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Abstract This article presents an evaluation of the ca-
pabilities of wavelet-based methodologies for damage
identification in civil structures. Two different approaches
were evaluated: (1) analysis of the structure frequencies
evolution by means of the continuous wavelet transform
and (2) analysis of the singularities generated in the high
frequency response of the structure through the detail
functions obtained via fast wavelet transform. The
methodologies were evaluated using experimental and
numerical simulated data. It was found that the selection of
appropriate wavelet parameters is critical for a successful
analysis of the signal. Wavelet parameters should be se-
lected based on the expected frequency content of the
signal and desired time and frequency resolutions. Identi-
fications of frequency shifts via ridge extraction of the
wavelet map were successful in most of the experimental
and numerical scenarios investigated. Moreover, the fre-
quency shift can be inferred most of the time but the exact
time at which it occurs. is not evident. However, this in-
formation can be retrieved from the spike location from the
Fast Wavelet Transform analysis. Therefore, it is recom-
mended to perform both type of analysis and look at the
results together.
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Introduction

Buildings, bridges, and other civil infrastructure can col-
lapse during a natural or man-made damaging event. In the
cases that the structure can withstand the wave propagation
without collapse, there is a chance that the induced vibra-
tions have caused an unknown level of damage. A struc-
tural assessment is then required to diagnose the health of
the structure. While this information is the key for first
responders to plan a safe and efficient post-disaster re-
sponse, such task is challenging to accomplish as the re-
sponse of a civil structure to a damaging event is a rather
complex dynamic system with multiple elements and
components that are in stressed interaction with one
another.

This article explores the possibility of using the regis-
tered dynamic response from instrumented structures to
identify the occurrence of damage. Moreover, the capa-
bilities of wavelet transforms to extract information related
to damage episodes imbedded in the acceleration response
of the structure are evaluated. The methodologies
evaluated are based on the premise that the occurrence of
damage is reflected in changes in the instantaneous fre-
quency of vibration of the structure and/or in discontinu-
ities reflected in the high frequency response of the
structure. While this type of approach has been previously
explored, the validation and calibration have been per-
formed mostly based on simulated data (e.g. Sone et al.
1995; Al-Khalidy et al. 1997; Hou and Noori 1999;
Ovanesova and Suarez 2004; Hera and Hou 2004; Hou
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et al. 2006; Montejo 2011; Montejo et al. 2012). The
purpose of this research work is to validate and further
calibrate wavelet-based detection algorithms using ex-
perimental data from two different test setups and
simulated data from a multi-degree of freedom system.
Special emphasis is placed on the influence of frequency
content of the excitation, the presence of noise in the
registered structural response and the system complexity
on the efficiency of the methodologies. Finally, it should be
mention that there are other types of wavelet based
methodologies based on the sensibility of the wavelet co-
efficients (e.g. Walia et al. 2013; Reddy and Swarnamani
2013) which are out of the scope of this study.

Wavelet transforms for damage detection

Nowadays, the theory and numerical implementation be-
hind wavelet transforms is widely available from books
(e.g. Mallat 2009), technical articles (e.g. Montejo and
Suarez 2013) and software documentation (e.g. Misiti et al.
2013). Therefore, in this manuscript only the most relevant
aspects of wavelet transforms for its successful imple-
mentation in damage detection are addressed. Two type of
wavelet analysis are performed: an analysis at low fre-
quencies via the continuous wavelet transform to keep
track of any frequency shifts in the structure and a high
frequency analysis via the Fast Wavelet Transform to de-
tect any singularities in the response of the structure.

Continuous wavelet transform (analysis of frequency
shifts)

The continuous wavelet transform (CWT) of a signal f(¢) can
be defined as the convolution the signal with scaled versions
of a mother wavelet function ¥ as defined by Eq. 1.

