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Abstract

The failure characteristics of roof strata in coal mining and the accurate prediction of mine water inflow are prerequisites
for mine safety. Taking a typical coal mine in Southwest China as a case, a new type of similar material suitable for coal
mine in exposed karst areas was developed. Through the physical and numerical simulation, the failure characteristics of
overlaying rock in karst areas were analyzed. The results showed that the plastic zone developed and accumulated from the
roof. After mining, the stress and displacement of overlying rock were divided into three areas along the mining direction.
The middle area experienced the maximum change. Overall, the height of falling and water-conducting fracture zones in
karst exposed areas was slightly lower than that in other areas. And then, the hydrogeological structure considering the
water-conducting fracture zone was rationally generalized, and a three-dimensional numerical model for predicting mine
water inflow was built. It was found that the numerical simulation method had the minimum error and the maximum
accuracy than other traditional methods, and its results were the closest to the measured value, which could more truly
reflect the dynamic formation process of mine water inflow.
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Introduction

Coal is an important basic energy source in the world, which
provides an important energy guarantee for the develop-
ment of global economy and society. The prediction of mine
water inflow can provide a basis for mine design, mining
planning and water disaster prevention and control, which
is also of great significance during the entire life cycle of
mines (Huang et al. 2016; Roy et al. 2020; Singh et al.
1985). Mine water inflow refers to the amount of water that
enters the mine from various water sources through different
channels during mine construction or production (Guo et al.
2009). Accurate prediction of mine water inflow has always
been a key problem that endangers mine work safety. The
existing mine water inflow prediction methods take the min-
ing area and historical water inflow data as the main basis
for predicting the mine water inflow, which does not accu-
rately reflect the formation process of water inflow (Miao et
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al. 2013). The part of mine inflow is recharged from the coal
measure aquitard itself, and another part is recharged from
adjacent aquifers in mining fracture zones (Wu et al. 2017).
Water in the adjacent aquifers will enter the mine through
the mining fracture zone. When it does not develop into the
aquifer, water will not directly replenish to the mine. There-
fore, when calculating the corresponding water inflow, the
entire mining area cannot be taken as a water-conducting
channel (Zeng et al. 2023). The mine water inflow should
be calculated based on the fact that the mining fracture zone
leading to the adjacent aquifer acts as a water-conducting
channel, which is more in line with the formation mecha-
nism of water inflow (Islam et al. 2016; Li et al. 2023; Ma
et al. 2022). For mines that water source is mainly from the
roof aquifer, it is first necessary to determine the height of
falling zone and fracture zone formed in coal mining. Dur-
ing current study on overlying rock failure in coal mining,
the numerical and similar simulation methods are preferred
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(Erguler and Ulusay 2009; Feng et al. 2014; Lawson et al.
2017; Poulsen et al. 2015; Zhao et al. 2018). For example,
Zhu et al. (2008) conducted numerical simulation analysis
on the coal mining process by using RFPA2D software, and
identified the deformation and failure of roof strata and the
characteristics of groundwater seepage. Yao et al. (2012)
analyzed the changes in the stress, water pressure and seep-
age field of roof surrounding rock during coal mining by
using RFPA2D and COMSOL software. Yanli et al. (2011)
built a similar model about the overlying strata on the long-
arm working face of coal mining by using sponge and
plastic foam, and studied the deformation and failure char-
acteristics of the overlying strata. Wei et al. (2022) studied
the development of water-conducting fracture zones in the
overlying bedrock during the mining of extremely thick coal
seams with large buried depth through physical simulation
tests. All these researches contributed to the study on fail-
ure mechanism of overlaying rock in coal mining, but their
focus was put on sandstone or mudstone roofs. However,
the lithology of coal roof in the exposed karst area is more
complex, and the deformation and failure characteristics of
the overlying rock in coal mining are highly different from
the non-karst areas especially at the development height of
water-conducting fracture zone (Aladejare et al. 2022; Li et
al. 2022; Parise et al. 2004; Waele et al. 2011). Besides, the
studies about deformation and failure mechanism of over-
lying rock under such hydrogeological structure conditions
are less not deep yet.

When the fracture zones of roof strata formed after coal
mining reach the karst aquifer, the groundwater will enter
the mine along them and form mine water inflow(Wu et al.
2024). Over years, under the unremitting efforts with hydro-
geological workers, mine water inflow prediction tech-
nologies have been greatly developed. Among them, the
deterministic calculation method and the non-deterministic
calculation method are widely used. The non-deterministic
calculation methods mainly include correlation analysis
method (Bahrami et al. 2016; Leurgans et al. 1993; Mahdi
2018), gray theory method (Ma and Bai 2015; Rajesh et al.
2014), hydrogeological analogy method (Booshehrian et
al. 2020), and neural network method (Hakke et al. 2023;
Krivoshchekov et al. 2022), by which a prediction model
of mine water inflow is built by using relevant statistical
analysis methods based on the measured mine water inflow.
These methods all require a large number of hydrogeologi-
cal parameters, and they are very complicated but with low
applicability. The deterministic calculation methods mainly
include water balance method (Liu et al. 2016; Zarei et al.
2011), analytical method (Li et al. 2021; Mahmoodzadeh
et al. 2021) and numerical method (Butscher 2012; Li et
al. 2015). Among them, the water balance method has high
requirements on the data acquisition of balance elements

during the balance period (McJannet et al. 2013), and the
analytical method has very harsh application conditions,
only suitable for mines with simple hydrogeological condi-
tions (Zarei et al. 2011). The numerical method needs a large
amount of data to build a calculation model that is consistent
with the actual hydrogeological conditions of the mining
area. In addition, the existing methodology for predicting
mine water inflow typically considers the water-richness of
aquifer as the primary factor in calculations, with the influ-
ence of the key factor about whether the water-conducting
fracture zone reaches the water-rich area of aquifer on the
water inflow often being overlooked, which could result in
significant discrepancies between the calculated results and
the actual test data.

