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Abstract

The average shear wave velocity of the top 30 m of the subsurface profile (Vs30) is a criti-
cal parameter to characterize the seismic site class. Since Vs30 is a quantitative index and
measurable by geophysical techniques, the use of Vs30 becomes popular and is widely
used in practice. However, the Vs30 of a site may vary due to the different Vs measure-
ment methods used. This could result in a different seismic site class and design force.
To quantify the effect of measurement methods on Vs and seismic site classification. This
study collected high quality geotechnical investigation reports with standard penetration
test (SPT) N-values, and shear wave velocities measured by suspension logging, SCPT,
down-hole test and cross-hole logging. The correlations between Vs and SPT-N by differ-
ent methods were then built and compared. The results show that Vs by suspension logging
is relatively high in comparison with those by SCPT and cross-hole logging. The effect on
the site classification resulting from the different Vs measurement methods is then demon-
strated with several examples.

Keywords Shear wave velocity - Measurement methods - Vs-N correlations - Site
classification

1 Introduction

In modern seismic design codes, the elastic response spectrum of earthquake ground
motion is commonly adopted to determine the seismic design forces of buildings and
other structures. However, the shapes of earthquake response spectrum are significantly
influenced by site geology and local soil conditions. Thus, the pioneer work of Seed et al.
(1976) proposed the first site-dependent spectra for earthquake resistant design. In their
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Table 1 Summary of the site categories by Vs30

BSSC (2003) MOI (2011) Description

Vs30 (m/s) Site class Vs30 (m/s) Site class

> 1500 A >270 I Hard rock

760-1500 B Rock

360-760 C Very dense soil/soft rock
180-360 D 180=270 it Stiff soil

<180 E <180 I Soft soil

- F - - Special soils requiring

site-specific evaluation

Fig. 1 Illustration of spectral
response acceleration subject
to reference stratum and soils
(modified from Dobry et al.
2000)
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work, the seismic sites were classified into four kinds from rock, deep stiff soil to soft soil
using qualitative descriptions. In the 1991 version of the National Earthquake Hazards
Reduction Program (NEHRP) Provisions, the site classification was basically based on a
semi-quantitative description similar to that of Seed et al. (1976). Thus, some engineering
judgments are required for site classification (BSSC 1985, 1988, 1991). However, based
on the research results of Dobry et al. (2000), the recent seismic design code of the FEMA
(e.g., the 2015 version of the NEHRP Provisions) used a representative average shear wave
velocity of the top 30 m of the subsurface profile (Vs30) to quantitatively consider the
effect of local soil conditions on ground motion. According to the site’s velocity profile, the
site can be classified into its own site class uniquely with its Vs30. Table 1 shows current
site classification criteria with respect to Vs30 by BSSC (2003) and MOI (2011). Since
Vs30 can provide unambiguous site classification and is also measurable by geophysi-
cal methods, thus the Vs30 approach becomes popular and is widely used in practice. In
this approach, the site classification is determined first by its Vs30. Then, the site coeffi-
cients (F, and F,) are obtained according to its class. The design response spectrum is then
derived by multiplying the reference spectrum with F, and F, at its short and long period
parts as shown in Fig. 1. By this way, the effect of local soil conditions on the design seis-
mic force of a structure is taken into account.

Even though the definition of Vs30 is clear, there is still doubt whether different seismic
methods yield the same results since the new site classification was introduced in 1994.
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Furthermore, whether the Vs30 value of a site may vary much due to the different Vs
measurement methods, which could result in a different site class and design seismic force.
It is the issue that this study wants to address.

