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Abstract: In multi-coal seam mining, when the lower coal seam mining face passes over the goaf,
residual coal pillars, and other geological anomaly areas of the overlying coal seam, abnormal
mine pressure appears, and the hydraulic support monitoring system is inaccurate in identifying
the pressure, which brings great hidden dangers to the safe production of the mining face. It is
very necessary to carry out the prediction and early warning of the mine pressure of this kind
of mining face. In order to improve the reliability of the prediction model, this paper takes the
31317 mining faces of the Chahasu coal mine as the engineering background, studies the mechanism
of the disaster caused by the abnormal mine pressure of the residual coal pillar, uses the clustering
analysis algorithm to divide the abnormal mine pressure area of the mining face, reconstructs the
abnormal mine pressure type and number based on the prediction results of CEEMDAN-Transformer
deep learning, and proposes the disaster criterion of the abnormal mine pressure. The research results
show that, when the 31317 mining face enters the goaf of the overlying 31203 and 31201 coal seams,
the residual coal pillars are accompanied by the instability of the interlayer rotation, and the dynamic
and static loads are superimposed to form the additional stress of the residual coal pillars and transfer
downward, causing the abnormal mine pressure of the mining face to appear; based on the hydraulic
support resistance data of the mining face within the range of 3921.4-5050.4 m advance, the clustering
analysis results show that there are six abnormal mine pressures during this period, and the types
are cutting eye, residual coal pillar, square breaking, previous working face goaf square breaking,
double square breaking, and geological damage zone. The clustering analysis is used to reconstruct
the abnormal mine pressure area based on the prediction results of the mine pressure time series
(MPTS) after interpolation completion, decomposition, and noise reduction preprocessing, and the
MAE values are all lower than 2000 kN, predicting that there will be one abnormal pressure between
the 80#-129# hydraulic supports in the process of advancing to 5050.4-5219.5 m, corresponding to the
18th square breaking area of the working face. Through the verification in the actual production, the
prediction result is accurate; when the predicted value of the hydraulic support working resistance is
greater than 19,000 KN, measures should be taken to speed up the advancing speed of the mining
face, quickly pass through the abnormal mine pressure area, and prevent the disaster caused by
the abnormal mine pressure. The prediction clustering analysis reconstruction abnormal pressure
analysis method based on mining working face mine pressure data proposed in this paper provides a
new direction and guidance for the abnormal mine pressure prediction analysis of mining working
face and has good foresight, good intelligent prediction, and a good analysis method for the intelligent
empowerment of mine safety production.

Keywords: residual coal pillar; mine pressure time series (MPTS); k-means++ clustering analysis;
abnormal pressure data reconstruction analysis
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1. Introduction

In the process of multi-coal seam mining, after the upper coal seam is mined, a large
amount of coal pillars are often left behind [1]. When the lower coal seam mining face
advances into the influence range of the mining area, the roof structure collapses again,
and the thick and hard suspended roof breaks and fails under the additional stress of the
residual coal pillar [2]. The special coal-rock occurrence conditions and repeated mining
disturbance cause abnormal mine pressure, and there is a hidden danger of cutting the
roof pressure on the hydraulic support of the mining face. The mining face cannot advance
for a long time and then causes the spontaneous combustion of coal seams and other
problems, which seriously affects the safety production of coal mines. The current mine
pressure monitoring system cannot predict and analyze the mine pressure law under the
special roof structure condition in real time, and the field technicians cannot predict the
abnormal pressure and take corresponding measures, resulting in production stoppage
due to pressure support.

The residual coal pillar adjusts the stress distribution characteristics of the mining
face under complex geological conditions [3] and bears the load of roof fractures in the
mining area [4]. The resource occurrence conditions in Shendong mining area are relatively
simple. The upper coal seam group is generally mined with room-and-pillar or super-long
and super-large mining faces [5,6]. When the lower coal seam in the coal seam group is
mined, the overlying rock layer that has been moved and stabilized is reactivated and
collapses again, and the stress field redistributes. The residual coal pillar acts as a bearing
structure of the arch foot of the collapsed pressure arch of the upper mining area and
continues to bear the roof load [7]. The bearing area includes the collapse area and the
delamination area, causing the nearby coal-rock mass to become unstable and damaged
and transferring the concentrated stress to the lower part, inducing strong mine pressure
in the lower mining area. Regarding the research on the disaster mechanism of the chain
instability of the residual coal pillar group in room-and-pillar mining, Bai, Feng, and others
proposed a method for evaluating the chain instability of the residual coal pillar group
by referring to the anti-continuous collapse design theory of building structures, based
on considering the local instability characteristics of the “key pillar”, analyzing the chain
response characteristics of adjacent residual coal pillar group damage [6,8]. The instability
of a single coal pillar is the cause of the instability of the whole coal pillar-roof system [9].
The coal pillar is first damaged and causes the rock layer to be damaged. The rock layer
damage aggravates the coal pillar damage. The instability of the residual coal pillar causes
the thick and hard basic roof to be damaged. Hydraulic fracturing can effectively weaken
the thick and hard basic roof, destroy its integrity; block the stress transfer path; and reduce
the strong dynamic load borne by the hydraulic support [10].

