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With the development of shallow surface mineral resources in metal mines, it is gradually turning to the stage of deep mining.
According to the current mining depth and the average annual depth, during the period of “14th Five-Year Plan,” one-third of the
underground metal mines will reach or exceed the mining depth of 1,000 m, with the deepest being 2,000 m. In the stage of deep
mining, mines will face the conditions of high stress, high temperature, high well depth, and strong mining disturbance, which will
greatly increase the difficulty of large-scale deep mining. Among them, the high ground stress environment is the principal
problem of many technical problems in deep mining. The selection of mining method has become a prerequisite for solving the
problem of efficient and safe mining of deep deposits. In this paper, the vague set theory was introduced into the selection of
mining methods and a vague set model for deep unloading mining schemes was established. Taking the Jinchuan No. 2 mining
area as the engineering background, four unloading schemes for deep mining were proposed, and the Vague set model was used
for optimization. It is concluded that the mining approach with large-section unloading is the optimal unloading mining plan. The
application shows that it has the advantages of high unloading efficiency, large production capacity, and low loss index. It has been
fully promoted in the deep mining of the mining area. It is feasible and effective to use the vague set theory in the selection of deep
unloading mining schemes, which provides a proper approach in the selection of deep unloading mining schemes.

1. Introduction

For mining companies, the proper mining method is the key
factor in determining their survival and development. How
to select the optimum mining method based on the actual
situation is an important problem [1-4]. With the gradual
advancement of mining to the deep, affected by the high-
stress environment [5, 6], deep mining is facing problems
such as low efficiency, insecurity, and high cost, and tra-
ditional mining models are difficult to adapt to the deep
deposit mining [7-9]. How to choose the optimum mining
method considering deep high-stress conditions to ensure

mining efficiency, reduce production risks, and improve
recovery efficiency is a technical problem for the mining
engineers and technicians, which needs to be urgently
solved.

In recent years, with the development of technology and
theories, many researchers have put forward methods and
theories for mining plan selection considering varied factors
[10, 11]. Until recently, it is more typical to use fuzzy
mathematics theory to optimize mining methods. On this
basis, methods and theories such as the gray correlation
method, analytic hierarchy process, catastrophe optimiza-
tion theory, and approximation to optimal solution theory


mailto:shengjia001@163.com
https://orcid.org/0000-0003-1816-185X
https://orcid.org/0000-0001-5261-7502
https://orcid.org/0000-0003-4974-4222
https://orcid.org/0000-0002-9060-9666
https://orcid.org/0000-0002-6161-7798
https://orcid.org/0000-0002-4475-0909
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6690861

have been developed, as well as the selection of mining
methods based on artificial intelligence algorithms proposed
in recent years with the development of artificial intelligence
algorithms [12]. However, the methods mentioned above are
all based on mathematical calculations. Compared with the
traditional engineering analogy method, it has the advan-
tages of strong objectivity and more accurate results. Because
there are many factors that affect the selection of mining
methods in actual application. It is necessary to select the
appropriate method to optimize the mining method
according to the type of conditions, that is, there are certain
limitations in all aspects, and there is no unified method of
mining method selection [13-15]. The most important factor
affecting the accuracy of the mining method selection
method is how to objectively quantify the uncertainty of
fuzzy sets in mining method selection.

Vague set theory was proposed by Gau and Buehre [16]
to solve the shortcomings of fuzzy set theory in practical
applications and to study mathematical methods that are
close to the way of thinking of human behavior. The ob-
jective is to help decision makers make the most accurate
judgments on the fuzzy factors encountered in actual de-
cision-making. Compared with other methods, the vague
sets consider three factors: true membership, false mem-
bership, and hesitation. It is more accurate and flexible in
expressing vagueness and uncertainty of information than
traditional fuzzy sets. Many intelligent systems, such as fuzzy
expert decision systems, data mining, and fuzzy recognition,
have been widely used [17].

Considering the importance of mining method selection
and the ambiguity and uncertainty of the process, this work
attempts to introduce the vague sets into the selection of
mining methods. We use the advantages of the theory in
fuzzy decision-making to uniformly quantify the various
parameters that affect the choice of mining schemes. This
work will help improve the accuracy of program selection
and provide a new idea for mining method selection.