Regarding the researches on the shear wave velocity of alluvial soils, the key influenc-
ing parameters such as geological age, void ratio, plasticity index, soil type, effective stress
state, over-consolidation ratio, etc. have been studied and clarified by several early studies,
and Sykora (1987) provided a comprehensive summary. Anbazhagan et al. (2016) stud-
ied the correlation of densities with Vs and SPT-N. Garofalo et al. (2016) reported the
execution of the InterPACIFIC project and assessed the results of several Vs measurements
at three different subsoil conditions. L’Heureux and Long (2017) used the data measured
by several geophysical seismic methods and SCPT-u to compare the Vs differences due
to measurement method and establish the Vs-q, correlation of Norwegian clays. Due to
the demand of practical use, numerous correlation studies have been conducted to directly
examine a relationship between Vs and SPT-N (Imai and Yoshimura 1975; Sykora and
Stokoe 1983; Sykora and Koester 1988; Jafari et al. 2002; Anbazhagan and Sitharam 2006;
Hasancebi and Ulusay 2007; Hanumantharao and Ramana 2008; Ulugergerli and Uyanik
2007; Unal 2009; Maheswari et al. 2010; Kumar et al. 2010; Akin et al. 2011; Tsiam-
baos and Sabatakakis 2011; Chaterjee and Chaudhury 2013; Marto et al. 2013, Jhinkwan
and Jain 2016; Kirar et al. 2016). Wair et al. (2012) provided a summary of the above
researches on the Vs estimation based on SPT data and gave the recommendation in esti-
mating the Vs of the top 30 m of the soil profile (Vs30). Of course, it is better to conduct
the in situ Vs measurement directly for each project, and evaluate the site classification
according to the results of Vs measurement. However, in most of practical cases, only
SPT borehole would be conducted and the Vs measurement is always ignored due to the
limit of budget. Thus the use of some empirical Vs-N relationships for the evaluation of
Vs becomes very popular in engineering practices. However, it should be noticed that the
databases for the Vs-N regression analysis are generally collected from different Vs meas-
urement methods. Although it is well known and proved by several studies that cross-hole
testing is the most reliable Vs acquisition method. However, few researches used the data-
bases based on cross-hole testing while conducting the Vs-N regression analysis. This is
because cross-hole testing needs to bore two holes and the cost is expensive. Thus its data
base is relatively insufficient.

There are two purposes in this study. The first one is to clarify the difference of the
measured Vs due to the different geophysical seismic methods in Holocene alluviums, and
provides some comments on the discrepancy accordingly. The other one is to suggest a
set of Vs-N regression curves based on the reliable databases collected from the several
Vs measurement methods including the cross-hole seismic testing, SCPT, and suspension
logging for practical use. The suggestion of Vs-N regression curve based on the cross-hole
seismic method is believed to be useful and important for practical engineering use. This
study first collected many high quality site investigation reports of important projects in
Taiwan, and established a database including information on the soil types, the SPT-N-val-
ues, and the measured shear wave velocities (Vs) by different seismic measurement meth-
ods, such as suspension logging, SCPT, and cross-hole logging. The correlations between
Vs and SPT-N were then built for different soil types and compared with each other. Based
on the results, the measured Vs from suspension logging yielded significantly high shear
wave velocity in comparison with the ones from SCPT and cross-hole logging. The rea-
sons were discussed in the aspects of borehole treatment. Finally, the effect of the differ-
ent Vs measurement methods on the site classification was then demonstrated with several
examples.
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2 The seismic design code for building structures in Taiwan

The seismic design code for buildings and other structures in Taiwan essentially follows the
recent FEMA system (Construction and Planning Agency, MOI 2011), with some modifi-
cations according to the local conditions in Taiwan. For all surface structures, sites are clas-
sified as shown in Table 1. Note that the reference strata are different between the systems
of FEMA and MOIL. The reference strata defined by FEMA is the one with Vs30>760 m/s;
however, the reference strata defined by MOI only has the Vs30>270 m/s. The site clas-
sification system of Taiwan originally followed the FEMA system. However, in Taiwan,
the free-field seismic stations with Vs30>760 m/s is rare. Therefore, while conducting
the probabilistic seismic hazard analysis to determine the seismic spectrum of reference
stratum in a return period of 475 years, the seismic stations at the sites with Vs30 ranging
from 270to 760 m/s have to be included due to insufficient seismic records. This makes the
site classification system of Taiwan has only 3 classes. The stratum with Vs30>270 m/s
belongs to Site Class I; the one with Vs30 ranging from 180 to 270 m/s is Site Class II, and
the one with Vs30 < 180 m/s belongs to Site Class III.

For site classification, Vs30 should be calculated as 30 m divided by the sum of the
travel times for shear waves to travel through each layer. As shown in Eq. (1), the travel
time for each layer is calculated as the layer thickness (d) divided by its Vs. For cases
where measured Vs data is not available, the empirical relationship between SPT-N and Vs
in sandy or fine-grained soils suggested by JRA (2002) would be commonly used to esti-
mate Vs in terms of the SPT resistance.

Vs30 = 30/ X(d/Vs) (1)

After that, the design spectral response acceleration parameters at the periods of 0.3 s
(Spg) and 1 s (Sp;) with adjustments for site effects can be calculated as follows:

SDS = FaSs (2)

Sp1 =S, 3)

where Sq is the referenced stratum (Site Class I) spectral response acceleration at a short
period, S, is the referenced stratum (Site Class I) spectral response acceleration at a period
of 1 s, and F, and F, are the site coefficients to consider site effect. A designer should refer
to MOI (2011) for the S, and S, of each administrative division in Taiwan.

