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Abstract: To reveal the overburden failure characteristics during backfill mining, theoretical analysis
based on the theory of plates and shells and field measurements were combined. Based on the
theory of plates and shells, a mechanical model for the overburden failure mechanism during backfill
mining was established, through which the fracture conditions of overburden during backfill mining
were judged. By analyzing the fracture process and revealing the fracture mechanism, the fractured
zone in overburden during backfill mining was found not to develop uniformly, but changed in a
leaping manner. Field measurement was conducted taking the 1327 working face in Xima Coal Mine
(Shenyang City, Liaoning Province, China) as an example to monitor and analyze the roof-to-floor
convergence (RFC), strata behaviors at the working face, and overburden failure during backfill
mining. Monitoring results show that the distance between the monitoring points and the working
face was highly consistent with the periodic weighting interval when the RFC increased in a leaping
manner; the RFC grew in a leaping manner after each roof weighting, as well as the fractured zone.
By monitoring and analyzing overburden failure, it was determined that the maximum height of the
fractured zone was 10.7 m and a leaping phenomenon was present in the development process of the
fractured zone. The conclusions of theoretical analysis were completely consistent with those of the
field measurements, thus confirming the leaping development of the fractured zone in overburden
during backfill mining.

Keywords: backfill mining; theory of plates and shells; development of fractured zone; leaping
phenomenon; overburden failure characteristics

1. Introduction

Deformation failure of overburden and rock movement are of great importance for
coal mining [1–3]. Existing research mainly focuses on overburden deformation and failure
characteristics during caving mining [4–9], while there is little research on the topic during
backfill mining. Backfill mining refers to backfilling the goaf behind support in the working
face, which is equivalent to shrinking the subsidence space of the roof behind the working
face [10–12]. The filling rate is large in backfill mining, so the overburden deformation,
failure, and movement are less violent [13–15]. Compared to caving mining, the over-
burden deformation and failure characteristics during backfill mining show significantly
different results [5]. Backfill mining in the goaf mainly aims to relieve the stope pressure
and decrease deformation and failure of the overburden and the ground [16–18]. There-
fore, the overburden deformation and failure mechanism during backfill mining warrant
further research.

There have been more studies on the deformation and damage characteristics of the
overburden rock for the mining of an open area. Sun et al. [19] accurately determined

Sustainability 2022, 14, 11441. https://doi.org/10.3390/su141811441 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su141811441
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su141811441
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su141811441?type=check_update&version=1


Sustainability 2022, 14, 11441 2 of 16

the characteristics of the overburden damage by the distributed optical fiber sensing
(DOFS) test, and this technique has good application prospects. Furthermore, based on the
study of Sun et al., a vertical borehole observation system was established based on the
stress characteristics and the migration model of the rock beam [20]. The spatiotemporal
information of overburden migration was determined to guide the work in preventing
water damage to the roof. Meanwhile, a regional division method based on overburden
critical failure was proposed and applied in engineering by using surface movement
monitoring [21]. However, there is little research on the topic during backfill mining, for
example, large mining height [22] and mining through fault [23]. Backfill mining can
control overburden movement, reduce surface subsidence, and protect surface structures,
which is a “green” and environmentally friendly mining process. Scholars have conducted
a lot of research on the process of infill mining [24–29], the nature of infill materials, the
theory of infill support roof, etc. The research results have effectively guided the production
practice and promoted the development of infill mining technology and theory. Obviously,
the overburden deformation and failure characteristics during backfill mining differ greatly
from those during caving mining. In summary, there is an urgent need to study the
overburden damage and deformation under infill mining conditions.

Therefore, the overburden deformation failure analysis model of infill mining was
constructed first, followed by the analysis of overburden deformation failure character-
istics, and finally, the overburden activity characteristics of the working face retrieval
process were measured and analyzed. This study provides a reference for overburden
failure characteristics.

