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Abstract: To assess the combined risks of long-span
suspension bridges under continuous wind loads and occasional
earthquakes,
suspension bridges based on improved Bayesian networks was
proposed by combining the quantitative analysis of the
structural damage probability and the qualitative assessment of
the damage consequences during bridge operation. First, the
damage degree of each component was obtained according to
the characteristics of the suspension bridge and the results of
wind and earthquake analyses. Then, the failure probability of
the bridge structure was calculated using the theory of
structural reliability. Finally, the risk assessment model of the
suspension bridge based on improved Bayesian networks was
proposed to evaluate the risk during bridge operation. The
results show that considering the varying impacts of different
bridge components,
categorized into four degrees based on its disaster resilience.
Taking the Lingdingyang Bridge as an example, the maximum
risk level under multihazard risks is level 3 according to the
proposed method, which requires traffic restrictions and
maintenance. Therefore, this method can guide the emergency
management strategy of sea-crossing bridges in response to
multihazard risks.

a risk assessment framework for cross-sea

the bridge damage level can be
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R isks to bridges during their operational period in-
clude accidents caused by winds, earthquakes,
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fires, hydraulic events, collisions, and fatigue. In this re-
spect, risk analysis generally aims to evaluate the possi-
bility of risks and develop corresponding countermeas-
ures''’. As suspension bridges are often used as long-span
bridges, the demand for suspension bridges and their ma-
For suspension
bridges, 58.4% of related accidents are caused by wind
Bl and earthquakes may result in catastrophic
consequences. Therefore, they are chosen as typical
risks. In this regard, Lu et al. ' developed a procedure

. . . . . 2
intenance in China are increasing'”.

disasters

to assess the seismic performance of the overall system for
long-span suspension bridges. Meanwhile, Hu et al. "
used a health monitoring system for the wind resistance
evaluation of long-span suspension bridges.
there are two challenges in evaluating suspension bridges.
First, the structural compositions of suspension bridges
are both diverse and complex, requiring systematic as-

Currently,

sessment. Second, this area lacks an assessment model
that integrates both qualitative and quantitative approa-
ches.

Given the complex nature of sea-crossing suspension
bridges, which consist of numerous components, Bayes-
ian networks'®” have gained widespread use in risk as-
sessment because of their ability to depict the relationships
between component risk nodes. Meanwhile, to address
the lack of quantitative assessments, the response surface
method™ and the equivalent normalizing method ( JC
method) ' are introduced. The response surface method,
in conjunction with the JC method, enables rapid and ac-
curate calculation of bridge damage probability, consider-
ing uncertainties associated with a bridge’s structural ma-
terial. Because specific risk acceptance criteria for sus-
pension bridges are lacking, this study combines quantita-
tive risk probability with qualitative risk assessment based
on the “as low as reasonably practicable” principle to ex-
press the evaluation indices of earthquake and wind dam-
age. The damage consequences are categorized into mi-
nor, medium, severe, and complete damage based on the
acceptable levels for sea-crossing bridges. Consequently,
suspension bridges are classified into four risk levels, ran-
ging from levels 1 to 4.

This study proposes a multihazard risk assessment
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framework based on improved Bayesian networks to eval-
uate the risks of sea-crossing suspension bridges under
wind disasters and earthquakes. Leveraging Bayesian net-
works, the framework effectively considers both types of
risks associated with suspension bridges.

1 Risk Assessment Methodology Based on an
Improved Bayesian Network

As complex structural systems, sea-crossing suspension
bridges incorporate various structural components. To as-
sess the overall system risk probability, this paper em-
ployed an improved Bayesian network that integrates the
results of component risk probabilities.

1.1 Suspension bridge reliability analysis

The limit state equation for reliability analysis of sus-
pension bridge structures can be defined as follows:

Z:Ri_Simux (1)

where Z represents the limit state function of the i-th ele-
ment; R, represents the capacity of the i-th element; S,
represents the maximum structural response of the i-th el-
ement.

Because of the nonlinearity in large structures, the re-
sponse surface method is employed to approximate the
function of complex structures using a simple and explicit

formula as following:

n
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(2)

where X;(i =1, 2, ..., n) are basic random design varia-
bles; a, b, c, are the coefficients to be determined.

