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There are many risk factors in EPB shield construction. The traditional fuzzy analytic hierarchy process (FAHP) method usually
uses a linear analysis method to determine the risk level, but there are often some risk factors with prominent influence, which will
reduce the accuracy of the evaluation results. In this paper, a new risk assessment model of Earth pressure balance (EPB) shield
construction based on a nonlinear FAHP method is established by introducing nonlinear factors into the comprehensive
calculation of the traditional FAHP. First, the new model establishes the framework of EPB shield construction risk analysis based
on the work breakdown structure (WBS) and risk breakdown structure (RBS) methods. Then, it constructs an EPB shield
construction risk index system by coupling the units of the WBS and RBS. The model constructs a fuzzy consistent judgment
matrix, which replaces the 1~9 scale. Finally, the nonlinear operator is introduced into the FAHP comprehensive calculation,
considering the influence of some prominent risk factors, which improves the accuracy of the risk assessment. By applying the new
model to the risk analysis of the EPB shield construction section of a tunnel project in Hangzhou, the effectiveness of the model is

further verified.

1. Introduction

In China, with the continuous development of urbaniza-
tion, the contradiction between limited land resources and
the growing urban population has become increasingly
prominent. To solve the problems of urban ground traffic
congestion and land energy shortages, the development
and utilization of urban underground space has become an
inevitable trend of urban development to a certain stage
[1, 2]. EPB shields are widely used in the underground
tunnel construction of urban rail transit, utility tunnel, and
other projects because of their advantages of high safety,
fast excavation speed, automatic operation throughout the
excavation process, and low construction labor intensity.
However, EPB shield construction has the risks of water
permeability, sand gushing, mud bursting, and collapse,
which can easily cause large-scale surface collapse and

damage to underground pipelines or surrounding build-
ings. Therefore, the risk assessment of urban underground
space engineering has important theoretical significance to
ensure the safety of construction and the surrounding
environment.

In 1980, Saaty proposed analytic hierarchy process,
which is a multiobjective system decision-making method
combining qualitative and quantitative aspects. It is widely
used in social, economic, management, military, and other
fields. In 1996, Einstein outlined the basic aspects of risk
analysis and decision-making, and then discussed in detail
three typical rock engineering applications of risk analysis:
(1) slope design, (2) fractured medium flow, and (3) tunnel
excavation [3]. Fuzziness and uncertainty are one of the
characteristics of risk assessment. Various uncertain factors
can be expressed quantitatively by membership function,
so as to realize the transformation of risk assessment from
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qualitative to quantitative. Based on the uncertainty model
of fuzzy mathematics, Choi et al. established a standardized
underground engineering evaluation method and applied
this method to the Seoul metro project in South Korea for
subway construction risk evaluation, which verified its
effectiveness [4]. In addition, in the field of civil engi-
neering, the factors to be considered in risk assessment can
be divided into three parts: preconstruction preparation,
main construction process, and auxiliary construction
process according to the construction characteristics. In
this regard, many scholars have carried out corresponding
research according to different engineering characteristics.
Dagdeviren and Yiiksel studied the safety risk of TBM
construction by using the FAHP and proposed an evalu-
ation model for the TBM dynamic performance [5]. Zhou
and Cao established the comprehensive evaluation index
system of the foundation pit support scheme by analyzing
the influencing factors of urban deep foundation pit
support in soft soil area, obtained the weight value of each
risk factor by using analytic hierarchy process, determined
the relative superior degree matrix by logical operation,
and put forward the FAHP model suitable for the opti-
mization of urban deep foundation pit support scheme in
soft soil area [6]. Liu et al. established the construction risk
evaluation index system of deep foundation pit by the
WBS-RBS method and established the fuzzy level assess-
ment model of construction risk based on the theory of
triangle fuzzy mathematics [7]. Deng et al. studied the
construction risk of tunnel portal based on Fuzzy AHP and
analyzed the Wuguangyi highway tunnel as a case study [8].
Lu et al. used the FAHP to build a model that can be used to
evaluate the probability of tunnel collapse accidents [9].
Samantra et al. proposed a comprehensive risk assessment
method for urban construction projects based on the fuzzy
set theory [10]. Kuchta and Ptaszynska proposed a fuzzy
risk registration method to identify risks in construction
projects and evaluate their attributes [11] based on the
existing risk assessment theory of urban rail transit project
infrastructure. According to the translational velocity and
angular velocity characteristics of the TBM, Yu et al.
established the dynamic performance evaluation model of
the TBM by using the FAHP to determine the weight of the
evaluation model [12]. Nezarat et al. used the fuzzy analytic
hierarchy process (FAHP) to rank the geological risks of
Golab tunnel construction in northwestern Isfahan (Iran)
[13]. Lyu et al. proposed an improved trapezoidal fuzzy
analytic hierarchy process (FAHP) to evaluate the risk of
infrastructure related to land subsidence in megacities and
evaluated the risk of infrastructure related to land subsi-
dence in Shanghai [14]. Hu et al. used the analytic hierarchy
process and fuzzy principle to determine the weight of each
index in the index system, and on this basis, finally
established an evaluation system and a classification
standard for the highway tunnel structure safety grade state
[15]. Based on the fuzzy comprehensive evaluation theory,
Zhu et al. proposed a multilevel comprehensive evaluation
method for tunnel construction organizations and applied
it to an example [16]. Wang et al. took surface vertical
settlement, structural stress, crack displacement, and
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contact pressure as the early warning indicators of the
underground comprehensive pipe gallery structure in the
active period of ground cracks and gave the safety control
value and early warning standard on the basis of the
analysis results [17, 18]. Zheng et al. combined triangular
fuzzy number (TFN) and analytic hierarchy process (AHP)
into the geographic information system (GIS) to evaluate
geological disasters along the Zhengkun railway, which not
only effectively predicted the risk distribution of geological
disasters in the study area in recent 10 years but also put
forward risk prevention management measures [19]. Ob-
viously, the abovementioned scholars have made different
contributions to the development of underground engi-
neering risk management, but there is less risk analysis
related to EPB shield construction.

