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Wave-based SHM of sandwich structures using cross-sectional
waves
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aEcole Centrale de Lyon, 36 Avenue Guy de Collongue, 69134 Ecully Cedex, France

Abstract

The identification of structural damage in composite waveguides is a critical issue in aerospace
and transportation industries. Frequently, these structures involve periodic patterns or dissipative
components which considerably reduce the range, robustness and available bandwidth of ultra-
sonic structural health monitoring (SHM) techniques. On the other hand, wave-based methods
provide more accurate informations on a defect’s type, size and location than modal analysis
techniques. This paper focuses on a low-frequency wave-based method for structural integrity
assessment of complex waveguides. The wave finite element method (WFEM) is employed to
compute the dispersion curves of non-standard cross-sectional waves (CSW) exhibiting increased
strain energy. The spectral results are used to analyse the diffusion of guided elastic waves through
representative localized defects in a laminated sandwich panel. To validate the diffusion model,
reflection and transmission coefficients are determined for several wave pulses on typical defects
using time-domain virtual experiments and cross-sectional energy acquisition. Results demon-
strate that using CSW provides a sensitivity to damage up to 2.8× higher than flexural waves in
the low frequency range. These results are explained by the presence of local resonances within the
cross-section, producing wavelengths in the transverse direction of propagation. These waves may
prove suitable for cost-effective SHM applications since they can travel long distances through
heterogeneous and periodic structures.

Keywords: Elastic waves, monitoring, damage, composite, periodic, low-frequency, guided
mode

1. Introduction

In the context of structural health monitoring (SHM) of composite structures, an increasing
research effort was developed in recent years. The motivation is, among others, the development
of non-destructive inspection techniques providing maximum information on the structural state
of a specimen, as well as the possible defects localization and sizing. For this purpose, systems
based on guided waves revealed very promising features and are currently used for a number of
applications [1].
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Yet, designing wave-based SHM systems requires effective tools for analysing and predict-
ing the various types of elastic waves propagating in the considered structure. These waves can
propagate with different group velocities, wavenumbers and spatial attenuations, and require spe-
cific actuation and measurement systems. For example, Lamb waves, originally defined for thin
isotropic plates with stress-free surfaces [2], are now extensively used in SHM for anisotropic,
multi-layered or other composite structures [3]. Accordingly, waveguides involving complex or
heterogeneous cross-sections can produce numerous wave types, whose dispersion characteristics
prediction may require advanced numerical simulation. For such applications, the Wave Finite
Element Method (WFEM) uses Bloch’s theorem to significantly reduce of the modelling effort.
It combines Periodic Structures Theory (PST) with commercial finite element (FEM) packages
and can be seen as a variant of the semi-analytical finite element (SAFE) [4, 5] method (see also
the SBFEM [6]). The wave dispersion characteristics can be determined by solving a quadratic
eigenvalue problem [7] obtained with a finite element model of the waveguide’s cross-section.

In order to describe the wave transmission, reflection and coupling effects occurring when
the aforementioned waves propagate through a defect, joint or other type of coupling element,
the Diffusion Matrix Method (DMM) was developed to connect two waveguides with an elastic
coupling element [8] (see [9] for similar coupling with the SAFE method). This method was
extensively employed for defining reflection coefficients [10] in order to localize and evaluate
cracks in pipelines [11]. The DMM is used to identify, among the different propagating wave
types [8, 12], the waves which exhibit the highest sensitivity towards structural perturbation, such
as reduced mass or stiffness induced by imperfection, defect or erosion. Due to the increasing
requirement for more accurate inspection procedures, a number of investigations were conducted
lately on the use of higher orders of Lamb wave modes to provide additional information on the
type and location of defects [13, 14, 15]. One can cite for example the very recent developments on
multimodal plane wave imaging technique to discriminate defects [16] and the work of Liu et al.
[17] on the propagation of high-order harmonic torsional and flexural waves in circular cylinders.
Interested reader may also refer to [3, 18, 19, 20] for some more recent references on the use of
Lamb waves for SHM of plates.

