<@ sustainability

Article

Experimental Study on Prevention and Control of Ground
Fissures in Coal Mining Subsidence in Huaibei Plain of China

Yi Cai 12, Hu Li 2, Jiaping Yan 3* He Huang 3, Yu Feng ® and Houxu Huang -2

check for
updates

Citation: Cai, Y;; Li, H.; Yan, J.;
Huang, H.; Feng, Y.; Huang, H.
Experimental Study on Prevention
and Control of Ground Fissures in
Coal Mining Subsidence in Huaibei
Plain of China. Sustainability 2022, 14,
12932. https://doi.org/10.3390/
su141912932

Academic Editor: Adam Smoliriski

Received: 5 September 2022
Accepted: 7 October 2022
Published: 10 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Anhui Institute of Intelligent Underground Detection Technology, Anhui Jianzhu University,

Hefei 230601, China

College of Civil Engineering, Anhui Jianzhu University, Hefei 230601, China

School of Surveying and Mapping, Anhui University of Science and Technology, Huainan 232001, China
*  Correspondence: jpyan@aust.edu.cn

Abstract: The purpose of this study was to explore the effective prevention and control method of
ground fissures in plain coal mining subsidence. Firstly, the model experiment was carried out, and
then two typical working faces, working face A (WF,) and working face B (WFg), in the Huaibei
plain mining area were selected for the case study of the moisturization method. Model experimental
results show that water content had a significant effect on cohesive soil fissure development, and
the results of the case study show that the humidification method could effectively reduce the
development degree of ground fissures. Therefore, this study provided a new approach for the
effective prevention and control of ground fissures in plain coal mining subsidence.

Keywords: Huaibei plain; mining subsidence; ground fissure; prevention and control; humidifica-
tion method

1. Introduction

The Huaibei mining area is located in the Huang-Huai-Hai plain in the north of Anhui
Province, China (see Figure 1). The coal resources covered by rock and loose layer are
buried to a certain extent. Additionally, they are mostly mined by the total subsidence
method of roof management with longwall working faces [1,2]. Practices indicate that
underground coal mining in Huaibei plain often causes a surface subsidence basin [3-7],
and the area of surface subsidence is often larger than that of the underground mining area.
Additionally, the process of surface subsidence is often accompanied by a large number of
ground fissures [8]. Therefore, ground fissures are one of the most intuitive manifestations
of surface damage after coal mining in the Huaibei mining area.

For the mined-out area of the Huaibei plain mining area with flat surface, when the
underground coal mining reaches super-full mining, and there is no large geological struc-
ture within the mining influence area, the resulting coal mining subsidence basin usually
contains three regions (see Figure 2), including the middle region (CC’), the compression
region (BC, B'C’) and the tensile region (AB, A’B’) [9,10]. Firstly, the middle region refers to
the middle part of the subsidence basin, where the maximum subsidence occurs. Secondly,
the compression region is generally located between the middle region and the boundary
of the mined-out area, and the ground deformation in this region inclines to the center
of the basin in a concave shape, resulting in compression deformation of the surface soil.
Thirdly, the tensile region is generally located from the boundary of the mined-out area to
the boundary of the basin, and the ground deformation in this region inclines to the center
of the basin in a convex shape, resulting in tensile deformation of the surface soil.
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Figure 2. Schematic section of the coal mining subsidence basin in the plain mine area.

The ground fissures associated with coal mining subsidence basins in Huaibei min-
ing area can usually be divided into two types, namely marginal fissures and dynamic
fissures [11]. Firstly, the characteristic of marginal fissures are: (1) they are located in the
outer edge area of the mining face (tensile region in Figure 2); (2) their extension direction
is close to the advancing direction of the working face; and (3) they are difficult to close
immediately after their formation. Secondly, the characteristic of dynamic fissures are: (1)
they are located on the surface above the working face (middle region and compression
region in Figure 2); (2) their extension direction is nearly perpendicular to the advancing
direction of the working face; and (3) they are usually closed within a period of time after
their formation [12-14]. Numerous scholars have carried out meaningful studies on the
developmental characteristics and mechanisms of coal mining ground fissures, pointing
out that geological conditions, mining processes and the nature of the overlying rock and
soil have significant effects on the formation and evolution of ground fissures [15-17].

