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ABSTRACT

The response of Taipei basin upon earthquake excitation was studied using records of recent earthquakes. The
strong-motion database includes records obtained at 32 stations of the Taipei TSMIP network from 83 deep and 142 shallow
earthquakes (M >4.0) that occurred in 1992 - 2004. The characteristics of frequency-dependent site response were obtained as
spectral ratios between the actual earthquake records (horizontal components) and those modelled for a hypothetical Very Hard
Rock (VHR) condition. The models for VHR spectra of Taiwan earthquakes had been recently proposed by Sokolov et al.
(2005b, 2006). Analysis of site response characteristics and comparison with simple 1D models of the soil column resulted in
the following conclusions: (1) The spectral ratios throughout the basin obtained from deep earthquakes (depth > 35 km) exhibit
good agreement with the theoretical ratios calculated using the 1D models constructed using available geological and
geotechnical data. (2) The spectral ratios obtained from shallow earthquakes show influence of: (a) surface waves generated
when travelling from distant sources to the basin and (b) relatively low-frequency (< 1 - 2 Hz) waves generated within the
basin. (3) Some shallow earthquakes produce extremely high amplification at frequencies 0.3 - 1 Hz within the basin that may
be dangerous for high-rise buildings and highway bridges. (4) The obtained results may be used in probabilistic seismic
microzonation of the basin when many possible earthquakes located at various distances are considered. 2D and 3D simulation
is necessary to model the seismic influence from particularly large earthquakes.
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1. INTRODUCTION

Seismicity in the Taiwan area is very high, and many
large earthquakes (M > 6.5) have occurred in the region in
historical and modern times. Some of these earthquakes,
e.g., the recent Chi-Chi earthquake of 21 September 1999,
caused severe damage. Taipei City is the capital of Taiwan
and is located on a sediment-filled basin in the northern part
of the island. The area has experienced several damaging
earthquakes, the most recent of which occurred on 31 March
2002. The results of previous research on earthquake ground
motion peculiarities in the Taipei basin (e.g., Kuo etal. 1995;
Wen et al. 1995; Loh et al. 1998; Wen and Peng 1998a, b;
Sokolov and Jean 2002; Wang and Lee 2002; Chen 2003;
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Fletcher and Wen 2005) showed that large lateral variations
in ground-motion characteristics (peak ground accelera-
tion, response spectra, dominant frequencies, etc.) are ap-
parent.

Recent needs of earthquake engineering require con-
sideration of site effect in seismic hazard analysis. When
applying the probabilistic approach for seismic hazard esti-
mation in urban territories, it is necessary to take into ac-
count the following:

1. Extended areas covered by large cities are characterized
by variety of local geological and geotechnical condi-
tions.

2. Different engineering structures (buildings, bridges, life-
lines, etc.) require consideration of different parameters
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of ground motion within a relatively broad frequency
range of motion.

3. Optimization of engineering decisions demands estima-
tion of ground motion parameters for different return
periods (probabilities of being exceeded) concerning
structures of different importance factors.

4. Consideration of various recurrence intervals and a broad
frequency range of ground motion cause the necessity to
cover the influence of different earthquakes that may oc-
cur in different seismogenic zones.

In this study we analyzed records of recent earthquakes
to explore frequency-dependent response of the Taipei
basin. The strong-motion database includes records ob-
tained at 32 stations of the Taipei network from 83 deep and
142 shallow earthquakes (M > 4.0) that occurred in the pe-
riod, 1992 - 2004 (Fig. 1). Most of the selected stations cover
evenly the territory of the basin. In addition, we also con-
sider two stations located outside the basin (TAP053 and
TAPO71). Table 1 summarize the information about the
strong-motion database.

