Journal of Rehabilitation in Civil Engineering 8-1 (2020) 50-62

journal homepage: http://civiljournal.semnan.ac.ir/

Journal of

Rehabilifation &
in S
Civil Engineering

A New Method for Calculating FEarthquake
Characteristics and Nonlinear Spectra Using Wavelet
Theory

A. Heidari'", J. Raeisi', Sh. Pahlavan Sadegh'
1. Department of Civil Engineering, Shahrekord University, Shahrekord, Iran.

Corresponding author: heidari@eng.sku.ac.ir

ARTICLE INFO ABSTRACT

Article history:

Received: 30 June 2018 In the present study applying the wavelet theory (WT) and
Accepted: 10 October 2019 later the nonlinear spectrum response of the acceleration

(NSRA) resulted in estimating a strong earthquake record for

Keywords:

the structure to a degree of freedom. WT was applied in
Strong Ground Parameters,

Nonlinear Spectrum Response or_der to estimate_ the acceleration of earthquake mapping

Wavelet Theory, ' with equal §ampllng methqd (WTESM). Theref_ore, at first,

Wavelet Denoising. the acceleration recorded in an earthquake using WTESM
was examined in 5 levels. Subesquently, for calculating the
strong ground parameters (SGP) and the NSRA of the
structure the filtered wave was applied rather than using the
main earthquake record (MER). The wavelet stages result in
a more lenient filtered wave and it is better for calculating
SGP and NSR because the noise is filtered. The method
suggested for a large number of earthquakes was applied and
the results are detailed in the case of Kermanshah
earthquake. Results revealthat in case of using WTESM,
SGP error estimation would be less than 2% and the
calculation error for NSRA would be less than 11%.

Domain parameters commonly applied in
seismic  analysis are the maximum
acceleration and speed of the earth obtained
by analyzing time histories, which is the
major tool for performance-based seismic
designs. Frequency content parameters
describe the distribution of the range of
motion of the earth at various frequencies.
Since the frequency of earthquake
movements is strongly affected by these
movements, it is impossible to determine the

1. Introduction

In earthquake engineering, the three main
characteristics of the earth's motion are
amplitude, frequency, and time (duration),
and they are of great importance. As such,
various parameters have been proposed with
the aim of determining the characteristics of
the strong ground parameters (SGP); some of
these parameters are just one of the
characteristics  described earlier [1,2].
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characteristics of the movement, by not
deliberating its frequency.

Various parameters have been introduced for
contemplating the frequency of earthquake.
For instance, Rathje et al. provided models to
predict the average earthquake periods for
hard surface and rocky soils [3].

One of the methods that can be applied in
order to isolate high earthquake frequencies
is the wavelet transform. Wavelet
transformation can be used to analyze the
time-frequency of the earthquake wave to
determine the time of occurrence of each
frequency [4]. Wavelet transformation has
also been used to optimize structures [5-9].
Moreover, the damage caused by earthquake
buildings can be obtained through wavelet
transform. Pnevmatikos and Hatzigeorgiou
applied a discrete wavelet transform to
examine the impact of the frame under the
impact of the earthquake and the numerical
results of this study revealed the positive
effect of WT on the failure of the frame. In
another study, an effective method was
proposed for  structural  vulnerability.
Through this method, it became possible to
detect sudden changes in the vibration
response by analyzing the transient response
or velocity using the discrete wavelet
transform. This examination was also done
by applying the discrete wavelet transform of
the earthquake [10]. Heidari and Raeisi
proposed a new method to optimum design
of structures for seismic loading by simulated
aanealing using WT. the result reveals
discrete wavelete transform and reverse
wavelet transform were an effective approach
for reducing the computational cost of
optimization [11].

