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The application of composite structures as elements of machines and vehicles working under various operational conditions causes
degradation and occurrence of damage. Considering that composites are often used for responsible elements, for example, parts
of aircrafts and other vehicles, it is extremely important to maintain them properly and detect, localize, and identify the damage
occurring during their operation in possible early stage of its development. From a great variety of nondestructive testing methods
developed to date, the vibration-based methods seem to be ones of the least expensive and simultaneously effective with appropriate
processing of measurement data. Over the last decades a great popularity of vibration-based structural testing has been gained by
wavelet analysis due to its high sensitivity to a damage. This paper presents an overview of results of numerous researchers working
in the area of vibration-based damage assessment supported by the wavelet analysis and the detailed description of the Waveletbased Structural Damage Assessment (WavStructDamAs) Benchmark, which summarizes the author’s 5-year research in this area.
The benchmark covers example problems of damage identification in various composite structures with various damage types using
numerous wavelet transforms and supporting tools. The benchmark is openly available and allows performing the analysis on the
example problems as well as on its own problems using available analysis tools.

1. Introduction
Increasing demands to integrity and safety of composite
structural elements being in operation in aircrafts and other
vehicles have induced the development of nondestructive
testing (NDT) methods, which should be sensitive to various
types of damage occurring in composites considering the
specificity of their different internal structures and the specificity of damage initiation and propagation. These methods
should also fulfill additional criteria; for example, they should
allow for early damage detection and identification; they
should be reference-free (i.e., the conclusion about the damage presence and its type and shape should be determined
based only on results of inspection of a damage structure
without necessity of its comparison with a healthy structure
or a model); they should allow performing the testing
procedures in environmental conditions and be inexpensive.

