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Abstract. In Lamb wave based structural health monitoring (SHM) systems, damage scatter signals are usually used for
damage identification. Such scatters are obtained by subtracting the current signal from a baseline. However, changes in the
environmental condition, particularly temperature, make false scatters in the damage scatter signal. This affects the overall
efficiently of the system. To overcome this obstacle, this study proposes a baseline-free damage identification technique. A dual-
PZT actuation scheme is applied to generate a comparatively pure Ao mode. A wave velocity determination procedure is then
developed to actively determine the velocity of the generated Ao mode in the presence of unmeasured temperature changes.
Using a damage scatter separation process, the damage scatter wave is separated from other waves appear in the current signal.
Finally, a damage diagnostic image is constructed to illustrate the most probable location of damage. The experimental
validation of the developed technique is conducted on two aluminum plates one carrying an L shape crack and the other carrying
a hole, subjected to temperatures changes. The experimental results demonstrate the effectiveness of the developed technique for
damage identification in the presence of unmeasured temperature. During the proposed procedure no baseline data is used. This
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bright advantage, qualify the presented technique for practical SHM systems.
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1. Introduction

Most of industrial equipment utilized in mechanical,
civil, and aerospace applications, serve at harsh conditions.
Hence, they are prone to many types of damages such as
cracks and corrosion in metallic structures and delamination
in composite laminates.

Since damages are a real threat for the reliability of a
structure, a considerable amount of study has been
conducted in order to identify the location and size of
damages in structures.

Structural health monitoring (SHM) is a technology
with smart algorithms to assess the ‘health’ status of
structures in real time (Wan ef al. 2021, Gorgin 2020, Wan
and Ni 2019, Zheng et al. 2019, Mori et al. 2019, He et al.
2019, Zhou et al. 2019, Wan and Ni 2018, Gorgin ef al.
2015). Toward this topic, Lamb waves, have been
increasingly utilized to develop several SHM techniques
(Wu et al. 2009, Gorgin et al. 2014, Gao et al. 2018, Wang
et al. 2018a, b, Qing et al. 2019).

Since Lamb waves travel long distances in the structure
and can be generated and collected with piezoelectric
transducers (PZT) that require little power, they are
appropriate for structural health monitoring systems
(Kudela et al. 2018, Muller et al. 2019).
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When Lamb wave is incident on damage, it scatters in
all directions. These scatter waves can be used to identify
and characterize the damage. Usually, damage scatter waves
are obtained by subtracting the current signal from a
baseline. However, there are certain drawbacks in using
baseline signal.

Firstly, baseline signal might not be available. Secondly,
environmental and operational conditions (EOCs) variation
(particularly temperature) can change the velocity and
amplitude of the current signal even in absence of any
damage (Gorgin et al. 2020). This has a negative effect on
the active SHM system. To overcome these limitations,
many researchers have proposed baseline free damage
detection techniques.

Time reversibility of Lamb wave is widely used for
baseline free damage detection techniques (Park et al. 2009,
Poddar et al. 2011, Bijudas et al. 2013). A modified time
reversal method in which the frequency dependence of the
time reversal operator is compensated, is proposed by Zeng
et al. (2017). An enhanced Lamb wave virtual time reversal
(VTR) method with transducer transfer function
compensation to omit the transducer effect for dispersive,
multimodal Lamb waves is presented by Wang and Shen
(2019). Some probabilistic diagnostic imaging technique
using time reversal approach were also presented in
references (Miao et al. 2011, Zhu et al. 2013). In addition to
time reversal approach, some other baseline free damage
detection techniques have been proposed by researchers.
Park et al. (2010) have presented the concept of transfer
impedance of PZT transducers for baseline free damage
detection. A method based on identifying the first arrival of
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Ao mode from a delamination in the path of wave
propagation is proposed by Yeum et al. (2014). Alem et al.
(2016) have developed a baseline free method based on
cross-correlation analysis. Alguri et al. (2018) have
proposed a dictionary learning framework. This method
combines wave propagation characteristics of a host
structure with geometric information of surrogate structures
to develop a baseline free damage detection method. In
another study, a baseline free method using a dual PZT
network is developed by Lizé et al. (2018). Another method
based on reciprocity principle is presented by Huang et al.
(2017). Recently, a method which make use of a distance
compensation algorithm for pitch-catch pairs of different
length, is proposed by Qiu et al. (2019). Another baseline
free method using a time-space analysis is presented by Li
and Chattopadhyay (2019).

