter, and the shape parameters of fracture, tubular pore
and spherical pore are 1, 2, and 3, respectively; and r is the pore size.

According to Formula (2), the relaxation time T5 is proportional to the pore size. The
internal pore size distribution, pore number, connectivity and other parameters of the
tested sample can be obtained from the T, spectra.

3. Results
3.1. Time-Dependent Changes in Porosity

Coal porosity is an important parameter to characterize the degree of development of
internal defects, which is defined as the ratio of the volume of defects such as pores and
fractures to the volume of coal sample. In order to analyze the degree of change in the coal
porosity under the action of salt solution immersion, the porosity change rate Ag, was
defined to characterize the evolution of the coal porosity. The expression is as follows:

Ppt — Ppo

x 100% 3)
Ppo

Aq)p =

where ¢ is the porosity of coal before immersion; and ¢, is the porosity of coal after
immersion ¢ days.
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The porosity and porosity change rate of coal obtained from the NMR test under the
action of salt solution are shown in Table 1.

Table 1. ¢, and Ag, of coal samples at different immersion time.

Distilled 0.1 mol/L 0.5 mol/L 1 mol/L
Immersion Time (Days) Water Salt Solution Salt Solution Salt Solution
@p (%) Agy (%) @p (%) Agy (%) @p (%) Agy (%) @p (%) Agy (%)

0 20.29 19.83 16.64 19.41

1 20.87 2.86 20.66 4.19 17.34 4.21 20.47 5.46
3 21.35 5.22 21.52 8.52 18.39 10.52 21.98 13.24
5 21.90 7.94 22.81 15.03 19.69 18.33 23.72 22.21
10 22.08 8.82 23.30 17.50 20.17 21.21 24.90 28.28
15 22.12 9.02 23.74 19.72 20.92 25.72 25.56 31.69
20 22.20 941 23.95 20.78 21.47 29.03 26.84 38.28
30 22.33 10.05 24.13 21.68 22.02 32.33 27.47 41.53

Table 1 shows that the porosity of coal samples increases with the increasing immersion
time. In the initial state, the porosity of coal samples in distilled water, 0.1 mol/L, 0.5 mol/L,
and 1 mol/L salt solution is 20.29%, 19.83%, 16.64%, and 19.41%, respectively. After 30 days
of immersion, ¢, and Ag, of the corresponding coal samples are 22.33% and 10.054%,
24.13% and 21.684%, 22.02% and 32.332%, 27.47% and 41.525%, respectively. There are
some differences in the coal porosity at the initial state, which is caused by the number and
distribution of the primary pores in different coal samples. After 30 days of immersion, the
porosity change rate of coal samples soaked in 1 mol/L salt solution is the highest. The
A@p increases with the increase in salt solution concentration. It indicated that the effect
of high concentration salt solution can promote the expansion of primary pores and the
initiation of new fractures, which eventually lead to a relatively large growth rate of total
pore volume in the coal matrix.

The porosity change rate of coal samples varies with immersion time and salt solution
concentration are shown in Figures 3 and 4. Under different immersion time and salt
solution concentration, there are different changing rules between the porosity change rate
and soaking variables. There was an exponential correlation between the porosity change
rate and immersion time (Table 2). When the concentration of salt solution is constant,
the longer the soaking time, the greater the change in porosity. While there is a linear
correlation between the porosity change rate and the salt solution concentration (Table 3).
With the same immersion time, the porosity change rate shows an increasing trend with the
increase in salt solution concentration. Under the action of salt solution, pore expansion,
crack widening, penetration and extension eventually lead to the increase in porosity, thus
aggravating the deterioration of macro-properties of coal samples.

Table 2. Relationship between porosity change rate and immersion time.

Concentration of Salt

. . 2

Solution (mol/L) Fit Function a b R
0 y=ax(1- e~bxx) 9.513 0.3065 0.986
0.1 21.17 0.2015 0.988
0.5 31.30 0.1358 0.979

1 40.79 0.1285 0.983
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Figure 3. The porosity change rate varies with immersion time.
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Figure 4. The porosity change rate varies with the concentration of salt solution.

Table 3. Relationship between porosity change rate and salt solution concentration.

