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A new model-free output-only signal processing-based damage detection procedure was carried out in this paper. First of all, a
fnite element model as the representative of reinforced concrete (RC) frames was constructed and subjected to a specifc loading
protocol in OpenSees. Te protocol consisted of 9 consequent diferent near-fault fing-step pulse-type earthquake records with
low-amplitude white noises among them to simulate the collapse procedure. Te analysis process was complemented in three
levels: (a) the Fourier transform was utilized to extract the vibration frequency, (b) the time instants of damage occurrence were
detected by using the discrete wavelet transform, and (c) accurate damage detection was made by using the extracted pulse
components of the records as loading protocol for earthquake simulation and the discrete wavelet transform.Te results revealed
that the proposed combinatorial method could efciently diagnose the damage in the RC frames. Also, applying a pulse
component instead of an original record increases the accuracy of damage detection by 70%.

1. Introduction

Damage detection that determines damage localization and
quantifcation in engineering structures is one of the sig-
nifcant parts of the structural health monitoring (SHM)
procedure is damage detection. SHM systems have been
categorized according to the type of information they
provide and their sophistication level. Te SHM systems’
categorizations, exclusively instructive in perceiving the
objectives of SHM, can be summarized as damage detection,
damage localization, damage diagnosis, and damage prog-
nosis, demonstrating how damage will develop and what will
be the remaining life given the current damage state [1].

Various methods for structural damage identifcation
have been developed. Grounded on the present correlation
between the structure’s physical properties and vibrational
parameters, the majority of the recently proposed damage
detection methods have aimed at employing the structures’

vibrational properties for detecting damage. Te occurrence
of damage provokes several changes in the structures’
physical properties that afect the vibrational properties.

Dimarogonas, known as one of the pioneers in structural
damage identifcation, proposed a model in which the
damage was considered a local fexibility; moreover, by
employing fracture mechanics methods, Dimarogonas
evaluated the equivalent [2]. To determine the damage in
diferent structures, Chondros and Dimarogonas suggested
methods by associating the intensity of the damage with the
shifts in natural frequencies for the damage position being
known [3].

Due to the precision of wavelet analysis in detecting
localized perturbation in the mode shape caused by a crack
presence, wavelet analysis has recently been recognized as a
reliable tool for damage detection. Although wavelet
transform’s prominent advantages are owning efective lo-
calization features and not demanding the numerical
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diferentiation of measured data, its distinctive feature is that
through an arbitrary resolution, the local characteristics in a
signal can be detected [4, 5]. Crack identifcation in beams
via wavelet analysis was investigated by Douka et al. [6].
Ovanesova and Suarez presented a study to determine the
crack of frames and beams as well as their location through
response signals from dynamic or static analysis [7].

Having integrated discrete and continuous wavelet
transforms, Gökdağ and Kompaz presented a wavelet-based
method to detect the damage of beam-typed structures
assuming that the shape of the damage mode can consist of
local damage-induced variations and an undamaged mode
[8]. Bagheri et al. proposed a method to identify the vi-
bration-based damage of plate structures through the cur-
velet transform [9] and employed their method in a
rectangular plate, with four fxed supports, including one or
two damages with desired location, length, and depth [9].
Trough the 2D discrete wavelet transform, Bagheri et al.
further presented a method to detect linear faws in plate
structures [10].

Aguirre et al. explored the practicality of employing
output-only model-free wavelet-based techniques to identify
damages in reinforced concrete structures under seismic
loads [11]. To obtain the perturbation regarding the precise
performance of the acceleration response in the bridge piers,
a model-free output-only wavelet-based damage detection
methodology was proposed by Naderpour et al. [12].
Employing a simplifed numerical model and in situ vi-
bration measurement enables some degrees of freedom.
Having applied both continuous wavelet transform and
extended fnite elementmethod, Pirboudaghi et al. suggested
an approach to identify the seismic cracking of concrete
dams [13]. Beheshti Aval et al., moreover, presented a signal-
based seismic technique for structural health monitoring to
detect damage and evaluate the severity of damage in a
multistory frame under earthquake [14]. Babajanian Bisheh
et al. proposed a new approach of detecting vibration-based
damage given the selection of efective cepstral coefcients
including the following three phases: (a) feature extraction
and signal processing, (b) detection of damage by merging
efective cepstral coefcients via methods of feature selec-
tion, and (c) performance evaluation. Given the adaptive
feature extraction and signal processing [15], Babajanian
Bisheh et al. further presented a novel approach for damage
detection in a cable-stayed bridge [16]. Furthermore, Fal-
lahian et al. also suggested an algorithm, which was assessed
on the experimental data obtained from a large-scale bridge
structure and a numerical model of a one-bay and three-
story steel frame [17].

