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Fatigueinduced crackingis a commonly seen problem in civil infrastructures
reaching their original design life. A number loigh-profile accidentshave been
reportedin the past that involved fatigue damage in structuiBash incidencesften
happenwithout prior warnings due to lack of proper crack monitoring technibjue.
order to detect and monitor the fatigue crack, acoustic emission (AE) techmégue,
been receiving growingterests recently. AE can providgentinuous andeaktime
monitoring cita on damage progressian structurs. Piezoelectric film AE sensor
measures stresgave induced strain in ultrasonic frequency range and its feasibility
for AE signal monitoring has been demonstrated recently. Howextmsive work
in AE monitoring sgtem development based on piezoelectric flm AE sensor and
sensor characterization on fsitale structures with fgie cracks, have not &e

done A lack of theoretical formulations for understanding the AE signals also hinders

the use of piezoelectriaglih AE sensors. Additionally, crack detection and source



localization with AE signals is a very important area yet to be explored for this new
type of AE sensor.

This dissertation presents the results of both analytical and experimental study
on the sigal characteristics of surface stregave induced AE strain signals
measured by piezoelectric film AE sensors in fedd and an AE source
localization method based on sensor coupéoty. Based on moment tensor theory,
generalized expression for AE @t signal is formulated. A special case involving
the response of piezoelectric flm AE sensor to surface load is also studied, which
could potentially be used for sensor cadiion of this type of sensor

A new concept of sensor couple theory basefl gource localization
technique is proposeshd validated with both simulated and experimental data from
fatigue test and field monitoringfwo series of fatigue tests were conducted to
perform fatigue crack monitoringon largescale steel test specimenssing
piezoelectric film AE sensors. Continuous monitoring of fatigue crack growth in steel
structures is demonstratenl these fatigue test specimei$ie use of piezoelectric
film AE sensor forfield monitoringof existingfatigue cracks also demonstrated a
real steel {girder bridge located in Marylan@he sensor couple theory based AE
source localization ivalidated using a limited number of piezoelectric film AE
sensor datdrom both fatigue test specimens and field monitoring briddgeough
bothlaboratory fatigue test and field monitoring of steel structures with active fatigue
cracks, the signal characteristics of piezoelectric film AE sensor have been studied in

realworld environment.
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Nomenclature

In summary, following notation is used in this dissertation:

U =P wave speed

b = Shear wave speed

c = Rayleigh wave speed

¥ = Angular frequency

U = Strain

k = Wave number

a = Radius of the sensor

d = Clear spacing of seing dots in the sensor couple
N} = Hrst order Bessel function of the first kind

fs = Troughfrequency caused by space phase shift effect.
fa = Troughfrequency caused kpperture effect

VI = Shear modulus

r = Distance from AE source to sensor

Ri, R, R = Roots of the Raleigh cubic

T, = Rise time

St)  =Source function
VI = Shear modulus
Coqi = Hlastic constants
&/ = Crack volume

n = Crack normal

| = Crack motion vector
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Chapter 1: Introduction

1.1 Research Motivation

Fatigueinduced cracking is a commonly seen problem in civil infrastructures
reaching their original design life,ge.highway bridges, traffic signal pole, etc. These
aged structures have experienced a large number of stress cycles. A number of cases
have been reported recently that involve fatigue damages. For example, in September
2009, fatigue induced cracks werauha unexpectedly in the eymrs of the existing

San Francisco Bay Bridge and in October 2009 further cracking led to the falling of
5000 pounds of steel parts to the roadway during rush hour and the traffic was
stopped. Such incidences happen frequentthout prior warnings due to lack of
proper crack monitoring and localization technique.

There are a few nondestructive evaluation (NDE) techniques available for
fatigue crack detection, such as eddy current, magnetic particle inspection,
radiography, themography, acoustic emission (AE) and ultrasonic testing. In
particular, AE techniques have been receiving growing popularity in use for fatigue
crack monitoring, especially on bridges (e.g., Holfetdal, 2001; Kosnik, 2009;
McKeefry and Shield, 1999). A is the elastic wave generated by sudden energy
releases within a material. As AE sensor passively listens to the signals, it can
provide realtime information on damage progression in a structure. This is different
from ultrasonic test, which excitesastic stress waves into a solid to be received by

ultrasonic probes.



There are a variety of types of AE sensors based on distinct operation or
sensing principles. Theonventional AE sensor measures the dynamieobptane
displacemenbased on second der dynamic oscillator principleThis type of AE
sensors usualljhas a high sensitivity but relatively narrow band (i.e., resonant
transducer). Howeverbroadband AE transducer is also available with conical
piezoelectric sensing elemer representativédbroadbandAE sensoris the one
developed by Proctql982) This broadband\E sensor exhibits a broad bandwidth
up to 1 MHz. However, this type of sensougially very expensive (several hundred
dollars) due toits complex design anfabricationprocess, which limits its maise
application in practice.

Another type of piezoelectric AE sens@tracs growing interests recently is
piezoelectric film AE sensofPiezoelectric film AE sensor measuresplane strain
induced by surface stress waves. Therefore, it is a zero sedsor unlike the 2rd
order conventional AE sensor that measures displacemenpi@zeelectric film AE
sensorcan have adjustable properties, whiclathievedby using different sensing
materials. For example, using P-BA as the sensing element maatwould provide
a high sensitivity comparable to the conventional AE sensors, while using flexible
piezoelectric paint would enable the sensor conform to curved surface of structures
and yield a flat frequency response over a broad frequency bandwieltlbeleictric
p a i rabilidysof acoustic emissiorsignal sensing has been verified byany
researchers, includingggusa and Iwasawal998) Wengeret al (1996, 1999a,
1999b) Sakamotoet al (2001) Zhang and Li 2006) Li and Zhang(2008)

However, extensive workin AE monitoring system development based on



piezoelectridilm AE sensor and sensor chamagtation on fullscale structures with
fatigue cracks, have not be reported. ldck of theoretical érmulations for
understanding thé&E signals alsdhinders theuse of piezoelectric flm AE sensors.
Successful application of piezoelectric film AE sensopractice also requires long
term field test of piezoelectric film AE sensor thatits field monitoring issues and
durability can be examined and potential problems can be. fAdditionally, crack
detection and source localization with AE signals igery important area yet to be

explored for this new type of AE sensor.

1.2 Research Objective

The primary goal of this research is to study the signal characteristics of surface
stresswave induced AE strain signals measured by piezoelectric film AEos® in

nearfield both analytically and experimentally as well as develop an AE source
localization method based on sensor couple theory. By doing so, the technology of

using piezoelectric flm AE sensor for fatigue crack monitoring can be further
advaned. The following specific objectives are defined to accomplish the main goal:

(1) To establish theoretical formulas for characterizing-iddticed strain signals

measured by piezoelectric film AE sensors; moment tensor theory will be used in the
formulation.

(2) To theoretically de-inducecstrdinnsignalSusiege n 6 s f L
el astodynamic solution approach. The deriv

experimental data collected by piezoelectric film AE sensor under surface load.



(3) To develop an AE monitoring system that includes piezoelectric film AE sensors,
preamplifier, highspeed data acquisition hardware, and software programs for user
interface and data recording.

(4) To experimentally characterize and verify the AE sengperformance of
piezoelectric film AE sensor in both laboratory test and field test of steel structures
with active fatigue cracks.

(5) To develop a AE source localization method based on sensor couple theory and
experimentally validate this method usidgE data from piezoelectric film AE

sensors installed on fatigue test specimens and field test bridge.

1.3 Organization of Dissertation

This dissertation consists of eight chapters, including the research motivation
presented in this chapter and the casidns and future work summarized in Chapter
8. The remaining chapters are organized as follows
1 Chapter 2ffers areviewof acoustic emission teclyuefor crack monitoring.
AE signalanalysismethods ar@resented including waveforimased methad
and katurebased methad
1 Chapter 3provides a backgroundview of piezoelectric flm AE sensor
developmentThe ultrasonic sensing principle of piezoelectric film AE sensor
is briefly descried. The material propertiesf piezoelectric materials
commonlyusedfor piezoelectridilm AE sensor arexamired. Otheraspects
of the piezoelectric film AE sensosuch assignal conditioning circuit
(preamplifier and filter) frequency bandwidth and sensor configuration are

alsostudied.



1 Chapter 4 conducts an analytisalidy of neafield AE strainsignals Based
on moment tensor theory, generalized expressionAterstrain signal is
formulae d . The Gr e e rexpessif) AEhstrdini sgmalsinf half
space is alsalerived using elastodynamic solution approaéhspecial case
involving the responsef piezoelectric film AE sensdp surface loads also
studied, which could potentiallpe used for sensor calibration of this type of
Sensors.

1 Chapter 5 proposes a new concepse@fisor couple theottyased AE source
localization technique, which is based on #m@acephase shift ofthe AE
signals between twimlentical AEsersors spaced apaRarametric studies are
performedto evaluate the proposed AE source localization method
experimental testwere conducted talidate the methad

1 Chapter 6 presents two laboratory tests of fatigue crack monitoring using
piezoelectric film AE sensors. Continuous monitoring of fatigue crack growth
in steel structures is demonstrated. The AE source localization method using
coupledpiezoelectric film strain sensors are alsidated usinghe lab test
data

1 Chapter 7 demonstrateahe use of piezoelectric film AE sensor ffeld
monitoring of existingfatigue crackin a real steel-girder bridge located in
Maryland A variety of AE features of theacquiredfield test data are
calculated andanalyzed. The sensor couple thedoased AE source
localization isvalidated again using limited number of piezoelectric film AE

sensor data.



Chapter 2: Acoustic Emission (AE) Sensor and Jigmalysis

2.1 AE Technology for Crack Monitoring

Acoustic emission (AE)as defined by the Acoustic Emission Working Group
(Spanner, 1974)is fithe transient stres wave generated by the rapid release of
energy from localized sources within a mateyial The studies on
documented in the 1950s. Through a series of tensile tests of conventional
engineering materials, Kaiser studied the acoustic processs#gding frequency
levels and its relationship with the strestgain curve(Miller, 1987). Nowadays, AE
technology has been applied to a variety of engineering areas, from bridge to oil
pipeline monitoing, from heavy engine to aircraft body. It can be used for
nondestructive evaluation (NDE) of materials, +&&ale monitoring of structures and
failure analysis of systems. It has been proved to be a useful NDE technique.
Different from ultrasonic test, fch excites elastic waves into a solid, AE sensor
passively listens to thetresswave signalsemitted from the structure, typically at
locations with structural defects or damage such as crack. If measured properly, the
AE signals contain the source imfieation. As a lot of AE sources are damage related,
the recorded AE signals would reveal the flaw information of the structure after
signal analysis. Thus, it could be used for damage detection, which has also been
demonstrated in structural members madevarious materials, such as fiber
reinforced polymer (FRP) and metallic materigl&rosse and Ohtsu, 2008;
Vahaviolos, 1999)

Fatigue crack monitoring is a common type of damage assessment problem

encountered in civil infrasictures. Many structures including pressurized storage

AE



tanks, pipelines, rocks, concrete, bridges, traffic signal poles and other cyclically
loaded structures, would potentially have fatigue cracking and fracturing issues.
These cracking processeat,undetected, can grow and disrupt service, even cause
catastrophic failuregsee, e.g., NTSB 1989)Such incidences happen frequently
without earlywarnings due to lack of proper crack monitorteghnique Because of

the realtime monitoring ability of AE sesor technology, AE monitoring may
provide early warning signs for those fractures. For large structures, such as bridges,
conventional inspection process for fatigue cracks requires extensive labor and is thus
time-consuming and not casffective. With tle development oAE technology

which has a high sensitivity and can be implementét continuous monitoring,
automatic data recording and analysis for early wgrbefore catastrophic failuie

likely to be achievable.

Experimental study of fatigue ala monitoring with AE technology has been
conducted by researchers. Ono and Ohtsu proposed a generalized theory of acoustic
emi ssion and Gr eenos (Ghawamad@hisig B). Theirwoki gn al a
gives a generalized expression for synthesizing AE signals based on the moment
tensor theory. Good agreement between the measured AE signals and the simulated
AE signals due to crack source have been observed in a fatigg@nesand Ohtsu,

1984 Yuyamaet al, 1988)

By implementing inverse analysis of the AE signal, characteristics of the AE
source could be dermined, including the crack mode, crack orientation and source
location(Grosse and Ohtsu, 2008)hese waveform based AE signal analysis usually

requires the AE sensor have high fidelity (i.e., broadpavhen recording the AE



data. This implies that broadband AE sensors with-nresnonance over operating
frequency range are favorable to this analysis. However this type of broadband AE
sensor usually requires high precision in fabrication and technoquenhancing its
sensitivity; theréore, they are expensive than other resoneype AE sensors which
prevent their wide application.

In order to make the AE application cadtective, resonaneg/pe AE sensors
or narrowband AE sensors might be usetkalatively. Near field AE monitoring
strategy with lowessensitivity broadband AE sensor such as piezoelectric paint has
been proposed by researchers recefilyou andZhang, 2012 he neaifield AE
monitoring strategy isntendedto make AE sensofocus onthe local areanear the
sensorBecause of the relatively small monitoring area, AE signals measured by low
sensitivity broadband sensor atdl strong enough tbe used foinversewaveform
analysiswhich is simplified by short wave travel path. However due to its sensitivity,
some AE events with very low energy release might still be missed.

An alternative way of performing AE monitoring is to use resondayjge AE
sensors and statistical AE feature values derived from such narrowband AE sensors
can be calculated and correlated with fatigue crack growth characteristics. Good
correlation of the fatigue crack growth rate and statistical AE feature values ( such as
AE counts and counts rate) were observed in relatively simple fatigue test specimens
by Roberts and Talebzad¢h003a 2003b) The stress intensity factor and the whole
fatigue life could also be studied based on the AE @aiaet al, 2011 Yu and Ziehl,

2012 Hanet al, 2011)



2.2 AE Signal Analysis

In geneal, AE signal analysis methods can beidi2d into two maircategories the
parametebased method and the signal wavefdrased methodGrosseet al,

2003) As described in the previous section, both methods are applied in practice.

2.2.1Waveformbased Method
ComprehensiveAE sourceinformation could bederived with the waveformbased
method.Broadband AE sensor has to be used for AE data collection ledweform
based method can be appli&ince AE signal is recorded without much distortjon
waveformbased methogenerates more accurate results for many applicatfons
example AE source localization. The main advantage of the wavetmsed method
is the ability to do inverse analysis.f t he Greends function for
the transfer function of the AE sensor are available, the AE source characteristics
could be soled inversely. For example, the crack mode (tension or shear) and
orientation are of particular interest for AE source study. By using the inverse
analysis methods, such source features can be solved from the recorded AE signals
(Grosse et al, 2003) Common inverse analysis methods includ® 3ource
localization along with dult plane solution technique antbment tensor inversion
(Dahlen and Tromp, 1998) Among the inverse analysis methods, moment tensor
inversion is the most popular and have been studied by many resedalens,

1993; Grosse, 1996; Weiler, 2000)



2.2.2AE Parametetbased Method

AE parameteibasedsignalanalysisprocesses the data from a statistical perspective

| t 6 s a IclassicalenathotSende predefined parameters deatures are used to
describe thavhole signal. This type of methddes to correlate the AE parameters or
features with the known physical parameters of the AE source. For example,
researchers are trying to correlate the AE counts with the fatiguke lenagth (or
fatigue life) in metallic structuregRoberts and Talebzadeh, 2003a an2003b;
Talebzadeh and Roberts, 2001; &tual, 2011)or to correlate the RA value with the
fracture mode of the AE source.

In general, AE features can be potentially related with one or more physical
guantities. Some of them arelated based on physical mechanism while others are
solely based on empirical relationship regressed with measuredatanonlyused
AE featuresinclude:rise time, counts rate, b value, energy, RA value and so on. In
civil engineering, AE signalfom reinforcedconcreteor steelstructuresubjeced to
crackingare of great interest. In these areas, RA value, b value (improved b value),
AE counts rate and energy hakeenmore popularfor AE feature analysisThe
following subsections give a brief reviea’the aforementioned AE features.

2.2.2.1 AE Counts and Hits Rate
AE counts rate is defined as the detivaof AE countswith respect to time, often in

load cycles for fatigue test datAE countsreferto be the number of times theE

signal amplitue exceeds a given threshold valae shown in Figurg.l. It is found

that the AE counts rate versus load cycles follows a power law that is analogous to
the ParisErdogan law for fatigue crack growth modeli(italebzadeh and Roberts,

2001) Thus, the AE counts rate may have an inherent connection with the fatigue
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crack growth rate and could be potentially used for describing fatigue crack growth.
Good elationship has beerbsened betweerthe AE counts rate and crack growth
rate in fatigue tesdf simple steel specimetiBerkovits and Fang, 199Roberts and
Talebzadeh, 20@3 and hasbeen applied for fatigue life predictiafiRoberts and
Talebzadeh, 2003b)Besides AE counts rate, cumulative AE counts are also used to
study fatigue crack propagati¢viu and Ziehl, 2012; Yiet al, 2011)

In addition to AE counts, AE hits is also a popular AE feature for damage
guantification(Shi et al, 2000) Different from the AE counts, AE hits is the number
of AE events acquired during the test and the user needs to define the time interval to
separate two AE eventShus,it is more closely related tihve occurrence frequency
of AE activity in compaisonwith AE counts.

