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Introduction: With the increased application of super-long working faces in
coal mining, the surface movement and crack development laws of super-
long working faces present an urgent problem to be studied and solved.
This study aimed to determine the surface movement and crack development
laws of super-long working faces when mining medium-depth buried
coal seams.

Methods: The research area in Xiaobaodang No. 2 coal mine, China,
was the adjacent working faces 01, 02 and 03, with inclination widths of
300 m and 450 m, respectively. The laws were determined by applying
methods such as manual surface movement observation, GNSS automatic
surface movement observation, surface crack observation, and crack
morphology tracing.

Results: Compared to the working face with an inclination width of 300 m, the
maximum subsidence, maximum horizontal movement value, and maximum
subsidence coefficient of the super-long working face with an inclination width
of 450 m increased by 15.31%, 4.56%, and 16.13%, respectively. Under the
influence of mining the 02 working face, the maximum subsidence of the 01
working face increased by 15% and the surface subsidence patterns of the
01 and 02 working face inclination observation lines showed an asymmetric
W shape.

Discussion: The widths of the cracks parallel to the open-off cut followed the
dynamic development law of opening first, then closing or semi-closing. The
widths of the cracks parallel to grooves followed the dynamic development law
of opening first, then remaining open. The study results are important to protect
mining buildings and the ecological environment.

KEYWORDS

medium-depth buried coal seam,mining subsidence, super-longworking faces, surface
movement and deformation, surface cracks

1 Introduction

The lack of gas and oil but comparatively abundant coal in China indicates that
coal is the country’s primary energy source (Shang et al., 2017). Coal resources
in western China account for more than 70% of its total coal resources, and the
northern Shaanxi coal mining area has become a billion-ton coal production base
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(Bai et al., 2018; Zhang et al., 2023). Coal mining frequently causes
ecological and environmental problems such as land destruction,
soil erosion, and building and road destruction in coal mining
areas to varying degrees (Qiao et al., 2017; Guo Q. L. et al., 2019;
Zha and Xu, 2019; Song et al., 2021). Those are due mainly to
mining destroying the rock strata overlying the working face and
the surface movement above the working face.The primary damage
from surface movement and deformation is both surface subsidence
and surface cracking. Surface movement and deformation, as well as
surface cracks, are caused by the movement and destruction of the
rock strata overlying the mined-out area (Yi et al., 2022; Yan et al.,
2023). Their laws are influenced by a combination of geological
and mining factors (Guo W. B. et al., 2019; Dudek et al., 2022).
Determining the laws of surfacemovement deformation and surface
crack development from coal mining has an important theoretical
significance and practical application value for preventing and
controlling the problems of surface movement destruction.

The degrees of surface movement deformation and surface
crack development are affected by various factors, such as the
coal mining method, the mine depth and height, the inclination
width of the working face, the structure of the rock and soil
layers overlying the coal seam, and the mechanical strength of
the coal seam. Therefore, it has become important to explore
the characteristics, laws, and formation mechanisms of surface
movement deformation and surface cracks under the conditions of
several factors.

Themost basic way to study surfacemovement and deformation
is to establish a surface movement and deformation observation
station for continuous on-site observation. Material and numerical
simulations are also frequently used (Zhou et al., 2015; Prakash et al.,
2018; Zhu et al., 2019). For the surface movement characteristics
and laws for coal mining faces with various inclination widths,
existing research has focused mainly on the surface movement
and deformation above mining faces with inclination widths not
more than 350 m. Guo et al. (2010) and Guo et al. (2011) analysed
the surface subsidence characteristics of the 11,206 working face
with its medium-depth buried thick coal seam and an inclination
width of 170 m in Zhaojiazhai coal mine in Henan Province,
China. Zhang B. C. et al. (2022) observed the surface subsidence
of the 24,213 working face with its shallowly buried inclined coal
seam, an inclination width of 180 m, and a mining height of 2 m
in the 1930 coal mine in Xinjiang, China. Chen et al. (2019)
observed and analysed the surface subsidence characteristics of the
52,305 working face with its deeply buried, thick coal seam, an
inclination width of 280 m, and a mining height of 6.7 m in the
Daliuta colliery in China’s Shendong coalfield. Zou et al. (2023)
studied the surface movements of the 22,108 and 42,108 working
faces with an inclination width of 300 m in the Buertai coal mine
in China’s Shendong coalfield through on-site measurement and
numerical simulation methods. Fu et al. (2021) monitored the
surface subsidence of the S12013 working face with an inclination
width of 330 m and a mining height of 4 m in the Ningtiaota
coal mine in the northern Shaanxi province of China. Xie et al.
(2021) studied the surface movements of the 112,201 working face
with a deeply buried, thick coal seam and an inclination width
of 350 m in the No.1 Xiaobaodang coal mine in the northern
Shanxi province of China.These studies obtained surfacemovement
characteristic parameters such as subsidence amount, subsidence

coefficient, subsidence velocity, advance influence distance, and
delay distance ofmaximumsubsidence velocity through observation
and analysis. Yin et al. (2022) analysed and predicted the surface
movement characteristics of deeply buried Jurassic coal seam
mining in the Hujierte mining area in western China and
concluded that there was a certain positive correlation between
the ratio of mining width to mining depth and the coefficients
of subsidence.

