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Abstract

The hydrogeological conditions of Weibei coalfield in China are complex; the main mining No. 5 coal seam is seriously
threatened by Ordovician limestone karst water disaster at the bottom of coal measures. Chenghe No. 2 Mine is a typical
example. With the increase of mining depth, confined water pressure increases year by year. To find out the law of floor
deformation and failure caused by No. 5 coal seam mining in Chenghe No. 2 Coal Mine, this paper takes 24,508 working
face of Chenghe No. 2 Coal Mine as engineering geological background, and carries out research by numerical simulation
and field test methods. The stress field, displacement field distribution law and plastic zone evolution characteristics of No.
5 coal seam roof and floor varying with the advancing degree of mining face are obtained by simulation calculation. The
progressive failure process of the whole floor stratum is reproduced dynamically, and the development height of the water
conducting fracture zone of overburden is given. The maximum failure depth of the floor occurs at the mining distance of
about 1.5 times the mining width, at which time “the saddle shape” supporting pressure arch reaches its maximum. At the
same time, the multi-point separated layer displacement meter is used to carry out field measurements. The results show that
the maximum failure depth of floor occurs in the goaf, and the maximum range of the relative displacement of the floor is
8.0-8.5 m, which is close to — 6.1 m from the coal mining surface, consistent with the results of the numerical simulation.
Comprehensive analysis shows that the maximum failure depth of coal seam floor in Chenghe No. 2 Coal Mine is 8.3 m.
The conclusion provides a favorable basis for the rational formulation of water disaster control countermeasures. It provides
reference and experience for mining under safe water pressure of aquifuge for prevention and cure water of similar working
face in Chenghe mining area in the future.
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Introduction

Since 1986, geological and hydrogeological investigation,
comprehensive geophysical exploration of well top and
bottom, chemical prospecting, the drilling exploration,
overflow test and so on have been carried out in Chenghe
mining area. A preliminary understanding of the hydro-
geological conditions of three pairs of production mines
(Chenghe No. 2 Mine, Quanjiahe Mine and Dongjiahe
Mine) in the western part of Chenghe mining area was
formed. At the same time, the floor failure depth test of
No. 5 coal working face of Quanjiahe Coal Mine was
carried out, but no similar test has been carried out for
other mines in Chenghe Coal Mine. Moreover, in Chenghe
mining area, the hydrogeological work in the exploration
stage is less, the hydrogeological conditions in the min-
ing area have not been thoroughly investigated and the
mining depth, coal seam thickness, lithology of roof and
floor, water bursting coefficient and other conditions of
each mine are different; for other coal seam floor failure
depth design reference basis is less. With increasingly high
comprehensive mining intensity of the coal resources and
wider mining width of the mining area, the depth of the
mine in the Chenghe mining area continues to extend, and
the threat of water inrush from the floor is more serious.
The study of floor damage depth in Chenghe mining area
is of great significance in both theory and practice. So, in
this paper, numerical simulation and field test study on
floor failure depth are carried out for No. 5 coal seam of
Chenghe No. 2 Coal Mine in Chenghe mining area.

In the aspect of numerical simulation, Li (2012) used
the stress coupling analysis system of seepage in the rock
damage and fracture process to establish the numeri-
cal model of floor rock structure of No. 5 coal seam in
Dongjiahe Coal Mine under the coupling effect of seepage
field and stress field. The numerical simulation analysis of
the influence of floor mining stress and seepage flow was
carried out, and the mining failure characteristics, stress
distribution and seepage characteristics of seam floor
aquifuge were revealed. It has the guiding significance to
analyze the law of water inrush from the floor of No. 5
coal seam in Dongjiahe Coal Mine (Li 2014). To study
the evolution law of floor fracture and water inrush caused
by stress, damage and seepage in the mining process, Lu
and Wang (2015) used the numerical simulation method
to reproduce the stress distribution, evolution of acoustic
emission, characteristics of fracture development and the
formation process of water inrush passage. It has applica-
tion value of assessing the water inrush disaster of the
floor plate in practice (Guo et al. 2017; Liu et al. 2018a;
Yin et al. 2019; Chi et al. 2019). Yin et al. (2016) taking
4196 working face as engineering background and using
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RFPA software to analyze the shear stress field, damage
field and seepage field of the floor during coal seam min-
ing. It simulated and reproduced the whole process of the
formation of the floor slab from rupture to water diversion
fissure channel. Li et al. (2013) have carried out relevant
research on the depth of floor mining failure caused by No.
5 coal seam in Dongjiahe Coal Mine. By combining theo-
retical analysis and numerical simulation, the progressive
failure process of the whole floor strata was dynamically
reproduced (Gu and Li 2011). The maximum failure depth
of the bottom rock is 10—-11 m, and the results are con-
sistent with the field measurements. Zhai et al. (2016), to
explore the barrier effect of different rock strata combina-
tion floor to confined water, took the coal floor of the lower
formation of Huaibei mining area as the research object,
based on the FISH language to carry out the secondary
development of the FLAC?P software. The mining stress
and the permeability of the surrounding rock of different
combined characteristics were analyzed comprehensively
under the condition of convection-solid coupling (Guo
et al. 2017). Based on the mining background of No. 5
coal seam of Taiyuan Formation in Chenghe mining area,
Li et al. (2015) used FLAC?P analysis software to establish
numerical calculation and analysis models under different
working face width and coal seam burial depth, obtained
the maximum floor failure depth corresponding to differ-
ent parameters. They obtained the critical width fitting
formula of No. 5 coal seam in Chenghe mining area under
the condition of two factors by using the MATLAB soft-
ware fitting analysis method. Liu et al. (2017a) studied
the delayed water inrush process of hidden faults in coal
seam floor by means of the FLAC?P simulation analysis
method, and put forward the formation law of potential
water inrush passage under the influence of time effect.
The results are in good agreement with the actual situation
in the field (Meng et al. 2018; Sun et al. 2018; Zhang et al.
2017). Liu et al. (2017b) used RFPA software to study the
mechanism of water inrush in the soft rock floor of coal
mine. The stress field, seepage field and acoustic emis-
sion evolution process of water inrush path of coal seam
floor were analyzed. The results can provide the theoretical
basis and methodological guidance for the study of the
water inrush mechanism of the coal seam floor and the pre-
vention of mine water inrush accidents (Zhu et al. 2018).

