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Abstract

To extract valuable data from long-term monitoring and identify structural
damage to ensure the serviceability and safety of bridges, a commonly used
method in large bridge maintenance. This article developed a time-domain
energy-based method for identifying bridge damage based on long-term
structural health monitoring noisy output measurements. This method first
calculated an energy threshold within the structural frequency bandwidth of
natural vibration at measurement points. Then, the structural damage was
assessed by computing the time-domain energy accumulation. The improved
procedure of this proposed method involved extracting modal frequencies
from the signal for each modal order, determining the structural frequency
bandwidth of natural vibration, and applying the square root envelope method
to smooth vibration data and mitigate the impact of abnormal signals. Later,
the applicability of the proposed method for damage identification was
verified by comparing it with conventional modal flexibility and modal
curvature methods. Finally, a case study on the Runyang bridge, a supported
steel-box-girder suspension bridge with a main span of 1490 m in China, was
made for demonstration. The results indicated that the area between 1/4-span
and 1/2-span of the bridge was more sensitive to damage under service loads.
The method performed well in identifying potential damage locations and
assessing vulnerability. The calculation results using the method proposed in
this article were consistent with those of traditional methods. The research
offers methodological backing for utilizing extensive data monitoring in
evaluating structural damage.

Keywords: damage identification; time-domain energy; Structural health
monitoring; long-span steel box-girder suspension bridges; long-term
monitoring vibration data; modal flexibility; modal curvature.

short-term test data,” mainly applied
to individual components or smaller
structures.”* Long-term  structural
health monitoring (SHM) is essential
to study the damage evolution of
actual long-span bridges.

Introduction

Long-span steel box-girder bridges
have been widely used in modern
transportation systems because of
their advantages, such as aesthetically
pleasing design, robust spanning
ability, stable quality, and enhanced
driving comfort. However, under
long-term loads, long-span bridges
inevitably experience fatigue
damage."” Existing damage identifi-
cation methods are predominantly
based on numerical simulations and

In the past decades, various methods
have been proposed to identify struc-
tural damage, such as modal par-
ameter-based techniques,””’ mode
shape-based damage detection
method,*'® damping-based damage
detection method,'""'? signal
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processing-based approaches,
finite element model updating
methods.'®”  The  experimental
study'® shows that the change in stiff-
ness caused by structural damage will
be reflected in the structural mode.
And the damage cracks will be highly
effective in affecting the structure’s
natural frequencies, correspondin%
mode shapes, and damping ratios.'
Thus, the vibration-based damage
detection method by modal par-
ameters’’?*! were widely used to
assess  structural damage. For
example, Ref. [22] introduced that the
influence of structural damage on
structural stiffness can be well
reflected in the modal characteristics
extracted by the Stochastic Subspace
Identification (SSI) methods, and the
damage location of the structure can
be determined accurately. Reference
[23] proposed that structural damage
consistently impacts natural frequen-
cies and modal damping predictably.
This damage inspection method was
validated through experiments on a
welded steel frame and wire rope.
This study demonstrated the feasibility
of using modal parameters to identify
structural damage, but the exper-
iments were conducted with a simpli-
fied structure and idealized loads.
Reference [24] employed an artificial
neural network to denoise the original
data. They assessed steel beams’
damage under impulse input excitation
using modal flexibility, strain energy,
and modal curvature. The approach
successfully identified the damage
location of the steel beam. However,
the excitation of long-span bridges to
obtain modal parameters or signals is
usually labor-intensive and costly. It

Scientific Paper 1


mailto:shyfeng007@just.edu.cn
mailto:chqmiao@163.com

also affects the regular traffic on the
bridges. There are also some problems
in numerical simulations for damage
identification of long-span bridges,
such as the discrepancy between
analytical results and actual conditions
due to the complexity of actual loads
and the considerable computational
demands.

