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The South-to-North Water Diversion Project consists of long-distance water delivery channels and a complicated geological
environment along the way. To deal with the operation safety of the water conveyance channels in the middle route of the South-
to-North Water Diversion Project, this study analyzes six failure modes: structural cracks, poor water delivery during ice periods,
instability of canal slopes, material aging, abnormal leakage, and foundation defects. Based on FMEA, a multigranularity language
evaluation method that can be converted into interval intuitionistic fuzzy numbers is used to evaluate the severity (S), occurrence
(0), and detection difficulty (D) of the six failure modes. Interval intuitionistic fuzzy entropy is used to calculate the weights of the
risk factors. Finally, a ranking model of each failure mode is built based on the TODIM method. The final ranking results show that
the risk of abnormal leakage is the largest, and the risk of poor water delivery during ice periods is the smallest. The feasibility and
validity of the calculation results are verified by comparing them with the ranking results of the traditional RPN and TOPSIS
methods. The TODIM-FMEA risk assessment model offers a new solution to the problem of risk assessment for water
transfer projects.

1. Introduction

The South-to-North Water Diversion Project (SNWDP),
also called the South-North Water Transfer Project, is an
ongoing Chinese effort to channel 45 billion m” of water
annually from the Yangtze River in southern China to the
country’s less-fertile northern regions [1]. The SNWDP
consists of three water diversion projects, the East Route
Project (ERP), the Middle Route Project (MRP), and the
West Route Project (WRP), which divert water from the
lower, middle, and upper reaches of the Yangtze River,
respectively, as shown in Figure 1. Both Phase I of the ERP

and Phase I of the MRP have been in operation since 2013
and 2014, respectively [2]. The 1432 km MRP diverts water
from the Danjiangkou Reservoir in the Hanjiang River
basin to 20 major cities and 100 counties in Henan and
Hebei provinces, Beijing, and Tianjin municipalities [3].
There are complex hydraulic structures in the long
channel, and MRP provides drinking water in an open/
covered channel to Beijing and Tianjin under extremely
strict water quality requirements, all of which pose a
significant challenge [4, 5]. The average annual water
supply capacity of the MRP is 9.5 billion cubic meters [6].
The MRP mainly comprises open channels for water
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FIGURE 1: The three routes of the South-to-North Water Diversion Project.

conveyance, and the complex geological conditions and
natural environment along the route make the potential
operation risks very complex and difficult to grasp. In
order to effectively control the operation risks, ensure the
water diversion system can operate safely, efficiently, and
scientifically, and maximize the benefits of the project, it is
necessary to carry out risk identification and risk as-
sessment in advance.

Many scholars have conducted extensive research on the
operation risk of the South-to-North Water Diversion
Project. Du and Geng [7] adopted risk projection graphs to
predict and analyze the engineering risks of the water con-
veyance channels in the MRP and used failure probabilities
and grades of failure consequences to evaluate the risks of
each engineering section of the water conveyance channels in
the MRP. Hu et al. [8] summarized the operation risk
evaluation indices of open water channels and obtained risk
grades by using right-angle fuzzy sets and the Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) [9].
Zhou et al. [10] put forward a plan and management measures
for dispatching water during ice periods and formulated an
emergency plan and early warning forecast for ice periods.
Cheng et al. [9] believed that the water diversion project is a
long line series system and calculated the system reliability
indices of the three typical modes of failure, i.e., overtopping,
seepage failure, and landslide of channel slope failures in the
MRP, by approximately reconstructing a linear system safety
margin equation. Xiong et al. [11] classified and summarized
the failure modes of different hydraulic structures in the MRP.
To sum up, the risk analysis studies of typical hydraulic
structures in the MRP have been widely carried out, but most
of them are qualitative analyses or quantitative evaluations of
specific failure modes of typical hydraulic structures.

Failure Mode and Effects Analysis (FMEA) is a widely
used method for analyzing system reliability and risk
management in various fields, such as automotive,
manufacturing, chemical, and engineering [12-14]. Tradi-
tional FMEA multiplies the three risk factors, i.e., severity
(8), occurrence (O), and detection difficulty (D), to obtain
the risk priority number (RPN) and then ranks the identified
failure modes [12]. Although the traditional FMEA method
has the advantages of ease of use and versatility, there are still
many defects. Many scholars have used different methods to
improve the FMEA method to make the results more rea-
sonable. Chang [15] introduced binary semantic variables to
assess the failure mode information. Vahdani et al. [16]
proposed a FMEA method based on the fuzzy belief
structure representation. Wang et al. [17] improved the
FMEA method by using language variables convertible to
intuitionistic fuzzy numbers to represent information re-
garding failure modes and the weight of the risk factors.
These scholars resolved the shortcoming of the traditional
FMEA method, which was the difficulty of representing
failure mode information directly using real numbers.

