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A B S T R A C T

Reliable site classification of the stations of the China National Strong Motion Observation Network System
(NSMONS) has not yet been assigned because of lacking borehole data. This study used an empirical horizontal-
to-vertical (H/V) spectral ratio (hereafter, HVSR) site classification method to overcome this problem. First,
according to their borehole data, stations selected from KiK-net in Japan were individually assigned a site class
(CL-I, CL-II, or CL-III), which is defined in the Chinese seismic code. Then, the mean HVSR curve for each site
class was computed using strong motion recordings captured during the period 1996–2012. These curves were
compared with those proposed by Zhao et al. (2006a) for four types of site classes (SC-I, SC-II, SC-III, and SC-IV)
defined in the Japanese seismic code (JRA, 1980). It was found that an approximate range of the predominant
period Tg could be identified by the predominant peak of the HVSR curve for the CL-I and SC-I sites, CL-II and SC-
II sites, and CL-III and SC-III + SC-IV sites. Second, an empirical site classification method was proposed based
on comprehensive consideration of peak period, amplitude, and shape of the HVSR curve. The selected stations
from KiK-net were classified using the proposed method. The results showed that the success rates of the pro-
posed method in identifying CL-I, CL-II, and CL-III sites were 63%, 64%, and 58% respectively. Finally, the
HVSRs of 178 NSMONS stations were computed based on recordings from 2007 to 2015 and the sites classified
using the proposed method. The mean HVSR curves were re-calculated for three site classes and compared with
those from KiK-net data. It was found that both the peak period and the amplitude were similar for the mean
HVSR curves derived from NSMONS classification results and KiK-net borehole data, implying the effectiveness
of the proposed method in identifying different site classes. The classification results have good agreement with
site classes based on borehole data of 81 stations in China, which indicates that our site classification results are
acceptable and that the proposed method is practicable.

1. Introduction

Post-earthquake investigations and engineering practice both in-
dicate that local site conditions have a profound effect on the ground
motion characteristics and the seismic performance of engineering
structures during strong ground shaking (Wood, 1908; Seed et al.,
1988; Tsai and Huang, 2000). Local site response generally shows
deamplification or amplification in different period ranges that can
result in severe damage to buildings if the predominant period of those
structures is close to the predominant period of site amplification. This
phenomenon has been observed in several devastating earthquakes that
have occurred recently in China, e.g., the 2013 Lushan Ms 7.0 earth-
quake (Ren et al., 2013), 2014 Ludian Ms 6.5 earthquake (Ji et al.,
2014a), and 2014 Jinggu Ms 6.6 earthquake (Dai et al., 2015).

Considering the strong correlation between local site conditions and
earthquake damage, it is important to classify building sites into dif-
ferent categories in the seismic codes. The most widely used site clas-
sification parameter is the time-averaged shear-wave velocity over the
top 30 m of the soil deposit (VS30), as suggested by the NEHRP (Building
Seismic Safety Council (BSSC), 2003) and Eurocode 8 (European
Committee for Standardization (CEN), 2004). Several methods were
developed to predict VS30 considering the surface geological profile or
topography slope as a proxy of VS30 (Wills et al., 2000; Lee et al., 2001;
Wald and Allen, 2007; Allen and Wald, 2009). These methods are
generally used for estimating the overall VS30 distribution covering a
relatively wide region rather than for a site-specific estimation, espe-
cially work well for where high slope contrasts could be observed such
as mountain and basin areas. Another effective way is based on an
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empirical extrapolation relationship between VS30 and the time-aver-
aged shear-wave velocity over the top soil shallower than 30 m (Boore,
2004; Kuo et al., 2012). However, due to limited drilling borehole data,
this method is not practical for estimating VS30 of the sites of strong
motion stations in China.

Following the rapid development of observation technology, strong
motion recordings have been collected in many countries. Site classi-
fication of strong motion stations has an important role in the appli-
cation of these recordings for seismic zonation, seismic hazard eva-
luation, and computation of seismic structural response. For instance, in
ground motion prediction equations (GMPEs), even for similar magni-
tudes and distances, variations due to different site conditions can be
considerable and must be properly taken into account (Takahashi et al.,
2000). The parameter VS30 is commonly used in characterizing the site
effect term in modern GMPEs, such as the Next Generation of At-
tenuation (NGA) models. However, for some strong motion stations the
values of VS30 might be unavailable and therefore, their classification
based on the predominant period of the site could be an affordable
alternative (e.g., Zhao et al., 2006b; Alessandro et al., 2012).