The development and maturity of
SHM technology offer the possibility
of monitoring large-scale structures’
long-term, real-time health statuses.”
Combining structural damage identifi-
cation methods and the output data
of SHM systems to conduct long-term
structural damage-sensitivity feature
analysis on large structures makes it
possible to effectively reduce human
and material resources while maintain-
ing an appropriate amount of calcu-
lations. This also makes it possible to
use damage identification methods to
conduct real-time assessments of
damage-sensitive features of struc-
tures. Reference [26] investigated
damage identification methods based
on the measured data from the SHM
system and deemed that abnormal
data, ambient noise, and inappropriate
processing can lead to unsatisfactory
results in damage identification. With
the widespread use of long-span
bridges, applying SHM systems to
assess structural conditions is becom-
ing increasingly common.

This article developed a time-domain
energy-based method for analyzing the
damage-sensitive feature for the
bridges based on long-term SHM
output measurements to more effec-
tively use the bridge health monitoring
system to determine its health status.
The research outline is as follows:
Section 2 presents the theoretical frame-
work for the damage-sensitive feature
assessment and verification approach.
Section 3 presents detailed information
on the SHM system of Runyang
Bridge, along with its modal parameters.
Section 4 gives the damage-sensitive
feature analysis and corresponding veri-
fication process using monitoring data
from 2008 and 2014.

Damage-Sensitive Feature
Assessment Method

Improved Energy-Based Damage-
Sensitive Feature Assessment

Vibration-based damage identification
methods that examine the changes in a
structure’s global vibration
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characteristics were regarded as
global methods that had attracted
much attention in the past decades.”’
Accelerations have been used to ident-
ify bridge damage in bridge SHM
systems. However, bridge damage
identification was an optimization
challenge because it involved highly
uncertain  monitoring  parameters
influenced by environmental factors.

To reduce the impact of environmental
factors, a band-pass filtering of the
acceleration time history was per-
formed to extract the natural vibration
signal of the bridge. The cut-off fre-
quency and bandwidth of the filtering
were determined based on the
natural frequencies of the bridge.
Additionally, a root-mean-square
(RMS) envelope was applied to miti-
gate the effects of distorted signals,
producing a more easily analyzable
waveform. A comparison of the accel-
eration time history at the mid-span of
the bridge girder with the RMS envel-
ope was shown in Fig. 1. By retaining
the trend in the acceleration ampli-
tude, the envelope diagram effectively
filtered out data with drastic amplitude
changes, simplifying the analysis of the
acceleration time history waveform.

Considering y(f;) as the authentic
output vectors of a structure at the
time instant ¢, k=1, 2, ..., Hgme, the
RMS envelope of the signal can be
written as:

[Yup(t6)  Yiow(ts) ]
= frmus[ y(t),  w] (1)

where ngn, is the number of sampling

histories; y,,(t) and yi,w(tc) are the
upper and lower RMS envelopes of
the output vectors, respectively; w sig-
nifies the length of the sliding window
within the RMS envelope.

The bridge natural vibration signal and
RMS envelope signal are described in
Fig. 1. The envelope diagram filtered
out sharp amplitude data and retained
the amplitude variation trend of the
acceleration. This procedure leaded
to a relatively smoother waveform,
thereby mitigating the impact of
abnormal data points on the analysis.
Setting the sliding window length w
to 150 can obtain a smoother envelope
without changing the temporal evol-
ution trend.

Damage-induced decrease in struc-
tural stiffness led to time-domain
energy fluctuations in the signal. The
acceleration  time-history  curve’s
upper and lower envelope curves
were used to compute the time-
domain energy associated with accel-
eration vibration within the time inter-
val At. The improved time-domain
energy can be expressed as:

Erus =

Nrec Miime

Z Z (ylup(tk + At) y;ow(tk + At))
j=1 k=
xAt,k=1,2, ...

> Ntime

)

where n,.. is the count of recorded
time histories, a value contingent
upon the amount of monitoring data.

