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Disturbances owing to coal mining result in the movement and failure of floor strata. Mining-induced fractures within the floor
may propagate to the confined aquifer, thereby causing water inrush disasters. In this study, we propose using strip mining and
backfill replacement mining above the confined aquifer to investigate the failure depth of the floor. The problem is simplified as
a distributed force model on a half-plane body. First, the stress disturbance of the floor during strip mining is calculated and the
results are combined with the von Mises yield criterion. Then, the destruction of the floor after replacing the remaining coal
pillars is explored. The results show that the widths of the strip mining face and coal pillars play an important role in affecting
the failure depth of the floor: the greater the width, the larger the failure depth. Based on the parametric study results, the
mining face and retention coal pillar width of 20 m is sufficient to prevent the occurrence of water inrush accidents. After the
replacement of the remaining coal pillars, the failure area of the floor rock mass increases, but the maximum failure depth
remains unchanged. Finally, we employed field measurement techniques at the Bucun coal mine to monitor the shear and
vertical strains of the floor. The data collected was compared with the predicted results obtained from the proposed theoretical
model. Good agreement was found between the monitoring and calculation results, which demonstrate the effectiveness of the

proposed method.

1. Introduction

During the mining of a coal seam above a confined aquifer,
there are many incidents of water inrush from the floor
resulting in huge casualties and economic loss [1-3]. Excava-
tion activities cause floor damage, and the formation of water
channels is the main cause of water inrush [4]. To ensure
safety during mining, the widely adopted method called strip
mining is used [5]. Strip mining can effectively reduce the
failure depth of floor strata and avoid the occurrence of such
accidents. Given that strip mining needs a certain width of
coal pillar to maintain the stability of mining space, the
recovery rate of coal resources is lower than the traditional
caving method. After strip mining, backfilling with high
water content material helps to reduce the loss of coal
resources and ensure the safety of the process [6].

In general, coal mining activities change the stress distri-
bution characteristics of surrounding rock [7-9]. When the

stress of the floor strata exceeds the ultimate strength, cracks
appear in its interior part [10, 11]. As the excavation intensity
increases, the cracks develop gradually and eventually pene-
trate the strata between the working face and the confined
aquifer [12-14]. Strip mining can effectively reduce the dis-
turbance to the surrounding rock and the failure depth of
the floor [15]. Previous studies have suggested the technology
of grouting reinforcement of the floor, which can improve
the strength of the floor rock mass and avoid the generation
of permeable passages [16, 17].

After strip mining, the sustained strength of the stope
surrounding rock decreases as time increases [6, 18, 19]. As
the rock failure develops, it is possible to form a new perme-
able passage. Then, backfilling the goaf in time to improve
the stress environment of surrounding rock can eliminate
the continuous development of floor failure zone [20-22].
According to experiments and field observations, the stress
concentration at the surrounding rock of the goaf decreases
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FI1GURE 1: Bucun coal mine geographic information map: (a) location of Bucun coal mine; (b) location of the down hole working face and

surface buildings.

after backfilling [23, 24]. Simultaneously, the failure of the
floor rock mass is under control and the floor accident can
be effectively prevented [25-27]. Moreover, the deformation
and settlement of overlying strata decreased [28, 29].

Previous studies focused on the problem of water inrush
and subsidence caused by coal mining. Additionally, signifi-
cant research has been done on strip mining and goaf backfill
to prevent water inrush. However, the recovery of the
abandoned coal pillar and floor failure after the backfill
replacement mining has not been considered. When backfill-
ing material is used to recover the abandoned coal pillar, the
coal seam floor will be affected by mining, and new deforma-
tions and destruction will occur at the floor strata. In partic-
ular, in the case of the coal seam above a confined aquifer, the
floor is easy to form a water diversion channel under the
influence of multiple mining, resulting in the problem of
water inrush.

This study examines the stress distribution on the floor
boundary during strip and backfill replacement mining
above a confined aquifer. The two types of mining are
simplified as mechanical problems under different boundary
conditions. Using the elastic mechanics method, the stress
distribution and floor failure evolution in the process of strip
mining and backfill replacement mining are studied, respec-
tively. As a result, the study provides theoretical guidance for
safe mining of coal seams above a confined aquifer at the
Bucun coal mine as well as overcoming shortcomings of the
low extraction rate of strip mining and reducing the wastage
of coal resources.

