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Abstract

The dynamic time history analysis is the most accurate method for calculating the structure response relative to the vibrating load. 

The use of this method is time-consuming due to the long-duration earthquakes and is generally less commonly used. Wavelet trans-

forms are one of the new methods for filtering waves. The duration of a strong ground motion is actually a concept that can be used 

to turn an earthquake with a long time into an earthquake with a shorter time. In this paper, two concepts of filtration using wavelet 

transform and the use of a duration of strong ground motion are used for the time history analysis of structures. For this purpose, the 

acceleration of the earthquake in 5 states was filtered by wavelet transform. In each stage, the high and low frequencies are separated, 

and the number of earthquake acceleration points is half-past. Then the beginning and the end of the main earthquake and the 

approximate waves obtained from the wavelet transform are removed using the concept of the duration of the strong ground motion. 

Finally, two two-dimensional and three-dimensional structures are analyzed using the main earthquake and the waves obtained by 

combining the two concepts of wavelet transform and the duration of strong ground motion. The results show that by reducing the 

number of acceleration points of the main earthquake record to more than 95%, the dynamic response error is less than 8%.
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1 Introduction
With the expansion of cities and the increase in popula-
tion and the need for high-density buildings, engineers 
have to move more and more to recognize the earthquake 
as a destructive, accidental, and indeterminate force. The 
earthquake is an influential force in the design of struc-
tures. One of the important parameters in determining the 
earthquake specification is its frequency content  [1,  2]. 
The serious approach of researchers and practitioners in 
accepting this phenomenon, not in its devastating way, 
but in recognizing as much as its related sciences have 
led to the preparation and compilation of books, essays, 
and articles throughout the world  [3]. Earth movements 
are recorded by accelerometers and seismographs. 
Seismographs are very sensitive devices that can record 
earthquake-induced earthquake events. Data from seismic 
devices cannot be used directly in earthquake engineer-
ing, since they are not able to record strong earth move-
ments at distances close to earthquake centers [4]. Unlike 

seismographs, accelerometers are very suitable for instal-
lation near active earthquake centers and active faults and 
in important structures, and they can record acceleration 
that is important in earthquake engineering [5].

By examining the records recorded in various earth-
quakes, it is observed that the use of the total duration of 
the earthquake is time-consuming. For this reason, the use 
of a part of the earthquake with its predominant energy 
has been found among researchers. The total duration 
of an earthquake depends on factors such as earthquake 
magnitude. Several methods have been proposed to cal-
culate the important duration of acceleration. In refer-
ence [6], the enclosed time period, in which the time inter-
val between the first and the last amplitude of acceleration 
is greater than a certain value (usually 0.05 g), was consid-
ered as a time of strong motion. Trifunac and Brady [7, 8] 
defined the period of strong vibration as a time interval 
in which the square integral of the accelerations is a way 
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of achieving strong ground motion. They chose the time 
interval between 5% and 95% as a strong motion.

There are different methods for determining the dura-
tion of a strong earthquake, and in this article, two of them, 
namely uniform and significant duration, have been stud-
ied. In most seismological studies for investigating earth-
quake acceleration, its significant time is investigated. 
Research shows that the effect of strong ground motion 
duration plays an important role in distributing energy to 
the structure and causing damage [7, 8].

The dynamic response of structures is determined for 
the strong ground motion using one of the methods for ana-
lyzing the spectrum of response or time history analysis. 
Generally, for the seismic analysis of important structures 
such as power plants, dams, tall structures, suspended 
bridges, and the study of the vulnerability of structures, 
it is necessary to analyze the time history. On the other 
hand, dynamic analysis in these structures is time con-
suming, so in this type of structure, it is necessary to use 
methods to reduce computational costs.

In this paper, in addition to the concept of strong earth-
quake duration, wavelet transforms (WT) have also been 
used to reduce the duration of the dynamic analysis. 
In  this method, in each step, the number of accelerated 
earthquake mapping points was reduced to half of the pre-
vious points, so that in the first step of fifth, the number of 
main earthquake points was 32 times lower.

The WT has been around for about three decades [9]. 
The history of the use of wavelet theory for dynamic anal-
ysis of structures dates back to about 18 years ago  [10]. 
From a mathematical point of view, the transform pro-
vides more information about the crude wave. An earth-
quake wave is an unstable wave because its frequencies 
do not occur during the entire time of the wave, and at 
different moments have different frequencies. In the ref-
erence  [10], the dynamic response of the structures was 
calculated using discrete wavelet transforms (DWT) that 
were combined with the fast Fourier transform method. 
The results showed that the required time in this method 
was half the time in the common analysis, and its error 
was less than 2%.

One of the best methods for analyzing the earthquake 
wave is the use of WT. The WT is divided into two groups: 
continuous and discrete. Given the nature of the earth-
quake acceleration, DWT is more appropriate [11]. 

