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A B S T R A C T

The February 6, 2018 Hualien Taiwan Earthquake (Mw6.4) had caused serious fatalities and severe building
damages in Hualien city. Substantial near-field velocity pulse-like ground motions were probably one of the
important factors. We used the continuous wavelet transforms method to identify the velocity pulse-like ground
motions from orthogonal components of all the recorded ground motions. The identification results were in
agreement with the contour map of pulse-like occurrence probability according to two prediction models for
non-strike-slip faults. After verification using method based on the energy content of significant velocities pulses,
16 near-field recordings were recognized as the pulse-like ones, and the pulse period (Tp) was then determined
individually. It was found that the extracted values of Tp were generally longer than the prediction value given
by the empirical regression model based on the NGA-West2 dataset. The single and multiple degrees of freedom
(SDOF and MDOF, respectively) systems were implemented in the computation of inelastic demand and story
ductility demand. The results indicated the followings: (1) For the identified pulse-like records, the inelastic
demand of SDOF with oscillator period T less than 0.6Tp is much more significant than that for non-pulse-like
records when the SDOF nonlinearity level increases. The mean inelastic displacement ratio curve is approxi-
mately one standard deviation higher than the mean prediction value in the 0.1 < T/TP < 0.5 range. (2) The
maximum ductility demand exists at the bottom story of the 7-story,9-story and 11-story MDOF structure subject
to the pulse-like records. For the case of reduced shear strength and stiffness at the bottom story due to removed
infill walls, the bottom ductility demand reach more than 10.0 under pulse-like records. These findings support
the supposition that large ductility demand and the bottom soft-story mechanism under near-field velocity pulse-
like ground motions were the main reasons for severe structural damage of the four near-field mid-rise RC
buildings during the Hualien earthquake.

1. Introduction

A moderate Mw6.4 earthquake struck the Taiwan Hualien City on
February 6, 2018. It occurred offshore (24.1007°N, 121.7296°E) at a
focal depth of 6.31 km and resulted in surface rupture close to the
downtown area of Hualien City. Despite the moderate magnitude, it
caused 17 deaths and 298 injuries. Moreover, concern was raised re-
garding four mid-rise reinforced concrete (RC) buildings that were
partially collapsed or tilted during this event causing a number of
fatalities.

For ground motions in the near-fault zone, possible velocity pulse-
like records were the consequences of the directivity effects and/or the
permanent ground displacement at the site resulting from tectonic
movement which is termed ‘fling-step’ [1]. The Hualien earthquake

occurred in a complex tectonic area with a high background seismicity
rate, where a complex fault-to-fault jumping rupture process was found
according to the joint source inversion results [2]. It is indicated that
the initial rupture started from a north-south (N–S) striking fault dip-
ping to the west and propagated to the south with a high rupture speed.
The rupture then jumped to the shallower east-dipping Milun fault
across the Hualien city, where severe surface cracks and most of the
damaged buildings including the four collapsed ones were found. There
is a high possibility that pulse-like records would be observed in the
near-field area of Hualien earthquake.

Ground motions with strong velocity pulses are of special concern
for structural engineers [3]. The substantial impact of near-field velo-
city pulse-like ground motions have been observed previously on a
number of occasions: e.g., the Kobe (1995; Japan), Northridge (1994;
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USA), Wenchuan (2008; China) and Chi-Chi (1999; Taiwan) earth-
quakes. During the 2016 Taiwan Meinong earthquake, one high-rise
building was collapsed and caused more than 100 deaths that were
attributed to velocity pulse-like ground motions [4]. Similar near-field
pulse-like velocity records might be responsible for the serious struc-
tural damage during the Hualien earthquake [5].

Several studies have investigated the effects of near-fault pulse like
ground motions on the inelastic displacement ratio (i.e., ratio of max-
imum inelastic displacement with respect to maximum elastic displace-
ment demand using SDOF systems) [6–8]. The results indicated that the
near-fault pulse-like ground motions may induce greater inelastic dis-
placement demand, and could be classified as “aggressive’’ ones when
the normalized vibration period Twith respect to velocity pulse period Tp
(T/Tp) is less than one [9]. A significant large inelastic demand for T/TP
ranges from 0.3 to 0.5 was observed concerning the wavelet algorithm
method identified pulse-like records in the NGA-West1 database [8,10].
Furthermore, a prediction model was regressed for near-source pulse-like
inelastic displacement ratio as a function of T/Tp according to fault-
normal pulse-like records in NGA dataset [8]. Comparing the results
between non-degrading and stiffness/strength degrading SDOF systems,
the increments in the level of cyclic degradation increases the inelastic
demands for systems with T shorter than Tp [7,11]. Wen et al. [12] in-
vestigated the inelastic displacement ratios with constant modified Park-
Ang damage index proposed in Zhai et al [13]. Similar to previous stu-
dies, the near-fault pulse-like ground motions significantly increase the
inelastic demand of structures with medium fundamental period. All the
four collapsed buildings in Hualien earthquake are mid-rise (i.e.,
7,10,11,12 stories) RC structure and probably be more vulnerable to the
pulse-like ground motions according to the previous studies, which will
be further verified in our study.