The National Strong Motion Observation Network System
(NSMONS) of China has been in formal operation since 2008, and a
large number of high quality strong motion recordings have been ob-
tained in recent years. However, most NSMONS station sites are clas-
sified only approximately as “rock” or “soil” because of lacking bore-
hole data, which seriously limits the application of their data in GMPEs
and other studies. To overcome a similar problem, an alternative to the
VS30-based site classification method was proposed by Zhao et al.
(2006a), based on the curves of the horizontal-to-vertical (H/V) spec-
tral ratio (hereafter, HVSR) of strong motion recordings. This site
classification method has been used in strong motion observation net-
works in many countries, e.g., Japan, Italy, and Iran (Zhao et al., 2006a;
Alessandro et al., 2012; Fukushima et al., 2007; Ghasemi et al., 2009).
For the NSMONS, Wen et al. (2010, 2011) classified near-fault stations
in the Wenchuan earthquake using both the HVSR and the response
spectral shapes method. Ji et al. (2014b) performed similar work for
near-field stations in the 2013 Ms 7.0 Lushan earthquake. Their clas-
sification results had good correlation with the borehole data of some
stations, which demonstrated the practicability and efficiency of the
methods. Wen et al. (2014) classified temporary stations within this
region using a new classification scheme proposed to improve the re-
liability of the HVSR method. All of these earlier studies focused on
triggered stations in one earthquake event rather than all the stations of
the NSMONS network. Besides, the stations were all classified ac-
cording to the classes defined in the Japanese seismic design code for
highway bridges (Japan Road Association (JRA), 1980), corresponding
to four empirical HVSR curves suggested by Zhao et al. (2006a).
Therefore, it is necessary to develop empirical curves associated with
the site classes defined in the Chinese seismic code and to classify all the
strong motion stations that comprise the entire observation network.

In this study, site characteristics of selected strong motion stations
of KiK-net in Japan were investigated, and the corresponding mean
HVSR curves for each site class, as defined in the Chinese seismic code,
were computed. An empirical site classification scheme was proposed to
increase the success ratio. The applicability of the proposed scheme was
verified using the same KiK-net dataset and borehole data of selected
NSMONS stations. Finally, based on strong motion recordings obtained
during 2007–2015, 178 NSMONS stations (with recordings of at least
three earthquake events) were classified using the proposed classifica-
tion scheme and schemes developed in other studies.

2. Empirical H/V curve for different site classes

2.1. Site class definitions for Chinese seismic code

The H/V technique was first proposed by Nakamura (1989) who used
a horizontal-to-vertical Fourier spectrum ratio of ground microtremors to

evaluate site characteristics. Later, Yamazaki and Ansary (1997) applied
this method in earthquake ground motions. Zhao et al. (2006a) proposed
an empirical site classification method based on the mean spectral ratio of
earthquake recordings for strong motion stations in Japan. The definitions
of site class criteria were based on the Japanese seismic design code for
highway bridges (JRA, 1980). The ranges of the predominant period Tg for
each site class, and the ranges of VS30 and the corresponding NEHRP site
classes (BSSC, 2003) are listed in Table 1.

Unlike the definitions in the Japanese design code and the NEHRP, the
four class categories defined in the Chinese seismic code (GB50011-2010)
(MHURC, 2010) are defined by two parameters: the 20-m average shear
wave velocity (VS20) and the thickness of the soil layers (H) above the
engineering bedrock layer where Vs ≥ 500 m/s, as shown in Table 2.
Noting that I0 is a subclass of I. The value of 500 m/s was originally used
to represent stiff soil or rock, including stable rock and dense detritus in
previous 1989 version of Chinese seismic code. It was derived from a
statistical analysis of a large number of S-wave velocity data of rock and
dense detritus in the Chinese mainland. It has been treated as a re-
presentative of engineering bedrock in Chinese seismic code till now.
Furthermore, 20 m is shallower than the value of 30 m associated with the
commonly used parameter VS30 and the additional index H characterizes
different site effects for the same VS20 range. Because of the differences in
the site class definitions between the two codes (i.e., Tables 1 and 2), the
four HVSR mean curves given by Zhao et al. (2006a) might not be suitable
for the Chinese code. Therefore, the first objective of this study was to
develop an empirical HVSR curve for each site class in the Chinese code.

