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Abstract The main objective of this paper is to present a wavelet-based procedure to characterize 
principle features of a special class of motions called pulse-like ground motions. Initially, continuous 
wavelet transform (CWT) which has been known as a powerful technique both in earthquake 
engineering and seismology field is applied easily in automated detecting of strong pulses of 
earthquakes. In this procedure, BiorSpline (bior1.3) basis from biorthogonal wavelet families is applied 
for extracting of the largest velocity pulses from normal-fault component of selected records. The 
selected wavelet decomposition process aids quantification of the effect of extracted pulses on 
acceleration and displacement response spectra. The results on elastic spectra show that, these pulses 
cause a significant amplification in the region of pulse period which should be appropriately 
incorporated in design procedure of structures in near field area. The results also have been presented for 
inelastic response spectra with different ductility levels. 
 
Keywords   Wavelet analysis; Pulse-like ground motions; Elastic and inelastic response spectra; Pulse 
effect. 
 

     
 

1. INTRODUCTION 
 
The vast domain of wavelet analysis as a powerful 
technique is increasing rapidly both in earthquake 
engineering and seismology field. Great attention 
from the research community has been focused on 
the use of wavelet analysis. Significant progress in 
its applications can be achieved in several studies 
that refer to processing of earthquake records, 
multi-scale analysis and simulation of earthquake 
motions, seismic data compression, automatic 
detection and rapid determination of earthquake 
magnitude, study of the dynamic behaviour of 
geotechnical structures, damage localization in 

structures, investigation of seismic response of 
frames, optimum design of structures against 
earthquakes, estimation of input energy during 
earthquakes and effect of energy concentration of 
earthquake ground motions on the nonlinear 
response of structures [1-10]. As a new application 
of wavelet transform, a wavelet-based procedure is 
applied effectively in this paper to characterize the 
principal features of a special class of motions 
called pulse-like ground motions on elastic and 
inelastic response spectra. 
     Recent seismology and earthquake engineering 
studies have focused on better understanding and 
characterization of near-fault ground motions 
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effects on structures. Sufficient number of 
measurements of earthquake ground motions in 
near-fault area obtained in recent events: 
Northridge (California), 1994; Kobe (Japan), 1995; 
Chi-Chi (Taiwan), 1999 and Bam (Iran),  2003 
provides a suitable platform to achieve new 
valuable detailed information about near-field 
ground motions features. These motions which 
might result in serious damage of structures 
typically are distinguished from ordinary far-field 
records with two key characteristics [11]: 
i) A permanent displacement offset along the fault 
called fling-step effect. 
ii) A distinct strong pulse in the ground velocity 
known as directivity effect. 
     Directivity effects can be classified as forward, 
reverse, and neutral. Forward directivity which has 
the most destructive effects occurs when the 
rupture front expands toward the site and the slip 
direction is aligned with the site. In this manner, 
when rupture spreads from the hypocenter to site, 
the released waves reach the site at once like a 
strong vibration. Figure 1 shows the location of the 
rupture of the Landers earthquake (Mw=7.3) along 
with the strike normal velocity time histories at 
Lucerne and Joshua-Tree stations that exhibit 
forward and backward directivity effect, 
respectively [11]. 
     There is a great deal of evidence for severe 
structural damage in recent destructive earthquakes 
occurred in near-fault zones that have experienced 
these pulse-like motions. Contrasting the ordinary 
records that recorded from an adequate amount of 
sources, this kind of ground motions generally give 
rise to considerable velocity, displacement, energy 
demands, and accordingly great effect on a wide 
range of structures that is not expected in 
conventional representative measures [12-16]. 
Therefore as an important concern, it is necessary 
to consider key characteristic of this type of 
motions in seismic design procedure of structures. 
Near-fault ground motion records used as input 
motions in this paper were chosen from a variety 
of tectonic environments obtained from the 
potentially destructive earthquakes of Northridge 
(California) 1994 (Mw 6.7), Kobe (Japan) 1995 
(Mw 6.7), and Chi-Chi (Taiwan) 1999 (Mw 7.6). 
In the first part of this work, continuous wavelet 
transform (CWT) as a quantitative method is 
applied to make out strong near-fault velocity 
pulse from normal-fault component of selected 

motions. If the extracted pulse is large relative to 
remaining features in the ground motion, the 
ground motion is chosen as pulse-like motion [17, 
18]. The period of detected velocity pulses as an 
effective parameter on structural demand 
estimation is simply determined by pseudo-period 
of the mother wavelets. 
 

