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Abstract

Being able to significantly reduce system instalatime and cost, wireless sensing
technology has attracted much interest in the strat health monitoring (SHM)
community. This paper reports the field applicatafra wireless sensing system on a
4-span highway bridge located in Wayne, New Jensdlye US. Bridge vibration due
to traffic and ambient excitation is measured. hbance the signal-to-noise ratio, a
low-noise high-gain signal conditioning module &vdloped for the wireless sensing
system. Nineteen wireless and nineteen cabledexoreéters are first installed along
the sidewalk of two neighboring bridge spans. Tlefgwmance of the wireless
sensing system is compared with the high-precisairied sensing system. In the next
series of testing, sixteen wireless acceleromedges installed under the deck of
another bridge span, forming a>44 array. Operating deflection analysis is
successfully conducted using the wireless measureroé traffic and ambient
vibrations.

Keyword: wireless sensing, structural health monitoring (9Hsignal conditioning,

operating deflection analysis, ambient vibration.

1. Introduction

As civil structures are continuously subjected trious adverse operational and
environmental conditions, their safety conditionsaymdeteriorate quickly. For
example, more than one fourth of the bridges in thdted States have been
categorized as structurally deficient or functibpabsolete (ASCE 2009). To ensure
public safety, US Federal Highway Administratiomquees that inspection to a
typical bridge is conducted once every two yearsweler, the current practice is
mainly visual inspection, which is subjective armbdr intensive. Besides, visual
inspections can only identify damage that is vesibh the structural surface; internal
damage often remains neglected by the inspectors.
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As a complimentary approach to visual structurabpattions, structural health
monitoring (SHM) systems have been widely expldiedmeasuring the response of
large-scale civil structures (Farrar, Solh al. 2003; Ko and Ni 2005). The
measurement data is used for identifying subtlectral abnormality. In an SHM
system, various types of sensors, such as accedgzmnstain gauges, thermometers,
displacement and velocity transducers, can be fasedonitoring structural behavior.
A data acquisition (DAQ) system usually collects tak sensor measurement at a
central server. Traditionally, cabled connections ased between sensors and the
central server. The high cost and time consumgsociated with cable installation
are among various factors that hinder the wideapeoption of SHM systems. For
example, the cost of installing a typical structurenitoring system in a mid-rise
building can exceed a few thousand dollars perisgnshannel (Celebi 2002). In
addition, extensive lengths of cables can consumee 85% of the total installation
time for a cabled SHM system (Straser and KirerardfL998).

In order to overcome the difficulties associatethwiable installation, wireless
SHM systems are developed Dby exploiting latest @aces in
micro-electro-mechanical systems (MEMS) and wirelesmmunication (Straser and
Kiremidjian 1998). MEMS and wireless technologydda the development of smart,
low-cost, miniaturized wireless sensing nodes Hrat capable of collecting sensor
data and wirelessly transmitting data without teedof cables. To be considered as a
potential substitute for conventional cabled SHMtens, it is necessary to validate
the performance of wireless SHM systems. To dateumber of academic and
commercial prototypes have been proposed and téstélae laboratory (Spencer,
Ruiz-Sandovakt al. 2004, Liu, Yuanet al. 2005; Lynch and Loh 2006). However,
only in recent years have researchers begun testirgdess SHM systems in field
applications. For example, Lynckt al.(2004) validated the performance of a
prototype wireless sensor on the Alamosa CanyodgBrin southern New Mexico.
Kim et al. (2007) reported a large-scale deployment of wgglaccelerometers on the
Golden Gate Bridge in San Francisco. Rétal. (2010) tested the Imote2 wireless
SHM system on a full-scale cable-stayed bridge @it Korea. In addition, the
wireless SHM platform designed by Warmt) al. (2007) has been successfully
validated on a number of bridge structures (Lymanget al. 2006; Wang, Lotet al.
2006; Weng, Lotlet al. 2008).

