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Abstract. Improved structural integrity of engineering structures is key when it comes 
to the application of Structural Health Monitoring (SHM) within Damage Tolerant 
Design (DTD) and resulting Non-destructive Testing (NDT) methods. Since a SHM 
system is based on a limited number of transducers which cannot be moved anymore 
once having been decided, determination of the optimum transducer pattern is an 
important matter that has to be decided in advance. This optimum can only be 
determined effectively through simulation. For that reason a platform is under 
development that allows an optimum transducer pattern to be determined by 
simulation beforehand. This starts from making a solid state CAD model available 
and transferring this into an FE model along which stresses and strains can be 
determined and a fatigue life estimation can be made. This is then followed by a NDT 
simulation which in the case of SHM and shown here includes the simulation of 
guided acoustic (Lamb) waves. Such simulations have been performed for different 
damage tolerance criteria on structural components of different complexity. Besides 
classical FE this is done on the basis of bridging both the DTD and NDT simulations 
in a single simulation package that can aid better understanding of the various physical 
processes involved with respect to an SHM context. The numerical simulation in such 
a package involves Ray Tracing combined with Spectral Finite Element Methods 
(RT-SFEM) which is a novel approach towards NDT based simulation. The paper to 
be presented will show how damage tolerant designed structures can be simulated in 
that regard. The simulation tools to be used will be commercial or close to 
commercialization which are currently made explored through a simulation platform 
developed under the Indo-German INDEUS project. First simulations being presented 
are verified with experiments 
 

