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a b s t r a c t

The shear wave velocity of shallow sediments is very important in seismic wave amplification and thus

Vs30 is a well-known parameter for site classification. Based on the relationship between Vs and soil

indexes, the empirical regression equations were evaluated using more than 600 data sets from the Ilan

area and the Taipei Basin. Multivariable analysis, which can increase the accuracy of regression equations,

was used in this study. Three extrapolations were compared, and then the most accurate bottom-constant

extrapolation was adopted to estimate Vs30 at 16 boreholes, none of which reached a depth of 30 m.

Ultimately Vs30 was derived for 110 free-field strong motion stations, and the stations in northeastern

Taiwan were reclassified according to the Vs30-based NEHRP provisions. Regression equations of Vs and

the extrapolation of Vs30 were also applied to boreholes with only N-values and corresponding depths of

less than 30 m for assessing the Vs30 and NEHRP class.

Crown Copyright & 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

It has been recognized that soft and young sediments covering
firm bedrock can amplify seismic waves and cause severe damage
during a large earthquake. Anderson et al. [1] noted that the strata
in the top 30 m have a considerable influence on the character
of the ground motions created. The NEHRP (see Table 1, the
abbreviations and acronyms used in the present paper were
tabulated as well as the original definitions) recommended Vs30
as a significant indicator for classifying sites in recent building codes
[2,3]. The Vs30-based NEHRP Provision classes are shown in Table 2.
Recently, Massa et al. [4] regarded site classification as a significant
factor as well as magnitude and epicentral distance in the empirical
strong-motion prediction equation. In addition, the NGA project
[5,6] also suggested that the site conditions of recording stations are
a significant parameter in strong ground motion prediction. It
should be noted that strong motion records in Taiwan are also
included in the PEER database.

Several researches recognized that Vs is correlated with soil
indexes such as SPT-N (or N), depth, soil type, and geological epoch
[7–9]. Adopting an approach akin to those mentioned above may be
beneficial for the boreholes drilled previously, as they usually only
have data pertaining to N and the corresponding depths, but
without any measured Vs.
10 Published by Elsevier Ltd. All r

: +886 266300858.
Since Vs30 is considered an important factor in ground motion
prediction, assessing its value is essential. Seismic refraction,
reflection, and SASW are all well-known noninvasive and active
source techniques for estimating Vs. For example, Williams et al.
[10] used high-resolution seismic refraction and reflection
methods to derive Vs profiles as well as Vs30 in the St. Louis
region. On the other hand, down-hole, up-hole, cross-hole, and
suspension PS-logging are prevalent invasive and active source
techniques. For example, Bang and Kim [11] used the SPT-up-hole
method to determine Vs profiles to compare them with those
determined by down-hole and SASW methods. Furthermore,
passive source techniques such as the microtremor array
method is also becoming popular [12,13]. Kuo et al. [13]
estimated Vs profiles by three different techniques in shallow
subsurface layers, and considered the suspension PS-logging as
being able to observe precise P- and S-wave velocities in one-
dimensional borehole measurements. Boore and Asten [14]
compared shear-wave slowness profiles obtained by various
invasive and noninvasive methods at several sites in the Santa
Clara Valley. Ohta and Goto [15] proposed an in-situ down-hole
technique for estimating Vs during a standard penetration test, and
then combined it with other soil indexes to evaluate empirical
regression equations.

Considering the fact that many boreholes drilled in the past did
not reach 30 m, Boore [16] proposed an extrapolation using the
correlation between Vs30 and the average Vs of other shallower
depths. Boore and Joyner [17] and Huang et al. [18] were of the
opinion that S-wave travel time increases with the depth in a
ights reserved.
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Table 1
The abbreviations and acronyms as well as the original definition used in the

present study.

