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ABSTRACT 
 

Over the past years, there has been an increasing interest in application of guided waves (Lamb waves) 

for investigating the damage state of structures. Guided waves propagate over long distances in thin-

walled structures and interact even with small damages, e.g., cracks. Consequently, guided waves 

provide the possibility for wide range inspection in the field of structural health monitoring. In this 

contribution, the scattering analysis of guided waves is numerically tested by means of artificial 

disturbances. The setup is defined according to future planned experiments. These artificial disturbances 

are introduced by circular and square shaped objects with varying thickness and orientation, which are 

bonded to the surface of an aluminium plate. These small structural obstacles scatter the incident wave. 

Constructive and destructive interference in the reflections form characteristic patterns, which are 

described by wave damage interaction coefficients (WDICs). The WDICs are calculated by a local finite 

element model with non-reflective boundaries (NRB) using the steady-state analysis method. A 

catalogue of WDICs for the considered artificial disturbances is generated. The local simulation model 

and the identification method are validated by comparing a transient and a steady-state analysis for the 

same model. For testing the identification method a global finite element model is simulated for selected 

damages from the WDIC catalogue by transient analysis, which, however, represent future planned 

experiments. The transiently simulated scattered time signals at multiple sensing locations are compared 

to the data from the WDIC catalogue. By this comparison it is shown, that type, thickness and orientation 

of the considered artificial disturbances can be identified by a comparison of scattered signals to a WDIC 

catalogue.  

 

1. Introduction 
 

Over the past years, in different fields of engineering lightweight design gain more and more importance 

in modern constructions e.g. aircraft, cars or wind turbines. At the same time the increasingly optimized 

lightweight structures often get more vulnerable for damages and the fields of structural health 

monitoring (SHM) and non-destructive testing (NDT) evolved new methods to assess a structures state. 

In current research, e.g. inkjet-printed carbon nanotube strain sensors are used for detection and 

localization by tomography[1] and piezoelectric wafer active sensors (PWAS) are used for 

electromechanical impedance method[2] and ultrasonic guided wave[3], etc. are investigated for possible 

SHM applications. Especially ultrasonic guided waves can travel over long distances in thin-walled 

structures, which are typically utilized in lightweight constructions. The probing wave packets interact 

with small structural changes, e.g. holes or cracks, and generate reflections additional to the incident 

wave field. These reflections contain information about the damage. Different analysis methods allow 

revealing certain information about this interaction, and thus about the damage itself. The multimodal 

and dispersive characteristics of guided waves make SHM applications and extracting information about 
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the damage quite complex. Furthermore, the wave damage interaction is very complicated and currently 

only simple forms, e.g. circular holes[4], can be calculated analytically. Hence, finite element method 

(FEM) models are used to simulate the interaction between the incident wave and the damage 

numerically[5,6]. This study is based on the semi-analytical combined analytical FEM approach (CAFA) 

and uses a steady-state analyses for the local FEM model to simulate the wave damage interaction 

directly in frequency domain[5]. From this local simulation model so-called wave damage interaction 

coefficients (WDICs) are extracted. These WDICs describe a characteristic pattern around the damage, 

which is formed by constructive and deconstructive interference of the reflections around the damage. 

In this study, a catalogue of these characteristic WDIC patterns is numerically calculated for different 

artificial disturbances, which represent different damages. For these artificial disturbances different 

shaped objects with varying shape, thickness and orientation are bonded to the top surface of an 

aluminum plate. The artificial disturbances vary strongly from real damages, but allow simple 

implementation in future planned experiments. However, for few selected damages of the catalogue a 

global transient FEM model, representing an experiment, is simulated. For the incident wave only the 

fundamental asymmetric A0 mode is taken into account. In this paper, the potential of comparing 

scattered time signals to a WDIC catalogue is discussed by the question, if it is possible to uniquely 

identify certain damage parameters of the considered artificial disturbances.  

