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There are some cases, such as irregular or complex structures, in which the
simplified analysis methods recommended by prevalent seismic codes are not able
to yield results with acceptable precision. In such circumstances, the use of
Non-Linear Time-History Analysis as the most robust response analysis approach
is   mandatory. This method is usually very time-consuming (mainly due to the small
time steps). Therefore, any technique to reduce the computational cost, while
keeping results in an acceptable range of precision, would be desired. There are
some methods in the literature to increase the size of time step and simplify the
recorded accelerograms by modifying time series. Although these methods may
show negligible bias in results in terms of maximum response values of simple
structures, they, definitely, impose some error due to the manipulation in the
frequency content of the original signal. In this paper, an S-Transform based
sim-plification procedure is introduced to overcome the drawbacks of available
methods. The proposed method enables users to trace and compare the time-
frequency variation of original and simplified signal to keep the general time-
frequency pattern of signal and prevent the undesired omissions of components.
Eleven strong ground motion records were selected to be used in the efficiency
evaluation of the proposed method. The results of analyses for a range of single and
multi-degree of freedom non-linear dynamic systems confirm the ability of shortened
records to represent their original counterparts in terms of response characteristics.
The results show that by a reduction of 71% in the analysis cost, the maximum
observed error in the estimation of collapse of MDOF structures will be lower
than 10%.
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ABSTRACT

1. Introduction

In seismic evaluation and design of structures,
there are several cases in which the simplified
seismic analysis procedures suggested by design
codes, are not applicable. In such cases as irregular
buildings, tall buildings and many special structures
or critical facilities, most seismic codes recommend

Time History Analysis (THA). THA can be very
time-consuming, especially, when user needs to
estimate collapse capacity of target structure, where
Non-Linear Time-History Analysis (NLTHA)
becomes necessary.

The idea of accelerogram simplification is not
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new in earthquake engineering [1]; however,
recently and coincidentally with increase in appli-
cation of NLTHA, some researchers have tried to
develop efficient methods to overcome limitations of
simplification. Another available method is to define
significant duration of ground motion and shorten the
accelerogram such that the criteria controlling
response parameters are satisfied [2]. The existing
studies focus on the decrease of computational time
without losing much precision. One approach
suggests the application of larger time steps using
different algorithms proposed by some researchers
like Soroushian [3], Hosseini and Mirzaei [4], Faroughi
and Hosseini [5], Basim and Estekanchi [6], Cheng
et al. [7] and Soroushian [8]. Main shortcoming of
these methods is related to the disturbance in the
frequency content of the original signal [9-11]. The
superiority of the application of "effective duration"
is due to the preservation of original frequency
content of ground motion in the remained significant
duration [12-13]

Although attempts of researchers to reduce the
required time for NLTHA have been basically
successful, still the errors imposed to the response
calculation, mainly due to the partial omission of
high frequencies, is a discouraging factor in using the
proposed techniques, particularly in case of low
period structures [14-15]. Therefore, any method
which can reduce the level of imposed error is still
desired. This study is an effort to reach the
mentioned goal, based on the S-transform, which
makes it possible to combine the advantages of
Short Time Fourier Transform (STFT) and Wavelet
Transform (WT), as two main methods in the
family of Time-Frequency Representation (TFR)
techniques.

As the suggested method is based on the TFR,
in this part of the paper at first a brief review is done
on the general TFR approach and its background.
Then the proposed S-transform method is explained
in details, and finally its efficiency is shown by
presenting some numerical examples covering both
SDOF and MDOF systems.

Time-Frequency Representations (TFRs):
Earthquake ground motions are known to have
non-stationery nature, both in their amplitude and
frequency content [16]. The problem of the inability
of conventional spectral analysis using Fourier
transform to describe the evolutionary spectral

characteristics of non-stationary processes can be
solved by using time-frequency spectral analysis [17].
One of the first TFRs providing required localization
in time and frequency to establish a local spectrum
for any time instant is STFT [17]. STFT applies
Fourier transform to the signal after it is multiplied
by a narrow window cantered at a time t. This
window is shifted in time domain to obtain the local
frequency content at any time instant. The resolution
of STFT, which is defined as the capability of a
transform to capture the short duration variations in
the time and frequency domain, is dependent directly
on the properties of the window used in time-
frequency analysis [17]. In other words, a short
window is required to ensure acceptable time
resolution and a wider one to provide good frequency
resolution. That the high resolution cannot be
attained in both the time and frequency domain
simultaneously is the main drawback of STFT [17].
Readers are referred to [17] for more details on the
mathematical formulation. STFT of a signal such as
is given by:

