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To examine the strength and mechanical characteristics of self-compacting tailings,
a direct shear test was conducted under various consolidation states and moisture
contents to determine the cohesion and internal friction angle of the tailings. The
degree of cohesion and the internal friction angle of unsaturated tailings increased
initially before declining as the moisture content rose. The maximum cohesion and
internal friction angle were reached when the moisture content was around 14%.
When combined with the Coulomb shear strength formula and the tailings self-
weight compaction model, the expressions for the active pressure and passive
pressure of tailings at any height on the lateral restraint were obtained. An
improvement in cohesion and the internal friction angle of unsaturated tailings
was seen with increased consolidation stress, which became stable when the
consolidation stress was greater than 1 MPa. The limited equilibrium method was
used to establish the three-dimensional mechanical equilibrium of the cemented
body. A strength model of cementation at the open stoping stage with subsequent
filling was developed after the three-dimensional strength analytical model of
cementation in step 1 was modified. The difference between the design value
and the measured value was 0.2 MPa. The strength of the one-step cemented
backfill design, as well as the design and erection of the backfill retaining wall,
was supported technically and theoretically by this study.
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1 Introduction

The demand for mineral products in the national economy has continued to rise with
China’s rapid industrialization and technological development, while production of solid waste,
mullock, and tailings has also increased significantly. Long-term resource use and development
can cause irreversible damage to the environment and the ecosystems that produce the natural
resources. The idea of “green” development calls for the mining industry to develop in ways that
utilize resources wisely, include recycling, and focuses on environmental protection. Promoting
research and development on mine filling technology is therefore crucial (Zhang, 2014).
According to the modern mining concept that “lucid waters and lush mountains are invaluable
assets,”mine filling is frequently used as a supporting technology for green mining (Qiao et al.,
2011; Chen et al., 2013; Qi et al., 2019). This satisfies the national directives.

Tailings are a structurally porous medium that is commonly used as the primary mine
filling material (Edraki, 2014; Wu et al., 2016). Under pressure, tailings are easily deformable
and the relationship between their compaction characteristics and the pressure of the
overburden is nonlinear. Digital image technology was used by Cao et al. (2012) to
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examine the displacement development and evolution of sand
compression under confinement. They stated that the displacement
isolines were axisymmetrically distributed and that the sand
displacement field resembled a parabola. Studies by Zhao (2020),
Aursudkij B (2009), Wang and Qiao (2016a), Tian (2020), Li (2021),
and Fall M (2005) showed that under conditions of unidirectional
stepwise compression, the axial plastic strain of sand and tailings
gradually increased. Because the characteristics of the early stage
appeared more rapidly than the gradual changes of the late stage,
stabilization was achieved. In their research on the density-
compressibility of sand and tailings, Tian (2020) and Zhang et al.
(2020a) showed that density had a significant impact on
compressibility: as the material’s density improved, the
compressibility increased. As Wu (2018) and Zhang et al. (2020b)
noted, the confining pressure had a more significant impact than
density on the compression characteristics of tailings. By examining
the correlation between the density of the bulk material and the
pressure, Wang et al. (2016b) and Han (2019) reported that the
density increased as a power function with increases in pressure.

The self-compacting lateral expansion and tailings flow would
invariably create active pressure (lateral pressure) on the structures
(retaining walls and cement bodies), which could increase the stability
of the structure. Several researchers, including Song (2020), Li (2017),
and Yuan (2011), directly monitored the active pressure of tailings
acting on a retaining wall. With increasing stability, the pressure on
the backfilled retaining wall showed a nonlinear growth relationship
with filling height. The pressure of earth on the retaining wall was
simulated by Xiao (2020) using the discrete element method, and the
pressure on the retaining wall was shown to have a nonlinear growth
relationship with the increase in height. Wang (2015) and Wang et al.
(2016b) performed a theoretical derivation for calculating the tailings
lateral pressure and found a linear growth relationship between
tailings active pressure and filling height. The effect of tailings
active pressure on the stability of a cemented body was assessed by
Cao (2015), (2017), (2018), Yang et al. (2018), Liu (2005), and others.
These authors treated the tailings active pressure as a linear
distribution. Through experimental research on the lateral pressure
of rigid earth walls, Dou (2017) demonstrated that the lateral pressure
coefficient improved with the increase of soil compression
deformation. Cai (2020) investigated the factors influencing the
lateral pressure coefficient and discovered that as the soil’s relative
density increased, the lateral pressure coefficient value of sandy soil of
the same particle size gradually increased. With increasing particle
size, the lateral pressure coefficient for sand at the same density
decreased. Yu (2020) suggested a nonlinear calculation method for
the static earth pressure coefficient of coarse-grained soil based on a
nonlinear distribution law of earth pressure. Gao et al. (2022) analyzed
the layered cement tailings backfill using PFC 3D simulation. Cabalar
(2021) ran tests to determine the characteristics of how waste rock
powder inclusion affected consolidation at varying rates. The results
showed a substantial decrease in compression index (cc), swelling
index (cs), initial void ratio (eo), and volumetric compressibility (mv)
and an increase in the coefficient of consolidation (cv) up to about
25%. Zhou (2020) showed that the cubic compressive strength, axial
compressive strength, splitting tensile strength, and plastic modulus of
solid concrete with self-compacting iron tailings all decreased with an
increase in the iron tailings powder replacement rate.