In recent years, the coal industry internet has been rapidly implemented, and the
storage, transmission, and utilization rate of mine pressure data have been improved,
providing conditions for the online monitoring and deep mining of mine pressure data
on the mining face [11,12]. The mine pressure monitoring data of the mining field mainly
reflects the hydraulic support monitoring data, including the initial support force, the final
resistance, the working resistance, the number of safety valve openings, the resistance
change rate, etc. By analyzing the massive mine pressure monitoring data from multiple
sources, a multi-factor work cycle characteristic parameter index system is established,
which can realize the intelligent perception of the hydraulic support state and the roof
state of the mining field [13]. The mine pressure data of the mining face has temporal
characteristics in the advancing process. By performing a time series analysis and modeling
on the massive mine pressure data, extracting key features for data prediction, neural
network deep learning can realize the prediction of the mine pressure manifestation law
of the working face. Zhao and others used SQL (Structured Query Language) and SLTM
(Long Short-Term Memory Artificial Neural Network) deep learning methods to success-
fully generalize the prediction model [14]. Gao used the field monitoring data of the
hydraulic support working resistance, used the nonlinear prediction method to extract
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the dynamic data sequence characteristics of the hydraulic support working resistance,
and applied the AGCRN model to the hydraulic support working resistance prediction
of the super-long comprehensive mining face. The predicted result is that the average
working resistance in the middle of the working face is higher [15]. Dong proposed a
multivariate linear regression model to predict the pressure when the coal mine roof breaks
and obtained the linear regression coefficient and pressure prediction value of the model.
The prediction result and the monitoring data error are less than 30% [16]. The clustering
analysis algorithm can extract feature parameters to more accurately classify the data [17],
and this algorithm is increasingly used in the field of mining engineering. Javaid used
the k-means algorithm in multivariate stress space to classify the stress tensor data, and
divided the stress heterogeneity data into homogeneous stress domains, and characterized
them using multivariate statistics [18]. Chen et al. considered the time—space correlation
of hydraulic support working resistance data on the working face, proposed a continuity
classification method based on k-means clustering algorithm for large space mining field
size pressure; divided the roof pressure into four types: no pressure, small pressure, large
pressure, and strong pressure; and accurately identified the mining field pressure [19]. The
clustering analysis method is also applied in the field of impact pressure prevention and
control. Chen took the LW8102 working face of Tongxin Mine as the research object, used
the k-means clustering algorithm to analyze the microseismic event data, and identified
the relationship between the microseismic event and the dynamic change of the overlying
layer fracture [20].

With the advancement of the coal mine intelligence process, the intelligent algorithm
provides a new idea for the roof pressure prediction and early warning of working face, but
only using algorithm prediction does not combine with mining theory and field practice
and does not consider the strong mine pressure manifestation characteristics of mining
face under the geological abnormal area, such as goaf and residual coal pillar in coal seam
group mining. For this purpose, this paper establishes a dynamic and static load residual
coal pillar bearing-transfer mechanical model under the condition of downward mining,
numerically simulates the stress transfer law of a residual coal pillar in goaf, deeply extracts
the time—space correlation characteristics of the mine pressure data of support working
resistance during mining face advancement, clusters an analysis of abnormal pressure
types on the mining face based on the CEEMDAN-Transformer deep learning method,
intelligently predicts the hydraulic support working resistance of the whole area of the
mining face over the upper coal seam goaf and residual coal pillar abnormal geological
area, clusters the analysis, and reconstructs the abnormal roof pressure faced by the mining
face. The prediction clustering analysis reconstruction abnormal pressure analysis method
based on mine pressure data of the mining face proposed in this paper provides guidance
for a strong mine pressure analysis, prediction, and early-warning method of the mining
face and has good foresight, intelligent prediction, and an intelligent analysis method for
the intelligent empowerment of mine safety production.

2. The Abnormal Mine Pressure Characteristics of the Working Face

The main mining coal seams of the Chahasu coal mine are 2-2 and 3-1. The 3-1 coal
seam passes through the goaf and double roadway residual coal pillar influence area of
the 2-2 coal seam. The time and space relationship of the 2 and 3 coal seam working faces
is shown in Figure 1, and the mining engineering plan is shown in Figure 2. The 2-2 coal
seam is buried at a depth of 384.6 m, with an average thickness of 3.40 m. The 3-1 coal
seam is buried at a depth of 428.90 m, with an average thickness of 5.91 m. The dip angle is
1-3°, and the coal pillar width of the section is 30 m. The interlayer thickness is 38.39 m, of
which the upper key layer is 9.02 m medium-grained sandstone, and the lower key layer
is 18.38 m fine-grained sandstone. The borehole columnar diagram is shown in Figure 3.
The 31201 working face mining completion was in 2015, the 31203 working face mining
completion was in 2016, and the 31317 working face started mining in 2022.
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Figure 2. Mining engineering plan.

Borehole Column Diagram

Column Rock

Thickness/m

depth/m

Lithological description

2-2 coal

3. 40m

384. 60m

Black, blocky, mainly dark coal,

followed by bright coal, containing

a small amount of silk coal, weak

asphalt luster, strip structure,
dull coal.

Mudstone

7.09m

391. 69m

Gray, blocky, flat
fracture, containing more
plant fossil debris.

Medium sandstone

9. 02m

400. 71m

Gray—white, mainly composed of
quartz, followed by feldspar,
sub-rounded, well-sorted,
clay-cemented with a small
amount of coal dust.

Fine sandstone

18. 38m

419. 09m

Gray—-green, mainly composed
of quartz, followed by
feldspar, sub—rounded,

well-sorted, with obvious
cross—bedding.

Sandy
mudstone

420. 89m

Gray, blocky, flat
fracture, containing
more plant fossil
debris.

Mudstone

2.10m

422. 99m

Gray, blocky, flat fracture,

containing more plant fossil

debris, bottom containing a
small amount of carbon.

3-1 coal

5.91m

428. 90m

Black, blocky, mainly dark coal,
followed by bright coal,
containing a small amount of silk
coal, locally with a small amount

of pyrite structure, dull coal.

Figure 3. Description of coal and rock seams.
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When the 31317 working face and its subsequent working faces advance through
the influence area of the coal pillar left by the 2-1 coal mining area, the middle part of
the working face shows a significant increase in mine pressure and a sudden abnormal
pressure. The reasons are analyzed as follows: first, the remaining coal pillar forms a
high-stress concentration area and continues to propagate downward, and the accumulated
pressure is rapidly released during the recovery process of the working face, increasing
the working resistance of the hydraulic support; second, when the working face advances
under the remaining coal pillar, the overlying rock structure of the mining area that has
been moved and stabilized is broken again, and the remaining coal pillar rotates and
becomes unstable with the key rock layer above the interlayer, forming a dynamic load;
and third, the overlying structure of the working face breaks at the hanging roof, forming a
“slanted step rock beam” structure [21], causing strong mine pressure disasters, such as
support crushing, roof leakage, etc.

