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Slope evaluation is a basic geotechnical engineering issue.,e rationality of index weight greatly affects the accuracy of evaluation
results in the evaluation system. Furthermore, in practical engineering, some indexes can be considered random variables obeying
a certain distribution. Traditional evaluation methods of slope stability ignore the effect of this index uncertainty. ,erefore, it is
necessary to obtain the evaluation results of slope stability reasonably by modifying the previous weighting methods and
considering the uncertainty values of the indexes. A new method has been introduced to solve the problem mentioned previously
based on TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) andMonte Carlo simulation (MCS). TOPSIS is
used as a basic model for evaluating slope stability. TOPSIS and MCS are coupled to establish multiobjective optimization
simulation model, which can search the more optimal and reliable weight.,e optimal weight is then substituted into the TOPSIS
basic model to calculate the status of slope stability. In this calculation process, MCS is introduced into the TOPSIS basic model to
consider the uncertainty value of index. ,e new method of evaluating slope stability was demonstrated by taking a practical
project as an example. Compared with other weightingmethods, the coupled TOPSIS andMCSmodel can obtain themost reliable
weight, and the reliability is 48.7%. ,en, the evaluation of slope stability was examined with the certainty and uncertainty cases,
respectively. ,e results demonstrate that the proposed new evaluation method is more realistic than the traditional methods for
evaluating the slope stability. ,e new method has high accuracy and is easy to use.

1. Introduction

Instabilities of natural and cut slopes cause enormous loss of
life, injuries, and damage to the property in every year.
Researchers have carried out a large number of evaluation
studies for slope stability [1–5] in order to reduce the loss
caused by slope sliding and save the cost of disaster pre-
vention and reduction.

Generally, stability of slope is affected not only by
quantifiable indicators (mechanics parameters, rainfall,
slope height, etc.) but also by more qualitative indica-
tors (geotechnical properties, slope morphology, fault
development degree, etc.). ,ereby, it is necessary to
comprehensively consider the influence of quantitative and

qualitative indexes on slope stability. At present, analytic
hierarchy process (AHP) [6, 7], fuzzy mathematical
method [8–10], grey clustering method [11], catastrophe
theory [12], cloud model [13, 14], support vector machine
[15, 16], and other “soft computing” methods have been
widely used in evaluation of slope stability taking into
account quantitative and qualitative indicators compre-
hensively. When using these methods to calculate the stable
state of the slope, the weights of indicators must be de-
termined. In addition, the rationality of index weight
greatly affects the accuracy of evaluation results. Hence, it is
important to determine the most reliable weights of indexes
using these “soft computing” methods. Furthermore, the
values of indexes are considered constant in these methods.
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Generally, some indexes can be considered random vari-
ables obeying a certain distribution, especially the cohesion
and friction angle of rock. In practical engineering, a large
number of mechanical tests and field surveys reveal un-
certainty, particularly for the slope stability evaluation.
However, the uncertainty of the indexes is not directly
considered in the traditional methods. ,erefore, it is
necessary to obtain the evaluation of slope stability rea-
sonably by modifying the previous weighting methods and
considering the uncertainty values of the indexes, which
needs further study.

,e Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS), also known as ranking method
approximating ideal solution, is a commonly used method
for multiobjective decision analysis of finite solutions
[17]. It is a powerful mathematical tool to solve the
problem of multidimension indicators fusing. ,is
method has been widely used in the field of slope engi-
neering evaluation research. For example, Khakestar et al.
[18] used TOPSIS for classifying each local block on the
pit wall; Haghshenas et al. [19], based on fuzzy TOPSIS,
made sorting and selection decisions on slope stability
measures of rockfill dam; Wu et al. [20] proposed the
coupling model of Monte Carlo simulation (MCS) and
TOPSIS for the rock mass quality classification. ,is fully
demonstrates the suitability of TOPSIS method in stability
evaluation of slope. TOPSIS model is a mathematical
method for solving classification problems [21]. Monte
Carlo simulation (MCS) is an effective method to solve the
problem of uncertainty and obtain the probability of some
results, which generate random variables and substitute
them into the solution model (basic model). MCS method
has been widely used in the evaluation of slope stability. In
this paper, MCS is employed to consider the uncertainty
of the indexes, and TOPSIS is used as basic model in MCS.
Hence MCS and TOPSIS are used to obtain the weights of
indexes accurately and evaluate the slope stability
effectively.

