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Baseline-Free Crack Detection in Steel Structures using Lamb
Waves and PZT Polarity
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ABSTRACT >> A new methodology of guided wave based nondestructive testing (NDT) is developed to detect crack damage
in civil infrastructures such as steel bridges without using prior baseline data. In conventional guided wave based techniques,
damage is often identified by comparing the “current” data obtained from a potentially damaged condition of a structure with the
“past” baseline data collected at the pristine condition of the structure. However, it has been reported that this type of pattern
comparison with the baseline data can lead to increased false alarms due to its susceptibility to varying operational and
environmental conditions of the structure. To develop a more robust damage diagnosis technique, a new concept of NDT is
conceived so that cracks can be detected without direct comparison with previously obtained baseline data. The proposed NDT
technique utilizes the polarization characteristics of the piezoelectric wafers attached on the both sides of the thin metal structure.
Crack formation creates Lamb wave mode conversion due to a sudden change in the thickness of the structure. Then, the proposed
technique instantly detects the appearance of the crack by extracting this mode conversion from the measured Lamb waves even
at the presence of changing operational and environmental conditions. Numerical and experimental results are presented to
demonstrate the applicability of the proposed technique to crack detection.

Key words lamb wave, crack detection, nondestructive testing, mode conversion, piezoelectric polarization

1. Introduction (NDT) techniques for continuous monitoring of civil
infrastructures to prevent sudden failure from catastropic
There has been an increasing demand in using Structural disasters such as earthquakes. For SHM/NDT, guided

Health Monitoring (SHM) and Nondestructive Testing waves have received a great deal of attention and have
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For instance, structural defects typically take place long
after the initial baseline are collected, and other operational
and environmental variations of the system can produce
significant changes in the measured response, masking
any potential signal changes due to structural defects.

As an alternative that can overcome the drawbacks of
the conventional NDT methods, a new concept of NDT
technique, which does not rely on previously obtained
baseline data, is proposed for crack detection. In a thin
elastic medium such as a metal plate, the formation of a
crack causes the conversion of the propagation waves to
other modes. In this paper, a technique that can isolate
this mode conversion is developed using the poling
directions of piezoelectric materials such as Lead Zirconate
Titanate (PZT). The uniqueness of the proposed crack
damage detection technique is that this mode conversion
due to a crack is instantly identified without using prior
baseline data. By removing the dependency on the prior
baseline data, the proposed damage detection system
becomes less vulnerable to opérational and environmental
variations that might occur throughtout the life span of
the structures being monitored.

This paper is organized as follows. First, the polarization
process of crystalline materials is briefly described. Then,
the effect of a PZT polarization direction on Lamb wave
measurement is investigated, and the proposed reference-free
diagnosis technique is developed based on the PZT
poling directions. Furthermore, a thresholding technique
is developed to make the proposed NDT technique less
sensitive to variations in PZT size, bonding condition and
alignment. Finally, experimental tests as well as numerical

simulations are executed to investigate the applicability
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of the proposed NDT technique to crack detection.

2. Theoretical Development

2.1 Piezoelectric Material and its Polarization Cha—
racteristics

Piezoelectric materials are natural or artificially polarized
ceramics which have piezoelectricity.“) These materials
develop an electrical charge or voltage when a mechanical
pressure is applied, which is the simplest description of
piezoelectricity. Conversely, piezoelectric materials produce
deformation (strain) when exposed to an applied electric
field. Due to this unique nature of the piezoelectric
materials, they are commonly used as both sensors and
actuators in many applications.(z) For instance, wafer-type
piezoelectric materials such as PZT are commonly used
for exciting and measuring guided waves for SHM and
NDT applications (Giurgiutiu and Zagraim). In some
natural ceramic materials such as quartz, crystal cells that
behave similarly to electric dipoles are oriented along the
crystal axes. However, other crystalline materials often
have random orientation of the dipoles at the initial state,
and they are polarized during a thermal poling process.“)
In the first stage, a crystalline material with randomly
oriented dipoles is slightly warmed up below its Curie
temperature [Figure 1 (a)]. After a strong electric field £
is applied to the crystalline material, the dipoles in the
material align along the field lines [Figure 1 (b)]. Finally,
the material is cooled down, and the electric field is
removed [Figure 1 (c)]. The polarization of the material
is permanently maintained as long as the poled material

stays below its Curie temperature. The overall behavior

(a) A crystalline material is heated up (b) The applied electric field aligns the (c) The polarization is permanently maintained

near its Curie temperature

dipoles along the field lines

after cooling

{Figure 1) A poling process of an artificially polarized material (Fraden, 2001),
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of a piezoelectric material as well as its electrical
characteristics is governed by the poling direction of the
material.® In the next section, the influence of the poling

direction on Lamb waves is discussed.

