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ARTICLE INFO Abstract

Keywords: The near-fault pulse-like ground motion is of practical importance since it tends to cause severer
Multi-Pulse ground motion damage to structures than ordinary ground motion in engineering and helps characterize the
Near-source earthquake seismic source and the kinematic characteristics of the geological fault in seismology. However,
Convolution analysis previous investigations mainly focus on single-pulse ground motion. As one of the particular
Pulse-like ground motion seismic records in the near-fault earthquake, the multi-pulse ground motion is rarely considered
Continuous wavelet transform caused by the absence of an effective identification method. Hence, a generalized continuous

wavelet transform (GCWT) method is proposed by combining convolution analysis with eval-
uation parameters to facilitate wider studies on multi-pulse ground motion. In identification,
the proposed method requires each pulse in the multi-pulse ground motion to satisfy the same
criteria and excludes the effects of attenuation component. In methodology, the proposed method
overcomes the limitations of the classical CWT method that requires a wavelet basis and provides
a workable and flexible framework for pulse-like ground motion identification. Based on the
method, single- and multi-pulse ground motions from two typical near-fault earthquakes on
the PEER NGA-West2 database were identified. The effects of the pulse model and ground
motion orientation on identification are discussed. Besides, the 5% damped spectral velocity
of multi-pulse ground motions potentially contain multiple peaks in the high-period range. This
phenomenon implies that the risk would be underestimated for the response spectrum-based
seismic hazards and risk analysis if the multi-pulse features are not, or are insufficiently taken
into account.

1. Introduction

The near-fault pulse-like ground motions, which feature long period and high amplitude in velocity, have attracted
increasing attention since it was reported in the 1960s [1]. The pulse-like ground motion is significant because it
potentially causes severer damage on structures than ordinary ground motions (e.g., [2—4]) and helps reveal the seismic
source and kinematic characteristics of geological fault (e.g., [5, 6]). However, previous studies mainly focused on
single-pulse ground motions. The multi-pulse ground motion is rarely considered even though it exists in records
and is verified to potentially cause severer damage to structures than single-pulse ground motions by artificial simple
signals, like triangle wave, square wave, and harmonic wave [7-9]. Hence, this study attempts to propose a multi-
pulse ground motion identification method to facilitate wider studies on multi-pulse records. A generalized continuous
wavelet transform (GCWT) method by combining convolution analysis with evaluation parameters is proposed, which

requires each pulse in the multi-pulse ground motion to satisfy the same criteria. Besides, It can identify the multi-pulse
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ground motions and corresponding parameters (such as Peak Ground Velocity (PGV), pulse period, pulse location, and
the number of pulses) and overcome the limitation of the wavelet transform that requires a wavelet basis. Compared
with the black-box methods, the proposed method provides a workable and flexible framework, which enables adding
or deleting other processing procedures or supplementary criteria. The identification of multi-pulse ground motion can
also help determine critical scenarios for seismic demand analysis in near-fault regions and provide new insights for
inverting the seismological parameters.

Some efforts on multi-pulse ground motion identification have been made. For example, Lu et al. [10] proposed a
wavelet-based iteration scheme to identify the multi-pulse ground motions. Chen et al. [11, 12] identified the multiple
pulses based on the Hilbert-Huang transform and analyzed the multi-pulse characteristics on the number of inherent
pulses together with the pulse periods, amplitudes, and the timing of each pulse. However, in contrast to the single-pulse
ground motion identification that the CWT-based method proposed by Baker [13] is widely accepted, the evaluation
standards and identification method for multi-pulse ground motion are still in debate. Hence, this study aims to propose
a novel method, which features each pulse in the multi-pulse ground motion satisfying the same criteria and excludes
the influences of attenuation component that includes in most other methods. To propose an effective multi-pulse
ground motion identification method, Table 1 briefly summarizes the main-stream methods in pulse-like ground motion
identification.

Table 1 shows that two factors are critical for pulse-like ground motion identification, that is, the pulse model and
evaluation parameters. The former determines the shape of the extracted pulse, and the latter classifies the pulse and
non-pulse ground motion. Many investigations on the pulse model were carried out to accurately extract the pulse.
For example, Mavroeidis and Papageorgiou [14] proposed a mathematical pulse model and calibrated it with plenty
of recorded ground motions. Bray and Rodriguez-Marek [15] analyzed the characteristics of pulse-like ground motion
caused by the forward directivity effects and proposed empirical parameterization relationships for estimating PGV,
pulse periods, and the number of pulses. The wavelet basis is also widely applied as the pulse model [13, 16, 17] since
the great resolutions of wavelet transform on both time- and frequency- domain [18]. Besides, some studies directly
adopted the half-cycles of the original ground motion as the pulse [19]. These methods effectively avoid the selection
of a pulse model, but some limitations exist. Specifically, (i) these pulse-like ground motion methods mainly focus
on signal processing and cannot consider seismological parameters. (ii) The shape of the identified pulse is easily
affected by noise and interference. For example, when the recorded ground motion contains complex high-frequency
components, these components are also part of the identified pulse.

The evaluation parameters in pulse-like ground motion identification mainly include the ratio between the PGV and
Peak Ground Acceleration (PGA), pseudo-velocity response spectrum, and the energy ratio between the pulse part and

the whole ground motion. The PGV/PGA ratio is often applied to analyze the frequency characteristics of pulse-like
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Table 1
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Brief summary of pulse-like ground motion identification methods.

