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[1] Based on the quarter-wavelength approximation by
Boore and Joyner (1997), the frequent-dependent site
amplifications at 87 free-field strong-motion stations in
central Taiwan from borehole data are evaluated. Results
show that the amplifications increase with frequency, and
the amplification is larger at the sites in the Western
Plain with Holocene alluvium than at those in the
Western Foothill with Pleistocene and Miocene formations.
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1. Introduction

[2] The site effect remarkably affects the ground motions,
thus influencing the estimation of source parameters [cf.
Pérez-Campos et al., 2003]. The seismic waves will be
amplified when they propagate through the low-shear-
velocity and low-density layers. Amplification of seismic
waves is usually a function of frequency, and stronger at a
soil site than at a rock one. The seismic stations are
commonly built on both the rock and soil sites. Thus,
the corrections of wave amplitudes must be done before
the seismic data are used to estimate source parameters.
[3] Basically, three ways are applied to evaluate the site

effects from seismic data. The first way [cf. Zhang, 2004] is
the comparison of the Fourier amplitude spectrum at a site
to that at a reference hard-rock reference site, with nearly
flat response. It is not easy to locate a perfect reference site.
The second way [cf. Lermo and Chávez-Garcı́a, 1993] is
the calculation of horizontal-to-vertical spectral ratio at a
site. The third way [cf. Atkinson and Cassidy, 2000; Sokolov
et al., 2004] is the division of the Fourier amplitude
spectrum of ground motions by that simulated from a
very-hard-rock model, which is assumed to have no site
effects. For this way, the precise source and path effects are
needed.
[4] From surficial geology in Taiwan, Lee et al. [2001]

classified 708 free-field strong-motion station sites into
three categories, i.e. classes C, D, and E, using a scheme
compatible with the 1997 Uniform Building Code (UBC)
provisions. They also studied the response spectra for f �

0.3 Hz and the horizontal-to-vertical spectral ratios for 0.3Q
f Q 33.3 Hz. Sokolov et al. [2004] established the empirical
amplification functions in the frequency range 0.1–10 Hz as
the ratio between Fourier amplitude spectra of recorded
accelerograms and spectra simulated based on a hypothet-
ical very hard rock model. Zhang [2004] evaluated the site
amplification, with attenuation, for 0.7 Hz Q f Q 6 Hz. The
latter two studies are both based on the site classification by
Lee et al. [2001]. As mentioned below the classification is
not correct for numerous stations. Clearly, Sokolov et al.
[2004] provided the model-based site effect, and the others
gave the reference-site-based one.
[5] In Taiwan, a project of exploring the geological and

seismic velocity structures beneath strong-motion stations
has been launched by the Central Weather Bureau (CWB)
and conducted by the National Center for Research on
Earthquake Engineering (NCREE) since 2000. Borehole
loggings are made for measuring the density (r), the specific
gravity, the P-wave velocity (Vp), and the S-wave (shear)
velocity (Vs), at different depths. At the holes, which were
drilled in 2000, the depth (denoted by dB hereafter) is less
than 30 m, because the holes are located at the rock sites. At
most sites the dB is equal to or larger than 30 m. In central
Taiwan, in which the 1999 Ms7.6 Chi-Chi earthquake was
located, there are 87 boreholes, which are located at two
different geological provinces, as shown in Figure 1.
[6] In this study, from well-logging data of shear veloc-

ities and densities we evaluate the amplifications at the 87
borehole sites using the method proposed by Boore and
Joyner [1997]. Also estimated are the averaged amplifica-
tions for the three classes of sites.

2. Method

[7] Joyner et al. [1981] first introduced the quarter-wave-
length approximation method to evaluate the frequency-
dependent site effect. At a particular frequency, the
amplification is the square root of the ratio of seismic
impedance (velocity times density) averaged over a depth
range associated with a quarter wavelength to that at the
depth of the source of seismic waves. Day [1996] made
some theoretical justification on the method. The approxi-
mation is insensitive to the discontinuities in seismic
velocities beneath a site, and the method does not include
the nonlinear response due to the different input intensities
of seismic waves and the resonance due to subsurface
topography.
[8] In the quarter-wavelength approximation, the inci-

dent-plane waves through attenuation corrections are taken
into account. Boore and Joyner [1997] defined the ampli-
fication to be the ratio of the Fourier amplitude spectrum of
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un-attenuated incident-plane waves to that recorded at the
surface of a uniform half-space by the same incident waves.
The amplification therefore approaches unity for very long-
period waves. They defined Stt(z) to be the average S-wave
travel time, b(z) = z/Stt(z) the average velocity, r(z) the
average density, f(z) = 1/[4Stt(z)] the frequency associated
with the layer thickness of z, and A(f) = [rsbs/r(z)b(z)]

1/2,
where the subscript ‘‘s’’ represents the source area, the
amplification. The five quantities are calculated from the
surface to depth z.

