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Abstract

To study the problems of frequent omissions and false alarms in the early warning system due to defects in the safety assess-
ment method (SAM) of the existing bridge health monitoring systems (BHMS). In this paper, the current safety evaluation
methods of BHMS are deeply studied through fuzzy comprehensive evaluation method and derive a new type of bridge health
monitoring system SAM based on the safety evaluation vector. At the same time, combined with the concept of membership
function, the result vector is accurately quantified, and a specific evaluation method for evaluating the safety level of the
bridge structure is obtained. Combining the data of the three bridge health detection systems of 3 X 30 m continuous girder
bridge, simply supported beam bridge, and steel-concrete composite girder bridge in the Beijing Metro Line 5 project, the
daily and monthly safety assessment results of the three BHMS were verified. The research results show that the structural
SAM proposed in this paper can accurately and in real-time evaluate the safety status of small and medium-span simply
supported bridge structures. However, for the evaluation of continuous girder bridges and composite girder bridges, it is
necessary to make specific judgments based on the actual conditions of the bridges. Moreover, the research in this paper
can also consolidate the theoretical foundation for establishing the bridge structure monitoring data, early warning model.
The research method in this paper can promote the further development of the bridge structural health monitoring system.

Keywords BHMS - SAM - Bridge risk level - Real-time monitoring

1 Introduction Existing bridge structures are more complicated in force
form, which leads to more factors affecting structural safety

With the rapid development of China's bridge construc-  assessment than traditional structures. A research hotspot

tion technology, the future development direction of bridge
engineering that the development direction based on fast
construction is gradually being replaced by the direction
based on maintenance. A bridge health monitoring and early
warning system based on data analysis and prediction can
be established through sensor technology, data acquisition
technology, and data correction technology. In data analy-
sis and prediction model establishment, setting a structural
SAM that can encompass all factors that affect the safety of
the bridge structure is one of the critical factors that affect
the accuracy of data prediction [1-3].
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in the current academic circle is how to systematically
quantify all influencing factors through structural SAM and
effectively evaluate the safety level of bridge structures. In
the current bridge standards, three main types of data col-
lection technology solutions can be used for bridge safety
assessment: regular inspections, load testing, and long-term
health monitoring. In a complex natural environment, due
to the influence of many random loads and the aging and
fatigue effects of the structure itself, it is not easy to quantify
the safety assessment status of bridge structures, especially
for complex bridges structures, accurately. Under normal
circumstances, bridge health inspections are mainly sup-
plemented by regular and load tests, and long-term health
inspections are the main. Therefore, it is essential to analyze
the bridge structure that can cover all the factors that affect
the bridge structure’s safety and conduct in-depth research
on the structural SAM based on real-time monitoring data
[4-6].
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For the research of BHMS, domestic and foreign schol-
ars have proposed several structural SAMs. By introducing
the concepts of support vector machine and Particle Swarm
Optimization Algorithm, Wu [7] determined the param-
eters of the bridge structure health status detection model.
Agdas et al. [8] combined Fuzzy Analytic Hierarchy Process
with fuzzy logic and established a set of models that can
effectively assess bridge risks. Through in-depth analysis
of prior perception, Cappello et al. [9, 10] studied the influ-
ence of human factors on determining the parameters for
the bridge health monitoring algorithm, especially involving
various empirical parameters that need to be established by
expert seminars. Zhao [11] used RFID systems and personal
digital assistants to develop a new urban railway structure
inspection system. Agdas et al. [8] conducted research on
in-service bridges' health inspection and evaluation methods,
especially visual inspection and structural health monitoring,
as a comparative study of bridge health assessment meth-
ods. Farhey [12] studied the performance of the instrument
system for bridge health monitoring. His team found that
in the long-term bridge health monitoring system, the per-
formance of the instrument system will directly affect the
accuracy of the detection data. Based on these findings, the
team proposed that the bridge health assessment method be
adjusted over time.

Similar model studies include a bridge risk assessment
model based on fuzzy group decision-making and a struc-
tural SAM based on the analytic hierarchy process and the
data envelopment concepts.

Because the safety assessment of BHMS generally
requires high accuracy, especially in evaluating the safety
level for bridge structures with many influencing factors.
The monitoring data analysis method based on regular
inspections and load tests has gradually shifted to a bridge
early warning model centred on real-time monitoring. Yuan
[13] and Zhao [14] studied the application of the level 2
safety assessment framework for concrete-filled steel tube
arch bridges based on Chinese bridge standards. They
obtained real-time dynamic monitoring data of the struc-
ture through finite element model update technology. Zhang
[15] has researched joint optimization bridge risk assess-
ment model based on the concept of extended confidence
rule base and verified the application of extended confidence
rule base in BHMS. Rahmatalla et al. [16] demonstrated the
predictability of the finite element model by combining the
finite element modal analysis with the operating vibration
waveform generated by the vehicle and proposed the concept
of hierarchical early warning.

However, the existing SAM still has the following prob-
lems: first of all, the early SAM cannot effectively envelop
all the safety influencing factors of bridge structures, which
results in low prediction accuracy. Such as the analytic hier-
archy process and bridge risk assessment model based on
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data envelopment analysis. Second, the existing structural
SAM pays too much attention to the maximum value in the
result vector when processing it and ignores the rest of the
data. Such as the traditional SAM based on the principle
of maximum membership degree or the principle of post-
ing schedule. Finally, the risk assessment model established
based on historical data greatly reduces data processing
efficiency in the monitoring system as the number of data
increases, resulting in frequent omissions and false alarms
in the early warning system [17, 18].

