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Abstract: The combination of coal precise mining and information technology in the new century
is one of the important directions for the future development of coal mining. Taking the fully
mechanized top coal caving condition of a thick coal seam in the 90,101 working face of Baoshan
Yujing Coal Mine in Shanyin City, Shanxi Province as an example, the intelligent identification method
of section coal pillar stability was studied. The load transfer law of overlying strata in the upper
part of coal pillar was analyzed, and the coal pillar values of each index were obtained by using an
empirical formula, mean impact value-genetic algorithm-BP neural network (MIV-GA-BP) simulation
experiment, and finite difference algorithm. The Delphi index evaluation system was used to calculate
the optimal value of the coal pillar. The results showed that the non-contact cantilevered triangle on
the two wings of the coal pillar in the goaf reduced the stress on the coal pillar; according to the width
of the coal pillar at 10 m, 14 m, 16 m, and 20 m, combined with the relationship between the plastic
zone and the core zone of coal pillar, and the relationship between the stress field and the ultimate
strength of coal pillar, the numerical simulation value of the coal pillar was determined. The MIV
(mean impact value) characteristics screened out the influencing factors of coal pillar width in the
section near the horizontal fully mechanized top coal caving face order of importance; the relative
error between the predicted value and the expected value of the MIV-GA-BP simulation experiment
was less than 5%, which has good stability for the multi-factor nonlinear coupling prediction problem;
and the optimal value of the coal pillar was 16.03 m by the intelligent identification method of the
coal pillar. When the 16 m pillar was used, the surrounding rock deformation of the roadway was
small, and the control effect was good. The research results provide a theoretical basis and reference
for the parameter determination of similar projects.

Keywords: fully mechanized top coal caving mining; section coal pillar; MIV-GA-BP prediction
model; Delphi method

1. Introduction

Combined with the development direction of accurate coal mining and information technology in
the new century, the intelligent optimization method of coal pillars arises at a historic moment. If the
coal pillar is too wide, it can bear the load stably and isolate water effectively, but will cause a great
waste of resources. The coal pillar is too narrow to guarantee the safe production of the working face,
and is even affected by many factors such as overlying rock structure, geological structure, and so on,
which puts forward the difficult problem for coal mine water conservation mining and the prevention
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of rock burst. Therefore, it is reasonable to determine the width of the coal pillar, taking into account
the safety of production and economic benefits, which is consistent with the advanced concepts of
scientific mining, green mining, precision mining, and safe mining [1–4].

A series of studies on the reasonable width of a coal pillar in a fully mechanized caving face
has been carried out by domestic scholars. Kong et al. [5], who addressed the problem of the
reasonable retention of coal pillars in fully mechanized caving face sections with a large mining
height, used theoretical calculation, field stress monitoring, numerical software, and other methods to
obtain the mechanical characteristics of the roadway and coal pillars with different coal pillar widths.
Zhang et al. [6] studied the reasonable width of a coal pillar in a fully mechanized caving face with
high intensity mining, established the lateral basic roof fracture structure model, and proposed the
asymmetric surrounding rock control technology. Liu et al. [7] determined the size of the coal pillar
by means of micro seismic monitoring, dynamic stress monitoring, and theoretical calculation in
the fully mechanized caving face section of an extra-thick coal seam in a deep well. Kong et al. [8]
monitored the rock strata movement in a fully mechanized caving face of an extra-thick coal seam,
and determined the reasonable width of a coal pillar in the section by combining numerical simulation
and rock mechanics calculations. According to large-scale deformation of the roadway in “three soft
coal seams” in Dananhu, Lai et al. [9] determined the reasonable width of a coal pillar in the section
through theoretical calculation combined with the stress distribution and plastic zone of the original
coal pillar. Xi et al. [10] analyzed the advantages and disadvantages of four methods to determine
the width of the coal pillar such as the empirical method, theoretical calculation method, numerical
simulation method, and field measurements where the method of combining field measurements and
numerical simulation was proposed to determine the width of coal pillar. Xie et al. [11] analyzed
the geological conditions and mining methods, combined with the computer numerical simulation
and field measurement research, and revealed the influence of the change of the coal pillar width
on the stress distribution and change rule of the surrounding rock in the fully mechanized top coal
caving face. Wei et al. [12] discussed the change rule of protective coal pillar size with mining depth,
mining height, and coal seam dip angle, and established the calculation formula of the coal pillar
size. It was pointed out that in the same mining area, under the conditions of different mining depth,
mining height, and coal seam inclination, the size of the protective coal pillar is not a simple linear
relationship, but a complex nonlinear relationship. Huang et al. [13] used the three field coupling
control method to reasonably arrange the dislocation distance of coal pillars, effectively avoid the
vertical stress superposition caused by the upper and lower coal pillars, and reduce the occurrence of
ground cracks and uneven settlement.

