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Abstract: The stability of the cemented paste backfill roof (CPB roof) is critical to safe production in
mines using the underhand drift cut-and-fill stopping. To investigate the scientific and reasonable
design method of key parameters (size and strength) of the CPB roof and the stress state of the
CPB roof during the mining process, field measurements were carried out with Jinchuan Group’s
third mining area as the engineering background. Based on the measurement results, a mechanics
model was constructed based on the thick plate theory. The field measurement results show that the
overlying load on the CPB roof tends to increase first and then decrease with the gradual mining of
the stope, and the maximum overlying load values of the two CPB roofs measured are 0.240 MPa
and 0.244 MPa, respectively. With the gradual mining of the stope, the deformation of the CPB roof
shows a trend of increasing first and then stabilizing. Based on the thick plate theory, the stress model
of the CPB roof is constructed, and the error between the calculation results of the model and the
field measurement results does not exceed 5%. Applying the research results to the three mines of
Jinchuan Group, the span of the stope can be expanded from 5 m to 6 m under the existing strength
standard of the filling body, which can increase its mining capacity by 20%. This study is the first
to measure the overlying load and the tensile stress value on the CPB roof, which is an important
guideline for related theoretical research.

Keywords: filling mining; backfill strength; mechanical model; thick plate theory; field measurements

1. Introduction

With the rapid development of the world economy, the consumption of mineral
resources is increasing, which has put forward higher requirements for the development
of the mining industry [1,2]. However, with the increasing depletion of mineral resources
and the growing importance of environmental protection, there is an urgent need to solve
the problem of how to develop and utilize mineral resources safely and efficiently [3–5].
Due to the advantages of high safety, high recovery rate and low damage to the surface
environment, the filling mining method is preferred by more and more mines [6–8].

This research focuses on the underhand drift cut-and-fill stopping [9,10]. This method
is mainly used for metal deposits where both the ore and the surrounding rock are unstable
or where the ore is of high value and high grade [11,12]. Although the underhand drift
cut-and-fill stopping has the outstanding advantages of flexible stope layout and excellent
applicability to complex fractured rocks, it also has the problems of relatively high mining
costs and low mining efficiency [13,14]. Since miners need to work under the filling body,
if the filling body is too strong, it can increase the mining cost, and if the filling body is
too weak, it can be a safety hazard [15,16]. It is generally accepted that the larger the size
of the stope the higher the strength of the filling body required, but there is no scientific
basis for matching the relationship between stope size and filling body parameters [17–20].
Therefore, it is important to study the relationship between the size of different mining
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fields and the strength of the filling body, and to propose a reasonable design method for
the size of the mining field and the strength of the filling body for safe and efficient recovery
of the mine.

Most existing studies on the strength design of filling bodies focus on theoretical
calculations and numerical simulations [21–24]. The thin plate theory model and beam
theory model are the most commonly used force models for the top plate of the filling
body [25]. Chang et al. derived the relationship between the thickness of the CPB roof, CPB
tensile strength and overlying load q based on the combined beam theory, and obtained
the minimum thickness to satisfy the stability requirement of the CPB roof [26]. Sun et al.
constructed a computational model of the tensile forces on the CPB roof based on the
elastic thin plate theory, and obtained that the damage mode of the CPB roof is dominated
by tensile damage, which mainly occurs in the middle of the lower surface of the CPB
roof. In addition, the study also shows that the tensile strength of the CPB roof is linearly
and positively correlated with the overlying load q [27]. Zhu et al. show that when the
thickness-to-span ratio of CPB roofs is larger than 1/4, large errors occur when using the
elastic thin plate theory as well as the elastic beam theory for the strength design of the
filling body, and other methods need to be used for the relevant design at this time [28].
The results of existing studies show that the main factors affecting the strength of the filling
body are structural parameters (size of the stope, thickness and span of the CPB roof) and
physical and mechanical parameters of the ore body and overlying load. In engineering
practice, the structural parameters and the physical and mechanical parameters of the ore
body are easy to obtain, but the overlying load is difficult to determine [29].

By summarizing the existing studies, it is found that the overlying load of the CPB
roof cannot be accurately calculated yet, which would negatively affect the determination
of the strength of CPB roof. Based on this, this study is the first to accurately determine the
overlying load of the CPB roof by in situ measurement, which can provide data support for
reasonable determination of stope size and strength of the filling body. Based on the field
measurements, a calculation model of the force on the filling body based on the thick plate
theory is constructed, which avoids the calculation errors existing in the existing elastic
beam and plate theory and provides theoretical support for the scientific design of key
mining parameters. This research’s results can guide the safe and efficient production of
underhand drift cut-and-fill stopping.

