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1. INTRODUCTION

Health monitoring of aging structures is a major concern
of'the engincering community, This need is even more intense
in the case of aging aerospace structures, which have been
operating well beyond their initial design life. Muiti-site fa-
tigue damage. hidden cracks in hard-to-reach locations, and
corrosion are among the major flaws encountered in today’s
extensive fleet of aging aircraft and space vehicles. ‘The dura-
bility and health menitoring of such structures form the sub-
ject of extensive rescarch in many universities. government
labs, and industry. This area is of growing concemn and worthy
of new and innovative approaches. The nation’s safety and
reliability record is excellent but the fatigue of its aging acro-
space fleet is raising major concerns. Though well-established
design and maintenance procedures exist to detect structural
fatigue, new and unexpecicd phenomena must be accommo-
dated by the application of advanced flaw detection methods.
One example is the case of the Aloha Airlines 1988 accident
shown in Figure, 1

This accident was due to a relatively new henomenon,
multi-sitc crack damage in the skin panel joints, resulting in
catastrophic “‘un-zipping” of large fusclage panels. Subse-
quent analysis identified the multi-site crack damage phe-
nomenon as a typical situation of damage synergism. The
Aloha accident compelled the aerospace engineering com-
munity to take a fresh look at the fail-safe, safe-life. and
damage tolerance design philosophies. The effect of aging
on aircrafi airworthiness and the vicious combination of
fatigue and corrosion had to be reassessed. Prevention of

Figurc 1. Aloha Airlines Boeing 737 accident on April 28, 1988 was
due to multi-site crack damage in the skin panel joints resulting in
catastrophic “un-ipping™ of large portions of the fuselage.

such unexpected occurrences could -be improved if on-board
health monitoring systems exist that could assess the struc-
tural integrity and would be able to detect incipient damage
before catastrophic failures occur. To gain wide spread ac-
ceptance, such a system has to be cost elfective, reliable,
and compact/light weight.

Another important aspect related to the operation and
maintenance of our aging aircrafl fleet is cost. The United
States spends more than $200 billion each year on the main-
tenance of plant equipment and facilities. Aerospace main-
tenance and repairs represents about a quarter of a com-
mercial fleet’s operating costs shown in Figure 2.
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Figure 2: Aircrafi costs breakdown (after D. E. Good, AATD, 1S
Army Aviation and Troop Command). '

The mounting costs associated with the increasing needs
of our aging infrastructure are rising at an unexpected rate. One
of the main reasons for this rise in cost is that most of the
inspections and structura!l health monitoring are performed
manually. As aircraft age, additional tasks such as Supplemental
Structural Inspections are required. These increase the costs of
maintaining an aging fleet.

Selective use of condition-based maintenance coupled
with continuous on-line structural integrity monitoring would
significantly reduce the cost of the inspection programs.
Retirement-for-cause instead of retirement-as-planned could
reduce the cost while maintaining a safe operation life for many
aging aircraft structures. The replacement of our present-day
manual inspection with antomatic health monitoring would
substantially reduce the associated life-cvcle costs. Hence, there
is a need for refiable structural health monitoring systems that
<an automatically process data, assess structural condition, and
signal the need for corrective action.

Motivated by these pressing needs, considerable research
efforts are being currently directed towards (a) development of
new and better nondestructive inspection (NDI) techniques;
(b) subjecting the aging fleet to life-enhancement and life-
extension treatments; and (c) improving the inspection and
maintenance procedures to better capture the unexpected
occurrences {Bartkowicz, ef a/l, 1996). Examples include
thermography, digital radiography, scanning ultrasonics, eddy
current, acoustic emission, Moire motion detection,
shearography, and new holographic techniques. At the same
time, a breakthrough in the approach can be achieved through
{(a) the development of health monitoring sensors; and (b) the
construction of automated health-monitoring systems,

Among the available options for on-board structural health
monitoring systems, the active-material sensors (active sensors)
have the advantage of being slim and unobtrusive, readily
integrated into structures, and self-excited. Self excitation
ensures that no cumbersome electrical excitation devices are
required and that small-size electronics can be developed to
accommodate the tight space and weight requirements of most
aircraft structures. Health monitoring sensors based on active-

material principles constitute an enabling technology of major
interest (Boller, e/ ., 1999). Conventional passive sensors can
only tell what happened to the structure, i.e., load and strain
history. In contrast, active sensors should be able to interrogate
the structure (e g.. through elastic waves) and find out “how it
feels™, L.e. the state of its health. Active sensors based on active-
material principles (piezoelectricity, piezomagnetism, etc.) have
emerged as prime candidates. Active sensors can act as both
transmitters and receptors. As transmitters, active sensors
generate elastic waves in the surrounding material. As receptors,
they receive elastic waves and transform them into electric
signals, It is conceivable to imagineg arrays of active-sensors, in
which each element would take, in tumn, the role of transmitter
and receptor, and thus scan large structural areas using ultrasonic
waves. Alteratively, local-area impedance interrogation can be
achieved by individual sensors, which are simultaneously
transmifters and receplors,

Active material sensors for structural health monitoring
are conceptualized as thin piezoelectric wafer elements that can
be cither affixed (bonded) to existing striuctures, or incorpo-
rated (embedded) into new composite structures. The latter of-
fer the possibility of multifunctional structural panels with inte-
grated active-sensors and electronics (Noor, 1997). Such inte-
grated structures could accommodate automated health moni-
toring systems that assess the structure on a green-yellow-red
scale, locate the damaged area, and tele-transmit “structural
health™ bulletins 1o a central monitoring station for appropriate
action as shown in Figure 3.
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Figure 3: General concept of a sensor-array structural integrity
monitoring system: (a) data flow schematic; (b) suggested installa-
tion on an aging aircrafl.

A stand-alone sensory array system containing local area
network, data logging, data evaluation, tele-transmission, and
historical data storage and processing is envisioned. The
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development ofthis concept is essential for the commercial im-
plementation of the proposed methodology. For deplovment
on existing aging structures, the health monitoring system must
be self contained and autonomous. To achieve this, the active-
sensors array will be connected with a local set of embedded
electronics properly packaged to fit into a restricted space-en-
velop. After local data is read, interpreted and evaluated, the
diagnostic is sent to the transmitter and uplinked into a data
logger that monitors a large number of sites and critical struc-
tures. In this way, only the essential health-diagnostic data {con-
dition green, yellow, or red) is transmitted to the structural-in-
tegrity data bank to be logged into the structural integrity re-
ports of the critical structural systems. Such an autonomous
health-monitoring system would be ideaily suited for incipient
damage detection, and would have wide use in aerospace, auto-
motive, civil infrastructure, and other industrial applications,

As in other oftoday’s engineering fields, the barrier to
widespread industrial application of active-material based struc-
tural health monitoring is not in technology but in understand-
ing. In spite of a host of experimental evidence, proof-of-con-
cept demonstrations, and system planning, the understanding
of the multidisciplinary phenomena associated with the intcrac-
tion between the active-matenal sensors and the host structure
is still incomplete. Therefore, a concerted in-depth exploration
of the basic principles is required. Theoretical modeling, per-
formance prediction, laboratory experiments, and hypotheses
testing, culminating with proof-of-concept demonstrations and
pilot-plant experimentation are needed and should be planned.
Indeed, our understanding of the use of active-sensors for
health-monitoring is still incomplete, just as the understanding
of ultrasonics was half'a century ago. But active sensors have
the potential to bring about a revolution in structural health
monitoring, damage detection, and non-destructive evaluation
Just as significant as ultrasonic inspection did fifty vears ago,

This present paper presents a project conducted in coop-
eration with the University of South Carolina and the Sandia
National Laboratories Center for Airworthiness Assurance. The
project sets forth to develop non-intrusive active sensors that
can be applied on ¢xisting aging aerospace structures for
monitoring the onset and progress of structural damage such
as fatigue cracks and corrosion. This work in progress paper
cncompasses the sensor development, sensor deployment on
representative aircraft structural specimens, structural
interrogation strategies, and signal processing and damage
interpretation algorithms, The active sensors under development
are in the form of non-intrusive thin piczoelectric wafers of 5 to
10 mm square that can be easily attached to existing aging
structures without changing the local and global structural
dynamics. The structural interrogation strategies are two fold:

a) Forlocal area detection, the ¢lectro-mechanical (E/M)
impedance methed is applied to detect changes in the
pointwise structural impedance resulting from the presence
and propagation of structural damage.

b) For large area detection, wave propagation techniques
using Lamb and Love wave methods are used to identify

zones in the monitored arca that have undergone signifi-
cant changes in their structural integrity.

