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Abstract: Constant use over a period damages the bridge pulling cable structure of pulling sling
bridges and reduces their durability. Therefore, a comprehensive and accurate durability evaluation
of in-service bridge cable-stayed structures is critical to the safe operation and routine maintenance
and repair of pulling sling bridges. In this paper, we first establish a three-layered pulling sling
durability evaluation index system and then use the combined IAHP and CRITIC methods to assign
weights to these evaluation indexes. The UM theory is applied to calculate a comprehensive multi-
index evaluation vector for the durability of the pulling sling, which is evaluated according to the
confidence criterion. Taking the Jiahui Bridge tension sling as an example, a durability evaluation
was carried out, and the final evaluation result showed the bridge to be at level III, which is in line
with the actual situation of the project. Finally, by comparing and analyzing using the SPA and MEE
methods, we prove that the durability evaluation results of bridge tension cables using this method

are more accurate.
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1. Introduction

With economic growth, the research and development of new materials, and the
progress of construction technology, bridge construction has entered a period of rapid
development. Half-through arch bridges, through arch bridges, and other cable-stayed
bridges have become the primary choice for many bridge designs because of their economy
and practicality. The bridge deck load of these bridge types is transmitted through the
tension sling to the bridge tower or the arch rib and from there to the bridge foundation.
As the main load bearing part of the bridge, the tension sling extends from the bridge
tower (or the arch rib) to the bridge deck system. It is usually protected by PE plastic
wrapping, has small cross sections, and is under high stress over an extended period.
Therefore, the pull cable is more sensitive to environmental, climatic, and human-induced
durability damage. In current cable-stayed bridges and under-supported arch bridges, the
majority of damage occurs in the pulling sling structure. In particular, in medium- and
low-bearing arch bridges without rigid ties, the bridge deck crossbeams are only supported
by slings. If the slings break, it can cause the bridge to collapse. Since there is no prior
indication that a sling might be about to break, there is no way to prevent such an event.
In recent years, a number of bridges have had to be replaced due to serious sling damage,
resulting in huge economic losses and adverse social impacts. A pulling sling has the
characteristics of high tensile strength and light weight per unit strength and is often used
in large-span structures. However, the development history of pulling sling structures is
relatively short, and engineering designers have not yet thoroughly grasped the bridges’
performance. High-tensile steel wire is commonly used in modern suspension bridges,
cable-stayed bridges, and boom arch bridges for pulling slings, which are under high stress
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for an extended period during operation and are sensitive to natural environmental or
manmade hazards. Over years of use, there is damage to the protective structure becomes
damaged. For example, the rope body may corrode, the steel wires within it may break, or
the anchorage area may be damaged or corroded [1]. Insufficient attention to the problems
of pulling slings, overestimation of the expected life of the slings, improper operation and
maintenance, car accidents, human accidents, and environmental factors have caused slings
to break and bridges to collapse. The current design-based life of highway bridges and
municipal bridges in China is generally 100 years, requiring the main components of the
bridge to have a service life of 100 years. However, due to corrosion and fatigue damage, it
is difficult for high-strength steel cables to last for the design life of the bridge. Therefore,
ensuring the durability of in-service bridge pulling slings has become one of the keys to
building cost-effective highways and achieving sustainable development, which is a major
practical problem facing China’s highway sector.

1.1. Introduction of Research on Durability Damage Mechanism of Pulling Slings

Over the years, scholars at home and abroad have conducted a great deal in research
on the durability—-damage mechanism of the steel wire of the cable body of in-service
bridges. Stallings and Frank [1] used a serial-parallel model to analyze the factors affecting
the fatigue life of steel wires. They simulated by turns the effects of steel wire quantity,
length, and other parameters on the fatigue life of steel wires by using different distribution
models. By analyzing the model and calculating, they concluded that the fatigue life of steel
wire is positively correlated with the number of steel wires and negatively correlated with
the length of the steel wire. Takena et al. [2] analyzed the fatigue damage of steel wires in
two main directions, axial and radial, by conducting fatigue tests on steel wires of different
grades and diameters and also analyzed the effect of the size of the wire diameter on the
fatigue life. Matteo et al. [3] developed a model to calculate the ultimate load-carrying
capacity of pulling suspension cables. The model assumes that the mechanical properties
of some of the wires will fail before the ropes reach the ultimate bearing capacity, and
the bearing capacity of the remaining wires will no longer increase after damage occurs.
Hamilton III et al. [4,5] investigated the effect of filler materials used in pulling sling
structures on the durability of steel wires. They conducted relevant experiments, mainly
on cement fillers used in early pulling sling structures, comparing the effect of fillers of
different compositions and ratios on the corrosion rate of steel wires. Barton et al. [6]
investigated the corrosion resistance of galvanized steel wires by accelerated rusting tests
on steel wires and showed that the accelerated rusting rate of steel wires is linearly related
to time. Mayrbaurl [7] carried out tests related to rusted steel wires according to the
classification criteria. In the tests, the tensile strength of the wire decreased significantly
after rust appeared on the wire, but the difference between rusted wires of adjacent grades
was not significant. Faber and Camo [8] developed a brittle model of steel wire and derived
an equation to calculate the load-carrying capacity. The model clarifies that the wire exhibits
elastic deformation before a fracture occurs, which masks some plastic deformation and
always behaves as elastic before damage. The fiber bundle theory, proposed by Weibull
and refined by Daniels et al., has been widely used to calculate the load-carrying capacity
of steel ropes as well as fatigue strength [9-11]. To investigate the effect of residual stresses
on wire cracking under the influence of environmental factors, Atienza et al. [12,13] used
a numerical procedure to calculate residual stresses. Luo et al. [14] used an accelerated
corrosion test of steel strands to study the mechanical properties of unbonded prestressing
steel strands after corrosion. The study showed that the steel strand was more sensitive to
rusting compared with ordinary steel bars. Ye et al. [15] studied the influence of the degree
of corrosion of galvanized steel wire of bridge cables on the fatigue performance of the
wire. The results showed that the more serious the corrosion of the steel wire, the more
concentrated the corrosion pit area and the deeper the corrosion pit. In addition, the fatigue
strength decreased as the degree of corrosion increased. Using replaced old cable as the
test raw material, Wu [16] systematically studied wire corrosion by the damage grading
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method, tested the remaining fatigue life of the wire, theoretically evaluated its remaining
fatigue life, and proposed a new evaluation criterion of wire corrosion grading for diagonal
cable containing the index of wire diameter parameter and the index of corrosion pit
parameter. Li et al. [17] used a high-strength steel wire of a boom used for more than
10 years and analyzed the effect of corrosion pits on the stress concentration of the wire
using a fine finite element calculation model. The results showed that corrosion had had
little effect on the tensile strength of the wire but significant effect on the fatigue life of the
wire. Chen [18] analyzed the factors causing damage to and degrading the performance
of the rope body steel wire of the cable load-bearing system and systematically studied
the degradation law of the mechanical properties of corroded steel wire. Wu et al. [19]
conducted uniaxial tensile fatigue tests on six steel wire specimens with different corrosion
levels. The effects of corrosion degree and stress level on high-strength steel wires were
analyzed, and the fatigue performance degradation law of high-strength steel wires of
pre-corroded bridge cables was studied. The fatigue surface equation of the high-strength
steel wire of pre-corroded bridge cables was established by the test data, and the suggested
values of the fatigue strength of the wire under different guarantee rates and weight loss
rates were provided. Chien-Chou et al. [20] developed a method with an asymmetric-
mode-fitting formula and successfully applied it to pulling sling cables. Marco Bonopera
et al. [21] proposed two non-destructive static methods for evaluating the axial load of
pulling sling cables and verified the accuracy of the methods through tests. Wen-Hwa Wu
et al. [22] proposed a new method to measure cable tension and developed an iterative
algorithm based on the finite element model to calculate and predict the cable structure
stability. Chen et al. [23] designed and conducted accelerated corrosion experiments on
5.25 mm steel wire to obtain the yield and ultimate loads of corroded wire by mechanical
property tests. A model for yield and ultimate load degradation of corroded wire based on
normal distribution was developed. Miao et al. [24] investigated the effects of dislocation
depth, width, location, and stress amplitude on the fatigue life of steel wires by fatigue
tests and established a fatigue life prediction model for corrosion pit steel wires. They
analyzed the S-N curves of wires with different corrosion pit sizes and stress ratios. The
results show that a small change in stress amplitude will lead to fatigue life several times
or even 10 times higher. Yu et al. [25] conducted indoor physical tests on steel strand
specimens exposed to the marine tidal environment. Strand corrosion was observed under
different exposure times, and a prediction model consisting of stress concentration factors
was developed to simulate the corrosion life of the strand. Wang et al. [26] designed a novel
test apparatus for simultaneous pulsating fatigue loading of multiple wires. The effects of
the concentration, the pH of the corrosion solution, and the shape and size of initial defects
on the fatigue corrosion performance of the wires were obtained. Jie et al. [27] examined a
large amount of literature data on high-strength steel cables with dents/cracks by the strain
energy density (SED) method and discussed estimating the fatigue damage of high-strength
wires weakened by corrosion pits and cracks. Zhang et al. [28] investigated the effects of
different prestress levels and protective current densities on the corrosion and mechanical
behavior of high-strength steel wires in diagonal cables. The degree of corrosion of the
wire was characterized qualitatively and quantitatively by observing the macroscopic and
microscopic morphology of the corroded specimens and by weight loss measurements.