2. THE TECHNIQUE

For estimation of the site response from earthquake re-
cords it is necessary to remove the source and propagation
path effects. Various techniques for site-response estima-
tion, which use the S-wave window, have already been de-
veloped and studied (e.g., Bard 1995). The most common
procedure (Borcherdt 1970) for the estimation of the site re-
sponse from earthquake data is to determine the sediment-
to-bedrock ratio by dividing the Fourier spectrum of a site by
that of a nearby reference (rock) site using earthquake re-
cords. However, in many cases, including the Taipei basin, it
is difficult to find a station that can be defined, undoubtedly,
as a “hard-rock reference” station. There are a few strong-
motion bore-hole array sites within the Taipei Basin (Wang
2008). Bottom stations from some of these arrays may be
considered as “reference hard rock sites”. However, the
array due to technical reasons does not accumulate enough
records.

Alternative methods not requiring a reference site have
been developed recently. One of them involves dividing the
horizontal-component shear-wave spectra at each site by the
vertical component spectra observed simultaneously at that
site (Lermo and Chavez-Garcia 1993). The H/V technique,
as has been shown recently by many authors (e.g., Field and
Jacob 1995; Theodulidis and Bard 1995; Theodulidis et al.
1996; Bonilla et al. 1997; Castro et al. 1997; Chen and
Atkinson 2002; Huang et al. 2002; Siddiqqi and Atkinson
2002; Mucciarelli et al. 2003; Sokolov et al. 2005a, 2007),
provides results that are consistent with the general geo-
logical conditions of the recording sites, i.e., showing the
fundamental frequency of site amplification. The results of

the application of the H/V technique, however, are affected
by local and subsurface factors influencing the vertical com-
ponent of ground motion. Among the factors we can men-
tion, for example, the following: (a) contribution of com-
pressional deformation (P-wave) to vertical component at
frequencies more than 8 - 10 Hz (Beresnev et al. 2002);
P-wave conversion from the SV-waves at the boundaries of
the layers above the base rock (e.g., Takahashi et al. 1992);
increase of amplitudes at vertical component due to non-
linear effects in granular materials (Loukachev et al. 2002).
Such effects may be minimized by using data only from rock
stations (e.g., Chen and Atkinson 2002; Sokolov et al.
2005a, 2007).

It was proposed recently (Sokolov 1998; Sokolov et al.
2000) to use so-called “very hard rock” (VHR) spectral
model to estimate site response characteristics in terms of
frequency-dependent amplification (spectral ratios). The
approach consists of calculation spectral ratios between the
actual earthquake records (horizontal components) and the
spectra modelled for a hypothetical VHR condition. On the
one hand, besides local site response, the spectral ratios
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Fig. 1. Distribution of epicentres of earthquakes used in this study
(open circles - shallow events, grey circles - deep events) and location
of the considered stations (triangles) within the Taipei basin. The depth
of Quaternary sediments is also shown in gradations of grey.
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Table 1. Characteristics of the used strong-motion database.

Location Number of earthquakes
Station Soil class
Lat., N Lon., E shallow deep

TAPO0O1 25.04 121.52 E 18 16
TAP002 25.13 121.45 D 28 32
TAPO003 25.09 121.45 E 40 11
TAP004 25.11 121.47 E 14 6
TAPO005 25.11 121.51 E 42 20
TAPO00S 25.08 121.53 E 47 24
TAP009 25.08 121.57 E 34 24
TAPO10 25.06 121.48 E 34 15
TAPO12 25.06 121.51 E 37 27
TAPO14 25.06 121.53 E 48 26
TAPO15 25.05 121.57 E 32 23
TAPO16 25.06 121.42 E 31 12
TAPO17 25.05 121.45 E 46 18
TAPO19 25.04 121.49 E 20 14
TAP020 25.04 121.53 E 52 21
TAP022 25.03 121.56 D 82 57
TAP023 25.00 121.45 D 11 6
TAP024 25.02 121.47 D 45 17
TAP027 25.00 121.49 D 16 5
TAP028 25.00 121.50 D 27 12
TAPO030 25.00 121.52 D 29 21
TAPO31 25.02 121.54 D 22 23
TAP032 25.00 121.47 D 89 25
TAPO033 24.97 121.53 D 28 20
TAPO037 25.04 121.43 D 24 29
TAPO038 25.02 121.41 D 35 32
TAPO043 25.00 121.41 D 46 26
TAP048 24.97 121.43 D 16 9
TAPO53 24.95 121.51 D 62 47
TAPO054 25.00 121.44 D 12 14
TAPO71 25.00 121.61 D 26 15
TAP093 25.01 121.56 E 28 24
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include effects of source rupture peculiarities and inho-
mogeneous propagation path. On the other hand, when using
a large enough number of events varied by magnitude,
source depth and azimuth, the effects of focal mechanism
and directivity are expected to be averaged out. The ap-
proach was applied to evaluate the characteristics of spectral
amplification for (1) particular sites in Taipei basin (Sokolov
et al. 2000, 2001; Sokolov and Jean 2002; ) and (2) general-
ised site conditions (classes) in Taiwan (Sokolov et al. 2003,
2004, 2007).