Abbreviations or

acronyms

Original definitions

NEHRP National Earthquake Hazard Reduction Program

Vs30 Average shear wave velocity of the top 30 m

NGA Next Generation of ground motion Attenuation

models

PEER Pacific Earthquake Engineering Research Center

Vs Shear wave velocity

SPT-N or N Blow number of the Standard Penetration Test

SASW Spectra analysis of surface wave

CWB Central Weather Bureau

NCREE National Center for Research on Earthquake

Engineering

USCS Unified Soil Classification System

SC, SP, SM, SW, CL, ML,

CH, and MH

The first letter means the major compositions, here are

sand (S), clay (C), and mud (M); the second one means

either the characteristics or minor composition, here

are clay (C), poorly graded (P), mud (M), well-graded

(W), low-plasticity (L), and high-plasticity (H)

TAP and ILA The code of strong motion stations in Taipei and Ilan

DH and SH Deep boreholes (^30 m) and Shallow boreholes

(o30 m)

D Depth

LSS Least-square of single station

STS Statistical extrapolation

BCV Bottom constant velocity

Ss Shear wave slowness

Table 2
NEHRP site definition in terms of Vs30 and simple geological descriptions.

NEHRP site class Description Range of Vs30 (m/s)

A Hard rock Vs3041500

B Firm to hard rock 1500ZVs304760

C Dense soil and soft rock 760ZVs304360

D Stiff soil 360ZVs30Z180

E Soft soil 1804Vs30
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power-law form, and thus Vs30 can be calculated by a least-square
fit at each single borehole which does not reach 30 m. Boore [16]
and Kuo et al. [13] set the deepest velocity as a constant in the
ensuing depths to 30 m for the shallow boreholes. For boreholes
that only have N and the corresponding depths, we used empirical
regression equations to estimate their Vs; for those that were not
drilled to 30 m, an extrapolation approach was adopted to assess
their Vs30. Thus in this study we implemented two techniques:
empirical Vs equations and extrapolations for Vs30. These methods
are useful for estimating the Vs profiles of ancient boreholes that
only have N and/or do not extend to 30 m. In addition, both
techniques have the advantages of being convenient, efficient, and
economical, making them well suited for the NEHRP.
Fig. 1. Histogram for depth distribution of the 110 boreholes in Taipei and Ilan. The

districts of Taipei (the north gray area) and Ilan (the south gray area) were sketched

in the small scheme.
2. Database and local geology

In Taiwan, the CWB and the NCREE have been establishing a
free-field strong-motion station drilling project to construct an
engineering geological database for free-field strong-motion sta-
tions and for measuring the P- and S-wave velocities using a
suspension PS-logging system since 2000. The physical character-
istics of layers, such as density and grain size are being measured
from the core samples; SPT-N values are obtained by in-situ
measurement, and soils are classified according to the USCS. The
time resolution of the suspension PS-logging measurement is
0.001 s and the frequency of the velocity measurement is 0.5 or
1 m per point. The drilled depths in this project must exceed at least
35 m to ensure that Vs30 is able to be measured by a PS-logging
system; moreover, several boreholes were drilled over 50 m and
several were drilled over 100 m according to the annual contract
stipulations. However, some boreholes drilled in the first or second
year do not reach the required 30 m.

In this study, 641 and 719 data sets (until 2008) were used to
develop empirical equations in the Ilan area and the Taipei Basin,
respectively. Specimens with N smaller than 50 as well as a depth
smaller than or equal to 50 m were selected to evaluate the
regression equations. Soil type is considered an important factor
in a Vs regression equation, therefore SC, SP, SM, and SW were
categorized as ‘‘sand’’; CL, ML, CH, and MH as ‘‘clay and silt’’.
Afterwards, we select sites at which boreholes extend to 30 m to
examine three extrapolations [13,16,18]. For this purpose, 56 and
38 sites were used in Taipei and Ilan, respectively. The boreholes
locate at strong motion stations in Taipei (Ilan) with depths of more
than 30 m were named TAP-DH (ILA-DH); on the other hand, those
with depths of less than 30 m were tagged TAP-SH (ILA-SH). Fig. 1
shows frequency distribution of depth of the 110 boreholes in
Taipei and Ilan; 94 of the 110 boreholes are greater than 30 m.