1.2. Introduction of Existing Durability Evaluation Methods

Many scholars at home and abroad have devoted themselves to research on structural
durability evaluation methods, such as the fuzzy evaluation method, the neural network
method, cloud theory, and the hierarchical analysis method. Hu et al. [29] used the theory
related to fuzzy neural networks to establish a bridge safety and durability evaluation
system. Sugimoto et al. [30] examined and tested actual railroad girders to estimate the
durability behavior of steel railroad bridges, performing some nonlinear analyses using
an analytical model that takes corrosion into account. Chen et al. [31] used hierarchical
analysis to establish an evaluation system for durability and safety based on the principle of
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fuzzy comprehensive evaluation with an adaptive fuzzy inference system based on neural
networks as the evaluation engine. Liu et al. [32] proposed a multi-level comprehensive
measure for the durability of cable-stayed bridges for the special corrosive environment
of these bridges, which includes durability indexes and corresponding assessment meth-
ods, construction and quality acceptance standards, necessary preventive measures, and
additional preventive measures. Liu et al. [33] combined fuzzy theory and neural net-
work technology to establish a lasso durability evaluation model. On the basis of the
hierarchical analysis method, Ma et al. [34] established a comprehensive evaluation model
and index system for the durability of semi-permeable concrete arch bridges. Combined
with the comprehensive fuzzy evaluation theory, a model evaluation method based on
fuzzy proximity was discussed. Zhu et al. [35] investigated the application of random
stratified sampling theory in durability evaluation, summarized the graphical procedure
used to assess durability, and gave confidence intervals for the component categories of
bridge structures. Liu et al. [36] introduced the toposable method based on the material
element theory and correlation function into the durability evaluation of rein-forced con-
crete structures and established a material element model for the durability evaluation
of reinforced concrete structures. Zheng et al. [37] divided the overall structure of the
bridge into two levels, and according to the dependence function of each factor, a two-level,
multi-indicator concrete bridge service durability evaluation model was developed based
on fuzzy mathematical theory and using the principle of maximum affiliation to evaluate
the durability level of the bridge in practice. Tang et al. [38] analyzed the corrosion risk of
the Hong Kong—Zhuhai-Macao Bridge, a bridge-cum-immersed-tube-tunnel system, in
terms of design, concrete raw materials, concrete, and construction. The factors affecting
the characteristic values of durability indicators and their range of values were further
refined. He et al. [39] summarized the evaluation elements of damage performance of
large-span arch bridges subjected to blast loads. The damage inflicted on large-span arch
bridges subjected to blast loads was evaluated using the fuzzy comprehensive evaluation
method. Ren et al. [40] introduced the fuzzy comprehensive evaluation method to evalu-
ate complex cable-stayed bridges and established the statistical method of the affiliation
function for comprehensive evaluation. Chen et al. [41] established a durability health
evaluation method for port projects using the analytic hierarchy process (AHP) method.
Wang et al. [42] proposed a finite-element-based evaluation method to accurately evaluate
the durability of the cable and guide the maintenance of the cable. The corrosion of the
steel wire of the cable body was summarized; the finite element was used for analysis and
simulation to obtain the correlation between the bearing capacity of the steel wire and the
degree of corrosion, and the prediction model of the bearing capacity was derived. Zhao
et al. [43] used the optimal transfer matrix method to evaluate the safety of cable-stayed
bridges by uncertainty-type hierarchical analysis and the optimal transfer matrix method,
which made the bridge evaluation results more objective. Lin [44] focused on the key
technologies for the construction of a durability evaluation system for reinforced concrete
bridges based on neural networks. The principal process of durability evaluation was
clarified, and a bridge durability state evaluation method based on fuzzy clustering and a
neural network was proposed. To study the durability of concrete bridge structures, Cai
et al. [45] established an evaluation index system and a fuzzy comprehensive evaluation fac-
tor set based on the known erosion mechanism of chloride ions on concrete structures and
the corrosion mechanism of steel reinforcement. Stochastic simulations were performed on
concrete members based on Monte Carlo principles. Liu et al. [46] optimized and improved
the set-pair analysis theory and ICP algorithm, on the basis of which they integrated the
improved entropy power set-pair analysis and vehicle-mounted-laser-scanning technology
to propose a highway slope hazard evaluation model that combines overall evaluation and
local evaluation. Li et al. [47] addressed the problem of complexity and uncertainty in the
content of dam-break environmental impact studies by combining the improved refined
set-pair analysis linkage degree function with variable fuzzy set theory to construct and
refine the dam-break environmental impact evaluation index system and evaluation level
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criteria. Liang et al. [48] proposed a spatial risk analysis method based on cloud theory and
the ALARP criterion for the durability risk assessment of inclined cables as an example.
He et al. [49] established a comprehensive evaluation system for bridge sling structure
durability based on the investigation of durability damage of bridge sling structures in
China, divided the evaluation criteria, and proposed a gender evaluation method of sling
durability based on set-pair analysis, which accurately quantified the durability level of
bridge sling structures. Liu et al. [50] established a multilayer evaluation model for the
durability of simply supported girder bridges and used the interval number topologic the-
ory instead of the number of points to construct the judgment matrix in the model, which
solved the fuzziness and uncertainty of the traditional AHP expert experience judgment.
A durability evaluation method for reinforced concrete simply supported girder bridges
based on the topologizable interval number theory and the hierarchical analysis method
was proposed.