2. Establishment of the Analysis Model for Overburden Deformation and Failure
during Backfill Mining

The hard stratum in the overlying rock layer on the working face was separated from
the weak stratum below. However, the weak stratum above was not separated from the
hard stratum below. The hard stratum was bent under the overburden load. However, due
to the limited separation space, the hard stratum and the strata borne thereby directly acted
on the underlying strata, while the underlying strata provided the supporting force, thus
limiting the bending deformation of the hard stratum [30,31].

2.1. Determination of Hard Strata

Deflection is the linear displacement of the plate and shell midplane in the direction
perpendicular to the midplane when the force is applied. A hard stratum refers to a stratum
that has a deflection lower than its underlying strata. In this case, the hard stratum is
not deformed in agreement with the lower stratum. At the same time, the hard stratum
controls the deformation and failure of overlying strata. When a hard stratum is fractured
and deformed, the weak strata borne thereby have compatible deformation with the hard
stratum. According to the function of hard strata in the overburden deformation and failure
process, the locations of the hard strata in overburden need to be determined first.

The composite beam theory is used to determine the location of, and load on, a hard
stratum [32]. Supposing that the first stratum is a hard stratum; if the mth stratum above has
compatible deformation while the (m + 1)th stratum does not have compatible deformation
with the stratum, then the (m + 1)th stratum is regarded as the second hard stratum. The
overburden load on the first hard stratum is

q1(x)|m =

E1h3
1

m

∑
i=1

hiri

m

∑
i=1

Eihi
3

i = 1, 2, · · · , m (1)
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where q1(x)|m represents the load applied by the mth stratum on the first hard stratum
(MPa); hi and ri separately denote the thickness (m) and bulk weight (kN/m3) of the ith
stratum; Ei represents the elastic modulus of the ith stratum (MPa).

The load applied by the (m + 1)th stratum on the first stratum is calculated using the
same method in Equation (1). If the (m + 1)th stratum is a hard stratum, the following
equation needs to be satisfied:

q1(x)|m > q1(x)|m+1 (2)

The following Equation (3) is obtained by substituting Equation (1) into Equation (2):

Em+1h2
m+1

m

∑
i=1

hiri > rm+1

m

∑
i=1

Eih3
i (3)

When determining the hard stratum, it is calculated upward from the first stratum
layer by layer and the computation stops when Equation (3) is satisfied. In this case, the
(m + 1)th stratum is judged as a hard stratum. Then, the same method is used to determine
hard strata above the (m + 1)th stratum until the last stratum.

2.2. Critical Load and Ultimate Displacement of Hard Strata

For nearly half a century, the theory of plates and shells has developed apace and found
increasingly wide applications in fields including structural mechanics and engineering
mechanics. It also has been more and more frequently used to solve practical problems.
The theory was used below to analyze the stress state of hard strata in the overburden of
working faces.

A cuboid is used to represent a hard stratum in overburden (Figure 1), in which the
middle plane is taken as the xy plane and the z axis is vertical to the xy plane. The side
with z > 0 is the upper surface while that with z < 0 is the lower surface. Supposing that
the thickness h of the stratum is uniformly distributed in the analysis process, stress is also
uniformly distributed on the surfaces of the hard stratum [33–35].
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The equilibrium equation for the deformation of the hard stratum under forces in the
x and y directions is shown in Equation (4):

∂τxz

∂z
= 0,

∂τyz

∂z
= 0 (4)

where τxz and τyz denote the shear forces (N) on the xz and yz planes, respectively.
Assuming that the shear stresses τxz and τyz are uniformly distributed and Qx and

Qy represent the total transverse shear forces in the hard stratum, then the following is
obtained according to the assumption:

τxz =
Qx

h
, τyz =

Qy

h
(5)

According to the Hooke’s law, the corresponding strain is

∂ω

∂x
+

∂µ

∂z
=

Qx

Gch
,

∂ω

∂y
+

∂ν

∂z
=

Qy

Gch
(6)
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where Gc represents the shear modulus (MPa) in the xz and yz planes; µ, ν, and ω denote
the displacements (m) of the hard stratum in the x, y, and z directions, respectively.

