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Abstract
Structural health monitoring is a procedure to provide accurate and immediate information on the condition and effi-
ciency of structures. There is a variety of damage factors and the unpredictability of future damage, is essential for the 
application of structural health monitoring. Structural health monitoring and damage detection in early stages is one of 
the most fascinating topics that had been paid attention because the majority of damages can be repaired and reformed 
by initial evaluation, consequently the spread of damage to the structures, building collapse and rising of costs can be 
prevented. Detection of concrete shear wall damages are designed to withstand the lateral load on the structure is critical. 
Since failures and malfunctions of shear walls can lead to serious damage or even progressive dilapidation of concrete 
structures, any change in stiffness and frequency can clearly demonstrate the occurrence of the damage. In this article, 
with non-linear time history analysis, the finite element model of structures with concrete shear walls subject to four 
earthquakes have been extracted and applying Fourier and wavelet transform, the damage of shear walls is detected. 
The results of displacement, base shear and hysteresis curves for experimental and numerical programs indicate a good 
agreement which guarantee the precision of the damage detection procedure.
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1  Introduction

Over the past decades, Health monitoring of structures 
has been converted to an appropriate research field as a 
result of the growing need for the constant monitoring 
of large structures. Damage detection of a structure is 
significantly essential since early damage detection can 
prevent structural catastrophic damage. The term health 
monitoring of structures refers to the process of conduct-
ing damage detection operation in engineering structures. 
In this regard, any changes in material or geometric prop-
erties of a structural system that affects the system’s effi-
ciency are defined as damage. With respect to the need 
for health monitoring of structures, shear walls are evalu-
ated as one of the civil structures in this article. Shear walls 
are designed to resist lateral loads utilized in structures. 

Damage and defect in the structural performance of shear 
walls is reported to cause major harm or even progres-
sive collapse of concrete structures in recent years. Many 
research studies have been conducted to ameliorate the 
accuracy and reliability of structural health monitoring 
methods that collect and analyze structural information 
automatically to determine their condition. In these meth-
ods, health monitoring of structures is based on this princi-
pal idea that the dynamic characteristics of a structure are 
a function of its physical characteristics. Consequently, the 
physical characteristic Alternation of the structure resulted 
from damage imposed on it can change its dynamic char-
acteristics. Hence, structural vibration data are collected 
and can be utilized for detecting structural damage. The 
application of mathematical transforms is one of the 
methods to detect damage. In many cases, the effective 
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information of the signal is hidden in its frequency content 
which is called signal spectrum. On the other hand, the 
spectrum of a signal indicates existing frequencies in the 
signal. With respect to this issue, a tool should be applied 
to measure frequency content of a signal. This tool is the 
same as a mathematical transform. Many researchers have 
worked on methods of evaluating and detecting damage 
in structure and studies have been conducted concerning 
damage detection in the shear wall.

Cawley and Adams [1] were the first ones to initiate 
studies in detecting damage techniques based on fre-
quency. In this technique, damage detection will be linked 
to change in frequency which is occurred as a result to the 
alternation in mass, stiffness and other structural param-
eters [1]. In 2003, Melhem and Kim examined two con-
crete specimens under fatigue load and repetitive sudden 
impact and developed a damage detection in concrete 
structures applying Fourier and wavelet transforms with 
computing natural frequency before and after loading [2]. 
In 2005, Ge and Lui presented a method based on finite 
element model and using dynamic characteristics of the 
structure such as frequencies and modal shapes [3]. In 
2009, Sasmal and Ramanjaneyulu provided a method and 
derived the natural frequency through transition matrix 
in order to detect damage its type and location. Damage 
detection and its location in the structure were accom-
plished with significant accurate [4]. In 2009, Yan et al. pro-
posed an approach based on the use of intelligent aggre-
gate for concrete shear wall health monitoring. Pursuant 
to their works, before casting shear wall, piezoelectric 
aggregates were placed in specified locations inside the 
wall and in this way an active examination network was 
formed to monitor the health of a shear wall specimen. The 
specimen underwent a cyclic loading and was gradually 
continued until complete damage of loading. By applying 
an electrical field to aggregates, a conducted stress wave 
was scattered from the mentioned aggregate, and other 
aggregates became apparent as sensors for receiving 
information of waves. Signals received by sensors (aggre-
gates) were decomposed applying wavelet packet, and a 
dynamic index was defined based on signals’ energy in 
different frequencies [5]. In 2011, He and Zhu surveyed 
vibration-based damage detection of different structures. 
The accurate modeling of damaged and undamaged state 
of structure and developing a strong algorithm are meth-
ods for vibration-based damage detection which apply 
the natural frequency of structures to detect damage. The 
exact location of damage is identified using the proposed 
algorithm and natural frequency with the lowest percent-
age of errors [6]. In 2013, Barad et al. presented a fast and 
effective method to determine the depth and location of 

