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A new model is established to analyze mining stope stability, using variable weight theory to calculate the index weight for each
factor in different stopes and unascertained measure evaluation technique to predict the risk grade of stope stability. In this
model, an evaluation index system by virtue of the 7 most important factors is established, including rock saturated uniaxial
compressive strength, rock quality designation, rock joint and fissure, stope span, condition of pillar, groundwater seepage
volume, and rate of supporting pit roof. And each index is divided into 5 grades by assignment value and the classification
method of standardization. Accordingly, the analysis result is also classified into 5 risk grades. This model is used for the 6 main
stopes from the -270m section in Xin-Qiao Mine, China. The results, giving risk grade for each stope and guiding the use of
corresponding measures, avoided the problem of state out of balance caused by conventional invariable weight theory models
and have ensured no accident occurred in mining production in recent years. This model can be used in other mines widely, by
assigning values for the 7 factors on basis of current in situ cases.

1. Introduction

During recent decades, underground space stability problems
in both mining industry and underground shelter of civil
defense projects have drawn enormous attention [1–3];
therefore, it has been studied by many researchers globally.
Research on the stability analysis not only ensures the safety
of these underground structures but also provides guidelines
to the design and construction of these structures economi-
cally. Although a lot of research has been performed in this
area, yet, a general method that is able to consider some sig-
nificant factors affecting the performance of underground
space stability is still lacking. Underground mining stope sta-
bility analysis is the focus of this paper, which can also be
extended to the applications of tunneling and other under-
ground projects.

Stope stability is a crucial factor for selecting the mining
method and ground pressure controlling method, which is
closely related to the mining safety and efficiency. Many
achievements of stope stability analysis have been obtained
from traditional analysis methods, such as the data mining
method [4, 5], fuzzy matter-element evaluation model [6],
fuzzy-ideal point method [7], and numerical simulation [8,
9]. However, stope stability is, to a large extent, affected by
geological conditions, mining method, ore structure, and
many other ambiguous factors. Those factors are in mutual
contact with variables and fuzzy characteristics and cannot
be characterized quantitatively [10]. In addition to the com-
plexity and systematic features of stope stability [10], these
traditional analysis methods also exist some problems in
the application such as complex calculation, narrow adaptive,
and low credibility according to the above-mentioned
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references. To address those complicated problems, invari-
able weight theory which adopts an invariable index weight
for each factor was adopted to analyze and resolve the stope
stability [11]. However, there is an outstanding commonly
encountered problem, i.e., out of balance [11], caused by
the invariable weight theory. The fatal problems lead to
the analysis results far from the reality with estimation
value approaching to the borderline state, especially when
a factor with low index weight plays an important role.
This phenomenon affects the treatment measures dramat-
ically and was particularly outstanding in Xin-Qiao Mine.
Thus, a new analysis method and model should be pro-
vided to analyze the stope stability and other underground
engineering.

In this study, a model combining variable weight theory
[12] and unascertained measure evaluation is developed to
analyze underground mining stope stability based on previ-
ous research. The 7 most important factors, including rock
saturated uniaxial compressive strength, rock quality desig-
nation, rock joint and fissure, stope span, pillar property,
groundwater seepage volume, and rate of supporting pit roof,
are taken into consideration to establish the evaluation index
system. The index weight of each factor was calculated using
AHP (Analytic Hierarchy Process) and variable weight the-
ory. Then, the risk grade prediction of stope stability was cal-
culated according to the unascertained measure evaluation
criteria. Variables and ambiguous factors influencing stope
stability were taken into consideration in this model, which
is in line with the engineering situation showing superiority
to traditional models and methods. Compared to the invari-
able weight theory, this model can avoid the out of balance
problem effectively according to the application in Xin-
Qiao Mine and provides a new approach for stope stability
analysis.

2. Analysis Model

2.1. Unascertained Measure Evaluation Theory. The concept
of unascertained information and its mathematical process-
ing theory was first proposed by Wang [13]. Developed on
the basis of mathematical processing theory, the unascer-
tained measure method has been widely applied to the study
of science and engineering [14–16]. Its theory can be
expressed as follows:

Suppose X1, X2,⋯::Xn are n objects to be optimized, and
the optimization object space is X = fX1, X2, X3,⋯⋯ , Xng.
Each object of Xiði = 1, 2,⋯:,nÞ has m evaluating indices, so
the evaluating index space is X = fx1, x2, x3,:⋯⋯, xmg.
Then, Xi can be denoted as m-dimension Xi = fxi1, xi2, xi3,:
⋯⋯, ximg, where xij is the measured value of optimization
objectXi with respect to the evaluating index xj. The evaluation
space is U, denoted as U = fC1, C2,:⋯⋯, Cpg. Suppose Ck

ðk = 1, 2,⋯, pÞ is the kth evaluation grade, and the kth grade
is higher than the (k + 1)th one, denoted as Ck > Ck+1. If the
grading rank fC1, C2,:⋯⋯, Cpg satisfies C1 > C2 > ::⋯ >
Cp or C1 < C2 < ::⋯ < Cp, fC1, C2,:⋯⋯, Cpg is called the
ordered partition class of evaluation space U.

