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In this paper, Qinghai alpine mining area is taken as the research object to explore
the deformation characteristics of overlying strata in alpine mining area, so as to
prevent geological disasters caused by over-exploitation in alpine mining area.
The location of old goaf in coal mine is detected by transient electromagnetic
method, and the results are used for numerical simulation. The numerical
simulation results show that after coal seam mining, the stress gradually
increases from the surface to the bottom, and the stress concentration occurs
at both ends and the middle of the mining area. The displacement change area is
highly coincident with the stress concentration area, and the displacement
monitoring map is consistent with the horizontal displacement cloud map
analysis, showing a “U” type distribution. The research results have certain
reference value for the future study of surface mining subsidence in inclined
coal seams.
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1 Introduction

The mining of underground mineral resources led to the destruction of the overlying
strata, which, in turn, led to the subsidence of the surface. In the subsidence area, the surface
will produce ground fissures and unstable slopes (Liu et al., 2010; Diao 2011; Ji et al., 2022).
The long-term, large-scale, and high-intensity development of mineral resources had caused
severe damage to the geological environment. Therefore, it is essential for geological disaster
prevention and control engineering to predict the stress and strain characteristics of the
overburdened rock in the alpine mining area in time and accurately.
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First of all, in the field of geological disaster prevention and
control, a large number of scholars have carried out relevant
research. Huang et al. (2020) determined the correlation between
13 landslide condition factors (elevation slope, plane curvature,
profile distribution, topographic relief amplitude, total surface
radiation, population density, river normalized vegetation index,
topographic wetness index, and rock type) and landslide location
through frequency ratio analysis. They were used to compare
heuristic models, general statistical models, and mechanical
models, and a machine learning model with high accuracy and
reasonable LS distribution characteristics was obtained. Chang et al.
(2020) compared the advantages and disadvantages of simple
machine learning (SML) and unsupervised machine learning
(USML) on the LSP model and finally concluded that
USMLModelScan Aso was used for LSP implementation due to
its efficient modeling process, dimension reduction, and strong
scalability. The results had essential guiding significance for the
analysis of landslide stability. Jiang et al. (2018) proposed a
simplified approach for generating conditional random feds of
soil undrained shear strength. This method can detect the
strength of soil to calculate the stability of the slope (Zhao et al.,
2020; Zhao et al., 2022), used comparative tests, prices analysis,
X-ray diffraction (XRD), and scanning electron microscopy (SEM)
analysis to clarify the relationship between loess particle
composition, micro structures, and macro mechanics, and
analyzes the causes of subgrade settlement in alpine areas. It
provided a reference for geological engineering practice. Zhao
et al. (2018) and Zhao et al. (2019) used gypsum (MPG) and
MPE-cement to reinforce roadbed loess and carried out an
unconfined compressive strength test, permeability test, and
freeze–thaw test, which improved the strength of modified loess
and prevented the settlement of ground roadbed. Zhang et al. (2023)
used the finite-element groundwater flow system software to
simulate and predict the development of natural seepage field
and the dredging construction conditions of seepage field in the
West Qinling 1 # tunnel area and studied the change of seepage field
in a tunnel engineering aquifer. Zhang et al. (2023) investigated the
hydrochemistry, clarifying groundwater quality and assessing
human health risks, using various computed techniques of
geomodeling, EWQI, GIS mapping, and the USEPA
mathematical model.

With the in-depth research of many scholars on the stress
distribution of overlying rock mass caused by underground
mining, physical models and numerical simulation experiments
have been widely used (Li et al., 2019). Geophysical exploration
was the main detection method for goaf. Abhay et al. (2019) adopted
the resistivity method to conduct tomography detection for the old
stope in the Jharia coal field in India, which was helpful to identify
the abandoned slope and porous and permeable stratum conditions.
The vector finite-element method was used to simulate the TEM
response in homogeneous media in three dimensions. It had a good
effect on obtaining the HFIL diagram of the real position of the thin
layer formation logging instrument (Epov et al., 2007). Shi et al.
(2010) carried out terrain correction by combining the high-density
resistivity method with the total station instrument. They
determined the distribution location of the goaf and verified that
the high-density electrical method had a good effect on the detection
of goaf.

