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Abstract: The coal pillar is an important structure to control the stability of the roadway surrounding
rock and maintain the safety of underground mining activities. An unreasonable design of the
coal pillar size can result in the failure of the surrounding rock structure or waste of coal resources.
The northern Shaanxi mining area of China belongs to the shallow buried coal seam mining in the
gully area, and the gully topography makes the bearing law of the coal pillar and the development
law of the internal fracture more complicated. In this study, based on the geological conditions
of the Longhua Mine 20202 working face, a PFC?P numerical model was established to study the
damage characteristics of coal pillars under the different overlying strata base load ratios in the gentle
terrain area and the different gully slope sections in the gully terrain area, and the coal pillar design
strategy based on the fractal characteristics of the fractures was proposed to provide a reference for
determining the width of the coal pillars in mines under similar geological conditions. The results
show that the reliability of the mathematical equation between the overlying strata base load ratio
and the fractal dimension of the fractures in the coal pillar is high, the smaller the overlying strata
base load ratio is, the greater the damage degree of the coal pillar is, and the width of the coal pillar
of 15 m under the condition of the actual overlying strata base load ratio (1.19) is more reasonable.
Compared with the gentle terrain area, the damage degree of the coal pillar in the gully terrain area is
larger, in which the fractal dimension of the fracture in the coal pillar located below the gully bottom
is the smallest, and the coal pillar in the gully terrain should be set as far as possible to make the coal
pillar located below the gully bottom, so as to ensure the stability of the coal pillar.

Keywords: coal pillar stability; gully area; base load ratio; fractal characteristics; particle flow code

1. Introduction

Located in the gully area of the Loess Plateau, the northern Shaanxi mining area has
become one of the world’s largest shallow-buried coal seam mines and is an important
energy production base in China [1,2]. In underground mining activities, coal pillars
are important structures for controlling the stability of roadway surrounding rocks and
maintaining the safety of mining operations [3—-6]. Due to the shallow burial of coal seams,
high mining intensity, and simple overlying strata structure [6], the working face in the
northern Shaanxi mining area is more affected by the surface gully topography [7], and
the load transfer law of overlying strata and the mine pressure behavior of the working
face are more complicated [3,8,9], which bring challenges to the determination of the width
of coal pillars when mining shallow buried coal seams in the gully area. A small width
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of coal pillar is easy to destabilize and damage, which cannot ensure the safe mining of
the working face, while a large width of the coal pillar will cause a large amount of coal
resources to be wasted, which is not in line with the development needs of green mining
and scientific mining [10].

The width of the coal pillar directly determines the safety of the underground mining
space, and several scholars have studied the stability of the coal pillar through theoretical
analysis, numerical simulation, and engineering tests [11,12]. Wang Meng et al. [3] obtained
the theoretical criterion of the stability of the coal pillar by establishing the models of the
overlying stratum structure and the coal pillar stress of the dynamic pressure roadway along
the gob, and proposed the reinforcement measures for the coal pillar. The stabilization
measures of coal pillars were proposed. Zhang Zhen et al. [6] comprehensively used
field testing, theoretical analysis, and numerical simulation to reveal the distribution
characteristics and evolution mechanism of the side abutment pressure inside wide coal
pillars under the influence of the first mining action, which provides a basis for the strata
control of underground mining and wide coal pillar disaster prevention and control. Based
on the techniques of microseismic monitoring and moment tensor inversion and velocity
tomography, Song Chunhui et al. [13] studied the damage mechanism and stress evolution
characteristics of the anomalous zones in the irregular coal pillars, which served as the
theoretical basis for analyzing the mechanism of coal pillar damage, destabilization, and
induced rock explosion. In addition, other scholars have evaluated the damage degree of
coal pillars [14,15]. However, the surface of the northern Shaanxi mining area is mostly a
gully terrain [7,16], few scholars have studied the mechanism of the influence of the gully
terrain on the stability of coal pillars, and there is no quantitative analysis of the degree of
damage to the coal pillars.

At present, most studies on the evolution law of overlying fractures in coal mining
use the one-dimensional features of the fissure network to describe the damage range and
damage situation of the overlying strata, such as the commonly used development height
index of the fissure zone [17]. Due to the existence of natural cracks, joints and bedding, and
other weak surfaces in the rock mass, the roof collapses periodically. During the process,
the generated fracture network has a scaling effect, which conforms to the characteristics
of fractal geometry [18,19]. Therefore, using fractal dimensions is an effective method to
characterize the development of fractures and the degree of damage to coal pillars, and has
been widely used in mining engineering [5,19,20]. Zhang Gaizhuo et al. [21] quantitatively
evaluated the geological structure of coal mines by analyzing the fractal characteristics of
fractures. Liu Chao et al. [22] used the fractal method to characterize the fracture evolution
process monitored via microseismic technology. However, they are all studied by means of
numerical simulation that lacks the fracture function inside the unit, such as FLAC3P and
UDEC, which cannot accurately reflect the development and distribution of the fractures,
there are very few studies on the use of fractal theory to describe the fractures within the
coal pillar, and the influence of the gully topography is not taken into account [23]. In this
study, the geological conditions of the 20202 working face in Longhua Coal Mine were used
as the engineering background to analyze the stability conditions and design principles
of coal pillars when mining shallow buried coal seams in the gully area, a PFC?P particle
flow code numerical model was established, and the damage characteristics of coal pillars
under different overlying strata base load ratios in the gentle terrain area and different
gully slope sections in the gully terrain area were investigated, respectively. The coal pillar
design strategy based on the fractal characteristics of fractures was proposed, which can
provide a reference for the determination of the width of the coal pillars of the mines under
similar geological conditions.

