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Abstract. Continuous structural health monitoring has thieptial to significantly improve the safety
management of aged, in-service civil structurespdrticular, monitoring of local damage growth at
hot-spot areas can help to prevent disastrouststaldailures. Although ultrasonic nondestructive
evaluation (NDE) has proved to be effective in naming local damage growth, conventional
equipment and devices are usually bulky and onitakle for scheduled human inspections. The
objective of this research is to harness the latestlopments in embedded hardware and wireless
communication for developing a stand-alone, compitcasonic device. The device is oriented for
the continuous structural health monitoring of lcatructures. Relying on battery power, the device
possesses functionalities of high-speed actuatisensing, signal processing, and wireless
communication. Integrated with contact ultrasomiansducers, the device can generate 1-MHz
Rayleigh surface waves in a steel specimen andureassponse waves. A Hilbert-transform-based
envelope detection algorithm is presented for ieffity determining the peak values of the response
signals, from which small surface cracks are sisfoélg identified.

1. Introduction
Typically, the service life of a civil structureas least on the order of several decades. Duhisgperiod,

the structural condition gradually deteriorates ttuenvironmental influences, external loading, aatural
hazards. For example, the National Bridge Inven{disl) in the U.S. lists over 600,000 bridges, ®B4or
12%) of which are classified as structurally defiti(US DOT 2009a). For bridges that are more #@&n
years old (totaling about 300,000), the percentafystructurally deficient bridges reaches up to 20%
(US DOT 2009b). These figures unequivocally demanstthe need for regular inspections of bridges,
which, due to limited resources, are commonly pental every 24 months. Current inspections are mainl

visual, and are time- and labor-intensive. Tigpattions can only detect damage at the surfat@tgenal

® Present address: Institute for System Dynamicayassity of Stuttgart, Pfaffenwaldring 9, 70569 Sgart, Germany
* Author to whom any correspondence shall be adedess



An intelligent stand-alone ultrasonic device formtoring local structural damage: implementatiod aneliminary experiments 2

damage may remain unnoticed. In addition, the tesldtained from visual inspections are highly eatiye,
and the classification of the same bridge can &gyificantly among different inspectors (Mooseal.
2001).

To obtain reliable and objective evaluations of #teuctural condition, various structural health
monitoring (SHM) techniques have been proposedr{®bhl. 2001, Elgamaét al. 2003, Changt al. 2003).

A SHM system contains sensors and data acquismiodules that measure structural response, as well a
data analysis modules for interpreting structucaditions. As a common approach in SHM, modal ysisl

is usually conducted upon vibration data; changethé modal behavior are used to assess the stlctu
condition. However, such approaches focusing obajlmodal characteristics are usually insensitivietal
defects, and will likely miss the critical growtlfi local damage. Thus, global SHM approaches nedwzkto
supplemented with local approaches to improve ¢nsisvity for damage detection.

A recent trend in SHM systems is the exploratiowokless communication technologies. Traditional
cable-based SHM systems require running long callleser the structure, which can be expensivelims
of both installation time and monetary costs. Itigegions show that the installation of such adetd SHM
system typically takes up to 75% of the total tegtiime (Straser and Kiremidjian 1998). The cdsbre
sensing channel installed in a typical low-riselding is approximately $1,000 for hardware and an
additional $2,000 for the installation (Celebi 2D0Zo eliminate the high cost associated with capli
Straser and Kiremidjian (1998) demonstrated thsiliday and cost-effectiveness of a wireless SHpdtem.
Later on, Wanget al (2007) developed a prototype wireless sensingesyswhich consists of multiple
compact, self-contained data-acquisition and piingsdevices that operate on batteries and comignic
over a wireless connection. Through field testg plerformance of the system was demonstrated to be
comparable to the performance of a commercial tetheystem (Lynclet al.2006; Wanget al. 2006).
Furthermore, a flurry of research in wireless SH&6 lbeen reported in recent years (e.g. Nagayama and
Spencer 2007, Kiret al. 2007; Wenget al 2008). Nevertheless, previous studies on wiseB3M largely
focused on global modal characteristics extraatenh fstructural vibration data. Thus, most techagare
not applicable for the continuous monitoring of #raad local damage growth.

As a well-known technique for detecting small lelealel defects, ultrasonic nondestructive evalumatio
(NDE) is well established and has long been usetb@@ml damage evaluation, such as cracks andsiorro
(Tienet al 1981, Resch and Nelson 1992, Meyeneétil 2004). However, most of current ultrasonic NDE
techniques require a trained inspector and bulkgmercial ultrasonic equipment operating on AC power
Due to the size, weight, and cost, such equipngegenerally not suitable for continuous monitorimghe
field. On the other hand, due to the high labots;ashortening the sparse biennial inspectionvatés not
an option. Therefore, traditional NDE technologiasnot provide a solution for the continuous numirig

of critical crack growth, which can be severe dgiine two-year inspection interval.
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This study explores the latest digital signal pesteg hardware and wireless communication
technologies for the development of a compact es®lultrasonic device that is suitable for the iooous
monitoring of local damage growth. Compared witbvious wireless SHM studies that focus upon modal
analysis, the challenges of developing such a esselultrasonic device are mainly twofold. Firsie t
vibration signals obtained for global modal anaysipically have frequency components less thaeva f
hundred Hz, for which a sampling rate on the oafet00 Hz to some kHz is sufficient. Ultrasonicreds,
however, are usually signals with frequencies aldowadreds of kHz and need sampling rates on therord
of several MHz, which cannot be provided by presiaireless SHM platforms. Second, most SHM
systems only require passive sensing, i.e. no tatusignal needs to be generated by the wirelegge. In
contrast, ultrasonic testing is an active technigubich requires the generation of sufficientlyosty
ultrasonic excitation in the appropriate frequemapge. A stronger actuation signal yields a stronge
response signal and a higher signal-to-noise (&iMR). However, when a compact and stand-alonecdevi
has to limit its power supply to batteries, a coompise between signal quality and power requiremeist
be achieved.

Lynch (2005) investigates the concept of wireless active sensipgntegrating a 32-bit Motorola
PowerPC MPC555 microcontroller with sensing andaobn interfaces. For a piece of thin aluminuaig|
Lamb waves are generated and measured througheparade lead-zirconate-titanate (PZT) piezoelectric
pads; both actuation and sensing interfaces opatatesampling rate of 40 kHz. In Liu and Yuar26@8)
work, an external HP 33120A function generator arKH-7602 power amplifier are used to launch 40~90
kHz Lamb waves through piezoelectric discs intoadutminum plate; a field-programmable gate array
(FPGA) chip is adopted to achieve sampling fregie=nat a few MHz. In addition to such studies gsin
pitch-catch wave propagations for crack/notch d&tecother studies in wireless active sensing stigate
impedance-based techniques that consume lessybptterer. The electro-mechanical impedance of a
piezoelectric patch attached to a structure is llysumeasured around tens of kHz range, and typical
applications have been the detection of bolt loiwgeKiGrisso 2005, Parkt al 2006, Mascarenast al
2007).