The specification of the “very hard rock” spectrum is of
particular significance in the approach. The ground motion
database collected in Taiwan provides an opportunity to
study both regional source scaling (e.g., Tsai 1997) and at-
tenuation models (e.g., Wang 1988, 1993), as well as local
site response upon earthquake ground motion. The models
of Fourier amplitude spectrum (FAS) for typical site condi-
tions were analyzed by Sokolov et al. (2000, 2003, 2004).
Recently, Sokolov et al. (2005b, 2006) re-evaluated the FAS
models for various source zones in Taiwan using a large
number of acceleration records obtained from earthquakes
that occurred during 1992 - 2004. The analyzed earthquake

source zones are the following. The zone ST contains shal-
low (hypocentral depth less than 30 - 35 km) earthquakes
that occurred within Taiwan Island. The zone SO represents
shallow earthquakes that occurred to the east of the island
under the ocean. The zone DT contains records from deep
(hypocentral depth more than 30 - 35 km) earthquakes. The
parameters of the regional FAS model are summarized in
Table 2 (see also Sokolov et al. 2006). The value of seismic
moment is estimated from regional relationships between
seismic moment and local magnitude.

3. INPUT DATA AND PROCESSING

The data were recorded by the Taiwan Strong Motion
seismic network implemented by the Seismological Obser-
vation Center of the Central Weather Bureau (CWB), Tai-
wan, ROC. More than 650 digital free field strong-motion
instruments are installed in this network. Each station is
equipped with one strong-motion instrument — a force-
balanced three-component accelerometer. Most instruments
(Geotech and Terra Tech instruments) have 16-bit and some
instruments (Kinemetrics) have 24-bit resolution. These in-

Table 2. Seismological parameters of the VHR spectral model for the Taiwan earthquakes.

Parameter®

Description

Fourier acceleration spectrum A (f)

The scaling factor C

AN =QxfYCS(H DR, NI
C ~ 1/(47zpP>R) for R < 40 km;

C ~ 1(4zpB>Ry) (R, = 40) for R > 40 km

Source spectrum S( /)
Corner frequency f;

Stress parameter Ac (bar)

Brune (1970) o-square, point source S(f) = M, / [1 + (f//)*]
fo=4.9x10° B(Ac/ M)"”?
Zone ST - increase from 100 bars for M = 5 to 300 bars for M = 7.0;

Zone SO - 100 bars;

Zone DT - 300 bars.

Density, p (gm cm™) 2.8
Shear velocity, p (km sec™) 3.6
Frequency-dependent attenuation D (R, f)

Path attenuation Q ( /)

DR.f)=expl-zf R [ OB 1P (. frax)
Zone ST - 80 /%

Zone SO - 120 /%%

Zone DT - 60

High-frequency filter P (/)

Site attenuation, k (sec)

k=001M

P(f)=exp (-n xf) (Anderson and Hough 1984)

*? £is the frequency, Hz; R is the source-to-site (hypocentral) distance, km; M, is the seismic moment.
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struments are capable of recording high-resolution ground
motion within £2 g and with a pre-event and a post-event
memory. All stations have AC power and when the power
system is shut down by an earthquake or other problem, the
recording system can still operate by the internal DC power
for about 4 days.

