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One of the main problems of nonlinear time history analysis is its high computational effort, especially in
structures with large number of structural components, high-rise buildings and complex structural systems. The
ground motions recorded in recent years also include more recorded points than in the past, which has also
increased the required volume of calculations. In this paper, three downsampling methods for reducing calcu-
lation costs of nonlinear time history analysis are presented and their applicability is investigated through
practical examples of complex structures. These methods include the discrete wavelet transform, the time step
correction, and the wavelet time step correction which is introduced in this paper. The efficiency of these
downsampling methods is investigated for near-fault and far-fault earthquake records, as well as for records on
different soil types. A comprehensive study is performed on five sets of ground motions consisting of 20 records.
Each record is filtered up to three stages using one half, one quarter, and one eighth of the number of the main
record points. First the linear and nonlinear response spectra based on the original records and the approximate
waves are investigated. Subsequently, to evaluate the performance of the methods on more complex structural
systems, two three-dimensional structures of 6-story and 15-story are analyzed. The 6-story structure is equipped
with viscous dampers, while the 15-story structure has seismic isolators. The results indicate that the wavelet
time step correction method has better performance in most cases, compared to the other two methods. It is
shown that careful consideration is needed when dealing with earthquake records with high frequency contents.
In such situations, one filtering step for the discrete wavelet transform method and two filtering steps for the
other two methods are recommended. Also, in practical applications, it is advisable to choose earthquake records
exhibiting the least error based on the results of SDOF systems analyses. Employing this technique can signifi-
cantly cut down computational effort (up to 90%), while maintaining an average error ranging from 1% to 2%
for the wavelet time step correction method.

smaller time steps (in some cases smaller than 0.005 s), which increases
the computational costs of calculations in this method. However, the
necessity to use earthquake ground motion records with very small time

1. Introduction

Time history analysis is the most accurate method to simulate the

structural response to an earthquake record. However, this analysis is
very time-consuming for structures with many structural components,
high-rise buildings, and complex structural systems. On the other hand,
the cost of calculations in nonlinear time history analysis is much higher
than linear time history analysis. These obstacles limit the application of
nonlinear time history analysis for practical design purposes. One of the
key factors responsible for the high volume of calculations in time his-
tory analysis is the high number of recorded points for earthquake re-
cords. In Addition, in recent years, ground motions are recorded at
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steps is questionable for structures with high effective periods. For
instance, in the case of high-rise structures that are generally more
sensitive to long periods because of their fundamental period, the crit-
ical time step for numerical integration is longer than the recorded time
step for the record [1,2]. Therefore, in such a structure, by increasing the
time step of the earthquake record, the volume of calculations in time
history analysis can be significantly reduced. However, the increment in
the time step should be controlled to ensure the accuracy of the results
will not be affected.
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Different methods have been proposed for reducing computational
costs of dynamic analysis. These methods can be categorized into three
general groups: (i) methods introducing new numerical methods for
solving dynamic equations, (ii) methods using model simplification, and
(iii) methods modifying the input ground motion record. Some of the
examples of these three different approaches are given below.

Using the first approach, Liilf et al. [3] proposed a numerical method
based on Ritz-vectors for nonlinear dynamic analysis of structures,
which could significantly reduce the computational cost. Meyer and
Matthies [4] also reduced computational costs of nonlinear dynamic
analysis using Karhunen-Loeve and dual-weighted-residual methods. In
another study, Toffolo et al. [5] proposed a method to reduce compu-
tational cost in dynamic fluid analysis. They reduced the volume of
calculations in the thermoacoustic phenomenon by introducing a novel
numerical method and modifying time steps. Adopting the second
approach, Hemez and Doebling [6] reduced computational costs by
simplifying a multi-degree of freedom system to a simpler system.

The third approach consists of truncation and downsampling
methods. Truncation methods can reduce the length of an earthquake
record in time history analysis based on its strong ground motion
duration [7-10]. Generally, the strong ground motion duration of
earthquake records is smaller than their total duration, and hence in
truncation methods the weaker parts of the record (the first and the last
parts) are omitted. However, the use of truncation methods can cause
errors in nonlinear time history analysis, especially for structures near
collapse limit state because these methods generally do not take into
account the trailing weak ground motion, which may have significant
effects on the nonlinear response of the structure. Downsampling
methods use linear and nonlinear interpolations to increase the time step
of an earthquake record. Soroushian [11] wused a simple
interpolation-based method to reduce the recorded ground motion
points, which drastically improved the computational costs of the
analysis of structures. In follow-up studies, Nateghi [12] used this
method for dynamic analysis of a silo, while Soroushian et al. [13] used
this method to reduce the calculation costs of analyzing a reservoir. Both
studies showed the applicability of the method for real structures.
Hosseini et al. [14] used the short-time Fourier transform to reduce
computational efforts in analysis of SDOF structures. However, it should
be noted that the above mentioned methods can increase the calculation
error if they do not consider the frequency content of earthquake records
in increasing time steps.

Wavelet transform is an efficient tool that can be used for analyzing
data in the time and frequency domain [15]. This method has been
adopted for generating approximate waves from a ground motion record
in order to reduce the recorded points. For example, wavelet transform
and Fourier transform were used by Salajegheh and Heidari [16] in
order to reduce the computational costs of linear time history analysis of
building structures. In another relevant study, the discrete wavelet
transform was efficiency used to perform linear dynamic analysis, where
acceptable results were obtained with lower computational costs [17].
They also used the wavelet neural network to reduce the cost of the
optimization process of structures subjected to dynamic loads [18].
Heidari et al. [19] also utilized discrete wavelet transform in order to
reduce calculation cost of linear dynamic analysis of shear-building
structural systems. In another study, Heidari et al. [20]Jused the
nonlinear response spectrum of single degree of freedom (SDOF) struc-
tures under a set of earthquake records by using a ductility factor. Their
results, in general, demonstrated that the wavelet filter can be efficient
in reducing the required computational costs. Similarly, Kaveh et al.
[21] used wavelet transform for more efficient time history analyses and
optimization of linear systems. Dadkhah et al. [22] also showed that the
computational cost of incremental dynamic analysis (IDA) can be
reduced by more than 87% using wavelet transform method.

