
Vibration-Based Non-Destructive Evaluation
of Internal Damage in Foam Cored Sandwich
Structures Using Wavelet Analysis
Andrzej Katunin
Institute of Fundamentals of Machinery Design, Silesian University of Technology, Konarskiego 18A, 44-100 Gli-
wice, Poland.

(Received 28 August 2015; accepted 1 March 2017)

Modern mechanical and civil structures are increasingly designed using polymeric composites that ensure great
strength-to-mass ratio and are resistant to various environmental interactions, like corrosion. The application of
sandwich structures in the design of mechanical and civil constructions is determined by their good stiffness prop-
erties and very low mass, which is a very attractive combination. Due to their wide applicability, these structures
should be properly maintained and diagnosed, and thus, appropriate non-destructive testing (NDT) methods should
be developed in order to detect and identify various types of damage. Special attention should be paid to internal
damage (damage to the core of a sandwich structure), which cannot be detected during a visual inspection. In the
paper, an NDT method based on modal analysis and further processing of modal shapes using a wavelet trans-
form is proposed. Three sandwich structures with damage to the core of various types were experimentally tested
using modal analysis, the damage positions were detected and identified using wavelet analysis, and verified by
comparing the results of previously performed thermographic tests. The obtained results show a high effectiveness
of the proposed approach, which could find an application in the industrial inspection of sandwich structures in a
non-destructive and non-contact manner.

1. INTRODUCTION

Sandwich composite structures are manufactured from vari-
ous materials and in different configurations depending on the
area of their application. One of the types of such sandwich
composites which has found wide application both in mechan-
ical and civil constructions is a foam cored sandwich that con-
sists of a thick core and thin face sheets usually made of an alu-
minium or glass fibre-reinforced polymeric (GFRP) compos-
ite. Considering the wide applicability of these structures’ ap-
propriate inspection procedures, they are necessary both at the
stage of quality control (manufacturing-damage assessment)
and at the stage of maintenance (damage caused by fatigue,
overloading, sudden accidents, etc.). The inspection and diag-
nosis of sandwich structures, due to the modern demands of
industry, should be non- destructive and sensitive enough to
detect and localize damage positions at possibly an early stage
of their development.

Numerous NDT methods dedicated to the inspection of
thick polymeric sandwich structures have been developed or
adapted to date. The most often applied methods for such
structures include acoustic emission (AE) testing, ultrasonic
testing (UT), infrared thermography (IRT) and X-ray com-
puted tomography (CT). A comprehensive overview on these
methods applied for thick composite structures was presented
by Ibrahim.10 Several recent studies describe AE-based meth-
ods of damage evaluation; however, they are based4 mostly
on comparison with reference measurements, e.g. Burlayenko
and Sadowski4 who have analysed a delamination in foam and
honeycomb cored sandwich plates using a numerical model
based 1on shifts of natural frequencies. Arora et al.1 compared
the frequency response functions (FRFs) and modal shapes

of healthy and damaged structures in order to detect dam-
age. An original approach was presented by Dickinson and
Fletcher,6 where they tested aircraft composite panels with im-
pact damage in honeycomb cored sandwich structures by us-
ing a reference-free AE-based method, and they detected and
localized the damage with high confidence. Several other ap-
proaches of damage detection are described in Ben et al.3 and
Masmoudi et al.17 However, the tests were based on fatigue
tests, counting the number of hints, and the observation of evo-
lution of mechanical properties of tested structures until the
failure.