2. Engineering Geological Conditions
2.1. Study Area and Mining Settings

Longhua Coal Mine is located in the northern Shaanxi mining area of China. The
mine surface is a typical loess gully area, and the 20202 working face is the first mining
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face of the 202 panel area of the mine, with an inclination angle of 1° and a burial depth of
124.5~188.5 m. It adopts the method of one-time full-height mining of the thick seams, and
manages the roof using the all collapsed method. The 20202 working face is a large mining
height working face, and the thickness of the 22 coal seam mined is 6.25~7.39 m, with an
average of 6.5 m, as shown in Figure 1.

< Shaanxi province Large mining height working face

Figure 1. Overview of the study area: (a) geographic location of the northern Shaanxi mining area;
(b) location of the Longhua Mine; (c) gully terrain on the surface; (d) 20202 large mining height
working face.

The 20202 working face adopts a headentry, tailentry, and subsidiary transportation
roadway arrangement, and all three roadways are arranged along the floor of the 27 coal
seam. Among them, the tailentry is arranged on one side of the face, the headentry and
subsidiary transportation roadway are arranged in parallel on the other side of the face,
and a 15 m wide coal pillar is left between the two roadways. After the 20202 working
face is mined back, the subsidiary transport roadway is kept as the tailentry of the 20203
working face. Therefore, the total service period of the coal pillar includes the first mining
period of the 20202 face and the second mining period of the 20203 working face. The
roadway layout of the 20202 working face is shown in Figure 2.

| - 4050 m -
-
Tailentry
g 20202 working face « | Gob
$
Headentry
— /
= q
— v, Coal pillar
Subsidiary transport roadway 20203 working face

Figure 2. 20202 working face roadway layout.

The 272 coal seam is a stable coal seam. The roof is mostly siltstone and medium
grained sandstone, with undeveloped fractures, and belongs to the roof of class II to III,
which is medium and difficult to fall. The floor is mostly siltstone and mudstone, and the
results of the key stratum judgment show that the overlying strata of the 20202 working
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face is a multi-key strata structure containing a composite key stratum [24]. The borehole
histogram of the 20202 working face is shown in Figure 3.

Borehole column Lithology Thickness (m)

Loess formation 22~86
Fine grained sandstone 40.8
Siltstone 9.5
Fine-siltstone interbedding 16.2
Medium grained sandstone 4.2
Siltstone 9.7
Compound main roof 17.9
Siltstone 4.2
2-2 coal seam 6.5
Siltstone 19

Figure 3. Borehole histogram of 20202 working face.

2.2. UAV Observation of the Topography of the Study Area

In order to further clarify the topographic characteristics of the surface of the 20202
working face, according to the information of the Longhua Coal Mine Geological Assurance
System, the study area was accurately located through satellite maps, and the DJI Phantom
4 Pro V2.0 UAV was used to observe the surface gully area of the working face, as shown
in Figure 4.

Observation height and distance
SEEE]

Figure 4. UAV observation of the topography of the study area: (a) Mine Geological Assurance

System; (b) location demarcation of the study area (satellite map); (c) UAV assembly and navigation
system debugging; (d) UAV observation; (e) remote control screen and parameter display.

Figure 5 shows the topographic characteristics of the study area. According to the
UAV observation results, it can be seen that the surface of the 202 panel area is the gully
area of the Loess Plateau, and the surface of the panel area can be obviously divided into
the gully terrain area and the gentle terrain area, with the overall performance of the east
and the north being gentle, the surface of the west and the south undulating more, and the
surface of the southeast area being gullies and ravines, which is typical of the gully terrain.
The panel area as a whole shows the characteristics of high in the west and low in the east,
and high in the south and low in the north, with the surface height difference of about 64 m.
Although the topography is gentle, the terrain is higher because of thick loess formation.
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Typical gully terrain

Gentle terrain Gully terrain

)

J| The terrain is gentle but the
loess formation is thick.

© @

Figure 5. Observations of the topography of the study area: (a) gully terrain area and gentle terrain
area; (b) typical gully terrain; (c) surface height difference observation; (d) gentle terrain area with
thick loess formation.

2.3. Coal Pillar Stabilization Conditions and Design Principles

The coal pillar size, anchoring method, and stress level all have great influence on
the damage degree of the coal pillar [9,25,26], and it is difficult to accurately judge the
damage condition of the coal pillar, so the damage degree of the coal pillar can be defined
via a quantitative description method under the condition of controlling variables. Taking
the 20202 working face of Longhua Coal Mine as an example, keeping the coal pillar size,
anchoring method, and bedrock conditions unchanged, the relationship between the size
of the load borne by the coal pillar and the damage degree of the coal pillar under the
conditions of different base load ratios (the ratio of the thicknesses of bedrock and loess
formation) was analyzed by changing the thickness of the loess formation to determine the
state of the coal pillar, as shown in Figure 6.