On-site observation and mapping of surface cracks are standard
methods for studying surface cracks. In recent years, UAV remote
sensing technology has also been applied to surface crack research
(Yang et al., 2022; Fu et al., 2023). Zhang Y. J. et al. (2022) observed
surface cracks above the working face with its deeply buried coal
seam, an inclination width of 180 m, and a mining height of 10 m
in the gully terrain of a coal mine in the southern Shanxi province
of China. Li et al. (2017) and Xu et al. (2017), Xu et al. (2019)
observed surface cracks above the working face of the Bulianta coal
mine in China’s Shendong coalfield, which had a medium-depth
buried coal seam and an inclination width of 300 m. Feng et al.
(2022) and Feng et al. (2023) observed characteristics of surface
cracks width variation above the 125,203 working face in the
gully terrain of Anshan coal mine in northern Shaanxi province
of China, which had a shallow-depth buried coal seam and an
inclination width of 270 m. Hou et al. (2021) observed surface
cracks in the working face of the No.1 Xiaobaodang coal mine in
China’s northern Shaanxi province, which had a medium-depth
coal seam, an inclination width of 350 m, and a mining height
of 5.8 m. These studies found that surface cracks caused by coal
mining mainly included cracks inside the working face and cracks
at the boundary of the working face. The width of cracks within
the working face showed a characteristic of opening first, then
closing, while the width of cracks at the working face boundary
showed a characteristic of only opening and not closing. The width
of surface cracks including its dynamic change in the loess gully
region was greatly influenced by terrain, and the degree of surface
cracks development was relatively strong. When the mining height
of the medium-depth buried coal seam was 5.8 m, the depth of
surface cracks development in the blown-sand region would not
exceed 3.5 m.

In recent years, there have been many studies on the laws
of surface movement deformation and surface crack development
above working faces with inclination widths of less than 350 m.
However, research is lacking on the laws of surface movement
deformation and surface crack development in super-long working
faces with inclination widths greater than 350 m. Since August
2021, a 450 m super-long working face was successfully mined in
the No.2 Xiaobaodang coal mine, which improved coal production
and economic benefits. The developers of many other coal mines
have begun experimenting with super-long working face mining.
The present study was done on the No. 2 Xiaobaodang coal mine
in the aeolian (wind deposited) sand area of northern Shaanxi
Province, China. It focused on the 01 working face with an
inclination width of 300 m, the 02 super-long working face with
an inclination width of 450 m and the 03 super-long working faces
with an inclination width of 450 m. It explored the laws of surface
movement deformation and surface crack development above
the super-long working faces caused by mining medium-depth
coal seams.
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FIGURE 1
Location of study area.

2 Study area and method

2.1 Study area

The study area was at the 01, 02 and 03 working faces of the
13 panel area of the Xiaobaodang No. 2 coal mine in the Yushen
mining district in northern Shaanxi Province, China (Figure 1).
Those working faces were adjacent, and their surface was covered
by an aeolian sand layer. Based on borehole exploration data and
stratigraphic maps, the stratigraphy of the study area from old
to new groups was as follows: Jurassic Yan’an, Zhiluo, Anding,
Neogene Pliocene Baode, and Quaternary. The attitude of strata in
the study area was nearly horizontal, and the structure was simple
without faults.

The 01, 02 and 03 working faces adopted a longwall retreating
mining method, and the roof was managed by the all-caving mining
method. The 01 working face was the first mining face in the 13
panel area, with an inclination width of 300 m and a strike length of

4,002 m.The 2−2 coal seam in that face was 311 m deep. Its thickness
ranged from 1.60 to 2.60 m; the average thickness was 2.14 m. The
01 working face started mining at a mining height of 2.60 m from
July 2020 to August 2021.

The 02 super-long working face was on the northwest side of the
01 working face, with an inclination width of 450 m and a strike
length of 3,868 m. The 2−2 coal seam in that face was 312 m deep.
Its thickness ranged from 1.70 to 3.60 m; the average thickness was
2.50 m. The 02 working face started mining at a mining height
of 2.60 m from August 2021 to July 2022. The northwest side of
the 02 working face was the 03 super-long working face with an
inclination width of 450 m, which has the same geological and
mining conditions as the 02 working face.

The burial depth of medium-depth coal seams was generally
greater than 150 m and less than 600 m. The 2−2 coal seam mined
in the study area was a medium-depth buried coal seam. In the
01, 02 and 03 working face, the coal seams were horizontally
mined, with the mining characteristics of low mining height,
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medium mining depth and a mining depth to height ratio of
approximately 120.

2.2 Methods

2.2.1 Design of manual surface movement
observation stations

Manual observation comprises independent overall observation
before mining, daily observation during mining, and observation
of surface stabilisation after mining. First, the control points of
the mining area and the observation line are connected so that
measurement can determine the benchmark for surface subsidence
and horizontal displacement observation.Then, independent overall
observations are made, and the results are used as the benchmark
for data processing. After that, daily observations and surface
stability monitoring are done from the start of mining until the
ground surface stabilises. In observation of surface movement,
the instrument of real-time kinematic (RTK) was used for planar
observation, and the instrument of electronic level was used
for elevation observation. The error of plane measurement was
controlled within 10 mm, and the error of elevation measurement
was controlledwithin 3 mm. Surfacemovement observation stations
are arranged in the form of strike observation lines and inclination
observation lines.