Four Quaternary sedimentary formations covered on the
Tertiary basement of the Taipei Basin, which are Sungshan,
Chingmei, Wuku, and Banchiao Formations from top to bottom.
The thickness of sediments was indicated by Wang et al. [19], as
well as the average seismic velocities of layers. The Vs of Sungshan
and Chingmei formations obtained by seismic reflections are about
170–340 and 450 m/s, respectively; the basement depths, other-
wise, are greater than 600 m at the northwest and could shallow
than 50 m around the basin edge [19]. The thickness of sediments
in the Ilan Basin was illustrated by Chiang [20]. He indi-
cated two sediment strata, which were formed in Holocene and
Pleistocene, cover on the Tertiary bedrocks, as well as the
P-wave velocities are 500–1600, 1800–2000 and 3300 m/s, respec-
tively. The thickness of sediments was greater than 1400 m near
the middle coast and became shallower than 100 m around the
basin edge. Kuo et al. [13] conducted seven microtremor arrays in
the Ilan Basin and the estimated Vs were almost all lower than
400 m/s at the depth smaller than 50 m.
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3. Empirical equations of shear wave velocity

3.1. Previous empirical equations

Many researchers have evaluated empirical equations of shear
wave velocity for their efficiency and economy. Thirteen repre-
sentative studies are shown in Table 3. Ohta and Goto [7,15]
measured Vs during a Standard Penetration Test and then evaluated
the empirical equations in terms of soil indexes. Their study first
proposed a technique of multivariable analysis in Vs empirical
equations. The research by Hamilton [21] and Holzer et al. [22]
yielded the depth-dependent regression equations. As is evident
from Table 3, some equations are only related to N. This is the case
in the studies by Ohsaki and Iwasaki [23], Imai [24], Seed and Idriss
[25], Pitilakis et al. [26], Hasancebi and Ulusay [27], Sykora and
Stokoe [28], and Lee and Tsai [29].

However, Ohta and Goto [7], Lee [8], Chen et al. [9], and
Chapman et al. [30] considered both depth and N in their
empirical equations (depth information of Chapman’s equations
was involved in the effective overburden pressure (sv)), and
therefore they introduced a multiple regression analysis. Lee [8]
further discussed the multicollinearity problem caused by the high
correlation among independent variables during multivariable
analysis. Lee and Tsai [29] used the same data (but only until
2005) as the present study to establish the spatial relationship
between Vs and N. In our research the corrected N1 became worse in
its correlation with Vs. This phenomenon was also mentioned by
Lee and Tsai [29], and thus overburden-correction was not used in
this study. For the rest, energy of SPT was not measured in the data
sets. Some might argue that N and D are coupled because the
overburden-correction was not carried out. However, when we
Table 3
The representative empirical equations of shear wave velocity quoted in this study. Th

Author Regression equation

Ohsaki and Iwasaki [23] Vs¼82N0.39

Hamilton [21] Vs¼128D0.28

Imai [24] Vs¼91N0.337

Vs¼80.6N0.331

Vs¼102N0.292

Ohta and Goto [7] Vs¼62.14N0.219D0.23
�1.000

Vs¼62.14N0.219D0.23
�1.091

Vs¼62.14N0.219D0.23
�1.029

Vs¼62.14N0.219D0.23
�1.073

Vs¼62.14N0.219D0.23
�1.151

Seed and Idriss [25] Vs¼61N0.5

Sykora and Stokoe [28] Vs¼100.5N0.29

Lee [8] Vs¼71.9(D+1)0.39

Vs¼86.1N0.116(D+1)0.244

Vs¼82.8N0.134(D+1)0.233

Vs¼84.5N0.118(D+1)0.246

Pitilakis et al. [26] Vs¼145(N60)0.178

Vs¼132(N60)0.271

Chen et al. [9] Vs¼163.59+4.09D+2.2(N1�N1

Holzer et al. [22] Vs¼75.2+3.99D

Chapman et al. [30] Vs¼85.13N0.153sv
0.147

Vs¼92.25N0.266sv
0.072

Hasancebi and Ulusay [27] Vs¼90N0.309

Vs¼90.8N0.319

Vs¼97.9N0.269

Lee and Tsai [29] Vs¼137.153N0.229

Vs¼98.07N0.305

Vs¼163.15N0.192
adopted the multivariable regression, two examinations were
being considered (and are described in the following section) to
avoid the multicollinearity problem caused by two or more highly
correlated independent variables. In other words, the multivariable
regression can avoid the coupling effect between N and D.