Other scholars have resolved another defect of the tra-
ditional FMEA method, which is its failure to account for the
weight information of the risk factors. Emovon et al. [18]
proposed an objective weighting method based on a syn-
thesis of the variance method and entropy weight method.
Zhu et al. [19] used the TOPSIS method to build an opti-
mization model of risk factor weights. Many scholars in-
troduced multicriteria decision-making methods to improve
FMEA. Liu et al. [20] proposed a method based on intui-
tionistic fuzzy numbers and TOPSIS to improve the sorting
of failure modes in FMEA. Chang et al. [21] considered the
correlation between failure modes and proposed a FMEA
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risk assessment method based on Decision-Making Trial and
Evaluation Laboratory (DEMATEL) and TOPSIS. These
methods resolved the problem with traditional RPN value
results, that is, identical risk priority values may be obtained,
which make failure mode risk ranking unworkable. The
interactive multicriteria decision-making method (Tomada
de Decisdo Interativa Multicritério, TODIM) is a multi-
criteria decision-making method based on the prospect
theory proposed by Gomes and Lima [22]. In this method,
the psychological behaviors of decision makers are taken
into full consideration, and alternatives are ranked
according to the relative dominance of one alternative over
other alternatives.

However, it should be pointed out that there are still the
following problems with the existing studies: (1) the existing
information assessment methods adopted by representation
experts are useful in characterizing the fuzziness and un-
certainty of the information, but they fail to consider the
certainty level, uncertainty level, and hesitation level si-
multaneously; (2) the existing multicriteria decision-making
methods resolve the problem with the traditional methods,
that is, identical RPN values, which make ranking un-
workable, but they neglect the influence of the psychological
behaviors of different experts on the risk ranking results.

In order to overcome the shortcomings of FMEA, in this
paper, multigranularity language information is converted
into interval intuitionistic fuzzy numbers to represent the
failure modes. The weights of risk factors are calculated
using improved interval intuitionistic fuzzy entropy, which
has been adapted to a TODIM-based FMEA method to rank
the failure modes. The improved FMEA method is applied to
assess operation safety risks of the MRP.

The remainder of the paper is organized as follows.
Section 2 presents operation risks and failure modes of the
water channels in the MRP. Section 3 introduces the re-
search methods: a TODIM-FMEA risk evaluation method
based on multigranularity language information. A case
study is presented in Section 4. Finally, conclusions and
recommendations are drawn in Section 5.

2. Failure Modes of the Water Channels in
the MRP

The majority of the open water channels in the MRP is made
of lined concrete structures, and lined concrete structures
have the characteristics of being thin and having large
surface areas, as shown in Figure 2. The distance along the
channels is quite long, and the channels pass through high
embankments, deep excavations, and expansive soil treat-
ment sections. The water channels are highly exposed to the
natural environment and human activities, which make the
operation safety risks more complex than they are in any
other channels. Based on an analysis of the risk factors in the
literature [7-11] and on the opinions of practical experts on
the MRP, this paper has chosen the six most typical failure
modes of the water conveyance channels. The failure modes
include structural cracks (FM1), poor water delivery during
ice periods (FM2), instability of canal slopes (FM3), material
aging (FM4), abnormal leakage (FMS5), and foundation
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defects (FM6). The main causes and failure consequences of
the six failure modes are shown in Table 1.

2.1. Structural Cracks (FM1). Cracks are common in con-
crete structures, and they are caused by the interaction
between the concrete and the external environment. The
fundamental reason for cracks is when structural stress
exceeds the tensile strength of the concrete materials. Cracks
often appear in various structures. When a crack is not
serious, it will not affect the normal operation of the project,
but cracks accelerate the aging of the concrete and reduce the
structure’s ability to resist freeze-thaw damage and envi-
ronmental erosion damage. In channel engineering, cracks
have very limited effect on structures when they appear
initially, but if no measures are taken to prevent the cracks
from expanding, they will cause leakage and serious damage
to the lining of the structures.

2.2. Poor Water Delivery during Ice Periods (FM2).
Almost half of the MRP is in the northern part of China,
where the winter temperatures are always below zero degrees
centigrade, and the channels thus deliver water with ice. The
shape of the cross sections of the channels through which
water flows is an inverted trapezoid, and the cross sections
may be affected by the flowing ice and ice jams. The phe-
nomenon of backwater may form due to ice jams, increasing
the danger of water overtopping the embankments. During
ice periods, it is also possible that the ice slag mixed with
floating grass may endanger the safe operation of the water
delivery system. During ice periods, the variation of the
water level should be strictly controlled, and the water flow
should be reduced properly to keep the flow rate at a low
level.

2.3. Instability of the Channel Slope (FM3). The causes of
channel instability risks mainly include foundation condi-
tions and environment conditions. Foundation conditions
primarily refer to the geological conditions of the terrain
through which the channels pass. If there are unstable
properties and weak intercalations in the foundation, the
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TaBLE 1: The failure modes of the water channels in the MRP during the operation stage.