1.3. Introduction to the Proposed Method in This Study

At present, the research on the durability damage mechanism of in-use bridge cables
is relatively well established, and there are various levels of damage detection and assess-
ment of the cables. However, the analysis of the overall cable structure is still relatively
rare. Most of the research is fuzzy and random and depends on the subjective scoring of
experts, which is not conducive to grasping the real situation of pulling sling durability.
This paper proposes a combination weighting method-unascertained measure (CWM-UM)
theory to evaluate the durability of bridge pulling cables. CWM-UM theory is a durability
evaluation method that combines the improved analytic hierarchy process (IAHP) method,
the criteria importance though intercriteria correlation (CRITIC) method, and unascer-
tained measure (UM) theory. A comparative analysis is also conducted using the set-pair
analysis (SPA) method and the matter element extension (MEE) method to demonstrate
the superiority of durability evaluation using the CWM-UM method. Then, the method to
improve the durability of bridge cable pulling is derived based on the evaluation results.
The goals are to contribute to the construction of resource-saving highways and realize
sustainable development.

2. Establishment of the Durability Evaluation Index System for Pulling
Sling Structures

2.1. Causes of Damage to the Durability of Pulling Sling Structures

According to the research on cable-stayed bridges and arch bridges, cable damage
manifests largely as cracked cable sheaths and rusted steel wires. HDPE is generally used
to protect the rope body of the pulling sling. From manufacture to installation, the cable
body steel wire is mostly packaged in coils. The process of coiling produces a certain
twisting angle, and the rope body steel wire or strand is back-twisted after installation.
However, the sheath does not twist with the rope body. If the twisting angle is too large
during this recovery process, the pulling sling has a certain degree of impact on the sheath
and may even damage the sheath. Exposure to violent dragging during construction and
transportation can cause the sheath to crack before it is used. In addition, during the service
period, radiation from sunlight will cause the sheath to undergo thermal aging and thus
cracking. Environmental factors or human-induced scratches during the service life are
also important factors affecting the durability of the sheath.

Damage to the anchorage, the conduit, and shock-absorbing devices is a common issue
pulling slings face, and the lower anchor head of the anchoring device is the component
most prone to corrosion damage. Damage to the cable body protection and poor sealing of
the conduit location are the main causes of rainwater entering the interior of the cable body.
Since the interior of the rope body is relatively sealed, water vapor does not easily evaporate.
At the same time, under the load the pulling sling produces vibration. The vibration of
the cable body causes water droplets to collect in the lower anchorage area along the gap
between the sheath and the cable body, causing rust damage to the anchorage [10].



Sustainability 2022, 14, 7147

6 of 28

Damage and destruction of the sheath exposes the rope body directly to the service
environment, and corrosive ions, such as CI~ and SOﬁ_, in the environment come in direct
contact with the rope body wire or the steel strand. Once the outer protection of the rope
body corrodes, the galvanized layer of the rope body steel wire also gradually loses its
protective effect, leading to the corrosion of the steel wire body. Damage such as corrosion
of the wire can directly reduce the effective cross section of the cable. Under the action of
alternating stress coupling, corrosion is accelerated. The plastic properties of the steel wire
are reduced, and the brittleness is increased, causing brittle fracture.

2.2. Pulling Sling Durability Evaluation Index System

According to the above analysis, the factors that affect the overall durability of the
pulling sling include the PE sheath, the anchorage system, and the cable steel wire. Each
factor is composed of different evaluation indexes, and the established evaluation system
for the third-level durability of the pulling sling is shown in Table 1 (Figure 1).

Table 1. Evaluation of durability damage of pulling sling.

Level 1 Level 2

PE scratch By
PE cracking By
Corrosion of cable body B3

PE

Comprehensive evaluation of Steel wire for cable

the durability of bridge Cable body damage B,
tension cable structures Anchorage damage Bs
Anchor device Catheter damage B¢

Damage to shock absorbers By

Comprehensive evaluation of the durability of bridge
tension cable structures

Steel wire Anchor
for cable device

anchorage catheter
damage
damage damage

Figure 1. Comprehensive evaluation system for the durability of bridge pulling and lifting

PE

shock
absorbers
damage

cable structures.

2.3. Determine the Durability Evaluation Level of the Pulling Sling Structure

China’s Standards for Technical Condition Evaluation of Highway Bridges [51] divides
the evaluation index of pulling sling durability into five levels: I, II, III, IV, and V. Level I
durability failure risk is very small and only needs general inspection. Level I durability
failure risk is small, needing only strengthened inspection for prevention of failure. Level
III durability failure risk is medium, and durability damage can be reduced by adopting
some corrective measures. Level IV durability failure risk is high, and it is necessary to
take measures to reduce the occurrence of durability damage and undertake local repair of
damaged parts. Level V durability failure risk is high and should be given high priority.
Repair and reinforcement or replacement are required to avoid accidents. In other words,
the higher the value, the greater the risk. Due to the complex force conditions of the pulling
sling, it is difficult to provide accurate quantitative descriptions of each evaluation index.
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For a more accurate durability evaluation of the pulling sling, the evaluation criteria were
divided as shown in Table 2.

Table 2. Evaluation classification of durability of pulling sling structure.

Durability Pull Sling Structure Classification
Level Durability Status Criteria
I In good shape, durability failure risk is very small. (0.8,1)
1I Slightly damaged, durability failure risk is small. (0.6,0.8)
III Medium damaged, durability failure risk is average. (0.4,0.6)
v Severely damaged, durability failure risk is high. (0.2,0.4)
A% Extremely dangerous, durability failure risk is very high. 0,0.2)

3. Evaluation Methodology and Process of the CWM-UM Method
3.1. Objective Weight Method
3.1.1. The Theory of MEE Method

The matter—element extension evaluation (MEE) method combines matter—element
theory and an extension set with the correlation degree for quantitative evaluation. This
model divides the data interval of the evaluated target into several orders and determines
their levels. The degree of correlation between each plan and grade is calculated. The
larger the correlation degree, the higher the membership extent present. The level of the
evaluated target depends on the grade of the data interval with the highest membership
degree [52].

(1) We determine the classical domain, the section domain, and the matrix of elements [52]

to be evaluated.

Let the event to be evaluated be Q, and the quantity of indicator B be v. Q has m
indicators, denoted as By, By, - - - , By, and the corresponding quantity values are denoted
as v1,vz," -+, Uy. Then, the matter element matrix is [53]:

Q B v Rq
B, v Ry

R = ) ) =1 . 1)
Bn vy Ry,

a. We determine the classical domain:

Qr B1  xix Qr Br (4w bi)
By  xp By (agk, byx)

Re=(QuBwe)=| . = @
Bm Xk Bm (amkr bmk)

We classify the events to be evaluated into ¢ levels,

Ry: The classical domain matter element matrix composed of the characteristic B of
the kth evaluation grade Qy and the value range of the characteristic B, k = 1,2, - - - t.

Qy: The kth evaluation grade divided.

Xjk = (mk, byx): The range of quantity of the jth index B; of the kth evaluation
grade Qi

In other words, the range of data taken at each level regarding the corresponding
evaluation index is the classical domain.
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b. We determine the section domain:

P Bl xlp P Bl Eﬂlp, blpg
By xz B, azp, bap
Rj = (P, By, xjp) = S = ) 3)
B Xmp B (ng’ bmp)

where P is something to be evaluated, R; is a matrix of section domain elements consisting
of the characteristic B; of the thing to be evaluated (P), and all of its evaluation grades and
the range of quantitative values of the characteristic Bj; xjp = (amp, bmp) is the range that P
measures with respect to Bj. That is, the section domain of P; Amp is the minimum value
of the lower limit of the jth index B j in all evaluations, by, is the maximum value of the
upper limit of the jth feature B in all evaluations, and xj; C xjp.

c. We determine the matter element.

We use the collected statistical data or analysis result as matter element Ry.