Through integral operation on Equation (6), there is

µ = −zϕx, υ = −zϕy (7)

where

ϕx =
∂ω

∂x
− Qx

Gch
, ϕy =

∂ω

∂y
−

Qy

Gch
(8)

Equation (8) can be rewritten as

Qx = C
(

∂ω

∂x
− ϕx

)
, Qy = C

(
∂ω

∂y
− ϕy

)
(9)

where C represents the shear rigidity (N/m) of the hard stratum.
The shear rigidity (N/m) of the hard stratum can be expressed as follows:

C = Gch (10)

supposing that a linear segment vertical to the middle plane is still a straight line after
deformation. Letting ϕx and ϕy separately represent the angles of rotation in the xz and yz
planes, µ+ and ν+ represent displacements of multiple points on the upper surface in the x
and y directions, and µ− and ν− represent displacements of multiple points on the middle
plane of the lower surface in the x and y directions, respectively, then there is

µ± = ∓h + t
2

ϕx, ν± = ∓h + t
2

ϕy (11)

Letting σ±x , σ±y , and τ±xy represent stress components on the upper and lower surfaces,
the following is obtained according to the Hooke’s law:

σ±x =
E

1− υ2

(
∂±µ
∂x

+ υ
∂±ν
∂y

)

σ±y =
E

1− υ2

(
∂±ν
∂y

+ υ
∂±ν
∂x

)
τ±xy =

E
2(1 + υ)

(
∂±µ
∂y

+
∂±ν
∂x

) (12)

where E and υ refer to the elastic modulus (MPa) and Poisson’s ratio of the hard stratum,
respectively.

The total bending moments Mx and My and total torque Mxy = Myx of the hard
stratum are as follows:

Mx =
1
2

h2(σ+
x − σ−x )

My =
1
2

h2
(

σ+
y − σ−y

)
Mxy =

1
2

h2
(

τ+
xy − τ−xy

) (13)

By substituting Equations (11)–(13), the following is obtained after simplification:

Mx = −D
(

∂ϕx

∂x
+ υ

∂ϕy

∂y

)
My = −D

(
∂ϕy

∂y
+ υ

∂ϕx

∂x

)
Mxy = −D

2
(1− υ)

(
∂ϕx

∂y
+

∂ϕy

∂x

) (14)
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where D represents flexural rigidity (N/m) of the hard stratum.
D can be expressed as follows:

D =
Eh3

2(1− υ2)
(15)

When considering the lateral balance, the total transverse shear forces Qx and Qy, total
bending moments Mx and My, and total torque Mxy are generally expressed.

Internal forces on the plane of the hard stratum include Nx, Ny, and Nxy, so the balance
equation in the z direction is expressed as [36,37]

∂Qx

∂x
+

∂Qy

∂y
+ Nx

∂2ω

∂x2 + 2Nxy
∂2ω

∂x∂y
+ Nx

∂2ω

∂y2 + q = 0 (16)

where q denotes the transverse load (MPa) per unit area of the hard stratum.
Then, the balance equations represented by ϕx, ϕy, ω are obtained:

D

(
∂2 ϕx

∂x2 +
1− υ

2
∂2 ϕx

∂y2 +
1 + υ

2
∂2 ϕy

∂x∂y

)
+ C

(
∂ω

∂x
− ϕx

)
= 0 (17)

D

(
1 + υ

2
∂2 ϕx

∂x∂y
+

1− υ

2
∂2 ϕy

∂x2 +
∂2 ϕy

∂y2

)
+ C

(
∂ω

∂y
− ϕy

)
= 0 (18)

C
(

∂2ω

∂x2 +
∂2ω

∂y2 −
∂ϕx

∂x
−

∂ϕy

∂y

)
+ Nx

∂2ω

∂x2 + 2Nxy
∂2ω

∂x∂y
+ Ny

∂2ω

∂y2 + q = 0 (19)

Because Equations (17)–(19) are relatively complicated, they are simplified. Letting ϕx
and ϕy be represented by two other functions w and f, the equation is as follows:

ϕy =
∂w
∂y
− ∂ f

∂x
(20)

After defining ϕx and ϕy, w and f have solutions by solving Equation (20). This is
because the following homogeneous equation has solutions, which is a characteristic of the
Cauchy–Riemann equation:

