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Abstract: Pulse-like seismic records constitute a special category of ground motions, since 
they are capable of causing significant damage to several structures. In this paper the 
efficiency of two new methods for the classification of ground motions as pulse-like or non 
pulse-like is investigated. The first method uses the Sd,0(Tp)/CAD parameter and more 
specifically the ratio of the spectral displacement corresponding to pulse period Tp divided by 
the CAD (Cumulative Absolute Displacement) of the pulse as an indicator of the existence of 
a pulse in the velocity time history. The second method uses Mavroeidis and Papageorgiou 
wavelet for the mathematical representation of the predominant pulse and the cross 
correlation of the significant pulse and the original record is used as a pulse indicator. It is 
proven that, for pulse-like ground motions, the ratio Sd,0(Tp)/CAD is around π/4 and the cross 
correlation is larger than 0.60. The method is applied to a total of 229 records from the NGA 
database with peak ground velocity larger than 30 cm/sec.  
  
 
Introduction 
The increased density of recording stations in the near-fault areas has permitted the 
collection of near-field ground motions which present characteristics quite different from 
those of typical far-field records. The main difference concerns the presence of dominant 
pulses in the ground velocity time histories, especially at sites located in the forward direction 
of the fault rupture, produced by the so-called   ‘directivity  effects’.  Records  containing  such  
pulses  are  characterized  as  ‘pulse-like’  and  are  of special interest in the field of engineering 
seismology and earthquake engineering, due to their effects on the elastic and the inelastic 
response spectra (Bertero et al. 1978, Somerville 1997, 1998 & 2003, Alavi and Krawinkler 
2000 & 2004, Luco and Cornell 2007, Zhai et al. 2007, Sehhati et al. 2011, Champion and 
Liel 2012). In what regards the elastic response, directivity pulses produce a bell shaped 
amplification of the displacement spectra around the pulse period Tp, a feature of special 
interest in performance based design. For inelastic response, directivity pulses might 
produce large ductility demands, μ, for periods a little smaller than the pulse period, quite 
larger than the corresponding reduction factors, R (Iervolino and Cornell, 2008). However, for 
periods equal to or larger than the pulse period, the μ/R ratio is generally close to unity and 
the  ‘equal  displacement’  assumption  holds.   
 
It should be pointed out that, although the majority of pulse-like records containing pulses are 
attributed to near-fault effects (directivity pulses), significant pulses may be produced by 
other reasons as well, such as basin effects, soil conditions, deep rupture, fling-step etc. 
(Rodriguez-Marek 2000, Baker 2007). In this paper, all types of pulse-like records are 
considered, independently of the cause of their generation. 
 
Velocity pulses inherent in ground motion records are usually visible in the velocity time 
history. Many researchers have presented various methods to identify their properties and 
simulate them, mainly using wavelet analysis. Among them, Mavroeides and Papageorgiou 
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(2003) proposed a very efficient model for the mathematical representation of the pulse 
based on the amplitude, the period, the duration and the phase shift. 
 
Furthermore, Baker (2007) developed a new method for detecting pulses in ground motions. 
The procedure uses wavelet-based signal processing to identify and extract the largest 
velocity pulse from a ground motion applying two main criteria: the pulse arrives early in the 
ground motion and the absolute amplitude of the velocity pulse is large. The method leads to 
the introduction of a pulse indicator which can be used for the quantitative classification of 
near-fault ground motions as pulse-like or non pulse-like; however, some evidently pulse-like 
records cannot be identified.  
 
A different method for the identification of pulse-like ground motions was introduced by Zhai 
et al. (2013), based on energy considerations,. Specifically, ground motions, whose dominant 
velocity pulse holds an energy value greater than a specific amount of the total energy, are 
classified as pulse-like. Compared  to  Baker’s  results,  significant  differences  are  observed in 
the two classifications. 
 
In the present paper, two new methods for the quantitative characterization of ground 
motions as pulse-like or non-pulse-like are presented. The first method is based on the 
relation between the spectral displacement that corresponds to the period of the pulse and 
the recently introduced index CAD (Cumulative Absolute Displacement, Taflampas et al. 
2009), which measures the characteristics of the ground motion. The second method uses 
the Mavroeidis and Papageorgiou wavelet for the mathematical representation of the 
predominant pulse and the cross correlation of the pulse and the original record is used as 
the pulse indicator. 
 