From a great variety of NDT methods developed to
date, a group of methods based on vibration testing with
advanced processing of measured signals seem to fulfill the
abovementioned criteria and can be successfully used both
for laboratory tests and in industrial studies. The acquisition
of experimental data is usually based on the modal analysis.
The classical modal analysis, that is, the analysis of changes
in natural frequencies and modal shapes when the tested
structure is excited to vibration by an external source,
can be considered only if a damage is sufficiently large,
since the analysis of modal parameters (natural frequencies,
damping ratios) is global and thus there is no possibility to
locate damage. Moreover, such approach is not referencefree. Considering additional factors, for example, the great
variability of mechanical properties of composite structures,
the testing approach which is based on evaluation of changes
in natural frequencies of a tested structure is not effective in
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engineering applications. An extended analysis of vibrationbased NDT methods can be found, for example, in [1], where
the authors presented an overview on methods based on
evaluation of natural frequencies and frequency response
functions (FRFs), like modal assurance criterion or frequency
domain assurance criterion.
A great potential of vibration-based NDT lies in the
analysis of modal shapes of vibrations. Usually the resonant
shapes are taken into consideration; however it is not a
necessary condition for such analysis. The idea of damage
assessment based on modal shapes is that a damage occurring
in a tested structure causes local changes in its stiffness; the
modal shapes reflect such changes much better than natural
frequencies. Several studies on analysis of curvature of modal
shapes can be found in available literature [1, 2]. Ho and
Ewins [3] used various measures, like flexibility index, mode
shape curvature, or mode shape amplitude comparison, in
order to localize damage by analyzing modal shapes. Their
approaches reveal comparatively good results for detection
and localization of damage sites of medium and great extent.
The authors used differentiation of modal shapes in some
of their measures, which is quite effective, especially in
the case when the higher-order derivatives are considered.
However, the local changes in modal shapes depend on size
of damage and in case of small damage these changes are
not recognizable. In order to detect, localize, and identify
the damage properly, advanced signal processing procedures
are necessary. Several approaches have been applied in such
problems to date. A simple and quite effective approach
is based on higher-order derivatives of modal shapes of
vibration. Although this approach has numerous disadvantages such as error propagation and amplification, quite low
sensitivity, and difficulties in results interpretation, it can be
successfully used in numerous applications. Several attempts
in this area were presented in [4–9]. In order to improve the
sensitivity of this approach to structural damage detection,
various techniques have been applied to date. The approach
originated by Ratcliffe [10] was based on application of modified Laplacian operator on modal shapes of vibration, which
allows for detection and localization of structural damage.
The authors of [11] have developed the curvature damage
factor, which indicates the nodal position of a damage based
on comparison of healthy and damaged structure. An original
algorithm of precise detection and localization of damage
in beams was proposed by Chandrashekhar and Ganguli
[12]. Another interesting approach was presented by Sazonov
and Klinkhachorn [13], where the authors used strain energy
mode shapes in order to detect and localize damage. This
approach reveals relatively high sensitivity and accuracy in
damage detection and localization. The authors of [14] used a
smoothing method for damage detection and localization of
a 2D structure. Further studies on enhancing the sensitivity
and accuracy of damage detection and localization cover
optimization-based approach [15], Hilbert-Huang transform
[16], and many others. In order to improve detectability of
damage in structures, several studies were performed using
modal updating techniques. In this case, modal parameters
(natural frequencies and modal shapes) of a tested structure
are used for construction of analytical or numerical model of
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this structure and then the resulting model is compared to
damaged structure. Therefore, the model updating approach
allows for reduction of inaccuracies in a model by its updating
using experimental data obtained from the tested object. It
also has an additional advantage—a possibility of prediction of structural response without necessity of performing
additional experiments. Several model updating techniques
were developed. One should pay attention to two surveys on
these techniques [17, 18] that describe numerous approaches
used for model updating, both iterative and noniterative.
A comparative study on model updating techniques using
certain quality indices based on natural frequencies, modal
shapes, and FRFs was described in [19]. Recent studies in
model updating techniques used various approaches, including perturbation methods [20], Zernike moment descriptors
[21, 22], and others. Due to the applied pointwise comparison
of modal shapes, it is possible to localize a damage with
relatively high accuracy.
One of the most promising approaches used for structural
damage identification (SDI) in composites is based on wavelet
analysis. This approach involves application of wavelet transform to modal shapes of vibration. It has gained a great
popularity over the last decade mainly due to the outstanding
sensitivity and ability of identification of abrupt changes
in modal shapes caused by local changes of stiffness of a
tested structure. The fundamentals on singularity detection
can be found in [23]. Usually, two general types of wavelet
transforms are applied in vibration-based SDI problems,
namely, continuous wavelet transform (CWT) and discrete
wavelet transform (DWT). The main difference between
CWT and DWT is that CWT is related with shifting and
scaling of a wavelet over a continuum of its parameters, while
in DWT a wavelet is shifted and scaled over a discrete set of
values. Usually, these operations are performed over the set
of powers of 2. As a result, from CWT-based analysis, one
obtains a scalogram (a matrix of coefficients which represent
signal energy) over the space (dimensions of a signal) and
continuously changed scale. The wavelet coefficients in a
scalogram represent degree of matching of an applied wavelet
to an analyzed signal at different scales and locations. In
contrast to CWT, DWT operates on discrete values of
shifts and scales, which, considering Mallat’s multiresolution
analysis (see [23] for details), can be described as hierarchical
filtering procedure of a signal using a set of low-pass and
high-pass filters, related to scaling and wavelet functions,
respectively. In the case of 1D DWT, this results in two sets of
coefficients at each level of decomposition: the sets approximation and details coefficients. The number of coefficients
in these sets is two times smaller than an original signal
due to the decimation procedure which selects only the even
indexed samples from the decomposed signal before filtering
procedure. Considering that DWT operates only on discrete
set of values, this transform is much more computationally
efficient with respect to CWT. One of the modifications of
DWT is a stationary wavelet transform (SWT), where the
decimation procedure is omitted. This causes SWT to be
highly redundant with respect of DWT. At the expense of
redundancy, SWT allows for near shift invariant analysis
which is a useful property in SDI problems that improves an
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accuracy of damage localization. The detailed description and
comparison between DWT, SWT, and some other wavelet
transforms (that also found an application in SDI problems)
are presented in [24].
The first published paper on application of wavelet analysis for SDI was prepared by Surace and Ruotolo [25], where
they used CWT for detection of damage in beam structures.
The studies on application of spatial version of CWT with
Haar wavelets for SDI of cracks in beams were presented in
[26, 27]. Further studies were focused on selection of appropriate parameters of the analysis, for example, the wavelet,
its order, and a scale parameter of CWT. In [28], the authors
applied spatial CWT with Gabor wavelets for SDI in Timoshenko beams based on numerical data. By handling the scale
parameters it was possible to detect and precisely localize the
modelled crack in the beam. Further, the authors generalized
their approach for 2D structures and performed the studies of
estimation of damage position and its relative depth [29, 30].
They show a great effectiveness of Gabor wavelets in SDI
problems using the wavelet analysis. The authors of [31] used
CWT-based algorithm with the Lipschitz exponent estimation for damage detection and localization in beam structures
based on numerical data. On the basis of the obtained values
of Lipschitz exponent, the authors performed an analysis
of relative crack depth estimation with use of Mexican hat
wavelet. Several studies using CWT-based approach were
also performed by the Greek scientific group. The researchers
from this group studied the influence of applied wavelet
during SDI in beams [32] and found that it has a great impact
on sensitivity and thus detectability of damage. They also
performed experimental validation of CWT-based approach
on beam-like [32] and plate-like structures [33, 34] using
symlets. Similar approach has been developed by Gentile and
Messina [35], who performed SDI in beams using Gaussian
wavelets. They also investigated the influence of the boundary
conditions of beams and the presence of noise on the sensitivity of the proposed method. The studies on application of
CWT-based approach in SDI problems were also performed
by the Polish scientific group. Rucka and Wilde performed
preliminary studies on SDI in damaged Plexiglas plate using
spatial CWT-based approach [36]. Further, they presented
results of SDI based on static deflections of beams [37] and
vibrated beams and plates [38]. They also presented a comparative study of various wavelets applicable to the investigated
problem with respect to specific parameters of wavelets:
number of vanishing moments, symmetry, and a width of
the effective support. Based on this comparative study they
selected Gaussian and reversed biorthogonal wavelets as
the most effective for the CWT-based damage identification. Results of other researchers [39] confirmed that the
Gaussian wavelets are probably the most effective ones in
SDI problems when CWT-based approach is used. This is
mathematically justified, since the Gaussian wavelets are
regular, infinitely derivable, and perfectly local in space and
frequency domains; that is, they achieve the minimum spacefrequency product from Heisenberg uncertainty principle.
Additional approach of wavelet-based SDI developed by
Zhong and Oyadiji uses SWT. This transform has several
limitations with respect to CWT (e.g., orthogonality and
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a compact support of applied wavelets); however it is more
computationally efficient and more accurate in SDI problems
than CWT. The authors applied their SWT-based algorithm
for detection and localization of cracks in simply supported
beams [40] with high accuracy. The authors stated that their
approach had better detection and localization abilities than
CWT-based algorithms and the algorithms based on DWT.
The comparison was performed for the analyses based on
symlet of order 4.
Several studies were also performed using DWT-based
approach. Probably the first application of this approach
to SDI in composites was presented by Sung et al. [41],
where the authors used DWT for detection of low-velocity
impact damage. Then, DWT-based approach has not been
developed except the hybrid SDI algorithm of combination
of CWT and DWT proposed by the authors of [42]. The
first attempts in application of DWT-based algorithms were
made by the author of this paper. Several experimental studies
were performed on cantilever composite beams with single
and multiple damage sites using DWT and B-spline wavelets
[43]. Then, the approach was extended to 2D problems
and verified both on numerical as well as on experimental
modal shapes of vibration of predamaged composite plates
[44]. Although DWT has several limitations with respect
to CWT (same as for SWT-CWT, mentioned above), CWT
and SWT are redundant with respect to DWT. The results
of comparative analyses performed for the mentioned transforms and a lifting wavelet transform (LWT) have proved
that DWT is the most effective transform in SDI problems
[45]. The comparative studies also cover the estimation of
the effectiveness of particular wavelets applied for SDI of
numerical modal shapes of a rotor blade with two locations
of cracks. The DWT-based SDI algorithm was also adapted to
the 2D problems in polar coordinates [46]; the analyses were
performed on numerical modal shapes of composite circular
plates clamped on the edge.
Recently, the improvement of wavelet-based SDI algorithms has been based on adaptation novel transforms and
hybridization of the existing ones with supporting computational methods including the approaches based on softcomputing and artificial intelligence. An effective approach in
SDI problems was proposed by Bagheri et al. [47], who used
a discrete curvelet transform in order to detect a crack-like
surface structural damage. Several studies on improvement
of SDI algorithm were performed by the author’s team. The
novel approaches in wavelet analysis were adapted for SDI
problems; for example, the discrete multiwavelet transform
(DMWT) [48], quaternion wavelet transform [49] (HWT),
and quincunx wavelet transform (QWT) [50] were used for
damage identification in composite structures. Considering
the great properties and results obtained by Unser and Blu
[51], who originated the fractional discrete wavelet transform
(FrDWT), this approach was adapted to SDI problems. The
first studies were performed on numerical modal shapes
of cantilever composite beams [52] and obtained results
revealed a significant improvement with respect to previously
applied algorithms. Further, the algorithm was extended for
2D SDI problems based on the transform developed by
Chaudhury and Unser [53] and applied for identification of
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various types of damage in composite structures [54, 55].
Finally, the modification of mentioned algorithm for an
improvement of resolution of resulting sets of coefficients,
and thus accuracy of damage localization, was proposed [56].
Several authors combined the wavelet-based algorithms
with artificial neural networks (ANN) for improvement the
detection and localization ability. Yam et al. [57] combined
wavelet-based algorithm with ANN for improving the damage identification in sandwich structures; Rucka and Wilde
[58] proposed a combination of wavelet transform with ANN
for improvement of identification ability of structural damage, while Hein and Feklistova [59] used such a combination
for estimation of damage indices, which describe the delamination occurrence in composite structures. An original
approach of combination of CWT with ANN was proposed
by Morlier et al. [60], where CWT was used for damage
localization, while ANN was used for its identification using
a simulated database. In several studies the optimization
procedures were used in order to enhance the sensitivity,
detectability, and identification ability of damage in structures. An interesting algorithm was presented by the authors
of [61], where they combined wavelet-based approach with
Bayesian networks for the damage identification in composite
structures. Another approach assumes the hybridization
of wavelet-based techniques with optimization procedures,
which were used for improvement of the sensitivity and localization ability of damage. The developed method presented by
the authors of [62] is based on 2D wavelet transform, which
allows for damage detection and localization and then the
performed particle swarm optimization procedure evaluates
the damage severity. The author’s team presented several
attempts in the field of hybrid SDI algorithms. The first study
is concerned with detection and localization of delaminations
in composite laminated beams based on the analysis of modal
shapes obtained from numerical experiment [63]. The SDI
algorithm is based on FrDWT with optimization of wavelets
parameters, namely, the fractional order and a shift parameter, which allows for selection of a wavelet, which gives the
best parameters for damage identification procedure. Further,
this approach was extended to 2D SDI problems [54], where
the common optimal parameters of applied wavelet were
determined for a set of considered problems. In this case,
surface damage in clamped laminated composite plates with
various sizes and orientations was under investigation. The
algorithm was verified on both numerical and experimental
modal shapes of vibration. Finally, the metaoptimization
procedure for SDI was proposed [64]. This approach allows
obtaining a front of optimal nondominated solutions regarding the wavelet parameters and simultaneously lowering
computational time without loss of accuracy.
Considering the overview presented above, one can highlight several problems and factors, which have a significant
influence on the sensitivity of wavelet-based methods to
a damage presence and accuracy of its localization. These
factors are discussed in detail in the next section. Taking into
account gained experience and obtained results in SDI problems, it was decided to prepare a benchmark which consists
of SDI example problems and necessary tools for performing
the analyses using wavelet-based methods. The benchmark
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and the benchmark example problems are described in detail
in a separate section.

