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Abstract

A damage index (DI) approach for damage detection and localization based on high frequency wave propagation

data and low frequency vibration measurements is presented. Improved ultrasonic and vibration test setups, consisting of

either distributed high-fidelity piezoelectric sensor arrays or laser vibrometer, data acquisition boards, signal conditioning

and dedicated software have been implemented. In the wave propagation measurements, the data consist of broadband

signals due to ultrasonic waves propagating in the structure, while in the vibration measurements they are modal response

of the structure produced by the actuators. Using the initial measurements performed on an undamaged structure as

baseline, damage indices are evaluated from the comparison of the frequency response of the monitored structure with an

unknown damage. In case of wave propagation measurements, a damaged/undamaged path mechanism is used to

approximately locate the damage using the correlations obtained between the statistical DI (statistic t) values at the sensor

locations (control points). For vibration measurements, both piezoelectric patches and the laser vibrometer are used as

response sensors in an effort to examine their sensitivity to damage detection. It is found that the laser vibrometer

acquisitions produce improved sensitivity and higher accuracy of the DI when compared to piezo-patches as response

sensors. In addition, Modal Assurance Criterion (MAC) has been used to compare and quantify the changes in the

modal parameters evaluated from the measurements carried out on the healthy and damaged structure. The DI approach

is used to identify various types of defects in the form of loose rivet holes, delaminations due to low velocity impact

and added mass for changes in the stiffness, in both metallic and composite structural components with relatively

complex geometries. It is shown that the procedure is able to identify an emerging and/or growing defect, with some degree

of confidence.
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1. Introduction

Much of structural health monitoring research is motivated by the fact that damage tolerant and fail-safe
design of aircraft, aerospace and civil structures requires a substantial amount of inspection and defects-
monitoring at regular intervals [1–3]. With the risk of failure and the cost of scheduled but unneeded
maintenance ever increasing, intelligent real-time monitoring is imperative to guarantee safe and affordable
structures. Two general approaches are currently being investigated in an effort to develop an effective
structural health monitoring system for new as well as aging structures. One is the global approach, which
measures and analyzes damage-induced changes in the vibrational properties (e.g., modal frequencies and
mode shapes). The other is a local approach whereby changes in the characteristics of ultrasonic waves
propagating across existing defects or created by emerging defects are measured and analyzed. Both
approaches have limitations in their practical implementations, particularly for larger structures [4].

The global approach is only effective in detecting larger defects because the effects of small flaws on the
global vibrational properties are generally below the noise level in large structures. Efforts have been made to
amplify the differences in the modal properties caused by defects and to eliminate noise using a variety of
techniques, including the introduction of system identification and pattern recognition techniques [5–9].
Although the technique is capable of approximately localizing defects (e.g., loss of stiffness) in the vicinity of
the measuring devices, its effectiveness in detecting small hidden defects in complex structures remains
questionable at present.

The local approach based on ultrasonic wave propagation techniques is highly effective in detecting very
small local defects in a variety of structural components. A significant amount of research has been conducted
using broadband transducers (notably, PZT) to transmit and receive guided waves (Lamb waves) to detect
hidden defects in structural plates. Arrays of built-in piezoelectric patches have been used as sensors and
actuators to excite and receive ultrasonic waves in order to characterize the location and extent of structural
damage in large structures by analyzing the signal paths [10–15]. However, the current defects-detection
methodology suffers from the deterrent effects of ambient noise and, more importantly, it requires extensive
involvement of trained operators to analyze the recorded data manually, resulting in extremely time-
consuming inspection procedures and strongly operator-dependent conclusions. Since the effectiveness of
structural health monitoring systems depends on their ability to detect small defects before they grow to a
critical size, it is imperative to invent a method that overcomes these limitations. More specifically, it would be
highly beneficial to have a structural health monitoring system characterized by low computational effort,
high reliability, and with the ability to analyze the acquired data in near-real time. Such a system could
identify a ‘‘perturbed’’ area of the structure, provide information about its presence and location, and suggest
mitigation strategies to manage the risk.