2. Backfill Replacement Mining Technology

2.1. Background. To begin with, the Bucun coal mine belongs
to the Zibo Mining Group, located in the Jinan Shandong
Province as presented in Figure 1. Its industrial square is in
the town of Bucun, which is distributed in four townships:
Bucun, Wenzu, Shengjing, and Xusheng. More than 80% of
the mine resources are No. 9 and No. 10 coal seams, which
are mostly under buildings and threatened by water inrush

from the floor. Therefore, the way to mine those coal seams
safely and effectively is a major technical problem for Bucun
coal mine.

From 2005 to 2009, strip mining was used to mine under-
ground coal under confined water pressure in the 911 district
of Bucun coal mine. The width of the excavated coal pillar
was between 6 and 20 m, the width of the retained coal pillar
was 10 to 25 m, and the recovery rate was only 34.2%. During
the period 0of 2010-2011, 921 district used inclined strip min-
ing to extract the coal above confined aquifer. The widths of
the excavated and the retained pillars were 20 m and 25m,
respectively, and the recovery rate was 44.4%. The average
recovery rate of the two mining areas was 39.3%, while many
coal resources remained underground.

2.2. Floor Water Inrush. Since the 1970s, the Bucun coal mine
has been mining No. 9-2 coal seam threatened by a confined
aquifer. The mining area of these coal seams was approx-
imately 5.42km? and the lower level of mining was
-372.8 m. Moreover, there have been two instances of floor
water inrush reaching a maximum amount of 60 m’/h.

Further, the 9110 working face had been mined since July
15, 2004, and strip mining had been adopted (Figure 2). Ini-
tially, the designed mining width was 40 m. On July 31*, after
mining 33 m in the 9110 working face, water inrush occurred
at the back of the working face. The initial water volume was
150 m>/h, while the maximum reached 334.8 m>/h. After this
incident, grouting was used to treat the water inrush, and the
production was resumed in August 2005.

After this incident, the distribution of the aquifer on the
floor of the area was investigated in detail. According to the
geological exploration data, it consisted of, mainly, the
Xushang sandstone, Xujiazhuang limestone, and Ordovician
limestone aquifers. The thickness of the Xushang sandstone
aquifer was 0 to 14.07 m, the distance from the coal seam
was 43.54 to 63.77 m, and the average distance was 54.40 m.
It was, generally, attached to Xujiazhuang limestone and
had a thickness of approximately 0 to 1.29 m shale or clay
shale with a maximum water pressure of 3 MPa. In addition,



Geofluids

3# core wall

| Working face 9110 5
150-334.8 (m’/h)

2# core wall 2004.7.31

Grouting hole
1# core wall

FIGURE 2: Water inrush position of 9110 working face.

the thickness of Xujiazhuang limestone aquifer was 8.45 to
12.19 m, with an average of 10.47 m. The distance from No.
9-1 coal seam was 52.17 to 71.50 m, and the average distance
was 61.59m. The distance from the lower part of the
Ordovician limestone aquifer was 9.79 to 12.45m, with
an average of 10.81 m. This type of limestone was gener-
ally rich in water and had a certain regionalization. It
was mainly recharged by the Ordovician limestone aquifer
while recharging upwards the Xushang sandstone aquifer.
The maximum water inrush coeflicient and maximum water
pressure were 0.132 MPa/m and 0.132 MPa/m, respectively,
and the maximum water pressure was 6.3 MPa.

Moreover, the main aquifer in the coal seam floor was the
Ordovician limestone, which was rich in water and had good
recharge conditions that made it the main water supply
source of every aquifer in the lower part of the coal seam.
The average distance from the No. 9-1 coal seam was
82.87m, and the average distance from the Xujiazhuang
limestone was 10.81 m. The maximum water inrush coeffi-
cient of the Ordovician limestone was 0.082 MPa/m, and
the maximum water pressure of the Ordovician limestone
aquifer was 6.52 MPa.

Based on the characteristics of mining above the confined
aquifer and under the buildings in the Bucun coal mine, strip
mining method was adopted. The reason is that the width of
the working face in strip mining is narrow, causing smaller
damage to the floor, which can achieve safe mining above
the confined aquifer [30]. Additionally, strip mining can
effectively control surface subsidence, with a reduction rate
between 80% and 90% [31].