The development of reduced wave finite element formulations also enabled fast dispersion
analysis of homogeneous [21] and periodic [22] waveguides. These tools were able to observe
a variety of waves in structures involving complex cross-sectional geometries [23, 24, 25]. Re-
cently, Chillara et al. [26] proposed to use the frequency domain finite element (FDFE) technique
to identify the sensitivity of several Rayleigh-Lamb waves for the detection of delaminations in a
composite waveguide. Yet, the use of these waves for assessing structural integrity in composite
waveguides with finite cross-section is still in its infancy.

Generally speaking, the long-range inspection of composite assemblies remains a challenge
due to the important experimental noise produced by micro-structural imperfections. This issue is
also observed at a smaller scale in homogeneous structures: data fusion techniques were developed
for that purpose in Brierley et al [27] to reduce the probability of false alarm (PFA) for inspecting
a titanium aerospace jet engine disc. Composite assemblies are even more complicated structures
to inspect since they are subjected to important heterogeneities due to manufacturing imperfec-
tions periodic variations of their material properties [28, 29], producing an important number of
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false calls for defect detection, while real defects are extremely rare. These structures can also be
based on periodic patterns and exhibit stop-band behaviours [30] and complex scattering proper-
ties. Consequently, the SHM of structurally advanced or composites waveguides is limited to low
frequency waves, providing remarkable propagating range at the cost of a reduced sensitivity to
small-scaled defects. In this context, the aim of SHM is to provide informations on the integrity
of a structure at a sub-system’s scale, without performing inspection manually at the local compo-
nent’s scale.

It is emphasized that the low-frequency waves can be used for structures requiring regular or
continuous monitoring, subjected to rather important alterations of their structural integrity [31]
(such as the debonding of skins, a component’s fracture or the effects of humidity or temperature
fluctuations), given that high frequency Non-Destructive Evaluation (NDE) remains essential to
detect micro-structural or small-scaled defects [32].

The aim of this work is therefore to explore the potential of high-order cross-sectional waves
(CSW) to increase the sensitivity of low frequency wave-based SHM techniques. These waves
are guided cross-sectional resonances propagating along the main direction, and they can be seen
as a generalization of Lamb modes to waveguides involving arbitrary cross-sectional geometries.
This paper addresses the diffusion of high-order guided waves through a structural singularity with
the DMM. The DMM formulation is used to evaluate the reflection coefficients of different wave
modes through a coupling element, while the wave dispersion characteristics are derived from
the WFEM. The interactions of guided waves are compared for three different defects modelled
by FEM and located at the same position. High-order wave modes, associated with increased
cross-sectional strain energy are therefore in the focus of the paper. These waves are distinguished
according to their dispersion characteristics and wave shapes. The WFEM and DMM formulations
are reviewed in Section 2. The dispersion characteristics of uni-directional waves propagating in a
sandwich plate made of transverse isotropic honeycomb core surrounded by fiber-reinforced skins
are studied in Section 3. The reflection coefficients of high-order guided waves are compared
through three different types of defect (Section 4) and a validation of the diffusion analysis based
on time-domain simulation is finally provided in Section 5.

2. Wave propagation and diffusion through structural perturbations

2.1. Formulation of the free-wave propagation
A waveguide is considered as an elastic structure made of N identical substructures of length

d, connected along the direction x. The state vector is described in figure 1. Nodal displacements
and forces are denoted q and f, where the subscripts ’L’ and ’R’ describe the cell’s left and right
faces. Both edges have the same number n of degrees of freedom (DOF). Mesh compatibility is
assumed between the cells. The governing equation in a cell at frequency ω is written :

Dq = f (1)

The dynamic stiffness matrix of the unit cell D = K(1 + jη) − ω2M is obtained using standard
finite element packages, where K denotes the stiffness matrix, M is the mass matrix and η is the
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Figure 1: Illustration of a waveguide and the state vector of a unit cell. d is the length of the unit-cell in the x-direction.

