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Abstract

The use of the acoustic features extracted from the impact sounds for bonding integrity assessment has been extensively
investigated. Nonetheless, considering the practical implementation of tile-wall non-destructive evaluation (NDE), the
traditional defects classification method based directly on frequency-domain features has been of limited application
because of the overlapping feature patterns corresponding to different classes whenever there is physical surface
irregularity. The purpose of this paper is to explore the clustering and classification ability of principal component analysis
(PCA) as applied to the impact-acoustics signature in tile-wall inspection with a view to mitigating the adverse influence of
surface non-uniformity. A clustering analysis with signature acquired on sample slabs shows that impact-acoustics
signatures of different bonding quality and different surface roughness are well separated into different clusters when using
the first two principal components obtained. By adopting as inputs the feature vectors extracted with PCA applied, a
multilayer back-propagation artificial neural network (ANN) classifier is developed for automatic health monitoring and
defects classification of tile-walls. The inspection results obtained experimentally on the prepared sample slabs are
presented and discussed, confirming the utility of the proposed method, particularly in dealing with tile surface irregularity.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

For the purpose of external decoration and wall protection, bonded tile-walls are widely employed on the
high-rise buildings in big cities like Hong Kong. However, due to improper installation, climate effects or
aging, there is an increasing number of tile dropping accidents caused by adhesive failure or bonding defect
[1-2]. Because these bonding defects can hardly be detected by naked eyes, an effective non-destructive
inspection method is necessary to avoid the hazards posed.

For bonding integrity inspection inside layered structures [3—6], various non-destructive evaluation (NDE)
methods have been extensively developed. However, in the application of integrity assessment over external
walls of high-rise buildings, the adoption of classic strategies such as ultrasound-echo and impact-echo is
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hindered by the need to maintain a good contact between the sensor and target specimen, which is difficult or
inconvenient to be realized at heights or on large tested areas. Meanwhile, other non-contact techniques such
as holography, X-rays or laser are too environment-sensitive and generally too expensive.

Considered to be a cost-effective approach where it is not necessary to glue the sensor with the tested object,
the impact sounds method is the subject of investigation for tile-wall bonding assessment in this paper. As an
established inspection method, the methodology of impact acoustics strategy is based on the fact that if two
bonded materials are impacted with a small, hard object, the characteristics of sounds emanated will vary
depending on the bond quality. The operation of this method is simple and cheap, but is unfortunately
subjective and operator dependent.

To remove its dependence on the human ear and experience, there have appeared many efforts to automate
the impact test operation [7-9]. In most of the previous investigation, the assessments are conducted based on
direct use of the impact sounds’ spectra distribution. Asano [8] derived from the frequency distribution impact
acoustics parameters for developing a defects detection system. In another frequency-distribution-based
investigation [9], Wu defined the ratio of the power of the lower 1/3 frequency range to that of the overall
frequency range in the impact-sounds spectrum as the power accumulation ratio factor and used it to
characterize the integrity of multilayered materials.

Unfortunately, the features directly obtained from the corresponding portions of signature spectra are
found to be sensitive to the surface irregularities of the target surface, as the interaction between the impactor
and the target surface in a nominally single tap would lead to overlapping patterns between different bonding
integrity. As a result, under physical environments where surface non-uniformity is unavoidable, the actual
assessment performance of the impact-acoustics method based on the direct frequency-domain will be
seriously affected.

Principal component analysis (PCA) is a useful statistical signal processing technique to reduce the
dimensionality of data sets for compression, pattern recognition and data interpretation [10,11]. In the present
work, it is applied as an unsupervised clustering method for acoustic signatures generated in impact NDE test.
The input vector to the clustering procedure is selected to be the normalized power spectral density (PSD) of
the signatures. PCA is then performed for dimension reduction and feature extraction of the impact-acoustics
data. Through clustering analysis of the signatures obtained on artificial slabs, satisfactory clustering ability as
well as good immunity to the surface roughness of target is observed. Thus, a novel NDE method based on
incorporating PCA and a multilayer artificial neural network (ANN) is developed for high-reliability tile-wall
inspection. Experimental classification results are finally presented, demonstrating the effectiveness of the
proposed method for practical tile conditions.

