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Cables or suspenders are the critical force-transmitting components of cable-supported bridges, and their timely tension
monitoring is consequently the most important issue in the corresponding structural health monitoring. However, very few works
regarding the full automation of vibration-based tension estimation have been reported in the literature. To develop a monitoring
system of cable tension based on real-time vibration signals, this research first employs an efficient stochastic subspace iden-
tification (SSI) method with tailored parameter selection to continuously identify the three frequencies of adjacent modes for the
cables of Mao-Luo-Hsi Bridge. More importantly, an automated sieving algorithm is delicately established to obtain the stable
modal frequencies by making the best of the specific modal frequency distribution for cables. The ratios between the frequency
values identified from SSI analysis are exhaustively checked to systematically extract the qualified cable frequencies and decide
their corresponding mode orders. The tension is finally computed with one available cable frequency according to the priority
order predetermined by the statistics of identification rate. Demonstrated by analyzing the vibration signals measured from the
stay cable of Mao-Luo-Hsi Bridge in real time for two full years, the effectiveness and robustness of this real-time monitoring
system have been extensively testified. The long-term success rates for the immediate determination of dependable tension are
found to be perfect for 15 of the 18 investigated cables. As for the other three cables, their corresponding success rates are still

higher than 99.99% with very few cases of absent or false tension values.

1. Introduction

Cable-supported bridges generally include suspension
bridges, cable-stayed bridges, and through-type arch
bridges. Due to the demand for longer spans and aesthetic
consideration, these types of bridges have become in-
creasingly popular worldwide to rise as the mainstream in
modern bridge engineering. Cables or suspenders are the
critical force-transmitting components of those cable-
supported bridges, and their timely tension monitoring is
consequently the most important issue in the corresponding
structural health monitoring (SHM). The sudden collapse of
Nan-Fang-Ao Bridge occurred in Taiwan in 2019 can be
taken as a typical example. Such a tragic accident caused the
casualties of six deaths and twelve injured people together
with heavy damage of three fishing vessels and one tank

truck. The suspenders of this arch bridge successively broke in
a very short time to result in the loss of suspension for the main
bridge girder and its subsequent fall into the water. After the
cruel lessons learned from the incident of Nan-Fang-Ao
Bridge, much more resources from the central and local
governments of Taiwan have since been invested to conduct
extensive inspection and SHM of cable-supported bridges.
In practical tension estimation and monitoring, the
ambient vibration method [1-3] is most commonly
employed because of its expedient operation and the un-
sophisticated analysis benefiting from the one-dimensional
geometry of cable. Application of the vibration-based ten-
sion estimation method typically starts with identifying the
modal frequencies of a cable from its ambient vibration
measurements and then calculates the cable tension based on
an analytical formula requiring at least a cable frequency, the
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given vibration length, and its mass per unit length. More
involved effects such as flexural rigidity [4, 5] and gravity sag
[6, 7] have also been well studied in the literature to improve
the accuracy of this method. Nevertheless, the rubber
constraints and special anchorage systems are normally
designed near the boundaries of modern cables. These de-
vices can unfriendly obstruct the accurate determination of
their vibration lengths and lead to non-negligible errors in
tension estimation. To tackle this difficulty and avoid the
troubles of complex modelling in the neighborhood of cable
boundaries, a new methodology has been first propelled and
systematically developed by the authors [8-12]. An original
idea was adopted in those studies to directly obtain the
effective vibration lengths for desired modes by further
combining the information of mode shapes. Collection of
multiple synchronized measurements on a cable is required
in this method for the identification of mode shape values at
different sensor locations. The effective vibration length
corresponding to each interested mode can then be in-
dependently attained by optimally fitting the sinusoidal
component of the mode shape. With the identified modal
frequencies and the determined effective vibration lengths
for a few selected modes, the cable tension and flexural
rigidity are eventually solved by simple linear regression
techniques. This innovative method has so far been applied
to conduct the cable tension estimation for more than
30 cable-supported bridges in Taiwan. A number of other
researchers have also joined to explore the same concept of
effective vibration length [13-15].

Following the galloping progress of sensor technology in
recent years, much more cable-supported bridges have been
equipped with permanent vibration sensors on their cables
to carry out real-time and long-term tension monitoring.
For establishing an accurate cable tension monitoring sys-
tem, it needs to conduct the abovementioned method based
on multiple vibration measurements only once in the initial
stage. With the corresponding effective vibration lengths
determined, one sensor installed on each cable would be
adequate to supply the vibration measurement, from which
the cable frequencies can be immediately identified for
continuous tension monitoring. Under normal operating
conditions of bridges, it is usually sufficient to accurately
identify the modal frequencies of cables by applying the
conventional discrete Fourier transform (DFT) technique.
To achieve real-time monitoring in practical applications,
however, the continuously stable identification of cable
frequencies becomes a great challenge. The ambient vibra-
tion signals can be very weak and highly polluted by noise
during the hours without traffic. Accordingly, a more re-
silient modal identification method with its guaranteed
performance is necessary in such long-term operations.

Operational modal analysis (OMA) has been well ad-
vanced in the past few decades to yield several robust al-
gorithms for obtaining reliable modal parameters simply
from the collected output signals. Among all these methods,
stochastic subspace identification (SSI) may attract the most
popular applications on civil engineering structures [16-19].
This technique has been successfully practiced for the long-
term SHM of historical architectures [20, 21], arch dams
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[22], skyscrapers [23, 24], and long-span bridges [25, 26]. In
these cases, a regularly encountered problem is that different
values of the time lag parameter and the system order pa-
rameter prescribed in SSI analysis would produce varied
modal parameters. The conventional stabilization diagram
and proper discrimination criteria according to theories like
clustering analysis [27-29] have been established to deal
with such a difficulty.

During the past decade, the development is further fo-
cused on automated SSI approaches that are capable of
processing large datasets from long-term monitoring sys-
tems without the need of human interventions [30-32].
Particularly in the last few years, many efforts have been
made to accomplish automatic SSI-based monitoring.
Zonno et al. [33] proposed a multistage methodology
combining the data-driven SSI together with the techniques
of hierarchical clustering and adaptive modal tracking for
the automatic modal parameter identification of historical
buildings in Portugal and Peru. Li et al. [34] developed
a three-stage automated algorithm by incorporating the
second-order blind identification with the covariance-driven
SSI to conduct continuous monitoring for a concrete arch
gravity dam in China. Sadeqi et al. [35] established an au-
tomated procedure integrating a simplified SSI algorithm in
conjunction with the statistical feature extraction of iden-
tified modal parameters. In this research, three years of
continuous data from a modern tower in Iran were pro-
cessed to effectively perform its SHM. Sun et al. [36] used
a multistage clustering approach by defining the hierarchical
clustering threshold to handle the results from the
covariance-driven SSI and automatically identify the modal
parameters of a cable-stayed bridge in Australia. Zhang et al.
[37] lately amalgamated a fast density peak clustering al-
gorithm with the covariance-driven SSI to automatically
select the appropriate structural modes from the stabiliza-
tion diagram and applied it to a cable-stayed bridge in China.