In [12], structures were optimized using an wavelet 
network. To optimize the modified genetic method, which 
was combined with simulated annealing (SA), was used 

to reduce the dynamic computations. For this purpose, 
after separating the high and low frequencies of the earth-
quake, the number of accelerated earthquake points was 
reduced, then the wavelet function was used as the stimu-
lation function in the neural network. The analysis time in 
this method was about 10% of the time used by the neural 
network, while its error was less than 8%.

Heidari and Majidi [13] using discrete wavelet theory, 
reduced the calculations in the earthquake displacement 
curve and earthquake speed curve by more than 93 percent. 
They showed that by using the Haar wavelet function, the 
calculations could be reduced by an error of less than 5%.

Majidi and Heidari [14] in another study, could investi-
gate the relationship between earthquake frequencies and 
the natural frequency of structures using discrete wave-
let theory. In this study, they used a wavelet transform 
method as an alternative to modal analysis.

In [15], the dynamic analysis of the structure was per-
formed using a wavelet neural network, in this paper, the 
error was negligible, while the analysis time was reduced 
by 90%.

In [16], the dynamic response of the structure for five 
stages was estimated using wavelet transformation. The 
results showed that with increasing each stage, the time of 
the analysis was halved, and the error was doubled.

In [17] wavelet theory and genetic methods were used 
for earthquake optimization analysis. The error rate was 
about 2%, and the time needed to optimize was 15% of the 
time when the wavelet was not used.

Furthermore, using earthquake acceleration analy-
sis and using dynamic analysis, the structures were opti-
mized by a genetic method. The results clearly showed the 
ability of the method to reduce the optimization time [18].

In [19], the non-linear response spectrum of the struc-
tures was calculated using the wavelet transforms. Results 
showed that the error in using the wavelet transforms, 
in this case, was less than 10%.

The cost of calculations is more important in elasto-
plastic analysis than in elastic analysis [20, 21]. Because 
generally, with the nonlinearity of the structure, the cost 
of calculations also increases. In this regard, Kamgar 
et al. [22] examined the performance of WT in a 7-story, 
two-dimensional structure. The results of this paper 
showed the optimal performance of wavelet transform in 
this category of problems.

In a study, Kamgar et al. [23] examined the perfor-
mance of WT in the analysis of linear single-degree-free-
dom-systems. In this study, the record of earthquakes of 
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far-fault and near-fault was evaluated. The results of this 
paper showed that using the approximate wave of the third 
level has the error of less than 10%.

One of the challenges of incremental dynamic analysis 
(IDA) is the high cost of computing. Using wavelet trans-
form to reduce the cost of computing can also be helpful in 
this area. Dadkhah et al. [24] examined the performance of 
using WT for IDA in a 6-story, 2D structure. In this study, 
15 earthquake records were investigated. Examination of 
the displacement response, drift, and base shear showed 
that the calculation error for the approximate wave obtained 
from the third stage is always less than 10%.

Other time-consuming dynamic problems are those 
dynamic analyzes that consider the effects of soil-struc-
ture interaction. Kamgar et al. [25] in a study investi-
gated the performance of wavelet transform in soil-struc-
ture interaction problems. In this study, by examining the 
structures of 20, 25, 30, and 35 story, they showed that the 
last reliable approximate wave is related to the third level 
of wavelet transform.

Javadanian et al. [26] examined the use of the wavelet 
method to obtain site responses. In this study, only the sin-
gle-degree response of freedom systems was examined. 
The results presented in this paper also showed the proper 
performance of the approximate third wave obtained from 
the wavelet transform.

Analysis of peridynamic models is another time-con-
suming dynamic issue. In this regard, Majidi et al. [27] 
examined the performance of WT in reducing the cost of 
calculations in such problems. The Sarpol-e Zahab earth-
quake was also studied in this study. The results of this 
study showed that the dynamic response of the structure 
and the shape of the crack in the studied concrete beams 
had a suitable accuracy for the approximate wave of the 
third and fourth levels.

Previously, the use of strong ground motion duration and 
wavelet transform separately has been proposed in various 
studies and for different problems in order to reduce the 
cost of calculations. This means that one group of studies 
reduces the loading time to reduce the cost of dynamic 
analysis calculations of structures under earthquake vibra-
tion, and another group modifies the earthquake time step 
(down-sampling methods). In this study, the use of these 
two methods simultaneously to reduce the cost of calcu-
lations in the dynamic analysis is investigated. In fact, 
in this study, both the duration of the earthquake record 
is reduced, and the time step of the earthquake record is 
modified. The method proposed in this paper is used in all 

dynamic problems such as incremental dynamic analysis, 
dynamic analysis considering soil-structure interaction, 
and all linear and nonlinear dynamic analyses.

It can be said that if the critical time step of the numer-
ical method used for dynamic analysis is not problematic 
in the analysis process, this method has good accuracy to 
reduce the cost of calculations in dynamic analysis. This 
fact has been well demonstrated in studies on the use of 
wavelet transform for dynamic analysis. In fact, all studies 
have shown that the use of wavelet transform can be useful 
in a variety of dynamic problems.