Generally, FAHP can be divided into FAHP based on
fuzzy number and FAHP based on fuzzy consistent matrix
[20]. FAHP based on fuzzy numbers includes interval
FAHP, triangular FAHP, and trapezoidal FAHP [21]. In-
terval FAHP uses interval numbers to represent the relative
importance of factors[22~24], while triangular/trapezoidal
FAHP uses a triangle/trapezoid number to represent the
relative importance in pairwise comparison [22, 23]. After
constructing the judgment matrix, if the expert’s reply to
the questionnaire adopts the method of pairwise com-
parison [24], the consistency check needs to be carried out.
The consistency check mainly includes three steps: (1)
calculation of consistency index; (2) determination of the
average random consistency index; and (3) consistency
ratio calculation[25]. When the judgment matrix does not
have consistency, the factors of the judgment matrix need
to be adjusted to make it consistent. This does not rule out
that it needs several times of adjustment and inspection to
make the judgment matrix consistent. The process is
cumbersome, and the amount of calculation will increase
accordingly. Therefore, Lyu et al. proposed a new ques-
tionnaire, which is composed of a comprehensive table. The
first column lists all factors, and the other columns list 9
scores representing the relative importance of a factor’s
contribution to construction risk (from 1=Ilowest im-
portance to 9 = highest importance). The fuzzy number is
determined by scoring all factors directly by experts, and a
consistent judgment matrix is established [26]. When
experts consider a small number of factors, this method has
higher efficiency and greater accuracy, but when experts
must consider a large number of factors, the importance of
some factors may not be more accurate than pairwise
comparison. The FAHP based on the fuzzy consistent
matrix first establishes the fuzzy complementary matrix,
and then transforms it into the fuzzy consistent judgment
matrix for risk assessment. Because the fuzzy consistent
judgment matrix transformed from the fuzzy comple-
mentary judgment matrix meets the additive consistency
condition, that is, the difference between the factors of any
two rows is constant, so there is no need to do consistency
test [27]. Therefore, by combining this method with
pairwise comparison, it can not only ensure the accuracy of
experts’ scoring of factors but also meet the consistency
conditions.
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In this paper, the WBS-RBS method is introduced into
the system decomposition of the tunnel construction work
structure and construction risk source, and the framework
structure of EPB shield construction risk analysis is con-
structed. By coupling the tunnel construction work break-
down structure and construction risk breakdown structure,
the risk factors reflecting EPB shield construction are de-
termined, and the EPB shield construction risk index system
is built. On this basis, the expert questionnaire is collected by
a pairwise comparison method, and the fuzzy consistency
judgment matrix is established by transforming the fuzzy
complementarity matrix, which not only meets the accuracy
and consistency requirements of expert scoring but also
avoids the cumbersome consistency test. Finally, the non-
linear operator is introduced into the FAHP comprehensive
calculation to improve the accuracy of the risk assessment,
and a new EPB shield construction risk assessment model
based on the nonlinear fuzzy analytic hierarchy process is
established. The new model is applied to the risk analysis of
EPB shield construction section of a tunnel project in
Hangzhou, and the validity of the model is verified. It also
provides ideas and experience for risk assessment in the
shield construction field by using nonlinear FAHP.

2. Risk Identification of EPB Shield
Construction Based on the WBS-RBS Method

The WBS (work breakdown structure) is a method to divide
project tasks into different levels. The basic principle of the
WBS is to decompose project tasks into different levels by
top-down, bottom-up, or analogy methods. The RBS (risk
breakdown structure) is a method to decompose various
major risk factors into the most basic risk factors by taking
risk management theory as the basic theory and combining
quantitative and qualitative risk grading. Hillson and Gri-
maldi and others first began to integrate the WBS and RBS
[28]. The basic principle of the WBS-RBS method is to
organically combine the specific risk factors defined in the
RBS with the effective scope of work defined in the WBS to
construct the risk identification coupling matrix to identify
the risk of each underlying unit and establish the risk index
system of the engineering project. The steps of WBS-RBS
method are as follows [25]: (1) construct the WBS work
breakdown structure; (2) build the RBS risk decomposition
structure; and (3) associate WBS with RBS, establish WBS-
RBS coupling matrix with the work package set at the
bottom of WBS and the risk element set at the bottom of
RBS, and then analyze the existing risks.

2.1. Establishment of the EPB Shield Construction Work
Breakdown Structure. According to the WBS principle, the
EPB shield construction process is decomposed into two
levels.

