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In this article, the effect of earthquake frequency content
and noise effects on damage detection is inspected. For this
purpose, the damage was defined as nonlinear behavior of
beams and columns, and several ground motion records
were scaled so that some elements yield under the applied
excitation. Consequently, the acceleration response data of
each floor obtained through the nonlinear dynamic analysis.
Using the discrete wavelet analysis, the occurrence and time
of damage in a frame can be detected based on the spikes
appearing in the wavelet details plots acquired from discrete
wavelet decomposition. The mean period (T,) was utilized
to compute the frequency content of earthquakes. The
implications of this parameter for the analyses with
dissimilar ground motion records were investigated and the
results indicates that the records with low T, are more
suitable for structural damage detection. In order to examine
the effect of noise or measurement errors on damage
detection process, the discrete wavelet analysis was repeated
with a noise introduced to the acceleration response data.

1. Introduction

dissemination of damage and collapse of
structure. The existence and location of

Throughout the beneficial life of a building,
it must endure a wide variety of damages
caused by seismic loads, environmental
conditions, fatigue, and cumulative crack
propagation. The majority of such damages
can be controlled through regular safety
inspections followed by appropriate repair
and maintenance operations to prevent the
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damage can usually get computed through
visual inspection, however in some cases,
visual inspection may not be possible. As a
result, the fields known as structural health
monitoring and damage detection have been
developed in order to reduce the structures’
maintenance costs and ameliorate their safety
and reliability conditions. Structural Health
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Monitoring (SHM) is a process for acquiring
accurate real-time information about the
structural performance and conditions.
Damage detection is also essential for
structural safety, because an early detection
of damage can prevent catastrophic structural
failures in the future. SHM is founded upon
the simple idea that the dynamic properties of
a structure are a function of its physical
properties. Thus, any damage-induced
change in these physical properties (such as
mass, stiffness, etc.) can change the dynamic
properties (such as natural frequencies,
damping ratio, and mode shapes) of the
structure. As a result, structural damage can
be detected by the study of vibration
responses of the structure.

In many cases, the benedicial information of
a signal lies in its frequency content, also
referred to as signal spectrum. Put it
differently , the spectrum of a signal
represents its frequency content. On that
account, the existence of appropriate means
to measure the signal frequency content is of
vital importance. One such means is the
mathematical transformations. Applying the
mathematical transformations, one can
transform signals from time domain to other
domains, such as frequency domain, so as to
extract information concealed in the
frequency content [1].

At present, the most popular signal analysis
method is the wavelet transform. This
transform has particular advantage over
traditional methods in the analysis of signals
with sudden spikes and discontinuities. The
wavelet transforms can reveal a large amount
of concealed signal information that is
beyond the reach of other signal analysis

methods. The primary varieties of wavelet
transform include the continuous wavelet
transform (CWT), discrete wavelet transform
(DWT), and static wavelet transform (SWT)

[2].

Several studies exist on the detection and
location of damages in structures by wavelet
transform, some of which are mentioned here
as well. In a study performed by Rathje et al.
(1998), they examined 306 seismic records of
20 earthquakes and discovered that the
parameter T, induces the most uncertainty in
the forecast of earthquake’s frequency
content and the best parameter for this
purpose is Tr [3].

Ovanesova and Suarez (2004) examined the
structural response at possible damage
locations and were able to accurately
estimate the damage location applying the
wavelet transform [4].

In a study conducted by Goggins et al.
(2007), they inspected the seismic response
of braced frames and managed in order to
acquire the frame’s buckling and yield points
through wavelet analysis and measurement of
floor and ground accelerations [5].

