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a b s t r a c t

Different studies have demonstrated that vibration characteristics are sensitive to
debonding in composite structures. Nevertheless, one of the main restrictions of vibration
measurements is the number of degrees of freedom that can be acquired simultaneously,
which restricts the size of the damage that can be identified. Recent studies have shown
that it is possible to use high-speed three-dimensional (3-D) digital image correlation
(DIC) techniques for full-field vibration measurements. With this technique, it is possible
to take measurements at thousands of points on the surface of a structure with a single
snapshot. The present article investigates the application of full-field vibration measure-
ments in the debonding assessment of an aluminium honeycomb sandwich panel.
Experimental data from an aluminium honeycomb panel containing different damage
scenarios is acquired by a high-speed 3-D DIC system; four methodologies to compute
damage indices are evaluated: mode shape curvatures, uniform load surface, modal strain
energy and gapped smoothing.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Sandwich structures typically consist of thin face sheets or skins and a lightweight thicker core sandwiched between the
skins to obtain a structure with superior bending stiffness. The concept of sandwich structures is common in nature; for
example, the branches of a tree or the bones in skeletons are examples of sandwich structures with foam-like core materials.
The high stiffness and strength at a minimum weight make sandwich structures attractive for use in applications where
weight saving is critical. Consequently, in recent years, the applications of sandwich structures have been rapidly increasing
and range from satellites, spacecraft, aircraft, ships, automobiles, rail cars, wind energy systems and bridge construction [1].

Nevertheless, despite their advantages, sandwich structures can experience imperfect bonding or debonding between the
skins and core because of manufacturing defects or impact loads. Debonding in a sandwich structuremay severely degrade its
mechanical properties, which can cause catastrophic failure of the overall structure. Therefore, even though making the
structure as light as possible without sacrificing strength is a fundamental requirement in aircraft design, the application of
sandwich structures remains limited to secondary (non-critical) components [2].

To improve both safety and functionality of these systems, structural damage assessment methodologies can be imple-
mented. The purpose of these methodologies is to detect and characterize damage at the earliest possible stage and to es-
timate howmuch time remains before maintenance is required, the structure fails, or the structure becomes no longer usable.
uane).
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Damage assessment has a tremendous potential for safety and/or economic benefits; it reduces maintenance costs and in-
creases structural safety and reliability.

Non-destructive inspection (NDI) techniques are frequently used to detect damage in sandwich structures. Some of the
techniques used for in-service inspections are visual, tap testing, mechanical impedance, shearography, ultrasonic and
thermography inspections [3e5]. Heida and Platenkamp [5] from the Netherlands Aerospace Centre (NLR) investigated
different NDI techniques for in-service evaluation of composite aerospace structures. Commercially available NDI equipment
was tested to identify impact, delamination and disbond damage in three composite aerospace structures. The results showed
that only ultrasonic inspectionwas able to detect and quantify disbond damage, but the limitations were its small field of view
and the requirement to use a couplant. A similar conclusionwas reached by Hsu [4] in a large-scale experiment organized by
the Sandia Laboratories to evaluate different NDI techniques for honeycomb sandwich structures; it was found that air-
coupled ultrasound was the best technique among those investigated. Nevertheless, regardless of the number of NDI tech-
niques available to inspect sandwich panels, some challenges remain [6]:

� the detection of defects/damage in thick sandwich structures remains limited,
� it is generally not possible to detect far-side defects with one-sided inspection methods,
� during inspections, it may be difficult to distinguish between damage and hidden features of the structure, and
� there is insufficient knowledge about the sensitivity and reliability of NDI when applied to sandwich composites.

In addition, NDI techniques are time-consuming, need prior knowledge of the damage location and require access to the
portion of the structure being inspected, which can be impractical in some cases.
1.1. Vibration-based damage assessment

A global technique called vibration-based damage assessment has been expanding rapidly in recent years [7]. The basic
idea is that vibrational characteristics such as natural frequencies, mode shapes, damping and frequency response functions
are functions of the physical properties of a structure. Thus, changes to the material and/or its geometric properties owing to
damage will cause detectable changes in its vibrational characteristics.

