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In this paper, combined with fuzzy analytic hierarchy process (FAHP), information entropy theory, and set pair analysis (SPA)
theory, an improved set pair analysis model (EFAHP-SPA) for open-pit mine slope stability evaluation based on entropy method
and FAHP is proposed. Taking the east-side slope of Tonglvshan north open-pit mine in Daye as an example, the proposed method
is verified. First, an open-pit mine slope stability evaluation index system with 14 indicators in 4 categories, namely the topography
and geomorphology, geological structure, hydrogeology, and other factors, have been constructed. Second, the objective weight
and subjective weight of each evaluation index are calculated by entropy and fuzzy analytic hierarchy process, and then the
comprehensive weight of the evaluation index is estimated based on subjective weight and objective weight. Afterward, the single-
index connection degree between the evaluation index and the evaluation standard of the secondary subsystem is evaluated
considering the improved set pair analysis theory, and the comprehensive connection degree of the system is obtained by
combining it with the comprehensive weight of each evaluation index. Finally, the confidence criterion is established to discern the
risk grade of slope stability in the east-side slope of the north open pit in Daye Tonglvshan mine. Moreover, case studies and
comparisons of the proposed model with fuzzy comprehensive evaluation method and Entropy-SPA model were performed to
confirm the validity and reliability. The results show that the evaluation results of the proposed EFAHP-SPA model are consistent
with the actual situation of open-pit mines and the evaluation results of entropy-SPA model and are somewhat different from
those of fuzzy comprehensive evaluation method. It indicates that the proposed EFAHP-SPA evaluation model can objectively
evaluate the slope stability of the open-pit mine.

1. Introduction

With the increasing scale and depth of open-pit mining, the
collapse and landslide geological disasters caused by mining
occur frequently, which seriously affects the production
safety of the mine as well as the surrounding buildings [1-3].
To reduce the loss of human life and property and ensure the
normal operation of equipment, it is necessary to accurately
evaluate the slope stability of open-pit mine. Slope stability
evaluation is a multifactor, uncertain nonlinear problem,
such as complicated external disturbance and the changeable
geological environment, which makes the multifactor in-
fluence mechanism unable to be quantified, and there is no

unified evaluation index and dimension for each influencing
factor, and the acquisition of physical and mechanical pa-
rameters also has one-sidedness and uncertainty [4-6].
Therefore, the slope stability rating of open-pit mine has
always been one of the main problems in slope engineering.

In the last few decades, with the continuous expansion of
open-pit mining scale and the complexity of rock and soil
storage environments, the traditional slope stability analysis
theory faces a major challenge in engineering [7-9]. For
instance, the engineering analogy method is a widely ap-
plicable qualitative analysis method for slope stability
evaluation [10, 11]. Owing to the uncertainty of influencing
factors and the difference of engineering geological
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conditions, the evaluation process lacks a unified standard,
leading to the results varying from person to person. The
limit equilibrium method and numerical modelling are two
of the most widely used quantitative analysis methods in
slope stability evaluation [10, 12, 13]. Both give convenient
solution of safety factor with clear physical meaning, but the
application of the two methods in engineering practice has
been limited by some defects. For limit equilibrium
methods, certain hypothetical conditions need to be met in
the calculation before they can be solved [14, 15]. For nu-
merical simulations, the accuracy of the evaluation results
depends too much on the selection of geotechnical consti-
tutive models and physical and mechanical parameters
[16, 17]. In reality, there are unstable slopes where the factor
of safety of the slope is greater than 1. It is precisely the
existence of these uncertain factors that bring great chal-
lenges to the study of slope stability. With the deepening of
research, there is a development trend of mutual reference
and cross-integration of various nonlinear methods.

For this reason, many experts and scholars have put
forward the multi-index evaluation models of slope stability
combining qualitative and quantitative in recent years, such
as fuzzy comprehensive evaluation [18, 19], analytic hier-
archy process (AHP) [20], Topsis theory [21, 22], artificial
neural networks (ANNs) [23, 24], and extension method
[25, 26]. Although the aforementioned research results have
made great progress, there are still some limitations due to
the different emphasis of various evaluation methods. For
example, fuzzy comprehensive evaluation method cannot
effectively solve the problem of information duplication
caused by the correlation of evaluation indexes, which affects
the evaluation accuracy; the weight determined by analytic
hierarchy process (AHP) is greatly influenced by subjective
factors. The deformation and instability of open-pit slopes
occur under the common influence of many factors. Owing
to the different mechanism of various influencing factors, it
is inevitable to deal with multiple types of uncertainty in
stability evaluation. However, facing the increasingly serious
slope safety problems of open-pit mines, the conventional
uncertainty analysis methods can only deal with the single
type of uncertainty of fuzziness or randomness [10].
Therefore, some scholars tried to introduce the new theory
into slope stability evaluation to obtain more accurate
evaluation results. Set pair analysis (SPA) is a new method to
deal with multiple uncertain information in recent years
[27]. Lin [28] first introduced the set pair analysis theory into
highway slope safety evaluation and combined it with an-
alytic hierarchy process for established highway slope safety
evaluation model. Qin and Qin [7] used the coupling model
of fuzzy hierarchy and set pair analysis to evaluate the
stability of high slope, but the index weight determined by
the hierarchy method is highly subjective. Zhang et al. [4]
introduced information entropy into the set pair analysis
model and comprehensively evaluated the stability of open-
pit excavation slope using entropy weight set pair coupling
model. Combined with the improved entropy weight set pair
analysis and vehicle-mounted laser scanning technology, Liu
et al. [29] put forward a highway slope risk evaluation model
combining overall evaluation and local evaluation. Wang
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et al. [10] proposed a new multidimensional connection
cloud model, which combined with set pair analysis (SPA) in
connection number theory to improve the reliability and
accuracy of slope stability evaluation. Taking 24 landslides in
Fengjie County of Chongqing City as an example, Wang and
Li [30] discussed the application of entropy-SPA model in
landslide risk grade evaluation in mountainous areas. Yang
et al. [31] compared and analyzed the application of set pair
analysis method (SPA) and modified set pair analysis
method (MSPA) in regional debris flow risk assessment
through a case and considered that set pair analysis method
was more suitable for debris flow risk assessment. The
aforementioned research results provide a good reference
for the comprehensive evaluation of multi-index slope
stability. However, in analyzing the slope stability based on
the set pair analysis model, either only the influence of
subjective weight (such as analytic hierarchy process) on the
evaluation results or only the influence of objective weight
(such as entropy weight method) on the evaluation results is
considered in the current research. Few studies use the set
pair analysis model with subjective and objective compre-
hensive weight to comprehensively evaluate the slope
stability.