,erefore, to solve the problems detailed previously, a
more application-quantitative method has been developed
to evaluate slope stability based on TOPSIS and MCS. First,
TOPSIS is used as basic model for evaluating slope stability.
TOPSIS and MCS are coupled to establish multiobjective
optimization simulation model, which can search the
maximum reliability of weight. ,en the optimal weight can
be obtained by the weight optimization model. Afterwards
the optimal weight is substituted into the TOPSIS basic
model to calculate the stable state of slope. In this calculation
process, MCS is introduced into the TOPSIS basic model to
consider the uncertainty value of index. Last, the feasibility
of this method is verified by taking a practical project as an
example, and the probabilities of the evaluation results of
slope stability are analyzed, considering the uncertainty of
indexes.

2. Construction of Evaluation Method for
Slope Stability

2.1. Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS). Our work tries to use TOPSIS as basic
model in slope stability evaluation. Its basic principle about
solving multitarget decision-making problems can be
roughly described as follows [17, 22]:

(1) Construct and normalize the standard decision
matrix

(2) Solve the indexes weight and compute the weighted
normalized decision matrix

(3) Seek the Positive Ideal Solution (PIS) and Negative
Ideal Solution (NIS)

(4) Calculate the distances from the investigated
schemes to the PIS and NIS

(5) Calculate the ranking index, namely, the relative
closeness of the investigated schemes with respect to
the PIS, and then obtain the best optimal scheme and
complete the evaluation on the investigated schemes

However, there are still some deficiencies in the TOPSIS
method in terms of establishing standard decision matrix
and calculating the relative closeness. ,erefore, this paper
improves the TOPSIS to ensure more stable and reliable
evaluation results for slope stability.

2.1.1. Construction of the Standard Decision Matrix.
Generally, the traditional TOPSIS method only ranked
evaluation schemes, whichmakes it difficult to determine the
PIS and the NIS. ,erefore, we combine the grade standard
of indexes with the evaluation schemes into a decision
matrix. However, this is a flaw. ,at is, we need to solve the
problem of inconsistency between the point value infor-
mation form of the indexes in the evaluation schemes and
the interval value information form of the grade standard of
indexes. In this work, the smaller critical value in the grade
interval of each index is selected to convert the point value
information form. ,en, the elements in the decision matrix
all are point value information form. In this way, it is easy to
determine the PIS and the NIS from the decision matrix.,e
PIS is the best value in the first grade of indexes, and the NIS
is the worst value in the last grade of indexes.

Assuming that the number of index grade standards is k,
the number of indexes is n. If the first index grade standard is
expressed as (χ01, χ11], (χ11, χ12], (χ21, χ31], . . ., (χ(k− 1)1, χk1],
then the values from 1 to (k + 1) in the first column of the
decision matrix, respectively, are χ01, χ11, χ21, χ31, . . . ,

χ(k− 1)1, χk1. If the number of evaluation schemes is l − k, then
the number of rows in decision matrix is m (where
m � k + 1 + l − k � l + 1); the decision matrix can be de-
scribed in the following formula:
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X �

χ01 χ02 . . . χ0n

χ11 χ12 . . . χ1n

χ21 χ22 . . . χ2n

⋮ ⋮ ⋮ ⋮

χk1 χk2 . . . χkn

⋮ ⋮ ⋮ ⋮

χl1 χl2 . . . χln

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

a11 . . . a1j . . . a1n

⋮ ⋮ ⋮ ⋮ ⋮

ai1 . . . aij . . . ain

⋮ ⋮ ⋮ ⋮ ⋮

am1 . . . amj . . . amn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(1)

where X represents the decision matrix and aij represents the
jth index of the ith evaluation object, where i� 1, 2, 3, . . ., m;
j� 1, 2, 3, . . ., n.