Owing to the reviewed literature, the diferentiation
between far-fault and near-fault earthquakes as well as the
efect of pulse on the fault detection process has not been
thoroughly addressed. Terefore, the current study was
conducted aiming at employing a new output-only, wavelet-
based damage detection method for predicting the damage
occurrence in reinforced concrete frames subjected to near-
fault fing-step pulse-type earthquake records. Tis study
was conducted in three stages. In the frst stage, the Fourier
transform was applied to the time-history acceleration

response of models in the white-noise range of the loading
protocol, and the dominant vibration frequency of the
structure was extracted. In the second stage, to identify the
perturbation in the detailed decomposed function of the
acceleration response, a discrete wavelet transform was
employed due to the main record of the loading protocol. In
the last stage, by using pulses extracted from near-fault
earthquakes of loading protocol, the damage detection
process was performed one more time and the diference
between the responses due to the pulse efect and the efect of
the main earthquake on the damage detection method was
evaluated.

2. Signal Processing Method

Wavelet analysis has been considered to be one of the
practical and efcient signal processing methods applied for
structural health monitoring purposes [18, 19]. To assess the
damage, nonstationary features of the structural response
signal, including acceleration, have been employed by the
wavelet tool. Te Fourier transform is a powerful mathe-
matical tool for obtaining the frequency components of a
signal. Te Fourier transform of a continuous time function
is defned as follows:

X(f) � 

+∞

−∞

x(t).e
− i2πftdt. (1)

Here, t and f are indicators of time and frequency,
respectively.

One of the most important restrictions of the Fourier
transform is that it only presents the existence or nonex-
istence of signal frequency content while not achieving the
corresponding time interval of its occurrence, which is in-
efcient in signals which are nonstationary. Hence, for
nonstationary signals, the windowed Fourier transform was
used. In windowed Fourier transform, a signal is divided
into short-enough parts, which are assumed to be stationary.
In this case, the window function w is used, which has a
length equal to the minimum required value for each signal
part to be stationary. Consequently, for signal x (t)
employing window w (t), the short-time Fourier transform
would be as follows:

STFT
w
x (τ, f) � 

+∞

−∞

x(t).w
∗
(t − τ).e

− i2πftdt. (2)

Here, f and τ are frequency and time variables, re-
spectively. Since the time window length is variable in short-
time Fourier transform, frequency and time resolutions
should be taken into account. By increasing the time window
length, good frequency and poor time resolution could be
obtained. While, according to Heisenberg’s uncertainty
principle, by decreasing the time window length, inversed
results would be obtained [20]. Multiresolution analysis was
considered an alternative technique for signal processing
used in the wavelet transform that has a resemblance, al-
though with a dissimilar function, to the Fourier and
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windowed Fourier transforms. Te Fourier transform
decomposed the signal into sine and cosine functions sit-
uated in the Fourier space. However, functions in both
Fourier space and real space are employed in the wavelet
transform. In general, the wavelet transform is an unlimited
body of diverse functions that depends on the merit func-
tions resulting in its application in a wide spectrum. In
wavelet analysis, moreover, the similarity of a signal is
compared with the mother wavelet function.

Function ψ(x) is considered a wavelet given that its
Fourier transform Ψ(ω) meets the following condition:



+∞

−∞

|Ψ(ω)|
2

|ω|
2 dω< +∞, (3)

which could be summarized as follows:



+∞

−∞

ψ(x)dx � 0. (4)

Equation (4) implies a function with zero mean based on
which many functions could be considered wavelet ones.
Ψ(x) is the mother wavelet function requiring shifting and/
or scaling operators to infuence the signal during analysis.
Scaling a wavelet simply is stretching or compressing it, and
shifting is delaying or hastening its onset. Equations (5) and
(6) show the general state of the mother wavelet, including
scaling and shifting capability, and continuous wavelet
transform as the convolution of the signal and a shifted-
scaled function of the wavelet, respectively.