+oo +00

C(S,P) _ i f(t)lP;pdt: - f(l‘)%l[/* (t—sp)dt
(1)

The parameter s and p are used to scale and shift the
wavelet, respectively. The asterisk * indicates complex
conjugation and the normalizing factor I/\/ s ensures that
the energy is the same for all values of s. The result of the
transform is a matrix of wavelet coefficients C(s,p) that
contain information about the signal at the scale s and time
position p. That is, the CWT can be viewed as a two di-
mensional transform that maps an original time signal f{?)
into a time-scale domain. Since the scale s can be related to
frequency, the CWT can be used to obtain simultaneous
time—frequency representations of dynamic responses to
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track frequency shifts in the system natural frequencies
(e.g. Aguirre et al. 2013).

The selection of the mother wavelet function plays a key
role on the successful implementation of the analysis. For
this application, the Modified Complex Morlet Wavelet
(Yan et al. 2006, Eq. 2) was selected as it provides pa-
rameters that allow modification of the properties of the
wavelet form according to the characteristics of the signal
to be analyzed. Furthermore, this wavelet has been suc-
cessfully used in the past for the analysis of vibrational
signals (e.g. Montejo and Vidot 2012):

— L i2nfet ,—*/fy
v (1) Nl (2)
where f, is a bandwidth parameter that controls the shape
of the mother wavelet and f. is the central frequency of the
mother wavelet. Using the Heisenberg uncertainty princi-
ple it can be shown that the time and frequency resolutions
for this wavelet at a frequency f; are given by:

At; _Jeh and Af; _fi 1 (3)

fi 2 Je2nfy

The toy signal displayed in Fig. 1 is used to demonstrate
the application of the CWT and to calibrate the wavelet
parameters to be used for the analysis of one of the sets of
experimental data that will be later presented. The sam-
pling frequency was 1,024 Hz and the duration of the
signal was 40 s, the signal consists of two sinusoidal waves
of 21 and 24 Hz, with a discontinuity at 20 s when the
frequencies are shifted to 21.9 and 24.5 Hz, respectively.
Figure 1 shows the signal in both, the time and frequency
domains. The wavelet coefficients W(s,p) resulting from
applying the CWT are shown in its absolute values in the
wavelet maps displayed in Fig. 2. In these maps the color
patterns show the high value coefficients used to detect the
dominant frequency. From the color intensity the ridges
can be extracted, which are also used to determine the
instant frequencies in the signal. The ridges can be ex-
tracted by a variety of techniques (e.g., Carmona et al.
1997). The instantaneous dominant frequencies in Fig. 2
were obtained by locating the local maxima at each time
instant. The analysis was performed using different values
for f;, and f, to show the importance of these parameters to
obtain a good resolution and identify the shift over time in
the frequency content of the signal. Figure 2 (top) shows
the results obtained using f;, = 1 and f. = 1, it is seen that
these parameters are not appropriate to identify the fre-
quencies. This is in agreement with the corresponding
frequency resolution obtained for these parameters from
Eq. 3, Af = 3.8 Hz (fi = 24 Hz) which is not enough to
separate the two tones in the signal. On the other hand,
good results are obtained using f;, = 30 and f, = 15, with
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critical resolution values of At = 1.96 s (fi = 21 Hz) and
Af = 0.046 Hz (fi = 24 Hz) as shown in Fig. 2 (bottom).

Fast wavelet transform (analysis of high frequency
singularities)

In the discrete wavelet transform (DWT) the values of
scale and position used to perform the analysis are chosen
based on a dyadic scale (i.e. based on powers of 2, 2/). For
some special mother wavelets () the corresponding

18 19 20 21 22 23 24
Time [s]

25

discretized wavelets i, ,(f) constitute an orthonormal basis.
Mallat (1989) developed the fast wavelet transform (FWT),
a fast wavelet decomposition and reconstruction algorithm
for implementation of DWT that employs a two-channel
sub-band coder. In the FWT a signal can be represented
(Eq. 4) by its approximations (A) and details (D) at dif-
ferent levels of decomposition (j). The approximations are
the high scale, low-frequency components of the signal.
The details are the low-scale, high-frequency components.

