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Though damage identification using guided waves generated using ultrasonics is well proven, its usage for struc-
tural health monitoring poses difficulties. Piezo electric actuation and sensing overcomes this difficulty to some
extent. In this work, usage of such guided waves for damage identification is investigated. Piezo electric wafer
transducers are used for generating and sensing the guided waves. Presence of multiple modes and comparatively
higher speeds of the guided waves throw up difficulties in damage identification. It is shown here that this problem
can be addressed by considering different sensor location with respect to the damage with suitable interpretation of
the results. Usage of fundamental antisymmetric (Ao) mode is found to be more suitable in localizing the damage
compared to the fundamental symmetric (So) mode. Asymmetrically located damage causes mode conversion. It
is demonstrated in this work that the mode converted guided wave (So) could be advantageously used for identifi-
cation, localization, and quantification of the damage. Damage identification and localization schemes are evolved
based on the location of the sensors with respect to the damage. It is shown that the reduction in the magnitude of
the mode converted wave can be utilized for assessing the depth of the damage. 3D finite element based numerical
models incorporating a PZT sensor are developed and validated with experimental results in terms of the character-
istics of the waves, mode conversion due to damage and influence of the defect size on the received signals which
are necessary for quantification of the damage.

1. INTRODUCTION

Guided waves have potential for detecting damages in struc-
tures as they can propagate over large distances with a little
loss of energy. However, their usage for damage detection is
extremely challenging due to the dispersive characteristics of
the modes, existence of multiple modes in the structure, in-
teraction of the signal with reflected waves from the bound-
aries, presence of discontinuities etc. Damage detection using
guided waves generated through ultrasonics has been in use
for decades in Non-Destructive Evaluation (NDE). However,
these ultrasonic transducers are not suitable for mounting per-
manently onboard the structure and hence have found limited
usage in Structural Health Monitoring (SHM) applications.

In recent years, piezo electric wafer transducers have been
in use for guided wave based SHM.1–3 Though usage of struc-
turally integrated piezos has been suggested for SHM, rela-
tively less experimental work is reported on guided waves for
damage detection. Choice of various parameters such as trans-
ducer characteristics and geometry, location and method of ex-
citation, excitation frequency and bandwidth, identification of
suitable wave modes for testing, data processing are critical for
the successful application of guided waves in damage identifi-
cation and quantification.4–6

Rucka7 conducted experiments on metallic structures with
various types of discontinuities where excitation is achieved

by piezo-actuator and the propagating signal is detected by a
scanning laser vibrometer. In their work, though the damage
was indicated based on changes in the wave propagation char-
acteristics, localization and quantification were not achieved.
Damage quantification requires the wavelength of the propa-
gating signal to be much smaller than the size of the damage.
Haikuo et al.8 theoretically demonstrated that when the dimen-
sion of a delamination is of the order of the wavelength of the
propagating wave, the reflected waves from the left and right
end of the delamination are merged into one wave packet and
cannot be distinguished. This consideration implies a signal of
very high frequency. Further, signal generation from surface
bonded piezoelectric actuator (PZT) is governed by its dimen-
sions, material, and strength of the signal.8, 9 Hence, localiza-
tion and quantification of damage were less successful, espe-
cially in metallic structures. Guided waves were reported to
have been successfully used for damage identification and lo-
calization in composite structural members,10, 11 however dam-
age quantification is not much reported which requires suitable
modelling, experiments, and data processing. In some of the
works, damages are simulated in some other form as done by
Mikhail et al.12 A metallic block is glued on the surface of a
metallic plate and the debond at the interface is the damage. Ao
mode is used for the detection and the influence of the block
height on the guided wave signal is investigated.
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If the damage is in the path of the actuator and sensor, it is
rather easier to identify the location of the damage based on the
characteristics of the guided waves and information on time-
of-flight. However, if the damage is not in the path of the actu-
ator and the sensor, identifying the location of the damage from
the time-of-flight information gathered from several sensors
and actuators is a complex process. Xianping et al.13 devel-
oped an innovative precise damage identification and localiza-
tion method for large scale composite laminates and validated
through experiments. They used the Levenberg-Marquardt al-
gorithm for the damage localization and damage contour algo-
rithm based on convex envelope of damage reflection points
for determining the size of the damage. With advances in
neurosciences and high-capability computing devices, recent
research is focused on application of machine learning (ML)
algorithms based on Artificial Neural Networks (ANN) for
guided wave damage identification, localization and qualifica-
tion including an assessment on the probability of occurrence
of damage in metallic and composite structural members.14–19

Jiahui et al.20 utilized probabilistic imaging algorithm and sta-
tistical method to reduce the impact of composite anisotropy
in Lamb wave-based damage localization and quantification in
composite plate like structures. The algorithm was validated
by experiments and results indicate an accurate prediction of
the damage localization and quantification with an absolute er-
ror within 11 mm and 2.2 mm respectively for a sensor spacing
of 100 mm.

