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To accurately evaluate the durability of reinforced concrete girder bridges, a durability evaluation model was developed based on
the matter element extension theory, entropy weight method, and unascertained measure theory. A total of seven indicators were
selected for durability evaluation: the concrete presumed strength uniformity coefficient, reinforcement corrosion potential level,
chloride ion content, average value of concrete relative carbonation depth, crack width, resistivity, and characteristic value of the
reinforcement protective layer thickness. -e weights of the durability evaluation indices were assigned using matter element
extension combined with the entropy weight method, and the multi-indicator comprehensive evaluation vector was obtained by
combining the single-indicator measurement matrix. -e evaluation results were analyzed by applying the confidence criterion.
-e results showed that the evaluation results of this model matched with the actual conditions of the girder bridges, which
indicates that this durability evaluation model has good applicability and is reasonable. Finally, a comparative study proved that
the model could accurately evaluate the bridge durability.

1. Introduction

With the development of the social economy and growth of
people’s aspirations for better lives, China’s transportation
infrastructure construction, especially bridge engineering
construction, has made remarkable achievements. Over the
past 40 years, a total of 510,000 new highway bridges have
been built, with a combined total length of 48,000 km,
equivalent to 80% of the existing highway bridges. Owing to
the material performance characteristics of the bridge, ve-
hicle and crowd loading, and harsh environmental condi-
tions, bridges will inevitably suffer from various diseases,
such as reinforcement corrosion, concrete strength decline,
cracks, concrete surface damage, and bearing deformation.
Such diseases greatly shorten the service lives of bridges and
pose a serious threat to people’s lives and property safety.
Once a bridge is damaged, it will generate high repair costs
and construction waste, which will have a negative impact on

economic development and ecological protection.-erefore,
it is important to ensure the safety and durability of bridge
structures.

To evaluate the durability of bridges accurately and
objectively, many studies have been conducted by scholars
around the world. Anoop [1] used a fuzzy assessment
method to predict the service lives of rusted reinforced
concrete bridges. Geyskens et al. [2] modified themodulus of
elasticity of concrete using a Bayesian approach that ef-
fectively took into account the uncertainty of the model and
the correlation between the observations. In 1994, Melhem
and Aturaliya [3] established a fuzzy comprehensive eval-
uation method to grade in-service bridges based on struc-
tural appearance inspection using fuzzy theory. Liang et al.
[4] used AHP (Analytic Hierarchy Process) to determine the
relative weights in the durability assessment model. Cai et al.
[5] proposed a model for assessing the durability of concrete
structures in marine environments. Based on Monte Carlo
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principles, the concrete elements were simulated stochas-
tically using the crystal simulation method. Zheng et al. [6]
established a durability evaluation system for concrete
bridge structures and introduced time variables. -e du-
rability factors at different times were calculated and
evaluated, and the evaluation vectors for bridge con-
struction at different times were calculated. Based on the
evaluation vectors and the asymmetric method, the du-
rability ratings of concrete bridges at different times were
preevaluated. Weyers and Liu [7] developed a service-life
prediction model for reinforced concrete structures in a
chloride ion erosion environment, which divided the state
of chloride ion erosion of reinforced concrete structures in
different life stages into the following processes: diffusion to
the reinforcement surface, rusting causing cracking, and
spalling of concrete. Sasmal [8] combined AHP and fuzzy
mathematics to correct the uncertainty of the test data. -e
durability assessment using reliability theory has a clear
physical meaning and is suitable for quantifying the du-
rability of bridges. Zhao et al. [9] used a fuzzy cluster
analysis method for the damage diagnosis of concrete
bridges, which was based on actual measurement data,
avoided human interference, and achieved good results.
Long [10] investigated the durability assessment methods
of reinforced concrete bridges and demonstrated the fea-
sibility of the matter element extension approach for bridge
durability evaluation. Kawamura et al. [11] proposed a state
evaluation method based on fuzzy rules and fuzzy neural
networks, which could avoid the black-box operations of
neural networks, and the fuzzy system became an adaptive
fuzzy system with good application prospects.

Unascertained measure theory is an ideal method to
handle uncertain information and achieve comprehensive
evaluation [12]. In this study, the concrete presumed
strength uniformity coefficient, reinforcement corrosion
potential level, chloride ion content, average value of the
concrete relative carbonation depth, crack width, resistivity,
and characteristic value of the reinforcement protective layer
thickness were selected as durability evaluation indices of
concrete bridges. Using the theory of unascertained measure
and combining matter element extension and the entropy
weight method, a durability evaluation model of concrete
girder bridges was established and two bridges were used as
examples for evaluation.

2. Durability Evaluation Index
System Establishment

According to China’s Standards for Technical Condition
Evaluation of Highway Bridges [13] (JTH/TH21-2017), the
durability level of bridges is divided into five levels, as shown
in Table 1.