Some challenges associated with wireless sensstgrag have been reported in
the literature. For example, the low vibration ditage of a civil structure under
ambient excitations can present difficulties foe ttlata sampling of analog sensor
signals. In addition, long transmission rangessally required in the field, which
makes reliable wireless communication more chaitepng One approach to address
the transmission range issue is through multi-hagppvith relatively short-range
wireless transceivers, and the other approach issto single-hop with relatively
long-range transceivers; both have pros and codsder scenarios where significant
obstruction cannot be penetrated by the wirelegsasi multi-hopping through relay
units can potentially circumvent the obstructionOn the other hand, reliable
multi-hopping requires more complicated middlewianplementation on the wireless
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sensing units; relaying data through multiple véissl sensing units also causes greater
communication latency. Furthermore, all relayingdes along the hopping path
have to consume some amount of battery powerdostnitting a single packet.

This paper investigates the field performance pfatotype wireless sensing unit,
namely the Narada system (Swartz, Jeh@l. 2005; Zimmerman, Shiraislet al.
2008). A highway bridge located in Wayne, New JgrddSA, is selected as the
testbed structure. The Narada wireless sensing pravides four 16-bit high
resolution analog-to-digital-conversion (ADC) chatsa A low-noise high-gain
signal conditioning module is developed for filteyi and amplifying the
low-amplitude vibration signal. In addition, the afdda unit contains a
power-amplified version of a commercial wirelesgceiver, which achieves a long
communication range in the field without consuméangignificant amount of battery
power. Benefiting from this special modificatiod the wireless transceiver, a
simple yet robust single-hop wireless network ioedd in this field study.
High-gain antennas are used in the field applicatim further improve
communication reliability. The performance of thigeless system is first validated
by baseline measurement from a high-precision eladded system. The wireless
sensing nodes are then deployed at a differentigiomation for capturing the
operating deflection shapes of a bridge span.

The rest of the paper is organized as follows. ti@ec2 begins with the
description of the wireless SHM system, includihg tvireless sensing unit and the
specially designed signal conditioning module. lkect®n 3, the testbed highway
bridge is first introduced, followed by the firgtap for field testing. The wireless
SHM system and the baseline cabled SHM system atk imstalled at same
measurement locations along the sidewalk of twddarispans. Measurement data
from the wireless and cabled SHM systems are comp&ection 4 first describes the
second setup for field testing, where the wirekesssors are distributed at the deck of
another bridge span. Operating deflection shapeexracted from the wireless data.
Section 5 provides some summary and discussion.

2. Wireless and cable-based SHM systems

This section first describes the wireless sensystes, including the Narada wireless
sensing unit and a low-noise high-gain signal coming module that is specially

designed for low-amplitude vibration signals. Thable-based SHM system is then
briefly introduced.

2.1 Narada wireless sensing unit and signal camditg module

The Narada wireless sensing unit (Swartz, Jray. 2005; Zimmerman, Shiraiskt

al. 2008) is developed for both SHM and structuraltemrapplications. The design

of the Narada wireless sensing unit mainly consisfsur modules: sensing interface,
computational core, wireless transceiver, and obrgignal generation. The main

component of the sensing interface is a 4-chan@dlitlanalog-to-digital converter
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(ADC), Texas Instruments ADS8341. The ADC is capaiflsampling and digitizing
analog signal from various sensof$ie digitized sensor data is then transferredeo th
computational core, where data can be processech ByTmega 128 microcontroller
and stored in a 128-KB external memory. A spec@igr-amplified version of the
Chipcon CC2420 transceiver operating at the 2.4 @etguency band is adopted for
wireless communication. The nominal wireless date ris 250 kbps, and the
maximum communication range in open space is od@mbeters. In addition to SHM,
the Narada wireless unit also supports real-tinegllfack control for civil structures
(Swartz and Lynch 2009). The major component of ¢batrol signal generation
module is a 2-channel 12-bit digital-to-analog cemer (DAC), Texas Instruments
DAC7612. The DAC can generate analog signals agramd input for semi-active
control devices, such as magnetorheological (MRhmk, for feedback structural
control applications.

