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Stochastic Finite-Fault Modeling of Ground Motions from the 1999
Chi-Chi, Taiwan, Earthquake: Application to Rock and Soil Sites

with Implications for Nonlinear Site Response

by Zafeiria Roumelioti and Igor A. Beresnev

Abstract The stochastic method for simulating strong ground motions from finite
faults is applied to the records of the 1999 Chi-Chi, Taiwan, earthquake. The method
involves discretization of the fault plane into smaller subfaults, each of which is
assigned an ? spectrum. The contributions from all subfaults are empirically atten-
uated to the observation site and summed to produce the synthetic acceleration time
history.

The method is initially calibrated against the data recorded at 24 rock sites, located
within 7-120 km from the mainshock hypocenter and providing a broad azimuthal
coverage of the fault plane. The accuracy of the simulations is quantified through
the model bias, defined as the logarithm of the ratio of the observed to simulated
spectrum, averaged over all stations. The calibrated model for the Chi-Chi event has
a near-zero average bias in reproducing the ground motions at rock sites in the
frequency range from 0.1 to 20 Hz. An unusually low value is found for the radiation-
strength factor s, controlling the high-frequency radiation level and directly related
to the maximum slip velocity on the fault, compared with the mean value found for
North American earthquakes. This result reflects the observed low peak ground ac-
celerations of the Chi-Chi mainshock and, physically, its lower-than-usual slip ve-
locities.

The calibrated model is then used to simulate soil-site (site class D) records using
the linear-response assumption. The simulated soil-site input motions are amplified
by the weak-motion amplification functions, estimated by the spectral-ratio technique
from available aftershock records. This analysis reveals an average reduction in
strong-motion amplification to about 0.5-0.6 of that in weak motions, with an ac-
celeration “threshold” for detectable nonlinearity near 200300 cm/sec®. However,
the derivation of soil-site specific weak-motion amplification was limited by the
amount of aftershock data available; further improvement in the quantification of
nonlinear soil response during the Chi-Chi earthquake may be possible with the
release of additional aftershock datasets.

Introduction

While nonlinear soil response to strong earthquake mo-
tions was considered nearly hypothetical a decade ago (e.g.,
Aki, 1993; Beresnev and Wen, 1996; Field et al., 1998a),
seismological observations of the last several years have pro-
vided corroborating evidence for its significance during
large events (Field et al., 1997; Beresnev et al., 1998a,b;
Field et al., 1998b; Hartzell, 1998; Su et al., 1998; Cultrera
et al., 1999; Dimitriu et al., 2000; Beresnev, 2002; Dimitriu,
2002). Within the context of seismic-hazard analysis, non-
linear soil response is typically defined as the decrease in
near-surface amplification of seismic waves as their ampli-

tude increases. This phenomenon is believed to be caused
by an increasingly hysteretic character of the stress-strain
relationship in soils as strain increases. At low strain, the
relationship is essentially linear (e.g., Beresnev and Wen,
1996; Ishihara, 1996).

Most of the recent nonlinearity observations have come
from the analysis of the 1994 Northridge, California, earth-
quake, recorded by a dense network of strong-motion in-
strumentation within and in the vicinity of the Los Angeles
basin. Further investigations of the patterns of nonlinear site
effect are needed to make proper generalizations; they are
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naturally limited by the paucity of large events that would
be recorded by dense networks of instruments. The vast
strong-motion database collected during the M 7.6, 1999
September Chi-Chi, Taiwan, mainshock, which triggered
about 441 strong-motion instruments (Lee et al., 2001b),
lends itself to this type of analysis.