The current tailings flow characteristics are adequately
distinguished by active pressure (Zhai et al., 2010; Li et al., 2020).
The distribution law and the factors affecting the influence of active
pressure on tailings and other bulk media have been the subject of
numerous studies, but some inconsistency still exists in the research.
The effect of the self-compacting behavior of tailings on their physical
and mechanical properties has been disregarded, which causes errors
in the calculation and faulty designs of backfill retaining walls, ore
pillars, and fillers. Previous studies have not adequately explored the
relationship between height under self-gravity stress and physical and
mechanical properties of tailings backfill such as porosity, water
content, cohesion, and internal friction angle. A specific theoretical
reference can be provided from the physical and mechanical
characteristics of self-compacting tailings to facilitate secondary
mining of lost pillars or residual pillars left over from initial mining.

In this paper, the relationship between cohesion and internal
friction was assessed using the consolidation test and the direct
shear test, and the angle of tailings and consolidation stress at
various moisture contents were examined. A model of the strength
of a cemented tailing body was constructed using this information as a
foundation. Themodel offers some technical assistance and theoretical
guidance for the design and construction of the backfill retaining wall
and the one-step cemented backfill cube. In addition, this study
provides a foundation for future research on the stability of the
entire stope as well.

2 Materials

Unclassified mine tailings were selected as the test material, and
their basic physical and mechanical parameters are shown in Table 1.
The grading of unclassified tailings is shown in Table 2. The gradation
curve of tailings particles is shown in Figure 1. From the results of
grading tests, it can be calculated that the effective particle size is
0.0381 mm, the continuous particle size is 0.0674 mm, the average
particle size is 0.1116 mm, and the control particle size is 0.1414 mm.

3 Methods

3.1 Direct shear test under conditions of
lateral limit consolidation

The tailings backfill was compressed under its own weight to
yield a certain density, so the self-compacting behavior was
simulated under conditions of confining compression and the
shear strength indicators (cohesion and internal friction angle)
were determined by a direct shear test (Chen et al., 2014). The
main part of the direct shearing instrument was the shearing box,
which was divided into a fixed upper box and a movable lower box.
For the test, the tailings sample was put into the shearing box, a
normal compressive stress was applied to the sample first, and then a
horizontal shear force was applied to the lower box for shearing. The
shear stress of the sample was obtained by determining when the
shear plane between the upper and lower boxes failed. The shear
strength, cohesion, and internal friction angle of the backfill tailings
were then determined according to Coulomb’s law.
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3.2 Test design

The strength characteristics of tailing sand were determined by the
direct shear test under uniaxial compression and consolidation

conditions (Liang et al., 2018; Ming et al., 2016; Jiang et al., 2018).
The tailing sand filling in the extraction area had been left in place for a
sufficient time. The water content of the tailing sand filling in the
different extraction areas varied because of the different dewatering

TABLE 1 Basic physical parameters of unclassified tailings.

Weight Volume Apparent density (t/m3) Bulk density (t/m3) Packing density Porosity

First sample 52.200 17.800 2.932 1.460 0.498 0.502

Second sample 49.300 18.100 2.959 1.523 0.515 0.485

Third sample 54.100 18.500 2.924 1.506 0.515 0.485

Average 2.938 1.496 0.509 0.491

TABLE 2 Gradation of unclassified tailings.