2. Factors Influence on the Effectiveness of
Structural Damage Assessment
Though SDI based on modal analysis and wavelet-based processing of modal data has proven facilities in practical applications, several important factors have an influence on the
detectability and localization accuracy of SDI. In spite of great
sensitivity of wavelet-based algorithms on abrupt changes in
analyzed signals, all of them are very sensitive to noise. Therefore, appropriate measurement conditions should be fulfilled
in order to minimize an influence of noise on the resulting
modal shapes. On the other hand, if the noise minimization
is not possible or if it is not sufficient for the investigated
case, the appropriate denoising procedures should be applied
in the preprocessing step of the analysis. The second group
of factors is connected with selection of adequate wavelet
transform and the wavelets applied to the analysis, which are
the deciding factors. Finally, the third group of important
factors consists of problems with damage location, number
of considered measurement points, and the boundary effect.
These factors are analyzed in detail in the following section.
2.1. Measurement Conditions and Noise. One of the preliminary used measurement setups in SDI problems was based
on external excitation of a tested structure and performing
the measurements using accelerometers. The Greek scientific
group mentioned previously used such a setup in their
experimental studies [32–34], where the tested structures
were excited by the electromagnetic vibrator and the measurements were performed using two accelerometers: one
for performing the measurements of structural vibration
response and another used as a reference. Such approach can
be effective when the mass of accelerometers is negligibly
small with respect to the mass of a tested structure; otherwise
the presence of accelerometers on a surface of a tested
structure may significantly bias the vibration response of a
structure. This may cause hiding of the information about
damage presence and location. Nevertheless, if such a setup
is selected for testing, one should pay attention to two of the
most important factors: the appropriate frequency range of an
applied accelerometer and a type of accelerometer mounted
to a tested structure in order to avoid additional signal disturbances and measurement noise. These as well as other factors
which influence measurement accuracy (cable connections
requirements, environmental temperature, electrical inference, etc.) were discussed in detail in [65]. An example of
advanced practical application of vibration measurements by
accelerometers were presented by Smith et al. [66], where SDI
was performed on F-15 tactical fighter plane structure and
then processed by wavelet-based technique in order to detect
structural damage.
Significant improvement of a quality of measured vibration signals was reached when the laser Doppler vibrometers
(LDV) began to be applied in the SDI test setups. The general
principle of LDV is based on extraction of the information