Both methods utilize the same set of non-intrusive active
sensors that are made to act as both E/M impedance transducers
and emitters/receptors of elastic waves. The signal processing
and damage interpretation algorithms are tuned to the specific
structural interrogation method used. In the high-frequency E/
M impedance approach, pattemn recognition methods are used
to compare impedance signatures taken at various time intcrvals
and to identify damage presence and progression from the
change in these signatures. In the Lamb/L.ove waves approach,
the acousto-ultrasonic methods identifying changes in
transmission velocity, phase, and additional reflection generated
from the damage site are uscd. Both approaches can benefit
from the use of artificial intelligence neural networks algorithms
that can extract damage features based on a leaming process.
Tothis purpose, structures both pristine and with known defects
will be used in our investigations.

2. STATE OF THE ART IN ACTIVE-SENSOR
STRUCTURAL HEALTH MONITORING

A large number of NDI techniques have been developed
to identify local damage and detect incipient failure in aerospace
structures. Among them, ulirasonic inspection based on elastic
wave propagation is well established and has been used in the
engineering community for several decades (Krautkramer and
Krautkramer, 1990). Alsoused is the mechanical impedance
method (Cawley, 1984). The piezoelectric active-sensors
methodology bears substantially on the experience accrued with
conventional ultrasonic techniques. However, major differences
exist between conventional ultrasonics and active-sensor
methods. Drawbacks of the ultrasonic techniques are the
bulkiness of transducers and the need for a normal
(perpendicular) interface between the transducer and the test
structure, The {ormer limits the access of ultrasonic transducers
to restricted spaces. The latter influences the type of waves
that can be easily generated in the structure. In contrast with
conventional ultrasonics, the active-sensors methods use wafer-
like transducers that are permanently bonded to the structural
surface, These active sensors are small, thin, unobtrusive, and
non-invasive. They can be placed in very restrictive spaces,
like in built-up aerospace structures. The surface-bonded active
sensors can easily produce waves traveling parallel to the surface
and could cetect damage that would escape an ulirasonic
method. Additionally, the ultrasonic probes are moved across
the structural surface through manual or semi-automated
scanning, whereas cmbedded active sensors are permanently
wired at predetermined locations. They can be remotely scanned
through electronic switching.

2.1Wave Propagation Methodologies

Ultrasonic methods rely on elastic wave propagation and
reflection within the material, and identify the ficld
inhomogeneities due to local damage and flaws. Ultrasonic
testing involves one or more of the following measurements:
time of wave transit (or delay), path length, frequency. phase
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angle, amplitude, impedance, and angle of wave deflection
(reflection and refraction). Conventional ultrasonic methods
include the pulse-echo, the pulse-transmission (or shadow),
and the pulse-resonance techniques (Blitz and Simpson,
1996). A piezoelectric ultrasonic probe placed on the
structural surface induces ultrasonic waves in the material.
Good contact between the probe and the structure is obtained
by using special coupling gels. Depending on the incidence
of the probe with respect to the structural surface, the waves
created in the structures may be normal, shear, or a combination
of the two. Normal waves are best suited for through-the-
thickness detection. In the pulse-echo method, defects are
detected in the form of additional echoes in Figure 4 (a).
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Figure 4(a) : Ultrasonics damage detection techniques
Cconventional pulse-echo method relies on normal waves to
detect cracks parallel to the surface (Blitz and Simpson, 1996).;

In the pulse-transmission method, wave attenuation
due to dispersed material-damage is used as a flaw indicator.
Since ultrasonic waves cannot be practically induced at right
angles to the structural surface, localized surface flaws, and
cracks with their plane perpendicular to the structural surface
cannot be readily detected with conventional ultrasonic
techniques,

Advanced ultrasonic techniques rely on the generation,
propagation, and detection of Rayleigh, Lamb, and Love
waves (Viktorov, 1967) that act at the surface and can cover
both normal and flexure modes. These waves may be
generated, with some difficulty, using conventional ultrasonic
transducers and wedge couplers, provided the angle of the
coupler is sufficiently large to trigger mode conversion in
Figure 4( b). Further advancements in this direction were
achieved through acousto-ultrasonics (Duke, 1988). These
techniques are now being transitioned to embedded active
sensor applications,
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Figure 4.(b) :Acousto-ultrasonic methods, using Rayleigh, Lamb,
or Love waves, are developed to detect cracks that lay perpendicu-
lar to the surface (Hemann et /., 1987).

Keilers and Chang (1995) identified delamination in com-
posite beamns using an array of PZT wafers affixed to a compos-
ite plate. Some of these PZT wafers acted as elastic wave gen-
erators, others acted as receptors of structural response.
Modeling was performed with composite-beam bending and
finite-element solutions. The PZT effect was introduced as (a)
equivalent actuator moments; and (b) induced voltages. The
detection of damage was deduced from the differences in struc-
tural-response magnitude over the 0%2 kHz bandwidth, Other
damage detection criteria, e.g., based on wave propagation, are
also being studied (Chang, 1998). Moetakef'et al. (1996) analyzed
experimentally and numerically the capability of piezoceramic
patches to generate elastic waves in beams and plates and dis-
cussed the possibility of using this methoed for damage detec-
tion. Lakshmanan and Pines (1997) used wave propagation to
detect transverse cracks in a rotating composite beam from the
scattering properties of the structure. This approach seemed to
offer better resolution to detect high-frequency shifts due to
transverse-crack damage. Blanas er /. (1998) studied the use of
composite active sensors for acoustic-ernission health monitor-
ing. Kawiecki (1998) demonstrated experimentally the feasibility
of nondestructive damage detection by an array of
piezotransducers (25-mm square, 025 mm thick) bonded to the
surface of four types of structures: aluminum beam; aluminum
plate; concrete beam; concrete block.

Jiang, Kabeya and Chonan (1999) studied the assessment
ofthe location and characterization of damages by a longitudinal
wave propagation measuring method. Two aluminum beams
(1830mmx 12.7mmx 3.18 mm and 940 mm x 15 mm x 2 mm,
respectively) were used. The first beam was instrumented with
PZT wafer transducer pairs (top and bottom beam surfaces) at
the ends of the beam and in the middle, Pulse-echo method was
used on this beam. The transducer pairs placed at the end ofthe
beam acted as transmitters and the pair in the middle of the
beam acted as receiver. A small aluminum clamp was used to
simulate damage. A sinusoidal burst transmitted from one of
the ends was first received at the middle as direct transmission,
and then was received again as reflection from the damage. The
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Daubechies ‘db8* wavelet transform was used to process the
signal. It showed some improvement over time-domain methods.
The wave speed in the material, and the location of the damage
could be determined. The second beam was instrumented with
a PZT wafer pair at some place on its length, and with a third
PZT wafer transducer at another location, The PZT wafer pair
acted as a transmitter, while the third PZT waferacted as a
receiver, Damage was simulated with added mass (nut and bolt)
and with a hole. Two methods (the difference method and the
power consumption metric method) were used. In the difference
method, the difference between the signals measured by the
receiver in the pristine beam and in the “damaged” beam was
computed. Initiatly the two signals were essentially identical,
but clear differences arose upon arrival of the waves reflected
from the damage. The time of arrival of the damage reflection
was identified from the time when the difference between the
two signals becomes significant. However, this method is not
effective if the damage is located between the sensor and the
actuator. In the power consumption method, the frequency
spectrum of the time signal was cornputed using the FFT analysis.
A so called “power consumnption” value was calculated by
summing the square of the spectral amplitudes. The power
consumption metric was then computed by taking the difference
of the pristine and damaged power consumption values and
normalizing with the pristine value. Interesting results using
wavelet transforms during active sensors structural health
monitoring experiments were also presented by Deng, Wang,
and Giurgiutiu (1999) and Lemistreet al. (1999).