3. Borehole Data

[9] In Taiwan, a project has been launched by the CWB
and conducted by NCREE to perform well-loggings near
strong-motion station sites since 2000. There are 87 bore-
holes, which are shown in Figure 1, in central Taiwan.
Obviously, 82 sites are on the western part of central Taiwan,
and only five in eastern one. There is no station in the middle
part, which is the Central Range. Figure 2a shows frequency
distribution of depth of the 87 boreholes. The majority of the
boreholes have a depth of 30 m. The depths of 78 boreholes
are less than 40 m. The deepest borehole has a depth of
about 150 m. The core samples of the 87 sites show that the
major geological materials are the clay of high plasticity,
silty soils, silty sand, sand-silt mixture et al. The formations
of the core samples belong to three geological time periods,
i.e., the Holocene, Pliocene, and Miocene.
[10] The shear velocities and densities were measured at

each borehole. The shear velocity was measured every
0.5 m in each hole. The total number of samples of
loggings for shear velocity is 6163 and the measured
shear velocity is in the range 100–900 m/s. The US’s
criteria to classify sites [cf. Lee et al., 2001] are based
on shear velocities, Vs: Vs > 1500 m/sec for Class-A
sites, Vs = 760–1500 m/s for Class-B ones, Vs = 360–
760 m/s for Class-C ones, Vs = 180–360 m/s for Class-D
ones, and Vs < 180 m/s for Class E ones. Based on the
criteria, Lee et al. [2001] classified the 708 free-field strong-
motion station sites from surficial geology. However, from
the well-logging data, their classification is wrong for
numerous sites. In central Taiwan, the classes of 65 station
sites must be revised: Two Class-B stations are re- classified

into Class-C ones; 1 of 6 Class-C stations into Class-D one;
24 of 38 Class-D stations into Class-C ones; 2 of 38 Class-D
stations into Class-E ones; 1 of 39 Class-E stations into
Class-C one; and 35 of 39 Class-E stations into Class-D
ones. Hence, there are 33 Class-C sites (denoted by squares),
48 Class-D ones (shown by triangles), and 6 Class-E ones
(depicted by diamonds). In western Taiwan, the Class-C sites
are located mainly in the Western Foothill with Pleistocene
and Miocene formations, and the Class-D and E sites in the
Western Plain with thick Holocene alluvium.
[11] The density was not measured regularly every 0.5 m

and only done at one point in a certain geological layer. The
total number of samples of loggings for density is 1468 and
the measured density is in the range 1.5–2.5 gm/cc.
Obviously, at some well-logging points, where the shear-
velocity was measured, there is lack of density. At such a
point, the density measured at a nearby one, which belongs
to the same geological layer as the former, is assigned. A
complete well-logging profile including the two parameters
can, thus, be constructed at each site.
[12] An important site factor in predicting ground

motions and in constructing the building codes [cf. Boore
and Joyner, 1997] is the averaged shear velocity from the
ground surface to 30-m depth, i.e., V30 = 30/Stt(30). Theo-
retically, Stt(d) is the integral of z/b(z) from the surface to
the depth d. In this study, Stt(d) is the sum of the values of
z/b(z) at numerous depths, separated by a small interval,
e.g. 0.5 m. Since dB < 30 m for a few boreholes, the
calculations of Stt are different for dB < 30 m and for dB �
30 m. When dB � 30 m, the Stt(30) is the sum of 0.5/b(z)
within the 30-m depth. When dB < 30 m, the value of
Stt(dB), which is the sum of 0.5/b(z) within dB, is extrap-
olated to Stt(30) using a power-law function as explained
below. Figure 2b displays the frequency distribution of
V30. There are two groups with different peaks: the first
one with a peak around 450 m/s for Class-C sites and the
other with a peak near 250 m/s for Class-D and E ones.
The distribution is more dispersed for Class-C sites than
Class-D and E ones.

4. Amplifications From Borehole Data

[13] In order to evaluate the amplifications as functions of
depth, it is necessary first to construct the depth functions of
Stt(z). Results are depicted in Figure 3, with the least-
squares fits displayed by dashed lines. Obviously, the depth
functions of Stt(z) can be divided into three groups, each
associated with a class of sites, which are shown with
different kinds of color: red for Class-C sites, blue for

Figure 2. (a) Histogram for depths of boreholes and
(b) histogram of shear velocity averaged over the upper 30 m
from well-loggings.