Different studies have demonstrated that vibrational characteristics are sensitive to debonding in sandwich structures.
The first numerical investigation was performed by Jiang et al. [8] who modelled debonded honeycomb structures with a
commercial finite element software. Their results showed that natural frequencies are sensitive indicators to the presence of
debonding. The finite-element method was also used by Burlayenko et al. [9,10] to study the influence of skin/core debonding
on the vibrations of honeycomb panels, concluding that the size of the debonded zone reduces the natural frequencies and
creates a discontinuity in the mode shapes. Similar conclusions were found in the experimental and theoretical/numerical
investigations of Kim and Hwang [11] and Lou et al. [12], where it was concluded that natural frequencies decrease because of
a loss of stiffness caused by local damage and that vibration modes show local deformation in the damaged region. On the
other hand, the experimental study performed by Shahdin et al. [13] showed that the damping ratio is a more sensitive
parameter for damage detection than the natural frequencies, although it is much harder to estimate. Meruane at al [14,15].
demonstrated that it is possible to identify debonding in honeycomb sandwich panels using the changes in natural fre-
quencies and mode shapes.

Vibration-based damage assessment methods are classified as model-based or non-model based. Model-based methods
are particularly useful for predicting system response to new loading conditions and/or new system configurations. Never-
theless, the performance of a model-based damage assessment algorithm relies on the quality of the structure's numerical
model. If the numerical model is not accurate, it becomes difficult to distinguish between numerical errors and actual changes
owing to damage. On the hand, non-model-based methods detect damage by comparing the measurements from the
damaged and undamaged structures with no need of a numerical model.

Many response parameters have been used in non-model damage assessment and include natural frequencies [16], spatial
correlation of mode shapes [17], mode shape curvatures [18], modal flexibility and its derivatives [19,20] and modal strain
energy (MSE) [21]. Most have been developed for one-dimensional (1-D) structures such as beams, frames, and truss
structures, while only a few studies have investigated damage assessment of two-dimensional (2-D) (plate-like) structures.
Cornwell et al. [22] were the first to use strain energy in a damage localization method for plate-like structures. The damage
index was computed using the strain energy of a plate in the damaged and undamaged states. The method was validated
using numerical simulations and with experimental data of an aluminium plate with saw cuts. Lin et al. [23] investigated the
identification of damage in plate-like structures using a strain mode technique derived from the RayleigheRitz approach. The
authors proposed two damage indices, the bending moment index and the residual strain mode shape index. Their results
showed that the bending moment is more sensitive than the strain mode shape, but the detection depends on the damage
location, whereas the residual strain mode shape detects damage accurately independent of the location. Wu and Law [24]
developed a damage localization method for plate structures based on changes in the uniform load-surface (ULS) curvature.
ULS is defined as the deflection vector of a structure under a uniform load. The method was validated with numerical data of
different plates, and damage was introduced as a localized stiffness reduction. In a later work, Wu and Law [25] proposed a
model-based damage assessment algorithm that also used changes in the ULS curvature. The inverse problemwas modelled
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as a linear equation system based on a first-order Taylor series approximation and solved iteratively. Yoon et al. [26] presented
a baseline-free damage localization algorithm for plate-like structures. The algorithm used vibration mode curvatures and a
2-D gapped smoothing (GS) method to locate changes in structural stiffness. The condition to locate damagewithout baseline
data was that the structure was homogeneous with respect to stiffness in the undamaged case. Qiao et al. [27] studied the
experimental identification of delamination in a composite laminate plate using three different methodologies: GS, gener-
alized fractal dimension, and modal strain energy (MSE). Experimental data were measured by two approaches: scanning
laser vibrometer (SLV) and polyvinylidene fluoride (PVDF) sensor. The results show that an SLV provides better results than a
PVDF sensor because of its refined scanning mesh. However, although all the three methods can detect the actual location of
damage, they also show extra peaks at other locations (false damage). The authors concluded that the GS method identifies
the delamination of composite plates better than other algorithms. Moreno‒García et al. [28] investigated the use of higher-
order mode shape derivatives to locate damage in plate-like structures. The authors concluded that a damage indicator based
on the fourth-order spatial derivative allows better damage localization. In addition, as the number of measured degrees of
freedom (DOFs) increases, the success in damage localization also increases.
1.2. Full-field vibration measurements

One of the main restrictions of vibration measurement is the number of DOFs that can be acquired simultaneously. Over
the last decades, there has been tremendous progress in finite element modelling; the DOF of these models has grown to over
a million in many applications, whereas the number of measurement points has been limited to the order of hundreds. This
large mismatch between experimental and numerical DOF has led to the search for full-field vibration-measurement
techniques.

Common techniques to obtain full-field vibration measurements include the use of a wide array of triaxial accelerometers
or an SLV. The use of accelerometers can mass-load a structure, and the number of measurement points is limited by the
number of accelerometers available. On the other hand, an SLV can provide three-dimensional (3-D) data at many points but
can only make measurements asynchronously. In addition, the performance of a vibrometer is affected by the presence of
large rigid-body motion. Recent studies have shown it is possible to use high-speed 3-D digital image correlation (DIC)
techniques for full-field vibration measurements. The DIC technique uses images taken from a pair of stereo cameras to
determine the 3-D geometry and displacements of an object whose surface contains a speckle pattern. With this technique, it
is possible to take measurements at thousands of points on the surface of a structure with a single snapshot.