Behavior of moment-resisting frame structures subjected to the
pulse-like near-fault ground motions were studied by MDOF systems
[14,15]. Similar to the observation results in SDOF systems, the results

indicated that the pulse-like records with T/Tp < 1 would produce
increased inelastic displacement demands compared to the T/Tp > 1
case. A detailed assessment of seismic collapse risk shows that the
predicted probability of collapse in 50 years for mid-rise modern RC
buildings at a representative near-fault site is approximately 6%, which
is significantly higher than the targeted 1% probability in current
seismic design maps of the U.S [16]. For T/Tp > 1 case, the higher
modes have a significant contribution, while for longer pulses (T/
Tp < 1) their effect is small [14]. Records with fling effects were found
to excite systems primarily in their fundamental mode while waveforms
with forward directivity in the absence of fling caused higher modes to
be activated [17]. In addition, ground motions with Tp longer than T of
structure tend to be more destructive at lower bottom stories [16,17].
The four mid-rise buildings in Hualien Earthquake are all collapsed due
to the similar crush or serious damage at bottom stories. In this paper,
we tried to look into the pulse-like records in Hualien earthquake and
the corresponding implications on the structural damage from this
perspective.

First, the near-field records from the mainshock of the Hualien
earthquake were analyzed to identify possible pulse-like ones using the
wavelet transforms method. Two prediction models for non-strike-slip
ruptures were utilized for computation of pulse-like occurrence prob-
ability contour map of the studied area and compared with identifica-
tion results. The values of Tp and corresponding orientations in which
the pulses were strongest were then computed and verified. To further
illustrate the potential impact regarding the partially collapsed RC
midrise buildings, SDOF and MDOF systems were implemented in the
computation of the inelastic demand and story ductility demand con-
cerning the near-field records of the Hualien earthquake.

2. Strong ground motion data

The epicenter of February 6, 2018 Mw 6.4 Hualien earthquake, was

Fig. 1. (a) Strong ground motion stations triggered in Mw6.4 2018 Hualien earthquake. (b) Stations with/without identified pulse-like records in the near-field area
(gray dashed rectangle); The epicenter provided by Central Weather Bureau(CWB) is represented with a red star. The three fault planes considered in this study are
projected to the surface and labeled as Fault 1, 2 and 3 respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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located in the offshore area about 16.5 km north from Hualien City. The
Central Weather Bureau (CWB) calculated the focal mechanism using
the centroid moment tensor solution and broadband seismic data ob-
tained in Taiwan. The strike/dip/rake were 215.68°/56.36°/25.57°.
Joint inversion results show that the source of the Hualien earthquake
was complex and contains three asperities on different fault systems
[2]. As shown in Fig. 1, The slip started from an N–S striking west
dipping fault (Fault 1) with a high rupture speed of approximately
3.0 km/s, then the rupture jumped to the Milun and Lingding faults
(Fault 2 and Fault 3) with slow rupture speed of approximately 2.0 km/
s. In other words, although most of the damaged buildings were found
along the Milun fault, the movement on the Milun fault was passive and
just part of a secondary branch of the major rupture system. These
imply that the rupture on Fault 1, which started from the offshore area
and propagated all the way toward the land (city of Hualien), is the
main contributing factor for the possible pulse-like records. Never-
theless, the Milun fault and Linding fault also have an impact on the
characteristic of the near-fault pulse-like records.

The raw strong ground motion data of the mainshock were provided
by the Taiwan Central Weather Bureau (ftp://gdms.cwb.gov.tw/, last
accessed on Oct 2018). Overall, 196 strong ground motion stations
were triggered over Taiwan, as shown in Fig. 1(a). In this study, 21
stations within 30 km of epicenter distance were considered, as shown
in the gray dashed rectangle region of Fig. 1(b). The boundary value
was set as 30 km synthetically considering the amplitude of the records,
the spatial distribution of the stations and the locations of three faults.
Because severe surface breaks and cracks were observed along the
Milun fault, it is necessary to recover the ground displacements in
strong-motion recordings. The acceleration time histories were pro-
cessed using the automatic baseline correction method proposed by Wu
and Wu [18]. This method has been successfully applied in the process
of the strong-motion data in the 1999 Chi-Chi, 2003 Chengkung, and
2006 Taitung earthquakes in the near-field region and the corre-
sponding coseismic displacements were consistent with GPS measure-
ments. The Butterworth band-pass filter was not applied in this study to
avoid possible impact on the presence and shape of the identified ve-
locity pulse and displacement recovery [19]. To evaluate the recovered
displacements from strong motion stations, the results were compared
with coseismic displacements measured with two continuous GPS sta-
tions in the studied area [20]. As shown in Table .1, the recovered
displacements are close to the GPS measurements results considering
the EW and NS component. The recovered displacement time histories
were presented in Fig. 2.

3. Characteristics of pulse-like ground motions

3.1. Preliminary pulse-like ground motion recognition

The method based on wavelet transform algorithm was used in this
paper for the identification of pulse-like ground motions. An earlier
method using this algorithm proposed by Baker [21] in 2007 was
usually used to identify the pulse-like ground motions in a single or-
ientation (typically the fault-normal orientation). However, the pulse-
like ground motions might be observed in orientations other than fault-
normal especially for the non strike-slip ruptures of which the

directivity is not obvious as strike-slip rupture. For Hualien earthquake,
three non strike-slip faults were involved and the rupture mechanism is
relatively complex. Therefore we utilized a wavelet algorithm based
method proposed by Shahi and Baker [22] (hereafter called SB14
method) to preliminarily identify pulses at arbitrary orientations in
multicomponent ground motions. After identifying the orientation at
which the wavelet coefficients is maximum (hereafter called maximum
pulse-like orientation), a new method proposed by Zhai et al(2018)
[13] was then applied to validate the identification results which was
based on the energy content of significant velocity pulses.

