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Aiming at the uncertainty in the existing tunnel surrounding rock stability evaluation methods and the inability to make scientific
explanations in the process of determining the weights of multiple evaluation indicators, this paper combines subjective weighting
based on the nonlinear characteristics of the surrounding rock stability evaluation criteria. Based on the advantages of the method
AHP and the objective weighting method CRITIC, a comprehensive weighting method with multiple evaluation indicators is
proposed, which is integrated with the multidimensional normal cloud model to establish a surrounding rock stability evaluation
method for the improved weighted multidimensional cloud model and accurately obtain the safety level of tunnel surrounding
rock construction. (e multidimensional cloud model based on improved weighting not only solves the two major problems of
randomness and ambiguity in surrounding rock stability evaluation but also fully considers the influence of the information
contained in each evaluation factor on the results. (e surrounding rock stability evaluation method in this paper is applied to the
tunnel construction of the Beijing-Shanghai Expressway and Jinan Expressway connecting line construction project, and the
evaluation results have a scientific guiding role for construction risk control.

1. Introduction

Because of the complex bad geology in the surrounding rock
of the tunnel and existence of many uncertain factors, it is
easy to collapse during the construction of the tunnel, and
the risk is very high. Generally speaking, the better the
evaluation and classification of surrounding rock stability,
the lower the probability of safety accidents during con-
struction.(e evaluation of risk grade of tunnel construction
safety should be based on reasonable surrounding rock
stability grade evaluation, before tunnel design and con-
struction. It is necessary to make scientific evaluation on
surrounding rock stability grade according to the relevant
rock mass quality index [1–3].

With the rapid development of urbanization and the
continuous growth of the population, underground engi-
neering has been paid more andmore attention. Its scale and

quantity have also increased rapidly, and the engineering
environment faced by the project is becoming more and
more complex. Classification of surrounding rock stability is
directly related to the economic rationality, safety, reliability,
and even success or failure of the project, so the classification
of surrounding rock stability is an important problem, but
the evaluation of surrounding rock stability is extremely
complex, involving many uncertain influencing factors [4].
For this reason, people have established various evaluation
methods based on different theories, such as the variable
fuzzy set method, rough set method, artificial neural net-
work method, extension method, stochastic simulation
method, and cloud theory method, which are applied in
engineering practice and achieved useful progress. For ex-
ample, Xue and Xiao proposed a least square support vector
machine (LSSVM) method based on particle swarm opti-
mization [5], Wu et al. proposed the stability evaluation of
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the underground engineering surrounding rock based on DS
evidence theory and error elimination theory model [6], and
Ren et al. established the rock mass deformation stability
prediction evaluation method (DSPEM), which combines
the safety evaluation method based on deformation statis-
tical analysis with the antideformation prediction method
based on measured deformation data [7]. Ran et al. used the
multidimensional normal cloud model as a rockburst grade
prediction method, used rough sets to determine the eval-
uation index weights, and established a rough set-multidi-
mensional normal cloud rockburst classification prediction
model [8]; Zhong et al. and Wang et al., aiming at the
multiple indicators and incompatibility of tunnel sur-
rounding rock stability evaluation, combined the game
theory with subjective and objective weighting methods,
combined with the cloud model theory to improve the
extension theory, and established a game for the stability
evaluation of the tunnel surrounding rock on the extension
cloud model [9, 10]. However, these methods also have
shortcomings. For example, the actual application of arti-
ficial neural network methods is affected by the bottleneck of
knowledge acquisition; the extension theory method will
miss important constraints; the cloud model based on the
normal distribution assumes the evaluation index distri-
bution form is a normal distribution.

Evaluation of the stability classification of the sur-
rounding rock is the coexistence of randomness and fuzz-
iness, which is mainly manifested in three aspects:

(1) Multiple evaluation factors should be considered
comprehensively in the evaluation process, and the
classification of individual evaluation factors is a
random event [11].

(2) (e existence of evaluation factors in the boundary
range is also ambiguous.

