
MONI

 

 

ABSTRA
 
Structurla
the conv
compone
quick de
technique
network 
dynamic 
sensor te
wireless 
this stud
character
undampe
the deck 
the bridg
feasibility
 
KEYWO
 
Structura
 
INTROD
 
Long-spa
mechanic
is comple
cable-sta
the dynam
worthy at
Conducti
assessing
complem
of the st
full-scale
bridges a
Pichler 2
from vari
However
collecting
signal de

The 6t

Struct

Hong  

ITORING A

The

ACT 

a health moni
ventional SHM
ents, such as s
evelopment of
e, and wirele
is applicable
characteristic

echnology is r
sensor boards

dy. A modifi
ristics of the 
ed natural freq

beam are ana
ge model is ch
y of wireless s

ORDS 

al health moni

DUCTION 

an cable-staye
cal effectivene
ex, and the ca

ayed bridge pr
mic behavior 
ttention. 
ing dynamic 
g actual dynam

ment and enhan
tructure over 
e on-site dyna
are provided i
2005). These 
ious locations
r, due to ava
g and analyzin

egradation, and

th Internation

tural Health M

Kong | 9‐11 

AND ANA
W

C

e Harbin Instit

itoring (SHM)
M system, th
sensors, data 
f seonsor tec
ess transmissi
 for obtaining
cs of a labora
reviewed. The
s developed by
ed Ibrahim t
bridge model

quencies and 
alyzed. Out re
haracterized b
sensing techn

itoring, wirele

ed bridges hav
ess, economic

ables are flexib
rone to wind-
of these struc

testing is reg
mic properties
nce the develo
its operation

amic tests on
in the Referen
dynamical tes

s in the structu
ilable technol
ng information
d data floodin

nal Conferen

Monitoring o

December 2

LYSIS OF 
WIRELESS 

C. Y. Liu, J. Te
School of Civ
tute of Techno

Email: 

) is a revolutio
he expensive
loggers, comp

chnology, Mic
ion technique
g structural h
atory cable-st
e subsystems 
y the present a
time-domain 
l from experi
mode shapes 

esults which a
by the presenc
ology in civil 

ss sensor netw

ve been extens
cal design, and
ble, lightweigh
, rain/wind-, e
tures under tim

garded as on
s of these com
opment of ana
al life. Durin

n cable-stayed
nces (e.g. Ko
sts use wired 
ure (induced b
logy, wired d
n. Thus drawb

ng. 

nce on   

of Intelligent

2013 

 

 

 

A CABLE
SENSOR N

eng , X. Y. He
vil and Enviro
ology Shenzhe
Chengyin.liu0

 
 

onary method 
e cost for pu
puters, and co
cro-Electro-M
e, a new SHM
health and pe
tayed bridge. 
of a smart w
authors are ap
(ITD) metho

imental measu
of the cable-s

are validated b
ce of many c
engineering s

work, cable-st

sively employ
d esthetic appe
ht, low dampi
earthquake-, a
me-varying lo

ne of the mos
mplex bridge 
alytical techniq
ng the past tw
d bridges. Ty
et al. 2002; 
data acquisit

by ambient so
data acquisitio
backs include

t Infrastructu

-STAYED 
NETWORK

and D. P. Cai
onmental Engi
en Graduate S
08@gmail.com

of determing 
urchase and 
onnecting cab

Mechanical Sy
M method w
erformance in

At first, the 
wireless sensor
pplied to SHM
od is adopted
urement. At l
stayed bridge 
by a wired da
losely spaced
structure healt

tayed bridge, I

yed in the last
earance. The s
ing, etc. All th
and traffic-ind
oads has becom

st reliable ex
structures (Li
ques and mod
wo decades, m
ypical exampl
Ozkan et al. 
tion systems t
ources e.g. mo
on systems h
s expensive, t

ure 

BRIDGE M
K 

neering, 
School, Shenzh
m  

the safty situ
installation o

bles, is a big o
ystems (MEM
hich is based
formation. Th
state-of-art i

r are discusse
M of a cable-st

d for the ex
last, the relati
and those of 

ta acquisition
d, coupled mo
th monitoring 

Ibrahim time-d

t four decades
structure of th
hese features m
duced vibratio
me a practical

xperimental m
iu et al. 2008

dels that are in
many researc
es of full-sca
2001; He et a
to collect stru

oving vehicles
have been cen
ime-consumin

MODEL US

zhen, China. 