Success of damage identification using guided waves re-
lies significantly on the understanding of the wave propagation
and a suitable mathematical model. Several numerical tech-
niques21 including the Finite Element Method (FEM),22, 23 the
Boundary Element Method (BEM)24 and the Spectral Element
Method (SEM)25, 26 have been used to analyze the propagation
of elastic waves. Mikhail et al.12 developed a 2D mathemat-
ical model with plain strain assumption to capture the wave
scattering due to presence of damage and validated with ex-
perimental results. Commercial FE packages like ABAQUS
have the capability to solve the multi-physics problems arising
from the use of PZT transducers in a structure. Most of the
reported works present the characteristics of the waves propa-
gating through a pristine structure and a few works are reported
on the wave propagation in a structure with damage.24, 27 Sik-
dar and Banerjee28 have reported on the characteristics of the
wave that travel through structures which encounter a change
in density. Studies on the mode conversion and scattering of
guided waves at cracks in isotropic beams are carried out based
on a time domain Spectral Finite Element Method (SFEM).27

Parametric studies with various depth and width of the crack
indicate variation in amplitude of the reflected and transmitted
waves at the defect. However, works validating the theoretical
findings with experimental results are seldom reported.

The transducer localization and the number of transduc-
ers required for damage identification were also investigated
through experimental and numerical analysis.29 Experimental
illustration of the measurement technique, number and local-
ization of the sensors is shown to accommodate the basic as-
sumption and SHM system requirements which include dam-
age identification, localization, and quantification. In a recent
work,30 a comprehensive approach including experimental and
FEM has been used to determine the interaction of guided
waves with the crack like defect originated under loading in
an Aluminum plate structure with a hole. An array of PZT
sensors could identify the origin and growth of the crack along

with its orientation. The process of damage identification and
quantification by guided waves become complex especially in
situations where there are multiple reflections from the bound-
aries and wave interactions.

Admittedly, the most common defects in many compo-
nents are surface damage like cracks, notches etc., which are
asymmetrically located along the depth. The mode conver-
sion of the guided wave occurs when it interacts with these
non-axisymmetric discontinuities.27, 31 Group velocity of the
mode converted wave is different from the primary propagat-
ing wave and therefore it should be possible to distinctly iden-
tify the damage by detecting and interpreting the mode con-
verted wave. Therefore, an option thought to overcome the
present limitations is to use the mode converted guided wave
generated due to the interaction at the damage, instead of the
primary propagating wave. The usage of mode converted wave
in experimentally detecting a debond is not reported.

The objective of the present work is to develop a method-
ology to identify, localize and quantify the damage in struc-
ture by advantageously employing a mode converted guided
wave in presence of multimode wave propagation. To achieve
the above, suitable positioning the sensors with respect to the
damage needs to be developed. This aspect has been demon-
strated experimentally by introducing an asymmetrical damage
in the form of notch and suitable placement of actuators and
sensors on the specimen with respect to damage location and
their interpretations. The damage can be identified based on
the change in the response characteristics of the waves, how-
ever the quantification of the damage in the presence of multi-
mode wave propagation is difficult and needs special attention.
This aspect has been demonstrated experimentally in this work
by considering selective sensor locations with respect the dam-
age. In the experiment, the guided waves are generated and
sensed by PZT patches. A Finite Element based numerical
modeling is adopted as a suitable theoretical model. The prac-
tical concerns regarding the generation and sensing of guided
waves using PZT, selection of PZT, excitation frequency, data
processing and quantification of small sized defects in struc-
tures are addressed. It is shown in this work how the mode
converted wave can be advantageously used for identification,
localization and quantification of the damage.

2. EXPERIMENTAL AND THEORETICAL
METHODOLOGIES EMPLOYED

2.1. Experimental Setup
The experiments were conducted on a cantilever beam. The

beam considered had a length of 1000 mm, width 35 mm
and thickness of 2 mm and was made of Aluminum alloy.
The damage was introduced asymmetrically in the form of a
through-width notch on the surface of the beam. The notch
had a depth of 1 mm with a length of 6 mm and was located
700 mm from the fixed end of the beam. Figure 1 shows the
schematic and photograph of the specimen along with the sen-
sors and the location of the damage.