Particle diameter (μm) Proportion (%) Negative cumulative distribution (%)

+0.60 .298 100

−0.60~+0.25 8.878 99.702

−0.25~+0.125 35.499 90.825

−0.125~+0.075 19.315 55.326

−0.075~+0.048 21.467 36.011

−0.048~+0.0374 4.950 14.545

−0.0374~+0.025 3.312 9.595

−0.025 6.283 6.283

FIGURE 1
Grading curve of unclassified tailings.
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conditions, while the self-compacting tailing sand filling was in a non-
saturated state. The water content of the non-cementing tailing sand
filling was generally below 20%. The pore water in this range existed in
the form of combined water and capillary water, which could not be
dewatered by compression. In accordance with the pore ratio, the
initial water content of the specimen was configured, and the prepared
specimen was put into a plastic bag for 24 h to ensure that the moisture
was evenly distributed, and then it was put into the configured ring
knife. A specimen with a bottom area of 30 cm2 and a height of 2 cm
was formed. The consolidation test was carried out over a range of
pressures: 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, and 1.2 MPa. The loading time
was defined for a compression deformation of ≤.01 mm. The
specimens were put into a ZJ-type strain-controlled straight shear
apparatus (Figure 2) after consolidation, and positive stresses of 0.1,
0.2, 0.3, and 0.4 MPa were applied from left to right. The shear stress at
a shear rate of 0.8 mm/min was obtained by direct rapid shear without

drainage. Three parallel tests were carried out for each group, and the
means of the test data were recorded as the final results (Figure 3).

3.3 Shear strength index change pattern

Water content and consolidation stress are important factors
affecting the shear strength index of tailing sand (Lin et al., 2019).
Different water contents and consolidation pressures led to significant
differences in the shear strength index of tailing sand Under each
consolidation pressure on the confined tailings, the normal stress and
shear stress were linearly regressed according to the Coulomb formula.
As an example, direct shear test data were collected from tailings at 0%
water content under a consolidation stress of 0.1 MPa. The abscissa
represented normal stress, while the ordinate showed the shear stress,
and a linear regression was performed (Figure 4).

4 Results

4.1 Shear strength index in relation to
moisture content

The relationship between cohesion and angle of internal
friction and moisture content is shown in Figures 5, 6. The
cohesion and internal friction angle of unsaturated tailing sand
followed a variation law of increasing then decreasing with
increasing moisture content. The cohesion and internal friction
angle of tailing sand were the highest at a moisture content of about
14%. When the moisture level was <14%, the cohesion and internal
friction angle increased with increasing of moisture content;
however, when moisture content was >14%, the cohesion force
and the internal friction angle decreased with increasing moisture.
The decreasing range gradually increased, until the angle of
internal friction was the same (Zhang et al., 2021). The
increasing water content of the tailing sand indicated that it had
reached saturation. The high moisture content of the tailing sand
triggered the alternative pore structure that resulted in a reduction
in its ability to withstand shear. The water content had a significant

FIGURE 2
ZJ strain-controlled direct shear instrument.

FIGURE 3
Shear plane after disassembly by the direct shear test.
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impact on the particle viscosity of the tailing sand and the pore
water pressure, which also changed the shear strength index.

When the moisture content in the tailing sand was low (0%–

6%), water could be adsorbed by the particles. With a large amount
of air and a small amount of liquid in the pore structure, the
viscosity and pore water pressure of the tailing sand particles were
lower and the cohesion and internal friction angle were relatively

small. When the moisture content increased from 6% to 14%, the
pores were partially filled with water, increasing the ratio of liquid
to gas in the pores and the thickness of the water film on the
particles. The higher water content increased the pore water
pressure within the tailing sand skeleton, while its density
gradually increased. The pore water linked the tailing sand
particles together, thus improving cohesion and the internal

FIGURE 4
Shear strength line of tailings with 0% moisture content under the consolidation stress of 0.1 MPa.

FIGURE 5
Relationship between cohesion and moisture content.
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friction angle. A high water content (>14%) increased the pore
water pressure even further, while the water film became thinner as
the pore water tension decreased. The viscosity between the tailing
sand particles gradually weakened, which resulted in decreased

shear strength. When the moisture content was increased even
more, including the combined water in the pores, the tailing sand
particles were separated by free water, and their ability to withstand
shear was weak.