Because of the above problems, this paper proposes a
method that can effectively solve the problems of frequent
omissions and false alarms in the early warning system due
to the defects of the existing SAM of BHMS. At the same
time, this paper combines FCEM with monitoring data to
establish FCEM for bridge monitoring items. And realize
the real-time assessment of bridge structural safety based
on the continuously updated data of the monitoring system.
Finally, combined with the health monitoring system data
of three small and medium-sized bridges of 3 x30 m con-
tinuous girder bridge, simply supported girder bridge and
steel-concrete composite girder bridge of Beijing Metro
Line 5, the health monitoring system of the three bridges
was verified.

2 Research on common result vector
analysis methods and membership
functions

In the research of bridge structure SAM, the first problem to
be solved is the accurate quantification of the result vector
and the sufficient envelope of the data. Then the following
two issues will be focused on: (1) how to accurately quan-
tify the result vector so that bridge managers can conduct a
practical and real-time safety level assessment; (2) how to
establish a set of practical membership functions to envelop
the influencing factors of all bridge safety states. Another
meaning of the membership functions is to quantify all the
factors that affect the safety of the bridge structure to facili-
tate the next step, that is, to complete the processing of the
result vector.

2.1 Research on the result vector analysis method
2.1.1 The necessity of introducing weight analysis method

It is common to use the principle of maximum membership
for analysis for the relationship between the bridge safety
level and the result vector. However, because the results
obtained by the maximum membership evaluation method
only consider the maximum value without other values, the
analysis of the result vector is not comprehensive enough.
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Based on this situation, some researchers used the closeness
principle to analyze the result vector. As an improved method
of the direction for maximum membership, the direction of
closeness considers the relationship between the five val-
ues of the result vector. It gives a more reasonable analysis
method than the principle of maximum membership. How-
ever, when analyzing the result vector in this paper, it is found
that for some exceptional cases, whether the code of maxi-
mum membership degree or the direction of closeness, it is
not accurate enough to evaluate the final result.
Examples are as follows:

1. Suppose there is a result vector, as Eq. (1):
B, =(0.501,0,0,0,0.499) (1)
Evaluation level, as Eq. (2):

V=(V,V,,V;,V,, Vs) = (Levell, Level2,
Level3, Level4, Level5) 2)

According to the principle of maximum membership
degree, the security level corresponding to the result
vector B, is level 1.

2. According to the principle of closeness, calculate five
proximity according to the following Eq. (3).

5
1
N@B.D) =1~ 35 ; lus(V) — up(V) |k 3)

where B is the result vector; D, is the fuzzy feature sub-
set; up(V,) is the calculation formula of the result vector
corresponding to each feature fuzzy subset.

For the result vector B}, by Eq. (3), the five closeness
values are calculated as:

N(B,,D,) =0.9002, N(B,,D,) = 0.8501,
N(B,,D;) = 0.8167;
N(B,.D,) = 0.8333,
N(B,,Ds) = 0.8998.

According to the principle of closeness, the security
level is also determined to be level 1. However, intui-
tively, the vector value corresponding to the level 1
security level is only 0.04 larger than the vector value
corresponding to the level 5 security level. It is unac-
ceptable that the security level of the recognition result
vector B, is level 1. On the other hand, suppose there is
aresult vector:

B, =(0.499,0,0,0,0.501)

According to the principle of maximum membership
degree, the security level is five. According to Eq. (3),
the five closeness values are calculated as:

N(B,,D,) = 0.8998,
N(B,, Ds) = 0.9002.

N(Bz, Dz) = 0.8499,
N(B,,D,) = 0.8334,

According to the principle of closeness, the security
level is also determined to be level 5.

3. By comparing the evaluation results of B, and B,, con-
clusions can be drawn. When a particular data item
monitored by the bridge changes, it is easy to change the
result vector from B, to B,. At this time, the safety level
of the bridge will suddenly change from one to five. In
other words, the bridge in a safe state suddenly becomes
a dangerous state that the bridge cannot be used any-
more. This situation is unacceptable for assessing bridge
safety levels, and a sound bridge safety level evaluation
system should not have this situation.

Based on the above examples, it can be found that
whether it is the principle of maximum membership degree
or the improved approach degree principle analysis method,
there are disadvantages of putting too much emphasis on the
maximum value. When the maximum value in the result vec-
tor is close to other matters, the calculation results of these
two methods are not suitable.

2.1.2 Proposal of weight analysis method

It is unrealistic to define their security level as one to five
for the several result vectors listed above. The evaluation
results should move closer to the middle level. At the same
time, only using the result vector to express the security
level from one to five is not accurate enough. Based on the
above problems, by giving the representative value of the
bridge evaluation index scores, the five safety evaluation
levels correspond to the five score segments, and the evalua-
tion index scores are shown in Table 1. The specific security
level content will be introduced later.

On this basis, this paper proposes a weight evaluation
method. The central idea of the weight analysis method is
to substitute each value in the structure vector into the same
weight function f(x), and the obtained calculation result is
regarded as the weight representing the five correspond-
ing security levels. After that, multiply the weight and the
median of the safety score interval defined and sum it up to
get the final evaluation result. The security level represented

Table 1 Bridge evaluation index score interval table

Classification  Level 1 Level2 Level3 Level4 Level5
Score interval  [90, 100] [70,90) [50,70) [30,50) [0, 30)
Median score 95 80 60 40 15
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by this resulting vector can be obtained by substituting the
obtained score value into the corresponding score interval.
The resulting vector is obtained, as Eq. (4):

B = (x1, %y, X3, %4, X5) @)

According to Table 1, the safety level V represented by it
can be quantified, as Eq. (5):

(V,, Vo, Vi, Vi, Vi) = (95,80, 60, 40, 15) )

Then the calculation formula of the weight analysis
method, as Eq. (6):

> fa) XV,
n=——ms————" (6)
Zi=1f(xi)

where f(x;) is the weight obtained by bringing the corre-
sponding value in the result vector B into the function; V; is
the score corresponding to different security levels; n is the
score result obtained from the evaluation.

