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ABSTRACT: In this paper, the academic wireless monitoring system with smart sensing units developed a Stanford
Universty and Michigan Universty is goplied for the ambient vibration sudy of a stedl arch bridge in Xiamen, China.
Ambient acceleration responses of the bridge measured by the wirdless sensing units are compared with those col-
lected by a traditiond wire-based data acquisition system. Clock synchronization performed by the wireless sensng
network based on a centralized beacon signd is assessed. Theloca Sgnd processing capacity of the smart sensors is
aso validated. Dueto thelow cost and easy inddlation advantages of the wirdess sendng system, it is goplied to the
identification of modal properties of the bridge. Ambient acceleration responses of the bridge acquired by the wireless
sending units are used to identify the modal properties of the bridge based on the advanced stochastic subspace iden
tification (SSI) method. It is shown that the ambient vibration data collected by the wirdess monitoring system are ec-

curate and these data can be gpplied to identify the dynamic properties of the bridge.
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1 INTRODUCTION

Traditiondly, structurd monitoring systems employ coax-
i wires to transfer measured data from sensors to cen-
tralized repository. Ingdlaion and mantenance of such
wired-based monitoring system on large scae cvil infra-
sructures, such as large span bridges, is time consuming
and expensive, which limit widespread adoption of tradi-
tional monitoring systems. With recent development of
wireless communication, wirdess monitoring systems
have been proposed to eradicate the extensive lengths of
wires in the tethered systems (Spencer et al. 2006,
Lynch et d. 2000, Lynch et a. 2006). Recently, some
innovaive academic and commercid wirdess sensing
sysems have been developed (Lynch e al. 2006).
Among them, the academic wireless sensing unit proto-
type developed a Univergty of Michigan and Stanford
Univerdty have recaeived greet attention as it emphasizes
the design of a powerful computational core, low power
consumption and multitasking capability (Lynch et 4.
2005, Wang et d. 2006).

However, nore vdidation studies on the perform:
ances of the wireless monitoring systems are essentid be-
fore they can serve as economicd substitutes to the tradi-
tiona wire-based sysems. Filed vdidation is the only
way to accurately assess the performance of wireess
monitoring systems within the complex and harsh envi-
ronments posed by the red civil structures. In this paper,
the performance of the wireless monitoring system devel-
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oped a Universty of Michigan and Stanford University is
vaidated through filed tes on the Wuyuan sted arch
bridge in Xiamen, China. As coaxia wires provide avery
reliable communication link, a wire-based monitoring is
aso ingdled on the bridge for comparision. Acceleration
responses of the ambient vibration of the bridge collected
by the wireless monitoring sysem are compared with
those obtained by the tethered system. The loca compu-
tationa capacity of the smart sensing units is also vali-
dated.

The dynamic characterigtics, such as modd frequen-
cies, mode shapes and moda damping vaues are impor-
tant properties for the aerodynamic stability and hedlth
monitoring of bridges. Ambient vibration test combing
with sysem identification dgorithms provides a practica
may to determine these dynamic characteristics of civil
infrastructures. Due to the low cost and easy nddlation
advantages of the wireless senang system, it is gpplied to
the identification of modal properties of the bridge. Of
many exiding sysem identification agorithms, the ad-
vanced stochastic subspace identification (SSI) method is
used utilized in this paper asiit is particularly useful when
the number of outputs and the number of states (the a-
der of the sysem) are rdativey large. The identification
of frequencies, mode shapes, and damping ratios for the
Wuyuan Bridge is accomplished usng ambient vibration
measurements acquired by the wirdess sensing units



2 WIRELESS SENSING UNITS

As shown in Figure 1, the academic wireless sensing unit
prototype developed at University of Michigan and Stan+
ford Universty conggts of three functional modules. sen+
sor dgnd digitizer, computational core, and wireess
communication module.
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Fgure 1. Hardware of the wireless sensing unit

The main component of the sensor signd digitization
module is a 4-channd 16-bit A/D converter. Each wire-
less sensing unit can accommodate signals from a set of
sructura sensors, as long as ther ouputs are analog
voltages from O to 5V. The computationd core of the
wireless unit is responsible for executing embedded soft-
ware ingructions for engineering andyses. A low-cost &
bit microcontroller (Atme ATmegal28) is sdected as
the principle component of the computationa core. The
wireless sengng unit is designed to be operable with two
wireless transceivers: 900MHz MaxStream 9X Cite and
24GHz MaxStream 24X Stream. This unique desgn fea-
ture is intended to dlow users to employ the legd open
use frequency band in their regions.