2.2.2.2 RA Value
RA value is defined as the rise time (the time between the signatrissingthe

threshold value and the peak amplitude arrival) divided by the peak amplitutke of t

signal (JCMS11IB5706, 2003) It is another important AE feature rarametebased

AE signal analysis methodt is also known as the reciprocal of gradient in AE
waveforms (for rock material§hiotaniet al, 2001) Researchers believe that RA

value is a very good index for classifying the fracture type and identify failure modes

of the AE event s. For exampdnote relateddte f ound
shear type cracfAnastassopoulos and Philippidis, 1995ic&miet al, 2001) which

might be able to indicate the damage condition in structures. Some successfully
demonstrated applications of thA& feature include compressive failure in concrete

with recyclel aggregate(Watanabeet al, 2007) corrosion process in reinforced

concretgOhtsu and Tomoda, 20Q8)racking of steel fibre reinforced concrete under
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bending(Soulioti et al, 2009) degradation of cross ply fiber ndorced composites
(Aggeliset al, 2010) etc. According tdhe definition of A valueg only two points
are needed focalculation although the whoRE signalrecordmight be nededto
identify these two points.

2.2.2.3 b Value
b value is another important index in analyzing AE signalglue is originallyfrom

seismology field ad is used to implyhe amplitude distribution of earthquakeithin
a certain per iassdociated witlihes wekhknopra GutenbentRehter
law (Gutenberg and Richter, 195®4hich describesthe relationship between the
magnitude of earthquake events and the total number of earthquakes ot thdea
magnitude. Tts can be expressed in Eq.12.

log,, N, =a -bM (2.1)
WhereM is the magnitude of earthquake axglis the total number of earthquakes of
an amplitude at leasM. b is a parameter referred tas b value. a is andher
parameter.Since b value is of great interest in seismology area, due to the AE
phenomenon analogsto earthquakdault rupture b value is also believed tbe
appicable in AE study and some remarkable research has bdimg by Hirata
(1989; Shiotaniet al(1994 2001 and 2007Weiss (1997); Colomboet al(2003;
Rao and Lakshmi(2005) Findings indude the correlation between AE amplitude
distributions b values) and the attenuati{@eiss, 1997)the correlation between the
b value and the fractal dimension of fractures (i.e. earthquae) 1981; Hirata,
1989) the correlation betwedhe improved value and the quantification of damage
level in concrete structuréRao and Lakshmi, 2005hiotaniet al, 2007) Although

the peak amplitudes of AE signals are well known to be closely related to the scale of
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damage (fracture dimension, damage level, etc.), the analysis is not adequate if only
taking consideration of the amplitudes. As crpoigresses gradually, the mechanical
property of the host structures near crack might change, which could possibly cause a
higher AE signal attenuation rate due to wave reflection and refraction, and results in
lower amplitude in the received AE signal evevhen an AE event of higher
amplitude happene(Shiotaniet al, 2007) Thus, the distribution of the amplitude

(i.e. b value) outperforms the absolute peak amplitude, especially when the peak
amplitude is subject to influence of monitoring conditions.

2.2.2.4 AE Energy
AE energy is defined in a way that it could be used to quantify the damage. AE

energy release in different composites has been studied for concrete and used in
damage quantificatiom CFRP compositegBourchaket al, 2007) However, the
definitions of AE energy are different in different AE monitoring systéherris and
Bell, 1977; Mohan and Prathap, 1980; Landis and Baillon, 2002)

For the piezoelectric paint AE sensor, the signal amplitude is proportional to
the strain of the structurat(the sensor location) due to the AE evébisnd Zhang,

2008). The straiFbased AE energy can be defined as

V,” ffd e=E @ (2.2)
AsV '’ e, we have

V,” ffd e=E g eVd\y V (2.3
The cumulate AE energy can bealculaed as

y.dt~ Vit (2.9)
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ﬁ/zdt will be usedas theAE energy index irthis study which is equal to the area

under the squaredlE signalcurve. This energy is actually cumuiat AE energy AE
energy rates (first order derivate of the cumuAE energy curve with respect to

time) can also be calculated for AE feature analysis if needed
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Chapter 3Background of Piezoelectric Film AE Sensor

3.1 Historical Development of Piezoelectric Film AE Sensor

Piezoelectric AE sensaonverts a mechanicatimulusto an electric signal based on
its sensing princife. Several sensing principles can be used for piezoelectric AE
sensor design. For conventional piezoelectric AE sensor, it measures the dynamic
out-of-plane displacement. This type of piezoelectric AE sensors usually have a
specal backing and wear plat@Proctor, 1982) The backing serves as a damping
block while the wear plate is used to protect the active sensing elérhentype of
AE sensors can be configured as adatiband transducer or a reson&mansducer
through judicious selection of backing size and active elefusnially piezoelectric
crystals like quartz or piezoelectric ceramidgs)typical AE sensor of thig/pe is the
conical shape AE sensor developed by Prddi®82) This sensor h&a small contact
area, whichreducethe apenire effect as much as possibks a resultof using
conical shaped piezoelectric sensing eleméims AE sensor exhibits a broad
bandwidth up to 1 MHz. However, the design of thigetpf sensor is nqierfectdue
to thetradeoff betweenbroad bandwidth and high sensitivity. The fabrication st
also higherdue to complex sensor design with conical shaped piezoelectric sensing
element

There are some other types of piezoeleciE sensors. For example,
piezoelectric film AE sensor is one among those who astrgobwing interests
recently. In contrast witltonventional piezoelectric AE sensor which is based on a

2nd-order dynamic oscillator operating principle measurimgf-of-displacement
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displacement, piezoelectric film AE sensor measures swrageinduced inplane
strain Piezoelectric film AE sensor is thaszercorder sasor The dynamic strain
within the sensing area of theiezoelectricfilm AE sensor is tranefmed inb
electrical signalaccording to piezoelectric material sensing princifleis type of
sensor is usually bondédthe monitored structungsing epoxy

Piezoelectric materials present an important factor in AE sensor design.
Among all the piezoelectrimaterials for AE signasensing Lead zirconate titanate
(PZT) andPolyvinylidene Fluoride (PVDFare most popular. To date, most of the
piezoelectric AE sensors are made of PZT, which is usually in the form of ceramics.
Quite a few research works are repd using PZT wafer@Crawley, 1994; Kawali,
1969; Lee and Oeéetalyl995 We al,,2011) 9 Advantagesiof
using PZT include low cost, commercial availability and rel&yivegh sensitivity.
However, it is difficult to form PZT into complex shape and apply it on curved
structure due tdats brittleness. Other characteristiof PZT may not be favorable to
AE application, such as resonance peak within operation frequency range and
mismatch of acoustic impedance with some materials. In contrast, PVDF has
properties of flexibility, ability to resist corrosioandtoughnesgWanget al, 1999)
It can be mae into large sheets of thin films easily. The disadvantages of RV®F
its relatively low sensitivitylow transmitting constant, large dielectric lpsgh-cost
and low Curie temperaturéGu et al, 2002; Harsanyi, 2010)This limits its
application to metallic structures.

Recently, a new type of piezoelectric materialpiezoelectric painthas

attractedgrowing attentionsfrom researchersPiezoelectric painis a composite

17



material. Withinthe material, tiny piezoelectric particlaserandomly dispersed in a

polymer matrix phase. Adjustable material properties can be achieved compared with

a singlephase material. The flexibility of polymer matrix could make piezoelectric

paint easilyconformableto aurved surface of structuresthe piezee | ect ri ¢ pai nt
ability of acoustic emissiosignal sensing has been verified Inoyany researchers

including Egusa and lwasawd $98)Wengeret al. (1996, 1999a, 1999/5akamoto

et al. (2001) Kobayash et al. (2002, 2007) Zhang and Li(2006) Li and Zhang

(2008)andLi (2009. A t hor ough study of piezoel ectri
has been conducted hy (2009) including the #ectsof various volume fraains of

piezoelectic materials on its sensitivityPrevious work alseshows piezoelectric paint

AE sensor can be used as a promising technology for acoustic emission based
nondestructive evaluation of structural damages or defactsither metallic or

composite structure. However, extensive wiarlhRE monitoring system development

based onpiezoelectricfilm AE sensor and sensor characterization on-dudle

structures with fatigue cracks, have not be reportddcl oftheoreti@al formulations

for understanding theAE signals alsohinders theuse of piezoelectric film AE

sensors. &ccessful application of piezoelectric film AE sensor practice also

requires longerm field test of piezoelectric film AE sensor so its field maniigy

issues and durability can be examined and potential problems can be fixed
Additionally, crack detection and source localization with AE signals is a very

important area yet to be explored for this new type of AE sensor.
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3.2 Sensing Principle of Exoelectric Film AE Sensor

For piezoelectric film AE sensan theabsence of external electric field, the electric
charge generated by gtrhing its sensing element can be expressed as,

6D, 80 O O 0 dy Op
iDzbzgo 0 0 d,, 0 Ofs, s, S, 5, S5 5S¢}’ (3.1)
Ilei'/ gy di; dg O 0 Of

Where{sl S, S3 S, S5 S} = {Syy Sy Sz Sy Sy le}T; S1, Sz andssare tensile

stress;sy, Ss and sg are shear stressizifl sy, Gs3, hs and dis are piezoelectric
constants D;, D, and D3 are the electric charge displacemerifsshear stress is
negligible and considerg the fact that AE sensor is placed on the surface (meaning
S33 equals zero), Eq3(1) is simplified as,

D3=d3151 "daz S d'33 g d%lEll £ d?:liEzz : (32)

If the piezoelectric sensing material is homogeneous and the sensor sensitivity in both
directions 1 and 2 arehé same, the resulting charge could be written
asD, =d;,E (e, +¢). This is different from AE displacement sensor which measures
the displacement in a single directirsually direction 3)Assuming the dimension

of the sensor i$ x w x t, wherel, w andt are sensing element length, width and
thickness respectivelyas a result, the generated electric charge is related to the

dielectric displacemerid; by the following relationship,

q:ﬁ[ﬁjA: QW&(Qlﬁplﬁ ﬁzEzz@) dxdy €d,E £ @’E"Eﬁ]}fdx

(33)
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It can be bown that piezoelectric film AE sensor can be configured as either strain

sensor or strain rate sensor because of the mechanical coupling property of
piezoelectric material§ Lee and OO6Sull i van, 19191; Siroh
(2009) summarized the two types of signal conditioning circuit. In summary, if a

current amplifier is used as the signal conditioning circuit, the output voltage from

the sensor is linear proportional to the total strain change rate and can be express as,

Vo= R :R'ﬁ (§1 Eé, d#E,e) dxd (3.4)

If a charge amplifier is used as the signal conditioning circuit, the output voltage
from the sensor is linear proportional to the average strain with the sensor area and
can be express as,

1

Vout(t) = C_q :C_ ﬁ ((ﬁl E€u dséEzz @) dxdy (3.5)
f flw

In this study, piezoelectric film AE sensors are mainly used as a strain sensor and a

charge amplifier is designed and used.

3.3 Piezoelectric Paint AE Sensor

3.3.1 Material Poperties of Piezoelectric Paint
Piezeelectric paint typically comprises tiny piezoelectric particles mixed within
pol ymer matrix and #Bhempefearmoel el 0 A3gds ctoanptols
means that the ceramic particles are randomly disperseal polymer matrix.
Compared wi t h ot her-3cc ohaesecttihwei t gdvtaynpg easg,e
fabrication into complex shapes and megnform to any curved surfac&he

piezcelectric paint offers the unique blending of the high piezoelectric properties o
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ferroelectric ceramics (e.g., PZT) and the mechanical compliance and conformability
of polymers (e.g., PVDF)Li (2009) carried out a seried studies on piezoelectric
paint sensordor different volume fractions of PZT particles and experimentally
chalcterized the material propertiebhe material properties opiezoelectric paint

and other piezoelectric materials #istedin Table3.1 It can be concluded fromk;
valuesthat the piezoelectric paint has a sensitigitynparable t&®VDF butis much
lower(about 1/30Yhan PZT.

Table 31. Typical piezoelectric material properti@s, 2009)
Piezoelectric Paint

PZT-5A®  PVDF (PZT% by volume)
40% 50% 60% 70%
ds3 [PC/N] 390 -22.1 6.1 13.7 27.1 48.1
-ds1[pC/N] 175 -6.2 21 44 86 15.0
KP 0.63 0.03 0.02 0.06 0.10 0.19
031 [10°Vm/N] 12.4 -70.8 184 24.0 29.1 307
K31 0.36 0.03 0.02 0.04 0.7 0.13
Ul U 1800 9.9 12.9 20.7 33.4 552
Z [MRayl] 30 2 49 60 73 92
Tc Curie Point 350 150 (melt) Degradation temperature o
[°C] resin >200

#Material parameters are provided by APC International Inc, Pennsylvania.

P () = 8.88010"? F/m, is the permiitity of free space (vacuum)

3.3.2 Signal Conditioning Circuitry
The charge output from the piezoelectric sensor is usually very smadlsdt
attenuates very fagtong transmission cablesdis very easy to be affected by noise.
In order to measure the weak signals, a signal conditioning circuit is neeted
amplify the signal and potentially filter the signal to remove unwanted .noise
Piezoelectric sensor can be modeled as either a voltage source in series with the

combination of its internal capaance and internal resistanas shown in igure

21



3.1(a) or a current source in parallel with its internal capacitance and resistance
shown in kgure 3.1(b). Inthis study a voltage follower design shown kigure 3.1
(a)is utilizedto amplify theAE signalsin piezoelectric film AE sensor3he detailed
amplification circuitis shown in Figure3.2.

For piezoelectric sensor, its signal is very easpdaontaminated bgoise,
such as power source and EMI noise. In order to enhance the-teignuase atio
(SNR) and for ease of post processiadilter is usually necessary to eliminate the
unwanted noise from the sign&ue to huge amount of AE data at high sampling
rate, an analog filter ispreferred over a digital filtein order toperform realtime
filtering without overwhelmingthe computationcapacity of the data acquisition
system. As the piezoelectric paint sensoes @verating in ultrasonic range atice
typicalf r equency range of interest i s above 5
low cutoff frequency of 5 kHz is selected for the filter desigoy imost of
applications with piezoelectric paint sensor, the signal frequency contents are usually
below 600kHz, thust h e fhigh duteff fieguency isset to be600 kHz. The
design of tle analog filter is based on Salié&tey topology, which is usually used as
the implementation of a second order active filter.isita pure second order
Butterworth filter with a gain of 0 dBA schematiaf the filter circuitryis shown in
Figure3.2

By inputting signals of different frequency contents todigmal conditioning
circuit using a function generator and measuring the output from the cirsuit
frequency responsmurvecanbe experimentally determined which is shawiirigure

3.3 It can beseen the signal conditioning circlias anearly flatfrequency response
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within the f ithustwouldnet affeet shérequerecyr résponse of the

piezoelectric film AE sensor over the specified frequency range

3.3.3 FrequenciResponse&haracteistics of Piezoelectrid=ilm AE Sensor
Step force on the surface of half space snaulatedAE sourcecommonly used in
experiment. Both @ncil lead break and breaking glass capillary are good candidates
for generating gch kind of surface AE source wiéim approximate step force. In this
study,glass capillaryoreakage isised to simulate the surface AE faréggure 3.4a)
shows the experimental set é@r characterizing the frequency response curve of
piezoelectric film AE sensor. The test setup inctualéarge 4inch thick steel block
with aplan dimension of 20 inches by 20 inchiesimulate the half space medium.
Two piezoelectric painAE sensas arebonded oro the steel surfagencluding one
PZT sensor and one piedectric paint sensorThe PZTsensor has a diameter of
5mm while thepiezoelectric painsensor has aiameterof %2 inch Both are in
circularshape Each sensois connected to a 4B amplifier and a filter with a pass
band of 5to 600 kHz which is described in the previous sectidn commercial
broadband AEsensor (Dunegan Engineerimgodel SE 1000HI, broadband A&
sensor with a sensitivity of0ODO Vi if used with a20-dB preamplifie) is also
mounted to the steel block at equal distance to the simulated AE sourcd hei&tE
1000-HI has a 2aiB gain amplifier. The three sensors are equally distanced from
their centers tohe AE sourcepoint (i.e., glass capillary breakagejhich is 50mm.