However, at present, the research on section coal pillars has mainly been focused on theoretical
analysis, numerical simulation, and a small number of field measurements, but the research on data
mining, coal pillar prediction, and intelligent identification is relatively few. In recent years, with the
rapid development of artificial intelligence and statistical technology, many engineering problems
have applied the theory and method of computational intelligence from different angles. Among them,
most have been the application of an artificial neural network and genetic algorithm. This provides a
new scientific method for the accurate retention of coal pillars in the section.

Therefore, this paper takes the 90,101 working face of the Baoshan Yujing Mine in Shanyin
City, Shanxi Province as the engineering background, and adopts the scientific research means of an
empirical formula, MIV-GA-BP simulation experiment, finite difference algorithm, and the Delphi
method (DM) “four-way fusion”. The intelligent identification system of coal pillar stability in a fully
mechanized top coal caving face section of thick coal seam was established, and finally verified in the
field. Thus, it can provide a theoretical basis and reference for the determination of parameters in
similar projects.
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2. Technical Framework of Intelligent Identification System

The technical framework of the identification system mainly describes the functional modules
and the interactive data flow and information flow between the modules that must be provided to
realize the stability analysis of coal pillars. It provides a general framework for coal pillar design
from the function realization. The framework is divided into five levels: (1) the information fusion
layer, (2) technical index layer, (3) intelligent analysis layer, (4) DM optimization layer, and (5) target
output layer, and each level cooperates with each other to form the basic framework of an intelligent
identification system for coal pillar stability, as shown in Figure 1.
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Figure 1. Technical framework of the coal pillar stability identification system.

The information fusion layer is the centralized management, effective organization, and efficient
output of multi-source and heterogeneous big data in a mine geological survey space to provide
accurate, comprehensive, and effective information resources for intelligent analysis layer. The technical
index layer acts as a knowledge guide; the research means of integrated integration and
collaborative development are formed, and the information data are transformed into knowledge and
decision-making, so that the entropy of the identification system is reduced to form an orderly structure.
The intelligent analysis layer is based on all kinds of professional domain intelligent computing
technology; the scientific research means of basic theory, artificial intelligence, and numerical calculation
are used to carry out in-depth mining and analysis of multi-source dynamic perceptual data and
information as well as provide core knowledge support for coal pillar stability identification and
intelligent evaluation. The DM optimization layer is based on the effective knowledge base and by
using the Delphi optimization model, the coal pillar values of each index are optimized to realize
intelligent decision and control and provide the best internal function support. Finally, the target
output layer carries out the optimal coal pillar value of the optimization layer to realize the intelligent
identification system of coal pillar stability with more intelligence, high efficiency, safety, reliability,
and green environmental protection.

3. Mechanical Model Analysis and Width Calculation of Coal Pillar

3.1. Summary of Geological Conditions

The average buried depth of the first mining area of Baoshan Yujing Coal Mine is 180 m, and the
thickness of the mining coal seam is 9.64–10.38 m, with an average of 7.96 m, density 1.40 g/cm3,
and average dip angle of 3◦. The 90,101 fully mechanized caving face is the first mining face in a
mining area with a length of 1000 m, a strike length of 150 m, a cutting height of 3 m, and a drawing
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height of 4.96 m, where the plan to layout of the 90,102 fully mechanized caving face is separated by
section coal pillars. The location relationship of the research area is shown in Figure 2.Energies 2020, 13, x FOR PEER REVIEW 4 of 16 
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Figure 2. Positional relationship of the 90,101 coalface.

3.2. Analysis of Mechanical Model of the Coal Pillar

During the mining of a fully mechanized top coal caving face in a thick coal seam, the activity
range of the overlying rock is large, the coal gangue cannot fill the goaf for a short time after top coal
caving, and the overlying rock along the goaf is of a “non-contact cantilever triangle” structure [14].
As shown in Figure 3, the rotation deformation occurs with the overlying rock moving line as the
starting point.
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Figure 3. Overburden structure of an extremely thick coal seam section coal pillar.