Serial Failure mode Main causes of the failure Effects of the failure
number
. . Reduce the durability of the structure, weaken its bearing
Temperature change, shrinkage, freezing, . . .
FM1 Structural cracks . . capacity, and can cause failure and destruction of the
uneven settling of the foundation, etc.
structures

FM2 POOI? water delfvery Ice blocks the water delivery Water overflows and damage to channel embankments

during ice periods

Instability of the Sudden change of water level; reduction of Causes overtopping and regional floods around the water
FM3 - e . . .

channel slope the antislide stability of the foundation diversion system
FM4 Material aging Carbonization of concrete, temperature Leakage
change, and freeze-thaw damage
FM5 Abnormal leakage Microcracks and biological destruction The collapse of the bank slope, which affects the safety of
the structures

FM6 Foundation defects Expansive (rock) soils, loess soil, saturated Loss of bearing capacity of the foundation and collapse of

sand sections, and filled sections

structures

Note. FM: failure mode.

channels will be prone to instability and deformation. En-
vironment conditions primarily refer to earthquakes, tor-
rential rain, flooding, snowmelt, and sudden changes in the
water level. These environmental factors affect the stress
state of the embankment and cause instability of the channel
slope.

2.4. Material Aging (FM4). Material aging is a common
phenomenon in water conservancy projects. The chief causes
of material aging are concrete carbonization, temperature
changes, and freeze-thaw damage. Firstly, carbonization
occurs when the alkaline material in concrete reacts with
CO,, producing carbonate and water, and this process will
reduce the strength of the concrete. Carbonization causes the
protective layers to deteriorate and steel bars to corrode,
which further weakens the strength of the concrete. Sec-
ondly, temperature changes cause the shrinkage of concrete
and uneven subsidence, which lead to cracks in the concrete.
Finally, freeze-thaw damage is typically manifested in the
shedding and cracking of the concrete lining of the channels,
which leads to serious water leakage.

2.5. Abnormal Leakage (FM5). The embankment of the MRP
is made of soil, so leakage from the channels erodes the
foundation, endangering the overall stability of the channel
structure. In water conservancy projects, the dryness and
wetness of the environment take effect alternately, which
leads to the concrete alternating between shrinkage and
expansion and produces microcracks. The expansion and
penetration of microcracks lead to significant seepage from
the concrete. In addition, uneven subsidence deformation
and biological damage cause cracks. For instance, mice or
termite nests will also directly cause water seepage, piping,
and, at worst, subsidence.

2.6. Foundation Defects (FM6). The MRP consists of ex-
pansive rock, expansive soil, loessial soil, saturated sand, and
filled sections. One characteristic of expansive soil is that it
expands when encountering water and shrinks when losing

water. The presence of expansive soil causes the channels to
crack, tilt, and even be destroyed. Most loessial soil is col-
lapsible when it encounters water, which results in the
subsidence of the channel foundation and slopes. Saturated
sand always creates the problem of liquefaction. Liquefac-
tion reduces the bearing capacity of the foundation, even-
tually causing the structures to subside and collapse. In the
filled section of the channel, if the filling is not compacted, it
results in instability and leakage.

3. Research Method

In this study, a multigranularity linguistic evaluation
method that can be converted into interval intuitionistic
fuzzy numbers is used to evaluate the severity (S), occur-
rence (O), and detection difficulty (D) in FMEA. Interval
intuitionistic fuzzy entropy is used to calculate risk factor
weights. And, finally, a ranking model of each failure mode is
built based on the TODIM method.

3.1. Risk Expression Based on Multigranularity Language
Information Convertible to Interval Intuitionistic Fuzzy
Numbers

3.1.1. Multigranularity Language Information

Definition 1. The multigranularity language assessment set
is denoted as

-1 -1
Sq:{s?liel{—q—,...,—1,0,1,...,q—}}-. (1)
2 2

In the formula, Siq indicates the i evaluation phrase of 8,
and g must be odd. When g = 5, the evaluation phrase set
Slis denoted as {very bad, bad, average, good, very good}.

Generally, the properties of S7 should meet the following
requirements:

(1) Order: when i > j, siq > s?

(2) Inverse operator: when j =g — 1, Neg (s7) = 5!
q

(3) Maximum operation: if s? > s7, then max (s, s?) =s!
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(4) Minimal operation: if s} <s!, then max (s, s?) =s!

3.1.2. Intuitionistic Fuzzy Sets

Definition 2 (see [23]). X is a nonempty set,
X ={x;,x5...,x,}, and, on X, each of those like
A ={{x,uy(x),74 (x))]x € X}} is called an intuitionistic
fuzzy set on X, where y, (x) and v, (x) are the membership
grade and nonmembership grade of element x belonging to
judgment set A, where p,(x): X — [0,1], v, (x):
X — [0,1], and 0<py (x) +v,(x) <1, x € X.

In addition, 7, (x) =1—p,(x)—»v,(x) indicates the
hesitancy degree of the element x belonging to A, where
0<my(x)<1, xeX.

