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Abstract: In this study, the stage subsequent to filling mining is selected as the background, and
the cemented tailings backfill serves as the research object. Given the effects of the layer effect, top
load, lateral pressure coefficient, and so forth, a safety factor calculation model of cemented tailings
backfill in large depth–width ratio stopes is developed in accordance with the Mohr–Coulomb failure
criterion, which is compared with the models proposed by other scholars. Lastly, the characteristics
of the effect exerted by a wide variety of factors are discussed. As indicated by the results, (1) there
are three scenarios in the position of the sliding surface, located in the first layer, passing through
two layers and passing through three layers, and mainly the first two. Compared with other models,
the rationality and reliability of the model in this study are verified. Different models have different
research backgrounds and different focuses, and certain differences exist in results. (2) The safety
factor of cemented tailings backfills is reduced with the increase of the top load, the lateral pressure
coefficient, and the bulk density, while it is increased with the increase of cohesion, internal friction
angle, and bonding force ratio. Furthermore, a linear functional relationship exists between them.
The safety factor has the maximum sensitivity to cohesion and the minimum sensitivity to top
load. (3) Using Statistical Package for the Social Sciences (SPSS) software for regression analysis, a
simplified multiple linear regression equation between the safety factor and the respective factor
is built. The regression results achieve an error of 10%. As revealed by the result of this study, the
simplified regression equation can be applied to the stability evaluation of the on-site cemented
tailings backfill.

Keywords: subsequent filling; cemented tailings backfill; layer effect; safety factor; stability analysis

1. Introduction

The filling method refers to a mining method that mixes solid waste (e.g., waste rock
and tailings) that is generated from ore mining with cement and water in a certain propor-
tion before backfilling to the goaf [1–3]. This method shows several significant advantages
(e.g., high safety and green environmental protection), and it has been increasingly applied
on a year-to-year basis. The method of sublevel open stoping with subsequent filling refers
to an organic integration of the open-stoping method and the filling method. It combines
the high efficiency and low cost of the open-stoping method, as well as the safety and
environmental protection of the filling method, representing the development direction of
future large-scale green mining [4–6].

In general, the sublevel open stoping with subsequent filling method divides the stope
into rooms and pillars. The first step is to mine the room and then use tailings cementation
to fill the goaf in rooms. The filling process comprises three steps as follows [7–9]. First, a
high cement–sand ratio slurry is employed to fill the bottom of the goaf in the room to form
higher bottom strength [10–12]. Subsequently, a slurry with a relatively low cement–sand
ratio is adopted to fill the middle of the goaf in the rooms, with the aim of lowering filling
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costs. Lastly, the top of the goaf in the rooms is filled with a high cement–sand ratio slurry
again, thus reducing the settlement of the backfill to facilitate roof connection while serving
as a top pillar mining platform. The second step refers to mining adjacent pillars and then
filling the goaf in the pillars with non-cemented waste rock or tailings. When only one
side of the goaf adjacent to the cemented backfill is filled, one side of the cemented backfill
turns out to be empty, while the other side is subjected to lateral pressure from the adjacent
non-cemented backfill. On that basis, the stress state and stability of the cemented backfill
are the worst, and the risk of sliding instability and failure is the highest. Accordingly, the
research on the stress characteristics and stability status of the cemented backfill takes on
great practical significance.

The theoretical research on the stability of cemented fill materials in mining areas
worldwide was initiated in the 1980s. L. Li and M Aubertin et al. [13–15] built a small aspect
ratio stability evaluation model for cemented backfill based on the Mohr–Coulomb failure
criterion but did not consider the layering effect of cemented backfill. Mitchell et al. [16,17]
proposed a safety factor analytical calculation model based on the limit equilibrium method
for the scenario where one side of the cemented backfill is empty. This model considers the
contact bonding effect between the cemented backfill and the surrounding rock, whereas
the back wall is the surrounding rock, and the cemented backfill is not subjected to lateral
pressure. Liu et al. [18,19] proposed four 3D analytical models and methods in terms of the
safety coefficient and strength requirements of cemented backfill without considering the
layering effect of cemented backfill. Zhang et al. [20] considered the effect of filling sequence
and top overload and built a unified solution model for sliding instability of cemented
backfill. However, Zhang et al. believed that cemented backfill is subject to the upward
bonding force of the non-cemented backfill on the back wall. Smith et al. [21] considered the
effect of the dip angle of the ore body and proposed a strength demand model for unilateral
exposure of inclined cemented backfill, and derived an equation for calculating the safety
factor of unilateral exposure of inclined cemented backfill. Liu et al. [22] studied the effect
of lateral pressure on the stability of cemented fill materials based on the mining and filling
time sequence of sublevel open stoping with subsequent filling methods and revised the
analytical model and method for the strength requirement of cemented fill materials.