Shock and Vibration
about frequency and magnitude of vibration of a tested
surface in a specific point from the Doppler shift of a reflected
laser beam. Since this measurement device provides noncontact measurements using a laser beam, the signal acquisition
is very accurate with simultaneous elimination of influence
of measurement device on a tested structure. The LDVs are
widely used for SDI problems for test setups both by the
author [44, 49, 50, 55] and by other researchers [39, 67–74].
The crucial importance during such measurements has the
appropriate reflectivity of a surface of a tested structure, what
is directly connected with quality of acquired signals. For this
purpose the reflective tape should be adhered on the surface
or the surface should be covered by the antiglare powder.
In order to avoid signal disturbances, they can be
denoised in the preprocessing stage; however setting inappropriate filtering parameters may cause the significant damage
features to be filtered out together with the noise. Several
studies were performed in order to investigate this problem.
The authors of [32] investigated the influence of artificially
added noise of 1% with respect to the magnitudes of modal
shapes of a tested structure and show that the detectability of
damage becomes much worse and when the noise magnitude
reaches 5% the damage detection is impossible using the
applied algorithm. The same scientific group performed the
analysis of dependence of detectability of cracks with various
depths under variable signal-to-noise ratios (SNRs). The
analysis shows that crack is fully detectable only in the
noiseless case (SNR: 90–100 dB); in the case when SNR equals
60–70 dB, only the cracks with a depth higher than 20% of a
total thickness of a tested structure can be detected and when
SNR equals 50–60 dB, the cracks with a depth up to 40% of
a total thickness remain undetectable following the proposed
procedure. The authors of [37] stated that the noise does not
corrupt the measurement signals; however the damage depth
was relatively large and equalled 25% of a total thickness of a
tested structure. Zhong and Oyadiji [40] achieved the damage
detectability with a noise of up to 5% with respect to the magnitudes of modal shapes and with a crack depth of 5% of total
thickness; however their method uses a baseline obtained
from the cubic curve fitting of modal shapes. The author’s
studies on SNR level [45] show that the crack with a depth
of 8.3% of total thickness is still detectable when SNR is equal
to 55 dB. For example, SNR for LDV in typical measurement
conditions (distance to the sample of 1 m) is 65.4 dB [75],
which allows for precise identification of even small damage.
Another testing approach is based on performing the
measurements using embedded measurement devices (e.g.,
embedded piezoelectric patches and transducers (PZTs) and
fiber Bragg grating sensors (FBGs)), which are capable not
only of SDI but also of continuous structural health monitoring (SHM). An advantage of PZTs is that they can be used
as both actuators and sensors which is desired property in
SHM systems. Damage identification procedure using PZTs
is based on observation of character of propagation of Lamb
waves in a tested structure; a possible damage disturbs these
waves which is an indicator of damage presence and its
location. When a damage causes small structural changes in
a tested structure, advanced signal processing techniques are
necessary for its detection and localization. Several damage
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localization techniques using PZT-based measurements with
further processing of measured signals were presented by
Ostachowicz et al. [76]. Among other signal processing
techniques, the wavelet transform is one of the most attractive
ones for this purpose due to its very high sensitivity to local
singularities in signals. Therefore, it found an application
in PZT-based SDI in numerous studies. The authors of [77,
78] used CWT and DWT for denoising of measurement
signals. The application of wavelet-based data processing in
PZT-based experimental studies can be found in [57, 79–
82]. Another approach, which included use of a distributed
sensor network and wavelet-based analysis, was described
by Staszewski [83] and Huang et al. [84]. The authors of
[85] proposed the measurement system based on the FBG
sensors. The testing procedure assumed further evaluation of
structural condition using DWT-based algorithm. Lu et al.
[86] used FBG sensors for impact damage detection and
localization in composite structures, where the wavelet transform was used in the preprocessing step for denoising of
measurement signals. The embedded measurement systems
allow for the displacement measurements with a very high
precision; however it is suitable to use them for SHM, because
a tested structure should be supplied with such systems at the
stage of its manufacturing.
Several attempts in analysis of noisy data in SDI problems
were made by Cao et al. [72–74]. They proposed the SDI
algorithm based on Teager energy operator (TEO) combined
with CWT, which ensures damage detectability and its
localization even if the acquired signals are biased by noise.
The concept of TEO is also developed by Li et al. [87], who
successfully applied gapped smoothing method and TEO for
damage localization in composite lattice truss core sandwich
structures.
2.2. Selection of Wavelet Transform and Wavelets. Many SDI
studies with various wavelet transforms and wavelets have
been performed in the last decade by numerous researchers.
As it can be seen from the Introduction, the first application
of wavelet analysis to SDI was performed using CWTbased algorithms. The effectiveness of the analysis, inter alia
the damage detectability, strongly depends on the selected
wavelet; therefore such an analysis should be performed for
both the wavelet transform and selected wavelet. The first
studies on application of wavelet analysis in SDI problems
were based on the empirical observations of the resulting
sets of coefficients after the transform. The authors [27, 88]
used Haar wavelet for damage detection and localization; the
authors of [89] used biorthogonal wavelets, while the authors
of [27, 29, 88] applied complex-valued Gabor wavelets for
the analysis. The first systematic studies in this area were
introduced by Hong et al. [31] and Douka et al. [32], where
the authors proposed dependence between the number of
vanishing moments of an applied wavelet and effectiveness of
damage detection. Hong et al. applied Mexican hat wavelet,
while Douka et al. [32–34] as well as Zhong and Oyadiji
[40] used symlets in their studies. Further systematic study
was presented by Rucka and Wilde [38], where the authors
considered two parameters during selection of a wavelet
for the transform: the number of vanishing moments and
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the length of effective support of the selected wavelet. The
authors of [38] compared the considered modal shapes to
4th-order polynomial and selected the Gaussian wavelet as
the best candidate for 1D SDI problem; for the investigated
2D problem they selected reversed biorthogonal wavelet of
order 5.5. The Gaussian wavelets were also applied by Gentile
and Messina in their studies for 1D SDI problem [35] and by
Fan and Qiao [39] for 2D SDI problem.
In contrast to CWT, the SWT has some limitations to
wavelets, which can be applied for the analysis; that is, the
wavelet should be (semi-, bi-)orthogonal or orthonormal and
should have a compact support. As the main contributors
of the SWT-based algorithms for SDI problems stated [40],
SWT is redundant with respect to CWT and DWT; however
it allows for shift-invariant wavelet decomposition. For this
purpose this type of wavelet transform was selected for SDI
in beams in mentioned works as well as in further studies of
the authors [90].
The application of DWT in SDI problems has been
developed mainly by the author of the following paper. DWT
also has limitations to the applicable wavelets, similar to SWT.
Since the Gaussian wavelets proposed by the authors which
used CWT-based algorithms are not applicable in the case of
DWT-based analysis, the B-spline wavelets can be used as a
substitute. From the comparative analyses presented in [44,
45], the DWT-based algorithm with B-spline wavelets was
selected as the best solution for SDI problems due to the highest sensitivity of B-spline wavelets and the best computational
efficiency of DWT. In the systematic analysis, two parameters
selected by Rucka and Wilde [38] (the number of vanishing
moments and the length of effective support of a wavelet)
and additional parameter—symmetry of a wavelet—were
considered. During selection of wavelet order, a compromise
between the length of effective support and a number of
vanishing moments of the wavelet should be reached, since
greater length of effective support affects disturbances on the
boundaries of damage and causes blurring of the damage
coefficients. On the other hand, if the order of wavelet is too
low a damage may not be detected.
In order to improve the detectability and accuracy of
localization, the fractional B-spline wavelets were applied for
SDI problems instead of integer-valued B-spline wavelets.
This gives a possibility to select the wavelet order from
the range of reals, which significantly improved the damage
detectability and clearness of its position [53]. Moreover, the
fractional B-spline wavelets are shift-invariant [51], which
additionally improves the localization ability of a damage.
In order to avoid the necessity of selection of the wavelet
parameters, the hybrid algorithms with optimization of these
parameters have been developed. These algorithms were
applied both for 1D [63] and for 2D [54] SDI problems and
allow for selection of optimal parameters for the applied
wavelet. The multiobjective optimization function in these
algorithms covered maximization of wavelet coefficients in
damage location with simultaneous minimization of noise
out of a damaged region. Finally, in order to automate the
method and reduce the computation time of optimization
routines, the metaoptimization algorithm was proposed for
SDI problems [64], which is based on optimization of wavelet
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parameters as well as optimization of parameters of the
optimization algorithm used for selection of optimal wavelet
parameters. The algorithm was tested on both numerical
and experimental data. Additional studies were addressed
to the circular-shaped structures. In [46], the 2D DWT was
adapted to polar coordinates and several numerical tests
were presented. In [49] the quaternion wavelet transform was
applied in the analysis of a composite circular-shaped plate
with an inclusion. The advantages of dual-tree decomposition
and its effectiveness in SDI problems are discussed in this
section.
The initial studies in SDI in composites were performed
using nonseparable wavelets [49] and multiwavelets [48].
The advantage of application of nonseparable wavelets (e.g.,
quincunx wavelets developed by the authors of [91]) is
that the applied quincunx scheme [50] allows for finer
scale progression than the dyadic scheme used in DWT.
Moreover, quincunx-based scheme results in a single set of
approximation and a single set of detail coefficients, which
are additionally direction-invariant (in DWT the three sets of
detail coefficients have preferred directions, where the diagonal one does not have a straightforward interpretation [92]).
Application of multiwavelets originated by Strela [93] allows
for better localization and reducing the unwanted artefacts in
resulting coefficients [48]. Due to the fact that multiwavelets
contain vectors of at least two scaling and wavelet functions,
it creates a possibility of selection of a set of appropriate
wavelets in the multiwavelet vectors of functions, which
exactly match the necessities of the investigated problem.
The application of nonseparable wavelets and multiwavelets
creates new directions of research in the area, namely, of
improvement sensitivity and localization ability of waveletbased algorithms applied in SDI problems.
2.3. Damage Location, Sampling Distance, and Boundary
Effect. The location of a damage has a great influence on its
detectability and ability of its localization. This is because the
magnitudes of resulting coefficients are connected with the
magnitudes of the analyzed modal shapes; that is, the higher
magnitude in the given point of a damaged region the higher
values of resulting coefficients after wavelet decomposition.
Therefore, if the damage is located, for example, near the
clamp of a tested structure, the resulting coefficients do not
achieve the highest magnitudes and the damage detection is
then problematic. Similar situation may happen if the damage
location coincides with the node of modal shape, where the
magnitudes of displacements are very low. Assuming that the
damage position is unknown, the method should be sensitive
to damage in every possible position. In order to avoid this
problem, it is suitable to consider several modal shapes in the
analysis, which increases a probability that the possible damage coincides with the local extremum of modal shapes. For
this purpose the obtained coefficients can be added up. For
avoiding the situation when positive and negative coefficients
are reduced, the addition of their absolute values is suitable.
In some cases the emphasizing of damaged coefficients is
possible by adding the squared coefficients or by determining
the Euclidean norm of coefficients for considered modal
shapes. This technique is called the isotropic wavelet analysis.
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It was applied both in CWT-based algorithms [94] and in
DWT-based ones [44, 45, 49, 50, 55].
Besides the factor discussed above, another important
factor has an influence on the detectability of a damage and
accuracy of its localization. The preliminary studies on influence of sampling distance on effectiveness of wavelet-based
methods in SDI problems were established by Hong et al. in
[31] and Douka et al. in [32]. It is obvious that the increase
of number of measurement points (decrease of sampling
distance) influences positively the damage detectability and
accuracy in determining its location; however in experimental studies the increase of the number of measurement points
causes a significant increase of testing duration, especially
in the case of 2D problems. To overcome the problem of
time-consuming testing, the authors of [31, 32] proposed an
oversampling of measured data by application of cubic spline
interpolation. This technique was further used by the authors
of [38, 39, 42]. However, the application of any kind of oversampling may result in masking of the important information
about the damage condition. Systematic studies on sampling
distance were performed by Sazonov and Klinkhachorn
[13], where the authors proposed the formulas to calculate
the optimal sampling distance for various configurations of
boundary conditions of beams, which minimize the effects of
measurement noise and truncation errors occurring during
undersampling or oversampling. The problem was also investigated by Zhong and Oyadiji [40]; however they evaluated
the influence of sampling distance on quality of damage localization based on empirical observations only. They observed
that decrease of a sampling distance results in increase of
localization accuracy as well as magnitude of coefficients in
the location of damage with respect to the rest of coefficients;
thus, the detectability of small damage sites is also improved.
The last factor discussed in this paper is the boundary
effect. This effect occurs by the specificity of application of
wavelet analysis; namely, the analyzed signals always have
a finite length and during shifting of the wavelet along the
signal (considering that the applied wavelet has two or more
vanishing moments) zero values outside the signal domain
are added. As a result, when the wavelet reaches a region
where the abrupt change in a signal occurs (from nonzero
to zero values), obtained coefficients in this region become
large. The number of biased coefficients in such a way is proportional to the number of vanishing moments of the applied
wavelet. Additionally, the boundary effect depends on the
boundary conditions of a tested structure. From the practical
point of view, the boundary effect causes the regions near the
boundaries in a tested structure to be inappropriate for analysis and they should not be considered further. The authors of
[39] recommended neglecting the regions, where the boundary effect occurs. However, in the case of a small grid of measurement points, neglecting of the regions where the boundary effect occurs may significantly reduce the useful information. Moreover, when the boundary effect appears, the values
on the boundaries are often much greater than the values
in the damaged region; therefore it is suitable to reduce this
effect also for the visualization purposes. In order to reduce
the boundary effect, several approaches were established. The
simplest and the most common approach is based on signal
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extension using various techniques like zero-padding and
constant-padding (extension of a signal by adding zeros or
constant values) and symmetric and antisymmetric reflection
and periodization [95]. Loutridis et al. [34] recommended the
reflection technique as suitable one for reducing the boundary effect in 2D SDI problems. More advanced methods of
the boundary effect reduction were proposed by Rucka and
Wilde [37, 38]. The authors of these papers proposed the
application of cubic spline interpolation of neighbor measurement points, which are much more effective in practice
than previously discussed techniques. These methods are
based on signal extension; however, they do not allow for
proper damage detection and identification in the boundary
regions of a tested structure. An alternative solution was
proposed by the authors of [96]. The proposed algorithm is
based on modification of a wavelet transform by replacement
of wavelets on the boundaries by the so-called edge or
interval wavelets. This allows for avoiding the problem of the
boundary effect but additionally complicates the algorithm.
In order to reduce the boundary effect and avoid the SDI algorithm complexification, Messina [97] proposed two different
approaches. The first approach is based on isomorphism
of a geometry of a tested structure, while the second one
is based on self-minimization technique. These approaches
allow eliminating the boundary effect even in the case of
highly noised data (SNR = 40 dB). Montanari et al. [98]
proposed an efficient padding method based on fitting polynomial functions, which has several advantages with respect
to classical padding methods described above. Application of
this method makes it possible to extend a signal without loss
of continuity and if the damage exists in the boundary region
it is not masked by the high-magnitude values of coefficients.