The strike observation line of the 01 working face was 900 m
long, comprising 540 m on the inner side of the open-off cut and
360 m on its outer side. Along the strike observation line of the
01 working face, a total of 46 observation points numbered Z01 to
Z46 were set up with a spacing of 20 m, and three control points
numbered KZ01 to KZ03 were set up with a spacing of 100 m.
The strike observation line of the 02 working face was 900 m long,
comprising 550 m on the inner side of the open-off cut and 350 m
on its outer side. Along the strike observation line of the 02 working
face, a total of 37 observation points numbered Z01 to Z37 were set
up with a spacing of 25 m, and three control points numbered KZ01
to KZ03 were set up with a spacing of 100 m. A same inclination
observation line with a length of 1,420 m was used on the surface
of working faces 01 and 02. That line was 500 m away from the
open-off cut of the 01 and 02 working faces and perpendicular to
the strike observation lines. Along the inclination observation line,
74 observation points were set up with a spacing of 20 m, including
Q1 to Q72 points, Z44 point of the 01 strike observation line and
Z35 point of the 02 strike observation line point. On the inclination
observation line, there were four control points numbered KQ1
to KQ4 with a spacing of 100 m. The Q1 to Q50 points and Z44
point of the 01 strike observation line were used to observe the
01 working face surface movement in the inclination direction; the
observation line composed of themwas 1,000 m long.TheQ1 toQ35
points, Q51 to Q72 points, Z44 point of the 01 strike observation
line, and Z37 point (closed to Q6) of the 02 strike observation line
were used to observe the 02 working face surface movement in the
inclination direction; the observation line composed of them was
1,140 m long (Figure 2).

Before and aftermining of the 01 working face, two independent
overall observations and 52 daily observations and surface stability
observations were made. Among them were included observations
of the secondary surface movement affected by the mining of the

02 working face. Before and after mining of the 02 working face,
two independent overall observations and 16 daily observations and
surface stability observations were made (Supplementary Table S1).

2.2.2 Design of GNSS automatic surface
movement observation stations

Global Navigation Satellite System (GNSS) automatic surface
movement observation stations were based on the measurement
principle of calculating the 3D coordinates of observation points
by receiving signals from multiple satellites and using the time
differences of the signals. Unlikemanual observation stations, GNSS
observation stations have the advantages of high frequency, many
data collected, and greater accuracy in analysing the dynamic change
characteristics of surface subsidence.TheGNSS observation stations
numbered ZK2 and ZK3 were installed in the centres of the 02 and
03 working faces surface respectively. The observation stations were
1,800 m away from the open-off cut and were set to obtain one set
of surface movement data every 10 min (Figure 3).

2.2.3 Surface crack investigation methods
To study the development characteristics of surface cracks

caused by super-long working face coal mining, manual on-site
investigation, observation of surface crack width and drop changes,
and excavation observations of surface crack development depths
were adopted. The manual on-site investigation involved mainly
investigating and mapping surface cracks’ location, length, width,
and drop. The location of surface cracks was determined by real-
time kinematic instruments. The length, width, and drop of surface
cracks were measured using a small steel ruler.The steps to measure
the dynamic changes in the width and drop of crack development
were to spray-paint markings on crack monitoring points and
measure them once a day. The steps to measure the depth of crack
development included first injecting a mixed slurry of putty powder
and water along the crack for tracing, then excavating manually or
using an excavator, and finally observing and measuring.

The surfaces of working faces 01 and 02 were covered by
aeolian sand, and the widths of the surface cracks were small.
The actions of wind and rainwater erosion quickly buried them.
Consequently, complete data of the dynamic evolution of surface
crack widths of the 01 and 02 working faces were not obtained.
Afterwards, surface crack observations were made near the open-
off cut of the 03 working face. The development width and drop
changes of 18 surface cracks were monitored, and relevant data on
them were obtained. Among them, 11 surface cracks were grouted,
traced, excavated, and observed, and their development depth data
were obtained (Figure 4).

3 Results

3.1 Surface movement characteristic
parameters and laws of the 01 working
face mining

3.1.1 Changes of subsidence along surface strike
and inclination observation lines

Along the strike observation line, when the 01 working face was
mined to 87 m, the surface above it began to be affected. Within the
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FIGURE 2
Design of surface movement observation lines for working faces 01 and 02.

FIGURE 3
Design of GNSS surface movement automatic observation stations for working faces 02 and 03.

range of 40–100 m inside the open-off cut, namely from observation
points Z21 to Z24, the surface subsidence reached 10 mm. When
the face was mined to 540 m, point Z28 at 180 m inside the open-
off cut was the maximum surface subsidence point. Its maximum
subsidence was 1,570 mm, and it lagged behind the mining position
by 360 m. With continuous mining of the working face, a surface
subsidence basin gradually formed and eventually stabilised. After
6 months of mining the face, when the 01 working face was
mined to 1,182 m, point Z28 on the surface had a subsidence
value of 1,613 mm (Figure 5A).Themaximum coefficient of surface
subsidence was 0.62.

The gray shadow represented the unmined coal seam in
Figure 5B. When the 01 working face was mined to 355 m, the
mining position was 167 m away from the surface inclination
observation line, and the maximum surface subsidence of the
inclination observation line was 18 mm. When the face was mined
to 540 m, the mining position exceeded the inclination observation

line by 30 m, and the maximum subsidence point of the inclination
observation line was Z44 at 180 mm. Point Z44 was at the centre
position in the inclination direction of the working face, and the
face’s surface subsidence curve had a V shape. When the mining
of the face was completed, its surface subsidence was generally
stable. Point Z44’s maximum subsidence was 1,528 mm.The surface
subsidence curve in the inclination direction of the face had a
V shape, and its symmetrical centre was located at the mine-
out area (Figure 5B).