As revealed by the above-mentioned research, the strength models of cementitious
backfill constructed by different scholars have different research backgrounds and consider
certain differences in factors. Moreover, the layering effect of cemented backfill is usually
not considered, and the presence of layering can change the internal stress distribution state
of the backfill, degrade the overall strength of the backfill, and thus affect the determination
of sliding instability. However, layering filling can greatly reduce the filling cost.

After the filling process is precisely controlled, the layered filling is gradually facilitated
and applied at subsequent stages. The strength model for the complete filling body is no
longer suitable for mining needs, so it is necessary to construct a stability judgment model
suitable for layered cemented backfill. Thus, in accordance with the Mohr–Coulomb failure
criterion, this study focuses on the layered cemented backfill as the research object. By
taking into account the effects of stratification, top load, lateral pressure coefficient, and
other factors, a safety factor solution model for layered cementitious filling with front wall
exposure and rear wall compression is built, and the reasonable reliability of the model
was verified, the impact of a wide variety of factors on the safety factor was explored, and
simplified regression processing of complex models using SPSS software [23,24] was used
to provide certain theoretical guidance for on-site applications.

2. Construction of a 3D Strength Model for Layered Backfill

The rooms and pillars in the mining area are extracted in steps, with one step mining
the rooms and then using tailings cemented backfill to fill the goaf in the room. In general, to
save filling costs, the layered filling is employed; the cemented filling of the room displays
a three-layer structure, exhibiting a higher proportion of bottom and top layers and a lower
proportion of middle layers. The two-step mining of adjacent pillars is basically completed



Minerals 2023, 13, 1111 3 of 18

with non-cemented filling. When one side of the pillar goaf is filled, whereas the other
side of the pillar goaf is not yet filled (Figure 1), the layered cemented backfill is affected
by both the self-weight stress and the lateral pressure of adjacent non-cemented backfill.
As a result, the layered cemented backfill exhibits the worst stability. Studying the stress
characteristics of the layered cemented backfill at this time takes on critical significance in
regulating the structure of the layered backfill and increasing the filling ratio.
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Figure 1. Occurrence state of layered cemented tailings backfill.

2.1. Basic Assumptions

During the force analysis, reasonable assumptions should be made regarding the
model, which simplifies the calculation while showing greater consistency with the practical
scenario on site. In accordance with the research of L. Li and Zhang et al. [13,20], this study
makes the following basic assumptions:

(1) In general, the cementitious filling bodies display a three-layer structure, which falls into
one, two, and three layers from top to bottom, with equal heights at the top and bottom;

(2) The first and third layers comprise a false top and false bottom structure with identical
proportions and mechanical parameters;

(3) The internal friction angles of the three layers are identical;
(4) Without considering the sliding friction effect between layered cemented backfill

and rocks on both sides, it is assumed that the bond–slip effect only exists between
them [14,25,26];

(5) The layered cemented backfill undergoes failure along an inclined sliding surface,
and the inclination angle of the sliding surface is determined based on the Rankine
active earth pressure failure surface;

(6) The lateral pressure of the non-cemented backfill on the rear wall is the self-weight
stress multiplied by the lateral pressure coefficient: vγuh;

(7) Shear strength of backfill τ.

