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Abstract. Risk assessment is critical for the construction of the subway station to improve the risk management and reduce
the additional loss. According to field investigation of safe construction, the analytical network process (ANP), fuzzy set
theory and fuzzy comprehensive evaluation (FCE), a fuzzy ANP comprehensive evaluation (FANPCE) model was pro-
posed to evaluate the risk of subway station construction in this paper. Twelve key risk factors of subway station construc-
tion were identified through literature review and questionnaires. The interdependency among risk factors were illustrated
through the network structure of ANP, and then a weight matrix of single risk factors was built by comments and survey
results, and the interdependent weight matrix was quantified by integrating the triangular fuzzy number into the ANP.
Subsequently, the total risk rank of assessed projects can be quantified though the synthesis of weight matrices with the
synthetic operator of FCE. Wu Lu Kou subway station was selected as a case study. The results imply that, construction
experience, underground water, and safety consciousness have a substantial influence on construction projects and that the
total construction risk of Wu Lu Kou subway station is ranked at I level. Moreover, the loss analysis of the whole construc-
tion process verifies this method. This research contributes to developing a FANPCE method to identify the risk factors
with high weights, assess the risk rank of projects and appropriately respond to the results. In addition, the developed fuzzy

set theory-ANP-FCE integrated network provides stakeholders a consolidated model for the risk evaluation.

Keywords: construction risk, subway station, risk identification, ANP, risk assessment, FANPCE method.

Introduction

Subterranean engineering, especially the subway engineer-
ing, is an effective method to alleviate the traffic conges-
tion. Statistically, approximately 2476 subway stations and
4136 subway km have been constructed or are planned
from 2014 to 2021 in 23 cities of China (Hu & Qin, 2013;
H. R. Li, Q. M. Li, & Lu, 2017). However, the compli-
cated construction environment, immature construction
techniques and inadequate construction experience can
probably result in project delay, additional cost and en-
gineering accidents (Qian, 2012; Xiong, Lu, Wang, Qian,
& Rong, 2018). Figure 1 shows the data of subway acci-
dents in China from 2003 to 2017 according to the official
data and literature (Li, Du, & Zhang, 2014; Li et al., 2017).
Since 2011, the number of subway accidents and casualties
has increased as shown in Figure 1.

Therefore, it is critical to improve the risk management
techniques in the construction of subway stations, so as to
reduce the risk and ensure the construction safety. The risk
assessment of subway construction has been investigated
by many scholars, and many methods have been employed
to assess the probability of construction risk. Mahamid
(2011) ranked risk events by Risk Matrix (RM) based on
qualitative analyses of risk components. However, the risk
classification is limited to a number of categories in this
method. According to FTA, Zhang, Wang, and Hu (2011)
assessed the safety of row piles in excavation engineering;
while FTA must identify the accurate failure rate of each
event (Li et al., 2018), and FTAs established by different
people have different results. Roy (2010), Nyvlt, Privara,
and Ferkl (2011) presented scenario analysis methods that
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Figure 1. Statistics of subway accident in China from 2003-2017

can test possible consequences for alternative scenarios
in a project, but a lot of data were required to evaluate
the probability of an event. The work breakdown struc-
ture (WBS)-based method (Klein, Powell, & Chapman,
1994; Seyedhoseini, Noori, & Hatefi, 2009) analyzes con-
struction risk by dividing the total risk into many small-
er risks (Ma, Rezania, Yu, & Bai, 2017; Ma, Cai, Zhou, &
Li, 2018a). Moreover, it is difficult to determine the WBS
for some complicate projects and quantize the risk by the
single WBS-based method. Kuo and Lu (2013) employed
a FMCDM approach (the integration of consistent fuzzy
preference relations and fuzzy multiple attributes direct
rating) to systematically assess risk for the metropolitan
construction.

Considering the limitations of existing methods, fur-
ther research on the risk assessment should be performed
from other perspectives. AHP, fuzzy AHP, and AHP-ANP
are prevailing methods for decision-making analysis (Jie,
Hu, Q. Y. Li, & G. X. Li, 2004; Zhao, Chen, Pan, & Lu, 2017).
The elements of a system can be aggregated into hierarchi-
cal or element groups that have similar properties without
interactions or dominance relationships among elements
within a hierarchy (Saaty, 2001; Guo, Shang, & Li, 2011).
Sharma, Roy, Kar, and Prentkovskis (2018) evaluated the
performance of Indian railway stations (IRS) through in-
tegrating rough numbers, AHP and multi-attribute bor-
der approximation area comparison (MABAC) methods
in rough environment. Roy, Chatterjee, Bandyopadhyay,
and Kar (2018) proposed a systematic evaluation and as-
sessment approach by incorporating ANP and multi-at-
tributive border approximation area comparison methods
in the rough environment. In the practical application,
however, the elements of a system are generally connect-

ed rather than organized in a hierarchical structure, then
a network structure with a preferable form is produced.
The ANP technique enables more complex relationships
among decision levels, attribute, analyses of the uncertain-
ty and ambiguity of a system and project (Saaty, 2001; Chu
et al., 2017; Tavana, Zandi, & Katehakis, 2013; Chatterjee,
Bandyopadhyay, Ghosh, & Kar, 2015; Bu-Qammaz, Dik-
men, & Birgonul, 2009). Since risk factors are indetermi-
nate, abstract, and uncertain, it is difficult to quantify risk
factors. Considering the impact of all risk factors compre-
hensively, Fuzzy comprehensive evaluation (FCE) can as-
sess the total risk, distinguish the importance of various
factors by the weight setting and the possible risk deter-
mination with various degrees. The maximum influence is
the final determination value of the risk level (Chu et al.,
2017). Li et al. (2014) and Ying, Wang, Zhu, Lei, and Qin
(2016) ranked subway construction risks by a FCE model.
However, compared with ANDP, the interdependent and
mutually restrictive relationships among risks are not ful-
ly considered. In summary, the following conditions have
not been fully considered in the previous research:

— 'The total risk of the project is the superposition and
compounding of each sub-risk, as any risk generation
will have a varying impact on the overall objectives
of the project. Therefore, it is necessary to identify
risk factors for different projects by certain methods.