2.2. Local Impedance Methodologies

The impedance method is a damage detection technique
complementary to the wave propagation techniques.
Ultrasonic equipment manufacturers offer, as options,
mechanical impedance analysis (MIA) probes and equipment
(Staveley NDT Technologies, 1998). The mechanical
impedance method consists of exciting vibrations of bonded
plates using a specialized transducer that simultaneously
measures the applied normal force and the induced velocity.
Cawley (1984) extended Lange’s (1978) work on the
mechanical impedance method and studied the identification
of local disbonds in bonded plates using a small shaker.
Though phase information was not used in Cawley’s analysis,
present day MIA methodology uses both magnitude and
phase information to detect damage.

The electro-mechanical (E/M) impedance method
(Giurgiutiu and Rogers, 1997) is an emerging technology that
offers distinctive advantage over the mechanical impedance
method. While the mechanical impedance method uses normal
force excitation, the E/M impedance method uses in-plane
strain, While the mechanical impedance transducer measures
mechanical quantities (force and velocity/acceleration) to
indirectly calculate the mechanical impedance, the E/M
impedance active sensor measures the E/M impedance
directly as an electrical quantity. The principles of the E/M
impedance technique are illustrated in Figure 5.
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Figure 5 : Electro-mechanical coupling between the PZT active
sensor and the structure.

The effect of a piezo-electric active sensor affixed to the
structure is to apply a local strain parallel to the surface that
creates stationary elastic waves in the structure. The structure
presents to the active sensor the drive - point  impedance

Z_ (o) =iom(@)+c (w)-ik(w)/ o

Through the mechanical coupling between the PZT active
sensor and the host structure, on one hand, and through the
electro-mechanical transduction inside the PZT active sensor,
on the other hand, the drive-point structura! impedance is di-
rectly reflected into the effective electrical impedance as seen at
the active sensor terminals. The apparent electro-mechanical
impedance of the piezo-active sensor as coupled to the host
structure is: '

Z(w) = [ifoC [1 k(@)

1
I
Zpzr (@) + Z,, (@)

where Z () is the equivalent electro-mechanical admittance

as seen at the PZT active sensor terminals, C is the zero-load
capacitance of the PZT active sensork, | s the electro-mechani-
cal cross coupling coefficient of the PZT active sensor

(Kgl = dl 3 / f?i 1 &3 )Zmis the impedance of the structure,
and Z_ is the impedance of the PZT active sensor.

The electro-mechanical impedance method is applied by
scanning a predetermined frequency range in the hundreds of
kHz band and recording the complex impedance spectrum. By
comparing the impedance spectra taken at various times during
the service life of a structure, meaningful information can be
extracted pertinent to structural degradation and the appearance
of incipient damage. It must be noted that the frequency range
must be high enough for the signal wavelength to be significantly
smaller than the defect size.

Giurgiutinard Rogers (1998) presented an extensive review
of the state of the art in E/M impedance health monitoring of
structures. Recent developments in this method focus on finding
an effective damage metric to compare the E/M impedance
spectra of pristine and damaged structures. Quiner al. (1999)
developed an E/M impedance damage index (D1} schemne based
onthe differences of the piecewise integration of the frequency
response curve between the damaged and undamaged cases.
In addition, improved characterization of the structure is
achieved by the separation of transverse and longitudinal out-
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puts through directionally attached piezoelectrics (DAP). Lopes
et al, (1999) used neural network techniques to process high-
frequency E/M impedance spectra. In analytical simulation stud-
ies, a three level normalization scheme was applied to the E/M
impedance spectrum based on the resonance frequencies. When
applied to actual E/M experiments, the neural network approach
was modified to another set of normalized values: (i} the area
between damaged and undamaged impedance curves; (ii) the
root mean square (RMS) of each curve; and (iii) the correlation
coefficient between damaged and undamaged curves. These
values were calculated for both real and imaginary parts ofthe
impedance spectrum. Good identification of damage location
and damage amplitude was reported.

3. HEALTH MONITORING AND DAMAGE
DETECTION STRATEGIES

Our health monitoring approach simultaneously uses two
major strategies for structural-interrogation and damage
detection:

(a) Local-area sensing with the E/M impedance method, whereby
each active sensor is excited independently and its
impedance at very high frequencies (100 — 1500 kHz,
depending on feature size) is measured. The real part of the
E/M impedance reflects the state of structural health in the
local area under the influence of the excited sensor, The
integrity of the sensor itself is confirmed by the E/M
impedance imaginary part.

(b) Wide-area sensing with wave propagation techniques
whereby the individual elements of an active sensor arrayare
excited in a round robin fashion and the elastic wave
transmission through the structure is monitored. General
acousto-ultrasonics methodology (Duke, 1988) was adapted
to the embedded active-sensors architecture. Excitation at
fixed frequency, frequency burst, or frequency sweep is
proposed. The frequency band is selected consistent with
the size of the feature (defect or damage) to be identified.

3.1 E‘'M Impedance Damage Identification
Strategy

Consider an array of 4 active sensors as presented in Figure
6. Each active sensor has its own sensing area resulting from
the application of the localization concept. This sensing area is
characterized by a sensing radius and the corresponding sensing
circle. Inside the sensing area, the sensor detection capability
diminishes with the distance between the sensor and the damage.
A damage feature that is placed in the sensor near field is
expected to create a larger disturbance in the sensor response
than a damage feature placed in the far field. Effective area
coverage is ensured when the sensing circles of several sensors
overlap. The size of the sensing circle depends on the impedance
of both the sensor and the host structure, the material thickness,
sensor size, excitation level, and material attenuation. The
calibration experiments were performed on 100 mm diameter
circular plate specimens as described in Section4.3.1.

The interrogation of'the adjacent structure is performed

using the active (real) part of the E'M impedance (Re Z). Incipient
damage changes taking place in the structure are reflected in
the drive-point structural impedance. Qur experience has
indicated that the change in the structural drive-point impedance
extensively affects the real part of the effective electro-
mechanical impedance of the piezo-electric active sensor affixed
or embedded in the structure (Giurgiutiu and Rogers, 1998).
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Figure 6(a) : Damage detection strategy using an array of 4 piezo-
electric active sensors and E/M impedance method: detection of
structural cracks;

3.1.1 E/MImpedance Detection of Structural
Cracks

Figure 6(a) features a structural crack placed in the sens-
ing circle of active sensor #1. The crack presence modifies the
structural field and effective drive-point structural impedance
as seen by sensor #1. At the same time, the crack also belongs
to the sensing circle of sensor #2, but it is at the periphery of
this circle. Thus, we expect that the effective drive-point structural
impedance as seen by sensor #2 will also be affected, butto a
much lesser extent than for sensor #1. Regarding sensors #3
and #4, the structurzai crack is outside their sensing circles, hence
their drive-point structural impedances will be almost unchanged.
By virtue of Equation (1), changes in the drive-point structura}
impedance will be directly reflected in the E/M impedance ofthe
sensor. In conclusion, the crack illustrated in Figure 6a is expected
to strongly medify the E/M impedance of sensor #1, to slightly
modify that of 2, and leave unchanged those of #3 and #4.

