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Abstract

In structural health monitoring, crack identification using scattered ultrasonic waves from a crack is one of the most
active research areas. Crack size estimation is important for judging the severity of the damage. If measurements are
frequently performed as the crack grows, then a better estimation of crack size may be possible by analyzing sensor
signals for the same crack location with different sizes. The objective of this article is to explore the relationship between
the sensor signal amplitude and crack size through experiments and simulation for estimating the size. Cracks are
machined into an aluminum plate and measurements are carried out with ultrasound excitation using piezoelectric
transducer arrays that alternate their role as actuators or sensors. Initially, a hole of 2.5 mm diameter is drilled in the
plate, and it is gradually machined to a crack with a size up to 50 mm. Signal amplitude is measured from the sensor
arrays. The migration technique is used to image the crack and to find the crack location. The maximum received signal
amplitude is found to vary linearly with size from simulation and this agrees with measurements with crack size up to

30 mm. The deviation between the simulation and experiment increases as the crack grows.

Keywords
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Introduction

The current state-of-the-art manual inspection is accu-
rate; even some of sub-millimeter size cracks can be
detected.! However, manual inspection is time consum-
ing, and some inaccessible ‘hot’ spots require the struc-
tural parts to be disassembled. Thus, much research
has been focusing on structural health monitoring
(SHM), an integrated technology of assessing structural
damage, using mounted or embedded sensors.> !
Unlike manual inspections, SHM can continually
trace a crack as it grows. This provides not only an
opportunity for better diagnosis, but also more accu-
rate prognosis because crack growth provides informa-
tion on the evolution of the crack size. This article
describes SHM measurements of a crack for a series
of crack sizes using linearly distributed piezoelectric
sensor arrays. The objective of this article is to explore
a relationship between the size of a through-the-
thickness crack and the signal amplitude from guided

waves in plate structures generated from piezoelectric
actuators.

Many damage identification techniques have been
developed using various types of inspection methods
such as guided Lamb wave,” > natural frequency,®®
eddy current,”'” and fiber optics.!' Methods based on
ultrasonic guided wave propagation have shown
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Table 1. Mechanical properties of aluminum plate

Young’s modulus, E (GPa) Poisson’s ratio, v Density, p (kg/m®)

72 0.3 273 x 10°

Table 2. Properties of piezoelectric disc (modified PZT-4)

Diameter:10.0,

Geometry (mm) thickness:0.4
Density p (kg/m®) 7.9 x 10°
Young’s modulus E (GPa) E,: 86, E33: 73
Piezoelectric coefficient d3; (m/V) —140x 107"
Piezoelectric coefficient d33 (m/V) 320 x 1072
Piezoelectric coefficient g3; (Vm/N) —11x1073
Piezoelectric coefficient g33 (Vm/N) 25 1073
Dielectric constant Kj 1400

promises in identifying general parameters involved in
many types of flaws.*>

There have been several techniques to determine the
defect size accurately using ultrasonic waves. Time of
flight diffraction (TOFD) is a well-known approach of
determining the defect size and location in beams by
using embedded PZT sensors;'? other approaches were
also made for beam structures.">'> For two-dimen-
sional plate-like structures, the effect of flaw size on
the scattered signal amplitude has been investigated in
some research.>'®!” However, research has focused
more on the location of damage rather than accurate
size quantification, because size estimation will be lim-
ited without precise location of the damage, and this is
one of the limitations of automated SHM.'"®** For the
location, we applied the migration technique developed
by Wang and Yuan,”* which employs a linear array of
sensors that essentially examines the scattered profile as
a pulse-echo in two-dimensional space, thus having an
advantage in terms of identifying a crack in a plate by
imaging it. A solid foundation has been established
for the application of the migration technique for
nearly a decade by both simulation and experiment.”* >’
With the imaging result, we can simply extract the crack
location, and compare the experiment with simulation.
In particular, we seek to explore the relationship
between scattered signal amplitude and the size of
the crack.

The remainder of this article is organized as follows.
Second section describes the test procedure and third
section describes how we simulate wave propagation.
Fourth section discusses obtaining approximate loca-
tion by imaging the crack using the migration technique.
The comparison between experimental and simulation
results for signal amplitude variation according to

different crack sizes can be found in fifth section. This
section also discusses the effect of relative crack location
using another set of sensors in the experiment. Sixth
section presents concluding remarks.