However, in practical problems, the importance of index
factors exists objectively and is affected by the subjective will
of decision-makers. Only the subjective and objective
comprehensive weight can fully reflect the importance of
indicators. In view of this, the paper adopts the linear
comprehensive weighting method to combine the subjective
weight determined by the fuzzy analytic hierarchy process
with the objective weight determined by the entropy weight
method, so as to obtain the comprehensive weight of the
open-pit slope stability evaluation. Taking the east-side slope
of Tonglvshan north open-pit mine in Daye as the research
object, aiming at the problems of uncertainty and unrea-
sonable weight calculation in the stability evaluation of the
open-pit slope, this paper puts forward an improved set pair
analysis model based on information entropy and fuzzy
analytic hierarchy process. Comprehensively consider the
influencing factors of slope stability from the aspects of
landform, engineering geological characteristics, meteoro-
logical and hydrological characteristics, and other factors,
fully excavate the effective information of open-pit slope,
and couple the comprehensive weight of each factor de-
termined by fuzzy analytic hierarchy process and entropy
weight method with the single-index connection degree to
obtain the multi-index comprehensive connection degree of
open-pit slope to be evaluated. Finally, the confidence cri-
terion is used to evaluate the slope stability of open-pit mine.
A comprehensive evaluation system for slope stability of
open-pit mine is formed. It provides a new idea and ref-
erence for the stability evaluation of open-pit slope.

2. Project Overview

2.1. Engineering Geological Condition. Daye Tonglvshan
mine is located about 3 km away from the southwest of Daye
City, Hubei Province, about 30 km away from northeast of
Huangshi City and 99 km away from northwest of Wuhan
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City. The administrative region is subordinate to Jinhu
subdistrict office of Daye City. Its latitude and longitude
range from 114°55'26"E~114°57'19"E and
30°04'21"N~30°05'46"N, respectively. Mining area is
characterized by low mountains, hills and lake basins. The
topography of the mine is not undulating before mining,
which shows the trend of high in south and low in north.
With the exploitation of shallow resources, two adjacent
opencast pits have been formed, which are about 1500 m in
length from north to south and 500 m in width from east to
west. The elevation of the slope top is between 30 and 55 m,
the lowest elevation of the pit bottom is —175m, and the
slope angle of the pit is about 46°~56.5°, of which the slope
heights of the south open pit and the north open pit are
227m and 142m, respectively. The Tonglvshan ancient
copper mine site museum is located at the top of the slope on
the east side of the north open-pit mine. As shown in
Figure 1.

The east-side slope of north open-pit mine presents a
protruding arc on the plane and a convex shape on the
section. The slope gradient basically shows a trend of up
gently and down steeply, and the closer the slope is to the
slope foot, the steeper the slope is. Taking highway 3 as the
boundary, the slope of the terrain above the highway is
20°~30° and that below the highway is 50°~65". The exposed
strata in the region are relatively simple and mainly dis-
tributed in the lower Triassic Daye group, the lower Cre-
taceous Dasi formation, and the Quaternary loose strata. The
basic structure of the mining area is NWW direction. Owing
to the joint action of Neocathaysian system and the im-
mersion of rock mass, the main structural line of the mining
area is distributed in NNE direction. The marble trend of ore
body and steep slope section is N20°~25°W, inclined to SE,
and the dip angle is 70°~80°. Most of the faults and joints
near the slope are distributed in reverse slope direction and
steep dip angle, either intersecting with the slope or inclined
to the interior of the slope at steep dip angles. At present,
there is no large-scale structure along the slope or close to
the slope; most of the rock strata and ore bodies at the slope
toe also occur along the reverse slope direction, which has
little impact on the slope stability.

2.2. Hydrogeological Condition. The study area belongs to a
typical subtropical continental monsoon climate, with
abundant rainfall, and the annual average rainfall is
1387.24 mm. The strata exposed in the mining area are
mainly undifferentiated granodiorite porphyry, moderately
weathered and strongly weathered granodiorite porphyry
and the upper covered Quaternary loose bed. The strongly
weathered rock and marble in the upper part of the slope
belong to strong water-bearing body, the ore body and
moderately weathered granodiorite porphyry containing
joint dense zone belong to water-bearing body, while the
nonweathered granodiorite porphyry has good integrity and
belongs to relative water-resisting layer. Affected by mine
drainage, a special relationship of recharge, runoff, and
drainage has been formed. Atmospheric precipitation is the
main source of shallow groundwater, and the marble aquifer

which is easily recharged by atmospheric precipitation is the
main recharge area of groundwater.

2.3. Status of Deformation and Failure of Slope. After pro-
longed mining activities, Tonglvshan mine has formed two
open pits in the north and south. At present, the mining of
the south open pit has been stopped and transferred to the
north open-pit mine adjacent to the west of the ancient site
for mining. Therefore, the problem of unstable slope in
Tonglvshan mine is mainly concentrated near the ancient
site of the east side of the north open pit. The potential
unstable slope will seriously threaten the safety of Tonglv-
shan ancient copper mine site. However, due to the inad-
equate prevention and control measures for the slope of the
open pit, the east slope of the north open pit has never been
treated since its formation, which eventually resulted in two
landslides near the No. 3 highway on the top of the east slope
of the north open pit, with a landslide deformation area of
about 5000 m? [32].

For this purpose, comprehensive treatment was carried
out on the north open-pit slope in 2010. After the imple-
mentation of the project, the stability of the east slope of the
north open pit was improved and the further development
trend of potentially unstable slope was slowed down.
However, due to the risk factors affecting the slope still exist,
such as the high and steep slope formed by open-pit mining,
the goaf at the bottom of the ancient copper mine site, and
blasting vibration during mining. Since 2012, due to the joint
action of mining activities and rainfall, the deformation and
cracking of the ancient copper mine site exhibition area and
the outer wall of the museum have shown a trend of further
expansion (Figure 2). In addition, the field investigation of
the north open-pit mine shows that the lattice beam on the
east slope of the open-pit mine has been partially damaged
(Figure 2). Therefore, it is urgent to carry out comprehensive
evaluation of multifactor influence mechanism of the north
open-pit slope.