3.2. Regression of the empirical equations

Most researchers hypothesized Vs as being in a power-law
relationship with N or with the depth (Table 3). However, in this
study we suggested that the regression model must be decided by
the maximum correlation coefficient (R) between Vs and N or
depth. Furthermore, the multivariable analysis was carried out to
evaluate the regression equations unless the data could not pass
either of the following two examinations. (1) rule of thumb test, in
which statisticians usually suggest R between any two independent
variables should be smaller than 0.7 [31]. (2) Stepwise selection: This
procedure is a combination of backward and forward approaches
and thus the criteria we set were that the probability of F had to be
statistically lower than 0.05 for entry and higher than 0.1 for
removal [32]. The variables were examined by these two criteria to
avoid multicollinearity. Soil types (sand and clay & silt) and
geological epoch were also considered in the process of
regression if they could increase R of the evaluated equations.
Subsequently, the empirical equation for the Ilan area for all soils
was evaluated as

Vs¼ 169:04þ4:46Nþ0:59D ð1Þ

It has the largest R (0.710), exhibits the best empirical equation
in the Ilan area, and is a linear type. The standard error of this
equation is 43.54. Both independent variables are involved in
e unit of Vs is meters per second.

Soil type Samples

All 220

Mud 29 sites

All 943

Sand 151

Clay 183

Clay 300

Fine sand

Medium sand

Coarse sand

Sand & gravel

All –

Sand –

SM 126

CL 265

ML 100

CL/ML 365

Sand 15 sites

Clay

,avg) All 45 sites

Mud 135

Sand 223

Clay 154

All 97

Sand

Clay

All 28 sites

Sand 15 sites

Silt and clay 15 sites
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Eq. (1) and are irrelevant to soil type and geological epoch.
However, considering the geological epoch and the soil type
resulted in increasing R in the Taipei Basin. The boreholes in the
Taipei Basin were selected such to ensure that the data sets are all in
the identical geological epoch (Holocene), and the elected data
were grouped into two soil types, that is to say, sandy soils and
clayey & silty soils. Afterwards, the multiple regression equations of
the Taipei Basin were evaluated as

Vs¼ 93:11N0:242D0:136 for sand ð2Þ

Vs¼ 114:55N0:168D0:143 for clay and silt ð3Þ

Eqs. (2) and (3) have the largest R, 0.671 and 0.685, as well
as the standard errors, 74.78 and 56.66, respectively. Eqs. (1)–(3)
were plotted three dimensionally together with the data sets in
Fig. 2.
4. Extrapolations of Vs30

4.1. Methodology

Boore [16] found that numerous measurements of near-surface
Vs do not reach 30 m, such as the boreholes at the K-NET stations in
Japan, which are between 10 and 20 m; in a recent compilation
in California [33] more than half the boreholes (142 of 277) are
lower than 30 m, and 193 of 202 seismic cone penetrometer
measurements in the Oakland-Alameda area of California [22,34]
are less than 30 m. Therefore, he found that plots of log Vs30 against
log Vs(d) for a series of assumed depths d could be fitted by a
straight line by using boreholes with actual depths reaching or
exceeding 30 m. Vs(d) is the time-averaged velocity from the top to
a depth d. Based on this, a power-law relation between Vs30 and
Vs(d) was assumed and the equation was given as

logVs30¼ aþb logVsðdÞ ð4Þ

The coefficients (a and b) were obtained in various depths
(usually from 10 to 28 m). In Taiwan, Lee et al. [35] researched
surface geology, response spectra and horizontal to vertical
Fig. 2. Three-dimensional diagrams of regression equations and data sets for Ilan and the

lower right one is Eq. (3). The dots are data sets.
spectral ratios and classified 708 free-field strong motion station
sites into four categories; i.e., classes B–E. Huang et al. [18]
classified 87 free-field strong motion stations in central Taiwan
based on Vs30 criteria, 85 of which were previously classified by Lee
et al. [35]. However, Huang et al. [18] reclassified 65 of these 85
sites different than Lee et al. [35]. For the boreholes were not drilled
to 30 m, Huang et al. [18] assumed that the S-wave travel time
increased with the depth in a power-law form; therefore, they
calculated Vs30 using the least-square method in each single well
that did not reach 30 m. Kuo et al. [13] set the deepest velocity as a
constant in the ensuing depths to 30 m, and then estimated Vs30 in
order to compare them with the Vs profiles estimated by other
methods in Ilan.