2. Theoretical basis of PCA

As a widely used statistical technique, PCA has, in practice, been employed to reduce the dimensionality of
problems, and to transform interdependent coordinates into significant and independent ones. Because PCA
has been well documented in multivariate analysis literature [10], its concept is only briefly introduced in this
section.

The main basis of PCA-based dimension reduction is that PCA picks up the dimensions with the largest
variances. Mathematically, this is equivalent to finding the best low rank approximation (in L2 norm) of the
data via the angular value decomposition [11]. Essentially, by rotating the data such that maximum
variabilities are projected onto orthogonal axes, a set of correlated variables are transformed into a set of
uncorrelated variables which are ordered by reducing variability. The uncorrelated variables are linear
combinations of the original variables, and the last of these variables can be removed with minimum loss of
real data [12].

Consider that there exists n objects and each object has k variables, and these objects can be composed into
an (n x k)-dimensional data matrix, X. In this investigation, each object is an experimentally obtained impact-
acoustics data with k points. These n objects can be plotted in a k-dimensional variable space and objects (data
sets) having similar appearance would be grouped close to each other and form a subspace. However, when
the number of dimensions is large, this k-dimensional space is abstract and impossible to visualize. PCA is a
multivariate procedure which fits an approximate model to represent the data matrix X with a reduced number
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Fig. 1. Illustration of principal components analysis (PCA).

of relevant dimensions by rotating the data such that maximum variabilities are projected onto the axes.
Essentially, a set of correlated variables are transformed into a set of uncorrelated variables which are ordered
by reducing variability. The uncorrelated variables are linear combinations of the original variables, and the
last of these variables can be removed with minimum loss of real data.

In Fig. 1, two principal components (PC1 and PC2) have been identified after the PCA. PC1 matches the
maximum variance and PC2 is orthogonal to the first PC and it accounts as much as possible for the remaining
variance. This procedure can mathematically be expressed as a split of the original data into a sum of a matrix
product, TP', and a residual matrix E,

X=TP' +E, (1)

where T is the so-called score matrix and its columns consist of the score vector, ¢; associated with the
principal components, PC;. The score vector contains each object’s score value for a corresponding principal
component, i.e. each object’s coordinate in a direction of maximum variance, which is found as described
earlier. The loading matrix P has each variable’s loading vector, p;, in its columns. Each value in the loading
vector is the cosine of the angle between the considered principal component and the original variable.
Therefore, these loading vectors express how much a certain principal component has in common with each
variable. Acting as an indicator of how close this model is to the original data, the residual matrix, E, contains
the part of the original data set, X, which has not been accounted for in TP'.

In the PCA of the earlier considered (n x k)-dimensional data matrix X, each score vector #; and each
loading vector p; consists of n and k components, respectively. Assume N as the chosen number of the
principal components, Eq. (1) may be decomposed as

X =tip| +tps +---+typy + E. )

Thus, the PCA provides a useful tool to show the inherent structure of the original data with reducing
variability, which may be used to visually explore subgroups formed by objects exhibiting similar appearance.

3. Theoretical basis of impact acoustics

To relate the characteristics of an impact acoustic signature with the corresponding bonding state, impact
dynamics analysis has been extensively conducted in the literature. For simplicity, the healthy and delaminated
bonded target structures are modeled as isotropic thick rigid plate and flexible thin plate, respectively, with
different thickness /4 (see Fig. 2(a) and (b)).
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Fig. 2. Modeling of impact system.