References

Method

Pulse model

Evaluation parameters

Liu et al. 2020 [20]
Zhai et al. 2018 [19]
Zhao et al. 2016 [21]

Mimoglou et

al. 2014 [22]

Mukhopadhyay and
Gupta 2013 [23]
Zhai et al. 2013 [24]

Baker 2007 [13]

Loh et al. 2001 [25]

Relative energy zero
ratio-based method
Significant velocity
half-cycles
Zero Velocity Point
Method (ZVPM)
Response spectrum-
based method

Energy-based method

Energy-based method

Continuous
wavelet transform

EMD and Hilbert
spectrum method

No model, using the pulses
in original ground motions
No model, using the pulses
in original ground motions
No model, using sine
wave fitting the pulse
M&P wavelet

Mexican Hat function, Integral
of the Mexican hat function
Mathematical model [17]

'db4" wavelet
No model, the pulse

constructed by the
IMF components

Energy ratio of pulse-like ground
motion
Energy ratio of half-cycle

Energy ratio of vibration interval
defined by ZVPM

Cumulative absolute
displacement; Product spectrum
of velocity and displacement
response spectra

Energy ratio of half-cycle

Energy ratio of pulse-like ground
motion

Both the PGV ratio and energy
ratio between the original and
residual ground motions
Absolute energy of cumulative
IMF that decomposed by Empir-
ical Model Decomposition (EMD)

ground motions. For example, Malhotra [26] think that the pulse-like ground motions are the low-frequency signals if
the PGV/PGA ratio is greater than 0.16. Since the pulse period needs to be directly identified, the PGV/PGA ratio is not
used in this study. The corresponding period of the maximum pseudo-velocity response spectrum value is regarded as
the pulse period sometimes [27]. However, the accuracy of this method may be not desirable [13]. To further clarify the
relationship between the pulse period and the pseudo-velocity response spectrum, a careful discussion is conducted
in Section 5. Compared with these two parameters, the energy ratio between the pulse part and the whole ground
motion has been widely validated on detecting the pulse-like ground motion [23, 24]. Therefore, the energy ratio is
adopted to distinguish pulse and non-pulse in this study. Besides, a new parameter, the Pearson correlation coefficient
between the recorded pulse part and the pulse model, is introduced in this study. The correlation coefficient is utilized
for two reasons: (i) evaluating the applicability of the adopted pulse model and (ii) avoiding the effects of trend terms
on pulse-like ground motion identification.

Owing to the theoretical equivalence between the continuous wavelet transform and convolution analysis [28]
and the successful applications of the continuous wavelet transform in pulse velocity identification [13], the GCWT
method by combining convolution analysis and evaluation parameters (i.e., energy ratio and correlation coefficient) is
proposed. This study requires each pulse in the identified multi-pulse ground motion to satisfy the same criteria. The
pulse-like ground motions from Imperial Valley-06 Earthquake and the Taiwan Chi-Chi Earthquake at the Pacific

Earthquake Engineering Research (PEER) Center NGA-West2 are identified based on the proposed method. The
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identification results and corresponding parameters are listed in Appendix at Table 3 to facilitate further studies on
multi-pulse ground motion. The pulse period among the proposed method, the Baker’s method [13], and Zhai et al. [24]
is compared to verify the proposed method. The effects of the pulse model on identification are carefully discussed. The
pseudo-spectral velocity of multi-pulse ground motion is also analyzed. The successful identification of multi-pulse
ground motions would provide seismologists and earthquake engineers new insight, such as ground motion simulation,
earthquake dynamics, and seismic damage analysis.

This study is organized as follows: the mechanism of convolution analysis in pulse-like ground motion identi-
fication, the step-by-step procedures of the proposed method, and the cons and pros between the proposed method
and classical CWT method are explained in Section 2. In Section 3, examples are illustrated the proposed method
in single- and multi-pulse ground motion identification. In Section 4, the pulse-like ground motions in the Imperial
Valley-06 earthquake and Chi-Chi Taiwan earthquake are identified and are summarized in Appendix at Table 3. The
advantages and limitations of the proposed method are also highlighted. The effects of the pulse model and orientation
on identification, together with the pseudo spectral velocity characteristics of multi-pulse ground motions, are discussed

in Section 5. The main conclusions are drawn in Section 6.

2. Methodology

2.1. Pulse detection using convolution analysis

For a discrete-time ground motion ¥ and pulse model &(T},), the convolution W' can be expressed in Eq. (1).

W(k)=2u(j)v(k—j+1),(lSkgmp+n—1,kEZ+) 1)

J

where V = [v(1), v(2), v(3), ..., v(n)] (n1is the length of the original ground motions); a)(Tp) = [u(1), u(2),u(3), ..., u(mp)]
(m, is the length of the pulse model, which is related to the pulse period T,); j is the serial number of data, its satisfying
max(l,m+1—-n) < j < min(k, mp), (j € Z%); the length of W is (mp + n — 1); the time interval of W is 1/ f, where
f is the sampling frequency of the original ground motion.

From the perspective of signal processing, the convolution can be regarded as a Linear Time-Invariant (LTT) system,
where o(T),) is the unit impulse response; V is the input signal, and W is the output signal. Algebraically, W is the
integral of products between the ‘unit’ of the input signal and the unit impulse response. As the unit impulse response
is confirmed (i.e., pulse model in this study), the value of W can reflect two characteristics of the ‘unit’ of the input
signal, that is, the amplitude and the shape. Moreover, the absolute value of W increases with the amplitude value
and the similarity in shape between the unit impulse response and the ‘unit’ of the input signal. Hence, the maximum

absolute value of W is obtained when the ‘unit’ of the input signal contains the local peak amplitude and is similar
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to the period of the unit impulse response. In other words, the maximum absolute convolution result is obtained when
the identified pulse contains the local PGV and is similar to the period of the pulse model. The PGV and period are
the core parameters of pulse-like ground motion. Therefore, the maximum absolute value of convolution is feasible for
locating the pulse-like ground motion.

After the potential pulse is detected, the evaluation parameter (energy ratio and correlation coefficient) are applied

to judge pulse and non-pulse. A step-by-step procedure of the proposed method is explained in the next section.

2.2. Step-by-step Procedures

The flowchart of the proposed method is shown in Figure 1. A step-by-step outline of the proposed procedure is
explained as follows.

Step 1: Setting the velocity threshold value V,j,,. Containing a larger PGV is one of the most critical and
straightforward criteria for pulse-like ground motions. Hence, selecting a proper threshold velocity value V;,, is the
initial step. This value may differ for different purposes. This study recommends 30 cm/s from the view of seismic
damage analysis [8, 13].

max(abs(Vy)) > Vipre 2)

where max(abs(V,)) means the maximum absolute value of original ground motion.

Step 2: Selecting and resampling the pulse model and calculating the convolution between the resampled pulse
model and input ground motion. An appropriate pulse model is significant since the shape of the extracted pulse mainly
depends on the pulse model. Many relevant studies have been carried out to characterize the pulse [23, 24]. To extract
different periods of pulse-like ground motion, the pulse model needs to be resampled. The duration of the resampled
pulse model @’ should satisfy Eq. (3). The time interval of the resampled pulse model needs to agree with the original
ground motion, i.e., equaling 1/ f, (f, is the sampling frequency of the original ground motion). The convolution

between the original ground motion and the resampled pulse model is calculated using Eq. (1).

where 7, is the duration of the resampled pulse model; 7, is the duration of the original pulse model; T), is the pulse
period; Ty, is the period of the original pulse model.