Immersion Time (Days) Fit Function a b R?
1 y=a+bxux 3.344 2.090 0.895
3 6.567 7.019 0.838
5 11.06 12.05 0.730
10 12.30 16.63 0.806
15 13.76 19.45 0.755
20 14.13 25.60 0.849

30 15.03 28.43 0.858
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250

3.2. Evolution of Pore-Fracture Structure
3.2.1. Evolution Characteristics of Pore Size

It can be seen from Formula (2) that the T, spectra obtained from NMR can better reflect
the characteristics of the internal pore structure in coal sample. The pore size is positively
correlated with the transverse relaxation time T,. Large pore sizes correspond to larger Tp
values, and conversely, small pore sizes correspond to smaller T, values. The size of the
amplitude of the T spectrum represents number of pores corresponding to a particular
size, that is, the smaller the amplitude, the smaller the number of pores, and vice versa. The
T, spectra of coal samples soaked by distilled water and salt solutions are shown in Figure 5.
It can be seen from Figure 5 that the transverse relaxation time (T5) is divided into three
relaxation peaks in the attenuation range. Since the attenuation constant is proportional
to the pore size, the three relaxation peaks from left to right correspond to micropores
(pore size < 100 nm), mesopore (100 nm < 10,000 nm), macropores or fractures (pore
size > 10,000 nm). Research indicated that the pore structure can be classified according
to the pore size based on the T, curve [38]. In this study, two points T, = 2.5 ms and
T, = 50 ms were used to classify the pore structure. Areas with T, values less than 2.5 ms
correspond to small pores, areas with T, values between 2.5 ms and 50 ms correspond to
medium pores and areas with T, values greater than 50 ms correspond to large pores or
fractures. Among them, the small pores are defined as the adsorption pore. The middle
pores and the large pores are defined as the seepage pore, which is the channel for fluid to
move freely.

200 |
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Amplitude
100 |

250

150 |

Amplitude
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Amplitude
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10,000 0

250
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Figure 5. T; spectra of coal samples under the action of salt solution. (a) Distilled water; (b) 0.1 mol/L
salt solution; (c) distilled water; (d) 1 mol/L salt solution.
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By observing the T; spectra of coal samples, it can be found that the amplitude of
the first peak is the largest, followed by the second peak, and the amplitude of the third
peak is the lowest, indicating that the number of small pores in coal matrix is large and
well-developed, and the number of large pores is small and poorly developed. For the
same sample, with the increase in soaking time, the amplitude of three relaxation peaks
is significantly enhanced. The location of the relaxation peak is related to the pore size,
and the amplitude of the peak is related to the number of corresponding pores. The
increase in the T; spectra amplitude indicates that the number of pores in the coal matrix
increases with the prolongation of soaking time, while the transverse relaxation time range
becomes wider, indicating that pores with smaller or larger sizes have been generated. By
comparing the Ty spectra of samples soaked in distilled water and salt solution of different
concentrations, it can be seen that the number of pores and fractures in coal increased
after salt solution immersion, and the number of large pores in coal treated with high
concentration increased the most. With the increase in soaking time, the originally isolated
peaks gradually connected, indicating that the connectivity between pores of different sizes
was enhanced, and salt solution immersion promoted the opening of closed pores, which
accelerating the connection between pores and fractures.

3.2.2. Variation in Pore Number

Under the physical and chemical action of salt solution, the minerals inside the coal
sample are dissolved and softened, resulting in the change in pore structure. The increasing
number of pores and fractures aggravated the damage of coal samples. The area of T,
spectra obtained by NMR reflects the number of pores with different size [24]. The sum of
the amplitude of the T, spectra under different relaxation times is defined as the area of the
Ty spectra. The number of total pores (St) is the total area of the T, spectra. The number of
adsorption pores (St1) is the curve area with T, value less than 2.5 ms, and the number of
seepage pores (St7) is the curve area with T, value greater than 2.5 ms.