The HVSR method has been validated estimating the similar pre-
dominant period with other methods, such as the spectral ratio method
of reference site and some inversion methods. But the predominant
period could not be used as the only index for site classification because
the soil layer thickness (represented by H in Chinese seismic code)
could also impact the HVSR amplitude. Considering the amplitude of
site response determined by HVSR method is not accurate, or not
consistent with other methods (Bonilla et al., 1997; Lermo and Chávez-
García, 1993; Kuo et al., 2015), we chose the SI index proposed by
Ghasemi et al. (2009) to distinguish different site classes. It could
measure the extent of the similarity of relative H/V curve shape rather
than absolute amplitude. The second objective of this study was to

Table 1
Site class definitions used in the study by Zhao et al. (2006a) for Japanese sites and the
approximately corresponding NEHRP site classes (BSSC, 2003).

Site class Site predominant
period

Average shear-wave
velocity

NEHRP class

SC I: (rock/stiff
soil)

Tg < 0.2 s VS30 > 600 m/s A + B+ C

SC II: (hard
soil)

0.2 s ≤ Tg< 0.4 s 300 m/
s < VS30≤600 m/s

C + D

SC III: (medium
soil)

0.4 s ≤ Tg< 0.6 s 200 m/
s < VS30≤300 m/s

D

SC IV: (soft
soil)

Tg ≥ 0.6 s VS30 ≤ 200 m/s D + E

Note: Tg means the site’s predominant period.

Table 2
Definitions of site classes in the Chinese seismic code (GB50011-2010) (MHURC, 2010).

20 m equivalent shear wave velocity VS20/
(m·s−1)

Thickness of soil layer H*/m

I0 I II III IV

> 800 0
(500, 800] 0
(250, 500] < 5 ≥5
(150, 250] < 3 3–50 >50
≤150 <3 3–15 15–80 >80

H*: thickness of soil layer above rock with Vs ≥ 500 m/s.
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propose a classification procedure considering both the predominant
period and the shape of HVSR curve. Hereafter, class CL-I refers to the
combination of I0 and I, and classes CL-II, CL-III, and CL-IV refer to II,
III, and IV, respectively.

2.2. KiK-net strong motion dataset

As mentioned in the introduction, because of the lack of borehole data,
NSMONS stations are classified simply as “rock” and “soil”; therefore, the
mean HVSR curve for each class cannot be computed directly using these
data. The ground motion recordings used in this study, extracted from the
Japanese KiK-net dataset (1996–2012), comprised 151,731 groups of triaxial
records from 609 triggered stations. Apart from the large number of re-
cordings, another important advantage of KiK-net is that the borehole depths
reach rock layers where the shear wave velocity far exceeds 500 m/s. K-net
stations in Japan have also captured many recordings; however, their bore-
hole depths extend to only 20 m, which can result in classification failure for
soft sites (e.g., CL-III and CL-IV sites) for which the value of H is usually>
20m (see Table 2). Thus, data from K-net were not used in this study.

Of the 609 triggered stations, 94 were classified as CL-I, 482 were
classified as CL-II, 29 were classified as CL-III, and only 4 were classi-
fied as CL-IV according to the criteria presented in Table 2. Thus, CL-II
stations account for nearly 80% of the total, which reflects the rela-
tively wide range of values of VS20 and soil thicknesses shown in
Table 2. On the Chinese mainland, CL-II sites cover most regions of the
country, and they are regarded as reference sites for the calculation of
ground motion parameters in seismic zonation mapping.

Site classification in the Chinese seismic code depends not only on
the value of VS20 but also on the value of H. A slight change in the
boundary data of VS20 and H could cause the classification result to
“jump” from one class to another. If the possibility of uncertainty in the
measurement of borehole data were considered, this phenomenon
could be prevalent and should not be ignored. To prevent its impact
spreading into the computation of the mean HVSR curve for each site
class, we reduced the upper boundaries of VS20 and H by 15% and in-
creased the lower boundaries by 15%. The major adjustment focuses on
the boundary of the CL-II class of sites because this class comprises 80%
of the total number and it could overwhelm the other site classes.
Because of the large number of recordings and stations in KiK-net, there
is no need for concern that adjustment of the boundaries might cause
data insufficiencies. The new classification boundaries, shown as
shaded areas in Fig. 1, effectively solve the problem of mixed-boundary
data mentioned before and yet, still guarantee the selection of a certain
number of stations. It is worth noting that the CL-IV sites refer to

extremely soft soil conditions with sedimentary layers more than 80-m
thick; areas that are actually unsuitable for the placement of a strong
motion station according to the related regulations in China. Even in
KiK-net, there are only four stations classified as CL-IV sites. Therefore,
the mean HVSR curve for CL-IV sites was not calculated in this study.