Although in previous research studies, various methods have been
presented to reduce the cost of time history analysis calculations, the
limitations and error rates associated to these methods have not been
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compared for complex structural systems. In this paper, a comprehen-
sive study is first conducted on the efficiency of two widely used
methods in reducing the computational efforts of time history analysis
calculations. Subsequently, a combined practical method with better
performance is presented. To this end, the linear and nonlinear response
spectra of single degree of freedom systems for 100 original earthquake
records and modified ones are investigated. These ground motion re-
cords are selected from various geotechnical conditions to examine the
accuracy of the studied methods. Finally, the response of two three-
dimensional structures equipped with viscous dampers and seismic
isolators under original records and modified ones are investigated to
demonstrate the efficiency of each method in the case of complex real
structures.

2. Research methodology

Using numerical integration methods to solve vibration problems in
a time-domain analysis, suitable integration time step (At) for linear and
nonlinear analyses can be obtained according to Equation 1-a [1] and
Equation 1-b [2,23], respectively. In these equations, T is the period of
the first mode of the structure, h is the largest integration time step for
the stability of the numerical method [24] and fAt is the time step of the
earthquake acceleration record. In most time history analyses, the key
parameter in the mentioned equations is ;At, which increases calcula-
tion costs. In recent years, the value of At of the earthquake records has
become smaller, which also increases the volume of calculations.

T
At < Min (h, E,fAt> (1-a)

. T . T
At < Min (h, @,fAt> OR At < Min <h,m,_/At> (1-b)

In this paper, three methods have been used to reduce the number of
recorded points for each earthquake record. The first method is the
discrete wavelet transform (DWT) which was first proposed by Salaje-
gheh and Heidari [17]. The second method is called the time step
correction (TSC) method, which was introduced by Soroushian [11] for
downsampling. The third method, which is proposed in this paper, is a
combination of the first and second method. In this section, the process
of reducing earthquake recorded points in these three methods is
presented.

2.1. Discrete wavelet transform (DWT or method 1)

Wavelet transform is a method to study the wave in the time-
frequency domain. Using this method, in addition to the frequencies
of a wave, the time of their occurrence can be also obtained. In earth-
quake engineering discipline, wavelet transform is generally used as a
tool for time-frequency analysis of earthquake waves and production of
artificial earthquake records. Lardies and Gouttebroze [25] used
wavelet transform to represent the time-frequency response and deter-
mine the natural frequencies and mode shapes of structures. Similarly,
Iyama and Kuwamura [26] utilized wavelet transform to analyze the
time-frequency characteristics of earthquake records. Kiyani et al. [27]
also performed time-frequency studies on earthquake records using
continuous wavelet transform. Huang and Wang [28] used wavelet
transform to generate artificial earthquake records compatible with a
specific site. In another relevant study, Yamamoto and Baker [15] used
wavelet packet transform to simulate the ground motion records, while
Baker [29] adopted wavelet transform as a tool to classify near fault
earthquakes. He et al. [30] used trigonometric wavelet transform as a
shape function in numerical analysis of dynamic problems and
compared it with an experimental sample. The proposed method
showed compatible results with the experimental results. Jiang and
Mahadevan [31] validated the frequency response of a structure in
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numerical and experimental models using wavelet spectrum. The
wavelet transform is also used by Schneider and Vasilyev [32]and
Mahdavi and Abdul Razak [33] to solve problems related to fluid dy-
namics and dynamic analysis of space frames, respectively.

Wavelet transform can also be used in dynamic analysis of structures
to reduce computational costs by increasing time step of earthquake
records. Previous research shows that this method has good perfor-
mance in linear and nonlinear dynamic analysis of structures [16-20,22,
34-38]. Using wavelet transform, an approximate wave of the main
earthquake record with fewer recorded points is made and it is used for
dynamic analysis of structures. Using two characteristics of scale and
shift, the wavelet transform can extract time and frequency information
of the wave at the same time. According to Fig. 1, it can be seen that
using the wavelet transform, the time of occurrence of different fre-
quencies can be extracted. Wavelet transform is divided into two general
categories: discrete and continuous. Shift and scale parameters are
discrete and continuous in discrete and continuous wavelet transform,
respectively. However, for discrete waves in time, continuous wavelet
transform can also be used.

Generally, the discrete wavelet transform is used to filter earthquake
acceleration records, while continuous wavelet transform (CWT) is
mostly used for time-frequency studies. CWT is defined according to
equation (2) [40].

+o0
1 t—1
Xwr(t,8) =— x(Ow* ( )dt 2
wies) =2z [ v (5 @

In Equation (2), the continuous wavelet function is obtained based
on two parameters, shift (z) and scale (s). In this equation, x(t) repre-
sents the input wave over time, while the mother function is represented

a
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Fig. 1. Relationship between time, frequency, and wavelet amplitude: (a) time-
series, (b) Fourier spectrum, and (c) wavelet transform.

Al (N/2)

D1 (N/2)
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by w* (* indicates it is a complex function). Based on this equation, the
scale and shift parameters change continuously.