The relationship berween immersion time and the number of different types of pores
in coal under the action of distilled water and salt solutions are shown in Figure 6. In
general, the number of different types of pores increased to different degrees after 30 days
of immersion in distilled water and salt solution. After soaking for 30 days, the number
of adsorption pores in distilled water, 0.1 mol/L salt solution, 0.5 mol/L salt solution and
1 mol/L salt solution increased by 1.34%, 7.56%, 9.65%, and 16.62%, respectively. The
number of seepage holes increased by 35.66%, 34.03%, 75.03%, and 72.27%, respectively.
The total pore number increased by 12.59%, 18.23%, 26.45%, and 35.72%, respectively.
The number of seepage pores and total pores increased with soaking time. However, the
number of adsorption pores increased first and then decreased with soaking time. The
main reason for this phenomenon is that the small pores are gradually connected to form
larger pores in the late stage of immersion. The pore structure in the coal matrix provides
storage space for water immersion. Under the same saturated water condition, the amount
of water entering the coal matrix is affected by pore parameters such as pore number and
pore connectivity. There are relatively many mineral particles in the coal with small degree
of dissolution, which affects the openness of pore space and the saturation degree of pore
water. The seepage space contains large pores and fractures. The increase in the number of
seepage pores means the increase in large pores or cracks, which is the main reason for the
weakening of coal properties.
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Figure 6. The relationship between immersion time and pore number of coal under the action of salt
solution. (a) Adsorption pore; (b) seepage pore; (c) total pore.

4. Discussion
4.1. Fractal Characteristics

According to the fractal theory [39,40], if the pore structure in the coal sample follows
the fractal law, the relationship between the pores number and the radius is the following
power function:

N(>r) = /rrmax P(r)dr = ar P 4)

where rmax is the maximum pore radius of coal; P(r) is the probability density function of
the pore size distribution; a is the proportional coefficient; and D is the fractal dimension of
the pore structure.

The expression of the probability density function can be obtained by derivation of
Formula (4):

P(r) = diir) = —Dar P! ®)

The cumulative pore volume with a pore radius less than r can be expressed as:
r
w<@:/ P(r) Vodr ©)
"min

where V is the volume of a single pore, 7> for square pores and 47tr° /3 for spherical pores,
and rmin is the minimum pore radius.
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It can be obtained by integrating Formula (5) into Formula (6):
Vi<r)=4d (r?’*D - rf’n*ir?) 7)
Then the total pore volume inside the coal sample is:
V(< rmax) =da (rrgn;xD - rfnijnD) (8)
The pore volume fraction with pore radius less than r in the coal sample is
v 3D _ 3D
5= s T Tin ©)
V(< rmax) max — "min

Since the minimum pore radius (ryin) is much smaller than the maximum pore radius
(max), Formula (9) can be simplified as

3-D

= 3D
Tmax

Sy (10)

In NMR theory, the transverse relaxation time T can be expressed as:

1 1 S 1
—=—+pl5 | +— (11)
T, T p<V> Top
where T»p is the volume relaxation time of the fluid; S is the surface area of the pore; V
is the pore volume; p is the T, relaxation strength of the particle surface; and Typ is the
relaxation time of pore fluid caused by gradient magnetic field diffusion.
Usually, Tpp is between 2 and 3 s, which is much larger than T,. In addition, when

the magnetic field is uniform (the corresponding magnetic field strength is very low) and
the echo time is short enough, T>p can also be ignored. Therefore, the Formula (11) can be

simplified as:
1 /S _ _p
Tz_p<V> _FST’ (12)

where F; is the geometric parameter related to the pore shape, for spherical pores, Fs = 3,
for cylindrical pores, and Fs = 2; r is the pore radius.
Substituting Formula (12) into Formula (10)

3—D
svz( L ) (13)

TZmax

where S, is the percentage of the cumulative pore volume with transverse relaxation time
less than T in the total pore volume.

Taking the logarithm of both sides of Formula (13), a fractal theoretical model charac-
terized by the value of T, can be obtained:

Ig(Sy) = (3 — D)Ig(T2) + (D — 3)1g(Tomax) (14)

According to Formula (14), the linear relationship between Ig(S,) and 1g(T») indicates
that the pore structure has fractal characteristics. By fitting the experimental data, the linear
relationship between 1g(S,) and 1g(T7) was obtained as Formula (15).

1g(Sy) = alg(Tr) + b (15)
The expression of fractal dimension can be obtained by Formula (16):

D=3—g (16)
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Figure 7 and Table 4 show the fractal dimension characteristics of coal sample calcu-
lated based on T spectra. The logarithmic relationship between S, and T, can be divided
into two sections. As mentioned above, with T, = 2.5 ms as the node, the pores in coal
sample are divided into adsorption pores and seepage pores. The fractal dimensions based
on adsorption pore and seepage pore were calculated in the left and right sections of
Ty =2.5ms.