Because the dimension of indexes values is quite dif-
ferent, the decision matrix must be standardized for the
convenience of calculations. ,e membership degree stan-
dardization method is used in this paper. ,e normalized
decision matrix can be represented by Z, and the element Zij
of the matrix can be calculated by the following equations:

Zij �
aij − minj aij 

maxj aij  − minj aij 
(positive index), (2)

Zij �
maxj aij  − aij

maxj aij  − minj aij 
(negative index), (3)

where aij represents an element of the standard decision
matrix, where i� 1, 2, 3, . . ., m and j� 1, 2, 3, . . ., n.

2.1.2. Calculation of the Closeness Degree of the Evaluation
Objects. According to the TOPSIS method, if we know the
weight of index W � [wj | j � 1, 2, . . . , n], the weighting
decision matrix Yij can be calculated by using equation (4).
,e process calculation of the weight of index W is detailed
in the next section:

Yij � wjZij. (4)

Based on the weighting decision matrix Yij, we can
obtain the PIS, that is, x+ � (x+

1 , x+
2 , . . . , x+

n ), and the NIS,
that is, x− � (x−

1 , x−
2 , . . . , x−

n ). Based on both the PIS and the
NIS, the closeness degree from all the evaluation objects to
the PIS and the NIS can further be calculated, respectively.
,e original TOPSIS method adopts Euclidean distance to
measure the closeness degree; however, due to the specific
linear correlation that usually exists between indexes, the
application of Euclidean distance ceases to be reasonable
[23].,is paper introduces cosine similarity to overcome the
deficiency of Euclidean distance measurement. Cosine
similarity, a distance measurement method of angle cosine,
can calculate the distance of an evaluation object with

respect to an ideal scheme [24]; that is, the smaller the angle
between two vectors, the higher their similarity degree and
the shorter the distance, and vice versa. ,us, cosine sim-
ilarity can be employed to solve the distance S+

i of the
evaluation object i with respect to x+, as well as the distance
S−

i of the evaluation object i and x− , respectively:

S
+
i � 1 −


n
j�1 Yij − xc

j  × x+
j − xc

j 
��������������


n
j�1 Yij − xc

j 
2



×

�������������


n
j�1 x+

j − xc
j 

2
 , (5)

S
−
i � 1 −


n
j�1 Yij − xc

j  × x−
j − xc

j 
��������������


n
j�1 Yij − xc

j 
2



×

��������������


n
j�1 x−

j − xc
j 

2
 , (6)

where i � 1, 2, 3, . . . , m, xc
j � 0.5(x+

j + x−
j ).

Hence, calculate the ranking index, namely, the relative
closeness of the evaluation object i with respect to the PIS:

Ci �
S−

i

S+
i + S−

i( 
, (7)

where 0≤Ci≤ 1; if the evaluation object i is the PIS, then
Ci � 1; if the evaluation object i is the NIS, then Ci � 0. It thus
becomes clear that the higher the relative closeness of the
evaluation object i with respect to the PIS, the higher Ci, and
vice versa.

2.2. TOPSIS and MCS Coupled Model of the Weight
Optimization. ,e weights of all indexes are usually ob-
tained using the expert evaluation method, the analytic
hierarchy process (AHP), and other subjective weight
methods [18]. ,e subjective weight methods are mostly
based on the expert’s personal experience and subjective
judgment. To some extent, the influencing degrees of in-
dexes cannot be objectively reflected. ,e objective weight
methods can extremely embody data information of indexes,
based on variation degree of index actual data, such as Gini
coefficient method, entropy weight method, range method,
and deviation maximization method [25]. Because these
objective research methods need a large number of actual
values of indexes, which results in some application limi-
tations in the data collection, a substantial amount of re-
search on synthesizing subjective and objective information
has been conducted to improve the accuracy of decision-
making. ,e basic theory of this weighting method is to
minimize the deviation between the obtained combination
weight and each basic weight and establish the target model
according to the optimization goal [20].