 

2. Semi-analytical methodology 
 

The propagation of guided waves in undamaged structures is well studied and can be described 

analytically[7,8]. The CAFA combines these analytics with a local FEM model, which simulates the 

complicated wave damage interaction[5]. This local FEM model is depicted in Fig. 1 (b) and focuses 

only on the wave propagation in the near vicinity of the damage. In contrast Fig. 1 (a) shows the global 

FEM model, which simulates the scattered time signals in the whole considered structure, and however, 

represents future planned experiments. Generally, for both models a couple of simulations, one for the 

pristine and one for the damaged case, has to be computed. In the damaged case the incident wave is 

scattered by the damage. The resulting scattered wave superimpose to the incident wave and merge to a 

total wave field. By subtracting the undamaged from the total wave field, the displacement of the sole 

scattered wave is calculated (baseline subtraction). The artificial disturbance scatters the incident wave 

field in all directions with different intensities. Hence, within the CAFA framework the damage is 
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Figure 1: Sketch of the (a) global model and (b) local model 
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modelled as a direction dependent point source. The mathematical representation of this equivalent point 

source can be written as[5]  𝑢SCB (𝜙Sen)𝑒−𝑖𝜑SCB (𝜙Sen) = 𝑢INA 𝑒−𝑖𝜑INA 𝐶AB(𝑓, 𝜙Sen)𝑒−𝑖𝜑AB(𝑓,𝜙Sen)𝐻1(1)(𝜉B𝑟) (1) 

In Eq. (1) the term 𝑢INA 𝑒−𝑖𝜑IN  describes the amplitude 𝑢INA  and phase 𝜑IN  of the incident wave with 

mode A. Analogously the scattered wave field is described by 𝑢SCB (𝜙Sen)𝑒−𝑖𝜑SCB (𝜙Sen) with mode B. The 

term 𝐶AB(𝑓, 𝜙Sen)𝑒−𝑖𝜑AB(𝜙Sen) is the WDIC and describes the properties of the equivalent point source 

representing the damage by the amplitude coefficient 𝐶AB(𝑓, 𝜙Sen) and phase coefficient 𝜙AB(𝑓, 𝜙Sen). 

The propagation of guided waves from a point source along the radius 𝑟 in mode B follows the first kind 

Hankel function of order 1 𝐻1(1)(𝜉B𝑟) with the wavenumber 𝜉B [8,9]. Eq. (1) can be rearranged to  𝐶AB = 𝐶AB(𝑓, 𝜙Sen) = |𝑢SCB (𝜙Sen)𝑢INA 1𝐻1(1)(𝜉B𝑟Sen)|, (2) 

which describes the amplitude coefficients, depending on the frequency  𝑓 and the sensing angle 𝜙Sen. 

The amplitude coefficient 𝐶AB allows to describe mode conversions during the wave damage interaction, 

e.g. 𝐶AS describes the amplitude ratio of an incident asymmetric A0 wave scattered and mode converted 

to a symmetric S0 wave. However, this study investigates only 𝐶AA, the amplitude coefficients for a 

scattering from an A0 to an A0 mode. For the tested artificial disturbances mode conversions occur but 

is left for future research. The second part of the WDIC, the phase coefficients 𝜑AA, are not presented 

in this paper. For a detailed description of the CAFA framework, the author refers to literature[5,10].  

 

2.1 Local model for WDIC calculation 
 

The local FEM model (see Fig. 1 (b)) simulates the interaction between the incident wave and a damage 

in detail. Generally, the WDICs represent the damage as a point source for the scattered field and 

therefore the wave displacements are relating to a cylindrical coordinate system placed at the center 

position of the damage. This wave displacements are measured at several sensing positions with sensing 

angle 𝜙Sen along a sensing circle with radius 𝑟Sen = 30 mm. The radius of the sensing circle has to be 

big enough to avoid capturing non-propagating waves in the near field of the damage. This should be 

satisfied for a sensing radius bigger than several plate thicknesses[11]. The sensing points are on the top 

and bottom surface of the plate and allow to differ between symmetric and asymmetric wave motion. 

