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Water inrush disasters are extremely prone to occur if the coal seam floor contains a confined aquifer. To find out the failure
behavior of coal seam floor of paste filling working face, a beam-based theoretical model for the floor aquifuge was built, and
then, the water inrush risk was evaluated based on the thickness of floor aquifuge. Next, the floor failure characteristics of the
paste filling face was numerically studied and the effects of the filling interval and long-term strength of the filling body on the
floor failure depth, stress and displacement distributions, and plastic zone were explored. The results showed that the
theoretical model for evaluating the safety of the floor of the paste filling face based on the empty roof distance is proved to be
consistent with that of the empirical formula judged based on the assumption that the paste filling working face was regarded
as a cut hole with a certain width. The filling interval has a significant effect on the stress concentration of the surrounding
rock, failure depth of floor, and roof-floor convergence. The smaller the filling interval is, the smaller their values are. When
the filling rate is 98%, the long-term strength of the filling body is 5MPa, and the floor failure depth is not more than 4m. In
contrast, the strength of the filling body has no obvious influence on the floor failure depth, but it has a certain impact on the
roof-floor convergence. From the perspective of reducing floor failure depth, there is no need to increase the long-term
strength of backfill, but it is necessary to increase the early strength of backfill so as to reduce the width of the equivalent roadway.

1. Introduction

China’s hydrogeological conditions are complicated, and
coal mines are seriously threatened by mine water disasters.
For a long time, coal mine water inrush accidents have
brought huge losses to the life and property safety of the
country and people [1–3]. According to relevant statistics,
1184 water disasters have occurred in coal mines of China
from 2000 to 2020, with more than 5000 deaths or missing
persons [4]. In particular, a quarter of the disasters occurred
in the coal seam floor. With the continuous increase of min-
ing depth, water inrush from coal seam floor becomes more
and more serious [5, 6]. This is because the coal seam floor
usually contains a confined aquifer with certain water pres-
sure, and water inrush is extremely prone to occur under
the disturbance of mining activities. Therefore, it is of great

significance to figure out the causes and the laws of water
inrush from coal seam floor. The results can be applied to
guide the safe production of coal mine [7].

Numerous scholars have made great efforts and obtained
a lot of achievements in the field of water inrush from coal
seam floor. It is widely accepted that coal mining above a
confined aquifer involves the risk of water bursting into
the mining excavation through fractured floor strata. Obvi-
ously, the hydraulic failure of the coal seam floor can result
in the formation of a water inrush channel, which is an
important factor causing water inrush disaster from the
floor. Based on plastic theory and empirical formula, Esmail-
zadeh et al. [8] and Li et al. [9] analyzed and summarized the
influencing factors of coal seam floor failure and divided
them into two types: occurrence factors and mining design
factors. After that, an “occurrence mining” multifactor
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coupling model was established, and then, FLAC software
was used to simulate and verify it. Mao et al. [10] and Tian
et al. [11] used the stepwise discriminant method to elimi-
nate the indicators with insignificant discriminant effect
and established Fisher discriminant analysis model. Gao
et al. [12] selected coal seam thickness, coal seam permeabil-
ity, mining depth, and head pressure as the main factors of
floor water inrush and numerically analyzed the relation
between them and water inflow. According to the theory of
“in situ damage” proposed by Wang and Liu [13], the water
diversion channel of the coal seam floor occurs under the
combined action of horizontal extrusion, support pressure,
and water pressure. Zhang and Liu [14] developed the the-
ory of plate and shell and analyzed the failure mechanism
of coal seam floor using elastic-plastic mechanics method.
They divided the seam floor into a mining failure zone and
a floor water-impermeable zone and regarded the water-
impermeable zone as a thin plate with clamps on all sides
and uniformly distributed load and then calculated the ulti-
mate water pressure load on the seam floor by using elasto-
plastic theory. In addition, “rock-water stress relationship
hypothesis [15]” and “key layer theory [16–19]” all elabo-
rated on the viewpoint that stress concentration of sur-
rounding rock is one of the fundamental causes of coal
seam floor failure. Also, fracture will initiate under high con-
centrated stress [20–22]. When the cracks intersect each
other and extend to the workspace, a water inrush channel
will be formed and failure of rock engineering will occur
[23–25].