To obtain a stable curve of the mean HVSR, stations triggered in at
least five earthquakes were selected. In fact, almost every station can fulfill
this requirement because of the high density of the KiK-net stations and
high frequency of occurrence of earthquakes. In this study, a fourth-order
acausal Butterworth filter was used to remove noise contamination,
especially in the long-period part. The corner frequency for the high-pass
and low-pass filters was selected as 0.25 and 25.00 Hz, respectively, suf-
ficient for the target period range of the spectral ratio curve of 0.05–3.0 s.

Another two important problems that require consideration are soil
nonlinearity and the signal-to-noise ratio (SNR). The soil nonlinearity
phenomenon is often observed in many large earthquake events, and it
could influence the shape of the HVSR curves because of the drift of the
predominant period and de/amplification of the spectral ratio. Based on
studies by Wen et al. (2006) and Ji et al. (2014c), recordings with peak
ground acceleration (PGA) of>100 Gal are more likely to be influenced
by soil nonlinearity. To avoid possible large variation in the HVSR curves,
attributable to soil nonlinearity, only those recordings with PGA of<
100 Gal were selected in this study. The SNR is another factor that might
influence the spectral ratio curve in the long-period part, and low SNR
recordings are often captured in relatively small earthquakes. Therefore,
recordings with PGA of<5 Gal were excluded in this study to avoid the
possibility of poor-quality signals (Ghasemi et al., 2009).

The recordings were processed and selected to meet the above re-
quirements, and 279 stations were classified according to the defini-
tions of site classes in the Chinese seismic code (Table 2). The locations
of the CL-I, CL-II, and CL-III sites are distinguished by different marks in
Fig. 2, and the numbers of stations and recordings for each site class are
listed in Table 3.

2.3. Empirical mean HVSR curves for the Chinese seismic code

The 5% damped H/V velocity response spectral ratio was calculated
for each recording instead of the traditional H/V ratio of the Fourier
amplitude spectrum. This was undertaken because of the high compu-
tation efficiency and consistent smoothing achieved in the response
spectral ratio for all recordings when the same damping ratio is used
(Zhao et al., 2006a). Consequently, the geometric mean HVSR curve for
each site class was obtained, as shown in Fig. 3 (except CL-IV). The
curve for the CL-I class of sites is flatter than CL-II and CL-III with

Fig. 1. Range of Vs20 and thickness of soil layer for each site class
defined in the Chinese seismic code. Dark black lines indicate the
original boundaries between different classes; shaded areas indicate
the new range for each class after reducing or increasing the boundary
values.
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amplitude around 2.0. The curve for the CL-II class of sites has peak
periods of 0.15–0.45 s with amplitude near 2.75. It should be noted that
there is only one peak for both CL-I and CL-II but two peaks for CL-III at
periods of 0.3 and 0.9 s. It shows the difficulty of classifying sites based
on the Chinese code simply using the range of Tg identified as the peak
period of the HVSR curves.

The HVSR curves of the four classes calculated by Zhao et al. (2006a)
show a remarkable predominate period range for each class (Fig. 3(d)),
which is consistent with that proposed by the JRA (1980) (see Table 1).
The classification scheme of the Chinese seismic code depends not only on
VS20 but also on the thickness of the soil layer H; therefore, the Tg range is
relatively fuzzy. The shapes of the H/V curves for CL-I and CL-II are similar
to SC-I and SC-II, respectively, but they are flatter in the long-period range.
The CL-III class of sites is equivalent to the combination of the SC-III and
SC-IV classes because the double predominant periods (0.3 and 0.9 s) of
the CL-III class of sites are close to the individual predominant periods of
the SC-III (0.4 or 0.5 s) and SC-IV (0.8 s) classes.

