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ABSTRACT

This work aims to characterize the dynamical behavior of
a multilayered beam with imperfect interfaces thanks to
an equivalent model. The imperfect interfaces studied are
a result of the coupling conditions of the layers, modelled
by a spring and a discontinuity of the displacement. Such
modelling is able to consider the transition between a per-
fectly bonded and a fully debonded multilayered structure.
The resulting model is used to characterize experimen-
tal samples by an inverse method. The samples used are
manufactured to have a decreasing quality of the coupling
within the multilayered beam, to compare the behavior of
the coupling conditions. The samples are made of glass
and epoxy in order to have an overview of the interface
quality. The Corrected Force Analysis Technique (CFAT)
is used to characterize the samples and check the effect of
imperfect interfaces. The characterization is done by es-
timating the apparent bending stiffness of the sample and
the corresponding losses thanks to the measured veloc-
ity. The measurements are performed by means of a Laser
Doppler Vibrometer (LDV).
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1. INTRODUCTION

Equivalent models are commonly used to study the dy-
namics of multilayered structures [1-4]. The goal is to
describe with few parameters the whole behavior of such
structures, which can be a good alternative to Finite El-
ement Method (FEM). In this work, an equivalent model
with imperfect interfaces recently published [5] is used to
characterize imperfect sandwich beams. The model used
is an Equivalent Singler Layer (ESL) model, based on
Guyader—Marchetti model [6, 7]. Such models describe
the whole multilayered plate with respect to a reference
layer, hereby reducing drastically the amount of variables
of the system to solve. This is done usually thanks to
continuity conditions at the interfaces between the layers.
However, to implement imperfect interfaces, the displace-
ment field is assumed to be discontinuous as in [8—10]. A
constitutive equation is used to write the stresses within
the multilayered structure with respect to the sliding dis-
placement thanks to a spring approach. The stiffness of
the spring symbolizes the quality of the coupling between
the layers at the interface and impact the overall behavior
of the system as shown experimentally in [11-14].

This work aims to highlight the imperfect interfaces
impact on the dynamics of a multilayered structure from
the measurement itself. To do so, an experimental dy-
namic characterization of imperfect interfaces samples is
performed, thanks to vibration measurement and model
fitting. Details about the post processing of the data, in
particular the filtering, are given here since they greatly
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enhance the quality of the results and so increase the band-
width of the results. The samples boundary conditions are
free-free, which is accomplished by using ropes to sus-
pend it. Vibration of the system is generated by means of
at least two piezoelectric buzzers. The data obtained from
the measurement are processed according to the Corrected
Force Analysis Technique (CFAT) [15,16].

The originality of this work is to show the impact
of imperfect coupling between the layers of a sandwich
structure experimentally over a broadband frequency,
which enables modal analysis and wave analysis. This pa-
per is organized as follow: The Section 2 shows the main
characteristics of the equivalent model used here. The ex-
perimental setup is briefly shown in Section 3. Section 4
gives details about the methodology used in this work, so
mainly details about the data filtering method. The results
of the experimental study are shown in a separated part,
namely Section 5.

2. MODEL

This section is a brief summary of [5], the reader is re-
ferred to this paper for more details. The main equation
of the model, for a beam, is the Equation (1). It yields
the displacement field to be modelled thanks to 4 terms:
the extension over x 1, (x,t); the bending over x %—Vg;
the shearing ¢, ; and the displacement jump ., which is
assumed to be constant over the surface (z,y) and with

respect to the time .

{r

With F}, function of the Young’s modulus of the layers
and their thicknesses, details in [5-7, 17]. Then, the dis-
placement jumps are computed thanks to the constitutive
law, Equation (2).

Vh(x,t) + F, Q¥ + FlLol + 3070 al,

W(z,t). W

w3 B3I

Uiy = BI6" @)

Tz x2?

With, B7, the interface compliance in the x direction gen-
erally called the interface parameter.