After the abovementioned accident of Nan-Fang-Ao
Bridge, the authors earned an opportunity to help develop
a real-time tension monitoring system based on the vi-
bration signals of Mao-Luo-Hsi Bridge that will be in-
troduced in the next section. While a few new techniques
[38-40] were recently suggested to effectively identify the
time-varying cable tension, very few works regarding the
full automation of vibration-based tension estimation
have been reported in the literature. Jin et al. [41] first
applied a modified automatic multiscale-based peak de-
tection algorithm on the power spectral density function.
The median absolute deviation following baseline cor-
rections is then determined to extract the modal fre-
quencies of cables for autonomous tension monitoring.
Jeong et al. [42] constructed an automated cable tension
monitoring system by proposing a fully automated peak-
picking algorithm using a region-based convolution
neural network. Even so, only short durations of vibration
data from real stay cables were tested in these two recent
studies to demonstrate the effectiveness of their proposed
methods. No long-term results were actually presented to
unambiguously verify the feasibility of a totally automatic
cable tension monitoring system in practice.
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Enhanced with an alternative stabilization diagram and
a hierarchical sifting process, a novel covariance-driven SSI
methodology was also proposed in a recent work by the
authors [43]. In addition to its original application in stay
cables [43], this improved SSI algorithm has been further
demonstrated to sturdily identify accurate modal parameters
of cable-stayed bridges [44] and office buildings [45, 46]
from long-term vibration measurements. On the basis of
employing such an effective SSI algorithm to continuously
identify the modal frequencies, a real-time tension moni-
toring system is developed and applied to the cables of Mao-
Luo-Hsi Bridge. In long-term SHM, the occurrence of ab-
normal signals due to various possible sources is virtually
inevitable and may significantly obstruct the subsequent
analyses. The first phase of this tension monitoring system
aimed to automatically detect and process the signal
anomaly of cable vibration measurements has been reported
in a recent article [47]. The current paper will focus on
elaborating the most critical ingredient of the tension
monitoring system, which is an automated algorithm in-
novatively created to robustly sieve out the stable modal
frequencies of the cable based on the characteristic of their
steady ratios. Furthermore, the real-time cable tension
monitoring results of Mao-Luo-Hsi Bridge for a long du-
ration of two years will be also presented to solidly attest the
robustness and performance of the developed tension
monitoring system in real applications.

2. Mao-Luo-Hsi Bridge and Its Cable
Vibration Measurements

With its photo displayed in Figure 1(a), Mao-Luo-Hsi Bridge
transverses Mao-Luo River to connect National Highway 3
and the east end of Bagua Mountain Tunnel. Open to traffic
since 2002, this bridge has been serving as a main artery
between the two towns of Yuanlin of Changhua County and
Caotun of Nantou County in Central Taiwan. It is an un-
symmetrical single-pylon cable-stayed bridge containing
a main span with a length of 119m and a side span with
a length of 51 m, both built with steel box girders. A steel
arch crossing over the bridge deck and with a height of 60 m
is adopted as its pylon. As illustrated in Figure 1(c), the cable
system of Mao-Luo-Hsi Bridge contains four cable planes
and each plane is composed of nine stay cables arranged in
the unsymmetrical fan shape. With their lengths ranging
from 27.2m to 103.1m, these 36 cables are numbered in
triple digits according to the following rules: (a) the first digit
indicates the number of the belonged cable plane; (b) the last
two digits label the cables of each plane in ascending order
from the Yuanlin side to the Caotun side; (c) the two main
cables near the Yuanlin side (or Bagua Mountain Tunnel) are
anchored into a concrete block outside the main girder and
postfixed with a and b, respectively. The design length, angle
of inclination, and number of parallel steel strands (15.2 mm
in diameter) for the cables in the first two cable planes are
listed in Table 1 for reference. It should be noticed that all the
steel strands of each stay cable are encased in a high-density
polyethylene (HDPE) tube, but no grouting material is filled
between them. A typical cable cross section is depicted in

Figure 1(b), and the mass per unit length for each cable is
also listed in Table 1 by considering both the steel strands
and the HDPE tube.

To ensure the structural safety of Mao-Luo-Hsi Bridge,
an SHM system was installed by the Directorate General of
Highways and started its operation in November of 2020.
The permanent sensors deployed on the bridge include one
anemometer, 11 temperature sensors, one seismograph, one
biaxial inclinometer, two displacement transducers, seven
settlement gauges, 16 strain gauges, and 36 accelerometers.
The detailed description given here will be limited to the
accelerometers which are directly relevant to the in-
vestigation of this study. On each stay cable, one force
balance accelerometer SA-10 produced by Sara Electronic
Instruments in Italy was installed at the position around 5m
high above the deck to continuously conduct its in-plane
acceleration measurements. For the convenience of timely
cable tension monitoring, the monitoring system is designed
to output the measured acceleration signals for all cables
every 15 minutes and then store them into a separate data file
for subsequent analyses. Therefore, it would generate 96
measurement data files every day for each stay cable to attain
real-time tension monitoring.

3. Identification of Cable Frequencies with
Stochastic Subspace Methodology

Multiple vibration measurements on each cable of Mao-
Luo-Hsi Bridge were conducted in the initial stage to decide
its flexural rigidity and effective vibration lengths for the
dominant modes [8-12]. It was found that the identified
flexural rigidity of each cable is consistently larger than the
lower limit estimated by considering a circular cross section
with an area equal to the sum of all its strands. Besides, the
corresponding values for different cables follow the same
order as that sorted by their numbers of steel strands. Both
tendencies certify that the cable’s flexural rigidity such de-
termined is reasonable and can be confidently used as
a known parameter in long-term monitoring. Merely one
modal frequency is required to estimate the real-time ten-
sion value for each cable with the given flexural rigidity and
effective vibration length. The SSI methodology recently
developed by the authors [43-46] is employed in the current
work aimed to continuously identify three cable frequencies
of adjacent modes. Such a strategy is adopted to guarantee
the identification of at least one cable frequency at any time
considering the wide variability possibly occurring in long-
term monitoring. This SSI algorithm is succinctly reviewed
in the first subsection. Based on the preliminary analysis
with one week of cable vibration measurements for Mao-
Luo-Hsi Bridge before the official operation of its SHM
system, discussions on the determination of frequency range
and the selection of SSI parameters are also presented in the
second and third subsections.

3.1. Alternative Stabilization Diagram and Hierarchical
Shifting Process. The improved SSI algorithm follows the
covariance-driven approach, which generally starts from the
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FIGURE 1: Mao-Luo-Hsi Bridge and its cable system. (a) Photo. (b) Cross section of cable. (c) Cable arrangement.

TaBLE 1: Basic parameters for cables in the first two cable planes of Mao-Luo-Hsi Bridge.

. Angle Number Mass per unit mass
Cable number Design length (m) of inclingtion ©) of steel strands Izkg/m)
101a 60.516 34.2 73 85.371
101b 60.526 34.2 73 85.371
102 43,682 40.7 61 72.159
103 32.603 59.4 37 45.735
104 27.827 90.0 37 45.735
105 37.080 48.8 37 45,735
106 54.963 31.2 61 72.159
107 76.409 232 61 72.159
108 97.426 18.5 61 72.159
201a 70.348 43.5 73 85.371
201b 70.312 435 73 85.371
202 54.906 51.5 61 72.159
203 45.987 67.5 37 45.735
204 42.880 90.0 37 45,735
205 48.296 61.3 37 45,735
206 62.691 43.1 61 72.159
207 81.610 324 61 72.159
208 102.697 25.6 61 72.159

state space description for a linear dynamic system with»  sampling time increment At to have the I x 1 output vector
degrees of freedom (DOF). It assumed that the output vy (j) at the time instant jAt. The output vectors measured
measurements for such a system are conducted using the  at M consecutive time instants (j=0,1,2,------ ,M—-1)
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can then be systematically arranged into a Hankel matrix
by selecting a time lag parameter i:

y©0) y)
vy y(2)

1 yi-1 y(@)
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where Y, and Y, are both il xh with h=M -2i+ 1.
Multiplication of the two equally divided submatrices Y
and Y, of the Hankel matrix would result in the

T = Yng =UsV' = [ (UD)itxan (Uz)ilxnl ]

T
~U,S, V!,

wheren; =il —2n, Uand V are orthogonal matrices, and S is
a quasi-diagonal matrix with positive diagonal elements
sorted in a decreasing order. Further taking

0,=U,;$;? andI; =S$;?V], (3)

then the discretized system matrix A in the state space can be
solved by

A=07(1:1(i-1),:)0;(I+1: li,:), (4)

where @ symbolizes the pseudo-inverse operation.
According to the theory of linear systems, the modal fre-
quencies w;’s, the damping ratios & ;’s, and the mode shape
vectors at the output measurement locations ¢;’s can be
ultimately determined from the eigenvalues and eigenvec-
tors of A.