3.1.2 E/M Impedance Detection of corrosion
damage

Figure 6(b} features a patch of corrosion damage placed
in the sensing circle of active sensor#1. The corrosion damage
also belongs to the sensing circles of sensors #2 and #4, but to
alesser extent. (For sensor#2, only halfof the corrosion damage
i$ inside its sensing circle; for sensor #4, the corrosion damage
only touches the periphery of its sensing circle.) We expect that
the effective drive-point structural impedance seen by sensor
#1 will be strongly modified, that seen by sensor #2 will be
modified to a lesser extent, and that of sensor #4 will be slightly
modified. The drive-point impedance of sensor #3 will remain
virtually unchanged. By virtue of Equation (1), these changes
in the drive-point structural impedance will be directly reflected
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in the E/M impedance of the sensor. In conclusion, the corro-
sion damage ( Figure 6(b) ) is expected to strongly modify the
E/M impedance of sensor #1, to somehow modify that of #2,
slightly modify that of #4, and leave unchanged that of 3.

Figure 6.(b) :Ddetection of corrosion damage. The circles repre-
sent the sensing radius of each active sensor.

3.1.3 Active Sensor Self-diagnostics with the
Electro - Mechanical Impedance Method

Piezoelectric wafer transducers affixed to, or embedded
intg, the structure play a major-role in the successful operation
ofthe health monitoring and damage detection system. Integrity
of the transducer and consistency of the transducer/structure
interface are essential elements that can “make or break” an
experiment. The general expectation is that, once the transducers
have been placed on or into the structure, they will behave
consistently throughout the duration of the health monitoring
exercise. Forreal structures, the duration of the health monitoring
exercise is extensive and can span several years. It will
encompass various service conditions and several loading
cases. Therefore, in-situ self~diagnostics methods are mandatory.
The transducer array should be scanned periodically as well as
prior 1o any damage detection cycle. Active sensors integrity
self-diagnostics can be easily achieved using the electro-
mechanical (E/M) impedance technique.

3.2  Wave Propagation Damage Detection

Strategies

Consider an array of 4 active sensors as shown in Figure
7. Since piezoelectric active sensors can act as both sensors
and actuators, our strategy assumes that one active sensor acts
as an actuator { 1) while the others act as sensors (#2, #3, and
#4). Active sensor #1 generates elastic waves that propagate
through the material and are sensed at active sensors #2, #3,
and #4. The properties of these waves are affected by the
presence of damage, and can be interpreted to yield damage
location and amplitude. To maximize the amount of data and
mitigate experimental error, a round-robin process is applied,
whereby active sensors #2, #3, and #4 take, in turn, the function
of wave generators, with the rest of the active sensors being
wave receptors. This method can be applied to detect two types
of damage, cracks and corrosion.

3.2.1 Wave Propagation Detection of Structural
Cracks

The method used for crack detection is similar to the pulse-
echo method used in conventional ultrasonics with two major
differences (a) it uses Lamb waves that travel along the thin-
gage structural surface instead of pressurc waves that travel
across the thickness; and (b) waves are generated by small
inexpensive non-intrusive piezoelectric-wafer active sensors
instead of conventional ultrasecnic transducers crack
damage(Figure 7(a)) has to be characterized in terms of its loca-
tion, (x,¥.), and its size and orientation (a, &). Whenacrack is
present in the wave path, wave deflection, reflection, and trans-
mission at the crack are expected to occur. The proportions
among deflection, reflection, and transmission will vary with
damage size and orientation. In Figure 7(a), active sensors #2
and #4 are shown to receive both direct and deflected wave
signals. Active sensor#1 (the wave generator) also acts as a
receptor and detects a reflected wave (echo). Active sensor #3
will receive a transmitted wave with its amplitude a function of
damage size, Thus, a matrix of valuable information in terms of
eventarrival time can be set up. Next, a round-robin procedure
will be imposed, wherein active sensors #2, #3, and #4 will be-
come, inturn, wave generators. In this way, further information
will be obtained, and data error will be mitigated. Mathematical
processing will yield the damage location, size and orientation
(X Vo a. ). Inthe solution algorithm, conventional linear alge-
bra solutions can be employed. Altematively, neural network
algorithms can be also used.

(3]

ds1, b3 day, b2
A
Crack
dj, tj xc.yca, @
i,j=1,....4 s/
(i>j i)

(1]

al
-
.

da1, a1

Figure 7(a) : Damage detection strategy using an array of 4 piezoelec-
tric active sensors and wave propagation techniques: Detection of
structural cracks

3.2.2 Wave Propagation Detection of Corrosion
Damage

The method used for corrosion damage builds on the
acousto-ultrasonics methodology, with the difference that it uses
small inexpensive non-intrusive piezoelectric-wafer active sen-
sors instead of conventional ultrasonic transducers and wedge
converters. Unlike crack damage, which is quasi 1-dimensional,
corrosion damage is 2-dimensional and can a wide area. In Figure
7b, active sensor #1 generates elastic waves that propagate
through the material and are sensed at active sensors #2, #3,
and #4. The waves will propagate through damaged material
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differently than through the pristine material. The di fference will
be in wave speed and attenuation. The corrosion damage has to
be characterized in terms of its location, (x_, ), and its size and
orientation (g, b, 8 i.e., the major and minor axes of a damage
ellipse, and axis inclination}

fo

™

day, a1
#

dsi, t31

Corrosion damage

i 1
Gi=1,...,4)
(i>5 1#))

I_J
Y 4] dal, t41 ]ﬂj

Figure 7(b) : Damage detection strategy using an array of 4 piezoelec-
tric active sensors and wave propagation techniques: detection of
corrosion damage.

In Figure 7(b) the waves received by the active sensors #2
and #4 are shown to travel through pristine material, and hence
are not affected. The waves received by active sensor #3 travel
through damaged material, hence a modification in their trave!
time (wave speed) and attenuation is expected. (If damage is
very intense, the material degradation may be very advanced,
and it is possible that no waves are received at active sensor 3.)
Next, a round-robin procedure is imposed, whereby active sen-
sors #2,#3, and #4 will become, in turn, wave generators, In this
way, further information will be obtained, and data error will be
mitigated. Mathematical solutions would yield the damage loca-
tion, size and orientation (xz Ve a. b, 6). Inthe solution algo-
rithm, conventional linear algebra solutions or neural networks
can be used.

3.2.3 Selection and Optimization of Diagnostic
Waves for Structural Damage Detection

The type of waves used in the damage identification proc-
ess can vary from conventional constant amplitude sines, to
bursts, sweeps, impulses, etc. Four wave types are shown in
Figure 8. The constant amplitude sine (Figure 8(a)}is the sim-
plest waveform. The excitation frequency needs to be matched
with the structural characteristics in order to excite a structural
resonance. The frequency sweep Figure 8(b) permits the excita-
tion of more than one frequency in the same experiment, The
impulse (Figure 8(c)) permits the excitation of a wide frequency
spectrum, and can simulate impact-damage events. Constant-
frequency tone burst is the excitation of choice for conventional
ultrasonics. It contains a dominant frequency that can be tuned
to the structural and flaw-size requirements. Since its frequency
content is known, the burst wave can be readily detected and
filtered from background noise.