The study of the characteristics of the
response spectrum of the structure is suitable

for the recognition of the performance of
structures with different erosion against
earthquakes [12,13]. In the present study, in
addition to the parameters of the SGP, the
NSR of accelerated structure with single
degree of freedom (SDOF) ductility is drawn.
The NSRA of a SDOF structure has also
been performed for the 5 stages of WTESM.
The earthquake wave is filtered in 5 stages
applying WT and mother wavelet db4 stages
in the present study. In order to achieve this,
a WTESM was used. Throughout method,
the number of accelerated earthquake record
is not reduced and only high wave
frequencies are eliminated at each stage and a
new wave of lower and softer frequencies
were obtained. Since the curve has become
softer at each stage of the decomposition, the
calculation time is somewhat reduced and an
acceptable error is obtained. At each stage of
wavelet decomposition, half of the noise
(high frequencies) of the previous wave was
eliminated. The main wave of the earthquake
is decomposed with the transformation of the
wavelet and its high and low frequencies are
divided into two waves, which include details
and approximate waves. Approximate wave
is applied as a new earthquake wave, because
previous research has demonstrated that it
has the greatest effect on the dynamic
response of the structure and it is highly
similar to the main wave of the earthquake
[6]. In the next step, the approximate wave
was regenerated into two new waves, which
include  approximations and  details.
Moreover, the wave of approximations
obtained at this stage is contemplated as a
new wave and a wave of approximations and
new details are obtained. This study was
carried out in 5 steps. This method is known
as discrete wavelet decomposition and was
used to compute a number of SGP that
yielded acceptable results [14].
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After wave decomposition with wavelet
theory in 5 consecutive stages and having 5
different approximation waves, NSR and
SGP were obtained for each of the five
stages. As a result of this, firstly, the NSR
and main earthquake parameters (A) were
calculated using the main accelerometer of
the earthquake. Subsequently the parameters
NSR and SGP for the approximate wave
(A1) obtained in the first step were
calculated. In the next step, NSR and SGP
were obtained again for the wave
approximation of the second stage (A2). This
was performed for each of the 5 waveforms
and then the difference in the values obtained
for these 5 waveforms and the main wave of
the earthquake was calculated.

Thirty earthquakes have been investigated
through applying this method and the results
for the Sarpolzahb earthquake record are
presented in this article [15,18]. The results
for the Kermanshah earthquake for
Sarepolzahab record (SPZR) have shown that
the decomposition error of the third wavelet
is appropriate. The error rate for calculating
the NSR of acceleration in the first two
stages is about 1% and in the third, fourth
and fifth stages, respectively, it is 11, 22, and
95%. Furthermore, the results revealed that
the percentage of SGP by using wavelet
method in the first two stages and in the
third, fourth and fifth stages, is 1%.

2. Wavelet Theory

The wavelet transformation (WT) is applied
to analyze the time series where the variance
and mean value vary over time [19, 20].
Comparing WT with the Fourier transform is
a attempt 1in order to gain Dbetter
undertasnding. Fourier transforms a wave
into different energies of the sinusoidal
waves and frequency, without mentioning the

frequency of occurrence. Localization is
achieved on time by applying the FT in a
window from time to time and moving it
over a series of times, thus converting the FT,
a Fourier window. However, the window
length is taken to be constant regardless of
the frequency. Unlike FTs, the WT adjusts
the length of the analyzer window to go well
with the frequency. By increasing the
frequency accompanying the time series, the
wavelet scale decreases and on the contrary,
it increases with the frequency reduction of
the wavelet scale. The WTs are divided into
two types: continuous and discrete. The
continuous mode advantage over the discrete
is because of its ability to identify, extract,
and analyze the total scales or frequencies of
the time series. While the discrete transforms
analyzes a limited number of scales [21]. The
continuous wavelet transform (CWT) is
similar to FT and is expressed as follows:

CWTY = = [ (%GOt (1)

This Equation, is a function of two variables
a and b. b is the transition, while a is the
scale and it corresponds to the period
(inverse frequency). Moreover, * symbolizes
the conjugate conjugate. s is the main wave
(in the present study it is the earthquake
wave) and v is the mother wavelet functions.
Mother's statement is applied because of the
different functions used to convert the
wavelet are all derived from the main
function (mother). In other words, the mother
wave is the main wave to produce other
functions. All functions 1/’;51; constructed

from the maternal function are called wavelet
functions or daughter functions and are
derived from the following relationship:

Yan(®) = YD) @)
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A discrete wavelet transform is a wavelet
series that is sampled from continuous
wavelet transform. In order to calculate the
discrete wavelet coefficients, it is enough to
replace the values of a and b in Equation 1

with a=al and b=kal,b,,.

t— kaobo

Y (t) = J—w( ) €)

After simplifying Equation 3, then we have:

=J .
Wik () = ag Y(ay’t — kbo) 4
By dividing the discrete wavelet Equations, it
is defined as follows:

pWTY = [17s(®) ¥j(D)dt )
The applied method, namely sub-band
coding on earthquake signals, has been
applied in previous studies for signals in

electrical engineering [22].

In this study, the stated method was used to
analyze earthquake records for the first time
where the main earthquake record is divided
into two parts of high and low frequencies.
Low and high frequencies of earthquake
record are called approximate and detail,
respectively. In DWT, low frequencies of
earthquake record are used and the detailed
part is ignored. Another sub-band coding is
applied for the approximation part which is
divided into two parts of approximate and
detail.

Figure 1 portrays the decomposition of the
earthquake record of Kermanshah in
Sarpolzahab in Iran using WTESM. At the
first level of the main earthquake record, two
signals A1 and D1 were obtained, where Al
and D1 are the approximation and detail,
respectively. The comparison between
Figures 1.1 and 1.0 is that the Al seen is
similar to MER. Then in Figure 1.2, signal
A2 i1s obtained from Al. The signal A2 is

similar to Al. In Figure 1.3, signal A3 is
obtained from A2. The signal A3 is similar to
A2. This process continues for five levels.
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Fig. 1.0. Main earthquake record of Kermanshah
in Sarpolzahab.
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Fig. 1.1. WTESM of Sarpolzahab earthquake
record in level 1 (Al).
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Fig. 1.2. WTESM of Sarpolzahab earthquake
record in level 2 (A2).
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Fig. 1.3. WTESM of Sarpolzahab earthquake
record in level 3 (A3).
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Fig. 1.4. WTESM of Sarpolzahab earthquake
record in level 4 (A4).
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Fig. 1.5. WTESM of Sa}ﬁblzahab earthquake
record in level 5 (AS).

3. Strong Ground Parameters (SGP)

Amplitude, frequency, and duration of
motion are the three main characteristics of
ground motion for earthquake engineering
applications. Many parameters have been
developed in order to determine these
characteristics of SGP. Some of these
parameters describe only one of the
characteristics. =~ Three ~ main  ground
characteristics which include the amplitude,
frequency content, and duration of
movements are subsequently described
briefly. Amplitude parameters, such as
acceleration, velocity, or displacement or all
of them can be determined using time
history. Amplitude parameters describe only
the peak amplitude for the unique cycle from
the time history of ground motion. Frequency
content parameters describe the distribution
of ground motion amplitude in different
frequencies. The frequency content of
earthquake motions largely depends on these

movements. Motion duration parameters
have a major effect on the earthquake
destructions. The duration of SGP depends
on the time required to release cumulated
strain energy along a fault.

Peak ground acceleration (PGA) is the
maximum recorded acceleration value in an
earthquake. The maximum value of the
recorded characteristic in the velocity-time
graph of an earthquake is called the peak
ground velocity (PGV) and the maximum
displacement in the ground surface obtained
from the displacement-time graph is the peak
ground displacement (PGD). The ratio
between PGV and PGA is displayed along
with PVA. The acceleration spectral intensity
(ASI) is known as the spectral acceleration
integral of SGP that its value is usually
between 0.1 and 0.5 s and it is used to
express the SGP magnitude. In addition, the
velocity spectral intensity (VSI) is the
spectral velocity integral of the SGP and it
shows the SGP magnitude. The third or fifth
large value of acceleration or velocity time
history is the sustained maximum
acceleration (SMA) and sustained maximum
velocity (SMV) of the earthquake record and
it shows the frequency content of SGP. The
A95 parameter shows the maximum value of
earthquake acceleration in relation to 95% of
Arias  intensity. The root-mean-square
acceleration (arms) shows the average
intensity of earthquake acceleration and can
be determined as follows:

armMs = \/T;d fOTd[S(t)]zdt (6)

where s(t) is the acceleration of ground
motion and Ty is the duration of the SGP.