(3) (e weight of each evaluation factor is not sure. In
order to solve the above problems, this paper
combines the subjective weighting method with the
objective weighting method to determine the weight
of each index in the evaluation of surrounding rock
stability and establishes a comprehensive evaluation
model of surrounding rock stability of the multi-
dimensional normal cloud model.

2. Multidimensional Normal Cloud Model
Analysis Method

2.1. Model of the Multidimensional Normal Cloud. In prac-
tical engineering, the surrounding rock evaluation language
collected by current data information is often imprecise,
fuzzy, and random, and even some indexes are only de-
scriptive. (erefore, even if many index parameters of the
surrounding rock of the face are known, it is often difficult to
give an accurate classification of the stable grade of the
surrounding rock. Based on the probability theory and fuzzy
set, the cloud model evaluation method can be utilized to
form the conversion model between the qualitative concept
and quantitative representation. It serves to reveal the

internal correlation between randomness and fuzziness of
surrounding rock evaluation index information [12].

(e cloud model is an uncertainty conversion model
between a qualitative concept expressed in the natural
language and its quantitative representation, in which the
universality of the normal distribution and normal mem-
bership function lays a theoretical foundation for the uni-
versality of the positive cloud. (erefore, normal cloud has
become the most widely used cloud model. (e digital
features of cloud models play an important role in the
process of cloud model generation, which is mainly com-
posed of expectation E(x), entropy En, and superentropy
He, E(x) representing the expectation that cloud droplets
are distributed in the domain space in the cloud model; En

reflecting the uncertainty measure of the domain space in
the qualitative concept, indicating the possible distribution
range of cloud droplets; and He representing the uncertainty
and randomness of cloud droplets in the domain space
distribution.

(e multidimensional normal cloud model extends the
one-dimensional cloudmodel to multidimensional [13], that
is, the three digital features of the cloud model are multi-
dimensional, and W can represent multiple qualitative
concepts or the multidimensional attributes of a qualitative
concept. And to reflect the multidimensional qualitative
concept, let U be an m-dimensional domain
U � x1, x2, . . . , xm ,T be a qualitative concept about U, and
the membership degree of the elements in U be a random
number with a stable tendency μ, that is,

μ: U⟶ [0, 1],

∀ x1, x2, . . . , xm(  ∈ U, x1, x2, . . . , xm( ⟶ μ.
(1)

Assuming that the dimensions of the universe are not
related to each other, the m-dimensional normal cloud is
described by 3m digital features, including expectation
Ex(Ex1, Ex2, . . . , Exm), entropy En(En1, En2, . . . , Enm),
and superentropy En(En1, En2, . . . , Enm). (e mathematical
expected hypersurface (MEHS) equation of the multidi-
mensional normal cloud model is

MEHS x1, x2, . . . , xm(  � exp −
1
2



m

i�1

x − Exi( 
2

En
2
i

⎡⎣ ⎤⎦. (2)

(e generation algorithm of the multidimensional cloud
model based on this equation is called the cloud generator,
which is divided into forward cloud generator and reverse
cloud generator. (e forward cloud generator is also called
the basic cloud generator, and it is briefly described. (e
generator algorithm is as follows:

(1) Generate k xi � (x1, x2, . . . , xm)-dimensional nor-
mal random numbers with Ex(Ex1, Ex2, . . . , Exm)

as the expectation and En(En1, En2, . . . , Enm) as the
variance.

(2) Generate k yi � (y1, y2, . . . , ym)-dimensional nor-
mal random numbers with En(En1, En2, . . . , Enm) as
the expectation and He(He1,He2, . . . ,Hem) as the
variance.
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(3) Calculate the membership degree:

μi � exp −
1
2



m

i�1

x − Exi( 
2

En
2
i

⎡⎣ ⎤⎦. (3)

(4) Drawing a multidimensional cloud drop model,
(xi, yi, μi) is the cloud drop.

Taking the cloud model generated by the forward cloud
generator as an example, the calculation results of the cloud
model with the above process are repeated. Figure 1 shows
the calculation results of the single-factor one-dimensional
cloud model and the two-factor two-dimensional cloud
model.