ψa,b(x) �
1
��
a

√ ψ
x − b

a
 , (5)

Cf,ψ(a, b) �
1
��
a

√ 

+∞

−∞

f(x).ψ∗
x − b

a
 dx. (6)

Here, a and b present scaling and shifting factors and
ψ∗(x) is the wavelet function’s complex conjugate.

Considering all possible scales would result in a huge
number of calculations for wavelet coefcients, which is not
necessary. A better way would be to select a subset of po-
sitions and scales. Many scholars have recommended po-
sitions and scales on the basis of the powers of the two,
known as binary or dyadic positions and scales, by which the
analysis obtained from the discrete wavelet transform is
estimated to be more efcient and accurate [20–23]. Te
dyadic scaling and shifting parameters are shown in the
equation:

a � 2− j
, b � 2− j

k. (7)

Here, j and k are integers. By substituting equation (7) for
equation (5), this could be found:

ψj,k(x) � 2(j/2) ∗ψ 2j
k − k . (8)

Discrete wavelet coefcients would then be as follows:

Cf,ψ(j, k) � 
n∈Z

f(n).ψj,k(n). (9)

Utilizing developed flters by Mallat is an efcient and
classical technique in signal processing known as a two-
channel subband coder [24]. Low-frequency content con-
siders themost signifcant component of many signals giving
an approximation of a signal and forming its identity. In
contrast, the high-frequency content indicates the details of a
signal.

Tus, reconstructing the signal would be possible by its
approximation (A) and details (D) at diverse stages of de-
composition (n) in the equation:

f(t) � An + 
m≤ n

Dn. (10)

In the current study, the biorthogonal family, i.e., the
Bior6.8, with the property of linear phase required for signal
reconstruction (e.g., [7, 25, 26]), was employed for wavelet
transforms. As it is demonstrated in Figure 1, by using two
wavelets, one for decomposition and the other for recon-
struction, as representatives of the main signal, considerable
characteristics are obtained.

3. Finite Element Modeling and
Earthquake Simulation

A reinforced concrete frame considered in this study was
similar to the test specimen chosen for the experimental
study by Hemmati et al. [28]. Te moment-resisting frame
with fxed supports was observed as a structural member,
where time-history analysis and fnite element modeling
were carried on. Te frame’s clear span was 1200mm, and
the overall span was 1600mm. Te beams’ cross section had
a depth of 150mm deep and a width of 200mm.Te frames’
overall height was 1400mm. Moreover, all columns’ cross
section had a depth of 200mm and a width of 200mm.
Figure 2 demonstrates the view of the RC frame and its
member section details.

Finite element models were created in the open system for
earthquake engineering simulation called OpenSees [29],
which is an object-oriented software framework used to
stimulate the structural systems’ seismic response. By ap-
plying a great variety of material models, solution algorithms,
and elements, OpenSees maintains an exceptional capability
for analyzing and modeling the nonlinear response of sys-
tems. To create structural models, the nonlinear beam-col-
umn displacement-based element having distributed
plasticity in integration points was used. Integration through
element length was based on Gauss–Lobatto quadrature
points.Te number of integration points was considered to be
equal to 10. Te fber section method was further specifed to
determine the plasticity in integration points.

Being a general geometric confguration, a fber section
is composed of subregions with simpler regular forms, such
as triangular, circular, and quadrilateral regions, called
patches. Furthermore, it is feasible to determine the
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reinforcement bar layers. Te layer and patch sub-
commands were employed to outline the section into fber
discretization. Besides, individual fbers can be specifed via
the fber command (fber objects were linked to uniaxial
material objects throughout the generation) enforcing
assumptions of the Bernoulli beam. Te uniaxial material,
according to Mander et al., comprises Concrete01 [30];
ReinforcingSteel is driven from [31]. Grounded on the
Cofn–Manson fatigue model, degrading the strength and
stifness of the steel in cyclic loads was also addressed, and
the related parameters are indicated in Table 1. Taking
cyclic degradation into account, two factors, including Cf
and α, were employed to correlate the number of the
fracture’s half-cycles with the plastic strain amplitude of the
half-cycle (Figure 3). Taking into account the second-order
efects of P-delta, a coordinate transformation was con-
ducted with a linear geometric transformation of element
stifness and resisting force from the local to the global
system.

A damping matrix was further determined as a com-
bination of mass-proportional damping matrices and stif-
ness to attribute damping to the specifed nodes and
elements. For the models, a damping ratio of 5% was

considered. As shown in Figure 4, regarding RC frames, the
column and beam are divided into 15 and 16 elements,
respectively. Te mechanical properties of materials used in
structural models are summarized in Table 2.