3.1.2 Surface horizontal strain and displacement
The surface horizontal movement in the strike line of the 01

working face was mainly towards the centre of the subsidence basin.
Along the mining direction, the surface horizontal displacement
fluctuation increased from the outer side to the vicinity of the open-
off cut. The surface horizontal displacement on the inner side of the
open-off cut initially increased, then decreased, and finally tended
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FIGURE 4
Distribution of observation points for surface crack width and depth near the open-off cut above the 03 working face.

to be relatively stable. The horizontal displacement near the open-
off cut was generally large and peaked at 414.1 mm at 100 m medial
to the open-off cut. The surface horizontal strain value ranged from
−11.62 to +11.75 mm/m.Theproportions of tensile and compressive
deformations on the outer side of the open-off cut were similar,
whereas compressive deformation was the main deformation on the
inner side of the open-off cut (Figure 6).

3.1.3 Durations of phases of surface movement
and deformation

The duration phases of surface movement and deformation
were start-up, active, and decline. During the start-up phase of
surface movement, the value and speed of surface subsidence
slowly increased. The surface subsidence and deformation activities
were intense, with surface subsidence of 1,551 mm accounting
for approximately 96.15% of the total cumulative subsidence
of 1,613 mm (Figure 7).

During the decline phase, the velocity of surface subsidence
slowly decayed until the surface movement and deformation
stabilised. The total surface movement and deformation
duration averaged approximately 185 d, including the start-
up phase of 6 d, the active phase of 54 d, and the decline
phase of 125 d (Supplementary Table S2). Therefore, the surface
movement and deformation of the 01 working face mining had a
short start-up phase, a short active phase, and a long decline phase.

3.1.4 Maximum surface subsidence velocity
The maximum subsidence velocity curves at different periods

all had a similar “unimodal” shape. As the working face mining

continued to advance, the maximum subsidence velocity of
the surface at each period along the strike observation line
increased from low to high, then decreased again, and finally
stabilised.Themaximumsubsidence velocity reached approximately
103.3 mm/d (Figure 8).

3.1.5 Delay distance and angle of maximum
subsidence velocity

The average delay distance of the maximum subsidence velocity
of the 01 working face was 102.14 m. According to the Equation 1
for calculating the delay angle of maximum subsidence velocity, its
average value was 71.8° (Table 1).

φ = arccot L
H

(1)

where φ was the delay angle of maximum subsidence velocity, L
was the delay distance of maximum subsidence velocity, H was the
mining depth.

3.1.6 Distance and angle of advance influence
The average distance of the advance influence of the 01

working face was 128 m. According to the Equation 2 for
calculating the angle of advance influence, its average angle was
67.6° (Table 2).

ω = arccot l
H

(2)

where ω was the angle of advance influence, l was the distance of
advance influence, H was the mining depth.
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FIGURE 5
Surface subsidence curve of 01 working face. (A) in strike direction (B)
in inclination direction.

FIGURE 6
Surface horizontal displacement and strain curve in strike direction of
01 working face.

3.1.7 Characteristic parameters of surface
movement after stability

The angular characteristic parameters of the ground surface
movement after stability were calculated in accordance with the
measured data and related formulas, as shown in Table 3. The

FIGURE 7
Duration curve of surface movement in the strike direction of 01
working face.

FIGURE 8
Maximum subsidence velocity curve in the strike direction of 01
working face.

angle of draw in the strike direction was 57.2°. The angle in the
inclination direction was 49.7°. The angle of critical deformation
in the strike direction was 80.8°. The angle in the inclination
direction was 86.8°. The angle of crack in the strike direction
was 86.7°. The angle in the inclination direction was 86.8°. The
subsidence limit angle was 90°, and the angle of full subsidence
was 59.9°.

3.2 Surface movement characteristic
parameters and laws of the 02 working
face mining

3.2.1 Changes of subsidence along surface strike
and inclination lines

Along the strike observation line, when the 02 working face was
mined to 103 m, its surface subsidence exceeded 10 mm, and its
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TABLE 1 Calculation result of delay distance and delay angle of maximum subsidence velocity in the 01 working face.

Mining distance of
the 01 working

face/m

Observation points
of maximum
subsidence

Distance from
maximum

subsidence point to
open-off cut/m

Delay distance of
maximum
subsidence
velocity/m

Delay angle of
maximum
subsidence
velocity/°

154 Z23 80 74 76.6

196 Z24 100 96 72.8

288 Z26 140 148 64.6

316 Z29 200 116 69.5

336 Z31 240 96 72.8

413 Z35 320 93 73.3

492 Z39 400 92 73.5

Average — — 102.14 71.8

TABLE 2 Calculation result of distance and angle of advance influence in the 01 working face.

Observation points
of initial surface

movement

Mining distance of
the 01 working

face/m

Distance from initial
surface movement
point to open-off

cut/m

Distance of advance
influence/m

Angle of advance
influence/°

Z36 196 340 144 65.2

Z39 277 400 123 68.4

Z42 343 460 117 69.4

Average — — 128 67.6

surface began to be affected by the mining. When the working face
was mined to 653 m, the maximum subsidence point on the surface
was Z25 at 250 m inside the open-off cut. Its maximum subsidence
was 1,802 mm, and it lagged behind the mining position by 403 m.
When the 02 working face was mined to 3,665 m, the surface of the
observation range had formed a stable subsidence basin. By June
2022, 10 months after the 02 working face wasmined, themaximum
subsidence point Z25 on the surface had a subsidence value of
1,860 mm, and the maximum coefficient of surface subsidence was
0.72 (Figure 9A).