crack through an alternation in the natural frequency of 
structure by modeling the crack applying a coil-spring 
[7]. Farhidzadeh et al. investigated monitoring of failure 
procedure in a large scale reinforced concrete shear wall. 
A shear wall laboratory specimen underwent cyclic load-
ing with displacement control, and wall cracking behavior 
was evaluated simultaneously by continuous analysis of 
acoustic waves’ emission as a result of the material fracture 
or the plastic deformation occurrence, the wall cracking 
behavior was evaluated [8]. In 2013, Vafaei et al. proposed 
a method for straight off identification of seismic damage 
utilizing an artificial neural network. Inter-story drift and 
plastic hinge rotation of concrete shear walls are contem-
plated as the input and output of MLP neural network 
respectively. A 5 story building is applied to exhibit the 
power and efficiency of the presented method. 9 differ-
ent recorded earthquakes are considered for this study. 
In all cases, except in 4 cases, the network has performed 
shear wall damage detection properly [9]. In addition, soft 
computing approaches such as artificial neural networks 
(ANN), Group Method of Data Handling (GMDH), and Gene 
Expression Programming (GEP) were successfully imple-
mented by different researchers in the context of civil 
and structural engineering [10–19]. In 2014, Khiem and 
Toan presented a new method to detect an unspecified 
number of cracks in the structure by contemplating non-
linear terms associated with crack intensity using natural 
frequency calculation [20]. In 2015, Lin demonstrate how 
bending cracks alternate vibration properties like fre-
quency response function and the way these properties 
can be utilized to detect damage [21]. In 2016, Damage 
identification based on Peak Picking Method and Wavelet 
Packet Transform for structural equation has been used by 
Naderpour and Fakharian [22]. In 2017, a model-free out-
put-only wavelet-based damage detection analysis was 
performed in order to achieve perturbation of detailed 
function of acceleration response in bridge piers [23]. It is 
worth to be noted that the safety measures of buildings 
in terms of structural reliability and probabilistic point of 
view were studied in different researches. However, this 
perspective of analysis was not considered in the current 
study [24–29].

2 � Research significance

In this study, the crack is modeled like a coil-spring, and 
vibration properties such as natural frequency and mode 
shape are calculated and used to detect damage. The pur-
pose of this article is to apply Fourier and wavelet trans-
form to detect damage and identify the time of damage in 
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shear wall respectively. In order to do that, the structural 
finite element model is created in SeismoStruct software 
and is subjected to nonlinear time history analysis by 
four earthquakes. Subsequently the natural frequency is 
derived using Fourier transform and damage occurrence 
becomes apparent and the time of damage occurrence 
will be identified applying wavelet transform eventually.

3 � Methodology

The intention of applying a mathematical transform on a 
signal is to obtain additional information that is not reach-
able in the first raw signal. In many cases, signal beneficial 
information is hidden in its frequency content called signal 
spectrum. In a simpler way, the spectrum of a signal is as a 
representative of its frequencies. A tool is needed in order 
to examine the frequency content of a signal. This tool is the 
same Fourier transform which is described in the following 
section. According to Fig. 1 the Fourier transform partitions a 
signal to a set of infinite exponential function in which each 
of them contains different frequencies. The Fourier transform 
of a continuous signal in time is computed by the Eq. (1).

where t is time and f is frequency. Relation (1) indicates sig-
nal Fourier transform x(t). In relation (1), it can be observed 
that x(t) signal is multiplied by an exponential term with 
the specified frequency, f, and then it is integrated on all 
time intervals. It should be noted that exponential term 
can be written as Eq. (2):

The aforesaid expression contains a real cosine term with 
f frequency and an imaginary sinus term with f frequency. 
Consequently, multiplying the time signal by a complex 