Various UT-based techniques have been applied for damage
identification in sandwich structures. The results presented by
Holmes et al.9 and Smith et al.22 confirm the effectiveness of
these techniques in damage detection and identification. In the
experimental study presented by Chakraborty et al.5, the au-
thors used Lamb waves for damage detection in honeycomb
cored sandwiches with wavelet-based post- processing, and
based on the obtained results, they could detect and distin-
guish the damage. This group of methods is efficient in dam-
age evaluation in sandwich structures. However, such meth-
ods are often limited to the laboratory conditions. Success-
ful damage identification is also possible using transient IRT11

and vibrothermography,2, 19 the method which uses ultrasonic-
vibration excitation of a tested structure with a simultaneous
measurement of thermal response using IRT. Both external and
internal damage in sandwich structures can be effectively de-
tected and identified using this method. Finally, X-ray CT
methods provide a possibility of obtaining a 3D scan with the
best resolution as compared to other NDT methods. The appli-
cation of this technique to damage detection and identification
of thick sandwich structures gives very precise results.7 How-
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ever, the high cost of inspection and limitation to the possibil-
ity of performing tests in laboratory conditions often limits its
application to manufacturing or in-service inspections.

One of the oldest groups of NDT methods covers the
vibration-structural analysis which is usually based on modal
analysis and further evaluation of natural frequencies and
modal shapes of tested structures. This group of methods is
relatively inexpensive in comparison to the above-mentioned
ones, simultaneously not limited to the laboratory conditions,
and effective enough in damage evaluation of sandwich struc-
tures. Initially, vibration methods were based on a comparison
of FRFs and/or modal shapes to a reference structure. Several
experimental studies using this approach were described by
Gagneja et al.8 and Ratcliffe et al.20 The comparative analysis
of modal parameters is often inefficient, especially when dam-
age size is relatively small. Another difficulty is that the ref-
erence (healthy) structure is not always available for compar-
ison. In order to make vibration-based damage-identification
approaches local, i.e. to enrich them by a possibility of dam-
age localization, an analysis of modal shapes should be sup-
ported by advanced signal processing techniques. Several ap-
proaches were used to date: Nichols et al.18 used entropy
measures based on correlation functions obtained by means of
multiple sensors measurements which allowed them to detect
impact damage in sandwich structures; another approach was
proposed by Zhu et al.24 where the authors detected debonding
in honeycomb cored sandwich structures using FRFs; mean-
while, Lestari and Qiao16 successfully identified damage in
thick sandwich composite structures using a damage-index ap-
proach determined for modal shapes of tested beams. Several
attempts in damage detection and identification were made in
the previous studies conducted by the author,14 where both in-
ternal and external damage of thin sandwich honeycomb-cored
structures were identified using wavelet analysis.

The main goal of this paper is to investigate the possibil-
ity of detection and identification of various types of internal
damage of foam cored thick sandwich structures based on anal-
ysis of modal shapes with their further post-processing using
wavelet analysis. The main difficulty of such an analysis is that
the foam used for a sandwich core is a highly damping mate-
rial which has an influence on decreasing the natural frequen-
cies of vibration as well as lowering the vibration magnitudes.
Taking into account a relatively large thickness of tested sand-
wich structures and the fact that all of the investigated cases
contained internal damage only makes the problem more chal-
lenging.

2. MATERIAL AND TESTING PROCEDURE

2.1. Specimens Preparation

The tested specimens with spatial dimensions of
300×300 mm consist of a polyurethane core (manufac-
tured by Ruukki Construction Polska Sp. z o.o.) and
glass-epoxy composite face sheets (manufactured by Izo-Erg
S.A.) bonded by a two-component polyurethane adhesive
Macroplast U.K. 8309 and Macropur U.R. 521 (hardener)
mixed in a ratio of 5:1. The foam has a closed-cell structure,
approximately 40 kg/m3 density and a thickness of 57 mm
manufactured during polymerization reaction from ingredients

a)

b)

c)

Figure 1. Considered sandwich structures with simulated damage: a) through-
the-width crack, b) local lack of a core, c) debonding.

such as polyol, isocyanates, catalysts and blowing gases. A
total thickness of the tested specimens is 58 mm.