In contrast, the wireless ultrasonic device devedbjm this study is built around a sophisticategitdl
signal processor (DSP). The general concept foptbtotype device is introduced by Pertsthl. (2009).
Adhering to the power limit imposed by ordinary teaes, the stand-alone device can generate Rayleig
waves (centered around 1 MHz) into a thick piecemefal specimen through contact ultrasonic trarscic
as well as detect the response ultrasonic wavesairgling rate of 8.3334 MHz. An efficient envedop
detection algorithm based on the Hilbert transf@gmresented, and the envelope amplitude is ad@sted
damage signature. To validate the performancéefptototype device, experiments are conducted avith
steel specimen manufactured with small notchesaosfous depths (0.5 mm ~ 3.2mm) imitating crack

initiation. Measurement results obtained with thet@ype device are shown to be comparable to
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measurements with commercial ultrasonic NDE equigmeand various surface notches are successfully
detected by the wireless device.

Overall, the prototype device aims to combine tbeaatages of traditional SHM and NDE systems.
Compared with traditional SHM systems, the protetgevice offers the favorable local resolution éedb
by ultrasonic evaluation, allowing for the contimsomonitoring of local damage growth at hot-spetaar
On the other hand, compared with traditional NDEtems, the prototype device has much smaller side a
lower cost; it is suitable for permanent deploymemta structure without the need for lengthy cableAC
power. Section 2 of this paper describes the harelayout and functional components of the prqety
device; Section 3 presents the envelope detectigorithm based on the Hilbert transform; Section 4
describes the laboratory validation experimentsrasdlts; Section 5 provides a summary and disoogs

the work.

2. General concept and hardwar e layout of the device
The main functionality of the ultrasonic monitoridgvice can be described as the following fourdask

1) wireless communicatior) actuation signal generatior3) response signal detectiorand 4) signal
processing Figure 1 shows the functional components of thatgtype device. At the beginning of an
ultrasonic test, the microprocessor initializesnitemory and peripherals, and waits for the stamiroand
from the server. To initiate a test, a wirelessrtstommand is sent from the server (i.e. a compute
connected with a wireless transceiver) to the pyp# device. Upon receiving the start command thinou
the wireless transceiver, the microprocessor aetivéhe signal generation module, and transmitalsep
width modulation (PWM) signal to the output ampliftion board. The output amplification board then
amplifies the signal amplitude #18 V, and shifts the mean voltage to be around OF'kle amplified signal

IS injected into the transmitting ultrasonic tramselr, which generates the ultrasonic wave in theerdying
specimen. After traveling in the specimen, the evéss detected by the receiving ultrasonic transduce
Through a signal conditioning board, the detecigdad is conditioned to be ready for analog-to-@ibi
conversion by the microprocessor. The micropramesgy process the data, and send the data otgesul
wirelessly back to the server. This section firdtaduces the individual hardware components, &ed t
describes the signal generation task, the sigrtacten task, and the communication task. Detailghe

signal processing task will be provided in SecBon
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Figure 1. Functional modules of the prototype devic

2.1 Hardware components
The prototype device is built uporiTaxas Instruments eZd&pF28335evaluation board, which offers a

convenient interface for software implementation aifexas Instruments TMS320F2838mital signal
processor (DSP) operating at 150 MHz. Among otkatures, this DSP chip contains a floating-point un
(FPU, used for signal processing), an analog-digiteaverter (used for signal detection), a pulsdtiwi
modulation module (used to generate ultrasonicatgyrand a serial interface to which a commerbDigji
9XCite wireless transceiver is connected. The DSP previ2®@6K x 16 bits non-volatile internal flash
memory for program code, and 34 K x 16 bits intermalatile single access random access memory
(SARAM) for embedded computing. TleZdsp" F28335evaluation board provides an additional external
SRAM chip of 128K x 16 bits, which can also be ukedmbedded computing.

Figure 2(a) shows theZdsp“ F28335evaluation board. The two flat ribbon cables, émeanalog
signals and one for digital signals, are connettepin-header sockets at the bottom side of thexector
board (figure 2(b)). As an extension of the evidumaboard, the connector board in figure 2(b) [oles
BNC connectors for both generating output signal$ @eceiving response signals, as well as a sdoket
plugging in theDigi 9XCite wireless transceiver. Standard@@oaxial cables are used to route the output
PWM signal of the connector board into the outpuplification board (figure 2(d)), and from there tin
the transmitting ultrasonic transducer. On theepthand, response signals from the receiving wiias
transducer are routed to the signal conditioningréddfigure 2(c)), and from there back to the agd®
digital conversion (ADC) input on the connector fwba In the prototype device, the circuits haverbee
implemented on separate boards, so that they calevsoped and tested independently from each ,other
and an individual board can easily be replacedhtiuld be noted that the current prototype desam h
focused upon the functionality, and has not be¢imiped for compactness. For example, many pergibe
on the ezdsp" F28335 evaluation board are general-purpose componeatsate not needed for this

application.
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Figure 2. Photos of the hardware components: (al)sq@" F28335 evaluation board; (b) Connector board
with wireless transceiver; (c) Signal conditionibgard; (d) Output amplification board.

2.2 Signal generation
The signal generation task involves the PWM modiilthe TMS320F2833%nicroprocessor, as well as

the output amplification board (figure 2(d)). Tim®dule generates a 0 ~ 3 V tone burst PWM signailciw
is amplified and shifted to #18 V square wave by the output amplification boafde amplified signal is

then fed into the transmitting ultrasonic transauce

2.2.1 Signal generation using PWM
The PWM module of th& MS320F283353nicroprocessor can generate a square wave, whamates

between a high level (3 V) and a low level (0 VJhe ratio of the high-level duration to the low-év
duration during one period determines the duty eeycAs the signal source for ultrasonic excitatithg
PWM module generates a short tone burst, whichisisnef multiple periods of a 50%-duty-cycle square
wave. Since the selected ultrasonic transduceesatgaround 1 MHz, the frequency of the PWM sigmal
also setto 1 MHz. The length of the burst, he. number of periods, is configurable. To prowadeitation
that is strong enough, the 0 ~ 3V PWM signal isdbed to a £18 V square wave by the output amptifioa

board, and shifted to zero mean value. The amplgiquare wave is then fed into the transmittitigasibnic
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transducer. Since the transmitting transducer agta narrowband bandpass filter and only passealsig
around 1 MHz, the ultrasonic wave generated byrtresducer becomes a sinusoidal mechanical wage. bur

The Fourier series of a +18V 1-MHz square wave \8il§o-duty-cycle can be examined to verify the
effectiveness of this electrical-mechanical filbeyi

é(,[):_2 i sin( 27kf,t)

7
Y= k

(1)

wheref, is the base frequency of 1 MHz. The equation shthat the 1 MHz sinusoidal component of the
square wave oscillates at an amplitude oft72/22.9 V. In addition, the amplitude of th&" Znajor
frequency component (3 MHz) is about 7.96 V, tHer®jor frequency component (5 MHz) is about 4.77 V,
etc. As a result, the 1 MHz signal can be suffitie passed by the transducer, while all other éigh
frequency components can be effectively suppresse@ properly selected transducer with a narrow

passband around 1 MHz.

