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A crack detection technique based on nonlinear acoustics is investigated in this study. Acoustic waves
at a chosen frequency are generated using an actuating lead zirconate titanate (PZT) transducer, and
they travel through the target structure before being received by a sensing PZT wafer. Unlike an
undamaged medium, a cracked medium exhibits high acoustic nonlinearity which is manifested as
harmonics in the power spectrum of the received signal. Experimental results also indicate that the
harmonic components increase nonlinearly in magnitude with increasing amplitude of the input signal.
The proposed technique identifies the presence of cracks by looking at the two aforementioned
features: harmonics and their nonlinear relationship to the input amplitude. The effectiveness of
the technique has been tested on aluminum and steel specimens. The behavior of these nonlinear
features as crack propagates in the steel beam has also been studied.

Keywords nondestructive testing (NDT) - active sensing - nonlinear acoustics - harmonics - fatigue

cracks

1 Introduction

Metallic structures made of aluminum and
steel are ubiquitous in mechanical, aerospace,
and civil infrastructure. Structural failure in
metals is often attributed to cracks developed
due to fatigue or fracture. For instance, such
cracks can develop at the flange-web junction
of a bridge girder, in the wings of an aircraft,
in railway tracks or in the sub-structures of a
power generation plant. In most cases, cracks
cannot be avoided. Thus there is a need
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Figures 3-8 and 10-16 appear in color online: http://shm.
sagepub.com

for nondestructive inspection of such structural
components.

Some of the popular NDT techniques for
crack detection are acoustic emission [1], eddy
current techniques [2], vibration-based techniques
[3], impedance-based methods [4-6] and ultra-
sonic testing [7-21]. Ultrasonic testing using
guided waves has recently gained popularity in
those monitoring applications that can benefit
from built-in transduction, moderately large
inspection ranges, and high sensitivity to small
flaws. Guided wave-based methods can be
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broadly classified in two groups: (1) those
based on the principles of linear acoustics like
transmission, reflection, scattering, mode-conver-
sion, and absorption of acoustic energy caused
by a defect [7-12]; and (2) those based on
the principles of nonlinear acoustics like harmo-
nics generation [13-17], frequency mixing [18,19],
and modulation of ultrasound by low-frequency
vibration [20,21]. Linear NDT techniques
identify cracks by detecting the amplitude and
phase change of the response signal caused
by defects when a consistent probe signal is
applied. On the other hand, nonlinear tech-
niques correlate defects with the presence
of additional frequency components in the
output signal. Existing literature on damage
detection techniques using nonlinear acoustics
[18,19] suggest that nonlinear techniques are
robust to harmless factors like complicated
geometry or moderate environmental variations
viz. wind and temperature. This robustness makes
the nonlinear acoustic techniques attractive for
field applications.

Many existing techniques suffer from one or
more drawbacks viz. use of bulky equipment,
unsuitability of automation and requirement
of interpretation of data or image by trained
engineers. These shortcomings make existing
methods less attractive for online continuous
monitoring. The uniqueness of the present study
lies in the authors’ effort to overcome the
aforementioned drawbacks by developing a crack
detection technique using PZT wafers (which
can be easily surface-mounted or embedded
in the structure) and suggesting a damage detec-
tion process that can be readily automated.
These features might make the proposed
technique more suitable for online continuous
monitoring of structures. Another unique aspect
of this paper is to study the behavior of the
nonlinear features with a propagating crack in a
steel beam.

The paper is organized as follows. First,
the theoretical development for acoustic non-
linearity due to cracks is provided. Then,
experimental studies performed to verify the
effectiveness of the proposed technique are dis-
cussed. Finally, this paper concludes with a
brief summary.

2 Theoretical Backgrounds Behind
Harmonics Generation due to
Crack Formation

Fatigue in metallic materials is a progressive,
localized, and permanent structural damage that
occurs when a material is subjected to cyclic or
fluctuating stresses that are less than (often much
less than) the static yield strength of the material
[22]. The process initiates a discontinuity
and becomes a microscopic crack. The crack
propagates as a result of subsequent stress
applications caused by cyclic loading. The fatigue
life depends on the applied stress range and also
on the structural geometry. A higher stress range
usually leads to shorter fatigue life.