Khatam and Golafshani (2007) applied the
harmonic displacement response of the beam
as the input function of the wavelet analysis
and were able to locate the damage using the
spikes in the transformed responses [6]. Yan
et al. (2010) examined the free vibration
responses of a 20-story building, a single-
span 5-story frame and a two-span 5-story
frame, and managed to use the residual
wavelet force to compute the damage time
and location [7]. In a study accomplished by
Ghodrati Amiri et al. (2010), they assumed
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the damage as a thickness reduction of
desired length and depth, and were able to
apply mode shapes and discrete wavelet
transform in order to detect damage in the
plates [8]. Young Noh et al. (2011) examined
three wavelet-based damage-sensitive
features and then introduced three suitable
wavelet functions for damage detection [9].
Bagheri and Kourehli (2013) developed a
method for detection of earthquake-induced
damage using the discrete wavelet analysis
[10]. In a study conducted by Vafaei and
Adnan (2014), they utilized a method based
on discrete and continuous wavelet analyses
to locate damage in an airport control tower
[11]. Ezoddin et al. (2015) managed to apply
the discrete wavelet to locate the cracks in
concrete beams [12].

Foladghadam and Ghafouri (2015) used the
wavelet analysis to detect the damage in a
simply supported beam, a simple two-
dimensional frame, and a suspended cable
bridge [13]. In a study performed by
Arefzade et al. (2016), they investigated the
utility of the wavelet transform for location
of multiple cracks in a cantilever RC beam.
This study revealed that damage estimates
obtained from the discrete wavelet transform
are more accurate than those given by the
continuous wavelet transform [14]. Patel et
al. (2016) employed a new wavelet transform
based techniques for damage location in
concrete structures [15]. Chatterjee and
Vaidya (2016) extracted the acceleration
response of a damaged beam and applied the
wavelet analysis to predict the crack depth
and location in this element [16]. In a study
performed by Hatzigeorgiou and
Pnevmatikos (2017), they have examined the
nonlinear behavior of frame structures under

seismic excitation, and used the discrete
wavelet analysis to estimate the damage time
and location [17].

The above review of literature clearly show
the ability of the wavelet transform to
facilitate the analysis of dynamic response of
damaged  structures  under  external
excitations, and therefore its potential as a
damage detection instrument. In the present
study, the nonlinear behaviors of structural
elements were incorporated into the analyses
performed using the (nonlinear) bilinear
hysteretic model. For the nonlinear time-
history analysis, the steel frames were
modeled in SAP2000 and then subjected to
several ground motion records. Then, the
extracted floor acceleration responses were
processed using the wavelet transform to
detect the time of damage. Additionally, the
effect of earthquake frequency content and
noise effects on damage detection
investigated.

2. Wavelet Transform Theory

The wavelet transform is a powerful
mathematical tool for describing the signal’s
local features. Unlike the Fourier transform,
where signal or data series are decomposed
over sine and cosine functions and their
harmonics, a wavelet transform maps the
signals on a group of functions called
wavelets, which are derived from the mother
wavelets. Basis functions of wavelet
transforms are defined by two parameters:
scale and translation. In general, there are
two types of wavelet algorithms: discrete and
continuous.
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2.1. Continuous Wavelet Transform

(CWT)

For a signal in time domain, the CWT is
defined as:

cab)- [ 10w e O

A CWT produces the coefficient C(a,b) (for

different scales and positions) andy (x),

which is the complex conjugate of wavelet
basis function. As is clear, Eq. (1) is the inner
product of the signal and the mother wavelet
function. The mother wavelet is defined as

Eq. (2):

v =v (D @

Parameters a and b denote the translation and
scale parameters respectively. In this context,
translation means delaying the wavelet and
scaling refers to the act of expanding or
shrinking the signal (like a mathematical
operator). In fact, the wavelet analysis can be
described as a measure of similarity between
the signal and the basis functions (wavelets).
Because of the change in the scale parameter,
which modifies the frequency domain of the
wavelet basis functions, signal analysis needs
to be performed at several different
frequencies. As a result, the parameters a and
b must be changed to acquire a series of
wavelet coefficients, which can then be
analyzed to extract signal features such as
damage indicators, etc. [18].

2.2. Discrete Wavelet Transform (DWT)

In the DWT, the wavelet coefficients are
obtained at signal discontinuities, and scale
and translation parameters transform into Eq.