In Figure 4, for the overlying rock structure along the empty side of the working face, the following
basic assumptions were made as follows: (1) the triangle is regarded as a rigid body in the process of
motion, that is, the relative position does not change; (2) the self-weight of the triangle has components in
both the normal and inclined directions on the oblique plane; (3) there is continuous and homogeneous
isotropic object of the rock stratum; and (4) the force of coal pillar is proportional to the neutral face of
coal pillar. The mechanical model can be regarded as a triangle, as shown in Figure 4.
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The equilibrium condition of triangle is analyzed. The vertical force balance
∑

Fy = 0 is as follows:

G1 = F3 + F2 sin β+ F1 cos β, (1)

and
F2 = F1 f . (2)

Take the moment with G1, according to the moment balance condition:
∑

MG = 0

F3a− F1c = F2d
(
β < 45

◦
)
, (3)

F3a + F1c = F2d
(
β > 45

◦
)
, (4)

obtained from Equations (1)–(3),

F1 =
aG1

f d− c + a sin β+ a cos β
, (5)

F2 =
f aG1

f d− c + a sin β+ a cos β
, (6)

F3 =
G1( f d− c)

f d− c + a sin β+ a cos β
, (7)

according to the geometric relationship in Figure 4,

a = h(cot β− cotα)/3, (8)

b = 2h/3, (9)

c =
−a tan3 β− h

6 + 1
2 tan2 β√

1 + tan2 β
, (10)

d =
−a tan β− h

3√
1 + tan2 β

, (11)

make S(α, β, h, f ) = f d− c, J(α, β, h) = a sin β+ a cos β, simplified:

F1 =
aG1

S + J
, (12)

F2 =
f aG1

S + J
, (13)

F3 =
SG1

S + J
, (14)

where G1 is gravity; F1 is the supporting force of the goaf to the triangular area; F2 is the friction force;
F3 is the supporting force of the lower rock mass to the broken rock; and α is the strata movement angle.
β is the caving angle, b is the height of the center of gravity of the slider, a, c, and d are the distances
from the center of gravity to F3, F1, and F2, and f is the friction coefficient between the slider and the
contact surface of the lower rock mass.

From Equation (14), it is known that the load on the coal pillar decreases after the cantilever
triangle is broken, because all the loads in the early stage of breaking need to be borne by the coal
pillar in the section, and the vertical load after breaking is decomposed into the force facing the goaf
and the coal and rock mass below. Only part of the load is transferred to the lower pillar. Therefore,
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in calculating the size of the coal pillar, the cantilever triangle should be used to calculate the size of
the coal pillar.

3.3. Calculation of Coal Pillar Width

Based on the background of the 90,101 fully mechanized top coal caving face in the mine,
the geological model was constructed. As shown in Figure 5, the strike length of the fully mechanized
top coal caving face was 1000 m, the working face length was 151 m, the average buried depth was
180 m, and the coal mining thickness of the working face was 5.6–9.5 m, with an average of 8.1 m.
The inclination angle was 0–4◦. Through the analysis of the mechanical model of the coal pillar, it was
considered that the load of the coal pillar is caused by the weight of the overlying rock above it and the
weight transfer of part of the overlying rock in the goaf on one or both sides of the goaf. The ultimate
load per unit area of the coal pillar is

Z =
P

1000B
=

γ

1000B

[
(B + L)H −

1
4

L2 cot δ
]
, (15)

where B is the width of coal pillar, m; L is the length of working face, m; H is the burial depth of coal
seam, m; h is the height of fracture zone, m; δ is the caving complementary angle, ◦; γ is the average
bulk density of overlying strata, kN/m3; and It is the friction coefficient of the interface between the
coal seam and roof and floor.
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Combined with the Benievsky strength formula [15]:

R = RC(0.64 + 0.36B/A), (16)

where R is the strength of coal pillar, MPa; RC is the in situ critical dimensional strength of coal pillar,
MPa. B is the width of coal pillar, m; and A is the height of coal pillar.

The reasonable width of a coal pillar should be satisfied: the ultimate strength of coal pillar is
greater than the ultimate load of coal pillar. That is: Z > R. As a result, the value of the coal pillar was
16.25 m.