It is well known that a crack in a metallic
structure causes nonlinear interaction of acoustic
waves [13-21]. A manifestation of this nonlinear
interaction is the production of acoustic super-
harmonics when the structure is excited with
an ultrasonic probing signal of a given frequency
[13-17]. Several theories have been proposed
to explain the phenomenon of harmonics genera-
tion. However, a consensus regarding the physical
understanding of the mechanism has not yet been
reached. A summary of the existing theoretical
models has been given by Parsons and Staszewski
[21]. One of the popular theories is the ‘breathing
crack model’ where the crack closes during
compression and opens during tension
when ultrasonic waves propagate through it
[14,16-19,23,24]. In the following paragraphs,
the authors have endeavored to explain the
phenomenon of harmonics generation in a semi-
analytic manner. The intention is to provide an
easy and intuitive understanding of the above
phenomenon without indulging into a rigorous
mathematical analysis. A variational formulation,
similar to that of the finite element method, has
been adopted for the purpose of the semi-analytic
derivation. The crack is modeled as a single
infinitesimal element in the structure that exhibits
bilinear stiffness [14,16-19,23].

Consider a longitudinal wave traveling
through a slender elastic beam containing a crack
(Figure 1). The beam is fixed at one end and
excited with a harmonic stress at the other. The
bilinear stress—strain relationship at the location
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of the crack is shown in Figure 2. As a convention,
the strain (e) is considered positive in tension and
negative in compression. Mathematically, there-
fore, the crack is open when ¢[, > 0 and closed
when ¢, <0.

If the mass density of the beam in question is
assumed to be uniform and equal to p, the
governing equation of wave propagation through
this structure is given by:

Pu ([ du
- ——E=
Por ™ ax < 8x)
ou

E, forx=x, and 8|x:x“:8_ >0
X

X=X,

E=
E; otherwise

(la)

where u = u(x, t) is the longitudinal displacement
of a point on the beam at position x and
time ¢, and E = E(x,0ou/dx) is the modulus of
elasticity.

Equation la is subject to the initial conditions:
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Figure 1 A schematic of a cracked beam with a
harmonic excitation.
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Figure 2 Bilinear stress—strain relation at the crack
location (x =xc).
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and boundary condition:

(=5)
ox
The damping coefficient in the elastic medium of
the beam is assumed to be negligible.

A purely analytical solution of Equation (1)
is difficult to obtain. Therefore, an approximate
solution of the problem is sought through a
variational formulation of Equation (1). At first,

the displacement field is discretized in space as
following:

= oy sin(wr) (1c)
x=L

=" gi)pi(x) )

i

where ¢/x) are the shape functions and g,(¢)
are the corresponding coefficients. # is an approx-
imation for u. The weak form of Equation (1)
is then formulated using the Galerkin technique
(Equation (3)). Please note that the trial function,
i, and the test function, v, must satisfy the
essential and homogeneous boundary conditions,
respectively. Same basis functions are used for
both # and v, as in the ordinary Galerkin
method.

v 2 A A A
ocu 0 ou ou
——— | E— d E—

/x:o{paﬂ ax( ax>}v H{( ax>

—00 sin(a)t)} V=0 3)

x=L

Equation (3) may be reduced to the well-known
form of the equation of forced oscillation of a
multi degrees of freedom system:

rg -

where the superscript ~ is used to denote vectors.
The matrices M and K are given by:
M= [gppitidx, and K= [ EQdx,
and the vector f'is given by f; = oy sin(wt)¢,|x:L.
M;; is the element in the jth row and ith column
of M. Similar definition goes for K. f; is the jth

element of ]; From Equation 4, the solution for
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the vector g is sought subject to the initial
conditions:

gl _,=0 Vi
dg; 4b
il —0 v (40)
ot |,

The above initial conditions follow from

Equation (1b).