∂w0

∂x
+

∂ f0

∂y
= 0,

∂w0

∂y
− ∂ f0

∂x
= 0 (21)

The solution to Equation (21) can be expressed as follows using a function of complex
variables ϕ(x + iy) [38]:

f0 + iw0 = ϕ(x + iy) (22)

By substituting Equation (20) in Equations (17) and (18), there is

∂

∂x
[
D∇2ω + C(w−ω)

]
+

∂

∂y

[
D
2
(1− υ)∇2 f + C f

]
= 0

∂

∂y
[
D∇2ω + C(w−ω)

]
− ∂

∂x

[
D
2
(1− υ)∇2 f + C f

]
= 0

(23)

where

∇2 =
∂2

∂x2 +
∂2

∂y2 (24)

Equation (23) is another Cauchy–Riemann equation, the solution to which can be
expressed by a function of complex variable F(x + iy) as

D(1− υ)

2
∇2 f − C f + i[D∇2ω + C(w−ω)] = F(x− iy) (25)
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The function is a nonhomogeneous differential equation of f , w, and ω, the solution
to which can be expressed as the sum of solutions to homogeneous equations correspond-
ing to any particular solution. Because the real and imaginary parts of F(x + iy) are
both harmonic functions, the corresponding homogeneous functions of f , w, and ω are
as follows:

D
2
(1− υ)∇2 f − C f = 0 (26)

D∇2ω + C(w−ω) = 0 (27)

The following is obtained according to Equation (27):

w = ω− D
C
∇2ω (28)

By substituting Equations (20) and (28) into Equation (19), the following equation
is obtained [39]:

D∇2∇2ω− (Nx
∂2

∂x2 + 2Nxy
∂2

∂x∂y
+ Ny

∂2

∂y2 ) · (ω−
D
C
∇2ω) = q (29)

As shown in Figure 2, x is the advance direction of the working face and y is the
direction parallel to the working face. The working face has a length of L. For such a plate,
the displacement ω and load Q need to meet the following equation when the load Q is
uniformly applied thereon:

D(1− Q
C
)

d4ω

dx4 + Q
d2ω

dx2 = 0 (30)
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Figure 2. Diagram for force analysis of a hard stratum in coal seam roof.

Because the backfill body supports the roof behind the working face during backfill
mining, the overburden can be regarded as always supported at two ends in the whole
advance process of the working face. Under this condition, the following two boundary
conditions are obtained: 

ω− D
C

d2ω

dx2 = 0

dω

dx
= 0

(31)

The critical load and the ultimate displacement in the z direction in different support
states can be calculated using Equations (20), (30) and (31). The critical load Q1 under the
condition is

Q1 =
4π2CD

L2C + 4π2D
(32)

The ultimate displacement ω1 in the z direction is

ω1 = 1−
L2C cos 2πx

L
L2C + 4π2D

(33)



Sustainability 2022, 14, 11441 7 of 16

In accordance with the physical meanings and calculation methods of the shear rigidity
C and flexural rigidity D, the calculation models of the critical load and the ultimate
displacement are obtained:

Q1 =
2π2GCEh4

L2GCh(1− υ2) + 2π2Eh3

ω1 = 1−
L2GCh cos 2πx

L
(
1− υ2)

L2GCh(1− υ2) + 2π2Eh3

(34)

2.3. Roof Subsidence

Subsidence refers to the maximum distance that the roof strata move downward after
mining, and it is related mainly to the bulking coefficient of the underlying strata and
calculated using the following equation:

Z = Mc −
i−1

∑
j=1

hj(k j − 1) (35)

where Z and Mc separately represent the strata subsidence (m) and the equivalent mining
height (m); hj and kj represent the thickness and bulking coefficient of the jth stratum,
respectively.

The bulking coefficient of the strata is valued according to the practical situation. If
a stratum is in the fractured zone, the bulking coefficient is used, while if the stratum is
located in the caving zone, the residual bulking coefficient is taken due to influences of the
overburden pressure after bulking.