uation of struct
of the SHM 
obstruction. W

MS), modern n
d on wireless
his paper stu
in the smart w
ed, and then a
tayed bridge m
xtraction of d
ionships betw

f the single py
n system, dem
odes, and indi

application. 

domain metho

s due to their 
he cable-stayed
make the mod
ons. Determin
l engineering 

methods availa
). Such tests 

ntegrated into 
chers have co
ale dynamic 
al. 2005; Wen
uctural vibrati
s, winds) for a
ntralized in t
ng sensor inst

SING 

tures. In 
system 

With the 
network 
s sensor 
dies the 
wireless 

available 
model in 
dynamic 

ween the 
ylon and 

monstrate 
icate the 

od. 

inherent 
d bridge 
de of the 
nation of 

issue of 

able for 
serve to 
analysis 

onducted 
tests on 
nzel and 
ion data 
analysis. 
erms of 
allation, 



 

Emerging wireless technologies have the promise of overcoming these deficiencies. This technology allows 
the engineering community to measure and evaluate ambient structural vibrations quickly and accurately (e.g. 
Spencer et al. 2004 and Rice et al. 2001). A wireless sensor network based on data acquisition system 
promises enormous benefits such as ease and flexibility of deployment in addition to low maintenance and 
deployment costs. Recent years have witnessed the development of a number of wireless smart sensors based 
on the MEMS technology, including Berkeley motes manufactured by Intel and Crossbow. The Berkeley Mote 
smart sensor, with its embedded microprocessor and wireless communication capability, has emerged as an 
important new open hardware/software platform for structural dynamical testing and SHM. The use of 
wireless communications in lieu of wires within a structural monitoring system was initially proposed by 
Straser and Kiremidjian (1998), as a means of reducing installation costs in large-scale civil structures. In 
addition, their work illustrated the freedom of a wireless system infrastructure provides rapid and 
reconfigurable installations. Recently, Lynch et al. (2001) has extended their work to include computational 
microcontrollers in the hardware design of wireless sensors so that various system identification and damage 
detection algorithms can be embedded for local execution within the sensor. To date, a handful of bridges and 
buildings have been instrumented with wireless monitoring systems including the Alamosa Canyon Bridge 
(New Mexico), Geumdang Bridge (Korea), WuYuan Bridge (China), Voigt Bridge (California) and a historic 
theater in Detroit, Michigan (Cho et al. 2008). These extensive field studies attest to the accuracy and 
reliability of wireless sensors in traditional structural monitoring applications. 
Modal analysis is essential to study the dynamic behavior of cable-stayed bridge. In modal analysis of a 
cable-stayed bridge, the aspects of three dimensionality, multi-modal contribution, and modal coupling are of 
great importance (Abdel, 1991). Challenges in the modal parameter identification technique applied to a 
cable-stayed bridge come from its nature as a large and continuous structure, which makes it difficult to be 
represented with a lumped-mass model. Accordingly, efficient system identification techniques should be 
developed to provide accurate information that accommodates observation of such aspects. 
The Ibrahim time domain method, known as the ITD method (Ibrahim and Mikulcik 1997), uses Impulse 
Response Function (IRF) data to identify modal parameters. It constructs an eigenvalue problem from the IRF 
data and solves the problem to derive the natural frequencies, damping loss factors and modal constants. This 
method is useful when the input data is unknown, in particular in structural dynamical testing under ambient 
loads, and thus chosen for dynamical analysis in this study. However, this method, when originally proposed, 
constructs the eigenvalue problem using displacement, velocity IRF data. As a result, numerical integration is 
needed to obtain displacement and velocity time histories from acceleration measurement at each response 
point. This paper improves the ITD method to rely on sampling measured data in acceleration form only.  
The focus of the work described in this paper is to assess twofold: (1) the capabilities of a low-cost wireless 
structural testing system to rapidly collect the dynamic responses of civil infrastructures, and (2) experimental 
determination of the dynamic properties of a laboratory cable-stayed bridge model based on modal analysis 
using a modified ITD approach. The wireless prototype sensor adopted in this paper consists of a 
self-customized sensor board and a commercial IRIS mote node in direct communication with a 
high-performance data repository where data is stored and analyzed. To extract the bridge modal 
characteristics, an improved ITD method is developed to directly use the real time acceleration signals from 
wireless sensors and autonomously identify the dynamic properties of the bridge. The paper concludes with a 
discussion on the results obtained from the wireless testing system compared with those from a wired 
counterpart. 
 