2.2. Construction of Unascertained Measurement Function of
a Single Index. Denote the unascertained measurement as
μijk = μðxij ∈ CkÞ, where μij is the degree of xij belonging to
the kth evaluation grade of Ck, which satisfies

0 ≤ μ xij ∈ Ck

� �
≤ 1 i = 1, 2,⋯, n ; j = 1, 2,⋯,m ; k = 1, 2,⋯, pð Þ,

ð1Þ

μ xij ∈U
� �

= 1 i = 1, 2,⋯, n ; j = 1, 2,⋯,mð Þ, ð2Þ

μ xij ∈ ∪
k

l=1
Cl

����
���� = 〠

k

l=1
μ xij ∈ Cl

� �
k = 1, 2,⋯, pð Þ: ð3Þ

Then, μ satisfying Equations (1)–(3) is called unascer-
tained measurement, and ðμijkÞm×p is the unascertained mea-

surement function of a single index:

μijk

� �
m×p

=

μi11 μi12 ⋯ μi1p

μi21 μi22 ⋯ μi2p

⋮ ⋮ ⋱ ⋮

μim1 μim2 ⋯ μimp

2
666664

3
777775
: ð4Þ

2.3. Determination of Weight. The invariable weight vector
that was used in the previous analysis model reflected the
relative importance of each factor under ideal status. The
variable weight theory which was proposed by Wang [17]
emphasizes the index weight of factor changes with the status
value of factor. Due to allowing the weight to be variable, the
theory can remedy the error of invariable weight decision.
Therefore, some research has investigated the correlation
theory between state variable weight vector and structure bal-
ance function. For example, the structure balance functions
of sum, product, and exponential type were successfully
applied [18–20].

Invariable weight can be calculated by the AHP method
before variable weight calculation [21]. Then, a variable
weight vector is constructed based on variable weight theory.
Suppose factor state vector X = ðx1, x2,⋯⋯ , xnÞ satisfies the
three definitions as follows [17]:

Definition 1. The n mapping wjðj = 1,⋯, nÞ, ½0, 1�n ⟶
½0, 1�, ðx1,⋯, xnÞ⟶wjðx1,⋯, xnÞ that satisfies normaliza-
tion, continuity, and monotonicity is defined as a group var-
iable weight.

(1) Normalization: ∑n
j=1wjðx1,⋯, xnÞ = 1

(2) Continuity: every variable of the vector wjðx1,⋯, xnÞ
ðj = 1,⋯, nÞ is continuous

(3) Monotonicity: the vector wjðx1,wjðx1,⋯, xnÞ ðj = 1,
⋯, nÞ is monotonically reduced or monotonously
increased based on arguments xj
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Supposing WðXÞ = ðw1ðXÞ,⋯,wnðXÞÞ is a variable
weight vector.

Definition 2. Suppose a mapping S : ½0, 1�n ⟶ ½0, 1�n, X
⟶ SðXÞ = ðS1ðXÞ,⋯, SnðXÞÞ satisfies the next 3 conditions:

(1) xi ≥ xj = >⟹SiðXÞ ≤ SjðXÞ
(2) Every argument of vector SiðXÞðj = 1,⋯, nÞ is

continuous

(3) To any invariable weight vector W = ðw1,⋯,wnÞ,
Equation (5) satisfies Definition 1

W Xð Þ = W ⋅ S Xð Þ
∑n

j=1 wjSj Xð Þ� � , ð5Þ

where vector W · SðXÞ = ðw1S1ðXÞ,⋯,wnSn ðXÞÞ is called
the Hadamard product.

So the mapping is a n-dimension penalty type state
variable weight vector. The state variable weight vector is
the gradient vector of a m-dimension real function. Then,
the real function is the balance function. Based on two types
of variable weight vector, penalty type balance function is
defined as follows:

Definition 3. Amapping: ½0, 1�m⟶ R (real number set) is a
m-dimensional balance function. So the function has contin-
uous partial derivations, and the gradient vector of this func-
tion is a state variable weight vector. Generally, balance
function is constructed based on an actual situation. The
steps of constructing balance function are as follows:

Step 1. Selecting the type of balance function from sum
type, product type, and exponential type.