At present, the online monitoring system of the hydraulic support working resistance
can monitor the current mine pressure intensity in real time but cannot analyze the mine
pressure intensity at the end of pressure. The average working resistance and its average
variance of the support are used as the pressure determination index of the pressure analysis
system, which has hysteresis and cannot analyze whether it is under pressure in real time.
The support resistance change characteristic as the mining completion criterion can be used
to analyze the current mining pressure intensity, but the abnormal mining pressure shows
a rapid increase in resistance [13]; as shown in Figure 4, the support resistance increases by
80% within the fastest 4 h. For special geological locations, such as mining areas, remaining
coal pillars, and structural fracture zones that cause abnormal mine pressure, the current
working face mine pressure analysis system cannot achieve a timely early warning, and
abnormal pressure causes disaster to threaten personnel and equipment.

[left column right column — incoming pressure —— initial support force qualification limit
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Figure 4. Cont.
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Figure 4. Hydraulic support resistance monitoring graph of 31317 mining face before and after

80# 94 102# 110# 120# 129# 138# 1424

weighting: (a) Pre-pressure hydraulic support resistance data; (b) post-pressure hydraulic support
resistance data.

3. Stress Transfer Law of Remaining Coal Pillars in the Underlying Coal Seam
3.1. Bearing-Transmission Mechanical Model of Remaining Coal Pillars under Dynamic and
Static Loads

Mining disturbance causes a roof collapse and movement; the bending stiffness of the
low-key rock layer is much lower than that of the high-thick key rock layer and breaks to
form key blocks. The rock layer movement does not affect the stability of the high-thick
rock layer, according to the effective area theory, and the crack band separation zone arch
structure has a certain self-stability. The residual coal pillar bears the roof weight of the
upper coal seam to the high-thick hard rock layer [22]. The schematic diagram of residual
coal pillar bearing is shown in Figure 5, and the area of effective roof load on the residual
coal pillar is S:

S= dHl/ (1)

where S is the area of effective roof load acting on the residual coal pillar (m?) and d is the
width of the coal-rock pillar (m).

H; surface overburden

H, high-level key rock beam

" RWTTZ\J L?T<‘]A

coal-rock
| pillar \
residual coal pillar ‘ ' j T I
_ 2-2coal oY ¥
hs _upper |nterval Iayer
2h £} 13 a2 \,.\L\ o o SIS

Figure 5. Schematic diagram of residual coal pillar bearing.
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The concentrated force F; on the residual coal pillar after the stability of the overlying
strata movement above the goaf is as follows:

Fi =vs, @)

where Fj is the concentrated force on the residual coal pillar (N) and vy is the average bulk
density of the strata within the bearing range of the coal-rock pillar (N/m?3).

The high-thick rock layer bears the load of the upper rock layer by itself and bends
and sinks to apply a static load to the rock pillar system composed of coal pillars and the
upper rock body (hereinafter referred to as coal-rock pillars). The mining time on both
sides of the coal-rock pillar is different, and the high-thick key rock layer is simplified as a
rigid rock beam with one end fixed and one end simply supported, which is the mechanical
model of the coal-rock pillar bearing system, as shown in Figure 6.

q

ANMNNNN

a F b

Figure 6. Coal-rock pillar bearing system mechanical model.

The high-level key rock beam mainly bears the surface overburden and is simplified
by the uniform load q:
_ YHs
~a+b’ ©)
where Hj is the height of the surface overburden (m) and a, b are the distances from the
coal-rock pillar to the fixed end and the simple end of the high-level key layer rock beam,
respectively (m).
The high-level key rock beam satisfies the deflection-moment equation:

d’w  M(x)
dx2  EI ’

(4)

where E is the deflection of the high-level key rock beam (m), M is the bending moment of
the high-level key rock beam (N/m), E is the elastic modulus of the beam (GPa), I is the
moment of inertia of the beam section (m?).

The bending moment M expression of the high-level key rock beam is as follows:

2 2
M(X):_q<x_a—£b) +(a+8b)q 5)

The concentrated load o of the high-level key rock layer on the coal-rock pillar can
be simplified as the concentrated force F:

aszq

Fs =05 = a (6)

where Hj is the height of the high-level key rock beam (m).

Assuming that the underlying rock layer under the high-level thick rock layer is a
semi-infinite body, the point load o5’ formed by the concentrated force Fs acting on any
point M below can be simplified as the concentrated force Fy' as follows:

Floo—— s @)
2n2?[1+ (1))

NI
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where F¢' is the concentrated force (N), z is the vertical distance from point M to the
concentrated force F; (m), r is the distance from point M to the concentrated force F; (m).
Therefore, the additional static concentrated stress F; generated by the residual coal
pillar is as follows:
3abHyq
8v/2mH, I’

where H; is the height of the coal-rock pillar (m).

Considering that when the lower coal seam pushes and mines over the residual coal
pillar, the overlying rock collapses again, and the upper interval layer that bears the residual
coal pillar rotates and breaks and causes an impact; the accumulated elastic strain energy
W is as follows [23]:

Fi=F+ ®)

2L5 Zh L
We = (1 Jrvz)(—ZOEI + qZEZ

q2L3

where v is the Poisson’s ratio of the basic roof, L is the distance of roof breakage of the
upper interval layer (m), h; is the height of the upper interval layer (m).
The velocity of the broken rock block of the upper interval layer is as follows:

v e (10)
m

where m is the mass of the broken rock block of the basic roof (kg) and V is the velocity of
the broken rock block of the basic roof (m/s).

According to the conservation of momentum, the dynamic load impact force caused
by the broken rock block of the basic roof on the lower rock layer is as follows:

mV
F» = Qn + ~ (11)

where Qn, is gravity of broken rock block of basic roof (N) and t is impact time (s).