According to the fractal theory, it is meaningful that the fractal dimension of coal pore
structure is between 2 and 3. The fractal dimension based on adsorption pores is less than
2, so it does not meet the fractal characteristics, and it will not be discussed in this paper.
The fractal dimension based on the total pores ranges from 2.51 to 2.57, and the fractal
dimension of seepage pores ranges from 2.93 to 2.98, which shows fractal characteristics.
The linear fitting correlation coefficient based on the fractal dimension of the seepage pore
(0.59-0.788) is larger than that based on the total pore (0.502-0.542), indicating that the pore
distribution of the seepage pore has more obvious fractal characteristics.

The fractal dimension of the pore reflects the complexity of the structure, and the
higher the fractal dimension, the stronger the anisotropy and more complex of the pore
structure, and vice versa. Figure 8 reveals that the fractal dimension of pore structure of coal
sample is related to immersion parameter. The fractal dimension is negatively correlated
with the immersion time. The longer the immersion time, the lower the fractal dimension
of pores. Under the same immersion time, the fractal dimension of pore structure of coal
samples immersed in salt solution decreases faster than that immersed in distilled water. It
shows that the damage effect of salt solution immersion on coal sample is greater than that
of distilled water.
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Figure 7. Fractal dimension of pore structure of coal sample. (a) Immersed in distilled water for
0 day; (b) Immersed in distilled water for 30 days; (c) immersed in 0.1 mol/L salt solution for 0 day;
(d) immersed in 0.1 mol/L salt solution for 30 days; (e) immersed in 0.5 mol/L salt solution for 0 day;
(f) immersed in 0.5 mol/L salt solution for 30 days; (g) immersed in 1 mol/L salt solution for 0 day;
(h) immersed in 1 mol/L salt solution for 30 days.
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Figure 8. Relationship between fractal dimension and immersion time. (a) Immersed in distilled
water; (b) immersed in 1 mol/L salt solution.
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Table 4. Fractal dimension of coal pore structure.
Immersion Immersion Adsorption Pore Seepage Pore Total Pores
Solution Type Time (Days) Dy R2 D, R2 D R2
0 1.2430 0.822 2.9695 0.590 2.5478 0.520
1 1.2475 0.822 2.9692 0.595 2.5466 0.520
3 1.2218 0.824 2.9692 0.575 2.5458 0.521
. 5 1.1989 0.827 2.9673 0.583 2.5433 0.522
Distilled water 7 11626 0.832 2.9657 0587 25364 0526
15 1.1398 0.832 2.9639 0.592 2.5352 0.525
20 1.1033 0.840 2.9613 0.605 2.5266 0.531
30 1.0731 0.843 2.9600 0.604 2.5231 0.532
0 1.2604 0.818 2.9537 0.608 2.5437 0.532
1 1.2590 0.820 2.9541 0.591 2.5418 0.534
3 1.2315 0.822 2.9523 0.608 2.5418 0.534
0.1 mol/L salt 5 1.2136 0.821 2.9484 0.686 2.5393 0.530
solution 7 1.1820 0.826 2.9461 0.687 2.5353 0.535
15 1.1514 0.828 2.9441 0.680 2.5309 0.536
20 1.1163 0.832 2.9408 0.707 2.5250 0.539
30 1.0883 0.836 2.9391 0.695 2.5202 0.542
0 1.2443 0.823 2.9741 0.623 2.5635 0.502
1 1.2166 0.825 2.9729 0.636 2.5602 0.503
3 1.1934 0.827 2.9717 0.646 2.5579 0.504
0.5 mol/L salt 5 1.1394 0.830 2.9676 0.710 2.5531 0.505
solution 7 1.1098 0.832 2.9660 0.734 2.5500 0.506
15 1.0773 0.838 2.9640 0.731 2.5434 0.511
20 1.0398 0.842 2.9607 0.766 2.5367 0.505
30 1.0081 0.845 2.9574 0.788 2.5311 0.519
0 1.2361 0.828 2.9615 0.592 2.5453 0.525
1 1.2119 0.829 2.9612 0.588 2.5425 0.525
3 1.1856 0.833 2.9583 0.606 2.5358 0.531
1 mol/L salt 5 1.1507 0.835 2.9521 0.703 2.5332 0.530
solution 7 1.1296 0.836 2.9557 0.721 2.5301 0.534
15 1.0944 0.841 2.9424 0.816 2.5244 0.537
20 1.0587 0.846 2.9407 0.800 2.5164 0.542
30 1.0318 0.847 2.9402 0.785 2.5137 0.542