From the above review, it is evident that the time lag
parameter i in equation (1) and the system order pa-
rameter # in equation (2) need to be specified in con-
ducting the SSI analysis. A value no less than the number
of physical modes within the interested frequency range is
normally required for the system order parameter to
ensure the incorporation of unambiguously contributing
modes. As for the time lag parameter, the identified modal
parameters should be insensitive to it if the excitation is
close to the white noise and stationary assumptions on
which the derivation of SSI is based. Consequently, the
determination of modal parameters by the SSI technique
is usually accompanied with the stabilization diagram to

5
y(h-1)
y(h)
y(i+h-2) _ Y0|i—l _ & "
y(+h=1) Yi|2[—1 Y,
y(i+h)
yQ2i+h=2)1,..,

approximation of the so-called Toeplitz matrix T. Singular
value decomposition (SVD) of T can next be carried out to
obtain

(Sl)anzn
0

02n><n1

:| (VT)anil
(SZ)nlxn1 = Onlxnl (Vz)nlxil (2)

check the stability of the identified frequency values with
the increasing value of n under a designated value of i. In
applications of large-scale civil structures typically sub-
jected to narrowly banded or non-stationary excitations,
however, the performance of conventional stabilization
diagrams may be significantly altered by different selec-
tions of the time lag parameter [16]. The authors [43]
recently tackled such a difficulty by first establishing
a threshold i. of the time lag parameter to ensure stable
identification results:

nyx2n

iZi‘-‘ZFI’ (5)

where s = 1/At denotes the sampling rate of measurement
and F, signifies the fundamental frequency of structure.
With the criterion of equation (5), an alternative stabiliza-
tion diagram was then proposed by displaying the identified
frequency values with the increasing value of i under a fixed
value of n [43]. The lower limit i, ;, of the time lag parameter
is suggested to be set as the critical threshold i, presented in
equation (5), and its upper limit i, is decided by the need
in the subsequent processes to extract reliable modal
parameters.

Even with the construction of an alternative stabilization
diagram, further efforts are needed to complete the task of
automatically and consistently extracting clustered modal
parameters from this diagram. A three-stage hierarchical
sifting process in the order of modal frequency, damping
ratio, and mode shape vector was additionally advanced by



the authors [43, 48]. The following review will simply focus
on the first sifting stage because merely the modal fre-
quencies are necessary for the estimation of the cable tension
monitored in the current study. With the alternative sta-
bilization diagram where the time lag parameter is increased
from i to i =i, + Ai, the conduction of SSI analysis
for all these Ai+1 cases would produce multiple sets of
modal parameters:

(fj’fy(Pj)’j = 1,2, ,N. (6)

In equation (6), the modal frequency f; = w;/2mis in the
unit of Hz and N represents the total number of frequency
values falling in the inspected frequency range. The first stage
of the hierarchical sifting process begins with sorting all
frequency values appearing in the stabilization diagram in
ascending order:

fisfosens <fn (7)

It is designed to conveniently extract the clustered fre-
quency values for each mode using a simple clustering index:

Afi=Ffika—fp=12-00 , (N=-K+1), (8)

to indicate the span of any adjacent K frequency values. The
extraction of all locally clustered frequency values can then
be easily accomplished by just looking for all local minima

Afkl’Asz’ ...... ’Afk, from Afl’AfZ’ ...... ’AfoKJrl'
Moreover, the condition

Afkjgﬂ,j: 1,2, veee- .7, 9)

can be further checked to confirm that each extracted group
of frequency values would satisfy a prescribed threshold of
concentration.

3.2. Determination of Target Modes and Frequency Range.
The improved SSI methodology reviewed in the previous
subsection is applied in this research to conduct tension
monitoring for stay cables. Theoretically, any modal fre-
quency F; can be used to estimate the cable tension by the
following formula:
L\’ 7EI
T:mFﬁ(—,’) = L2,3, (10)

i) (L))

with predetermined effective vibration length L; and flexural
rigidity EI (E signifies Young’s modulus and I stands for the
cross-sectional area moment of inertia). But for long-term
monitoring, the selection of a particular or a few stably
identifiable modes needs to be made such that systematic
operations can be implemented. Since the steady identifi-
cation of three consecutive modal frequencies of a cable is
aimed in the current work, the examined frequency range for
each cable is determined by confidently covering its three
chosen modal frequencies. In other words, a corresponding
band-pass filter is exerted on the acceleration signal of each
cable before conducting the SSI analysis.
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With 7 days of cable measurements from 2020/10/21 to
2020/10/27, the characteristics of mode contribution for
each cable are first investigated in this study to decide its
three consecutive modes as the identification target and the
corresponding frequency range. Taking Cables 107 and 201b
as examples, 15minutes of representative acceleration
measurements for each cable as plotted in Figures 2(a) and
3(a) are extracted from this week to conduct Fourier
transform. The corresponding Fourier amplitude spectra
(FAS) are plotted in Figures 2(b) and 3(b). It is apparently
demonstrated in these two figures that the modal frequencies
of a stay cable regularly hold values approximately in integer
multiples of its fundamental frequency and are accordingly
easy to be distinguished. More importantly, the second,
third, and fourth modes are the three most contributing
modes with three highest peaks for both cables. The trend
shown in Figures 2 and 3, however, is valid only for one data
file including the selected 15 minutes of cable measurements.
A complete picture can be more distinctly observed if the
results for all 672 measurement data files from 2020/10/21 to
2020/10/27 are scrutinized. According to the peak values
exhibited in the FAS of each 15-minute time interval, sta-
tistics of the three most dominantly contributing modes in
one whole week are illustrated in Figure 4. For Cable 107, the
percentage of its second mode to rank the first three is
22% +25% + 19% = 66%, that of its third mode is
51% +29% +9% =89%, and that of its fourth mode is
12% +22% +29% = 63%. Regarding Cable 201b, the per-
centage of its second mode to rank the first three is
65% +22% +7%=94%, that of its third mode is
22% +29% +24% =75%, and that of its fourth mode is
7% +25% +49% = 81%. All other modes of either Cable 107
or Cable 201b are with less percentage to rank the first three
than the three modes listed above. Therefore, the best choice
of three consecutive modes would be from the second to the
fourth mode for both cables.

Based on the aforementioned statistics, the frequency
range of the band-pass filter for each cable can be sub-
sequently determined. As indicated in Figure 2(b) by the
interval between two vertical red lines, the considered fre-
quency range for Cable 107 is taken from f;,=1.8Hz
(roughly the middle value for the frequencies of the first and
second modes) t0 fyax=5.4 Hz (approximately the middle
value for the frequencies of the fourth and fifth modes).
Likewise, the investigated frequency range for Cable 201b is
also shown in Figure 3(b) between the two vertical red lines
at 2.2 Hz and 6.5 Hz. The three consecutive modes and the
frequency range selected for each cable in the first two cable
planes of Mao-Luo-Hsi Bridge are listed in Table 2. It can be
found from this table that the second to fourth modes are
identically chosen for the longer cables labelled with 0la,
01b, 02, 06, 07, and 08 in each cable plane. On the other
hand, the first to third modes are consistently picked for the
shorter cables labelled with 03, 04, and 05 in each cable
plane. Such a trend is the same for the cables in the other two
cable planes, whose results are not comprehensively in-
cluded in the current paper due to the limitation of length.
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FIGURE 2: 15 minutes of time history and the corresponding Fourier amplitude spectrum for the acceleration measurement of Cable 107.
(a) Time history. (b) Fourier amplitude spectrum.
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FIGURE 3: 15 minutes of time history and the corresponding Fourier amplitude spectrum for the acceleration measurement of Cable 201b.
(a) Time history. (b) Fourier amplitude spectrum.
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TaBLE 2: Adopted parameters of SSI analysis for cables in the first two cable planes.