With a reinforced concrete girder bridge as an example, a
total of seven indicators were selected for bridge durability
evaluation: concrete presumed strength uniformity coeffi-
cient (B1), reinforcement corrosion potential level (B2),
chloride ion content (B3), average value of concrete relative
carbonation depth (B4), crack width (B5), resistivity (B6),
and characteristic value of reinforcement protective layer

thickness (B7). -e grading criteria of the evaluation indices
are shown in Table 2.

3. Evaluation Methodology

3.1. Unascertained Measure #eory

3.1.1. Single-Index Measure. Let the domain A1, A2, . . . , An

consisting of evaluation objects A � A1, A2, . . . , An  be the
object space. Any evaluation object Ai ∈ A(i � 1, 2, . . . , n)

has m evaluation indicators B1, B2, . . . , Bm, and
B � B1, B2, . . . , Bm . -e measured value of evaluation
object Ai for evaluation index Bj is xij(i � 1, 2, . . . , n;

j � 1, 2, . . . , m). xij is divided into t levels C1, C2, . . . , Ct,
where Ck is the kth (k � 1, 2, . . . , t) evaluation class and the
effect of class k is better than that of class k + 1, i.e.,
Ck >Ck+1. We say C � C1, C2, . . . , Ct  is an ordered par-
tition class of the evaluation space B. If zijk � z(xij ∈ Ck),
the measurement xij belongs to the range of the kth rank Ck

and satisfies the “nonnegative boundedness, normalization,
and additivity” properties of the following equations and z is
called an unconfirmed measure, or simply a measure [15]:

0≤ z xij ∈ Ck ≤ 1,

z xij ∈ B  � 1,

z xij ∈ ∪
k

l�1
Cl  � 

k

l�1
z xij ∈ Cl .

(1)

-e matrix (zijk)m×t is a single-index measure matrix of
the form

zijk 
m×t

�

zi11

zi21

⋮

zim1

zi12

zi22

⋮

zim2

· · ·

· · ·

⋮

. . .

zi1t

zi2t

⋮

zimt

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (2)

3.1.2. Multi-Index Measure. If zik � z(Ai ∈ Ck) denotes the
degree of affiliation of evaluation object Ai to the kth
evaluation level, then

zik � 
m

j�1
Wjzijk(i � 1, 2, . . . , n; k � 1, 2, . . . , t), (3)

where zik satisfies 0≤ zik ≤ 1 and 
t
k�1 zik � 1.

zi � [zi1, zi2, . . . , zit] is called a multi-index comprehensive
measure evaluation vector of Ai[16].

3.2. Distinction Weight of the Single Index. Weights are
important parameters in durability evaluations, and the
evaluation results of durability mainly depend on the
weights. -e combined weight assignment method could
reflect the evaluation results more accurately. -e core
concepts of matter element extension theory are promoting
the transformation of things and solving incompatible
problems, and thus, it is suitable for multi-indicator eval-
uation [17].
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-e standard matter element model uses a simple
correlation function or AHP to determine the weights of
each evaluation index, which does not objectively reflect
the importance differences of each evaluation index in
the things to be evaluated. At the same time, a combi-
nation of qualitative and quantitative analysis methods
and the matter element extension model based on en-
tropy weight, and the correlation function and correla-
tion degree in the extension set are introduced [18]. -e
theory of the matter element extension-entropy method
is able to inherit the advantages of the matter element
extension and avoid the influence of subjective human
factors.

3.2.1. #eory of Matter Element Extension. Matter element
extension theory is an emerging formal model based on the
elemental analysis method proposed by Chinese expert Cai
Wen and researched by other experts for more than 20 years.
-e matter element extension model can reduce the sub-
jectivity of the evaluation results and divide the grade of the
evaluation objects [19].

-e matter element extension evaluation method
combines matter element theory and extension sets with a
correlation degree for quantitative evaluation. -is model
divides the data interval of the evaluated target into several
orders and determines their levels. -e correlation degree is
calculated between each plan and the grade. -e larger the
correlation degree is, the higher the membership extent is.
-e level of the evaluated target depends on the grade of the
data interval with the highest membership degree [20]. A
matter element is the basic unit of this method and is a
logical structure described by the names, characteristics, and
quantities of an object. -e basic evaluation processes are
described as follows [21]:

(1) Determine the classical domain, section domain, and
matrix of elements to be evaluated
Denote the event to be evaluated as Q and the value
of the indicator B as v. Q hasm indicators, denoted as
B1, B2, . . . , Bm, and the corresponding quantity
values are denoted as v1, v2, . . . , vm. -e matter el-
ement matrix is as follows [22]:

R �

Q B1 v1

B2 v2

⋮

Bm

⋮

vm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

R1

R2

⋮

Rm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (4)

(a) Determine the classical domain
-e classical domain is determined as follows:

Rk � Qk, Bj, xjk  �

Qk B1 x1k

B2 x2k

⋮

Bm

⋮

xmk

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

Qk B1 a1k, b1k

B2 a2k, b2k

⋮

Bm

⋮

amk, bmk

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(5)

where Rk represents the classical domain matter
element matrix composed of the characteristic B

of the kth evaluation grade Qk and the value
range of the characteristic B, k � 1, 2, . . . t. Qk is
the kth evaluation grade divided; xjk �

(amk, bmk) is the range of the values of the jth
index Bj of the kth evaluation grade Qk.