In this study, a baseline-free damage imaging technique
is developed. In order to generate a comparatively pure Ag
mode, a dual-PZT actuation scheme is applied. Since,
temperature variation, changes the velocity of the current
signal, a wave velocity determination procedure is
developed to actively determine the velocity of the Ap mode
without any interpretation of the current signal. Then, a
damage scatter separation process is presented to separate
the damage scatter wave from other waves appear in the
current signal, using the obtained Ao mode velocity. Finally,
a diagnostic image is constructed to show the most probable
location of damage in the structure. This procedure is
applied to experimental data from two aluminum plates one
carrying an L shape crack and the other carrying a hole,
subjected to temperatures variations in a controlled thermal
environment.

2. Baseline-free damage imaging technique

The presented baseline-free damage imaging technique
consists of three steps including the A, mode velocity
determination procedure, damage scatter separation process,
and damage diagnostic image construction.

2.1 The Ao mode velocity determination procedure

Temperature affects the material properties of the
structure and piezoelectric transducers, causing changes in
Lamb wave propagation properties such as wave velocity.
Hence, in this section, a procedure is presented to determine
the Ay mode velocity of current signal.

Consider a sparse sensor network, with N transducer in
conformity to the pitch-catch (Ai — Sj(i,j =12,..,N,)
but i # j)) configuration to generate and acquire Lamb
wave signals into the structure as is shown in Fig. 1. Lgg4
and Ly are the direct distances between the damage and
respectively actuator and sensor.

Captured Lamb wave signals consist of three
components in time domain including the wave which
directly comes from the actuator, the probable damage
scatter wave and the reflections from structure boundaries
as shown in Fig. 2.

The direct distance between the actuator and sensor is
shorter than the distance from the actuator to damage and

e °
@ (o]
Damage
e ° o o
e o e (<] e

Fig. 1 A sparse sensor network consisting N transducer
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Fig. 2 Typical Lamb wave signal

then from damage to sensor. Also, it is shorter than the
distance from actuator to the boundary and then from
boundary to sensor. Hence, the first wave which appears in
the current signal is the Ao mode.

In order to determine the velocity of the Ay mode, the
direct distance between the actuator to the sensor should be
divided by the time in which the wave travels from the
actuator to the sensor.

This time is usually defined as the time between the
energy envelope peak of the excitation signal and the
energy envelope peak of the separated signal. Since, in
some cases, due to the interactions of the boundaries
reflections, their amplitudes may be higher than the
amplitude of the Ap mode which directly comes from the
actuator, determining the time in which the wave travels
from the actuator to the sensor, in this way and without the
interpretation of the signal may leads to false results.

This limits the application of the damage identification
technique for real-time structural health monitoring
systems. To tackle this deficiency, the boundaries
reflections need to be eliminated from the collected signal.
As can be seen in Fig. 2, the primarily beginning time of the
boundaries reflections (t;) can be defined as follow

Lgp +L
t, =22 "bs (1)

v
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Where, L,, and L, are direct distances between the
point B and respectively actuator and sensor (see Fig. 1).
Point B, is a point in the boundaries of the structure which
gives the minimum amount of L,, + Lys. v is the Ay
mode velocity.

However, in practice, due to the lack of information
about the operational temperature of the structure the Ay
mode velocity is also indefinite. Therefore, first we assume
that the structure is serving at its minimum operational
temperature. By decreasing temperature, the wave velocity
increases. Therefore, at minimum operational temperature,
the Ao mode velocity is maximum. While there is the
possibility of mode conversion for the reflected waves,
using the maximum wave velocity in Eq. (1) ensures that all
the boundaries reflections will be eliminated from the
collected signal.

Now, in the time period [0, 3], the collected signal only
includes the Ay mode that directly comes from the actuator
and the possible damage scatter wave. Then, the energy
envelope of the separated signal can be obtained as follow

e(t) = /s2(t) + H2(t) (2)

Where, e(t) is the energy envelope of the separated
signal, s(t) is the separated signal and H(t) is the Hilbert
transform of the separated signal and defined as

1 +o0 ! ,
H(t) = ;f_ :(_tz,dt 3)

As is shown in Fig. 3, the time (t,s) that wave travels
from the actuator to the sensor can be easily defined as the
time between the energy envelope peak of the excitation
signal and the energy envelope peak of the separated signal.