1. Introduction  
 
Guided waves are long-range ultrasonic waves used for continuously inspecting pipes but are 
currently also increasing considered for assessing large planar structures such as used in 
aircraft or civil infrastructure, either with the help of ultrasonic guided wave transducers or 
PWAS (Piezoelectric Wafer Active Sensors) being permanently attached onto or embedded 
into the structures. This approach becomes specifically efficient if the structure considered is 
designed damage tolerant i.e. if a damage of a defined size can be tolerated without 
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compromising the structure. The main advantage of a Damage Tolerant Design (DTD) 
approach therefore helps to safely operate a structure in the presence of damage. The 
ultrasonic guided waves system that is integrated into those structures is also called an active-
acoustic SHM (Structural Health Monitoring) system, which will continuously monitor the 
growth of damages that occur due to operation and resulting ageing. A paradigm shift from 
conventional NDT (non-destructive testing) to SHM has triggered and created a lot of 
opportunity for guided waves and there are numerous publications that highlight the features 
of SHM in contrast to conventional maintenance routines, which may require dis- and 
reassembling of the components considered to perform inspection [3, 10, 19]. Reliable 
detection of a growing damage depends on the deployment of actuators and sensors/pattern 
used for damage monitoring, for which the position has to be decided in advance, specifically 
when the transducers of the SHM system have to be fixed such as with PWAS which cannot 
be moved anymore once their position has been decided. There are numerous ways in which 
one could achieve the optimum actuator-sensor pattern for the given allowable damages to 
be present in the structure. Theoretically, a dense sensor network would be more certain to 
reliably detect the damages. However, this may be highly impractical to implement since the 
volume of data processing could become tremendous for a large structure. A sparse network 
with a high probability of detecting the tolerable damage has to be opted for in SHM 
applications. Su et al. [21] have described certain conditions on how to obtain an optimal 
sensor network. To avoid the influence of mutual interference between the waves from the 
damage and the waves from the boundaries, the sensors and actuators should be positioned 
not too close to the boundaries. Guided waves are attenuated as they pass through the 
waveguides, hence sensors shouldn’t be placed too far away from the actuators for 
monitoring large structures. But again, the reliability and sensitivity of transducers with 
regard to the defects would highly depend on the location in which they are fixed. 
Identifying or extracting damage features is one of the key aspects in sensor optimization and 
has been studied by Giurgiutiu [19]. The damage identification algorithms separate SHM 
data into several classes depending on the damage severity and/or location. In one of those 
approaches, a damage index has been used which is a scalar value that serves as a measure 
of the amount of damage being present in the structure. To some extent, the damage 
identifying schemes would certainly help to find the optimal sensor positions for the known 
damage conditions. 
In a similar approach, Qu et al. [11] used time correlation and frequency based correlation 
methods to extract damage features. When all those correlation terms are plotted for the 
different sensor positions, the maximum and minimum of the correlation output results in 
identifying the optimal sensor positions. Early work on optimum sensor positions for damage 
detection was performed by Hemez et al. [6]. In his work, he used strain energy distribution 
as a criterion to decide the optimum sensor placement. Staszweski [2] describes in his papers 
that the best possible solution is to place the sensors close to the damage while a first wave 
packet in a signal has to be considered. In one of his other papers [18] he demonstrates that 
a minimum of three sensors is required to triangulate a damage instance with more accuracy. 
However, the idea of the paper presented here is not to describe the damage identification 
methods in depth but rather on how simulation tools along with damage identification 
schemes would help to place the sensors in an optimal way.  In this study therefore the 
optimum sensor positions for a fixed actuator configuration will be considered only. 
Numerical simulation tools which have been used since many decades but tremendous 
advancements in computational power and numerical algorithms in the recent years made the 
research community to simulate guided wave propagation more easily than before. There are 
numerous methods listed for carrying out the guided wave simulations of which few of them 
are discussed in the next section. Apart from guided wave simulation, the simulation platform 
to be established and described here includes simulation of stress/strain distribution and the 
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probability of damage analysis for a given loading condition to decide the optimum actuator-
sensor configurations. The definition of a tolerable damage resulting from either fatigue, 
corrosion or both being literally built into the structure is obtained by means of stress/strain 
and fatigue analysis whereas, the damages caused due to the unpredictable damages such as 
an impact load resulting from an accident is still a concern for optimal sensor locations. The 
optimal sensor strategy has therefore to be decided based on the nature of the tolerable 
damage. All those structural and wave propagation simulations could be done well in advance 
for the tolerable damage criteria defined and are based on resulting signals or images obtained 
from the different methods applied to obtain the optimum sensor pattern. A strategic 
approach here will be described that is based on using a signal differential method for the 
separation of damage related echoes. The application of this method for an aircraft panel is 
also described in [19]. It is a one dimensional approach, where the signals from the pristine 
(undamaged) condition are subtracted from those of the damaged conditions for various 
actuator and sensor positions. The resulting signal clearly shows at least at specific locations 
on the structure if any damage on the structure exists or not. Based on this simulation one 
even obtains the locations where this differential signal becomes most sensitive for a given 
actuator combination. An extension within the differential signals method is to use 
differential images [4, 15, 16], where wave propagation at each time step is recorded for the 
undamaged conditions and is subtracted from the damaged ones to give a resultant set of 
2D/3D images. This method provides additional information of the x, y, z coordinate-points 
where the maximum difference in the guided wave signals could occur. One of the major 
requirements for deriving those differential signals/images is the base-line data which have 
to be obtained for the undamaged condition while environmental changes not resulting from 
the tolerable damage are not allowed to interfere. An interesting approach using a time-
reversal concept has been studied by Park et al. [7] where, damage detection has been 
achieved by means of base-line free signals. The paper presented here focuses on the 
development of a full-scale simulation platform as a part of the Indo-German joint project 
IN-DEUS. This platform will allow geometric modelling to be performed combined with 
fatigue damage analysis and guided wave simulation through different computational 
numerical methods such as FEM using tools such as COMSOL-Multiphysics and ray tracing 
combined with Spectral Finite Element Method (RT-SFEM). Validation of the model with 
the experiment shows how useful simulation is in achieving an optimum sensor pattern. 
 