The standard deviations at different periods for each class of sites
are also shown in Fig. 3. The values are relatively higher for the range
of periods< 0.15 s, reaching the average level of 0.5 for all three site
classes. For periods> 0.15 s, the value reduces with increased period

and it reaches close to 0.25 after 1.00 s. The response of longer period is
more related to deeper soil velocity structure, so the variance does not
vary a lot compared to shallow structure which results in big response
variance in the short period response. This phenomenon is also ob-
served for H/V curves in the study of Zhao et al. (2006a) as shown in
Fig. 3(d). The standard deviation of CL-III is a little higher than the
other two classes, which might be related to the relatively small number
of stations of this class. The entire range of standard deviations is si-
milar to previous studies: 0.25–0.55 (Zhao et al., 2006a), 0.40–0.65
(Fukushima et al., 2007), around 0.59 (Ghasemi et al., 2009). The
feature of relatively low standard deviations at moderate and long
periods implies that significant and stable differences exist within the
shapes of the HVSR curves among these three classes of sites.

The ranges of the predominant period of the three site classes de-
fined in the Chinese seismic code can be evaluated approximately by
their mean HVSR curves (Fig. 3(a)) as Tg ≤ 0.15 s for CL-I sites,
0.15 < Tg ≤ 0.45 s for CL-II sites, and Tg> 0.45 s for CL-III sites. The
Tg ranges for different site classes are compared with those proposed by
the JRA (1980) in Fig. 4. Generally, there is an approximate one-to-one
correspondence between the CL-I, CL-II, and CL-III classes and the SC-I,
SC-II, and SC-III + SC-IV classes, respectively. Lü and Zhao (2007) and
Guo (2010) evaluated the approximate VS30 ranges of the site classes
defined in the Chinese seismic code using borehole data from Taiwan,
Japan, the U.S.A., and some other regions. Compared with the defini-
tions in the JRA (1980) (see Table 1), an approximately similar range of
VS30 values can be observed for each site class between the two codes,
as shown in Fig. 4(b), which links to the consistency of the Tg range
mentioned above.

Fig. 2. KiK-net sites used in this study and their site classes
assigned according to borehole data.

Table 3
Numbers of studied stations and recordings for each site class in KiK-net.

Site classes No. of
stations

No. of
recordings

Per. of the
stations (%)

Per. of the
recordings (%)

I 30 3341 11 9
II 223 29913 79 83
III 26 2764 10 8
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3. Empirical site classification scheme

3.1. Different empirical site classification methods

(1) Method proposed by Zhao et al. (2006a)

In earlier years, the first dominant peak of the HVSR curve was
taken as the predominant period of the site, and it was compared with
the corresponding period ranges in the JRA (1980) to classify the sites.
However, this method might fail in some special cases. For example, for
many relatively hard sites, it is usually not possible to discern the exact

peak of the HVSR curves because of their overall flat shape, especially
when the number of records is small. Therefore, high success rates were
generally not expected when using this method.

To overcome this problem, Zhao et al. (2006a) proposed an auto-
matic classification based on the probabilistic distribution of spectral
ratios and they designed a site classification index (SI) as follows:

∑= − −
=

n
F μ μSI 2 ( abs[ln( ) ln( )])k

i

n

i ki
1 (1)

where k is the site class number, n is the total number of periods, F() is
the normal cumulative distribution function, μi is the mean H/V

Fig. 3. (a) Mean HVSR curves and (b) corresponding standard deviations proposed by this study for three site classes defined in the Chinese seismic code; (c) mean HVSR curves and (d)
corresponding standard deviations proposed by Zhao et al. (2006a) for the four site classes defined in the JRA (1980).

Fig. 4. Comparisons of predominant period range (a) and VS30 range (b) between the site classes defined in the Chinese seismic code and the JRA (1980). Corresponding ranges for the
NEHRP site classes B, C, D, and E are also shown.
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spectral ratio of the target site for the i-th period, and μki is the mean H/
V spectral ratio for the k-th site class averaged over all sites of the
dataset for the i-th period. We call μki as the standard HVSR hereafter in
this study to distinguish it with μi. This method considers the differences
of the HVSRs for all periods. The value of SI is calculated for each site
and the one with the largest value is assigned to this site class. It is
effective for sites of the SC-I, SC-III, and SC-IV classes, but it has a low
success rate for SC-II sites (Zhao et al., 2006a).