Helfrick et al. [29] were the first to investigate high-speed 3-D DIC technique for full-field vibration measurements. The
authors compared the mode shapes obtained by an SLV, accelerometers and DIC and concluded that DIC has tremendous
potential for full-field vibration-measurement applications. Table 1 compares the three methods. The principal advantages of
DIC are high spatial resolution, absence of contact and mass loading and low sensitivity to rigid-body motion.

Wang et al. [30] presented a model-updating method that used full-field vibration measurements acquired with a DIC
system. The discrepancies between numerical and experimental mode shapes were assessed by using shape-feature vectors
constructed from Tchebichef moment descriptors. In a later work, Wang et al. [31] computed the frequency-response
functions (FRF) of shape features from DIC measurements. An advantage of this approach is that mode shapes identified
from FRF of shape features have no measurement noise. Trebu�na and Hagara [32] presented a method to perform operational
and experimental modal analysis from experimental data obtained with a high-speed DIC system. According to the authors,
the main advantage of this systemwas that it was possible to obtain multiple FRFs in one measurement, thus the duration of
the experiment was remarkably small. Ha et al. [33] showed that a high-speed DIC system can be used to perform a modal
analysis of an artificial wing mimicking a beetle's hind wing. Given the size and light weight of this structure, it was not
possible to perform a modal analysis with conventional accelerometers.
Table 1
Comparison between accelerometer, DIC and SLV for modal analysis [29].

Accelerometer DIC SLV

1. Easy to obtain transfer functions 1 Obtaining transfer functions requires post-
processing beyond typical software
capabilities

1. Easy to obtain transfer functions

2. Data only at locations of response
transducers

2 Data on entire visible surface of an object 2. Data at predefined points on visible
surface of an object

3. Sensitivity depends on accelerometer 3 Sensitivity decreases as the field of view
increases

3. Sensitivity related to laser light
wavelength

4. Broadband excitation of all modes 4 Better suited for single-frequency excitation 4. Broadband excitation of all modes
5. No stability requirements 5 Less sensitive to camera rigid-body motion 5. Calibration highly sensitive to

changes in setup conditions
6. Inexpensive 6 Expensive 6. Very expensive
7. Require contact and possible mass loading 7 Non-contacting and non-mass loading 7. Non-contacting and non-mass

loading
8. Low spatial resolution 8 Very high spatial resolution 8. High spatial resolution
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The large potential of full-field vibration measurements acquired with high-speed 3-D DIC systems has not yet been
explored for structural damage assessment. Some of the advantages over current methods are:

� Measuring vibrations over the full surface of an object provides much useful information and allows the detection of small
changes that are undetectable with conventional methods. Therefore, smaller damage can be detected.

� A higher spatial resolution allows for computing displacement derivatives with more precision. These derivatives have
been shown to be useful damage indicators; thus, a higher spatial resolution will allow damage assessment with more
precision.

� A high-speed 3-D DIC is a non-contacting system that does not mass-load a structure. Therefore, unlike accelerometers,
the properties of a structure are not altered by the measurement system.

Nevertheless, despite its advantages, DIC measurements have a lower sensitivity than accelerometers or laser measure-
ments and a lower frequency range. Therefore, it is of interest to investigate whether the advantages outweigh the disad-
vantages and if this method can be used effectively for damage identification. The present article investigates the application
of full-field vibration measurements in the debonding assessment of an aluminium honeycomb sandwich panel. First, the
performance of four methodologies to compute damage indices were evaluated using simulated numerical data. The
methodologies were mode shape curvatures, ULS, MSE and GS. Then, experimental data from an aluminium honeycomb
panel containing different damage scenarios were acquired by a high-speed 3-D DIC system and the four methodologies were
evaluated on the basis of this data.

2. Damage index

2.1. Mode shape curvatures

In the absence of damage, mode shapes have a known smooth surface; whereas in the presence of damage, sharp changes
such as an abrupt slope might appear at a damage location. Since there is a clear change in the mode shape curvature in the
vicinity of damage, a change in curvature has been adopted to locate damage.