As previously mentioned, many studies have focused on
the weight determination methods to improve the accuracy
of results. However, the weights of indexes are affected by the
uncertainty of index actual data using the previous methods,
which leads to instability of weights. To our knowledge, a few
studies have investigated the reliability of weight. If the
reliability of weight is higher, it means the evaluation result
is more accurate. ,us, in this research work, TOPSIS and
MCS are coupled to determine the optimal weights
effectively.
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2.2.1. Establish Limit State Function. Given an index clas-
sification standard of slope, the number of index classifi-
cation standards k is five; the number of indexes n is seven.
Six sets of evaluation objects (O7, O8, O9, O10, O11, and O12)
can be generated based on random simulation, following the
uniform distribution (the number of evaluation objects
generated randomly is k+ 1). ,en, the standard decision
matrix Z � [Zij | i � 1, 2, . . . , 12; j � 1, 2, 3, 4, 5, 6, 7].

It is critical that each index data of the last five evaluation
objects (O8,O9,O10,O11, andO12) comes from the same grade
standard, respectively. ,e number of evaluation objects is
equal to the number of index grading standards k. In other
words, each index data of O8 comes from the first grade
randomly, following the uniform distribution (χ0j, χ1j), each
index data of O9 comes from the second grade randomly,
following the uniform distribution (χ1j, χ2j), and so on.
,erefore, the ranking indexes C � [Ci | i � 8, 9, 10, 11, 12] of
O8,O9,O10,O11, andO12 are known to be the constraints.,e
constraints are as follows:

C2 ≤C8 <C1,

C3 ≤C9 <C2,

C4 ≤C10 <C3,

C5 ≤C11 <C4,

C6 ≤C12 <C5.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)

Moreover, each index data of the 7th evaluation object
(O7) comes from different grade randomly; thus the ranking
index C7 cannot directly judge the evaluation result. Cosine
similarity can be employed to judge the evaluation result of
O7. ,us, sim (O7, O8), sim (O7, O9), sim (O7, O10), sim (O7,
O11), and sim (O7, O12) can be calculated as

sim O
7
, O

i
  �


7
j�1 O7

j × Oi
j

���������


7
j�1 O7

j 
2



×

���������


7
j�1 Oi

j 
2

 ,

i � 8, 9, 10, 11, 12.

(9)

If sim(O7, O8)≥ sim(O7, O8)∗, then O7 and O8 have the
same result, and so on. According the definition of cosine
similarity, it is easy to have a proposition.

Proposition 1. For evaluation objects Oi, Oj, and Ok, if Oi

and Oj have the same evaluation result and Oi and Ok have
different evaluation result, then min sim(Oi, Oj) >
max sim(Oi, Ok) .

Proof. Assume that min sim(Oi, Oj) ≤max sim(Oi, Ok) .
,en, sim(Oi, Oj)≥ sim(Oi, Oj)∗ and sim(Oi, Oj)∗ <

min sim(Oi, Oj) ≤max sim(Oi, Ok) .
,us, Oi and Ok have the same evaluation result, which

contradicts the proposition. ,erefore, the proposition
mentioned above is true.

Based on the proposition, we can determine the eval-
uation result of O7 by calculating max {sim (O7, Oi)}, i� 8, 9,
10, 11, and 12, as follows:

C2 ≤C7 <C1, if max sim O7, Oi(   � sim O7, O8( ,

C3 ≤C7 <C2, if max sim O7, Oi(   � sim O7, O9( ,

C4 ≤C7 <C3, if max sim O7, Oi(   � sim O7, O10( ,

C5 ≤C7 <C4, if max sim O7, Oi(   � sim O7, O11( ,

C6 ≤C7 <C5, if max sim O7, Oi(   � sim O7, O12( .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

Obviously, if six sets of evaluation objects are generated
randomly following the uniform distribution, the evaluation
results of 6 sets of evaluation objects are known to be
obeying the restrictions shown in equations (8) and (10).