Method

Our goal is to analyze nonlinear amplification during
the Chi-Chi event by comparing the islandwide amplifica-
tion observed during the mainshock with that predicted using
an assumption of linear response. The detection of nonlinear
site amplification may be approached in a variety of ways;
in this study, we employ the method used by Beresnev et al.
(1998a) and Beresnev (2002), based on finite-fault modeling
of mainshock records and its ability to provide a statistically
reliable model of rock-station data over a wide range of dis-
tances from the fault (e.g., Silva et al., 1997). The method
consists of two steps. Model validation is the first step of the
analysis. We use the stochastic finite-fault technique to sim-
ulate the observed records of the Chi-Chi mainshock at rock
sites, to see whether the model is capable of reproducing the
strong-motion data recorded during this significant, well-re-
corded event in a complex tectonic setting with near-zero
bias. The bias is defined as the logarithm of the ratio of the
observed to simulated Fourier spectra, averaged over all rock
sites. The rock sites are those categorized as U.S. National
Earthquake Hazards Reduction Program (NEHRP) site class
B (“rock™) (Lee et al., 2001a). NEHRP site class A (“hard
rock™) stations have so far not been identified in Taiwan.
The finite-fault simulation code FINSIM (Beresnev and At-
kinson, 1998a) is used for validation; its applicability to
ground-motion prediction in various tectonic environments
has been verified in several recent studies (Hartzell et al.,
1999; Berardi et al., 2000; Castro et al., 2001; Beresnev and
Atkinson, 2002; Hough et al., 2002; Iglesias et al., 2002;
Roumelioti and Kiratzi, 2002; Erdik and Durukal, 2003;
Singh et al., 2003). The validation for the Chi-Chi event is
another test of the applicability of the stochastic method.

The second step applies the calibrated model to the
simulation of soil records (site class D, “stiff soil”’), with the
exception that the predicted motions are amplified by
the soil-response functions derived from the linear-response
analyses. The prediction bias is again calculated as the log-
arithm of the ratio between the observed and simulated Fou-
rier spectra, averaged over all soil sites. This bias is an es-
timate of the ratio of strong- to weak-motion amplification
(equation 1 of Beresnev, 2002). Before averaging, each ratio
is normalized by the mean prediction bias for rock sites
(which should be close to unity for a well-calibrated model)
to remove residual calibration error from the soil-site sim-
ulations. If the amplification during the mainshock were
equal to the weak-motion amplification, the mean logarith-
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mic soil-site prediction bias would statistically be equal to
zero. However, if the bias fell below zero in a statistically
significant sense, the simulated spectra then exceeded the
observed spectra because the observed amplification was re-
duced by nonlinear soil response.

Ideally, the site-specific weak-motion amplifications
should be used in generating the simulated Fourier spectra
in the second step. This approach was taken by Beresnev et
al. (1998a) and Field er al. (1998b). We deduce these am-
plifications from aftershock records obtained at soil stations
that also recorded the mainshock, provided these aftershocks
have also been recorded at a nearby rock site. The amplifi-
cations are then calculated using spectral ratios. We focus
on site class D amplifications in this study, since pairs of
nearby rock and site class E stations, which would have re-
corded a sufficient number of aftershocks, were not found
in the available aftershock datasets.

In the following, we test the ability of the stochastic
finite-fault model to simulate the records of the Chi-Chi
event at rock sites and then study the possibility of using
this model to detect nonlinear soil response (site class D)
during the mainshock with the aftershock data currently
available.

Data

The strong-motion data for the Chi-Chi mainshock were
taken from the files disseminated on CD-ROM by Lee et al.
(2001b). As stated earlier, the data used to validate the sto-
chastic method consisted of the records at site class B, which
included limestone, igneous or metamorphic rocks, hard vol-
canic deposits, and Miocene or older strata (sandstones,
shales, conglomerates, and slates) (Lee et al., 2001a).

In order to enhance azimuthal coverage of the obser-
vation stations around the seismogenic fault, we have also
included site class C* in the validation. Generally, site class
C of Lee et al. (2001a) (“very dense soil and soft rock™) is
chosen to be comparable to NEHRP site class C. The differ-
ence between site classes C and C* is that the latter are
“borderline” stations that might be closer to site classes B
or D; we therefore included those stations that exhibited sur-
face geology characteristics close to site class B.