 In this paper, for the first time, the duration of strong 
ground motion and wavelet transformation has been used 
to reduce the time of dynamic computing. For this pur-
pose, first, the acceleration of the earthquake is filtered by 
way of band-pass and down-sampling, so that its noise can 
be eliminated, and the high and low frequencies are sepa-
rated. Thus, two waves, one containing high frequencies, 
and the other containing low frequencies, are obtained, 
with the number of points of each of these two waves 
being half the number of points of the main wave. Then 
this separation of frequencies is repeated on a wave con-
taining low frequencies. In each stage, the number of new 
wave points is half the number of wave points in the pre-
vious stage. Since, according to previous studies, clearly 
that the approximate wave is more similar to the original 
wave [15, 23, 25, 28, 29], therefore, this wave section is 
used for dynamic analysis. At each stage of the frequency 
separation, the maximum acceleration of the approxi-
mate wave equates to the maximum acceleration of the 
original earthquake. This is done by multiplying all the 
approximate wave points in the maximum acceleration of 
the original earthquake and dividing it by the maximum 
acceleration of the approximate magnitude. In the next 
step, the number of earthquake points is reduced by using 
a significant and uniform time. In fact, with wavelet trans-
form, the time step of the analysis becomes larger, and 
with the duration of the strong ground motion, the dura-
tion of the analysis decreases. Then, using the wave that 
once filtered using the wavelet theory and then reduced 
with a significant and uniform time, and finally, two struc-
tures are analyzed.

2 Wavelet transform
In the WT, there are different mother and scale functions 
[30–32]. Mother functions (ψ) and wavelet scales (φ) are 
shown and shown, some of the mother functions have an 
explicit mathematical relation, and some of them do not 
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have explicit mathematical expressions. In this research, 
the Haar wavelet function was used, which is shown in 
Fig. 1 of the mother function and its scale.

In the WT, there are two parameters of scale and tran-
sition. The scale, like a mathematical function, compresses 
or expands a wave. The large scale corresponding to the 
opening of the wave and the small scales cause the wave 
to compress. In a wavelet, the scale has a photo-frequency 
relationship. The low frequency (large scale) corresponds to 
the general information of the wave and the large frequency, 
corresponding to the wave details. The high frequencies for 
a long time are unscathed by the wave, while there are low 
frequencies throughout the wave. In the continuous wavelet 
transform, the transmission parameters and the scale change 
continuously. In fact, the rate of change in the computer at 
each stage is very small (continuous). This increases com-
puter computing [33]. In the case of wavelet transformation, 
transmission, and scale being considered discrete, another 
type of wavelet transformation is called the DWT [34]. 
In high scales (low frequencies), the sampling rate of time 
curve points can be reduced in accordance with the Nyquist 
norm and reduce the volume of computations. Nyquist sam-
pling is the minimum permissible sampling rate of the con-
tinuous wave that can be reconstructed [35].

For an S wave with several N points, it is possible to 
remove high frequencies using downstream filters and 
obtained approximately the main wave. Using the high-
pass filter, you can also remove the lower frequencies and 
obtain the waveform details. With the simultaneous effect 
of these two filters on the wave, it can be divided into two 
parts with high and low frequencies. Approaches and wave 
details are shown and displayed at each stage. But the prob-
lem is that at each stage, using filters, the main wave is 
obtained from the main wave with the number of points 
equal to the main wave, which doubles the number of wave 
points. To overcome this problem, the down-sampling 
sample reduction basis is used [35]. Considering that the 
maximum wave energy is approximate, and the shape of 
this part of the wave is more similar to the wave, the filter-
ing operation on this part of the wave is done and the wave 

A1 is converted into two waves A2 and D2 [35]. The num-
ber of points each of these waves is approximately half 
the number of points A (one-fourth of fourth of the orig-
inal wave S). Although, from a theoretical point of view, 
this can be done log2N on a number of occasions, but it is 
needed in dynamic wave analyzes that are more similar to 
the original wave, and the number of points is sufficiently 
small. In fact, the rapid conversion of the wavelet acts like 
a filter bank [36]. There are several methods in this regard. 
In this research, the Mallat method [35], used in dynamic 
work [15], has been used. In this method, the approximate 
waves Aj and partial Dj are obtained from the initial wave 
S using the following relationships [36].