2.2 The Effect of PZT Poling Directionality on Lamb
Wave Propagation

In this section, it is investigated how the phase of a
Lamb wave mode changes depending on (1) the poling
directions of exciting and sensing PZT wafer transducers
and (2) whether a wafer transducer is attached either on
the top or bottom surface of a plate. For illustration, it
is assumed four identical PZT wafer transducers, labeled
as “A”, “B”, “C”, and “D”, are attached to the plate as
shown in Figure 2 (a). The arrows indicate the positive
poling directions of each PZT transducers. PZTs A and
D are placed exactly at the same position but on the
other side of the plate. PZTs B and C are positioned in
a similar fashion. Furthermore, it is assumed that a
narrow-band tone burst is applied as an input signal, and
the driving frequency (150 kHz) is chosen such that only
the fundamental symmetric (Sp) and anti-symmetric (Ag)
modes are generated. Although only the S; and Ao modes

are shown here for simplicity, the proposed concept is

e o
@ ™~ Plate (Intact)

(a) Test configuration | with collocated PZTs with the opposite
poling directions

applicable even with multiple higher modes.

When PZT A is excited, the So and Ay modes are
generated and measured at PZTs B and C.) In an ideal
condition, the amplitude and arrival time of the Sy mode
measured at PZTs B and C should be identical. In
addition, both PZTs B and C should be subjected to
positive bending because of the symmetric nature of the
So mode [See the figure on the left in Figure 2 (b)]. (In
this paper, this term of “positive bending” is used when
the positively polarized side of the PZT is subjected to
tensile strain. On the other hand, the PZT is subjected to
negative bending when the negatively polarized size of
the PZT is subjected to tensile strain. The positive bending
produces a “positive” output voltage while the negative
bending results in a “negative” output voltage value.)
Because both PZTs B and C are subject to the positive
bending, the phase of the Sy mode measured at these
PZTs are identical as well as the amplitude and arrival
time [See the Sp mode in Figure 4 (a)]. As far as the A
mode is concerned, PZT B is subjected to the negative
bending although PZT C still undergoes the positive
bending [See the figure on the right in Figure 2 (b)].
Therefore, the Ay modes measured at PZTs B and C are
out-of-phase [See the Ay mode in Figure 4 (a)]. However,

j;t: Poling direction
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(b) The SO mode produces the same bending for PZTs B and
C while the A; mode results in the opposite bending

{Figure 2) The effect of the PZT poling directions on the phases of the So and Ay modes (Configuration 1),
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(a) Test configuration Il with all PZTs with the same poling
directions

{(;/L-—Poling direction

/ \ «— Plate —
/

|

-~ So 0

— e ———

\ VAN
N -
(b) The So mode produces the opposite bending for PZTs B
and C while the A; mode results in the same bending
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(Figure 3) The effect of the PZT poling directions on the phases of the Sp and Ao modes (Configuration Il).
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(a) So and A; modes measured from configuration | in Figure
2 (a): Sy modes in—phase & Ao modes out—of—phase

(b) So and A, modes measured from configuration If in Figure

3 (a): So modes out-of—phase & Ay modes in—phase

{Figure 4) A schematic comparison of the So and A, modes measured from Configurations | and I! shown in Figure 2 (a) and
Figure 3 (a), respectively: AB (a dash line) and AC (a solid line) denote the response signals measured at PZTs
B and C when a tone burst input is applied at PZT A,

when the poling direction of the PZT C is switched
[Figure 3 (a)], PZTs B and C will produce out-of-phase
So modes and in-phase Ag modes [Figure 3 (b) and
Figure 4 (b)].