Its limited duration facilitates the identification and analysis of
burst reflection from defects and boundaries. To increase
accuracy, the tone-burst can be adjusted through a Hanning
window such that a smooth in and out transition is attained see
Figure 8(d). This smoothing minimizes the side-lobe excitations
associated with abrupt starts and stops of the excitation signal.
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IRV U U&v

n

X
@

AN 4
Figure8 : Diagnosic waves for active-sensor excitation: (a)
constant amplitude sine; (b) frequency sweep; (¢} impulse; (d)
burst. ‘
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3.3 Data Processing

The information-rich data received from the sensors needs
10 be processed such that only its relevant content is retained.
The elimination of spurious noise and far-field disturbances,
and the identification of useful information directly related to
structural damage has to be addressed through appropriate sig-
nal processing methodologies. Mathematically, the determina-
tion of the physical condition of a structure (pristine or dam-
aged) using sensor measurements is a nonlinear inverse prob-
lem. Signal processing and interpretation methods can be appli-
cation-specific {model-based) or generic (non-model). In acon-
tinuing effort to satisfy a large class of applications, we are
pursuing the generic signal-processing path. Our analysis uti-
lizes contventional (Fourier analysis) and advanced (Wavelet
analysis and digital filters) algorithms available in specialized
software packages (Matlab™, Labview™, Mathcad™,
Autosignal™, etc.). Artificial intelligence approaches will be
utilized in the fiture. Neural networks and expert systems, which
are complementary in scope and methodology, constitute the
backbone of our data mining approach. The health monitoring
methodology is based on historical data and spot-check re-
sults. Specific darmage metrics are under development. For lo-
cal-area sensing, a metric comparing the historical impedance
spectra will be used. RMS impedance change, piecewise inte-
gration of'the frequency response curve, frequency shifts, and
others indicators will be considered. For wide-area sensing, sev-
eral wave propagation techniques transitioned from ultrasonics
and acousto-ultrasenics methodology will be employed. Typi-
cal approaches include: pulse-echo; time of arrival; travel speed;
attenuation; reflection; etc.

4. EXPERIMENTAL RESULTS

4.1 Test Specimens

Experimental tests were performed for (a) developing and
calibrating the method and for (b} demonstrating damage-de-
tection on realistic specimens representative of real-life aero-
space structures. The former was performed on simple
geometries: a narrow-strip beam specimen and a rectanguiar
panel specimen. The latter was attained on realistic aging air-
craft specimens fabricated at Sandia National Labs with simu-
lated aging-like induced damage (cracks and corrosion). These
specimens had a built-up construction typical of conventional
aircraft structures (Figure 9). Each specimen features a lap splice,
tear straps, and hat-shaped stringer/stiffeners. The whole con-
struction is made of 1-mm (0.0407) 2024-T3 Alclad sheet assem-
bled with 4.2-mm (0.166'"} diameter countersunk rivets. Cracks
were simulated using the Electric Discharge Machining (EDM)
process and consisted of hairline through-the-thickness slits of
various lengths (5 — 25 mm). Corrosion damage was simulated
usingthe chemical milling {Chem.-Milled) process by removing
between 10% and 40% of the material thickness from several
25.4 mm diameter areas, as detailed in Figure 9. Four specimens
were constructed: (1) pristine; (2) with cracks only; (3) with
corrosion only; (4} witha mix of cracks and corrosion. The speci-
mens were instrumented with several piezoelectric (PZT) wafer
active sensors (7-mm square and 200 mm thick) from American
Piezo Ceramiics, Inc. The PZT wafers were poled by the manu-
facturerto 1.9 kV/mm across the thickness. The active sensors
were bonded to the panels with Micro Measurements, Inc. M-
Bond 200 fast action adhesive, and instrumented with thin-gage
leads. Common ground negative pole was provided by the test
specimen,. Figures 10 and 11 show a set of four active sensors
equidistantly placed
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Figure 9: Qlue print of the experimental panels developed at Sandia Nationai Laboratories as specimens for testing aclive-sensor structural
h?.alth monitoring, damage detection, and failure prevention methodologies. The specimen has a built-up construction typical of conventional
aircraft structures. It contains simulated cracks (EDM hairline slits) and simulated corrosion damage (chem.-milled arcas).
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inarow atright angle to a 10-mm simulated crack (EDM notch).
Other sensors were placed at larger distances (#5, #6, and #7as
shown in Figure 11. For the E/M impedance experiments, the
experimental apparatus consisted of a HP 4194A impedance
analyzer is shown in Figure 10.For the wave propagation experi-
ments, an HP 33120 wave-generator, Tektronix TDS 210 digital
oscilloscope, Trek 50/750 HV amplifier, and data acquisition
laptop PC with PCMCIA GPIB card were used (Figure 12)

I ™

Disbonded
Disbonded

-2
2 nded
2 M\ Bonded , |
St —200———tp-—— 800 —— 800
0 200 Frequifly, kHz 600 800
L Frequency, kHz )

Figure 10: Activ sensor self diagnostic using the imaginary part of the
E/M impendence: when sensor is disbonded, new fiee-vibration reso-
nance featured apear at ~ 277kHz({after Giurgitiu and Zagrai, 2000).
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Figure 11: (a) Real-part impedance spectrum of piczoelectric active
sensors bonde.” o aging aircraft panel: (a) wide frequency range, 200-
2600k  o)narrow frequency range,50-1000kHz,

. "y

Figuré 12: The detection of simulated crack damage in aging aircraft
panels using the E/M impedance method. Four rivet heads, four PZT
active sensors, and a 10-mm EDM-ed notch (simulated crack) are

featured.

4.2 Active Sensor Calibration and
Self-Diagnostics

Piezoelectric wafer active sensors affixed to, or embedded
into, the structure play a major role in the successful operation
of the health monitoring and damage detection system. Giurgiutiu
and Zagrai (2000) studied the calibration: of PZT active sensors
prior to and after installation, and found that consistent and
repetitive results can be obtained with careful sensor screening
and consistent adherence to sensor installation procedures.
After installation, sensor integrity and consistency over long
periods of operation are of utmost importance for successful
structural health monitoring. The general expectation is that,
once the active sensors have been placed on or into the struc-
ture, they will behave consistently throughout the duration of
the health monitoring exercise, which may encompass various
service conditions and several loading cases. For real struc-
tures, the duration of the health monitoring exercise can span
several years and even decades. During such periods, the sen-
sors should remain true to their initial condition, and the possi-
ble changes in sensor readings should be solely due to actual
changes in the structural condition. To address this issue, we
identified the environmental changes that may affect the active
sensor calibration to be (a) temperature; and (b) humidity. The
areas that may be affected are (i) the sensor itself; and (b) the
adhesive interface between the sensor and the structure. It was
found that the active sensors may be affected by the tempera-
ture but are insensitive to humidity changes. Although the val-
ues of the piezoelectric coefficients vary with temperature, the
general aspect of the frequency response curve is not affected,
but only shifted. Thus, it was possible to develop a procedure
to compensate for temperature changes, and maintain the gen-
eral aspect of the E/M impedance spectrum, which is indicative
of the intricate structural dynamics and reflective of damage
presence. The sensor-structure adhesion may be affected by
both humidity and temperature. Cycling of humidity and tem-
perature may be especially detrimental to the sensor-structure
adhesive interface.

The adhesive interface between the sensor and the struc-
ture is an essential element for sensor integrity. If the sensor
becomes disbonded, false readings may occur. Therefore, in-
situ self-diagnostics of sensor integrity and sensor-structure
adhesion are mandatory. Giurgiutiu and Zagrai (2000} have iden-
tified a sensor self-test procedure that can reliably determine if
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the sensor is still perfectly attached to the structure, and can
signal when sensor debonding has started to occur. It was found
- that the imaginary part of the E/M impedance spectrum can
serve as a readily available technique for active sensor self di-
agnostics. The piezoelectric active sensor is predominantly a
capacitive device that is dominated by its reactive impedance,
1/i@wC. Preliminary tests have shown that the reactive (imagi-
nary) part of the impedance (Im Z) can be a good indication of
the active sensor integrity and of good adherence between the
sensor and the structure. When an active sensor becomes
disbonded, the imaginary-part spectrum of its impedance
changes drastically. (These changes are due to the new bound-
ary conditions). Figure 13 compares the Im Z spectrum of a well-
bonded PZT sensor with that of a disbonded (free) sensor. The
appearance of sensor free-vibration resonance, and the disap-
pearance of structural resonances constitute un-ambiguous fea-
tures that tel] that the sensor has become disbonded and can be
used for automated sensor self-diagnostics. Similar results were
also obtained for partially bonded sensors, though the changes
were less pronounced, and a mixture of free-vibration and struc-
tural vibration response was recorded. These experiments have
shown that positive identification of defective sensor installa-
tion is possible, and that progressive degradation of sensor
adherence to the structure can be experimentally traced.