A ap s n h n kj j k j
j

n

� � ���, ( ) ( )2 	 (1)

D de s n g n kj j k j
j

n

� � ���, ( ) ( )2 	 (2)

Where hj is the downstream filter (mother function), 
and gj is the high-pass filter (scale function). The values 
of h and g are obtained from one step to the next using the 
following relationships [37].

g n g n1( ) ( )= 	 (3)

h n h n1( ) ( )= 	 (4)

g n g k g n kj j
k

� � ��1 2( ) ( ) ( ) 	 (5)

h n h k g n kj j
k

� � ��1 2( ) ( ) ( ) 	 (6)

These relationships indicate that this method is simi-
lar to the theory of filters and that the rapid the WT is 
the same as the filtering of the filter bank. The inverse of 
it is also the same as the combination of the filter bank. 
The filters that are used in the wavelet reverse conversion 
are shown and represented by the following relationships.



h n k t kj
j j j j( ) ( ( )).� � �� �2 2 2 20 5 � 	 (7)

 g n k t kj
j j j j( ) ( ( )).� � �� �2 2 2 20 5 � 	 (8)

The values (ψ) and (φ) functions of the mother and the 
function of the scale. By having the values and the main 
wave, it can be reconstructed using the following relation-
ship. In Fig. 2, the down-sampling method is shown in 
two stages, where N is the number of initial curve points. 
Furthermore, A and D are respectively the wave of approx-
imate and detailed information.

Fig. 1 Mother and scale wavlet (Haar)
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3 Time of strong ground motion
The duration of the earthquake is one of the seismic param-
eters that refer to the total time during which the earthquake 
occurred. The initial studies on the time of a strong ground 
motion show the dependence of this parameter on the mag-
nitude of the earthquake and the focal length [38]. The dura-
tion of a strong ground motion is a parameter that at that 
time, there is dominant earthquake energy to vibrate a struc-
ture. This parameter is also important in nonlinear analyzes. 
The first definition for this parameter is called the bracketed 
time period, which is the time between the first and last time 
the acceleration of the earth is greater than 0.05 g [8, 39]. 
Brady and Trfunac have a relationship that can be obtained 
by having any of the acceleration, velocity, or displacement 
functions, for the duration of a  strong ground motion  [8]. 
The duration of strong ground motion for the production of 
artificial acceleration also used [8, 40]. To provide the rela-
tionship between the times of the strong ground motion, we 
must use parameters that depend on the duration and inten-
sity of the average energy. According to Housner [41], the 
time of strong propulsion is strongly dependent on Arias. 
Considering the total time of earthquake causes a signifi-
cant increase in dynamic analysis time. Therefore, in some 
cases, due to the small effect of the initial and end parts 
of the earthquake acceleration on the dynamic behavior of 
structures, these parts can be removed, and seismic load-
ing can be done in a shorter time. It should be noted that 
the new shortened wave must have a large volume of seis-
mic energy. Considering the above, there are 4 methods for 
determining the duration of strong ground motion which are 
uniform, bracketed, effective, and significant [42]. The total 
amount of time between the Arias intensity, which is usually 
between 5 and 95% of the Arias intensity, is a significant 
time. In this method, Arias intensity is expressed in terms of 
percentage and time in seconds. An effective period is usu-
ally 90% of the total earthquake energy and is the duration of 
an earthquake where more than 90% of earthquake energy 
exists. This time is in the range of 5 to 95% of the Arias 
intensity of the earthquake. The uniform duration is the sum 

of the times when the acceleration is greater than a certain 
value; usually, this value is 5% of the maximum earthquake 
acceleration. The time period between the first and last time 
the acceleration of the earth's motion exceeds a certain 
amount of time is called a selective time. Usually, the max-
imum acceleration value is 5% [42, 43]. Based on the said 
concepts, the steps of this research are defined as follows:

1.	 Correction of the earthquake using the band-pass 
method (presumably, if the record does not need to be 
corrected, this step is eliminated).

2.	Modified earthquakes in the previous stage are 
divided into approximate and detail waves by using 
Haar wavelet in five steps.

3.	 At each stage, the approximate waves are scaled based 
on the maximum acceleration of the main earthquake.

4.	 A uniform, significant, and bracketed duration for the 
main wave of the earthquake and each of the approxi-
mate waves is calculated.

5.	 A part of the approximate waves that have been uni-
form, significant, and bracketed during a period of time 
are separated and considered as new accelerations.

6.	 Several structures are analyzed against these new 
acceleration waves, and their dynamic response is cal-
culated and compared with each other.

The process is said to have done many earthquakes. 
In this paper, the results of this analysis method are 
described for two and three-dimensional structures under 
the Sarpol-e Zahab earthquake in Iran.

4 Sarpol-e Zahab earthquake
In the November 12, 2017, time international 18: 18: 16, 
a powerful earthquake with magnitude 7.3 on the Richter 
scale Iran-Iraq border region in the province around the 
city Sarpol-e Zahab struck. The reason for choosing this 
earthquake was that in previous studies, this earthquake 
has been used to solve various dynamic problems using 
wavelet [13, 27, 44-46]. In this paper, the L component 
for this earthquake is investigated. For this purpose, the 
recorded record has first been modified using the bandpass 
method with a frequency range of 0 to 30 Hz recorded. 
The  maximum acceleration in the unmodified record is 
684.42 and in the modified record is 681.45 cm/s2. In Fig. 3, 
the accelerated curve of the modified component of this 
component is shown. The maximum modified accel-
eration of the L components is 0.43% with the initially 
recorded value. The time step of this earthquake is 0.005 
and the number of points of this earthquake wave is 19890. 
The total duration of the earthquake is 99.45 seconds.