2( , ) ( ) ( ) i ftSTFT f x t w t e dt
∞ −

−∞
= −∫ πτ τ                 (1)

where τ denotes the location of time window and
f is the frequency of interest, w represents the
time window function and X denotes the time series
as a function of time (t). The explained shortcoming
of STFT can be tackled using multi-resolutional
techniques based on WT, which uses a basis function
that dilates and contracts with frequency [18]. In
fact, the time-frequency window can change
automatically to analyze the high-frequency contents
of a signal as well as low-frequency components
that offers better resolution. The continuous wavelet
transform of a square integrable function, such as,
can be calculated as:

*
,( , ) ( ) ( )a bWT a b y t t dt

∞

−∞

= ∫ ψ                                  (2)

where a is the parameter controlling the dilation and
contraction, b denotes the translation parameter, y
denotes the time series as a function of time (t) and
the asterisk represents the complex conjugate of the
selected mother wavelet given as:

*
,

1
a b

t b
aa
− ψ = ψ  

                                           (3)
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More detailed information on the mathematical
calculation of WT can be found in [19]. WT cannot
assess the local phase information. Moreover, the
interpretation of results of wavelet analysis requires
the knowledge of the details of the mother wavelet
and is difficult for visual analysis. Stockwell et
al. [20] have proposed a time-frequency representa-
tion called 'S-Transform', which can be considered
as the extension of STFT and WT. Hence, one can
describe the S-Transform as a frequency dependent
STFT or a phase corrected WT that is [17]:

( ) 2, ( ) ( )
 

 
i ftST f x t g t e dt

∞ − π

−∞
τ = − τ∫                    (4)

where, g represents the Gaussian time window
function. Recently, a band variable filter having the
ability of acting simultaneously in frequency and
time domain has been applied to the analysis of non-
linear dynamic behaviour of soil and buildings [6-7].
Also, Ghodrati Amiri and Arian-Moghaddam [21],
Hasan and Kim [22], Bajaj and Kumar [23] and
Latfaoui and Reguig [24] have proposed the S-
Transform-based signal decomposition technique to
extract velocity pulses of near fault ground motions.

S-Transform based filtering of time series [25] and
the generations of synthetic accelerograms have been
examined by some researchers [26-27]. The readers
are referred to [18-20] for detailed information
describing the formulation of S-Transform analysis.

2. The Proposed Method

Here, the suggested filtering approach in [28-31]
is used to monitor the time frequency variation of
input signal and extract the target part (also called
shortened or filtered signal). Following the described
necessity to the reduction of the computational time
of analysis, in the previous section, the main goal of
this work is to propose a shortened accelerogram
such that the disorderliness in the time variation of
frequency content is minimized. Therefore, it is
tried to simplify the input signal by reduction of the
duration and simultaneously keeping the response
characteristic in an acceptable tolerance compared
to those obtained by using the original accelerogram.
Because of the merits of the S-Transform, it was
selected as the TFR used in the filtering procedure
in this study. There is sufficient scientific evidence
confirming the superiority of the S-Transform

compared to other alternatives [21]. The general
steps of the method can be summarized as:
v Run the TFR analysis of accelerogram by using

S-Transform.
v Find the most severe (showing the largest

amplitude values based on the Equation (4))
region in time-frequency domain.

v Define a quantitative (based on normalized ratio
of amplitude, for example) or qualitative (by
visual judgment) criterion to select the target
parts of the original signal and extract the desired
portion.

v Reconstruct the shortened signal in time domain
by computing the inverse transform of the
extracted signals in the previous steps.
Figure (1-a) in the next section of the paper

shows the time-frequency variation of a sample

Figure 1. Time-frequency variation of the three sample records;
R1 (a), R2 (b) and R3 (c).
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acceleration time history. It should be mentioned
that part B in the figure, as the second remarkable
part of the time-frequency representation of the
record, can be omitted since its frequency content is
basically included in part A.

It is worth mentioning that, generally, there is a
possibility to use a predefined intensity measure
(IM), for example absolute or relative absorbed
energy [32] to check the precision of the result and
repeat the whole steps so as to satisfy the threshold
criteria. It should be noted that although there are
many definitions of strong motion duration in the
literature [2], none of them allows a drastic reduction
in duration as much as the reduction gained by the
presented method in this study. Furthermore, it is
possible to combine other simplification methods,
such as increased time step size [3], with current
duration reduction method, while it is not in the scope
of present study. To show the efficiency of the
proposed record simplification method some
numerical examples are presented in the following

section.
Figure (1) shows the time-frequency variations

of the original records, and Figure (2) compares the
record pairs in time domain.