Conforming to the Mohr–Coulomb criterion, it is expressed as

τ = c + σ tan ϕ (1)
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where σ denotes the normal force acting on the sliding surface; c is the cohesion of backfill;
ϕ is the friction angle of backfill; v is the lateral pressure coefficient of non-cemented backfill,
v = tan2(45− ϕ

2 ) [27]; and γu expresses the unit weight of non-cemented backfill.
The mechanical parameters of the respective part are set, as shown in Figure 1. To

be specific, H, B, and L represent the height, width, and length of the layered cemented
backfill; P0 denotes the uniformly distributed load on the top of the layered cemented
backfill; h1 represents the thickness of the first and third layers; h2 represents the thickness
of the second layer; and hc expresses the distance between the slope bottom (the height
between the sliding surface slope bottom and the bottom of stope). γ1 and c1 represent
the bulk density and cohesion of the first and third layers of the cemented filling body.
γ2 and c2 represent the bulk density and cohesion of the second layer of the cemented
filling body. c1′ is the bonding force between the first and third layered cemented backfill
and the surrounding rock of the sidewall. c2′ expresses the bonding force of the second
layer cemented backfill and the surrounding rock of the sidewall, And the bonding force is
usually proportional to the cohesion within the cemented backfill, which is affected by the
roughness of the contact surface, c1′ = r1c1, c2′ = r2c2, r1∈[0, 1], r2∈[0, 1], r1 = r2. α denotes
the angle between the sliding surface and the horizontal plane, α = 45◦ + ϕ/2, because it is
assumed that the internal friction angle of the respective part of the cemented backfill is the
same, and the sliding surface is located in the same plane.

hc, B and α are the three variables that determine the positional relationship of the slid-
ing surface, which can be divided into three scenarios based on the intersection relationship
between the sliding surface and each sublayer. First, the sliding surface is located in a lay-
ered layer, D = hc + Btanα ≤ h1, and D denotes the distance between the top of the slope (the
height of the sliding surface from the top of the slope to the bottom of the stope). Second,
the sliding surface passes through the first and second layers, h1 ≤ hc + Btanα ≤ h1 + h2.
Third, the sliding surface passes through three layers, h1 + h2 ≤ hc + Btanα ≤ H. The specific
discussions on these three scenarios are presented as follows.

2.2. The Sliding Surface Is Located in the First Layer

When the sliding surface is completely located in a layer, the structural characteristics
of stope are shown in Figure 2, hc + Btanα ≤ h1.
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It is assumed that the roughness of rock on both sides is consistent and consistent with
the bonding effect of the cemented backfill:

f1 = c′1B(2h1 − hc − B tan α)
f2 = 2c′2BH2
f3 = 2c′1BH1

(2)

The total friction force is

f = 2c′1Bh1 + 2c′2Bh2 + c′1B(2h1 − hc − B tan α) (3)

The lateral pressure acting on the back wall of the non-cemented backfill is assumed
as FN, which is expressed as

FN =

H′∫
0

vγuhLdh =
1
2

vγuL(H − hc − B tan α)2 (4)

T denotes the sum of the self-gravity of a wedge-shaped sliding body and the uniform
force acting on its top, which is expressed as

T = p0BL + γ1LBh1 + γ2LBh2 +
1
2

γ1LB(2h1 − hc − B tan α) (5)

In accordance with the principle of force balance, the combined forces M and N of
the vertical sliding surface and the downward sliding surface of the wedge-shaped sliding
body are expressed as follows:{

M = (T − f ) cos α− FN sin α
N = (T − f ) sin α + FN cos α

(6)

Following the Mohr–Coulomb criterion, the anti-slip force K of a wedge-shaped sliding
body is denoted as

K = (c1 +
M cos α

BL
tan ϕ)BL/cosα (7)

The safety factor F of the cemented backfill represents the ratio of anti-sliding force K
to sliding force N, which is written as

F =
K
N

=
(c1 +

M cos α
BL tan ϕ)BL/cosα

N
(8)

2.3. Sliding Surface Passing through Two Layers

The structural characteristics of the mining area are presented in Figure 3 when the sliding
surface passes through the first and second layers. At this time, h1 < hc + Btanα ≤ h1 + h2.