After the rotating and breaking of the basic roof bearing residual coal pillar, overlying
rock moves and balances again, the stress transfer path reconnects to the residual coal pillar,
and it still can transfer concentrated stress downward. The additional concentrated force F
caused by residual coal pillar in upper coal seam to working face recovery is as follows:

3.2. Numerical Simulation of Stress Transfer Law of Residual Coal Pillars in Multi-Seam Mining

According to the engineering geological conditions of the 31317 mining face, a FLAC3D
numerical model was established, with the model size of length x width x height being
745m x 600 m x 128 m, as shown in Figure 7. The four vertical planes and the lower plane
of the model were set as displacement boundaries, which restricted the movement along
their normal directions. The upper plane of the model was a stress boundary. The weight
of the rock layer that was not simulated above the model was applied to the upper plane of
the model in the form of a uniform load, with a magnitude of 8.1 MPa.

The Mohr-Coulomb constitutive model was used to simulate the original rock stress
field and the mining of the 31201, 31203, and 31317 working faces. During the calculation
process, every 500 steps, the collapsed zone elements that had undergone plastic failure
were identified and corrected to the double-yield constitutive model. Finally, the stress
transfer law of the residual coal pillars in the 2-2 coal seam goaf during the mining of the
3-1 coal seam was obtained.
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31201 goaf
31203 goaf
31203 goaf |

Figure 7. Model establishment.

Considering the complexity of the rock mass in the underground engineering of the
coal mine, the mechanical parameters of the coal and rock samples were obtained through
laboratory tests and used as initial values. The mechanical parameters were calibrated by
using the test results of the surrounding rock loosening circle after the roadway excavation
until they matched the macroscopic failure characteristics of the engineering rock mass
in the field. After multiple parameter matching and debugging, the numerical model
parameters of each rock layer were determined, as shown in Table 1.

Table 1. Physical and mechanical parameters of coal and rock in numerical model.

Li Thickness Density Elastic Poisson’s . Friction Tensile

ithology /m /(kg-m~3) M;)Cc;lltllus Ratio Cohesion/MPa Angle/(o) St/;e/[r;)gth
a a
Mudstone 20 2645 1.75 0.26 1.55 33 0.49
Fine sandstone 2269 1.79 0.30 1.33 30 0.48
Sandy mudstone 5 2703 1.59 0.17 1.98 29 0.68
Fine sandstone 13 2269 1.79 0.30 1.33 30 0.48
Mudstone 21 2645 1.75 0.26 1.55 33 0.49
2-2 coal 3 1430 1.20 0.30 1.20 28 0.60
Mudstone 7 2645 1.75 0.26 1.55 33 0.49
sﬁe(ﬁ;)ile 9 2688 1.97 0.26 1.55 33 0.49
Fine sandstone 18 2269 1.79 0.30 1.33 30 0.48
Sandy mudstone 2703 1.59 0.17 1.98 29 0.68
Mudstone 2 2645 1.75 0.26 1.55 33 0.49
3-1 coal 6 1387 1.39 0.25 1.31 31 0.46
Sandy mudstone 13 2703 1.59 0.17 1.98 29 0.68
Sﬁfﬁf;;i‘e 3 2688 1.97 0.26 1.55 33 0.49

After the mining of the upper coal seam was completed, the roof collapsed and broke,
gradually filling and compacting the goaf. The collapsed gangue gradually moved and
stabilized, and the mechanical properties improved. The mechanical parameters of the goaf
model were obtained with the Salamon formula, and the double-yield model was used to
simulate the strain hardening process of the goaf gangue material [24].

Eo&v
o=

=" 13
1—ey/e (13)
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where o was the vertical stress of the caved rock mass (MPa), Ey was the initial tangent
modulus of the rock mass (GPa), ¢, was the strain of the caved rock mass under vertical
stress, ' was the maximum strain after the rock mass expands and breaks.

-1
=2,

&

(14)

where b; was the expansion coefficient of the caved rock mass.

The model working face mined the 3-1 coal seam with a mining height of 5.9 m. The
direct roof mainly consisted of medium-strength rock layers, such as sandy mudstone, fine
sandstone, and medium sandstone. The expansion coefficient was 1.17, and the average
compressive strength was 32.30 MPa. According to the empirical formula, the height of the
caving zone was 12.62 m, the tangential modulus was 95.39 MPa, and the maximum strain
was about 0.15. Substituting into Equation (13), the Salamon model was obtained for the
simulation of the caved rock mass. At the same time, the trial-and-error method was used
to load the unit rock mass multiple times and analyze its stress—strain characteristics until
the simulation curve matches the theoretical curve, as shown in Figure 8. The calibrated
parameters are shown in Table 2.

T T T T T T

100 f | = Salamon Theory
FLAC3D numerical simulation

0 I 8.5068E-01

8.5000E-01
8.2500E-01 1
8.0000E-01
70 F 7.7500E-01
7.5000E-01
6o | 7.2500E-01

7.0000E-01
6.7500E-01
50 B 65000E-01
6.2500E-01
40 6.0000E-01
5.7500E-01

30 + 5.5000E-01
I 5.2500E-01

80

Stress/MPa

20| 5.0000E-01
4.7500E-01
4.5210E-01

P C. ‘ ¥ | ! ! ‘

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
. 2

Strain/10

Figure 8. Stress—strain relationship of goaf gangue with double-yield model.

Table 2. Salamon model parameters table.

Density/(kg-m—3)

Bulk Modulus/GPa Shear Modulus/GPa Friction Angle/° Dilation Angle/°

1850

11.6 9.3 20 4

According to the aforementioned boundary conditions and physical and mechanical
parameters, the numerical model was assigned, and the original rock stress field and 31201,
31203, 31317 working face mining were simulated using the Mohr-Coulomb constitutive
model. During the operation process, every 500 steps identified the collapsed zone unit
that had undergone plastic damage, corrected it to the double-yield constitutive model,
and finally obtained the stress transfer law of the residual coal pillar in the goaf of seam 2-2
when seam 3-1 was mined.