— There is an interdependent and mutually restrictive
relationship between risks that need to be fully con-
sidered.

- Risk and risk analysis of subway station projects is
usually dynamic throughout the entire process of
project construction.
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Accident analyses and field investigations of safe con-
struction can effectively identify the risk factors for sub-
way station projects. ANP technique handles interactions
among elements by obtaining the composite weights via
the development of a super matrix (Dagdeviren, Yiiksel,
& Kurt, 2008; Chatterjee, Zavadskas, Tamosaitiené, Adhi-
kary, & Kar, 2018). Triangular fuzzy numbers (TFNs) de-
rived from the concept of Dev fuzzy sets can effectively
quantify the uncertainty and ambiguity. The fuzzy com-
prehensive evaluation (FCE) can transform the fuzzy rela-
tions between evaluated risk factors and evaluated projects
into a fuzzy relationship between the evaluated project and
the evaluation grade.

Thus, the main objectives of this research are as fol-
lows:

- Identifying and classifying risk factors of subway
construction projects based on statistics and site risk
investigation with effective questionnaires.

- Developing a logical model integrating fuzzy set the-
ory, ANP, and FCE for risk assessment for the subway
station construction.

- Assessing the risk level of subway station construc-
tion based on the FANPCE method in diffident con-
struction processes.

This paper is organized as follows. The FANPCE meth-
od is introduced in Section 2. Details of the development
of the FANPCE model are provided in Section 3. The ap-
plication of the model and the construction risk evaluation
of Wu Lu Kou subway station are presented in Section 4.
Section 5 discusses these findings, and Section 6 presents
the conclusions.

1. Literature review

MCDM methods and improved method have been ex-
tensively applied in the realm of project risk manage-
ment, and optimized to process various types of uncer-
tainties encountered in the decision-making process.
Antuchevidiené, Zavadskas, and Zakarevicius (2010)
supplemented TOPSIS (Technique for the Order Prefer-
ence by Similarity to Ideal Solution) method and inte-
grated the Mahalanobis distance in the usual algorithm
of TOPSIS for investigating multiple criteria construction
management decisions issue. Vafadarnikjoo, Mobin, and
Firouzabadi (2016) presented an intuitive fuzzy decision-
making trial and evaluation laboratory (DEMATEL) to
prioritize risks associated with construction projects by
the risk breakdown structure. Debnath, Roy, Kar, Za-
vadskas, and Antucheviciene (2017) combined modified
grey DEMATEL, Multi-Attributive Border Approxima-
tion area Comparison and sensitivity analysis to evaluate
and select the genetically modified agro portfolio. Za-
vadskas, Turskis, and Tamosaitiene (2010) presented risk
assessment of construction projects by applying TOPSIS
gray and COPRAS-G methods based on multi attribute
decision-making methods. Taylan, Bafail, Abdulaal, and
Kabli (2014) developed hybrid methodologies based on
fuzzy AHP and fuzzy TOPSIS and applied the relative
importance index method to prioritize the project risks

based on the obtained data. Yang, Said, Lin, and Zheng
(2018) presented a novel methodology to determine the
overall highway safety level through statistical analysis
and ANP with set pair analysis (SPA). D. Shin, Y. Shin,
and Kim (2016) performed a comparative analysis of AHP
and fuzzy AHP to evaluate the potential risk factors at
the construction site of a nuclear power plant. Santos and
Jungles (2016) evaluated the completion of construction
project risk by considering the correlation of delay and
the schedule performance index along with any time over-
run. Ahmadi, Behzadian, Ardeshir, and Kapelan (2016)
analyzed the criteria to prioritize potential risk events
and quantified them by fuzzy AHP. Ulubeyli and Kazaz
(2016) developed a fuzzy-based subcontractor selection
model for globally based construction projects. Lin, Chen,
and Chuang (2016) presented a Hybrid Multiple Criteria
Decision-Making Model by combining DEMATEL with
D-ANP (DEMATEL based ANP) and VIKOR methods to
improve project risk management. Chatterjee et al. (2018)
extended the ANP methodology in the D numbers domain
to handle three types of ambiguous information. Valipour,
Yahaya, Noor, Antucheviciene, and Tamosaitiene (2017)
proposed a Stepwise Weight Assessment Ratio Analysis
based on a Complex Proportional Assessment framework
to assess Iranian construction project risk. Chatterjee and
Kar (2018) evaluated and ranked the potential alterna-
tives by Grey-Based Complex Proportional Assessment
Method.

In contrast to the abovementioned studies, this paper
develops a FANPCE method by integrating ANP, triangu-
lar fuzzy numbers and FCE to assess the risk level of a sub-
way station project.

2. Research method
2.1. Analytical Network Process

AHP technique is commonly employed for evaluating the
weights of risk (Shin et al., 2016). This method employs
pairwise comparisons among criteria based on expert
opinions and determines the relative weights of the cri-
teria (Saaty, 1999; Zhao et al., 2017). However, as noted
by Meade and Sarkis (2002) the relationship among deci-
sion levels and attributes is ignored by AHP. Subsequently,
ANP was improved by Saaty (1999) in line with AHP. De-
cision theories of ANP and AHP are essentially identical;
the only difference between ANP and AHP is that, the for-
mer establishes a network model, whereas the latter estab-
lishes a hierarchical model (Bayazit, 2006). ANP applies
and analyzes a super matrix for weight synthesis (Saaty,
2004; Zhao et al., 2017). The representation of the network
model and the weight synthesis are the two main compo-
nents of ANP method (Saaty, 2004; Yang et al., 2018). The
structure of ANP model can be represented in the graphi-
cal form (which qualitatively represents the interactional
relationships and feedback among the components) and
matrix form (which qualitatively represents the degree or
magnitude of the interaction or feedback).
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2.2. Fuzzy set theory

In most cases, the complexity of decision problems pre-
vents the understanding of these problems with certainty
(Bjegovi¢, Krsti¢, & Mikuli¢, 2006; Son, 2018). Fuzzy set
theory, introduced by Zadeh (1965), enables the simulta-
neous treatment of imprecise and precise variables. Trian-
gular fuzzy numbers, which are derived from the concept
of Dev fuzzy sets (Zadeh, 1965), are applied to manage
the quality and risk to solve the problems of an uncertain
environment (Zimmerman, 2001). A fuzzy number is the

fuzzy set F:{x € R|MF (x)} , where x is in the real line.
The value form Rj:o<x<+00, and Hp (x) is assumed
as a continuous function map. A triangular fuzzy num-
ber (TEN) can be defined by the triplet (/, m, u) and the
membership function (1); the membership function p(x)
can obtain values in the range [0,1] (Zimmerman, 2001;
Lan & Zhang, 2006).