Py B x;
By x

Ro = (Py, Bj, x;) = : : 4)
By xm

where Py indicates a certain definite evaluation system, and x; is the Py of the range of
quantitative values of evaluation index Bj, which is the specific index data of the object to
be evaluated.

(2) We calculate the correlation.
a We determine the correlation function for each level of the system to be evaluated.
The correlation function expresses the degree to which something has a certain prop-
erty, and the concept of distance in the real variable function is extended to “distance” by
the formula of the association function [54]. The correlation function built on the basis of dis-

tance extends the qualitative description of something that has a certain property to a quan-
titative description of the degree of a certain property [18]. Specify the distance between a

point x on the real axis and a certain interval Xy = (a,b) as p(x, Xo) = ‘xj — %b‘ —3(b—a).

The primary correlation function for the jth indicator value domain belonging to the kth
rank is established as [55]:

(G579 B

Kk(x‘) = p(xf’xfﬂ)_P(xjrxjk)' ] jk 5

] I S

‘x]vk| [a4d] jk

and »

Ajk T Ojk 1

(o) = o= =5 | = g (=) ©
ajp + b]p 1

) = | = =5 | = 5 (b = i) )

where x; is the jth durability evaluation index, xjx = (ajk, bjk> is the value domain corre-
sponding to the jth indicator with rank k, xj, = (ajp, bj,) is the range of values specified
for the jth indicator for the whole of the hierarchy of indicators to be evaluated, and ’xjk‘ is
the length of interval.
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The initial correlation matrix of the object to be evaluated is:

Kn K12 Kt
X B K»n Ka e Kot ®
( ]k)mxt o
K Kino to Kint

wherej=1,2,--- ,m,andk=1,2,--- ¢t

3.1.2. CRITIC Method

Diakoulaki et al. proposed the CRITIC method, the basic idea of which is to use
two parameters, correlation coefficient and standard deviation, to determine the objective
weight of the indicator. Compared with other subjective weighting methods, such as the
Delphi method, the CRITIC method takes a purely data-driven approach, and the weight
setting is more objective. Compared with other objective weighting methods, such as the
entropy weight method (EWM), the CRITIC method considers the conflict and difference of
indexes, and the weight settings are more comprehensive. The CRITIC method determines
the objective weight from the dimension of data volatility. The standard deviation of the
index is used to show the volatility of the data, and the correlation between the indexes is
used to show the conflict [56].

Assuming that there are t evaluation levels and m evaluation indicators for each object,

the data in the correlation matrix (K]-k)  are normalized to the range [0, 1] to create the
mX

normalization matrix (rjk) - The comparative intensity V; [25] of each evaluation index
mX

is [57]:

(Gj=12--,m) ©)

where V; is the coefficient of variation of the jth indicator, also known as the standard
deviation coefficient; oj is the standard deviation of the jth item; and 7jis the mean of the
jth item:

t —_ —_
Zk:l (rjk — 1’]> (rj’k — 1’]-/)

it = > >
t = t =
\/Zkzl (rjk — 1’]> Zkzl (”j’k — 1’]-/)

where 7 and 7y are the standardized correlation values of the jth indicator and the
j'th indicator of the kth evaluation object, respectively, and 7; and 7j are the standard-
ized correlation mean values of the jth indicator and the j'th indicator in t evaluation
levels, respectively.

The conflicting quantitative indicator values for the jth indicator and the other indica-

tors are:
m
y (1 - h]»j/) (11)
j=1

We calculate the amount of information of the indicators. The objective weights of
each indicator are measured in a combination of contrast intensity and conflict. Let C;
denote the amount of information contained in the jth evaluation index. Then, C; can be
expressed as:

h (10)

m
G=V L. (1-ny) (12)
]:
The weight values of each durability evaluation index are:
G
Wi = (13)

] E]Wl:l C]-
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The standardized formula is:

Kjk — minK]-k
(14)

Tik = .

jk maxK]»k — mmK]»k
where Kjy is the initial correlation matrix value, rj is the value of the judgment matrix after
the normalization process, and minKj and maxKj are the minimum and maximum values,

respectively, of an evaluation index in the initial correlation matrix.

3.1.3. Calculation Steps

(1) We determined the durability evaluation indexes of the system to be evaluated and
the grading criteria of each index.

(2) We determined the classical domain, the section domain, and the object element
matrix of the system to be evaluated.

(3) We calculated the correlation matrix of the system to be evaluated and normalized
the correlation matrix.

(4) We substituted the judgment matrix obtained from Step (3) into Equations (9)—(13) to
obtain the weight value of each durability evaluation index.

3.2. IAHP Method

The analytic hierarchy process (AHP) method is used for multi-factor sequencing and
hierarchical weights decision-making analysis [58]. In terms of decomposition, comparison,
judgment, and synthesis, it is suitable for decision analysis of complex multi-criteria multi-
objective problems. The use of a single method may lead to a relatively low accuracy of
the evaluation results, so hierarchical analysis combined with an expert evaluation table is
used to evaluate the durability of the pulling cable structure. The AHP can help effectively
solve the multi-factor problem in the system by splitting the factors into different levels
and establishing a structural hierarchy model on the basis of the interrelationship between
the factors. Finally, the weight value of each evaluation factor is obtained. Because of the
subjectivity of the assignment process, its evaluation is fuzzy in nature and needs to be
considered in the comprehensive evaluation. After determining the durability evaluation
index set, a two-by-two comparison is performed, generally using a quantitative method
on a nine-point scale, from one to nine.

Due to the subjectivity of the assignment process, there may be large differences from
the objective facts. It leads to the judgment matrix not conforming to the consistency test,
making multiple corrections necessary, thus increasing the workload. Therefore, this paper
proposes the IAHP method and uses the three-scale theory to construct the judgment
matrix, which is shown in Table 3. The method reduces the ambiguity in judging the
importance of evaluation indexes, simplifies the calculation process, and provides more
accurate results. The steps are as follows.

Table 3. Scale of proportions.

Element Assignment Meaning
1 In a certain level, indicator j is equally important
Qi compared to indicator j’
7 2 At a certain level, indicator j is slightly more
important compared to indicator j’
3 At a certain level, indicator j is important compared

to indicator j/
l;l]'/]' = 1/a]],
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The m evaluation indexes are compared with each other two by two. Then, the com-

parison judgment matrix A = (ﬂjj’) can be obtained. Constructing the antisymmetric
mxm

matrix B of the judgment matrix A:

—by

B=IgA,b ij (15)

il =
We can construct the optimal transfer matrix C of the antisymmetric matrix B, which
is characterized by:

l n
iy = — 3 (bjs — brg) (16)
g=1
We construct the fitted consistent matrix A* of the judgment matrix A:
aj; = 107 (17)

We calculate the relative weight values between the factors at each level to normalize
the proposed optimal consistent matrix A* by columns:

a*.

[ — - (18)
We obtain the sum vectors by summing the rows:
m
w = Y (19)
=1

We normalize the sum vector to obtain the weight vector:

[ 20)
J 271: 1 W;

The purpose of consistency checking is to make the evaluation indicators consistent
with each other, and the traditional hierarchical analysis method is improved by using the
concept of an optimality matrix, which can make the evaluation results automatically meet
the consistency requirements.

3.3. The Rationality Test

The combination weighting method is a comprehensive approach that combines
subjective empowerment with objective empowerment. To ensure the reasonableness of
the portfolio assignment, its consistency needs to be judged. The results of the weights
calculated by the two assignment methods for each evaluation index are ranked, where
sw(i)’ is the ranked value of sw(i) weight value transformation, and ow(i)’ is the ranked
value of ow(i) weight value transformation. The sorted values are expressed from one to m.
The ranking value of the one with the largest evaluation index weight is one and that of the
one with the smallest evaluation index weight is m.