The goal of bridge damage identifi-

points within the recorded time cation was to confirm the location
0.03
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Fig. 1: Bridge natural vibration signal and RMS envelope signal
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and severity of potential damage by
contrasting the bridge damage indi-
cators at different stages of measure-
ment  points.  Considering  the
acceleration time history acquired by
bridge SHM system, the relative
alteration of time-domain energy E
can be regarded as the damage par-
ameter H. Then, the damage con-
ditions of the structure can be
assessed by the proportion of damage
parameter H at each measurement
point. The equations for this pro-
cedure can be written as:

I_Ij = |E()p - Eor|/E()r (3)
s
Q; = |Hj|/Y_|Hl. ]
=1
=1,2, ..., 1 4
s
Fo
Tj=|0 - 5
i=lo - ©

where E,, is the time-domain energy of
the bridge’s acceleration time history
during operation; E, is the time-
domain energy of the acceleration time
history in the initial state of the bridge;
Q; is the proportion value of the H at
the jth measuring point relative to the
sum of H over all the measurement
points; 7T; is the threshold employed
for the assessment of the structural
state at the jth measurement point; and
ng is the count of accelerometers
within the health monitoring system.

For a comprehensive quantitative
analysis of the structural state, the H
value was normalized using Eq.(4).
According to Eq.(5), the threshold
value T; for structural state assessment
was calculated for the structural
location at the jth measurement
point. Then, the threshold value T;
and the mean value () Q;)/n,were
compared. If 7; exceeded (3} Q))/ny,
it stated that structural damage may
exist at the jth measuring point, and
the value indicated the relative
degree of damage.

Modal Parameter-Based Damage-
Sensitive Feature Assessment

In traditional vibration-based damage
detection techniques, structural damage
can be reflected by changes in the
dynamic properties of the structure,
including mode shapes, modal damping,
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and natural frequencies.”®*’ These me-
thodologies relied on the characteristics
derived from the dynamic parameters,
They were classified into several cat-
egories: mode shape-based methods,
natural frequency-based methods, strain
curvature mode shape-based methods,
and alternative modal parameter-based
methods.****>! This article uses the struc-
tural modal flexibility and curvature
methods to assess the applicability of
the structural damage identification
methods in Section 2.1.

Modal Flexibility Method

The structural identification index at
jth measuring point based on modal
flexibility®* change can be defined as:

MFDSI; =
noll noll
Z E(bijd)ij - Z E(bijd)ij
i=1 (i I i=1 fi Pl

(6)

where i is the mode number, n is the
number of modes, ¢; is the ith mode
shape at jth measuring point, w; is the
ith modal frequency.

Modal Curvature Method

Based on modal shape displace-
ments,” the modal shape curvature
can be approximately obtained using
the central difference method as:

o o1y — 25 + by
q")ij — (=) lz} G+1) (7)

where [ is the distance between two
bridge measuring points. ¢; is ith
modal shape curvature at the jth
measuring point.

Yangzhou

According to the modal curvature
characteristics, the structural damage
identification parameters based on
the curvature of the modal shape func-
tion can be defined as:

MCDSI; = [l 0 = [dil 0 (8)

Background of Runyang
Suspension Bridge

Bridge Description

Opened to traffic in 2005, the Runyang
Bridge stretches across the Yangtze
River, establishing a vital link
between the urban regions of Yangz-
hou and Zhenjiang in Jiangsu Province,
China. The bridge consists of a suspen-
sion bridge and a cable-stayed bridge.
The Runyang suspension bridge show-
cases a dual-tower configuration and a
three-span steel box girder design,
with spans of 470, 1490, and 470 m,
respectively.®** The streamlined steel
box girder boasts dimensions of 36.3
m in width and 3.0 m in height.

A comprehensive SHM system has
been established to ensure the secure
operation of the Runyang Suspension
Bridge. This study predominantly uti-
lizes real-time acceleration time
history data captured by acceler-
ometers on the suspension bridge’s
main girders. The layout of the SHM
vibration system for the Runyang sus-
pension bridge is shown in Fig. 2.

Complying with the requirements of
modal analysis, the Runyang suspen-
sion bridge’s main girder was equipped
with 29 low-frequency unidirectional
accelerometers strategically placed
across nine cross-sections, as depicted
in Fig. 2. Of these, 18 accelerometers
monitor the main girder’s vertical accel-
eration, and the other 11 sensors
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monitor its lateral acceleration. These
accelerometers operate at a sampling
frequency of 20 Hz and perform con-
tinuous 24-hour real-time monitoring,
generating hourly time history datasets.