2. Theory and Background of Vague Sets

According to [17], let X be a point or an object space in
which any element is represented by x, and a vague set Vin X
is represented by a true membership function ¢, and a false
membership function f,. t, (x) is the lower bound of the
membership degree of x derived from the evidence sup-
porting x, and f, (x) is the lower bound of the negative
membership degree of x derived from the evidence against x,
t, (x) and f, (x). A real number in the interval [0, 1] is
connected to each point in X. According to the above
definition, in the vague set, a subspace [t, (x), 1 - f, (x)] on
[0, 1] is used to limit the membership of x, where t, (x)
represents the true membership function of vague set V,
which represents the necessary degree of evidence sup-
porting x € X. (1 - f, (x)) represents the possibility of evi-
dence against x € X. In this way, the difference (1 -t, (x) - f,
(x)) can be used to express the uncertainty of x. If the
difference is small, it means that we can know x very ac-
curately; if the difference is large, it means that very little
aboutx;if 1 — f, (x) =t, (x), it means that we know x exactly;
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then, the vague set is the standard fuzzy set; if (1 - f, (x)) and
t, (x) is 1 or 0 at the same time, it depends on whether x
belongs to or not to the vague set. At this time, the infor-
mation about x is an accurate value, which means that the
vague set is a normal set [17].

When X is continuous, a vague set can be expressed as

Ve Ix[mx),; e 212) B 0

When X is discrete, a vague set can be expressed as

V= i lt, (xi)’Al -5 (xi)], x; € X. (2)

X

1

The vague set is an extension of a fuzzy set and ordinary
set, and its definition is consistent with them. Multiobjective
fuzzy decision-making is that the decision maker must make
the best choice under the constraints of all the set of con-
straints, that is, select the objective that best meets these
constraints from a set of multiple objectives. Suppose the
decision objective set M ={M;, My, ..., M,}, D={D1,D,, ...,
D,} is the set of constraint conditions, assuming that the
vague set represents the characteristics of the target M; under
the constraint condition D as

M; ={(Dy, [ti, 1= ful)s (Dys [t 1= fa])s

(3)
T (Dn’ [tiw 1- fin])}’

where t;; is the degree to which the decision objective Mi
satisfies the constraint condition D; and f;; is the degree to
which the decision objective M; does not satisfy the con-
straint condition D;. Assume that the decision maker wants
to select an objective in the decision objective set M while
satisfying the constraint conditions Dj, Dy, ..., D,, or satisfy
the constraint D;. That is, the request of the decision maker is
Dj and Dy and ... and D, or D,. The degree to which the
decision objective M; meets or does not meet the require-
ments is determined by the evaluation function F:

F(M;) =<[tij’ 1 —f]ij/\ [t 1 —fik]/\"'/\[tip>1 _fip]>
V[t 1= fli= [tM,’l - fM[]’
(4)

where A and V represent the operation of the intersection
and union of vague values; the values of t,;; and (1-fy;) are
shown in equations (5) and (6):

ty, = max(min(t;;, to -y, ), £ ) (5)
1- fo =max(min(1- f;,1= fyo- 1= f;,), 1= fi):
(6)

For the evaluation value F (M;) = [tas, 1 — fas], the voting
model is used to explain that the votes in favor of the vote are
tani» those who do not vote in favor of the vote are 1 — fyz;, and
the proportion of abstentions is & = 1 -, — f);. Suppose
x=[t,, 1 -f,] is a vague value on the universe V; then, the
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accuracy of x is represented by the scoring function Q, which
is expressed as

Q(x) e [-L, 1. (7)

Q(x):tx+fx+)t[1_t"27_fx],

Then,

Q(F(M;))) = "LMﬂLfM,»“L)t

>

[1 Iy, — fM,-]
2 (8)
‘Q(F(M;)) € [-1,1],

where A is the degree of neutrality, which represents the
degree of neutrality of the persons who abstained from
voting, and A [(1-t,—f,)/2] is the probability that the
neutral persons vote in favor of 1/2.

