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Abstract. Damage of aircraft structural elements in any form always present high 
risks. Failures of these elements can be caused by various reasons including material 
fatigue or impact leading to damage initiation and growth. Detection of these failures 
at their earliest stage of development, estimation of their size and location, are one of 
the most crucial factors for each damage detection method. Structural health 
monitoring strategies based on propagation of guided elastic waves in structures and 
wave interaction with damage related discontinuities are very promising tools that 
offer not only damage detection capabilities, but are also meant to provide precise 
information about the state of the structures and their remaining lifetime. Because of 
that various techniques are employed to simulate and mimic the wave–discontinuity 
interactions. The use of various types of sensors, their networks together with 
sophisticated contactless measuring techniques are investigated both numerically and 
experimentally. Certain results of numerical simulations obtained by the use of the 
spectral finite element method are presented by the authors and related with 
propagation of guided elastic waves in shell–type aircraft structures. Two types of 
structures are considered: flat 2D panels with or without stiffeners and 3D shell 
structures. The applicability of two different damage detection approaches is evaluated 
in order to detect and localise damage in these structures. Selected results related with 
the use of laser scanning vibrometry are also presented and discussed by the authors. 

1. Introduction 
A better understanding of phenomena associated with propagation of guided elastic waves in elements 
of structures is very important from both the theoretical and the practical point of view. Various 
anomalies in wave propagation patterns in structural elements can be observed and next interpreted 
and employed for damage detection or identification purposes [1–5]. 

For this reason the development of effective numerical tools that can be successfully used for 
investigation of the phenomena of guided elastic wave propagation has become a very important issue. 
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A very well established method that enables scientists and researchers to study these phenomena is the 
spectral finite element method (SFEM), as proposed by Patera in 1984 [6]. 

The SFEM is very well suited for investigation of various elastic wave propagation problems in 
structures of complex geometries. This approach has its origin in the application of spectral series 
(Fourier or Chebyshev) for solutions of partial differential equations [7] and employs essentially the 
same ideas as the finite element method (FEM). Its main applications fields cover fluid dynamics [8], 
heat transfer [9], acoustics [10], seismology [11], and also mechanical engineering [12–17]. 

It is well known that the presence of damage results in reflection and scattering of propagating 
elastic waves and such features have been commonly used for damage detection purposes. In this work 
certain results of numerical simulations obtained by the use of the SFEM are presented by the authors. 
The applicability of two different damage detection approaches is evaluated in order to detect and 
localise damage in structures. Selected results related with the use of laser scanning vibrometry are 
also presented and discussed by the authors. 
 
2. Spectral finite element method 
In the current formulation of a spectral shell finite element the coordinates of the element nodes are 
defined in the local coordinate system of the element as the roots of the following polynomial 
expression [14–16]: 
 
  (1) 2(1 ) ( ) 0, [ 1, 1]nζ P ζ ζ    
 
where  is the th order Legendre polynomial and the symbol ' denotes the first derivative. In 

the case of the spectral shell finite element used by the authors the nodal coordinates at 

( )nP ζ n 
5n   are 

specified as: 
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 On the specified nodes a set of shape functions can be built in the local coordinate system. The 
Lagrange interpolation function  supported on the nodes can be defined in the following 
manner: 
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where  and N re one–dimensional shape functions of the element, while mn( )mN ξ ( )n η  f  are the nodal 

values of the function ( , )f ξ η . The approximation shape functions ( )mN ξ  and )  are orthogonal 
in a discrete sense: 
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where  is the Gauss–Lobatto weight and  is the Kronecker delta [14–16]. mnω mnδ
 Assuming small strains the displacement field in the mid–plane of the spectral shell finite element 
can be expressed in a very well–known form [17–19]. Based on the assumed displacement field the 
strains in the element can be expressed according to the first order shear deformation theory [20] 
leading to the definition of the characteristic inertia (diagonal) and stiffness matrices of the spectral 
element [21], as shown in [17–19]. 
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3. Numerical simulations 
Numerical simulations were divided into two parts. In the first part a flat square plate made out of 
aluminium alloy 2024–T3 was investigated, while the second part was related to a wing section skin. 
In both these cases propagation of guided elastic waves [17–19] was investigated by the use of the 
SFEM and changes in the wave propagation patterns were studied in the context of damage detection 
and localisation. As a source of excitation a 5 cycle sine pulse of 75 kHz modulated by Hanning 
window [14–16] was employed. Both the structures were modelled by 2500 shell spectral finite 
elements at the total number of model degrees of freedom approximately equal to 380,000. Boundary 
conditions of free type were considered. 

