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a b s t r a c t

The paper aims to describe the guided Lamb wave propagation in honeycomb sandwich panels. The
application of Lamb waves is a well-known method in modern online structural health monitoring tech-
niques. To analyze the wave propagation in such a complicated geometry with an analytical solution is
hardly possible; therefore a dimensional finite element simulation is used. A piezoelectric actuator is
used to excite the waves on the sandwich panel surface. The extended model of the honeycomb sandwich
panel is consisting of two plate layers and a mid-core layer. In addition, a simplified model is used to
reduce the computing costs, where the mid-core of the sandwich panel is replaced by a homogeneous
layer. The results from the extended model and the simplified model are in most cases in a good agree-
ment; however the limitations of using the simplified model are discussed. A parametric study is used to
show the influence of the geometrical properties of honeycomb plates, the material properties of the skin
plates and the loading frequency on the group velocity, the wave length and the energy transmission.
Each of these properties provides valuable information to design an efficient health monitoring system.
Finally, an experimental test is presented.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Using Lamb waves generated and received by a mesh of piezo-
electric (PZT) actuators and sensors is a developing technology for
structural health monitoring (SHM) in composite structures [1,2].
Due to the high sensitivity, the possibility of an online monitoring
and the low cost of the required equipments, make Lamb waves
based damage detection an interesting SHM technique for many
industries [1].

For the first time the brothers Jacques and Pierre Curie found
the PZT effect in a single crystal such as the Rochelle salt. Nowa-
days, PZT elements can be found in different shapes, for instance,
as films, plates, powders, stacks and etc. The application of PZT ele-
ments for SHM applications has to take into account several as-
pects, such as, a minimal influence on the plate strength and a
good bonding to the plate in the working temperature range [3].
The PZT effect can be expressed as an interaction between the elec-
trical and mechanical energy. By applying an electrical field,
dimensional changes will occur in the material. Conversely, by
applying mechanical deformations, a voltage corresponding to
the strain will come out of the PZT element [4].
ll rights reserved.
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The sensitivity of the Lamb waves to small damages [3] results
in reliable advantages in terms of the location, the severity and the
type of the damages. Lamb waves are categorized as elastic waves
that can propagate in a solid plate with free surfaces. Horace Lamb
was the first who described Lamb waves mathematically. However,
Lamb waves were used for nondestructive materials testing for
two decades [5], but still the wave propagation in heterogeneous
plates, such as honeycomb structures is at research level [1,3].

A new method of non-destructive testing of honeycomb plates
was introduced by Thwaites and Clark [6]. Within this method
localized phase velocities in reverberant panels in the frequency
range of 5–50 kHz was measured. The ability of the method was
proved to detect delamination and core crazing in honeycomb
sandwich panels unambiguously. In another study by Wierzbicki
and Woźniak a homogenization technique based on a dispersive
model of periodic composite solids made of an isotropic matrix
reinforced by a honeycomb-like slender skeleton was formulated
for the analysis of vibration and wave propagation problems [7].
It was proved that the proposed method has the advantage to
describe the effect of cell size on the overall dynamic behavior of
a composite solid. An isotropic response of honeycomb based com-
posites has been reported on the macro-level.

A two-dimensional finite element model of the unit cell and the
application of the theory of periodic structures was used in [8] by
Ruzzene et al. to investigate the effect of the geometry of unit cells
on the dynamics of the propagation of elastic waves within the
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cellular structure. The ability of the method was shown to achieve
the desired transmissibility levels in specified directions for opti-
mal design configurations to obtain efficient vibration isolation
capabilities. In addition, in a study by Mustapha et al. the funda-
mental anti-symmetric Lamb mode (A0) was loaded at a low fre-
quency used to detect debonding in sandwich CF/EP composite
structures with a honeycomb core. Within this study the experi-
mental results were compared with results obtained from finite
element analysis. In the finite element analysis the core layer
was homogenized as an orthotropic material and modeled with
eight-node 3-D brick elements. The location of the damage was de-
tected using the time of the flight of damage-reflected waves. It has
been reported that the experimental results correspond very well
with results which were obtained with this simplified finite ele-
ment model [9]. A similar study by Xue et al. was done, in which
ultrasonic guided waves were used to detect the delamination be-
tween skin and honeycomb of a composite helicopter rotor blade.
They used a theoretical approach based on the global matrix meth-
od. In addition, finite elements and experimental studies were also
taken into account. In numerical and theoretical approaches the
honeycomb core layer was also replaced by a homogenized layer.
Corresponding results from different methods have been reported
in [10].