5 E/MIMPEDANCE DAMAGE DETECTION
EXPERIMENTS

5.1 E/M Impedance Experiments on Simple
Geometry Specimens

A series of experiments on thin-gage aluminum cir-
cular plates was conducted for assessing and calibrating
the E/M impedance method (Giurgiutiu and Zagrai, 2001).
Twenty-five plate specimens { 100-mm diameter, 1.6-mm
thick) were constructed from aircraft-grade aluminum

stock. Each plate was instrumented with one 7-mm diam- .

eter PZT active sensor placed at its center (Figure 13(a)).
A 10-mm circumferential EDM slit was used to simulate
an in-service crack. The crack was placed at increasing
distance from the sensor. Thus, 5 groups of five identical
plates were obtained (Figure 13(b)).E/M impedance data
was taken using an HP 4194 A Impedance Analyzer. Dur-
ing the experiments, the specimens were supported on
packing foam to simulate free-free conditions. The experi-
ments were conducted over three frequency bands: 10-40
kHz; 10-150 kHz, and 300-450 kHz. The data was proc-
essed by displaying the real part of the E/M impedance
spectrum, and determining a damage metric to quantify
the difference between the two spectra. Several damage
metrics were tried: root mean square (RMS) deviation;
mean absolute percentage deviation; covariance change;
correlation coefficient (R?) deviation. Figure 14(a) shows
data in the 300 — 450 kHz band. The superposed spectra
of specimens from groups 1 and 5 (extreme situations)
are shown in Figure 14(a)
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Figure 13: Systemnatic study of E/M impedarice technique on circular
plates: (a) Photograph of actual specimen showing a 7-mm active sen-
sor of the sensor and a simulated crack (EDM slit); (b) progression of
specimen geometries with simulated cracks (slits) at increasing dis-
tance from the E/M impedance sensor.
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Figure 14: . E/M impedance results in the 300—450 kHz band: (a)

superposed groups 1 & 5 spectra; (b) superposed groups 4 & 5 spec-
tra; (¢) damage metric variation with the distance between the crack

and the sensor,

while those from groups 4 and 5 (almost similar situations) are
shown in Figure 14(b).Figure 14(a)indicates that the presence
ofthe crack in close proximity of the sensor drastically modifies
the pointwise frequency response function, and hence the real
part of the E/M impedance spectrum. Resonant frequency shifts
and the appearance of new resonances are noticed. In contrast,
the presence of the crack in the far field only marginally modi-
fies the frequency spectrum Figure 14{c). Figure 13(c) presents
the plot of the correlation coefficient deviation, (1-R?). The

(1-R*) damage metric tends to decrease as the crack moves away

from the sensor. However, in this frequency band, the decrease

tendency is not uniform. We conclude that:

a}). The crack presence dramatically modifies the pointwise
frequency response function, and hence the real part of
the E/M impedance spectrum

b). This modification decreases as the distance between
the sensor and the crack increases

¢). Asensingcircle of 80 — 100 mm diameter could be pre-
liminarily assigned to this method for the chosen speci-
mens and crack configuration

However, in order to obtain consistent results, the proper
frequency band (usually in high kHz) and the appropriate
damage metric must be used. Further work is needed on
systematically investigating the most appropriate damage met-
ri¢ to be used for successful processing of the frequency spectra.

5.2 E/M Impedance Experiments on Aging
Aircraft Panels

During the E/M impedance experiments, piezoelectric ac-
tive sensors were applied to the simulated aircraft panels to
detect the change of E/M impedance spectrum induced by the
proximity of a simulated crack. Figure 12 shows sensor installa-
tions: the sensors are placed along a line perpendicular to a 10-
mm crack originating at arivet hole. The sensors are 7-mm square
and are spaced at 7-mm pitch, E/M impedance readings were
taken for each sensor in the 200 — 2600 kHz range. Figure 11
shows the frequency spectrum of the E/M impedance real part
recorded during these experiments. The spectrum reflects clearly
defined resonances that are indicative of the coupled dynamics
between the PZT sensors and the frequency-dependent pointwise

structural stiffness as seen at each sensor location, The spectrum

presented in Figure 11 shows high consistency. The dominant
resonance peaks are consistently in the same frequency range,

and the variations from sensor to sensor are consistent with the
variations previously recorded during simple-plate calibration
experiments (Giurgiutiv and Zagrai, 2000).Figure | 1a shows the
wide-band E/M impedance spectra for the four sensors. It can
be noted that the spectrum of sensor #1 (closest to the crack)
has lower frequency peaks, which could be correlated to the
presence of structural damage. However, this argument is not
entitely self-evident since the spectra in Figure 11a also show
other sensor-to-sensor differences that are not necessarily
related to the crack presence. In order to better understand
damage-detection aspects, further investigations were
performed in a narrower frequency band, i.e., the 50— 1000 kHz
range (Figure 11b). In this range, we can identify changes due
to the crack presence as features in the sensor #1 spectrum that
do not appear in the other sensors. For example, sensor #1

presents an additional frequency peak at 114 kHz that is not
present in the other sensors. It also shows a downward shift of
the 400 kHz main peak. These features are indicative of a
correlation between the spectrurn of sensor #1 and the fact that
sensor#1 is placed closest to the crack. However, at this stage
ofthe investigation, these correlations are not self evident, nor
are they supported by theoretical analysis and predictive
modeling of the structure under consideration. For these reasons,
we conclude that further investigations are required to fully
understand the correlation between the spectral features of the
E/M impedance response and the presence of structural damage
in the sensor vicinity.

6 WAVEPROPAGATION DAMAGE
DETECTION EXPERIMENTS

6.1 Wave Propagation Experiments on
Simple-Geometry Specimens

Simple-geometry specimens were tested to understand the
method’s undetlying principles and verify the validity of its
assumptioncs. The specimens were constructed from 1.6 mm thick
aircraft-grade 2024 aluminum alloy. Two geometries were considered:
(a)anarrow strip bearm, 914 mm long, 14 rrm wide, and 1.6 mmithick;
and (b)arectangular plate 914mmx 504mm x 1.6mm. Thespecimens
were instrumented with arrays of 7 mmsquare, 0.2 mm thick PZT-
wafer active sensors (5 locations on the beam, 11 locations onthe
plate) as shown in Figure 15(a) and 15(b), respectively. The sensors
coordinates are given in Tables 1 and 2.

Toktronix TDS210
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Figure 15: Simple geometry specimens:(a) narmow strip beam
specimen of 1.6mm thick2024 alurninium alloy, 14mm wide and
P]4mm long. Shown are the five pairs of piezoelectric wafer active
sensors (A through E);(b) rectangular plate specimen of 1.6mm

hhick,2024 Aluminium alioy, 504mm wide and 914mm long.
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Table2: Locations of sensors on the thin rectangular ptate specimen

The experimental set-up consisted of a HP 33120A signal
generator, a Tektronix TDS 210 digital oscilloscope, and laptop
computer connected through GPIB interfaceThe HP 33120A sig-
nal generator was used to generate constant-amplitude tone
bursts of 3 to 5 counts. The digital oscilloscope connected to
the laptop was used to collect data. The burst signal from the
signal generator of 10V peak-to-peak (pp) was applied directly
to one ofthe PZT wafer active sensors. The excited active sen-
sor, which acts as transmitter, generates elastic waves which
travel through the specimen and are received by the other ac-
tive sensors, which act as receivers. The transmitter can also
act as receiver and sense the reflected elastic waves that come
back to it (pulse-echo method).