To deeply reveal the deformation and failure characteris-
tics of coal roof strata in karst areas, it is necessary to find a
more effective method for predicting mine water inflow. In
this paper, similar materials for liquid-solid coupling were
first developed, and the coal mining process in karst area
was simulated through physical simulation test and numeri-
cal simulation. The dynamic failure characteristics of roof
strata during the mining process were studied, and the
development height of the falling zone and the fracture zone
was developed. Based on the above, a three-dimensional
numerical model of groundwater flow in a typical coal mine
considering the development height of the water-conduct-
ing fracture zone was built, and the mine water inflow was
predicted. The prediction results were compared with the
traditional methods and measured values, and the accuracy
of this method was demonstrated. The mine water inflow
prediction method considering the development height of
the water-conducting fracture zone can more truly reflect
the formation mechanism of water inflow, and the predic-
tion process is reasonable, with higher accuracy.

Development of similar materials
Overview of study area

Lvtang Coal Mine (geographical coordinates: E105°20'00"
~ E105°29'00", N26°58'00" ~ N27°09'30") in Dafang
County, Guizhou Province, Southwest China is selected as a
typical case. Its geographic location is shown in Fig. 1. This
mining area is a typical exposed karst area, and the aquifers
are all karst fracture aquifers, which are distributed from top
to bottom as follows: the Second Member of Lower Trias-
sic Feixianguan Formation, the Upper Permian Changxing
Formation, the Upper Permian Longtan Formation and the
Middle Permian Maokou Formation. The water-resisting
layers are mainly argillaceous siltstone and siltstone, which
are distributed from top to bottom as follows: the third and
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Fig. 1 Geographic location

first members of the Feixianguan Formation, and the argil-
laceous water-resisting layer in the Longtan Formation, as
shown in Fig. 2. The survey data indicates that the primary
mining area of Lvtang Coal Mine is 6# coal seam within the
Longtan Formation, with an average thickness of 3 m. The
aquifers that have a direct water inrush threat to it are Long-
tan Formation bedrock fissure aquifer and Changxing For-
mation karst aquifer. Among them, the Longtan Formation
stratum is typically composed with thin layers of siltstone,
mudstone, and other sedimentary rocks, with multiple lay-
ers of thin fractured aquifers (thickness of 0.2~1.64 m).
The local fractures of this stratum are more developed, but
its water richness is weak. The lithology of the Changxing
Formation stratum is mainly medium-thick fine-grained
limestone with a thickness of 25~43 m and an average of
28.90 m. Its unit water inflow is 0.023~0.067 L/s-m. The
karst development degree of this stratum is notably high,
exhibiting considerable variability in water-richness. The
local water-richness is relatively strong and primarily based
on static reserves. This aquifer also exhibits considerable
pressure-bearing characteristic, thereby posing a significant
water filling threat to in mining operations. Furthermore, the

@ Springer

aforementioned aquifers are recharged by atmospheric pre-
cipitation, and they will also communicate with the overly-
ing aquifer and even surface water as a result of structures
and fissures, thus further increasing their water abundance.
During process of coal seam mining, the roof strata will col-
lapse and crack, thereby forming a water-conducting frac-
ture zone. If it is connected to the water-rich area of the
Changxing Formation aquifer, the risk of a water inrush will
be significantly heightened.

Development of similar materials

Based on the similarity criterion, as seen in Eq. (1) ~ (4),
the similar materials for each stratum in the study area are
developed through orthogonal test. After calculation, the
similarity constants of geometry, bulk density, time and
strength are 100, 1.5, 10 and 150, respectively. A similarity
constant is a ratio of the actual parameter to the simulation
parameter.

L
CL:L—i (1)
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Cr:ri () Table 1 Factor levels in orthogonal experiments
I2 Level Factor
Fine river sand/  Barite Cement/ Cementi-
Ci=vCp, 3) Total aggregate ~ powder/ Cementitious tious mate-
(A) Fine aggre- material (C) rial/ Total
gate (B) mass (D)
C,=Cp xC
7 L " ) 1 91.0% 44.4% 10.0% 6.3%
2 89.7% 53.7% 12.8% 6.5%
Where C;, C,, C, and C, represent the geometric similar- 3 87.4% 64.0% 15.3% 6.8%
ity constant, the bulk density similarity constant, the time 4 85.6% 70.2% 17.6% 7.1%
similarity constant, and the strength similarity constant, 5 82.8% 76.5% 19.8% 7.4%

respectively; L, represents the actual size, m; L,, denotes
the model size, m; ; signifies the actual bulk density of coal
rock, N/m>; r, represents the bulk density of coal strata in
the model, N/m’.