The frictional forces of the surrounding rock on both sides of the wedge-shaped sliding
body are written as

f1 =
c′1(h1−hc)

2

tan α

f2 =
2c′2(h1−hc)h2

tan α + c′2(h1 + 2h2 − hc − B tan α)(B− h1−hc
tan α )

f3 = 2c′1BH1

(9)
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The total friction force is expressed as

f = 2c′1Bh1 +
2c′2(h1 − hc)h2

tan α
+ c′2(h1 + 2h2 − hc − B tan α)(B− h1 − hc

tan α
) +

c′1(h1 − hc)
2

tan α
(10)

The lateral pressure acting on the cemented backfill by the non-cemented backfill on
the back wall is

FN =

H′∫
0

vγuhLdh =
1
2

vγuL(H − hc − B tan α)2 (11)

The sum of the self-gravity and the top uniformly distributed load of the wedge-
shaped sliding body is defined as

T = P0BL + γ1BLh1 +
γ1L(h1 − hc)

2

2 tan α
+

γ2L(h1 − hc)h2

tan α
+

γ2L
2

(h1 + 2h2 − hc − B tan α)(B− h1 − hc

tan α
) (12)

In accordance with the principle of force balance, the wedge-shaped sliding body is
subjected to the combined force of the vertical sliding surface and the downward sliding
surface as follows: {

M = (T − f ) cos α− FN sin α
N = (T − f ) sin α + FN cos α

(13)

The anti-slip force of the wedge-shaped sliding body is written as

K = (
M
S

tan ϕ + c1)S1 + (
M
S

tan ϕ + c2)S2 (14)

To be specific, 
S = BL

cos α

S1 = L(h1−hc)
sin α

S2 = ( B
cos α −

h1−hc
sin α )L

(15)
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Likewise, the safety coefficient of the cemented backfill can be obtained as follows:

F =
K
N

=
(M

S tan ϕ + c1)S1 + (M
S tan ϕ + c2)S2

N
(16)

2.4. Sliding Surface Passing through Three Layers

The structural characteristics exhibited by the stope are illustrated in Figure 4 when the
sliding surface passes through three layers. To be specific, there are h1 + h2 < hc + Btanα ≤ H.
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The frictional forces of the surrounding rocks on both sides of the wedge-shaped
sliding body are expressed as

f1 =
c′1(h1−hc)

2

tan α

f2 = c′2h2
H−2hc
tan α

f3 = (2Bh1 − (B tan α+hc−h1−h2)
2

tan α )c′1

(17)

The total friction force is written as

f =
c′1(h1 − hc)

2

tan α
+ c′2h2

H − 2hc

tan α
+ (2Bh1 −

(B tan α + hc − h1 − h2)
2

tan α
)c′1 (18)

The lateral pressure acting on the cemented backfill by the non-cemented backfill on
the back wall is

FN =

H′∫
0

vγuhLdh =
1
2

vγuL(H − hc − B tan α)2 (19)

The self-gravity and uniformly distributed force load on the top of the wedge-shaped
sliding body are expressed as

T = P0BL +
γ1L(h1 − hc)

2

2 tan α
+

γ2Lh2(H − 2hc)

2 tan α
+ γ1L[Bh1 −

(B tan α + hc − h1 − h2)
2

2 tan α
] (20)
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The combined force of the vertical sliding surface and the downward sliding surface
of the wedge-shaped sliding body is{

M = (T − f ) cos α− FN sin α
N = (T − f ) sin α + FN cos α

(21)

The anti-slip force of a wedge-shaped sliding body is

K = (
M
S

tan ϕ1 + c1)S1 + (
M
S

tan ϕ2 + c2)S2 + (
M
S

tan ϕ1 + c1)S3 (22)

To be specific, 
S = BL

cos α

S1 = L(h1−hc)
sin α

S2 = Lh2
sin α

S3 = LB
cos α −

L(h1+h2−hc)
sin α

(23)

The safety factor of the cemented backfill is defined as

F =
K
N

=
(M

S tan ϕ1 + c1)S1 + (M
S tan ϕ2 + c2)S2 + (M

S tan ϕ1 + c1)S3

N
(24)

2.5. Model Validation

The strength models of filling materials built by different scholars have a wide variety of
research backgrounds, such that the focus and considerations turn out to be different as well.
The safety factor of the model in this study is compared with the results of other scholars. The
parameters are taken based on Table 1, and the results are illustrated in Figure 5.

Table 1. Value of each factor.