Three types of damage of a core were considered in this
study: through-the-thickness crack in two orthogonal direc-
tions, as shown in Fig. 1a; local partial lack of a core with
spatial dimensions of 50×50 mm located in the geometric cen-
tre with a depth of 1/4 of total thickness of a core, as seen in
Fig. 1b; and local lack of an adhesive between a core and a face
sheet on the same area as in a previous case which simulated
debonding, which is shown in Fig. 1c.

The damage types were selected according to their often oc-
currence during manufacturing and in-service maintenance in
foam cored sandwich structures used in various engineering
applications.15, 21, 23

2.2. Modal Analysis
In order to acquire modal shapes of vibration for tested

structures, a modal analysis was performed following the setup
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Figure 2. Experimental setup.

presented in Fig. 2. Two laser Doppler vibrometers (LDVs)
were used during the tests: the scanning LDV Polytec R© PSV-
400 was used for the measurement of velocity of displacements
on the surfaces of structures in the defined net of 64×64 mea-
surement points while the point LDV Polytec R© PDV-100 was
used as a reference. The measurement of the reference signal
(velocity of displacements of the clamping frame) allows elim-
inating the influence of natural frequencies and modal shapes
of this clamping frame onto the measured response of the
tested specimen. The analysed plate was clamped in a steel
frame by 24 bolts around its perimeter which resulted in a
reduction of the analysed area of the plate to 250×250 mm.
The frame with the tested specimen was mounted on the point
LDV that was focused on the surface of the clamping frame.
The scanning LDV was connected with a vibrometer controller
Polytec R© OFV-5000 with built-in velocity decoder and a PC.
In order to ensure good quality of measurement signal the
tested plates were covered by Helling R© anti-glare spray de-
signed for the laser scanning. The frame was mounted on the
electrodynamic shaker TIRA R© TV-51120 by 4 bolts (in order
to transfer an excitation directly to the tested specimen), which
excited the specimen with a pseudo-random signal generated
directly from the software intended for scanning LDV and am-
plified by the power amplifier TIRA R© BAA 500.

The frequency bandwidth during the modal analysis was set
in the range of 0–1.25 kHz with a resolution of 0.78125 Hz.
The FRF for each measured point was averaged five times. The
resulting FRFs of the whole sandwich structures are presented
in Fig. 3.

Considering that the detectability of damage positions de-
pends on the magnitudes of considered modal shapes it is nec-
essary to select more than one modal shape in order to over-
come a problem when the magnitudes of vibration velocity in
the damaged region are small (corresponding with the nodal
lines of a given modal shape or the regions near the clamped
edges). Following this fact, particular modal shapes were se-
lected for every considered structure; their frequency values

a)

b)

c)

Figure 3. FRFs of tested structures: a) through-the-width crack, b) local lack
of a core, c) debonding.

are stored in Table 1. The corresponding modal shapes for the
considered cases are presented in Fig. 4.

3. ANALYSIS OF RESULTS AND
VERIFICATION

Collected modal shapes corresponding to the natural fre-
quencies determined for each tested structure (see Table 1)
were then subjected to wavelet analysis. Considering the pre-
vious studies12, the Stationary Wavelet Transform (SWT) al-
gorithm was selected for the analysis because using SWT dur-
ing decomposition led to the resulting set of coefficients not
reducing its size, e.g. in the case of a decomposition using
discrete wavelet transform. This allows for the obtainment of
more accurate damage localization. The damage identifica-
tion procedure was performed using the developed WavStruct-
DamAs tool in a Matlab R© environment.13 Based on compara-
tive studies presented in Katunin12 and preliminary testing, the
biorthogonal B-spline wavelet of order 1.3 was selected for the
analysis. The damage identification consisted of the following
steps: firstly, a single-level SWT-based decomposition was ap-
plied to each acquired modal shape; from the obtained sets of
approximation and detail coefficients, the latter were selected
as they contain diagnostic information about damage (tiny in-
consistencies in modal curvatures resulted from local decrease
of stiffness in damaged regions can be observed in sets of de-
tail coefficients); and finally, the absolute values of sets of de-
tail coefficients were added up for every tested structure. The
resulting sets of coefficients after the above-described opera-
tions are presented in Fig. 5. For the clarity of presentation, the
boundary effect was removed using an asymmetric-padding
method.