Since the number of integration points for each element
was assumed to be 10, the numbers of integration points for
each column and beam were 150 and 160, respectively.

To validate the fnite element model, the lateral load-
displacement curves of the experimental and numerical
models are demonstrated in Figure 5. As it is shown in
Figure 5, there is acceptable compatibility between experi-
mental and numerical results.

Ground motion records (Table 3) beginning from low
PGA values with constant growth up to the last one and
enabling the simulation of the collapse procedure were also
performed.
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0 5 10 15

Figure 1: Mother wavelet function Bior6.8 for decomposition (a) and for reconstruction (b) [27].
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Figure 2: A view of the considered RC frame and details of the reinforcement layout of the frame [28].

Table 1: Fatigue parameters.

Parameter Defnition Considered value
α Damage strain range constant 0.505
Cf Ductility constant 0.187
Cd Strength reduction constant 0.357
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To obtain every single record’s dynamic feature and
specifc frequency component as well as maintaining the
dynamic features regarding the structure after the com-
pletion of records, a low-amplitude white noise was
employed both before and after each record.

A fing-step ground motion is mostly identifed by an
everlasting displacement in the time history of its dis-
placement and a one-sided pulse in the time history of its
velocity. Te one-sided pulse in the time history of its

velocity exists in a specifc time window, in which the
ground is subjected to an everlasting displacement in the
time history of its displacement.

Several studies (e.g., [32–38]) have simulated the near-
fault velocity pulse. In the present study, however, the fing-
step pulse suggested by Ezzodin et al. [38] and the extracted
pulse by using wavelet transform were utilized to analyze the
efect of the near-fault pulse on the damage detection
procedure.

B

A

εp = half cycle plastic strain amplitude
εt = total half cycle strain amplitude
σt = total half cycle stress amplitude

NaΔεt = Cf

lo
g 

(ε
p)

log (NHalfCycles)

σ t

εt

Figure 3: Cofn–Manson constant (a) and half-cycle terms defned (b) [31].
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Figure 4: Finite element model.

Table 2: Materials properties.

Reinforcement (MPa) Concrete (MPa)
fy 400 fc

′ 48
fu 600 fcu 34.5
Es 200000 Ec 20000
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It should be noted that the damage caused by each record
was taken into account at the starting point of the following
ground motion. Table 3 indicates the details of the utilized
records. Te acceleration component of the considered
earthquake records, the pulse extracted by Ezzodin et al.
[38], and the pulse extracted by using the wavelet transform
are demonstrated in Figure 6. In addition, Figure 7 shows all
9 records with white noises.

4. Damage Detection in the Model

To detect damage, it was essential to determine the structural
response of models. Figure 8 shows the acceleration re-
sponse of the top point of the frame subjected to the loading
protocol in Figure 7. Moreover, deriving from the records in
Figure 7, each time-history response in Figure 8 shows a
particular segment of the global acceleration response of the
entire structure. As it is depicted in Figure 8, there is a
gradual increase in the maximum acceleration of models due
to the employed records. Before decomposing the structural
response by wavelet, it is required to gain a proper un-
derstanding of the signal characteristics, such as the vi-
bration frequency. Figure 9 presents the Fourier spectrum of
the acceleration response as a result of a low-amplitude
white noise observed both before and after each record.

When the damage occurred, stifness decreased; con-
sequently, the vibration frequency was afected. During an
earthquake, everlasting structural stifness loss occurs
through a damaging process. A decrease in the fundamental
frequency was also observed. Indicating this change in

frequency, the Fourier spectrum of the acceleration response
was also analyzed according to the employed white noises
both before and after every record (Figure 10).

In this stage, structural damage was detected, and no
further information regarding the damage was reported.
Identifying the occurrence time of damage, the discrete
wavelet transform that decomposed the response into two
distinct components was applied to the acceleration re-
sponse of the model regarding the 9 main near-fault records.
A limited number of spikes were obtained from the high-
frequency segment of the signal. By examining the detail
function driven from a discrete wavelet transform, some
irregularities were detected in the structure’s high-frequency
response. A sudden change in stifness, by the failure of the
rebar or large inelastic strains, would be refected in the high-
frequency component of the structure’s acceleration re-
sponse. A threshold criterion was further introduced by
Aguirre et al. [11] to avoid the identifcation of false spikes.
Te details were transformed into standard ones using the
equation:

zi �
Di − μD

σD

, (11)

where μD is the mean and σD is the standard deviation of the
available details.