Asshown in Fgure 1, before feeding the senang sg-
nds into a wirdess sendng unit, a sgnd conditioning
printed circuit board may be applied. The three maor
functions of the circuit board are; offsetting, filtering and
amplification.
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Figure 2 Side view of the Wuyuan

3 WUYUAN BRIDGE

Wuyuan Bridge, with a total of 810m long and around
34m width, is an important bride on the idand ring road
in Xiamen, China (Figure 2). The congtriction of the ridge
was finished in 2003.

As shown in Figure3, the 3-span main bridge isa hdf
through basket type arch bridge consding of sted-
reinforced concrete girders and arch ribs. The main span
IS 210m long with two 58m side spans. The arch has a
ratio of rise to span equa to 1/4 with a second-degree

parabola line shape. There are 9 dtrut rails on the arch to
enhance the stability of the bridge in the transverse direc-
tion.
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Fgure 3 Side Elevation plan of the Wuyuan Bridge

4. INSTALLATION STRATEGIES

The wirdess structura monitoring syssem developed at
Stanford University and Michigan Universty is indtdled in
the Wuyuan Bridge to monitor its ambient response. To
vdidate its performance, a traditiond tethered monitoring
system is dso ingdled, which dlows the wirdess moni-
toring system performance to be directly compared to
that of the tethered system. Both the wireless and teth-
ered structural monitoring systems employ accelerome-
ters to messure the vertical and transverse responses of
the bridge riders and ach ribs. The accelerometers are
mounted in locations marked as#1,. 2, ..., 25 dong the
bridge riders and arch ribs, as shown in Figure 4. At
each location, two accelerometers are digned sde-by-
sde as shown in Figure 5 They are connected to e
wirdess and tethered monitoring system, respectively
(Figure 6). The distribution of the accelerometersiis in-
tended to provide ample data for the identification of

bridge mode shapes.
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(a) Locations of sensing units in the vertical direction
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(b) Locations of sensing units in the transverse direction

Figure 4 Locations of sensing units on the gird-
ers and arch rib
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Figure 6. The wireless and tethered data
acquisition system.
24X Stream wireless transceiver operating at 2.4GhZ,
whichisalowed in Ching, is used for wireless communi-
cation. Due to the limitation of bandwidth capacity, only
12 sensing units can Smultaneoudy communicate data to
the laptop when the data sampling rate is set to 50Hz, 5
vibration sets of tests are conduced to collect data from
the sensors locations in Figure 4. Theses 5 sats of are
described as,

1st sat: Veticd dir.  #1, 2, 3, 10, 11, 12, 13;
Transversedir.: #1, 10, 11, 12, 13;

2nd set: Verticd dir.: #1, 8,9, 14, 15, 16;
Transversedir.: #1, 14, 15, 16;

3rd sat: Veticd dir.. #1,4,5,6,7, 8;
Transversedir.:#1, 5, 7;

dthsat: Transversedir: #1, 2, 3,4, 6, 8, 9;

5th set: Verticd dir.: # 1, 17, 18, 19, 20, 21, 22, 23,
24, 25;

Asindicated, # 1 is used asthe referencein the 5 test
Sets.

As theses accelerometers output 0 V when there is
no vbration, the sgnd condition circuit board are in-
cluded in each wirdless sendng unit to offset the sensor
signals and to filter and amplify the week and noisy ambi-
ent responses of the bridge. Amplification factor abound
20x is used for each wireless unit.