3. Wavelet-Based Structural Damage
Assessment (WavStructDamAs) Benchmark
Due to the intensively developed wavelet-based algorithms
for SDI problems over the last years, it was essential to
develop a benchmark, which contains numerical data and
data obtained from the vibration tests for testing of new
algorithms. Naturally, the benchmark should contain the
main wavelet tools for performing the analyses in order to be
complimentary. The benchmark that meets these criteria has
been developed and openly shared in the benchmark homepage: http://ipkm.polsl.pl/wavstructdamas. The benchmark
contains 143 example problems of 1D, 2D, and 3D damaged
composite structures, which are based on numerical and
experimental data, and a possibility of uploading its own
user data for performing the analyses using implemented
wavelet transforms and supporting tools. The benchmark was
implemented in Matlab environment as a GUI (Graphical
User Interface) application. In order to make the benchmark
available for a wide community, it was fully automated
that no programming is necessary for using it. Moreover,
it is distributed in the form of both Matlab routines and a
stand-alone application, which does not require the Matlab
environment. The benchmark includes example problems of
various composite structures with various possible damage
that may occur (cracks and notches, voids, delaminations,
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and impact damage). Most of them were described in separate
papers listed on the home-page of the benchmark (the
optimization studies were not included in the benchmark due
to the very time-consuming algorithms—they are available
upon request).
The benchmark is based on the Matlab environment with
using the Matlab Wavelet Toolbox. Several wavelet transforms were implemented for various problems: for 1D problems, CWT, DWT, SWT, undecimated wavelet transform
(UWT), dual-tree (complex) wavelet transform (DTWT),
and FrDWT; for 2D problems, DWT, SWT, UWT, DTWT,
DMWT, and QWT; for 3D problems, DWT and DTWT.
Additional postprocessing tools cover the boundary effect
removal functions of resulting coefficients regardless to their
orientation (i.e., addition of coefficients after decomposition)
using four algorithms. At every stage of processing, the data
can be exported to the Matlab workspace (or to the text file
in the case of stand-alone version), which does not limit the
user to performing additional analyses or modify the existing
routines.
3.1. Description of SDI Benchmark Problems. The implemented benchmark problems can be classified with respect
to the problem dimension (1D, 2D, or 3D) and the character of data (numerical or experimental). All of 1D and
2D numerical problems were modeled and computed in
MSC Patran/Nastran or Marc/Mentat finite element software.
The laminated composite structures were modeled as solids
using 8-node hexagonal elements, where the parameters for
layers were defined using appropriate modelers (definition of
stiffness matrix for particular layers) or separately for every
layer (in this case the ideal contact between the layers was
assumed). The cracks and voids were modeled by excluding
the appropriate elements from the model, while the delaminations were simulated by deactivation of a contact between
layers in the region of interest. The detailed description
including the materials properties as well as parameters of
numerical analyses was described in several papers [44–46,
48, 49, 54, 63].
The experimental studies were performed on laminated
composite beams and plates, sandwich composite plates with
a honeycomb core, and composite aircraft structures.
One-dimensional experimental problems in WavStructDamAs Benchmark consisted of two types: composite beams
with single crack and multiple cracks. The tests were
performed on laminated composite cantilever beams with
dimensions of 250 × 25 mm and a thickness of 5.28 mm.
The testing procedure was performed using scanning LDV
Polytec PSV-400 and point LDV Polytec PDV-100 used as a
reference on the length of 215 mm with a resolution of 44 (for
single crack) and 39 (for multiple cracks) equidistant measurement points. The point LDV was focused on the surface
of the clamping frame. The scanning LDV was connected
with a vibrometer controller Polytec OFV-5000 with builtin velocity decoder and a PC. The excitation of specimens
was performed by the electrodynamic shaker TIRA TV51120, which excited the specimen though the stinger by
pseudorandom noise signal generated directly from the
software dedicated to scanning LDV and amplified by
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the power amplifier TIRA BAA 500. The tested specimens
with multiple cracks and the experimental setup with description are presented in Figure 1. From the obtained FRFs,
the modal shapes of vibration were extracted and further
subjected to wavelet analysis in order to detect and localize
cracks. The details of experiment and results obtained using
DWT-based algorithm were presented in [43].
A set of two-dimensional experimental problems in
WavStructDamAs Benchmark contains the studies performed on laminated square composite plates with surface
and impact damage, laminated circular composite plate
with stiff inclusion, square sandwich composite plates with
damaged core and impact damage, and aircraft composite
structures with impact damage.
Laminated square composite plates with surface damage
consisted of three types: through-the-width crack, spatial
square damage, and multiple damage (sites with various
dimensions and a small surface crack). The dimensions of
plates (both with surface and impact damage) are as follows:
spatial dimensions of 300 × 300 mm and a thickness of
2.5 mm. All of the surface damage was simulated using a
numerical milling machine. The depth of simulated damage
equaled 0.5 mm (20% of total thickness of the tested plates).
The plates were clamped in a steel frame in such a way
that the internal square of the frame had the edge-length of
250 mm. The testing procedure used the same experimental
configuration (two LDVs with supporting equipment) as in
the case of composite beams described above. The scanning
procedure was performed on the surface area of plates of 250
× 250 mm and setting the net of 64 × 64 equidistant measurement points. The schemes of simulated damage with specific
dimensions and experimental setup are presented in Figure 2.
The damage identification studies performed on these
plates using various approaches were described in [44, 54, 63].
Example problems of impact damage identification in
laminated composite plates were performed on the same
type of plates and using the same experimental setup as
for the plates with surface damage. The impact damage was
simulated on the own-designed test rig using various values
of impact energy and various impactors. The test rig and
impactors are presented in Figure 3.
The exemplary FRF with selected modes for analysis is
visualized in Figure 4. Damage identification studies performed on these plates were described in [50].
An example problem concerned with 12-layer laminated
composite circular plate was based on experimental tests of
a plate with diameter of 500 mm and a thickness of 2.1 mm.
For the testing purposes the plate was mounted directly on
the shaker. For the mounting purpose a circular hole was cut
in the center of a plate with a diameter of 60 mm. During
the lamination process the sector-shaped PTFE (polytetrafluoroethylene) tape was inserted between sixth and seventh
layers. The inclusion has the radial dimensions same as the
radial dimensions of a plate and the angular dimension of
20∘ . The plate was clamped in its center using a steel disc
with a diameter of 78 mm. Using the same test equipment
as previously, the modal analysis was performed using a
net of 64 × 64 measurement points (in radial and angular
directions).
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Figure 1: Specimens with multiple cracks and experimental setup.
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Figure 2: Schemes of surface damage of tested plates and experimental setup.
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Figure 3: Impactors with rounded ends: (a) R17, (b) R14, (c) R11, (d) R8, and (e) R5 mm; impactors: (f) with a flat end ø34 mm, (g) with a flat
end ø19 mm, (h) with the conic end, and (i) with the arched end; impactors with immersed stones: (j) with flat impact surface, (k) with rough
impact surface, (l) edge-ended, (m) vertex-ended, and (n) angle-oriented vertex-ended.