Thus, this model delivers the unknown quantities 𝑢SCB  and 𝑢INA  of Eq. 2 and enable calculating the 

WDICs amplitude coefficients 𝐶AB for a certain damage. Furthermore, the local CAFA model uses a 

steady-state analysis combined with non-reflective boundaries (NRBs) at the circumference[12]. These 

NRBs avoid reflections from the structures boundaries and allow to simulate an infinite plate. For 

implementation the damping elements follow a half Von-Hann window function with a damping 

coefficient 𝛿 = 0.3 over a length of 𝑙NRB = 30 mm[12]. The compact size (150 mm ×  150 mm) due 

to the NRBs and direct solution in frequency domain by a steady-state analysis makes this FEM model 

very efficient. The resulting comparatively short computation time allows simulating several damages 

and generating a WDIC catalogue in reasonable time. In this study, for the WDIC catalogue different 

artificial disturbances, represented by bodies made from steel, are bonded to the top surface of an 

aluminum plate with thickness ℎ = 1.6 mm. The artificial damages are bonded to the structure by a tie 

coupling. The applied material properties are listed in Table 1. 

 

Table 1. Material properties 

Material parameters Aluminum Steel 

Young’s modulus 𝐸 70 GPa 210 GPa 
Poisson’s ratio 𝜈 0.33 0.33 

Mass density 𝜌 2700 kg/m3 7800 kg/m3 



 

 

 

Two different shapes, circular and square, for a size of 𝐷 = 10 mm with varying thickness 𝑒  and 

orientation 𝛼  are investigated as damages. The thickness 𝑒  of the bodies representing the artificial 

disturbances is described by the dimensionless thickness ratio 𝜀 = 𝑒ℎ. Both shapes are simulated for  𝜀 = 0.5 and 𝜀 = 1. For the square shape, different orientations 𝛼  are varied, as depicted in Fig. 2. 

Altogether this variations lead to a WDIC catalogue with 10 different damages, which are enumerated 

in Table 2. 

 

 

Figure 2: Orientations 𝛼 of the cuboid artificial disturbances 

 

Table 2. Damage description of the WDIC catalogue 

damage No. shape orientation 𝛼 thickness ratio 𝜀 

1 
circular 

- 0.5 

2 - 1 

3 

square 

0° 0.5 
4 15° 
5 30° 
6 45° 
7 

square 

0° 1 
8 15° 
9 30° 
10 45° 

 

In the global scenario (see Fig. 1 (a)), the distance from the actuator to the damage is assumed to be very 

big compared to the damage size. Hence, the curvature of the wave front is neglected and a line load 

over the whole width is used to excite a plane wave in the local model (see Fig. 1 (b)). In this study, 

only the asymmetric A0 mode is used for the incident wave. Due to its shorter wavelength and 

asymmetric motion this mode is more sensitive to the investigated damages. For selective excitation of 

an asymmetric A0 wave mode the forces in this model are placed at the top and the bottom of the plate 

and act in out-of-plane direction. This simplified excitation model seems to be a good approximation 

for the real mode shape in the investigated frequency range from 𝑓 = 80 to 320 kHz. For higher 

frequencies 𝑓 the characteristic mode shape in thickness direction is more complex and forces in in- and 

out-of-plane direction over the whole thickness would be necessary[13]. However, all the simulations are 

performed by the commercial software ABAQUS 6.14 and use linear solid elements (C3D8) to resolve 

0° 15° 
30° 

45° 
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the stress gradients and stress concentrations during the wave damage interaction. The local model is 

meshed by four elements in thickness direction and a maximal element size of 0.5 mm for the in-plane 

directions, which fulfills the recommendation of at least 10 elements per shortest wavelength[14]. 

Generally, the mesh strategy in this case is not straightforward due to the different wave propagation 

types, i.e. plane wave (excited incident wave) and circular wave (scattered wave) motion. For ideal wave 

propagation differently structured meshes would be needed and therefore it is difficult to find an optimal 

mesh in this case. However, the simulation results respectively the extracted amplitude coefficients 𝐶AA 

contain lots of information about the damage. The dependency on the sensing angle 𝜙Sen shows sensible 

and non-sensible directions for given frequencies 𝑓, as it is depicted in Fig. 3. Figure 3 shows that the 

amplitude coefficients in sensing direction 𝜙Sen = 30°  are nearly of the same size, although the 

thickness and orientation are different for both damages. This is not the case for other frequencies 𝑓 and 

this variation in frequency 𝑓  for a constant sensing angle 𝜙Sen  (defined by the PWAS location in 

possible real SHM application) can be used to highlight more sensible regions in the frequency domain. 