For 1-D structures, the curvature of the r-th mode shape at the i-th test point can be obtained with the central difference
approximation

v2frðxiÞ
vx2

¼ ðfrðxiþ1Þ þ frðxi�1Þ � 2frðxiÞÞ
.
h2; (1)

where frðxiÞ is the r-th mode shape at the i-th test point and h is the uniform separation of the test grid. The damage index is

obtained by calculating the absolute difference between the curvatures of the damaged and undamaged cases as [18].

drðxiÞ ¼
�����v2fD

r ðxiÞ
vx2

� v2fU
r ðxiÞ
vx2

�����: (2)
The superscripts D and U refer to damaged and undamaged, respectively.
In the case of 2-D structures, the curvature at point ðxi; yjÞ in each normal direction along the sensor grid is calculated as
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where hx and hy are the uniform grid spacing in the corresponding directions. The damage index can be formulated as
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Considering m modes, the damage index at test point ðxi; yjÞ is computed as
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2.2. Uniform load surface

The flexibility matrix is basically defined as the inverse of the stiffness matrix, which can be written in modal form as

G ¼ FL�1FT ¼
X
r

frf
T
r

u2
r
; (7)

where F and L are the eigenvector and eigenvalue matrices, respectively, fr and ur are the r-th mode shape and natural
frequency, respectively, and ð:ÞT indicates the vector transpose. From Equation (7) we can see that the higher the frequency,
the smaller the modal contribution to the flexibility matrix. According to Jaishi et al. [34], a good estimation of the flexibility
matrix may be obtained from only a few low-frequency modes at a reduced set of measured DOF.

The modal deflection at point k under unit load at point l is given by

Gk;l ¼
Xm
r¼1

frðkÞfrðlÞ
u2
r

; (8)

werem is the number of available modes. The ULS at a point k is defined as the modal deflection at this point under uniform
load over the entire structure and can be approximated as

ULSðkÞ ¼
Xm
r¼1

frðkÞ
Pn

l¼1frðlÞ
u2
r

; (9)

where n is the number of DOFs. The ULS is expected to reduce the effect of the experimental noise because the summation of
the modal coefficients averages out the random error at each point [25].

As in the case of mode shape displacements, the ULS curvature is a more sensitive indicator of damage. Therefore, the
damage index can be formulated as [24].

dðkÞ ¼
 �����v2ULSDðkÞvx2

� v2ULSUðkÞ
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�����þ
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�����
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: (10)
2.3. Modal strain energy

TheMSE is a sensitive indicator of damage and has frequently been used to locate damage in 1-D structures such as beams,
frames and trusses [21]. Cornwell et al. [22] introduced the strain energy damage detection method for plate-like structures.
The damage indices are computed using the MSE of a plate in the damaged and undamaged states. In the case of a plate-like
structure, for a particular mode shape, fr , the strain energy associated with that mode shape is
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where a and b are the plate dimensions and D ¼ Eh3=12ð1� n2Þ is the bending stiffness of the plate. By dividing the plate into
sub-regions, it is possible to locate damage by comparing the normalized strain energy of each sub-region in the damaged and
undamaged conditions. The energy associated with sub-region jk for the r-th mode shape is given by

Ur;jk ¼ Djk
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therefore,

Ur ¼
XNx

k¼1

XNy

j¼1

Ur;jk; (13)
where Nx and Ny are the number of divisions in the x and y directions, respectively. The fractional energy at location jk is



F. Seguel, V. Meruane / Journal of Sound and Vibration 417 (2018) 1e186
Fr;jk¼
Ur;jk

Ur
: (14)
The same procedure can be used to compute the fractional energy at location jk for the r-thmode of the damaged structure
FDr;jk. To account for all measured modes, the damage index for sub-region jk is defined as

bjk ¼
Xm
i¼1

FDr;jk

,Xm
i¼1

Fr;jk; (15)

where m is the number of measured modes. Assuming that the collection of damage indices represents a population of a
normally distributed random variable, a normalized damage index is obtained using

Zjk ¼
�
bjk � bjk

�.
sjk

; (16)

where bjk and sjk represent the mean and standard deviation of the damage indices, respectively.

2.4. Gapped smoothing method

The 2-D GS method developed by Yoon et al. [26] starts by normalizing the operational deflection shape by its root mean
square values,

4r

�
xi; yj

�
¼ fr

�
xi; yj
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j¼1f
2
r

�
xi; yj

�vuut ; (17)

whereNx andNy are the number of grid points in the x and y directions, respectively, and 4rðxi; yjÞ is the normalized r-thmode
shape at point ðxi; yjÞ.