Coal mining ground fissures are harmful to the geological environment of mining
areas in many ways. Firstly, ground fissures can directly damage surface structures such as
railways, dams, villages and other industrial and civil buildings [18-20]. Secondly, ground
fissures can cause secondary geological disasters in mining area. For example, ground
fissures can become a channel for surface water to enter mines and then lead to mine water
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disasters [21]. In addition, ground fissures can also aggravate soil erosion and reduce soil
quality, which can cause damage to the ecological environment of the mining area. For
example, the formation of ground fissures in the woodland of mining areas can directly
damage plant roots [22,23].

It is of great significance to prevent and control ground fissures in the Huaibei mining
area. Numerous scholars have studied coal mining subsidence and ground fissure control
measures based on mining technology, such as strip mining [24,25], filling mining [26],
reducing subsidence by grouting [27,28], etc. However, these methods may have the disad-
vantage of being too expensive. In addition, most of these existing measures control ground
fissures indirectly via surface subsidence treatments. There were few direct prevention
and control measures for coal mining ground fissures [29]. Therefore, the humidification
method, which has the advantage of low cost, was firstly proposed to prevent and control
coal mining ground fissures. Specifically, the soil water content is increased to improve
soil plasticity, which can slow or prevent the development of coal mining ground fissures.
Then, two typical coal mining working faces and their subsidence basin in the Huaibei
mining area were selected as the research objects, and the case study on the prevention
and control of coal mining ground fissures was carried out based on the humidification
method.

2. Basis of the Humidification Method
2.1. Method Principle

In the process of coal mining subsidence, discontinuous deformation of the surface
soil occurs horizontally or vertically. When the strain in the soil exceeds a certain critical
value, the ground fissure can be formed at this place [30]. Ground fissures in the Huaibei
plain mining area are usually formed from the surface. The width of the fissures decreases
with the increase in depth, and finally disappears [31,32]. However, as a special granular
material, soil strength and deformation properties are significantly affected by water
content.

The loose layer in the Huaibei plain mining area are usually cohesive soils. Consistency
is one of the most important physical state characteristics of cohesive soils. The consistency
refers to the soft and hard degree of cohesive soils or its resistance to deformation or
damage caused by external forces. With the increase in water content, the consistency of
cohesive soils can change as follows: solid state—semi-solid state—plastic state—flow
state. Additionally, the characteristics of loose soil with low water content: it is hard with
solid or semi-solid state, and its deformation property is mainly elastic; under shear and
compression stress, its damage occurs without large deformation. The characteristics of
loose soil with high water content is: it is soft and plastic, and its deformation property is
mainly plastic; under large shear and compression stress, its damage may be avoided by
large deformation.

2.2. Experiment on the Influence of Water Content on Soil Fissures
2.2.1. Experimental Device

In this study, a home-made experimental device was used to study the influence of
water content on soil fissure development, see Figure 3. The device mainly consists of four
parts, including the sample box, hinge, bracket and lift. The sample box is a rectangular
structure consisting of a horizontal plate and several vertical plates, and its size is 100 cm X
40 cm x 30 cm. The hinge is arranged in the middle of the bottom of the sample box. The
sample box is divided into two parts, part A and B, which can rotate relatively at the hinge.
The bracket is L-shaped with high and low parts. Additionally, the higher part directly
supports the sample box A, meanwhile, the lower part has a lift to support the sample box
B. The lift is a mechanical lift, and its lifting height is 0~20 cm.
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Figure 3. Experimental device. (a) Device sketch. (b) Device photo.