Test panel and test procedures

An Aluminum 6061 panel (600 x 600 x 3.2mm?) was
tested for examining the ability to estimate the size of
a through-the-thickness crack. Table 1 shows the
mechanical properties of the panel. In order to detect a
crack, we used two sets of linear sensor/actuator arrays,
with each set containing nine lead zirconate titanate
(PZT) discs (diameter, 10 mm; thickness, 0.4 mm; Table
2). Each PZT disc can be a sensor or an actuator. The
equally-spaced sensor arrays are attached to the plate by
epoxy bond as shown in Figure 1(c) with 62.5 mm spac-
ing, and the total length of sensor array is 500 mm. The
two sets of linear arrays are used to study the effect of
crack location. Figure 1(c) also shows a vertical array of
sensors, which is not used for this article. When a PZT
disc is used as an actuator, all other PZT discs in the
array are used as sensors. The sensors at both ends
(numbered 0 and 8) are not used as actuators but only
as sensors. Thus, only seven PZTs are used as actuators
to emit the ultrasonic signal into the plate, and the Lamb
wave generated from the actuator is recorded at the
remaining sensors for both the pristine and damaged
states for every crack increment. The excitation from
the PZT is a five-peaked toneburst signal. Scattered
wavefield from the damage is calculated by the difference
between the pristine and damaged states. The crack was
manufactured first by drilling a 4.5-mm diameter hole
centered at (—90mm, —110mm) at the center of the
plate. Afterwards, we gradually increased the size of
the damage to form a shape close to a straight crack
up to 50mm in length by machining (Figure 2). The
15 crack sizes tested are listed in Table 3.

The NI PXI-1000B system was used for data collec-
tion with the LabView program. The sampling rate was
set to SMHz, and the signal resolution was 16-bit.
Since the resulting signal amplitude from the sensors
was very small, the Piezo Linear Amplifier EPA 104
with 7dB gain was used (Figure 3). To reduce the
effect of noise, the excitation from the PZT is repeated
ten times and the sensor readings are averaged. This
repetition can reduce the effect of random noise. As a
result, the standard deviation of noise during pre-
trigger has been reduced by approximately a factor of
three. The scattered wave-field from the crack was
obtained by subtracting the pristine plate signal from
the signal from the damaged plate (Figure 4). Then, the
maximum peak-to-peak amplitude of the scattered
signal was identified. In addition, the migration
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Figure |. Layout of actuators and sensors: (a) one set of sensors for simulation and experiment; (b) two sensor arrays attached to
the plate and their corresponding domain; and (c) aluminum 6061 test plate — pristine state. Three arrays of sensors are attached to
the plate, but the vertical array is not employed in this research.
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Figure 2. Damage manufactured to the plate: (a) 16 mm damage centered at (—90, —110) mm and (b) 50 mm machined crack.
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technique was used to create an image of the damage
for an approximate location of the crack. Migration
technique compares the incident wavefield (direct
signal) with the scattered wavefield (difference between
responses from pristine and damaged plate) to identify
the location of the crack. More details about the migra-
tion technique are given in the fourth section.

To determine the excitation frequency, a preliminary
experiment was performed using an identical plate prior
to actual testing. By using two piezoelectric transducers
attached on the same location on the plate, but opposite
sides through the thickness and a PZT sensor on the
different location, we examined the amplitude differ-
ence due to different excitation frequencies. Because of
the low value of the product of frequency and plate
thickness, only the fundamental modes of symmetric
and anti-symmetric waves, also known as Sy, and A,
modes propagate in the plate. In this study, only the
Ay mode was used to examine the scattered signal

Table 3. List of crack sizes (mm) tested

2.5 (hole) 13.8 315
3.0 (hole) 16.0 35.0
45 (hole) 18.0 40.0
9.0 21.0 450
1.0 26.0 50.0

since it has a larger amplitude than Sy mode at the fre-
quency of interest and is highly dispersive. The central
frequency was chosen to be 110kHz corresponding to
the wavelength of 27 mm based on the result of this fre-
quency—amplitude experiment, which gives the maxi-
mum amplitude of Ay, mode excitation (Figure 5(a)).
The five-peaked toneburst used for wave excitation is
shown in Figure 5(b).