In the database of Lee et al. (2001b), the records are
classified into four categories based on quality. A-quality
records are the best, B-quality records may include absolute
time errors, C-quality records may not have adequate pre-
or postevent (traces not showing sufficient coda) data, and
D-quality records have some defect (e.g., spurious spikes or
a missing component). Since in the present study we are
interested in the frequency content of the S-wave window,
we used the data from the first three categories excluding
only the waveforms with defects (D quality). In the cases of
colocated accelerographs, we chose the recordings of the
more advanced instrument (e.g., that with the largest dy-
namic range).
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Model Validation

The locations of 24 rock stations used to validate the
stochastic model are shown in Figure 1 (black triangles).
Table 1 lists station information, including station-to-fault
distance measures and the peak horizontal acceleration
(PHA) recorded during the mainshock. Station codes and site
classes are those from Lee et al. (2001a). As seen from Table
1, our calibration included only stations with hypocentral
distances shorter than 120 km. This cutoff distance is re-
quired due to a bias in the empirical path-effect model used
to generate synthetics (discussed later). Clearly, no simple
model of path effect (attenuation) can describe equally well
ground motions at all distances from the source. As we show
later (see Fig. 5), there is no observable distance bias in the
simulations in the selected distance range.

During the validation, we tested various combinations
of several fault models (e.g., Wang et al., 2001; Wu et al.,
2001; Zeng and Chen, 2001) and focal mechanisms (e.g.,
Chang et al., 2000; Wu et al., 2001) proposed in the pub-
lished studies of the Chi-Chi earthquake. The combination
that gave the best fit to the data was that of a rectangular
fault with dimensions of 110 km X 40 km (Chi et al., 2001;
Ma et al., 2001), a strike of 5°, and an easterly dip of 34°
(Chang et al., 2000). Following the approach taken by Be-
resnev and Atkinson (2002), the fault was assigned a ho-
mogeneous slip, since the details of the slip distribution are
not well constrained and it has been found not to affect the
accuracy of the predictions on average (Beresnev and At-
kinson, 1998b). A study recently conducted by Beresnev
(2002b) showed that only the gross features of slip distri-
bution on a fault plane (obtained from finite-fault slip in-
versions) that do not diverge significantly from the average
value of slip may be reliable; all other complexities could
be extremely uncertain (Olson and Anderson, 1988; Das and
Kostrov, 1994; Beresnev, unpublished manuscript, 2003;
Delouis et al., 2002). We thus find it reasonable to assume
a homogeneous slip distribution instead of following the
oftentimes conflicting results of published inversions (Be-
resnev, unpublished manuscript, 2003), considering that this
approach has been properly validated (Beresnev and Atkin-
son, 1998b, 2002). The fault plane was discretized into 10
X 4 subfaults based on the empirical relation of Beresnev
and Atkinson (2002, equation 1); the hypocenter was placed
at the south-central, upper half of the fault (Chang et al.,
2000). The surface projection of the adopted fault model is
depicted in Figure 1.

In the implementation of the stochastic method, the at-
tenuation effects of the propagation path are modeled
through the empirical Q and geometric-attenuation models.
We assumed the frequency-dependent Q = 117f%77, esti-
mated from coda waves by Chen et al. (1989), and geometric
spreading in the form 1/R®, where b = 1.0 for R < 50 km,
b =0for50km =R < 150km, and b = 0.5 for R = 150
km, which was previously used for the Taiwan region (So-
kolov, 2000). Note that the adopted path-effect model sat-
isfactorily explained data for distances less than or equal to
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Figure 1. Regional map showing locations of rock
(black triangles) and soil (gray triangles) stations used
in this study. Codes are shown for rock stations. The
epicenter of the 1999 Chi-Chi earthquake (star) and
the surface projection of the fault plane (dashed line)
are indicated.

