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Abstract It is seen that strong motion generation area plays an important role in the
shaping of strong motion records at the observation point. Strong motion generation areas
identified within the rupture plane of the 27 March 2013 Nantou, Taiwan, earthquake
(M,, = 5.9) have been modelled in this work. It is seen that all available records are at the
surface which include site amplification terms. The modified semi-empirical technique
effectively simulates records at rock site. The site amplification terms in all records have
been removed using SHAKE 91 program and velocity input at each site. The observed
records corrected for site amplification terms are further used for comparison with
simulated record at the bedrock from several models. Once the observed records at soil
sites are transferred at the bedrock, the next task is selection of final model that gives best
fit records. Peak ground acceleration from simulated record at four sites is compared with
that from corrected observed data. Since the semi-empirical technique of simulation is
strongly dependent on various modelling parameters such as dip, strike, rake, rupture
velocity and starting points of rupture, these parameters change iteratively in a specified
range in a heuristic way to obtain best modelling parameters. The model giving minimum
root mean square error (RMSE) is retained at final model. It is seen that minimum root
mean square error of the wave form comparison has been obtained at four stations for the
source model having single strong motion generation area. Strong motion records have
been simulated at four different recording stations. Comparison of observed and simulated
records has been made in terms of RMSE between simulated and observed acceleration
records, velocity records and the response spectra at each of four stations. Comparison of
waveforms and parameters extracted from observed and simulated records confirms the
efficacy of the modified technique to model earthquake characterized by SMGAs.
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1 Introduction

Any seismically active region needs reliable predictions of strong motion parameters for
designing of the earthquake-resistant structures. These parameters can be predicted through
simulation of the strong motion data for a given site. Such prediction is possible only with the
help of different simulation methods. Methods of simulation of strong ground motion can be
classified into three broad categories. First method is composite source modelling technique
given by Zeng et al. (1994), Yu (1994), Yu et al. (1995), Saikia and Herrmann (1985) and
Saikia (1993). Second method of simulation is stochastic simulation of high-frequency strong
ground motion which is given by Housner and Jennings (1964), Hanks and McGuire (1981),
Boore (1983), Boore and Atkinson (1987) and Lai (1982). Third method is empirical green’s
function (EGF) method given by Hartzell (1978, 1982), Kanamori (1979), Hadley and
Helmberger (1980), Mikumo et al. (1981), Irikura and Muramatu (1982), Irikura
(1983,1986), Irikura and Kamae (1994), Munguia and Brune (1984) and Hutchings (1985).
Among all of the above methods of simulation empirical green’s function (EGF) technique is
most reliable simulation method for simulation of strong ground motion data. This method
was initially introduced by Hartzell (1978), and modification in this technique has been made
by Kanamori (1979), Irikura (1983), Munguia and Brune (1984) and Irikura (1986). In
empirical green’s function (EGF) technique, the major limitation is the requirement of
aftershock event at every respective site of simulation. In the recent years, the semi-empirical
technique has evolved as an effective tool for strong ground motion simulation. This method
has been initiated by Midorikawa (1993) for modelling of the rupture buried in a homoge-
neous earth model modification that has been made by Joshi et al. (2001), Joshi and Mi-
dorikawa (2004) and Joshi et al. (2012a) to consider the effect of layered model in the
technique. This method has advantage of both empirical green’s function (EGF) technique
and Stochastic simulation technique and has been applied to investigate many strong motion
earthquakes (Joshi and Patel 1997; Joshi et al. 1999; Kumar and Khattri 1999; Joshi 2001;
Joshi et al. 2001; Joshi 2004; Joshi and Midorikawa 2004; Joshi and Mohan 2008; Joshi et al.
2012a, b, 2014). One of the major constraints in this method is the requirement of attenuation
relation applicable for the place of simulation. Joshi et al. (2012a) have removed dependency
of this method on attenuation relation of that area by theoretical relation based on seismic
moment, radiation pattern and shear wave velocity and hypocentral distance. Joshi et al.
(2012b) have further modified this technique for component-wise simulation of the strong
motion records. It has been demonstrated by Miyake et al. (2003) that high-frequency strong
motion due to earthquake is modelled successfully by strong motion generation area, which is
identified as an area characterized by large uniform slip velocity within the total rupture area.
Miyake et al. (2003) have modelled Kagoshima earthquake (M, = 6.1) of 1997, Yamaguchi
earthquake (M,, = 5.9) of 1997 and Iwate earthquake (M,, = 6.1) of 1998 by incorporating
strong motion generation area using empirical green’s function technique. Empirical green’s
function technique has been successfully used by Kamae and Kawabe (2004), Miyahara and
Sasatani (2004), Suzuki and Iwata (2007) and Takiguchi et al. (2011) to model the effect of
strong motion generation area in the source model of earthquake. Though the use of empirical
green’s function is effective for strong motion generation area, it still suffers from major
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constraints of requirement of adequate aftershock at the point of simulation. It is noticed that
the replacement of aftershock by the envelope of accelerogram used in the semi-empirical
technique gives a reliable comparison between simulated and the observed strong motion
records. Recently, Joshi et al. (2014) modified technique to incorporate the effect of SMGA in
the rupture model. The Nantou earthquake of 27 March 2013 is one of the well-recorded
earthquakes in the strong motion network of Taiwan. The objective of this paper was to
finalize the parameters of the rupture model of the Nantou earthquake by comparing the

observed and simulated records using modified semi-empirical technique given by Joshi et al.
(2014).