Besides, the theory of “lower three zones” put forward by
Li [26] holds that the coaquifersal seam floor can be divided
into three zones, namely, floor failure zone, complete rock
protection zone, and confined water rise zone. It is noted
that the floor failure zone of coal seam is caused by mining
pressure. Based on the “lower three zones” analysis method,
Yin et al. [27] built a conceptual model for predicting water
inrush in deep mines containing multiple aquifers below the
floor and deemed that there are four types of water inrush
modes. With regard to the risk assessment of water inrush
from the floor, a series of theoretical methods were devel-
oped to predict it, such as the PCLRA-PCLRA method
[28], vulnerable index method [29], and water-inrush coeffi-
cient method [30]. Zhang and Yang [31] also presented a
novel dynamic predictive method of water inrush from the
coal floor based on a gated recurrent unit model, which is
proven to have a high degree of reliability.

Currently, paste backfill mining technology is popularly
used in coal mine due to its high safety, high recovery rate,
small ground subsidence, and minor mining disturbance.
In the previous work of our team, we found that the cemen-
ted paste backfill mining method is effective to control the
failure depth of floor [32]. Also, Yu et al. [33] combined
the strip mining method and caving zone backfill technology
to recover the retained strip coal pillars above the confined
aquifer and successfully prevent water inrush from the coal
floor. Since the movement law of the surrounding rock of
the paste backfill working face is different from that of the
conventional working face and the mining space also
changes [34], it is obvious the prevention and control expe-

rience of water inrush from unfilled working face is no lon-
ger suitable for field application. In order to solve the threat
of pressurized water to the working face and to evaluate the
risk of water inrush from paste-filled working face, this
paper is aimed at revealing the failure characteristics and
laws of the coal seam floor in paste filling mining. In this
work, based on the beam theory, a theoretical model of the
paste filling floor failure was first established, and then, the
floor failure law of the paste filling working face was numer-
ically explored. This work is very useful for the control and
prevention of the water inrush in paste backfill mining.

2. Project Overview

Daizhuang coal mine of Zibo Mining Group is located in
Rencheng District of Jining City, Shandong Province, with
an approved production capacity of 2.4million ton per year.
With the gradual depletion of the upper group of coal
resources, the mining location will gradually transfer to the
area where the floor is affected by two aquifers: thin thir-
teenth limestone aquifer of Carboniferous Taiyuan Forma-
tion and Ordovician limestone confined aquifer. No. 1160
district of No. 16 coal seam is the first mining area of the
lower group coal, and the mining level is -405~ -620m. It
is measured that the water pressure of the thirteenth lime-
stone aquifer reaches 4.2~ 6.3MPa, and the water inflow is
very large. During the process of mining using longwall cav-
ing method, the water inrush coefficient of this aquifer is
0.246~0.921MPa/m, while the water inrush coefficient of
the Ordovician limestone aquifer is 0.106~0.164MPa/m.
Obviously, the water inrush coefficients of the two aquifers
in the floor of No. 16 coal seam in No. 1160 mining area
are larger than 0.10MPa/m. Thus, it is quite difficult to mine
safely using conventional mining technology, and special
mining methods or special water control measures must be
adopted when mining this district.

In the early production stage of the mine, the strip min-
ing method was adopted in the No. 11605 working face of
the No. 1160 district, and the designed strip width was
60m. Before mining, the thirteenth limestone aquifer was
artificially modified into a water-resistant layer by using
grouting reinforcement measures, and then, the local area
of the Ordovician limestone confined aquifer was also
grouted. After 146 grouting holes were constructed, the
inspection found that the maximum amount of water dis-
charged from the single borehole is 150.0m3/h, which shows
that the grouting effect is not ideal. After the grouting mod-
ification of the thirteenth limestone aquifer, there are still
local water-rich abnormal areas. Clearly, the thirteenth lime-
stone aquifer still has not been completely changed into a
water-proof layer. If the dewatering and depressurization
method is adopted, the water pressure of the thirteenth lime-
stone needs to be dredged, but the thickness of the aquifuge
between the two aquifers in the mining area is only 23.4m
on average. The water release test shows that there is a ver-
tical cross-flow relationship between the two limestone aqui-
fers, and there is a greater possibility of hydraulic connection
where the geological structure is developed, and it is difficult
to guarantee the measures to drain and reduce the water
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pressure. From the above, it is concluded that there is a huge
risk in the technical feasibility and economic rationality of
mining the lower group of coal using the traditional stope
caving method.