This is illustrated in Fig. 4 (a) for a comparison of several amplitude coefficients 𝐶AA  of different 

artificial disturbances from the WDIC catalogue. Besides that, by using the steady-state analysis 

different frequency combinations within the simulated frequency range can represent several time 

excitation signals via Fourier transform. Hence, the results of one steady-state model can replace several 

transient simulations with different excitation signals, e.g. different central frequencies 𝑓a or number of 

excitation periods. To illustrate this and validate the local model, a comparison between a transient and 

a steady-state analysis for two arbitrary damages from the WDIC catalogue are presented. Therefore the 

same couple of local models, for the pristine and the damaged case, is simulated by two analyses. First, 

a steady-state analysis solves the wave displacements in the frequency domain. Second, an explicit 

transient analysis simulates the time history of the wave field for a time step of Δ𝑡 = 0.1 μs. Both 

simulations use exactly the same local model. For the transient analysis the local model is excited by a 

5 period Von-Hann windowed sine function with a central frequency of 𝑓a = 200 kHz, as typically used 

for experiments. The scattered time signals are determined analogously to the steady-state model by 

baseline subtraction for sensing positions 0°, 30°, 60°,… , 360°  along the sensing circle. Then this 

scattered time signals and the incident wave field at the center position of the pristine model are 

transformed to the frequency domain by Fourier transform. Using this transformed values in Eq. 2 gives 

the inverse calculated amplitude coefficients 𝐶AAinv from the transient analysis. Hence, the amplitude 

coefficients from the steady-state analysis (𝐶AA) and the transient analysis (𝐶AAinv) can be compared in 

   (a)   (b)  

Figure 3: Comparison of amplitude coefficients 𝐶AA (steady-state) and 𝐶AAinv (transient) at 𝑓 = 200 kHz  

for the local FEM model with (a) damage No. 10 (𝛼 = 45°) and (b) damage No. 4 (𝛼 = 15°) 
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frequency domain, as it is illustrated in Fig. 3 for a frequency of 𝑓 = 200 kHz . In Fig. 3 (a) the 

symmetry of the damage No. 10 with square shape, full thickness (𝜀 = 1) and orientation 𝛼 = 45° about 

the incident wave direction lead to a symmetric pattern for the amplitude coefficients 𝐶AA. For this 

damage the results of both analyses match very well for the compared sensing directions. The 

comparison in Fig. 3 (b) shows the results for the damage No. 4 with square shape, half thickness  

(𝜀 = 0.5) and orientation 𝛼 = 15°. The unsymmetric orientation of this damage to the incident wave 

direction results in an unsymmetric scattering pattern. The maximum amplitude for the reflected wave 

directions (90° < 𝜙Sen < 270°) is in the sensing direction 𝜙Sen = 210°, which could be explained by 

the law of reflection for the damage orientation 𝛼 = 15°. However, this relation of maximum reflected 

amplitude and damage orientation 𝛼  is not generally true for other frequencies 𝑓  or damage 

orientations 𝛼. The results in the sensing direction 𝜙Sen = 0° show a mismatch, which might be caused 

by the different influence of the mesh on the scattering behavior in time and frequency domain. Besides 

that, the NRBs might not damp the guided waves perfectly and the resulting disturbances from the 

structure’s boundary might affect both results differently. Nevertheless, the correlation of the results 

from the steady-state and the transient analysis is quite good and show, that the transient results can be 

represented by the steady-state results in good approximation.  

 

2.2 Global model 
 

In this study, besides the local model for the WDIC extraction, a global model is used to represent future 

planned experiments. For SHM applications typically small and lightweight PWAS are used to excite 

and measure guided waves in a structure of interest. PWAS couple electrical to mechanical energy and 

vice versa by the piezoelectric effect. In the global FEM model the actuator PWAS is modelled as solid 

body with pressure forces at its surfaces. These pressure forces lead to equivalent deformations as for 

an electrical field applied to the electrodes. Hence, a purely mechanical model can be used instead of a 

coupled-field simulation with additional electrical degrees of freedom. This simplified excitation saves 

computation time and common mechanical FEM solvers are sufficient. For a detailed description the 

author refers to Nieuwenhuis et al.[15]. Generally, guided waves have a multimodal characteristic, i.e. for 

one excitation frequency at least two guided wave modes exist. For excitation of a single guided wave 

mode two actuators have to be located opposite to each other on the top and bottom surface of a plate. 