In the practical observation of floor, Li (2015) used
theoretical analysis and numerical calculation method to
reinforce and rebuild the floor slab of No. 5 coal seam of
Dongjiahe Coal Mine. Li realized the safe mining of the
working face, better economic and social benefits and valu-
able experience for prediction and prevention of Ordovician
limestone karst water hazard in the bottom floor of No. 5
coal seam of Taiyuan formation in Dongjiahe Coal Mine
and Chenghe Mining area in the future. Xiao et al. (2001)
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combined thick seam stratified mining with the observation
method of seam floor movement and obtained the movement
and deformation law of seam floor rock in stratified min-
ing (Zhang et al. 2016; Liang et al. 2019). Li et al. (2018b)
applied the theory of water inrush coefficient to put forward
the zoning criterion of water inrush danger for the floor of
No. 5 coal seam in Taiyuan Formation of this mining area,
and divided the zoning of water inrush in the floor of No.
5 coal seam under two working conditions. They predicted
the water inrush situation in the future mining conditions of
the mining area and liberated the coal reserves threatened
by water inrush of Ordovician ash (Li and Li 2016; Liu et al.
2018b).

At present, carrying out the on-site monitoring and
improvement of floor and Ordovician strata of No. 5 coal
seam in Chenghe Coal Mine is still in the deceloping stage
(Li et al. 2018a, b). There are few cases of field measure-
ment in China, and a complete technical system has not yet
been formed. The reason is still the lack of theoretical sup-
port, and production practice and theoretical research are
disjointed. At present, there are few research results on the
mining failure depth of the No. 5 coal seam floor in Chenghe
No. 2 Coal Mine. Therefore, in this article, to find out the
deformation and failure law of the bottom plate caused by
coal seam mining, the 24,508 working face of Chenghe No.
2 Coal Mine are used as the engineering geological back-
ground. The model was constructed by numerical simula-
tion, and the damage law of the top and bottom plates of
No. 5 coal seam under the influence of mining was obtained,
which was consistent with the field test results. The result
provides a favorable basis for the pressure mining and the
rational formulation of water damage prevention measures
for similar working faces in the Chenghe mining area.

Study area
Location

Chenghe No. 2 Mineral is located at Shigou Village, Yaotou
Town, Chengcheng County, Shaanxi Province, in southwest
(orientation 236°) of Chengcheng County with a straight-line
distance of 6 km and road distance of 10 km (Fig. 1). Chenghe
No. 2 Mineral is situated in the west of the Chenghe min-
ing area. Its stratum system is close to neighboring Dongjiahe
and Quanjiahe coal mines. Its bedrock is mainly exposed to
Majiagou, two sides of the Yuzihe-Yaotougou ravine, and both
sides of Luohe River, and the other section within the mineral
rights range is covered by loess. Chenghe No. 2 Mineral lies
in Weibei loess plateau gully region where the terrain is full of
ups and downs, and ravines and gullies crisscross. The terrain
within this area is high in the north and low in the south, with

a relative height difference of 150-200 m, with 500-689 m
above sea level.

Working face basic situation

The numerical simulation and field test were carried out in
24,508 working face of No. 5 Coal seam in Chenghe No. 2
Coal Mine. This working face is located in the north of the
second level and fourth mining area, and is surrounded by
real areas. The west end is connected with the belt downhill
and track downhill of the fourth mining area. The burial depth
of the working face is about 400 m, the inclined length of the
working face is 60 m, and the near horizontal coal seam is
mined. The main water-filling factors of 24,508 working face
are the fissure water of the roof sandstone group and Ordovi-
cian water below the bottom plate. The fissure water of the
roof sandstone group is mainly the fissure water in K, K i;,
K5 and sandstone, which is introduced into the workpiece sur-
face through the overburden strata roof water conductive fis-
sure zone. The working face is located in the Carboniferous
Taiyuan formation on the top of the Taiyuan Group with a
thickness of 3.85-4.29 m and an average thickness of 4.0 m.
The bottom plate is mostly siltstone and sandy mudstone. The
24,508 working face is a confined mining area, the distance
between No. 5 coal seam and the top of Ordovician ash is
25-45 m, and the relative water pressure of the aquifuge is
0.81-0.86 MPa. Both air return way and intake airflow road-
ways are supported by I-shaped steel sheds, adopting the com-
bined support form of anchor, mesh, cable and beam, and the
working face is arranged along the long wall. The comprehen-
sive mechanized coal mining method is adopted in the 24,508
working face to control the roof by the full height collapse
method for one-tine mining with long wall retrogression.

Working face lithological division

According to the actual lithology of typical drilled columnar
strata selected from 24,508 working face, the overlying rock
mass is divided into 11 layer model materials according to the
similarity of engineering geological properties. From top to
bottom, there are overlying rock, medium-grained sandstone,
carbonaceous mudstone, No. 5 coal seam, siltstone, sandy
mudstone, quartz sandstone, K2 limestone, No. 10 coal seam,
aluminous mudstone and Ordovician limestone. The mechani-
cal parameters and rock quality indexes of the roof and floor
plates of 24,508 working face are shown in Table 1.
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Fig.1 Location and study area

Table 1 Rock mass parameters of roof and floor plates in 24,508 working face

Lithology Volume Shear modu- Density (kg/m®)  Cohesive (MPa)  Internal fric-  Tensile Rock quality
modulus lus (GPa) tion angle (°)  strength designation
(GPa) (MPa) (%)

Overlying rock 4.67 4.34 2670 4.67 39 1.34 -

Medium grain sandstone ~ 3.38 3.32 2650 5.00 40 1.10 49

Carbonaceous mudstone ~ 3.57 341 2630 3.84 35 1.04 32

No. 5 coal seam 1.43 0.44 1400 1.82 35 0.10 51

Siltstone 4.22 4.03 2620 3.98 39 1.11 60

Sandy mudstone 4.23 4.52 2640 4.12 37 1.23 39

Quartz sandstone 4.54 4.31 2660 4.72 40 1.21 66

K2 limestone 8.97 5.65 2760 4.01 38 1.79 84

No. 10 coal seam 1.43 0.44 1400 1.00 25 0.10 43

Aluminous mudstone 4.86 4.78 2620 4.71 30 1.51 38

Ordovician limestone 8.78 5.23 2770 4.32 37 1.32 77
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Numerical simulation and field test
Numerical simulation technique

The numerical simulation method FLAC?P is used to ana-
lyze the disturbance and failure effect of roof and floor plates
caused by 24,508 working face mining in No. 5 coal seam of
Chenghe No. 2 Coal Mine. It is relatively easier to construct
and simplify the model, with fewer parameters and relative
simplicity.