(2) Method proposed by Ghasemi et al. (2009)

As Zhao’s method focuses only on the absolute difference of all the
periods, it cannot always identify the extent of the similarity in the
shapes of the curves effectively, supposing in a particular situation that
one curve just drifts upwards from the original location. These two
completely “similar” curves could not be identified by the method of
Zhao et al. (2006a), which might cause incorrect classifications in
practice. Ghasemi et al. (2009) proposed a site classification index to
improve the accuracy of Zhao's method, as follows:

∑= −
−

d
n n

SI 1 6
( 1)k

i
2

2 (2)

where di is the difference between each rank of corresponding values of
the standard HVSR curves for the k-th site class and the target sites, and
n is the total number of periods. The proposed parameter SIk is actually
the Spearman’s rank correlation coefficient (Spearman, 1904), which is
a nonparametric rank proposed as a measure of the degree of associa-
tion between two variables. In this context, it is used to measure the
correlation between the target and standard HVSR curves. The range of
Spearman’s correlation coefficient is −1 to 1, and a value equal to 1

would indicate perfect correlation between the two curves. The larger
the value of SI, the greater the similarity between the shapes of the two
curves.

3.2. Special situations in matching HVSR curves

Although the two empirical methods mentioned above have been applied
inmany countries or regions, e.g., Japan, Iran, Italy, and Taiwan, high rates of
success are not always expected for each site class. The main problem in the
step of matching the HVSR curves derives from the fact that the site responses
at different stations are rather varied and complex, and some special situa-
tions that could interfere with the classification results should be considered.

(1) Head–tail joggling

The head–tail joggling phenomenon was first observed by Wen et al.
(2011). It means that the weight of matching an HVSR curve at a non-
predominant period (usually at short and long periods, i.e., the head and tail
of the HVSR curve) is overestimated. It might equivalently decrease the
weight around the predominant period (i.e., Tg), leading to the possibility of
incorrect classification. Therefore, a method was proposed to assign in-
dividual weights at each period automatically using the entropy weight
theory (Wen et al., 2011). A scenario test case showed that the proposed
method could effectively avoid the effect of head–tail joggling on the final
classification result.

(2) Flat H/V curve

For rock/stiff soil sites, the HVSR curve might be relatively flat with no
predominant peak, i.e., the value of Tg is indeterminable. As shown in Fig. 5,

Fig. 5. Mean H/V spectral ratio curves and borehole profiles for two KiK-net stations: (a) KGSH01 and (b) TYMH04.
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the mean HVSR curve of two KiK-net stations with shear wave velocity
of>600 m/s is almost flat over the entire period range. This type of curve
could not be classified by the range of Tg and it might also fail with the
previously mentioned site classification methods. Alessandro et al. (2012)
defined a new site class that refers to generic rock when the curve displays
an almost flat HVSR (<2.0) without a clear peak. A similar proposal was
also offered by Wen et al. (2014) when they classified temporary strong
motion stations based on the aftershocks of the Wenchuan earthquake.

(3) Multiple peaks

For some sites, more than one predominant peak period might be
identifiable in the HVSR curve, and these sites are likely to be classified
incorrectly by both of the above methods. One obstacle is the un-
certainty in identifying an exact value of Tg. Another important pro-
blem is the difficulty of obtaining the best solutions for both Eqs. (1)
and (2). The HVSR shapes of such sites are extraordinary because of
their multiple peaks but only one peak for the standard curves in the
study of Zhao et al. (2006a) (e.g., Fig. 3(c)). In previous studies, sites
with this type of HVSR curve were usually excluded or classified into a
newly defined class (Fukushima et al., 2007; Alessandro et al., 2012).

3.3. Proposed new site classification scheme

High rates of success are not always expected when using schemes
based on the predominant period or the shapes of spectral ratio curves
because of interference caused in some special situations, as in the three

cases mentioned above. In this study, an empirical site classification
scheme was proposed that considers the peak period, amplitude, and
shape of the HVSR curve, as shown in Fig. 6, the details of which are
explained in the following.

(a) If a curve has more than one peak and if one (or more) of them lies
within the range of short periods (< 0.20 s) while the other (or
others) lies in the range of long periods (> 0.45 s), this site would
be classified ambiguously; therefore, it should be excluded. This
aims to avoid any interference in the classification of CL-I sites,
some of which have a relatively small Tg. The set period range
(0.20 s and 0.45 s) depends on the Tg boundary separating each site
class, as shown in Fig. 3(a). The mean curve of CL-III sites has two
peaks (i.e., 0.3 and 0.9 s). Therefore, if this type of site were ex-
cluded without consideration of its range of peak period, many
stations would fail the classification process.

(b) When the amplitude of the HVSR is< 2.0 over the entire period
range, the shape of the curve is recognized as relatively flat. The site
can be classified directly as belonging to class CL-I. For a site with a
flat curve, classification schemes using the SI index (Eqs. (1) and
(2)) cannot perform well because of the head–tail joggling phe-
nomenon, which is one of the primary factors that affect the success
rates (Wen et al., 2011).