2. Configuration of the simulation platform 
 
The block diagram of all the elements in the simulation platform is shown in the fig. 1. To 
begin with, one needs to know the service loads a structure is exposed to. By means of 
computer aided designing tools (CAD), the digital model of the component has to be 
generated. Once the loading sequences are known and applied on the component, the stress 
and strain distribution can be obtained through FEA (Finite Element Analysis) tools, where 
there are numerous FEA tools available on the market. The results from the FEA identify 
stress/strain concentrations where potential damage is due to arise. Until this point, the load 
is assumed to be static but when the structure is in operation, fatigue loads play an important 
role where the initiation and propagation of damage has to be determined through fatigue 
analysis and will aid in identifying the potential risk-zones for the damage initiation. MSC 
Fatigue and AFGROW software are examples that play a key role in this process. At this 
level, identifying the potential risk zone for a given structure and for a given loading 
condition is well established with the help of those CAD and FEA tools. Besides this, a link 
to NDT is established with the help of either FEM tools or EXTENDE-CIVA [5]. The main 
feature of this NDT simulation is to identify the transducer parameters to reliably detect the 
tolerable damages. It is mainly driven in terms of bulk wave ultrasonic NDT methods where 
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the defect sensitivity highly depends on the parameters of the ultrasonic beam field. Typical 
application of this type of NDT simulation would aid designing an NDT and NDE procedure 
for the given flaw condition for a complex geometry. 
FEM based COMSOL-Multiphysics allows wave propagation simulation for random 
geometries and flaws to be performed, but at the same time it requires sufficiently long time 
for the computation. Alternatively, CIVA, as an NDE simulation tool performs 3D-ultrasonic 
wave simulation for any arbitrary geometries and for any arbitrary flaws. The vast modelling 
libraries for various transducer and flaw configurations make CIVA an attractive simulation 
tool for ultrasonic NDT. 

  
                                   fig.1 Elements in the simulation platform 
The module following the NDT simulation is the SHM system simulation module where 
guided waves are primarily used to achieve the optimum sensor positions. The GUI 
(Graphical User Interface) in this module has links to get input from previous modules. For 
example, any CAD file or FEA files can be imported into this module in such a way that 
actuators and sensor positions can be determined and guided waves interaction with the 
damage can be simulated. The last part of the simulation platform is the validation of the 
numerical simulation through the experiment. 
 
3. Stress and fatigue analysis of an aircraft structure panel 

 
The test component shown in fig. 2 is a riveted panel of 1224 mm x 1215 mm x 2 mm in size 
with seven ‘L’ shaped stiffeners of 25.4 mm x 38.1mm x 2 mm dimension being attached 
similar to a stiffened aircraft structural panel. The properties of the plate are given in Table 
3. A rivet diameter of 5 mm has been considered for this case. The stiffeners are provided to 
support the skin and to prevent the skin from bending and specifically buckling in the z 
direction. One end of the panel has been constrained to 6 degrees of freedom (DOF) and on 
the other end a 21 kN in-plane pressure has been applied. Stress analysis was carried out for 
a healthy panel as well as for panels with various crack lengths. The cracks were introduced 
at a rivet location in the centre of the panel including the centre of the stiffener. The stress 
contour is shown in the Fig. 3.2 for various crack lengths. It can be observed from the 
contours that for the undamaged panel the maximum stress arises around the rivet hole and 
these are the areas prone to crack initiation. 
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fig. 2 Stiffened Panel with crack showing loading conditions and sensors mounted for rapid (SHM-based) 

inspection 
 

  Table 1 
Part Material Young’s modulus Poisson’s ratio 
Skin ENAW-2017A 72.4 GPa 0.33 

Stringer 2001T79511 71.7 GPa 0.33 
 

As crack length increases, stress at the crack tip increases too. Generally, the stress or strain 
response of a structure or component to loads applied is the starting point for any type of 
fatigue to initiate. The load applied  is shown in the fig 2.. A probability of damage can be 
determined by performing a numeric fatigue analysis even for a cracked structure as seen in 
fig.3. The initial crack length was set here to 50 mm and stress and fatigue analysis were 
carried out for different crack lengths up to 340 mm, which has been the damage tolerant 
criterion set.  