In order to overcome the problems resulting from the presence of dead zones in distributed sensor 
networks, as presented in [22–24], it was decided to employ an approach, in which damage related 
maps are based on two different time integral indexes. They are calculated at selected points of the 
structures, these being: the integral mean value (IMV) and the root mean square (RMS). They were 
defined as follows: 
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where s(t) denotes a response signal, n is the total number of samples in signal s(t), (t2 – t1) is the 
length of the sampling process, while  is a weighting factor that increases the influence of signal 
samples towards the end of the sampling process. 

kw

In practice this approach can be successfully realised by the application of laser scanning 
vibrometry, whereas in the current numerical study as the reference (measurement) points, used to 
calculate the values of the integrals (5) and (6), selected elemental nodes were taken, in which all 
displacement components were calculated. The total time of numerical simulations covered 0.5 ms in 
each case investigated, however, the IMV and RMS damage maps were calculated for various lengths 
of sampling processes in order to reveal the influence of signal reflections and mode conversion, 
assuming t1 = 0. 

The IMV and RMS damage maps obtained and based on the results of numerical simulations for 
the square aluminium plate (500 mm × 500 mm × 1 mm) are presented in Fig. 1 and Fig. 2. They were 
calculated for the force excitation of 10 N acting transversely and located at the plate centre. The maps 
were plotted for all three displacement components and as damage an additional mass of 2.5 g was 
assumed placed on the plate surface. In the maps dark areas correspond to greater values of the IMV 
and RMS integral values, while white light areas correspond to their smaller values. 

It can be clearly seen from the results presented in Fig. 1 and Fig. 2 that both the IMV and RMS 
damage maps can indicate clearly the location of the additional mass. This is true for all displacement 
components investigated, however, in the case of the RMS damage map the position of the mass is 
more clearly visible. It is interesting to note that the use of the in–plane displacement components 
results in better sensitivity in both cases, however, from a practical point of view measurements of the 
in–plane displacement components by scanning laser vibrometry is more difficult. Because of that 
only the transverse displacement component was taken into consideration in all the following results 
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presented. It should be pointed out that due to the 2–D nature of the plate the IMV and RMS damage 
maps are virtually based on the behaviour of A0 Lamb wave mode only that is dominating in the 
current case. 
 

IMV (Integral Mean Value) maps 
 

 
x–displacement 

 

 
y–displacement 

 

 
z–displacement 

 
Figure 1. IMV damage maps based on 
results of numerical simulation by the
spectral finite element method –
additional mass of 2.5 g placed on an
aluminium plate (t2 – t1 = 0.5 ms). 

 

RMS (Root Mean Square) maps 
 

 
x–displacement 

 

 
y–displacement 

 

 
z–displacement 

 
Figure 2. RMS damage maps based on 
results of numerical simulation by the 
spectral finite element method – 
additional mass of 2.5 g placed on an 
aluminium plate (t2 – t1 = 0.5 ms). 
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Results of numerical simulations shown in Fig. 3 and Fig. 4 are related to RMS damage maps. It 

can be seen from the results presented in Fig. 3 that the total length of the sampling processes, or the 
signal length that is considered in calculation of the integral (6), has a great influence on the resulting 
RMS damage maps. Longer signals employed for computations lead to better map resolutions, 
however, for very long signals strong influence resulting from structural boundary reflections may be 
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visible. This may mask damage of small sizes, especially in the case of their proximity to the 
boundaries and relatively high signal noise. 

It should be mentioned that the resolution of the RMS damage maps can be enhanced by the use of 
various weighting factors, as presented in Fig. 4. The application of the weighting factors helps to 
improve the map sensitivity to small size defects that are distant from the excitation points by 
increasing their importance on the time scale. In this case much shorter time signals may be employed 
in order to calculate the integral (6) in comparison to the original signal lengths. This technique may 
be also applied when structural damping is strong, which results in strong signal attenuation. 
 

RMS (Root Mean Square) maps 
 

 
t2 – t1 = 0.375 ms 

 

 
t2 – t1 = 0.4375 ms 

 

 
t2 – t1 = 0.5 ms 

 
Figure 3. Influence of the signal length 
on RMS damage maps for x–
displacement component based on results
of numerical simulation by the spectral
finite element method – detection of an
additional mass of 2.5 g placed on an
aluminium plate. 

 RMS (Root Mean Square) maps 
 

 
weighting factor 1 

 

 
weighting factor k 

 

 
weighting factor k2 

 
Figure 4. Influence of the weighting 
factor on RMS damage maps for z–
displacement component based on results 
of numerical simulation by the spectral 
finite element method – detection of an 
additional mass of 2.5 g placed on an 
aluminium plate (t2 – t1 = 0.375 ms). 
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The following two examples of numerical simulations illustrate the influence of the weighting 
factors on RMS damage maps in the case of a wing section skin (500 mm × 250 mm × 1 mm). 
Dynamic responses of the structure were calculated in this case for the force excitation of 10 N acting 
transversely and located at the edge. 