Equation (4) is otherwise a linear differential
equation except that the matrix K changes
between closed and open configurations of the
crack. Since the excitation is harmonic with
frequency w, the steady state solution for g is also
harmonic with the same frequency. However,
since the matrix K changes between the closed and
open states of the crack, the amplitude of oscilla-
tion would be different between these two states.
Let us assume that the solution for g is g sin(w?)
when the crack is closed and g sin(w?) when the
crack is open. A strain gage affixed on the beam
at x=x, say, therefore records a strain of
(&1ly=y,) sin(w?) when the crack is closed and
(&2]y=v,) sin(w?) when it is open. e1|,_,, and &sf,_,
are  given  by:  gil,_ =D, gl,%|xzx and
& lymr,= 2 gzi%;xzxy. Since g; and & are differ-
ent, so are &l,—, and e&|._, . Hereafter, it is
shown using a numerical example that the ampli-
tude spectrum of a nearly harmonic signal with
two different amplitude contents (Equation (5))
would contain harmonics of the fundamental
frequency (Figure 3). The amplitude spectrum is
computed using Fast Fourier Transform (FFT). It
can be observed from Figure 3 that a 1% change
in amplitude results in visible even-harmonics in

100 |
2 102 !
o L
E j B P T R
107/
106 . . . "
0 250 500 1000 1500 2000

Frequency (kHz)

Figure 3 Amplitude spectrum of a nearly harmonic
signal given by Equation 6.

the frequency spectrum. Thus, it is shown in this
section that a crack, modeled as a bilinear stiffness
element in the structure, can cause production of
certain super-harmonics when the structure is
excited with a harmonic excitation.

B { sin(wt) ify >0

= 10.99sin(wt) if y<0 )

where w =27 x 250 x 10° Hz, and ¢ is in seconds.
Although the bilinear stiffness model of a
crack has been used in many studies [14,16-19,23]
including the present one, the derivations pre-
sented above suggest that this model has certain
limitations. First of all, the solution results in a
sudden transition in the velocity field when the
structure changes its configuration from open
crack to closed crack and vice versa. This can be
seen as a direct effect of the sharp transition of
the local Young’s modulus at the crack location
when the crack opens or closes (Figure 2).
Secondly, odd-harmonics are not observed
through this formulation. Experimental results,
however, show the presence of third harmonics in
certain cases. Last, but not the least, a system
with bilinear stiffness (and transition occurring
at zero strain) is one of those rare kinds of
nonlinear systems which display homogeneity
[25]. As a result, the harmonic amplitudes are
predicted by this model to vary linearly with the
exciting amplitude. This linear variation is con-
firmed through numerical simulation by scaling y
in Equation 5 with integers from 2 to 6, and the
result is shown in Figure 4. On the contrary,
experimental results confirm that the harmonic

Second harmonic amplitude
o
o
o
[e2)

0 1 2 3 4 5 6
Normalized excitaion amplitude

Figure 4 Linear variation of the second harmonic
amplitude with excitation voltage.
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amplitudes vary rather nonlinearly with exciting
voltage.

The complexity of the interaction of acoustic
waves with real defects is beyond the scope of
current theoretical methods. However, some
aspects of the wave-crack interaction can be
explained, at least qualitatively, with a more
detailed model of the crack viz. the Greenwood
and Williamson’s model [24,26]. Most impor-
tantly, the Greenwood and Williamson’s model
can explain the presence of odd-harmonics
and the nonlinear variation of the harmonic
amplitudes with exciting voltage.