Frequency range

Cable number (Hz) Range of i Value of Target modes (priority)
fmin fmax imin imax 8 O o) m3

101a 2.3 6.9 130 230 3 2 (Ist) 3 (3rd) 4 (2nd)
101b 22 6.6 140 240 3 2 (1st) 3 (3rd) 4 (2nd)
102 2.9 8.7 110 210 3 2 (Ist) 3 (2nd) 4 (3rd)
103 1.5 10.4 70 170 3 1 (1st) 2 (2nd) 3 (3rd)
104 1.8 12.5 60 160 3 1 (2nd) 2 (Ist) 3 (3rd)
105 1.6 10.8 70 170 3 1 (1st) 2 (2nd) 3 (3rd)
106 32 9.5 100 200 3 2 (st) 3 (2nd) 4 (3rd)
107 1.8 5.4 170 270 3 2 (3rd) 3 (Ist) 4 (2nd)
108 11 32 260 360 4 2 (1st) 3 (2nd) 4 (3rd)
20la 2.2 6.5 140 240 3 2 (Ist) 3 (3rd) 4 (2nd)
201b 22 6.5 140 240 4 2 (1st) 3 (3rd) 4 (2nd)
202 2.3 7.1 130 230 3 2 (1st) 3 (2nd) 4 (3rd)
203 11 7.5 100 200 4 1 (1st) 2 (2nd) 3 (3rd)
204 12 8.5 90 190 3 1 (2nd) 2 (Ist) 3 (3rd)
205 1.2 8.4 90 190 3 1 (Ist) 2 (2nd) 3 (3rd)
206 2.6 7.8 120 220 4 2 (Ist) 3 (2nd) 4 (3rd)
207 1.7 5.1 180 280 3 2 (3rd) 3 (Ist) 4 (2nd)
208 1.0 3.0 280 380 4 2 (Lst) 3 (2nd) 4 (3rd)

3.3. Parameter Selection for Real-Time SSI Analysis.
Following the guidelines described in Section 3.1, the system
order parameter #, the range of time lag parameter 7, and the
parameters for the first sifting stage are selected for the real-
time SSI analysis of each cable. Inspecting the FAS for the
measurement on Cable 107 exhibited in Figure 2(b), it is
obvious that three prominent peaks corresponding to three
consecutive cable modes appear in the examined frequency

range between 1.8 Hz and 5.4 Hz. As a result, it is proper to
fix the system order parameter at n=3 in this case for
establishing the alternative stabilization diagram. Further
checking the FAS in Figure 3(b) obtained from the mea-
surement on Cable 201b, there exist four noticeable peaks
including one clearly not belonging to a cable mode. In this
case, n=4 would no doubt be an appropriate choice in
constructing the alternative stabilization diagram for more
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steady identification of three cable frequencies. It is note-
worthy that higher values of n can actually be employed in
these two cases to obtain stable identification as well.
Nevertheless, more clustered frequency values associated
with higher values of #n in the alternative stabilization dia-
gram would induce severer challenges to sieve out reliable
cable frequencies as will be dealt with in the next section.
Since the frequencies of three consecutive modes are tar-
geted for each cable, the assigned value of n=3 is the first
priority taken in this study as long as three significant peaks
are typically observed in its examined frequency range like
the case of Cable 107. But for a few cases such as Cable 201b
where additional peaks may also occur, the selection of n =4
is found to be sufficient as will be seen in the next section.

With the fundamental frequency F, = 1.2Hz of Cable
107 and the sampling rate of measurement s=200Hz, the
corresponding critical threshold can be determined from
equation (5) to have i, = 200/1.2 = 170. As for Cable 201b
with its fundamental frequency F, = 1.4Hz, the critical
threshold becomes i, =200/1.4 = 140. Hence, the SSI
analysis for the measurement of Cable 107 shown in
Figure 2(a) is performed with the time lag parameter in-
creasing from i, =170 to i, =i, +Ai= 170+
100 = 270. The resulting alternative stabilization diagram
can then be obtained and plotted in Figure 5(a) where the
identified frequency values are symbolized by black cross
signs with its corresponding FAS displayed in the grey
background. In addition, the alternative stabilization dia-
gram of Figure 6(a) for the measurement of Cable 201b
illustrated in Figure 3(a) is constructed with i_;, = 140
and i, =i,i, +Ai = 140 + 100 = 240. Concerning the
first stage of sifting with equations (7)-(9), K= 51 (>0.5Ai)
and Af =0.05Hz are consistently taken for each cable
to guarantee the quality of extracted frequency values.
Using these two parameter values, three groups of
clustered frequency values can be extracted from
Figure 5(a) and four groups from Figure 6(a) as portrayed
in Figures 5(b) and 6(b), respectively, by blue cross signs.
As for the assigned values of n, i, ;,,, and i, for all cables
in the first two cable planes, they are also summarized in
Table 2.

4. Automated Sieving Algorithm for Reliable
Cable Frequencies

After going through the first stage of sifting, K=51 sur-
vivors in each clustered group of Figure 5(b) for Cable 107
and of Figure 6(b) for Cable 201b can then be averaged to
determine the eventually identified frequency value.
Taking one day of measurement for Cable 107 on 2020/10/
21 as an example, the results after conducting the SSI
analysis on the 96 segments of 15-minute acceleration
signal are depicted in Figure 7. Similarly, the corre-
sponding results for the measurement of Cable 201b on
2020/10/22 are demonstrated in Figure 8. From Figure 7,
it is transparent that three frequency values supposedly
corresponding to Modes 2, 3, and 4 of Cable 107 with the
assigned value of n=3 in the SSI analysis can be steadily
identified for each time interval with only one exception.

At the time interval from 00:15 to 00:30, merely two
frequency values corresponding to Modes 2 and 3 are
obtained after the first stage of sifting. Among all 95
intervals with three identified frequency values, there is
simply one frequency moderately deviated from the
normal value of Mode 2 at the time interval from 01:15 to
01:30 and indicated by a red dot in Figure 7. As for the case
of Cable 201b where n=4 is adopted in the SSI analysis,
Figure 8 reveals that four sifted frequency values are
obtained in 44 intervals, three frequency values are
identified in 48 intervals, and just two frequency values are
gained in the other four intervals. In each interval with
four sifted frequencies, there always exists one value
surely not belonging to a cable mode and also indicated by
ared dot. Besides, the correspondence to Modes 2, 3, and 4
of Cable 201b can be clearly found in all 48 intervals with
three identified frequency values, and Mode 3 is typically
missing in the four intervals with only two frequency
values. Comparison of Figures 7 and 8 further suggests
that the measurement from Cable 107 is more expedient
for the conduction of SSI analysis than that from Cable
201b. But at all events, the frequency values not associated
with the examined cable modes (the red dots shown in
Figures 7 and 8) need to be effectively sieved out. In
addition, the correct determination has to be made for the
mode orders corresponding to the remaining cable fre-
quencies. Taking advantage of the specific modal fre-
quency distribution of cables, an automated sieving
algorithm will be developed in this section to satisfy the
above two essential features such that the accuracy and
robustness of the subsequent cable tension estimation can
be secured in long-term monitoring.