4. Simulation Experiment Calculation Based on MIV-GA-BP (Mean Impact Value-Genetic
Algorithm-BP Neural Network)

4.1. Data Acquisition and Preprocessing

Ten influencing factors of coal pillar stability were selected such as tensile strength, cohesion,
elastic modulus, internal friction angle, bulk density, Poisson’s ratio, buried depth, coal seam dip angle,
coal thickness, and working face length [16]. After consulting the data, 36 fully mechanized top coal
caving faces with similar mining and caving ratios were selected as analysis samples, as shown in
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Table 1, and the data were normalized (Equation (17)); moreover, the unit dimension of each variable
was eliminated, making its value in the [0,1] [17], as shown in Table 2.

xi j =
Xi j −Xmin

Xmax −Xmin
, (17)

where Xmax, Xmin are the maximum and minimum values of the data sequence, respectively and Xij is
the actual observations.

4.2. Influence Factor Feature Screening

Taking 10 influence factors as the input and setting the adjustment rates of 10%, 20% and 30%,
50 MIV (mean impact value,) tests were carried out [18]. The MIV eigenvalues of various influencing
factors were calculated, and there were positive and negative correlations between different input
and output variables, showing that the MIV values were divided into positive and negative numbers.
In order to compare the influence weights of different input variables, all MIV values were taken
as absolute values. Draw the weight change curve of each influence factor under different |MIV|

mediation rates, as shown in Figure 6.
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Figure 6. Results of MIV with different adjustment ratios.

From Figure 6, it can be concluded that the weight distribution of the influencing factors of coal
pillar stability is basically the same under different mediation rates, therefore, it can be considered
that the weight distribution of each influence factor is representative under any MIV mediation rate.
Taking the MIV mediation rate of 20% as an example to analyze, as shown in the red curve of the
Figure 6, according to the absolute value of MIV, the 10 influencing factors can be divided into three
sensitive gradients. In this paper, the coal seam dip angle was eliminated according to the knockout
rate of 10%. The other nine variables were included in the prediction model.
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Table 1. Sample data.

Sample
Number

Input Layer Output
Layer

Tensile
Strength/MPa Cohesion/MPa Elastic

Modulus/GPa
Internal Friction

Angle/◦
Bulk

Density/kN/m3
Poisson’s

Ratio
Buried

Depth/m
Dip

Angle/◦
Coal

Thickness/m
Working Face

Length/m
Pillar

Width/m

1 0.950 2.81 2.80 35.5 13.40 0.400 300 6.5 8.80 200 19.20
2 0.249 0.85 1.81 37.2 14.00 0.440 525 4.0 5.95 210 30.00
3 0.790 1.60 2.58 25.0 14.40 0.320 440 3.0 15.00 150 28.00
4 1.020 2.24 6.47 31.5 14.30 0.220 460 3.0 5.00 154 24.72
5 3.500 1.43 4.20 30.0 12.60 0.230 433 2.0 13.70 150 20.00
6 2.320 3.73 3.31 27.4 14.20 0.240 494 2.0 16.00 240 30.00
7 1.010 4.78 4.95 26.8 13.93 0.220 230 1.0 8.72 297 17.00
8 1.200 4.34 4.01 32.4 14.21 0.320 224 3.0 9.09 300 19.00
9 0.700 1.10 2.40 30.0 13.00 0.295 530 7.0 8.00 180 20.00
10 0.925 2.90 2.75 36.5 14.80 0.235 322 6.0 8.76 140 22.62
11 1.850 1.98 0.80 30.4 14.00 0.290 550 5.0 15.90 235 20.00
12 1.280 3.07 2.80 35.0 13.80 0.400 300 4.0 15.00 220 25.00
...

...
...

...
...

...
...

...
...

...
...

...
25 0.360 0.43 1.50 37.5 13.40 0.310 300 5.0 5.50 170 18.00
26 1.800 1.10 3.60 23.0 14.50 0.300 355 4.0 15.20 250 18.00
27 2.500 2.64 1.48 28.0 14.10 0.275 470 6.0 6.70 180 20.00
28 2.100 3.51 1.75 30.0 13.90 0.243 200 1.0 9.00 245 24.00
29 0.925 2.90 2.75 36.5 13.10 0.235 322 4.0 8.76 140 25.00
30 0.800 1.46 3.80 28.0 14.00 0.210 398 3.0 5.60 120 9.00
31 1.950 1.00 3.50 25.0 14.20 0.340 420 2.0 15.72 207 34.00
32 2.850 1.81 2.64 36.5 13.40 0.310 480 7.0 12.80 235 30.00
33 0.740 2.65 2.47 30.3 13.47 0.380 385 1.0 12.30 170 15.00
34 0.940 1.68 1.96 46.3 13.50 0.267 350 7.0 16.70 90 20.00
35 2.170 2.81 3.40 36.6 14.30 0.315 300 6.5 8.80 200 21.00
36 1.400 2.20 2.80 30.0 14.60 0.310 220 4.0 9.20 278 12.00
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Table 2. Normalized sample data.