(1) According to the main construction stages of the
EPB, the first-level WBS is divided into three stages:
preparation before EPB shield construction, EPB
shield tunneling construction, and EPB ancillary
equipment construction.

(2) Combined with the characteristics of each stage of
EPB shield construction, the first-level WBS is
decomposed into different second-level WBSs by
distinguishing different processes.

According to the WBS method, the EPB shield con-
struction work breakdown structure is shown in Figure 1.

2.2. Establishment of the EPB Shield Construction Risk De-
composition Structure. According to the RBS principle, the
risk sources of EPB shield construction are decomposed into
two levels.

(1) According to the characteristics of EPB shield
construction, the first-level RBS can be divided into
three types: geological condition risk source, envi-
ronmental risk source along the line, and other risk
sources.

(2) On the basis of the first-level risk decomposition
source, the EPB shield construction risk is analyzed
in detail, and the first-level risk structure is
decomposed into the second-level risk structure.

The risk decomposition structure of EPB shield con-
struction based on the RBS method is shown in Figure 2.

2.3. Establishing the Coupling Matrix of EPB Shield Con-
struction Risk Identification. By coupling the bottom units
of the WBS (Figure 1) and RBS (Figure 2), the coupling
matrix of EPB shield construction risk identification can
be obtained, as shown in Table 1. The result is “0” when the
two couplings do not produce risk and “1” when the two
couplings produce risk. The results of the EPB shield
construction risk identification coupling matrix are
classified as follows: (1) Wy;R;;, Wi1Ris WiiR5;, and
W11R53: end reinforcement failure of shield shaft; (2)
W12R11, W12R14, W12R31, and W12R33: tunnel portal
collapsed; (3) W;3R3;, and Wi3R33: backup system failure;
(4) W14R5;, W14R5,, and W14R55: bracket deformation and
instability; (5) WysRs; and WisR33: deviation of the shield
tunneling route; (6) WigR3;, WigR32, and WigR33: failure
of the shield machine assembly and commissioning; (7)
W,1R11, WyR3;, and Wy R3,: collapse of the tunnel face;
(8) Wy 1Ry, WasR,, and WouR,;: settlement of surface
buildings; (9) W,1Rz, WisR,,, and WyyuR,,: buried
pipelines damage; (10) W,1R,3, Wy3R,3, and WyuR,s:
deformation of underground buildings or structures; (11)
W51Rp4, WasRy4, and WouR,,: road surface heave or set-
tlement; (12) Wp,R;; and W,R 4: water and sand gushing
in tunnel face; (13) W,,R;3, W5,5R35, and W5 R, 5: harmful
gas accumulation in tunnel; (14) W,,R3; and WyyR;3:
discontinuous transportation of muck; (15) Ws,sR;y,
WsR1a, WisR31, and WjsRss: cutting tools damage; (16)
W31R3; and W3 R33: poor ventilation and dust collection
in the tunnel; (17) W3,R3; and W3,R35: tunnel lighting
system failure; (18) Wi3R14, Wi3R3;, and W3 R;5: water
accumulation in tunnel; and (19) W34R3;, W33R3,, and
W31 R33: leakage of lining segment.
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End reinforcement of shield shaft: W11

Demolition of portal and installation of ring plate: W12

Preparation before
EPB shield
construction: W1

Installation of mounting bracket and reaction frame: W14

Tracking laying: W15

|
|
Installation of back-up system: W13 |
|
|
|

Assembly and commissioning of sheild machine: W16

Tunneling and pressure control of soil bin: W21

Improvement and transportation of muck: W22

EPB shield EPB shield tunneling
construction: W construction: W2

Synchronous grouting and secondary grouting: W24

R 2R 2N 20N 2N 2 2 2 2 2 2 2

|
|
Assembling lining segments: W23 |
|
|

Inspection and replacement of cutting tools: W25

Installation of dust collection equipment and ventilation
equipment: W31

EPB shield auxiliary
equipment
construction: W3

Lighting installation: W32 |

Installation of water supply and drainage equipment: W33 |

v v v v

Segment self waterproof construction: W34 |

FiGure 1: EPB shield construction work breakdown structure.

Unfavorable geology and special rock and soil: R11

Risk source of
geological
conditions: R1

Regional fault: R12

Harmful gas: R13

Groundwater distribution: Ri4

Ground surface building: R21 ‘

Enviromental risk Underground pipelines: R22 ‘
source along shield

construction line: R2

Risk sources of EPB
shield construction: R

Underground builidings and structures: R23 |

Highway and railway: R24 |

Nonstandard construction operation: R31 |

Lack of construction technology: R32 ‘

Other risk sources:
R3

FIGURE 2: EPB shield construction risk decomposition structure.