In addition, researchers have carried out various studies on the
deformation characteristics of overburdened rock in near-horizontal
and gently dipping coal seam goaf. Boris (1997), on the basis of
considering the underground geological characteristics of the slope,
used FLAC 2D and UDEC to comprehensively analyze the influence
of various factors such as excavation depth, excavation method, and
excavation site on slope changes during mining. He found that slope
instability is closely related to slope rock inclination conditions.

The abovementioned research showed that the transient
electromagnetic method and high-density resistivity method can
detect the approximate range, location, and occurrence state of the
goaf when studying the underground coal seam goaf and draw the
goaf plan accordingly. The plan can provide theoretical practice for
the numerical simulation of goaf deformation characteristics.
However, no scholars have combined the two methods to study
the deformation characteristics of overlying strata in alpine mining
areas.

This paper took the mined-out area of Xiaomeidong mine in
Datong Coal Mine of Qinghai province as the research object,
combined with the geological and hydrological data of the study
area, the transient electromagnetic method was used to detect the
mined-out area, and the section map of the mined-out area was
drawn. The numerical simulation method was used to analyze the
surface deformation law under the stress of the original rock in the
goaf from the perspective of theoretical analysis and explore the
deformation characteristics of the overlying rock in the goaf. It
revealed the deformation and failure mechanical characteristics and
fracture evolution process of mined-out overburdened rock under
the stress of original rock. The research results provided effective
theoretical support for surface deformation monitoring and disaster
prevention of the mined-out area in Xiaomeidong mine, which had
essential theoretical significance.

2 Engineering geology background

2.1 Meteorological and hydrological
conditions

The Xiaomeidong mine field was located in the southeast of
Datong Hui-Tu Autonomous County, Xining City, Qinghai
province. The critical research area belonged to plateau
continental climate. The mean annual temperature was 2.8–3.9°C.
The temperature difference was 25.3°C, average daily temperature
difference was 13.2°C ~ 13.8°C, and average annual precipitation was
between 508.7 and 532.6 mm. Summer and autumn had more
southeast wind, and the wind speed was small; winter and spring
had more northwest wind, with average wind speed 2 m/s,
maximum wind speed 17 m/s, and an average frost-free period of
96.3 days.

2.2 Geological condition

The study area was located in the southern margin of the
Xining–Datong Basin, which was composed of eroded low hills
and eroded valley plains. The erosion and denudation hills in the
area were mainly composed of Cretaceous, Paleogene mud,
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sandstone, and Quaternary loess. The altitude was 2,450–2,750 m,
the relative height difference was 300 m, the mountain was high and
the slope was steep, the ravines were cross, the terrain was
undulating, the topography was complex, the vegetation was
scarce, and soil erosion was serious. It was the strongest area of
modern water erosion. Some villagers in the area built houses
according to the mountains, and human engineering activities
have caused serious damage to the geological environment.

The coal seam was thick at the top and thin at the bottom, and
its structure was complex. The overall distribution characteristics
of the overlying strata in the goaf were stratified and crisscrossed.
The scale of the mined-out mine was basically the same as the
scale of the ore body. The old mined-out area under the surface of
the exploration area was covered with tunnels. The distance
between the mined-out area and the surface was increased
from south to north except the wellhead, and the thickness of
the mined-out area was mainly sand mud stone and waste rock,
which had low mechanical strength and were easily weathered.
Between the layers (between the upper and lower roadway) were
mostly sand and mud stone.

The mined-out subsidence area of the Xiaomeidong mine was
approximately rectangular in shape, with a length of about 1,600 m
and a width of about 650 m. The direction of its long axis was 46°.
Figure 1 shows the overall picture. The subsidence area was in the
deformation development period. With the extension of time, the
surface collapsed will develop from southwest to northeast, and the
goaf will lead to the surface movement, which will lead to the
continuous increase of the scale of the collapsed, the aggravation of
the damage, and further aggravation of the damage to the
geomorphic landscape. From the field investigation, it can be
concluded that the landslide (such as oil depot landslide) and

unstable slope around the Xiaomeidong mine were all induced by
the ground collapsed of the goaf, as shown in Figure 2.

