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Abstract: This paper presents ultrasonic guided wave (UGW) propagation-based nondestructive
testing (NDT) of an adhesively bonded composite structure (ACS). In the process, a series of scanning
laser Doppler vibrometry (SLDV)-based laboratory experiments and time-domain spectral element
method (SEM)-based numerical simulations were carried out on an ACS with barely visible impact
damage (BVID) and a hole. A good agreement was observed between the numerical and experimental
UGW signals in the cases studied. Finally, a full-field and elliptical signal processing method-based
NDT strategy was proposed that uses differential damage features of the registered UGW signals to
identify different types of BVIDs in the ACS.

Keywords: ultrasonic guided signal; adhesively bonded composite structure; barely visible impact damage;
laser-vibrometry; damage detection

1. Introduction

Aluminum Nomex sandwich core structure materials are mainly used in the auto-
mobile and aerospace industry due to their high strength-to-weight ratio. Evaluation of
these materials is periodically necessary to prevent the impact of disasters on their entire
structures. Barely visible impact damage (BVID) is a type of damage that occurs due to
drop impacts or mishandling of tools, leading to small or large indentations in the materials.
These have a lesser impact on aluminum or steel, but on fiber-reinforced polymers, such as
in glass fiber reinforced polymer (GFRP) or honeycomb structures, can cause changes due
to core/core crushing or failure of the matrix. Scanning laser Doppler vibrometry (SLDV)
is an advanced nondestructive testing (NDT) tool used in the industry to detect the early
stage of damage. SLDV is reliable, handles large materials, and detects damage-sensitive
regions. An ultrasonic guided wave (UGW) helps to evaluate such defects because they
can propagate long distances, and its excitation is achieved by a piezo zirconium titanate
(PZT) actuator. These Lamb waves are reflected from discontinuities and thus help to
provide a clear visualization of the damaged region. The usage of UGWs in multi-layered
structures is well known and has been presented by many authors [1,2]. UGWs occur
in the form of asymmetric and symmetric waves [1]. When the UGW interacts with the
damaged region, it is reflected, mode conversion takes place, and interference in the wave
field occurs [2]. Thus, with the help of SLDV and signal processing methods, the analysis
of scattered waves is explored. SLDV works on the principle of the Doppler effect and
observation of the Doppler shift in frequency. SLDV uses either Nd: YAG or Helium-Neon
(He-Ne) lasers. SLDV is mainly applied to detecting BVID [3] and delamination [4], and
in debonding analysis [5]. The paper [6] refers to experimental studies of identifying
debonding and delamination using SLDV in honeycomb structures. The A0 waves of the
guided waves have both leaky and non-leaky characteristics and could reliably detect
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debonding [7]. Other research refers to SLDV studies on aluminum honeycomb sandwich
structures [8]. The impact test on the 3D composite honeycomb structure was studied with
the use of SLDV and numerical methods [9]. The magnitude of the wave depends on the
core of the honeycomb structures [10]. The evaluation of BVIDs in sandwich honeycomb
plate using PZT excited guided waves [11] was presented using time-reversal methods.
Analysis of honeycomb structures with debonding at varying temperature conditions was
undertaken using guided waves, and identification of damage using damage index maps
was shown [12]. Numerical and experimental analysis [13] of debonding in composite
structures was carried out using guide waves.

The spectral element method (SEM) developed for the numerical solution of the
laminar fluid flow by Patera [14] combines the flexibility of the finite element method
(FEM) and fast convergence of spectral methods in the frequency domain. This SEM
technique was successfully implemented in the field of modelling the phenomena of elastic
wave propagation [14–18]. In the current research paper, we used SLDV to analyze the
BVID in a semi-sandwich panel with a Nomex core and aluminum skin. The damage
caused by impacts of 4 and 10 J was studied. In one region, a small portion of Nomex
core was completely removed manually to make an indentation and, in another region, an
indentation with a Nomex core protrusion was studied. The results obtained from SLDV
were compared with numerical studies to visualize the damage region. The numerical
approach was performed using the spectral element method (SEM) code. The gathered
data was processed with the elliptical signal processing method for damage localization
with various sensor network arrangements.