2.1.3 Research on the characteristics of the weight analysis
method

It can be seen from the above formula that the selection
of the weight function f(x) will directly affect the result
of the evaluation. Because, for any i € [1,5], there is
x; € [0, 1][0, 1], and Zf:] x; = 1. Therefore, the first deriva-
tive of f'(x) must meet the following conditions, as Eq. (7):

@>O.

- )

The selected weight function f{x) must be increasing to vio-
late the fundamental principle that the larger the value in the
result vector B, the more influential the safety is. Assuming
that there is a single element x,,,, with the largest value in the
result vector B, the weight ratio m; calculated by the weight

function f (x) between x,,,,, and any other element x;, as Eq. (8):
J Kmax)
m; = . 8
£ ®
When f(x) takes the most commonly used one-variable
linear function, the value of m; is the ratio of x,, to x;
denoted as m, as Eq. (9):
_ Xmax
mj = == ©)

l

When the second derivative of f(x) is greater than zero,
as Eq. (10):

df*(x)
dx2

>0 (10)
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From Eq. (10), it can be known that the value of m; will
be greater than m;. When the second derivative of the weight
function f{x) is greater than zero, the weight of the largest
element x,,,, in the result vector B will increase. When the
second derivative approaches positive infinity, as Eq. (11):

SOma)
IS YN
Z,':]f(xi)

The result obtained using the weight analysis method
is only related to the element with the largest value in the
result vector B. The results obtained using the weight analy-
sis method are the same as those obtained using the principle
of maximum membership.

QY

2.1.4 Determination of weight function and weight vector

According to the above analysis results, the first derivative of
the selected weight function f{x) must be greater than zero.
The second derivative should be appropriately greater than
zero to reflect the importance of the maximum value in the
result vector B.

Considering the convenience of calculation, this article
chooses f(x) =x> as the weight analysis method's weight
function. Therefore, the final formula for weight analysis,
as Eq. (12):

25 2 xV,

=17
5 2
2

Using the weight analysis method to analyze the two
result vectors mentioned above B, and B,, the evaluation
scores obtained are 55.16 and 54.84, respectively. Corre-
sponding to the evaluation score interval, the safety level is
all three. Moreover, when the maximum value of the result
vector changes in a small range, it does not affect the final
evaluation result. Using the weight analysis method can
solve the problem that the calculation results of the princi-
ple of maximum membership and the direction of closeness
are too heavy for the maximum value in the result vector.

According to the characteristics of the original data
source when calculating the weight, the analysis methods for
determining the weight can be divided into three categories:
the subjective weighting method, the objective weighting
method, and the combined weighting method. The subjec-
tive weighting method is an analytical method that deter-
mines the weight according to the emotional importance of
each attribute by decision-makers (usually industry experts).
The original data mainly come from the personal judgment
of experts based on experience.

12)
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Commonly used subjective weighting methods include
expert survey (Delphi method), analytic hierarchy process
(AHP), binomial coefficient method, etc. Combined with the
characteristics of the bridge structure of the research object,
this paper will choose the Delphi method to determine the
weight of the result vector. The Delphi method is based on
the opinions and opinions of relevant experts or authoritative
persons, and the survey object is limited to the expert level.
This method was first used for technology development pre-
diction and has been widely used in political, economic,
cultural, and social development and other fields.

The working procedures of the Delphi method mainly
include: organizing an expert group, drawing up an investi-
gation outline, selecting the investigation objects, soliciting
opinions in turn, and sorting out the investigation results.
The main features of the expert investigation method are cor-
respondence, multiple directions, anonymity, repetition, and
concentration. It can also be seen that the Delphi method is
more scientific and has a wide range of application prospects.

2.2 Research on commonly used membership
functions

An appropriate range is required for each monitoring item to
define which security level the data belongs to. The determi-
nation of the specified content of the membership function
is the core of distinguishing different bridges and different
monitoring systems. The criterion for determining the scope
of the membership function: calculate the threshold of each
measurement item specified in the specification. The security
level is five when the monitoring data is near the regulatory
point. According to the distance of the data away from the
specification limit, the safety level will increase in turn.

2.2.1 Membership function model

Considering that the research object of this paper is bridge
structure, the safety degree of bridge structure needs to be
described by a certain amount of monitoring data. The cor-
responding membership function is established for each evalu-
ation factor, classified into specific evaluation levels according
to specific values. According to the bridge evaluation classifi-
cation characteristics, the trapezoidal distribution is selected
as the basic model of the membership function and adjusted as
the membership model of each project. The specific member-
ship function model is shown in Eq. (13):

0 x<a

g a<x<b

1 b<x<c. (13)
% c<x<d

0 d<x

u(x) =

729
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Fig. 1 Membership function of one-level components
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Fig.2 Membership function of two-level components

2.2.2 Establishment of membership function

A specific membership function can be obtained through
Eq. (13) and combined with the threshold value of each fac-
tor in the above specification. Take structural deformation
as an example here. Take the ratio of the measured data and
the specification limit as the independent variable x. The
five-level membership function of structural deformation is
shown in Figs. 1, 2, 3,4 and 5.