3. Vague Model considering Deep Unloading in
Mining Selection

For the high-stress mining environment, some scholars have
put forward many unloading mining theories, such as the
pressure arch theory, support pressure theory, maximum
horizontal ground stress theory and partition mining, slab
theory, pressure relief support theory, and axial deformation
theory [18, 19]. Based on these theories, the majority of
engineers have used similar simulations, numerical simu-
lations, and in-situ tests to conduct analysis and research,
carried out on-site practice, and achieved certain application
effects [20-22]. According to the vague theory, the target set
is the deep unloading mining plan, and the constraint set is
mining cost, ore production capacity, mining-to-cut ratio,
loss ratio, dilution ratio, unloading capacity, and other six
indicators. The model is constructed as follows:

(1) Apply numerical simulation to calculate the
unloading capacity of the scheme.

In this section, the FLAC3D code, which is popular
in mechanical analysis in underground mining, is
used to calculate and analyze the average stress value
of each scheme. The larger the value is, the worse the
unloading capacity is. After that, it is normalized to
reflect the actual unloading capacity of each plan.

(2) Determine the weight between various indicators.

The coeflicient of the variation method was used to
determine the weight of the five indicators. That is,
first normalize the mining cost, ore production ca-
pacity, and mining-cut ratio; then, the constraint
indicators of each plan was used to construct a
constraint matrix, calculate the mean, and standard
deviation of the matrix, and finally determine the
coeficient of variation and the weight of each index
in the matrix.

(3) Determine the vague value of each index.

According to the determined weight, delimit the
production capacity (K) and unloading capacity (X)

of the ore block as f; and the mining cost (C), the
mining-cut ratio (Q), the dilution ratio (H), and the
loss ratio (S) as fi; the calculation formula is as
follows:

t.

1

wK'x(1-H-8)+w,X, (9)

fi

where w; is the weight of the constraint and i rep-
resents each constraint index. The reason for de-
termining these components is they have
correlations, either positive or negative, with the
value of vague. The weight of each constraint index is
calculated and determined by the analytic hierarchy
process.

w,H + wS+ wC + w,Q, (10)

(4) Calculate the final score of each unloading mining
plan.

After determining the support t; and nonsupport f; of
the unloading mining plan, equations (7) and (8) are
used to calculate the score of each unloading mining
plan.

(5) According to the final score ranking of each
unloading plan, determine the optimal unloading
mining plan.

After obtaining the scores of various unloading
mining schemes, they are sorted, and the one with
the highest score is the optimal scheme. If there are
schemes with the same score, the one with the
smaller average stress value of the historical recovery
is taken.

4. Engineering Application

4.1. Background of the Engineering Case. Jinchuan Group
Co., Ltd. is China’s largest nickel ore resource production
base. The output of the second mining area accounts for
more than two-thirds. The ore production capacity has
exceeded 4.3 million t/a. It is one of the largest nonferrous
metal underground mines in China with the largest annual
production capacity, mechanization, and modernization and
the highest degree of filling mining method mines. At
present, the mechanized panel downward-layered horizontal
approach cemented filling mining method is mainly used to
realize the continuous mining of large areas in multiple
middle sections. The second mining area is about to fully
transitioned to the stage of resource recovery of the 1000 m
middle horizontal pillar, and it mainly faces many mining
technical problems. The joints and fissures of the ore rock are
developed, the stability of the surrounding rock is poor, the
fissure water is more abundant than the upper part, the
pressure of the stope is severe, and the deformation is severe
and difficult to control. The in-situ stress is large, mainly
including the rock layer’s own weight stress in the vertical
direction and the tectonic stress in the approximately
horizontal direction. The horizontal stress is 1.69 to 2.27
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(b)

FIGURE 1: Ground pressure deformation and failure map of Jinchuan No. 2 mining area. (a) Failure of the supporting system. (b) Failure of
the roadway.
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FIGURE 2: Design of the mechanized panel downward mining approach.
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1. Artificial pillar
2. Mining roadway
3. Mined roadway

4. Filled roadway
5. New roadway

FIGURE 3: Design of the partitioned unloading panel large-section downward mining approach.

times of the dead weight stress, and its maximum value is
50 MPa. The rock mass has obvious creep characteristics,
such as roof fall, slabs, floor heave, and roadway cross-
section reduction, as shown in Figure 1.

