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ABSTRACT: Cable-supported bridges rely on the use of steel cables to support the bridge
deck and load on it. Cable tension forces are monitored during construction to assist the
alignment of cables and to ensure no cables are overloaded. Given that the cables are critical
load carrying elements, it is prudent to routinely monitor the levels of cable tensions during
operation. With current measurement methods being costly and labor-intensive, this article
proposes an automated and low-cost wireless sensor system for continuous monitoring of
the cable tension based on the vibration signature of the cable. A vibration-based tension
force estimation method using a peak picking algorithm is explored by embedding it in the
computational core of a wireless sensor. Welch’s method to average Fourier spectra from the
segments of a long time history signal is employed to remove the non-stationarity of a short-
duration acceleration record, which is a limit of the memory-constrained wireless sensor.
A series of laboratory tests are conducted on a slender braided steel cable with a variety of
cable sags and tension forces. Excellent agreements have been found between the actual
tensions and those estimated by the present wireless system.
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INTRODUCTION

C
ABLE-STAYED bridges have emerged as economical
design choices compared to other long-span bridge

concepts including suspension bridges. In general, cable-
stayed bridges consist of one or more tall pylons from
which steel cables are anchored to support the bridge
deck. Recently, a number of impressive cable-stayed
bridges have been constructed including Tatara Bridge
(Japan) and Sutong Bridge (China) with free spans of
890 and 1088m, respectively (Yanaka and Kitagawa,
2002; Hua et al., 2005). Monitoring cable tensions
during construction of cable-stayed bridges is necessary
to align cables properly and to ensure no cable is over-
loaded. With cables serving as the primary vertical load
carrying elements of the bridge, there is a need to ensure
the structural integrity of the cables well after the com-
pletion of the bridge (Morgenthal, 1999). Furthermore,
small variations in cable tension may cause a dramatic
affect on the global response of other parts of the bridge

including the deck and pylon. For example, Casas (1994)
reports significant variations in pylon bending moments
due to small (<10%) variations in the cable tension of a
cable-stayed bridge with an inclined pylon. Given the
importance of cables for the global integrity of a
cable-stayed bridge, continuous monitoring of cables
for degradation or anchorage slippage is prudent.

Many methods are available for measuring the tension
in a bridge cable. During construction, cable tension is
closely monitored using load cells or pressure meters at
one end of the cable (Wang et al., 1999; Kim and Park,
2007). Another approach is by measuring the elongation
as a hydraulic jack is tensioning the cable (Casas, 1994).
After construction, direct measurement of cable tensile
stress can be made using elastomagnetic (EM) stress sen-
sors (Wang et al., 2005). However, one difficulty asso-
ciated with EM sensors is the need to wrap the EM
sensor solenoid around the cable which can be laborious
and costly. Indirect methods of cable tension measure-
ment based on the dynamic properties of a cable have
been widely used (Zui et al., 1996; Russell and Lardner,
1998). This approach is easy to employ and cost-effective
because it requires only an accelerometer to measure the
vibration of the cable during ambient loading.
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In a cable-stayed bridge, stay cables are anchored in
an inclined orientation at their two ends (i.e., at the deck
and pylon). If the effect of the sag and flexural rigidity of
the cable is neglected, the cable tension can be estimated
based on the taut string theory using the natural fre-
quencies of the cable (Irvine, 1981; Kim and Park,
2007). However, the taut string theory may give ser-
iously inaccurate estimates, if the effect of the sag and
flexural rigidity of a cable is significant. In response to
this limitation, Zui et al. (1996) has proposed a set of
practical formulas that estimate cable tension using the
first and second modal frequencies of an instrumented
cable. This set of equations has been proven accurate
(i.e., within 4%) in estimating the tensions in the stay
cables of Seohae Bridge in Korea (Kim et al., 2007). In
this study, the tension estimation equations proposed by
Zui et al. are adopted for inclusion in an automated
wireless tension monitoring system for cable-stayed
bridges.
Accelerometers are generally integrated into a perma-

nent structural monitoring system in which shielded
coaxial wiring is used for data transmission.
Unfortunately, a large portion of the cost of installing
monitoring systems is attributed to the installation of its
extensive amount of wiring (Straser and Kiremidjian,
1998). As a result, monitoring systems contain fewer
sensors than desired. For example, the cost of installing
accelerometers on every stay cable in a cable-stayed
bridge would be prohibitive; therefore, a monitoring
system might only instrument a handful of cables. To
reduce the cost and complexity of installing a structural
monitoring system, wireless sensors have been proposed
as a low-cost alternative to the traditional tethered sen-
sors (Straser and Kiremidjian, 1998; Spencer et al., 2004;
Lynch and Loh, 2006). Wireless sensors have been suc-
cessfully tested on a variety of short- and long-span
bridges revealing their accurate and reliable perfor-
mance (Lynch et al., 2004a; Lynch et al., 2006;
Gangone et al., 2007; Pakzad et al., 2008). For cable-
stayed bridges, wireless sensors would be an ideal sen-
sing solution for continuously monitoring the stay
cables at low-cost. Furthermore, the computational
resource included in the design of most wireless sensors
can be leveraged to locally process acceleration data to
estimate cable tension using some of the aforementioned
indirect estimation methods.
In this study, the tension estimation method proposed