2. Field Measurements
2.1. Introduction to the Case Study

Located in Gansu Province, China, Jinchuan Group is a large nickel-based mining
company that ranked first in China in terms of nickel production in 2021. After more
than sixty years of practice and exploration, Jinchuan Group has developed the largest
mechanized underhand drift cut-and-fill stopping with the largest continuous recovery
area in the world. The third mine of Jinchuan Group was taken as an example, which
adopts the mechanized panel area downward layered cement filling mining method. The
panel areas are divided along the strike of the ore body, each panel area is 100 m~200 m long
and the width is the horizontal thickness of the ore body, and each panel area is connected
by a segmented liaison road and a layered liaison road. The height of the drift-type stope
is 4.5 m, the span is 5 m and the length generally is not more than 70 m. Cemented paste
backfill (CPB) is used to fill the mining-out area, and the compressive strength and tensile
strength of CPB are 5 MPa and 0.59 MPa, respectively. As can be seen from Figure 1,
workers are exposed to the CPB roof for mining operations, thus the mechanical properties
of the CPB roof are extremely important for safe mining. To investigate the stress–strain
distribution pattern in the CPB roof during mining, field measurements were conducted in
the 40# stope of the third sublevel of the 1110 m sub-section II panel area third mine and
the 48# stope of the third sublevel of the third panel area.
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2.2. Measurement Equipment and Solutions

Existing studies show that the stresses on the CPB roof are mainly related to the size
of the stope, the physical and mechanical properties of the CPB and the overlying load on
the CPB roof [30]. The dimensions of the stope and the physical and mechanical properties
of the CPB are easier to obtain, while the stresses on the CPB roof and the overlying load
on the CPB roof are obtained by field measurements [31–34].

2.2.1. Measurement Equipment

The measurement devices are mainly vibrational chord strain gauges and string
pressure sensors, and the relevant parameters are shown in Table 1. The strain gauge is
used to measure the strain and stress within the CPB roof during the mining process, and
its model number is YHZ-0130. The strain gauge is buried in CPB with a range of ± 1500
micrometer strain (µε), a resolution of 1 µε and an accuracy of ± 0.5% full-scale (F.S). The
strain change within the CPB roof is measured by this strain gauge, and the strain can be
converted to stress by Equation (1).

σ = E · ε (1)

where σ is the stress in the CPB roof, E is the elastic modulus of the CPB roof and ε is the
strain in the CPB roof.

Table 1. Main parameters of the measurement equipment.

Type Appearance Model
Number

Measurement
Range Resolution Precision/%FS

Strain gauge
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YHZ-0701 1 MPa 0.1 KPa ±0.5

The pressure sensor is used to measure the load inside the CPB roof during the mining
process and its model number is YHZ-0701. The sensor is buried in concrete sustaining a
maximum pressure of up to 1 MPa with a resolution of 0.1 KPa and an accuracy of± 0.5% F.S.

2.2.2. Measurement Solutions

The installation sites for the measurement equipment are the 46# stope of the third
layer of the III panel area of the 1110 m section and 33# stope of the third layer of the II
panel area of the 1110 m section of the 3rd mine. After the 46# and 33# stopes are mined,
a mining-out area is formed. The measurement equipment was then buried in the CPB
by fixing it in the mining-out area through a steel frame and then filling the mining-out
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area with CPB. The sensors buried in the CPB roof above start collecting measurement data
when mining takes place in the 48# and 40# stopes, and the next layers in the 46# and 33#
stopes. The length of 48# stope is 35.0 m and the 40# stope is 40 m. The buried depths of
the strain gauges in the CPB roof are 0.5 m, 1 m and 1.5 m, respectively, and the buried
depths of pressure transducers in the CPB roof are 1 m, 2 m and 3 m, respectively. The
measurement scheme and the installation process on site are shown in Figure 2 and Table 2.
To avoid damage to the data transmission line during mining, the cable was packed into a
steel tube for protection. Data were collected using a data collector when the stope started
re-mining and date collected was stopped when the re-mining was completed.
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Table 2. Measurement solutions.