The establishment of the model

This study takes 24,508 working face of No. 5 Coal seam in
Chenghe No. 2 Coal Mine as the research object, simulates
mining depth 400 m, working face mining width 60 m and
coal seam mining thickness 4.0 m. In the near horizontal
seam mining, the size of the model is 300 m X 200 m X
90 m in length, width and height. In the model, the bottom
interfaces of vertical X-axis, vertical Y-axis and Z are all set
as displacement boundaries, while the top interface is set as
stress boundary, among them the vertical and bottom inter-
faces are set as rolling interfaces. The Ordovician limestone
layer is partly regarded as aquiclude, which applies pressure
on the Ordovician limestone head.

A three-dimensional numerical model is used to simu-
late the stress field in this calculation, and the failure of the
rock mass is judged by the Mohr—Coulomb yield criteria.
Simulating the displacement, stress and plastic failure of
the mining face after the mining reaches equilibrium step

Fig.2 Stope layout plan

by step, the original rock stress is a static stress field and the
rock formation is a continuous medium.

Boundary condition

In the process of numerical simulation of floor failure
depth in Chenghe No. 2 Mine, the boundary conditions of
the model should be determined first. Most of the existing
numerical analysis methods are based on discretization, and
the complex geotechnical engineering rock mass is discre-
tized into smaller unit aggregates in the finite study area. The
stress state is basically the same when mining coal under
alluvium in North China Plain. In the plain area, the crustal
stress in the area has a burial depth of 500 m, and the lateral
pressure coefficient is generally 1.0-2.5. Therefore, the lat-
eral pressure coefficient is 1.1 in the numerical simulation
of the floor failure depth.

Simulated excavation

In this FLAC®P numerical model, the geological model is
established and each element parameter is given, while the
balance of each node and element should be obtained. Only
after the geological model is balanced can excavation calcu-
lation be carried out. General stress balance mainly looks at
vertical stress, as shown in Fig. 2. The thickness of the coal
seam in the figure is 4.0 m. The excavation started at 70 m
at the open-off cut from the lower boundary, and the water
pressure at the top of the Ordovician limestone interface was
0.84 MPa. During the excavation, the excavation distance is
set to 210 m, which is 3.5 times that of the mining width.

Aluminous mudstone
Carbonaceous mudstone
| K2 limestone
Medium grain sandstone
No.10 coal
No.5 coal scam
Ordovite
Overlying rock
Quartz sandstone
sandy mudstone
Siltstone

@ Springer



118 Page6of22

Environmental Earth Sciences (2020) 79:118

Mining from coal seam openings, with each excavation 10 m
and a total of 21 excavation steps, combined with the actual
mining situation of 24,508 working face, goaf overlaying
strata can achieve full mining state.

According to the requirement, the calculation model of
24,508 working face in No. 5 coal seam of Chenghe No. 2
Coal Mine is established. The calculation results are com-
pared and analyzed, and the relevant laws are obtained. The
evolution law of roof and floor plates displacement, the
stress evolution law of surrounding rock and the distribution
law of plastic zone of coal seam roof and floor in the mining
process of 24,508 working face are simulated and deduced.
The relationship curves between the height of plastic failure
of the overlying strata and the depth of floor mining failure
with the mining distance of working face are obtained.

Field test
Test scheme for testing the failure depth of the floor plate

In this paper, based on the engineering background of
No. 24,508 working face in Chenghe No. 2 Coal Mine, a
field monitoring study on the depth of floor mining fail-
ure can be carried out, which can be used to monitor the
failure depth of floor rock formation on the spot. Thus, the

Fig. 3 Section layout drawing of
floor damage depth monitoring
design in No. 5 drilling ground
of air return way of 24,508
working face: a pre-mining
stationing, b post-mining
stationing

distribution law of floor failure depth of No. 5 coal stope is
determined to achieve the intended purpose. In this paper,
one observation line is arranged for data monitoring dur-
ing the stoping period in No. 5 drilling ground of No. 5
air return way in 24,508 working face. The section layout
for monitoring the depth of floor damage during mining
in No. 5 drilling ground of 24,508 working face is shown
in Fig. 3.

Drilling equipment and construction technology

Drilling equipment: select special underground pit pen-
etration drilling MK-3 drilling machine.

Drilling tool combination: use ¢42 internal drill pipe,
$50 diamond bit, plus anti-deviation centralizer, and
maintain adequate drilling pressure.

Core drill bit: 75 X 1500 mm core barrel.

Flushing fluid: drilling with all-hole clear water.

One borehole was completed to test the floor fracture
depth, and one borehole was completed to sample the floor
core. Nearly, 20 samples were taken during the drilling
process. The design inclination of the borehole was 90°,
the depth of the final borehole was 10 m, and the final
borehole was in the quartz sandstone horizon. The field
diagram of drilling equipment is shown in Fig. 4.
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Hole drill MK-3 drilling rig

<——942 inner wire drill rod

Hole drill MK-3 drilling rig

Fig.4 Site map of drilling equipment

Testing time

The site construction and test process lasted 52 days. More
than 40 observations were carried out in the borehole, and
about 1000 sets of data were obtained.