A dimensional finite element was used by Song et al. [1], to
study the Lamb wave propagation in honeycomb sandwich panels.
The results were compared with a simplified model where the core
layer was replaced by a heterogeneous material with a simple cu-
bic geometry. It has been reported that the agreement of the re-
sults calculated with the extended honeycomb model in
comparison to the simplified model depends on the frequency of
the loading signal. The results were validated by experimental
results.

In the present paper the dependency of the wave propagation
on different geometrical properties of honeycomb sandwich pan-
els, such as, honeycomb core size, cover plate thickness, thickness
of the honeycomb core size is studied. The Lamb waves are exam-
ined on the top and the bottom surfaces of the structure. In addi-
tion, a simplified model where the complicated honeycomb mid-
core of the sandwich panel is replaced by a simple homogeneous
layer with orthotropic mechanical properties is considered. Fig. 1
shows a schematic representation of different models which are
investigated, including the honeycomb sandwich panel and the
simplified model. This parametric study provides fundamental
knowledge of Lamb wave behavior in honeycomb sandwich panels
which is essential to design efficient SHM systems [11]. These
information are needed for choosing the appropriate loading signal
for SHM applications [9] as well as the determination of possible
damages which can be detected by the propagating wave in the
signal processing level [3].
X Y
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Fig. 1. Schematic representation of different models: (a) honeycomb sandwich
panel and (b) simplified model.
2. Finite element modeling

A honeycomb sandwich panel consists of two skin plates and a
honeycomb core layer. Fig. 2 shows the description of geometrical
dimensions of the panel. Within our study the influences of the
cover plate thickness (tp), the honeycomb wall thickness (th) and
the honeycomb core size (Hc) on the wave propagation are evalu-
ated. However, the honeycomb height, the PZT element sizes, the
length and the width of the plate will remain constant, cf. Table
1. The material properties of the honeycomb sandwich panel com-
ponents are provided in Table 2.

The skin plates are modeled using 3-D solid elements. 2-D shell
elements are used to model the honeycomb cells. The transition re-
gion, where the solids connect to the shells, is often the weakest
area and an accurate modeling approach is needed to consider
the correct stresses and deformation. In applications where only
small deformation occurs, such as wave propagation in a plate,
multi-point constraint equations are a reliable method to connect
two portions of a structure using solids and shells [12]. In the pres-
ent study an automatic constraint equation developed by ANSYS�

between elements is used to connect the shell and the solid ele-
ments. Finally, 3-D electromechanical coupled solid elements are
used to model the actuators and sensors [1].

In addition, the wave propagation in a simplified model is stud-
ied. In this case, the core layer is modeled with 3-D solid elements
with orthotropic material properties. The orthotropic material
properties are achieved by applying a standard homogenization
technique based on unit cells [13]. This numerical homogenization
method including the representative volume element (RVE) ap-
proach in combination with the FEM was presented in [14] and
demonstrated that this method can be used for several kinds of
heterogeneous materials, the results also have shown a good
agreement with several other homogenization methods.

The PZT sensor is located in parallel (in 0�) to the actuator on
both top and bottom layers with a distance of 180 mm. The mate-
rial properties of the PZT actuator/sensor are presented in [1]. The
PZT elements are bonded to the cover plates, cf. Fig. 3. A zero volt-
age is applied to the bottom surfaces of the sensors and the actua-
tor. The exciting voltage signal of a three and a half-cycle narrow
band tone burst (Vin) is applied to the top nodes of the actuator
[1] (t is time, fc is central frequency and H(t) is the Heaviside step
function).

Vin ¼ V ½HðtÞ � Hðt � 3:5=fcÞ� 1� cos
2pfct
3:5

� �
sin 2pfct: ð1Þ

All nodes on the free surface of the PZT actuator and sensors are tied
together to represent the conductivity of the thin copper layer on
this area, cf. Fig. 3.

It has been shown in [1,9] that using an element size of less than
one tenth of the wave length will result in a good numerical
Fig. 2. The sandwich panel design and geometrical properties, also cf. Table 1.
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Fig. 3. The orientation of the PZT elements, symmetric boundary condition and
non-reflecting boundary condition are shown.