The membership functions for structural bridge cracks,
beam stress, and joint expansion width can be derived using
the same method.

2.3 Classification of security levels

According to the assessment method of the existing speci-
fications on the technical condition of the bridge, it is not

uuuuuu
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difficult to obtain the five types of safety assessment grades
for the bridge. Discrete the structural safety assessment
results according to 5 states and express them from one to
five levels [19, 20]. The meanings of all levels are as follows:

Level 1: The bridge does not have structural safety issues.
The components are usually working, and the values of each
monitoring item are in a safe and sound range, and there is
no need to do any treatment on the bridge;

Level 2: The bridge structure is safer. The components are
usually working, and most of the monitoring items are less
than the limit value and need to be repaired slightly without
reinforcement;

Level 3: The safety of the bridge structure is average and
at a passing grade. Each component can still work typically,
some monitoring items are close to the limit value, or some
members have minor diseases and need to be repaired with-
out reinforcement;

Level 4: The safety of the bridge structure is poor. Some
components cannot work typically, the values of most of the
monitoring items are close to the limit, and the data of some
monitoring items exceed the limit. After special inspection,
they will be overhauled or reinforced;

Level 5: The bridge structure is dangerous with poor
safety. Each component has serious diseases to varying
degrees and shows a trend of continued expansion. The value
of each monitoring item is greater than the standard value,
and the bridge cannot be used anymore. It is necessary to
check and determine how to deal with it.

3 Establishment of structural SAM

The structural SAM used in this paper combines FCAM
with monitoring data to establish FCAM for bridge moni-
toring items. Through this method, the purpose of real-time
assessment of bridge structure can be achieved by relying
on the monitoring system's data. The establishment of the
fuzzy comprehensive evaluation method generally requires
four steps: determining the evaluation level of the structure,
determining the comprehensive evaluation factor model,
determining the evaluation weight vector, and establishing
the membership function of each factor. The related issues
of weight vector and membership function have been intro-
duced above. The framework of the bridge structure safety
assessment method is shown in Fig. 6.

The fuzzy comprehensive evaluation method is generally
divided into the first-level fuzzy comprehensive evaluation
and the second-level fuzzy comprehensive evaluation. In this
paper, considering that many factors affect bridge structures'
safety state, the second-level FCEM with higher accuracy
is selected.
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Fig.6 The framework of the safety assessment method of the bridge
structure
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3.1 Introduction of the second-level FCEM

Suppose the level 1 factor set is recorded as the structural
layer, and the level 2 factor set corresponding to each struc-
ture of the structural layer is recorded as the factor layer.

1. Choose suitable models for FCEM.

Commonly used models include M(e,+) model,
M (exponentiation, A) model, M(A, V) model, etc. This
article chooses the weighted average model that consid-
ers all factors, namely the M(e, +) model. This model
comprehensively considers various factors and can
retain the information of each factor, which is more suit-
able for the safety assessment of bridge structures.

2. Determine the membership function for each factor in
the factor layer.

The FCEM is a bottom-up evaluation method. The
evaluation of each bottom factor must be achieved
through its corresponding membership function. Sup-
pose the monitoring data of the j-th factor of the i-th
structure layer at a certain moment is. In that case, the
evaluation vector calculated by the corresponding mem-
bership function is B;; = [byy, by, byj3. by, byjs]™.

3. Establish the secondary evaluation matrix R; of the
structure layer

For each structure Uj in the structure layer, after each
factor Uj; below it is calculated by the corresponding
membership function, the evaluation vector Bij obtained
is assembled into a matrix, which is the secondary evalu-
ation matrix R; of the structure U;. The specific calcula-
tion method is shown in Eq. (14).

bill bi21 bijl

] — bia bixy -+ bij2 (14)

R, = [B” B;, - B; .
bilS bi25 szS

y

4. FCEM of secondary indicators

Assume that the weights assigned to the indicators
UpUp,...U; of Uyare W; = [a;,, a;, -+ a;]" respectively.
Use the weighted average model to calculate the second-
ary evaluation result vector for W, and R;, namely, as
Eq. (15):

B, =R;-W,=1[b;,bp, ... biS]T, (15)

where b, = ¥/ _ a; - by y =1,2,...5.
5. FCEM of the level 1 indicators.

For each structure [U;,U,,U;,...,U,] in the

structure layer, the level 2 evaluation result matrix

R =[B,,B,,B;,...,B,] is obtained according to the

FCEM of the level 2 indicators in the previous step.

This matrix is multiplied by the weight W of the level

1 evaluation B = R - W. The final evaluation vector B

of the FCE of the level 1 index can be obtained. The

specific calculation method is as Eq. (16).

a; by by -+ by, a
B=R-W=[B,B, B, a‘z _ b.lz b.zz b,‘nz ‘1‘2
a,, bis bys =+ bys a,,

(16)

Analyze the obtained result vector B and get the final
evaluation result. Then, the bridge structure's safety
level can be determined.

3.2 Structural safety assessment method design
process

The structural safety assessment design flow chart of the
BHMS is shown in Fig. 7.

4 Establishment of BHMS
4.1 Monitoring system sensor arrangement

The bridge structure studied in this paper is a 3 X 30 m pre-
stressed concrete continuous box girder bridge in the sec-
tion of No. 14—17 piers in the interval between "North Exit
of Huixin West Street and East of Datun Road" of Beijing
Metro Line 5. The central monitoring contents include
crack monitoring, support monitoring, beam stress monitor-
ing, beam displacement monitoring, pier top displacement
monitoring, and ambient temperature. The layout of moni-
toring points for the 3 X 30 m prestressed concrete continu-
ous girder bridge at piers 14—17 is shown in Fig. 8, and the
monitoring items are shown in Table 2.