4.2. Relationship between Porosity and Fractal Dimension

The seepage pores and total pores in coal samples show obvious fractal characteristics.
Figure 9 shows the relationship between the fractal dimension and the porosity. It is obvious
that large fractal dimensions correspond to small porosity, and vice versa, small fractal
dimensions correspond to large porosity. The smaller the fractal dimension is, the more
uniform the pore structure is. The increase in pore connectivity leads to greater structural
damage of coal samples. By comparing the fractal dimension of pore structure of coal
samples soaked in salt solution and distilled water, it can be obtained that the decrease in
fractal dimension under salt solution immersion is greater than that under distilled water
immersion, which indicates that the pore structure anisotropy of coal sample is smaller and
the pore connectivity is larger after salt solution immersion.
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Figure 9. The relationship between fractal dimension and porosity. (a) Immersed in distilled water;
(b) immersed in 1 mol/L salt solution.

4.3. Diachronic Evolution of Damage

Under the physical and chemical action of salt solution, the minerals inside the coal
sample are dissolved and softened, leading to the change in pore structure. In Section 4.1,
it is explained that the pore space of the total pore and the seepage pore have fractal
characteristics, so the fractal dimension of the pore structure will also change. The damage
variable é; based on the fractal characteristics of the total pore and seepage pore is defined
as follows:

Djp — D;

6 = It % 100%(i=T,Ty; t=1,3,5, ..., 30) (17)

i0
where D is the fractal dimension; i represents different types of pores, in which T represents
total pores, T, represents seepage pores; and t is immersion time, days.
The damage variables of coal samples soaked in distilled water and salt solutions of
different concentrations are shown in Table 5.

Table 5. Damage variables of coal sample under the action of salt solution.

Distilled 0.1 mol/L 0.5 mol/L 1 mol/L
Water Salt Solution Salt Solution Salt Solution
Immersion Time (Days)

or oT2 or o2 or o2 or o2

(%) (%) (%) (%) (%) (%) (%) (%)

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 0.05 0.01 0.07 —0.01 0.13 0.04 0.11 0.01
3 0.08 0.01 0.07 0.05 0.22 0.08 0.37 0.11
5 0.18 0.07 0.17 0.18 0.41 0.22 0.48 0.32
10 0.45 0.13 0.33 0.26 0.53 0.27 0.60 0.20
15 0.49 0.19 0.50 0.33 0.78 0.34 0.82 0.64
20 0.83 0.28 0.74 0.44 1.05 0.45 1.14 0.70
30 0.97 0.32 0.92 0.49 1.26 0.56 1.24 0.72

With the increase in soaking time, the é1 and d7; of coal samples soaked by distilled
water and salt solution increase continuously, which indicated that the effect of water and
salt solution can aggravate the deterioration of coal structure.

As shown in Figure 10, the damage degree of coal samples represented by different
types of pores is positively correlated with soaking time. It directly shows that the longer the
soaking time, the more obvious the pore structure changes, and the greater the deterioration
degree of mechanical property. Comparing the d7 of coal samples soaked in distilled water
and salt solution with different concentrations, it can be seen that the 7 value of coal
soaked in 1 mol/L salt solution is the largest. In general, the damage degree based on the
total pore increased with the increase in concentration. Except there is a slight difference
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between distilled water and 0.1 mol/L salt solution. The 7, increases with the increase in
the concentration of salt solution, which indicates that the concentration of salt solution
has a great influence on the formation and expansion of large pores and fractures. Research
shows the development and penetration of large pores and fractures is the main cause of
the failure of rock material under external load [41,42]. The fractal characteristics of seepage
pores composed of large pores and fractures are more significant than those of total pores.
Therefore, in practical engineering, we can use the damage variable represented by the
fractal dimension of the seepage pores to analyze and evaluate the stability of coal pillars
in underground mine.
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Figure 10. Relationship curves of ét, é17 and soaking time under the action of salt solution. (a) ét;
(b) 672.
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The research results provide a theoretical basis for the stability evaluation of coal pillar.
In order to improve the stability of coal pillar, the initiation and development of internal
pores and fractures should be controlled reasonably. Specific methods are as follows: (1) the
anti-seepage treatment of coal pillar can be used to effectively isolate the erosion of ions
in mine water; (2) the pores and fractures developed in the coal pillar are reinforced by
grouting to enhance the integrity of the coal pillar; (3) setting reasonable coal pillar size;
(4) improve the external stress environment and reduce the influence of external load
disturbance, among which the leaving waste rocks in the mined-out space [43] and the bolt
support controling the deformation of broken rock strata in the roof are considered to be
effective methods to reduce the disturbance of external stress.