The fine river sand (particle size <3 mm) is selected as
coarse aggregate to increase the strength of the material. The
talc powder (purity > 98%) and barite powder (BaSO, con-
tent>95%) are used as fine aggregates to increase bulk den-
sity. The ordinary Portland cement (P30), a-gypsum (CaSO,
content>99%) and 52# chlorinated paraffin are used as
cementitious material to enhance cementation performance.
The silicone oil and borax (sodium tetraborate decahydrate,
Na,B,0,-10H,0) are used as regulators to regulate the plas-
ticity and permeability of the material. The mica powder is

Note The cement/gypsum is approximately 2/5; The water consump-
tion is 1/12 of total mass; The borax is 1% of water consumption; The
silicone oil is 1/48 of total mass

used as a layering material to separate the strata. The ratio of
similar materials is designed through orthogonal test. Tak-
ing the mass ratio of fine river sand to total aggregate (A),
the mass ratio of barite powder to fine aggregate (B), the
mass ratio of cement to cement (C) and the mass ratio of
cement to total mass (D) as factors, and each factor sets five
levels. The L25(5)6 orthogonal array is selected to design the
test. The factor levels are shown in Table 1. The dry den-
sity, uniaxial compressive strength, tensile strength, shear
strength and other parameters are regarded as the indexes.
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The test results are shown in Table 2. Through range analy-
sis and comparison with raw materials, the final formula of
similar materials in karst strata can be obtained by selecting
materials that meet similarity criteria.

It can be seen from Table 2 that the dry density, uniaxial
compressive strength, tensile strength and shear strength
of similar materials are widely distributed, which can meet
the similarity criterion for original rock. By comparing the
properties of original rock and selecting the raw material
closest to the similarity criterion, the formulas of similar
materials for each rock stratum can be obtained. The factor
level combination of each formula is shown in Table 3.

Analysis on failure characteristics of
overlying rock in coal mining in karst areas
Scheme design

According to the actual geological conditions of Lvtang
Coal Mine, a physical simulation test model of 6# coal seam
mining was built, as shown in Fig. 3(a). The ratio of this

model to actual size was 1:100. The model simulated 150 m

Table 2 Test design and results for similar materials

thick strata, including 6# coal. The strata were divided into
six layers, from top to bottom, including Feixianguan For-
mation argillaceous siltstone, Changxing Formation lime-
stone, Longtan Formation argillaceous siltstone, siltstone,
6# coal, argillaceous siltstone. The physical and mechanical
parameters of each stratum are presented in Table 4. Due to
the height limitation, a vertical uniform load of 107 kPa was
applied at the top of hydraulic system to replace the vertical
load of upper unsimulated overburden.

In order to monitor the change in stress and displace-
ment of overlying strata during the process of coal seam
mining, five monitoring lines had been arranged at an inter-
val of 9 cm above the coal seam, which were recorded as
NO.1~NO.5, respectively. Nine displacement sensors and
eight stress sensors were arranged on each test line. Two
sensors were spaced 11 cm apart. The layout of monitoring
points is shown in Fig. 4. Prior to initial use, the sensors
were subjected to a series of tests conducted by a multime-
ter to ascertain their operational functionality. Subsequently,
each monitoring position was wiped and polished with alco-
hol, and then the sensors were installed in turn. It is rec-
ommended that the sensors could be positioned vertically
upwards in order to monitor the vertical data. Finally, the

Number Factor Dry density (g/  Uniaxial com- Tensile Shear strength

A B C D cm®) pressive strength  strength Internal fric- Cohe-

(MPa) (MPa) tion (°) sive
force
(MPa)

A 91.0% 44.4% 12.8% 6.8% 1.80 0.83 0.06 32.84 0.065
B 91.0% 53.7% 15.3% 7.1% 1.72 0.62 0.09 35.84 0.033
C 91.0% 64.0% 17.6% 7.4% 1.73 0.68 0.04 28.31 0.068
D 91.0% 70.2% 19.8% 6.3% 1.56 0.43 0.05 29.48 0.023
E 91.0% 76.5% 10.0% 6.5% 1.64 0.32 0.03 21.94 0.067
F 89.7% 44.4% 15.3% 71% 1.71 0.41 0.04 32.85 0.035
G 89.7% 53.7% 17.6% 7.4% 1.81 0.54 0.1 38.31 0.068
H 89.7% 64.0% 19.8% 6.3% 1.71 0.18 0.04 35.59 0.031
I 89.7% 70.2% 10.0% 6.5% 1.80 0.44 0.05 34.61 0.024
J 89.7% 76.5% 12.8% 6.8% 1.67 0.48 0.04 3222 0.042
K 87.4% 44.4% 17.6% 7.4% 1.76 0.18 0.03 29.61 0.035
L 87.4% 53.7% 19.8% 6.3% 1.74 0.38 0.03 22.78 0.053
M 87.4% 64.0% 10.0% 6.5% 1.68 0.32 0.06 32.77 0.035
N 87.4% 70.2% 12.8% 6.8% 1.72 0.28 0.02 29.48 0.024
o 87.4% 76.5% 15.3% 7.1% 1.65 0.26 0.05 33.43 0.026
P 85.6% 44.4% 19.8% 6.3% 1.75 0.19 0.02 33.27 0.031
Q 85.6% 53.7% 10.0% 6.5% 1.69 0.27 0.02 27.44 0.045
R 85.6% 64.0% 12.8% 6.8% 1.72 0.42 0.04 31.12 0.032
S 85.6% 70.2% 15.3% 7.1% 1.83 0.61 0.03 27.53 0.036
T 85.6% 76.5% 17.6% 7.4% 1.78 0.47 0.02 27.21 0.059
U 82.8% 44.4% 10.0% 6.5% 1.79 0.40 0.03 25.59 0.049
A% 82.8% 53.7% 12.8% 6.8% 1.64 0.73 0.02 19.87 0.133
w 82.8% 64.0% 15.3% 71% 1.75 0.61 0.05 28.38 0.023
X 82.8% 70.2% 17.6% 7.4% 1.74 0.60 0.02 21.26 0.03
Y 82.8% 76.5% 19.8% 6.3% 1.69 0.32 0.03 38.3 0.044
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Table 3 Comparison of similar materials and raw rock properties
Stratum Lithology Test number Comparison of properties between original rock and similar Perme- Material