According to SB14 method, the continuous wavelet transforms were
used for two orthogonal components of the ground motion to identify
the orientations most likely to contain a pulse in the first step. The
wavelet with the largest wavelet transform coefficients coefficient de-
fined in Ref. [21] was selected as a potential pulse. Then, the wavelet
with the largest coefficient nonadjacent to the selected coefficient was
selected as the second potential pulse. This process was repeated to
select five nonadjacent potential pulses. For each potential pulse, the
velocity time history was rotated into the orientation in which the pulse
was found. The maximum pulse-like orientation attributed to the or-
ientation in which the maximum wavelet coefficient is found. Therefore
for each studied recording, we would get five possible maximum pulse-
like orientations. For each orientation, the selected wavelet was then
subtracted from the original ground motion to yield a residual ground
motion. The continuous wavelet transform of the residual ground mo-
tion is used to find the wavelet with highest coefficient that has the
same scale as the original wavelet. This wavelet was then added to the
original wavelet to refine the shape of the selected pulse. This step was
repeated 10 times and used a combination of the 10 wavelets to define
the shape of the extracted pulse. Then the extracted pulses were judged
by the pulse indicator PI to determine whether they are strong enough
to be classified as pulse-like. The peak ground motion velocity (PGV)
and PC were used to define the PI, as indicated in Eq. (1) from Ref. [22].

= + ×PI PC PGV PC PGV9.384(0.76 0.0616 )( 6.914 10 1.072)
6.179

4

(1)

= × + ×PC PGV ratio energy0.63 0.777 ratio (2)

here, PC is the linear combination of two variables: the energy ratio and
the PGV ratio between residual and original ground motions (Eq. (2)).
Energy could be indicated by the cumulative squared velocity of the
signal. In most cases, if the extracted pulse is significant, the residual
PGV and energy is much lower after removing the pulses, and the
corresponding PGV ratio and energy ratio would also be much lower.
The smaller the PC value is, the more obvious the characteristic of the
velocity pulse is. The ground motion is classified as pulse-like one when
the indicator PI is positive. If we let PI=0, we could plot the corre-
sponding classification boundary as function of PGV and PI as shown in
Fig. 3. The value of 20 cm/s is the suggested minimum PGV boundary
by Ref. [22] to ensure the identified velocity pulses have engineering
significance. A clear curved bounding domain could be found in the
classification boundary of Fig. 3. It is worth noting the PGV threshold
(20 cm/s) is learned from the NGA-west2 data rather than set arbitrarily
like in Ref. [21].

Of the analyzed 21 stations in Fig.1(b), 15 were preliminarily
classified as having pulse-like records (shown in bold in Table 2). The
identified pulse period Tp, which is of special interest to engineer as
discussed in the following part, exceeds 2.0s for all 14 stations except
the HWA060 which were located far from other stations and Milun
fault. The maximum pulse-like orientation is presented using azimuth.
The velocity time-histories of the records rotated in the maximum
pulse-like orientation were plotted in Fig. 4. Typical near-fault pulse-
like strong ground motions were recorded at stations on both sides of
the Milun fault. The maximum pulses were mostly in the fault-normal
direction, especially near the southern portion of the Milun fault.
Double-sided velocity pulses with large amplitude can be clearly

Table 1
Comparison of continuous Global Positioning System (GPS) Measurements and
recovered displacements.

Station Log(°) Lat(°) EW NS

HWAL(GPS) 121.6135 23.9754 16.70 cm 43.20 cm
HWA019 121.6135 23.9750 15.77 cm 42.80 cm

PEPU(GPS) 121.6103 24.0179 −5.39 cm −28.61 cm
HWA028 121.6096 24.0143 −10.42 cm −30.16 cm
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observed and the PGV is reasonably high, i.e., > 40 cm/s, which is
higher than the suggested classification boundary of 20 cm/s. The
corresponding PGV and PC values of all the records are shown in Fig. 3.
Particular attention should be paid to the record of station HWA048,
which was recognized as non pulse-like one according to SB14 method
despite its high PGV value, i.e., 46.02 cm/s. The corresponding PGV and
PC value of HWA048 is relatively close to the classification boundary
proposed in SB14 method.

3.2. Pulse-like occurrence probability computation

Several researchers have proposed prediction models for occurrence
probability of velocity pulses at near-field stations (e.g., Refs.
[22,26,27]). Two prediction models regressed using non-strike-slip
pulse-like recordings, hereafter were referred as Model 1 (Eq. (3)) [22]
and Model 2 (Eq. (4)) [26], were used for computation of pulse-like
occurrence probability corresponding to the Fault 1 as illustrated in
Fig. 5.

=
+ + +

P pulse R d
e

Model 1: ( | , , ) 1
1

rup R d(0.304 0.72 0.208 0.021 )rup (3)

Fig. 2. The recovered displacement time histories in the east–west(EW) and north-west(NS) direction regarding HWA019 and HWA028 stations.

Fig. 3. PGV versus PC values for ground motions rotated in the maximum pulse-
like orientation. The dashed line indicates the classification boundary in SB14
method [22].

Table 2
Information of the near-field stations in Hualien earthquake and the pulse-like records identification results.