Figure 3.4(b)shows theAE signalsacquired by theéhreesensors as well as
thar correspnding frequency spectra. The signal in the commercial AE sensor

shown in Figure 3.4(b) agrees with the anticipatedeform de to a breaking glass
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capillary (e.g., shown in Johnson ¥ 'Proctor 1982)For the piezoelectridilm AE
sensos, they behaveery well under 600 kHz. Starting from 600 kHz, the frequency
response begin® roll down. This can be explained by the fact that the uppeoftut
frequency of the filter used witthe piezoelectric film AE sensds 600 kHz.
Particularly,piezoelectric pint AE sensor has a peak response level (about 1/3) not
far from that of the commercial ABersor with signal conditioninglt can also be

seen that the frequency response of prezoelectric painAE sensor is raltively flat

over its operating frequey range which is consistent withthe sensing material
characteristis reflected by impedance measurements R009) and frequency

response of associated signal conditioning circuitry

3.34 Signal Attenuation by Backing Film

A typical approachto instaling piezoelectricfilm AE sensor isto bond it onto host
structure surfacesng adhesive material like epoxy or glua order toenhance the
ease of installinghe piezoelectricfilm AE sensor, golyimide backing film is used

in the sensor designThe backing film isa thin polyimide film so that it does not
affect the stin transmission. The sensing element, e.g. PZT and piezoelectric paint is
first bonded orto the backing filmusing conductive epoxgnd the backing filntan
thenbe bondedto the moniored structuresurfacewith gluesuch as superglue or-M
bond from Vishay Since the super glue only takes several seconds to cure, the
installation time isconsiderablyshortered, which is especially convenient in field
Another advantage of this backifign is to apply on norconductive materials, such

as concrete and FRP.
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Detailed configuration of piezoelectric film AE sensor with backing film can
be found in Figure 3.5. In order to ensure that the sensor performance is not affected
by the backing film a comparison test was conducted, with a standard pencil lead
break test in order to simulate the AE source. Pencil lead break is also referred to as
HsuNelson source. Figure 3.6 shows a typical signal measured by piezoelectric film
AE sensor and PZT disin a pencil lead break test. It is seen that the backing film
does reduce the amplitude of the AE signal, in both P and Raleigh wave aifiihals.
tests were repeated 20 times and the resudi® used to statistically assess the
reduction of AE signal gak amplitude by the backing film, which is experimentally
determined to b82%.

Compared with the PZT disc without any backing film, the signal measured
by the piezoelectric film AE sensor with backing film has more-dagn signals,
suggesting some namiform amplification effect in its frequency response. To
provide an insight of the amplification effect at different frequencies, the frequency
spectra of both sensor signals is presented in Figure 3.7(a). The frequency spectra are
averaged fron20 setsof data to minimize the noise effect. The amplification ratios at

different frequencies are also calculated and shown in Figure 3.7(b).
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Figure 3.2
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(glass capillary brakage: (a) test setup; (b) Signal time histghgft figure) and
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Figure 35: Experimental set up for studying the attenuation by badking
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Figure 36: AE waveform comparison of thifim AE sensor with and without
backing film
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Chapter 4. Analytical Study of Neéield AE Induced Strain
Signal

4.1 Introduction

Using piezoelectric film sensor to detect surfateesswave signalshas been
receiving growing interests late(g.g.,Ihn and Chang, 2004; Paet al, 2006; Yun
et al, 2010) Conventional acoustic emission (AE) sensors are based 2%order
dynamic oscillator operating principle which measures displacement perpendicular to
the monitored surface. Piezoelectric film strain sensor is based on measuring stress
waveinduced strain in its plane.oBe strainbasedpiezoelectric flmAE sensas
such as those made of piezoelectric pdiatre a lower sensitivity than the
conventionalAE sensorsespecially those resonant type AE sensbingrefore, near
field AE signal monitoring is most suitable for sustnainbased piezoelectric film
AE sensors placed in close proximity to potential AE source (e.g., crack) locations.
Nearfield here refers to a distance from the AE source within which thend&ced
strain signal level is greater than a -gpecified intensity value, which will be
discwssed in later section.

Oht su empl oyed t he Gr eenhemyfof AEsigneli on and
analysis, with a focus on surface displacement sg@uisu, 1995; Ono and Ohtsu,
1984; Yuyameet al, 1988)I n Oht suds wor k, good agreemenit
and simulatesgignalswas observed, which verified the validity of agply moment
tensor and Greenb6és function method in AE
theory has been proposed for displacentasted AE signal sensirf§ortunkoet al,

1992; Ohtsu, 1995; Ono and Ohtsu, 1984; Proctor, 1982; Yugamla 1988) little
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research have been reported for sttzased AE signal sensinguch assignal
characteristics and calibration of this type of AE signals collected in-fiedr
Currently nost research on strain sensor has been limited to low frequency use
(Sirohi and Chopra, 2000 The successful application of nda&ld AE monitoring
with piezoelectric filmAE sensor is hindered by a lack knowledge of such AE
signalsand influenial parameters.

This chapteraims to elucidate the underlying sensing principle of -fie&dt
AE monitoring with piezoelectric flmAE sensor and its signal characteristics.
Mo ment tensor t h eiom are uaed tb sy@Gthesizenthe SAE $traim c t
signal, i n which the moment tensors repres
functions yield the transfer function between the source and AE sensor. The
derivation of thetheoretical formulation starts fronhe wellestablished solution of
the Greends function in half space due to
Johnson(Johnson, 1974)As a special case with potential use for sensor calibration,
stress wawenduced suiice strain response to a nearby surface pulse load is
presented.A parametric studyfollows, with varying parameters includintyvo
structural materialgésteel and aluminumtwo different types of crack modeténsile
type of cracking and shear type of cdtang) andtwo depth values for the crack
source are examingd mm and 5 mm)As an example of application, analytical
solution of the stress waareduced surface strain due to a surface pulse is presented,
which can be used as the basis for calibratinghsAE strain sensor3.o verify the
formuldions, experiments were carried out with glass capillary breakage on a large

steel blockand the result is compared with the theoretical predictions
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4.2Moment Tensor Theory for AE Strain Signal

4.2.1 MomenfTensorTheory
Moment tensor analysis is commonly used for AE waveform simulgt@irtsu,
1995) The basics of moment tensor theory are reviewed below before formulation for
AE strain signal is presented.

4.2.11 General Expression for Strain Signal Due to AdtiSe
Moment tensor analysis can be used for synthesizingndliiced stress waves due to

crack initiation. It has been long used in seismology f{&ki and Richards, 2002)

and has also been employed for AE signallysis (see e.gOno and Ohtsu, 1984

Ohtsu, 199%h In moment tensor analysis, moment tensors (dipoles or double couples)

wei ghted Greens6é funct i omsignal@ccadngtomphe oyed t ¢
generalized AEtheory (Ono and Ohtsu, 1984kignals emanating from a hidden

fatigue crack can be expressed as,

U (X, 8) = Gy g (X, X, ) *S(DCpy 1y | B (4.1)

WhereCpgjar e el ast iVesthe aatksvolamaitissthe craek normal and

is the crack motion vecto§t) is the sourcéunction; Gy 4is the spatial derivative of

t he Gr een &g with vespect toothe spatial coordinate,d where Gy

representshe displacement in thedirection at poink and timet due to a unit force

in thep direction at poinkdand timet ,@ &ere means that the spatial derivate is with

respect to the sourceds coordinate.
Denoting Cygi nj i @ Vas Mg, which is also refeed to as moment tensor,

yields Eq. 4.2).

U (1) =@ G g (X, X 1) *S(YM, (4.2)
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Wi t h di fferent choice of mo ment tensor s

modes can be represented with E2). For example, an explosive source can be
modeled asMi1 + Mo, + M33, while a double couple source can be modelellias
M;i, depending on the source coordindtay and Wallace, 1995For buried cracks,
summation aboup and g should be done. For surface cracks, the signal could be
generated by double couple/ dipole, in which case there is no summation for indices
pandqgin Eq. @.2).

The generalized moment tensor componéfysin Eq. @.2) can be expressed

as follows (Aki and Richard2002),

g/lknk+2 mn, (tm, tn) (m, ) 9
Mpq:gﬂﬂlnz "'2”1) Iknk Yo Imz (Igﬂ?, Iﬁg EV (43)
gmln,+1n) M, +n) Ih 21y
The above thegras expressed in Eg4.9) applies to surface displacement. With

some manipulation, it can be adapted for surface strain,

u (x+ B,,tx,t) b (X, t;x"t)

. (X, ;x"t)= DIimO

Dx,
G .(x+ R, tx't) & (X, t;x't'
DX -0 DX,
=G, g1 (X 6X ) *S(YM
(4.4)

In the general case, thesulting strain can be calculatetth Eq. @.3) and (4).

4.2.12 CrackInduced AEStrain Signal Formula
There are two crack modes of interest to AE monitoring. The first is the tensile mode,

in which thesuddenly releasesitress from crack propagation is in parallel with the

crack normal. The other mode is the shear maueyhich the stress direction is
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perpendicular to the crack normal. &g 41 shows a schematic of both the shear
crack and tensile crack. If the forces are expressed using the notation of moment
tensor and the corresponding moment tensor is denotel,gassuming the sensor

lies in thex;-x; plane, as shown in Figure2d, the resulting strain in direction 1 can

be expressed as,

6200 EX ) =Gy 40 (X, EX ) *S(OMy, (4.5)

It should be noted that only the-plane strains (i.exs-X; plane inFigure 42) are
considered because of the sensing principlestadinbasedpiezoelectric film AE
sensoms discussed in Chapter 3he indexkkin Eq (4.4) thusonly takesa value of
either 11 or 22,

4.2.1.2.1 Tensile mode crack

For the case of a tensile crack burieside the material, the crack normal is assumed
to bel = (1, 0, 0) and the crack propagates along the direction of the vest(t, O,

0), without loss of generality. Accordingly, its moment tensor can be written as,

e/ +2m0 0 g

_é ‘
M,=g 0 / 0 (4.6
g€ 0 0/ y

Consequently, the stresgve induced strain in direction 1 only at the sensor location

due to a tensile crack source is,

8 (LX) = Gy X X ) S0 I/ 2+ G,k X ) (T V
4Gy (6 EXE) *S() D

(4.7)
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The strain in direction 2 could also be obtained in a similar way. With the strain in
both diections 1 and 2, the total stress wave induced strain response of the AE sensor
can be obtained.

42.1.2.2 Shear mode crack

Similarly, for the case of a buried shear type crack, the crack normal is assumed to be
I= (1, 0, 0) while the crack propagates @ahe direction defined by the vector (O,

0, 1). The corresponding moment tensor can be expressed as,

0 0 mo
M, =50 0 0 v 4.9
en 0 0¢
The resulting strain in direction 1 is,
e, (X, tx" 1) =[G (X, X\ 1Y) 4G, X, Xt () VD (4.9
For dsplacemenb ased AE signal monitoring, the sp
function is of most interest. However, for strarased AE signal sensing, as strain is
the spatial derivative of thia-planedisplacement with respect to the corresponding
coodi nat e, itéds the second partial deri vati
first derivative of Greeno6sAdfThismisdistinotn. Thi s
to the displacementbased AE signal analysis, which is concerned with the first
derivative of the Greends function.- Thus, i

wavei hduced AE strain signal s, the second o

needs to be calculated.

4.2.2 Equation of Motion

The general equations of motiomr fgave propagation can be expressed as,
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muH/ +ymbpb O 4 (4.10
wherearisLam®6 s f i r, andp ip ther shearemodulus, ra m®6s second
parameteru is the displacement vectdris the body force, which cdre reduced to a
concentrated forcey is the Del operatcgind j denotes the density.

For a half space with a free surface xg£0, the boundary conditions are

specified in such a way that the following stresses vanish on the free surface,

2 & p p, 0

i T3=Mee—U +—U; §

i cHXs Moo=

I\ 2 ~

| a o

|T23:/7bg£u2 +—“u3 o (4.1)
i cHXs B+

T o ~

EngzlwiUl +_Uu2 "‘_Lba 8 m_UL;

f ¢ [ oo+ X H

Currently, two approaches are available to solve the equations of motion with the
boundary conditionsn Eq. (4.11) The first approach is the Cagniadd Hoop
method (De Hoop, 1960)which was also used by Johnson deriving Greeris
function as well as the first order spatial derivative of Gégduanction(Johnson,

1974) The other approach which was first introduced by @&/{Willis, 1973),
expresses the results in a series of generalized rays and was also used by other
researchergHsu, 1985; Paet al, 1979; Reret al, 2002) For the latter method, as

the results are expressed in a series of rays, one needs to calculate the arrival time of
each ray and summates the contribution from each arayal For the Cagniarde

Hoop method, only one integral term appears in the final formula, although the
integration path needs to be constructed carefully. Therefore, the expression in the
Cagniardi de Hoop approach is more concise. Furthermore, ffexehtiationwith

respect to spatial coordinaite also simpler than the Vig method. In addition, the
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existing results of Greenb6s function can

formulation will be based on the Cagniad# Hoop method.

4.2.3 SecondOrder Spatial Derivativeof Greeris Functionfor Half Space
Greent6s function for half space 1is wusually
was first studied by LamigLamb, 1904) Lamb studied thesurface displacement
response due to a vertical line source with impulsive load. Most of the discussions
have been limited to force perpendicularly applied to the surface. In order to study the
transient dynamic response of an half space, studies camgédoaids with arbitrary
shape and orientations have been investigated by others. For example, Pinney
(Pinney, 195% obtained the closefbrm solutions of surface motion due to a point
source in a semnfinite medium for a special cade =whargel and are the
Lam®b6s first and second parameters respect
of arbitrary Poi ss on 6(Bekerisa1955aundfboried pblset h s ur f
(Pekeris, 1955h)for which a closedorm solution was determined. Both horizontal
and vertical displacements have been studiedddical sources with varying depth.
The case of a doublmuple source in a half space has also been examined by
Kawasakiet al (1972a and).

Based on the Knopofie Hoop representation theorem, Johnson (1974)
preseted a unified result anéxtendedthe solutions to the spatial derivatives of
Greenbts function, which are useful for AE
is related to the spatial derivative of th
(1974), many studies have beemrigal out for seminfinite medium. Richard (1979)

derived exact solutions to the Lambdés prol

38



and square roots computation, in which both the source and receiver lies on the same
freesur f ace. R siraphifiad thte dheoretical somputation for the calibration

of surfacemount displacemenneasuremerbased AE sensorsLater Ohtsu

empl oyed the Greends function and moment

with a focus on surface displacement sensor (Ohts84;19uyamaet al 1983;
Ohtsu, 1995).In Oh t sworl, good agreement between tmeasued signal and
simulatedsignalwas observed, whicberified the \alidity of appling moment tensor
and Greeds function method in AE signal analysis.

As stated beforefew theoreticalformulations have been reported for stress
waveinduced AE strain signal, e.g., using piezoelectiim AE sensors, and
applications involving the use of piezoelectric filmased strain sensors fall within
relatively low frequency ranges,e. below 10 kHzTherefore, a theoretical study is
needed to relate AE source with stress/e induced AE strain signal over a broad
ultrasonic frequency range. The key i ss
functionfor strain Generally speakinganalytical form ofGreen$ function can only
be derived for a limited number of cases of geometrical configuration {eeg.,
Greerts function of &homogeneoydgsotropicinfinite spacg. In practice, the Greeris
function of halfspaceand Greeds functian of infinite plate are of most interest since
thesesolutions providegood approximatiosiundermanyreal application conditions.