Stope Size/m
(Length ×Width × Height)

Measurement Solutions

Type Buried Depth/m Type Buried Depth/m

48# 35 × 5.0 × 4.5
Load 1.0/2.0/3.0 Stress/Strain 0.5/1.0/2.0

40# 40 × 5.0 × 4.5
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3. Results and Analysis
3.1. Distribution Pattern of the Load on the CPB Roof during the Mining Process

The measured overlying load on the CPB roof during the mining process is shown in
Figure 3. From Figure 3, it can be seen that the overlying load values measured by the three
sensors buried at different locations of the CPB roof tend to increase and then decrease with
the advancement of the production face. The overlying load value measured by the sensors
is the largest when the production face advances below the buried position of the sensors.
As the mining face continues to advance, the overlying load on the CPB roof decreases
rapidly due to the formation of a pressure arch in the CPB roof, and eventually stabilizes
under the unloading effect. The maximum overlying load values measured by the sensors
buried 1 m, 2 m and 3 m from the lower surface of the CPB roof in 48 # stope are 0.240,
0.237 and 0.228 MPa, respectively, while the maximum overlying load values measured by
the sensors buried 1 m, 2 m and 3 m from the lower surface of the CPB roof in the 40# stope
are 0.244, 0.239 and 0.228 MPa, respectively. After mining, the overlying load on the CPB
roof of the 48# stope is stabilized at about 0.193 MPa, and the overlying load on the CPB
roof of the 40# stope is stabilized at about 0.194 MPa.
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3.2. Stress–Strain Evolution Pattern of CPB Roof during Mining

The stress–strain measurements of the CPB roof during mining in the stope are shown
in Figure 4. From Figure 4, it can be seen that the stress–strain within the CPB roof tends to
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increase first and then gradually stabilize as the mining length increases. In the process
of advancing the production face to the buried position of the sensor, the stress–strain
in the CPB roof tends to increase gradually, and the closer the production face is to the
buried position of the sensor, the more significant the trend of increasing stress–strain. The
stress–strain in the CPB reaches a maximum when the mining faces advance below the
buried position of the sensor. Meanwhile, the closer to the lower surface of the CPB roof,
the higher the stress–strain. As the production face continues to advance, the increase in
stress–strain in the CPB decreases and gradually stabilizes. The maximum stress and strain
of the CPB roof in the 48# stope are 0.344 MPa and 125 µε, respectively, and the maximum
stress and strain of the CPB roof in the 40# stope are 0.357 MPa and 130 µε, respectively.
Comparing the stress–strain measurements of the 48# stope and 40# stope, it can be seen
that when the length of the stope is increased from 35 m to 40 m, the maximum stress and
strain increase by 3.8% and 4.0%, respectively. This indicates that the length of the stope
affects the stresses and strains in the CPB roof, but the affectivity is relatively low, which is
generally in agreement with the measurements of the loads applied to the CPB.
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3.3. Theoretical Analysis
3.3.1. Calculation of Overlying Load of CPB Roof

The overlying load on the CPB roof is the vertical load acting on the CPB roof after
mining the stope. There are many theoretical formulas for determining the overlying load
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of CPB roofs, but the different factors (the size of the stope, the physical and mechanical
properties of the CPB and the overlying load on the CPB roof) considered in each formula
lead to large differences in the calculated results [35–39]. This study investigates the theory
of optimal CPB roof overburden calculation based on the field measurements and the
engineering characteristics of the downward mining method [40–44].

The more commonly used calculation theories are Platts theory of ground pressure,
the Biebermann pressure theory, the Classical Janssen pressure theory and the Terzaghi
bearing capacity theory, whose calculation models are shown in Equations (2)–(5) [45–47]. The
Biebermann pressure theory, Classical Janssen pressure theory and Terzaghi bearing capacity
theory take into account the size of the stope, the physical and mechanical properties of the
filling body and the effect of the height of the overburdened filling body on the load, and their
calculation methods are more reasonable. Although the Platts theory of ground pressure takes
into account the size of the approach stope and the physical and mechanical properties of the
filling body, it does not consider the key factor of the height of the overburdened filling body,
so its calculation results are somewhat one-sided.

(1) Platts theory of ground pressure:

q =
γ
[
a + h tan

(
45◦ − ϕ

2
)]

f
(2)

In Equation (2), q is the load on the CPB roof, h is the height of the stope, a is the span
of the stope, γ is the capacity of the filling body, ϕ is the friction angle in the filling body
and f is the solidity factor.