Factor Top Load
P0/(KN)

Lateral
Pressure

Coefficient
v

Bottom
Cohesion
c1/(MPa)

Central
Cohesion
c2/(MPa)

Bottom Bulk
Density

γ1/(KN·m−3)

Central
Bulk

Density
γ2/(KN·m−3)

Bond Force
Ratio
r1 = r2

Internal
Friction
Angle
ϕ/(◦)

Top load
P0/(KN) VAR 0.2 0.36 0.3 22 20 0.6 30

lateral pressure
coefficient v 50 VAR 0.36 0.3 22 20 0.6 30

Bottom
cohesion
c1/(MPa)

50 0.2 VAR 0.3 22 20 0.6 30

Central
cohesion
c2/(MPa)

50 0.2 0.36 VAR 22 20 0.6 30

Bottom bulk
density

γ1/(KN·m−3)
50 0.2 0.36 0.3 VAR 20 0.6 30

Central bulk
density

γ2/(KN·m−3)
50 0.2 0.36 0.3 22 VAR 0.6 30

Bond force
ratio r1 = r2

50 0.2 0.36 0.3 22 20 VAR 30

internal
friction angle

ϕ/(◦)
50 0.2 0.36 0.3 22 20 0.6 VAR

Note: VAR represents a variable. VARP0 = 0, 50, 100, 150, 200, 250 KN; VARv = 0.16, 0.18, 0.20, 0.22, 0.24, 0.26;
VARc1 = 0.33, 0.34, 0.35, 0.36, 0.37, 0.38 MPa; VARc2 = 0.28, 0.29, 0.30, 0.31, 0.32, 0.33 MPa; VARγ1 = 20, 21, 22, 23,
24, 25 KN/m3; VARγ2 = 16, 17, 18, 19, 20, 21 KN/m3; VARr2 = r2 = 0.45, 0.50, 0.55, 0.60, 0.65, 0.70; VARϕ = 28◦,
29◦, 30◦, 31◦, 32◦, 33◦.
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As depicted in Figure 5, the safety coefficients of all models are elevated with the
increase of the central cohesion and the internal friction angle. With the rise of cohesion, the
bonding strength between the fine particles of the cemented backfill is increased. Moreover,
the tensile and shear resistance of particles, the overall resistance to failure, and the safety
factor are all increased. With the increase of the internal friction angle, the friction coefficient
between particles shows an equivalent increase, and the particle shear resistance, the overall
failure resistance, and the safety factor are generally increased.

To be specific, the model proposed by Zhang et al. [20] has the highest safety factor,
as it takes into account the upward friction force of the non-cemented backfill on the back
wall against the cemented backfill. The combined force of the wedge sliding body increases
upwards, and the downward sliding trend weakens, resulting in a corresponding increase
in safety factor; However, Li et al. [13] ignored the lateral pressure of the non-cemented
backfill on the rear wall, which is equivalent to reducing the downward force of the wedge-
shaped sliding body and increasing the safety factor. The model proposed by Liu et al. [19]
suggests that the foot of the sliding surface slope is located at the bottom of the stope, which
increases the downward force of the wedge-shaped sliding body, resulting in a lower safety
factor compared with this study.

3. Analysis of Sliding Instability of Layered Cemented Backfill
3.1. Determination of Sliding Surface Position

The previous analysis suggests that the position of the sliding surface is determined by
the width B of the room, the distance between the slope bottom hc, as well as the inclination
angle of the sliding surface α. To be specific, α is also correlated with the friction angle
within the cemented backfill, such that it can be determined in accordance with B, hc, and
ϕ. The three determine the position of the sliding surface, whereas the values of other
parameters are still consistent with those listed in Table 1 below, as presented in Figure 6.
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Figure 6. The relationship between the position of the sliding surface and hc, B, and ϕ. (a) D and hc;
(b) D and B; (c) D and ϕ.

