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Abstract The purposes of this research are to invest
the correlations of ground motion parameters, including
characteristic intensity (Ic), standardized version of
cumulative absolute velocity (CAVstd), maximum
incremental velocity (MIV), and the relationships with the
damages of the buildings caused by the Mwo6.4, 2016
Meinong Taiwan earthquake. To detect the validations of
the hybrid simulation method, the waveforms of three
stations near the epicenter are simulated and compared
with the observations by employing the inverted source
model of the Meinong earthquake. The comparisons
between the observations and simulations demonstrate
that the PGAs of the observations and simulations are
well consistent and underestimations of the high-period
contents are improved. Based on the excellent results of
the method, the three parameters around Tainan city are
calculated and displayed in this research. Apparently,
most of the higher values of the three parameters
distribute around the north-western regions of the
epicenter of the Meinong earthquake, which coincides
with the rupture direction of the earthquake toward the
northwest. Almost all of the damaged buildings are
located well within the values of MIV with 30cm/s, Ic
with 316cml.5/s2.5, and CAVstd with 418cm/s,

indicating both of the results are agreeable to the previous
studies and offering critical values of the three parameters
to predict the potential earthquake-induced damages of
buildings. Finally, we discover that two in pairs of the
three parameters have high correlation coefficients and
exceptional linear relationships between them. The
correlation coefficient between MIV and Ic is 0.88,
between MIV and CAVstd is 0.89, and between CAVstd
and Ic is 0.99. The linear regression models of a couple of
parameters are established to model linear predictor
functions.

Keywords Maximum  Incremental ~ Velocity,
Characteristic  Intensity, Standardized Version of
Cumulative Absolute Velocity, Hybrid Simulation Method

1. Introduction

Extracting some parameters from seismic recordings to
correlate damages to buildings and structural design is
important to work for earthquake engineering when an
earthquake with a large magnitude occurs. In the past
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decades, many parameters from ground motions had been
offered to describe the damage potential of an earthquake.
For example, the strong motion recorded signals in terms
of peak (PGA, PGV, and PGD) were applied well to
seismic risk assessments [1]. Many parameters contain
energy response, strong motion duration, and frequency
contents of strong motion also strongly affected the
damage potential of ground motions [2, 3]. Liao, et al. [4]
employed a seismic spectral intensities system (SIs) to
evaluate the damages of buildings with different heights
for a potential earthquake in central Taiwan. Based on the
excellent effects of SIs, a good correlation between the
damages to the buildings caused by the 2016 Meinong
earthquake and SIs was observed in [5]. Considering the
energy with the significant duration of a strong motion,
Danciu and Tselentis [6] thought that the characteristic
intensity was an outstanding index that can correlate the
structural damages of buildings due to maximum
deformation energy with the destructiveness of an
earthquake well. The regression relation between Ic and the
maximum displacement at the roof was offered in [7] to
predict the responses of buildings affected by an
earthquake using near and far fault recordings. Massumi
and Gholami [8] indicated the effect of IC on inter-story
drift and roof was evident and correlated with the structural
period. As the structural period decreases, the effect will
increase. Cumulative absolute velocity contains factors
including waveform, amplitude, and duration time of a
seismic recording; therefore, it is believed that CAV is a
more reliable parameter to measure the destructiveness of
an earthquake than just using PGA. Cabanas, et al. [9]
regressed the CAV with observed damage in type A
structure well and suggested that CAV can be a criterion to
estimate the damage by ground motion. Employing the
PEER-NGA database to develop GMPEs (Ground-Motion
Prediction Equations) for CAV, Campbell, and Bozorgnia
[10] claimed that CAV was a powerful parameter to rapidly
evaluate the potential damages to structures after an
earthquake occurs. Wu et al. [11] developed a GMPE of
CAV for seismic hazard assessment in Taiwan and
demonstrate their results can correspond to the occurrence
probability of earthquakes in 50 years of Taipei, Taiwan.
Additionally, the maximum incremental velocity is
acknowledged as one of the most important factors
affecting the inelastic displacement ratios of a structure
[12]. Zhai, et al. [13] detected the influences of MIV on
inelastic displacement ratio spectra (IDRS) and discovered
that the impacts of MIV are inversely proportional to the
period ranges of structures. The MIV is considered an
important parameter to be applied to the aseismic design of
buildings and structures. On the basis of the PEER-NGA
(2009), ground motion database, Guaman, et al. [14]
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derived the empirical attenuation law of MIV with
magnitude and site parameters and offered the relationship
between MIV and PGA. The 2016 Meinong earthquake
struck southern Taiwan, inflicting 117 casualties and 551
injuries [15]. Establishing the intensity parameters
thresholds corresponding to damages and mitigating the
earthquake disasters in the future are significant works,
especially in earthquake-prone areas. In this study, firstly
the hybrid simulation method which combines the
low-frequency components (f = 1Hz) by theoretical
simulation and high-frequency components (1Hz<f =
20Hz) by the semi-empirical technique are used to simulate
the recordings around Tainan city according to the source
model of 2016 Meinong earthquake [5]. Secondly, the
three parameters Ic, CAVstd, and MIV are calculated by
the simulated recordings to correlate with the observed
damages in the 2016 Meinong earthquake and compared
with the previous studies. Finally, we discuss the