FIGURE 6
Relationship between internal friction angle and moisture content.

FIGURE 7
Relationship between cohesion and consolidation stress.
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4.2 Relationship between shear strength
parameters and consolidation stress

Combined with the consolidation test results, the relationship
between cohesion and internal friction angle and consolidation stress
is shown in Figures 7, 8. In Figures 7, 8, the cohesion and internal
friction angle of unsaturated tailing sand generally showed an increasing
variation law with the application of consolidation stress, and the
increasing proportion of particles in contact with each other
increased the contact area. The cohesion force and internal friction
angle of tailing sand increased significantly in the early stages of
consolidation stress during the whole compressive consolidation
process. However, the cohesion force and internal friction angle
showed a smaller growth trend with improvement in consolidation
stress, which indicated that the tailing sand had become denser and
more difficult to compress and consolidate. The cohesion and internal
friction angle changed the most during the first stage of consolidation
stress (0.1 MPa). Because the tailing sample before the first stage
consolidation stress was in a naturally loose state, the pore volume
between particles was the largest, and the cohesion and internal friction
angle were the smallest. The cohesion and internal friction angle
decreased rapidly when subjected to the first stage of compressive
stress. Contacts between particles continued to increase, and the
friction state was strengthened, so that the shear strength of the first
stage 0.1 MPa consolidation changed the most. With increasing
consolidation stress, the solid particles continuously migrated and
were squeezed, causing the particle contact area to increase. The
meshing effect between the particles was strengthened, while the
friction and resistance between them increased, making it harder for
the particles to move. The shear stress required to produce shear
damage increased, and the shear strength of the tailing sand
increased together with the cohesion and internal friction angle. The

shear strength parameter of the tailing sandwas basically in a stable state
at 1 MPa pressure with the increase in consolidation stress. The
development of cohesion and internal friction angle of the tailing
sand was very low, reflecting the fact that the tailing sand sample
was very dense. The change in pore volume was lower and tended to be
stable, along with the cohesion and internal friction angle.

4.3 Self-compacting strength properties of
tailing sand

When the moisture content was equal, the shear capacity of the
tailing sand increased as consolidation stress increased. The ultimate
shear strength at the time of damage was increased due to the
strengthening of the compressed particles linked to the tailing sand.
The shear strength index followed a characteristic power function with
increasing consolidation stress (Figures 6 and 7). In order to describe the
relationship between cohesion, internal friction angle, and overburden
stress (consolidation stress) of tailing sand under the different moisture
content states utilized, a power function was constructed (Eq. 1):

y � u x + v( )z. (1)
The relationship between cohesion, c, and overlying consolidation

stress is shown in Eq. 2:

c � uc
σv
σm

+ vc( )zc

. (2)

The relationship between the angle of internal friction, φ, and the
overlying consolidation stress is shown in Eq. 3:

φ � uφ
σv
σm

+ vφ( )zφ

, (3)

FIGURE 8
Relationship between internal friction angle and consolidation stress.
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where c is the cohesion of the tailing sand under consolidation stress in
MPa; φ is the internal friction angle in degrees of the tailing sand under
consolidation stress; σv is the consolidation stress on the tailing sand in
MPa; σm is the critical stress when the tailing sand is stable, under a
pressure of 1 MPa; vc and vφ are the coefficients related to compressive
consolidation; zc and zφ are the coefficients related to initial pore space;
uc is the cohesion force in MPa related to initial cohesion; and uφ is the
internal friction angle in degrees relative to the initial internal friction
angle.

Wu et al. (2018) constructed a relationship between the vertical
consolidation stress of the water-bearing tailing sand and the depth of
burial height as:

σv � u 1 + w( )d h + e( )f −M 1 + w( ) + v[ ]z. (4)

Substituting Eq. 4 and 2 into Eq. 3, we obtain the cohesion of the
tailing sand, the angle of internal friction, and the height of burial
depth as a function of:

c � uc

u 1 + w( )d h + e( )f −M 1 + w( ) + v[ ]z
σm

+ vc⎛⎝ ⎞⎠zc

,

φ � uφ

u 1 + w( )d h + e( )f −M 1 + w( ) + v[ ]z
σm

+ vφ⎛⎝ ⎞⎠zφ

.