Figure 6 illustrates the correlation curve between the position of the sliding surface
and the three factors. As depicted in Figure 6a, the distance hd from the top of the slope will
be increased with the rise of the distance hc from the bottom of the sliding surface slope.
When the width of the room is small and the distance between the slope and the bottom
varies between 0–2 m, the sliding surface is always within a layer. When the width of the
mining room increases to 8 m and the slope bottom distance is small, the sliding surface
is located in the first layer. When the slope bottom distance is large, the sliding surface
will pass through the first layer to reach the second layer. When the width of the mining
room is increased to over 9 m, the position of the sliding surface is no longer affected
by the slope bottom distance and always runs through the first and second layers. As
depicted in Figure 6b, the top distance of the sliding surface is increased with the increase
of the room width. And regardless of how the bottom distance caries, the curve passes
through the boundary of the first and second layers. In other words, the sliding surface
will pass through the two layers when the room width is increased to a certain extent. As
revealed by the above conclusion, the effect of the room width on the position of the sliding
surface exceeds the bottom distance of the slope. Figure 6c present the correlation between
the position of the sliding surface and the friction angle within the cemented backfill. As
depicted in the figures, the friction angle within the cemented backfill also notably affects
the position of the sliding surface. The distance between the top of the sliding surface
slope will be increased with the rise of the internal friction angle. Under the small width
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B of the room and the small distance hc between the slope bottom, regardless of how the
internal friction angle is increased, the sliding surface is constantly located in one layer.
Nevertheless, under the large distance hc between room B and the slope bottom, the sliding
surface tends to move up till passing through the two layers.

The above analysis suggests that the position of the sliding surface will vary between
the first and second layers, and it cannot pass through all three layers simultaneously. If
the sliding surface should pass through three layers simultaneously, the distance hd from
the top of the slope must exceed the sum of the heights of the two layers at the bottom. In
general, the internal friction angle of backfillϕ is nearly 30◦, and there will be no significant
increase. Nevertheless, the sliding surface slope bottom is generally located at the bottom,
suggesting that the slope bottom distance hc is usually 0. Thus, the width B of the room
should be sufficiently large. On that basis, the cemented backfill does not conform to the
large aspect ratio mechanical model, and its failure mode is no longer shear failure along
the sliding surface. The above mechanical model is no longer applicable.

Figure 7 shows the correlation between slope toe distance and safety factor. As
depicted in the figure, slopes toe distance affects safety factors to a certain extent. When the
slope toe distance is small (at which point the sliding surface is located in a layer), the safety
factor increases with the increase of slope toe distance; when the distance between the foot
of the slope increases to a certain value (the sliding surface passes through two layers), the
safety factor no longer continues to increase. And the minimum safety factor occurs when
the slope toe distance is 0; that is, when the sliding surface intersects with the bottom of the
stope, the sliding body is the most unstable.
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3.2. Safety Factor Analysis

As indicated by the previous analysis, when the foot distance of the wedge-shaped
sliding body is 0, the sliding trend of the sliding body turns out to be more significant,
and the sliding body exhibits minimum stability. Accordingly, studying the stability of
the sliding body at this time takes on critical significance. The control variates are used
to analyze the effect of a variable on the safety factor of the sliding body, keeping other
variables unchanged and changing only a single variable. Table 1 lists the values of the
respective factor, and Figures 8–11 illustrate the analysis results.
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Figure 8 shows the correlation between the safety factor of cemented backfill and
the top load and the lateral pressure coefficient of the non-cemented backfill on the rear
wall. As depicted in the figure, the safety factor decreases with the increase of the top
load and lateral pressure coefficient, and the correlation between them is a linear function.
With the increase of the top load, the overall downward force of the cemented backfill
is increased, such that the trend of sliding downward along the wedge-shaped sliding
surface is increased, the risk of instability is elevated, and the safety factor is reduced. As
the lateral pressure coefficient is increased, the horizontal resultant force acting on the
cemented backfill is enhanced, and the sliding trend of the wedge-shaped sliding body is
also elevated, resulting in a decreased safety factor.

Figure 9 shows the correlation between the safety factor and the cohesion of the bottom
and middle layers of the cemented backfill. As depicted in the figure, the safety factor
increases with the increase of bottom cohesion and middle cohesion, and the correlation
between the safety factor and cohesion is also a linear function. The cohesion at the bottom
and middle is increased. Thus, the bonding strength between the fine particles within the
cemented backfill is improved, the ability to resist instability and failure is enhanced, and
the safety factor is increased.