The Silicon Designs 2012 accelerometer, with avesgy range of DC-300 Hz,
is adopted for wireless sensing. The measuremegers +2g, and the sensitivity is
1V/g, where g is gravitational acceleration. Whdre tvibration is weak, the
accelerometer signal amplitude is low and suscleptib circuit noise. To alleviate
aliasing effect during analog-to-digital conversiam low-noise high-gain signal
conditioning module (Figure 1) is developed foitefilng and amplifying sensor
measurement prior to ADC. The signal conditioningdule consists of a high-pass
filter with a cutoff frequency of 0.014Hz and a lpass 4-order Bessel filter with a
selectable cutoff frequency of 25Hz or 500Hz. Thage shift introduced by a Bessel
filter varies linear with frequency, which is eqalent to a constant time delay to the
signals within the pass band (Horowitz and Hill 998This special property helps to
maintain the waveform in time domaim addition, the %#-order provides reasonable
steepness in the frequency response function fdectefely eliminating
high-frequency noises. The amplification gain a gignal conditioning module can
be easily adjusted to 2, 20, 200, or 2000. In stigly, the cutoff frequency of the
low-pass filter is set to 25 Hz, and the amplificatgain is set to 20.

Output to the wireless  Switch for setting cut-off frequency
sensing unit Fc =25 Hz or 500 Hz

Input from Switch for selecting
accelerometer amplification gain

Figure 1. High-gain signal conditioning board (8rixX 4.1cm)



2.2 The cable-based SHM system

The Honeywell QA750 accelerometer is adopted incthiigle-based system. Table 1
provides the performance comparison of the Hondy@Al750 cabled accelerometer
and Silicon Designs 2012 wireless accelerometeailable at a relatively low price,
the Silicon Designs accelerometer has a highereniba®r and lower measurement
range, yet is more convenient for deployment duthélow requirement on power
supply. A 32-channel 24-bit Data Physics Mobilyspectrum analyzer collects
cabled accelerometer time-history data and compatess spectra and transfer
functions, for subsequent modal analysis. Theezhbked system uses multichannel
signal cables for connection with color-coded indiial sensor cables.
High-standard connectors and lightweight rigid sermaounts are used to minimize
signal noise and loss problems, so that data regasenaximized during short-time
testing.

Table 1. Parameters of the accelerometers usdtehgabled and wireless systems.

e Honeywell QA750 Silicon Designs 2012
Specification (Cabled system) (Wir eless system)
Sensor Type Servo Force Balance Capacitive
Measurement Range +30g 129
Bandwidth DC to >100Hz DC to 300Hz
Noise Floor ~O.1ug/\/H_z 26ug/\/m (single-ended output)
Power Supply +13V to +18V +5V

3. Comparison between wireless and cabled data

In this section, the testbed bridge structurers fntroduced. The field testing setups
of the wireless and cabled systems are then deskribllowed by the comparison
between wireless and cabled data.

3.1 Description of the highway bridge (US202 & NJ®Byne, New Jersey, US)

The testbed highway bridge was built in 1983 anlbdsited on NJ 23 freeway over
US route 202 in Wayne, New Jersey, US.  Figurdh@vs the schematic of the
highway bridge. The bridge consists of two nominaéparate superstructures for
southbound and northbound traffic. Each directias four lanes and a sidewalk, and
each direction comprises four separated spans dfipreusimply supported steel
girders. Reinforced concrete piers support the spanbearings. Figure 3 shows the
view of northbound spans #1 and #2 from the edsti the bridge.
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Figure 3. Picture of spans #1 and #2 (view froedhstside of the bridge)

3.2 Experimental setup on the northbound sidewalk

Nineteen pairs of wireless and cabled accelerometer first instrumented along the
sidewalk of the northbound spans #1 and #2 (Figlw&ach accelerometer measures
acceleration along the vertical direction. Due afety concerns, traffic is closed for
the lane next to the sidewalk and remains openofber three northbound lanes.
Figure 5(a) shows a picture of the sidewalk. Ezabler] accelerometer is connected
to the data acquisition (DAQ) system on the grolewkl underneath the bridge
(Figure 5(b)), which requires running cables aldhg sidewalk and feeding the
cables down to the ground level. Most of the ¢$fdor setting up the cabled system
were spent on securely laying out the cables.
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Figure 4. Deployment of 19 pairs of cabled anclgss accelerometers on the
northbound sidewalk.

