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ABSTRACT

It has been widely documented by now that the intensity of the Sep-
tember 21, 1999 Chi-Chi earthquake resulted in severe damage in the Puli
area; regrettably, however, only two strong-motion stations (TCU073 and
TCUO074) had been installed. To investigate the site characteristics of this
area, we carry out dense microtremor measurements at 87 sites. The com-
parisons of the H/V ratios between the earthquake recordings and
microtremor data at TCU(074 strongly indicate that with regard to both
trend and predominant frequency, they are highly consistent. Undeniably,
what this signifies is that the use of microtremors is, in fact, a good alter-
nate for the study of site effects. We also use the GIS to integrate the results
of the H/V ratios of the microtremors and the patterns of damage. With the
intersection of Chungsan Rd. and Chungcheng Rd. taken as the heart of
the town of Puli, we find that the predominant frequencies are at their highest
in the center of the town, whereas they are at their lowest in the eastern
part. However, we also find relative high predominant frequencies in the
range of 2 Hz to 4 Hz in the western part of the town which just happens to
be the area which was the most seriously devastated by the Chi-Chi
earthquake. As for the amplification factors, based on the contours at dif-
ferent frequencies, at frequencies of 2 - 4 Hz, they are remarkably high in
the center of Puli. Besides this, the amplification effects in the northern
area where multi-story buildings collapsed are by far the most obvious,
with related predominant frequencies between (.7 Hz and 0.9 Hz. On these
grounds, we conclude that the collapse of many structures during the Chi-
Chi earthquake was very closely related to the site effects of Puli.
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1. INTRODUCTION

That there is a direct causal relationship between local geological conditions affecting
ground motion and the devastation from an earthquake is conclusive. Although the best ap-
proach to understanding ground conditions is by means of direct observation, such studies are,
of course, restricted to areas with relatively high rates of seismicity. Given the many con-
straints inherent in various methodological approaches, such as the need for high rates of
seismicity and the availability of an adequate reference site, a wide range of different tech-
niques has been applied in numerous studies on site response. As reported here, however, in
studies which aim to estimate the effects of surface geology on seismic motion, the use of
microtremors provides a technique which is invaluable in that it requires no other geological
information. In this regard, several previous investigations have been devoted to examining
the applicability of microtremors in the evaluation of ground motion characteristics, among
the most notable of which are those by Udwadia and Trifunac (1973), Kanai (1983), Field et
al. (1990), and Yamanaka et al. (1993).

A technique using horizontal-to-vertical spectral ratios (H/V ratio) of microtremors was
first applied by Nogoshi and Igarashi (1970, 1971). Recently, the H/V technique (Nakamura
1989) has been gaining increasing popularity since it facilitates data correction and can easily
be applied in areas of low or even zero seismicity. The claim has previously been made that
the vertical component of ambient noise not only maintains the characteristics of the source to
the surface ground of sediments, but also is significantly influenced by Rayleigh waves on the
sediments; for these reasons, it can be used to remove both the source and Rayleigh wave
effects from the horizontal components. The H/V technique is equally as effective in identify-
ing the fundamental resonant frequency of a sedimentary layer, while still determining ampli-
fication factors that are more realistic than those obtained from sediment to rock site ratios.
Many researchers (e.g., Ohmachi et al. 1991, 1994; Lermo and Chavez-Garcia 1994; Field and
Jacob 1993, 1995; Konno and Ohmachi 1995, 1998) have, in fact, shown how such H/V ratios
of noise can be used to identify the fundamental resonant frequencies and relative amplifica-
tion factors of sediments. However, in the authors’ opinion, the technique has lacked a rigor-
ous theoretical background until now.