Figure 1. The station sites in use: squares, triangles, and
diamonds for Class-C, D, and E sites, respectively. A blue
solid line shows the Chelungpu fault.
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Class-D ones, and green for Class-E ones. In order to
calculate V30, extrapolation must be made for estimating
the value Stt(z) at z = 30 m from the least-squares fit at the
boreholes with a depth of being less than 30 m.
[14] Two deep boreholes with depths of 455.3 and 211.2m,

respectively, were drilled near the Chelungpu fault (see
Figure 1) [Tanaka et al., 2002]. The densities measured from
the loggings increase gradually with depth, reaching a value
of about 2.8 gm/cc, which is taken to be rs. From Ma et al.
[1996], the average crustal shear velocity, i.e., 3500 m/s, is
taken to be bs.
[15] First, from b(z) and r(z) we calculate A[f(z)] and f(z)

at a single borehole. The results are displayed in Figure 4
with different light open symbols: squares, triangles, and
diamonds, respectively, for Class-C, D, and E sites. Secondly,
we compute average A[f(z)] for a class of sites from the values
of A[f(z)] at all boreholes of the class at the same depth.
Results are given in Table 1. Obviously the numbers of
logging data for Class-E sites are small. At low frequencies,
such numbers for Class-C and D sites are also small. The data
points of average A[f(z)] versus average f(z) are displayed in
Figure 4 with solid symbols: squares, triangles, and dia-
monds, respectively, for Class-C, D, and E sites. Included
also in Figure 4 are the error bars for both A[f(z)] and f(z).
Essentially, average A[f(z)] increases with average f(z) for
the three classes of sites. The values of average A[f(z)]
approach 3.8, 5.5, and 6.1, respectively, for Class-C, D,
and E sites when f(z) > 10 Hz.
[16] The frequency ranges are different for the three

classes of sites. The V30 = 30/Stt(30) (in m/s) controls the
magnitude of lower-bound frequency, flow, associated with
the topmost 30-m layer. The V30 is: 383.9–709.0 m/s,
185.8–359.1, and 158.3–175.0 m/s for Class-C, D, and E
sites, respectively. The related flow is: 3.0–5.9 Hz, 1.5–
3.0 Hz, and 1.3–1.5 Hz for Class-C, D, and E sites,
respectively. In Figure 4, for Class-C sites, except for few
boreholes with dB > 30 m, there are no data points for f(z) <
2 Hz. The plots can be divided into three groups, associated
with Class-C, D, and E sites, respectively, from top to
bottom. The plots of Class-D and E are close to each other.

5. Discussion

[17] Figure 3 shows that the Stt(z) increases with depth
almost in a power-law form, i.e., Stt(z) � zn, which is

depicted by a dashed line in Figure 3. The n varies site
by site, with the largest one at a Class-E site, the second
largest one at a Class-D site, and the smallest one at a Class-C
site.
[18] Figure 4 shows that the amplification-frequency

functions of the three classes of sites all increase with
frequency. However, the functions becomes flat when f >
10 Hz. The amplification functions reflect the effects due to
geological characteristics: those for f < 1 Hz from the
velocity structure with z > 30 m and those for f > 1 Hz
from the structure with z < 30 m. Thus, flatness implicates a
uniform velocity structure in the shallow part. The ampli-
fications at Class-D sites are about 1.7 times larger than
those at Class-C ones. The amplifications at Class-E sites
are about 1.2 times larger than those at Class-D ones. As
mentioned above, almost all Class-C sites are located at the
Western Foothill with Pleistocene and Miocene formations,
and the Class-D and E sites in the Western Plain with
Holocene alluvium. The shear velocities and densities are
higher in Class-C sites than in Class-D and E ones, thus
leading to smaller amplifications in the former sites than in
the latter ones. Now, a solid correlation between site
amplification and local geology cannot be delineated due
to high complexity of local geology.
[19] According to a very-hard-rock model, Sokolov et