The Spearman consistency coefficient reflects the correlation between two sets of
variables and is expressed as p. In this paper, the Spearman consistency coefficient is used
to reflect the consistency between the weights calculated by the IJAHP method and the
CRITIC method [59]. It is calculated as follows:

=1 s R o) ey

where p takes values in the range of [—1,1]. When p € [—1, 0), it indicates that there
is no consistency between the weights calculated by the two methods; when p = 0, the
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correlation between the weights calculated by the two methods is 0; when p € (0, 1], it
indicates that there is consistency between the weights calculated by the two methods, and
the combination of the weights can be assigned.

3.4. The Combination Weighting Method

The subjective weight vector is characterized by sw(i), the objective weight vector
by ow(i), and the combination weight by cw(i). To ensure that the combination weight
values reflect as much subjective and objective evaluation information as possible, based
on the principle of minimum discriminative information [60], it should be ensured that the
combination weight is as close as possible to the subjective weights and objective weights.
We implement the function in Equation (22):

minF = ¥ {cw(i) In ‘;Zwugz” s {cw(i)ln ZZEN
L = (22)
sit. Y cw(i) = Lcw(i) >0
j=1
Solving the above problem using the Lagrange multiplier method yields:
; 105
, sw(i) x ow(i
cafiy = s x 0w o

n[sw(i) x ow(i)]

3.5. UM Theory
3.5.1. Single-Index Measure

Let the domain Ay, A, - - - , A, consisting of evaluation objects A = {A1, Ay, -+, An}
become the object space. Any evaluation object A; € A(i =1,2,--- ,n) has m evaluation
indicators By, By, - - - , By, and B = {By, By, - - - , By }. The measurement value of evaluation
object A; on evaluation index B, is xl-]-(i =12,---,mj=1,2,---,m). Divide xjj into t
levels Cy1,Cy, - -+ ,Cy, where Cy is the k(k = 1,2, - - - , ) evaluation class, and the effect of
class k is better than that of class k + 1, C; > Cy 1. Then, wesay C = {Cy1,Cy,- -+ ,Ct} is
an ordered partition class of the evaluation space B. If z;j = z(xl-]- € Ck), it means that
the measurement x;; belongs to the range of the kth rank Cy and satisfies “non-negative
boundedness, normalization, and additivity” of Equations (24)—(26), and z is called an
unconfirmed measure, or simply a measure [61]:

0< Z(xi]‘ S Ck) <1 (24)
Z(xl']' S B) =1 (25)
k k
Z(xi]‘ S 191Cl> = l_zlz(xij € Cl) (26)

The matrix (Zijk) , is a single-index measure matrix, as shown in Equation (27):
mx

Zi11 Zi12 s Zil1t
Zi21 Zi2 te Ziot
(Zijk) =1 . : : . (27)
mxt . . . .

Zim1 Zim2 e Zimt
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3.5.2. Multi-Index Measure

If zjy = z(A; € Ci) denotes the degree of affiliation of evaluation object A; to the kth
evaluation level, then we have:

m
zik =Y Wizip(i=1,2,--- ,m;;k=1,2,--- 1) (28)
j=1

and z; satisfies 0 < zy < 1, Y4,z = 1. Call z; = [z1,zp, - - , 2] as the multi-index
comprehensive measure evaluation vector of A; [62].

3.6. Durability Evaluation

The confidence criterion was used to analyze the calculated results; A was set as the
confidence level (A > 0.5) [63], and A was generally taken as 0.6 or 0.7. If:

k
ki:min{k:ZziZ)L,kzl,Z,---,t} (29)
i=1

then consider that the evaluation object A; belongs to the koth evaluation level Cy, .
The process of evaluating the durability of bridge pulling cables is shown in the
following Figure 2.

Tension cable durability evaluation

v

Establishment of durability index system for
tension cable

r
Quantitative description of single
indicator affiliation levels

Y
Constructing a single indicator
measure function

v
Bring in the measured values of
each evaluation index

A 4
Constructing a single metric
measurement matrix

| Multi-indicator integrated evaluation vector

.
Analyze the results using the
confidence criterion

Determine the results of comprehensive
evaluation of tension cable durability

Figure 2. Flowchart of durability evaluation of pulling sling.

4. Example Application

Jiahui Bridge is located on Shaoxing X107 Yinjiafan-Dalinbu line, bridge center
pile number K12+784, across the Hangzhou-Ningbo Canal, with a span arrangement
4x20+166+20+171+20+4 x 225+83+149+16 +3 x 225 +14.9 + 6 x 20 =560.0 m
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and the main bridge width of 1.5 m (bollards) + 0.5 m (crash barrier) + 12.0 m (traffic lane)
+ 0.5 m (crash barrier) + 1.5 m (bollards) + 0.5 m (crash barrier) + 12.0 m (traffic lane) + 0.5 m
(crash barrier) + 1.5 m (bollards) = 30.5 m. The flat curve of the main span is a straight line,
and the vertical curve is a circular curve with a radius of 3000.0 m and a cross slope of
2% in both directions. The design load standard is as per highway 1I, the design speed is
60 km /h, there are IV navigation channels under the bridge, and the seismic intensity is of
6 degrees. Figures 3 and 4 show the current situation of Jiahui Bridge.

Figure 3. Front photo of Jiahui Bridge.

— A N
g%xﬁ

JIAHU BRIDGE

Figure 4. Elevation photo of Jiahui Bridge.

Through regular inspection, workers found that the bridge part of the sling protection
sleeve has local scraping traces, and under the waterproof cover, there is rust corrosion. Part
of the sling under the seal anchor end has water seepage calcification and rust corrosion.
Although the upper anchor head was corroded by water seepage during construction and
dew erosion during use, the anchor cup is basically intact and does not affect normal use.
The gas exchange inside and outside the upper conduit is slow, and the condensation in the
conduit exposes the anchor, the conduit, and the exposed steel wire in the upper conduit
to extended alternating dry and wet periods, which has increased the corrosion rate. The
conduit wall has a rust layer, and the exposed steel wire of the sling has thick rust spots.
The PE sheath of the pulling sling is not damaged by impact, aging, or cracking, but there
are many shallow scratches (Figure 5). There is water vapor intrusion in the PE sheath of
the sling and corrosion of the galvanized steel wire. The foam sealant filled with the lower
conduit has cracked, and there are gaps between the foam sealant and the lower conduit
and between the foam sealant and the PE of the sling, which have failed to prevent rain
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and water infiltration. The foam sealant has failed to fill the inside of the exposed section of
steel wire and could not protect the exposed section of steel wire. The lower conduit steel
pipe wall has rusted severely and has more rust pits. The exposed section of the sling wire
in the lower conduit has thick rust spots and obvious local rust pits. The wire corrosion is
very serious. There are traces of water seepage in the anchor concrete of the lower anchor
head, the anchor box is wet and partly waterlogged, and the anchor box and anchor plate
are seriously corroded. The sling wire pier head is neatly arranged and well anchored, but
it is rusted and corroded.

Figure 5. Pulling sling damage condition diagram.

4.1. Determine the Weight Value of the Durability Index of the Pulling Sling Structure

(1) We determine the classical domain, the section domain, and the matrix of elements to
be evaluated.