2.4. Fracture Step Length of Hard Strata

After mining the coal seam out, the hard stratum will form a support plate that is
fractured when reaching the critical load. The force borne by the hard stratum is the total
weight of the strata controlled thereby. When the length of a working face is fixed, the load
on hard strata is only related to the length of the unsupported roof in the advance direction.
The load on hard strata is calculated using the following equation:

Q = Lx
t

∑
i=1

γihi i = 1, 2 · · · , t; (36)

where γi, L, hi, x, and t represent the bulk weight of the ith stratum (kN/m3), working face
length (m), thickness of the ith stratum (m), advance distance of the working face (m), and
the number of strata from a hard stratum to the nearest hard stratum, that is, the number of
strata under its control.

By substituting the critical load calculated using Equation (32) into Equation (36), the
fracture step length of the hard stratum when reaching the critical load is calculated as

x =
Q

L
t

∑
i=1

γihi

= LD (37)

where LD represents the fracture step length (m) of the hard stratum.
According to Equation (37), the fracture step length of the hard stratum is positively

proportional to the critical load of the stratum while negatively proportional to the working
face length and the total weight of strata under control of the stratum.

3. Overburden Deformation and Failure Characteristics

The development process of a fractured zone in overburden during backfill mining is
mainly controlled by whether the hard strata are fractured or not, which is influenced by
the critical load, ultimate displacement, and subsidence. At the position of the working
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face, if the ultimate displacement is smaller than the height of free space and the ultimate
load is lower than the load borne by the hard stratum, then the hard stratum is fractured.
Likewise, whether the upper hard stratum is fractured or not is analyzed in a same way
until reaching a hard stratum that is not fractured, then the fractured zone stops growing
further upwards. The concrete analysis flowchart is shown in Figure 3 [39,40]. The mining
thickness determines the free space height below the critical layer, and the free space height
determines whether the key layer will fracture or not. As the mining thickness increases,
the free space height below the key layer increases. When the accumulation of the free
space height reaches the ultimate displacement, it will fracture, and then the fracture zone
will suddenly develop upward. Accordingly, it is concluded that the fracture zone develops
upward layer by layer with the increase of mining thickness.
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It is determined according to the above analysis that the overburden deformation and
failure during backfill mining occur layer by layer and the fractured zone does not develop
at a uniform speed but shows a leaping phenomenon.

4. Field Measurement of Overburden Movement Characteristics in the Mining Process
of a Working Face

The overburden deformation and failure characteristics during backfill mining were
measured and analyzed in the field by taking the 1327 working face of Xima Coal Mine
(Shenyang City, Liaoning Province, China) as an example. The 1327 working face is located
in the No. 1 south mining field at the level of −350 m in order to mine the 13# coal
seam to the inner side of the protective coal pillar. The average elevation of the ground is
+18.5 m; the elevation and average burial depth of the coal seam in the working face are
−397 m~−497 m and 447 m, respectively. The working face is 137.4 m long on average
with an inclined advance length of 501.9 m and an area of 70,255 m2. The thickness of the
coal seam is in the range of 1.4~2.2 m and the average mining thickness is 1.811 m, with
the filling rate of 81%, average filling height of 1.465 m, and equivalent mining height of
0.399 m. The working face is advanced at a rate of 3 m/d on average. The recoverable
reserve of the working face, extraction rate, and production capacity of the coal seam
are 9.27 × 104 tons, 97%, and 1.36 t/m2, respectively. The working face is a monoclinal
structure with a dip angle of 3◦.
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4.1. Roof-to-Floor Convergence Characteristics in the Goaf

As shown in Figure 4, three measuring lines were arranged along the working face
at positions 187.0, 229.0, and 259.0 m from the open-off cut and five dynamic alarm
apparatuses for roof-to-floor convergence (RFC) were installed on each measuring line. The
positions of each group of measuring stations were determined by engineering technicians
just after roof weighting to avoid damage to the apparatuses in the installation process.
The measuring points were set at positions of intact roof and the goaf was backfilled after
installation of apparatuses.
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As shown in Figure 4, measuring points 1#~5# were arranged on measuring line 1#
and they separately have distances of 13.0, 37.0, 77.0, 97.0, and 125.0 m from the haulage
gateway. Measuring points 6#~10# were arranged on measuring line 2# and they separately
have distances of 22.0, 58.0, 82.5, 106.5, and 130.5 m from the haulage gateway. Measuring
points 11#~15# were set on the measuring line 3# at the distances of 22.0, 49.5, 94.0, 119.5,
and 131.5 m from the haulage gateway.