This idea of using the PZT poling directionality in
Lamb wave propagation is not a completely new idea.
However, the majority of the past work has focused on
selective generation of Sy and Ag modes.”™® For instance,
by exciting PZTs A and D shown in Figure 2 (a)
in-phase, only the Sy mode can be excited. In this study,
the polarization characteristic of the PZT is utilized not
only for selective generations of Lamb wave modes but
also for selective measurements. In the following section,
this concept is further advanced so that the mode conversion
due to crack formation can be extracted from the measured

Lamb wave signals.

2.3 Extracting Mode Conversed Signals Due to
Crack Damage Using a PZT Poling Direction

In this subsection, the PZT polarization characteristic
is further advanced so that the mode conversion due to
crack formation can be detected without using any prior
baseline data. First, the effect of a crack on Lamb wave
modes is described. If Lamb waves propagating along a
thin plate encounter a discontinuity, some portion of the
waves are reflected at the discontinuity point and others
are transmitted through it. When a S¢ mode arrives at the
notch as shown in Figure 5, it is separated into Sy and
Ao modes (denoted as So/Sp and Ag/So, respectively). In
a similar manner, an A¢ mode is also divided into Sy and
Ay modes (So/Ag, and Ag/A¢). This phenomenon is called

.o
mode conversion.”

Discontinuity __
" 'l' '\. e —/\/\,bs‘)ISO
." y e AoISo
. A

Reflection Mode Conversion -

(Figure 5) A schematic diagram of mode conversion and
reflection due to a discontinuity on a plate,

When the plate is in a pristine condition and four
identical PZTs are instrumented as shown in Figure 6
(a), it can be shown that signal AB becomes identical to
signal CD as illustrated in Figure 6 (b) (Park et al. !,
Here, signal AB denotes the response signal measured at
PZT B when the excitation is applied at PZT A, and
signal CD is defined in a similar fashion. However,
signal AB is no longer identical to signal CD [Figure 6
(c) and (d)] when there is a crack between PZTs A and
B (or PZTs C and D). As for signal AB, the S¢/Ap mode
arrives at PZT B earlier than the A¢/Sy mode when the
notch is located closer to PZT A than PZT B (assuming
that the Sp mode travels faster than the Ao mode).
Conversely, the S¢/A¢ mode arrives at PZT D after the
A¢/Sp mode in the case of signal CD. In Figure 6 (d),
signals AB and CD are drawn considering not only the
arrival time of each mode but also the poling directions
of the PZTs.

Note that, while the Sy and A; modes in Figure 6 (d)
are in-phase, the So/Ap and Ao/Sp modes in signals AB
and CD are fully out-of-phase. Therefore, the additional
modes generated by a notch can be extracted simply by
subtracting signal AB from signal CD as shown in Figure
6 (d). Because this approach relies only on comparison

of two signals obtained at the current state of the system
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{P}/ PZT {E}
@ ™ Plate (Intact)

(a) An intact plate with the PZT configuration Il shown in
Figure 3 (a)

l

\_{-D-} ,PET
@ \Plate {Damaged)

@ K

(c) A damaged plate with the PZT configuration Il shown in
Figure 3 (a)

Aq

Ao
AB-CD

(b) Comparison of signals AB and CD without a notch: the So
& Ao modes are identical

_SolAo ) Ao/Se Aq

Ag/ So SOI AO ]

AB-CD

(d) Comparison of signals AB and CD with a notch: the So &
Ao modes are identical, but the So/Ac & Ao/So modes are
out—of—phase

{Figure 6) Extraction of the additional Lamb wave modes generated by a notch using the poling directionality of the PZT
transducers (Ao/Sq mode denotes an Ay converted from So when it passes through a crack., So/Aq is defined

similarly),

rather than comparison with previously recorded reference
data, it is expected that this approach reduces false alarms
of defect due to changing operational and environmental
variations of the system. For instance, it can be readily
shown that temperature change of the system does not

affect this approach.

2.4 Development of a Filter Technique to Address
Variations in PZT Size, Alignment and Bonding
Condition

In the previous subsection, it is shown that signals AB
and CD are indistinguishable when there is no crack
[Figure 6 (b)]. This is based on the assumption that all
PZT transducers are identical and PZTs A and D (or
PZTs B and C) are perfectly collocated. In practice, these
assumptions can not be fully satisfied because of variations
in PZT size, alignment and bonding condition."” Therefore,
residual differences would remain after subtracting the
two signals even at the absence of a crack, and this
could be a source of positive false alarms. To tackle this
practical implementation issue, a thresholding technique

is developed here.