(1)X(f) =
+∞

∫
−∞

x(t)e−j2πftdt

(2)e
j2πft = cos (j2πft) + j sin (j2πft)

exponential function which is, in fact, the combination of 
two periodic functions with f frequency is accomplished 
in Fourier transform. In the next step, this multiplication 
is integrated. On the other hand, all points of this mul-
tiplication are added together. Lastly, if the result of this 
integration (which is a type of infinite summation) is a big 
number, it can be concluded that that x(t) signal merely a 
frequency component highlighted in f frequency. If the 
outcome is a small number, it can be said that f frequency 
is component is not dominant in this signal. When the out-
come of integral is derived zero, it indicates the absence 
of such frequency in the signal as well. The Fourier trans-
form only displays that whether f frequency does exist 
in the described signal or not, but gives no information 
about the time interval corresponding to the visibility of 
frequency. The wavelet transform of a function analysis is 
based on wavelet functions. Wavelets are transformed and 
scaled samples of a function (mother wavelet) with finite 
and strongly damped oscillating length. The wavelet trans-
form, as shown in Fig. 2, is conducted on different time 
sections of signal separately, and the width of the window 
is alternated along frequency component change which is 
the most important feature of wavelet transform indeed.

where τ and S are transmission and scale parameters 
respectively. The concept of transmission determines win-
dow displacement value and clearly contains time infor-
mation of the transform.

4 � Modeling

The utilized program was SeismoStruct which is a Finite 
Element software having the ability to predict the behav-
ior of structures subjected to static/dynamic loadings 
which considers both geometric nonlinearities and inelas-
ticity of materials.

Cantilever web wall, a flange wall, a pre-cast segmental 
pier and gravity columns are the elements of the structure. 
At each floor, the slab is simply supported by the wall and 
the columns.

The walls were modelled using 3D force-based inelas-
tic frame elements having 4 integration sections. Further-
more, 200 fibers were used in section equilibrium com-
putations. The columns were modelled in terms of truss 
elements. The precast column was modelled using an 
elastic frame element with the following properties:

EA = 3.9720 × 109 (lb);
EI (axis2) = 3.3035 × 1012 (lb-in2);

(3)CWT
�

x
= Ψ

ψ
x (� , s) =

1
√
�s�

+∞

∫
−∞

x(t)ψ∗
�
t − �

s

�
dt

Fig. 1   Fourier transform
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EI (axis3) = 1.7548 × 1011 (lb-in2);
GJ = 5.7887 × 1010 (lb-in2).

Modeling of a seven story building with the full-scale 
rectangular shear wall, Fig. 3, that is undergone shaking 
table test of the network for earthquake engineering simu-
lation in the university of California at San diego (2006) 
by four earthquakes is discussed through SeismoStruct in 
this section [30].

Figures 4 and 5 present plan view of the test structure, 
web wall instrumentation and wall reinforcement.

According to Fig. 6, four real earthquakes are simultane-
ously applied in a way which is separated from each other 
by a low-domain noise, and are used in a way that the first 
earthquake EQ1 is with low-intensity and the next two 
earthquakes, EQ2 and EQ3, are with medium intensity and 
the last earthquake, EQ4, is with high intensity. The use 
of four earthquakes input motions with distinct features 
and intensities allowed monitoring of the development of 
different damage states in the building specimen. Overall, 
the response was slightly nonlinear for EQ1, moderately 
nonlinear for the “medium” intensity input motions EQ2 
and EQ3, and highly nonlinear for input motion EQ4. Dur-
ing test EQ1, limited yielding occurred in the longitudinal 
reinforcing steel of the web wall. After this test, cracking 
of the web wall was widespread and visible up to the 
fourth floor. During tests EQ2 and EQ3, moderate yield-
ing occurred in the web wall longitudinal reinforcement. 
Finally, during test EQ4, localized plasticity developed at 
the first floor of the web wall. Details of these earthquakes 
are presented in Table 1.

With respect to laboratory work, the modeling is accom-
plished by dimension and properties of the main structure. 
Finite element model of test structure in SeismoStruct is 
shown in Fig. 7.

The used earthquake associated with white noise, Fig. 8, 
which is applied in the program is depicted in Fig. 9.