This yields the displacement field to be written exclu-
sively by the kinematic variables of Eq. (3). If B,.," =0
m.Pa~! the interface is perfect since the displacement ob-
tained is the same as in the former models. If B — oo,
or the interface stiffness K,, = 1/B,. — 0 Pa.m™!, the

interface is fully debonded.
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3. EXPERIMENTAL SETUP

The experimental setup is fully presented in Figure 1.
The samples manufactured for this study are sandwich-
structured beams. The skins have the same thickness and
are made of glass, which is useful to directly see the qual-
ity of the interfaces. The core is ten times thinner than
the skins and is made of a hard epoxy adhesive, which
is a viscoelastic material with a high Young’s modulus
(Ecore = 2 GPa) relatively to similar materials. The ve-
locity measurements are performed by means of a Laser
Doppler Vibrometer (LDV) from Polytec, the PSV-400.
A piezoelectric buzzer is glued to the sample in order
to make it vibrates. The resulting velocity is measured
throughout a mesh by means of the PSV-400 scanning vi-
brometer from Polytec. The input signal is a white noise
with f = [1le3, 1e5] Hz.

- -

i ol
Laser vibrometer [*]
Scanning measurement

Figure 1. Experimental setup with a picture of the
setup itself with: the scanning laser vibrometer PSV-
400 Polytec; the glass-epoxy-glass sample in free vi-
bration; the piezoeletric buzzer glued to the sample.
A scheme of the sample with the scanning mesh is
represented on the right of the picture.
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Skins Core
Thickness [mm] 3 0.3
Young’s modulus [GPa] 71 1.5
Damping [-] 0.1e-2 | Se-2
Poisson ratio [-] 0,33 0,22
Density [kg.m-3] 2700 1300

Table 1. Mechanical properties of the materials com-
posing the sandwich structured beam.

The sample properties used for this work are gathered
in Table 1 and are shown Figure 2.

4. METHODOLOGY
4.1 Corrected Force Analysis Technique (CFAT)

The data processing used to compute the flexural rigid-
ity of the samples is the Corrected Force Analysis Tech-
nique, few more implementation of the method are given
in [15,16,18]. This method uses the vertical displacement
equation of motion of a beam (or a plate if needed). In
order to characterize the apparent mechanical parameters
of the sample in the (z, y), it is assumed that the external
pressure is null. Finally, Equation (4) is used to apply the
method to a beam-like structure.

|

With, E Young’s modulus, I, w the frequency in rad.m—!,
A the mesh pitch, 54A““’ is the 4" derivative of the vertical
displacement, it is estimated thanks to a finite difference
method.
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4.2 Experimental border-padding and filtering

The results on unfiltered data are given in Figures 5-6 in
blue. One can notices that the results are reliable for the
highest frequencies. This these discrepancies come from
other type of strain taking into account from the original
data. The wavenumber map given in Figure 3 shows that
not only the flexural motion is measured, but other strains
with lower wavenumbers.

Thus, filtering the data is necessary to enhance the re-
sults, which increase the bandwidth of the results. The
issue when dealing with wavenumber filtering is the win-
dow application in low frequency. Since the resolution is
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Figure 2. Samples A and B. They both have the same
geometry (600x30x0.3mm?) and mechanical proper-
ties (Glass-Epoxy-Glass Table 1), except the amount
of epoxy used to couple both skins. The epoxy mass
of Sample A is mo, = 9.4g and mo, = 9.8g.

rarely high enough for low frequency windowing, it yields
bad results if no padding is added. To correct this, exper-
imental border-padding has been realized with respect to
the workflow given in Figure 4. The filtering itself, is done
by a double convolution in the two directions. Since the
convolution makes a phase shift, if the filtering is done
twice in opposite directions, the two phase shifts are can-
celling each other, leaving the imaginary part unchanged
but filtered. Zero-padding is firstly done, then, cycles of
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Figure 3. Wavenumber map obtained after measure-
ment. The ordinate is the wavenumber of the plate,
the abscissa the frequency and the colormap is the
displacement amplitude.

filtering are processed by reusing the measure displace-
ment for each loop. This yields the data to be gradually a
border-padding obtained from experimental data only.