2.2.2. Experimental Process

Soil samples were collected from working face A (WF,) of the Huaibei Suntuan coal
mine. For the soil samples, its particle-specific gravity (GS) is 2.74, plastic limit (WP) is
23.2% and liquid limit (WL) is 41.4%. The specific experimental procedure is as follows:
(1) Grinding of soil samples: the soil sample was ground after drying and passed through a
ten-mesh sieve. (2) Preparing soil samples with different water content: after mixing with
water, the ground samples were stirred and infiltrated; then the soil samples with 30%,
35% and 40% water content were prepared and left for 24 h, respectively. (3) Loading of
samples: the height of the lift was adjusted to keep the bottom of the sample box horizontal,
then each soil sample with a certain water content can be loaded into the sample box.
(4) Observation of fissures: via lowering the height of the lift top, the sample box B inclined
down along the hinge, then the development characteristics of fissures on the soil sample
surface can be observed.

During the experiment, the top of the lift declined at a uniform rate of 1 cm/min. When
the lift top dropped to 1 cm and 2 cm, respectively, the lift was kept at rest for 1 h, and the
development of fissures on the soil sample surface was observed. When the lift top dropped
to 3 cm, the change in fissures was observed continuously for 24 h (the experiment showed
that the fissure development was generally stable within 24 h). It is important to clarify that
the sample was stratified compacted, and the density of the sample was controlled. The
compacted soil samples of each layer need surface roughening before the samples continue
to be loaded. In addition, the experiment was carried out in a relatively closed room.
Additionally, the indoor air humidity was controlled by humidifying equipment, so that
the water content of every prepared soil sample was relatively stable during the experiment.

2.2.3. Experimental Results and Analyses
As shown in Figure 4, the experimental results indicate that:

e Soil sample with a water content of 30% (the measured density is 1.29 g/cm?): when
the top of the lift dropped 4 mm, small fissures appeared on the soil surface above
the hinge. When the top dropped 1 c¢m, the fissures on the soil surface were basically
penetrated with an average width of 0.5 mm. When the top dropped 2 cm, the fissures
on the soil surface were completely penetrated with an average width of 3 mm. When
the top dropped 3 cm, the average width of the fissures reached 7 mm.

e  Soil sample with a water content of 35% (the measured density is 1.29 g/ cm®): when
the top of the lift dropped 1 cm, there were no obvious fissures on the soil surface.
When the top dropped 2 cm, the fissures appeared on the soil surface and gradually
penetrated with an average width of 2 mm. When the top dropped 3 cm, the fissures
on the soil sample surface were completely penetrated, and the average width of the
fissures reached 4 mm.

e Soil samples with a water content of 40% (the measured density is 1.28 g/cm?): no
obvious fissures were found on the soil surface when the top of the lift dropped 1 cm,
2 cm and 3 cm.
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Figure 4. Influence of water content on soil fissure development.

In the experiment, the water contents of the soil samples were 30%, 35% and 40%,
respectively. These water contents were between the plastic limit WP (23.2%) and the
liquid limit WL (41.4%) of the soil samples. Therefore, during the experiment, the soil
samples with different water contents were all in plastic state. The experimental results
show that: (1) for soil samples with a certain water content, the fissure development degree
can increase with the drop of the lift top, as shown in Figure 4 a—b—c. (2) For soil samples
with different water content, when the lift top dropped by the same amount, the plastic
deformation capacity of the soil sample increased as the water content increased from
30%, 35% and 40%. Additionally, the development degree of fissures on the soil surface
gradually decreased, as shown in Figure 4 c—f—1i. In particular, the plastic deformation
capacity of the soil sample was further enhanced when the water content approached
the liquid limit at 40%, so that no obvious fissures were found during the experiment.
In summary, this experiment revealed that the change in water content had a significant
effect on the development of fissures in cohesive soils. This is because with the increase of
174 water content, the shear strength of cohesive soil decreases, but at the same time, its
plastic 175 deformation capacity increases. The results are consistent with the research of
Erguler ZA and Ulusay R [33].