A recently developed approach is used in this article for fast and efficient damage identification in structural
components whereby ultrasonic wave propagation and vibration data are analyzed to determine the location
and degree of damage, requiring minimal operator intervention. The collected data are analyzed using a
damage index (DI) approach to determine the degree of damage to the structure as a function of time. The DI
approach is designed to overcome the complexity and variability of the signals in the presence of damage as
well as the geometric complexity of the structure. It relies on the fact that the dynamical properties of a
structure change with the initiation of new damage or growth of existing damage. Using measurements
performed on an undamaged or partially damaged structure as baseline, the DI is evaluated by comparing the
changes in the frequency response of the monitored structure as a new damage occurs or an existing damage
grows. Thus, unless the environment undergoes significant changes between the two sets of measurements
(which can occur within a very short time frame), noise, in general, will have no effect on the results.
Moreover, the proposed algorithm does not require extensive rigorous signal processing, but it computes a
single damage parameter (namely, DI) with a high confidence level which makes its very fast and automatic.
The DI vanishes if there is no change in the structure and its value increases with the severity and proximity of
damage to the sensor locations. Thus if damage is initiated at a location within or near the sensor array, then
its location and severity can be determined by the autonomous scheme. The method is applied to identify
several types of defects in both metallic and composite panels for different arrangements of the source and the
receivers.
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2. The DI approach

In this approach, a DI comparing the measured dynamical response of two successive states of the structure
is introduced as a determinant of structural damage [16–18]. The dynamic state involved in the definition of
the DI at a given sensor location (control point) is the frequency response function in the vibration test and the
frequency spectrum of the signal in the wave propagation test. The presence of damage modifies the modal
properties of the structure as well as certain characteristics of the ultrasonic waves. The changes in the
measured dynamic response of the structure are analyzed to reveal the location and degree of damage in the
unified approach described below.

Wave propagation and vibration tests are performed in the reference and damaged states of the structure. In
the vibration test, forced vibration of the structure is induced by means of suitable actuators in as wide a
frequency range as possible. In the wave propagation test, elastic waves with known properties are launched
by broadband transducers located on the surface of the structure. The motion produced by the two types of
sources is acquired by multiple sensors located on the surface of the structural component.

The damage index, DI, is defined as follows:

DI ¼ 1�

Pf s=2
f k¼0

FD2ðf kÞPf s=2
f k¼0

FI2ðf kÞ

������
������, (1)

where fk are the frequencies where the spectra are evaluated, FI and FD the magnitudes of the frequency
response functions or spectra for the undamaged and damaged structures, respectively, and fs the sample rate.

The index can, in principle, be defined for a generic structural parameter including displacement, velocity,
acceleration, strain, or voltage measured by embedded or attached sensors. The DI defined in Eq. (1) returns
non-zero values only if any change in the measured dynamical response of the structure occurs, and it will
return zeros if the experimental measurements are identical.

The reliability of the damage detection procedure is strongly dependent on the reliability of the
measured dynamic response of the structure in the reference and damaged states. However, the measure-
ments can be affected by random errors or environmental noise, leading to false or inaccurate results for the
DI values. Thus, the tests are repeated several times under the same conditions. In order to correlate the DI
values to the presence and degree of damage with a high confidence level, either the collected data are
averaged a number of times or a statistical analysis is carried out using the Student’s statistic t as described
below.

