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ABSTRACT

Cost-effective and rdiable damage detection is critical for the utilization of composte
materias.  This thess presents the conclusons of an andyticd and experimenta survey of
candidate methods for in-dtu damage detection in compodte materids. Finite dement results
are presented for the gpplication of modd andyss and Lamb wave techniques to quasi-isotropic
graphite/epoxy test specimens containing representetive damege. These results were then
verified experimentaly by usng piezodectric paiches as actuators and sensors for both sets of
experiments. The passve modd andyss method was rdigble for detecting smdl amounts of
globa damage in a smple composite structures. By comparison, the active Lamb wave method
was sendtive to al types of loca damage present between the sensor and actuator, provided
useful information about damage presence and severity, and presents the possibility of estimating
damage type and location. Andogous experiments were aso performed for more complex built-
up dructures such as sandwich beams, diffened plates and composite cylinders.  These
techniques have proven auitable for structura hedth monitoring gpplications since they can be
goplied with low power conformable sensors and can provide useful information about the Sate
of a dructure during operation. Piezodectric patches could also be used as multipurpose sensors
to test usng a vaiety of methods such as moda andyss Lamb wave, acoudic emisson and
dran based methods smultaneoudy by dtering driving frequencies and sampling rates.
Guiddines and recommendations drawn from this research are presented to assst in the design
of a dructurd hedth monitoring sysem for a vehicle, and provides a detailed example of a SHM
sysem architecture.  These systems will be an important component in future designs of air and
Spacecraft to increase the feagbility of their missons.

Thess Supervisor: S. Mark Spearing
Title Associate Professor of Aeronautics and Astronautics
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CHAPTER 1

INTRODUCTION

Structurd Hedth Monitoring (SHM) has been defined in the literature as the “acquistion,
vaidation and andyss of technicd daa to fadlitate life-cycle management decisons” [1] More
generdly, SHM denotes a system with the ability to detect and interpret adverse “changes’ in a
dructure in order to improve reiability and reduce life-cycle costs. The most fundamenta
chdlenge in desgning a SHM sysem is knowing what “changes’ to look for and how to identify
them. The characteridics of damage in a particular dtructure plays a key role in defining the
architecture of the SHM sysem. The resulting “changes” or damage signature, will dictate the
type of sensors that are required, which in-turn determines the requirements for the rest of the
components in the system.

The present research project focuses on the relationship between various sensors and their
ability to detect “changes’ in a materia or dructure's behavior. Dozens of sensor types have
been cited throughout the literature such as opticd fibers, ressive foil gauges and shape
memory dloys, which detect damage through a vaiety of technigues—some more effectively
than others. Piezodectric sensors have become of particular interest in this thess due to ther
versdility, conformability, low power consumption and high bandwidth. Severd of these
sensors and sensing methods will be described in detail in future chapters.

Of dl the broad applications for SHM, currently the aerospace industry has one of the

highest payoffs snce damage can lead to catastrophic (and expensive) falures, and the vehicles
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involved undergo regular codtly ingpections. Currently 27% of an average arcraft's life cycle
cod, both for commercid and military vehides, is soent on ingpection and repair; a figure that
excludes the opportunity cost associated with the time the arcraft is grounded for scheduled
mantenance [2]. These commercid and military vehicles are increesingly usng composte
materids to take advantage of ther excelent specific drength and siffness properties, fatigue
performance, as wel their ability to reduce radar cross-section and “part-count”. However,
composite materids present chalenges for desgn, manufacturing, maintenance and repair over
metdlic pats dnce they tend to fal by digributed and interacting damage modes [3, 4].
Furthermore, damage detection in composites is more difficult than in metalic structures due to
the anisotropy of the materid, the conductivity of the fibers the insulating properties of the
matrix, and the fact that much of the damage often occurs beneeth the top surface of the laminate
and is therefore not readily detectable (the threshold of detectablity is often termed barely visble
impact damage, or BVID). Currently successful composte non-destructive testing (NDT)
techniques for small laboratory specimens, such as X-radiographic detection (penetrant enhanced
X-ray) and hydro-ultrasonics (C-scan), are imprecticd for in service ingpection of large
components and integrated vehicles. Ingpection specifications for in-service composite airframes
are published by the FAA, however the lised methods such as eddy-current and sngle-sided
ultrasound are expendve, time-consuming and can be unreiable when agpplied to composites by
comparison to techniques used for metas. It is clear that new reiable approaches for damage
detection in composites need to be developed to ensure that the tota cost of ownership of critica
structures does not become a limiting factor for their use.

This thess explores the use of piezodectric sensors as a means to detect common forms

of damage in graphite/epoxy composite dructures. Andyticd procedures were used to predict
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the effectiveness of various teting methods, and to help design and optimize appropriate testing
procedures. Subsequently, these experiments were performed commencing a the narrow coupon
levd and building up through representaive sructurd dements.  The two primary damage
detection methods explored in the present research were frequency response methods and Lamb
wave techniques. Frequency response methods rely on loss in giffness in a dructure causing a
noticesble shift in the naturd frequencies and a corresponding change in the norma mode
shapes. These methods are easly gpplied and fairly sendtive to damage, however they are often
more practicd in deecting globd loss of diffness than locdizing the degraded region.
Conversdly, Lamb waves, which are a traveling dadtic perturbation, can detect smdl regions of
locad damage by obsarving the wave speed changing due to differences in diffness in the
damaged zone. The disadvantage of Lamb wave methods is tha they require an active driving
mechanism to propagate the waves. Acoudic emisson and drain-based methods are aso
consdered during the course of this work. The overdl god of this project is to create andytica
tools and procedures that are vaidated by experimentation, in order to make knowledgeable
decisons in desgning a reiable SHM sysdem for composte Sructures using piezodectric
Sensors.

Chapter 2 of this thess discusses the history of damage detection in structures, assesses
current FAA dandard detection practices, and continues to explan the motivations behind
incorporating a dructura hedth monitoring sysem into a vehide  In Chepter 3, the
fundamentals of frequency response methods are described, and andyticd, computational and
experimental results are presented for the application of these techniques to graphite/epoxy
composite laminates.  Similarly, Chapter 4 focuses on Lamb wave methods, introducing their

derivation, finite dement solutions and experimentd results on smple coupons and built up
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dructures. Both of these chapters discuss the role of their respective methods in future designs
for dructurd hedth monitoring sysems. Chepter 5 presents two other means of detecting
damage via piezodectric sensors, and describes experiments performed during the current
research with acoudtic emisson and srain monitoring methods using PZT piezoceramic sensors.
The cumulative knowledge generated by the previous chapters is then connected in Chapter 6,
which discusses the components of a dructura hedth monitoring system, and then makes
recommendations and provides trade dudies to asss in desgning a successful in-Stu damage
detection sysem. Findly Chapter 7 provides a summary of the work peformed, dong with

recommendations for future work in developing SHM systems for composite structures.
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Chapter 2

BACKGROUND

This chapter presents a survey of damage detection methods for composite materids.
Composite materials ae ganing acceptance and demand in severa commercid markets
including sporting goods, condruction and transportation. For many of these gpplications
however, such as arcraft, without a reliable damage detection approach, the total cost of
ownership may become a limiting factor for the dructurés use.  Severa non-destructive
evauation techniques are compared on the basis of ther strengths and wesknesses for in-service
tesing of composte materids. Current ingpection regulations and practices for composte
components in commercid arcraft are aso presented. This chapter concludes with a discusson
of the mativations behind implementing a sructurd hedth monitoring system, and background

for various applications presented in the literature.

2.1  Non-Destructive Evaluation (NDE) in Composite M aterials

There are seveard inherent difficulties in detecting damage in compodte maerids as
opposed to traditiona engineering materids such as metas or plagtics. One reason is due to its
inhomogeneity and anisotropy; most metas and plagtics are formed by one type of uniformly
isotropic materid with very wel known properties. Laminated composite materials on the other

hand can have a widdy varying set of materid properties based on the chosen fibers, matrix and
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manufacturing process.  This makes modding compostes complex, and often nonlinear.
Another obstacle to many detection techniques is the fact that composites are often a mix
between materids with widdy differing properties, such as a very good conducting fiber in an
inulating matrix. A lagt difficulty is that damage in compodte materids often occurs beow the
aurface, which further prevents the implementation of severa detection methods.  The
importance of damage detection for composte dtructures is often accentuated over that of
metalic or plagic structures because of their load bearing requirements. Typicaly unreinforced
plagics are not used in load criticadl members, since their properties are predictable and are
usudly smple and inexpensve to manufacture, they are often designed to be replacesble safe-
life pats Smilaly, meds ae generdly wedl understood and easy to modd, thus they are
frequently designed using damage tolerant methodologies. The behavior of composite materia
on the other hand is much less wel understood, and an unexpected failure of the composte part
could prove catastrophic to a vehide. These materids are 4ill often used in many dructures
however, mogdly for gpplications where high specific drength and diffness are required.
Therefore, the development of reliable damage detection methods is criticd to maintan the
integrity of these vehides  The following sections provide descriptions of various non
destructive techniques that have been developed for the detection of damage in composte

materids|[5).

211 Visual inspection methods

Perhgps the most naturd form of evauating composte materids is by visud ingpection
[6]. Severd variants of this method exis a various levels of sophigtication from the use of a

datic optical or scanning electron microscope to optica examination by eye over the sructure.
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While microscopy can be a useful method to obtain detalled information such as micro-crack
counting or delamination area, it can only be used in the laboratory snce a section must be
removed from the larger structure.  Visud ingpection of a vehicle is perhaps the smplest and
leest expensve method described in this section, however often damage in composite materias
occurs below the surface, s0 it is not easy to identify by the unasssted eye. Also, the eye done
can determine little detaill about the damage mechaniam or its severity. While this method can
potentidly provide some useful data for damage detection, on a large-scale structure this process

would prove inefficient and ineffective.

2.1.2 X-radiography methods

X-radiographic techniques rely on recording the difference in x-ray absorption rates
through the surface of a dructure.  These methods can be implemented in red-time digitdly, or
by teking datic radiographs, whereas areas of different permegbility or dendty are differentiated
by the magnitude of x-ray exposure to the media on the opposite sde of the surface after a
predetermined excitation time. To accentuate damaged regions with cracks or delamination,
often a liquid penatrant is gpplied to the area to be examined. While these techniques are
rddively inexpendgve and dmple to implement and interpret, they require large and codtly
equipment that is difficult to use on large dructurd components without removing them from the
vehide. The greatest chdlenge to usng x-radiography in a vehicle gpplication however, is that
al of these methods require access to both sides of the surface in order to emit and collect the X-

ray radiation, which is often not practica.
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2.1.3 Strain gauge methods

Strain gauge methods are perhaps currently the most common way to monitor damage in
composite materias on in-service vehicles [7]. A voltage applied across a foil gauge is capable
of measuring drain by the change in resstance due to deformation. These devices are rdatively
gmdl, lignt and inexpensive meking them smple to implement, and ther results are essly
interpreted. They are cgpable of monitoring locad drain to detect time-history overloads and
deformations. A disadvantage to this technique is that the results from a sngle gauge can only
cover a smdl area of the surface accurately, so a large quantity of them would be necessary to
monitor an entire vehicle, yidding a complex sysem with many wires In order to avoid this

Situation the gauges can only be placed in afew sdlect predicted problem areas.

2.1.4 Optical fiber methods

In order to cover more area on a structure for strain measurement, another technique that
has evolved is the use of embedded smal-diameter optica fibers, which can be multiplexed to
record measurements over large regions [8]. A comprehensive collection of distributed optical
fiber sengng can be found in a review aticle by Rogers [9]. In usng this method of detection,
pulses of polarized laser light are tranamitted dong an opticd fiber, and gratings are placed in
various locations to reflect a portion of the light a a certain wavelength. By recording the time
of flight of the beam, the length of that segment of fiber can be easly deduced; if a drain has
been gpplied to that segment of fiber, the time of flight would change. Active aress of research
in opticd fiber techniques incdlude anayticd modeing of the fibers for predictive purposes,

experimentaly determining the effects of the finite diameters of these fibers and the
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manufacturing issues of producing smdl diameer fiber and bonding opticd fibers into
composite materias and sandwich dructures [10-16]. Opponents of optica fiber methods claim
that there is a large shear-lag effect due to the cdladding, coaing and adhesion layers surrounding
the opticad core that makes it impossble to take accurate measurements, and furthermore that
these fibers introduce week points in a laminate as potentid crack and ddamination initiation
dgtes [17]. Regardless, opticd fibers are ill widdy used for large civil dructure gpplications

snce they can be easlly multiplexed over long distance[14].

2.1.5 Ultrasonic methods

Another commonly implemented NDE technique is ultrasonic testing, most often referred
to as A, B and C-stans. These tests are usudly conducted with two coupled water-jet heads
moving in tandem on ether gde of the specimen surface, sending ultrasonic waves through the
water stream on one side, and collecting the transmitted acoustic waves on the oppodte sde. An
A-scan refers to a single point measurement of dengity, a B.scan measures these variations aong
a gngle line, and a Gscan is a collection of Bscans forming a surface contour plot. The Gscan
has been common practice in the aerogpace industry since the introduction of composite parts to
this field, since its results are widdy understood and can be used to scan a large area of sructure
in a redively short time period. Typicdly water is used as a couplant, however newer non
contact techniques have been atempted that use ar as a couplant, which have not been able to
achieve as accurate results. Beyond the size and cost of the equipment, there aso is the problem
that access is required to both sides of the structure, so parts must often be disassembled for
teding. Sngle-Sded ultrasonic reflective methods are in development to remedy this problem,

however the qudity of their resultsis till not acceptable for ingpection purposes.
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2.1.6 Eddy current methods

The use of eddy-currents is another vauable drain-based technique for metdlic
dructures.  These methods are the second most commonly used for in-service vehicle ingpection
next to ultrasonic methods.  Eddy currents methods function by detecting changes in
electromagnetic impedance due to srain in the material [18]. Much work has been recently done
a MIT, ENTEK Sensors Inc., and Generd Dynamics in this fied, senang strains and cracks in
short specimens and around holes with conformable sensors.  This fidd is not as mature for
composte materids as it is for metads however, due to the insulative properties of the epoxy
matrix [19-26]. Eddy-current methods are often used because they are smple to implement and
do not require much equipment, however their disadvantage is they require large amounts of
power and that the data they produce is among the most complicated to interpret, and the

andysis involves solutions of an eaborate inverse problem to deduce the presence of damage.

2.1.7 Vibration-based methods

Mogt vibration-based damage detection techniques for composite materids have focused
on moda response. Structures can be excited by ambient energy, an externa shaker, or
embedded actuators, and the dynamic response is then recorded. Embedded strain gauges or
accelerometers can be used to caculate the resonant frequencies. Changes in norma modes can
be corrdated with loss of diffness in a dructure, and usudly andyticd modds or response-
higory tables are used to predict the corresponding location of damage. These methods are

implemented eesly within exiding infrastructure of a vehicle & a low codt, however the data
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they produce can be complicated to interpret. This technique holds much potentid for NDE
within composite materias, and will be presented in further depth in Chapter 3.  Another popular
vibration measurement technique in composites is acoudtic emisson (AE). Changes in materid
properties can be deduced using resonant beam sensors, accelerometers, piezoelectrics, or
microphones to record energy being released by matrix cracking or fibers fracturing [27, 28].
This method has the advantage of being able to use an array of multiple sensors to triangulate the
location of damage by the sgnd time of flight [29]. Recent advances in this fied include the
devdlopment of micro-electro-mechanical sysems (MEMS) technology to manufacture
extremey smal, inexpensive, conformable and accurate AE sensors that are embeddable in
composite materids [30-32]. Again, the data from this method can be complicated to interpret,
but holds much potentidly useful information for the deection of damage in composte
materidds.  Acoudtic emisson techniques employing piezodectric sensors will be discussed
further in Chapter 5.

Active variants of vibration methods exist that use embedded or surface mounted actuators
to excite a dructure ultrasonicaly to produce various types of dastic waves which propagate
over large distances, and complementary embedded sensors to detect reflected and transmitted
waves [33]. Examples of these include Rayleigh waves in tick structures, shear (SH) waves and
Lamb waves. Lamb waves have been found to be particularly effective in detecting the presence
and location of damage in compodste maerids, with dl the same advantages of the previoudy
mentioned vibration techniques of smdl and lightweight sensors, as well as the disadvantage of
complicated results. The use of Lamb wave methods and the interpretation of their data will be

explored in Chapter 4 of thisthesis[34].
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2.1.8 Other methods

Another technique that has been investigated for NDE is the concept of “smart-tagged”
compostes. Udng this method, ether the matrix of the composte materid is magneticaly
doped to measure the induced electro-magnetic fidd due to deformation, or dternativey the
resstance of the fibers can be measured [35]. This technique is chdlenging to implement and
interpret, and thus is currently not very wel understood. A creative method that has been
developed for mechanicdly-fastened joints, is the “smart-bolt” concept, which uses phase-
changing bolts to create a magnetic fied in regions that have been overloaded [36]. Severd
vaiants of this method are under development at various companies and universties that use
surface mounted magnetodtrictive and magnetoelagtic sensor to measure over-stresses and strains
in composite materids [37-40]. Still, there are severd other more exotic methods that are being
explored, which use creative means such as triboluminescent materids that give off light when
they are strained, measure the resstance of thermoplagtic films, and use opticd surface reflection
techniques [41-46]. All of these techniques have exhibited much potentid for detecting specific
types of damage in composite materias, however none of them are mature enough to be used for
ingpection currently. Mogt likdy a combination of severd types of the methods described in this
section would have to be usad to cepture arbitrary forms of damage successfully in composite

materids, expounding on both their strength and wesknesses.

2.2  Current Ingpection Regulations and Practices

There are saverd documents issued by the Federd Aviation Adminidration (FAA) that

regulate how arcraft may be design and inspected. The FAR 25 ligs the acceptable engineering
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design criteria for the damage tolerant design of an arcraft, which will be discussed further in
the SHM motivation section [47]. The Code of Federd Regulations (CFR) Title 14 Part 145
requires that dl maintenance be performed using methods prescribed by Advisory Circular (AC)
43.13-1B [48]. The cetified techniques include visud ingpection, liquid penetrant ingpection,
magnetic  particle inspection, eddy current inspection, ultrasonic ingpection, radiography,
acougtic emisson, and thermography. For each of these methods, a ction is written in the AC
that specifies the accepted procedure for each of these methods, adong with detailed diagrams,
checkliss and reporting formats. For each cetified commercid arcraft, an Aircraft
Maintenance Manual (AMM) is created by the manufacturer in conjunction with the FAA CFR
Title 14 Part 39 that lists each component to be inspected, the inspection intervd, the type of
damage to be concerned about, and the suggested methods to be used for the ingpection.

One example is the arworthiness directive for the Boeing modd 747 series arplanes, 14-
CFR-39-9807. It specifies an ingpection to detect disbonding, corroson or cracking on a specific
fusdage skin pand to be peformed prior to the accumulation of 2,000 tota flight cycles usng
liquid penetrant, magnetic particle or eddy current inspection techniques, and then repeated
ingoections every subsequent 150 flight cycles [48]. Similar ingructions can be found in this
extensve document for each component to be ingpected in that family of arcraft, often grouping
pats tha have the same requirements For most composite components in commercid
goplications, currently only visud ingpections are required. The arcraft is designed to be able to
survive with any invisble damege, and there is a condition that such damage not grow over the
period of two ingpection intervals as determined by an ingrumented coin tgp test. For the
planned Airbus A3XX, it has been reported in the literature that the design service god is 24,000

flignts, with genera visud ingpections every 24 months, and a detailled tear-down ingpection for
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crack and corroson via ultrasonic and eddy current techniques every 6,000 flights after the firgt
12,000 flights [49]. While an A3XX under traditiond practice would not undergo a thorough
ingoection in the firg hdf of its expected life, one usng a SHM sysem would be congantly
monitored without interruption of service. This would enable the operator to discover premature
damage that could potentidly lead to failure, which may have been overlooked during a visud
ingoection. It could aso reduce the lifecycle cost by dlowing the vehicle to safdly exceed its
origind desgn life  While there is currently no specific provison in any of the published
directives for a structurd hedth monitoring system, one could be implemented under the current
regulations since it gill could use the same sensng methods such as ultrasonic or eddy current-
based methods, the SHM sysem would just monitor the vehicle more frequerily.  Other

moativations for implementing a SHM system will be presented in the following section.

2.3  Structural Health Monitoring

Structurd  hedth monitoring essentidly involves the embedding of an NDE sysem (or a
st of NDE systems) into a structure to  alow continuous remote monitoring for damage. There
ae sverd advantages to usng a SHM system over traditiond ingpection cycles, which are
presented in the following motivation section. A vaiety of SHM sysems have been
implemented in many indudries, ranging from industrid machinery to spacecraft. Some of these
gysems are executed in-Stu, such as with rotor bearings on gas turbine generators which are
congtantly monitored for changes in their characterigic frequencies, and others collect data for
post-operation processng such as with black boxes on commercid arplanes. As companies
drive to lower their operationd cogts, many of these SHM systems have been developed for use

on paticular sysems. Severa universties and research inditutes have aso attempted to devise

24



drategies for generic SHM systems for a wide range of gpplications. This section dso provides

an account of currently implemented SHM systems that are described in the literature.

2.3.1 Motivationsfor SHM

Structurd  hedth monitoring is an emerging technology lending to the devdopment of
sysdems cgpable of continuoudy monitoring  Sructures  for  damage  with minima  human
intervention [7]. The gods of SHM sysems are to improve rdiability and safety while reducing
maintenance cods, to minimize the overal cogt of ownership of a vehicde. There are severd
components required to design a successful and robust SHM system, which include sensor power
sysems, communications and adgorithms to interpret the large amounts of data  This thess
focuses on the sensors and sensing techniques used to detect the damage, a component which is
crucid to the flow down of requirements to the development of the rest of the SHM sysem; an
overview of the other essentid components will be described in Chapter 6. The purpose of this
section is to demondrate the economic and sructurd integrity motivations for dructurd hedth
monitoring.

When a new vehicle is built, the choice of the desgn methodology is what drives the
inspection requirement of the components. There ae three mgor methodologies currently
employed for aerospace vehide dedgn:  safe-life, damage tolerant, and condition-based
maintenance.  Each of the three methods offers sructurd and financia benefits as well as
carying potentia shortcomings.  Safe-life design was adopted in early vehicle design, and used a
datistical approach to predict the operationa life of a component that would then be replaced,
eiminating the need for ingpection. Currently, most vehicles are dedgned usng the damage

tolerant gpproach, which uses models to predict the critica flav Sze for a component, and then
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st ingpection intervals based upon that prediction to detect and repair the part prior to falure.
This method has suited the aerospace industry for many years to detect damage reiably, however
the frequent and eaborate inspection cycles are inefficient. The suggested gpproach for future
vehicles has been condition-based maintenance, which possess the advantages of both the
methods mentioned previoudy. By udng an in-gtu dructurd hedth monitoring system to
continuoudy monitor the dructure, components would remain in operaion without regularly
scheduled maintenance until the SHM system reported that a repair was necessary, a which
point it would be serviced. This section further describes the advantages and disadvantages of
each of these desgn methodologies, and then provides the economic benefits of introducing a
conditionbased maintenance system dong with a SHM system

The sde-life goproach was an ealy desgn methodology for arcraft components
proposed by Miner in 1945 [50]. In this approach to design, components are analyzed and tested
on the bass of a typicd in-service cyclic load spectra, and a fatigue life is then estimated. This
life is then modified by a factor of safety, usudly between 2 and 4, to ensure a “safe-life’ of
operation a which point the part is then retired [51].  Advantages of safe-life methodology
include a very dmple modd to desgn from after testing, and reduction in inspection time and
cods. This second point is especidly important in the case where a component is difficult to
access for ingpection, or particularly chdlenging to repair, as it is often the case with composites.
The disadvantages of safe-life however, are that there is no provison to ensure that a good part is
not discarded, and the components designed by this method generdlly have weight and cost
pendties due to the reatively arbitrary factor of safety [52]. Also, by the nature of safe-life
desgn, it is not possble to furnish a measure of quantitetive safety. There can be a large

difference in median and minimum life vaues, as seen in severd examples in the literature,
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which bring into question whether median life S-N curves are appropriate for design applications
[50, 53-57].

One paper in the literature relays how in a study by Jacoby, the predicted lives of 100 out
of 300 different types of dtructures erred on the non-conservative dde, and data from the
American Hedlicopter Society showed scater in fatigue life of one common component ranged
from 9 to 2,600 hours [50]. A second example is found as a case study in a fatigue textbook to
illudrate the benefits of switching from a safe-life desgn to a damage-tolerant one [51]. The
sudy focused on USAF gas turbine disks, where it was estimated that only 1 out of every 1000
disks that were retired actudly had a dgnificant crack in it. It was shown that for the F100
engine, by usng eddy current monitoring & regular intervals to test the integrity of the disks
ingtead of discarding them, up to $1.7 billion could be saved in the course of 20 years. Based on
extendve dudies of sarvice higory, the safe-life methodology has been proven a safe approach
for fatigue desgn in rotating components however. While dmogt dl fixed-wing craft in the past
20 years have been designed according to damage-tolerant criteria, most current rotorcraft il
use safe-life components, which has been successful due to the acountable and repeatable loads
seen by these rotating components [58].  This trend is changing now however, as hdicopter
manufacturers am to achieve better weight and cost margins, by spending more time designing
more accurate models for damage-tolerant designs[52].

For the reasons presented above, most of the aerospace community has determined it is
more economicaly efficient and dructurdly determinidic to rdy on a damage-tolerant design
gpproach. In fact, according to the FAA requirements in FAR/JAR 25571, now only landing
gear and engine components can be designed usng safe-life [47, 49, 59]. Damage-tolerant

design is based on the principle that through operation cycles the strength of the materid in an

27



arplane degrades over time, so ingpection intervals should be specified to be able to recognize
and repair this damage before it becomes critica. The basic requirements date that the critica
aress on the arcraft structure must be identified and verified to be able to survive the gpplicable
loading spectra and environmenta conditions through a series of analyses and tests. Prior data
from dmilar arcraft are admissble as long as the differentiating characteristics between the
arcraft are invedigated. An appropriate ingpection schedule must then be specified to ensure a
damage tolerant design; this usudly is chosen as hdf the time it would teke the largest crack
previoudy detected or, in the case that no damage has been found, the largest crack that cannot
be detected to grow to is criticad length. The only other mgor requirement is for the structure to
be reasonably survivable (i.e. to be aile to complete the remainder of the current flight cycle)
after suffering a bird or fan blade drike. Severd papers can dso be found in the literature that
specificaly address the requirement of composites as specified in AC 20-107a [60-62]. Asde
from the origind requirements, these documents specify that a compodte Structure must measure
the resdud drength a severd points, post-damage, to determine its damage tolerant
characteristics. They dso date tha if the laminate is thought to be fatigue resstant, a no-growth
vaidation must be peformed up to a datidticaly sgnificant portion of the anticipated number of
usage cycles. There is a window of opportunity to ingpect for cracks in metdlic structures prior
to catastrophic fallure between where a crack becomes measurable and where it grows to its
citical dze, however even though compostes require much longer ingpection intervas, an
impact event in a compodte laminate can reduce its resdua strength ingtantaneoudy to a vaue
below its design strength [60].