The layout of the box girder sensor is shown in Fig. 9a, b
is the sensor position check, Fig. 9c is the Keyence IL-S100
laser displacement sensor, and Fig. 9d is the strain gauge.

uuuuuu
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Use the weight analysis
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Fig. 7 Flow chart of structural safety assessment design

Among them, the mid-span tensile stress monitoring point
and the web stress monitoring point are strain gauges; The
beam displacement monitoring point, the beam displacement
in the transverse direction and along the bridge direction
are all laser displacement sensors; The support deformation
monitoring points include support longitudinal deformation
displacement, support shear deformation displacement and
vertical displacement. The sensors used in the detection sys-
tem are all laser displacement sensors.

4.2 Data collection of BHMS
To ensure the safety of subway operations, the subway oper-

ation management department has carried out several special
inspections and routine annual inspections. The test results

‘‘‘‘‘‘

show some diseases and problems in the bridge structure.
As the operating life increases, the condition will change
further. The existence of these defects has brought certain
hidden dangers to the regular operation of the subway. To
eliminate risks and improve safety protection, BHMS was
installed on the elevated section of Beijing Metro Line 5
after certification by experts. The BHMS is mainly com-
posed of information acquisition and safety evaluation.
Information acquisition primarily refers to various sensors
installed across multiple structure parts. After a series of
remote transmissions, the collected structural response
information is stored in a database for bridge maintenance
managers to conduct a real-time safety assessment of the
bridge structure. The flow chart of the monitoring system is
shown in Fig. 10. Safety assessment analyzes and calculates
the pre-processed information through structural mechanics
theory to find structural damage and determine the impact
of wear on the structure.

As part of the bridge health monitoring system, a total
of 25 sets of sensors were installed on the 3 x30 m pre-
stressed concrete continuous girder bridge at piers 14-17.
The detailed parameter information of the sensor is shown
in Table 1. In the past, to verify the efficiency and accuracy
of the sensor, the operating department would check the sen-
sor data every specific period. Figure 11 is the data check
on the horizontal and vertical displacement of the support
at 7:17-7:24 on the morning of July 14, 2016. It can be seen
from the check diagram that the dynamic displacement of
the support is zero when there is no subway train passing,
and the displacement will change when the train passes.
Still, the displacement deformation is within the allowable
range of the subway design specification. The specification
stipulates that the longitudinal displacement of the plate rub-
ber bearing shall not exceed 5 mm, and the lateral displace-
ment shall not exceed 2 mm.

4.3 Determination of the weight vector

In the calculation of the FCEM, the weight vector of each
structural layer and the weight vector of the factor layer need
to be determined explicitly by the analytic hierarchy process.
The specific steps of using the analytical hierarchy process
are shown in Fig. 12.

Regarding the determination of the weight vector of
each structural layer and factor layer, due to the insufficient
content of the normative record, there are not many studies
on FCE of the same type of BHMS at home and abroad.
Therefore, this article chooses the expert survey method to
judge different structural and factor layers' weight vectors.
After consulting several experts, these experts have a good
understanding of the bridge operation status of Metro Line 5,
and the researchers made statistics and sorted out the expert
survey opinions they gave. Try to balance the views of all
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Fig.8 Layout of measuring points for 330 m prestressed concrete continuous beam bridge at piers 14-17: a schematic diagram of bridge
elevation; b schematic diagram of the bridge; ¢ cross-section of the beam

experts while looking for standard views on the weight vec-
tor. Take the factors contained in the beam factor layer in
the comprehensive evaluation factor model as an example.
Table 3 shows the weight vector judgment matrix after com-
prehensive statistics.

Checking the consistency of the judgment matrix shows
that the average random consistency index R.I. of the 7-order
matrix is 1.36. The calculation of the consistency propor-
tional coefficient C.R. is as Eq. (17) and Eq. (18):



734 Journal of Civil Structural Health Monitoring (2022) 12:725-742

Table 2 Monitoring items between piers 14—17

Serial number Equipment name Monitoring Monitoring items/uses Number of

accuracy monitoring
locations

1 Ambient temperature sensor 0.1°C Ambient temperature 1

2 Strain gauge 1 pe Bottom stress of beam 3

3 Inclinometer 0.03° Lateral displacement of pier column 1

4 Inclinometer 0.03° Longitudinal displacement of pier column 1

5 Laser displacement sensor 0.1 mm Beam body transverse displacement 1

6 Laser displacement sensor 0.1 mm Beam body displacement along the bridge 1

7 Laser displacement sensor 0.1 mm Lateral displacement of the support 1

8 Laser displacement sensor 0.1 mm Vertical displacement of support 1

9 Laser displacement sensor 0.1 mm Bearing displacement along the bridge 1

10 Laser displacement sensor 0.1 mm Shear deformation of bearing 1

11 Strain gauge 1 pe Principal stress of web side 7

12 Crack gauge 0.1 mm Beam crack monitoring 6

TR
O 20°C
2019.5.17

PKEYENCE

I TTTTET]

Fig. 9 The layout of the sensor: a arrangement of box girder sensors; b check the position of the sensor; ¢ KEYENCE IL-S100 laser displace-
ment sensor; d strain gauge
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cess. C.I. calculation consistency index, R.[. random consistency
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It can be seen from Eq. (18) that the consistency of the
matrix is acceptable, so the weight vector of each component
of the beam is as shown in Eq. (19):

W = (0.212,0.383,0.094,0.094, 0.142,0.035,0.034)".