2.3. Backfill Replacement Mining. Due to the low recovery
ratio of strip mining, many pillars remain underground. To
further improve the recovery rate of coal resources, high
water content material is used to fill the goaf and replace
the retained coal pillar [6, 31]. The mining plan is divided
into three main steps, and Figure 3 illustrates the mining
and backfilling process.

At first, the strip mining method is used to recover the
coal seam (Figure 3(a)). The coal seam is mined according
to the design plan, and the goaf and coal pillars are distrib-
uted at intervals after mining. In the second step, the goaf is
filled with high water content material (Figure 3(b)). The fill-

ing body and the coal pillar form an integral unit to support
the roof. After the filling body acquires certain strength, the
remaining coal pillars are mined at intervals (Figure 3(c)).
Then, in the third part, after the mining of the coal pillar,
the newly formed goaf is filled. After the filling body has cer-
tain strength, all the remaining coal pillars are recovered
individually (Figure 3(d)).

Throughout the process of replacing the remaining coal
pillar with filling material, the floor is affected by multiple
mining, which can easily lead to the increase of the floor frac-
ture zone to form a new permeable passage. As shown in
Figure 3, the shallow area of the floor affected by coal seam
mining is damaged. Since the deep part of the floor is less
affected by mining, the rock mass still maintains a good elas-
tic state, which can block the inrush of confined water. Under
the influence of multiple mining, the failure area of the floor
and the risk of water inrush accidents in the working face will
increase. To avoid that, the law of floor fracture, in the
process of filling and replacement of coal pillars, must be
examined.

3. Mechanical Model

3.1. Stress Analysis of Floor Rock Mass. Through the use of
strip mining, the weight of the overburden is transferred to
both sides of the coal pillars and the load on each pillar is
elevated. At this point, the load is given by the following
equation:

I+m
a=—"Y v 1)
i=0

where g is the load on the pillar (in MPa), [ and m are the
widths of the pillar and the mining width (in meters), respec-
tively, y, is the bulk density of layer i', and h; is the thickness
of layer i (in meters).

Due to the impact of coal seam excavation, the stress over
the floor changes. The overburden stress passes through the
coal pillars, which in turn causes redistribution of the stress
on the floor of the coal bed. Many researchers use the half-
plane body model to study the stress disturbance of the floor
[7, 32]. According to these studies, the influence of the strip
coal pillars on the floor is simplified as shown in Figure 4.

The stress concentration occurs beneath the coal pillar,
and when the rock mass stress exceeds the strength limit,
the rock mass enters the plastic state and it can be destroyed.

According to Saint Venant’s principle, the surface force
acting on the boundary will change significantly near the sys-
tem of force while the influence at a distance can be ignored.
Therefore, the force acting on any area on the floor boundary
only affects the shallow area of the floor rock mass. The influ-
ence decreases significantly at a considerable distance from
this area. Within the scope of influence, the risk of rock mass
failure is higher. In particular, when the aquifer is signifi-
cantly affected by mining, water inrush is very likely to occur.

3.2. Mechanical Model. As shown in Figure 5, strip mining is
simplified to a model of distributed force on the semiplanar
body boundary. The force on the floor boundary is mainly
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FIGURE 3: Schematic diagram of the backfill replacement mining above a confined aquifer: (a) strip mining, (b) goaf filling, (c) the first backfill

replacement mining, and (d) the second backfill replacement mining.

Stress redistribution

F1GURE 4: Simplified model diagram of the stress redistribution after
strip mining.
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F1GURE 5: A model of half-plane body subjected to distributed force
on the boundary.

transmitted by the overlying strata through the coal pillar.
The floor is regarded as a half-plane body, and the load dis-
tributed on it is regarded as a force on the half-plane body.

First, the impact of one coal pillar on floor rock mass is
calculated. According to elasticity theory, the stress caused
by the uniformly distributed force on the boundary of the
half plane at any point in the region is estimated using the
following equations:

oo 2 el
* T a_x2+(y_£)2_2)
2 (* qx(y £)%dE
g,=—— —, 2
Tl og?) 2
L2 qxz(y-ﬁ)ﬁ
4 7T a :x2+(y_£)2:2

where a and b are the lower and upper limits of the interval
where the coal pillar is located.

