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1. Introduction

In recent years, in Lithuania the collapses of roofs
and columns in accidents have occurred frequently. Vari-
ous methods are being developed to examine the damage
to the buildings. Many of them use various transformations
of the measured signal such as Fourier transformation [1].
It allows on the base of modal analysis to analyse the struc-
ture’s diagnostic signals, which changes due to construc-
tion defects. The problem is that Fourier transformation is
based on one basic functions group — sin() and cos() and
thus limits the analysis of non-stationary diagnostic sig-
nals. Therefore relevant methods for diagnostics purposes
are those which allow analysing non-stationary signals,
and also to associate them with the possibilities to deter-
mine the moment when the process becomes non-
stationary. In our opinion, one of the possible methods is
wavelet analysis. Wavelet transform has been increasingly
applied to different engineering problems in recent years.
One field of engineering which can apply the wavelet
transform is damage detection [2-4] in the context of struc-
tural health monitoring. Damage detection is based on the
assumptions that dynamic properties of the mechanical
system change [5, 6]. There are a lot of studies for the
identification of modifications in a system’s dynamic re-
sponse that is caused by structural damage were developed
on the base of energy components of signals’ wavelet de-
compositions [7-10]. Damage of the building is generally
defined as the change in the structure characteristic which
will affect the structure behaviour now and in the future.

Detecting means that the characteristic quantity
before and after some moment should be compared to de-
termine the damage occurring process [11, 12]. Therefore,
it is important to detect damage using signal processing
methods. Fourier transform method or Wavelet signal pro-
cessing methods make it very suitable for signal processing
and analysis. For structural determination of damages the
wavelet method was used previously [13]. The wavelet
method is new enough and effective for the diagnostics of
structural damage. There is a close relationship between
the wavelet method and frequency and time issues. The
ability of this method is suitable for recognition of damage
location [14].

Within the building engineering profession and its
related researchers, wavelet-based techniques and applica-

tions continue to be developed. Examining the various sub-
discipline areas, such as earthquakes, structures and mate-
rials results have indicated that wavelet based techniques
can often provide a unique insight into the analysis and
characterization of time series data, versus classical meth-
ods [15-22].

In this study, damage to structures, an analysis
has been made in order to be detected by continuous wave-
let transform (CWT).

2. Structure model and experiment system

In order to make experimental measurements the
flooring structure system was designed. The structure of
the floor is based on flat triangular bending elements mo-
del, whereas pillars were modelled from dimensional
framework elements that could be stretched/compressed,
bent and twisted. The pillars are set perpendicularly to the
base and the floors. The load is evenly distributed for both
floors. The model of the structure’s model and experi-
mental setup is shown in Fig. 1.

Fig. 1 Laboratory model
experimental setup

of flooring building and

The measurement points of the laboratory model
of the flooring building as mechanical structure is shown in
Fig. 2. The sensors, attached to the system at specific nine
points are measuring dynamical processes at the structure.

Table 1 provides natural vibration frequencies of
the floor structure model. This model can be used to simu-
late roof overload phenomenon. In case of the pressures or
excessive loads on the roof the dynamic processes at the
indicated measurement points should change. Using this
assumption we also will try to analyse the influence of
defects to the change of the measured dynamical process.


http://en.ktu.lt/content/research/institute/309
mailto:hidirselcuknogay@gmail.com
mailto:cetinakinci@hotmail.com
http://dx.doi.org/10.5755/j01.mech.18.6.3169

Damage 1 ﬁﬂ;
2
O 7 ° 8 e 9 [Ye)
6 o
o o ° C‘_'O
4 5 )
° °" A
Measurement point 1 2 3
Damage 2
o 9 /.O

Excitation point
(Force impact point)

Fig. 2 Measurement points of the flooring structure model

Table 1

Natural vibration frequencies of the flooring model
Model No | Frequency, rad/sec. | Frequency, Hz | Period, sec.