Using the JC method, nonnormal basic random varia-
bles are normalized into equivalent normal random varia-
bles. This transformation process must satisfy the con-
straint condition, wherein the probability distribution
function and probability density function values of the
original nonnormal variables should be equal to the trans-
formed normal variables at checking points. Given this
constraint condition, the following equations can be de-
rived:

el Fy(X)]
Oy = B
‘ S (X))
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(3)

where ¢ is the standard normal distribution function; ¢ '
is the inverse function of the standard normal distribution
function; u, and ¢, are the mean and standard deviation
of the normal distribution random scalar Y;; F, (X;") and
fx(X.) are the probability distribution function and prob-
ability density function values of the random variable at
the checking point X", respectively.

To solve the reliability index of a bridge structure, the
improved first-order
ployed" . Specifically, the reliability index can be ob-
tained by simultaneously solving the following three equa-
tions:

second-moment method is em-

—%/(P*oy)
[2(-5/@ )]

i=1,2,...,n (6)
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where P” represents design points on (2, spatial limit state
surface and @, is the limit state surface at the checking

point P*.

1.2 Summary of suspension bridge risk assessment
Bayesian network

The Bayesian network can effectively combine the
quantitative analysis of structural damage probability with
the qualitative analysis of damage consequences, making
it suitable for risk assessment in engineering projects. It
allows the analysis of failure probabilities influenced by
multiple uncertain factors and facilitates reasoning about
project risk probabilities. illustrate this
process, Figs. 1 and 2 depict the upper and lower struc-
tures of the Bayesian network for the reliability of suspen-

sion bridge systems.

To visually

AN R A A

Fig.1 Superstructure

HEO OO

Fig.2 Substructure

In the upper structure of the Bayesian network, the root
node D represents dangerous events on n components,
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while X represents failure events at each component level.
The downstream portion of the Bayesian network begins
with component events and deals with the estimation of
failure events at a system level. Because of limitations in
the conditional probability table’s size, this study did not
employ a single system-level node as a child node for all
component nodes as it would be computationally impracti-
cal. Assuming a binary state for failure events, a system
with n components would result in a conditional probabili-
ty table with 2""' Each of these component
subsets corresponds to a series subsystem. To reduce the
number of parent nodes and the size of the conditional
probability table for each subsystem, a set of intermediate
nodes can be defined. To simplify the calculation of the
Bayesian network structure, M modes, as shown in Fig.

elements.

2, are applied, resulting in each child node having only
two parent nodes. The formula for calculating the proba-
bility of occurrence of a child node with two parent nodes
is shown as

P(S=1)= ¥ P(S=1 | X,, X,)P(X))P(X,) (8)
where P(S =1) represents the probability of occurrence of
child nodes; P(X,) and P(X,) represent the occurrence
probabilities of parent nodes; P(S=1 | X,, X,) represents
the probability of occurrence of P under the condition of
occurrence of X, or X,.

When bridge components can enter multiple damage
states, each component’s damage state must be considered
as a potential contributor to one of the failure modes of
the system. For instance, a bridge tower in a slightly
damaged state represents a different failure mode com-
pared with a bridge tower in a collapsed state. Fig. 3 il-
lustrates such a model, wherein an intermediate compo-
nent node with binary output is inserted to decompose the
state of the initial component node. Assuming that each
of the six components has two states and each X, node
generates two child nodes X, and X, enables treating the
damage status of each component as a separate factor for
different system failure modes.

Fig.3 Bayesian network model with multiple failure modes

The above assumption also facilitates coordinating the
formulas of various intermediate nodes, with all interme-
diate nodes being describable using binary states. Al-
though the example presented in this paper assumes that
each type of component damage state results in the same
system failure mode, different component damage states
always happen and can be combined in practical situa-
tions.

The abovementioned improved Bayesian network was
implemented using the Bayesian network toolbox in
MATLAB"” . The network can be generated using simple
algorithms, and the basic network can be easily expanded
to automatically generate more complex Bayesian net-
works for various needs.

1.3 Suspension bridge multihazard risk assessment
framework based on improved Bayesian net-
works

The proposed framework for multihazard risk assess-
ment of suspension bridges, based on improved Bayesian
networks, is depicted in Fig. 4. The first step is to deter-
mine the main loads, which are wind and earthquake in
this research. The next step is to identify the key compo-
nents of suspension bridges based on finite element analy-
sisSCFEA). Then, after obtaining the damage index in the
third step, the following step involves calculating the
damage probability of the key components using the JC
method while fitting the limit state equation of the struc-
ture using the response surface method. Finally, an im-
proved Bayesian network structure is established and ap-
plied for the risk assessment of suspension bridges.