Table 1: Bridge durability evaluation grade.

Durability
grade Condition description

I Good condition, fully functional
II Slightly damaged, with minor defects, no impact on the use of the bridge function
III Medium damaged, with moderate defects, still able to maintain normal use function

IV Severely damaged, the main components have large defects, significantly affecting the bridge function; cannot guarantee
normal use

V Extremely dangerous, the main components have severe defects; the main components cannot be used normally,
endangering the safety of the bridge

Table 2: Evaluation criteria for durability of girder bridges.

Evaluation indicators I II III IV V
Concrete presumed strength uniformity, B1 ≥0.95 0.9 to 0.95 0.8 to 0.9 0.7 to 0.8 ≤0.7
Reinforcement corrosion potential level, B2/mV ≥−200 −300 to −200 −400 to −300 −500 to −400 ≤500
Chloride ion content, B3/% <0.15 0.15 to 0.4 0.4 to 0.7 0.7 to 1.0 ≥1.0
Average value of concrete relative carbonation depth, B4 0.5 0.5–1.0 1.0–1.5 1.5–2.0 ≥2.0
Crack width, B5/mm <0.05 0.05 to 0.1 0.1 to 0.15 0.15 to 0.2 >0.2
Resistivity, B6/Ω.cm >20,000 15,000 to 20,000 10,000 to 15,000 5000 to 10,000 <5000
Characteristic value of reinforcement protective layer thickness, B7 ＞0.95 0.85 to 0.95 0.7 to 0.85 0.55 to 0.7 ≤0.55
Note: the evaluation criteria of the evaluation indices refer to the specifications of the Inspection and Evaluation of Load-Bearing Capacity of Highway Bridges
[14].
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-e events to be evaluated are classified into t

levels. -at is, the range of data taken at each
level corresponding to an evaluation index is the
classical domain.

(b) Define the section domain
-e section domain is defined as follows:

Rj � P, Bj, xjp  �

P B1 x1p

B2 x2p

⋮

Bm

⋮

xmp

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

P B1 a1p, b1p

B2 a2p, b2p

⋮

Bm

⋮

amp, bmp

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

(6)

where P is something to be evaluated; Rj is a
matrix of section domain elements consisting of
the characteristic Bj of the thing to be evaluated
(P), all of its evaluation grades, and the range of
values of the characteristic Bj; xjp � (amp, bmp)

is the range that P measures with respect to
Bj, i.e., the section domain of P; amp is the
minimum value of the lower limit of the jth
index Bj in all evaluations; bmp is the maximum
value of the upper limit of the jth feature B in all
the evaluations; and xjk ⊂ xjp.

(c) Determine the matter element
-e matter element R0 is determined using the
collected statistical data or analysis result:

R0 � P0, Bj, xj  �

P0 B1 x1

B2 x2

⋮ ⋮

Bm xm

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (7)

where P0 indicates a certain definite evaluation
system and xj represents P0 within the range of
values of evaluation index Bj, which is the
specific index data of the object to be evaluated.

(2) Calculate correlation
Determine the correlation function for each level of
the system to be evaluated
-e correlation function expresses the degree to
which something has a certain property, and the
concept of distance in the real variable function is
extended to a “distance” by the formula of the as-
sociation function [23]. -e correlation function
built on the basis of the distance extends the qual-
itative description of something that has a certain
property to a quantitative description of the degree
of a certain property [24]. -e distance between a
point x on the real axis and a certain interval X0 �

(a, b) is specified as ρ(x, X0) � |xj − a + b/2|−

1/2(b − a). -e primary correlation function for the

jth indicator value domain belonging to the kth rank
is established as follows:

Kk xj  �

ρ xj, xjk 

ρ xj, xjp  − ρ xj, xjk 
, xjxjk

−ρ xj, xjk 

xjk




, xj ∈ xjk

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

, (8)

ρ xj, xjk  � xj −
ajk + bjk

2




−
1
2

bjk − ajk , (9)

ρ xj, xjp  � xj −
ajp + bjp

2




−
1
2

bjp − ajp , (10)

where xj is the jth durability evaluation index; xjk �

(ajk, bjk) is the value domain corresponding to the
jth indicator with rank k; xjp � (ajp, bjp) is the
range of values specified for the jth indicator for the
whole hierarchy of indicators to be evaluated; and
|xjk| is the length of the interval.

-e initial correlation matrix of the object to be eval-
uated is as follows:

Kjk 
m×t

�

K11

K21

⋮
Km1

K12

K22

⋮
Km2

· · ·

· · ·

⋮
· · ·

K1t

K2t

⋮
Kmt

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (11)

where j � 1, 2, . . . , m and k � 1, 2, . . . , t.