The beam was excited near its free end by square shaped
PZT actuators of dimensions 25 mm having a thickness of
0.4 mm. They are mounted on either side of the beam at lo-
cations E1 and E2, as shown in Figure 1. Two PZT sensors
S2 and S1 are placed along the length of the cantilever beam
at 412 mm and 865 mm respectively from the fixed end. PZT
patches were surface bonded on a central line along the length
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Figure 1. Schematic and photograph of the structure under study.

of the beam using cyanoacrylite adhesive. The distances and
the length of the beam are chosen such that the reflected waves
from the damage and fixed end reach the sensors at instances
where they are distinguishable. Initially the experiments were
conducted on a pristine beam and later the beam with the dam-
age.

A voltage signal having a peak value of 10 V was applied to
the PZT exciter through a NI 6251B system interfaced through
LABVIEW. The signal is a modulated five cycle sine pulse of
120 kHz. The response of PZT sensors is acquired by the same
system.

Some experiments were conducted by exciting only the top
piezo exciter, E1 and in the other experiments both E1 and E2
exciters were excited simultaneously. Actuating only E1 gen-
erated both flexural and longitudinal waves. When E1 and E2
were actuated simultaneously, an elongational (So) mode was
generated when the excitations are in phase, If the excitation
voltages are out of phase, a flexural (Ao) mode is generated.8

The excitation sensor location scheme selected is elaborated in
the later sections.

2.2. Selection Of Excitation Frequency
To counter the dispersive effects of the propagating guided

wave, a modulated sine wave was considered.32 An input pulse
v(t) in the form of five-cycle sine pulse with a Hanning win-
dow around a central frequency, fc, was applied. The input
pulse can be expressed as:

v(t) =
1

2
{1− cos(

fct

5
)} sin(fct). (1)

Giurgiutiu24 showed that when the dimension of the PZT
actuator is an odd integer multiple of the half wavelength of a
particular Lamb wave mode, a strong force causing significant
response in the corresponding Lamb mode will act.

PZT patches give optimum results in a certain frequency
range. To determine this frequency range, two such PZTs
mounted on the beam at a distance of 540 mm were evalu-
ated for actuation and receiver characteristics at various exci-
tation frequencies. The frequency response graph shown in
Fig. 2, was obtained by plotting the peak value of the received
time domain signal generated from an input pulse at a certain
frequency. It is observed that the efficiency of the piezo was
optimum at around 120 kHz.

Therefore, a modulated 120 kHz sine pulse having 5 cycles
was chosen for all further experiments. The excitation pulse

Figure 2. Response of piezo at various frequencies.

and the corresponding spectrum are shown in Fig. 3. The du-
ration of the pulse is 41.67 microseconds (µs).

The number of cycles selected was five. If the number of
cycles was larger, a larger time gap between the two pulses
reaching a location was needed to be able to distinguish the
two sigmnals. Therefore, an excitation signal with minimum
number of cycles was selected.33 To quantify the damage size,
the wavelength should be comparable to this size and therefore,
usage of higher frequency excitation was better. The higher
frequency results in higher speeds for the Ao mode. As time
for five cycles should elapse between the arrival of two waves
the higher wave speed translates to longer lengths and hence
the sensors should be at greater distance from the source as
well as defect. Considering all the above factors, a frequency
of 120k Hz was selected.

2.3. Numerical Modeling
Results from a theoretical analysis will enhance the under-

standing of the wave propagation. Therefore, a numerical
model which is Finite Element (FE) based, is developed to sim-
ulate the test conditions and to validate with the experimental
results.

The numerical modeling and simulations are carried out us-
ing the commercial FE software ABAQUS v6.12. The dimen-
sions of the test article are as given in Fig. 1. The beam was
modeled with 8-noded, linear brick elements (C3D8R) with
reduced integration, and the PZTs were modeled using stan-
dard linear piezoelectric brick element (C3D8E). The piezo
and beam elements were assembled together (node to node) by
tie elements based on master-slave formulation in ABAQUS.
The voltage signal shown in Fig. 3 was used as input to the
exciter PZT and applied on the top surface of the PZT. In ad-
dition to the fixed boundary condition applied at one end of
the cantilever beam, a zero voltage was applied to the bottom
surface of the piezo transducer. The voltage output from the
top surface of the receiver sensor was captured from the anal-
ysis. Length of the element was dictated by the excitation fre-
quency and the wavelength of the lamb wave to ensure that
8-10 elements are included in one wavelength. The FE model
of the beam with piezo transducer is shown in Fig. 4. Young’s
modulus (E) = 70 GPa, density (ρ) = 2800 kg/m3 and Pois-
son ratio (v) = 0.3 were the material properties of Aluminum
considered. The electromechanical material properties corre-
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(a)