2 Geology and tectonic activity of Taiwan
Taiwan is located at boundary between the Philippine Sea plate to the East and the

Eurasian plate to the West (Figs. 1, 2) with a convergence rate of 80 mm per year in the
N118E direction (Seno 1977; Yu et al. 1997). This plate boundary is rather complex since
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Pleistocene
Pliocene
24.0 24.0
5
23.5 23.5

120.5 121.0

Fig. 1 Geological map of central Taiwan (CGS 2000) with active faults (Lin et al. 2008) and the epicentre
of the 27 March 2013 Nantou earthquake
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Fig. 2 Location of the recording stations used in this study as well as the epicentre of 27 March 2013
Nantou earthquake. Star shows the epicentre of this earthquake, and the open triangles show the station
position of strong motion records used in the present work. This figure is plotted using Generic Mapping
Tools (Wessel and Smith 1991)

it is comprised two subduction zone with reverse polarities. To the south-west is the
ongoing subduction of the Eurasian plate eastward beneath the Philippine Sea plate along
the Manila trench. The high-activity collisions between plates result in frequent earth-
quakes. The Nantou earthquake was located in the west seismic belt which is one of the
three major seismic zones in Taiwan. Because the west seismic belt is very close to the
metropolitans in western Taiwan several damaging earthquakes have occurred in this belt
such as 1906 Meishan earthquake (M 7.1), 1935 Hsinchu-Taichung earthquake (M 7.1)
and 1999 Chi-Chi earthquake (M 7.3, M, 7.6). The Nantou earthquake was located in
almost the centre of Taiwan Island. The epicentre was situated on the outcrop of the
boundary between formations of Miocene and Oligocene (Fig. 1). The last earthquake in
this region with a magnitude larger than 6 is the Mingjian earthquake (Mp 6.2) that
occurred in 2009 (Lin et al. 2014), and then is the 1999 Chi—Chi earthquake sequence.
Three N-S trending active thrust faults are placed at western foothills, called Changhua,
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Chelungpu and Shuangtung fault, respectively. The eastern Shuangtung fault is the
boundary between Miocene and Pleistocene (Toukoshan) formations. The Chelungpu fault
is the boundary between Pliocene (Chinshui) and Holocene formations. The western
Changhua fault thrusts Toukoshan Formation out to form gravel terraces and an elongated
Holocene basin (Taichung) between itself and the Chelungpu fault. The Western Coastal
Plain was filled with very thick Quaternary sediments covering order bedrocks. Under the
Western Coastal Plain is a pre-Miocene basement, the Peikang Basement High, acts as a
tectonic barrier and plays an important role for the seismogenic structure in middle of
western Taiwan (Meng 1971; Lin et al. 2014).

3 Data

The Nantou earthquake of 27 March 2013 (M = 6.24 and M,, = 5.9) was recorded at 384
strong motion stations of Free-Field Taiwan Strong Motion Instrumentation Program
(TSMIP) located within Taiwan (Liu et al. 1999). The seismic source parameters from US
Geological Survey (USGS) and Harvard Centroid Moment Tensor (CMT) are shown in
Table 1. This earthquake was recorded at the stations placed at the surface of earth which
contain site amplification terms. The simulation technique given in this work is used for
simulation of the strong motion record at the top of rock boundary without incorporating
the soil effects. For comparing the observed records with the simulated records at the rock
site, the transfer function is required to convert record at soil site into that at the rock site.
The algorithm for transfer function is given by Idriss and Sun (1992) and is named as
SHAKE9I. This algorithm is modified version of the original program SHAKE (Schnabel
et al. 1972) that is based on continuous solution to the wave equation for vertically
propagating shear waves (Kanai 1951; Matthiesen et al. 1964; Roesset and Whitman 1969;
Lysmer et al. 1971). The input to this algorithm requires record at rock site and the shear
wave velocity profile of the soil layer.

The earthquake caused slight building damages in the Nantou County and Taichung
City in the north-west from the epicentre within a distance of about 50 km, mainly tiles
scaling off and RC wall cracking (NCREE 2013). According to the observation shake map
from Central Weather Bureau (CWB), the north-western part suffered the strongest
shaking during the earthquake and this shaking coincides with the distribution of damage.
In order to simulate the strong ground motions at rock sites, stations recorded seismic
intensity larger than 6 (peak ground acceleration larger than 250 gal) and also contain

Table 1 Parameters of March 27 2013 Nantou earthquake, Taiwan

Hypocentre Size Fault plane solution Reference
March 27 2013 My =83 x 10®* dyne cm NP1 ¢ = 24° § = 23° USGS
02:03:19.90 s UTC M, =59 NP2 ¢ = 197° 6 = 67°