5. VALIDATION OF THE WIRELESS
MONITORING SYSTEM

Since the wirdless and tethered monitoring system do not
gart collecting data Smultaneoudy, acceleration response
time higtories collected by the wireless sensing and teth-
ered systems need to be shifted before comparison.
Cross-correlation function of the two time histories of
acceleration responses recorded by the two sensors
digned together can be used to determine the time shift
of the accderation time histories. As shown in Figure 7,
the time-delay of the wirdess sendgng with respect to
wired-based sensang can be estimated from the time lag
of the peak vaue of the cross-corrdation coefficient of
the two time higtories.

An important limitation of wirdess monitoring sys-
tems is the absence of a centrdized clock. Therefore,
time synchronization is an important issue for wirdess
monitoring systems. The wireless senang unit prototype
usd in this study s designed to synchronize its internd
clock to a beacon signa broadcast from the centraized
data repository. To validate the accuracy of the wirdess
sendng unit' s time synchronization dgorithm within a re-
aligic dructurd environment, the time lags of wirdess
sendng unitswith respect to wired-based sensing units in
each test are investigated. As the data from wired-based
sendng ae time-synchronization, the time lag of each
wireless sensing can be used to check the accuracy of
the unit' s time synchronization As shown in Table 1, 4l
of the sending units in the 5th test set have the same time
lags. Thus, the data measured by wirdess monitoring
system in thistest set are time synchronized. Smilar re-
sults are dotained from other test sets. Therefore, bea
con-based time synchronization agorithm in the wirdess
monitoring is quite effective

After shifting the time-hitory acceleration responses,
the time-history acceleration responses of the wirdess
monitoring system are compared with those of the base-
line tethered monitoring sysem. In Figure 8(a) and (b),
time higories of acceleration recorded by the wireless
sensing units at locations #1 and #24 are in close match
with those by the traditiond tethered sysems. The minor
differences ketween amplitudes d the time dgnds ae
due to the in-accurate amplification factors in the sgnd
condition circuit boards. Figure 9(a-b) show the Fourier
spectrum results determined from the time history data
Fourier frequency spectrum calculated from data by the
wiredless and tethered monitoring systems are d<o in
good agreement.

On of the mogt dtractive festure of the wireless unit
prototype used in this study is the sufficient on board
computationa resources, e.g., the Cooley-Tukey imple-
mentation of the fast Fourier transform (FFT) is embed-
ded in the computationa core of the wirdess senang unit.
After the frequency spectrum is calculates on board, the
vaues are wirdesdy transmitted dong with the raw time
history response to the laptop data. To compare the ac-
curacy of the embedded FFT andyss, the frequency
spectrum is calculated offline by MATLAB using the raw
time history response. As shown in Figure 10, the online
FFT and offline FFT vaues are the same. The computa-
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tiona core with embedded engineering andyds avoids
the tranamisson of a large anount of raw time higory
data, which is power effident for a wireless monitoring
system.

6. IDENTIFICATION OF THE DYNAMIC
PROPERTIES OF THE BRIDGE

Ambient vibration test combing with system identification
algorithms provides a practical method for the determina-
tion of the dynamic characteridtics of civil infrastructures.
One of the attractive feature of the wirdess senang sys-
tem isits low cost and easy inddlation. Thus, it can be
applied for the identification of moda properties of the
bridge.

The stochastic subspace identification (SSl) provides
a very effective dgorithm to identify the mode shapes of
the structures through the spatidly distributed sensors.
Thus, it is used for the identification of the bridge based
on the ambient acceleration responses time higtories col-
lected by the wirdless sensing units dong the bridge gird-
ers and arch ribs as indicated in Figure 4. The identified
frequencies and damping ratios values of the first 7 vibra-
tion modes of the bridge are summarized in Table 2. The
corresponding first mode shapes are shown in Figures
11(a)-(c). It is noted that the fundamental frequency of
the bridge is 0.776 Hz, which corresponds to a bending
motion of the bridge and arch in the vertica direction
The motions of arch and bridge girders are coupled to-
gether. These are in good agreements with those evau-
ated by previous engineers after the bridge was con-
structed.