3. Proposal of the Humidification Method

In this paper, the humidification method was proposed as a method to control coal
mining ground fissures based on humidification of the soil. This method is to increase the
soil water content by humidification method to enhance the plastic deformation capacity
of the soil, which can then control or even avoid the development of coal mining ground
fissures through plastic deformation in the process of surface subsidence. The main steps
of the humidification method:

e  Through data collection and field investigation, the main information of coal mining,
including the mining area, advancing direction and advancing speed of the working
face, can be obtained. Then, the surface subsidence area and the subsidence time can
be predicted.

e Based on the measurement of the natural water content and the liquid and plastic
limited water content of the soil layer in the surface subsidence area, the water require-
ment (volume) of soil humidification with a certain depth can be calculated, then the
water and humidification tools must be prepared.

e Combined with the advancing direction and speed of the working face, the humidifi-
cation process of soil layer with a certain depth in the surface subsidence area should
be completely finished before the humidification soil layer deformes due to subsi-
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dence. The water content of the soil after humidification reached its plastic limit water
content.

e  For the humidification soil within the subsidence area, it can be properly watered
during the whole subsidence deformation process (i.e., before the subsidence is stable),
which can ensure that the water content of the soil is not lower than its plastic limit.

The following needs to be further clarified: Firstly, humidification water can be
selected according to the site conditions, such as rivers, lakes and wells. Wetting tools can
be selected according to the needs of water pumps, such as nylon hose. Secondly, in this
study, the soil layer in the surface subsidence area was uniformly humidified. That is, the
humidification depths of the soil layer were equal, and the humidification depths were
determined according to the specific situation.

4. Field Experimental Process for the Humidification Method
4.1. Overview of the Study Area

In this study, working face A (WF,) and B (WFp) belonged to the Suntuan and
Zhuzhuang mines in the Huaibei mining area, respectively, and were selected as the
research objects. The field experiment of ground fissure prevention was carried out based
on the humidification method, as shown in Figure 5. The basic conditions of WF, are: the
overlying loose layer above the working face was about 200 m thick; the working face
design elevation was —280.4~—427.3 m; the height mining was about 3.3 m; the strike
length was 560 m; and the inclination width was 220 m. The basic conditions of WFp
are: the overlying loose layer above the working face was about 120 m thick; the working
face design elevation was —424~—543 m; the design strike length was 890 to 923 m; the
inclination width was 240 m; the average thickness of the coal seam was approximately
2.8 m; and the dip angle of the coal seam was 18° on average. In addition, the selected two
working faces had the following characteristics: they are all first-time mining faces; the
coal seam was buried to a certain extent and overlain by thicker Quaternary loose layer;
the surface above the working face was flat, and there are no buildings; and they both
used the total subsidence method of the roof management with longwall working faces for
comprehensive mechanized mining.

In this study, ground fissure development characteristics were investigated based on
geo-radar, real-time kinematic (RTK) and Unmanned Aerial Vehicle (UAV) photography
technologies. The development characteristics included the location (distribution), width
and depth of ground fissure development, as shown in Figure 6. The width of the ground
fissure was measured by measuring tape, and the depth of the ground fissure was detected
by geo-radar. Due to the different complexities of the surface environment above the
working face, the investigation means of ground fissure distribution characteristics are
different. The distribution of coal mining ground fissures on the WFg was manually
investigated (manual probing combined with RTK positioning). However, the distribution
of ground fissures on the WF, was obtained by manual investigation and UAV photography.
This is because the surface environment of WF, is simpler (only farmland). By contrast,
WEFp has a more complex surface environment with the Longhe river (river bank), villages,
orchards, farmland, etc. The fissure development characteristics in two working faces are
described as follows:
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Figure 5. Working faces and humidification areas. (a) WF, of Suntuan coal mine. (b) WFg of

Zhuzhuang coal mine.

WF4: (1) Scale size: The width and depth of dynamic fissures were relatively small.
The width of the dynamic fissures varied from a few millimeters to a few centimeters,
and their depth varied from 1 to 4 m. The width of the marginal fissures varied from a
few centimeters to several tens of centimeters, and their depth varied from 4 to 12 m.
(2) Distribution law: Dynamic fissures were mainly developed in the area of about
100 m from the current mining position to the front, and the spacing of these fissures
was 10~12 m. The marginal fissures were mainly developed in the area from 60 to
160 m outside the wind tunnel and machine tunnel. Generally, multiple marginal
fissures were developed with a nearly parallel distribution, and their distribution
spacing was 16~20 m.