If the actuators are supplied asymmetrically, e.g. voltage signals with different sign, a purely asymmetric 

A0 wave is excited. This excitation method is realized for the global FEM model. The considered 

actuator PWAS have a circular shape with a diameter 𝑑 = 5 mm, a thickness of 𝑡a = 0.2 mm and 

material properties of piezoceramic material PIC255. As excitation signal the same tone burst signal 

(5 periods Von-Hann windowed sine function with a central frequency of 𝑓a = 200 kHz) as for the 

validation of the local model is used. In the global model (see Fig. 1 (a)) the distance from the actuator 

PWAS to the damage is 150 mm. The wave propagation over this undamaged area of the plate needs 

to be simulated as well, which enlarges the model. Additionally, the waves have to travel over this 

distance before interacting with the damage and thus the needed calculation time increase significantly. 

To reduce the calculation time the same NRBs as in the local model are used to damp the reflections 

from the structures boundary. Besides that, a symmetry condition along the 𝑦-axis is used to reduce the 

size of the global model. It is to say, that this symmetry has to be treated with particular caution. The 

reflections from the virtual symmetric damage mirrored to the left side of the actuator might 

superimpose to the scattered wave field of the investigated damage. Especially the faster symmetric S0 

waves, which are generated due to possible mode conversion, could cause misinterpretations. These 

considerations should be taken into account for simulation time and model size. The dimensions of the 

global model are 230 mm × 160 mm × 1.6 mm for the symmetric modelled part. For the mesh linear 

solid elements (C3D8) with mainly rectangular shape are selected with a maximum mesh size of 0.5 mm 

in-plane and four elements in thickness direction. The sensing points on the top and bottom surface are 

placed at nodes as close as possible to a distance of 𝑅 = 30 mm every 30° around the damage. For the 

measured time signals at the sensing points basically the same data processing as for the validation of 

the local model is used to calculate the inverse amplitude coefficients 𝐶AAinv. Briefly summarized, the 

scattered time signals are calculated by baseline subtraction and transformed to frequency domain by 



 

 

 

Fourier transform. This enables a direct comparison to the amplitude coefficients 𝐶AA from the WDIC 

catalogue, which are calculated by the local model in the frequency domain. This comparison allows to 

identify damage parameter like shape, thickness and orientation.  

 

3. Identification methodology and results 
 

Generally, SHM methods can be classified in different levels, i.e. Rytter defined the four levels: damage 

detection, damage localization, damage quantification and damage qualification[16]. Guided wave based 

methods can serve different levels at the same time or successively. For instance, the damage position 

can be localized by measuring the time-of-flight (second level)[17]. Therefore, the time-of-flight is 

extracted from the envelope of the scattered wave packets in the time domain. In this study, the scattered 

time domain wave signals calculated by transient explicit simulation of the global FEM model (see 

Fig. 1 (a)) are transformed to frequency domain and subsequently compared to amplitude coefficients 

of a WDIC catalogue of different damages calculated by the local steady-state simulation model (see 

Fig. 1 (b)). For a known damage position matching the WDIC coefficients 𝐶AA  for a sensing 

direction 𝜙Sen over a specific frequency range allow to contribute to the last two levels of Rytter, i.e. if 

a certain damage parameter can be identified.  

In Fig. 4 (a) the extracted inverse amplitude coefficients 𝐶AAinv from the global model for damage No. 4 

are compared to several amplitude coefficients 𝐶AA of different damages from the WDIC catalogue for 

an arbitrary sensing direction 𝜙Sen = 210°.  
 