3.2.2. Entropy Weight Method. -e entropy weight method
is a commonly used weighting method. -e greater the
degree of dispersion is, the greater the degree of differen-
tiation is and the more information that can be derived [25].
-e entropy method is an objective weighting method. -e
objective weighting method refers to the method of
weighting based on a relevant mathematical method using
the attribute value of the indicator itself. -e advantage is
that the weight can be interpreted and has a theoretical basis
[26]. -e steps for determining the entropy weight are as
follows.

It is assumed that there are t evaluation levels and m

evaluation indicators for each object and the data in the
correlation matrix (Kjk)m×t are normalized to the range of
[0, 1] to create the normalization matrix (rjk)m×t. -e en-
tropy Hj of each evaluation index [27] is

Hj � −
1
ln t



t

k�1
fjk lnfjk, (12)

where fjk indicates the weight of each indicator. It is cal-
culated as follows:

fjk �
1 + rjk 


t
k�1 1 + rjk 

. (13)
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-e weights Wj of the evaluation indicators are

Wj �
1 − Hj 


m
j�1 1 − Hj 

, (14)

where 0≤Wj ≤ 1 and 
m
j�1 Wj � 1.

-e standardized formula is

rjk �
Kjk − minKjk

maxKjk − minKjk

, (15)

where Kjk is the initial correlation matrix value; rjk is the
value of the judgment matrix after the normalization pro-
cess; and minKjk and maxKjk are the minimum and
maximum values of an evaluation index in the initial cor-
relation matrix, respectively.

3.2.3. Calculation Steps

(1) Determine the durability evaluation indices of the
system to be evaluated and the grading criterion of
each index

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

(3) Calculate the correlation matrix of the system to be
evaluated and normalize the correlation matrix

(4) Substitute the judgment matrix obtained from step
(3) into equations (12)–(14) to obtain the weight of
each durability evaluation index

3.3. Durability Evaluation. A confidence criterion is used to
analyze the calculated results, and λ is set as the confidence
level (λ≥ 0.5). λ was generally taken as 0.6 or 0.7. If

k0 � min k: 

k

1
zi ≥ λ, k � 1, 2, . . . , t

⎧⎨

⎩

⎫⎬

⎭, (16)

then the evaluation object Ai is considered to belong to the
k0th evaluation level Ck0

.
Based on several theories mentioned above, we drew a

flow chart of bridge durability assessment in Figure 1.

4. Example Application

Example 1. A reinforced concrete simply supported
T-girder bridge has been in use for 15 years with a net width
of 11m and a span arrangement of 5× 20m.-e design load
rating of this bridge is highway class I. -ere is no history of
structural maintenance. Cracks exist on the concrete surface
with small widths. Linearity is intact, there are no structural
abnormal displacements, and corrosion of the reinforcement
is present, but to a small extent. -e bridge substructure is
good.-e observed values of the third span S3 and the fourth
span S4 in the original literature [28] were taken for du-
rability evaluation. -e observed values of each durability
evaluation index for the third span and the fourth span are
shown in Table 3.

Example 2. A simply supported plate girder bridge in
Gansu Province has a span of 20 m, has been in use for 12
years, has no previous history of structural maintenance,
and has a calculated span of 19.50 m. -e bridge consists
of 14 plate girders with widths of 1.35 m and heights of
1.00 m. -e design load rating is highway class I
[29].-e bridge currently has slight holes in the concrete
surface, slight corrosion of the reinforcement, linear
integrity of the main girders, the presence of a small
number of small cracks, no abnormal structural dislo-
cation, a good bridge substructure, and slight wear on the
piers. -e measured values of each durability evaluation
index for the plate girder bridge in Example 2 are shown
in Table 4.

4.1. Calculation of the Weight Value of Each Durability
Evaluation Index

(1) Determine classical domain, section domain, and
matrix of elements to be evaluated

(a) Determine the classical domain
Since there is an infinite interval for durability
evaluation index grading, the classical domain
and section domain of the object element cannot
be determined. According to the literature [10],
an upper (lower) limit can be taken in an infinite
interval to constitute a finite interval and the
selected upper (lower) limit does not affect the
calculation result of the index correlation.
-erefore, the classical domain matrix is as
follows:

Durability assessment of reinforced 
concrete girder bridges

Establishment of durability index system for 
reinforced concrete girder bridges

Quantitative description of single 
indicator affiliation levels Constructing the correlation matrix

Constructing a single indicator 
measure function

Constructing a single metric 
measurement matrix

Normalization of the constructive 
correlation matrix

Calculation of evaluation index 
weights using the entropy method

Multi-indicator integrated evaluation vector

Analyze the results using the 
confidence criterion

Determine the results of comprehensive 
evaluation of bridge durability

Figure 1: Flow chart of bridge durability evaluation.
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(0.95, 1) (0.9, 0.95) (0.8, 0.9) (0.7, 0.8) (0.6, 0.7)

(−200, 0) (−300, −200) (−400, −300) (−500, −400) (−600, −500)

(0, 0.15) (0.15, 0.4) (0.4, 0.7) (0.7, 1.0) (1.0, 1.2)

(0, 0.5) (0.5, 1.0) (1.0, 1.5) (1.5, 2.0) (2.0, 3.0)

(0, 0.05) (0.05, 0.1) (0.1, 0.15) (0.15, 0.2) (0.2, 0.3)

(20000, 30000) (15000, 20000) (10000, 15000) (5000, 10000) (4000, 5000)

(0.95, 1.0) (0.85, 0.95) (0.7, 0.85) (0.55, 0.7) (0.5, 0.55)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (17)

where the horizontal row of the matrix indicates
the durability evaluation level and the vertical
row indicates the durability evaluation index.