The root-mean-square velocity (Vrms) shows
the average intensity of the earthquake
velocity and can be determined as follows:
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Vems = \/T;d f;d[v(t)]zdt (7)

where v(t) is the velocity-time ground
motion.

The root-mean-square displacement (Dgrwms)
reveals the average intensity of earthquake
displacement and can be determined as
follows:

Drus = J%dff “[d(t)]2de @®)
where d(t) is the displacement-time ground
motion.

The Arias intensity (I,) for every earthquake
demonstrates the energy value taken by the
structure which is expressed as follows [23]:

la = 35, Is(®)dt ©)
The characteristic intensity (I¢) has a linear
relation with structural failure index, because
of the maximum deformations and attracted

hysteretic energy and is determined as
follows [24]:

3
Ic = (aRMS)E-\/T—d (10)
The specific energy density (Sg) displays the
frequency content and amplitude parameter
of the earthquake and is determined using:

Sp =22 [ v2(t)d (11)
where [ and p, are the shear wave velocity
and soil density of the sampling site,
respectively.

The cumulative absolute velocity (CAV) is
the area under the absolute acceleration
graph. CAV can be used to show structural
failure potentiality [25].

CAV = [[™™|s(t)| dt (12)
where tp,y is the total duration of the ground
motion.

The Housner intensity (Ig) shows the input
energy and is proportional with the square
integral of ground acceleration. This index
can be obtained as follows [26]:

Iy = —— [Zs(bdt (13)

- t2 _tl t1

4. Nonlinear Spectrum Response of
the Acceleration

This study discusses the NSRA, which are
beneficial in studying the characteristics of
the response spectrum and constructing a
spectrum of design and related dynamics of
structures to computational guidelines.
Design reflection spectra, which are
frequently used in building codes, can be
obtained from the statistical analysis of the
spectrum of responses to a set of earthquake
records. One of the methods for analyzing
structures against earthquakes is the use of
the structure response spectrum with a degree
of earthquake freedom. The non-elastic
system will not fluctuate around the initial
equilibrium state after submission. The
surrender causes the system to find its way to
the initial position of the lateral transition and
after the system vibration has ended, it stays
still in a new equilibrium state that is
different from the initial equilibrium state,
meaning, in the system of permanent
deformation [13]. The governing equation for
the elastoplastic system is as follows:

i) + 28w u(t) + o nzuy(t)f_s(u, u) = —iig()
(14)

Equation 14 is the nonlinear dynamical
equation of the structure under the ground
acceleration lig(t). In the Equation, i(t),
u(t) and uy(t) are acceleration, velocity, and
displacement of the structure during the
earthquake, @ n is the natural frequency, and
& is the damping ratio of the structure. The
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value fi(u,01) is also obtained from the
following equation.

fy(u, ) = 200 (15)

y

where fj is the force at the point of surrender
and f s (u, u’) is the resistive force of the
structure. The non-dimensional coefficient of
u is a non-dimensional parameter, which is
based on the absolute magnitude of the
deformation of the elastoplastic system due
to the earthquake (un) to deformation (uy),
for systems that undergo deformations
beyond the elastic limit (Chopra, 2001). This
comes from the following:

p=-2 (16)

5. Investigation of Earthquake in
Sarpolzahab

On Sunday, November 17, 2017, at 21:48:16,
a local earthquake with 7.3 magnitude of the
Iranian-Iraqi border region shook strongly in
the province of Kermanshah around the city
of Sarpolzahab. Then, the parameters of the
strong Sarpolezahab earthquake record and
the nonlinear spectrum of its acceleration are
expressed applying the wavelet theory.