3):

a=a",a >1
0 0

©)

b=n.b(')“,b0 >0,Vm,nez

Accordingly, the wavelet basis function is:

m

v (x=a2y(@"x-nb) (4)
The signal f (x) is expressed with:

)= Y omny (9 )

m,nez

In Eq. (5), c(m,n)denotes the wavelet

coefficients. In the DWT, signal is subjected
to low-pass and high-pass filters, which
decompose the wavelet coefficients into the
approximation coefficients and the detail
coefficients respectively. Thus, the equivalent
of the signal is presented as follow:

f()=A (x)+).D (x) (6)

In Eg. (6), n is the DWT decomposition
level. Pursuant to the above relations, the
DWT divides the signal into two parts: the
part produced by the passage of signal
through the high-pass filter contains high
frequency information such as noise and
discontinuities and is called the details; and
the part produced by the passage of signal
through the low-pass filter contains low
frequency information and signal identity
features and is called the approximations
[19].

In this study, structural damage is represented
by the spikes appearing in the details of the
discrete wavelet analysis following the
formation of plastic hinges in the elements.
Moreover, the effect of the wavelet transform
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on damage detection depends on the choice
of wavelet function.

3. Effect of Excitation Frequency
Content on Damage Detection

3.1. Damage Model

As presented in Fig. (1), when a structure
gets subjected to an earthquake, the
relationship between the base shear force and
the displacement of the roof’s center of mass
becomes nonlinear. If earthquake excitation
is strong enough to cause displacements

beyond the yield point(Ay), the resulting

damage will manifest as major deformation,
and the rotation of the elements will be easily
detectable in visual inspections. When
earthquake excitation is small however,
structural behavior will remain below the
yield point and in the elastic region. In such
cases, there will be no detectable permanent
deformation and the structure will remain
undamaged. In the cases where structural
behavior is on the edge of aforementioned
conditions, i.e., when applied load is only
slightly beyond the yield point, the structure
will sustain small undetectable damages,
which will be difficult to detect through
visual inspection, especially when the
elements are concealed or difficult to access.

In this study, FEMA 356 has been applied to
define the structural elements for plastic
hinges then the time history analysis is
executed on the frame and the construct
responses are extracted. Depending the
earthquake scale, some elements may
develop plastic hinges (damage). The
emergence of plastic hinges changes the
system frequency, and this causes an

alteration in the frequency of the response
signal. As a result of this alteration, there will
be some visible disturbances in the wavelet
transform results. Thus, the appearance of
spikes in the wavelet details reveals that a
structural ~ element  related to  the
corresponding floor has experienced a load
beyond its yield point and has sustained some
damage. The time of these spikes in the
wavelet details will indicate the time at
which this damage has occurred. The absence
of any visible disturbance in the wavelet
details suggests the absence of any damage in
the structural elements of the corresponding
floor, indicating that they have remained in
the elastic region.

Base Shear 4

Corresponding elastic response

v, \
7
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/
/
’ Idealized bilinear response
Ve z
& A
>
\
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»
>

A, Ae Busss
Roof Story Displacement
Fig. 1. Plot of base shear vs. roof story
displacement [20,21,22]

Formation and location of plastic hinges are
not spontaneous, as they are the products of
repeated and reversing loading cycles.
Therefore, these hinges can repeatedly
emerge in a certain spot. The repeated
formation of plastic hinges in the same spot
of an element at intervals of more than 0.01
second can manifest as spikes in the details
of the response signal. Since this detection
approach depends on the observations made
on wavelet details, a numerical method to
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judge whether any damage has occurred in
the structure is required. In this method, the
changes in wavelet signal are evaluated
though the estimation of the percentage of
the details signal values that exceed a
specific ratio of the maximum absolute value
(max D). For this purpose, first, the
maximum absolute value (max D) for the
details signal must be  computed.
Consequently, the ratio p, (p.max D, p <1) of
this value must be determined, and finally the
parameter R must be obtained. This
parameter is the number of times (percent)
that the spikes of the wavelet details exceed
the mentioned ratio of maximum absolute
value (p.max D). A small enough R value (R
<1%) indicates the presence of significant
spikes in the wavelet details, and larger R
values (R>% 1) reveal the absence of such
spikes and therefore the absence of any
damage in the structure. Hatzigeorgiou and
Pnevmatikos have proposed the P ratio of 0.1
for this approach which is contemplated to P

129

to 0.1 in relation to Fig. 2 and calculated the
R value for each case accordingly [17].