Step 3: Extracting the pulse part in seismic records and scaling the pulse model. The formula for extracting the
recorded pulse part is proposed in Eq. (4). Since the length of the resampled pulse model may be greater than that of
the original ground motion, and the maximum absolute convolution results may locate in the negative of the x-axis (an

example is shown in Figure 3(e)), the pulse model needs to be trimmed. The formula for updating the pulse model is
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Figure 1: Flowchart of the proposed method.
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shown in Eq. (5). Eq. (6) is applied to scale the updated pulse model to ensure the maximum value of the pulse model

agrees with that of the ground motion.

V, = Vy(a),(max(1, g —m, + 1) < a < min(c gy, n),a € Z*+) 4

0" = @' (b), (max(l, Cpax — N+ 1) <a< min(cmax,mp), bezh (®))

y_ max(abs(V,) o ©)
B max(abs(w))

where V, is the recorded pulse part extracted by the proposed method; V; is the original ground motion; a is the data
series of the original ground motions; b is the data series of the resampled pulse model; c,,,, is the location of the
maximum absolute value of the vector W; n is the length of the original ground motion; m, is the length of resampled
pulse model; w is the original pulse model; @’ is the resampled pulse model using Eq. (3); " is the updated pulse
model using Eq. (5); @' is the scaled pulse model using Eq. (6) (w, @', ®” and @'’ are illustrated in Figure 2(b));
max(abs(V,)) and max(abs(w)) are the maximum absolute value of the original pulse model and recorded pulse part,
respectively.

Step 4: Excluding the recorded pulse part using energy ratio. An energy ratio threshold E,;,., is set to exclude the

false identification of the pulse-like ground motion. The energy ratio is calculated by Eq. (7). When E, is greater than

E, > the pulse period T), and the scaled pulse model '’ are saved and adopted in subsequent steps.

/Ot” V2dt

=20 ¢ (N
Jo V2t

r

where V, is the recorded pulse part extracted by the proposed method; 7, is the duration of the identified pulse; V; is
the original ground motion; 7 is the duration of original ground motions.

Repeating Step 2 - Step 4 with 7), = T),+ At (At is the pulse period interval) until T), is greater than the set maximum
pulse period T}, 4

Step 5: Determining the pulse-like ground motion. Only one pulse should exist for one local peak velocity. However,
different scaled pulse models may be around the same local peak velocity. Initially, all scaled pulse models that
contain the same maximum absolute value but with different pulse periods are picked out. Subsequently, the correlation
coefficients between the scaled pulse model and the corresponding recorded pulse part are calculated. The threshold
value is also set for the correlation coefficient to exclude the pulses that may meet the energy requirements but not

the pulse-like ground motion. The scaled pulse model with the maximum correlation coefficient and greater than the

threshold is deemed as the extracted pulse eventually. Except for excluding the false identification of pulse-like ground
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motion, the correlation coefficients can effectively reflect the similarity between the pulse model and the recorded pulse

part, which is beneficial for evaluating the applicability of the pulse model.

2.3. Comparison with the CWT method
Currently, the most popular method in single-pulse ground motion identification is the CWT-based method
proposed by Baker in 2007 [13]. To better understand the proposed method, the similarity and differences between
the proposed method and Baker’s method are clarified. The expression of continuous wavelet transform is shown in
Eq. (8).
Wfu,s)= f(t)Lw*(t_Tu)dt, (u,s € R) ®)
s

oo \/'
where W f(u, s) is the continuous wavelet transform; f(¢) is the inputting signal; y(?) is the wavelet basis; y*(¢)

represents the conjugate of y(¢); u and s denote the translation and scale parameter, respectively.

The convolution (f * w, ()(¢) of inputting signal f(¢) and wavelet function v, ((¢) can be expressed as Eq. (9).

T—U

(f * W ) = (SO, (D)) = /f(T)'l//*( )dz ©))

N

As shown in Egs. (8) and (9), the theoretical essence between CWT and convolution analysis is equivalence.
However, the proposed method contains several advantages compared with the classical CWT method. (1) The
convolution analysis is not limited by the wavelet basis that the CWT requires. That is, any pulse model can be applied
in the proposed method to identify the pulse-like ground motion. This property provides a manner to combine the
proposed method with the seismology for pulse-like ground motion identification, like adopting a pulse model that
can reflect the seismological characteristics of the earthquake. (2) In contrast to the black-box calculation procedures
of the CWT method, the proposed method provides a workable and flexible framework that can adjust the analysis

parameters. (3) The proposed method can identify the multi-pulse ground motions.

3. Illustrations

3.1. Pulse model selection and resample

The wavelet basis ’db4’ is selected as the pulse model referring to Baker’s study [13]. However, to reduce the
effects of low amplitude at both ends, the wavelet basis is trimmed. Only the main part of the wavelet basis is kept.
The original wavelet basis *db4’ and the selected pulse model are shown in Figure 2(a). The central frequency of the
wavelet basis ’db4’ is regarded as the frequency of the pulse model [13], which is about 0.71 Hz, and the corresponding

period is 1.4 s. The cosine function with the frequency equalling 0.71 Hz is also plotted in Figure 2(a).
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The pulse model is resampled using Eq. (3). Based on the characteristics of the original ground motions and the

requirements of accuracy, the maximum pulse period T, and the time interval At is setto 16 s and 0.1 s in this study,

_max
respectively. The sampling frequency of the pulse model is consistent with that of the original ground motion. After
pulse models with different periods are obtained, they are applied to conduct convolution analysis with the original

ground motion. To clarify the states of the pulse model in different steps, an example of the original, resampled, updated

and scaled pulse model is shown in Figure 2(b).

