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ABSTRACT. For aged, in-service civil structures, continuous striadthealth monitoring is vital

to avoid catastrophic failure. This includes monitoringdbdamage growth at points crucial to the
structure’s stability. While traditional ultrasonic desgcare well-established for scheduled local
human inspections, they are ineligible for continuous rwoitig. The objective of this research is
to develop a stand-alone, self-contained, compact uhiestevice for continuous structural health
monitoring of civil structures. The battery powered deviltegrates small ultrasonic transducers
with a compact high speed data acquisition and processiitgand a wireless communication
device. Rayleigh surface waves, generated by the devitldheviised to detect and assess surface
cracks. This study, documenting the ongoing developmergents a concept for the functional
layout of the ultrasonic device. It also examines a methodHfe assessment of surface breaking
damage using Rayleigh waves in a simulated environmenteXamination is under the limitations
on power levels that can be supplied by batteries. The oliiaglevice may later be combined with
global approaches, like analysis of vibration signalsntwéase the sensitivity of damage detection
in order to avoid catastrophic failures.
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INTRODUCTION

The service life time of civil infrastructure is typicallyndhe order of several decades.
During this period, a structure’s condition gradually detates due to environmental influ-
ences and mechanical loading. Failures of civil infragtrees often with fatal consequences,
demonstrate the risks that are associated with such slovadiggpn. To avoid these conse-
guences, continuous monitoring of damage growth can betosedct to critical situations
in time. This study proposes a new concept for continuousasdhic monitoring of local
damage growth in steel, which can be applied to a varietywilfstructures.

As an example for the degradation of civil structures, adeisbridges in the United
States of America. The National Bridge Inventory (NBI) list&p600,000 bridges, 71,469
(or 12 %) of which are classified as structurally deficient Agr bridges that are more than
40 years old, the percentage of structurally deficient lesdg even higher: close to 60,000



(or 20 %) of a total of about 300,000 bridges are structurddifycient (cf. data given in [2]).
These example figures demonstrate the need for regularciispe of bridges, which are
commonly performed every 48 months. These human inspecticnmainly visual, and are
very time- and labor-intensive; additionally, the reswltdained from visual inspections are
subjective, and the classification of damage varies sigmifig among different examiners,
as a recent study [3] shows. Visual inspections also onlg i potential to detect damage
at the surface, so internal damage may remain undetected.

To obtain reliable and objective results, many structueallth monitoring (SHM) tech-
nigues have been proposed (e.g. [4, 5, 6]). One possibl@agpifor SHM calculates the
modal response of a structure based on stress, strain, @eeation data acquired by a net-
work of sensors that are spread over the structure. Changhs imodal behavior can be
used to assess the structural health of the structure. Howiaese global approaches are
insensitive to local failures, and may miss the criticalvgitoof local damage. Thus, global
SHM approaches need to be supplemented with local appreaeiecrease their sensitivity.

A well-established local examination technique is to useasbnic waves for damage
detection in solid materials. Current ultrasonic methoéssaitable and often used for man-
ual human inspections. However, commercial ultrasonigpegent usually is supplied by
the power grid. Due to its size, weight, and cost, this eqeipinis usually not suitable for
permanent deployment on a structure for continuous mongorShortening the intervals
between manual human inspections is not feasible due testeimted labor costs. Thus, a
device which is suitable for permanent deployment is needed

Existing global SHM systems for the short-term inspectiba civil structure usually
consist of a central data acquisition device, to which senare wired. Such a centralized
approach requires running long cables from the data a¢quisievice to the sensors all over
the structure, which is expensive in terms of both time aneeyo Installation of such a
tethered SHM system typically takes up to over 75 % of thd tetting time [7]. Consid-
ering the costs, Celebi approximates typical expenses &HiM system to be $1,000 per
sensing channel with additional costs of $2,000 per chaion¢he installation [8]. As one
alternative, Straser and Kiremidjian [7] demonstrate #asibility and cost-effectiveness of
wireless SHM systems in order to reduce the costs assoaiatiedhe installation of teth-
ered systems. Wang et al. [9, 10, 11] develop a distributesasenetwork, which consists of
multiple compact, self-contained data-acquisition aratessing devices that run off batter-
ies and that communicate over a wireless connection, whictnates the need for cabling.
Lynch, Wang et al. [12, 13] demonstrate that the performari¢hkis device in field tests is
comparable to the performance of a commercial tethere@rsysWireless transmission in
these cases offers a suitable alternative to avoid runoimg ¢ables.