4.2. Schemes of Unloading Mining. According to the actual
situation of Jinchuan No. 2 mining area, we developed four
technically feasible mining planes including a mechanized
panel downward mining approach, a partitioned unloading
panel large-section downward mining approach, a parti-
tioned unloading panel downward segmented filling, and a
mining approach with large-section unloading access in the
zone. Each option is briefly described as follows.

4.2.1. Scheme I. Mechanized Panel Downward Mining
Approach. The height of the middle section of the ore body
mining is 100-150 m, and the height of the section is 20 m, as
shown in Figure 2. The approach (widthxheight is
4.0m x 4.0 m) is adopted for mining. It is divided into one
panel along the strike of 130-150 m, starting from the upper

middle section level and going down. The layered approach
is cemented and filled and recovered to the level of the lower
middle section, and the layers are alternately arranged in a
mesh pattern, that is, if the sectioned approach is arranged
along the direction of the ore body, the lower section will be
arranged vertically, and vice versa.

4.2.2. Scheme II: Partitioned Unloading Panel Large-Section
Downward Mining Approach. The height of the middle
section of ore body mining is 100 ~ 150 m, and the height of
sections is 20 m, as shown in Figure 3. The large-section
approach (width xheight is 4.0x4.0m) is adopted for
mining, and the unloading project is arranged along the
strike at 130-150 m, starting from the upper middle section
level. The level of the lower middle section is connected by
the layered approach until the cement filling and recovery to
the level of the lower middle section. The lowering operation
level is about 20 m ahead of the normal mining layered level.
If the section approach is arranged along the direction of the
ore body, it will be divided down. The segments are arranged
vertically and vice versa.
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1. Artificial pillar
2. Mining roadway
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FIGURE 4: Scheme of partitioned unloadin

4.2.3. Scheme III: Partitioned Unloading Panel Downward
Segmented Filling Approach. The height of the middle sec-
tion of the ore body mining is 100-150 m. The height of the
section is 20m, as shown in Figure 4. A panel is arranged
along the direction of the ore body 130-150 m. The lower
section is vertical to the direction of the ore body. The panel
area is divided into a number of vertical mining filling vertical
strips every 5 m. The bottom of the vertical strips is a medium-
deep hole rock drilling roadway with a width of 5m and a
height of 4 m. The vertical strips are filled with step-by-step
interval stope, and the stoping method of interval 1-by-1 can
be used, that is, No. 1, No. 3, No. 5, ... roadways are taken.
Then, the cementation is filled in, and then, excavate the No.
2, No. 4, and No. 6, roadways and mine the ores using the
medium and deep hole method.

4.2.4. Scheme IV: Mining Approach with Large-Section
Unloading Access. The height of the middle section of the
ore body mining is 100-150 m, and the section height is
20 m, as shown in Figure 5. The ore body is divided into

J

4. Filled roadway
5. New roadway

g panel downward segmented filling approach.

layers every 5 m from top to bottom. At each layer level, the
layered roadway is firstly driven along the periphery of the
ore body as workers, ventilation, and haulageway. The
roadways are supported by concrete for the first unloading.
During mining, the roadway is firstly driven along the pe-
riphery of the panel, and the horizontal stress from any
direction is unloaded for the second time. The roadway will
be cemented and filled after the stratified mining is com-
pleted. After unloading the subdivision layer of the pan, a
large-section approach (width xheight is 5.0x4.5m) is
adopted for stope.