Determination of the pulse period 
As a common practice, the determination of the period Tp of the pulse inherent in pulse-like 
ground motions is based on the peak of the pseudo-velocity response spectrum for 5% 
damping (Alavi and Krawinkler 2000). However, the accuracy of this definition has been 
questioned by several researchers (Rodriguez-Marek 2000; Baker 2007).  
 
A different method was proposed by Zhai et al.  (2013),  called  ‘the  peak  point  method’.  In  this  
case, the one cycle time interval, containing the PGV, between two consecutive peaks or 
troughs depending on whether the PGV has a negative or a positive sign, is considered as 
the pulse period. 
 
In the present paper, a recently developed method (Mimoglou et al. 2014) is used for the 
determination of the pulse period Tp. According to this method, the pulse period is 
determined from the peak of the product spectrum SdSv, where Sd is the displacement 
response spectrum and Sv is the velocity response spectrum, both for 5% damping. This 
definition is based on the observation that, since the pulse inherent in a ground motion 
affects both the ground acceleration and the ground velocity, to a different degree though, 
the pulse period Tp should prevail in the convolution integral of these two time-histories and 
correspond to the peak of the related Fourier spectrum. Taking into account that the 
undamped velocity and displacement response spectra are adequate envelopes of the 
Fourier spectra of the ground acceleration and the ground velocity, respectively, and that the 
Fourier spectrum of the convolution integral is equal to the product of the Fourier spectra of 
the convolved signals, the Fourier spectrum of the convolution integral can be approximated 
by the corresponding product of the response spectra for zero damping, Sv,0Sd,0. In the 
proposed method, however, it was suggested to use the response spectra for 5% damping 
instead of the ones for zero damping.  
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As an example, let us consider the normal-to-the fault component of the ground motion 
recorded at Petrolia during the Cape Medocino, 1992 earthquake. Application of the above-
mentioned method results to Tp = 2.74 sec (Fig. 1a), a value close to the period of 3.00 sec 
proposed by Baker (2007). However, as shown in Fig. 1b, this value is close to the second 
peak of the pseudo-velocity response spectrum for 5% damping (equal to 2.30 sec) and not 
to the period of the largest peak (equal to 0.72 sec). In Fig. 1c, the pulse determined with the 
new methodology is compared with the time history of the ground velocity and it is seen that 
it matches well the predominant pulse inherent in the record. 
 

   
 (a) (b) (c) 

Figure 1.  Petrolia record (Cape Medocino, 1992 earthquake): (a) SdSv product spectrum; (b) 
Pseudo-velocity response spectrum for 5% damping; (c) time history of the ground velocity and the 
calculated predominant pulse (reproduced from Mimoglou et al. 2014). 
 
Recently proposed methods for the classification of ground motions 
Up to now, the classification of ground motions as pulse-like or non pulse-like has been 
based on the assumption that the energy of a pulse-like ground motion is mostly 
concentrated at the duration of the pulse. This also implies that the induced structural 
deformation dissipates energy in a single or few plastic cycles.   
 
Various criteria have been proposed by different researchers regarding this classification. 
Baker (2007) proposed a pulse indicator which takes into account the ratio of the Peak 
Ground Velocity (PGV) of the original record divided by the PGV of the residual record, i.e. 
the time history that is calculated by extracting the velocity pulse from the original ground 
motion, as well as the ratio of the energies of the original and the residual records. For the 
latter, the energy index is derived from the squared integral of the ground velocity. The pulse 
indicator takes values between 0 and 1: if the pulse indicator is larger than 0.85, the record is 
considered as pulse-like; if the indicator is less than 0.15, the record is considered as non 
pulse-like; for intermediate values the method is not efficient.  
 
A similar indicator was proposed by Zhai et al. (2013), defined by the ratio between the 
energy contained in the velocity pulse and the total energy of the record. If this ratio is larger 
than 0.3 the record is classified as pulse-like. A possible handicap of this method is that it 
takes into account only one cycle of the velocity pulse, while the number of cycles can be 
larger. 
 
