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Abstract. This study investigated propagation characteristics of piezo-activated guided waves in an aluminium
rectangular-section tube for the purpose of damage identification. Changes in propagating velocity and amplitude
of the first wave packet in acquired signals were observed in the frequency range from 50 to 250 kHz. The
difference in guided wave propagation between rectangular- and circular-section tubes was examined using finite
element simulation, demonstrating a great challenge in interpretation of guided wave signals in rectangular-section
tubes. An active sensor network, consisting of nine PZT elements bonded on different surfaces of the tube, was
configured to collect the wave signals scattered from through-thickness holes of different diameters. It was found
that guided waves were capable of propagating across the sharp tube curvatures while retaining sensitivity to
damage, even that not located on the surfaces where actuators/sensors were attached. Signal correlation between
the intact and damaged structures was evaluated with the assistance of a concept of digital damage fingerprints
(DDFs). The probability of the presence of damage on the unfolded tube surface was thus obtained, by which
means the position of damage was identified with good accuracy. 
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1. Introduction

Novel methods of damage identification based on guided wave propagation have been the subject

of research since the 1980s. Guided waves, which generally exist on structural surfaces (Rayleigh

waves) or in plate-like structures (Lamb waves), can propagate over a relatively long distance, and

thus allow a broad area or a whole section of a structure to be interrogated with only a few transducers.

Guided wave-based approaches have been successful in identifying various types of damage in

complex engineering structures, such as composite structures (Thwaites and Clark 1995, Castaings

and Hosten 2001, Zhou et al. 2007), aircraft fuselage structures/components (Dalton et al. 2001,

Grondel et al. 2002, Giurgiutiu et al. 2003, Monnier 2006) and civil infrastructure (Pu et al. 2004,

Rizzo and Lanza di Scalea 2006). It has well been substantiated that guided waves can propagate not

only in curved geometries but also in sections of a structure that are otherwise inaccessible, locating some

previously undetectable faults (Castaings and Hosten 2001).
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Tubular structures are widely used in infrastructure applications, e.g., as railway and bridge

components and sections. A train bogie frame, for instance, which is commonly unobserved by

passengers, generally consists of two side beams and two cross beams formed into an H-shaped

frame, where all beams are close tubular sections with internal vertical ribs. Integrity assessment of

these components is essential for the safety of the structures. Such assessment, however, is intricate

because of the complex geometry and, at times, inaccessibility of the components. Nevertheless, it

has been shown that guided waves can propagate along any desired helical path from circumferential

to longitudinal, or throughout the thickness of a circular-section pipe wall, by virtue of different

modes (Alleyne et al. 2001, Demma et al. 2003, 2004). On the basis of such advantages, guided waves

have demonstrated potential for identifying damage on the inner or outer surface of a circular-section

pipe, including erosion/corrosion (Cawley and Alleyne 1996, Pei et al. 1996, Leonard and Hinders

2003), crack/notch (Lowe et al. 1998, Lowe 1998, Valle et al. 2001, Demma et al. 2004, Tua et al.

2005) and hole (Park et al. 1996).

On the other hand, as well as difficulties due to the inherent properties of guided waves, e.g.,

dispersion, attenuation and complex boundary reflection, guided wave modes in tubular structures

are generally complicated by extra modes with harmonic variation of displacements and stresses

around the circumference (Lowe et al. 1998). Between one actuator-sensor pair many helical routes

can exist so that, in addition to the waves propagating along the shortest route between actuator and

sensor, other propagation manners of waves are also available (Leonard and Hinders 2003). As a

result, some waves along routes with a steeper helical path travel further around the tube

circumferentially and may miss the sensor, whereas others travel one or more complete loops around

the tube and then arrive at the sensor. Moreover, helical waves can be generated in both clockwise

and counter-clockwise directions, depending on the relative angular positions of the actuator and

sensor. With the occurrence of damage, the aforementioned phenomena become even more complex

as the damage scatters the waves and causes possible mode conversion. 

Irregular tubular structures (with non-circular cross-sections) are expected to create additional

complexities for wave propagation because of the steeper curvature at corners. In comparison with

circular-section pipes, the rectangular-section tube may therefore cause greater difficulty for

interpretation of guided wave propagation across the tube surfaces. In this study, the propagation

characteristics of piezo-activated guided waves in an aluminium rectangular-section tube are

investigated. An active sensor network consisting of nine PZT elements bonded on different surfaces

of the tube is configured to collect guided wave signals scattered from through-thickness holes of

different diameters. The probability of the presence of damage in the unfolded tube surface is

obtained using signal correlation between the intact and damaged structures, based on a concept of

digital damage fingerprints (DDFs), pinpointing the location of damage.