Original pulse model ® with TO=1.4s
Resampled pulse model ©' with Tp=9 s

Original 'db4' basis

15 5 Selepted puls_e model o - Updated pulse model o" with Tp=9's
1] Cosine function T EX N e Scaled pulse model g*With Tp=J's
S 05 1 6
2 8
20 : ——t ANV ; : 23
£ =3
1 2 3 5 6 7
<05 \ / V o
-1+ -3
-15 + Time 6
(a) (b)

Figure 2: The selected pulse model in this study. (a) Selected 'db4’ pulse model. The period T, of this model is 1.4 s.
(b) The original, resampled, updated and scaled pulse model. The pulse model needs to be updated as its length may be
greater than that of the original ground motion and the maximum absolute convolution results may locate in the negative
of x-axis.

3.2. Convolution analysis and pulse-like ground motion determination

The convolution analysis between the original ground motion and the resampled pulse model is performed using
the RSN 158 Horizontal 1 in PEER NGA-West2 database as an example. As explained in Egs. (1), (4), (5), and (6),
both the scaled pulse model and the recorded pulse part can be obtained based on the maximum absolute value of
convolution results. The pulse search and identification process of the proposed method, including original ground
motion, convolution results, pulse model, and recorded pulse parts are illustrated in Figure 3. To present all results in
one graph, the convolution results are scaled. The results indicate that the maximum absolute convolution result can
locate the potential pulse-like ground motion effectively.

After the convolution analysis, the energy ratio between the recorded pulse parts and the original ground motion in
different pulse periods are calculated using Eq. (7). Then, the threshold of energy ratio is applied to exclude the scaled
pulse model that cannot meet the requirement of energy. Based on the study of Zhai et al. [24], the energy ratio of the
pulse should be greater than 0.3. In this study, the threshold of energy ratio is also set to 0.3 after tests. Thereafter, the
correlation coefficients between the recorded pulse parts and the corresponding scaled pulse models are calculated. The
threshold value of the correlation coefficient is set to 0.6 after tests. The correlation coefficient would contain multiple

peaks for the multi-pulse ground motion since it has multiple local peak values. Hence, the scaled pulse models with
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50 RSN=158 Horizontal 1 50 RSN=158 Horizontal 1
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%4+ Pulse part of ground motion =~ 30 L = --ee- Pulse part of ground motion
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> ot > > B T e e |
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50 Time (s) 50
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30 Pulse part of ground motion 4+ ==e-- Pulse part of ground motion
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£ £
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2 7 + sl g >
8 -10 L 10 12 14 16 8-10
) °
~ 30 ~ 30
50 Time (s) 50
(c) (d)
50 ¢ RSN=158 Horizontal 1 50 RSN=158 Horizontal 1
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30 4+ L == Pulse part of ground motion
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£ £
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(45 (45
> > .30
' ]
504 Time (s) 50 Time (s)
(e) (f)

Figure 3: Pulse search and identification process of the proposed method. (a) - (e) are the cases excluded by evaluation
parameters of the proposed method. (f) is the final identified pulse. Convolution analyses between the original ground
motions and the resampled pulse models with pulse period (T,) equal to (a) 1.0 s, (b) 2.0 s, (c) 4.0 s, (d) 8.0 s, (e)
16.0 s and (f) 2.2 s. (e) shows that the maximum absolute convolution result is located in the negative of x-axis, and
the length of the pulse model is longer than that of the original ground motions. Hence, the pulse model needs to be
trimmed based on Eq. (5) to match the original ground motion. When T, is 1.0's, 2.0s, 4.0, 8.0 s, 16.0 s and 2.2 s, the
corresponding correlation coefficients between the pulse model and the recorded pulse part are —0.59,0.94,0.48,0.07,0.03
and 0.96, respectively. Hence, the pulse model with period T, = 2.25 is regarded as the pulse in original ground motion
without considering the requirement of energy. RSN is the Record Sequence Number in the PEER NGA-West?2 flatfile.
Horizontal 1 is the direction defined in the PEER NGA-West? flatfile.

the same maximum value need to be picked out firstly. Then, the scaled pulse model with the maximum correlation
coefficient and greater than 0.6 is regarded as the pulse.

Based on the proposed procedure, examples of single- and multi-pulse ground motions are identified. The
original ground motion, convolution analysis, extracted pulse and recorded pulse part of ground motions from the

Imperial Valley-06 Earthquake are shown in Figure 4. The examples of single- and multi-pulse-like ground motions

Guan Chen et al.: Preprint submitted to Elsevier Page 10 of 26



Identification of near-fault multi-pulse ground motion

identification from the Chi-Chi, Taiwan Earthquake databases are shown in Figure 5. Figures 4 and 5 show that the

proposed method can effectively identify both single- and multi-pulse-like ground motions.

RSN=160 Horizontal 1 150 RSN=171 Horizontal 2
--------- Scaled convolution results -+ Scaled convolution results
————— Pulse part of ground motion ~_ 100 --=-=-Pulse part of ground motion
@ T Pulse model with Tp=2.4s & ——Pulse model with Tp=3.0's
IS | . S 50
< - et 2 ey — T e, ) >
> et s = =
§ i 8 12 16 20 g 0 <
B (5]
S ~ 50
Time (s) -100
(a) (b)
50 SN=180 Vertical
--------- ed convolution results
- 30T+ T~ - rt of ground motion
w w
8 § 10
2 PR B Yo~ I A ow
B g -10 0
QD (<5
> > 230
50 Time (s)
() (d)

Figure 4: Examples of pulse-like ground motions identified by the proposed method in the Imperial Valley-06 Earthquake.
(a) The ground motion is identified as non-pulse velocity in Baker's study, but identified as pulse-like ground motion in
this study; (b) The pulse period of the proposed method is basically consistent with that of Baker's method; (c) The pulse
periods are various between Baker's and Zhai et al.'s method; (d) The pulse-like ground motion in the vertical direction.

4. Results

Pulse-like ground motions from two typical near-fault earthquakes (Imperial Valley-06 Earthquake and Chi-Chi,
Taiwan Earthquake) in the PEER NGA-West2 database are identified based on the proposed method. The required
parameters and values of the proposed method are listed in Table 2. Since this study aims to propose a feasible method
to identify the pulse-like ground motion rather than analyze the causes of the pulse-like ground motions, the originally
ground motions in PEER at three different directions are identified. The identification results and corresponding
parameters are summarized in Appendix.