A two-degree-of-freedom spring—mass model is used for consideration (see Fig. 2(c)) [13—15], consisting of
one spring with K representing the bending stiffness of the tile-wall, another spring with K. representing the
nonlinear contact stiffness, and two bodies with M, and M, representing the effective mass of the delaminated
tiled wall region and of the impacting sphere, respectively. Considering the impact between the two masses, the
dynamics equations of the system can be written as

d2X1
M —+P=
P =0, 3)
d’x
Mzd—tzz+fo2_P=0' 4)

The contact of impacting bodies is of considerable interest in the comprehension of the impact response.
Timoshenko [14] adapted Hertz’s contact law in the impact of elastic spherical bodies, i.e.

P =K., Q)

o =X — X2, (6)

where P is the contact force which is a nonlinear function of the indentation «, which is the difference between
the motion of the two bodies along the vertical axis, in Fig. 2(c).
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Considering the energy distribution in the impact process, assuming that the structure behaves quasi-
statically, when the structure reaches its maximum deformation, the velocity of the sphere becomes zero and
all of the initial kinetic energy will be converted to the energy stored by the deformation of the structure.

Therefore, ignoring the shear and membrane components of structure deformation, the energy balance
equation can be given as

Egm =iM\0(y~ E; + E. = Ef + E. + E>, (7)

where vy is the initial velocity of the sphere, the subscript sum represents the overall energy of two bodies; the
subscripts f, ¢ refer to the energy stored in the structure’s bending deformation and contact region’s
indentation (¢, for sphere, and ¢, for tested structure), respectively.

Defining vibration energy loss factor /. as the ratio of energy transformed into flexural free-vibration of the
target during the impact to the overall energy, according to Ref. [16], the following expression can be obtained:

Er 1 (MyK\'?
h=L=— (22 : @®)
Esm 16 th/"
where /&, p are the thickness and density of the plate, respectively, and
K. =4ER', ©)
dnh’ [ E;
Kr=3p (1 - vz)’ (10)

where parameters R and E are defined as

1 1 1 I 1- v% 11— v%

=5 t5 == —

R R R’ E E; E,
herein R; and R, are the radii of curvature of the two impacting bodies (for the case of the impact between
sphere and plate, R, is the radius of the spherical impactor, 1/R, =~ 0). The Young’s modulus and Poisson’s

ratios of the two bodies are Ej, v; and E», v,, respectively.
Let k1o = (1 —v3/E1)/(1 — v3/E>) and consider M, = phna?; / can be obtained as

1/4
i%lLi_ (11)
16 1+ ki hvh

Because k> and R are fixed parameters here, Eq. (11) suggests that the percentage of energy converted into
flexural vibration is dependent on the thickness and radius of the circular plate. Based on acoustics theory, the
intensity of sound radiation is proportional to the vibration energy. Thus, the intensity of sound excited by
flexural vibration after the impact can be used as an indicator for the structure-integrity identification of the
tile-wall.

Accordingly, for a degraded bonding structure, modeled as thin flexible plate, which has much less thickness
and size than that of the healthy structure, most of the kinetic energy of the impactor will be converted to the
flexural mode free-vibration. Conversely, the loss of kinetic energy of the sphere is very small when impacting
on a rigid thick plate. Thus, the relative intensities of sound radiation excited by ringing of the sphere and
plate can indicate the bonding integrity of the tile-wall structure.

Owing to the fact that the time components of ringing of impactor and tiled wall in impact sounds overlap
and are difficult to be separated in the time domain, generally it is convenient to convert the signal into
frequency domain with FFT algorithm for further examination. Therefore, most previous research of impact-
acoustics NDE relied on the features directly extracted from the PSD for detection and classification purpose.

4. Experimental setup

In order to investigate the practical characteristics of the impact-acoustics signature, experiments are carried
out on artificial sample slabs. To simulate the physical bonding status, 3 types of sample slabs are prepared.
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Fig. 3. Experimental setup.

One is a tiled-concrete slab of good bonding strength (called solid 1 class); the second type of tiled-slab
contains a (140 mm circle-shaped void at concrete substrate layer at the center location.