Sample
Number

Input Layer Output
Layer

Tensile
Strength Cohesion Elastic

Modulus
Internal Friction

Angle
Bulk

Density
Poisson’s

Ratio
Buried
Depth Dip Angle Coal

Thickness
Working Face

Length
Pillar
width

1 0.2156 0.5670 0.4165 0.6763 0.8959 0.8261 0.3243 0.7857 0.2286 0.5238 0.4080
2 0.0000 0.1363 0.2591 0.7274 0.9405 1.0000 0.9324 0.4286 0.0929 0.5714 0.8400
3 0.1664 0.3011 0.3816 0.3607 0.9703 0.4783 0.7027 0.2857 0.5238 0.2857 0.7600
4 0.2372 0.4418 1.0000 0.5561 0.9628 0.0435 0.7568 0.2857 0.0476 0.3048 0.6288
5 1.0000 0.2637 0.6391 0.5110 0.8365 0.1043 0.6838 0.1429 0.4619 0.2857 0.4400
6 0.6370 0.7692 0.4976 0.4328 0.9554 0.1304 0.8486 0.1429 0.5714 0.7143 0.8400
7 0.2341 1.0000 0.7583 0.4160 0.9353 0.0435 0.1351 0.0000 0.2248 0.9857 0.3200
8 0.2925 0.9033 0.6089 0.5855 0.9561 0.4783 0.1189 0.2857 0.2424 1.0000 0.4000
9 0.1387 0.1912 0.3529 0.5110 0.8662 0.3696 0.9459 0.8571 0.1905 0.4286 0.4400
10 0.2079 0.5868 0.4094 0.7063 1.0000 0.1087 0.3838 0.7143 0.2267 0.2381 0.5448
11 0.4925 0.3846 0.0986 0.5230 0.9405 0.3478 1.0000 0.5714 0.5667 0.6905 0.4400
12 0.3171 0.6242 0.4165 0.6613 0.9257 0.8261 0.3243 0.4286 0.5238 0.6190 0.6400
...

...
...

...
...

...
...

...
...

...
...

...
25 0.0341 0.0440 0.2105 0.7364 0.8959 0.4348 0.3243 0.5714 0.0714 0.3810 0.3600
26 0.4771 0.1912 0.5437 0.3006 0.9777 0.3913 0.4730 0.4286 0.5333 0.7619 0.3600
27 0.6924 0.5297 0.2072 0.4509 0.9480 0.2826 0.7838 0.7143 0.1286 0.4286 0.4400
28 0.5694 0.7209 0.2506 0.5110 0.9331 0.1435 0.0541 0.0000 0.2381 0.7381 0.6000
29 0.2079 0.5868 0.4094 0.7063 0.8736 0.1087 0.3838 0.4286 0.2267 0.2381 0.6400
30 0.1695 0.2703 0.5755 0.4509 0.9405 0.0000 0.5900 0.2857 0.0762 0.1429 0.0000
31 0.5232 0.1692 0.5278 0.3607 0.9554 0.5652 0.6486 0.1429 0.5581 0.5571 1.0000
32 0.8001 0.3473 0.3911 0.7081 0.8959 0.4348 0.8108 0.8571 0.4190 0.6905 0.8400
33 0.1510 0.5319 0.3641 0.5200 0.0000 0.7391 0.5541 0.0000 0.3952 0.3810 0.2400
34 0.2125 0.3187 0.2830 1.0000 0.9034 0.2478 0.4595 0.8571 0.6048 0.0000 0.4400
35 0.5909 0.5670 0.5119 0.7093 0.9628 0.4565 0.3243 0.7857 0.2286 0.5238 0.4800
36 0.3540 0.4330 0.4165 0.5110 0.9851 0.4348 0.1081 0.4286 0.2476 0.8952 0.1200
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4.3. Prediction of Coal Pillar Width Based on MIV-GA-BP

4.3.1. Model Fitting Accuracy Evaluation

Training sets are usually used to evaluate the fitting accuracy of the model. The model training
used the sample data of 86% (the first 30 groups in the sample) in Table 2, combined with the influence
factors determined above, to construct the coal pillar width prediction model [19]. The MIV-GA-BP
neural network adopted a three-layer topology, and the optimal number of hidden layer nodes was 14
after many experiments.