Seismic load Wind load
Pulsating
wind
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Disaster
analysis

Acceleration
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Fig.4 Risk assessment framework of suspension bridge based
on improved Bayesian network
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2 Case Study of a Suspension Bridge System
2.1 Background of Lingdingyang Bridge

Lingdingyang Bridge (LDYB), depicted in Fig.5, is a
sea-crossing suspension bridge with a span of 1 666 m.
Its tower is a portal structure measuring 270 m high. Its
suspension hangers are typically reinforced suspension
hangers and ordinary nonreinforced hangers. Its structural
response must be obtained using the finite element method
(FEM). Therefore, a FEM of LDYB was established
using the ANSYS finite element software. The structural
layout of LDYB is shown in Fig. 6.

Fig.6 Finite element three-dimensional view of LDYB

The bridge structural model consisted of five parts: the
tower, pier, main cable, hanger, and main girder. After
establishing the model, the dynamic characteristics of the
structure were analyzed. The first six natural frequencies
of the model were compared with those from past stud-
ies!"™, which demonstrated the accuracy of the devel-
oped model of this research.

2.2 Disaster load at the bridge location
2.2.1 Wind load

The impact of wind load on the bridge considers the
effects of wind-induced buffeting. Wind can generally be

regarded as the combination of mean wind and pulsating
wind"'. The mean wind has a fixed direction and value,
which can be represented by a static wind direction and
value. The average effect of pulsating wind is treated as a
static load acting on the structure. In this study, the wind
speed time history of fluctuating wind was simulated
using the linear filtering method of an autoregressive
model'", whereas the wind speed spectrum was based on
the Davenport spectrum'”'. For LDYB, the sea wind pa-
rameters could be determined on the basis of meteorologi-
cal observations and wind parameter studies conducted at
the location of the Shenzhen-Zhongshan Link''.
2.2.2 Seismic load

According to a study on regional seismicity and seis-
mological structures!'’’, the study site presented three
probability levels (i.e., 63%, 5%, and 2% ) excee-
ding the 100-year seismic design reference period. The
dynamic design parameters included the peak accelera-
tion of the ground surface and ground motion design pa-
rameters. To calculate the design horizontal motion ac-
celeration response spectrum and seismic influence coef-

17 o
! were utilized.

ficient of the bridge, previous methods'
Subsequently, seismic waves could be synthesized using
the trigonometric series method'"™ based on the seismic

characteristics.

2.3 Selection of key components and division of dam-
age indicators

2.3.1 Bridge response analysis and key components

In practice, the most common approach for failure
probability calculation is monitoring critical locations of
bridges. However, as the structure of LDYB is symmetri-
cal horizontally, only critical components ( see Fig.7) on
one side of the bridge were selected for failure probability
calculation.
was based on the analysis result of the FEM under self-
weight, wind loads with a 100-year recurrence period,
and earthquake load with a 2% exceedance probability.
The suspension bridge could be divided into five key
components: hangers, main girders, main cables, tow-
ers, and piers. After applying designated load operating
conditions, the critical positions were identified based on
where the maximum load effect was observed for each

The determination of the key components

Tower
e Pier
=== Main girder
= Main cable
e Hanger

IﬂTﬂTmTrmrrmg—;_iP

=
No.103

Fig.7 Key components of LDYB
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component: Nos. 3, 35, and 40 for the hangers, Nos.
38 and 39 for the cables, No. 103 for the girder, Nos.
1, 13, and 27 for the tower, and Nos. 1 and 6 for the
piers. The numbers in Fig. 7 represent the number of ele-
ments in the finite element software.
2.3.2 Suspension bridge structure damage index
Ref. [19] qualitatively evaluated the risks associated
with the wind resistance performance of bridge structures.
Accordingly, towers, piers, and main cables were con-
sidered as the primary load-bearing components of sus-
pension bridges. Their failure was considered complete
damage to the entire structure. Additionally, complete
damage to the main girder would lead to severe damage to
the entire bridge. Meanwhile, individual damage to the
suspension hangers did not result in significant harm to
suspension bridges, whereas complete damage to each
hanger corresponded to moderate damage.
damage to the bridge tower corresponded to the cata-
strophic failure of bridges.

Complete

Drawing on previous studies regarding the seismic dam-
age limitations of tall piers and chimneys™ ", this study
utilized the curvature index to classify the damage grades
of tower sections. For the main girder, to determine the
extent of damage, a quantitative approach was employed,
dividing the damage level based on the stress experienced
by the main girder. In the case of LDYB, the main girder
was a Q345 steel box girder'™ . The damage index of the
main girder was defined considering its design values of
strength, yield strength, and ultimate failure strength.
Because of the high redundancy of the suspension bridge
structure, the damage of a single sling had minimal im-
pact on the overall bridge damage. In this study, a previ-
ously cited stress ratio'” was utilized as the damage index
for both the suspender and the main cable to classify the
damage. The main cable of LDYB utilized parallel steel
wires with a tensile strength of 1 960 MPa. The values of
the damage indices of each key component are shown in
Table 1.