4.3. Parameters of the Model. For the four proposed
unloading mining schemes, FLAC3D is used for modeling and
analysis, and the maximum principal stress before and after
unloading and the range and degree of stress concentration are
calculated and compared. The middle section of the mining
area Section #1000 is selected as the research section, the
simulated excavation level is 1058 segments, and the model
size is 720mx 600 mx180m. Since Jinchuan adopts an
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FIGURE 5: The mining approach with large-section unloading access.

underhand cut-and-fill mining method [23, 24], the roof of the
ore body is a filling body, as shown in Figure 6. The sur-
rounding rock parameters are selected with reference to Ta-
ble 1. All the parameters of both the rock and filling materials
are obtained according to the experiment reports in the rock
lab. The size of the model was set according to the excavation,
which is about 2-5 times of the openings. The surrounding
gradient stress was applied and the bottom face was fixed.
Numerical simulation was carried out according to the
mining steps of the four schemes, and the mining distur-
bance of a panel is selected as the research object. The
maximum principal stress distribution of the four schemes
after mining a segment is shown in Figures 7 and 8.
According to the maximum principal stress distribution
cloud map after mining a subsection according to the four
schemes, it can be found that the stress concentration area is
mainly distributed at the bottom plate on both sides of the
excavation area. After the stoping and backfilling of sub-
section is completed, the stress distribution is not much
different. However, through the stress changes of the backfill

monitoring points, it is found that the stress change history
of the four plans in the historical mining process is quite
different. As listed in Table 2, the average stresses of the four
options of historical recovery are 58.28 MPa, 54.25 MPa,
80.50 MPa, and 38.63 MPa, respectively. From the per-
spective of mining stability, stable stress changes are more
conducive to the stability of rock formations and backfills.
Therefore, from the analysis of mining stability, Scheme IV
should be the optimum approach for the mining area.
According to the description of the above unloading
mining plan, the production capacity, mining-cut ratio, di-
lution ratio, loss ratio, mining cost, and other indicators of the
ore block are calculated. The results are shown in Table 3. It
can be seen from Table 3 that the panel production capacity of
Scheme III is the largest and Scheme I is the smallest; the
production cost of Scheme IV is the highest, and Scheme III is
the smallest; the pick-to-cut ratio is the largest in scheme II
and scheme I is the smallest; the dilution loss ratio is con-
trolled at about 5%, the dilution loss ratio of scheme three is
the largest, the loss ratio of scheme IV and scheme I are the
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Filling body
rock area area area rock
Ore body

Zone
Color: Group Any
m 2
m3
w4
F1GUre 6: The numerical model of the mining area Section #1000.
TaBLE 1: Mechanical parameters of the model.
Density UCS UCS Tensile Cohesion Friction Elastic Poisson’s Bulk Shear
Type (ke/m’)  (MPa) (MPa) strength (MPa) angle () modulus ratio modulus  modulus
5 (MPa) & (GPa) (GPa) (GPa)
f:crlzoundmg 3000 3919 3919 1.72 2.10 36.19 15.89 0.25 8.63 2.88
Ore body 3200 22.24 22.24 0.18 1.09 38.45 2.99 0.26 1.96 0.62
Filling 2800 523 523 0.50 0.76 36.60 0.81 0.32 0.87 0.57
material
Contour of min. principal stress Contour of min. principal stress
Plane: on Plane: on
Calculated by: volumetric averaging Calculated by: volumetric averaging
~4.6051E + 05 ~4.6885E + 05
~2.5000E + 06 ~2.5000E + 06
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~3.7500E + 07 ~3.7500E + 07
~3.8453E + 07 ~3.9194E + 07

Figure 7: Continued.
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FiGUure 7: The maximum principal stress distribution cloud diagram of the four schemes (the contour of min. principal stress shown in
FLAC code is the max. principal stress). (a) Scheme (I). (b) Scheme II. (c) Scheme III. (d) Scheme IV.
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Figure 8: Continued.
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F1GURE 8: The stress changes at the monitoring points of the roof fillings of the four schemes. (a) Scheme (I) (b) Scheme II. (c) Scheme III. (d)
Scheme 1V.

TaBLE 2: Comparison of the unloading capacity of four schemes.

Scheme Maximum stress (MPa) Normalization
I 58.28 0.58
II 54.25 0.66
111 80.50 0.10
v 38.63 1.00

TaBLE 3: Technical and economic indicators.

Production

Schemes capacity Cost Ratio of mined tonnage to development (m/kt) Dilution ratio (%) Loss ratio (%) Unloachng
(t/d) (Yuan/t) capacity

I 817 5.06 3.25 4.71 2.06 0.58

II 987 4.65 6.50 5.01 2.07 0.66

III 1195 3.41 542 6.41 532 0.10

v 850 5.50 4.67 4.82 2.06 1.00

TaBLE 4: Normalization of the economic indicators.