2.2.2 Output amplification
The output amplification circuit is intended to Bbdhe excitation signal to a level of approximatel

+18 V. To this end, a circuit presented by Johraot Associates (2000) is adapted to provide tiseate
power levels and work with the capacitive load ofpiezoelectric transducer. A schematic of the

implemented output amplification circuit is shownfigure 3.
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Figure 3. Schematic of the output amplificatiorcait.



An intelligent stand-alone ultrasonic device formtoring local structural damage: implementatiod aneliminary experiments 8

In this circuit, a74LS04hex inverter in the driver stage first inverts amdplifies the 0 ~ 3 V input signal
toa 0~ 5V level, so that the output of the hexerter can drive the metal-oxide semiconductdd fedfect
transistors (MOSFETHDS4559 A MOSFET controls the current flow from sour&) ¢o drain (D) with
the voltage applied at the gate (G). The ciraidésigned symmetrically, with the upper half icleh to be
active for providing the positive (+18 V) half-cgcland the lower half providing the negative (—)8h¥lf-
cycle. The two halves only differ by the type oO8FET transistors used: a p-channel enhancemerg mod
FDS4559%9ransistor in the upper half, and an n-channehaobment modeDS455%ransistor in the lower
half. Capacitors on the order of QUE are connected between signal line and groundahapen noise and
voltage ripples. The amplified wave burst sigsaied into the transmitting ultrasonic transduedrich, as
a piezoelectric device, is predominantly a capaeitbad. The equivalent capacitor charges anchdiges
slowly in the presence of a (stray) DC offset il #ignal, which can cause distortions in the meichan
wave burst. To avoid such distortion, the resifRemrovides a path to the ground for the DC current,
enabling a faster response of the transducer;thatehe resistance & matches the nominal impedance of
the transducer. In stand-by mode, as long as teonating current enters the input of the ampltfaa
circuit, both MOSFETSN; and N, inhibit current flow; thus, no current can flomrdligh resistoR; and

negligible energy is dissipated.

2.2.3 Performance of the signal generation module

To measure the ultrasonic wave generated by therhidting ultrasonic transducer, a second trangduce
is directly clamped face-to-face with the transimgttransducer. When the transmitting transdusexcited
by the square wave burst generated by the outpptifazation circuit, the response voltage of thewmed
transducer is measured directly with an oscilloscopigure 4 shows the five cycles of 1-MHz 0~3V RW
signal generated by the microprocessor, as welthasresponse signal of the second transducer. The
electrical-mechanical filtering mechanism is shotensuccessfully generate a tone burst signal oedter
around 1-MHz at the second transducer, with a petthge as high as 3 V. After the excitation statthe
mechanical oscillation of the piezoelectric trarstuneeds time to build up. Due to the low medadtelni

damping, the response signal does not end abraflythe PWM signal ends, but dampens out slowly.
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2.3 Signal detection
To use the wireless ultrasonic device in a pitdeftaetup, the transmitted ultrasonic wave exdites

testing specimen first. The wave travels througtl scatters in the specimen, and then is captwdte
receiving ultrasonic transducer. The output vatafithe receiving transducer is usually low-anuplé and
noisy (particularly when compared to the resporiseface-clamped transducer shown in figure 4jorRo
analog-to-digital conversion (ADC), the signal ne¢d be amplified and shifted by the specially desd

signal conditioning circuit shown in figure 2(c).

2.3.1 Analog-to-digital conversion
The TMS320F28335microprocessor contains a 12-bit ADC module withiaput range of 0~ 3V,

which results in an ideal quantization error of 3 MmV. Using the Direct Memory Access (DMA)
controller of theTMS320F28335sampled data is directly transferred from the Al@put registers into the
external SRAM, bypassing the CPU. Not involving 8PU in the data transfer enables fast and reliabl
data transfers that are not affected by other awect workload of the CPU. With the microprocessor
running at a 150-MHz clock, reliable sampling issgible with a sampling rate of 8.3334 MHz, which
provides a Nyquist frequency of 4.1667 MHz. Theref the sampling rate is sufficient for acquiring

ultrasonic signals centered around 1 MHz.

2.3.2 Signal conditioning
With an 18 V excitation signal fed into the trangmg transducer, the output voltage of the recwjvi

transducer usually has an amplitude of about 0.&ith a mean value of 0 V. To increase the sigoal-
noise ratio (SNR), as well as to reduce the effiech quantization error, the output signal of teeeiving
transducer is amplified and shifted so that itdreticcupies the entire ADC input range of 0 ~ 3T\, avoid
aliasing effects in the sampled signal, the highesfuency component in the signal should be Iawan the
Nyquist frequency of 4.1667 MHz.
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Figure 5 shows the schematic of the signal conditigp circuit. The two diodes at the left of the
schematic clip the amplitude of the incoming voltaignals to a maximum voltage that correspondbeo
forward voltage drop of a diode (0.6 ~ 0.7 V). Jlpirotects the rest of the circuit and the anaiggad
converter from harmful peak surge voltages, whifidr, example, can occur when the transducer is
accidentally bumped against a hard surface. ThaditmrC; and the resistdry form a high-pass filter that
blocks the DC offsets. The cutoff frequency of E890f this high-pass filter is sufficiently higb block
any low frequency distortions or offsets, as welkafficiently low for passing the ultrasonic sigoantered
around 1 MHz.