\AAAAAAAAZAA XA \AAAAAAAAAAA A

Figure 6. Schematic representation of coal pillar states at different damage levels: (a) steady state;
(b) semi-steady state; (c) critical yield state; (d) yield state.

After the coal pillar is stressed, plastic and elastic zones will be generated, in which
case the width of the elastic zone reflects the bearing capacity of the coal pillar, while the
range of the plastic zone and the damage degree of the coal pillar can determine the state
of the coal pillar [27]. As can be seen in Figure 6, with the gradual increase in the load
transmitted by the overlying strata to the coal pillar, the coal pillar is gradually transformed
from the steady state to the semi-steady state. The longitudinal fractures within the plastic
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zone on both sides of the coal pillar can be considered to be in the critical yield state before
penetration, reaching the critical point where the coal pillar remains stable. As the load
continues to increase, the coal pillar enters the yield state; both sides of the coal pillar are
completely destroyed, but the coal pillar still has a certain bearing capacity because of the
incomplete elastic core zone [9,28].

Therefore, when the plastic zone at both sides of the coal pillar has local penetration,
the coal pillar is relatively stable. When the plastic zone at both sides of the coal pillar is
completely through and the overall force occurs, it means that the coal pillar terminates
yielding [27]; although the force of the coal pillar at this time is uniform because of the
secondary bearing, the deformation of the coal pillar and the roadway is larger, which is
not suitable for the reasonable width of the coal pillar to be set up [19]. To summarize, the
semi-steady state coal pillar close to the critical yield state is a more ideal width for coal
pillar setting.

Combined with the geological conditions and the actual situation of the surface valley
topography of Longhua Coal Mine, the following principles are proposed for determining
the reasonable design width of the coal pillars in the 20202 working face:

(1) Consider the effect of the repeated mining at the working face on the damage degree
to the coal pillar. Ensure that the coal pillar can be in a semi-steady state during the
first mining period, and the coal pillar can still be in critical yield state during the
second mining period.

(2) Consider the influence of the overlying strata base load ratio on the damage degree of
the coal pillar. Determine the width of the coal pillar according to the actual overlying
strata base load ratio of the working face to ensure that the coal pillar can still be in a
critical yield state during the second mining period.

(38) Consider the influence of gully topography on the damage degree of the coal pillar.
The thickness of the loess formation on the surface of the working face at different
locations is different because of the topography of the gully. For the case of different
base load ratio of the overlying strata caused by the topography of the gully, the actual
maximum loess formation thickness should be used to convert the load under the
fixed thickness of bedrock to ensure that the coal pillar can still be in the critical yield
state during the second mining period.

(4) Consider the influence of the relative spatial position of the coal pillar and the gully
slope sections on the damage degree of the coal pillar. If the coal pillar is below the
gully topography, due to the fixed sequence of the first and the second mining periods
of the coal pillar, it is necessary to discuss the damage degree and stability of the coal
pillar when it is directly below different gully slope sections. On the one hand, the
analysis results can be used as a reference basis for the determination of the coal pillar
setting position and working face length in other working faces in the panel area, and
on the other hand, they can be used to ensure that the relative position of the coal
pillar below the gully slope section can still be in the critical yield state during the
second mining period.

3. Fractal Characteristics of Coal Pillars with Different Overlying Strata Base Load
Ratios in the Gentle Terrain Area

3.1. Numerical Model and Model Parameters

According to the observation results of the topography, it can be seen that although
part of the surface area of the 20202 working face of Longhua Coal Mine is gentle, the
thickness of the loess formation is different in different areas, which makes the overlying
strata base load ratio of the working face different in different areas. In order to study the
damage characteristics of coal pillars with different overlying strata base load ratios in
gentle terrain, a PFC?P numerical model was established.

The PFC?P particle flow code discrete element software can visualize the development
process and distribution characteristics of fractures in the coal pillar after first and second
mining, which is an effective tool to study the damage degree of coal pillars. A PFC?P
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numerical model with a length of 145 m and a height of 128 m was established according
to the conditions of the coal seams and rock strata at the 20202 working face, in which
the thickness of bedrock above the coal seam was 102.5 m, and the thickness of the loess
formation was converted to the load applied above the model. The model was designed
with six sets of operation schemes with different overlying strata base load ratios, and
different thicknesses of the loess formation were simulated by changing the loads applied
above the model.

Using the JL-REPT(A) rock elastic mechanical parameter in situ testing system of
the State Key Laboratory of Coal Mine Disaster Dynamics and Control of Chongqing
University to conduct in situ testing in the underground field, and combined with the
research information of the neighboring mines and the papers under similar conditions, the
mechanical parameters of the coal and rock in each rock strata of the 20202 working face
were comprehensively obtained [29,30]. The mesoscopic interface parameters of the model
are shown in Table 1, and parallel bonding between particles was used. DFN was used
to record the actual fractures between the particles during the model operation process,
which were naturally piled up under the gravity field until full equilibrium.