23.850° N 121.22° E

19.4 km

March 27 2013 My = 1.17 x 10 dyne cm NP1 ¢ = 359° § =24° A =80 CMT (Harvard)
02:03:21.5 GMT M, = 6.0 NP2 ¢ = 190° 6 = 66° L = 94

2391° N 120.84°E  my, = 5.8

22.7 km Ms =159
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Table 2 Details of Vs30 at dif-

ferent stations Station code Coordinates Vs30 (m/s)
TCU1438 120.92, 23.95 513
TCU143 120.75, 23.88 465
TCUO071 120.78, 23.98 614
TCU067 120.72, 24.09 440
EW PGA =483
NS PGA =272

25 30 35 40 45 50

Time (sec)
(a) EW PGA =132
W Station TCU 148
NS PGA=115

|
0O 5 10 15 20 25

Time (sec)
(b)

Fig. 3 Processed NS and EW components of observed strong motion acceleration of station TCU148 at
a soil site and after using the SHAKEO91 at b rock site are shown

logging velocity profiles in the shallow layer are required. Four stations were therefore
selected for the simulation in this study under the criteria. The locations of selected stations
(TCU067, TCUO71, TCU143 and TCU148) and the epicentre of the Nantou earthquake are
shown in Fig. 2. The digital data of accelerations used in this study were obtained from
CWB’s Geophysical Database Management System (Shin et al. 2013). In the present work,
the Vs30 for each site (Kuo et al. 2012) given in Table 2 has been used. The observed
records have been converted into that at the rock site using this velocity input. It is seen
that the corrected observed records at all four sites show high amplitude at long periods
which may be possibly from local site effects that remain still in the records after appli-
cation of the transfer function. In order to remove long period high amplitudes from
corrected records, these records have been filtered by applying a fourth-order Chebyshev
filter of frequency range 2.5-25 Hz. The processed filtered observed records at the rock
sites using transfer function are shown in Figs. 3, 4, 5 and 6. Peak ground acceleration
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Fig. 4 Processed NS and EW components of observed strong motion acceleration of station TCU143 at
a soil site and after using the SHAKEO91 at b rock site are shown

values at these stations are shown in Table 3. These records are further used for com-
parison with simulated records. In the present work, simulated records are also filtered in
the same range as used in the processing of observed records.

The method of simulation presented in this paper is based on division of the rupture
plane of the target earthquake into subfaults. This division is based on self-similarity laws
given by Kanamori and Anderson (1975). The division is strongly dependent on the source
parameters of the earthquake used as subfault to model the target earthquake. These source
parameters include seismic moment and stress drop of the target and subfault events. In the
present work, the rupture plane of the Nantou earthquake has been subdivided into several
subfaults on the basis of the parameters of one of the aftershocks of this earthquake.
Parameters of this aftershock are given in Table 4. Calculation of the source parameter
requires full waveform data. In the present work, waveform data of the mainshock and the
aftershock recorded at TCU148 station have been used. Detail of this station is given in
Table 4. Location of the mainshock event as well as that of the recording station is shown
in Fig. 2.

The source displacement spectrum of mainshock and aftershock is obtained after cor-
recting the shear wave spectrum of the displacement record for anelastic attenuation and
geometrical spreading term (Table 5).

The anelastic attenuation term requires knowledge of shear wave quality factor. In the
present work, shear wave quality factor given by Sokolov et al. (2009) has been used for
obtaining source displacement term. The source displacement spectra of the mainshock and
aftershock from both horizontal components are shown in Fig. 7. The long-term flat level
Q, and corner frequency °f.’ are two important parameters that are extracted from source
displacement spectra. These two parameters are directly used in various formulas to obtain
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Fig. 5 Processed NS and EW components of observed strong motion acceleration of station TCUO71 at
a soil site and after using the SHAKEO91 at b rock site are shown

seismic moment and stress drop. Seismic moment (M) can be calculated from knowledge
of long-term flat level by using following formula given by Brune (1970, 1971):

My = 4npB’QuR/FS x Ry, x PRIT (1)

where p and f are the density and the S-wave velocity of the medium, respectively, FS is
the free-surface effect, €, is the long-term flat level of the source displacement spectrum at
a hypocentral distance of R, PRIT is factor that accounts partitioning of energy into two
horizontal component and Ry, is the radiation pattern coefficient of S phase. We have used
the value of density and shear wave velocity as 2.8 gm/cm® and 2.9 km/s, respectively. The
shear wave velocity used in this work is an average of velocities in various layers above
19 km in the velocity section given by Ho (1994). The radiation pattern coefficient Rg,, FS
and PRIT have been approximately taken as 0.55, 2.0 and .71 for S-wave, respectively
(Atkinson and Boore 1995). One of the important parameters of an earthquake source is the
stress drop (Ac), which is defined as the difference of pre-existing tectonic stress and the
dynamical frictional stress. For a circular crack of radius ‘ry’, the stress drop ‘Ac’ is given
as (Papageorgiou and Aki 1983):