4.1. Difficulties and General Ideas. It may not seem com-
plicated for human beings to pick out the anomalous red
dots in Figures 7 and 8 and decide the mode orders
corresponding to the three or fewer cable frequencies in
each interval. To attain fully automatic cable tension
monitoring, however, a comprehensive discrimination
and classification algorithm has to be rigorously
established. It should be especially pointed out that this
task cannot be conveniently handled by simply setting
a range of variation for each cable frequency. A wide
range would not suit the purpose to effectively sieve out
the frequency values not corresponding to cable modes
such as the red dot in Figure 7. On the other hand,
a narrow range may not reasonably cover the frequency
variation induced by environmental factors such as
temperature and live load. More importantly, the oc-
currence of bridge damage can lead to significant var-
iations of cable tension and consequently substantial
changes in cable frequency. Under such circumstances,
it is nothing but fishing in the air to conduct the dis-
crimination of cable frequencies based on a fixed range
of variation.

The special characteristic for the modal frequencies of
a stay cable to hold values close to an arithmetic sequence
(particularly for the frequencies of lower modes where the
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effect of the flexural rigidity is relatively trivial) is exploited
in this study to tackle the above difficulty. In other words, the
ratio between any two obtained frequency values after the
SSI analysis can be checked to systematically determine
whether a frequency value is associated with a cable mode or
not. Taking again Cables 107 and 201b as examples, the
targets for both cases are similarly the three consecutive
frequencies from the second to the fourth mode (F,, F5, and
F,) as mentioned in Section 3.2. Thus, it should be feasible to
efficiently sieve out the red dots in Figures 7 and 8 with

a numerical algorithm based on the three conditions
F,/F, = 2.0,F,/F; = 1.333,and F;/F, = 1.5 from reasonable
frequency ratios. Even if the situation for Cable 107 in the
interval from 00:15 to 00:30 does occur, it is still not difficult
to judge that the two remaining frequency values after the
sieving algorithm belong to the second and third modes.
Similarly, the other situation that occurred in the interval
from 01:15 to 01:30 can also be well handled to confirm that
the two sieved frequency values correspond to the third and
fourth modes.
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FIGURE 8: Results for the acceleration measurement of Cable 201b on 2020/10/22 after SSI analysis.

Overall, the SSI analysis reviewed in the previous
section would be first performed on each interval of 15-
minute cable acceleration measurement to obtain the
identified frequency values at each interval. The sieving
algorithm elaborated in this section is then applied to
exclude the possibly occurring red dots as shown in
Figures 7 and 8 and specify the mode orders corre-
sponding to the cable frequencies remaining. Finally, the
cable tension at each interval is calculated by equation
(10) according to the prescribed mode priority order that
will be discussed in the next section. For establishing an
automatic algorithm, criteria on the ratios between fre-
quency values are imposed with a threshold of tolerance &
determined from the statistical tests described in the next
subsection. Furthermore, the extreme situations where
only one frequency value is identified after the SSI analysis
with no frequency ratio available are also considered in
the current work. The solely identified frequency value in
such cases will be compared with the average of each
targeted cable frequency in a certain period (say, a week or

a month). Another threshold of tolerance y also decided
by the statistical tests is additionally adopted to search for
the corresponding mode under such circumstances. All
details of the sieving algorithm will be given in the next
subsection.

4.2. Detailed Descriptions of Algorithm. For the conve-
nience of explanation, the whole automated sieving al-
gorithm to extract reliable cable frequencies and
determine their mode orders can be first illustrated with
the flowchart for the mainstream process shown in
Figure 9. This main flowchart also includes three branch
processes whose flowcharts are displayed in
Figures 10-12. If m, <m, <m; denote the three consec-
utive mode orders selected for each cable as listed in
Table 2, the three corresponding theoretical frequency
ratios can then be directly computed by oy, = m;/m,,
a3, = ms/m,, and a,, = m,/m,. As discussed in Section 3.3
and listed in Table 2, the assigned value of the system
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F1GURE 9: Flowchart for the mainstream process of automated sieving algorithm.

order parameter in conducting the SSI analysis for each
cable can be either n =3 or n=4. That is to say, there are
at most three identified frequency values after the SSI
analysis when n =3 or four when n=4. Accordingly, two
entrances corresponding to these two cases are designed
for the main flowchart in Figure 9. In each time interval,
assume that four frequency values f=[ f, f, f;5 f4]
are identified when n =4 and three frequency values f =
[ fi f» f;] are obtained when n =3, both arranged in
an ascending order. If the number of identified frequency
values is less than three for the case of n=3 or less than
four for the case of n=4 in any interval, the last one or
more elements in the vector f would be filled with the
value zero to serve as an indicator for the subsequent
automatic checking. No matter starting from the en-
trance for n=4 or n=3, the first step is always to input
the identified frequency vector f.

For the case of n =4, the condition of f(4) #0 is first
inspected to confirm the identification of four frequency
values after conducting the SSI analysis for the consid-
ered time interval. If the answer is positive, the matrix

(E(4)/E(1) £(4)/E(1) £/ [az az ay ]
£(4)/£(2) £(4)/EQ2) F(A/EQ) | |ay ay, ay
£(4)/£(3) £(H/E(3) F(H/E3) | |5 ap ay
£(3)/£(1) £(3)/£(1) £(3)/£(1) ! a3 oz 0
£(3)/£(2) £3)/E(2) £3)VE(Q2) | |5 a5 ay
LEQ/ED) £)/E(D) £/ ] Lagy a5 oy ]

(11)

needs to be computed. In equation (11), ./ stands for the
direct division operation taken between any two corresponding
elements in two matrices with the same size and the last term
“~1” means to subtract 1 from each element in a matrix, both
coming from the syntax of the software MATLAB. With the
design of equation (11), the six elements in each column of P,
would indicate the relative errors for all the six possible ratios
produced by any two of the four identified frequency values
compared with the theoretical frequency ratios a;; (the first
column), a5, (the second column), or a,; (the third column).
Moreover, the allocation matrix
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associated with the arrangement of the six frequency ratios
in equation (11) can also be defined and will be used later.

P, and Q4 can be subsequently input into the branch
process (a) as illustrated in Figure 10 to deal with the cases
possessing four identified frequency values or three. When
the four identified frequency values are confirmed, this
branch process will first carry out the following operation on
P4:

[Xw] = min (abs(P,)). (13)

This operation takes the absolute value for each element
in P, and then stores the minimum value of each column at
X =[X; X, X;] together with recording the row positions of
these minimum values at w=[w; w, w;]. It should be
particularly noted that X;, X,, and X; actually represent the
smallest relative errors for the frequency ratios compared to
a31, &3y, and a,;, respectively. Hence, sequential inspection
on whether X, X,, or X5 exceeds the threshold of tolerance §
as schemed in Figure 10 would explicitly discriminate which
three or which two identified values are cable frequencies.
With the help of the allocation matrix Qy, the corresponding
mode orders for these cable frequencies can also be handily
matched to output the determined cable frequencies F,, ,
F,,and F, . A zero value for any of these output cable
frequencies would imply that no identified value can cor-
respond to that mode.

But if X;, X,, and X; all go beyond 6, then there is at most
one among the four identified values to be possibly taken as
the modal frequency of the cable and this part of sieving is
handled by the branch process (c) demonstrated in Fig-
ure 12. Under such circumstances, the check of frequency
ratios would not provide any useful information and the
only left approach may be to compare with the reference
values of cable frequencies. This research adopts the average
frequency values F,,, F,, , and F,, for the three selected
modes in the past one week to serve as the reference. By
computing the matrix

es!
gl
es!

£(1) £(1) £(1) m, Fmy Fm,
£(2) £(2) £(2)| | Fm, Fm, Fu,

R4 = ./ _ - 1, (14)
£(3) £(3) £(3) | |F,,

@ f@ f@l |g, ¥

o
o

my ms

k|
|

my ms

the four elements in each column of R, would indicate the
relative errors for the four identified frequency values
compared with the average frequency value of each selected
mode. Ry is then input into the branch process (c) to
perform the following operation:

[Y u] = min(abs(R,)). (15)

Similar to equation (13), equation (15) takes the absolute
value for each element in Ry, collects the minimum value of
each column at Y=[Y; Y, Y;], and also saves the row po-
sitions of these minimum values at u = [u; u, us]. Again, Y3,
Y,, and Y; obtained from equation (15) represent the
smallest relative errors for the four identified frequency
values compared to F,,, F,,, and F,, , respectively. Se-
quential examination on whether Y3, Y,, or Y3 is no larger
than the threshold of tolerance y as arranged in Figure 12
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would find the only identified value to be qualified as
a cable frequency and its corresponding mode. Such
a value can then be output to the only appropriate choice
among F,, , F,, ,and F,, . The zero value is finally assigned
to the other two left candidates.