2. Guided wave modes in pipes

Guided wave modes in circular-section pipes can be generally labelled L(0, n), T(0, n) and F(m, n),

respectively, referring to longitudinal, torsional and flexural modes, where m is the harmonic number

of circumference variation and n represents the order of wave modes, as in the notation for plate

waves (Demma et al. 2004). The longitudinal and torsional modes are axis-symmetrical modes

whereas the flexural modes are non-symmetrical (Rose 1999). In general, guided waves propagate in a

pipe as longitudinal, torsional or flexural modes separately at low frequencies, whereas at higher
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frequencies guided waves behave to a greater extent like those in a curved plate or shell, i.e., Lamb

wave modes. However, there is no distinct separation between these two group modes and all wave

modes may exist synchronously and be intermingled with each other (Leonard and Hinders 2003). In

particular, L(0,1) can be regarded as the fundamental anti-symmetrical Lamb wave mode (A0), while

L(0,2) shows similar properties to the fundamental symmetrical Lamb wave mode (S0) (Silk and

Bainton 1979).

For wave excitation, longitudinal modes, mainly L(0,1) and L(0,2) modes, are usually preferable to

flexural modes because of the axis-symmetrical property that enables an inspection of 360o along the

circumference of pipes (Rose 1999, Tua et al. 2005). Non-symmetrical modes have also been used

for damage detection in pipes after appropriate mode tuning (Zhang et al. 2006). Recently, the

fundamental torsional mode T(0,1) has been employed as well to evaluate damage in the form of

cracks and notches in pipes, based on the advantage that the mode shape of T(0,1) is frequency-

independent and therefore it is completely non-dispersive, with the same velocity value as that of

bulk shear waves (Demma et al. 2003).

 

3. Experiment configuration

An aluminium alloy rectangular-section tube was selected for this study, with the dimensions and

properties listed in Table 1. Three small PZT elements (PI® PIC151) with the properties listed in

Table 2 were bonded at the central line of the top surface (Fig. 1(a)) using an adhesive epoxy. Six

more PZT elements of the same size and properties were bonded at similar positions along one side

and the bottom surfaces of the tube, illustrated in an unfolded configuration in Fig. 1(b), where the

sensors are denoted as S1 to S9. Each sensor could both activate and sense guided wave signals,

functioning as an active sensor network. The wiring of the sensors was completed using shielded

cables to reduce cross-interference and other environmental noise. The two longitudinal ends of the

tube were fixed onto the platform of a Newport RS4000 stabilizer (damping table) using metal screws.

The digital signal was programmed and actuated by an Agilent® E1441 arbitrary waveform generator.

After being converted by a built-in D/A converter and amplified by a piezo system amplifier (EPA-

104), the analog signal imposed an electric field on the PZT actuator, with a peak-to-peak voltage of

Table 1 Geometry and mechanical properties of the aluminium tube

Geometry (mm) Length: 500, width: 63, height: 38, thickness: 3.2

Density ρal (kg/m3) 2700

Poisson’s ratio υal 0.33

Young’s modulus
 

Eal (GPa) 71

Table 2 Mechanical properties of piezoelectric elements

Geometry (mm) Length: 20, width: 5, thickness: 1

Density ρp (g/cm3) 7.80

Poisson’s ratio υp 0.34

Charge constant d31 (m/V) -210×10-12

Charge constant d33 (m/V) 500×10-12

Young’s modulus Ep (GPa) 100
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35 V. Dual-channel synchronous signal acquisition was performed on individual PZT sensors by a

digitizer (Agilent® E1437A) through the IEEE-488 bus, at a sampling rate of 20.48 MHz. Because of

the incompatibility between the sensor output and acquisition hardware (from analog to digital

signals), a signal conditioner (Agilent® E3242A) was used to condition the signal and complete the

functions of amplification, de-noising, electrical isolation and multiplexing, before the signal was

acquired by the digitizer. 

Signal excitation and acquisition were performed on the Agilent® VXI signal simulation/acquisition

platform. The supportive software was developed on NI Labview® (Version: 5.6, National Instrument Co.),

Matlab® (Version 6.3, Mathworks Inc.) and HP VEE® (Version: 4.0, Hewlett-Packard Co.) platforms

to fulfill the designed functionalities, with the aid of Agilent® virtual instrument software architecture

(VISA) and Agilent® standard instrument control library (SICL).

