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3D core sandwich structure (3DCSS) is a popular lightweight construction material in the automotive,
aerospace and marine industries. However, barely visible low-speed impact-damage (BVLID) may occur
in the 3DCSS due to foreign-object-impact that can signiﬁcantly reduce the load-bearing capacity of the
structure. This paper presents a guided wave (GW) propagation based BVLID identiﬁcation technique for
the 3DCSS. A global-matrix formulation based semi-analytical model is applied to generate the dispersion
curve for the GW propagation in the 3DCSS. It is observed that the GW propagation in the 3DCSS is
multi-modal in nature. Finite-element numerical simulation of GW propagation in the 3DCSS is carried
out in Abaqus. A signiﬁcant increment in the primary antisymmetric mode is noticed due to the presence
of BVLID region in the structure. Experiments are then conducted on a 3DCSS sample to validate the
simulation results. There is a good agreement between the simulation and experimental results in all
the cases.
Keywords: 3D core sandwich structure, dispersion curve, barely visible impact damage, guided wave.

1. INTRODUCTION
Sandwich composite structures have proven their usefulness as lightweight construction materials
in the aerospace, aeronautics, automotive, marine and civil engineering structures [6]. The 3DCSS
is a recent concept of sandwich construction, in which glass-ﬁber composite face-sheets are bonded
to the top and bottom surface of a hexagonal honeycomb composite core with epoxy adhesive [27].
The combination of thick-core and thin-skins with higher stiﬀness results in a strong and lightweight
structure. However, low speed impacts can cause barely visible localized damage or disbonds (e.g.,
BVLIDs) at the core-skin interphase, which may in turn cause a serious loss in stiﬀness and may
jeopardize the safety and integrity of the structural assembly [5]. Therefore, detection of such
BVLIDs is important to prevent failures of such structure.
An experimental and analytical impact-damage study on a loaded sandwich fuselage keel panel
was presented by Mikulik in [14]. It was concluded that the low-speed impact damage depends
on the impact energy and the velocity of the impactor. There have been many attempts to study
the barely visible impact damage characteristics and to develop identiﬁcation techniques to assess
diﬀerent types of damage [9, 19, 20, 22].
The guided Lamb wave-based inspection methods have the potential to detect defects in sandwich structures [7, 8, 12, 15, 18]. The major referred advantages of the ultrasonic guided Lamb
wave-based BVLID inspection techniques are their potential to penetrate into the hidden layers,
the long distance inspection capability, and the resulting modiﬁcation in wave packets based on
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their frequency and phase-velocity [11, 17]. It was also suggested that the identiﬁcation of different GW modes is essential for the success of GW-based structural health monitoring (SHM)
and non-destructive evaluation (NDE) of composites using piezoelectric transducers [13, 28]. The
complex nature of composite sandwich structures imposes many challenges for the understanding
of GW propagation characteristics with diﬀerent operating frequencies [2]. The GW propagation
phenomenon in honeycomb sandwich structures using bonded piezoelectric transducers was investigated by Song, Huang and Hudson in [25]. Many authors [7, 8, 27] have demonstrated a signiﬁcant
ampliﬁcation in GW mode amplitudes due to presence of debonding in sandwich composite structures. A received sensor-signal input-based debonding detection algorithm for sandwich composite
structures was proposed by Mustapha and Ye [15]. Sikdar et al. [23] proposed a baseline-free damage
detection algorithm to assess the face-sheet-core debondings in a honeycomb composite sandwich
structures, using a piezoelectric sensor network.
Theoretical studies on GW propagation in sandwich composite structures with the aim to investigate the dispersion phenomenon of the propagating guided Lamb waves attributable to transient
excitation were also proposed in [1, 16, 21, 26]. Two-dimensional (2D) theoretical models with
limited applications were developed for guided Lamb wave propagation in sandwich structures and
presented in [4, 7, 10]. A global matrix method-based 2D robust semi-analytical GW propagation
model for fast calculations of dispersion curves in laterally unbounded sandwich composites was
presented by Banerjee and Pol in [3]. Their semi-analytical model has proven to be capable of accurately analyzing the propagating GW mode characteristics in a triple-layered sandwich composite
structure. However, guided Lamb wave propagation and BVLID detection in 3DCSS have not been
studied yet and remain open for the investigation.
In this research paper, a theoretical dispersion curve is obtained for ultrasonic guided Lamb
wave propagation in the 3DCSS. Based on the dispersion curve, diﬀerent wave modes in the experimentally and numerically obtained sensor signals are eﬃciently identiﬁed.
A 3D ﬁnite element (FE) simulation of wave propagation in the 3DCSS in presence of the
BVLID region is carried out in ABAQUS. Laboratory experiments are then conducted to verify
the FE simulation results, and to detect the BVLID region within an optimized array of piezoelectric
transducer disks (PTDs). The diﬀerential features in the BVLID induced sensor signals are captured
by applying a probability-based signal diﬀerence algorithm, which uses an image-fusion strategy to
visualize the possible BVLID region in the 3DCSS.