When the 02 working face was mined to 330 m, the mining
position was 170 m away from the surface inclination observation
line, and the maximum surface subsidence of the line was 10 mm.
Afterwards, as the working face continued to be mined, the
inclination observation line continued to subside. Compared to the
area near the solid coal body of the 03 working face, which had not
yet beenmined, the surface subsidence in the area near themine-out
of the 01 working face was larger. By June 2022, 10 months after the
02working facewasmined, the surface subsidence on the inclination
observation line of that face was generally stable. The maximum
subsidence point Z35 was at the centre position in the inclination

direction of the 02 working face with a maximum subsidence value
of 1,758 mm. The surface subsidence curve of the 02 working face
had a U shape, with its symmetrical centre located at the mine-out
area.The surface subsidence on the side of the area near themine-out
of the 01 working face was relatively large, and the subsidence curve
was relatively flat. However, the subsidence on the side of the area
near the 03 working face, which had not been mined, was relatively
small, and the subsidence curve was steep (Figure 9B).

Affected by the 01 working face mining, the 02 working face
surface had already experienced varying degrees of subsidence
before mining. Its surface subsidence ranged from 3 to 91 mm
on the inclination observation line from Q01 to Q17. During
the mining of the 02 working face, the 01 working face surface
had a secondary subsidence whose maximum was 875 mm at
point Q18 at the boundary between working faces 01 and 02.
Affected by the secondary subsidence, the maximum subsidence
point of the 01 working face moved from Z44 to Q25. The
secondary subsidence value of Q25 was 185 mm, which increased
by 12.3% compared to the first subsidence value. The cumulative
surface subsidence at the coal pillar section (Q17 to Q18)
were 1,005 to 1,019 mm. The surface subsidence curve on the
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FIGURE 9
Surface subsidence curve of 02 working face in mining period of 02
working face. (A) in strike direction. (B) in inclination direction.

inclination observation line had an asymmetric W shape as
a whole (Figure 10).

3.2.2 Surface horizontal strain and displacement
The surface horizontal displacement in the strike line of the 02

working face was mainly towards the centre of the subsidence basin.
Along the mining direction, the surface horizontal displacement
of the strike direction first increased, then decreased, and finally
stabilised within a certain range. The horizontal displacement near
the open-off cut was relatively large, with a peak of 433 mm
at a distance of 50 m on the inner side of the open-off cut.
The horizontal strain of the surface ranged from −2.64 to
4.64 mm/m (Figure 11).

3.2.3 Durations of surface movement and
deformation phases

The total duration of surface movement and deformation
was on average approximately 243 d, including a start-
up phase of approximately 4 d, an active phase of
approximately 53 d, and a decline phase of approximately 186 d
(Supplementary Table S3). During the active phase, the surface
subsidence of 1798 mm was severe, accounting for 96.66%
of the total subsidence of 1860 mm. During that period, the
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FIGURE 10
Accumulated surface subsidence curve of inclination direction in the working faces 01 and 02.

FIGURE 11
Surface horizontal displacement and strain curve in strike direction of
02 working face.

FIGURE 12
Duration curve of surface movement in the strike direction of 02
working face.

FIGURE 13
Maximum subsidence velocity curve in the strike direction of 02
working face.

surface subsidence’s speed increased rapidly, then decreased
rapidly (Figure 12).

3.2.4 Maximum surface subsidence velocity
As the 02 working face continued to be mined, the maximum

subsidence velocity of the surface in each period along the
observation line had a trend of increasing from low to high, then
decreasing and tending towards stability. The maximum subsidence
velocity was 139.8 mm/d (Figure 13).

3.2.5 Delay distance and angle of maximum
subsidence velocity

The average delay distance of the maximum subsidence velocity
of the 02 working face was 112.8 m. According to the Equation 1
for calculating the delay angle of maximum subsidence velocity, its
average value was 70.1° (Table 4).
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TABLE 4 Calculation result of delay distance and delay angle of maximum subsidence velocity in the 02 working face.

Mining distance of
the 02 working

face/m

Observation point of
maximum
subsidence

Distance from
maximum

subsidence point to
open-off cut/m

Delay distance of
maximum
subsidence
velocity/m

Delay angle of
maximum
subsidence
velocity/°

237 Z20 122 115 64.5

300 Z23 197 103 71.7

413 Z27 297 116 69.6

521 Z32 422 99 72.4

628 Z35 497 131 67.2

Average — — 112.8 70.1

TABLE 5 Calculation result of distance and angle of advance influence in the 02 working face.

Observation point of
initial surface
movement

Mining distance of
the 02 working

face/m

Distance from initial
surface movement
point to open-off

cut/m

Distance of advance
influence/m

Angle of advance
influence/°

Z26 123 272 149 64.5

Z29 175 347 172 61.1

Z33 270 447 177 60.4

Z34 330 472 142 65.5

Average — — 160 62.9

3.2.6 Distance and angle of advance influence
The average distance of advance influence of the 02

working face was 160 m. According to the Equation 2 for
calculating the angle of advance influence, its average angle was
62.9° (Table 5).

3.2.7 Characteristic parameters of surface
movement after stability

The angular characteristic parameters of the ground surface
movement after stability were calculated in accordance with the
measured data and related formulas, as shown in Table 6. The 02
working face’s draw angle in the strike direction was 46.1°. The
draw angle near the 03 face in the inclination direction was 49.2°.
The draw angle near the 01 face in the inclination direction was
39.8°. The 02 working face’s critical deformation angle in the strike
direction was 80.8°. The critical deformation angle near the 03
face in the inclination direction was 82.7°. The critical deformation
angle near the 01 face in the inclination direction was 83.6°. For
the 02 working face, the crack angle in the strike direction was
86.3°, the average of crack angle in the inclination direction was
86.8°, the subsidence limit angle was 90°, and the angle of full
subsidence was 52.4°.