4. Guided waves in rectangular-section tubes

4.1 Selection of optimal excitation frequency

Considering the tube thickness (3.2 mm in this study), the excitation frequency for guided waves

Fig. 1 Aluminium tube with PZT elements in experiments: (a) experimental set-up and (b) configuration and
dimensions
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had to be correspondingly defined so as to avoid the emergence of multiple high order wave modes

with complex waveforms (Hesse and Cawley 2006). On the other hand, poor time resolution and

large wavelength of guided waves at lower frequencies make signal interpretation more difficult

because of the low sensitivity to minute damage. Therefore, the excitation frequency for guided

waves was first optimized before the subsequent damage identification.

Propagation properties of guided waves at a central frequency from 50 to 250 kHz were evaluated

when a five-cycle toneburst modulated with a Hanning window was applied to the actuator. Typical

wave signals from the actuator-sensor pair of S2-S3 acquired at frequencies of 50, 100 and 200 kHz

are plotted in Figs. 2(a)-(c), respectively. It is evident that the waveforms are significantly different

from each other, especially with regard to the arrival time and amplitude of the first wave packet. A

Hilbert transform (Diligent et al. 2002) was adopted to obtain the energy envelope for monitoring changes

in amplitude of wave packets. After normalization by the value at the frequency of 100 kHz, the

amplitudes of the first wave packet at different excitation frequencies are compared in Fig. 3, as well

as the changes in corresponding group velocity in the frequency range of interest. It is evident that

the propagating velocity of the investigated wave mode is dependent on the frequency, and it reaches

a plateau around 5300 m/s (Fig. 3(a)), whereas the magnitude increases with frequency and reaches a

peak value around 100 kHz, but starts to decrease when the excitation frequency increases further

(Fig. 3(b)). 

Fig. 2 Comparison of PZT-activated guided waves at different excitation frequencies: (a) 50 kHz, (b) 100 kHz
and (c) 200 kHz

Fig. 3 Performance of the first wave packet in terms of (a) propagating velocity and (b) amplitude
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On the analogy of guided waves propagating in circular-section pipes (Demma et al. 2004), the

observed wave mode is recognized as L(0,2) which emerges with a marginal but increasing amplitude after

the cut-off frequency. After a rapid change in propagating velocity, it gradually evolves into a less

dispersive range with a relatively constant group velocity. These properties are distinct from the S0

mode propagating in plate-like structures, although both modes demonstrate mainly in-plane

vibration. On the other hand, the reason for the significant decrease in the amplitude of L(0,2) mode

after 100 kHz is that guided waves in tubular structures may gradually develop into plate (Lamb)

wave modes at relatively higher frequencies, where dominance of the S0 mode in the wave signals

(similar to L(0,2)) is lost (Giurgiutiu and Cuc 2005, Tua et al. 2005). Another possible reason for the

maximal magnitude at an excitation frequency of 100 kHz is attributed to the fact that the characteristic

length of PZT selected for actuators and sensors is 20 mm, which is close to half the wavelength of

L(0,2) mode at 100 kHz. Such a configuration proves effective for achieving maximal magnitude of

guided waves excited and captured by PZT elements (Lanza di Scalea et al. 2007). As a result of

these observations, subsequent investigations in this study were conducted at the excitation

frequency of 100 kHz, where L(0,2) mode demonstrated good wave behaviour.

4.2 Propagation mechanisms 

It is appreciated that rectangular-section tubes may induce additional mechanisms for wave

propagation in comparison with their circular-section counterparts because of the steeper curvature at

corners. In this study, two three-dimensional FEM (finite element method) models were created on

the PATRAN® platform using eight-node brick solid elements, one for a rectangular-section tube and

the other for a circular-section one with an equivalent outer radius (32.2 mm), shown in Figs. 4(a)

and (b), respectively. The element size in the surface plane was set to be 1 mm, and four layers were

modelled through the thickness (3.2 mm) to maintain a ratio of 1.25. Dynamic simulation was accomplished

using ABAQUS/EXPLICIT® code (Lu et al. 2007). An in-plane 5-cycle shear force at a central

frequency of 100 kHz modulated with a Hanning window was applied to the nodes at the periphery

of the actuator, based on a model of the actuator attached on the plate surface (Lu et al. 2007); the

element responses at the positions of sensors were acquired, calibrated with the output voltage of a

PZT sensor (Lu et al. 2007). The sampling frequency was selected as 20.48 MHz, consistent with the

experimental settings.