The paper is structured as follows. The experimental and numerical process is ex-
plained in Section 2. Section 3 presents results obtained from the SLDV, SEM, and the
elliptical-based code. The paper is concluded in the fourth section.

The novelties in this paper are as follows:

• A sandwich plate with Nomex core and single-sided adhesively bonded aluminum
facet is studied experimentally, numerically, and analytically.

• SEM study with PZT SONOX P502 parameters is studied with a single-sided adhe-
sively bonded composite structure (ACS).

• The SLDV full wavefield result is compared with the SEM result.
• The elliptical method is applied to the data obtained from SLDV and SEM.
• The elliptical signal method is not limited to the first time of arrival and does not use

the differential signals.

2. Numerical and Experimental Process

The investigated ACS was made of an aluminum skin (face) and a Nomex honeycomb
core. The BVID was made by low energy impacts (4 and 10 J) from the Nomex core side.
A BVID of diameter 1.4 cm (BVID 1) was made with an impactor by crushing the Nomex
cells, and another BVID of diameter 1.8 cm (BVID 2) was also made with an impactor after
removing the Nomex cells. The device used to create the BVID was a circular impactor
of 10 cm diameter. The specimen is shown in Figure 1a. The largest diameter BVID 2 is
magnified in Figure 1b, and Figure 1c shows the cross-section of the plate with the Nomex
core and a one-sided aluminum facet. The Nomex core attached to the facet is shown in
Figure 1d with an area where the BVIDs were made. BVIDs of diameters 1.4 cm (BVID 1)
and 1.8 cm (BVID 2), and a hole of 0.5 cm diameter, constitute the damage. The SLDV
is an NDT device largely used in industry to analyze the vibrations of structures. The
SLDV instrument used was a PSV 400 from Polytec © GmbH. Laser vibrometry uses the
Doppler effect for non-contact optical vibration analysis. This uses light as a sensor and
thus a contactless experimental process. This yields real-time measurements of temporal
signatures and is based on the frequency of the laser shift between the reference beam
and the incident beam from the laser. The interferometer inside the laser head analyzes
this shift by propagating it to the photodetector. Thus, depending on the velocity, the
backscattered light gets changed in frequency and phase.
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Figure 1. (a) ACS plate with damages; (b) zoomed image of BVID 2; (c) cross-section of the plate with the core; (d) Nomex
core attached at the backside of the plate and region where a hole and BVIDs were made.
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Thus, the Doppler shift in frequency is analyzed based on the modulated detected
output signals. Using inbuilt signal processing techniques, the velocity and displacement
of the surface waves are detected. The PZT (SONOX P502) was bonded with a bonding
glue to the plate. A sine tone burst signal with 10 cycles at 16 Vpp amplified 20 times
produced the excitation. The measurement parameters are summarized in Table 1. During
the experiment, the room was maintained with a constant temperature of 21 ◦C using
air conditioning.

Table 1. Experimental table with measurements performed in the scanning laser Doppler vibrometry (SLDV).

No. of Cycles Frequency (kHz) Excitation Voltage (Vpp) Grid Points Sampling Period (µs)

10 150 16 × 20 411 × 415 0.78125

For the spectral element method (SEM), only the hole of Ø 0.5 cm was studied. The
engineering constants used for the analysis are highlighted in Table 2 [19]. The parameters
used in SEM are explained in Tables 3–5.

Table 2. Engineering constants of the ACS used in the numerical study.

Material Young’s Modulus (GPa) Poisson Ratio Density (kg/m3)

Nomex 9 0.30 1384
Aluminum 68 0.33 2600

Dielectric, electromechanical, and mechanical properties used for the PZT (SONOXP502)

are shown in Tables 3 and 4, where: d33, d31, d15 are charge constants; εT
33
ε0

, εT
11
ε0

are rela-
tive permittivity values; S11

E, S33
E are elastic compliance values; ρ represents the density

value; η13 represents the Poisson ratio. The manufacturer of the PZT provided all of the
properties [20].