Testing procedure

The testing process was carried out in the air return way
drilling field of 2458 working face. The floor failure depth
was monitored by 22-point separation displacement meter.
The floor base point depth was 13 m, 12 m, 11 m, 10.5 m,
10m,9.5m,9m, 85m,8m, 7.5 m, 7m, 6.5 m, 6 m,
55m,5m,45m,4m,3.5m,3m,2.5m,2mand 1.5 m,
respectively. The floor measuring points were arranged
in the construction drilling field of the air return way of
24,508 working face. The monitoring site of floor failure
depth is perpendicular to the bottom plate platform of the
No. 5 drilling field. First, the shallow hole has diameter
75 mm and depth 1.5 m. The sleeve is inserted into the
casing with outer diameter 75 mm, inner diameter more
than 50 mm, length 1.5 m and concrete foundation rein-
forcement outside the casing. Then continue to drill deep
holes with a diameter of 48 mm and a depth of 11.5 m.
The total depth of the bottom drilling is 15 m, as shown
in Fig. 5.

Results and analysis
Results analysis of numerical simulation

According to a certain step distance, the distribution law
of roof and floor plastic zone, stress distribution law and
displacement distribution law of five coal seams under
the action of stress field and seepage field are simulated,
respectively (in the three-dimensional simulation diagram
of this chapter: the X direction represents the working face
strike length in the model, that is, the direction of working
face advance, and the Y direction represents the inclined
length of the model, that is, the direction of working face
inclination. The Z direction represents the height of the
model). The distribution of the initial stress field (vertical
stress) in the numerical model is shown in Fig. 6.

Analysis of the distribution of stress range of stope roof
and floor

Figures 7 and 8 show the development rule diagram of
vertical stress field of stope roof and floor of 24,508 work-
ing face in Chenghe No. 2 Coal Mine after backstoping
in No. 5 coal seam (unit MPa in the figure, negative sign
indicates pressure area).

From Figs. 7 and 8, we can see that: when the working
face is pushed to 30 m, the roof and floor rock formation
forms elliptical stress arch, the tensile stress zone appears
overlying the strata above the goaf, the goaf directly roof
collapses, and presents the shape of arch falling. While
the goaf floor is in the mining and unloading area, the ten-
sile stress zone is formed, and the direct bottom mudstone
layer is gradually damaged by tension from top to bottom.

When the working face advances to L =60 m, the ellip-
tical stress arch increases and rises, showing a symmetri-
cal distribution pattern. The supporting pressure zone is
formed in the open-off cut and coal wall of the coal face
and its above overlying strata, and the distribution range
increases continuously. The supporting pressure area is
formed in the coal wall rock body behind the open-off cut
and the coal mining in the front and rear, and the distri-
bution range of the supporting pressure on the inclined
section plane of X=66 m and X=122 m in the middle of
the goaf increases constantly. The the corresponding high
stress region appears in the coal pillar on both sides of the
coal pillar. Its value range is larger than the stress value
which the coal body can bear. Further damage occurs near
the edge of the coal pillar, the peak value of the supporting
pressure extends to the deep part of the coal body, and the
inner part of the goaf is a pressure reduction area (blue).
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Fig.5 Monitoring arrangement of damage depth of borehole floor in No. 5 drilling field of air return way of 24,508 working face (unit: mm in

figure)

When the working face is pushed to L=90 m, the dis-
tribution of supporting pressure on the inclined section
plane of X=122 m in the middle of goaf increases con-
tinuously; the variation of szz stress distribution on the
X =66 m inclined section plane is relatively small, which
has little effect on this position. However, the phenomenon
of szz stress rise begins to appear in the X =122 m inclined
section plane, which indicates that the advance bearing
pressure has affected the position.

When the working face is pushed to L=110 m, the coal
seam is mined to X=178 m, and the tensile stress of the

@ Springer

roof and floor plates in the middle of the goaf disappears in
the section plane X=122 m and X =66 m, which indicates
that the overlying strata completely collapses and the caved
gangue almost completely fills the goaf. A smaller pressure
arch which is not completely compacted is formed around
the goaf, and the local tensile stress failure zone is formed.

When the working face is pushed to 130 m and 150 m,
it can be seen on the X =178 m profile that the stress szz of
the roof and floor of the complete caving and compacting
part of the gangue in the goaf is almost unchanged, which
indicates that the goaf has been completely compacted by
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Fig. 6 Initial stress field (verti-
cal stress)

the carving gangue and bears the weight of the rock above it.
On the section X =178 m, the pressure of the roof and floor
strata in goaf move forward with the continuous advance
of the mining face, and the development height of water
conduction fracture zone and the mining failure depth and
scope of floor no longer change with the mining of the coal
seam, which indicates that the goaf has entered a stable state
at this time, and the development of plastic zone reaches its
maximum value.

The working face continues to move forward to the
170-210 m interval. With the advancing of the mining face,
the pressure stress of the bottom plate in the goaf gradually
increases to a stable level, showing a small pressure arch
shape above the open-off cut and the nearby goaf. Preserv-
ing the stable form is not affected by the mining of the coal
seam, while the mining face and the goaf behind it present
a periodic pressure arch change law as a whole with the
mining of the coal seam. The height and range of the pres-
sure arch move forward, but they are no longer widened and
increased.

Analysis of the evolution law of displacement field of stope
roof and floor

Figures 9 and 10 show the evolutionary map of the roof and
floor displacement field after backstoping in No. 5 coal seam
24,508 working face of Chenghe No. 2 Coal Mine (unit cm,
the negative sign in the figure represents vertical downward
displacement).

It can be seen from Figs. 9 and 10 that the roof overly-
ing strata in the inclined direction of the goaf X=10 m,
X =66 m will gradually decrease with the development of
the mining face when the working face advances L=30 m
and 60 m, respectively. With the backstoping of the mining
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-7.2000E+06
= -7.4000E+06
-7.6000E+06
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-8.0000E+06
-8.2000E+06
-8.4000E+06
-8.5376E+06

face, the direct roof caving and the old roof collapse,
the fracture range of the rock formation above the goaf
expands, the height of the gangue caving increases, and
the maximum settlement of the roof increases gradually (in
the blue area, the deeper the color, the bigger is the subsid-
ence). The bottom plate is in the unloading state, and the
bottom floor drum phenomenon occurs (the red area; the
darker the color, the bigger is the bottom drum quantity).
When the propulsion degree reaches 60 m, the roof subsid-
ence value at the center of the goaf reaches 3.15 m, and the
subsidence of the overlying strata above the goaf shows an
inverted trapezoid shape. In contrast, the bottom floor at
the center of the goaf is affected by the unloading of coal
seam (red area), and the amount of floor drum increases
from 0.38 to 0.62 m with the advance of the mining face.
However, the increase rate is not as fast as the amount of
roof subsidence. This is mainly because the floor is also
increased by the amount of carving gangue.