3.2. Numerical Study

This section is dedicated to the evaluation of
the performance of the described method in
the structural damage detection. For this
purpose, three steel frames examined with
physical characteristics depicted in Fig. (3)
and cross sectional details listed in Table (1).
It was assumed that: all frames are made of
S355 steel and have 4-meter spans; all stories
have a height of 3 meters; and beams are
subjected to dead and live loads of
23.536kN/m and 7.8453 kN/m, respectively.
SAP2000 applied to model and analyze these
steel frames under ground motion records
listed in Table (2). After the nonlinear time
history analysis, the acceleration response of
the floors was extracted and subjected to
discrete  wavelet analysis at  five
decomposition levels in MATLAB. The
analyses were performed using the wavelets
db4, coif5 and bior6.8.

max D max D
R> 1% R< 1%

S i o

3« 3 =

: 2

= =

Time (s) Time (s)
Fig. 2. R values for the spikes of wavelet details
Table 1. Details of beam and column sections
Details of beam and column sections
sections 1 2 3 4 5 6 7
column HE160B HE180B HE200B HE220B HE240B HE280B HE300B
beam IPE200 IPE220 IPE240 IPE270
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Fig. 3. Physical characteristics of steel frames
Table 2. Details of ground motion records
PI f .
Earthquake ace o Station Year PGA A
occurrence
EQ1 Coyote Lake Gilroy Array 6 1979 0.45¢ 2
EQ2 Coalinga-07 Coalinga-14th 1983 0.72g 2.5
EQ4 Yountville NapaFire Station 2000 0.60g 2
EQ6 Taiwan SMART1 C00 1986 0.20g 2
EQ7 Imperial Valley EC County Center FF 1979 0.17g 2
EQ8 Chi-Chi, Taiwan CHY101 1999 0.129 15

3.2.1. Damage Detection in 2-Span 3-
Story Frame

After subjecting the 2-story frame to the
Gilroy Array 6 station record of the Coyote
Lake earthquake, linear behavior without any
plastic hinge observed. The acceleration of

the second floor was extracted and subjected
to discrete wavelet analysis at five
decomposition levels. As portrayed in Fig.
(4), the details acquired from the first level of
decomposition did not show any spike, which
indicates the absence of any plastic hinge and
therefore any damage in the structure.
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Fig. 4. Plots of wavelet approximation and details at five decomposition levels; the original Coyote Lake
record

The scale (A) of the applied ground motion
record was consequently increased, and
thenagain, the acceleration of the second
floor was extracted and subjected to a
discrete wavelet analysis to examine the
formation of plastic hinges. Under the new
condition, four hinges appeared in the
frame’s second floor at the times t=2.785,
t=2.795, t=2.97 and t=2.975 seconds, in that
order. Figure (5) illustrates the hinge
formation (HF) times approximated in
SAP2000 and MATLAB. The plots of
wavelet decomposition at five levels (Fig. 6)
also operate the accuracy of the hinge
formation times in the first level wavelet
decomposition. A similar analysis was
performed on the same frame under the
SMART1 CO00 station record of Taiwan

earthquake. The results of these analysis are
depicted in Fig. (7). After scaling this record,
the first two plastic hinges appeared in the
frame’s second floor at t=7.26 seconds and
the next two hinges emerged at t=7.75
seconds. After the extraction and wavelet
analysis of the acceleration signal of the
second floor, the first level wavelet details
plot is shown in Fig. (8). As this figure
reveals, this plot contains no noticeable spike
that would indicate hinge formation. As can
be seen, the only difference between the
approximation and details plots of the
original and scaled records (Fig. 7 vs. Fig. 8)
is in the wavelet approximation coefficients.
Putting it differently, as the record scale
increased, these coefficients also increased.
The R value computed for this record is 38%.



