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Abstract
The objective of this study is to develop effective methods for the damage diagnosis of cablestayed bridges. These methods are based on the measurements of stay cable vibration and air
temperature. Three possible damage scenarios occasionally occurred in Taiwan are simulated
to assess the performance of the proposed diagnosis methodology. The first scenario considered
is the instant structural damage caused by earthquake and consequently demands a short
detection time to ensure quick response. It is demonstrated that minor seismic damages can be
confidently detected within 12 hours. The other two investigated scenarios are regarding the
unequal settlement of land and the asphalt pavement overlay of bridge deck, which are
generally long-term damages and typically focused much more on the identifiable damage level
than the required detection time. The identification of an unequal settlement reaching 8 mm or
more is found to be feasible. Moreover, the asphalt pavement overlay with a thickness of 2.8 cm
beyond the design value can be clearly detected. Finally, the simulated results also reveal that
only a few stay cables including the back stay cable are necessary to be monitored for
successful diagnosis.
1 INTRODUCTION
Although great efforts have been attempted to develop an effective structural health
monitoring (SHM) system for cable-stayed bridges, the accuracy of the developed techniques
in practical applications, however, remains to be further improved and more extensively
explored. Since the stay cable system is the primary structural component of a cable-stayed
bridge to transmit loads, the change of structural condition would directly cause the force
redistribution of the cable system. Accordingly, the monitoring of cable force can be
regarded as a royal road to diagnose the possible damages. Nevertheless, environmental
effects such as temperature and live load can also induce evident variation of cable force that
would complicate such a damage diagnosis approach. In order to more comprehensively
explore this problem, the authors recently conducted a long-term monitoring on the cable
forces and temperatures in various structural components of Ai-Lan Bridge, a low pylon
cable-stayed bridge located in central Taiwan [1]. It should be noted that a live load test with
heavy trucks moving on the bridge deck was performed earlier by the other research team to
indicate the insignificant role of live load in the long-term force variation for the stay cables
of Ai-Lan Bridge. Therefore, the recent study by the authors was focused on the investigation

of environmental temperature effect. It was first discovered that the variation of the cable
force is highly correlated with that of an effective temperature defined to combine the
contributions from stay cable, bridge girder, and pylon. The technique of ensemble empirical
mode decomposition (EEMD) was further employed to process the variation histories of
cable force and air temperature. The obtained results evidently revealed that both quantities
can be categorized as the daily variation, long-term variation, and high-frequency noise in the
order of decreasing weight [1]. Subsequently, two transfer coefficients for the daily
temperature variation and long-term temperature variation of effective temperature are
determined to eliminate the environmental temperature effects from the cable force variation.
Based on statistical analysis, several thresholds corresponding to different levels of
exceedance probability were then decided to establish a set of criteria for the detection of
instant damages [2].
Following from the above works by the authors, three possible damage scenarios
occasionally occurred in Taiwan are simulated in the current study to assess the performance
of the proposed diagnosis methodology. For further considering the convenience in practical
SHM applications, this research alternatively adopts the air temperature to eliminate the
environmental temperature effects from the cable force variation. The first scenario
considered is the instant structural damage caused by earthquake and consequently demands
a short detection time to ensure quick response. The methodology recently proposed for the
diagnosis of instant damages is applied in this case [2]. The other two investigated scenarios
are regarding the unequal settlement of land and the asphalt pavement overlay of bridge deck,
which are generally long-term damages and typically focused much more on the identifiable
damage level than the required detection time. Considering such a different need in damage
detection, a more convenient approach by taking the moving average with a duration of 7
days is adopted for these two types of gradually accumulated damages to essentially
eliminate the daily variations of cable force and air temperature without the intensive
computation from applying EEMD. A transfer coefficient between these two averaged
variations is then obtained with the technique of least square errors to remove the long-term
temperature effect from the averaged variation history of cable force. According to the upper
bound and lower bound of the remained cable force variation after the above processing, the
thresholds for diagnosising the damages casued by the unequal settlement and pavement
overlay are designated in this study with the addition of one standard deviation for a
conservative sake.
2 MEASUREMENT OF CABLE FORCE AND AIR TEMPERATURE FOR AI-LAN
BRIDGE
Ai-Lan Bridge is a thee-span symmetric low-pylon cable-stayed bridge with a main span
of 140 m. Nine pairs of stay cables on each side of every pylon are arranged in a harp shape
along the centerline of girder, as shown in Figure 1 A monitoring system was established
during the construction stage to measure a number of important quantities including the
temperature variations of surrounding air, girder, and pylon. In addition to the existing
monitoring system, a simple device composed of a fiber Bragg grating (FBG) sensor attached
on a fishing line was developed by this research group to monitor the variation of cable force
[3]. These FBG sensors were installed on Cables E01 to E18, all the 9 pairs of cables on G2
side of Pylon P1. The vibration signal from the FBG sensor installed on each cable was
automatically collected for 300 sec every 15 minutes at a sampling rate of 250Hz. From those
signals, the natural frequencies of each cable can be identified and then employed to
determine the corresponding cable forces with the ambient vibration method
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Figure 1: Cable system of Ai-Lan Bridge.