Table 1 Damage indices of bridge components

Damaged component Damage index

Minor damage

Medium damage Severe damage Complete damage

Tower bottom section o/m™! 1.68 x10 73 1.85x10°* 2.22x107* 5.65x107*
Section of the middle beam o/m”! 3.33x10°° 2.59x107* 3.18x107* 6.45 x10 ~*
Tower top section o/m~! 7.01 x10°° 2.10x10* 3.09 x10 1.36 x10 3
Pier bottom section @/m”! 6.84 x107° 6.06 x 10 ~* 1.73 x10~* 2.19x107?
Pier top section o/m™! 1.69 x10 73 5.57x107* 6.70 x 10 ~* 3.06 x10 73
Main girder o/MPa 275 345 420

Main cable o/oy 0.45 0.60 0.75 0.90
Hanger o/o, 0.75 0.90

2.4 Damage probability of key components of LDYB

In this study, the response surface method was em-
ployed to fit the function in ANSYS software, and the re-
liability analysis module in ANSYS was used for proba-
bility analysis. Considering the uncertainty of structural
parameters, the analysis of LDYB accounted for the vari-
ability of the elastic modulus and the uncertainty of the
cross-sectional area, material density, and bending mo-
ment of inertia. By defining input and output variables,
the JC method was applied to solve the fitting function at
sampling points. Random variable parameters for the
structural material of LDYB were selected following Ref.
[24] and practical considerations.

2.4.1 Damage probability of key components un-
der wind load

The failure probability of each key component under
wind load is shown in Fig. 8. In this figure, H represents
the hanger; C represents the main cable; G represents the
main girder; T represents the bridge tower; and P repre-
sents the bridge pier. Specifically, Hl, H2, and H3 cor-
respond to hanger elements Nos. 3, 35, and 40, respec-
tively. Cl and C2 represent main cable elements Nos. 38
and 39, while G1 and G2 correspond to main girder ele-

ments Nos. 39 and 103. T1, T2, and T3 denote bridge
tower elements Nos. 1, 13, and 27, respectively. P1 and
P2 represent bridge pier elements Nos. 1 and 6. The lo-
cations of these components are illustrated in Fig. 7. F re-
presents the applied wind force. Specifically, Fl corre-
sponds to the wind speed in the 100-year return period
(43.0 m/s). F2 represents the wind speed in the 50-year
return period (39.5 m/s). F3 represents the wind speed
in the 10-year return period (31.4 m/s).

Among all the components, the main girder at the
bridge tower was the most susceptible. It had the highest
failure probability for minor damage, indicating that it
was the most vulnerable part under wind load. Further-
more, as shown in Fig. 8, the probability of failure in-
creased as the wind load increased for each component.
Additionally, the probability of failure decreased as the
damage level increased.

2.4.2 Damage probability of key components un-
der seismic load

The failure probability of each component under seis-
mic load is illustrated in Fig. 9. In this figure, E repre-
sents the seismic action. El denotes the seismic load in-
tensity with a 2% probability of occurrence and a peak
seismic acceleration of 0.235g. E2 represents the seismic
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Fig.8 Failure probability of key bridge components under wind load. (a) Minor damage; (b) Medium damage; (c) Severe damage; (d)
Complete damage

intensity with a 5% probability of occurrence and a peak
seismic acceleration of 0. 179g. E3 indicates the intensity
of an earthquake with a 63% probability of occurrence
and a peak seismic acceleration of 0. 046g.
Under the influence of earthquakes, the failure proba-
bility of the bridge tower pier was significantly higher
compared with those of the main girder, main cable, and
upper structure suspender. This suggests that the safety of
the suspension bridge was primarily governed by the sub-
structure when subjected to seismic loads. Similar to wind
loads, the probability of minor damage was the highest
for each component. As the intensity of the earthquake
increased, the failure probability also rose. The higher
the damage level, the lower the failure probability.