The identification accuracy and calculation speed of the proposes method are elaborated. As one of the most
critical parameters for pulse-like ground motions, the pulse period is usually utilized to verify pulse-like ground motion
identification results. Currently, Baker’s [13] and Zhai et al.’s [24] pulse period results are widely applied in single-
pulse ground motions. Hence, a comparative study among the proposed and the existing approaches is carried out to

verify the proposed method. Because the fault-normal (i.e. the strike-normal) ground motions are applied in Baker’s
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Figure 5: Examples of single- and multi-pulse ground motions identified by the proposed method in the Chi-Chi, Taiwan
Earthquake. (a) - (f) are the multi-pulse ground motions; (g) is the ground motion identified as non-pulse in Baker's
method; (h) is the case that agree well with Baker's method.

and Zhai et al.’s study, the ground motions are initially rotated into the fault-normal and fault-parallel orientation based
on the azimuth of fault strike, Horizontal 1 and Horizontal 2 [29, 30]. Subsequently, the pulse parameters (including
pulse period, Peak Ground Velocity (PGV), energy ratio, and correlation coefficient) on fault-normal and fault-parallel
orientation are obtained based on the proposed method. The details are summarized in the Supplementary Information

in Table S1. The quantitative comparison of pulse period among the proposed, Baker’s and Zhai et al.’s methods in
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Table 2

Parameters of the proposed methods used in this study.

Parameters Sign Value
Velocity threshold Ve 30 cm/s
Pulse model w Trimmed 'db4’
Threshold of energy ratio E,. 0.3
Correlation coefficient threshold Pinre 0.6
Pulse period interval At 0.1ls
Maximum pulse period T, s 16 s

P_

the fault-normal orientation (see Figure 6) indicates that the pulse periods detected by the proposed method agree
well with that of existing methods for the single-pulse ground motions. Specifically, the pulse periods among the three
methods are basically distributed in the fluctuation range of [-30%, +30%]. Hence, the proposed method is workable

for pulse-like ground motion identification.

14 3 -
i o Tp_Baker +30% O .7
g 12 . .0 g
S L | ATp_Zhai etal. e
2 10 4 A
€ o . .
= - 0D .7 O 3%
2 g4 o %) an
5 o
> r “Bo K o
2 61 A
3 | 2 oBRRO AD
= A A
2 41 ﬁ%h
= 21 QT
— 5 .
oa (o] o A
0 4

0 2 4 6 8 10 12 14
T,_FN identified by proposed method

Figure 6: Pulse period (T,) comparison among the proposed, Baker's [13] and Zhai et al.’s [24] methods in the fault-normal
orientation. The symbol located in the axis coordinate indicates that the ground motion is identified as non-pulse ground
motion in the other method.

Since the procedure only refers to basic mathematical calculation, the computational complexity is small. About
2 seconds are taken in Matlab for judging the pulse and non-pulse for each ground motion using PC with Intel 7 and
SSD 500GB. Hence, the proposed procedure is effective and efficient.

The advantages and limitations of the proposed method are also highlighted. (i) The proposed method can
effectively identify both single- and multi-pulse ground motions. Moreover, compared with previous identification
methods in multi-pulse ground motion, the proposed method features each pulse in multi-pulse records satisfying
the same criteria in Section 2.2 and excludes the effects of signal attenuation part that included in other methods.

(ii) The introduced correlation coefficient can reflect the applicability of the adopted pulse model. It helps analyze
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the effects of the pulse model on pulse-like ground motion identification. (iii) The proposed method can detect the
critical parameters of pulse-like ground motion, including the pulse period, PGV, pulse location, and the number of
pulses, which are beneficial for mathematically analyzing the characteristics of the pulse-like ground motions. The
corresponding recorded pulse part can also be obtained, which often contains the high-frequency components and
helps analyze the seismological characteristics of near-fault regions. (iv) The proposed method provides a feasible
framework for pulse-like ground motion identification. Other processing procedures or supplementary criteria can be
flexibly added into the proposed method, like adding criteria to exclude the late-arriving pulse-like ground motion.
Especially, the proposed method is feasible for any pulse models, which provides a way to combine the proposed
method with the seismology in pulse-like ground motion identification.

Some limitations also exist. The physical mechanisms of earthquake engineering and seismology are not consid-

ered. Besides, the extracted pulse may partially reflect the characteristics of the original pulse-like ground motion due

to the limitations of the pulse model.

5. Discussions

5.1. Pulse model

The pulse model is critical in pulse-like ground motion identification as it directly determines the shape of the pulse.
This study uses the wavelet basis ’db4’ because it was also adopted in the study of Baker [13] and the pulse period in
Baker was collected in the widely used PEER database. However, the *db4’ pulse model has some limitations. It cannot

reflect the pulse shape of all identified pulse-like ground motions. An example of a real pulse-like record is shown in

Figure 7.
150 150
2 100 —RSN=181 Horizontal 2 % 100 — Extracted pulse
£ £
S 50 S 50
z z
g o g o
S 50 S 50
100 + + + d 100 + + + + d
0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)

(a) (b)

Figure 7: Example of the extracted pulse that just partially reflects the characteristics of recorded pulse part due to the
limitation of ‘db4’ pulse model.

However, the proposed method is workable for any pulse model. This property provides a chance to mitigate
the matching problem between the pulse-like ground motion and the pulse model by a seismological pulse model.
An ideal seismological pulse model should satisfy two conditions. (i) The shape and the pulse period of the pulse

model should be adjustable to fit the characteristics of different pulse-like ground motions. (ii) The seismological
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pulse model needs to reflect the physical characteristics of the earthquake (including seismic source, propagation path
and site characteristics). Some efforts on this issue have been made. Mavroeidis and Papageorgiou [14] proposed a
mathematical pulse model based on various ground-motion records. Scala et al. [31] investigated that the emergence
of pulse-like ground velocity is mainly related to the average value of the rise-time, site characteristics, rupture speed,
and event depth. Mukhopadhyay and Gupta [32] proposed the relationships between the pulse parameters (including
pulse amplitude, period, and location) and the seismological parameters to characterize the pulse model. However,

further research needs to be conducted to obtain a more generalized seismological pulse model.