0, x<l-or-x>u
uF(x): (x=D)/(m=1), I<x<m (1)
(x—u)/(m—u), m<x<u

where [ and u respectively denote the lower bound and
upper bound of the ambiguity degree of the judgment of
m, and m represents the mid-value (/ <m <u ).

2.3. Fuzzy comprehensive evaluation

FCE method is one type of application of fuzzy mathemat-
ics (Zadeh, 1965). The basic concept of the risk evaluation
of a project is described as follows: (1) consider the impact
degree of all risk factors comprehensively; (2) distinguish
the importance of various factors by setting weights; and
(3) determine various degrees of risk possibility, in which
the maximum degree is the final determination value of
the risk level (Chu et al., 2017). The accuracy and reliabil-
ity of the comprehensive evaluation result depend on the
reasonable selection of factors and weight distributions
(the weights will vary with different states and timing of
the factors), synthesis of a comprehensive evaluation, and
representation of results and the selection process (Dai &
Li, 2016).

2.4. FANPCE

Firstly, in this study, the identification of risk factors is
conducted through accident analyses and questionnaires,
which are designed to refine risk factors. Secondly, the oc-
currence of a risk event is attributed to the interaction of
many factors. These factors can be coordinated with the
characteristics of the structural model of ANP method, re-
vealing the relationships among levels. Thirdly, ANP tech-
nique is adopted to establish the network structure model
of risk factors. The relationships among the levels in the
ANP model are assessed by the on-site engineers; Fur-
thermore, the TFN method is used to address the vague
and unquantifiable opinions of respondents. Finally, the
weight of risk factors is calculated, and the fuzzy synthesis

operator is used to evaluate the construction risk compre-
hensively. FANPCE, derived from the integration of ANP,
fuzzy set theory and FCE, is a quantification method for
estimating the uncertainty and ambiguity. Figure 2 shows
the risk evaluation with the combination of ANP, field in-
vestigation of safe construction, fuzzy set theory and FCE.
The detailed process of FANPCE is discussed in the fol-
lowing section.

3. Method development

3.1. Establishment of comment set for subway
station construction risk

Since the final evaluation result is the evaluation vector,
the construction risk of a subway station can be rated
based on the maximum membership principle (Dai & Li,
2016). Therefore, the construction risk evaluation vec-
tor V= {vl ,vz,...,vn} and comment set construction risk
P= {I, I1, 11, IV} are assumed to represent the informa-
tion on the membership degree of each comment level
corresponding to the evaluated project. The degree of
membership information corresponding to each comment
level of the evaluated object is represented by this vector. If
v, = max {vn} , then the rating of construction risk of the
subway station is I. The method separates the comments
into four levels to build a comment set for subway station
construction risk, i.e., P = {I, 11, 101, IV} . Table 2 shows the
criteria of risk rank.

3.2. Establishment of comment set for subway
station construction risk

The establishment of the network structure of the FAN-
PCE method is based on the following process.

Step 1. Categorize the percentage of subway construc-
tion hazards.

Based on 178 subway construction accidents in China
from 2003-2017 (Hu & Qin, 2013; Li et al., 2014; Li et al.,
2017), as shown in Figure 1, the categories and percent-
ages of subway construction accidents are obtained in Fig-
ure 3(a). Accidents are classified as the collapse, falling,
vehicle injury, lifting injury, object strike, electric shock
and mechanical injury. Besides, the collapse is the most
frequent accident in subway construction.

Step 2. Analyze the causes of accidents and categorize
risk factors.

The causes of 178 accidents are divided into five cat-
egories: personnel risk, material risk, mechanical risk, en-
vironmental risk and system risk. The relevant percentages
are shown in Figure 3(b). Then, risk factors of subway sta-
tion construction are summarized based on the data of 178
subway accidents. Five first-level risk factors, ten second-
level risk factors and 25 TLRF are identified, as shown in
Figure 4.

Step 3. Design the questionnaire and field risk inves-
tigation.

If these factors are incorporated into an ANP network
structure, the quantification of risk by the ANP network
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Figure 2. Flowchart that outlines the main steps of proposed research methodology

structure is difficult, and the risk factor classification needs
to be further verified. Therefore, a field risk investigation
should be conducted to refine the ANP network structure,
simply the calculation and verify the correctness of the sta-
tistical data.

Consequently, a questionnaire is designed for the risk
identification during the subway station construction, as
shown in Table 1. Design principles include that, the iden-
tification of accident types, location of occurrence, causes
of accidents, loss ranks, risk probability and risk tolerabil-
ity framework. Nine stations that are under construction
along the subway line 4 in Xian, Shanxi Province, Chi-
na, are selected to conduct the field investigation of safe
construction. Figure 5 shows the location of the field in-

vestigation. 40 engineers of relevant disciplines and 10
professors of engineering management at university were
investigated.

Based on the Guidelines for Tunneling Risk Man-
agement, creating risk rank and risk acceptance criteria
(Eskesen, Tengborg, Kampmann, & Veicherts, 2004; Feng,
Li, & Rostami, 2019) for subway station construction haz-
ards (Ma, Cai, Li, & Duan, 2018b; Ma, Duan, Liu, Li, &
Zhou, 2019) involves the simple classification of subway
station accidents, as shown in Table 2. Note that weight-
ings or combinations of different risk factors are not in-
volved in this classification.