120 km only. As discussed before, this was taken as the
distance limit of our analysis. There also have been publi-
cations that introduce a distance-dependent duration term
into the subevent radiation model (e.g., Ou and Herrmann,
1990). Similarly to Beresnev and Atkinson (1998b), we did
not find it necessary to use the distant-dependent duration to
explain acceleration time histories for the Chi-Chi main-
shock and thus opted for the simpler model in which dura-
tions were equal to source durations.

The upper-crustal response was accommodated by am-
plifying the simulated spectra by the factors proposed for
generic rock sites in western North America (Boore and Joy-
ner, 1997). The spectra were additionally attenuated by the
kappa operator (Anderson and Hough, 1984) with x = 0.07
sec, which was the value that best fit the observed spectra.

The radiation-strength factor s, which is the parameter
controlling the level of high-frequency radiation in the sim-
ulated spectra, is the only truly free parameter of the model
and was determined by trial and error. Its value reflects the
maximum slip velocity on the fault (Beresnev and Atkinson,
2002). The best fit within the examined frequency range
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Table 1
Information on 24 Rock Stations used in Validation
Closest Distance Hypocentral
Station Latitude Longitude to Rupture Plane Distance PHA
Code Site Class ©) ©) (km) (km) (cm/sec?)
C102 B 23.246 120.614 41.9 70.7 49
HO023 B 24.080 121.596 52.0 84.6 38
HO026 B 24.119 121.617 53.8 87.9 70
HO046 B 24.149 121.621 54.1 89.5 84
HO056 B 24.180 121.508 41.6 80.3 106
1024 B 24.645 121.588 61.5 118.2 41
1050 B 24.428 121.741 66.3 114.5 64
1063 B 24.616 121.518 54.0 111.0 92
K047 B 23.082 120.583 60.3 89.0 42
K050 B 23.163 120.757 50.3 77.4 42
K069 B 22.887 120.657 80.9 108.7 39
T046 B 24.468 120.854 16.5 67.6 140
TO8S B 24.676 121.358 48.0 106.6 62
N024 B 22.973 121.108 73.0 103.3 29
N040 B 23.151 121.198 56.5 88.5 31
N041 B 23.134 121.118 56.4 86.7 79
C052 C* 23.288 120.501 41.2 70.3 151
C074 C* 23.510 120.805 14.4 38.8 229
C110 C* 23.252 120.530 43.6 72.8 28
HO022 C* 24.268 121.733 64.6 105.1 119
TO87 C* 24.348 120.773 34 54.1 119
TO89 C* 23.904 120.857 8.3 7.5 348
NO18 C* 22.821 121.072 88.9 118.5 35
NO026 C* 22.863 121.083 84.4 114.2 38

(0.1-20 Hz) was provided by s = 1.0, which is lower than
the average value estimated for North American earthquakes
(s = 1.5 = 0.3; Beresnev and Atkinson, 2001). This result
reflects the recorded low peak ground accelerations (PGAs)
during the mainshock and, in physical terms, suggests a
lower slip velocity than commonly observed, in agreement
with other studies (e.g., Zeng and Chen, 2001; Campbell and
Bozorgnia, 2003). Table 2 summarizes all parameters used
in the synthetic model.

The performance of our calibrated model is demon-
strated in Figure 2, where we compare the observed and
simulated Fourier spectra at all 24 rock stations. Taking into
account the complexity of the examined event, the simplicity
of the model, and the fact that all rock-site responses were
assumed to be unity, the fit can be considered very satisfac-
tory. In Figure 3, we compare the observed and simulated
acceleration time histories at six representative stations
above and around the fault. In most cases, the peak values
of acceleration, S-wave envelopes, and ground-motion du-
rations are well matched.

The model bias for the rock stations, calculated as the
logarithm (base 10) of the ratio of the observed to simulated
Fourier spectra, averaged over 24 sites, is presented in Fig-
ure 4. The mean bias is within the 95% confidence limits of
zero throughout almost the entire frequency range, showing
that the adopted model adequately captures the spectral
source and path effects and their spatial variability on av-
erage, relative to observations.