Table 1. Mesoscopic interface parameters for the particle flow code numerical model.

Lithology Elastic Modulus Shear Modulus Friction Angle Cohesion Tensile Strength
(Gpa) (Gpa) ©) (Mpa) (Mpa)

loess formation 0.15 0.13 9.00 0.26 0.04
fine grained sandstone 8.56 7.42 38.89 3.08 1.09
siltstone 4.86 417 42.03 4.23 1.87
fine-siltstone interbedding 13.54 12.03 41.22 4.85 3.31
medium grained sandstone 18.77 15.12 43.54 5.21 413
siltstone 8.44 6.93 42.08 4.31 2.12
compound main roof 12.04 10.23 33.47 4.29 3.13
siltstone 7.92 6.42 41.87 4.28 2.07
22 coal seam 4.57 3.43 35.46 491 0.42
siltstone 9.94 8.13 42.07 4.59 2.08

After the model was established, a headentry and subsidiary transportation roadway
with a height of 4.5 m and a width of 6.2 m were set up in the middle area of the model
along the bottom of the coal seam, a coal pillar with a height of 6.5 m and a width of 15 m
was set up between the two roadways, and 24 measuring points were arranged uniformly
in the coal pillar to monitor the change in the porosity of the coal pillar. The modeling
results of the right-hand side of the coal pillar after the mining of the 20202 working face
were operated first, and then the results of the left-hand side of the model after the mining
of the 20203 working face were operated. The establishment of the numerical model and
the mining scheme are shown in Figure 7.

.
i a 145 m b ¢
1
i
i
i
i
i
| E
oo
[
E = The first mining period: The second mining period:
i 20203 « 20202 20202 working face 20203 working face
i
ﬁ _ | -
I Eoal pillar width 15 35 65 65m
i ,,,, Coal pillar width: 15m ~~~==-—____ m 6,

e The loess formation is replaced by the

e 20202 working face first, then 20203 working face.

o The base load ratio is the ratio of bedrock thickness
to loess formation thickness.

Subsidiary transport roadway Headentry [ Baseloadraiios [ 05 [ 1 [15] 2 J2s[ 3 |

Figure 7. PFC?P numerical model and measurement points layout: (a) roadway excavation period;
(b) first mining period; (c) second mining period; (d) measurement points layout scheme.
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Base load ratio

3.2. Fractal Characteristics of Coal Pillar Fractures

Fractal theory can accurately characterize the irregularity degree of fractures, and is an
effective method to describe the nonlinear development characteristics of fractures and the
damage degree of coal pillars [19,30]. In this study, the fractal dimension was calculated
using the counting box dimension method, and the calculation principle aims to cover
the fracture network within the coal pillar with a certain side length of the square grid,
calculate the number of square grids required to cover all the fracture network, enlarge or
reduce the size of the square grid proportionally, and calculate the number of square grids
required to cover the fracture network in turn, so that a set of one-to-one correspondence
between the side lengths of the square grids r and the number N is obtained [21,22,31], and
then can be calculated by Equation (1).

Ds = limM 1)
—lgr

Six numerical modeling schemes with different overlying strata base load ratios were
operated separately, the fracture images of the coal pillars were binarized, and the fractal
dimension was used to characterize the development and complexity of the fractures in the
coal pillars and to establish the quantitative relationship between the overlying strata base
load ratio and the fractal dimension. Considering that the number of fractures within the
coal pillar in the numerical simulation results may be small, which brings difficulties to
the calculation of the fractal dimension, it is also easy for this method to lead to error in
the calculation results. Therefore, in this paper, the faclab plug-in of the Matlab program
is utilized to count the number of boxes N at different radii, D¢ [29,32]. The distribution
characteristics of the fractures and the fractal dimension results within the coal pillar under
different overlying strata base load ratios are shown in Figure 8.

Ig N=0.1768-1.6202 Ig 0
R-square: 0.9974
D,=1.62

lg(count)

Q@ Ig(count)
Linear fit of Ig(count)
W$  Coal pillar in yield state op o T 9
6 5 4 3 2 1 0
Binary processing of coal pillar fractures lg(box size)

Ig N=0.27444-1.54121g &
R-square: 0.9959
D, =1.541

Ig(count)

Q@ lg(count)
Linear fit of Ig(count)

Coal pillar in yield state

Binary processing lg(box size)

(b)

Figure 8. Cont.
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Figure 8. Distribution characteristics and fractal dimensions of fractures in coal pillars under different
overlying strata base load ratios: (a) base load ratio: 0.5; (b) base load ratio: 1; (c) base load ratio: 1.5;
(d) base load ratio: 2; (e) base load ratio: 2.5; (f) base load ratio: 3.