7. CONCLUSIONS

The academic wirdess monitoring system with smart
sensng units developed a Stanford Universty and
Michigan Universty is vdidated through ambient vbra-
tion tet on Wuyuan the sted arch bridge in Xiamen,
China. Ambient acceleration responses of the bridge
measured by the wirdess sendng units are in close match
with those collected by a traditiond wire-based data ac-
quistion system. Clock synchronization performed by the
wirdess sendng network based on a centralized beacon
ggnd is assessed to be accurate. The local sgnd proc-
essing capacity of the smart sensors is dso validated.

Due to the atractive feature of low cost and easy in+
ddlation of wirdess senang system, inddlation of a
dense sending array on bridge is not a time consuming
and labor intendve issue. Therefore, the wirdess mon-
toring system can be applied to the identification of the
modal properties of the bridge. The stochastic subspace
identification (SS1) provides a very effective dgorithm to
identify the modal frequencies, moda damping ratios and
mode shapes of the bridge based on the ambient vibra-
tion data of acceleration responses. The identified moda
properties are in good agreements ith those evaduated by
engineers after the bridge was constructed.
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Figure 7. Cross- correlation coefficient between
wireless and wire sensing

Table 1. Time synchronization of the wireless sensing units

(Test 5)
Sensor Location Timelag Time Delay
#1 281 0
#18 281 0
#19 281 0
#20 281 0
#21 281 0
#22 281 0
#23 281 0
#24 281 0
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Figure 8(8) Comparisons of acceleration time history
at sensor location No.1
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Figure 8(b) Comparisons of acceleration time his-
tory at sensor location No.24
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Table2. Moda Identification of Wu Y uan Bridge by SSI

Mode Frequency Damping Mode Shape
(H2) Ratio (%) Description
1 0.7756 2572 1st Vertica
Bending
2 1.230 1363 1st Transverse
Bending
3 1242 0653 2nd Vertica
Bending
4 1698 1256 3d Vertica
Bending
5 1.837 3.968 1st Torsion
6 2431 0.692 2nd Torsion
7 2712 3221 2nd Trangverse
Bending
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Figure 1l (b) 2nd Mode Shape, f=1.230 z=1.363%

Fgure .11 (c) 3rd Mode Shape f=1.242 z=0.6533%

ACKNOWLEDGEMENT

This collaborative research is funded by grants from
China and USA. The Authors acknowledge support
from the Science and Technology Project of Fujian
Province through Grants Nos. 2005Y 21021 and the pro-
gram for Bureau of Xiamen Congruction Management
(No. 2006-11). support from the National Science Foun
dation Grant Number CMM S-0528867

REFERENCES

M.Lin.(2007). “Detection and Analysis on Zhongzhaiwan Br
idge Structure Dynamic Behavior”. Communications
Standardization, Vol. 2-3, 127-129 (in chinses).



Lynch JP, Law KH, Straser EG, Kiremidjian AS, Kenny
TW. (2000) “The Development of A Wireless Modular
Hedth Monitoring System For Civil Structures’. Pro-
ceedings of the MCEER Mitigation of Earthquake Dis
ader by Advanced Technologies, Las Vegas, NV,
USA.,30- 31

Lynch, J. P. and. Loh Kenneth J2006), “A Summary Re-
view of Wireless Sensors and Sensor Networks for
Structural Health Monitoring”. The Shock and Vibration
Digest, Vol. 38, No. 2, 91-128.

Lynch, JP., Wang, Y., Law, K.H., Yi, JH., Lee, C.G,, Yun,
CB., 2005 \Vdidation of Large-Scale Wireless
Structural Monitoring System on the Geumdang Bridge.
Proc. of 9th International Conference on Structural
Safety and Reliability. Rome, Italy.

Spencer B. F. J, Ruiz-Sandoval M. E., and N.
Kurata, (2004), “Smart Sensing Technology: Opportuni-
ties and Challenges,” Journa of Structural Control and
Hedlth Monitoring, Vol. 11, No. 4, 349— 368.

Yang Wang1, Kenneth J. Loh, Jerome P. Lynch, Michael
Fraser, Kincho Law1, Ahmed Elgamal “ Vibration Moni-
toring of the Voigt Bridge using Wired and Wireless
Monitoring Systems”