The mode shape curvatures are estimated by the central difference approximation as
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; (18)

where hx and hy represent the uniform grid spacing in the corresponding directions. Then, the mode shape curvatures are

expressed as

V24r

�
xi; yj

�
¼ gTi;jqi;j; (19)

where gi;j is a base function vector that depends on the grid point locations and qi;j is a vector of parameters. In Ref. [26] the

base function and parameter vectors were constructed as
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Considering the points around ðxi; yjÞ, Equation (19) can be expressed as
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The least square estimation of the parameters is given by
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The smoothed mode shape curvature is computed using the estimated parameters
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and the damage indices are calculated as
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Finally, considering m modes, the damage index at test point ðxi; yjÞ is computed as

d
�
xi; yj

�
¼
Xm
r¼1

dr
�
xi; yj

�
: (25)
3. Statistical treatment

In most of the undamaged regions in the panels, the damage indices are greater than zero. To discriminate between real
damage and false damage, statistical treatment of the data can be performed [26]. The basic idea is that the mean and
standard deviation of averaged damage indices in the undamaged regions of the damaged panels are similar. Assuming a
normal distribution, the outliers will be damage indices coincident with statistically significant features such as local damage.

The present study adopted the Grubbs' test to construct the damage map, the procedure is as follows [35]:

1. First, let dk represent the damage index at point k, the maximum normed residual (MNR) is defined as

MNR ¼ max
k

�����dk � d

s

�����; (26)

where k ¼ 1, 2, …, n, n is the total number of grid points and d and s are the mean and standard deviation of the damage
indices, respectively.

2. The MNR is compared with the critical value (CV) for the sample size n:

CV ¼ tðn� 1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
�
n� 2þ t2

�q ; (27)

where t is the 1� a=2n quantile of the Student's t distribution with an n-2 DOF and a 5% significance level.

3. If the MNR is larger than the CV, the point associated with the MNR is declared an outlier and is removed from the original
data. Steps 1 to 3 are repeated until the MNR becomes smaller than the CV.

4. All the points identified as outliers are declared as damaged and included in the damage map; the remaining points have
their indices set to zero. Therefore, the damage map consists only of outliers from the statistical treatment.
4. Noise reduction

The damage indices described in the previous section require the computation of second-order derivatives. These de-
rivatives can be computed by applying a central finite difference formulation. However, since this formulation leads to the
propagation and amplification of measurement errors and noise which is always present in experimental data, it is important
to implement noise reduction or smoothing techniques to reduce experimental noise without affecting the detection of
damage. In general, data smoothing can be performed by parametric or nonparametric regression. Unlike nonparametric
regression, parametric regression requires prior knowledge of analytical functions that can represent the data. Examples of
parametric functions used to smooth displacement measurements are radial basis functions [36] and finite element shape
functions [37,38], whereas the most common nonparametric approaches are based on least squares [39,40].

Let us consider the following 1-D noisy data:
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y ¼ by þ ε; (28)

where by is the actual data and ε represents noise. Smoothing methodologies try to obtain the best estimate of by. Parametric

methods require a regression equation that represents the data. If an analytical regression equation is not available, then,
nonparametric regression is the best option. Some nonparametric regression methods described in literature are kernel
regression, local polynomial regression, SavitzkyeGolay filter and penalized least squares regression. The penalized least
squares regression technique consists of a minimizing criterion that balances the fidelity of the data measured by the residual
sum of squares and a penalty term that reflects the roughness of the smooth data, which can be selected as a second-order
divided difference [40]:

FðbyÞ ¼ ky� byk2 þ kDbyk2; (29)

where D is a tridiagonal square matrix. Solving the minimization problem yields
�
In þ sDTD

�by ¼ y (30)
In the case of evenly spaced data, relatively fast algorithms based on Cholesky decomposition [41] or discrete cosine
transform [40] can be used to solve (30).

Here the smoothing technique proposed by Garcia [40] was implemented to reduce the experimental noise in mode
shapes. This is a fully automated smoothing procedure for uniformly sampled gridded data. The algorithm is based on the
penalized least square method by means of the discrete cosine transform. In addition, this method allows for the completion
of missing information, which is a common problem with vibration mode shapes identified from DIC measurements.
Sometimes, because of bad lighting or poor focus, displacements in parts of a structure are not captured.

5. Application case

5.1. Experimental measurements

The experimental structure consisted of a sandwich panel of 0.25m� 0.35m x 0.021mmade of an aluminium honeycomb
core bonded to two aluminium skins. The skins were bonded to the honeycomb core using an epoxy adhesive. Fig. 1(a) shows
the aluminium sheet with a layer of epoxy adhesive; the circular region without adhesive, that can be seen in the figure, was
introduced to simulate debonding. To ensure perfect bonding, the panel was cured using a vacuum bagging system as shown
in Fig. 1(b).