Subsequently, the field investigation of construction
risk is carried out by analyzing potential risk events and
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Table 1. Questionnaire about risk identification for subway station construction

Construction Risk Identification of Subway Station

Project Name Engineering Section
Completed By Completion Date
Serial number R{sk Location of Risk factors Loss Rlsk . Risk tolerability Notes
register occurrence ranks | probability framework

First-layer factor (B);
Second-layer factor (B;); C 3 111
Third-layer factor (By;)

First-layer factor ();
2 Second-layer factor ();
Third-layer factor ()

falling construction

1 (example) accidents | scaffold

Note: Form filling explanation: Listing the risk factors based on Figure 4, the value of loss rank, risk tolerability framework and
risk probability are based on Table 2. If Figure 4 and Table 2 do not list your choice, please indicate an explanation in the notes.

0.35 - 051
57
030 E§||||iigse Perso.nnel factors i
gf:;?e injury 044 ;\E/Iigforl?ery and facility 68
0.254 e ggggtlgiﬁl?le é E= Material factors
Electric shock 8
g 020 ] Mechanicalin injury % 034 (D System factors
= > Total: 178 4 & Environmental factors
O 4
é 0.15 ' g
g £ 02
t 2
010 S
. 11 2 . o
0.05 011
.
0.00 - — T
Type1 Type2 Type3 Typed Type5 Type6 Type7 Typel 0.0-
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
(a) (b)
Figure 3. Risk factors analysis: (a) categories and percentages of subway construction accidents;
(b) causes and associated percentages of subway construction accidents
Table 2. Risk rank and risk acceptance criteria
Loss rank
Freq}lency rank A B C D E
Disastrous
Very serious Serious Considerable Negligible
1 Frequent I I I 11 111
2 Possible I I 11 111 111
3 Occasional I 11 111 111 v
4 Infrequent 11 111 111 vV I\
5 Impossible 11T 111 v v v
Rank Risk acceptance Disposal principle Control plan Response
Criteria department
Risk control measures must be . .
il i<k The risk The risk warning and the emergency
I Unacceptable implemented to reduce risk. The ris response plan should be prepared or | Government
should be reduced to acceptable levels or revised and adiusted horiti
negligible levels. ) ) authorities
Risk t should be implemented and
1Sk management s P Risk prevention and monitoring and | Construction
to reduce risk, and the cost of risk . ;
11 Unwanted . risk management measures should be | parties
reduction should not exceed the loss .
. implemented.
caused by the risk.
s Implementing risk management and taking | Strengthen daily management and
I A ili o i
cceptability management measures. monitoring. COI;S'[I‘HC'[IOH
arties
I\% Negligible Implementing risk management. Performing daily inspection. P
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Figure 4. The hierarchical structure of risk factors
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occurred risk events in the subway construction. Figure 6
reveals the following partial risk events caused by (1) hazy
weather, which can delay the project; (2) the narrow site,
which can slow the construction and increase the safety
risk and material turnover cost; (3) the rain and lack of
drainage capacity, then the loess is changed as flowing soil,
which can increase measurement costs and result in de-
lays; (4) pipelines of different types with different orien-
tations and depths, which can increase the measurement
cost and result in delays; (5) the government to control
the environmental pollution; (6) workers without safety
precautions; (7) dangerous operations, such as steel stull
butt joint welding and gantry crane operation transport-
ed heavy machinery; (8) heavy traffic and numerous tall
buildings that surround the site limited construction.
These findings help identify risk factors and understand
the risk events in subway station construction.

Step 4. Build a network structure of risk factors for sub-
way station construction.
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Engineers and professors in relevant disciplines were
selected to complete a questionnaire of field investigation
in line with Figure 4 and Table 2. Forty valid questionnaires
were collected. Based on the results, the weights of the 25
third-level risk factors were calculated. Figure 7 shows cal-
culation results. Based on the weights (ranks I~IV) of the
25 TLRF from the field investigation, risk weights of rank
I for most risk factors in the field investigation are slightly
smaller than previous estimates, and weight distributions
are generally consistent; risk weights of rank II are slightly
larger than previous estimates, and weight distributions
are generally consistent; risk weight distributions of rank
III are generally consistent; and weight distributions of
rank IV are slightly different. Therefore, the 25 TLRF are
generally suitable as risk factors for subway station pro-
jects. Based on the results and safety assessments, risk fac-
tors with greater weights, i.e., ranks I and II, are selected to
simply the risk factor analysis. Then, the network structure
of the FANPCE model is established based on the simpli-
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Figure 7. Results of data analysis and field risk investigation of construction: (a) results of the risk factors weight on risk level I;
(b) results of the risk factors weight on risk level II; (c) results of the risk factors weight on risk level III; (d) results of the risk
factors weight on risk level IV
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Figure 8. ANP network structure of the risk factors of subway station construction

fied risk factors. Figure 8 illustrates the network structure,
which includes a criteria hierarchy and a network hierar-
chy. Four assessment criteria constitute the criteria hierar-
chy, and four second risk factors containing twelve TLRF
constitute the network hierarchy.

3.3. Weights

Step 1. Build a fuzzy relational matrix for a single factor.

Twelve TLRF are evaluated by building a fuzzy rela-
tional matrix, which consists of the fuzzy relation from
V to P corresponding to the probability of generating
risk, the loss degree caused by the risk and controllability
of the risk based on Table 2. Then, the investigated data are
weighted to obtain the fuzzy relational matrix of a single
factor R, (Eqn (2)):

R(il)Vl R(il)V” R(il)Vm R(il)V]V
R,— _ R(l'Z)VI R(iZ)V“ R(fz)vm R(iz)vlv (2)
R(if)V/ R(ij)vn R( i) Vi R( Vi

(=P L Cj=123..),

where j is the number of TLRE Taking the probability of
generating risk, the loss degree and the controllability of
the risk as criteria, Ry, consists of weights of each TLRF
at risk level I; R;)y, consists of weights of each TLRF at
level I; Ry, consists of weights of each TLRF at risk
level II;  R;;yv,, consists of weights of each TLRF at risk
level IV. Taking the probability of generating risk as an as-
sessment criterion, R  is the fuzzy relational matrix, and
the relevant data is provided from the survey; R; and
R are the obtained fuzzy relational matrices based on
the loss degree and controllability of the risk. R;,R¢,
and R, are integrated to obtain the weight matrix R,
where R=1/3(R, +Rc+ R ).