The dynamic alarm apparatuses for RFC were used to measure the roof subsidence in
the filled goaf. According to the strain measurement technology, props were contracted un-
der compression and the strain gauges converted subsidence to voltage signals, which were
transformed to digital signals by the transmitter circuit and then output. The subsidence
was recorded twice an hour.

After installing the dynamic alarm apparatuses for RFC, the displacement and stress
changes of the roof and floor were recorded in real time. Due to geological conditions
during construction and the quality of the apparatuses, only apparatuses at measuring
points 4#, 5#, 6#, 7#, and 12# worked normally. There was an enormous amount of data
because these apparatuses recorded data twice an hour, and the stress remained basically
unchanged in a period of time, which were unconducive to analysis. To more intuitively
analyze the relationship between the RFC and the distance from the working face, the
monitoring data were retrieved every time that the working face was advanced forward.

Taking the distances from measuring points 4# and 5# to the working face as the
independent variable and the RFC and stress as dependent variables, relationship curves
for the distances from measuring points to the working face and the RFC were drawn
(Figure 5). As shown in the figure, the RFC increases in a leaping manner when the
distances from the measuring points to the working face are 17.2 m. This is because the
overburden of the goaf fractured in a large area. The RFC tends to stabilize when the
distances from the measuring points to the working face grow to 22 m.
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and RFC.

Relationship curves for the distances from measuring points to the working face and
the RFC were drawn by taking the distances from measuring points 6# and 7# to the
working face as the independent variable and the RFC as the dependent variable (Figure 6).
It can be seen from the figure that the RFC grows in a leaping manner when the distances
from the measuring points to the working face are 19.3 m, which is caused by the large
areas of fracture of overburden of the goaf. The RFC tends to stabilize after the distances
from measuring points to the working face increase to 23 m.
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Figure 6. Relationships between distances from measuring points 6# and 7# to the working face
and RFC.

The relationship curve for the distance from a measuring point to the working face
and the RFC was drawn by taking the distance from measuring point 12# to the working
face as the independent variable and the RFC as the dependent variable (Figure 7). As
displayed in the figure, the RFC increases in a leaping manner when the distance from the
measuring point to the working face is 16.4 m, which is caused by large areas of fracture of
overburden of the goaf. When the distance from the measuring point to the working face
lengthens to 21 m, the RFC becomes stable.
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By analyzing data collected at the above five measuring points, the RFC was found to
be in the range of 315~439 mm under the final stable state, with an average of 361.8 mm,
which is approximate to the equivalent mining height of 399 mm in the 1327 working face.
When the RFC shows a leaping increase, the distance from the measuring point to the
working face is in a range of 16.4~19.3 m (17.6 m on average).

4.2. Characteristics of Strata Behaviors

To monitor weighting of the whole working face, ten monitoring points were arranged
on the props of the support in the working face with an interval of about 10 m when
the working face was advanced to 82 m. Layout of the monitoring points is shown in
Figure 8. Direct-reading pressure gauges and digital continuous recording manometers
were installed at each monitoring point to realize real-time monitoring on the ground
through the stress monitoring system. In addition, stress changes at each point were
also recorded.
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Figure 8. Layout of stress stations in the working face.

The stress on the working face was recorded every time that the working face was
advanced forward. An analysis of the monitoring results of the whole working face
revealed that the monitored stress at the ten monitoring points is distributed in the range
of 3.5~4.5 MPa. By integrating and analyzing the data obtained at these ten points, the
relationship curve for advance distance of the working face and average stress on the
working face was drawn, as shown in Figure 9.
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Figure 9. Relationship between the advance distance and average stress on the working face during
backfill mining.