(b) -e section domain is as follows:

R �

P B1 (0.6, 1)

B2 (−600, 0)

B3 (0, 1.2)

B4 (0, 3)

B5 (0, 0.3)

B6 (4000, 30000)

B7 (0.5, 1.0)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (18)

(c) Determine the matter element
-e matter element is as follows:

R3 � R �

P3 B1 0.91

B2 −180

B3 0.13

B4 0.61

B5 0.12

B6 18652

B7 0.92

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

R3 � R �

P4 B1 0.87

B2 −264

B3 0.20

B4 0.60

B5 0.16

B6 14783

B7 0.90

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

R3 � R �

PQ B1 0.93

B2 −32

B3 0.15

B4 0.75

B5 0.13

B6 18000

B7 0.93

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(19)

(2) Calculate correlations
-e third span S3 and indicator B1 were selected as
an example. -e correlations were as follows:

Table 3: Measured values of durability evaluation indices of a simply supported T-girder bridge.

Location
Durability evaluation indices

B1 B2 (mV) B3 (%) B4 B5 (mm) B6(Ω.cm) B7

S3 0.91 −180 0.13 0.61 0.12 18,652 0.92
S4 0.87 −264 0.20 0.60 0.16 14,783 0.90

Table 4: Measured values of the durability evaluation index of simply supported plate girder bridge.

Location
Durability evaluation indices

B1 B2 (mV) B3 (%) B4 B5 (mm) B6(Ω.cm) B7

Q 0.93 −32 0.15 0.75 0.13 18,000 0.98
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K1 x1(  �
0.04

−0.09 − 0.04
� −0.31,

K1 x2(  � −
−0.01
0.05

� 0.2,

K1 x3(  �
0.01

−0.09 − 0.01
� −0.1,

K1 x4(  �
0.11

−0.09 − 0.11
� −0.55,

K1 x5(  �
0.21

−0.09 − 0.21
� −0.7.

(20)

Similarly, the correlations of several other indicators
were obtained, and the correlation matrices of the
durability evaluation indicators were as follows:

third span S3:

−0.31 0.2 −0.1 −0.55 −0.7

0.1 −0.1 −0.4 −0.55 −0.64

0.13 −0.13 −0.68 −0.81 −0.87

−0.15 0.22 −0.39 −0.59 −0.70

−0.37 −0.14 0.4 −0.2 −0.4

−0.11 0.27 −0.24 −0.43 −0.55

−0.27 0.3 −0.47 −0.73 −0.82

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

fourth span S4:

−0.38 −0.19 0.3 −0.35 −0.57

−0.2 0.16 0.36 −0.34 −0.47

−0.2 0.2 −0.5 −0.71 −0.8

−0.14 0.2 −0.4 −0.6 −0.7

−0.44 −0.3 −0.07 0.2 −0.22

−0.33 −0.02 0.04 −0.31 −0.48

−0.33 0.5 −0.33 −0.67 −0.78

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Q:

−0.22 0.4 −0.3 0.65 −0.77

0.16 −0.84 −0.89 −0.92 −0.94

0 0 −0.73 −0.79 −0.85

−0.25 0.5 −0.25 −0.5 −0.63

−0.38 −0.10 018 −0.13 −0.35

−0.14 0.2 −0.2 −0.4 −0.52

0.4 −0.6 −0.87 −0.93 −0.96

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(21)

(3) Calculate weights
After standardizing the correlation degree matrix of
the durability evaluation indices obtained in the

previous step, the following judgment matrices were
obtained:

third span S3:

0.44 1 0.67 0.17 0

1 0.73 0.32 0.12 0

1 0.73 0.19 0.06 0

0.59 1 0.33 0.11 0

0.04 0.32 1 0.25 0

0.54 1 0.37 0.14 0

0.49 1 0.32 0.08 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

fourth span S4:

0.21 0.44 1 0.25 0

0.33 0.76 1 0.16 0

0.6 1 0.3 0.09 0

0.62 1 0.33 0.11 0

1 0.78 0.42 0 0.66

0.29 0.88 1 0.32 0

0.35 1 0.35 0.09 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

Q:

0.47 1 0.4 0.1 0

1 0.09 0.04 0.01 0

1 1 0.26 0.08 0

0.33 1 0.33 0.11 0

0 0.34 1 0.44 0.06

0.52 1 0.44 0.17 0

1 0.26 0.07 0.02 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(22)

-e obtained judgment matrices were introduced
into the entropy weight method in equations
(11)–(13), and the following weights of each dura-
bility evaluation index were obtained:

W3 � [0.1369, 0.1406, 0.1469, 0, 1415, 0.1499, 0.1401, 0.1441],

W4 � [0.1459, 0.1430, 0.1473, 0.1454, 0.1297, 0.1391, 0.1496],

WQ � [0.1369, 0.1581, 0.1397, 0.1399, 0.1400, 0.1331, 0.1523].