Finally, using t,; and the linear distance from the
actuator to the sensor (d ), the exact Ay mode velocity (v,)
in the presence of unmeasured temperature changes can be
defined as follow

v = — “4)

Since, the procedure does not require any interpretation
of the current signal, it is suitable for actively determination
of Lamb wave velocity in SHM systems.

2.2 Damage scatter separation process (DSSP)

By substituting the accurate velocity of the Apmode, in
Eq. (1), the accurate beginning time of the boundaries
reflections can be determined as follow

_ Lab + Lbs

tap = —— )
c

Where t,, is the accurate beginning time of the
boundaries reflections. Using this time, Thus, the wave
which directly comes from the actuator and the probable
damage scatter wave are separated from the boundaries
reflections.
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Fig. 3 Typical excitation signal and the separated signal

However, still the probable damage scatter wave must
be separated from the wave which directly comes from the
actuator.

As can be seen in Fig. 2, the first wave that appears in
the acquired signal is the wave which directly comes from
the actuator.

Therefore, based on the linear distance between the
actuator to the sensor, the Ao mode velocity and the length
of the excitation signal, the ending time of the wave which
directly comes from the actuator can be determined as
follow

L
tgg = —+1L (6)
UC

Where, t,; is the ending time of the wave which
directly comes from the actuator, L, is the linear distance
between the actuator and the sensor, and L is the length of
the excitation signal.

Using this time, the probable damage scatter can be
separated from the wave which directly comes from the
actuator.

Generally, based on Egs. (5) and (6), a rectangular
window function can be used to define the scatter signal. Its
expression is

0 0<t<ty L
f= 1 tadSt<tab; tad=£+L;
0 t >ty Ve 7)
Loy +L
and tab=u
c

When the collected signal be multiplied by this function,
the damage scatter wave will be separated from other
waves.
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2.3 Diagnostic image construction

Assume that the data acquisition process has been done
in N locations of the monitoring area. The Aomode velocity
is determined and the damage scatter signal corresponds to
each response has been obtained by using the damage
scatter separation process.

The monitoring area is meshed with K X L uniformly
distributed grids. An image can be constructed by relating
the contrast at a grid point to the amplitude of the damage
scatter signal. However, since the damage scatter wave has
five cycles in the time domain, the imaging result will be
speckled which results in difficulty to identify the exact
location of damage.

To tackle this problem, the energy envelope of the
damage scatter signal is utilized instead of the amplitude of
the damage scatter signal. The energy envelope of the signal
is equivalent to its outline and an envelope detector
connects all the peaks in this signal.

For each damage scatter signal, a probability image can
then be constructed as follow

In(iﬂj) = en(tnij)'
L3+ LS 8
n=12,...,N and tm-]-=u ®

Ve

Where, L,(i,j) represents the probability of damage
presence in the imaging grid point (i,j), e,(t) is the
energy envelope of the damage scatter signal correspond to
signal acquired at location n, and t,;; is the time in which
wave travels from actuator to the imaging grid point (i, )
and then from the imaging grid point (i,j) to the sensor.
L% denotes the linear distance between actuator at location
n and the imaging grid point (i,j) and L% is the linear
distance between the imaging grid point (i,j) and the
sensor at location n. v, is the current Ap mode velocity.

Probability images highlight the points which have the
highest probability of damage presence in the structure. The
diagnostic image can finally be constructed by adding all I,
determined from different responses such that

N
PG = ) Ia(i)) ©

Where, P(i,j) represents damage presence probability
in grid point (i, j).

The imaging grid points with the maximum values
demonstrate the probable location of damages in the
structure.

3. Experimental setup

The presented baseline-free damage detection technique
was used to determine the location of an L shape crack and
a hole in two same size aluminium plates at different
temperatures. The dimension of the plates was chosen equal
to 400 mm X 400 mm x 3 mm due to the limitation in the
available space of the climate chamber.
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Fig. 4 An aluminum plate with an L shape crack
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Fig. 5 An aluminum plate with a hole

On the plate with an L shape crack, a sparse sensor
network with pitch-catch configuration was set up with 9
pairs of PZT transducers (APC 851). On the plate with a
hole, a sparse sensor network was set up with 13 pairs of
PZT transducers (APC 851). A dual-PZT actuation scheme
was applied to generate a comparatively pure Ay mode with
enhance energy.