Step 2. Relationship between weight and factor state
value.

Step 3. Selecting an appropriate adjusting factor.

2.4. Construction of Unascertained Measurement Function of
Multiple Indices. Based on the unascertained measurement
function of a single index and weight, the unascertained
measurement function of multiple indices can be worked
out as follows:

μikð Þn×p =

μ11 μ12 ⋯ μ1p

μ21 μ22 ⋯ μ2p

⋮ ⋮ ⋱ ⋮

μn1 μn2 ⋯ μnp

2
666664

3
777775
, ð6Þ

where μik satisfies 0 ≤ μik ≤ 1 and μik =∑n
i=1Wi ⋅ μijk ðk = 1,

2,⋯, pÞ.
2.5. Credible Degree Identification and Result Judgment. In
order to get the final results of the stope stability analysis,
the credible degree criteria are introduced. Suppose λ
(λ ≥ 0:5, generally take 0.5 or 0.6) is denoted as the credible

degree ([14]). If the evaluation space fC1, C2,⋯, Cpg is
ordered and meets C1 > C2 >⋯>Cp, and let

p0 = min p : 〠
p

k=1
μik > λ, i = 1, 2,⋯,n

�����

�����: ð7Þ

Then, Xi belongs to the p0th evaluating grade of Cp0.

2.6. Construction of the Evaluation Index System. Stope sta-
bility is influenced not only by geological conditions but also
by the mining method, ore structure, and so on. The evalua-
tion index, which is outstanding and easy to obtain, should be
taken into consideration to ensure as few indices as possible
can reflect the most important and comprehensive informa-
tion. The 7 most important factors, including rock saturated
uniaxial compressive strength (I1), rock quality designation
(I2), rock joint and fissure (I3), stope span (I4), pillar prop-
erty (I5), groundwater seepage volume (I6), and the rate of
supporting pit roof (I7), are chosen to construct the evalua-
tion index system according to the practical situation in
mines and a lot of previous studies (e.g., Refs. [6, 7, 9, 22–
24]) for Xin-Qiao Mine, being suitable for others. By means
of assignment value, the qualitative index can be easily con-
verted to a semiquantitative index which is used in the model
mentioned above, so more accurate forecasting results are
achieved. By the classification method of standardization,
each index is divided into 5 grades with set fC1, C2, C3, C4,
C5g. And, the stope stability analysis result was also denoted
into 5 grades as very stable (grade I), stable (grade II), general
stable (grade III), unstable (grade IV), and extremely unsta-
ble (grade V).

The unascertained measurement functions of a single
index are constructed to get the value of the analysis factors,
on the basis of the unascertained measurement function and
the classification in Tables 1 and 2. The unascertained mea-
surement function of each quantitative index is illustrated
in Figure 1. It should be noted that the unascertained mea-
surement function of one certain quantitative index is shown
in Figure 2, where βi, βi+1, and βi+2 are the average values of
the corresponding grades based on the classification criterion
(Table 1). According to the distance between the intersection
point of the measured value x0 and the measure function line
and the Y-axis projection, the unascertained measure corre-
sponding to the measured value can be obtained.

3. Application

3.1. Determination of the Evaluation Function of
Unascertained Measurement. Xin-Qiao Mine is located in
the special industrial area in Tongling City, Anhui Province,
China. Our investigation selected the 6 main stopes from the
-270m section as research subjects. The stope of Xin-Qiao
Mine is shown in Figure 3. The index values of the 7 factors
mentioned above are surveyed and given in Table 3 [25].
Then, the unascertained measurement function of a single
index could be obtained, according to the classification crite-
rion in Tables 1 and 2, Figure 1, and the values given in
Table 3.
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Table 1: Classification criterion of quantitative indices.

Classification
standard

Saturated uniaxial
compressive strength (I1)

(MPa)

Rock quality
designation (I2)

(%)

Stope span
(I4) (m)

Groundwater seepage volume
(I6) (L·min-1·(10m)-1)

The rate of supporting
pit roof (I7) (%)

C1 >200 ≥90 ≤10 ≤5 ≥70
C2 200~100 90~75 15~10 10~5 60~70
C3 100~50 75~50 30~15 25~10 50~60
C4 50~25 50~25 50~30 50~25 35~50
C5 ≤25 <25 >50 >50 <35

Table 2: Classification criterion of qualitative indices.