Using discrete wavelet transform (DWT), waves can be converted
into a series of low-pass and high-pass filters. The main purpose of this
study is to reduce the recorded points of an earthquake record by con-
verting it into two waves with high and low frequencies. Therefore, the
DWT method was adopted by using the Haar wavelet function as the
mother function, as suggested by previous studies for filtering earth-
quake records [17-19,22,36]. In Equation (3), the mother function
(y*(t)) and the scale function (¢(t)) used in this study are presented as
follows:

1 0<r<05
y()=< -1 05<r<1 (3-a)
0 otherwise
1 0<t<1
o(n)= { 0 otherwise (3-b)

As shown in Fig. 2, for a signal (S), which in this paper is the
earthquake acceleration record, the number of points is assumed to be
equal to N. The signal is then converted into two high-pass (D1) and low-
pass (A1) waves using the DWT. The high-pass wave represents the wave
of details, while the low-pass wave indicates the wave of approxima-
tions. Due to the fact that the wave of details includes high frequencies
of earthquake records, it can be ignored considering an appropriate
degree of accuracy. By removing the wave of details in each step, the
number of input signal points is reduced to half of the number of points
in the previous step. Therefore, in each step, the wave of approximations
can be divided to low-pass and high-pass, while in the next step, only the
low-pass part will be utilized. Previous studies demonstrated the good
performance of this approach in reducing the computational costs of
dynamic analysis [16-20,22,34-38]. In this study, earthquake acceler-
ation records are filtered up to three steps using the DWT method (see
Fig. 2). Therefore, the number of points for waves Al to A3, which are
used instead of the main earthquake record, is one half, one quarter, and
one eighth of the main one, respectively.

The waves A and D can be calculated using the following equations,
as recommended by Mallat [39]:

A= ZS(n)g/’f (n — 2jk)

4
=12, k=1,2,..
D; =Y S(n)h(n—2k
J ; ! ! (5)
Jj=12,.. k=12,..
() =g(n) -
i1 (n) = Zhj(k)g(n —2k) )

D3 (N/8)

Fig. 2. Steps of the DWT method used in this study.
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gri(n)= Zgj(k)g(n — 2k) )

In the above equations, g and h; denote high-pass and low-pass and
filters, respectively [40]. Filters g and h; are computed using Equations
(6)—(9). The indices j, k, and n are integer counters. In each step, the S
wave is calculated based on Equation (10). Parameter j in this equation
represents the filter step

J
S=A+> D j=1,23,.. 10
i=1
Using the above equations, the wave of approximations can be ob-
tained based on the DWT method.

2.2. Time step correction (TSC or method 2)

Using downsampling methods, increasing the time step of earth-
quake records is acceptable as long as the results converge to the exact
solution with a good level of accuracy. In 2008, Soroushian [11] pre-
sented a downsampling method named time step correction (TSC) to
approximate earthquake records. In follow-up studies [11,41-45] he
demonstrated the performance of the TSC method for linear and
nonlinear analyses of regular and irregular structures in plan and height.
The performance of this method in near-field and far-field earthquake
records was also investigated [46]. According to the results, this method
has a good performance in different types of structures. The proposed
method can reduce the cost of calculations up to 90% with an error of
less than 7% [41].

As shown in Fig. 3, in the TSC method, the main earthquake record,

f(t), is converted to the approximate wave, fl In this process, the time
step of the main record (;At) is converted to fAT: ngAt,n € {2,3,...}
(time step of the approximate wave). The approximate wave in this
method is obtained based on Equation (11) [11]:

(1)
fi = O
~ 1 1 n 0 < '
fi=q 3800) + = D _[8(tiam) +8(tiwm) | O <1 S lena (11)
2 4n = )
= teud
8(t:)
In Equation (11), n’ is obtained from the following equation:
n—1
g n=2,jez* when 1 = nyAt
n= - X when t; # AL G F# 1, — 1AL
=2+1,jeZ .
2 "7 / when t; =1, — n/At
n—1

(12)

t,.q should satisfy the two conditions given in Equations (13) and
(a4.

fend <1,

— “end

< lona + 1AL (13)

;
S el (e)
f

g(t;) is then obtained from Equation (15):

when 0 < t; <t

(15)
when te,q <t; <t,,

In the above equation, t, is the duration of the original record. The
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A

® Approximate wave = Main wave

Time (s)

Amplitude

Fig. 3. Typical pattern of conversion of the main wave to the approximate
wave in the TSC method.

parameter n in Equation (12) represents the magnification scale of the
time step for the approximate wave. To ensure that the magnification
scale does not affect the accuracy of the calculations, this number should
be chosen in such a way that the time step of the approximate wave is
not greater than the time step obtained from Equation (1) [24]. The
largest value that can be considered for n (n,,,) is given by Equation
(16).

T
Nmax A1 < Min (Atc,.,fAu 7) < (max + 1),At
X ’ (16)

nmax E {27 3747 "‘}

In Equation (16), At,, represents the largest time step for the stability
of the numerical solution method, T is the effective period of the
structure obtained from modal analysis, and x is equal to 10 for linear
analysis and 100 and 1000 for nonlinear analysis neglecting or consid-
ering impact effects, respectively [41]. In this study, the value of n for
the approximate wave Al to A3 is assumed to be 2, 4, and 8, respectively
(see Fig. 4). In this figure, S (N) is the main record with the total number
of N data points, which is converted to Al to A3 approximate waves
using the TSC method. The number of data points of Al, A2 and A3 is
one half, one quarter, and one eighth of S (N), respectively. This is
similar to the DWT method and makes it possible to compare the results.

2.3. Wavelet time step correction (WTSC or method 3)

In this section, a new method is presented for improving the per-
formance of the previous two methods. In the DWT method, in each
wavelet filter stage, the wave of approximations of the previous stage is
used. In each stage of the filter, by removing the wave of details, the
number of wave points of the new approximation becomes half of the
previous stage. Previous studies showed that removing the wave of de-
tails in the second and third stage creates error and the first stage wave
of approximations has the best performance since it is extracted from the
main record directly. In addition, in the TSC method, the frequency
content is not directly considered in the process of making approximate
waves, and hence the frequency content of the main record may be lost.

Al (N/2)

S (N) A2 (N/4)

A3 (N/8)

Fig. 4. Time step correction approximate waves.
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S(N)

Al (N12)

D1 (N/2)
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Fig. 5. The WTSC method approximate waves.