The Chi-Chi earthquake (M, = 7.6) in central Taiwan occurred at 1 : 47 a.m. on Septem-
ber 21, 1999. Triggered by the reactivation of the pre-existing Chelungpu fault, it generated a
rupture totaling more than 105 km in length and a maximum offset of 11 m (vertical) and 10 m
(horizontal) and caused the greatest number of casualties and the heaviest damage of all re-
corded natural events in the history of Taiwan. The intensity of the shaking in the central part
of the island was extremely high, and extensive soil liquefaction was observed in many areas.
While it is true that the Puli area is about 60 km away from the epicenter (Fig. 1), the large
ground shaking caused devastating effects in the center of the town, with many buildings
either being seriously damaged or totally collapsing. To understand initially the patterns of
destruction in the center right after the Chi-Chi earthquake, we did a detailed investigation in
the center on foot. More than 6,000 buildings had partially collapsed, and more than 5000 had
completely fallen to pieces, as shown in Fig. 2.

Despite there being only two strong-motion stations (TCU073 and TCUO074) deployed in
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the Puli area, to investigate the site characteristics, we make our dense microtremor measure-
ments from 87 observation points distributed in the Puli area. Based on the strong-motion data
at TCUO74 and the microtremor data from the 87 sites, we analyze site responses using the
H/V ratio method. In the final stage, we use the Geographic Information System (GIS) to
integrate the site characteristics and the patterns of damage in the Puli area. The motivation for
this research is our quest to identify the reasons for the factors which gave rise to such exten-
sive damage in the Puli area as a result of the Chi-Chi earthquake.
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Fig. 1. Location of Station TCUQ74 (triangular symbol), the reference Station
TCUO73 (triangular symbol), the epicenter of the Chi-Chi mainshock
(M, =7.6, labeled 1), three Chi-Chi aftershocks (labeled 2, 3 and 4) and
26 weak-motion events (no label) recorded at TCU073 and TCUQ074.
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Fig. 2. Patterns of destruction in the Puli area resulting from the Chi-Chi
earthquake. More than 6000 buildings partially collapsed, while more
than 5000 totally collapsed.

2. TECHNIQUES

Site effects, usually considered empirical transfer functions of surficial layers, are com-
monly studied by employing one of two techniques: the standard spectral ratio or the H/V ratio
methods. The standard spectral ratio, S, is calculated by dividing the horizontal Fourier spec-
trum of ground motions on an alluvium site, S, by that recorded on a nearby rock site, S, .
The latter station is taken as the reference station. This means:

Sr=<. (D

Following the work of Nakamura (1989), Lermo and Chavez-Garcia (1993) later used a
spectral ratio E; to estimate the amplitude effects of the source. That is:

Eg=-7 2)
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where S, and S, are, respectively, the Fourier spectra of the vertical motions on the surface
and those on the bedrock at a certain depth. Nakamura (1989) had assumed that the vertical
component of the microtremor spectra was not amplified by low-velocity surface layers, and
he estimated the effect of Rayleigh waves on the vertical component of tremors by evaluating
E. He postulated that if the effects of the Rayleigh waves were the same on the vertical and
horizontal components, then E could be used to eliminate the effects of Rayleigh waves on
the transfer function. In applying this theory to compensate for the source effects (E), Lermo
and Chavez-Garcia (1993) introduced a modified site effect function (S, ), namely:

S
[
g 3)

which is equivalent to:
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From microtremor measurements in a borehole, Nakamura (1989) also determined that
the ratio, S, : S,,, was nearly 1 : 0. More recently, Huang and Teng (1999) examined the
ratio using microtremors and earthquake recordings at a bedrock site in Chiawan, Taiwan and
found it to be nearly 1 : 1. In light of these empirical findings, we assume here that a reasonable
estimate of the modified site effect function can be determined from:
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This demonstrates that the H/V ratio, as defined by this transfer function, can be obtained
solely from the motions on the surface, which obviously makes it easier to estimate the charac-
teristics of ground motion. Put briefly, in this paper, we study the site characteristics of the
Puli area using the H/V of microtremors.

3. GEOLOGY

Located in central Taiwan, Puli is a structural basin which is the downcast area of a Ter-
tiary submetamorphic rock mountain. Figure 3 shows the geological map and the geological
section along line AA’ near Puli (Huang et al. 2000). Owing to numerous faults and folds, Puli
became a low-lying basin, and as a result of deposits, meanders, erosion and rejuvenation, the
lake in the midst of the mountains later dried up. Presently, nearby rivers continue to erode the
terrain. By and large, these are the factors which account for the geological features of the Puli
basin.
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Fig. 3. Map sketching the geology of the Puli area and the geological section
along line AA’ near Puli (revised from Huang et al. 2000).