Figs. 5(a)-(c) compare wave signals captured by sensors S2, S5 and S9, respectively, which were

located on different surfaces of the rectangular- and circular-section tubes, when sensor S1 acted as

the actuator. It is noted that the waveforms are different in the two cases, although the guided waves

Fig. 4 Geometric models for (a) rectangular-section tube and (b) equivalent circular-section tube in FEM simulations
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arrive at the same time for the same propagation distance. In particular, the magnitudes of the guided

waves propagating along the surface of the rectangular-section tube were significantly lower than

those for the circular-section tube, indicating more energy loss when guided waves propagated in the

rectangular-section tube. The significant energy loss would inevitably increase the complexity of

signal processing and subsequent damage identification because of the weak signals.

5. Interaction with damage

A hole of 3 mm diameter was introduced by drilling at the central line at a distance of 325 mm

from the left end of the pipe, and the diameter of the hole was subsequently enlarged step-by-step to

4.6 mm, 9.0 mm, 10.5 mm and 11.9 mm (Fig. 1). The interactions between guided waves and the

damage of five different diameters were studied in experiments, with the assistance of the active

sensor network. Sensors S1, S4 and S7 were activated to generate guided waves respectively to

investigate the capability of guided waves for effective damage identification in cases where (1) the

damage was located on the same surface as the actuator and the sensor; (2) the damage and the

actuator only were located on the same surface; and (3) the damage was not located on the same

surface as the actuator and the sensor. 

For case 1, where sensor S1 functioned as the actuator, the normalized signals received at sensors

S2 (for normal wave reflection from the damage) and S3 (for normal wave transmission from the

damage) for the intact structure (benchmark) and for the tube with a hole of 11.9 mm diameter are

compared in Figs. 6(a) and (b), respectively. The differences in the signals captured by sensor S2 are

clearly visible although the reflected waves from the damage cannot be identified exclusively

because of the overlap with other wave components existing in the benchmark signal. In addition, it

is observed that the amplitude of the transmitted wave signal decreases in the damaged tube in

comparison with the benchmark signal. 

Damage-scattered wave signals were also collected by sensors S5, S6, S8 and S9 when sensor S1

was activated, for the purpose of simulating the case where only the damage and the actuator are

located on the same surface (case 2). Figs. 6(c) and (d) illustrate the captured signals at sensors S6

and S9, respectively, for the benchmark and the tube with a hole of 11.9 mm diameter. It can be

observed that the signal discrepancy between the tubes with and without hole damage is still visible,

implying that guided waves are capable of propagating across the sharp curvature of the rectangular-

section tube while maintaining sensitivity to damage that is not located on the surfaces where the

Fig. 5 Captured wave signals in rectangular- and circular-section tubes: (a) sensor S2, (b) sensor S5 and (c) sensor S9
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sensors are attached. 

To monitor wave scattering from a hole that was not located on the surface of the actuator and the

sensor (case 3), sensors S4 and S7 were activated separately, and sensors S5, S6 and S8, S9 were

Fig. 6 Captured wave signals with and without a hole of 11.9 mm diameter with S1 as actuator: (a) sensor S2,
(b) sensor S3, (c) sensor S6 and (d) sensor S9

Fig. 7 Wave signals from sensor S6 with and without a hole of 11.9 mm diameter with S4 as actuator
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correspondingly deployed as receivers. Typical signals captured by sensors S6 (with S4 as the

actuator) and S9 (with S7 as the actuator) are plotted in Figs. 7 and 8, respectively, where the sensors

still exhibit noticeable sensitivity to the hole damage. From Figs. 6-8, it is substantiated that guided

wave components scattered by the damage could propagate across the sharp structural curvature, and

they could be captured by sensors that were not located on the surface where the damage occurred. It

can be concluded by cases 1-3 that PZT-activated guided waves show promising potential to effectively

detect damage at an arbitrary location in tubular structures. In particular, for the circumstance where

a structure or part of it under inspection is inaccessible, the sensors can be configured and installed

on one surface of the structure only, but can still monitor the integrity of the structure.