The L shape crack consisted of two through-thickness
edges (edge I and II, respectively being 15 and 5 mm long
and both have 0.2 mm wide), as is demonstrated in Fig. 4
and the hole has 15 mm diameter as is shown in Fig. 5.

The aluminium plates were placed into a climate
chamber device called as ESPEC, where the temperature
can change from the room temperature to 250°C. The
minimum operational temperature of the plate was
considered equal to the room temperature (20°C).

Lamb wave generation and collection were done using
Scan Genie machine. Piezoelectric transducers were acted
as both actuator and sensor with the aid of a two-way
switch.

A 5-cycle sinusoidal toneburst enclosed in a Hanning
window with the length of 0.1 ms was generated and
collected at a sampling rate of 48 MHz. Since due to the
mode tuning effect, at lower frequencies the fundamental
antisymmetric wave mode has a higher relative amplitude
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Fig. 6 Experimental setup

compared to the fundamental symmetric wave mode
(Giurgiutiu 2005), the frequency of the excitation was set to
50 kHz to enhance the energy of the Ay mode.

Temperature was increased from room temperature
20°C to 60°C (five stages in total) in 10°C increment in
each stage. At each stage, for all sensing paths (totally 72)
the Lamb wave signals were collected. Experimental setup
is shown in Fig. 6.
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Fig. 7 The excitation signal and a typical response collected
by sensor network at 20°C

4. Results and discussion

Firstly, the tests were conducted on the plate with an L
shape crack. The signals which were collected at room
temperature (20°C), were utilized to evaluate the
effectiveness of the developed technique in highlighting
damage in the monitoring area. The excitation signal and
the typical response collected by sensor network at 20°C,
are demonstrated in Fig. 7.

In 20°C which was considered as the minimum
operational temperature of the plate, the theoretical value of
the Ap mode velocity in an aluminium plate with 3 mm
thickness at 50 KHz is 2203.2 m/s. This velocity is used as
the first assumption in the current Ao mode velocity
determination process. The current Ao mode velocity was
determined equal to 2198 m/s, which is very close to the
theoretical value. This is exactly what was expected
because the current temperature of the plate was 20°C.

By using the damage scatter separation process, the
damage scatter signals of all sensing paths were obtained.
Since, after damage scatter separation process, some parts
of the collected signal are eliminated, each sensing path can
only cover some points of the structure under inspection. In
fact, each sensing path can highlight those damages where
their (Lgq + Lgs) be less than (Lgy, + Lys). For example,
Fig. 8(a) demonstrates the points which can be covered by
sensing path 2-6.

In all these points Lgq + Lgs < Lgp + Lps. Similarly,
Fig. 8(b) demonstrates the points which can be covered by
sensing path 7-2. If damage be in this area, the damage
scatter signal of sensing path 7-2 will contain this damage’s
scatters, otherwise the damage scatter signal will be zero.

For each sensing path a probability image was
constructed. Fig. 9, demonstrates two typical probability
images constructed based on the sensing paths 2-6 and 7-2.
As can be seen in Fig. 9, the probability image of each
sensing path highlights an elliptical set of points including
the actual location of damage, which have the maximum
probability of damage location. If a sensing path, does not
cover the actual location of damage, it constructs

X (m)
(a)
Fig. 8 The area (in yellow) that can be covered by sensing paths (a) 2-6; (b) 7-2

x (m)

(b)
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Fig. 9 Typical probability images constructed by sensing paths (a) 2-6; (b) 7-2

a probability image which the probability value in all points
is zero.

The diagnostic image which is constructed by adding all
probability values determined from different sensing paths,
can highlight those damages which are covered by at least
three sensing paths.

In other words, the intersection of at least three elliptical
set of points with the maximum probability of damage
location is required in order to highlight the exact location
of damage. Therefore, the diagnostic image can only
highlight those damages where located at points which can
be covered by at least three sensing paths. Such points for
this set of sensor network are shown in Fig. 10.