Step 2. Calculate the weight vector of risk factors.

Step 2.1. Build a FCM.

Interactional relationships among the ANP levels are
assessed in line with the opinions of experts and engi-
neers; however, the respondents’ opinions are vague and
unquantifiable. Here, the TFN method is used to address
this issue. Dispersion membership is used to evaluate the
object, the membership function of relative importance is
represented in Table 4. First, the FCMs among twelve TL-
RFs are built. The factor Uy, is taken as the criterion, the
incidences of U;;, U}, and U,; for U, are compared for
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Table 3. FCM (B1 {ly,mg,”y} )
Upp Uy Upp Uy Weight
U (1, 1,1) (L, myy, 1) (L3, my3, ty3) W,
U, (L, My, tyy) (1L, L 1) (L3, my3, ty3) W,
U3 (L3y, myy, u3)) (L3p, m3), us)) (1,1, 1) W132
relative significance, and the result is presented by TFN (l, thermore, the fuzzy weight vector {wl, wi, w,}T is also

m, n). Second, based on the result, FECM B'z—(ll], i Wi);
i< m,] < w1, j=1, 2, 3 is built, as shown in Table 3, where
ljj, m; w; can be determined by experts and engineers of
relevant disciplines (Zimmerman, 2001; Tang & Beynon,
2005). Third, factors U, and U5 are taken as the crite-
rion, the incidences, U;;, U, and Uy; for U}, and U5 are
compared to obtain the relative significance and build the
FCMs (B}j1 and B,l»j3 ).

In the factor set U,, risk factors (U,;, U,,, U,;) are
taken as the criteria, the relative importance of U}, Uy,
and U3 is examined to build the FCMs (C!, C}?, C}?).
In the same way, in the factor set U,, U; and U4, risk fac-
tors (Uyy, Uy, Ups), (Usys Usy, Uss), and (Uyy, Uy, Uys)
are taken as the criteria, the relative importance of Uy,
U, and U3 is compared to build the FCMs (C C12
C13) (D1, D12, D!?) and (E“, El2 , Elj3 ), respec-
tlvely, the {:CMs szl 1§22 B23) (C21 C22 C23 ), (D21,

D2, p23), (E32]21 Ezz E23) ( 33]1 B§2 B-}’3) (C31 C3’2
C3)(IS31 Dl] , )(E 2 E )(B41 szé B4£)
(C4l , C42 C43) (D41 D42 D43 ) and (E41 , E42

i
E‘d) can be obtamed in the same way

Step 2.2. Calculate the fuzzy weight sector of FCMs.

In the weight decision analysis, the cut set of fuzzy
analysis is used to remove the fuzziness of the weight (E.
Akyar, H. Akyar, & Duzce, 2012). The following assump-
tions are made:

ij >

w; =(wf wi wp), (3)
wh(a)=(wM —wha+wk, (4)
wh (o) =(wd —wM)o+wM. (5)

By integrating Eqns (3), (4), Eqns (5) and (6) can be
obtained:

(6)

where the cut parameter o, ranging from [0, 1], represents
the optimistic scope of the weight of judgment of experts
(Zimmerman, 2001). Because the comments of each ex-
pert are valid, then o =0. The parameter A, ranging from
[0, 1], represents the optimistic range of the weight of ex-
pert judgment suggestions (Feng, 2006; Shin et al., 2016).
Due to the conservative attitude of each expert, then A =1.
Based on this analysis, the fuzzy weight vector is calcu-
lated by the following equation: w; (o, A) =w? (o) = wM

Then, the fuzzy weight vector {wl, w?, wi,}T" of the FCM
B}jz is calculated by the characteristic root method. Fur-

w; (a,0) = Aws (o) + (1 - Vwk (a1) ,

the priority vector of the effect of U;;, U;, and U3 on
U, At the same time, the weight vector {wl, w wi}T

of B}!and {w13 wi wis}T of B} are calculated. Next,

the FWM W{ (Eqn (7)) of the factor set U1 can be ob-
tained by combining {w}, wl, w,}T, {w}; w¥ wi}T , and
{wi; why wis}! .
1,0 00
Wi W2 Wis
WE =l wi; wi, wis 7)

11
1l apl
Wi W12 W13

The calculation is repeated in the same Way, the FWMs
of Wi, ng’ W14’ c21’ 2’ W33, W24’ Wi, W5,
WR, Wi, WE, Wi, WB, and W}, are obtained
according to calculation of the weight sectors of FCMs

(Ci, C}JZ, (;13) (DY, D2, D13) (EL, E2 EB)
(lel B22 B23) (C] CZJZJ C23 ) (DIJII> Dii ’ 2/ )
(Egl, 7 Ezs) ( B31 B32 B33) (C C32 c33), (D

D32, D33) (E31 , E32 E33) (B41J B42 B4§/) (C

C42 C43) (Dgl, 4’2 D4I3) and (E41 ,]Eéz, ES).
’J

The FWMs are comblned to constitute the unwelghted

fuzzy super matrix W (Eqn (8)).

R
11
w¢
21
wPb
31
WE
L 41

w3
13

w¢
3

wpb ®)
3

WE
3 i
Step 2.3. Build the fuzzy weight matrix of elements of

second-level factors.

Since the fuzzy super matrix W' is not normalized, the
calculation of the weight of subblock W;; of super matrix
W is necessary. The pairwise blocks are compared to build
the FCM, so as to obtain the normalized sort vector A per
subblock Wj;. a;; jj represents the weight of sub-block i and

i affects sub- block J»and a;;= 0 indicates there is no effect.

As the method in step 2, taking risk factors U}, U,, Us,

and U, as the criteria, the relative importance of U, U,,

U, and U, is compared to bulld FCMs (F1 NS E).