As for civil structures, the plate thickness is relatively large and a lot of times can be
treated as half space, thus thedgts in this chapter will mainly focus on the case of

half space.
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Let gj (X1, X2, O, t; X0 X0 X0 ,) tepresent the displacement in thth
direction at the sensor locatiom,k,0) due to a unit impulse force in theh
direction applied at lo¢en (x;G %0 x30). Without loss of generality, the values of
x10 and x,0 are assumed to be zerbigure 4.2 shows the relative positions and
dimensions of the sensor and AE sourcé& tfenotes a matrix whos®mponerg are
gij, thenG is the Greefs function.
For the Greends function and first orde
for a half space, theory has been well established as summarized by Johnson (1974).
The Greends function for a half smpace when

written in the transformed domasras (Johnson, 1974),

' -1 %, Gexpl v, %)
G(%,%,0,50,0,% ,0F “eXpC Vs
X0 % %0F, o fi éh

]

: (7]
3 M4, . x.0s.% ,0)F g
u

, 8expE, %)
ZeXPE v, )

. 9
¢ N(x, %0,s,%,0)F lj@xma(le +,x0)d ,d

(4.12

The corresponding Greends functions in the
However, for stress wavaduced AE strain signal analysis, second ordetiapa
derivative of the Gr een-plane dtraimicdf interesttda s need
the application of stress waugduced AE strain sensor, onB4 i  gnd&zijze will be

formulated here. Taking th®:1 1 as an example, the second order gpalerivative

can be made inside the integral as follows,
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(4.13)
Following the general Cagniardde Hoop method with modification made by de
Hoop ( 1960 andl961) solutions in the time domain could betaned as shown in
EqQ. @.14). Details of obtaining the solutions in the time domain from the transformed
domain have been expounded by de Hoop (1960, 1961). Although it is for the case of
Greent6s function and the f iralaproachrcahde o f
extended to the solution of the second order spatial derivatives. Therefore, the details
on how to obtain the solutions in time domain for second order spatial derivatives of

Greenbd6s function ar e omi¢$presettedbelaowe, wi t h

Gyy1a(Xy ¥ 0,1;0,0,%,, 0F
1 H3 hs(t/r)z_a-z)uz
— H(t-r/a)
FarTeL.
3Refr, s (E/r) - & P*) "*Myy;.@,p,0t,x,)IFdE
3

1 1 @PZH(t 'tz)

2 mu:S

+
p
3Refr, s*(t/r) - B p?) Y*Ny,..(0, p,0,t,x,)]Fdp

(4.14)

In which,H is the unit Heaviside step function and Re denotes the real part. Also,

§M11,1'1:2/7b (q4 cos (f) '6p2q2 sirf ( JCO% ( Y'p4 sif ( ))f
UNyw=h, 12 (@Pcos?( ) Fpisint () F4 , b B & (4.15)

1 (q"+p* AP q)sin*(¢)cos () P (sif (§ eos ()]
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In order to be consistent with the Gréefunction and the first ordelerivaive of the
Greerts function,the samenotations for thevariables inJ o hns o n @%/4)grea p e r
usedhere to formulatéhe second order spatial derivative of Gerinction. These

parameters ang, to, ,&, ha, b, d) as defined by Johns¢h974)as,

&((t/r)?- b Y2 sin(g ¢ b
I 1/2
=j & _ (P2 | q2\l2 4.1
P, %g(t/r (b | a®)"?cos( )iz-a'z g sin(g > b (4.16
ié sin(q) a
érlb sin(g¢ b
'[2:‘! . - 25312 ; (4'17)
irliasin(g+r( b - *3%cos( ) q sin() g/
9= § g (4.18)
s=g 4.0, &) (4.19
ha =( &2 2 2\1/2 Re 0:
e oY (4.29
h,=(b* 4> @) Re{ p O
Ités worth noting that in the first integraérm of Eq. 4.14)
q= t/rsin@) itt/rY & p*)?cos(y Re{,p O (4.21)
While in the second integrégrm of Eq. 4.14),
q= t/rsin@) it /rY & pAY%cos(yy Re{, ¥} O (4.22)

A full list of the corresponding componenia the above equations are expressed as

follows,
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M
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M

w21= 2, h(d*cos (f p®sirt ()f 2° cos ( Yfin(f)
wa= 27, Afa*cos (f p*sirt ()Y
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(4.23)

M2112:M1221

M, = 2h,(q*sin’ (A p*cos (F F°q® (sirf ( )f ced ( )Wsin( )cobs(
My, ,= 28, h(Q*sin’ ( ¥ p?cos ( )f 2* sif ( ))fcos( ) f
M= My 0

iM,,,,= 2h,(q"sin' (/) 6p°q” sirf ( fcos$ ( )f pf co¥f))

M,,,,= 2, A(g’sin®( ¥ 3p®cos ( ) sin( ) f

M., = 20, hlg?sin®( ¥ p?cos ( )f 2p° sirf ( )fcos( ) f

M,s,,= 2, h(g®sin®( ¥ 3p®cos ( )i sin( ) f

M,,,,= 205 hfg*sin’( ¥ p*cos ()f
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(4.24)
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While

é

i (g + p* #p*q)sin’*(f)cos (F) p°d’ (sir’ (§ 808 ( W)]
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é
iNoioo= 4,29 4 pHa'sin®() BpPcPcog () £ +

} 3p°g°sin®(f)- p*cog (f)]sin( fcos( )f

gNm.zz (g 4 h Hfsin?( ) Fpicos () 720 sit ()hcos( ) f
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When implementing the above equations for numerical computation, singularity at
either((t/r)*- a®)"? or ((t/r)*- b ?) * might happen. In order to avoid errors due
to numerical instability, substitions are recommended, including

p=((t/r)* a® p’)*? vior

p=((t/r)> a?)"*sin(v) (4.27

With the above substitution, singularityasoided in the integrand.

4.3Response of Piezoelectric Film AE Sensor to Surface Point Load

For the cases wolving horizontal and vertical surface displacements, exact solutions
have already been deeg (Pinney, 1954; Pekeris, 135Richard, 1979) and the
results have been applied for AE displacement sensor calibration. However, few
research works has beenneéofor in-plane surface strain, especially for arbitrary
values of Poissonds ratio. Due to the emer
is of importance to study the surface strain response to a vertical sloddcdhe
result could be extendew the solution of surface crack source. Additionally, the
formulations presented in this section can also be used for the calibration of such AE
strain sensor.

In this section, the response of piezoelectric film AE sensor to a vertical force
(acting in drection 3) is discussed. As indicated in E4.4), the AE strain sensor
measures the summation of strains in direction 1 and 2. Thus, the fundamental

solution represents the total surface strain response due to a vertical force.
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4.3.1 Theoretical Formula
Il n order to study AE strain sensords signa

Gi3,1andGay3 2 need to be known. Since it is known that

Gpa1(Xy %5, 0,10,0,%;,, 0 -Gy5,.(X,,X,,0,t;0,0%, ,C (4.28a)
Gys.2( X X2, 0,0,0,%,0F -Gy (X, %,,0,;0,0X; , (4.28b)
The total response is
G:c;l3,1 +GZ3,2 :(Gl3’1- GZ-S,)' (4-28‘C)
From Johnson6s work (Johnson, 1974), itos
(%, %,0,60,0% ,0F —— X 2 H¢ i)
)S.’)(lelllxsy pzmmzm
sRefr, s*(E/rY - & p°) Y*(My, Mr,,)Fdp
1 “2 ~2
_p_2 mFr‘] H(t )

* Rep, st(er/ry - b p?) 1/2(N13,1' Nt ,)]Fdp
(4.29)
Where

Ml3,l'+ M 23,2 = 2'ha hb(qz pg) (4 3@
N13,1' + N23,2' y(f _pZ) .
This can be further simplified following a similar procedure employed by Richards
(19799 n hi s work on calculating the Greenobts |

to a surface impulse. Here, the totabiane surface strains due to a surface impulse

are derived and the result is shown in Eg31)

46



e(t)=im§' 0 ford1l
LI 82A p2 (P A)(A PY2(A 2P)F @

1 ip a (A 2P exive P O¢ g forl<T </ £
T8 G T i MY § e
(4.3)
Wherein the first integral term of Eq. (4.31
P2=(T? d)sin*c 1 (4.323)
While in the second integral term of E4.31),
P?=(A dsinfc 1 (4.32b)

In Eq. @.31), whena/ b< T, the second part results from the residuatahplex

integral at the pole of the integrand, where
1 3
CB:ECA(A-ZR) I R (4.33

c=1/[16(A -D(R R)B R (4.34
Rs is the largest root of the Rayleigh cubic which is always real and directly related to
the Rayleigh wave spee&; and R, are the other two roots of the Rayleigh cubic
which are real 1 f the Poissonds ratio is

if Poissonds ratio is greater than 0.263

4.3.2 Simulation Study

For sensor calibration, a large stddbck is used in this study, which has its
parameter values listed in Table 1. The large steel block can be considered as a half
space. AE strain sensors are mounted on the surface of the steel block, and the
sensors are placed 5 cm away from a stepefemulating a surface impulse. This

forms a standard sensor calibration setup similar to that used for calibrating
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conventional AE sensofASTM, 2007) Assume that the sourdenction St) is

expressed as

dS(§/ dt=sin* (@ t/ T), (0 <t J) (4.35)

WhereT, is the rise time andet to be 2 pand he sampling rate is 1MHz. The
response of the AE strain sensan be calculated from Eq. (4.39 shown in Figre

4.3 (a). Figured.3(b) shows the corresponding frequency spectrum. It can be seen the
frequency spectrum is broadbarahd t is observed that the flat frequency
characteristics of AE strain signal is similar to AE displacement signal due to an
impulsive force. This brodmhnd frequency characteristics is favorable to AE strain
sensor calibration.

Figure4.4 shows the comparison of strains from numerical spatial derivative
of displacement and from analytical calculation. Two results agree with each other at
P arrival and Sarrival. However, the numerical differentiation na@sshe Rayleigh
peak, while the analytical result could accurately predict this peak, which has been
verified with experimental datas shown in Figure 4.7 (alfrom this comparison it
can be seen thahe analyticalsolutionis more accuratethan taking derivative of
displacement signals

Discussion of stress wave attenuation relationship in the context of
implementing the AE strain sensor n®w in order. It is known that the P wave
decays faster than@hRayleigh wave. In this study, it is found that for thelane
AE strain signal, the amplitude of P wave decays at a rate'bf° while the
amplitude of Rayleigh wave attenuates at a rate°dt'* with distancer. This is

consistent with the™? Rayleigh wave attenuation relationship reported elsewhere
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(Mooney, 1974)It should be noted that the trough and the peak of the Rayleigh wave
amplitude decay at almost the same rateureigl.5plots the attenuation rates of P
wave and Rayleigh wave amplitudes farertical displacement, horizontal
displacement and total -plane strain respectively. It is seen that the P wave
amplitude of strain decays fastest while the P wave amplitude of horizontal and
vertical displacement decays at almost the same rate. Ftgigtaywave amplitude,
there i1isnoét much difference among these
almost the same rate while the strain response decays at a slightly lower rate. This
also suggests that AE features adopted for AE strain sensor casdzedn the peak
or trough of the Rayleigh wave because they are measurable at a greater distance than
the P waves.

The concept of nedreld AE monitoring could also be defined more precisely
in terms of amplitude decay of P wave amplitude. Specificélilg, neaifield is
defined here as the region where the P wave amplitude decay is no more than 90%
percent of the value atitich distance from the crack source. For example, for surface
step force on a large steel block, the Fegd area would be temchesaccording to

this criterion

4.33 Experimental Study
Impulsive force acting on the surface of a half space is a very popular AE source that
has been long used for experimental validation test of AE instrumentation (ASTM
2007). Glass capillary breand pencil lead break are commonly used for simulating
the step force. In this study, glass capillary break was used to generate surface force

since it is closer to a step for@€m and Kim, 1993)
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Figure 4.6shows the experimental stet up used for this study. The half space
medium is physically simulatl by a large steel block with a dimension of 508 x 508
x 102 mm (20 x 20 x 4 inches) and glass capillary break is used to simulate the step
AE source. The procedure of breaking glass capillaryvdalthe ASTM standard
E110607. An 18x18x0.13 mm cover gla was put on the steel surface. The glass
capillary has a 0.4 mm outer diameter and was rest on the cover glass plate. A glass
rod of a 2 mm diameter was put on the top of the capillary. This rod is to transfer the
force to the glass capillary from thealting screw. Three circular PZT based strain
sensors with diameters of 5 mm, 7 mm and 10 mm respectively were mounted on the
steel surface using conductive epoxy. Signal conditioning units consisting of a 40 dB
pre-amplifier and a 5 to 60RHz bandpass fiter were connected to the three AE
strain sensors before data acquisition. For comparison purpose, a commercial
broadband AE sensor (model # SE 1649 made by Dunegan Engineering
Company, Inc. was also used in the test. Unlike the AE strain sensagrtimsercial
AE sensor measures the -mitplane displacement (i.e., the displacement
perpendicular to the steel block surface) with a 20 dBapmplifier. The Four sensors
are equally distanced from their centers to the impulsive AE source simulated with
glass capillary break.

The signal acquired by the PBBsed AEstrain sensors with aameter of 5
mm is shown in Figure 4(&) and its corresponding frequency spectrum is shown in
Figure 4.7(b). Compared with the theoretical strain signalFigure 4.4 (a), the
experimental data agrees very well with the theoretical prediction. The P, S and

Rayleigh wave arrival can be clearly identified. The frequency spectrum of the
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experimentalsignal is relatively flat. This also matches the frequency spectrum
characeristics of the theoretical curve and suggests the suitability of using glass
capillary break for AE strain sensor calibration.

Figure4.8 shows the signals collected Bl four AE sensorsThe signal from
the commercial AE sensoSE 1006HI) is easily ecognized as a displacement
waveform due to an approximate step force generated by glass capillarpdareak
(Proctor, 1982) For the three AE stain sensors, comparing the waveforms from 5
mm, 7mm and 18mm diameter PZT sensors, the waveforms fremrb diameter
sensor is closer to the theoretical one and it is much cleanesefsorwith larger
apertue, such as the ¥dm PZT sensor, the duration of the Rayleigh arrival gets
larger due to larger sensor size, which is also verified by theencal simulation
shown in Figure 4.9When the sensor size gets larger, this averaging effect will get
stronger ad the shape of the signal would also change. Furthermore, from the test
resul t, I tds seen that not only the wave
becomes more difficult to identify. Considering S arrival identification inufag:.8
as an examgpl , I t 6 s mu c mmhdiameterePZT diso sensa than Ghose for
the 5mm and mm PZT disc sensors. Thus to detect strain signal with high fidelity,
smaller sensor aperture is desirable. All the three sensors agree very well with each
other in terns of the general waveform shape and the arrival time of each wave
component. This confirms the suitability of using piezoelectric film strain sensor for

near field AE signal monitoring in ultrasonic frequency range.
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4.4 Signal Characteristics: Parametr8tudy

4.4.1 Source Location
To understand the signal characteristics of stnesgeinduced AE strain signals in
nearfield monitoring, a parametric study was carried out. The concerned parameters
are: depth of source locations (surface crack or buriezk)creracking types (tensile
crack or shear crack), sensor distance from the crack source and structural materials
(steel or aluminum). Two crack depth values (1 mm and 5 mm) and horizontal
projection distance (0.05 and 0.1 m) from the AE source to tisosare considered.
The values of material properties used in the parametric study are listed in Table 1.
All of the case studies are based on a buried fatigue crack with a crack volume of
1x10® m®and a source time function shown in E4.35. The AEstrain data are
sampled from elastodynamic soluticatsa sampling rate of 5 MHz.

Table 41. Material properties adopted for the parametric study

Poi s g Density Y o u n g 6 P-wave speeq S-wave speeq
Material ratio (kg/m®) modulus (GPa) (km/9) (km/s)
Steel 0.3 7850 200 5.8564 3.1304
Aluminum 0.33 2700 72 6.2857 3.1662
l nstead of studying individual second ord
component , a combination of sever al secon

function components are used to represent the crack mode, since real AE sources are
usually represented by a combination of se
1995). Among all possible AE sources, cracking is of most interest, such as fatigue

crack in metallic structure or smeared cracks in concrete structure. Particularly, two
common crack modes are chosen for parametric stilg tensile crack and shear

crack.
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In Figures4.10 to 4.13 sharp rise can be seen the AE strain signalin
general,the amplitude of Raleigwvave arrivalis much larger than RBrrival and S
wave arrival In some cases, the Raleiglave arrivaleven goes to infinitgif the
source lies on the surface and has an infinitesimal rise.tifitne) P arrival is larger
than the S arrival. Compared with Rrrival and Raleigharrival, the S arrival is
negligible

Additionally, in Figures 410 and 4.11 which hawe small crack source depth
value of zmm, it is seen that the Rayleigh waves become more dominant compared
with the P vaves when the AE sensor moves away from the source (from 0.05 m to
0.1m). In another word, P wave attenuates at a faster rate than the Raleigh wave. The
waveform of the Rayleigh arrival looks closer to a tbmest signal. The same
conclusion can be drawyy compariig the signals shown in Figures 4412d4.13 It
can also be seen that the AE signals generated by shear crack attenuate faster than the
signal generated by tensile type crack. In Figdrd$ and 4.13it is observed that
the peak value of thshear type crack signal is one order of magnitude lower when
the depth of thecrack source increases fralmm to 5mm However, the peak value
of the tensile type crack signal magnitude is nearly on the same order when the sensor
depth changesom 1mm to5mmas shown in Figures 4.10 and 4.12

By compaing the AE strain signals shown in Figes 4.10 to 4.13 it is
observedhat deper cracksource wuld have weakeAE signals.Furthermore the
signalattenuation with distandeecomes more apparemhen the cracksourcedepth
increaseslf the signal is expressed using the normalized timeabf its magnitude

would be inversely proportional to the source depth
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4.4.2 Comparison of Different Materials
Steel and aluminum are commonly usedterialsin civil engineering They are
di fferent i n Poissonods r atliusoThesendf¢rences a | den
would bereflecedin the signal waveformnlthisstudy, the simulation was based on
one of the previous casea buried tensile cracét a depth of Gmm. It is seenfrom
Figures4.14that theAE signalin steel has slightlylargea amplitudethanthe signal
in aluminum (the starting point of signals haveenshifted to the same point for
comparison) . Thatdos to say, a stronger si
This is especially significant for P arrival. Also, the elptime betweenthe P
arrival and Raleigh arrivain steel is shorter than that of the aluminum, which is

similar to the findingseportedfor displacement signal by Moon€1974)

4.5 Application of AE Strain Sensors

Crack induced AE signal is related torce couples/dipoles, which have certain

directions and usually can be predetermined in fecbased on engineering
experienceTo makesome useful suggestionsaboose the location for installire

strain sensordwo cases are consideresknsorinthecr ack ds propagati on
(e.g.stationA) and in the nor mal of ctatanBk 6s prop
Since differentcombinations oiGr e e n 6 s s ahdunmomeni tenseiare used for

tensile and shear cragkhe conclusion might deperah the crack type. In Figure

4.15 (a) it showsthe simulaed AE signalsdue totensile crack when AE strain
sensorareplaced athesetwo stations The signal astationA is significantly large

than the signals adtationB, th at 6 s , ptaang AEasirain sensor towards the

fatigue crack propagatiodirection would give stronger signals thusgher SNR
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valueHowever, i t 6 s aofippahehtensile csatkpwhigh wowddrmalee u t
the stations A and B have the same response as shown in Fiu(i® 4.