Table 2
Material properties of the plate and the honeycomb cells.

Young’s modulus (GPa) Poisson’s ratio (–) Density (kg m�3)

Skin plate (aluminum alloy T6061 [1])
70 0.33 2700

Ex = Ey (GPa) Ez (GPa) txy (–) and tyz = txz (GPa) Gxy (GPa) Gyz = Gxz (kg m�3) Density

Honeycomb cell (HRH-36-1/8-3.0) [1]
2.46 3.4 0.3 0.94615 1.154 50

Table 1
The geometrical properties of the sandwich panel and PZT actuator/sensor [1]. These properties will remain constant within this study (units are in mm).

Skin plate Honeycomb cell PZT actuator and sensor

Length Width Height Radius Thickness Actuator/sensor distance

290 124 15 3.17 0.7 180
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convergence, which also corresponds to the experimental results.
In addition, a convergence test is done in the present paper. A load-
ing signal with 200 kHz of the central frequency is applied to gen-
erate Lamb waves in an aluminum plate with a thickness of 2 mm.
At first element size of one tenth per wave length is considered and
then the element size is decreased to one twentieth per wave
length. The group velocity of S0 is calculated in both tests and only
3% difference is observed.

The accuracy of the time integration is also is taken into account
[15]. The residual force (Fres) for each time step is calculated for a
single node from a traction-free surface as follows:

M � €unðtÞ þ K � unðtÞ ¼ FresðtÞ; ð2Þ

where M is the mass matrix and K is the stiffness matrix for the sur-
rounding of the considered node and ü is the nodal acceleration and
u is the nodal displacement. In a particular example, the residual
force is calculated for the maximum time step which is considered
in this study. The accuracy of the time integration is indicated as the
residual force tends close towards zero and at each time step its
maximum magnitude is ten times below the magnitude of the elas-
tic and the inertia forces.

To reduce the model size and the computational costs, symmet-
ric boundary conditions are applied to the inner borders of the
plate, cf. Fig. 3, where all the nodes which are on these surfaces
cannot move in the direction of the surfaces’ normal vectors.
In addition, to reduce the influence of the reflected modes from
the outer borders, an exponentially increasing damping boundary
is used which was introduced in [16]. The damping factors are in-
creased from the non-damped elements inside the plate to very
high damping factors at the outer borders of the plate. The damp-
ing factors are highlighted in Fig. 3.

The commercial finite element package ANSYS� 11.0 is used for
the simulations.

3. Methodology and signal processing

The Lamb waves propagate along the media with different wave
forms, which are known as modes. Each mode can be either a sym-
metrical (S) mode or an anti-symmetrical (A) mode, cf. Fig. 4. To
identify different modes in thin plates one can subtract (or add)
the signal on the top and on the bottom surfaces of the plate
[17]. However, this method is not suitable for thick sandwich pan-
els where the arrival of the modes on top and bottom surfaces dif-
fers. In this paper different modes are identified by using the
amplitudes of the arrival signals.

The energy transmission diagrams help to understand the leaky
behavior of the propagated waves within a sandwich panel [17].
Comparing the energy transmission rate on the top and bottom
surfaces, shows how deep waves can travel inside a sandwich pa-
nel. Energy transmission proportion is defined within this paper as
the integral over the squared signal [18].
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Etrans ¼
Z tend

tstart

V2ðtÞ � dt: ð3Þ

Dispersion curves are used to show the number of waveforms
as well as their time of the flight. Two common dispersion curves
are the group velocity and the phase velocity. Different modes
propagate with different velocities, called group velocity [3]. The
phase velocity of a wave is usually associated with the phase dif-
ference between the vibrations observed at two different points
during the passage of the wave [19]. Using the phase velocity,
one can obtain the wave length of each mode. The wave length is
an important factor to show the sensitivity of the Lamb waves to
detect damages [3].

Within this paper, two different methods are used to evaluate
the dispersion curves. In the first method, the so called actuator/
sensor method, the received signal from the sensor is compared
with the loading signal exited by the actuator in order to achieve
the wave properties. In the second approach, the so called scanning
method, the scan of the displacements of the nodes between actu-
ator and sensor in direction of the wave propagation are consid-
ered to evaluate the wave properties, e.g. experimental data
obtained by laser vibrometer measurements. The scanning method
has a higher accuracy in comparison to actuator/sensor method
while more data are used in this method to examine the wave
propagation. However, it is shown later that both methods are
corresponding.