To further improve upon the benefits gained from a traditiond damage-tolerant design,

severd papers in the literature have clamed as much as a 25-33% decrease in totd life cogts by
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using continuous condition-based maintenance methodologies [63-65]. Using this methodology,
indead of oHting a regular inspection and maintenance interval, the dructure would be
continuoudy monitored dlowing the arcraft to forgo predetermined regular inspections intervas
traditiondly required by a damage-tolerant design.  Conditionbased maintenance combines
many of the advantages of the safe-life design principles with those of damage-tolerant design, in
that the sructure is relied upon in service for much longer usng predictive modds, however
there dill are provisons for maintenance and repar when needed. The disadvantage of this
method is that the rdigbility of the sructure is now dependant on the accuracy and accountability
of the monitoring system. This is where the need for dependable dructurd hedth monitoring
systems is introduced. Once research has been peformed that thoroughly demondrates the
performance of various SHM system configurations for cetain materids, these systems can be
implemented on aircraft and other dructures to replace regularly scheduled overhauls and
inspection cycles, and only repair pats when needed. Not only does drasticaly reducing or
dtogether eiminating regular inspections save expense, but there is much opportunity cost
ganed in being e to operate the vehicle when it would have been otherwise detained for
scheduled ingpections. Many of these ingpections involve the tear-down of larger components,
and can take more than a day before the plane is back in servicee Needless to say, there is
additiondly the potentid of a huge invetment cost savings if the SHM sysem can detect
damage before a catastrophic fallure in time to sdvageit.

Current commercial arcraft are desgned for a least 20-25 years of service and up to
90,000 flights (75,000 flights for 737's, 20,000 flights for 747's, and 50,000 flights for 757 and
767's), while future designs are sure to require a kast this endurance [49]. In recent years, the

average mgor arline has spent 12% of its totd operating expenses on mantenance and
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ingpection amounting to an indudry totd of dmost $9 hillion a year [66]. For smdler and
regiond arlines this percentage averages nearly 20% a year totding dmost another $1 hillion in
cods. Usng these figures, a FAA requirement to implement SHM system with a condition
based maintenance philosophy has the potentid of saving the arline industry done $2.5-3 hillion
ayear. To be ale to use these systems with confidence though, much more research 4ill needs
to be performed to assess the capabilities of SHM systems to facilitate the ingpection reiably,
andyss and interpretation of the physica condition of critical structural components.  This thesis
is a piece of the devedopmentd puzzle needed to validate the true potentid of SHM systems. It
presents a thorough overview of severd candidate sensors and sensing techniques, as wdl as
how they would be implemented in a SHM system, and proceeds to describe their limitations in
certain materids as well. The requirements of other components of a SHM sysem are dso
described, dong with potentid sysem level schemes and design principles for a successful

structura health monitoring to be used for composite materids.

2.3.2 General SHM applications

In recent years, severd attempts have been made to implement SHM systems in operation
goplications.  While some effort has been placed towards infrastructure and civil enginesring
gpplications such as bridges and highways, aerogpace dructures have one of the highest payoffs
for SHM gpplications, and thus most of the examples found in the literaiure ded with the
implementation of SHM drategies in air and space-craft. New military fighter-craft such as the
Eurofighter, the Joint Strike Fighter and the F-22 dl incorporate Hedth Usage Monitoring
Sysgems (HUMS), which record pesk diress, stran and accderation experienced in key

components of the vehicle [67]. While these sysems do continuoudy and autonomoudy
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monitor the condition of various components of these vehicles, they are essentidly extensions of
the “black-box” in that their data is not used to make decisons during norma operation and
typicaly would only be accessed during a scheduled inspection or after a crash.

Severd papers in the literature have proposed SHM drategies for aerospace applications,
however the trend in these papers has been to daborate on the damage detection mechanism and
they neglect to describe how it would be agpplied to a vehicle in flight or define the other
components of the sysem. In a collection of papers written by Zimmerman, he suggests that an
agorithmic agpproach could be used to enhance the modd corrdation and hedth monitoring
capabilities using frequency response methods [68]. Minimum rank perturbation theory is used
to address the problem of incomplete measurements in collecting data in a SHM sysem. This is
a problem that is often overlooked by researchers studying frequency response techniques, that a
true structure does not conform to ideal conditions, and data can be missng from measurements
taken which must be replaced usng probabilistic theories dong with modds. Other researchers
have deveoped dgorithms to attempt to corrdate modal response under arbitrary excitation to
models usng a probabiligtic sub-space based approach [69].  Agan, these are crucid
congderations for the implementation of frequency response in a SHM sysem. A few papers in
the literature have been dedicated to the use of Lamb waves in SHM systems. Giurgiutiu used
Lamb wave techniques to compare changes in thin duminum arcraft skins after various levels of
usage to detect changes, and used finite dement techniques to attempt to predict the leve of
damage with some success [33]. More detailed work was done by Cawley’s group at Imperia
College, who used Lamb waves to experimentdly examine representative metalic  arcraft
components such as lap joints, painted sections and tapered thickness [70]. The paper concludes

that these methods present good senstivity to locdized damage stes, however the responses are
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often complicated to interpret, and many limitations exig¢ for the implementation of these
methods over large aress.

Two techniques that have been redized in flight vehicles are acougstic emisson and eddy
current methods. Honeywell and NASA have been working in a collaborative project since the
mid-1990's to introduce an acoustic emissonbased SHM system into criticd military arcraft
components [71, 72]. This program, which involved the monitoring of T-38 and F/A-18
bulkheads, is one of the most thorough examples of a SHM sysem to daie. Beyond the
development of their sensng technique, they adso worked on the other hardware components
necessary for on-board processng and communication, as wel as vehicle conformity issues.
These experiments were able to demondrate successfully the collection of fatigue data and
triangulation of some cracks from medlic components while in flight, which could then be
andyzed pog-flight to make decisons about flight-readiness. In another program Northrop had
gmilar success usng AE to monitor smdl arcraft, and presented a paper in the literaure
discussng the limitetions of these methods for ontline testing [29]. They suggested using
between 100 and 1000 sensors to implement this sysem in a larger arcraft depending on
whether the entire dructure is being monitored or just criticd components. Lastly, work has
been done by Jentek Sensor in the implementation of conformable eddy current sensors to the
monitoring of aerogpace vehicles [19, 73]. Thear technology has proven successful for the
monitoring of fatigue growth in metdlic components such as gas turbine engine blades and
arcraft propdlers.  Damage is detected by solving the inverse problem for the materid
properties based upon the dectricad conductivity and complex permesbility captured by

meandering winding magnetometers.

32



2.3.3 SHM in composite structures

The progresson of SHM systems within compodite structures has virtudly pardlded that
of metdlic dructures snce these technologies have only recently begun to be implemented. The
additiona complexity introduced by composte materids is in the fact that the materids are not
homogeneous or isotropic, so many of the andyticd modes previoudy produced are difficult to
ue In Zou's review of frequency response methods for damage identification in composte
dructures, severd anaytica procedures are described that attempt to model the response of
composite materids to damage in various frequency spectra [74]. One particularly successful
method used by Zhang is the introduction of transmittance functions to correlate moda data with
a database of finite dement solutions for a composite sructure [75].  Recently, Boeing has been
exploring the use of frequency response methods in SHM systems for composite helicopter
blades [76]. Their sysem, which is cdled Active Damage Interrogation (ADI), uses
piezodectric actuators and sensors in vaious patterns to produce transfer functions in
components that are compared to basdine “hedthy” transfer functions to detect damage. While
this system is incagpable of locating specific areas of damage, it has been proven effective for
monitoring the development of progressive damage in smal composite components.

The use of Lamb waves for SHM of composites has been proposed in many papers in the
literature. These methods are @ a much less mature stage than frequency response methods in
terms of red life gpplications, however in recent years attention has been given to key factors of
ther implementation. A few researchers have pursued andyticd methods for the evauaion of
the data received by Lamb wave techniquess most of which have focused on wavelet
decompogtion or time of flight comparison usng finite dement techniques [77-79]. Other

important preliminary experimentation has been performed by ONERA to evauate the effects of

33



tesing composite sandwich structures, however their results published to date have proven
inclusve [80]. Lastly, much work has been done by SoutiSs group a Imperid College to
investigate the effects of finite width on Lamb wave propagation experimentadly, and atempt to
ue these techniques to cdculate the sze, depth and location of deaminations [81, 82].
However, to date no Lamb wave research in the literature has demondrated their use in

conjunction with other SHM components or on an operationa structure.

2.3.4 Goalsfor SHM

As explained in the previous motivation section, the primary god of SHM is to be adle to
replace current ingpection cycles with a continuoudy monitoring sysem. This would reduce the
downtime of the vehicle, and increase the probability of damage detection prior to catastrophic
falure. The remainder of this section presented the current state of SHM within the aerospace
industry. Severa parts of SHM systems have been developed and tested successfully, however
much work remans before these systems can be implemented rdiably in an operationd vehicle.
The present research attempts to fill some of the gaps remaining in SHM technologies. NDE
techniques with the highest likdihood of success were thoroughly examined, including
frequency response methods in Chapter 3, Lamb wave methods in Chapter 4, and acoustic
emisson and strain monitoring methods in Chapter 5. For each of these methods, an andytica
and expeimentd procedure was followed to optimize the testing parameters and data
interpretation.  Ther drength, limitations and SHM implementation potentid  were evauated,
and suggested roles for each are presented. The requirement of the other components necessary
in an SHM system are described in Chapter 6, and recommendations are offered for astructura

health monitoring system architecture based on the results presented in this thesis.



Chapter 3

FREQUENCY RESPONSE METHODS

In this chapter, experimenta results are presented for the application of modd anayss
techniques gpplied to graphite/epoxy specimens containing representative damage modes.  The
goecimens were excited usng a piezodectric patch, and changes in naturd frequencies and
modes were found by comparing the structures responses using a scanning laser vibrometer.
Finite dement modds were crested usng 2-D shdl dements for comparison with these
experimenta  results, which accurately predicted the response of the specimens a low
frequencies, but codescence of higher frequency modes makes mode-dependent damage
detection difficult for sructura applications. The frequency response method was found to be
relidble for detecting even smdl amounts of damage in a smple composte dructure, however
the potentidly important information about damage type, size, location and orientation were lost
usng this method snce severa combinations of these vaiables can yidd idertica response

sgnatures.

3.1 Background

Severd techniques have been researched for detecting damage in composite materids,
many of them focusng on modd response [83-88]. These methods are among the earliest and
most common, principaly because they ae dmple to implement on any dze dructure

Structures can be excited by ambient energy, an externd shaker or embedded actuators, and
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embedded srain gauges or accderometers can be used to monitor the sructura dynamic
responses [89-99]. Changes in rormd vibrational modes can be correlated to loss of diffness in
a dructure, and usudly andyticd modds or experimentaly determined response-history tables
are used to predict the corresponding location of damage [74]. The difficulty, however, comesin
the interpretation of the data collected by this type of sysem. There are adso detection
limitations imposed by the resolution and range of the individud sensors chosen, and the densty
with which they are didributed over the dructure. There have been many different approaches
described in the literature that use moda evauation techniques to locate damage in everything
from smdl specimens to full components. The two mgor caegories that will be described in

detall in the following sections are model- dependent and model-independent methods.

3.1.1 Model-based frequency response methods

One of the most thorough reports on frequency response methods can be found in a
recently published paper by Zou et al. [74], which presents a review of vibration-based
techniques that rdy on models for identification of delamination in composte dructures. The
authors suggest that mode-dependent methods are capable of providing both globa and locdl
damage information, as well as being cos-effective and easly operated. All of the methods they
assessed use piezodectric sensor and actuators aong with finite dement analys's results to locate
and edimate damage events by comparing changes in dynamic responses. The paper compares
the merits of four different dynamic response parameters. moda anayss, frequency domain,
time domain and impedance domain. Modd andyss-based methods utilize input from severd
moda parameters including frequency, mode shape and damping ratio to detect damage.

Frequency domain techniques attempt to detect damage by only using the frequency response of
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the dructure.  In using time domain methods, damage is edimaed by usng time higories of
inputs and their vibration responses. Ladly, impedance doman techniques use changes in
electricd impedance to measure damage in the dructure.  The authors recommended modd
andyss methods on account of ther globa nature, low cod, and flexibility to sdect
measurement points, however they indicated that they lack the ability to locdize damage and
require large data storege capecity for comparisons. They clamed tha frequency domain
methods aone were incgpable of detecting the location of damage, however when combined
with time doman methods they can detect damage events both globdly and locdly. Lasly, the
impedance domain techniques were described as auitable for detecting most delaminations
reliably, unless the layers above the defect are very thin compared to the remaining laminate.

Severd other papers have documented the use of a combination of the modd anaysis and
frequency domain methods to detect various damage types with piezoelectric actuators and
sensors coupled with finite dement or andyticd modds. Banks and Emeric [100] investigated
changes in paticular modes up to 1 kHz usng the Gaerkin method on cantilevered aduminum
beams with notches, and a smilar experiment was peformed by Mitchdl et al. [101] to detect
changes in the fird mode of a specimen. In addition they demonsrated wirdess data transfer.
One of the few examples in the literature of damage detection in a more complicated geometry
was investigated by Purekar and Pines [102], who used this technique to search for delamination
in compogte rotorcraft flexbeams.  Agan, finite dement models were built to hep locate the

sources of experimental changes in the transfer functions of their specimens
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3.1.2 Modd independent frequency response methods

Zhang et al. [79] investigated the use of transmittance functions for hedth monitoring, a
technique which does not require the use of andyticd models. A system of piezodectric patches
were placed on a structure, where some were used as sensors and others as actuators, and
responses at certain sensor locations due to broadband actuation were recorded for the hedthy
dructure to be later compared to a potentidly damaged structure.  Changes in curvature were
used in this case to detect, locate and assess damage to the structure.  One sgnificant finding was
that the optima frequency range to actuate heir structure was between 10-20 kHz, however they
found that only frequencies less than 5 kHz (200-1800 Hz in most cases) were practical to collect
experimenta data.  Lastly, Vaddes and Soutis [103] detected delamination in composte
laminates usng piezoceramic paiches and piezodectric film sensors, again without the use of
models. Frequency sweeps between 8-14 kHz were used to induce vibrations on the Structure,
and clear reductions in modd frequencies were found as the ddamination area in the test
gpecimen was increased.

The present research invedigates the feashility of modd evaudion techniques in
detecting damage for hedth monitoring of composdte dructures.  Characteristics examined
include these methods ability to detect various types of damage, their precison in determining
the damage location, and ther sengtivity to sensor dengty. Conformability, or the ability of a
sendng sysem to be integrated eadly into an exiding vehicleés dructure and infragtructure, is
also assessed. A dmilar procedure is followed by severad of the papers presented above to
evauate these methods. Finite eement modds were created to predict the natural frequencies of
ample narrow coupons with various forms of damage, and to perform trade-studies to evduate

the efficiency and utility of modd-dependent versus mode-independent methods. Subsequently,
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experiments were performed to vdidate these modds, by attempting to detect the damage with

different sensor sysemsincluding alaser vibrometer and piezoel ectric-based impedance meter.

3.2  Analytical Procedures

Prior to experimentation, analyticd modes were produced to better understand what
results were to be expected from the testing, and to set the test parameters correctly. Simple
beam theory was used to obtan initid vaues for naturd frequencies of the narrow coupon
pecimens that were to be tested, which were followed by finite dement solutions. These finite
element models were created in FDEAS, and could accurately predict the natura frequencies for
even complex geometries, as well as plot their mode shapes for comparison between control

models and ones with smulated damage.

3.21 Simplebeam theory
The equations for the naturd frequencies of smple beams are wel understood, and the
derivaions are avalable in severd textbooks [104, 105]. As with most mechanics problems, the
unit lement is andyzed by force and moment baances to provide the characterigtic equation:
mw - (Tw)(+ (ElwQ) €= f, (3.1
with boundary conditions.

w=w(=0 Fixed end (no deflection or dope condition) (32)
Elw€=(Elw®)¢=0 Freeend (no moment or shear force condition)

and solutions are in the form of

f = Agnh | x+Bcoshl x+Csdn | x+ Dcosl x (3.3

39



where m is the mass of the beam per unit length, w is the verticd deflection, El is the bending
diffness and x is the postion dong the length of the beam. T and f represent possible forces on
the beam, ether an gpplied tenson or a distributed load respectively. When these equations are
solved for the fixed-free case with no applied loads or pre-tensons, the equation for the naturd

frequenciest is (thisis only an approximation for n<5, see Blevins [105]):

2
(=D Bl =103 (34)
8L m

where f is the naturd frequency in hetz.  The vdues of these naturd frequencies for the

particular case examined in the present research can be found in the results section.

3.2.2 Finite dement modeling

A 2-D finite dement andyss was peformed in |-DEASA to determine the frequency
reponse of ample graphite/epoxy composite specimens.  Eight-node quadrilatera shell dements
were used (500 in total) to modd a standard 250 x 50 x 1 mm tensile coupon. A convergence
sudy was peformed to determine that 6 mm square dements were optimd to solve for the
norma modes of the sysem, with a change in resonant frequencies of less than 0.1% by
decreasing the element size by 1 mn?. To smulate a clamped boundary condition, the 25 mm of
nodes on one end of the specimen were condrained in al of their degrees of freedom. A
Classcd Laminated Plate Theory (CLPT) code was written in MATLAB& to caculate the
composite eastic matrices for a [90/+45/0]s quasi-isotropic laminate of ASA/3501-6 (E; = 142
GPa, B = 9.8 GPa, G2= 5.4 GPa, 2= 0.3), which were then entered into a material property
card in FDEASA [106]. The “Simultaneous Vector Iteration” method was used to cdculate the

naturd frequencies of the system up to 20 KHz, and their corresponding mode shapes [107].
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Severd types of damage were dso smulated in various modes, as represented in Figure
3.1. One dmple variation of the control modd had a hole modded into it. Other modds had
dtered extension and bending diffness matrices ether in specific regions or across the entire
model, which smulated reduction in axid giffness due to distributed damage caused by ether
datic or fatigue loading as suggested by the literature [108]. For transverse ply cracks in a quas-
isotropic laminate caused by a datic load, the results the literature showed that the axid giffness
is reduced asymptoticaly to 90-95% of its origind vaue as the crack dengty in the specimen
reaches saturation [109]. These same dudies found tha the laminate modulus is affected more
by fatigue-induced cracks for the same crack dendty, achieving about 80% of its origind vaue.
The most chdlenging damage to model was a delaminated area in the specimen.  Firdt, a separae
st of eadtic matrices were computed usng the MATLAB& code for the two hdf laminates in
the delaminated area, and these propertties were entered into |-DEASA as separate materia
property cards. Next, the dements in the delaminaion region were copied, and each haf
laminate was assigned the appropriate new properties, as seen in Figure 3.2. Fndly the

outlining nodes of both groups were tied together by congtraining al of their degrees of freedom.

3.3 Experimental Procedures

Two sats of experiments were performed to evaduate the merits of frequency response
methods. The first one used a laser vibrometer to measure and record the displacements versus
time of saverd points across specimens in a findy meshed grid, which could then be usad to
calculate ratura frequencies and mode shapes for a certain range of frequencies. The second test
used an impedance meter to record the frequencies of resonance of the sensors attached to the

gpoecimens, however provided no information of mode shgpe. The following sections will dso
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decribe the manufacturing procedure used to fabricate these specimens with representative

forms of damage, which were consstently reused for each set of experimentation in this thesis.

3.3.1 Specimen fabrication

Four graphite/epoxy pands were manufactured according to a standard procedure [110]
usng AS4/3501-6. A [90/£45/0]s quas-isotropic laminate was selected for these experiments,
and the specimens were cut to 250 x 50 x 1 mm using a continuous diamond grit cutting whed.
Next, various types of damage were introduced to the specimens. In the firs group, 6.4 mm
diameter holes were drilled into the center of each specimen using a slicon-carbide core drill to
minimize damage during the drilling process. The next group was hit with a hammer in a 25 x
25 mm sguare region to smulate low velocity impact damage. The third group was loaded in a
4-point bending fixture until audible damage was heard, and the fourth was cydlicdly loaded in
the same fixture for 2000 cycles a 80% of this load with an R ratio of —1. The next two groups
of gpecimens were ddamination specimens.  Two methods were used to introduce the
delamination: one used a thin utility blade to cut a 50 x 20 mm dot in one Sde, and the other
with a Teflon drip cured into the center of the laminate. In both cases the delamination was at
the center mid-plane of the laminate. The final group conssted of the control specimens. After
the damage was introduced into each specimen, an x-ray radiogrgph was taken usng a die-

penetrant to help document the type, degree and location of the damage as shown in Figure 3.3.
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3.3.2 Laser vibrometer tests

In order to deduce the naturd frequencies and mode shapes of the specimens, a Polyteca
scanning laser vibrometer sysem was used.  The clamped boundary condition smulating a
cantilever beam was found to be the most sengtive factor in the experiments, so the specimens
were clamped to a pre-specified load of 9 N'm in a vice usng a torque wrench. The specimens
were excited using two sguare 13 mm PZT wafers which were temporary adhered with thin
double-sided tape to the base of the specimens. Experimentation demonstrated that thicker tape
affected the moda results, however this thin tape gopplied with thumb pressure was sufficient to
reproduce results from adhesively bonded wafers. The PZT was actuated out of phase by an 8V
gne chirp dgnd (fast repeated sine sweep [111]), which was sent to the actuators through a
function generator to drive them between O Hz and 20 kHz. A separate set of tests was aso
performed usng an externd shaker to excite the specimens with this same chirp sgnd. The
laser was st to scan through a fine mesh of points dong each specimen’s surface recording the
velocity response a that grid podtion.  This daia dong with complimentary daa from a

sationary control laser were used to produce frequency/response plots and mode shapes.

3.3.3 Impedancetests

The accuracy of the frequency responses found from the vibrometer was validated by a
second test that was performed using an impedance meter.  This test used a Smilar set-up to that
of the vibrometer test, usng the same boundary conditions and specimens, however in this case
one PZT wafer was used to actuate, and the other to sense.  Segments of 1V Sne sweeps were

generated by the impedance meter in 1000 Hz increments to excite the actuator, and the

43



frequency dependent impedance response was captured by the second piezodectric sensor. The
advantage of usng this method is that it is more sendtive to higher frequencies than the
vibrometer system, and it is more representative of a potentidly surface-mounted SHM  sensor

system. The disadvantage however, is that mode shapes cannot be extracted.

3.4 Results

The following sections present the andytical and experimentd results for the frequency
response methods that were being examined. The anadytica solutions include results of a smple
beam theory approach, however mosily focus on the finite dement results The experimentd
results highlight the laser vibrometer results, as they are most easly compared to the finite
eement solutions, dthough aso present the results from the impedance readings. All of these

results are compared and placed into context in the discussion section that follows.

3.4.1 Analytical results

There are three sets of results that are presented in this section that were generated by |-
DEASa for each modd. The firg is a lig of naturd frequencies converged to a specified
number of significant figures for the frequency range requested. The second is a series of plots
of the mode shapes that correspond to these naturd frequencies. The find result is a transfer
function plot for the veocity magnitude response to the frequency spectrum.  As suggested by
the literature, dl of these results were obtained in the range G20 kHz, and the transfer function
plot for this range is shown in Figure 3.4. From this plot it was gpparent that not much data

could be visualy extracted from such a broad frequency range, so the rest of the data presented



here are for the modes bdow 500 Hz with an explanaion of this decison in the discusson
section. A table comparing the first six naturd frequencies and mode-shapes of each specimen
can be found in Table 3.1. Also seen in this table are the results from the smple beam theory
cdculaions. A few graphicd samples of their mode-shapes can be seen in Figure 3.5. The
most relevant set of results found from the andyticd pat of this research was the transfer
function plot, as shown in Figure 3.6. This plot compares a control modd with one that had the
gmulaied damage of a 25 x 50 mm ddamination located in the mid-plane of the specimen dong
the free edge, and was modeled as described previoudy. Similar trends were observed for the
other damaged models, dl yidding dmilar trends. The dgnificance of these plots will be

ddineated in the discusson section.

3.4.2 Experimental results

There were three sets of outputs for each test on the vibrometer: the velocity magnitude
response, the norma mode maximum peaks and corresponding deformation shapes as computed
by the vibrometer software. The impedance meter tests resulted in only transfer functions
between the actuating and sensing PZT wafers, which were used to identify modes that had not
been captured by the vibrometer due to the fact that it was averaging the trandfer functions across
the entire specimen.  Again the dynamic responses were found between 020 kHz, a sample of
which for the vibrometer results of a control specimen is shown in Figure 3.7 and for the
impedance results of a control and delaminated specimen is shown in Figure 3.8. A table
comparing the firg sx naturd frequencies and mode-shapes of a control specimen and severd
other damaged specimens (as described in the experimentd setup) can be found in Table 3.2. A

few sdected mode shapes from the vibrometer display are presented in Figure 3.9 to be later

45



contrasted to the predicted shapes. Ladtly, Figure 3.10 displays the velocity magnitude response
to a frequency range below 500 Hz for dl of the tested specimens. From this plot conclusons

regarding the true effect of various damage types on the frequency response of a system can be

extracted.

3.5 Discussion

This section provides a discusson of the results presented in the previous section.
Overdl, good correaion was observed between the analyticd and experimenta results, and
these methods appeared to be rdatively sendtive to even smal amounts of damage. The
discusson is completed with an evaduation of the possble roles of these frequency response

methods within the framework of a structural health monitoring system.

3.5.1 Effect of damage on frequency response

For both the numerica (FE) and experimental results it is evident that dl the forms of
damage invedigated in this study caused detectable changes in the naturd frequencies of a
smple coupon. These changes are present in each of the lower norma frequencies, and become
more pronounced a higher frequencies to a degree tha corresponding modes between the
control and damaged specimens become indiscernible. This frequency reduction can be
explaned by casscd dructura dynamics [104]. Naturd frequencies are determined by the
boundary conditions of a sysem through the variable |12, which is determined by the
characteristic equation of the structure, and is multiplied by the raio (El/m)” (for beam like

sructures), where E is the Young's modulus, | is the 2" moment of area and m is the mass.
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When damage is introduced to a specimen by one of a variety d mechaniams, the resulting loca
loss of diffness directly affects this ratio, thereby affecting the natura frequencies of the
dructure. The delaminated specimens have a region that effectively behaves as two separate
laminates with reduced dgiffness, and the set with one edge ddaminated has an even more
prominent change in the torson modes due to its asymmetry. The fatigue-damaged specimens
are dfected by matrix-cracking and fiber-matrix debonding, and the 4-point bending specimens
contain broken fibers, which aso reduce the modulus. Changes in the specimens with the drilled
hole can be explained by the reduced stiffness and mass.