Therefore, it is expected that combining these two concepts together will
reduce errors in the computational process. The combined method
proposed in this study is called Wavelet Time Step Correction (WTSC)
hereafter. In this method, an approximate wave (A1) of the main
earthquake record is generated using the DWT method, and therefore, it
is the same as Al in the DWT method. The second and the third
approximate waves (A2 and A3) are then generated from Al using the
TSC method (see Fig. 5). The number of data points of A1, A2 and A3 is
similar to approximate waves of the DWT and the TSC methods.

3. Analysis of single degree of freedom (SDOF) systems

To evaluate the performance of the three mentioned methods in the
previous section, first the linear and nonlinear acceleration spectra for
the main records and their approximate waves are compared. For this
purpose, different sets of earthquake records of FEMA 440 [47] are used.
These record sets correspond to four different sites, representing class B,
C, D and E (very soft) soil conditions. The fifth set corresponds to
earthquake records influenced by near fault effects. Each set contains 20
earthquake records. In this paper, the acceleration spectra of different
sets for behavior factors of 1, 2, 4, 6, and 8 are obtained. In the
following, the results obtained from each method are presented sepa-
rately. In the tables and figures presented, main represents the results
obtained from the main earthquake records, while Al to A3 represents
the results obtained from approximate waves. In the following, for
different methods, the maximum error for the average response spec-
trum of each set is calculated. This error is obtained based on equation
(17). In equation (17), parameters Syqing and Sajr are the average ac-
celeration response spectrum of the main earthquake records and
approximate waves for the behavior factors R, respectively.

N ain — Sy
B (50 = ma | = S

) x 100 17)

SMain,R
3.1. Results of the DWT method

In this section, the acceleration response spectra of different earth-
quake records are studied using the DWT method. As mentioned before,
at each stage of the wavelet transform, the detail wave, which includes
high frequencies of the main wave, is removed from the calculations.
Thus, if the predominant frequency content of the earthquake record
includes high frequencies, application of the DWT method may lead to
considerable errors. Fig. 6 shows the acceleration wave for two main
earthquake records and their wavelet filters (from the Loma Prieta and
the Northridge earthquakes). As can be seen, in the Loma Prieta earth-
quake record, waves of details have small amplitudes up to the third
stage. On the other hand, in the Northridge earthquake record, the wave
of details in the first stage of the wavelet filter has a high amplitude.

Therefore, it can be expected that the wavelet filter has a better per-
formance in the case of the Loma Prieta earthquake record. In Fig. 6, Al
to A5 and D1 to D5 waves show the waves of approximations and details
of the first to the fifth stages of the wavelet filter, respectively. As can be
seen, in the fourth and the fifth stages, the amplitude of the wave of
details is approximately equal to the wave of approximations. Therefore,
in this study the wavelet transform is only used up to the third stage.
This conclusion is consistent with the findings of Heidari et al. [37] and
Dadkhah et al. [22].

Fig. 7 compares the elastic acceleration response spectra of the Loma
Prieta and the Northridge earthquakes for the main records and the
approximate waves. Response spectra for all approximate waves of the
Loma Prieta earthquake record are well matched with the main record
spectrum, while for the Northridge earthquake record, A2 and A3 waves
response spectra are not in good agreement with the main record
response spectrum. According to Fig. 7, only Al approximate wave can
be used instead of the main record of the Northridge earthquake with
acceptable error.

It can be seen from Figs. 6 and 7 that if the wave of details has a high
amplitude, its effects cannot be disregarded and using the wave of
approximation may lead to unacceptable errors. This indicates that if the
frequency content of the main record includes high frequencies, its wave
of details will have an important role in the characteristics of the record.
To demonstrate this, the Fourier spectra of the mentioned earthquake
records are plotted in Fig. 8. This figure shows that the Fourier spectrum
for the Northridge earthquake record has a significant amplitude for
frequencies up to 10 Hz, while the frequency content of the Loma Prieta
earthquake is limited to frequencies below 5 Hz. Studies have shown
that the DWT method has a better performance for earthquakes whose
frequency content includes low-pass frequencies [22,36]. This principle
can be used in selecting the number of wavelet filters for the main
earthquake record and also to find out that the DWT method can be
applied on which records. The large difference in the acceleration
response spectrum of the A3 wave for the Northridge earthquake record
makes the use of the DWT method ambiguous. However, it is necessary
to study this issue for different earthquake records, which will be
explained in the following.

Fig. 9 compares the mean elastic acceleration response spectra of
different record sets for the main records and approximate records ob-
tained using the DWT method. It can be seen that the results are, in
general, in good agreement, and especially for A1 and A2 approximate
waves, response spectra are well matched. In most record sets, the
maximum difference between the main and approximate records
response spectra occurred in periods less than 1 s, and for structures with
longer periods the error was negligible. Using A2 wave instead of the
main earthquake record in all sets, and using A3 wave instead of the
main earthquake record in very soft soils and near-fault sets led to a
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Fig. 6. Main acceleration records and wavelet filters of: (a) the Northridge earthquake (NRATB090) and (b) the Loma Prieta earthquake (LPBRK090) both recorded
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small error in calculating response spectrum.

Given the promising results of the A3 wave in estimating the elastic
response spectrum, this wave is examined to predict the inelastic
response spectrum in Fig. 10. In this figure, the mean elastic and in-
elastic response spectra (R = 1, 2, 4, 6, 8) for A3 waves are compared
with those of the main records. The results confirm the proper agree-
ment of the response spectrum obtained from A3 waves and main

records and only in the record sets of soil type B and D, the difference
between the results can be noticed. Again, the largest error in estimating
the response spectrum is related to systems that have a period of less
than 1 s. Also, by increasing the nonlinear behavior of the systems (i.e.
increasing the behavior factor), the error of using the DWT method is
generally reduced.