The experimental setup for these tests is shown in
Figure 5. A detailed description of identification of stiff
inclusion in this plate is available in [49].
Sandwich plates of spatial dimensions of 300 × 300 mm
and a thickness of 4.1 mm used for example problems
implemented in WavStructDamAs Benchmark consisted of
a core with a thickness of 3 mm manufactured from the
aramid paper saturated by phenolic resin with hexagonal
cell configuration. The face sheets were manufactured in the
form of glass-fiber reinforced laminate made of plain weave
glass fabric. The damage of a core was introduced during
the manufacturing process before laying-up with face sheets.
Four cases were considered: through-the-width crack of a
core, partial local lack of a core with irregular boundary
placed in the center of a plate, full local lack of a core
with irregular boundary placed in the center of a plate, and
the delamination between a core and upper face sheet of
a square shape with dimensions of 60 × 60 mm placed in
the center of a plate. The impact damage was introduced
using the impact test machine (see Figure 3) with various
impactors and various values of impact energy. The tests
were performed under similar conditions as in the case of
laminated composite plates; that is, the plates were clamped in
the steel frame and the modal analysis was performed using
two LDVs. The detailed description and results obtained
using FrDWT-based algorithm were presented in [55].
Three example problems of impact damage identification
were implemented in the benchmark. The first structure was
manufactured in the form of glass fiber-reinforced polymeric
(GFRP) composite with dimensions of 205 × 255 mm. Three
barely visible impact damage (BVID) with impact energy of 3,
6, and 9 J, respectively, were introduced in the structure. The
plate was clamped on two opposite edges in a steel frame and
scanned using a testing configuration of two LDVs described
above on the surface area of 205 × 245 mm on the net of