The genetic algorithm was optimized to obtain the optimal initial weight and threshold, which was
assigned to the neural network. After training, the model finally met the requirements of fitting accuracy
and convergence speed: the MIV-GA-BP neural network converged effectively after 14 iterations,
and the mean square error was 2.0371 × 10−6, which achieved the preset goal of 1.0000 × 10−5. At this
time, the correlation coefficient between the network output and the expected output of the training
set was 0.89, which can highly fit the characteristics and rules of the sample.

4.3.2. Model Prediction Accuracy Evaluation

The test set used the sample data of 14% in Table 2 (the last six groups of the sample) to evaluate
the prediction accuracy of the model.

As can be seen from Figure 7, the relative error between the predicted value and the expected
value of the network prediction model was less than 5%, indicating that the prediction effect of the
neural network model constructed by MIV variable screening and genetic algorithm optimization was
more accurate, reasonable, and applicable.
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Figure 7. Network model prediction error diagram.

4.3.3. Engineering Prediction

Based on the above model, the section coal pillar width of the typical working face (90101) was
predicted (Table 3).

Table 3. Prediction results of the typical working face.

Model Predicted Value Inverse Normalized Value

Pillar width 0.2992 16.4742 m

Table 3 shows the prediction results of the coal pillar width in this section of the mine. The inverse
normalization of prediction data was the actual calculation data, and it can be seen that the coal pillar
width predicted by MIV-GA-BP model was 16.4742 m.
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5. Numerical Calculation

There are many factors affecting the stability of the coal pillar, so it is difficult to describe its size
simply and accurately in practice, so the calculated value of the empirical formula was 16.25 m and the
predicted value of the simulation experiment was 16.47 m. Four kinds of coal pillar retention schemes
of 10 m, 14 m, 16 m, and 20 m were put forward, and the three-dimensional finite difference numerical
simulation software (FLAC3D—Fast Lagrangian Analysis of Continua, ITASCA, USA) was used to
determine the reasonable coal pillar width.

5.1. Establishment of Calculation Model

When modeling with FLAC3D, the strata composition within the calculation range was merged
and simplified, and the rock strata with little difference in physical properties were combined as a
single strata.

The numerical calculation model is shown in Figure 8. The length, width, and height (X, Y, Z) of
the model were 200 m, 100 mm and 60 m, respectively. In the process of grid division, the research
area was encrypted. There were 146,880 grid points and 138,000 zones in the model. The four sides
and the bottom were constrained and fixed, the top free surface was fixed, and a 180 m equivalent
uniformly distributed load was applied on the top of the model. The roadway was supported by a ϕ
18 × 2000 mm left thread steel bolt, 800 × 800 mm, ϕ 15.24 × 6300 mm anchor cable, and 1600 × 1600
mm supporting section.
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The Mohr–Coulomb model was used in this simulation, and the mechanical parameters of coal
and rock mass were obtained according to the field investigation (Table 4). The simulation process
can be divided into four steps: (1) calculation of original rock stress balance; (2) calculation of the
mining influence of the 90,101 working face; (3) calculation of the roadway driving and bolt support
along the goaf in the 90,102 working face; and (4) the calculation of the mining influence of the 90,102
working face.

Table 4. Physical and mechanical parameters of the strata.

Strata Name Bulk
Modulus/GPa

Shear
Modulus/GPa

Tensile
Strength/MPa Cohesion/MPa Internal Friction

Angle/(◦)
Bulk

Density/kN/m3

Argillaceous sandstone 6.89 6.33 2.31 5.89 40.1 25.36
Sandstone 11.23 9.56 3.78 6.74 39.2 25.12
Siltstone 5.36 4.26 1.34 2.94 33.6 24.32

Coal seam 1.77 1.21 0.99 2.73 30.4 14.21
Carbonaceous mudstone 7.03 4.37 2.98 4.09 34.0 22.23
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5.2. Simulation Result Analysis