The ratio of the observed to synthetic spectrum as a
function of distance is shown in Figure 5. As discussed ear-

lier, this test checks the occurrence of any systematic dis-
tance-dependent bias, which could be due to inadequacies
in modeling the path effect. Misfits at individual stations are
shown for two representative frequencies of 0.7 and 2.0 Hz,
where model bias is moderate. Figure 5 shows that the mis-
fits appear to be randomly distributed around unity. All soil
stations used are in the same hypocentral distance interval.

Calculation of Weak-Motion Responses
at Soil Sites

In Taiwan, site class D includes fluvial terraces, stiff
clays, and sandy gravel deposits (Lee et al., 2001a). Weak-
motion response for site class D was estimated using the
spectral-ratio technique. We inspected the Chi-Chi after-
shock datasets released so far (Lee et al., 2001c,d) in order
to find pairs of neighboring soil and rock sites that recorded
the same aftershocks. Our selection criteria included a max-
imum distance of 10 km between the reference-rock and soil
stations and a minimum number of three aftershocks re-
corded at both.

Sixteen soil sites satisfied these criteria. Their locations,
relative to the corresponding reference station, are depicted
in Figure 6. Table 3 presents station information, including
station-to-fault distance measures, the distance between the
soil and reference sites, the PHA recorded during the main-
shock, and the number of aftershocks used in the estimation
of each average weak-motion amplification function. The
selected time windows started slightly before the S-wave
arrival, and their duration varied depending on the source-
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Table 2

Modeling Parameters

Parameter

Parameter value

Fault orientation (strike/dip)

Fault dimensions along strike and dip (km)
Depth of the upper edge of the fault (km)
Mainshock moment (dyne cm)

Subfault dimensions (km)

Stress parameter Ag (bar)
Radiation-strength factor

Number of subsources summed

o)

Geometric spreading

Windowing function
Kappa (sec)
Crustal amplification

Crustal shear-wave velocity (km/sec)
Rupture velocity (km/sec)
Crustal density (g/cm®)

5°/34°
110 by 40
0
2.8 X 107
11 X 10
50
1.0

40
117-£°77
1/R for R < 50 km
1/R® for 50 km =< R < 150 km

1/R%? for R = 150 km

Cosine-tapered boxcar
0.07

Boore and Joyner (1997) western North America
generic rock site
32
0.8 X (shear-wave velocity)

2.7

station separation. For every observed trace analyzed, the
geometric average of the spectra of the two horizontal com-
ponents was taken. Prior to Fourier transformation, all win-
dows were symmetrically tapered (at 5%) using a cosine
function. In all waveforms the signal-to-noise ratio was at
least 1-3 throughout the examined frequency range. The av-
erage empirical transfer functions estimated for these 16 sites
(%1 standard deviation of the data) are shown in Figure 7a.
It is interesting to note the variability in both the amplifi-
cation levels and resonance frequencies among the examined
sites, although they all have been classified within the same
site class (D).

In Figure 7b, we present the average transfer function,
computed from the entire set of aftershock spectral ratios
used to estimate the 16 site-specific responses. The sug-
gested amplifications are comparable to the generic soil am-
plification proposed for the other regions, for example, for
California (figure 1 of Beresnev, 2002, adapted from Silva
et al., 1997). This function is an estimate of the average site
response (site class D) in Taiwan, although the individual
site-response variability is large, as is reflected in the stan-
dard deviation in Figure 7b.

Simulation of Mainshock Records at Soil Sites:
Implications for Nonlinearity

As a final step in our analysis, the calibrated model was
combined with the weak-motion amplification functions to
simulate the spectra at site class D. First, we applied the
finite-fault code to the 16 sites for which we estimated site-
specific response information. Each simulated spectrum was
amplified by the site’s empirical transfer function. This was
the only difference in the input parameters in soil-site sim-
ulations compared with those used in the validation (Table
2). The kappa parameter was also fixed at its validated value

of 0.07 sec, since any difference in kappa between soil and
rock sites had already been included in the empirical transfer
functions.