(b)

Figure 3. 120 kHz modulated excitation pulse: (a) Time domain (b) Fre-
quency spectrum.

sponding to PZT-5H based on the data provided by the manu-
facturer were:

[e] =

 0 0 0 0 17 0
0 0 0 17 0 0

−7.7 −7.7 31.5 0 0 0

× 10−3N/m/V;

(2)

[c] =


12.6 7.95 8.41 0 0 0

12.6 8.41 0 0 0
11.7 0 0 0

2.3 0 0
Symmetry 2.3 0

2.35

×1010Pa;

(3)

[ϵ] =

1.505 0 0
1.505 0

Symmetry 1.302

× 10−8C/V/m. (4)

where [e] was the piezoelectric stress matrix, [c] the stiffness
matrix and [ϵ] the piezoelectric permittivity matrix. The den-
sity of the piezoelectric material was 7500 kg/m3.

In the case of the beam with the defect, the notch geome-
try was modeled and meshed as shown in the enlarged view
around the notch of Fig. 4. Sensitivity of the results on the pa-
rameters of the mesh were studied by varying the element size
and number of elements in the notch area.

Figure 4. FE model of the beam with PZT sensors and the damage.

3. DAMAGE DETECTION USING PRIMARY
PROPAGATING GUIDED WAVE

3.1. Results Of Pristine Structure
Lamb waves comprising Symmetric (S), Antisymmetric (A)

and Shear Horizontal (SH) modes are commonly used for dam-
age identification in structures. The S waves, also described as
extensional modes, have dominant displacements in the lon-
gitudinal direction which is the direction of propagation. In
antisymmetric type waves, which are also known as flexural
modes, the displacements are dominant along the normal to the
direction of propagation. In a structure, multiple wave modes
exist simultaneously.

To establish the methodology and experimental technique
adopted in the present study, results of the wave propagation
in a pristine beam are presented initially. Excitation by piezo
electric exciter E1 which is placed on the top surface of the
beam generates both Ao and So modes. The excitation signal is
a five-cycle modulated 120 kHz sine pulse as shown in Fig. 3.

The voltage measured at the sensor S2 is shown in Fig. 5.
Sensor S2 is placed sufficiently away from the exciter such that
waves arriving at S2 are distinct on the time scale. The theo-
retical group velocity of the So mode in the beam is 5000 m/s.
If the specimen is considered as a plate, the theoretically es-
timated group velocity is 5175 m/s at 120 kHz. Based on the
Time of Flight (ToF) measurements and the distance that wave
needs to travel, the group velocity of the So mode is deter-
mined to be 4954 m/s. Similarly, the theoretical group ve-
locity of the Ao mode in the beam is 2950 m/s at 120 kHz.
Based on the Time of Flight (ToF) measurements and the dis-
tance that wave needs to travel, the group velocity of the Ao

mode is determined to be 2900 m/s. The difference in the
group speeds determined using various methods are negligi-
ble. Though these results are well expected, they are briefly
presented as the same methodology will be used for further
experiments. A value of 5000 m/s for So mode and 2950 m/s
for Ao mode are considered as the group velocity for further
discussions.

If the response at S1 were used for identifying the modes, it
would have been difficult to distinguish the wave pulses as the
propagating wave is mixed with the reflected wave from the
free end. Detection using the sensor at S1 necessitates that the
speed of the wave shall be lower. This could be possible by
generating only the Ao mode whose speed is lower. The pri-
mary Ao mode can be generated by simultaneous excitation of
E1 and E2 with the voltage signals applied in opposite phase.
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Figure 5. Response signal of piezo sensor (S2) for pristine beam.

Figure 6. Analytical and experimental response at S1 in pristine beam.

This is attempted and the results are given in Fig. 4. The re-
sponse of pristine beam at S1 is shown in Fig. 6, where the
incident Ao mode is distinctly noticeable. To identify the dam-
age using the response at S1, one needs to excite the pure Ao

mode.