For shear crackthe conclusion might be differerffigure4.16(a)showsthe
simulaed AE signal for shear craclith crack surface parallel witk;- x, plane
(sensor surface plane). In this case, signals atlowationsare identical, which
mears there is no preference for AE sensor placement for in plane shear crack. For
out of plane shear crack (e.g. in plarexs), there do exist some significant
difference for differentocationsas shown in Figuré.16 (b) It can be seen that there
would ke no signal output if sensors are put at staBowhile at stationA good
measurementvith higher SNR valueould be made. According tihiss t udy , it os
suggestedhat putting AE strain sensors on the normal of tensile crack suidace

the plane of sha crack surface.

4.6 Conclusions

This chapterpresents thelastodynamic solutionsf stresswave inducedAE strain
signal in neaffield. Its signal characteristicare analyzedhrough moment tensor
wei ght ed Gr eleemgénsralifed exprdssifor strain signal is presented.
The theoretical formulatioro f Gr e e n Ofer thé surfacet strainndue to AE
source isderivedfrom the welle st abl i shed solution of the
space due to a Heaviside step force.
A formulation of AEst r ain sensord6s response to su
to provide the theoretical basis for the calibration of piezoelectric film AE sensors.

Compared with direction numerical solutions, this analytical formula is more accurate
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since it avoidsthe errorthat could be generatddom numerical differentiatiorof
displacemensignalswith respect to spatiabordinates.

To understand the signal characteristics of stnesseinduced AE strain
signals in neafield monitoring, a parametric study that investeyaghe effectsof
different materialssourcedeptls and crackingmodes areconducted These signal
characteristicsnclude the arrival time andistance attenuation relationstopthe P,
S and Raleigh wawe Sharp rise can be se@mthe AE strain signalin general, the
amplitude of Raleighvave arrivalis much larger than Brrivaland Swave arrival It
is also observedthat deper crack source would have weakerAE signals.
Furthermore the signal attenuation with distanckecomes more apparewhen tre
cracksourcedepth increasesn terms of different structural materiatbe AE strain

signal in steel haa slightlylarger amplitudéhanthe signalin aluminum.
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Figure 41 : Schemats of fracture mode: (a) shear crack mode; (b) tensile crack
mode

X1

Sensor

Figure 42: Schematics of AE strain sensor and crack source locations in a half space
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Figure 43: AE strain sensor calibration curve (aperture effect not considered):
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Figure 44. Comparison of strains from analytical result and numerical differentiation
of displacement: (agnalytical solution; (b) spatial derivation of displacement
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Figure 46: Experimental setup for AE signal calibration on steel block
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Figure 48: Comparison of experimental AE signals measimedifferent AE sensors
in glass capillary breaking test (a is the PZT sensor radius)
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Figure 49: SimulatedAE strain signals by sensors with different sensor diameters
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Figure 410: Comparison of surface AE strains due to tensile cracking simulated with
a buried step source at a depth @ohth in a half space: (a) distance = 0.05 m; (b)
distance = 0.1 m
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Figure 411: Comparison of surface AE strains due to shear cracking simulated with a
buried step source at a depth ehin in a half space: (a) distance = 0.05 m; (b)
distance = 0.1 m
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Figure 412: Comparison of surface AE strains due to tensile cracking simulated with
a buried step source at a depth @hB in a half spae (a) distance = 0.05 m; (b)
distance = 0.1 m
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Figure 413: Comparison of surface AE strains due to shear cracking simulated with a
buried step sourcd a depth of &nm in a half space: (a) distance = 0.05 m; (b)
distance = 0.1 m
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Figure 415. Comparison of AE strains at different measurement station due to tensile
cracking simulated with a buried step source at a deptimoh5in a half space: (a)
in plane crack; (b) out of plane crack
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Figure 416. Comparison of AE strains at different measurement station due to shear
cracking simulated with a buried step source at a deptimoh5in a half spacefa)
in plane crack; (b) out of plane crack
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Chapter 5: Acoustic lBissionSource localizationUsing
CoupledPiezoelectrid=ilm AE Sensors

5.1 Introduction

Acoustic emission (AE) techniques have been receiving growing popularity in use for
fatigue crack ranitoring on bridgege.g.,Holford et al, 2001; Kosnik, 2009; Roberts

and Talebzadeh, 2003; Yat al, 2011) AE consists of a propagating elastic wave
generated by a sudden release of energy within a material. The elastic wave generated
by structural damage propagates through tHel $0 the surface where it can be
detected by surface mount sensors. The AE sensor capturegdisthat contain
information about the damage source such as location, crack size, and etc. It is
possible to extract such information through a signal yaislof thosesignals
Knowing the AE source location will provide useful information such as crack
growth rate. Additionally, with the source location information, certain irrelevant AE
events can be excluded to enhance the accuracy of AE feature antbrmave
interpretation.

Piezoelectric materials have been used as sunf@eet sensors to measure
physical movement or strain by directly bonding or embedding piezoelectric thin
sheets onto the structure. Piezoelectric ceramics are perhaps the most popular
piezoelectric materials for sensing purpose. In particular, sensors made of
piezoelectric ceramic patches (e.g., PZT) have recently gained increasing popularities
for NDE applicationgsee, e.g.lhn and Chang, 2004; Pagk al., 2006)

Presently, there are two main approaches for source location: tiare\a

location (TOA) and single sensor modal analysis location (SSMAL). For the TOA
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method, wave speed information needs to be knovmmiai, and timefrequency
analysis has to be performed which involves determining the time of wave
propagation to oweome the dispersive nature of flexural wave modes and
uncertainty caused by noise. A constant wave speed is generally required in order to
determine the source position through triangulation. Moreover, the accuracy in
determining the time arrival is ciitl to the success of this method. This is especially
challenging when the first portion of the waveform is attenugfesla and Gorman,

1991)

The SSMAL method is also based on the time arrival difference between
different wave modes. In order to separate different wave components from the
measuredsignals the following methods have been propadsthe crossorrelation
method(Ziola and Gorman, 1991band pass filtering separati@daji and Satpathi,

1995 Holford et al, 2001)and wavele analysis(Ciampa and Meo, 2010 hese
techniques have beedeveloped to improve the arrival time measurement of
fundamental flexural mode gAwith AE instrumentation. Since the SSMAL method

is derived from the dispersive nature of Lamb waves, it is only suitable for thin plate
applications where the Lamb wave oce This method also requires constant wave
speed.

For this study, an energyased AE source localization technique is presented
which utilizes the phase difference in the measured AE signals of two piezoelectric
film strain sensors to determine the A@uisce direction angle. Based on the energy
spectral information, the AE source direction (azimuth) can be determined from the

troughfrequency values. The source location can be identified as the intersection of
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two converging lines such as the azimutleland structural geometrical conditions
(e.g., weld line) usually known a priori. For example, fatigue crack in metallic
structures usually initiates from weldments under high cyclic stress. Therefore, if the
AE source direction angle can be determinect &E source location can be
determined in conjunction with the geometry information of fatigue detail.

The proposed AE source localization technique is not based on the time
arrival information of the AE signals and the two fundamental factors goversing it
performance are the relative positions between the two coupled piezoelectric film
strain sensors and AE source. Since this localization procedure is basedronghe
frequency of the combined signal instead of time arrival difference, averaging of
mut i pl e AE signals6 frequency spectra can
Although the proposed method also requires constant wave speed, this should not
pose much problems for the following reasons: for surface AE sources on thick plates
(e.g., steel lates with a thickness greater than % inches), the Rayleigh wave arrival
usually dominates in energy spectra compared to other wave components such as P
and S wave arrivals. Secondly, the Rayleigh wave speed in isotropic half space is
constant and therefert can be used for constant wave speed of the traveling waves.
For thin plates, as the extensional mode has a constant wave speed in the frequency
range of interest (i.e., <1 MHz for AE monitoring), this method can also be used for

source localization deng as the extension part is recognizable.
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5.2TheoreticalFormulation

5.2.10perationPrincipal of Sensor @uple
Il t6s well known that phase cancell ation w
certain frequencies when surface waves pass underettsorswith finite sensing
element siz¢Greenspan, 1987This is called the aperture effectafsensor. When
two sensing elements are placed next to each other, phase cancellation would also
occur if the signals from these two sensing elements are combined. In this case, the
phase cancellation comes from the following two sources: the first scurte
aperture effect of each individual sensing element and the other is due to the spatial
separation of the two sensing elements. This AE source localization method proposed
here is based on the phase cancellation due to the spatial separation of two
piezoelectric film strain sensors. Since there are two sensing elements separated by a
fixed distance in this coupled AE sensor
coupledo hereto forth.

Figure5.1 shows the schematic of a sensor couple comprisedoo$awsing
dots and the coordinate system. The sensor couple has two local;axeb’,. The
direction angle (i.e., azimuth) of the source is denotefi(es., the angle betweety
and x axis). Without loss of generality, it is assumed that the center of the sensor
couple is located at the origin of the coordinate system, and AE source lies»en the
axis.

Any given frequency componemny of the AE sigral at the sensor can be

expressed as,

& Iy=A cos(, w+x) (5.1)
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WhereA, is the amplitude of given frequency compomentAssuming the AE source
is far enough, for any arbitrary point¥) within sensor dot #1, the strain on a narrow

stripewith a width ofdxis (Greenspan, 1987; Kinslet al, 1999)

dg( p=2a «(x x,)* dx Ads(,w k3 (52)

Wherek =2p f / ¢, cis the Rayleigh wave speedljs the radius of the sensing dbt;

is the Rayleigh wave frequency. The total strain over the whole sensing dot area can

be expressed as,

el w=f .e :_a;ﬁlzm,?\cos[i twkg K% x,)]d
=ﬁi;2m Afcos(mt k) cos[k(x  ¥;)]

- sin(ut o) sinfk(x %, )T} dx

=R 2/a7 (¢ ) Acostt ke )cosk(x ¥ ix
-'ri:):;z/az (X %,)° Asin(t kg, )sin[k(x  ¥;)] dx
(5.3)

The second integral in the above equation vanishes because the sinusoidal function is

an odd function Eq5(3) thus becomes,
a( W=, . 2/a -x x,) Acos(,w e, )cosk(x ¥;)ld
= A" 3 20D ost 4or,)

(5.4)
WhereA;' is a constant and} is the first order Bessealifiction of the first kind.

Similarly, for sensor dot #2, the total strain over its sensing area is,
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&( w=r¥ ze:_a;ﬁ zm Acos[ , twkg K% x,)]-d
:ﬁi Zm Afcost kx,)cos[k(x ¥5)]

- sin(ut 4op,)sinlk(x %,)]} dx

:ﬁ:zzzmpi\coswt k, )cosk(x ;)
i, 202 {x )t Asinert kgg)sin(k(x 7)) dx

(5.5)

The second integral in Ech.B) is zero. Thus, total strain on sensor dot #2 is,

e =M, . 2Ja’ -(x x,)° Acos(,w kg, )cosk(x ¥;)ld

=A' J( a)cos(m/t KX, )

(5.6)
Collectively, the combined strain signal in the sensor couple made up of the two

sensor dots is,

e( = .,e)uw, (g w

=A’ 1(ka) cosfut +x,) A Jl( é) cosit Kk, )
:A'Jlliaa) [cos(mt +x,) eos(m kx, )]

= A'Jlliza) [cos(wt)coskyx, ) - sin(ut )sinkx, ) +cosf )cokk, ) -sin( )éikx)]
Noting thatx, = X, (=dz— afcosg, the above equation is simplified into,

e W= 2A'% cosk% 4a)cos §ros( t1 (5.7)

Eqg. (5.7) describes the frequency response of the sensor couple which is governed by
two terms. The first is the aperture effect due to the finite size of each sensing dot

itself and the second term is related to the fact that the two sensing dots of this sens
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couple are spaced apart (this is called space phase shift effect hereto). Both terms

have zeros at certain frequencies, leading to troughs on the frequency response

curves. Here the troughs are the frequencies where the frequency response is zero.
From Eqg. (5.7), the space phashift-induced troughs can be determined

using the formula below,

P

ks(%+a)cosc7 - T (5.8)

wheren= 0, 1, k2Z2pfdc.fsia usdd to represent tiughfrequencies

caused B the space phase shift effect.

Solving Eq (5.8) yields

(5.9)

On the other hand, the apertwiectcaused troughs can be solved by lettinga)

term in Eq (5.7) equal to zero, which are listed below,
k,a=3.83,7.02,10.17. (5.10)
For which 3.83, 7.02, 10. 17¢é¢ are the zero
the first kind andk, =2p f, /c, heref, is used to represent theugh frequencies
caused by the aperture effect do¢he finite size of sensor area.
Solving Eq (5.10) vyields the firsttrough frequency caused by the aperture
effect as,

_38%

f, >pa (5.11)
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Eq. 6.9) reveals that the projection of the clear spacing between the two sensing dots
on the source direction ling(axis in Figures.1) determines the value @f It should

also be noted that the first two or three trough frequency values due to space phase
shift should be made smaller than the firsiugh frequency due to the aperture
effect, that isfsj<fa;, 1 =1, 2, so these two typestadughfrequencies would not be
mixed up in practice. This is generally true as long as the source directiedasg|

not close to 90° (thus the denominatoiEq. (5.9) is not near zero). To demonstrate

this, an example is given here in which a sensor couple with two identical sensing
dots positioned Hnm apart from center to center and each sensing dot has & radiu
of 2.5mm. For steel structures, a typical value for the Rayleigh wave speed is 2950
m/s, and the first trough on the frequency response curve caused by the aperture
effect is

_3.8% _ 3.83 2930

al 5 A9 kHz
2pa 2P 25310

The first trough caused by the space phase shiftbeacalculated below using Egn.

(5.9) (for illustration purpose]is assumed to be 45° here),

0.5 _ 2950 / 2

fy= - ¥04 kHz
2(d/2+a)cosp /4) 475310 +2.5 3D )

The second trough occurs at frequency 104 x 3 = 312 kHz, which is still smaller than
the one caused by the aperture effect. The second trough frequency is often very
useful and can be used alonghwihe first trough to further enhance the accuracy in
source localization, especially when the first trough does not show up for a number
possible reasons, e.g., the plate thicknessoislarge enough, or noise in lower

frequency range. This is particdlatrue when source lies on the axis»df. When
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the souce direction anglef gets larger and largefs also increases accordingly and

will eventually exceed the trough frequency due to the aperture effect. For example,

when the source lies on the axisxdf fs would become infinite, that is, space phase
shift-inducedtrough frequency would vanish for the sensor couple wher 90°.
Therefore, when using the sensor couple tc
that the first two or three frequency troughs caused by space-ghifisshould be

made smaller than the one sad by the aperture effect to avoid confusion and thus

error. This can be achieved by adjusting the clear spacing between the two sensing

dots and sensor dot radius, as well as orienting the sensor couple so the direction

angle is not close to 90°.