Ac = TMy/16r; (2)
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Fig. 6 Processed NS and EW components of observed strong motion acceleration of station TCU067 at
a soil site and after using the SHAKE91 at b rock site are shown

The corner frequency ‘f.” of the source displacement spectra is related to the radius ‘ry’
of the equivalent circular crack, which is used to model the earthquake. The relation
between ‘ry’ and the corner frequency ‘f,’ is given as (Brune 1970, 1971):

ro = 2.34f3/2xf. (3)

Parameters of the mainshock and the aftershock computed from source displacement
spectra are given in Table 6. It is seen that average seismic moment of the mainshock is
3.4 x 10** dyne cm which is quite close to the value reported by USGS and CMT Harvard.
However, in the present work, the initial value of seismic moment and other parameters
have been fixed using earthquake parameters given by CMT Harvard.

4 Methodology

The technique of semi-empirical simulation used in this paper is that initially developed by
Midorikawa (1993) and later modified by Joshi (2004), Joshi and Midorikawa (2004), Joshi
and Mohan (2008) and Joshi et al. (2012a, b, 2014). The first part of this technique deals
with simulation of a time series having basic spectral shape of accelerogram, while the
second part deals with simulation of envelope due to the deterministic model of rupture
plane. The modified semi-empirical method uses the time series obtained from stochastic
simulation technique and envelope function obtained from the semi-empirical approach to
simulating strong ground motion at the observation point. In the stochastic simulation
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Table 3 Filtered peak ground

acceleration value from observed Station code PGA (NS) (gal) PGA (EW) (gal)
ds at thy Kk sity
records at the rock site TCU148 115 132
TCU143 86 93
TCUO071 62 96
TCU067 39 41

Table 4 Detail of the strong motion recording station which has recorded the Nantou earthquake

Station name Latitude (in degree) Longitude (in degree) Station code

TCU148 23.956 120.926 TCU148

technique, the white Gaussian noise of zero expected mean and variance chosen to give
unit spectral amplitude has been passed through number of filters representing the earth-
quake processes. The shape of acceleration spectra A(f) at a site of simulation located at an
hypocentral distance R is given as (Boore 1983):

A(f) = CS(f)Ds(f)Fr(f,R) (4)

where C is a scaling factor which is constant for given site and is given by (Boore 1983):
C = My Ry, - FS - PRTIIN [47pp’ (5)

In this expression, M, is the seismic moment, Ry, is the radiation pattern, FS is the
amplification due to the free surface, PRTITN is the reduction factor that accounts for the
partitioning of total shear wave energy into two horizontal components (taken as 1/\/ 2),
and p and f are the density and shear velocity, respectively. The radiation pattern Ry, is
dependent on the type of faulting mechanism and the geometry of earthquake source and is
calculated by using the formulation given by Aki and Richards (2002). The filter S(f) in
Eq. (1) is the source acceleration spectrum and is defined as follows (Brune 1970):

S() = @nf)* [ |1+ (1)) (©)

The filter Dg(f) used in Eq. (4) is the near-site attenuation of high frequencies and is
defined as (Boore 1983):

1/2
Ds(f) =1/ [1+(f/5)"] (7)
The parameter f,, represents the high-frequency cut-off range of the high-cut filter. The

filter Fr(f, R) in Eq. (4) represents the effect of anelastic attenuation and is given as (Boore
1983):

Fr(f,R) = (e—nfR/ﬁQﬁLf)) /R (8)

In this expression, R denotes the hypocentral distance in km and Q(f) is the quality factor
which defines the frequency-dependent attenuation of shear waves. In the present work, the
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Table 5 Parameters of the aftershock of 27 March 2013 Nantou earthquake, Taiwan

Origin time Hypocenter Size
03:30 UTC 23.93°N 121.0°E M, =454
14.02 km

-
o

-

o

] Mainshock NS E Mainshock EW
1 - 13
< 3 E
(0] - g
IS ] ]
g ]
S 3 3
K] B 3
[a) ] i
0.01 3 0.01 5
0.001 LU AL R RLIL R AL 0.001 AL 1 B B R A B L]
0.01 0.1 1 10 100 0.01 0.1 1 10 100
0.1 3 0.1 3
3 Aftershock NS 3 Aftershock EW
0.01 5 0.01 5
0.001 0.001 -
0.0001 5 0.0001 -
1E-005 = 1E-005 —
1E-006 T T T T T T T TTm T T T 1E-006 RRILL Rl B AL L
0.01 0.1 1 10 100 0.01 0.1 1 10 100

Frequency (Hz)

Fig. 7 Displacement spectra of recorded S phase of mainshock and aftershock acceleration record along
with their theoretical spectra (in dashed line) for NS and EW component of the Nantou earthquake at
TCU148 station

frequency-dependent quality factor Q4(f) for the Taiwan region given by Sokolov etal. (2009)
has been used as Qg(f) = 80f"°. The spectrum of white noise after multiplication with
theoretical filters given in Eq. (4) represents basic shape of acceleration spectra due to an
earthquake. Time domain representation of this acceleration spectrum gives an acceleration
record that has basic properties of acceleration spectra. However, this time domain repre-
sentation of acceleration record raises serious problem, like the obtained records overestimate
the high frequency and underestimate low frequency in the synthetic strong ground motion.
This is due to the difference in duration of slip of the target and the small earthquake
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Table 6 Ground motion parameters of the mainshock and the aftershock of the Nantou earthquake esti-
mated from displacement spectra