Fig. 2 WT with down-sampling algorithm up to two stages of filtering
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Fig. 4 shows the Arias intensity curve for the main 
earthquake and the approximate waves. As can be seen in 
the figure below, the error for wave A5 is too large.

Arias intensity is a concept to represent wave energy. 
As can be seen, the energy of the approximate wave A5 
is very different from other approximate waves. In other 
words, the energy of the approximate waves A1 to A4 is 
very close to the main wave of the earthquake, but this 
is not the case with A5. It can be said that the main rea-
son for this error for the A5 wave is the omission of the 
main frequency of the earthquake wave in the fifth level 

of decomposition. In other words, in the wavelet trans-
form at each level of wave decomposition, half of the high 
frequencies are removed. This means that if the main 
wave of the earthquake contains frequencies from 0 to 
100 Hz. Frequencies of 50 to 100 Hz are removed to make 
the approximate wave of the first stage (A1). Frequencies 
of 25 to 50 Hz are also removed to make the approxi-
mate wave of the second stage (A2). Thus, the removal 
of high-frequency frequencies can lead to the elimina-
tion of the dominant frequencies of the earthquake record. 
Therefore, it is predicted that the approximate wave error 
of A5 in the dynamic analysis is high. In the following, 
the approximate waves and the main wave of the earth-
quake are compared in the domain of time and frequency. 
As shown in Fig. 5, the error of the A5 wave is high in both 
the time domain and the frequency domain. Therefore, 
it can be predicted that the calculation error of this wave 
in dynamic analysis of structures of single degree of free-
dom and multi degrees of freedom can be high.

Fig. 6 show the spectral acceleration curve for the main 
earthquake and the approximate waves. As can be seen in 
the figure below, the error for wave A5 is too large.

Fig. 3 Modified acceleration of a seismic earthquake

Fig. 4 Arias intensity for main earthquakes and approximate waves

Fig. 5 Main wave and approximate waves obtained from wavelet transform in; a) time domain, b) frequency domain

(a) (b)
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4.1 The significant and effective time of the earthquake
For this record, the significant and effective time is 
obtained identically and therefore, synchronously shown 
in a single table. Table 1 shows the number of points in 
each record, the significant and effective time of the earth-
quake, its start time, and the time it ended, as well as the 
percentage error of estimating them as compared to the 
value obtained from the main earthquake.

As shown in Table 1, the significant and effective time 
of the main earthquake and the approximate wave, A1 
to A5 are 10.835, 10.98, 11.02, 11.12, 11.52, and 12.16 
seconds, respectively. The error of using the waves A1 
to A4 to determine the time is less than 7%. The start-
ing time in the curves of the significant time range from 
A1 to A4 is almost the same. For an A4 wave, the start 
error is about 0.5%. The end-time error for the A4 wave is 
about 3%. Based on the obtained results, instead of using 
the original earthquake with 19890 points, an A4 curve 
with 1244 points can be used, whose number of points is 
0.0625 the number of major earthquake points, based on 
this, it can be said that the volume of calculations is sig-
nificantly reduced.

4.2 The uniform time of the earthquake
Table 2 shows the uniform time, the start time and end time, 
as well as the estimated errors, relative to the value of the 
main earthquake.

As shown in Table 2, the time constant for the main 
earthquake and the A1 to A5 waves is 24.65, 26.38, 26.4, 
26.4, 26.00, and 27.84 seconds, respectively. The error of 
using the waves A1 to A4 to determine the uniform dura-
tion is less than 5%. The starting time for the uniform 
time curves from A1 to A4 is approximately the same. For 
an A4 wave, the start error is about 0.2%. The end time is 
uniformly curved curves is almost the same in waves A1 
through A4, and the error for the A4 wave is about 4%. 
Based on the results obtained, instead of using the main 
earthquake, the A4 curve can be used to reduce the vol-
ume of calculations.

4.3 The bracketed time of the earthquake
In Table 3, the values of the bracketed time start and end 
time, as well as their estimation error, are shown about the 
value obtained from the main earthquake.

Fig. 6 Spectral acceleration for main earthquakes and approximate waves

Table 1 Significant time for main earthquakes and approximate waves

Record name Number of record 
points

Significant 
duration (sec)

Time (sec) Percentage difference in time estimate (%)

Start End Start End

Main 19890 10.83 19.58 30.41 - -

A1 9945 10.98 19.58 30.56 0.00 0.476

A2 4972 11.02 19.58 30.60 0.00 0.608

A3 2486 11.12 19.60 30.72 0.102 1.002

A4 1244 11.52 19.68 31.20 0.510 2.580

A5 622 12.16 19.52 31.68 0.306 4.159

Table 2 Uniform time for main earthquakes and approximate waves

Record 
name

Uniform 
duration (sec)

Time (sec) Percentage difference 
in time estimate (%)