5.2. Ground motion orientations

The pulse-like ground motions are related to the fault rupture direction [33, 34]. For example, the pulse-like ground
motions caused by the directivity effects and the fling step effects generally appear in the fault-normal and fault-parallel
orientation, respectively [35, 36]. Hence, the fault-normal ground motions are usually adopted in analyzing the pulse-
like ground motions caused by the directivity effects [ 13, 24]. However, owing to the influences of propagation path and
site topographic feature (such as the basin-edge effect [37]), a strict correspondence between the occurrence orientation
and the causes of pulse-like ground motions is not manifested. Zhai et al. [24] analyzed the effects of orientation on
the pulse-like ground motion by rotating it to different azimuths. It shows that the pulse-like ground motion may not
exist in fault-normal orientation even as the conditions of directivity effects are favourable. Besides, the fault-normal
pulse-like ground motions may be not caused by directivity effects.

This study identifies the pulse-like ground motions in arbitrary orientation instead of analyzing the causes of pulse-
like ground motion. Hence, the pulse-like ground motions caused by the forward directivity effects and the fling step
effects are not classified. Moreover, to be consistent with the PEER ground motion database, three orientations in
the PEER flatfiles are directly analyzed. The results (summarized in the Supplementary Information) show that the
pulse-like ground motion also exists in the vertical direction; however, the occurrence possibility is much less than
that of the horizontal direction.

To further discuss the effects of orientation on pulse-like ground motion occurrences, the pulse periods in fault-
normal, fault-parallel, Horizontal 1, and Horizontal 2 orientations are compared. The results (see Figure 8) indicate
that the pulse periods show a certain correlation as the pulse occurs in different directions simultaneously; however, the
pulse-like ground motion occurrences are indeed associated with the ground motion orientation. Therefore, although
a strict correspondence between the occurrence orientation and the causes is not manifested, the orientation should be

considered in analyzing the causes of pulse-like ground motions.
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Figure 8: Pulse period comparison among the fault-normal, fault-parallel, Horizontal 1 and Horizontal 2 orientation. The
symbol located in the coordinate axis indicates that the ground motion is identified as non-pulse ground motion in the
other directions.

5.3. Pseudo-velocity response spectrum

The response spectrum is widely applied in anti-seismic design. However, the effects of pulse on target spectra are
insufficiently considered in anti-seismic codes. Hence, the response spectra of single- and multi-pulse ground motions
are analyzed to facilitate the target spectra design in the near-fault regions. Besides, a comparative study between the
period corresponding to the maximum value of 5% damped pseudo-spectral velocity and the pulse period identified
by the proposed method is conducted to verify the feasibility of the response spectrum on pulse period estimation.

Examples of 5% damped pseudo-velocity response spectra of pulse-like ground motion are analyzed. The original,
pulse, and residual ground motions of single- and multi-pulse ground motions are shown in Figure 9(a). The residual
ground motion is the difference between the original ground motion and the extracted pulse. The pseudo-velocity
response spectra of original, pulse, and residual ground motions are shown in Figure 9(b) and (c). It shows that the
presence of pulses can dramatically magnify the peak value of the pseudo-velocity response spectrum. The spectrum
becomes flat as the pulses are subtracted from the original ground motion. Besides, Figures 9(b) and (c) show
that the pseudo-velocity response spectra of the multi-pulse ground motions generally contain multiple peaks. This
phenomenon implies that the multi-pulse ground motion potentially causes severer damage to high-period structures
than the single-pulse ground motion. Hence, the risk can be underestimated for the response spectrum-based seismic
hazards analysis without considering the pulse part or only considering a single pulse.

The pulse periods determined by the pseudo-velocity response spectrum and the proposed method are compared
based on the ground motions in Imperial Valley-06 and Chi-Chi Taiwan Earthquake. Results (see Figure 10) indicate

that the spectrum-based periods mainly distribute in the range of [-30%, +30%] of the pulse periods despite existing
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(c)
Figure 9: 5% damped spectral velocity of pulse-like ground motions. (a) The original, extracted pulse, and residual ground
motion of multi-pulse (RSN 1493 Horizontal 2) and single-pulse (RSN 182 Horizontal 2) ground motion; (b) The spectral

velocity of the ground motions in (a); (c) Other examples of the spectral velocity of multi- and single-pulse ground motion,
where the left column is RSN 1499 Horizontal 2 and the right column is RSN 179 Horizontal 2.
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outliers. Hence, the approximate estimations on the pulse period based on the pseudo-velocity response spectrum are

a practical option for engineers, especially when the accuracy requirement is not strict.
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Figure 10: Comparison between the pulse period identified by the proposed method and the period corresponding to the
maximum 5% damped pseudo-velocity response spectrum. The pulse-like ground motions in both the Imperial Valley-06
Earthquake and the Chi-Chi, Taiwan Earthquake databases are adopted.

However, the pulse period determination based on the pseudo-velocity response spectrum remains challenging.
Firstly, accurate identification of the pulse period is difficult using the response spectrum. The spectrum-based period
is generally less than the period identified by the proposed method, as shown in Figure 10. Secondly, only using the
response spectrum cannot distinguish the ordinary and pulse-like ground motion. It is also challenging to discern the
single- and multi-pulse ground motion. For example, although the multi-peak shape of the pseudo-velocity response
spectrum can partially reflect the characteristics of the multi-pulse ground motions, the multiple peaks may also appear

in the low period for the single-pulse ground motion, as shown in the right column of Figure 9(b).

6. Conclusions

A generalized continuous wavelet transform (GCWT) method is proposed by combining the convolution analysis
and evaluation parameters for pulse-like ground motion identification. This method can effectively identify the single-
and multi-pulse ground motions and overcomes the limitations of the classical CWT-based identification method that
requires a wavelet basis. The proposed method requires each pulse in the identified multi-pulse ground motions to
satisfy the same criteria and excludes the effects of the attenuation part that includes in other methods. The proposed

procedure also provides a flexible and workable framework for pulse-like ground motion identification, which provides
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the possibility for further studies, such as the effects of the pulse model on identification and the combination between
signal processing technique and seismological mechanism.

The spectral velocity of multi-pulse ground motion potentially contains multiple peaks in the long-period range,
which tends to cause severer damage to structures with a high fundamental period. Hence, the risk could be
underestimated for the response spectrum-based seismic hazards and risk analysis when the multi-pulse features are
not insufficiently considered. In addition, the period corresponding to the maximum spectral velocity can roughly
estimate the pulse period of single-pulse ground motion. This study shows that while there are a few outliers, the
spectrum-based pulse period can mainly distribute in the range of [-30%, +30%] of the pulse periods identified by the
proposed method.