132 S.R. Hoseini Vaez and S.S. Tabaei Aghdaei/ Journal of Rehabilitation in Civil Engineering 7-1 (2019) 124-140

[ @Time in Wavelet @Time in SAP2000 |

2.95 1

29 +

2.85 T

2.8 T

Damage Time (s)

275 +

2.7 t t t

Hings Number
Fig. 5. Plot of hinge formation time under the Coyote Lake earthquake record
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Fig. 7. Plots of wavelet approximation and details at five decomposition levels; the original Taiwan record
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3.2.2. Damage Detection in 3-Span 8-
Story Frame

To analyze the 3-span 8-story frame, it was
subjected to two records: Coalinga-14th
station record of Coalinga-07 earthquake,
and CHY101 station record of Chi-Chi-
Taiwan earthquake. Under the Coalinga-07

A5

2E-01

record

earthquake record, the frame remained in the
linear region and reported no plastic hinge
formation. The acceleration signal of the fifth
floor was extracted and subjected to discrete
wavelet analysis at five decomposition
levels. The results of this analysis are
presented in Fig. (9).
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Fig. 9. Plots of wavelet approximation and details at five decomposition levels; the original Coalinga-07

record

After increasing the scale of the earthquake
record, the emergence of plastic hinges in the
frame observed. After extraction of the
acceleration response and discrete wavelet
analysis, the spikes in the first-level wavelet
details were clearly evident. Six hinges were
formed in the beams of the fifth floor. The

first hinge appeared at t=2.925 seconds, the
second and third hinges at t=2.935 seconds,
the fourth hinge at t=3.045 seconds, and the
fifth and sixth hinges at t=3.165 seconds. The
difference between the hinge formation times
acquired from the time history analysis in
SAP2000 and wavelet analysis of



134 S.R. Hoseini Vaez and S.S. Tabaei Aghdaei/ Journal of Rehabilitation in Civil Engineering 7-1 (2019) 124-140

acceleration response is portrayed in Fig. accuracy of the times. The R value calculated
(10). The first-level wavelet decomposition in this analysis is 1%.
presented in Fig. (11) also demonstrates the
3.2
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Fig. 10. Plot of hinge formation time under the Coalinga-07 earthquake record
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Fig. 11. Plots of wavelet approximation and details at five decomposition levels; the scaled Coalinga-07

record

The same frame was analyzed under the t=25.735 seconds, the second and third
CHY101 station record of Chi-Chi-Taiwan hinges emerged at t=25.745 seconds, the
earthquake. The frame entered the non-linear fourth hinge appeared at t=27.07 seconds,
region and the plastic hinges appeared only and the last two hinges emerged at t=27.085
after scaling the earthquake record. The seconds. Figure (12) indicates no spike
acceleration response of the second floor was corresponding to the time of hinge formation.
extracted and subjected to discrete wavelet The R value computed in this analysis is
analysis. In this analysis, the first hinge in the 31%.

beam of the second floor appeared at
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3.2.3. Damage Detection in 4-Span 6-
Story Frame
This frame was subjected to two ground
motion recodes as well: The NapaFire station
record of Yountville earthquake, and the EC
County Center FF station record of Imperial
Valley earthquake. Under the Yountville
earthquake record, as the earthquake scale
increased, the frame entered the nonlinear
region and eight plastic hinges appeared in
the beams of the fifth floor. In this analysis,
the first two hinges appeared at t=13.41
seconds, the third hinge at t=13.415 seconds,
13.8

the fourth hinge at t=13.425 seconds, the fifth
and sixth hinges at t=13.735 seconds, and the
last two hinges appeared at t=13.75 seconds.
Figure (13) portrayed the hinge formation
times acquired from SAP2000 and
MATLAB. The repeated hinge formation at
intervals of less than 0.01 second causes
sharp frequency variations. As shown in Fig.
(14), the greatest spike was observed at
t=13.75, when the hinge entered the 10
region. The R value calculated in this
analysis is 0.3%.