Practice has shown that when the aquifuge in the floor
ruptures and becomes unstable, the water-inrush water
channel connecting the aquifer and the working face will
appear. The root cause is the disturbance of the stress field
of the floor aquifuge induced by mining activities. As the
deformation and failure of the floor can be dramatically sup-
pressed by the filling body, the backfill technology becomes a
very useful way for coal mining above the confined aquifers.
Also, the surface subsidence can be effectively reduced after
the mining space is filled, which is an effective way to mine
coal under buildings and roads. Therefore, according to the
successful experience of coal mining with high-water filling
technology above confined aquifer in Bucun coal mine of
Zibo Mining Group, Daizhuang coal mine is actively trying
to apply the well-established paste filling mining technique
for coal mining above limestone aquifers.

3. Floor Aquifuge Model of Filling
Working Face

3.1. Basic Theory of Model Establishment. Based on the char-
acteristics of paste filling, it can be seen that an interactive
mechanical structure is formed between the coal roof, filling
body, and coal seam floor behind the working face, and the
filling body acts as a bridge in the “roof-filling body-
bottom” interaction system. The filling body plays a role of
bridge in the interaction relationship system of “roof-filling
body-floor,” It not only transmits the pressure from the roof
to the floor but also supports the floor in time. Therefore,
whether the strength of the filling body is sufficient to trans-
mit the pressure from the roof will become the key to the
stability of the mechanical structure of “roof-filling body-
floor.” There are two key influencing factors:

(i) Balanced hydraulic stress level: with the increasing
distance from the coal wall of working face, the load
of roof on filling body rises gradually. When the
stress transferred from the filling body to the floor
reaches the water pressure of the floor confined
aquifer, i.e., the floor aquifuge is in a state of force
balance. This stress level is the balanced hydraulic
stress level. Thus, the strength of the filling body
should be large enough to transmit this stress, and
the critical strength at this time is called the water
pressure resistance strength. The water pressure
resistance strength of the filling body directly affects
the safety of the confined water aquifuge. After that,
as the distance from the coal wall of the working face
continues to grow, the filling body transfers a stress
greater than the balanced hydraulic stress level. The
lower part of the aquifers is supported by water pres-
sure and rock strata and is still in a state of force bal-
ance. The aquifer will remain stable without
breaking and instability

(ii) Original rock stress level: when the distance between
the backfill and the working face increases to a cer-
tain value, the roof will apply all the weight of the
overburden strata to the backfill, and the internal
stress of the filling body will reach the original rock
stress level first and then exceed it. The strength of
the backfill should be sufficient to transfer all the
weight of the overburden strata. The strength at the
time is called the long-term strength and generally
takes the strength of the filling body with curing
age of 28 days. The final strength of the filling body
directly affects the control effect of surface subsi-
dence and the stability of the floor, as shown in
Figure 1

The existing theoretical research mainly focuses on the
prevention and control of floor water in traditional mining,
such as the caving method. The relevant theoretical research
and practice of goaf full filling method are not sufficient.
Therefore, it is considered to establish a theoretical model
for evaluating the safety of the floor aquifuge in the paste fill-
ing face. As the strength of the backfill behind the paste fill-
ing face is gradually increasing within a certain period of
time, the supporting effect on the floor is also gradually
increasing, as shown in Figure 2. When the strength of the
rear filling body is increased enough to transfer the balanced
hydraulic stress level, the floor aquifuge is in a state of force
balance here, and the floor aquifuge between the abovemen-
tioned filling body and the coal wall of the working face can
be simplified as a beam fixed on both sides. The distance
between the two ends is called empty top distance (because
the force of the roof on the filling body in the span of the
fixed beam does not reach the level of the equilibrium water
pressure, it is called empty top distance temporarily). There-
fore, the beam-based model is built to study the failure pro-
cess of the working face floor under the action of water
pressure.

3.2. Establishment of Beam Model for Paste Backfill Face
Floor. The theoretical model of floor failure in the paste fill-
ing working face is based on the following assumptions: (1)
Taking the section along the advancing direction of the
working face, any section can be simplified as a plane strain
model. (2) In the vertical direction, the floor aquifuge is sup-
ported by both the water pressure of the lower aquifer and
the rock, but the lower strata only support the aquifuge
upward without downward cohesion. (3) When the strength
of the filling body increases enough to transfer the equilib-
rium water pressure, the equilibrium point can be simplified
as one end of the fixed beam. Based on the above assump-
tions, the theoretical model of floor failure of paste filling
face is established, as plotted in Figure 3.