Figure 10 illustrates the correlation between the safety factor and the bulk density
of the bottom layer and the middle layer of the cemented backfill. As depicted in the
figure, the safety factor decreases with the increase in unit weight, and the correlation
between them is also a linear function. With the rise of the bulk density, the overall
mass of the wedge-shaped sliding body is increased, and its self-gravity is elevated as
well. The total downward force of the wedge-shaped sliding body is enhanced, and the
downward component along the sliding surface is also increased. The sliding trend tends
to be increased, whereas the safety factor is decreased.

Figure 11 presents the correlation between the safety factor of the cemented backfill
and the bonding force ratio of the sidewall surrounding rock, as well as the friction angle
within the cemented backfill. As depicted in the figure, the safety factor is increased with
the elevation of the bonding force ratio and the internal friction angle, while they display
a linear functional relationship. With the rise of the bonding force ratio, the frictional
force between the surrounding rock of the sidewall and the wedge-shaped sliding body is
enhanced. The upward force of the wedge-shaped sliding body is enhanced, the downward
component along the sliding surface is reduced, the sliding trend declines, and the safety
factor increases. If the friction angle within the cemented backfill is elevated, the equivalent
increase in the friction coefficient between the fine particles within the cemented backfill
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will lead to enhanced overall anti-failure ability, decreased sliding trend, and increased
safety factor.

3.3. Sensitivity Analysis of Influencing Factors

The degree of effect of the respective parameter on the displacement change of the
roadway and the order of primary and secondary factors varies. Moreover, due to the
different dimensions of different types of parameters, there is no commonality among the
parameters, making it difficult to directly determine the order of primary and secondary
factors affecting the displacement change. Thus, the above-mentioned parameters can be
normalized to dimensionless intervals according to a standard and then compared and ana-
lyzed. Dimensionalize the respective parameter according to the following equation [28]:

M =
∆S/S
∆p/p

× 100% (25)

where M denotes the sensitivity of the factor; ∆S represents the change in tunnel displace-
ment caused by parameter changes; S expresses the displacement value of the roadway
under a certain benchmark parameter; ∆p is the parameter variation; and p represents
the reference value of the parameter. The benchmark value in this study is taken as the
minimum value of the respective parameter interval.

Figure 12 shows the degree of effect of a wide variety of parameters on the safety
factor. As depicted in the figure, the cohesion of the bottom layer of the cemented backfill
exerts the maximum effect on the safety factor, with a sensitivity of up to 122%. The top
load has the minimum effect on the safety factor, with a sensitivity of only 20%. The degree
of effect of the respective parameter on the safety factor follows descending order of bottom
cohesion > lateral pressure coefficient > bonding force ratio > central bulk density > bottom
bulk density > internal friction angle > central cohesion > top load.
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Figure 12. Variation diagram of parameter sensitivity.

4. Discussion

As indicated by the analysis in Section 2, three types of failure exist along the sliding
surface of the wedge-shaped sliding body of the cemented backfill. The sliding surface
is located in the first layer and passes through two layers while passing through three
layers. The safety factor models for the three types of damage built separately have complex
calculation equations and numerous factors, such that these models cannot be easily applied
to the stability calculation of on-site handover backfill. The analysis in Section 3.1 suggests
that the damage types are mainly the first two, the effect is mainly eight factors, and a
good linear function relationship exists between the respective factor and the safety factor.
Accordingly, consider simplifying the regression analysis of the safety factor calculation
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model and using SPSS software to establish a linear regression equation between the safety
factor and eight factors:

F1 = −0.136 + 1.160r + 4.303c1 + 1.223c2 + 0.020ϕ− 3.345v− 0.025γ1 − 0.037γ2 − 0.908P0 (26)

F2 = −0.052 + 1.271r + 4.315c1 + 1.639c2 + 0.018ϕ− 3.331v− 0.026γ1 − 0.042γ2 − 1.028P0 (27)

where F1 and F2 are the safety factor calculation equations for the first and second failure
types, respectively.

Table 2 lists the regression analysis results. The regression results show that the
multiple correlation coefficients R2 are all greater than 0.99, suggesting a high degree of
fitting. The standard errors are 0.0077 and 0.0085, both close to 0, suggesting that the fitting
equation error is very small. The significance F value of both is significantly lower than
0.05, suggesting that the regression equation has a significant effect.