The proposed technique identifies the
presence of cracks in a structure by looking at
the harmonics of the exciting frequency in the
output signal and their nonlinear relationship to
the input amplitude [24]. The amplitudes
corresponding to the harmonics can be computed
automatically using a FFT. It is worth mention-
ing here that harmonics of the driving frequency
are expected to be present even in the output
signal from an undamaged specimen because of
unknown sources of nonlinearity; e.g., nonlinear-
ity in the attached circuit. Therefore, it will be a
challenging task to distinguish between nonlinear-
ity produced by a crack and nonlinearity pro-
duced by other sources. However, from
experimental results it appears that the amplitude
of the harmonics due to unknown sources of
nonlinearity and the degree of their variation
with the excitation voltage are smaller compared
to those due to crack-nonlinearity. Therefore, it
is assumed in this study that this type of the
excitation amplitude dependent nonlinearity is
mainly attributed to crack formation. To detect
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cracks, results obtained from a cracked specimen
must be compared with baseline results from the
pristine condition of the same specimen. Larger
amplitudes of harmonics and greater variation
thereof with excitation voltage indicate crack(s)
in the structure.

3 Experimental Results

The effectiveness of the proposed technique
has been tested on an aluminum specimen and a
steel specimen. The results are detailed in the
following sections. To ensure that crack opening
and closing happens at the fullest extent,
the exciting frequency was always chosen to be the
same as the resonant frequency of the transducer-
structure system.

3.1 Experimental Results from
Aluminum Specimen

The overall test configuration and the alumi-
num test specimen are shown in Figure 5.
The specimen consisted of a rectangular cross-
sectional beam 53.34cm long, 7.14cm wide, and
0.64 cm thick. The crack was made at the center
of the beam-span and runs transversely across the
width of the beam.

To produce the crack, a sharp notch was first
made at the center of the beam. The beam was
then subjected to cyclic loading under an
INSTRON loading machine until a visible fatigue
crack developed at the notch site. It took about
5000 cycles to produce a visible crack under
0.2 Hz cyclic loading a tensile stress range at the

Figure 5 Experimental setup for detecting cracks on aluminum beam: (a) data acquisition system and the undamaged
beam (b) Part of the beam showing the crack and the PZT transducers.
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notch of 180 MPa. Two PSI-5A4E type PZT
wafer transducers (1.0cm x 1.0cm x 0.0508 cm)
were mounted on the beam so that the distance
between them was 17.78cm centered on the
crack.

The data acquisition system was composed
of an arbitrary waveform generator (AWG),
a high-speed signal digitizer (DIG), and a linear
amplifier. The gain of the amplifier was set to
two. Using the 16-bit AWG, a Gaussian white
noise signal with a 20V peak-to-peak (p-p)
voltage was generated and applied to one of
the transducers (PZT-A in Figure 5). PZT-A
generated elastic waves and the response was
measured at PZT-B. When the waves arrived at
PZT-B, the voltage output from PZT-B was
measured by the DIG. The sampling rate and
resolution of the DIG were 10 MHz and 14 bits,
respectively. Thereafter, FFT of the response
measured at PZT-B was done and the resonant
frequency of the transducer-structure system was
identified from the power spectrum. In order to
improve the signal-to-noise ratio, the forwarding
signals were measured 30 times and averaged in
the frequency domain.

Figure 6 shows the amplitude spectrum of the
output signal for the transducer-structure system
when Gaussian white noise input was applied to
the actuator. It can be observed from Figure 6
that the resonant frequency of the cracked system
did not vary significantly from the resonant
frequency of the undamaged system. Therefore,
the driving frequency for all subsequent experiments
for all undamaged, notched, and cracked states of

0.01
—Undamaged

Cracked

0.005

Amplitude (V)

0 200 400 600 800 1000
Frequency (kHz)

Figure 6 Amplitude spectrum of the output signal for
Gaussian white noise input at 20V p-p to the aluminum
specimen.

the beam was chosen to be 250kHz. Another
resonant frequency was observed at 493 kHz
(Figure 6). However, the response at 493 kHz was
smaller compared to that at 250kHz. Since the
frequency resolution of the DIG was set to as low
as 0.1 kHz, 493kHz is not considered to be the
second harmonic of 250 kHz.