For that reason, let us establish a limit state function Tk
(k� 1, 2, . . ., N) based on equations (7) and (9). Given
W � [wj | j � 1, 2, 3, 4, 5, 6, 7], substitute it into the TOPSIS
basic model.,en theMCSmethod is conducted to calculate
the reliability. If the test number is N and the occurrence
number of Tk � 1 isM, then the reliability P can be calculated
by equation (12):

Tk �
1, if Ci(i � 7, . . . , 12),

0, otherwise.
 (11)

If Ci(i � 7, . . . , 12) satisfies equations (8) and (10),

P �
M

N
. (12)

□

2.2.2. Calculate the Optimal Weight W. Given
W � [wj | j � 1, 2, 3, 4, 5, 6, 7], if the value of reliability P is
maximum, it means the evaluation result is more accurate
using this W to calculate ranking index C. ,us, the optimal
solution of W will be obtained by finding the maximum
probability P. Let is introduce an optimizing objective
function of W as follows:

maxP(W) �
M

N
. (13)

Here, W is n-dimensional vector; that is,
W � [wj | j � 1, 2, . . . , n]. W is decision variable.

In addition, we set constraints to obtain the optimum
solution W:



n

j�1
wj � 1. (14)

Crystal Ball, an easy-to-use simulation program, can
conduct Monte Carlo simulation (MCS) and estimate op-
timal values for the decision variables using the commercial
OptQuest package, which all are associated with Microsoft
Excel spreadsheet models [26]. ,erefore, the previous steps
can easily be implemented by Crystal Ball and can be set up
in an Excel® worksheet. ,e OptQuest package bundled
with Crystal Ball can be executed to obtain the maximized
objective function, which calculates the optimal weightW in
an Excel spreadsheet.

In summary, the detailed procedure of weight calcula-
tion for slope stability (Figure 1) includes two parts: (1) give a
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weight W and calculate P(W); (2) search the maximum
P(W) and obtain the optimum W.

2.3.Evaluate theSlopeStability. Using the optimal weightW,
the evaluation of slope stability can be conducted using the
TOPSIS basic model. However, some indexes can be

considered random variables obeying a certain distribution.
,e uncertainty value of index is an important factor causing
the inaccuracies of evaluation results. Unlike other evalu-
ation methods for slope stability, MCS is introduced into the

Given a classification standard of indexes for
slope stability, the number of index

classification standards k is 5

Generate 6 sets of objects based on random
simulation

Re
pe

at
 1

00
00

 te
sts

Calculate the probability P (W0)

TOPSIS basic model

MCS

Confirm whether Ti is 1 or 0,
and record the value of M

Weights of
indexes W0

A
dj

us
t t

he
 w

ei
gh

t

The maximum probability and the
optimum weight

Yes

OptQuest

No
Determine whether the probability is
the maximum or not, and record the

number of simulations

Figure 1: Basic flow chart of TOPSIS-MCS coupled model for calculating the weight W.

Index classification standard of slope

TOPSIS-MCS coupled model

The optimal weights of indexes Th
e i

nv
es

tig
at

ed
slo

pe
s

TOPSIS basic model

Uncertainty
analysis

Certainty
analysis

MCS

Figure 2: Basic flow chart for evaluating the slope stability with
uncertainty and certainty analysis.

Study area

Yuqian highway

The slope

Figure 3: ,e geographical location of the study area (Google
Earth, 2019).
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TOPSIS basic model to evaluate slope stability while taking
into account the uncertainty value of index. ,e procedure
for evaluation of slope stability based on TOPSIS andMCS is
illustrated in Figure 2.