relationships between the parameters for disaster
prevention.
2. Methodology

2.1. Hybrid Simulation

The representation theorem describes the displacement
recording Uk(x,t) at position x and time t is expressed
[16]
3G (XE—1F ()

o (1)

Uk(X’ t) = fz mpq(E: t) *
where 2is a subevent of the rupturing fault, mpq is the
seismic moment density tensor, ©is the position on the
subfault, Gkp is the Green’s function tensor, tr is rupture
time, and * represents convolution operation. If only
considering the effects of shear stress on the fault, eq.(1)
can be modified as

Up(xt) = fz HAU(E)S(E;t - tr(E))(anq + anp) *
8Gyp (x50

——"—-dz 2
o @)
where p means shear modulus, Au(&) is the final slip,
s(§,t) represents slip function, /7 andV are the vectors
on the fault plane. If the fault plane is divided into nL*nW
subfaults, the seismic wave to an observation station which
locates at position x is the summation from all the

subfaults. Eq. (2) can be discretized as following

U(x, ) = Tt X ndusy; (t = tf) (npvg +ngvp) *

3Gyp(XED
D g AT ®)
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The hybrid method of Pulido and Kubo [17] is
employed for modeling broadband seismic waves.
Essentially, the low-frequency portions (f= 1Hz) of a
seismic wave are deterministic, but the high-frequency
portions (1Hz<f=20Hz) are affected by the heterogeneity
of the source model so they tend to be stochastic
processes. To fulfill the simulation of the low-frequency

portions, the method of Hisada [18] is used to calculate eq.

(3). The semi-empirical stochastic method described in
[19] is applied to complete the high-frequency portions.
Finally, the seismic recording Uk(x,t) can be obtained by
combining the two portions of different frequency bands
together.

2.2. Intensity Parameters

Based on the previous studies, three intensity
parameters Ic, CAVstd and MIV are highly correlated
with the structural damage of buildings by an earthquake
of large magnitude. The characteristic intensity (Ic) is
expressed as

[ = a%'rrslstgls 4

ams = [¢ Jy Ta(®]2dt (5)
where a(t) is an acceleration time history, tr means the
total duration of the ground motion, and ts represents
significant duration time which is the interval between the
times at which5% and 95% of the Arias intensity [6].