Start End Start End

Main 24.65 15.89 40.54 - -

A1 26.38 15.89 42.27 0.00 4.267

A2 26.40 15.88 42.28 0.006 4.292

A3 26.40 15.88 42.28 0.006 4.292

A4 26.00 16.24 42.24 0.218 4.193

A5 27.84 15.52 47.36 0.231 16.822

Table 3 Bracketed time for main earthquakes and approximate waves

Record 
name

Earthquake 
duration (sec)

Time (sec) Percentage difference 
in time estimate

Start End Start End

Main 24.65 15.89 40.54 - -

A1 26.39 15.89 42.28 0.00 4.513

A2 24.42 15.88 42.30 0.062 4.563

A3 26.44 15.88 42.32 0.062 4.612

A4 26.08 16.24 42.32 2.202 4.612

A5 32.00 15.52 47.52 2.328 17.466
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As can be seen from Table 3, the difference in the esti-
mation of the starting time in all states is less than 3% and 
for the end time, until the A4 wave is less than 5%. The 
following two significant and uniform methods are used to 
analyze structures with multi degrees of freedom.

5 A new earthquake record in the duration of strong 
ground motion
In Fig. 7 the acceleration of the main earthquake and the 
records obtained by wavelet theory in five stages of using 
wavelet theory (A1 to A5) in a significant and uniform 

Fig. 7 Continued on next page

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)



1040|Shahriari and Majidi
Period. Polytech. Civ. Eng., 66(4), pp. 1032–1047, 2022

(m) (n)

Fig. 7 a) Acceleration of the main earthquake in significant time, b) Acceleration of the main earthquake in uniform time, c) Wave A1 in significant 
time, d) Wave A1 in uniform time, e) Wave A2 in significant time, f) Wave A2 in uniform time, g) Wave A3 in significant time, h) Wave A3 

in uniform time, i) Wave A4 in significant time, j) Wave A4 in uniform time, k) Wave A5 in significant time, l) Wave A5 in uniform time, 
m) Comparison of the acceleration curve of the main earthquake and waves A1 to A5 over an significant time, n) Comparison of the acceleration 

curve of the main earthquake and waves A1 to A5 over an uniform time

earthquake time are shown. The number of major earth-
quake records is 19890, which reduces by half the num-
ber at each stage of the use of the wavelet. The approxi-
mate wave points of A1 to A5 over the entire earthquake 
time (99.95 seconds) are 9945, 4972, 2486, 1244, and 622, 
respectively. The maximum acceleration of all waves has 
been scaled to the main peak ground acceleration (681.45 
cm/sec2). To reduce computations, records are used that 
are significant and uniform over time. The number of 
records used for structural analysis using the significant 
time for the main earthquake and the approximate wave of 
A1 to A5 respectively was 2168, 1098, 551, 278, 144, and 
76, and the number of records used for structural analysis 
using the significant time for the main earthquake and the 
approximate wave of A1 to A5 is 4930, 2638, 1320, 660, 
325, and 199, respectively. In Table 4, the number of main 
earthquake points and each of the approximate waves and 
their percentage reduction is shown.

6 The results of solving two examples
6.1 Two-dimensional structures
In this part, the two-dimensional 7-story steel frame of 
Fig. 8 is analyzed and its dynamic response is obtained, 
and the results of a number of its nodes are compared with 
each other. The dynamic response of nodes 3, 6, 9, and 15 
are calculated for the main acceleration and the records 
obtained after the application of the wavelet (waves A1 
to A5) and the separation of the part that was important 
and uniform over time. The height of the frame floors is 
3.2 meters, and the length of each opening is 6 meters. The 
density, the modulus of elasticity, and the yield stress of 
steel are 7800 kg/m3, 2.04 × 1010 kg/m2 and 3500 kg/m2, 
respectively. The characteristics of the beams and columns 
are shown for each member.

In Fig. 9, the horizontal dynamic response of node 15 is 
plotted for the main earthquake acceleration.

Table 4 The number of different record points

Record 
name

Number of 
record points

Significant time Uniform time

Number of record points Percentage of points 
relative to the main record Number of record points Percentage of points 

relative to the main record

Main 19890 2168 10.90 4930 24.79

A1 9945 1098 5.52 2638 13.26

A2 4972 551 2.77 1320 6.64

A3 2486 278 1.40 660 3.32

A4 1244 144 0.72 325 1.63

A5 622 76 0.38 199 1.00
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In Fig. 10, the horizontal displacement curve of node 15 
is shown under the influence of the main earthquake and 
the waves A1 to A5. For this purpose, first using wavelet 
transform, approximate waves A1 to A5 are obtained, then 
using the concepts of significant time and uniform time, 
the strong part of each wave is extracted.

In Fig. 11, that part of the response curve of the structure 
under the main earthquake, which is significant time, is sep-
arated and shown with a thicker black line. It is clear from 
the figure that the response obtained using the A5 record is 
very different from the response obtained from other waves. 
But for A1 to A4 records, there is no significant difference.