(2) Biebermann pressure theory:

q = γH
[
1− H

a1
K1 − 2c

a1γ (1− 2K2)
]

a1 = a + 2h tan
(
45◦ − ϕ

2
)

K1 = tan ϕ tan2(45◦ − ϕ
2
)

K2 = tan ϕ tan
(
45◦ − ϕ

2
)

 (3)

In Equation (3), H is the buried depth, c is the cohesion of the filling body and a is the
span of the stope.

(3) Classical Janssen pressure theory:

q =
γS

k tan ϕp

[
1− exp

(
− kpH tan ϕ

S

)]
(4)

In Equation (4), S is the horizontal section area of the stope (s = a × b), b is the length
of the stope, p is the perimeter of the horizontal section of the stope and k is the lateral
pressure coefficient.

(4) Terzaghi bearing capacity theory:

q =
γa1 − c
k tan ϕ

[
1− exp

(
− kH tan ϕ

a1

)]
(5)

3.3.2. Evaluation of the Applicability of the Model

The overburden height H of the downward drift cut-and-fill stopping mining method
is the product of the height h of the filled individual stopes and the number of filling
layers m. Taking the stopes of the third mining area of Jinchuan Group as an example, the
overburden filling body has a capacitance γ of 20 KN/m3, an internal friction angleϕ of 31◦

and a cohesion force of 1180 KPa, and the load on the CPB roof is obtained by substituting
Equations (2)–(5) as shown in Figure 5a. From Figure 5a, it can be seen that the load values
obtained based on Platts theory of ground pressure are constant, which is because the effect
of filling body height is not considered in this theoretical model. The load value obtained
based on the Terzaghi bearing capacity theory increases with the increase in the number of
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layers of the filled body and then stabilizes, but the load value is negative, which is due to
the fact that the theoretical model is affected by the cohesive force. The load value obtained
based on the Biebermann pressure theory increases and then decreases with the increase in
the number of layers of the filling body, which is not consistent with the actual situation.
The load value obtained based on the Classical Janssen pressure theory increases with the
increase in the number of layers of the filling body and then stabilizes, which is consistent
with the conclusions obtained from the previous studies [48–51]. Therefore, the load values
calculated based on Classical Janssen pressure theory are more suitable for the actual law.

Appl. Sci. 2023, 13, 855 9 of 18 
 

  
(a) (b) 

  
(c) (d) 

Figure 5. Results of load calculation: (a) comparison of each theory, (b) calculation results of exper-

imental stopes, (c) effect of stope size on load, (d) effect of physical and mechanical parameters of 

the filling body on load. 

3.3.3. Analysis of Stresses on CPB Roof 

The stress on the CPB roof is a key indicator for determining the strength of the filling 

body. This stress is affected by complex factors such as the overlying load of the CPB roof, 

the physical and mechanical parameters of the filling body and the dimensions of the 

stope, which makes it difficult to express accurately by a simple expression [52,53]. Cur-

rently, the simple beam theory and elastic thin plate theory are commonly used in engi-

neering to calculate the stresses on CPB roofs. However, because the ratio of stope height 

to width for the underhand drift cut-and-fill stopping mining method is higher than 1/5, 

the results obtained by the above theoretical calculation deviate from the actual results. 

Based on this, the thick plate theory is introduced in this study to analyze the stresses on 

the CPB roof [54]. The CPB roof is simplified as a rectangular thick plate with four sides 

simply supported, and its mechanical model is shown in Figure 6. 

Figure 5. Results of load calculation: (a) comparison of each theory, (b) calculation results of
experimental stopes, (c) effect of stope size on load, (d) effect of physical and mechanical parameters
of the filling body on load.

The relationship between the number of layers of different filling bodies and the load
on the filling body is obtained after substituting the relevant parameters of 48# and 40#
stopes into Classical Janssen pressure theory (see Figure 5b). From Figure 5b, it can be seen
that the load on the CPB roof reaches the limitation when the number of layers of the filling
body is 60. When the number of layers of the filling body exceeds 60, the load no longer
changes. The calculated extreme values of the loads on the CPB roofs of the 48# and 40#
stopes are 0.228 MPa and 0.231 MPa, respectively, which are close to the measured values in
the field. This indicates that the load on the filling body calculated by the Classical Janssen
pressure theory is more reasonable.
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The effects of different factors on the loads applied to the CPB roof are shown in
Figure 5c,d. As the span of the stope increases, the load on the CPB roof shows a linear
increase. When the span of the stopes is expanded from 3 m to 9 m, the load on the CPB
roof is increased by 164%. As the length of the stope increases, the load on the CPB roof
tends to increase rapidly and then stabilize. When the length of the stope exceeds 150 m,
the load on the CPB roof reaches the extreme value. As the capacity of the filling body
increases, the load on it tends to increase linearly. When the capacity is increased from
10 KN/m2 to 40 KN/m2, the load value is increased by 299%. With the increase in the
friction angle in the filling body, the load on the CPB roof tends to decrease gradually. The
above results are basically in agreement with the previous studies.

