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ABSTRACT: Great attention has been paid to researches on structural damage detection using structural
vibration characteristics. When the damage event occurs during the recording period of the health monitoring
system, the recorded acceleration data in the vicinity of the damaged location will have a discontinuity at that
time instant. Such a discontinuity can be detected through the data analysis techniques, such as the wavelet
analysis and empirical mode decomposition (EMD). By decomposing the vibration signal in the time domain
using the wavelet analysis and EMD approach, the discontinuity will form a signal feature, termed damage
spike, in the wavelet details and the EMD IMFs. In fact, the spike in the wavelet details or in the EMD IMFs
can be produced by a sudden change of the structural stiffness or the sudden change of the external load. This
paper presents an application of wavelet analysis for damage detection in order to distinguish two kinds of
spikes in the wavelet details. Two cases are considered for such a purpose. Simulation results demonstrate the

effectiveness of the proposed method.

1 INTRODUCTION

The Structures are prone to damage during their
service lives. Damage is caused by factors such as
corrosion, fatigue, impact and overloads. Damages
of civil engineering structures, including the
degradation of columns, joints and beams, the
breakage of braces, etc., result in a sudden change of
the stlffness and hence the natural frequencies of the
structures . Over the last few decades, the subject
of structural health monitoring (SHM) has been
receiving a growing amount of interest from
researchers in diverse fields of engineering who are
interested in a wide spectrum of applications ranging
from monitoring the health of aerospace structures to
detecting damage in civil infrastructure systems, and
methods making detection and localization of
damages have been the subject of many researches.
Various approaches have been proposed in the
literatures for detectlng the damage in different
types structures 1. In recent years there has been
great interest in the development of a structural
health monitoring methodology using vibration
measurements. Structural health monitoring using
vibration monitoring is based on the idea of
establishing differences in the stiffness distribution
of a structure using dynamic response data before
and after damage. A comprehensive literature review
on methods of damage detection and health
monitoring using vibration signals for structural and

[rgechanical systems was provided by Doebling et al

Signal processing is an important element of any
structural health monitoring system. When the
damage event occurs during the recording period of
the health monitoring system, the recorded
acceleration data in the vicinity of the damaged
location will have a discontinuity at that time
instant. Such a discontinuity can be detected through
the data anaIyS|s techniques, such as the wavelet
analysis ™ and the empirical mode decomposition
(EMD) approach !, to determine the damage time
instants and Iocatlons

Wavelet analysis, a relatively new mathematical
and signal processing tool, is one of such methods
that have been studied recently. It is a time-—
frequency analysis that provides more detailed
information about non-stationary signals which
traditional Fourier analysis miss. The wavelet
analysis has become an important tool in
decomposing a signal in the frequency-time domain.
This rather new method has been applied to various
fields including civil, mechanical and aerospace
engineering, especially for damage detection and
structural health monitoring.

Recently, Huang et al. I proposed the method of
empirical mode decomposition (EMD) and Hilbert
transform have been demonstrated to be capable of
decomposing a signal in the frequency-time domain
more precisely than the wavelet analysis. The signal



is decomposed into a set of oscillatory modes by
taking advantage of the characteristic time scales
embedded in the data. There is no need for a basis
function and no need for transformation.
Consequently, it is capable of detecting any
discontinuity in the recorded acceleration data.
Furthermore, the EMD and Hilbert transform are
applicable to nonstationary data. EMD is a relatively
new method and applications are reported in various
fields.

A Dbrief summary of applications of wavelet
analysis for structural health monitoring and damage
detection is given by Hou et al. ), and structural
damage detection using EMD approach and Hilbert-
Huang based approach is given by Xu ™. The
method, based on the EMD, is capable of detecting
the damage time instants and damage locations by
identifying the damage spike due to a sudden change
of structural stiffness similar to the method of
wavelet.