Station Code Long.(°) Lat.(°) Rrup (km) Vs30b (m/s) PGV (cm/s) Tp (s) PI PC Maximum pulse-like Orientation(°) Pulse Probability pulse-like?

Model 1 Model 2

HWA007 121.6262 23.9865 5.02 379 95 4.45 25.0 0.40 109.0 0.46 0.35 Yes
HWA008 121.6030 23.9873 6.62 297 95 3.27 28.0 0.33 93.2 0.42 0.30 Yes
HWA009 121.6223 23.9903 5.48 461 106 4.78 26.6 0.43 87.9 0.44 0.34 Yes
HWA010 121.6027 23.9783 6.18 250 124 3.25 37.3 0.34 99.0 0.44 0.31 Yes
HWA011 121.5948 23.9953 7.58 361 89 3.83 21.2 0.44 176.9 0.39 0.28 Yes
HWA012 121.6313 23.9920 4.96 410 86 4.84 21.4 0.41 112.2 0.45 0.35 Yes
HWA013 121.5985 23.9755 6.32 337 112 2.74 30.9 0.38 112.7 0.45 0.31 Yes
HWA014 121.6057 23.9712 5.62 280 145 3.68 46.4 0.30 85.0 0.47 0.33 Yes
HWA019 121.6135 23.9750 5.29 504 138 3.33 48.8 0.23 69.7 0.47 0.34 Yes
HWA023 121.6045 24.0812 11.30 623 9 – −7.2 1.17 20.9 0.17 0.15 No
HWA028 121.6095 24.0143 7.56 405 54 4.17 4.6 0.68 160.5 0.35 0.27 Yes
HWA045 121.7495 24.3090 13.22 473 8 – −5.6 0.96 168.4 0.26 0.17 No
HWA046 121.6292 24.1478 13.04 644 17 – −7.4 1.15 7.8 0.06 0.08 No
HWA048a 121.5805 24.0095 9.26 350 46 2.73 −3.7 0.95 165.0 0.33 0.24 Yes
HWA050 121.5908 23.9878 7.46 343 85 2.16 25.3 0.31 137.8 0.40 0.28 Yes
HWA057 121.6230 24.1587 14.01 815 11 – −11.2 1.45 0.9 0.06 0.07 No
HWA058 121.4928 23.9658 12.90 526 8 – −5.4 0.94 112.3 0.33 0.17 No
HWA060 121.6017 23.9035 2.43 556 65 1.23 12.3 0.50 32.1 0.62 0.40 Yes
HWA062 121.6198 23.9797 5.11 606 110 3.89 27.2 0.44 115.1 0.47 0.35 Yes
HWA063 121.5930 23.9935 7.60 289 95 2.35 14.4 0.62 171.6 0.39 0.28 Yes
TRB042 121.6038 24.0003 7.23 379 80 3.28 23.2 0.31 27.8 0.39 0.28 Yes

a bold station code means the station with ambiguous preliminary identified pulse-like record and manually verified.
b VS30 at each station were obtained from Refs. [23,24].
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P pulse R d
e

Model 2: ( | , , ) 1
1 1/rup R d(0.553 0.055 0.0267 0.027 )rup (4)

In which, Rrup is the closest distance to the fault rupture; d is the
fraction of the rupture surface that lies between the hypocenter and the
site; andϕ is the angle between the direction of rupture propagation and
the direction aligning the hypocenter and the site. The parameters were
illustrated in Fig. 5.

The contour maps of pulse-like occurrence probability according to
Model 1 and Model 2 for the studied area were presented in Fig. 6

respectively. It is indicated that the pulse-like identification results are
in general agreement with the trend illustrated in the contour map. For
Model 1, almost all the pulse occurrence probability of sites with
identified pulse-like records were higher than 0.5. It is worth noting
that the maximum occurrence probability is 0.5 for Model 2, this is
because the model was developed generically for non-strike-slip
earthquakes that are often complex and not easy to identify rupture
directivity effects. Nevertheless, it still could be observed that the
probability are relatively higher for the sites with identified velocity
pulses than the non-pulse-like ones. The pulse-like probability results

Fig. 4. The velocity time histories were rotated in the maximum pulse-like orientations area regarding the stations with/without velocity pulses in the studied near-
field. The epicenter, fault and four collapsed buildings in Hualien city were illustrated in the map. The maximum pulse orientations were presented using blue arrows
for the stations with identified pulse-like velocities in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 5. The rupture schematic illustration of three faults in Hualien earthquake and the parameters used in empirical pulse-like occurrence probability prediction
models.
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for HWA048 according to prediction Model 1 and Model 2 were 0.33
and 0.24, which lays in the disputed region and need to be further
verified. Following we would verify the pulse-like identification results
including the HWA048 station using another method.

3.3. Verification of the identified pulse-like records

The SB14 method is usually efficient and convenient for pre-
liminarily automatic recognition of pulse-like records from a large da-
taset, e.g., the PEER NGA-West2 dataset. The identification results need
to be further verified because the classification boundary of the SB14
method is empirical and fixed. There is a possibility that this method
might not successfully recognize all possible pulse-like records espe-
cially for those close to the boundary with high PGV values. An efficient
algorithm for identifying pulse-like ground motions based on significant
velocity half-cycles was proposed by Zhai et al [25], which could
identify single, multiple, or irregular pulses. Because we had already
preliminarily recognized the maximum pulse-like orientation for each
record using SB14 method, the method proposed in Ref. [25] would be
directly applied here to further verify the corresponding rotated record.