Figure 4 shows a 3D vertical view near the Puli basin. When the Nankanhsi cuts through
the Yuchih basin and enters the Puli basin, it combines with the Taomihsi on the left and then
joins the Meihsi located on the western side of the basin. In the southwest and in the northern
boundary zone of the Puli basin, stream terraces are found. In the western part of the Puli
basin, flat smooth hills and spacious valleys which have suffered from strong weathering
predominate. The surface of the layers is covered with laterite. All of this indicates that the
geology of this area had already developed in the old stage.
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Apart from this, inside the Puli basin, except for some sections which are terrace deposits
and river alluvium, most sections are basin deposits. At a depth of 50 m in the Meihsi and the
Nankanhsi, most rocks are composed of conglomerates, which, in their thickest parts, often
exceed 100 m in depth. The basin is mostly comprised of recent alluvium which, from the top
down, can be divided into five sublayers: (a) alluvium; (b) tableland deposit conglomerate; (c)
Toukoshan formation conglomerate; (d) Toukoshan formation clay; and (e) Tertiary basement.

2300
2100
1900
1700
1500
1300
1100
900
700
500
300
(unit:m)

Fig. 4. Three-dimensional vertical geographic view of the Puli basin.

4. DATA AND SITES

A dense strong-motion observation network was set up by the Central Weather Bureau
(CWB) roughly ten years ago, and while it consists of some 150 stations (named TCUxxx with
XXX representing the station number) in the central part of Taiwan, unfortunately, only two,
TCUO073 and TCUO74, are located in the Puli area. When the Chi-Chi earthquake (M, =7.6)
struck central Taiwan, the town of Puli in Nantou County suffered extensive damage, particu-
larly to its settlements, the inclination of its buildings and its infrastructure. The PGA values
triggered by the Chi-Chi earthquake at Station TCU(Q74 were 368/270/586 gals, but regrettably,
a malfunction occurred at Station TCUQ73.

Since the Chi-Chi earthquake produced many reliable strong motion data sets, here we are
able to compare the site responses of strong-motion events with those of some weak-motion
events previously recorded at TCUQ74 during the 1993 - 1998 period. Figure 1 shows the
epicenter of the Chi-Chi (921) mainshock (marked with a circle and “1”), three Chi-Chi after-
shocks (M, = 6.5, labeled 2, 3 and 4) and some of the weak-motion events recorded at TCU074
and TCUO73 used here. For the assessment of the site responses, we extract the intense
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S waves with a cosine taper at a 20-sec length for the Chi-Chi mainshock and at a 10-sec
length for all other ground motions. To prevent the occurrence of pseudopeaks caused by
spectral holes, we use the 0.25 Hz Hanning smoothing technique in our H/V ratio calculations.

Nevertheless, with only two strong-motion stations deployed in the Puli area, to investi-
gate the relationship between the site characteristics and the distribution of earthquake dam-
age in and around Puli, it is necessary to perform dense microtremor measurements at 87
observation points distributed in Puli and its vicinity using a hand-type seismocorder system
(SPC-51) along with three-component velocity sensors VSE-15D with a sensitivity range of
0.07~100 Hz (-3 dB). Based on the distribution of the collapsed buildings and the broken-
down infrastructure in the Puli area, we choose 87 measurement sites made up of 79 points in
the town of Puli itself, 6 sites in the outlying area and 2 sites close to the strong-motion stations,
i.e., TCUQ73 to the north of Puli and TCUQ74 in Puli itself. Figure 5 shows the location of the
87 measured points, named PULO01~PULOS87.

We record velocity data at the rate of 200 samples per second on a permanent 16-bit,
16-channel data acquisition system. At each observation point, we continuously record
microtremor measurements for about thirty minutes, and we divide the records into several
40-sec segments by using a 20-point cosine taper. Besides this, there is a 50% overlap between
any two neighboring 40-sec segments, but we delete all microtremor data with strong noise.
We calculate the Fourier spectra for all segments we use and then smooth the spectra by using
a 0.25 Hz Hanning window. In the next stage, we compute the spectral ratios between the
horizontal and vertical components and finally compute the average of the individual H/V
ratios.