After seam 2-2’s 31201 and 31203 working faces were excavated, the residual coal
pillar (width 30 m) transferred support pressure to seam 3-1’s roof. When 31317 mining face
advanced to a distance of 30 m from the 31203 goaf, it began to be affected by the 31203 goaf.
The advanced stress increase zone and 31203 mining field boundary stress increase zone
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were connected. The roof stress was 13.05 MPa, and the stress increase coefficient was 1.33,
as shown in Figure 9a.

%)
=1

[¥]
=]

Stress—Z2Z(MPa)
S

o o

700

(@)

20

%)
(=3

Stress—Z2Z(MPa)
s 8

o o

100

700

(b)

45
40

35

'S
=3

30

Stress—ZZ(MPa)
[
f=]

(=]

(©)

Figure 9. Roof stress evolution law during lower seam mining: (a) advance distance from goaf of
seam 2-2’s working face n0.31203:20 m; (b) advance distance from goaf of seam 2-2’s working face
n0.31203:0 m; (c) advance distance from goaf of seam 2-2’s working face n0.31201:0 m.

When the 31317 comprehensive mining face advanced to the 31203 goaf, the advanced
stress was as high as 23.82 MPa, and the stress increase coefficient was 2.43, as shown
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in Figure 9b. When the 31317 working face advanced to the spatial overlap area of the
31203 goaf, the stress increased rapidly. However, due to the existence of thick and high-
strength sandstone between the seams, the plastic zone expansion range was small.

When the 31317 comprehensive mining face continued to advance to the 31201 goaf,
it was located directly below the section residual coal pillar. The advanced stress peak
value was 37.80 MPa, and the stress increase coefficient was 3.8, as shown in Figure 9c. The
influence range of residual coal pillar connects seam 3-1’s section of the coal pillar, and
the high-stress concentration range expanded. The upper and lower seam coal pillars are
always in a high-stress area. Under this state, coal pillars are prone to deformation and
damage, inducing large-scale coal pillar instability. When entering a residual coal pillar,
the sandstone interlayer supported its overlying rock layer to form a large high-stress area
and caused serious damage to the coal body in front of the working face of seam 3-1. The
residual coal pillar was affected by lower seam working face mining and rotated unstably
with an interlayer basic roof, causing an impact load and transferring it to the lower seam.
A suspended roof cut easily into a coal wall fracture, causing abnormal mine pressure from
the lower seam working face recovery and resulting in a pressure frame accident.

During the lower working face mining process, when passing the overlying residual
coal pillar area, the working face pressure increased significantly. Before the working face
entered the coal pillar, the overlying residual coal pillar influence form was mainly static
pressure; after the working face entered the coal pillar, the overlying residual coal pillar
influence form was mainly dynamic pressure.

4. Analysis of Abnormal Pressure on the Mining Face Based on Cluster Analysis
4.1. Abnormal Pressure Clustering Algorithm Based on K-Means++

The working resistance data of the hydraulic support are the most intuitive quan-
titative feature that reflect the roof pressure on the mining face. The cluster analysis of
unsupervised learning can divide the hydraulic support working condition feature data
set that cannot be obtained with human observation into different classes or clusters. The
data objects in the same cluster have similarity and can characterize the roof’s abnormal
pressure with time and space features.

The k-means++ algorithm is an improved algorithm for the randomness of the initial
centroid selection of k-means algorithm, which leads to a misclassification. When randomly
selecting the k + 1 th cluster center, there is a higher probability of choosing data points
that are farther away from the previous k cluster centers.

Considering the validity of the working face area data, for the hydraulic support
average working resistance data with n samples, the working face full-area pressure grid
unit with the hydraulic support number and mining advance as coordinates is used as the
sample data set. Part of the data set is shown in Table 3. The 1483 working resistance data
of the hydraulic support in the working face collected during mining are plotted in the
cloud map, as shown in Figure 10.

Table 3. Part of the 31317 working face area pressure sample data set.

Advance/m 53#/N 60#/N 67#/N 73#/N 80#/N 87#/N 94#/N
4267.8 15698 13288 7305 7789 14089 17518 15642
4276.6 14762 14924 10497 7510 15522 16761 13262
4285.4 7871 10212 8473 4554 9279 11176 6035
4294.2 13139 14582 12447 7154 14839 15260 9411
4303.8 11323 9736 8663 5905 11912 12736 7432
4314.2 11323 9736 8663 5905 11912 12736 7432
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Figure 10. Cloud map of hydraulic support original data.

Use the k-means++ algorithm to classify the types of pressure, as follows:

(1) Randomly select one grid unit in the whole area of the working face with the bracket
number and the backhaul footage as coordinates as the initial cluster center P1; first,
calculate the Euclidean distance dij between each grid and the current existing cluster
center, then calculate the probability of each grid being selected as the next cluster
center; finally, select the next cluster center according to the roulette method; repeat
the previous step until k cluster centers Pk are selected.

(2) Taking k cluster centers as reference points, calculate the distance dij between the
remaining samples and the previous k cluster centers one by one and use it as an
indicator of similarity between them; assign the site to the data cluster where the
reference point Pk with the smallest distance is located.

(38) For each data cluster, recalculate its cluster center, and repeat steps (2) and (3) until
the cluster center position no longer changes.

4.2. Optimal Clustering Number K Value Determination for Abnormal Pressure

In a k-means++ clustering analysis calculation, first, the clustering number k is pro-
vided; whether k value is correct will directly affect the clustering effect. According to
empirical classification, the possible minimum value ki, and maximum value kynax of
clustering number k can be estimated. The silhouette coefficient is a common indicator
to evaluate the validity of clustering number selection, which measures the compactness
and separation of data points when forming clusters. The value range of the silhouette
coefficient is between —1 and 1. The closer the silhouette coefficient s(k) is to 1, the better
the data points are connected with their own clusters and separated from other clusters
significantly [25].