The basic concept of these approach is that the
suddenly breakage of structural element will cause
discontinuity in the response signal measured in the
vicinity of the damage location. By decomposing the
vibration signal in the time domain using the
wavelet analysis and EMD approach, the
discontinuity will form a signal feature, termed
damage spike, in the wavelet details and the EMD
IMFs. The damage time instant can then be
identified in terms of the occurrence time of spike,
and the damage location can be determined by the
spatial distribution of the observed spikes. In fact,
the spike in the wavelet details or in the EMD IMFs
can be produced by a sudden change of the
structural stiffness or the sudden change of the
external load. This paper presents an application of
wavelet analysis for damage detection in order to
distinguish two kinds of spikes in the wavelet
details. Two cases are considered for such a purpose.
Case 1 is about the ASCE structural health
monitoring benchmark problem. Case 2 is about a
simply supported plate FEA model. Whether the
structure is damaged could be determined by the
natural frequency change before and after the spike
time instant in the wavelet details, or by the spatial
distribution of the spikes and the spikes amplitudes
change along the plate. Simulation results
demonstrate the effectiveness of the proposed
method.

2 THE WAVELET TRANSFORMS [

This section presents a brief background on the
wavelet analysis utilized in this paper.

A disadvantage of the Fourier analysis is that
frequency information can only be extracted for the
complete duration of a signal f (t). The frequency
information is obtained from an average over the

whole length of the signal. Therefore, if there is a
local oscillation representing a particular frequency
in the signal, its location on the time domain will be
lost. This drawback can be overcome by wavelet
analysis. Wavelet transform is based on a
windowing technique with variable-sized windows.
In general, the major advantage offered by wavelets
is the ability to perform local analysis, that is, to
analyze a localized area of a large signal.

The basis function W(t)should satisfy the two
conditions expressed by Egs. (1) and Egs. (2) as
follows:

The basis function integrates to zero, i.e.,

T‘I’(t)dt =0 (1)

It is square integrable or, equivalently, has finite
energy, i.e.,

[l dt <o @

In general, wavelet analysis can be categorized
into two types: (1) continuous wavelet transform
(CWT), and (2) discrete wavelet transform (DWT).

The continuous wavelet transform of a signal f (t)
is defined as

W)@ )= [TOFC D @

where a and b=dilation and translation parameters,
respectively; and W(t) =mother wavelet. Both a and
b are real numbers and a must be positive. The bar
over W(t) indicates its complex conjugate. It is
noted that a wavelet family associated with the
mother wavelet W(t) is generated by two
operations: dilation and translation. The translation
parameter, b, indicates the location of the moving
wavelet window in the wavelet transform. Shifting
the wavelet window along the time axis implies
examining the signal in the neighborhood of the
current window location. Therefore, information in
the time domain will remain, in contrast with the
Fourier transform where the time domain
information becomes invisible after the integration
over the entire time domain. The dilation parameter,
a, indicates the width of the wavelet window. A
smaller value of a implies a higher-resolution filter,
i.e., the signal is examined through a narrower
wavelet window in a smaller scale.

In practical signal processing, a discrete version
of the wavelet transform is often employed by
discretizing the dilation parameter a and the
translation parameter b. In general, the procedure
becomes much more efficient if dyadic values of a
and b are used, i.e.

a=2' b=2k jkeZ 4)
where Z=set of positive integers. For a special

choice of C, , the corresponding discretized
wavelets {'¥;, }defined as



Y, =277y 2t-k) jkez (5)
constitute an orthonormal basis for L%(R). Using the
orthogonal basis, the wavelet expansion of a
function f (t) and the coefficients of the wavelet
expansion are defined as

f(t) :Zzaj,kq]j,k(t) (6)
and
;= [ FOF i ()t (7)

In the discrete wavelet analysis, a signal can be
represented by its approximations and details. The
detail at level j is defined as

D; :Zaj,k\Pj,k(t) (8)
kez
and the approximation at level J is defined as
A = z Dj )

>J

3 WAVELET METHODOLOGY FOR DAMAGE
DETECTION

The main idea behind the use of wavelets for
structural damage detection purposes is based on the
fact that the presence of damages introduces small
discontinuities in the structural response at the
damaged sites. Often these discontinuities cannot be
observed from the examination of the structural
response, but they are detectable from the
distribution of the wavelet coefficients obtained b
the CWT or the detail signals form the DWT 1%,
The procedure about structural damage detection by
the CWT or DWT is as follows:

1. Measure (or for numerical simulations,
calculate) the signal associated with the dynamic
structural response, usually the acceleration.

2. Using the measured signal, compute its
continuous wavelet coefficients or the detail signals
associated with the discrete transform.

3. Plot and examine the wavelet coefficients for
the CWT or the detail signals in the case of the
DWT. Provided that a suitable wavelet is selected
for the analysis, any signal discontinuity will be
detected by the distribution of coefficients on the
wavelet coefficients plot.