 

Figure 1.  Strike normal velocity time histories at 
Lucerne and Joshua-Tree stations of the Landers 
earthquake (Mw=7.3) [11] 
 

     The preferred wavelet-based decomposition 
process aids quantification of the effect of 
extracted pulses on elastic and inelastic 
acceleration response spectra in the second part of 
this paper. Pseudo acceleration spectra along with 
the displacement spectra for selected pulse like 
motions are compared with the spectra of the 
residual motions that achieved after the pulse have 
been extracted. It has been long recognized that 
structures should be capable of withstanding 
substantial inelastic displacement during strong 
ground motions. Consequently, this paper 
addresses both elastic and inelastic spectra for 
pulse-like ground motions as a special class of 
motions. 
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2.  REVIEW OF FUNDAMENTAL 
CONCEPTS OF WAVELET ANALYSIS 

 
To demonstrate the ability of the proposed method 
in this work, a brief review of the basic concepts of 
wavelet analysis as a multi-resolution signal 
decomposition tool is presented herein. 
Mathematical transformations are employed 
greatly to signals to achieve additional information 
from that signal that is not available in their time 
domain form. For this purpose, several techniques 
such as the conventional Fourier transform have 
been proposed in the literature. The limitation of 
Fourier transform which is able to decompose a 
signal to complex exponential functions of 
different frequencies has been pointed out over the 
past few years, especially in the case of non-
stationary signals. Wavelet analysis has removed 
the shortcoming of Fourier analysis by switching 
from the time-frequency to the time-scale. They 
are inherently better suited to the analysis of 
earthquakes which are known as transient and non-
stationary events. Accordingly, it is able to detect 
more valuable information from the time series 
than other classical methods of analysis which is 
used in this study for extracting of strong pulse of 
the nominated records. 
     Wavelet analysis is breaking up of a signal but 
into shifted and scaled versi, ons of a wavelet 
prototype function, called “mother wavelet”. The 
basic idea behind wavelets is analysis according to 
scale which plays an essential role in the wavelet 
analysis procedure and simply means stretching (or 
compressing) it.  
     In practice, there are two types of wavelet 
transforms, discrete wavelet transforms (DWT) 
and continuous wavelet transforms (CWT) which 
has been used in this paper because of its higher 
resolution. For a given signal )(tf , the integral 
form of continuous wavelet transform with respect 
to mother wavelet function )(•ψ  is defined as: 
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where, 0≠a and b are real values called the scale 
and translation or location parameters, respectively 
and symbol * denotes complex conjugate and t is 
the abscissa on which the signal is analyzed. 
Dilation by the scale a  which is inversely 

proportional to frequency represents the periodic 
nature of the signal. As results of the wavelet 
transform, [ ]bagCWT ,;  is representing a time-
scale map (or Scalogram). If parameter a in above 
equation takes discrete values, the aforementioned 
transform is called discrete wavelet transform and 
is abbreviated as DWT. If not, it is named 
continuous wavelet transform and is abbreviated as 
CWT. By taking Fourier transform of )(tψ , it is 
possible to reconstruct the signal under analysis, 
f(t), from its wavelet transform, [ ]bagCWT ,; , in 
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where, )(ˆ ωψ  is the Fourier transform of )(tψ and 
the coefficient of ψC depends on the selected 
mother wavelet.  
     The BiorSpline (bior1.3) basis from 
biorthogonal wavelet families has been adopted in 
this paper as a sufficient mother wavelet which 
was suggested recently by the author for this 
purpose [18]. The bior1.3 is a symmetrical, bell-
shaped, piece-wise polynomial function with good 
local properties which originally introduced by 
Charles and Wang as wavelet [19]. It should be 
noted that biorthogonal wavelet families have been 
used as an appropriate alternative for some 
pervious applications [20, 21]. More detailed 
description about mathematical background of 
continuous wavelet transform can be found in text 
books of the subject [22, 23]. 