2. EXPERIMENTAL SETUP
An experimental setup was conﬁgured in the laboratory to carry out the inspection of 3DCSS using
a network of PTDs. The following sub-sections explain in detail the experimental setups based on
ultrasonic guided Lamb wave propagation

2.1. 3DCSS sample plate and experimental setup
A hexagonal epoxy honeycomb foam core (3D-core) and glass ﬁber reinforced face-sheet made of
3DCSS (500 × 500 × 7 mm) sample is selected for the experiment, as shown in Fig. 1. The elastic
properties of the triple-layered 3DCSS are shown in Table 1. A BVLID region is introduced into
the sample plate by using a standard steel ball-drop impact device with impact energy of 10 J. The
visual appearance of the impacted zone is measured to be a circularshaped region with approximately 15 mm in diameter. The NCE51 circular PTDs (10 mm diameter and 0.4 mm thickness)
are applied for the actuation and reception of propagating ultrasonic GW signals in the 3DCSS.
The PTDs are eﬃciently operated by a multi-channel function-generator (FGEN) cum dataacquisition (DAQ)-based PXI-system, and a computer to control the PXI-system and to save the
required sensor data. The experimental setup is shown in Fig. 2.
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Fig. 1. Experimental sample 3DCSS plate.
Table 1. 3DCSS elastic properties.

Face-sheet

E1
[GPa]
30.35

E2
[GPa]
30.35

E3
[GPa]
5.9

G12
[GPa]
12.42

G23
[GPa]
3.66

G13
ν12 ν13 ν23
[GPa]
3.66 0.05 0.26 0.26

3D core

1.45

1.45

2.33

0.088

0.172

0.172

Adhesive

0.0486

0.0486

0.0486

0.0174

0.0174

Material

ρ
[kg/m3 ]
2400

t
[mm]
1

0.42 0.42 0.42

78

5

0.0174 0.40 0.40 0.40

125

0.05

Fig. 2. Experimental setup for operating frequency modulation of the PTDs.

2.2. Selection of an optimized PTD operating signal
An optimum driving frequency of the PTDs is determined by placing two PTDs (actuator and
sensor) on the sample 3DCSS at a distance of 220 mm (Fig. 2). In this process, a range of actuator
driving frequencies is applied and the corresponding GW signals are collected from the sensor.
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The collected GW signals are then analyzed to determine maximum modal responses for diﬀerent
driving frequencies and a frequency-response graph is plotted (Fig. 3a). It is noticed that the sensor
signals are showing highest response at around 100 kHz frequency. Therefore, a 100 kHz 5-cycle
sine pulse in a Hanning window (Fig. 3b) is selected as actuation frequency for all the cases, unless
stated otherwise.
a)

b)

Fig. 3. a) PTD calibration curve for frequency modulation, b) selected 100 kHz input signal.