Table 3. Electromechanical and dielectric properties of the PZT actuator.

d33 (C/N) d31 (C/N) d15 (C/N) εT
33
ε0

εT
11
ε0

440 × 10−12 −185 × 10−12 560 × 10−12 1850 1950

Table 4. Mechanical properties of PZT and other values.

S11
E (m2/N) S33

E (m2/N) η13 ρ (kg/m
3)

18.5 × 10−12 20.7 × 10−12 0.44 7740

Table 5. Numerical spectral element method (SEM) table with values used.

No. of Cycles Frequency (kHz) Grid Points Sampling Period (µs)

10 150 251 × 251 6.1 × 10−3

The SEM technique, similarly to FEM, divides the modelled domain into finite ele-
ments, imposing the arbitrary boundary conditions and external forces in the particular
nodes. Distribution of the nodes in the element is the main difference between the two
methods: the nodes in SEM are non-uniformly distributed and coincident with the coor-
dinates of the Gauss–Lobatto–Legendre (GLL) integration points. The shape functions
for two-dimensional (2D) spectral elements are obtained by the Kronecker product of
one-dimensional (1D) shape functions, denoted by ⊗ as shown in Equation (1).

Nmn(î, ç) = Nm(î) ⊗ Nn (ç), for m = 1 . . . p, n = 1 . . . r (1)



Signals 2021, 2 17

where p − 1 and r − 1 are the degrees of interpolating polynomial, and i, c ∈ [−1, 1] are
element local coordinates. As a consequence of the orthogonality of shape functions, and
the application of the GLL quadrature, the mass matrix is diagonal in the formulation. This
property significantly reduces computation time for solving the equation of motion due to
avoiding mass matrix inversion.

3. Results and Discussion
3.1. Analysis of the Results from the SLDV

Velocity plots obtained directly from the SLDV were analyzed. The Lamb wave
propagation of the specimen is visualized in Figure 2. The schematic representation of
the PZT placement and damage locations are shown in Figure 2a. The experiment was
carried out with frequency ranges of 10, 15, 20, 25, 50, 100, 150, and 200 kHz, and it was
found that the 150 kHz frequency provides good visualization of results. The full wavefield
results obtained from 150 kHz at different time periods are analysed. Figure 2b shows
the propagation of the waves in the form of circles. The waves reach the damage region
(hole) and are distracted, thus showing the location and damage shape. This perfectly
shows the hole region with scattered Lamb waves. The amplitude of the S0 mode is much
lower than A0 mode, therefore, it is barely noticeable in the full field of the wave measured
by the SLDV. Thus, the antisymmetric A0 mode waves are predominantly visible and
marked in all of the figures. When the waves reach the damage zone, they are reflected and
mode change occurs. The important aspect is to visualize the wave reflections after they
touch the impact damage zone. The SLDV helps in quality analysis of the material without
destroying it. Figure 2c shows the detection of BVID 1. The waves are scattered at the
damage region (marked with black circles) and mode change occurs. Figure 2d shows the
wave pattern analysis and detection of BVID 2. As mentioned earlier, SLDV is a powerful
NDT tool. In our previous research, we identified debonding with a diameter of 0.5 cm in
honeycomb structures with 15 kHz and 0.9 cm BVID in carbon fiber reinforced polymer
(CFRP) structures with 150 kHz.

The SLDV measures the out-of-plane displacement and helps in the early inspection.
As shown in Figure 2, one can visualize the S waves reaching the damaged region and its
conversion. This shows a clear visualization of the damage. The times required for the
waves to reach the damage zones are summarized in Table 6.

Table 6. Times required for detection of damage.