Based on the proposed method, the pulse-like ground motions from the Imperial Valley-06 Earthquake and the
Chi-Chi, Taiwan Earthquake in the PEER NGA-West2 database are identified and summarized in the Appendix to
facilitate the wider studies on multi-pulse ground motions. The reliability of the proposed method is verified by a
comparative study among the proposed, Baker’s [13] and Zhai et al.’s [24] methods. To further facilitate the research
on multi-pulse ground motions, case studies on seismic damage subjected to multi-pulse records will be carried out in

future work.
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Appendix: Summary of identified pulse-like ground motions based on proposed method

The identified pulse-like ground motions of Imperial Valley-06 Earthquake and the Chi-Chi, Taiwan Earthquake

in PEER NGA-West2 database and the corresponding parameters are summarized in Table 3. The corresponding pulse

periods of Baker’s and Zhai et al.’s study are also collected. Limited by space, only the originally recorded ground

motions are listed in Table 3. The rotated fault-normal and fault-parallel ground motions are summarized in Supporting

information in Table S1.
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Table 3: The parameters of identified pulse-like ground motions.{
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Earthquake Name: Imperial Valley-06

Horizontal 1 (H1)

Horizontal 2 (H2)

Vertical (V)

RSN | Ty | T, M
T, PGV E, p T, PGV E, p T, PGV E, p
158 | 24 | 1.8 | 22 428 054 096 - - - - - - - - -
159 | 2.3 1.8 | 22 349 069 093 | 20 417 065 097 | - - - - -
160 - - 24 398 048 0.76 - - - - - - - - -
161 | 40 | 32 | 3.6 366 0.64 088 | 1.6 409 048 087 | - - - - -
170 | 45 | 39 | 56 384 0.69 063 | 22 734 055 086 | - - - - -
171 33 | 27 1.1 729 052 093] 3.0 926 0.83 098 | - - - - -
173 | 45 | 33 | 46 507 066 086 | 22 464 055 087 | - - - - -
174 | 74 | 05 | 43 306 047 08 | 19 446 040 083 | - - - - -
178 | 52 | 42 | 27 480 063 092 | 50 433 0.78 096 | - - - - -
179 | 46 | 33 | 70 396 0.78 060 | 49 780 057 063 | - - - - -
180 | 40 | 38 | 33 489 042 083 | 42 969 088 090 |24 395 050 0.87 ]| -
181 | 38 | 35 | 33 584 035 087| 39 1135 092 093 |17 635 0.61 076 | -
182 | 42 | 34 | 26 517 063 086 | 3.8 1131 093 094 | - - - - -
183 | 54 | 42 - - - - 55 521 09 083 - - - - -
184 | 59 | 38 | 68 755 089 077 | 1.8 409 034 081 | - - - - -
185 | 48 | 42 | 46 531 086 094 | 45 514 071 091 | - - - - -
Earthquake Name: Chi-Chi, Taiwan
1180 - - - - - - 7.1 562 049 09 - - - - -
1182 | 26 | 22 | 21 602 052 0.74 - - - - - - - - -
1183 - - 47 31.1 032 096 - - - - - - - - -
1193 - - 44 511 05 086 | 46 435 048 094 |43 473 043 092 | -
1194 - - - - - - 77 305 046 0.66 | 6.8 343 034 081 | -
1195 - - 59 409 037 0.96 - - - - - - - - -
1197 - - - - - - 0.8 55 043 074 |40 310 0.62 075 -
1198 - - - - - - 40 397 036 087 - - - - -
1202 | 14 | 14 | 1.3 436 047 097 - - - - - - - - -
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Identification of near-fault multi-pulse ground motion

Continuing Table 3
Horizontal 1 (H1) Horizontal 2 (H2) Vertical (V)
RSN | Tp T, M
T, PGV E, p T, PGV E, p T, PGV E, p

1203 - - - - - - 5.8 402 039 0.85 -
1231 - - 09 106.8 038 094 | 15 844 033 094 |14 410 04 079 -
1238 - - 47 532 035 093 - - - - - - - - -
1244 | 48 | 39 | 33 650 046 093 | 5.0 109 072 093 | - - - - -
1246 - - - - - - 74 526 042 07242 331 04 097 -
1329 - - - - - - - - - - - - - - -
1342 - - - - - - - - - - - - - - -
1343 - - - - - - 5.1 31,0 036 092 | - - - - -
1402 - - - - - - - - - - - - - - -
1410 | 34 | 3.0 - - - - - - - - - - - - -
1454 - - 1.6 324 032 092 - - - - - - - - -
1463 - - 7.8 349 038 0.92 - - - - - - - - -
1464 - - 9.0 339 0.63 0.89 - - - - - - - - -
1467 - - 102 302 0.61 0.80 - - - - - - - - -
1468 - - 11.0 332 043 0381 - - - - - - - - -
1471 - - 7.7 418 0.64 0.92 - - - - - - - - -
1472 - - 62 367 054 088 | 7.6 344 064 085 | - - - - -
1473 - - 89 378 0.69 0.89 - - - - - - - - -
1475 - - 62 379 0.58 0.87 - - - - - - - - -
1476 | 64 | 54 | 7.7 375 059 091 | 47 519 068 092 | - - - - -
1477 | 62 | 5.1 6.1 539 0.69 0.96 - - - - - - - - -
1478 - - 6.7 415 06 0.90 - - - - - - - - -
1479 | 86 | 72 | 6.2 436 058 0.87 - - - - - - - - -
1480 | 54 | 57 | 65 575 072 0095 - - - - - - - - -
1481 | 70 | 59 | 69 567 066 092 | 68 388 062 089 |53 323 08 094 | -
1482 - - 49 548 031 08 | 54 566 0.72 091 | 53 504 08 091 -
1483 | 63 | 57 | 62 568 0.76 0.96 - - - - - - - - -
1484 | 9.1 70 | 88 308 031 087 | 45 362 034 089 | - - - - -
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Identification of near-fault multi-pulse ground motion

Continuing Table 3
Horizontal 1 (H1) Horizontal 2 (H2) Vertical (V)
RSN | Tp T, M
T, PGV E, p T, PGV E, P T, PGV E, p