4.4. Damage Mechanism
4.4.1. Mechanism of Water Weakening

Complex physical and chemical interactions occur between the liquid and the rock
when it immersed in chemical solutions. The physical interaction is when rock minerals
dissolve, the lubrication effect produced by the liquid destroys the interconnection between
particles. The physical interaction refers to the dissolution reaction of rock minerals and
the lubrication produced by the liquid, which finally destroys the interconnection between
particles. Additionally, pore water pressure creates uneven stresses within the rock, leading
to the reduction in cohesion and friction. Research shows that under the action of external
load, water mainly weakens the strength of coal through the following aspects: reducing
fracture energy and friction, reducing particle surface tension, increasing pore pressure,
and water chemical corrosion [13,44].

The mineral composition of coal is mainly clay minerals, quartz, etc. Water is trans-
mitted into the interior of the coal through porous channels, and the air in the pore space
is gradually exhausted, finally, the spaces between the pores are replaced by water. Due
to the strong hydrophilicity of clay minerals, a large number of water molecules is easily
to be adsorbed to its surface, thus forming a hydration film in the lattice structure of clay
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minerals. The thickness of the hydration film increases with the increase in water content,
resulting in hydration expansion of the mineral. The non-uniform force produced by hy-
dration expansion causes new micro-fractures in coal, and promotes the further expansion
of primary fractures. When water diffuses to the surface of minerals, it will exchange ions
with the adsorbed ions on the minerals surface, which will change the structure of coal,
increase the porosity, and enhance the permeability. In addition, the filling material in the
joint will change from solid to liquid when it encounters water, which will eventually lead
to structural deterioration.

4.4.2. Mechanism of Chemical Reaction between Coal and H* or OH ™ in Solution

Chemical reactions are usually caused by the dissolution of rock minerals by chemical
solutions. This dissolution causes changes in the microstructure, making the rock softer and
weaker and increasing the porosity. The organic functional groups and minerals in coal can
be significantly changed by acid and alkali solution. The kaolinite mineral in coal can react
with H" or OH™ (as shown Formulas (18) and (19)). The quartz mineral is an acidic oxide
and can be effectively dissolved in alkaline solution. The chemical reaction between H* or
OH™ and the minerals in the coal sample dissolves the microstructure surface, resulting
in the generation pores and fractures. In order to clarify the effect of salt solution on the
microstructure of coal samples, SEM experiments were carried out on the coal samples
that in natural state and soaked in 0.1 mol/L salt solution for 30 days. The microscopic
morphology of coal samples in natural state and after salt solution immersion is shown in
Figure 11. In the natural state, the mineral particles in coal samples are closely connected,
and irregularly shaped pores or fractures are scattered on the surface of the structure. After
salt solution immersion, there are a small number of mineral particles inside the sample,
which distributed in flakes or blocks. Due to the dissolution of the salt solution, the edges of
the mineral particles gradually become blurred, and the pore-fracture structure inside the
sample changes. The dissolution of the mineral particles gradually reveals the pores that
were originally blocked by the particles. Micro-cracks and pores developed and connected
to form large pores and fractures. Internal fractures are interconnected, causing the matrix
structure to become loose and the number of pores to increase.