3.3.3. Analysis of Stresses on CPB Roof

The stress on the CPB roof is a key indicator for determining the strength of the filling
body. This stress is affected by complex factors such as the overlying load of the CPB roof,
the physical and mechanical parameters of the filling body and the dimensions of the stope,
which makes it difficult to express accurately by a simple expression [52,53]. Currently,
the simple beam theory and elastic thin plate theory are commonly used in engineering to
calculate the stresses on CPB roofs. However, because the ratio of stope height to width for
the underhand drift cut-and-fill stopping mining method is higher than 1/5, the results
obtained by the above theoretical calculation deviate from the actual results. Based on this,
the thick plate theory is introduced in this study to analyze the stresses on the CPB roof [54].
The CPB roof is simplified as a rectangular thick plate with four sides simply supported,
and its mechanical model is shown in Figure 6.
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Figure 6. Mechanical model of CPB roof.

The four sides of the thick plate are simply supported boundaries, so the deflection,
bending moment and rotation angle on the boundaries are all zero, which can be expressed
as follow (1) at x = 0 and x = a:

w = 0, Mx = 0, ψy = 0
(2) at y = 0 and y = b:
w = 0, My = 0, ψx = 0
where b represents the length of the thick plate, a is the width of the thick plate, w is

the deflection of the thick plate, Mx and My are the bending moments of the thick plate
around the x-axis and y-axis, respectively, and ψx and ψy are the rotation angles of the thick
plate around the x-axis and y-axis, respectively.
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According to Vlasov’s theory, the equilibrium differential equations for a simply
supported rectangular thick plate are

D
5

[
(1− u)∇2ψx + (1 + u) ∂Φ

∂x + 1
2

∂
∂x
(
∇2w

)]
+ Gh

3

(
∂w
∂x − ψx

)
= 0

(6)

D
5

[
(1− u)∇2ψy + (1 + u)

∂Φ
∂y

+
1
2

∂

∂y

(
∇2w

)]
+

Gh
3

(
∂w
∂y
− ψy

)
= 0 (7)

where h is the thickness of the thick plate; µ is the Poisson’s ratio of the thick plate; E is the
modulus of elasticity of the thick plate and Φ = ∂ψx

∂x +
∂ψy
∂y . D is the bending stiffness of

the thick plate and G is the shear deformation modulus of the thick plate, which can be
expressed as

D =
Eh3

12(1− µ2)
(8)

G =
E

2(1 + µ)
(9)

Then, the internal forces and moments of the CTB roof are expressed as follows:

Mx = −D
5

[
4
(

∂ψx

∂x
+ µ

∂ψy

∂y

)
+

(
∂2w
∂x2 + µ

∂2w
∂y2

)]
(10)

My = −D
5

[
4
(

∂ψy

∂y
+ µ

∂ψx

∂x

)
+

(
∂2w
∂y2 + µ

∂2w
∂x2

)]
(11)

Mxy = −D(1− µ)

5

[
2
(

∂ψx

∂y
+

∂ψy

∂x

)
+

∂2w
∂x∂y

]
(12)

Qx =
2
3

Gh
(

∂w
∂x
− ψx

)
(13)

Qy =
2
3

Gh
(

∂w
∂x
− ψy

)
(14)

where Mxy is the moment of the thick plate and Qx and Qy are the shear forces along the x
and y directions, respectively.

Based on the boundary conditions, it may be useful to set the displacement functions
for the deflection and the angle of rotation to be

w =
∞

∑
m=1

∞

∑
n=1

Amn sin
mπx

a
sin

nπy
b

(15)

ψx =
∞

∑
m=1

∞

∑
n=1

Bmn cos
mπx

a
sin

nπy
b

(16)

ψy =
∞

∑
m=1

∞

∑
n=1

Cmn sin
mπx

a
cos

nπy
b

(17)

where Amn, Bmn and Cmn are coefficients related to the deformation of the thick plate; m
and n are positive integers.