materials ability  formula

Density (g/cm?) Compressive  Tensile Cohesive (mD)

strength (MPa) strength force (MPa)
(MPa)
Feixianguan Muddy siltstone N 2.58/1.72 32.67/0.28 3.72/0.02 3.52/0.024 8.36 A;B,C,D5
Formation
Changxing Limestone L 2.62/1.74 62.23/0.42 9.11/0.05 6.80/0.053 9.35 A;B,CsD,
Formation
Longtan Muddy siltstone o 2.51/1.65 32.14/0.26 2.19/0.02 3.12/0.026 8.11 A;BsC;D,
Formation Siltstone Q 2.55/1.69 38.53/0.27 3.96/0.03 4.20/0.045 8.51 A,B,C,D,
Muddy siltstone H 2.56/1.71 26.17/0.18 4.46/0.04 3.16/0.031 8.27 A,B;CsD,
3DEC _DP5.20

Study on similar simulation
experiment of coal seam mining
in Lvtang Coal Mine

(a)

©2019 itasca Consulting Group, Inc.
Step 1000

Block
Colorby: Block Group Slot: Any
Limestone
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Scale: 8.26815e-06
Axes

Fig. 3 Physical model and numerical model. (a) physical model; (b) numerical model

Table 4 Physical and mechanical parameters of each stratum in the model

Stratum Lithology Thickness Density (g/cm®) Compressive Tensile Elastic modu-  Cohe-
(cm) strength (MPa) strength (MPa) lus (MPa) sive
force
(MPa)
Feixianguan Muddy siltstone 43 1.72 0.28 0.02 135 0.024
Formation
Changxing Limestone 14 1.74 0.42 0.05 364 0.053
Formation
Longtan Formation Muddy siltstone 8 1.65 0.26 0.02 306 0.026
Siltstone 22 1.69 0.27 0.03 147 0.045
6# coal seam 3 - - - - -
Muddy siltstone 60 1.71 0.18 0.04 121 0.031

Note The 6# coal seam is replaced by a wood strip with a thickness of 3 cm, and the coal seam mining is simulated by pulling out the wood

strip during the test

sensors were connected to the test and analysis system, and
the initial parameters were cleared and calibrated. The coal
pillars with 30 cm were retained on the left and right sides
of coal seam, and the coal was mined sequentially from left
to right during mining. The mining distance was 2 cm each
time, and the next mining started after 0.5 h. The coal was
mined for a total of 80 times, with a total mining distance
of 160 cm.

As the physical simulation test is unable to visually dis-
play the changes of the overlying rock plastic zone, but
which can be presented in the form of a numerical simu-
lation. In this study, the 3DEC software was employed to
numerically simulate and analyze the dynamic changes of
the plastic zone during coal seam mining. Based on the
comprehensive histogram of the strata in Fig. 2, a numeri-
cal model of 6# coal seam mining in Lvtang Coal Mine was
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constructed, as illustrated in Fig. 3(b). To facilitate a more
robust comparison between the numerical and physical sim-
ulations, the stratigraphic configuration and thicknesses in
the numerical model were aligned with those in the physical
model. From top to bottom, the strata were comprised of
argillaceous siltstone of the Feixianguan Formation, lime-
stone of the Changxing Formation, argillaceous siltstone,
siltstone, 6# coal seam, and argillaceous siltstone of the
Longtan Formation. The physical and mechanical param-
eters of each stratum were presented in Table 3, which listed
the original rock parameters. Overall, the length, width, and
height of numerical model were 220 m, 15 m, and 150 m,
respectively. To ensure the safety of mining operation, pro-
tective coal pillars measuring 30 m in length have been left
at both ends along the direction of coal seam mining. The
model was meshed using tetrahedral elements, with a total
of 5,341,846 cells divided. The Mohr-Coulomb criterion
was employed for the calculation. The boundary conditions
of four sides and bottom of the model were constrained.
Among them, the horizontal direction of the sides and the
bottom were set to fixed displacement, while the top surface
was set to a free boundary. A vertical load of 16.05 MPa
was applied to the top of model in order to simulate the
effect of upper overburden gravity. Upon excavation of the
coal seam, it was set to be excavated 2 m every 420 steps,
for a total of 33,600 steps. The layout of monitoring points
was consistent with that of the physical simulation test, as
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illustrated in Fig. 4. The vertical displacement and stress
data of each measuring point during coal seam excavation
were monitored and recorded.