By means of mechanics of materials, the uniform load
deflection curve of the fixed beam can be formulated as fol-
lows:

wu = −
qx2

24EI 1 − x
L

� �2
: ð1Þ
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Figure 1: Variation of stress on filling body.
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Figure 2: Strength change of filling body behind the working face.
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Figure 3: Mechanical model of the working face floor.
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The deflection curve of the fixed beam under gradual
load can be written as

wg =
q0x

2

120EIL 3L3 − 7L2x + 5Lx2 − x3
� �

: ð2Þ

After superposition operation, we can get

w = q0x
2

120EIL 3L3 − 7L2x + 5Lx2 − x3
� �

−
qx2

24EI x2 − 2Lx + L2
� �

,

ð3Þ

where wu, wg, and w denote the uniform load, gradual
load deflection, and superimposed deflection of fixed beam,
respectively, m. Q is the resultant force of water pressure and
floor weight,MPa. q0 represents the equilibrium force of filling
body on floor, MPa. E means the average elastic modulus of
the bottom plate, MPa. I is the moment of inertia.

When the stress of the filling body behind the working
face reaches the original rock stress, q = q0, then, the deflec-
tion equation can be given as

w = −
qx2

120EIL 2L3 − 3L2x + x3
� �

: ð4Þ

The bending moment is calculated as follows:

M = −
qL2

30 + 3qLx
20 −

qx3

6L : ð5Þ

The tensile stress along the x-axis can be expressed as

σx =
My
Iz

,

σx =
y
Iz

−
qL2

30 + 3qLx
20 −

qx3

6L

� �
:

ð6Þ

By means of mathematical analysis, when x = L, y =H/2,
the maximum stress value is

σmax =
3qL2
10h2

= 0:3q L
h

� �2
, ð7Þ

where h represents the thickness of complete aquifuge,
m.

In Equation (7), it can be seen that the larger the empty
top distance L is, the larger the horizontal tensile stress in the
lower part of the floor aquifuge is, and the easier the floor is
to be damaged. When L increases to a certain extent, tensile
failure occurs in the floor (σmax=σt). At this time, the empty
top distance Lmax of the working face is concluded as

Lmax = h

ffiffiffiffiffiffiffiffiffi
10σt
3q

s
, ð8Þ

where σt is the average tensile strength of floor rock,
MPa.

The empty top distance Lmax is generally determined by
the integrity of the roof and the supporting conditions. At
the same time, it is determined by the conveying capacity
of the filling station and the length of the working face.
Whether the allowable empty top distance is appropriate
or not can be evaluated by the safety factor of the empty
top distance.

The definition of safety factor k is introduced as

k = Lmax
L

, L = vt + Ls, ð9Þ

where v is the advancing speed of working face, m/d. t
denotes the time for the filling body to bear the load of over-
burden, d. Ls means the distance between the coal wall of
working face and the nearest filling zone of goaf, m.

k = h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi10σt/3q

p
vt + Ls

: ð10Þ

The above equation can be used to evaluate the safety of
the floor aquifuge in the paste filling face. When the safety
factor of the empty top distance k > 1:5, it is considered safe.
Through calculation, the safety factor of the empty top dis-
tance of the filling face in Daizhuang coal mine can reach
2~ 4 within the range of the maximum and minimum empty
top distance. This means that there will be no water inrush
disasters.

3.3. Safety Verification of Floor Aquifuge in Paste Filling
Face. After evaluating the floor safety according to the safety
factor of empty roof distance, the paste filling working face is
simplified as an open cut with width of L and thus can be
regarded as a driving roadway. Afterwards, the formula of
safety thickness of floor aquifuge in driving roadway is
extended to evaluate the safety of floor aquifuge of paste fill-
ing face. The advancing speed v of working face is set as
2.4m/d, and the filling body reaches the water pressure resis-
tance strength in two days. The correspondng equation is as
follows:

t =
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2L2 + 8Kpp

q
− γL

� �
4Kp

, ð11Þ

where t is the required thickness of safe aquifuge, m; L
denotes the width of roadway, m; L = vt + Ls = 4:8 + 8:4 =
13:2m; Ls = branch = 6:0 + 2:4 = 8:4m. Kp means the tensile
strength of floor, 1.23MPa. p is the resultant force of the
water pressure of the floor limestone aquifer and the self-
weight of the aquifuge, 4.4MPa. γ represents the unit weight
of overburden, 0.025MN/m3.