by Zui et al. (1996) is modified for embedment in a wire-
less sensor. The wireless sensor has been designed expli-
citly for structural monitoring applications to offer high-
resolution data collection from sensors, local computing
and memory resources, and long-range communication.
To monitor the vibration response of a stay cable, a low-
noise microelectromechanical system (MEMS) acceler-
ometer is interfaced to the wireless sensor node.
Embedded within the computational core of the wireless

sensor are modal analysis algorithms to convert the
time-history accelerations to the frequency domain
where modal frequencies can be accurately extracted.
Using modal frequencies and a priori geometric infor-
mation of the instrumented bridge cable, the set of ten-
sion estimation equations proposed by Zui et al. are
executed to calculate the cable tension. A set of labora-
tory experiments are conducted to validate the wireless
sensor-based cable tension estimation system. An
inclined steel cable instrumented with MEMS acceler-
ometers and wireless sensors is exposed to broad-band
excitations. The wireless sensors record the cable
response and autonomously execute embedded algo-
rithms that extract cable frequencies and estimate
cable tension. The article concludes with a summary of
the salient research findings and suggestions for future
work.

AUTOMATED WIRELESS SENSORS FOR

MONITORING STAY CABLES

Wireless sensors for structural health monitoring were
first proposed by Straser and Kiremidjian (1998). Since
their seminal study, a large number of academic (Straser
and Kiremidjian, 1998; Lynch et al., 2004a; Wang et al.,
2007) and commercial (Spencer et al., 2005; Gangone
et al., 2007; Pakzad et al., 2008) wireless sensor proto-
types have been proposed for monitoring civil struc-
tures. While differences can be observed among the
different wireless sensors proposed, conceptually they
share similar architectural designs. The design of wire-
less sensors can be divided into three major portions.
First, an interface that accommodates the interfacing
of actual sensing transducers is provided. The primary
role of the sensing interface is the digitization of sampled
sensor data. Second, every wireless sensor has a wireless
interface that literally frees the sensor from the use of
wires for communications. A variety of different wireless
interfaces have been previously utilized based on differ-
ent protocol standards; however, the field currently
seems to be converging to ubiquitous use of the
IEEE802.15.4 wireless protocol standard which has
been designed explicitly for low-power, low data rate
wireless sensor networks (IEEE Computer Soceity,
2003). The third component of a wireless sensor is its
computational core which generally includes a micro-
controller (or microprocessor) and memory.

The inclusion of computing resources in the form of a
microcontroller represents a significant paradigm-shift
for the sensing community. While the primary function
of the microcontroller is to coordinate the activities of
the wireless sensors (e.g., collect, store, and communi-
cate data), it can also be used to perform some rudimen-
tary processing of raw sensor data prior to
communication. In essence, the inclusion of computing
with the sensor is effectively pushing intelligence out to
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the outer edge of the monitoring system (i.e., at the
sensor). Embedded computing is effective in converting
high bandwidth data stream into low bandwidth streams
thereby requiring less wireless bandwidth. This in-turn
results in greater power-efficiency (Lynch et al., 2004b),
improved system reliability, and scalability of the wire-
less monitoring system (i.e., greater nodal densities are
permissible).
A variety of embedded algorithms have been pro-

posed for wireless sensors installed in civil structures
for health monitoring. Early work focused on sensor-
based interrogation schemes that utilized the sensor’s
own data. Examples included the fast Fourier transform
(FFT) (Lynch et al., 2006), autoregressive time-series
modeling (Lynch et al., 2004b), and principal compo-
nent analysis (Park et al., 2008). More recent work has
begun to consider network-centric computing architec-
tures implemented in wireless sensor networks. In such
architectures, data (raw or processed) is shared among
wireless sensors so that the wireless sensors can execute
coordinated but decentralized data processing of the
systems data. Examples of algorithms implemented for
in-network decentralized data processing includes modal
analysis (i.e., mode shape determination) (Zimmerman
et al., 2008), model updating for damage detection
(Zimmerman and Lynch, 2010), and decentralized
damage detection using structural flexibility
(Nagayama, 2007). In this study, a sensor-centric com-
puting architecture is adopted to embed tension estima-
tion algorithms into the computational core of a wireless
sensor prototype proposed by Wang et al. (2007). The
algorithms require only raw acceleration response data
from a bridge cable; using this data, frequency domain
methods are employed to extract modal frequencies
from which cable tension is estimated. This section
first describes the wireless sensor hardware in which
the embedded algorithms are embedded. Second, imple-
mentation of the tension estimation algorithm proposed
by Zui et al. in the wireless sensor is discussed.