WFg: (1) Scale size: Marginal fissures were significantly developed in the study area
with a near east-west direction. The width of the marginal fissures varied from a
few centimeters to several tens of centimeters, and their depth varied from 4 to 6 m.
The dynamic fissure width varied from several millimeters to several centimeters
and depth varied from 2 to 4 m. (2) Distribution law: Dynamic fissures were mainly
developed in the area of about 110 m from the current mining position to the front,
and the spacing of these fissures was 10~14 m. The marginal fissures were mainly
developed in the area of 50~200 m outside the wind tunnel and machine tunnel.
Generally, multiple marginal fissures were developed and distributed with a nearly



Sustainability 2022, 14, 12932

8 of 16

parallel manner. In addition, the dam on the east side of the Longhe river at WFp was
an earth-fill dam. The dam section is trapezoidal, the width of the dam top is 4 m and
the slope of the dam is about 40°. At that time, there were a large number of fruit trees,
shrubs and other vegetation on the top and slope of the dam.

Figure 6. Investigation on fissure development characteristics of coal mining working faces. (a) RTK
positioning. (b) Geo-radar detection. (c¢) UAV aerial photo.

As mentioned above, the underground mining of the selected two working faces led
to the corresponding subsidence basins and ground fissures. The ground fissures both
included dynamic fissures and marginal fissures. In order to study the prevention and
control effects of the proposed humidification method, field experiments on the prevention
and control of dynamic fissures and marginal fissures were carried out respectively.

4.2. Experimental Process
4.2.1. Humidification Area

In order to ensure that the soil in the humidification area was not deformed by the
coal mining before the humidification was completed, the humidification area should be
set at a certain distance along the working face advancement direction. Therefore, at the
initial stage of the experiment, the location of the coal mining working face and its advance-
ment speed (both approximately 4 m/d) must be fully considered in the determination
of the humidification areas for two working faces. Additionally, the time required for the
humidification process must also be considered. According to the different types of ground
fissures to be prevented, the determination of every humidification area is described as
follows:

e WF,: The humidification area was located approximately 150 m in front of the working
face (horizontal distance), and the humidification area was a square plot with a side
length of 40 m, as shown in Figure 5a. Due to the control experiment being carried out
for dynamic fissures, the humidification area was located above the working face (the
proposed mined-out area).

o  WFg: The humidification area was located approximately 150 m in front of the working
face (horizontal distance), and it was a 90 m-long section of Longhe dam at the south
of the mining boundary, as shown in Figure 5b. The control experiment was carried
out for marginal fissures, and the marginal fissures on the working face (south side)
were mainly developed in the area of 50~200 m south from the mining boundary.
The Longhe dam (50~140 m south from the mining boundary) and its two sides were
selected as humidification areas.

4.2.2. Humidification Process

Firstly, based on RTK positioning and tape measurement, lime was used to delineate
the humidification area of each working face. Then, high-lift pumps were used to pump
water from nearby irrigation wells or surface ponds (rivers) to water the humidification
area, as shown in Figure 7. Humidification equipment mainly included: gasoline high-lift
pumps, nylon hoses, etc. To determine the appropriate start time, it must be considered that
the surface influence area of the mining working face was about 100 m from the working
face’s current position to its front, and the normal advancing speed of WF4 or WFg was
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about 4 m/d. When the mining position of the working face was about 130 m away from
the designated humidification area (horizontal distance), the humidification was started by
watering the area for about five days, which ensured that the humidification was finished
before subsidence occurred. For the soil after humidification within the subsidence area,
appropriate watering was carried out in the whole process of subsidence deformation (i.e.,
before the subsidence is stable) to keep its water content not lower than the plastic limit
water content.

Figure 7. Field delineation of the humidification area and humidification site. (a) Humidification
area delimitation of WF,. (b) Humidification site of WFg.