Then, FWM A of FCMs ( E} > ,] , F,]3 , )1s calculated.
dyp Gy A3 Gy
a,, Gy, Gyq Q4
21 G A3 Ay
A= 9
a3 Gz A3z A3y
Ay Gy Ag3 Gy
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The fuzzy weighted super matrix W (Eqn (10)) can be
built based on the fuzzy super matrix W and the FWM
A:

a;, W5 a; W8
11 14

C
a, W
24 W,

B B
a, W a,- W
1270, "3T9

C c C
6121W21 a22W22 6123W23
W=AxW=

w (10)
“31W£

D D D
ap W2 a; . We  a, W
32y, G By,

3
agWE a,WE g, . WE g, ,WE
41 £ 43 44

3.4. Calculation of the limit order sector

The limit order sector T can be obtained by multiplying it
with itself until the normalization eigenvector of the super
matrix W corresponds to the eigenvalue 1 with Eqn (11)
(Saaty, 2004; Dagdeviren et al., 2008; Tavana et al., 2013).

T = lim W", (11)
n—»o
where T is the limit order sector; W is the weighted su-
per matrix; n is the exponent determined by iteration. The
final priorities of risk factors can be shown in the corre-
sponding columns in the limit order sector.

3.5. Assessment on the risk level of construction

The construction risk level of the project is assessed
through the FCE model in Eqn (12):

V=ToR, (12)

where V represents the evaluation result vector, which is
the description of the comprehensive risk level of evalu-
ation projects; R represents fuzzy relation matrix, and
the evaluation result of single risk factor; T represents
the evaluate weight vector of the risk factor obtained
through FANPCE, describing the relative importance of
risk factors toward the evaluation object; © represents a
fuzzy synthesis operator, synthesizing T and R. In addi-
tion, the multiplication and bounded operator M(e,®)
of fuzzy mathematics operation theory are adopted (Dai
& Li, 2016). The formula describes that fuzzy relations
T of evaluation risk factors and evaluation projects are
transformed into the fuzzy relationship V between the
evaluated project and the evaluation grade through fuzzy
transducer R, which represents the fuzzy relation of the
evaluation risk factors and the evaluation risk level. The
comprehensive evaluation matrix V can be determyjned
by Eqn (12) and by acquiring the value of Max(v; / X v;)
i=1

1<isn
(maximum membership) (Saaty, 2004; Wang & Hak-
Keung, 2018), which is the evaluation of the model.

4. Case study
4.1. Project backgrounds

Wu Lu Kou station is a transfer station between subway
line 1 and subway line 4 in Xian. The location of the sta-
tion is shown in Figure 5. The average excavation depth

of the foundation pit is 23.1 m, and the main volume of
the foundation pit is 83273 m?>. The construction structure
of the station involves bored piles, internal supports, tem-
porary central piles and temporary cover systems which
comprise prefabricated steel girders. These components
constitute a complex and narrow construction space, re-
sulting in a high probability of risk events, as shown in
Figure 6. Therefore, investigating the construction risk is
necessary for subway station project to improve the ef-
ficiency. The total construction risk of this subway station
was assessed by the FANPCE method on 12/2013.

4.2. Results and analysis

Twenty engineers of relevant disciplines associated with
the Wu Lu Kou station were selected to evaluate the sub-
elements based on a comment set and Table 2. The inves-
tigated sub-element results in line with the probability of
generating risk are presented in Table 3. By weighting the
data in Table 3, the fuzzy relational matrix R is built, as
described in this section. In the same way, the fuzzy rela-
tional matrices R; and R can be obtained. Finally, the
matrices R;, R¢, and R, are integrated to obtain the
weight matrix R . These results are presented as follows:

0.65 025 0.05 0.05 07 015 0.15 0
0.55 035 005 0 065 02 015 0
06 035 005 0 08 0.1 005 005
0.05 0.05 05 04 0.1 025 04 025
005 0.1 035 05 0.15 045 03 0.1

R _[03 03 02 02f o fods 05 0 005

P70 005 03 065 © (005 02 035 04|
03 04 0.1 02 04 04 02 0
01 02 06 0.1 0.05 005 08 0.1
04 04 01 0.1 0.5 04 0 01
07 02 0.1 0 05 03 01 0.1
025 03 04 0.05 035 005 02 04

075 02 005 0 07 02 008 0.02
05 02 025 005 0.57 025 0.15 0.02
06 03 01 0 0.67 025 0.07 0.02
0.1 0.1 055 025 0.08 0.13 048 0.3
035 045 0.15 0.05 0.18 033 027 0.22
R 02 0.6 0.15 0.05 R=0.32 047 0.12 0.1
tlo1 01 045 035 0.05 0.12 037 047"
0.75 0.15 0.1 0 0.48 032 0.13 0.07
0.1 005 01 075 008 0.1 05 032
04 03 02 01 0.43 037 0.1 0.1
07 015 0.1 005 0.63 022 0.1 0.05
05 02 025 0.05 037 0.18 028 0.17

The fuzzy relational matrix R of a single factor reveals
that, the risk rank I weights of 12 TLRF are ordered as
Uy > Upis>Ugp > Uy > Uy > Uy > Uyz > Ups > Uy > Uy
= Uj3 > Us,, and the risk factors (construction experience,
safety awareness, and underground water) are considered
as high-risk factors of the single assessed factors. The risk
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rank IT weights of 12 TLRF is ordered as U,3 > Uy > U,, >
Uj;,> U =U ;3> Uy > Uy > Uy > Uy > Uy > Uy, and
the underground utilities and maintenance conditions of
materials are more sensitive risk factors. The risk rank III
weights of 12 TLRF is ordered as U3 > Uy > Uy > Uy >
Uy, > Uy > Usy > Uy > Uy = Uy, > Up > Uy, and the

[0.3230
0.1104
0.5666
0.5134
0.2567
0.2299
0.2493
0.5936
0.1571
0.1365
0.6250

| 0.2385

0.0759
0.7258
0.1983
0.1037
0.2470
0.6223
0.2098
0.5499
0.2402
0.1365
0.6250
0.2385

0.1775
0.5190
0.3035
0.2158
0.6817
0.1025
0.6250
0.2385
0.1365
0.1963
0.6571
0.1466

0.6370
0.1047
0.2583
0.6854
0.2344
0.0802
0.5277
0.2274
0.2449
0.1350
0.2808
0.5842

0.2351
0.1130
0.6519
0.3236
0.6018
0.0746
0.0980
0.4914
0.4106
0.1149
0.1210
0.7641