Fourier amplitude spectra were calculated, using 10%
cosine window tapered on both sides, for selected parts (the
strongest shaking) of the acceleration records (Fig. 2). The
strongest part of the shaking contains the S-wave portion
and, in some cases, surface waves from large distant earth-
quakes and additional waves generated within the basin. For
selection of the part of the record to be processed we used a
window containing 90% of total energy using the integral

t

I(t) = I a’(t) dt, where t, is the time of S wave arrival. In

t=t,
some case, where the length of the record is not long enough,

expert decision was applied. The calculated Fourier spectra
were smoothed twice within 0.2 Hz running window.

For the low-frequency range, besides the noise level, it
is necessary to consider the effect of truncation in the time
domain (Bath 1974). The truncation leads incorrectly to a
flat spectrum for long periods. It is recommended to use a
time-domain-window length at least equal to twice the
lowest analyzed wave period. Thus, the combined effect of
noise and truncation lead to different lower frequency values
for various records. As a result, the number of analyzed
spectral amplitudes in the low-frequency range was smaller
than that at the higher frequencies. The truncation effect is
significant especially for spectral analysis of records from
small earthquakes, for which the signal duration does not
exceed 2 - 3 seconds. For the whole data set, the lowest
frequencies varied from 0.25 to 1.0 Hz depending on the
station and magnitude range.
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Reference VHR spectra were calculated using the mod-
els described above (Table 2). Estimations of seismic mo-
ment (My) and stress parameter (Ac) are not available for al-
most all of the selected earthquakes. When using the empiri-
cal relationship between seismic moment and local magni-
tude, it is necessary to bear in mind the possible scatter of
the M, values. Ideally, the observed and theoretical spectra
should fit each other at low frequencies where the influence
of local geology is believed to be negligible. The influence
may be very small for the case of rock sites or sites with a
thin layer of sediments over rigid bedrock. Such a case may
be considered as a reference site when the proper values of
earthquake source parameters are selected to be used in
the FAS model. It has been found in our previous study
(Sokolov et al. 2000) that station TAP053 satisfies the cri-
teria to be considered as a reference site. The site response
at the station is characterized by narrow-band amplification
at frequencies around 4 Hz. Figure 3 shows examples of the
observed and modelled spectra for station TAP053. Simi-
larly, station TAPO71 with small-amplitude site amplifica-
tion is located outside the basin that minimizes possible in-
fluence of relatively long-period waves trapped within the
basin.

1999 11 01 M=6.9 H 31 km R 100 km

4. RESULTS AND DISCUSSION

Ideally, for the case of linear soil response upon earth-
quake motion, site amplification functions or the ratios be-
tween the observed and the modelled spectra should not de-
pend on earthquake magnitude. On the other hand, site effect
should be independent on the applied source models. There-
fore, if the proper spectral models are used for various mag-
nitudes, the characteristics (averaged amplitudes and shape)
of the ratios between the observed and the modelled spectra
should be approximately the same for different earthquakes,
at least for those of similar distance and azimuth. The cha-
racteristics of the VHR ratio evaluated for stations TAP073
and TAPO71 are shown in Fig. 4. In general, the ratios ob-
tained using records from the deep (DVHR) and shallow
(SVHR) earthquakes exhibit a similar nature. The SVHR ra-
tios are characterized by slightly higher amplitudes at fre-
quencies less than 2 - 3 Hz than the DVHR ratios, which may
be explained by the presence of surface waves generated by
shallow and distant earthquakes.