As can be seen in Figure 8, with the increase in the overlying strata base load ratio, the
fractal dimension and damage degree of the coal pillar gradually become smaller, and the



Fractal Fract. 2024, 8, 407

10 of 21

coal pillar is more stable. According to the stable condition of the coal pillar, the state of
the coal pillar under different overlying strata base load ratios was determined when the
overlying strata base load ratio was less than 1, the coal pillar was in the yield state, and
the coal pillar near the 20203 working face had a large damage degree, and the whole coal
pillar was unstable at this time, which means that the width of the coal pillar should be
increased or reinforcement measures should be taken when the loess formation thickness is
more than 102.5 m. The coal pillar will be more stable when the overlying strata base load
ratio increases, or reinforcement measures should be taken for the coal pillar. When the
overlying strata base load ratio is more than 2.5, the coal pillar is in a steady state, and the
integrity of the coal pillar is better because the fractures are not developed; then, the width
of the coal pillar can be further reduced, so as to reduce the waste of coal resources [12].
From the results of the fractal dimension of the fractures within the coal pillar, it can be
seen that when the fractal dimension is less than 1.38 and more than 1.54, the width of 15 m
for the coal pillar is unreasonable.

3.3. The Number of Fractures and Characteristics of Porosity Evolution within the Coal Pillar

In order to analyze the development of fractures within the coal pillar under different
base load ratios, the number of fractures within the coal pillar in the numerical simulation
results was derived and compared to obtain the interval of the number of fractures corre-
sponding to the different coal pillar states. The number of fractures within the coal pillar of
the six sets of simulation schemes is shown in Figure 9.

3.0 __@4 ..... :

: Coal pillar in steady state

2.5 4 5
72}
S
S 2.0 25
Y
g N
3 i Semi-steady state
Q15 _4@ 18 =eemenmnana
5
m
1.0 7, 84 weneee Yield state
0.5 @)389

/L /L
I I I 77 I 77 I I

0 10 20 30 80 90 380 390

Total number of fractures in coal pillar

Figure 9. Number of fractures within coal pillars under different overlying strata base load ratios.

Figure 9 demonstrates the correspondence between the number of fractures within
the coal pillar and the state of the coal pillar under six overlying strata base load ratio
conditions. In general, the coal pillar is in the steady state when the number of fractures
within the coal pillar is less than 10, the coal pillar is in the semi-steady state when the
number of fractures within the coal pillar is 10-25, the coal pillar is in the critical yield state
when the number of fractures within the coal pillar is 26-35, and the coal pillar is in the
yield state when the number of fractures within the coal pillar is more than 35.

In order to further analyze the relationship between the overlying strata base load
ratio and the damage degree of the coal pillar, the coal pillar porosity monitoring data of
the measuring points after the end of numerical modeling operation were exported, and
the contour cloud map of the coal pillar porosity was plotted and labeled with the porosity
data of each measuring point, as shown in Figure 10.
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Figure 10. Porosity distribution within the coal pillars at different overlying strata base load ratios:
(a) base load ratio: 0.5; (b) base load ratio: 1; (c) base load ratio: 1.5; (d) base load ratio: 2; (e) base
load ratio: 2.5; (f) base load ratio: 3.

As can be seen in Figure 10, with the increase in the overlying strata base load ratio,
the increase in the porosity within the coal pillar is smaller. Among all the simulation
results, the porosity increase is more obvious in the monitoring areas of p11, p21, P31, P16
and the porosity in the area close to the 20203 working face is larger, which indicates that
the left-hand side of the coal pillar is more damaged. When the overlying strata base load
ratio is 0.5 and 1, the coal pillar is in the yield state, and besides the four measuring points,
the porosity increase in the two measuring points, p22, P32, is also larger.

3.4. Discussion

Through the analysis of the fractal characteristics, fracture number, and porosity
evolution characteristics of the coal pillar, it can be found that the overlying strata base
load ratio has a great influence on the development and distribution of the internal fracture
of the coal pillar, which directly determines the damage degree and stability of the coal
pillar. Overall, the damage degree of the coal pillar is always greater near the side of the
20203 working face, and after analyzing the reason, the mining disturbance of the 20202
working face has made the coal pillar near the side of the 20203 working face appear to
have an obvious stress concentration, so at this time, the coal pillar area on the side of the
20203 working face is in the state of continuous bearing, which is easier to be destroyed
after the 20203 working face is mined back [25].

In order to visualize and analyze the influence of the overlying strata base load ratio
on the development of coal pillar fractures, the results of fractures in the coal pillars under
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different overlying strata base load ratio conditions were counted, as shown in Table 2. The
fractal dimension of the fractures in the coal pillar under different overlying strata baseload
ratios was fitted, and the relationship equation between the overlying strata base load ratio
and the fractal dimension was obtained, as shown in Figure 11.

Table 2. Fracture results within the coal pillars at different overlying strata base load ratios.