1 144.03 22.922 0.043625

2 151.19 24.062 0.041559

3 252.48 40.184 0.024886

4 277.3 44.133 0.022659

5 288 45.836 0.021817

6 624.93 99.46 0.010054

In this experiment, the sampling frequency is
4098 Hz. The analysis of the data from measurement sys-
tem was made using the MATLAB. For this purpose, con-
sidered measurement and data collection system was con-
sisting of modal hammer for structure excitation, some
transducers, and response analyzer Pulse 3560 of
Briiel&Kjer.

2.1. System response

The Fig. 3 depicts acceleration response of the
system as triggered at the second 1.
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Fig. 3 System response of acceleration
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Similarly, the chart of vibrational velocity range
is given in Fig. 4. To wavelet analysis of velocity of the
damaged structure are important to analyse the system re-
sponse. The system can be made for comparing the re-
sponse of both damaged and undamaged structures and
their data points.

3. Mathematical background

Although a lot of time-frequency transformations
are available, only the Wavelet Transform (WT) is unique-
ly capable of adaptively adjusting to the Heisenberg uncer-
tainty principle. The wavelet transform concedes that arbi-
trarily good resolution in both time and frequency is not
possible [21].

Most of the signals in practice are time domain
signals in their raw format. Plot time-domain signals obtain
a time-amplitude representation of the signal. This repre-
sentation is not always the best representation of the signal
for most signal processing related applications. In many
cases, the most distinguished information is hidden in the
frequency content of the signal. The frequency spectrum of
a signal is basically the frequency components of that sig-
nal. The frequency spectrum of a signal determines what
frequencies exist in the signal. Frequency content of a sig-
nal can be found using Fourier Transform (FT). Besides
the widely used Fourier transform scientists also apply
Hilbert transformation, Short-Time Fourier transformation,
wavelet analysis and Wigner Distribution. The Wavelet
Transform provides the time-frequency representation and
it is basically required to analyse non-stationary signals.
WT solves the dilemma of resolution to a certain extent.
WT is capable of providing the time and frequency infor-
mation simultaneously, hence giving a time-frequency rep-
resentation of the signal [22].

3.1. Continuous wavelet transform

The use of wavelet transform is particularly ap-
propriate since it gives information about the signal both in
frequency and time domains. Let f(x) be the signal, the
continuous wavelet transform of f(x) is then defined as

WF (ab)=[""f (x)y}, (x)dx @
where (*) indicates the complex conjugate, and
y/ab(x)ziy/(x—_bj; abeR,a#0 2
| o\ @

Here, y is called as a wave or the mother wavelet
and it have two characteristic parameters, namely, dilation
(a) and translation (b), which vary continuously. The trans-
lation parameter, “b”, controls the position of the wavelet
in time. A “narrow” wavelet can access high-frequency
information, while a more dilated wavelet can access low-

frequency information. This means that the parameter “a”
varies with different frequency.
[y (x)dx=0 ®3)

And it provides the admissibility condition as below



c, -

Here, w(w) stands for the Fourier transform of
w(x). The admissibility condition implies that the Fourier
transform of w(x) vanishes at the zero frequency [23-25].

dw (4)

4]

3.2. Feature extraction and analysis via continuous wavelet
transform

This paper analyses the application of the contin-
uous wavelet analysis method.

Analysed Signal (length=150)
=) T
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The principal aim is to extract features from po-
tential building’s monitoring system data using wavelet
transform. The non-stationarity of the signal is revealed
due to the changing building’s behaviour.

The possibilities of feature extraction using wave-
let method was analysed using generated signals. Firstly
one or more harmonic signals were generated. Then non-
stationarity of the signal is modelled by adding generated
burst signal to the generated normal distribution signal.
The amplitude of the burst signal corresponds to particular
portion of the mean of the generated ‘“normal” signal. This
compound signal with the help of Matlab package was
analysed using wavelet transformation (Fig. 5).
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Fig. 5 Wavelet transformation of the stationary noise, distributed according normal distribution including burst signal
(burst amplitude is 10% of the mean of the noise signal: a — raw signal, b continuous wavelet transformation of the
signal (a) and burst amplitude of 20% : ¢ — raw signal, d continuous wavelet transformation of the signal (c))

The results show that wavelet method displays
non-stationarity of the signal (darker areas in the middle of
the image). Also the harmonic process was modelled using
the assumption that building monitoring is performed at
specific time intervals and the change in the data can be
noticed during monitoring interval, and between monitor-
ing intervals. Two harmonic signals were generated:
y1 = sin(2t) and y, = sin(0.23t) and wavelet transformation
was applied. The results are provided in Fig. 6 and Fig. 7.