(c) When Tg is< 0.15 s, the site is classified as CL-II if the peak value
is> 4.0 and as CL-I, if< 4.0. This step recognizes that some CL-II
sites might have a short predominant period similar to CL-I sites,
but that their amplification is usually relatively higher. We selected

Fig. 6. Flowchart of proposed empirical site
classification scheme for NSMONS stations.
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all stations with Tg < 0.15 s in the KiK-net database and calculated
the corresponding amplitudes for CL-I and CL-III classes, as shown
in the box-and-whisker plot in Fig. 7. The H/V amplitude at Tg
is< 4.0 for almost 80% of CL-I sites and> 4.0 for 50% of CL-II
sites. Therefore, the value of 4.0 was set as the boundary for dis-
tinguishing CL-I and CL-II sites in cases where Tg < 0.15 s.

(d) As mentioned above, the ranges of Tg for classes CL-II and CL-III
partially overlap and the amplitudes of the HVSR curves are par-
tially similar (see Fig. 3(a)). Therefore, these two classes cannot be
classified based simply on their range of predominant period or
amplitude. The method proposed by Zhao et al. (2006a) may be not
able to effectively distinguish the relative difference between the
HVSR curves of these two classes. In this study, for the situation of
Tg > 0.15 s, the Spearman’s correlation coefficient SI (Eq. (2)) was
chosen to distinguish CL-II and CL-III sites. Because CL-I sites are
classified through steps (a) to (c), only two targeted classes remain
under consideration in this step; thus, the Spearman’s correlation
coefficient method would be most effective.

(e) After identifying the CL-II and CL-III classes, the significance of the
Spearman’s correlation coefficients must be checked using a t-dis-
tribution hypothesis test at the 0.05 significance level. The testing
targets are the mean HVSR of target station and the standard HVSR
curve for CL-II or CL-III. If the significant value P is>0.05, the clas-
sification result is considered unacceptable and the station excluded.

4. Verification of proposed classification scheme

Before applying the proposed scheme to classify the NSMONS stations
in China, it was necessary to verify the success rate for the site classifi-
cation of the KiK-net stations using this scheme. As discussed before, 79%
of the selected KiK-net stations are assigned as CL-II sites based on bore-
hole data. Therefore, if we directly calculate the total success rate for all
stations, the weight derived from the CL-II sites would be sufficiently large
to submerge the contributions from the CL-I and CL-III sites. Consequently,
we cannot determine exactly whether this scheme is effective for CL-I and
CL-III sites. In this study, for each class assigned by borehole data, we
calculated the percentage of sites classified as the k-th class based on their
HVSR curves Pk, as shown in Fig. 8.

=P
N
Nk

k X,

X (3)

where NX means the total number of the CL-X sites assigned by borehole
data, and X represents the Roman numeral I, II, or III. The values of NI, NII,
and NIII are 30, 223, and 26 (see Table 3), respectively. Here, Nk, X means

the number of CL-X sites classified as the k-th class by the HVSR method. If
k is equal to X, then Pk represents the success rate for the k-th class when
using the proposed classification scheme.

As indicated in Fig. 8, the mean success rates for all three classes are
all around 60%, whereas the classifications of the KiK-net stations as
CL-I, CL-II, and CL-III sites, using the proposed scheme are 63%, 64%,
and 58%, respectively. Overall, 20% and 17% of CL-I sites are classified
incorrectly as CL-II and CL-III sites, respectively; 25% and 8% of CL-II
sites are classified incorrectly as CL-I and CL-III sites, respectively; 4%
and 38% of CL-III sites are classified as CL-I and CL-II sites, respectively.

Hereafter, the classification scheme proposed in this paper is described
as Method 1. The same KiK-net stations were also re-classified using the SI
index proposed by Zhao et al. (2006a) (Eq. (1); hereafter, described as
Method 2) and Ghasemi et al. (2009) (Eq. (2); hereafter, described as
Method 3). Furthermore, the value of Pk for each class was also calculated,
as shown in Fig. 8. For Method 2, CL-I and CL-III sites are classified
properly with a success rate nearly as high as 70%; however, for the
majority of stations (i.e., CL-II sites), the success rate is only 25%. A low
success rate was also observed by Zhao et al. (2006a) when they classified
SC-II KiK-net stations. Therefore, they suggested using borehole data as
supplementary information to increase the success rate. The performance
of Method 3 is relatively better for CL-II sites (success rate of 63%) than for
CL-III (46%) and CL-I (33%) sites. A comparison of the results of the three
methods shows that the scheme proposed in this paper has better per-
formance and could be used for NSMONS stations because it can achieve
high success rates for all three classes, especially class CL-II, which is the
class to which most of the NSMONS stations are assigned.