The above figure indicates that periodic weighting was present in the mining process
of the working face. Three instances of periodic weighting can be seen from the figure. The
monitoring data of periodic weighting of the working face are obtained (Table 1).

Table 1. Monitoring and analysis data of periodic weighting in the working face during backfill mining.

Serial No.
Periodic

Weighting Peak Stress/MPa

Average Stress
Excluding
Periodic

Weighting/MPa

Average Stress
Excluding
Periodic

Weighting/MPa

Average Stress
Excluding
Periodic

Weighting/MPa

1 First 4.48 3.92 - 1.14
2 Second 4.44 3.93 19.3 1.13
3 Third 4.26 3.90 17.7 1.09

Average dynamic load factor 1.12 Average weighting
interval/m 18.5

It can be seen from the table that the weighting intervals were separately 19.3 and
17.7 m, with an average of 18.5 m. The peak stresses during weighting were 4.48, 4.44,
and 4.26 MPa. Weighting is a very short stress release process that affects a small area.
The dynamic load factors in the first, second, and third weighting were 1.14, 1.13, and
1.09, respectively, so the average dynamic load factor of the whole working face was 1.12.
The dynamic load factor of the mining field was in the range of 1.9~2.8 when using the
caving mining method. The results indicate that backfill mining significantly decreases the
dynamic load factor during periodic weighting, proving the capacity of backfill mining to
relieve pressure in the working face.

When the RFC increases in a leaping manner, the distance from the measuring points
to the working face is about 17.6 m (all measuring points for RFC are arranged after the
first weighting), while the periodic weighting interval of the working face is about 18.5 m.
The two are highly consistent, which indicates that fracture of the roof after each weighting
results in the leaping increase in the RFC. It also suggests that the fractured zone enlarges
in a leaping manner at the moment.

4.3. Overburden Failure Characteristics

Two sets of measuring points were arranged in the haulage gateway of the 1327 working
face, each containing three measuring points, that is, a total of six boreholes were drilled to
observe damage to the roof. Measuring points 1#, 2#, and 3# constituted the first set, with a
distance of 135.0 m from the open-off cut. Measuring points 4#, 5#, and 6# in the second set
showed a distance of 168.4 m from the open-off cut. The distances from the working face to
the measuring points were also recorded in the observation. Various observation boreholes in
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each set were drilled from different angles. The three boreholes in the first set had angles of
47◦, 42◦, and 38◦ with the roof and their depths were 23, 22, and 24 m, respectively. The three
boreholes in the second set had angles of 65◦, 59◦, and 54◦ with the roof and were at depths of
19, 23, and 18 m, respectively. The schematic diagram for the angles of each borehole is shown
in Figure 10.
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Observation was carried out immediately after drilling each borehole in the working
face, followed by observation once a day thereafter. The position of the working face and
the locations of the maximum damage to the roof at each borehole were recorded in each
observation.

4.3.1. Observation Results of the First Set of Boreholes

Observation was conducted at boreholes 1#, 2#, and 3# in the advance process of the
working face. As the working face was advanced constantly, data recorded in the whole
observation process at these boreholes were arranged. The maximum depth was converted
into the maximum height of the fractured zone in overburden. Then, by taking distances
from the boreholes to the working face as the independent variable and the height of the
fractured zone in overburden as the dependent variable, the relationship curve for the
distance from boreholes to the working face and the height of the fractured zone was drawn
(Figure 11).
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Analysis of the above figure reveals that when the distance from the boreholes to
the working face is smaller than 16 m, the height of the fractured zone develops slowly,
while the height increases abruptly when the distance from the boreholes to the working
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face grows to 19 m. As the working face continues to advance forward, its distance from
boreholes constantly enlarges. The location of the largest depth of fractures remains stable
thereafter and the fractured zone stops developing upwards. The maximum height of the
fractured zone as observed from the three boreholes is 10.7 m.