5.1 Strong Earthquake Movement

Table 1 illustrates the parameters of the SGP
for the main record of Sarpolzahab
earthquake and for the waves obtained from
wavelet decomposition from the first to fifth
stages. As a result of this, these parameters
are first obtained for the main wave of the
earthquake and then calculated for each of
the waves as exhibited in Figures 1.1 to 1.5.

Table 2 reveals the percentage of difference
between the parameters of the SGP in
Sarpolzahab earthquake and the waveguides
obtained in 5 wavelet filtering steps. As
shown, the difference in the first and second
stages is less than 1%, in the third stage it is
less than 2%, in the fourth stage, it is less
than 7% and in the fifth stage, it is less than
21%. Based on the results of this research, it
can be concluded that in order to calculate
the parameters of the powerful land
movement, the filtered wave was used in the
fourth phase wavelet instead of using the
main wave of the earthquake. Also, the fifth
wavelet was used to calculate some
parameters such as PGV, PGD, VRMS,
DRMS, VSI, SMV, IH and SE with a 10%
error limit.

Table 1. Parameters of the Sarpolzahab earthquake filtered in different wavelet stages.

Ground motion

Characteristics of Kermanshah earthquake record

parameters Main (A) Al A2 A3 A4 AS
PGA 6.24 6.25 6.25 6.16 5.02 2.59
PGV 0.35 0.35 0.35 0.35 0.38 0.32
PGD 0.24 0.24 0.24 0.24 0.24 0.24
PVA 0.057 0.056 0.056 0.057 0.075 0.12
aRMs 0.38 0.38 0.38 0.37 0.32 0.21
VRMS 0.055 0.055 0.055 0.055 0.055 0.054
Drums 0.055 0.055 0.055 0.055 0.055 0.055
ASI 3.91 3.91 3.90 3.86 3.53 2.31
VSI 1.42 1.42 1.42 1.41 1.38 1.30
SMA 3.23 3.20 3.16 3.02 2.71 1.50
SMV 0.33 0.33 0.33 0.32 0.33 0.30
Iy 1.40 1.40 1.40 1.40 1.39 1.36
Sg 0.30 0.30 0.30 0.30 0.30 0.29
A95 6.19 6.20 6.21 6.12 4.98 2.57
I, 2.35 2.35 2.34 2.19 1.64 0.72
I, 2.37 2.37 2.37 2.25 1.81 0.98
CAV 13.69 13.69 13.67 13.21 11.40 7.77
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Table 2. Proportion of variations in the parameters of the SGP for different wavelet stages.

Ground motion

(A-Ai)/A*100

parameters

Al A3 A4 AS
PGA 0.16 0.16 1.28 19.55 58.49
PGV 0 0 8.57 8.57

PGD 0 0 0 0
PVA 1.75 1.75 0 31.58 110.52
arms 0 2.63 15.79 44.73
VRMS 0 0 0 1.81

Drus 0 0 0 0
ASI 0 0.25 1.27 9.72 40.92
VSI 0 0.70 2.82 8.45
SMA 0.92 2.16 6.50 16.10 53.56
SMV 0 3.03 0 9.09
Iy 0 0 0.71 2.86
Sk 0 0 0 3.33
A95 0.16 0.32 1.13 19.55 58.48
L, 0 0.42 6.81 30.21 69.36
L. 0 5.06 23.63 58.65
CAV 0 0.14 3.51 16.73 43.24
Average 0.09 0.25 1.88 6.74 20.65

5.2 Nonlinear Response Spectrum of
Acceleration

Since it is necessary to normalize various
spectrum response diagrams using statistical
methods in order to have a nonlinear
response spectrum for high and heady
structures and to have a final response
spectrum according to statute, we have used
an applicable and strong algorithm to
transform earthquake wave to basic and
fractional parts deliberating that the
mentioned method would remove a number
of data, then noises and errors were
eliminated. This way we have reviewed
normalized and accurate responses and at the
same time maintained and reviewed all
points of the spectrum. Therefore, it is
expected to need less earthquakes for having
required response spectrum.