Wireless Sensor

The wireless sensor used in this study has been
designed explicitly for structural monitoring of infra-
structure systems (Wang et al., 2007). The wireless
sensor design offers a flexible sensing interface that
can accommodate a heterogeneous array of sensors
including accelerometers, strain gauges, linear variable
differential transducers (LVDT) among others. The sen-
sing interface includes a 4-channel analog-to-digital con-
verter (Texas Instruments ADS8341) offering 16-bit
resolution and high sample rates (as high as 100 kHz).
In the core of the wireless sensor is a low-power 8-bit
microcontroller (Atmel ATmega128). This microcon-
troller has been selected for its rich set of interfaces for
communication with on-board peripherals such as the

sensing and wireless interfaces. In addition, the micro-
controller is endowed with a large memory bank con-
sisting of 128 kB of flash memory (for the embedment of
software including data interrogation algorithms).
Although the ATmega128 has its own random access
memory (4 kB of RAM), it is deemed too small for the
amount of data anticipated during the monitoring of
civil infrastructure systems. In response to this limita-
tion, an additional 128 kB of RAM is integrated in the
wireless sensor design to store measurement and pro-
cessed data. To establish a wireless communication
link with other sensors, the Maxstream 9XCite wireless
transceiver is integrated in the wireless sensor design.
This radio operates on the 900MHz frequency band
and is able to communicate up to 300m, line-of-sight
with an over-the-air data rate of 38.4Kbps (kilobits
per second). The radio’s use of frequency-hopping
spread spectrum encoding ensures communications to
be highly reliable in the field.

The wireless sensor, when assembled, can be powered
by a single battery back consisting of 5 AA lithium-ion
batteries (with a nominal voltage of 7.5V). On average,
the wireless sensor can safely operate for more than 30 h
before battery replacement is necessary. However, duty-
cycle use of the unit through the use of the hardware’s
ultra low-power sleep states can extend the battery life
expectancy to more than 1 year. The printed circuit
boards and battery supply are packaged in a hardened
container so that the sensor is protected from external
shock and environmental pollution. The wireless sensor
prototype is shown in Figure 1 with key hardware com-
ponents highlighted. After assembling the wireless
sensor hardware, software including the operating
system (OS) and data processing algorithms are
embedded into the microcontroller’s flash memory
using the microcontroller in-system programming
interface.

In this study a commercialized MEMS accelerometer
is interfaced to the wireless sensor to measure the
dynamic response of bridge stay cables. The Crossbow
CXL02LF1 MEMS accelerometer is selected because of
its high sensitivity (1V/g) and exceptionally low noise
floor (1mg root mean square). A more detailed sum-
mary of the accelerometer’s performance specification
is provided in Table 1. Since cables in bridges are typi-
cally characterized by low natural frequencies resulting
from their long and slender geometries, the Crossbow
accelerometer’s bandwidth (50Hz) is adequate for the
application at hand. However, the low amplitude
response of bridge cables under ambient excitation
could be a challenge for the wireless sensor’s 16-bit
analog-to-digital converter. To allow the wireless
sensor to acquire a higher quality reading from the
accelerometer, the analog sensor output could be ampli-
fied before interfacing to the wireless sensor. Therefore,
a signal conditioning board with amplification
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capabilities developed by Wang et al. (2007) is used in
this study. The circuit has three primary functions: (1)
shift all sensor outputs to have a mean output of 2.5V
(which is the center of the wireless sensor interface 5V
input range); (2) amplification of the sensor output
(offers amplification factors of 5, 10, and 20 through a
3-way switch); and (3) anti-alias filtering (0.02�25Hz).
The signal conditioning board is designed using discrete
analog circuit elements and ordinary operational ampli-
fiers. The signal conditioning board shown at Figure 2
has been validated in several field applications (Lynch
et al., 2006).

Embedded Implementation of Cable Tension Estimation

Algorithm

Embedded within the aforementioned wireless sensor
is a multi-threaded OS that is designed to automate the
operation of the wireless sensor within a wireless struc-
tural monitoring system (Wang et al., 2007). For exam-
ple, the OS is responsible for reading raw data from the
sensing interface, storing temporary and permanent data
in memory, packetizing data for communication, and
operating the wireless transceiver. Software that imple-
ments data interrogation algorithms is written to
reside on a layer above the OS within the embedded

software hierarchy. In this study, the engineering algo-
rithms embedded in the wireless sensor are divided into
two portions. First, algorithms that transform time-his-
tory data to the frequency domain and extract modal
frequencies are written. Second, cable tension estimation
algorithms that use the empirically derived modal fre-
quencies are implemented.