The boundary conditions of the plate are all satisfied, and the load is expanded into
the form of a double triangular series

q(x, y) =
∞

∑
m=1

∞

∑
n=1

qmn sin
mπx

a
sin

nπy
b

(18)
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where q(x,y) is the load function of the thick plate and qmn is the coefficient of the double
delta series.

Using the orthogonality of trigonometric functions, the qmn can then be expressed as

qmn =
4
ab

∫ a

0

∫ b

0
q(x, y) sin

mπx
a

sin
nπy

b
dxdy (19)

Assuming a uniform load is distributed above the CTB roof, then

q(x,y) = q0 (20)

where q0 is the maximum load.
Substituting Equation (20) into Equation (19) yields

qmn =
16q0

π2mn
(21)

Substituting Equations (15)–(17) and (19) into the system of differential Equations
(10)–(14), the expressions Amn, Bmn and Cmn are obtained:

Amn =

{
1 +

6Dπ2

5Gh

[(m
a

)2
+
(n

b

)2
]}

qmn

Dπ4
[
(m/a)2 + (n/b)2

]2 (22)

Bmn =

{
1− 3Dπ2

10Gh

[(m
a

)2
+
(n

b

)2
]}

mqmn

aDπ3
[
(m/a)2 + (n/b)2

]2 (23)

Cmn =

{
1− 3Dπ2

10Gh

[(m
a

)2
+
(n

b

)2
]}

nqmn

bDπ3
[
(m/a)2 + (n/b)2

]2 (24)

With guaranteed accuracy, m = n = 1 is allowed, and then Equations (22)–(24) and
(15)–(17) are combined to derive the expressions for the moments and deflections of the
thick plate as the following:

w =
16q0

Dπ6



{
1 + 6Dπ2

5Gh

[(
1
a

)2
+
(

1
b

)2
]}

1[
(1/a)2+(1/b)2

]2 sin πx
a sin πy

b

+

{
1 + 6Dπ2

5Gh

[(
1
a

)2
+
( 3

b
)2
]}

1

3
[
(1/a)2+(3/b)2

]2 sin πx
a sin 3πy

b

+

{
1 + 6Dπ2

5Gh

[( 3
a
)2

+
(

1
b

)2
]}

1

3
[
(3/a)2+(1/b)2

]2 sin 3πx
a sin πy

b

+
{

1 + 6Dπ2

5Gh

[( 3
a
)2

+
( 3

b
)2
]}

1

9
[
(3/a)2+(3/b)2

]2 sin 3πx
a sin 3πy

b


(25)

ψx =
16q0

Dπ5



{
1− 3Dπ2

10Gh

[(
1
a

)2
+
(

1
b

)2
]}

1

a
[
(1/a)2+(1/b)2

]2 cos πx
a sin πy

b

+

{
1− 3Dπ2

10Gh

[(
1
a

)2
+
( 3

b
)2
]}

1

3a
[
(1/a)2+(3/b)2

]2 cos πx
a sin 3πy

b

+

{
1− 3Dπ2

10Gh

[( 3
a
)2

+
(

1
b

)2
]}

1

a
[
(3/a)2+(1/b)2

]2 cos 3πx
a sin πy

b

+
{

1− 3Dπ2

10Gh

[( 3
a
)2

+
( 3

b
)2
]}

1

3a
[
(3/a)2+(3/b)2

]2 cos 3πx
a sin 3πy

b


(26)
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ψy =
16q0

Dπ5



{
1− 3Dπ2

10Gh

[(
1
a

)2
+
(

1
b

)2
]}

1

b
[
(1/a)2+(1/b)2

]2 sin πx
a cos πy

b

+

{
1− 3Dπ2

10Gh

[(
1
a

)2
+
( 3

b
)2
]}

1

b
[
(1/a)2+(3/b)2

]2 sin πx
a cos 3πy

b

+

{
1− 3Dπ2

10Gh

[( 3
a
)2

+
(

1
b

)2
]}

1

3b
[
(3/a)2+(1/b)2

]2 sin 3πx
a cos πy

b

+

{
1

3b
[
(3/a)2+(3/b)2

]2 sin 3πx
a cos 3πy

b


(27)