(23)

4.2.Determinationof the Single-IndexUnascertainedMeasure
Function and Matrix. Reasonable construction of single-
indicator unascertained measure functions is the key to
applying unascertained measure theory for durability
evaluation. It is assumed that the attribute of the evaluation
object is el at the initial stage and the attribute is in state l. In
the process of changing the attribute value from el to el+1, the
state of the evaluation object also changes, with state l

tending to weaken and state l + 1 tending to strengthen.
When the evaluation object’s attribute value changes to el+1,
state l of the evaluation object’s attribute disappears com-
pletely to 0 and state l + 1 of the attribute increases to 1. -e
form of the unascertained measure reflects the change in the
state of the evaluation object’s attributes, and the evaluator
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should construct the corresponding unascertained measure
function according to the severity of the state change of the
evaluation object [30]. -ere are four common distributions
of unascertained measure functions, linear, parabolic, si-
nusoidal, and exponential, with linear generally being more
widely used. Table 5 shows the expressions and graphs of the
linear unascertained measure functions. -e unascertained
measure functions for each durability evaluation metric are
shown in Figure 2.

-e actual observed values of each durability evaluation
index in Tables 3 and 4 were introduced into the corre-
sponding single-index measure functions to obtain single-
index unascertained measure matrices:

z3jk 7×5 �

0 0.8 0.2 0 0

1 0 0 0 0

1 0 0 0 0

0.56 0.44 0 0 0

0 0.1 0.9 0 0

0.46 0.54 0 0 0

0.4 0.6 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

z4jk 7×5 �

0 0.733 0.267 0 0

0 0.86 0.14 0 0

0.6 0.4 0 0 0

0.6 0.4 0 0 0

0 0 0.3 0.7 0

0 0.457 0.543 0 0

0 1 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

zQjk 7×5 �

0.2 0.8 0 0 0

1 0 0 0 0

1 0 0 0 0

0 1 0 0 0

0 0 0.9 0.1 0

0.2 0.8 0 0 0

1 0 0 0 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(24)

4.3. Determination of the Multi-Index Comprehensive Mea-
sure Evaluation Vector. Based on the single-index unas-
certained measure matrix and the durability evaluation
index weight vector obtained in the previous two sections,
the multi-index comprehensive measure evaluation vectors
calculated by equation (3) were as follows:

z3k � [0.489, 0.349, 0.162, 0, 0],

z4k � [0.176, 0.560, 0.173, 0.090, 0],

zQk � [0.504, 0.356, 0.126, 0.014, 0].

(25)

With the confidence level λ� 0.7, according to equation
(15), the following is obtained for the third span:

S3: 0.489 + 0.349 � 0.838> 0.7. -erefore, the durability
evaluation grade of the third span of this reinforced concrete
girder bridge was II. For the fourth span,
S4: 0.176 + 0.560 � 0.736> 0.7. -erefore, the durability
evaluation grade of the fourth span of this reinforced
concrete girder bridge was II. For simply supported plate
girder bridges: 0.504 + 0.356 � 0.860> 0.7. -e durability
evaluation grade of the simply supported plate girder bridge
was II. -e evaluation results are consistent with those in the
literature [28, 29], and they are in line with the actual en-
gineering situation. -is indicated that the reinforced
concrete simply supported T-girder bridge and the plate
girder bridge were in good condition, with minor damage,
and they need to be properly inspected and maintained on a
daily basis.

5. Comparative Study

5.1. Standardization of Evaluation Indicators. -e indicators
in Table 2 were normalized and made dimensionless using
the polar difference method [31]. -e standardized equation
of the evaluation index that is positively correlated with the
durability evaluation level is Xjk � xjk − min
xjk/max xjk − minxjk, and the standardized equation of the
evaluation index that is negatively correlated with the du-
rability evaluation level is Xjk � xjk − max xjk/max xjk−

min xjk, where xjk is the value of the evaluation index and
min xjk andmax xjk are the minimum and maximum values
of the evaluation index, respectively.-e standardized values
are shown in Table 6.

5.2. Simple Correlation Function Method. -e weight values
of each indicator were calculated by the simple correlation
function method, and the calculation process [32] was as
follows:

sjk �

2 xj − ajk 

bjk − ajk

, xj ≤
ajk + bjk

2

2 bjk − xj 

bjk − ajk

, xj ≥
ajk + bjk

2

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

, (26)

where sjk denotes the correlation of the jth indicator with
the kth evaluation level; xj denotes the sample value of the
jth indicator; j � 1, 2, . . . , m; and k � 1, 2, . . . , t.