3. Proposed Method

3.1. Theory of Set Pair Analysis. The SPA method was
originally introduced by Zhao [27], which is a quantitative
analysis method for solving complex multidimensional
certainty and uncertainty problems. The basic idea of SPA
theory involves regarding the problem of uncertainties and
certainties as an uncertain-certain system. This method
analyzes the relationship between the uncertainty and the
certainty of each factor or event from three aspects of
identity-discrepancy-contrary employing the identity and
contrary to describe the certainty of the system and dis-
crepancy to describe the uncertainty of the system [33]. The
core concepts of SPA are set pair and connection degree, in
which, set pair refers to the pair composed of two sets with
certain connection; the connection degree is used to
quantitatively analyze the fuzzy uncertainty information in
the system. Supposing that there are two sets A and B under
condition T, and both have N elements, then the connection
degree of set pair H (A, B) can be expressed as
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FIGURE 2: (a) Tension cracks in the exterior wall of museum and (b) local deformation and failure of lattice girder on the east-side slope of

north open-pit mine [32].

S F. P. S

u—N+N1+N]—a+b1+c], (1)

where u represents the connection degree of set pair
H(A,B); S,F, and P represent the number of identities,
discrepancy, and contrary elements obtained by comparing
the two set elements in the set pair; a, b, and ¢ represent the
degree of identity, discrepancy, and contrary, respectively; i
is the uncertainty coefficient; and jis the contrary coefficient.
In traditional set pair analysis, the characteristics of two
sets are usually classified into three categories: identity,
discrepancy, and contrary. Although the ternary connection
degree can meet the evaluation requirement of some simple
things, in dealing with nonlinear complex objects with
multidimensional information (such as open-pit slope), it
cannot accurately and completely reflect the complex cer-
tainty and uncertainty relationship between the risk level of
open-pit slope and various influencing factors, Then it affects
the accuracy of risk assessment results of open-pit slope. To
make a more accurate evaluation of practical engineering
problems, the difference degree in the traditional set pair

analysis theory is expanded and subdivided to obtain the
system’s multiple connection degrees based on the extensible
principle of connection degree. It can be expressed as
follows:
S F F F P
:ﬁ+ﬁlil+ﬁ2i2+---+ﬁ”in+ﬁj. (2)
From the form of formulas (1), formula (2) can be
simplified as

p=a+bii +byi,+---+b,i, +cj, (3)
where iy,i,,...,i, is the discrepancy coefficient;
F,F,,...,F, is the difference characteristic number com-

ponent in the set pair; by, b,, . . ., b, is the discrepancy degree
component in the set pair, representing different in the
discrepancy degree; and j is the contrary coeflicient.

3.2. Improved Set Pair Analysis Model Based on Entropy and
FAHP. The core of slope stability evaluation of open-pit
mine is to classify the slope stability of open-pit mine
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based on the similarity between the actual value of
evaluation index and each grade standard. First, according
to the specific characteristics of open-pit slope and pre-
vious research results, the open-pit slope stability eval-
uation index system and evaluation grade standard are
established; second, FAHP and entropy weight method are
used to calculate the subjective weight and objective
weight of each evaluation index of the open-pit slope.
Then the comprehensive weight of stability evaluation
index is obtained by coupling the subjective weight and
objective weight; third, based on the improved set pair
analysis theory, the single-index connection degree be-
tween the evaluation index and the evaluation standard of
the secondary subsystem is calculated. Combining with
the comprehensive weight of each evaluation index to
obtain the comprehensive connection degree of the sys-
tem; finally, the stability grade of open-pit slope is divided
by confidence criterion, and the validity of the EFAHP-
SPA model is verified by fuzzy comprehensive evaluation
method and entropy-SPA model. The specific process is
shown in Figure 3.

3.2.1. Determining the Subjective Weight Using FAHP.
AHP is originally introduced by Saaty [34], which is a widely
used method to determine the subjective weight of index.
However, as the weight determined by AHP is greatly
influenced by subjective factors, many scholars have in-
troduced fuzzy set theory to improve it and put forward
fuzzy analytic hierarchy process model [35, 36]. Therefore,
this paper adopts FAHP method to calculate the subjective
weight of the evaluation index.

First, according to the characteristics of open-pit mine
stability evaluation, the hierarchy structure model of open-
pit mine slope stability evaluation system is established by
combining theoretical analysis, literature statistics, engi-
neering analogy, and other methods. Based on expert ex-
perience and extensive literature analysis, the fuzzy
complementary judgment matrix A is constructed by
pairwise comparing the importance of subsystems and their
evaluation indexes. Fuzzy complementary judgment matrix

= (azj)nxn satisfies the following properties: a; = 0.5,
aj +a;=1,(,j=12,3,...,n),and 0<qa;; <1, where g;;
1nd1cates the degree to which index i is better than j.
According to the weight calculation formula deduced by Xu
[37], the weight of the open-pit slope stability evaluation
subsystem and the fuzzy complementary judgment matrix of
its evaluation indexes are calculated. The solution formula of
subjective weight is

o (Y a+(ni2)-1)
o [n(n—1)]

where w; indicates the weight of ith evaluation index of
each subsystem of slope stability evaluation of open-pit
mine.

Second, whether the weight of evaluation index ob-
tained by formula (4) is reasonable or not, the consistency
of fuzzy complementary judgment matrix should be
tested. Chen and Zhao [38] proposed a method to test the

(i=1,2,3,...,n), (4)

consistency using the compatibility of fuzzy judgment

matrix. The specific operations are as follows: if both

matrices A = (a;;),x, and B = (b;),, are fuzzy judgment

matrices, then the compatibility index of matrices A and B
is

1

I = ( ) = 2

n

Z|a +b ' (5)

j=1

M:

I
—

[;

If = (w),w,ws...,w,)" is the ranking vector of the
fuzzy judgment matrix A, where }7 , w; =1, 0,20, (i =
1,2,3,...,n), then the characteristic matrix of the fuzzy
judgment matrix A is

" z(wij)nxn’ (6)

wherewij = w;/ (w; + wj), (1,j=1,2,3,...,n).
Then, the consistency test of fuzzy judgment matrix can
be calculated by

M:

1 n
I=(Aw")==)

|a;; + @} - 1]. 7)
nos

1

Generally speaking, when I<0.1, the weight of the
evaluation index of open-pit slope stability calculated is
reasonable. Otherwise, it is necessary to readjust the value of
the fuzzy complementary judgment matrix and repeat the
aforementioned steps until the consistency check is satisfied.