In addition to the situation with four identified fre-
quency values considered above, the circumstance with
three identified frequency values after conducting the SSI
analysis for the examined time interval will be discussed
next. The occurrence of such a situation can be verified by
satisfying £(4) =0 and f(3)#0 in the case of n=4 or
checking f(3) #0 in the case of n=3. The branch process
(a) in Figure 10 is also applicable if simply three fre-
quency values are identified, but the inputs need to be
replaced with

£(3)/£(1) £(3)/£(1) £(3)/£(1)
P, =|f3)f(2) £B)EQ2) £GBVEQR) |/| asy asy ay |- 1,

031 &3y Oy

£(2)/£(1) £2)/f(1) £(2)/E(1) ] Lag a3, ay
(16)
and a new allocation matrix:
31
Q=3 2| (17)
21

The three elements in each column of P; represent the
relative errors for all possible three ratios produced by any
two of the three identified frequency values compared with
the theoretical frequency ratios a5, as,, and «,,. Further-
more, R, defined in equation (14) has to be also substituted
by

£(1) £(1) £(1)] [Em, Fm, Fu,
R, =|f(2) £(2) £(2) [/|F,, Fo, Fu |-1 (18)
f(3) £(3) £(3) le F_F

my T my
when it is necessary to enter the branch process (c) in
Figure 12 for dealing with the sieving of only one possible
cable frequency.

As for the situation with only two identified frequency
values after the SSI analysis, its appearance can be detected if
f(4)=f(3)=0andf(2) #0inthecaseof n=4oriff(3) =0
and f(2) #0 in the case of n=3. The branch process (b) in
Figure 11 is designed for such a circumstance and requires
an even simpler input matrix:

P, = [f(2)/f(1) £2)/f(1) £QR)/E()]/[as, a5 ay] -1
(19)

The single element in each column of P, indicates the
relative error for the ratio of two identified frequency values
compared with the theoretical frequency ratios a5, a5,, and
a,;. This branch process will first execute the following
operation on P:

[Z v] = min(abs(P,)), (20)

15

i.e., taking the absolute value for each element in P, and
then storing the minimum value of all three elements at Z
together with recording its original column position at v.
The obtained value of Z represents the smallest relative
error between the single frequency ratio and its closest
partner among a;,, &,, and a,,. If the condition check of
Z <4 is positive, it means that the two identified values
would correspond to two cable frequencies. Further with
the value of v, these two cable frequencies can find their
corresponding mode orders and are output to the ap-
propriate two of F,,, , F,,, , and F,, . A zero value will also
be assigned to the remalnlng one without any corre-
spondence. If the value of Z exceeds the tolerance &, on
the other hand, then at most one of the two identified
values is possibly regarded as a cable frequency and this
part of sieving can again be conducted by the branch
process (c) in Figure 12. But in this case, the input should
be changed as

f f f F, F, F
R2=[ (1) £(1) £(1) /[ 1

2 _m3}—1, (21)

f(2) f2) f] |F,, F,, F

m;

which is similar to R, defined in equation (14) and Rj
defined in equation (18) but designed to manage the case
with two identified frequency values.

Finally, consider the case where only one frequency
value can be identified from the SSI analysis. The oc-
currence of this situation would be associated with f(4) =
f(3) =1(2)=0 as well as f(1)#0 when n=4 or £(3) =
f(2) = 0 as well as £ (1) # 0 when n = 3. The branch process
(c) in Figure 12 is also applicable in this case but requires
a new input matrix:

=[f(1) £(1) f(V)])/[F,, Fn, Fn]-1  (22)

In the automatic sieving algorithm consisting of the
mainstream process of Figure 9 and the three branch processes
of Figures 10-12, the selection of the tolerances ¢ and y also
plays a pivoting role for its success in long-term SHM. It is
always a great challenge to oscillate between a conservative
choice that may mistakenly sieve out the modal frequencies of
the cable and a loose criterion that could fail to effectively
exclude a few unqualified frequency values. For a more rea-
sonable determination of the thresholds of tolerance § and y,
a trial value of 5% is first assigned for both to conduct the
proposed sieving algorithm after carrying out the SSI analysis
on the cable measurements from 2020/10/21 to 2020/10/27.
The maximum and minimum values for the relative errors of
the three sieved frequency ratios F,,/F,,, F, /F, . and
F,, IF, with respect to their corresponding mode order ratios
®t31, O3y, and a,; in one week are arranged in Table 3 for the
cables in the first two cable planes. Besides, similar statistics for
the relative errors of the three sieved cable frequencies F,, , F,,
and F,, w1th respect to their corresponding weekly average
values F F, . and F,, are also listed in Table 4. More
speaﬁcally, Tables 3 and 4 are prepared to testify the legitimacy
of the choices of § and v, respectively. It is evident from both
tables that there are rather few cases to hold the relative errors
slightly larger than 3% and these values are highlighted with
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TaBLE 3: Relative errors of sieved frequency ratios for cables in the first two cable planes.

F,/F )loay; —1 (%
Cable number ( s m‘) %31 (%)

(Fp,/Fy oty = 1 (%) (Fp,/Fp Moty =1 (%)

Maximum Minimum Maximum Minimum Maximum Minimum
101a 0.21 -1.07 0.58 -2.37 2.12 -1.09
101b 0.88 -0.90 1.99 -2.02 2.26 -2.04
102 0.44 -1.04 0.31 -0.48 0.54 -0.85
103 0.71 -1.41 1.86 -0.74 0.78 -2.48
104 0.83 -1.69 0.99 -1.06 2.51 -2.70
105 0.47 -0.38 0.93 -0.32 0.29 -1.03
106 0.50 -0.85 1.05 -0.19 0.30 -1.02
107 2.81 -0.53 0.66 -0.68 3.46 -0.39
108 2.97 —-0.63 1.02 -2.45 4.28 -0.27
201a 2.97 -0.31 2.83 -1.11 2.46 -2.79
201b 2.75 -0.18 2.04 -1.53 2.90 -0.84
202 0.89 -0.44 0.56 -0.08 0.94 -0.43
203 2.96 —1.45 1.34 -0.88 3.16 -1.27
204 0.83 -2.85 0.85 -0.48 0.62 -3.24
205 1.87 -1.38 0.56 -0.55 1.86 -1.27
206 0.91 -0.45 1.28 —-0.21 0.25 -1.13
207 3.00 -1.11 1.73 -0.26 2.59 -1.00
208 2.14 -2.78 1.82 -2.60 2.15 -1.35

TABLE 4: Relative errors of sieved cable frequencies for cables in the first two cable planes.