Definition 3 (see [24]). When X is set as a nonempty set,
X ={xy,x,,...,x,}, then an interval intuitionistic fuzzy set
on X is defined as A = {(x, by (x), v~ (x))]|x € Xl}, where
wy X — [0,1] and »~: X — [0,1]4, and for all x € X,
meets 0<pu~ (x)+ v~ (xfi < 1. Interval number s (x) and
interval number v~ éc) indicate the membership grade and
nonmembership grade of element x belonging toA,
respectively.

In addition, m (x)=1- 7 (x) - Ut (x), which is called
the intuition index of the element x in A, which is the
intuitionistic fuzzy set, indicates the hesitancy degree of the
element x belonging to A, where 0<7~(x)<1, x € X. For
each x € X, py (x) and Ut (x) are closed interval numbers,
and their lower bound and the upper bound are denoted
aspL (x), u2 (x), £ (x), and W2 (x), respectively.

*or coﬁvenien’ge, the intuttionistic fuzzy set A can be
denoted as

A-fe k@) [Eeokeprext @

whereOSy%(x)+v%(x)§1,0§‘u%(x)s‘u%(x)sl,and0§

v% (%) S”% (x) < 1.Inaddition, 7 (x) = 1 - 7 (x)= v5 (x) =
U (e U L (e

(142 (x) =2 (%), 1 - p= (%) v%(x)].

Definition 4 (see [25]). Set A= (ay,a,], [as,a,]) as an in-
terval intuitionistic fuzzy number; then, S(A) = (a, —a, +
as—a,)/2 is called the score function of the interval
intuitionistic fuzziness.

Set A = (a;,a,], [as,a,]) and B = (b},b,], [bs,b,]) as
two interval intuitionistic fuzzy numbers: if S(A)<S(B),
then A <B.

3.1.3. Convert Multigranularity Language Phrases into In-
terval Intuitionistic Fuzzy Numbers

Definition 5. Set 7= {sl]i e|{-(q-1)/2,...,-1,0,1,...,
(q - 1)/2}} as alanguage evaluation set; s/ is inside $%and can
be converted into interval intuitionistic fuzzy numbers as

-1 -1
5‘1={(p?,‘v“?)|ie|{—qT,...,—1,0,1,...,’17}}, 3)

where

5

@ i<o,
T A

[ (@)L +i, 20

r 1-i .

1-(1-7)"" i<0, (4)
a?:‘ .

[1-(1-9)1+i, ix>0,

nd =91 = 05—105
to =Y =V 24 7

There are many ways to calculate the distance between
interval intuitionistic fuzzy numbers. This paper adopts a
new distance formula by combining the two traditional
distance measurement formulas, i.e., Hamming distance and
Hausdorft distance. The formula combines the advantages of
the two distance measures, defined as follows.

Definition 6. Set A = {(x, [‘ui (x),,u%(x)], [v% (x),vg (x)]
dlx e X}, B= {(x, [z (), 2 (%)), [ (x), 8 ()] Ix €

X, and € = {Gx, [ (0, (L D (), 2 (D) I € X)

as three IVIFNs; then, the distance between A and B is
defined as

A8 B = (| ) ()] o ) = ()
+|V% (x;) - ”}L;(xi)l +"’; (x:) =5 (xi)'
k() - k)] + |2 () - 72 ()] )
+ % iil(maX(IMf; () = 1k ()]s [ () = 2 (),
|V% (x;) - ”}Lg (xi)" |V% (x;) - V% (xi)"

7% ) = ek G 2 ) = 2 ()] ).
(5)

L =1-=wY(x)=wY(x) ¥(x)=1- uk(x)-
there ﬂz(xL,-) =1 ”Z(x[;) 7 (x[;), o (x;) 1U .”A(xz)
vX (x;), 7'r~1§(xi)=l—;4E (xi)—vE (x;), and ﬂE (x;) =1-

pe () = 2 (xy).

3.2. TODIM-FMEA Risk Assessment Method Based on Mul-
tigranularity Language Information. The TODIM-FMEA
risk assessment model based on multigranularity language
information consists of three steps.

(1) FMEA risk assessment experts identify the failure
modes and assess the risk factors of the water channels in the
MRP. (2) The weights of risk factors S, O, and D are



calculated using interval intuitionistic fuzzy entropy. (3) The
interval intuitionistic fuzzy TODIM method is used to rank
the risk degrees of the failure modes. The framework of the
proposed FMEA model is shown in Figure 3.

In the actual assessment process, information related to
failure modes has great uncertainty and incompleteness;
therefore, experts must refer to historical data about water
channels actually in the MRP to evaluate failure modes.
Experts use language variables to express the evaluation
information. Then, the language variables are converted into
interval intuitionistic fuzzy sets to carry out the calculations.
The proposed FMEA model steps are as follows:

Step 1: the expert scoring team comprises s experts
E, (k=1,2,...,s), and different weights are assigned
to them based on their level of expertise. The risk
evaluation process will focus on m potential failure
modes FM; (i = 1,2,...,m) of the three risk factors,
i.e., severity (S), occurrence (O), and detection (D). The

[IWAA, (&, &, . . .
j=1

where w = (w;,w,,...,w,) are weight vectors and
w; € [0,1], Z?:l w;=1; then, we call IWAA the
weighted arithmetic integration operator of the inter-
val-valued intuitionistic numbers.