To effectively characterize the intrinsic pulse-like features, the
concept of an energy-based significant velocity half-cycle was proposed
[25]. The energy of kth velocity half-cycle ΔEk is defined as the cumu-
lative squared velocity over the finite time interval between two

consecutive zero-crossings. Velocity half-cycles whose energy ratio
(defined as Ek=ΔEk/Etotal) is greater than or equal to 0.1 are defined as
“significant” half-cycles and make a substantial contribution to the total
energy. Then the ground motions are classified into 6 categories ac-
cording to the number of significant half-cycles in the velocity time
series, i.e., Type-0 (no significant half-cycle), Type-1 (only 1 significant
half-cycle), Type-2 (2 significant half-cycles), Type-3 (3 significant half-
cycles), Type-4 (4 significant half-cycles), and Type-5 (at least 5 sig-
nificant half-cycles in the velocity time history). The pulse energy ratio,
Ep, is then used as an indicator for quantitative identification, which
were defined as sum of the Ek from the significant velocity pulses. Then
the Ep threshold values for each type of ground motions are determined
to be 0.30, 0.42, 0.50, 0.57, and 0.73, respectively. A PGV threshold
level of above 30 cm/s is used as a preliminary selection criterion [25],
which is a bit larger than the threshold 20 cm/s in SB14 method. The Ep
computation results and corresponding identification results for the 21
stations were listed in Table .3. All the pulse-like classification results
are consistent with the results identified using the SB14 method except
for the HWA048 station. The stations were classified as Type-2 (10
stations) and Type −3(6 stations), that is, with two or three significant
half-cycles. The coherent shape of velocity pulses were caused by the
close-by spatial distribution of stations as illustrated in Fig. 4.

The HWA048 record is classified as pulse-like category with Ep
value of 0.63, slightly larger than the threshold value of 0.5 for Type-2

Fig. 6. Contour map of pulse-like occurrence probability using two prediction models and compared with pulse-like round motion recognition results using SB14
method: (a) Model 1 proposed in Ref. [22](b)Model 2 proposed in Ref. [26].

Table 3
The pulse-like records identification results and the Ep values calculated using the method proposed by Zhai et al(2018) [25].

Station
Code

Classified as Pulse Ep Type PGV (cm/s) Station
Code

Classified as Pulse Ep Type PGV (cm/s)

HWA007 Yes 0.93 2 95 HWA045 No - - 8
HWA008 Yes 0.92 3 95 HWA046 No - - 17
HWA009 Yes 0.95 2 106 HWA048* Yes 0.63 2 46
HWA010 Yes 0.85 2 124 HWA050 Yes 0.83 3 85
HWA011 Yes 0.79 2 89 HWA057 No - - 11
HWA012 Yes 0.94 2 86 HWA058 No - - 8
HWA013 Yes 0.87 3 112 HWA060 Yes 0.81 3 65
HWA014 Yes 0.85 2 145 HWA062 Yes 0.93 2 110
HWA019 Yes 0.97 3 138 HWA063 Yes 0.72 2 95
HWA023 No - - 9 TRB042 Yes 0.81 2 80
HWA028 Yes 0.78 3 54
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records. Two significant velocity pulses were recognized in the velocity
time histories as shown in Fig. 7(a). The extracted pulses using SB14
method and residual time history are plotted separately in Fig. 7(b). A
typical velocity pulse-like waveform could be clearly observed and
extracted with relatively long pulse period Tp= 2.73 s. A large velocity
peak exists in the residual time history leading to a relatively large PGV
ratio of 0.749. That is why it is classified as the non-pulse like record
according to the SB14 method. Therefore the HWA048 record is con-
sidered to be classified as pulse-like one according to the recognition
results of the two methods illustrated in Fig. 7(a) and (b).

3.4. Verification of pulse period Tp

The Tp identification results were compared with the peak period of
the velocity response spectrum with 5% damping ratio, which was
usually used as another alternative automated method for Tp determi-
nation [28]. A plot of identified Tp values from two approaches is
shown in Fig. 8 for the 16 pulse-like ground motions.

The Tp values obtained using the two approaches are overall similar,
with the SB14 method computation results being slightly longer than
the spectral velocity based Tp in general. Similar tendency was also
observed in studies based on the NGA ground motion library [1,21]. In
cases where the periods obtained from the wavelet and the velocity
spectrum methods differ significantly, the period with maximum
spectral velocity is associated with the high-frequency oscillatory por-
tion of the ground motion that is usually not the velocity pulses we
concern. The wavelet algorithm-based pulse period is more closely as-
sociated with the visible velocity pulse. Because this method uses the
ratios of PGV and energy between the original and residual records as
predictor variables for this classification, the high-frequency oscillatory
portion with high amplitude is hard to contaminate the identification
results due to its relatively short duration and small energy contribu-
tion.

For station HWA048, the Tp obtained from the SB14 method and the
velocity response spectrum differ significantly. The spectral velocity of
HWA048 record is predominant at both short periods (< 1.0 s) and
moderated-to-long periods (1.0–5.0 s) leading to inaccurate estimation
of Tp based on velocity response spectrum. In this case, the period with
maximum spectral velocity is ascribed to the peak at the short period,

whereas the longer Tp identified using wavelet method is associated
with the pulse duration as illustrated in Fig. 7(c), indicating a more
plausible result.