1) :Aj+ZDi (4)

i<j
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Damage detection using the FWT is relatively simple; in
this work we used the FWT implementation available in
the Matlab to decompose the signal in its approximation
and detail functions. Once the detail function is obtained
we look for spikes on it, if no spikes are present one can
refine the analysis by performing the next decomposition
level (i.e. decomposing the first level detail function into
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additional approximation and detail functions, and so on).
For example, using the toy signal generated before (Fig. 1)
we can apply the FWT analysis to detect the discontinuity
embedded in the signal. Figure 3 (top) shows the detail
functions obtained at the first level of decomposition using
the Bior6.8 wavelet (notice that the Complex Morlet
Wavelet used for the CWT cannot be used to implement
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the FWT). It seen that a spike appears in the detail function
that can be clearly related to the discontinuity caused in the
signal. As this methodology is based on the analysis of the
high frequency content of the signal, it can be very sensible
to noise contamination. To examine this issue, Gaussian
noise with a SNR of 100 (i.e. very low noise) was added to
the signal. The result obtained at the first level of decom-
position (i.e. frequency content between 256 and 512 Hz,
as reflected in its Fourier spectrum) is shown in Fig. 3
(middle), it is seen that this time the discontinuity got
embedded in the added noise. Additional decompositions
were performed to check if the discontinuity could be de-
tected from a different detail function with narrower fre-
quency content but the results were no successful, Fig. 3
(bottom) shows for example the results for the level 7 of
decomposition (detail function with frequency content be-
tween 504 and 508 Hz).
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Implementation and results

The two approaches previously described were evaluated
under more realistic scenarios using data from two ex-
perimental setups (a single span bridge model and a twelve
bay steel truss bridge model) and a numerical simulation of
a shear building under seismic excitation.

Single span bridge

A single span steel bridge was used to simulate a damage
scenario by adding and removing mass through a 20.2 kg
bucket connected to the laboratory crane while the bridge
was subjected to low amplitude noise excitation (Fig. 4).
The structure was excited with different vertical white
noise vibrations using a shaker located near the middle of
the span and the acceleration response was measured by 7
piezoelectric ~accelerometers  (Fig. 4). Accelerometer
number 7 measured the vibrations imposed by the shaker.
A preliminary identification of the structure natural fre-
quencies of vibration was accomplished using a free decay
test. Then, the response of the structure to white noise
excitations - of different frequency content (0-100 Hz,
0-80 Hz, 0-60 Hz, 0—40 Hz and 0-30 Hz) was analyzed.
The objective was to identify real-time dynamic changes
caused by the added and removed mass on each test. The
frequencies estimated from the free decay are used as target
values and to generate the toy signal (previously described)
for wavelet parameter calibration.

The total excitation duration was 40 s. At around 20 s,
20.2 kg are added or removed from the bridge to induce a
change in the dynamic properties. The sampling frequency
for all tests is 1,024 Hz. Figure 5 show the recorded ac-
celerations in the middle of the span, it is seen that for the
added mass cases the instant when the discontinuity occurs
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Fig. 5 Recorded accelerations at mid-span of the bridge, 0-100 Hz to 0-30 Hz (top to bottom). Left added mass cases, right removed mass cases
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Fig. 6 Low frequency CWT analysis of the accelerations measured in the middle of the span with a noise excitation frequency content in the
ranges 0—100 Hz (fop) and 0-30 Hz (bottom). Left mass added, right mass removed

due to the mass added is evident as a spike with an am-
plitude about 10 times current acceleration levels is pro-
duced. However, for the removed mass cases it is not
possible to detect the discontinuity at simply view.