3. Application of the New Method in Slope
Stability Evaluation

3.1. Engineering Background. ,e Yuqian Highway starts
from Jiangbei District, Chongqing, China, extending to
Qijiang District in the Southern part of Chongqing, China.
,e highway is 134 km long. ,ere are 122 slopes over 20m
and nearly 60 slopes over 30m along the whole Yuqian
Highway [27]. ,e annual rainstorms make the high slopes
unstable and finally triggered the mass sliding down,
resulting in significant casualties and economic losses. ,e
authors take a slope located between K86 + 180 and
K86 + 470 of the Yuqian Highway as a typical example to
conduct the slope stability, as shown in Figure 3. ,e slope
has height of 46m and angle of 64°. ,e geological

characterization of slope is mostly sandstone in the top and
mudstone in the bottom, consisting of weak layers in the
middle. ,e rock stratum has trends of 55° and dip angles of
23°. Rainfall is abundant in this area, which has adverse effect
on the slope stability.

It is well known that slope stability is affected by both
internal and external factors during slope cutting and other
construction activities [28]. ,e internal factors mainly
include rock type, geologic structure, hydrological condi-
tions, geo stress, strength of rock, slope height, and slope
angle, and the external factors include rainfall and human
activities, such as rock blasting or cutting [29]. Based on
geological surveys of the slope, previous studies [27], and
Standard for Engineering Classification of Rock Masses of
China (GB 50218-94) [30], all seven index parameters have
been selected to classify the stability of slope, as shown in
Table 1. In Table 1, all the indexes are divided into five
grades, that is, stable, relatively stable, basically stable, rel-
atively unstable, and unstable, corresponding to class I, class
II, class III, class IV, and class V, respectively.

Table 1: Classification system of slope stability.

Index Grade

Rock quality designation (RQD)
(%)

100–90 I
90∼75 II
75∼50 III
50∼25 IV
25∼0 V

Joint occurrence of rock mass

,e dip direction of joints is opposite to that of slope (90–100) I
,e trends of joints are perpendicular to the trends of slope (75–90) II

,e trends of joints are consistent with those of slope but larger than dip angle of slope (50–75) III
,e trends of joints are consistent with those of slope but less than dip angle of slope (30–50) IV
,e trends of joints are consistent with those of slope but less than dip angle of slope, and there are

weak interlayers (0–30) V

Geo-stress (MPa)

0∼2 I
2∼8 II
8∼14 III
14∼20 IV
20∼25 V

Cohesion (c) (MPa)

0.32∼0.22 I
0.22∼0.12 II
0.12∼0.08 III
0.08∼0.05 IV
0.05∼0 V

Friction angle (φ) (°)

45∼37 I
37∼29 II
29∼21 III
21∼13 IV
13∼0 V

Slope height (H) (m)

0∼30 I
30∼45 II
45∼60 III
60∼80 IV
80∼100 V

Daily maximum rainfall (DMR)
(mm)

0∼20 I
20∼40 II
40∼60 III
60∼100 IV
100∼150 V
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3.2. Calculation of Weights. According to classification
system of slope stability (Table 1), six sets of evaluation
objects can be generated using stochastic simulation strat-
egy. ,e standard decision matrix Z can be constructed by
equations (1)–(3), which is implemented in an Excel
spreadsheet. We can set initial value for the weightW. ,us,
the ranking index C is obtained by equations (5)∼(7). ,e
spreadsheet solution is shown in Figure 4.

,e following section presents how to calculate the
optimum weight W. We use Crystal Ball, which has built-in
optimization system, OptQuest. OptQuest allows the model
builder to bind the search space for the input parameters to
set a maximum search length and to return the parameters
combinations that meet the model criteria [31]. Subsequent
steps are as follows:

(1) Enter equation (9) into the spreadsheet columns
labeled sim (O7, O8), sim (O7, O9), sim (O7, O10), sim
(O7, O11), and sim (O7, O12), respectively. According
to equation (10), we can determine the evaluation
result of O7, labeled evaluation O7. ,e cell condition
of constraints is equal to the number that satisfies the
restrictions. If the number is six, the ranking index C
has satisfied the restrictions in equations (8) and (10),
respectively. So, the cell condition of constraints is
defined as objective. Now we want to find the
maximum probability that the cell condition of
constraints is equal to six.