Fig. 2   Wavelet transform

Fig. 3   An overview of experimental program details [30]
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5 � Verification

In order to apply the created model in SeismoStruct 
software, proper accordance is required to be obtained 
between test results and the created model.

According to Figs.  10, 11, 12, and 13, experimental 
versus analytical results—top displacement–time for 
(EQ1), (EQ2), (EQ3), (EQ4), experimental versus analytical 
results—base shear-time (EQ4) in Fig. 14 and experimen-
tal versus analytical results—system base shear force-roof 
lateral relative displacement in Fig. 15, results of the mod-
eled structure and real tested model varies in some cases, 

and they are proximate in many cases particularly the forth 
earthquake.

As shown, the results of the structural model and the 
actual model tested at the University of San Diego in some 
cases, such as displacement under the fourth earthquake, 
are very close and in some cases divergent. This discrep-
ancy can be due to the small differences in inputs to soft-
ware over actual values and the possibility of modeling 
except for actual structures. In addition, laboratory work 
has a small percentage of errors, which can be exacerbated 

Fig. 4   Test structure geometry [30]

Fig. 5   Test structure—plan view of reinforcement (units: mm) [30]
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by a low percentage of comparison with model results. 
But the overall results of the software allow us to use the 
built model to continue the work of identifying damage, 
especially under an earthquake that causes the most dam-
age to the structure, which is the main purpose of damage 
detection.

6 � Damage detection

In this section, structural acceleration response under 4 
earthquakes is contemplated as SeismoStruct software 
output and is applied to identify damage in the struc-
ture. In order to detect damage before applying wavelet 
transform to structural acceleration responses, at first, the 

Fig. 6   Earthquake ground acceleration time histories applied to the test structure [30]

Table 1   Ground motions: 
general information [30]

EQ Earthquake record Station Year of 
occurence

PGA (g)

EQ1 San Fernando Van Nuys (long. Comp) 1971 0.15
EQ2 San Fernando Van Nuys (transv. Comp) 1971 0.27
EQ3 Northridge Oxnard Boulevard Woodland Hill 1994 0.35
EQ4 Northridge Sylmar Olive View Medical Center 1994 0.91
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structural response frequency is derived from vibration 
response under white noise before and after each of earth-
quakes by Fourier transform through SeismoStruct soft-
ware over all walls which the results for specimens on the 
walls of all seven floors are illustrated. An example of these 
results is depicted in Fig. 16, and due to the limitation of 
space, the other results are presented in the “Appendix”.

Fourier spectrum of acceleration response based on 
applied white noises before and after each record is exam-
ined which are illustrated in Figs. 17, and 30, 31, 32, 33, 34, 
35 of the “Appendix”.

As shown in Fig.  18 frequency change value at the 
beginning of loading and in the first earthquake is high, 
and in the next two earthquakes contains no sensible 

Fig. 7   Finite element model of test structure in SeismoStruct

Fig. 8   The first 50 s of the 
banded white noise base accel-
eration time history applied to 
the test structure

Fig. 9   Input ground motions
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change and structural stiffness faces significant reduction 
due to healthy structure and slight damage like concrete 
cracking at the beginning of the analysis.

However, the energy of structure is dissipated due to 
reinforcement yielding, and structural nonlinear behav-
ior and its impact on damage development and stiffness 
change are reduced in the end. The structural acceleration 

Fig. 10   Experimental versus 
analytical results—top dis-
placement–time (EQ1)

Fig. 11   Experimental versus 
analytical results—top dis-
placement–time (EQ2)

Fig. 12   Experimental versus 
analytical results—top dis-
placement–time (EQ3)
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response is evaluated by wavelet transform. Diagrams are 
presented in the following figures.

As can be observed from Figs. 19, 20, 21, and 22, the 
details indicate damage in the structure. The summary is 
illustrated in Fig. 23.

According to time of damage in shear walls for each 
record, Fig. 23, the effective time of the second and the 
forth earthquake is the same as in all seven stories. The 
time of damage within next earthquakes occurrence is 
reduced as a result to an increase in earthquake intensity 
and also developing earthquake induced damage. But 
in the first earthquake, the effective time of damage in 
the first to the third story is half of the effective time in 
stories 4–7. This reduction is due to applying earthquake 
to a healthy structure and with respect to the small value 
of earthquake decreased frequency reduction is only as 
a representative for small damages and the real effective 
time of damages will become apparent over time.