The framework of developing a local site spectrum is summarized in Fig. 1. In the fig-
ure, S, S;, F,, and F, can be derived from the MOI (2011), and A, is the effective peak
ground acceleration which is about S/2.5.

3 The database based on different Vs measurement methods

In practice, it is very common to adopt in situ geophysical seismic methods for estimat-
ing the shear wave velocities of geo-materials under a small strain level, and this has been
incorporated into the site classification systems. In general, the geophysical methods can
be divided into two categories: invasive and non-invasive. The main difference between
them is the requirement of a drilling hole. Common invasive methods include downhole

@ Springer



Bulletin of Earthquake Engineering (2020) 18:1139-1159 1143

(DH) and cross-hole (CH) loggings, suspension logging (PS), and the seismic cone pene-
tration test (SCPT). Non-invasive geophysical methods include spectral analysis of surface
waves (SASW), seismic refraction, and seismic reflection. In this paper, only the cross-hole
logging, suspension logging, and seismic cone penetration test (SCPT) Vs measurement
methods are discussed, and the corresponding field measured results were collected from
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some important engineering projects in Taiwan; Fig. 2 shows schematic diagrams of these
methods. Table 2 is a modification of that from Andrus et al. (2004) to compare and sum-
marize the features of these methods.

3.1 Sources used for the database

The database used in this study consists of field measured results based on the above Vs
measurement methods collected from several important engineering projects located in the
alluvium of western Taiwan over recent decades. The locations of these engineering sites
are shown in Fig. 3. The basic information of the sites, as well as the references, is tabu-
lated in Table 3. The information for each dataset consists of the depth, soil classification
of the unified soil classification system (USCS), SPT-N value and the type of hammers,
the measured shear wave velocity and the corresponding Vs measurement method, and the
references. Note that while conducting SCPT sounding, because the SPT with the accom-
panying sampling process by split tube sampler was not used, neither the SPT-N nor the
soil classification of the USCS (due to the lack of a soil sample for laboratory testing)
were available. This required information is assumed to be the same as measurements from
neighboring boreholes at the same depth for further regression work. In this study, the dis-
tance between the SCPT sounding and the reference SPT borehole were within about 20 m,
and most of them are less than 10 m. In addition, the operation of the cross-hole seismic
testing requires two boreholes, as shown in Fig. 2. In the collected cross-hole seismic test-
ing cases, the standard penetration tests were carried out in all Vs-measuring boreholes,
which means that a specific depth would have the results of one Vs measurement and
two SPT-N values. Since each measured Vs at a specific depth would correspond to two
SPT-N values from the two testing boreholes, in order to keep the origin of the raw data,
the Vs measured by cross-hole seismic testing would be recorded in two datasets. Based
on the above approach, the total number of documented datasets is 1189 (shown in Fig. 4).
Among them, 317 datasets are from the recorded data using cross-hole seismic testing, 587
datasets are from the recorded data using SCPT, and the remaining 285 datasets are from
the recorded data using the suspension logging testing. These datasets were screened based
on selected criteria, and this is explained in the following section. The categorized datasets
would then be used for the following regression work.

3.2 Data processing

It is recognized that geologic considerations can aid in the estimation of Vs. The data-
sets shown in Fig. 4 were first divided by soil classification based on the USCS. In
this study, the geologic units were divided into two groups, sandy soil and fine-grained
soil. Note that the Ng,-values of the datasets included in the sandy soil group were then
screened out if the Ny,-values were larger than 50. For the fine-grained soil group, the
Ngo-values of the datasets were screened out if the Ng,-values were larger than 25. The
consideration of this screening criterion is because the mechanical behaviors of “the
sandy soils” with Ng,>50 and “the fine-grained soils” with Ng,>25 are similar to soft
rock instead of soil based on the local experiences of Taiwan and Japan. Since the study
focused on the N¢)-Vs regressions of the alluvium soils, the datasets with N, higher
than the above threshold values are therefore deleted. The ones with SC, SM, SP, or
SW of the USCS belong to the sandy soil group. In the sandy soil group, most of the
soils do not have plasticity index (PI) except clayey sand (SC). The N, of the soils
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Fig.3 The locations of the engineering sites

ranges from 1 to 49 and the average value is about 18. According to Terzaghi and Peck
(1967), the relative density of the soils ranges from about 5~85% and the degree of
compactness is from very loose to dense. The other ones with CL, CH, ML, or CL-ML
of the USCS belong to the fine-grained soil group. In the fine-grained soil group, the
plasticity index (PI) ranges from O to about 47. The N, of the soils ranges from 1 to 25
and the average value is about 10. According to Terzaghi and Peck (1967), the consist-
ency of the soils ranges from very soft to very stiff. The N¢j-value represents the blow
count number during performing standard penetration test. The subscript of N¢, denotes
the amount of energy transmitted to the sampler divided by the theoretical maximum
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Table 3 Basic information for the sites