Step 2: use improved interval intuitionistic fuzzy en-

tropy to calculate the weights and relative weights of
risk factors S, O, and D.

E(A) =

S|~

(15 (Jik (o) 4

where (1- (1/2)(|‘u~(x)—v-(x)|+|‘u~(x)—1/~
(x;)I) is the level of information 1nsuﬁic1enc;l},
(1/2) (I/,tA (x;) — vX (x| + |/4A( ) - VZ (x;)]) is the in-
terval distance of the degree of membership; ( ni (x;) +
rr% (x;))/2 is the average value of the maximum degree

of membership and the minimum degree of mem-
bership, as well as the level of information insufficiency;
and e is the base of natural logarithms.

Based on improved interval intuitionistic fuzzy entropy
formula (7), entropy matrix E is built on the basis of the

x)| [ () =5 (

Complexity

assessment of the three risk factors is presented by
multigranularity language information, and then the
language variable assessment matrix X = [x;;],., is
determined. The evaluation results should be converted
into the corresponding interval intuitionistic fuzzy
numbers, where R = [a;;],,,, indicates the failure mode
interval intuitionistic fuzzy evaluation matrix given by
the s™ expert. Based on the weight assigned to the
experts and the interval-valued intuitionistic fuzzy
weighted arithmetic averaging (ITWAA) operator, the
interval intuitionistic fuzzy evaluation matrix is con-
verted into the group integrated weighted interval-
valued intuitionistic fuzzy judgment matrix, which is
R =la

1]]m><n

Definition 7 (see [26]). Set &; = ([d@;b;];, [C;,d,]) as the
interval intuitionistic fuzzy numbers, j=1,2,...,n, and
[IWAA: Q" — Q if

@) = Z“’ o = (|- H(l —a;)o;1- ﬁ(l ‘bj)“’j]> {ﬁ%“’rﬁdi“’j}’ (6)

=1

Definition 8. For any interval intuitionistic fuzzy set
A € IVIFS s(X), Vx € X, its entropy is

75 () + 75 (%)

1= (= i ) o o o 275

, (7)
xi)|> +e—1]

group integrated weighted interval-valued intuition-
istic fuzzy judgment matrix:

€1 € ey
€ €xpn v €y

e e (8)
€ml €m2 " Cup

After normalization, the standard entropy matrix is
built as E:
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FMEA method Multigranularity language information

Step 1.1: experts identify the failure modes of the water conveyance channels and
the consequences of the failures

Step 1.3: convert the language evaluation results from the experts into interval

| |
| |
| |
} l
!
| Step 1.2: experts use the language evaluation method to determine the scores !
| i
| I
} intuitionstic fuzzy numbers |

|

Interval intuitionistic fuzzy entropy

Step 2.1: use the interval intuitionistic fuzzy entropy to build the entropy matrix

! I
l l
| |
| Step 2.2: get the normalized entropy matrix after normalization |
| Step 2.3: calculate the wights of various risk factors S, O, and D |
| |
|

TODIM method

Step 3.1: calculates the relative weights of the risk factors

Step 3.2: calculate the relative dominance of the failure modes
Step 3.3: calculate the overall dominance

Step 3.4: calculate the integrated ranking values

FiGure 3: Risk assessment framework with TODIM-FMEA for the MRP.

L5 Based on the standard entropy matrix E, the weights of

e, € e

_11 _12 _1” risk factors S, O, and D can be obtained through the
_|e ey - € ' :
Fo|f 2 = ) following formula:

€mn1 €m2 """ Cpn 1- erzl Eij

w; = <n 71 wm - v 11
Zj:l(l_Zi:I eij) y

Step 3: the TODIM method is used to rank the failure
e = (i=12,...,mj=12,...,n). modes.

The classical TODIM approach is extended to a
(10) multigranularity ~ language  environment  for




calculation. The above steps have converted the
multigranularity language information into interval
intuitionistic fuzzy numbers, and then the integrated
ranking of each failure mode is calculated according
to the TODIM method. The detailed calculation steps
are as follows.

(1) Calculate the relative weights of the risk factors:

The improved interval intuitionistic fuzzy entropy
determined the weights of various indicators as W =
(w, w,,...,w,) and the relative weights as
W]' = (w),w, ..., w,). The reference weights w* =
max{w,,w,, ..., w,} can be determined based on the
following formula:

w=—L (12)

(2) Calculate the relative dominance as formula (12):

wj
md(’”fﬂmm)’ myj; > My,
@, (M, E,) = | O iy =
Z?:l wJ"
_(1/6) T]fd(mlj’m.ﬂ])’ m,]<mpj,
(13)

where 0 is the loss attenuation coeflicient; 0> 1 in-
dicates that the influence of the loss will decrease,
and 0 < 1 indicates that the influence of the loss will
increase. d (m;j, m,,;) indicates the distance between
two interval intuitionistic fuzzy numbers, which is
calculated with formula (5).