Based on the field situation of the study area, this paper intended
to use the transient electromagnetic method to conduct geophysical
exploration of the hydrogeology of the coal mine site, constructed a
numerical analysis model of the subsidence area, studied and
inverted the characteristics of the subsidence area, and analyzed
its genesis mechanism and influence range.

3 Analysis of geophysical results

The transient electromagnetic method was a method to detect
the resistivity of the medium by using an ungrounded loop or
ground line source to emit a primary pulse magnetic field to the
ground and using coil or ground electrode to observe the
secondary-induced eddy current field caused by the
underground medium during the intermittent period of primary
pulse magnetic field. This method can judge the possible coal mine
goaf by detecting the resistivity below the surface, which provides a
reliable theoretical basis for the subsequent numerical simulation.
It had the advantages of automatically eliminating the main noise
source, no terrain influence, combined observation at the same
point, best coupling with the detection target, strong abnormal
response, simple shape, and strong resolution. Three transient
electromagnetic profile lines were set up in the Datong coal mine to
detect and identify water-bearing geology in the area, such as karst
caves and roadways, coal mine goaves, and deep irregular water
bodies, and to establish geological models. The study area was the
EH2-2′ survey line area. The geophysical arrangement is shown in
Figure 3.

FIGURE 1
Panoramic view of the subsidence area of the Xiaomeidong coal mine.
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The original resistivity data were obtained by line detection, and
then, the topographic data were added for apparent resistivity model
inversion. The error value was obtained by comparing the model
data calculated by forward modeling with the original data. When
the data error was less than 15%, the model was considered as a
qualified inversion model. Section directions are shown in the
geophysical survey layout. The horizontal axis of each profile was
the horizontal distance (unit m), and the vertical axis was the
elevation (unit m). This interpretation work was based on the
inversion profile and combined with the geological data and the
actual situation to explain each profile. The resistivity profile of the
measured line and its detailed interpretation are as follows.

The terrain of the EH2-2′ survey line was relatively flat, and the
surface layer was mainly covered with silt, which was relatively thick.
From the transient electromagnetic inversion results, it can be seen
that there was an obvious low-resistance area between 0 m and 28 m
down from the surface at a distance of 300–880 m, and the apparent
resistivity was less than 30Ωm, which was presumed to be a coal
mine goaf and subsidence water-rich area. There was an obvious
low-resistance area between 0 and 125 m down from the surface at a
mileage of 1,400–1,600 m, and the apparent resistivity was less than
30Ωm, which was presumed to be a coal mine goaf and water-rich
area. The apparent resistivity of the entire survey line section was

greater than 30Ωm and less than 50Ωm, which was presumed to
be a weak water-rich area of the coal mine goaf. Figures 4, 5 show the
details.

It could be seen that there were obvious low-resistance areas at
300–880 m from the surface, between 0 and 28 m from the surface,
between 1,400 and 1,600 m from the surface, and between 0 and
125 m from the surface. It was speculated that these two areas were
coal seam goaves. Therefore, these two areas were set as numerical
simulation research areas for subsequent coal seamstress and
displacement analysis.

4 Analysis of the deformation
characteristics of the overlying strata at
different working faces

Numerical calculation and analysis of coal and rock stability was
one of the essential methods for scientific research, which can reveal
the deformation and failure law of rock strata in site engineering. It
can solve problems such as the movement and deformation law of
surface overburden under various geological conditions and
different mining modes (Lei et al., 2018). At present, numerical
simulationmethods have been widely used in the field of overburden

FIGURE 2
Geological disaster of the Xiaomeidong coal mine. (A) Unstable slope and (B) oil depot landslide.
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migration and surface deformation. The most commonly used
numerical simulation methods mainly include finite-element
method, finite-difference method, and discrete-element method.
In this study, two-dimensional discrete element numerical
simulation technology was used to simulate the mechanical
behavior of the overlying strata and mining subsidence, and the
numerical simulation results obtained can be used to guide mine
safety production (Wang et al., 2021). This numerical simulation
method regards the rock mass as a collection of two basic elements of
rock and structural plane and continuously judges and updates the
contact state of the block during the calculation process. According

to these contact states, the load transfer mode between the blocks
was judged, the corresponding mechanical laws were selected for
contact, and the stress and deformation behavior of these basic
elements were defined.