Once the resonant frequency of the system
was identified, a sinusoidal signal with a 2V p-p
and driving frequency equal to the resonant
frequency of the system was generated using the
same AWG and applied to PZT-A. FFT of the
response measured at PZT-B was taken, and
the absolute values of the FFT at the second and
third harmonics of the driving frequency
were noted. Again, the forwarding signals were
measured 20 times and averaged in the frequency
domain. The above procedure was then repeated
with the p-p excitation voltage varying from
2V to 40V with an incremental step of 2V.
The same experiment was repeated three times
for each state of the specimen (i.e., undamaged,
notched, and cracked) to see experiment
to experiment variation. Note that the linearity
of the amplifier used in this study is guaranteed
only up to a certain output voltage, and
this maximum voltage is determined from the
maximum driving frequency (250kHz) and the
capacitance value of the transducer (4 nF) [27].
From the reference, it was found to be safe to
apply up to 40V p-p without compromising the
linearity of the amplifier.

Figure 7 shows that the first harmonic
amplitude of the output signal varies more or

—~ 15
2
é: ‘/__] Undamaged
2 = 1 Notched
[N 1
€
[
2
o
o
E 05 ] Cracked
&
7]
)
0 10 20 30 40

Exciting voltage (V)

Figure 7 Variation of the first harmonic (250kHz)
amplitude in the output signal with excitation p-p voltage —
results from three tests on the same aluminum specimen.
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less linearly with the excitation voltage in the
undamaged and notched cases as opposed to
exhibiting nonlinear variance in the cracked
case. This is an indication of nonlinearity due to
crack, and the crack caused the energy corre-
sponding to the driving frequency to be shifted
among the higher harmonics. Additionally, the
amplitude of the first harmonic is much lower in
the cracked beam compared to its undamaged
and notched counterparts. The above phenom-
enon can be attributed to reflection and scatter-
ing of acoustic waves from the crack interface.
In addition, for the crack case, the amplitude
of the first harmonic varies nonlinearly with
increasing input voltage.

It can be observed from Figure 8 that
beyond a certain value of the exciting voltage,
the second, and third harmonic contents of the
output signal are much more prominent in the
cracked case than in the undamaged or notched
cases. The variation of the harmonic amplitudes
in the cracked specimen with increasing level
of excitation is observed to be nonlinear.
The presence of harmonics in the undamaged and
notched states can be attributed to unknown
sources of nonlinearity such as circuit-nonlinear-
ity. The repeatability of the results shown in
Figures 7 and 8 are acceptable in so far as the
undamaged, notched, and cracked states of the
beam can be easily classified.

In conclusion, it can be said that the cracked
state of the aluminum beam could be distin-
guished from its undamaged and notched states
by considering the amplitudes of the harmonic

=

(b)

S 004
[0}
ie)
=
5 0.08
IS
o ]Cracked
= 0.02
o
E
& 0.01 ....e——] Notched
<
5 ] Undamaged
3 O
*
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Exciting voltage (V)
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components and their variation with the excita-
tion voltage.

3.2 Experimental Results from Steel
Specimen

A second experiment was performed on a
2.74m long W6 x15 (SI: WI150 x 22.5) steel
beam. The dimensions of the steel specimen are
shown in Figure 9(a). Two notches were cut into
the bottom (tension) flange near the center of the
beam-span as shown in Figure 9(b). These
notches served as fatigue crack initiators, and
also helped to increase the stress at this section in
order to accelerate the development of fatigue
cracks. The notches were designed to have a
theoretical fatigue life on the order of 40,000
cycles at an applied stress range of 190 MPa.
Notches on either side of the web were the same
to mitigate any eccentric behavior. Fatigue cracks
were expected to form at the sharp root of each
notch.

Two PSI-SA4E type PZT wafer transducers
(1.0cm x 1.0cm x 0.0508 cm) were mounted on
the bottom flange of the beam so that the
distance between them is 25cm and the crack
initiator falls between the transducers (Figure 10).
Additionally, four electrical resistance crack gages
were placed to monitor crack propagation. These
were placed at the notch root on both sides of
the flange (Figure 10(a)).