19
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Table 3 The weight judgment matrix of each factor of the beam body

The tensile Beam crack Lateral displace- Longitudinal Beam Expansion The relative displace-
stress of beam ment of the displacement of the mid-span  joint width ment of steel-concrete
web beam beam stress interface
Tensile stress of beam 1 1/3 3 3 2 5 5
web
Beam crack 3 1 4 4 5 7
Lateral displacement ~ 1/3 1/4 1 1 1/3
of beam
Longitudinal displace- 1/3 1/4 1 1 1/3 5 4
ment of beam
Beam mid-span stress  1/2 1/5 3 3 1 5 2
Expansion joint width  1/5 1/6 1/5 1/5 1/5 1 2
Relative displacement 1/5 177 1/4 1/4 172 172 1

of steel—concrete
interface

5 Verification and expansion of bridge
health monitoring system

5.1 Processing of health monitoring system data

The data of each measurement item collected from the con-
tinuous girder bridge of piers 14-17 at 7 am on July 14,
2016, is selected as the sample data. Bring the sample data
into the membership function of each factor, and verify the
structural safety assessment method. The establishment of
the comprehensive evaluation factor set is shown in Fig. 13.

Fig. 13 Establishment of a com-
prehensive evaluation factor set

5.1.1 Single-factor analysis of beam body

According to the data recorded by the BHMS, the lateral
displacement of the beam is 0.77 mm, and its displacement
limit is 7.5 mm. The ratio of the measured value and the
limit value is brought into the membership function of the
displacement, and the evaluation vector of the lateral dis-
placement of the beam is obtained as (0.467,0.533,0,0,0)"
[21].

The longitudinal displacement of the beam is 4.66 mm,
and the displacement limit is 7.5 mm. The ratio of the

Structural layer

e S S

Longitudinal
displacement of support

beam web
stress

Lateral displacement of

Vertical displacement of
the support

bridge pier

Lateral displacement of
Longitudinal displacement beam

sup)

Lateral displacement of
port

Longitudinal displacement
of beam body

Factor layer

Shear deformation of
support

Beam Crack Width l

‘‘‘‘‘‘

I
1
I
I
I
I
I
I
I
I
of bridge pier :
I
I
I
I
I
I
I
I
I
I
I

Displacement of beam
expansion joint




Journal of Civil Structural Health Monitoring (2022) 12:725-742

737

measured value and the limit is brought into the member-
ship function of the displacement, and the evaluation vector
of the longitudinal displacement of the beam is (0,0,0,1 ,0)T.

The three monitoring values of the beam mid-span stress
are — 1.767 MPa, — 0.113 MPa, and 2.44 MPa. Bring them
into the membership function of the pressure, respectively,
and then find the average value of the three vectors, and
get the evaluation vector of the beam mid-span stress as
(0.667,0,0,0,0.333)".

The seven monitoring values of beam web stress are
1.157 MPa, 4.671 MPa, 1.741 MPa, 1.319 MPa, 1.086 MPa,
1.052 MPa, and 0.242 MPa. Bring them into the membership
function of the stress, respectively, find the average value
of 7 vectors, and get the evaluation vector of the beam web
stress as (0.143,0,0.486,0.127,0.244)T.

The monitored values of the maximum width of the
cracks in the two beams are 0.555 mm and 1.84 mm respec-
tively. Bring them into the membership function of the
crack width, and then find the average of the two vectors,
and get the evaluation vector of the beam crack width as
(0,0,0,0.5,0.5)".

Combining the above five evaluation vectors, the second-
ary fuzzy relationship matrix of the beam body is obtained
as Eq. (20):

0.667 0.143 0.467 0 0
0 0 053300
0 048 0 0 0 | (20)
0 0127 0 105

03330244 0 005

R, =

5.1.2 Single-factor analysis of bridge bearing

The longitudinal displacement of the bridge bearing is
— 2.44 mm, and its displacement limit is 5 mm. The ratio
of the measured value to the limit value is brought into the
membership function of the displacement, and the evaluation
vector of the longitudinal displacement of the bridge bearing
is (0,0,0.56,0.44,0)".

The lateral displacement of the bridge bearing is
0.59 mm, and its displacement limit is 2 mm. The ratio of
the measured value and the limit value is brought into the
membership function of the displacement, and the evalua-
tion vector of the lateral displacement of the bridge bearing
is (0,0.542,0.458,0,0)".

The vertical displacement of the bridge bearing is
0.011 mm, and the displacement limit is 1.8 mm. The ratio
of the measured value and the limit value is brought into the
membership function of the displacement, and the evaluation
vector of the vertical displacement of the bridge bearing is
(1,0,0,0,0)".

The shear deformation of the bridge bearing is 0.076,
and its displacement limit is 0.45. The ratio of the measured
value and the limit value is brought into the membership
function of the displacement, and the evaluation vector of
the shear deformation of the bridge bearing is (0,1,0,0,0)T
[22, 23].

Combining the above four evaluation vectors, the sec-
ondary fuzzy relationship matrix of the bridge bearing is
obtained as Eq. (21):

0 0 10
0 054201
0.56 0.458 0 0 |. Q1)
044 0 00
0 0 00

R, =

5.1.3 Single-factor evaluation of bridge piers

The longitudinal displacement of the pier is 0.376 mm, and
its displacement limit is 27 mm. The ratio of the measured
value to the limit value is brought into the membership func-
tion of the displacement, and the evaluation vector of the
longitudinal displacement of the pier is (1,0,0,0,0) [24].