vy v v v v v |l v v ¥ v

Technical management confusion: R33 |

2.4. Establishment of the EPB Shield Construction Risk Index 3. EPB Shield Construction Risk Assessment
System. By combining the results of the EPB shield con-

struction risk identification coupling matrix with the ex-  3.1. Establishment of the Fuzzy Relation Matrix

perience of onsite management personnel and expert

suggestions and sorting out and classifying the risks that can ~ 3.1.1. Establishment of the Risk Assessment Set. Risk eval-
reflect EPB shield construction, the final EPB shield con-  uation refers to the description of risk evaluation indicators
struction risk index system is shown in Figure 3. by using qualitative language. The evaluation set in this
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TaBLE 1: Coupling matrix of EPB shield construction risk identification.
Wy W, Ws
Wi Wia Wis Wia Wis Wis Wa Wa Was Way Was Wi Wia Wss Wis
Ry 1 1 0 0 0 0 1 1 0 1 1 0 0 0 0
R Ry, 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
' Ry 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0
R4 1 1 0 0 0 0 0 1 0 0 0 0 0 1 0
Ry 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
R Ry, 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
2 Ry 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
Ry 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0
R3 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1
R;  Rsxp, 0 0 0 1 0 1 1 1 0 0 0 0 0 0 1
Rs; 1 1 1 1 1 1 0 1 0 1 1 1 1 1 1
—>| End reinforcement failure of shield shaft: U1 |
—>| Tunnel portal collapsed: U12 |
Risk of geological -
condifion: Ut1 —>| Collapse of tunnel face: U13 |
_>| Water and sand gushing in working face: U14 |
—>| Harmful gas accumulation in tunnel: U1s |
—>| Settlement of surface buildings: Uz1 |
Environmental risk —>| Buried pipelines damage: U22 |
source along shield
construction line: U2 —P| Deformation of underground building or structures: U23 |
_>| Road surface heave or settlement: U24 |
EPB shield
construction risk: U
"| Bracket deformation and instability: U31 |
—>| Failure of shield machine assembly and commissioning: U32 |
Risk of shield . . .
—>| Slagging of shield cutterhead and cutting tools damage: U33 |
—>| Discontinuous transportation of muck: Us4 |
—>| Shield attitude deviation: Uss |
—>| Deviation of shield tunneling route: Ua1 |
—>| Shield lining segment floating: U42 |
Risk of shield —>| Poor ventilation and dust collection in tunnel: U43 |
tunnel: U4
—>| Water accumulation in tunnel: U44 |
—>| Leakage of lining segment: Uas |
FiGUure 3: EPB shield construction risk index system diagram.
paper refers to the collection of comments made by judges v = (v vy vy vy vs)
on various construction risks of EPB shields. According to — {Lowestrisk low risk medium risk highrisk highest risk |
the characteristics of EPB shield construction, the comments - 8 & '
can be divided into five levels: (1)




3.1.2. Establishment of the Risk Factor Set. The factor set
involved in this paper is based on the EPB shield con-
struction risk index system. The first-level index risk factor
setis as follows: U = {U,,U,,Us, U,}; the second-level index
risk factor set is as follows: U, = {uyy, Uy, U3, Uy Uys)s
U, = {ugp gy tgs g}y Us = {tday, tigs Uiz, g s Uy = {1y

Uyps Uys, Uyy, Uys)-

3.1.3. Establishment of the Membership Vector. The expert
evaluation method is a quantitative evaluation method based
on quantitative and qualitative analysis, through which the
target events are scored by experts. The expert group consists
of 10 experts who have worked in the field of tunnel con-
struction safety for more than 8 years, including 6 doctors
and 4 masters. According to the grade of the risk evaluation,
the evaluation index of each risk factor is scored, and the
membership vector of EPB shield construction risk evalu-
ation is constructed [29]. The membership vector of any risk
factor concentration evaluation index u; in the EPB shield
construction risk evaluation index u to v;; in the risk

j
evaluation set V is as follows: R; = [r;}, %, i35 Tia> Ti5)-

3.1.4. Establishment of the Fuzzy Relation Matrix.
According to the construction principle of the membership
vector, the membership vector of each risk index to the
evaluation set in the EPB shield construction risk assessment
is obtained. The fuzzy relation matrix between the risk
evaluation set and the factor set is obtained by combining the
membership vectors corresponding to each risk index as
follows:

TUREEIR ST ERPR gt
R=[ry oo 1 oo Tigy | (2)
[Tp1 oo Thj oo T ]

where 0 <r;; <1 and r;; is the membership of the i-th factor
to the j-th risk level.

3.2. Determination of the Weight Vector. According to the
established EPB shield construction risk evaluation index
system, the weight of each risk factor in the EPB shield
construction risk evaluation is calculated by using the an-
alytic hierarchy process [30].

3.2.1. Establishment of the Fuzzy Complementary Judgment
Matrix. The fuzzy complementary judgment matrix R
represents a comparison of the relative importance of the
factors related to a certain factor in the previous level.
Assuming that the factor of the upper level is C and the
related factor of the lower level is a,,a,,---,a,, the fuzzy
complementary judgment matrix can be expressed as in
Table 2.

Factor r; means that when factor g; and factor a; are
compared with the upper level factor C, factor g; and factor
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TaBLE 2: Fuzzy complementary judgment matrix.

C a, a, a,
a ' Iy e Iin
a, 1531 I e on
an I-nl rnZ rnn

a; have a membership degree of “more important than.” By
using the 0.1~0.9 scale method [31], the relative importance
of any two factors in this layer to the upper layer is
quantitatively described, as shown in Table 3.