Site Vs measurement method Source

Cross-hole log-  SCPT Suspension log-
ging ging

<
|

Hwang (1997)

CEERNTA (2000) and NCU (2010)
Sinotech Engineering Consultants (1996)
- MAA (2000)

- Hwang et al. (2002)

- Hwang et al. (2002)

Sinotech Engineering Consultants (1993)
- TCRI (1997)

- NCREE (20164, b, ¢)

- NCREE (20164, b, ¢)

- Hwang et al. (1998)

Sino Geotechnology, Inc. (2000-2008)
and Kuo et al. (2012)
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SPT energy (64.5 kg dropped from a height of 76 cm) in percentage. In an attempt to
minimize variability, the N-values were converted to a uniform reference energy ratio of
60% of the theoretical SPT energy (Ng,). Due to the lack of energy measurement data
for the different types of SPT hammers in the collected database, this study assumed a
hammer energy ratio of 60% for rope-cathead hammer system, which is the most com-
mon type in Taiwan, and 72% for an automatic hammer system based on Japanese engi-
neering practice. In order to facilitate the following correlations and comparisons, all
SPT-N values were converted to the basis of energy ratio of 60%. The SPT-N value
with the energy ratio other than 60% should be adjusted. For example, the SPT-N value
done by automatic hammer system with the energy ratio of 72% should be multiplied by
1.2(72/60). After the data processing based on the above criteria, there were 6 catego-
ries (listed in Table 4). Note that some data were screened out, and the total number of
datasets in the table is not the same as the original database. Data points of Vs versus
Ngo with respect to the different Vs measurement methods for the sandy soil and fine-
grained soil groups (the 6 categorized datasets) as well as regression curves are shown
in Figs. 5 and 6, respectively. According to the visual inspection on the figures, it can
be seen that the cross-hole seismic testing datasets have a relatively small variation at
any specific N-value when compared with the other two Vs measurement methods. The
SCPT datasets typically had a significant amount of scatter in the measurements (as
evident in Figs. 5b and 6b), which may result from the locations of the measured Vs dif-
fering from the locations of the SPT. In Figs. 5c and 6c¢, the Vs measured by suspension
logging testing also has a small amount of scatter, and the measured Vs is similar to the
results from cross-hole seismic testing when the Ng,-values are higher than a threshold
value (approximately N, =20 for sandy soil and Ng,=15 for fine-grained soil). How-
ever, on the average, the measured Vs by suspension logging testing seems to be slightly
larger than the measurements by cross-hole seismic testing when the SPT-N values are
small. In view of the coefficient of determination (Rz), the cross-hole seismic testing in
this study has the highest R?; the suspension logging testing ranks the second highest
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Fig.4 The database established by this study

Table 4 Details of the datasets from this study

Neo

(c) Suspension logging testing

Category No. of data Vs measurement method Soil type USCS

1 156 Cross-hole logging Sandy soil SC, SM, SP, SW

2 240 SCPT

3 142 Suspension logging

4 149 Cross-hole logging Fine-grained soil CL, CH, ML, CL-ML
5 330 SCPT

6 129 Suspension logging

R the data pairs by SCPT and the referred N-value are the most scattered and has
the lowest R?, which is probably due to the spatially varied soil conditions between the

SCPT and SPT.
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700 700
® CH (this study) O SCPT (this study)
600 [ |— Regression curve 600 [ [— Regression curve
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(Vs=119.4Ngo22"; R?=0.40) —-— PS and DH (Imai and Tonouchi, 1982)
(Vs=83.2N02%2; R2=0.48)

(¢) Suspension logging testing (d) all data with regression curves

Fig.5 Vs versus N, and correlation equations for the sandy soil group

3.3 A comparison with the Japanese database

In Japan, the measurement of shear wave velocity and the studies for establishing the rela-
tionship between the N-value and Vs have been ongoing since the 1960s (Kanai 1966; Shi-
bata 1970; Ohba and Toriuma 1970; Ohsaki and Iwasaki 1973; JSSMFE 1981; Imai and
Tonouchi 1982). Among these studies, the database provided by Mr. Tsuneo Imai and the
associated regression results recorded by JSSMFE (1981) have been commonly referred
by the Japanese Road Association (JRA) for many decades. The database has 183 data-
sets with information on clayey (fine-grained) soils, and 151 datasets with information on
sandy soils in alluvium. The regression equations, with a little modification to the regressed
parameters for the purpose of practical use, were adopted by the JRA (2002) and imple-
mented in their design codes. The database was updated by Imai and Tonouchi (1982), and
the number of the datasets of clayey (fine-grained) soils became 325, and the number of the
datasets of sandy soils became 294. The database established by Imai and Tonouchi (1982)
(hereinafter referred to as IT database) are mainly measured by downhole seismic testing
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Fig.6 Vs versus N, and correlation equations for the fine-grained soil group
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(a) Sandy soil group (b) Fine-grained soil group