Wavefield simulation

Governing equations of flexural waves

The governing equations of flexural waves are formu-
lated, in this subsection, as a first-order system that
models the waves using a finite difference scheme,
described in the next subsection. Using the stress resul-
tants (Qy, Oy, M, M,, and M) and the plate displace-
ment components (w, ¥, and v,), the equations of
motion can be written as:

30, 90, o Pw

ox oy (4T

M, M., ol P,

y _ 7 la

ax ay Ox 12 92 (1a)
M., IM h Py,
T T g = pn- Igy

ox ay 12 ot

NI PXI 1000B

Wave generation, data
acquisition & processing

Toneburst excitation
(peak-to-peak: 10V)

PZT actuator
Generates lamb waves

Linear amplifier EPA104

Amplifies the signal with
7dB gain

PZT sensor array

Converts induced strains to
electric signal

Figure 3. Signal generation and acquisition in the experimental set-up.
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Figure 5. (a) Frequency sweep experiment. Amplitudes of transmitted signal are shown for Ag mode and S, mode. (b) Five-peaked
toneburst excitation sent to the actuator (I 10kHz).

Downloaded from shm.sagepub.com at UNIV OF FLORIDA Smathers Libraries on February 20, 2012


http://shm.sagepub.com/

100

Structural Health Monitoring 11(1)

and the constitutive equations:

Wy
MX 1 v 0 ox
M, t=D|v 1 0 s
1—v
My 00 S %+
5 ow
Oy =«"Gh| —+ Y
ox
5 ow
Oy =k Gh| —=+ ¥, (16)
dy

In Equation (1), £ and G are Young’s modulus and
shear modulus respectively, ¢ is the transverse loading
applied to the plate, 2 is the plate thickness, v is the
Poisson’s ratio, p is the mass density, « is a shear cor-
rection factor, x> =n?/12, and D = ER’/[12(1 —1?)] is
the flexural rigidity. Substituting the plate stress resul-
tants in Equation (1b) into Equation (1a), the equations
of motions in terms of plate displacement components
can be obtained. Then, by eliminating v, and v, from
the three motion equations, a single differential equation
in terms of transverse displacement w can be written as:

= (1 —W—mw}ﬂx’y, 1) (2

where G’ =«>G. When the wave number is small and
the thickness of the plate is substantially smaller than
the wavelength, Equation (2) can be approximated by

4 9w
DV W+,O/’l¥: q(X,y, 1) (3)

Deﬁning ”T = {ﬂja wxa I/Iya an QX’ MX’ M‘;, Mxy}a
g7 =1{q.0,0,0,0,0,0,0} and differentiating Equation
(1b), Equation (1) can be rewritten in the matrix form:

ou ou ou
Ey—=A¢—+By—+Cou+q 4
at ax ay
where
ph 0 0 0 0 0 0 0
hS
0200 0 0 0 0 0
0 0 % 0 0 0 0 0
00 0 2 0 0 0 0
E =
1o o 0o o0 L 0 0 0
00 0 0 0 ghp —go5 O
0 0 0 0 0 =D (1D 0
(00 0 0 0 0 0 oy

0 0 0 01 0 0 07
00 0 O0O0OT1TTUO0OO
000 0 0 O0O0°1
Ag = 00 0 0 O0OO0OTO0TO
1 000 00 0O
01 00 O0O0TO0OO
000 0O0OOO0OO
L0 01 0 0 0 0 0
(0 0 01 00 0 07
00 0 0 O0O0O0 1
00 0 0 O0O0OT1TO0
B, — 1 000 0O0O0O
00 0 0 O0OO0OTO0TO
00 0 0 O0O0O0TO0
001 00O0O0OO
L0 1.0 0 0 0 0 0
(0 00 0 0 0 0 07
000 O -1 00O
000 -1 0 O0O0O
001 0 0 000
C():
010 0 O O0O0O
000 O O O0O0O
000 O 0O O0O0°O0
L0 00 0 0 0 0 0]

Finite difference algorithm

A higher order finite difference algorithm developed by
MacCormack is used in this study to simulate the Ag
reflection waves, which is available in Matlab.>*>7-°
When the initial condition at time step n is given by
U" = Egu", the output value of the next time step
U" "2 can be expressed using the MacCormack split-
ting method as

Un+2 — F'XF}YF;—F:—Un (5)

where Fy and F, are the backward—forward operators
in x- and y-direction, and F and F} are the forward-
backward operators in x- and y-direction.