F_J/F_ -1 (%
Cable number e (%)

E,, [F, —1 (%) Fp /F =1 (%)

Maximum Minimum Maximum Minimum Maximum Minimum
101a 0.72 -0.88 1.80 -1.68 1.01 -1.19
101b 0.77 -1.10 1.91 -2.31 0.72 —-0.88
102 1.58 -1.85 1.25 -1.79 1.31 -1.75
103 2.12 -3.42 2.33 -2.49 2.39 -2.98
104 2.10 -2.63 0.81 -1.72 0.36 -0.38
105 0.73 -0.44 0.66 -0.73 0.64 -0.51
106 0.92 -0.60 0.33 -0.80 0.51 -0.70
107 1.14 -2.15 0.96 -0.73 0.64 -0.85
108 1.50 -2.24 2.24 -1.21 0.58 -0.90
201a 2.59 -1.98 2.47 -3.53 2.30 -1.50
201b 2.20 -2.33 2.45 -2.06 2.04 -1.41
202 0.96 -1.27 1.01 -1.28 0.97 -1.22
203 2.76 -3.29 1.91 -2.11 1.94 -2.41
204 3.78 -1.74 1.01 -1.68 1.08 -1.77
205 1.11 -1.63 0.75 -0.54 0.51 -0.52
206 0.55 -0.58 0.55 -0.64 0.73 -0.79
207 1.86 -2.53 0.86 -1.27 1.66 -1.58
208 2.10 -2.51 0.80 -1.99 2.00 -3.18

slanted bold numbers. This means that very limited frequency
values will be further sieved out if both tolerances are lowered
to 3%. In other words, § =y = 3% should be an excellent choice
that can keep a good balance between identification rate and
frequency variation. Consequently, such thresholds are taken in
the subsequent long-term monitoring of this study and the
results reported in the next section would demonstrate its
effectiveness.

With the automatic sieving algorithm developed in the
current section, the complete analysis for one week of ac-
celeration measurements from 2020/10/21 to 2020/10/27 is
first conducted to investigate its applicability in all 36 stay
cables of Mao-Luo-Hsi Bridge. Even though various types
of sieving results can be observed, they all lucidly reflect the

efficacy of the proposed algorithm. In the case of Cable 107
(n=3) as illustrated in Figure 13, only four frequency
values indicated by red dots are sieved out in one week and
three cable frequencies can be typically obtained in most
time intervals. Regarding the case of Cable 201b (n=4) as
plotted in Figure 14, a number of inappropriate frequency
values denoted by red dots cannot pass the sieving algo-
rithm and three cable frequencies are eventually yielded in
the majority of time intervals. Another sieving type can be
found in Figure 15 for Cable 104 (n=3), where a few
unqualified frequency values are excluded and two cable
frequencies are finally attained in a greater part of in-
stances. It is especially noteworthy that several values very
close to the frequency of the first cable mode are removed
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FIGURE 13: Variation of three selected modal frequencies for Cable 107 in one week. (a) Before automatic sieving. (b) After automatic

sieving.

by the sieving algorithm in this case. Closer examination
reveals that there are actually two identified frequency
values from the SSI analysis for these time intervals to
locate in the neighborhood of the fundamental frequency
and one of them defeated by a narrow margin is appro-
priately sieved out by the algorithm. This can be directly
recognized from the amplified illustration for the part near
00:00 of 10/23 in Figure 15(a).

5. Long-Term Monitoring Results of
Cable Tension

Other than a reliable cable frequency identification meth-
odology and an automated sieving algorithm as described in
the previous two sections, the robustness of long-term cable
tension monitoring may also rely on a proper choice of cable
frequency to compute the tension value from equation (10).
In this section, the priority order of cable frequencies for
tension determination will be discussed in the first sub-
section, followed by presenting the cable tension monitoring
results for a total of two years together with several ob-
servations in the second subsection.

5.1. Priority Order of Cable Frequencies for Tension
Determination. In the current work, the decision of priority
order in three target modes for each cable to compute the
tension value is also based on one week of analyzed results
from 2020/10/21 to 2020/10/27. For example, the identifi-
cation rates for the sieved cable frequencies shown in
Figures 13(b)-15(b) are reckoned and then ranked as
graphed in Figure 16. Among all 672 15-minute measure-
ments of Cable 107 in one week, 646 (96.1%) frequency
values for the second mode, 672 (100%) for the third mode,
and 671 (99.9%) for the fourth mode can be identified.
Therefore, the priority order for Cable 107 is selected as
Mode 3 (first), Mode 4 (second), and Mode 2 (third). Taking
Cable 201b as another example, 671 (99.9%) frequency
values for its second mode, 575 (85.6%) for its third mode,
and 672 (100%) for its fourth mode can be obtained.
According to these statistics, the priority order for Cable
201b is supposedly taken as Mode 4 (first), Mode 2 (second),
and Mode 3 (third). But because the identification rates for
Modes 2 and 4 are almost the same, the consideration of
choosing lower modes whenever possible to reduce the
influence of the flexural rigidity of the cable leads to the final
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FIGURE 14: Variation of three selected modal frequencies for Cable 201b in one week. (a) Before automatic sieving. (b) After automatic
sieving.

choice of Mode 2 (first), Mode 4 (second), and Mode 3
(third). The priority order of mode selection for all cables in
the first two cable planes is also listed in Table 2.

According to the determined priority order, the tension
value at each time interval can then be estimated with
equation (10) using the mode with the highest priority. The
tension histories of Cables 107, 201b, and 107 in one week
are plotted in Figure 17 following from the sieved cable
frequencies demonstrated in Figures 13(b)-15(b). From
Figure 17, it is apparent that the tension values at all 672 time
intervals can be consistently acquired and they all fall in
a reasonable range of variation for each cable. It can be
further observed that there exist different tendencies of
variation for these three cables. For Cable 201b, its tension
variation in one week can reach 30 tons (about 10%) and the
daily maximum normally occurs during the daytime. This
suggests that live load may be a dominant factor to induce
the tension variation of a main cable like Cable 201b in this
bridge. Regarding Cable 104, its weekly tension variation is
only restricted to 7 tons (around 5%) and the daily minimum
clearly happens at the daytime. In this case, temperature may
be a crucial environmental factor to cause the change of
cable tension, which is also supported by the smoother trend
of variation. As for Cable 107, its tension variation in one
week is also limited and shows no strong clues for the main
influencing factor.

5.2. Long-Term Results of Cable Tension and Observations.
Combining the previously reported anomaly processing
algorithm [47] and the robust tension determination algo-
rithm developed in this study, a real-time monitoring system
for cable tension has officially started its operation on Mao-
Luo-Hsi Bridge since 2020/11/1. It has lasted for more than
two years so far. To convincingly verify the effectiveness of
this monitoring system, the monitored tension histories of
Cables 107, 201b, and 104 from 2020/11/01 to 2022/10/31 are
comprehensively displayed in Figure 18. It can be evidently
seen that reliable daily and long-term variations in cable
tension are steadily obtained in real time for 24 months
except for a duration of around 7 days in August of 2022 due
to a problem of firmware. Similar to the trend observed in
Figure 17 for one week, the long-term tension variation of
Cable 201b is also noticeably greater than those of Cables 107
and 104. Moreover, the long-term tension variation of Cable
104 undoubtedly exhibits its yearly minimum in summer
and yearly maximum in winter. Such a phenomenon further
endorses that temperature is the major source to induce the
tension variation of Cable 104.

To more extensively examine the practical perfor-
mance of the real-time monitoring system for cable
tension presented in the current work, the detailed sta-
tistics of tension monitoring for cables in the first two
cable planes of Mao-Luo-Hsi Bridge in two full years are
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FiGUrE 17: Tension histories of three cables in one week. (a) Cable 107. (b) Cable 201b. (c) Cable 104.

arranged in Table 5. There are totally 730 days from 2020/
11/01 to 2022/10/31 such that 70080 15-minute mea-
surement data files are potentially generated. The number
of 15-minute time intervals with abnormal or no col-
lected signals for each cable is first listed in Table 5. The
reason for Cable 201a to have clearly more time intervals
in this category is that the accelerometer installed on it
together with the transmission wire was broken by strong
winds in August of 2022 and had not been entirely
repaired until the end of October. As for Cable 205, its
extra data missing occurs in one period of around 5 days

from 2021/9/4 to 2021/9/9 and another period of ap-
proximately 26 days from 2022/2/6 to 2022/3/4, both due
to technical problems.