Fig.7 The databases of Imai and Tonouchi (1982) as well as regression curves
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and suspension logging testing in alluvium. It is believed that the updated database should
have a certain degree of reliability and could be a reference to compare with the database
used in this study. Figure 7 displays the Vs versus Ng,-value distribution of the IT data-
base. Note that the information of the SPT energy ratio, as well as the hammer type, are not
available in Imai and Tonouchi (1982). According to Nishizawa et al. (1980), the energy
ratio in Japanese hammer systems is from 63to72% for rope-cathead system and from 80
to 90% for automatic hammer system. An energy ratio of 72% was assumed, which is about
average of the rope-cathead and automatic hammer systems in Japan, and the N-values of
the data pairs in IT database were converted to Ngy-values accordingly. Besides, the data
pairs with N, larger than 50 in sandy soil group and 25 in fine-grained soil group do not
show in the figure. From Figs. 5, 6, and 7, it can be seen that the data pairs collected from
the SCPT and referred N-value are relatively scattered. Other than that, the Vs measure-
ment results among the discussed methods are comparable. The difference among them
would be discussed more in following section.

4 SPT-based Vs correlations

Standard Penetration Test (SPT) has historically been the most widely used in situ geotech-
nical test throughout the world. In order to easily estimate shear wave velocity of soils by
SPT-N value, many researchers have studied the relationship between the Vs and SPT-N
value. From Figs. 5 and 6, it is obvious that different Vs measurement methods can give
quite different values of Vs, but few studies addressed this difference and investigated the
rationale of Vs measurements in alluvium. The Vs difference caused by measurement
methods also results in different Vs versus N-value correlation equations. To address this,
the study used the above built database and separately established correlation equations for
each of the dataset categories. The relationship of Vs versus N-value follows the form of
Eq. (4):

Vs=a Ngo €]

where “a” and “b” are the parameters to be determined by the regression analysis. The
parameter “a” is a scaling factor, moving the values of Ng, up or down, and the parameter
“b”, called the power, determines the increasing rate of Vs as N value increases.

Note that these datasets typically contain a significant amount of scatter in the measure-
ments (as evident in Figs. 5 and 6). To develop a better correlation, the “LINEST” func-
tion of Microsoft Excel was used to perform a best fit of the data in regression analysis.
The coefficients of determination (R?) were used to assess the strength of the relationships
between variables. Higher correlation coefficients indicate greater correlation between two
variables. Perfect correlation between variables would result in a “R?” of 1.0. Further dis-
cussions of the regressed correlation equations, as well as the comparison with Japanese
equations, are presented in the following sections.

4.1 Sandy soils
A summary of Vs versus Ng-value correlation equations for sandy soils, as well as the

equations from IT database of sandy soils (Imai and Tonouchi 1982), is presented in
Table 5a. In view of the coefficient of determination (Rz) shown in Fig. 5, the cross-hole
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Table 5 Vs versus Ng,-value

. . Category Vs=aNg, R? Vs measurement method
correlation equations

a b

(a) Sandy soils

1 80.1 0.290 0.47 Cross-hole seismic testing
2 93.8 0.283 0.24 Seismic cone penetrometer
3 119.4 0.221 0.40 Suspension logging testing
IT 83.2 0.292 0.48 Suspension logging testing
and downhole seismic
testing
(b) Fine-grained soils
4 102.3 0.243 0.49 Cross-hole seismic testing
5 116.8 0.214 0.22 Seismic cone penetrometer
6 148.6 0.169 0.28 Suspension logging testing
IT 101.8 0.274 0.52 Suspension logging testing
and downhole seismic
testing
(c) All soils
7 110.9 0.227 0.28 -

“The “a” and “b” regression parameters and R? are from Imai and
Tonouchi (1982)

seismic testing in this study and IT database have the highest R%, which demonstrates the
reliability of the measurements of the shear wave velocity; the suspension logging testing
in this study ranks the second most R%; the data pairs by SCPT and the referred N-value are
the most scattered. On the basis of the similar Vs measurement method, the results meas-
ured by the suspension logging testing in this study are still much scattered than those in IT
database. From the regression results based on all analyzed categories, basically, it can be
seen that when parameter “a” is larger, parameter “b” will be smaller. Figure 5d shows the
yielded regression curves, as well as the result by Imai and Tonouchi (1982). All regres-
sion curves are comparable. The results show that the predicted Vs (the red dotted curve
in Fig. 5d) based on the data pairs of suspension logging testing is the least conservative.
The one based on the data pairs measured by SCPT is the second. In contrast, the predicted
Vs based on the regression curves by the data pairs of cross-hole seismic testing (the blue
curve in Fig. 5d) are the most conservative, which is very close to the one derived by Imai
and Tonouchi (1982).