[4]. Consequently, there are totally 96 sets of cable force values for each cable per day.
Because of several technical problems often encountered with the installed FBG system,
there were totally 246 days of effective signals intermittently collected from November of
2011 to October of 2012. Fortunately, at least 21 days of continuous data can still be
extracted for each of the four seasons.
Two temperature sensors were installed underneath the bottom slab at each selected cross
section of Ai-Lan Bridge. In general, it is observed that the air temperature variations at
different locations share a similar daily fluctuation curve mainly composing of a steeper
increasing trend during the daytime and the other slower decreasing trend during the
nighttime. More specifically, the air temperature usually reaches its minimum at midnight
and attains its maximum between noon to 3PM. The above trends are consistently held all
year round except for the days under cold fronts to considerably reduce the variation
magnitude and spoil the daytime increasing trend. In this study, the measurement taken at the
middle section of the main span is chosen to represent the air temperature. Taking the onemonth data of Cable E10 measured in Winter for example, the cable force variation F
normalized to the cable force F1 at a reference time t1 is plotted in Figure 2(b) together with
the air temperature variation Ta displayed in Figure 2(a). It should be noted that the
ordinates for F F1 and Ta are defined in opposite directions for an easy comparison due to
their negative correlation. Figure 2 clearly indicates that F F1 generally follows a consistent
trend with Ta . Closer examination on Figure 2 further reveals that there exists certain time
shift between the variation of cable force and that of air temperature.
3 THRESHOLDS AND CRITERIA FOR INSTANT DAMAGE DETECTION
To systematically distinguish the daily and long-term temperature effects, EEMD was
adopted to process the variation histories of cable force and air temperature [1]. Empirical
mode decomposition (EMD) is an adaptive method to decompose a signal into several
intrinsic mode functions (IMF) in balanced oscillations with respect to their zero means. It is
noteworthy that the IMF’s yielded from the EMD process earlier usually have the content in
a higher frequency range. Furthermore, a narrowly-banded frequency content may not be
guaranteed for each IMF due to the adaptive nature of this method. Adapted from EMD,
EEMD is a noise-assisted data analysis method to ensure a narrowly-banded frequency
content for each IMF [5]. For the variations of air temperature and cable force collected from
Ai-Lan Bridge in each season, the previous analysis produced from the EEMD process [6].
The first four IMF’s for both quantities are all high-frequency measurement noises with
trivial amplitudes and then filtered out in the subsequent analysis. Furthermore, it is clear that
IMF 5 to IMF 8 of the effective temperature and the cable force are all primarily
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Figure 2: One-month data of Cable E10 measured in Winter.