As shown in the literature, a strong correlation can often be found between reative
frequency reduction and the area damaged by a particular mechanism, however it is difficult to
draw any conclusons about the criticality of the damage since there is no information regarding
the form of the damage or its orientation. This limitation is illustrated by a ddaminaion with an
aea of 5 x 2 cm that has a dgnificantly different effect on a structure depending on whether the
longer delamination direction is oriented pardle or perpendicular to the sensor, as seen in Table
3.3. Ddaminatiion that is more savere dong the length of a specimen tends to cause a larger
reduction on the bending modes, while ddlamination aong the width gppears to affect the
torsonad modes more adversdy. It is also important to note that the 510% reduction in natura
frequency caused by a 5 cm diameter through-hole yidds dmog identicd trandfer function
results to that of a 10 x 2 cm center ddlamination, however there is a noteworthy difference in the
ggnificance to the dructure for falure srength and mode. The only type of damage that was
dightly diginguishable a low frequency ranges was faigue damage, which produced many
high-energy locad modes that were not present in any of the other specimens. Based on these

results, it is likey that an observer could discern whether a structure has been damaged by
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observing its frequency response, however it would be difficult to differentiate reliably between
damage types locations and orientations without capturing severd accurate bending and
torsond modes and building a large database of damage smulations mode and experimentd

data.

3.5.2 Comparison of analytical and experimental results

In comparing the andytical and experimentd results presented in Table 3.1 and Table
3.2, a good corrdation was found without tuning or adjusting the models. These results were
adso amilar to the smple beam theory solutions, which did not account for the anisotropy of the
materid, or the presence of torsond and longitudind modes with its firs order gpproximations.
The modds consstently yielded the correct progresson of mode shapes, and natura frequencies
between 1-8% above those found in experiments, which could be explaned by a variety of
factors. A sndl amount of error could be atributed to fiber misdignment and resin flow or
bleed-out during curing that crested dight differences in the modulus, dendty and thickness of
the laminate, affecting the naturd frequencies by a factor of (Et?/r)” which is a manipulated
verson of the previous congtant where t is the thickness and r the dendty. The experimentaly
obtained averages of these varidbles were identicd to those entered into the mode, however
ggnificant variances are associated with them, which would account for as much as a 4%
devition from the predicted solution. Another smal possble difference could have been
introduced by the PZT wafers, which add mass to the specimens and may aso have shifted the
measurement equipment dightly out of phase due to the dadicity in the thin adhesve layer
between them and the composte laminate. The largest variable sengtivity in the sysem was

found to be in the smulated clamped boundary condition. It was experimentally found tha by

48



dightly loosening the torque on the clamp, the lowest naturd frequencies in the control specimen
could drop as much as 10%, which overshadowed most forms of damage that were detected in
these specimens.  This result was confirmed by a finite dement modd, which replaced the
completely clamped boundary condition with a pin on the 25 mm line and a damp at the base of
the specimen. This modd yidded a 9% reduction in the firs several resonant frequencies.
Consequently, much care was taken to produce a condstent clamping pressure with the torque
wrench for each of the experiments performed.

The drong dependence on accurate boundary conditions to retrieve accurate frequency
responses for even a smple geometry modd is the reason why most work in the literature has
avoided modd-dependent SHM solutions.  Instead, they have tended towards time history
change comparisons while usng this technique.  Without the use of modds however, the
frequency response method is limited to low frequency ranges where the response pesks are ill
diginct. A consequence of this limitation is that while the principd globd modes can be
detected, the loca modes of the sructure, which hold the most detailed information about the
damage present, will not be detected. Even 0, as will be discussed in the following section, the
frequency response method can ill play an important role in a SHM system, and preiminary
models are useful in predicting the response of a dructure to hep desgn a successful sensor

layout.

3.5.3 Roleof frequency response methodsin SHM

There are many advantages to using frequency response methods in a SHM system; they
can be implemented chegply, they can be light and conformal, and they can provide good insght

as to the globd condition of the sysdem. The limitations are that they provide little information
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about the loca damage area unless large quantities of sensors are used aong with accurate
numerical models, and then it can be argued that damage large enough to be detected globaly
may dready be criticd in many dructures. Clearly this method does not suffice as the sole
sensor set in a SHM system, however that does not exclude them from having any role in the
gysgem. The mog atractive implementation of the frequency response method is one performed
passvey for low frequencies usng ambient vehicle vibrations, caused by the engines or
aerodynamic loads for example. Comparing globd transfer functions for prescribed frequency
ranges a selected postions could provide a good foundation for a firs and last line of defense in
a SHM sysem. A passve method such as this could continuoudy monitor components of a
dructure without requiring much processng power in order to direct more accurate and energy-
intensive active sensor systemns where to query for amore detailed survey of potentiad damage.
Alternatively, widespread fatigue may be too smdl or gradud to be detected by fine-
tuned active methods, and this may be better detected by an ambient frequency response method
by setting a globd limit on dlowable natura frequency decay of the dructure over time. To
accomplish this role in a SHM system, first a model would have to be built which would be used
to sdect an appropriate range of frequencies to detect resonant frequencies and to test various
placements for sensors. Modd reduction can be accomplished using a variety of sensors such as
dran gauges, piezodectric wafers or accderometers, which must be placed drategicdly
throughout the structure.  Then a damaged model should be used to confirm that redistic damage
would be detected from the transfer function for the selected frequency range. Ladly these
results should be experimentaly verified on a representative sructure, perhaps by increasing
locd diffness externdly indead of damaging the dructure.  In noncriticad and smdler

components this method may aso prove sufficient to detect most forms of damage.
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3.6 Conclusons

The potentiad role of the frequency response of a compodte Structure in a sructurd hedth
monitoring system has been investigated in this chapter. A finite dement modd was built to
explore numericdly the effects of various types of damage on the norma modes of test coupons,
and anadogous experiments were performed usng a scanning laser vibrometer and impedance
meter to verify these results  Good corrdation was found between the modd and the
experimenta results for low frequencies, however codescing modes a higher frequencies made
comparison impractica. In both the numericd modd and experimental results there was strong
correspondence between the extent of damaged (or local diffness loss) and the reduction in
natural  frequency, which agan was mogly quantifiable a lower frequencies.  This result is
ubgtantiated in severd papers in the literature for delamination and notched specimens.  The
limitations and sengtivities of the frequency response method are discussed as well.  This
method appears to be appropriate for detecting global changes in giffness, and hence damage, for
reaively large dructures a a low power and weight cost. Additiondly it has the potentid to
deduce this data usng only ambient vibration energy in a passve SHM sysem. A limitation is
that not much information about the specifics of location or type of damage can be inferred by
this method without the use of large stored modds. Even so, usng ambient vibrations as an
energy source alows the frequency response method to have a potentidly useful role in a SHM
sysgem, by guiding other active sensor systems to regions of concern and monitoring the globd

decay of sructurd giffness.
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Figure 3.1: Diagrams of damage models:
a.  Control specimen with no modeled damage
b. Stress concentration specimen with modeled hole
c. Matrix-crack specimen with modeled area of reduced modulus
d. Delamination specimen with two laminate groupsin damaged area

Exploded View
Delaminated
Region

Clamped

<“—25mm P< 229 mm /

Figure 3.2: Schematic of the delamination modeling procedure. The delaminated area elements were copied,
and each half laminate were assigned the appropriate new properties listed below:
- Laminate A: [90/£45/Q]s, thickness= 1.0 mm
- Laminate B: [0/+45/90], thickness=0.5mm
- Laminate C: [90/+45/0], thickness=0.5mm
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Figure 3.3: X-Radiographs of damaged specimens:
a.  Control specimen with no damage present
b. Stress concentration specimen with drilled through-hole
c. Matrix-crack specimen with fatigue induced damage
d. Delamination specimen cut with athin utility knife at the mid-plane
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Figure 3.4: Frequency response transfer function plot from FEM in |-DEAS, range 0-20 kHz

53




Figure 3.5: First four mode shapesof control specimen plotted in I-DEAS.
a. first bending, b. second bending, c. first torsion, d. third bending
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Figure 3.9: First four mode shapes of control specimen using laser vibrometer data.
a. first bending, b. second bending, c. first torsion, d. third bending
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Table3.1: Natural frequencies and mode shapes as determined from FEM in [-DEAS

(All H2) Shape Control Hole Impact Delamination Fatigue Bend
Mode 1 1% Bending 125 12.4 125 121 12.1 12.3
Mode 2 2" Bending 77.8 77.2 775 75.5 73.7 76.3
Mode 3 1% Torsion 157 155 156 149 150 154
Mode4 | 3“Bending 218 217 217 211 213 216
Mode5 | 4™ Bending 428 425 426 412 413 42
Mode6 [ 2" Torsion 476 473 474 465 466 472
Table 3.2: Natural frequencies and mode shapes as determined from scanning laser vibrometer data
(All H2) Shape Control Hole Impact Delamination Fatigue Bend
Mode 1 1% Bending 125 125 12.5 125 125 125
Mode 2 2" Bending 78.1 78.1 76.5 78.1 75.0 76.3
Mode 3 1% Torsion 157 148 147 137 146 137
Mode4 | 3“Bending 218 217 216 215 209 214
Mode5 | 4™Bending 423 423 423 428 413 423
Mode6 | 2" Torsion 461 453 453 451 428 432
Table 3.3: Natural frequencies and mode shapes from FEM comparing damage in various orientations
(All Hz) | Shape 5x2cm 10x2cm 5/4cm Centered 5cm Offset | -5cm Offset
Delam Delam Delam Hole Hole Hole
Mode 1 1 Bending 12.3 12.2 12.2 12.3 12.5 12.2
Mode 2 2 Bending 76.3 75.6 74.8 77.2 76.9 77.7
Mode 3 3¢ Bending 216 213 215 217 216 218
Mode4 | 4" Bending 422 418 417 425 426 426
Mode5 | 5" Bending 701 691 6931 705 705 706
Mode 6 6" Bendi ng 1050 1030 1040 1060 1050 1060
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Chapter 4

LAMB WAVE METHODS

This chapter presents andyticad and experimentd results for the application of Lamb
wave techniques to quas-isotropic graphite/epoxy specimens featuring representative  damage
modes. Linear wave scans were performed on narrow laminated specimens and sandwich beams
with various cores by monitoring the transmitted and reflected waves with piezodectric sensors.
Smilar experiments were dso performed on laminated plates and built up composgte structures.
Andyticd modds were built to sdect optimd actuator configuration and driving Sgnds for
these experiments.  Finite dement modds were aso produced for comparison to these
experiments, and to help to predict the detection capabilities of these methods on more complex
structures.  Lamb wave techniques have been proven to provide more information about damage
type, severity and location than frequency response methods, and are suitable for structura
hedth monitoring applications snce they travel long distances and can be applied with

conformable piezoel ectric actuators and sensors that require little power.

4.1  Background

Severa techniques have been researched for detecting damage in composte materids,
however Lamb wave methods have recently re-emerged as a rdiable way to locate damege in
these materids [4, 7, 33, 83]. These techniques have been implemented in a variety of fashions

in the literature, including the use of separate actuators and sensors to monitor transmitted waves
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andlor reflected waves, and multipurpose patches which have both actuation and sensing
capabilities.  Each of these techniques offers their own unique advantages in detecting certain
types of damage with various levds of anadyticd complexity. This section presents the

gpplication of Lamb wave methods as published in the literature.

4.1.1 Early Lamb wavetheory and applications

Lamb waves are a form of dadtic perturbation that can propagate in a solid plate with free
boundaries [112, 113]. This type of wave phenomenon was first described in theory by Horace
Lamb in 1917, however he never atempted to produce them [114]. Perhaps the earliest
recognition of Lamb waves as a means of damage detection came in 1960 by Worlton of the
Genera Electric Company [115]. His report investigated the dispersion curves of duminum and
zirconium to describe anayticaly the characteridics of the various modes that would pertain to
nondestructive testing applications. The motions and velocities of the interior particles are
formulated, and the effects of holes and thickness variations are discussed.  In the following
decade Lamb wave techniques were examined by severd invedigators, and then the first
potential aerogpace application was introduced by Demer and Fentnor of the Hughes Aircraft
Company [116]. In their work they cited ultrasonic wave testing as one of the most rdiable
forms of nondestructive testing, and that Lamb waves were emerging as one of the best ways to
infer information about the medium’'s dendty, dadtic propertties and thickness.  They did
however acknowledge the fact that Lamb waves were not readily understood nor easly
interpreted. The particular work performed a Hughes focused on Lamb wave propagation in
metalic thin sheets and dongated cylindricd forms. Faigue cracks were located in danless

ged and duminum rods by recording the time of flight and attenuated amplitude of the received
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ultrasonic sgnd. Similar experiments were peformed on glass, ceramic and plagtic pecimens
with the objective of examining the effects of liquid penetration. In the 1970's and 80's, work
on Lamb waves continued and began focusing on various types of actuators. Much of this work
was peformed under White a Berkdey, who wrote a comprehensve review paper on al
available forms of actuators and sensors [117]. In it he described mechanica actuation on a line
or usng a comb drive, piezodectric and piezoresigive actuators and sensors operating in di or
dis mode with or without interdigitated eectrodes, magnetic or therma actuators, and optical
sensors. The mechanisms and benefits behind each of these methods are discussed a length, and
follow-up papers were written on the experimental use of the methods which were found to be
the best, which employed slicon-based piezodectric multisensors [118-120].  Subsequently,
severd other authors have written papers that focus on the further development of these
techniques over the past 20 years [121-129].

Since the mid-1990's, Cawley’s group has had some of the most promising research in
Lamb wave technologies, working to optimize the generation of directiona waves [34, 130]. To
dlow the implementation of Lamb waves on a red gdructure, they have been developing flexible,
chegp Polyvinylidenedifloride (PVDF) transducers in order to both generate and detect waves.
Their work uses interdigital transducer leads to generate highly focused and directiond waves
without higher mode interference, and they have ingpected various metdlic specimens with
encouraging results.  During more recent work, Cawley’s group has been experimentaly testing
the limitations of their methods on large aress and thick Structures representing sections of

arcraft fusdages [131, 132].
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4.1.2 Lamb wavesin composite materials

During the late 1980's and early 1990's work kegan on the gpplication of Lamb waves to
composite materials. Rescarch conducted a NASA by Saravanos demondrated, both
andyticdly and experimentaly, the posshility of detecting deaminaion in composte beams
usng Lamb waves [133, 134]. Similar conclusons were dravn by Percivd and Birt a the
Defense & Evduation Research Agency, UK, who began focusing their work on the two
fundamental Lamb wave modes, which will be described further in the following section [135
137]. Detection of other forms d damage in composte materias was dso investigated by Sedle,
who examined fatigue and thema damage, and Tang who observed the sengtivity of Lamb
wave propagation to fiber fracture [138, 139]. This work was extended to composite sandwich
plates, including panels subjected to impact damage by Osmont and Rose [80, 140]. There have
s been severd others recently who have begun to investigate the interaction of Lamb waves
with composite materials [64, 141-144].

The most successful work to date using Lamb waves for damage detection in composite
materids has been performed by Soutiss group a Imperid College, who have focused on the
sensor placement and signal processing issues [81, 82, 144]. They have chosen to use Lead-
Zirconate-Titanate (PZT) actuators and sensors over PVDF since they require a factor of ten less
voltage to generate Lamb waves, however they are not as conformable. The most complete work
from this group can be found in Vadez's PhD thess [96]. During the course of his work he
performed many experiments on quas-isotropic graphite/epoxy composite specimens, pulsing
them with Lamb waves in various configurations to detect controlled artificid ddaminations. He
adso smulated the propagation of Lamb waves in plates of various widths usng a finite dement

code. Much of the Lamb wave research presented in this thess follows Vaddez's work,
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extending it to various other types of damage, and furthermore testing sandwich structures and
bult-up sructures as wel as addressng sdf-sensng actuators and andyticaly optimizing the

experimental procedures.

4.2  Analytical Procedures

There are two groups of Lamb waves, symmelric and anti-symmetric, that satisfy the
wave equation and boundary conditions for this problem, and each can propagate independently
of the other. A graphica representation of these two groups of waves can be seen in Figure 4.1.
The present work utilizes PZT piezodectric paiches to excite the firg anti-symmetric Lamb
wave (Ao mode). This wave was chosen since it can propagate long distances with little
disperson, and no higher modes are present to clutter the resulting response waves [96]. In the
following section, andlyticd models for Lamb wave propagation have been derived, which relate
the velocity of the wave-front to the actuaing frequency. Using these equations dong with other
mathematica principles found in the literature, limitations of Lamb wave propagaion have dso
been defined. Ladly, finite dement modes were built to smulate the travel of these waves in

each of the test setupsto help specify setup parameters and predict experimental results.

4.2.1 Dispersion curveformulation

The most descriptive way to represent the propagation of a Lamb wave in a paticular
materid is with their disperson cuves, which plot the phase and group velocities versus the
excitation frequency [112]. The derivation of these curves begins with the solution to the wave

equation for the anti-symmetric Lamb wave as seen in Equation 4.1:

tan(dy/1-2 2) .\ (222 - 1)? -0
tan(dyx2-22) 4z 2[1-2%4x2-22

(4.1)
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where the norn-dimensond parameters are:

For an isotropic materia, these parameters can be defined in terms of Lamé s congtants:

_ E | = En
2(1+n)’ (1-2n)(1+n)
In which case:
Ct2 :E, CIZ:(I +2|T), kt :ﬂ

r r C

Subgtituting these equdities into the non-dimensond parametersyieds
o__ M _1-A oo M _ E
(I +2m 2-2n’ rc? 2r (1+n)c?

phase phase
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(4.2)
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Fndly, Equation 45 was subdituted into Equation 4.1 to be solved numericdly in

Mathematicaé , as described in Appendix A. For a given materid, the Young's Module in the

propagation direction E, Poisson Ratio v, and the dengty r ae known, and the phase velocity

Cohase IS the dependent varidble being solved for. The independent variable being iteratatively

supplied is the frequency-thickness product, where w is the driving frequency in radians  An

example of a phase veocity disperson curve for the firg anti-symmetric Lamb wave usng the

materiad properties from the specimens used in the present research can be seen in Figure 4.2.

The other useful plot is the group velocity disperson curve, which can easly be derived from the

phase velocity curve usng Equation 4.6:

c
= lz—p(wavenumbe n, 1, :y(wavelength )

w

— ﬂC phase k _ Cphase
Cgroup - Cphase - ﬂC
ﬂk 1 _ f % phase
Cphase ﬂf
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where f is the frequency in Hz. An example of a group velocity disperson curve, again usng the
materia properties from the present research can be seen in Figure 4.3. At low frequencies, the
A, phase veocity can be approximated in the form of Aw” and the complementing group
velocity as 2Aw™, where A is a materia property dependant constant. At higher frequencies the

phase velocity for this mode tends to the Rayleigh velocity:

.87+1.1h g
_ad 0.

= (4.7)
Cr & 1+n t

A more thorough derivation of these veocities, garting from Lamb’'s egudities can be found in
Appendix B. These digperson curves are the key to describing and understanding the
propagation of Lamb waves in a solid medium, and will be used in the following sections to

predict the effects of damage in a given structure.

4.2.2 Propagation and limitations of Lamb waves

The rdationship between the materid properties of a specimen and the velocity of the
propagating Lamb wave is quite complex, however an underganding is necessary to design an
gppropriate damage detection method. By inspection of Equation 4.1, to first order the wave
velocity increases with the square root of the modulus, i.e. an increase in modulus dightly speeds
the wave velocity. An increase in the dendty would have the opposte effect dowing wave
velocity, as it appears in dl the same terms as the modulus but on the reciproca sde of the
divisor. The effect of the Poisson’s ratio is probably the most complicated, as it appears in most
of the terms, and smdl changes seem to have little to no effect on the wave velocity. The most
draightforward parameter is the thickness of the specimen, which has a linear relationship with

the Lamb wave ve ocity—the thicker the specimen the quicker the wavespeed.
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Two important concepts to be understood in wave propagation are disperson and
atenuation. Disperson is the change in wavespeed in a maeria with respect to frequency,
which was demondrated graphicaly in the previous section. Since the group velocity is relaed
to the rate of change of the phase veocity a a given frequency, the phase and group velocities
are the same for a non-dispersve materid.  Attenudtion is the change in amplitude of a traveing
wave over a given digance. While propagating through the solid medium, energy is trandferred
back and forth between kinetic and eagtic potentid energy; when this trandfer is not perfect,
atenuation occurs. This loss in energy can be due to heat being generated, waves lesking into
sdeband frequencies or spreading into different propagation paths, restraints such as a bonded
core, or in the case of composte materids, the fibers can provide reflecting surfaces, which
would deteriorate the transmitted wave strength. These two concepts influence each other as
well, as increased digperson causes higher attenuation, and viceversa A mathemétical
goproximation to this corrdation from the literature that relates the attenuation as a function of
propagetion distance is.

= ﬁ@) % (4.8)
where A is the atenuation factor and L is the propagation distance. A tends to the dower \due,
usng K, the Rayleigh wave number, as the specimen becomes thicker [112]. An example of this
relationship can be seen in the symmetric Lamb wave modes that tend to not travel as far as the
anti-symmetric ones, which can be dtributed to their dispersve nature (it is difficult to keep the
two surfaces of the medium in phase with each other, which causes a high rate of phase velocity
change). It has dso been experimentdly determined that fluids on the surface of a solid can
affect the attenuation of the wave, however this effect is limited modly to the symmetric modes

s0 will not be discussed in detall in this thess [113]. Andyticd dudies have dso been
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performed to formulate the change in disperson (and hence atenuation) in curved pands [112].

It was found that the phase velocity is changed by the relationship:

® 20
Cp = §1+ Wz—:’?zgcp (4.9
where ¢ is the origind phase velocity and R is the radius of curvature. When the phase velocity
disperson curveis adjusted by thisformula, the dight increase in disperson is readily apparent.

The group velocity of a Lamb wave produced by a piezodectric paich driven a a
paticular frequency can essly be verified in a control (undamaged) specimen by measuring the
time of flight (TOF) in an oscilloscope between two sensors of known separation.  The presence
of damage in a gpecimen can then be found without usng any andyticd modds, by measuring
the disturbed wave's velocity between the sensor and actuator. An estimation of the extent and
gze of damage can then be cdculated usng the Lamb wave equations to determine the loss of
diffness in the goecimen.  The Lamb wave's group veocity essentidly varies in a amilar way to
that of a structure's resonant frequency, i.e. as (E/r )” where E is modulus and r is density, so as
a wave travels across an area of reduced giffness it will dow down. The other phenomenon
associated with damage is andogous to traveling acoustical waves, upon reaching a region of
dissmilar wave speed, a portion of the wave is reflected in proportion to the difference in the
diffness and densty of the regions From these two pieces of information, predictions of

damage location, size and extent can be deduced.
4.2.3 Finitelement modeing

A finite dement representation of Lamb wave propagation in narrow coupons and plate

dructures has been previoudy presented by Vadez a Imperid College [96]. This andyss was

67



reproduced in the present research by ABAQUSO models to observe the small changes in time
of flight caused by discontinuities in geometry or materid properties. Modds were built to
represent each of the experiments that were performed, including narrow coupons, sandwich
beams, 2-D plates with and without diffening ribs, and findly a tube dructure with sandwich
congruction. Each of these models were condructed identicdly to those described in the
previous frequency response methods chapter, using 1 cnf? square shell dements, where the
actuators were smulated by a coupled nodd moment. Agan regions of cracked matrix were
modeled as a locd loss in diffness, and delaminations were modded by two haf laminates with
coincident unconnected nodes.  Representative input files for these modds can be found in
Appendix C Once processed, the time-steps were visudized as a movie fle to measure the time
of flight of the Lamb waves across the specimens, and to record visud evidence of digperson
and attenuation. By comparing the times of flight in these modds, it was possble to determine
the required distance between the piezoceramic actuator and sensors necessary to resolve the
difference between waves traveling in a control versus a damaged specimen.

A different approach was taken by Prosper a MIT, who produced a thin layered
laminated medium finite dement code to solve for the propagation of dastic waves in a two-
dimensond through-thickness cross-section [145]. This code was modified by Prosper for the
present research to incorporate the graphitelepoxy materid properties, thickness and driving
dgnd used in the experimental procedure to observe the progresson of Lamb waves. Modds
were created for both control and delaminated specimen, by leaving a section of layered nodes
unconnected.  The results of the finite dement smulations were animations to observe the
motion of the deflected surface materid with respect to time to be compared with the more

traditional two-dimensiond surface finite dement modes from ABAQUSO .
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4.3  Optimization Procedures

There is currently no standard or even a best-practice precedent for damege detection via
Lamb wave testing. Severd procedures have been developed in the literature, each with vauable
characterigtics, and each with some degree of arbitrariness. A mgor god of the present research
was to optimize, andyticdly and expeimentdly, the Lamb wave testing procedure, and to
determine what effects various parameters have on the sengtivity of damage detection. These
parameters can be divided into three categories: actuating frequency, pulse shape, and sensor
geometry.  The following sections provide sdection guidelines for each of these categories,
which were used to define the testing parameters for the experimental procedures that followed.
This set of tools could be used in pardle by an engineer developing a SHM system for a vehide
to decide if the Lamb wave method would provide satisfying results for their gpplication, and to

determine the appropriate driving parameters to obtain the best damage detection resolution

4.3.1 Frequency selection

The firg step in defining an agppropriate Lamb wave damage detection solution is to
sdect an appropriate driving frequency, as demondrated in the flowchat in Figure 4.4. This
procedure commences by finding the Lamb solution for the wave equation, and plotting the
disperson curves for each section to be monitored. The equations presented previoudy in this
chapter are intended for isotropic materids, however it has been shown in the literature tha the
Ao mode is farly invariant to the layup of a composte materid, and can be closely gpproximated
by usng the bulk laminae properties [136]. Finite dement techniques have been used by other
researchers in the literature to more accurately determine the wave velocities in composte

materids [135, 138]. By entering the materid properties (E, n, and r) for a particular materid,

69



the resulting disperson curves provide a range of potentid wave veocities for the Ag mode
driven a different frequency-thickness products. For a given thickness, idedly one would like to
choose the least dispersve driving frequency for the Lamb wave beng generated, which
generdly exigts where the dope of the phase velocity curve is equa to zero. This is because a
low frequencies, the disperson curves have steep dopes and thus are very sendtive to smdl
vaidions in frequency making it difficult to maintan a congant velocity to predict the time of
flignt. The Ao, mode, however, follows a square root relationship until higher frequencies, thus
the frequency needs to be chosen by a different criteria  The higher the frequency the smdler the
dope of the Ay disperson curve, dthough a a certain point other higher order Lamb waves begin
to exis dmultaneoudy and the sgnd becomes cluttered. The wave velocities are dso much
quicker a higher frequencies, increasing the requirements for data acquigtion.