4.2 Fine-grained soils

A summary of Vs versus Ng,-value correlation equations for fine-grained soils, as well as
the equations from IT database of cohesive soils (Imai and Tonouchi 1982), is presented in
Table 5b. In view of the coefficient of determination (R?) shown in Fig. 6, the data pairs
by cross-hole seismic testing in this study and those of IT database have the highest R?,
which could demonstrate the better reliability of the Vs measurements; the R? from the
database of the suspension logging testing in this study ranks the second; the data pairs by
SCPT and the referred N-value are the most scatter. The trend of the R? is similar to that
of sandy soils, except with a lower R? in cohesive soils than that of sandy soils for the case
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Table 6 The predicted Vs for each site

CHY004 CHYO012 CHYO016 CHY027
Depth| SPT-Ngo| Predicted Vs (m/s; . SPT-Ngo| Predicted Vs (m/s SPT-Ngo | Predicted Vs (m/s « | SPT-Ng| i
(m) | USCS (blow) | 0100 100( JUL)V USCS (blow) | 0100 200 ( sou) uscs (blow) | 0100 200 ( sou) USCS (blow) (Predﬁow ;:;)(mx/?y
1.5 SM 6 L SM 2 ML 2 SW-SM 10
3.0 SM 5 L SM 4 ML 4 SM 4
4.5 | SP-SM 8 L CL 1 CL 4 CH 8
6.0 SM 7 L ML 3 CL-ML 4 SM 11
7.5 ML 7 L CL 1 SM 7 SW-SM 7
9.0 ML 7 L SM 12 ML 6 SW-SM 17
10.5 ML 6 L SM 17 SM 12 SM 18
12.0| SP-SM 20 L SM 14 SW-SM 22 SM 16
135 ML 10 L SM 20 ML 14 SM 18
15.0 SM 13 L SM 24 SM 20 SM 18
16.5 ML 10 L SP-SM 24 SM 32 SM 19
18.0 ML 12 L SP-SM 24 SM 23 SM 19
19.5 ML 13 L SM 28 ML 11 ML 14
21.0 SM 13 L SM 23 ML 20 SM 22
225 ML 20 L SM 26 SM 32 SM 23
24.0| SW-SM 22 L SM 19 SM 23 ML 14
255 SM 41 L SM 17 ML 25 SM 14
27.0 ML 19 L ML 18 ML 20 SM 19
28.5 SM 17 L CL 11 ML 17 ML 19
30.0 SM 22 ML 17 SM 24 ML 17
CHY031 CHY044 CHY049 CHY059
Depth| SPT-Ng icted Vs (m/s y SPT-N icted Vs (m/s SPT-N, edict s (m/s SPT-N icted Vs (m/s
o] Uscs | bt Yoo uscs [Spime] beass Vo] uses o] b Yamin] uscs [Spine] Mot )
1.5 | SP-SM 10 ML 6 CL 4
3.0 | SW-SM 6 SP-SM 10 CL 7 SM 2
4.5 SM 7 SP-SM 23 ML 4 SM 2
6.0 SM 8 SP-SM 16 CH 6 SM 14
7.5 | SW-SM 11 SM 17 SM 19 SM 14
9.0 ML 5 SP-SM 23 ML 25 SP-SM 10
10.5 ML 2 SM 20 CL 6 SM 12
12.0 CL 10 SM 13 ML 12 SM 12
13.5 ML 10 SM 10 CL 6 ML 8
15.0 CL 10 CL 4 ML 14 SM 18
16.5 ML 13 CL 18 CL S SM 18
18.0 CL 7 SM 14 CL 8 ML 7
19.5 ML 13 ML 16 CL 7 ML 10
21.0 CL 13 CL 16 CL 14 SP-SM 29
22.5| CL-ML 14 ML 13 ML 29 SM 30
24.0 SM 20 CL 13 CL 13 SM 25
25.5 SM 29 ML 14 CH 12 SM 26
27.0 SM 22 ML 14 ML 18 ML 11
28.5 SM 35 CL-ML 10 CL 8 ML 16
30.0 SM 31 SM 26 SM 42 CL 8
CHY066 CHY112 i
Dot Uocs |51 No| Predicted Vs () | (g | S7T-No] Prodicted Vs (m) | 8- Prodicted by the regression curves based on the datasets rom
(m) s (blow) | 0 100 200 300[ ~°* (blow) | 0100 200 300 cross-hole seismic testing
1.5 CL 5 5 -4 Predicted by the regression curves based on the datasets from
3.0 | CL-ML 6 11 suspension logging testing
R > 4 O Predicted by the regression curves based on the datasets from SCPT
75 L 4 16 -t Predicted by the Japanese regression curves testing
9.0 CL 1 16
10.5 ML S 16
12.0 SM 17 14
13.5 SM 13 12
15.0 SM 13 16
16.5 CL 2 10
18.0 CL S 12
19.5 CL 6 16
21.0 CL 5 14
225 ML 6 10
24.0 SM 24 13
255 SM 30 11
27.0 SM 32 11
28.5 SM 23 22
30.0 ML 26 13