5.2.1. Distribution Characteristics of Plastic Zone

In the design of coal pillar size, plastic zone distribution is often used to determine whether the
coal pillar is stable [20,21]. Figure 9a–d show the distribution characteristics of the yield failure units of
the 10 m, 14 m, 16 m, and the 20 m coal pillars, respectively.
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As shown in Figure 9, from the distribution characteristics of the coal pillar plastic area, it can be
concluded that the reasonable selection of section coal pillar width has a great impact on its plastic
failure area. When the coal pillar was 10 m (Figure 9a), the internal plastic failure zone had completely
penetrated, and the coal pillar did not have bearing capacity; when the coal pillar was 14 m wide
(Figure 9b), the plastic failure range was about 8 m, and the internal elastic core zone of nearly 4 m was
generated, and the smaller core zone did not guarantee the stability of the coal pillar. When the width
of coal pillar was 16 m (Figure 9c), the plastic failure area was reduced to 5 m, and the elastic core area
increased to 11 m. The theoretical and empirical analysis showed that it had stability. When the coal
pillar was 20 m (Figure 9d), the plastic failure area had no obvious change, and the elastic core area
increased to 15 m.

According to the characteristics of plastic zone width change, it experienced “steady
increase—sudden decrease at the critical value of coal pillar width (due to the existence of nuclear
zone)—stability”. From the characteristics of the elastic core zone width change, we can see that it
experienced “no core, broken core, stable core and strong core”. Comprehensive analysis showed that
the limit width of coal pillar stability was 14–16 m.

The coal pillar core rate is introduced to quantitatively describe the stability of the coal pillar [22].
The core area rate of the coal pillar is the ratio of the width of the elastic core of the coal pillar
to the width of the retained coal pillar, that is η = (B− x0 − x)/B × 100%. Among them, B is the
width of the coal pillar; and x0 and x1 are the width of plastic zone in the upper and lower sections,
respectively. Figure 10 shows the statistical chart of the nuclear rate of the coal pillar under different
scheme conditions.
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Figure 10. Regression curve between the coal pillar width and coal pillar core area rate.

The stable core area refers to the elastic zone of the coal pillar with a certain geometric size and
less coal seam deformation in the core area. A large number of field practices have shown that the
nuclear area rate of a stable coal pillar is more than 0.65. Taking into account the stability of the coal
pillar and the requirements for safe return, select η ≥ 0.65 as the basis to judge the stability of the coal
pillar. According to the regression curve of the width of coal pillar and the core area ratio of the coal
pillar in Figure 10, the threshold value of the stable coal pillar is about 15.5 m.

5.2.2. Stress Field Analysis

The vertical stresses of the 10 m, 14 m, 16 m, and 20 m coal pillars were obtained synchronously in
the simulation process, as shown in Figure 11a–d. With the increase in the width of the coal pillar,
the vertical stress in the coal pillar decreased, indicating that the bearing capacity of the coal pillar
began to increase, which is beneficial to the maintenance of the roadway. The peak stress of the 10 m
coal pillar reached 19 MPa; when the width of the coal pillar reached 14 m, the vertical stress in the
coal was close to 18 MPa. When the width of the coal pillar reached 16 m, the peak stress was 16 MPa,
the width of the coal pillar further increased, and the stress was further increased and the decreasing
trend of the peak value slowed down. It can be seen that the 16 m coal pillar started to go into a
stable state. From the shape characteristics, the vertical stress in the coal pillar was a butterfly-shaped
distribution; with the increase in the width of the coal pillar, the butterfly wings stretch gradually,
and an abrupt change in shape occurred at 16 m of the coal pillar. From the point of view of stress
characteristics, the vertical stress on both sides of the coal pillar was symmetrically distributed, and the
vertical stress toward the center of the coal pillar increased at first and then decreased. With the
increase in the width of the coal pillar, the stress change in the middle superposition area tended to
ease, and the stress value decreased gradually. From the position characteristics, with the increase in
the coal pillar width, the position of peak stress moved to the boundary of the coal pillar, and the range
of the superposition area increased gradually.
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Figure 11. Vertical stress distribution of different coal pillar widths: (a) 10 m coal pillar; (b) 14 m coal
pillar; (c) 16 m coal pillar; (d) 20 m coal pillar.