Sokolov et al. [36] analyzed the site effect on class B sites in
Taiwan based on the classification of Lee et al. [35] and indicated
that station TAP051 has a specific amplification on the fundamental
frequency of 6.5–8 Hz. They believed that this peculiarity was
caused by a thin (10–12 m) layer of soft soil (Vs¼250–320 m/s). It
also seemed to indicate that the earlier classification might contain
some mistakes. That is why Lee and Tsai [29] revised their previous
classification by using velocity data (until 2005) of 230 strong-
motion boreholes as well as 4885 engineering boreholes. For
examining their new classification in Ilan and Taipei, This study
used the latest (until 2008) data. Three extrapolations named the
least-square of single station (LSS) [17,18], bottom constant
velocity (BCV) [13,16], and statistical extrapolation (STS) [16,37]
were also examined using ILA-DH and TAP-DH in the following
section.
4.2. Comparison of the three extrapolations

ILA-DH includes 38 boreholes, TAP-DH includes 56 boreholes,
ILA-SH includes seven boreholes, and TAP-SH includes nine bore-
holes. Thus, 110 strong motion stations were drilled in north-
eastern Taiwan. ILA-DH and TAP-DH were used to examine the
accuracy of three extrapolations (Table 4 and Fig. 3). Figs. 3a and b
illustrate the estimated Vs30 values (y-axis) by the three
extrapolations versus the real Vs30 values (x-axis) obtained by
PS-logging in Ilan and Taipei, respectively. The assumed depths
were 15, 20, and 25 m from left to right. By defining an error
Taipei Basin. The upper plane is Eq. (1), the lower left curved surface is Eq. (2), and the



Table 4
The Err% obtained from three extrapolations in Ilan and Taipei at three assumed depths. The percentages behind ‘‘7 ’’ are the standard deviations.

Assumed

depth (m)

Ilan Taipei

LSS STS BCV LSS STS BCV

15 10.17%77.16% 11.30%76.77% 4.72%73.14% 13.89%79.47% 11.10%77.82% 9.43%77.38%

20 7.29%75.11% 6.70%74.06% 2.72%72.34% 10.10%77.83% 7.14%75.04% 3.70%73.40%

25 5.09%73.72% 2.99%71.99% 1.08%71.15% 7.47%75.80% 3.24%72.47% 1.42%71.73%

Fig. 3. Estimated Vs30 (y-axis) by three extrapolations versus real Vs30 (x-axis) observed by PS-logging in (a) Ilan and (b) Taipei. Assumed depths from left to right are 15, 20,

and 25 m. Open circle, square, and triangle indicate the estimated Vs30 by LSS, BCV and STS extrapolations, respectively. In the left two diagrams, open diamonds denote large

divergences between the estimated [29] and real Vs30 values.
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percentage (Err%):

Err%¼

P
9Vs�Ve9=Vs

n
� 100% ð5Þ

where Vs is the measured S-wave velocity by PS-logging, Ve is the
estimated S-wave velocity by extrapolation, and n is the number of
data, the accuracy of these three extrapolations was examined
by this equation (Table 4). Surprisingly, the smallest Err% was
obtained by BCV at all assumed depths, rather than by STS. The Err%
in Table 4 all decrease as the assumed depths increase. Besides,
both Fig. 3 and Table 4 show that LSS results in the largest error for
estimating Vs30 at each depth.

4.3. Estimating Vs30 at boreholes shallower than 30 m

For ILA-SH and TAP-SH, we applied the three extrapolations as
mentioned above to estimate the values of Vs30 and their Vs30-
based NEHRP class. The extrapolated Vs30 are shown in Table 5.
Fortunately, the site classifications are identical except for using
LSS; thus the results with the highest confidence are shown. Table 5
also indicates that LSS sometimes underestimates Vs30 and
classifies sites into a softer class (ILA013, ILA054, and TAP057).
5. Discussions

Although empirical regression equations have advantages in
terms of being convenient, efficient, and economical, there is a
notable drawback. The maximum value of Eqs. (1)–(3) were 405.13,
379.24, and 358.24 (m/s) while N¼49 and D¼30. Therefore, the
empirical regression equations could not be applied at the sites of
A and B classes. This is because N is equal to or larger than 50 at the
A and B class sites. However, those data were not used to evaluate
the regression equations.