al. [2004] evaluated the amplifications in the frequency
range 0.1–10 Hz from seismograms over the whole
Taiwan region. They calculated the Fourier spectrum from
A( f ) = (2pf )2CS( f )D(r, f)I( f ), where C = scaling factor,
S( f ) = source spectrum, D(r, f ) = attenuation function,
I( f ) = instrumental response, and r = hypocentral dis-
tance. D(r, f ) is e�pfr/bQ(f) times e�kpf, where Q(f) is the
quality factor and e�kpf is the high-cut filter [Anderson
and Hough, 1984]. They used Q(f) = 80f0.8 obtained by
Sokolov et al. [2002] for the shallow crustal structures
and took k = 0.03 sec. In this study, their amplifications
are corrected by excluding high-cut filtration. The results
of Class-C and D sites are displayed in Figure 4. There
are errors in theirs due to miss-classification at some sites
by Lee et al. [2001]. The lack of well-logging data below
1 Hz makes us unable to compare their results with ours
for f < 1 Hz. At Class-C sites, our amplifications are lower
for 2 Hz Q f Q 6 Hz and higher for 6 Hz Q f Q 12.5 Hz
than theirs. At Class-D sites, ours are about 1.3 times
higher than theirs at all frequencies in consideration.
[20] The possible reason to cause low A[f(z)] at Class-D

and E sites by Sokolov et al. [2004] is that their very-hard-

Figure 3. Stt versus depth: red, blue, and green for Class-
C, D, and E sites, respectively. The least-squares fit of a
power law is given by a dashed line.

Table 1. The Values of A( f )a

f, Hz

Classification

C D E

1.0 4.5(3)
2.3 2.8(2) 4.9(45) 5.4(3)
3.1 3.1(4) 5.0(48) 5.6(4)
5.0 3.2(32) 5.2(48) 6.9(5)
11.0 3.5(32) 5.4(47) 6.2(5)
25.8 6.4(3)
28.8 3.7(31)
29.7 5.6(46)
39.6 3.7(32)

aThe numbers of boreholes at the same depth used in estimating A( f ) for
the three classes of sites are given in the parentheses.
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rock model, Q = 80f0.8, might not be completely appro-
priate for the source area of seismic waves in the Western
Plains with thick Holocene alluvium of several hundred
meters [cf. Ma et al., 1996]. In western Taiwan, which is
slightly larger than the study area, Wang [1993] reported
Q = 95–110 for f = 2–6 Hz. For this frequency range,
Q = 80f 0.8, gives Q = 139–335, which are 2–3 times
larger than the above-mentioned values. This seems able
to explain low A[f(z)] at Class-D and E sites, at least,
for f = 2–6 Hz.
[21] Included also in Figure 4 are the A(f) vs. f functions

in Greece by Klimis and Margaris [1999] and those in
North America by Boore and Joyner [1997]. For Class-C
sites, the A[f(z)] in Greece is slightly lower (larger) than
ours when f < 5 Hz ( f > 5 Hz); and the A[f(z)] in North
America are lower (larger) than ours when f < 30 Hz ( f >
30 Hz). For Class-D sites, the A[f(z)] in Greece is about
1.1 times smaller than ours, while the A[f(z)] in North
America is about 1.7 times smaller than ours. It is clear
that the amplifications at Class-C and Class-D sites in
central Taiwan are individually close to those in Greece.
This might imply that the geological conditions in the two
regions are similar. It is interesting that the A[f(z)] at Class-C
sites in central Taiwan are similar to that at Class-D sites in
North America. The geological age in the study area is
younger than that of the related regions in North America
investigated byBoore and Joyner [1997]. The shear velocities
of the same kind of rocks in the two regions are not necessarily
equal. The result might implicate that it is either not
appropriate to directly apply the criteria of site classifi-
cation obtained from a region into another or the ampli-
fications cannot be evaluated just based on surficial
geology, that is, well-loggings are needed to evaluate
the site amplifications.
[22] The natural frequency range for regular civil

structures is 0.1–10 Hz. For a practical purpose, the
amplifications at lower frequencies in the study area
will be evaluated using a velocity model constructed
from the well- logging data of a 2000-m borehole and

the 3D tomography inferred from P- and S-wave travel
times.

6. Conclusions

[23] From the quarter-wavelength approximation method
by Boore and Joyner [1997], we evaluate the frequent-
dependent site amplifications at 87 free-field strong-motion
stations in central Taiwan from well-logging data. Results
show that the amplifications increase with frequency, and
the amplification is larger at the sites in the Western Plain
with thick Holocene alluvium than at those in the Western
Foothill with Pleistocene and Miocene formations.
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Figure 4. The plots of A( f ) versus f: squares, triangles,
and diamonds for Class-C, D, and E sites, respectively. The
average values, with error bars, are displayed by solid
symbols. Included also are the results by others for Class-C
(in solid lines) and Class-D (in dashed lines) sites: deep blue
for Boore and Joyner [1997], light blue for Klimis and
Margaris [1999], and red for Sokolov et al. [2004].
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