(2) OptQuest tool is invoked to “maximized” cell ob-
jective, “by changing” the random variables cells G2:
L8. ,e inputs and their corresponding distribution
functions are displayed in Table 2. ,e decision
variable is W � [wj|j � 1, 2, . . . , 7].

Figure 4: ,e coupled TOPSIS and MCS model for calculating W implemented in an Excel spreadsheet.

Table 2: Data of the simulation model.

Index O7 O8 O9 O10 O11 O12 Function
RQD 0–100 90–100 75–90 50–75 25–50 0–25

Uniform

Joint occurrence of rock mass 0–100 90–100 75–90 50–75 30–50 0–30
Geo-stress 0–25 0–2 2–8 8–14 14–20 20–25
c 0–0.32 0.22–0.32 0.12–0.22 0.08–0.12 0.05–0.08 0–0.05
φ 0–45 37–45 29–37 21–29 13–21 0–13
H 0–100 0–30 30–45 45–60 60–80 80–100
DMR 0–150 0–20 20–40 40–60 60–100 100–150
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Figure 5: ,e reliability of W obtained at different number of
simulations.
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(3) Select the constraints to limit the search to solutions
that satisfy these restrictions shown in equations (8)
and (10). Stop option is set to 1000 simulations and
1000 tests.

(4) Run the optimization model to display the progress
of the search and to plot the best objective value for
each simulation, as illustrated in Figure 5. At the
completion of the optimization, the best solution is
displayed. Figure 5 is generated automatically by
OptQuest and updated after each simulation run to
illustrate the progress of searching the best solution.

,e optimal solutionW can be obtained automatically in
Step 4 above. ,e results are shown in Table 3. In order to
compare the accuracy of weight W obtained by different
methods, Crystal Ball was used to calculate the reliability for
performing Monte Carlo simulation (MCS). Some obser-
vations can be made based on the results presented in Ta-
ble 3. ,e reliability of W obtained is 48.7% higher than the
results obtained by other methods. ,erefore, the coupled
TOPSIS andMCSmodel for determining the weight of index
is feasible in this paper. In fact, it is worth mentioning that
the accuracy ofW will be improved if there are more reliable
practical cases that can determine the evaluation results. ,e
results also illustrate that the weight of DMR is larger than
others. It is shown that rainfall has great influence on slope
stability in Yuqian Highway, which is consistent with the
actual situation.

3.3. Analysis Evaluation Results of the Slope Stability.
According to the weightW obtained in the previous section,
the result of evaluation for the slope located between
K86 + 180 and K86 + 470 can be calculated using the TOPSIS
basic model. ,e other methods were conducted for com-
parison with the method proposed in this paper. ,e results
are shown in Table 4.

As shown in Table 4, the evaluation results of the new
method are consistent with the results of the grey correlation
analysis for case b and case c but are different from the result
of the grey correlation analysis for case a. ,e evaluation
results of the new method are in good agreement with the
actual status. ,us, the new evaluation method proposed is
more accurate than the traditional method for evaluating the
slope stability.

Table 4 also illustrates that if the value of DMR increases,
the results of evaluation obtained by grey correlation
analysis remain unchanged, but the results of evaluation
obtained by the new method decrease. In order to verify the
rationality of the optimal weights in slope stability evalua-
tion, the optimal weights calculated in this paper are
substituted into the grey correlation analysis to evaluate the
slope stability. As can be seen in Table 4, the results are
consistent with that of the new method, confirming the
reliability of the optimal weights. In summary, compared to
the other methods, the implementation process of the new
method is more reliable, which is a simple and effective
method to deal with classification or evaluation problems
and has better practicability.

,e system uncertainty is also caused by the uncertainty
of parameters. ,us, the evaluation results of slope stability
have uncertainty influenced by the uncertainty of parame-
ters, such as c, φ, and DMR. ,e following section describes
the effect of uncertainty of parameters on evaluation results,
using the new method proposed by this paper. ,ere are two
cases for uncertainty analysis.