To bdance these issues, the following procedure should be followed. First plot the
disperson curves for the materid, and locate the frequencies a which the Rayleigh velocity is
obtained and where the A, mode begins to be excited. If the Rayleigh velocity is below the point
where the next anti-symmetric mode is generated (which normaly is not true) then this is the
critica frequency; otherwise it would be wise to choose a point about 10% below the A origin
point as the critica frequency. Next, it must be determined if the data acquistion capabilities are
able to capture a wave travding a this velocity. Typicaly, the data acquisition rate should be 10
times the frequency of the sgnd it is sampling, so the sdlected driving frequency may have to be
lowered if the sampling rate is unobtainable.  Also, with knowledge of the effects of various
damage types on the diffness of a particular materid, the resolution of change for the resultant
ggnd, or “observeability,” can be predicted in order to determine the detection limitations with

respect to flaw sze for a given data acquidition capability. It would adso be prudent to check on

70



the actuator capabilities to generate that range of frequencies. A find congderation to fine tune
the driving frequency is to cdculate the natura frequencies of the dructure to be monitored,
ether andyticdly or by finite dement modds and to sdect a driving frequency that coincides
with a normal mode in the desired frequency range. The naturd frequencies of the Structure play
a gndl role in the amplification or attenuation of the transmitted wave, whereass the wave can
travel with less disturbance at a resonant frequency.

Usng this approach, an effective experimentad test procedure was determined for the
present research. The materid congtants in the propagation direction for the composite laminates
to be anayzed were cdculated by classcd laminated plate theory, and then entered into the
Lamb wave modd. For the narrow coupon tests, 15 kHz was selected as an optima frequency,
50 kHz for the sandwich beam tests, and 40 kHz for the micro-satdlite bus structure (dl to be
described further in the experimental procedures section). These frequencies were obtained from
their dope and location on the disperson curves, evidence from previous research suggesting
these frequencies for specimen of smilar geometries, and brief experimentation using a function
gengaor to verify the maximum response amplitude for the range of driving frequencies.
Following this procedure it was determined that graphite/epoxy composite materids were a good
candidate for Lamb wave methods, and that with the detection capabilities of the data acquidition

system that a reasonable change in stiffness (5-10%) could be resolved.

4.3.2 Pulse shape selection
The second set of variables explored was the actuation pulse parameters. These included
the pulse shepe, amplitude and number of cycles to be sent during each pulse period. These

parameters were varied andyticdly and verified experimentadly on a control specimen to observe
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their effect on the Lamb waves generated. Firdt, severd candidate signd shapes were compared
in Matlab® by using ther power-spectral-density (PSD) plots ~ Similaly the effect of the
number of cycles per period for the different shaped sgnas was observed in the PSD plots by
comparing the energy dedicated to the principa driving frequency. The more energy dedicated
to the dedred driving frequency, the sronger the Lamb wave and the more accurate the
wavespeed caculation, and hence the more sendtive and rdiable the damage detection
capability. Of the sgna shapes that were anadlyzed and experimented, pure snusoida shapes
appear to excite Lamb wave harmonics the most efficiently, since they are periodic, smooth and
have comparatively quick rise times to their pesk amplitude as compared to a parabolic shape. A
Hanning window (gpproximated by a hdf-ane wave multiplied over the pulse width) helps to
narrow the bandwidth further to focus the maximum amount of energy into the desired actuating
frequency with the least “ spill-over” from neighboring frequencies.

Once the driving frequency and signadl shape have been sdected, there is then a trade
between the number of waves that can be sent in an actuaing pulse and the distance from abrupt
features in the dructure. The number of cycles of a periodic function desired to actuate the
piezoelectric actuator is one of the more complicated decisons to be made for Lamb wave
techniques. The fast Fourier trandform (FFT) of a continuous sne wave would yidd a single
peek at the driving frequency, however for a few finite cycles, the FFT appears as a Gaussan
curve with a peek a the driving frequency. Thus, the more waves sent into a driving pulse, the
narrower the bandwidth and the less disperson. The problem in a short specimens though, or in
applications where the actuator and sensors are spaced close together, is the more waves in the
pulse the less time between the lagt sgnd sent and the fird returning reflected sgnd, so the

response is more difficult to interpret.  An agppropriate number of cycles can be determined by
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the maximum number of waves that can be sent in the time it takes for the lead wave to travel to
the senang PZT paich. It is dso convenient to use intervals of hdf cycles so that the sent
gnusoidal pulse becomes symmetric.  Research from the literature has used Sgnds varying from
3.5 to 13,5 cycles per actuating pulse [34, 80-82, 96, 144]. Since the specimens in the current
research are relatively short, few cycles could be actuated without disturbing the received signd
thus 3.5 cycles were used to drive the piezoceramic actuators.

Ladly, by increesng the driving voltage the magnitude of the strain produced by the
propagating Lamb wave proportionately increases. In these expeiments, driving the
piezopatches at an amplitude of 510V produced a 10-25 mV response due to the wave sensed by
the PZT patch. Increasing the amplitude aso increases the Sgnd-to-noise rétio to yied a clearer
sgnd, dnce the datic noise received by the PZT patch is usudly in the 25 mV range. Higher
voltage however dso tended to increase the drift in the signd, which deteriorated the resolution
capabilities of the data acquistion system. Also, a SHM sysem should be as low power as
possible, thus the voltage should be chosen to be the minimum required to resolve the desired

damage Size. Thedriving voltage was chosen to be 10V peak-to-pesk for these experiments.

4.3.3 Actuator selection

PZT 5H piezoceramic actuators were chosen for the present research due to their high
force output a reatively low voltages, and their good response qudities a both low and high
frequencies. The shape of the actuator should be chosen based upon desired propagation or
reception directions. Researchers in various fidds have examined the effects of piezodectric
wafer dimensions on the efficiency of their actuation [146, 147]. Waves propagated pardld to

each edge of the actuator, i.e longitudindly and transversdy for a rectangular paich and
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crcumferentidly from a circular actuator. The width of the actuator in the propagation direction
is not critical, however the wider it is the more uniform the waveform creasted. As cited in the
literature though, there is an important sSnusoidd reationship between actuating frequency and

actuator length [112]. In the direction of propagation the desired actuator length 2a is

L Ny
2a=| §]+lg:_p8%+lg for n=0,1,2,3... (4.10)
e 2¢ fe 2g

This vdue of 2a could ether be a rectangular sde length or the diameter of a circular actuator.
This eguation could dso be used to determine actuator minimum dimensons, in order to inhibit
waves from propagating in undesired directions. For the experimental procedures in the present
research, PZT actuators of 1.5 cm x 0.75 cm were selected based upon this equation.

The other criticd issue with actuator sdlection is the determination of spacing between
the actuators and sensors. A design objective of a SHM system is to ahieve the most structurd
coverage with the least number of sensors, thus the optima sensor spacing must be calculated.
The governing equation to edimate this spacing is the attenuation equation presented in a
previous section (Equation 4.8), which specified an inversdy proportiond relationship between
propagation distance and signal amplitude that was aso dependant on the wave number. An
acceptable sgnd loss can be specified for the voltage sendtivity of a daa acquisition system,
which was determined to be 25% for the present experiments, and from this percentage an

estimated actuator- sensor gpacing can be calculated.

4.3.4 Signal interpretation

The key to rdiable and high-resolution damage detection is good sgnd interpretation.

The raw dignds gken from the sensors are in the form of a time history of smdl voltages caused
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by drains induced by the impinging Lamb waves. The firg problem with this recorded sgnd is
noise. The largest source of eror in the present research was parasitic capacitance in the data
acquidtion sytem. In order to acquire data a high frequencies through severd channds most
data acquistion systems use multiplexers, or MUX. These devices scan through each channd
one & a time, making an dectricd connection to charge a capacitor from which the voltage
measurement is taken, and then moving on to the next channd. The principd limitation on this
gpproach is the occurrence of paraditic capacitance when the data acquigtion rate is higher than
the sdtling time of the system, so that resdud charge is left on the capacitor in the MUX as it
moves from one channe to the next. This effect was further enhanced in the present research
snce the triggering channel was measuring the driving signd voltage a a range d +5 V and the
other channels were using a range of +50 mV to measure the sensor voltages. This resulted in a
large “ghogting” effect across dl the channds, where the driving sgnd could be seen @ a
dightly reduced voltage in each of the other measurements. Since the high rate of data sampling
was necessary to record the impinging waves, the solution adopted was to use an attenuator to
reduce the amplitude of the driving dgnd being measured in the data acquistion system, while
not afecting the driving voltage being olit off to the actuator. All of the other systemdtic
sources of noise, which included strains caused from externd sources such as air currents and
vibrations in the building, were accounted for by connecting an unattached sensor to a blank
channe, and usng it to normdize the sgnas from the other channds.

Perhgps the most important factor that has dlowed Lamb wave techniques to flourish
recently is the development of wavelet andyss. Waveet decompostion is smilar to the Fourier
decomposition, however indead of just usng snes and cosnes, complex “mother wavelets’ are

used to bresk down the signd [148]. The idea for the wavelet decomposition was first presented
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by Haar in 1910, however the square wave he used was not very practica for most gpplications.
It was not until 1988 when Daubechies introduced a fractd-like mother waveet, that the full
potentiad of wavelet andyss for signd decompostion and compresson redized. The mother
wavedet is essentidly used as an orthogond basis vector to filter the sgnd, and is scded and
shifted to gpproximate the frequency components of the sgnad. Typicdly this decompostion is
not done continuoudy snce mogt of the mother wavelets have no closed form solutions.  As
result a discrete transform on buffered portions of a sgnd is typicadly used. This can be
performed in commercial software packages such as MATLAB& usng codes such as that
presented in Appendix D.

The present research used the Morlet wavelet to decompose the signds, since its shape
was closest to the driving pulse shape, which makes the processng more accurate and efficient
[34]. To andyze the measurements, the Morlet wavelet was scaled between 0 Hz and twice the
driving frequency and it was subsequently shifted through the entire time axis The results of
this andyss could be visudized in two forms. The fird was a waterfdl plot, which plots dl the
frequency scaes versus time, representing the energy present at a point by color-coded intensty.
Secondly, each of these scale bands could be plotted independently to alow observation of the
numericd amplitude of sgnd energy versus time. Using the second method, by looking a the
centra scade band one could filter out dl frequencies other than the centrd driving frequency
from the recelved sgnds. This provides a dlear, filtered view of the tranamitted energy from the
actuator to the sensors over time for an accurae time of flight measurement. Then, by looking at
the waterfdl plot, one could potentidly gan insght into the damage in the specimen from the
intengties of energy that have been shed into Sdeband frequencies. The experimenta results

presented later in this chapter were created using this procedure.

76



4.4  Experimental Procedures

This section describes the experimental procedures that were followed during the course
of the present research to vdidate the effectiveness of Lamb wave methods as a means of
damage detection in composite materids.  These expeiments followed a building block
aoproach [149], commencing with the reinvestigation of the narrow coupon specimens used
during the frequency response teds, then invedtigating laminated plates and findly built-up
structures. Core-filled sandwich pand sructures were dso tested. All of these tests used PZT
piezoceramics as both actuators and sensor in pulse-transmisson mode. Sepaae experiments

were performed to evauate a method that used “ self-senaing” PZT actuators.

441 Narrow coupon tests

The firg st of experiments was conducted on narrow composite coupons. The laminates
used for this present research, both for control specimens and those with smulated damage, were
manufactured during previous tests that explored frequency response methods as a means of
damage detection, and were re-used to compare directly the effectiveness of the two methods
[150]. The specimens were 25 x 5 cm rectangular [90/+45/0]s quas-isotropic laminates of the
ASA/3501-6 graphitelepoxy system, which were clamped on one end to maich the boundary
conditions from the previous research (however experimentation proved that the boundary
conditions around the frame of the specimen had no effect on the Lamb wave traveing between
two piezoceramic patches). Three PZT piezoceramic patches were affixed to each specimen, as
shown in Figure 4.5, usng 3M ThemoBondO thermoplagtic tape so that they were firmly
atached during testing, but could be removed afterwards to recover the specimens for future

tests. The PZT was cut into 2 x 0.5 cm patches so that the longitudind wave would be favored

77



over the transverse one, and three patches were used on each specimen to actuate and to measure
the transmitted and reflected waves. Both the actuation and the data acquisition were performed
using a portable NI-Dagpad® 6070E data acquisition board, and a laptop running LabviewO as
a virtua controller. A LabviewO VI-file, seen in Appendix E was created which would load an
abitrary waveform from MatlabO and output it a the desired frequency and amplitude, while
smultaneoudy acquiring data on four channds a 600,000 samples per second. The output
channd was connected directly to the actuating PZT, generating the desred waveform with an
amplitude of 10V. The firg input channd, which served as the trigger for dl of the channels,
was connected to the output channel through an attenuator to scae the amplitude down by two
orders of magnitude, two others were connected to the sensng piezoceramic patches, and the
find channe was connected to a PZT sensor not dtached to the specimen to serve as a control
channe in order to zero out drift. A dngle pulse of the optima sgnd found in the previous
section, shown in Figure 4.6, was sent to the driving PZT patch to simulate an A mode Lamb
wave, and concurrently the strain-induced voltage outputs of the other two patches were recorded
for 1 msto monitor the wave propagation.

The data was then passed to MatlabO where the drift was filtered out and the waveforms
could be compared and andyzed within two specidized toolboxes. In the signd processng
toolbox the waves could be superimposed, and a peak detector was used to determine accurately
the time of flight for each dgnd, and the deay in time of arivd between two specimens.
Subsequently, in the wavelet toolbox a Morlet wavelet was used to perform a time-frequency
decompogtion of the data By plotting the magnitude of the wavelet coefficient & the pesk
driving frequency, the energy remaining from the input signd could be compared [151]. This

procedure was carried out for three of each specimen types at adriving frequency of 15 kHz.
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4.4.2 Sandwich beam tests

Anaogous experiments were performed on sandwich coupons to that of the narow
laminates in order to test the effect of various types of core materids on the propagation of Lamb
waves. Four different cores were used: low and high density (referred to as LD and HD)
aduminum honeycomb, NomexO, and RohacdlO, dl seen in Figure 4.7. Each specimen
contained two facesheets identicd to the undamaged laminates in the previous section
surrounding a 2 cm thick core, which were adhered using FM-123 film adhesive in a secondary
curing process [110]. Two controls and two damaged specimens of each type were
manufactured for testing. In the damaged specimens, a 5 x 25 cm piece of Teflon was placed
between the adhesive and the core in a centrd 2.5 cm region during the cure so that the facesheet
would not bond to the honeycomb to smulate a delamination. An additiond specimen was dso
manufactured with the high dengty auminum core that had a 2 cm diameter circular piece of
Teflon placed between the layers on dther Sde so that it was indistinguishable from the controls
by sght. This specimen was used for a “blind test” of the proposed Lamb wave damage
detection method, where it was tested dongsde the two control specimens to determine which
had the atificd flaw. The test satup and data anadyss procedure for the sandwich beam
experiments were identicd to that of the thin specimens with the exception of the driving

frequency, which was determined to be more effective a 50 kHz for these tests.

4.4.3 Stiffened platetests
The next set of experiments examined damage detection in more complex diffened
goecimens using Lamb waves. Laminated plates were manufactured smilarly to the ones from

the previous sections, however these specimens included a secondary cure in which ribs were
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bonded across the center of the plate usng Cytecda FM-123 film adhesve. Three different
configurations of ribs were tested during this section of research, as seen in Figure 4.8. The firg
had a thin 25 cm wide duminum C-channd rib with 1.2 cm tal webs, which was adhered to the
laminate with the flat Sde facing down and the channd pardld to the sensors. The second
configuration used two scrap pieces of the same composite laminate, one 2.5 cm wide and the
other 1.2 cm wide, which were bonded with FM-123 in a pyramid-like stack in the center of the
laminate, again pardld to the sensors [110]. The find configuration was identica to the second
one, except it had a 25 cm square Teflon srip inserted between the diffening rib and the
composte to create an atificid ddaminaion in the center of the rib. For each of the
configurations, actuating and sensing PZT sensors were affixed to opposite sides of the rib on the
edges of the laminate in three locations—one pair that was centered on the laminate and one pair
on either sde of the centerline spaced 7.5 cm away. The purpose of these experiments was first
to examine how the rib would effect the propagation of the Lamb waves, then to compare the
propagation through ribs of various diffness, and lagtly to ascertain the feashility of locating a
delaminated region under a rib by comparing the received signd with undamaged regions. The
test setup and data andysis procedure for the diffened pand experiments were identicd to that

of the thin specimens with a driving frequency of 15 kHz.

4.4.4 Composte sandwich cylinder tests

The next levd of complexity involved examining a reaively large built-up structure, a
cylinder with a 40 cm diameter and length of 120 cm, seen in Figure 4.9, which was congtructed
during previous research as a compodte micro-satdlite structure [152]. The two facesheets of

the sandwich gructure were manufactured from the same composite materia as the other tested
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gpoecimens and were of smilar layup, and a 25 cm thick low-dendty duminum honeycomb was
bonded between them. An identical setup to that used on the other specimens was used on this
cylinder to determine the feashility of detecting known damaged regions in a large curved built-
up dructure. Fird, in a control region with no visud damage, an actuating PZT wafer was
placed on one end of the cylinder, and then sensing piezoceramic etches were placed down the
length of the cylinder every 10 cm for 60 cm. These tests would not only provide a controlled
time of flight for the structure, but would adso provide data for the attenuation of the wave in a
representative structure.  Next sensors were placed every 10 cm circumferentidly over a 30 cm
gan to examine the attenuaion of the Lamb wave sgnd in a curved section. Ladly,
piezodectric sensors were adhered in podtions 10 cm away longitudindly and a 5 cm
increments  circumferentialy to atempt to quantify how far away from the man propagetion
channd the sensors could be placed to gill sense a reliable measurement.  Once again, the data
andyss procedure for these experiments were identicd to that of dl the others, with a driving

frequency of 40 kHz in this case because of the honeycomb core and dightly different layup.

445 2-Dplatetests

The find test performed in pulse-transmisson mode was to scan 2D laminated plates for
damage. Graphite/epoxy panels measuring 30 x 30 cm were manufactured smilarly to those of
the previous experiments, but were not milled into smdler specimen for these experiments.
Square PZT sensors measuring 1.5 cm on each sde were affixed dong the perimeter of the
laminate, in the center of each sde as seenin Figure 4.10. The driving pulse was sent to actuate

eech PZT piece one a a time a 15 kHz, and smultaneoudy readings of resulting srains were
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measured from each of the other three patches, this would occur four times, each time actuating a

different piezodectric sensor. These results were aso decomposed using the Morlet wavelet.

446 Sef-sensing tests

As an dterndive to pulse-transmisson, some preliminary tesing was dso peformed for
the pulse-reflection of Lamb waves. Theordicdly, this method should provide more information
about damege location, snce the time of flignt of damage from reflection Stes would be
recorded s0 a triangulation could be performed. The setup for these tests was identica to the
configuration from the 2-D plate tests, with PZT sensors placed in the center of each sde. The
only difference for these tests was that each PZT piece would serve as both a sensor and receiver
smultaneoudy, collecting the reflected as well as the tranamitted drain data for each pulse
actudion. This “sdf-senang” capability was achieved by usng a full bridge circuit, represented
in Figure 4.11, which was developed in the literature and adapted for use in these experiments.
This crcuit desgn would dlow the data acquistion equipment to monitor the 10 mV dran

measurements from the PZT without being overwhelmed by the 5V driving sgnd [153].

45  Results

This section presents the results for andyticd and experimental procedures previoudy
described in this chepter. The andyticad results are in the form of time of flight measurements
teken from the movie files crested by the finite dement solution in ABAQUSO. Severd
sngpshots of the propagating waves are dso digolayed. The experimentd results summarize the
comparison of the wavelet-decomposed signa between the control specimen and the specimens

with various forms of damage. The presence of damage in the specimens caused the amplitude
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of the wave coefficients to decrease dgnificantly, as wel as dowing the wave veocity for many
of the specimens. These results are presented for narrow coupons, sandwich beams, diffened
panels, a composite sandwich cylinder and a 2-D laminated plate. A discusson of these results

is presented in the following section.

45.1 Analytical results

The fird st of andytica results were obtained from the thin layered laminated medium
finite element code written by Prosper a MIT as described previoudy, which accurately
characterized the cross-sectiond variation due to the Lamb wave, however was incgpable of
andyzing changes in the width direction. A representative plot showing the verticd
displacement over time a a point 25 cm away from the 60 kHz actuation point can be seen in
Figure 4.12. The solid line in this figure represents the undamaged graphite/epoxy specimen
that appears to have a wave velocity of around 1.95 km/s, while the broken line is a smulation of
the Lamb wave traveing & 1.85 km/s in a specimen with a 25 cm center delamination. There
aso appears to be a dight change in wave frequency content for the Lamb wave in the
delaminated specimen.

The next st of results were obtained from the finite eement modes crested in
ABAQUSO, which smulated the behavior of the Lamb waves as they traveled across the thin-
shdled laminate. The products of these andyses were movie files that animaed the vertica
displacement of the nodes over time as the Lamb waves propagated from the loaded nodes. A
series of dill shots of a Lamb wave propageting in a control model can be seen in Figure 4.13
and for a ddaminated model in Figure 4.14. A summary comparing the recorded times of flight

for each of the modds that were andyzed can be found in Table 4.1. The FE results did not
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show much of a change between the control and cracked modds for time of flight, however there
was a noticesble reflected wave traveling from the cracked region after the Lamb wave had
passed over it. The modd with the through-hole exhibited a dight change in time of flight, and a
amdl reflected wave was observed as well. For both delamination models there was a sgnificant
increase in the time of flight due to the damage, and in addition, reflected waves were generated
which had dmog hdf the amplitude of the travding wave. Additiondly, the modd with the
asymmetric ddamination crested two wave fronts traveling a different speeds, which began to
interfere with each other as they continued down the laminate. These FE results appear to be
conggtent with the experimenta results, as will be further discussed in the following section.

Comparable results were found for each of the sandwich beam modds, control and
diffened plate modds and curved sandwich pand modds. The time of flight measured for each
of these modds is documented in Table 4.2. Perhgps the most interesting results were
discovered for the diffened plate modes. Firs, Figure 4.15 displays the Lamb wave as it
propagated across a plate with no diffener atached as a controlled reference. Next, as seen in
the series of dills for the plate with bonded composte diffeners in Figure 4.16, as the wave
travded radidly from the actuation region and reeched the diffened region, a uniform reflected
wave began to propagate back towards the actuator, while the forward moving wave continued
towards the opposte dde, briefly speeding up in the giffened region and shrinking in amplitude.
For the diffener with a delaminated region, seen in Figure 4.17, when the Lamb wave reached
the diffener it continued a the same speed and amplitude through the ddlaminated region while
changing speed and disolacement amplitude in the nonddaminated region. The fascinating
result was that the delaminated “dot” caused a fringe pattern to gppear in both the continuing and

reflecting waves, which there were regions of maximum and minimum displacement amplitudes



radiating in congant angle intervas from the front of the ddaminated area. The effect of a
delaminated region in a curved sandwich pand can be seen by comparing the dills in Figure
4.18 and Figure 4.19, where a very smdl amplitude wave propagates across the thick pane and

issgnificantly reflected by the damage.

45.2 Experimental results

There were two sets of results obtained for both the thin coupons and the narrow
sandwich beams. The firgt set of results included the raw time traces of voltage from the PZT
sensor a the far end of the specimen.  For the thin coupons, 1 ms of data was taken and the
average peak voltage was gpproximatedly 20 mV. The time traces for one of each type of
gpecimen aong with a superimposed control pecimen are shown in Figure 4.20, and Table 4.3
summarizes the edtimated time of flight for each of the specimens based upon the plots.
Smilarly, 500 ns of data was taken for the sandwich beams with an average pesk voltage of
goproximately 10 mV. For these specimens, time traces of each control beam are plotted against
their delaminated counterpart in Figure 4.21. In each of these plots, a parasitic portion of the
sent sgnd leeking across the data acquisition board can be seen a the beginning of the time
trace. Since the channels were dl triggered at the 5V peek voltage, exactly haf of the sent sgnd
is vishle s0 this became a convenient way to measure the time of flight. The second set of
results for each specimen group was the outcome of the wavelet decompostion. For each
gpecimen, the “bleed—through” portion of the signd was filtered out, and the wavelet coefficient
magnitude of the dominant frequency (15 kHz for the thin coupons and 50 kHz for the beams)
was plotted over time. For the thin coupons, Figure 4.22 compares these coefficients, and thus

the tranamitted energy, for one of each type of specimen. Findly, Figure 4.23 displays the
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wavdet coefficient results for the “blind tet,” compaing the two high dendty duminum core
control specimens with one known and one unknown damaged specimen.

Smilar results were found for the built-up composite structures. The voltage time traces
for each of the diffened plate tests can be seen in Figure 4.24 and the complementary wavelet
plots in Figure 4.25. As described in the experimental procedure section, severa sensors were
placed dong the composte sandwich cylinder a regular intervas. The time traces and waveet
plots for the axia propagetion of the Lamb waves can be seen in Figure 4.26 and Figure 4.27
respectively, and Figure 4.28 for the crcumferentidly traveding waves. Similar plots for the
sensors aong the path of the ddaminated region are seen in Figure 4.29 and Figure 4.30. The
last sets of results are for the 2D plate specimen. The series of time traces for each of the four
independent tests actuating with different piezoceramics can be seen in Figure 4.31 and the
wavdet plots in Figure 4.32. The time trace for the sngle “sdf-sensng” test performed at 45
kHz can be found in Figure 4.33. This test proved the feashility of an actuator being used as a
sensor as well, however the reflected sgnd was quite small, and as eaborated in the discusson

section, more work would need to be performed to use thiskind of sensor in future tests.

4.6  Discussion

The following sections provide a discusson to evaduate the sgnificance of the Lamb
wave method tests. The effect of various types of damage on the propagation of Lamb waves is
quantified for both the anayticd modds and the experimenta procedures. The results of the FE
modds and physicad tests are then compared, and conclusions are drawvn about their accuracy.
Finaly, suggestions are provided for the potentia role of Lamb wave methods within a Structurd

hedlth monitoring system architecture.
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4.6.1 Effect of damage on Lamb waves

There are generdly five gods for damage detection, each of which is gained with
increeang difficulty and complexity. The fird is the determination of the presence of damage in
a specimen.  The second is an estimation of the extent of severity of the damage. The third god
is to be ale to differentiate between different types of damage. The fourth is to be able to
cdculate where the damage is locaed. The find one is to edimae the dimensons of the
damage. It appears that Lamb wave methods carry enough information potentidly to meet dl of
these gods with a drategicdly placed aray of sensors and suitable processng codes, however
the current scope of this research focuses on the first two goas only.