Base Load Loess Formation Fractal Correlation Fracture Coal Pillar
Ratio Thickness (m) Dimension Dy Coefficient Number State
0.5 205 1.620 0.9974 389 yield state
1 102.5 1.541 0.9959 84 yield state
1.5 68.33 1.438 0.9929 18 semi-steady state
2 51.25 1.448 0.9936 25 semi-steady state
25 41 1.401 0.9909 5 steady state
3 34.17 1.402 0.9908 4 steady state
A . .
165 @  Fractal dimension Dy
’ Fitting equation
Q
.. 1.60F R
a D; = 1.52495 * J, (008599
=
.g L.55F Q R-square: 0.9511
8
£ 1.50 prmnmmmmnnnn-- !
o Actual D;: 1.502 §
< 1
~— L 1
=~ i
1.40 : J o
E 20202 working face
1.35F 1 actual J,: 1.19
1

L L L L )
0.5 1.0 1.5 2.0 2.5 3.0

Base load ratio J,

Figure 11. Fitting equation for overlying strata base load ratios to fractal dimensions of fractures
within coal pillars.

As can be seen from Table 2 and Figure 11, the smaller the overlying strata base load
ratio is, the more the number of fractures in the coal pillar is, and the larger the fractal
dimension is. There is a mathematical relationship between the overlying strata base load
ratios and the fractal dimensions of the fractures within coal pillars, and the fitting equation
can be obtained as follows:

Dy = 1.52495 x J, (700859, 2)

Through this fitting equation, the fractal dimension of the fractures within the coal
pillar at the actual minimum overlying strata base load ratio (1.19) in the 20202 working face
of Longhua Coal Mine could be calculated to be 1.502. In order to verify the reliability of
the fitting equation, the bedrock parameters of the numerical model were kept unchanged,
the 86 m loess formation was converted to the corresponding load value and applied to the
numerical model, the results of the numerical simulation were exported, the image of the
fractures within the coal pillar was binarized, and the fractal dimension was calculated to
analyze the distribution characteristics of the porosity within the coal pillar, as shown in
Figure 12.
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Figure 12. Numerical simulation results and the distribution characteristics of the fractures within
the coal pillar for an overlying strata base load ratio of 1.19: (a) numerical simulation results;
(b) distribution of fractures within the coal pillar and binarization; (c) fractal dimension of the
fractures within the coal pillar; (d) porosity distribution within the coal pillar.

As can be seen from Figure 12, when the overlying strata base load ratio is 1.19, the
fractal dimension of the fractures within the coal pillar obtained by numerical simulation is
1.500, which is basically the same as that of 1.502 calculated via the fitting equation, which
shows that the accuracy and reliability of the fitting equation are high. At the same time,
according to the modeling results, the number of fractures and porosity distribution within
the coal pillar is also between the overlying strata base load ratio of 1.0 and 1.5, at which
time the coal pillar is in the critical yield state.

Overall, calculating the fractal dimensions of the fractures in the coal pillars has
a positive significance in determining the damage degree of the coal pillars under the
conditions of different overlying strata base load ratios, and the fitting equation of the
overlying strata base load ratios and the fractal dimensions of the fractures in the coal pillar
can also be effective in determining the damage degree of the coal pillar corresponding to
the unknown loess formation thickness.

4. Damage Law of Coal Pillars under Different Gully Slope Sections in the Gully
Terrain Area

4.1. Numerical Model

According to the results of the topographic observation, the surface of the Longhua
Coal Mine 20202 working face is a typical gully terrain, and the height difference of the
surface is about 64 m. The damage degree of coal pillars under different gully slope sections
is different. In order to study the damage characteristics of coal pillars under different gully
slope sections in gully terrain area, a PFC?P numerical model was established. The bedrock
conditions, parameter settings, measuring points arrangement, and mining scheme of the
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model are consistent with the numerical model shown in Figure 7, and only the setting
scheme of the loess formation was changed. Considering the fixed nature of the mining
sequence of the 20202 and 20203 working faces, a total of four sets of model operation
schemes were designed according to the actual situation to simulate the bearing condition
and damage degree of the coal pillars located underneath the peak of the gully, gully
bottom, upslope section of the gully, and downslope section of the gully, respectively,
where the thickness of the gully bottom of the loess formation was about 22 m, and the
thickness of the peak of gully was about 86 m. The numerical modeling scheme is shown
in Figure 13.

1 1 1 1
i i | @ Peak of gully @ Peak of gully |
1 1 1 1
1 1 1 1
1 1 1 1
e E Gully bottom o i =1 LS 4 i s
— =1
o 1 O |1 O 1 1O
Ol < * @ Gully bottom ®) Gully bottom e
1 1 1 1
i1 Peak of gully 1 i i
i i i i
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g =] g g
o0 (o] o0 o0
= Y = Y
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Figure 13. PFC?P numerical modeling schemes: (a) coal pillar below the peak of the gully; (b) coal
pillar below the gully bottom; (c) coal pillar below the upslope section of the gully; (d) coal pillar
below the downslope section of the gully.

4.2. Fractal Characteristics of Coal Pillar Fractures

Numerical modeling schemes for four sets of coal pillars located under different gully
slope sections were operated separately, and the fracture images of the coal pillars were
binarized to calculate the fractal dimensions of the fractures within the pillars, as shown in
Figure 14.
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Figure 14. Cont.
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Figure 14. Distribution characteristics and fractal dimensions of fractures within the coal pillars when
located below different gully slope sections: (a) coal pillar below the peak of the gully; (b) coal pillar
below the gully bottom; (c) coal pillar below the upslope section of the gully; (d) coal pillar below the
downslope section of the gully.