3.1. Actuator/sensor method

In this method the received signal from the sensor is examined
with the loading signal to evaluate the wave properties. In order to
evaluate the group velocity dispersion curves of the propagated
waves, the continuous wavelet transform (CWT) based on the
Daubechies wavelet D10 is used [2,18], cf. Fig. 5. The time of the
flight for each mode corresponds to the time of the maximum va-
lue of the CWT coefficients which corresponds to the highest fre-
quency value located in the middle of the propagated mode, cf.
Fig. 5. Obtaining the time of flight and knowing the distance be-
tween sensor and actuator (180 mm in our case) one can calculate
the group velocity for each mode [18]. It must be mentioned here
that in this paper the group velocity values calculated using CWT
are lower compare to values obtained from the analytical solution.
This can be explained by the fact that the flight time is measured
by a single sensor PZT and measurement starts from the beginning
of the wave excitation by the actuator.

Furthermore, to compute the phase velocity and the wave
length of each mode a fast Fourier transform algorithm is used to
obtain the phase function as
In
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Fig. 5. The contour plot of the absolute values of the CWT coefficients based on the Daub
honeycomb sandwich panel, cf. Table 2, the central frequency of the loading signal is 20
/ðxÞ ¼ tan�1½F2ðxÞ=F1ðxÞ�; ð4Þ

and the phase velocity can be expressed in terms of the frequency as

tðf Þ ¼ 2pfL
½/ðf Þ � /0�

; ð5Þ

where f is the frequency, /0 is the loading phase, /(f) is the received
phase and L stands for the axial distance between the actuator and
the sensor. Clearly, the wave length is calculated by dividing the
phase velocity by the loading frequency as

kðf Þ ¼ tðf Þ
f
: ð6Þ

In addition, the group velocity U can then be calculated from the
derivatives of the phase spectrum [19] from

UðxÞ ¼ L
d/
dx

; ð7Þ

and in terms of the frequency from

Uðf Þ ¼ 2pL
d/
df
; ð8Þ

and subsequently, the group velocity values obtained with the early
described CWT method can be validated comparing to the obtained
values from Eq. (8) using the fast Fourier transform algorithm.

3.2. Scanning method

In this method the velocity (displacements) of the nodes per-
pendicular to the upper side are measured with a scanning laser
vibrometer to evaluate the wave properties [20,21]. Fig. 6 shows
the setup configuration to examine the Lamb wave propagation
in a CFRP plate using scanning laser vibrometer [22].

In a finite element analysis these data correspond to the nodal
displacement normal to the plate surface. The results are collected
in a so called B-scan diagram, cf. Fig. 7. The B-scan diagram in-
cludes the displacements of the nodes (shown in Fig. 3) along the
wave propagation direction in the time domain. The ratio of the
white solid lines shown in Fig. 7, indicates the phase velocity of
each mode [21].

Using the B-scan diagram and applying the second Fourier
transformation one can evaluate the dispersion curves, cf. Fig. 8.
The first Fourier transformation transforms the results from the
time domain to frequency domain and the second Fourier transfor-
mation transforms the results from the spacial domain to the wave
number domain [20,21]. Using the values in Fig. 8 and Eqs. (5)–(7)
the wave propagation properties, such as group velocity and wave
length, can be calculated.
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The actuator/sensor method is a low-cost method for online
health monitoring techniques, therefore in following sections the
results will be present based on this technique. However, because
of higher accuracy of the results from the scanning method, these
results are used to validate the actuator/sensor method approach.

The post-processing calculations are performed with help of
MATLAB�.

4. Results

The Lamb wave propagation within a plate is highly depended
on

� the loading frequency,
� the geometrical dimensions,
� the material properties [3].

4.1. Lamb wave propagation in honeycomb sandwich plates

4.1.1. Influence of the loading frequency (fc)
In this part the influence of changes in the central frequency of

the loading signal is presented. Wave propagation properties are
studied in the frequency range of 40–400 kHz. The chosen loading
central frequency is the suitable range for SHM applications for
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presented in Table 1, the central frequency of the loading signal is 250 kHz.
honeycomb sandwich plates while the generated Lamb waves
within this range of frequency propagate inside the structure with
a reliable wave length for SHM applications. The geometrical prop-
erties are constant (tp is equal to 0.50 mm, th is equal to 1.48 mm
and Hc is equal to 4.80 mm).