Table 1 presents the maximum error of estimating the mean
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acceleration response spectra by using Al, A2, and A3 waves for
different behavior factors in the period range of 0-5 s. Like the previous
results, at all sites and for all approximate waves, the maximum error
decreases with increasing behavior factor (increasing nonlinearity). The
maximum errors of Al, A2, and A3 waves in all sets of records are 8%,
18%, and 58%, respectively, which mostly occurs in estimating the
elastic response spectrum. According to the results presented in Table 1,
the maximum error of the DWT method for A2 waves and especially A3
waves is high, which indicates the use of this wave for some records
should be done with extreme caution.

3.2. Results of the TSC method

Fig. 11 shows the acceleration of the original record and the
approximate records obtained from the TSC method for the Loma Prieta
and Northridge earthquakes. Similar to the DWT method, the approxi-
mate waves of the Loma Prieta earthquake record are well-matched with
the original record, however this is not the case for the Northridge
earthquake record. For a better comparison of the two methods, the

acceleration response spectra of the approximate records by the TSC
method and the main records are compared in Fig. 12 for the two
mentioned earthquakes. Comparing this figure with Fig. 7 indicates that
the performance of the TSC method is generally better than the DWT
method for earthquake records with high frequency content. Besides,
Fig. 12 shows that in the Northridge earthquake record, A2 wave leads
to an acceptable error while in the DWT method only Al wave is
acceptable.

Fig. 13 compares the mean elastic acceleration response spectra of
different record sets for the main records and approximate records ob-
tained using the TSC method. The agreement between the resulting
spectra is appropriate and again in this method, the maximum error
occurs in systems with a period less than 1 s. The A3 waves obtained by
the TSC method generally have better performance than the A3 waves
obtained by the DWT method, and these waves have the best perfor-
mance in very soft soil and the worst performance in soil type B records
set. As a general conclusion, the use of A3 waves in this method is
acceptable leading to reasonable errors. In the DWT method, the ac-
celeration response spectra of the approximate records are higher than
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Table 1
Maximum error of different sites for the DWT method.

Maximum error of mean acceleration spectrum for soil type B (%)

Wave R=38 R=6 R=14 R=2 R=1
Al 8.09 7.41 6.37 8.38 6.51

A2 13.90 14.51 15.36 16.43 18.10
A3 47.51 48.87 51.19 52.81 58.24

Maximum error of mean acceleration spectrum for soil type C (%)

Wave R=8 R=6 R=4 R=2 R=
Al 2.58 2.71 3.18 3.45 3.11
A2 12.61 13.06 13.63 13.47 15.37
A3 19.21 19.63 19.97 22.85 23.08

Maximum error of mean acceleration spectrum for soil type D (%)

Wave R=38 R=6 R=14 R=2 R=
Al 4.09 4.21 4.37 4.48 4.87
A2 13.58 14.30 14.73 15.31 16.24
A3 39.28 41.05 43.68 46.82 48.86

Maximum error of the mean acceleration spectrum for the near-fault site (%)

Wave R=38 R=6 R=14 R=2 R=1
Al 0.97 0.98 1.33 2.15 2.93

A2 3.32 3.65 3.92 6.46 11.03
A3 8.69 9.94 10.46 17.88 18.92

Maximum error of mean acceleration spectrum for very soft soil (%)

Wave R=8 R=6 R=4 R=2 R=
Al 1.22 1.29 1.35 1.87 2.03
A2 4.74 4.99 4.99 5.76 13.52
A3 9.14 9.04 9.49 10.91 24.55
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Fig. 11. Main acceleration records and the TSC method approximate waves of (a) the Northridge earthquake (NRATB090) and (b) the Loma Prieta earth-
quake (LPBRK090).
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Fig. 13. Mean elastic acceleration response spectra of the main records and approximate ones obtained from the TSC method.

the response spectra of the main records, but this is opposite in the TSC
method. As a result, application of the TSC method should be done with
caution as it may lead to considerable errors.

Fig. 14 compares the mean of the elastic and inelastic acceleration
response spectra for the A3 waves of the TSC method with the corre-
sponding main records response spectra. The compatibility of the
response spectra is appropriate for the A3 wave at all sites and for all
behavior factors, which is especially evident for systems having a period
more than 1 s. It can be also noted that by increasing the behavior factor
of the systems, the error of using the TSC method is reduced.

Table 2 presents the maximum error of estimating the mean accel-
eration response spectra by A1, A2 and A3 waves obtained from the TSC
method for different behavior factors in the period range of 0-5 s. The
maximum errors of A1, A2, and A3 waves in all sets of records are 10, 25,
and 39%, respectively, which mostly occurs in estimating the elastic
response spectrum. Comparing the maximum error of the DWT method
with the TSC method shows that the maximum error of the TSC method
for the A3 wave is significantly lower in soil types B, C, and D. However,
in very soft soil sites and near-fault earthquake events, in some cases, the

10

maximum error of the DWT method is less than the TSC method.
3.3. Results of the WTSC method

In this section, the adequacy of the approximate records obtained
using the WTSC method are examined. It is worth noting that since Al
wave in this method is obtained using the DWT method, this wave is the
same as Al wave of the DWT method. Fig. 15 compares the mean elastic
acceleration response spectra for different record sets of the main re-
cords and their corresponding approximate records obtained using the
WTSC method. By comparing this figure with Figs. 13 and 9, it can be
concluded that this method can also provide a good estimate of the
response spectra of the main records. Similar to the TSC method, the
approximate waves acceleration response spectra have values less than
the main record response spectra. In this method, the A3 waves have the
best performance in very soft soil (type E) and the worst estimate for soil
type B. For structures with a period of more than 1 s, this method out-
performs the DWT and TSC methods. Fig. 16 compares the mean elastic
and inelastic acceleration response spectra for the A3 waves obtained
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Fig. 14. Mean elastic and inelastic acceleration response spectra of the main records and A3 waves obtained from the TSC method (R =1, 2, 4, 6, and 8).

from the WTSC method and the main records response spectra. Com-
parison between this figure with Figs. 10 and 14, confirms the results
discussed before.