structural loss factor. Then, a dynamic condensation of the inner DOF is recommended if the
structure is periodic. The governing equation can be written by separating the degrees of freedom
on the right and left edges : [

DLL DLR

DRL DRR

] {
qL

qR

}
=

{
fL

fR

}
. (2)

Then, considering the force equilibrium in a cell λfL + fR = 0 and Bloch’s theorem [33] qR =

λqL, where the propagation constant λ = e− jkd describes the wave propagation over the cell length
d with the wavenumber k, it yields the following quadratic eigenproblem :

S(λ, ω) = (λDLR + (DLL + DRR) +
1
λ

DRL)qL = 0 (3)

where the eigenvectors stand for the wave shape associated with the displacements qL of the
waveguide’s cell. Whether material damping is modelled or not, the imaginary part of a wavenum-
ber =(k) describes wave attenuation. Here, the waves associated with positive real wavenumber
<(k) are travelling in the positive x-direction and the negative wavenumbers describe propagation
in the negative x-direction.

The displacements q(k)
L and q(k)

R of any substructure k can be written using the wave solutions
of Eq.(3) {Φi}i=1,...,2n:

q(k)
L = ΦQ(k) , q(k)

R = ΦQ(k+1) (4)

where the wave solutions Φ can be ordered as follows:

Φ =

[
Φincq Φrefq
ΦincF ΦrefF

]
, (5)

where inc refers to the incident waves and ref denotes the reflected waves, while the vector Q
stands for the wave amplitudes, written:

Q =

(
Qinc
Qref

)
. (6)

These wave amplitudes can therefore be used for the determination of transmitted and reflected
waves amplitudes through a coupling element.
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2.2. Wave diffusion through a coupling element
Consider the two waveguides connected with an elastic coupling element in figure 2. The

substructures are connected, assuming compatible mesh at the interfaces Γ1 and Γ2 and no external
forces are applied on the coupling element.

Substructure 1 Substructure 2

S1

x1 uR
(1)

uL
(2)

x2

Waveguide 1 Waveguide 2Coupling element

S2

Γ1 Γ2

Figure 2: Diagram describing the coupling between two waveguides. The coupling element is defined by a sandwich
plate section where the considered defect is included.

The condensed dynamical stiffness of the coupling element is denoted D∗c. Therefore, consid-
ering the relations between the displacements (q(1)

R ,q
(2)
L ) and the forces (F(1)

R ,F
(2)
L ) applied on the

surfaces Γ1 and Γ2 the coupling relation between the two waveguides can be written :

Dc∗

(
q(1)
R

q(2)
L

)
=

(
F(1)
R

F(2)
L

)
. (7)

The dynamical behaviour of the coupled waveguide can be described using the incident ((Φinc(i)q )T(Φinc(i)F )T)T

and reflected ((Φref(i)q )T(Φref(i)F )T)T waves given by Eq.(5) . Therefore, it can be shown in reference
[8] that the incident (Qinc(1),Qinc(2)) and reflected (Qref(1),Qref(2)) wave amplitudes are related
through a diffusion matrix C : (

Qref(1)

Qref(2)

)
= C

(
Qinc(1)

Qinc(2)

)
, (8)

where the diffusion matrix C is expressed (see [8]) in terms of the incident and reflected wave
solutions described in Eq.(5). In the following section, the diffusion matrix C is determined to pro-
vide the transmission t and reflection r coefficients of CSW in a sandwich waveguide exhibiting
structural perturbations.

3. Guided CSW in the sandwich plate

The considered waveguide is a rectangular and symmetric sandwich plate, composed of a 8 mm
thick homogenised honeycomb core surrounded by 1 mm thick fibre-reinforced skins (see [34] for
example of more complex geometrical models). The 400 mm width cross-section is modelled
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on ANSYS V12.1 and convergence is ensured within the considered frequency range by using
360 linear brick elements having 8-nodes and 3 degrees of freedom (DOF) per node. A detailed
description of the materials is given in tables 1 and 2.