(e two-dimensional forward cloud model is a high-
dimensional cloud model that can be presented in a three-
dimensional graph by mapping software. When more
multidimensional indicators are considered at the same
time, the cloud model can only be expressed by formula, and
the corresponding degree of certainty can be calculated by
program. In order to further explain the membership de-
termination process of 2D and high-dimensional cloud
models in hierarchical applications, the four evaluation
ranges of a two-factor index are used to draw the cloud
models with the four standard grades for the evaluation of
2D cloud models.

It can be seen from Figure 2(b) that the multidimen-
sional cloudmodel has the advantages of fast and intuitive in
determining the level of membership of multiple indicators.
At the same time, the high-dimensional cloud model gen-
erated by considering the correlation between multiple
factors can more reveal the internal correlation of the
evaluation target.

2.2. AHP-CRITIC Empowerment Method

2.2.1. AHP Method to Determine Weight. (e analytic hi-
erarchy process (AHP) is a decision-making method that
combines qualitative and quantitative analyses. In the
process of determining weights, expert opinions are used as
the basis for evaluation, and the results can fully apply the
experience of industry experts to evaluate the stability of
surrounding rock. It is a subjective weighting method with
the advantages of systemicity and flexibility. (is method
divides various indicators in the complex surrounding rock
stability evaluation problem into orderly levels related to
them for quantitative and qualitative analyses. Table 1
shows the rules for the relative importance of evaluation
indicators in the analytic hierarchy process.

After determining the relative importance judgment
matrix, formulas (1)–(3) are used to calculate

mi � 
n

j�1
xij, (i, j � 1, 2, . . . , n), (4)

�wi �
���
mi

n
√

. (5)

Normalization calculation is performed on the evalua-
tion index weight vector to determine the weight of a single
index:

wi �
wi


n
j�1 wj

. (6)

Finally, a consistency test is carried out to check whether
the judgment matrix is consistent, which needs to satisfy
aik � aij × aik for any evaluation of surrounding rock sta-
bility index i, j, and k.

2.2.2. CRITIC Determines the Weight. CRITIC (criteria
importance through intercriteria correlation) is a method of
showing the importance of indicators by analyzing the
correlation between indicators. As an objective weighting
method, contrast strength and indicator conflict are the basis
for determining objective weights [14]. In the evaluation of
the surrounding rock stability index of this article, the
contrast intensity refers to the standard deviation of each
surrounding rock evaluation index applied to different
surrounding rock conditions. (e larger the standard de-
viation, the greater the amount of information contained in
the index. (e conflict of indicators is based on the corre-
lation of indicators. If the negative correlation coefficient of
an indicator is larger, it means that the information reflected
between the indicators is different, and its weight will be
greater.

(e CRITIC method not only considers the amount of
information of the indicators but also considers the corre-
lation between the indicators, which has obvious objective
advantages. By unifying the dimensions and orders of
magnitude among the indicators, the optimization and
improvement of the use of standard deviation to measure the
variability of indicators are insufficient.(emain steps are as
follows: (7)–(10).

Coefficient of variation of evaluation indicators:

vj �
sj

xj

, (j � 1, 2, . . . , n), (7)

where vj is the coefficient of variation of the j index and sj

and xj are the mean value and standard deviation of the j

index, respectively.
Calculate the correlation coefficient matrix:

R � rkl( n×n, (k � 1, 2, . . . , n; l � 1, 2, . . . , n), (8)

where rkl is the correlation coefficient between the k index
and the l index.

Taking Cj as the amount of information contained in the
j indicator, the formula for determining Cj is as follows:

Cj � sj 

m

j�1
1 − rkj , (j � 1, 2, . . . , m). (9)

In the formula, σj is the standard deviation of the j

indicator, and rkl is the correlation coefficient of the i and j

indicators. According to the information reflected in the
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amount of information Cj, the calculation formula for
determining the weight of the indicator is as follows:

wj �
Cj


m
j�1 Cj

, (j � 1, 2, · · · , m). (10)

2.2.3. Determination of Comprehensive Weights of Evalua-
tion Indicators. (erefore, this paper combines the AHP
and CRITIC methods to determine the weights of the
multidimensional normal cloud model and can perform
targeted evaluations on the surrounding rock during tunnel
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Figure 1: X-Y two-factor qualitative conceptual 2D cloud model. (a) Single-factor one-dimensional cloud model. (b) Two-factor two-
dimensional cloud model.
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Figure 2: Two-dimensional cloud model with four levels of evaluation and its membership determination method. (a) 2D cloud models of
different levels. (b) Two-index cloud model evaluation sample.