The situation when the object’s condition changes
at the time moment between the monitoring intervals was
analyzed. That is we assume that at first monitoring inter-
val we observe stationary harmonic signal and at the sec-
ond — non-stationary signal. Fig. 8 depicts signal before the
change and after it (at the 1000th moment signal changes)).

For separated signal (Fig. 8, a) wavelet image is created. In
case of stationary signal (Fig. 8, b) the result is an image
where darker ellipses are neatly arranged and in case of
non-stationary signal (Fig. 8, c) — the image is disordered.

Haar wavelet transform was also used to analyse
signal spectrum (to analyse the signal change). Vibrations
of the excited floor with several defects of the building’s
laboratory model were analysed. The spectrum at the first
measurement point was analysed. In case of the defect ad-
ditional spectral components appear, Haar wavelet trans-
formation also shows them in Fig. 9. We can confirm that
the 3rd defect can be detected best when measuring at the
1st point (see Fig. 2).
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Fig. 6 Transformation of two harmonic signals using Haar wavelet: a) first harmonic signal; b) second harmonic signal;
c) the sum of the two harmonic signals; d) Haar wavelet transform of the sum of two harmonic signals

Fig. 7 Transformation of two
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The application of wavelet method allows distin-
guishing the results between spectres which were obtained
for different conditions of the measured objects. Therefore
it must be noted that the informativeness of the result of
the wavelet transformation depends on the place of meas-
urement point on the monitored object and the nature of
the defect. For example, the transformation of the results
obtained from the first measurement point is more in-
formative for the floor with the defect 3 than for the floor
with the defect 1. Thus numerical results are important for
practical application of the wavelet.
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Fig. 8 Identification of the change of the structure of the monitoring data using wavelet transform: Modelled data of sta-
tionary monitoring: observation before signal change and after it (at the 1000th discrete moment the signal chan-
ges); b) The result of Meyer wavelet of stationary signal before the change of the signal structure; c) Meyer wavelet
transform after the change of the generated monitored signal structure
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Fig. 9 The results of using Haar wavelet for defect detection with experimental data: a) floor without defect; b) floor with

defect 1; c) floor with defect 3

The signal wavelet transformation results for ex-
perimental modal analysis data (Figs. 3 and 4) are provided
in Figs. 10-13.

This method is quite successful in making the di-
agnosis the top floor of building’s laboratory model. CWT
analysis was performed for thel stand 5th point in Fig. 10.
Here, the point 1 and point 5 is owned by a different fre-
guency components, can be clearly seen. This change in

CWT for Acceleration Damage 1-Point 1
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the colour scale can be realized. Colour scale is an inverse
relationship between scale and frequency. This inverse
relationship represents an increase scale decreased fre-
quency. Here, the time axis is the same for both graphics.
However, the two graph axis scale is different. Point 5,
both high and low frequency content spread over a wider
area. Fig. 10, a is different from to as the coefficient in
Fig. 10, b.
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Fig. 10 Analysis of the CWT for damaged top floor acceleration in points 1 and 5

Significant differences between 8 and 16 scales
can be seen in Fig. 11. This situation explains the differ-
ences in this frequency band also. In this section, compari-

sons between Figs. 10 and 11, and Figs. 10, a and 10, b can
be done.
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Fig. 11 Analysis of the CWT for undamaged top floor acceleration in points 1 and 5
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Fig. 12 Analysis of the CWT for velocity data of the damaged top floor

Similarly, Figs. 12, a and 12, b The CWT method
can easily be identified with the frequency bands. If exam-
ined, the Displacement points for point 1 and point 5 are
seen to be quite different. In fact, the frequency content of
the starting and ending periods of each other's opposite.
Point 1 has high-frequency components which is available
in first seconds. However, points 5 with higher coefficients
are low-frequency components.