5.2.2 SensitivityAnalysis ofFrequencyChange tdirectionAngle
According to Eg. %.9), the space phashift causedrough frequencyfs of the AE
signal acquired by a sensor couple is characterized by a secant function of the source
direction angle. Since thgecant function is nonlinear, the variation of frequehcy
with d will not follow a linear relationship. In practical applications such as fatigue
crack monitoring, it is important to know the rate of changeomghfrequencyf due
to the direction arlg d change, tidd. This rate of change can be determined by
taking derivative of Eq.59) with respect tal as expressed in Ecp.12),

i:(0.5+n)cygnq
dg d+2a cos’qg

(5.12)

The change ratd f /isdptbtted in Figureés.2 for one cased = 12.7 mm,a = 3.175
mm. It can be seen that although the zero degree direction (i.e., alorg &xes)

yields the lowest trough frequency value, the rate of chanfe/ isdzéro atd =.0
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Therefore itds hard to detect thezewourceos
since thetrough frequency value changes very little. When the direction adgle
approaches 90°, the change rate goes to infinity. However, as stated in the previous
section, before reaching the direction angle of 90° tiinegh frequency due to the

aperture effect of single sensing dot would occur first and thus may be mixed up with

the trough frequencies due to space phase shift effect. Due to this potential
interference, the trough frequeneshitfs cause
effect cannot be used for source localization when the direction ahifegetting

close to 90°. Therefore it is suggested that when applying the sensor couple for source
localization using space phaskift inducedtrough frequency change, the direction

angle should be initially chosen somewhere in between 30° and 60°rdfuliya

arranging the sensor couple orientation. In practice, users often can determine the
possible source location ranges based on engineering experiences and calculations to

estimate most likely AE source locations.

5.3 ParametricSudy Using Elastodyramic Solution

5.3.1 StrainSignal from SurfacePulse
Surface pulse is a popular AE source in studying AE sensor characteristics. It can be
simulated by pencil lead break or glass capillary lmgekThe Rayleigh wave
generated by the surface pulse is dwamt in the stress wave received by the sensor
couple and its derivation from elastodynamic thasmyresentedn Chapter 4Under
surface pulse, the stragignalmeasured by piezoelectric fil&E sensor is expressed

in Eq. (4.31).
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The source functioB(t) for surface pulse force can be expressead &s.

(4.35), which is

dS(/ dt=sin‘ @t/ T), (0 <t J) (5.13
The rise timeT, is assumed to be 2s in this study based on thmeuimber given by
Ohtsu (1995)The sampling interval is 0s. The material othe half space is steel
with Poissonods ratkgolamfd 0Or.o3i,ngden snotdw | afs
which is given in Table 4.1The mesh size over the sensing dot area is 1/30 of its
diameter. The AE source is placed at the origin of the cooedgyatem while the
center of the sensor couple is locatedn®d and 56mm away from the AE source,
respectively. Two radius values of the sensor dots were considered in this study: 2.5
mm and 5mm. It is worth noting that in each case study both sensar lumte
identical radius value. The two sensor dots in the sensor couple are separated by a

centerto-center distance of 3m,m and 2@dmm respectively.

5.3.2 CaseStudy of Different SourceDirection Angles
Three cases & discussed below: 0° directioB0° degreedirection and arbitrary
direction which correspal to maximum space phashift, minimum space phase
shift and the one betweerhis discussion will shed some lights on how trough
frequencies are affect by space phsisift.

5.3.2.1CASE 1.q = 0degree(AE Source onAXis X'1)
Figure 5.3 shows the sensor couple response to stress waves due to a surface force

expressed in EqQn5(13. The appearance of the first and second trough frequencies

can be clearly seen in Figute3. Although the four casetwglies have different

05

combinations of parameter vadearspacdaml t er ms
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source distancry, theycan be grouped in to two sets in termgrofigh frequencies.

Thus the elastodynamic solutions confirm the theoreticaligren (given by Eqgn.

59)) t hat the ‘trough frequenci-ghgt isdue to
controlled by the centdo-center distance between the two sensing dots in the sensor
couple. Figureb.3 also shows the analytical curve (given by E&®)] represented

by Jix, which matches the elastodynamic results very well. This is very encouraging

after noting the fact that the analytical curve and the elastodynamic results are
obtained with independent methods.

5.3.2.2CASE 2:q = 90 degrees (ABource 0nAXis Xx5).
For the case where the AE source lies on @xiso space phasshift effect induced

troughs should be seen on the frequency spectrum of the sensor couple response. All

the trough frequencies seen in the frequency spectraaretiue®® si ngl e sensor
aperture effect, which can be expressed as the first order Bessel function of the first

kind as expressed in Eqrb.7). This theoretical prediction is also verified with the
elastodynamic results. Figusa4 shows the frequency speé r a of t he sensor
response to a surface force described by Ega3( Troughs are clearly seen in the

frequency spectra. However, they are due to the aperture effect of a single sensor dot

and matches the theoretical prediction curvgkal(ka) very well. No space phase

shift effect caused troughs are seen regardless of how far the sensor couple is located

from the source in this case.

5.3.23 CASE3: VariousDirectionAngleq
For the case where the AE soudmes nolie on eithemlaxisx'; or X', According to

Eqg. (5.9) 4 the trough frequencgin the frequency spectshould be only related to

the projection of the centéo-center distance (d+2a) on the direction of source to the
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center of the sensor coupl&his theoretical predictioms also verified with the
elastodynamic result§ heelastodynamicalculations are performed for the cases of
direction angle from O to 60 degrees wathincrement of 5 degrees. The identified
trough frequeaies are then compared with ttieeoretical pediction from Eq. (5.9)

and the result is plotted in Figure 5.5. It d@nseen that the elastodynamesults are
classified into two groups by the projected distance of (d+2a). Each group can be
predicted by theoretical values from Eq. (5.9) very wdllisTagain verifies that the
trough frequencies are only related to the projection of céoveenter distance

(d+2a) on the sourceds directions (direct.i

5.3.3 NoiseEffect

The proposed method could still yield acatroughfrequency results even in the
presence of strong noise since sensor noise usually does not exhibit the space phase
shift effect. Moreover, multiple AE data sets can be averaged in the frequency
spectrum to cancel out noise, as demonstratecgur®d.7. In Figure5.6, a Gaussian

white noise was superimposed onto the original AE signal shown in Bdu(ease

of A50mm al&mmoS)mm udnrer i cal | y. N@noiseyratic i gnal s
(SNR) of 10 and 20 dB were examined. Figure shows theAE signal with added
Gaussian white noise of SNR equal to 10 dB along with the original signal and their
corresponding frequency spectra are shown in Fi§ure Looking at the original

signal and the noisy signal, the arrival time of the surface walartsto recognize

for the case of 0B SNR. However, in the frequency domain, tfteighfrequency

can still be clearly identified.

78



When the noise level further increasiesughfrequency might become harder
to identify because of noise contaminatiothaligh an average of multiple sets of
data in frequency domain can be easily done to solve this problem. The average of
three sets of noisy data with SNR equal to 10dB is also shown in Fgur&he
result is closer to the signal without any noise. FBrsignals with even higher level
of noise, accurate result can be achieved with more data to average. It should be noted
that averaging can be done in frequency domain even if they are different type of AE
signals as long as they originate from the sameséditce point. In applications such
as fatigue crack monitoring, propagation of the crack is generally very slow compared
to AE signal duration (on the order of milliseconds). Therefore, many AE signals can
be collected that could be considered emanatioig the same AE source location.
Averaging of these data in the frequency domain could thus enhance the accuracy of
AE source localization.

As the trough frequency identification is performed in frequency domain, the
AE signal duration is a very importasince it is inversely proportional to the
frequency resolution. Longer record will give smaller resolution thus would deliver
more accurate results of the frequency identification. However longer signals might
introducenoise contents and make the trodiggguency unable to be identified. This

is especially true when the signal amplitude is small.

5.4 ExperimentalMalidation

54.1PZT Disc based®ensorCouple
A sensor couple system comprised of two PZT discs (i.e., sensor dots) is adopted for

the experirental setup, as shown in Figuse8. Each PZT sensor dot has a diameter
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of 5>mm and a thickness of OrBm. The fundamental resonance frequency of the
PZT disc is 445 kHz. The PZT material is RBA. The two sensor dots are separated
apart at a distance @8-mm from center to center. Pencil lead break on a large steel
block is employed to generate a step fqi$ause, 2011)which generates a surface
stress wave signal having a wideband frequency spectrum on the half space. This

study thus adopted pencil lead break to simulate wickB&nhsource.

Figure5.8shows a closep view of the sensor couple that is mounted on a the
surface of a 100 mm thick steel block that measures 500 mm by 500 mm in its plane.
A signal conditioning unit that consists of a-dB preamplifier and a bangas
filter with 5 to 600 kHz pass band was connected to the sensor couple and a high
speed data acquisition system (National Instruments model #5HXB). The
sampling rate used in this experimental study was 10 MHz. A series of-pera
tests were cafucted25mm and50 mm away from the center of the sensor couple
system with a variety of direction angles: 0°, 10°, 20°, 30°, 40°, 50° and 60°.

As an example, Figurb.9 shows the signal measured by the sensor couple
and its corresponding frequency spectrwhen the penclbreak source is located at a
direction angel of 60° from the sensor couple center. The troughs in the frequency
spectrum shown in Figurg9b) can be fairly easily identified. After examining the
frequency spectrum, three troughs aemitfied which corresponds to the=0, 1, and
3 respectively (as given by Eqrb.g)). The three trough frequencies in Fig9(b)
are identified as 154.1 kHz, 47blz and 770.4 kHz respectively. As the Rayleigh
wave speed has been determined to be 28/&and the source is located 50 mm

away from the sensor couplebdbs center, t
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would be 151 kHz according to EgB.g) ,the second trough would locate at 453 kHz

and the third would be 755 kHz. There are sosneall discrepancies between
experimental values and theoretical predictions, which might be due to the error of
measurement of the sensor and source positions. For the experimental data itself, the
three frequency troughs are related to each other wittearlrelationship. Generally,

this agrees well with the experimental result shown in FigL®).

Figure5.10shows the frequency spectrum of signal from the coupled sensor
system along with that of each individual senscquired when the source is3ft°
direction. For the signal measured by each sensor dot, the frequency spectrum of the
AE signal is expected to have no space phase shift effect caused troughs up to the
upper cutoff frequency (at 600 kHz) of the signal conditioning unit. This matches
with the experimental test shown in FiguselO The troughs on the frequency
spectrum of the sensor couple are prominent when comparing these three curves. For
example, the sensor couple signal has a clear trough at the frequedityiokHz
while both ofthe two individual sensors have a flat frequency spectrum near this
frequency range. The only reason for this frequency trough occurrence is the space
phase shift effect of the two sensors, so do the trough8%abkHz, 439.1 kHzand
631.7 kHz. These the troughs could be predicted theoretically and correspond to the
1%, 2™ 3%9and 4" troughs given in Eqn5(9). It is worth noting that even though the
frequency spectra are not flat here, the trough frequencies can still be identified
without much dficulty. This demonstrates that the requirement of flat frequency
spectrum is unnecessary as |l ong as the sig

over the sensor coupleds operating frequen
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5.4.2 Comparisorwith Analytical Results al/arousAngles
Figure5.11 shows the trough frequencies identified from experimental data for pencil
lead breakgesource located at various angles for the PZT disc based sensor couple
system. The sensor couple has the same configuration as that giverian 4ekt
The pencil lead break tests were condu@®&dnm and 56im away from the sensor
coupl eds center Dbut widrdertodeddcé therneiseteffed,i r e c t i
results from six tests for each source direction have been averaged toegenerat
smooth frequency spectrum from which the trough frequencies can be identified with
ease. The theoretical prediction results from E&®)(are also included in Figure
5.11 for comparison purpose. It can be seen that the theoretical predictions and
experimental results agree very well with each other. This again demonstrates the
validity of this source | ocalSillzttmttheon met h
trough frequencys changes very slowly with the direction andlevhend is close to
0. Thetrough frequencies identified from experimental data at source direction 0° and
10° can be hardly differentiated. Therefore, it is difficult to narrow down the
increment in the source direction when the direction angle is very small. When the
direction antg gets larger, the trough frequency changes more rapidly and as such the
source direction can be identified more accurately. This is clearly seen in &itjlire

It is worth noting that although the above formulation is derived for stress
wave induced sain, the same methodology can be equally well applied to other type
of AE sensors such as those commercially available AE sensors based on out of
displacement measurements. This has been verified in this experimental study, but

due to space limit, the nals are not included in thshapter
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5.6 Conclusions

This chapter presents a new concept of energy based AE source localization
technique, which is based on the phase shift of AE signals between the two sensing
elements in the coupled AE sensor syst&imce this approach is conducted in
frequency domain and it does not rely on arrival time difference, it could still exhibit
good performance for AE signals with low SNR through averaging multiple records.
Once the direction (azimuth) is identified, thecdton of AE source can be
determined as the intersection of two converging lines such as the azimuth line and
geometrical conditions (e.g., weld line) usually known a priori. From analytical
derivation, it is seen that the key parameters are only reiatéte source direction

and the distance between the centers of two sensing elements in the coupled AE
sensor system,

To demonstrate the technique, a series of numerical simulation for a Heaviside
force on the surface of half space are carried out. Tlaviklde force is known to
generate a wideband AE source. To experimentally validate this technique, pencil
lead break tests on a large steel block were also conducted. It is seen that the
theoretical predictions and experimental results agree very walleaith other. This
agreement is also verified with the real data from field monitoring of an existing
fatigue crack on a steel bridge girder. These demonstrate the validity of this source
localization method. Although broadband AE signals with flat frequespectra
would make the localization technique easy to use, this is not required as long as the

frequency contents are spread over the
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This study also investigates the sensitivity of sensor couple. It is suggested
that for pratical application the azimuth angle range is determined to be from 30° to
60° for best accuracy. The characteristic of AE signals may affect the performance of
the coupled AE sensor system in locating AE source. Single wave component is
required to ensur¢he accuracy of the localization technique. When the source is
close to or on the surface, Rayleigh wave arrival usually has much larger amplitude
than other components and thus dominates the waveform, consequently good

performance can be achieved.
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Chapter 6: AE Signal Monitoring on Fatigue Test Specimens

6.1 AE Monitoring on Welded Tubular Joints

6.1.1Review of Fayue Crack Monitoring on Tubular Structures
Tubular structures have become increasingly popular for economic and aesthetic
reasons, yet member deterioration datigue crackingof connections is often
reported. Fatigue and fracture are at the root of ri@ne 80% of the failures in steel
structures. Circular hollow sections (CHS) are frequently used in structures subjected
to fatigue loading such as cranes, sign support structures, wind turbine supports and
offshore structures. These sections are genecaliyected by direct welding of the
sections to each other. Brittle failures (e.g., structural collapse) subsequent to fatigue
induced fracture in the past have been observed in tubular steel structures, mainly
because specific details have a lower fatigegstance than foreseen at design stage.
One structure type receiving significant attention is the overhead welded highway
sign support truss (both full span and cantilevered)sji2eel et al, 2006) Many of
thes structures contain CHS members and connections that employ circumferential
fillet welds. There have been many recent reports of cracking in these structures in
the vicinity of the welded connectiofBexter andRicker, 2002) Figure 6.1 shows a
downed sign support structures that crashed a car passing by.

Application of tubular elements in welded lattice structures possesses several
advantages, the main among them being low weight characteristics, reachgdoowin
optimum geometric characteristics of sections and reduction of external loadings on

the structure. The realization of these advantages requires the evaluation of the
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strength in joints of the connections which are the most critical places in theirstruc
Fatigue failures typically begin at high stress concentration locations at weld
terminations of specific structural details such as stiffeners, joints, brackets, due to the
presence of secondary stresses or out of plane bending. Welded tubulacamtdies
various stress concentrations, both by the welding process itself and by geometric
discontinuities. Obviously, this situation reduces the fatigue strength in a decisive
manner. In addition, the stresses reach high peak values near to the wdldhtoe o
joints. The fatigue performance of welded tubular connections is also of particular
importance for the safety of tubular steel structures regularly subjected to repeating
loading such as tower cranes and wind turbine support structures. Crane auspone
experience a spectrum of stresses while operating. Several recent crane accidents in
the USA, have demonstrated the criticality of fatigue crack monitoring of cranes and
developingan effective strategy for fatigue remaining life updating and schegulin
maintenance. A fracture critical member is a tension member or the tension region of
a component whose failure would be expected to result in collapse of the crane or
trolley, or dropping the load. To maintain acceptable reliability, the crane needs
periodic inspection and repair of fracture critical member or hot spot areas at
connections.

The integrity of structural components in welded tubular steel structures is
affected by damage due to fatigue, corrosion, and accidental impact, among which
fatigue cack is the major causes for abrupt structural collapse without early warning.
Damage may reduce the residual strength of the structure below what is needed to

carry the service loads. Primary method for structural condition assessment is
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gualitative basedn visual observations. The quality of the inspection and condition
rating input i s subjective (visual i nspect
delayed due to inspection cycles (every two years or even longer). Differences
between theoreticallgalculated and observed life prediction may differ by an order

of magnitude Therefore through modern online structural health monitoring (SHM)
techniques, the length of fatigue cracks can be measured continuously in structures,
and automated online updeag of fatigue reliability assessment can be realized.
Having detected flaws, the updated tiwsiation in fatigue reliability can be
obtained through updating the fatigue failure models, then maintenance including
corrective actions can be taken to preveervice failures. Structural safety can be
maintained by continuous monitoring, optimized maintenance scheduling and timely
repair action. Piezoelectric film AE sensor (specifically piezoelectric paint film AE
sensor) conforms well to curved surface &aese of its flexibility- making it very
promising for use on tubular steel structures, for which conventional sensors are ill
equipped to do. This study will explore the use of piezoelectric paint film AE sensor

for continuous monitoring of fatigue cragkowth in welded tubular joints.