Ultrasonic examination techniques differ from the pregigudescribed SHM tech-
niques in two major points: firstly, the signals obtainedna SHM techniques typically lie
in the Hertz to low Kilohertz range, for which sampling ratesthe order of tens to hundreds
of Kilohertz are sufficient. Ultrasonic signals, howevey, definition are signals with fre-
guencies above 20 kHz and need sampling rates on the orderesbs Megahertz. Secondly,
most SHM systems contain passive devices as far as measuseane concerned, i.e. no
test signals are generated, and signals are only acquilgdsahic testing in contrast is an
active technique, which requires the generation of suffttyestrong ultrasonic signals in the
appropriate frequency range. A strong excitation signélyeld a strong output signal and
a good signal-to-noise ratio. However, limited to batte@s power supply, a compromise
between signal quality and power requirements must be found

This study presents a concept for implementing ultrasoroaitaring methods on a



small, battery-powered, self-contained device based oigigaldsignal processor (DSP),
which uses a wireless link to communicate with a centraleser¥or the ultrasonic mon-
itoring of surface breaking cracks in steel, Rayleigh wavéh & frequency of 1 MHz are
used. This paper gives an overview of the functional layouttfie device, documenting
the current progress towards the development a fully amous device. The objectives of
this research are: 1) to find suitable components, and torddsehem in an appropriate
hardware setup for continuous ultrasonic monitoring; Ahtestigate a method for efficient
low-power Rayleigh wave generation and detection usingamtitansducers to obtain a rea-
sonable signal-to-noise ratio, and to experimentally destrate that this method is feasible
for crack detection in steel; while 3) adhering to the limitgpower supply as imposed by
the use of batteries.

To illustrate the feasibility of the proposed ultrasonicaserements, experiments are
conducted with a test specimen, in which notches of diffedepths have been cut. Using
commercial equipment and comparable power level as intefatdhe compact device, the
forward scattered field of Rayleigh waves that are scattdrirbae notches is measured. The
signals are only analyzed from a phenomenological poini@#yobtaining a quantitative
relation between signals and crack dimensions is beyonsicibyge of this work.

FUNCTIONAL CONCEPT AND HARDWARE LAYOUT OF THE DEVICE

This section describes the basic functional concept amddates the hardware setup.
The functionality of the ultrasonic monitoring device cam 4plit into three main partst)
generatiorand?2) detection of ultrasonic signgland3) communication with a central server
Figure 1 shows the basic layout of the device, introducirgsiparate parts. The parts are
assigned to their respective functional part, as indichiethe vertical separation. For the
ultrasonic device, dexas Instrumentdigital signal processor (DSP) is used. Besides a mi-
croprocessor, this DSP also includes an analog-digitalexter, used for signal detection, a
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FIGURE 1. Functions and parts of the device. The signal path to thelleftrates the signal detection,
the signal path in the middle the signal generation. Thelagsedevice to the right in the figure enables
communication with a central server.



pulse-width modulation module, used to generate ultrassighals, and a serial interface to
which a commercial wireless radio is connected. Commerttigsonic contact transducers
(Panametrics Al10B3are used to generate and detect ultrasonic waves in therspecCon-
version between longitudinal and Rayleigh waves is achi&yecbntact wedges, as will be
explained later.

Firstly, consider thesignal generation the pulse-width modulation module generates
an electric square wave burst signal with a frequency of 1 MRl a configurable number
of cycles. The output alternates between 0V and 3.3 V. Inrddachieve a good signal-to-
noise ratio in the output signal, an output amplifier cirgsigémployed, which is intended to
boost the electric output signal to a symmetric level of abbii8V, a voltage level which
can be supplied by batteries. Feeding a square wave sigaghmultrasonic transducer will
yield a sinusoidal output signal, as the transducer actauaswband bandpass filter, which
only passes frequencies close to its center frequency of A MH

Secondly, consider th&gnal detectiona second contact transducer, attached to a con-
tact wedge, detects the propagating wave field in the spedime pitch-catch setup. For the
input of £18V, the measured output will be on the order of 300-400 m\adfweve a good
signal-to-noise ratio in the sampled signal, the outputefttansducer is amplified and offset
corrected in a signal conditioning circuit to span a largdipo of the 0-3 V input range of
the analog-digital converter (ADC), which also mitigates thfluence of sampling errors.
The circuit also includes a low-pass filter to prevent atigseffects in the sampled signal.
The ADC runs at a sampling rate of 8.3334 MHz and offers a utiswi of 12 bit over its
0-3V input range. Following the Nyquist-Shannon samplimgptem, this sampling rate is
sufficient to fully reconstruct signals from the sampledcadatheir highest frequency content
is below 4.1667 MHz. This sampling rate therefore is suffiti® acquire the band-limited
signals from the ultrasonic transducer. A Direct Memory égx(DMA) controller transfers
the sampled data from the ADC output registers into the pate8RAM, bypassing the CPU
for the data transfer. This allows for a reliably fast datngfer and avoids problems that
might occur when the CPU is swamped with other tasks.

