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Abstract: In the process of sustainable development within modern agriculture, in order to ensure
that agricultural production has adequate water resources, canal lining (CL) is often used to transport
water in order to reduce water seepage, thus promoting the sustainable utilization of water resources.
However, due to the influence of the terrain, environment, human factors and other factors, the CL
often suffers a certain degree of damage. Therefore, it is necessary to evaluate the serviceability of
the CL, so to realize the sustainable use of the CL strategy. Aiming at the weight assignment of CL
evaluation indices that are subjective and not combined with actual index data, a weight calculation
method based on the Analytic Hierarchy Process (AHP)–simple correlation function (SCF) method
was proposed, and game theory was used to achieve combination weighting. For the evaluation
indices with the characteristics of fuzziness and randomness, the cloud model (CM) was used to
comprehensively consider these characteristics in order to realize the evaluation. Finally, a method to
measure serviceability of CL based on AHP–SCF–CM was proposed. Taking a CL project in China
as an example, this method was used to evaluate the serviceability of the CL. The evaluation result
showed that the serviceability of the CL was poor, and the qualitative evaluation result was consistent
with the actual damage condition of the project; meanwhile, a comparative study was performed in
combination with the AHP–Entropy Weight (EW)–unascertained measurement theory (UMT). The
quantitative evaluation results of the two methods displayed the same grade of serviceability, which
verifies that the method proposed in this paper is more reasonable, objective and feasible from both
qualitative and quantitative perspectives. Furthermore, the evaluation results lay the foundation for
subsequent maintenance and fault prevention of the canal.

Keywords: canal lining; serviceability; AHP; simple correlation function; cloud model; game the-
ory; entropy

1. Introduction

With the rapid development of China’s economy and society and the rapid increase
in the population, the problem of insufficient water supply for industry, agriculture and
everyday life is becoming increasingly serious [1,2]. In order to solve this problem, China
has actively taken various targeted measures, such as the implementation of numerous
water storage and water diversion projects. In order to address the shortage of agricultural
water resources in some areas along the Yellow River, China has implemented the Yellow
River irrigation area project to divert water from the river to the irrigation areas through
canal lining. This can effectively alleviate the agricultural irrigation problem, improve
the overall grain output of the country and promote the sustainable development of the
regional ecological environment.

The canal lining (CL) is an additional layer construct on the top of the existing structure,
rather than a separate structure, which is composed of stone, cement slab and other
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materials, implemented along the bottom and both sides of the slope of a canal. Its main
function is to transport water while reducing water loss, improving the effective use of
water resources. Based on the principles of hydraulics and operational research, it is known
that the water delivery capacity of CL depends on the shape, size and material of the
water-crossing section. If there are any defects within CL material, the water delivery
capacity of the canal will be greatly reduced [3]. The most commonly used material for
CL is concrete. Although a concrete lining can effectively reduce water leakage during
water transportation and increase the water utilization coefficient of the canal system [4],
at the same time, concrete is prone to cracks due to plastic shrinkage and drying shrinkage,
which seriously affects the serviceability of the CL. Operational research is an important
foundation of modern management, which mainly includes decision theory and game
theory. Decision theory is a system analysis method, which is mainly developed to solve
problems with uncertainty, and the Analytical Hierarchy Process (AHP) is commonly used
as decision analysis method. Game theory is a decision analysis method, which is mainly
to solve the conflicts between the two parties in the game, to study a reasonable action plan
that is beneficial to all parties. By using operational research to carry out weight assignment
and decision analysis on the evaluation indicators (concrete lining plate cracking, etc.) of
the CL, and combining with evaluation methods, the evaluation of the serviceability of the
CL can be realized.

Some scholars have conducted research on the frost damage in CL, Li et al. [5] con-
ducted a model test on CL in the context of a freeze–thaw cycle in order to investigate the
mechanisms of freeze damage in canals in cold regions. Wang et al. [6] pointed out that
under the effect of seasonal frost heave, the most basic type of failure in concrete CL is
cracking, with cracks beginning to appear at the bottom and sides of the CL. Li et al. [7]
proposed a new type of anti-frost heave structure for CL, which is composed of concrete
slab, polystyrene insulation board, a sand gravel layer and composite geomembrane. In
addition to frost damage in the CL, the seepage loss of water also tends to affect its ser-
viceable performance. Han et al. [8] believed that the factors leading to seepage and thus
affecting the serviceability of CL include the soil hydraulic characteristics, the type of lining
material, the failure conditions and the time of use of the lining. Asl et al. [9] analyzed
some soil canals in the river basins of Iran and Turkey; the finite element method was
used to numerically simulate 246 trapezoidal, rectangular and triangular soil troughs with
different cross-sections. Eshetu et al. [10] used the inflow–outflow method to measure the
leakage of the primary, secondary and tertiary canals in order to quantify the seepage of the
lined and unlined irrigation canals of the Tendaho sugar plantation in Ethiopia. At present,
the most commonly used methods for the comprehensive evaluation of schemes include
the grey relational analysis method [11,12], technique for order preference by similarity
to ideal solution (TOPSIS) [13,14], unascertained measure theory [15] and so on. In order
to evaluate the influence of a geotextile (geosynthetic polymer material) lining on slope
instability, Eltarabily et al. [16] selected four different lining positions in the Ismailia canal
as their object of study and used the canal geometry and soil properties as variables, and
after specifying the physical properties of the soil and geotextile material, the SLOPE/W
module of the GeoStudio finite element software was used. The results showed that, in
the four studied sections, only two sections had normal safety factors. El-Molla et al. [17]
used the SEEP/W model (which is a sub-program of GeoStudio) to study the effect of
compacted soil lining characteristics on the seepage of trapezoidal soil canals. The hy-
draulic conductivity, thickness and direction of the compacted soil lining were evaluated
in different ways. Cui et al. [18] focused on the concrete cracks that occurred during the
construction and operation periods of the CL and classified the factors that caused the
cracks based on the collected data. The 3D contact nonlinear finite element method is also
used to evaluate the sensitivity of these factors. Moavenshahidi et al. [19] developed a new
computer model that applied the pondage test method to automatic control data during
river closure in order to estimate the seepage rate of different river sections. The model was
applied to estimate the seepage rate of each depth gauge, pondage and pool, and various
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effects on the selected pool were analyzed. Solomon et al. [20] studied the steady-state
seepage problem from an irrigation canal to an asymmetric trapezoidal concrete-lined
canal, and the effectiveness of clay–cement concrete lining materials was evaluated. Lund
et al. [21] used a polymer sealant linear anionic polyacrylamide, as an anti-seepage material
to evaluate its effectiveness in reducing seepage losses in earthen canals. Si [22] used the
water quality comprehensive pollution index evaluation method, the fuzzy comprehensive
evaluation method and the comprehensive water quality identification index evaluation
method to evaluate the current situation of water quality in a canal, and the results showed
that the comprehensive water quality mark index evaluation method is more applicable
to the evaluation of the current water quality. Shi et al. [23] evaluated the effects of three
anti-frost heave measures for a canal in the northern alpine region from the perspectives
of fetching materials and the ease of construction, they established constitutive models of
concrete, HAS (a new type of cementitious material composed of water-hardened slag with
industrial waste as the main raw material), curing–agent–solidified fly ash and polystyrene
foam board lining materials. Mo et al. [24] evaluated the effect of adding a composite
geomembrane on the improvement of frost heave in concrete CL, and they monitored the
frost heave of a canal with a trapezoidal concrete lining for 67 days. The results showed that
the composite geomembrane technology can reduce the normal frost heave displacement
by 14.3% and the frost heave force by 15.5%, and the improvement effect is significant.
Kahlown et al. [25] constructed conventional test sections and low-cost test sections in order
to evaluate the effectiveness of various types of lining in reducing water seepage losses in
field canals, and the results indicated that a low-cost lining was a better investment than a
conventional lining. They recommended the use of 11 cm-thick brick conversion walls or
2:1 tilt-up walls as low–cost linings.