Fractal Fract. 2024, 8, 407

16 of 21

As can be seen in Figure 14, only when the coal pillar is located below the gully bottom
(scheme #2), is the coal pillar in the critical yield state, and the coal pillars in the rest of the
schemes are in the yield state; it can be seen that the damage degree of the coal pillar in the
gully terrain area is obviously larger than that in the gentle terrain area. According to the
results of fractal dimension calculation, the damage degree of the coal pillar is the largest
when it is located below the downslope section of the gully (D = 1.594), followed by the
coal pillar located below the peak of the gully (Ds = 1.546) and the upslope section of the
gully (Df = 1.547), and the damage degree of the coal pillar is the smallest when it is located
below the bottom of the gully (D = 1.512).

Meanwhile, according to the stabilization conditions of the coal pillar, it can be seen
that when the coal pillar is located below the gully bottom in the gully terrain area, the
width of the coal pillar of 15 m is more reasonable, while the other schemes need to increase
the width of the coal pillar or take reinforcing measures for the coal pillar.

4.3. The Number of Fractures and Characteristics of Porosity Evolution within the Coal Pillar

In order to analyze the development of fractures within the coal pillar when it is
located below different gully slope sections, the number of fractures within the coal pillar
in the numerical simulation results is derived, as shown in Figure 15.

4
#4 _T 69
Worse stability of coal pillar

#2 _4@27 .............. .

#1 @37 .......................

Scheme of numerical simulation

>
L

T T T T T T T T T

T
0 10 20 30 40 50 60 70 &8 90 100

Total number of fractures in coal pillar

Figure 15. Number of fractures and corresponding states within coal pillars when located below
different gully slope sections.

Figure 15 shows the correspondence between the number of fractures within the coal
pillar and the state of the coal pillar when it is located below different gully slope sections.
The number of fractures within the coal pillar is 27 when the coal pillar is located below the
gully bottom and the coal pillar is in the critical yield state, while the number of fractures
within the coal pillar in the remaining three schemes is greater than 35 and the coal pillar is
in the yield state, which is in line with the interval of the number of fractures corresponding
to the different coal pillar states obtained above.

In order to further analyze the damage degree of the coal pillar when it is located
below different gully slope sections, the coal pillar porosity monitoring data of the mea-
suring points after the end of numerical modeling operations are derived, and the contour
cloud map of the coal pillar porosity is plotted and labeled with the porosity data of each
measuring point, as shown in Figure 16.
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Figure 16. Porosity distribution within the coal pillar at different gully slope sections: (a) coal pillar

below the peak of the gully; (b) coal pillar below the gully bottom; (c) coal pillar below the upslope

section of the gully; (d) coal pillar below the downslope section of the gully.

As can be seen in Figure 16, the porosity within the coal pillar below the gully bottom
is small, and the porosity growth rate and growth area within the coal pillar obtained
from the other three simulation schemes are basically the same. Generally speaking, the
porosity in the six monitoring areas of p11, p21, P31, P16, P26, P36 is larger, and the porosity
in the area near the 20203 working face is larger than that near the 20202 working face, but
the difference in porosity between the two sides of the coal pillar is relatively small. This
indicates that both sides of the coal pillar have different degrees of damage.

4.4. Discussion

In order to visually analyze the fracture development of the coal pillar when it is
located below different gully slope sections, the fracture results within the coal pillar
obtained from the four numerical simulation schemes were counted, as shown in Table 3.
Table 3. Fracture results within coal pillars when located below different gully slope sections.

Scheme Gully Slope Fractal Correlation Fracture Coal Pillar
Order Section Dimension D¢ Coefficient Number State
#1 peak of the gully 1.546 0.9955 37 yield state
#2 gully bottom 1.512 0.9942 27 critical yield state
#3 upslope section of the gully 1.547 0.9956 40 yield state
#4 downslope section of the gully 1.594 0.9963 69 yield state

Through the analysis of the fractal characteristics, fracture number, and porosity
evolution of the coal pillars, it can be found that the damage degree of the coal pillars is
different when they are located below different gully slope sections. Among the four sets
of simulation results, the damage degree of the coal pillar located below the downslope
section of the gully is the largest, and the damage degree of the coal pillar located below
the gully bottom is the smallest. At this time, the thickness of the loess formation above
the coal pillar is only 22 m, but the number of fractures and fractal dimension within the
coal pillar are similar to the simulation results obtained when the thickness of the loess
formation is 86 m (base load ratio: 1.19). This indicates that the damage degree of the coal
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pillars is greater in the gully terrain area. After analyzing the reason, it is mainly because in
the first mining period, in addition to the load transferred from the overlying strata to the
coal pillar, the loess formation of the peak of the gully slipped to the downslope side of the
gully after the mining of the 20202 working face, which resulted in the further increase in
the load borne by the coal pillar, and thus it is easier to be destabilized in the second mining
period [33-35]. In general, compared with the gentle terrain area, the damage degree of
the coal pillar in the gully terrain area is greater, and the bearing law and the fracture
development law of the coal pillar are more complicated.