6.1.2FatigueTest of Welded Tubular Specimens

6.1.2.1Details of Test Specimens
AE monitoring of fatigue crack growth in three identical fsdlale test specimens is

conducted. The test specimens were fabricated in acumrdaith the masarm-to-

flange plate connection design for signal support structures in Maryland. The full
scale test specimens were fabricated by Millerbernd Manufacturing Co. These
specimens are labeled as WTJ4 to WTJ6 for later reference. The spasimen

comprised of two componentsa tapered seawelded steel tube made of ASTM
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A572 steel and a traverse plate made of ASTM A36 steel. The steel tube is inserted
into the transverse plate and welded together using fillet weld. The transverse plate is
a re¢angular plate measuring 0.4572(t8 incheg x 0.3048 m(12 incheg x 0.0508

m (2 inches. The t ube 6an(3feeh § tager ratesof 010 BLH/n40.14
inchegfoot) for the diameteris applied, which leads to a variation of external
diameter tpering from 0.254 (10 in) to 0.236 m(9.3 in) at its open end. The
thickness of the tube wall is 6.8%m (1/4 incheg along the tube. The transverse plate

of the test specimen is anchored to the reaction frame with bolts. The test specimen
and fatigue tst setup is shown in Figure g4, 2013)

6.1.2.2FatigueLoading andCrack Monitoring
MTS sevo-hydraulic loading system (dynamic 244.31 linear hydraulic actuator and

FlexTest GT controller) was used to apply cyclic loading to the test specimen. Cyclic
load with constant amplitude (load range from 0.1 kips to 6 kips) is applied vertically
at thefree end of the specimen with the seoamtrolled hydraulic actuator. However,
test of WTJ6 used a different loading scheme in order to apply a-beaking
method for fatigue growth marking which employs an alternating loading scheme
with two differentload ranges. The loading frequency in this test is set to be 1.5 Hz.
When the test specimen was close to the end of its fatigue life, loading frequency was
reduced 1 Hz and then 0.1 Hz to maintain a constant load range amplitude applied to
the specimen.

Two types of data are acquired during the fatigue test: surface crack length
(only for three specimens WTJ4 toWTJ6) and strains at specified locations (for all 6
specimens). For strain measurement, metal foil strain gauges (Vishay mo@ét EA

125ACG-350 and R-06-250BF350) were used. Each test specimen has ten strain
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gauges, which are connected to the data acquisition system (Pacific Instruments 6000,
strain gage card 6038) using cables.

In order to measure the crack length, a printed tape measure-mith dnall
tick marks was bonded to the test specimen along the circumference weld. For crack
monitoring and sizing, a digital microscope (model AM7013MZTS polarizing
microscope) is used. Typically, a magnification factor of 50 is sufficient to see the
fatigue cack. In this test, larger magnification is not possible because of blocked
view by the 90 degree angle between the transverse plate and the tube at the weld toe,
which makes it impossible to get the smaller view depth required for higher
magnification fator. The detection and size measurement of fatigue cracks using the
digital microscope depends on crack opening displacement under cyclic loading.
Once the crack opening width is large enough to be identified in microscope image,
the crack is detected.

6.12.3Instrumentation for AE Monitoring
As seen in Figures 6.3 to 6.5, six piezoelectric film AE sensors were installed near the

circumferential weld. These sensors are evenly spaced at 1 inch from center to center.
The sensors are also aligned in both ldmitudinal and circumferential directions.
The piezoelectric film AE sensors withpolyimide substrate film afgonded to the
test specimen surface using super glue. The piezoelectric paint discchraalar
shapewith 0 di amet er . Aetectria filnd AEt senson \eak instailed ¥20
inches away from the weld toe as shown in Figure 6.4 and is used as a guard sensor to
watch for any AE sources outside the weld toe area.

A 40-dB gain preamplifier was used to amplify the voltage signal from the

piezoelectric paint AE sensor and a second oRidterworth band pass filter was
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used with a pass band from 5 to 600 kHz. THe Bng coaxial cables (Belden 8240
coax, RG-58A/U Type, 20 AWG solid 0.033" bare copper conductand BNC
connectors were uséd connect the piezoelectric film AE sensors and corresponding
preamplifiers. 15t. long shielded coaxial cables (PCB Piezotronics model # 002,
with white Teflon jacket) are used for connecting the preamplifier to adpghd

data acquisition system (Nanal Instruments model # PGILO5 installed on an
emachinél desktop computer). In general, the cable between the sensor and the
preamplifier should be kept as short as possible since the raw signal coming out from
the sensor is very weak and would beHar weakened if the cable is too long. In this
experiment, the lengths of the cables connecting sensors and amplifiers were all the
same and were less than 2 meters.

The highspeed data acquisition system (National Instruments model # PCI
5105) has a sartipg speed up to 60 MS&and was used to monitor the AE signals
generated by fatigue crack development in the welded tubular joint specimen. In this
experiment, a sampling rate of 5 MHz was used, since &ss filter with a cutoff
frequency of 600 kHz as used in theignal conditioningircuit.

A Labview-based software program was developed for continuous AE data
collection with triggering. Once AE signaxceedsthe preset threshaldhe AE
signalswould becapturedandstored on the computer hardwdriand the monitoring
system is reset automatically for next AE signal triggering. In order to prevent
excessive amount of AE data, a threshold level for triggering AE signal data
acquisition is set to be 35 mV in this test. This threshold level has #aljbseted

based on ambient noise level and noise floor of the sensor for different applications.
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In the late stage of fatigue tests, the crack propagated further away from its
initiation region (generally at the intersection of circumferential weld anth sesid
at the top spot of the tube). In order to capture the AE signals (typically low
amplitude) associated with crack propagation, the trigger channel was changed to the
sensor closer to the crack tip. In the test of WTJ4, since the trigger sensoioaatis
the top of the specimen, the trigger sensor was not changed during the test. The
reason to choose sensor a2 for triggering wasstagor a0 (which is made of PZT
5A) had a lot of false triggering as reported in Figure 6.6. In the test of specimen
WTJ5, the trigger sensor was changed from sensor a0 to sensor a4 at load cycle
numberN = 373,643 cycles. In the test of specimen WTJ6, the trigger channel was
switched from sensor a0 to sensor a4 at load cycle nudwb&50,000 cycles.

As stated earlielpiezoelectric paint AE sensors are relatively flexible and can
be bonded to curved surface without damaging the sensor. This poses a significant
advantage compared with PBR based piezoelectric flm AE sensors which are
brittle and very easy to break @i pressing against curved surface at installation on
t h e -dianQeter steel tube. Figure 6.6 shows a signal collected by alBZ based
AE sensor (labeled as a0 in Figure 6.3) due to imperfect bonding between the sensor
substrate film and curved steeirface during cyclic loading of specimen WTJ4. It is
also seen in Figure 6.6 that the piezogle@aint AE sensors (labeled a2 am@l in
Figure 6. 3) di dnot have this probl em. The
specimens WTJ5 and WTJ6, Pdisc based piezoelectric flm AE sensors were
dropped. The following discussidametei s | i mi |

piezoelectric paint disc based piezoelectric film AE sensors.
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Figure 6.7(a) shows the measured fatigue crack growth curves of the thre

welded tubular joint specimens. The corresponding stress intensity factors for these
crack growth curves amdughly estimated tachangefrom 10 MPa@/m for the first

several data points to 3aPa@/mat the end otrack growth curve. Figure 1)
shows the cumulative AE hits versus crack length for all three specimens.

Figures 6.8a) to 6.1@a) show the variation of cumulative AE hits and crack
length with load cycles. AE hits is defined as the detection and nesasot of an
AE signal on a channéASTM, 2005)It is seen in these figures that AE activities
usually are quite active during certain time window followed by a calm period and
this activecalm cycle repeats again. This phenomenon is also reported by iothers
the fatigue tests, such as fatigue test of compact tension sped¢ivueesal, 2011)

This can also be seen from the dd/dersus load cycle graph shown in Figures

6.8(b), 6.9b) and 6.1Q(b). The general trend in these curves is that AE activities

become more intensive as crack growth rate increases. It is also seen that
piezoelectric paint AE sensors didnot pick
length due to its lower seitigity. When the test specimens get near their fatigue

lives, more AE signals were triggered, mostly due to friction rubbing of the two sides

of the fracture surface.

As shown in Figure 6.8 (b) and Figure 6.9 (b), the AE hits rate was
approximate 1 atthe at er st age for both speci mens WT
every load cycle had generated an AE event. Based on the observation during the
fatigue tests, AE signals were triggered when a friction sound could be heard at the

same ti me. T haulat of isignéls were elue itoefricod. This was also
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further confirmed after examination of the friction rubbing marks shown in Figure
6.11. Both specimens WTJ4 and WTJ5 have very obvious friction rubbing marks.
However, for specimen WTJ6, the surfacefagly clean and there is no friction

rubbing mark, which should be the reason for why there were much less friction

signals in specimen WTJ6.

6.1.3Simulated AE Test on Welded Tubular Specimens
Pencil lead break and hammer impact (PCB Piezotronics inty@ewcimer model #
086D05 with a medium hardness tip, hammer
used to generate simul at ed Tha Enpasthhammeres on
test was controlled by hitting from a fixed distance, 1 inch in this casthasat
would be repeatable and the results are comparable while pencil lead break is done
using a fixture. Typical signals collected by piezoelectric paint AE sensor al on
specimen WTJ5 due to simulated AE sources 1.5 inches away from the sensor are
shown in Figure 6.12. It can be seen that the hammer impact induced AE signal has a
longerperiod pulse than that due to pencil lead break.

Figure 6.13 shows the averaged frequency spectrum of ten AE signals induced
by simulated AE source. It is seen thatrgyeof the AE signal induced by hammer
impact is concentrated to lower frequency range at several kHz. However, for the
pencil lead break test, the AE energy can go up to several hundred kHz, although
strong energy content is also seen in the lower fraryuemge. Pencleadbreak test
data can be used to examine time of arrivals in the piezoelectric film AE sensors as

well as attenuation and filtering effect by the steel tube.
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Figure 6.14 shows the signals collected by piezoelectric paint AE sensor a0 on
speci men WTJ5 when the pencil | ead break v
from the weld toe (i.e., 1.5606, 4.50,7.50606
Attenuation of signal amplitude is seen when the simulated AE source (i.e., pencil
lead break) is moving away from the AE sensor. The attenuation rate is lower for
larger distance between the AE source and sensor, that is to say, the attenuation
bet ween 30 and 60 is much | arger than tha
with the resuk reported in Chaptér Thus significant attenuation should be expected
in the guard sensor if the AE source is originating from the weld toe. This provides an
alternative way to identify any noise from the actuator loading head direction in

addition tothe time of arrivals method.

6.1.4AE Signal Analysis
For specimen WTJ5, all piezoelectric paint AE sensors were installed on the
specimen at load cycle number N=277,139. After sensor installation, 120,000
additional load cycles were applied to the tesicgspen before the specimen failed.

At its failure, the specimen had very large crack and was no longer able to carry the
constant load range).

Figures 6.15 20 show some typical AE signals as well as their frequency
spectra at various loading cycles. Trakisignals shown in Figure 6.17 as an example,
close examination suggests that the AE source should be very close to sensor a0,
since all the other sensors did not have any response and signal in sensor a0 is also

very weak. It is noted that since sensOris used for triggering, other AE events
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might occur near other sensors but were too weak to trigger sensor a0 due to wave
attenuation.

If the AE signals are triggered by friction rubbing of the fracture surfaces, the
number of cumulative AE hits woulddrease linearly with the load cycles so that the
AE hits rate is the same as the loading rate. This phenomenon was also observed
during the test. Sensors picked up signals when crack front was appro&igung.

6.21 shows such AE signals caused by frikn r ubbi ng on the fati gl
surfaces. These AE signals all have a very strong low frequency component, as
evidenced by their frequency spectra &my period pulses in FigureZ2.

Most of the AE events at this stage were due to thednatubbing of the
fracture surface although some AE signals were still caused by fatigue crack growth.
Although friction induced AE signals dominated this stage, AE signals with high
frequency components were seen mixed with those friction signals, stieh signal
shown in Figure &0. This highfrequency signal is likely to be caused by fatigue
crack growth after comparing with the fatigue crack induced AE signals obtained in
this test shown in Figures 6.23 to 6.28.

Using the time of arrivals informatiofrom the AE signals to analyze a
sample AE signal with higher frequency contents as shown in Figuretbe2igsult
is shown in Figure 6.29 antlis very clear that the AE signal is different from the
friction signal shown in Figure 6.21. Mostly likelyt 6 s due to a | arge e
event associated with fatigue crack growth because of its higher frequency contents in
comparison with friction induced AE signals. Additionally it can be seen that AE

signals arrived at sensor #a0 and sensor #al asatheosame time, and arrived later
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at other sensors. Il tds clearly seen that
at sensor #a0, #a2, #a4 and #a5 with almost a fixed time delay. This means the signals
must initiate from the south side crack froBy comparing with the signal in the

guard sensor a6, the possibility of noise from actuator loading is also eliminated since
the stress wave has the latest arrival time and strong attenuation in its amplitude was
observed. Therefore it is concluded ttias AE event is very likely due to the fatigue

crack growth. For this type of AE signals, energy is concentrated up to one hundred
kHz and it gradually rolls down after that. This is also consistent with the wave
propagation in relatively thin tube wdthickness = 6.4 mm) which will filter out the
frequency contents at several hundred kHz.

Although specimens WTJ4 and WTJ5 have different fatigue life values, they
have similar AE hits characteristics as shown in Figure 6.7. Calm periods were
observed orboth of the cumulative AE hits curves. Similar types of signals were
obtained from both tests. For example, Figures 6.31 and 6.32 are AE signals acquired
by piezoelectric paint AE sensors during fatigue test of specimen WTJ4. These AE
signals are similaiotthose shown in Figures 6.17 and 6.19 respectively.

Figure 6.33 shows a series of frictionduced signals acquired at six time
points (load cycle numbers): 520k, 540k, 550k, 560k, 570k and 575k cycles
respectively. These frictiemduced AE signals ardifferent from those presented in
Figure 6.21, probably because there are some difference (both geometry and location)
in the friction rubbing marks over the fracture surfaces. For the friction induced AE

signals from specimen WTJ4, they were changing thighioading cycles, e.g. fatigue
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i fe, while the friction induced AE signal

over the time (some amplituddange but no waveform shape change).

Close to the end of the fatigue life, at load cycle number N= 575k, bo
amplitudes and phases of the AE signals in sensor a2 and sensor a3 became the same
in specimenWTJ4. This could only happen whéme AE source was far away from
both sensors, and thus the distances to both sensors were very close and the AE
signals of loth sensors would have almost the same time of arrivals and signal
amplitude. At this point, the fracture surface at the locatiesr sensor a2 could not
close therefore it is assured that no friction rubbing or crack surface pounding
occurred at this nmaent. For these friction induced AE signals, their energy is usually
concentrated in lower frequency range. This is confirmed by Figure 6.34, which
displays the frequency spectra of the AE signal shown in Figure 6.33riGten-
inducedsignals also hava relatively low frequency contents as reported before. This
characteristic is different from that of a fatigue crack growth induced AE signal.
Thus, from the frequency characteristics, it might be possible to tell whether an AE
signal is due to fatiguerack growth or notHowever, for specimen WTJ6, as there is
no friction observed during the tests, much fewer signals were acquired compared
with the tests of specimens WTJ4 and WTBigure 6.35 presents a signal obtained
during the tests of specimen WTJ6is similar to the one shown in Figure 6.30,
especially for the overriding higlequency signal component. This is also further

confirmedby the frequencgpectrashown in Figure 6.36.
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6.2 AE Monitoring on Welded Plate

6.2.1 Test Setup and Loading Pedure
In order to experimentally verify the sensor couple based AE source localization
method in steel plate, two specimens comprised -ofch thick steel plate with
welded stiffener are fabricated and cyclically loaded to generate fatigue crack near the

tip of welded stiffener. The test specimen is comprised of four ASTM A36 steel

pl at es: 10 thick plate, 10 thick Il ongitu
Stiffeners ar-ehwek dpdate wihteh 1%/ 1606 fill et
specimen dimensions ahown in Figure 6.37 The 10 plate is consi

enough for Rayleigh wave to develop in the plate so that the sensor couple theory for
AE source |l ocalization is applicable. The
neutal axis of the inverted-§ ect i on i s | otchaiteld mli @the n( @ .h&5
its top surface).