After a quantitative description with the 0.1~0.9 scale
method, the following fuzzy complementary judgment
matrix can be obtained by comparing the upper factor C
with the related factor a,,a,,...,a, of this layer.

a; Ay ... Ay,
ay; Qyy ... Gy,

A= . (3)
An 9 Aun

3.2.2. Construction of the Fuzzy Consistent Judgment Matrix.
By using the following formula to transform the fuzzy
complementary judgment matrix obtained in step (1), the
fuzzy consistent matrix is obtained [20]:

r.—1;
L J40.5,

Tij = 2n

n
ri=Zrik i=1,2,"',f’l, (4)
k=1

n
ri= erjk j=1L2,.n
=

3.2.3. Weight Calculation and Ranking of the Fuzzy Con-
sistent Judgment Matrix. The weight value has a direct
impact on the final result. Let the weight values of factor
a,,a,, . ..,a, in the fuzzy consistent judgment matrix R be
Wy, Wy, . . ., W,; then, the following relation can be obtained
from the above discussion:

rij :a(wi—wj)+0.5, (i,j € K) (5)

In the formula, a refers to a measure of the difference
degree of the evaluated objects, which is related to the
number and difference degree of the evaluated objects.
When the number or difference degree of the evaluated
objects is larger, the value of a is larger, 0a <0.5.

When the factors in the fuzzy consistent judgment
matrix R and the corresponding weights satisfy n; = a (w; -
wj) + 0.5 and a > (n — 1)/2, the weights can be obtained by
the following formula:

i:———+—Zrik,(ieK). (6)
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TaBLE 3: Coupling matrix of EPB shield construction risk identification.

Scale Definition Explanation
0.5 Equally important The two factors are equally important.
0.6 Sl}ghtly more One factor is slightly more important than the other.
important
0.7 Obviously important One factor is clearly important than the other.
0.8 MuCh more One factor is much more important than the other.
important
0.9 Extremely important One factor is extremely important than the other.
0.1, 0.2, 0.3, Converse If factor a; is compared with factor a; to get judgment ry;, then factor a; is compared with factor g; to
0.4 comparison get judgment r;; =1 —r;;

When the fuzzy complementary judgment matrix is not
transformed into a fuzzy consistent matrix or a (n — 1)/2, the
least square method can be used to solve the weight vector,
that is, to solve the following constrained programming
problem:

minz = i i [a(w,- - w]-) +0.5 - rij]z,
i=1 j=1

) )
s.t. Zwi =1Lw;20, (i € K).
i=1

By means of the Lagrange multiplier method, the con-
strained programming problem can be solved as follows:
unconstrained programming problem:

[a(w; - w;) +0.5- nj]2+2T<Zn:wi - 1)-
(8)

where T'is the Lagrange multiplier. The weight vector W =
[wy,w,, ..., w,]T can be obtained by solving the equations
by taking the partial derivative of (L, w,T) with respect to
W, (i € K) and making it zero.

M=
.M=

]
—

min L(w, T)=

I
—

J

3.3. Nonlinear Comprehensive Evaluation. The fuzziness and
uncertainty of the EPB shield construction process render
the risk assessment nonlinear. However, in the existing fuzzy
evaluation methods of the EPB shield construction risk
analysis, the calculation is usually carried out by combining a
linear fuzzy operator, which makes it difficult to solve the
influence of the prominent index factors on the evaluation
results. Therefore, this paper combined nonlinear fuzzy
operator analysis to render the evaluation results more
practical [32]. The nonlinear fuzzy matrix composition
operator is defined as follows:

1
fW,X,A) :(wlxiLl + wzxg2 +o4 wnxﬁ”)/i 9)

A>1,

; i=12,...,n

where W = (w;, w,, ..., w,) is the risk index weight vector,
w; 20, Y0 w; =1; X = (x,%,,...,%,) is the factor mem-
bership vector, x; € [0,1]; A is the index prominent influ-
ence degree coefficient vector, denoted as

A= (A,A,,...,4,), and A = max (A, A,,...,A,). When the
risk factors have a more prominent influence on the EPB
shield construction risk assessment, the index prominent
influence coefficient A, is larger; when the risk factors have
no prominent influence on the EPB shield construction risk
assessment, the index prominent influence coefficient A, is 1.
The value method of the index prominent influence coef-
ficient is determined according to the 1~9 scale method and
A; value principle, and the specific value standard is shown in
Table 4 [25]

In addition, when using a nonlinear operator to syn-
thesize a fuzzy matrix, to facilitate calculation, each value of
the single factor evaluation matrix should be greater than 1.
Therefore, formula (8) can be wused for fuzzy
transformation:

rl-j:10><rij (10)

where 7;; is the value of the initial fuzzy evaluation matrix
and r;; is the value of the transformed nonlinear fuzzy
evaluation matrix. To keep the same proportion relationship
between the evaluation matrix and the initial matrix of the
nonlinear fuzzy matrix, when r;; = 0.05, r;j =0 is taken;
when 0.05<r;; = 0.1, r;; = 1 is taken.

3.4. New Risk Assessment Model for EPB Shield Construction.
Based on the above analysis, on the basis of the EPB shield
construction risk index system obtained by the WBS-RBS
method, the traditional fuzzy analytic hierarchy process
(FAHP) and nonlinear operator are combined for com-
prehensive calculation, and a new EPB shield construction
risk assessment model based on the nonlinear fuzzy ana-
lytic hierarchy process is established. The specific risk
assessment and analysis process of the new model is shown
in Figure 4.