Lastly, consider theommunicatiormodule: for the wireless communication with a
central server, the device includes a commemigl 9XCite OEM RF ModuleThis module
provides communication with a continuous data stream oup800 bps over a distance
of up to 90 m indoors or up to 300 m outdoors line-of-sight with2.1 dBi dipole antenna
attached. Operating in the 902-928 MHz ISM (industrialestific and medical) radio band
with a transmit power of 4 mW, the wireless device can opdralorth America, Australia
and Israel without the need for an individual license. Coragdo 2.4 GHz devices, which
can be used worldwide, 900 MHz devices typically offer langage communication while
consuming less power [14]. Communication between the vasatieodule and the micropro-
cessor uses the UART (universal asynchronous receivasftrigter) interface of the DSP and
a serial data transfer protocol. The use of this standatgretocol renders a specific driver
for the communication unnecessary and so enhances théitiortaf the approach.

ULTRASONIC MEASUREMENTSAND PRELIMINARY RESULTS

Rayleigh wave generation using contact wedges

To generate Rayleigh waves, commeré&iahametrics A108arrowband ultrasonic con-
tact transducers are attached to coupling wedges, as shdwgure 2. Contact methods are
preferable over non-contact methods for the intended egipdin of the ultrasonic device, as
they allow for efficient energy transmission, and are less@rto errors caused by environ-
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FIGURE 2. Generation of Rayleigh waves using a contact transducea @odpling wedge.

mental influences as long as a sufficiently tight mechanioatact between transducer and
wedge, and also between wedge and specimen is ensured. fiaetdoansducers generate
longitudinal waves. If the angl¢ of the front surface of the wedge is cut at the appropriate
angle, the longitudinal waves in the wedge are convertedRatyleigh surface waves in steel.
Neglecting the thin couplant oil layerSnell’s lawdirectly yields the necessary angie
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wherecV = 2750/s is the longitudinal wave speed in the wedge, agd= 2963v/s the
Rayleigh wave speed in steel. The resulting angl¢ is 68.1°. It can be shown, that this
contact wedge method in theory only gives rise to a Rayleigievia steel, but not to bulk
waves. Note that the longitudinal wave speed in the wedgenmhtnust be lower than the
Rayleigh wave speed in steel. Plexiglass, which is used éowvtidges, is one of the materials
which fulfill this condition. This material additionally &ures a low attenuation.
Comparing the principle schematic in Figure 2a to the pidtufégure 2b, note that the
opposite end of the wedge is not cut at a right angle to th@bosurface. This is to mitigate
spurious signals that arise from reflections inside the wedg

Test specimen and measurement setup

To demonstrate the feasibility of the intended ultrasongasurement device with the
power restrictions as imposed by the use of batteries, measuts of a test specimen are
taken, using commercial off-the-shelf ultrasonic equipmé-or the test specimen, notches
of different depths have been cut into a steel plate (241x&b52 mm x 25.3 mm) using
electrical discharge manufacturing (EDM) to simulate scefbreaking cracks. Table 1 lists
the dimensions of the notches. The height of the the ste& damuch larger than the
Rayleigh wave length of 2.9 mm for a 1 MHz ultrasonic wave irektevhich justifies the
assumption of an elastic half space for the propagation ofdrfdy surface waves. The
notches’ positions on the steel plate allow for an exammatif one notch at a time without
interference from reflections from edges or other notches.

TABLE 1. Dimensions of the notches cut into the test specimen (medsiging calipers)

No. DepthD (mm) Widthw(mm) Lengthl (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




To examine the forward scattered wave field of an incident &glylwave at a notch,
two transducers together with their coupling wedges areigeain both sides of a notch in
a pitch-catch setup. For the wave generatioAgdent 33250Asignal generator generates a
1 MHz sine wave burst, which is amplified byEdNI 325LA RF Power amplifieio an output
level of £15V before being fed into the transducer. This output leseslightly higher
than the resulting output for th&18V square wave signal, though it can also easily be
achieved be extending the battery supply. On the detedtienthe amplifier that is included
in a Panametrics 5058PR pulser/receivemplifies the signals received by the transducer
to the desired level of1.5V to 1.5V. This range corresponds to the input range of the
analog-digital converter (ADC) when the DC offset is negielctThe amplifier gain during
the measurements does not exceed 20dB. The amplified sigieal isto aTektronix TDS
5034 digital storage oscilloscopehich digitizes and saves the data with a sampling rate of
500MSs. For an analysis of the influence of the lower ADC sampling,rtite recorded signal
could be later downsampled to match the sampling rate of ihD€.A