5. RESULTS
5.1 Filtering results

Results for the real part, the flexural rigidity modulus in
Pa, and for the imaginary part, the flexural damping with-
out units, are given respectively in the Figure 5 and the
Figure 6. The flexural rigidity modulus is an equiva-
lent Young’s modulus for bending. It is computed from
the structural beam parameter s = E.,I/(pS), Eeq =
12sp/h2.

The results show the apparent flexural rigidity mod-
ulus and its damping with respect to the frequency. It is
classical results for a multilayered structure. In low fre-
quency, the bending makes only the hard skins involved
in the dynamical behavior, but weighted by the full thick-
ness. In the high frequency limits, the multilayered is fully
debonded and the rigidity is greatly reduced since it equals
the sum of the flexural rigidity of each layer weighted by
their own thickness. The real part filtering shows really
good improvement. The imaginary part filtering removes
an unexpected collapse of the damping after 10* Hz, but
adds a singularity at 12 kHz. In the highest frequencies
the damping is not significantly improved since it is al-
ready very low, knowing that the imaginary part is more
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Figure 4. Workflow of the filtering method including
border-padding.
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Figure 5. Impact of the filtering method presented in
Section 4 on the Flexural rigidity modulus with re-
spect to the frequency. The properties of the samples
are gathered in Table 1.
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Figure 6. Impact of the filtering method presented
in Section 4 on the damping with respect to the fre-
quency. The properties of the samples are gathered
in Table 1.

sensitive to noise than the real part.

5.2 Imperfect interfaces impact on dynamical
parameters

Now that the results are on a frequency broadband, it is
possible to compare two multilayered structures with the
same properties but the quality of their interfaces. Their
properties are the same than for the filtering application,
namely Table 1.

The samples used for the results shown in this sec-
tion are shown in Figure 2. It shows two samples with
the same properties but the amount of epoxy used for the
core. The sample A has less epoxy than sample B, which
makes sample A expected to be the sample with the worst
coupling conditions. Since the thickness of the core is
of 0.3mm, the lack of epoxy generates some defects in-
side the core (air inclusions) and some irregularities on
the width, reducing hereby the coupling quality of the in-
terface.

Figures 7-8 show the comparison between these two
cases with sample A the least perfect sample, versus sam-
ple B the most perfect sample. Since the core properties
were not perfectly known, sample B is assumed to have
perfectly bonded interfaces, so as to set the values of the
core. If one wants to precisely characterize the interface
parameter, one has to know with similar precision than the
skins, the properties of the core.

The results for the real part is well fitted by the model
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Figure 7. Impact of the imperfect interfaces on
the flexural rigidity modulus with respect to the fre-
quency. The samples have the same properties (Ta-
ble 1) but their interface parameter 5, .
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Figure 8. Impact of the imperfect interfaces on the
damping with respect to the frequency. The samples
have the same properties (Table 1) but their interface
parameter B,.

with two different interface parameters. For the damp-
ing, the prediction of the experimental result trends by the
model is acceptable, but the different singularities make
impossible to have a prediction as good as for the real part
all along the spectrum.
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6. CONCLUSION

In this work, broadband characterization of imperfect in-
terfaces has been shown. This implies the use of an ex-
perimental border-padding, and the use of an equivalent
dynamic model to fit a vibration measurement performed
with a laser vibrometer from f = 1k Hz to f = 500 kHz.
Good agreement between the results and the model has
been shown all along the frequency spectrum. However,
the results for the imaginary part can still be improved. If
not by data processing, it could be more accurate by us-
ing samples with a higher damping. This can be done by
using another core material, or by increasing significantly
its thickness.
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