The influence of the changes in the central frequency of the
loading signal on the group velocity of the propagated Lamb waves
on the top and the bottom surfaces of a honeycomb sandwich plate
with the same properties as described earlier in this section, was
presented in [25]. It has been reported that the group velocity of
the S0 mode is independent of changes in central loading frequen-
cies in the chosen range of 40–400 kHz. The average group velocity
of the S0 mode on the top surface has been found equal to 4000 m/s
while this value decreases to roughly 3400 m/s on the bottom sur-
face. In addition, the group velocity of the A0 mode has been re-
ported independent of changes in the frequency as the loading
central frequency exceeds 150 kHz. In this case the group velocity
of the A0 mode increases from 500 m/s for the central frequency of
40 kHz to the stable value of approximately 2600 m/s for the cen-
tral frequency of 150 kHz and more. It has been reported that the
A0 mode propagates with nearly the same velocity (with a maxi-
mum ±4% difference) on both top and bottom surfaces.

In the present study it is found that the central frequency of the
loading signal has a significant influence on the wave length val-
ues, cf. Fig. 19. The wave length of the S0 mode on the top surface
decreases from 0.050 mm for the central frequency of 100 kHz to
0.010 mm for the central frequency of 400 kHz. While, the wave
length of the A0 mode on the top surface decreases from
  0.1                               0.15                                   0.2

e (ms)   

s

e tp is 2 mm, th is 0.22 mm, Hc is 4.8 mm, and the rest of geometrical properties are
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0.024 mm for the central frequency of 40 kHz to 0.009 mm for the
central frequency of 400 kHz. It is found that the wave lengths of
the S0 mode on the bottom surface are 25% lower than on the
top surface. But the wave lengths of the A0 mode on both bottom
and top surfaces are nearly the same (with maximum ±5%
difference).

Fig. 9 shows the values of the integration of the squared signal
in the time domain which represent the energy transmission over
the frequency. It is shown that the A0 mode transmits more energy
to the sensor for a certain range of frequency. However, as the fre-
quency exceeds a certain value (the so called critical frequency) the
S0 mode transmits more energy than the A0 mode to the sensor. In
addition, it is clear that the value of the critical frequency is less for
the bottom surface in comparison to the top surface.

4.1.2. Influence of the geometrical properties
In this part the influence of the following geometrical properties

of the sandwich panel on the wave propagation properties are con-
sidered, cf. Fig. 2.

(a) Influence of the cover plate thickness (tp).
(b) Influence of the honeycomb thickness (th).
(c) Influence of the honeycomb core size (Hc).

In all cases the central frequency of the loading signal is
100 kHz. In each case the geometrical properties change in a range
of dimensions of available honeycomb sandwich plates in the
market.

4.1.2.1. Influence of the cover plate thickness (tp). In this section the
influence of the thickness of the cover plate on the wave propaga-
tion is considered, cf. Fig. 2. The cover plate thickness changes from
0.5 mm to 2 mm.

The cover plate thickness does not have a significant influence
on the group velocity values. For different cover plate thicknesses,
the group velocity of the S0 mode on the top surface is approxi-
mately 4000 m/s and on the bottom surface it is approximately
3400 m/s. The group velocity of the A0 mode on both top and bot-
tom surfaces is nearly 2000 m/s.

It is found that the thickness of the cover plate does not influ-
ence significantly the wave lengths of the propagating Lamb waves
in a honeycomb sandwich plate. For different cover plate thick-
nesses, the wave length of the S0 mode on the top surface is
approximately 0.050 mm, which reduces by 25% on the bottom
surface. The wave length of the A0 mode remains approximately
0.012 mm on both top and bottom surfaces (with maximum differ-
ence of ±5% on each surface).
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Fig. 10 demonstrates that changes in the thickness of the plate
have a minor influence on the energy transmission on the top sur-
face. The energy transmission of the S0 mode to the bottom surface
decreases as the thickness of the cover plate increases. However,
the cover plate thickness has less effect on the energy transmission
to the bottom surface by the A0 mode. This phenomenon is also
shown in Fig. 18 part (c) and (d) where th is constant and equal
to 1.48 mm.