4.2.3. Humidification Effect

A soil moisture measure was used to obtain the water content distribution of the
surface soil in the humidification area, which can control the humidification effect during
the humidification process. Specifically, the water content distribution of the surface
soil (10 cm deep) was measured in the humidification area during the humidification
process. Then, the watering amount can be increased in time for the low water content
soil, which can ensure uniform humidification in the humidification area of each working
face. As shown in Figure 8, the water content distribution of the surface soil in the WF4
humidification area before and after humidifying can be compared. The water content of
the surface soil before humidifying is about 14% (the soil is dry due to less precipitation
during the experiment), but the water content of the surface soil after humidifying is about
33%.

40
(m)
35
30
=i 36
25 34
25
20 32
20
15 30
15
0 28
26
) o (%)
0 =
20 25 30 35 40(m) 0 5 10 15 20 25 30 35 40(m)

Figure 8. Water content of surface soil in the humidification area of WF, (before and after humidifi-
cation). (a) Soil water content at 10 cm depth (before humidification). (b) Soil water content at 10 cm
depth (after humidification).
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In order to obtain the humidification effect of each humidification area in detail, test
pit profiles are excavated in the corresponding humidification area and non-humidification
area (comparison) of each working face. Additionally, the soil water content was measured
at different depths of burial in the profiles, as shown in Figure 9. The test pits were 100 cm
x 50 cm x 100 cm in length, width and depth, respectively. The water content of the soil
was measured three times at the same depth and averaged. Each time the moisture was
measured in the profile, the profile had to be excavated forward evenly 20 cm to avoid
errors caused by human disturbance. In addition, while excavating the test pit, samples
were taken on site using a standard ring knife for testing the physical and mechanical
properties of the soil (see Table 1 for the specific test results). In addition, while excavating
the test pits, on-site samples were taken by the standard ring knife. They were used to test
the physical and mechanical properties of the soils (see Table 1 for specific test results).

Figure 9. Excavation and sampling of test pit profile.

Table 1. Physical and mechanical properties of soil in each humidification area before and after
humidification.

Water Content Water Content Cohesion Cohesion Internal Friction Angle Internal Friction Angle
Depth/cm WBe/o/o WAf/% CBe/kPa CAf/kI’a (pBe/O (pAf/o
HA, HA, HA, HA, HA, HA, HA, HA, HA, HA, HA, HA,
20 174 15.3 31.6 322 65.3 15.7 328 9.4 14.8 12.8 11.4 10.7
40 21.8 18.3 29.7 28.6 58.6 15.4 48.6 10.3 14.5 124 12.8 10.9
60 25.6 21.7 27.4 27.4 56.1 15.0 54.7 13.7 14.2 12.3 13.9 11.2
80 / 221 / 25.6 / 15.1 / 14.8 / 121 / 11.7

Note: Be and Af subscripts refer to the corresponding parameters before and after humidification, respectively;
HA; and HA, refer to the corresponding humidification areas of WF, and WFg, respectively.

Analysis of Table 1 showed that, compared with the soil without humidification, the
soil water content at a certain depth in the humidification area had increased. (1) WF4: After
continuous humidification, the soil water content in the upper part of the humidification
area increased significantly, but the change in soil water content was small at the depth of
60 cm. That is, the humidification influence depth of the humidification area was about
60 cm. (2) WFp: The water content of the soil at the depth of 0~80 cm in the humidification
area increased significantly compared with the soil without humidification, and the soil
water content was higher at shallower depths. In addition, with the increase in water
content, the soil shear strength after humidification was significantly weakened.

It is necessary to clarify that the proposed humidification method was the uniform
humidification of the soil layer in the surface subsidence area. That is, the humidification
depth of the soil layer in the surface subsidence area was equal. In view of the fact that
the surface land in the Huaibei plain mining area was mostly cultivated land, the coal
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mining ground fissures can lead to the seepage loss of cultivated land nutrients and the
destruction of crop roots. Therefore, the humidification depth of humidification area in this
field experiment was designed to be 60~80 cm.

4.2.4. Field Investigation

The field investigation was carried out for the humidification area and its adjacent
non-humidification area (comparison) of each working face. For WF,, we carried out a
field investigation of dynamic fissures, and for WFg, we carried out a field investigation
of marginal fissures. Additionally, the depth and width information of ground fissures
was collected every 1-2 days. The development characteristics of the corresponding coal
mining ground fissures were investigated, and then the prevention and control effects of
the humidification method on ground fissures were analyzed.