FREQUENCY DOMAIN ANALYSIS
To estimate tension in a vibrating stay cable requires a

precise estimate of the cable’s modal frequencies. For
this reason, the Cooley�Tukey algorithm of the FFT
has been implemented within the wireless sensor
(Lynch et al., 2006). The FFT algorithm is used to cal-
culate the complex-valued Fourier spectrum of accelera-
tion time-history data collected by the sensing interface.
In the implementation used in this study, the FFT algo-
rithm utilizes 4096 points of acceleration time history
data when calculating the Fourier spectrum.

Once the wireless sensor has calculated the Fourier
spectrum of the acceleration record, a means of auto-
mating the identification of modal frequencies is
explored. In this study, an algorithm is proposed to
automate the identification of modal frequencies
through peak-picking in the frequency domain using
the Fourier spectrum. The implementation of the peak
picking algorithm is assisted by the fact that cable damp-
ing is generally low; as a result, their Fourier spectra are
characterized by high and sharp modal peaks. Based on
the taut string theory, higher modal frequencies, fn, are
roughly n times the first modal frequency, f1. These two
observations can be leveraged to write a robust peak-
picking algorithm for cables as follows:

(1) For f1: The initial estimate ( �f1) is taken from the first
peak greater than the threshold value. Then it is
updated as the frequency of the largest peak in the
frequency range of [ �f1,1.8 �f1]. The same procedure is

4-Channel
senosr

interface

8-bit
microcontroller

128 kB RAM memory(a) (b)

Figure 1. Wireless sensor prototype with key components highlighted: (a) primary PCB with microcontroller, memory, etc., (b) fully assembled
wireless sensor.

Table 1. Specification of MEMS type accelerometer
(Crossbow CXL02LF1).

Characteristic Value

Input range ±2 g
Sensitivity 1000 mV/g
Noise level 1.0 mg rms
Bandwidth 0 to 50 Hz
Supply voltage 5 V
Zero g output 2.5 V
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consecutively taken on the updated �f1, till no larger
peak is found in the updated frequency range.

(2) For fn (n> 1): A similar peak searching procedure is
performed for fn in a frequency range of
[fn�1þ 0.8 f1, fn�1þ 0.6 f1]. In this study the fre-
quency searching is carried out up to the third nat-
ural frequency (f3).

Accurate extraction of a cable’s modal frequencies is
necessary to ensure accurate estimation of cable tension.
However, ambient excitation on the stay cable may be
non-stationary resulting in a non-stationary response of
a short duration. Fourier spectra calculated using a
short-time frame of non-stationary time-history data
could result in inaccurate estimates of the cable modal
frequencies. To overcome this technical challenge,
Welch’s method (Welch, 1967) to average Fourier spec-
tra calculated from the overlapping windowed segments
of a time-history record is adopted for inclusion in the
wireless sensor’s microcontroller. The method is an
improvement over the standard approach of calculating

a single Fourier spectrum for each time-history signal
that has short-duration non-stationarity. Another
attractive feature of the approach is that it is designed
explicitly for memory-constrained computers as is the
case when implementing on a wireless sensor (Welch,
1967).

An attractive feature of the embedded OS of the wire-
less sensor used in this study is its multi-tasking capabil-
ities. Specifically, data collected by the wireless sensor
can be processed while additional data is collected and
stored in memory (Wang et al., 2007). This feature is
exploited in this study to implement Welch’s method
in a recursive manner so that long time histories of
data can be analyzed using only a modest amount of
on-board memory. For example, once 8192 consecutive
data points have been collected, the wireless sensor pro-
cesses the data as the next 4096 data points continue to
be collected. After processing the first 8192 points, the
results of the average Fourier spectrum are stored in
memory, the buffer is cleared, and the wireless sensor
waits for the next 8192 data points, composed of the

(a)

High-pass and amplifying filter Low-pass filter(b)

Sensor
input

2.5V Ref

2.5V Ref

1 uF

0.1 uF

0.1 uF
840 Ω

2.5V Ref

0.1 uF

44.5 44.5
39.6 39.6

7.59Ref

Ref

2.5V

2.5V

Ref
2.5V

0.1 uF

Sensor
output

11.2 MΩ

1kΩ kΩ
kΩ

kΩ
10 kΩ

10 kΩ

kΩ
kΩ

Variable
resistor to
adjust gain
(×5, 10, 20)

Figure 2. (a) Signal conditioning board, (b) circuit schematic for mean-shifting, amplifying, and anti-aliasing sensor output signals.
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last 4096 data points in the previous 8192 data points
and newly measured 4096 data points, to be written to
the buffer after which the analysis is repeated. The
detailed procedure on each segment of data is described
as follows:

(1) Collect 8192 points of acceleration time history data,
a(k), which are stored in memory.

(2) Divide the time history into five segments (a1(k),
a2(k), a3(k), a4(k), and a5(k)) consisting of 4096
points with 75% overlap. For example, a1 begins
with a(1) while a2 begins with a(1025).