To produce the cracks, the beam was loaded
in simple mid-span loading over a span length
of 2.74m. The midspan load was cycled from

x1073

]Cracked

] Undamaged
=1 Notched

40

Third harmonic amplitude (V)

0 10 20 30
Exciting voltage (V)

Figure 8 Variation of (a) second harmonic (500 kHz) and (b) third harmonic (750 kHz) amplitudes in the output signal
with the increasing excitation voltage — results from three tests on the same aluminum specimen.
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Figure 9 Dimensions of the steel W6 x 15 (SI: W150 x 22.5) section: (a) Beam span and cross section (b) Elevation

and plan views of the flange in the tension side.

Figure 10 Part of the tension flange of the steel beam: (a) The notch, the

(b) PZT dimensions: 1 cm x 1 cm
Actuator 7 Sensor
~
I PZT Crack gage P:T

25cm

PZT wafers and the crack gages

(b) Schematic figure showing transducers and crack gage locations.

4.5kN to 40.5kN resulting in a load range of
36 kN. Cycling was carried out at a rate of 1 Hz.
The 36 kN applied load corresponds to a tensile
stress range of 190 MPa at the notch root of the
tension flange. The minimum stress, at an applied
load of 4.5kN is 22.7 MPa. The loading set-up is
shown in Figure 11. The notch site was continu-
ously monitored for crack initiation. After 9000
cycles, cracks at each notch root were identified
by the crack gages and could be observed visually.
Figure 12 shows the crack on the Western side of
the tension flange propagating beneath a crack
gage after ~18,000 cycles. Figure 13 shows the
history of crack propagation in the West flange of
the steel beam.

Following every few thousand cycles (after 0,
5,000, 10,000, 12,000, 14,000, 18,000, 22,000, and
24,000 cycles to be precise), the cyclic loading
was paused and a static load of 22kN (average
of fatigue load stress range) was applied to
the beam. Under this constant load, data from

Figure 11 Loading configuration for the experiment on
the steel beam.

the PZT transducers were collected following
the same procedure that was performed on the
aluminum beam. It should be mentioned that the
resonant frequency of the transducer-structure
system was measured once at the onset of loading
and once after 12,000 cycles when the crack
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Figure 12 Part of the tension flange of the steel beam
showing the location of the crack.

0.8
Applied stress
range at crack

0.6 initiators = 182 MPa

~=— Western tension flange
«- Eastern tension flange

cm)

Crack extension (
o
N

0 5 10 15 20
Number of load cycles (in thousands)

Figure 13 Propagation history of the crack emanating
from the notch-tip of West part of the tension flange of the
steel beam.

— Undamaged
Cracked

Amplitude (V)

0 200 400 600 800 1000
Frequency (kHz)

Figure 14 Amplitude spectrum of the output signal for
Gaussian white noise input at 20V p-p to the steel
specimen.

already existed (Figure 14). Figure 14 shows the
amplitude spectrum of the output signal for the
transducer-structure system when a Gaussian
white noise input is given to the actuator. It can
be observed from Figure 14 that the resonant
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frequency of the cracked system does not vary
significantly from the resonant frequency of the
undamaged system. The driving frequency for
all subsequent experiments was therefore chosen
to be 350.5kHz, and the amplitude spectrum
was not measured again due to time constraints.
For a Gaussian white noise, the energy is
distributed among so many frequencies that the
second harmonic of a particular frequency
(caused by the crack nonlinearity, which is
usually small) is hardly discernable.

The results discussed in this section were
obtained from the West side of the tension flange
where collected data was more consistent.
A fatigue crack also formed on the East side of
the flange and was successfully captured by the
crack gages. However, the PZT-based system
failed to identify this crack before 20,000 cycles.
This fact does not give the crack gages any edge
over the PZT-based system because in practice
the exact location of crack initiation will hardly
be known in advance and the crack gages must
traverse the crack (crack gages are conventionally
applied following crack initiation to monitor
crack propagation). The successful detection of a
crack using PZT transducers depends upon a
number of factors viz. nature of the crack,
position of the PZT relative to the crack etc.
It is difficult to specify which of the above
factor(s) is (are) responsible for the successful
detection of the crack on Western part of the
flange and for the failure to detect crack on the
Eastern part of the tension flange.