 

 
fig. 3 Stiffened Panel with crack showing loading conditions and sensors mounted for rapid inspection 

 
4. Possibilities of simulating guided waves in an aircraft panel 

 
4.1 State of the art simulation capabilities  
Guided waves simulation can be achieved with the help of FEM, Finite difference method 
(FDM), Elastic Finite integration technique (EFIT) and spectral FEM (SFEM) etc., where Xu 
et al. [8] studied the application of the FEM and FDM to plates. In another study, application 
of SFEM for SHM has been studied by Ostachowicz et al. [20]. Chinta et al. [14] studied 
three dimensional modelling of bulk waves using EFIT. Except SFEM, the above numerical 
methods are time consuming and in some cases cannot be applied to higher order frequencies, 
where the detection of smaller defects in millimetres range becomes possible. In such cases, 
analytical and numerical methods have to be combined together to form hybrid methods. 
However, in many of the damage tolerant cases the tolerable damage is fairly large. M. 
Darmon et al. [12] studied semi-analytical scattering models (hybrid methods) for NDT 
simulation. The advantages of hybrid methods include faster computation time and the ability 
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to model the Lamb wave interactions with smaller damages [15,16]. Several hybrid methods 
have been used to solve numerical problems in ultrasonic NDT. An example includes 
ATHENA-2D being a special module within CIVA that combines FEM and Raytracing to 
perform a hybrid calculation. Hybrid methods have lot of advantages when compared to 
analytical and numerical methods when being implemented separately but they lack either in 
sensitivity to smaller flaw sizes or inability to model Lamb waves in 3D. For example, 
implementation of FEM locally may not always be a good option if the region to be 
monitored is too large. Spectral finite element technique is also an alternative to FEM 
techniques especially at very high frequencies where smaller defects have to be detected. The 
time domain SFEM has been extensively studied by Gopalakrishnan et al. [17] and 
Ostachowicz et al. [20] for analysing the elastic wave propagation (Lamb waves) in 2D and 
3D thin-walled structures. This method combines two different numerical techniques, i.e, 
spectral methods and the finite element methods. The spectral methods are numerical 
methods used for solving partial differential equations such as wave equations. The solutions 
are obtained in terms of Fourier series or approximating polynomials. The advantage of this 
method is fast convergence of the solution to the exact solutions. If one can combine spectral 
and FEM, then advantages of both methods can be obtained, which means SFEM inherits 
polynomial approximation from spectral methods and discretization approach from FEM. 
The detailed description of the polynomial functions and finite element formulations can be 
referred to in [17, 20]. The raytracing method is most widely used in acoustics to generate 
the beam of rays that is traveling between a source and target points. This method also 
provides information about the reflection and transmission of rays when it encounters either 
boundaries or defects besides giving travel time between the two points. One such raytracing 
model for ultrasonic inspection of austenetic welded specimen was studied by Ogilvy et al. 
[9]. 
 In INDEUS project raytracing and SFEM are integrated together to perform the guided wave 
simulation in a much efficient manner. The efficiency of the RT-SFEM model had been 
already demonstrated in [13, 15, 16] and validated with LDV [Laser Doppler Vibrometry] 
and experimental data. The idea behind this article is to establish simulation platform and 
look beyond RT-SFEM (Raytracing-SFEM) approach. So, only FEM using COMSOL will 
be discussed in the next section. 
 