(3) Window a1(k) with a Hanning window. Using the
FFT algorithm, calculate the Fourier spectrum
(A1(k)) corresponding to the windowed segment,
a1(k). Store the absolute value (|A1(k)|) into
memory.

(4) Calculate the Fourier spectrum corresponding to
the second windowed (Hanning) segment, a2(k).
Sum |A1(k)| and |A2(k)| to yield |Asum(k)|. Store
|Asum(k)| in place of the original |A1(k)|.

(5) Repeat Steps 3 and 4 for each of the next segments
until the 5th segment has been processed.

(6) Divide |Asum(k)| by 5 to obtain the averaged Fourier
spectrum, |Aave(k)|.

(7) Repeat the procedure on the next 8192 point seg-
ment of data.

It is important to note that only four segments (a2(k),
a3(k), a4(k), and a5(k)) are utilized from the subsequent
segments of data after the first segment. This is because
a5(k) in the first segment is overlapped with a1(k) of the
second segment. The procedure is visualized in Figure 3.

Tension Force Estimation

Among the several methods available for estimating
the tension force of a stay cable, the approach proposed
by Zui et al. (1996) is selected, because it considers
both the flexural rigidity and sag inherent to the inclined
cable. The method is structured around seven simple
equations that correspond to a cable in different geomet-
ric states (e.g., small vs. large sag, among others).
As input, the equations consider the properties
(i.e., Young’s modulus, E, inertia, I) and geometric con-
figuration (i.e., length, l, sag, s) of the cable shown
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Figure 3. An overview of Welch’s method.
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in Figure 4. It also uses the first two modal frequencies,
f1 and f2 (which are the easiest to extract accurately even
for ambiently excited cables with large sag) as inputs.
The seven equations may be divided into three cases
according to the sagging condition and length of the
cable as:
CASE 1 � small sag (�� 3): Using f1

T ¼
4w

g
ð f1l Þ

2 1� 2:20
C

f1
� 0:550

C

f1

� �2
" #

, 17 � �

ð1-aÞ

T ¼
4w

g
ð f1l Þ

2 0:865� 11:6
C

f1

� �2
" #

, 6 � � � 17

ð1-bÞ

T ¼
4w

g
ð f1l Þ

2 0:828� 10:5
C

f1

� �2
" #

, 0 � � � 6 ð1-cÞ

CASE 2 � large sag (�� 3): Using f2

T ¼
w

g
ð f2l Þ

2 1� 4:40
C

f2
� 1:10

C

f2

� �2
" #

, 60 � �

ð2-aÞ

T ¼
w

g
ð f2l Þ

2 1:03� 6:33
C

f2
� 1:58

C

f2

� �2
" #

, 17 � � � 60

ð2-bÞ

T ¼
w

g
ð f2l Þ

2 0:882� 85:0
C

f2

� �2
" #

, 0 � � � 17 ð2-cÞ

CASE 3 � very long cables: Using fn (2� n)

T ¼
4w

n2g
ð fnl Þ

2 1� 2:20
nC

fn

� �
, 200 � � ð3Þ

where T is cable tension force, f1, f2, and fn are the 1st,
2nd, and nth natural frequencies measured, respectively;
� ¼ l

ffiffiffiffiffiffiffiffiffiffiffi
T=EI
p

; � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wl=128EA�3 cos5 �

p
½ð0:31� þ 0:5Þ=

ð0:31� � 0:5Þ�; w¼weight per unit length;
C ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EIg=wl4

p
; EA¼ extensional rigidity; EI¼ flexural

rigidity; �¼ sag-to-span ratio (¼s/l0); and �¼ inclination
angle as shown in Figure 4.

It is important to note that two parameters (� and �)
are needed at the outset to select the appropriate for-
mula for tension estimation. In general, � and � may be
initially taken based on the design tension value. Then
they are revised based on the concurrently identified
tension force until convergence in T, �, and � is
achieved. As discussed in the following section, it has
been found that only few iterations are needed (with
many instances requiring no additional iteration) to
properly select the formula to identify the cable tension
value. The formulas require only a few lower natural
frequencies, which can be easily obtained from the ambi-
ent acceleration measurements of the cable. Several
numerical and experimental studies were reported to
show the validity of the method (Zui et al., 1996; Kim
and Park, 2007). The embedded software was developed
to select a proper formula for cable tension estimation
without human intervention.

EXPERIMENTS FOR VALIDATION

Experimental Setup

To validate the proposed wireless tension force esti-
mation system (WTFES), laboratory tests were carried
out on a scaled-down model of a cable from an actual
cable-stayed bridge as shown in Figure 5. For the pur-
pose of comparison, the tension force of the cable is
directly measured using a threaded rod with strain
gauges, which is connected to the lower end of the
cable. The rod was ground to have a square cross section
so that four metal foil strain gauges could be attached
on four sides. The threaded rod with strain gauges was
preliminarily calibrated by controlled tensile testing
using an MTS load frame; excellent linearity was
found between the tension force and the average strain
from the four strain gauges (Figure 6).