When considering the simplified impact mode, the influence of the target surface roughness on the resulting
acoustic signature is ignored. However, it is observed that the abnormal multiple contacting behaviors caused
by the surface irregularity greatly affect the actual acoustic characteristics. So the third type of samples slab is
specially prepared to feature good bonding integrity and rough surface formed by edges of tiles (called solid 2
class). The dimensions of all the slabs are: 400 mm x 400 mm x 150 mm.

The NDT experimental system is illustrated in Fig. 3. The apparatus adopted includes: a rigid steel sphere of
diameter 12 mm pushed by a coil used as the controlled impactor; a pre-amplifier module; an A/D converter
card with 40 kHz sampling rate; a highly directional microphone. Such an impacting system generates a
well-defined and simple input which in turn excites impact sounds with characteristics that facilitate signal
interpretation.

5. Results
5.1. Signature obtained and analysis

In time-domain, each time history contains 1024 signal points sampled at 40 kHz, triggered by the pulse
used to activate the impactor. To obtain the frequency-domain information, the PSD of the signature is
obtained with the 1024-point fast Fourier transform (FFT) calculation based on the original time history. To
remove the influence of impact strength, the resulting PSD is then normalized with its maximal magnitude to
get the normalized PSD.

The typical signals obtained experimentally are illustrated in Figs. 4-6. From the resulting PSD curves, it is
observed that the resonance peak of steel sphere’s ringing, which is much stronger in solid slab than in
debonded ones, is located within 8-10 kHz as shown in Fig. 4(b), while that of target structure’s multiple mode
flexural vibration lies in a lower range (see Fig. 5(b)). As shown in Figs. 4(b) and 5(b), the relative strength of
these two components of impact sounds is in good agreement with previous theoretical assessment,
considering their corresponding bonding status.

Furthermore, for solid structures, tapping on the rough surface of the solid 2 class slab leads to multiple
interactions between impactor and the target surface in a nominally single tap [7]. Owing to the multiple
contacts between the impactor and the surface of the solid target, the resulting time history shows different
distribution from that of slab 1 (called solid 1 class), with multiple acceleration peaks and weak ringing
component (see Fig. 6(a)). As a result, in the corresponding normalized PSD, the energy distribution exhibits
fuzzy characteristics, including some overlapping pattern compared to that of slab 1 and debonded cases
(see Fig. 6(b)) in the corresponding frequency ranges.

The experimental analysis above shows that, for the case of normal impact, the distribution of PSD curve
can clearly indicate the existence of bonding defects and may produce a feasible indicator for inspection and
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Fig. 4. Typical time history and normalized PSD of impact sounds from solid 1 slab.
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Fig. 5. Typical time history and normalized PSD of impact sounds from defective slab.

classification. However, the abnormal tap caused by surface irregularities will impose difficulty on the
characterization of bonding property with the resulting overlapping pattern in PSD.

5.2. PCA implementation

In terms of developing an automatic defects assessment system, the presence of the solid 2 class lead to
confusion between the major bonding types of signatures in normalized PSD, thus compromising the
performance of the traditional PSD-based inspection method.

In this study, PCA is performed in order to explore its ability of variability reduction and clustering. The
input data set X of PCA is the normalized PSD of the impact-acoustics signature. The number of observations
is n = 1200, assembled from 400 solid 1, 400 solid 2 and 400 debonded class data. The length of each analyzed
data set is k = 256, representing the first 256 points in the normalized PSD, i.e. covering the 0—10kHz
frequency band, which can reflect the main differences of the 3 classes.
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Fig. 6. Typical time history and normalized PSD of impact sounds from solid 2 slab.