The lateral displacement of the pier is 0.285 mm, and its
displacement limit is 22 mm. The ratio of the measured value
and the limit value is brought into the membership function
of the displacement, and the evaluation vector of the lateral
displacement of the pier is obtained as (1 ,0,0,0,0)T.

Combining the above two evaluation vectors, the second-
level fuzzy relationship matrix of the pier is obtained as
Eq. (22):

11
00
Ry;=|00 | (22)
00
00

5.1.4 Find the first-level fuzzy relationship matrix

The second-level fuzzy relationship matrix R; of the factors
mentioned above is multiplied by its weight vector W,, and
the second-level evaluation result of a single factor can be
obtained. As Egs. (23)—(25):

0.667 0.143 0.467 0 0 | [0.153 0.170

0 0 053300 ||0224 0.041

B,=R,-W,=| 0 048 0 0 0 |-[0077|=]0.109
0 0127 0 105] 0077 0.340

03330244 0 005 | 0469 0.340

(23)

uuuuuu
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[0 0 10] 03 0.3
0 054201 |75 0.262
By=R,-W,={056045800 |- " f=10306
044 0 00 |,7 0.132
0 0 00 : 0
(24)
[ 11 [ 1
00| ros 0
00 : 0
00 0

"= 0.2822 x 95+ 0.1112 x 80 + 0.165% x 60 + 0.2432 x 40 + 0.199? x 15

N(B,D;) = N(B®,D,) = 0.8698
N(B,D,) = N(B¥,D,) = 0.8820

N(B,Ds) = N(B®,D,) = 0.8787.

The calculation results N(B, D;) can be found to be the
largest through the calculation results. Therefore, the evalu-
ation result and the fuzzy feature subset (1,0,0,0,0)T are the
closest to the evaluation result, and the result is that the
structural safety level is level 1.

When the weight analysis method is used to evaluate the
result vector, The calculation result is as Eq. (28):

= 60.38. (28)

0.2822 +0.1112 4+ 0.165% + 0.243% + 0.1992

The second-level evaluation results of each factor are
formed into a new matrix, which is the first-level fuzzy rela-
tionship matrix R. As Eq. (26)

0.170 0.3 1
0.041 0.262 0
0.109 0.306 O |. (26)
0.340 0.132 0
0340 0 0

R=[B,B,Bs] =

5.1.5 Result vector analysis

The first-level fuzzy relationship matrix R is multiplied by
the weight vector W of the structure layer to obtain the evalu-
ation result vector B, as Eq. (27):

0.170 03 1 0.282
0.041 0.262 0 0.584 0.111
B=R-W=]0.109 0.306 0 0.333 =] 0.165 |.
0.340 0.132 0 0.083 0.243
0340 0 O 0.199

@7
When the principle of maximum membership is used to
evaluate the result vector, the result obtained is level 1 of
bridge safety. When the closeness method is used to ana-
lyze the obtained evaluation results, the closeness algorithm
given by Eq. (3) is used. The closeness of the fuzzy compre-
hensive evaluation result vector B calculated by this algo-
rithm to each feature fuzzy subset is:

N(B,D,)=NBY,D,) = 0.8867

N(B,D,) = N(B?,D,) = 0.8696

‘‘‘‘‘‘

The evaluation score obtained is 60.38, and the score
obtained is brought into the evaluation score interval
Table 1. It can be seen that the safety level of this continu-
ous girder bridge is three. Through the analysis of the result
vector, the measurement item data corresponding to level 1
of safety is not large, and it is close to the data corresponding
to level 5. Therefore, it is too optimistic about evaluating its
security level as level 1. It is reasonable to use the weight
analysis method to define the safety level of the continuous
girder bridge as level 3.

5.2 Expanded application of BHMS

5.2.1 Daily and monthly safety assessment of continuous
girder bridges

Using the FCEM, continuously calculate the safety score of
the continuous girder bridges for 24 h, and the score change
is shown in Fig. 14. Using the same method to calculate the
safety score of the continuous girder bridge throughout July
of 2016, the score changes are shown in Fig. 15. It can be
seen from Fig. 14 that in 1 day, the safety score of continu-
ous girder bridges is maintained within the range of 50-70,
and the safety assessment level is maintained at level 3. In
one month, the structural safety level of the bridge is level 3
most of the time, and the overall safety level varies between
level 2 and level 3.

According to the contents of "Beijing Metro Line 5 Civil
Engineering Facilities Inspection" and "Beijing Metro Line
5 Elevation Benchmark and Bridge Pier Displacement Moni-
toring Report", the continuous girder bridges of piers 14—17
have severe deterioration of the plate rubber bearings, and
there are two long-lasting cracks in the webs of the side span
beams. Prestressed concrete has water seepage and whiten-
ing, and local concrete peels off. The vertical displacement
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Fig. 15 Changes in safety assessment scores of continuous girder
bridges in July 2016

difference between the monitoring piers is close to the warn-
ing value, and attention should be paid. The assessment
result of the safety status of the bridge is level 3, and the
assessment result is similar to that obtained by the FCEM.
It shows that the SAM used in this paper applies to continu-
ous girder bridges.

5.2.2 Daily and monthly safety assessment of simply
supported girder bridge

The FCEM is used to calculate the safety score of the sim-
ply supported girder bridge for 24 h, and the score changes
are shown in Fig. 16. Using the same method to calculate

Fig. 16 Changes in the 24-h safety assessment scores of simply sup-
ported beam bridges
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Fig. 17 Changes in safety assessment scores of simply supported
beam bridges in January 2016

the safety score of the simply supported girder bridge for
the entire January of 2016, the score changes are shown in
Fig. 17. It can be seen from Fig. 16. that in 1 day, the safety
score of the simply supported girder bridge remained stable
at over 90 points, and the safety assessment level was level 1.
In one month, the safety score of the bridge fluctuates mainly
between 90 and 94, and the structural safety grade is level 1.