Although the explicit finite-difference scheme is com-
putationally much more efficient than the implicit
scheme, it is restricted by CFL (Courant-Friedrichs—
Lewy) stability condition. CFL stability condition
assumes that the waves are not allowed to propagate
over two grids in just a single time step, so that the
properties of the waves can be preserved in the numerical
approximation and the stability is guaranteed. It requires
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the numerical propagation speed Ax/Af to be less than
fastest wave propagation. For the MacCormack scheme,
the time step is limited by

2AXx

At <
3Vmax

(6)

With vy & 3000m/s and Ax=1.25mm, the time step
is chosen to be 0.2 us. Therefore, the total time of sim-
ulation is 250 ps with 1250 steps, which corresponds to a
5MHz sampling frequency in the experiment. Material
properties given in Table 1 were used, and the grid
covered only the 500 x 500mm? area as shown in
Figure 1(a), since there is no point simulating wave
propagation outside the sensor array region. The plate
is discretized by a 400 x 400 rectangular grid, with grid
spacing of 1.25 mm, and the excitation points and sensor
positions are identical to the center point of the sensors
used in the experiment. Figure 6(a) shows a snapshot of
the displacement field during simulation, where the
excitation source for this case is the origin.

In the damaged plate simulation, the crack is mod-
eled by altering the property matrix E, at the corre-
sponding grid points. The crack size is also increased
in 15 steps; at each increment, a five-peaked tone burst
signal is emitted from the excitation grid and the wave
signal is collected from grids at all other sensors posi-
tions along the horizontal line (x-axis). Figure 6(b)
shows a snapshot of wave field in the damaged plate,
where we can observe the scattered wave field.
Boundary reflection is present, but is much weaker
than the visualized signal at =100 ps.

Image construction for location

The scattered signal amplitude depends strongly on the
sensor location, because cracks closer to the sensor
array produce waves with larger amplitudes than
cracks farther. Estimating the location of a crack can
be done by creating images with available techniques.
We used the £~k migration technique,”®?” a method to
image damage using scattered wave fields obtained at
sensors within a planar structure. In the f~k migration
technique, image intensity for one grid is calculated
using the cross-correlation between the incident wave-
field and scattered wavefield at a given time, and the
final image is obtained by assessing the image intensity
value at every grid. An example of scattered wavefield is
shown in Figure 7(a), and the corresponding incident
wavefield is shown in Figure 7(b). By Equation (7), we
can find the cross-correlation coefficient at each sensor
position and at each time difference, and the informa-
tion is integrated into one image.

(1) = (f*2)1) = / 7(0) - gt + )z

(1)

V P0) - Pge(0)

q)fg(l)norm = (7)

where f'is the scattered wavefield at each sensor position,
f* is its complex conjugate, g the incident wavefield
emitted from the actuator, and ¢ the time difference.
For example, if time difference between scattered
signal and incident wavefield at sensor position

(a)

200

- Wavefield at t= 100ps
PZT actuator/sensors
=

—200

100

Position (mm)

—100

—200 +

=il 00 0
Position (mm)

(b)
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Damage position
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Figure 6. (a) Snapshot of the simulated structural wave propagating in the pristine plate at t = 100 ps. The toneburst wave is emitted
from actuator 4. (b) Snapshot of the wave in the damaged plate at t = 100 ps. The crack is 0.25 mm and located at (—90, — I 10) mm

from the origin.
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Figure 7. (a) Scattered wavefield and (b) incident wavefield.

—100 mm is 40 ps, then the cross-correlation coefficient
is measured by Equation (7), and the image intensity
value at the position (—100, —120) mm is assigned with
the coefficient.