Results and discussion
Deformation and failure characteristics of overlaying rock

The coal seam was mined step by step according to the above
test scheme. The deformation and failure of the overlying
rock at each mining stage is shown in Fig. 5. It can be seen
that, on the whole, with the mining of the coal seam, the roof
of the initial mining area is almost completely collapsed,
and the overlying rock in the later mining area is suspended.
When the coal seam is mined to 40 cm, as shown in Fig. 5(a),
transverse fractures with lengths of 18 cm and 6 cm appear
in the overlying rock at 3 cm and 7 cm above the coal seam.
No vertical cracks were seen. Small overlying rock defor-
mation was seen and no collapse occurred. This was because
the coal seam roof formed a cantilever beam structure at
this time and had not yet reached the limit breaking dis-
tance, so the roof had not reached the caving condition. The
early transverse cracks further developed into bed-separated
fractures with a length of 65 cm and a maximum width of
0.4 cm. This was because when the coal mining distance
increased, beyond the protection range of the coal pillar, the
overlaying rock collapsed under gravity of the overlying
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(a)

(b)

(d)

Fig. 5 Deformation and failure of overlying rock in coal mining. (a) mining distance 40 cm; (b) mining distance 80 c¢m; (¢) mining distance

120 cm; (d) mining distance 160 cm

strata. When the coal seam was mined to 120 cm (as shown
in Fig. 5(c)), the overlying rock further fractured and col-
lapsed, and the height of falling zone increased to 15 cm. A
new transverse fracture developed above the falling zone,
with a length of 78 cm and a maximum width of 0.4 cm. At
this time, no vertical fissures have developed yet. When the
coal seam was fully mined (160 cm) (as shown in Fig. 5(d)),
no new overlying rock collapsed, and the roof shape tended
to be stable. The interlayer fracture continued to develop
horizontally to 103 cm, but closed vertically. At this time,
a vertical fracture appeared directly above the transverse
fracture, with a length of 16.8 cm and a maximum width
of 0.2 cm, which was because when the roof collapsed in
a large area, the overlying rock was less supported, result-
ing them bent and damaged, thus the vertical fractures were
generated under tension. In the end, the height of falling
zone and fracture zone was 15 cm and 21.8 cm respectively,
totaling to 36.8 cm. It can be seen that these ‘two zones’
have developed to the middle and lower part of Changxing
Formation aquifer.

Stress change characteristics of overlaying rock

After coal mining (160 cm), the stress distribution of overlay-
ing rock along the mining direction is shown in Fig. 6. In the
figure, the positive value indicates that the stress increases
while the negative value indicates that the stress decreases.
It can be seen from Fig. 6 that when the coal seam on the
working face is fully mined, the change in the stress of the
overlying strata in the goaf along the mining direction can
be divided into three areas, including increasing stress area,
stable stress area and decreasing stress area, corresponding
to areas I, I, and II1 in Fig. 6. The stress values in areas I and
IIT are almost all negative, and the stress values in area II are
all positive and close to 0. In addition, the stress difference
of each monitoring line at different heights from the coal
roof is also different. The stress differences of monitoring
lines NO.I to NO.5 are 55.06 kPa, 41.86 kPa, 32.72 kPa,
22.54 kPa and 18.51 kPa, respectively. It can be seen that
the farther away from the coal seam in the vertical direction,
the smaller the stress change of the overlying rock.

It can be seen from Fig. 5 that with the mining of the
coal seam, the scope of goaf gradually increases, resulting
in an increase in the hanging distance of the roof. When
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it exceeds the limit caving distance, the roof will collapse.
Due to the area I is the first mining area, after the coal seam
is mined, the overlying rock unloads and the stress will
decrease rapidly. Coupled with the existence of the left coal
pillar, the overlying rock closer to the coal pillar is more
difficult to collapse, and the unloading stress is not easy to
recover. Therefore, the area I shows a trend of decreasing
with the degree of stress unloading away from the coal pil-
lar. Due to far away from the coal pillar, the gravity of the
overlying strata in area II will be redistributed and act on the
caving strata. Under partial tensile stress, the overall stress
in this zone is close to the original stress but slightly greater
than the original stress. Area III is the final mining area. The
overlying strata have not undergone complete collapse, with
some remaining in a suspended state, due to the support of
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the collapsed rock in the left goaf and the right coal seam.
Consequently, as a result of coal seam mining, the roof
stress in this area is unloaded, exhibiting a downward trajec-
tory. In general, the closer the distance from the coal seam,
the greater the stress change of the overlying strata. This is
due to the fact that the goaf is formed subsequent to coal
seam mining. As the overlying strata become closer to the
goaf, the gravity of the overlying strata increases, while the
supporting force of the lower part decreases. Consequently,
the stress differential is the most pronounced and suscep-
tible to collapse. The farther away from the goaf is the rock
formation, the less pressure it receives and the greater the
supporting force, the relatively more stable and less likely
to be damaged.

Change characteristics of overlying rock displacement

After coal mining (160 cm), the change of overlaying rock
displacement along the mining direction is shown in Fig. 7.
The overlying rock can also be divided into three zones by
overall displacement distribution, namely stable displace-
ment zone, displacement changement zone and stable dis-
placement zone, which correspond to areas I, II and III in
Fig. 7, respectively. Among them, the overlying rocks in
areas | and III hardly move. In area II, the displacement of
overlying rock on NO.1, NO.2 and NO.3 monitoring lines
shows a trend of first increasing and then decreasing, while
the displacement of overlaying rock on NO.4 and NO.5 mon-
itoring lines hardly occurs. On the whole, the closer to the
coal roof, the greater the displacement change of the over-
lying rock. The displacement differences of NO.1~NO.5
monitoring lines are 1.48 cm, 0.67 cm, 0.25 cm, 0.01 cm and
0 cm, respectively. It can be seen that there is almost no dis-
placement of overlying rock to No.4 monitoring line (36 cm
from the coal roof), which also reflects that the development
height of two zones is about 36 cm, which is consistent with
the results shown in Fig. 5(d). The reason is that coal pil-
lars exist near areas I and III, and acts as a support for the
overlying rock. Therefore, the overlying rock is relatively
stable and no large displacement has occurred. Area II is far
away from the coal pillar, and the overlying rock loses its
support. Under the gravity of the overlying strata, the over-
lying rock will be damaged and undergo large displacement.
The closer to the middle area of working face, the farther
away from the coal pillar, and the greater the deformation of
overlying rock. In the overall vertical direction, the closer
the overlying rock is to the coal roof, the greater the grav-
ity of the overlying rock is, also the greater the displace-
ment change. When the overlying rock is far enough away
from the roof (above the NO.4 monitoring line), the lower
strata are sufficient to support the overlying strata, so that
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the overlying rock is stable and the displacement will no
longer change.