Substituting Equations (25)–(27) into Equations (6) and (7), respectively, it is clear that
the bending moment has maximum values at x = a/2 and y = b/2, which can be expressed as

Mxmax =
16q0

π4


b2+µa2

a2b2
[
(1/a)2+(1/b)2

]2 −
b2+9µa2

3a2b2
[
(1/a)2+(3/b)2

]2

− 9b2+µa2

3a2b2
[
(3/a)2+(1/b)2

]2 +
b2+µa2

a2b2
[
(3/a)2+(3/b)2

]2

 (28)

Mymax =
16q0

π4


a2+µb2

a2b2
[
(1/a)2+(1/b)2

]2 −
9a2+µb2

3a2b2
[
(1/a)2+(3/b)2

]2

− a2+9µb2

3a2b2
[
(3/a)2+(1/b)2

]2 +
a2+µb2

a2b2
[
(3/a)2+(3/b)2

]2

 (29)

The maximum tensile stresses that occur at the lower surface of the CTB roof are
calculated according to the following formulas (y direction):

σmax|z= h
2
=

12Mymax

h3 z (30)

Then, the maximum tensile stresses in the CTB roof are

σmax =
96q0

π4h2


a2+µb2

a2b2
[
(1/a)2+(1/b)2

]2 −
9a2+µb2

3a2b2
[
(1/a)2+(3/b)2

]2

− a2+9µb2

3a2b2
[
(3/a)2+(1/b)2

]2 +
a2+µb2

a2b2
[
(3/a)2+(3/b)2

]2

 (31)

During the bending process of the CPB roof, tensile damage occurs when the maximum
tensile stress in the CPB roof exceeds the designed tensile strength of the CPB.

3.3.4. Evaluation of the Applicability of the Model

Taking the stope in the third mine of Jinchuan Group as an example, the Poisson’s
ratio µ of its CPB roof is 0.21, and the effects of different factors on the stresses on the CPB
roof are obtained by substituting Equation (2), as shown in Figure 7. As the span of the
stope increases, the stress on the CPB roof tends to increase gradually. When the span of
the stope is expanded from 3 m to 6 m, the stress on the CPB roof is increased by 292%,
which indicates that the span of the stope has a significant effect on the stress. With the
increase in the length of the stope, the stresses on the CPB roof show a slow increasing
trend. When the length of the stope is increased by 100%, the stress on the CPB roof only
increases by 41%, which indicates that the effect of the length of the stope on the stress is
low. As the height of the CPB roof increases, the stress on it tends to decrease gradually.
With the increase in Poisson’s ratio of the filling body and the overlying load of the filling
body, the stress on the CPB roof tends to increase linearly. The stress distribution pattern of
CPB roofs obtained based on the thick plate theory agrees with the engineering practice.
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3.3.5. Examination of the Mechanical Model of the Filling Body

The CPB roof of the drift-type stope is mainly subject to tensile damage, and since
the tensile strength of the filling body is low, it is reasonable to carry out the parameter
design of a drift-type stope with tensile strength as the index. In this study, by comparing
different mechanical models of the filling body and combining the field test results, the
calculation model of the load on the filling body of the drift-type stope is determined, and
the calculation model of the tensile stress on the filling body is also obtained based on the
thick plate theory (see Equation (32)). Combining the two models, a mechanical model of
the filling body subjected to a tension based on the parameters of the stope and the physical
mechanical parameters of the filling body can be further obtained, as shown in Equation
(33). The parameters in Equation (33) are simple and easy to obtain, which can guide the
design of filling mining more easily.

qmax = γS
k tan ϕp

[
1− exp

(
− kpH tan ϕ

S

)]
σmax = 96qmax

π4h2


a2+µb2

a2b2
[
(1/a)2+(1/b)2

]2 −
9a2+µb2

3a2b2
[
(1/a)2+(3/b)2

]2

− a2+9µb2

3a2b2
[
(3/a)2+(1/b)2

]2 +
a2+µb2

a2b2
[
(3/a)2+(3/b)2

]2


(32)

σt ≥ σmax =
96γ

[
1−exp

(
− kpH tan ϕ

S

)]
kπ4 ph2 tan ϕ

×
a2+µb2

ab
[
(1/a)2+(1/b)2

]2 −
9a2+µb2

3ab
[
(1/a)2+(3/b)2

]2

− a2+9µb2

3ab
[
(3/a)2+(1/b)2

]2 +
a2+µb2

ab
[
(3/a)2+(3/b)2

]2


(33)