Substituting the above parameter values in Equation (11),
we can obtain that the required thickness of the floor aquifuge
is 16.8m even if the safety factor takes the minimum value.
According to the drilling data of the area, the minimum
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thickness of the floor aquifuge is 18.5m, which meets the
requirements of the relevant regulations [35]. As a result, it
is believed that the application of paste filling mining technol-
ogy on No. 16 coal seam can prevent water inrush from the
thirteenth limestone aquifer, which is safe and feasible.

4. Numerical Simulation of Floor Failure
Law in Paste Filling Face

4.1. Construction of Numerical Model. As an effective and
low-cost way to characterize the failure and deformation of
rock engineering, the numerical method is widely used in
rock engineering, especially in rock fracture mechanics
[36–38]. In this research, Flac software was selected for
numerical modelling. With regard to its principle and pur-
pose, please refer to references [39, 40]. In order to meet
the accuracy of the results and close to the field conditions,
based on the floor hydrological data and borehole (No. 15-
2, L10-2 and L10-4) data of No. 11607 working face, the
thinnest part of the floor aquifuge was selected as the simu-
lation object, that is, 24m according to the data of No.
11607-2 borehole).

The specific model simplification and parameter setting
are as follows: (1) The inclined length of the working face
is 120m. A vertical section is taken along the advancing
direction of the working face and the middle of the vertical
working face. Each rock layer conforms to the assumption
of the plane strain model, so it can be simplified as a plane
strain problem. (2) The thickness of the simulated coal seam
is 2m, and the coal seam floor is 24m from the upper
boundary of the 13th limestone and 53m from the upper
boundary of the Ordovician limestone. The roof of the coal
seam is 39.6m away from the upper boundary of the model,
and the upper and lower boundaries of the model are
enough to cover the “upper three zones, lower three zones”
of the paste filling working face and the main aquifers that
have an impact on the coal seam mining. (3) In order to
reduce the influence of boundary effect, the width of the
model is set as 200m, and the advancing distance of the

working face is 100m. At this time, the working face is
100m away from the boundary on both sides of the model,
and the influence range of the abutment pressure of the
working face is generally not more than 100m. Therefore,
the influence of the boundary effect can be eliminated. The
model is illustrated in Figure 4.

4.2. Boundary Conditions and Determination of Mechanical
Parameters of Surrounding Rock

(1) Overburden load

The average buried depth of No. 11607 working face is
about 541.6m. The distance from No. 16 coal seam to the
upper boundary in the model is 39.6m, and the volume den-
sity of rock strata from the upper boundary to surface is
0.025MN/m3. The upper boundary load of the model is cal-
culated according to the hydrostatic pressure:

P =Hγ, ð12Þ

where P is upper boundary load of the model, MPa. H
means the vertical depth from the upper boundary of the
model to the surface, 541:6 − 39:6 = 502m. γ represents the
unit weight of overburden, 0.025MN/m3.

Based on this calculation, the action of rock above the
upper boundary of the model can be simplified as a uniform
stress of 12.55MPa.

200 m

53
 m

24
 m

11
4.

6 
m

10th
limestone

13th
limestone

Model and boundary condition

Figure 4: Numerical simulation model and boundary condition.

Table 1: Supporting parameters of hydraulic support for filling No.
16 coal in Daizhuang mine.

Type Units Value

Top beam length mm 5785

Center distance mm 1500

Theoretical initial support force of column KN/column 1300

Theoretical working resistance of support KN 6200
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Table 2: Physical and mechanical parameters of rock strata for numerical modelling.

Number Rock type
Bulk modulus

(GPa)
Shear modulus

(GPa)
Internal friction

angle (°)
Cohesion
(MPa)

Tensile strength
(MPa)

Density (kg/
m3)