If xj ∈ xjp, then

sjkmax
xj, xjkmax

  � max
k

sjk xj, xjk  . (27)

-e greater the level into which the data of indicator Bj

falls, the greater the weight that should be assigned to that
indicator. -us,

sj �
kmax × 1 + sjkmax

xj, xjk  , sjkmax
xj, xjk ≥ − 0.5

kmax × 0.5, sjkmax
xj, xjk ≤ − 0.5

⎧⎪⎨

⎪⎩
,

(28)
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Table 5: Function graphs and expressions.

Distribution form Graphs Function expressions

Linear distribution

A

D
0

1

y

x
el el+1

B

E

zl(x) �
−x/el+1 − el + el+1/el+1 − el, el < x≤ el+1
0, x> el+1



zl+1(x) �
0, x≤ el+1
x/el+1 − el − el/el+1 − el, el <x≤ el+1



⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
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Figure 2: Continued.
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where kmax represents the evaluation grade into which the
sample value of index j in the element to be evaluated falls.
-e larger the value is, the more restrictive the index is to
treat the matter.

Conversely, if the data for indicator Bj fall into a larger
level, a smaller weight should be assigned to that indicator.
-us,

sj �
t − kmax + 1(  × 1 + sjkmax

xj, xjk  , sjkmax
xi, xjk ≥ − 0.5

t − kmax + 1(  × 0.5, sjkmax
xj, xjk ≤ − 0.5

⎧⎪⎨

⎪⎩
,

(29)

where t is the number of categories assigned to each
indicator.

-e weight of indicator Bj is as follows:

Wj �
sj


m
j�1 sj

. (30)

5.3. Durability Evaluation. -e correlation of the durability
evaluation level k of the system to be evaluated is as follows:

sk P0(  � 
m

j�1
Wjsjk. (31)

If sk0(P0) � maxk∈ 1,2,...,t{ }sk(P0), then the assessment P0
belongs to grade Ck0

.

5.4. Example Analysis. -e durability evaluation indices
were normalized to obtain the classical and section domains,
as follows:

(0, 0.125) (0.125, 0.25) (0.25, 0.5) (0.5, 0.75) (0.75, 1)

(0, 0.33) (0.33, 0.5) (0.5, 0.67) (0.67, 0.83) (0.83, 1)

(0, 0.125) (0.125, 0.33) (0.33, 0.58) (0.58, 0.83) (0.83, 1)

(0, 0.17) (0.17, 0.33) (0.33, 0.5) (0.5, 0.67) (0.67, 1)

(0, 0.17) (0.17, 0.33) (0.33, 0.5) (0.5, 0.67) (0.67, 1)

(0, 0.38) (0.38, 0.58) (0.58, 0.77) (0.77, 0.96) (0.96, 1)

(0, 0.1) (0.1, 0.3) (0.3, 0.6) (0.6, 0.9) (0.9, 1)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

R �

P B1 (0, 1)

B2 (0, 1)

B3 (0, 1)

B4 (0, 1)

B5 (0, 1)

B6 (0, 1)

B7 (0, 1)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(32)

-e measured values of each durability evaluation index
were normalized to obtain the following matter element
matrices:
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t
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ns
 C5 C4 C3 C2 C1

0.55 0.625 0.775 0.9

(g)

Figure 2: Measurement function of each durability evaluation index. (a) Concrete strength index measurement function. (b) Rabar
corrosion index measurement function. (c) Chloride ion content index measurement function. (d) Concrete carbonation index mea-
surement function. (e) Crack index measurement function. (f ) Resistivity index measurement function. (g) Protective layer index
measurement function for steel reinforcement.

Table 6: Standard data of the durability index.

Evaluation indicators I II III IV V
Concrete presumed strength uniformity coefficient, B1 (0, 0.125] (0.125, 0.25) (0.25, 0.5) (0.5, 0.75) [0.75, 1)
Reinforcement corrosion potential level, B2 (0, 0.33] (0.33, 0.5) (0.5, 0.67) (0.67, 0.83) [0.83, 1)
Chloride ion content, B3 (0, 0.125) (0.125, 0.33) (0.33, 0.58) (0.58, 0.83) (0.83, 1)
Average value of concrete relative carbonation depth, B4 (0, 0.17) (0.17, 0.33) (0.33, 0.5) (0.5, 0.67) (0.67, 1)
Crack width, B5 (0, 0.17) (0.17, 0.33) (0.33, 0.5) (0.5, 0.67) (0.67, 1)
Resistivity, B6 (0, 0.38) (0.38, 0.58) (0.58, 0.77) (0.77, 0.96) (0.96, 1)
Characteristic value of reinforcement protective layer thickness, B7 (0, 0.1) (0.1, 0.3) (0.3, 0.6) (0.6, 0.9) (0.9, 1)
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R3 �

P3 B1 0.255

B2 0.03

B3 0.11

B4 0.20

B5 0.4

B6 0.44

B7 0.156

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

R4 �

P3 B1 0.325

B2 0.44

B3 0.17

B4 0.20

B5 0.53

B6 0.59

B7 0.20

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

RQ �

P3 B1 0.175

B2 0.05

B3 0.125

B4 0.25

B5 0.43

B6 0.46

B7 0.04

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(33)

-e correlation degree of each durability evaluation
index was calculated according to equations (4)–(10), and
the specific calculation process was not repeated. -e results
are shown in Tables 7–9.