Material Density (kg.m−3) Young Modulus (Pa) Shear Modulus (Pa)
Ex = 5 × 106 Gxy = 1 × 106

Core 24 Ey = 5 × 106 Gxz = 10.13 × 106

Ez = 46.6 × 106 Gyz = 10.13 × 106

Table 1: Material properties of the transverse isotropic honeycomb core (from [35]).

Material Density (kg.m−3) Young Modulus (Pa) Shear Modulus (Pa)
Ex = 81 × 109 Gxy = 2.5 × 109

Skins 1451 Ey = 81 × 109 Gxz = 2.8 × 109

Ez = 3.35 × 109 Gyz = 2.8 × 109

Table 2: Material properties of the transverse isotropic fiber-reinforced skins (from [35]).

The wave dispersion characteristics of the sandwich structure are given in figure 3. Contin-
uous lines describe first-order waves while dashed lines represent high-order CSW. The flexural
waves are distinguished using a wave-matching procedure. At each frequency step, the solution is
compared to the whole set of propagating waves using a Wave Assurance Criterion (WAC) [22].
A unique wave can be defined at two consecutive frequencies when the orthogonality condition
between two cross-sectional deformed shapes Ψ(ωi) and Ψ(ω j) is above a threshold ε ∈ [0 , 1].

The real wavenumbers and group velocities of propagating waves are shown in figure 3.a. In
the considered waveguide, high-order waves appearing in the frequency range 0 Hz – 5000 Hz are
propagating solutions associated with sinusoidal cross-sectional shapes. The solutions for the 3rd

and 10th orders are shown in figures 4.a and 4.b. An additional CSW, associated with symmetric
deformed shape (appearing in higher frequency) is illustrated in figure 4.c. Although the solutions
(a) and (b) are referred as high-order CSW, they share the same asymptotic group velocity of the
first-order flexural wave.

4. Sensitivity to localized structural singularity

4.1. Description of the defects
In this section, a diffusion analysis based on the results from section 3 is conducted in the

sandwich waveguide, assuming three different defect types. The skin, core defects and delamina-
tion are modelled using 3D finite elements and are located at the same position on the plate. The
two ’defect free’ domains are therefore connected by a coupling element defined as a section of
plate involving a defect. The three finite element models of the defects described in Figure 5 are
therefore considered as the coupling elements for the DMM. The skin and core defects are simpli-
fied, and defined by a local reduction of their isotropic Young’s and Shear coefficients (G, E)→ 0,
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Figure 3: Wavenumbers (a) and group velocities (b) of propagating, positive-going waves along the main direction x.
Continuous lines are used for flexural, torsional, longitudinal and shear waves while dashed lines refer to high-order
waves.

while the idealized delamination is defined by a disconnection between the skin and core layers.
The dimensions of the three defects is lx × ly = 10 × 46 mm and their location on the cross-section
is defined by Y0 = 160 mm.

4.2. Effects on reflection coefficients
Note that the forced response calculation and CSW actuation are not required here for the

diffusion analysis. Indeed, the diffusion matrix introduced in Eq.(8) provides the reflection, trans-
mission and conversion coefficients of guided waves through the coupling elements described
above. Since the sandwich structure exhibits more than 16 waves in the considered frequency
range and for a sake of clarity, only five waves are studied in detail. The reflection coefficients of
the first-order waves through the defects is shown between 1 kHz and 6 kHz in figure 6.a while the
reflection of higher wave orders is shown in figure 6.b. A computation was also conducted without
defects to ensure that energy balance is satisfied (see Section 5).

First-order waves exhibit a maximal reflection of 4 % at 6 kHz, while the 2nd-order reaches
10.7 % at the same frequency for the skin defect. It is reminded that the use of low-frequency waves
for SHM is characterized by a reduced sensitivity to small-scaled singularities. CSW are therefore
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Figure 4: Deformed shapes of three propagating waves associated with cross-sectional modes. 3rd-order wave (a),
10th-order wave (b) and 6th-order symmetric wave. The three solutions are shown at their cut-on frequency.