M easurement results

As an example for signals obtained from different notchegjfé 3 compares the signal
from the undamaged specimen (Fig. 3a) to the signal detéaisdthe 1.2 mm deep notch
(Fig. 3b). Several propagation paths can be distinguishédr 31us, the direct Rayleigh
wave arrives, which creeps along the rim and the sides ofdtehmafter 47us, a signal that
arises from the conversion of the Rayleigh wave to a shear aiathe bottom of the notch
is detected. This signal is reflected at the bottom of thd gleée and converted back to
a Rayleigh wave at the notclfter 55us, a creeping Rayleigh wave signal is detected that
arises from reflections inside the wedge. The mode convshear wave is not only reflected
at the bottom surface of the steel plate, but also at the mphat after 63us a double-
reflected (bottom-surface-bottom) mode converted waveesirNote that the Rayleigh wave
arising from the reflection inside the wedge is most prontif@nthe undamaged specimen
and is negligible compared to the amplitudes of the otheradgyfor the 1.2 mm deep notch.
Though not shown here, note that the same effects are oldenthe other notches as well.

Comparing the plots as obtained from both measurements) heaeen that the ampli-
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FIGURE 3. Ultrasonic measurement signals in the time domain for @ifienotch depths, taken with com-
mercial ultrasonic equipment.



TABLE 2. Amplitude ratios, direct signal over mode converted refldcignal

Measurement Notch depth
no. undamaged O0.5mm 1.2mm 2.3mm 3.2mm
1 72.8 52.5 3.47 2.61 6.28
2 62.1 45.8 3.77 2.64 8.62

tude of the creeping Rayleigh wave decreases and the angbfuble mode converted shear
wave increases with increasing notch depth. This indidhi@sthe amplitude ratio of these
two signals, defined as the ratio of the maximum absoluteegatf the respective signal
bursts, might be used to assess the severity of damage. Z#bts the amplitude ratios for
different notch depths as found during two sets of measun&sn&he results are comparable
between both measurements. The only outlier is the 3.2 mm deteh, for which the am-
plitude ratios unexpectedly increase. It is assumed, tigageometry of the notch is different
from the other notches due to imperfections in the EDM precesich leads to a different
wave scattering pattern. Nevertheless, the obtainediseshudw that the intended power lev-
els are sufficient for ultrasonic monitoring, and the numeeisults support the assumption
that the amplitude ratios may be used to assess the sevedtyface breaking damage in
steel.

CONCLUSIONS

This study examines the applicability of continuous ultréis monitoring of surface
breaking damage in steel using a small, battery-powerée;@eatained device. It documents
the current progress towards an autonomous device. Rayeghs with a frequency of
1 MHz are used for the ultrasonic monitoring. A concept fog thesign of a device for
generating and detecting these waves is proposed. Theisgmgik of 8.3334 MHz provided
by the conceptual device is sufficiently high to digitize tend limited output signal of the
narrowband transducer, as well as to acquire all informati@vided in these signals.

This study also presents a contact wedge method to genergidResurface waves in
steel. Rayleigh waves have the advantage of a lower geonagtieituation over bulk waves,
as their energy is confined to a small layer at the surface midtbod presented for Rayleigh
wave generation is very efficient, which enables ultrasoreasurements even when the pos-
sible excitation voltages are limited by the use of batteqypdy. The measurements taken
with commercial ultrasonic equipment show that the progag&asonic examination tech-
nique is applicable. This study includes a mainly phenorugcal analysis of the measured
forward-scattered wave field. For future work towards a cletey autonomous damage as-
sessment, methods which allow for a strict and reliable tjiadine assessment of the severity
of damage have to be examined.

Communication of the device with a central server is realizgidg a wireless connec-
tion, which can send data over a distance of up to 300m. Thelesis transmission channel
eliminates the need to run long cables on the structure,wdawes a considerable amount
of time and money.

This study shows that continuous ultrasonic monitoringgisicompact, battery-supplied
device is possible. In future work, signal processing athors and efficient power saving
technologies will be taken into consideration. The deviaplementation and validation will
also be reported in the near future.
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