The FWM of the elements of the second-level factor
A and the fuzzy weighted super matrix W are represent-
ed as follows:

[0.1180
0.0403
0.2069
0.0465
0.0232
0.0208
0.0304
0.0724
0.0192
0.0577
0.2640
| 0.1007

0.0296 0.0648 0.2170 0.0801
0.2542 0.1895 0.0357 0.0385
0.0814 0.1108 0.0880 0.2220
0.0118 0.0195 0.1521 0.0718
0.0224 0.0617 0.0520 0.1335
0.0563 0.0093 0.0178 0.0166
0.0256 0.0762 0.0288 0.0053
0.0670 0.0291 0.0124 0.0268
0.0293 0.0166 0.0133 0.0224
0.0577 0.0829 0.0074 0.0063
0.2640 0.2776 0.0153 0.0066
0.1007 0.0619 0.0318 0.0416

0.2044
0.0681
0.0681

0.1066
0.0253

0.0900

0.0093

0.0386

0.0067

0.0178

0.0142

0.0225

=
I

[0.3652
0.0905
0.1219

10.4224

0.3406
0.2219
0.0545
0.3831

0.2642
0.0577
0.5127
0.1654

0.2932
0.0547 |
0.1079
0.5443

The limit order sector T is as follow:

0.6000
0.2000
0.2000
0.4806
0.1140
0.4054
0.1700
0.7074
0.1226
0.3275
0.2599
0.4126
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safety system and unfailing performance are more sensi-
tive risk factors. The risk rank IV weights of 12 TLRF is
orderedas Uz, > Uz3> Uy > Uy > Uy > Uy = Uy > Usy >
Uy, > Uy = U, = U3, and the design thoughtlessness and
safety system are more sensitive risk factors.

Next, the results of the FWM:s are as follows:

0.2846 |
0.3668
0.3486
0.6354
0.2716
0.0929 |
0.5782
0.2627
0.1591
0.1048
0.4991
0.3961 |

0.6000
0.2000
0.2000
0.2970
0.1634
0.5396
0.0962
0.3519
0.5519
0.1634
0.5396
0.2970

0.3420
0.1339
0.5241
0.6118
0.1789
0.2092
0.1884
0.7306
0.0810
0.1307
0.2470
0.6223

0.4934
0.1958
0.3108
0.2872
0.6348
0.0780
0.1775
0.5190
0.3035
0.3220
0.1463
0.5317

0.5499
0.2402
0.2098
0.5525
0.3329
0.1146
0.1700
0.7074
0.1226
0.4489
0.3690
0.1820

0.6337
0.1744
0.1919
0.2297
0.6483
0.1220
0.1020
0.7258
0.1721
0.1336
0.7471
0.1194

0.0834 |
0.1075
0.1022
0.0348
0.0149

0.1585

0.0528
0.0528

0.0171
0.0094

0.0904 0.1304 0.1612 0.1858
0.0354 0.0517 0.0704 0.0511
0.1385 0.0821 0.0615 0.0563
0.0353 0.0166 0.0302 0.0126
0.0103 0.0366 0.0182 0.0355
0.0311 0.0121 0.0045 0.0063 0.0067 0.0051
0.0493 0.0966 0.0910 0.0183 0.0110 0.0624
0.1804 0.3746 0.2661 0.0763 0.0783 0.0283
0.2830 0.0415 0.1556 0.0132 0.0186 0.0172
0.0270 0.0216 0.0533 0.2443 0.0727 0.0570
0.0892 0.0409 0.0242 0.2008 0.4066 0.2717
0.0491 0.1029 0.0879 0.0991 0.0650 0.2156 |

T = {0.1266, 0.0896, 0.1076, 0.0327, 0.0332, 0.0172, 0.0426, 0.1087, 0.0388, 0.0693, 0.2407, 0.093O}T.

Which is also the final weight of 12 TLRE. The final
weights of 12 TLRF are ordered as Uy, > U} > Uz, > Uy3>
Uy > Uy > Uy > Uy > Uzs > Uy, > Uy, > Uy, The result
reveals that the weight of underground water is the big-
gest. Therefore, it should be a focal risk factor, whose in-

fluence can also be verified in the field risk investigation as
shown in the Figure 6. The rain and lack of drainage capac-
ity made the loess become flowing soil, which increased
measurement costs, the delay of the construction and the
decrease of the foundation stability. In addition, the con-
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Figure 9. Accumulated losses in the construction

struction, organization system and safety awareness also
play important roles in risk events. Meanwhile, the result
also reveals that maintenance conditions is the least sensi-
tive parameter in risk events.

Then, based V ={0.4991, 0.2370, 0.1642,

O.lOOl}T, results can be obtained. The weight of rank I is
0.4991, i.e., the maximum; the weight of rank II is 0.2370;
the weight of rank III is 0.1642; and the weight of rank IV
is 0.1001. Based on the maximum membership principle

that Max(v, / i v;) is the total risk rank of the assessed
i=l

1<isn =
project, the construction risk rank of the Wu Lu Kou sub-
way station is I. Thus, the risk is unacceptable based on
Table 2. Government authorities and construction parties
should implement additional risk control measures to re-
duce risk to the acceptable or negligible levels, and prepare
or revise the risk warning and emergency response plan.
Furthermore, when finishing the risk assessment of
this subway station in 2013/12, the risk events and the
losses caused by these risk events continued to be inves-
tigated. Figure 9 shows the accumulating economic loss-
es and delay time in the construction from 2012 to 2018.
In the initial stage of construction, the loss is bigger than
that in other stages, indicating that the construction risk
mainly occurs during the initial stage. The project lost a
total of 14.7 million CNY and was delayed by 36 months.
In addition, one worker died, and seventeen workers were
injured during the construction. Obviously, these losses

on

FANPCE

Surveying in site

——>
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are not acceptable for the construction enterprise, and it is
appropriate to affirm that the risk level is I, which is asso-
ciated with the assessment result of the FANPCE method.
Therefore, the FANPCE method can be applied to assess
the construction risk in subway station construction.