5. RESULTS AND DISCUSSIONS

5.1 Comparison of Strong- and Weak-Motion Events

Based on the high-quality, strong-motion recordings, we first examine the results from
the H/V ratio method by comparing them with those from the traditional spectral ratio method.
The H/V ratios (thick lines) at Station TCUQ74 (a soil site) and the spectral ratios (TCUQ74/
TCUO73, thin lines) are shown in Fig. 6. We select Station TCU(Q73 as the reference site, and
the results we obtain using the S-wave windows for the weak-motion events are shown in Fig. 1.In
essence, the predominant frequencies estimated from both methods are strikingly close at about
1.4 Hz, and beyond this, their trends are also similar. Most assuredly as a response to the Chi-
Chi mainshock, the PGA values at most of the strong-motion stations are larger than those
recorded during the earlier 1993 - 1998 period. We also compare the site responses between
the strong- and weak-motion events at Station TCU(Q74. Figure 7 compares the averaged H/V
ratios of the Chi-Chi mainshock (thin lines), the Chi-Chi aftershocks (thin dotted lines) and the
weak-motion events (thick lines) at Station TCUO74. These PGA values, triggered by the
mainshock, are larger than 0.58 g. Unlike those of the weak-motion events, the predominant
frequency of the Chi-Chi mainshock (a strong-motion event) shifts to a lower value. This most
likely implies that the site was characterized by nonlinear behavior at the time of the Chi-Chi
earthquake.
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5.2 Microtremor Measurements

With the aim of investigating the relationship between the site characteristics and the
distribution of damage caused by the Chi-Chi earthquake in Puli, as stated earlier, we perform
dense microtremor measurements at the 87 sites distributed in the center of Puli and in the
neighboring area (Fig. 5). Because post-Chi-Chi earthquake building reconstruction was on-
going in the Puli area, there were many sources of noise when the microtremor measurements
were being taken in April 2001. Thus, we do not use the microtremor data with strong noise in
our sample. In all, to analyze the site characteristics of the Puli area, we are finally able to use
microtremor data from 72 sites.

In line with Huang (2002), comparing the patterns of the predominant frequencies of the
microtremor data and those of the earthquake recordings, we find them to be similar at most
stations although the amplification factors we estimate from the microtremor data show lower
values. Similar results appear at TCUxxx stations. We then compare the H/V ratios between
the earthquake recordings and the microtremor data at TCUOQ74. In Fig. 8, the predominant
frequencies that we individually estimate from the microtremor and earthquake data are simi-
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Fig. 5. Location distribution of the 87 measured points referred to as
PULO01~PULO0S87.
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Fig. 6. Comparison of the averaged H/V ratios (thick lines) at TCU074 and the
averaged spectral ratios (thin lines, TCU074/TCU073). TCUO73 is se-
lected as the reference station. The three panels represent the NS and the
EW components and their corresponding RMS results. The results from
the two methods are similar.
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Fig. 7. Comparison of the averaged H/V ratios of the Chi-Chi mainshock (thin
lines), the Chi-Chi aftershock (thin dotted lines) and the weak-motion
events (thick lines) at Station TCU(Q74. The predominant frequencies
caused by the Chi-Chi mainshock shifts to lower values when compared
with those of weak motions.
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Fig. 8. Comparison of the averaged H/V ratios between the microtremor data
(thin lines) and the weak-motion events (thick lines) at Station TCU(074.
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lar at about 1.4 Hz although the amplification factors of the microtremor data are underesti-
mated by about a factor of 0.5~0.8 between 0.2 and 10 Hz. Undoubtedly, this is a strong
indicator that the H/V ratios of the microtremors can reasonably predict the predominant fre-
quencies and the relative levels of site amplification. This highly suggests that the use of
microtremors serves as a good alternate for the study of site effects in the Puli area.