Let us analyse the VHR ratios calculated for stations
located within the basin. The stations near the basin edge
(Fig. 4) with relatively shallow deposits (e.g., TAP002,
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Fig. 4. Characteristics of the VHR spectral ratios (mean amplitude values and 1 standard deviation limits) evaluated for stations located outside the
Taipei basin and near the basin edge. The depth of Quaternary sediments is shown in gradations of grey colour.

TAP009, TAP022, TAP027, and TAP093) reveal the same
character in terms of the ratios, as the stations located out-
side the basin, namely: the SVHR and the DVHR ratios
show approximately the same amplitudes in the whole con-
sidered frequency range. For the central part of the basin
(Fig. 5), the difference between the SVHR and DVHR ra-
tios at low frequencies becomes much larger than that for
the basin edge. Figure 6 shows the frequency-dependent
averaged ratio between the SVHR and DVHR amplitudes
calculated for the considered sets of stations located (a)

near the basin edge and outside the basin and (b) in the cen-
tral part of the basin.

We assume that the difference between the SVHR and
DVHR ratios at low frequencies most likely reflects the
influence of additional waves generated within the basin.
However, to check the suggestion we have to answer the fol-
lowing question: in what extent could the VHR curves
reflect real site response? We used a simple 1-D technique
to calculate theoretical spectral amplification of a multi-
layered soil column overlying a rigid half-space for SH-
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and SV-waves approaching the bottom of the soil with arbi-
trary angles of incidence.

The subsurface geology of the Taipei basin has been es-
tablished by boring, and electrical and seismic prospecting
(Lee et al. 1978; Fei and Lai 1994; Wang et al. 1994, 1996,
2004; Wang and Lee 2002). The geological structure inside
the basin consists of Quaternary layers above tertiary base
rock. The stratigraphic formations of the Quaternary layers
are, in descending order, surface soil, the Sungshan For-

mation, the Chingmei Formation, and the Hsinchuang For-
mation. The Sungshan Formation is composed mainly of al-
ternating beds of silty clay and silty sand, and covers almost
the whole Taipei basin. The Chingmei Formation is a fan-
shaped body of conglomerate deposits. The Hsinchuang
Formation, recently renamed into the Wuku and Panchiao
Formations, consists of bluish gray and clayey sand with
some conglomerate beds. The available data, which include
the digital models of thickness of the whole Quartenary de-
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Fig. 6. Ratios between the VHR data for shallow and deep earthquakes
(SVHR/DVHR) averaged for the considered stations located near the
basin edge (curve 2) and within the basin (curve 1).

posits and of the Sungshan Formation, allow constructing
numerical models of soil column for several sites and calcu-
lating theoretical amplification (Wen and Peng 1998a, b;
Sokolov et al. 2000; Fletcher and Wen 2005).

The quality factor Q( /') that represents the damping in
the soil was evaluated by Wen and Peng (1998b). Depending
on the depth interval, the Q-model may be described as fol-
lows: 0-30m, O(f)=3.6/"%30-60m, O(f)=7.21"";
60-90m, O(f)=10/""";90-140 m, O(f) =40 /"**. When
constructing the numerical models of soil columns, we as-
signed every Q-model to particular stratigraphic formation as
follows: the Sungshan Formation, upper part - O( f)=3.6 1 "%,
lower part- O(f) =10 £ '7; the Chingmei Formation - O( f) =
40 f'**. A low-damping Q-model [O( f) = 200 /"] was as-
signed to the the Wuku and Panchiao Formations.

We have to note that the geotechnical properties of the
Quaternary deposits in the Taipei basin have still not been
studied in detail. A relatively low Q value, as compared with
the averaged data, is expected for high crack density and
fluid-saturated soil in the Taiwan region (Shieh 1992). Am-
plitudes of ground motion amplification are very sensitive to
the degree of damping (quality factor). Therefore, for com-
parison we used two variants of the Q-model. In the first one
(Q1-model), the quality factors were taken as those provided
by Wen and Peng (1998b). The higher, gradually increasing
with depth, values of the quality factor were accepted in the
second model (Q2-model). Table 3 lists parameters of the
soil models for particular sites.