The predictability of the theoretical model is also verified
here with the results of pristine beam. The response at S1 is
obtained through finite element simulations and compared with
the experimental results, as shown in Fig. 6. The experimental
and numerical results match well. Though the magnitudes of
the response in the experimental results are slightly less than
the results obtained through simulation, the nature and charac-
teristics of the response are identical. Perhaps the difference
can be reduced further incorporating a more accurate values
for damping factor. In this context, as the absolute value of
the magnitude of the response is not of importance, the same
model is used for further investigations.

In all these experiments, the sampling frequency is 1 MHz
though the frequency of the excitation is 120 kHz and the res-
olution of the voltage signal is about 30 µV. Therefore, the sig-
nal captured is not expected to be having any noticeable digital
processing error.

Figure 7. Experimental response at S2 for pristine and notch beams.

3.2. Damage Identification
Investigations are now carried out on a beam with the defect

as described in the previous section. The pulse as shown in
Fig. 3 is applied at the exciter piezo and the response signals
are captured by the piezo sensors mounted on either side of the
defect.

E1 piezo actuator, which is mounted on the top of the beam
alone is excited and the response of sensor S2 as shown in
Fig. 7 is captured. It is noticed that both So and Ao modes
at 120 kHz are generated. A part of them are reflected by the
notch. These reflected waves undergo further reflections at the
free end of the beam and reach sensor S2. In other words, the
response at S2 will have pulses that are reaching directly and
the that reflected from the damage and the free end. Both So

and Ao waves are present.
The responses of S2 in the pristine beam and the beam with

damage are plotted on the same graph (Fig. 7) for easy inter-
pretation. The first pulse seen is the So mode, the magnitude
of which is slightly diminished compared to that in the pris-
tine beam since a part of it getting reflected at the notch. This
reduction in the amplitude of the first pass transmitted signal
clearly indicates the presence of the defect in the wave trans-
mission path between exciter E1 and sensor S2. The second
pulse seen at S2 is the Ao mode reaching S2 with a part being
reflected due to the damage. A similar observation of ampli-
tude reduction in the response of the notched beam is seen with
Ao mode too.

The third pulse which is seen at about 475 µs, is the part of
Ao mode reflected from the damage and reaches S2 after get-
ting reflected at the free end. Such a pulse is expected to reach
S2 at 490 µs. This is calculated taking the speed of Ao mode
as 2900 m/s and considering the wave travel distance travelled
by the wave after reflecting from damage and then at the free
end. This is absent in the pristine beam and very much distin-
guishable in the beam with the damage. Thus, the damage can
be detected in two ways. One approach is to consider the wave
pulse reaching S2 due to So and Ao modes reaching directly,
with a part being reflected at the damage. The damage can be
distinguished by the reduction in the magnitude of the pulse.
The other way is by sensing the third pulse which is absent in
the pristine beam. The second method is more effective and
distinguishable. From the third pulse, even the location of the
damage can be identified. Based on the Time of Flight and
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Figure 8. Analytical and experimental response at S2 in the beam with defect.

the known velocity of Ao mode, the distance travelled by the
wave can be determined. This distance is equal to the sum of
the distance of the defect from the exciter, the distance of the
defect from the free end, and the distance of S2 from the free
end. However, the damage location estimation from response
at S2 by exciting E1 alone is not accurate as discussed in the
next section.

Numerical simulations are also carried out for the beam hav-
ing the defect. The results for location S2 are shown in Fig. 8.
Signature of the defect is captured in the response. However,
due to close presence of both wave modes in the reflected sig-
nal added to the reflections from the fixed end of the beam,
distinct localization of the defect could not be done.

3.3. Limitation Of The Methodology
It is to be noted that the damage was identified using the re-

sponse at S2 and not by using the response at S1. Response at
S1 was not used as it is closer to the source and distinguish-
ing various wave pulses was not feasible since they arrive in
a short duration of time. These results are not provided here
for brevity. Even the identification by using the response at
S2 is difficult because of the presence of several pulses such
as the direct pulse, reflected pulse from the fixed end, those
reflected by the notch and subsequent reflection from the free
end etc. The damage identification by exciting the top PZT
actuator (E1) and observing the response for damage signa-
ture, thus involves multiple reflections from the notch as well
as free end before reaching S2. Estimation of damage location
from this method is prone to errors as the propagating path of
the damage-reflected wave includes one more reflection from
the free end. The multiple reflections and possible interactions
with the other wave modes can induce large errors in ToF cal-
culations. It is expected that one can, to some extent, overcome
this difficulty by adopting Ao mode as its speed is significantly
lower compared to So mode. In the next experiment, the dam-
age detection using Ao mode is investigated.