When the working face is pushed to 90 m, the inner
space of the goaf is gradually compacted, and the floor is
subjected to the roof pressure of overlying rock besides
the weight of the gangue. At this time, the maximum
subsidence value of the top roof in the inclined direction
X =122 m is still occurring in the center of the goaf, reach-
ing 3.46 m, and the floor bottom drum quantity is 0.64 m.
With the continuous mining of coal seam, the subsidence
of goaf in this section is no longer increased, which is
caused by the recovery of pressure stress in goaf.

When the working face is pushed to 110 m, the work-
ing face has multiple periodic pressure. From the verti-
cal stress field, it can be seen that the height of the pres-
sure arch develops to the maximum, the goaf is gradually
enriched and roofed by the carving gangue, and at this
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Fig.7 3-D stress distribution law of stope roof and floor Szz under different propulsion degree (L in the graph represents working face propelling distance, and the unit in the graph is MPa)
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Fig.8 Two-dimensional stress distribution law of stope roof and floor Szz under different propulsive degree (Y=100 m) (L in the graph repre-

sents working face propelling distance)

moment the roof subsidence reaches 3.46 m. It occurs on
the X=122 m section in the middle of the goaf.

After that, as the mining face gradually moved forward
to 130 m, 170 m, 190 m and 210 m, within the pressure
range of one to two cycle weighting range coming from the
goaf immediately following the working face, the roof and
floor space of the goaf again formed a small-scale pressure
arch (Fig. 8, visible). After the mining face was pushed for-
ward, the goaf in the rear gradually changed from pressure
unloading to pressure recovery, and no change of displace-
ment occurred after the bottom plate was connected to the
roof. This rule goes on and on until the coal seam has been
finished mining.

Distribution law of support pressure in coal seam floor

To directly reflect the evolution characteristics of support-
ing pressure in the front of the back coal wall and the goaf
in front of the bottom plate and roof of No. 5 coal seam,
the data of coal seam floor under different mining steps are
extracted, as shown in Fig. 11 (unit: MPa in the figure). Fig-
ure 12 shows the distribution curve of supporting pressure
in different positions of coal seam floor (¥Y=100 m, 160 m,
190 m).

(1) Distribution law of supporting pressure around the
stope

As can be seen in Fig. 11, when the coal seam is
mined, the weight of the overburden rock is distributed
to the coal wall around the goaf. The support formed
is redistributed and transferred to the surrounding coal
mass and pillar, and the stress redistribution occurs
on the coal wall around the goaf. Thus, a supporting
pressure distribution band is formed (the brighter the
red part of the diagram, the greater is the value of the
supporting pressure). The leading supporting pressure
moves forward with the advance of the working face,
and the supporting pressure on the coal mass and pil-
lar on both sides of the working face and on the side
of the cutting hole. At this time, with the increase of
mining length, more amount of gangue falls from the
roof of the goaf. The space between the top of the cav-
ing gangue and the upper part of the rock is gradually
reduced, and the upper non-falling strata are supported
again in varying degrees. The amount of gangue falling
from the overlying strata in the central part of the goaf
is large, and the middle part of the spatial arch struc-
ture first touches the gangue. When the falling gangue
clings to the roof and produces the interaction force, the
goaf can be compacted. At this stage, the bottom plate
of the goaf is subjected to the pressure of the overlying
strata in a “wave shape”. The peak point of the small
wave peak is the initial pressure and periodic pres-
sure of the old roof in the field. As the mining surface
continues to advance, the goaf is gradually filled with
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Fig.9 Three-dimensional simulation map of vertical displacement field distribution of stope roof and floor under different propulsive degrees (L in the graph represents working face propelling

distance and the unit in the graph is cm)
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Fig. 10 Distribution law of vertical displacement field of stope roof and floor under different propulsive degrees (Y=100 m) (L in the graph rep-

resents working face propelling distance and the unit in the graph is cm)
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falling meteorites (L =20-110 m). When the mining
face is advanced to L=110-130 m, the “wave form” in
the goaf will no longer change significantly. The full
mining distance is generally “1 initial pressure +3~5
cycles to press”. When the working face is pushed over
the full mining distance, the rock movement above the
goaf will show a periodic “fall-fill-cut—top-compac-
tion” process, which will start again and again until the
end of the stoping.

Dynamic variation law of strike support pressure.

As can be seen in Fig. 12, with the advancement of
the working face, when the peak stress of the support-
ing pressure kyH (y is the roof rock bulk density and
H is the mining depth), the supporting pressure peak
coefficient (k) is greater than the compressive strength
of the coal wall at the mining face and the hole opening
position, the plastic ring will occur in the coal wall, and
the peak pressure will be transferred from the coal wall
surface to the coal body, especially during the incom-
plete mining period. The performance of this process
is very obvious. In the initial stage of the working face,
the coal body is basically in an elastic state, and the
supporting pressure distribution curve is a negative
exponential function curve. The peak of the support-
ing pressure is located near the coal wall, for exam-
ple, the supporting pressure peak coefficient k=1.436
at L=30 m. With the continuous advancement of the
working face, the peak of the supporting pressure at
the face is transferred to the deep part of the coal body
(k=1.486 at L=60 m, k=1.480 at L=110 m), which
is the dynamic support pressure evolution stage and
the coal face of the mining face. Compared with the
position support pressure peak, the support pressure at

the open cut position gradually increases as the min-
ing width increases until the full production stage is
reached.