WIRELESS SENSORS PLATFORM 
 
In this section, we propose the hardware and software design of the SHM system based on WSN. The system 
architecture is presented first. Then we discuss the off-the shelf sensor mote and the extension sensor board 
design. At last, software design is mentioned. 
 
System Architecture 
 
The wireless SHM system is composed of a number of sensor nodes and a base station, as shown in Figure 
1,which is responsible for network coordination and data collection. These nodes are usually small in size with 
limited processing power, limited memory and limited energy source. Each sensor node consists of a basic 
“mote” node and a sensor board, which acquires vibration data of the structure through an accelerometer, and 
then transmits wirelessly the acquired values. Figure 2 presents an overview of the sensor node hardware as a 
block diagram. The coordinator node is connected to the MIB-520 USB programming board, thus acting as a 
gateway between the WSN and the central server. 
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Software Architecture 
 
A WSN based structural monitoring system is a distributed sensing system. The core component of the 
software system is the one running on the sensor node. In order to support the node hardware we developed a 
software driver using NesC language for TinyOS. TinyOS is an operating system developed by UC Berkeley, 
which provides the software infrastructure for the sensor networks. NesC is an extension to the C 
programming language, for cooperating applications on TinyOS. The driving software could be divided into 
acquisition module, wireless communication module, synchronization module. The Accelsample application 
(TinyOS version 2.1) installed to the IRIS mote is responsible for time synchronization, sampling the data 
during structure health monitoring, and transmitting the data to the base station. The software architecture of 
the sensor node uses new components integrated into the TinyOS infrastructure to satisfy the requirements 
discussed above. 
 
Time Synchronization 
 
The time synchronization in the system makes use of the TinyOS implementation of Flooding Time 
Synchronization Protocol (FTSP). A detailed overview of the communication protocol used for time 
synchronization and reliable data transfer can be found in (Elson 2003). Time synchronization can operate in 
one of 2 motes. To achieve better Synchronization performance, the FTSP is chosen to realize time 
synchronization in sampling software. Figure 5 shows the time error testing for 800 data transmitting packages. 
The largest error is 57.78 μs, and the average error is 33.82 μs. This time precision satisfies most structural 
health monitoring requirements. This communication protocol has also been shown immune to data loss.  
 

 
Figure 5. Time Synchronization error 

 
MODIFIED ITD METHOD 
 
In this paper, the ITD approach is improved by directly using the real time acceleration signals. The deficiency 
of the amount of data needed is remedied by sampling the displacement data with a selected time delay. The 
free response of a structure means either the free decays measured from random execution of the structure or 
the impulse response obtained from the inverse of a frequency response function (FRF). In the following, we 
discuss this modified time domain method which is efficient for modal analysis. 
 