Many scholars have carried out a great deal of work on canal evaluation and have
achieved certain results. However, with the perennial operation of the CL, the CL is
affected by various factors such as loads, environment, construction quality and other
factors. As a result, the serviceability of the lining deteriorates from good to seriously
damaged. Therefore, an objective methodology for the evaluation of the serviceability of
CL would be useful for the national maintenance management department in order to
ensure that agricultural water supplies can be maintained.

Due to the uncertainty of human factors and the ambiguity of qualitative index
division in CL construction, the evaluation index has the characteristics of fuzziness,
randomness, etc. The cloud model (CM) can reflect the randomness of such factors in the
transformation process to achieve qualitative and quantitative mapping that is suitable for
evaluating problems with the characteristics of ambiguity and uncertainty [26]. In addition,
in this study, the more practical multi-scheme, multi-objective decision-making method in
operational research, the Analytical Hierarchy Process (AHP), was used to determine the
objectives of the decision, and through the construction of a hierarchical structure model,
experts were invited to provide decision-making scores to achieve subjective weighting.
In addition, the simple correlation function (SCF) method was used to achieve objective
weighting, and game theory was used to combine subjective and objective weights to
effectively solve the one-sided and limited problems caused by the single weighting of
evaluation index values. Based on this, a CL serviceability evaluation method based on
AHP–SCF–CM was proposed.

2. Methods
2.1. Evaluation Method
Cloud Model (CM)

The CM is a model for the conversion of qualitative concepts and quantitative values
proposed on the basis of fuzzy set theory and probability, and it can reveal the inherent
relevance of the randomness and ambiguity of certain factors or concepts themselves [27].
It was first proposed in 1995 by Li Deyi, an academician of the Chinese Academy of
Engineering, and has been applied in many fields, such as risk assessment [28] and engi-
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neering benefit evaluation [29]. A CM can take the form of a rectangular cloud, trapezoidal
cloud, normal cloud, etc. The normal CM is widely used due to its unique mathematical
characteristics and versatility.

(1) Definition of Normal Cloud
Definition of normal cloud: Assume that U is a quantitative domain and expressed

by precise numerical values, and C is a qualitative concept of U. A normal cloud can be
defined if the quantitative value x∈U, and x is a random realization of the qualitative
concept C, if it satisfies x~N(Ex, En

2), where En
2~N(En, He

2), and the degree of membership
to C satisfies:

µ(x) = e
[− (x−Ex)2

2(En)2
]

(1)

where Ex is the expected value; En is the entropy value; He is the super entropy.
(2) Digital Characteristics of CM
The CM includes the following three digital features: expected value Ex, entropy En,

and super entropy He. Among them, Ex represents the expected value of the CM, which is
a central value of the qualitative concept C in U, which is the most typical point with which
to quantify the concept; En, as a metric, is determined by both randomness and ambiguity,
and the larger its value is, the more qualitative the concept is, making it difficult to quantify
its certainty; He is a metric that measures the uncertainty of entropy, which is related to the
degree of dispersion of cloud droplets, and can indirectly reflect the thickness of the cloud.
A schematic diagram of the digital features of a CM is shown in Figure 1.
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Figure 1. Schematic diagram of digital features of CM.

(3) Cloud Generator
The cloud generator is used to convert qualitative indicators and quantitative values

into one another. There are three types of cloud generators: (1) Forward Cloud Generator
(FCG), which converts qualitative to quantitative—the calculation flowchart of the FCG is
shown in Figure 2; (2) Backward Cloud Generator (BCG), which converts qualitative to
qualitative; (3) X cloud generator and Y cloud generator constitute a special conditional
cloud generator, in which C (Ex, En, He) is known and a specific value X or Y is used to
calculate the degree of certainty.
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Figure 2. The calculation flowchart of the Forward Cloud Generator.

The X condition cloud generator is used to calculate the cloud digital characteristics of
each evaluation index, and the equations [30] are:

Exij =
xij,1+xij,2

2
Enij =

xij,1−xij,2
2.355

(2)

where Exij , Enij represent the expected value and entropy value, respectively, of the i-th
index corresponding to the j-th serviceability grade; xij represents the membership value of
the i-th index corresponding to the j-th serviceability grade; xij,1, xij,2 represents the upper
and lower boundary values, respectively, of the evaluation index system standard; the
super entropy Heij is generally obtained by experience.

(4) Related calculations on CM
When the CM theory is used to transform qualitative concepts into quantitative

values, the following steps will be taken: let the middle cloud be C0 (Ex0, En0, He0), and the
adjacent clouds on the left and right are C−1 (Ex−1, En−1, He−1), C+1 (Ex+1, En+1, He+1) and
C−2 (Ex−2, En−2, He−2), C+2 (Ex+2, En+2, He+2). The cloud algorithms are as follows [31]:

Ex0 = (Xmin+Xmax)
2

Ex−2 = Xmin
Ex+2 = Xmax

Ex1 = Ex0 − 0.382 (Xmin+Xmax)
2

Ex+1 = Ex0 + 0.382 (Xmin+Xmax)
2

(3)

En−1 = En+1 = 0.382 Xmax−Xmin
6

En0 = 0.618En+1

En−2 = En+2 = En+1
0.618

(4)

He−1 = He+1 = He0
0.618

He−2 = He+2 = He+1
0.618

(5)

Among them, the super entropy He is the uncertainty of entropy, which is related to
the discrete degree of cloud droplets and can indirectly reflect the thickness of clouds. The
larger the He is, the more discrete the cloud droplets tend to be, which can be generally
taken empirically; here, He is taken as 0.005 [32].
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When solving the digital characteristics of the CM of the evaluation target, the influ-
ence of the weight values on the evaluation result is often comprehensively considered,
and the following equation is used to solve the problem [33].

Ex = Ex1w1+Ex2w2+···+Exnwn
w1+w2+···+wn

En =
w2

1
w2

1+w2
2+...w2

n
En1 +

w2
2

w2
1+w2

2+...w2
n

En2 + . . . + w2
n

w2
1+w2

2+...w2
n

Enn

He =
w2

1
w2

1+w2
2+...w2

n
He1 +

w2
2

w2
1+w2

2+...w2
n

He2 + . . . + w2
n

w2
1+w2

2+...w2
n

Hen

(6)

2.2. Weight Calculation Method
2.2.1. Analytic Hierarchy Process (AHP)

The AHP is a structural weight calculation method that was proposed by the American
operations researcher TL Satty [34] in order to solve the problem of electricity distribution
to various industrial sectors in the United States using system engineering theory and
multi-objective and multi-attribute comprehensive evaluation criteria. The main steps of
the method are as follows:

(1) Build a hierarchical structure model
The element at the top layer is called the target layer, which contains only one element

and plays a role of overall dominance; the element at the bottom is the index layer, which
is the basis of the entire evaluation system; the element between the top and the bottom is
the middle layer, and the middle layer can be composed of multiple layers and should be
analyzed according to specific problems.