Fig. 2 shows the experimental setup. The panel was attached to an electrodynamic shaker driven by a function generator
and signal amplifier. The panel displacements were captured by two high-speed synchronized cameras connected to DIC
software. The cameras, data acquisition and DIC software corresponded to the Q450 high-speed DIC system of Dantec Dy-
namics. The cameras had a maximum acquisition frequency of 7530 FPS at a resolution of 1 MP.

The following procedure was performed to identify the experimental vibration mode shapes.

� First, the panel was excited at different points by an impact hammer, and the response was captured by a miniature
accelerometer. The experimental data was processed to obtain the Frequency Response Functions (FRFs) from which the
natural frequencies were identified by peak-picking.

� A speckle pattern was added to the panel by means of an adhesive sheet. The pattern provided by Dantec Dynamics had
been optimized for DIC measurements. The cameras were calibrated, and the image correlation parameters were selected
to minimize experimental error by following the recommendations of Siebert et al. [42].

� In the case of high-speed DIC measurements, single-frequency excitation has been shown to be the best method for
identifying experimental mode shapes [29,43]. Therefore, to identify mode shapes, the shaker excited the panel with a
sinusoidal vibration tuned to the natural frequency to cause the panel to vibrate in resonance. Images were captured at a
rate of 5 kHz with a resolution of 1024� 1024 pixels. The number of mode shapes that could be identified varied from five
to seven depending on the panel. Fig. 3 shows the vibrationmeasurements with the high-speed DIC system and a vibration
mode shape at 444 Hz.

� The experimental displacements were exported as hdf5 files and imported into MATLAB. The Fourier transform of the
displacements was computed, and then the amplitude and phase at the resonance frequency was recorded at each point.
With this information, the operational mode shape at the resonant frequency was reconstructed.

� Finally, the smoothing technique proposed by Garcia [21] was applied to reduce the experimental noise and to complete
the missing information in the mode shapes.

Figs. 4 and 5 present the first six experimental model shapes for a damaged and an undamaged panel. In both cases, it was
possible to see the effect of the shaker attachment in the middle of the panel. As expected, most of the natural frequencies of



Fig. 1. Fabrication of experimental panel: a) layer of epoxy adhesive over skin and b) vacuum bagging of panel.

Fig. 2. Experimental setup.

Fig. 3. Vibration measurements acquired with high-speed 3-D DIC System: a) high-speed cameras aimed at panel and b) vibration mode shape at 444 Hz.
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the damaged panel were lower than those of the undamaged case. The largest differences in mode shapes were found in the
modes with higher frequencies.
5.2. Numerical model

A first evaluation of the performance of three damage assessment algorithms was performed using a numerical model of
the panel. The numerical model was developed and validated in Ref. [14]. The honeycomb panel was modelled with finite



Fig. 4. Identified mode shapes for undamaged case.

Fig. 5. Identified mode shapes for debonded case.
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elements using a simplified three-layer shell model. The adhesive layer between the skin and core was modelled using linear
springs with reduced rigidity in the debonded sectors as shown in Fig. 6.

The numerical model was built in MATLAB® using the Structural Dynamics Toolbox (SDT) [44]. The skins and honeycomb
panel were modelled with standard isotropic four-node shell elements. The final model had 10,742 shell and 7242 spring
elements.

The mechanical properties of the sandwich construction depended upon the adhesives, temperature and pressure used
during curing. In addition, the anisotropic nature of the honeycomb core made testing of the sandwich specimen mandatory
to accurately determine their properties. In Ref. [14], the mechanical properties of the adhesive layer and the honeycomb core
were determined by updating the finite element model with the experimental mode shapes and natural frequencies for both
the damaged and undamaged cases.

To simulate the experimental measurements, the numerical modes were first contaminated with 5% random noise and
then smoothed using the noise reduction technique presented in Section 4.
6. Results

Computation of the damage indices was necessary to define pairs of damaged and undamaged mode shapes. The modal
assurance criterion (MAC) was used for this calculation. MAC is defined by Allemang and Brown [45] as



Fig. 6. Lateral view of numerical model: a) undamaged panel and b) panel with a debonded region.
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MACr;i ¼
�
fDT

r fU
i

�2�
fDT

r fD
r
��
fUT

i fU
i

�; (31)

where fD
r r-th is the damaged mode shape and fU

i is the i-th undamaged mode shape. MAC is a factor that expresses the
correlation between two modes. A value of 0 indicates no correlation, whereas a value of 1 indicates two completely
correlated modes. Here, the criterion used to define a pair of modes was a MAC value higher than 0.6 and a frequency dif-
ference lower than 30%.