It is difficult to illustrate the three-dimensional curved surfaces
together and compare them with each other; therefore, this study
compared the Vs profiles obtained by PS-logging measurements
with those estimated by different regression equations. Figs. 4a and
b show the comparisons of the Vs profiles, which include the Vs

obtained by PS-logging measurements, estimated by regression
equations in this study, and previous equations. Fig. 4a shows the
result at ILA005. It is obvious that the Vs profile from this study is
nearly identical to that of Lee and Tsai [29]; and for the rest they are
both similar to the PS-logging result. In addition, Fig. 4b plotted
another example (TAP019) in the Taipei Basin. The regression
equations of Lee [8] were evaluated using a different database in
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the Taipei Basin. However, when compared with the actual Vs profile
(PS-logging), the result of the present study is substantially more
accurate than that of others. It should be noted that Lee and Tsai [29]
used the same database as the one used in this study, but their data are
only until 2005 and contain only 15 sites in the Taipei Basin; while 65
sites were employed in the present study. This is why our estimated Vs

profile is better than that of Lee and Tsai [29] at TAP019.
The present study considered that some shallow boreholes

(deptho30 m) have only N; however, the Vs30 can still be obtained.
The Vs is first derived by empirical regression equations, and Vs30 is
then estimated by extrapolation. For example, two boreholes (DB-
151, SS-B-09) which have no velocity data, were acquired from the
website of the Central Geology Survey of Taiwan (http://210.69.81.
69/geo/frame/gsb88.cfm). DB-151 is located in Ilan and has a depth
of only 25 m. We utilized Eq. (1) to estimate the Vs profile in Fig. 5a
as well as its Vs30 (238.91 m/s) by BCV. The other one is SS-B-09
which is located in the Taipei Basin and has a depth of 25.5 m. The
Table 5
Estimated Vs30 and site classification of ILA-SH and TAP-SH. Numbers and letters in

the parentheses are borehole depths and site classification, respectively. The stars

before Vs30 indicate this site class is different from that via the other two

approaches.

Stations

(deptho30 m)

Vs30 (m/s)

LSS BCV STS

ILA013 (19 m) n176.05 (E) 194.50 (D) 204.65 (D)

ILA014 (23 m) 291.17 (D) 307.46 (D) 322.17 (D)

ILA027 (11 m) 204.13 (D) 212.65 (D) 238.68 (D)

ILA044 (27 m) 143.78 (E) 159.00 (E) 156.80 (E)

ILA046 (28 m) 387.63 (C) 397.59 (C) 393.83 (C)

ILA049 (13 m) 192.68 (D) 187.12 (D) 202.32 (D)

ILA054 (28 m) n717.58 (C) 783.09 (B) 771.41 (B)

TAP016 (27 m) 320.34 (D) 326.64 (D) 327.79 (D)

TAP040 (29 m) 395.44 (C) 432.53 (C) 431.10 (C)

TAP045 (27 m) 966.19 (B) 987.65 (B) 995.40 (B)

TAP046 (27 m) 829.15 (B) 822.03 (B) 819.03 (B)

TAP057 (28 m) n320.42 (D) 366.57 (C) 361.41 (C)

TAP058 (27 m) 994.32 (B) 1056.71 (B) 1072.75 (B)

TAP059 (27 m) 395.24 (C) 450.55 (C) 441.57 (C)

TAP075 (26 m) 921.24 (B) 851.06 (B) 904.07 (B)

TAP094 (27 m) 412.98 (C) 409.86 (C) 417.35 (C)

Fig. 4. Both are comparisons of obtained and estimated Vs profiles at (a) ILA005 and (b) TA

by empirical equations in this study, gray dotted line is estimated by equations of Lee
estimated Vs profile (by Eqs. (2) and (3)) is plotted in Fig. 5b, and the
Vs30 via BCV is 211 m/s. They were both classified as class D. ILA035
and TAP012 are the nearest strong motion stations, respectively.
The Vs30 were measured at 293.1 and 207.37 m/s by PS-logging,
hence they were also classified into class D. This indicates that this
approach can obtain reasonable results.

Since the comparison showed that BCV is more reliable than STS,
we suspected that the Vs increases more gently with depth in
northeastern Taiwan than in California [16]. We further compared
the average Ss at the sites in northeastern Taiwan and California at
four depths (5, 10, 20, and 30 m). Fig. 6 shows six representative
average Ss in California [14] together with two average Ss (ILA and
TAP stations) in northeastern Taiwan at depths of 5, 10, 20, and
30 m. The Ss of ILA and TAP stations are the average at four depths
of ILA-DH and TAP-DH. Fig. 6 clearly shows that except for CCOC,
the average Ss at other sites in California decreased more rapidly
than at stations of ILA and TAP.