The development of this signal processing technique is
based on the observation that the additional modes
generated by a crack are out-of-phase while the other
modes are in-phase when signals AB and CD are compared
[Figure 6 (d)]. According to Figure 6 (d), because the Sy
modes and Ag modes in signals AB and CD are in-phase,
the point-by-point product (PPP) values between the Sg
modes or the Ay modes are always positive. On the other
hand, the PPP values between the S¢/Ap mode of signal
AC and the A¢/So mode of signal BD (or between the
Ay/Sy mode of signal AC and the S¢/A¢ mode of signal
BD) always become negative. Therefore, the existence of
a crack can be detected by observing the negative PPP
values between signals AB and CD. Then, it is investi-
gated how the PPP values are affected by variations in
PZT size, alignment and bonding condition. The main
effects of the non-ideal PZTs on signals AB and CD can
be summarized as the amplitude change of the response
signals and the time shifting of one signal with respect
to the other. For instance, the debonding and/or cracking
of PZT A can reduce the coupling area between PZT A

and the substrate and consequently decrease the amplitude
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of signal AB with respect to signal CD. It can be readily
shown that this pure amplitude change does not alter the
sign of the PPP values. However, the variations in PZT
size, alignment and bonding condition can also cause
phase shifting, and this requires a special treatment.

In Figure 7, an example of the phase shift caused by
PZT transducer misalignment is illustrated. The results
shown in Figure 7 are obtained from the same configura-
tion shown in Figure 3 (a) except that PZT C is shifted
0.76 mm to the right with respect to PZT B. That is, the
distance between PZTs A and B becomes 0.76 mm shorter
than the distance between PZTs C and D. Due to this

1/150 KHz = AB
= 6.66 jis A —CD

AU A
[V

Scaled Amplitude
(=)

] :
9 \CD isi0.25 s
.1 i dnlny d
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
Time (msec)

(a) Signals AB and CD when PZT C is shifted 0.76 mm to the
right with respect to PZT B

e [\ —AB*CD |
[} :
3
E o~ VU\/\/\A
< SR=
e 1/300 kHz
3790 TE033S
-1
-0.03 -0.02 -0.01 4} 0.01 0.02 0.03

Time (msec)

(c) The PPP values between signals AB and CD when PZT
C is shifted 0.76 mm to the right wrt, PZT B

misalignment, the Ay mode in signal AB arrives about
0.25 us earlier than the Ay mode in signal CD (0.76 mm
/ 3.055 mm/us = 0.25 us) [Figure 7 (a)]. Because the Ag
mode travels slower than the Sp mode at 150 kHz (V'S =
5.088 mm/us, ¥4 = 3.055 mm/us), the Ag mode is more
severely affected by the misalignment than the Sp mode.
Therefore, the discussion here focuses on the delay of Ag
modes. Furthermore, note that 0.76 mm misalignment is
equivalent to 8% of the 10 mm 10 mm PZT wafer trans-
ducer size. Although 0.25 ps may be considered a small
time delay, Figure 7 (b) shows that this time delay produces
a substantial difference between signals AB and CD when

] e S A T —ABCD
]
3 os
-
E , —~ N\
< V g
k]
Q@
®-05
»
-1 1 1
003 002 -0.01 0 001 002 003
Time (msec)

(b) Difference between signals AB and CD

x10°

The duraition of

~ -
o A negative values

The duration of
positive values

Scaled Amplitude
&

10 ; o
—AB*CD

0.007 0.002 0.003 0.004 5005
Time (msec)

(d) Zoomed—in version of (c), indicating the durations of
positive values and negative values due to misalignment

0.02
[ H "
T 001
2
B N LI\
g 0 ¢ ¢ -
°
Q
@ -0.01
Q
w
0.02F S AB*CD’—AB*CT‘D (afterl threshQIding) R

-0.03 -0.02 -0.01

0 0.01 0.02 0.03

Time (msec)

(e) Zoomed—in version of (c), highlighting the negative values of the PPP: a dash line - betore thresholding, and a solid line

- after thresholding

{Figure 7) Compensation of sensor misalignment using the proposed thresholding process (AB*CD denote the point—by—point

product (PPP) between signals AB and CD).
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they are subtracted from each other.