Table 3 presents the maximum error of estimating the mean accel-
eration response spectra by using Al, A2 and A3 waves obtained from
the WTSC method. The maximum errors of Al, A2, and A3 waves in all
sets of records are 8%, 25%, and 42%, respectively, which mostly
occurred in estimating the elastic response spectra. Comparing the
maximum error in the DWT method with the WTSC method shows that
the maximum error of the WTSC method for the A3 wave is significantly
lower. It can be noted that the maximum error of this method for the A3
wave in most cases is similar to the TSC method.

3.4. Investigation of the average error of A3 waves in different methods

This section aims to examine the accuracy of the proposed methods
for a wide range of periods. Due to the fact that the A3 wave obtained by
the TSC and the WTSC methods showed good performance, the average
error of A3 waves in different methods is considered as the main crite-
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rion calculated by using Equation (18). In this equation, E, n, and R are
the number of earthquake records, the number of single degree of
freedom (SDOF) systems with equally spaced periods ranging from 0 to
5 s, and the number of behavior factors, respectively. Moreover, Sire Main
represents the calculated acceleration response spectrum for the main
ground motion records, while S 43 is the corresponding value form the
A3 wave.

Evipean =

Sire.Main - Sire,AS) % 100

S[re,Main

(LS
E n R)4&o (18)

i=1
E=20,n=101,R=5

Fig. 17 shows the mean error of different methods for different
behavior factors and different sites. The results indicate that the average
error for the TSC method and the WTSC method is significantly lower
than the DWT method. The average error for the two methods of TSC
and WTSC in all sites is in the range of 5-10%. Unlike the maximum
error, which decreased with increasing the behavior factors, the trend of
changes in the average error in different sites is not the same. It can be
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Table 2
Maximum error of different sites for the TSC method.
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Maximum error of mean acceleration spectrum for soil type B (%)

Wave R=8 R=6 R=4 R=2 R=1
Al 6.02 6.74 7.59 9.13 9.83
A2 16.54 19.42 22.46 24.57 24.70
A3 23.13 26.94 32.67 37.61 39.19
Maximum error of mean acceleration spectrum for soil type C (%)

Wave R=8 R=6 R=4 R=2 R=
Al 3.00 3.08 4.59 5.18 5.59
A2 8.40 8.73 10.48 12.47 12.27
A3 14.48 17.71 20.32 22.75 24.18
Maximum error of mean acceleration spectrum for soil type D (%)

Wave R=38 R=6 R=4 R=2 R=
Al 5.07 5.56 7.28 7.63 8.53
A2 15.25 17.22 19.32 21.39 21.52
A3 23.50 26.28 28.71 33.46 34.16
Maximum error of the mean acceleration spectrum for the near-fault site (%)

Wave R=8 R=6 R=4 R=2 R=1
Al 2.57 2.59 3.20 3.99 4.97
A2 6.58 8.11 8.80 11.74 12.05
A3 15.86 17.63 20.69 25.18 26.72
Maximum error of mean acceleration spectrum for very soft soil (%)

Wave R=8 R=6 R=4 R=2 R=
Al 1.87 1.85 1.85 3.23 3.38
A2 5.15 5.63 5.90 8.36 9.40
A3 10.27 11.46 12.48 13.97 13.61

judged that increasing the time step by 8 times in all linear and nonlinear
analyses using both the TSC and the WTSC methods is very efficient.
Also, the error of the WTSC method is often less than the other methods,
which confirms its higher efficacy.

4. Computational cost for different approximate waves

As mentioned before, the number of approximate wave points of Al,
A2 and A3 is one half, one quarter, and one eighth of the main earth-
quake records, respectively. This reduction in the number of points is
expected to reduce the cost of calculations. Table 4 shows the calcula-
tion time (in seconds) of the acceleration response spectrum for different
behavior factors. As mentioned earlier, each site contains a set of 20
earthquake records. The time presented for each site in Table 4 is the
total calculation time to obtain the acceleration response spectrum of 20
earthquake records. Since the computation times for different methods
were relatively close, the following results are only presented for the
WTSC method. It can be seen that using A3 wave in most cases reduced
the cost of analysis by more than 80%.

5. Seismic performance of structures based on approximate
waves

It was shown in previous sections that the application of presented
downsampling methods can greatly improve the computational effi-
ciency of time history analysis. But in some earthquake records, the
resulting error was not acceptable, which highlights the importance of
the selection of earthquake records that are suitable for downsampling.
To enhance the precision of downsampling techniques in practical
implementations, it is advisable to assess their impact on the outcomes
of SDOF systems, and subsequently choose the most effective ones for
practical application of more complex MDOF systems. In this section, the
practical application of the proposed downsampling methods in com-
plex structural systems is investigated by selecting the most suitable
earthquake records. Seven earthquake records are selected from 40 re-
cords of soil type C and D sets, as a minimum recommended number by
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most seismic codes for time history analysis of the structures [48]. The
selected records are chosen to have the lowest mean error in all the three
downsampling methods in SDOF systems, while the error of all methods
is not necessarily equal. Table 5 presents the characteristics of the
selected earthquake records. To assess the efficiency of the proposed
downsampling methods for practical applications, two complex struc-
tures, one equipped with viscous dampers and the other one equipped
with seismic isolators are considered. It is assumed that these structures
are located on a site with Sg, F,, S; and Fy equal to 1.4, 1.0, 0.5 and 1.8,
respectively, based on ASCE 7 [48]. The selected records are scaled
based to be consistent with the seismic hazard level of the site.