(2) Construct a judgment matrix
Constructing judgment matrix is one of the core elements of AHP. In order to deter-

mine the relationship between different layers or elements of the same layer, it is necessary
to establish a comparative judgment matrix and determine the affiliation relationship
through matrix analysis. AHP is a more subjective means of determining the weight
of factors by expert scoring, i.e., to compare two factors in order to obtain the relative
importance of both. For the comparison criterion of elements aij, each factor is compared
two by two, and the relationship between the i-th factor and the j-th factor is quantified to
reflect the difference between them. The value range of aij is generally expressed by the 1–9
scale method (Table 1) and the corresponding reciprocal.

Table 1. 1–9 proportional scale table.

Quantized Value Level of Importance

1 Equivalent
3 Slightly important
5 More important
7 Very important
9 Extremely important

2, 4, 6, 8 Mid-point between two importance levels

(3) Weight assignment and consistency check
Step 1: Multiply each element by rows to obtain uij; see Equation (7). Step 2: Take uij

to the power of n to obtain ui; see Equation (8). Step 3: Normalize ui to obtain the weight
vector ωi; see Equation (9). Step 4: Calculate the maximum characteristic root λmax of the
judgment matrix; see Equation (10).

uij =
n

∏
j=1

bij (7)

ui = n
√

uij (8)
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ωi =
ui

n
∑

i=1
ui

(9)

λmax =
n

∑
i=1

(Aω)i
nωi

(10)

where bij is the relatively important value of the i-th evaluation index relative to the j-th
evaluation index, which is the value in the judgment matrix; A is the judgment matrix; ω is
the eigenvector; n is the number of elements.

After the weights are calculated, a consistency check is also needed. Only the cal-
culated results that pass the consistency check have an acceptable degree of reliability.
The consistency check usually uses the consistency ratio CR as the check standard, which
is defined as CR = CI

RI , where CI is a consistency index, and its calculation equation is
CI = λmax−n

n−1 . RI is the average random consistency index, which is related to the order
n of the judgment matrix, which can be found in Table 2.

Table 2. Average random consistency index RI.

n 1 2 3 4 5 6 7 8 9

RI 0.00 0.00 0.58 0.9 1.12 1.24 1.32 1.41 1.45

Generally, when CR < 0.1, the consistency of the calculation result is considered
acceptable; when CR ≥ 0.1, the consistency check fails, and the judgment matrix should be
reconstructed for calculation until the calculation results are accepted when CR < 0.1.

(4) Hierarchical total ranking
The ranking of factors mainly involves a hierarchical ranking approach under a single

criterion. In the case of the target layer, a total structural ranking of each factor is required
to determine its level of importance.

2.2.2. Simple Correlation Function Method (SCF)

The SCF is based on the matter-element extension theory for related calculations.
Extenics theory can mainly be divided into matter-element theory, extension set theory and
extension logic. The matter-element theory solves the uncertainty and fuzziness, which
is its main advantage [35]. SCF is a method that can be used to objectively determine the
weight, and the calculation process [36] is as follows:

Assume

rij(vi, Vij) =


2(vi−aij)

bij−aij
, vi ≤

aij+bij
2

2(bij−vi)

bij−aij
, vi ≥

aij+bij
2

(11)

Vij =


〈

a1j, b1j
〉〈

a2j, b2j
〉

...〈
anj, bnj

〉
 (12)

where rij represents the correlation of the i-th index and the j-th evaluation grade; vi
represents the sample value of the i-th index; Vij represents the value range of the i-th index
corresponding to the j-th evaluation grade, and its value is Vij =

〈
aij, bij

〉
; aij is the lower



Sustainability 2021, 13, 12314 8 of 25

limit of the value of the i-th index, and bij is the upper limit of the value of the i-th index.
Moreover, i = 1, 2, · · · , n; j = 1, 2, · · · , m.

ViP =


〈a1P, b1P〉
〈a2P, b2P〉

...
〈anP, bnP〉

 (13)

If vi ∈ ViP, (i = 1, 2, · · · , n), where ViP is the range measured by the object to be
evaluated, and its value is ViP = 〈aiP, biP〉, aiP is the minimum value of the lower boundary
of the i-th index in all evaluations, biP is the maximum value of the upper boundary of
the i-th feature in all evaluations, and Vij ⊂ ViP (i = 1, 2, · · · , n; j = 1, 2, · · · , m). Then
rijmax(vi, Vij) = max

j∈(1,2,··· , m)

{
rij(vi, Vij)

}
.

If the evaluation grade j of the evaluation index i of the object to be evaluated is larger,
and the weight assigned by the index is greater, then take:

ri =

{
jmax × (1 + rijmax(vi, Vij)), rijmax(vi, Vij) ≥ −0.5

jmax × 0.5, rijmax(vi, Vij) < −0.5
(14)

Among them, jmax represents the evaluation grade into which the sample value of
index i in the element to be evaluated falls, and the larger the value, the more restrictive
the index is to treat the matter, when rijmax = rim, jmax = max{m}.

If the evaluation grade j of the evaluation index i of the object to be evaluated is larger,
the weight assigned by the index is smaller, taking:

ri =

{
(m− jmax + 1)× (1 + rijmax(vi, Vij)), rijmax(vi, Vij) ≥ −0.5

(m− jmax + 1)× 0.5, rijmax(vi, Vij) < −0.5
(15)

Among them, m—represents the number of categories divided for each index, when
rijmax = rim, jmax = min{m}.

Then, the weight of the index is

wi =
ri

n
∑

i=1
ri

(16)

Among them, wi is the normalized value of the i-th evaluation index weight.

2.2.3. Game Theory Combination Weighting Method

The subjective weighting method, used to determine the weight of each indicator,
is mainly based on the experience and subjective preferences of decision-makers in the
relevant field of knowledge, and these methods either have a large subjective factor or
do not consider the importance of the indicators themselves to the problem. However,
in practical evaluation problems, the importance of indicator factors is not affected by
the subjective factors of decision-makers and is objective, and only the combination of
subjective and objective weights can reflect the importance of evaluation indicators. In
the game theory combination weighting method, the participants in the game are the
objective weight coefficient and subjective weight coefficient of each evaluation index;
the equilibrium condition of the game is that the deviation between the weight of each
evaluation index and the basic weight is the smallest.

The specific calculation steps [37] are as follows:
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(i) Use m different weighting methods to weight the evaluation indicators, and con-
struct the basic weight vector set of the evaluation indicators as wk = {wk1, wk2, · · · , wkn}
(k = 1, 2, · · · , m); then, the m linear combinations are:

w =
m

∑
k=1

αkwT
k (αk > 0,

m

∑
k=1

αk = 1) (17)

In the equation, w is a possible weight vector of the evaluation index weight set; αk is
the linear combination coefficient.