The evaluation indexes are divided into levels I to V, where the evaluation criteria are
(0.8, 1) for level I, (0.6, 0.8) for level II, (0.4, 0.6) for level II, (0.2, 0.4) for level IV, and (0, 0.2)
for level V. The section domains and five classical domains are:

1-V By (0,1

B, (0,1)

Rp = (P’ B]’ xpj) = : :
B; (0,1)

1 B (081

Ry = (LBj,xp) =

II B, (0608

.1
B, (08,1)
B (08,1)
)
B, (0.6,08)

Rz = (H, B]',Xj2) =

B; (0.6,0.8)
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(I By (0.4,06)
B, (0.4,06)
R3 = (III/ B]/ xj3) = . .
. B, (04,06) |
IV By (02,04)]
B, (02,04)
R4 = (IV, B]', x]'4) = . .
| B, (02,04) |
V B, (0,02
B, (0,02)
Rs=(V.Bjx) = | . :
B, (0,0.2)

After the example analysis, the normalized data of the seven evaluation indicators
were obtained with the matter element matrix as:

Py B 0.66 7
B, 0.61
Bs 0.55
RO = (Po, Bj, X]) = B4 0.47
Bs 0.52
Bg 0.45
i B, 0.63

(2) We calculate the correlation.

According to Equations (1)—(8), the correlation degree of each pulling sling durability
evaluation index is calculated as follows, taking Index B; as an example:

0.14

Kip = Ki(1) = 555 = 029
Ky = Ky(x1) = w =03
Kis = Ka(x1) = % — 015
Kis = Ka(x1) = % — 043
Kis = Ks5(x1) = % = —0.575

Similarly, the correlations of several other indicators can be obtained, and the correla-
tion matrix of sling durability evaluation indicators is as follows:

r —0.29 0.3 -0.15 —0.43 —0.575 ]
—0.33 0.05 —0.025 —0.35 —0.51
—0.36 —-0.1 0.25 —0.25 —0.44
—0.41 —-0.22 0.35 -0.13 —0.36
—-0.37 —0.14 0.4 —-0.2 —-04
—0.44 —0.25 0.25 —-0.1 —0.36
| —0.31 0.15 —0.075 —0.38 —0.54 i

(3) We then calculate weights using the CRITIC method.
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After normalizing the durability evaluation index correlation matrix obtained in the
previous step, the resulting matrix is as follows:

- 0.32 1 0.49 0.16 0 1
0.33 1 0.87 0.29 0
0.12 0.49 1 0.27 0
0 0.26 1 0.37 0.06
0.04 0.32 1 0.25 0
0 0.27 1 0.49 0.12
10.32 1 0.67 0.22 0 ]

The obtained judgment matrix is brought into the CRITIC method to calculate
Equations (9)—(13), and the value of each indicator layer and the total weight ow(i) of the
pull sling are obtained as follows:

PE : [0.687,0.313]
Cable steel wire : [0.354, 0.646]
Anchor device : [0.314, 0.379,0.308]
ow(i)= [0.208,0.094,0.091,0.166,0.139,0.167,0.136]

4.2. Calculation Index Weights by the IAHP

According to Table 3, a two-by-two comparison of the seven durability evaluation
indexes of the pulling sling [62] was conducted to obtain the judgment matrix, as follows:

1 05 05
Ai=12 1 05
2 2 1

The PE indicator layer judgment matrix is:

1 2
05 1

Ay =

The judgment matrix of the pulling sling body indicator layer is:

1 0.5]
2 1

Az =

The judgment matrix of the anchorage area indicator layer is:

The antisymmetric matrix of each judgment matrix is:
—0.30

0 —0.30
By = [0.30 0 10.30

030 0.30 0

0 030
B2 = {—0.30 0 }

0 :
Bs = [0.30 0
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0 030 048
By=|-030 0 —0.30
—048 030 0
We solve for the optimal transfer matrix of the antisymmetric matrix:
0 —-020 -0.40
C; = |0.20 0 —0.20
040 0.20 0

0 030
C2= {—0.30 0 }

0 030
s = {0.30 0 }

0 046 0.32
Ci=|-046 0 —0.14
—0.32 0.14 0

We construct the fitted agreement matrix as follows:

Ai= (159 1 063

252 159 1

1 063 0.40]

L [1 2
AZ_{O.S 1}

. [1 05
sl ]

1 288 208
A;=1035 1 072
048 139 1

According to Equations (18)—(20), the weight vectors of the criterion layer and the

indicator layer are calculated as:

0.196,0.311,0.493], [0.667, 0.333], [0.333, 0.667], [0.547,0.190, 0.263]

The sw(i) values of guideline layers are listed in Table 4.

Table 4. Table of sw(i) values.

PE Cable Steel Wire Anchor Device
Guideline Layer sw(i)
0.196 0.311 0.493
By 0.667 0.131
By 0.333 0.065
B; 0.333 0.104
By 0.667 0.207
Bs 0.547 0.270
Bg 0.190 0.094
By 0.263 0.130

4.3. Rationality Test

According to Equation (21), p = 0.357 > 0. The weights obtained by the above
two methods meet the consistency requirements, so the combination of the weights can

be assigned.
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Table 5 shows the ranking results of evaluation index weights.

Table 5. Ranking results of evaluation index weights.

Methods Bl Bz B3 B4 B5 Bé B7
IAHP 3 7 5 2 1 6 4
CRITIC 1 6 7 3 4 2 5
(4) We use the combination weighting method.
According to Equation (23), the combined weight value cw(i) of each durability
evaluation index was obtained after calculation, as shown in Table 6.
Table 6. Table of cw(i) values.
Methods B1 B2 B3 B4 BS B6 B7
0.677 0.323
Cable steel wire 0.343 0.657
Anchor Device 0.429 0.277 0.294
cw(i) 0.169 0.080 0.099 0.190 0.198 0.128 0.136

4.4. Determine the Single Indicator Measurement Function and Matrix

Reasonable construction of single-indicator unascertained measure functions is the
key to applying unascertained measure theory for durability evaluation. Assuming that the
attribute of the evaluation object is e; at the initial stage, the attribute is in state d. When the
attribute value changes from e; to ¢4 1, the state of the evaluation object also changes, with
the d state tending to weaken and the d + 1 state tending to strengthen. When the evaluation
object’s attribute value changes to ¢;,1, the d state of the evaluation object’s attribute
disappears completely, i.e., becomes 0, and the d + 1 state of the attribute increases to one.
The form of the unascertained measure reflects the change in the state of the evaluation
object’s attributes, and the evaluator should construct the corresponding unascertained
measure function according to the severity of the state change of the evaluation object [62].
There are four common distributions of unascertained measure functions, linear, parabolic,
sinusoidal, and exponential, with linear generally being more widely used [64]. Table 7
shows the graphs and expressions of linear unconfirmed measure functions.

Table 7. Graphs and expressions of linear unconfirmed measure functions.

Distribution Form Graphics Function Expressions
v
4 e,
A E —X 41 <
. : [~ 7 Zd(x) — J eir1—e + edﬂ*ed’ed <X S egq
Linear NS 0,x>e441
distribution X (x) { 0,x <ey
Zd+1\X) = x e
% < €dt1—e€d ngrl,ed/ed <x < €d+1
0 €l €+l '

Figure 6 is the graph of single indicator measurement function. The single indicator
measure function for the evaluation of the durability of the pulling sling is:
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Measurement
functions

0.20 030 0.50 070 0.8
Single indicator measurement function
Figure 6. Graph of single indicator measurement function.