Comparison can be made between point 1 and
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point 5 in Fig. 13. In this study, the key to the analysis,
feature extraction is one of the velocity of vibration chang-
es according to the state of monitoring object. As a result
of starting with pulse effect 1 second, high amplitude and
low frequency features are composed in point 5. The coef-
ficient of the amplitude has been reached level 3 in the
firth second from point 5, amplitude level of the point 1 is
remains at 1.5.
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Fig. 13 Analysis of the CWT for velocity data of undamaged top floor
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Fig. 15 CWT of the velocity measured in undamaged
structure

Analyses of the CWT for the velocity structures
are shown in Figs. 13 and 14. Analysis in Fig. 13, accord-
ing to point 1 to point 5 is seen to have higher coefficients.

4. Results and discussion

The analyses of damages in the style structure,
different methods are used and CWT method as new appli-
cation include on this issue. In this study, experimental
data collection was analysed by CWT in the structures.
The results are quite satisfactory. The displacement data,
the results of the analysis for the low-frequency and high
amplitude were found to contain features.

Figs. 14 and 15 show the results of CWT analysis
of velocity of the structures. The situation has been ana-
lysed to the same point. One of the important findings of
the study, low-frequency components of the velocity found
to points, for undamaged structure the 128-band frequen-
cies, these components do not scale. Because of this fea-
ture, undamaged points and damage point determined
characteristic features of low-frequency feature which the
scale is the level of 128. In this study, we can distinguish
undamaged and damaged areas with the frequency regions.

In the conducted study, experiments were made
on point more than the number of those being used in the
study. Wavelet analysis method for determination of the
state changing in construction of the building has very suc-
cessful results.
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V. Volkovas, M. Eidukevi¢iaté, H. S. Nogay, T. C. Akinci

BANGELIU TRANSFORMACIIOS TAIKYMAS
STATINIY KONSTRUKCIJOS DEFEKTAMS APTIKTI

Reziumé

D¢l atSiauriy ziemy ir konstrukcijy deformacijy
veikiant sniego apkrovoms Lietuvoje ir kitose Salyse daz-
nai jgritiva stogai. Todél svarbu stiprinti statiniy stabilumo
kontrole. Konstrukeijy defektai gali bati aptinkami jvairiais
metodais. Siame straipsnyje aprasomas bangeliy transfor-
macijos metodas.

Tolydi bangeliy transformacija taikoma defektuo-
tos statinio konstrukcijos vibracijy analizei. Remiantis re-
zultatais, gautais modeliuojant duomeny struktiiros poky-
Cius, atsiradus defektams, t. y. statinio konstrukciniams
elementams praradus stabilumg, bei taikant jvairias bange-
liy funkcijas, parodyta, kad Sis metodas tinka konstrukcijy
defekty diagnostikai. Atliekant tolydZziaja bangeliy trans-
formacijos analize, konstrukcijy defektai aptinkami pagal
daznines charakteristikas, fiksuojant defekto atsiradimo
momenta.

V. Volkovas, M. Eidukevi¢iute, H. S. Nogay, T. C. Akinci

APPLICATION OF WAVELET TRANSFORM TO
DEFECT DETECTION OF BUILDING’S STRUCTURE

Summary

Various methods can be used to detect the defects
of structures. In this paper wavelet transform method is
used.

Continuous wavelet transform (CWT) is applied
to vibration signal analysis of building’s construction with
defect. The results, which were obtained by modelling the
changes in data pattern assuming that the building's con-
struction element lost its stability, i.e. defect emerged, and
by applying different wavelets, showed that this method is
suitable for diagnostics of defects in the construction. With
the CWT analysis, buildings construction’s defects were
detected according the frequency characteristics, also de-
termining time moment of defect appearance.

Keywords: Wavelet transformation, Fault detection, build-
ing’s construction.
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