To further enhance our understanding of the site characteristics of the Puli area, we com-
pute the H/V ratios of the microtremors at the 72 measured points. The predominant frequen-
cies estimated from the Root Mean Square (RMS) results of the H/V ratios at these points are
shown in Fig. 9 where different symbols represent sites with different predominant frequencies.
There are 18 sites with f,, lower than 1 Hz, 19 sites with f,, between 1 and 1.5 Hz, 8 sites with
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Fig. 9. Distribution map of the predominant frequencies estimated by the aver-
aged H/V ratios of the microtremors at the 72 measured points. The dif-
ferent symbols represent those sites with different predominant
frequencies, where A has f,, lower than 1 Hz; % has f,, between 1 and
1.5 Hz; @ has f, between 1.5 and 2 Hz; A has f, between 2 and 3 Hz;
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frequency.
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[, between 1.5 and 2 Hz, 12 sites with f,, between 2 and 3 Hz, 12 sites with f,, between 3 and
5 Hz, and 3 sites with no obvious predominant frequency.

Figure 10 is a contour map of the predominant frequencies from the H/V of the microtremors
in the Puli area. We also use the GIS to integrate the results of the H/V ratios of the microtremors
and the patterns of damage (Fig. 2). On the condition that the intersection of Chungsan Rd. and
Chungcheng Rd. is considered the exact center of the town of Puli (as indicated by the circle),
the predominant frequencies in the western part of Puli are much higher than those in the
eastern part. These considerably higher predominant frequencies between 2.6 Hz and 4 Hz are
represented by the “47”-shaped symbol. Important to note is that these areas with considerably
high predominant frequencies are also those that were the most seriously damaged during the
Chi-Chi earthquake. As a rule of thumb, nevertheless, the predominant frequencies are at their
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Fig. 10. Contour map of the predominant frequencies in the Puli area. The small
dark triangular symbols represent the stations used. The higher predomi-
nant frequencies appear in the center of the town.
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very highest in the very center of Puli, while they are at their very lowest in the eastern part.
Frequencies between these two extremes are found in the western part.

The topography of the Puli basin is higher in the east than in the west (Fig. 4), with about
an 80 m difference between the highest and lowest points. Also found are alluvial fans formed
by the rivers which flow into the basin, especially the Nankanhsi and Meihsi. Since alluvial
deposits from the Xueshan Range came down in torrents from the east to the west in the early
years, the eastern part of the Puli basin has thicker alluvium than does the western part. Likely
as a result of this, the predominant frequencies in the eastern part of the Puli area are much
lower than those in the western part (Fig. 10).

Figure 11 is a contour map of the amplification factors of the predominant frequencies
based on the H/V of the microtremors in the Puli area. The southeastern part has considerably
high amplification factors, but fortunately, few buildings had been constructed there. The western
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Fig. 11. Contour map of the amplification factors of the predominant frequencies
in Puli. The small dark triangular symbols represent the stations used.
The higher amplification factors appear in the southeastern area of Puli
and in the central area.
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area, meanwhile, also has relatively high amplification factors and, most strikingly, it corre-
sponds with the area that experienced the most serious damage.

Figure 12 shows a contour map of the amplification factors at the frequencies of 0.5, 0.7,
1.0, 2.0, 3.0 and 4.0 Hz in Puli. According to Liao (2000), the fundamental oscillation period
of a 12-floor reinforced concrete (RC) structure is about 1.4 sec (or 0.71 Hz) in Taiwan. From
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Fig. 12. Contour map of the amplification factors at the frequencies of 0.5, 0.7,
1.0, 2.0, 3.0 and 4.0 Hz in Puli. The small dark triangular symbols repre-
sent the stations used.
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this, we can generally be sure that ground motion with a predominant period of about 0.3 sec
(or 3.3 Hz) would have had a great effect on a 3-floor building. In the center of Puli, the
rectangular region demarcated by Jenai Rd., Nanhsing St., Chunghsiao Rd. and Peihuan Rd.
was the area which experienced the greatest devastation during the Chi-Chi earthquake (Fig. 2).
The 3- to 4- floor buildings which collapsed there were mostly small shops and offices, and as
shown in Fig. 12, the high amplification factors with frequencies of 2 - 4 Hz prevail in this
area. Against this, several 12-floor buildings that completely or partially collapsed with fatal
consequences were situated along Hsinyi Rd., Hanchung St. and Hanyang St. to the north of
Puli where the amplification factors were relatively high at between 0.7 and 1.0 Hz. This
definitively illustrates the close relationship between the destruction of buildings and the site
characteristics of these areas.