Change characteristics of overlaying rock plastic zone

The plastic zone can reflect the overlying rock failure. To
show the change of overlying rock plastic zone more intui-
tively, the numerical simulation was done by using 3DEC
software. The changes in the overlaying rock plastic zone
in coal mining are shown in Fig. 8. It can be seen that when
the coal seam was mined to 40 m (as shown in Fig. 8(a)),
the plastic zone just began to develop, and it was very small
and distributed along the mining direction in a spotty pat-
tern. It showed that the overlying rock was still relatively
stable at this time, and no extensive damage occurred.
This was consistent with the overlying rock morphology in
Fig. 5(a). When the coal seam was mined to 80 m (as shown
in Fig. 8(b)), the overlaying rock plastic zone on the work-
ing face expanded and gradually increased. On the side of
the open-off cut, some coal pillars and the overlying rock
plastic zone began to develop, which was because the dam-
age to overlying rock by coal mining gradually appeared
far away from the coal pillar. Due to support loss of coal
pillar and mining, the roof overlying rock on one side of

the working face was damaged, resulting in the continuous
expansion of the plastic zone. On the side of the coal pil-
lar adjacent to the goaf, due to the continuous increase of
gravity and horizontal stress, the bearing limit of the coal
pillar and overlying rock was gradually exceeded, and the
plastic zone was developed. When the coal seam was mined
to 120 m (as shown in Fig. 8(c)), the plastic zone had been
widely developed above the entire goaf. The plastic zone
located in the middle left of the goaf had been connected
with each other and developed to the coal floor. This phe-
nomenon showed that the roof had collapsed and filled to
the goaf. The plastic zone near the coal pillar and the work-
ing face was also further developed in the horizontal and
vertical directions. When the coal seam was mined to 160 m
(as shown in Fig. 8(d)), the plastic zone in the middle of
the goaf had been fully developed and connected with each
other. It can be seen that the overlying rock had collapsed
in a large area at this time, forming a falling zone, to fill
the goaf. A vertically connected plastic zone was distributed
near the coal pillar above the falling zone, while a horizon-
tally nearly connected plastic zone was distributed on the
side of working face. It showed that vertical and horizon-
tal fractures were widely developed in these zones, form-
ing a fracture zone. This was consistent with the results in
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Fig. 5(d). Finally, the total development height of overlying
rock plastic zone was 39.4 m, of which the height of the
falling zone was 20.5 m, and the height of the fracture zone
was 18.9 m.

Development height of “two zones” on coal roof in
karst area

The total height of falling zone and fracture zone (‘two
zones’) from physical simulation tests is 36.8 m, and that
calculated by numerical simulation is 39.4 m. To verify the
accuracy of these results, it is calculated by the empirical
formula in the Chinese national code - Code for Coal Pil-
lar Retention and Coal Mining in Buildings, Water Bodies,
Railways and Main Shafis (General Administration of State
Safety Supervision 2017). The coal roof of Lvtang Coal
Mine is medium-hard rock with a uniaxial compressive
strength of 38.53 MPa, so the empirical Egs. (5) and (6) are
used. By substituting the coal thickness of 3 m into Egs. (5)
and (6), the total height of the ‘two zones’ is ranged from
36.97 to 52.57 m, with an average of 44.77 m.

100" M
Hy= 2 £99
FTATS M 419 )
1005 M
Hy=——™=" 156
"TI6>. M +36 ©)

Where H, is the height of falling zone, m; H, is the height
of water-conducting fracture zone, m; Y M is the cumulative
mining thickness, m.

The development height of the ‘two zones’ from physical
simulation test and numerical simulation analysis is close
to the minimum value calculated by empirical formula, and
smaller than its average value. The main reason is that the
applicability of the empirical formula is limited, and the
limestone widely distributed on the coal roof in Southwest
China has higher mechanical strength and better stability.
The model built during physical simulation test and numeri-
cal simulation analysis is more in line with the actual geo-
logical conditions of Lvtang Coal Mine, and more factors
are taken into consideration. This paper chooses a relatively
conservative value 39.4 m as the final result about the devel-
opment height of ‘two zones’.
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Prediction of mine water inflow considering
the development height of water-
conducting fracture zone

Numerical prediction model and result analysis
3D geological model building

Mine water inflow prediction is an important basis for mine
planning, design and safe. A three-dimensional unsteady
flow numerical model of groundwater in mining areas
is built by using GMS software to dynamically predict
the mine water inflow during mine mining. The simula-
tion area is delimited by non-natural boundary processing
method, with an area of about 24 km?. According to the
aquifer hydrogeological conditions and characteristics, the
model is generalized into a three-layer structure in the verti-
cal direction. The first layer is Feixianguan Formation and
Quaternary strata, which can be generalized as imperme-
able phreatic aquifer. The second layer is Changxing For-
mation strata, which is generalized as a permeable aquifer.
The third layer is Longtan Formation, which is general-
ized as the water-repellent bottom boundary. The geologi-
cal drilling data of previous exploration are imported into
the model in layers, and a 3D geological entity is generated
by the inverse distance weighting interpolation method, as
shown in Fig. 9. According to the hydrogeological data, the
flow boundary and water-repellent boundary are set. The
groundwater recharge in the study area is dominated by
atmospheric precipitation and lateral inflow. The discharge
methods are mainly mining water pumping, seasonal gully,
spring, and lateral outflow. The source sink term parameters
of the model are set accordingly.