Constructing Mathematical Model 
 
The free displacement response of a N-DOF viscous damping system can be represented with the following 
formula according to the principle of mode superposition. 
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Eq. 1 is a conjugate relationship and can be simplified into a new form: 
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Eq. 2 is based on the displacement X(ti). The acceleration  
iX t  can be derived from twice derivative of 

displacement data in the following form: 
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When the measuring point is N, the sampled discrete points is M, Eq. 3 can be expressed as: 
1 1 1 2 1

1 1 1 2 1 1 1 1 1 1

2 1 2 2 2 2 1 2 1 2

1 2

2

1

1

1
2

1
2

0 0

0 0

0 0

*
Mλ t t λ t* *

, , ,M , , ,N
* *

, , ,M , , ,N

* *
N , N , N ,M N , N , N

*
N,N

*

e eX X X

X

e

e
*

X X ( )

X X X ( )






  
  

  

       
                 
     

           

  

  


 
         






1 1 1 2 1

1 2

* * *
M

* * *
N N N M

λ t λ t λ t

λ t λ t λ t

e e

e e e

 
 
 
 
 
  

 
 (4) 

It can be simplified as following formula 

 2 2 2 2 22N , N N ,M N , N N ,M , MNN N,
Γ ΓX      




  (5) 

This equation establishes direct links between the complex natural frequencies, mode shapes and the time 
response of the system. It alone, however, is insufficient to solve for modal data. The approach is to sample the 
same response data but with a duration shift  t. 
For all the response points, through using a delayed sampling for t1, which is the integer multiple of t, a 
vector form of Eq. 5 can be written as: 
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Using a delayed sampling matrix
N ,M

Y  
  and normal sampling matrix 

N ,M
X  
  to construct augmented 

matrix 
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Likewise, we can increase the time shift to t2, which is the integer multiple of t and may be equal or not be 
equal to t1, and sample the response data again. For all the response points, a vector can be written as: 
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Where 
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and 
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According to the relationship between augmented matrix
XY

Q    with 
XY

Q  
 , we have 

 1
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  (14) 

Defining that  

 1
XY XY

A Q Q  
  (15) 

A is the structural system matrix. 



 

In actual application, the sampled discrete points M is larger than 2 times of the measuring points N (M>2N), 
so the structural system matrix A can be achieved by the least squares method to reduce error. Eq.14 can be 
simplified as  

 2 2 2 2 2 2N , N N , N N , NA Ω   (16) 

Because 2 2N , NΩ  is a diagonal matrix, the Eq. 16 is equivalent to 

 2 2 2 2 2 2N , N N , N N , NA Ω   (17) 

This equation constitutes a complex eigenvalue problem ( 2 2N , NΩ  contains structural modal frequency and 

modal damping ratios; 2 2N , N contains structural mode shapes). These eigenvalues can be converted to the 

natural frequencies and damping ratio.  
The ith diagonal element in Eq. 13 is the eigenvalue in the form: 
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From these solutions, we can derive the undamped modal frequency di and modal damping ratio di : 
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Complex mode shapes vector is the first N elements array based on the acceleration signal (i=1, 2, ... , 2N). 

Using the augmented matrix  Q to replace X  
 in the analysis described from Eqs 3and 9 will lead to the 

identification of many numerical vibration modes as well as genuine modes. To distinguish the latter from the 
former, a mode shape coherence and confidence factor (MSCCF) can be defined. For a selected measurement 
point, the MSCCF defined as: 
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  (23) 

The u
k( )  is the upper half part of the k order mode, and l

k( )  is the lower half part of the k order mode. If 

the mode is a genuine one, MSCCF value will be close to unity. Otherwise, it is likely the mode is a 
numerical one. In practical engineering applications, the measured data always contains noise. In this case, if 
the value of MSCCF  is more than 0.95, it can be regard as a genuine one. 
 