4. DAMAGE DETECTION USING MODE
CONVERTED GUIDED WAVE

In the next experiments, a pure Ao mode is generated by si-
multaneous excitation of E1 and E2 with voltage signals in out
of phase. The Ao mode is chosen over So to obtain a distinct

Figure 9. Response of S2 for pristine and notch beams excited by Ao mode.

reflected wave pulses on time scale. Interaction of the inci-
dent Ao mode with notch type damage generates additional So

guided wave. Ao wave and mode converted So wave are ema-
nating from the damage upon Ao wave incidences the notch.

The waves are generated by using two piezo patches, one
on the upper (E1) and the other on the lower (E2) surface of
the beam. When these two forces are in phase, the active wave
mode is So mode. When these two shear forces are out of phase
an Ao mode is generated.8 Hence to generate pure Ao mode,
the voltages applied on these piezo patches should be in out of
phase. In the present experiment, the output of the amplifier is
tapped in to two lines. For the upper piezo patch, ground and
the signal are connected to the ends. For the lower piezo, they
are connected in the reverse order, that is signal and ground.
This simple arrangement generates out of phase forces. If the
forces are not exactly out of phase, it will generate So mode
too but the magnitude will be very low. This So mode will be
distinguishable as its speed is quite high compared to the speed
of the Ao mode and can be neglected. Also, as the magnitude
of this wave mode is quite low, it will decay soon and will be
invisible.

Figure 9 shows the response at S2 for the pristine and notch
beams. It is observed that the mode converted So wave is
present in the response of the notched beam before the incident
(propagating) Ao wave. The presence of So mode indicates the
presence of damage in the wave propagation path from exciter
PZT to S2. The ToF calculation indicate the presence of dam-
age at distance of 280 mm from S2 which matches within seven
percent of the measured position of the defect.

The responses of sensor S1 in pristine and the damaged
beams are depicted in Fig. 10. The first pulse is the inci-
dent Ao mode at 140 µs. The incident wave is seen spread
for larger duration as it involves another pulse which is the
reflected wave from the free end of the beam. The mode-
converted So guided wave, generated at the damage and travel-
ling back is seen at 230 µs and is clearly absent in the response
of the pristine beam. The Ao pulse reflected from the damage
seen at 251 µs is not distinguishable due to its interaction with
reflected modes from beam ends. Time of Flight calculation
for the mode converted So guided wave indicates the presence
of the defect at 166 mm from the sensor which agrees well
with the physical measurement of the defect which is 165 mm.
This estimation is more accurate compared to the one done in
the first experiment with only E1 excitation, as the pulse used
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Figure 10. Response of S1 for pristine and notch beams excited by Ao mode.

for estimation does not involve any multiple reflections. As
shown in Fig. 10, the mode converted So guided wave does
not mix with other reflected wave modes. This is because the
group velocity of the mode converted So guided wave is much
higher than that of an Ao guided wave. It is demonstrated that
by exciting the Ao mode and by measuring the response which
includes damage reflected mode converted wave, the location
of the damage in a beam can be accurately determined.

Thus, an asymmetrically located damage is well identified
as well as localized through the converted wave mode. It is
known that such damages causes conversion of the wave type
and in this work it is demonstrated that the converted mode can
be conveniently used for the identification and localization of
the damage. The damage in a beam type structure can be de-
tected and localised through either of the two experiments. The
sensor could be on any side of the damage and the defect can
be located through proper interpretation of the results. Though
one type of experiment is sufficient to detect the damage, re-
sults of the two types of tests complement each other. Data
from both the locations can reinforce the identification of the
damage.

The temperature of the environment is kept constant around
24◦C and no external load is present. However, ultrasonic
guided wave propagation is significantly affected by the tem-
perature and load conditions and can lead to false conclusions
if these effects are not addressed. The damage identifica-
tion and quantification can be in error if these environments
change in the path of the guided wave. They affect the ampli-
tude as well as phase of the signals. If both the environments
get changed simultaneously, the influence on the guided wave
could be even nonlinear. There are techniques developed to
compensate for these effects.34–36 The method includes match-
ing with a reference signal using suitable algorithms.