Parameters Hypocentral Long-term flat level, Corner frequency, Seismic moment, Ac
distance (km) Qg (cm-s) f. (Hz) M, (dyne cm) (bars)
Mainshock NS 38 1.00 0.5 42 x 10** 181
Main shock EW 38 0.6 0.7 2.5 x 10** 298
Aftershock NS 16 0.001 4 1.8 x 10! 39
Aftershock EW 16 0.001 4 1.8 x 107! 39

considered as subfaults. The difference in the duration of slip of the target and the subfault
earthquake can be calculated by convolving the obtained records with the correction function
F () given by Irikura et al. (1997) and Irikura and Kamae (1994). The convolution of F(f) with
obtained acceleration record a;i(f) gives acceleration record A;(?) as:

Ayj(t) = F(1)  ay(1) ©)

where i and j represent the position of subfault along the length and the width of the rupture
plane, respectively. It is observed that stochastic simulation technique requires proper
windowing of the obtained record by a function which should preferable based on the
kinematic representation of model of rupture plane (Boore 1983). In the present work, such
time window can be obtained by the semi-empirical technique of Midorikawa (1993) in the
form of resultant envelope of accelerogram obtained from a model of finite rupture plane.

The resultant envelope at the observation point using semi-empirical approach is cal-
culated by dividing the rupture of the target earthquake into several subfaults. The division
of rupture plane of the target events into subfaults is based on the self-similarity laws
proposed by Kanamori and Anderson (1975). Each subfault releases energy whenever
rupture front reaches centre of subfaults. The energy is released in the form of acceleration
envelope. The acceleration envelope e;(t) is determined from the following functional
form given by Kameda and Sugito (1978) and further modified by Joshi (2004):

e;j(t) = Tss(t/Ta) - exp(1 — t/Tq) (10)

In this expression, T, represents duration parameter and T, represents the transmission
coefficient of incident shear waves. This coefficient is given by the following formula after
Lay and Wallace (1995, p. 102) and is used by Joshi et al. (2001) for modelling the effect
of the transmission of energy in the shape of acceleration envelope. The transmission
coefficient contributes significantly to shaping the attenuation rate of the peak ground
acceleration with respect to the distance from the source. Joshi and Midorikawa (2004)
have observed that for the shallow focus earthquakes, the transmission coefficient is ~ 1.0;
however, for the intermediate to deep focus earthquake, this coefficient is #1.0. This
means that we should take this coefficient into consideration when modelling an inter-
mediate to deep focus earthquake.

The parameters required to define the model of the rupture plane are its length (L), width
(W), length and width of the subfaults (L., W.), nucleation point, strike, dip and rake of
rupture plane (¢, J, 4), rupture velocity (V;) and shear wave velocity in the medium. The
rectangular rupture plane of a target earthquake of seismic moment M, is divided into
N x N subfaults of seismic moment M. Once the rupture plane of target earthquake is
divided into subfaults, one subfault is fixed as nucleation point from which the rupture
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ac(t)

ac(t)coso,cosg; eij ac(t)coss;
X

A\

Dj
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> vy ac(t)cose;sing;

Fig. 8 Illustration of method for simulation of NS and EW component of earthquake ground motion from
‘ijth’ subfault. Triangle shows the recording station

initiates. The rupture starts from the nucleation point and propagates radially within the
rupture plane. The subfault releases energy whenever the rupture front touches its centre.
The energy is released in the form of the acceleration record ac;i(f), which is the product of
acceleration record from stochastic technique with the envelope function from semi-em-
pirical technique. This can be given as:

acy(r) = e5(r) - Ay 1) (1)

The acceleration record, ac(t), released from different subfaults reaches the observa-
tion point at different time lags. The arrival time at the observation point ‘#;* depends on
the time taken by rupture from nucleation point to ijth subfault with rupture velocity V, and
the time taken by energy released from ijth subfault to reach the observation point with
shear wave velocity. Simple vector notation has been used to resolve the resultant com-
ponent into horizontal components. The direction of resultant component from each sub-
fault is defined by a line joining centre of subfault to the recording station. This direction is
different for different subfaults and for obtaining horizontal component along strike and
perpendicular direction of the modelled rupture plane; records from each subfault need
separate treatment. Figure 8 shows the division of total acceleration record ac;; (f) into
components along strike and dip directions. Following formula is used for obtaining
horizontal component of records along the direction of strike (X axis) and the direction of
dip (Y axis) of the modelled fault, respectively, from resultant component ac;(t) released
by ijth sub-fault. The acceleration components along X and Y directions are represented by
acfj»(t) and ac,?;»(t) and are defined as follows:
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acji(1) = acy(1) - cos 0y - cos @;; (12)
ac)(t) = ac;(1) - cos 0 - sin @ (13)