4.1 Model establishment and survey line
setting

Due to the complex stratigraphic structure of the study area, in
the process of establishing the numerical model, the rock and soil
bodies with similar physical and mechanical properties were
appropriately simplified and the coal seam was simplified into
two layers of coal. The two groups of coal were mined
simultaneously.

The model was basically assumed to be an isotropic continuous
homogeneous medium, and the Mohr–Coulomb elastic–plastic
model was adopted as the mechanical model. The top surface of
the model was free, the bottom was a fixed constraint, and the
periphery was a horizontal displacement constraint. The initial
stress in the mining area was mainly self-weight stress, and the
acceleration of gravity was set at 9.81 m/s2, with a vertical downward
direction. Table 1 shows the physical and mechanical parameters of
rock strata.

As for the parameters of joints, their values should be relatively
smaller than those of rocks, so the tangential stiffness of joints
jks=5 GPa. The joint normal stiffness jkn=2.5 GPa. The values of
friction angle of joints and cohesion should be less than those of
rocks, and the friction angle of joints should be 15; cohesion was
0.2 MPa.

For the constitutive model, the elastic–plastic model was used in
modeling, and the block obeyed CONS = 2 in UEDC. The
constitutive model of joints obeyed jcons=3 in UDEC.

The established numerical calculation showed that the strike
length was 1,600 m, the vertical height was between 270 m and
470 m, the average vertical height was 370 m, the simulated mining

FIGURE 3
Layout plan of geophysical prospecting.

FIGURE 4
Inversion results of the transient electromagnetic method.

Frontiers in Earth Science frontiersin.org05

Wei et al. 10.3389/feart.2023.1220142

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1220142


FIGURE 5
Interpretation of inversion results of the transient electromagnetic method.

TABLE 1 Physical and mechanical parameters of overburden.

Rock character Density Bulk modulus Shear modulus Cohesive strength Internal friction angle Tensile strength

/kN·m-3 /GPa /GPa /MPa /° /MPa

Malmstone 2,400 6 2.3 0.7 30 0.6

Coal bed 1,400 3.9 1.1 0.5 30 1.04

FIGURE 6
Model grid division and survey line layout.
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thickness was 2.4 m, and the simulated coal seams were all inclined
coal seams, with the dip angle of M1 being 37 and the dip angle of
M3 being 43. The model is shown in Figure 7. Above the numerical
model coal seam, five monitoring lines were set for M1 and M3, one
monitoring line was set near the surface, and four monitoring lines
were set down at an equal distance. Figure 6 shows the layout of
survey lines.

4.2 Analysis of numerical calculation results

The movement and deformation of the overlying strata and
surface caused by coal mining was a complicated mechanical
process. In order to explore the movement law of the overlying
strata and surface caused by mining and to deeply analyze the
influencing factors of movement law under deep mining conditions,
taking coal mining in the Xiaomeidong mine as the research
background, based on the abovementioned numerical model
considering the dynamic response of the overlying strata mining,
a numerical simulation scheme was designed to analyze the
deformation characteristics and laws of the overlying strata and
surface after coal mining (Weng, 2019).

In the actual process of coal mining, there were many multi-
layer coal seams in many coal mines. Therefore, taking the actual
mining conditions of the Xiaomeidong mine as a prototype, taking
into account the rock mass structure conditions actually investigated
on the spot, and considering the mining schemes of single-layer
mining and multi-layer mining, this paper compared their
influences on ground deformation and destruction and provided
some theoretical basis for coal mining (Yan, 2019).

Prior to excavation, the model under the original stress needed
to be iteratively calculated to reach the equilibrium state. In this
working condition, after iterative calculation prior to excavation,
when the maximum node unbalanced force reached step 7,647,
compared with the initial total force, it was considered that the
equilibrium was reached and the dynamic simulation of later
excavation could be continued.