4. In the case of the DWT, the level at which the
wavelet analysis must be performed cannot be
determined beforehand. It depends on the nature of
the signal, the characteristics of the structure, the
location, type and severity of the damage, etc. It is
suggested to try with different levels.

4 CASE STUDY

The ability of wavelets to structural damage
detection is demonstrated to distinguish two kinds of
spikes in the wavelet details with two numerical
examples in this section.
Case study 1: ASCE Health Monitoring Benchmark
Study Data

In order to test and compare various damage
identification techniques, a benchmark problem was
proposed by the ASCE Task Group on Health
Monitoring. In this case, data were generate for a
building structure adopted by the ASCE Task Group
on Health Monitoring to generate benchmark data
for health monitoring studies in the society. The
structure is a four-story 2 bay by 2 bay steel frame
scale-model structure of a height of 3.6m and a plan
of 2.5m x 2.5m. A diagram of the analytical model is
shown in Fig.1. Finite element models were used to
include structural details of beams, columns, and
braces. The finite element models, by removing the
stiffness of various elements, can simulate damage
to the structure. In this study the 12DOF shear-
building model is used. Detailed information about
the structure and related MATLAB codes can be
found at the website:
http://wusceel.cive.wustl.edu/asce.shm/default.ntm&

The excitation in this study is a low-level ambient
wind force modeled as four independent filtered
Gaussian white noise processes, one at each floor in
the y-direction. Four acceleration responses in the y-
direction were recorded for data analysis on each
floor. In the present study, the program was slightly
modified with permission to allow damage to be
introduced in the middle of a response history. Two
segments of data were generated for two intervals: 3
seconds for the undamaged case and 10 seconds for
the damaged case by removing all braces in the first
floors, each of them were generated by the original
codes. Note that continuity conditions in velocity
and displacement have to be ensured during this
assembling process. In order to distinguish the
spikes in the wavelet details by a sudden change of
the structural stiffness or the sudden change of the
external load, at 8s, the ambient wind force added a
pulse force in y direction, its amplitude is 2000N.
The sampling time used in the following results is
0.001s.

, ,
e e e —

e < =

2 3 =

5 a

NN
NAYRAY
:\_\

25,

Figure 1. Diagram of analytical model of ASCE health
monitoring benchmark problem



Since a singularity in the acceleration response
due to a sudden change of the stiffness (damage) or
due to a sudden change in the external load can be
clearly observed in the Level-1 details of the wavelet
decomposition in term of a sharp spike using
wavelet db4 in MATLAB, the Level-1 details from
wavelet analysis are presented for the floor
acceleration response. Based on such an approach, it
is possible to detect the damage time instants and

damage locations.
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Figure 2. Level-1 details of the acceleration response in four
floors.
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Figure 3. Fourier transform of two segment acceleration
signals.

Wavelet analysis was applied for the four floors
acceleration response data, and the results of level-1
details are presented in Figure 2. Several spikes are
observed. The first moment of occurrence of

F(t) = 100* (sin(zt) + sin(3at) + sin(5xt))
©= {100* (sin(0.997t) +sin(37t) +sin(5t))

It is seen that at a time instant 6 s the component
of frequency 0.5Hz in the force time history
suddenly changes its frequency to 0.495Hz.

The damage region in the plate is represented as
the element with suddenly reduced stiffness at a
time instant 3 s. (The damage element is red color in
Fig. 4). Its stiffness changes from 1.96ellPa to
1.568e11Pa.

Note that 20% local stiffness loss didn’t lead to
significant change of the natural frequencies of the

potential damage can be identified as t=3 second, the
moment when a spike occurs. It may concluded that
the damage locations are possible in the first, but not
in the second, third floors or the fourth-floor.

The second moment of occurrence of potential
damage can be identified as t=8 second, the moment
when several spikes occur in the all floors.

It is important to mention that the magnitude of
damage spikes depends on the external loads, the
damage time/or the end conditions and the severity
of damages. In order to determine the actual damage
in the structure, we separate the original acceleration
signal into two segments, one from 0-6 s and another
from 5-11 s. These two segments shown in Figs. 3(a
and b) include acceleration signal before and after
two spikes (at 3 s and 8 s) respectively.The Fourier
transform of these two segment acceleration signals
is shown in Fig. 3(c and d). As observed from Fig.
3(c), each of the four natural frequencies has been
split into two frequencies indicating an occurrence
of damage, and the situation is quite prominent for
the first two natural frequencies. Fig. 3(d) indicates
the four natural frequencies of ASCE benchmark
structure in damage pattern 1(removing all braces in
the first floors).