Table 1: (e evaluation index of surrounding rock quality stability and the range of grading values.

Level Uniaxial compressive strength
UCS (MPa)

Volume joint coefficient
Jv (m3)

Integrity
coefficient Kv

Fracture water pressure
P (MPa)

Rock mass quality index
BQ (MPa)

I >60 <3 >0.75 0.1–0.2 >550
II 60–30 3–10 0.75–0.55 0.2–0.3 550–451
III 30–15 10–20 0.55–0.35 0.4–0.5 450–351
IV 15–5 20–3 0.35–0.15 0.7–0.9 350–251
V ≤5 ≥35 ≤0.15 1.0 ≤250
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construction by mining the surrounding rock index data,
thereby improving the stability evaluation method of the
existing tunnel surrounding rock [15]. (e combination of
the analytic hierarchy process and the CRITIC method can
highlight the advantages of subjective and objective
weighting, make up for the shortcomings of a single
weighting method, and effectively determine the importance
of each evaluation of the surrounding rock stability indi-
cator. (e comprehensive weight determination formula
used is as follows:

wj �
wAHPj

wCRITICj


m
j�1 wAHPj

wCRITICj

. (11)

3. Evaluation Framework of the
Multidimensional Cloud Model for the
Stability of the Surrounding Rock of the
Complex Tunnel

3.1. Calculation of the Digital Feature of the Surrounding Rock
Quality Classification Index Cloud and Determination of Its
Weight. (e research on the evaluation index system of
tunnel rock mass quality is relatively mature, and the se-
lection of the index should consider the system, accessibility,
difference, and representativeness, according to the work
summary of surrounding rock stability evaluation research
and field literature [8.9], and refer to the key indicators of
surrounding rock stability classification in the Chinese
standard “Engineering Rock Mass Classification Standard,”
and finally, selected rock mass uniaxial compressive strength
(UCS) (MPa) and rock mass quality indicators BQ value,
volume joint coefficient Jv, integrity coefficient Kv, and
fracture water pressure are used as the index body of rock
mass quality classification. In the rock mass quality evalu-
ation, each factor index is divided into 5 grades from I to
V. (e normalized values of the grading index dimensions
are shown in Table 1.

(is paper also uses calculation formulas (7)–(9) of the
numerical characteristic value of the multidimensional
cloud model in the literature [13] to calculate the stability
classification index of the surrounding rock of the tunnel.
(e values are shown in the table.

Ex �
Cmax + Cmin

2
, (12)

En �
Exmax

3
. (13)

Generally speaking, the larger En is, the larger He is. He
can be adjusted according to En:

He ∈ [0.01, 0.5]. (14)

In the determination of the weight of the stability
evaluation index of the surrounding rock of the tunnel,
firstly, the analytic hierarchy process is used to determine the
subjective weighting method, in which the discrimination
matrix of the analytic hierarchy process based on expert
scores is shown in the following equation:

CA �

1 2 1 1/3 1/4

1/2 1 1/2 1/4 1/6

1 2 1 1/3 1/4

3 4 3 1 1/3

4 6 4 3 1

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

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

. (15)

After the consistency verification meets the require-
ments, the calculated subjective weight of the evaluation
index system is

wi � 0.1049, 0.0605, 0.1049, 0.2517, 0.4781{ }. (16)

(is paper collects typical samples of surrounding rock
grading and stability evaluation during the engineering
process as the objective samples of the CRITIC method to
collect on-site sample indicators. Typical indicators are
shown in Table 2.