Y0 Y0Y0

Y0

x
y

z

x

y

z

ly

lx

SKIN DEFECT DELAMINATION CORE DEFECT

Figure 5: Location of the three defects considered in the sandwich structure. (a) Skin defect. (b) Delamination of the
upper skin. (c) Core defect.

expected to produce higher reflection coefficients when the singularity alters the propagation in
the transverse direction of propagation. The skin and core defects and delamination are described
using markers and show that the defects cannot be distinguished from each other using first-order
waves reflections. On the other hand, the reflections of 2nd-, 4th- and 8th-orders clearly differ with
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Figure 6: Reflection coefficients of the first-order flexural (- - -) and torsional (—–) waves (a) and the 2nd-order (—–),
4th-order (- - -) and 8th-order (—–) waves (b). Markers are used to discriminate delamination model (+) and the
defects located in the skin (�) and the core (◦).

the defect type. For example, the 4th-order wave has an approximate reflection of 3 %, 5 % and
7 % on the delamination, core and skin defects, respectively.

4.3. Discussions
Noteworthy, the reflection of high-order CSW increase more rapidly with frequency, despite

they are null around their cut-on frequencies. This can be explained by considering the two under-
lying effects producing wave reflection: one is directly related to the wavelength λx in the direction
of propagation, while the second one is due to the presence of a wavelength λy in the transverse
direction of propagation. The reflection of high-order CSW is due to this second effect.

However, the use of guided waves close to their cut-on frequency has several disadvantages.
Firstly, since a wave attenuation is written [36]:

γ =
πωη

2cg
(9)
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where η is the structural loss factor, then low group velocities cg occuring close to CSW’s cut-
on are expected to produce slightly higher spatial attenuation of the waves than first-order CSW.
The second drawback is due to the important variations of the group velocities, producing signif-
icant dispersive behaviour [37]. Indeed, a finite width time-domain excitation pulse produces a
broadband spectrum, leading to important variations of the energy velocity around these cut-on
frequencies. Although the dispersion effects are not taken into account by the proposed diffusion
analysis, it should be mentioned that the DMM is highly competitive compared to virtual testing
for analysing high-order waves diffusion through defects.

It can further be observed that the CSW reflections shown in figure 6 remain below 11 %
in the considered frequency range. Note that these values would be too low in the context of
a high frequency NDE approach, since experimental errors and noise-to-signal ratio would then
be to important. The authors emphasize that the use of low frequency waves at high amplitudes
provides significant reduction of the relative noise, thus making it possible to use the reflected
signal for practical applications.

5. Comparison with time-domain results

In this section, the results of the diffusion analysis are compared with the reflection and trans-
mission of CSW of the sandwich structure to a wave pulse in the time domain.

5.1. Time-analysis and excitation signal
Numerical simulations are conducted hereby to evaluate the reflected and transmitted signals

through the three structural singularities described in the previous section. Each solution presented
in figure 6 represents the reflection coefficient of a unique wave type propagating at a given fre-
quency through a single defect. The procedure for evaluating the reflection of the 4th-order wave at
3500 Hz on the core’s defect is detailed below. First, the structure is modelled using the material
characteristics described in tables 1 and 2 with the commercial finite element analysis package
ABAQUS CAE V6.13. Conservative FE meshes involving at least 20 elements per wavelength
were used for each simulation to ensure convergence. The defect is defined as shown in figure 5
and located at a distance X0 = 2000 mm from the edge.

The excitation signal is a tone burst involving 10 cycles and a total duration T = 2.86 ms.
Since the number of cycles influences the bandwidth of the excitation spectrum, the condition of
existence of a 4th-order cross-sectional mode in the frequency bandwidth is verified in figure 7.
It can be seen that the values of the wavenumbers, energy velocity and reflection coefficients ob-
tained from the transient response can be subjected to significant variations in case of an increased
number of pulse cycles.