However, the results shown in Figs. 11, 12 do not correspond with the destruction in the
NE section of the town that is indicated in Fig. 2. In fact, the serious extent of the damage to
the buildings may have been partly attributed to many additional factors, including the age of
the buildings, the building code specifications, the quality of the materials and construction,
the architectural design, the height and the location of the buildings, the intensity of the earth-
quake notwithstanding. It is evident from these findings, just the same, that the site effects are,
indeed, the fundamental factor for the destruction in Puli.

6. CONCLUSIONS

The Chi-Chi earthquake induced tremendous and continuing shaking and brought heavy
damage to the Puli area of Taiwan. With this in mind, we study the relationships between the
spectral characteristics of strong motions, weak motions and microtremors in the Puli area.
Since 1991, a wealth of high-quality seismic data has been recorded by the strong-motion
observation network of the CWB. In that there are only two strong-motion stations (TCUO073
and TCUO74) in the Puli area, in our investigation of site responses, we select data sets cover-
ing the 921 Chi-Chi mainshock (M, = 7.6), the Chi-Chi aftershocks (M, = 6.5) as well as
some weak-motion events recorded during the 1993-1998 period. Additionally, in order to
look into the site characteristics of this area, we carry out dense microtremor measurements at
87 sites in the area of Puli.

As the reference station TCUO73 did not receive any Chi-Chi earthquake sequences, lo-
cating a rock site to serve as a reference station could have presented a serious obstacle. However,
to overcome this, we are able to estimate the site response using the H/V technique. Its validity
is substantiated by the fact that when compared with the results from the conventional spectral
ratio method, the predominant frequencies are in very good agreement. Hence, it is reasonable
to assume that the H/V technique serves as an excellent alternate for site response estimates
here. The site characteristics between the strong-motion events and weak-motion events are
different, which strongly implies that the nonlinear effects most likely occurred with the strong-
motion events. Also worth noting is that the main peak in the H/V spectra of the microtremors
fits well with the first peak obtained from the weak-motion data, albeit with a considerably
different amplification. In short, in this study, when compared to weak ground motion data,
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microtremors are able to predict the predominant frequencies more accurately than the ampli-
fication factors of surface motions.

Based on the H/V ratios of the microtremors, the predominant frequencies in the western
part of the Puli area are higher than those in the eastern part. We use the GIS to integrate the
results of the H/V ratios of the microtremors and the patterns of damage. Given that the inter-
section of Chungsan Rd. and Chungcheng Rd. is taken as the heart of Puli, the predominant
frequencies in the western part, which covers the most severely damaged area, are higher with
arange of 2.6 Hz to 4 Hz and are “47” -shaped. During the Chi-Chi earthquake, the rectangular
region, demarcated by Jenai Rd., Nanhsing St., Chunghsiao Rd. and Peihuan Rd. in the center
of Puli, was the most devastated area, and most of the buildings that collapsed there were
about 3 - 4 stories high. Turning to the contours of the amplification factors at the frequencies
of 2.0, 3.0 and 4.0 Hz, we find that they are astonishingly high in central Puli. Aside from this,
the amplification effects in the area with the once multi-story buildings are most apparent, and
the relative predominant frequencies are between 0.7 Hz and 0.9 Hz. Hence, we feel fully
justified in drawing the conclusion that the collapse of many structures during the Chi-Chi
earthquake was closely related to the site effects in the Puli area although the amplification
effects of the microtremors are not consistent with the destruction in the NE section of the
town. Here the microtremor results do not provide the perfect answer to the ground motion
amplification estimates, but it is still a good alternate for the study of site responses, especially
for a site lacking earthquake recordings.
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