4.1.2.2. Influence of the honeycomb thickness (th). In this section the
influence of the wall thickness of the honeycomb core on the wave
propagation is considered, cf. Fig. 2. The honeycomb thickness
changes from 0.2 mm to 1.75 mm.

In general, the group velocity is not influenced by the honey-
comb wall thickness. For different honeycomb thicknesses, the
average group velocity of the S0 mode on the top surface is
4000 m/s and on the bottom surface it is 3400 m/s. The group veloc-
ity of the A0 mode on both top and bottom surfaces is 2000 m/s.

The results show that the honeycomb wall thickness does not
change the wave length significantly. On the top surface, the aver-
age wave length of the S0 mode is 0.050 mm and on the bottom
surface these values reduce by 25%. The wave length of the A0

mode is approximately 0.012 mm both on top and bottom surfaces
(with maximum ±5% difference on each surface).

In general, as Fig. 11 shows, changes in the honeycomb wall
thickness does not change the energy transmission on the top sur-
face, but on the bottom surface. As the honeycomb wall core in-
creases, the energy transmission increases as well. These results
are visualized in Fig. 18 parts (b and d), where tp is constant and
equal to 2.00 mm. However, this phenomenon is more obvious in
parts (a and c) where tp is 0.50 mm. This behavior can be explained
by the fact that by increasing the honeycomb wall core thickness
the general density of the core layer in the honeycomb sandwich
increases and more energy leaks to the bottom plate.

4.1.2.3. Influence of the honeycomb core size (Hc). In this section the
influence of the honeycomb core size on the wave propagation is
considered, cf. Fig. 2. The honeycomb core size changes from
2.88 mm to 7.2 mm.

It is found that as the honeycomb core size increases the group
velocity on the top surface changes subsequently. The group veloc-
ity of the S0 mode increases in a linear shape from 2400 m/s for the
honeycomb core size of 2.88 mm to 4000 m/s for the honeycomb
core size of 4.8 mm and more. However, on the bottom surface
the group velocity of the S0 mode is less influenced by the
honeycomb core size and remains around 3400 m/s for different
honeycomb core sizes. The group velocity of the A0 mode on both
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fc), where the geometrical properties are constant, cf. Table 1. The values are plotted
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top and bottom surfaces increases in a linear shape from 1400 m/s
for the honeycomb core size of 2.88 mm–2000 m/s for the honey-
comb core size of 4.8 mm and more.

The wave length of the S0 mode on the top surface increases in a
linear shape from 0.030 mm for the honeycomb core size of
2.88 mm to an average value of 0.050 mm for honeycomb core size
of 4.8 mm and more, but on the bottom surface these values reduce
by 25%. The wave length of the A0 mode on both top and bottom
surfaces starts from 0.012 mm for the honeycomb core sizes of
2.88 mm to 4.8 mm and increases in a linear shape to approxi-
mately 0.025 mm for the honeycomb core size of 5.5 mm and more.
The energy transmission values in the honeycomb model de-
crease as the honeycomb core size increases, cf. Fig. 12. This can
be explained by the fact that as the honeycomb core size increases,
so that the general material density of the core layer decreases as
well and subsequently less energy leaks to the sensors.

4.2. Homogenization

To simplify the complicated geometry of the honeycomb struc-
ture a homogenization technique is used, cf. Section 2. In this sec-
tion the energy transmission values are used to compare the wave
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propagation in the honeycomb sandwich panel with a simplified
model. The error percentage is calculated as

Error ¼ 100 � logðEhÞ � logðEsÞ
logðEhÞ

: ð9Þ

Eh represents the energy transmission values which is obtained
from the honeycomb model, and Es shows the energy transmission
value which are obtained from the simplified model.

4.2.1. Influence of the loading frequency
It is indicated in Fig. 13 that if the central frequency of the load-

ing signal changes from 40 kHz to 400 kHz the energy transmission
values in both simplified and honeycomb models have a similar
trend.

4.2.2. Influence of the geometrical properties
A similar trend in the results is observed for the simplified and

the honeycomb models when the cover plate thickness (tp), the
honeycomb thickness (th) and the honeycomb core size (Hc) are
changed, cf. Figs. 14–16.