2.1. Statistical DI

Let FIi be the frequency response function or spectrum of M measurements (i ¼ 1,y,M) in the undamaged
configuration (baseline). One of these measurements (say i ¼ 1) is adopted as reference and the DI defined in
Eq. (1) is evaluated for the remaining (M�1) measurements at all sensor locations to estimate the threshold
values of the damage indices:

DI
ð1Þ
i ¼ 1�

Pf s=2
f k¼0

FI2i ðf kÞPf s=2
f k¼0

FI21ðf kÞ

������
������ i ¼ 2; . . . ;M. (2a)

Similarly, let FDj be the frequency response function or spectrum of N measurements (j ¼ 1,y,N) in the
damaged configuration. The DI values are calculated using the first frequency response function or spectrum
in the undamaged configuration:

DI
ð2Þ
j ¼ 1�

Pf s=2
f k¼0

FD2
j ðf kÞPf s=2

f k¼0
FI21ðf kÞ

������
������ j ¼ 1; . . . ;N. (2b)

A coupled Student’s Test [19–20] is applied to verify that these M and N measurement sets belonged
to different structural configurations, with a confidence level higher than 95%. The statistic t is defined
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as follows:

t ¼
jDI ð1Þ �DI ð2Þjffiffiffiffiffiffiffiffiffiffiffi

A � B
p , (3)

where

A ¼
ðM � 1Þ þN

ðM � 1Þ �N
; B ¼

½ðM � 2Þs21 þ ðN � 1Þs22�
½ðM � 1Þ þN � 2�

. (4)

In Eq. (3), DI ð1Þ and DI ð2Þ are the means of the two sets of DI
ð1Þ
i and DI

ð2Þ
j related to the healthy and damaged

configurations, respectively; s1 and s2 are their standard deviations, and M�1 and N represent the number of
samples for the two sets. The number of ‘‘degrees of freedom’’, n of the T-test is a function of M�1 and N

(n ¼M�1+N�2) and is related to the ‘‘confidence level’’ of each test. If M ¼ 5 and N ¼ 5, then n ¼ 7, and for
a confidence level of 0.975, t0.975 ¼ 2.36. This means that if the statistic t value calculated from Eq. (3) is
greater than 2.36, then the difference between the means of the compared data sets is not caused by random
error, but is due to real changes in the physical properties of the structure.
3. Wave propagation-based damage detection and localization

3.1. Experimental setup

The general experimental setup used for the test cases is shown in Fig. 1. Several identical broadband PZT
transducers (B1025, Digital Wave) with 5MHz center frequency placed on the plate surface were used as
transmitters and receivers of the waves. The transmission of ultrasound was aided by the application of an
ultrasonic gel couplant (Sonotech). The source signal was a 10V peak-to-peak single sine pulse generated by
an arbitrary waveform generator (33220A, Agilent). A four channel signal conditioner (Digital Wave Corp.,
Model FM-1) was used to boost the signal strength in all the experiments. The ultrasonic signal was digitized
and recorded directly in a four-channel digital oscilloscope with 100MHz sampling rate (54624A, Agilent).
The digital ultrasonic signals were then downloaded directly to a personal computer for post processing via a
GPIB interface.
Preamps

Signal Conditioner -FM1
(Digital Wave Corp.)

Oscilloscope –54624A
(Agilent)

Computer

Broadband Transducers–B1025
(Digital Wave Corp.)

Waveform Generator –33220A
(Agilent)

Fig. 1. The experimental setup used for wave propagation-based damage identification.
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3.2. Results

3.2.1. Investigations on an aluminum plate

In order to comprehend the effectiveness of the statistical DI approach using wave propagation technique, a
simple case of an aluminum plate with a through hole is presented first as representative of loose rivet holes.
The overall test configuration of this study is shown in Fig. 2. The aluminum plate of dimensions
419.1mm� 368.3mm� 1.59mm (16.5 in� 14.5 in� 1/16 in) was investigated with twelve control points,
which can be used as an actuator as well as a sensor location. The sensor and actuator configuration of the
investigated seventy actuator-sensor paths is summarized in Table 1. The numbering scheme for the actuator
and the sensor listed in the table is consistent with that of the piezo-electric elements in Fig. 2. The excitation
signal (source) was a 750 kHz-1cycle sinusoidal pulse. First, the baseline signals corresponding to seventy two
different actuator and sensor paths were recorded at a known intact condition of the plate. For a given
419.1

76.2 10
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95

190.5

1 3 4

5 7 8

9 10 11 12

Zone 1
Zone 2

Zone 3

Zone 4 Zone 5 Zone 6

9

36
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76
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6
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15
8.