The new risk assessment model of EPB shield con-
struction based on a nonlinear fuzzy analytic hierarchy
process can more objectively reflect the outstanding impact
of adverse risk factors on the risk assessment of EPB shield
construction. By using the pairwise comparison method to
collect the expert questionnaire and establishing the fuzzy
complementary matrix and transforming it into the fuzzy
consistent judgment matrix, it not only meets the accuracy
and consistency requirements of the expert score but also
avoids the complex consistency test. When this model is
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TABLE 4: Value standard of the index prominent influence degree coefficient.

Scale Definition

1.5 The index factors almost have no prominent influence

2.5 Index factors have a slightly prominent impact

3.5 Index factors have a significant impact

4.5 Index factors have a strong prominent impact

5.5 Index factors have extremely prominent influence

2.0, 3.0, 4.0, 5.0 The median value of adjacent scales represents the scale between two adjacent scales

EPB shield construction risk index system

The relative importance of any
two risk factors at the same
index level is compared

A 4

Establishment of fuzzy consistent
judgement matrix

v

Weight vector
calculation
i v
Weight calculation of
index layer

v

Weight calculation of
factor layer

Risk assessment set Risk factor set

| |
. .

1
1
1
1
1
1
1
1
1
|
1
| Establishment of
:
1
1
1
1
1
1
1
1
1
1
1

Calculation of

membership vector membership degree

.

Establishment of fuzzy
relation matrix

_| First class nonlinear fuzzy

Establishment of index
layer weight vector

> . .
comprehensive evaluation

!

Establishment of index level
relation matrix

Second level nonlinear fuzzy
comprehensive evalution

A

|

Maximum membership principle

'

EPB shield construction risk
assessment results

Ficure 4: EPB shield construction risk assessment model.

applied to the risk assessment of EPB shield construction,
the analysis results are more reasonable, feasible, and
operatable.

4. Project Case Analysis

4.1. Project Overview. To verify the rationality and effec-
tiveness of the model, it is applied to the EPB shield
construction section of a tunnel project in Hangzhou. The
EPB shield section is mainly located in muddy silty clay
stratum. The shield passes under a DN610 mm high-

pressure natural gas pipeline once, with a buried depth of
approximately 5.5~8.6m; passes under a DN500 mm
medium pressure natural gas pipeline once, with a buried
depth of approximately 2.2m; passes under a
400 = 200 mm optical fiber military optical cable twice,
with buried depth of approximately 0.74~0.9m. In ad-
dition, there are small and medium-sized buildings along
the construction line, and the nearest building is only
10m away from the tunnel centerline. The geological
formation of the tunnel project in Hangzhou is shown in
Figure 5.
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FIGURE 5: Geological formation of the tunnel project in Hangzhou.

4.2. Weight Vector Calculation.

Step 1: The fuzzy complementary matrix is established
by using the 0.1~0.9 scale method. According to the
established risk index system, the matrix between the
first layer and the second layer is set as A — B, the
matrix between the second layer and the third layer is
set as Bj —C,B, —C,B;— C,B, — C. Take A - B as an
example.

L1 1 1
w, =-— +
4 2x4-1/2 4x4-1/2

1 1
1

=—-— +
Y2 m T o412 T axa-12

L1 1
=—- +

YT T %412 Taxa-112
L1 L1

w,=--—

T4 2%x4-1/2 4x4-1/2

Step 2: The fuzzy complementary matrix is transformed
into a fuzzy consistent judgment matrix according to
formulas (1) and (2). (Table 5)

Step 3: Calculate the weight value of each factor in the
fuzzy consistent matrix of each level through formula
(4). To improve the resolution of sorting, take
a = (n—1)/2. Then, the weight value of each factor of
layer B relative to layer A is given in Table 6.

% (0.500 + 0.350 + 0.538 + 0.413) = 0.217,
% (0.650 + 0.500 + 0.688 + 0.563) = 0.317,
% (0.462 + 0.312 + 0.500 + 0.375) = 0.192, (11)

% (0.587 + 0.437 + 0.625 + 0.500) = 0.275,

wy =(wy, w), wy,wy) = (0.217,0.317,0.192,0.275).

Similarly, the weight value of each factor of layer C
relative to layer B is as follows:

(i) Risk of the geological condition:
2121 21 21 21
lez(w1 ,wz,w3,w4,w5) (12)
=(0.319,0.288,0.256,0.219,0.231).

(ii) Environmental risk sources along the shield con-
struction line:

(2 2 2 n
Wy =\W; > W, ,W;3 , Wy

=(0.309,0.259, 0.233, 0.200).

(13)

(iii) Risk of the shield machine:

2323 23 23 23
Wy3 =(w1 YWy Wy, Wy, Ws )

(14)
=(0.269,0.288,0.238,0.219, 0.300).
(iv) Risk of the shield tunnel:
sy = (w2 0 )
(15)

=(0.343,0.305,0.199, 0.218, 0.249).

According to the calculated weight value, the environ-
mental risk along the line and the risk of the tunnel itself are
the two factors that affect the safety of EPB shield
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TaBLE 5: A-B fuzzy complementary matrix. TABLE 6: A-B fuzzy consistent matrix.