VALIDATION TEST 
 

Description of test structure 
 
As shown in Figure 6a, the bridge model represents a reduced-scale model of Shandong Binzhou Yellow River 
Cable-stayed Bridge (see Figure 6b). This single-tower double-cable-planes bridge model is mainly made of 
aluminum. Effective stiffness criterion is utilized in the reduced-scale dynamic-elastic bridge model design. 
Additional masses are added so the bridge model would give similar dynamic characteristics within the range of 
the prototype bridge. The bridge model is eventually built in a ratio of 1/40 to the prototype bridge considering 
lab conditions and economic. Table1 lists the specific parameters of the bridge model. Several experiments have 
been previously conducted with various configurations of this structure (Zhou et al. 2007). Their analysis results 
based on the similarity theory have showed that the reduced-scale bridge model with added masses has a good 
degree of similarity with the prototype bridge. 
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members can also be identified by employing the sensors associated only with those of the members. In this 
section, the deck modes and pylon modes are examined. Considering the rigid shape of the deck, especially the 
fixed connection between the pylon and deck, and the longitudinal restraints, domination of vertical vibration is 
expected. For this purpose, sensors measuring accelerations of deck in vertical direction and pylon in lateral 
direction are utilized as outputs. 
Using only output acceleration time histories processed by the modified ITD technique, natural frequencies and 
associated damping ratios of bridge deck and pylon are extracted and listed in Table 2. For the frequency zone, 
the estimated natural frequencies for the first six vertical bending modes of deck and the first two sidesway 
modes of pylon, are 3.81, 8.62, 10.52, 9.96, and 10.08 Hz, respectively. The corresponding modal damping 
ratios are 4.27%, 0.51%, 0.66%, 0.53%, and 0.42%, respectively. In order to distinguish the genuine mode from 
the numerical vibration modes due to the augmented measurement data in the proposed algorithm, the MSCCF, 
is defined and computed before the identification of mode shapes from the test data. For the five extracted mode 
shapes, the MSCCF values are 0.9992, 0.9997, 0.9996, 0.9861, and 0.9997, respectively. Note that the MSCCF 
values identified are nearly equal to unity in all cases. Therefore, the new method proposed here is able to 
provide reliable modal parameters in those cases. While there are no repeated modes, there are very close natural 
frequencies of the bridge model.  
 

Table 2. Modal parameters of bridge model identified using modified ITD 

order Frequency（Hz） Damping Ratio MSCCF 

1 3.81 (deck) 4.27% 0.9992 
2 8.62 (deck) 0.51% 0.9997 
3 10.52 (deck) 0.66% 0.9996 
4 
5 

9.96(pylon) 
10.08(pylon) 

0.53% 
0.42% 

0.9861 
0.9997 

 
 

(a) 1st vertical mode 

(b) 2nd vertical mode 
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(c) 3rd vertical mode 

(d) pylon first symmetric sidesway (e) pylon first anti-symmetric sidesway 
Figure 8. Modal shapes of the bridge deck and pylon identified by modified ITD method 

 
The estimated three vertical bending mode shapes of deck and two sideway mode shapes of pylon are shown in 
Figure 8. Their mode shapes fit those of wired testing counterparts very well. The results are completely 
symmetrical or anti-symmetric, which present the structural characteristic of the cable-stayed bridge. The 
fundamental mode of the bridge is the first vertical bending with a natural frequency of 3.81 Hz. This mode 
exhibits a zero node symmetrical pattern of girder. The results of modal analysis of the pylon indicate that the 
first and second modes are dominated by lateral motion, with the difference in the phase. The first mode of pylon 
exhibits an in-phase motion, while the second one shows the out-of-phase motion. Both pylon modes at the 
frequency range of 9.96-10.08 Hz are associated with the deck motion. The interactions between the deck and 
pylon motion exist in such a way that the pylon modes are resulted from their girder’s predominant counterpart 
modes. Damping ratios of pylon modes are found lower than the deck modes.  
 
CONCLUSIONS 
 
In this paper, a prototype wireless sensor board has been developed and successfully integrated with the IRIS 
mote to conduct modal tests for a laboratory cable-stayed bridge model. In particular, a modified ITD method 
has been proposed in the modal parameter identification procedure to account explicitly for real time 
acceleration signals that does not need numerical integration to obtain displacement and velocity time histories 
from acceleration measurement at each response point. Out results provide conclusive evidence of the 
complex dynamic behavior of the bridge. The dynamic response of the cable-stayed bridge is characterized by 
the presence of many closely spaced, coupled modes. For most modes, the experimental modal frequencies 
and mode shapes from both wireless tests and wired tests compare quite well. The test results demonstrate the 
feasibility of wireless sensing technology in civil engineering structure health monitoring application. 
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