For the supporting pressure of ¥Y=160 m, before the full
mining stage, the supporting pressure on both sides of the
mining face increases with the mining advancement, which
is mainly affected by the structure of the overlying arched
roof and the pressure of the roof. Coal body transfers around
the goaf, such as k=1.03 at L=30m, k=1.12 at L=60 m,
and k=1.18 at L=110 m, until the goaf completely falls,
cuts and compacts, reaching its maximum peak. The pres-
sure will no longer increase. When the mining distance
of coal seam exceeds full mining, the peak value of bear-
ing pressure at ¥Y=160 m will no longer increase with the
increase of mining distance, and the peak coefficient k of
bearing pressure will remain in the range of 1.20-1.22.

For Y=190 m, from the whole process of L=20-210 m,
the peak pressure coefficient k of the supporting pressure
is in the range of 1.0-1.05, and the variation range is quite
small, which can be neglected, indicating that the model is
constructed reasonably and the data is accurate. The bound-
ary is basically unaffected by mining.

Analysis of failure depth and development law of stope
roof and floor

Figures 13 and 14 show the evolution law diagram of plastic
zone of roof and floor in No. 5 coal seam 24,508 working
face of Chenghe No. 2 Coal Mine under different excava-
tion lengths.

From Figs. 13 and 14, it can be seen that when the work-
ing face is advancing 30 m, the direct roof of the working
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Fig. 12 Dynamic variation curve of strike support pressure at different cutting plane positions

face is mainly caused by tensile failure within the goaf area
on the X=66 m section (the position of open-off cut is in
the X =70 m) section, the height of water conduction frac-
ture zone is only 20.9 m, the range of carving zone is direct
roof, and the height is 3.15 m. The carving horizon is car-
bonaceous mudstone; however, the direct floor of goaf is
damaged by tension deformation and failure (siltstone is the
damage horizon). Shear failure occurred on both sides of
the floor of the goaf, the failure depth of the floor was only
7.4 m, and the damage horizon was sandy mudstone. The
overlying strata in goaf show a “saddle” shape.

When the working face is pushed to 60 m, on the section
of Y=122 m, the direct roof of the face caving along with
the mining, the height of the water-conducting fracture zone
rises to 41.2 m (medium grain sandstone), and the height of
carving zone rises to 10.6 m. The overall failure form shows
an obvious “saddle shape”; the bottom plate forms an “M”
shape, the siltstone direct floor still has tensile failure and
extends to this sandy mudstone, and floor damage reaches
7.9 m (below the open-off cut). At this time, due to the thick-
ness of the coal seam floor aquiclude is thick and the mining
damage range of the floor is small, the Ordovician limestone
confined water does not make the strata on the Ordovician
limestone top interface produce failure height of the con-
fined water guide zone.

When the working face is pushed to 90 m, the dam-
age range of the overlying strata above the goaf is further
expanded on the Y=100 m section, the height of the water-
conducting fracture zone is maintained at 41.2 m (overlying
rock), the height of the carving zone is still 10.6 m, and the

development height of the water-conducting fracture zone
formed by the strata above the mining face is reduced by
only 31.1 m, which is because the goaf far behind the min-
ing face is basically filled and compacted by the carving
gangue. However, the “M” shape of the floor of the goaf
further enlarges to form a “wavy” shape, and the damage
depth extends to the bottom of the sandy mudstone with a
damage depth of 8.3 m.

When the working face is pushed to 110 m, the “saddle”
shape is further expanded on the section of ¥Y=100 m. The
height of roof caving reaches 6.2 m (carbonaceous mudstone
top), and the height of water-conducting fracture zone devel-
ops to 40.6 m. However, the maximum damage of the bottom
plate in goaf occurs in the rock layer below the open-off cut
and the coal face, develops inside the sandy mudstone, and
the damage depth reaches 8.3 m. The height of the water-
conducting fracture zone develops to about 35 m within the
X =178 m section. The developmental horizon comprises
medium grain sandstone, and the floor has a larger failure
depth under the coal pillar and is located in the rock layer
below the coal pillar.

When the working face is pushed to 130 m, the height
of the roof water conduction fracture zone is maintained at
41.2 m. The depth of the mining failure of the bottom plate
is not extended to the depth, but is maintained at 8.3 m. In
the section of X=178 m, the failure form of the direct roof
in goaf has not changed obviously, the longitudinal dam-
age range extends upward, and the height of development is
smaller than that of the strike section. The main failure of
the goaf floor is shear failure, and the damage depth is 7.8 m.
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When the working face continues to move forward to
130-210 m, the height of the overlying rock layer water-
conducting fracture zone of the goaf near one side of the
open-off cut is not more than 41.2 m on the Y=100 m sec-
tion. This is due to the smaller range of pressure arch formed
subsequently, and the failure forms begin again and again.
The height of the water-conducting fracture zone at the top
of the goaf increases with the development of mining, which
is close to the side of the coal face in the pressure range
of one to two cycles. However, the development height is
smaller than that near the open-off cut side, which is mainly
due to the small pressure arch height formed by the overly-
ing strata in the goaf. The failure depth of the bottom plate
is lower than that of the goaf compaction, which is kept in
the range of 6.8—7.9 m, but less than 8.3 m.

Floor mining failure depth simulation results analysis

The whole development process of floor mining failure
depth linearly increases along with the development of min-
ing face, and then tends to becoming steady. When the pro-
pulsion distance of the working face is less than 90 m (1.5
times cut width), the depth of floor mining failure increases
linearly with the advance of mining face, but when the work-
ing face is over 90 m, the depth of floor mining failure no
longer changes with the mining face and is basically stable
at 8.3 m. Since then, the working face continued to advance,
and the failure depth of the bottom plate was basically main-
tained at that depth.