One image is created from each toneburst excitation.
In the experiment and simulation, we used seven excita-
tion sources to emit or simulate the wavefield, and we
created seven images, which were combined into the final
image using the prestack approach from the migration
technique.”® In simulation and experiment, there are
nine PZTs of which one is an actuator and the other
eight are sensors. We used spline interpolation to gener-
ate the scattered wave field at points between sensors. In
Figure 8, we demonstrated the identification of approx-
imate location of the crack with the given sensor signal,
and showed the approximate crack center location by

the maximum intensity location in Table 4. The esti-
mated locations were compared with the true location
in Table 4.

Results
Scattered signal from the damage

In simulation, the transverse velocity is chosen as the
sensing parameter at the corresponding nodes, and the
maximum amplitude is proportional to the maximum
strain or voltage at each piezoelectric transducer disc in
the experiment. In both simulation and experiment, the
scattered signal is obtained by subtracting the pristine
plate signal from the damaged plate signal. Figure 9
displays a sample case when the crack size is 26 mm
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Figure 8. Image produced by migration technique. The crack size is 26 mm (a) experimental results are reproduced into image and

(b) simulation result using eight sensors.

Table 4. Crack locations estimated from the image by the
maximum intensity

Distance from
true crack
center (mm)

Crack center
location (mm)

True —90, —110
Experiment (Figure 8(a)) —97.5, —105.0 9.0
Simulation (Figure 8(b)) —87.5, —107.5 35

and the excitation point is at actuator 4, which is
located at the center of the plate (Figure 1).

In Figure 9, symmetry between left and right sides of
actuator 4 was expected and observed in the simulation,
but the experiment showed substantial asymmetry. This
is attributed to differences in individual sensor quality
and attachment uniformity. However, we have observed
reasonable agreement between simulation and experi-
ment in terms of TOF and scattered signal amplitude.

Change in the signal with crack size

Maximum peak-to-peak amplitude of a signal repre-
sents the maximum strain energy transfer rate by the
given signal. By examining the maximum peak-to-peak
amplitude of the scattered signal, we can observe that
the amplitude increases with crack size. Figure 10
shows the change in the scattered signal amplitude for
two different crack sizes.

We have seven excitation sources, and for each exci-
tation, eight sensors are used to examine the scattered
signal. The highest peak-to-peak amplitude among all

sensors and actuators is the maximum signal amplitude
for each crack size. The maximum amplitude occurred
usually at actuator 3 and sensor 2 for all crack sizes,
except that for cracks sizes 2.5, 3, and 4.5mm it
happened at actuator 4 and sensor 2. Due to difficulty
in modeling the actuator and sensor interaction with
the plate, normalized measured signals are compared
to normalized signal velocities. Without loss of gener-
ality, the data are normalized with respect to the signal
amplitude when the crack size is 25 mm. The compari-
son between normalized values of signal amplitude is
presented in Figure 11. It can be seen that the relation is
proportional to the crack size of 30 mm, and showed a
good agreement between experiment and simulation.

The major observation in this experiment is that the
signal amplitude increases with crack size up to a satu-
ration point. This provides us a capability to monitor a
crack growth up to a certain size.

Effect of frequency

Figure 11 shows divergence of signal amplitudes
between measurement and simulation when the crack
size is longer than 30 mm. To investigate this further,
the experiment was repeated using a different excitation
frequency. Since the signal from the experiment has
both Sy and Ay mode, we examined individual signal
to determine which is dominant. This is possible
because Sy mode is significantly faster than A, mode
(Figures 10 and 12).

While the signal amplitude of Sy and Ay mode has
similar magnitude for this central frequency, we
observed that Ay mode amplitude is still larger than
Sp mode in the scattered signal (Figure 12).

The result, obtained at the same crack sizes with a
different central frequency of 150 kHz, is presented in
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Figure 9. Toneburst excitation is emitted from actuator 4, and measured from all eight sensors from simulation (a—c) and exper-
iment (d—f). Sensor spacing is 62.5 mm each. (a) Pristine plate signal; (b) damaged plate signal; (c) scattered signal by subtracting

(a) from (b). We can observe the scattered signal from the boundaries in experiment, but it is almost completely removed after
subtraction. (d) Pristine plate; (€) damaged plate; and (f) scattered signal by subtracting (a) from (b). (Signal amplitude is adjusted for
(c) and (f) because the scattered signal is much smaller than the healthy or damaged ones).