3.2.8 Result of GNSS automatic surface
movement observation stations for the 02
working face

The ZK2 point of the GNSS automatic surface movement
observation station was at the centre of the 02 working face.
According to the observation data, the surface began to subside
with a value of 12.3 mm when the working face was mined to
a distance of 201 m before ZK2. When the 02 working face was
mined 668 m beyond the ZK2 point, the surface subsidence at that
observation point was basically stable, with a maximum subsidence
value of approximately 1,700.0 mm. As of the completion of mining
of the 02 working face, the maximum subsidence of the ZK2
observation point stabilised at about 1,720.0 mm with a subsidence
coefficient of 0.66 (Figure 14A).

The overall trend of the surface subsidence velocity was a slow
increase, then a rapid increase, then a rapid decrease, then a slow
decrease, and finally approaching zero. After the surface subsidence
velocity approached zero, the surface subsidence value remained
basically stable. When the mining of the 02 working face exceeded
115 m after ZK2, the surface subsidence velocity of ZK2 peaked at
153.6 mm/d(Figure 14B).Thetotaldurationof surfacemovementand
deformation at the ZK2 GNSS observation averaged approximately
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FIGURE 14
Surface subsidence characteristics curve of ZK2 point in the 02
working face. (A) surface subsidence. (B) velocity of surface
subsidence.

246 d, including a start-up phase of approximately 10 d, an active
phase of approximately 56 d, and a decline phase of approximately
180 d. During the active phase, the surface subsidence velocity of the
ZK2 GNSS observation was high, and its duration was short. When
the adjacent working face 03 was mined before and after the ZK3
observation point, the surface subsidence value of the ZK2 GNSS
observation point, which was on the surface of the mine-out in the
02 working face, increased from 1,720.0 mm to 1,814.4 mm. The
secondary surface subsidence of the ZK2GNSS observation pointwas
approximately94.4 mm.Inaccordancewiththeobservationdataof the
ZK2GNSS observation station, it could be calculated that the distance
of advance influence was 247 m, the angle of advance influence was
51.6°, and the delay distance and angle of the maximum subsidence
velocity were 15 m and 69.8° respectively.

3.3 Development characteristics and laws
of surface cracks caused by mining

In the study area including the 01, 02, and 03 working faces, the
mining height was relatively small, and the ratio of mining depth to
mining height was relatively large. The surface of the study area was
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FIGURE 15
Dynamic evolution curve of width of cracks parallel to the open-off cut. (A) Width of crack 1. (B) Width of crack 5.

coveredmainly by an aeolian sand layer.Themining surface cracks in
the study area were generally weak and buried by aeolian sand soon
after mining. Based on the observation results of surface cracks in the
02 and 03 working faces, it was found that the main types of surface
cracksdevelopedduringminingwerecrackswith theminingdirection
parallel to the open-off cut and cracks with the spreading direction
of parallel grooves. In the area around the open-off cut, the width of
surface cracks parallel to the open-off cut was relatively large, in the
0.1–0.5 cm range. In the area within the working face, the width of
surface cracks parallel to the open-off cut was relatively small, in the
0.05–0.2 cmrange.Thedistancebetween thesurfacecrackswasmostly
between 3 and 5 m, and they had almost no drop. The surface crack
widths of the parallel grooves were slightly larger than those parallel
to the open-off cut inside the working face and slightly smaller than
those parallel to the open-off cut near the open-off cut area.

The width of surface cracks parallel to the open-off cut had
a dynamic evolution law pattern of opening first, then closing
over time. That specifically showed that the width of the surface
cracks was basically unchanged within 3–4 d after they were
generated, then the cracks were completely closed or semi-closed
within 1 d (Figure 15). The width of the surface crack parallel
grooves had a dynamic evolution law pattern of only opening first
and not matching over time. Over time, both types of surface cracks
were buried by aeolian sand and lost their traces.

Based on the observation results of grouting and excavating for
11 surface cracks near the open-off cut on the 03 working face,
the depth of surface crack development ranged from 4 to 68 cm,
most of which ranged from 20 to 40 cm. The profile morphology
of surface cracks included mainly “falling wedge” and “associated
bifurcation” types (Figure 16).

4 Discussion

Determining the characteristics and laws of surface movement
and surface crack development caused by coal mining is the

scientific basis for protecting surface buildings, land resources, and
ecological environments in coal mining areas. Some coal mining
enterprises have begun to adopt super-long working faces with an
inclinationwidth greater than 350 m. To acquire their characteristics
and laws of surface movement deformation and surface crack
development, this study took the adjacent mining working faces
01 and 02 of the No. 2 Xiaobaodang coal mine as an example,
which had the same mining heights, depths, and methods, nearly
horizontal coal seams, and a similar geotechnical structure of
the coal seam overburden. Through applying methods of manual
observation of surface movement deformation, GNSS automatic
observation of surface movement deformation, manual observation
of surface cracks, and tracing excavation of surface cracks, the
characteristics and laws of surface movement and surface crack
development of working faces with inclination widths of 300 m and
450 m were studied.