contributed by the frequency components at 1 cycle/day and 2 cycle/day. Accordingly, the
combination of IMF 5 up to IMF 8 for each quantity is believed to represent the daily
variation. On the other hand, the remained IMF 9 up to the residue undoubtedly indicate the
long-term variation.
After respectively classifying the air temperature and cable force into two major
components, including the daily variation and long-term variation, the correlation analysis is
performed between the corresponding components of both quantities with the consideration
of optimal time shift. For the selected data of Cables E10, E13, and E17 in all the four
seasons, all the values of the correlation coefficient for daily variation fall in the range
between 0.91 and 0.99 to indicate an excellent correlation. In addition, most of the optimal
time shifts for the daily components are with a negative value to imply that the cable force
variation typically falls behind that of the air temperature. On the other hand, the values of
correlation coefficient associated with various cases of long-term variation are between 0.33
and 0.89 with a wider time shift range from 6.5 to 12 hours. Detailed results for varying
different time shifts also disclose that the correlation coefficient is quite sensitive to the time
shift in the case of daily variation, but relatively indifferent with the alternation of time shift
in the case of long-term variation.
Considering that the component of daily variation is much more sensitive to the time shift
than that of long-term variation and it is usually with a dominant contribution, the optimal
time shift st for the daily variation is taken for both components in the following analysis
to decide the transfer coefficients. At the time instant ti , assume that zi  z (ti ) represents the
denoised cable force variation. In addition, xi  s  x(ti  st ) and yi  s  y (ti  st ) denote the
daily variation and the long-term variation of air temperature with the same shift st along
the time axis, respectively. To optimally exclude the effects of xi  s and yi  s from zi in a
linear manner, a transfer coefficient a1 associated with the daily variation of air temperature

and another transfer coefficient a2 associated with the long-term variation of air temperature
are to be determined such that the error between zi and a1 xi  s  a2 yi  s is minimized. With the
data collected at n consecutive time instants, an appropriate objective function for conducting
the optimization procedures can be defined by the sum of the squares of the errors as
E

 zi  a1 xis  a2 yis  b 2
n

i  s 1

(1)

It should be particularly noted that the constant coefficient b in Eq. (1) is added to account for
the possible inaccuracy at the initial reference time instant t1 and the effects of other minor
factors in addition to the temperature. With the transfer coefficients determined from the
optimization of Eq. (1), the residual cable force variation after the elimination of temperature
effects can be obtained by zi  a1 xi  s  a2 yi  s  b for all the three considered stay cables in
different seasons.
To determine the thresholds beyond which the probability of damage occurrence is high
and then establish the appropriate criteria for damage detection, a sufficient length of
representative data are required for statistical analysis. Consequently, the monitoring data
with a shorter length of 7 days are adopted in the subsequent EEMD analysis. It should be
emphasized that this selected length of 7 days is generally adequate because only the final 24
data points with a time duration of 6 hours from the EEMD analysis at each time instant are
considered in the current study for damage detection. Also taking the one-month data of
Cable E10 in Winter as an example and considering the time shift, a progress with one point
at a time is made to move along the time axis for obtaining all the possible 2203 time
histories with a length of 7 days. The process of eliminating the temperature effects as
described above is then conducted for each pair of air temperature variation and cable force
variation. The residual cable force variations resulted from all the 2203 events cover a wide
range of different cases to give a good database for determining the thresholds with certain
exceedance probabilities. Since the damage criteria will be based on the most recent 24
points (6 hours), a consistent selection of the last 24 points of each residual cable force
variation is also adopted here to perform the statistical analysis for obtaining different levels
of thresholds. In other words, there are totally 24  2203 points of data yielded by this
example of Cable E10 measured in Winter. Even though the residual cable force variations
are not perfectly in a normal distribution, the two levels with 5% and 0.3% of exceedance
probability can still be taken as crucial reference thresholds to establish the damage criteria.
Furthermore, the residual cable force variations have been found to distribute in an
unsymmetrical manner with respect to the zero axis [2]. To construct relatively sensitive
damage criteria, more specific thresholds for the upper (positive) part and the lower (negative)
part of residual cable force variations are determined in this study.
For detecting the instantly occurred damages, the first decision to make is the examined
duration of the most recent history. The choice of an overlong period will dilute the effect of
damage in its new occurrence and delay the detection time. On the other hand, the inspected
points of data will be too limited to make a statistical sense if an extremely short period is
selected. In the current research, this duration is set at 6 hours (24 points) for a good balance.
Other critical issues for damage detection include the choice of a higher or lower threshold
and the selection of criteria in a continuous or cumulative manner. In general, a larger
damage is easier to be detected with a continuous criterion based on a higher threshold, while
a smaller damage intends to be more conveniently distinguished with a cumulative criterion
based on a relatively lower threshold. To cover the detection for different levels of damage,