A B, B, B; B, A B, B, B; B,

B, 0.500 0.200 0.600 0.300 B, 0.500 0.350 0.538 0.413

B, 0.800 0.500 0.900 0.600 B, 0.650 0.500 0.688 0.563

B; 0.400 0.100 0.500 0.300 B; 0.462 0.321 0.500 0.375

B, 0.700 0.400 0.700 0.500 B, 0.587 0.437 0.625 0.500

construction, and the other two risk factors cannot be ig-
nored. Among the environmental risk factors along the line,
the risk of surface building settlement and underground
pipeline damage is greater. Among the risk factors for the
tunnel itself, the risk of excavation route deviation and
segment floating is greater.

4.3. Calculation of the Membership Degree. The expert
evaluation method is used to score the secondary risk factors
in the EPB shield construction risk assessment of a tunnel
project in Hangzhou. The membership degree values of the
risk factors are as shown in Table 7:

By combining the membership value of secondary risk
factors for the EPB shield construction risk assessment with
formula (8), the fuzzy evaluation matrix AA of the geological
condition risk, the fuzzy evaluation matrix BB of the en-
vironmental risk along the line, the fuzzy evaluation matrix
cc of the shield equipment risk, and the fuzzy evaluation
matrix DD of tunnel risk are constructed, which can be used
for the nonlinear fuzzy comprehensive calculation and are
constructed as follows

(008207

02710
Ri=|03610]|

02710

02710l

002627
R2:00361’

01540

(02620

(055007 (16)

04510
Ry=|14500]

23500

(02620

001727

00271
R,=|25300]|

03610

03610

4.4. Determination of the Risk Index Prominent Influence
Degree Coefficient. According to the actual situation of the
EPB shield construction section of a tunnel project in
Hangzhou and by combining the 1~9 scale method and A;
value principle, the values of the prominent influence co-
efficient of the first-level risk factors and the prominent
influence coeflicient of the second-level risk factors are
determined as follows in Table 8:

According to the prominent influence coefficient values
of the risk factors determined in Table 9, the corresponding
prominent influence coefficient vectors of risk indicators of
nonlinear fuzzy evaluation matrix R, R,,R;, R, are con-
structed as follows:

A, =(3.0,3.0,2.5,3.0,2.5),
A, = (4.5,4.0,3.5,3.0),

A, = (1.52.0,2.5,2.5,3.5),
A, = (4.5,4.0,1.5,1.5,2.0).

(17)

4.5. First-Level Nonlinear Fuzzy Comprehensive Evaluation.
By substituting the obtained weight value of secondary risk
factors, nonlinear fuzzy evaluation matrix, and prominent
influence coefficient vector of risk index into formula (7), the
following results can be obtained:

N1:f(W1»R1>A1)
0 0 830 230 1/3.0
0 23.0 73.0 13.0
=(0.319,0.288,0.256,0.219,0.231)| 0 325 %5 725
0 23A0 73A0 13A0

0 22.5 72.5 12.5

o o o o o

=[0,2.1070, 7.3046, 3.3165, 0].
(18)
After normalization, the results can be obtained as

follows: N = [0,0.1655,0.5739,0.2606, 0]
In the same way, the following result is obtained:

N; =[0.1194,0.2444, 0.4812,0.1550, 0],
N, =10,0.1075, 0.2802, 0.4663, 0.1460], (19)
N, =[0.0519,0.1000, 0.1405, 0.5968, 0.1108].

4.6. Second-Level Nonlinear Fuzzy Comprehensive
Evaluation. According to the above results, a new single
factor evaluation matrix Ry = [N, N,N;N,]” is constructed
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TaBLE 7: Membership value table of the risk factors.
Risk level risk factor C,;, C,, C;; C,, C;s C,y C, Cyy Cy Cy Cy Cy Cyy Cys Cyy Cp Cp3 Cy Cys
Level 1 0 0 0 0 0 0 0 0 0 0 0 01 0.2 0 0 0 0.2 0 0
Level 2 0 02 03 02 02 0 0 01 02 05 04 04 03 02 0 0 05 03 03
Level 3 08 07 06 07 07 02 03 05 06 05 05 05 05 06 01 02 03 06 06
Level 4 02 01 01 01 01 06 06 04 0.2 0 0.1 0 0 02 0.7 0.7 0 0.1 0.1
Level 5 0 0 0 0 0 02 0.1 0 0 0 0 0 0 0 02 0.1 0 0 0
TaBLE 8: Prominent influence coeflicient of the first-level risk factors.

Evaluating indicator B, B, B, B,
A 3.0 4.0 2.5 3.5
TaBLE 9: Prominent influence coefficient of the second-level risk factors.