3.2.2. Determining the Objective Weight Using Entropy.
Entropy is a thermodynamic concept, originally introduced
into information theory by Shannon, which is used to
quantitatively describe the disorder, uncertainty, and in-
stability of the system [39], which used to quantitatively
describe the disorder, uncertainty, and instability of the
system. Information entropy can effectively measure the size
of effective information and reflect the relative importance of
different evaluation indicators. The larger the entropy value
of the evaluation factor, the smaller the entropy weight,
indicating that the factor plays a smaller role in the com-
prehensive evaluation and is less important. Therefore, in
this model, the entropy weight method is mainly used to
determine the objective weight of each evaluation index [40].
The specific calculation process is as follows:

First, the evaluation matrix C = (c;;),,,x, composed of m
slope evaluation samples and #n evaluation indexes is con-
structed, and the evaluation matrix C is normalized to obtain
the normalized evaluation matrix R = (r; For the
larger and safer index, there are

_ (Cij - Cmin) (8)

v (Cmax - Cmin).

l] )mxn

For the smaller and safer index, there are

- M (9)

r..
(Cmax - Cmin)

j

The normalized evaluation matrix is
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where c;; is the measured value of the jth evaluation index of
theith evaluation sample, ¢, and c;, are respectively the
maximum and minimum values of different evaluation
samples of the same evaluation index, and r;; is the nor-
malized evaluation index value.

Second, taking the normalized evaluation matrix R as the
research object, according to the concept of traditional
entropy, the entropy of the jth evaluation index is defined as

1 m
]:—E;PljlnPU (i=12...,m j=12,...,n),
(11)
r..
Pyj = s (12)

s rij)

where when P;; = 0, In P;; has no practical significance, so
formula (11) can be modified as

(1 +7; )
Pj=——F—21 (13)
! Zi:l(l + rij)
Finally, the entropy weight of the jth evaluation index is
(1-H;)

Vo=~ 1 (14)
T (n-2hH))

where V; is the entropy weight of the jth evaluation index,
and the entropy weight vector of the evaluation index is
V=(W,VyVs.. V)

3.2.3. Determining the Comprehensive Weight. The subjec-
tive and objective weight vectors obtained by FAHP and
entropy weight method are w = (@,, wy, w3, ...,,)" and
V= (V,,V,Vs,...,V,)T, respectively. Then, the subjective
weight and objective weight are multiplied, synthesized, and
normalized, and the comprehensive weight of each evalu-
ation index of open-pit slope is

wo= i Go1a. (15)
' Z?=1wivi e
where W, is the comprehensive weight of the ith evaluation
index, and i only represents the serial number of the eval-
uation index, without actual physical significance.

3.24. Calculating  Single-Index  Connection  Degree.
Suppose that s,,s,,...,8;_, S is the threshold value cor-
responding to different evaluation grade standards for open-
pit slope, which are divided into k grades and expressed in
two forms. The specific grade classification standards are
shown in Table 1 [4]. Owing to the fuzziness of the boundary
of the threshold value, it is stipulated that if a single-index
evaluation falls within a certain evaluation level range, it is
regarded as the identity degree, then falling within the
adjacent level is regarded as the discrepancy degree, and
falling within the separated level range is regarded as the
contrary degree, that is, the fuzziness of the level boundary

TaBLE 1: Classification table of evaluation standard.

Evaluation grade standard value
Grading standard &

Form 1 Form 2
1 S1 <8y
$2 S1~82
k-1 Sk-1 Sk-2~Sk-1
k Sk >Sk_1

can be effectively solved through the discrepancy degree
component [16].

Combined with the evaluation requirements of this
study and the experience of previous studies, the risk grade
of open-pit slope is divided into five grades, namely Grade
I—very stable, Grade II—relatively stable, Grade III—bas-
ically stable, Grade IV—unstable, and Grade V—extremely
unstable.

The measured value x;(d = 1,2, ...,n) of the evaluation
index of the open-pit mine slope to be evaluated is denoted
as set A;, and the corresponding evaluation standard is
denoted as By, and then the set pair H (A, By) is con-
structed. According to the improved set pair analysis theory,
it can be known that the multivariate connection degree of
set pair H (A, B) is

S F,. F

F
2. 3.
—1 —1

NS

P ) . : ;
N+NII+N2+ +N]:a+b111+b212+b313+c].

(16)

(1) The grade standard of first form, the multiple con-
nection degree between the evaluation index, and the
evaluation standard is

For the type where the larger the index is, the safer it
is, the multiple connection degree is calculated by

1+ 0i; +0i, + 0i3 + 05

Xg—S, S =Xy, .. )
T2 T 00y +0i, 40 (s,<x,<5))s
S178 S5
Xg — S3, Sy — X4, . .
0+ 23 + 2274 1 0i,+0j (s3<x4<s,),
5275 275
udk:<
. Xg—Sy.  S3— Xy, ,
0+0i +=9—%, 43 "dj 40 (s,<x;<s3),
5378 S35
S Sy =X
0+ 0i, + 0i, + L2 Td g (ss<x <),
47 S5 S47Ss

0+ 0i; +0i, + 0iy + 1 (x4 < s5).

(17)

For the type where the smaller the index is, the safer
it is, the multiple connection degree is calculated by



(2) The grade standard of

connection degree between the evaluation index, and

the evaluation standard

udk=<

-

(1+0i; +0i, +0i3 +0j
S =Xy Xg—S,. , ; .
2—"I+M11+012+013+0]
2751 785
S3—= X4,  Xg—S,, ) .
0+-2 d:1+ d 212+013+0]
5375 S35
udk:<
L Sg— Xy, | Xg—S3, .
0+0i; + 4 d12+ d 3z3+0]
Sy 53 S48
. . Ss— Xy, Xg—Ss .
0+ 0i) +0i, + 9, 4 =41
S57 54 S5 754
L 0+ 0i; +0iy +0i3 +1j

second form, the multiple

is:

For the type where the smaller the index is, the safer
it is, the multiple connection degree is calculated by

formula (20) .

udk:<

(Xd < Sl)’

(s1<x4<5,),

(sy<x4<53),

(s3<x5<8y)s

(s4<x4<55),

(%4> s5).