First proposal: The ratio of Sd,0/CAD as a pulse indicator 
A new method is proposed herein for the classification of a record as pulse-like or non pulse-
like based on the ground motion parameter CAD (Cumulative Absolute Displacement, 
Taflampas et al. 2009), which is defined in analogy with the CAV (Cumulative Absolute 
Velocity) index (EPRI 1991) as the time integral of the absolute ground velocity, i.e. 
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It is noticed that Baker (2007), Zhai et al. (2013) and Zamora and Riddell (2011) have also 
used similar indices, specifically the time integral of the squared acceleration (Arias 1970) 
and the time integral of the squared velocity (Riddell 2007) as intensity measures of the 
pulse-like content of the ground motion.   

The proposed method is based on the observation that, for a harmonic ground motion of 
several cycles applied as base excitation to an undamped SDOF oscillator, there is a 
constant ratio between the spectral displacement for zero damping at resonance and CAD, 
which can be expressed as (Mimoglou et al. 2014): 
 

 
,0( )

4
d resS T
CAD

 (2) 

Eq. (2) implies that, for ground motions characterized by velocity pulses, the displacement 
response spectrum for zero damping, which approximates the Fourier spectrum of the 
ground velocity as mentioned above, should present a large amplification around the pulse 
period, Tp, and the ratio Sd,0(Tp)/CAD should be close to π/4. On the contrary, for non pulse-
like ground motions, the Fourier spectrum of the ground velocity is more flat resulting in a 
value of the ratio Sd,0(Tp)/CAD quite smaller than π/4. In the derivation of this indicator, it is 
suggested that CAD is not calculated for the whole time duration of the ground motion, but 
for a smaller time interval, from tmin to tmax, where tmin is the zero crossing time before the first 
exceedance of the value 0.4PGV and tmax is the zero crossing time after the last exceedance 
of 0.4PGV, i.e., 
 

  
max

min

t

g
t

CAD v dt  (3) 

It is evident from the above discussion that the ratio Sd,0(Tp)/CAD, in which Sd,0(Tp) is the 
spectral displacement for zero damping that corresponds to period Tp and CAD is defined 
according to Eq. (3), can be used as an indicator of whether a record is pulse-like or non 
pulse-like. As suggested by Eq. (2), the threshold for this classification should be set to a 
value somehow lower than π/4. Based on the comparison of the results obtained using the 
proposed method with the ones derived by the Baker (2007) and the Zhai et al. (2013) 
methods, which is presented in the ensuing, it is suggested to set the threshold to a value 
close to π/5 (= 0.628).  

More specifically, the proposed criterion is: if the ratio Sd,0(Tp)/CAD is larger than 0.65, the 
record is characterized as pulse-like; if the ratio Sd,0(Tp)/CAD is smaller than 0.55, the record 
is characterized as non pulse-like. Records in between, with 0.55 < Sd,0(Tp)/CAD < 0.65, are 
considered ambiguous. 

As an example, let us apply the proposed method to the Cape Mendocino (Petrolia), 1992 
earthquake, a known pulse-like record. In this case, tmin = 1.6 sec and tmax = 3.9 sec (Fig. 2a) 
and the application of Eq. (3) gives CAD = 75.04 cm. The pulse period, calculated from the 
peak of the SdSv product spectrum for 5% damping, is Tp = 2.7 sec (Fig. 2b). The 
corresponding spectral displacement for zero damping is Sd,0(Tp) = 64 cm. Therefore, 
Sd,0(Tp)/CAD = 0.85 significantly larger than 0.65, thus the record is evidently pulse-like.  
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 (a)  (b) (c) 

Figure 2. Cape Mendocino, 1992 earthquake: (a) time history of the ground velocity. The shaded area 
represents the part of the record considered in the calculation of CAD according to Eq. (3); (b) SdSv 
product spectrum for 5% damping; (c) displacement response spectrum for zero damping. 