After balancing of the original model was completed, it was
necessary to start the simulation of coal seam excavation. In UDEC,
the delete range region command was used to delete the blocks that
needed to be excavated within a certain boundary. At this time, only
four corners of the excavation area needed to be determined, and the
coordinates (x and y) of each point could be input counterclockwise
to delete the blocks in the area to simulate the excavation work. After
excavation, iterative calculation was continued to balance. After the
solution was completed, the corresponding graphs were output to
provide calculation results for further explanation and analysis. The
graphs involved included a model graph, horizontal stress graph,
vertical stress graph, horizontal displacement graph, vertical
displacement graph, combined displacement graph, and
monitoring line graph. In this section, the simulation scheme of
single-layer excavation andmulti-layer excavation would be adopted
to analyze the working conditions of the abovementioned graphs.

Coal seam mining characteristics are shown in Table 2.

4.2.1 Analysis of stress field
After the calculation of the model was balanced, the stress

distribution was mainly analyzed by the stress cloud chart

because the cloud chart had more intuitive advantages than the
contour chart.

Figures 7A, B show the horizontal (x-direction) stress
nephogram after coal seam mining had reached equilibrium. The
nephogram took 4.0 MPa as the equivalent interval, with the
minimum value of 0 Mpa and the maximum value of −16.0 MPa
(representing compressive stress). The nephogram was in a layered
state, and the layered stress was increasing from top to bottom.
During single-layer mining, the stress was 0–8.0 MPa in a large area,
and the stress changes mainly occurred in the coal seam roof. The
stress increased in the central part of the mining area roof, and the
stress concentration was obvious in the horizontal direction near the
two ends of the mining subsidence area, with the stress value in the
range of 4.0–6.0 MPa, as shown in Figure 7A. During multi-layer
mining, the stress was 0–8.0 MPa in a large area. After coal mining,
there was stress concentration at both ends of the mined-out area of
coal seam M1 and obvious compressive stress concentration at the
lower end of the mined-out area of coal seam M3, as shown in
Figure 7B.

Figures 7C, D show the vertical (y-direction) stress nephogram
after coal seam mining was balanced. The nephogram took 4.0 MPa
as the equivalent interval, with the minimum value of 0 MPa and the
maximum value of −16.0 MPa (expressed as compressive stress),
and the large area was in the range of 0–12.0 MPa. During single-
layer mining, the stress changes mainly occurred in the coal seam
roof, and the stress increased in the central part of the roof in the
mining area and showed obvious stress concentration in the
horizontal direction near both ends of the mining subsidence
area, with the stress value in the range of 4.0–8.0 MPa, as shown
in Figure 7C. During multi-layer mining, stress concentration
occurred at both ends of M1 and M3 mining areas to a certain
extent, especially at the lower end of M3 mined-out area, and the
stress concentration area was distributed within 8.0–12.0 MPa, as
shown in Figure 7D.

Figures 7E, F show the distribution of shear stress after coal
seam mining reaches equilibrium. It could be seen from the figure
that there were positive and negative shear stresses in the rock
strata near the coal seam mining area. The positive shear stress
indicates that it was consistent with the moving direction along the
inclined layer, and the shear stress in the mined-out subsidence
area was mostly positive, reaching 0–2.0 Mpa. It could be seen from
Figure 7E that during single-layer mining, the direction of shear
stress in the center of the roof of the mining area was opposite to
the movement direction of the strata, and there were negative shear
stresses on both sides of the caving area. Shear stress concentration
occurred at both ends and the middle of the mining area, and the
shear stress was negative, reaching 1.0–2.0 Mpa. It could be seen
from Figure 7F that during multi-layer mining, the shear stress of
the deformation at the center and both sides of the roof and floor in
the mining area was negative, ranging from 0 to 0–2.0 MPa, and the
stress concentration occurred at the lower end of the M3 mining
area in coal seam.

Figures 7G, H show the cloud pictures of minimum principal
stress after coal seam excavation was balanced. Through the analysis
of the simulated cloud picture of principal stress, it could be further
judged whether there was tensile stress in the goaf of coal seam. It
could be seen from Figure 7G that after the single-layer excavation
reached a new balance, the minimum principal stress of the roof in
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the M1 mining area of coal seam was 0–4.0 MPa, which showed
compressive stress, and the stress concentration occurred on both
sides and the center of the excavation area with the minimum
principal stress peak value of -8.0 MPa. It could be seen from
Figure 7H that during multi-layer excavation, the minimum
principal stress of the roof in the coal seam mining area was
0–4.0 MPa and the stress change of the floor was small.