In addition, the group velocity and the wave length values of the
propagated waves in the simplified model and the honeycomb
sandwich panel are compared as the central frequency of the load-
ing signal and geometrical properties of the sandwich plate are
changed. An average difference of 5% is observed for the group
velocity values in the simplified model and the honeycomb sand-
wich panel model. While, it is found that the wave length values
obtained from the simplified model and the honeycomb sandwich
panel model are not similar (with an average of 25% difference).
Further studies must be done to develop more efficient simplifica-
tion approach for a better comparison of wave length values.

4.3. Three-dimensional visualization of the results

In this part schematic figures are presented to visualize the
wave propagation phenomenon in a honeycomb sandwich panel
to receive a better understanding of some of the discussed results
in the previous sections. Fig. 17 part (a) shows the Lamb wave
propagation within a 3-D honeycomb model and a simplified mod-
el where the cover plate is made of aluminum, cf. Table 2. In this
case two different geometrical properties are taken into account,
first a sandwich plate with tp = 2.00 mm and th = 0.22 mm is con-
sidered, and secondly a sandwich plate with tp = 0.50 mm and
th = 1.48 mm is considered. In both cases Hc is equal to 4.80 mm
and the rest of the geometrical properties are presented in Table
1. As it is mentioned in Section 4.1.2, the cover plate thickness
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Fig. 13. Error percentage of energy transmission values which are obtained from the sim
the central frequency of loading signal.
and the honeycomb wall thickness have a minor effect on the
group velocity. This phenomenon can be seen in Fig. 17 part (a),
where the S0 and A0 modes of the propagated Lamb wave arrive
at a same position in same time (increment) in models with differ-
ent cover plate thickness and different honeycomb wall thickness.
Also, a similar wave propagation behavior is shown for the honey-
comb model and the simplified one, in the chosen frequency range.

The interaction of the Lamb waves with the sensors is clearly
shown in Fig. 17 part (a). The reflections of the converted S0 mode
visualizes and locates the sensors. This figure clarify the capabili-
ties of the Lamb waves for SHM applications to locate geometrical
discontinuities such as gaps or failures in honeycomb sandwich
panels.

The influence of the cover plate material properties on the wave
propagation is presented in Fig. 17 part (b) in which a honeycomb
sandwich plate with an anisotropic cover plate made of T800/924
lamina [23] is considered. The wave propagates faster in x direction
which is caused by a stiffer material in this direction.

In Fig. 18 a 3-D representation of the wave propagation in a
honeycomb sandwich panel is shown. Different geometrical prop-
erties are considered. One can see the influence of the honeycomb
wall thickness (th) and the thickness of the cover plate (tp) on both
top and bottom surfaces. It is obvious if the honeycomb wall thick-
ness increases the wave amplitude also increases on the bottom
surface, cf. parts (a and c) or cf. parts (b and d). However, when
the cover plate is thicker the wave mostly propagates on the top
surface, cf. parts (a and b) or cf. parts (c and d). These phenomena
are also presented in Figs. 10 and 11.

4.4. Comparison of different methods

Fig. 19 presents the wave length values of S0 and A0 modes over
the frequency, which are evaluated using different methods, cf.
Section 3. Part (a) compares the values which are obtained from
the scanning process and the values which are calculated using
the actuator/sensor method. A good agreement between two
methods is obvious.

In order to validate the modeling approach, the results from the
finite element simplified model which is used in this study are
compared with a semi analytical method, the so called SAFE. This
method has the advantage of a very good agreement with analyti-
cal solutions and of course the experimental results [24]. The part
(b) in Fig. 19 compares the wave length values which are obtained
from the dimensional finite element model of a simplified sand-
wich panel with the results from SAFE [26]. A clear similarity can
be observed between the results obtained by both methods.
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4.5. Experimental results

In this section the numerical results are compared with the
experimental results, cf. Section 3.2 and Fig. 6 for the experimental
setup. A honeycomb sandwich panel with a cover plate made of
aluminum is considered, cf. Table 2. The honeycomb cell height
is 12.7 mm, the cover plate is 0.6 mm thick, the honeycomb cell
size is 6.4 mm and the honeycomb wall thickness is 0.635 mm,
cf. Fig. 2. Fig. 20 presents the comparison between the group veloc-
ities of different modes which are obtained in experimental test
and simulation as the central frequency is changed. In addition,
the comparison between the wave length of different modes which
are obtained in experimental tests and simulations for different
central frequencies are presented in Fig. 21. The differences in per-
centage between the experimental and the numerical values are
calculated with Eq. (10) and plotted over the central frequency of
the loading signal. Vexp stands for the value which is obtained in
the experimental test and Vnum stands for the value which is ob-
tained by the numerical simulation. A clear similarity can be
observed.
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Error ¼ 100 � Vexp � Vnum