Results analysis of field test

Borehole test was conducted from 1.5 to 13.0 m for effec-
tive observation depth (vertical depth). This 24,508 work-
ing face coal seam floor failure depth observation method
used multiple point displacement meter (national inven-
tion patent: ZL201310614482.5; utility model patent:
71.201621021735.3) field test, through the pre-arrangement
of drilling and monitoring equipment at a distance of 50 m
from the coal mining surface. The actual observation begins
at 28 m distance from the coal face, and the monitoring
equipment can be placed at the borehole before coal seam
mining (as shown in Fig. 5). Through the monitoring equip-
ment, the high precision displacement meter (precision:
0.01 mm) is used to read the data directly. When the work-
ing face is near the measuring point, the steel pipe can be
buried above the hole, and the steel pipe can be laid along
the driving direction of the air return way to 25 m away from
the measuring point for continuous observation. Therefore,
when the measuring point enters the goaf, the observation
can be continued through the buried pipe until the observa-
tion point is stabilized.

The relative displacement between the measuring points
and the porthole of 24,508 working face coal seam floor is
shown in Fig. 15; the relative displacement of the adjacent
measuring points at the failure depth of coal seam floor in
24,508 working face is shown in Fig. 16. The three-dimen-
sional relation curve of the relative displacement of the floor
rock during the stoping period of 24,508 working face is
shown in Fig. 17.

=) 28 23 20 135 11.8 102 7.8 52 34231203 -13 29 45 -6.1 -7.7 -93
g 40 ‘
)
235 —=— 11.0m
= —e—10.5m
= —+—10.0m
30
= —v—9.5m
=i
= —&— 9.0m
Q -
8*25 —<—8.5m
§ —>»—8.0m
520 —e—7.5m
S —*—7.0m
B 15+ —e—6.5m
g —o— 6.0m
£10 ——5.5m
§ —<—5.0m
& 54 —<—4.0m
S | ——3.0m
¢>) Coal mining face 2.0m
= 0 - Monitoring before Monitoring after
< recovery of working face recovery of working face
&) T T T * T * T * f * T * 1

30 25 20 15 10 5 0 -5 -10

Distance between monitoring point and coal face/m

Fig. 15 The relationship diagram between the relative displacement between the measuring points and the stoping surface propulsive degree
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From Figs. 15, 16 and 17, it can be seen that when the
24,508 coal mining surface is pushed from the coal mining
surface to the horizontal distance from the drilling pit test
point to 28—13.5 m before mining, because the floor is in
the original rock stress state, there is no obvious relative
displacement of the measuring points in the bottom rock
layer. In Fig. 15, the change is slightly increased, mainly
due to the roadway floor heave; when the 24,508 coal min-
ing surface is pushed to the horizontal distance of 10.2 m
from the test point of drilling pit, the relative displacement
of the adjacent measuring points begins to change slightly. It
can also be seen from Fig. 17 that the relative displacement
range of this segment is in 0.12-0.56 mm (purple part); from
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the point of 10.2—1.2 m before mining, the relative displace-
ment value changes obviously, which is mainly affected by
the coal seam mining. When the working face of the mining
face gradually advances to the drilling hole measuring point,
the stress of the old main roof is transferred to the coal seam.
The change of the supporting pressure will affect the change
of the maximum and minimum principal stress of the coal
seam floor, thus causing the change of the displacement field
of the floor. From 1.2 to — 6.1 m in the mining, the relative
displacement value increases with the propulsive degree, and
reaches the maximum near the measuring point 6.1 m (the
measuring point has entered the goaf) in 24,508 mining face
(8.0-8.5 m curve in Fig. 16). Because the roof of overlying
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strata is just in the cantilever beam, the maximum principal
stress decreases, the horizontal stress perpendicular to the
direction of the working face increases, and the crack in the
horizontal direction begins to squeeze. The horizontal crack
began to decrease gradually, the additional stress of the goaf
floor was reduced by the carving gangue, the displacement
of the floor increased, and the floor of the goaf increased.
The maximum value of plastic slip occurred in rock for-
mation in this interval, the maximum relative displacement
of each measuring point can reach 4.34 mm, the maximum
relative displacement of each measuring point can reach
1.825 mm between the interval measurements, and the dis-
tance between each measuring point is drilling hole. Within
the distance of — 6.1to— 9.3 m after mining, the depth of
disturbance failure of the bottom plate does not continue to
develop into the deep strata, but terminates at the depth of
8.0-8.5 m (vertical depth). When the depth of the observa-
tion point is greater than 8.5 m, there is no significant fluc-
tuation in the data waveform. In Fig. 17, it can be seen that
most of the areas greater than 8.5 m are purple areas, and the
relative displacement range is 0.9-0.12 mm. It also shows
that the rock mass at the depth of 8.5-11.0 m is not affected
by coal seam mining and is always in the range of elastic
stress change. At the same time, as the coal face continues to
advance, the old main roof is compacted again after mining,
the maximum principal stress increases gradually, the sup-
porting pressure after mining tends to be stable, and the goaf
is basically compacted by the carving gangue. The internal
stress of the floor rock mass tends to be stable basically. At
this time, the internal stress of the floor rock mass should be
subjected to elastic stress, and the displacement of the bot-
tom plate of the measuring point will no longer change with
the continuous advance of the coal mining surface. This can
be confirmed by numerical simulation.

Comparison between numerical simulation
and field measurement results

The failure depth of floor rock layer of No. 5 coal seam was
carried out during the backstoping period of 24,508 working
face of No. 5 Coal seam in Chenghe No. 2 Coal Mine. The
method of “displacement monitoring of floor rock layer” was
adopted in the field, and a multiple point displacement meter
was set up every half meter along the borehole. To determine
the failure depth of the coal seam floor, the change of rock
displacement of floor drilling is determined, and the research
results are as above.

According to the relationship curve diagram of relative
displacement of floor rock layer during the backstoping
period in 24,508 working face of Chenghe No. 2 Coal Mine,
it can be seen from Figs. 15, 16 and 17 that the develop-
ment degree of floor failure is obvious in boreholes. Along

@ Springer

with the continuous advance of the mining face, the cracks
began to develop gradually at the hole depth of 1.5-8.5 m.
When the monitoring point goes over the mining surface and
enters the goaf (1.2 ~— 6.1 m interval), the plastic slip of the
bottom plate in this interval will reach the maximum value.
Figure 17 shows that at the bottom failure line, this curve
terminates in the range of 8.0-8.5 m. The degree of fracture
development is related to the lithology of the area, and the
original fissure is not developed under the depth of 8.5 m.
No obvious fissure occurs due to the influence of mining.