Classification
standard

Value Situation of joint development (I3) Situation of pillar (I5)

C1 1 Joint is undeveloped, joint spacing ≥ 3m Rock is completed and no fracture

C2 2
Joint is undeveloped, joint spacing 1~3m, rocks are cut into

giant block rock
There are some fractures around the corner

C3 3
Joint is little developed, joint spacing 0.4~1m, rocks are cut

into block rock
There are cracks on the pillar, and the crack

widths < 5mm

C4 4
Joint is developed, joint spacing 0.2~0.4m, rocks are cut

into stone
There are cracks on the pillar, and the crack widths

are 5-10mm

C5 5
Joint is very developed, joint spacing < 0:2m, rocks are cut

into crushed stone
The pillar is broken into bulk, the expansion of

fracture through the pillar
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Figure 1: Unascertained measurement function of each quantitative index.
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Taking W501 stope as an example, the evaluation func-
tion of unascertained measurement was calculated as

μ1jk

� �
7×5

=

0 0 0:3581 0:6419 0
0 0 0:3800 0:6200 0
0 0 1 0 0
0 0:9500 0:0500 0 0
0 1 0 0 0
0 0:1300 0:8700 0 0
0 0:9902 0:0098 0 0

2
666666666666664

3
777777777777775

: ð8Þ

3.2. Calculation of Invariable Weight. Based on AHP, the
decision matrix, which utilizes the ratio form to express the
relative importance of two indices ([26, 27]), was given as

D½ � =

1 5/3 10/9 7/4 7/5 1 5/4
3/5 1 4/5 7/6 7/6 10/7 5/4
9/10 5/4 1 7/5 7/5 9/10 10/9
7/4 6/7 5/7 1 5/4 2/3 2/3
5/7 6/7 5/7 4/5 1 4/7 6/7
1 2/3 10/9 3/2 7/4 1 5/3

4/5 4/5 9/10 3/2 7/6 3/5 1

2
666666666666664

3
777777777777775

:

ð9Þ

The index weight of the 7 factors W was determined by
AHP: W = f0:180, 0:144, 0:157, 0:111, 0:110, 0:167, 0:131g.
3.3. Calculation of Variable Weight

3.3.1. Normalization of Index Matrix. Only data in the same
dimension and unit can be compared. Normalization pro-
cessing must be made for contrast in the data that has

different dimensions and units. Standard decision matrix
B = ðbijÞm×n can be treated as follows:

Benefit index largermeans betterð Þ: bij =
aij −min aij

� �
max

i
aij
� �

−min
i

aij
� � ,

Cost index smallermeans betterð Þ: bij =
max aij

� �
− aij

max
i

aij
� �

−min
i

aij
� � :

ð10Þ

Through normalization processing of data, a normal-
ized index matrix is obtained in Table 4.

3.3.2. Construction of Variable Weight Vector. Constructing a
variable weight vector is the foundation of using variable
weight theory. Index variable weight vector has some
advantages such as good extension ability and flexible param-
eter setting. Index variable weight vector was chosen in this
paper. The variable weight vector, SðXiÞ = ðS1XiÞ, ðS2XiÞ,⋯,
SnðXiÞÞ, can express as follows:

Sj Xið Þ =
e−α xij−βð Þ xij ⩽ β

� �
,

1 xij > β
� �

,

8<
: ð11Þ

where j = 1,⋯, n ; α ≥ 0 ; 0 < β ≤ 1, β is negative level. When
the state values xij of j index is less than β, the weight of j index
improves through using the variable weight vector. The α
which is called penalty level reflects the index balance of deci-
sion directly. And the bigger the α value, the more significant
the penalty effect. In real application, α and β were set based
on decision requirements.

3.3.3. Calculation of Variable Weight. According to the char-
acteristics of this decision, take α = 0:9, β = 0:15, so variable
weight can be obtained for each stope.