In addition to pairing the mode shapes, it was also important that the mode-shape pairs have the same normalization.
Nevertheless, operational mode shapes have arbitrary normalization, thus the scaling of the mode-shape pairs will be
inconsistent. To handle this, the damaged mode shape may be scaled to the undamaged mode shape by multiplying it by the
modal scale factor (MSF),

fD*

r ¼ fD
r *MSFr; (32)

MSFr ¼ fUT

r fD
r

fDT

r fD
r
; (33)

where fD*

r is the scaled damagedmode shape andMSFr is the modal scale factor for the r-th mode-shape pair. Multiplying the
experimental mode shape by the correspondingMSF also solves the problem of bothmode shapes being out of phase by 180�.

After pairing and scaling the mode shapes, the damage indices were computed following the procedures described in
Section 2. In the case of the GS method, there was no need to pair or scale the mode shapes since the algorithm uses only
damaged modes (with no baseline).

To evaluate the performance of the algorithms, the elements in the debonded skin were classified using the confusion
matrix of Table 2.

From this matrix, the following performance indicators are defined as

False Positive Rate ðFPRÞ ¼ FP
FP þ TN

False Negative Rate ðFNRÞ ¼ FN
TP þ FN

(34)
Table 2
Confusion matrix.

Total population True condition

Damage Undamaged

Predicted condition Damage True positive (TP) False positive (FP)
Undamaged False negative (FN) True negative (TN)
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The FPR is the ratio of undamaged elements that were wrongly classified as damaged, and the FNR is the ratio of damaged
elements that were wrongly classified as undamaged.
6.1. Numerical results

A database with one thousand panels under different damage scenarios was built using the numerical model. The panels
had circular debonded regions located randomly through the panel with randomly defined diameters between 1 cm and
10 cm.

The performance of the algorithms was evaluated as a function of damage size, measured skin and number of modes. The
results are presented in the next sections.

6.1.1. Damage size
The panels in the databasewere classified into nine groups according to their size, and the performance indicators FPR and

FNR were computed for each group. In the case of the mode shape curvature, ULS andMSEmethodologies, the first six mode-
shape pairs were used, whereas the GSmethodwas implementedwith all the damagedmodes in the same frequency range as
the mode-shape pairs. Therefore, the GS method may include damaged modes that could not be paired with undamaged
modes. The results are illustrated in Fig. 7.

For damage with sizes greater than 4 cm, the MSE provided the lowest FNR and detected most of the actual damage. The
GS method provided the lowest FNR for damages smaller than 4 cm and was the only algorithm that could detect damages in
the range 1e2 cm. The FPR was small for all algorithms and its magnitude had an inverse relationship with the FNR (i.e. when
the FPR increased, the FPR decreased).

Figs. 8e11 present examples of the damage identified by the three algorithms for three damage sizes: 3 cm, 5 cm, and
10 cm. Most of the damage was detected by the four algorithms. Nevertheless, the ULS algorithm failed to detect cases of
smaller damage and the GS method failed to detect cases of larger damage.
Fig. 7. Performance of damage assessment algorithms as a function of damage size: a) FPR and b) FNR.

Fig. 8. Damage identified by mode shape curvature algorithm. Damage size: a) 3 cm, b) 5 cm and c) 10 cm.



Fig. 9. Damage identified by ULS algorithm. Damage size: a) 3 cm, b) 5 cm and c) 10 cm.

Fig. 10. Damage identified by MSE algorithm. Damage size: a) 3 cm, b) 5 cm and c) 10 cm.

Fig. 11. Damage identified by GSM algorithm. Damage size: a) 3 cm, b) 5 cm and c) 10 cm.
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6.1.2. Measured skin
The algorithms were evaluated when the vibrations were measured on the skin opposite to the damage. The results are

presented in Fig.12. From the FNR and FPR, it follows that the algorithms barely detected any damage (actual or false) and that
no algorithmwas able to identify the actual damage. Therefore, in this case, damage can be detected by a shift in the natural
frequencies but cannot be localized or quantified.