As a second example, let us consider a non pulse-like record, specifically the CHY036 record 
of the Chi-Chi, 1999 earthquake. In this case, tmin = 27 sec and tmax = 54 sec (Fig. 3a) and the 
application of Eq. (3) gives CAD = 235 cm. The SdSv product spectrum for 5% damping 
peaks at Tp = 3.94 sec (Fig. 3b) and from the displacement response spectrum it is found 
that Sd,0(Tp) = 116 cm. Therefore, Sd,0(Tp)/CAD = 0.49 < 0.55, thus the record is classified as 
non pulse-like. 

 
 (a) (b) (c) 

Figure 3. CHY036 record of the Chi-Chi, 1999 earthquake: (a) time history of the ground velocity; (b) 
SdSv product spectrum for 5% damping; (c) displacement response spectrum for zero damping. 

 
Second proposal: The cross correlation of the predominant pulse with the original 
record as a pulse indicator 
A second method proposed herein for the classification of a record as pulse-like or non 
pulse-like is based on the Mavroeidis and Papageorgiou (2003) wavelet (M&P wavelet), 
which is used for the mathematical representation of the predominant pulse. In order to 
define the M&P wavelet, the pulse period Tp is computed from the aforementioned 
methodology. The three remaining parameters, the amplitude of the bell-shaped envelope Α, 
the duration of the wavelet γ and the phase shift ν are computed with the use of the CAD 
parameter. It   is   proven   that   the   wavelet’s   amplitude   Αi can be computed by the following 
equations (Mimoglou et al. 2014): 
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where Ti is the pulse period Tp and PSv,0(Ti) and PSv,ξ(Ti) are the peaks of the pseudo-
velocity response spectrum of the ground motion for zero damping and damping equal to ξ, 
respectively, that are closest to the period Tp. For   the   determination   of   the   wavelet’s  
amplitude Αi from Eq. (4) or (5), the value of the duration γi must be known. Since this is an 
unknown parameter, all the values γi,j in a selected range of variation of γi are examined. 
From the eligible set of pairs (Αi,j, γi,j), the ones that lead to amplitudes   of   the   wavelet’s  
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acceleration, velocity or displacement larger than the corresponding peak values of the 
ground motion, PGA, PGV and PGD respectively, are rejected. For the remaining pairs (Αi,j, 
γi,j), and for all values of the phase νi between 0° and 360°, the corresponding wavelets are 
calculated and the wavelet with the largest cross correlation with the original ground motion 
is selected. It is evident that the computed cross correlation of the significant pulse and the 
original record can be used as an indicator of whether a record is pulse-like or non pulse-like. 
Based on the comparison of the results obtained using the proposed method with the ones 
derived by the Baker (2007) and the Zhai et al. (2013) methods, which is presented in the 
ensuing, it is suggested to set the threshold to a value close to 0.6 
 
As an example let us consider the same pulse-like and non pulse-like records shown in 
figures 2 and 3. The value of the cross correlation for the Cape Mendocino (Petrolia), 1992 
earthquake is 0.70 > 0.60 and for CHY036 record of the Chi-Chi, 1999 earthquake is 0.56 < 
0.60. Therefore, the records are characterised as pulse-like and non pulse-like, respectively.  
 
Comparison with previous methods 
The proposed methods were applied to 91 records that were characterized as pulse-like by 
Baker (2007) and to a dataset of 160 records used in Zhai et al. (2013). The results are 
shown in figures 4 and 5 respectively, on the plane Sd,0(Tp) versus CAD or cross correlation 
versus No of record, in which black dots correspond to pulse-like records and grey crosses to 
non pulse-like ones according to the classification given on the original papers. On the same 
figures the lines corresponding to the thresholds of the new methods proposed herein are 
drawn.  
 

 
(a)                                       (b) 

Figure 4. Sd,0 vs. CAD for the records considered in: (a) Baker (2007); (b) Zhai et al. (2013). 
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(a)                               (b) 

Figure 5. Cross correlation of the predominant pulse with the original record for the records considered 
in: (a) Baker (2007); (b) Zhai et al. (2013). 