Different wave types are actuated by applying the Dirichlet conditions at the boundary x = 0
(left side in figures 5 and 8) and the maximal pulse amplitude is U0 = 50 µm. The finite element
model employs 378,800 linear C3D8 elements and is solved using Abaqus/Explicit solver. The
propagation of the 4th-order wave pulse at 3500 Hz in the sandwich and the reflection on the core’s
defect is shown in figure 8. Note that the mesh density is increased at higher frequency to ensure
convergence as the wavelength becomes smaller. The reflected pulse can be observed on step 3.
It can be seen from the three time steps that the diffusion of the wave pulse is associated with
conversion effects, producing an increased dispersion of the reflected pulse.
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Figure 8: Propagation of a 4th-order wave pulse at 3500 Hz in the sandwich plate (a) and diffusion through a defect
located in the core (b and c). Total length is 5 m. Colormap: normal surface amplitudes in logarithmic scale. FEM
involves 8 elements in the core’s thickness and 120 elements in the width.

5.2. Computation of the wave pulse reflection
Since the propagation involves a complex cross-sectional displacement field, the diffusion can-

not be defined in terms of transmitted and reflected amplitudes on a single degree of freedom.
Cross-sectional energies are therefore employed below. The velocities are acquired on the sec-
tions located at X1 = 100 mm and X2 = 2300 mm, denoted v(X1, y, z, t) and v(X2, y, z, t). We denote
Vi{y, z}(t) the Hilbert Transform of the velocity v(Xi, y, z, t) and ρ(y, z) the density on a section of
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the plate. The instantaneous cross-sectional energy is written:

Ei(t) =

∫∫
S

1
2
ρ(y, z)

∣∣∣V2
i {y, z}(t)

∣∣∣ dy dz (10)

where ρ(y, z) is the section density.
The normal velocities at the section location y = Y0 and their Hilbert envelope are shown for

the incident and transmitted wave pulse in figure 9. The reflected pulse on the defect can be seen
on X1 at t = 14 ms. A small dispersion of the wave pulse is also observed, although it should be
noted that a numerical dispersion can occur and damping is not taken into account here.

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

Time (s)

S
u

rf
a
c
e
 v

e
lo

c
it

y
 (

m
.s

−
1
)

 

 
v

1
(Y

0
,0,t)

v
2
(Y

0
,0,t)

H{Y
0
,0}(t)

H{Y
0
,0}(t)

Figure 9: Time acquisition at Y0 = 0.2 m, under a 4th-order wave pulse at 3500 Hz at locations X1 and X2 (- - -) and
Hilbert envelope (—–).

The transmission coefficient is expressed in terms of the cumulated cross-sectional energy of
the wave pulse:

Ct = 1 − Cr =
< E2 >

< E1 >
(11)

where < Ei >=
∫

t∈Ti

Ei(t) dt and Ti is a time window of the wave pulse. It is defined using the

threshold ε = 1% by Ei(t) < ε max
t

(Ei). This threshold is commonly employed to define the pulse
duration while accounting for potential dispersion or noise, although more accurate techniques
based on the computation of dispersion curves could be used here (see Wilcox [37] for example).
The results summarized in table 3 show that the ratio of maximal energy values produce a clear
underestimation of the reflection coefficient (<0.87%) while the time-integrated pulse is in good
agreement with the DMM predictions (Cr = 3.14 %). It can be explained by the spatial dispersion
of the wave pulse, which is independent from the spatial attenuation.
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Core’s defect max
t

(E1) (J.m−1) max
t

(E2) (J.m−1) < E1 > (J.m−1.s) < E2 > (J.m−1.s) r (%)

4th wave at 3500 Hz 8.02 10−5 7.95.10−5 1.85−4 1.79−4 3.52

Table 3: Energy calculations for the 4th wave reflection on a core type defect at 3500 Hz.