27 Fine sandstone 1.20 0.87 38 7.41 0.64 2740

26 Siltstone 1.20 0.87 38 7.41 0.64 2740

25 Mudstone 0.35 0.21 35 4.53 0.20 2600

24 Fine sandstone 1.20 0.87 38 7.41 0.64 2740

23 Mudstone 0.35 0.21 35 4.53 0.20 2600

22 Siltstone 1.31 0.94 38 7.41 0.79 2740

21 Mudstone 0.39 0.24 35 4.53 0.24 2600

20 10 limestone 2.00 1.56 40 8.69 0.84 2740

19 16 coal seam 0.07 0.03 37 2.34 0.09 1600

18 Mudstone 0.30 0.18 35 4.53 0.14 2600

17 Fine sandstone 1.20 0.87 38 7.41 0.64 2680

16 Mudstone 0.35 0.21 35 4.53 0.20 2600

15 Coal seam 0.09 0.04 37 2.34 0.12 1600

14 Mudstone 0.35 0.21 35 4.53 0.20 2600

13 Siltstone 1.20 0.87 38 7.41 0.64 2740

12 Fine sandstone 1.20 0.87 38 7.41 0.64 2740

11 Mudstone 0.35 0.21 35 4.53 0.20 2600

10 Siltstone 1.20 0.87 38 7.41 0.64 2740

9 Mudstone 0.35 0.21 35 4.53 0.20 2600

8 Siltstone 1.20 0.87 38 7.41 0.64 2740

7 12 limestone 1.68 1.31 40 8.69 0.57 2780

6 Mudstone 0.35 0.21 35 4.53 0.20 2600

5 13 limestone 1.68 1.31 40 8.69 0.57 2780

4
Variegated
mudstone

0.37 0.21 35 4.48 0.16 2600

3 Sandstone 1.20 0.87 38 7.41 0.64 2740

2 Mudstone 0.35 0.21 35 4.53 0.20 2600

1
Ordovician
limestone

1.68 1.31 40 8.69 0.57 2780
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Figure 5: Vertical stress distribution around the working face with different filling intervals.
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(2) Hydraulic action

According to the data of 9 hydrological boreholes in No.
11607 working face, the maximum water pressure of thir-
teenth limestone aquifer is 4.4MPa, while that of the Ordo-
vician limestone is about 4.7MPa.

(3) Supporting function of hydraulic support

The supporting parameters of No. 16 coal seam filling
support in Daizhuang coal mine are shown in Table 1.

According to the observation of mine pressure in the
working face, the actual working resistance of some supports
is about 80% of the initial support force. Therefore, for the
sake of safety, 80% of the theoretical support strength of
the support is taken when calculating the support strength.
Considering that there is a certain distance between the front

section of the top beam and the coal wall, the length of the
top beam is 6m and P is calculated as ð0:8 × 6:2Þ/ð1:5 × 6Þ
≈ 0:5MPa.

Based on the above field data, the model boundary con-
ditions are set as follows: (1) The lower boundary is fixed. (2)
The x direction displacement of the left and right boundaries
is fixed. (3) The displacement of front and back boundaries
is fixed in y direction. (4) A uniform downward stress of
12.55MPa is applied to the upper boundary. (5) The upper
boundary of Ordovician limestone is exerted an upward
pressure of 4.7MPa. (6) The upward pressure of 4.4MPa is
applied to the upper boundary of the thirteenth limestone.
(7) A supporting force of 0.5MPa is applied to the roof
and floor within 6m behind the coal wall of the working face
to simulate the supporting effect of the support, and a filling
interval is left behind the support without any support to
simulate the area to be filled.
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Figure 6: Vertical displacement distribution around the working face with different filling intervals.
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Figure 7: Plastic zone distribution around the working face with different filling intervals.
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Figure 9: Vertical displacement distribution around the working face with different backfill strengths.
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Figure 8: Vertical stress distribution around the working face with different backfill strengths.
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According to the floor geological data of the deep lower
coal group in Daizhuang coal mine and the test results of the
physical and mechanical properties of the core as well as the
classification results of the engineering rock mass quality
using RMR method, the mechanical and physical parameters
of the rock strata used for numerical modelling are reduced
based on the laboratory rock test results, as shown in
Table 2.

4.3. Simulation Scheme. The numerical calculation mainly
studies the influence of filling interval and strength (28 d
curing time) of filling body on the failure depth of floor.
The detailed scheme is described as follows:

(1) Setting the filling rate is 98% and the strength of fill-
ing body is 5MPa, the effects of different filling inter-
vals (1.2m, 3.6m) on the stress concentration of
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Figure 10: Plastic zone range around the working face with different backfill strengths.
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floor, deformation of surrounding rock and distribu-
tion of plastic zone are analyzed, and the influence of
filling interval on the failure depth of floor is studied

(2) Setting the filling rate of 98% and the filling interval
of 2.4m/d, the stress concentration, surrounding
rock deformation and plastic zone distribution of
the floor under different filling body strengths (28 d
strength of 3MPa, 4MPa, 5MPa, and 7MPa) are
analyzed, and the influence of filling body strength
on the failure depth of the floor is studied

