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To solve the problem of floor water inrush in the process of coal mining on a confined aquifer and study the law of floor instability, a cemented fill-
ing mining method is proposed in the paper. Using river sand and cement as filling materials, the cementitious material with a concentration of 75% 
and cement content of 15% has the best flow and mechanical properties. Based on the elastic half-space theory and the bearing characteristics of 
the backfill, the mechanical model of floor stability is established, the critical criterion of floor instability is proposed, and the relationship between 
the failure depth of the floor and the location and pressure of the confined aquifer is obtained. The numerical simulation test scheme is designed, 
and the FLAC3D fluid-structure coupling element is used to explore the instability characteristics of the floor in the mining process. The research 
results show that the failure depth of the floor will gradually decrease with the increase of the strength of filling materials, the increase of aquifer 
distance, and the decrease of water pressure. The research results provide a useful reference for the study of the safe mining of coal resources in 
a confined aquifer.
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Introduction

According to the State Statistics Bureau, China’s total energy 
consumption in 2021 was 4.49×109 t of standard coal, of which 
coal consumption accounts for 60.4% of the total energy con-
sumption (Shen and Wang, 2023). Under such a large mining in-
tensity, most mines have entered the deep level. Especially in the 
northern mines, they are seriously affected by the extremely thick 
Ordovician limestone aquifer at the bottom and are very prone 
to water inrush disasters. According to statistics, from 2015 to 
2020, 133 water inrush disasters occurred on the coal seam floor 
of the northern mine (Yu et al., 2021). At present, China mainly 
uses drainage and depressurization method, curtain grouting 
methods, short-face mining methods, strip mining methods, dou-
ble-face mining methods, segmented retreating mining methods, 
and filling mining methods to solve the water inrush of coal seam 
on confined water layer (Han et al. 2021; Sillitoe and Brogi, 2021; 
Yin et al., 2021). Among them, the drainage and depressurization 
method can’t reduce the Ordovician limestone water with strong 
water abundance and sufficient supply; The production capacity 
of short face mining method is low, and the recovery rate of strip 
mining is low; The layout of the production system of the dou-

ble face mining is complex; The preparation time of segmented 
retreating mining method is long; Filling mining method can not 
only reduce the failure height of overburden but also reduce the 
failure depth of underlying strata. It is the safest and most reliable 
measure for mining on a confined aquifer.

Many scholars have done a lot of research on the methods 
of filling mining to prevent water inrush disasters. For example, 
Peng (Peng et al., 2021) used the high water material filling meth-
od to replace the strip coal pillar on the confined aquifer, analyzed 
the influence of filling body stability and floor failure, and finally 
verified the theoretical feasibility of this technology; Du (Du et al., 
2021) analyzed the failure law and evolution characteristics of 
paste filled floor, and predicted the failure range and water inrush 
of the floor after mining Jia (Jia et al., 2021) quantitatively ana-
lyzed the control effect of strip filling replacement mining on sur-
rounding rock deformation of working face and water diversion 
of the aquifer and Zhang (Zhang et al., 2021) used the methods 
of similarity simulation, theoretical research, and field practice 
to study the relationship between support and surrounding rock, 
ground pressure law of filling face and floor failure law under the 
condition of gangue filling mining.
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The above research results have promoted the development 
of mining methods and theories on a confined aquifer, but its ap-
plication effect is not obvious due to many factors such as filling 
material production cost, mining efficiency, and ecological pro-
tection. Therefore, taking the mining on the confined aquifer of 
the Zhaoguan energy mine as the background, this paper puts 
forward the cemented filling mining method to solve the above 
problems. The cementitious material composed of river sand and 
cement is designed, the optimal ratio of materials is studied, and 
the principle of water inrush from the mining floor on a confined 
aquifer is explained based on theoretical calculation. The numer-
ical simulation test scheme is designed to explore the character-
istics of floor instability in the mining process, and the influence 
law of cementitious material and aquifer distance on floor stabil-
ity is obtained. The research results provide a useful reference 
for the study of the safe mining of coal resources on a confined 
aquifer and further enrich the rock stratum control theory of fill-
ing mining.