(ii) Minimize the deviation between w and each wk, namely:

min

∥∥∥∥∥ m

∑
j=1

αjwT
j − wi

∥∥∥∥∥
2

(i, j = 1, 2, · · · , n) (18)

(iii) Solve the linear combination coefficient. From the properties of matrix differ-
entiation, it can be seen that the optimal first-order derivative condition equivalent to
Equation (18) is:

m

∑
j=1

αjwiwT
j = wiwT

i (19)

Equation (19) corresponds to the following linear equations:
w1·wT

1 w1·wT
2 · · · w1·wT

n
w2·wT

1 w2·wT
2 · · · w2·wT

n
· · · · · · · · · · · ·

wn·wT
1 wn·wT

2 · · · wn·wT
n

·


α1
α2
· · ·
αn

 =


w1·wT

1
w2·wT

2
· · ·

wn·wT
n

 (20)

(iv) The weight coefficient is normalized. According to the calculation, (α1, α2, · · · , αn)
can be obtained, and then the weight coefficient can be normalized to obtain:

α∗k =
αk

m
∑

k=1
αk

(k= 1, 2, · · · , m) (21)

(v) Solve the final combination weight. Based on game theory, the combined weight
of the evaluation index is obtained as:

w∗ =
m

∑
k=1

α∗k wT
k (22)

3. Case Study
3.1. Engineering Case

In order to verify the science and rationality of the method proposed in this paper, a
canal in Henan Province was used as an example to carry out the applied research. The
canal is located in the Eastern Henan plain on the south bank of the Yellow River and
belongs to the Zhaokou Yellow River diversion irrigation area project. The project was
built in 1970 and irrigation was started in the following year. The designated irrigation
area is 967,653.2 acres (339,595.4 ha). The canal passes through 14 counties (districts) in five
places, namely Zhengzhou City, Kaifeng City, Xuchang City, Zhoukou City, and Shangqiu
City. It has been 51 years since the first phase of the project. A field inspection confirmed
that the CL slabs along the route had been damaged, and the occurrence of damage due to
frost heave, cracking of the concrete lining, canal landslides, lining bulging, lining uplift,
lining instability and slumping, canal panel dislocation and other faults were observed.
A method for the evaluation of the serviceability status of the CL in the first phase of the
project is very important for the repair and maintenance of the CL. The geographic location
and damage distribution status are shown in Figure 3.
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Figure 3. Schematic diagram of the canal’s geographic location and current status of damage distribution.

3.2. Selection of Evaluation Indicators of the Serviceability of CL Structure

Through on-site investigation, a literature search, expert consultation and so on,
combined with the “Technical Specification for Irrigation Canal Lining Engineering”
(DB 64/T 811—2012) [38], the factors affecting the serviceability of the CL structure were
divided into three major factors: operating status, structural status and damage status.
Each factor was composed of several evaluation indicators. The specific classification is
shown in Figure 4.
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3.3. Determining the Evaluation Grade of the Serviceability of a CL Structure

The “Technical Specification for Irrigation Canal Lining Engineering” (DB 64/T
811—2012) [38] divides the serviceability of the CL engineering into 5 grades, which
are good, basically good, minor damage, major damage and severe damage. This paper
refers to the specification and similarly divides the serviceability of the CL into five grades,
as shown in Table 3.
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Table 3. Serviceability classification of CL structure.

Evaluation Grade Serviceability of CL Structure

I Good
II Basically good
III Minor damage, needs minor repair
IV Major damage, needs major repair
V Severe damage, cannot be used

Table 3 contains qualitative descriptions; in actual engineering, some CL serviceability
evaluation indices are characterized by fuzziness when they are divided, and it is difficult
to accurately classify which grade they belong to, while CM theory can simultaneously
reflect the randomness and fuzziness of describing such factors, transform the uncertainty
relationship between qualitative and quantitative entities and form a mapping relationship
between qualitative and quantitative, which can be used to address the uncertainty of
fuzziness factors [39]. Therefore, the CM theory method is used to devise the serviceability
evaluation indicators for the CL structure with the normal CM, and Equations (3)–(5) are
used to transform the qualitative concepts of the five grades in Table 3 into five cloud
models, where the domain is [0, 1], and the results are shown in Table 4.

Table 4. Serviceability evaluation grade CM of CL structure.

Evaluation Grade Qualitative Description Cloud Model (Ex, En, He)

I Good (0.000, 0.104, 0.013)
II Basically good (0.309, 0.064, 0.008)
III Minor damage, needs minor repair (0.500, 0.039, 0.005)
IV Major damage, needs major repair (0.691, 0.064, 0.008)
V Severe damage, cannot be used (1.000, 0.104, 0.013)

FCG is used to generate a cloud image from the evaluation grade CM, in which the
number of cloud drops is 1500, and the cloud image is drawn with the help of MATLAB
software; the result is shown in Figure 5.
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3.4. Determining the Evaluation Standard of the Serviceability of a CL Structure

The specific numerical interval of each grade refers to the “Technical Specification for Ir-
rigation Canal Lining Engineering” (DB 64/T 811—2012) [38], “Standard for Quality Control
of Concrete” (GB 50164-2011) [40] and “Standard for test methods long-term performance
and durability of ordinary concrete” (GB/T50082-2009) [41]. The evaluation criteria for a CL
with a pile number of DYG0+000 to DYG3+331.5 were divided, as shown in Table 5.
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Table 5. Evaluation criteria for the serviceability of a CL structure.

Serial Number (SN) I II III IV V

B1 (0, 5%) [5%, 10%) [10%, 20%) [20%, 30%) [30%, 50%)
B2 (0, 5%) [5%, 10%) [10%, 20%) [20%, 30%) [30%, 40%)
B3 (0, 5%) [5%, 10%) [10%, 20%) [20%, 30%) [30%, 60%)
B4 (0, 10] (10, 20] (20, 30] (30, 40] (40, 50]

C1

The road surface
of canal is flat,
and the outer

slope is smooth

The road surface of
canal is flat on

average, and the
outer slope is

smooth

The road surface
on the top of canal
has small pits, and
the outer slope is

locally convex

The road surface of
canal has large pits,
and the outer slope

is partially
collapsed

There are many
pits on the road

surface on the top
of the canal, and
there are many

local collapses on
the outer slope

C2

Slope: smooth.
The concrete slab

is filled with
joints to keep it

intact

Slope: smooth. The
concrete slab filling
is basically intact

Slope: smooth.
There are cracks in

the partial slab

The slope surface
is flat, and there

are many cracks in
the local slab.

Slope concrete slab
is loose.

Many cracks in the
soil slab

C3

The canal bottom
is flat, and the

concrete lining at
the canal bottom

has no
deformation.

The canal bottom
is flat, and there

are slight cracks in
the bottom of
concrete slab.

The canal bottom
is basically kept

flat, and the canal
bottom surface has

slight peeling.

The canal bottom
is eroded, and the
lining concrete has

collapsed.

The scouring
depth at the

bottom of the canal
is large, and the

lining concrete has
collapsed and

bulges seriously.
D1 (0, 100] (100, 400] (400, 700] (700, 1000] (1000, 1500]
D2 (0, 5%) [5%, 10%) [10%, 20%) [20%, 30%) [30%, 45%)
D3 [14, 12] (12, 10] (10, 8] (8, 6] (6, 4]

Note: For B1, B2, B3, B4, C1, C2, C3, D2 each evaluation grade or qualitative description is based on the “Technical Specification for Irrigation
Canal Lining Engineering” (DB 64/T 811—2012) [38]. D1: The division of the evaluation grade of the total cracked area per unit area of
the CL slab is based on the specification “Standard for Quality Control of Concrete” (GB 50164-2011) [40]. D3: The CL concrete seepage
resistance grade is determined by taking the CL concrete after standard curing for 28 d age as the standard specimen, and the maximum
water pressure that can be withstood during the seepage resistance performance test according to the “Standard for test methods long-term
performance and durability of ordinary concrete” (GB/T50082-2009) [41]. The grade classification is based on the “Standard for Quality
Control of Concrete” (GB 50164-2011) [40]. For each evaluation index, if the actual quantified value exceeds or falls below the upper and
lower limit values of the interval corresponding to the evaluation grade I or V in Table 5, the value can be the upper or lower limit value of
the interval corresponding to the evaluation grade I or V.