The next stage of the circuit is a non-invertingpéfier with variable amplification gain and offset
adjustment. Letr O [0,1] describe the wiper position of the potentaerR,, with a = 0 representing the
voltage at the wiper is equal to -9 V aad: 1 representing the voltage at the wiper is +9Rdrthermore,
let 4 0 [0,1] describe the wiper position of the potentaterRs, wheref = 0 represents the case when the
potentiometer is shorted (with zero resistancell A= 1 represents the case when the potentiometer
resistance is 100k The following relation between the output and ihput of the non-inverting amplifier

can be obtained through circuit analysis:

Vou =~ (20 -3)AR 9V + AR, +’8R‘3+1\/
“ (1-a)aR,+R (1-a)aR+R R | (2)

Offset Gain

With current components, the amplification ciradh provide a maximum voltage gain of 12 or 21.6 dB
and a maximum adjustable offset®f(+9 V). TheNational Semiconductor LM73&h-amp in use offers a
gain-bandwidth product of 100 MHz and a slew rdt&@® V/us when driven by5 V. Thus, thdM7372

offers a sulfficiently high gain and a sufficientfst response for the desired 1 MHz tone burstasign
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The next stage in figure 5 is &-8rder active Butterworth low-pass filter with ataffi frequency of
2.5 MHz, so that signals with frequencies over khguist frequency (4.1667 MHz) can be effectively
eliminated. The Butterworth filter features a madimflat passband response, at the expense of st&epn
the transition region from passband to stopband, aso at the expense of a poorer phase chardicteris
Other filter designs, e.g. Bessel filter, may offapre linear phase performance, but provide a poore
amplitude characteristic (Horowitz and Will 1989s the amplitude of the received signal is adoptec
damage signature in this study, the advantage Bfiteerworth filter in terms of flat passband respen
surpasses its disadvantages. Finally, due toehative feedback loop in the Butterworth filtere thutput
impedance of the amplification circuit is nearly@ewhich leads to an impedance mismatch with the& 5
coaxial cable that connects the amplification baardhe ADC. To prevent energy reflection due his t

impedance mismatch, the resisRy increases the output impedance of the signal tondig circuit to
50Q.

2.3.3 Performance of the signal detection module
To assess the performance the signal conditionimegit combined with the microprocessor ADC, a 1-

MHz sinusoidal wave with 0.3 V amplitude, generatgcanAgilent 33250Aunction generator, is fed as the
input to the signal conditioning circuit. To achéethe necessary amplification and mean shiftinig set to

be around 0.23 ang around 0.37. The output of the circuit is themgked by the ADC of the
TMS320F28335%nicroprocessor and shown in figure 6. The frequespectrum has a dominant peak at the

original 1-MHz frequency; distortions at other fueqcies are negligible compared to the dominant
frequency.
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Figure 6. Microprocessor ADC sampling results o€ thignal conditioning output; input to the signal
conditioning circuit is an 1-MHz sinusoidal inputitiv 0.3V amplitude; (a) ADC samples: y-axis
corresponds to the full measurement range of th€ AID~ 3 V); (b) FFT magnitude of the sampled signa

2.4 Communication
The Digi 9XCitetransceiver is used for wireless communicationvben the device and a server. With a

2.1 dBi dipole antenna, the transceiver providesirnanication with a continuous data stream of up to

38400 bps, over a distance of up to 90 m indooupto 300 m outdoor. This communication range is
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usually sufficient for typical field applicationsitiv short- or mid-span bridges. Operating in th@-%»8
MHz ISM (industrial, scientific and medical) radiand with a transmit power of 4 mW, the wirelessgicke
can operate in North America, Australia, South kKoierael, etc., without the need for an individizgnse.
Compared to 2.4 GHz devices, which can be useddwat, 900 MHz devices typically offer longer
communication range given the same amount of poemrsumption (Digi International Inc. 2010).
Communication between the wireless module and theroprocessor uses the UART (universal
asynchronous receiver/transmitter) interface. thlby pin-to-pin compatibility, when necessarye th
9XCitetransceiver in the prototype device can also Isilyeeeplaced by digi 24XStreantransceiver that
operates at the 2.4 GHz band. The wireless mogidleps data into packets of up to 64 bytes. Cyclic
redundancy check (Pressal. 1992) is adopted for detecting erroneous transomiss If the checksum is
incorrect, the packet is dropped. T8XCite does not automatically retransmit if a packet lispged,

therefore, the application has to ensure thatidataccessfully received.

3. Data processing
When the transmitting transducer generates a temst Isignal, the response signal measured at the

receiving transducer may consist of one or more foursts. To identify these bursts, the enveldpde
measured signals is determined through the Hitb@nsform (Lyons 2004, Sec. 9.2). Peak amplitualaas

of the envelopes can be used as quantitative mesagor damage assessment. Using the envelopee of th
sampled signal, the peak amplitude can be obtaiittdhigher accuracy than directly taking the masim
absolute value among the data samples, as the eammgly easily miss the peak of the original sigrizd.
avoid wireless transmission of lengthy time histeyithelEEE-754 single-precision (32 bit) floating-point
unit (FPU) of theTMS320F28335nicroprocessor is utilized for efficient on-boatdta processing. After
on-board processing, only the envelope resultse@usof lengthy time histories) need to be transmhiback

to the server, which helps save time and battewepmeeded by the wireless transmission. The temtuin

transmission payload also allows more devices &vaip on the same channel.

3.1 Envelope detection using Hilbert transform émtinuous time
Although the sampling frequency of the devite=(8.3334 MHZz) is sufficient in this application,i$ not

significantly higher than the 1-MHz dominant frequg of the response signal. Therefore, the orlgieak
values of the tone burst can be easily missed éyséimples. The discrete Hilbert transform is chdee
calculate the envelope signal, whose maximum augaitoffers a close approximation to the originakpe
value of the tone burst. To illustrate the priteipf envelope detection through Hilbert transfofirst
consider a continuous time signéf). Using the Cauchy principal value (CPV), thehditt transform ofi(t)

is obtained as another time-domain signal (Hahr6)99

H{u(t) =-Lcpv[” 417)

= i d (3)
T @ —t
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Using the Hilbert pairu(t) and H{u(t)} , @ complex analytic function can be composed:

s(t) = u( ) +i oH{ u( 9} (4)

where i is the imaginary unit. It is known that tReurier transforms ofi(t) ands(t) are related as (Hahn
1996):

F{s(9} =(1+sgn(w)) F{ u( 9} (5)

where sgril is the sign function. Therefore&{s(t)} can be easily calculated based upefu(t)} ; then

s(t) can be determined by inverse Fourier transfofdote that the Fourier transform sft) vanishes for
negative frequencies.
The measured tone burst signal can be describesh asnplitude modulated signal with carrier wave

cos(yt + ¢ ) and time-varying amplitude or envelope sigg@#l = 0:

u(t) = (Y cos(wy t+ @) (6)

where the carrier frequenay, corresponds to the dominant carrier frequencyefultrasonic signal ang
represents the phase angle. As described in 8201, the carrier frequenay, is chosen a277[1 MHz

in this study. The receiving transducer, which sugas the amplitude-modulated tone burst sign#d, asa
narrowband band-pass filter. As a result, the feegy content of the envelope sigeé) is distinctly lower
than the carrier frequency. According to Bedrosiadheorem (Bedrosian 1976), the Hilbert transfarin
their product can be obtained by taking the Hilbemsform of the higher-frequency signal and mpiytng

it with the lower-frequency time-domain signal:

H{u(t)} = e() H{cog(e t+¢)} = f § sin(c, t+ ) (7)

Substituting Eqgs. (6) and (7) into Eq. (4), the ptex analytic function that correspondaud) is:

s(t) = ¢ )] cos{a t+ @) + iTsin(wy t+ ) | (8)

Taking the absolute value of the equation abovés tlear thate(t) = |g(t)]. In summary, the following
procedures can be followed for calculating the eopesignal:

1. Obtain the Fourier transform of the responseaig(t);

2. Calculate the Fourier transform of the analgignal asF{s(t)} = (1+ sgr(a)))]-"{ u( t)} ;

3. Take the inverse Fourier transform to f&ig;
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4. Obtain the envelope signale®) = [s(t)].

3.2 Numerical implementation in discrete time
In the numerical implementation, the device proesddiscrete-time signals instead of continuous-time

signals. For clarity, refer to the discrete-tinignals as “sequences.” Given a discrete-time sexpugn], n
=0, 1, ...,N-1 (for efficient calculations we assunito be a power of 2), the discrete-time Fourier
transform (DFT)U[K] can be computed through the fast Fourier transfgFFT) (Presset al. 1992).
Sequences inherently can not be “analytic” asghigperty refers to continuous-time functions. Hoagan
“analytic-like” sequence can be defined whose D&Zearo for negative frequencies. Following the apph
suggested by Marple (1999), the discrete Fourgrstiorm of the analytic-like sequersfa] is given as:

U[0] fork=0

2U[K] forl <ksN™-1

U[v] fork=1
0 for +1<k<N-1

K= (9)

The equation uses a common notation for the DFTeraviy K, k=0...", corresponds to positive
frequencies withgY4] being the frequency content at the Nyquist freqyer§ K, k=%, +1... N-1
corresponds to negative frequencies. In Eq. (8)ctinstant coefficients in front &ik] (such as 0, 1, and 2)

are mostly determined by the relationship describdgl. (5). Note thatl [%] is not multiplied by 2, which

is to ensure that the real part of the “analytiellisequencg[n] is identical to the original sequengp] (as
required by Eq. (4)). After the calculation desedbin Eqg. (9), the discrete-time sequersfd is then
obtained by applying the inverse FFTS&], and finally, the absolute values gh] provide the envelope
sequenceln].

As an example, figure 7(a) shows a modulated sigithlcarrier frequencyy = 1 MHz:

f(t)= g tta) sin( 27 f,t) (10)

where the modulation constants include the decafficient yy=3x10" and the time delay; = 5 ms.

Figure 7 shows the signal and its frequency specitantered around 1 MHz. As indicated by the cross
markers in figure 7(a), the signal is samplefl gtmpie= 3.125 MHz (which is well below the ADC sampling
rate of the wireless device), to make the envetigiection more challenging. The sampled dataes tad
into the algorithm described above, so that theelepe curve (dashed line) is detected through fitteeH
transform. As the original signal only has nedfigifrequency content at or above the Nyquist fexay

e/2=1.56 MHz (as shown in figure 7(b)), the sampled sequencgadts all necessary information

fs,exampl

for reconstructing the original signal. In part@yldespite the relatively low sampling frequeneyyelope
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detection using the Hilbert transform yields a gestimation of the envelope curve of the originghal,

and hence for the peak amplitude of the origirghai.

?\)]\ 1 ’ R "*\\ %\ 0.6
é 05 y o L = /\
g OMQA \ I L )f R - §0.4 / \
AT
S, =]
g -1 V éﬁ 0 / \
0 2 4 6 8 10 0 0.4 0.8 12 1.6 2
Time (us) Frequency (MHz)
(a) (b)
Figure 7. Envelope detection through the Hilbednsform of data sampled at# 3.125 MHz: (a) Time
domain signal, — original signal, x sampled seote, —— envelope curve of sampled sequence;

(b) Frequency spectrum of the signal .

3.3 Burst detection and data reduction
Upon a tone burst excitation by the transmittingngducer, the response measured at the receiving

transducer usually consists of one or more burBissides improving the accuracy for estimating pghak
amplitude, the envelope signal is also used totifyeihese bursts and distinguish them from noiBgure 8
shows an example of a measured signal, which has digectly obtained as the output of the ADC. The
envelope detection procedures are applied dirdotlthe signal, without any prior digital filteringAs
illustrated in figure 8, the envelope signal is pamed to a pre-defined threshold. A tone buras@imed to
last from the first time the envelope signal excedlis threshold until the envelope drops below the
threshold. The threshold is chosen manually duttiegfirst installation of the system on a structlrased

on sample measurements and taking into accourtighal strength, the noise level, and other distucles

in the measurements. It should be chosen suffigidngh so that no noise is falsely identified asignal

burst, and also sufficiently low so that no sigmatst is omitted.

Amplitude (V)

Time (usec)

Figure 8: Example for a measured signal (——) witlo toursts. The envelope curve (- -) is obtained

from the procedures based on Hilbert transform. fiireshold (4 —) is used to distinguish signal from
noise.
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Once the signal burst is identified, only the dsdanples around the burst need to be transmittéaeto
server. For example, assuming that both the dinst the second tone bursts in figure 8 last abqs, 8ess
than 70 samples in total need to be transmittedh(fi= 8.3334 MHz). Compared to the number of
4096 samples obtained from every ultrasonic thstatmount of data to be transmitted is reduceds®s than
2% of the original data. In addition, if only tpeak amplitudes of the two bursts are of interesiamage

signatures, the amount of data that needs to heritted is reduced to only 2 samples.

4. Ultrasonic measurements and validation of prototype device
For ultrasonic measurements, the wireless prototygéce is incorporated with contact transducers

coupled with Plexiglas wedges to create Rayleigliesan steel. Notches of different depths are=te&br
damage assessment. This section describes the gemeration in the specimen and the experimental

validation of the prototype device.