We calculated the theoretical spectral amplification for
S-wave assuming the bottom of the basin as a rigid half-
space. The tertiary basement could not be considered as
“very hard rock” as used in our spectral model. Therefore,
when comparing the VHR ratios and results of the theore-
tical modeling, the generalized hard-rock amplification
(see Sokolov et al. 2007) was added to the 1D modeling.

Of course, the theoretical models of layered deposits in
many cases can provide only a rough approximation to real-
ity. For example, the soil layers can be characterized, as a

rule, by a gradual change of shear-wave velocity with depth.
This phenomenon causes a broadband amplification. The
theoretical model describes the layers by uniform velocities,
which results in separate resonance peaks. We do not know
exactly the geotechnical properties and thickness of the con-
sidered stratigraphic formations in every considered point.
This may cause discrepancies in the amplitude and the lo-
cation of particular amplification peaks between the empir-
ical and the modeled spectral ratios.

Despite the approximate character of the 1D model, the
results of the modeling show that in almost all considered
cases (30 points or Taipei network stations, except stations
TAPO003 and TAPO016) the theoretical spectral ratios show a
good agreement with the VHR data obtained from records of
deep earthquakes (Fig. 7). In general, the site amplification
characteristics for the areas located near the basin edge (e.g.,
TAP002, TAP009, TAP022, TAP027, TAP028, TAP030,
TAPO033, TAP043, TAP048, TAP053, and TAP(093) reveal
one or two separate peaks within relatively narrow frequ-
ency bands, reflecting influence of particular layers. The
arcas with thick sediments are characterized by broadband
amplification. The comparison of empirical and theoretical
data may also allow a proper selection of geotechnical pro-
perties for further, more detailed, modeling.

To analyse site amplification characteristics obtained
from records of shallow earthquakes we applied the follow-
ing scheme. The FAS amplitudes for the records obtained out-
side the basin from deep [4oyrp (/)] or shallow [Apyrs (f)]
earthquakes may be expressed as follows:

A()UTD(f):AVHR(f) XAMPLD(f), or
Aours(f) = Avur (f) x AMPLs () (la)

AMPLp (1) =SG (f), AMPLs(f) = SP (f) xSG (f) (1b)

where fis the frequency, Hz; 4yyz( f) is the spectrum at rock
basement; AMPL( f') is the overall spectral amplification;
SP( f) reflects influence of propagation path (surface waves);
and SG ( f) is the amplification caused by site geology. The
FAS amplitudes for the records from shallow earthquakes
obtained inside the basin 4,5 (/) (besides the influence of
propagation path and local geology) may reflect influence of
the additional waves generated within the basin (basin fac-
tor) SB( /') and the expression may be written as:

Aps ()= Avur (f) x SP(f) x SG (f) x SB(f) 2

Let us, for example, consider a pair of stations that are
located outside (e.g., TAP053) and within (e.g., TAP020) the
basin (see Figs. 4, 5), which recorded a large numbers of
earthquakes (Table 1). The VHR ratio averaged from the
available set of deep earthquakes (VHRp) can be interpreted
as the influence of local geology, or the SG( /) term, for both
stations, i.e., VHRp (f) = AMPLp ( /) = SG( f). The ratio
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SDR( 1) between the averaged VHR ratio for shallow earth-
quakes (VHRg) and the averaged VHR ratio for deep earth-
quakes (VHRp) for station TAP0S53 (reference station lo-
cated outside the basin) may be considered as describing the
influence of propagation path, or the SP( /) term, i.e.,:

VHR((f) _ AMPLy(f)
VHR,(f) ~ AMPL,(f)

SDR,yuss (f) = = SP(/) (3)

The ratio for stations that are located inside the basin,
e.g., TAP020, may be considered as a description of the joint
influence of propagation path and the basin, or SDR 74020 (f)