The abnormal pressure types of the 31317 comprehensive mining face in the Chahasu
coal mine may include the following;:

(1) Residual coal pillars in over-mining area

During the process of advancing the 31317 comprehensive mining face, it passed
over the 31201 and 31203 comprehensive mining face mining areas successively. After
passing over the 31203 comprehensive mining face mining area, it was affected by a
30 m residual section coal pillar, and periodic pressure caused changes, which directly
manifested in a shortened periodic pressure step distance, increased periodic pressure
duration step distance, and increased working resistance value of working face hydraulic
support. Possible clustering clusters are the cutting eye of the over-mining area and residual
coal pillar (two classes).

(2) Square breaking

Every time the comprehensive mining face pushes to a square position (the advancing
length is equal to the length of this working face) 50 m, the mine pressure shows stronger
on the working face, and there are bottom cracks, roof breaking, and coal wall flaking on
the working face. The 31317 comprehensive mining face pushed to the 31315 mining area
square position affected by the 31315 mining area lateral hanging roof. The square position
of this working face overlaps with that of the upper section working face mining area as a
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“double square” influence area, and the mine pressure is more intense. Possible clustering
clusters are in the square position of this working face, square position of upper section
working face mining area, and double square position (three classes).

(3) Passing through strip fracture zone

During the backhaul process of the 31201 comprehensive mining face, the strip fracture
zone was exposed, which penetrated through the 31201 and 31317 interlayer layers and
affected the range from the 31317 comprehensive mining face cutting eye, 3264—4314 m.
The possible clustering cluster involves passing through the strip fracture zone (one class).

In addition to the above-mentioned clustering clusters, there are two classes of future
pressure and periodic pressure. The optimal clustering number k can only take positive
integers. Therefore, the k value may vary in [2,8]. Each k value in variation range is taken to
calculate the corresponding clustering validity evaluation function s(k); for the calculation
results, see Table 4.

Table 4. Silhouette coefficient s(k).

2

3 4 5 6 7 8

s(k)

0.62237

0.61716 0.50358 0.66167 0.74391 0.72596 0.67597

When k = 6, s(k) takes the value 0.74391, closest to 1, so the optimal clustering number
for 31317 comprehensive mining face pressure is 6.

4.3. Pressure Analysis of Backhaul Working Face Based on K-Means++ Clustering Algorithm

The footage position of the single bracket hydraulic support is taken as feature 1 and
the working resistance value as feature 2; the clustering number is six for the clustering
analysis pressure type. On the basis of separately clustering the analysis each hydraulic
support, it is integrated to form the whole area clustering analysis result of the working
face. For the single bracket hydraulic support clustering result, see Figure 11.
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Figure 11. Clustering result of #110 hydraulic support.

From the clustering result, it can be seen macroscopically that classification clusters
have obvious periodicity, and the width of each class period maps onto the horizontal
coordinate axis length at about 200 m, indicating that a high-level key layer fracture forms
large pressure; the fracture distance is 200 m. Referring to the mining engineering plan,
g1 is located in the strip fracture zone, and the g position is about to enter the residual
coal pillar.

To integrate the clustering analysis result of all hydraulic supports of backhaul working
face, the analysis of the whole area clustering of the backhaul working face is unified; the
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clustering result is shown in Figure 12. From the figure, it can be seen macroscopically that
the working face pressure area shows periodic aggregation distribution characteristics; six
aggregation areas, G to Gg, appeared. The aggregation area shape is elliptical.
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Figure 12. Clustering analysis of 31317 comprehensive mining face pressure.

According to geological report of the Chahasu coal mine, the 31317 comprehensive
mining face exposed the strip fracture zone when advancing 3921.4-4392.4 m. The length
of the 31317 comprehensive mining face is 285 m, and the square position of this working
face is 3990 m, 4275 m, 4560 m, 4845 m, 5130 m. The square position of the upper section
working face is 3765 m, 4050 m, 4335 m, 4620 m, 4905 m.

According to the clustering result analysis working face pressure characteristics, the
clustering area G; footage is 3821.4-4011.8 m, the middle hydraulic support working
resistance is mostly more than 13,000 kN, the G; area is due to strip fracture zone, the
position of this working face is square, and the high-level basic roof fracture superposition
caused abnormal pressure display. The G, area is located at 4027.0-4274.2 m, and the
middle hydraulic support working resistance is up to 15,000 kN; in addition, it is affected
by the strip fracture zone and high-level basic roof fracture. The advancing position is
under the residual coal pillar and in a period of entering the residual coal pillar, causing
the hydraulic support working resistance to rise sharply. The G3 area was only affected by
the strip fracture zone and high-level basic roof fracture, the abnormal pressure value was
relatively reduced, and the middle hydraulic support working resistance part was more
than 13,000 kN. The G4 area was only affected by the square position of this working face,
and the middle hydraulic support part was more than 13,000 kN. The G5 and G areas are
classification clusters obtained by calculating data outlier classification, the data abnormal
reason is the hydraulic support emulsion pipeline leakage, and the support resistance was
reduced. The calculation results show that the clustering characteristics conform to the
actual production situation.

5. Modeling and Analysis of Abnormal Pressure Prediction on Mining Face Based on
Hydraulic Support Working Condition Data

5.1. Bilinear Interpolation of Mining Pressure Data Set

Due to the performance defects of the mining pressure monitoring equipment and
the influence of the harsh underground environment, there are often situations where the
corresponding data are not collected due to the failure of the monitoring equipment or the
transmission line, which causes the loss of mining pressure monitoring data. The blank
area in Figure 12 is the missing data area. If the missing data are not interpolated, it will
directly affect the accuracy of the mining pressure prediction results or even cause errors in
the mining pressure prediction results. Therefore, before predicting the mining pressure
data, it is necessary to interpolate the missing mining pressure data [26].