In Egs. (12) and (13), ¢;; represents the angle made by horizontal projection of resultant
ground acceleration from ijth sub-fault with the direction of strike of the modelled fault
and 0;; represents the angle made by resultant ground acceleration with the vertical. The
angles 0;; and ¢;; are different for different sub-faults and depend on the position of sub-
fault within the rupture plane. Once the components of acceleration records are obtained
along X and Y axis for ground acceleration released from each sub-faults, it is further
rotated by angle ¢ using following matrix rotation formula to obtain component along NS
and EW direction:

{ac{-}s} _ {COSQ') fsinﬂ {aﬁx(’)} (14)

X
actV sing  cos¢ | |ach(r)
E

ij [}
where ac}® and acj;" are the components of acceleration record along NS and EW di-
rection, respectively, and @ is the strike of the modelled rupture plane measured with
respect to the geographic north. Summation of all NS and EW components of acceleration
record released from different subfaults reaching the observation point at different time lag
t; gives the final NS and EW components of acceleration record as follows:

AN (1) = Z Zach(t — 1) (15)

AEY (1) = Z > ack¥ (1 — 1) (16)

where AcNS(t) and AcEV(®) represent the north—south and east—-west component of accel-
eration records, respectively.

5 Rupture model of the Nantou earthquake

The rupture length and width of the Nantou earthquake have been considered as 40 and
25 km, respectively, by Lee (2013). The seismic moment of the mainshock and the
aftershock of the Nantou earthquake and ratio of stress drop have been used for dividing
the rupture plane of the target earthquake into various subfaults. Average value of seismic
moment of the aftershock and stress drop ratio of target and subfault events has been used
for division of rupture plane into subfaults. Although the entire rupture area can be
modelled for strong motion generation, it is seen that the duration obtained by modelling
entire rupture plane is very high which clearly ruled out observation which is supported by
less duration of strong motion record. Visual inspection of records of this earthquake
clearly shows that duration of high-frequency ground motion is certainly less than ex-
pected. The duration of strong motion shaking observed from one of the near-field station
like TCU148 contain total duration of about 4.96 s. Considering maximum speed of
rupture propagation as 3.04 km/s within the length of 40 km the total duration of strong
motion record should be approximately equal or more than 13.0 s. Clear deviation from
observed and theoretically possible duration from rupture model clearly shows that the

@ Springer



Nat Hazards (2015) 78:995-1020

1009

Table 7 Initial parameters of the SMGA of the Nantou earthquake, Taiwan, used for simulation

Modelling parameter Source

Length = 5 km

Width = 5 km

Dip = 24° CMT Harvard

Strike = 359° CMT Harvard

Rake = 80° CMT Harvard

Np =10 Based on scaling relation by Kanamori
and Anderson (1975)

Nw = 10 Mendoza and Hartzell (1988)

V, = 2.32 km/s

Stress drop ratio = 6.1

Seismic moment of
subfault = 1.8 x 10?' dyne cm

Calculated from displacement spectra
Calculated from self-similarity laws

p = 2.9 km/s Average value from velocity section
Qp() = 80f*° Sokolov et al. (2009)
SPR = (10.2) Initial Guess
24.25°]
A
TCUO67
240 a
A
TCUO071
TCu1
A
TCU143
23.75° |
Kilometers
0 20
ya.50 | | | |
’ 120.5° 120.75° 121° 121.25° 121.5°

Fig. 9 Location of the SMGA of the Nantou earthquake of magnitude (M) 5.9. Triangles show the
position of strong motion stations used in this study. The star shows the epicentre of the earthquake. The
solid rectangle shows the SMGA of the Nantou earthquake, while empty rectangle shows rupture
responsible for the Nantou earthquake

strong motion generation area is somewhat less than the total rupture area responsible for
this earthquake. It is seen that the high slip area of this rupture model is very small which
also supports idea of SMGA. In the present work, an area of size 5 km x 5 km has been
modelled as SMGA and same has been assumed as strong motion generation area in the
present approach. Parameters of the modelled SMGA within the rupture plane responsible
for the Nantou earthquake are listed in Table 7. The location of the rupture plane and the
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Table 8 Velocity model (after

Ho 1994) Depth (km) P-wave velocity (km/s) S-wave velocity (km/s)
0.0 3.50 2.00
1.0 3.78 2.20
4.0 5.04 3.03
9.0 5.71 3.26
13.0 6.05 347
17.0 6.44 3.72
25.0 6.83 3.99
30.0 7.28 4.21
A
|
N,
: 35.90
I
|
¥ Tkm | V1= 2.0km/s |
|
3k | V2= 2.1km/s :
! |
| V3=303mis |
5 km | |
! |
) I !
tkm | V4=326kmis |
I
| |
4km | V5=34Tkmis |
I
| l
I
el Ve=372kmis }
X | |
<
o|! !
~ |1 |
I I
|
|