1. Test conditions

1.1. Geological conditions

Zhaoguan energy mine belongs to Qihe County, De Zhou City, 
Shandong Province. The minefield is located on the west edge of 
Dongtai Anticline of Taishan mountain in north China. The overall 
structural form is a monoclinic structure trending northeast and 
tending northwest, and the dip angle is generally 5~8°. Zhaoguan 
energy mine has a total area of 59.2 km2, a design production ca-
pacity of 0.9 mt/a and a service life of 42.8 a. There are 8 minable 
coal seams in the mine. At present, 11 coal seams are designed to 
be mined. This coal seam is located above the elevation of –400 m, 
and the coal thickness is 0.25~2.92 m, with an average of 2 m. The 
density is 1.5 (g/cm3) and the minability coefficient is 0.8, which 
is a stable coal seam. The roof of coal seam 11 is quartzite, with 
an average thickness of 4 m, compressive strength of 104.2 MPa, 
and high rock integrity. It belongs to class IV’s extremely stable 
floor. The floor is mudstone with compressive strength of 19.2 
MPa, belonging to class I unstable bottom plate. In addition, there 
is Ordovician limestone 40 m below coal seam 11, which is dense 
and hard, with karst fractures developed, and the water pressure 
is about 4.5 MPa. Zhaoguan energy mine adopts cemented filling 
coal mining method to recover coal. The layout of the first mining 
face, production system, and rock stratum histogram is shown in 
Figure 1.

1.2. Mining conditions

The cemented filling coal mining technology designed in this 
project is based on the production of traditional longwall coal min-
ing methods and uses the fully mechanized excavator to excavate 
the connecting roadway between the upper and lower roadway of 
the working face for coal mining. When one connecting roadway 
passes through the two roadways, the cemented filling material is 
used for filling, and the other connecting roadway is excavated at 
the same time. To increase production, multiple excavation faces 
are often arranged in the working face for mining. Compared with 
the traditional cemented filling face layout, this technology can re-
alize the simultaneous operation of mining and filling, and reduce 
the length of the filling pipeline in goaf. It has the advantages of a 
simple system and high efficiency.

The specific mining process is divided into three stages: exca-
vation of connecting roadway, coal transportation by belt convey-
or, and connecting roadway filling. When a connecting roadway is 
excavated by the fully mechanized excavator, it will immediately 
be filled with cemented filling materials. Each connecting roadway 
shall be filled three times to ensure complete filling in the connect-
ing roadway and reduce the lateral pressure on the filling retaining 
wall at the side of the lower roadway. To ensure that adjacent road-
ways will not be affected by mining, the two excavation faces shall 
be separated by more than three connecting roadways (Fahimifar 
and Zareifard, 2009; Liu et al., 2021; Guo et al., 2021), which is 
conducive to improving the stability of roof and floor during an 
unfilled period and reducing the risk of water inrush disaster. The 
cemented filling mining process is shown in Figure 2.

(a) mining and filling technology

(b) filling technology of each connecting roadway

Figure 2. Cemented filling coal mining process

Figure 1. Working face layout, production system, and rock stratum histogram
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Figure 3. Filling material

Figure 4. Stress-strain curve of filling material sample

3. Test principle

A mechanical model is established to study the water inrush 
principle of the floor on the confined aquifer. According to the lit-
erature (Batista Rodriguez et al., 2021; Wang et al. 2021; Xu et al., 
2021), after mining, the floor rock near the end of the working face 
and the inner side of the goaf is greatly affected by the shear fail-
ure, and water inrush is very easy to occur in these places. There-
fore, the filling mining model is established along the advancing 
direction of the longwall face, as shown in Figure 5. Analyze the 
stability of the floor (Fu and Wang., 2021; Wu et al., 2021; Ning 
et al., 2021 ), in the figure, L2 is the influence range of coal wall 
support stress in front of the longwall working face, L1 is the total 
width of the filling connecting roadway behind the solid coal, la is 
the width of the connecting roadway, and q0 is the vertical load 
that the filling body can bear (taken as 2.18 MPa), γh is the over-
burden load, k is the stress concentration factor of the front coal 
wall, P is the pressure of the confined aquifer, and its distance from 
the coal seam floor is h0.

Figure 5. Depth failure model of floor

2. Test material

The test material is river sand as aggregate and cement as a 
binder, which has the characteristics of convenient material ac-
quisition and transportation. The main characteristics of cemen-
titious materials are flow characteristics and mechanical proper-
ties. Among them, the mechanical properties are closely related to 
the stability of the working face floor, which needs to be studied. 
Six groups of proportioning were designed to study the flow char-
acteristics and mechanical properties. The test scheme is shown 
in Table 1.