Frequency (kHz) Hole (µs) BVID 1 (µs) BVID 2 (µs)

150 29 37 48
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Figure 2. (a) Schematic representation of PZT, damage zones; (b) a hole of Ø 0.5 cm detected at 29 µs; (c) BVID 1 detected at
37 µs; (d) BVID 2 detected at 48 µs.

3.2. Analysis of the Results Using Numerically Based Spectral Element Code

In this section, the numerical results from the SEM are shown. The main idea is to
check the experimental results visualized with the numerical studies and to undertake a
proper comparison of the results. For this spectral elemental study, a hole with Ø 0.5 cm
section was selected to be analyzed. Figure 3a shows the mesh arrangement and PZT
position in the SEM approach, and Figure 3b shows the result obtained with the SEM
numerical study.

Thus, a comparative study of numerical analysis and experimental results shows that
the hole was detected at a time of 29 µs in both cases, as shown in Figures 2b and 3b,
respectively. The comparison of the experimental and numerical results in Figures 2 and 3
reveals the wave field of the Lamb waves and its change due to the damage zones.
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Figure 3. (a) Mesh arrangement and PZT position in SEM; (b) hole of Ø 0.5 cm detected at 29 µs for 150 kHz excitation.

3.3. Analysis of the Results Using an Elliptical Based Signal Processing Method

This section focuses on the application of the elliptical-based signal processing method
to localizing the damage [21]. The underlying concept is the intersection of the ellipses
that correspond to wave reflections. The region where a large number of ellipses intersects
identifies the damage location. Optimum sensor positioning for damage localization is
considered. Six cases with different sensor positioning are shown in Table 7. The sensor
placements for cases 1 and 5 were taken from research on the optimal sensor placement
assisted with a genetic algorithm reported in [22]. In all of the cases, the scanning points
were placed at a distance of 10 cm.

Table 7. Case models for elliptical approach with experimental and numerical data.

Case Test Sensor Placement No. of Sensing Points

1 Experimental Quadrant I, II, III, IV 8
2 Experimental Quadrant I, II 4
3 Experimental Quadrant III, IV 4
4 Experimental Quadrant II 6
5 Numerical Quadrant I, II, III, IV 8
6 Numerical Quadrant II 6

For the elliptical-based method, a velocity profile was determined because the velocity
can be angle-dependent. The steps performed to obtain the velocity profile are summarized
with the equation:

Velocity [m/s] =
delx
delt

(2)

where delx is the distance between the scanning points (grid points in the case of SLDV
and nodal points in the case of SEM) and delt = TOA2 − TOA1, where TOA represents the
wave time of arrival at a given scanning point. The calculation of delt between two points
located at 0 degrees of the signals of cases 4 and 6 are shown in Figure 4. Figure 4a shows
experimental signals and Figure 4b shows the numerical SEM signals. Table 8 shows the
velocity values obtained for cases 4 and 6. The velocity profile was calculated by taking
these velocity values and fitting them to an elliptical function. This gives the entire 360◦

plot (Figure 5). Because the 0 and 90◦ values are similar, the fit results in an almost perfect
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circular profile. These velocity profiles were used for the elliptical-based method.

Figure 4. delt calculation between two points (a) SLDV measurement; (b) numerical SEM.

Table 8. Group velocities obtained from SLDV, SEM measurement.

Cases Studied Group Velocity [m/s] at 0◦ Group Velocity [m/s] at 90◦

Case 4 2048 2108
Case 6 2410 2365
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Figure 5. Velocity profile obtained.

Initially, the elliptical method was applied to the complete experimental case 1 with 2
BVIDs and a hole as shown in Figure 6a. The intersection of white dotted lines in all of the
figures with the results indicates the region where the damage map maximum is identified.
The result for case 1 shows that only the hole location was indicated, as seen in Figure 6b.
Scanning points in quadrants I and II (case 2) identified the energy convergence zone near
to BVID 1, as shown in Figure 6c. Scanning points in quadrants III and IV (case 3) identified
the energy convergence zone near to BVID 2, as shown in Figure 6d. Different sensor



Signals 2021, 2 21

arrangements in case 4 (quadrant II–Figure 6e) indicated the location of the hole (Figure 6f).
Table 9 provides the error estimation of cases 1–4 with the experimental data.
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Table 9. Error estimation of experimental cases.