In order to quantitatively analyze the stress field and formulate a reasonable basis for determining
the coal pillar, a stress monitoring line was arranged in the coal pillar, and the stress data of the coal
pillar were extracted and combined with the ultimate strength (Equation (16)). The relationship curves
of the coal pillar width, peak strength, and ultimate load are given, as shown in Figure 12.Energies 2020, 13, x FOR PEER REVIEW 14 of 16 
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Figure 12a shows the monitoring plan, Figure 12b shows the stress distribution curve on the
coal pillar measuring line of different plans, and Figure 12c shows the relationship between the peak
stress and ultimate strength of the coal pillar of different plans. It can be seen from Figure 12b that
the vertical stress distribution on the coal pillar was in the shape of “saddle” as a whole. When the
coal pillar was 16 m, the shape differentiation phenomenon occurred, and the middle of the curve
presented a nearly 6 m flat bottom. With the increase in the width of the coal pillar, the peak stress
decreased from 1.94 MPa to 1.60 MPa, and the downward trend is shown in Figure 12c as the red
fitting line. After calculation, the inflection point was at 15.3 m, and the peak stress changed suddenly
near 15.3 m. Further analysis of Figure 12c showed that the intersection points of the actual stress
peak, the fitted stress peak line, and the coal pillar ultimate strength curve were 13.8 m and 14.5 m,
respectively. According to the comprehensive analysis, the width of the coal pillar should be more
than 15.3 m.

5.2.3. Result Discussion

According to the calculated values of each path, the threshold value of the coal pillar in the
section was 13.8–15.5 m. Considering the actual production of the coal mine, it is necessary to ensure
the anchoring effect of the bolt. According to the analysis of the characteristics of the plastic zone,
when the coal pillar was 14 m, there was a broken zone of about 8 m at both ends, and the bolt failed,
so the stability of the roadway cannot be guaranteed. Further comparison of the plastic zone and the
stress field state of the coal pillar with the width of 15.5 m and 15.3 m showed no obvious difference,
but considering the secondary disaster control and other factors of the coal mine, the stability was
determined. The coal pillar threshold was 15.5 m. According to the error checking calculation, the error
of finite difference algorithm of the empirical formula, and simulation experiment was 4.6% and
5.9%, respectively.

6. Identification System Results and Engineering Analysis

The Delphi method was used to analyze the index values of the three techniques [23,24]. Five
experts were invited to participate in the survey including four university professors and one enterprise
employee to rate each index according to the 0–10 scale method. The judgment matrix, the calculated
mean value, the index weight, the final value, and the inverse error value given by the experts for each
index were then sorted out. As shown in Table 5, the final value of the reasonable coal pillar was 16.03
m. In the field, at the 16 m coal pillar, the surrounding rock deformation of the roadway was small,
and the control effect was good. From this, the relative error (Error 1) of three calculation indexes was
deduced: empirical formula (1.61%) < simulation experiment (2.97%) < finite difference numerical
calculation (3.12%). After the calculation of the DM evaluation system, the relative error (Error 2) was
further reduced to 0.31%.

Table 5. Index judgment matrix and calculating weight and final value.

Indicators Values
(m) Error1 Score1 Score2 Score3 Score4 Score5 Mean

Value (Ek)
Weight

(wk)
Final

Value (m) Error2

Empirical
formula 16.25 1.61% 10 9 10 9 7 9 0.37

Z = 16.03Numerical
calculation 15.50 3.12% 10 10 9 9 7 9 0.37 0.31%

Simulation
experiment 16.47 2.97% 7 7 7 7 5 6.6 0.26

7. Conclusions

(1) Based on the analysis of the interaction between the overlying rock and coal pillar, the structural
model of a “non-contact cantilever triangle” was established, and the equations for calculating the
critical time of triangle failure were derived.
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(2) Thirty-six sets of datasets of the fully mechanized top coal caving face in a thick coal seam were
collected and screened by MIV features. The order of importance of the factors affecting the width of
coal pillar in section was as follows: elastic modulus > bulk density > internal friction angle > working
face length > buried depth > Poisson’s ratio > tensile strength > coal thickness > cohesion > dip angle.

(3) The prediction model of the MIV-GA-BP coal pillar was established. Through the simulation
experiment, the relative error between the predicted value and the expected value was less than
5%, which has good stability to the multi-factor nonlinear coupling prediction problem to provide a
reference means for the retention of coal pillars in the field section of the project.

(4) According to the results of numerical simulation, the elastic core area of the 10, 14, 16, and 20 m
coal pillars in turn presented four states: no core, broken core, stable core, and strong core. Combined
with the relationship between the plastic zone and the core area rate of the coal pillars, the stress field
and the ultimate strength of coal pillars, the width of coal pillars under the numerical calculation
method was determined.

(5) Based on the basic theory, artificial intelligence, numerical calculation, and intelligent decision
research method, the intelligent identification system of coal pillar stability in a fully mechanized top
coal caving face section of a thick coal seam was established.
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