Experimental Procedure

A series of validation tests were carried out to check
the feasibility of the proposed WTFES for various

l0

l0 /2 l0/2

s

θ

l

T

T

E, A, I, w 

Figure 4. Conceptual drawing of an inclined stay cable (adapted
from Zui et al., 1996).
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sensing locations, tension forces, and sags. Ten sets of
tests using FFT of single 4096 data points and eight
sets of tests using Welch’s method of 20480
(¼5� 4096) data points were carried out with different
cable tension forces (with varying sagging conditions).
Impacts were applied at arbitrary locations on the cable.
To check the effect of various sensing locations, three
wireless sensors are installed on the cable at 0.5 (S1),
1.0 (S2), and 1.5m (S3) when measuring from the

lower end of the cable as shown in Figure 5. The details
of the test cases are shown in Table 2. It can be seen that
the sag increases as the tension force decreases. It is
worthy to note that FFT of single 4096 data points
was utilized in T1�T10; T1�T4 correspond to the
cable with small levels of sags; and Cases T5�T10 are
for cables with large sags. On the other hand, Welch’s
method was used in WT1�WT8 which are cases with
large sags.

S1
(0.5m)

3.
52

m

5.22m

33.98°

6.29m

Threaded rod
with strain 

gauges

S3
(1.5m)

S2
(1.0m)

(a) (b)

(c) (d)

Figure 5. Laboratory cable model for validation tests: (a) geometry of laboratory model, (b) cable at laboratory, (c) specially designed cable
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EXPERIMENTAL RESULTS

Tests with Small Sag: T1�T4

Test cases T1�T4 were carried out on the cable with
small levels of sag, where sag-to-span ratios are less than
1.51� 10�3 as shown in Table 2. Single 4096 data points
were collected and processed by embedded FFT module
to obtain Fourier spectra of the cable. For case T1,
Figure 7 shows the Fourier spectra of the measured
accelerations from the three wireless sensors (S1�S3).
The natural frequencies estimated using the embedded
peak picking algorithm are marked in the figures. The
frequencies autonomously estimated at three sensor
locations are found to be the same as those obtained
off-line up to the precision (i.e., floating point precision)
of the proposed system. Similarly identified results were
obtained from three sensors for the other test cases
(T2�T4). Fourier spectra of the accelerations measured
at S3 for cases T2, T3, and T4 are shown in Figure 7. In
Table 3, the estimated frequencies for cases T1�T4 are
compared with the values (marked as ‘Ref.’) obtained by
off-line operations requiring human intervention. The
autonomously estimated natural frequencies are found
to be the same as the reference values for all test cases
(Figure 8).
For the cable tension estimation, two condition para-

meters (� and �) were initially evaluated using an arbi-
trary large tension value of 10 kN, which is much larger
than the true values correspond to all of the test cases as
listed in Table 2. Thus Equation (1-a) was selected at the
first iteration for the tension estimation for test cases
T1�T4. Table 3 shows the estimated cable tension

forces along with the results from the strain gauges
(marked as ‘Ref.’). All of the estimated tension values
are found to be in excellent agreement with the corre-
sponding reference values; the discrepancies were <2%.
It has been found that no additional iterations were nec-
essary for tension estimation in these four test cases. The
present results indicate that the embedded software of
the proposed WTFES is working correctly in a comple-
tely automated fashion.

Tests with Large Sag: T5�T10

To investigate the feasibility of the present method for
cables with large sags, test cases T5�T10 were carried
out for sag-to-span ratios in the range of 2.43� 10�3 to
24.94� 10�3 as shown in Table 2. Example Fourier
spectra from the measured 4096 acceleration data and
the peak picked natural frequencies are shown for Cases
T5, T7, and T9 in Figure 9. Again, consistent natural
frequencies were obtained regardless of the sensor loca-
tions for all of the test cases. Furthermore, these fre-
quencies are the same as those obtained off-line up to
the system’s precision as shown in Table 4.

For cable tension estimation, two condition para-
meters were initially evaluated using an arbitrary large
tension force of 10 kN as in the previous tests.
Accordingly, Equation (2-a) was selected for the first
iteration in cases T5�T10. In Table 4, the estimated
cable tension forces are compared with the values
obtained using the strain gauges. The estimated tension
forces show larger discrepancies than those obtained
using the strain gauges: <7% in cases T5�T8 and
�12% for case T9. The larger discrepancy in case T9
may have come from the relatively large sensitivity of

Table 2. Details of various tests.