1485 - - - - - - 09 464 032 0.96 - - - - -
1486 | 8.6 7.1 - - - - - - - - 50 324 076 088 | -
1487 - - 9.0 420 0.86 0.76 - - - - - - - - -
1488 - - 109 343 049 077 | 74 473 048 094 - - - - -

86 411 043 092
1489 | 11.8 | 1.1 | 10.1 535 0.8 0.87 - - - - Y
60 623 045 092

1490 - - 112 367 067 085 | 85 433 048 090 |51 421 0.63 098 | -
1491 - - 49 538 045 08 | 84 417 055 094 | - - - - -
1492 - - 73 1511 092 09 | 113 172 0.89 091 | 90 144 095 096 | -

85 389 050 0.95
1493 | 129 | 15 | 121 396 0.79 0.86 39 325 04 083 |Y
6.8 463 039 095

1494 | 1.5 | 84 - - - - 85 324 04 091 |76 301 047 073 -
8.8 348 041 0.90
1495 - - - - - - 53 591 065 09 |Y
45 489 034 092
1496 | 129 | 47 | 43 339 038 068 | 79 395 055 088 |44 418 043 0.89 | -
1497 - - 11.9 382 062 079 71 493 052 093 |53 339 056 090 | -
113 495 042 0.68
1498 - - 46 514 037 0.86 - - - - Y
6.8 535 044 0.88
79 410 044 093

1499 | 120 | 119 | - - - ; ; _ _ Sy
72 440 046 0.90

1500 - - 53 408 04 091 7.1 36.7 032 09 - - - - -
1501 - - 60 440 042 091 | 47 828 057 096 |46 570 055 091 | -
1502 - - 5.8 427 045 086 | 67 553 05 095 |34 322 031 098 | -
1503 | 5.7 | 48 | 58 109.6 032 091 - - - - 33 689 038 081 | -
1504 - - 26 920 048 0.82 - - - - 45 498 048 092 | -

1505 | 122 | &1 | 11.7 2495 096 089 | 106 264 096 096 | 93 213 096 0.90 | -

63 562 034 091
1506 - - 6.7 372 048 0.70 53 362 048 095 | Y
47 602 038 0.88
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Identification of near-fault multi-pulse ground motion

Continuing Table 3
Horizontal 1 (H1) Horizontal 2 (H2) Vertical (V)
RSN | Tp T, M
T, PGV E, p T, PGV E, p T, PGV E, p
1507 - - - - - - 42 397 042 076 |58 38 048 091 | -
1508 - - - - - - - - - - - - - - -
1509 - - - - - - - - - - - - - - -
1510 | 5.1 | 40 | 5.1 1095 076 092 | 52 361 036 09 |34 509 047 097 | -
1511 | 40 | 33 | 39 518 052 091 | 55 597 051 072 - - - - -
1514 - - 7.8 390 059 0.86 - - - - - - - - -
1515 | 9.2 8 39 549 037 071] 86 381 048 09 |61 349 056 083 | -
1516 - - 102 30.1 050 091 - - - - - - - - -
1517 - - 1.7 1288 033 094 | 33 481 032 0.69 | - - - - -
1519 | 90 | 53 | 87 450 070 090 | 45 405 065 096 |55 584 090 090 | -
1521 - - - - - - 45 320 038 079 | - - - - -
1523 - - 57 388 049 0.90 - - - - - - - - -
1524 - - - - - - - - - - - - - - -
1525 - - 79 381 0.66 0.88 - - - - - - - - -
1526 | 7.5 | 63 | 7.7 456 0.60 091 - - - - - - - - -
6.5 357 036 094
1506 - - 11.5 380 0.60 0.83 50 395 068 090 |Y
73 429 041 0.89

1528 | 1.0 | 56 | 88 768 084 08 | 50 510 046 089 |50 467 076 093 | -
1529 | 97 | 43 | 3.6 91.7 058 078 | 22 664 041 0.71 |37 684 066 094 | -
1530 | 83 | 64 | 64 702 0.69 092 - - - - 6.7 609 082 0.88 ]| -
1531 | 120 | 83 | 120 304 035 088 | 69 475 05 098 | - - - - -
1532 - - 70 330 045 096 | 54 358 036 0.69 | - - - - -
1533 - - - - - - 7.8 313 033 093 | - - - - -
1534 - - 7.7 342 037 09 | 7.8 409 033 0.77 | - - - - -
1535 - - 65 569 046 088 | 41 564 036 091 | - - - - -
1537 - - 55 533 042 094 - - - - - - - - -
1538 - - - - - - - - - - - - - - -
1540 - - 47 487 047 0095 - - - - - - - - -
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Identification of near-fault multi-pulse ground motion

Continuing Table 3
Horizontal 1 (H1) Horizontal 2 (H2) Vertical (V)

RSN | Tp T,

T, PGV E, p T, PGV E, p T, PGV E, p
1541 - - 6.8 421 051 0.76 - - - - 52 341 034 090
1542 - - - - - - - - - - - - - -
1545 - - 30 598 038 086 | 57 346 038 085 |44 353 038 0.78
1546 - - 6.8 421 043 084 | 65 435 046 083 | - - - -
1547 - - - - - - - - - - - - - -
1548 | 9.0 | 5.1 68 637 066 088 | 36 626 053 087 |41 449 054 095
1549 - - 76 628 0.66 081 | 67 529 044 0.7 |55 388 036 0.82
1550 | 1.3 | 86 | 89 454 073 096 | 55 514 055 092 |47 333 057 082
1551 - - - - - - - - - - - - - -
1553 - - 54 458 043 094 - - - - - - - -

T RSN - "Record Sequence Number’ in PEER NGA-West2 flatfile; Tz - The pulse period from Baker’s study [13];
T,- The pulse period from Zhai el al.’s study [24]; Horizontal 1/ Horizontal 2 / Vertical - The direction defined in
PEER NGA-West?2 flatfile; T), - The pulse period identified by the proposed method; PGV - Peak Ground Velocity
of the recorded pulse part (i.e. the identified pulse part of the original ground motion); E, - the energy ratio between
the recorded pulse part and the original ground motion; p - Pearson correlation coefficient between the recorded
pulse part and the pulse model; M - Whether the ground motions contain multi-pulses, and Y’ denotes contains

multiple pulses; The parameters of the proposed method for the results in this table are listed in Table 2.
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