Figure 13. The amplitudes are normalized by the same
scale factor as the previous result. In this case, the
agreement between experiment and simulation was
maintained up to crack size of 22 mm.

This time the separation between the two graphs
occurs around 22mm. We speculate that is related to
the wavelength (150kHz, A, mode wavelength

~ 20mm, and 110kHz, A ~ 27mm). Since all other
conditions are identical and the group velocity of Ay
mode propagation in the plate is almost the same for
both frequencies, we concluded that the agreement may
deteriorate for crack sizes larger than the wavelength.

Also, the signal amplitude behavior beyond this point
may be due to geometrical discrepancies; for example,
the crack tested in the experiment is not perfectly
straight. For longer cracks, the geometric variations
are responsible for the change in the maximum ampli-
tude by changing the amplitude along the directions of
scattered waves. In other words, we require more precise
modeling for better agreement between simulation and
experiment. The main reason that we do not discuss
further on this effect is that we still can cover a wider
range by changing the excitation frequency. However,
when we are interested in long cracks, we can estimate
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the size by processing images obtained from migration
technique or other techniques for general crack shapes;
11 mm crack also showed an abnormal result, but it is
probably due to the transition from a circular hole to a
hole plus a machined crack around that size.

Crack location effect

We next investigated the effect of the relative location
of the crack and the sensor array. Figure 14(a) shows
two sensor arrays on a single plate and the simulation
domain covered by each array. The crack is located at
(=90 mm, —110 mm) from sensor 4 of array 1, while it

Figure 12. Scattered signal amplitude with 150 kHz excitation.

is located at (—100mm, —140 mm) from sensor 4 of
array 2. The experiment for two different domains is
essentially equivalent to cases for two different crack
locations (Figure 14(b)). The behavior of maximum
signal amplitude is predicted by simulation, and
obtained from experiment. By using sensor array 2,
we were able to obtain the signal amplitude for crack
position 2, and compared it with the simulation results
in Figure 15.

Since the distance from the sensor array is larger, the
slope of peak-to-peak amplitude to the crack size is

Downloaded from shm.sagepub.com at UNIV OF FLORIDA Smathers Libraries on February 20, 2012


http://shm.sagepub.com/

106

Structural Health Monitoring 11(1)

smaller compared to the previous experiment, but
slightly larger than expected from the simulation. The
sensors have some variability, so the sensors used later
might be more sensitive than the one used in Figure 11.
Therefore, a different crack location as well as the
sensors require a different calibration factor, which rep-
resents a different slope between crack size and signal
amplitude. In our case, the factor is not calculated
but we have performed another simulation to find
more accurate relation. With the updated predicted
behavior, we were able to find a linear relationship
between signal amplitude and the crack size for the
second location.

1.5
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8 0.5 N Experir_nent, )
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0 L . . .
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Figure 13. Signal amplitude variation (maximum peak-to-peak
amplitude). The excitation frequency is 150 kHz and the signal
amplitude is normalized using the same scale factor as Figure 1.

Since approximate crack location may be found by
the migration technique, the calibration factor, or the
coefficient for the linear relation, can also be found
from that information. However, uncertainty in
sensor characteristics and estimated location may be
encountered during the procedure. To implement an
SHM system to real-life structures, more research has
to be done to overcome these difficulties.

Concluding remarks

In this article, we have shown how we can find crack
location through images based on the migration tech-
nique, and we explored the effect of increasing crack
size on scattered signal amplitude in a plate structure
at that location by simulation and experiment.

By testing a series of crack sizes using ultrasonic
Lamb waves, we have found that the scattered signal
amplitude is linearly proportional to crack size in the
case of a straight crack up to a certain size. This means
that the scattered signal amplitude provides an infer-
ence for crack size estimation. For large cracks, the
proportionality breaks down. By checking for two
different central frequencies, we observed that the pro-
portionality appears to break down when the crack size
is close to the wavelength.

This article utilizes signal amplitude to measure
crack sizes. We have shown that the increasing signal
amplitude can indicate crack propagation. This
approach may provide a useful inference about a
small crack, whose size is difficult to measure with
other techniques.
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Figure 14. (a) Two sets of sensors and the domains covered by each array and (b) different crack center location with respect to the
actuator positions: second crack center location is (—100 mm, —140 mm).
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