One can observe that the damage positions in the case of lo-
cal lack of a core and debonding were properly detected and
identified. In the first analysed case of a damaged sandwich
structure, the cracks are detectable, but not on their whole
length (cf. Fig. 1a and Fig. 5a). This is caused by the low
influence of a presence of these cracks on local stiffness of a
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e) f)

g) h)

i) j)

k)

Figure 4. Considered modal shapes of the tested specimens with damage: a),
b) through-the-width crack, c)-f) local lack of a core, g)-k) debonding.

Table 1. Considered natural frequencies for the tested structures, Hz.

Through-the-
width crack 482.03 953.91 . . .

Local lack of
a core 481.25 760.94 967.19 1011.72 . . .

Debonding 490.62 910.94 999.22 1036.72 1152.34

a)

b)

c)

Figure 5. Results of damage identification in considered sandwich structures:
a) through-the-width crack, b) local lack of a core, c) debonding.

tested structure (see Fig. 4a,b) which is confirmed by the low-
est maximal value of resulting coefficients in comparison with
other investigated cases as seen in Fig. 5. The face sheets in-
tegrate the structure in such a way that they do not allow for
large displacements between the parts of the cracked core of
the sandwich structure. The strongest influence of a damage
is observed for the case of a local lack of a core where the
damage was perfectly detected and localized. Such a good re-
sult was obtained due to the rapid and significant decrease of a
structural stiffness in the location of the damage. This is con-
firmed by the highest maximal value of resulting coefficients
(ca. 10 times higher than for the previously discussed case
as seen in Fig. 5b). A similar result was obtained from the
sandwich structure with simulated debonding between a core
and a face sheet (see Fig. 5c). The reduction of stiffness in
the debonded region allows detection and identification of the
damage.

For additional verification of identified types of damage, the
resulting sets of coefficients were compared to the results ob-
tained for these structures using transient IRT.11 The thermo-
grams for the considered cases are shown in Fig.6. Additional
artefacts visible in the thermograms are caused by local sur-
pluses of glue from the manual gluing of face sheets to the
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core.
As it can be observed, the results of damage identification

obtained using the vibration-based method are quite similar to
those obtained using transient IRT as well as the schemes of a
true damage (cf. Fig. 1, Fig. 5 and Fig. 6). This implies that
the proposed vibration-based NDT method is effective enough
to detect, localize, and identify internal damage in sandwich
structures. One should mention two major drawbacks of the
vibration-based approach: poor resolution with respect to other
NDT methods (e.g. UT, IRT) and a long duration for tests.
However, the advantage of applying this approach is that the
measurements can be performed during in-field conditions and
in a non-contact manner at far distances from the tested object
which is suitable in such cases when an other NDT method
cannot be applied.

4. CONCLUSIONS

In the presented study, the sandwich foam cored compos-
ite structures with various types of simulated, internal dam-
age were tested for damage identification based on analysis
of modal shapes of vibration using wavelet transform. Three
types of the most common damage were considered during the
tests. The parameters of wavelet analysis were selected in such
a way that the damage was detected and identified in all consid-
ered cases. The obtained results allow a conclusion about the
effectiveness of the proposed approach in NDT applications
even if the tested structures are considered as thick. The ef-
fectiveness of this approach was additionally confirmed based
on a comparative study of vibration-based and IRT-based tests.
The proposed method may find an application during manu-
facturing (quality control) and routine testing of aircraft-thick
sandwich structures as well as civil structures being in opera-
tion. The main advantage of the proposed approach with re-
spect to other NDT techniques is a possibility of non-contact
measurements using the LDVs of structural elements with no
direct access when most of the other NDT techniques cannot
be applied (e.g. UT, radiography) or their application is limited
(e.g. IRT).
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