Figures 7I, J, show the nephogram of the maximum principal
stress after coal seam excavation was balanced. For the single-layer
excavation scheme, at the top of the M1 mining area of coal seam,
there was an obvious tensile stress area, and the overlying strata
delaminated and collapsed, forming a caving area. The maximum
principal stress in the caving area was 0–2.0 MPa and the angle was
60, as shown in Figure 7I. For the multi-layer excavation scheme, the
collapsed shape of overburden inmining area could be clearly shown
in the normal tensile stress area, as shown in Figure 7J.

From the abovementioned results, it could be seen that when the
coal seam is mined, the stress change mainly occurred in the roof of
the coal seam. The stress in the middle of the roof increases, and the
horizontal stress concentration near the two ends of the mining
subsidence area was obvious.

4.2.2 Analysis of the displacement field
After the coal seam was mined, the original stress balance

around the mined-out area was destroyed, which caused the
redistribution of stress, thus causing the deformation,
destruction, and movement of the rock stratum, which
developed from the bottom up to the surface and caused the
movement of the surface. Through the displacement nephogram
obtained by numerical simulation, the deformation shape and
movement angle of overlying strata in goaf could be observed
intuitively. This section comprehensively analyzes the
horizontal displacement, vertical displacement, and combined
displacement of the overlying strata in the mining area after coal
seam mining.

The deformation form of the overlying strata could be seen
from the figure. With the advancing of the working face, the main
roof had vertical and horizontal displacement, and the
deformation (horizontal and vertical) was also increasing.
Figures 8A, B show the horizontal (x-direction) displacement
nephogram after coal seam excavation was balanced. From the
numerical simulation results, it could be seen that after coal seam
excavation, the horizontal displacement of the roof in the middle
of coal seam mining area was the maximum, with the maximum
displacement of 1.6 m. The horizontal displacement of the strata
near the mined-out area of coal mine changed greatly, and the
strata in the excavated area showed obvious bending and

collapsed, and the deformation area was 0.8–1.6 m in the
large area.

Figures 8C, D show the vertical (Y-direction) displacement
nephogram after coal seam excavation was balanced. From the
numerical simulation results, it could be seen that after coal seam
excavation, the Y-direction displacement showed a certain rule: the
deformation of the overlying strata in goaf was concentrated in the
main collapsed area, and the vertical displacement after excavation
was distributed in layers. The displacement gradually decreased with
the increase in the range, and the displacement peak appeared at the
roof of goaf, with M1 vertical displacement exceeding 2.0 m in a
large range and M3 vertical displacement ranging from 1.5 to 2.0 m
in a large area (the negative sign in the figure indicates the vertical
downward movement of the strata).

Figures 8E, F show the combined displacement cloud pictures
after coal seam excavation was balanced. From the numerical
simulation results, it could be seen that after coal seam
excavation, the peak value of combined displacement of the roof
was concentrated at the top of goaf, and the maximum value of
combined displacement after mining appeared in the center of the
roof of the mining area. The more the distance from the center of the
mining area, the smaller the subsidence displacement. Under the
condition of full mining, the rock strata movement angle of the
surrounding rock above the M1 goaf was 59°, and that of the
surrounding rock above the M1 goaf was 53°.

From the results of numerical simulation displacement, it could
be seen that after coal seam excavation, the peak value of coal seam
roof displacement was concentrated on the top of goaf and the
maximum value of combined displacement after mining appeared in
the center of the roof in the mining area. The more the distance from
the center of the mining area, the smaller the settlement
displacement, which was consistent with the analysis of the stress
cloud map.

4.3 Analysis of displacement monitoring
data

The cloud map of displacement was a balanced overburden
movement pattern after coal seam excavation in order to verify
whether the results of this numerical simulation were reliable. In
order to analyze the displacement change of coal seam M3 more
clearly and intuitively, we set up five monitoring lines parallel to the
surface in the overlying strata of coal seam M1 and M3 mining areas,
namely,M1-1,M1-2,M1-3,M1-4,M1-5,M3-1,M3-2,M3-3,M3-4, and
M3-5, among which in M1, the distance between the measured points
was roughly equal. Figure 6 shows the layout of the monitoring line.