5. Experimental Results and Analyses
5.1. Prevention and Control of the Dynamic Fissures in WF4

With the continuous advance of the working face, the dynamic fissures in the humidi-
fication area were regularly developed. The development characteristics of the dynamic
fissures were investigated for the humidification area and its adjacent non-humidification
area (comparison). The results show that one obvious fissure (about 2 mm wide) was
developed in the humidification area, while three obvious fissures (4-11 mm wide) were
developed in the adjacent non-humidification area (comparison).

For further comparative analysis, two survey lines, L1L;" and L,L,’, were set in the
humidification and non-humidification areas (as shown in Figure 10a), respectively. The
ground-penetrating radar was used to detect the fissure spatial distribution in the hu-
midification area, as well as the non-humidification area, and the results are shown in
Figure 10b,c. The radar detection results are consistent with the investigation results of
surface dynamic fissures, as shown in Figure 10c in the red line. In addition, it can be seen
that the soil in the humidification area (line L1L;") presented continuous subsidence defor-
mation (see Figure 10b). However, in the non-humidification area, the soil stratum (line
L,L,’) presented discontinuous deformation with segmented subsidence (see Figure 10c).
Additionally, the soil stratum was divided into four segments. Due to the strong plas-
ticity of soil with the high water content in the humidification area, the characteristic
differences of dynamic fissures between humidification and non-humidification areas were
formed. Specifically, compared with the non-humidification area, the number and width of
dynamic fissures developed in the humidification area were significantly reduced. In con-
clusion, the humidification method had a significant effect on inhibiting the development
of dynamic fissures.
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Figure 10. Control effect of dynamic fissures in WF,. (a) Humidification and non-humidification
areas of WF, (ground-penetrating radar survey lines). (b) Radar detection results for survey line
L1Ly’. (c) Radar detection results for survey line L,L,’.

5.2. Prevention and Control of Marginal Fissures in WFp

Before the humidification experiment, the marginal fissures development on the south
side of WFg was investigated. There were five obvious marginal fissures on the outside of
the working face boundary, which were recorded as Cel, Ce2, ... , Ce5, in order, as shown
in Figure 5b. These five marginal fissures were all nearly parallel to the mining direction of
the working face. Additionally, if Cel, Ce2 and Ce3 develop along the existing direction,
they would cross the humidification area.

After the humidification area was watered and humidified, the humidification and
non-humidification areas (comparison) of WFg were continuously observed, and the results
were listed in Table 2. Figure 11 was drawn according to Table 2, and the decreased
degree in fissure width (depth) can be described via the index §, which was the ratio of the
fissure width (depth) decrease after reaching the dam from the fissure width (depth) before
reaching the dam. The results show that the five marginal fissures continued to develop
along the advancement direction of coal mining activities and eventually affected the dam.
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When reaching the dam on the east side of the Longhe river, the development degree of
all five marginal fissures weakened. Compared with marginal fissures Ce4 and Ce5, the
development degree of Cel~Ce3 weakened more obviously at the dam after humidification.

Table 2. Comparison of the humidification method on prevention and control effect of marginal

fissures.
Marginal Ground Not Arrival at the Dam Arrival at the Dam
Fissure Fissure Width (mm) Fissure Depth (m) Fissure Width (mm) Fissure Depth (m)
Cel 42 5.8 12 1.7
Ce2 38 5.2 8 1.6
Ce3 43 5.6 11 1.6
Ce4 47 5.6 26 2.6
Ce5 46 5.3 28 2.4
50- 1100 67 1100
- T -
(a-),, _ om - {90 5 (b) - " 190
404 T—
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Marginal fissure Marginal fissure

Figure 11. Development characteristics of marginal fissures before and after humidification in WFg.
(a) Fissure width. (b) Fissure depth.