(3) Calculate the overall dominance and values of overall
ranking:
The overall dominance can be determined from the
following formula:

§(FM, FM, ) = Y’ @ (EM,, FM,)). (14)
j=1

Values of overall ranking can be determined from the
following formula:

- r, 6(FM,;, FM,, ) - min; Y, 8(FM,, FM,))
" max; Y7, 8(EM,, FM,) - min, Y7, §(EM,, EM, )
(15)

Complexity

(4) The failure modes are ranked according to the values

of ¢;.

4. Case Analysis

4.1. Case Description. This study takes the water channel of
the Huixian section of the MRP as an example to analyze the
operation risk. The Huixian section is located within
Huixian City, Henan Province. The total length of the
channel section is 48.951 km, with 43.631km of the open
channel and 5.320km of the hydraulic structure. Huixian
city has a warm temperate continental monsoon climate. In
spring, it is windy and lacks rain; in summer, it is rainy and
hot; in autumn, it is cool; and in winter, it is quite cold and
lacks snow. The annual precipitation varies greatly. The
average precipitation varies greatly depending on the month
and season. While the average annual precipitation is
589.1 mm, the month of July sees nearly one-third of the
total yearly precipitation, with an average of 182.3 mm. The
foundation of the channel section contains both weak ex-
pansive soil and collapsible loess. The collapsible loess
section of the foundation was treated by dynamic com-
paction during construction.

4.2. Processes of Operation Risk Assessment. This section
attempts to validate the effectiveness of the proposed
TODIM-FMEA model based on multigranularity language
variables to assess the operation risks of the water channel in
the MRP.

Step 1: firstly, the FMEA expert team comprises three
experts who are engaged in the field of operation
management for the South-to-North Water Diversion
Project, and they are a scientific research expert, an
engineering design expert, and an operation manage-
ment expert. The expert weights are assigned to them
according to their different knowledge structures and
field  experience, =~ which are denoted as
W = (0.28,0.31,0.41). The experts selected three dif-
ferent language granularities, 5, 7, and 9, respectively,
based on their own preference for carrying out the
assessment. The experts assessed the six failure modes
using three risk factors, i.e., severity (S), occurrence
(0), and detection difficulty (D) with linguistic infor-
mation, as shown in Table 2.

The multigranularity language evaluation sets are
denoted as

5[5 S5 S5 S5S
E: S ={572>571>50’51>52}’

7_ (7 T T TTTT
E:S :{573,572,571,50,51,52,53}, (16)
ESLo[d &P P 9999
08 =18 455 3,5 55 S_15 Sg» S5 535 S35 Syf-

Scoring rules: scoring from the three different granular
language variables, i.e., 5, 7, and 9, is listed as follows:
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TABLE 2: Statistical table of the experts’ evaluation information.

Experts El E2 E3
FMs N O D S O D N @) D
FM1 ss s s, s s s, s s S,
FM2 s 8, 8 s, s s s, &,
FM3 s £, s s 0§ s s 92, &)
FM4 ss s ososhoshosh 2, s s
FM5 s s s s S s s 8
FMeé6 s 8 ss sy S, s s 28
$ = { siz = Lowest, .. ., sg = Medium, ..., sg = Highest},
§ = { s, = Lowest, ..., s, = Medium, ..., s, = Highest},
§ = { 534 = Lowest, .. ., 53 = Medium, ..., si = Highest}.

(17)

The language evaluation information is converted into
the corresponding interval intuitionistic fuzzy number.
And interval intuitionistic fuzzy evaluation matrix R is
formed for the failure mode, as shown in Table 3. Then,
according to Definition 7, each expert’s evaluation
information is integrated using the interval-valued
intuitionistic fuzzy weighted arithmetic averaging
(IIWAA) operator. Finally, the group integrated weight
of interval-valued intuitionistic fuzzy judgment matrix
R' = [@;j]nxn i Obtained, as shown in Table 4.

Step 2: the weights are calculated based on interval
intuitionistic fuzzy entropy. Firstly, the entropy value of
the group integrated weight of interval-valued intui-
tionistic fuzzy judgment matrix is calculated.
According to improved interval intuitionistic fuzzy
entropy formula (7), the matrix is calculated as follows:

[0.4581 0.2524 0.11427
0.2824 0.1742 0.1355
0.1884 0.1608 0.4776
E= . (18)
0.3354 0.3000 0.4581
0.2261 0.3794 0.2322

[ 0.2322 0.2420 0.3421 ]

Then, the elements in the entropy matrix are nor-
malized, and normalized entropy matrix E is built:

[1.0000 0.6652 0.23917
0.6165 0.4593 0.2837
_ [0.4112 0.4239 1.0000
E= . (19)
0.7321 0.7908 0.9592
0.4935 1.0000 0.4862

L0.5069 0.6379 0.7163 ]

Based on normalized entropy matrix E, the weights of
risk factors S, O, and D can be calculated through
formula (11): W;=(0.3277, 0.3535, 0.3188).