For each valid 15-minute measurement, the real-time
monitoring system is applied to conduct tension estimation
for the corresponding cable. Similar to the results plotted in
Figure 18 for Cables 107, 201b, and 104, those of the other 15
cables also are found to be as successful. More specifically,
the success rates for the determination of reliable tension in
two years as long as the vibration signal is available are 100%
for 15 among 18 cables in the first two planes. Even for the
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FiGure 18: Tension histories of three cables for two years. (a) Cable 107. (b) Cable 201b, (c) Cable 104.

remaining three imperfect cases of Cables 107, 201a, and 208,
the corresponding success rates all reach 99.99%. In the case of
Cable 107, false tensions are obtained from the measurements
in five time intervals, as illustrated by the red dots together
with their clearly underestimated values in Figure 18(a).
Taking the time interval from 01:00 to 01:15 of 2021/07/21 as an
example, two frequency values 2.617Hz and 3.533Hz are
obtained after the sifting stage of SSI analysis. As shown in
Table 2, the target modes for Cable 107 are the 3rd, 4th, and
2nd modes in the order of priority. Since the ratio of the two

obtained frequency values is 1.35 and very close to that for the
cable frequencies of the 4th and 3rd modes, the automated
sieving algorithm would consequently regard them as the cable
frequencies of these two modes. However, 2.617 Hz is actually
not a cable frequency and 3.533 Hz should correspond to the
cable frequency of the 3rd mode. The tension value is even-
tually determined to be around 115 tons by mistakenly taking
2.617 Hz as the cable frequency of the 3rd mode. The other
four false tension values are resulted from the same fault due to
an erroneously sifted frequency value that happens to generate
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TABLE 5: Statistics of tension monitoring for cables in the first two cable planes in two years.

Number of 15-minute intervals

Cable number

Abnormal or no No frequency from

Tension determined from Success rate (%)

False

Total (a) X o . different mode priorities * (c+d+ela-Db)
signal (b) sieving algorithm tension
Ist (¢) 2nd (d) 3rd (e)
101a 1211 0 68867 2 0 0 100.0
101b 1295 0 68782 3 0 0 100.0
102 1420 0 68660 0 0 0 100.0
103 1615 0 68461 4 0 0 100.0
104 1968 0 67976 136 0 0 100.0
105 2001 0 68079 0 0 0 100.0
106 2633 0 67404 39 4 0 100.0
107 2431 0 67610 30 4 5 99.99
108 2846 0 66764 458 12 0 100.0
201a 96365 2=70080 9197 8 60671 201 3 0 99.99
201b 3104 0 66900 76 0 0 100.0
202 3279 0 66801 0 0 0 100.0
203 3415 0 66467 198 0 0 100.0
204 3708 0 66363 9 0 0 100.0
205 6632 0 61910 1538 0 0 100.0
206 3950 0 66128 2 0 0 100.0
207 4146 0 65923 11 0 0 100.0
208 4323 0 64427 1328 1 1 99.998

an expected ratio with the merely available cable frequency. In
fact, the only false tension observed in the case of Cable 208 is
caused by the identical scenario. Even so, such a problem can
be considered as a trivial defect of the proposed sieving al-
gorithm based on fixed ratios of cable frequencies because it
occurs in very rare and isolated occasions. Regarding the case
of Cable 201a, there are eight time intervals in which no cable
frequency can be identified by the sieving algorithm. Further
inspection discloses that these intervals all fall between mid-
night and early morning. Particular weak vibration signals
in situations with almost no traffic bring about this type of
difficulty in the identification of cable frequencies.

From the statistics of mode priorities for each cable also
listed in Table 5, it is clear that the tension values are
overwhelmingly determined by the mode with the first
priority in most cases for all the cables. Particularly for
Cables 102, 105, and 202, all of their monitored tension
values in two full years are decided by the most dominant
mode. The mode with the second priority plays the most
important role in the case of Cable 205 where the tension
values of 1538 15-minute time intervals (2.4%) are calculated
from this mode. As for the mode with the third priority, it
appears on the stage only in the cases of 5 stay cables and is
most active for Cable 108 where the tension values of 12 15-
minute time intervals (0.02%) are obtained from this mode.
Even though the marginal utility of including the third cable
mode seems to be limited from these statistics, it should be
especially noted that merely one frequency ratio would be
available for the subsequent sieving algorithm if simply two
cable frequencies are targeted in the identification process.
Under such circumstances, the potential for the occurrence
of false tension values as discussed in the previous paragraph
may be substantially raised. On the other hand, the choice of
more cable frequencies to further complicate the automatic
sieving algorithm is also meaningless considering the

excellent success rates of tension determination in all the
examined cables. Accordingly, the selection of three cable
frequencies as the identification target can be persuasively
justified in the application of Mao-Luo-Hsi Bridge.

6. Conclusions

To develop a monitoring system of cable tension based on
real-time vibration signals, this research first employs an
efficient SSI method with tailored parameter selection to
continuously identify the three frequencies of adjacent
modes for the cables of Mao-Luo-Hsi Bridge. More im-
portantly, an automated algorithm is delicately established to
sieve out the stable modal frequencies by making the best of
the specific modal frequency distribution for cables. The ratios
between the frequency values identified from SSI analysis are
exhaustively checked to systematically extract the qualified
cable frequencies and decide their corresponding mode or-
ders. The tension is finally computed with one available cable
frequency according to the priority order predetermined by
the statistics of identification rate. Overall, the current study
achieves a real-time cable tension monitoring system by
completing several imperative works in the analysis of long-
term cable vibration signals, the selection of suitable pa-
rameters, the choice of balanced criteria, and the verification
of proposed numerical procedures.

Demonstrated by analyzing the vibration signals mea-
sured from the stay cable of Mao-Luo-Hsi Bridge in real time
for two full years, the effectiveness and robustness of this
real-time monitoring system have been extensively testified.
The success rates for the immediate determination of de-
pendable tension are found to be perfect in two years for 15
of the 18 investigated cables. As for the other three cables,
their corresponding success rates are still higher than 99.99%
with eight cases of absent tension values due to very weak
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signals and six cases of false tension values owing to the
coincident sifting of a proportioned non-cable frequency
value. Contrasting to the practical validation with rel-
atively short durations of vibration measurements in
other similar studies [38, 39], much more persuasive
testimony has been provided for the real-time cable
tension monitoring system developed in this work with
such long-term results. Another interesting observation
from these long-term cable tension histories of Mao-
Luo-Hsi Bridge is that the tension variations of the main
cables are usually more significant and possibly created
byliveload. On the other hand, the tension variations for
other cables can be apparently more restricted and may
be either influenced by temperature or without dominant
environmental factors.

It is expected that the cable tension monitoring system
currently applied in Mao-Luo-Hsi Bridge can be easily
generalized to conduct real-time monitoring for the other
cable-supported bridges with similar selections of parame-
ters in the SSI analysis and the same automated sieving
algorithm. Efforts are presently made to utilize the proposed
methodology on another cable-stayed bridge and the other
four arch bridges in Taiwan. The success in the application of
Mao-Luo-Hsi Bridge, however, may be at least partly at-
tributed to the high-quality measurements on its stay cables.
This advantage keeps the cases with absent or false tension
values to a minimum amount. If extended to the tension
monitoring for the suspenders of arch bridges, the quality of
the corresponding ambient vibration signals may be highly
fluctuating and a few issues need to be more carefully ex-
plored. For example, the more frequent occurrence of co-
incidently proportioned frequency values as a result of
inferior measurements in this case would deteriorate the
flaw existing in the sieving algorithm to generate more false
tension values. In fact, research work has been under way to
further set up impeccable safety nets for the sieving algo-
rithm under the interference of proportioned frequency
values. Another effort attempting to utilize deep learning
techniques such as the convolution neural network for
replacing the sieving algorithm and increasing the appli-
cation flexibility is also ongoing. It is hoped that these ad-
vanced works can be completed and reported in the near
future.
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