For strip mining, the influence of other coal pillars should
be considered when calculating the stress of any point on the
floor. According to the principle of superposition, the effect
of different loads on a body is equal to the accumulated influ-
ence of each group of loads alone. Therefore, the stress
caused by every coal pillar in the mining area at point M



Geofluids

can be superimposed, and the calculation formula is as
follows.

where a; and b; are the lower and upper limits of the interval
where a coal pillar is located. The expansion form of equation
(3) is presented in
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(4)

For the convenience of the calculations, the coal pillars
are distributed symmetrically on the x-axis (Figure 6) so the
action interval of a coal pillar is equal to

[, by] = g + (m+1), (% ) x(me)], ()

wherei=0,1,2,3---.

The x-axis interval of the study area is (x € [-100,100],
y€10,50]), and the rock mass is studied within a 50m
depth. To ensure the boundaries of the study area are
consistent with the stress and failure laws in the middle,
the calculation interval should be much larger than the
study interval. According to the experiment, when the inter-
val of the calculation area is (x € [-300,300], y € [0, 50]), the
stress distribution law of the floor does not change.

Python is used to visualize the stress distribution of the
floor. A script calculates the stress at each position and then
employs Matplotlib to display the calculation results and
generate contour and line maps. The calculations shown in
this paper are all performed using Python 3.0. The stress
values are generated in a 1 cm grid in the X and Y directions
to ensure sufficient accuracy and resolution.

Goaf Pillar

Research area

Computinglinterval i
X |

FIGURE 6: Calculation and study intervals.

3.3. Maximum Shear Stress. After the coal seam is mined, the
stress is redistributed on the floor. The maximum shear stress
has a significant effect on the deformation and failure of the
rock mass and can also characterize the shear failure of the
rock body to a certain extent. The distribution characteristics
are typical when analyzing the deformation and failure of the
floor. At the plastic stage, the plastic flow slip line failure is
also related to maximum shear stress. Therefore, the maxi-
mum shear stress at different positions of the bottom plate
is analyzed. Subsequently, this determines the disturbance
range of the strip coal pillar to the floor stress.

The maximum and minimum principal stresses of rock
mass at any point on the floor are given by

2
v\ _0xtoy  [(0xt0, i (6)
o 2 2 *
3

After the simplification to a plane problem and without
considering the effect of intermediate stress o,, the
maximum shear stress is equal to

0, —0 1
T :173:7
2

max 5 (ax -0 )2 + 4‘[326)/. (7)

y

Through combining equations (4)-(6), the formula for
calculating the maximum shear stress is

g9x (a; - b;) + 4x*
" ([(ai P[0, +x2]>' )

3.4. Floor Yield Stress. Under the effect of the overburden
load, in which the floor rock mass stress reaches the limit,
the rock mass enters the plastic state. For rock materials, this
means that cracks are generated inside. As the plastic failure
continues to develop, the crack penetrates and eventually
produces a slip failure surface.

According to plastic mechanics, an indication of plastic
failure is the fact that the material enters the yield state. For
the destruction of rock materials, the von Mises yield
criterion is typically used to determine the state of the floor
rock mass. Under certain deformation conditions, when the
equivalent von Mises stress of a point in the loaded body
reaches the yield stress, it is considered that the point has

Tmax -

M=

I

I
(=]



plastic failure. The calculation formula for the equivalent von
Mises stress is described using

(‘71_‘72)2+(‘72_‘73)2+(03_‘71)2=20§- ©)

The model was considered as a two-dimensional plane,
and equation (9) was converted for the calculation of a two-
dimensional problem, without considering the effect of inter-
mediate stress 0,. The von Mises stresses were calculated
using the following equation:

07 +0%-0,0;5=0". (10)
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TABLE 1: Parameters of each scheme.

Width of retained
coal pillar (m)

Width of excavated

Plan number coal pillar (m)

1 10 10
2 20 20
3 30 30
4 40 40

With the combination of equations (4), (5), and (10), the
von Mises stresses can be calculated as follows:

n
o=y

i=0

q \/ 3x2[(a; — b;) + 4x?]
m\ [(a;=p)* + 2] [(bi - y)* + 22

3.5. Calculation Schemes. Under different widths of excavated
and retained coal pillars, the floor is disturbed to different
degrees. To determine the optimal mining plan based on
the various widths of excavated and retained coal pillars, four
schemes were designed for this study. By comparing and
analyzing the stress and failure characteristics of the floor
under different conditions, the optimal mining plan is deter-
mined. The parameters of each scheme are listed in Table 1.

According to the geological data of the Bucun coal mine
[30], most parts of the floor are composed of sandstone and
sandpaper shale. The physical properties of rocks are similar,
and therefore, the floor rock is simplified to the same type
of rock.