75

184.5

Fig. 2. Layout of the actuators/sensors on the aluminum plate. The location of the through hole is also shown. All dimensions are in mm.

‘ ’ Actuator/Sensor location and ‘ ’ damage location.

Table 1

Sensor and actuator configuration of the 72 measurement paths.

Actuator Sensor Path Actuator Sensor Path Actuator Sensor Path Actuator Sensor Path

1 3 1 4 5 19 7 1 37 10 2 55

1 6 2 4 6 20 7 2 38 10 3 56

1 7 3 4 7 21 7 3 39 10 4 57

1 8 4 4 9 22 7 6 40 10 6 58

1 11 5 4 10 23 7 10 41 10 7 59

1 12 6 4 11 24 7 11 42 10 11 60

2 3 7 5 3 25 8 1 43 11 1 61

2 6 8 5 4 26 8 2 44 11 2 62

2 7 9 5 6 27 8 3 45 11 3 63

2 8 10 5 7 28 8 5 46 11 4 64

2 11 11 5 8 29 8 6 47 11 6 65

2 12 12 5 11 30 8 7 48 11 7 66

3 6 13 6 3 31 9 2 49 12 1 67

3 7 14 6 4 32 9 3 50 12 2 68

3 8 15 6 7 33 9 4 51 12 3 69

3 10 16 6 8 34 9 6 52 12 6 70

3 11 17 6 11 35 9 7 53 12 7 71

3 12 18 6 12 36 9 11 54 12 10 72
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measurement path, baseline signal was recorded four times (i.e., M ¼ 4 as discussed in Section 2.1). A through
hole of 3.175mm (1/8 in) was drilled at the location shown in Fig. 2 and the wave propagation tests were then
repeated four times in presence of the defect as that in the intact configuration. The sensors and actuators were
removed and replaced during concurrent measurements. Typical recorded signals and their spectra in presence
and absence of the drilled hole are presented in Fig. 3 for measurement path nine. The differences in the signals
and their spectra are caused by reflection, scattering, and diffraction of the waves by the damaged region.
Careful model-based analysis of the signals can, in principle, be used to determine the nature, location, and
severity of the damage [21], however, would involve extensive manual intervention. Thus, the statistical DI
approach offers a more pragmatic approach for approximately locating and characterizing the damage.

The statistic t, defined in Eq. (3) are computed instantly for each path from the measured data and plotted
in Fig. 4. In this case, a confidence level of 97.5% is used for which the statistic t is equal to 2.57. A given
measurement path is classified as damaged when the value of the statistic t becomes larger than 2.57, which is
noted to be the threshold value for this test. In Fig. 5(a), the measurement paths that have statistic t values
greater than 2.57 are displayed by solid arrow lines. The direction of the wave motion from actuator to sensor
is indicated by the tip of the arrow. From the plot of the measurement paths (Fig. 5a), it is envisioned that the
damage appears in the region (zone 2), which has maximum number of measurement paths crossing each
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Fig. 3. Typical recorded signals (a) and their spectra (b) for measurement path 9, i.e., the source and the receiver are located at 2 and 7,

respectively. A part of the recorded signal is shown in the figure. ‘—’ undamaged signal and ‘- - -’ damaged signal.
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Fig. 4. Values of the damage parameter (statistic, t) for different measurement paths in Table 1.
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Actual damage
location

Identified damage
location

3

Fig. 5. (a) Representation of measurement paths with statistic t values greater than the threshold value of 2.57 and (b) measurement paths

with top five statistic t value showing the identified damage location.