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩ (5)

4.4 Tailing side pressure

Restricting the flow of tailings and carrying the lateral pressure
was one of the key functions of the cemented body for filling an
empty field. Tailings side pressure was employed as active pressure.
In Figure 9, the maximum principal stress, σ1tailing, was the weight
of the overlying tailings on the tailings unit at any height on the
contact surface between the tailings and the cemented backfill. The
minimum principal stress, σ3tailing, was the stress between the
tailings and the cemented backfill, i.e., the lateral pressure of the
tailings to the cemented backfill. It was assumed that the unit body
on the contact surface between the tailings and the cemented

backfill was in a limit equilibrium state under the stress
conditions of σ1tailing and σ3tailing. Then, in a Cartesian
coordinate system composed of normal stress and shear stress,
the strength curve of the unit body was tangent to the stress Mohr
circle, as shown in Figure 10.

NS � N � 1
2

γ2H + 2γ1b1( )tan 2 π

4
− ϕ1

2
( )HW. (6)

In the right triangle, ABO’, in Figure 10, AB is trigonometrically
related to O’A to obtain Eq. 7:

σ3tailing � σ1tailing
1 − sinφ
1 + sinφ

− 2c
cosφ

1 + sinφ
. (7)

The aforementioned equation was simplified and organized by
using the following trigonometric relationships (Eq. 8):

sin 2A + sin 2B � 1,

sinA � cos
π

2
− A( ),

sin 2 A

2
( ) � 1 − cosA

2
,

cos 2 A

2
( ) � 1 + cosA

2
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(8)

Eq. 7was simplified into Eq. 9:

σ3tailing � σ1tailing
2 sin 2 π

4 − φ
2( )

2 cos 2 π
4 − φ

2( ) − 2c

�����������
2 sin 2 π

4 − φ
2( )

2 cos 2 π
4 − φ

2( )
√√

. (9)

The angle between the slip plane of the tailings and the maximum
principal stress action surface (horizontal plane) is 45°+φ/2, and the
limit equilibrium condition of the tailings active pressure state is
simplified to Eq. 10:

σ3tailing � σ1tailing tan
2 π

4
− φ

2
( ) − 2c tan

π

4
− φ

2
( ). (10)

The resultant active pressure of tailings at any height, h, on the
contact length, L, gives the lateral restraint as Eq. 11:

F � ∫h

0
σ1tailing tan

2 π

4
− φ

2
( )dh − 2c tan

π

4
− φ

2
( )[ ]Ldh. (11)

FIGURE 9
Tailings active pressure diagram.

FIGURE 10
Limit equilibrium analysis of active state of tailings.
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When the lateral restraint was displaced or rotated relative to the
direction of the tailings packing body under the action of an external
force, the tailings packing body was squeezed, resulting in a tendency
to upward sliding failure. When the horizontal stress exerted by the
outside was greater than the vertical self-weight stress of the tailings
and becomes the maximum principal stress, the tailings were
compressed in the horizontal direction and their damage was
affected by the resistance of the shearing force of the tailings. The
tailings were in a passive state, and as the relative displacement of the
confinement constraint increased, the horizontal stress of the tailings
increased accordingly until the shear stress on the sliding surface
reached the shear strength of the tailings. Consequently, the tailings
were in a passive limit equilibrium state as shown in Figure 11. The
angle between the slip plane of the tailings and the maximum principal
stress action surface (vertical plane) was 45°+φ/2, and the angle
between the slip plane and the horizontal plane was 45°-φ/2.

The ultimate equilibrium condition of the passive pressure of the
tailings is shown in Eq. 12:

σ3tailing � σ1tailing tan
2 π

4
− φ

2
( ) + 2c tan

π

4
− φ

2
( ). (12)

The resultant passive pressure force of tailings at any height, h, on
the contact length, L, with lateral restraint is given by Eq. 13:

F � ∫h

0
σ1tailing tan

2 π

4
− φ

2
( )dh + 2c tan

π

4
− φ

2
( )[ ]Ldh. (13)

We provided a detailed analysis and discussion of the law of the
self-weight compaction of tailings (the relationship between tailings
density and height) (Edraki 2014). Thus, the variation in the
relationship between tailings density and height satisfies a power
function as shown in Eq. 14. Tailings density increased with
increasing height, and the growth rate decreased.