Setting of water-conducting fracture zone

The coal seam of Lvtang Coal Mine is located in the Long-
tan Formation aquifer, which effectively prevents water
from the top aquifer of Changxing Formation from enter-
ing the mine. The water-conducting fracture zone formed
after coal mining also develops from this layer. Once the
water-conducting fracture zone develops to the aquifer of
Changxing Formation, the barrier effect on the groundwater
will be destroyed and a water inflow channel will be formed.
Therefore, the influence of water-conducting fracture zone
must be considered in the prediction of mine water inflow.
According to the elevation of aquifer floor, the elevation of
the coal roof, and the height of water-conducting fracture
zone, the Longtan Formation aquifer is divided into three
zones, as shown in Fig. 10. Among them, area I is a zone
where the water-conducting fracture zone has not devel-
oped to the aquifer, and the water-repellent layer in this
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Fig. 10 Partition of water-conducting fracture zone

zone has good water-repelling performance but poor water-
conducting capacity. Areas II and III are the two zones
where the water-conducting fracture zone develops to the
aquifer respectively. In these zones, rock mass fractures are
developed and the water-repelling performance is poor. The
average thickness of aquifer in area II is 27.95 m, which is
lower than 29.55 m in area III. The fractures in the aqui-
fer are more broken and the water conductivity is stronger.
Therefore, the hydrogeological parameters of area II need
to be multiplied by a certain coefficient on the basis of the

2000m

Table 5 Hydrogeological parameters of each division of the Longtan
formation strata

Parameter Area | Area Il Area
111

Lateral permeability coefficient 0.065 10.84 5.332

(m/d)

Longitudinal permeability coef- 0.0127 20.05 7.405

ficient (m/d)

Water storage rate (1/m) 0.000046 0.008915 0.0037

parameters of area III to increase its water conductivity. The
groundwater flow field changes in the study area from May
2018 to October 2020 are simulated and checked with the
actual monitoring results. The final hydrogeological param-
eters of the three zones are shown in Table 5.

Numerical model prediction of mine water inflow

According to the mining plan of Lvtang Coal Mine from
2021 to 2025, pumping wells are equivalently arranged
according to the position, depth, shape and area of the
roadway and mining face to ensure that water is pumped
to the entire mining area. Assuming that the equivalent
pumping well continues to pump water, the water level of
Changxing Formation aquifer is dredged down to the eleva-
tion of coal floor (safety water level). When the pumping
volume reaches a steady state, the total pumping volume
of the pumping well is the mine water inflow. The mine
water inflow during coal seam mining from January 2021 to
December 2025 is predicted. Among them, the water level
distribution of the Changxing Formation aquifer in 2025 is
shown in Fig. 11, and the prediction results of annual mine
water inflow are shown in Fig. 12.

It can be seen from Fig. 11 that in areas II and III of
Fig. 10, a groundwater depression cone centered on the

@ Springer



388 Page 14 of 17

Bulletin of Engineering Geology and the Environment

(2024) 83:388

Head:89.0(m)

1968 (m)
1934
1899
1864
1829
1794
1760
1725
1690

2500m

Fig. 11 Water level distribution of Changxing Formation aquifer
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Fig. 12 Changes in mine water inflow from 2021 to 2025

mining face is formed. This is because the water-conducting
fracture zone generated during coal mining develops to the
Changxing aquifer, so that a large amount of groundwater
in the aquifer flows into the mine, and the water level in
the corresponding zone of aquifer continues to decline. It
can be seen from Fig. 12 that from 2021 to 2025, the mine
water inflow will show a slow downward trend, and the rate
of decline will gradually slow down, and finally tend to be
stable. After stable, the average annual water inflow of the
mine is 307 m*/h, and the annual maximum water inflow is
494 m*/h.
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Other methods
Big well method

The basic principle of the big well method is to general-
ize the roadway and the working face into a big well with
similar shape, and the area of the big well is the total area
of roadway and goaf. Hence, the mine water inflow can be
converted into the big well water inflow (Shi 2019; Zaidel
et al. 2010), as shown in Eq. (7) ~ (9).

r=+/F/r @)
R=r+10sVK ®)

B 7K[(2H — M)M — h2]
@= InR — Inr } ©)

Where Q is the mine water inflow, m*/d; F is the calculated
area, m’; K is the permeability coefficient, m/d; s is the
water level drawdown, m; H is the static head elevation, m;
M is the thickness of the aquifer, m; /4, is the distance from
the initial water level to coal floor, m; R is the influence
radius, m; r is the reference radius, m.