Fig. 6. (a) Top view of the stiffened composite panel showing the stringers, transducers and impact locations and (b) back view of the

stiffened panel showing the stringers and the bonded regions.
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other. In order to identify the damage location more accurately, the measurement paths with top five statistic
t values are retained in Fig. 5(b). In general, it is observed that the value of the statistic t is significant, if the
defect falls right on the measurement paths. The approximate location of the defect is shown in Fig. 5(b).
A similar damage location identification method was applied earlier [11] using a virtual mesh (grid) to locate
the damage. It is concluded that a large number of sensors are required to locate the damage precisely. It
should also be noted that the peak value of the statistic can be correlated to the size of the defect through a
more detailed numerical modeling and experiments with a large number of specimens containing different
sized defects.

3.2.2. Investigations on a stiffened composite panel

The effectiveness of the approach is now examined for a graphite/epoxy stiffened composite panel
(800mm� 600mm� 2mm) made out of resin infusion technique and has five stringers bonded onto the plate.
The geometric and material complexities of the structure present practical difficulties in the direct analysis of
both wave propagation and modal vibration data using theoretical constructs. The test was conducted at one
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corner of the plate using nine transducers glued on the top of the plate at a spacing of 101.6mm (4 in), as
shown in Fig. 6a. The back view of the test spot shows a clear picture of the three stringers and how they are
bonded to the plate (Fig. 6b).

Ultrasonic tests were performed four times in the intact configuration, where fifty four measurement paths
was used as shown in Table 2 and 500 kHz-1 cycle sinusoidal pulse was used as an excitation signal (source).
A customized impact tester with a breaking mechanism was used to perform the impact tests. An impactor
assembly of total weight 10.6 kg (23.35 lb) was dropped from a height of 0.61m (2 ft) at one of the bonded
regions as shown in Fig. 5a. After the impact test, the exterior surface of the impact plate was inspected. There
was no visible marking or scratch on the surface of the composite plate after the impact test. C-scans were
performed around the vicinity of the impact location before and after the impact test (Fig. 7). The C-scan
results clearly show the appearance of delamination after the impact test. Ultrasonic tests were then repeated
four times as that of the intact configuration, and the received signals and their spectra is shown in Fig. 8 for
Table 2

Sensor and actuator configuration of the 54 measurement paths.

Actuator Sensor Path Actuator Sensor Path Actuator Sensor Path

1 2 1 4 1 19 7 1 37

1 4 2 4 2 20 7 2 38

1 5 3 4 5 21 7 5 39

1 6 4 4 3 22 7 3 40

1 8 5 4 6 23 7 4 41

1 9 6 4 9 24 7 6 42

2 1 7 5 1 25 8 1 43

2 4 8 5 2 26 8 2 44

2 5 9 5 4 27 8 4 45

2 7 10 5 3 28 8 3 46

2 8 11 5 6 29 8 5 47

2 9 12 5 7 30 8 7 48

3 1 13 6 1 31 9 1 49

3 2 14 6 2 32 9 2 50

3 4 15 6 4 33 9 3 51

3 5 16 6 5 34 9 4 52

3 7 17 6 7 35 9 5 53

3 8 18 6 8 36 9 6 54

Bonded regions

Delamination
after impact

Fig. 7. C-scan of the impacted region: (a) before impact test and (b) after impact test.
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the measurement path thirty. The damage caused by impact is extremely complex and the solution of even the
direct problem of wave interaction with the damaged region is not found in literature.

The computed statistic t for each measurement path is plotted in Fig. 9. In Fig. 10(a), the measurement
paths that have statistic t values greater than 2.57 are displayed by solid arrow lines. The displayed
measurement paths confirm the appearance of damage in zone 4. Measurement paths with top five statistic
t values are then retained in Fig. 10(b), which identifies the damage location with some confidence. It will
always be necessary to carry out a more detailed test of the identified area using local NDE methods. Even the
approximate localization that can be achieved by a small sensor array has the potential to dramatically
improve state of the art of damage detection in large structures.