WW501 = 0:187, 0:142, 0:154, 0:109, 0:112, 0:168, 0:128f g,
WW507 = 0:178, 0:143, 0:155, 0:112, 0:109, 0:166, 0:137f g,
WE01 = 0:183, 0:143, 0:156, 0:110, 0:110, 0:167, 0:131f g,
WE07 = 0:184, 0:147, 0:155, 0:109, 0:108, 0:165, 0:132f g,
WE16 = 0:180, 0:144, 0:157, 0:111, 0:110, 0:167, 0:131f g,
WE23 = 0:175,0:140, 0:160, 0:110, 0:117, 0:170, 0:128f g,

ð12Þ

where WW501, WW507, WE01, WE07, WE16, and WE23 are
the variable weights for the 6 stopes considered in this
paper.
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Figure 2: Unascertained measurement function of one certain
quantitative index.
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3.3.4. Optimization Results Recognizing. The unascertained
measurement function of multiple indices calculated from
Equation (6) was given as

μikð Þ6×5 =

0:1290 0:2136 0:2838 0:3727 0:0000
0:1140 0:0575 0:4105 0:2821 0:1360
0:2220 0:1269 0:4365 0:4145 0:0000
0:0000 0:0927 0:1554 0:5383 0:2137
0:0360 0:2162 0:1434 0:4374 0:1670
0:3699 0:5181 0:1110 0:0000 0:0000

2
666666666664

3
777777777775

:

ð13Þ

The credible degree was taken as 0.5. According to the
variable and invariable weight theory and credible degree

identification criteria, the risk grade of stope stability could
be obtained in Table 5.

Based on the analysis, the conclusions can be drawn as
follows:

(1) E23 stope is stable, and the risk grade is allowable.
Normal mining production and management are
acceptable

(2) W501, W507, and E01 stopes are generally stable.
The risk grade can be accepted, but with the contin-
ual supervision and monitor during mining

(3) E07 stope and E16 stope are unstable. The risk grade
can be accepted reluctantly. Lots of measures must be
taken, such as supporting stope, decreasing mining
intensity, and increasing security monitoring efforts

(4) The four indices, including rock saturated uniaxial com-
pressive strength (I1), groundwater seepage volume (I6),
rock joint and fissure (I3), and rock quality designation
(I2), are the most influential factors of stope stability

(5) The groundwater seepage volume (I6) of E07 stope
and E16 stope are larger than others, the rock quality
designation (RQD) of E07 stope is lower than others,
and the supporting pit roof of W507 stope is lower
than others. Then, the weights were changed in the
calculation of variable weight for different stopes. If
the risk grade cannot be accepted due to some indices
tending to ultimate value, the workers must respond
to the indices to reduce risk grade effectively

Rock joint
Rock fissure

Figure 3: The stope of Xin-Qiao Mine.

Table 3: Index values.

No. I1 (MPa) I2 (%) I3 I4 (m) I5
I6 (L·min-1·
(10m)-1)

I7 (%)

W501 50.7 47 3 13 2 27.3 80

W507 94.7 64 4 10 3 32.7 30

E01 76.8 66 3 12 4 32.7 55

E07 65.3 38 4 14 4 53.1 40

E16 160 51 4 16 4 63.8 45

E23 155 73 2 10 1 22.6 75

Table 4: Normalized index matrix.

No. I1 I2 I3 I4 I5 I6 I7
W501 0.084 0.139 0.150 0.173 0.111 0.118 0.246

W507 0.157 0.189 0.200 0.133 0.167 0.138 0.092

E01 0.127 0.195 0.150 0.160 0.222 0.141 0.169

E07 0.108 0.112 0.200 0.187 0.222 0.229 0.123

E16 0.266 0.150 0.200 0.213 0.222 0.276 0.138

E23 0.257 0.215 0.100 0.133 0.056 0.098 0.231

Note: I4 and I6 are cost index.

Table 5: Analytically obtained risk grade of stopes’ stability.

No. Risk grade

W501 III

W507 III

E01 III

E07 IV

E16 IV

E23 II
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4. Conclusions

From the research, the main conclusions can be drawn as
follows:

(1) The evaluation index system is crucial in this work;
the 7 most important factors mentioned above are
taken into consideration in Xin-Qiao Mine, being
suitable for others. Then, each index was divided into
5 grades by the means of assignment value and the
classification method of standardization, and the
analysis result was also denoted into 5 risk grades

(2) The weights were calculated by variable weight
theory to avoid the “state out of balance” problem
caused by invariable weight theory. The model was
used in Xin-Qiao Mine, and the results show that this
model has been improving the precision of stope
stability analysis effectively and playing a good guiding
role. The corresponding measures have been taken
according to the research results to ensure that no acci-
dent occurred in mining production in recent years

(3) It is a new method to analyze stope stability, being
practical and efficient, which can not only divide
the stability grade of stope being produced but also
reflect the risk grade about mining empty area objec-
tively. The model can be used in other mines through
assigning values for the 7 factors, and the evaluation
index system and classification for each index can
be improved to get better results
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