The results from the narrow coupon tests clearly show the presence of damage in dl of
the specimens. Firgt of dl, when the time traces of dl of the control specimens were overlad,
there was a high degree of visble corrdation, especidly for the fird hadf of the voltage time
trace. The dight variation in the second hdf of the data can be attributed to the reflected sgnas
returning from the far end of the soecimen and passng under the PZT sensor again, which may
encounter a dight cutting bias in the composte to cause a change in phase.  Of the atificidly
damaged specimens, the Teflorrinduced ddamingtion was mogt eedly quantified.  When
compared to the control specimens, these time traces appear a the same phase and frequency,
only having been delayed about 55 ns due to the damage. For the other types of damage the
frequency often remaned the same, however there was a large reduction in amplitude, and a
large and varying change in phase. Time traces were reproducible within a single specimen,
dthough the results were not condstent across multiple specimens with identicd forms of
damage. This was due to the scatter and reflecting of the waves on the various damage features,

which may not be identicd specimen to specimen.  This makes a “damage sgnature’ difficult to
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define. The mog digtinctly dtered sgnd was that of the through-hole, having the same diameter
as the actuator and sensor widths, which had the smdlest sensed voltage amplitude of dl the
gecimens. The mogt obvious method to disinguish between damaged and undamaged
specimens however is by regarding the wavelet decompostion plots.  The control specimens
retained over twice as much energy a the pesk frequency as compared to dl of the damaged
goecimens, and especidly contained much more energy in the reflected waves. The loss of
energy in the damaged specimens again is due to the digperson caused by the micro-cracks
within the laminate in the exctation of high-frequency loca modes.

The sandwich beam results were more difficult to interpret, due to the damping nature of
the cores, which dgnificantly reduced the sgnd captured by the PZT sensors. The high densty
auminum core, which was the diffest of the four tested, provided the clearest results, the other
specimens yidded decreasng magnitude voltages as the giffness decreased thus increasing the
damping factor. There were two basic trends across dl the specimens. The firgt was that the
responses of the control specimens were larger than those that were delaminated for each core
type. This is mog likdy due to the loss of energy of the wave in a loca mode over the
delaminated region. The second trend was the appearance of more reflected waves after the
initid pulse in the time trace in the ddaminated specimens, which again was probably due to
other higher frequency modes being excited in the region of reduced thickness and dampening.
The mogt dgnificant result with regard to the viability of the Lamb wave method came from the
“blind tes” Four high dendty duminum-core beam specimen were tested, one of which had a
known ddamination in its center, while of the remaining three specimens it was unknown which
contained the circular disbond and which two were the undamaged controls. By comparing the

four wavelet coefficdent plots in Figure 4.23, one can easly deduce that the two control
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goecimens are the ones with much more energy in the trangmitted signds, while the third
gpecimen (Control C) obvioudy has the flaw that reduces energy to a similar level to that of the
known delaminated specimen. This test serves as a testament to the viability of the Lamb Wave
method being able to detect damage in at least Smple structures.

Smilar effects of damage were obsarved in each of the built-up composte structure
cases.  In the diffened plates, the Lamb waves were able to propagate across the stiffened region
without much disperson since they were well bonded and uniform across the specimen. By
comparing the diffened plates with and without a ddamination, a reproducible sgnd was
transmitted across each of the intact portions of the compodte diffeners while it was obvious
that the sgnd traveling through the delaminated region was propagating at a different speed.
Finaly, in the composite sandwich cylinder, the impacted region caused severe dispersion of the
traveing Lamb wave, which in turn attenuated the received sgnd a each sensor further down
the tube. For dl of the tested specimen, dl forms of damage were easlly perceived by comparing
the time of flight and wavdet coefficient magnitudes for the control versus damaged sgnd. This
result contributes to the argument that Lamb wave techniques could provide vduable

information for the in-gtu ingpection of composite materids.

4.6.2 Comparison of analytical and experimental results

Good correlation was found between the FE and experimental results. By comparing
Table 4.1 with Table 4.3 a margin of eror beow 6% is found between the predicted and
measured results for each of the narrow coupon specimens besides the ddaminated ones, which
were below 25% error. The best agreement was found between the control mode and the analog

experiment since the representative damage in the test specimens did not correspond exactly to
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how they had been modded, and often there were multiple forms of damage present in each
goecimen. It was difficult to compare the built-up composite structure experiments with the FE
results for two reasons firdly because the recelved sSgnd was highly attenuated; and secondly
because a the higher driving frequencies in the differ structures, the Lamb waves traveled much
quicker so that the response wave was received within the noise of the actuating sgnd (es
described in the above section on parasitic capacitance).  While the time of flight was difficult to
compare for these dructures, the trends observed in each of the modds was verified by
experimentd results.  Lamb waves propagating in sandwich dructures of any core materid
demongrated much lower displacement amplitudes than those traveling in thin laminates. More
attenuation due to higher disperson was observed in Lamb waves propagating in the
crecumferentid direction of curved models and specimens. Lastly, good corration was found
between the experimenta results and the FE reaults for the times of flight in the diffened plate
with and without ddamination, with margins of eror of 10% and 2% respectively. The results
for Lamb wave propagation within laminates appeared to have matched wel enough to be able
to use a smple dructurd FEM to smulate the waves interaction with damage with confidence
for design purposes. For sandwich structures some of the effects were captured by the 2-D shdl
model, however a 3D or plan-srain modd was necessary to capture dl of the effects of Lamb
waves travding a different velocities in various layers. Nether of these types of modds for
composite materid are practica to be incorporated into a structurd mode for a vehicle, so more
investigation should be performed in this area in the future to desgn a Lamb wave sysem for a

composite sandwich structure based on FEA.
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4.6.3 Roleof Lamb wave methodsin SHM

Lamb wave techniques have good potentid for implementation in a SHM sysem. These
methods provide useful information about the presence and extent of damage in composte
materids, hold the potential of determining location and type of damage, and can be applied to a
dructure with conformable piezodectric devices. The mgor disadvantage of this method is that
it is active; it requires a voltage supply and function generating signd to be supplied. This can
be complicated in a large dructure, especidly if the SHM sysem is to be implemented
wirdesdly; it has been suggested in the literature however that PZT can be actuated remotdy
using radio frequency waves [96]. Ancther difficult requirement is the high data acquigtion rae
needed to gain ussful 9gnd resolution.  If a system is sampling at 0.5 MHz from severa sensors,
a large volume of data will accumulate quickly; this implies the need for locd processng. The
data acquigtion cgpabilities dictate the limitations of flaw Sze able to be resolved by a sysem
usng this method. In order to conserve power and data storage space, the Lamb wave method
should most likey be placed into a SHM system in conjunction with another passve detection
method, such as a frequency response method. The piezodectric patches used to actuate the
Lamb waves could passively record frequency response data until a certain threshold of change
is surpassed, and then trigger the generation of Lamb waves to gain more specific data about the
damaged region. Three to four piezodectric multi-functioning actuator/sensor patches would be
placed in the same vicinity in order to be able to triangulate damage location based upon
reciproca times of flight and reflected waves. Another possible scheme could rely on long srips
of piezodectric materid, which would be able to send and receive wide uniform Lamb waves,
and integrate the received and reflected energy in order to determine the dtate of the materid

between them. The separation between sendng paiches in ether of these configurations would
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depend on severd parameters such as the materid properties, damping characteristics and
curvature of the dructure, which for flat areas could be as large as 2 meters gpart [96]. The
detaled specifications of the Lamb wave driving parameters to be used for a paticular
gpplication would be designed by the procedure described in the optimization section.

In the previous discusson sections, it has been shown that there is a good correlation
between FE modds and experimenta results for Lamb wave propagation, so the effectiveness of
this method in a particular gpplication can be Imulated usng exising dructurd modds with
dight modifications Lamb wave methods have demondrated their effectiveness in detecting the
presence of severa forms of damage in a variety of shapes and condructions of composte
components. From these experiments there are indications that these methods should be capable
of measuring the severity, sze and locaion of damage as wdl. For the ddaminaed diffener for
example, by integrating the energy present in a series of time steps the presence of delamination
should be obvious due to the non-uniform wave front, while the fringe pattern in the transmitted
and reflected wave should contan enough information to determine the width of the
ddamination.  Smilarly, for the impacted cylinder case, a time integration of the energy
tranamitted would clearly reved the damage presence.  The gpplication of Lamb wave

techniques to a SHM architecture will be discussed further in Chapter 6.

4.7  Conclusons

This chapter has explored the optimization and application of Lamb wave methods to
damage detection in composite materids. A collection of equations is offered in order to
optimize the driving parameters and actuator dimensons for testing. With these tools an

optima configuration was sdected for the experimenta section of this research. Usdng this
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procedure, severa narrow graphite/epoxy specimens were tested with various forms of pre-
exising damage, such as ddamination, matrix-cracks and through-thickness holes. Similar tests
were dso peformed on narrow sandwich beams using cores of various dendties and giffness.
These tests demondrated the feashility of detecting severd types of flaws in representative
compogite dructures, and this method was vaidated successfully by a “blind tet” of severd
beam specimens. Tedts were dso performed on built-up composite structures such as diffened
plates and curved sandwich dructures.  Anayticd modding of these specimens yielded smilar
results. Lamb wave techniques have the potentid to provide more information than previoudy
tested methods, such as frequency response methods, since they are more sendtive to the loca
effects of damage to a materid than the globa response of a dructure.  Similar to frequency
reponse methods, their results are limited at higher frequencies, however ther low frequency
results should provide sufficient data to predict damage. The disadvantage of Lamb wave
methods is that they require an active driving mechanism to propagate the waves, and the
resulting data can be more complicated to interpret than for many other techniques. Overdl
however, Lamb wave methods have been found to be the most effective for the in-Stu
determination of the presence and severity of damage in composite materids of the methods

examined in this thes's.
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Figure4.1: Graphical representation of A and SLamb wave shapes
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Figure 4.2: Phase velocity dispersion curve for the Ao mode of an 8-ply composite laminate
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Figure4.3: Group velocity dispersion curve for the Ao mode of an 8-ply composite laminate
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Figure4.4: Lamb wave actuation frequency selection flow chart
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Figure4.5: CFRP specimen (250mm x 50mm) with piezoceramic actuator and sensors

Actuation Signal: 3.5 Sine Waves in a Hanning Window
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Figure4.6: Actuation signal used to generate Lamb waves, 3.5 sine waves at 15 kHz
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Figure 4.7: Sandwich beam specimens (250mm x 50mm) with various cores
Listed from top to bottom: high-density aluminum honeycomb,
low-density aluminum honeycomb, Nomex and Rohacell

Figure 4.8: Composite plates (250mm x 250mm) with bonded stiffeners. On left, steel C-channel measuring
40mm x 250mm x 20mm. On right, CFRP doublers, 40mm x 250mm x 2mm (16 plies).
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Figure 4.9: Composite sandwich cylinder with small impacted region
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Figure 4.10: 2-D composite plate with four piezoel ectric sensors
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Figure4.11:

Sdf-sensing circuit allows piezoel ectric actuator to sense reflected Lamb waves

Hesponse 250 mm away from load

0.5+

0.3

0.z

0.1

Waerical displacemant
=

— undamaged plate 0
---- damaged plate D .

irmrm thick plate g
28rmm delamination

[ —

| | | M | |

0.05 0.1 015

tirne [ms]

0.3

Figure4.12: Preliminary analytical results for 60 kHz signal using Prosper code from MIT
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Figure 4.13: FEA resultsfor narrow coupon with no damage at 100 microsecond intervals
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Figure4.14: FEA resultsfor narrow coupon with 25mm center delamination at 100 microsecond intervals
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Figure 4.15: FEA resultsfor 2-D plate with no stiffener at 100 microsecond intervals
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Figure4.16: FEA resultsfor 2-D plate with composite stiffener (no damage) at 100 microsecond intervals
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D plate with delaminated composite stiffener at 100 microsecond intervals

Figure4.17: FEA resultsfor 2
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Figure4.18: FEA resultsfor curved sandwich panel with no damage at 10 microsecond intervals
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Figure4.19: FEA resultsfor curved sandwich panel with impact damage at 10 microsecond intervals
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Unfiltered Woltage Data of Ao Lamb Waves from PZT Sensors
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Figure 4.20: Time-trace of voltage signal from sensor 20 cm from actuator, 15 kHz signal
Solid lines are damaged specimens; control is superimposed as a dashed line

Unfiltered Yaltage Data of Ao Lamb Waves from PZT Sensars
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Figure4.21: Time-trace of voltage signal from sensor 20 cm from actuator, 50 kHz signal
Solid lines are undamaged beams, debonded specimens have dashed lines
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Wavelet Coefficient Magnitudes for 15 kHz Signal Content
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Figure 4.22: Wavelet coefficients for thin coupons; compares 15 kHz energy content
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Figure 4.23: Wavelet coefficients for beam “blind test”; compares 50 kHz energy content
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Unfiltered Yoltage Data of Ao Lamb Waves from PZT Sensors
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Figure 4.24: Time-trace of voltage signal for stiffened plates, 15 kHz signal
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Figure4.25: Wavelet coefficientsfor stiffened plates; compares 15 kHz energy content
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Linfiltered Voltage Data of Ao Lamb Waves from PZT Sensars
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Figure4.26: Time-trace of voltage signal for composite sandwich cylinder, 40 kHz signal

Wavelet Coefficient Magnitudes for 40 kHz Signal Content
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Figure4.27: Wavelet coefficients for composite cylinder; compares 40 kHz energy content
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Figure4.28: Time-trace and wavelet coefficients for circumferential scan, 40 kHz signal
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Figure 4.29: Time-trace of voltage signal for impacted cylinder, 40 kHz signal
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Wavelet Coefficient Magnitudes for 40 kHz Signal Content
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Figure 4.30: Wavelet coefficients for impacted cylinder; compares 40 kHz energy content
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Figure 4.31: Time-trace of voltage signal for 2-D plate, 15 kHz signal. Each plot represents
actuation from a different side. Blue curveissensed wave directly acrossfrom

actuator. Red and green curves are sensed waves on sides adjacent to actuator.
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Wavelet Coefficient Magnitudes for 15 kHz Signal Content
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Figure4.32: Wavelet coefficientsfor 2-D plate; compares 15 kHz energy content
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Figure 4.33: Time-trace of voltage signal for self-sensing actuator, 45 kHz signal
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Table4.1: Lamb wave times of flight and group velocities for narrow coupons as observed from FEM solutions

(times in microseconds, TOF based on | TOF based on Cg based on Cg based on Dt from
velocitiesin m/s) initial arrival peak arrival initial arrival peak arrival undamaged
Undamaged 230 230 84 84 -
Center cracked region 231 231 891 891 1
Center 5mm hole 237 231 868 891 7
Center 50x50mm delam 306 280 672 735 76
Side 50x25mm delam 292 34 704 581 62

Table4.2: Lamb wave times of flight and group velocities for all geometries as observed from FEM solutions

(times in microseconds, TOFbasedon | TOF basedon | Cg based on Cg based on Dt from
velocitiesin m/s) initial arrival peak arrival initial arrival peak arrival undamaged
High density Al 26 26 7910 7910 -
High density Al w/delam 32 36 6430 5720 6
Low density Al 45 43 4572 4780 -
2-D plate 318 290 647 709 -
2-D plate w/CFRPrib 308 310 668 664 -10
2-D plate w/CFRP rib delam 314 300 655 686 -4
2-D plate w/steel c-channel 308 290 668 709 -10
Table4.3: Lamb wave times of flight and group velocities for narrow coupons as observed experimentally
(timesin microseconds, TOF based on | TOF based on Cg based on Cg based on Dt from
velocitiesin m/s) initial arrival peak arrival initia arrival peak arrival undamaged
Undamaged 216 218 952 944 -
Center cracked region 238 233 864 883 22
Center 5mm hole 226 230 910 84 10
Center 50x50mm delam 261 258 783 797 45
Side 50x25mm delam 231 220 890 935 15
Table4.4: Lamb wave times of flight and group velocities for sandwich beams as observed experimentally
(times in microseconds, TOF based on | TOF based on Cg based on Cg based on Dt from
velocitiesin m/s) initial arrival peak arrival initial arrival peak arrival undamaged
High density Al 24 27 8570 7620 -
High density Al w/delam 30 31 6860 6640 6
Low density Al 30 37 6860 5560 -
Low density Al w/delam 37 41 5560 5020 7
Nomex 36 35 5720 5880 -
Rohacell 27 28 7620 7350 -
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Chapter 5

OTHER PIEZOELECTRIC-BASED SENSING METHODS

There are many advantages to using piezodectric sensors in SHM applications, they are
light, can be conformable, use little power and are sendtive to smdl drains and accelerations.
The two previous chapters of this thess have given a detailed account of the frequency response
and Lamb wave methods using piezodlectric sensors and actuators. Both of these methods have
demondrated useful sendtivity to damage, however they ae mogt effectively implemented
activey by usng powered actuators in a pulse-transmisson or pulse-echo mode.  Perhaps the
greatest advantage of using piezodectric materid for sensors, is that they can be used for a wide
vaiety of detection techniques by smply dtering the time scde of andyss or actuaing sgnd.
This chapter gives an overview of two further techniques, acoudic emisson and dran
monitoring, which could be implemented via the piezodectric sensors and system infrastructure
used for the previous two methods presented, to detect damage passively without the use of
actuators. These methods can offer supplementd information about the dtate of the structure,
while only requiring some additiond software. Background for these methods are presented
from the literature, as well as results from smple proof of concept experiments that were

performed.
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51 Background

As mentioned previoudy in Chapter 2, one of the earlies forms of damage monitoring in
vehides involved obsarving drains using resdive foil gauges. These sensors are gpplied eadly
to the surface of a dructure, and output data that is smple to anadyze with little processng.
Operators have used records from strain gauges to check for over-grains in components, as well
as to calculate stresses based on diffness estimations [7]. Optica fibers have been embedded in
composite dructures to serve the same purposes over a didributed area with dightly more
complexity [154]. More recently, piezoelectric sensors have been consdered for the in-Stu
monitoring of operationd dsrans.  There have been a few atices in the literature that have
suggested piezodectric sensors for this role. Rees et al suggested the use of piezodectric patch
sensors placed around a boron/epoxy repair site to monitor cracks growing in the epoxy [155]. A
finite element gpproach was used to show the drain increase from the dress concentration
developing under the sensor as the crack grew. A sengtivity study showed tha cracks larger
than 11 mm would be able to be detected by this scheme. The mgority of this work was
andytica, however experimental vaidation was provided in a second paper that showed the
detection of a 10x10 mm disbond in a boron/epoxy repar peatch adhered to an auminum
dructure [156]. This study adso concluded that the impedance properties of the piezodectric
sensor would start to degrade above 2000 microstrain.  Moreover, in another experimental paper,
Hautamaki et al have faoricated and demondtrated a series of MEMS piezodectric sensors,
which exhibited linear results through 1000 micrograin [157]. Strain based damage monitoring
methods have shown potentid to detect cracks on the order of a centimeter in length, however
their results are locdlized to the area beneath the sensors which would require many more sensors

for vehicle coverage as compared to frequency response or Lamb wave methods.
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Another commonly implemented use of piezodectric sensors for damage detection in
compogte sructures has been acoustic emisson.  This method has become well accepted since it
does not require actuation, and its results can provide better information regarding damage
location than mogst other techniques. In its smplest form, this method involves measuring the
time of flight of a circular paitern of sress waves emandaing from a point source, depending on
the sengtivity of the system, this point source could be an impact event or a fiber bresking.
Often resonant sensors are designed <o that they are tuned to the expected frequency of particular
forms of damage to amplify therr presence while other ambient vibrations are damped out [32].
Seveard researchers have investigated this and other techniques in the literature [29, 158-160].
The reason why acoudtic emisson has not become dsandard practice is because of the
complexities that arise from wave propagetion in compodte maerids.  Andyticdly the
triangulation of a damage detection Ste can be easly caculaed in an éadtic isotropic materia
based on time of flight measurements, however in anisotropic and inhomogeneous composite
materias these waves do not behave perfectly, and there can be much disperson and attenuation
due to the fiber structure that distorts the sgnals and makes a damage location prediction
difficult. Chang’'s group a Stanford has had the most success in this fidd [161]. In their smart-
dructures program, they have successfully been able to determine the location of an impact even
in stiffened composite pands to within 10% accuracy with sensors spaced about 25 cm agpart, by
usng a modd-based approach. The metric for the type and dze of damage detectable by
acoudic emisson differs ggnificantly from most techniques however, snce this method is based
on the amount of energy being released by an impact event or crack propagation, and it can only
be detected while that energy is being released. This is compared to the three previous methods

described in this thesis, which can be queried to search for the presence of damage a any ingtant
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during or &fter the initiation of the damage. Acougic emisson methods have the posshility to
cover a large area with few sensors, dert an operator to an impact event, and possibly even the
location of the damage with some additiona data processng. In the following sections,
experiments are described to demondrate the use of srain monitoring and acoustic emisson
techniques with piezodectric sensors using the infrestructure crested for the other two

approaches developed in Chapters 3 and 4.

5.2  Narrow Coupon Tensle Tests

At the concluson of the present research studying frequency response and Lamb wave
methods, a few proof of concept experiments were performed to verify that the sensors and
infragtructure designed for the previous tests could be used sSmultaneoudy for other types of
passve tesing. In the firs of these tedts, narrow coupon specimens were tested in tenson.
These specimens, shown in Figure 5.1, were manufactured identicaly to dl the other
graphite/epoxy laminates in this research, and were machined into narrow drips to fit into the
grips of the servo-hydraulic tensle testing machine. Two specimens were tested—first a control
coupon with no vishle damage, and the second with a 6 mm through hole drilled at its center to
form a stress concentration. On both of these specimens, a 1 cn? square piezoelectric paich was
affixed above the center point of the coupon, and a strain gauge rosette was atached in the
corresponding position on the reverse sde of the specimen. These specimens were then loaded
in tenson & 25 mm per min until falure while the data acquisition sysem collected the load,
stroke, strain and piezoelectric data at 50 samples per second. The data collected from each test

was then andyzed in two ways. as acoustic emisson results, and as strain monitoring results.
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5.2.1 Acoustic emission results

The purpose of this exercise was to match acoudtic events with changes in dope on the
stress-drain curve, and to predict ultimate fallure based upon the observation of increased
acoudic activity. Figure 52 and Figure 53 show the dressgain curve for esch of the
goecimens, using the agoplied dress data as the independent variable, with the normdized
piezoelectric voltage data superimposed over the plot. The data taken from the piezoeectric
sensors did not demondrate many obvious acoustic events, seen as spikes in the averaged data,
and the stress-drain curves (plotted with the strain gauge data) were quite linear with no drops in
diffress  There was dso no indication from the voltage data that ether specimen was near
falure. In both plots, an apparent event is evident near the 330 MPa far fidd stress mark, which
was the point where audible events could be heard. While conclusive results were not obtained
during this test, methods in the literature have had success when usng sensors that had been
tuned for ther gpplication [161]. By using the procedures found in the literature dong with the
ones presented in Chapter 4, a piezodectric sensor could be designed to suite both detection
methods. The functiondity of a passve acoudic emission sensor has dready been implemented
in another program a MIT, where a Smilar setup was used to monitor the rupture of a slicon
digohragm in a MEMS micro-reactor device [162]. A PZT patch was bonded to a sted
component in contact with the slicon part, then the pressure was ramped and as soon as the
pressure dropped off, a large spike could be seen in the PZT output dgnifying an acoustic wave
had travded from the ruptured digphragm. This proved to be a rdiable and reproducible
indicator for arresting the fluid flow to the device. This attests to the possibility of usng acoudtic
emisson to monitor the release of energy from a damage Ste with a multi- purpose sensor that is

suitable for the desired frequency range for both this and other detection methods.
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5.2.2 Strain monitoring results

The second way the data was andyzed was to assess the accuracy of the piezoelectric
sensors for the messurement of drain by contrasting them to the foil-gauge results, again as
shown in Figure 5.2 and Figure 53. The sress-dran curves using the grain gauge data were
very linear, however the curves using the PZT daa was dgnificantly nonlineer. These curves
could be divided into three regions which ae roughly linear in themsdves however the
ggnificance of these regions in not readily obvious. As described in the previous background
section, many piezoelectric materids only respond linearly to drain below certain limits, such as
1000 microgtrain, and while the test presented in this section was preformed at a much lower
grain leve, the PZT used as the sensor in the test had not been previoudy characterized for its
linear drain limit snce the drains due to Lamb waves were extremey low. A more reasonable
explanaion attributes this nontlinearity to the thermoplastic tape that attached the sensor to the
goecimens.  The firg linear region most likely corresponded to the data up until the linear-eastic
limit of the thermopladtic, followed by the second in its plagtic region and then the find region
where the tape was beginning to detach from the specimen. Upon falure of the specimen, the
sensor completely detached itsdf from the composite leaving dl of the thermoplagtic attached to
the copper on the back of the sensor, indicating that at the time of falure there was not a good
bond between the sensor and the specimen. Again, this test did not provide conclusive results,
however as demondrated in the literature, piezoeectric materids have been used to monitor
grain, and with some more experimentation with attachment method to be employed and the
determination of the proper linear region for the sensor sdected, it should be possble to use
piezodectric sensors for direct drain measurement within the infrastructure of other testing

methods that have been presented in this thes's.

120



53 2-D Plate Tests

A second st of tests was performed on a laminated plate in order to further explore the
feadhbility of usng the PZT sensors from the present research to monitor damage events
passvely, and attempt to perform a triangulation to locate the damaged area.  The graphite/epoxy
laminate used for the 2-D plate Lamb wave tests in Chapter 4 was re-used for these tests, with
the four sensors patches affixed in the same locations in the center of each of the sdes dong the
perimeter. Data was collected at 50 Hz (so as not to generate a large volume of data points) as a
graphite pencil tip was broken in severd locations on the laminate in a clockwise fashion, shown
in Figure 5.4, as is common practice for acoustic emission verifications tests. The data was
sampled smultaneoudy from each of the 4 sensors in order to atempt to triangulate the location
of the pencil bresk usng the previoudy cdculated characteridic speed in this laminate from
Chepter 4. The voltage results from these tests are plotted in Figure 5.5, and Figure 5.6 shows
the wavelet decomposition of these sgnds.  From the voltage plots, one can see the acousdtic
event within the dgnd by the voltage spike present following each pencil bresk. At this data
sampling rate however, it was not possble to resolve the ariva times of the voltage spikes
accurately enough to perform a triangulation caculation. A reasonable prediction of the pencil
bresk gte could be made from wavelet plots though, by comparing the magnitude of the energy
present for each sensor at the time of the breakage. In Figure 5.5 for example, it can be seen that
for the first test where the pencil was broken once near each sensor, that event excited the largest
reponse from the adjacent sensor since the traveling acoudtic wave would have attenuated
before reaching the other sensors. The same can be seen for the second test shown in Figure 5.6
where the pencil was broken between a par of sensors, and these pairs consastently exhibited the

largest response.  From these comparisons, an estimate could be made as to the proximity of the
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damage to each sensor.  Using the present infrastructure and sensors suggested in Chapters 3 and
4 for the frequency response and Lamb wave methods, once a threshold value is surmounted to
trigger the system, a comparison could be made between the magnitude of received energy a
each sensor to predict the location of an impact event. If a higher data acquistion rate was
avalable to the sysem, much more information regarding the damage location would be evident

using thetime of arriva data.