Table 7 compares surfacemovementanddeformationobservation
results in the strike direction of the 01 and 02 working faces. The
inclinationwidthsof the01and02workings,whoseminingdepthsand
heights were basically the same, were 300 m and 450 m respectively.
The average mining speed of the 02 working face, 12.2 m/d, was
faster than that of the 01 face with 6.4 m/d. Compared with the 01
working face, the maximum subsidence point of surface movement
deformation in the strike direction of the 02 workface was 70 m
farther away from the open-off cut, with an increase ratio of 39%.
Its maximum subsidence was 247 mm larger with an increase ratio of
15.31%, themaximumcoefficientof subsidencewas0.10 largerwithan
increase ratio of 16.13%, and the maximum horizontal displacement
was 18.9 mm larger with an increase ratio of 4.56%. The increases
in maximum subsidence, coefficient of subsidence, and maximum
horizontal displacement were related mainly to the fact that the
inclination width of the 02 working face exceeded that of the 01
working face. Compared with the 01 working face, the angles of
advance influence, draw, and full subsidence, and the delay angle of
maximum subsidence velocity of the 02 working face, decreased by
4.7°, 11.1°, 7.5°, and 1.7° respectively.
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FIGURE 16
Development depth and profile morphology of cracks parallel to the open-off cut. (A) Point 7. (B) Point 8.

TABLE 7 Comparison of surface movement observation results in the strike direction between working faces 01 and 02.

Parameters 01 working face 02 working face

Length of inclination line/m 300 450

Height mining/m 2.5 2.6

Position of maximum surface subsidence point 180 m inside the open-off cut 250 m inside the open-off cut

Value of maximum surface subsidence/mm 1,613 1,860

Efficient of maximum surface subsidence 0.62 0.72

Position of maximum surface horizontal movement point 100 m inside the open-off cut 50 m inside the open-off cut

Value of maximum surface horizontal displacement/mm 414.1 433.0

Angle of advance influence/° 67.6 62.9

Angle of draw/° 57.2 46.1

Angle of critical deformation/° 80.8 80.8

Angle of crack/° 86.7 86.3

Subsidence limit angle/° — —

Angle of full subsidence/° 59.9 52.4

Delay angle of maximum surface subsidence velocity/° 71.8 70.1
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The decreases in the angle of advance influence and the delay
angle of the maximum subsidence velocity were related mainly
to the fact that the mining speed of the 02 working face was
faster than that of the 01 working face, and the decreases in the
angles of draw and full subsidence might have been related to the
larger inclination width of the 02 working face. Critical deformation
and crack angles were essentially the same for working faces 01
and 02. Therefore, the inclination width of a coal mining face
has some influence on the surface movement deformation of the
working face under similar conditions of geology andmining.When
the inclination width of the working face increased from 300 m
to 450 m, the maximum subsidence, subsidence coefficient, and
maximum horizontal displacement of the ground surface increased,
the angles of the draw and full subsidence decreased, and the
range and depth of the moving basin increased. Because 450 m
super-long faces were developed in only recent years, there are no
research reports on its surface movement characteristics and laws
or its differences from conventional faces. This study determined
the surface movement characteristics and laws of 450 m super-long
working faces by observing and comparing the surface movement
of conventional working faces with an inclination width of 300 m
to those of super-long working faces with inclination widths of
450 m. That was important to understanding the influence of
the inclination width of the working face on surface movement
deformation to prevent and control subsidence disasters of super-
long working faces.

As shown in Table 8 and Figure 17, under the influence of the
adjacent 02 working face mining, the surface above the mined-
out area of the 01 working face underwent obvious secondary
subsidence from points Q27 to Q18, with a secondary subsidence
valueexceeding100 mm.ThemaximumsubsidencepointZ44inthe
inclination observation line centre of the 01 working face shifted to
the direction of the adjacent 02 working face with an offset distance
of20 m. In theareaof thecoalpillar surfacebetweenthe twoworking
faces and its surrounding surface, the secondary subsidence of the
surface was notable, with a maximum of 875 mm. Relative to the
solid coal seam side of the 02 working face, the surface subsidence
amplitude increased obviously, and its curve of cumulative surface
subsidence was relatively gentle, so the cumulative subsidence
curves of the two working faces were in an asymmetric W shape.
That indicated that the coal seam’s overlying rock and soil mass
had undergone secondary fracturing and movement in the area of
the coal pillar between the two working faces and its vicinity, but
those activities of secondary breaking andmovement were limited.
After mining, the subsidence curve of the 01 working face was
close to a V shape. Due to the influence of the mining of the 02
working face, the bottom of the subsidence curve of the 01 working
face became flatter when the face was approaching full extraction.
The maximum subsidence point of the 02 working face was at
the centre of the working face, and the bottom of the subsidence
curve was close to flat within a range of approximately 100 m.That
indicates that the centre and its vicinity of the super-long working
face with an inclination width of 450 m reached full extraction in
the inclination direction. In the study area, it could be concluded
that the inclination width of the full extraction for the working face
in the inclination direction was slightly greater than 300 m, while
the mining depth-to-height ratio was approximately 120. Previous

studies focused mainly on the surface movement deformation of a
single working face caused by coal mining (Guo et al., 2010; 2011;
Chen et al., 2019; Fu et al., 2021; Xie et al., 2021; Yin et al., 2022;
Zhang B. C. et al., 2022; Zou et al., 2023). There have been fewer
studies on the surface subsidence changes of working faces and
the characteristics of subsidence curves in the inclination direction
caused by adjacent working face mining. From this study, based on
the analysis of surface subsidence observations in the inclination
direction of. From this study, based on the analysis of surface
subsidence observations in the inclination direction of working
faces 01 and 02, the surface cumulative subsidence curve of the
adjacent faces had an asymmetric W shape. The study found that
the rock surrounding the coal pillar and its vicinity experienced
secondary fractures andmovement and provided evidence that the
centre area of the super-longworking facewith an inclinationwidth
of 450 m had reached full mining. Those findings have important
reference value for preventing and controlling surface subsidence
disasters caused by coal mining of working faces.