Step 3: ranking failure modes of the water channels in
the MRP with the TODIM method.

(1) According to formula (12), relative weights of the
risk factors are calculated as WJ' = (0.9272,
1.0000, 0.9018).

(2) Calculate the relative dominance.

As to the relative dominance, the decision maker’s
judgment is largely determined by the size of the
loss attenuation coefficient 6, and 0 is negatively
correlated with the decision maker’s degree of loss
avoidance. When 6> 1, it indicates that the impact
of the loss will decrease and that the decision maker
holds an attitude of risk aversion; when <1, it
indicates that the impact of the loss will increase
and that the decision maker holds an attitude of
willingness to confront risks. If 6 = 1 is adopted, it
indicates the decision maker holds a neutral atti-
tude to risks. The distance is obtained through
formula (5), and the relative dominance ¢ of the
risk factors S, O, and D under different failure
modes is determined through a pairwise compar-
ison of the failure modes according to formula (13).
The dominance matrix ¢, = [¢;;],x, is generated,
as shown in Table 5.

(3) Calculate the overall dominance matrix and inte-
grated ranking values.

In accordance with formula (14), the overall
dominance matrix 6 = [§ can be derived, as
shown in Table 6.

ij]mxm

According to formula (15), the integrated ranking
values of the risk levels of the six failure modes are
¢, =0.0459; ¢, = 0; {5 = 0.6035; {, = 0.5227; {5 = I;
(o = 0.7825.

(4) Rank the failure modes.

Based on the overall dominance, the integrated se-
quence of {; is ranked according to the values. The
ranking result is {5 > {, > {5 > {, > {; > {,. According
to the ranking, abnormal leakage (FM6) poses the
largest riesk, and the poor water delivery during ice
periods poses the lowest level. The ranking result is
shown in Figure 4.

According to the radar diagram in Figure 4, ab-
normal leakage is the most typical failure mode in the
risk identification of the water channels in the MRP.
Abnormal leakage will not only cause a loss of water
quantity but, more seriously, will also cause erosion
to the foundation and bank slopes, which will en-
danger the overall stability of the structures. Cracks
and leakage will reduce material strength, thus ac-
celerating crack development and leading to a vi-
cious circle of deterioration. Therefore, abnormal
leakage has an important effect on the safety of the
water channels in the MRP. The failure mode of
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TaBLE 6: Overall dominance matrix.

8 FM1 FM2 FM3 FM4 FM5 FMo6
FM1 0 -0.1646 -0.9964 -0.7449 -1.7972 -1.1462
FM2 -0.8775 0 -0.8550 -1.5394 -1.4237 -0.3509
FM3 -0.7827 0.0396 0 -0.7953 -0.6260 —0.2895
FM4 -0.2861 -0.3636 -0.5788 0 —-0.8821 -0.6903
FM5 -0.4620 0.1517 0.0139 -0.4934 0 0.0391
FM6 -0.6815 0.0387 -0.0336 —0.6635 -0.3449 0

Note. FM: failure mode.

The ranking of failure modes

Structural cracks
1.0

0.8
Foundation ~0.7825 06 Poor water delivery
I 0.4 | during ice periods

defects h
\QQ

0.0

Abnormal XE /0'60 5 Instability of canal
leakage slopes
1.0000 0.5227 P

Material aging

FI1GURE 4: The ranking of six failure modes.

foundation defects poses the second largest threat.
There is weak expansive soil in the Huixian section of
the water channels in the MRP. Over the course of
the operation, we should strengthen inspections of
the geological risks and take engineering measures to
reduce those risks in a timely manner when prob-
lems arise. Although the failure modes of structural
cracks, instability of canal slopes, and material aging
rank behind abnormal leakage and foundation de-
fects, they are important failure modes as well for the
safe operation of the channels in the MRP. Over the
course of operation, some concrete measures should
be put forward to improve and enhance the reli-
ability of the water channels in the MRP. Poor water
conveyance during ice periods poses the least risk
because Huixian county is at a low latitude, and it
will experience less harm to water delivery during ice
periods in winter than northern regions will.

4.3. Comparison and Discussion. In this case, the two
methods, i.e., interval intuitionistic fuzzy set TOPSIS and
traditional RPN, were used to analyze risks, and the results
were compared with those of the TODIM method, as shown
in Table 7. The ranking results of the three methods are very
similar, and the ranking of failure modes FM5 and FM2 is
the same. That is, all methods ranked FM5 as the most
serious failure mode and FM2 as the least serious failure
mode, which shows that the three methods are all valid.