Fig. 10 Model of SMGA of the Nantou earthquake consisting 10 x 10 subfaults placed in a layered
medium with 359°N strike direction. The velocity of medium is defined by Ho (1994)

SMGA is shown in Fig. 9. The strike and dip of this SMGA are decided on the basis of
fault plane solution given by CMT Harvard and are given in Table 7. The velocity model
that has been used for simulation of strong ground motion is given by Ho (1994) and is
given in Table 8. The rupture plane of the target earthquake for purpose of modelling is
placed in the sixth layer of velocity model at a depth of 19.4 km and is shown in Fig. 10.
Based on self-similarity laws and the earthquake parameters of target events given by CMT
Harvard, SMGA is divided into 10 x 10 subfaults. The ratio of average stress drop of
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target and subfault earthquake is 6.1. The rupture velocity of 2.32 km/s has been calculated
using the criteria of Mendoza and Hartzell (1988) which define rupture velocity to be 80 %
of shear wave velocity.

6 Model selections

It is seen that the strong motion simulations are influenced by several parameters of the
rupture plane. Once initial model has been decided, then the next task is to finalize the
parameters of final rupture plane. Judgement of the best model is based on root mean
square error (RMSE) of peak ground acceleration at all four stations. Therefore, each
model has been tested to calculate peak ground acceleration values of NS and EW com-
ponents at each four stations. Following formula has been used to calculate RMSE of peak
ground acceleration parameter

RMSE = (1/N) - {Z(ao—as)z} 2

where ag and ag are accelerations of observation and simulation at times, respectively. The
parameter N represents total peak ground acceleration values.

In the present work, various modelling parameters such as dip, strike, rake and starting
points of rupture are changed iteratively in a specified range in a heuristic way to obtain
best modelling parameters. Table 9 gives the range of parameters that are considered for
final model.

Several records at all four stations have been simulated to check the dependency of
simulated records on various modelling parameters. It is seen that variation of different
parameters effects simulated records significantly. Although initial guess about many
parameters can be made from other independent studies, it is always better to finalize
parameters of the rupture plane by iterative modelling and comparison with the observed
data. In the present study, several simulations clearly indicate effect of dip, strike, rake and
starting point of rupture in the simulated record. These parameters significantly affect the
radiation pattern at the point of observation, thereby affecting the amplitude of acceleration
at that point. The initial model of rupture plane is based on the earthquake parameters of
main shock given by CMT Harvard, and other parameters are given in Table 7.

Dip of the rupture plane affects the arrival time of envelopes at the observation point
and also the radiation pattern. For finalizing the amount of dip, 30 different models have
been considered in a range of 20°-40° keeping other parameters similar as given in
Table 7. Visual inspection of RMSE curve in Fig. 11 shows that minimum RMSE is
obtained around 34°. Thirty new models have been also prepared for dip within a range of
32°-36°. It is seen from Fig. 11b that minimum RMSE is obtained at dip value of 34.13°.

Table 9 Range of modelling

parameters Model parameter Range
Dip 20°-40°
Strike N355°-N70°
Rake 75°-85°
Starting point of rupture All elements
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Fig. 12 Selection of strike

The strike of the rupture plane affects the arrival time of envelop at the observation

point and the radiation pattern at the observation point. Thirty different rupture models in a
range of N355°-N70° have been considered in this work with dip as 34.13°. Records were
simulated at four stations, and RMSE has been calculated. The plot of RMSE with respect
to the strike value in Fig. 12a shows a smooth variation of error with respect to dip amount
with minimum value between N20° and N30°. On further examining thirty models within
this range having uniform incremental difference in Fig. 12b, it is found that minimum
RMSE is obtained at N27.3°.

In the present work, keeping all parameters same as reported in Table 7, several rupture
models are prepared by changing rake in a range of 75°-85°. The dip and strike in these
models are same as finalized earlier. Thirty different models shown in Fig. 13a have been
considered in this work within a range of 75°-85°. Unlike strike of the rupture plane,
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Table 10 Final model Model parameter Range
Dip 34.13°
Strike N27.3°
Rake 76.66°
Starting point of rupture (10.5)

Table 11 Peak ground acceleration values from filtered simulated record at rock site. The values in
parenthesis are the PGA value obtained from filtered processed actual records

Station code

PGA (NS) (gal)

PGA (EW) (gal)

TCU148
TCU143
TCUO071
TCU067

72 (115)
38 (86)
52 (62)
50 (39)

91 (132)
48 (93)
63 (96)
40 (41)
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dependency of RMSE in rake value is not so simple. It is seen from Fig. 13a that minimum
RMSE is observed in a close range of 74°-78°. Thirty new models have been further

Station TCU148

NS PGA =115 gal

NS PGA =72 gal

EW PGA=132gal

EW PGA =91 gal

++

(a) (b)
Station TCU143
NS PGA = 86 gal EW PGA =93 gal
NS PGA =38 gal EW PGA =48 gal
A

}

() (d)

Station TCU071

m NS PGA =62 gal WMMN EW PGA =96 gal
NS PGA =52 gal EW PGA =63 gal

(e) )

Station TCU067

NS PGA =39 gal EW PGA = 41 gal

g
e

W‘#ﬁ‘ s

0 5 10 15 20 25
Time (sec)

(9) (h)

Fig. 15 Comparison of NS and EW components of observed and simulated strong motion acceleration
records at various stations. Black colour represents the observed records and grey colour represents the
simulated records, respectively
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considered within this new range among which a minimum RMSE value at the rake of
76.66° has been observed as shown in Fig. 13b.