In this work, the PCA is performed with the following eigenvector algorithm [17]:

(1) calculation of the normalized covariance matrix Cy from the original PSD data matrix X;

(2) by eigenvector decomposition of the Cy, obtaining the eigenvectors U; (i = 1,2,...k) and corresponding
eigenvalues 4; (i = 1,2,...,k) sorted in descending order;

(3) obtaining the principal components PC; (i=1,2,...,k) by projecting the X onto the resulting
eigenvectors U,.

(4) to ensure sufficient accuracy, selecting the top N principal components PC; (i = 1,2, ..., N) according to
the associated eigenvalue A; (i =1,2,...,N), which is a measure of the amount of variance described
by each PC,.

Defining Ry = Zf\; Mi/ZiK: /i as the accumulative contribution rate of the top N principal components
(where k is the total number of principal components), which indicates the percentage of the total variance in
the observations explained by the top N principal components, the number N of the top principal components
chosen as feature vector is determined accordingly. It is also straightforward to infer that a big Ry corresponds
to a less significant residual matrix E. In this study, an Ry threshold of 0.6 leads to the number of principal
components N = 2 for the observations tested, i.c., adopting only PC1 and PC2 for clustering test and feature
extraction.

5.3. Clustering analysis

Meanwhile, for comparison, the vector with the same length (N = 2) is also chosen directly from the
normalized PSD of the impact-acoustics signal. According to the impact dynamics study and experimental
observation, the areas within the frequency range of 8-10 and 0-8 kHz, which contain the resonance
information of the impactor and the multiple-mode flexible free-vibration of the defective structure,
respectively, are defined as P1 and P2.

The clustering results of the PCA and PSD method are shown in Fig. 7(d) and (e), respectively, in their
feature space. As seen in the score plot of PC1 and PC2 (see Fig. 7(d)), solid 1, solid 2 and debonded samples
give rise to three well-separated clusters, which correspond to different bonding property and surface
roughness in the slabs. However, in a P1 versus P2 score plot, (see in Fig. 7(¢)), while solid 1 and debonded
objects fall into clusters which can be discriminated from each other clearly, the solid 2 set exhibits fuzzy
borders to the neighboring solid 1 and debonded classes, caused by the overlapping pattern mentioned earlier.



F. Tong et al. | Journal of Sound and Vibration 294 (2006) 329-340 337

—~ b5
b
@
kel
2 0 b
a
€
<C
100 200 300 400 500 600 700 800 900 1000
(a) Time (0.025ms) IFT
1 T T T
a
wn
o
3
L os
©
£
2
0 A
0 0.5 1 1.5 2
(b) (c) Frequency (Hz) x 10*
4 : 80 .
+ Solid1 + Solid1
< Solid2 < Solid2
3r + Debonded |4 70 | + Debonded|]
oL 60 |
50
o 1
o & 40
0 o]
30 r 0@
ol s
20 o . .
2} 10 +
3 ! 0 :
-6 -4 2 0 0 5 10 15 20 25 30
() PCH ) P1

Fig. 7. Waveform (a) and normalized PSD (c) of acoustic signal, PCA processing (b), clustering results from the PCA (d) and direct
normalized PSD (e) of sample slabs.

From the results of signatures clustering, it is seen that the PCA strategy would outperform the method
using the original PSD data in terms of assessment of the bonding integrity property with the same dataset
dimension.

6. Classification with neural network

6.1. ANN design

To facilitate the signal interpretation and automatic classification, a three-layer back-propagation neural
network is employed as the classifier to perform the detection [18]. The ANN used consists of a 2-neuron input
layer, one hidden layer and a 2-neuron output layer (see Fig. 8). The hidden layer has 8 neurons. The error
back propagation (BP) method with a momentum updating algorithm is applied to train the ANN.