 
 

3. PULSE EXTRACTION PROCEDURE 
 

In 2007, Baker has presented a novel wavelet-
based method for quantitative classification of 
near-fault ground motions containing strong 
velocity pulse typically caused due to directivity 
effect [17]. For this purpose, the largest velocity 
pulse from a given ground motion is extracted by 
applying of CWT and then the size of original 
motion is compared with the residual of motion 
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after this extraction. Comparisons were made by 
means of a pulse indicator (PI) which was 
introduced by Baker based on logistic regression 
analysis [17] as defined in the following form: 
 

))5.206.143.23exp(1( 1−++−+= βαPI      (4) 
 
Two predictor variables of Eq. (4) are; α  that is 
the peak ground velocity of the residual record 
divided by the original record’s PGV, and the 
second variable,β  which is obtained by dividing 
the energy of the residual record to the original 
record’s energy. Hereby, one pulse indicator is 
calculated for each record and records with score 
above 0.85 are classified as pulse-like motion (for 
more details see ref. [17]). 
     There is not a general systematic rule for 
selection of mother wavelet (or wavelet basis) and 
usually it depends on the type of analysis, the 
characteristic of function to be analyzed and the 
type of information one wants to emphasize. 
Earlier, behavior of the different types of 
orthogonal and biorthogonal mother wavelets on 
performance of pulse-like ground motion 
classification were discussed [18]. Estimation of 
pulse period for velocity time series of ground 
motions was also investigated by the author [18]. 
From the analysis, it was revealed that the choice 
of mother wavelets and its associated scaling 
function are very significant to obtain the most 
reliable wavelet transforms. It depends on the 
characteristic of velocity pulse which frequently 
appears in near-fault ground motions. The 
comparisons also showed the better performance of 
BiorSpline (bior1.3) basis from biorthognal 
wavelet families among different mother wavelets, 
the Haar, the Daubechies wavelet of order 4 and 7 
(db4, db7), the Symlet wavelet of order 4 (Sym4), 
the Coiflet wavelet of order 2 (Coif2), and Reverse 
bi-orthogonal wavelet of order 2 and associated 
filter length 4 (rbio2.4) [18]. Figures 2 and 4 show 
the acceleration and velocity time history of 
original ground motions along with the associated 
extracted pulse using (bior1.3) for three destructive 
events, Northridge (California), 1994; Chi-Chi 
(Taiwan), 1995 and Kobe (Japan), 1995, recorded 
respectively at Rinaldi, CHY006 and Takarazuka 
stations. It should be noted that the calculated 
pulse indicator for all of pulse-like motions 
selected in this paper is close to 1. 
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Figure 2. Acceleration, velocity and associated 
extracted pulse time history of Northridge (1994) event 
recorded at Rinaldi station 

 

 

The velocity pulse period in this work also is 
derived based on pseudo-frequency of wavelet 
( jξ ) as follows: 
 

tjj ∆
= ψξξ                                                              (5) 

 

where, ψξ is the central frequency of wavelet ψ  in 
Hz, j is the scale of wavelet and t∆  is sampling 
period. Consequently, pseudo-period of the largest 
wavelet coefficient (Tp) is defined as the inverse of 
the pseudo-frequency. In order to calculate ψξ , it is 
required to associate it with a type of mother 
wavelet. Therefore, the derived pulse period based 
on this procedure is depending to the type of 
selected mother wavelet.  
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Figure 3. Acceleration, velocity and associated 
extracted pulse time history of Chi-Chi (1999) event 
recorded at CHY006 station 