54 Discussion

The purpose of this chapter was to introduce other damage detection methods that could
be peformed within the infrastructure of piezodectric sensors and the data acquistion system
used for the frequency response and Lamb wave methods presented in Chapters 3 and 4 of this
thess The fird method consgdered in this chepter was the drain monitoring of specimens. By
measuring the pesk drain witnessed a the surface of a laminate, a prediction of falure can be
made based upon the drain limitations of the materid. The specific results in the current
experiments did not provide sufficiently consgent information to make these predictions,
however several researchers in the literature have successfully fabricated piezoelectric based
drain gauges that are vaid for certain strain rates and ranges. Additional research would have ©
be performed to find a more gppropriate attachment mechanism for this method to be successful.
Similarly, the second method, which focused on acougstic emisson, did not provide as much
information as previous researchers have reported with Smilar techniques, which is due to the
dow data acquisition rate and norntoptima sensor configuration.  As presented in the background
section, prior successful acoudtic emisson work has been peformed usng sampling rates

between 300 kHz and 3 MHz, however for the current setup these sampling rates were not

122



practical for continuous monitoring because of the amount of data tha would have been
produced. Previous researchers have bypassed this problem by using an insrumented sriking
device to trigger the system to cgpture a smdl buffer worth of data points a very short time
deps. To monitor continuoudy without a trigger, custom software would have to be used aong
with complex hardware, in order to collect smal buffered series of data a high acquistion rates,
and then scan that data for voltage spikes while collecting the next buffer full of data This
process would have to teke place very quickly and efficiently so that the nonessentid buffered
data could be purged from the sysem before a large volume of usdess data began to fill the
dorage device. Regardless, acoudstic emisson methods have shown the potentid to provide
va uable information concerning the occurrence of an impact event and proximity to the sensor.
Although the experimental results presented in this chapter were not conclusive, coupled
with the results presented in the literature this preiminary data demondraied the possihbility that
the piezodectric sensors could passvely collect useful data with some additiond software and
data processing capabilities. The most encouraging result came from the wavelet decompostion
of the pencil break test, which clearly indicated the occurrence of each breskage event, and by
comparing the wavelet energy magnitudes provided information to help deduce the impact
location. One proposed system architecture could perform these methods passvely, by using
sensors that are present for other detection methods, to obtain early warning sgns of damage
such as an impact event or a higher than ordinary drain leve. Subsequently, the sysem could
then respond by using more robust methods, such as transfer-function frequency response or
Lamb waves, to more aggressvely pinpoint the type and location of damage. These ideas will be
further eaborated upon within Chapter 6, which describes the other components of an SHM

system and provides suggestions for a successful system architecture.
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Figure5.1: Narrow coupon tensile specimen with strain gauge rosette and piezo sensor attached
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Figure5.2: Rotated stress-strain plot for control coupon, piezo voltage data superimposed
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Strain and Yoltage vs Stress Applied
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Figure5.3: Rotated stress-strain plot for coupon with hole, piezo voltage data superimposed
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Pencil Ereak Test #1
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Figure5.5: Time-trace of voltage signal recorded by each piezo for tests#1 and #2

126




Wavelet Coefficient Magnitudes for Pencil Test #1
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Figure5.6: Wavelet coefficients for acoustic emission tests#1 and #2
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Chapter 6

STRUCTURAL HEALTH MONITORING SYSTEMS

In the previous chepters of this theds, the concept of a Structurd Hedth Monitoring
system was introduced, and the motivation for implementing one was presented. The focus until
this point has been on sensors and sensng methods, concentrating mostly on piezoelectric based
methods such as frequency response and Lamb waves. This chapter ddineates the relevant
congderations and components necessary for a complete SHM system. It continues with
recommendations for implementation of SHM within composite structures based on the present

research, and concludes with a discussion of possible directions for the future of SHM systems.

6.1 Componentsof SHMS

This section introduces the necessary components of a SHM system. The focus of the
previous chapters of this thesis has been on the sensors used for the actuad damage detection in
the structure, however perhaps of equa importance and chdlenge are the other components used
to convert, process and transmit the data from these sensors.  An overdl SHM system
architecture is necessary to integrate drategicdly dl of the other components for the most
efficient operation. Characteristic damage sgnaiures must be known for the particular materia
and structure to select appropriate sensors and sensing methods.  The data from the sensors must

be communicated between the sensors and to a processng unit, and agorithms are needed to
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interpret this data. Some systems may require an intervention component as well.  All of these
components must work together to gather the information about damage in the sructure, and

flawlesdy rdlay this information to an operator for the system to work religbly.

6.1.1 Architecture

The architecture of a SHM system is not a particular physical component, nevertheess it
is an important preiminary condderation for the desgn process. The requirements of the end
users are incorporated into the architecture in order to define the types of damage to be
monitored, the critical flav dze, the weight and power budget for the sysem, and the leve of
importance of the various structura members that need to be monitored. It includes the layout of
where the physica components of the SHM system lie and how they interact. One decison is
the choice between a red-time (continuous) and discontinuous SHM system. A red-time SHM
system is one that continuadly monitors a sructure during operation, and produces data that can
be directly utilized a any point by ether an operator or ground control gation. A discontinuous
SHM system is one that data can only be accessed post-operation and could contain either a
gored record of operationd hedth data or might involve performing an integra ingpection upon
demand. Discontinuous sysems are much less complex than red-time ones snce much of the
infrastructure needed to power, transfer and anadyze the damage detection data can be contained
in an extend unit tha is used to access key in-9tu components.  Additiondly the leve
redundancy for each component needs to be assigned to achieve a desred levd of reiability in
caching fase-positives aswell as true-pogitives.

There are severd other questions a SHM system designer encounters when specifying the

architecture. Is the system to be designed for an aging or new vehide? Wha materid is being
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used for the structure? Should the system be embedded or surface mounted? The designer must
aso determine the sensor placement density and pattern; the more sensors the better the damage
resolution, with increased power and weight as penadties. One architectural concept introduced
in this chapter is that of the SHM pach. This scheme clusers severa sensors and other
components together to be incorporated on the structure to operate independently of other
patches. A few suggested systems architectures can be found in the literature, with one thorough
description given by Ikegami from Boeing [163]. In this paper, he provides flow charts for the

transfer of data between the various components and provides suggestions for implementation.

6.1.2 Damage characterization

Damage characterization might be consdered a subsystem of the architecture, however it
is sufficiently important to be discussed in depth.  This is probably the most fundamenta aspect
of detecting damage; the familiarity of what kinds of damage are common in a type of maerid,
and the knowledge of what “changes’ correspond to these forms of damage. These damage
characterigtics are dependent on the type of materid the structure is manufactured with, as well
as the dructura configuration.  With metdlic dructures, designers are mostly concerned with
fatigue cracks and corrosion, while for composite materids, ddamination and impact damage are
more of a concern. Structurd configuration includes secondary dructures that may introduce
new aess for damage to exis, or influence the effect of damage on the primary Structure.
Examples of this include core materids or diffeners in a composite structure that can delaminate,
and ribs or fasteners in metdlic dructures that can introduce stress concentrations or crack
initiation dtes.  Once an underdanding of the damage dgnaure in the maerid of concern is

reached, then the sensing method and sensors can be selected.
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6.1.3 Sensors

Sensors are used to record varigbles such as grain, acceleration, sound waves, dectrica
or magnetic impedance, pressure or temperature.  Previous chapters have gone into depth
decribing some of the sensng sysems with the most potentid for damage detection, including
frequency response, Lamb wave, acoudic emisson and dran monitoring methods.  In the
literature it has been edimated that a SHM system for an aerospace vehicle would require
between 100 and 1000 sensors, depending on its Sze and desired coverage area [29]. Sensing
systems can generdly be divided into two classes. passive or active sampling. Passive sampling
sysems are those that operate by detecting responses due to perturbations of ambient conditions
without any artificidly introduced energy. The smplest forms of a passve sysem are witness
materials, which use sensors tha intrindcaly record a sngle vadue of maximum or threshold
dress, drain or digplacement. Examples of this can be phase change dloys that become
magnetized beyond a certain dress level, shape memory dloys, pressure sendgtive polymers, or
extensometers.  Another type of passve sendng is sran measurement by piezodectric wafers.
Lagtly, severd vibrationd techniques can be peformed passvely, such as some accelerometers,
ambient frequency response and acoudic emisson with piezodectric wafers.  Active sampling
gydems ae those that require externdly supplied energy in the form of a dres or
electromagnetic wave to properly function. A few drain-based examples of active sysems
include dectricd and magnetic impedance measurements, eddy currents and optical fibers which
require a laser light source.  Active vibrationa techniques include the transfer function modd
andyss and Lamb wave propagation. Good references for selection of actuators for various
active systems can be found in a review paper in the literature [164]. Passve techniques tend to

be smpler to implement and operate within a SHM sysem and provide ussful globa damage
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detection capabilities, however generdly active methods are more accurate in  providing
localized information about a damaged area. A comparison of the sensng methods can be seen
in Table 6.1. Sensor sdection charts plotting sSze of detectable damage againg sensor sze and
power requirement for various coverage aress, can be found in Figure 6.1 and Figure 6.2. It can
be seen that they are al generdly capable of detecting the same Sze of damage and can be
implemented with smilar sze and power sensors, however frequency response and Lamb wave
techniques are the only ones that can offer full surface coverage for a1 x 1 m plate. While some
other methods, such as eddy currents, can offer better damage resolution, they are only capable
of detecting damage directly below the sensor, which would drive the sysem to use ether very
large sensors or alarge volume of sensors.

All of the aorementioned sendng sysems have some meit for implementaion in an
SHM system. Fregquency response methods can be used either actively or passvely, Lamb wave
methods are purdy active and acoudtic emisson and strain measurements are typicaly passve
methods.  All of the methods presented in the present work utilize piezodectric sensors since
they are easy to integrate or embed into a structure, they are low power and fairly robust, making
them a good choice for a composite dructure. There are other sensors available for these
methods, which could be suitable depending on the gpplication or the materid being monitored.
Many of the other sysems mentioned in this section however, require specidized sensors

designed soldly for their application, most notably eddy currents and optical fibers.

6.1.4 Computation

Several processing units are necessary to operate a SHM system. On the locdl levd, a

processor must interface with the sensors to acquire the data and convert the raw andog signas
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to digital ones. If it is an active system, such as with Lamb wave methods, the processor must
send indructions or waveforms to the actuator periodically. Data rates between 25 and 50
Megabytes per second would be necessary for each Lamb wave sensor collecting data in the
system, or 0.5 to 1 Megabytes per second for acoustic emission sensors [29]. At these rates, it
can be seen that a large data $orage capacity would become necessary for continuous monitoring
if the data is not immediately processed in a buffer and then overwritten, however a single Lamb
wave tet would only use 50 kilobytes. Once the information is collected, the useful, or
“changed” data must be separated from the large quantity of collected data to send to the
processng unit. Compresson may be utilized at this step to condense the output signd for
transmisson. Loca processng may aso be necessary to compare data between neighboring
sensor paiches for damage verification.  There are dso globa computationd needs to use
dgorithms to assess the severity of damage, triangulate damage locations or make falure

predictions, and to convey this information to the end-user.

6.1.5 Communication

Ancther important component of a SHM sysem is a communication System. This
involves the transfer of data in one form or another between various components of the system.
There are essentidly four areas where the trandfer of data is necessary: intra-patch, inter-patch,
patch-processor and processor-operator.  Intra-patch communications refers to the transfer of
data, ether andog or digitd form, between various components within a loca sensor patch. This
might include the pasing of data from the sensor to data acquisition board, an anaog-to-digita
converter, or possbly a loca processor chip for prdiminary data andyds. These trandfers would

mogt likely be across metalic wires or optical fibers since they would only be traveling a short
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distance, on the order of a few centimeters to a meter a mogt, and there could be many sensors
involved. The next caegory is inter-paich communications, which refers to the trandfer of
information between various patches in different regions. In some SHM schemes, it would be
beneficid for loca sensor Stes to be able to communicate in order to compare or verify data and
increase religbility.  Inter-patch communication could aso be a means to pass data down the line
dong a large dructure, sacrificing speed for lower power requirements. Most of this category
would be performed with low power wirdess trandfers over a few meters, so that the various
patches could be ingtdled and operate independently. Next, patch-processor communication is
necessary to transfer the collected sensor data to a central processng unit.  To maintain
efficiency, only important data would be trandferred to the centrd computer, which could be
located with the vehide avionics. Modg likdy a high-powered wirdess method would be
necessary to trandfer the data to the computer which could be tens of meters away, unless the
patches were to pass the information dong in a data-bus fashion. Lagtly, data must be passed

between the processor and the end user to convey information about the state of the structure.

6.1.6 Power

Mog of the components mentioned in the previous sections require power to function.
Lamb wave actuators, for example, operating actuating at 15 kHz with 5 V pesak-to-pesk would
drav 24 mW (using P=2pfCV/?). A low power micro-computer to process the data would likely
draw about 10 mW, and a short range wireless device would require about 5 mW to function.
This becomes difficult when there are many components distributed throughout the surface of
the sStructure, some of which can even be embedded within the skin.  Power could be supplied

localy by betteries, or provided from within the vehicle via an dectricd bus. Some researchers
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have proposed sysems where energy is transmitted by radio frequencies to inductive loops, or
collected passively with energy harvesting devices to the loca sensor and processng patches.

Power systems for SHM systems are probably the least devel oped area currently.

6.1.7 Algorithms

Algorithms are probably the most essentid component to a SHM sysem. They are
necessary to decipher and interpret the collected data, and require an understanding of the
operationad environments and materid thresholds. Examples of dgorithms that have been
mentioned in this thess include codes that perform modd andyss and waveet decompostion.
Other dgorithms that could be embedded into a SHM system include codes that interpret the
sensor data to specify the damage size and location, codes that caculate the resdua strength or
diffness of the structure, or codes that predict faillure based upon the measured damage. The

accuracy and robustness of the system is dependent on how well these codes are written.

6.1.8 Intervention

The lagt potentiad component of a SHM system is some form of intervention mechaniam.
Current intervention usudly involves a mechanic peforming a prescribed repar.  Future
advanced intervention systems mechanisms may use the collected damage detection data to
mitigate further damage actively, or possbly even temporarily or permanently repair the damage
dgte. Some proposed ways of achieving this intervention include the use of shape memory dloys

to diffen particular areas in the wake of a crack, or inserting epoxy reservoirs or dued phase
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matrices into a composite to close punctures in the Sructure.  These types of mechanisms are

ided for future SHM systems, but are not required for useful preliminary onesin the near future.

6.2  Recommendations of | mplementation of SHMSin Composite Structures

The man focus of this thess is to provide desgn recommendations and guiddines for the
implementation of a dructura hedlth monitoring system in a compodte dructure.  The previous
sections of this chapter have explaned the required components of SHM systems, and this
section will propose an architecture to connect these components. In order for the system to be
viable, the design must be based on the optimization of a cost function. Sensors and actuators
would be chosen based upon the materid to be monitored and the dsructurd configuration,
gmilar to the description in Chapter 4 for the optimization of Lamb wave sensors. A smart
desgn will use severd different sendang methods, teking advantage of both the drengths and
weaknesses of each; for example certain methods work anly in conducting materids and other in
insulating ones, so potentidly, damage to fibers could be differentiasted from damaged matrix in
a composte by usng both concurrently. The trade between redundancy and reiability is
essentid snce missed damage or fadse-postives could prove financidly fad to SHM sysems.
By udng event-driven processng, such as a passve system triggering a dormant active one, a
low duty cycle would save power and complexity. Further gains could be made by taking
advantage of ambient conditions to provide power or actuation. As previoudy mentioned, good
dgorithms desgned for the paticular materid being monitored is key. Ladly, it would be
advantageous to design a system that was flexible enough that it could be retrofitted to exising
aging systems as well aswork on new structures.

A design proposed by the author would use relatively smal (0.25 - 1.0 nf) autonomous

sensor patches as its key dements.  These patches would include multiple piezodectric sensors
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around their perimeter, loca wiring between the sensors (longest length of 0.5 m), a data
acquisition/processing device (cgpable of sampling around 1 MHz), a rechargeable polymer
battery with an inductive coil for power reception (50 mW required to power dl components),
and a short range wireless device (10 m transmisson range). All of these components would be
embedded deposited onto a conformable insulating polymer sheet with a thermoplastic adhesve
backing so0 that it could easily be applied over any surface of a vehicle. Thermoplastic would be
used to avoid the complexity of an autoclave cure, and so the patch could be removed if it were
damaged or if the surface it was mounted over required repair. Other sensor types could possibly
be deposited onto the polymer as well in certain regions, such as meandering wires for eddy
current tests or differentid parald metd tracks for thermocouple readings. These patches would
be generic so that they could be placed in any region of concern on a vehicle, and could even be
placed on a dispenser like roll to be torn off and gpplied. Since thermoplagtics are removable,
patches could even be replaced if a section becomes damaged or is mdfunctioning. Once
attached to the dructure, a neural network agorithm coud be used for the sensors to learn the
topology of the area of dructure they are adhered over, to collect a smal daabase of the
undamaged date, and to discern where each patch was in relation to the others and in spatid
coordinates of the Structure.  In operation the sensors would passively collect strain and acoustic
emisson data, passing their data dong to ther loca processng units. When aonormd data is
encountered, active transfer function frequency response and Lamb wave methods would be
intiated, using the same piezodectric sensors, to verify the presence of damage. Once damage is
located within the patch region, the nearest neighbor patches would be contacted via a wirdess
connection to attempt to confirm the damage, and to establish te reaulting effect of the damage

on the dructure as a whole. This compiled, consolidated and compressed data would then be
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passed patch to patch to the centra processing unit to be interpreted, and the damage type,
severity and location would be indicated to the operator and ground crew on a computer termina
adong with suggested actions.  Separately, the individud patches might not have the cepacity to
behave intdligently, however collectively they would be adle to make “smart” decisons. This
system would function continuoudy during operation, and could dso be automaticaly accessed
by the operator or ground crew to perform a mid-air or ground ingpection on demand. As afirg
sep towards acceptance of such a system, the operator could rely on it only to speed ground
ingoections by usng the in-situ sensor patches to replace tear-down component inspections.  In
that capacity, the central processor unit could be accessed via an ethernet connection to test each

patch on the Structure for damage prior to each flight.

6.3 Futureof SHMS

Structural  hedlth monitoring systems will be an important aspect of future aerospace
vehicles in order to reduce ther life-cycle cogs. They will be an essentid pat of Reusable
Launch Vehide (RLV) technology, which will require congtant monitoring to diminate the need
for time-consuming inspections.  While RLV projects may presently drive the funding for SHM
gnce they ae 0 criticd to ther feadhility, commercid and military arcrafts have just as much
to benefit from SHM systems. To bring SHM systems to fruition, severad aress in eech of the
components described above need to be researched further. Currently, there are a few papers in
the literature that describe various types of architectura schemes. One particular thesis shows an
economic dudy of life-cycle costs of an arcrait being monitoring via an internet-based SHM
sysem [65]. In this study, sensors attached to the skin of the vehicle collect data about the hedlth

of the dructure, which is then directly sent to the vendors of replacement parts via the internet to
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dlow them to stock and ship components properly. Other papers have looked at the vaue of
combining two forms for NDE methods to increase rdligbility of damage detection, such as usng
eddy-current methods dong with modd response methods [165]. A few companies are dso
working on concepts to integrate and attach sensor patches creatively such as the ones described
in the proposed architecture in the previous section. A magor enabling technology for SHM is
Micro-Electro-Mechanicd-Sysems (MEMS). The miniaurization of each component would
greatly reduce their weight and aspect ratio, and would aso decrease the manufacturing times
and cogts. It has dso been proven in the literature that for severd applications that the sensor
gans condderable sengtivity by reducing its scde [166]. Many companies have dready
developed various types of MEMS sensors, most notably a functional Lamb wave transducer and
receiver fabricated as a MEMS device [167]. To decide between these architectura schemes, a
SHM desgner must compare the cost of development, the cost of implementation, the cost of
operdion, the impact to the production of the vehicle, the etimated savings in ingpection and
mantenance from traditiona methods, the reliability and longevity of each system.

The next component that is currently being researched is the miniaurization and the
computationd devices. All of the large computer companies are working to shrink the size of
processng chips, and others have been developing miniature andogto-digita chips. There are
a0 severd researchers who are working on digtributed arithmetic source coding that is more
efficient to improve the speed and consolidation of data transfer within the shrunken chips [168,
169]. The aea that has perhaps received the most attention has been wirdess sensor
communication [170-173]. Severd companies, including Rockwel Coallins, Boeing, and MTS
Systems dready have prototypes being produced for MEMS wireless devices that they propose

to use to query embedded sensors remotely [174-177]. There are dso a few university-led
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initiatives that have used cdlular-based wirdess devices in civil SHM applications [178, 179].
Next, limited work can be found in the literature providing research into dternative power
gystems. MIT has been working with DARPA over the past severd years to develop a MEMS
based energy harvesting device, which extracts mechanical energy from ambient pressure
variations and vibrations and converts it to eectrica energy [180]. Other companies are working
to develop radio-frequency transducers for wirdess transmisson of power to inductive loops
[181]. Ladly, a few inditutions have developed mechanisms for sef-heding of polymer-matrix
composites for possble damage intervention use, some by using pockets of uncured or two-
phase resn in the polymer itsdf, and others by filling hollow fibers with uncured epoxy that
cures upon being exposed to the externad matrix [182].

Future SHM systems will incorporate dl of the above mentioned technologies to provide
reliable damage detection for agrosgpace vehides MEMS will be an integrd pat of each
component, including the sensors, communication and power sysems. These systems will be
able to determine the integrity of the structure quickly and accurately, and make judgments as to
what action should be taken. This information will be wirdesdy transmitted to the operator and
a ground dation. If serious damage is detected, the SHM system will be able to intervene to
prohibit the damage mode from further progresson, and will attempt to sed the damage gSte to
assg the pilot to a safe landing. At this point the sysem would have dready contacted the
repair technicians, and indicated where the damage is and how to fix it. Such a system will
greetly reduce the life-cycle cods of agrospace vehicles by diminating routine ingpections,

averting both underuse and overuse, and predicting faillure in time for preventative care.
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Table6.1: Comparison of strengths, limitationsand SHM implementation potential for various sensing systems

Method Strengths Limitations SHM Potential
Visuad I nexpensive equipment Only surface damage Currently none
Inexpensive to implement Only large damage
No dataanalysis Human interpretation
Portable Can be time consuming
Simple procedure
X-radi ography Penetrates surface Expensive equipment Currently none
Small defects with penetrant | Expensive to implement
No data analysis Human interpretation
Permanent record of results | Can be time consuming
Simple procedure Require access to both sides
Safety hazard
Strain gauge Portable Expensive equipment Lightweight
Embeddable Expensive to implement Conformable
Surface mountable Dataanalysisrequired Can be deposited
Simple procedure Localized results Very low power draw
Low datarates Resultsfor small area
Opti ca fibers Inexpensive equipment Expensive to implement Lightweight
Embeddable Dataanalysisrequired Large areacoverage
Quick scan of large area High datarates Must be embedded
Accuracy in guestion Requires laser
Ultrasonic Inexpensive to implement Very expensive eguipment Currently none
Portable Complex results
Sensitive to small damage Specialized software
Quick scan of large area High datarates
Couplant required
Require access to both sides
Eddy current Inexpensive to implement Expensive equipment Lightweight
Portable Very complex results Conformable
Surface mountable Specialized software Can be deposited
Sensitive to small damage Safety hazard Very high power draw
Conductive material only Results for small area
Acoustic emisson Inexpensive equipment Very complex results Lightweight
Inexpensive to implement Very high datarates Conformable
Surface mountable Specialized software Can be deposited
Portable No power required
Quick scan of large area Resultsfor large area
Sensitive to small events Triangulation capable
Modd andyss I nexpensive equipment Complex results Lightweight
Inexpensive to implement High datarates Conformable
Surface mountable Specialized software Can be deposited
Portable Results are global Multi-purpose sensors
Simple procedure Low power required
Quick scan of large area Resultsfor large area
Lamb waves I nexpensive equipment Very complex results Lightweight
Inexpensive to implement Very high datarates Conformable
Surface mountable Specialized software Can be deposited

Portable
Sensitive to small damage
Quick scan of linear space

Medium power draw
Linear scan results
Triangulation possible
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Chapter 7

CONCLUSIONSAND RECOMMENDATIONS

The previous chapters of this thess have demondrated the ability of piezodectric sensors
to detect damage in composite materias by various methods. Moativations for the gpplication of
dructurd hedth monitoring, its component requirements and the current gate of SHM in
industry have dso been provided. This chapter draws conclusons from the andytica and
experimentd work presented in this theds, and presents recommendations for further
experimentation in this fidd. The following is a lig of key contributions provided in this thess,

aong with asummary of the other andytica and experimentd results presented herein:

K ey Contributions

- This theds provides a thorough optimization sudy for the sdection of Lamb wave
propagation parameters. These include the choice of driving frequency, pulse shape, actuator
geometry and sensor pacing.  Signd  decomposition and noise reduction are aso discussed.
The presented approach can be used to apply Lamb wave methods to detect damage in
composite or metdlic sructures dike. A complete collection of these formulations is nort
exigent in the literature. (Section 4.3)

- An agument is presented using the finite ement results for the moda andyss method that
demondtrates the dependence of the frequency response of a sructure on the damage type,
location and orientation. Various combinations of damage would yied identicad frequency
shifts (or damage Sgnatures), making modd-dependent moda anayss methods impractica
for SHM applications. (Section 3.5.1)

- A cohesive description of SHM components and their requirements is presented, currently not
found in a single published paper in the literature. An SHM system architecture is proposed
for implementation within a compodte sructure, with recommendations based upon the
andytica and experimenta results from thisthess. (Section 6)
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Analytical Results

- FuUll Lamb wave derivation and solution for phase and group velocities commencing from
origind Lamb papers, which can be used to as a reference to replace many incorrect
formulationsin the literature. (Section 4.2.1)

- Direct comparison of damage sendtivities in identicd finite dement modds solved by
frequency response and Lamb wave techniques. (Section 4.6.2)

Experimental Results

Frequency response experimental results presented for comparison with a much larger range
of representative damage types in specimens than anywhere ese in the literature. (Section
34.2)

- Detaled description of Lamb wave test setup, with explanations for parameter caculations.
Mostly non-existent or arbitrary in literature. (Section 4.3)

- Hrgt published work to document experimental Lamb wave results for specimens with damage
other than ddamination, including matrix cracks, fiber fracture and through-holes. (Section
4.5.2)

- Firg published work to document experimentad Lamb wave results for complex composite
geometries. Reaults presented for 1-D gpplication of Lamb wave tests in composite built up
dructure such as sandwich beams with various cores, rib-siffened pands and a sandwich
condruction cylinder. New configurations of 2-D plate tests were dso performed for Lamb
wave techniques. (Section 4.5.2)

- Prdiminay teding of acoudic emisson methods and drain monitoring techniques for
gpplication in SHM system with frequency response and Lamb wave sensors. (Section 5.2)

General Results

- Economic and rdiability motivations for SHM applications presented. (Section 2.3.1)

- Destription of strengths, wesknesses, limitations and SHM  gpplicability for frequency
response and Lamb wave methods. Suggested roles for these methods within a SHM system.
(Section 4.6.3)

- Thorough review paper of current SHM systems, and available components (Section 2.3.2)
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7.1  Conclusons

This thess presented an andyticd and experimentd sudy of various piezoeectric-based
ingtu damage detection techniques as a basis for the hedth monitoring of composite materids.
The man focus was placed on frequency response methods, which have traditiondly received
the mogt attention, and Lamb wave methods, which are now being heavily researched as having
the most potential for damage detection in composite gpplications. For each of these methods, a
thorough literature review was presented, followed by an andyticd sudy to predict the
theoretica sendtivity of each of these methods to representative damage. These Sudies were
supported by finite dement solutions for identicd models usng each method for comparison.
Findly, eech method was teted experimentdly usng a sngle set of specimens with severd
forms of representative damage. The strengths, weakness, and limitations of each method were
explaned and compared, and suggestions for implementation of these methods into a SHM
system were given.