Vexp
: ð10Þ

4.6. Summary

The wave propagation in honeycomb sandwich panels, which
depends on the material properties, the loading frequency and
the geometrical dimensions, is studied. To understand the princi-
pals of the wave propagation phenomena in honeycomb sandwich
panels, a parametric study is performed. To show the influence of
each of the properties of the honeycomb sandwich panel on the
wave propagation, all parameters are kept constant while only
one of them is changed. This parametric study has provided impor-
tant information to estimate the behavior of the wave in honey-
comb sandwich panels. However, it must be mentioned that
more investigations are needed to fully describe the wave propaga-
tion in any specific honeycomb sandwich panel.



Table 3
The summarizing of the results to show dependency of the wave propagation when the loading frequency and the geometrical dimensions
of the honeycomb plate increasing. ‘‘"’’ indicates an increasing, ‘‘–’’ indicates that there is no change or slight changes and ‘‘;’’ indicates
there is a decreasing in values.

Group velocity Wave length Energy transmission

fc " S0: – ; Only before critical frequency
A0: rising to a certain value S0 is lower than A0, afterward

The S0 is higher than A0

tp " – – S0 on the top surface: –
S0 on the bottom surface: ;
A0: –

th " – – Top surface: –
Bottom surface: "

Hc " S0 on the top surface: " " ;
S0 on the bottom surface: –
A0 "
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To characterize the wave propagation in honeycomb sandwich
plates the group velocity, the wave length and the energy trans-
mission are evaluated. The frequency range of 40–400 kHz and a
specific range of geometrical dimensions are considered. In gen-
eral, it has been reported that the faster S0 mode has a longer wave
length compared to the A0 mode in the chosen range of frequency
and geometry. The parametric study of the wave propagation in
models with specific properties shows that for a certain range of
frequency the energy transmission rate is higher for the A0 mode.
But as the frequency progresses, the S0 mode transmits more en-
ergy to the sensor.

In general, for the chosen height of the honeycomb sandwich a
higher group velocity and a higher wave length for the S0 mode are
received on the top surface compared to the bottom surface
(approximately 25% difference). While, for the A0 mode these data
does not differ on both surfaces (approximately 5% difference).
However, higher energy transmission rates for both modes on
the top surface have been observed compared to the bottom sur-
face (in some cases up to 100% difference). Table 3 summarizes
the results, and shows the influence of changes in the geometrical
dimensions on the wave propagation in the honeycomb structure.

In addition, a simplified model using homogenization technique
is used to simplify the complicated geometry of the honeycomb
core structure. The results from the simplified model and the real
honeycomb structure are compared and a similar behavior of the
waves is observed in both models; however the limitations of
using the simplified model are discussed. Also, it has been shown
in Fig. 17 that an anisotropic cover plate, results in a non-uniform
wave distribution in the structure, where the waves travels faster
in the stiffer material direction.

The chosen finite element modeling approach is used in several
previous studies, cf. [1,9], and has been validated with experimen-
tal results. In addition, within this study, the results are validated
and compared with the SAFE method which is a semi-analytical
approach. Also, two different approaches including sensor/actuator
and scanning methods are used to evaluate the wave properties
and similar results have been received from different approaches.
Finally, the results are validated experimentally.

5. Outlook

Within this paper the propagation of the Lamb waves within
honeycomb sandwich structures is studied. The wave propagation
highly depends on the material properties, the loading frequency
and the geometrical dimensions of the plate. The wave propagation
is characterized by the group velocity, the wave length and the en-
ergy transmission. In addition, the results are compared with a
simplified model, where the core layer of the sandwich panel is re-
placed by a homogenized layer. It has been figured out that for a
honeycomb structure with specific geometrical properties, the
wave propagation properties in the simplified model and the ex-
tended 3-D honeycomb model have a similar trend. More investi-
gations are needed to receive more detail information about the
wave propagation in honeycomb sandwich plates. However, the
parametric study in this paper has provided useful information
to show the effects of each of the tested parameters. These infor-
mation are required for the design of an effective SHM system. Be-
sides numerical studies also experiments are under progress to
improve the development of health monitoring systems.
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