The average model bias for the 16 stations, normalized
by the average rock-station bias, is presented in Figure 8a,
where the dashed lines show *+95% confidence limits of the
mean. As discussed in the Method section, this bias is an
estimate of the average strong—to—weak-motion amplifica-
tion ratio. An overprediction of the observed mainshock mo-
tions using the weak-motion amplification functions occurs
throughout the entire frequency range. However, this result
is at the boundary of statistical significance at the 95% con-
fidence level. We also calculated the bias for several stations
in Table 3 that showed the highest observed acceleration
level (close to or exceeding 200 cm/sec®). The resulting
uncertainty was similar to that shown for all 16 sites in Fig-
ure 8a.

The number of soil stations with empirical weak-motion
responses is only 16. This may have limited the possibility
of obtaining statistically robust results, so we included more
site class D stations in our simulations by assigning them
the average site class D transfer function from Figure 7b. In
this approach, the amplification in Figure 7b, estimated as
the average of 82 aftershock spectral ratios, is considered to
be representative of all class D sites in Taiwan. Despite the
observed individual-response variability, these stations share
similar geology (Lee et al., 2001a) and can be expected to
cluster around a common mean amplification curve.

The model bias for all 115 site class D stations in Tai-
wan that recorded the mainshock at hypocentral distances
less than 120 km, corrected for the average rock-station bias,
is presented in Figure 8b. Consistent with the results from
the 16 soil stations, the predicted spectral level appears to
be larger than the observations throughout the entire fre-
quency range, with a small exception around 0.4 Hz. This
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six representative rock sites.

difference of the bias from zero is statistically significant at
the 95% confidence level (except near 0.4 Hz).

Figure 9 plots the ratio of strong- to weak-motion am-
plification estimated at 115 sites as a function of synthetic
peak acceleration at the base of soil. The results are shown
for 2.5 Hz, where the maximum reduction in amplification
is observed in Figure 8b. Significant scatter exists in the data,
which is attributed to the uncertainties in modeling site-
specific responses by the average transfer function, as well

as in estimating PGA at the base of soil using the calibrated
model. Despite the scatter, a weak trend is seen toward an
overall decrease in the amplification ratio as the input ac-
celeration level increases. The data corresponding to low
PGA values cluster around unity, whereas at larger input lev-
els (2200-300 cm/sec?) there seems to be a systematic ten-
dency for the ratios to drop below unity. This result seems
logical, since only the sites with the highest developed strain
would normally primarily contribute to the observed nonlin-



1698

0.

0

Model Bias

-0

-0.

Station Misfit (Observed/Simulated)

8 —
4 —
4 —
8 —
T T TTT ‘ T TTT \‘
0.1 1 10
Frequency (Hz)
Figure 4. Bias of the calibrated model, showing

the logarithm of the ratio of the observed to simulated
spectrum, averaged over all 24 rock sites. The dashed
lines indicate the 95% confidence interval of the
mean.

10 5
1 0.7 Hz
1 a
A
1 A N Al 2 A

1 AA A a 4
] A
1 A M, A

0.1 \ \ \ \ \
0 20 40 60 80 100

10 5
. 2.0 Hz
] . A
i A A .

A A
14 a, 4 +a3

14 AA
14 a »n

0.1 \ \ \ \ \
0 20 40 60 80 100

Distance (Km)
Figure 5. Station misfits (ratios of observed to

simulated spectra) as a function of closest distance to
the rupture plane. Misfits are shown for two represen-
tative frequencies of 0.7 and 2.0 Hz.