One of the objectives in this study was to reclassify the free-field
strong motion stations in northeastern Taiwan. Table 6 shows
the classification of 110 strong motion stations based on the
Vs30 criteria of NEHRP provisions in Ilan and Taipei, as well as
the classification of Lee and Tsai [29], in parentheses. As for the
classification of ILA-SH and TAP-SH, the Vs30 were given by means
of BCV. Thirty-five of the 110 stations were reclassified. Nine class B
stations were reclassified as class C; 1 class B station was reclassified
as class D; 2 class C stations were reclassified as class B; 3 class C
stations were reclassified as class D; 1 class C station was
reclassified as class E; 6 class D stations were reclassified as class
C; 4 class D stations were reclassified as class E; and 9 class E
stations were reclassified as class D. Finally, there are 14 stations in
class B, 28 in class C, 60 in class D, and 8 in class E, which are denoted
by diamonds, squares, triangles, and circles, respectively (Fig. 7).
TAP051, which was referred by Sokolov et al. [36], was classified
into class B by Lee et al. [35]; however, it was reclassified into class
C2 (Vs between 490 and 620 m/s) by Lee and Tsai [29], but the
measured Vs30 is only 401.82 m/s and should be classified into class
C1 (Vs between 360 and 490 m/s) according to the criteria used in
Lee and Tsai [29]. The site classification of Lee and Tsai [29] is much
better than that of Lee et al. [35]; nevertheless, there might be some
errors in the Vs30 values, and so we tried to quantify them in this
study. The left two diagrams of Fig. 3 show large divergences
between the real (x-axis) and the estimated Vs30 (y-axis) by Lee and
P019. Black thick line is Vs profiles obtained by PS-logging, gray dash line is estimated

and Tsai [29], and gray thin line is estimated by equations of Lee [8].
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Fig. 5. N and estimated Vs profiles at (a) DB-151 and (b) SS-B-09 in Ilan and the Taipei Basin. Both sites are classified as class D.

Fig. 6. CCOC, GUAD MGCY, STGA, STPK, and WLLO are six sites in California at four

depths (5, 10, 20, and 30 m) [14]. ILA and TAP represent the average Ss of ILA-DH and

TAP-DH at the same depths.

Table 6
Site classification of 110 stations base on the Vs30 criteria of NEHRP provisions. The

classification of Lee and Tsai [29] were displayed in parentheses.

Station Class Station Class Station Class Station Class

ILA001 B (B) ILA039 D (D1) TAP012 D (D1) TAP052 C (C2)

ILA002 D (D2) ILA040 D (D1) TAP013 D (D1) TAP054 D (D2)

ILA003 D (D1) ILA041 D (E) TAP014 D (E) TAP056 C (B)

ILA004 E (E) ILA042 D (D1) TAP015 D (E) TAP057 C (C1)

ILA005 D (D2) ILA044 E (D1) TAP016 D (C3) TAP058 B (B)

ILA006 D (D2) ILA046 C (D3) TAP017 D (E) TAP059 C (B)

ILA008 D (D1) ILA048 D (D1) TAP019 D (D1) TAP065 B (B)

ILA012 D (D1) ILA049 D (D1) TAP020 D (E) TAP066 C (B)

ILA013 D (D1) ILA050 C (B) TAP021 E (E) TAP067 B (B)

ILA014 D (D3) ILA053 C (C2) TAP022 D (D1) TAP071 B (B)

ILA015 B (B) ILA054 B (B) TAP024 D (D1) TAP075 B (B)

ILA016 D (D2) ILA055 D (D2) TAP025 D (D2) TAP077 B (B)

ILA017 C (D3) ILA056 D (D1) TAP026 D (D2) TAP080 C (B)

ILA018 C (D3) ILA059 D (D2) TAP027 D (D2) TAP084 D (D2)

ILA020 C (C2) ILA061 C (D3) TAP031 D (D3) TAP086 B (B)

ILA026 D (D1) ILA063 B (B) TAP032 D (C1) TAP088 D (B)

ILA027 D (D2) ILA066 C (D3) TAP033 C (C2) TAP089 C (C3)

ILA028 D (D1) TAP001 E (D1) TAP035 C (B) TAP090 D (D3)