4.2 FEM-COMSOL model for guided wave propagation 
Simulation of guided waves in COMSOL uses the structural mechanics module with the 
application of boundary load for the excitation frequency of 200 kHz. The excitation function 
used here is the Hanning window sine function with five cycles tone burst. It is shown in Eq. 
(1). The other important parameters in the FEM model are element type, its size and the 
critical time steps. Ghose et al. [1] mentioned in their paper the specific aspect of optimum 
element size and critical time step for the numerical simulation of the guided waves. The 
maximum length element 岫�捲陳��岻 is given in Eq. (2). In this model triangular mesh elements 
have been used. �岫建岻 ={�待. sin岫�. 建岻 . (嫌�券 岾�.�怠待 峇)態 , 建 < 怠待.��0                                  剣建ℎ�堅拳�嫌�  }Eq.(1)  

where � is the angular frequency and �� is the initial amplitude of the excitation. �捲陳�� = ���                                                   Eq. (2) 

where ��is the wavelength of the longitudinal ultrasonic wave and � is the ratio of 
wavelength to �捲陳�� . The value of R ≥ 8 is recommended in his paper [1]. The requirement 
for the critical time step 岫�建�������鎮岻  is as shown in Eq. 3.   
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�建�������鎮 = �������                         Eq. (3) 

where �� is the longitudinal ultrasonic wave in the material to be analyzed. In this simulation, 
the A0 (anti-symmetric) mode is predominantly generated when compared to the S0 
(symmetric) mode. The guided wave simulation is shown in fig. 4 for different time intervals. 
fig. 4(d) shows the differential image obtained by subtracting the solution of the damaged 
from the undamaged condition. Since the whole 3D model is about 1.2 m x1.3 m, it is 
obviously time consuming and impractical to simulate. In this regard only a part of the model, 
i.e. 0.5 x 0.5 m is considered for detailed numerical analysis being the region where the 
actuator and sensors are due to be placed. The initial placement of sensors is based on the 
assumption that even when the initiated crack shown in fig. 3 propagates in the longitudinal 
direction, it is possible to reliably detect the damage during growth. 

 
5. Experimental validation and discussion 

 
Validation of the simulation results has been carried out along experiments performed under 
fatigue loading and SHM data acquisition. Along the experiment additional sensors were 
attached onto the structure as shown in fig.5. The time domain signals obtained from the 
different sensor configurations are shown in fig.5 
 

 
fig. 4(a) 2D guided wave propagation at 80µs, fig. 4(b) 2D guided wave propagation at 120µs 
fig. 4 (c) 3D guided wave propagation at 120µs, fig. 4(d) Differential image of damaged and undamaged,  
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                             fig. 5 Stiffened Panel with location of actuators and sensors 

 
For sensor-1 (S1 in fig. 5.2), one can see directly transmitted wave packets and reflected 
wave packets from the crack. From this result one can correlate with the FEM simulation 
results (fig.4(a, b, c) at different time intervals and find out where the similarities in the wave 
packets are. It is even evident from the differential image (fig. 4(d) that the high intensity 
occurs at a location near to where sensor-1 and 4 are placed. The experiment has been 
continued until the final loading cycle where the stiffened panel broke. For the varying crack 
sizes, the time correlation function has been obtained for various sensor positions. Those 
correlations are shown in Fig 5.3, which shows that the correlation output of for example 
sensor-1 is high when compared to the other sensor locations for the given damage of the 
stiffened panel.  

 
         

 
6. Conclusion 

 
Some elements within the simulation platform have been described and different possibilities 
of numerical simulation have been explored. Guided wave simulation using COMSOL has 
been verified and validated with the real structure during fatigue loading operations. The 
differential imaging approach is explained in addition to the different approaches used in 
identifying the optimum sensor locations. Time correlation output has been used as an index 
to compare the different sensor signals. The solution to the problem of near to real time 

fig. 5.3 Time correlation for different sensor positions 
 

fig. 5.2 Signal obtained from the sensor 1 
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simulation in SHM processes for large and even complex structures can be obtained by means 
of RT-SFEM approach. The difference in signals/images between the undamaged and 
damaged condition will allow locations where the difference in signals/images are maximum 
to be determined being the locations to be identified where sensors would be placed best and 
such an approach has been demonstrated in the current project IN-DEUS. 
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