1+ 04y + 0iy + Oi5 + 0 (x4=5)),
2X;— 8, —S, 28 —2x,4. . . . s, +S
d_71 72,7 dzl+012+013+0] (1 2Sxd<sl),
S1—8, S =5, 2
2X;— S, — Sy, S +S8,—2x,. . . S, + S s +s
0+—4 22 311+1 2 d12+013+0] <2 3Sxﬂl<l 2
S —S3 S — 83 2 2
L 2X;— 83— S,. S, +S;—2x,. . S;+ S S, + S
0+0i + d_°3 412+ 203 d13+0] <3 4£xd< 223
S, =8, Sy =Sy 2 2
. o 2x;—28,.  Sa+S,—2x, . S+ S
0+0i, +0i, + —4 "4 ;23724 =7d <s43xd< 3 4),
S3— 8, S3— 8, 2
0+0i; +0iy + 0y + 1 (x4<s4)
1+ 0i; + 0iy + 0i3 + 0j (x4<5)),
S +8,—2x; 2x;—2s,. . . . S +s
172 d,=7d 1zl+012+013+0] <sl<de1 2),
Sy — 8 Sy — 8 2
Sy +8,—2x,;. 2X;—S;—S,. . . s+ S, +S
0+2- 73 d11+ d_°1 212+013+0] <1 2<xds2 3
S3— 8 S3—8; 2 2
. Sy +Ss,—2x,;.  2X;—S,—S5. . S, +S S, + S
0+011+3 4 d12+ d_=2 3z3+0] <2 3<de3 4
Sy =S, S4— S, 2 2
. L 2s,—2x,;, 2X;—S3—S S3;+ S
0+0i; +0i, + 4 dz3 d_73 24 < > 4<des4>,
S4 =83 S4 =83
[ 0+ 0i, +0i, + 0i; + 1 (x4>54)
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(18)

For the type where the larger the index is, the safer it
is, the multiple connection degree is calculated by

(19)

(20)
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3.2.5. Calculating Multi-Index Comprehensive Connection
Degree. There are two main methods to determine the
comprehensive connection degree of multiple indicators,
namely, average connection degree and weighted average
connection degree [41]. The weighted average connection
degree can consider the influence of the difference of
evaluation indexes on the set connection degree, so the
weighted average method is used to calculate the multi-index
comprehensive connection degree in this paper. Coupling
the comprehensive weight of the evaluation index calculated
by formula (15) with the connection degree of each index,
the comprehensive connection degree of multiple indexes is
obtained as follows:

n n n
Hap= Z Walax = Z wyag + Z Wgbg i)
d=1 d=1 d=1
n n n (21)
+ Z wdbd)ziz + Z wdbd’3i3 + Z wdcdj,
d=1 d=1 d=1

where w, is the comprehensive weight of the dth evaluation
index.

Suppose that  f,=¥i,  weagfo=Yi,
Wgbg 1> 3= Yoo @abans fa =Yooy Wabass f5 = Yo Wabgs
then formula (22) <u></u> can be expressed as

Hap = f1+ foii + f3ip + faiz + fs), (22)

where f, is the possibility that the slope stability of open-pit
mine belongs to Grade I, f, is the possibility that the slope
stability of open-pit mine belongs to Grade II, f; is the
possibility that the slope stability of open-pit mine belongs to
Grade ITI, f, is the possibility that the slope stability of open-
pit mine belongs to Grade IV, and f is the possibility that
the slope stability of open-pit mine belongs to Grade V.

3.3. Comprehensive Evaluation of Open-Pit Mine Slope.
To avoid the grade judgment distortion caused by taking the
grade corresponding to the maximum multi-index com-
prehensive connection degree as the final judgment grade of
open-pit slope in the process of slope stability rating using
the maximum membership criterion and improve the
evaluation accuracy of slope stability grade, to this end, the
confidence criterion is introduced to evaluate the stability
grade of open-pit slope in this paper.

he=(fi+fot fat+fi)>h (23)

where A is the confidence, which is generally taken within
[0.5,0.7], the larger the value of A, the conservative the slope
stability evaluation results tend to be. For a given A, when
he > A and hy_, <A, the slope stability evaluation grade be-
longs to grade k.

4. Engineering Application

4.1. Establishment of Comprehensive Evaluation Index System
for Open-Pit Slope. The stability of open-pit slope is com-
prehensively affected by the physical and mechanical
properties of rock mass, geological structure, groundwater

level and rainfall, mining, and other factors. Owing to the
different action mechanism of various influencing factors,
the failure of open-pit slope is complex and uncertain.
Statistical data show that the instability and failure of open-
pit slope is not only related to the properties of rock and soil,
but also affected by external interference factors to a great
extent. Therefore, it is necessary to accurately select the slope
evaluation index and evaluation standard in combination
with the actual engineering situation.

Referring to the relevant specifications of open-pit slope
design and a large number of literature [7, 18, 42], and
combined with the geological survey data of the open-pit
slope engineering, this paper constructs the open-pit slope
stability evaluation index system, as show in Figure 3. The
comprehensive evaluation index system is mainly composed
of a primary evaluation subsystem composed of topography
and landforms, engineering geological characteristics, me-
teorological and hydrological characteristics and other
factors, as well as several secondary subsystems subdivided
by each subsystem, as shown in Table 2. To meet the
evaluation requirements of slope stability of open-pit mine,
referring to the classification standard of rock slope pro-
posed by Wang et al. [43], the slope stability is divided into
five grades by single-factor method, namely very stable—
Grade I, relatively stable—Grade II, basically stable—Grade
III, unstable—Grade IV, and extremely unstable—Grade
V. Among them, the stability evaluation indexes and eval-
uation standards of open-pit mine slope in the study area are
shown in Table 2.

Taking the east-side slope of the north open pit of Daye
Tonglvshan mine as the research object, four representative
typical profiles of the east-side slope of the north open pit are
selected for comprehensive evaluation of slope stability. The
profile location is shown in Figure 4. Combined with the
engineering geological exploration data and the experience
and opinions of experts, the value of the open-pit slope
evaluation index is determined. Owing to the space limi-
tation, this paper only lists the value of some evaluation
indexes, as shown in Table 3. For the convenience of cal-
culation, the quantitative values of each evaluation index in
this study are the average value. For the quantitative index
that can be quantified, the measured value of the evaluation
index is directly used to calculate, while for the qualitative
index that cannot be quantified directly, the quantitative
value is determined by the expert qualitative evaluation
method. Combined with the opinions of experts and
scholars and previous research results, 0.1, 0.3, 0.5, 0.7, and
0.9 were selected as the quantitative value of the evaluation
standard of the qualitative index [29].

4.2. Calculating the Comprehensive Weight. First, the sub-
jective weight of each evaluation index is calculated by fuzzy
analytic hierarchy process. Combined with expert opinions
and the actual situation of open-pit slope, the importance of
14 evaluation indexes of four first-level subsystems and their
corresponding second-level subsystems is compared in
pairs, and the fuzzy complementary judgment matrix of each
subsystem is constructed. In this paper, the quantitative scale
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TaBLE 2: Comprehensive evaluation index system and evaluation standard of slope stability in open-pit mine.