5. Coal Pillar Design Strategy Based on the Fractal Characteristics of Fractures

In underground mining activities, the coal pillar is an important structure to control
the stability of the surrounding rock of the roadway and to maintain the safety of the
mining operations. A small width of coal pillar is easy to destabilize and become damaged,
while a large width of coal pillar will cause a large amount of coal resources to be wasted.
Therefore, on the basis of ensuring the safety of working face mining, determining the
reasonable width of coal pillars is a technical problem that needs to be solved urgently in
mines, which is also in line with the development needs of green mining and scientific
mining [15,23].

The fractal dimension and the number of fractures within the coal pillar can intuitively
reflect the stability of the coal pillar, which is an effective method to quantify the damage
degree of the coal pillar. According to the coal pillar stability conditions and numerical
simulation results, the process for determining a reasonable coal pillar width design strategy
based on the fractal characteristics of the fractures is shown in Figure 17.
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of surface conditions of mechanical parameters conditions of
topography overlying strata test of coal rock mass working face

Pre-designed width of coal pillar

Gentle terrain area Gully terrain area
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with those of actual J;,
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Dy fitting Fractal Damage degree
equation characteristics of coal pillars Ves
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Discriminant interval of coal pillar state coal pillar width
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Figure 17. Process for determining reasonable coal pillar width design strategy.

As can be seen in Figure 17, in order to solve the problem of the coal pillar width design
when mining shallow buried coal seams in the gully area, on the basis of clarifying the
overlying strata geological conditions and surface topographic features, the mathematical
relationship between the number of fractures and fractal dimensions of coal pillars and
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the state of coal pillars under the conditions of different overlying strata base load ratios
and gully slope sections were determined by numerical simulation, and the corresponding
coal pillar width design strategy was proposed, which can provide a basis for determining
the reasonable width of the coal pillars. Among them, the discriminant interval of coal
pillar state is an important indicator for determining the damage degree of the coal pillar,
and taking the 20202 working face of Longhua Coal Mine as an example, the discriminant
intervals of coal pillar states were determined, as shown in Table 4.

Table 4. Discriminant intervals for the number of fractures and fractal dimensions under different
coal pillar states.

Type Steady State Semi-steady State Critical Yield State Yield State
fracture number <10 10~25 26~35 >35
fractal dimension Dy <1.420 1.420~1.499 1.500~1.535 >1.535

In summary, based on the coal pillar stability conditions and design principles, the
fractal dimensions of the fractures in the coal pillars, combined with the distribution area
and plastic zone range of the fractures in the coal pillars, the damage area and damage
degree of the coal pillars can be effectively determined, which provides a positive strategy
for the determination of the reasonable coal pillar width, and has also achieved good
application effects in engineering practice, so the coal pillar design strategy can be adopted
in other coal mines with similar geological conditions.

6. Conclusions

According to the geological conditions of the 20202 working face in Longhua Coal
Mine, the stability conditions and design principles of the coal pillars in shallow buried
coal seams in the gully area were analyzed and PFC?P numerical models were established,
and the damage characteristics of coal pillars in different overlying strata base load ratios
of gentle terrain area and different gully slope sections in gully terrain area were studied,
respectively. A coal pillar width design strategy based on the fractal characteristics of the
fractures was proposed, which can provide a reference for the determination of the coal pil-
lar width under similar geological conditions. This study led to the following conclusions.

(1) Through UAV observation of the topography of the study area, the surface topographic
features of the 20202 working face were determined. On this basis, the stability
conditions and design principles of coal pillars were proposed, and the coal pillars
were classified into four states, namely steady state, semi-steady state, critical yield
state, and yield state, according to the damage degree of the coal pillars. The effects
of repeated mining in the working face, the overlying strata base load ratio, the
topography of the gully, and the relative spatial position of the gully slope section on
the damage degree and stability of the coal pillars were considered to ensure that the
coal pillars would be stable during the second mining period.

(2) The PFC?P numerical model was established under the conditions of different overly-
ing strata base load ratios in the gentle terrain area, and the mathematical relationship
between the overlying strata base load ratios and the fractal dimensions of the frac-
tures in the coal pillars was obtained, and the corresponding fitting equation was
established, which basically conformed to the results of the fractal dimension of the
fractures in the coal pillar in the numerical simulation of the actual base load ratio
of the 20202 working face, and proved the reliability of the fitting equation. The
simulation results show that the damage degree of the coal pillar near the side of the
20203 working face is greater after the second mining period, and the coal pillar is
basically in the critical yield state under the condition of the actual overlying strata
base load ratio (1.19), which indicates that the width of 15 m for the coal pillar is
more reasonable.
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(3) The numerical simulation results for different gully slope sections in the gully terrain
area show that the damage degree of the coal pillar in the gully terrain area is larger
than that in the gentle terrain area, and the laws of coal pillar bearing and fracture
development are more complicated. Among them, the fractal dimension of the
fractures in the coal pillar located below the downslope section of the gully is the
largest, and the fractal dimension of the fractures in the coal pillar located below the
gully bottom is the smallest, so the coal pillar can be kept below the gully bottom
as much as possible by changing the length of the working face, so as to ensure the
stability of the coal pillar.
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