Comparing the values in Table (1) indicates that
in case of each ground motion parameter there is a
difference between original and shortened record.
These differences are more in case of R3 (Chi-Chi
earthquake) than two other records. To better
investigate the effect of shortening the elastic and
inelastic response spectra of both original and
shortened records were computed in MATLAB
programming environment [33], considering a
damping ratio of 5% and 'constant-ductility' [34]
factor of  µ = 4. The developed spectra are shown in
Figures (3) to (5). It should be noted that the details
of numerical method used to develop the response
spectra can be found in [35].

It is observed in Figure (3) that there is a good
match between the spectra of original and shortened
record pair R1, while in case of record pair R2 there

Figure 2. Time-frequency variation of the three sample records; R1 (a), R2 (b) and R3 (c).
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Table 1. General features of records used in this study.

Figure 5. (a) Elastic and (b) inelastic response spectra of original and shortened record pair R3.

Figure 4. (a) Elastic and (b) inelastic response spectra of original and shortened record pair R2.

Figure 3. (a) Elastic and (b) inelastic response spectra of original and shortened record pair R1.
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is slight difference between the two spectra, as shown
in Figure (4), and this difference is somehow
remarkable in case of record pair R3 as shown in
Figure (5). To see if the observed differences are
only in the peak response values, given by the
spectra, or they are also observed in the whole
response histories, displacement response histories
of SDOF systems having fundamental periods of
0.5, 1.0 and 2.0 sec with 5% damping were
calculated under seismic excitations in Figure (6).

Good agreement between time history responses
in shortened duration (0 to 16 sec) of the excitation
corresponding to record pair R1 can be observed in
Figure (6a-6c). The difference between response
histories after the 16th sec till the end instant of
the original record can be attributed to the fact that
the response under shortened record after the
16th sec is actually only free vibration response.
With regard to record pair R2, as shown in
Figure (6d-6f), a more distinct difference is observed
after the 10th sec, the cut instant; however, the
maximum responses, which have occurred in the 7th

sec, are in good agreement. This is while in case of
record pair R3, as shown in Figure (6g-6i), the
difference in the peak response values are not
negligible any more, and this is due to extensive

Figure 6. Response histories of inelastic SDOF systems with various period (T) subjected to record pair R1: (a), (b) and (c); Record
pair R2: (d), (e) and (f); record pair R3: (g), (h) and (i) for T = 0.5s ,T = 1 and T = 2s, respectively (inelastic response have been
calculated by assuming µ = 4).

shortening of the original record, resulting in loss of a
relatively large portion of its total input energy as can
be observed clearly in Figure (7).

As it is seen in Figure (7), in case of record R3
around 15% of the total energy of the record has
been lost due to shortening, while in case of the
records R1 and R2, almost the main part of the record
energy has been kept during the shortening process.

Figure 7. Energy flux of the three used original records.
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One remedy for compensation of the lost energy in
the shortened record would be linear amplitude
scaling. However, this scaling is only reasonable if
the frequency content of the deleted parts of the
original record do not differ drastically from the kept
part (the shortened record). Figure (8) shows the
time-frequency variation of the deleted parts of
record R3.

To see how effective is the proposed shortening
technique in decreasing the duration of records,  the
original and shortened durations of the three selec-
ted sample records, introduced in Table (1), are
compared in Table (2).

To have a more legible justification between
response characteristics of input and output signals,
readers should keep in mind that the shortened
record consists of some real components of original
record which are not scaled. It can be seen in
Table (1) that the peak values of strong ground
motions the shortened records are not the same as
the original ones. In coming sections, a brief discus-
sion about the possible role of scaling in alleviation
of the observed differences is presented.

3. The Role of Scaling Shortened Records in
Improvement of the Results

It was shown in the previous section that success
of the proposed method is questioned in some cases
such as record pair R3. Although the observed
differences in the results of structural analyses by
using the shortened records can be attributed to the
omission of some frequencies of the excitations, it
should be emphasized that the shortened records
have not been scaled to any predetermined value.
In other words, since the peak ground values of
shortened accelerogram differ to some extent from
those of the original one their corresponding res-
ponse will not be quite similar as well. However, it
is possible to reduce the difference in the results by
applying a suitable scaling procedure. Figure (9)
depicts the spectral ratio calculated for original and
shortened record of Chi-Chi event (the worst case
based on response characteristics) based on using
Equation (5):

oroginal
r

shortened

PSV
S

PSV
=                                               (5)

Although this ratio, as shown in Figure (6), is not
constant for all natural periods, one can recognize

Figure 8. Time-frequency variation of the deleted parts of the
record R3.