The standardized version of cumulative absolute
velocity (CAVstd) means filtering out some
low-amplitude, non-damaging ground motions (under
0.025g) to be a potential intensity measure related to
damages. It is defined as [10]

CAVyq = TN, (H(PGA; — 0.025) [ a(D)]dt)  (6)

where N is the number of non-overlapping one-second
time intervals, PGA is the peak ground acceleration (g) in
time interval i, and H(x) is the Heaviside step function.
The maximum incremental velocity (MIV) is defined as
the maximum area under the acceleration time history
between two successive zero-crossings. It is expressed as

MIV = max( ft:i“ la(t)|dt) 7)

In near-fault regions, the source directivity effect may
produce a long-duration pulse of fling which can destroy
these buildings seriously. From Eq.(7), MIV which
considers both amplitude and duration time of a(t) is an
appropriate parameter to measure potential structural
damage.

3. Theoretical Test

3.1. Comparisons between Synthetic and Observed
Recordings of Meinong Earthquake

To identify the validity of the hybrid method, we
synthesize strong motions at three stations CHYO061,
CHY063 and CHYO065 around the epicenter of the
Meinong earthquake and compare them with the observed
strong motions. The locations of three stations are shown
in Figure 1. Based on the inverted source model of the
Meinong earthquake [5] in Figure 2 and the layered model
(table 1 [20]), the entire synthetic waveforms are
calculated by the hybrid method. The synthetic results
with observed recordings (EW component) are
demonstrated in Figure 3.

From Figure 3, there are three important results that are
definitely worth discussing. At first, the differences of
PGAs between observed and synthetic waveforms are less
than 9% of relative errors. It reveals that the PGAs of
recordings may be strongly dominated by the source
effect of the earthquake because the three stations are
close to the epicenter of the earthquake. Secondly, we
transformed the simulated and real recordings into
pseudo-absolute acceleration (Sa) with damping of 0.05.
The synthetic Sa almost agree with the real one and the
high-period (low-frequency) contents are improved
obviously. The underestimation of low-frequency contents
is a traditional problem due to the limitation of stochastic
simulation. To overcome this flaw, we calculate the
low-frequency contents (f = 1Hz) theoretically to get
suitable estimations. In addition, the high-frequency
contents of simulated waveforms are in the accordance
with real ones in Sa, indicating the semi-empirical method
can suppress the overestimation of high-frequency
contents by using correction function offered by Irikura et
al. [21]. Finally, almost the main energies and duration
times of synthetic waveforms are consistent with the real
waveforms. It means that the hybrid method can capture
main characteristics of real recordings well. However, if
the local site effect at the station could be understood in
advance, the differences between PGA and duration time
may be reduced. The detailed site effect could play an
important role in simulating an entire seismic waveform.
In spite of the simulated waveforms are not consistent
with the real ones perfectly, the parameters Ic, CAVstd
and MIV are associated with the energy-based intensity
measures of a(t) and can be perceived as an averaged
effect related a(t) from Eq. (5)~(7), therefore, the errors
between the simulated and real waveforms don’t affect
largely the estimations of the three parameters.
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Figure 1. The locations of three stations CHY061, CHY063 and CHY065 are represented as red triangles. The epicenter of Meinong earthquake is

represented as red star
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Figure 2. The inverted source model of Meinong earthquake (Mw 6.4) by using the hybrid homomorphic deconvolution is cited from [5]
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Table 1. The layer crustal structure used in the waveform simulation [20]
Layer H (km) Vp (km/s) Vs(km/s) p (g/cm3) Qp Qs
1 0.5 3.50 1.99 2.4 600 300
2 2.5 441 2.65 2.4 600 300
3 3.0 5.01 3.03 2.5 600 300
4 4.0 5.43 322 2.6 600 300
5 5.0 5.77 3.29 2.6 600 300
6 5.0 5.82 3.30 2.6 600 300
7 5.0 5.99 341 2.6 600 300
8 5.0 6.44 3.63 2.6 600 300
9 5.0 6.96 3.94 2.6 600 300
10 5.0 7.54 4.25 2.7 600 300
11 5.0 7.74 4.50 2.7 600 300
12 5.0 7.97 4.53 2.7 600 300
13 5.0 8.24 4.54 2.7 600 300
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Figure 3. The comparisons between observed and simulated waveforms are shown. The first row demonstrates the observed waveforms at three
stations CHY065, CHY063 and CHY061. The numbers beyond the waveforms represent the PGAs of the three recordings. The second row
demonstrates the simulated waveforms of the three stations and the numbers beyond the waveforms represent the simulated PGAs. The third row
demonstrates the pseudo-absolute accelerations (Sa) of the observed and simulated waveforms. The red line is the observed Sa and the blue line is the
simulated one. It is apparent that the difference between observed and simulated PGA is less than 8% of relative error and the simulated Sa is quite
consistent with the Sa of the observed waveform
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4. Results and Discussions