Table 1. Test scheme

Matching 
number River sand/% Cement/% Concentration /%

S1 90 10 76
S2 90 10 75
S3 90 10 74
S4 90 10 73
S5 85 15 74
S6 95 5 74

2.1. Flow characteristic

The slump is used to describe the flow characteristics of ce-
mentitious materials, and the slump of cementitious materials 
with different ratios is obtained, as shown in Table 2. It can be seen 
from Table 2 that as the slurry concentration gradually decreases 
from 76%, the slump of the filling material first increases to the 
maximum value of 147mm, and then gradually falls. The slump 
value is the maximum when the slurry concentration is 75%. With 
the increase of the cement content, the slump of the filling material 
increases first and then tends to be stable, because the peaceabil-
ity of the filling material is increased after the cement hydration 
reaction, increasing the slump. When the cement content reaches 
10%, the influence of its content on the slump gradually decreases 
and the slump tends to be stable.

Table 2. Slump test results

Matching 
number

River  
sand/% Cement/% Concentration/% Slump/mm

S1 90 10 76 131
S2 90 10 75 147
S3 90 10 74 128
S4 90 10 72 117
S5 85 15 75 138
S6 95 5 75 96

2.2. Mechanical properties

The cemented filling material is pumped to the goaf to main-
tain the good stability of the surrounding rock. A reasonable ratio 
can prevent the destruction of the floor, produce water inrush and 
support the roof. The filling materials of six schemes are made into 
standard samples, cured for 28 d, and tested for the stress-strain 
curves. The samples and test curves are shown in Figure 3 and 
Figure 4. It can be seen from Figure 4 that the strength of cementi-
tious material from high to low is S6 < S2 < S4 < S1 < S3 < S5, which 
are 0.55 MPa, 1.22 MPa, 1.24 MPa, 1.42 MPa, 1.49 MPa, and 2.02 
MPa respectively. Cementitious materials with a concentration of 
75% and a cement content of 15% shall be chosen.
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Then the model roof stress function is:  
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The rock strata below the coal seam floor are regarded as iso-
tropic and homogeneous linear deformation bodies. According to 
the elastic half-space theory (Li et al., 2021; Nam and Bobet, 2006; 
Ma et al., 2021), the stress state in the floor rock stratum belongs 
to the plane strain problem, by taking the differential line segment 
dɛ, the additional stress generated by the roof stress on any point 
M (x, y) of the floor is calculated as follows:
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The stress component function at any point of the floor ob-
tained by integration is:
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Using Coulomb Moore criterion, the maximum shear stress at 
any point under the floor can be obtained as follows:
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It can be seen that when the stress at any point of the floor 
reaches or exceeds its strength, the point will yield failure. The fail-
ure criterion of any point below the floor is established as follows:

2
max( tan c) / tan 1

2
x ys s

j j t
+

+ + ≥
                    

(5)

Then the instability judgment function of filling coal mining 
floor is:
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When f (x, y) < 0, the lower point of the floor is in a yield failure 
state. Bring the mechanical parameters of Zhaoguan energy mine 
rock into Equation (6), and take the friction angle in the floor φ = 
30 °, cohesion c = 2.8 MPa, the range of influence of support pres-
sure on the front coal body l2 = 40 m, and stress concentration fac-
tor k = 2.1. The critical state curve of floor instability can be made, 
as shown in Figure 6.

Figure 6. Distribution of function f (x, y)

It can be seen from Figure 6 that the maximum failure depth 
of the coal seam floor is 12.4 m, which occurs 3.49 m behind the 
solid coal. The maximum depth failure point of the bottom plate 
is still 37 m away from the confined aquifer. At the same time, the 
analysis of Equation (6) shows that the strength of the filling body, 
the location of the confined aquifer, and the water pressure of the 
aquifer have a great impact on the stability of the floor.

4. Test method and scheme

4.1. Test method

FLAC3D fluid-structure coupling model is used to analyze 
the law of floor instability under the influence of mining and 
confined aquifer. In the FLAC3D fluid-structure coupling mod-
ule, the rock mass is regarded as a porous medium, and the fluid 
meets Darcy’s law and Biot’s classical seepage equation (Duan 
and Zhao, 2021; Zhang et al., 2021; Shi et al., 2021). After enter-
ing the fluid-structure coupling calculation mode, the reasonable 
selection of rock mass and fluid seepage parameters has a great 
impact on the calculation results. According to the borehole his-
togram of the Zhaoguan energy mining area and the physical 
mechanics and seepage parameters of different lithologies in the 
North China mining area, the numerical simulated coal and rock 
mass physical mechanics parameters and seepage parameters 
are designed in Table 3. The mohr-Coulomb constitutive model 
is adopted for rock mass and fluid is adopted for the fluid_ iso 
isotropic model.
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Table 3. The parameters of physical and mechanical coal and rock mass and percolation