59 × 71 equidistant points. The second tested structure was
made in the form of hybrid Al-GFRP-Al composite with
dimensions of 200 × 255 mm. It was scanned in the same
way on the area of 190 × 250 mm with a resolution of 73 ×
51 measurement points. The third tested structure was an
extraction from a vertical stabilizer of a military aircraft
reinforced by stiffeners and rivet holes made of carbon fiberreinforced polymer with spatial dimensions of 270 × 300 mm.
The scanning procedure was performed on the area of 260 ×
300 mm on the net of 73 × 65 measurement points. The aircraft structures were manufactured in the Air Force Institute
of Technology in Warsaw, Poland. The images of these structures are presented in Figure 6. A detailed description of these
studies as well as comparison of the obtained results with
results obtained by other NDT methods can be found in [99].
The benchmark includes two additional example problems in 3D. In these cases the experimental data were
collected based on scanning of composite structures using
computed tomography (CT) technique. One of the tested
plates with dimensions of 300 × 150 mm and a thickness of
5 mm was manufactured as CFRP structure, while the second
plate with dimensions of 800 × 150 mm and a thickness of
2 mm was prepared in the form of multilayer weft knitted
fabrics in the Institute of Lightweight Engineering and Polymer Technology (ILK), TU Dresden, Germany (Figure 7).
The manufacturing details and material properties for these
plates can be found in [100].
In both plates, the circular holes of diameter of 30 mm
in the middle of specimens were cut using water-jet cutting
method on the Trumpf Trumatic WS 2500 cutting system.
During this process, the delaminated areas occurred around
the holes. During the tomographic tests 3D data arrays of 452
× 504 × 83 voxels and 434 × 507 × 100 voxels, respectively,
were obtained. The analysis using 3D DWT was performed
on the collected data in order to identify and classify damage

Shock and Vibration

11

×10−3

×10−4

16

14

14

12

12

10

10

8

8
6

6

4

4

2

2

×10−3
6

Velocity (m/s)

5
4
3
2
1
0

0

200

400

600

800

1000
1200
Frequency (Hz)

1400

1600

×10−4
18

1800

2000

×10−3
4

16

3.5

14

3

12
10
8
6
4
2

Figure 4: Exemplary FRF and selected modal shapes for the analysis.