5. Method application process and limitation

The application process of the FANPCE model is shown
in Figure 10. Risk factors and risk levels of subway sta-
tion projects often change dynamically throughout the
whole construction process; therefore, during the differ-
ent stages, FANPCE model should be used repeatedly
to obtain the accurate risk evaluations. According to the
statistical and investigative data, there are mainly three
methods of subway station construction methods, namely
the open excavation method, covered excavation method,
and semicovered and semiopen methods. The statistics of
178 subway stations are from official news and literature.
9 stations are under construction and 42 subway stations
have been constructed by engineers from 9 investigating
stations. Therefore, the network structure of risk factors
shown in Figure 8 is applicable to a subway station which
is constructed with the above three methods. If the sub-
way station is built with other methods or as a part of
other projects, the risk factors may differ from the risk
factors in Figure 8. New risk factors for a particular site
should be investigated, and the risk factors in the network
structure should be replaced with new risk factors. The
remaining steps are similar as described in this section.

6. Discussion

In this study, risk factors of subway station construction in
China are identified, and a FANPCE model is developed
to assess the construction risk. The model can be used for
the risk management, so as to reduce the risk loss. In this
study of risk factors. The study shows that, complicated
underground pipelines, construction experience and safe-
ty consciousness have the highest weight among the rank
I of risk factors, whereas out of limits, toxic content and
geological disasters have the lowest weight among these
factors. In other studies, construction safety is often the
focus of risk assessment; the components of the support
structure of the foundation pit becomes a risk factor in
other studies (Chen & Song, 2012; Lan & Zhang, 2006; Li,

Risk control
measures be taken
to reduce risk

unacceptable or
unwanted
Acceptable or
Negligible

Continuing with

Estimating risk

il construction

Figure 10. Application of the method
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Du, Zhang, & Gao, 2009; Ying et al., 2016). Additionally,
these risk factors are collected from other studies and lack
the field risk investigation. In addition, numerous stud-
ies deeply investigate risk assessment methods, while the
identification of risk factors is not fully considered (Dik-
men & Birgonul, 2006). Based on the proposed construc-
tion project, the results imply that the construction risk
rank of the Wu Lu Kou subway station is I. This indicates
that there is a high probability of frequent losses caused by
risk events. The result implies that, in response to the rank
I risk, government authorities and construction parties
should implement risk control measures to reduce the risk
to acceptable or negligible levels and prepare or revise the
risk warning and the emergency response plan. Therefore,
a project manager should plan and implement resources
for the project. For example, the results indicate that the
weight of the safety consciousness of personnel is high.
Therefore, some safety training or other measures should
be implemented to enhance the safety consciousness of
personnel. For example, when there is a high weight of the
safety consciousness of personnel, safety training or other
measures should be implemented to enhance the safety
consciousness of personnel.

However, many mathematical calculations are em-
ployed in the model, so relevant mathematics knowledge is
required for engineers. In future studies, mathematical cal-
culations can be performed via computer programming. It
should be noted that the network structure of risk factors
is applicable to a subway station that is constructed by the
open excavation method, covered excavation method and
semicovered and semiopen methods in China. Risk factors
and the identified weights in this study can be employed
in the future research. The risk assessment for a subway
station can be performed with this method. If the subway
station is built by other methods, or at another stage of the
project, or different construction risk is assessed in other
studies, the risk factors and their weights may differ from
those in this research. New risk factors for a particular site
should be investigated, and the risk factors in the network
structure should be replaced with the new risk factors.

Conclusions

In the construction of subway stations, effective risk iden-
tification and assessment should be performed to reduce
the risk and ensure the safety of the construction site. In
this study, twelve key risk factors of subway station con-
struction were identified through literature review and
questionnaires. The interdependencies among risk factors
were represented through the network structure of ANP.
The investigation results indicate that the complicated
underground pipeline, limited construction experience
and poor safety consciousness are weighted as highest
risk factors for the studied subway station construction.
Then, the weights matrix of single risk factors and interde-
pendencies weights matrix were quantified by integrating

the TFN into the ANP. Finally, the total risk rank of the
studied project can be quantified through the synthesis of
weight matrices with the synthetic operator of FCE. FAN-
PCE method can be as an integration of the network anal-
ysis method, fuzzy set theory and FCE method to tackle
uncertain and ambiguous risk assessment. In addition, a
particular subway station was employed as a case study.
The assessment results and the accident loss analysis verify
the accuracy and applicability of the FANPCE model to a
certain degree.

The advantages of FANPCE are concluded as: (1) the
proposed method can be used as an operational tool. En-
gineers of subway station can consider the interactions of
each factor and identify, assess and quantify risks of sub-
way station construction through the proposed method;
(2) risk factors can be identified with high risk weights; (3)
The model can be applied to quantize and evaluate the risk
level throughout the construction process, so as to control
of construction risk.

The limitations and disadvantages of the method are
concluded as: (1) 12 third-level risk factors of subway sta-
tion construction may not be completely the same due to
different construction environments and methods. There-
fore, based on field risk identification, 12 third-level risk
factors should be replaced with more exact risk factors and
the number of risk factors should be changed; (2) as the
number of projects increases, the size of the matrices in-
creases, resulting in a higher number of calculations.
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Notations

Variables and functions

[ - lower bound of the fuzzy number;
m - intermediate value of a fuzzy number;
u - upper bound of the fuzzy number;

V> Vo V3, vy — final weight of risk level I, II, IIL, IV;

Ry R, > Ry » Rigyv, — weights of each TLRF at risk
level I, 11, III, IV when taking the probability of
generating risk, the loss degree and the control-
lability of the risk as criteria;

ajj - weight of subblock i in super matrix W;

Lp (x) - Degree of Membership Function.

Abbreviations

FTA — fault tree analysis;

FMCDM - Fuzzy multiple criteria decision making;

AHP - Analytic Hierarchy Process;

ANP - Analytic Network Process;

FCE - Fuzzy Comprehensive Evaluation;

FANPCE - Fuzzy Analytic Network Process Comprehen-
sive Evaluation;

TLRF - Third Level Risk Factors;
FCM - Fuzzy Comparison Matrix;
FWM - Fuzzy Weight Matrix.
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