3. FE SIMULATION
Owing to the complexities involved in the geometry and the boundary conditions, analytical prediction of BVLID inﬂuences on the GWs in the damaged 3DCSS is diﬃcult. Thus, the BVLID inﬂuences on the propagating GW modes are numerically studied using the FE simulation in ABAQUS.
In the simulation, the sample 3DCSS (500 × 500 × 7 mm) plate is modeled using the Abaqus explicitcode and the PTDs (10 mm diameter and 0.4 mm thin) are modeled using the Abaqus implicit-code.
The “standard explicit co-simulation technique” is used to correlate the explicit and the implicit
analysis of wave propagation in the 3DCSS [24].
In the explicit modeling of 3DCSS, the eight-noded C3D8R linear brick elements (hourglass
control and reduced integration) are used. To model the zero-volume circular BVLID region the
element nodes are demerged (resembling debonding type of impact damage) at the adhesive-face
sheet and the 3D core-adhesive interphase, as shown in Fig. 4. Diﬀerent element sizes are considered for diﬀerent layers, such as: face-sheet: 0.5 × 0.5 × 0.245 mm, 3D-core: 0.5 × 0.5 × 0.25 mm, and
adhesive: 0.5 × 0.5 × 0.01 mm. In the implicit code, the PTDs (actuator/sensor) are modeled using
the eight-noded standard C3D8E linear piezoelectric brick elements with six degrees of freedoms at
each node. The selected input signal as voltage is applied to the top-surface nodes of the actuator
PTDs, and zero voltage is assigned to the bottom-surface nodes of the actuator and sensor-PTDs
for the grounding-operation. The output signal is recorded at the top-surface of the sensor-PTDs.
In the FE simulation, the NCE51 PTD material properties are assumed as per the manufacturer’s
information as
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where [c] represents the mechanical stiﬀness matrix, [ε] represents the piezoelectric permittivity
matrix, and [e] represents the piezoelectric stress matrix. The piezoelectric material density (ρ) is
assumed as 7800 kg/m3 .

Fig. 4. FE-based numerical model of 3DCSS with PTDs in Abaqus.

4. RESULTS AND DISCUSSION
4.1. Dispersion curve and BVLID effects
A global-matrix method-based semi-analytical model is used to obtain the theoretical frequency versus the phase velocity dispersion curve for the 3DCSS. Detailed formulation of the semi-analytical
model can be found in [3] and hence, the same will not be repeated here for brevity. The 2D semianalytical formulation is ultimately summarized into a 12 × 12 global-matrix form for a three layer
structure, and dispersion condition is obtained by solving the determinant of the global matrix as
G(ξ1 , ω) = 0.

(1)

The real values of wavenumber ξ1 can be obtained for the known values of frequency ω, and the
corresponding dispersion plots can be obtained by using
cp =

ω
,
ξ1

(2)

where cp represent the phase-velocity of the ultrasonic guided Lamb wave modes.
Thus, the dispersion curve is obtained for the 3DCSS as shown in Fig. 5.
Based on the dispersion curve in Fig. 5, the presence of diﬀerent wave modes (A0, S0, A1 and S1)
is identiﬁed in the healthy simulated signal presented in Fig. 6. The simulated signal corresponding
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Fig. 5. Dispersion curve of GW propagation
in the DCSS.

Fig. 6. Comparison of numerical time-history responses
for cases with and without BVLID

to the actuator-sensor path: 1-2 (Fig. 4) is considered as the baseline signal since this path is
considerably away from the BVLID regions.
The BVLID-inﬂuenced signal is collected from the actuator-sensor path: 3-4, which is across the
BVLID. The BVLID signal is then compared with the healthy signal, which shows a signiﬁcant
ampliﬁcation of the primary anti-symmetric (A0) mode in the BVLID signal, as shown in the Fig. 6.
Similarly, the healthy experimental GW signal from PTD path: 1-2 (Fig. 1) is obtained and
compared with the healthy simulation signal, as shown in Fig. 7. The comparison shows a good
agreement between the FE simulation and the experiment.

Fig. 7. Comparison of numerical and experimental healthy signals.

The experimental BVLID-inﬂuenced sensor signal is then collected from the actuator-sensor
path: 3-4, which is across the BVLID (Fig. 1). The comparison between the healthy and the BVLID
experimental signal is shown in Fig. 8a, which implies that the presence of BVLID in the 3DCSS
signiﬁcantly inﬂuences the GW signals, in terms of ampliﬁcation of the A0-mode. The Hilbert
transform (HT) of the experimental GW signals in Fig. 8a is presented in Fig. 8b, which represents
the BVLID eﬀect on the A0-mode amplitude.
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b)

Fig. 8. a) Comparison of experimental time-history responses for cases with and without BVLID,
b) HT of the signals in Fig. 7a.