Previous studies showed that the time history of velocity is one of the
important characteristics of ground motion records [1,49,50]. There-
fore, Fig. 18 shows the time history of velocity of the main and
approximate selected records using different downsampling methods. In
general, it can be seen that in the DWT method, the time history of
velocity is in very good agreement with the main earthquake record.
However, in the TSC method, in some earthquake records (E(1) and E
(4)), the time history of velocity of the A3 wave is slightly different from
that of the main record. This difference (error) is reduced in the WTSC
method.

5.1. Structure equipped with viscous dampers

In this section, the results of a 6-story steel structure equipped with
viscous dampers is presented. The plan of the structure is adopted from
FEMA P-1051 [51] as shown in Fig. 19. The viscous dampers are
designed based on the method presented by Christopoulos and Filia-
trault [52]. Accordingly, in the first and second stories of each frame
equipped with the dampers, two 50 kip — sec/inch viscous dampers are
used while for the other stories, one 50 kip — sec/inch viscous damper is
utilized. The values of A, and A, (representing possible total variation
in damper properties above or below the nominal values) are considered
to be 1.15 and 0.85, respectively [51]. The plan of the structure and the
view of the frames equipped with the dampers are shown in Fig. 19.

Time history analyses were performed using the seven selected
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Table 3
Maximum error of different sites for the WTSC method.
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Maximum error of mean acceleration spectrum for soil type B (%)

Wave R=8 R=6 R=4 R=2 R=1
Al 8.09 7.41 6.37 8.38 6.51
A2 16.19 19.62 22.92 25.27 24.97
A3 25.31 28.10 34.17 39.87 42.14
Maximum error of mean acceleration spectrum for soil type C (%)

Wave R=8 R=6 R=4 R=2 R=
Al 2.58 2.71 3.18 3.45 3.11
A2 7.38 8.11 10.40 12.13 12.47
A3 16.43 18.42 22.04 24.71 24.44
Maximum error of mean acceleration spectrum for soil type D (%)

Wave R=38 R=6 R=4 R=2 R=
Al 4.09 4.21 4.37 4.48 4.87
A2 15.03 17.06 19.09 21.31 21.30
A3 25.19 27.78 30.73 34.05 35.96
Maximum error of the mean acceleration spectrum for the near-fault site (%)

Wave R=8 R=6 R=4 R=2 R=1
Al 0.97 0.98 1.33 2.15 2.93
A2 6.46 8.11 8.41 11.26 13.18
A3 16.35 18.15 21.66 26.51 29.61
Maximum error of mean acceleration spectrum for very soft soil (%)

Wave R=38 R=6 R=4 R=2 R=
Al 1.22 1.29 1.35 1.87 2.03
A2 4.71 5.19 5.70 8.33 9.03
A3 10.65 11.74 12.58 13.91 15.04

earthquake records listed in Table 5 and their approximate waves (A1 to
A3) obtained from the three mentioned downsampling methods. As
expected, application of the A3 wave greatly reduced the computational
cost of the analyses. For example, using the A3 waves obtained from the
WTSC method could reduce the computational cost by up to 90%.
Table 6 shows the maximum error for estimating damper forces, base
shear, and roof displacement of the structure for the A3 waves. The error
in the estimation of roof displacement in the DWT method in one of the
earthquake records has reached 11%, while it was less than 3% when the
WTSC method was used. For other response parameters, the resulting
errors of the TSC and the WTSC methods were less than the DWT
method. The average error in the estimation of the above-mentioned
response parameters for the A3 waves in the TSC and WTSC methods
is less than 2%, while in the DWT method the average error is more than
5%. It can also be concluded that if the earthquake records with mini-
mum error for SDOF systems are chosen, the error of all downsampling
methods will be acceptable for this case study structure.

As an example, Fig. 20 illustrates the hysteresis curves of one of the
dampers for two earthquake records and their approximate waves.
Although there are differences in the hysteresis curves of approximate
waves with the response of the original records, in general, the results
compare very well. The best matching of the damper hysteresis curves is
observed in the approximate waves obtained from the WTSC method,
while the lowest matching is for the approximate waves obtained from
the DWT method. A similar conclusion was obtained for other earth-
quake records and dampers.

5.2. Structure equipped with seismic isolators

In this section, a 15-story steel structure equipped with lead rubber
bearings is considered. The plan and view of this structure are shown in
Fig. 21. It should be mentioned that the plan of the structure is adopted
from FEMA P-1051 [51]. The seismic isolators are designed based on the
method presented by Constantinou et al. [53,54]. The specifications of
the isolators are presented in Table 7. In this table, G is the elastic shear
modulus of the rubbers, oy, is the lead core yield stress, kg and kg (g are

the post-elastic stiffness for each isolator and the whole isolator system,
respectively, Qg and Qq a1 are the yield strength of each isolator and the
whole isolator system respectively, Dy, ky, Ty, and f; are the maximum
displacement, effective stiffness, effective period and effective damping
of the isolator system, respectively.

Table 8 presents the maximum errors for isolators forces, base shear,
and roof displacement for the selected structure obtained based on time
history analyses. It can be seen that, in general, the TSC and WTSC
methods have better performance than the DWT method in this struc-
ture. Overall, the results indicate that the WTSC method provided the
most reliable estimations with the average error close to 1% for all the
response parameters. This is confirmed by comparison of the hysteresis
curves of the isolators for the main records and the approximate waves
as shown in Fig. 22.

6. Summary and conclusions

In this paper, the accuracy of three different downsampling methods
for generating approximate earthquake records is examined for pre-
dicting the non-linear seismic response of complex structures. The
downsampling methods considered include the discrete wavelet trans-
form method (DWT) and the time step correction method (TSC), which
were previously proposed, as well as the wavelet time step correction
method (WTSC) that is presented in this paper for the first time. Linear
and nonlinear response spectra of the original records and their
approximate waves, filtered up to three levels, are compared for five sets
of ground motions corresponding to different soil types. Subsequently,
the practical applications of these methods are demonstrated for two
case study structures, one equipped with viscous dampers and the other
one equipped with seismic isolators. Based on the presented results, the
following conclusions can be drawn:

e The proposed downsampling methods are not applicable for earth-
quake records with high frequency contents (above 5 Hz), especially
if the DWT method is used. For such records, only one filtering step
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Fig. 17. Comparison of the average error of A3 waves for different methods.