On the other hand, Figure 7 (c) shows that the PPP
values between signals AB and CD are mostly positive
except at a few negative points. The negative PPP values
are the results of the misalignment and amplified in
Figure 7 (d). It can be analytically shown that the PPP
between the two signals at 150 kHz produces a 300 kHz
frequency component as shown in Figure 7 (c). Therefore,
the time period of the PPP values becomes 3.33 us (=
1/300 kHz). The observation of Figure 7 (d) further reveals
that the duration of the negative PPP values is shorter
than that of the positive PPP values. For instance, 3 mm
misalignment, which is equivalent to 30% misalignment
in a 10 mm 10 mm PZT wafer transducer, produces
negative PPP values with a duration of 0.98 ys (= 3 mm
/ 3.055 mm/us). Note that the mode conversion also
produces negative PPP values. However, the duration of
the negative PPP values caused by the mode conversion
becomes 2.35 us (= 3.33 us - 0.98 us) in this configu-
ration. Therefore, the duration of the negative PPP values
due to the mode conversion remains longer than the
duration caused by PZT misalignment as long as the PZT
misalignment is controlled under certain precision. In this
paper, it is assumed that the PZT misalignment can be
controlled under 30% of the 10 mm x 10 mm PZT
transducer and this misalignment produces the negative
PPT values with a duration less than or equal to 0.98 ps.
Then, the effect of the misalignment is eliminated by
removing the negative PPP values, whose duration is less
than 0.98 us [Figure 7 (e)]. The effectiveness of this
thresholding technique is further investigated in the

following numerical studies.

3. Numerical Simulation

The idea of using the PZT polarity for crack detection
was first validated by numerical simulation. Using COMSOL
Multiphysics software (www.comsol.com), Lamb wave
propagation in a two dimensional aluminum plate was
simulated using the combination of plain strain, piezo
plain strain, and electrostatics modules in COMSOL
software. The length of the plate was 70 cm, and its

thickness was 6 mm. Four identical PZTs with a size of

10 mm x 10 mm x 0.508 mm were attached to the plate
model as shown in Figure 8. Note that PZTs A and D
were collocated but on the other side of the plate with
the same poling direction. PZTs B and C were placed in
a similar fashion. The parameter values used in the
numerical simulation are listed in Table 1. A narrowband
tone-burst signal at 150 kHz was used as an input signal.
In the simulation, Rayleigh damping coefficients were set
to 10* for a mass damping coefficient and 0 for a
stiffness damping coefficient, respectively. The simulation
results were obtained from a time dependent solver, and
a time step was set to 0.25 us, which is equivalent to 4
M samples/sec. To control the error in each integration
step, relative tolerance and absolute tolerance for the
solution were chosen to be 10~ and 10, respectively.
The maximum backward differentiation formula (BDF)
order for setting the degree of the interpolating poly-
nomials in the time-stepping method was set to order 2.
Finally, the model was meshed using a mapped mesh
option, and the size of each mesh was limited to 1 mm
1 mm.""”

Figure 9 illustrates that signals AB and CD were
almost identical and this well corresponds to the theoretical
expectation. Once a notch of 3 mm depth and 1 mm

width was introduced 100 mm away from PZT D toward

"—4—1 00 mm
3 mm depth,
’(1 mm width
U

[

300 mm 200 mm~|

700 mm {

{Figure 8) Dimension of an aluminum plate used in numerical
simulation

(Table 1) Parameters used in numerical simulation.

Exciting frequency 150 kHz
o (Mass damping coefficient) 10
G (Stiffness damping coefficient) 0
Sampling rate 4 Ms/s
Relative tolerance 10°
Absolute tolerance 10"
Maximum BDF order 2
Mesh size (mapped mesh) I mmx1 mm maximum
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PZT C, signal AB became different from signal CD as
a result of the mode conversion induced by the crack
[Figure 10 (a)]. Then, the mode conversion due to crack
formation was extracted simply by subtracting signal CD
from signal AB [Figure 10 (b)].