First-class evaluation Second-class evaluation

Evaluation standard

: . Very stable Basicall Extremel
nde inde ry i Y Y
Index X I Relatively stable (II) stable (I11) Unstable (IV) unstable (V)
Height (m) 0~30 30~45 45~60 60~80 >80
Slope (%) 0~15 15~25 25~35 35~45 >45
. . Convex and
Topography and Slope shape Concave Concaye and straight  Straight straight mixed ~ Convex slope
slope mixed slope slope
landforms slope
Relationship between Reverse
weak surface and slope Superimposed slope  Cross-slope Skew slope Dip slope
slope
surface
Index of rock mass >90 75~90 50~75 30~50 0~30
integrality
Engineering geological Degree of rock weathering 0~5 515 1525 2535 535
characteristic (%)
Cohesion (kPa) >220 120~220 80~120 50~80 0~50
Internal friction angle (°) >37 29~37 21~29 13~21 0~13
Average ‘(‘I’;II‘I‘:;I rainfall o 300 300~500 500~800 800~1200 >1200
}I\l/[ eteorOI.O glcgl and Groundwater depth (m)  Shallow Shallower Ordinary Deeper Deep
ydrological index Rock permeabili
P. ty 0~5 5~15 15~30 30~45 >45
coefficient (m/d)
Vegetation coverage >35 25~35 15~25 5~15 0~5
& 8 Weak Weaker Ordinary Stronger Strong

activity
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FIGURE 4: Profile distribution map for the slope stability evaluation in Tonglvshan open-pit mine.

TaBLE 3: Partial evaluation index values of slope samples.

Sample slope  Height Slope  Slope  Degree of rock Index of rock mass Cohesion Internal friction Average annual
number (m) ©) shape weathering integrality (kPa) angle () rainfall (mm)
1 74.5 56 0.6 17.2 57 181.5 27 1328.7

2 105.2 53 0.65 20.4 43 149.2 25.6 1328.7

3 108 51 0.75 22.4 36 149.2 25.6 1328.7

4 110.6 54 0.75 23.6 32 149.2 25.6 1328.7
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is given by the 0.1~0.9 scale method proposed by Xu [37].
Then the fuzzy complementary judgment matrix of sub-
systems at all levels is

70.5 0.4 0.6 0.77
0.6 0.5 0.7 0.8
0.4 0.3 0.5 0.6
(0.3 0.2 0.4 0.5
r0.5 0.6 0.4 0.77
0.4 0.5 0.6 0.7
0.6 0.4 0.5 0.8 |
[0.3 0.3 0.2 0.5
r0.5 0.6 0.3 0.37
0.4 0.5 0.3 0.3
0.7 0.7 0.5 0.5
[0.7 0.7 0.5 0.5 ]
[0.5 0.6 0.47
A’=04 05 03],
0.6 0.7 0.5 ]
70.5 0.4 0.37
A*=10.6 05 04|
0.7 0.6 0.5

(24)

1.00 0.00 1.00 0.00 1.00 1.00 1.00
0.15 0.60 0.67 0.00 0.44 0.50 0.00
0.07 1.00 0.00 0.00 0.16 0.19 0.00
0.00 0.40 0.00 0.00 0.00 0.00 0.00

Finally, the subjective weight (Table 4) and objective
weight (Table 5) calculated by fuzzy analytic hierarchy
process and entropy weight method are combined by for-
mula (15) to obtain the comprehensive weight of each
evaluation index. The comprehensive weight of slope sta-
bility evaluation index of open-pit mine is shown in Table 5.

4.3. Determination of Multi-Index Comprehensive Connection
Degree of Open-Pit Slope. To determine the multi-index
comprehensive connection degree of open-pit slope, it is
necessary to calculate the single-index connection degree
first. The measured value x;(d =1,2,...,n) of the slope
evaluation index of the open-pit mine to be evaluated is
recorded as set Ay, that is, slope height set A, slope set A,,
slope shape set A, relationship between weak surface and
slope set A,, rock mass integrity set A, rock mass weath-
ering degree set Ag, cohesion set A;, internal friction angle
set Ag, annual average rainfall set Ay, groundwater buried
depth set A,,, rock permeability coefficient set A,

11

A,, AL, A2, A3, and A? were substituted into formulas (4)
and (7) respectively for weight calculation and consistency
test of evaluation indexes of each subsystem. By combining
the hierarchical single ranking weight of the primary sub-
system and the hierarchical single ranking weight of its
corresponding secondary subsystem, the total ranking
weight of each evaluation index is the subjective weight of
each evaluation index. See Table 4 for the subjective weight
of each evaluation index and the consistency test index of its
corresponding judgment matrix. The subjective weight of
each evaluation index and the consistency test index of its
corresponding judgment matrix are shown in Table 5. It can
be seen from the table that the compatibility index of each
subsystem is less than 0.1. Therefore, it is considered that the
subjective weight of the calculated open-pit mine stability
evaluation index is acceptable.

Second, the measured values of the evaluation indexes of
four slope samples are normalized by formulas (8) to (10),
and the normalized judgment matrix R is obtained. Then, the
judgment matrix is substituted into formulas (11) to (14) to
calculate the objective weight of each evaluation index. The
objective weight and entropy of the evaluation index are
shown in Table 5. When the entropy value of a certain index
is 1, it indicates that the evaluation index values of the four
slope samples are the same. For example, the multiyear
average rainfall in the evaluation index is 1328.7 mm.

1.00 0.00 1.00 0.00 0.00 0.00 1.00
0.00 0.00 0.50 0.50 0.00 0.00 0.40
0.00 0.00 0.25 1.00 0.00 0.00 0.00 |
0.00 0.00 0.00 1.00 0.00 0.00 0.00

(25)

vegetation coverage set A,,, seismic activity set A,;, and
human engineering activity set A,,, record the corre-
sponding evaluation criteria as By (k = 1,2,3,4,5). Taking
the Grade-I evaluation standard as the reference standard
and based on the improved set pair analysis theory, the
evaluation index values of the slope to be evaluated are
substituted into formulas (16) and (20), and the five-element
connection degree of the set pair H(Ay By),
(d=1,2,3,...,14) of 14 evaluation indexes is calculated.
The single-index connection degree of four open-pit slope
samples is shown in Tables 6 and 7.

After the single-index connection degree of each eval-
uation index is obtained, the comprehensive weight calcu-
lated earlier and the single-index connection degree of each
evaluation index are substituted into formulas (21) to (23),
and the comprehensive connection degree of the evaluation
index can be obtained through calculation. Taking slope
sample no. 1 as an example, the comprehensive weight of the
evaluation index and the single-index connection degree of
sample no. 1 are substituted into formula (21):
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TaBLE 4: Subjective weight of evaluation index and consistency test index of judgment matrix.