ILA029 D (D1) TAP002 C (C2) TAP037 D (E) TAP091 E (D3)

ILA030 D (D1) TAP003 D (D1) TAP038 D (D3) TAP093 D (C2)

ILA031 C (D2) TAP004 D (E) TAP039 C (C2) TAP094 C (B)

ILA032 D (D2) TAP005 E (E) TAP040 C (C2) TAP095 D (D2)

ILA033 D (D2) TAP006 D (D1) TAP041 C (C2) TAP096 E (C1)

ILA034 D (D2) TAP007 D (E) TAP043 C (C2) TAP103 C (B)

ILA035 D (D2) TAP008 D (E) TAP044 C (C3) TAP113 C (B)

ILA036 E (D1) TAP009 D (D1) TAP045 B (B) TAP114 B (C1)

ILA037 D (D1) TAP010 D (D1) TAP046 B (C3)

ILA038 D (D1) TAP011 D (D1) TAP051 C (C2)
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Tsai [29] at ILA-DH and TAP-DH. The Err% of the estimated Vs30 are
15.10% and 37.44%, respectively; they are even larger than the LSS at
a depth of 15 m (Fig. 3), which has the largest Err% of the three
extrapolations (Table 4). Since the largest Err% of BCV at a depth of
15 m are 4.72% and 9.43%, respectively (Table 4), and since most of
ILA-SH and TAP-SH have depths of more than 15 m, the estimated
Vs30 and site classification of this study are more reliable than those
of Lee and Tsai [29] in northeastern Taiwan. Stations in the soil
sediments (class E and class D) are located in the Taipei and Ilan
basins except for the northernmost one (TAP084); dense soil and
firm rock class C is distributed around the basins and along the
southern coast line of Ilan; firm to hard rock class B is mostly located
in the northeast corner of Taipei.
6. Conclusions

It was found that the influences of soil type and geological epoch
are not influential on the relation between Vs, depth, and N in Ilan,
but they are notably significant for that in Taipei. This might be due
to the fact that many sites in Taipei are distributed amongst various
geological epochs such as Miocene, Pleistocene and Holocene;
however, almost all sites in Ilan are located on the Holocene
sediments. Multivariable analysis is useful as the data can pass both
the rule of the thumb test and stepwise selection to avoid the effect
of multicollinearity. Eq. (1) is the preferred regression equation in
the Ilan area despite the soil type and geological epoch. Eqs. (2) and
(3) are for the Taipei Basin; they can only be employed in the
Holocene alluviums, i.e. inside the Taipei Basin based on the soil
types. Evidently, Eqs. (1)–(3) can only be applied to the strata less or
equal to 50 m because of our data collection.

Three extrapolations were examined in this study by using the
borehole data with an actual depth reaching or exceeding 30 m.



Fig. 7. Distribution of the 110 free-field strong motion stations with boreholes in

Ilan and Taipei. They are classified as class B, C, D, and E.
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Obviously, BCV is the most accurate and stable extrapolation
according to the least Err% and standard deviations (Table 4),
although the classified result is identical to that of STS (Table 5). We
also found that Boore and Asten [14] extrapolated the bottom
velocities to 30 m in their study to compare shear-wave slowness
for several models smaller than 30 m. Fig. 6 supports our
speculation that the Ss decrease is more slowly in northeastern
Taiwan than in California, and this is the reason that BCV is the most
suitable extrapolation in northeastern Taiwan. This result brings
another interesting phenomenon, namely that the increase of Vs in
northeastern Taiwan is more gently than in California at the near
surface. Table 6 and Fig. 7 show the classification in northeastern
Taiwan according to the Vs30 criteria. About one-third of the sites
were reclassified (35 of 110 sites) in this study. In addition, the Err%
of the estimated Vs30 [29] are 15.10% and 37.44% in Ilan and Taipei,
respectively. This implies that we must continue constructing
reliable site classification and Vs30 values in Taiwan by drilling
more velocity loggings, and not only estimate them by the
relatively low-precision geo-statistical method.

Two approaches (empirical equations and extrapolations) pro-
posed in this study that can be applied at boreholes have only N, and
the corresponding depths to calculate the Vs30 are less than 30 m,
such as DB-151 and SS-B-09. Many existing earlier boreholes can
give useful Vs30 without additional expense using the proposed
approaches.
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