Figure 9. Spectral ratio computed for Chi-Chi original and shortened accelerograms.

Table 2. Computed durations based on different definitions [37].
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three distinct regions at which a constant value can
be assumed for that. These regions can roughly
considered as acceleration-, velocity-, and dis-
placement-sensitive corresponding to the structures
with short, moderate and long natural periods,
respectively. This fact enables users to define an
appropriate scale factor such that ensures spectral
consistency in the period range around the pre-
dominant period of the target structure. Figure (10)
shows the acceleration response spectrum of
original and shortened accelerograms after being
scaled to a sample target spectrum at a natural
period of 2.5s. Figure (11) compares response
histories in elastic and inelastic states for the record
pair R3, and Table (3) compares their basic charac-
teristics after scaling.

Figure 10. Acceleration response spectra of record pair R3
scaled to the target spectrum at T=2.5 spectral ratio computed
for Chi-Chi original and shortened accelerograms.

Figure 11. (a) Chi-Chi elastic response history (b) Chi-Chi inelastic response history, for SDOF with T = 2.5s and µ = 4.

4. Efficiency of the Shortened Records in MDOF
Systems

To investigate the efficiency of the proposed
method in case of MDOF systems response analy-
sis, three 2-D steel moment resistant frames (MRF)
were modeled by OpenSees [37] finite element
program; including a 3-story frame representing

Table 3. Evaluation of results after scaling.
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structures with short period of vibration, a 6-story
frame, which belongs to the typical medium range of
natural period of vibration and a 12-story frame as
the representative of flexible long period structures.
These frames were selected from a large database
of structural systems introduced in [38], which are
originally used to predict the structural displace-
ments under seismic excitation. A gravity load on
the beams equal to 27.5 KN/m (dead plus live loads)
was considered. Table (4) presents general
characteristics of the structural models as well as
their dynamic modal properties. More information
about the used structural systems can be found
in [39].

Incremental dynamic analyses (IDA) [40] were

Table 5. Selected ground motion for IDA.

Table 4. Details of the structural models used in this study.

carried out to evaluate the ability of the proposed
method in prediction of the seismic behavior of
nonlinear MDOF systems. Sixteen accelerograms
were selected from [41] to cover a range of moment
magnitude from 6.5 to 7.3, while the original
recorded duration of ground motions were more
than 30 seconds in all cases. The general features
of the selected ground motions are presented in
Table (5). Intensity levels were controlled at each
step by scaling up the spectral response at first
mode of vibration (Sa-T1) to a predefined value.
The range of used scale factor started from 0.1g
and was increased by steps equal to 0.1g until the
maximum inter-story drift ratio of 0.2 was observed
or structural instability occurred.
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5. Numerical Illustration in Terms of IDA
Results

Results of IDA analyses are depicted in
Figure (10) for the three steel MRFs, and Figures
(12) and (13), compares the mean IDA curves for
two the sets of original and shortened ground
motions.

As it is clear in Figure (12), after the reduction of
duration, the mean IDA curve can be estimated
with acceptable precision, while the accuracy of
approximation is much more in case of 6-story frame.
On this basis, one can conclude that the nonlinear
capacity of stiff structures is overestimated by using
the shortened records, in a similar manner for more
flexible systems (12-story frame), the precision of
the proposed method may slightly decay. Therefore,
the application of the duration reduction would be

Figure 12. Results of the considered fame structures for the eight selected ground motions.

more efficient, in case of medium rise structures
when the dynamic behavior is not severely sensitive
to the stiffness or mass of structures. In other
words, a precise estimation is possible for structures
which are located in the velocity controlled region
of response spectra. It should be noted that in the
mention region the seismic behavior of structure is
mainly sensitive to the damping.

The deviation of IDA curves for shortened
ground motions from exact prediction starts
simultaneously with the initiation of structural
softening due to the nonlinear behavior. It should be
noted that the success of the proposed method is
directly dependent on the level of imposed mani-
pulation on the frequency content of ground motion.
Fortunately, this can be measured using any con-
ventional spectral analysis such as Fourier analysis.
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Figure 13. Comparison of the mean IDA curves computed for
the shortened and original records.

Figure 14. Spectral Ratios computed for different structural
systems.

To evaluate the potential ability of a shortened
ground motion in representing the original ground
motion, the elastic acceleration response spectrum
for 5% damping ratio was computed for each
shortened ground motion and was normalized to the
same value calculated for original one, defined as
"Spectral Ratio". It should be noted that all ground
motion must be scaled such that the same Sa-T1 be
observed for each structural system. In this way, one
can compare efficiency of method under the effect
of both higher modes of vibration (natural periods
lower than T1) and structural softening (natural
periods longer than T1). Figure (14) shows the
Spectral Ratios computed for different frames.