The data obtained in the SHM system
was extensive. Considering the compu-
tational demands and time cost, this
study concentrates exclusively on the
acceleration time history data derived
from the left half-span of the main
girder, situated near the Yangzhou
side. The analysis seeks to exploit the
symmetry inherent in suspension
bridge design and assess the perform-
ance of the bridge under service loads.

Modal Analysis

Due to the limited number of acceler-
ometers, only the first five vertical
modes of the Runyang suspension
bridge can be fully identified through
the SHM vibration data. The subspace
system identification (SSI) method™ is
an output-only time domain technique
that directly works with time data
without the need to convert them to cor-
relations or spectra. The initial five
modal parameters were obtained by
operational modal analysis (OMA)
using the SSI method. A comprehensive
investigation of these parameters, as
well as in-depth modal research on the
Runyang Bridge, can be found in the
references.’®>” However, it was worth
noting that the SSI modal identification
did not successfully capture the 2nd
mode from the SHM data. To delve
into the reasons for this absence, the
natural excitation technique, the eigen-
system realization algorithm (NEXT/
ERA) method,*® was employed for
modal identification. The modal charac-
teristics obtained from the two modal
identification methods were in signifi-
cant agreement, as presented in Table 1.

Two modal identification methods
were used to determine the 2nd mode
of the bridge by assessing its frequency
information. Since the 2nd mode of the
bridge lacks the requisite strength for
identification under service loads,
there was an absence of stable poles
that can be recognized in the stability
graph by SSI method. Furthermore,
the percentage of Poles { was also
markedly inadequate for identification
in eigensystem realization algorithm
(ERA) convergence studies. This
observation indicated that the 2nd
mode of the bridge lacked the necess-
ary strength for identification under
the service loads. Consequently, the

4 Scientific Paper

Frequency Damping
Freq.llllency (Hz) (%)
1
paper>53¢ NEXT/ NEXT/
Mode (Hz) SSI | ERA | SSI | ERA Mode shape
VSL | 01233 | 0.122] 0.124 | 0.95 | 1.47 f,=0.122Hz ¢,=0.95%
T e
VAL | 01441 |NA®|NA® |[NA"| NA® N.A®
VS2 | 01685 | 0.167| 0.169 | 0.62 | 221 , =0.167Hz { =0.62%
VA2 | 01880 | 0.187| 0.188 | 0.59 | 0.76 n= Q18fkz ¢ ,=0.5%
VS3 | 02402 | 0237| 0238 | 021 | 0235 |  F=0237Hz ¢,=021%
\\\\v'// i

4SSI method missed this mode. The mode shape given by Refs. [36,37]

Table 1: Modal parameters by SSI modal identification and Refs. [36,37]

effect of the 2"¢ mode would be disre-
garded in the subsequent analysis.

According to the modal characteriz-
ation using the long-term SHM
vibration data, the average mode fre-
quencies of the bridge in 2008 were as
follows: 0.12201, 0.16643, 0.18677, and
0.23827 Hz for respective modes. Over
eight years of operation, the changes
in modal frequencies of the Runyang
Bridge were relatively small. In 2014,
the corresponding average values were
0.12197, 0.16639, 0.18637, and 0.23777
Hz. The frequencies exhibit a slight
reduction. Notably, the higher-order
mode frequencies experienced more
pronounced changes than the funda-
mental frequency. This variation in
modal frequencies indicated that the
stiffness of the Runyang Suspension
Bridge transformed to a certain extent
under the influence of traffic loads.

Based on the examination of the modal
parameters of the bridge and the
arrangement of the measuring points
for structural health monitoring, the
available data permitted an assessment
of the first five modal parameters and
corresponding mode shapes of the
bridge structure. Given that the accel-
eration time course was sampled at 20
Hz, it was essential to focus on specific
vibration frequencies in the accelera-
tion time history and effectively
capture changes in the dynamic proper-
ties of the bridge. Notably, these signifi-
cant vibration frequencies were
predominantly in the 0-0.3 Hz range.