On the other hand, it is evident that the captured wave signals are too complex to be processed for

quantitative assessment with a normal forward analysis in which the reflection or transmission

coefficient can be quantitatively obtained after a Hilbert transform (Lu et al. 2007, 2008). In detail,

the scattered waves (including reflected and transmitted waves) induced by the presence of the hole

damage overlap with other incident wave modes at lower propagating velocities and/or with the fast

reflections of L(0,2) mode from the nearest structural boundaries. It is thus difficult to define the

exact time-of-flight (ToF) of wave components scattered by the damage to determine its position. An

algorithm based on signal correlation is therefore developed in this study, by means of which the probability

of the existence of damage in the inspected structure can be obtained.

6. Probability of presence of damage

It is appreciated that the probability of the existence of damage at a particular point in the structure

can be determined by the correlation coefficient, which represents the severity of the signal change in

actuator-sensor pairs, and the relative position from the point to these pairs (Hay et al. 2006). Assuming

that a total of N actuator-sensor pairs in an active sensor network are involved for constructing the

probability of the existence of damage, the probability of damage P(x, y) at position (x, y) can be

expressed as (Hay et al. 2006, Zhao et al. 2007).

(1)
 

Fig. 8 Wave signals from sensor S9 with and without a hole of 11.9 mm diameter with S7 as actuator
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(2)

where 

is the ratio of the sum of the distances from point (x, y) to actuator (xak, yak) and sensor (xsk, ysk) to the

distance between the corresponding actuator and sensor. ρk is the correlation coefficient between

signals for the damaged and benchmark structures of the kth actuator-sensor pair. β is a scaling

parameter controlling the area influenced by the kth actuator-sensor pair, and was set to 1.03 in this

study (Hay et al. 2006). Eq. (1) indicates that the lower the values of coefficient ρk and ratio R, the

higher the probability of the presence of damage at a specific point of the structure. 

The approach based on signal correlation has been successfully applied for plate-like structures to

identify material loss (Hay et al. 2006), hole (Lu et al. 2009) and multiple notches (Wang et al. 2009),

respectively. However, the captured signals in tubular structures are in fact the combination of guided

waves propagating in both clockwise and counter-clockwise helical paths, unlike the propagation

manner in plate-like structures. As a result, the uncertainty as to the distance between respective

actuator-sensor pairs for tubular structures would introduce additional complexity for determining the

probability of damage presence defined by Eqs. (1) and (2). Without an appropriate configuration of the

sensor network, the capability of the proposed algorithm for damage identification would be compromised.

As indicated in Figs. 9(a)-(c), three possible unfolded forms with dissimilar configurations of actuator-

sensor pairs are available for the tube specimen. All three configurations should be evaluated because of

variation in the distance ratio defined by Eq. (2), although the correlation coefficients are identical for

individual actuator-sensor pairs among the three cases.

Instead of using the raw wave signals, characteristic time points and corresponding amplitudes

were extracted as principal wave components from individual raw wave signals and encapsulated using the

concept of digital damage fingerprints (DDFs) (Lu et al. 2009) before and after the introduction of

the damage in the experiments. The cross-correlation coefficients of DDFs between the damaged and

benchmark structures were calculated for the 36 actuator-sensor pairs engaged, and are listed in

Table 3. The lowest correlation coefficient for the hole of 11.9 mm diameter was 0.96 from the path

of S3-S4, and the averaged values from typical paths of S1-S3, S4-S6 and S7-S9 were 0.994, 0.997

and 0.997. As a preliminary judgment, it was estimated that the damage should be located somewhere close

to the area influenced by S3 and S4 for the lower values of correlation coefficients. The probability

of the existence of damage was subsequently evaluated using Eq. (1) on a grid of 1×1 mm2 meshed in

the area enclosed by the sensor network. 

With the configurations of actuator-sensor pairs shown in Figs. 9(a) and (b), Figs. 10(a) and (b) compare

the predicted hole position which is marked by the symbol “+” with the actual hole position represented

by the symbol “×”. It is noted that the accuracy in identifying the position of damage was quite poor.