4.1 Wedge transducers for the generation and deteof Rayleigh surface waves
A commercial narrow-band ultrasonic contact tragsduPanametrics A10Q3coupled with a plexiglas

wedge (“wedge transducer”) is used to generatedRgtylsurface waves in the steel specimen as shown i
figure 9. Rayleigh surface waves are advantagemua fow-power device, because their energy isinedf

to a small depth below the surface and they sldgfey from geometric attenuation compared with budkes.
Another nominally identical wedge transducer isdusa detecting response signals. The transduaers a
coupled to the wedges with light lubrication oildamechanically clamped to the wedges as shown in
figure 9(b), and the transducer-wedge assembiesa@upled to the specimen using the same couglant.
real world applications, these wedge transducensbeapermanently attached to the structure componen
being monitored. The transmitting transducer laesdbngitudinal waves into the wedge, which is glesd

especially for generating Rayleigh surface wavestéel. The wedge angle | is determined according to

the Snell’s law
R
sing=—% (1D
CRS
wherec , andcCg are the longitudinal wave speed in the wedge aedRayleigh surface wave speed in

steel, respectively. These wave speeds are detmiiom an independent measurementgs 2963 m/:

andc,,= 2750 m/s, and the wedge angle ¢=68.1. Note that this wedge method is known to be among

the most efficient in generating Rayleigh wavesthe target solid material (Viktorov 1967), and the
longitudinal wave speed in the wedge material mhestlower than the Rayleigh wave speed in steel.
Plexiglas is a commercially available material whigeets this requirement and has a relatively l@atenal
absorption. The leading bottom edge of the wedgetperpendicular to the bottom surface (see é@(fb)),

which is to reduce spurious acoustic signals thiaedrom multiple reflections inside the wedges.
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Ultrasonic Couplant (oil) Coupling wedge
contact transducer

N

Couplant (oil)

¢ _—

XSteel specimen 2 [ Y TR Y Y R RN LR RN LN PR

(a) O em 1 2 (b3) 4 5 6
Figure 9. Generation of Rayleigh waves using a wedge traredya) Schematic of the setup; (b) Photo
of the wedge transducer

4.2 Test specimen and simulated damage
Thin notches with different depths as simulatedfas@r cracks are cut into a steel plate specimen

(241 mm x 152 mm x 25.3 mm), using an electricatlarge machine (EDM) (figure 10). Table 1 shows
the measured dimensions of the notches. Notehikantximum notch opening width is 0.7 mm, simutatin
a surface fatigue crack that is possibly open bgxdarnal load or due to the environmental damagerack
faces (such as corrosion). The thickness of thie idamuch larger than the Rayleigh wavelength.8fr@m

at 1 MHz in steel, which justifies the assumptidnhe Rayleigh surface wave propagating in an ieldwstlf
space. The notches are located sufficiently aparh feach other and from the plate boundaries (¢dges
which allows for a separate examination of eacltmetithout being interfered by scattered signatsnfr
other notches or plate boundaries.

Drawing not to scale

A iy ' \
53 mm P TV
I
Y le—> -
[ ] [ ] [ ] [ ]
20 mm 25 mm .
L RWT v
— L -
Y
T e e e
Qe 2 4 6 8 10 12 14 16 18 20 22 24
(@) (b)

Figure 10. Test specimen with EDM notches: (a)vdng with example positions of transmitting (TWT)
and receiving wedge transducers (RWT); (b) Photthefspecimen. The TWT-RWT configuration in (a)
corresponds to notch #4 in (b).
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Table 1. Dimensions of the EDM notches in thedestimen

Notch # Depth(mm) Opening Width (mm) Leng?h(mm)
1 0.5 0.58 9.3
2 1.2 0.58 9.4
3 2.3 0.63 9.3
4 3.2 0.70 9.3

* Local maximum depth along the edge of the notch
** | ength on the specimen surface.

4.3 Reference ultrasonic measurement
For validating the performance of the prototypeeleiss device, a reference measurement that employs

standard commercial ultrasonic equipment is perfoiran the steel specimen. The data obtained frem th
reference measurement are compared to those frprditotype device, in order to verify if the staaldne
prototype device with the power (due to the usebatteries) and memory restrictions can emulate the
performance of standard ultrasonic NDE equipmewb Wedge transducers are placed at the front ackl ba
of the notch in the pitch-catch setup, so thatravéod-scattered ultrasonic signal is detected.adtinic tone
burst signals with 5 cycles at 1 MHz are generatéth a signal generatorAgilent 33250A and then
amplified by a power amplifierENI 325LA RF to an output amplitude of £15 V before being fetb the
transmitting transducer. This output amplitude asnparable to the amplitude of the +18 V 1-MHz squar
wave to be generated by the prototype device. h@métection side, the response signals from ttesviag
transducer are amplified by a pre-amplifier (theereer of aPanametrics 5058PRulser/receiver is used for
this purpose) to the desired amplitude range +1.5hs range corresponds to the input range oattadog-
digital converter (ADC) of the prototype wirelesgvite. The amplified signal is finally fed into an
oscilloscope Tektronix TDS 503digital storage oscilloscope) which digitizes andles the acquired signals
at a sampling rate of 500 MHz. A Rayleigh wave tseatg model for a half-elliptical notch (or craakjay

be used to extract the information on the sizehef notch (crack) from the received signal (Zhand an
Achenbach 1990, Kim and Rokhlin 2002). Inherenthte liquid-coupled contact ultrasonic technigue th
variability in the measured amplitude output signal up to about 10 %. This variability can be fyea
reduced by permanently attaching the transducefgetepecimen.

Figure 11 shows the ultrasonic signals obtainethftbe undamaged area of the specimen and from the
areas with notches of different depths. As expedteslamplitude of the diffracted wave decreaseh thie
increase of notch depth. In this figure, it is sé®at even at the notch depth as small as 0.5 mnsignal
amplitude shows a visible decrease, indicatingstesitivity level of the measurement setup. Nost the
diffracted wave signal arrives at the receiver vatlsmall time delay due to the longer path for wae
diffraction at the tip of the notch. In additionttus diffracted wave signal, a second signal appataround

47 us, this signal is absent when there is no notchhaws in figure 11(a). A Rayleigh wave traveling e
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notch surface is mode-converted to a shear wavkeahotch (crack) tip (Freund 1971), as illustraired
figure 12. This wave travels down to the platedoot where it is reflected back as a shear waveardwhe
notch tip (Kim and Rokhlin 2002, Rokhlin and Kim(@&). The shear wave is then mode-converted baak to
Rayleigh wave. The time of flight for this signal directly related to the notch depth and the spewci
geometry, and therefore, has been successfully isstze small crack depths below 0.3 mm (Kim and
Rokhlin 2002, Rokhlin and Kim 2003). The signalseab5us are the secondary signals emitted from the
wedge due to reflections inside the wedge and afbeble reflected and mode-converted waves (in the
specimen thickness). Since the amplitudes of thiggals at later time are small and thus are rettjmally

useful, they are not considered further.
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Figure 11. Ultrasonic measurements for different notch depthken with commercial ultrasonic
equipment, and envelope curves obtained by Hiltrarsform: (a) Undamaged specimen; (b)
0.5 mm deep notch; (c) 1.2 mm deep notch; (d) m3deep notch; (e) 3.2 mm deep notch.
Threshold for the detection of signal bursts: O\04
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Incident Diffracted
Rayleigh wave Rayleigh wave
— N —
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Reflected
wave Mode converted
Bottom surface N\ shear wave

Figure 12. Diffraction and reflection of an incident Rayleiglave at a crack (side view).