Based on the above analysis, it can be seen from the field
monitoring data that the maximum failure depth of the floor
measured directly below the coal body is 8.0-8.5 m. Com-
bined with the results of numerical simulation, the maxi-
mum failure depth of the floor of No. 5 coal seam in 24,508
working face is 8.3 m.

Most of the statistical data of the statistical formulas in
China’s Coal Mine Safety regulations and regulations on
Water Prevention and Control of Coal Mines concentrate
on the values of the damage depth of the floor collected
under the conditions of shallow buried depth and lower
mining height. According to the previous measured results,
when the buried depth is basically not affected by the min-
ing height in the shallow part, the analysis shows that the
stress state of the rock mass changes when the buried depth
is large, and the coal seam mining begins to transition to the
plastic deformation stage. The change of supporting pressure
around the goaf will greatly affect the failure and deforma-
tion of the floor rock mass. Therefore, under the condition
of 400 m mining depth, the influence of mining height on
the floor failure is greater than that in the shallow part, and
the depth of the bottom plate failure will change greatly. The
prediction of the depth of the floor disturbance damage can
be carried out only by relying on the empirical formula in
the code and the rules. It is very likely that the actual failure
depth value and the predicted depth value will be in great
error, which is disadvantageous to the prevention and treat-
ment of mine floor water hazard. Therefore, the result of
disturbance and failure of coal seam floor in Chenghe Coal
Mine obtained by numerical simulation and field measure-
ment method is closer to the true value, which will bring
huge economic benefits to the smooth development of the
prevention and control of water in the later stage of mine.

Conclusion

To solve the problem of safe mining of coal seam No. 5
in Chenghe No. 2 Coal Mine, this paper has carried out
numerical simulation analysis of floor failure mechanism of
coal seam No. 5 in Chenghe Coal Mine and research on field
measurement technology. Based on the measured data and
simulation results, the deformation and failure depth of floor



Environmental Earth Sciences (2020) 79:118

Page210f22 118

strata are analyzed and studied, which has great significance
to ensure the safe production of No. 5 coal seam in Chenghe
mining area. The following conclusions are drawn:

1. In this paper, numerical simulation of failure mecha-
nism of stope floor is carried out in No. 5 coal seam of
Chenghe No. 2 Coal Mine. The disturbance and fail-
ure situation and its law of floor in Chenghe Coal Mine
have not been revealed at home and abroad so far. The
FLAC?P numerical simulation software is used to simu-
late and analyze the development height of the overlying
strata water-conducting fracture zone and the depth of
the floor disturbance before and after coal seam mining.
With the continuous advancement of the working face
according to a certain step distance, under the action
of stress field and seepage field, the distribution law of
plastic zone, stress distribution and displacement field
of mining surrounding rock in No. 5 coal seam are simu-
lated, respectively. It is concluded that the fracture depth
of floor in No. 24,508 working face of Chenghe No. 2
Coal Mine is 8.3 m.

2. With coal seam mining, the stress of coal rock mass is
redistributed around the goaf. When the stress value near
the coal wall reaches the strength limit of the coal seam,
as the coal body breaks, its bearing capacity decreases,
and the pressure peak near the coal wall will go deep
into the coal body. When the peak bearing pressure is
transferred to the deep part of the coal body, the elastic
pressure zone and the plastic zone will be generated in
the support pressure distribution zone. The high peak
of the stress is located at the junction of the elastic zone
and the plastic zone. The coal seam is connected with
the bottom plate, and the plastic zone of the coal seam
will bring the plastic slip of the floor, resulting in plastic
failure of the floor. When the mining face is advanced
to a certain distance, as the goaf is gradually filled with
falling meteorites, the upper part of the rock is lami-
nated with solid goaf, and the bottom plate supporting
pressure in the goaf is gradually. It recovers and tends
to stabilize until it is fully compacted. At this time, the
distance of the working face advancing is usually 1 first
weighting plus 3 to 5 periodic weighting.

3. According to the principle that the bottom rock layer
changes with the stress field inside the rock mass, the
characteristics of the relative displacement change are
observed repeatedly before and after mining, and the
results of the relative displacement change are analyzed.
The mining failure depth of floor before and after coal
seam mining is obtained. The field test starts at 28 m dis-
tance from the working face. The author’s patent tech-
nology is used to carry out the field measurement. The
observation technology of the observation point enter-
ing the goaf is carried out for the first time by using the

method of embedded pipe. The accuracy and rational-
ity of this method are verified by the results of numeri-
cal simulation and more than a 1000 groups of data are
obtained. Through the actual measurement of the floor
of the drilling hole in No. 5 coal seam of Chenghe No. 2
Coal Mine during the backstoping period, it can be seen
that the fluctuation of the relative displacement of the
measured points in the vertical depth of 8.0-8.5 m test
section is the most significant, and the relative displace-
ment reaches the maximum value when the working face
is mined to the measuring point of 1.2to — 6.1 m, indi-
cating that the floor rock fracture develops to this depth.
The bottom plate of the test section of 8.5-11.0 m is still
in the area of elastic change, and the relative displace-
ment is smaller, which indicates that the fracture of the
bottom rock layer has not developed at this point.

4. According to the data of statistical formula in “Coal
Mine Safety regulations” and “Coal Mine Water Pre-
vention regulations”, most of the data sources are based
on the regression formula obtained on the basis of the
data collected under the condition of shallow buried
depth and less mining height. During the application
of grouting on the floor of No. 5 coal seam in Chenghe
No. 2 Coal Mine, it is very likely that the actual fail-
ure depth value and the predicted depth value will be in
great error. Therefore, the measured results and numer-
ical simulation results obtained by the multiple point
displacement method show that the maximum failure
depth of mining movement in 24,508 working face is
8.3 m, thus the mining failure depth of floor rock mass
during coal seam mining is quantitatively analyzed. The
conclusions obtained in this paper have relatively high
application value in predicting the depth of floor failure
in Chenghe mining area, which can basically meet the
practical needs of engineering and bring huge economic
and social benefits to mine water prevention and safety
production.
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