In Fig. 12, that part of the response curve of the structure 
under the main earthquake, which is uniform time, is sep-
arated and shown with a thicker black line. It is clear from 
the figure that the response obtained using the A5 record is 

very different from the response obtained from other waves. 
But for A1 to A4 records, there is no significant difference.

Table 5 shows the maximum displacement of node 5 
and its occurrence over a significant and uniform time. By 
examining the results, it can be seen that the use of the A4 
wave with an error of less than 3% is the best alternative 
wave of the main earthquake wave. The number of points 
in this wave is 144 points, which is 138 times lower com-
pared to the original wave of 19890 points. This reduction 
in the number of points reduces the computational volume.

Considering the response of node 15, it can be seen that 
if the A4 wave is used, the calculation is reduced by 98% 
and the error is close to 3%. Thus, in Table 6, the results 
of the displacement and the maximum rotation of several 
nodes of the structure for the A4 wave and its comparison 
with the main wave of the earthquake are shown.

6.2 Three-dimensional structure of five story
The three-dimensional structure shown in Fig. 13 is ana-
lyzed for the main earthquake, the main earthquake in 
a significant and uniform time, and the approximate waves 
A1 to A5 in a significant and uniform time. The steel frame 
has 5 floors and has Moment resisting connections and 
a rigid roof with a thickness of 25 cm. The height of all 
floors is 3 meters, and the length of all spans is 6 meters. 
Earthquake in the x direction affects the structure. The 
cross sections of the columns are IPE550 and the cross sec-
tions of the beams are IPE270. In this example, the density, 
the modulus of elasticity, and the yield stress of steel are 
7800 kg/m3, 2.04 ͂ 1010 kg/m2 and 3500 kg/m2, and the den-
sity, the modulus of elasticity, and the 28-day compressive 
strength of the concrete are 2400 kg m3, 2.53 × 109 kg/m2 
and 28 MPa, respectively. 

In Fig. 14, the horizontal dynamic response of node 42 
along x is shown for the main earthquake.

In Fig. 15, the horizontal displacement curve of node 42 
is shown for the main earthquake and the waves A1 to A5. 
For this purpose, first using wavelet transform, approxi-
mate waves A1 to A5 are obtained, then using the con-
cepts of significant time and uniform time, the strong part 
of each wave is extracted.

In Fig. 16, that part of the response curve of the structure 
under the main earthquake, which is significant time, is sep-
arated and shown with a thicker black line. It is clear from 
the figure that the response obtained using the A5 record is 
very different from the response obtained from other waves. 
But for A1 to A4 records, there is no significant difference.

Fig. 8 Four story 2D frame

Fig. 9 Horizontal displacement of node 15 under the main earthquake
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Fig. 10 a) Displacement of node 15 under the main earthquake in significant time, b) Displacement of node 15 under the main earthquake in 
uniform time, c) Displacement of node 15 under the A1 wave in significant time, d) Displacement of node 15 under the A1 wave in uniform time, e) 
Displacement of node 15 under the A2 wave in significant time, f) Displacement of node 15 under the A2 wave in uniform time, g) Displacement 

of node 15 under the A3 wave in significant time, h) Displacement of node 15 under the A3 wave in uniform time, i) Displacement of node 15 under 
the A4 wave in significant time, j) Displacement of node 15 under the A4 wave in uniform time, k) Displacement of node 15 under the A5 wave in 

significant time, l) Displacement of node 15 under the A5 wave in uniform time

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

In Fig. 17, that part of the response curve of the struc-
ture under the main earthquake, which is uniform time, is 
separated and shown with a thicker black line. It is clear 
from the figure that the response obtained using the A5 
record is very different from the response obtained from 
other waves. But for A1 to A4 records, there is no signifi-
cant difference.

Given that the A4 wave has reduced the computational 
volume by 98% and its error is close to 5%. Therefore, in 
Table 7, only the results at different points for the A4 wave 
and the main earthquake wave are examined.

As can be seen, using this method can reduce the com-
putational volume to about 98%, while the error is always 
less than 8%.
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Table 5 Horizontal displacement results of node 15 over a significant and uniform time period

Name Record

Significant Duration Uniform Duration

Maximum 
displacement (cm)

Time of 
occurrence (sec)

Error calculating 
maximum 

displacement (%)

Maximum 
displacement (cm)

Time of 
occurrence (sec)

The maximum 
displacement 

calculation error (%)