Fuzzy analytical Fuzzy analytical
First-class evaluation index hler.archy process Second-class evaluation index hler.archy process Subj f:ctwe
Weight of I Weight of ) weight
subsystem subsystem
Height (m) 0.267 0.071
Slope () 0.267 0.071
Topographic index 0.267 Slope shape 0.275 0.093  0.073
Relationship between weak surface and 0.192 0.051
slope surface
Index of rock mass integrality 0.225 0.068
Engineering geological 0.300 Degree of rock weathering (%) 0.208 0077 0063
characteristic ’ 0.083 Cohesion (kPa) 0.283 ’ 0.085
Internal friction angle (°) 0.283 0.085
Meteorological and Average annual rainfall (mm) 0.333 0.078
hvdrological index 0.233 Groundwater depth (m) 0.283 0.055 0.066
Y 8 Rock permeability coefficient (m/d) 0.383 0.089
Vegetation coverage 0.283 0.057
Other index 0.200 Seismic intensity 0.333 0.055  0.067
Human engineering activity 0.383 0.077

TaBLE 5: Objective weight and comprehensive weight of evaluation index.

First-class evaluation index Second-class evaluation index Entropy Objective weight Comprehensive weight

Height (m) 0.968 0.107 0.101
. Slope () 0.979 0.072 0.068
Topographic index Slope shape 0.966 0.114 0.110

Relationship between weak surface and slope 1 0 0
Index of rock mass integrality 0.974 0.087 0.077
Engineerine geological characteristic Degree of rock weathering (%) 0.975 0.084 0.070
& § £c0'08 Cohesion (kPa) 0.961 0.132 0.148
Internal friction angle (*) 0.961 0.132 0.148

. . Average annual rainfall (mm) 1 0 0
?ﬁg&i"ml‘)g‘cal and hydrological Groundwater depth (m) 0.977 0.079 0.069
Rock permeability coeflicient (m/d) 0.975 0.085 0.100

Vegetation coverage 1 0 0

Other index Seismic intensity 1 0 0
Human engineering activity 0.968 0.107 0.108

TABLE 6: Single-index connection degree of evaluation sample nos. 1 and 2.

L Evaluation sample no. 1 Evaluation sample no. 2

Evaluation index set

a b, b, b, c a b, b, b, c
A, 0 0 0 0.550 0.450 0 0 0 0 1
A, 0 0 0 0 1 0 0 0 0 1
A, 0 0 0.500 0.500 0 0 0 0.250 0.750 0
Ay 1 0 0 0 0 1 0 0 0 0
A 0 0 0.756 0.244 0 0 0 0.133 0.867 0
Ag 0 0.280 0.720 0 0 0 0 0.960 0.040 0
A, 0.230 0.770 0 0 0 0 0.703 0.297 0 0
Ag 0 0.250 0.750 0 0 0 0.075 0.925 0 0
Ay 0 0 0 0 1 0 0 0 0 1
A 0 0.750 0.250 0 0 0 0 0.750 0.250 0
Ay 1 0 0 0 0 1 0 0 0 0
A, 0 0.300 0.700 0 0 0 0.300 0.700 0 0
A 0 0 0.500 0.500 0 0 0 0.500 0.500 0
Ay 0.400 0.600 0 0 0 0 0 0.900 0.100 0
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TaBLE 7: Single-index connection degree of evaluation sample nos. 3 and 4.
L Evaluation sample no. 3 Evaluation sample no. 4

Evaluation index set

a b, b, b, c a b, b, b, c
A, 0 0 0 0 1 0 0 0 0 1
A, 0 0 0 0 1 0 0 0 0 1
A, 0 0 0 0.750 0.250 0 0 0 0.750 0.250
Ay 1 0 0 0 0 1 0 0 0 0
As 0 0 0 0.600 0.400 0 0 0 0.200 0.800
Ag 0 0 0.760 0.240 0 0 0 0.640 0.360 0
A, 0 0.703 0.297 0 0 0 0.703 0.297 0 0
Ag 0 0.075 0.925 0 0 0 0.075 0.925 0 0
A, 0 0 0 0 1 0 0 0 0 1
A 0 0 0.250 0.750 0 0 0 0 0.750 0.250
A 1 0 0 0 0 1 0 0 0 0
A, 0 0.300 0.700 0 0 0 0.300 0.700 0 0
Az 0 0 0.500 0.500 0 0 0 0.500 0.500 0
A, 0 0 0 0.900 0.100 0 0 0 0.900 0.100

y; =0.177 + 0.288i; + 0.293i, + 0.129i; + 0.113j.  (26)

From formula (22), f, = 0.177, f, = 0.288, f; = 0.293,
f4=0.129, and f5 = 0.113. Then, based on the confidence
criterion, the stability of open-pit slope can be compre-
hensively evaluated. The comprehensive connection degree
of other open-pit slope evaluation indexes is shown in
Table 8.

5. Results Analysis and Discussion

5.1. Results Analysis. The confidence degree judgment re-
sults of slope stability of each open-pit mine are calculated by
formula (23), as shown in Table 9. Taking slope sample no. 1
as an example, the determination process of slope stability
grade is explained in detail. The confidence A € [0.5,0.7]. No
matter what value a takes in the interval, it can be seen from
Table 9 that the slope of sample no. 1 has
fi1+ f2<A f1+ fo+ f3>A Therefore, whether the confi-
dence is determined or not, we can determine that the
stability grade of slope sample no. 1 is basically stable (Grade
III). Among them, the greater the value of A, the more
conservative the result of slope stability evaluation.
Combined with the previous research results [30], select
the confidence A = 0.6, and the stability judgment results of
the other three sample slopes are shown in Table 9. It can be
seen from Table 9 that the stability grades of slope samples
no. 1 to no. 4 are basically stable (Grade III), basically stable
(Grade III), unstable (Grade IV), and unstable (Grade 1V).
The stability of slope samples no. 3 to 4 is poor. The f, +
f,+ f3+ f, values of slope samples no. 3 and 4 are 0.762
and 0.714, respectively, both of which have
fi+fo+ f3+ fa>A =07, indicating that although the
stability grades of slope samples no. 3 and 4 are poor, their
confidence values are large, that is, the stability grades of
slope samples no. 3 and 4 tend to Grade III. The slope
samples no. 1 to 2 are basically stable, and the slopes may be
loose and deformed in a short time, but there will be no large
deformation and damage, and the safety of the slopes is
relatively good. The stability of slope samples no. 3 and 4 is
poor, various loose fissures may develop on the slope, and

TaBLE 8: Comprehensive connection degree of multi-indexes.