Test cases
Sampling
rate (Hz) Amplification

Sag
(mm)

Sag-to-span
ratio

Tension
forcea (N)

Single FFT T1 50 5 <3.0 <1�10�3 1162
T2 50 5 <3.0 <1�10�3 1023
T3 40 5 6.4 1.23�10�3 858
T4 40 5 7.9 1.51�10�3 617
T5 40 5 12.7 2.43�10�3 522
T6 40 5 19.1 3.66�10�3 308
T7 40 5 50.8 9.73�10�3 99.5
T8 40 5 63.5 12.16�10�3 48.7
T9 40 5 95.3 18.26�10�3 28.8

T10 40 5 130.2 24.94�10�3 13.4

Welch’s method WT1 40 5 25.4 4.87�10�3 264
WT2 40 5 38.1 7.30�10�3 151
WT3 40 5 57.2 10.96�10�3 81.5
WT4 40 5 69.9 13.39�10�3 49.4
WT5 40 5 82.6 15.82�10�3 33.2
WT6 40 5 108.0 20.69�10�3 21.0
WT7 40 5 127.0 24.33�10�3 14.4
WT8 40 5 152.4 29.19�10�3 8.8

aMeasured directly using strain gauges on threaded rod.
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Table 3. Results of tests with small sags (T1�T4).

Natural frequencies Tension force estimation

Test name 1st (Hz) 2nd (Hz) 3rd (Hz) Tension force (N) Error (%) Selected formula

T1 *Reference 6.79 13.05 19.18 1162 � �
S1 6.79 13.05 19.18 1173 0.93 1-a

T2 *Reference 6.30 12.15 17.80 1023 � �
S1 6.30 12.15 17.80 1004 �1.85 1-a

T3 *Reference 5.85 11.24 16.59 858 � �
S1 5.85 11.24 16.59 860 0.23 1-a

T4 *Reference 5.04 9.70 14.38 617 � �
S1 5.04 9.70 14.38 628 1.78 1-a

*Reference: Natural frequencies obtained by offline operation and tension force measured using strain gages.
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the measured tension force using strain gauges for the
case with a small tension force (in the order of tens of
Newtons). It has been also found that only one or two
iterations were needed for tension estimations: one iter-
ation from Equation (2-a) to Equation (2-b) for T5 and
T6, and two iterations from Equation (2-a) to Equations
(2-b) and (2-c) for T7�T10.

Tests for Welch’s Method with Large Sag: WT1�WT8

To validate the performance of the embedded Welch’s
method (Welch, 1967) for cable tension force estimation,
eight more test cases WT1�WT8 were carried out on the
cable with large sag conditions, where sag-to-span ratios
are from 4.87� 10�3 to 29.1� 10�3 as shown in Table 2.
In each case of WT1�WT8, an acceleration record with
total 20480 (¼5� 4096) data was collected and pro-
cessed concurrently during the measurement by
Welch’s method as shown in Figure 3. Total 17 segments
with 75% overlapping were utilized to obtain an average
Fourier spectrum.

Examples of the inaccurate estimates of cable natural
frequencies from short-duration data is shown in
Figures 10 and 11. Two Fourier spectra, one by FFT
using single 4096 data points (FS1) and the other by
Welch’s method using 20480 data points (FS2), were
obtained from S1 and S3 in WT5 excited at the same
impulsive input, and compared with zooming in fre-
quency ranges around 4 lower peaks. (Since S3
is installed at the nodal point of the fourth vibration
mode, the fourth peak is not clearly shown in
Figure 11). FS2s look less noisy than FS1s, and there
are small discrepancies at the second and fourth peaks as
shown in the second and fourth zoomed-in figures. The
second peak of FS1 is separated into two sharp peaks
(3.184 and 3.203Hz), and the first sharp peak (3.184Hz)

Table 4. Results of tests with large sag (T7�T10).

Natural frequencies Tension force estimation

Test name 1st (Hz) 2nd (Hz) 3rd (Hz) Tension force (N) Error (%) Selected formula

T5 *Reference 4.73 9.08 13.49 522 � �
S1 4.73 9.08 13.49 494 �5.36 2-b

T6 *Reference 3.80 7.34 10.84 308 � �
S1 3.80 7.34 10.84 309 3.34 2-b

T7 *Reference 2.33 4.50 6.33 99.5 � �
S1 2.33 4.50 6.33 93.1 6.43 2-c

T8 *Reference 1.88 3.61 5.44 48.7 � �
S1 1.88 3.61 5.44 49.4 1.44 2-c

T9
*Reference 1.59 3.02 4.57 28.8 � �
S1 1.59 3.02 4.57 25.4 11.81 2-c

T10
*Reference 1.39 2.68 4.00 13.4 � �
S1 1.39 2.68 4.00 13.6 1.49 2-c

*Reference: Natural frequencies obtained by offline operation and tension force measured using strain gages.
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has a little bit larger amplitude then the other (3.203Hz)
so that 3.184Hz may be interpreted as the second natu-
ral frequency of FS1. However, the other peak of
3.203Hz has more power than the first peak in FS2 so
that it should be interpreted as the real second natural
frequency. This peak discrepancy has resulted in the dis-
crepancy of the estimated tension force. As shown in
Table 5, Welch’s method estimated the tension force as
32.4N with 2.4% error, while FFT of single 4096 data
points did as 31.7N with 4.5% error.
All results from the test cases WT1�WT8 is shown in