BP neural network

The BP neural network prediction model consists of three
layers, which are input layer, hidden layer and output layer.
Among them, the hidden layer is the most important build-
ing block in the prediction model (Jiao 2010). To make the
prediction model more accurate, this study sets the number
of hidden layers to 2, and the number of units on each hid-
den layer to 100. The model keeps going forward, and iter-
ates the amount of information in the historical time back in
a linear transmission manner, and then determines the next
input and output. The input gate output signal i,, the hidden
layer state /1,, and the output gate output signal O, are calcu-
lated by Egs. (10) ~ (12) (Ren et al. 2014).

iy = S(Qizs + Qinhi—1 + q) (10)
ht = Ot . tanh(df) (11)
Ot = S(Qor$t + Qohhtfl + qo) (12)

Where x, represents the current input; d, represents the long-
term memory state; Q;., O, O, and Q,, are corresponding
weight matrices; ¢; and g, are bias matrices; S is the sigmoid
function.
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Table 6 Prediction results of mine water inflow

Date Measured value  Big well method BP neural

(m3/h) (m*/h) network

method
(m’/h)

2021.01 167.7 373.9 238.7

2021.02 201.7 454.5 288.8

2021.03 317.6 452.7 297.7

2021.04 397.4 482.0 401.4

2021.05 432.8 478.0 316.6

2021.06 564.7 497.0 358.4
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Fig. 13 Comparison of prediction results of mine water inflow by dif-
ferent methods

Prediction results

The monthly water inflow of the mine from January to June
2021 is calculated using big well method and BP neural
network method. The results are shown in Table 6. It can
be seen that the average water inflow predicted by big well
method is 456.35 m?/h, and that predicted by BP neural net-
work method is 316.93 m*/h.

Comparative analysis of prediction methods

The results of the mine water inflow predicted by the numer-
ical model, the big well method and BP neural network
method from January to June 2021 are compared with the
measured values, and the results are shown in Fig. 13. It can
be seen that the prediction results of numerical model are
closest to the change trend of the measured values, show-
ing a trend of increasing month by month. The prediction
results of big well method only show a large initial increase
and then a slow increase, while the prediction results of
BP neural network method show a trend of first increasing,
then decreasing and then increasing, both of which are quite
different from the measured values. By comparing the pre-
diction results of 6 months with the measured values the
maximum error of the numerical model is 140.7 m?/h, with
an error rate of 24.92%, but that of big well method and BP
neural network are 252.8 m>/h and 206.3 m>/h, with an error

rate of 125.33% and 36.53%, respectively. It can be seen that
the numerical model has the maximum prediction accuracy,
while the big well method has the minimum prediction accu-
racy. It can also be found that the prediction results of big
well method are generally greater than the measured values,
only slightly smaller in June. This is because the large well
method regards the entire mining area as a water-conducting
channel, and does not consider the key factor of whether the
water-conducting fracture zone is connected to aquifer, so
the prediction value is too large. However, the rainy season
appears in June, when water is largely recharged by atmo-
spheric precipitation. The big well method cannot consider
the factor of precipitation recharge, so the prediction value
in June is slightly smaller than the measured value. The pre-
diction results of BP neural network method vary greatly,
which will greatly reduce the stability of prediction effect.
This is because there are many factors affecting mine water
inflow, and BP neural network cannot consider the char-
acteristics of water inflow controlled by multiple factors
during prediction. The prediction results of numerical simu-
lation method are closest to the measured values, because
the numerical model takes into account the key criterion of
whether the water-conducting fracture zone develops to the
aquifer, which is consistent with the actual mining condi-
tions. It should be noted that due to the simplification of the
model, this paper does not take into account the fact that a
small amount of groundwater in the aquifer enters the mine,
leading to that the prediction results are slightly smaller than
the measured values.

Conclusions

(1) A large number of similar material preparation schemes
are designed through orthogonal test. With dry density,
uniaxial compressive strength, tensile strength and shear
strength as similar parameters, a new similar material
formula suitable for physical simulation test of coal min-
ing in exposed karst area is developed through testing and
analysis, and it is composed of fine river sand, talc powder,
cement, gypsum, barite powder, chlorinated paraffin, borax
and silicone oil. Based on the above, according to the geo-
logical background of typical coal mines, a physical simula-
tion model of roof rock formation failure in coal mining is
built to dynamically monitor the stress, displacement and
deformation failure characteristics.

(2) Through physical simulation test and numerical
simulation analysis, the failure characteristics of the coal
roof strata in coal mining are studied. It is found that at the
beginning of mining, due to the existence of coal pillars,
the overlaying rock does not collapse, and the plastic zone
only develops and accumulates near the coal roof. When the
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mining distance is greater than the support range of coal
pillar, the plastic zone of overlying rock develops in a large
area and is connected with each other, and then collapses
and fills the goaf. After mining, the roof of the initial min-
ing section all collapses, the plastic zones are connected to
each other, and transverse and vertical fractures are widely
developed. The overlying rock can be divided into three
areas along the mining direction by stress and displacement,
which are mainly determined by the horizontal distance
between the position, coal pillar, and the vertical distance
of the goaf. Due to the widespread distribution of lime-
stone with high mechanical strength on the coal roof in the
exposed karst area, the development height of ‘two zones’ in
coal mining is slightly lower than that in other areas.

(3) The existing mine water inflow prediction methods
take mining area and historical water inflow data as the
main basis for the prediction of mine water inflow, and the
calculation process does not accurately reflect the formation
process of mine water inflow. Based on the development
height of water-conducting fracture zone and groundwater
flow model, a three-dimensional numerical model for pre-
dicting mine water inflow is built, and the water inflow of
typical coal mines is predicted. Through comparative analy-
sis with the big well method, BP neural network method and
the measured values, it can be found that the numerical sim-
ulation method considering the height of water-conducting
fracture zone has the minimum error in prediction results
and the maximum accuracy. Its results are the closest to the
measured value, which can more truly reflect the dynamic
formation process of mine water inflow. In addition, the pre-
diction results of numerical simulation method are slightly
lower than the measured values. In the future, the recharge
water in the coal measure aquitard can be considered to
be added to the model to further improve the prediction
accuracy.
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