The amplitude transmission coefficient for a nagtefined as

V notch
_ env, max (12)

- \/ Undamaged
env, max

where V> 'is the peak amplitude of the diffracted wave sigiiam a notch, obtained from the

env,max

undamagec

envelope of this signal, and, %" is the peak amplitude of the envelope of the firsival signal from an

undamaged specimen (figure 11(a)). The envelopbsth signals are obtained using the Hilbert tfams

as described in Section 3.

Table 2. Amplitude transmission coefficients othes measured by standard NDE equipment

Notch depth 0.5 mm 1.2 mm 2.3 mm 3.2 mm
Transmission Coefficient 0.86 0.37 0.22 0.31

As shown in Table 2, the transmission coefficieetrdases as the crack depth increases, because more
and more wave energy is reflected. The only ouitiethe 3.2 mm deep notch, for which the transroissi
coefficient is unexpectedly high. The cause of ihiget to be fully investigated. It may be atiiéd to the
fact that the geometry of this 3.2-mm notch cadlifferent from the other notches, and imperfectionthe
EDM process can lead to a different wave scattepatgern. Nevertheless, the obtained results show a
satisfactory level of sensitivity for the ultrasomnonitoring of surface cracks in steel. It is at®®n in
figure 11 that while the amplitude of the diffrattevave signal decreases, the amplitude of the mode
converted shear wave increases with an increasitodp mlepth. This can provide another parameteulsef
estimating the size of the notch or crack, althoomphie detailed ultrasonic data analysis is beybedstope

of this paper.
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4.4 Ultrasonic measurement using the prototype legsdevice
Ultrasonic measurements are also performed witlpthtotype device on the same specimen, following

the same transducer arrangement as in the refemmeesurement. The gain and offset of the signal
conditioning circuit are adjusted, so that the neme signals obtained for an undamaged specimeh wil
occupy nearly the full span of the ADC input rangg without saturation. Figure 13 shows the acquire
signals for different notch depths. Clearly, thays and the relative amplitudes of the acquirgaiass are
close to those from the reference ultrasonic measent as shown in figure 11. The same features that
correspond to the different propagation paths aiidentified from these signals. The signal ot from
the 3.2 mm notch case appears to be opposite sé ttiends, but is still consistent with the trendhe
reference ultrasonic measurement shown in figure These results are both confirmation of the known
scattering behavior when the wavelength of the &glglwave is smaller than the notch depth. In thise
the scattered field is less sensitive to the ndighth, and much more sensitive to other geomedatufes of
the notch, such as the width around the root (H&mad Fukuoka 1982). Imperfections in the EDM preces
probably caused a slightly different geometry @ h2-mm notch (compared with the other notch&b)ch
contributed to a different wave scattering pattern

The transmission coefficients for the notches wlifferent depths measured by the prototype deviee a
also listed in table 3. The maximum deviation frirose of the reference measurement in table 2&edb
10%. This deviation is comparable to the variapilgvel of the liquid-coupled contact techniquecits
which is also about 10%. This illustrates that th®totype wireless ultrasonic device can provide
comparable performance as the standard NDE equipamehthus can be used in monitoring fatigue cracks

growing on the surface of a similar material.

Table 3. Amplitude transmission coefficients othes measured by the prototype wireless device

Notch depth 0.5 mm 1.2mm 2.3 mm 3.2mm
Transmission Coefficient 0.94 0.36 0.21 0.29
Deviation from Table 2 (%) -9.3 2.7 4.5 6.5
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Figure 13. Ultrasonic measurements for different notchtdgptaken with the prototype wireless device,
and envelope curves obtained by Hilbert transfoa): Undamaged specimen; (b) 0.5 mm deep notch;
(c) 1.2 mm deep notch; (d) 2.3 mm deep notch;.@jrBn deep notch. Threshold for detection of signal
bursts: 0.04 V.

5. Summary and discussion
This study examines the feasibility of continuolisagonic monitoring using a compact, battery-pauder

and self-contained device. The prototype devicebleen designed, implemented, and tested, usingigayl
waves with a center frequency of around 1 MHz. Redidy small-size batteries, the stand-alone desace
generate an 18 V tone burst signal for ultrasomictation, as well as provide a high sampling rate
8.3334 MHz for measuring response signals. Theacbntedge mechanism for Rayleigh wave generation
proves to be efficient, which enables ultrasoni@asueements with the limited excitation voltagesvputed

by battery power. Experimental results illustridte performance of the prototype device is readgrabse
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to the performance of standard commercial ultrasseguipment, in terms of detecting mm-size notarea
steel specimen.

For future field deployment, small solar panelslWwi sufficient in harvesting enough energy for the
recharging the batteries of the device, or vibragoergy harvesters may be explored. The deviceatipe
can be controlled by a remote server through wseeleommunication, which eliminates the time and
monetary cost for running long cables on the stimgct Future development can also emphasize more on
reducing the device size, and explore the perfoomari arrays of such devices for more accurate gama
detection. Last but not least, in the currentstwdly a phenomenological analysis of the ultréssignals
has been performed. Detailed quantitative analgselsmore extensive tests of the device are subpdcts

future work.

Acknowledgements
The authors appreciate the financial support fst iuthor provided by the German Academic Exchange

Service (DAAD). This research is partially fundegdthe National Science Foundation under Grant Numbe
CMMI-0928095, awarded to Prof. Yang Wang. The arghwould like to thank Kyle M. French of the
electronics lab at The George W. Woodruff SchooMsfchanical Engineering at Georgia Tech, for his

assistance with designing the output amplificatiod signal conditioning circuits.

References
Bedrosian E 1963 A Product Theorem for Hilbert BfarmsProceedings of the IEE%L pp 868—-9

Celebi M 2002 Seismic Instrumentation of Buildirfgsth Emphasis on Federal BuildinddsGS Project
no.: 0-7460-68170United States Geological Survey (MS977) MenlkP@A, USA

Chang P C; Flatau A and Liu S C 2003 Review Paealth Monitoring of Civil Infrastructur&tructural
Health Monitoring2 257—-67

Digi International Inc. 201@pplication note — 900 MHz vs 2.4 GHz
http://www.digi.com/suport/kbase/kbaseresultdgiljd=64. Last accessed: 09/10/2010.