The effective time is scaled based on the first earth-
quake in Table 2.

As can be seen from the first earthquake and when the 
second earthquake enters, the time of damage is reduced. 
But by the time of the second earthquake the time was 
reduced to half of the first state and by the fourth earth-
quake this time get to one third. This downward trend is 
justified by the reasons given.

Fig. 13   Experimental versus 
analytical results—top dis-
placement–time (EQ4)

Fig. 14   Experimental versus 
analytical results—base shear-
time (EQ4)

Fig. 15   Experimental versus base shear-time system base shear 
force–roof lateral relative displacement
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Fig. 16   Fourier spectrum before and after earthquake—first level
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7 � Conclusion

Health monitoring of structures and damage detection are 
the ability to exhibit structural performance and evalua-
tion of any damage in the early stages in order to reduce 
structural maintenance cost and enhance safety and 
reliability of structure. Health monitoring of structure is 
essential since it’s required for sustaining safety of struc-
tures and providing occupants’ safety. The nonlinear time 
history analysis was accomplished on the 7 story model 
structure having a shear wall. In this article, at first 4 earth-
quakes with different PGA with a white noise were applied 
to the model structure after each earthquake. The results 
consisted of structural response due to the recorded earth-
quake and white noise.

•	 The Fourier transform was applied to white noise 
response. The result demonstrates the damage fre-

quency reduction due to stiffness reduction. Sub-
sequently, the time of damage can be obtained by 
applying a wavelet transform on structural acceleration 
response caused by 4 earthquakes. It can be concluded 
from the results that signal processing is a strong tech-
nique for structural health monitoring.

•	 The result of displacement, base shear and hysteresis 
curves due to experimental and numerical programs 
display a good agreement.

•	 The alternations in stiffness and frequency of structures 
in both experimental and numerical models during 
four earthquake records reveal a good agreement.

•	 By direct comparison of the results for undamaged 
and damaged structures, one cannot detect the pos-
sible damages for shear walls while in terms of signal 
decomposition due to structural deformation using 
wavelet analysis, the damages could be detected as 
spikes of decomposed curves.

Fig. 17   Fourier spectrum 
before first and after last earth-
quake—first level

Fig. 18   Vibration frequency 
history during analysis
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•	 In order to determine the time of damage occurrence, 
it is required to derive the structural response of one 
node of a model subject to earthquake record. Then, by 
applying discrete wavelet transformation and decom-
posing the acceleration signal and investigation of 
standardized details of response, the time of damage 
could be approximated.

•	 The results indicate that the time of damage in next 
records has better precision when compared to that of 
first earthquake record.

Fig. 19   Standardized decomposed details of acceleration from EQ1
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Fig. 20   Standardized decomposed details of acceleration from EQ2
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Fig. 21   Standardized decomposed details of acceleration from EQ3
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Fig. 22   Standardized decomposed details of acceleration from EQ4

Fig. 23   Time of damage in shear walls for each record

Table 2   Time of damage EQ Time of 
damage

tEQ4/ti

EQ1 1 14
EQ2 0.92 12.86
EQ3 0.44 6.21
EQ4 0.29 4.07
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Appendix

The representative results of this numerical study is 
depicted in Figs. 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 
and 35.

Fig. 24   Fourier spectrum before and after earthquake—second level
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Fig. 25   Fourier spectrum before and after the earthquake—third level
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Fig. 26   Fourier spectrum before and after the earthquake—fourth level
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Fig. 27   Fourier spectrum before and after the earthquake—fifth level
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Fig. 28   Fourier spectrum before and after the earthquake—sixth level
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Fig. 29   Fourier spectrum before and after the earthquake—seventh level
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Fig. 30   Fourier spectrum 
before first and after the last 
earthquake—second level

Fig. 31   Fourier spectrum 
before first and after last earth-
quake—third level

Fig. 32   Fourier spectrum 
before first and after last earth-
quake—fourth level
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Fig. 33   Fourier spectrum 
before first and after last earth-
quake—fifth level

Fig. 34   Fourier spectrum 
before first and after last earth-
quake—sixth level

Fig. 35   Fourier spectrum 
before first and after last earth-
quake—seventh level
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