ρh tailing( ) � iρ0 tailing( ) h + j( )l. (14)

The relationship between the bulk density of the tailings and the
height is as follows:

γh tailing( ) �
iρ0 tailing( ) h + j( )lg

1000
. (15)

In

i � a
aρ0 tailing( ) d ε0−1

10 + 1( )
100

⎡⎢⎢⎣ ⎤⎥⎥⎦ d 1−ε0( )
d ε0−1( )+10( )

,

j � 100

aρ0 tailing( ) d
ε0 − 1
10

+ 1( )c d
ε0−1
10 +1( ),

l � d 1 − ε0( )
d ε0 − 1( ) + 10

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(16)

where i, j, and l are constants related to the tailings density, a and d are
compressibility constants, ε0 is the porosity in the natural loose state of
tailings, and g is the acceleration of gravity.

5 Discussion

5.1 Strength model of cementitious body at
the empty field stage with subsequent filling

In the continuous mining method with subsequent filling in an
empty field, a II-step mine room was mined under a I-step colluvial
artificial ore pillar. The I-step colluvial artificial ore pillar possesses a
certain bearing capacity and has self-supporting strength, and in a
stable state, it supports a certain exposure area and self-supporting
height under its own self-supporting strength (Yang et al., 2018; Li et
al., 2021a; Li et al., 2021b). The I-step colluvium was subjected to the
most unfavorable state of a II-step mine room excavation exposure on
one side, while the other side faced the active pressure effects of non-
colluvial tailing sand (Liu et al., 2022). A three-dimensional analytical
model of the self-supporting strength of the cemented fill in the most
unfavorable state was established in the literature (Han et al., 2019; Liu
et al., 2019) as shown in Figure 12.

In Figure 12, the limit equilibrium method was used to establish
the three-dimensional mechanical equilibrium of the cemented
body:

2Ts + Tb − G sin α − G1 sin α − F cos α � 0,
Nb − G cos α − G1 cos α + F sin α � 0.

{ (17)

In Eq. 17:

Tb � cAb +Nb tanφ,
Ts � c2As +Ns tanφ2,
G � γHaWL,
Ab � WL/cos α,
As � WHa.

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩ (18)

It can be deduced that

c �
2 G + G1( ) sin α sin α − cos α tanφ( )

+2F cos α cos α + sin α tanφ( ) tan α − 4Ns tanφ2 sin α
4KHaW sin α + 2WL tan α

. (19)

The two coefficients in Eq. 19are

2 sin α sin α − cos α tanφ( ),
2 cos α cos α + sin α tanφ( ).{ (20)

FIGURE 11
Limit equilibrium analysis of tailings in the passive state.
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The influence of the tailings on the stability of the cemented
body under pressure was increased under ideal conditions within
height h0 (the influence of the tailings cohesion and internal
friction angle with the depth of burial on the active pressure
and the effect of the cemented body on the fracture of the
tailings were ignored). Therefore, the results of the derivation of
tailings active pressure in which the cohesion and internal friction
angle change with the burial depth under the aforementioned
pressure conditions were used to modify the three-dimensional
strength model of the cemented body in step I (Edraki 2014; Guo et
al., 2019), and the cohesion of the cement in step I was calculated.
When φ = 5°~45°, both parameters in Eq. 20 are approximately
equal to 1. Therefore, Eq. 19 can be simplified to

ccemented � G + G1 + F tan α − 4Ns tanφ2 sin α
4KHAW sin α + 2WL tan α

. (21)

The corrected result of the uniaxial compressive strength of the
cemented body in step I is shown in formula (22):

σc cemented( ) � G + G1 + F tan α − 4Ns tanφ2 sin α
4KHAW sin α + 2WL tan α

×
cosφ

1 − sinφ
. (22)

The corrected result of the shear strength of the cemented body in
step I is shown in formula (23):

τcemented � G + G1 + F tan α − 4Ns tanφ2 sin α
4KHAW sin α + 2WL tan α

+ F sin α − G cos α − G1 cos α
WL/ cos α

tan α. (23)

The parameters in the formula are as follows:

G � γHaWL,

G1 � γ1b1WL,

NS � 1
2

γ2H + 2γ1b1( )tan 2 π

4
− φ1

2
( )HW,

F � ∫h

0

tan 2 π

4
− φ h( )