In the various tests performed, the results obtained re-
vealed similar patterns. Figure 6 (top) shows the results
when the frequency content of the white noise excitation is
in the range 0—100 Hz and the mass is added or removed
during the test. The same results are shown in Fig. 6
(bottom), but for a noise excitation with frequency content
in the range 0-30 Hz. The data analyzed consists of the
accelerations acquired at the mid-span (seénsor #2). In the
wavelet maps the darker shades represent the occurrence of
higher valued CWT coefficients. The extracted ridges are
represented by the dashed lines (time domain frequencies)
and the solid lines depict the target frequencies. It is seen
that the identification of the shifts in frequency does not
depend on the frequency content of the excitation. From
Eq. 3, for the 21 Hz tone the frequency resolution is
0.041 Hz while for the 24 Hz tone the resolution is
0.046 Hz. That is, the frequency resolution of the analysis
is enough to identify and separate both modes. The various
white noise excitations resulted in a similar wavelet map.

FWT analyses were performed attempting to point out
the exact instant when the discontinuity occurs. The results
obtained using the acceleration recorded in the middle of
the span (sensor #2) show similar behavior for the all cases
analyzed. Figure 7 shows the results when the frequency
content of the noise excitation is 0—-100 Hz and 0-30 Hz.
The discontinuity can be detected in all cases using FWT at
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first level of decomposition, it is also seen that when the
mass is added the magnitude of the spike is larger com-
pared with the removed mass case. It should be noticed that
from the toy signal used for calibration it was not possible
to determine via FWT the spike of the discontinuity when a
minimum level of noise was added (Fig. 3). This can be
explained by the way the mass was added and removed
from the bridge: when the bucket is lifted or sited in the
bridge an additional disturbance is added into the system
response which was not modeled in the toy signal, that
additional disturbance is likely to be the anomaly detected
in the experimental data. Figure 8 shows the maximum
absolute value of the magnitudes of the DWT analyses. It is
seen that the location of the maximum values changes from
case to case, therefore the spike relative amplitudes cannot
be used to determine the location of the disruption.

Twelve bay steel truss bridge

A simple-supported 12 bay steel bridge (Fig. 9) was used
to simulate a damage scenario by the removal of mass
while the structure is being excited by low amplitude white
noise. Three different mass set-ups were considered: (1) a
single mass concentrated in the middle, (2) four masses at
Y4 of the span and (3) four masses around the middle of the
span. The bridge is supported by a roller support on one
side and a pin support on the other side. The bridge is made
of 1,045 steel with 0.07 in diameter circular section
members and length 15.5 in for the vertical members, 23.8
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Fig. 7 High frequency analysis at first level of decomposition via FWT for all sensors along the span with a noise excitation frequency range of
0-100 Hz (top) and 0-30 Hz (bottom). Left mass added, right mass removed

in for the diagonal members and 18 in for the horizontal ~ provoked by the removal of different amounts of masses
members resulting in an overall bridge length of 216 inches ~ ranging from 12 to 3 kg on each test.
from the truss arrangement. The structure was excited us- In this set of tests, the bridge is excited by white noises
ing a shaker located in the middle of the span and the  with different frequency contents while the accelerometers
acceleration response was measured by 11 piezoelectric ~ record the structural response. In the sake of brevity only
accelerometers at the bottom joints of the bridge (Fig. 9),  the results obtained for the third case as this constitutes the
sensor 12 is measuring the shaker excitation. most general and challenging set up. In this case four
A preliminary identification of the natural frequencies  masses adding a total of 12 kg mass were located around
was performed using the free decay response of the  the middle of the span and every 50 s 3 kg are removed.
structure (impact hammer test) with different added  Following the same approach described for the single span
masses. These frequencies are used as targets to analyze  bridge, a toy signal was generated to obtain optimal pa-
the response of the structure to white noise excitations of  rameters for the Complex Morlet Wavelet. The values
different frequency content (0-200 Hz, 0-150 Hz, obtained were fi, = 30 and f. = 4, the critical resolution
0-100 Hz and 0-50 Hz). As for the previous setup, the  values are then Ar=0.58s (ff=19Hz) and
objective is to identify real-time dynamic changes Af = 0.26 Hz (f; = 36 Hz). Figure 10 shows the results
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Fig. 11 High frequency analysis at first level of decomposition via FWT. Left noise excitation frequency content of 0-200 Hz, right noise

excitation frequency content of 0-50 Hz

obtained for the two extreme noise excitation cases, the
two first modes of the structure are identified and, as ex-
pected, there is an increase in the natural frequency values
as the different masses are removed. Moreover, it is seen
that the shifts in the frequencies are identified as they occur
in time and the results of the analysis is not influenced by
the frequency content of the excitation.