In any rupture model, possibilities of starting point of rupture are same as the number of
subfaults within the rupture model. In the present work, each of 100 subfaults is considered
as nucleation point, thereby giving rise to 100 different models having dip, strike and rake
values finalized earlier. Root mean square error of peak ground acceleration at each station
has been calculated from each model, and it is shown in Fig. 14 that minimum RMSE is

STATION TCU148

m

3 NS PGV=3 cm/sec EW PGV=3 cm/sec
> _

2 NS PGV=1.7 cmisec EW PGV=1.4 cm/sec
% T e

> (a) (b)

STATION TCU143

NS PGV=3.8 cm/sec EW PGV=4.4 cm/sec
A
EW PGV=.7 cm/sec

NS PGV=.5cm/sec

A TN Yy
gl Ul Ll

(c) (d)

STATION TCUO071
NS PGV=2.1 cm/sec EW PGV=4.5 cm/sec

H NS PGV=.9 cm/sec

At Aot
@) )

EW PGV=1.2 cm/sec

STATION TCU067
NS PGV=1.8 cm/sec EW PGV=1.7 cm/sec

NS PGV=73 cm/sec W EW PGV=0.6 cmisec

ALk o
ey

0 5 10 15 20 25
Time (sec)

(9 (h)

Fig. 16 Comparison of NS and EW components of observed and simulated velocity records at various
stations. Black colour represents the observed records and grey colour represents the simulated records,
respectively
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«Fig. 17 Comparison of response spectra obtained from simulated and observed NS and EW component of
strong motion response spectra records at various stations. Black colour represents the observed records and
grey colour represents the simulated records, respectively

obtained for a case when nucleation point is at (10,5). Several simulations and RMSE
computations give a final model of rupture plane given in Table 10.

7 Simulation of strong ground motion records of the Nantou earthquake,
Taiwan

Once the rupture model has been finalized, the simulated records at four stations have been
compared in terms of waveform and its parameters with the observed record. In order to
remove long period undulations in the simulated strong motion records, Chebyshev filter of
order 4 has been applied in a range of 2.5-25 Hz. The filtered simulated records at rock site
have been compared with the filtered observed records converted at rock site. The value of
peak ground acceleration at rock site obtained from both simulated and processed observed
records is shown in Table 11.

Strong motion records indicate the presence of comparable match in the observed and
simulated records. The simulation and observed records are shown in component wise in
NS and EW. The response spectra of the simulated record give a comparable match from
0.04 to 0.4 s, respectively, almost for all stations. The records have been compared in terms
of complete waveform. The simulated acceleration waveform at rock site is compared with
the corrected acceleration at rock site and is shown in Fig. 15. The portion of corrected
record after arrival of S phase has been used for comparison with the simulated records. It
is seen that at all four stations the value of peak ground acceleration from observed and the
simulated records is close to each other. The records match effectively in terms of its shape
and statistical characteristics. The duration of corrected and simulated strong motion
records also matches with each other. Simulated and corrected acceleration records are
integrated to obtain velocity and displacement records. The velocity waveforms are ob-
tained from integration of simulated and corrected acceleration records and are shown in
Fig. 16. The waveforms of velocity records also confirm the validity of technique in
effectively simulating record that bears realistic appearance in acceleration and velocity
waveforms. The validity of any simulation technique can be judged by its ability to
produce response spectra that matches with observed records. The response spectra at 5 %
damping have been calculated from both simulated and corrected observed records and are
shown in Fig. 17. It is seen that the response spectra from simulated and observed records
also bear close resemblance with each other in frequency range 2.5-25 Hz, thereby
establishing the efficacy of approach to simulating strong ground motion.

8 Conclusions

This paper uses modified semi-empirical technique (MSET) for simulation of strong
ground motion. The simulation technique presented in this paper is based on the technique
given by Midorikawa (1993). The modified technique has been used for simulation of the
strong ground records of the Nantou earthquake (M,, = 5.9) of March 27 2013. The
observed records have been converted into rock site using transfer function. The corrected
observed records are used for comparison with simulated records at rock site. The modified
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semi-empirical technique has been used to simulate horizontal components of strong
motion records from several models having single strong motion generation area. Com-
parison of peak ground acceleration from four near-field stations has been made in root
mean square sense to finalize several rupture parameters such as dip, strike, rake and
starting point of rupture. The actual and simulated records have been compared in terms of
root mean square error (RMSE) of peak ground acceleration from both components of
acceleration records. Waveform and parameter comparison of strong motion records
confirm the efficacy of modified semi-empirical technique for modelling of strong ground
motion.
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