4. The Effect of Strip Mining

4.1. Shear Stress Effect. Figure 7 shows the contour of shear
stress of floor rock mass under different schemes.

Figure 7 shows the shear stress contours of the floor
under different mining schemes. As seen in the figure, the
contours of the maximum shear stress regions appear in the
shallow area of the floor in the shape of a bubble, which
gradually transforms into a wave as the depth increases.
When the shear stress is greater than 3.6 MPa, the shear stress
isoline forms a more obvious bubble shape; when the shear
stress is less than 3.6 MPa, the shear stress isoline forms a
wave shape.

As the shear stress decreases, the disturbance to the
bottom plate gradually decreases. By comparing the contour
shapes under different conditions, the following can be
concluded. When scheme 1 is adopted, the floor suffers the
least disturbance, i.e., the disturbance range is mainly within
the depth of 0 to 10 m; the area with a depth of more than
10 m is less affected by mining. In scheme 2, the disturbance
range of the floor is further expanded, and the maximum
shear stress is in the range 0-30 m while the maximum shear
stress is less affected in the range 30-50 m. For schemes 3 and

_ ._ 2
+ [arctan (u) — arctan <b,_y)] .
} X x

4, the maximum shear stress changes significantly within the
range 0-50 m.

Additionally, it can be found that the central axis of the
bubble is located below the edge of each coal pillar in the
shallow area; the maximum likewise appears in this area.
The bubble contour is pointed upward in the direction of
the coal pillar, and this characteristic becomes more obvious
as the mining width increases. Below the central area of the
retained coal pillar and the middle of the goaf, the maximum
shear stress of the floor rock mass is small.

4.2. Influence Range of Shear Stress. To obtain the variation
law of shear stress at different depths, the shear stresses were
calculated at depths of 10, 20, 30, 40, and 50 m. The distribu-
tion curves of shear stress are presented in Figure 8.

As the depth increases, the maximum shear stress of floor
rock mass decreases until it stabilizes at approximately
0.5 MPa. Therefore, the average value of 0.5MPa is consid-
ered as the boundary of mining influence. The influence
depths of the shear stress in scheme 1 and scheme 2 are
20m and 30 m, respectively. In scheme 1, the shear stress at
20m is 0.253 MPa, which is less than 0.5 MPa. For scheme
2, the shear stress at 30 m is less than 0.5 MPa. When schemes
3 and 5 are adopted, the average shear stress values at 50 m
are 0.634 MPa and 0.787 MPa, respectively, and the influence
range of shear stress is more than 50 m.

Furthermore, the excavation and retention widths of a
strip coal pillar are the main factors affecting the shear stress
of floor rock mass. As they increase, the shear stress increases
as well. Taking the shear stress at a depth of 20 m as an exam-
ple, the average value in scheme 1 is 0.253 MPa, and the
maximum values in schemes 2, 3, and 4 are 1.250 MPa,
2.418 MPa, and 3.014 MPa, respectively.

4.3. Von Mises Stress Distribution Law. Under the impact of
coal pillars, the floor rock mass will gradually enter the yield
state. The von Mises yield criterion is used to assess whether
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FiGure 7: Cloud maps of maximum shear stress distributions when the width of the excavated coal pillar is (a) 10 m, (b) 20 m, (c) 30 m, and

(d) 40 m.

the floor rock mass has entered the plastic state, and the
equivalent stress value can be calculated using equation (6).
Figure 9 is a contour of the von Mises equivalent stress
distributions of the floor rock mass.

As shown in Figure 9, the von Mises stress at the lower
part of the pillar is significantly higher than that at the lower
part of the goaf. When x equals 0, the stress value at the lower
part of the coal pillar is the highest, i.e., 15 MPa, while at the
lower part of the goaf, it is the lowest, i.e., 0 MPa. As the depth
increases, the von Mises stress in the pillar and the lower part
of the goaf gradually decreases or increases and finally
approaches the value of 6 MPa.

Below the coal pillar, the isoline of von Mises stress is
uniformly distributed in the shape of a spindle. With the
increase of the width of the coal pillar and goaf, the
spindle-like area gradually increases. For scheme 1, the
maximum depth of the spindle region is 10.8m, while
for schemes 2 and 3 they are 20.95m and 31.4m, respec-
tively. When scheme 4 is adopted, the maximum depth is
41.8m.