5.3. Discussions
The procedure described above is conducted for other waves and defects types, while the re-

flection coefficients determined using Eq. (11) are summarized in table 4. The results are in
very good agreement with the DMM predictions presented in figure 6. Noteworthy, the reflection
coefficients are in the same order for the four excitation cases:

Cskin
r < Ccore

r < Cdebond
r (12)

Wave Frequency (Hz) Skin (%) Core (%) Debond (%)
0th-order 3000 2.83 2.69 1.50
2nd-order 1500 3.10 2.98 1.13
4th-order 2500 2.64 2.16 1.29
4th-order 3500 4.61 3.52 2.09

Table 4: Reflection coefficients through the each defect, obtained for different wavetypes and frequencies.

The values are also close to the ones obtained by diffusion analysis, although they are slightly
overestimated. For example, the skin defect gives a 2.64 % reflection for a 4th at 2500 Hz, while
the diffusion analysis predicts a 2.39 % reflection. Similarly, the same wavetype at 3500 Hz gives a
4.61 % reflection by simulation, against 4.39 % with the DMM. The wave conversion through the
defect is most likely to be the main reason for this, given that the reflection coefficients obtained
through averaged cross-sectional energies do not discriminate between the reflected wavetypes.

Indeed, the total cross-sectional energy reflected and transmitted through the coupling element
is the sum of the contributions from all the wavetypes, and is written:

Cr = Cj→j
r +

∑
i, j

Cj→i
r and Ct = Cj→j

t +
∑
i, j

Cj→i
t (13)

where the coefficients Ci→j denote the wave amplitudes of type i resulting from the conversion of
wavetype j. Since the DMM gives the Cj→j

r values, it is likely that the increased reflection values
observed in simulation are due to the converted waves

{
Cj→i

r

}
i, j

.
Although the proposed validation model would certainly benefit from a filtering procedure

based on WAC to estimate accurately the coefficient Cj→j
r , it is emphasized that the computation of

reflection coefficients based on FEM simulation involves considerable computation time compared
to diffusion analysis.
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6. Concluding remarks

The paper describes an original way of using high-order cross-sectional waves (CSW) to in-
crease the sensitivity of low-frequency guided wave techniques for the SHM of a sandwich plate
with finite section. The sandwich plate considered in this work exhibits numerous wavetypes asso-
ciated with complex mode shapes of the cross-section. Although these waves are known to exhibit
slightly higher spatial attenuations in dissipative waveguides at a given frequency, they propagate
over long distances through heterogeneous or composite waveguides due to their low frequencies,
and with comparable dispersion characteristics with first-order waves above their cut-on frequency.

A diffusion analysis was conducted through three types of defects (skin, core and delamina-
tion), and demonstrated that a waveguide’s finite section could be seen as an opportunity to exploit
the reflection characteristics of CSW. These waves produce higher reflection coefficients and pro-
vide additional informations on a given structural singularity. This property was observed for five
different wave types up to 5 kHz, which corresponds to a medium frequency range for the con-
sidered structure. The increased reflections of CSW on a defect can be explained by the presence
of a reduced wavelength in the transverse direction of propagation, possibly further enabling the
detection of a longitudinal crack along the direction of propagation. The authors are not aware of a
comparable use of CSW having been proposed elsewhere for the structural integrity assessment of
structures. The results detailed in section 5 show that a time-domain simulation can be compared
with the DMM, assuming that the classical conditions of a monochromatic propagating pulse are
met. The conducted simulations confirm that CSW can be actuated by applying the proper bound-
ary conditions. The utility of a spectral DMM was also highlighted for estimating their reflections
on various defects using the dispersion characteristics, although other methods can be found in the
literature (see [38]).

Finally, it should be mentioned that the present analysis has been concerned with a symmet-
ric sandwich plate involving homogeneity along the width. It is likely that mode conversion or
localisation effects will occur through more complex cross-sections, even though the numerical
approach employed in the paper remains the same. In that case, the concept of leaky waves be-
tween the different structural components would also be applicable [39, 40]. For a ”conventional”
sandwich plate with a finite section, the present analysis shows that cross-sectional waves can be
seen as a potential solution to improve the sensitivity of low-frequency guided wave techniques
for SHM.
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