The normalized values of each real measurement are brought into the single indicator
measure function to obtain the pull sling single indicator measure matrix as follows:

0 0.8 0.2 0 0 ]
0 0.55 0.45 0 0
0 0.25 0.75 0 0
0 0 0.85 0.15 0
0 0.1 0.9 0 0
0 0 0.75 0.25 0
K 0.65 0.35 0 0 i

4.5. Determine the Multi-Index Comprehensive Measure Evaluation Vector

On the basis of the single-indicator unascertained measurement matrix and the pulling
sling durability evaluation index weight vector obtained in the first three sections, the
multi-indicator integrated measurement evaluation vector is calculated by Equation (28) as:

PE : [0,0.719,0.281,0, 0]

Cable steel wire : [0,0.086,0.816,0.098, 0]
Anchor device : [0,0.273,0.658, 0.069, 0]
215 = [0,0.313,0.627,0.060, 0]

4.6. Durability Evaluation

According to the multi-indicator comprehensive evaluation vector of the pulling sling
in the above equation and the confidence identification criterion, such as taking A = 0.7, the
durability evaluation result for each layer and the pulling sling as a whole can be obtained.
The results show that the durability level of the pulling sling is level III, which is consistent
with the actual situation of the pulling sling of this bridge. It shows that the durability of
the bridge’s pulling sling is average, which means there is a moderate degree of damage,
and the bridge can still provide normal use functions. For the outer PE sheathing, combined
with the results of regular inspection, it is necessary to repair the scratched part to ensure
its protective function and prevent water and its harmful substances from entering and
corroding the wire of the cable body. The drainage in the anchorage area needs to be
stringently addressed to prevent further corrosion. Oil-based anti-corrosion substances can
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be injected into the internal void of the pulling cable to ensure the normal use of the cable.
The evaluation results of pulling sling durability are shown in Table 8.

Table 8. Table of evaluation results of pulling sling durability.

Laver PE Cable Steel Anchor Pulling Actual
Y Wire Device Cable Level
Evaluation Level 1I 1 III III III

5. Comparison between Existing and Proposed Method
5.1. SPA Method

SPA is a relatively new comprehensive evaluation method. The essence of set-pair
analysis is to analyze the relation and transformation of things from the same, different,
and anti-aspects in the definite and uncertain system. One of the equations to calculate the
degree of congruence, dissimilarity, and inverse association y established under the model
of the index to be evaluated is as follows [65]:

y_a+bi+cj—<1\z\];>+(l;\]?>i+(l\l\]?>]' (30)

In the above equation, N, Nj, Np, and N3 denote the total number of features, the
number of common features, the number of neither common nor opposing features, and the
number of mutually opposing features, respectively, of the two sets in the set pair, where
N = Nj + N, + N3, which also requires that a + b + ¢ = 1. In the equation, 4, b, and c are
called the homogeneity, difference, and opposition degrees, respectively, of the discussed
sets in the specified problem context, reflecting the positive, negative, and uncertain trends
of each set in the set pair; i denotes the difference degree coefficient, taking values in the
range [-1,1]. Moreover, j is the opposition degree coefficient and j = —1. The degree of
connection is a quantitative description of the certainty and uncertainty of the system,
reflecting the uncertainty of the system from the same, different, and opposite aspects of
the object to be evaluated. It is also called the ternary connection number.

In the comprehensive evaluation of the system, it is sometimes necessary to divide the
evaluation level of the object to be evaluated more carefully, which may be 4, 5, or more
levels, and then the t-element linkage number can be used. Its general form is:

;4:a+b1i1+b2i2+~~~+bti[+cj (31)

The steps of the comprehensive evaluation based on SPA are as follows:
(1) We determine the evaluation index and evaluation level.

With n objects to be evaluated, Ay, Ay, - - - , A, form the space A = {A1, Ay, -+, An};
each indicator characterizing the attributes of the object to be evaluated forms the indicator
set B= {Bj,By,---,By}. The evaluation criteria level setis C = {Cy,Cy,...,Ct}, where
C1,Cy, ..., C; constitute an ordered partition of attributes, and C; < Cy < --- < C;. Then,
the evaluation criteria of each index are determined and can be written in the form of
evaluation the criteria matrix:

G G ... G
By [an ap ... au
(32)

Bp tlpl apz ce apt

Bu Llam  am cee Omt
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In the evaluation matrix, to satisfy apy < dpp < -+ < Apt OF Apy > App > -+ > dpy,
1<p<m.

(2) We determine the number of t-element links for comprehensive evaluation of each index.

We define the number of t-element links of the comprehensive evaluation of the
indicator B, of the object to be evaluated Ay (1 < h < n) as:

Hp =Tp1 + Tp2i1 + Tpgiz + - rp(tfl)it72 + thj (33)

The above equation with 7, € [0,1] (1 <p <m,1 <k <t) is the connectedness
component of the evaluation index B, relative to the rank Cy.
Let the measurement of indicator B, be [, apr < dpp < --- < dpt. Then:
a. when I, < ap;:
pp =1+ 0ip +0ip + - - - +0ip_2 + 0j (34)

b. when ap < I, < App:

- 1 —
=] [l apl‘i1+0i2+"'+0it—2+0j (35)

= |’1p1 - ”pZ‘ |“p1 - “P2|

c. whenaps <Ip <apypy(s=23,...t—2):

Ip = ap(s1 I, —a
‘up:o+..._|_‘p(s)‘isl+Mis+...+0it_2+0j (36)
’”Ps - “p(s+1)’ ’”ps T p(s+1) ’
d. when Ap(t-1) <y <ap:
. ’lp _apt| . ‘lp _aP(tfl)‘ .
Pp=0+---+0i;_3+ I_o + ] (37)
’“F(t—l) - ”Pf‘ ’”p(t—l) - qu’
e. whenay <1I:
pp =0+0i; +0ip + -+ -+ 0o+ 1j (38)

In all the above five cases, 7 satisfies Zizl rpe = 1.

(3) We determine the number of {-element links for the total index.

After solving for the above number of links, the number of t-element links for the
comprehensive evaluation of the corresponding total index is:

Pp =11+ roiy 4130y + - - 1y_qip_p + 1] (39)

In the above equation, ry = Z;”:1 Wy pks (1<p<m1<k<t),and wy is the weight
of evaluation index B, in the index system, which satisfies Zgzl wy = 1.

The weights in the contrastive analysis are calculated by using the topological theory
of physical elements combined with the EWM. The EWM is a commonly used weighting
method. The greater the degree of dispersion, the greater the degree of differentiation, and
the more the information that can be derived [66]. The steps for determining the entropy
weight are as follows:

Assuming that there are t evaluation levels and m evaluation indicators for each object,

the data in the correlation matrix (Kjk) , are normalized to the range [0, 1] to create the
mXx

normalization matrix (r]-k) - The entropy H; [63] of each evaluation index is as follows:
mX

1 t
H] = —E kzzlf]'kh‘lfjk (40)
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where fj indicates the weight of each indicator, and the formula is as follows:

t
f]'k = (1 + rjk) / Z (1 + r]'k) 41
k=1
Then, the weights W; of the evaluation indicators are:
m
Wi = (1= H)/ (1 - H)) (2)
]:

where 0 < W; < 1; 2}11:1 W; =1

The judgment matrix obtained from the aforementioned calculation is brought into
the EWM calculation Equations (39)-(41), and the W; of each durability evaluation index is
obtained as follows:

W= [0.132,0.144, 0.142,0.151,0.156, 0.142,0.133]

Table 9 shows the value of W; in different layers. And lists the standard split point
and measured value for each grage.

Table 9. Evaluation index system and grade standard division for the durability.