four criteria with either 5% or 0.3% threshold and either checking cumulative or continuous
exceeding points are established. Moreover, these four criteria will be respectively decided
for the upper part and the lower part of residual cable force variations to improve their
sensitivities. Similar to the work for the determination of thresholds, the residual cable force
variations obtained from all the possible extractions of the recorded time histories are taken
for statistical analysis. The last 24 points of each case are firstly checked for evaluating the
total number and the longest continuous number to exceed the 5% or 0.3% threshold. The
largest value in all the possible cases for each category is then searched to represent the worst
scenario when the bridge still stays in the healthy condition. The maximum number in each
category is finally added by one to serve as a criterion for indicating the occurrence of
possible instant damages.
With the established upper and lower criteria, the detection of sudden cable force changes
caused by instant damages occurred in cable-stayed bridges can be conveniently conducted.
The next problem to investigate is the sensitivity of this method, i.e., the minimum level of
cable force change that can be detected. In addition, the effectiveness of different criteria and
the required time to detect a certain level of damage are also important issues deserving
detailed examinations. For widely exploring these questions, the monitoring data for the three
stay cables in different seasons are adopted to simulate various possible damage levels. In
each simulation, a certain percentage of increased or decreased cable force is applied at a
particular time instant and from then on. Starting from the instant that damage firstly occurs,
the detection procedures are carried out for each simulation by progressing one point at a
time along the time axis to check all the criteria. This action is continued until at least one
criterion is reached or 48 time increments (12 hours) have passed. The reason to stop at 12
hours is that the damage detection before such an elapsed time is considered meaningful in
practices for subsequent repairing works. In this study, three levels of sudden cable force
change including ±1.5%, ±2%, and ±2.5% are examined. It is discovered that the ±1.5%
cable force changes cannot be identified in 12 hours for several of the possible simulations.
On the other hand, all the simulations for the cases with ±2.5% of cable force change are
successfully identified in 4 hours and those with ±2% of cable force change can be detected
in 12 hours.
4 THRESHOLDS AND CRITERIA FOR LONG-TERM DAMAGE DETECTION
The methodology discussed in the previous section is developed for the detection of
instant damages demanding a short detection time. The detection for long-term damages, on
the other hand, is usually aimed for a successful identification at a damage level as low as
possible. According to such a difference in detection need, a modified method is further
established in this section for long-term damages. Firstly, a simple approach by taking the
moving average with a duration of 7 days is employed to substantially remove the daily
variations of cable force and air temperature. This simplication is intended to avoid the
intensive computation associated with the application of EEMD which is adopted mainly for
achieving a quick detection time. Afterwards, a revised objective function can be defined as
E    z i  a 2 yi  b 
n

i 1

2

(2)

to determine a transfer coefficient between the two averaged variations and then eliminate the
long-term temperature effect from the averaged variation history of cable force. Since the
long-term variation is not sensitive to the time shift as indicated in the previous section, the

consideration of optimal time shift is no longer included in Eq. (2). It should be further
emphasized that this new method can also be applied to deal with the uncontinuous
measurements due to the unanticipated malfunction of monitoring system which may occur
in engineering practice from time to time. The disruption of data would cause problems for
the continuous processing with EEMD, while the moving average technique can still be
carried on with the tolerance of a vacant interval after the signals are resumed. In this section,
all the 246 days of intermittently collected signals will be examined together to test the
proposed methodology.
Since the upper and lower bounds of the residual cable force variations after the exclusion
of temperature effects represent the extreme values in the examined duration under the
healthy bridge condition, these two bounds are respectively added by one standard deviation
of the total history to serve as the upper and lower criteria for indicating the occurrence of
possible long-term damages in this study. Taking again the monitoring data of Cable E10 for
example, the time histories for of the cable force variation and the air temperature variation
by taking a moving average of 7 days are shown in Figure 3. The similar trend demonstrated
in Figure 3 for the cable force and the air temperature variations suggests a generally linear
correlation between them. The correlation analysis is further performed between both
quantities. For the three investigated cables, it is found that the correlation coefficient is
0.94 for Cable E10, 0.70 for E13, and 0.57 for E17. Elimination of the long-term
temperature effect is then conducted with Eq. (2) to significantly reduce the range of cable
force variation from 5.8% to 0.6% for Cable E10, from 5.6% to 0.8% for Cable E13, and
from 5.7% to 0.9% for Cable E17. The corresponding standard deviations are also notably
decreased from 0.76% to 0.11% for Cable E10, from 0.95% to 0.16% for Cable E13, and
from 0.99% to 0.18% for Cable E17.
5 DIAGNOSIS OF SIMULATED DAMAGE SCENARIOS
Three possible damage scenarios occasionally occurred in Taiwan are simulated in this
section to assess the performance of the diagnosis methods developed in the previous two
sections. Two common types of cable-stayed bridges in Taiwan are considered in this
investigation. Chi-Lu Bridge, severely damaged in Chi-Chi Earthquake in 1999 and then
repaired, is chosen for representing the standard cable-stayed bridge. In addition, Ai-Lan Bridge
as mentioned above is selected to stand for the low-pylon cable-stayed bridge. For performing
the assessment, the finite element (FE) models with SAP2000 software are constructed for these
two bridges and all of cable forces under dead loads are calculated beforehand.
In this study, the diagnosis of damages is based on the condition that the force variations of at least
two stay cables exceed the criteria established for either instant or long-term damages. It is no doubt that
the installation of more sensors would help to collect more comprehensive measurements of cable force
for more sensitive damage detection. Considering the installation cost and maintenance effort