The wireless server is allocated on the groundl lavéhe east side of the bridge, as
shown in Figure 5. In this study, the longest diseabetween the wireless server and
the wireless sensing node is about 40m. Directiantdnnas (6 dBi Intellinet 525138,
Figure 5(a)) are adopted at the wireless unit sade] a 7 dBi omni-directional
antenna (Buffalo WLE-HG-NDC, Figure 5(b)) is usddhe wireless server side. For
better communication with the server, the 6dBi angefor each wireless unit is
elevated off the sidewalk and attached to the medédty net (Figure 5(a)). For
better communication, each directional Intellinatesna at the wireless unit side is
carefully aligned so that they face the Buffaloesmma at the server side. The
antenna alignment and wireless signal searchinguroad the majority of the efforts
for setting up the wireless system.

To ensure the measurement axis to be along thiealedirection, each pair of cabled
and wireless accelerometers are placed on the Eamkplate, as shown in Figure
5(c). One Silicon Designs 2012 accelerometer ardsignal conditioning module are
associated with each Narada wireless sensing Ainitaterproof package is used to
contain the Narada wireless unit, the signal camailg module, and a battery pack,
while the accelerometer and the 6 dBi antenna meroatside the package (Figure
5(d)). During data collection, the sampling ratéshe wireless system and cabled
system are set as 100Hz and 256Hz, respectively.
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Figure 5. Pictures of the deployment on northbosiddwalk: (a) Wireless and cabled
sensors on the northbound sidewalk; (b) Wirelesgeseand cabled DAQ system at
the east side of the bridge; (c) Cabled and wiseteselerometers; (d) Inside view of
the waterproof package of a wireless sensing unit.

3.3 Traffic and ambient vibration measurement @nrtbrthbound sidewalk

Traffic and ambient vibration measurement is corteldicon the sidewalk during
daytime. Figure 6 presents example acceleratioa tistories recorded at locations
#6, #10, and #15, as well as the corresponding pepectral density (PSD) plots for
both wireless and cabled data. Figure 7 showsalpscomparison of acceleration
time histories at locations #6 and #10. A 0.1 -H¥Sbandpass digital filter has been
applied to all data sets so that signal in the sietpiency range is compared. Note
that sensor location #10 is close to piers whesevthration is weak, while locations
#6 and #15 are near the middle of a span, whereilthation is relatively strong.

Both figures illustrate excellent agreement betwéen data sets collected by the
wireless and cabled systems, at each measurenwttoln  Figure 7 particularly
shows that the two sets of time histories are amwodistinguishable by eye.
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Because there is no common time base between kivedcand wireless systems, the
acceleration plots are shifted along the time &xisthe best match. Nevertheless,
once the time shift between the two systems istifieth, the same constant shift is
applied to plots at all locations. Therefore, witle cabled data well synchronized
among all locations, close agreement between theless and cabled data also
indicates the excellent time synchronization ameomg wireless data at different
locations. The cabled and wireless PSD plots muie 6 are also very similar,
except for the very-low frequency range at locatd®, where the signal-to-noise
ratio is low. The high-quality Honeywell QA750 aterometer and the larger
sampling frequency used by the cabled system phpbadntribute to the more
accurate measurement for this most challenginguéregy band. Overall, although
the cost of the wireless SHM system (including doeelerometers and the data
acquisition units) is lower, it is demonstratedt ttiee system is capable of providing
high-quality measurements that are comparable théltabled system.
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Measurement at Location #15 PSD at Location #15
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Figure 6. Comparison of acceleration time histeaad PSD plots between cabled
and wireless systems deployed on northbound sidefg@aployment shown in Figure
5): (a) Location #6; (b) Location #10; (c) Locati®h5
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Figure 7. Close-up view of five seconds of overlacceleration data collected by
the cabled and wireless systems at locations #6ta@d