In contrast, the probability of the presence of damage with the third configuration shown in Fig. 9(c)

is shown in Figs. 11(a) and (b) for damage in the form of a hole of 9.0 mm and 11.9 mm diameter,

respectively. The darkest circle indicates the area of the greatest possibility of the presence of damage with a

threshold of 90%. The coordinates of the maximum value of probability, denoted as Pmax, represent
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the predicted central location of the damage. The predicted and actual centers of the damage for

different hole sizes are compared in Table 4, in the coordinate system where the center of sensor S7

Fig. 9 Configurations of actuator-sensor pairs on the unfolded tube surface: (a) configuration 1, (b) configuration 2
and (c) configuration 3

Table 3 Actuator-sensor pairs for establishing probability of the presence of damage

Path Path

S1 to S3 (S3 to S1) S3 to S8 (S8 to S3)

S1 to S6 (S6 to S1) S4 to S6 (S6 to S4)

S1 to S9 (S9 to S1) S4 to S9 (S9 to S4)

S2 to S3 (S3 to S2) S5 to S6 (S6 to S5)

S2 to S6 (S6 to S2) S5 to S9 (S9 to S5)

S2 to S9 (S9 to S2) S6 to S7 (S7 to S6)

S3 to S4 (S4 to S3) S6 to S8 (S8 to S6)

S3 to S5 (S5 to S3) S7 to S9 (S9 to S7)

S3 to S7 (S7 to S3) S8 to S9 (S9 to S8)
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Fig. 10 Probability of the presence of damage: (a) configuration 1 and (b) configuration 2

Fig. 11 Probability of the presence of damage with the third configuration of actuator-sensor pairs: (a) hole of
9.0 mm diameter and (b) hole of 11.9 mm diameter
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is the coordinate origin. 

The main reason for the inaccuracy using the sensor configurations shown in Figs. 9(a) and (b)

may be attributable to the fact that the damage was located at the edge of the sensor network, where

fewer actuator-sensor paths contributed to the construction of the probability of the existence of

damage. In contrast, the damage is encircled by the sensor network in the third configuration shown

in Fig. 9(c). As a result, the number of sensitive actuator-sensor paths (paths that lie close to or

exactly across the damage) increased considerably. The capability of the desired sensor network for

locating the damage was therefore significantly enhanced. 

It is also appreciated that different severities of damage will induce dissimilar energy distribution

of wave signals. It is thus noticed that the accuracy of prediction improves with an increase in the

severity of damage (that is, a larger hole), where more obvious deviation occurs or lower correlation

to the benchmark is obtained, making identification easier. In particular, the identification accuracy

for the smallest damage (the hole of 3 mm diameter) is exceptionally poor even with the third configuration,

implying that the proposed approach may lack effectiveness for a hole of small diameter. On the

other hand, the diagnosis results are almost the same for the holes of 10.5 and 11.9 mm in diameter,

indicating that the precision of the proposed algorithm approached stability with the increase in the

severity of damage, and the inaccuracy for the two larger holes may be attributable to system error in

the experiments. 

7. Conclusions

The propagation characteristics of piezo-activated guided waves in an aluminium tube of rectangular-

section were investigated in this study using numerical simulations and experiments. Changes in

propagating velocity and amplitude of the first wave packet that was recognized as L(0,2) mode were

observed in the frequency range from 50 to 250 kHz. The wave scattering induced by through-

thickness holes of different diameters was studied experimentally with the aid of an active sensor

network. For the complex interaction between guided waves, damage, and structural boundaries, an

algorithm based on correlation evaluation of wave signals was developed for the tubular structures.

Different configurations of actuator-sensor pairs for tubular structures were developed for the purpose of

precisely locating the position of the damage.

It was concluded that guided waves demonstrate diverse propagation properties in the frequency

range of interest. The propagation of L(0,2) mode in the current tubular structure, which is similar to

the performance of the S0 mode in plate-like structures, demonstrated the maximum magnitude with

less dispersion at a central frequency of 100 kHz. More energy loss occurs when guided waves propagate

along the surfaces of the rectangular-section tube, which introduces more difficulty for signal

processing and identification. Although guided waves propagate helically in clockwise and counter-

clockwise directions, L(0,2) mode remained sensitive to damage even when it was not on the surface

where the actuators and sensors were attached. The proposed approach can intuitively establish the

Table 4 Comparison of predicted and actual hole positions 

Diameter=3 mm Diameter=4.6 mm Diameter=9.0 mm Diameter=10.5 mm Diameter=11.9 mm

(399 mm, 101 mm) (248 mm, 76 mm) (259 mm, 98 mm) (305 mm, 114 mm) (300 mm, 115 mm)

*Actual position is (300 mm, 101 mm)
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probability of the presence of damage with good estimation of its location. The proposed algorithm is

a promising method to effectively detect the position of damage, eliminating the need to extract ToF

information from complex signal segments, which is the prerequisite for most forward analyses.
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