3.5. Quantitative and Qualitative Evaluation Indicators

In actual engineering, some evaluation indicators are difficult to quantify, and often
rely on qualitative evaluation in order to describe the object to be evaluated. For these non-
quantitative evaluation indicators, the indicators are often quantified through the expert
scoring method. Referring to the division method in the literature [42], for the condition of
the dike top and outer slope, it is stipulated that: (100~90) means that the condition is good,
the dike top pavement is relatively flat, the outer slope is flat and so on; (89~80) indicates
basically good condition, the dike top pavement is flat in general, and the outer slope
is flat; (79~70) indicates that the engineering condition includes minor damage, the dike
top pavement has small local pits and depressions; (69~60) indicates that the engineering
condition includes major damage, the top pavement has large pits and undulations; (59~50)
indicates that the engineering condition includes serious damage, the top pavement has
many pits and undulations, and the outer slope is partially collapsed. Similarly, according to
Table 5, the values of the inner slope lining condition and canal bottom condition quantified
in turn are not listed here, and the final results are shown in Table 6.
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Table 6. Quantitative evaluation criteria for the serviceability of a CL structure.

SN I II III IV V

B1 (0, 5%] (5%, 10%] (10%, 20%] (20%, 30%] (30%, 50%]
B2 (0, 5%] (5%, 10%] (10%, 20%] (20%, 30%] (30%, 40%]
B3 (0, 5%] (5%, 10%] (10%, 20%] (20%, 30%] (30%, 60%]
B4 (0, 10] (10, 20] (20, 30] (30,40] (40, 50]
C1 [100, 90) [90, 80) [80, 70) [70, 60) [60, 50)
C2 [100, 90) [90, 80) [80, 70) [70, 60) [60, 50)
C3 [100, 90) [90, 80) [80, 70) [70, 60) [60, 50)
D1 (0, 100] (100, 400] (400, 700] (700, 1000] (1000, 1500]
D2 (0, 5%) [5%, 10%) [10%, 20%) [20%, 30%) [30%, 45%)
D3 [14, 12] (12, 10] (10, 8] (8, 6] (6, 4]

3.6. Determining the Evaluation Index Weight of the Serviceability of a CL Structure

When calculating the weight, it is necessary to determine the relationship between the
measured sample data and the standard data of each evaluation index in each serviceability
evaluation grade, and to compare the standard value of each evaluation index with the
measured sample value. Here, the extension matter-element theory is used to establish
the relationship between the standard value of each evaluation indicator level and the
measured sample data for each serviceability evaluation index.

In order to ensure the comparability of the different evaluation indicators, the range
change method is used to normalize and non-dimensionalize the indicator data. For indi-
cators numbered B1, B2, B3, B4, D1, D2, the influence of these factors on the serviceability
of the lining structure is positively correlated. The larger the value, the worse the service-
ability, which is handled as follows: Xi =

Xi−Ximin
Ximax−Ximin

. For index numbers C1, C2, C3, D3,
these factors are negatively related to the serviceability of the lining structure. The smaller
the value, the worse the serviceability, which is handled as follows: Xi =

Ximax−Xi
Ximax−Ximin

. The
range of each index grade after treatment is shown in Table 7.

Table 7. Standard data for evaluation index of lining serviceability after normalization.

SN I II III IV V

B1 (0, 0.10] (0.10, 0.20] (0.20, 0.40] (0.40, 0.6] (0.60, 1]
B2 (0, 0.13] (0.13, 0.25] (0.25, 0.50] (0.5, 0.75] (0.75, 1]
B3 (0, 0.08] (0.08, 0.17] (0.17, 0.33] (0.33, 0.5] (0.50, 1]
B4 (0,0.20] (0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1]
C1 [0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1]
C2 [0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1]
C3 [0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1]
D1 (0, 0.07] (0.07, 0.27] (0.27, 0.47] (0.47, 0.67] (0.67, 1]
D2 (0, 0.11] (0.11, 0.22] (0.22, 0.44] (0.44, 0.67] (0.67, 1]
D3 [0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1]

The inspection data of B1 are based on the ratio of the measured value of the actual
damage length of the canal to the total length of the canal, and the cumulative damage
length measured on site is 1399.25 m, accounting for 0.42 of the total length (3331.5 m); the
inspection data of B2 are based on the ratio of the measured value of the actual damage area
of the canal to the total area of the effective water delivery area of the canal, and the total
area of the slope and bottom of the canal on both sides is 37,312.8 square meters, and the
cumulative calculation of the damaged area is 13,059.62 square meters, accounting for 0.35
of the total area; the inspection data of B3 are obtained by taking soil sample from the site,
then carry out the washout test [43] on the soil sample, finally the result of the soil erosion
rate is 0.51; the inspection data of B4 are based on the ratio of the measured value of the
actual frost heave deformation thickness in some areas of the canal to the normal thickness
of the canal; the inspection data of C1, C2 and C3 are all based on the actual CL conditions
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and the experts’ scores, for which the geometric average is calculated; the inspection data
of D1 are the ratio of the cracked area per unit area of the CL slab to the total area of the
slab, which is calculated by geometrically averaging the ratio of all the damaged slabs, and
we measured the average cracked area per square meter of a single plate as 1200 mm2;
the inspection data of D2 are the ratio of the local uplift and subsidence area of the CL
board to the total area, and the difference between B2 is that only refers to a number of
local plates occurring uplift and subsidence damage, and then the area of damage to the
ratio of the area of the plate is the result, after field testing and data statistics, it is found
that the average value is 40%; the inspection data of D3 is to make the test piece according
to the mix ratio of the lining concrete of the canal, and then put it into the standard curing
room after curing for 28 days, then the gradual pressure method is used to carry out the
concrete impermeability test, and the water pressure is applied step by step to determine
the concrete seepage resistance grade. When water seepage occurs on the specimen surface,
record the water pressure that causes the specimen to seep. Through impermeability test
of the CL concrete specimens, the result of the concrete seepage resistance grade is 8. The
following formula [40] is used to calculate the grade of concrete seepage resistance:

P = 10H − 1 (23)

where, P is the concrete seepage resistance grade; H is the water pressure (MPa) when the
test piece is seeping.

The SCF is used to determine the index weight, and the data in Table 8 are substituted
into Equations (11)–(16) to obtain the weight of each evaluation index, as shown in Table 9.

Table 8. Normalized value of test data of each evaluation index of a certain canal.