Table 5. Examples of averaged Fourier spectra from the
measured record with 20480 data points using Welch’s
method are shown for Cases WT1, WT4, and WT7 in
Figure 12. Consistent natural frequencies were obtained
regardless of the sensor locations for all of the test cases,
which results in natural frequencies are the same as
those obtained off-line up to the system’s precision as
shown in Table 5. The estimated tension forces of
WT1�WT8 show good agreement with the measured
tensions <10% error. Taking into consideration of
small values of the tension forces, Welch’s method pro-
vides good estimates compared with the measured

tension force. It has been also found that only one or
two iterations were needed for tension estimations: one
iteration from Equation (2-a) to Equation (2-b) for WT1
and WT2, and two iterations from Equation (2-a) to
Equations (2-b) and (2-c) for WT3�WT8.

Summary of Estimated Tension Forces

In Figure 13, all of the estimated tension forces using
the WFTES are plotted against the tension forces mea-
sured from the strain gauges. It is interesting to note that
the sag-to-span ratios of T3�T6 are in the range of
1.23� 10�3 to 3.66� 10�3, which are very similar to
the values for the stay-cables of the Seohae Grand
Bridge (Korea) which are from 0.84� 10�3 to
3.62� 10�3 (Ahn et al., 2001). It is clearly shown that
the present WFTES using the wireless sensors shows
excellent performance for cable tension estimation for
a wide range of cable tension force and sag, particularly
for the cases applicable to the cables in a realistic cable-
stayed bridge. If ambient vibration by the passing traffic
or wind is measured on the real bridge cable, Welch’s
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Table 5. Results of tests using Welch’s method (WT1�WT8).

Natural frequencies Tension force estimation

Test name 1st (Hz) 2nd (Hz) 3rd (Hz) Tension force (N) Error (%) Selected formula

WT1 *Reference 3.604 6.973 10.430 264 � �
S1 3.604 6.973 10.430 275 4.17 2-b

WT2 *Reference 2.715 5.283 7.861 151 � �
S1 2.715 5.283 7.861 145 �3.97 2-b

WT3 *Reference 2.188 4.180 6.348 81.5 � �
S1 2.188 4.180 6.348 76.1 �6.63 2-c

WT4 *Reference 1.816 3.525 5.332 49.4 � �
S1 1.816 3.525 5.332 45.6 �7.69 2-c

WT5 *Reference 1.650 3.203 4.824 33.2 � �
S1 1.650 3.203 4.824 32.4 �2.41 2-c

WT6 *Reference 1.513 2.920 4.424 21.0 � �
S1 1.513 2.920 4.424 21.9 2.41 2-c

WT7 *Reference 1.396 2.725 4.102 14.4 � �
S1 1.396 2.725 4.102 15.2 �5.56 2-c

WT8 *Reference 1.309 2.549 3.838 8.8 � �
S1 1.309 2.549 3.838 9.6 9.09 2-c

*Reference: Natural frequencies obtained by offline operation and tension force measured using strain gages.
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method is expected to remove the non-stationarity of the
short-duration signal in a memory-constrained smart
sensor.

CONCLUSIONS

A low-cost and automated WTFES is developed for
steel cables in long-span bridges. The low-cost hardware
system consists of a wireless sensor made of commercial
off-the-shelf components, a cheap commercialized
MEMS accelerometer, and a specially designed signal
conditioning circuit with amplification, mean-shifting,
and anti-aliasing filtering functionality. The software
embedded in the wireless sensor is composed of a
peak picking algorithm for identification of the natural
frequencies of a cable, Welch’s method to measure
long-time ambient vibration of a cable in the memory-
constrained wireless sensing unit, and a modern tension
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force estimation method using the identified natural fre-
quencies with consideration of the cable sag and bending
stiffness. The system is designed to be fully autonomous
requiring no human intervention.
A series of validation tests were carried out on a

scaled down version of a cable from an operational
cable-stayed bridge (Seohae Bridge, Korea). Eighteen
test cases were carried out on the cable with various
sag-to-span ratios, which represent small and large
sags. The results of the experimental study are summar-
ized as follows. (1) Consistent results can be obtained for
the first three natural frequencies (regardless of the
sensor location along the cable) using the proposed
peak-picking algorithm. (2) The cable tension forces esti-
mated by the present method are very close to the values
measured using strain gauges for the cases with sag-to-
span ratios similar to those of the cables in the Seohae
Grand Bridge, which indicates the applicability of
the present system to realistic cable-supported bridges.
(3) Embedding Welch’s method is a good solution for
more accurate estimation of the natural frequencies by
removing the non-stationarity of short-duration signals,
which is a limit of the memory-constrained wireless
sensors.
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