4. Vibration-based damage detection and localization

The technique implemented here is based on the comparison between the frequency response functions
[22,23] of the healthy structure at time t (a baseline), and the frequency response functions collected at time
t+Dt, after a damage occurred. When a structure is excited at a generic location with an arbitrary input signal
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and the measurement of the output response is made at another point, the two signals are time dependent. The
complex Fourier transforms of the input and output signals are denoted by X(f) and Y(f), respectively where
f is the frequency and the frequency response function of the structure is calculated with the following
estimator in order to reduce the noise on the output uncorrelated with the input:

FRFðf kÞ ¼
Ĝxy

Ĝxx

, (5)

where Ĝxyðf kÞ is an estimate of the cross-spectrum between the functions Y(f) and X(f):

Ĝxyðf kÞ ¼
1

KK

XKK

kk¼1

kkX �k
kkY k

f 2
s

" #
, (6)

where kkX �k is the complex conjugate of the discrete Fourier transform of the kkth sampled time history input
signal, kkY k is the discrete Fourier transform of the kkth sampled time history output signal, fs is the sample
rate and fk the frequencies at which the spectrum is evaluated and Ĝxxðf kÞ is an estimate of the auto-spectrum
of X(f) defined by

Ĝxxðf kÞ ¼
1

KK

XKK

kk¼1

kkX �k
kkX k

f 2
s

" #
. (7)

When the damage appears, the stiffness, damping and sometimes the density (e.g., when corrosion is involved)
of the structural component change, causing changes in the frequency response functions, as shown in Fig. 11.
Since the dynamic response of a system is related to the stiffness, damping and mass distributions, vibration
measurements can be used to detect such changes.

Based on the assumption that it is always possible to determine the frequency response functions of a
structure using a linear combination of its modal response, one can in principle relate the changes in the
frequency response function to those in the modal parameters (modal frequencies, mode shapes and their
residuals) within the same frequency domain. For both the modal and frequency response function
approaches (based on frequency response function comparison), it is necessary to refer the health status of the
monitored structure to an index. For the modal approach the index chosen here refers to the spatial
correlation of the corresponding mode shapes before and after the structural perturbation occurs, whereas for
the frequency response function approach the index refers to a frequency cross-correlation of the response
functions before and after the perturbation occurs. The two approaches can be compared and should provide
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the same information (healthy or damaged status) if applied in the same frequency domain. An experimental
work carried out on a woven composite plate and aimed at such comparison is presented later on.

Since the procedure is dependent upon the reliability and accuracy of the frequency response function
acquisition process, each frequency response function is averaged at least three times in order to reduce noise
due to unknown effects in characteristic times lower then the data acquisition rate. Moreover, the frequency
correlation between the input and output signals is monitored through the use of the Coherence Function
(CF) [22,23] between them defined by

CF2
ðf Þ ¼

jĜxyðf Þj
2

Ĝxxðf ÞĜyyðf Þ
. (8)

It can be seen that 0pCF2(f)p1, with the lower value zero corresponds the no frequency correlation
between the input and output signals while the value one indicates perfect frequency correlation between the
two signals.

4.1. Experimental setup

Piezoelectric patches were employed both as sensors and actuators in order to implement the described
health monitoring approach. Each patch was used sequentially as an actuator while all the others collect the
response signals. In order to provide adequate excitation, a voltage amplifier was introduced between the
output channel of the acquisition system and the patch acting as actuator. The chosen amplifier was produced
by the TREK company and was able to amplify the input signal by a factor of 25 in the frequency range
0–20 kHz. The details of the experimental setup can be found in [18].

The influence of the sensor characteristics was evaluated by comparing the results obtained from the
piezoelectric patches as sensors, described in the above paragraph, with those obtained by employing a laser
vibrometer. A Polytec PSV-400 laser vibrometer was used as a sensor in order to acquire the response at a
number of points over the test article. The device measures the two-dimensional distribution of the velocity on
the surface of the structure based on laser interferometry. The main advantage of the laser vibrometer sensor is
the improved sensitivity and the possibility to perform a dense, fast, automatic and non-intrusive scanning
over the test article, as no other piezo-patch is required except the one working as the actuator.