TABLE 2 Coal seam mining characteristics.

Mining area Mining
thickness

Coal seam dip
angle

Mining
length

Elevation of the mining
upper end

Elevation of the mining
lower end

/m /Degree /m /m /m

M1 2.4 37 225 +2,585 +2,450

M3 2.4 43 273 +2,475 +2,287
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As can be seen from Figure 9, the horizontal displacement
had positive and negative values at the horizontal distance of the
survey line, and coal seam M1 had a large displacement between

the horizontal distance of 100–300 m, and the peak value at the
monitoring point M1-108 was 1.34 m. The horizontal
displacement of the M3 coal seam after mining was generally

FIGURE 7
(Continued).
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FIGURE 7
(Continued). Stress nephogram of coal seam after excavation. (A)Horizontal stress nephogram of coal seamM1, (B) horizontal stress nephogram of
coal seam M1 and M3, and (C)vertical stress nephogram of coal seam M1. (D) Vertical stress nephogram of coal seam M1 and M3, (E) shear stress
nephogram of coal seam M1, (F) shear stress nephogram of coal seam M1 and M3, (G) minimum principal stress nephogram of coal seam M1, (H)
minimum principal stress nephogram of coal seamM1 and M, (I)maximum principal stress nephogram of coal seamM1, and (J)maximum principal
stress nephogram of coal seam M1 and M3 .
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FIGURE 8
Displacement nephogram after coal seam excavation. (A) Horizontal displacement nephogram of coal seam M1, (B) horizontal displacement
nephogram of coal seam M1 and M3, (C) vertical displacement nephogram of coal seam M1, (D) vertical displacement nephogram of coal seam M1 and
M3, (E) combined displacement nephogram of coal seam M1, and (F) combined displacement nephogram of coal seam M1 and M3.
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U-shaped, with a large horizontal displacement between
1,150–1,350 m. The maximum horizontal displacement
occurred at M3-109, and the maximum displacement
was −1.537 m.

As can be seen from Figure 10, the vertical displacement of the
monitoring point was negative, which was downward displacement,
and the maximum displacement of coal seam M1 was M1-404, with a
maximum displacement of 2.32 m. As can be seen from Figure 10A,
M1 had a large deformation in the goaf subsidence area with a
horizontal distance of 100–200 m, with a relatively uniform change
and a large vertical displacement. The subsidence deformation was
within the range of 2.0–2.4 m, while the overlying strata outside this
range had a small deformation, and the subsidence deformation was
within the range of 0–0.6 m. It could be seen from Figure 10B that
M3 had a large deformation in the mined-out subsidence area with a
horizontal distance of 1,100–1,350 m, with a relatively uniform change
and a large vertical displacement. The subsidence deformation was
within the range of 1.6–2.0 m, while the overlying strata outside this

range had a small deformation, and the subsidence deformation was
within the range of 0–0.2 m.

The combined displacement curve of Figure 11 could be
obtained from the data in the table.

As can be seen from Figure 11A, M1 had a large deformation
within the horizontal distance of 100–300 m. At this time, the
roof in the mining subsidence area collapsed and bent, and the
settlement deformation developed from above the mined-out
area to the surface. The maximum value of combined
displacement occurred at M1-404, and the maximum
displacement value was 2.611 m. It could be seen from
Figure 11B that M3 had a large deformation within the
horizontal distance of 1,200–1,300 m. At this time, the roof
of the mining subsidence area collapsed and bent, and the
settlement deformation developed from above the mined-out
area to the surface. The maximum combined displacement
occurred at M3-306, and the maximum displacement was
2.291 m.

FIGURE 9
Horizontal displacement curve of the coal seam after mining stability. (A) Horizontal displacement curve of M1 coal seam. (B) Horizontal
displacement curve of M3 coal seam.