6.1.1 Beam experiments

The beam experiments were mostly focused on under-
standing the method, and optimizing its implementation.
Excitation frequencies in the 10— 600 kHz band were studied. It
was observed that, at low frequencies, the slower flexural waves
(A, Lamb waves) are predominantly excited. Figure 16(a)
presents the results of the excitation being applied to the active
sensor at location A. It can be appreciated that two wave types
(flexural and axial) are simultaneously excited. Attentive
examination of the signal, e.g., at sensor E, reveals that a small
amplitude wave arrives well ahead of the main wave package,
This wave is the axial wave, which, at this frequency, travels
mugch faster than the flexural wave. The wave package with
stronger amplitude is attributed to the flexural wave. At this
frequency, the flexural wave is excited much stronger than the

axial wave. Patterns of waves reflected at the beam boundary
and traveling backwards and forwards through the beam are
apparent in Figure 16(a)
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Figure 16: Experiment data from beam specimen. (a) 10 kHz 3-
count tone-burst signal transmitted from sensor A and received at
sensors B through E; (b) wave group velocity analysis of the trans-

mitted and reflected signals

presents a correlation analysis between the time-of-flight the
path-length. For each wave package flexural waves preserit in
Figure 16(a}, the time-of-flight was accurately determined. When
plotted against the wave-path length, a linear correlation
resulted. Figure 16(b) shows these correlations for the transmit-
ted and reflected wave packages. An average group velocity of
0.7212 krn/s is observed, which agrees well with the Lamb wave
theoretical predictions resulting from the Lamb-wave A, mode
dispersion curves (Viktorov, 1967),

6.1.2 Frequency Tuning Effects

During the beam experiments, the effect of excitation fre-
quency on the excited wave amplitude was investigated. It was
found that, at low frequencies (e.g., 10 kHz) the excitation of the
flexural waves was much stronger than that of the axial waves.
However, as frequency increases beyond 150 kHz, the excita-
tion of flexural waves decreases, while that of axial waves in-
creases significantly. A “sweet spot” for axial wave excitation
was found in the 300 to 400 kHz range, as shown in Figure 17.




Y.Giurgiutiu, A. Zagrai, J.J.Bao,J. M. Redmond , D. Roach & K. Rackow. 17
7~ ™ el ™
180 - e 2 e
160 - ™., Second 700
> 140 A .. .'. wave pack 800
E_ 120 A s, " g 540 4 Y= 5.446x-32.004
© _ L " g RY = 0.9000
€ 132 L% First axial < 400
a ] - “.wave pack
& 60 e IDm-- o
o 40 - R “f . 200
oh First‘mi.xad W00 b S
20 1 e a0 50 70 %0 10 120 150 170
0 -M"-M— wave padLl-lL £, Micro-me
0 200 400 600 L (b) )
Frequency, kHz

\, v,

Figure 17: Frequency tuning studies identified a maximum wave
response around 300 kHz.

At 300 kHz, the first wave pack and the axial pack peak together.
The second wave pack peaks at 350 kHz. Subsequently, for the
plate experiments, excitation at 300 kHz was adopted.

6.1.3 Plate Experiments

The plate experiments reproduced with increased accu-
racy the group-velocity dispersion results verified during the
beam experiments. Figure 18(a) shows the signals received at
the active sensors #1 through #10 when active sensor #1 1 was
excited with a 300 kHz smoothed tone-burst signal. The clean-
ness and consistency of the wave patterns are remarkable. In
each signal, one notices a number of wave packs. The first of
these packs corresponds to the wave received directly from the
transmitter, active sensor #11. The subsequent wave packs cor-
respond to waves reflected from the boundaries, The time of
flight (TOF) of each wave pack is consistent with the traveled
distance.

To perform group velocity estimation, we deterrined TOF
of the first-wave packs in each signal of Figure 18a and the
corresponding wave path length (Table 3). When the path length
was plotted against TOF (Figure 18(b)), a perfect straight line
(99.99% R? correlation) was obtained. The slope of this line gives
the group velocity, ¢, = 3.446 km/s. For the 1.6-mm aluminum
alloy used in this experiment, the theoretical S -mode speed at
300 kHz isc ;= 5.440 km/s. Since, at this low frequency, the 5,
mode has negligible dispersion, the group velocity and the
wave speed have practically the same values. Hence, we com-
pared the experimentally determined value of 5.446 km/s withthe
theoretical value of 5.440 kmy/s. The speed-detection accuracy
(0.1%) is remarkable. Based on the wave speed, we conclude
that the first-wave packs represent S, Lamb waves.

T2 ™

Figure 18 : Signals observed during the rectangular plate experi-
ments; (a) raw reception signals received at active sensors 1 through
10 when sensor 11 was excited with a 300 kHz smoothed tone
burst; (b} time-distance correlation yields the wave group velocity
with remarkable accuracy.
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Table 3: Elastic wave reception data on the thin rectangular plate
specimen

6.1.4 Group Velocity Dispersion Curves

The experimental validation of group velocity dispersion
curves (Viktorov, 1967) was performed using the time-of-flight
path-length correlation method over the 10— 600 kHz frequency
band. The raw signals were processed using a narrow-band
signal correlation algorithm followed by an envelope detection
method. As a result, the exact TOF for each wave pack could be
precisely identified.
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Figure 19: Group velocity dispersion curves for Lamb-wave A,
and §; modes.
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Fig. 19 shows a plot ofthe group velocity vs. frequency resulting

from our experimental measurements. The flexural wave data
measured on the beam specimen and the axial wave data
measured on the plate specimen are shown. Superposed on the
same chart are the A and 5 group velocities curves predicted
by Lamb wave theory (Viktorov, 1967). The concordance be-
tween the theoretical A group velocity and the measured A,
group velocity is remarkably good. The A, data for the interval
200 kHz to 450 kHz was not measured because, in this interval,
the flexural wave could not be excited due to the axial wave’s
dominance (c.f., Figure 17). The S data also shows remarkably
good concordance with the theoretical predictions, except at
low frequencies (f< 100 kHz) where the excitation of axial waves
is more difficult due to the flexural wave’s dominance. Overall,
the data presented in Figure 19 indicates that the theoretically-
predicted Lamb-wave group velocities were experimentally
confimmed.

6.1.5 Pulse Echo analysis

During the plate experiments, pulse-echo analysis was also
performed (Figure 20). The transmitter active sensor (#11) was
used in adual role: (a) to generate elastic waves (“initial bang™);
and (b) to capture the echo signals of the waves reflected by the
plate boundaries and coming back to the transmitter. Figure 20a
shows the sensor #11 signal, showing the in.tial bang and a
number of reflection wave packs. Figure 20b shows that the
wave generated by the initial bang undergoes multiple reflections
from the plate edges, identified with labels R, through R_. The
values of the true path length for these reflections are given in
Table 4. It should be noted that the path lengths for reflections
R, and R, are very close. Hence, the echoes for these two
reflections virtuatly superpose on the pulse-echo signal of Fig-
ure 20a. It is also important to notice that reflection R, has two
possible paths, R, and R ,. Both paths have the same length.
Hence, the echoes corresponding to these two reflection paths
arrive simultaneously and form a single echo signal on Figure
20a, with roughly double the intensity of the adjacent signals.
Figure 20c shows the TOF of the echo wave packages plotted
against their path lengths. The straight line fit has a very good
correlation (R* = 99.99%). The corresponding wave speed is
5.38%kan/s, i.e., within 126 of the theoretical value of 5.440 kmy/s,

Mave Pack Latai #i | el o | ra | s | re| re | ma
i OF Fight
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Table 4 : Analysis of pulse-echo signals of sensor#11 on rectangular

plate specirnen.
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Figure 20: Pulse echo method applied to active sensor#11; (a) the
excitation signal and the echo signals on active sensor 11; {b}
schematic of the wave paths for each wave pack; (¢) correlation
between path length and time of flight.