Table 4

Computation time to obtain the acceleration response spectra for different behavior factors and different sites.
Wave Computation time (sec)

Site B Site C Site D Near-Fault Very soft soil

Main 1257 1306 1234 1006 1444
Al 677 686 663 553 815
A2 386 392 369 313 446
A3 262 242 241 205 278

Table 5

Specifications of selected earthquake records.
Name of the records Earthquake Station name Site Time Step Magnitude (Ms) NPTS PGA (g)
E(1) Loma Prieta Anderson Dam, Downstream C 0.005 7.1 7921 0.24
E(2) Loma Prieta Fremont, Mission San Jose C 0.005 7.1 7990 0.12
E3) Loma Prieta Gilroy, San Ysidro Microwave site C 0.005 7.1 7991 0.17
E4) Morgan Hill Gilroy, Gavilon College Phys Sci Bldg C 0.005 6.1 7991 0.36
E(5) Imperial Valley Calexico, Fire Station D 0.005 6.8 7561 0.28
E(6) Loma Prieta Hayward, John Muir School D 0.005 7.1 7990 0.17
E(7) Whittier Narrows WNDWN180 D 0.005 6.1 7999 0.22
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Fig. 19. Plan and view of the structure equipped with viscous dampers.
Table 6
Results for viscous damper example errors.
Record Method Maximum damper force error (%) Roof displacement error (%) Base shear error (%)
E(1) A3, DWT 1.37 6.31 3.21
A3, TSC 0.53 1.18 1.57
A3, WTSC 0.08 0.57 1.40
E(2) A3, DWT 2.97 9.49 7.71
A3, TSC 1.78 0.32 0.44
A3, WTSC 1.55 1.21 0.90
E®) A3, DWT 0.41 1.05 1.34
A3, TSC 1.46 4.36 0.98
A3, WTSC 1.22 2.84 0.41
E4) A3, DWT 3.23 11.06 4.67
A3, TSC 2.48 1.88 2.75
A3, WTSC 2.15 0.68 1.01
E(5) A3, DWT 1.42 5.37 2.67
A3, TSC 3.50 0.21 1.09
A3, WTSC 4.17 0.79 2.72
E(6) A3, DWT 0.26 3.13 1.14
A3, TSC 1.07 0.78 2.86
A3, WTSC 1.35 0.16 2.15
E(7) A3, DWT 0.29 1.58 0.55
A3, TSC 0.99 1.87 1.98
A3, WTSC 1.00 0.19 3.03
Error Average A3, DWT 1.41 5.42 3.03
A3, TSC 1.68 0.95 1.66
A3, WTSC 1.64 0.91 1.65
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Fig. 21. Plan and view of the structure equipped with seismic isolators.
Table 7
Lead rubber bearings specifications.
Isolator parameters
G oy kq ka total Qq Qu total Dum km Tn Pu
(ksi) (ksi) (kips/in) (kips/in) (kips) (kips) (in) (kips /in) (sec) (%)
0.054 1.16 9.66 338.27 113.35 3967.40 20.00 536.20 2.90 23.00
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Table 8
Results for base isolator example errors.
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Record Method Maximum isolator force error (%) Roof displacement error (%) Base shear error (%)
EQ1) A3, DWT 2.76 6.35 2.77
A3, TSC 3.47 8.71 3.47
A3, WTSC 0.86 2.25 0.87
E(2) A3, DWT 2.01 4.73 2.07
A3, TSC 0.06 0.23 0.08
A3, WTSC 0.38 1.15 0.40
E(3) A3, DWT 1.43 2.39 1.48
A3, TSC 0.67 0.01 0.67
A3, WTSC 0.11 0.27 0.12
E(4) A3, DWT 5.94 10.10 5.95
A3, TSC 0.05 2.01 0.14
A3, WTSC 2.42 1.21 2.48
E(5) A3, DWT 3.78 4.79 3.78
A3, TSC 0.64 0.77 0.64
A3, WTSC 0.24 0.41 0.24
E(6) A3, DWT 2.15 2.09 2.16
A3, TSC 0.31 0.38 0.33
A3, WTSC 1.36 0.40 1.40
E(7) A3, DWT 1.16 1.96 1.17
A3, TSC 0.01 5.10 0.04
A3, WTSC 1.86 1.72 1.85
Error Average A3, DWT 2.74 4.62 2.76
A3, TSC 0.74 2.45 0.78
A3, WTSC 1.02 1.05 1.04
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Fig. 22. Isolator hysteresis curves for two records.

for the DWT method and two filtering steps for the TSC and WTSC
methods are recommended.

The resulting error of all the three downsampling methods is affected
by the soil type. The use of the TSC and WTSC methods is acceptable
for all soil profiles when the A3 approximate waves are used. How-
ever, in the case of DWT method, using the A2 approximate waves
leads to more accurate results.

In general, regardless of the adopted downsampling method, the
maximum errors were observed in the structures with a period less
than 1 s. As the nonlinear behavior of the structures increases, the
accuracy of all the downsampling methods generally increases. This
indicates that changes in the dynamic characteristics of non-linear
systems can be reasonably disregarded in practical applications.

e It is suggested to select earthquake records with the lowest error in

their approximate waves based on the results of SDOF systems. It is
shown that if these approximate waves are used in nonlinear time
history analysis of complex structural systems, all the three down-
sampling methods lead to acceptable results while they can consid-
erably reduce the computational costs of the analyses by 90%.
However, it is shown that the proposed WTSC method clearly out-
performs the DWT and TSC methods and can predict the non-linear
seismic response parameters with an average error between 1 and
2%.
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