A picture of the fatigue test setup including the specimen and loading head of
the servehydraulicactuator is shown in Figure 6.38he specimen is ahored to a
loading frame with two steel plate and bolts. The specimen is cyclically loaded as a
cantilever beam with a load range of 0.26 to 2.76 kips at a loading frequency of 1.5
Hz. For strain measurement, metal foil strain gauges (Vishay mod@6HEAR5AC-
350) were used. Each test specimen has three strain gauges, labeled as SG1 to SG3
for easy reference. The instrumentation plan for thensgrauges is shown in Figure
6.39 (c). The measured stress ranges (for SG1, SG2, and SG3 respectively)
corresponohg to the abovenentioned load range are (sign convention adopted here

is: positive value for tension, negativeluwa for compression): SG1= [15€, 880
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me], SG2=F70 ne, -190 ne], and SG3=[140ne, 860 ne]. The weld toe at the
discontinued stiffener loti@an has the largest tensilegeds along the weld line and it
also has an abrupt change in geometry leading to stress concentration. This is also
evidenced by the fatigue crack initiation observed in thedtion, as shown in Figure

6.41

6.2.2 Instrumatation for AE Monitoring
A total of six AE sensors are installed on the test specimen, including three
piezoelectric film AE sensors made ofrin diameter PZHBA disc, one piezoelectric
film AE s e n sdametenpiezbelectdcfpairit disc and tvasrsnercial AE
sensors (Dunegan Engineering model # SE4@0DMbroadband & sensor with a
sensitivity of D00 V/imm if used with &20-dB preamplifier). Figure 6.3B) shows the
location of these sensors. The piezoelectric film AE sensors measurefdlamen
strain while the two commercial AE sensors measure thefeuiane displacement.
All piezoelectric film AE sensors were used with ad® gain amplifier and a 5 kHz
to 600 kHz bandgass filter. The commercial AE sensors have adROgain
preamplifier. Similar to the piezoelectric film AE sensors used for the fatigue
monitoring of tubular joint specimens, all piezoelectric AE film sensors have
polyimide backing film for ease of installation.

The PZTF5A disc has a circular aperture of 5 mm while the piestgt paint
disc has a diameter of 12.7 mm @)2Although the outer diameter of the SE10410
sensor was measured as 20 mm @sdperture is 1.5 mm according to data sheet
supplied by the manufacturer. Two of the piezoelectric film AE sensors m&deTof

5A disc (sensors labeled as a0 and al) were bonded to the steel plate and their
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location are shown in Figure3® (b). Sensor a0 and al are 25 mm and 40 mm away
from the weld tip respectively. The third piezoelectric film AE sensor made of PZT
5A disc(labeled as sensor a2) was bonded 60 mm away from sensor a0 and served as
guard sensor to eliminate any AE signals from sources outside of the area of interest.
The two commercial AE sensors (labeled as sensors a4 and a5, as shown in
Figure 639(b)) wereinstalled on the other side of the longitudinal stiffener. Sensors
a5 and a6 were aligned to the same line with sensors a0 and al. A thin layer of
Vaseline was used as couplant between the SER08@nsor and the steel plate for
good AE signal transmissio The SE100HI sensor is mounted with a-shape
magnet mounting fixture. Since the SE1@880sensors respond to the loading noise
at low frequency range, they were not used for triggering. For piezoelectric film AE
sensors, they are used with a bgadsfilter and are thus immune to the low
frequency loading noise, and can be used for triggering. In this test, sensor a0, which
is closer to the weld tip, was used for triggering. The AE signal acquisition used the
same Labview program for the tubular joispecimen test and the same data

acquisition hardware was used.

6.2.3Simulated AE Test on Welded Tubular Specimens
As a standard way to simulate AE source, pencil lead break test was performed on
Specimen #2 at the weld toe where the fatigue crack wstssken (for detailed
location of the weld toe, see Figure4®. Typical AE signals due to pencil lead
break are shown in Figure42. It can be seen that piezoelectric film AE sensors (a0,

al and a2) have a larger amplitude than sensors SEHIO@E and a5), while both
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types of AE sensors have their signal amplitudes greater than that of the piezoelectric
paint AE sensor (a3).

Figure 6.43shows a zoomeith view of theAE signals shown in Figure 6.42
ltds seen that di f f e difeerent signal gharacteristics. FOE s e n s ¢
the same type of sensors, the signal characteristics (waveform, frequency content) are
similar. As pencil lead break generates an out of plane pulse force, it is similar to the
tensile force at the fatigue crack. Thasnilar waveforms should be expected for the
fatigue induced AE signal from this test. This provides another way to verify that the
AE source is due to fatigue cracking.

Figure 644 shows the frequency spectra of the data shown in Figd2e 6. | t 6 s
seen hat most of energy of the AE signals induced by pencil lead break goes up to
several hundred kHz in piezoelectric film AE sensors, no matter it is made eBRZT
or piezoelectric paint. For commercial AE sensors, the energy is spread towards lower
frequeng range although high frequency content is also visible.

For reference purpose, ambient background noise measured by piezoelectric
film AE sensors was also studied. Fifty records were collected and Fig&rsh®ws
measured ambient background noise (atigtie loading applied at measurement).
The frequency spectra of ambient background noise are also presented in Bigure 6.
which was obtained by averaging 50 recardgequency domain It can be seen that

the commercial AE sensors have a lower ndsar f

6.2.4 Analysis AE Signals Collected in this Fatigue Test

Specimen#1 was used for training and AE monitoring process adjustment purpose.

Both specimens are subjected to the same cyclic loading range. Fatigue crack growth

107



pattern for specimen#l is showun Figure 640. Fatigue crack was first seen at load
cycle numbeN = 39,000 cycles in specimen#1.

Fatigue crack in specimen #2 was first seen at the same location as
specimen#l at load cycle numhie=170,000 cycles. A closep view of the fatigue
crackin specimen#2 is shown in Figure 6.4ifis noted that the picture was taken at
load cycle numbeN= 182, 000 <cycl es, so the crack
fatigue crack is a tensile type which is also confirmed by strain measurement data.

Figure 647 shows typical AE signals captured by the six AE sensors after
fatigue crack was seen in specimen#2. The waveform of the AE signals captured by
the three piezoelectric film AE sensors made of BATdiscs is similar to those AE
signals acquired fro fatigue test by other research@rg., Berkovits and Fang, 1995;

Yu et al, 2011) The corresponding frequency spectra are shownguwr& 648. It is

seen that the energy distribution of the AE signals acquired by sensor a0, al and a2 is
fairly strong up to several hundred kHz, which is similar to the power spectra of
fatigue induced AE signals obtained in the tubular joint testsagrsim Figures 6.23

to 6.38.

Due to the lower sensitivity of sensor a3 made of piezoelectric paint (about
1/30 of the PZI5A sensitivity), its signal does not show any visible AE waveform at
this stage because the fatigue crack is still small and thespomding stress intensity
factor value (estimated to be in the range of 1 Mlila@/ﬁw) is considered too low
for the piezoelectric paint based AE sensor to respond.

The AE signals collected by the two commercial AE sensors ah%hade

also shown in Figure 6.4() and (f). However, the signals shown in the figure are
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already filtered with a higipass filter (cubff frequency = 25 kHz) because the
loading noise dominates the original unfiltered signals. Compared frequencyaspectr
with signals from sensors based on PZT, their energy spread over the entire frequency
range, which behaviors like white noise. This is due to weak signal energy and the
signal frequency contents are immersed in the noise.

A zoomedin view of the AE signalss presented in Figure 49. Clearly,
different sensor signals exhibit different values of Rayleigh wave time of arrivals.
This suggests that these AE signals are not EMI noise. Close examination of the time
of the Rayleigh wave arrivals reveals that sess® and a4 has the earliest arrival,
while sensors al and a5 have a delayed arrival time compared with sensors a0 and a4.
The guard sensor a2 has the latest arrival time becauses filaced furthest away
from the fatigue crack. According to the abowve al ysi s of ti me of a
believed that the acquired AE signals are associated with the fatigue crack at the weld
tip.

Looking at the AE signals acquired by sensd¥saad altheir time arrivals
are clearly different and the difference in Raytewgave arrival time is approximately
4.8 ns. Using typical Rayleigh wave speed value 2950 m/s in steel, the distance
between these twesensors can be calculated as IMr. This value is very close to
the actual centeio-center distance of the twaensorswhich was set to be 15mm
This further confirms that the AE source is located at the weld tip shown in Figure
641 However, ités more difficult to deter m

signals acquired bthe two SE1000HI sensors due to tiraveak amplitude
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With the high frequency contents (from 100 to 400 kHz) of the AE signal and
1 dghick plate (thick enough for Rayleigh wave development), the proposed sensor
couple theory might be used for AE source localization. According to the sensor
couple theory, the AE signals acquired by sensors a0 and al are combined and its
frequency spectrum is shown in Figur&@®.It can be seen clearly thidere are three
troughs: 100.9 kHz, 277.6 kHz and 504i8z. Actually these three troughs on the
frequency spectrum are the first three predicted values of the space phase shift
induced trough frequency. The theoretical prediction of the first trough frequency is

given below,

f=C = 290 oo aphy

° 2%, 23158%10°

wherec is the Rayleigh wave speexh; is the centeto center distance between the

two piezoelectric film AE sensors a0 and al. Similarly, the second and third trough
frequencies are predicted to be 295 kHz and 491 kHz. The experimental results are
found to agree well with these theoretical predictions smyall error (less thaé% in

error).

Naturally, the sensor couple theory can also be tried on the AE signals
acquired by the two commercial AE sensors a4 and a5. Figure 6.51 shows the
frequencyspectrum of the combined sigradlsensors a4 and a5, on whithe trough
frequencies can also be seen. The trough frequency values predicted from the sensor
couple theory are 74 kHz, 221 kHz and 369 kHz respectitAgwever, only the first
trough frequency could be determiniedm the experimental resultahich is 73.53

kHz. The experimental resuihatches the theoretical predictions at the first trough
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frequency. The reason for missing the other two trough frequasdias weak signal
amplitude of the commercial AE sensaesulting in lack of energy in highgguency
range, which is clearly seen from their spectra as shown in Figure 6.51. Thus, the
second and third trough frequencies become invisitite. smaller amplitude due to
lower sensor sensitivity leads to lower SNR value and in worst case it might even
become not possible to see any frequency troughs.

According to the above analysis, the feasibility of using the piezoelectric AE
film sensor and commercial AE sensor for AE source localization based on the sensor
couple theory has been demonstrated onlthRihick plate with fatigue crack. The
theoretical prediction by the sensor couple theory agrees with the results using the

time of arrivals method.

6.3 Conclusions

The feasibility of using piezoelectric film AE sensor for continuous fatigue crack
monitoting during fatigue test of steel test specimens in the lab has been
demonstratedPiezoelectric film AE sensor made of piezo paint was found to be
especially sudble for fatigue crack monitoring on tubular structudele to fis
flexibility. It canavoid nase introduced by imperfect bonding, which was seen for
PZT based sensor.

AE signals due to different source mechanisms were identified, including
fatigue crack propagation and friction rubbing of the fatigue crack suifaced s f ound
that even on the samtype of structure, friction induced AE signals can be very
different from each other. However, all the friction induced AE signals were

significantly different from those induced by fatigue crack propagation. Looking at
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the frequency spectra, it can beers thathe friction induced signalkad relatively
low frequency contentsvhile the fatigue crack induced AE signals lay in higher
frequency range. ThiBequency characteristimight beusedto tell whether an AE
signal is due to fatigue crack growthraot

Through the AE hits analysis, it was foutitht AE activities usuallyvere
quite active during certain time window followed by a calm peraad this active
calm cycle repeat again This phenomenon is consistent with the fatigue tests
results repded by other researchers. Also from the AE hits rate, it can be seen that
AE hits rate wagqual tooneat the later stage for both specimens WTJ4 and WTJ5
This indicates a lot of AE signals were due to friction.

For the welded plate specimen, Fatigueckranduced AE signals were also
collected. This waprovedby the delay of the time iavals in the sensor array arftet
agreement betweatetected source locati@md theobseved fatiguecrack tipduring
the testThe pencil lead break test at the crémtation, which generatissimilar force
to the tensile stress that inzkd fatigue crack in this test, also confirmed that some of
the acquired AE signals were associated with fatigue crack growth.

The sensor couple theory for AE source localizatmeserted in Chapter 5
was experimentally verifiedusing the data acquired frothe fatigue test of the
welded plate for both piezoelectric film AE sensor and commercial AE sensor. The
localization results match that of the conventional Time of Arrival methodieder,
due to the smaller tube wall thickness of the tubular joint specimen and its curved
surface, the sensor couple bas& source localization method cannot be verified

using AE data from the tubular joint specimens.
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Figure 61: Car crushed by down signal support structures due to fasguddsy of
late R. Dexter, University of Minnesota)

Figure 62: Fatigue test setup for welded tubular joint test specimen

113



Figure 63: Piezoelectric film AE sensors (big disc is pielsxtricpaint disc and
small disc is PZI5A disc) installed near the circumferential weld of the tubular joint
specimen (Specimen WTJ4)

Figure 64: Piezoeletric film AE sensors (big disc is pieglectricpaint disc and no
PZT-5A disc was used) installed near the circumferential weld on the tubular joint
specimen (Specimen WTJ5)
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Figure 65: Piezoelectric film AE sensorsifodisc is piezelectricpaint disc and no
PZT-5A disc was used) installed near the circumferential weld on the tubular joint
specimen (Specimen WTJ6)
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Figure 66: Signal from PZT5A disc based piezoelectric film AE senglabeled a0
in Figure 6.3) on specimen WTJ4, due to flawed bonding layer between the sensor
film and curved steel surface (a2 and a3 are piezoelectric paint AE sensors)
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Figure 6.7: (a) see next page for caption
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Figure 67: (a) Fatigue crack growth curves of three tubular joint specimens WTJ4,
WTJ5 and WTJ6; (b) cumulative AE hits versus fatigue crack leythE hits rate
versus fatigue crack length
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Figure 68: Test spcimen WTJ4: (agumulative AE hits and crack length
versus load cycles; (b) AE hits rate and crack growth rate da/dN along versus
load cycles
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Figure 69: Test specimen WTJ5: (ajimulative AE hits and crack lergversus load
cycles; (b) AE hits rate and crack growth rate da/dN along versus load cycles
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Figure 610: Test specimen WTJ6: (a)imulative AE hits and crack length versus
load cycles; (b) AE hits rate and crackgtb rate da/dN along versus load cycles
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Figure 6.11: (a), (b) see next page for caption
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(b)
Figure 611: Fracture surface of fatigue test specimens: (a) friction rubbing marks in
WTJ4; (b) friction riobing marks in WTJ5; (c) no friction rubbing marks in WTJ6
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Figure 612 Typical AE signals acquired by piezoelectric paint AE sensor (labsled
al in Figure 6.4) due to simulated AE source locateatB away from the sensor on
specimen WTJ6: (a) hammer impagt) pencil lead break
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Figure 613: Averaged frequency spectra of AE signals acquired by piezoelectric
paint AE sensor (labeled as al in Figure 6.4) due to simulated AE source located 3
inch away from the sensor on specimen WTJ6: (a) hammer impact; (b) pencil lead

break
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Figure 614: AE signals acquired by piezoelectric paint AE sensor (labeled a0 in
Figure 6.4) due to simulated AE source (pencil lead break) with varying distances
from the sensan longitudinal direction
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Figure 615: AE signals in piezoelectric paint AE sensors acquired at load cycle
number =309,269 cycles on specimen WTJ5
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Figure 616. Frequency spectra of AE signals presented in Figure 6.15
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Figure 617: AE signals in piezoelectric paint AE sensors acquired at load cycle
numberN =327,359 cycles on specimen WTJ5
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Figure 618. Frequency spectra of AE signals presented in Figure 6.17
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Figure 619: AE signals in piezoelectric paint AE sensors acquired at load cycle
numbem =346,337cycles on specimen WTJ5
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Figure 620: Frequency spectra of AE signals presented in Figure 6.19
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Figure 621: AE signals in piezoelectric paint AE sensors acquired at load cycle
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Figure 622: Frequency spectra of AE signals presented in Figure 6.21
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Figure 623: AE signals in piezoelectric paint AE sensors acquired at load cycle
numbem =374,679 cycles on specimen WTJ5
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Figure 624 Frequency spectra of AE signals presented in Figure 6.23
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Figure 625. AE signals in piezoelectric paint AE sensors acquired at load cycle
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numberN =374731 cycles on specimen WTJ5
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Figure 626. Frequency spectra of AE signals presented in Figure 6.25
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Figure 627. AE signals in piezoelectric paint AE sensors acquired at load cycle
numberN =386,775 cycles on specimen WTJ5
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Figure 628. Frequency spectra of AE signals presented in Figure 6.27
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