of suspension logging testing. It is interesting that a lower R? occurs when applying the
suspension logging seismic testing to measure the shear wave velocity of fine-grained soils
in this study. The reason will be discussed in the following section. From the regression
results for all analyzed categories, a larger “a” parameter, will have a smaller “b” param-
eter. Figure 6d shows the regression curves as well as the result by Imai and Tonouchi
(1982). All regression curves are basically comparable. From the figure, most of the pre-
dicted Vs from regression curve by the data pairs of cross-hole seismic testing is relatively
conservative (the blue curve in Fig. 6d). However, the predicted Vs by the regression curve
from the data pairs of suspension logging testing (the red dotted curve in Fig. 6d) is obvi-
ously higher than the other regression curves whereas the IT database is also mainly based
on the suspension logging testing. The other two regression curves fall between.
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4.3 All soils

The Vs versus Ng,-value correlation equations for all soils used in this study is also pre-
sented in Table 5c. The parameters of “a” and “b” are 110.9 and 0.227, respectively. The
coefficient of determination (R?) is 0.28. The engineers can use the equation to evaluate Vs
of a soil layer if only the information of SPT-N value is available. However, it should be
noted that the prediction would be definitely more uncertain than the one with the informa-
tion of soil type.

4.4 Discussion

Among the measurement results in this study, cross-hole seismic testing is the most reliable
method in view of the evaluation based on R-square. This result also agrees with comments
by Andrus et al. (2004) in Table 2. In comparison with the results by Imai and Tonouchi
(1982), the results between two are quite comparable in view of the evaluated R? and the
distribution of the data pairs. The data pairs by SCPT and the referred N-value show the
most scatter. This may be the result of differing locations of the Vs and SPT measurements.
Even so, the regression results based on these data pairs are still comparable with the ones
based on the database of the cross-hole seismic testing. However, the SCPT measured Vs
seems to be slightly higher than the one from cross-hole seismic testing.

As for the suspension logging testing, it is obvious that the regression curves based on
the data measured by it in this study and in Imai and Tonouchi (1982) are different. The
distribution of the data pairs is more scattered and the regression curve is non-conservative
than the one proposed by Imai and Tonouchi (1982). A possible reason may be due to the
difference in the preparation of the testing borehole. In Taiwan, the borehole for suspension
logging has to be cased before measurement to avoid borehole collapse in alluvium sites.
Based on the consultation with the Japanese engineers, the comments on the installation of
the PVC casing for suspension logging testing are not totally consistent. Some suggest that
the effect of the installation of the PVC casing is slight. In contrast, some think the installa-
tion of the PVC casing does affect the measurement results and should not be used as much
as possible in order to derive better measurement. The consensus is that, in soft ground, the
stability of the borehole should be evaluated first and the installation of PVC casing may be
necessary in order not to stick the apparatus in the borehole. Once a borehole is cased, it is
necessary to fill the gap space between ground formation and casing tube to ensure seismic
waves propagate directly into the sensor without pollution of tube waves. Therefore, the
borehole is always cased, and the PVC casing must be properly installed and grouted (see
Fig. 8). Note that the shear wave propagation in suspension logging testing travels in the
vertical direction, which means that the seismic wave may travel through grouted soils.
Theoretically, the grout material should be as soft as the soils surrounding the borehole. In
practices, it is really difficult to control the hardness of the grout accurately. In most cases,
the hardness of grout is always greater than that of soft formations (i.e., lower N-value
condition). This could cause overestimation of the shear wave velocity. Indirect evidence of
the possible overestimation of Vs by the suspension logging test may be found by compar-
ing the regression curves in Figs. 5 and 6 with the data pairs based on the SCPT. In SCPT,
the travel path of the seismic wave is also in vertical direction, but it does not require the
installation of the PVC casing and grouting. The record of the use of any casing in sus-
pension logging testing is very important in order to let the designer make a reasonable
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Fig. 8 The installation of the
PVC casing and grouting before Grout
conducting suspension logging E Pump
testing in Taiwan \