3.5. Comparison with the NGA-West2 empirical models for Tp

The relationship between pulse period and earthquake magnitude
had been frequently investigated based on different database (e.g. Refs.
[1,10,22,28]). The period of the velocity pulse is related to source
parameters including the rise time and fault dimensions, both of which
increase with magnitude. Therefore the ln(Tp) is usually represented as
a linear function of Mw. Although the regression model is similar, the
parameters will be influenced by the selection of the pulse-like records
and the procedure employed to determine the pulse period Tp.

To further confirm the pulse-like identification results and to

Fig. 7. (a) Significant velocity half-cycles and energy ratios computed using method in Zhai et al(2018) [25][] for the HWA048 station; (b) The extracted velocity
pulse computed using SB14 method and residual time histories (c) Velocity response spectrum of the original record, extracted pulses and the residual record, with
labels noting the identified Tp values using wavelet algorithm and peak of velocity spectrum.

Fig. 8. Comparison of the Tp values identified from the peak period of the
velocity response spectrum and the results using the SB14 method.
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determine whether they might be of special interest for structural en-
gineering, the extracted Tp values and the empirical prediction models
based on the NGA-West2 records were compared as shown in Fig. 9
[22]. The pulse-like records identification and Tp computation proce-
dure are identical with what we applied in this paper. Because the
identified pulse-like record in this study did not show a certain direc-
tivity effect attribute, models suitable for directivity pulses and for all
pulses were both chosen for comparison.

The results indicate that the extracted Tp values from the Hualien
earthquake are approximately one standard deviation higher than the
predicted mean values conditioned atMw6.4. For Hualien earthquake, a
complex seismic moment release history could be found from the mo-
ment rate function and three time periods of associated energy releases
are illustrated in Ref. [2]. The total seismic moments considering is
equivalent to an Mw6.58 earthquake, which is larger than the Mw6.4
given by USGS(U.S. Geological Survey center) and GCMT(Global Cen-
troid Moment Tensor project). The ln(Tp) is approximately overall
within the prediction value plus one standard deviation conditioned at
Mw6.58.

4. Structural response to near-field pulse-like ground motions

4.1. SDOF inelastic displacement demands

To analyze the impact of pulse-like record on the buildings with
different fundamental periods, the SDOF systems with constant strength
were utilized to compute the corresponding inelastic displacement
(Sd,i). The bilinear hysteretic model used was defined by three-para-
meters: 3% hardening ratio, 5% damping ratio, and yield strength re-
duction factor (R). Different R values indicate different SDOF ductility
as defined in Eq. (5).

=R
f
fy

0

(5)

where f0 is the strength required for the structure to remain within its
linearly elastic limit during the ground motion. fy is its yielding
strength. The closer the R approaches 1.0, the closer the SDOF system is
to represent an entirely elastic system.

Inelastic displacement ratio is a particularly appealing approach to
evaluate the maximum inelastic displacement of structures with dif-
ferent fundamental periods. We computed the inelastic and elastic
displacement (Sd,i and Sd,e) using the 21 near-field records as inputs.
Fig. 10 shows the ratio between inelastic and elastic displacement (Sd,i/
Sd,e) versus the ratio of the oscillator period to pulse period (T/Tp) in
three cases of R=2,4 and 6, respectively. When T/Tp is less than 0.6,
different inelastic demand is observed between the response of non
pulse-like records and pulse-like records. The difference is much more
significant with larger R. The mean ln(Sd,i/Sd,e) ratios for the five non-

pulse-like records are less than 1.0, while the mean ratios for the pulse-
like records is larger than 2.0 when R equals to 4 and 6. The results
indicate that a possible larger inelastic displacement response is ex-
pected for structures with T/Tp < 0.6 when subject to the pulse-like
records in Hualien earthquake.

One comprehensive prediction model for inelastic displacement
ratio regarding near-fault pulse-like recordings was investigated in Ref.
[8]. It was determined in a two-step nonlinear regression of a relatively
large set of fault-normal pulse-like records in NGA dataset identified by
Baker07 method [21]. The standard deviation was also given as a
function of the T/Tp ratio. The ln(Sd,i/Sd,e) and the corresponding dis-
persion computed in this paper were compared with the predicted re-
sults as shown in Figs. 10 and 11. It is indicated that the ln(Sd,i/Sd,e) for
pulse-like records in Hualien earthquake was nearly one standard de-
viation higher than the predicted mean values in the 0.1 < T/
TP < 0.5 range. For R=4 and 6 cases, low dispersion for ln(Sd,i/Sd,e)
could be observed in the 0.5 < T/TP < 1.5 range which is probably
because of the similar pulses recorded in the close-by stations.

4.2. Four partially collapsed buildings in Hualien City

Four mid-rise RC buildings in Hualien City were seriously damaged
during the earthquake. Details of these buildings and the damage si-
tuation are summarized in Table 4. These four buildings were partially
collapsed or tilted due to the bottom story crush. Their locations and
the nearby strong motion stations are illustrated in Fig. 12. The tilted
Yun Men Tsui Ti building (No.04) resulted in 14 fatalities.