The calculated values of the loads and tensile stresses on the filling body are obtained
by substituting the relevant parameters of the 48# stope and 40# stope into the calculation
model, and the calculation results and the field measurement results are shown in Figure 8.
From Figure 8a, it can be seen that the errors of the calculated values of the overlying loads
on the CPB roofs of the 48# stope and 40# stope are 5.0% and 5.2%, respectively. From
Figure 8b, it can be seen that the errors of the calculated values of the maximum tensile
stresses applied are 4.1% and 2.5%, respectively. All errors are less than 6%, which indicates
the high reliability of the mechanical model of the filling body.
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4. Discussion
4.1. Engineering Application

The tensile strength of the filling body at Jinchuan Group’s third mine is 0.59 MPa,
while the results of field measurements and theoretical calculations show that the maximum
tensile stress to which the filling body is subjected is less than 0.25 MPa, which means that
the strength standard set by the mine is 2.36 times the actual required strength. The higher
the strength of the filling body, the higher the consumption of cement and the higher the
filling cost. Therefore, with the current mining process, the mine would add significant
additional material costs when using the current strength standards. In addition, the
production capacity of the mine is constrained by the section of the stope, and if the section
of the stope can be expanded, the production capacity and productivity of the mine can be
significantly improved. Based on the force model of the filling body, it is known that the
larger the section size is, the higher the tensile strength of the filling body required. With the
tensile strength of the filling body in the current mine being much higher than the actually
required strength, it is feasible to expand the size of the section of the stope. Considering
the adaptability of underground mechanical equipment in mining operations, instead of
increasing the height of the stope, the span of the field is to be expanded. Substituting
the relevant parameters into Equation (7), it can be seen that the span of the stope can
be increased from 5 m to 6 m under the current strength standard of the filling body, at
which time the tensile stress on the filling body is 0.57 MPa. This means that the tensile
stress on the CPB roof is lower than the tensile strength of the CPB and the CPB roof can
remain stable.

4.2. Stability Monitoring

The industrial test of large section mining was conducted in the 24# and 39# stopes
of the second layer of the 1110 m section of panel area III in the third mining area to
test the stability of the large-section stope. The monitoring points were arranged in the
experimental stope, the convergence value of the stope was measured using a JSS30A
digital convergence meter, and the results are shown in Figure 9. As can be seen from
Figure 9, with the increase in mining length, the deformation of the mining-out area shows
a trend of first increasing and then gradually stabilizing. After mining is completed, the
maximum sinkage of the top plate is 9.44 mm and the maximum convergence of the two
gangs is 8.14 mm, and the stope is kept stable with such little deformation. In addition,
among the three deformation monitoring points set in the top plate, the deformation of
the monitoring point located in the middle is the largest, which is in agreement with the
deformation pattern of the thick plate model. The results of field experiments show that it
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is feasible to increase the span of the third mining area from 5 m to 6 m, and the results also
validate the reliability of the mechanical model of the filling body.
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5. Conclusions

Through field measurements and theoretical analysis, the top plate force deformation
characteristics of the underhand drift cut-and-fill stopping mining method were studied and
the mechanical model of the filling body was constructed, and the following conclusions
were mainly obtained:

(1) With the increase in mining length, the load on the CPB roof tends to increase and
then decrease and finally stabilize, while the stress–strain on the CPB roof tends to increase
and then stabilize. The closer to the lower surface of the CPB roof, the higher the load and
stress–strain.

(2) As the span of the stope increases, the load on the CPB roof tends to increase
linearly. As the length of the stope increases, the load on the CPB roof tends to increase
rapidly and then stabilize. When the length of the stope exceeds 150 m, the load on the
CPB roof reaches the extreme value.

(3) The overlying load variation law of the CPB roof obtained based on the Classical
Janssen pressure theory agrees with the field measurement, and the error with the mea-
sured value is less than 6%. The calculation results of the mechanical model of the filling
body constructed by the thick plate theory have an error of no more than 5% with the
field measurements.

(4) Applying the research results to Jinchuan Group’s third mine, the span of the stope
can be expanded from 5 m to 6 m under the strength standard of the existing filling body,
which results in 20% higher output, 11.4% lower mining cost and 16.3% higher mining
efficiency. The research results are of great significance to the sustainable development of
the mine.
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