4.4. Analysis of Numerical Simulation Results

(1) Analysis of the influence of filling interval on the
stress and failure of the surrounding rock in stope.
Setting the working face forward 100m and the
28 d strength of filling body is 5MPa; the stress con-
centration of floor, deformation of surrounding rock,
and distribution of plastic zone under different filling
intervals (1.2m and 3.6m) are analyzed. The simula-
tion results are presented in Figures 5–7 (the middle
of the working face is cut along the advancing direc-
tion of the working face)

As can be seen from Figures 5–7, when the filling interval
increases from 1.2m to 3.6m, the maximum vertical stress of
surrounding rock increases from 24MPa to 26MPa. There-
fore, the increase of filling interval will increase the peak stress
of the surrounding rock. In contrast, the maximum roof sub-
sidence grows from 180mm to 250mm, and the floor heave
rises from 180mm to 200mm. When the filling interval is
1.2m, the floor failure depth is about 3.6m, and the failure
depth runs through the mudstone and fine-grained sandstone
below the coal floor.When the filling interval is 3.6m, the pen-
etration depth of the floor failure zone is still 3.6m, and the
plastic zone of siltstone at 6.3m from the upper boundary of
the coal seam floor continues to expand. The development
of the plastic zone of the floor presents the trend of delamina-
tion failure. The reason for the phenomenon is that the large
the filling interval, the large the stope space is. As a result,
the failure and deformation is more serious and the concen-
trated stress increases sharply.

Generally speaking, the distribution of stress field, dis-
placement field, and plastic zone of paste filling face is sim-
ilar to those of a roadway. The difference is that the peak
stress and plastic zone of coal wall side are larger than that
of filling body side, and the vertical displacement of filling
body side is larger than that of the coal wall side.

(2) Analysis of influence of backfill strength on stress
and failure of surrounding rock

Setting the advancing distance of the working face to
100m, the filling rate is 98%, and the filling interval is
2.4m/d. Under such a case, the floor stress concentration,
surrounding rock deformation, and plastic zone distribution
under different filling body strengths (3MPa, 4MPa, 5MPa,
and 7MPa) are analyzed. The simulation results are shown
in Figures 8–10 (the section is made along the advancing

direction of the working face in the middle of the working
face).

As can be seen from Figures 8–10, when the 28d
strength of backfill increases from 3MPa to 7MPa, the max-
imum vertical stress of surrounding rock decreases from
26MPa to 24MPa, and the range of stress concentration
decreases gradually. With the increase of 28 d strength of
backfill from 3MPa to 7MPa, the maximum roof subsidence
decreases from 250mm to 200mm, and the floor heave has
no obvious change. In the process of increasing the 28d
strength of the filling body, the depth of the plastic zone of
the floor has not changed much, and only the range of the
plastic zone has a slight change. From the above, it can be
concluded that the deformation and failure are remarkably
suppressed by the increasing strength of filling body. This
is because the filling body has a certain bearing capacity
and could support the roof and floor. Also, the larger the
strength of filling body, and stronger its bearing capacity is.

5. Conclusions

In this work, the floor failure characteristics of paste backfill
working face above limestone aquifers were systematically
investigated. First, the water inrush risk from the floor was
assessed based on a built beam model. Next, the failure
response of the paste backfill working face was numerically
studied. Results of this study could provide some valuable
insight into the mechanism of water inrush from coal seam
floor. The main conclusions can be drawn as follows:

(1) The theoretical thickness of the safety floor aquifuge
required by the Daizhuang coal mine is 16.8m.
According to regional drilling data, the minimum
thickness of the aquifuge is 18.5m, indicating that
the water inrush risk of the paste backfill working
face is very small

(2) The stress concentration of surrounding rock, failure
depth of floor, and convergence of roof and floor are
significantly affected by the filling interval. The
smaller the filling interval, the smaller the stress con-
centration range and peak value of the surrounding
rock, the convergence between the roof and floor,
and the plastic zone of the floor

(3) The 28d strength of filling body has no obvious
effect on the failure depth of floor but has a certain
influence on the convergence of roof and floor and
the peak stress of surrounding rock. Therefore, the
final strength of filling body should be determined
for the purpose of surface protection and long-term
stability of filling zone. The purpose of determining
the early strength of backfill is to reduce the equiva-
lent roadway width and the floor failure depth
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