4.2. Detection of BVLID region in the 3DCSS
A signal diﬀerence algorithm is applied to identify the BVLID regions in the 3DCSS. The HT of the
experimental sensor signals in time-domain (e.g. Fig. 8b) is used for characterization of BVLIDinﬂuences on the GW modes in the sensor signals. In order to capture the diﬀerential characteristics
of BVLID, the signal diﬀerence coeﬃcients are obtained by comparing the A0 mode amplitudes of
the transformed time-domain receiver signals. The probability distribution of BVLID is computed
to visualize the damaged region by applying the extracted signal diﬀerence coeﬃcients as input
to each pixel. The image quality is improved by using an image fusion technique. The BVLID
localization indicator Kd of any random position (x, y) within the sensor network can be described
as [29]
N −1

N

N −1

N

Kd (x, y) = ∑ ∑ Dij (x, y) = ∑ ∑ Sij (x, y) [
i=1 j=i+1

i=1 j=i+1

ψ − Rij (x, y)
],
ψ−1

(3)

where, Dij (x, y) is the BVLID-distribution probability, measured from the actuator-sensor pair:
i−j and Sij (x, y) represents the signal diﬀerence coeﬃcient, which is the diﬀerence in amplitude
area between signals with and without BVLID for a particular GW mode. The signal diﬀerence
coeﬃcient can be expressed as
¿
Á t2
Á
Á (sb − sh )dt
Á∫
Á
Á t1
,
(4)
Sij = Á
Á t2
Á
b 2
Á
Á
À ∫ [s ] dt
t1

where sb and sh represent the signals with and without BVLID, t1 is the time of arrival of A0
ψ − Rij (x, y)
] is an elliptical
mode in the signal and t2 = (t1 + temporal duration of the A0 mode), [
ψ−1
contour-shaped spatial distribution function with nonnegative values, where
⎧
⎪
⎪ Dij (x, y),
Rij (x, y) = ⎨
⎪
⎪
ψ,
⎩

Lij (x, y) < ψ,

Lij (x, y) ≥ ψ,

(5)
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where

√
√
( (x − xi )2 + (y − yi )2 + (x − xj )2 + (y − yj )2 )
Lij (x, y) =
,
lij

(6)

where lij represents the distance between actuator “i” and sensor “j”, and ψ is the small scaling
parameter, which reduces the size of the BVLID region and it is independent of propagating signal
velocity. The magnitude of ψ is calculated empirically and, in this study, it is assumed as 1.05 [29].
Based on the change in amplitude of the A0 mode owing to the presence of BVLID region,
the signal diﬀerence algorithm in MATLAB is applied to capture the unknown BVLID regions
in the 3DCSS. The algorithm uses the HT of the received GW signals (e.g., Fig. 8b) collected
experimentally from the PTD sensor network (Fig. 1). The magnitude of BVLID index (signal
diﬀerence coeﬃcient magnitudes) at every pixel is obtained by processing the received signals from
the actuator-sensor path: 1-2, 3-4, 5-6, 7-8, 1-8, 2-7, and plotted in Fig. 9. The BVLID index maps
in grid pattern (Fig. 9a) and contour pattern (Fig. 9b) clearly show the BVLID zone in the sample
3DCSS, corresponding to the higher BVLID index magnitudes.
a)

b)

Fig. 9. BVLID index maps in a) grid and b) contour pattern showing the location of BVLID.

5. CONCLUSIONS
Dispersion of the propagating guided Lamb waves in the 3DCSS is multi-modal in nature with
existence of four independent GW modes (A0, S0, A1 and S1) at 100 kHz frequency. The presence
of BVLIDs in the structure substantially ampliﬁes the A0 mode in the propagating GW signals.
A good agreement was found between the numerical and experimental results for all the cases
studied here. The proposed signal diﬀerence algorithm which works on the basis of change in A0
mode amplitude, has demonstrated its potential to eﬃciently localize the BVLID region in the
structure within a network of PTDs. However, it is expected that the presence of baseline signal
data may improve the inspection capability of the proposed technique. The future research will
involve the development of baseline-free BVLID detection algorithms using the proposed SHM
strategy.
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