As Figure (12) depicts, ground motion No. 2 and
No.16 show a completely different trend in the

whole period range, while other 14 shortened ground
motions can represent the corresponding original
signals at periods shorter than T1; however, they
underestimate the spectral values at period longer



JSEE / Vol. 22, No. 1, 202066

Salar Arian-Moghaddam, Sayed Mohammad Motovali Emami, and Mahmood Hosseini

than T1. The different observed trend is consistent
with the output of IDA analysis, where IDA curve
computed for ground motion No. 2 and No.16
deviate from exact prediction in all structural cases
and even at the very small inter-story drift ratio
(primitive elastic zone).

To trace the gradual deviation of the mean IDA
curve in case of the mentioned ground motions for
6-story frame, Figure (15) is presented. Although, it
can be concluded from this figure that some ground
motions are main cause of observed difference
between mean IDA curves and after omitting them
the deviation is remarkably reduced, more extensive
structural assessment is required to confirm the
observed relationship between frequency content,
spectral ratios and the predicted IDA curves.

curves, respectively at IO level. Also, there is a
difference of 8%, 14% and 1.6% between two
estimations of mean, mean + std and mean - std IDA
curves, respectively at LS level. The observed
difference is 9.8%, 12.1% and 5.9% in case of
mean, mean + std and mean - std IDA curves,
respectively at CP level.

In the case of 6-story frame, a difference of 5.1%,
0.2% and 12.2% between two estimations of mean,
mean + std and mean - std deviation IDA curves has
been observed, respectively at IO level. Furthermore,
there is a difference of 9.7%, 15.3% and 3.1% in
mean, mean + std and mean - std IDA curves,
respectively at LS level. The mentioned difference
is 1.9%, 1.7% and 2.5% at CP level.

For 12-story frame, a difference of 18.6%, 31.5%
and 29.4% has been calculated between two estima-
tions of mean, mean + std and mean - std IDA curves,
respectively at IO level. Also, there is a difference of
16.2%, 24.2% and 27.9% between two estimations
at LS level. Finally, the mentioned values of
differences have been estimated as 0.2%, 3.35%
and 12.9% between two estimations at CP level.

7. Conclusions

In this paper, after the introduction of S-
Transform as a modern effective time-frequency
representation, a new S-Transform-Based method
was proposed to reduce the duration of Strong
Ground Motion (SGM) excitation and, consequently
the computational cost of NLTHA. Based on the
numerical response calculations performed in this
research the following conclusions can be made:
v The shortened SGMs can be an acceptable

alternative for original accelerograms in term of
Engineering Demand Parameters (EDPs)
estimated by elastic analyses.

v It is observed that for nonlinear SDOF systems
the use of shortened SGMs may cause non-
negligible deviation in the estimated EDPs
compared to the results obtained by using
original SGMs. Considering the fact that the
shortened SGMs as the result of proposed method
in this paper are not scaled to have the same
peak ground values of their corresponding
original SGMs, such difference between the
computed EDPs is expected.

v Based on the discussion presented in previous

Figure 15. Gradual deviation from exact prediction of IDA curve
spectral ratios computed for different structural systems.

6. Discussion

In this section, a quantitatively comparison be-
tween estimated seismic capacity of structures in
terms of IDA results has been provided. Considering
the drift ratio of 0.5, 2 and 4 percent as the corre-
sponding the limit states for Immediate Occupancy,
Life Safety and Collapse Prevention performance
levels respectively. One can easily assess the
efficiency of proposed method in application for
probabilistic demand analysis of structures. The
mention comparison has been made in case of mean,
mean + standard deviation and mean - standard
deviation.

For 3-story frame, there is a difference of 4.9%,
8.5% and 19.4% between two estimations of mean,
mean + std (standard deviation) and mean - std IDA
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item about the scaling, one can conclude that the
application of an efficient scaling method before
doing NLTHA can reduce the mentioned differ-
ence between the estimated EDPs.

v The estimations of the dynamic capacity of
MDOF structures using IDA show the ability of
the shortened SGMs to represent the original one
in the generation of mean IDA curves. It should
be noted that by a mean reduction of 71% in the
duration of SGMs a difference of 9.8%, 1.9% and
0.2% is observed between the mean estimated
collapse capacity of 3, 6 and 12-story frames,
respectively.

v The possible error, which can be produced in
the computed EDPs, due to the reduction of
duration based on the proposed method can be
assessed and predicted before NLTHA by
comparing the elastic spectral response of
shortened and original SGMs. Further research is
needed in this regard.
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