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a b s t r a c t

Recently, guided ultrasonic waves (GUW) are widely used for damage detection in structural health mon-
itoring (SHM) of different engineering structures. In this study, an intelligent damage detection method is
proposed to be used in SHM applications. At first, GUW signal is de-noised by discrete wavelet transform
(DWT). After that, wavelet packet transform (WPT) is employed to decompose the de-noised signal and
the statistical features of decomposed packets are extracted as damage-sensitive features. Finally, a mul-
ticlass support vector machine (SVM) classifier is used to detect the damage and estimate its severity. The
proposed method is employed for GUW-based structural damage detection of a thick steel beam. The
effects of different parameters on the sensitivity of the method are surveyed. Furthermore, by comparing
with some other similar algorithms, the performance of the proposed method is verified. The experimen-
tal results demonstrate that the proposed method can appropriately detect a structural damage and esti-
mate its severity.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

As an application of acoustic wave propagations, the guided
ultrasonic wave (GUW) technique has been widely used to detect
different damage types in aerospace, mechanical, and civil engi-
neering structures, in recent years. This technique is used to detect
the existence, localization, and severity of the damage in real appli-
cations [1]. GUWs are ultrasound stress waves enforced to follow a
path dictated by the geometric boundaries of the structure [2].
GUWs are very sensitive to the discontinuities of structures. Hence,
they could be employed for damage identification purposes, espe-
cially for online and continuous inspection of different structures,
i.e., structural health monitoring (SHM). The methods are usually
based on sparse arrays of sensors measuring the responses of a
structure to an actively applied excitation [3]. The implementation
issues in a SHM system are: hardware implementation of an active
electromechanical system to acquire signals and a signal processing

scheme to identify a potential damage. Since GUW signals usually
are recorded with a large amount of noise, signal de-noising is a
preliminary and important step in the processing of these signals.
In addition to signal de-noising, signal processing algorithms
mostly involve a feature extraction process, which identifies
damage-sensitive properties from the measured signals [4].

Several signal processing approaches are developed for
extracting damage-sensitive features from measured GUW signals.
Amongst all, Fourier transform (FT) and wavelet transform (WT)
are the two well-known and powerful tools. Fourier analysis gives
a picture of the frequency spectrum of a signal and does not pro-
vide any information about which frequency component arrives
at what instant of time contained in the signal. However, wavelet
analysis is designed to do exactly that. It is well suited for analyz-
ing non-stationary signals, such as GUWs [2]. Therefore, the
wavelet analysis has become one of the most popular tools for
de-noising, processing and feature extraction of GUW signals
[5–12]. Taha et al. [5] performed a survey of wavelet transform
applications in SHM and GUW-based damage detection methods.

The discrete wavelet transform (DWT) is a form of WT that is
used for signal de-noising in SHM applications in a variety of
studies [13–17]. An improved threshold method for SHM sig-
nal de-noising was proposed in [14]. Sigma sampling wavelet
de-noising of SHM signals was introduced in [15]. Yu et al.
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in [16] used discrete wavelet de-noising using Daubechies wavelet
to remove local high frequency disturbances. In addition to
de-noising, compression of GUW signals were achieved by using
a combined DWT and filtering process in [17]. Wavelet packet
transform (WPT) is another form of WT, which is used in some
damage detection and SHM application studies. It is used to
decompose the measured signals, for the purpose of extracting
damage-sensitive features from them. Some of these studies are
including: damage detection in subsea pipeline bedding condition
[18], structural health monitoring of a benchmark building struc-
ture [19], spindle health diagnosis [20], and fault diagnosis of
rotary machinery [21]. It has attracted increasing attention
because of its ability in providing more flexible time–frequency
decomposition, especially in the higher frequency region.

Generally, in SHM signal processing algorithms, after extracting
damage-sensitive features from the measured signal, a pattern rec-
ognition technique is required to detect the damage and estimate
its severity [4]. To achieve this goal, artificial neural network
(ANN) is one of the most popular techniques. Many studies use
ANN for damage detection purposes. A few of these studies are dis-
cussed in [5]. Support vector machine (SVM) is another powerful
and popular pattern recognition tool. It is used for structural health
monitoring [19,22], damage detection and classification [23–27],
and fault diagnosis [21,28–32] of different engineering structures
and machineries. Recently, Shen et al. in [21] have appropriately
diagnosed bearing and gear faults in rotary machineries by using
both WPT and SVM capabilities for feature extraction and data
classification. They have proposed an intelligent scheme for rotary
machinery fault diagnosis, which contained three steps: the
extraction of WPT decomposition statistical features as fault fea-
tures, fault feature selection by distance evaluation technique,
and classification of fault data by a support vector regressive
classifier.