4.4. Depth of Floor Failure. To ensure that there is no water
inrush in the mining process of the working face, it is neces-
sary to ensure that the floor has a certain thickness of water-
proof layer. If the average yield stress of the floor rock mass is
0, = 9.5 MPa, the shape and depth of the floor failure area are
shown in Figure 10.

As seen in Figure 10, the maximum failure depths of
schemes 1, 2, 3, and 4 are 6.88m, 13.72m, 20.58 m, and
27.44 m, respectively.

According to the original data of Bucun coal mine, the
height of the permeable passage is 10 m, and the minimum
depth of the confined aquifer on the floor of the 911 working
face is 42.5m. The thickness of the isolation rock strata of
schemes 1, 2, 3, and 4 is 25.62m, 18.78 m, 11.92m, and
5.06 m, respectively.

In scheme 4, the failure depth of the floor is large and the
thickness of the isolated rock layer is small; therefore, it is dif-
ficult to meet the safety requirements. Although the failure
depth of scheme 3 is relatively smaller, it is still significantly
affected by shear stress at a depth of 20 m. To ensure mining
safety, scheme 1 and scheme 2 should be selected.

After mining a face, it is necessary to move the mining
equipment to the next face. When scheme 1 is adopted, the
working face width is 10 m, and when scheme 2 is adopted,
the working face width is 20 m. Scheme 2 has fewer working
surfaces than scheme 1, which can effectively reduce the
number of equipment moves. Therefore, from a financial
point of view, it is more efficient to mine with scheme 2. In
combination with the west wing of the 911 mining area, there
are four tendencies in the lower working face of 9115 and the
upper working face of 9115. When the width of the mining
strip reaches 20 to 23 m, there is no water inrush. Thus, the
recommended mining plan is scheme 2.
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FIGURE 8: Shear stress distributions at various depths: (a) width of excavated coal pillar is 10 m, (b) width of excavated coal pillar is 20 m,
(c) width of excavated coal pillar is 30 m, and (d) width of excavated coal pillar is 40 m.

5. Influence of Backfill Replacement Mining

First, the scheme of excavating 20 m and reserving 20 m was
adopted in Bucun coal mine, and there was no water inrush
in the process of mining. After strip mining, high water con-
tent material was backfilled to replace the coal pillar in this
area. To avoid water inrush from the floor in the process of
replacement mining, the failure depth of the floor, after
replacement mining, must be studied.

As shown in Figures 3(c) and 3(d), the roof is supported
by coal pillars and filling body together, and the load of coal
pillar changes after backfill replacement mining. Therefore,
goaf backfill and coal pillar mining are simulated through
changing the range of load. Moreover, the load on the bound-
ary is changed according to the width of the supporting
material.

5.1. Influence of Multiple Mining on Shear Stress. Due to mul-
tiple mining, the maximum shear stress of the floor rock
mass changed. Additionally, the maximum shear stresses of
the floor during strip mining, first backfill replacement min-
ing, and second backfill replacement mining were compared.

Figure 11 shows the distribution curves of shear stress at
different depths.

The effect of the two backfill replacement mining pro-
cesses on floor stress is the same. The maximum shear stress
distribution curve is the same, but the position of the peak
and valley changes. When the depth is 10m, 20m, 30 m,
and 40 m, the average maximum shear stress is 1.173 MPa,
1.186 MPa, 0.911 MPa, and 0.858 MPa, respectively.

Moreover, the comparison with the shear stress of the
floor after strip mining shows that the maximum shear stress
in the shallow part of the floor decreases after backfill
replacement mining and gradually approaches to the maxi-
mum shear stress in the deep part. When the depth is 10 m,
the average maximum shear stress decreases by 1.902 MPa
after backfill replacement mining, and when the depth is
20m, 30m, and 40 m, the von Mises stress values decrease
to 0.194 MPa, 0.061 MPa, and 0.185 MPa, respectively. These
results suggest that the degree of disturbance in the deep part
does not obviously change after backfill replacement mining.

5.2. Effect of Replacement Mining on Floor Fracture. Accord-
ing to the previous analysis, the yield stress o, of the floor
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FiGure 9: Cloud maps of von Mises stress distributions when the width of the excavated coal pillar is (a) 10m, (b) 20 m, (c) 30 m, and

(d) 40m.

rock mass is 9.5 MPa, and the plastic zone formed is shown in
Figures 12(a) and 12(b).