SN I II III IV V Inspection Data Normalized

B1 (0, 0.10] (0.10, 0.20] (0.20, 0.40] (0.40, 0.6] (0.60, 1] 42% 0.840
B2 (0, 0.13] (0.13, 0.25] (0.25, 0.50] (0.5, 0.75] (0.75, 1] 35% 0.875
B3 (0, 0.08] (0.08, 0.17] (0.17, 0.33] (0.33, 0.5] (0.50, 1] 51% 0.850
B4 (0, 0.20] (0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1] 39 0.780
C1 [0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1] 56 0.880
C2 [0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1] 67 0.660
C3 [0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1] 59 0.820
D1 (0, 0.07] (0.07, 0.27] (0.27, 0.47] (0.47, 0.67] (0.67, 1] 1200 0.800
D2 (0, 0.11] (0.11, 0.22] (0.22, 0.44] (0.44, 0.67] (0.67, 1] 40% 0.889
D2 (0, 0.20) [0.20, 0.40] (0.40, 0.60] (0.60, 0.80] (0.80, 1] 8 0.600

Table 9. Weights of evaluation indicators.

SN B1 B2 B3 B4 C1 C2 C3 D1 D2 D3

Weight 0.122 0.136 0.109 0.065 0.122 0.087 0.082 0.122 0.114 0.041

The AHP method was used, and a total of 15 experts were invited from construction
units, scientific research institutes, and supervision units to provide scores for the eval-
uation indicators, and the subsequent assignment is based on the results of the experts’
scoring. According to the actual situation of the project, the hierarchical structure model is
constructed as shown in Figure 6.
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The constructed criterion layer’s judgment matrix relative to the target layer is shown
in Table 10, and the index layer’s judgment matrix relative to the criterion layer is shown
in Tables 11–13. Each judgment matrix has been checked for consistency.

Table 10. Judgment matrix of criterion layer relative to target layer.

A B C D Weight

B 1 1/5 1/7 0.072
C 5 1 1/3 0.279
D 7 3 1 0.649

λmax = 3.065, CI = 0.032, RI = 0.58, CR = 0.056 < 0.10, consistency check passed

Table 11. Judgment matrix of index layer relative to criterion layer (B–B1–4).

B B1 B2 B3 B4 Weight

B1 1 3 5 3 0.490
B2 1/3 1 7 3 0.308
B3 1/5 1/7 1 1/3 0.059
B4 1/3 1/3 3 1 0.144

λmax = 4.235, CI = 0.078, RI = 0.9, CR = 0.087 < 0.10, consistency check passed

Table 12. Judgment matrix of index layer relative to criterion layer (C–C1–3).

C C1 C2 C3 Weight

C1 1 1/3 3 0.258
C2 3 1 5 0.637
C3 1/3 1/5 1 0.105

λmax = 3.039, CI = 0.019, RI = 0.58, CR = 0.033 < 0.10, consistency check passed

Table 13. Judgment matrix of index layer relative to criterion layer (D–D1–3).

D D1 D2 D3 Weight

D1 1 3 1/5 0.188
D2 1/3 1 1/7 0.081
D3 5 7 1 0.731

λmax = 3.065, CI = 0.032, RI = 0.58, CR = 0.056 < 0.10, consistency check passed

The calculation results of the final weights are shown in Table 14.
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Table 14. Calculation results of subjective weight.

Index Layer
Single Weight

Weight ValueB C D
0.072 0.279 0.649

B1 0.490 0.0353
B2 0.308 0.0221
B3 0.059 0.0043
B4 0.144 0.0103
C1 0.258 0.0721
C2 0.637 0.1777
C3 0.105 0.0292
D1 0.188 0.1223
D2 0.081 0.0525
D3 0.731 0.4742

Obviously, the weights obtained by the AHP method and the SCF method show greater
differences in the results of the same evaluation index, such as B2, B3, C2 and D3. The game
theory combination weighting method can fully take into account the characteristics of
each of the subjective and objective weighting methods in order to determine the level
of agreement or compromise between the subjective and objective weight values, so that
the deviation of the subjective and objective weights is minimized. In this study, there
are two different assignment methods, so m = 2, and according to Equations (17)–(22),
the integrated weight coefficient vector α1 and α2 can be determined. The α1 = 0.707 and
α2 = 0.293, and the final weight calculation results are shown in Table 15.

Table 15. Final weight calculation results.

SN Weights Determined
Based on AHP

Weights Determined
Based on the SCF

Weights Determined
Based on Game Theory

B1 0.0353 0.122 0.061
B2 0.0221 0.136 0.055
B3 0.0043 0.109 0.035
B4 0.0103 0.065 0.026
C1 0.0721 0.122 0.087
C2 0.1777 0.087 0.151
C3 0.0292 0.082 0.045
D1 0.1223 0.122 0.122
D2 0.0525 0.114 0.071
D3 0.4742 0.041 0.347

3.7. Determining the Overall Serviceability of a CL Structure

Equation (2) is used to obtain the standard CM of each evaluation index, as shown in
Table 16. The CM theory is used to calculate the related inspection data of the CL in order
to obtain the measured CM of each index, as shown in Table 17.

Table 16. Standard CM of various evaluation indicators for a CL.

SN I II III IV V

B1 (0.050, 0.042, 0.005) (0.150, 0.042, 0.005) (0.300, 0.085, 0.005) (0.500, 0.085, 0.005) (0.800, 0.170, 0.005)
B2 (0.065, 0.055, 0.005) (0.190, 0.051, 0.005) (0.375, 0.106, 0.005) (0.625, 0.106, 0.005) (0.875, 0.106, 0.005)
B3 (0.040, 0.034, 0.005) (0.125, 0.038, 0.005) (0.250, 0.068, 0.005) (0.415, 0.072, 0.005) (0.750, 0.212, 0.005)
B4 (0.100, 0.085, 0.005) (0.300, 0.085, 0.005) (0.500, 0.085, 0.005) (0.700, 0.085, 0.005) (0.900, 0.085, 0.005)
C1 (0.100, 0.085, 0.005) (0.300, 0.085, 0.005) (0.500, 0.085, 0.005) (0.700, 0.085, 0.005) (0.900, 0.085, 0.005)
C2 (0.100, 0.085, 0.005) (0.300, 0.085, 0.005) (0.500, 0.085, 0.005) (0.700, 0.085, 0.005) (0.900, 0.085, 0.005)
C3 (0.100, 0.085, 0.005) (0.300, 0.085, 0.005) (0.500, 0.085, 0.005) (0.700, 0.085, 0.005) (0.900, 0.085, 0.005)
D1 (0.035, 0.085, 0.005) (0.170, 0.085, 0.005) (0.370, 0.085, 0.005) (0.570, 0.085,0.005) (0.835, 0.140, 0.005)
D2 (0.055, 0.047, 0.005) (0.165, 0.047, 0.005) (0.330, 0.093, 0.005) (0.555, 0.098, 0.005) (0.835, 0.140, 0.005)
D3 (0.100, 0.085, 0.005) (0.300, 0.085, 0.005) (0.500, 0.085, 0.005) (0.700, 0.085, 0.005) (0.900, 0.085, 0.005)
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Table 17. CM of each test index of a CL.

SN Cloud Model (Ex, En, Ee)

B1 (0.920, 0.068, 0.005)
B2 (0.938, 0.053, 0.005)
B3 (0.925, 0.064, 0.005)
B4 (0.790, 0.008, 0.005)
C1 (0.940, 0.051, 0.005)
C2 (0.730, 0.059, 0.005)
C3 (0.910, 0.076, 0.005)
D1 (0.900, 0.085, 0.005)
D2 (0.945, 0.047, 0.005)
D3 (0.600, 0.085, 0.005)

According to the established CL structure serviceability evaluation index system, the
index CM and index weights are calculated and solved gradually from the index layer to the
target layer until the target layer CM is solved, i.e., the comprehensive evaluation result CM
is obtained. Equation (6) was used for the calculation, and the results are shown in Table 18.