2
( )∫h

0
γhdh−

2c h( ) tan
π

4
− φ h( )

2
( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦Ldh.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(24)

In

b1 � L1

2f
� L + 2H cot θ

2f
,

ρ h( ) � iρ h + jρ( )kρ ,
iρ � Lρ

Lρ 1 −N( )
100

[ ] N
1−N( )

,

jρ � 100
Lρ 1 −N( )M

1−N( ),

kρ � N

1 −N
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(25)

In the formula, Ccemented is the cohesive force required for the self-
supporting strength of the cemented filling body in MPa; σc(cemented) is
the uniaxial compressive strength required for the self-supporting
strength of the cemented filling body in MPa; τcemented is the shearing
strength required for the self-supporting strength of the cemented
filling body in MPa; γ is the bulk density of the cemented backfill in
MN/m3; γ1 is the bulk density of the loose rock overlaying the top of

FIGURE 12
Schematic diagram of the mechanical model of I-step cemented filling.
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the cemented backfill in MN/m3; γ2 is the bulk density of the
surrounding rock on the sidewall of the cemented backfill in MN/
m3; changed bulk density of self-compacting tailings in MN/m3; F is
the resultant force of the non-cemented tailings on the lateral active
pressure of the cemented backfill in MN; Ns is the force of the
surrounding sidewall rock on the cemented backfill in MN; α is the
backfill body sliding angle in degrees; θ is the sliding angle of the side
rock in degrees; f is the general hardness coefficient of the side rock; H
is the height of the cemented backfill in m; HA is the height of the
cemented backfill on the potential slip surface in m; W is the contact
width between the cemented backfill body and the sidewall
surrounding rock in m; L is the contact length of the cemented
backfill body and the self-compacting tailings in m; c(h) is the
tailings cohesion that varies with burial depth and height in MPa;
and φ(h) is the internal friction angle of tailings that changes with the
height of burial depth in degrees.

5.2 Industrial validation

5.2.1 Industrial test scheme
To overcome the effects of high dilution rate, high loss rate, and

low mining efficiency of the thick, gently sloping ore bodies in the
Dahongshan Copper Mine, a two-step empty field was adopted on the
lines B49-54 of the I2 and I3 ore bodies in the middle section of 285.
The backfill mining method provided continuous mechanized mining
without pillars in the panel. The ore body in this panel was relatively
regular, high-grade, and continuous. A certain amount of engineering
has been invested, which was more convenient for industrial testing
and better reflects the advantages of continuous mechanized mining.

The plan view of the continuous mining scheme is shown in Figure 13.
(1), (2), and (4) show the one-step mine stopes that were cemented
and filled, as shown in Figure 14.

To confirm the effects of the lateral pressure of the mine house self-
compacting tailings on the cemented ore pillar in the aforementioned
stopes, the cemented ore pillar of the second section B 49–51 in the
middle section of 285 was selected as the test stope with on-site real-time
tracking and monitoring of vertical pressure. In order to eliminate the
need to place the pressure cell under the surrounding rock, a #9 pressure
cell (TGH type pressure cell) was embedded at a horizontal distance of
about 5 m from the retaining wall. The pressure cell was placed on the
bottom 500 mm, and a #10 pressure cell was embedded in the 35 m
cemented body (Figure 15).

5.2.2 Industrial test results
The strength design of the cemented body in step I in the section

adopted the revised formula (19), and the design of the cemented body
strength model (for convenience called the original strength design)
was carried out by ignoring the cohesive force and the internal friction
angle and only considering the compression conditions. Based on the
mine filling system and filling multiplier, the layer height was set at
10 m for calculation, and the relationship between strength and height
was found to be inversely related. In the mining sequence (2), the
cemented ore pillar in the second section of B49–51 in the middle
section of 285 was the filling design of the test stope, as shown in
Table 3. The relationship between the measured compressive stress of
the #9 pressure cell and time is shown in Figure 16, and the
relationship of the measured compressive stress of the #10 pressure
cell with time is shown in Figure 17. The acquisition time was counted
from the beginning of the packing of the cemented ore column.

The trend of the measured pressure values of the #9 and
#10 pressure cells with time were consistent. The vertical stress of
the cemented filling body increased with the improvement in filling
height. The strength of the cemented body was designed by utilizing the
modified step I filling strength model, and the safety factor was 1.2. In
the revised design, the strength at the bottom of the cemented ore pillar

FIGURE 13
Continuous mining plane diagram.