According to equations (16)–(30), the weights of each
durability evaluation index were calculated by the simple
correlation function method and the results are shown in
Tables 10–12.

According to equation (31), the correlations of grade k

were calculated as follows:

sk(3) � [−0.22, 0.11, −0.14, −0.50, −0.63],

sk(4) � [−0.30, 0.11, −0.08, −0.43, −0.58],

sk(Q) � [−0.14, −0.03, −0.29, −0.52, −0.64].

(34)

-erefore, the durability evaluation grade of the third
and fourth spans of the reinforced concrete simply sup-
ported T-girder bridge and the plate girder bridge was II.

By comparison, it was determined that the final evalu-
ation results of the two bridge durability evaluation methods
were consistent. However, the use of the matter element
extension—entropy weight method—unascertained mea-
sure theory for durability evaluation can reduce the

influence of human subjective factors in the evaluation
process, with significant theoretical advantages, a relatively
easy calculation process, and more accurate calculation
results.

6. Conclusions

(1) Based on the various factors that affect the dur-
ability of reinforced concrete girder bridges, seven
indicators—concrete presumed strength uniformity
coefficient, reinforcement corrosion potential level,

Table 8: Fourth cross-durability evaluation index correlation.

sj1 sj2 sj3 sj4 sj5

B1 −0.38 −0.19 0.3 −0.35 −0.56
B2 −0.20 0.16 0.36 −0.34 −0.47
B3 −0.2 0.2 −0.5 −0.71 −0.8
B4 −0.14 0.2 −0.4 −0.6 −0.7
B5 −0.44 −0.3 −0.07 0.2 −0.22
B6 −0.33 −0.02 0.04 −0.31 −0.48
B7 −0.33 0.5 −0.33 −0.67 −0.78

Table 7: -ird cross-durability evaluation index correlation.

sj1 sj2 sj3 sj4 sj5

B1 −0.31 0.2 −0.1 −0.55 −0.7
B2 0.1 −0.1 −0.4 −0.55 −0.64
B3 0.13 −0.13 −0.675 −0.81 −0.87
B4 −0.15 −0.22 −0.39 −0.59 −0.695
B5 −0.37 −0.14 0.4 −0.2 −0.4
B6 −0.11 0.27 −0.24 −0.43 −0.55
B7 −0.27 0.3 −0.47 −0.73 −0.82

Table 10: -ird cross-evaluation index weight values.

Indicators B1 B2 B3 B4 B5 B6 B7

Weights 0.23 0.05 0.06 0.13 0.24 0.14 0.14

Table 9: Correlation of durability evaluation index for the plate
girder bridge.

sj1 sj2 sj3 sj4 sj5

B1 −0.22 0.4 −0.3 −0.65 −0.77
B2 0.16 −0.84 −0.89 −0.92 −0.94
B3 0 0 −0.625 −0.79 −0.85
B4 −0.25 0.5 −0.25 −0.5 −0.625
B5 −0.38 −0.19 0.18 −0.13 −0.35
B6 −0.14 0.2 −0.2 −0.4 −0.52
B7 0.4 −0.6 −0.87 −0.93 −0.96

Table 12: Evaluation index weight value of the plate girder bridge.

Indicators B1 B2 B3 B4 B5 B6 B7

Weights 0.14 0.11 0.08 0.16 0.27 0.14 0.09

Table 11: Fourth cross-evaluation index weight values.

Indicators B1 B2 B3 B4 B5 B6 B7

Weights 0.09 0.08 0.12 0.06 0.05 0.41 0.20
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chloride ion content, average value of concrete rel-
ative carbonation depth, crack width, resistivity, and
characteristic value of reinforcement protective layer
thickness—were selected to establish the durability
evaluation system and the rating criteria for each
indicator were graded.

(2) -e influence factors of reinforced concrete girder
bridges were uncertain, the combination of the
matter element extension and entropy weight
method was applied to assign weights to each du-
rability evaluation index, which effectively avoided
the influence of human subjective factors in the fuzzy
comprehensive evaluation method, and the evalua-
tion results were more accurate and reasonable.

(3) A complete durability evaluation model for rein-
forced concrete girder bridges was established based
on matter element extension—entropy weight
method—unascertained measure theory. Two rein-
forced concrete girder bridges were taken as ex-
amples for durability evaluation, and the evaluation
results basically matched with the actual condition of
the bridge. -us, the applicability of the model was
illustrated.

(4) -rough a comparative study with a simple corre-
lation function method, matter element extension, it
was found that the final evaluation results of the two
methods were consistent, which proved that the
model could evaluate the bridge durability more
accurately. Because of the advantages of the three
methods (matter element extension, entropy
method, and unascertained measure), the calculation
process was simple and the results were more
accurate.
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