10

—_
o

14

Probability of damage/107

2.4.3 Damage probability of key components un-
der wind and seismic loads
Under the simultaneous action of wind and seismic
loads, the damage probability of the key components
of the bridge is shown in Fig. 10. Therein, the impact
of earthquakes was more pronounced on the towers and
piers, whereas wind predominantly affected the gird-
ers, cables, and hangers. When earthquake and wind
acted at the same time, the failure probability of the
towers and piers exceeded those of the main girder,
main cable, and suspension hanger in the superstruc-
ture. This implies that during concurrent occurrences

of these two disasters, earthquakes have a controlling
effect.
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Fig.9 Failure probability of key bridge components under seismic load. (a) Minor damage; (b) Medium damage; (c) Severe damage;
(d) Complete damage

. . under different load conditions could be obtained after im-
2.5 Development of the improved Bayesian network . .
proved Bayesian network calculation. Apparently, the
After obtaining the damage probabilities of the key failure probability of the entire bridge was higher than that
components, the improved Bayesian network method was  of individual components.
applied to the structural system. In this study, each com-

Therefore, considering the
ponent of the bridge system was treated as part of a series-

failure risk of only the bridge’s individual members is not
conservative. Specifically, under wind load, the main
girder’s damage had the most significant impact on the
overall bridge damage. Under seismic load, the tower

mode frame. The Bayesian network model developed in
this study is presented in Fig. 11. The key components
and the corresponding limited states were numbered ac- and pier’s damage had the greatest influence on the over-
cordingly. For example, the hangers consisted of three

all bridge damage.
key components, H1, H2, and H3 with two correspond-
ing damage states: H, and H,,.

3.2 Results of LDYB risk assessment
3 Results and Discussion

Following the risk assessment criteria, the risk was de-

termined by both the risk consequences and the probabili-

3.1 Failure probability of LDYB ty. Under wind load, LDYB was classified as under a
The failure probability of the entire suspension bridge

level 1 risk, indicating a safe state for the bridge. Even
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Fig.10 Failure probability of key bridge components under wind and seismic loads. (a) Minor damage; (b) Medium damage; (c) Se-

vere damage; (d) Complete damage

Improved Bayesian network of reliability of a suspension bridge structure system

Fig. 11

ceedance, the maximum risk level for LDYB was level 3.
Furthermore, when wind and seismic loads acted simulta-
neously, the maximum risk level was also at level 3.

under the maximum wind load with a return period of 100

years, the bridge remained in a safe condition. When

subjected to an earthquake with a 5% probability of ex-
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Risk level 3 could be accepted conditionally. Access must
be restricted, and emergency plans must be prepared to
inspect and repair the cross-sea suspension bridge.

According to the overall design report of LDYB, the
bridge was designed for a lifespan of 100 years and fol-
lowed two levels of seismic fortification standards. Level
1 requires nondamaged cables, hangers, and normal vehi-
cle operation. Level 2 allows slight damage to the tow-
ers, main girders, and main cables. For this level, hang-
ers are required to remain undamaged, and the bridge can
continue to operate after simple repairs. In accordance
with the risk assessment criteria, the risk is determined by
both the risk consequences and the probability. For exam-
ple, when an earthquake with a 4% probability of ex-
ceedance occurs, LDYB is classified as under a level 3
risk.

4 Conclusions

1) This study combined the response surface method
and JC method to calculate the reliability of whole sus-
pension bridges under seismic and wind loads. A theoreti-
cal framework for risk assessment of suspension bridges
based on improved Bayesian networks was proposed. The
response surface method effectively fitted the performance
function under extreme loads, while the JC method han-
dled the nonnormal distribution characteristics of random
variables for structural reliability calculations. The inte-
gration of these methods enabled efficient reliability anal-
ysis of various components, offering a practical tool for
assessing the reliability of complex, long-span bridge
structures.

2) The improved Bayesian network served as a valua-
ble approach for understanding the relationships between
various factors in the risk assessment. It provided clear
insights into the interdependencies among network nodes
and could be applied to assess the risks associated with
complex structural systems, such as suspension bridges.
By considering an entire bridge system as a whole and in-
tegrating its components,
comprehensive risk analysis of suspension bridges.

3) For LDYB, the analysis results after applying the
Bayesian network framework showed that the most serious
risk level was level 3. This model could serve as a refer-
ence for conducting multihazard risk assessments of sea-

this framework allowed for

crossing suspension bridges.

4) Further research can determine the weights of each
component, possibly by using the ratio of strain energy
variation before and after structural damage to the strain
variable of an intact structure rather than just considering
series-mode connections for each component. Moreover,
for long-span bridges, other potential hazards, such as
flood scouring, could be considered. By incorporating
additional disaster types and accumulating more data, the
Bayesian network framework can be expanded to provide

a more comprehensive assessment of a bridge’s life cycle.
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