 
 

It can be seen, that the results match closely for damage No. 4, especially compared to the other 

considered damages No. 2 and No. 3. The differences between the results of damage No. 4 are caused 

mainly by the influence of varying mesh topologies in both models. However, the global and local model 

lead basically to the same scattering pattern for the amplitude coefficients 𝐶AA. Nevertheless, for specific 

frequencies like, e.g. 𝑓 = 170 kHz for damage No. 2 and No. 4 or 𝑓 = 230 kHz for damage No. 2 and 

No. 3, the curves in Fig. 4 (a) intersect and the damages cannot be distinguished. Hence, the variation 

of the amplitude coefficients 𝐶AA with frequency 𝑓 is taken into account for the identification by a 

deviation metric 𝑀. For this first investigation a simple deviation metric 𝑀 is defined by  

Figure 4: (a) Comparison of the global results (asterisks) to the amplitude coefficients 𝐶AA  

from the WDIC catalogue for different damages in sensing direction 𝜙Sen = 210° 
(b) normalized amplitude of the incident wave displacement  𝑢INA0  

(5 periods Von-Hann widowed sine function with a central frequency 𝑓a = 200 kHz) 
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𝑀 = 𝑀(𝜙Sen) = ∑ 𝐶AA(𝑓𝑘, 𝜙Sen) − 𝐶AAinv(𝑓𝑘, 𝜙Sen) 𝑛
𝑘=1 . (3) 

The deviation metric 𝑀 in Eq. 3 calculates the sum of absolute differences between the amplitude 

coefficient 𝐶AA (from the WDIC catalogue) and the inverse calculated amplitude coefficient 𝐶AAinv (from 

the global model) for 𝑛 frequency steps 𝑓𝑘 and for a sensing direction 𝜙Sen. For calculating the inverse 

amplitude coefficients 𝐶AAinv from the global model by using Eq. 2 the scattered wave displacement 𝑢SCA0 

is normalized by the incident wave displacement 𝑢INA0. The amplitude of the incident wave displacement  𝑢INA0  over frequency 𝑓 is depicted in Fig. 4 (b). Due to the dispersive behaviour of the asymmetric A0 

mode the curve is slightly skewed to lower frequencies and no longer symmetric about the excited 

central frequency 𝑓a = 200 kHz . Furthermore, the amplitude of the incident wave  𝑢INA0  contains 

several zero points (see Fig. 4 (b)) as a result of the windowing process in time domain. Consequently, 

the amplitude coefficients tend to infinity for these zero points and in their near surrounding the error is 

increased. Hence, the considered frequencies for the deviation metric 𝑀 are selected symmetrically 

around the central frequency of 𝑓a = 200 kHz from the excitation signal of the global model. Looking 

forward to future planned experiments, the deviation metric 𝑀  is evaluated for frequencies from  𝑓 = 150 kHz to 250 kHz in steps of 2 kHz. These frequencies indicate approximately one third of the 

maximum amplitude of the incident wave displacement and should ensure sufficient signal-to-noise 

ratio. The resulting scalar value for the deviation metric 𝑀 assesses the similarity of the amplitude 

coefficients, whereby a small value implies high similarity. The smallest value of the deviation metric 𝑀 

indicates the most similar damage that fits best, and thus identifies the damage type. This identification 

method is tested for three different damages out of the WDIC catalogue. These damages are simulated 

by the global transient model (cf. Fig. 1 (a)). For all three damages, the deviation metric 𝑀 is evaluated 

for all damages in the WDIC catalogue and for various sensing directions 𝜙Sen. The results for these 

deviation metrics 𝑀 are shown in Fig. 5 to Fig. 7 and the values are color-coded in a logarithmic scale. 

The color-tone of the cell in row 𝑗 represents the value of the deviation metric 𝑀 for the 𝑗th damage in 

the WDCI catalogue to the actual scattered signal of the global model in this sensing directions (the 

darker the cell, the smaller the value and the greater the similarity). In Fig. 5 to Fig. 7 the minimum 

values of each sensing direction (column) are marked by asterisks. This marker highlights the most 

similar and therefore the identified damage in the WDIC catalogue. In Fig. 5 the identification results 

from the global model for damage No. 3 are shown. At first glance one can see, that for every sensing 

direction 𝜙Sen the correct damage type is identified. 