Using frequency response methods, good correlation was found between the modd and
the experimenta results for low frequencies, however codescing modes a higher frequencies
made comparison impracticd. In both the finite dement models and experimental results there
was strong correspondence between the extent of damaged and reduction in naturd frequencies.
Frequency response methods appear to be appropriate for detecting globa changes in giffness,
for rddively large Sructures a a low power, or possbly even usng ambient vibration energy.
Not much information about the specifics of location or type of damage can be inferred by this
method however, without the use of large stored models. Frequency response nethods have a
potentidly useful role in a SHM system, by guiding other active sensor sysems to regions of

concern and monitoring the globa decay of structurd stiffness.

147



Usng the modds created for the frequency response methods, a finite dement andyss
was ds0 performed for Lamb wave techniques. Lamb wave times of flight measurements were
taken from the animaions for comparison with experimental results. These experiments were
stup udng a series of optimization tools crested usng mathematicd models developed and
combined as a part of this thess, and were performed on the narrow coupons from the previous
frequency response tests. Similar tests were dso performed on sandwich beams using cores of
vaious dendgties and diffness, plates with rib-diffeners, 2-D plates and a composite micro-
saelite.  These tets demondrated the feasbility of detecting severd types of flaws in
representative composite sructures.  The experimental procedure used in this thess was adso
validated successfully by a “blind test” of several beam specimens. Lamb wave techniques have
the potentid to provide more information than frequency response methods since they are more
sengtive to the local effects of damage to a materid than the globa response of a sructure. The
disadvantage of these methods is that they require an active driving mechaniam to propagate the
waves, however, Lamb wave methods have been found to be the most effective for the
determination of the presence of damage in composite materials.

Furthermore this thesis described each component integrd to a SHM sysem.  This
includes the sensors, processors, communication and power systems, agorithms, intervention
sysems and the architecture that binds them dl together. A recommendation was provided for a
feasble architecture for current implementation, and a prediction for the future of SHM systems
is given Structural heath monitoring sysems are likely to be an important component in future
designs of composite air and spacecraft to increase the feashbility of their missons and reduce
thar life-cycle costs, and in-Stu piezodectric-based NDE techniques will likdy play a role in

these systems.
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7.2 Recommendations for Future Work

Much work 4ill remans before current SHM systems can be relied upon to replace
gandard ingpection and maintenance cycles. For frequency response methods, more experiments
should be peformed on built-up and larger dructures to confirm the initid results An
experiment sudy padlding the peformed tests but varying the sze of the damaged regions
would dso be useful in determining this method's sengtivity. For Lamb wave teding, further
work lies ahead for different types of built-up structures other than the ones tested during the
present research, including joined sections and tapers in laminate thickness. A more thorough
invedigaion of 2-D sengng is necessay, as wel as further invedigation into the potentid
capabilities of “sdf-sendng”’ actuators. It would aso be interesting to perform more experiments
using one st of sensors to perform severd types of tests, which should aso be implemented on
representative structures in future testing.  Another possibility would be to test these methods on
materids in use, snce the present work only included newly manufactured specimens with
atificidly introduced damage, and did not account for the complexities inherent to retrofitting a
system to an aging structure.

Beyond the methods examined in this thess there are dso other ussful methods that
gould be explored usng smilar procedures. This includes eddy current messurement, and
severd other dectricd and magnetic impedance measurement methods.  Ancther avenue of
research could be pursuing dl of the previoudy mentioned methods usng new types of sensors,
desgned to be lightweight and conformable specificdly for SHM gpplications.  After good
sensors and sensing systems have been developed, much work gill remains on each of the other

components of SHM sysems. Tedting the integration of these components will be an important
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pat of a succesful program. Mogt directly, remotdy controlling and accessing data from
sensors via wirdess connection and power gill needs much atention.  There are many
components that have yet to be suitably developed for SHM applications, however the aerospace
community has a present underganding of the need for SHM systems, and they will be a redity

in the near future.
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(* CLPT code to determine material properties for laminate*)

layup={90, 45, -45, 0};
sym=1;

EI=21500000* 6912;
Et=1460000* 6912;
vit=.3;

ViI=Et/El* vit;
G=810000*6912;
t=.005*.0254;
rho=.055* 27680;
ply=Length[layup];

o=ldentityMatrix[3]*O;
al[1,2]]=El/(1-vitwvt);
ql[2,2]]=Et/(1-vit*vtl);
a[[1,2]]=(Et*vit)/(1-vit*wil);
al[2,1]]=al[1,2]];
al[3.3]1=G;

QBAR=IdentityMatrix[3]*0;

For[z=1,z<=ply,z++,
x=layup[[Z]]*\[P]/180;
a={{ Cogx]* Cogx],Sin[x]* Sin[x],Cogx]* SN[X]} { SN[X]*Sin[x],

Cogx]* Cogx],-Cog x]* Sin[x]} {-2* Cog x]* Sin[x],2* Cog x]* Sin[X],
Cogx]*Cogx]-Sin[x]*Sin[x]}};

b=Transpose{al;
Q=b.q.a;
QBAR=QBAR+Q]

QBAR=2*QBAR,;

A=QBAR/ply/2;

As=InversqA];

Esl1=A4[1,1]];

Es22=Ad[2,2]];

Es33=Ad[3,3]];

Es12=Ad[1,2]];

E11=Es11™-1;

E22=Es22"-1;

G=Es33*-1;

v=-Es12*E11;

t=ply* 2*t;

(* Compute phase velocity*)

n=0;
x=Table[{j,j} {},1,3000}]*O;
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y=Tablef{],j} {],1,3000}]*0;

For[w=20000, w<1520000, w=w+500,

n=n+1;

d=(w*t)/2* Sgrt[((2rho(1+V))/ELL)];

z=(1-2*v)/(2-2* V),

a=E11/(2rho(1+Vv)*L"2);

h=Tan[Sort[(1-a)]* d]/Tan[Sort[(za)]* d] +(2a- 1)"2/(4a* Sart[ (1-a)] * Sart[ (z&)]);
X[[n,2]]=N[Re[L/. FindRoot[h==0,{ L ,1000,100,4000} ]1];
X[[n,1]]=N[w]/2/Fi/1000;];

(*Compute group velocity*)

n=0;

For[i=1,i<2999,i++,
n=n+1l,
f=(x[[1+1,2]]+x[[i,11])/2;
cp=(x[[i+1,2]]+x{[i,2]])/2;
g=(x[[i+1,2]]-x[[i,2]])/(x[[i+1,2]]-X[[i,2]]);
cg=cp/(1-f/cp*g);
ya{[n1]]=f;
yl{[n.2]]=cg]

(* Approximated phase and group velocities from exponencia regressiort)

n=0;

For[i=1,i<2999,i++,
n=n+1,
f=x[[n,1]]* 1000;
cp=3.4378*{"0.4989;
0=1.7151*f~(-0.5011);
cg=cp/(1-f/cp*g);
y2[[n,2]]=x[[n,1]];
y2[[n.2]]=cg]

(*Potting functions*)

one=LigtPlot[x, PlotLabel® "Lamb Wave Phase Ve ocity for AS4/3501-6 [90/+45/-45/0]s",
MotRange® {{ 0,100} ,{ 0,2000} }, Framel abel® {"Frequency (kHz)","Group Veocity (n/s)"}]
two=ListPlot[y1, PlotLabe® "Lamb Wave Group Veocity for ASA/3501- 6 [90/+45/-45/0]s",
PotRange® {{0,100},{0,2000} } , FramelL abel® {"Frequency (kHz)","Phase Veocity (n/s)"}];
three=ListPlot[y2, PlotLabe® "Lamb Wave Group Vdocity for AS4/3501-6 [90/+45/-45/0]s",
PotRange® {{0,100},{0,2000} }, FramelL abel® {"Frequency (kHz)","Phase Vdocity (m/s)"}];
Show[one,two,threg]
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Phase Velocity Derivation
From Lamb’s originad work [114], he presents the anti-symmetric solution to the wave equation
inathin solid medium as

teoh bf _ (> +b?)
tanh af 4x%ab

where these terms are defined as.

a=+x%-h?,b=x%-Kk?

2

heo TW° o Tw® o wh ot
| +2m’ m ' Cﬁhase, 2
= E | :L
2(1+n)’ (1-2n)(1+n)
The hyperbolic terms can be diminated by using the identity:
tanh(iz) =i tan( 2) tanh bf _ taoh/h?-x?fi _tan /h® - x* f

trhaf  toh Jk2-x2 fi  tan k- X2 f

Subdtituting into both sides and collecting like terms the equation becomes:

1 1.r°?
tan /1- 4= 4=+
rcphase Case M NP Conase
vvt r r
an 4 1- ——cC%.|1- —C2
\/I +2m rcphase m2 \/ | +2m phase\/ m P

Now, by collecting the terms into the following non-dimensiond parameters, the equation given
in Viktorov [112] isrecovered (note that x isadifferent variable than the one used by Lamb):

m m - wt|r
XZ:—,ZZ: > ,d:_\/:
(I +2m I Conase 2\m

tan(d/1-z ) (22%-1)7? =0
(O 27) 4z iz ikt 2

Thisisthe solution as presented in Chapter 4 that was numerically solved in Appendix A.
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Group Velocity Derivation

The group velocity of atraveling dastic waveis defined as:

_Tw
Cgroup - ﬂ_k
where the wavenumber k is defined as;
k="

c

phase

Direct differentiation of this equdity with repect to k yields the classcd form:

— ﬂC hase
Cgroup - Cphase + ﬂp—k K
Alternatively, amore practica form can be reached by differentiating with repect to w:
c
w 3 1-[C'phase
Cphase ﬂW

— hase
c p!

group —

1-

This equation, which relies only on the frequency and phase veocity (which is dso a function of
frequency), can be implemented as part as a numerical solution as seen in Appendix A or can be
used to solve for the group veocity directly if the phase veocity equetion is exponentidly
regressed (approximately a square root relationship) for arange of frequencies.
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Optimal Actuator Size Derivation

The out of plane digplacement of an dadic wave travding in a s0lid medium follows the
proportiondlity:

W u gn ka

where 2a is the length of the actuaor in the direction of propagation. The maximum
displacement is achieved were the derivative is zero:

acoska=0
for which the solution is

ka=(2n+ 1)% for n=0,12...
meanipulating this equdity yidds:
2a=(n+ %)E

k

where the wavenumber Kk is defined again as.

w _ 2pf
c

k =
C

phase phase

Subdtituting this into the previous equdity yields the practicd form of this equation:

c
2a=(n +%)$ forn=0,1,2...

where f isthe frequency in Hertz. From this equation, the actuator dimensions can be optimized
as discussed in Chapter 4.
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*HEADING

Control Model for Freguency Response
*NODE

1,0,0,0

8,0,0.7,0

21,020

211,100

2181,0.7,0

231,120

841,4,00

8484,0.7,0

861,4,2,0

1261,6,0,0

1268,6,0.7,0

1281,6,2,0

2101,10,00

2108,10,0.7,0

2121,10,2,0

*NGEN, NSET=N1

181

*NGEN,NSET=N2

821,1

*NGEN,NSET=N3
211,2181
*NGEN,NSET=N4
2182311
*NGEN,NSET=N5

841, 848, 1
*NGEN,NSET=N6

848, 861, 1
*NGEN,NSET=N7

1261, 1268, 1
*NGEN,NSET=N8

1268, 1281, 1
*NGEN,NSET=N9

2101, 2108, 1
*NGEN,NSET=N10
2108,2121, 1
*NFILL,NSET=CLAMPED1
N1, N3, 10, 21
*NFILL,NSET=CLAMPED2
N2, N4, 10, 21
*NFILL,NSET=BOTTOM1
N3, N5, 30, 21
*NFILL,NSET=BOTTOM2
N4, N6, 30, 21
*NFILL,NSET=DELAM
N5, N7, 20, 21
*NFILL,NSET=UNDELAM
N6, N8, 20, 21
*NFILL,NSET=TOP1

N7, N9, 40, 21
*NFILL,NSET=TOP2

N8, N10, 40, 21

*NSET ,NSET=CLAMPED
CLAMPED1,CLAMPED2
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*NSET,NSET=UNDAMAGED

BOTTOM1,BOTTOM2,TOP1, TOP2,UNDELAM,CLAMPED
*NSET,NSET=ALL1

UNDAMAGED,DELAM

*NCOPY,OLD SET=ALL1,CHANGE NUMBER=10000 ,NEW SET=ALL2 ,SHIFT
0,000

0,00,1,000

*MPC

TIEALL2ALL1

*ELEMENT,TYPE=SOR5

1,1,43,45,3,22,44,24,2,23
10001,10001,10043,10045,10003,10022,10044,10024,10002,10023
*EL GEN,ELSET=SPECIMEN1

1,10,2,1,50,42,10

*ELGEN,ELSET=SPECIMEN2

10001,10,2,1,50,42,10

*SHELL SECTION,OFFSET=SNEG,EL SET=SPECIMEN1,COMPOSITE
.005,LAMINA, O.

.005,LAMINA,+45.

.005, LAMINA -45.

.005,LAMINA, 90.

*SHELL SECTION,OFFSET=SPOSEL SET=SPECIMEN2,COMPOSITE
.005,LAMINA, 90.

.005,,LAMINA -45.

.005,LAMINA,+45.

.005,LAMINA, O.

** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA

*ELASTIC,TYPEELAMINA

21.5E6, 1.46E86, 0.3, 0.81E6, 0.46E6, 0.46E6

*DENSITY

0.0001417

*BOUNDARY

CLAMPED, ENCASTRE

*STEP, PERTURBATION

*FREQUENCY, EIGENSOLVER=SUBSPACE

50,

*RESTART WRITE,OVERLAY

*END STEP
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*HEADING

Center Delamination Model for Frequency Response
*NODE

1,0,0,0

21,020

211,100

231,120

946,4.5,0,0

966,4.5,2,0

1156,55,0,0

1176,55,2,0

2101,10,00

2121,1020

*NGEN, NSET=N1

1211

*NGEN,NSET=N2

2112311

*NGEN,NSET=N3

946, 966, 1

*NGEN,NSET=N4

1156, 1176, 1

*NGEN,NSET=N5

2101, 2121, 1

*NFILL,NSET=CLAMPED

N1, N2, 10, 21

*NFILL,NSET=BOTTOM

N2, N3, 35, 21

*NFILL NSET=DELAM

N3, N4, 10, 21

*NFILL,NSET=TOP

N4, N5, 45, 21

*NSET,NSET=UNDAMAGED
BOTTOM,TOP,CLAMPED

*NCOPY ,OLD SET=UNDAMAGED, CHANGE NUMBER=10000, NEW SET=UNDAMAGED?2, SHIFT
0,00.0

0,0,0,1,0,00

*NCOPY,OLD SET=DELAM ,CHANGE NUMBER=10000 ,NEW SET=DELAM2 ,SHIFT
0,000

0,0,0,1,0,00

*MPC

TIEJUNDAMAGED2,UNDAMAGED
*ELEMENT,TYPE=SOR5

1,1,43,45,3,22,44,24,2 23
10001,10001,10043,10045,10003,10022,10044,10024,10002,10023
*ELGEN,EL SET=SPECIMEN1

1,10,2,1,50,42,10

*ELGEN,EL SET=SPECIMEN2

10001,10,2,1,50,42,10

*SHEL L SECTION,OFFSET=SNEG,EL SET=SPECIMEN1,COMPOSI TE
.005,LAMINA, 0.

.005,LAMINA,+45.

.005,,LAMINA -45.

.005,LAMINA, 90.

*SHELL SECTION,OFFSET=SPOS,EL SET=SPECIMEN2,COMPOSITE
.005,LAMINA, 90.

.005,,LAMINA -45.
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.005,LAMINA,+45.

.005,LAMINA, O.

** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA
*ELASTIC,TYPEELAMINA

21.5E6, 1.46E6, 0.3, 0.81E6, 0.81E6, 0.46E6
*DENSITY

0.0001417

*BOUNDARY

CLAMPED, ENCASTRE

*STEP, PERTURBATION
*FREQUENCY, EIGENSOLVER=SUBSPACE
50,

*RESTART WRITE,OVERLAY

*END STEP
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*HEADING

Control Model for Lamb wave
*NODE

1,000

21,020

211,100

231,120

946,4.5,0,0

966,4.5,2,0

1156,5.5,0,0

1176,5.5,2,0

2101,10,0,0

2121,10,2,0

*NGEN, NSET=N1

1,211

*NGEN,NSET=N2

211,231,1

*NGEN,NSET=N3

946, 966, 1

*NGEN,NSET=N4

1156, 1176, 1

*NGEN,NSET=N5

2101, 2121, 1
*NFILL,NSET=CLAMPED

N1, N2, 10, 21
*NFILL,NSET=BOTTOM

N2, N3, 35, 21
*NFILL,NSET=DELAM

N3, N4, 10, 21

*NFILL,NSET=TOP

N4, N5, 45, 21

*NSET,NSET=ALL
BOTTOM,TOP,DELAM,CLAMPED
*ELEMENT,TYPE=S9R5
1,1,43,45,3,22,44,24,2,23
*ELGEN,EL SET=SPECIMEN
1,10,2,1,50,42,10

*NSET, NSET=EDGE1,GENERATE
2322941

*NSET, NSET=EDGE2,GENERATE
295,357,1

*NSET, NSET=CORRECT1,GENERATE
232,274,21

252,294,21

*NSET, NSET=CORRECT2,GENERATE
295,337,21

315,357,21

*SHELL SECTION,ELSET=SPECIMEN,COMPOSITE
.005,LAMINA, 0.

.005,,LAMINA ,+45.

.005,,LAMINA -45.

.005,,LAMINA, 90.

.005,,LAMINA, 90.

.005,,LAMINA ,+45.

.005,,LAMINA -45.

.005,LAMINA, 0.
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** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA
*ELASTIC,TYPEELAMINA

21.5E6, 1.46E6, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417

*BOUNDARY

CLAMPED, ENCASTRE

* AMPLITUDE,NAME=HANNING,INPUT=waveform2.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT,NOHAF
1E-6,0.5E-3
*CLOAD,AMPLITUDE=HANNING
EDGE15,1

CORRECT1,5,-0.5

EDGE25,-1

CORRECT25,05

*NODE PRINT,FREQUENCY =500
U3

*EL PRINT, FREQUENCY=0
*PRINT,FREQUENCY =500

*END STEP
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*HEADING

Center Delamination Model for Lamb wave
*NODE

1,000

21,020

211,100

231,120

946,4.5,0,0

966,4.5,2,0

1156,5.5,0,0

1176,5.5,2,0

2101,10,0,0

2121,10,2,0

*NGEN, NSET=N1

1,211

*NGEN,NSET=N2

211,231,1

*NGEN,NSET=N3

946, 966, 1

*NGEN,NSET=N4

1156, 1176, 1

*NGEN,NSET=N5

2101, 2121, 1

*NFILL,NSET=CLAMPED

N1, N2, 10, 21

*NFILL,NSET=BOTTOM

N2, N3, 35, 21

*NFILL,NSET=DELAM

N3, N4, 10, 21

*NFILL,NSET=TOP

N4, N5, 45, 21
*NSET,NSET=UNDAMAGED
BOTTOM,TOP,CLAMPED
*NCOPY,OLD SET=UNDAMAGED, CHANGE NUMBER=10000, NEW SET=UNDAMAGED?2, SHIFT
0,0,0.0

0,0,0,1,0,0,0

*NCOPY,OLD SET=DELAM ,CHANGE NUMBER=10000 ,NEW SET=DELAM2 ,SHIFT
0,0,0.0

0,0,0,1,0,0,0

*MPC
TIE,UNDAMAGED2,UNDAMAGED
*ELEMENT, TY PE=SOR5
1,1,43,45,3,22,44,24,2,23
10001,10001,10043,10045,10003,10022,10044,10024,10002,10023
*EL GEN,ELSET=SPECIMEN1
1,10,2,1,50,42,10
*ELGEN,ELSET=SPECIMEN2
10001,10,2,1,50,42,10

*NSET, NSET=EDGE1,GENERATE
2322941

*NSET, NSET=EDGE2,GENERATE
295,357,1

*NSET, NSET=CORRECT1,GENERATE
232,274,21

252,294,21

*NSET, NSET=CORRECT2,GENERATE
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295,337,21

315,357,21

*SHELL SECTION,OFFSET=SNEG,EL SET=SPECIMEN1,COMPOSITE
.005,LAMINA, O.

.005,LAMINA ,+45.

.005,LAMINA -45.

.005,,LAMINA, 90.

*SHELL SECTION,OFFSET=SPOSEL SET=SPECIMEN2,COMPOSITE
.005,LAMINA, 90.

.005,LAMINA,+45.

.005,,LAMINA -45.

.005,LAMINA, 0.

** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA
*ELASTIC,TYPEELAMINA

21.5E6, 1.46E86, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417

*BOUNDARY

CLAMPED, ENCASTRE

* AMPLITUDE,NAME=HANNING,INPUT=waveform2.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT,NOHAF
1E-6,0.5E-3
*CLOAD,AMPLITUDE=HANNING
EDGE15,1

CORRECT1,5,-0.5

EDGE25,-1

CORRECT2,5,05

*NODE PRINT,FREQUENCY =500

U3

*EL PRINT, FREQUENCY=0
*PRINT,FREQUENCY =500

*END STEP
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*HEADING

High Density Al Beam for Lamb wave
*NODE

1,0,0,0

21,020

211,100

231,120

946,4.5,0,0

966,4.5,2,0

1156,55,0,0

1176,55,2,0

2101,10,00

2121,10,20

*NGEN, NSET=N1

1211

*NGEN,NSET=N2

2112311

*NGEN,NSET=N3

946, 966, 1

*NGEN,NSET=N4

1156, 1176, 1

*NGEN,NSET=N5

2101, 2121, 1
*NFILL,NSET=CLAMPED

N1, N2, 10, 21
*NFILL,NSET=BOTTOM

N2, N3, 35, 21

*NFILL NSET=DELAM

N3, N4, 10, 21

*NFILL,NSET=TOP

N4, N5, 45, 21

*NSET,NSET=ALL

BOTTOM, TOP,DELAM,CLAMPED
*ELEMENT, TY PE=SOR5
1,1,43/45,3,22,44,24,2 23
*ELGEN,ELSET=SPECIMEN
1,10,2,1,50,42,10

*NSET, NSET=EDGE1,GENERATE
2322941

*NSET, NSET=EDGE2,GENERATE
295357,1

*NSET, NSET=CORRECT1,GENERATE
232,274,221

252,204,21

*NSET, NSET=CORRECT2,GENERATE
295,337,21

315,357,21

*SHELL SECTION,ELSET=SPECIMEN,COMPOSITE
.005,,LAMINA, 0.
.005,LAMINA,+45.

.005,,LAMINA -45.

.005,LAMINA, 90.

.005,LAMINA, 90.

.005,LAMINA ,+45.

.005,,LAMINA -45.

.005,,LAMINA, 0.
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.375,,HDA, 90.

.375,,HDA, 90.

.005,LAMINA, O.

.005,LAMINA ,+45.

.005,LAMINA -45.
.005,LAMINA, 90.
.005,LAMINA, 90.

.005,LAMINA ,+45.

.005, LAMINA -45.
.005,LAMINA, 0.
** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA
*ELASTIC, TYPE=LAMINA
21.5E6, 1.46E6, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417
*MATERIAL,NAME=HDA
*EL ASTIC, TYPE=ISOTROPIC
100000,0.3

*DENSITY

0.000003

*BOUNDARY

CLAMPED, ENCASTRE

* AMPLITUDE,NAME=HANNING,INPUT=waveform3.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT,NOHAF
1E-6,0.5E-3
*CLOAD,AMPLITUDE=HANNING
EDGE1,5,1

CORRECT1,5,-05

EDGE25,-1

CORRECT25,05

*NODE PRINT,FREQUENCY =500
U3

*EL PRINT, FREQUENCY=0
*PRINT,FREQUENCY =500

*END STEP
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*HEADING

High Density Al Beam w/Delam for Lamb wave
*NODE

1,0,0,0

21,020

211,100

231,120

946,4.5,0,0

966,4.5,2,0

1156,55,0,0

1176,55,2,0

2101,10,00

2121,1020

*NGEN, NSET=N1

1211

*NGEN,NSET=N2

2112311

*NGEN,NSET=N3

946, 966, 1

*NGEN,NSET=N4

1156, 1176, 1

*NGEN,NSET=N5

2101, 2121, 1

*NFILL,NSET=CLAMPED

N1, N2, 10, 21

*NFILL,NSET=BOTTOM

N2, N3, 35, 21

*NFILL NSET=DELAM

N3, N4, 10, 21

*NFILL,NSET=TOP

N4, N5, 45, 21
*NSET,NSET=UNDAMAGED
BOTTOM,TOP,CLAMPED

*NCOPY ,OLD SET=UNDAMAGED, CHANGE NUMBER=10000, NEW SET=UNDAMAGED?2, SHIFT
0,00.0

0,0,0,1,0,00

*NCOPY,OLD SET=DELAM ,CHANGE NUMBER=10000 ,NEW SET=DELAM2 ,SHIFT
0,000

0,0,0,1,0,00

*MPC
TIEJUNDAMAGED2,UNDAMAGED
*ELEMENT,TYPE=SOR5
1,1,43,45,3,22,44,24,2 23
10001,10001,10043,10045,10003,10022,10044,10024,10002,10023
*ELGEN,EL SET=SPECIMEN1
1,10,2,1,50,42,10

*ELGEN,EL SET=SPECIMEN2
10001,10,2,1,50,42,10

*NSET, NSET=EDGE1,GENERATE
2322941

*NSET, NSET=EDGE2,GENERATE
205,357,1

*NSET, NSET=CORRECT1,GENERATE
23227421

252,294,21

*NSET, NSET=CORRECT2,GENERATE

179



295,337,21

315,357,21
*SHELL SECTION,OFFSET=SNEG,H.SET=SPECIMEN1,COMPOSITE
.005,LAMINA, O.