13
TaBLE 7: Ranking comparison result.

Failure RPN TOPSIS TODIM
mode RPN  Ranking RCC Ranking &  Ranking
FM1 117.056 4 0.6145 3 0.0459 5
FM2 71.58923 6 0.0022 6 0.0000 6
FM3 103.0053 5 0.3003 5 0.6035 3
FM4 245.9878 2 0.4135 4 0.5227 4
FM5 352.8724 1 0.9731 1 1.0000 1
FMo6 222.4502 3 0.8903 2 0.7825 2

Note. FM: failure mode.

Failure mode risk ranking comparison
100% : : : -

80%
60%
40%
20%

0%
FM1 FM2 FM3 FM4 FM5 FM6
—— TODIM
—m— TOPSIS
—4— RPN

FIGURE 5: Failure mode risk ranking comparison.

While the comparison between the TODIM method and the
TOPSIS method shows there is positional ranking crossing
over for FM1 and FM3, the risk ranking of the remaining
four failure modes is the same, which proves the effec-
tiveness of the multigranularity language evaluation TODIM
method.

Figure 5 depicts deviations of the failure modes with the
most severe failure mode for each ranking method. In
Figure 5, it can be seen that the fluctuation forms of the three
methods are basically the same. The difference in risk
identification results between TODIM and TOPSIS is due to
the TODIM method taking into consideration the decision
makers’ psychological behavior and risk preference.
Therefore, the multigranularity language TODIM method is
more reliable than the traditional RPN method and the
TOPSIS method.

The ranking of the improved FMEA risk evaluation
approach differs from other approaches, and the reasons can
be explained as follows:

(1) The calculation of the proposed model is based on
multigranularity language variables. Experts can
more accurately evaluate the FMEA failure modes
with multigranularity language variables, which are
converted into interval direct fuzzy numbers. The
multigranularity language variables can quantita-
tively explain the evaluation results from experts.

(2) The traditional RPN calculation does not assign
weights to risk factors S, O, and D. The proposed
model adopted improved interval intuition entropy
to assign weights to the risk factors, which can
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determine the influence of risk factors in the eval-
uation process.

(3) The TODIM method proposed in this paper fully
considers the psychological behaviors of experts, but
the TOPSIS method assumes that experts are ab-
solutely rational people. For the TODIM method, a
pairwise comparison of all failure modes uses relative
dominance to determine the overall dominance
ranking. This causes the results to contain more
information. It is found that the FMEA risk evalu-
ation method based on multigranularity language
TODIM can more accurately reflect the opinions of
experts and more accurately obtain the relationship
between various failure modes.

5. Conclusions

Channel engineering is one of the most important parts of
system engineering in the MRP. This paper proposed a new
FMEA risk evaluation model based on the multigranularity
language information TODIM method. The multi-
granularity language, which can be converted into interval-
valued intuition fuzzy sets, is used to evaluate the engi-
neering failure modes. The degree of membership and the
degree of nonmembership are used to express the decision
maker’s psychology of hesitation and quantify the risks.
The weights of the risk factors, severity (S), occurrence (O),
and detection difficulty (D), are calculated by using im-
proved interval intuitionistic fuzzy entropy. The risk as-
sessment model is built based on the TODIM-FMEA
method. Finally, a case study of the Huixian section of the
MRP is presented. The results show that abnormal leakage
is the most risky failure mode. A comparison of three risk
ranking methods shows that the proposed model is more
effective than the traditional RPN method and the TOPSIS
method.

The TODIM-FMEA risk evaluation model with multi-
granularity language is highly operational and quite prac-
tical, providing a new solution to the problem of operational
safety risk evaluation in water conservancy projects. The
limitation of this study is that the weights of experts were
directly assigned, which may lead to a deviation in risk
ranking results. Therefore, in the future, appropriate
methods can be studied for calculating the weights of experts
to optimize the risk assessment model.

Some suggestions should be put forward to control the
operation risks of water channels in the MRP. From the
perspective of engineering safety, once leakage is found, or
the values of deformations and cracks prompt warnings
from the structure monitoring system of the MRP, it is
necessary to quickly and accurately find the source of the
leakage to eliminate defects and damage from the leakage
and to prevent defects or damage from expanding. From
the perspective of water delivery, it is necessary to reduce
the impact on dispatching and operation as much as
possible. It is necessary to carry out underwater repair
research to optimize underwater construction techniques.

Complexity

Notations

FMEA: Failure Mode and Effects Analysis

RPN: Risk priority number

SNWDP:  The South-to-North Water Diversion Project

ERP: The East Route Project

MRP: The Middle Route Project

WRP: The West Route Project

TOPSIS: Technique for Order Preference by Similarity
to Ideal Solution

S: Severity

O: Occurrence

D: Detection difficulty

DEMATEL: Decision-Making Trial and Evaluation
Laboratory

TODIM: Tomada de Decisao Interativa Multicritério

IWAA: The interval-valued intuitionistic fuzzy
weighted arithmetic averaging.
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