4.3.2. Observation Results of the Second Set of Boreholes

In the advance process of the working face, observation was carried out at boreholes
4#, 5#, and 6#. As the working face was constantly advanced, data recorded in the whole
observation process at these boreholes were arranged. Likewise, the maximum depth was
converted into the maximum height of the fractured zone in overburden. The relationship
curve for the distance from boreholes to the working face and the height of the fractured
zone in overburden was drawn (Figure 12) by taking the distances from the boreholes
to the working face as the independent variable and height of the fractured zone as the
dependent variable.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 17 
 

Analysis of the above figure reveals that when the distance from the boreholes to the 
working face is smaller than 16 m, the height of the fractured zone develops slowly, while 
the height increases abruptly when the distance from the boreholes to the working face 
grows to 19 m. As the working face continues to advance forward, its distance from bore-
holes constantly enlarges. The location of the largest depth of fractures remains stable 
thereafter and the fractured zone stops developing upwards. The maximum height of the 
fractured zone as observed from the three boreholes is 10.7 m. 

4.3.2. Observation Results of the Second Set of Boreholes 
In the advance process of the working face, observation was carried out at boreholes 

4#, 5#, and 6#. As the working face was constantly advanced, data recorded in the whole 
observation process at these boreholes were arranged. Likewise, the maximum depth was 
converted into the maximum height of the fractured zone in overburden. The relationship 
curve for the distance from boreholes to the working face and the height of the fractured 
zone in overburden was drawn (Figure 12) by taking the distances from the boreholes to 
the working face as the independent variable and height of the fractured zone as the de-
pendent variable. 

 
Figure 12. Development process of the height of the fractured zone based on the second set of bore-
holes. 

By analyzing the above figure, the height of the fractured zone is found to develop 
slowly when the distances from boreholes to the working face are smaller than 15 m. As 
the distance increases to 17 m, the height of the fractured zone grows abruptly. With the 
further advance of the working face, the distances from the boreholes to the working face 
constantly enlarge, followed by a small increment in the height of the fractured zone as 
observed from each borehole. Afterwards, the height of the fractured zone remains stable 
and does not develop any more. The maximum height of the fractured zone in the over-
burden observed from the three boreholes is 10.5 m. 

According to the monitoring results of the two sets of boreholes, the maximum height 
of the fractured zone was 10.7 m. The leaping phenomenon was also observed in the de-
velopment process of the fractured zone. The results of the field tests verified the conclu-
sions obtained from the theoretical analysis. 

  

Figure 12. Development process of the height of the fractured zone based on the second set of boreholes.

By analyzing the above figure, the height of the fractured zone is found to develop
slowly when the distances from boreholes to the working face are smaller than 15 m. As
the distance increases to 17 m, the height of the fractured zone grows abruptly. With
the further advance of the working face, the distances from the boreholes to the working
face constantly enlarge, followed by a small increment in the height of the fractured zone
as observed from each borehole. Afterwards, the height of the fractured zone remains
stable and does not develop any more. The maximum height of the fractured zone in the
overburden observed from the three boreholes is 10.5 m.

According to the monitoring results of the two sets of boreholes, the maximum height
of the fractured zone was 10.7 m. The leaping phenomenon was also observed in the
development process of the fractured zone. The results of the field tests verified the
conclusions obtained from the theoretical analysis.

5. Conclusions

The overburden deformation failure analysis model of infill mining was constructed
first, followed by the analysis of overburden deformation failure characteristics, and finally,
the overburden activity characteristics of the workface retrieval process were measured
and analyzed. The main conclusions are as follows.

1) The analysis model for overburden failure during backfill mining was established
based on the theory of plates and shells, which revealed the overburden failure
mechanism in the mining process. The leaping phenomenon of overburden failure
during backfill mining was explored.
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2) Taking the 1327 working face of Xima Coal Mine as an example, the RFC, strata behav-
iors at the working face, and overburden failure were monitored during the backfill
mining. Analysis revealed that there is a leaping phenomenon in the overburden
failure during backfill mining.

3) The results of the theoretical analysis completely conformed to those of the field
measurements, which proves the presence of the leaping characteristics in the devel-
opment of the fractured zone in overburden during backfill mining.
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