(777 ——
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engineering judgement. It is doubtful whether the problem of Vs overestimation also exists
when conducting cross-hole seismic testing, where casing and the grouting of the testing
boreholes are also required. Fortunately, the possible overestimation of Vs due to the effect
of soil improvement could be largely reduced since the horizontal travel path of the shear
wave propagation between the two testing boreholes (Fig. 2) is much longer than the grout-
effected zones.

Other than the above possible reasons, it should be noted that Sites A to K only had Vs
measurements by cross-hole seismic testing and SCPT, which may be the reason that the
regression curves based on the two Vs measurement methods were comparable. In con-
trast, Sites L to Y only had the Vs measurements by suspension logging testing. In the
database of this study, none of the sites included the Vs measurements based on the three
methods of interest. The variation of site characteristics may be another reason that the
regression curves based on the suspension logging testing were different from the others.

5 Case study

In this case study, the influence of different regressed Vs-N curves deduced by different
measurement methods on site classification will be demonstrated. Totally, four sets of
regression curves were used. Three sets of regression curves were established by cross-
hole logging, SCPT, and suspension logging respectively in this study and the other
one set was directly cited from Imai and Tonouchi (1982). Each set had two regression
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curves, one for sandy soils and the other for fine-grained soils. In this demonstration,
10 sites located at the alluvium in central and south Taiwan were selected. They are
sites M, N, O, R, S, U, V, W, X, and Y which are shown in Fig. 3 and denoted with
new symbols as CHY004, CHYO012, CHYO016, CHY027, CHY031, CHY044, CHY049,
CHYO059, CHY066, and CHY 112, accordingly. The Vs profile of each site was evalu-
ated by SPT-N according to the 4 sets of the Vs-N regression curves. Table 6 shows the
SPT results from the boreholes of the 10 sites, and the predicted Vs based on different
sets of regression curves. With the shear wave velocities along the borehole, Vs30 could
then be calculated according to Eq. (1), and the site classification could be determined
by Table 2. The Vs30 of all sites are shown in Fig. 9. It can be found that all the 10 sites
are classified into Site Class III by regression curves from cross-hole logging and Site
Class II by regression curves from SCPT and suspension logging. If using regression
curves suggested by Imai and Tonouchi (1982), four sites are classified into Site Class
III and six sites are Site Class II. Therefore, it can be concluded that the influence of Vs
measurement methods on site classification is at most one class difference. Following
the above results, the subsequent influence on the design response spectra can be evalu-
ated by comparing the site coefficients of F, and F, corresponding to the two evaluated
site classes (Site Classes II and III). For a site located in the seismic region with S;=0.6
and S;=0.35 in Taiwan, for example, the site coefficients of F, and F, at the Class II
site are 1.1 and 1.4 respectively while the F, and F, at the Site Class III are 1.2 and 1.7
respectively, according to MOI (2001). The ratios of F, and F, between the Site Class
IT and IIT are about 1.09 and 1.21 respectively. This means the design seismic force act-
ing on a building located in Class III site would be larger than that of the same building
located in Class II site by a difference of 9~21% which depends on the period of the
building considered.

300
® Set | regression curves from CH data i
280 F O Set 2 regression curves from SCPT data §
I A Set 3 regression curves from PS data 1°
260 A Set 4 regression curves from IT data
+ Measured by suspension logging testing
240 F + 5
% = §
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Fig.9 The predicted Vs30 for each site
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6 Conclusion

1. The established Vs-N database by cross-hole logging, SCPT, and suspension logging
is believed to be reliable and provide a good reference for the relevant research work.

2. The discrepancies of the Vs-N correlations based on the database produced by different
methods are found to be about tens of meters per second. The influence of Vs measure-
ment methods on site classification is at most one class difference.

3. The predicted results of the site classification did vary if different sets of regression
curves were adopted. The curves regressed from the datasets of cross-hole seismic test-
ing are the most conservative in determining design seismic forces. Care must be taken
when using less conservative regression curves by other measurement methods while
conducting design work.

4. From the comparison study, it was found that the measured Vs by suspension logging
testing were non-conservative than the other methods for shallow soft alluviums. This
is because seismic waves produced by the suspension logging travel vertically along the
surrounding disturbed region of borehole. The grouting between PVC case and borehole
wall may affect the measurement results significantly.
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