Because there is not enough available information for structural
configurations, we use the empirical prediction equation in the Taiwan
design code [29](2011) to roughly estimate the fundamental period T
of these four buildings. The equation, T=0.050H3/4, is applied for the
RC-frame structures with non-structural partition infill walls. H is the
height of the structure. The maximum fundamental period of structures
should not exceed the 1.4 T [29]. The H of four collapsed building were
obtained from the building database in Ref. [30], personal commu-
nication with T. C. Chiou (2019) and the snapshots of Google map
Street View. The range of H and fundamental period T were listed in
Table 4. The T/Tp values for these four buildings regarding 16 near-
field pulse-like records are illustrated in the Fig. 13. According to the
SDOF computation results in the Fig. 10, a large inelastic demand is
expected when the T/Tp value is below 0.6. Almost all the T/Tp values
ranged from 0.15 to 0.40 with small dispersion except the results of the
HWA060 record which is located far from Milun fault and Hualien city,
implying a large elastic demand is expected for these four mid-rise
buildings when subject to the pulse-like ground motions in Hualien
earthquake.

Fig. 9. Comparison of the identified Tp values with two prediction model fitted by: (a) pulse-like records caused by directivity effect and (b) all the pulse-like records
from the NGA-West2 dataset regardless of the cause or mechanism.
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Fig. 10. Comparison of ratio of the inelastic and elastic SDOF displacement demand derived from the pulse-like recordings and the prediction model results in Ref.
[17] regarding different R.

Fig. 11. Comparison of standard deviation of ln(Sd,i/Sd,e) ratios derived from the pulse-like records in Hualien earthquake and prediction model.

Fig. 12. Four partially collapsed buildings in Hualien city and near-by stations with pulse-like ground motions identified in this paper. The bottom stories crush of the
buildings were marked using rectangles in photos.
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4.3. Story ductility demand

The bottom stories of No.1 and No.2 buildings were retrofitted into
garages by removing almost all RC infill walls. Unbalance columns
could also be observed in the bottom story of No.3 and No.4 buildings.
Part of the walls and columns in the bottom stories were removed for
pedestrians passing or parking utility. To cover the fundamental period
range and story levels as illustrated in Table .4, 7-story, 9-story, and 11-
story shearing MDOF systems are utilized respectively to quantify the
ductility demand over different stories. The height and mass over dif-
ferent stories are set as equal for the studied MDOF systems. The mass
was set as 600×103 kg for each story. The story shear stiffness and
strength decreased from the bottom story to the top, which is de-
termined from an inverted-triangle lateral story shear force load pattern
that corresponds to the Taiwan Design Code [29]. The ratio λ between
the base shear strength Vy and the weight of the whole structureW was
set as 0.2 and 0.4, which represent a comparatively weak and strong
structure, respectively. Three 7-story MDOF systems were studied in
this paper with different stories’ stiffness, which were set to make the
fundamental periods close to 0.4s, 0.5s, and 0.6s respectively. 9-story
MDOF systems with fundamental period close to 0.55s, 0.65s, and 0.75s
will be discussed in the following study. 11-story MDOF systems with
fundamental period close to 0.7s, 0.8s, 0.9s, and 1.0s will be discussed.

The failure of the bottom story during an earthquake may trigger a
bottom soft-story mechanism leading to the collapse of the whole
structural system as illustrated in the Figs. 1214. For these four build-
ings, the infill walls of bottom story were partially removed that makes
significant stiffness and strength difference existed between the bottom
and upper stories. To roughly estimate the infill walls’ contributions to
stiffness and strength, we built MDOF systems in which the stiffness and
strength of bottom story are reduced by 30%, which is the threshold of
stiffness reduction in the Taiwan design code [29]. The Clough stiffness
degradation hysteresis model with a 10% strain-hardening ratio was
chosen here [31]. Hysteresis models considering strength degradation
are necessary for more accurate simulation of structural collapse if
more detailed finite element analysis would be carried out according to
the detailed structural configurations in the future study. Conventional
Rayleigh damping was used with a 5% damping ratio at the funda-
mental period T and 0.1 T. Note that only one damping ratio is used
here because the maximum structural response subjected to pulse-type
excitations was relatively insensitive to the damping ratio [32]. The
story ductility demand is quantified by the story ductility ratio, defined
as the maximum inter-story drift normalized by the story yield drift.
Figs. 15 and 16 illustrate the average ductility demand over different
stories of the MDOF structures in two cases of λ=0.2 and 0.4 regarding
different fundamental period.

The results show that the story ductility demand subject to the non-
pulse-like records are almost less than 1.0, much lower than that for the
pulse-like records, which is in agreement with the inelastic demand
results using SDOF regarding T/Tp < 0.6. For pulse-like recordings, the
maximum story ductility demand tends to occur in the bottom portion
of the 7-story, 9-story and the 11-story shearing MDOF structures,
which could reach nearly 6.0 and 1.5 for λ=0.2 and 0.4 respectively.
The overall trend is consistent with the observations for the MDOF with
relatively short-period (T< Tp) in Ref. [14]. The story ductility values
for each MDOF did not change significantly within the fundamental
period range given in Table .4.

When the bottom story of MDOF is set as the weak story, there is
still no obvious ductility demand observed for the non-pulse-like ones
except for the bottom portion that could reach approximated 2.0 con-
ditioned at λ=0.2. For the MDOFs with weak bottom story, the bottom
story ductility demand is much more significant, which is almost two
times larger than the cases without weak bottom story. The mean
bottom story ductility demand is around 11.0 and 3.5 for the cases of
λ=0.2 and λ=0.4 respectively. The ductility ratio of more than 10.0
in the case of λ=0.2 considerably exceeds the design capacity and mayTa
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trigger the failure of the first story. To summarize, the near field pulse-
like ground motions and the soft bottom story mechanism are the main
reasons for the four collapsed buildings in Hualien earthquake.