=SP(f) x SBrupoao (f). Of course, in this case the function
SDR74p020 ( f) reflects only the generalized characteristics
obtained from many earthquakes occurring at different lo-
cations. However, when comparing the data at both stations
from the same set of shallow earthquakes, we can assume
that generalized characteristics of the additional waves ge-
nerated within the basin, or the SBzypgz ( f) term, may be
evaluated as:

SBTAPOZO(f) = SDRTAPOZO(f) / SDRTAP053 (f) (4)

However, station TAP053 is characterized by a high-
amplitude amplification at frequencies between 2 - 5 Hz

Table 3. Parameters of the models of soil columns for particular stations.

Geological Formation Vs (km s™) Density (g em™)  Thickness (km) Q-model (Q,f") (Q1; Q2)
TAPOO1
Sung-Shan 0.16 1.80 0.030 3.6/°%;10 10
0.24 1.80 0.005 721%%:20 10
0.34 1.85 0.005 102"7: 307"
Chingmei 0.50 1.90 0.060 40.7 £ 60 f1°
Wuku 0.60 2.00 0.040 200 /10
Base rock 1.00 2.10 - -
TAP004
Sung-Shan 0.16 1.80 0.010 3.6 %10 10
0.24 1.80 0.040 721%%:,20 10
0.34 1.85 0.020 1027, 307"
Chingmei 0.50 1.90 0.060 40.71"**; 60 £
Wuku 0.60 2.00 0.100 200 10
Panchiao 0.80 2.10 0.140 200 10
Base rock 1.20 2.10 - -
TAP093
Sung-Shan 0.16 1.80 0.020 3.6 %101
0.24 1.80 0.010 3.6 1010
Chingmei 0.50 1.60 0.005 40.7 £, 60 f1°
Base rock 1.20 2.10 - -
TAP023
Sung-Shan 0.17 1.80 0.010 3.6 /%10 10
0.24 1.80 0.010 721%%:,20 10
0.34 1.85 0.020 10271730 10
Chingmei 0.50 1.90 0.040 40.7 "5 60 £1°
Wuku 0.60 2.00 0.060 200 10
Panchiao 0.80 2.10 0.020 200 10
Base rock 1.20 2.10 - -
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Fig. 7. Comparison of the VHR spectral ratios (average values) calculated using the data from deep and shallow earthquakes and the results of 1D

modeling (the Q1- and Q2-models).

(Fig. 4). The high variability of the VHR ratios within this
frequency range could cause unstable values of the SDR-
factor evaluated form different sets of earthquakes. There-
fore, for analysis of the influence of propagation path (SP-
term) and the basin effect (SB-term), we also used the data
from station TAPO71 with a low-amplitude broadband am-

plification (Fig. 4).

Figure 8a shows an example of the generalized charac-
teristics of the SP ( /') term (influence of propagation path)
for stations TAP053 and TAPO71 averaging different sets of
the data including: (a) all shallow earthquakes; (b) the large
magnitude (M > 6.0) earthquakes (see also Fig. 1). The in-
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fluence of propagation path, in essence, is a frequency-de-
pendent parameter and it also depends on magnitude of earth-
quakes. The combined effect of the propagation path [SP ( f)
term] and the basin [SB ( /) term] is shown at Fig. 8b for
two stations located inside the basin, namely: TAP017 and
TAP020. Figure 8c shows characteristics of the basin effect,
or the SB( /') term. Again, the basin effect is a frequency-
dependent parameter that depends clearly on station loca-
tion inside the basin. Station TAPO17, which is located in the

western part of the basin where the sediments thickness is
the greatest (Fig. 5), reveals a much higher basin-factor am-
plification at low frequencies (less than 0.4 - 0.3 Hz) than the
station TAP020, which is located in the eastern part of the
basin where thin sediments exist.