Z. Roumelioti and I. A. Beresnev

120° 00 120° 30 121° 00 121° 30 1227 00
24° 30’ 24730
T103, AT087
T068
H046
hagio:
24 00' 101121009 247 00’
1999 Chi-Chi
Earthquake
2330 2330
C102
N040QN020
N023, *NO
23°00' N024 €N04 23° 00"
NOI k

m

]

0 10 20

1207 00' 120° 30 121° 00 121° 30 1227 00
Figure 6. Locations of the stations used in the

spectral-ratio analysis. The reference and soil stations
are shown as triangles and circles, respectively. Each
soil site is connected to its reference station by a
straight line. The star indicates the epicenter of the
mainshock.

ear response; however, due to large individual-response vari-
ability, a statistically significant bias, such as that shown in
Figure 8b, could only be obtained when all 115 stations were
grouped together.

The reduction in amplification and the threshold accel-
eration level at which nonlinearity becomes detectable, sug-
gested by Figures 8b and 9, are consistent with the recent
studies of large California earthquakes (the 1987 Whittier
Narrows, 1989 Loma Prieta, and 1994 Northridge events).
For example, Beresnev et al. (1998a), Hartzell (1998), Su et
al. (1998), and Beresnev (2002) reported PHAs of approxi-
mately 200-300 cm/sec?, above which they observed a sig-
nificant difference between the weak- and strong-motion
amplifications. The data in Figure 9 are consistent with this
value. Also, Figures 8b and 9 suggest that an overall reduc-
tion in amplification in strong motions to about 0.5-0.6 of
that in weak motions could be expected. This value is also
consistent with those obtained in previous studies. Beresnev
(2002) reported a maximum reduction coefficient of 0.5-0.6
in the frequency range of 1-3 Hz, Field er al. (1997) gave a
coefficient of 0.5 between approximately 1 and 6 Hz, and
Beresnev et al. (1998a) reported a coefficient of 0.5 between
2 and 10 Hz. From the result in Figure 8b, the nonlinear
response during the Chi-Chi event appears to have affected
the wider frequency band, from 0.1 to 20 Hz. Su ez al. (1998)
and Hartzell (1998) also measured the behavior of strong—
to—weak-motion amplification ratios averaged over broad
frequency ranges (0.5-15 Hz and 0.75-10 Hz, respectively)
and reported similar reductions.

Increased data volumes at high base PGA are required
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Table 3

Information on 16 Soil Sites used in Spectral-Ratio Analyses

Closest Distance Hypocentral Distance from
Station Latitude Longitude to Rupture Plane Distance Reference Site PHA Number of
Code ©) ©) (km) (km) (km) (cm/sec?) Aftershocks
C014 23.296 120.583 37.2 66.3 6.2 255 8
C088 23.346 120.429 40.0 68.3 9.8 207 9
HO009 23.993 121.617 55.2 84.5 9.8 101 3
HO11 23.996 121.586 52.1 81.5 9.3 97 3
HO025 24.163 121.645 56.4 92.3 22 67 5
HO027 24.055 121.591 51.7 83.4 3.1 121 3
HO028 24.017 121.601 53.2 83.5 7.3 101 3
HO045 24.310 121.741 65.2 107.8 44 186 4
K001 23.162 120.636 50.7 79.2 9.6 43 6
N004 22.910 121.129 79.8 110.5 7.0 43 4
N020 23.127 121.206 59.1 91.2 3.1 35 6
NO022 23.097 121.211 62.2 94.4 6.2 74 6
NO023 23.053 121.156 65.3 96.5 9.8 66 4
N045 22.976 120.583 73.2 66.3 3.1 39 4
T068 24.277 120.766 3.1 46.3 7.6 502 7
T103 24.310 120.707 2.4 50.7 7.6 149 7

The number of aftershocks used for the derivation of each individual transfer function is given in the last

column.

to make a more robust determination of the nonlinearity
“threshold.” Figure 9 emphasizes a general difficulty in
quantitative studies of nonlinear site response, that is, the
natural paucity of recorded data at very high acceleration
levels. Even for a large-magnitude event, recorded by one
of the densest strong-motion networks in the world, such as
the 1999 Chi-Chi event, there are only four site class D sta-
tions at which the estimated base peak acceleration exceeded
300 cm/sec’. More accurate conclusions could also be made
as more data from the enormous aftershock database, re-
corded following the mainshock, are released. Having the
site-specific response information at more than 16 stations
could significantly improve the accuracy of the estimation
of the site-specific difference between strong- and weak-mo-
tion amplifications, such as shown in Figure 8a.