So far it has been assumed that all PZTs are identical,
and two PZTs on the both sides of the beam are precisely
collocated. In practice, the size, bonding condition and
electrical impedance of PZT transducers will vary from

one device to another, and there can be PZT misalign-

Voltage (V)

0.10 012 0.14 0.16
Time (msec)

(a) Signals AB and CD without a notch

ment. To investigate the effectiveness of the proposed
thresholding techniques for "addressing these practical
implementation issues, the previous numerical simulation
was repeated after introducing misalignment between
PZTs B and C: PZT C was shifted 1 mm to the right
with respect to PZT B. Although the shapes of signals
AB and CD were almost identical as shown in Figure 11
(a), their subtraction produced residuals [Figure 11 (b)],
whose amplitudes were much higher compared to the one

in Figure 9 (b). Figure 12 (a) shows the PPP values

03 :
—AB-CD

02 ;
S o j
)
g o
2 01

02

G.10 012 0.14 616

Time (msec)

(b) Difference between signals AB and CD

(Figure 9) Simulated Lamb wave signals without notch,
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0.2 Mode conversion
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(a) Signals AB and CD with a notch (3 mm depth, 1 mm
width)
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0.2¢

01p

0

Voltage (V)

-0.1F

0.2t Mode conversion

G.10 0.12 0.14 0.16
Time (msec)

(b) Difference between signals AB and CD with a notch (3
mm depth, 1 mm width)

(Figure 10) Simulated Lamb wave signals with a notch of 3 mm depth and 1 mm width.
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(a) Signals AB and CD with PZT C shifted 1 mm to the right
wrt PZT B
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—AB-CD (PZT C with 1 mm misalignment)
0.2t

01r -
o-————»\/\/\/\,\ﬁ/\/\/\/\/v

O.1F
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0.2

L

.10 612 0.14 016
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(b) The difference between signals AB and CD with PZT C
shifted 1 mm to the right wrt PZT B

(Figure 11) The effect of PZT misalignment on the difference between signals AB and CD (PZT C shifted 1 mm to the right

with respect to PZT B),
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between signals AB and CD, and the negative PPP values
were magnified in Figure 12 (b). By determining the
duration of the negative PPP values and removing negative
values whose duration is less than the threshold value
(0.98 ps defined in Section 2.4.), the effect of the PZT
misalignment was removed in Figure 12 (b).

In Figure 13 (a), the numerical simulation was repeated

again with a crack introduced at 100 mm away from

0.02

ek

|

0,01 ' ;
— AB*CD (PZT C with 1 mm misalignment)

510 012 0.14 0.16
Time (msec)

-0.02

(a) The PPP values between signals AB and CD when PZT
C is shifted 1 mm to the right wrt to PZT B

PZT A toward PZT B as well as the PZT misalignment.
Subtracting signal AB from signal CD produced the
residual signal shown in Figure 13 (b). Without relying
on prior baseline data, it is challenging to determine
whether this remaining signal appears due to mode con-
version or sensor misalignment. However, by calculating
the PPP between signals AB and CD and applying the

proposed thresholding technique, the mode conversion

x 10
0 | Ty :

0.2 :
0.4 - :

*PZT C is shifted :
_0.6--1.mm to the right.
0.8r.... AB*CD )

—AB*CD (after thresholding)
010 0.12 0.14 0.16

Time {(msec)

(b) Negative PPP values between signals AB and CD before
and after applying the proposed thresholding

(Figure 12) Compensation of the PZT transducer misalignment using the proposed thresholding technique (PZT C: shifted 1
mm to the right with respect to PZT B, without a notch),
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(a) Signals AB and CD with PZT C shifted 1 mm to the right
and a 3 mm depth notch

[ -—AB-CD (PZT C with 1 mm misalignment)
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(b) Difference between signals AB and CD with PZT C shifted
1 mm to the right and a 3 mm depth notch

(Figure 13) Comparison of signals AB and CD with PZT transducer misalignment and a 3 mm depth notch,
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(a) The PPP values between signals AB and CD with PZT C
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(b) Negative PPP values between signals AB and CD before
and after applying the proposed thresholding

{Figure 14) The extraction of the mode conversion using the proposed thresholding technique at the presence of the PZT
transducer misalignment (PZT C: shifted 1 mm to the right with respect to PZT B and a 3 mm depth notch),
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due to a crack was extracted as shown in [Figure 14 (a)
and (b)]. This numerical éxample demonstrates that crack
formation can be identified even when there is PZT
transducer misalignment. This numerical finding is further

substantiated in the following experimental study.