Time-of-flight information is used to determine the location
of the damage. The time of arrival of the pulses is considered,
if the wave pulses are distinct in the time scale, In the case
where the initial waveform is not clear due to interaction with
previous wave mode, the time of peak amplitude of the wave
pulse is considered for the estimation of the time-of-flight. One
can expect an error of 1 µs in the time-of-flight measurement
as the data is sampled at a frequency of 1 MHz leading to a
resolution of 1 µs. In the present case, this translates to an
error of 2.03 mm in the location of the damage. It needs to be

Figure 11. Response at S1 for beam with defect excited with Ao mode.

noted that the travel towards the defect is a Ao mode and the
return is So mode.

Results from a numerical model are obtained for the beam
with defect when excited with an Ao mode and the result at
location S1 are as shown in Fig. 11. They match very well
with the experimentally obtained results. The numerical model
is not essential for identifying the presence of the damage and
its localization. However, the model is required for quantifying
the damage. The model is built and verified in stages and hence
the results corresponding to this condition are presented here.

In practice as the structure could be two dimensional and the
damage may not be along the direct sensing path and hence
several sensors need to be deployed. Time-of-flight of the
mode converted So mode can be extracted for different sensing
paths. Localization of the damage needs to be done from these
values of time-of-flight. There are algorithms reported13, 20 for
this purpose when the structure is excited by So mode, like
forming the ellipses of possible damage location from various
sensor locations and extracting the location using suitable al-
gorithms etc. A similar algorithm could be thought of for mode
converted So waves when excited Ao mode. It should be noted
that travel towards the defect is as Ao mode and the return is
So mode.

5. DEFECT QUANTIFICATION

Having established the location of the defect, we now aim to
find an appropriate way of quantifying the damage. The notch
defect is quantified by its width and depth.

Width of the damage can be quantified by the distinct re-
flections from the ends of the notch and it requires that the
wavelength of the propagating wave be comparable with the
width of the notch.8, 27 From the time difference between the
two reflections and the speed of the wave, the width of the
damage can be determined. It is considered that to have clear
distinction, the second wave shall arrive after one wavelength
of travel. In the present experiment, the pulse has a frequency
of 120 kHz. Considering the group velocity of the So mode as
5000 m/s, the wavelength is 42 mm. If the width of the notch
is 21 mm, the second wave will arrive after one wavelength. If
a damage having width of 6 mm is present, the second reflec-
tion travels additionally 12 mm. To distinguish it by a shift of
one wavelength, the frequency of the wave should be 415 kHz.
It is to be noted that if the second reflected wave can be dis-
tinguished with a difference of half the wavelength itself, ex-
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citation of 210 kHz may be sufficient. Theoretically estimated
group speed of So mode at 415 kHz is 5075 m/s. For the as-
sessment made above on the frequency of excitation needed,
the speed of 5000 m/s itself is considered as the difference is
very negligible.

The strength of the Lamb wave signal generated by the PZT
transducer is different at different frequencies. The force ap-
plied strongly depends on its dimension.4, 6 The dimensions of
the PZT used in the present experiment are 25 mm × 25 mm
× 0.4 mm (thickness). The optimal response of this PZT when
mounted on the Aluminum base is experimentally obtained and
it peaks around 120 kHz. The guided wave signal generated by
the PZT used in the experiment is weak at 415 kHz. PZTs hav-
ing smaller dimensions need to be used to excite guided waves
around 415 kHz. The amplitudes of the waves in terms of volt-
age, after interaction with the damage should be higher than
the instrumentation noise. As the present study aims to iden-
tify the depth of the notch as low as 0.25 mm, usage of a still
lower sized PZT was not feasible. Also, the amplifier used for
the experiments has linear operation up to 250 kHz. This am-
plifier is not suitable for signals of 415 kHz. To generate and
sense the Lamb waves at 415 kHz calls for a different piezo
and amplifier.

Considering the limitation of the PZT response and fre-
quency range of the amplifier used in the present experiment,
the damage width quantification is not attempted here. How-
ever, the depth of the notch is assessed by the change in mag-
nitude of the mode converted reflected wave from the damage.

The depth of the damage may be quantified by observing
the change in amplitude of the distinct wave pulse generated
due to the presence of damage. It is shown earlier from the
responses at S1 and S2 that the reflected wave pulse from the
damage gets reflected at the free boundaries and its amplitude
is diminished. It is seen from the present experiment that the
mode converted So wave pulse generated at the damage and
travelling to S1 is distinct and its amplitude directly correlates
with the depth of the damage and hence more appropriate for
quantifying the damage.