Fast Wavelet Transform analyses were performed to
detect the instant when the discontinuities occur. The re-
sults obtained using the acceleration recorded in the middle
of the span (sensor #6) show similar behavior for the three
mass arrangements analyzed, Fig. 11 shows the results for
the third case at the first level of decomposition, it is seen
that the discontinuity is not significant enough to be de-
tected. The results did not improve by increasing the level
of decomposition. Most likely, this is due to the low dis-
turbance caused in the system when the masses were re-
moved, when compared for example, to the procedure used
in the single span bridge. This causes the singularities in

the response to get imbedded in the signal noise and make
them difficult to detect.

Shear building numerical model

A numerical model of a five story shear building was de-
veloped and subjected to seismic accelerations at the base
while the stiffness of the first floor is suddenly reduced
(from one time step to the next) to simulate the effect of an
abrupt damage localized at this level (Fig. 12). The three
main objectives with this numerical test are to: (1) deter-
mine the minimum level of damage that can be detected by
wavelet-based methodologies in this type of structures; (2)
investigate the effect of noise contamination on the effi-
ciency of the methodologies being evaluated and (3) verify
if the amplitude of the spikes detected in the FWT detail
functions can be related to the level and localization of the
damage. To accomplish these objectives, a number of
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numerical tests were performed with different stiffness
reduction factors and noise levels.

The mass and stiffness at each floor were specified as
4,000 kg and 5 x 1076 N-m, respectively. The damping
ratio was set at 5 % for all modes. The seismic input used
corresponds to a record from the 1,980 M7 Trinidad
(California) earthquake, and the sampling frequency was

mS

kS

*

k4
n3

k3
ne

ke
ml

k1l

QMMWW Izaxa e

Fig. 12 Five-story shear building excited by the 1980 M7 Trinidad
(California) earthquake

Fig. 13 Results obtained at the
first floor, 30 % damage with

200 Hz. The responses of the structure to the earthquake
excitation using different damage levels (90, 50, 30, 20, 10
and 5 % reduction in the first floor stiffness) were gener-
ated. In addition, different levels of noise (SNR = 100, 20,
5, 1) were added to each case. The natural frequencies
before and after damage calculated by solving the eigen-
value problem were used as target frequency values in the
CWT analyses, the natural frequencies of the pristine
building ranged from 1.6 to 10.8 Hz. Using a toy signal for
calibration purposes, values of f, = 6 and f. = 2 were
found appropriate to define the mother Complex Morlet
Wavelet.

Figure 13 shows the results for the accelerations in the
first floor at 30 % damage with SNR = 100. The left figure
shows the Fourier spectrum where it is seen that the peaks
coincide with the modal frequencies of the structure. In the
wavelet map (right figure) the darker shades represent the
occurrence of higher valued CWT coefficients. The ex-
tracted ridges are represented by the dashed lines and the
solid lines depict the target frequencies. It is seen in the
CWT results that it was possible determine the frequency
shift for a few modes of the structure. It is more difficult
detect the frequency shift at the upper modes. This is due to
a combination of two phenomena: (1) the expected fre-
quency shift in the upper modes is less significant than for
the first modes and the frequency resolution deteriorates as
the frequency increases (e.g. for 1.6 Hz the frequency
resolution is 0.05 Hz while for 4.7 is 0.15 Hz). Similar
results were obtained for all the other cases of different
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damage level, as expected the extracted ridges start to
deteriorate as the level of damage decreases and the noise
contamination increases.