Combining the source model of the Meinong earthquake
with the hybrid method, we calculate the three parameters
around Tainan city. Figures 4, 5 and 6 display the
distributions of CAVstd, Ic and M1V, respectively. Most of
the higher values of the three parameters locate around the
north-western direction of the epicenter, coinciding with
the rupture direction of the source effect [22]. It reveals
that the source effect strongly affects the three parameters
close to the epicenter of the Meinong earthquake, and
conversely, the three near-field parameters can also reflect
some information about the source effect. All the damaged
buildings are represented as white squares located within
the contour with 481cm/s of CAVstd. According to the
research results in [23], the catastrophic threshold value of
CAVstd is about 481cm/s, which is agreeable to our
finding. As shown in Figure 5, there are 94% of damaged
buildings locating within the contour with 316cm/s of Ic. It
is coincident that the damage threshold of Ic can
correspond to 316cm/s approximately, based on the
relationship between the maximum global drift ratio
(MGDR) and Ic [7]. In addition, the IDRS of buildings
with a period range between 0.2s-1.5s are significantly
affected by the near-field ground motions and MIV has a
larger effect than PGV on IDRS [13]. Coincidently, on a
basis of the investigations of the disaster area, most of the
buildings damaged by the Meinong ecarthquake had a
corresponding period range from 0.1s to 1.6s. Therefore,
MIV could be a suitable indicator to evaluate potential
damage. In Figure 6, all the damaged buildings sit within
the contour with 30cm/s of MIV, which indicates 30cm/s is
exactly a threshold of MIV and has reference value to
disaster management. In the following, the three
parameters are used to detect the relationships between
them considering near-field simulations. Figures 7, 8 and 9
demonstrate the regression relationships of Ic with MIV,
CAVstd with MIV and Ic with CAVstd, respectively. It is
worth noting that the relationship between both parameters
seems linear. The Ic is the most correlated to the CAVstd
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and can predict CAVstd with the highest efficiency. In
Figure 7, some parts of the differences between Ic and the
regression line tend to increase with Ic. From the definition
of Ic and MIV, we speculate that the increase of arms may
correspond to the increase of ts and some values of Ic may
change dramatically. But the MIV of a(t) wouldn’t make
large variations with the increasing duration time tr,
therefore, the phenomenon appears in Figure 7. The
regression relationship between CAVstd with MIV shown
in Figure 8 is better than the relationship of Ic with MIV.
Based on Eq. (6) and (7), the MIV and CAVstd are highly
related and the better relationship between MIV and
CAVstd is in accordance with expectations normally.
Figure 9 shows the perfectly linear regression relationship
between Ic and CAVstd. It is trivial that both of the two
parameters are energy-based from Eq. (4) and (6). Ic and
CAVstd are just different types of applications about the
energy of a(t). The linear relationship between Ic and
CAVstd is necessary and inevitable, which is modeled as

CAVstd=1.4146*Ic+40.1832 ®)