Table 18. CM data for evaluation results of indicators at all layers.

Target Layer Final Cloud Model Criterion Layer Indicator Cloud Model

A (0.799, 0.077, 0.005)
B (0.907, 0.057, 0.005)
C (0.823, 0.058, 0.005)
D (0.713, 0.084, 0.005)

From the comprehensive evaluation results of the CM in Figure 7, it can be seen that
the serviceability of the CL is between IV and V and is biased toward IV. According to the
principle of maximum affiliation, it is selected as IV, which means that the canal as a whole
is graded as having major damage, which is consistent with the actual situation of the first
phase of the Yellow River diversion irrigation district project, indicating the accuracy and
rationality of the method. By comparison with Figure 8, it is found that the evaluation
results of the criterion layers are B = V, C = IV (according to the numerical characteristics
of the CM of criteria layer C in Table 18, the expected value is 0.823, while comparing
the values of the cloud models of grade IV and V, the middle value of the two expected
values is 0.845, and C is closer to grade IV, which is determined as level IV according to the
principle of maximum subordination) and D = IV, respectively. The results show that the
CL is seriously damaged.

The final evaluation result CM is:
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The CM of each evaluation index is:
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3.8. Comparison with AHP–EW–UMT Evaluation Method

In order to further verify the science and rationality of the method proposed in this
paper, a comparative study was conducted using AHP–EW–UMT. Entropy is an objective
assignment method, which needs to be combined with other methods when evaluating an
objective. UMT was first proposed by Chinese scholar Wang Guangyuan in 1990, and it
is a new uncertainty information theory that can effectively quantify various uncertainty
factors in order to perform evaluation. It has been widely used in the fields such as
construction safety risk assessment [44]. In addition, the serviceability grade classification
of the comparative study is divided into five grades as before.

The related concepts of UMT can be found in the literature [44] and are thus omitted
here. The main calculation steps are as follows:

1© Construct a single index measurement evaluation matrix
If µijk = µ(xij ∈ Ck) represents the degree to which the measured value xij belongs to

the k-th evaluation grade Ck, and the requirements are satisfied:

0 ≤ µ(xij ∈ Ck) ≤ 1 (i = 1, 2, · · · , s; j = 1, 2, · · · , n; k = 1, 2 · · · , m) (24)

µ(xij ∈ U) = 1 (25)

µ(xij ∈
k
∪

l=1
Cl) =

k

∑
l=1

µ(xij ∈ Cl) (k = 1, 2, · · · , p) (26)

Satisfaction of Equations (24)–(26) is referred to as the uncertainty measure, Considering
matrix ( µijk)m×p a single–index unascertained measure evaluation matrix, we have:

(µijk)m×p =


µi11 µi12 · · · µi1p
µi21 µi22 · · · µi2p

...
...

. . .
...

µim1 µim2 · · · µimp

 (27)
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Before establishing the single-index unascertained measure matrix, it is necessary to
establish a single-index unascertained measure function (UMF). At present, the construction
methods for single–index UMF mainly include linear, exponential, parabola, etc. Among
them, the linear construction method has the characteristics of simple calculation and wide
applicability, so the linear construction method is selected as the measurement function;
the corresponding function graph is shown in Figure 9.

Sustainability 2021, 13, x FOR PEER REVIEW  20 of 26 
 

 

Figure 9. Function graph of UMF constructed by linear method. 

The UMF expression corresponding to Figure 9 is as follows: 

1
1

1 1

1

1
1

1 1

   
( )

0                          

0                      

( )
    

i
i i

i i i ii

i

i

i i
i i

i i i i

ax
a x a

a a a ax

x a

x a

x ax
a x a

a a a a








 






 

       
  


          

 
(28)

where  ia ,  +1ia   represent the value range of the index grade. 

②Determine the index weight 

Let wj denote the relative importance of the measurement index Xj compared with 

other indices. It is required that wj satisfies  0 1jw  , and 
1

1
n

j
j

w


 . wj is called the weight 

of Xj, and   1 2, , , nw w w w    is called the index weight vector set. The entropy weight 

theory can be used to determine the weight of the index, where  ( 1, 2, , )jH j n    is the 

information entropy determined by the unascertained measure vector 
ijk , namely: 

1

lg
m

j ijk ijk
k

H  


    (29)

Let 
jv   be the amount of information provided by the information entropy of the  j

‐th evaluation index: 

1

1
1 1 lg

lg

m

j j ijk ijk
k

v H
m

 


       (30)

The weight is: 

1

j
j n

j
j

v
w

v





 

(31)

Given that the single index measurement evaluation matrix Equation (27) is known, 

wj can be obtained by Equations (29)–(31). 

③ Determine the evaluation vector of multi‐index comprehensive measurement 

Let  ( )ik i kP C     be the degree to which the evaluation sample Pi belongs to the k‐

th evaluation category Ck, then 

Figure 9. Function graph of UMF constructed by linear method.

The UMF expression corresponding to Figure 9 is as follows:
µi(x) =

{
−x

ai+1−ai
+
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0 x > ai+1

µi+1(x) =

{
0 x < ai

x
ai+1−ai

− ai
ai+1−ai

ai < x < ai+1

(28)

where ai, ai+1 represent the value range of the index grade.
2© Determine the index weight

Let wj denote the relative importance of the measurement index Xj compared with

other indices. It is required that wj satisfies 0 ≤ wj ≤ 1, and
n
∑

j=1
wj = 1. wj is called the

weight of Xj, and w = {w1, w2, · · · , wn} is called the index weight vector set. The entropy
weight theory can be used to determine the weight of the index, where Hj(j = 1, 2, · · · , n)
is the information entropy determined by the unascertained measure vector µijk, namely:

Hj = −
m

∑
k=1

µijklgµijk (29)

Let vj be the amount of information provided by the information entropy of the j-th
evaluation index:

vj = 1− Hj = 1 +
1

lgm

m

∑
k=1

µijklgµijk (30)

The weight is:

wj =
vj

n
∑

j=1
vj

(31)

Given that the single index measurement evaluation matrix Equation (27) is known,
wj can be obtained by Equations (29)–(31).