Figure 12(a) shows the shape of the plastic zone of the
floor rock mass after the first replacement mining. After that,
a new plastic zone is formed on the basis of the original
plastic zone. The new zone appears in the lower part of the
original goaf, but the maximum failure depth of the newly
formed zone is 4.41 m, which does not exceed the depth of
the original one.

Additionally, Figure 12(b) shows the plastic zone of the
floor formed after the second backfill replacement mining,
which is similar to the plastic zone formed in the first one,
while a new plastic zone is formed in the lower part of the
replacement material. Under the influence of multiple
mining, the rock mass is destroyed in the range of 4.41m
floor depth.

6. Field Measurements

6.1. Monitoring Program. To further study the mechanical
behavior of floor rock mass under the influence of mining,
measuring stations were set up in the 9113 and 9111 working
faces. The layout of the measuring station and working face is
shown in Figure 13.

The measuring station 1# was set up at the 9113 working
face, which mainly monitored the deformation and failure of
the floor in the process of strip mining. The 9113 working

face was in the west wing of the 911 district, and the measur-
ing station was located at the upper exit of the working face.
Five angle transducers were arranged to monitor the inclina-
tion of the borehole to the 9113 working face, and they were
installed at depths of 5m, 12m, 19m, 25m, and 30 m.

Furthermore, the measuring station arranged in the 9111
working face mainly monitored the floor deformation and
failure before and after the replacement mining of coal pillar.
This measuring station was located at the exit of the 9111
working face, and the strain sensor was embedded before
the high water content material filled the original strip falling
area. Five measuring points were arranged, and the vertical
depths (vertical floor depths) were 7m, 9m, 11m, 13m,
and 15 m, respectively.

6.2. Prediction of Rock Mass Mechanical Behavior. According
to the previous analysis, the stress values of different posi-
tions of floor rock mass are calculated. When these are com-
bined with the physical equation, the strain of rock mass can
be calculated at any point and its mechanical behavior can be
predicted. According to the rock mechanics parameter of the
floor, the elastic modulus is 2.5 GPa, and Poisson’s ratio is
u=0.15.

In addition, measuring station 1# used angle transducers
for monitoring, which could monitor the shear strain of rock
floor mass. Equation (8) gives the calculation method of the
maximum shear stress at any point on the floor. The shear
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strain of floor rock mass is calculated according to the
physical equation of the plane strain problem given in

_ i2(1+y)qx\/ (a;— b;)? +4x2 .
& En [(a;—y)* +x2] [(b; -y + 2]
(12)

The strain value at any point on the floor can be calcu-
lated using equation (12). The angular displacement of the
point can be obtained by transforming the angle from radians
to degrees.

Moreover, measuring station 2# used strain transducers
for monitoring, which could monitor the strain of the floor
rock mass. Equation (4) gives the calculation method of
vertical stress at any point at the bottom of the station. As
previously, the shear strain of floor rock mass is calculated
according to the physical equation of the plane strain prob-
lem as follows:

B 0o (02 enm ()
xaf<y—h,->+bf<ai—y>+<ai—bi><x2‘y2)>
(=9 +2] (b= )] |

(13)

6.3. Observation Results. To prevent the deformation law of
the floor being affected by mining, the research data after
the mining in the area around each station were collected.
The monitoring results and theoretical settlement results of
floor deformation after mining are shown in Figure 14. Here,
Figure 14(a) shows the theoretical calculation results and
monitoring angle of the angle transducers. Figure 14(b)
shows the strain value of the rock as measured by the strain
Sensor.

Figure 14(a) shows the results of field observation. When
the depth is 5m, the shear deformation of the floor rock mass
reaches its maximum. The shear deformation decreases with
the increase of depth and becomes stable when the depth is
greater than 19 m. This result is in good agreement with the
theoretical calculation. According to that, the shear deforma-
tion of the floor rock mass also reaches its maximum value at
approximately 5m, which will gradually decrease with the
increase of the depth, while the depth of the significant
influence area is 19 m.

Based on Figure 14(b), the vertical deformation of the
floor rock mass reaches its maximum at around 5 m. The ver-
tical strain decreases when the depth is greater than 5m. The
general tendency is a decreasing one, and when the depth is
less than 9 m, the effect is more significant. From the theoret-
ical calculation, the deformation of floor rock mass decreases
with the increase of depth, which is consistent with the
results of field monitoring.