 
It is obvious that there are only few cases in which the methods clearly contradict the results 
of Baker and  Zhai et al. Three examples of such cases are shown in Fig. 6, namely: the 
Parkfield-Fault Zone 14 record of the Coalinga, 1983 earthquake (Fig. 6a), the Saratoga - W 
Valley Coll. (Fig. 6b) and the Sunnyvale - Colton Ave. record (Fig. 6c) of the Loma Prieta, 
1989 earthquake which have been characterized as non pulse-like by Zhai et al. and are not 
mentioned in Baker (2007) as pulse-like. For these records, the ratios Sd,0(Tp)/CAD are: 0.89, 
0.93 and 0.76 respectively, larger than 0.65 in all cases and the values of cross correlation 
are: 0.83, 0.62 and 0.77. Therefore, all three records are classified as pulse-like according to 
the proposed methods. These records, evidently, contain significant pulses, as can be seen 
from the time histories of the ground velocity shown in Fig. 6.   
 

 
(a)                        (b)                                        (c) 

Figure 6. Time histories of the ground velocity: (a) Parkfield-Fault Zone 14 of the Coalinga, 1983 
earthquake; (b) Saratoga - W Valley Coll. of the Loma Prieta, 1989 earthquake;  (c) Sunnyvale - 
Colton Ave. of the Loma Prieta, 1989 earthquake. 
 
Application to a wide dataset 
The application of the proposed methods was extended to a total of 229 records with PGV > 
30 cm/sec from the PEER-NGA strong motion database. The results are shown in Fig. 7. 
Specifically, according to the proposed methods of classification, 113 records are classified 
as pulse-like by both methods. The results are compared with Baker (2007) and Zhai et al. 
(2013) in Table 1, where the percentage of the agreement of the pulse-like records 
determined with the new methods with the previous methods are presented.  
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Figure 7. Classification of the 229 records considered according to the ratio Sd,0/CAD and the cross 

correlation criterion. 
 

Table 1. Comparison of detected pulse-like records with previous methods 

Compared 
methods 

Baker (2007) vs. 
Sd,0(Tp)/CAD 

Zhai et al.(2013) 
vs. 

Sd,0(Tp)/CAD 

Baker (2007) 
vs, Cross 

Correlation 

Zhai et 
al.(2013) 
vs. Cross 

Correlation 

Sd,0(Tp)/CAD 
vs. Cross 

Correlation 

Agreement 94% 85% 91% 91% 77% 

 
 
Conclusions 
Two new methods are proposed for the classification of ground motions as pulse-like or non 
pulse-like. The first method is based on the value of the ratio Sd,0(Tp)/CAD, with Sd,0(Tp) being 
the spectral displacement for zero damping that corresponds to the period of the pulse, Tp, 
and CAD being the Cumulative Absolute Displacement index calculated for the time interval 
between the zero crossing times before and after the first and the last exceedance of the 
value 0.4PGV by the ground velocity. The upper and lower thresholds for this classification 
are set to 0.65 and 0.55, respectively. These values are in agreement with the observation 
that, for a harmonic ground motion applied as base excitation to an undamped SDOF 
oscillator, the ratio Sd,0(Tres)/CAD at resonance is equal to π/4. Specifically, if the ratio 
Sd,0(Tp)/CAD is larger than 0.65, the record is characterized as pulse-like, while, if it is smaller 
than 0.55, the record is characterized as non pulse-like. Records in between, with 0.55 < 
Sd,0(Tp)/CAD < 0.65, are considered ambiguous. 
 
The second method uses Mavroeides   and   Papageorgiou   “wavelet”   for   the   mathematical  
representation of the predominant pulse (Mimoglou et al. 2014) and the cross correlation of 
the pulse with the original record is used as the pulse indicator. Records with values of cross 
correlation larger than 0.60 are characterized as pulse-like. In both methods the pulse period, 
Tp, is determined from the peak of the product spectrum SdSv for 5% damping.  
 
The new approaches compare well with previously proposed methods by other researchers 
and seem to lead to more rational results in case of differences. The new methods were 
applied to 229 records with PGV > 30 cm/sec from the PEER-NGA database and 113 
records were classified as pulse-like.  
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