,e uncertainties of one random variable (DMR, noted
Case 1) and three random variables (DMR, c, and φ, noted
Case 2) are analyzed, respectively. ,e inputs and their
corresponding distribution functions are displayed in Ta-
ble 5. ,e evaluation results of slope stability are illustrated
in Table 6.

Table 3: Reliability comparison of different weight methods.

Method RQD Geological characterization Geo-stress c φ H DMR Reliability (%)
Dependent degree (Li et al. [27]) 0.035 0.388 0.023 0.154 0.094 0.057 0.250 28.90
Over standard weighting 0.075 0.231 0.004 0.181 0.183 0.101 0.225 29.42
,e TOPSIS and MCS coupled model 0.209 0.194 0.023 0.158 0.018 0.126 0.272 48.70

Table 4: Actual data of index and evaluation results of slope stability.

Case RQD
(%)

Joint occurrence
of rock mass

Geo-
stress
(MPa)

C
(MPa) φ H

(m)
DMR
(mm)

Grey
correlation
analysis

,e new
method

Grey correlation
analysis (the optimal

weights)

Actual
status

a 72 15 0.44 0.024 12 46 0 V III III Stable
b 72 15 0.44 0.024 12 46 75 V IV IV Unstable
c 72 15 0.44 0.024 12 46 120 V IV V Unstable

Table 5: Data input for the MCS.

Index Case 1 Case 2 Function
DMR (0, 120) (0, 120) Uniform distribution

C — Mean, 0.024 Normal distributionStandard deviation, 0.5

Φ — Mean, 12 Normal distributionStandard deviation, 0.5

Table 6: Classification results of slope stability with the index
uncertainties.

I (%) II (%) III (%) IV (%) V (%)
Case 1 0.00 0.00 33.46 66.54 0.00
Case 2 0.00 0.00 41.32 58.68 0.00
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As can be seen in Table 6, for Case 1, the probability at
level I is 0.00%, the probability at level II is 0.00%, the
probability at level III is 33.46%, the probability at level IV is
66.54%, and the probability at level V is 0.00%. ,e results
show that the value of standard deviation f and the number
of random variables are sensitive to the classification results.
In summary, traditional slope stability evaluation methods
are based on deterministic analysis, without considering the
variability of indexes. ,e new method for evaluating slope
stability can consider the variability of index in this paper,
and the final evaluation results in the form of probability are
convenient for further quantitative analysis.

4. Summary and Conclusions

,is paper is devoted to developing a new reasonable
method for evaluating slope stability based on TOPSIS and
MCS. ,e new method mainly realizes the modification of
the previous weighting methods and consideration of the
uncertainty values of the indexes. It allows the evaluation of
one or more objects that have multiple qualitative indexes
and quantitative indexes, whether they are in the point value
form or interval form. ,e important features of the new
method include (1) combining the grade standard of indexes
with the evaluation schemes into a decision matrix to de-
termine the PIS and the NIS, (2) presenting a new opti-
mization process for weight calculation based on coupling
TOPSIS andMCS, (3) using Excel® worksheet and executingthe OptQuest tool in the Excel to obtain the maximized
objective function, which calculates the optimal weight, and
(4) substituting the optimal weight into the TOPSIS basic
model to evaluate the stability while taking into account the
uncertainty of index by MCS.

,e method has the advantage of avoiding the influence
of subjectivity on index weights. In addition, the proposed
evaluation method based on TOPSIS and MCS can take into
account the uncertainty of the indexes and obtain the results
in the probabilistic form. A case study of Yuqian Highway
slope in southwestern China is used to verify the compu-
tational effect of the newmethod. Based on coupling TOPSIS
and MCS, the proposed method determines more accurate
weight for each evaluation index of the slope compared with
other methods. ,rough calculation, we observe that the
results of the new method are more similar to the real
situations compared with the other methods and can obtain
the probability of slope stability while taking into account
the uncertainty of the indexes. ,erefore, the proposed new
method is more realistic and convenient than the traditional
methods for evaluating the slope stability.
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