Evaluating indicator C;; C;, Cpi3 Cy Cis Gy Cp Gy Cy Gy Gy Gy Gy Gy Cyy Cp Cpiz Cyy Cys
A 30 30 25 30 25 45 40 35 30 15 20 25 25 35 45 40 15 15 2.0

and transformed by formula (8) to meet the requirements of
the nonlinear fuzzy evaluation calculation. The conversion
results are as follows:

8.486 16.358 22.990 97.669 18.157

, 0 1.075 2.802 4.663 1.460
Ry = (20)
1.194 2.444 4.812 1.550 0
0.519 1 1.405 5.968 1.108

N =f(W, 5 Ry, A)

According to the above steps, the prominent influence
coefficient matrix vector corresponding to the first-level risk
factors is A = [3.0,4.0, 2.5, 3.5], and the weight vector of the
first-level risk factors is A = [3.0,4.0,2.5,3.5]. The above
results are substituted into formula (7), and the results of the
second-level nonlinear fuzzy comprehensive evaluation are
determined as follows:

1
r8.486 16.358 22.990 97.669 18.157 4.0
0 1.0755 2.802 4.663 1.460 21)
=(0.217,0.317,0.192,0.275) o
1.194 2.444 4812 1550 0
0519 1 1405 5968 1.108 |

=[2.2134,4.6349,7.1873,24.6111,4.7076].

After normalization, the total risk evaluation vector of
EPB shield construction of a tunnel project in Hangzhou is
obtained as follows:

N =1[0.0510,0.1069, 0.1658, 0.5677, 0.1086]. (22)

Finally, combined with the principle of the maximum
membership degree, it can be judged that the overall con-
struction risk level of the EPB shield of the tunnel project in
Hangzhou is grade 4, which indicates high risk. Among
them, the greater risk is the environmental risk along the line
and the risk of the tunnel itself. At the same time, the risks of
the geological conditions and the shield equipment cannot

be ignored, which is in line with the actual situation of the
EPB shield construction of the tunnel project in Hangzhou.

5. Discussion

To verify the effectiveness of the EPB shield construction risk
assessment model based on the nonlinear fuzzy analytic hier-
archy process, the linear fuzzy analytic hierarchy process is used
to calculate the data provided by the same group of field
managers and experts, that is, the prominent influence coef-
ficient of each risk factor at all levels is 1. The fuzzy compre-
hensive evaluation vector of the calculation results is as follows:
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FIGURE 6: Layout of the surface monitoring points.
N' =[0.0261,0.2347,0.5804, 0.3242,0.0505]. (23)

According to the principle of maximum membership
degree, the overall construction risk level of EPB shield
construction section of the tunnel project in Hangzhou is
grade 3, which belongs to medium risk. However, the
nonlinear FAHP considers the influence of outstanding
index factors on the risk level, so the risk level obtained by
the nonlinear FAHP is higher than that obtained by the
linear FAHP.

The surface displacement monitoring data above the
pipeline of the EPB shield obliquely crossing the con-
struction section of the high-pressure natural gas pipeline
are selected for verification. The layout of surface monitoring
points in the selected construction section, the surface
monitoring displacement above the pipeline, and the surface
monitoring displacement above the shield tunnel are shown
in Figures 6-8:

This section is a construction section of EPB shield
tunneling under a natural gas high-pressure pipeline at a
small intersection angle of 11.4” and is mainly located at the
underpass mileage of K5 + 240 ~ K5 + 200. According to the
undercrossing range of the new tunnel in the existing
pipeline, monitoring points are arranged on the surface of
the upper part of the pipeline at a distance of 10 m before
and after undercrossing the pipeline. It can be seen from
Figures 7 and 8 that during the period of the EPB shield
crossing the high-pressure natural gas pipeline obliquely,
the ground surface above the pipeline and above the tunnel
is greatly disturbed by the shield, showing an uplift state as
a whole. Among them, the maximum uplift of the surface
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FIGURE 7: Surface monitoring displacement above the pipeline.
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FIGURE 8: Surface monitoring displacement above the shield
tunnel.

above the pipeline is 16.43 mm, which exceeds the control
value of displacement <10 mm required by the control
index of the underground pressure pipeline, and the
maximum uplift of the surface above the shield tunnel is
12.74 mm. This finding proves that the EPB shield con-
struction risk assessment model based on a nonlinear fuzzy
analytic hierarchy process can well reflect the actual risk
situation of construction and has a certain reliability and
effectiveness.
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6. Conclusion

The construction risk index system of an EPB shield in a soft
soil area is constructed by the WBS and RBS methods, the
judgment matrix is constructed by a fuzzy consistent matrix,
and a nonlinear fuzzy mathematics theory is introduced to
discuss the construction risk of the EPB shield:

(1) Based on the WBS-RBS method, the risk index
system of EPB shield construction is constructed,
which makes up for possible risk omission or in-
complete identification in the expert evaluation
method so that the constructed risk index system can
more comprehensively reflect various risk factors
and the actual situation of all levels of risk in EPB
shield construction.

(2) By using pairwise comparison method to collect
expert questionnaires and transforming fuzzy
complementary matrix to establish fuzzy consistency
judgment matrix, it not only meets the accuracy and
consistency requirements of expert scoring but also
avoids the cumbersome consistency test.

(3) Combining the nonlinear operator with the tra-
ditional fuzzy analytic hierarchy process, a new
risk assessment model for EPB shield construction
in soft soil areas based on a nonlinear fuzzy an-
alytic hierarchy process is constructed. The out-
standing influence of the risk factors is considered,
and the nonlinear characteristics of the assessment
process are reflected, which makes the EPB shield
construction risk assessment results more rea-
sonable. The validity of the model is verified by
nonlinear calculation and linear calculation of the
data provided by the same group of experts, and
the results are compared with the measured data
[33-35].
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