Elgamal A, Conte J P, Mastri S, Fraser M, Fountaisdipta A, Trivedi M and El Zarki M 2003 Health
monitoring framework for bridges and civil infrasttureStructural Health Monitoring 2003p 123-30

Freund L B 1971 The oblique reflection of a Rayteigave from a crack tipnt J Solids Struct 1199-1210

Grisso B L, Martin L A and Inman D J 2005 A wiredeactive sensing system for impedance-based
structural health monitoring2roc. of the 23rd International Modal Analysis Cergnce (IMAC XXIII)
(Orlando, FL)

Hahn S L 1996ilbert Transform in Signal Processingrtech House

Hirao M and Fukuoka H 1982 Scattering of Rayleigtface waves by edge cracks: Numerical simulation
and experimend. Acoust. Soc. Ani2 602—6



An intelligent stand-alone ultrasonic device formtoring local structural damage: implementatiod aneliminary experiments 24

Horowitz P and Hill W 1989 he Art of ElectronicsCambridge University Press, New York, NY, USA

Johnson D & Associates 2000 300V Peak to Peak Biggaerator http://www.discovercircuits.com/PDF-
FILES/300vpp.pdf, Last accessed: 08/16/2009.

Kim J-Y and Rokhlin S 1 2002 Surface acoustic weneasurements of small fatigue cracks initiated feom
surface cavitynt. J. Solids Struc89 1487-1504

Kim S, Pakzad S, Culler D, Demmel J, Fenves G, &l8sand Turon M 2007 Health monitoring of civil
infrastructures using wireless sensor netwdpksc. of the 6th International Conference on Infation
Processing in Sensor Networks (IPSN '@Zambridge, MA) pp 254-63

Liu L and Yuan F G 2008 Active damage localizationplate-like structures using wireless sensorsan
distributed algorithnsmart Materials and Structurds 055022

Lynch J P 2005 Design of a wireless active sengimgfor localized structural health monitoriSgructural
Control and Health Monitoring2 405-23

Lynch J, Wang Y, Loh K, Yi J-H and Yun C-B 2006 f&emance Monitoring of the Geumdang Bridge
Using a Dense Network of High-Resolution WirelesasrsSmart Materials and Structurd$(6) 1561-75

Lyons R G 2004Jnderstanding Digital Signal Processinff2d Prentice Hall, Englewood Cliffs, NJ

Marple S L Jr 1999 Computing the Discrete-Time ‘Amia’ Signal via FFT'|EEE Trans. Signal Process
47(9) 2600-3

Mascarenas D L, Todd M D, Park G and Farrar C RZ7ZD@velopment of an impedance-based wireless
sensor node for structural health monitor8mgart Materials and Structurd$ 2137-45

Meyendorf N, Rokhlin S I and Nagy P B (Ed.) 200dndestructive Materials Characterization: with
Applications to Aerospace MaterigBpringer, New York.

Moore M, Phares, B, Graybeal, B, Rolander, D andgh#a G June 200Reliability of visual inspection for
highway bridges, vol. I: Final reparfechnical Report FHWA-RD-01-020,).S. Department of
Transportation, Federal Highway Administration)

Nagayama T and Spencer B F, Jr. 28@1ctural Health Monitoring using Smart Senso(Brbana, IL:
Newmark Structural Engineering Laboratory, Univsrsif lllinois at Urbana-Champaign)

Park S, Yun C-B and Inman D J 2006 Wireless strattiealth monitoring using an active sensing niotle
J. Steel. Struct 361-8

Pertsch A T, Kim J-Y, Wang Y and Jacobs L J 2009melligent stand-alone ultrasonic device for
monitoring local damage growth in civil structuie®c. 36th Annual Review of Progress in Quantigtiv
Nondestructive Evaluation

Press W H, Teukolsky S A, Vetterling W T and Flaiyg P 1992Numerical Recipes in C (2nd ed.): The
Art of Scientific ComputingCambridge University Press, New York, NY, USA.

Resch M T and Nelson D V 1992 An ultrasonic metfusdneasurement of size and opening behavior of
surface fatigue crackSmall-crack test method8STM STP 1149, Edited by Larsen J M and Allisdg, J
169~196.



An intelligent stand-alone ultrasonic device formtoring local structural damage: implementatiod aneliminary experiments 25

Rokhlin S I and Kim J-Y 2003 In-situ ultrasonic nimning of surface fatigue crack initiation and gtb
from a surface cavitint. J. Fatigue25 41-49

Sohn H, Farrar C R, Hunter N F, and Worden K 200a&cBural health monitoring using statistical paite
recognition technique3. Dynamic Systems, Measurement, and Cofh#®[706—-11

Straser E G and Kiremidjian A S 1998 A Modular, 8#ss Damage Monitoring System for Structures
Report No. 128, John A. Blume Earthquake Engingetienter, Department of Civil and Environmental
EngineeringStanford University, Stanford, CA.

Tien J J W, Khuri-Yakub B T, Kino G S, Marshall DaBd Evans A G 1981 Surface acoustic wave
measurement of surface cracks in ceramib®ndestruc Eval(3,4) 219~229.

U.S. Department of Transportation, Federal Highwdyninistration 2009@eficient bridges by state and
highway system as of december 28ap://www.fhwa.dot.gov/Bridge/nbi/defbr08.cfm, dteaccessed:
09/10/2010.

U.S. Department of Transportation, Federal Highweyninistration 20098-HWA bridge programs
structure type by year buillttp://www.fhwa.dot.gov/Bridge/structyr.cfm, Laatcessed: 09/10/2010.

Viktorov | A 1967 Rayleigh and Lamb Waves — Phykidaeory and Applications (New York: Plenum
Press).

Wang Y, Lynch J P and Law K H 2007 A Wireless Sinoal Health Monitoring System with Multithreaded
Sensing Devices: Design and Validat®imucture and Infrastructure Engineeri2) 103-20

Wang Y, Loh K, Lynch J, Fraser M, Law K and Elgama2006 Vibration Monitoring of the Voigt Bridge
Using Wired and Wireless Monitoring SysteRi®c. 4th China-Japan-US Symposium on Structurait@b
and Monitoring

Weng J-H, Loh C-H, Lynch J P, Lu K-C, Lin P-Y andaig Y 2008 Output-only modal identification of a
cable-stayed bridge using wireless monitoring systéngineering Structure30 1820-30

Zhang C and Achenbach J D 1990 Dispersion anduwattem of surface waves due to distributed surface-
breaking crackd. Acoust. Soc. Ar88 1986-92