Figure 15(a) suggests an increased acoustic
nonlinearity at ~10,000 cycles when the first
harmonic amplitude varies nonlinearly with the
excitation voltage. The presence of the second
harmonic is also significant around ten thousand
cycles (Figure 15(b)). These observations
combined with observations from the crack gages
(Figure 13) imply that the PZT-based active
sensing system could identify the damage near its
inception.

Figure 16 shows the variation of the first and
second harmonic amplitudes in the output signal
with the increasing number of loading cycles for
an excitation voltage of 40V p-p. In Figure 16,
the first harmonic amplitude shows a general
downward trend which can be attributed to
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Figure 16 Variation of first (350.5kHz) and second
harmonic (701 kHz) amplitudes in the output signal with
respect to the number of loading cycles for an excitation
voltage of 40V p-p.

reflection and scattering of acoustic waves
from the crack interface. However, around
10,000 cycles, the first harmonic amplitude dips
unusually, which may be explained by energy
shifting to the higher harmonics. The same figure
also shows the trend of the second harmonic
amplitude which is unusually high around 10,000
cycles. The following may therefore be inferred
from the above observations: the nonlinearity
effects became prominent at the inception of the
crack, but its manifestation decreased steadily
with increasing length of the crack and became
indiscernible after 14,000 cycles. There are two
possible explanations for this observed phenom-
enon. First, the crack tip gets wider as crack
propagates, and crack opening and closing
becomes insignificant. Secondly, the crack tip
moves away from the line of sight of the PZT

actuator-sensor couple. This results in oblique
incidence of the acoustic waves on the crack tip,
which is not strong enough to produce crack
opening and closing. Whatever the reason, this
observation suggests a highly localized nature of
the sensing technique described in this study.

In conclusion, it can be said that the crack in
the West part of the bottom flange of the steel
beam could be identified at its inception by looking
at the amplitudes of the harmonic component and
their nonlinear variation with excitation voltage.

4 Conclusion

The objective of this study was to propose
an easily automated crack detection technique in
metallic structures using agile PZT transducers.
Preeminent harmonics in the response signal from
cracked specimens were observed as the input
power of the driving PZT-wafer increased.
The harmonic amplitudes also showed nonlinear
variation with the increasing excitation voltage
in cracked specimens. The proposed technique
identifies the presence of cracks by looking at two
features: harmonics and their nonlinear relation-
ship to the input amplitude. Although the essence
of crack detection remains the same for both the
specimens, the effect of nonlinearity is far less
pronounced in the case of the steel beam (e.g.,
compare Figures 8(a) and 15(b)). Since the size
and stiffness of the steel specimen are greater than
those of the aluminum plate, the amplitude of
vibration in steel is smaller compared to that in
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aluminum for the same level of excitation voltage.
Because of the low amplitude of oscillation, the
extent of crack opening and closing is reduced and
hence nonlinear wave interaction does not take
place at a measurable level for the steel specimen.
Experimental results also showed the presence of
second and third-order harmonics in the unda-
maged and notched states of a structure caused by
unknown sources of nonlinearity. Further study is
warranted to address the issue of distinguishing
the nonlinearity due to cracks from nonlinearity
due to unknown sources. Nevertheless, it is
possible to identify cracks in a specimen by
looking at the greater magnitude of the harmonics
and higher amount of their variation with the
excitation voltage as compared to those in the
pristine state of the structure. Another interesting
study would be to investigate the effectiveness of
this technique by varying the position to the PZTs
relative to the crack. At this point, it can be said
that the two main concerns are: (1) the distance of
an actuator or a sensor from the crack, and (2) the
orientation of the crack relative to the line of sight
between the actuator and the sensor. Since guided
waves are known to propagate large distances
without much attenuation, it is envisioned that the
effectiveness of the proposed technique would not
be significantly affected by the relative location of
the crack and the PZTs. This claim, however,
needs to be corroborated by experimental data
and relevant work in this direction is considered a
part of the authors’ future work.
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