As can be seen in Fig. 10, this set of sensor network is
not able to cover those points at the corners of the plate. To
overcome this deficiency, four pairs of sensor are added at
the corners of the plate with a hole (see Fig. 5). In this way,
in each sensing path with one of these four pair of sensors,
the direct wave and the first boundary reflections are
received at the same time and will be deleted in damage
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Fig. 10 The area (in yellow) which can be covered by at
least three sensing paths
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Fig. 11 The area (in yellow) which can be covered by at
least three sensing paths of the optimized sensor
network

o] 0.1 0.2 0.3 0.4
X (m}

Fig. 12 The damage diagnostic image constructed based
on signals collected at 20°C
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Fig. 13 A part of the collected signals by sensing path 1-9,
at different temperatures

scatter separation process.

It should be mentioned that in the damage scatter
separation of such sensing paths, t,; is the time in which
the second boundary reflection is sensed by the sensor. As is
shown in Fig. 11, the whole plate can be covered by such an
optimized sensor network.

The damage diagnostic image was then constructed for
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Fig. 14 The Ao mode velocity defined at different

the plate with an L shape crack, by adding all probability
values obtained by different sensing paths. In order to
enhance the quality of the damage diagnostic image, an
average process is utilized.

To do this, the new value of each grid point is the
average of the nearest 81 grid points values. Fig. 12
demonstrates the final damage diagnostic image constructed
based on signals collected at 20°C.

As can be seen in Fig. 12, the grid points with the
highest probability of damage presence, coincide well with
the actual location of the introduced crack which
demonstrates the effectiveness of the developed technique

0 0.1 02 0.3 0.4
X (m)

(b) At 40°C

)

0
0 0.1 02 03 0.4

X (m)

(d) At 60°C

Fig. 15 The damage diagnostic images constructed at different temperatures
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Fig. 16 The damage diagnostic images constructed at different temperatures for aluminum plate with optimized

sensor network and a hole

in highlighting damage without using any baseline data.

Fig. 13 displays a part of the collected signals by
sensing path 1-9, at different temperatures.

As is shown in Fig. 13, by increasing temperature, the
amplitude of the collected signal decreases and the waves
are shifted to the right which indicates a decline in the Ay
mode velocity.

The Ao mode velocity at 20°C (2203.2 m/s) was chosen
as the first assumption in the current Ay mode velocity
determination process and the actual Ay mode velocities at
different temperatures were determined and are shown in
Fig. 14.

Subsequently, using the damage scatter separation
process, the damage scatter signals of all sensing paths at
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different temperatures were obtained and the damage
diagnostic images were constructed. Fig. 15 demonstrates
the damage diagnostic images constructed at different
temperatures.

As can be seen in Fig. 15, at different temperatures, the
grid points with the maximum probability of damage
presence coincide well with the actual location of the
introduced crack. This demonstrates the effectiveness of the
developed technique in highlighting damages in the
structure in the presence of unmeasured temperature.

Moreover, by increasing temperature, the damage
presence probability values are decreased. This is because
of the decrease in the amplitude of the signal by increasing
temperature.

Nevertheless, the diagnostic images do not have a
significant change. Since the goal of the presented method
is damage localization, what is actually important is to
highlight the grid points with the maximum probability
values and the maximum probability value itself is not
important.

In order to check the performance of the developed
method in highlighting damages at different locations of the
structure, the procedure was repeated for the plate with a
hole. Signals were acquired at 20°C, 30°C, 40°C, 50°C and
60°C and the damage diagnostic images were constructed
and are shown in Fig. 16.

As can be seen in Fig. 16, in all temperatures, the grid
points with the maximum probability of damage presence
coincide well with the actual location of the introduced
hole. This demonstrates the effectiveness of the developed
technique in highlighting different types of damage, in
different locations of the structure, in the presence of
unmeasured temperature.

5. Conclusions

In this paper, a baseline-free damage identification
method is proposed for temperature compensation in Lamb
wave based SHM systems. The presented technique was
consisted of three steps. Firstly, the velocity of the current
Ao mode was determined in the presence of unmeasured
temperature. Then, damage scatter wave was separated from
other waves appear in the collected signal. Finally, based on
the energy envelope of the damage scatter signals a damage
diagnostic image was constructed which intuitively
highlights the most probable location of damages in the
structure.  Satisfactory experimental results for the
identification of an L shape crack and a hole in aluminum
plates, subjected to different temperatures, demonstrated
that the proposed method is capable to normal temperature
range.

During the proposed procedure no baseline data was
used. Moreover, the developed technique didn’t need any
interpretation of the signals. These bright advantages,
qualify the presented technique for practical active SHM
systems.
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