4.2. Results

To demonstrate the improvement in the damage detection technique, a comparative test was carried out on
a simple unstiffened woven composite plate (530mm� 530mm� 3mm) shown in Fig. 12. A reversible
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Fig. 12. The laser vibrometer Polytec PSV-400 scanning setup for composite panel: (a) the damage has been simulated with a 20 g mass

added. The piezo-patches are also numbered and (b) schematic of the laser beam acquisition points.
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Fig. 13. The statistic t evaluated over the unstiffened panel using piezo patches (a) and the laser vibrometer (b) as sensors. The comparison

has been carried out by measuring the responses at 8 points. The damage is located at the black solid circle.
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damage was simulated with a 20 g mass added to the panel. Actuator 1 was used to excite the structure, and
the healthy and damaged frequency response functions were measured with both the piezo-patches and laser
vibrometer at other seven locations (see Fig. 12), for the same baseline and damaged configuration. In both
cases the signal provided by the amplifier to the piezo-patch acting as a source was employed as input
function. The voltage measured by the piezo-patch acting as a sensor was considered as output function,
whereas the velocity measured by the vibrometer was considered as output function. The laser vibrometer
acquisitions were made at eight locations as close as possible to the piezo-patches for comparison purposes.
Using the DI and statistic formulation described in Section 2, the results are reported in the Figs. 13 and 14.

The comparison of the statistics t evaluated using both the piezo-patches and the laser vibrometer as sensors
in Fig. 13 shows that the latter ‘‘sensor’’ is more efficient in damage prediction, as it gives higher values of t

meaning higher confidence levels in damage localization. The laser vibrometer is next used to construct the DI
map by performing only one scan for ninety two acquisition points over the panel for both the healthy and
damaged configurations. Fig. 14 shows the accuracy of the predicted ‘‘damage’’ location through the
distribution of the DI over the panel.

The responses measured by the laser vibrometer was employed to extract the modal parameters (natural
frequencies and modal shapes) in the frequency range 150–1000Hz and to calculate the DI from Eq. (1) over
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Fig. 14. Damage index distribution over the panel (frequency range 150–1000Hz). The 92 small circles represent the acquisition points.

The 20 g added mass is located at the black solid circle.
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Fig. 15. The Modal Assurance Criterion (MAC) evaluated with the excitation provided by the actuator 1 (see Fig. 12) for the panel with

(damaged) and without (healthy) the added mass. The frequency range is 150–1000Hz.
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different frequency ranges. Furthermore, in order to spatially correlate the modal shapes at each
corresponding natural mode on the healthy and damaged structure, the Modal Assurance Criterion (MAC)
[22] was employed. The MAC is generally used to evaluate the modal correlation (i.e., the correlation between
the modal parameters) between numerical analyses and experimental tests, but it is possible to use it to
quantify the variation in the modal parameters regardless of the type of test employed (numerical or
experimental). In the present work the MAC was used to compare and quantify the changes in the
modal parameters evaluated from the measurements carried out on the healthy and damaged structure.
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The following expression was used:

MACðwn;weÞ ¼
jwt

n � wej
2

ðwt
n � weÞðw

t
e � wnÞ

, (9)

where fcng and fceg are the healthy and damaged eigenvectors (mode shapes) at corresponding modes,
respectively. The MAC returns a value ranging from zero (no correlation) to one (full correlation) and a value
of 0.9 ensures a reasonably good experimental correlation, indicating that no change in the modal parameters
implies the absence of damage to the structure. Figs. 15 and 16 and Table 3 show that the MAC values predict
a good correlation up to about 500Hz for two different excitation locations, actuators 1 and 8, respectively.
As an example, the plots of the fifth mode for both the healthy and the damaged panel are presented in Fig. 17.