According to the field monitoring results, the mechanical
behavior of rock mass changes with the increase of depth. In
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FIGURE 12: Plastic zone distributions of replacement mining floor: (a) first backfill replacement mining; (b) second backfill

replacement mining.

Figure 14(a), it can be seen that the deformation of the floor
rock mass is relatively continuous and tends to be stable
when the depth is greater than 19m. However, in
Figure 14(b), it can be seen that a deformation discontinuity
occurs at a depth of 9m. The results show that when the
depth is 9m, the floor rock mass enters the plastic state, the
rock mass is discontinuous, and the integrity is destroyed.

7. Discussion

In this study, we found that the widths of excavated and
retained coal pillars are the key factors affecting the develop-
ment of floor fracture. By adjusting the width of retained pil-
lar and excavation width, the failure depth and mechanical
behavior of floor rocks can be changed. When the coal seam
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is not excavated, the force on the floor is uniformly dis-
tributed, and with the increase of the width of strip min-
ing, the stress is concentrated leading to an increasing
failure depth of the floor. According to the resistivity of
strip coal pillar floor by Yu et al. [30], the failure depth
is 50.7m when the width of the strip coal pillar is 15m,
and the failure depth increases gradually with the increase
of mining width. According to previous research by Zha
et al. [33], when the longwall face is used for normal min-
ing, the maximum floor failure depth is 76.18 m. There-
fore, the use of strip coal pillar and the reduction of the
excavation width are beneficial to reduce the failure depth
of floor rock mass.

Additionally, a strong relationship between cracks and
yield state of rock mass has been reported in the literature.
The characteristics and density of microcracks can be ana-

—e— Theoretical calculation
—+— Field measurement

(b)

measuring station 1#; (b) measuring station 2#.

lyzed by the yield state of the floor rock mass. The von Mises
yield criterion reflects the spatial shape and the threatening
degree of rock mass failure. With the increase of von Mises
stress, the fracture density of rock mass increases and the
failure direction is related to the specific stress state. With
the depth increase of the floor rock mass, the crack density
decreases gradually, and the possibility of forming a perme-
able passage decreases as well. At the plastic state, the direc-
tion of plastic flow is related to the maximum shear stress.
In this study, we found that shear stress is concentrated at
the lower part of the boundary on both sides of the coal pillar
while it is small in the middle area of the bottom of the coal
pillar. Based on these data, we can infer that there is a rock
mass failure surface below the edge of the coal pillar. As a
result, these findings can help us predict the location of
water inrush.
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In order to prevent the accident of water inrush in con-
fined water and improve the safety of coal mining on it,
attention should be paid into the following aspects: (a) an
exhaustive exploration should be carried out for the floor
aquifer to determine the distribution of confined water and
the value of water pressure; (b) strip mining can effectively
reduce the floor failure depth, and in combination with high
water content material backfilling replacement, it does not
only reduce the disturbance to the floor rock mass but also
improves the coal resource recovery rate; and (c) reducing
the size of strip mining can effectively reduce the degree of
disturbance of the floor and reduce the failure depth of the
floor by increasing the strength of the floor rock mass.

8. Conclusions

This study examines the safe mining of coal resources on a
confined water aquifer. The influence of stress disturbance
on rock mass at different depths is analyzed using a mechan-
ical model, and the failure depth of floor before and after coal
seam mining is determined.

Based on the elastic mechanics theory, a mechanical
model of strip mining and filling material replacement of
the remaining coal pillars is constructed, the expression of
the floor stress distribution is given, and its evolution law is
revealed. Results show that the mining and coal pillar widths
are the main influencing factors of floor stress distribution.
With an increase of their values (the widths of working faces
and coal pillars), the floor stress influence area gradually
increases as well.

Then, according to the von Mises yield criterion, the fail-
ure depth of the floor rock mass is studied, and the equivalent
expressions of the stress at different depths are given. Under
the influence of coal seam mining, the rock mass of the floor
has a certain depth of damage, and its range gradually
decreases as the depth increases. From the calculation results,
the maximum depth of floor rock failure before and after
replacement is 13.72m, which can meet the requirements
for water isolation.

Finally, the field measurement results indicate that as the
depth increases, the deformation of the floor rock mass grad-
ually decreases, and its mechanical behavior is consistent
with the theoretical calculation results. The use of strip min-
ing significantly affects the depth of the area to 19 m, and the
use of filling materials to replace the coal pillars had a signif-
icant influence depth of 9 m.
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