typically concerned in practice, however, an economical case to simply monitor the two shortest
cables and the two longest cables of each cable plane is examined herein to evaluate the
applicability of the proposed method.
For the first scenario regarding the instant structural damage caused by earthquake, the
damage location is assumed to occur at a girder section near the pylon, which mimics the real
damage occurrence of Chi-Lu Bridge in 1999. The damage level is simulated by partially
releasing the internal moment of the selected girder section under dead loads. FE analysis for the
bridge model with the released moment is subsequently performed to observe the force
variations of the cable system. According to the results presented in Section 4 for the detection
of instant damages, 2% of cable force variation is adopted as the criterion to indicate possible
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Figure 3: Time histories of Cable E10 by taking a moving average of 7 days.

seismic damage detection. The obtained results elucidate that a larger force variation normally
occurs at the shorter cables near the pylon. More importantly, the instant damage caused by
earthquake can be identified when the released moment reaches 7% for Ai-Lan Bridge and goes
beyond 13% for Chi-Lu Bridge, both not as significant as the actual structural damage of Chi-Lu
Bridge caused by Chi-Chi Earthquake.
As for the other two scenarios considering the unequal settlement of land and the asphalt
pavement overlay on bridge deck, the upper and lower bounds of the health history for
residual cable force with the addition of one standard deviation are taken to serve as the
thresholds for damage detection. Based on this methodology, it is expected that a damage
level corresponding to the cable force variation of one standard deviation can be identified in
a sufficient time duration which is not a major concern for this type of long-term damage.
According to the results demonstrated in Section 4, the maximum value 0.18% of one
standard deviation for all the three investigated cables is taken as the quaranteed identifiable
damage level. In other words, the long-term damage is considered to be recognized as long as
the force variations of at least two cables go beyond 0.18%. Several possible load
combinations for unequal settlement and pavement overlay are examined with the two FE
models of Chi-Lu Bridge and Ai-Lan Bridge. For the case of unequal settlement, it can be
observed that larger force variations are usually induced for longer cables. Furthermore, the
corresponding damage can be successfully detected when the unequal settlement reaches 8 mm
for Ai-Lan Bridge or exceeds 3 mm for Chi-Lu Bridge. For the other case of pavement overlay,
larger force variations typically occur in middle cables, instead. In addition, the resulted damage
can be positively identified if the pavement overlay goes above 2.8 cm higher than the design
value for Ai-Lan Bridge or surpasses 3 mm of that for Chi-Lu Bridge.
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CONCLUSIONS

The objective of this study is to develop effective methods for the damage diagnosis of cablestayed bridges. Three possible damage scenarios occasionally occurred in Taiwan are simulated
to assess the performance of the proposed methods. It is demonstrated that minor seismic
damages can be confidently detected within 12 hours. The identification of an unequal
settlement reaching 8 mm or more is found to be feasible. Moreover, the asphalt pavement
overlay with a thickness of 2.8 cm beyond the design value can be clearly detected. Finally, the
simulated results also reveal that only a few stay cables including the back stay cable are
necessary to be monitored for successful diagnosis.
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