The average-amplitude frequency-dependent basin ef-
fect [SB( /) term], which is evaluated for a few particular
stations within the basin, is shown in Fig. 9. It seems that it is
possible to divide the basin into at least three zones showing:

(@) (b) Path and basin effect
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(a) almost negligible amplification due to the basin effect
(near the basin edge); (b) a relatively high-amplitude low-
frequency amplification (deepest part of the basin); and (c) a
transition zone.

The characteristics of the site response may be evalu-
ated for various sets of shallow earthquakes (e.g., large and
small, nearby and distant, etc.). They may be used jointly
with regional source scaling and attenuation models, charac-
teristics of propagation path effect and site amplification due
to local geology (1D effect) for probabilistic seismic micro-
zonation of the basin when many possible earthquakes lo-

cated at different distances and azimuths are considered.
Particular events, however, may reveal some peculiarities in
frequency content of ground motions (Figs. 10, 11). For
example, the data from the shallow event of 31 March 2002
(M 6.8, depth 14 km, also known as the Hualien 331 earth-
quake) show relatively high amplitudes of amplification as
compared with the average values at low frequency range.
The data from another large, distant, and shallow event, 1
November 1999 (M 6.9, depth 30 km) are characterized by
relatively low amplitudes of amplification as compared with
the average values at low frequencies. Even deep earth-
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Fig. 10. Comparison of VHR ratios calculated for particular earthquakes of various magnitudes M and depths H (km) (red lines) with the generalized
characteristic of the ratios (mean amplitude values and 1 standard deviation limits).
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Fig. 11. Location of large earthquakes (see legend in Fig. 1) that re-
vealed peculiarities of the Taipei basin response in low-frequency
range. | - the earthquake did not reveal unusual low-frequency am-
plification; 2 - events caused high-amplitude amplification at low
frequencies.

quakes, for example the event of 24 March 1995 (M 5.6,
depth 76 km), may show significant low-frequency basin
effect. It has been shown recently (Lee et al. 2009), that
deep earthquakes located southeast of the Taipei basin, such
as the event of 24 March 1995, may produce high-amplitude
low-frequency amplification in the northwestern part of the
basin.

Besides the location of the events mentioned above,
Fig. 11 shows the locations of a few large shallow earth-
quakes (symbols N 2) that occurred southeast of the basin
that caused high-amplitude low-frequency amplification
within Taipei basin. It seems that 2D and 3D simulation is
necessary to model seismic shaking in the Taipei basin when
particularly large events are considered (e.g., so-called
“worst-case” or “dominant” earthquakes).

5. CONCLUSION

We studied site amplification of the Taipei basin using
the available ground-motion database and recently deve-
loped regional spectral models (Sokolov et al. 2006). The
following conclusions may be drawn from the analysis.

(1) The characteristics of frequency-dependent site response
for particular locations or sites (stations of the TSMIP
network) in the Taipei basin, which were obtained using
records of deep earthquakes (depth > 35 km), show good
agreement with the theoretical ratios calculated using the

1D-models based on the available geological and geo-
technical data.

(2) The data from shallow earthquakes show influence of:
(a) surface waves generated by distant sources to the ba-
sin; and (b) relatively low-frequency (< 1 - 2 Hz) waves
generated within the basin.

(3) Some shallow earthquakes produce extremely high am-
plification at frequencies 0.3 - 1 Hz within the basin that
may be dangerous for high-rise buildings and highway
bridges.

The results may be used in probabilistic seismic micro-
zonation of the Taipei basin many earthquakes located at
various distances are considered (Sokolov and Chernov
2001; Sokolov et al. 2001). We have to note that frequency-
dependent amplification functions were obtained in this
study within a limited frequency range from 0.3 to 12 Hz.
The lower-frequency ground-motion characteristics may be
studied using numerical 2D and 3D modeling. For the pre-
diction of seismic influence from particularly large earth-
quakes, a special procedure combining long-period wave-
form modeling and stochastic simulation of high-frequency
waveforms should be used.
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