A bilinear interpolation is a combination of linear interpolation in two directions. The
working face full-area pressure function P(x,y) has known function values at Q11 = (x1,y1),
Q12 = (x1,¥2), Q21 = (x2,y1) and Q2 = (x2,y2), performs linear interpolation twice in the x-
axis direction to obtain R; = (x,y1) and R, = (x,y2), and performs a linear interpolation once
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in the y-axis direction to obtain P(x,y). Due to the special nature of edge line data, P(x,y) is
used to replace Qj; = (xj,yj) for the calculation. The principle of the bilinear interpolation of
the mining pressure data is shown in Figure 13. After bilinear interpolation preprocessing,
there are 1672 data points. The pressure of the whole area of the working face after the
interpolation is shown in Figure 14.
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Figure 13. Principle of bilinear interpolation of mining pressure data.
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Figure 14. Cloud map of working face full-area pressure after bilinear interpolation.

5.2. CEEMDAN Decomposition Denoising of Mining Pressure Time Series

The bilinear interpolated mining face pressure has an obvious time-space uniformity,
and the working resistance of the hydraulic support also has time sequence characteristics.
Observing the working resistance characteristics of hydraulic support during 31317 com-
prehensive mining face advance process, MPTS (Mining Pressure Time Series) arranged in
time order is non-stationary and has strong nonlinearity and volatility, and the prediction
difficulty is large.

The CEEMDAN adaptive noise complete ensemble empirical mode decomposition
can realize the decomposition of the intrinsic mode function and residual signal of working
resistance and solve the problem of the nonlinearity and strong fluctuation of hydraulic
support working resistance data. The steps of the CEEMDAN algorithm are as follows:

(1) Add white noise to MPTSP(t) and decompose it to obtain the first intrinsic mode
function IMF component ¢; and residual ry.

(2) Add white noise to the residual r; and decompose it to obtain the second intrinsic
mode function IMF component ¢, and residual rp.

(3) Repeat step (2) until the kth residue can no longer be decomposed.
After the CEEMDAN algorithm decomposition, denoising MPTS did not discard the

IMF component containing valid information but discarded more noise; the denoised IMFc;
component tends to be stable, as shown in Figure 15.



Processes 2024, 12, 283

17 of 23

IMF1

IMF2

IMF3

IMF4

IMF5

IMF6

. . . . . . . .
01 02 0. 4 E . : :
2000 . . . . . .
1000 f/‘f ﬂ
0 L 7 L

;
/
|

10000 i ¥ i T i T i
9000L 4‘---4-""‘--____._.._..._........______, 1
‘ ‘ ‘ ‘ ‘ ]

0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

Residual

Figure 15. CEEMDAN decomposition of each IMF component.

5.3. Mining Face Pressure Prediction Based on Transformer Algorithm with Multi-Head
Attention Mechanism

The deep learning model Transformer, based on a self-attention mechanism, has a
strong modeling ability for time series data and has good applications in the natural
language processing field, including machine translation, text summarization, question
answering system, etc. [27]. When using the Transformer algorithm to predict hydraulic
support working resistance data on the mining face, the steps are as follows:

(1) Import each IMF component with time sequence characteristics after CEEMDAN
algorithm decomposition denoising, realize a sequence-to-sequence prediction of
each component sequence through a multi-head attention mechanism, feedforward
network, and linear calculation.

(2) Accumulate and synthesize multiple predicted IMF component sequences to obtain
hydraulic support working resistance prediction results.

As can be seen from Figure 16, the sliding average loss value (EMA loss) shows a
monotonic decreasing trend, and the loss value is reduced to 0.049 after 61 rounds of
complete training. The working resistance curves of hydraulic supports 53#, 80#, 110#, and
129# in the 31317 comprehensive mining face are predicted as shown in Figure 17.
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Figure 16. Prediction model loss-iteration curve.
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MAE is a common evaluation metric for hydraulic support working resistance predic-
tions, which can accurately reflect the difference between the MPTS predicted value and

Figure 17. Prediction output result of single hydraulic support advance measurement line.
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the actual value, that is, the accuracy of the prediction. The specific calculation method is
shown in Formula (15).

1Y X
MAE = *Zb’i - ¥il (15)
N&=

In the formula, N is the sample number, and y; is the actual value of the sample
number. y; represents the predicted value of the i-th sample.

By calculating the average MAE of all samples in the test set, the overall performance
of the prediction results is evaluated, as shown in Table 5. The results show that, in the four
experimental groups with a prediction sequence length of 23, the MAE values are all lower
than 2000 kN, and the prediction results are accurate.

Table 5. Test set MAE value.

Number 53# 80# 110# 129#
Sample size 88 88 88 88
MAE/KN 1985.4 1523.5 1756.5 1679.8

5.4. Abnormal Pressure Clustering Reconstruction Based on Hydraulic Support Working
Condition Data Prediction

The output mining face full-area hydraulic support working resistance prediction
value, the cluster analysis of the mining face full-area abnormal pressure type, the output
after the cluster analysis 31317 comprehensive mining face abnormal pressure, and the
abnormal pressure clustering reconstruction based on the hydraulic support working
condition data prediction are overlapped; see Figure 18.
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Figure 18. The 31317 comprehensive mining face abnormal pressure clustering reconstruction based
on hydraulic support working resistance data prediction.

The 31317 comprehensive mining face advanced to 5130 m when passing the 18th
square of this working face. According to the clustering analysis reconstruction of the
predicted MPTS, the clustering number of the predicted MPTS is 2, divided into G; and
G, areas. The G area lags behind the square area, and the prediction results indicate
that abnormal pressure may still occur in the 80#-120# hydraulic support after passing
the square, and management personnel should take corresponding measures to deal with
abnormal pressure in advance. The G, area is caused by a hydraulic support supply system
leakage, resulting in pressure loss and abnormal working resistance.

In summary, the cluster reconstruction prediction and early-warning method of abnor-
mal mine pressure in the working face under the legacy coal pillar is briefly described as
follows: 1. Cluster the analysis of the past roof pressure types and numbers. 2. Establish
the MTPS sequence. 3. Perform a bilinear interpolation to complete MTPS. 4. Perform
CEEMDAN decomposition denoising. 5. Use the Transformer algorithm to predict MTPS.
6. Cluster the analysis to predict the roof pressure types and numbers in the area. These
steps are shown in Figure 19.