Scheme Production capacity (t/d) Cost (Yuan/t) Ratio of mined tonnage to development (m/kt)
I 0.89 0.29 0.10

II 0.54 0.47 0.10

III 0.10 1.00 0.40

v 1.00 0.10 0.61
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TaBLE 5: The corresponding values in vague set theory.

Scheme t fi Vague set
I 0.30 0.12 0.56
II 0.27 0.18 0.58
111 0.04 0.41 0.59
v 0.40 0.17 0.68

TaBLE 6: Comparison of the economic index of before and after the unloading mining.

Parameters Before After
Supporting cost (Yuan/t) 3.21 1.10
Capacity of production (t/d) 562.00 817.00
Dilution ratio (%) 5.74 4.71
Loss ratio (%) 5.61 2.06
Ratio of mined tonnage to development (m/kt) 8.65 3.25
Mining cost (Yuan/t) 10.21 5.06
Maximum principal stress in the stope area (MPa) 85.67 58.28

FIGURE 9: Failure patterns of the roadway (a) before and (b) after the adopted scheme IV.
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smallest, and the dilution ratio of scheme I is the smallest.
In terms of unloading capacity, scheme IV has the largest
unloading capacity and scheme III has the worst unloading
capacity. It can be seen from the above discussion that the
four unloading mining schemes can all achieve good
technical production indicators, but the unloading capacity
is quite different, and further calculations are needed.

4.4. Determination of Values of Varied Vague Sets. To de-
termine the values of vague sets in varied schemes, we firstly
normalized the production capacity, mining cost, and
mining-cut ratio. All the results are listed in Table 4. Then, f;
and f; of each scheme according to equations (9) and (10)
were calculated. The neutrality A is 0.5 in this calculation. The
vague values of each scheme are listed in Table 5.

5. Results and Discussion

According to Table 5, it can be seen that the vague value of
Scheme IV is the maximum, and the optimal unloading
mining scheme is the mining approach with large-section
unloading access in the zone. The economic indicators are
listed in Table 6. Figure 9 shows the failure patterns of the
roadway before and after the proposed approach. Field
practice shows that the use of the mining method with large-
section unloading (Scheme IV) can release ground pressure
in advance, transfer the direction and scope of the ground
stress, and compare the actual economic and technical in-
dicators before and after implementation.

According to the results, the calculation results are
greatly affected by the method of data standardization,
and further research should be carried out from the data
processing method to explore the most suitable data
processing method of the vague set optimization model.
The quantification of unloading capacity may deviate
from the actual unloading capacity of the scheme. The
calculation results of numerical simulation are based on
the assumption of isotropy. For a more realistic response
to the actual unloading capacity of the plan, it is rec-
ommended to use the in-situ stress data in the actual
production process, or to establish a large-scale data
model of the whole mine so that the numerical simulation
results fit the actual situation. When using this model to
select unloading mining schemes, the calculation results
are only for reference, and other aspects should be
considered in the actual application before making a
decision.

6. Conclusions

The vague set theory was introduced into the selection of
mining methods, and this work establishes a vague set model
for deep unloading mining schemes. The following con-
clusions are achieved:

(1) The vague model of the deep unloading mining
scheme was established, and the calculation method of
ore production capacity, mining cost, mining-to-cut
ratio, dilution ratio, loss ratio, and unloading capacity
into ¢; and f; values was introduced.
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(2) The maximum principal stress and stress concen-
tration range of the scheme was compared through
numerical simulation, and the unloading coeflicient
of the scheme was determined. We took the Jinchuan
No. 2 mining area as the engineering background
and conducted engineering case analysis. Four
unloading schemes for deep mining were proposed
and compared.

(3) The vague values of four schemes are 0.63, 0.45, 0.50,
and 0.49, respectively. According to the vague set
value, the optimal unloading mining scheme is
chosen to be the mining approach with large-section
unloading. The availability and effectiveness of the
vague model of the deep unloading mining scheme
were finally verified.
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