4. Operating deflection analysis using wireless sedata

This section first introduces the experimental geatéi the wireless SHM system on
southbound span #2. The measurement results ameptiesented, followed by the
operating deflection shapes extracted from thelessedata.
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Figure 8. Deployment of wireless sensing nodesauthbound span #2

4.1 Experimental setup on the southbound span #2

In the next series of measurements conducted dtitimge, 16 Narada wireless
sensing nodes are installed on the girders (umdedéck) of southbound span #2 and
form a 4X4 array (Figure 8). The wireless server is locatedhe ground level under
northbound span #2. Traffic and ambient vibratiame recorded by the wireless
sensing system at a sampling rate of 200Hz. Treorefor selecting 200 Hz sampling
frequency is to further alleviate aliasing efféntaddition to the %-order Bessel filter
in the signal conditioning board. Although theatalely high order of the filter
provides adequate steepness at its cutoff frequeayan analog circuit, the filter
response is always causal and the steepness canbeeideal. Therefore, a higher
sampling frequency can further enhance the argsalg performance, particularly in
case of a low signal-to-noise ratio. Figure 9 shosxample acceleration time
histories recorded at locations #5, #10, and #%5wall as corresponding power
spectral density (PSD) plots. In contrast to Figérat is shown that the vibration
amplitude is much lower at nighttime.
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Measurement at Location #10 PSD at Location #10
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Figure 9. Acceleration time histories and PSD Plot wireless measurement on
southbound span #2 (deployment shown in Figurgef)Location #5; (b) Location
#10; (c) Location #15.

4.2 Operating deflection analysis using wirelegs @& southbound span #2

Operating deflection analysis is conducted using #tceleration time histories

recorded by the wireless sensors. The naturalaiarittechnique (NEXT) (Farrar and
James 1997) and eigensystem realization algoritBRA] (Juang and Pappa 1985)
are applied on the wireless data to extract theatitm modes. Figure 10 shows the
first four operating deflection shapes of southlibwpan #2. The four resonance
frequencies in Figure 10 match well with the peakéhe PSD plots of Figure 9. The
first mode shape shows all nodes moving along ameetibn, which is expected for

such a simply supported span. With increasing ceriii¢s, the other three modes
also agree with typical behavior of this type ofistures.

Mode 1: f=2.88Hz, { = 4.14% Mode 2: f=3.92Hz, { = 3.89%
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Mode 3: f=5.16Hz, { = 1.72% Mode 4: f=9.23Hz, { = 1.76%

Figure 10. First four operating deflection shapkesouthbound span #2

5. Summaryanddiscussion

This research studies the vibration monitoring téstbed highway bridge using both
wireless and cabled sensors. To achieve highealsigmoise ratio for the wireless
sensor, low-noise high-gain signal conditioning oied are developed to filter and
amplify accelerometer signal. The wireless and exhbhccelerometers are first
installed side by side along the sidewalk of nootiid spans #1 and #2, for
measuring traffic and ambient vibrations. The ameion time histories and power
spectral density plots are compared between wgesgstem and cabled system,
illustrating that the wireless data achieves comiplar quality to the cabled data. In
the next series of testing, the wireless sensimgsare moved to southbound span #2
and form a 4x4 array. Operating deflection analg$ithe bridge deck is successfully
conducted using the wireless data.

While this study only focuses on short-term depient of a wireless SHM
system, further efforts can be dedicated to lomgrtemonitoring applications.
Weather-proof packaging and power supply will be thain issues in the long-term
deployment. Furthermore, higher density measureioeations can be conveniently
achieved by roving limited number of wireless segsnodes through a structure, so
that various model updating and damage detectigarithms can be conducted at
high spatial resolutions, for evaluating more dethstructural conditions.
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