Conclusions

The stochastic finite-fault technique for modeling
ground motions was applied to the devastating 1999 Chi-
Chi earthquake. As a first step, we calibrated the finite-fault
model against 24 rock stations located at various azimuths
around the fault. Despite the simplicity of the method, it
provided an accurate prediction of the observed Fourier am-
plitude spectra on average, in line with the results of previ-
ous method validations performed for other events around
the world. The model was also unbiased with respect to dis-
tance up to about 120 km using a Taiwan path-effect model.
The rock-site calibration provided an unusually low value of
the radiation-strength factor s, a parameter controlling the
level of high-frequency radiation and determining the max-
imum slip velocity on the fault. This result suggests the
lower-than-usual slip velocities during the Chi-Chi event,

resulting in atypically low ground-motion levels for an event
of magnitude M 7.6, also reported in several earlier studies.

The calibrated model was used to simulate acceleration
spectra at site class D stations located within the same dis-
tance range. The simulated spectra were amplified by the
site-response functions determined empirically from after-
shock data. The method was initially applied to the 16 soil
sites with known site-specific response information. An av-
erage empirical transfer function was also computed and ap-
plied to the entire set of 115 soil stations.

Due to large interstation response variability and a rela-
tively small number of stations involved, we were unable to
derive a statistically significant difference in weak- and
strong-motion amplifications based on the site-specific re-
sponses available at 16 stations. However, the average am-
plification ratio calculated for the 115 stations, with the mean
site class D transfer function assigned to all of them, showed
a statistically significant reduction in amplification. In this
case, the analysis benefited from the fact that the individual
site-response variability averaged out to smaller overall un-
certainty when a much greater number of stations were con-
sidered. This shows that the responses of all 115 sites, shar-
ing similar site classification, were still well represented on
average by the mean empirical transfer function. Based on
Figure 8b, the amplification reduction occurred in almost the
entire frequency band of the analysis from 0.1 to 20 Hz, to
a maximum of 0.5-0.6 of the weak-motion amplification.
The “onset” of detectable nonlinearity lies roughly above
input accelerations of 200-300 cm/sec”. Both the value of
overall amplification reduction and the threshold level for
detectable nonlinearity agree with previous studies of the
average characteristics of nonlinearity.

Although Figures 8b and 9 reveal observable nonlinear
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Figure 7.  Soil-station average transfer functions estimated using the spectral-ratio

technique. (a) Individual transfer functions at the 16 site class D sites. The names of
the site and the corresponding reference station (in parentheses) are given at the top of
each plot. (b) Average transfer function for the 16 sites. The dashed lines correspond
to =1 standard deviation of the data. (c) Mean linear transfer function for Geomatrix
generic “soil” (classes C-D), relative to generic “rock” (classes A-B) (after Silva et
al., 1997).
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Figure 9. Ratios of strong- to weak-motion am-
plification at individual D sites islandwide as a func-
tion of estimated base peak acceleration. The ratios
are shown at the frequency of 2.5 Hz.

phenomena during the Chi-Chi mainshock, the picture is not
as informative as one could expect it to be from the wealth
of strong-motion records that this earthquake provided. This
is primarily due to the relatively small amount of aftershock
data released so far, which does not allow detailed exami-
nation of soil response at a large number of site class D
stations or any of the site class E (“soft soil”) stations char-
acterized by even lower near-surface velocities. Future re-
leases of additional aftershock records could help enhance
the quantitative character of our conclusions, to draw as
many lessons as possible from the catastrophic Chi-Chi
event about the characteristics of nonlinear soil response in
the near field of large earthquakes.
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