FIGURE 14
One-step stoping and subsequent cemented filling.

FIGURE 15
Schematic diagram of pressure cell embedding.

Frontiers in Earth Science frontiersin.org11

Jun et al. 10.3389/feart.2022.1107252

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1107252


of line 49–51 in Section II was 2.06 MPa, and the measured maximum
vertical pressure at the bottom was 1.82 MPa. The designed strength
according to the layer height of 35 m was 1.36 MPa, and the actual
measurement of the maximum vertical pressure at the corresponding
height was 1.17 MPa, which means that the measured value of the
cemented pillar strength was less than the design strength.

By comparing the design value of this model with the empirical
model of the Anqing Copper Mine and the model of Liu Zhixiang, it
can be seen that the design value of the Anqing Copper Mine model
was lower than the measured value, which is quite dangerous in
practical terms. In addition, the calculated value of the Liu Zhixiang
model is obviously larger than the design value of the model in this
paper, which is significantly different from the measured value. The
model in this paper not only returned a design value in a reasonable
range but also provided a safety space, which enhanced its practical
advantages.

5.3 Development direction

Artificial intelligence is the future development direction of the
mining industry, and engineering mechanics is necessary in mining
engineering. Therefore, using an artificial intelligence algorithm to
solve practical problems of engineering mechanics is one of the
current goals of mining engineering development. If the artificial
intelligence algorithm can be integrated into the scientific research of
mining engineering, a large number of complicated test processes will be
saved, and the results will be safer and more reliable. The machine
learning models have higher LSP performance than general statistical and
heuristic models due to their high AUC accuracy and reasonable LSI
distribution features (Huang et al., 2020a). The ultimate purpose of
strength design is to ensure the safety of underground mining. It is
also crucial for predicting the instability and failure of pillars. There are

TABLE 3 Strength design of B49–54 line cements in the middle part of 285.

Mining order and
name

Layer
height
(m)

Original
strength
required
(MPa)

Required
strength of the
correction (MPa)

Corrected ratio of desired strength

Slurry
concentration

(kg/m³)

Amount of
cement
added
(kg/m³)

Amount of
tailings
added
(kg/m³)

Water
addition
(kg/m³)

(2)285 middle section
B49–51 section II
cemented ore pillar

0–10 0.69 0.66 72 150 1217 531

10–20 0.89 0.86 72 160 1217 532

20–30 1.11 1.07 72 180 1201 532

30–40 1.36 1.31 72 190 1182 532

40–50 1.62 1.56 72 210 1164 532

50–60 1.87 1.82 72 220 1154 532

60–69.6 2.12 2.06 72 250 1144 533

FIGURE 16
Curve showing changes in #9 pressure cell monitoring data with
time.

FIGURE 17
Curve showing changes in #10 pressure cell monitoring data with
time.
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various methods of prediction, such as deep learning (Huang et al.,
2020b), semi-supervised learning (Huang et al., 2020c), and unsupervised
learning (Chang et al., 2020). In the next stage, the research focus will be
on the development of a prediction model for the strength of cemented
backfill in various mining methods, to find out which machine learning
algorithm can best reflect the strength law of cemented backfill.

6 Conclusion

Unsaturated tailings exhibit a first-order increase in cohesive force
and internal friction angle that decreases with increasing moisture
content; the maximum cohesive force and internal friction angle were
observed at 14% moisture content. When the consolidation stress was
greater than 1 MPa, the cohesive force and internal friction angle
tended to be stable and increased with consolidation stress. The
analytical model of a cemented body’s three-dimensional strength
was altered, and the cemented body’s cohesive force correction result
was resolved. The cemented backfill’s uniaxial compressive strength
was then measured. In the second section of the B49–51 line of the
I2 and I3 ore bodies in the middle of section 285 of the Dahongshan
Copper Mine, the research findings were used to produce cemented
pillars. The measured results of the ore pillar’s vertical stress and the
cemented body’s strength value, which has been adjusted for the
tailing self-compaction law, differed only slightly. At about 0.2 MPa,
the difference was under control. The modified strength model is
reasonable, ensures individual safety, and can increase mining
production efficiency, as demonstrated by the industrial application.
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