 
 

Based on pervious work of the author, the 
BiorSpline (bior1.3) basis from biorthogonal 
wavelet families has been adopted. Accordingly, 
the pulse period for ground motions of Northridge, 
1994; Chi-Chi, 1999 and Kobe, 1995 events at 
selected stations has been summarized in Table 1. 
The biorthogonal wavelet function (bior1.3) is also 
illustrated schematically in Figure 5. 
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Figure 4.  Acceleration, velocity and associated 
extracted pulse time history of Kobe (1995) event 
recorded at Takarazuka station 

 
 
 
 

 

Figure 5. Schematic representation of biorthogonal 
wavelets bior 1.3 
 
 

 
 

4. PULSE EFFECTS ON ACCELERATION 
AND DISPLACEMENT RESPONSE 

SPECTRA 
 

4.1. Elastic Response Spectra    The response 
spectrum as a straightforward tool in earthquake 
engineering is widely used for characterization of 
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earthquake ground motion features on seismic 
design of structures. In design of a structure that 
has been located in near-fault zones, the effect of 
special nature of such motions (see section 1 for 
more detail) on elastic response spectra should be 
considered.  
     Application of continuous wavelet transform for 
extracting pulse portion of pulse-like ground 
motions could provide a suitable platform for 
quantifying of this effect that has not 
systematically included in the development of 
seismic design code. In this paper, great capability 
of continuous wavelet transform (CWT) is used to 
clearly identify sudden jumps in time history of 
earthquake records by considering contribution of 
different levels of frequency. Figures 6 to 8 
illustrate elastic acceleration and displacement 
response spectra for three pulse-like motion 
(named as original) along with the spectra of 
motions while the pulses have been extracted and 
named residual motions herein. As an example, 
residual ground motion for Northridge, 1994, event 
in Rinaldi station has been shown in Figure 9. 
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Figure 6. Acceleration and displacement response 
spectra of original and residual ground motion of 
Northridge (1994) event recorded at Rinaldi station 
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Figure 7. Acceleration and displacement response 
spectra of original and residual ground motion of Chi-
Chi (1999) event recorded at CHY006 station 
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Figure 8. Acceleration and displacement response 
spectra of original and residual ground motion of Kobe 
(1995) event recorded at Takarazuka station 
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TABLE 1.  Pulse-like ground motions used in this study 

# Event Station Mw Epicentral 
Distance (km) 

Soil Classification 
(NEHRP) 

Tp 
(sec) 

1 Northridge, 1994 Rinaldi Receiving 6.7 10.9 D 1.1 

2 Chi-Chi, Taiwan, 
1999 CHY006 7.6 40.5 D 4.4 

3 Kobe, Japan, 1995 Takatori 6.9 13.1 D 1.7 
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Figure 9. Residual ground motion for Northridge 
(1994) event in Rinaldi station 

 
     It is obvious that the pulses cause significant 
amplification of acceleration spectra, in the region 
of the pulse period (see Figures 6, 7 and 8). This 
parameter is known as a main characteristic in 
structural engineering, because the ratio of pulse 
period to fundamental period of structure (Tp/T) 
can effect on the structure response significantly 
[24]. 
     As a final consideration, the average response 
including all of records has been considered in this 
section. For this purpose, the acceleration and 
displacement spectral ratio of observed to residual 
motions at each individual station, averaged over 
all stations, have been evaluated in Figure 10. It 
can be appreciated that, the pulse-like ground 
motions which induced normally by forward 
rupture directivity are able to amplify the spectral 
scaling differently in a wide range of periods from 
0.6 to 2.3 second which should be considered in 
seismic design of structures. 
 