Then, a band-pass filter was applied
as a preprocessing to capture
vibrations within this frequency range
while minimizing the impact of the
low-frequency noise step. The original
data were processed by the band-pass
filter with cut-off frequencies set to
0.05 and 0.3 Hz. The first-order
vibration frequency of the bridge was
initially considered to be 0.122 Hz.

Damage-Sensitive Feature
Analysis for Suspension
Bridge by Long-Term Output
SHM data

Results of Damage-Sensitive
Feature Analysis

The acceleration data were obtained
from five distinct measuring points on
the Runyang Bridge for two time
periods: January to December 2008
and January to December 2014. The
acceleration time history dataset for
January 2008 served as the founda-
tional parameter values for the bridge
analysis. Egs. (2)-(5) were indepen-
dently used to compute the temporal
evolution of the threshold 7; for each
measuring point. This variation was
visually depicted in Figs. 3-7.

Utilizing the energy ratio Q; at each
measuring point obtained the mean
value (Y Q;)/nsof 0.2. By comparing
the damage threshold value 7; with
(> Qj)/ns, it became evident that con-
cerning the acceleration time history

Structural Engineering International 2024
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Fig. 4: Time-domain energy threshold vari-
ation at 1/8-span of the bridge

data for the Runyang Bridge in
January 2008, the threshold values at
each measuring point were below
(X Qj)/ny. This observation suggested
that there was no monolithic structural
damage within the bridge when scruti-
nizing the alterations in the accelera-
tion time-domain energy damage
thresholds from 2008 to 2014, and the
changes in the structure’s dynamic
characteristics varied considerably at
different measurement points.

The changes in damage thresholds 7 for
the measuring points at the bridge

1 2 3 4 5 6 7 8 9 10 11 12

Time (month)

Fig. 6: Time-domain energy threshold vari-
ation at 3/8-span of the bridge

support and 1/8 span were relatively
small. Comparison of the damage
thresholds 7; of the measuring points
at the bridge’s 1/4 span and 3/8 span in
2014 with the data in 2008 indicated
that the increase in 7; value at the 3/8
span exceeded the growth more than
in T} value at the 1/4 span. Furthermore,
the rise in 7} value was notably more sig-
nificant from March to September. For
the mid-bridge location (1/2 span), the
acceleration  time-domain  energy
damage threshold T;, for the entire
year of 2014, increased significantly
compared with the 7; value in 2008.

After analyzing the variation of energy
damage thresholds within the accelera-
tion time domain of the bridge based on
the monitoring data, it was found that
there were significant differences in
the structural vulnerability of different
spans of the bridge under prolonged
service loads. 1/4 spans, 3/8 spans, and
1/2 spans were more susceptible to
damage than bridge supports and 1/8
spans. Notably, there was a clear corre-
lation between structural vulnerability
and environmental factors such as
temperature for the 1/4 and 3/8 spans.

The vibration of the bridge consisted
of two main components: natural
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Fig. 5: Time-domain energy threshold vari-
ation at 1/4-span of the bridge

1 2 3 4 5 6 7 8

Time (month)

Structural Engineering International

1 2 3 4 5 6 7 8 9 10 11 12

Time (month)

Fig. 7: Time-domain energy threshold vari-
ation at 1/2-span of the bridge

2024

vibration (0-1 Hz) and forced vibration
(2Hz-15 Hz) induced by vehicle
loading. The research result’® indi-
cated that the largest amplitude and
power spectral density (PSD) of
natural vibration under vehicle
loading occurred at the 1/2 span of
the bridge. Additionally, the amplitude
of the PSD excited by vehicle body
bounce gradually decreased from 1/8
span to 1/2 span of the bridge.
However, the PSD of the bridge
vibration at 1/8 span was negligible.
In contrast, the 1/4 span experienced
the most substantial impact due to
the combined effect of forced vehicle
body bouncing and the bridge’s
natural vibration. Therefore, the
vehicle load vibration characteristics
revealed that the vehicle vibration
had a more pronounced effect on the
bridge at 1/2 span and 1/4 span than
at other locations.