Experimental Damage Map Maximum
Location (cm, cm)

Coordinates of Damage
Center (cm, cm)

Error in Estimation
(cm)

Case 1 (35, 26.5) (33.0, 25.0) 2.50
Case 2 (28.9, 41.4) (29.1, 36.2) 5.20
Case 3 (27.7, 6.7) (26.0, 9.0) 2.80
Case 4 (34.4, 23.0) (33.0, 25.0) 2.44

Research was also conducted on the data obtained from a numerical study (case 5
and 6), which was simpler due to only one form of damage, and yielded clear results as
shown in Figure 7. Figure 7a shows the sensor network placement of case 5. Analysis of the
results from Figure 7 shows the region of higher energy where ellipses are more coincident.
Figure 7b shows the convergence results obtained for case 5. Figure 7c shows the sensor
network placement of case 6. In Figure 7d, the damage hole region is properly detected
with the help of intersecting ellipses (case 6). The higher energy is due to wave reflection
from the damage. This result is obtained by analyzing results from various peak values
extracted from the time signals. The error estimation values obtained with the elliptical
method for the numerical SEM cases (cases 5 and 6) are shown in Table 10.
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Table 10. Error estimation of numerical cases.

Numerical
Damage Map

Maximum Location
(cm, cm)

Coordinates of
Damage Center (cm,

cm)

Error in Estimation
(cm)

Case 5 (29.8, 27.7) (33.0, 25.0) 4.10
Case 6 (31.9, 26.0) (33.0, 25.0) 1.49

4. Conclusions

This research undertook NDT inspection of BVID in ACS which has aluminum as a
facet and with Nomex material as a sandwich core using UGW. The damage regions were
successfully analyzed with the help of the A0 wave mode. The Lamb wave interactions and
impact damage were visualized and detected. The frequency of excitation at 150 kHz was
chosen after studying different frequency ranges. The results from the SLDV appropriately
identified the damage location. This yielded a good analysis of the wave pattern and
mode changes in the damage region. The Lamb wave propagation and reflection from the
damage were identified with SLDV and shown in Figure 2. The SLDV full-field results
identified the two different forms of BVID damage and the small hole with the help of
UGW. Experimentation performed previously at our laboratory with SLDV identified
debonding damage with an area of 0.5 cm in honeycomb structures with 15 kHz, and BVID
with a diameter of 0.9 cm in CFRP structures with 150 kHz.

The spectral elemental code was used to analyze similar conditions numerically. The
results obtained identified the damage in a similar time period as the experimental case,
as shown in Figure 3b. We used a simplified numerical model. The glue layer between
the core and skin was not modeled, and no adhesive lever was included between the
aluminum skin and the piezoelectric transducer. We identify these factors as the main
reasons for the differences between the numerical and experimental signals.

The elliptical signal processing technique works using the methodology of visual-
ization of the wave reflection site. The interaction of the wave with damage creates a
higher energy reflected zone. In this method, six different cases were studied, as shown in
Table 7. Case 1 corresponds to the result obtained from experimental studies (SLDV) and
cases 2–4 are subcases of case 1. Case 5 corresponds to the result obtained for SEM data
and the scanning points placement is similar to case 1. Case 6 provided the best result in
identifying the damage location for SEM data, and case 4 for the SLDV data. Both cases
correspond to the same sensor placement. Thus, by using the elliptical method for signal
processing, the data obtained from SLDV and SEM was successfully used to locate the
damaged region. In summary, experimental and numerical case studies were carried out
to understand the wave propagation phenomenon and to locate the damage with sensor
network arrangements.
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