Sample slope number fi f2 fs fa fs

1 0.177 0288 0.293 0.129 0.113
2 0.100 0.115 0436 0181 0.168
3 0.100 0.115 0.252 0.295 0.238
4 0.100 0.115 0.226 0.273 0.286

serious local deformation and even landslide may occur
under certain induced conditions.

The field investigation and monitoring results of the
open-pit slope show that the deformation area of the north
open-pit slope is mainly concentrated in the front yard of the
ancient copper mine site museum—the ground deformation
area of the accelerator plant, the ground deformation area of
the site museum exhibition hall, and the unstable slope area
on the east side of the north open pit [32] (as shown in
Figure 4). The field investigation results show that the north
open-pit slope is relatively stable in the north and poor in the
south, that is, the position of slope samples no. 1 and 2 is
relatively stable; the position of slope samples no.3 and 4 is
greatly affected by factors such as slope height, rainfall, and
human engineering activities (Tables 4 and 5), and their
stability is also relatively poor. However, except for local
damage or tension cracks at local step lattice beams and
slope tops affected by rainfall or engineering activities
(Figure 2), there is no sign of large apparent deformation on
the east slope of north open-pit mine after treatment. At
present, the east-side slope of north open-pit mine is gen-
erally in a stable state, and there is no sign of slip.

5.2. Discussion. To verify the validity and applicability of the
proposed EFAHP-SPA model, the fuzzy comprehensive
evaluation method [18, 19] and the entropy-SPA model [4]
were used to evaluate the stability of four sample slopes in
the study area, respectively, and the calculation results of the
three methods were compared and analyzed. To facilitate the
comparative analysis, the weight of fuzzy comprehensive
evaluation method is calculated using the subjective weight
determined in this paper. In addition, when judging the
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TaBLE 9: Evaluation results of slope stability by confidence criterion.

Confidence judgment

Sample slope number

Stability grade

fi fi+fa fitfatfs fitfatfi+fa fitfatfstfatfs
1 0.177 0.465 0.758 0.887 1.000 III
2 0.100 0.215 0.651 0.832 1.000 III
3 0.100 0.215 0.467 0.762 1.000 v
4 0.100 0.215 0.441 0.714 1.000 v

TaBLE 10: Evaluation results of fuzzy comprehensive evaluation method and entropy-SPA method.

Evaluation method Slope sample number fi £ fs f4 fs
1 0.1908 0.2168 0.2526 0.1589 0.1809

Fursy comprehensive evaluation 2 0.1406 0.107 0.3256 0.2069 0.22
Yy comp 3 0.1406 0.107 0.1837 0.2957 0.273
4 0.1406 0.107 0.1597 0.2763 0.3165

1 0.158 0.282 0.303 0.137 0.120

2 0.085 0.103 0.439 0.195 0.179
Entropy-SPA 3 0.085 0.103 0.246 0.314 0.253
4 0.085 0.103 0.216 0.289 0.308

TaBLE 11: Comparison table of slope stability evaluation results in open-pit mine.

Evaluation method/slope sample number 1

2 3 4

EFAHP-SPA Basically stable (III)
Fuzzy comprehensive evaluation Basically stable (III)
Entropy-SPA Basically stable (III)

Basically stable (IIT) Unstable (IV) Unstable (IV)
Basically stable (IIT) Unstable (IV) Extremely unstable (V)
Basically stable (IIT) Unstable (IV) Unstable (IV)

slope stability grade, the fuzzy comprehensive evaluation
method uses the conventional maximum membership
principle to judge the stability grade [18], while the entropy-
SPA model uses the confidence criterion to judge the sta-
bility grade. The results of slope stability evaluation by these
two methods are shown in Tables 10 and 11. It can be seen
from Table 11 that the EFAHP-SPA model proposed in this
paper is consistent with the evaluation results obtained by
entropy-SPA model; however, the results obtained by the
fuzzy comprehensive evaluation method are mostly the
same, and only the slope evaluation results of sample no. 4
are different. The stability grade of slope sample no. 4 ob-
tained by the fuzzy comprehensive evaluation method is
extremely unstable (V), which is obviously inconsistent with
the field investigation and monitoring results. If the results
of the fuzzy comprehensive evaluation method are judged by
the confidence criterion, the stability of slope sample no. 4 is
unstable (IV). This also indirectly proves the possible
judgment distortion when using the maximum membership
principle for fuzzy pattern recognition [28]. To sum up, the
comparative analysis of the results of the three research
methods shows that the proposed EFAHP-SPA model is
feasible to comprehensively evaluate the slope stability of
open-pit mine.

6. Conclusion

With the increasing scale and depth of open-pit mining, the
collapse and landslide geological disaster caused by mining
occur frequently, which seriously affects the production

safety of the mine as well as surrounding buildings. Taking
the east-side slope of Tonglvshan north open-pit mine in
Daye as an example, improved set pair analysis method is
used to study the slope stability of open-pit mine under the
comprehensive influence of multiple factors. The following
conclusions are drawn:

(1) To make a systematic and comprehensive evaluation
of the slope stability of open-pit mine, based on
theoretical analysis, engineering analogy, literature
statistics, and expert consultation, an open-pit slope
stability evaluation index system with 14 evaluation
indexes in four categories: landform, engineering
geological characteristics, meteorology, hydrology,
and other factors is constructed.

(2) The stability evaluation of open-pit slope is a mul-
tifactor evaluation problem. Whether the weighting
of evaluation indexes is reasonable will seriously
affect the evaluation results of stability. The com-
prehensive weight optimization model based on
information entropy and fuzzy analytic hierarchy
process can not only fully consider the influence of
human subjective factors, but also reflect the con-
tribution of index measurement, minimize uncer-
tainty, and enhance the rationality of evaluation
results.

(3) Aiming at the problems of uncertainty, multifactor,
and nonlinearity in the evaluation process of open-
pit slope stability, an improved set pair analysis
model based on information entropy and fuzzy
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analytic hierarchy process is established, the com-
prehensive weight of evaluation indexes is deter-
mined using information entropy theory and FAHP,
and the risk grade of open-pit slope is evaluated
using confidence criterion. It provides a new refer-
ence for slope stability evaluation of open-pit mine.

(4) The proposed EFAHP-SPA model is used to quan-
titatively evaluate the stability of the east-side slope
of Tonglvshan north open-pit mine in Daye. The
evaluation results are consistent with the actual
situation of the mine. Compared with other existing
evaluation methods, the evaluation results are con-
sistent, indicating that the proposed model is ef-
fective and feasible.
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