As mentioned above, the development degree of the five marginal fissures at the dam
better indicated that the humidification method had an obvious preventive effect on the
marginal fissures of the Longhe river dam. However, the development degree of all five
marginal fissures weakened when they reached the dam. Especially, the development
degrees of Ce4 and Ce5 that were not affected by the humidification method at the dam
were also weakened. The main reason was that compared with the soil before reaching the
dam, the physical and mechanical properties of the soil at the dam foundation and the dam
body were different.

6. Discussion

(1) The proposed humidification method is the uniform humidification of the soil
layer within the surface subsidence area (the same humidification depth), which may
cause low humidification efficiency and waste of humidification water. This is because
the deformation depth of overlying strata caused by the underground mined-out area is
not uniform within the coal mining subsidence area. As shown in Figure 12, the rock—soil
mass which is deformed (displacement) by the mined-out area can be considered as a
whole, and its distribution area is called the rock—soil mass deformation zone [34]. The
idea of obtaining the lower boundary of the rock-soil mass deformation zone is as follows:
(a) In the tensile region of the proposed mining subsidence basin, several deformation
monitoring boreholes can be set up at a certain distance along the vertical direction of the
working face advancement direction. (b) Based on clinometer, optical fiber deformation
monitoring and other technologies, the whole deformation process monitoring of boreholes,
“stability-deformation—stability”, can be carried out. (c) Based on the low of every borehole
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deformation, the lower boundary of rock—soil mass deformation zone can be analyzed
and obtained.

The mining practice indicates that for any point (P;) in the tensile region, as the dis-
tance (1) between the point (P;) and the mined-out area boundary increases, the depth (h)
of the deformation zone boundary at P; position decreases. Therefore, for the humidifi-
cation of the soil layer in the subsidence area compared with the middle region (CC’) of
the subsidence basin, the humidification depth (h) in the tensile region (AC, A’C’) can be
appropriately reduced with the increase in the horizontal distance (1) from the mined-out
area boundary, which can reduce humidification water consumption and improve humidi-
fication efficiency. In conclusion, during the implementation process of the humidification
method proposed in this study, the maximum humidification depth of the soil layer at any
point (such as P;) within the subsidence area does not exceed the lower boundary of the
rock—soil mass deformation zone.

(2) The influence of humidification depth on the prevention and control effects of coal
mining ground fissures needs to be further studied. Considering that ground fissures can
lead to seepage loss of cultivated land nutrients and tension fractures of crop roots, the
field experiments carried out in this study were conducted for uniform humidification of
the soil layer within the subsidence area, and the humidification depth was set to 0.6-0.8 m.
However, for the dynamic fissures in the middle region of the subsidence basin, different
values of humidification depth (such as 1.0 m and 1.2 m) can be further considered to
explore the correlation between humidification depth and dynamic fissure control effects.

(3) The influence of humidification degree on the prevention and control effect of coal
mining ground fissures needs to be further studied. In order to study the prevention and
control effect of ground fissures, the soil layer within the subsidence area was humidified
to the plastic state in this study. However, it is urgent to carry out the correlation analyses
between the humidification degree (different water content between liquid and plastic
limits) and the prevention and control effect of ground fissures. Finally, the humidification
cost and prevention and control effect can be comprehensively considered to carry out the
optimization design study of the humidification method.

e sle sSle N
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| | | [
A 1E &% B A
l‘&&‘:—"—"_';""" """""""" L. "_‘_'_'_';'-l'r'_.‘_‘.}
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\ _-/
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Mined-out area
(et
Ground before . Ground after Boundary of
subsidence subsidence deformation zone

Figure 12. The sketch of coal mining subsidence basin and its rock—soil mass deformation zone.

7. Conclusions

(1) The model experiment showed that the higher the water content of plastic soil
samples, the lower the development degree of surface fissures.

(2) Based on the humidification method, the field prevention and control experiments
of dynamic fissures and marginal fissures in WF4 and WFp were carried out. The results
show that the humidification method can significantly reduce the development degree of
these two types of ground fissures.

(3) Although the proposed humidification method can effectively reduce the ground
fissure development degree in plain mining area to a certain extent, the area of humidifica-
tion depth and humidification degree still need further research.
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