According to the contents of "Beijing Metro Line 5 Civil
Engineering Facilities Inspection" and "Beijing Metro Line
5 Elevation Benchmark and Bridge Pier Displacement
Monitoring Report", the slab rubber bearing of the simply
supported girder bridge with piers between 119 and 120 has
slightly deteriorated, and there are no other diseases. The
vertical displacement difference between the monitored piers

uuuuuu
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Fig. 18 Changes in the 24-h safety assessment scores of steel-con-
crete composite beam bridges
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Fig. 19 Changes in safety assessment scores of steel-concrete com-
posite girder bridges in January 2016

is less than the safe value. The assessment result of the safety
status of the bridge is level 1. The evaluation result of the
bridge inspection report is similar to the result obtained by
the FCEM, indicating that the safety evaluation method used
in this paper applies to a simply supported girder bridge.

5.2.3 Daily and monthly safety assessment of steel-
concrete composite girder bridge

The FCEM is used to calculate the safety score of the
steel-concrete composite girder bridge for 24 h. The score
changes are shown in Fig. 18. At the same time, the safety
score for the entire January of 2016 is calculated, and the
score changes are shown in Fig. 19. It can be seen from

‘‘‘‘‘‘

Fig. 18. that in 1 day, the safety score of the steel-concrete
composite girder bridge is roughly maintained within the
interval of 60-75, and the safety assessment level varies
between level 2 and level 3. In 1 month, the evaluation
score of the steel-concrete composite girder bridge fluctu-
ates between 50 and 80, and the structural safety level varies
from level 2 to level 3.

According to the content of "Beijing Metro Line 5 Civil
Engineering Facilities Inspection" and "Beijing Metro Line
5 Elevation Benchmark and Bridge Pier Displacement
Monitoring Report", the steel box girder of the steel-con-
crete composite girder bridge of the 183—186 pier section is
slightly corroded. The steel-concrete mixed box girder wing
plate seeps and sees white, and the corner of the wing plate
and the web Whitening. The vertical displacement difference
between the monitored piers is less than the safe value. The
assessment result of the safety status of the bridge is level 2.
Since the previous bridge inspection report mainly counted
the apparent disease of the bridge, it did not evaluate factors
such as the horizontal displacement of the beam. However,
the measured horizontal displacement of the steel-concrete
composite beam, including the horizontal displacement of
the beam body and the horizontal displacement of the bridge
pier, has the problem of approaching the limit or exceeding
the limit. Therefore, it is acceptable that the results obtained
using the bridge SAM proposed in this paper are partially
different from the measured results.

5.3 Summary

The comparative data analysis of the above three bridges
shows that the bridge structure SAM based on real-time
monitoring data proposed in this paper mainly aims at the
safety assessment of small and medium-sized bridge struc-
tures. The method has strong applicability, especially in
evaluating supported girder bridges. The reason is that the
trainload and temperature have little effect on the structural
deformation of simply supported girder bridges compared to
continuous girder bridges and composite girder bridges, so
the scores are relatively stable. For continuous girder bridges
and composite girder bridges, especially composite girder
bridges, the structural deformation is significant under the
action of train load and temperature, and the displacement
limit specified in the code is also much larger than that of
supported girder bridges. This significantly fluctuates in the
safety assessment results, derived from Figs. 14 and 18.
However, this fluctuation does not affect the use of the
evaluation method in composite and continuous girder
bridges. This can be seen from the single-month assessment
results of three bridges in the Beijing subway. The evalua-
tion scores of supported girder bridges in a single month
are all within the first-class range, showing no structural
safety problem for simply-supported girder bridges, and the
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structure can be undisputedly rated as first-class. At the same
time, the continuous girder bridge and the composite girder
bridge in a single month, although the evaluation scores fluc-
tuate significantly, the overall score is still maintained in the
second and third grades. The safety level of the bridge can
be determined entirely by the evaluation score combined
with the actual situation of the bridge. This does not deny
the applicability of the method, but the safety level of the
bridge structure cannot be directly determined by the evalu-
ation method alone.

6 Conclusion and outlook

In this paper, through an in-depth study of the structural
SAM in the bridge health monitoring system, the following
conclusions are drawn:

1. A set of SAM suitable for modern small and medium
bridge structures has been established. This method
can comprehensively consider all the factors that affect
the safety assessment of the bridge structure and vec-
torize all aspects through the membership function. At
the same time, combined with the two-level FCEM, the
final safety evaluation vector of the bridge structure was
given. The weight is determined through expert discus-
sion to quantify the result vector accurately. Finally,
combined with the final quantitative value, the clas-
sification assessment of the safety state of the bridge
structure is completed.

2. Combined with the Beijing Metro Line 5 project, the
3 %30 m continuous girder bridge, simply supported
girder bridge, and steel-concrete composite girder
bridge are used for 24-h safety evaluation verification
using the structural SAM proposed in this paper. The
verification result is compared with the actual test report
to verify the accuracy of the application of the SAM in
the BHMS.

The structural SAM established in this paper, combined
with data prediction technology, can form a complete set of
bridge health monitoring and early warning models. The
prediction based on the BHMS data needs to be studied in
depth in current practice. Based on the current develop-
ment trend of bridges at home and abroad, the research and
development of bridge health monitoring and early warning
systems is the general trend, requiring more attention from
researchers.
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