3© Determine the evaluation vector of multi-index comprehensive measurement



Sustainability 2021, 13, 12314 20 of 25

Let µik = µ(Pi ∈ Ck) be the degree to which the evaluation sample Pi belongs to the
k-th evaluation category Ck, then

µik =
n

∑
j=1

wjµijk(i = 1, 2, · · · , s; k = 1, 2, · · · , m) (32)

Obviously 0 ≤ µik ≤ 1 and
m
∑

k=1
µik = 1, and Equation (32) as shown is an unascertained

measure, so {µi1, µi2, · · · , µim} is called the multi-index comprehensive evaluation vector of Pi.
4© Credible degree recognition

In order to obtain the final evaluation result of the evaluation object, we intro-
duce the credible degree recognition criteria: let λ(λ ≥ 0.5) be the credible degree, if
C1 > C2 > · · · > Cm, and let:

k0 = min

{
k :

m

∑
k=1

µik ≥ λ(i = 1, 2, · · · , s)

}
(33)

It is considered that the evaluation sample Pi belongs to the k0 evaluation grade Ck0.
In this case, the specific calculation process is:
(1) Construct a single index measurement function
According to the definition of the single–indicator measurement function and the data

in Table 8, the unconfirmed measurement function (UMF) of each evaluation indicator of
the serviceability of CL can be obtained, and the UMF of each evaluation index is shown
in Figure 10.
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By substituting the values of the 10 indicators of the target to be evaluated in Table 8
into the single-indicator measurement function of each indicator, the single-indicator
measurement evaluation matrix of the evaluation object can be calculated as follows:

(µijk)10×5 =



0 0 0 0 1
0 0 0 0 1
0 0 0 0 1
0 0 0 0.8 0.2
0 0 0 0 1
0 0 0.8 0.2 0
0 0 0 0 1
0 0 0 0 1
0 0 0 0 1
0 0 0.5 0.5 0


(2) Determine the comprehensive weight of the evaluation index
AHP is still used for subjective assignment, and the results are shown in Table 14.

According to Equations (9) and (31), the subjective and objective weight of each evaluation
index can be calculated, respectively. The multiplicative synthetic normalization (MSN)
method is used to calculate the comprehensive weight of each evaluation indicator, and
the specific calculation equation is as follows:

wj =
(αj·β j)

m
∑

j=1
(αj·β j)

(34)

In the equation, wj is the comprehensive weight of the j-th evaluation index; αj and β j
are the subjective and objective weights of the j-th evaluation index, respectively; m is the
number of evaluation indices. The weight calculation results are shown in Table 19.

Table 19. Final calculation results of comparative study weights.

Index Weights Determined
Based on AHP

Weights Determined
Based on the EW

Weights Determined
Based on MSN

B1 0.0353 0.112 0.0479
B2 0.0221 0.112 0.0300
B3 0.0043 0.112 0.0058
B4 0.0103 0.077 0.0096
C1 0.0721 0.112 0.0978
C2 0.1777 0.077 0.1661
C3 0.0292 0.112 0.0396
D1 0.1223 0.112 0.1659
D2 0.0525 0.112 0.0712
D3 0.4742 0.064 0.3660

(3) Calculate the multi-index measurement evaluation matrix
Combining the obtained index weight vector of the evaluation object with the single-

indicator measure evaluation matrix obtained in the previous section, the multi-indicator
comprehensive measure evaluation vector of this evaluation object can be obtained using
Equation (32) as follows:

µ = (0, 0, 0.3159, 0.2239, 0.4601) (35)

Take λ = 0.5 [45]. According to the multi-index comprehensive measure evalua-
tion vector and credible degree recognition criteria, for the evaluation sample, the multi-
index comprehensive measure evaluation vector µ = (0, 0, 0.3159, 0.2239, 0.4601), when
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µ11 + µ12 + µ13 + µ14 = 0 + 0 + 0.3159 + 0.2239 = 0.5398 > λ = 0.5, i.e., k0 = 4. The evalu-
ation sample belongs to the fourth evaluation category, C4, so it can be judged that the
serviceability of the CL in the case study is grade IV, which indicates major damage.

3.9. Evaluation Result Analysis

First of all, the evaluation results of the method proposed in this paper are consistent
with those of the comparative study method; however from the perspective of the calcu-
lation process, the calculation complexity of the UMT is greater than that of the CM, and
the fuzziness of the evaluation index is not effectively considered, which highlights the
rationality and appropriateness of the method proposed in this paper. Meanwhile, from the
perspective of the evaluation itself, Figure 8a shows that the CL operation status is more
severely damaged, and the corresponding evaluation indices are the canal destruction
length, damage area ratio, soil erosion rate, etc. The damage is severe, but from Figure 8b,c,
it can be seen that the canal can still be repaired and thus continue to be used. For the
collapsed area, the framework can be rebuilt for pouring, and for the area with serious
soil erosion and frost damage, the soil can be replaced or improved. Figure 8b shows
that the CL condition also displays a trend of becoming gradually unserviceable; there
are holes in the CL on both sides of the slope plate and the surface of the canal bottom,
which can be filled with cement mortar. Regarding the uneven surface of the top of the dike,
natural gravel can be used for paving. Figure 8c shows that the canal damage condition is
relatively serious; regarding the CL concrete slab cracking, bulging and seepage resistance
performance, measures should be taken during canal design and management to improve the
canal’s serviceable performance. The canal design should incorporate materials with superior
anti-cracking performance and anti-freezing performance, and the seepage resistance level of
the lining structure needs to be designed in strict accordance with national specifications.

4. Conclusions

In order to understand the actual operating status and damage of the CL over time,
and to overcome the shortcomings of the existing CL serviceability evaluation method, an
evaluation method based on AHP–SCF–CM is proposed. The main conclusions are as follows:

(1) Ten evaluation indices were determined based on on-site investigation, a literature
search and expert consultation, and an evaluation index system for the serviceability
of the CL structure was established. AHP and SCF were used to realize the subjective
and objective assignment of indicators, which effectively utilized the rich engineering
experience of experts and the attributes of objective data to make the calculation of weights
more scientific and reasonable.

(2) Based on the CM theory, FCG was used to convert the measured sample data
values of each evaluation index and the standard values and evaluation grades of each
evaluation index into a quantitative CM, and the X condition cloud generator was used
to calculate the digital features of the CM. Thus, a comprehensive evaluation CM was
obtained. The CM adequately evaluates the serviceability status of the canal lining while
accounting for the fuzziness and randomness inherent in the evaluation indices.

(3) The case study shows that the method based on AHP–SCF–CM uses actual collected
data to perform the evaluation, which effectively considers the actual damage state of the CL, and
the evaluation results obtained are consistent with actual engineering conditions. A comparison
with the AHP–EW–UMT method found consistent results with the proposed method.

5. Discussion

It must also be recognized that the proposed AHP–SCF–CM method also has certain
limitations. First of all, this method needs subjective weighting. Therefore, the selection of
experts is crucial as different experts have different engineering experience and skill levels.
In the process of scoring, evaluators should be selected from design units, construction units
and so on, combined with expert opinions. Secondly, an outstanding feature of this method
is the separation of evaluation index intervals and the acquisition of actual evaluation data.
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However, the evaluation indices of different projects are complicated and not all indices will
have corresponding values in n grade intervals. Users should combine the existing laws
and regulations of the country with literature reviews and expert consultation in order to
determine the basis of division into grades. Corresponding tests should be carried out to
confirm that the indices and grading are in line with the required specifications.

In general, the nature of the CL itself is a water delivery canal whose main function is
to transport water and reduce water leakage. The results of the case study in this paper
show that, in addition to the measures that should be implemented during canal design,
relevant management measures need to be taken. The first is to organize canal protection
teams and implement the division of labor and responsibilities, establish a system of
frequent and regular inspections so that the canals can be repaired in a timely manner to
ensure the smooth flow of water. The second is to regularly conduct technical training for
canal protection personnel every year to strengthen their skill level.

We next plan to develop a CL serviceability evaluation system that will involve
MATLAB plotting and formula calculation by writing program codes to achieve evaluation,
thus simplifying the calculation process and plotting, and eventually users will only need to
input the relevant evaluation indicators and data into the system, which is also conducive
to the popularization of this evaluation method.
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