FIGURE 10
Vertical displacement curve of coal seam after mining stability. (A) Vertical displacement curve of M1 coal seam. (B) Vertical displacement curve of
M3 coal seam.
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The analysis showed that the stress concentration area and
the displacement change area were highly coincident, and the
displacement monitoring map was consistent with the
horizontal displacement cloud analysis, showing a ’ U′-type
distribution. Under different rock depths, the closer to the
coal seam mining area, the greater the displacement change,
and the farther away from the main subsidence area, the smaller
the overburden displacement change. It was proved that the
numerical simulation results do have theoretical guidance for
mining subsidence control.

4.4 Analysis of surface movement

In the process of numerical simulation, the overlying strata of the
coal seam bent and sunk, and the strata close to the mined-out area of
the coal seam bent more. Correspondingly, the strata far from the
mining area were less affected by mining and the subsidence was less.
Combined with displacement monitoring data and numerical
simulation results, it can be seen that the mined-out area made the
overlying strata collapse, and the deformation continuously developed
from the roof to the surface, and the original surface sunk, as shown in

FIGURE 11
Combined displacement curve after coal seam mining is stable. (A) Combined displacement curve of M1 coal seam. (B) Combined displacement
curve of M3 coal seam.

FIGURE 12
Contour map of coal seam excavation subsidence.
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Figure 12, in which the red dotted line is the original surface position
and the blue dotted line is the surface position after subsidence.

Table 3 shows the predicted boundary angle, moving angle, and
crack values under sufficient conditions. Combined with the boundary
angle, movement angle, and fissure angle of M1 and M3 in Table 3, the
schematic diagramof boundary angle,movement angle, andfissure angle
of M1 and M3 could be obtained, as shown in Figure 13.

Among them, under the condition of full mining or near full mining,
the angle formed by the boundary crack and the horizontal line on the
side of the coal pillar was called the fissure angle. Under the condition of
fullmining or close to fullmining, themeasured subsidence curved on the
main section of the surfacemovement basin was used, and the point with
a subsidence value of 10 mmwas taken as the boundary point. The angle
between the line connecting the boundary point to the goaf boundary and
the horizontal line on the side of the coal pillar was called the boundary
angle. The moving angle was the angle between the horizontal line and
the line connecting the critical deformation point and the goaf boundary
at the edge of the subsidence area. These three together determined the
safety status of the mine and the surrounding buildings at this time.

From the analysis of Table 3 and Figure 13, it was inferred
that the subsidence of the coal seam would not threaten the
safety of the surrounding buildings and residents’ lives and
properties.

5 Conclusion

Based on special geological conditions, mining conditions, and
abundant measured data in the Xiaomeidong mining area, the

research idea of ’transient electromagnetic detection-numerical
simulation’ was put forward to explore its role in the prevention
and control of geological disasters (Huang et al., 2020, Huang et al.,
2020, Zhang et al., 2021).

1. Through the geophysical analysis of the old mined-out area
of the Xiaomeidong mine, the predicted water-rich area of
coal mine goaf subsidence obtained from the results was
basically consistent with the weak water-rich area and the
historical coal seam mining area of the Xiaomeidong
coal mine, and it was used as the basis of numerical
simulation.

2. The results of numerical simulation showed that under the action
of in situ stress, there was an obvious tensile stress zone at the top
of the mined-out area in the old mined-out area, and the
overlying strata were separated and collapsed, forming a
caving zone. The peak displacement of the coal seam roof was
concentrated at the top of the goaf. The more the distance from
the center of the mining area, the smaller the subsidence
displacement.

3. Through the analysis of the subsidence change of the coal
seam goaf, it was known that the boundary angle, moving
angle, and fissure angle of M1 and M3 coal seams were
within the safe range after mining, so they would not pose
a threat to the life and property safety of Xiaomeidong
village and nearby residents. In addition, it was
necessary to further compare the simulation results with
the real-time monitoring results to further improve the
evaluation results.

TABLE 3 Predicted boundary angle, movement angle, and fracture angle under sufficient conditions (unit: °).

Coal seam mining and direction Boundary angle/° Moving angle/° Fissure angle/°

M1 uphill direction 64 79 101

M1 downhill direction 43 49 58

M3 uphill direction 80 105 133

M3 downhill direction 40 46 61

FIGURE 13
Schematic diagram of the boundary angle, movement angle, and fracture angle.
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