Owing to the substantial spacing
between the vibration measurement
points along the longitudinal axis of
the bridge structure, the change pat-
terns depicted in Figs. 3—7 appeared
relatively discrete. While this per-
mitted the assessment of bridge struc-
ture damage solely in the proximity
of the measuring points under service
loads, it failed to capture alteration
trends in the longitudinal stiffness
across the bridge.

Verification of Damage-Sensitive
Feature Analysis

Fatigue crack investigation* of sus-
pension bridge shows that the typical
fatigue position of the steel box
girder of Runyang suspension bridge
is 1/4 cross-section of the girder in
the longitudinal direction. The layout
diagram of the typical fatigue position
and vulnerable identification area by
the time-domain energy method is
shown in Fig. 8. In Fig. 8, the vulner-
able area obtained by the time-
domain energy method is located
between the typical fatigue areas of
the Runyang Suspension Bridge. The
boundaries of the vulnerable area
coincide with the typical areas of
fatigue damage. Those welding
fatigue cracks, which were shown in
Fig. 8, located at the 1/4 span of the
bridge would affect the stiffness of
the main girder to a certain extent.
At the same time, this also has a
certain impact on the dynamic charac-
teristics of the 1/4 section, 3/8 section,
and 1/2 section of the main girder.
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Damage-vulnerable area obtained
by time-domain energy method

Y4 cross section of girder
(typical fatigue position)

Y4 cross section of girder
(typical fatigue position)

Runyang suspension bridge main girder

The cracks in % cross section of girder

Fig. 8: The layout of typical fatigue position and vulnerable identification area by time-

domain energy method

This qualitatively proves that the
results obtained by the time-domain
method are consistent with the
fatigue disease of the Runyang Sus-
pension Bridge.

To further demonstrate the applica-
bility of the time-domain energy
method, this study utilized the analysis
results derived from vibration-based
time-domain energy threshold par-
ameters to evaluate the structural
damage condition. It applied the struc-
tural modal compliance method and
the structural modal curvature method.

Based on the modal methods outlined in
Section 2.2 and considering the period of
the Runyang Suspension Bridge SHM
data, the health status of the Runyang
Bridge was defined across four distinct
phases: an initial phase (beginning of
2008), a one-year operation phase (end
of 2008), a seven-year operation phase
(beginning of 2014), and an eight-year
operation phase (end of 2014). In this
database, 120 data sets were selected
for each analysis phase, and the out-
comes were averaged after removing dis-
crete results to ensure the precision of
the damage identification.

Due to the order limitation of the modal
identification of the Runyang Bridge
structure, the identification errors of
different damage identification
methods are different. Therefore, this
article uses two damage identification
parameters, MFDSI and MCDSI, to
verify the analysis results of the time-
domain energy method. Due to the
changes in modal characters, the two
modal identification methods have
different application scopes. The modal
flexibility method has a broader scope
of application. The MFDI method
could be utilized to estimate the
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magnitude of damage in a noisy environ-
ment. However, the MSEDI could not
damage the location in the presence of
noise due to its high sensitivity to
changes in modal data. This technique
also utilizes numerical methods to calcu-
late modal curvature, which makes it
more susceptible to errors.

Based on the index of the initial stage as
the reference, the MFDSI and MCDSI
for the other three stages can be calcu-
lated, as illustrated in Fig. 9 and Fig
10. After one year of service, the
changes of the MFDSI of the Runyang
bridge shown in Fig. 9 were primarily
centered between the 1/8-span and 1/2-
span. However, in Fig. 10, the changes
in modal curvature at 1/8-span and
bridge support were relatively small. In
this timeframe, the changes in modal
shape were predominantly localized
between 1/4-span and  1/2-span,
especially in the 1/2-span region.