In the FWT results (Fig. 13, bottom figure) it can be
observed that a large spike emerge at the time instant
where the sudden stiffness reduction was induced. As for

Table 1 Effect of noise contamination and induced damage level on
FWT-based damage detection results

Noise level (SNR)

0 100 20 5 1

Stiffness reduction
90 %
50 %
30 %
20 %
10 %
5 %

WL W L W W
S O O = = =
S O O O = =
S O O o o =

S O O o O

0

A 5 indicates that the damage was detected from the response of the 5
floors, a 1 indicates that the damage was only detected from the re-
sponse measured at the first floor, a 0 indicates that the damage was no
detected

Detail peak amplitude [g]

107 L L L L L
1 2 3 4 5

Floor

Fig. 14 Maximum amplitude of the details spike at each floor for the
case without noise
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the CWT analyses, the results deteriorate as noise increases
and damage decreases. The discontinuity was detected
from all floors only when the signals were clean. Once
noise was incorporated to the signals, the discontinuity is
only detectable from the accelerations at the first floor and
stiffness reductions larger than 20 %; Table 1 summarizes
the results obtained. For the cases where the identification
was possible at all floor levels (i.e. the cases without noise
contamination), the amplitude of the spikes was related to
the proximity to the location of the damage, that is, the
largest spike amplitude occurred at the first floor and the
smallest at the top floor (Fig. 14). Moreover, a correlation
was also found between the level of damage and the am-
plitude of the spike (Fig. 15).

Conclusions

Two different wavelet-based damage detection approaches
were evaluated using experimental and simulated data. One
of the approaches is based on the tracking of frequency
shifts using the continuous wavelet transform (CWT) while
the second approach is aimed to identify singularities in the
high frequency component of the structural response via
the Fast Wavelet Transform (FWT). Based on the results
obtained  the following conclusions/recommendations are
drawn:

Continuous wavelet transform

It was found that selection of appropriate wavelet pa-
rameters is critical for a successful analysis of the signal
via CWT. Wavelet parameters should be selected based on
the expected frequency content of the signal and desired
time and frequency resolutions. When clean toy signals and
appropriate wavelet parameters are used, the performance
of the CWT for frequency tracking is ideal. Identification
of frequency shifts via ridge extraction of the Wavelet Map
was successful in most of the experimental and numerical
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Fig. 15 First floor peak detail amplitude at different stiffness reduction percentages. Left SNR = 100, right SNR = 20
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scenarios investigated. Moreover, the frequency shift can
be inferred most of the time but the exact time at which it
occurs is not that evident.

Fast wavelet transform

Fast Wavelet Transform analysis of the high frequency
response of the structure to detect singularities induced by
damage episodes was shown to be successful only at low
levels of noise scenarios. Moreover, if the noise amplitude
is larger than the discontinuity caused by the damage, the
spike related to the damage episode will get imbedded
within the noise in the signal. In the numerical model the
amplitude of the FWT spikes was found to be related to the
level of damage and the proximity of the sensor to the
location were the damage was induced. Such correlation
was not found on the experimental test, however, notice
that this may be due the reduced scale nature of the setups
employed. Other studies using large scale shake table test
data of reinforced concrete columns have found that the
discontinuity produced when a reinforcing bar fails during
an earthquake is large enough to be detected via FWT
(Aguirre et al. 2013).

It must be noticed that for testing convenience, in the
two experimental setups analyzed in this work the damage
scenario (mass added/removed) differs from what is usu-
ally expected in an actual structure (stiffness degradation).
However, the resulting effects in the dynamic response of
the structure are of the same nature, i.e. a shift in the
natural frequencies of vibration. Moreover, all of the cases
analyzed (experimental and numerical) a sudden damage
scenario is recreated (typical for example of a shear fail-
ure), in the case were damage evolves slowly a disconti-
nuity at high frequencies is not likely to occur, but the
natural frequencies shift can still be tracked.
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