Fig. 12. Performance of damage assessment algorithms when vibrations are measured on skin opposite to damage: a) FPR and b) FNR.
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6.1.3. Number of modes
The last analysis pertains to the number of modes. Themode shape curvature, MSE and ULSmethodologies were evaluated

with different numbers of mode-shape pairs from 1 to 6, whereas the GSmethod was evaluated using all the damagedmodes
in the same frequency range as the mode-shape pairs. The results are presented in Fig. 13. All the algorithms showed a
decrease in the FNR with an increase in the number of modes, which means that more actual damage was detected with an
increase in the number of modes. For up to four modes, the GS method provided a small FNR, while for five to six modes, the
MSE provided a slightly smaller FNR. As noted previously, behaviours of the FPR and FNR are inversely related.
6.2. Experimental results

The algorithmwas tested for the three damage scenarios shown in Fig. 14. The first scenario contained a square debonded
region, the second had a circular debonded region and the last contained two square debonded regions. To assess the
experimental damage, debonding was restricted to the skin measured during the experiments.

Table 3 presents the pairs of damaged and undamaged mode shapes for the three damage scenarios. The cells with no
numbers are undamaged modes where no pairs were found.

Figs.15e18 show the damagemaps obtained after applying the statistical treatment, and Table 4 presents the performance
indicators. It can be observed that the mode shape curvature, GS and the ULS methods failed to detect cases of smaller
damage. In addition, the ULS method was affected by the shaker attachment in the case of smaller damage. Only the MSE
method was able to correctly detect and locate the damage in the three cases. Furthermore, the MSE method provided, on
average, the lowest FPR and FNR.

The GS method was the only algorithm able to detect the smaller damage cases using the numerical model, but the
experimental data were unable to detect smaller damage. Perhaps, in the numerical model, the curvatures were more
sensitive to small damage than the experimental panel or the experimental measurements did not have the accuracy required
by the GS method.
Fig. 13. Performance of damage assessment algorithms as a function of number of modes: a) FPR and b) FNR.



Fig. 14. Experimental damage scenarios introduced to panel (red lines indicate debonded regions): a) scenario 1, b) scenario 2 and c) scenario 3. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Pairs of damaged and undamaged mode shapes.

Undamaged Scenario 1 Scenario 2 Scenario 3

uU (Hz) uD (Hz) Du (%) MAC uD (Hz) Du (%) MAC uD (Hz) Du (%) MAC

444 440 �0.9 0.99 440 �0.9 0.97 425 �4.3 0.98
481 477 �0.8 0.99 493 2.5 0.90 483 0.4 0.60
801 786 �1.9 0.98 798 �0.4 0.98 807 0.7 0.99
985 926 �6.0 0.95 820 �16.8 0.68 e e e

1214 e e e e e e e e e

1290 1289 �0.1 0.92 1230 �4.7 0.67 1304 1.1 0.60

Fig. 15. Experimental damage identified by mode shape curvature algorithm: a) case 1, b) case 2 and c) case 3.
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Fig. 16. Experimental damage identified by ULS algorithm: a) case 1, b) case 2 and c) case 3.

Fig. 17. Experimental damage identified by MSE algorithm: a) case 1, b) case 2 and c) case 3.

Fig. 18. Experimental damage identified by GS algorithm: a) case 1, b) case 2 and c) case 3.
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Table 4
Performance of damage assessment methodologies with experimental data.

Method Case 1 Case 2 Case 3 Average

FPR FNR FPR FNR FPR FNR FPR FNR

Mode shape curvature 0.019 1.000 0.030 0.177 0.010 0.649 0.020 0.609
ULS 0.070 1.000 0.007 0.684 0.023 0.774 0.033 0.819
MSE 0.001 0.750 0.021 0.190 0.033 0.583 0.018 0.508
GS 0.012 1.000 0.004 0.747 0.087 0.781 0.034 0.843
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7. Conclusions

The application of full-field vibration measurements in the assessment of debonding in sandwich structures was inves-
tigated. The performance of four methodologies for computing damage indices were evaluated using simulated numerical
data. Thesemethodologies weremode shape curvatures, ULS, MSE and GS. Experimental data from an aluminium honeycomb
panel in which different damage scenarios were created was acquired by a high-speed 3-D DIC system, and the performance
of the four methodologies were evaluated with this data.

The results demonstrated that a high-speed 3-D system can be used to successfully identify debonding in composite
panels. Among the four methodologies that were evaluated, the best experimental results were obtained with the MSE
method, which was able to correctly detect, locate and roughly quantify damage. The other three methodologies failed to
detect smaller damage, and the ULS was affected by the shaker attachment in the case of smaller damage.

However, the MSE method required the damaged and undamaged modes to be paired. This implies that some of the
damaged modes with useful informationwere not used during the damage assessment process because they were not paired
with undamaged modes. The GS method, on the other hand, avoids mode-shape pairing. A possible topic of future research is
the development of an algorithm that uses MSE in conjunction with the GS method.
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