.005,LAMINA ,+45.

.005,LAMINA -45.

.005,LAMINA, 90.

.005,LAMINA, 90.

.005,LAMINA ,+45.

.005,,LAMINA -45.

.005,LAMINA, 0.
*SHELL SECTION,OFFSET=SPOSEL SET=SPECIMEN2,COMPOSITE
.75,HDA, 90.

.005,LAMINA, O.

.005,,LAMINA ,+45.

.005,LAMINA -45.

.005,LAMINA, 90.

.005,LAMINA, 90.
.005,LAMINA,+45.

.005, LAMINA -45.

.005,LAMINA, 0.
** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA
*ELASTIC,TYPE=LAMINA

21.5E6, 1.46E6, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417
*MATERIAL,NAME=HDA

*EL ASTIC, TYPE=ISOTROPIC
100000,0.3

*DENSITY

0.000003

*BOUNDARY

CLAMPED, ENCASTRE

* AMPLITUDE,NAME=HANNING,INPUT=waveform3.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT,NOHAF
1E-6,0.25E-3
*CLOAD,AMPLITUDE=HANNING
EDGE15,1

CORRECT1,5,-05

EDGE25,-1

CORRECT25,05

*NODE PRINT,FREQUENCY =250
U3

*EL PRINT, FREQUENCY=0
*PRINT,FREQUENCY =250

*END STEP
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*HEADING

Plate with Composite Stiffener (2 Layers) for Lamb wave
*NODE

1,0,0,0

101,0,100

4546,4.5,0,0

4646,4.5,10,0

5556,5.5,0,0

5656,5.5,10,0

10101,10,0,0

10201,10,20,0

*NGEN, NSET=N1

1,101,1

*NGEN,NSET=N3

4546, 4646, 1

*NGEN,NSET=N4

5556, 5656, 1

*NGEN,NSET=N5

10101, 10201, 1
*NFILL,NSET=BOTTOM

N1, N3, 45, 101
*NFILL,NSET=DELAM

N3, N4, 10, 101

*NFILL,NSET=TOP

N4, N5, 45, 101
*ELEMENT,TYPE=SOR5
1,1,203,205,3,102,204,104,2,103
*ELGEN,ELSET=SPECIMEN
1,50,2,1,50,202,50
*ELSET,ELSET=NORMAL,GENERATE
1,1250,1

1501,2500,1
*ELSET,ELSET=STIFFEN,GENERATE
1251,1500,1

*NSET, NSET=EDGE1

49,50,51

*NSET, NSET=EDGE2

554,555,556

*EL SET,ELSET=SPECIMEN
NORMAL,STIFFEN

*NCOPY, OLD SET=DELAM, CHANGE NUMBER=20000, NEW SET=DELAM2, SHIFT
0,0,0.0

0,0,0,1,0,0

*ELEMENT, TY PEESOR5
21251,24546,24748,24750,24548,24647,24749,24649,24547,24648
*EL GEN,EL SET=STIFFEN2
21251,50,2,1,5,202,50
*NSET,NSET=DELAM_BL ,GENERATE
4546,4590,1

4647,4691,1

474847921

4849,4893,1

4950,4994,1

5051,5095,1

5152,5196,1

5253,5297,1
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5354,5398,1
54555499,1
5556,5600,1
*NSET,NSET=DELAM_BM,GENERATE
4591,4601,1
4692,4702,1
4793,4803,1
4894,4904,1
4995,5005,1
5096,5106,1
5197,5207,1
5298,5308,1
5399,5409,1
5500,5510,1
5601,5611,1
*NSET,NSET=DELAM_BR,GENERATE
4602,4646,1
470347471
4804,4848,1
4905,4949,1
5006,5050,1
5107,5151,1
5208,5252,1
5309,5353,1
541054541
5511,5555,1
5612,5656,1

*NSET ,NSET=DELAM_TL,GENERATE
24546,24590,1
24647,24601,1
24748,24792,1
24849,24893,1
24950,24994,1
25051,25095,1
25152,25196,1
25253,25297,1
25354,25398,1
25455,25499,1
25556,25600,1
*NSET,NSET=DELAM_TM,GENERATE
24501,24601,1
24692,24702,1
24793,24803,1
24894,24904,1
24995,25005,1
25096,25106,1
25197,25207,1
25298,25308,1
25399,25409,1
25500,25510,1
25601,25611,1
*NSET,NSET=DELAM_TR,GENERATE
24602,24646,1
24703,24747,1
24804,24848,1
24905,24949,1
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25006,25050,1

25107,25151,1

25208,25252,1

25309,25353,1

25410,25454,1

25511,25555,1

25612,25656,1

*MPC
TIEDELAM_TL,DELAM_BL
TIEDELAM_TRDELAM_BR
TIE,DELAM_TM,DELAM_BM
*SHELL SECTION,ELSET=SPECIMEN,COMPOSITE
.005,LAMINA, 0.

.005,,LAMINA ,+45.

.005,LAMINA -45.
.005,LAMINA, 90.
.005,LAMINA, 90.

.005,LAMINA -45.
.005,LAMINA,+45.
.005,LAMINA, 0.

** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA
*ELASTIC,TYPE=LAMINA
21.5E6, 1.46E6, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417

*SHELL SECTION,ELSET=STIFFEN2,COMPOSITE,OFFSET=SNEG
.005,LAMINA, O.

.005,LAMINA ,+45.

.005,LAMINA -45.
.005,LAMINA, 90.
.005,LAMINA, 90.

.005,LAMINA ,+45.

.005,,LAMINA -45.
.005,LAMINA, 0.

.005,LAMINA, 0.
.005,LAMINA,+45.

.005,LAMINA -45.
.005,LAMINA, 90.
.005,LAMINA, 90.

.005,LAMINA ,+45.

.005,LAMINA -45.
.005,LAMINA, 0.

** defined 90 degrees rotated

* AMPLITUDE,NAME=HANNING,INPUT=waveform2.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT,NOHAF
1E-6,0.5E-3
*CLOAD,AMPLITUDE=HANNING
EDGE15,1

EDGE25,-1

*NODE PRINT,FREQUENCY =500
U3

*PRINT,FREQUENCY =500

*END STEP
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*HEADING

Plate with Composite Stiffener (Delam) for Lamb wave
*NODE

1,000

101,0,10,0

4546,45,0,0

4646,4.5,10,0

5556,5.5,0,0

5656,5.5,10,0

10101,10,0,0

10201,10,10,0

*NGEN, NSET=N1

11011

*NGEN,NSET=N3

4546, 4646, 1

*NGEN,NSET=N4

5556, 5656, 1

*NGEN,NSET=N5

10101, 10201, 1
*NFILL,NSET=BOTTOM

N1, N3, 45, 101
*NFILL,NSET=DELAM

N3, N4, 10, 101

*NFILL,NSET=TOP

N4, N5, 45, 101

*ELEMENT, TY PE=SOR5
1,1,203,205,3,102,204,104,2,103

*EL GEN,ELSET=SPECIMEN
1,50,2,1,50,202,50

*El SET,ELSET=NORMAL,GENERATE
1,1250,1

1501,2500,1
*ELSET,ELSET=STIFFEN,GENERATE
1251,1500,1

*NSET, NSET=EDGE1

49,5051

*NSET, NSET=EDGE2

554,555,556
*ELSET,ELSET=SPECIMEN
NORMAL,STIFFEN

*NCOPY, OLD SET=DELAM, CHANGE NUMBER=20000, NEW SET=DELAM?2, SHIFT
0,000

000,100

*ELEMENT,TYPE=SOR5
21251,24546,24748,24750,24548,24647,24749,24649,24547,24648
*EL GEN,EL SET=STIFFEN2
21251,50,2,1,5,202,50

*NSET ,NSET=DELAM_BL,GENERATE
4546,4590,1

4647,4691,1

474847921

4849,4893,1

4950,4994,1

5051,5095,1

5152,5196,1

5253,5297,1
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5354,5398,1
54555499,1
5556,5600,1
*NSET,NSET=DELAM_BM,GENERATE
4591,4601,1
4692,4702,1
4793,4803,1
4894,4904,1
4995,5005,1
5096,5106,1
5197,5207,1
5298,5308,1
5399,5409,1
5500,5510,1
5601,5611,1
*NSET,NSET=DELAM_BR,GENERATE
4602,4646,1
470347471
4804,4848,1
4905,4949,1
5006,5050,1
5107,5151,1
5208,5252,1
5309,5353,1
541054541
5511,5555,1
5612,5656,1
*NSET,NSET=DELAM_TL ,GENERATE
24546,24590,1
24647,24601,1
24748,24792,1
24849,24893,1
24950,24994,1
25051,25095,1
25152,25196,1
25253,25297,1
25354,25398,1
25455,25499,1
25556,25600,1
*NSET,NSET=DELAM_TM,GENERATE
24501,24601,1
24692,24702,1
24793,24803,1
24894,24904,1
24995,25005,1
25096,25106,1
25197,25207,1
25298,25308,1
25399,25409,1
25500,25510,1
25601,25611,1
*NSET,NSET=DELAM_TR,GENERATE
24602,24646,1
24703,24747,1
24804,24848,1
24905,24949,1
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25006,25050,1

25107,25151,1

25208,25252,1

25309,25353,1

25410,25454,1

25511,25555,1

25612,25656,1
*MPC
TIE,DELAM_TL ,DELAM_BL
TIEDELAM_TR,DELAM_BR
*SHELL SECTION,ELSET=SPECIMEN,COMPOSITE
.005,LAMINA, O.
.005,,LAMINA,+45.

.005,LAMINA -45.
.005,,LAMINA, 90.
.005,LAMINA, 90.

.005,LAMINA -45.

.005,LAMINA ,+45.
.005,LAMINA, O.

** defined 90 degrees rotated
*MATERIAL,NAME=LAMINA
*ELASTIC, TYPEELAMINA
21.5E6, 1.46E86, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417

*SHELL SECTION,ELSET=STIFFEN2,COMPOSITE,OFFSET=SNEG
.005,LAMINA, O.

.005,,LAMINA ,+45.

.005,LAMINA -45.
.005,LAMINA, 90.
.005,LAMINA, 90.
.005,,LAMINA,+45.

.005,LAMINA -45.
.005,LAMINA, O.

.005,LAMINA, O.
.005,,LAMINA,+45.

.005,,LAMINA -45.
.005,LAMINA, 90.
.005,LAMINA, 90.

.005,,LAMINA ,+45.

.005,LAMINA -45.
.005,LAMINA, O.

**defined 90 degrees rotated

* AMPLITUDE,NAME=HANNING,INPUT=waveform2.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT,NOHAF
1E-6,05E-3
*CLOAD,AMPLITUDE=HANNING
EDGEL5,1

EDGE25,-1

*NODE PRINT,FREQUENCY =500
U3

*PRINT,FREQUENCY =500

*END STEP
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*HEADING

Tube without damage for Lamb wave
*NODE, SYSTEM=C

1,10,60,0

101,10,120,0

10101,10,60,10

10201,10,1200,10

100000,0,0,0

100001,0,0,10

*NGEN,LINE=C,SY STEM=C,NSET=N1
1,101,1,100000

*NGEN,LINE=C,SY STEM=C,NSET=N2
10101,10201,1,100001
*NFILL,NSET=ALL

N1,N2,100,101

*ELEMENT, TY PE=SOR5
1,1,203,205,3,102,204,104,2,103

*EL GEN,EL SET=SPECIMEN
1,50,2,1,50,202,50
*ELSET,ELSET=NORMAL,GENERATE
1,1250,1

1501,2500,1

*ELSET,ELSET=SIDES GENERATE
1251,1274,1

1301,1324,1

1351,1374,1

1401,1424,1

1451,1474,1

1277,1300,1

1327,1350,1

1377,4000,1

1427,1450,1

1477,1500,1
*ELSET,ELSET=DAMAGE,GENERATE
1275,1475,50

1276,1476,50

*NSET, NSET=EDGE1

49,5051

*NSET, NSET=EDGE2

554,555,556
*ELSET,ELSET=LAMINATE
NORMAL,SIDES,DAMAGE

*SHELL GENERAL SECTION,ELSET=LAMINATE,COMPOSI TE,ORIENTATION=SECORI
.005,LAMINA, 0.

.005,LAMINA ,+47.

.005,LAMINA -47.

.005,LAMINA, 0.

5,LDA,0.

5,LDA,0.

.005,LAMINA, O.

.005,LAMINA ,+47.

.005,LAMINA -47.

.005,LAMINA, O.

*ORIENTATION,SY STEM=CY LINDRICAL ,NAME=SECORI
0.,0.0, 0.0, 1.

1,0
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*MATERIAL,NAME=LAMINA
*ELASTIC, TYPE=LAMINA

21.5E6, 1.46E6, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417
*MATERIAL,NAME=LDA
*ELASTIC,TYPE=ISOTROPIC
1000,0.3

*DENSITY

0.0000015

* AMPLITUDE,NAME=HANNING,INPUT=waveform3.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT ,NOHAF
1E-6,0.1E-3
*CLOAD,AMPLITUDE=HANNING
EDGEL5,1

EDGE25-1

*NODE PRINT,FREQUENCY =100
U3

*EL PRINT, FREQUENCY=0
*PRINT,FREQUENCY =100

*END STEP
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*HEADING

Tube with damage for Lamb wave
*NODE, SYSTEM=C

1,10,60,0

101,10,120,0

10101,10,60,10

10201,10,120,10

100000,0,0,0

100001,0,0,10

*NGEN,LINE=C,SY STEM=C,NSET=N1
1,101,1,100000

*NGEN,LINE=C,SY STEM=C,NSET=N2
10101,10201,1,100001
*NFILL,NSET=ALL

N1,N2,100,101

*ELEMENT, TY PE=SOR5
1,1,203,205,3,102,204,104,2,103

*EL GEN,EL SET=SPECIMEN
1,50,2,1,50,202,50
*ELSET,ELSET=NORMAL,GENERATE
1,1250,1

1501,2500,1

*ELSET,ELSET=SIDES GENERATE
1251,1274,1

1301,1324,1

1351,1374,1

1401,1424,1

1451,1474,1

1277,1300,1

1327,1350,1

1377,4000,1

1427,1450,1

1477,1500,1
*ELSET,ELSET=DAMAGE,GENERATE
1275,1475,50

1276,1476,50

*NSET, NSET=EDGE1

49,5051

*NSET, NSET=EDGE2

554,555,556

*EL SET,ELSET=LAMINATE
NORMAL,SIDES

*SHELL GENERAL SECTION,ELSET=LAMINATE,COM POSITE,ORIENTATION=SECORI
.005,LAMINA, 0.

.005,LAMINA ,+47.

.005,LAMINA -47.

.005,LAMINA, 0.

5,LDA,0.

5,LDA,0.

.005,LAMINA, O.

.005,LAMINA ,+47.

.005,LAMINA -47.

.005,LAMINA, O.

*SHELL GENERAL SECTION,ELSET=DAMAGE,COMPOSI TE,ORIENTATION=SECORI
.005,LAMINA, 90.

.005,LAMINA ,+47.
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.005,LAMINA -47.

.005,,LAMINA, 90.

5,,LDA 0.

5,LDA0.

.005,LAMINA, 0.

.005,LAMINA +47.

.005,LAMINA -47.

.005,LAMINA, O.
*ORIENTATION,SY STEM=CY LINDRICAL ,NAME=SECORI
0.0.0.,0.0, 1.

10

*MATERIAL NAME=LA MINA
*ELASTIC, TYPESLAMINA

21.5E6, 1.46E6, 0.3, 0.81E6, 0.46E6, 0.46E6
*DENSITY

0.0001417
*MATERIAL,NAME=LDA
*ELASTIC,TYPE=ISOTROPIC
1000,0.3

*DENSITY

0.0000015

* AMPLITUDE,NAME=HANNING,INPUT=waveform3.inp,DEFINITION=TABULAR,TIME=TOTAL
TIMEVALUE=RELATIVE
*STEP,INC=500
*DYNAMIC,DIRECT ,NOHAF
1E-6,0.1E-3
*CLOAD,AMPLITUDE=HANNING
EDGE15,1

EDGE25-1

*NODE PRINT,FREQUENCY =100
u3

*EL PRINT, FREQUENCY=0
*PRINT,FREQUENCY =100

*END STEP
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**waveform2.inp

0,0,0.000001,-1.73543E-05,0.000002,-0.000138186,0.000003,-0.000462743
0.000004,-0.001084883,0.000005,-0.002089044,0.000006,-0.003547406,0.000007,-0.005517317
0.000008,-0.008039016,0.000009,-0.011133725,0.00001,-0.014802145,0.000011,-0.019023382
0.000012,-0.023754348,0.000013,-0.028929646,0.000014,-0.034461957,0.000015,-0.040242921
0.000016,-0.046144516,0.000017,-0.052020915,0.000018,-0.057710789,0.000019,-0.063040035
0.00002,-0.067824875,0.000021,-0.071875286,0.000022,-0.074998694,0.000023,-0.077003888
0.000024,-0.077705064,0.000025,-0.076925951,0.000026,-0.074503925,0.000027,-0.07029406
0.000028,-0.064173012,0.000029,-0.056042691,0.00003,-0.045833629,0.000031,-0.033507986
0.000032,-0.019062124,0.000033,-0.002528702,0.000034,0.016021779,0.000035,0.036479995
0.000036,0.058697448,0.000037,0.082486747,0.000038,0.107622546,0.000039,0.133843147
0.00004,0.160852752,0.000041,0.188324361,0.000042,0.215903278,0.000043,0.243211198
0.000044,0.269850821,0.000045,0.295410938,0.000046,0.319471929,0.000047,0.341611591
0.000048,0.361411231,0.000049,0.378461921,0.00005,0.392370839,0.000051,0.40276 7598
0.000052,0.409310466,0.000053,0.411692388,0.000054,0.409646704,0.000055,0.402952491
0.000056,0.39143941,0.000057,0.374992011,0.000058,0.353553391,0.000059,0.327128145
0.00006,0.29578456,0.000061,0.259655985,0.000062,0.218941346,0.000063,0.1 73904785
0.000064,0.124874394,0.000065,0.072240042,0.000066,0.016450326,0.000067,-0.041991.37
0.000068,-0.102531633,0.000069,-0.164572577,0.00007,-0.227478127,0.000071,-0.290580957
0.000072,-0.353190005,0.000073,-0.414598487,0.000074,-0.47409228,0.000075,-0.530958609
0.000076,-0.584494889,0.000077,-0.634017639,0.000078,-0.67887133,0.000079,-0.718437052
0.00008,-0.752140893,0.000081,-0.7794619,0.000082,-0.799939525,0.000083,-0.813180439
0.000084,-0.818864618,0.000085,-0.81675062,0.000086,-0.806679957,0.000087,-0.788580507
0.000088,-0.762468903,0.000089,-0.728451848,0.00009,-0.686726344,0.000091,-0.637578796
0.000092,-0.581383008,0.000093,-0.518597076,0.000094,-0.4497592,0.000095,-0.375482468
0.000096,-0.296448669,0.000097,-0.213401186,0.000098,-0.127137076,0.000099,-0.038498407
0.0001,0.051637026,0.000101,0.142365504,0.000102,0.232767587,0.000103,0.321918585
0.000104,0.40889917,0.000105,0.492805999,0.000106,0.572762211,0.000107,0.647927667
0.000108,0.717508806,0.000109,0.780767988,0.00011,0.837032206,0.000111,0.885701056
0.000112,0.926253869,0.000113,0.958255905,0.000114,0.981363528,0.000115,0.995328311
0.000116,1,0.000117,0.995328311,0.000118,0.981363528,0.000119,0.958255905
0.00012,0.926253869,0.000121,0.885701056,0.000122,0.837032206,0.000123,0.78076 79838
0.000124,0.717508806,0.000125,0.647927667,0.000126,0.572762211,0.000127,0.492805999
0.000128,0.40889917,0.000129,0.321918585,0.00013,0.232767587,0.000131,0.142365504
0.000132,0.051637026,0.000133,-0.038498407,0.000134,-0.127137076,0.000135,-0.213401186
0.000136,-0.296448669,0.000137,-0.375482468,0.000138,-0.4497592,0.000139,-0.518597076
0.00014,-0.581383008,0.000141,-0.637578796,0.000142,-0.686726344,0.000143,-0.728451848
0.000144,-0.762468903,0.000145,-0.788580507,0.000146,-0.806679957,0.000147,-0.816 75062
0.000148,-0.818864618,0.000149,-0.813180439,0.00015,-0.799939525,0.000151,-0.7794619
0.000152,-0.752140893,0.000153,-0.718437052,0.000154,-0.67887133,0.000155,-0.63401 7639
0.000156,-0.584494889,0.000157,-0.530958609,0.000158,-0.47409228,0.000159,-0.414598487
0.00016,-0.353190005,0.000161,-0.290580957,0.000162,-0.227478127,0.000163,-0.164572577
0.000164,-0.102531633,0.000165,-0.04199137,0.000166,0.016450326,0.000167,0.072240042
0.000168,0.124874394,0.000169,0.173904785,0.00017,0.218941346,0.000171,0.259655985
0.000172,0.29578456,0.000173,0.327128145,0.000174,0.353553391,0.000175,0.374992011
0.000176,0.39143941,0.000177,0.402952491,0.000178,0.409646704,0.000179,0.411692388
0.00018,0.409310466,0.000181,0.402767598,0.000182,0.392370839,0.000183,0.378461921
0.000184,0.361411231,0.000185,0.341611591,0.000186,0.319471929,0.000187,0.295410938
0.000188,0.269850821,0.000189,0.243211198,0.00019,0.215903278,0.000191,0.188324361
0.000192,0.160852752,0.000193,0.133843147,0.000194,0.107622546,0.000195,0.082486 747
0.000196,0.058697448,0.000197,0.036479995,0.000198,0.016021779,0.000199,-0.002528702
0.0002,-0.019062124,0.000201,-0.033507986,0.000202,-0.045833629,0.000203,-0.056042691
0.000204,-0.064173012,0.000205,-0.07029406,0.000206,-0.074503925,0.000207,-0.076925951
0.000208,-0.077705064,0.000209,-0.077003888,0.00021,-0.074998694,0.000211,-0.071875286
0.000212,-0.067824875,0.000213,-0.063040035,0.000214,-0.057710789,0.000215,-0.052020915
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0.000216,-0.046144516,0.000217,-0.040242921,0.000218,-0.034461957,0.000219,-0.028929646
0.00022,-0.023754348,0.000221,-0.019023382,0.000222,-0.014802145,0.000223,-0.011133725
0.000224,-0.008039016,0.000225,-0.005517317,0.000226,-0.003547406,0.000227,-0.002089044
0.000228,-0.001084883,0.000229,-0.000462743,0.00023,-0.000138186,0.000231,-1.73543E-05
0.000232,0

**waveform3.inp

0,0,1.00E-06,-0.000649117,0.000002,-0.0049212,0.000003,-0.01514773
0.000004,-0.031377012,0.000005,-0.050922949,0.000006,-0.068587453,0.000007,-0.07 7553522
0.000008,-0.070806382,0.000009,-0.042823068,0.00001,0.008801004,0.000011,0.08213177
0.000012,0.170373223,0.000013,0.262221889,0.000014,0.343129972,0.000015,0.39734353
0.000016,0.41043122,0.000017,0.371909312,0.000018,0.277520806,0.000019,0.130751752
0.00002,-0.056734615,0.000021,-0.265908746,0.000022,-0.472401373,0.000023,-0.649519053
0.000024,-0.771851307,0.000025,-0.818956919,0.000026,-0.778578036,0.000027,-0.648876837
0.000028,-0.439316056,0.000029,-0.169994099,0.00003,0.130530119,0.000031,0.428662135
0.000032,0.689994866,0.000033,0.883750313,0.000034,0.986818058,0.000035,0.986818058
0.000036,0.883750313,0.000037,0.689994866,0.000038,0.4286621.35,0.000039,0.130530119
0.00004,-0.169994099,0.000041,-0.439316056,0.000042,-0.648876837,0.000043,-0.778578036
0.000044,-0.818956919,0.000045,-0.771851307,0.000046,-0.649519053,0.000047,-0.472401373
0.000048,-0.265908746,0.000049,-0.056734615,0.00005,0.130751752,0.000051,0.27 7520806
0.000052,0.371909312,0.000053,0.41043122,0.000054,0.39734353,0.000055,0.343129972
0.000056,0.262221889,0.000057,0.170373223,0.000058,0.08213177,0.000059,0.008801004
0.00006,-0.042823068,0.000061,-0.070806382,0.000062,-0.077553522,0.000063,-0.06858 7453
0.000064,-0.050922949,0.000065,-0.031377012,0.000066,-0.01514773,0.000067,-0.0049212
0.000068,-0.000649117,0.000069,0
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APPENDIX D

MATLABA& Codefor Data Analysisby Wavelet Decomposition
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% **Generic MATLAB code for wavelet andysis** %

% Open LabView datafiles and assgn variables
clear

filel

fileamw;

file2

fileb=w;

file3

filec=w;

filed

filed=w;

% Perform wavelet decomposition with Morlet mother wavelet, ignore first 116 microseconds
f1= cwi(filea(116:600),1:1:64,'morl’);
f2= cwi(fileb(116:600),1:1:64,'morl");
3= cwi(filec(116:600),1:1:64,'morl");
f4= cwi(filed(116:600),1:1:64,'morl’);

% Set firgt and last point to zero for energy plots
e=sze(f1,2);

f1(32,1)=0;

f2(32,1)=0;

f3(32,1)=0;

f4(32,1)=0;

f1(32,6)=0;

f2(32,6)=0;

f3(32,6)=0;

f4(32,6)=0;

% P otting setup
x1=1:1:600;
x2=116:1:600;
Z=x2*0;

% Plots of voltage data

figure

title('Unfiltered Voltage Data of Ao Lamb Wavesfrom PZT Sensors)
plot(xLfilea-', x1,fileb,--' x1 filec,"' x1 filed,*")
axis([0600-.01.01])

ylabe ('Valts (V)')

xlabel ("Time (microseconds)’)
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% Plots of wavelet coefficient energy
figure

subplot(4,1,1)

fill(x2,ab4f1(32,))),2)

axis([116 600 0 .05])

ylabel (‘Dataset 1)

title('Wavelet Coefficient Magnitudes for 15 kHz Signa Content’)
subplot(4,1,2)

fill(x2,ab4f2(32,))"),2)

axis([116 600 0.05])

ylabel(' Dataset 2)

subplot(4,1,3)

fill(x2,ab(f3(32,))"),2)

axis([116 600 0.05])

ylabel (' Dataset 3)

subplot(4,1,4)

fill(x2,ab4f4(32,))),2)

axis([116 600 0.05])

ylabel (' Dataset 4')

xlabel ('Time (microseconds))

195



APPENDIX E

LabViewd Codesfor Experimental Procedures
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Arbitrary Function Generator VI
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