Lithology   Bulk density / 
   Kg·m-3

tensile strength / 
MPa

internal friction  
angle

cohesion / 
MPa

Elastic model / 
 GPa

Poisson’s  
ratio

Permeability coefficient / 
m2·Pa-1·sec-1

Fluid density /
Kg·m-3

Siltstone   2500 0.3 35 3.2 6 3.2 1e-10 1e3
4th Quartzite   2600 0.5 37 3.5 5 2.0 1e-8 1e3
5th Quartzite   2600 0.5 40 8.1 13.9 9.1 1e-8 1e3
11coal 2573 0.08 25 0.5 0.2 0.1 1e-7 1e3
1st Mudstone 2500 0.4 35 2.2 2.25   0.5 1e-10 1e3
2nd Mudstone 2520 0.4 35 2.2 2.25   0.5 1e-10 1e3
Siltstone 2500 0.3 37 3.2 6   3.2 1e-9 1e3
Ordovician limestone 2610 0.3 35 3.6 3.3   2.0 1e-8 1e3

The numerical calculation model of cemented filling mining 
is established, and the size of the model is 100x120x67 m. Fully 
constrained boundary conditions are adopted at the bottom and 
around the model, vertical stress of 7.5 MPa is applied at the top 
to simulate the pressure of overburden on the model and a perme-
able seepage boundary with a fixed water pressure of 4.5 MPa is 
applied at the bottom to simulate the pressure of confined aquifer. 
After excavation, the goaf adopts drainage boundary conditions 
(Ma et al., 2019; Ma et al., 2019; Ma et al., 2021), and the model 
is established as shown in Figure 7. ① ~ ④ in the Figure 7 is the 
first step of filling and mining to the fourth step of filling and min-
ing. The width of each connecting roadway is 4.5 m.

Figure 7. Numerical model of cemented filling mining

4.2. Test scheme

After the model is established, the initial balance calculation is 
carried out, and then mining and filling are carried out. The design 
working face adopts two excavation faces for mining, and the over-
all mining sequence is Mining ① - filling ① - mining ② - filling 
② - mining ③ - filling ③ - mining ④. In the mining process of 
working face, the development of a plastic zone of floor and pore 
water pressure are observed and analyzed.

In the subsequent tests, three parameters of backfill strength, 
aquifer distance, and water pressure were adjusted to analyze 
their influence on the stability of the floor. The strength of the fill-
ing body is selected from six proportioning schemes such as S6, S2, 
S4, S1, S3, and S5. The aquifer distance is designed as 10 m, 20 m, 
30 m, 40 m, 50 m, 60 m, 70 m, 80 m, and 90 m. The water pressure 
of the aquifer is 0 MPa, 0.5 MPa, 1.0 MPa, 1.5 MPa, 2.0 MPa, 2.5 
MPa, 3.0 MPa, 3.5 Mpa, 4.0 Mpa, 4.5 MPa and 5 MPa respectively.

5. Test results and discussion

5.1. Law of floor instability during cemented filling mining

During the mining cycle, the state zone module is used to an-
alyze the plastic zone of the excavation and filling area, and the 
distribution characteristics of the plastic failure zone of the floor 
are obtained as shown in Figure 8.

         

(a) Mining and filling ①                           (b) Mining and filling②

    

(c) Mining and filling ③                            (d) Mining and filling④

Figure 8. Distribution characteristics of plastic failure of the floor

It can be seen from Figure 8 that the failure type of rock mass 
in the process of excavation and filling is mainly shear failure. With 
the continuous excavation and filling of connecting roadways, the 
plastic failure area of the floor rock mass in the mining area is con-
tinuously connected and deepened. When excavating and filling 
①, the maximum failure depth of the plastic area of the coal seam 
floor is 4 m and symmetrically distributed. When excavating and 
filling ④, The maximum damage depth of the coal seam floor is 7 
m, which occurs in the middle of the mining area and is far away 
from the Ordovician limestone. The water diversion failure zone 
cannot relate to the uplift zone of the confined water layer (Yan et 
al., 2021; Zhang and Wang, 2007; Zhang et al., 2015), which elimi-
nates the risk of water inrush.

At the same time, when a connecting roadway is excavated, 
the coal near the roadway is vulnerable to shear damage. The 
“skip mining” method is adopted to mine at a far position from 
the mined connecting roadway. After the filling body is stable, min-
ing at a closer position can effectively prevent the occurrence of 
coal wall caving and other phenomena. As the roof lithology of the 
Zhaoguan energy mine is limestone with good stability, and the 
above methods are used for coal mining, the roof stability is good. 
Tension failure occurs only in the middle of the connecting road-
way, and the depth is less than 1 m.
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4.2.2. Analysis of pore water pressure in mining

In the process of mining, the pore water pressure of the model 
is analyzed by calling the pore pressure module, and the pore wa-
ter pressure distribution is shown in Figure 9.