6.2 Wave Propagation Experiments on Aging
Aircraft Panels

Wave propagation experiments were conducted on
realistic aircraft panel specimens with a number of PZT
active sensors affixed at various locations. The experi-
mental setup is similar to that used for the wave
propagation calibration experiments on simple geometry
specimens (Figure 21).

-
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Figure 21: Crack detection experiment on aging aircraft panel; (a)
pristine panel featuring an active sensor placed in a rivet-free re-
gion; (a} pristine panel featuring an active sensor placed at 100 mm
from a row of rivets; (b) damaged panel featuring a 12.75 mm
EDM hairline slit (simulated crack) starting from the top rivet,

Several experiments were performed to verify the wave
propagation properties, and to identify the reflections
due to the construction features of the panels (rivets,
splice joints, etc.) Then, initial damage detection of cracks
and corrosion damage was studied and successfully veri-
fied. For illustration, Figures 21 and 22 present a crack
detection example. Figure 21 shows three photographs
of piezoelectric wafer active sensor installation on with
increasingly more complex structural regions. The most
complex situation is presented in Figure 21¢, which shows
a double row of horizontal rivets and a simulated crack
(12.75 mm EDM hairline slit) starting from the first rivet in
the top row, as well as a vertical row of rivets in the far
left. This photo represents the damaged specimen. Fig-
ure 21b shows the same area on the pristine specimen.
No crack is present. Otherwise, the structural features
are identical to those in the damaged specimen. Figure
21a shows the situation with the lowest complexity, in
which only the vertical row of rivets is present in the far
left. On'all three panels, a piezoelectric active sensor was
placed in the same location, i.e., at 100 mm from the row
of horizontal rivets. This sensor was used for both exci-
tation and reception in the pulse-echo technique.
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Figure 22 : Analysis of the pulse-echo signals during the crack de-
tection experiment: (a) signal recorded on the pristine panel featur-
ing the reflection from the rivet and from the panel edges; (b) signal
recorded on the cracked panel featuring, in addition, the reflections
ducto the presence of the crack; (¢) difference in signals indicating
astrong reflection presence of crack.

Figure 22 shows the analysis ofthe signals recorded during
this experiment. Figure 22a shows the signal recorded on the
pristine panel in a region without rivets. It features the initial
bang (centered at around 5.3 micro-sec) and multiple reflections
from the panel edges which arrive starting at approximately 60
micro-sec. Figure 22b shows the signal recorded on the pristine
panel in aregion with horizontal rivets starting at 100 mm from
the sensor. The signal features the reflections from the rivets in
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addition to the muitiple reflections from the panel edges.
The reflection from the rivets arrives at approximately 42
micro-sec, indicating an approximate TOF = 37 micro-sec.
This TOF is consistent with traveling 200 mm at the group
velocity of approximately 5.4 km/s (c.f., Figure 19). Figure
22¢ shows the signal recorded on the damaged panel. It fea-
tures the reflection from the rivets and the crack and the
reflections from panel edges. By subtracting the signal of
Figure 22b from that of Figure 22c¢, we identified the effect of
the presence of the crack. The resuit of this subtraction is
shown in Figure 22d, which features a strong wave pack
centered on 42 micro-sec, labeled “reflection from the crack™.
The cleanness of the signal ahead of the crack detection
feature is remarkable. Note that application to existing struc-
tures preciudes comparison to a “pristine” structure. How-
ever, the results indicate that the presence of damage is re-

" flected in the sensor signal, suggesting that the method is

viable approach to developing new damage detection meth-
ods.

7. CONCLUSION

A project to develop inexpensive non-intrusive active
sensors that can be applied on existing aging aerospace
structures for monitoring the onset and proaress of struc-
tural damage (fatigue cracks and corrosion) has been pre-
sented. The state of the art in active sensors structural health
monitoring and damage detection was reviewed. Methods
based on (a) elastic wave propagation and (b) electro-me-
chanical (E/M) impedance were cited and briefly discussed.
Damage detection strategies (E/M impedance for local area
detection and wave propagation for wide area interrogatior)
were presented and discussed.

Experiments were performed with a double objective:
(a) to validate the method using simple-geometry specimens;
and (b) to illustrate the practical applicability of the method
using realistic structural specimens representative of aging
aerospace structures with crack and corrosion damage. The
specimens were instrumented with piezoelectric-wafer ac-
tive sensors and subjected to E/M impedance and wave
propagation experiments. A method for sensor self-diagnos-
tics has been developed and experimentally verified. It has
been shown that, for a disbonded sensor, the E/M imped-
ance imaginary part displays a clear rescnance pattern that
is not present for the perfectly bonded sensor. This sensor
self:diagnostic feature, first reported by Giurgiutiu and Zagrai
(2000, is essential for the reliable in-field implementation of
this method.

The E/M impedance experiments showed that the real
part of the E/M impedance spectrum is strongly influenced
by the presence of damage (simulated crack). This behavior
was explained in terms of the direct correlation between the
pointwise mechanical impedance of the structure at the sensor
location and the reat part of the E/M impedance measured at
the sensor terminals. As the pointwise mechanical impedance
is influenced by the damage presence, so is the E/M
impedance real part. Systematic experiments performed on

100 mm thin-gage circular discs showed a direct correlation
between the distance from the sensor to the crack-type dam-
age and a generic damage index based on the change in the
correlation coefficient between “pristine” and “damaged”
E/M impedance spectra. These findings were further sub-
stantiated by experiments performed on the realistic aging
aircraft panel using an array of 4 sensors placed at increasing
distances from a 10-mm simulated crack. In these experiments,
the effect of the crack was noticed as a left shift in the natural
frequencies for the sensor closest to the crack, and the
appearance of a new frequency peak at around 114 kHz.
However, complete understanding of the relationship
between the sensor location and the changes in the E/M
spectrum has not yet been fully achieved. Additional efforts
in advanced signal processing, identification of spectrum
features that are sensitive to the crack presence, and adequate
modeling and simulation are still needed.

Elastic wave propagation between a transmitter active
sensor and several receiver active sensors was studied on
simple-geometry specimens and on realistic aging aircraft
specimens. The simple-geometry specimens (narrow beam
and rectangular panel) clarified the Lamb wave propagation
mechanism, verified the group-velocity dispersion curves,
and illustrated the pulse-echo method using natural
reflections from the specimen boundaries. The realistic
aircraft specimens were used to demonstrate how a 12.7 mm
crack emanating from a rivet hole can be detected with the
pulse-echo method using a piezoelectric wafer active sensor
placed at 100 mm from the damage location. The active sensor
acted simultaneously as transmitter and receiver of elastic
waves in the 300 kHz band. After the signals measured on
pristine and damaged specimens were compared and
subtracted, the presence of the crack damage was immediately
identified as a clearly visible wave pack.

This study has shown that the E/M impedance method
and the wave propagation approach are complementary
techniques that should be simultaneously used for damage
detection. Since the former method works in the narrow field,
while the latter acts in the far field, their simultaneous
utilization will ensure that complete coverage of the aging
aircraft structure is achieved.

It was noted that the signal processing and damage
inmerpretation algorithms have to be tuned to the specific struc-
tural interrogation method. In the high-frequency E/M imped-
ance approach, pattern recognition methods can be used to
compare impedance signatures taken at various time intervals
and to identify damage presence and progression from the
change in these signatures. In the wave propagation approach,
the pulse-echo and acousto-ultrasonic methods identifying the
reflection generated from the damage site and changes in
transmission velocity and phase should be used in conjunction
with the beam-steering phased array approach. Both approaches
could benefit from the use of artificial intelligence neural
networks algorithm that can extract damage features based on a
learning process. These research directions are currently being
pursued and will be reported in future publications.
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