Figures 2 to 7 show the NSRA of the
Sarpolzahab earthquake record for a SDOF

structure for attenuation of 5% and different
ductility for the main earthquake filtered with
wavelet in 5 stages. It should be noted that
for calculating the NSRA, the main wave of
the earthquake is in consonance with its
maximum acceleration.

Figure 2 presents the NSRA of the
Sarpolzahab earthquake record plotted for
1.5 ductility. By examining Figure 2, it can
be concluded that by increasing wavelet
stages, the error rate increases as compared
to the original earthquake. The error rate in
the first to fifth wavelets in this formability is
less than 1, 3, 11, 22, and 96%.

Figure 3 presents the NSRA for 2 ductility. In
this formability, the error rate in the first to
fifth steps of the wavelet is less than 1, 3, 11,
22, and 95%, respectively.

Figure 4 shows the NSRA plotted for 2.5
ductility. By analyzing this figure, it can be
concluded that by increasing the wavelet
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stages, the error rate increases as compared
to the MER. The error rate in the first to fifth
wavelets is 1, 3, 11, 22 and 95%,
respectively.

Figure 5 manifests the NSRA for 3 ductility.
In this formability, the percentage of error in
the first to fifth wavelets is 1, 3, 11, 22, and
94%, respectively.

Figure 6 displays the NSRA plotted for the
shape of 3.5 ductility. It is observed that by
increasing the wavelet stages, the error rate
increases with the MER. The error rate in the
first to fifth wavelets in this formability is 1,

3, 11, 22, and 94%, respectively.

Figure 7 illustrates the nonlinear spectra of
earthquake acceleration as shown in Figure
3.5. In this formability, the error rate in the
first to fifth wavelets is 1, 3, 11, 22, and 94%,

respectively.

The results of the investigation of the NSRA
for attenuation of 5% and various
deformations reveal that the error rate in the
first to fifth wavelets is 1, 3, 11, 22, and 95%,

respectively.

6. Conclusion

Using DWT, at every level, the low and high
frequencies are separated. At the first level,
the frequencies that are the largest and have
had the lowest effect are eliminated and this
is set as a rule. The high frequencies are
eliminated for higher levels at each level
though a number of accelerogram data would
be out of hand this way. The results demonstrate
that errors are not significant until the third level.

In fact, up to level three, the high frequencies
have been eliminated three times and hence the
errors occur. These are the weak points for the
wavelet theory. The strong ground motion
parameters under study can help in selecting
suitable earthquakes for dynamic analysis of
structures.  Therefore, the number of
accelerogram is reduced by eliminating the
largest frequencies in each level. This reduces the
time required for for dynamic analysis
especially for methods that are unconditionally
stable like Linear Newmark method.

This research presents the results of the study
of the strong earthquake movement
parameters and the nonlinear response
spectrum of the Kermanshah -earthquake
acceleration for the component registered in
Sar-e-Pol-e Zahab. The results showed that:

The percentage difference between the
parameters of the strong earthquake
movement for the first earthquake and the
first to fifth wavelets for all parameters in the
first and second stages is less than 1%, in the
third stage it is less than 2%, in the fourth
stage it is less than 7%, and in the fifth stage,
it is less than 21%.

e There is an error of about 10% for
using the proposed method to
calculate PGV, PGD, VRMS, DRMS,
VSI, SMV, IH and SE parameters in
the fifth step.

e For all the plasticity, the percentage
difference = of the  non-linear
acceleration response curve is less
than 1, 3, 11, 22, and 95% in the first

to fifth steps of the wavelet.
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Fig. 2. NSRA of Sarpolzahab earthquake for 1.5 ductility for MER and various wavelet stages.
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Fig. 3. NSRA of Sarpolzahab earthquake for 2 ductility for MER and various wavelet stages.

59



60 A. Heidari et al./ Journal of Rehabilitation in Civil Engineering 8-1 (2020) 50-62

N

= =
o o

14 §

o o =
o o

Response Acceleration (m/s?)
'_\

©c o
N b

o
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Fig. 5. NSRAof Sarpolzahab earthquake for 2 ductility for MER and various wavelet stages.
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