After seven years of operation, the
MFDSI and MCDSI of the Runyang
Bridge exhibited further changes.
Additional increases in MFDSI values
were observed at the 1/8 span, 3/8

One-year of service
Seven-years of service
Eight-years of service

MFDSI

0 . . . )
0 145 290 435 580 725

Distance from support at main span (m)

Fig. 9: MFDSI of Runyang suspension
bridge

span, and 1/2 span, characterized by
more pronounced peaks observed pri-
marily at the 1/8 span and 3/8 span. In
addition, the fluctuations in MCDSI
also increased to some extent. Positive
peaks became prominent at the 3/8-
span, while negative peaks emerged at
the 1/4-span and 1/2-span. These obser-
vations underscore substantial fluctu-
ations in the modal curvature at these
different positions.

Alterations in the overall stiffness par-
ameters of the bridge can be character-
ized by changes in the modal flexibility
index and the modal curvature index.
Through this interrelation, abrupt
oscillations emerged in the 1/2 and
3/8 span during the bridge’s different
periods, demonstrating a higher sensi-
tivity to structural stiffness changes
under prolonged service loads. In con-
trast, the 1/4-span of the bridge was
slightly less sensitive to changes in
structural stiffness than the 1/2-span
and 3/8-span of the bridge.

Notably, the MFDSI values of Runyang
suspension bridge distort at 1/4 and 1/2
cross section. This is consistent with
the change in stiffness of the bridge
main girder. The welding fatigue
cracks concentrated at the 1/4 span
and the central buckle at the 1/2 span,
affecting the overall stiffness of the
bridge and causing the MFDSI to have
an inflection point at those locations.
The MFDSI is relatively sensitive to
the stiffness changes of the bridge.
Compared with the MFDSI coefficient,
the MCDSI intuitively reflects the
change in the main girder’s stiffness
through the change in the modal curva-
ture. The modal curvature increases sig-
nificantly from 1/4, indicating that the
main girder’s stiffness has changed to
a certain extent from 1/4 span, consist-
ent with the damage-vulnerable area
obtained by the time-domain method
analysis. This also indirectly verifies

One-year of service
Senven-years of service
— Eight-years of service

MCDSI

-0.02

0 145 290 435 580 725

Distance from support at main span (m)

Fig. 10: MCDSI of Runyang suspension
bridge
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the applicability of the time-domain
energy method.

Conclusions

The damage identification methods
based on short-term structural perform-
ance have been extensively studied in
SHM. However, there is limited
research on damage identification for
the long-term dynamic response of
bridges. The present study used the
acceleration time history of multiple
measuring points on bridge girders in
2008 and 2014 for bridge damage identi-
fication through the improved time-
domain energy method. On this basis,
the following conclusions can be drawn:

1. The time-domain energy method
performs well in identifying vulner-
able areas of a suspension bridge
from its long-term health monitor-
ing data. The damaged-vulnerable
area identification of the bridge
girder in this study showed time-
variant deterioration, leading to an
elevation in the time-domain
energy  threshold.  Significant
increases of time-domain energy
index were observed at the 1/4, 3/
8, and 1/2 cross section of main
girder. This reflects the impact of
mass welding fatigue cracks distrib-
uted at the 1/4 cross-section of the
main girder’s steel deck. The 1/4
cross-section of the main beam
with more fatigue cracks is more
significantly affected by tempera-
ture. This phenomenon can more
intuitively and quantitatively deter-
mine where mass fatigue cracks are
distributed in the damaged-vulner-
able area of the structure.

2. The structural vulnerability assess-
ment results based on the long-
term SHM data of steel box
girders show that the time-domain
energy method performs best
among the three damage-sensitive
area identification methods in this
paper. The time-domain energy
method can quantitatively identify
the vulnerable area of the bridge
and determine the bridge cross sec-
tions where mass welding fatigue
cracks have appeared; MFDSI can
only be used to quantitatively
determine the sections where
more welding fatigue cracks have
appeared in steel box girder
bridges; and MCDSI can only
qualitatively determine the vulner-
able parts of the structure.

Structural Engineering International

3. This article did not consider the
structural time-domain energy at
higher-order natural frequencies
due to the limited number of
measuring points in the SHM
system. Although the high-order
mode vibrations accounted for a
small percentage of the accelera-
tion time history, their effects on
structural damage were still not
fully comprehended. When
dealing with a limited number of
measurement points, the impact of
higher-order patterns should be
further investigated.
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