Experiments are conducted on specimens with notch depths
of 0.25 mm, 0.5 mm, 0.75 mm and 1.0 mm. The piezo actua-
tors E1 and E2 are excited simultaneously by five-cycle modu-
lated pulse at 120 kHz. Figure 12 shows the mode converted So

wave generated from the damage for varying notch depth. The
reflected wave signal from damage having a depth of 0.25 mm
depth was detected experimentally. It may be possible to detect
damages with still smaller depths but could not be attempted
here due to practical difficulties in making such specimens for
testing. One shall rely on a theoretical model to arrive at the
minimum depth.

The magnitude of the mode converted signal increases with
rise in the depth of the notch. It is therefore possible to corre-
late the magnitude of the signal to the depth of the damage. In
the results presented, the voltage of the reflected wave is nor-
malized with respect to the reflected wave for a notch having a
depth of 1 mm.

The above relation is established using the measurement at
S1. In principle it is possible to establish a similar relation
based on the signal measured at S2. However, it faces with
some issues in the present context. The response signal at sen-
sor location S2 shown in Fig. 9 depicts the presence of mode
converted So wave, which indicate the presence of the dam-
age in the wave transmission path from the exciter to S2. The
time of arrival of So mode is distinctly seen. However, the

Figure 12. Experimental results for varying notch depth.

peak value of the So mode is not distinct due to the presence
of the incident Ao mode. Hence, damage quantification based
on the mode converted So wave reaching at S2 location is not
attempted here. This is specific to the distance at which S2 is
located from the damage. If S2 was placed slightly away from
the damage, it would have been possible to get the amplitude
correctly. It should be noted that the damage localization can
still be done and the difficulty is in its quantification. In prac-
tice, there is a multiple sensor network with sensors distributed
and located at different distances from the damage. This could
happen only to a very few sensors Using suitable algorithm,
location having such issues can be removed from the set of
sensors to be used for quantifying the damage and one needs
to extract the damage size based on other sensors.

In practice, to determine the depth of the notch, it is neces-
sary to calibrate in advance for different structures and differ-
ent types of damage. However, this is a difficult task. There-
fore, suitable theoretical models need to be developed. The
model may be validated with the results of specific experimen-
tal cases and then the model could be used for cases where the
calibration is not done. In the present work an attempt is made
in this direction. Using the finite element based theoretical
model described in Section 2, the reflected wave responses at
S1 are now theoretically determined for various notch depths
and presented in Fig. 13. The theoretical results are consistent
with experimental results.

Figure 14 shows the variation in voltage of the mode con-
verted wave signal at S1 obtained by numerical simulations as
well as the experimental results for various depths of the notch.
The theoretical model gives a reduction in peak voltage of the
reflected wave signal with reducing notch depth, as seen in the
experiments. The experimental data at very low notch depths
of 0.25 mm and 0.5 mm show relatively large reduction in volt-
age compared to the theoretically predicted values. It is to be
noted that as the waves propagate through the medium there
are several losses encountered which are not represented in the
model. Therefore, the experimental results show a lower value
compared to the theoretical values. In case of smaller notch
depth, the amplitude of the wave reflected from the notch is
very small and the losses are relatively higher and hence causes
larger differences in the results. The proposed model can rep-
resent the damage in the beam and therefore can be used for
further predictive analysis.
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Figure 13. Theoretical results for varying notch depth.

Figure 14. Variation of peak magnitude of So signal with notch depth.

6. CONCLUSIONS

An experimental method to detect, localize and quantify an
asymmetrically located notch type damage is demonstrated us-
ing guided waves generated and sensed through piezo actuators
and sensors. Ao mode is found to be more effective in local-
ization and quantification of the damage compared to So mode,
though it is practically difficulty to generate a pure Ao mode.
The presence of multiple modes and reflected waves from the
boundaries elevate the difficulty in localization and quantifica-
tion of the damage. However, excitation by Ao mode generates
a So mode by a non-symmetric damage and it is shown that the
mode converted So wave can be advantageously used to iden-
tify, localize, and quantify the damage. The sensor could be on
any side of the damage and the defect can be located through
proper interpretation of the results. The quantification of the
damage is demonstrated experimentally based on the ampli-
tude of the mode converted So wave. A finite element model
that predicts the response behavior in the experiment incorpo-
rating the piezo actuation and sensing is developed. It repre-
sents closely the characteristics of the waves being propagated
across the damage. The model predicts reasonably well the
change in characteristics of the propagating waves for varying
depth of the defect.
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