4. Experimental Results

4.1 Description of Experimental Setup

To further examine the proposed reference-free NDT
technique, experimental tests have been conducted on an
aluminum plate. The overall test configuration of the
experiment and the test specimen are shown in Figure
15. The data acquisition system was composed of an
arbitrary waveform generator (AWG), a high-speed signal
digitizer (DIG), a low noise preamplifier (LNP) and a
multiplexer. The dimension of the plate was 122 cm X
122 cm x 0.6 cm, and four PSI-5A4E type PZT wafer
transducers (1.0 cm x 1.0 cm x 0.0508 cm) were
mounted in the middle of the plate. PZTs A and D were
collocated and attached on the different side of the plate,
and PZTs B and C were mounted in a similar fashion.
The PZTs were attached so that their poling directions
were identical to the configuration shown in Figure 3 (a).
PZTs A and B (or PZTs C and D) were 0.52 m apart
each other. In this experiment, the PZT transducers were
attached to either the top or the bottom surface of the
plate with a commercial cyanoacrylate adhesive.

Using the 14-bit AWG, a tone-burst signal with a = 10

Signal Amplifier

Signal generator & data

Steel girder  ;cquisition device

(a) A data acquisition system

peak-to-peak voltage and a driving frequency of 150 kHz
was generated and applied. First, PZT A in Figure 15 (b)
was excited using the tone-burst waveform. Then, 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 amplified by the LNP with a
gain of fifty and measured by the DIG. The sampling
rate and resolution of the DIG were 20 MS/sec and 16
bits, respectively. In order to increase a signal-to-noise
ratio, the forwarding signals were measured twenty times
and averaged. After the forwarding signal from PZT A
to PZT B (signal AB) was measured, the same process
was repeated by exciting PZT C and measuring response
at PZT D (signal CD). Finally, the PPP values between
signals AB and CD were calculated, and the negative
PPP values due to sensor misalignment were selectively
removed using the proposed thresholding technique.

Detailed test results are described in Section 4.2.

4.2 Crack Detection

In Figure 16 (a), Lamb wave signals obtained from an
intact plate are presented. Using the test setup described
in 4.1, signals AB and CD were measured. Although
signal AB was supposed to be identical to signal CD, a
residual signal was observed in Figure 16 (b) due to
variations in PZT alignment, size and bonding condition.

Then, a 1 mm (width) x 60 mm (length) notch was
introduced between PZTs A and B (150 mm away from
PZT A toward PZT B), and its depth was gradually

S the back) (PZTC.

L=122m

-
v

T2 Taronen

(b) A square aluminum plate

(Figure 15) Testing configuration for detecting a crack on an aluminum plate,
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increased up to 3 mm. Due to crack formation, two
additional modes appeared between the existing Sy and
Ao modes as shown in Figure 16 (d), (f) and (h). The
comparison of Figure 16 (b) with Figure 16 (f) and (h)
clearly shows the effect of the mode conversion on the
difference between signals AB and CD. However, the

existence of the mode conversion may not be conclusive
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(g) Signals AB and CD with a 3 mm notch

for the 1 mm depth notch shown in Figure 16 (d) unless
it is compared with the signal in Figure 16 (b).

Next, the PPT values between signals AB and CD
were computed and the proposed thresholding technique
was applied. Using the proposed thresholding technique,
the negative values associated with the PZT variations

were selectively removed while the negative PPP values
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(d) Difference between signals AB and CD with a 1 mm notch
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1

—AB-CD

0.5r 1

.......