Pulling Sling . Standard Split Point for Each Grade
Structure Index (Weight) Measured Value
- I II III v \"
Durability
Longevity By (0.132) 90 75 60 50 35 72
Evaluation B, (0.144) 90 75 60 50 35 80
System and B3 (0. 142) 90 75 60 50 35 65
Index Level B4 (0.151) 90 75 60 50 35 55
Standard Bs (0.156) 90 75 60 50 35 63
Criteria Bg (0.142) 90 75 60 50 35 45
Division By (0.133) 90 75 60 50 35 85

According to the weight values of the durability evaluation indexes of the pulling sling
calculated in the previous sections and the number of five element links of the secondary
indexes of Equations (29)-(38), we have:

12, 3. , . , . . .
U1 :0+ﬁll+ﬁlz—|—013+0]:0+0'811+0'212+013+0]

1
U2 = % + %il + 0ip + 0i3 + 0j = 0.333 + 0.667i1 + 0iy + 0i3 + 0j

5 10 . . ) .
s =0+ Eil + ﬁiz + 0i3 + 0j = 04 0.333i7 + 0.667ip + 0iz + 0f

. 5. 10. ) . . , .
g =0+ 017 + Blz + Elg + 07 = 0+ 071 + 0.333i + 0.667i3 + 0j

3. 12, . . , ) . )
;45:O+ﬁzl+ﬁzz+013+0]=0+0.211 4+ 0.812 4 0i3 + 05

He = 0+ 0iy + 0iy + iz + 57 = 0+ 0iy + 0iy + 0.667i3 + 0.333;
py = 0 5 4 0ip + 0i3 + 0j = 0.667 + 0.333i; + Oiy + 0i3 + 0j

The number of five element links for the total index is:

y = 0.137 + 0.325i1 + 0.296i5 + 0.195i3 + 0.047]
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According to the above equation, using the confidence identification criterion, taking
A = 0.7, we can obtain 0.137 + 0.325 + 0.296 = 0.757 > 0.7, and the durability evaluation
level is III.

5.2. The Matter Element Extension (MEE) Method

We calculate the total correlation:

Ki(Po) = ) WiKg (x;) (43)
=

Ky (Py) is the correlation degree of the system to be evaluated Py with respect to rank
k, where W; is the value of the weight corresponding to its correlation function. The value
of W; is taken as the value of the weight calculated using the CRITIC method.

We determine the evaluation level:

Kk = maka (P()) (44)

Then, the target evaluation level is K.
According to Equation (42), the total correlation of the pulling sling structure can be
calculated as follows:

Ky (Py) = [—0.359, —0.019, 0.134, —0.264, —0.456]

According to Equation (43), the durability evaluation grade of the pulling sling is
level I1I.

6. Discussion

Tables 10 and 11 compare weight results and evaluation results, respectively. Accord-
ing to Table 10, rope body wire corrosion and anchor damage take up a larger weight value
and have a greater impact on the durability of the pulling sling. This is mainly due to the
fact that as the use of the sling increases over the years, moisture gradually invades the
interior of the sling and reacts electrochemically with the wire of the sling body. At the
same time, due to the vibration of the pulling sling, the condensation formed converges
along the rope body steel wire to the anchorage area, causing the anchorage to rust. The
effective cross section of the wire is reduced when the wire is corroded. As the corrosion
intensifies, the wire fractures, even leading to broken ropes. According to the comparative
study in Table 11, the evaluation results of the durability of the pulling cable structure
calculated on the basis of CWM-UM theory are the same as those calculated by the SPA
method and MEE theory, and they are consistent with the actual situation of the pulling
cable of this bridge. The evaluation results obtained by the three methods show the level of
the bridge to be III. It means that the bridge has a moderate degree of damage and can still
maintain the normal function of use. However, the necessary inspection, maintenance, and
reinforcement still need to be performed to prevent further corrosion that may lead to the
sling breaking. It also further confirms the accuracy of the CWM-UM-theory-based bridge
pulling cable durability evaluation and calculation proposed in this paper. In addition,
the evaluation model of the bridge pulling sling using CWM-UM theory can combine
the advantages of subjective and objective assignment methods, the calculation process is
relatively simple, and the practical application is relatively convenient.
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Table 10. Weights of the three weighting methods and the combination weighting method.
Criterion Layer Indexes IAHP CRITIC EWM Combined Weight
PE Cracking 0.131 0.208 0.132 0.169
Scratch 0.065 0.094 0.144 0.080
Steel wire for Damage 0.104 0.091 0.142 0.099
cable Corrosion 0.207 0.166 0.151 0.190
Anchorage damage 0.270 0.139 0.156 0.198
Anchor device Catheter damage 0.094 0.167 0.142 0.128
Shock absorbers damage 0.130 0.136 0.133 0.136
Table 11. Evaluation results of pulling sling durability.
Comprehensive Unascertained Measurement Evaluation Results
Pulling Cable
G (o) C; Cy Cs CWM UM SPA MEE Actual Grade
Jiahui 0 0.313 0.627 0.060 0 I I I I

7. Conclusions

Durability evaluation of bridge sling structures is an important link to ensure the

normal use of sling bridges, and it is of great significance to propose a reasonable and
effective sling durability evaluation method for bridge sling inspection and maintenance.
In this paper, on the basis of a large amount of literature, a CWM-UM theory was used
to evaluate the durability of in-service bridge pulling cable structures, and the main
conclusions are as follows:

@

@)

®)

4)

According to the damage mechanism of pulling sling durability, the three-layer
durability evaluation index system of the pulling sling structure is established. Seven
indexes were selected for the durability evaluation of the pulling sling: PE cracking,
PE scratching, corrosion of the rope body, damage to the rope body, damage to the
anchorage, damage to the conduit, and damage to the vibration damping device.
There are uncertainties in the factors affecting the durability of pulling sling structures
that are difficult to describe quantitatively. The combined weighting method is
applied, combining the advantages of IAHP and CRITIC methods to compensate for
the bias of a single assighment method. Through the theory of unascertained measure,
the multi-indicator comprehensive evaluation vector of pulling sling is obtained, and
the results are analyzed according to the confidence criterion.

On the basis of combined weighting method-unascertained-measure theory, a com-
plete durability evaluation model of the pulling sling was established. Taking the
Shaoxing Jiahui Bridge pulling sling structure as an example, the durability evaluation
was carried out, and the evaluation result was calculated to be level III, which basically
matches the actual situation of the bridge. It shows the applicability of the model and
provides a new method for the durability evaluation of a pulling cable structure.
Through a comparative study, it was found that the final evaluation results of the
three methods are consistent, which proves that the CWM-UM method can make a
more accurate evaluation of the durability of the pulling cable structure, and it has
the advantages of four theories, the MEE method, the CRITIC method, the IAHP
method, and UM theory, with a concise calculation process and more accurate results.
It shows the superiority of the CWM-UM method in durability evaluation. In practical
application, the method to improve the durability of the cable body can be stated
more accurately according to the evaluation results. The proposal and rational use of
this method will contribute to the construction of resource-saving highways and the
realization of sustainable development.

This paper researched the durability evaluation system and the evaluation method for

the pulling cable structure, but limited by the data collection and the knowledge level of
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the author, there are still some problems that need to be studied and improved upon in
the future.

(1) Since different bridges have different forms of pulling and slinging structures, a more
comprehensive durability evaluation system can be established for different forms
of pulling and slinging structures to make the evaluation results more reasonable
and realistic.

(2) The durability evaluation indexes established in this paper mainly rely on literature
collection and theoretical analysis. In subsequent studies, these can be combined with
finite element analysis software to identify the factors affecting the durability of the
pulling sling structure through real bridge simulation. We can use this standard to
establish the evaluation index.

(3) Because of the special structural form and material characteristics of the pulling
cable structure compared to the concrete structure, the selection of the environmen-
tal index and durability index eigenvalues in this paper is preliminary and rough,
and further refinement and research are needed to ensure that the calculation of
environmental index eigenvalues and durability index eigenvalues is more accurate
and comprehensive.
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