The ideal training output of the neural network is the binary bonding state of tile-wall, with (1, 0), (0, 1) and
(0, 0) representing the solid 1, solid 2 and defective class, respectively. The raw outputs of the trained ANN
will be determined based on the threshold (set to be 0.5 here) to obtain the final 0 or 1 binary output couple
representing bonding results.
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Fig. 8. Schematic diagram of ANN used.
Table 1
ANN output using PCA features
Classification output Accuracy rate (%) Number of test cases
Solid 1 Solid 2 Defect
Solid 1 199 1 0 99.5 200
Solid 2 0 199 1 99.5 200
Defect 0 0 200 100 200
Table 2
ANN output using PSD features
Classification output Accuracy rate (%) Number of test cases
Solid 1 Solid 2 Defect
Solid 1 179 21 0 89.5 200
Solid 2 12 182 6 91 200
Defect 4 0 196 98 200

The first two principle components, PC1 and PC2, obtained from PCA are used as the feature vector of the
ANN. On the other hand, the parameters directly extracted from the normalized PSD, P1 and P2, are
employed as the feature vector for comparison study.

6.2. Classification results

In this study, impact sounds obtained in the laboratory with 3 typical sample specimens mentioned above
are divided into a training set and a test set. The training set of the sample data is used to train the network
and the trained ANN is evaluated with the test set, exclusively. The training set contains 200 samples of solid 1,
200 samples of solid 2 and 200 samples of debonded signatures. The test set contains the same number of
samples. In the training process, the training set is randomly selected to provide enough information for the
learning algorithm.

The classification results of the ANN classifier are presented in Tables 1 and 2. In this study, the influence of
the surface roughness is considered. With the use of feature vectors extracted by PCA, the accuracy rate of the
solid 2 class is 99.5 for both solid classes and 100% for identifying the debonded case, confirming the good
distinguishing ability of the PCA approach with respect to bonding property and surface roughness. On the
contrary, the accuracy rate obtained with the raw normalized PSD feature vectors shows low sensitivity to the
surface roughness of slabs, the accuracy rate being 89.5%, 91% for solid 1 and solid 2 classes, respectively.
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Moreover, due to the overlapping effects in the feature space caused by surface irregularity, the detection rate
of debonded class is 98%, which implies failure to detect 2% of the debonded cases.

7. Further discussion and conclusion

In this paper, the NDE method based on acoustic features obtained from impact sounds is investigated for
bonding integrity inspection of the layered structure. However, most of the previous works made use of
features extracted directly in the frequency domain, which are found to be less reliable whenever the target
surface is rough. As a result, the practical implementation of impact test method for tile-wall inspection has
not been widely applied to cases with large number of tile edges, or other irregularities.

In order to tackle this problem, a novel NDT method based on the features obtained instead from the PCA
of frequency-domain impact-acoustics data is developed to enable a quantitative automatic inspection for
defects assessment of tile-walls. The dynamics analysis of the impact process facilitates the theoretical
interpretation of the acoustics characteristics in terms of the existence of bonding defects. The analytical result
shows that in principle the energy distribution of the normalized PSD of impact sounds can serve as an
indicator for defects detection.

However, in practice, the performance of traditional feature extraction, which directly employs the relative
energies in different spectral zones as the feature vector, is seriously affected by the abnormal impact sounds
caused by surface irregularities. Thus, this study presents a novel feature extraction method based on the PCA
approach.

Clustering experiments carried out with the help of artificial sample slabs reveal that, while the existence of
the surface non-uniformity seriously affects the separability of the feature vectors directly obtained from PSD,
features extracted through PCA are more informative and useful than that based directly on frequency
domain.

With the adoption of an ANN classifier and the alternative use of the 2-element feature vectors obtained
from either the PCA or the original PSD features, the classification performance based on 200 signatures of
each different type is thereafter presented and compared, demonstrating thereby the effectiveness of the
presented PCA-based method. In view of the dimension reduction and clustering ability of PCA and with
the use of neural network, the proposed NDE method, being low-cost, robust and convenient to use, offers the
potential of being developed into a practical NDE scheme for automatic detection and characterization of
bonding defects in tile-walls of high-rise buildings and similar bonding structures even with rough surfaces.
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