The correlation coefficient between them reaches to
0.99. Based on the presented results, we demonstrate that
establishing a quantified relation between strong ground
motion and earthquake damage can be implemented by
using suitable parameter. In this research, the Ic, CAVstd
and MIV are employed to correlate the damage to buildings
caused by the 2016 Meinong earthquake. Comparing the
locations of damage with the parameters, the thresholds of
the three parameters for the damage are well founded and
valuable for disaster prevention. However, the value of the
threshold may depend on the magnitude and source model
of the earthquake, geologic configurations near the
buildings and the styles of buildings. In further study,
statistical analyses will be applied to the resulting data
from the previous earthquake disasters to extract a
statistical model for estimating post seismic damage status
of structures based on seismic parameters.
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Figure 4. The distribution of the standardized version of cumulative absolute velocity (CAVstd) caused by the Meinong earthquake Mw 6.4. The
red star is the epicenter of Meinong earthquake and the white squares represent as damaged building. The higher values of CAVstd accumulated at the

west-northern parts of the epicenter. All the damaged buildings are at the places with CAVstd larger than 418cm/s.
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Figure 5. The distribution of the characteristic intensity (Ic) caused by the Meinong earthquake Mw 6.4. The red star is the epicenter of Meinong
earthquake and the white squares represent as damaged building. The higher values of Ic accumulated at the west-northern parts of the epicenter.

Most of the damaged buildings are at the places with Ic larger than 316cm1.5/s2.5.
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Meinong earthquake and the white squares represent as damaged building. The higher values of MIV accumulated at the west-northern parts of the
epicenter. All the damaged buildings are at the places with MIV larger than 30cm/s.
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5. Conclusions

The investigation of interdependency between the
seismic parameters and damage to buildings caused by
large earthquakes is crucial work in risk assessment. One
of the efficient methods is employing a large number of
observed recordings to establish a statistical model for
predicting the strong motions and parameters [24, 25].
However, the error values between the estimated and
observed tend to be great for the regions with small data.

By contrast, the physical-based numerical simulation is
gradually playing a promising role in reflecting the
characteristics of the ground motions with the source
rupture, the propagation path and complex site effects in
shallow geology [26]. In summary, the contributions of this
study demonstrate that the physical-based hybrid
simulation method can be applied: 1.) to complement
near-source recordings, especially in those regions where
the data are spare, for estimating the earthquake ground
motion parameters Ic, CAVstd and MIV which are
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calculated based on waveforms, 2.) to obtain the
correlations between the earthquake ground motion
parameters and source effect, 3.) to detect the relationships
between the damages caused by earthquake and the
thresholds of the three earthquake ground motion
parameters Ic, CAVstd and M1V, 4.) to provide waveforms
for scenarios of region-specific hazard and risk
assessments for protecting the safety of the people and
reducing the loss in functionality of facilities, roads,
pipelines, and other lifelines from the earthquake disaster,
5.) to regress the relationships between couples of
parameters.

In this research, the hybrid simulation method and
source model of the Meinong earthquake are used to
calculate three parameters CAVstd, Ic, and MIV around
Tainan city for measuring the damages to buildings
caused by the 2016 Meinong earthquake (Mw 6.4)
Taiwan. The hybrid method can improve the
underestimate of low-frequency and suppress the
high-frequency contents to contribute to better waveform
simulation. The positions with higher values of the three
parameters are coincident with the source rupture
direction, revealing the source rupture directivity strongly
affects the values of the three parameters in near-source
regions. The three parameters CAVstd, Ic, and MIV are
correlated with maximum deformation energy, damages of
structures and inelastic displacement ratio spectra,
respectively, so the three parameters are excellent indexes
to estimate the structural damages due to strong
earthquakes. Most of the damages to the buildings are
almost located in the areas with CAVstd>418cm/s,
Ic>316cm1.5/s2.5 and MIV>30cm/s. The thresholds of
the three parameters (CAVstd, Ic, MIV) may be
represented as (418cm/s, 316cml.5/s2.5, 30cm/s) for
disaster relief supplies, and disaster prevention information
management. The linear relationships between both
parameters are very obvious, especially the Ic-CAVstd
regression relationship.
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