-0.5f Mode conversion

506 008 010 012 014 046 018 020
Time (msec)

(h) Difference between signals AB and CD with a 3 mm notch

{Figure 16) Comparison of signals AB and CD by increasing the depth of a notch,
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resulted from the mode conversion were preserved. As
shown in Figure 17 (a), the negative PPP values corres-
ponding to the intact condition became negligible after
applying the thresholding technique. Once the notch was
introduced, the effect of the two additional modes clearly
appeared as shown in Figure 17 (b), (c), and (d). Note
that even the existence of the incipient notch (1 mm) was
clearly detected [Figure 17 (b)], and the arrival times of
these two additional modes in Figure 17 (b), (¢), and (d)
well matched with the theoretical calculation.

In addition, an attempt was made to estimate the
location of the notch by measuring the arrival times of
the two converted modes in signals AB and CD. Based
on signal AB in Figure 16 (a), the group velocities of the
S0 and A0 modes were estimated to be 5.128 m/ms and
3.099 m/ms (theoretically, Vs = 5.088 m/ms and Va =
3.055 m/ms), respectively. Assuming that the notch is
closer to the PZT A, the arrival time of the first converted

mode, f,, was estimated using Eq. (1):
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) - ; —-AB*CID (afterlthreshqlding) B
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(a) Negative PPP values between signals AB and CD before
and after applying the proposed thresholding {without a
notch)
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(c) Negative PPP values between signals AB and CD before
and after applying the proposed thresholding (with a 2
mm depth notch)

V. Vs (1

where s and / denote the distances between the notch and
PZT A and between PZT A and PZT B, respectively. V4,
Vs, denote the group velocities of the Ao and Sp modes.
By measuring the arrival time of the first converted
mode (0.1206 ms) and using Eq. (1), the two possible
locations of the notch were estimated to be at 15.034 cm
away from PZT A or PZT B. This estimated distance
was close to the actual notch location (0.2% error).
Note that, when a notch is closer to PZT A than PZT
B, the S¢/A; mode arrives at PZT B earlier than the
Ay/Sy mode. Conversely, the A¢/Sp arrives first when the
notch is closer to PZT B. However, it could not be
determined whether the first arrived mode on each signal
was the Sy/Ag mode or the A¢/Sp mode, because these
modes were not distinguishable [Figure 6 (d)]. (When
signals AB and CD are compared, both modes are
out-of-phase) Therefore, it was only possible to narrow

down the crack position into two alternatives. In this
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(b) Negative PPP values between signals AB and CD before
and after applying the proposed thresholding(with a 1
mm depth notch)
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(d) Negative PPP values between signals AB and CD before
and after applying the proposed thresholding (with a 3
mm depth notch)

{Figure 17) The extraction of the mode conversion produced by a notch using the proposed thresholding technique at the

presence of the PZT transducer misalignment,
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example, the crack location was determined assuming
that the crack was closer to PZT A. However, the So/Ag
and A¢/Sp modes could have been distinquished if signals
AB and AC had been compared instead of signals AB
and CD. When signals AB and AC are compared, the
So/Ag and A¢/Sy modes become out-of-phase and in-phase,
respectively. Therefore, each mode can be selectively
identified. Once each mode is identified, the crack location
along the wave propagation path can be uniquely deter-

mined.

5. Conclusion

A new concept of nondestructive testing is developed
in this study so that crack formation in a thin metal
structure can be instantaneously detected without referencing
to previously stored baseline data. This reference-free
technique for crack detection is developed based on Lamb
wave propagations and PZT polarization characteristics.
When Lamb waves propagate through a crack, the Lamb
wave modes are converted to other modes, and this
phenomenon is called mode conversion. The appearance
of this mode conversion is identified by strategically
placed PZT wafer transducers considering the poling
directions of individual PZTs. Numerical simulations and
experimental tests conducted in this study substantiate
the effectiveness of the proposed reference-free technique
for crack detection. Practical instrumentation issues such
as variations in PZT size, bénding condition as well as
alignment are addressed by developing a thresholding
technique. Because this reference-free technique does not
rely on previously obtained baseline data for crack detec-
tion, it is expected that this approach minimize false
alarms of damage due to changing operational and environ-
mental variations experienced by in-service structures. This
robustness of the proposed technique against undesirable
variations in the system, such as temperature and external
loading, can make it attractive for long-term continuous
monitoring. Further investigation is underway to extend
the proposed concept to more complex structures such as
steel girders and welded connections and to perform field

testing at a bridge site.
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