According to the obtained sample index value, the ob-
jective weight vector of the index is calculated based on the
CRITIC method:

wj � 0.208, 0.126, 0.195, 0.124, 0.347{ }. (17)

Formula (17) is used to calculate the comprehensive
weight of the surrounding rock stability evaluation index,
and finally, the comprehensive weight vector is calculated:

w � 0.088, 0.031, 0.083, 0.126, 0.672{ }. (18)

(rough the above calculations, Table 3 shows the
comprehensive weights of the digital feature values and
indicators of the multidimensional cloud model based on
improved weighting.

3.2. Evaluation Framework of Surrounding Rock Stability of
the Multidimensional Cloud Model. (e calculation steps of
the multidimensional normal cloudmodel for the stability of
the surrounding rock are shown in Figure 3.

4. Engineering Example Application

(is method is applied to the construction project of the
Beijing-Shanghai Expressway and Jinan Expressway. (e
total length of the construction project is 21.95 kilometers,
the bridge-tunnel ratio is 64.7%, and there are 6 eight-lane
tunnels on the whole line. (e specific engineering con-
ditions and surrounding rock characteristics are shown in
Table 4 and Figure 4. (e construction of the tunnel group
is risky and difficult, and the scientific and accurate
classification of the stability of the tunnel surrounding
rock provides effective support to ensure the tunnel
construction.

(e evaluation of the multidimensional cloud model is
carried out based on the surrounding rock sample indicators
collected in the tunnel group. (e actual values of the
evaluation indicators of the tunnel surrounding rock are
shown in Table 5.

According to the evaluation results of the multidi-
mensional cloud model in the surrounding rock section in
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Table 6, it can be seen that the evaluationmodel in this article
has some differences compared with the traditional fuzzy
comprehensive evaluation method. From the analysis of the
evaluation process of the first set of surrounding rock
samples, the evaluation of the multidimensional cloud
model is higher than the fuzzy comprehensive evaluation.
(is is because the multidimensional cloud model will
perform positive cloud changes on the sample data to form a
cloud drop cluster that conforms to the normal distribution.

Dituan, therefore, when calculating the membership level of
the index, it will comprehensively consider the state of the
index after the redistribution. In the fuzzy comprehensive
evaluation method, an index value is used to determine a
membership value, which is changed into a cloud with an
index value, and then calculate the final index value through
the membership degree distribution in the cloud group,
thereby overcoming the influence of a single index on the
comprehensive evaluation.

Table 2: Some site surrounding rock samples and index values.

Sample UCS (MPa) Jv (m) Kv P (MPa) BQ (MPa)

46.3 18 0.49 0.3 353

46 21 0.33 0.12 311

50.41 25 0.27 0.15 308

39.2 27 0.28 0.43 271

Table 3: (e comprehensive weight distribution of digital feature values and indicators of the level II multidimensional cloud model of
surrounding rock stability.

Digital features UCS Jv Kv P BQ
Ex 45 6.5 0.65 0.25 500
En 15 2.1 0.21 0.08 167
He 0.2 0.1 0.05 0.01 0.4
Comprehensive weight 0.088 0.031 0.083 0.126 0.672
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(e surrounding rock classification module integrates
the surrounding rock classification evaluation results into
the GIS map component to visually display the surrounding
rock information. At the same time, the surrounding rock
classification statistics along the tunnel are made to facilitate
the understanding of the overall tunnel situation. Taking the
Laohushan Tunnel as an example, the results of the sur-
rounding rock classification applied to the GIS construction
management platform are shown in Figure 5.

5. Summary

(is article applies the objective weight and subjective
weight determination method of the evaluation index
system of the analytic hierarchy process and the CRITIC
method to the comprehensive index weight in the process
of surrounding rock stability evaluation. (e determi-
nation of the comprehensive index weight can reflect the
subjective experience of the evaluator. Judgment has

Table 4: Overview of the eight-lane tunnel group project.

Tunnel name Length (m) Project characteristics and main risks

Laohushan Tunnel Left: 1740m, right:
1888m

(e tunnel is located on the side of the contact zone of the Upper and Lower Ordovician, there
are obvious intrusive rocks exposed, and the overall uniformity of the rock mass is poor.