4.2. Inelastic Response Spectra   Following the 
developments of the last 15 years, performance-
based earthquake engineering (PBEE) needs 
reliable approaches to estimate earthquake 
demands for the design, evaluation and 
rehabilitation of structures, to make sure that 
particular performance criteria are met and they are 
within satisfactory limits. It has been long 
recognized that structures should be capable of 
withstanding substantial inelastic displacement 
during strong ground motion which can be 
represented by means of inelastic acceleration and 

displacement spectra.  
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Figure 10.  a) Acceleration b) displacement spectral 
ratio of observed to residual motions, averaged over 3 
stations 
 
     The previous studies often address the 
comparative effects of near-fault vs. far-field 
ground motions. The contribution of pulse portion 
of motion on inelastic displacement of a system 
has not been systematically studied in the past. In 
this work, the influence of the pulse-like ground 
motions on inelastic acceleration and displacement 
spectra were investigate. These spectra for two sets 
of ground motions, original pulse-like motions and 
residual ground motions, corresponding to three 
ductility levels 2, 4, and 6 are computed and have 
been also presented in Figure 11 to13.  
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Figure 11. Inelastic response spectra of ground motion of Northridge (1994) event recorded at Rinaldi station  
 
 

    The provided spectra in this paper follow the 
similar method used for deriving an elastic 
response spectrum with the addition of an iterative 
approach which is needed to reach the desired 
ductility level. These spectra describing constant-
ductility inelastic spectral ordinates and will 
provide a useful tool for estimating maximum 
inelastic demand of SDOF systems. Here, the 
force-displacement relationship of system is 
elastic-perfectly plastic. Damping ratio is assumed 
5% of critical damping and inelastic ratios were 
computed for three different levels of ductility 
( =µ 2, 4 and 6). 

     Important observation can be made from Figure 
11 to 13 which highlight the need to more fully 
understand this effect on demand estimation. 
Figure 11 to 13 show that how the inelastic 
acceleration spectral values change as the ductility 
level grows.  Based on these figures, the influence 
of pulse on inelastic acceleration response is 
decreased with increasing of ductility level. Unlike 
elastic cases; the main effect of pulses has not 
focused merely in the region of the pulse period. 
Also the effect of pulse portion of motions on 
acceleration response spectra is clearer than 
displacement response spectra with different 
ductility levels. 
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Figure 12. Inelastic response spectra of ground motion of Chi-Chi (1999) event recorded at CHY006 station 
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Figure 13. Inelastic response spectra of ground motion of Kobe (1995) event recorded at Takarazuka station 

 

5. CONCLUSION 
 

a) This study was aimed on studying the new 
application of continuous wavelet transforms 
as a powerful technique for identification of 
special feature of pulse-like ground motions 
on both elastic and inelastic acceleration; 
displacement spectra. 

b) This work highlights some new important 
features of pulse-like ground motions for 
earthquake engineering in seismic 
performance evaluation of structures. 

c) In the preferred procedure of this paper, 

continuous wavelet transform (CWT) as a 
quantitative approach is applied to extract 
strong near-fault velocity pulse of selected 
motions. The BiorSpline (bior1.3) basis from 
biorthognal wavelet families has been applied 
as a suitable mother wavelet. The period of 
velocity pulses as a key parameter was simply 
determined by pseudo-period of the mother 
wavelets. 

d) The results of this study showed that pulses 
cause significant amplification of records 
acceleration spectra, in the region of the pulse 
period. 
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e) The results also reveal that how the inelastic 
acceleration spectral values changes as the 
ductility level grows. The experimental 
results depict that the influence of pulse on 
inelastic acceleration response is decreased 
with increasing of ductility level. Unlike of 
elastic cases, the main effect of pulses has not 
focused merely in the region of the pulse 
period.  

f) The effect of pulse portion of motions on 
acceleration response spectra is clearer than 
displacement response spectra for different 
ductility levels. 

g) It can be appreciated that, the pulse-like 
ground motions which induced normally by 
forward rupture directivity are able to amplify 
the spectral scaling differently in a wide range 
of periods from 0.6 to 2.3 second. It should be 
considered in seismic design of structures. 
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