Processes 2024, 12, 283

20 of 23

l

Cluster analysis
of past roof
pressure types
and numbers

Calculate the silhouette
coefficient compare it with
the actual situation

hy

l

Bilinear CEEMDAN Transformer
interpolation to » decomposition » algorithm to
complete MTPS denoising predict MTPS

Cluster analysis
YESH! to predict roof
pressure types

and numbers

Establish MTPS
sequence

the MAE value is
less than 2000kN

<
m
[
4
v

Figure 19. Flowchart of abnormal mine pressure cluster reconstruction prediction method.

5.5. Abnormal Pressure Disaster Evaluation Analysis

The lower key layer of the interval layer breaks alone to form an “inclined step rock
beam” structure, and the upper key layer forms a “masonry beam” structure [21]. The
periodic instability of the structure is a fundamental reason for the strong pressure from
the lower coal seam working face. Referencing the typical shallow buried coal seam roof
structure theory, a collapsed roof in the upper coal seam can be simplified as a uniform
load acting on the interval layer. The double key layer roof structure model is shown
in Figure 20. Considering the additional stress F correction of the residual coal pillar’s
block sliding force R, the support load consists of immediate roof weight W and the step
rock beam structure applied load. A reasonable support resistance of the working face is
as follows:

P=W+R (16)

W =1Ipk ) hpg, 17)

where W is the weight of the interval layer (kN), }_h is the thickness of the immediate roof
(m), Iy is the support control top distance (m), R is the sliding force of the step rock beam
M block (kN), 1, is the support width (m), p;g is the volume force of the immediate roof
(kN /m3).

. —0) 4 coso _
oy .cos(oc ) + 3 cos an ¢ (hlpglbLl N [2+ L, cot(@ + o 6)]1)0) (18)

s sin(a —0) — wq — 0.5 2(hy — wy)
wi R w,=mp— (Kp—1) ) h, (19)

where « is the contact surface height, (m); tan 0 is the friction factor; ¢ is the friction angle
between the rock blocks (°); pg is the key layer volumetric force (kN/m?); hy is the thickness
of the lower key layer (m); L; is the length of the inclined step rock beam block (m); and L,
is the length of the masonry beam (m).

residual coal pillar
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Figure 20. Shallow-buried single-key layer near distance lower coal seam roof structure.
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The masonry beam rock block M; and the overburden self-weight Py are determined
by the following formula:

1
Py = 1y Lohypg + KgbLypig <h3 + ELQ tan 0() , (20)

where Kg is the load transfer factor and hj is the thickness of the upper load layer (m).

According to Formulas (16)—(20), the reasonable support resistance can be determined.

The calculation parameters of the Chahasu Coal Mine 31317 comprehensive mining
face are as follows: a=b =285m,d =30m, H; =294 m, H, =40 m, H3 =10 m, Hy =44.3 m,
g =2500 N/m3 E=10GPa,n=0.2,h; =18 m, hy =9m, h; =7 m, I, =195m, 1} =5.12m,
Sh=39m, pg=22kN, p1g=26 N,L1 =12m,[,=24m,a =033, my;=59m, f=0.15,
Kg=04.

After the calculation, the additional concentrated static force caused by the remaining
coal pillar is 960 kN, the impact force is 7500 kN, and the additional concentrated resultant
force is 8460 kN, and after being absorbed and reduced by the lower rock layer, the pressure
acting on the hydraulic support of the working face is 1946 kN.

The Chahasu Coal Mine 31317 comprehensive mining face uses a ZY21000/30/63D
shield support, the rated working resistance is 21,000 kN, and the additional concentrated
stress caused by the remaining coal pillar is 2000 kN. The hydraulic support working
resistance prediction value of the backhaul working face entering the gl area reaches
23,000 kN, and the backhaul working face is prone to abnormal pressure disaster.

In order to prevent the abnormal pressure caused by the backhaul working face in
the remaining coal pillar influence area from causing the backhaul working face pressure
frame accident, when the hydraulic support predicted working resistance is greater than
19,000 kN, measures should be taken to speed up the backhaul working face advancement
speed and quickly pass through the abnormal pressure area.

6. Conclusions

(1) During the advancement of the mining face, the static and dynamic loads of the coal
pillar in the upper coal seam residual section are transmitted downward, causing abnormal
pressure on the mining face. By calculating the effective bearing static stress of the residual
coal pillar, the bending deformation pressure static stress of the key rock layer, and the
impact dynamics of the hard rock rotation instability of the coupling interval layer of the
residual coal pillar during the mining process, the dynamic and static load’s additional
stress of the residual coal pillar is superimposed to calculate the working resistance of the
hydraulic support and verified by the FLAC3D numerical simulation with the double-yield
model.

(2) Combining the possible types of abnormal pressure that may occur in the 31317
fully mechanized mining face of the Chahasu Coal Mine in the Shendong Mining Area,
including over-mining voids, over-residual coal pillars, the facing in this mining face,
the facing in the upper-section mining voids, double facing, and the over-strip breaking
zone and their mutual superposition causing abnormal pressure, based on the k-means++
clustering analysis algorithm to calculate the clustering validity function to obtain the
optimal classification number k = 6, the whole area of the mining face is intelligently
divided into abnormal pressure zones.

(3) The time and space features of the mining face are deeply extracted, a bilinearly
interpolation is performed to complete the two-dimensional spatial data of the mining face
in the missing area of mine pressure data, a mine pressure time series MPTS is established
based on CEEMDAN-Transformer deep learning method to predict MPTS prediction
values for the whole area of the mining face, and the algorithm modeling reconstruction
analysis of abnormal pressure for the whole area of the mining face is clustered. This paper
successfully predicts that after 18 times of facing in this mining face residual coal pillar
area, there will be one abnormal pressure in the 80#-129# hydraulic support, and when the
working resistance of hydraulic support is greater than 19000 kN, the abnormal pressure
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will cause a disaster. The method proposed in this paper based on a mine pressure data
prediction clustering reconstruction analysis of abnormal pressure provides a new direction
and guidance for an abnormal mine pressure prediction analysis of a mining face.
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