Two damage scenarios were investigated here: first in the form of additional mass of 2.5 g and 
second in the form of small and open crack (10 mm long). In both these cases only the transverse 
displacement component was taken into account. It should be stressed here that contrary to the case of 
the flat plate and due to the 3–D nature of the structure the RMS damage maps carry information on 
the multimode behaviour of propagating Lamb wave modes (A0, S0, and SH0) and their coupled 
interaction with damage. This greatly improves the sensitivity of the current approach to damage of 
various types, but on the other hand results in much more complicated patterns that can be obtained. 
 

RMS (Root Mean Square) maps 
 

 
weighting factor 1 

 

 
weighting factor k 

 

 
weighting factor k2 

 
Figure 5. Influence of the weighting factor on RMS damage maps for z–displacement 
component based on results of numerical simulation by the spectral finite element 
method – detection of an additional mass of 2.5 g placed on an aluminium wing 
section skin (t2 – t1 = 0.375 ms). 
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Figure 5 illustrates the influence of the weighting factor on RMS damage maps for the transverse 

displacement component used for detection of the additional mass of 2.5 g, while results presented in 
Fig. 6 correspond to detection of the open crack. In the case of the additional mass the RMS damage 
map calculated for the weighting factor k reveals the presence of the damage, while for the weighting 
factor k2 the damage is very well visible. In the case of the open crack, because of the greater 
magnitude of the damage and its orientation in respect to the front of the waves propagating from the 
excitation point. 
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RMS (Root Mean Square) maps 
 

 
weighting factor 1 

 

 
weighting factor k 

 

 
weighting factor k2 

 
Figure 6. Influence of the weighting factor on RMS damage maps for z–displacement 
component based on results of numerical simulation by the spectral finite element 
method – detection of an open crack in an aluminium wing section skin (t2 – t1 = 
0.375 ms). 
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4. Experimental investigation 
In order to verify the approach discussed a series of experimental measurements were performed on 
the composite stabiliser of a PZL W–3A helicopter shown in Fig. 7. The measurements were carried 
out by the use of a 3–D laser scanning vibrometry unit Polytec PSV–400–3D. A general view of the 
scanning vibrometry unit is presented in Fig. 8. As excitation signals, generated by a Sonox® 
CeramTec PZT element of 10 mm diameter, 5 cycle sine pulses of 35 kHz or 100 kHz modulated by 
Hanning [14–16] window were employed. 

Measurements were carried out on in a rectangular area of 845 mm × 510 mm, in which a matrix of 
475 × 291 measurement points was selected. Each measurement was repeated 20 times and the results 
obtained in this way were averaged in order to improve accuracy. A single measurement event covered 
2 ms for 35 kHz excitation and 0.8 ms for 100 kHz excitation with an appropriate time delay between 
each subsequent measurement. In order to reduce the noise level and due to the geometry of the 
stabiliser only the transverse displacement component was considered to calculate RMS damage maps, 
while damage was simulated by additional elements (small metal plates or coins) glued to its top 
surface. Totally 7 locations were chosen for that purpose. 

The results of experimental measurements confirmed those obtained from numerical simulations in 
the context of the applicability of the RMS integral index and its potential for damage detection and 
localisation in structural elements. As can be seen from Fig. 9 the RMS damage map revealed not only 
true locations of 6 simulated failures out of 7, but also offers an insight into the interior of the 
structure. This effect is even more prominent in the case of the higher excitation frequency of 100 
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kHz, as presented in Fig. 10. In this case all failures were successfully detected. It is interesting to note 
that higher excitation frequencies result in improved resolution and sensitivity to damage in 
comparison with low excitation frequencies, but smaller inspection areas. 
 

 
 
Figure 7. Composite stabiliser of a PZL W–3A helicopter used for experimental 
measurements and verification. 

 

 
 
Figure 8. Polytec PSV–400–3D laser scanning vibrometry unit used for experimental 
tests. 
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Figure 9. RMS damage maps based on results of experimental measurements by
scanning laser vibrometry of the composite stabiliser of a PZL W–3A helicopter –
excitation signal of 35 kHz (damage positions indicated by white circles). 

 

 
 
Figure 10. RMS damage maps based on results of experimental measurements by
scanning laser vibrometry of the composite stabiliser of a PZL W–3A helicopter –
excitation signal of 100 kHz (damage positions indicated by white circles). 

 
5. Conclusions 
 
Based on the results of numerical and experimental measurement it can be concluded that damage 
maps based on the application of integral indexes can be successfully employed in damage detection 
and localisation in structural elements. Out of two such indexes assessed by the authors the RMS 
index is more sensitive to damage than the IMV index, as well as is much less sensitive to noise. In the 
case of the of composite materials, were propagating guided waves are strongly attenuated, results 
obtained by the use of the RMS index can be improved by appropriate signal weighting process. The 
weighting process also offers improved detection and localisation of damage distant from the 
excitation point as well as located close to structural boundaries. 
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