 

sensing angle 𝜙Sen 

Figure 5: Deviation of 𝐶AAinv of damage No. 3 (global transient model) to 𝐶AA  

(local steady-state model) for damage No. 1-10 represented by the deviation metric 𝑀 

(Asterisks indicate smallest deviation, and thus the identified result) 
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For the sensing direction 𝜙Sen = ±60°  the differences between the deviation metric values are 

relatively small. In comparison the reflected wave (𝜙Sen = 180°) seems to be very robust for identifying 

this damage type. Besides that, the results show a symmetric pattern for each damage, which is 

symmetric about the incident wave direction of 0°. For instance, the values of the deviation metrics 𝑀 

for the circular shaped damage No. 1 have the same value for the sensing directions 𝜙Sen = 30° and 𝜙Sen = −30°. In Fig. 6 the identification results for damage No. 6 are illustrated and the symmetry can 

be seen as well. For this damage the sensing direction 𝜙Sen = 0° indicates damage No. 5 instead of 

No. 6. This false decision might be caused due to influence of the mesh in this scattering direction. 

Usually several sensing directions are used in a sensor network respectively are needed for preliminary 

triangulation of the damage. Hence, such a false decision could be overruled by the majority of equal 

identification results. However, the WDIC phase coefficients and the amplitude coefficients 𝐶AS for the 

mode converted scattered signal could deliver additional information. By including these variables into 

sensing angle 𝜙Sen 

Figure 6: Deviation of 𝐶AAinv of damage No. 6 (global transient model) to 𝐶AA  

(local steady-state model) for damage No. 1-10 represented by the deviation metric 𝑀 

(Asterisks indicate smallest deviation, and thus the identified result) 
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sensing angle 𝜙Sen 

Figure 7: Deviation of 𝐶AAinv of damage No. 8 (global transient model) to 𝐶AA  

(local steady-state model) for damage No. 1-10 represented by the deviation metric 𝑀 

(Asterisks indicate smallest deviation, and thus the identified result) 
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the identification method the accuracy and reliability is expected to increase. For the third simulation of 

damage No. 8 the results are shown in Fig. 7 and again all deviation metrics 𝑀 in the 12 analyzed 

sensing directions indicate the correct damage. Interestingly, equivalent to damage No. 3 and No. 6 the 

sensing directions 𝜙Sen = ±60° and 𝜙Sen = 180° might be a poor respectively a good choice. 

The presented identification method for only comparing the amplitude coefficients 𝐶AA works quite 

robust for the investigated damages. The quality of the identification depends on the dissimilarity of the 

damages in the WDIC catalogue to each other and on the mesh quality in both models. In this study, the 

amplitude coefficients vary heavily and a single sensing direction is sufficient to identify a certain 

damage by using the WDIC catalogue and the deviation metric 𝑀 in nearly every case.  

 

3. Conclusions and Outlook 
 

This paper is testing the scattering analysis method for damage identification by means of FEM models. 

The presented method and the used local FEM models are validated by comparing a transient and a 

steady-state analysis for the exact same model. The results of this comparison show good agreement 

and the differences might be explained by the different influence of the mesh on the different analyses 

types. Furthermore, the potential of the scattering analyses method for unique identification of damage 

types and parameters is discussed. The method is tested by numerical simulations for a catalogue of 10 

different artificial damages, represented by square and circular shaped objects bonded to the top surface 

of an aluminum plate with varying thickness and orientation. Therefore a simple deviation metric 𝑀 

compares the amplitude coefficients from the WDIC catalogue to a scattered signal from a global 

transient model in the frequency domain. It was found, that damage identification is possible even for a 

single sensing direction. The presented results highlight the potential of this identification method by 

the investigated artificial damages. 

This study represents the base for future planned experiments, which will be used to verify the numerical 

models and the tested identification method by laser Doppler vibrometer and PWAS measurements. In 

future work the damage position will be estimated previously by time-of-flight measurements and the 

influence of the localization error on the damage identification method will be investigated. Furthermore, 

different deviation metrics will be tested, e.g. for classification of damage parameters, and the 

identification method shall be enhanced by including the WDIC phase information as well as mode 

conversion at the damage.  
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