2.5
2
1.5
1
0.5

12

Shock and Vibration

Figure 5: Experimental setup for identification of stiff inclusion in composite circular plate.
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Figure 6: GFRP, Al-GFRP-Al, and CFRP extraction from the vertical stabilizer of the aircraft (a and b).

Figure 7: CFRP and multilayer weft knitted fabrics composite plates subjected to CT testing.
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Figure 8: A benchmark window with results of laminated composite beam with a single crack example problem obtained using CWT-based
approach.

Figure 9: A benchmark window with results of laminated composite beam with a single crack example problem obtained using DTWT-based
approach.

types in the tested structures. The detailed description of
damage location and results of the analysis can be found in
[101].
The problems described above implemented in the
WavStructDamAs Benchmark can be analyzed using available wavelet-based algorithms in various combinations. In
order to demonstrate the benchmark performance several
exemplary analyses are presented in the next section.
3.2. Exemplary Analyses Using WavStructDamAs Benchmark.
The first demonstration is performed on the example problem
of laminated composite beam with a single crack. The data
obtained from numerical model consisted of 5 modal shapes,
each of 256 measurement points. After selection of this
example problem the modal shapes become available and
the first modal shape is visualized (see Figure 8, left frame).

From the problem description window (available in data
information panel) one can determine the dimensions of an
investigated beam and the position of damage. Two analysis
types were selected in this case: 1D continuous wavelet
transform and 1D complex wavelet transform. In both cases
the symlet of order 4 was applied for the analyses. The CWTbased analysis was performed with a scale parameter of 5.
The DTWT-based analysis was performed as single-level
decomposition. The results of the analysis are available in
the right frame (Figure 8). The benchmark windows with
selected results for each analysis are presented in Figures 8
and 9, respectively.
One can observe that the damage is detectable (see the
results frames in Figures 8 and 9); however the resulting
coefficients are highly biased by the boundary effect. In order
to remove this effect the boundary effect removal tool was
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Figure 10: Benchmark results for SDI using isotropic CWT-based (a) and DTWT-based (b) algorithms with boundary effect removal.

Figure 11: The benchmark results for SDI in a sandwich plate using isotropic DWT-based algorithm.

applied: in the case of CWT-based analysis the extension
length was equaled to 16 points, while for DTWT-based
analysis the extension length was equaled to 10 points. In both
cases the periodization technique was applied for the signal
extension. Analyzing obtained results, one can observe that
the 3rd and 5th modal shapes are sensitive to the damage.
In order to visualize the results of SDI for the discussed
example problem, the isotropic analysis was performed,
where all obtained detail coefficients were squared and added
up. Obtained plots with detectable damage positions were
exported to separate windows and are presented in Figure 10.
The next demonstration of benchmark performance is
based on example problem of debonding between a core

and a face sheet in a sandwich plate. Four modal shapes
are available for this example problem. The analysis was
performed using 2D DWT-based algorithm with the Bspline wavelet of order 3 as single-level decomposition. After
performing the analysis the absolute values of obtained
horizontal and vertical coefficients were added up. A window
with obtained results is presented in Figure 11. The squareshaped debonding can be easily detected and localized.
The benchmark allows for analysis of circular-shaped
structures. In the next demonstrated example problem the
circular laminated composite with PTFE sector-shaped inclusion is analyzed. The analysis was performed using 2D
FrDWT-based algorithm using fractional B-spline wavelets
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Figure 12: The benchmark results for SDI in a circular composite plate with stiff inclusion using isotropic FrDWT-based algorithm applied
to selected modal shapes.

Figure 13: The benchmark results for SDI in CFRP plate with a hole and delaminations using 3D DWT-based algorithm.

of order 0.45 and a shift factor of 0.9 on selected modal
shapes of a plate (2–5, 7, and 10–12). Further, from the
obtained coefficients the real and imaginary ones of types 1–4
were added up for the considered modal shapes. The sectorshaped PTFE inclusion is detected and localized properly (see
Figure 12).
Finally, one of the 3D example problems is demonstrated.
The analysis was performed on CT data of CFRP plate with
a hole and delaminations using 3D DWT-based algorithm.
A biorthogonal wavelet of order 3.3 is applied. The performed decomposition allows for detection of delamination
directions in particular cross sections of a tested plate. In
Figure 13 the exemplary results are shown. Obtaining the
detail coefficients of type 4 (detail-detail-approximation)
allowed detecting the boundaries of delaminated areas. The
resulting set of coefficients presented in Figure 13 was firstly
cross-sectioned in the 29th layer of Z-direction and then

rotated to X-Y view and magnified for improving the visualization of the detected damage.
The performance and capabilities of WavStructDamAs
benchmark are not limited to the demonstrated cases and
can be used for studying of both available example problems
and its own problems, which can be uploaded by user,
using available wavelet transforms and supporting tools for
wavelet-based SDI.

4. Conclusions
The presented state-of-the-art review in the field of structural
damage detection and identification using wavelet-based
methods covers the presentation of results of the most
important studies in this field as well as activity of the author
and his team. Several important factors that influence the
detectability and accuracy of localization of various types of
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damage were analyzed. The analysis includes the influence
of measurement apparatus and resulting measurement noise,
influence of applied wavelet transforms and wavelets and
the current trends of improvement of existing wavelet-based
methods applied for SDI, and the influence of damage
location, sampling distance, and boundary effect on damage
detection and localization with discussion on possible ways
of elimination of unwanted effects and overall improvement
of detectability and accuracy in SDI.
Based on the results of numerical and experimental
studies performed by the author and his collaborators over
the last five years, the WavStructDamAs Benchmark has been
developed and implemented in Matlab environment. The
developed benchmark has several advantages. First of all,
it contains 143 example problems based on numerical and
experimental data obtained from testing of real composite
structures with a wide range of possible damage. Making
this data openly available, the researchers in the SDI field
can test the implemented algorithms or use their own ones
to this data. Moreover, it is possible to upload its own
user data; thus WavStructDamAs can be used as a toolbox.
Finally, the benchmark has been developed as a fully GUI
application; thus the coding for performing the analyses is not
necessary. This creates a possibility of performing analyses
easily and quickly and additionally using the benchmark by
unexperienced Matlab users. The benchmark is distributed
as an open-source software (users are able to modify and/or
use available code in their own application) and a standalone application, which does not require Matlab installed on
user’s system. The benchmark can be useful for researchers
working in the area of nondestructive testing, structural
damage assessment, and structural health monitoring as well
as for students attending to the corresponding university
courses.
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