AlyO3 - 280, - 2H,O(Kaolinite) + 14HT = 2A1%" 4 2Si** + 9H,0 (18)
AlyO3 - 2Si0; - 2H,O(Kaolinite) +60H™ = 2A10,~ 4 2Si03%~ + 5H,0 (19)

SiO, +20H™ = Si032~ + H,0 (20)

attached mineral

fracture

N

A

p-

EHT =1000 V™D =40.7mm Mag= 200K X Signal A = SE2

Figure 11. Microscopic morphology of coal samples under the action of salt solution, (a) natural state,
(b) after 0.1 mol/L salt solution immersion.
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4.4.3. Interaction Mechanism between Coal and Salt Solution

The strength of coal will deteriorate to a certain extent under the action of salt solu-
tion [37,45]. The deterioration of coal strength under the action of salt solution is mainly due
to the weakening of cohesion between particles. Only considering the static liquid bridge
force, the cohesion between particles is mainly composed of the gravitational attraction
between particles (F,;) and the static liquid bridge force (Fp) and the expressions are as
follows [46]:
mimyp

F,=G— 172
" T 2Ry + D)?

(21)

Feap = 27tRg0 cos B [1 — 21221305‘3} (22)
where my, m) are the mass of particles; R is the radius of the particle; D is the distance
between particles; o is surface tension; j is the contact angle between liquid and particle;
and R; is the radius of the liquid bridge neck.

Ni et al. [47] found that the surface tension between liquid and solid particles decreases
with the increase in salt solution concentration. It can be seen from Formula (21) that the
cohesion between particles in coal is positively correlated with the surface tension, and
the increase in surface tension will lead to the increase in cohesion, and vice versa, which
indicated that the increase in salt solution will weaken the cohesion between particles, thus
resulting in the deterioration of coal strength.

5. Conclusions

In order to study the effect of salt solution on pore structure of coal, salt solution
with different concentration was used to soak coal sample and nuclear magnetic resonance
measurement was carried out. Firstly, the aging evolution characteristics of porosity and
pore structure of coal sample were analyzed. Then, the fractal characteristics of pore
structure were discussed on the basis of fractal theory, and the relationship between fractal
dimension and immersion parameters was analyzed. Finally, the aging damage variable
based on the fractal characteristics of pores was defined, and the hydrochemical damage
mechanism of coal under the action of salt solution was analyzed. The main conclusions
are summarized as follows:

(1) With the effect of salt solution immersion, the porosity of coal increased with soaking
time. The change rate of porosity increased nonlinearly with soaking time and linearly
with salt solution concentration.

(2) Under the action of salt solution immersion, the NMR transverse relaxation time range
of coal becomes wider, and more pores with larger or smaller size were gradually
formed. The number of seepage pores and total pores increased with soaking time.
while the number of adsorption pores increased first and then decreased with soaking
time. At the later stage of immersion, the pores with small size gradually connect to
form larger pores.

(38) The relationship between fractal dimension and soaking time is linearly decreasing.
Under the same immersion time, the pore fractal dimension of coal immersed in salt
solution decreased more rapidly than that of coal immersed in distilled water. The
damage effect of salt solution soaking on coal matrix is greater than that of distilled
water. There is a negative correlation between fractal dimension and porosity.

(4) The diachronic damage variables based on pore fractal dimension was defined. The
damage variables have a nonlinear increasing relationship with the soaking time,
indicating that the longer the soaking time, the more obvious the pore structure
changes and the greater the deterioration of coal. The damage mechanism of coal
properties was described from three aspects: water corrosion, acid or alkali chemical
reaction and interaction between salt and coal.

The deterioration of coal pore structure affects its macroscopic mechanical proper-
ties [24]. The essential cause of coal pillar instability failure is the weakening of the ability
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to resist deformation under external loads. In order to accurately evaluate the stability of
coal pillar, it is necessary to establish a direct relationship between the changes in internal
pore structure and mechanical properties, which is what we need to further study in the
future. In engineering practice, the temperature and flow velocity of mine water are con-
stantly changing. In addition, a coal pillar is subjected to the pressure of overlying rock
during the soaking process. To scientifically evaluate the stability of coal pillar, we need
to comprehensively consider the coupling effects of multiple factors such as temperature,
stress, and seepage to accurately obtain the evolution law of internal pore and fracture
structure of coal pillar in natural conditions. This is the focus of future research.
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