Main -4.548 20.61 - -4.548 20.61 -

Main in 
significant or 
Uniform time

-4.643 20.61 2.08 -4.548 20.61 0.00

A1 -4.644 20.61 2.11 -4.536 20.62 0.21

A2 -4.776 20.62 5.01 -4.632 20.62 1.51

A3 -4.715 20.64 3.67 -4.622 20.64 1.33

A4 -4.681 20.64 2.92 -4.637 20.64 1.60

A5 -2.484 23.20 45.38 -2.470 23.20 37.45

7 Conclusions
In this paper, for the first time, using the duration of strong 
ground motion and the wavelet filter, the dynamic analysis 
of the structure was carried out. In this regard, the earth-
quake wave was first corrected using the band-pass method. 
The modified wave was filtered using wavelet transforms to 
five stages. At each stage of the filter, two waves of approx-
imations and details were obtained. Because the frequency 
content of the approximate wave is closer to the frequency 
content of the main earthquake wave, hence, for the next cal-
culations, an approximation wave was used. At each stage, 
the approximate wave was scaled by the maximum acceler-
ation of the main earthquake. After obtained of the approx-
imate wave, the values of each of them were obtained in 
significant and uniform time. However, the earthquake wave 
points were reduced once by the wavelet transform and 
again by the concept of the duration of the strong ground 
motion. In fact, with wavelet transform, the time step of 
the analysis becomes larger, and with the duration of the 
strong ground motion, the duration of the analysis decreases. 
Then, two two-dimensional and three-dimensional struc-
tures against the earthquake were dynamically analyzed, 
and the dynamic response of some of their nodes was 
calculated in different directions. The results showed that:

1.	 In the case of significant time used, the A4 wave with 
an error of less than 8% is the best wave as a substi-
tute for the main earthquake.

2.	 In the case of uniform time used, the wave A4 with 
an error of less than 6% is the best wave as the main 
earthquake substitute.

3.	 The A4 wave has reduced the volume of calculations 
by 138 times in significant time. 

4.	 The A4 wave has reduced the volume of calculations 
by 62 times in uniform time.

Fig. 11 Dynamic response of node 15 of the structure to the main 
earthquake and waves A1 to A5 over a significant time

Fig. 12 Dynamic response of node 15 of the structure to the main wave 
and waves A1 to A5 over a uniform time
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The advantage of the method presented in this paper 
compared to previous research is that this method simul-
taneously reduces the loading time and also corrects the 
earthquake time step. Therefore, this can lead to a reduc-
tion in the maximum computational cost in all dynamic 
analyzes, including earthquake loading. In all studies that 
have used wavelet transform to reduce earthquake record 
sampling, a reduction in computational costs of up to about 
85% has been reported. But in this article, by combining 

the two concepts of the wavelet transform and the duration 
of strong ground motion, the cost of calculations can be 
reduced by more than 95%. 

Table 6 Displacement and Rotation of different structural points Example 1

Displacement (cm)
or Rotation (rad)

The main wave at the time of the 
earthquake

Significant Duration Uniform Duration

A4 Error percentage A4 A4 Error percentage A4

Displacement of node 9 3.53 3.66 3.68 3.63 2.83

Rotation of node 9 0.0033 0.0033 0.00 0.0033 0.00

Displacement of node 3 2.16 2.26 4.62 2.24 3.70

Rotation of node 3 0.0043 0.0044 2.32 0.0044 2.32

Displacement of node 12 0.74 0.79 6.76 0.78 5.40

Rotation of node 12 0.0036 0.0038 5.55 0.0037 2.77

Fig. 13 3D frame

Fig. 14 Dynamic response of node 42 under the influence of the main 
earthquake during the total earthquake time

Fig. 15 Continued on next page

(a) (b) (c)

(d) (e) (f)
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Table 7 Examination of the displacement and time of the various structural components

Displacement (cm)
or Rotation (rad)

The main wave at the time of 
the earthquake

Significant Duration Uniform Duration

A4 Error percentage A4 A4 Error percentage A4

Displacement of node 11 4.43 4.77 7.12 4.58 3.38

Rotation of node 11 0.23 0.24 4.34 0.23 0.00

Displacement of node 16 3.53 3.76 6.51 3.66 3.68

Rotation of node 16 0.12 0.12 0.00 0.12 0.00

Displacement of node 8 1.10 1.16 5.45 1.13 2.72

Rotation of node 8 0.09 0.09 0.00 0.09 0.00

Fig. 15 a) Displacement of node 42 under the main earthquake in significant time, b) Displacement of node 42 under the main earthquake in 
uniform time, c )Displacement of node 42 under the A1 wave in significant time, d) Displacement of node 42 under the A1 wave in uniform time, 

e) Displacement of node 42 under the A2 wave in significant time, f) Displacement of node 42 under the A2 wave in uniform time, g) Displacement 
of node 42 under the A3 wave in significant time, h) Displacement of node 42 under the A3 wave in uniform time, i) Displacement of node 42 under 
the A4 wave in significant time, j) Displacement of node 42 under the A4 wave in uniform time, k) Displacement of node 42 under the A5 wave in 

significant time, l) Displacement of node 42 under the A5 wave in uniform time

(g) (h) (i)

(j)
(k) (l)

Fig. 16 Dynamic response of node 42 of the structure to the main wave and 
waves A1 to A5 over a significant time

Fig. 17 Dynamic response of node 42 of the structure to the main 
wave and waves A1 to A5 over a uniform time
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