A signifcant number of points with more irregularities
become evident by standardizing data; therefore, a threshold
was taken into account to remove the lower points. Instants
with a standard value of less than four, being equal to details
with an absolute amplitude of deviation greater than 4σD

Table 3: General information of ground motions used in loading protocol.

Record no Year Earthquake MW Station Component Dist. (km) PGA (g) PGV (cm/s)
1 1999 Chi-Chi 7.6 TCU082 EW 4.47 0.22 50.49
2 1999 Chi-Chi 7.6 TCU049 EW 3.27 0.27 54.79
3 1999 Chi-Chi 7.6 TCU075 EW 3.38 0.32 111.79
4 1999 Chi-Chi 7.6 TCU089 EW 8.33 0.34 44.43
5 1999 Chi-Chi 7.6 TCU052 EW 1.84 0.35 178
6 1999 Chi-Chi 7.6 TCU068 NS 3.01 0.36 294.14
7 1999 Kocaeli 7.4 Sakarya EW 3.2 0.41 82.05
8 1999 Chi-Chi 7.6 TCU052 NS 1.84 0.4385 216
9 1999 Chi-Chi 7.6 TCU068 EW 3.01 0.5 277.56
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Figure 5: Comparison of numerical and experimental results.
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Figure 6: Acceleration components and extracted pulses.
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from μD, were determined as damage points. Tus, the
confdence level of more than 95% was guaranteed. Given
the aforementioned procedure, Figure 11 demonstrates the
set of results obtained.

As demonstrated in Figure 11, some irregularities
emerged indicating the occurrence of damage in the frame
due to records. However, since there was no concentration
on the irregularities, especially in earthquakes 4 to 9, it would
be impossible to diagnose the damage. Terefore, consid-
ering that the pulses were the main components of the
records and had almost all the main features of the records,

accurate damage detection could be made. According to
Figure 12, after the frst earthquake, almost no damage
occurred in the structure, while in Figure 11, after the frst
earthquake, the structure’s damage was reported incorrectly.
It could be inferred that there were various irregularities
since various records did not have a particular sequence;
hence, the severity of damage would be difcult to handle.
Moreover, Figure 12 shows the concentration of irregular-
ities, especially on earthquake records 6 to 9, where damage
intensity of the reinforced concrete frame can also be
obtained.
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5. Conclusions

A reinforced concrete frame was considered as the structural
model, on which nonlinear time-history fnite element
analysis was carried out. Having gradual damage in models,
a selected loading protocol consisted of 9 fing-step near-
fault pulse-type subsequent records beginning from the low

PGA values with constant growth up to the last one and
providing the possibility of simulation of the collapse
procedure was also applied. Tree phases of analysis were
considered for the damage detection of models. In the frst
phase, the Fourier transform was employed to achieve the
dominant vibration frequency of the RC frame. Te results
revealed that by gradual application of excitations, the
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Figure 11: Standardized decomposed details of acceleration response due to all records.
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Figure 12: Standardized decomposed details of acceleration response due to all pulses.
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frequency shifted considerably, implying damage existence.
To detect the time of the occurrence of damage, a discrete
wavelet transform was utilized in the second phase. By
analyzing the detail functions obtained via the discrete
wavelet transform, the time instant when the primary sig-
nifcant inelastic excursion took place was identifed. Some
irregularities in decomposed detailed response were re-
ported, indicating damage occurrence in models based on
the main part of the loading protocol. To avoid spurious
spikes’ identifcation, a threshold was chosen after stan-
dardizing data. Te threshold made it feasible to eliminate
the spikes’ lower values. Te rest of the points represented
the episodes of damage. Perturbation’s peak values were
accounted to be the most efectual time instants of damage.
Finally, regarding the innovation of the present study, by
taking into account that the dominant pulse of the earth-
quake record could represent the main characteristics of the
earthquakes, the loading protocol consisted of 9 extracted
pulse components of the near-fault records which were
investigated, and earthquake simulation was performed.Te
detailed functions obtained via the discrete wavelet trans-
form were analyzed, and more concentrated spikes were
observed, confrming the damage detection accuracy to
more than 70 percent.
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