Table 2. Statistical table of regression results.

Safety Factor
Calculation Equations R2 Standard Error Significance /F

F1 0.9927 0.0077 0.0001
F2 0.9922 0.0085 0.0001

Figure 13 illustrates the intuitive degree of agreement between the safety coefficient
calculated by the regression equation and the safety coefficient calculated by the model
equation. Through comparative analysis of 48 sample data, it can be seen that the red curve
and black curve are highly consistent, and the development trend is consistent. Intuitively,
the calculation results of the regression equation are very close to the calculation results of
the model equation.
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Figure 13. Analysis of the consistency between the results of regression equation and model equation.
(a) One layer; (b) Two layer.

Figure 14 presents the error range between the calculation results of the regression
equation and the model equation. From the figure, it can be seen that the error range of
both calculation results is distributed within 10%, suggesting that the overall error is very
small and the regression results are very close.
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Figure 14. The error between the result of regression equation and that of model equation. (a) One
layer; (b) Two layer.

To quantitatively analyze the error of regression equation settlement results, mean
square error (MSE), root mean square error (RMSE), mean absolute error (MAE), and mean
absolute percentage error (MAPE) are introduced to evaluate the regression results. The
evaluation results are shown in Table 3.

MSE =

N
∑

i=1
(Fy − Fj)

2

N
(28)

RMSE =

√√√√√ N
∑

i=1
(Fy − Fj)

2

N
(29)

MAE =

N
∑

i=1

∣∣Fy − Fj
∣∣

N
(30)

MAPE =
1
N

N

∑
i=1

∣∣∣∣ Fy − Fj

Fy

∣∣∣∣× 100% (31)

Table 3. Evaluation of safety factor F regression prediction results.

Sliding Surface
Position MSE RMSE MAE MAPE/%

Located in the
first layer 0.0004 0.0209 0.0198 1.88

Located in the
second layer 0.0005 0.0227 0.0219 1.88

As depicted in Table 3, MSE is significantly lower than 0.1, RMSE is significantly lower
than 0.2, MAE is significantly lower than 0.2, MAPE is significantly lower than 15%, and the
average absolute error percentage of all results is lower than 5%. From this, it can be seen
that considering the effect of eight factors, SPSS software was used to conduct multiple linear
regression analysis on the safety coefficient. The regression results were highly close to the
practical calculation results, and the regression model was reasonable and reliable, which can
be directly used for the stability calculation and analysis of on-site cemented backfill.
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5. Conclusions

(1) Given the layering effect, lateral pressure on the back wall non-cemented backfill, top
load, and frictional bonding of the side wall surrounding rock, a sliding instability
model for layered cemented backfill is built in accordance with the complex occurrence
environment of cemented backfill. Different structural parameters of the mining area
suggest that there are three scenarios where the sliding surface is located: in the first
layer, passing through two layers, and passing through three layers.

(2) Compared with other scholars’ models, the results suggest that Zhang et al. [17]
considered the frictional effect of non-cemented backfill on the rear wall. Li et al. [10]
ignored the lateral pressure effect of non-cemented backfill on the rear wall, resulting
in a higher safety factor than in this study. However, Liu et al. [16] ignored the slope
toe distance of the sliding surface, resulting in a lower safety factor compared with this
study. Different models have different research backgrounds and focuses, resulting in
differences in safety factors, such that the correctness of the model in this study can
be partially verified under specific conditions.

(3) The safety factor of cemented backfill is decreased with the increase of the top load,
lateral pressure coefficient, and unit weight and increases with the increase of co-
hesion and cohesive force ratio. The safety factor is subjected to a linear functional
relationship with the respective factor. The order of effect of the respective parameter
on the safety factor is bottom cohesion > lateral pressure coefficient > bonding force
ratio > central bulk density > bottom bulk density > internal friction angle > central
cohesion > top load.

(4) Through the SPSS software regression analysis, a simplified multiple linear regression
equation is built between the safety factor and a wide variety of factors. The calculated
results of the regression equation are significantly consistent with the model results, and all
error evaluation indicators fall into the effective range. The regression model is reasonable
and reliable and can be applied to the stability analysis of on-site cemented backfill.
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