Figs. 18 and 19 show the values of the DI calculated in the two frequency band-widths 150–500Hz and
500–1000Hz, respectively. It should be noted that, in good agreement with the modal approach, the frequency
response functions approach can detect damage at frequencies higher than 500Hz, further demonstrating the
advantage of locating the structural perturbation by the simple analysis of the DI map.

From the comparison of Figs. 14, 18 and 19, it can be seen that when the analysis is carried out in the
frequency range 150–500Hz the damage detection and localization is not achievable from the DI formulation
(Fig. 18). This is in agreement with the good correlation given by the MAC (see Figs. 15 and 16). In other
words the damage (added mass) does not produce an appreciable effect below 500Hz. From 500Hz up to
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Fig. 16. The Modal Assurance Criterion (MAC) evaluated with the excitation provided by the actuator 8 (see Fig. 12) for the panel with

(damaged) and without (healthy) the added mass. The frequency range is 150–1000Hz.

Table 3

Natural frequencies in the range 150–1000Hz for both the healthy and damaged woven composite panel.

Act 1 I II III IV V VI VII VIII IX X XI

Healthy (Hz) 177.8 192.2 303.4 375.0 545.3 586.8 699.3 791.8 815.3 846.5 855.9

Damaged (Hz) 177.5 187.8 302.5 373.4 543.1 571.8 695.6 787.1 815.3 844.8 855.6

Act 8 I II III IV V VI VII VIII IX X XI

Healthy (Hz) 178.1 192.1 303.1 374.3 546.5 586.8 700.0 790.8 815.3 847.5 855.6

Damaged (Hz) 177.5 187.5 302.5 373.1 543.1 571.8 698.1 783.7 815.3 841.2 855.3

The excitation is provided by the actuators 1 and 8.
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Fig. 17. Representation of the 5th mode for the healthy (a) and damaged (b) panel. Data collected using the laser vibrometer have been

used.
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Fig. 18. Damage index distribution over the panel (frequency range 150–500Hz). The small circles represent the acquisition points.

The 20 g added mass is located at the black solid circle. The excitation is provided by the actuator 8.

S. Banerjee et al. / Journal of Sound and Vibration 322 (2009) 167–183 181
1 kHz a poor modal correlation is found (see Figs. 15 and 16) and consequently the DI distribution over
the panel provides a clear localization of the damage (see Fig. 19). Finally, it is worth noting by comparing
Figs. 14 and 19 that even performing the DI evaluation over the entire frequency domain, where some modes
are well correlated to each other and some others do not, a good estimation of the damage location can
be achieved.
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Fig. 19. Damage index distribution over the panel (frequency range 500–1000Hz). The small circles represent the acquisition points.

The 20 g added mass is located at the black solid circle. The excitation is provided by the actuator 8.
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5. Concluding remarks

The damage index approach presented here can be used for structural condition monitoring of a variety of
aerospace and civil structures, including aircraft, spacecraft, ships, bridges, automobiles, etc. The present
study clearly illustrates the potential effectiveness of the statistical damage index approach to predict the
approximate location and severity of the damage from a large dataset collected by a network of distributed
sensors and actuators in relatively complex structures with minimal manual intervention. While no attempt
was made here to automate the graphical representation of the identified damage location/severity, it would be
a simple matter to automate the identification of the peaks in the indices and the locations in the instrument
array. The proposed approach thus makes it possible to identify very small areas of damage with a high level
of reliability. While the vibration-based analysis is expected to identify widespread damage within the
structure, analysis of the waveform signals would provide more detailed information on the location and
nature of smaller defects. The approach presented here can be very useful in the development of an automated
continuous structural health or condition monitoring system because of its simplicity and minimal
requirement for operator involvement. This ability should result in major reductions in the cost of sustaining
current and future advanced structures, extend the service life of aging aircraft fleet, and provide new
capabilities for improving structural safety and reliability. Practical implementation of the technique in real
structures will, however, require additional research involving laboratory tests and theoretical modeling,
decisions on areas to be instrumented, installation of denser sensor arrays and refinement of algorithm for real
time applications.
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