4.4. Comparison with the code design spectrum

The construction time of all the four buildings was before 1999,
when a more comprehensive building design code came into effect. It is
worth noting that the near-fault amplification effect has been con-
sidered specifically in the seismic design code after 2005 version. For
Hualien city that located near Milun Fault, the design spectral accel-
eration coefficient for short and long period were amplified regarding

different site-to-fault distance. The maximum considered earthquake in
design spectrum with a return period of 2500 years (50-year 2 % ex-
ceedance rate) was compared with the acceleration spectrum (5 %
damping ratio) of each near field ground motion as shown in Fig. 17.
Besides the spectral accelerations of east–west (EW), north–south (NS)
components, we also computed the results in components rotated to the
maximum pulse-like orientation which were considered in the SDOF
and MDOF calculation. Although the new design spectrum of Hualien
City has a conservative consideration of the near fault amplification
effect, some of the spectral accelerations at periods ranging from 1.5 s
to 3.5 s still exceed the design spectra values.

Fig. 13. T/Tp range for the four collapsed buildings with maximum and minimum estimated fundamental period T. The box diagram was used to illustrate the
median and dispersion of T/Tp values; Tp values were calculated using recordings rotated in the maximum pulse-like orientation using the SB14 method.

Fig. 14. The bottom-stories layout of four collapsed buildings (from Google Map).
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5. Conclusions

This paper intended to investigate the pulse-like characteristics of
ground motions in the 2018 Mw6.4 Hualien earthquake and study their
impact on structures’ damage. The SB14 wavelet method was utilized to

identify near-source pulse-like records in the first step. The maximum
pulse-like orientation and the Tp values were computed based on the
pulses extracted from the orthogonal components using the wavelet
transform algorithm. The pulse-like occurrence probability of near-fault
area of Hualien earthquake were also computed using two prediction

Fig. 15. The story ductility ratio curves for 7-story, 9-story and 11-story MDOFs with different fundamental periods in the case of λ= 0.2: (a) without consideration
of the bottom stiffness reduction; (b) with 30% reduced bottom shear story stiffness and shear strength.

Fig. 16. The story ductility ratio curves for 7-story, 9-story and 11-story MDOFs with different fundamental periods in the case of λ= 0.4: (a) without consideration
of the bottom stiffness reduction; (b) with 30% reduced bottom shear story stiffness and shear strength.
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models, the results were in good agreement with the identification re-
sults by SB14 method. Then the identification results were verified
using method [25] based on the energy content of the significant ve-
locity pulses. Overall, 16 near-field stations including the controversial
HWA048 station in Hualien City were classified as having two or three
significant velocity pulses. The extracted Tp values were generally
longer than predictions based on empirical regression model based on
the NGA-West2 dataset.

The SDOF and MDOF systems were implemented to compute the
inelastic displacements and story ductility demand. For the identified
pulse-like records, the results show that the inelastic demand of SDOF
with oscillator period less than 0.6 Tp was much more significant than
that for non-pulse-like records when the nonlinearity level increased.
The mean inelastic displacement ratio curve is one standard deviation
larger than the predicted mean value in the 0.1 < T/TP < 0.5 range.
For R=4 and 6 cases, low dispersion for ln(Sd,i/Sd,e) could be observed
in the 0.5 < T/TP < 1.5 range which is probably because of the si-
milar pulses recorded in the close-by stations.

The MDOF computation results show that larger story ductility de-
mand was expected for the pulse-like ground motions compared with
the non pulse-like ones in Hualien earthquake. For pulse-like record-
ings, the maximum story ductility demand tends to occur in the bottom
portion of the 7-story, 9-story and the 11-story shearing MDOF struc-
tures, which could reach nearly 6.0 and 1.5 for λ=0.2 and 0.4 re-
spectively. While the ductility demands for different stories are overall
the same for the non pulse-like recordings, which is approximately in
the range of 0.5–1.0. Furthermore, the infill walls of bottom stories
were partially removed in these four buildings, which largely reduce
the bottom shear stiffness and strength compared with upper stories.
The corresponding bottom story ductility ratios subject to pulse-like
records could reach more than 10.0 conditioned at λ=0.2 when the
bottom stiffness and strength reduced by 30%. There is still no obvious

ductility demand observed for the non-pulse-like ones including the
bottom portion.

Coupled with the large ductility demand under near-field pulse-like
ground motions and the soft-story mechanism in bottom portion, the
old seismic design code without consideration of near-fault amplifica-
tion effect also contributes to the excessive vulnerability of those four
buildings in Hualien earthquake. More detailed structural finite ele-
ment analysis is still needed to be utilized in the future work to provide
more comprehensive explanations for the collapse mechanism of these
four buildings.

Data and resources

The strong-motion waveform records used in this study were ob-
tained from the stations of Central Weather Bureau in Taiwan, whose
raw data are available at ftp://gdms.cwb.gov.tw/ last accessed Oct
2018. The procedure to identify pulses has been implemented by J.W.
Baker in Matlab scripts and is publicly available at http://github.com/
shreyshahi/PulseClassification last accessed July 2018.
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