In this article an intelligent damage detection algorithm is pro-
posed for using in SHM applications. At first, the measured signal is
de-noised by DWT. After that, WPT is employed to decompose the
de-noised signal and the statistical features are extracted from the
decomposed wavelet packets as damage-sensitive features. Finally,
a multiclass SVM classifier is used to detect damage and estimate
its severity. The proposed algorithm is employed for structural
damage detection of a beam using GUWs. As mentioned in [33],
most of the GUW-based damage detection studies are subjected
to thin structures. However, Sun et al. used GUWs for detecting
structural damage in a thick steel beam in 2010 [13]. In the present
study, a thick steel beam similar to the structure used in [13] is
considered. The beam is experimentally investigated and also is
simulated using finite element (FE) simulations for different condi-
tions of damage. In addition to experimental GUW signals, FE sim-
ulation signals are measured. Forty-three simulation signals are
used to train the algorithm. Eight simulation signals, in addition
to eight experimental GUWs are used to test the algorithm. The
results of damage existence and severity detection by using the
proposed algorithm are compared with some similar methods.
On the contrary to the study presented in [21], de-noising of the
signals is surveyed in this study; the effects of choosing different
mother wavelets, levels of decompositions and types of de-noising
are studied. Furthermore, the effects of choosing different mother
wavelets for WPT decomposition and different learning methods
and kernel functions for SVMs on the damage detection results
are surveyed.

The organization of the rest of this paper is as follows. In
Section 2, the theoretical backgrounds of DWT, WPT, orthogonal
and bi-orthogonal wavelets, and SVM are described. In Section 3,
the proposed damage detection algorithm is presented. Signal
de-noising, feature extraction, and pattern recognition are the
three main steps of the proposed algorithm. Section 4 is allocated

for FEM simulations and experimental setup. The case study is
structural damage detection in a thick steel beam. In Section 5,
the results of signal de-noising and damage detection are pre-
sented. The effect of different conditions in signal de-noising and
damage detection algorithm is studied and the results of proposed
algorithm are compared with other methods. Finally, in Section 6,
some concluding remarks are drawn.

2. Theoretical background

2.1. DWT and WPT

DWT and WPT are two forms of wavelet transform that analyze
a signal through decomposing it repeatedly into successive low
and high frequency components. DWT of signal x(t) is defined as:

DWTðj; kÞ ¼ 2�j=2
Z

R

xðtÞw�ð2�jt � kÞdt j; k 2 Z ð1Þ

where j and k are the scaling and shifting parameters, respectively.
w is an analyzing wavelet, and w⁄ is the complex conjugate of w.
DWT analyzes a signal by implementing a filter of particular fre-
quency band, which depends on the level of decomposition, to shift
along the time axis. The signal can be decomposed into a tree struc-
ture, in which the signal can be expressed as wavelet details and
approximations, as follows:

xðtÞ ¼
Xn

j¼1

DjðtÞ þ AnðtÞ ð2Þ

where Dj(t) and An(t) are the wavelet detail at the jth level and the
wavelet approximation at the nth level, respectively, and n is the
number of decomposition levels [14]. A three-level DWT of a signal
is shown in Fig. 1. As shown in the figure, only approximation signal
is decomposed into two newer approximation and detail signals at
each level of decomposition.

Unlike DWT, wavelet packet analysis decomposes not only the
wavelet approximation signals at each level of decomposition,
but also the wavelet detail signals. A wavelet packet is a linear
combination of wavelet functions. It can be presented as a function
wi

j;kðtÞ as:

wi
j;kðtÞ ¼ 2�j=2wið2�jt � kÞ j; k 2 Z; and i ¼ 1;2; . . . ; jn ð3Þ

where i, j, and k are the modulation, the scale, and the translation
parameters, respectively, and n is the level of decomposition. The
wavelet wi is obtained from the following recursive relationships:

w2i ¼
ffiffiffi
2
p X

k

hðkÞwið2t � kÞ

w2iþ1 ¼
ffiffiffi
2
p X

k

gðkÞwið2t � kÞ

8>><
>>: ð4Þ

where w0(t) is the scale function, w1(t) is the mother wavelet, and
the discrete filters h(k) and g(k) are filters associated with the

signal

Fig. 1. DWT tree for three levels of decomposition.
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