It is concluded easily that damage occurs in the
first story at 3 s, and no damage occurs in the
structure at 8 s.

Case study 2: Simulation data from a simply
supported plate FEM model

A rectangular simply supported plate subjected to
a harmonic excitation with vary frequency is also
considered in this case to demonstrate wavelet
application for locating damage regions in a
continuous structure. The dimensions of the plate are
20*20*1mm. Its material parameters are:
p =7800kg/m*® E =1.96ellpa,z=0.3 . The
commercial FEM software ANSYS is used to model
and calculate it. This plate is divided into 100
finite elements. The plate finite element mode is
shown in Fig. 4. A harmonic excitation with vary
frequency F(t) is applied to node 81 (center of plate)
in z direction as follows:

0<t<6s
(0<t<09s)
plate, as a global index for the system

characteristics.

The simulation data were generated by a finite
element model of 100 shell63 elements using the
ANSYS finite element package, and the node
acceleration was calculated. Then the db4 wavelet
was applied to the acceleration response.

Figure 5(a, b and c) plot level-1 details from the
wavelet analysis using db4 wavelet in MATLAB
wavelet toolbox for node accelerations response data



at 18 positions in the neighborhood of the damage
location.

At 3 s and 6 s sharp spikes have been obtained in
these figures, and the amplitude of these spikes are
listed in Table 1.



Table 1. Spikes amplitude of 18 nodes at 3sand 6 s

Figure 4. The plate finite element mode

At 3 s, it is easy to see that the spike amplitude at
the node 73, node 74, node 83 and node 82 are large
than other nodes, which are far away from the
damage element, and the spike amplitude decrease
when the node position have the far distance to the
damage element. At 6 s, the spatial distribution of
the observed spikes amplitude doesn’t have an
obvious rule.Many node spikes have the large
amplitude except the nodes close to clamped
boundary. If many elements are damaged (loss of
local stiffness), the plate natural frequency should
have some change. From the Fourier transform of
node acceleration signals the natural frequencies
have not an obvious change (not presented in this
paper). So it is concluded that damage occurs in the
element with node 73, node 74, node 83 and node 82
only at 3 s and at 6 s there is some external
environment changes for example the external loads.

- Spikes amplitude
Node position 3s 6
Node58 6.93e-4 1.168e-3
Node66 5.88e-3 7.685e-3
Node74 0.0223 0.02
Node82 0.0291 0.0325
Node90 0.0107 0.0324
Node98 4.202e-3 0.0198
Nodel03 3.14e-4 2.27e-3
Node93 4.37e-3 0.0106
Node83 0.021 0.0222
Node73 0.024 0.0286
Node63 6.59e-3 0.0221
Node53 1.65e-3 0.0106
Node78 2.2e-3 0.0117
Node79 4.9e-3 0.022

Node80 9.34e-3 0.0323
Node81 0.0168 0.0384
Node84 9.12e-3 0.0118
Node85 2.47e-3 3.54e-3
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Figure 5(a). Level-1 details of node acceleration response of

the plate
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Figure 5(b). Level-1 details of node acceleration
response of the plate
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response of the plate

5 CONCLUSION

The results of the study indicated that the
effectiveness of wavelet analysis. The paper
addresses an application of wavelet analysis for
locating damage regions in a structure by two case
studies using simulation data including the
benchmark data recommended by the ASCE Task
Group on Health Monitoring and a plate example. In
fact, the spike in the wavelet details may be
produced by a sudden change of the structural
stiffness or the sudden change of the external load.
This paper presents an application of wavelet
analysis for damage detection in order to distinguish
two kinds of spikes in the wavelet details. Damage
and the moment when the damage occurs can be
detected by a spike in the detail from wavelet
decomposition of the data of acceleration response.
Location of the damage can be identified by a
pattern in the spatial distribution of these spikes.
Whether the structure is damaged could be
determined by the natural frequency change before
and after the spike time instant in the wavelet
details, or by the spatial distribution of the spikes
and the spikes amplitudes change along the
structure. However, more research is needed to
verify the performance of this method for damage
identification in more complex structural systems.
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