 

(a) Mining and filling ①  

(b) Mining and filling ②

   

(c) Mining and filling ③

(d) Mining and filling ④ 

Figure 9. Pore water pressure distribution

It can be seen from Figure 9 that the pore water pressure in-
creases fastest on both sides of the connecting roadway and the 
mining area. It can be seen that water inrush disasters are very 
easy to occur near the goaf and the mining area boundary, and 
attention should be paid to the prevention and control of water 
inrush in this area. In addition, the water-conducting boundary of 
bedrock (Zhou et al., 2016; Zhang et al., 2015; Yin et al., 2020) al-
ways exceeds the mining boundary, and the seepage velocity of the 
lower rock stratum is always greater than that of the upper rock 
stratum.

5.2. Law of floor instability under the influence of strength of cemen-
titious material

The influence law of cementitious material on the failure 
depth of the floor is obtained, as shown in Figure 10. As can be 
seen from Figure 10, as the strength of the filling body gradually 
increases, the failure depth of the floor gradually decreases. When 
the strength of the filling body is 0.55 MPa, 1.22 MPa, 1.24 MPa, 
1.42 MPa, 1.49 MPa, and 2.02 MPa, the failure depth of the floor is 
14.02 m, 12.89 m, 10.34 m, 9.22 m, 8.89 m, and 8.02 m respective-
ly. Therefore, filling cementitious materials can effectively prevent 
water inrush.

Figure 10. Effect of the strength of cementitious material on failure depth 
of the floor

5.3. Law of floor instability under the influence of aquifer distance 
and water pressure

The influence law of aquifer distance on floor failure depth is 
obtained, as shown in Figure 11. The influence law of water pres-
sure on the failure depth of the floor is also obtained, as shown in 
Figure 12. As can be seen from Figures 11 and 12, with the contin-
uous increase of the pressure of the confined aquifer, the failure 
depth of the bottom plate gradually increases. When the pressure 
of the confined aquifer is greater than 2 MPa, the failure depth of 
the bottom plate increases obviously. With the gradual increase of 
the distance between the confined aquifer and the coal seam, the 
damage depth of the floor gradually decreases. However, it can be 
seen that the floor of the working face is always greatly affected 
by the confined aquifer when the aquifer depth increases from 10 
m to 90 m. It can be seen that the problem of the confined aquifer 
cannot be ignored in the safe mining of coal mines, and the guar-
antee measures for the safe mining on the confined aquifer should 
always be taken.
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Figure 11. Effect of water pressure on failure depth of the floor 

Fig. 12 Effect of confined aquifer depth on failure depth of the floor

6. Conclusion

To realize safe mining above the confined aquifer, this paper 
puts forward the cemented filling mining method, designs the best 
ratio of cemented materials, and explains the principle of water 
inrush from the mining floor on the confined aquifer based on 
theoretical calculation. The numerical simulation test scheme is 
designed to explore the characteristics of floor instability in the 
mining process. The specific conclusions are as follows:

(1) Given the technical problems of mining on the confined 
aquifer in the Zhaoguan energy mine, a cemented filling mining 
method is proposed. Combined with the actual conditions of the 
mining area, the filling material ratio of Yellow River Sediment: Ce-
ment = 0.85:0.15 is designed, the slump reaches 138 mm and the 
strength reaches 2.02 MPa.

(2) Based on the elastic space half-space theory, the mechan-
ical model of floor instability in cemented filling coal mining is 
established, the critical criterion formula of floor instability is 
deduced, the principle of floor instability on confined aquifer is 
explained, and the maximum failure depth of working face floor is 
determined to be 12.4 m. At the same time, it is obtained that the 
strength of cemented material, aquifer distance, and aquifer water 
pressure are the main factors affecting floor stability.

(3) Based on the analysis of the calculation results of the flu-
id-structure coupling numerical model, it can be seen that the 
surrounding rock damage during the excavation and filling of the 
connecting roadway is mainly shear damage, and water inrush is 
very easy to occur in the goaf and the boundary of the mining area. 
At the same time, with the increase in the strength of cementitious 
material, the increase in aquifer distance, and the decrease in wa-
ter pressure, the failure depth of the floor decreases gradually.

(4) The numerical simulation test shows that when the aquifer 
distance is 40 m, the water pressure is 4.5 MPa and the strength of 
cementitious material is 2.02 MPa, the failure depth of the floor is 
far less than 15 m, which is consistent with the theoretical settle-
ment results, which proves that this method can effectively solve 
the problem of floor water inrush.
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