13.7
136 +

13,5 -
13.4

Damage Time (s)

133

13.2

[ @Time in Wavelet @Time in SAP2000] p9v e

NITLLL

5 6 7 8

Hings Number

Fig. 13. Plot of hinge formation time under the Yountville earthquake record

Under the Imperial Valley earthquake record,
when the earthquake scale increased, four
plastic hinges appeared in the beams of the
second floor. Here, the first hinge appeared at
t=6.54 seconds and all three subsequent

hinges emerged at t=6.545 seconds. As
presented in Fig. (15), the first level wavelet
details corresponding to this analysis reveal
no noticeable spike. The R value calculated
for this record is 16%.
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3.3. Frequency Content Parameters

One of the essential steps in the seismic
response analysis is the selection of the input
ground motion. The primary features of a
strong ground motion are intensity, duration,
and frequency content. There several
frequency content parameters available for
such analyses. The dominant period (To) is
among the parameters most commonly
applied for this purpose. This parameter
represents the period in which the
acceleration response spectrum reaches its
maximum value. Another parameter of high
importance in this regard is the normalized

dominant spectral period (To), which give an
average of the periods in the acceleration
response spectrum with each period weighted
by the natural logarithm of the spectral
acceleration at that period. The parameter
used in this study is the mean period (Ty,). In
this parameter, the frequencies of the Fourier
amplitude spectrum are averaged with each
frequency weighted by the square of its
Fourier amplitude. This parameter is defined
as Eq. (7) [3,23]:
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IE
Tm = Zciz I

f

(1)

or 0.25< fi <20 Hz

Where Ci denotes the Fourier amplitudes of

the entire record, and fi denotes the

frequencies of discrete Fourier transform,
which is between 0.25 and 20 Hz. The
Fourier amplitude is defined as the square
root of the sum of squares of the real and

imaginary parts of the Fourier coefficient. Trn

is acquired in the same way as the mean

square frequency, but with ( fi) replaced with

1
(T) [3]. For the above-mentioned ground
i
motion  records, this parameter was
calculated to the values presented in Table
(3). As it can be observed, in the records

where damage is clearly visible, Tm is less

than 1 second, but the records with
undetectable damage have a Tm value of

greater than 1 second. Thus, structural
damage detection must be performed

applying the ground motion records with Tm

<1 second.

Table 3. T, calculated for different ground motion records

Record Tm (s) Record Tm (s)
Coyote Lake 0.634 Taiwan 1.168
Coalinga-07 0.320 Imperial Valley 1.162
Yountville 0.487 Chi chi,Taiwan 1.319

5. Effect of Noise on Damage
Detection

In the previous examples, response data were
obtained from the software, with full neglect
of noise effect. In practice and in
experimental  tests, the presence of
environmental and measurement errors is
unavoidable. Thus, In order to perceive the
effect of noise or measurement errors on the
damage detection process, a noise expressed
with Eq. (8) was added to the acceleration
response signal, which was then subjected to
a discrete wavelet analysis [24-30].

b = @i’jd x (14 random(-1,1) x Noisem

ijd_

(8)

In Eq. (8), dr represents the magnitude of

noise and Noised) represents disturbances. In

this study, noise was added at two levels of
1% and 3%. Similar to the method described
in previous sections, the noisy data were
imported into the Gilroy Array 6 Station
record of Coyote Lake earthquake. As
discussed in Section 3.2.1, the wavelet
decomposition analysis method was applied
for damage detection under this record and
the damage time can be detected. Figures 16
and 17 portray the process of signal
decomposition at different levels, following
the addition of noises.
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It is clear that after applying 1% noise and 6. Conclusion
decomposing the signal to the fifth level,
damage time cannot be easily detected. In the present study, the effect of earthquake

damage detection was inspected with the
help of the mean period parameter (Tp). It
was found that damage detection is best to be
performed applying the records with T of
less than one second. Given the ability of the
wavelet transform method to analyze the
detection extremely difficult. signal in the time-frequency domain and
provide perfect and accurate information
about the frequency and time of a signal, it
can serve as an excellent damage detection

damage time in the presence of 3% noise
after decomposing the signal at higher levels.
Thus, this approach is very sensitive to
environmental errors, and the presence of
such noise will make the structural damage
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instrument. Furthermore, the choice of
mother wavelet function and decomposition
levels in discrete wavelet analysis can affect
the accuracy and performance of damage
detection approach. To investigate the effect
of noise or measurement errors on the
damage detection process, discrete wavelet
analysis was repeated with a noise introduced
to the acceleration response data. This
analysis revealed that because of the
sensitivity of the signal processing method to
environmental errors, the presence of noise
will make the structural damage detection
extremely difficult.
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