Daling Tunnel Left: 961.7m, right:
965m

Rocks are exposed in some sections of the tunnel site, joints and cracks are developed, and
rolling stones are seen at the foot of the slope.

Xiaoling Tunnel Left: 500m, right:
500m

(ere may be small dissolution fissures in local rock formations, with more developed
groundwater and joint fissures.

Jiangshuiquan
Tunnel

Left: 3101m, right:
3085m

(e tunnel body passes through multiple fault fracture zones and is affected by groundwater.
(ere are many karst caves in distribution and complex types.

Longding Tunnel Left: 2183m, right:
2182m

(ere are two squeezed and dense joints developed in the tunnel site area, and the joints
produced along the structure develop and form corrosion cracks, dissolved pores, and caves.

Ganggou Tunnel Left: 1105m, right:
1091m

(e karst is developed, the fillings in the cave are prone to collapse when the cave is excavated,
and water in the cave will have a large short-term inrush in the rainy season.

Multidimensional cloud model evaluation
of surrounding rock stability based on 

improved weighting

Evaluation index system 
determination

Classification standard of 
surrounding rock stability

AHP subjective
empowerment

CRITIC objective
empowerment

Comprehensive weight of
the evaluation index

Multidimensional cloud 
model hierarchical feature

digital value

Multidimensional cloud 
model realization

Determine the membership 
degree of the evaluation 

Calculation of the degree 
of certainty of surrounding 

rock stability evaluation

Assessment completed

Figure 3: Multidimensional normal cloud model evaluation framework process of tunnel surrounding rock stability.
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strong objectivity, and empowerment is more reasonable
and scientific. At the same time, the multidimensional
cloud model evaluation method is used to replace the
conventional cloud model evaluation method. (e im-
proved multidimensional cloud model after the matter
element structure can not only integrate qualitative and
quantitative indicators into a comprehensive evaluation
model but also can reduce the influence of the state value
of a single indicator on the overall evaluation model, the
ambiguity and randomness of determining the stability

level interval are reduced, and the reliability of the
evaluation result is higher. Compared with the one-di-
mensional cloud model, the evaluation workload under
the multidimensional model is smaller, and the evalu-
ation process can be easily realized through program-
ming. In addition, this article publishes the stability
evaluation results of the surrounding rock of the tunnel
through the GIS platform, which have practical signifi-
cance for guiding the construction and development of
the tunnel.

+
–

Laohushan
Tunnel

Jiangshuiquan
Tunnel

Longding
Tunnel

Ganggou
Tunnel

Xiaoling
Tunnel

Daling Tunnel

Figure 4: Overview of the topographic map of the eight-lane tunnel group.

Table 5: Measured values of the evaluation section indexes of the surrounding rock of the tunnel.

Evaluation section UCS (MPa) Jv (m) Kv P (MPa) BQ (MPa) Description
1 43.02 27 0.25 0.11 285 Broken surrounding rock
2 42.08 26 0.16 0.36 256 Water seepage in the face
3 52.65 14 0.47 0.24 352 (e surrounding rock is relatively complete
4 50.91 32 0.19 0.13 290 (e surrounding rock is relatively complete
5 28.50 27 0.26 0.32 241 Broken surrounding rock, seepage water
6 45.00 22 0.27 0.15 263 Broken surrounding rock, seepage water

Table 6: Evaluation results of the multidimensional cloud model for the surrounding rock section.

Evaluation paragraph
Grade comprehensive certainty

Method of this article Fuzzy comprehensive evaluation method
I II III IV V

1 0.2825 0.5679 0.8648 0.5154 0.2334 III IV
2 0.4326 0.7765 0.3654 0.4014 0.2848 II II
3 0.1265 0.4813 0.447 0.6831 0.1962 IV V
4 0.6854 0.5486 0.7953 0.7663 0.8764 V IV
5 0.5642 0.6046 0.7305 0.4536 0.1938 III III
6 0.2319 0.5427 0.6318 0.5831 0.7584 V V
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Figure 5: Application of surrounding rock classification results to the tunnel GIS construction management platform.
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