In the study area, medium-depth coal seams with thick, loose
layers were mined in the upper part of the overlying strata. The
mining heights were low at 2.6 m, and the mining depth-to-height
ratio reached 120. Two types of surface cracks were caused by
mining on theworking face: thosewith a spreading direction parallel
to the open-off cut and those with a spreading direction parallel
to grooves. The crack development width was less than 0.5 cm
without a drop, and the depth was less than 1 m. After mining
of the working face, the surface cracks could be closed quickly by
aeolian sand. The surface cracks in the study area were developed
in unconsolidated loose sand layers. This loose sand layer was
mainly subjected to plastic deformation, which was not conducive
to stress transmission and crack propagation. Therefore, under the
same level of stress, the depth of crack development was smaller on
the surface covered by unconsolidated loose sand layers, while the
depth of crack development was larger on the surface of loess with
relatively better consolidation and fully consolidated rock layers.
The widths of surface cracks near the working face’s open-off cut
and groove had a dynamic change characteristic of opening first,
then remaining open, whereas the widths inside the working face
opened first, then closed. Xiaobaodang No.1 coal mine adjacent
to the study area had geological conditions similar to those of the
study area, but its working face had a relatively large mining height
of 5.8 m, with a mining depth-to-height ratio of 52. In that mine’s
area, the maximum width and drop of surface cracks were 15 cm
and 20 cm respectively (Xie et al., 2021). It was evident that, for
working faces with similar geological conditions, higher depth-to-
height ratios and lowermining heights result in smaller surface crack
development widths andweaker surface crack development degrees.
Unlike previous research, this study found that the surface cracks
of a coal mining face with a mining depth-to-height ratio of 120
were weakly damaging and could self-repair. That provides a basis
for evaluating the degree of surface destruction faced by coal mining
working faces.

The surface movement and deformation caused by coal
seam mining were influenced by various factors such as
topographic features, coal seam depth, overlying rock and soil
structure, rock mechanical strength, inclination length of working
face, mining height. The 01 conventional working face and
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TABLE 8 Accumulated surface subsidence of inclination observation points in working faces 01 and 02.

Observation point Surface subsidence after completion
of 01 working face mining/mm

Surface subsidence after completion
of 02 working face mining/mm

Left boundary point Q33 of 01 working face 83 100

Center point Z44 of 01 working face 1,528 1,674

Point Q25, 20 m away from the center of 01working
face

1,502 1,686

Right boundary point Q18 of 01 working face 130 1,005

Left boundary point Q17 of 02 working face 92 1,018

Center point Z35 of 02 working face 15 1,773

Right boundary point Q57 of 02 working face 0 235

FIGURE 17
Cumulative surface subsidence curve of inclination observation line in working faces 01 and 02.

02 super-long working face observed in this research could
not represent all situations. Therefore, with the promotion
and application of super-long working faces, further research
was needed on the surface movement and surface cracks
development laws of super-long working faces under different
topographic features, mining heights and overlying rock structures
in the future.

5 Conclusion

(1) Through on-site measurement and calculation, the parameters
and characteristics of surface movement and deformation
of working faces with different inclination widths, the same
geological conditions and the same mining height were
obtained. The 01 working face, with an inclination width of
300 m, had a maximum surface subsidence of 1,613 mm, a
maximum horizontal displacement of 414.1 mm, a maximum
surface subsidence coefficient of 0.62, and a surface subsidence
active phase of 54 d. The 02 working face, with an inclination

width of 450 m, had a maximum surface subsidence of
1,860 mm, a maximum horizontal displacement of 433 mm,
a maximum surface subsidence coefficient of 0.72, and a
surface subsidence active phase of 53 d. Compared to the 01
working face, the maximum subsidence, maximum horizontal
movement value, and maximum subsidence coefficient of the
02 super-long working face increased by 15.31%, 4.56%, and
16.13%, which indicated that the inclination width of the coal
mining working face had some effect on its surface movement
and deformation.

(2) Affected by the mining of the 02 working face, the 01 working
face experienced secondary subsidence with a maximum
increase of 12.3%. Along the direction of the inclination
observation line, the surface subsidence curve of the 01
working face had a V shape after the mining, and the overall
surface subsidence curve of working faces 01 and 02 had
an asymmetric W shape after the mining of the 02 working
face. The middle of the 02 working face surface subsidence
curve was approximately flat bottomed, and a short distance
at the bottom of the 01 working face surface subsidence curve
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became flat when it was affected by the mining of the 02
working face. That indicated that a super-long working face
could achieve full extraction in the inclination direction, and
the full extraction’s mining depth-to-height ratio was slightly
greater than 120.

(3) Surface cracks caused by mining of the two main types
included cracks with a spreading direction parallel to the
open-off cut and cracks with a spreading direction parallel to
grooves.The crack widths ranged from 0.1 to 0.5 cm, and their
depths were less than 1 m.The width dynamic evolution law of
surface cracks with a spreading direction parallel to the open-
off cut was opening first, then closing over time. The width
dynamic evolution law of surface cracks with the spreading
direction parallel to grooves was opening first, then remaining
open.The greater themining depth-to-height ratio, the weaker
the development degree of surface cracks. The development
degree of surface cracks was very weak in the coal mining face
whose mining depth-to-height ratio was 120, and those cracks
could be closed quickly by aeolian sand.
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