To get a convincible success rate, the validation set of stations
usually should be excluded from the calibration set, which means some
of the stations (treated as validation set) might not be included for the
use of averaging HVSR. But the CL-I and CL-III stations (only 30 and 26
stations) are not enough to extract validation group without influencing
the stability of calibrated standard curve. Thus, the re-sampling tech-
nique was used to validate the success rates for our proposed method.
Taking the CL-I stations as an example, we randomly extracted 10
stations from the total 30 stations. They were treated as validation
group and the remaining 20 stations were used as calibration group. For
CL-II stations, the number of validation stations could increase into 20
stations due to the large total number (i.e. 223). Then our proposed
classification method was used for classifying the sites of 10 validation
stations and the success rates were computed for different site classes.
Repeat this procedure for 20 times, and then we would get 20 groups of
success rate. We took the average rate of these 20 groups as the final
validation results. As shown in Fig. 9, the average success rates for three
site classes are all around 60%, with a mean value of 64%, 62% and
58%, which are similar to the results using all stations in Fig. 8(a).

The comparison between the three methods indicates that procedures
(Methods 2 and 3) simply using one SI could not handle complex situa-
tions in site classification or in complex structure regions. Our proposed
scheme is more effective than them because the values of Tg, the ampli-
tude of HVSR, and shape of the HVSR curve are all considered compre-
hensively. Furthermore, the sites are classified systematically using dif-
ferent indices in multiple steps, as shown in Fig. 6, rather than in the
whole procedure using the same index, as in Methods 2 and 3. Although
one specific index may perform better in the identification of one site class,
it usually causes that the success rates of the other two site classes are
sacrificed as shown in Fig. 8(b) and (c). Even if we use another index to
improve the success rates for the other two classes, the results are still not
satisfactory because a large part of the stations have been wrongly as-
signed in the first step.

5. Site classification for NSMONS stations

5.1. Strong ground motion data set

The NSMONS over mainland China includes more than 1000 strong

Fig. 7. Box-and-whisker plot for peak value of HVSR curve when Tg < 0.15 s.
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Fig. 8. Success rates of different site classification methods for Kik-net stations: (a) Method 1 proposed in this paper, (b) Method 2 proposed by Zhao et al. (2006a), and (c) Method 3
proposed by Ghasemi et al. (2009).

Fig. 9. Success rates of proposed site classification method for KiK-net stations using random sampling method.
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motion stations distributed across most regions with high potential
seismic hazard. The network began trial operation in early 2007 and
formal operation commenced in March 2008. Just two months later, the
network captured numerous recordings from the mainshock and after-
shocks of the Wenchuan Earthquake (Li et al., 2008).

For this study, all seven published volumes of recordings from
NSMONS, including 2007–2009, 2010–2011, and 2012–2013, and the
mainshock and aftershock data of the Wenchuan and Lushan earthquakes
were collated. The volume of recordings for 2014–2015 was incomplete
and therefore, selected parts of the recordings including most of the typical
destructive earthquakes, such as the 2014Ms 6.5 Ludian earthquake, were
used. Overall, 7183 recordings were collected and their magnitudes,
geometric means of horizontal PGA, and distance distributions are shown
in Fig. 10. Site classification work for some fixed and temporary stations
using recordings from the Wenchuan and Lushan earthquakes has been
completed in earlier work (Wen et al., 2011; Wen et al., 2014; Ji et al.,
2014b), and therefore, the recordings obtained from the Wenchuan and
Lushan earthquakes were excluded from this analysis. The recordings were
processed using the procedure discussed in Section 2.2. A fourth-order
acausal Butterworth filter was used with a bandwidth of 0.25–25.00 Hz.
The PGA range was also set to 5–100 Gal. The data volume of the accu-
mulated NSMONS recordings is not as large as the KiK-net dataset;
therefore, stations with more than three recordings were selected for the
computation of the mean H/V spectral ratio rather than those with five
recordings. In regions without enough recordings, three recordings had
been used as the threshold for H/V classification as in studies of Ghasemi
et al. (2009) and Alessandro et al. (2012). To get stable and reliable mean
curve, we have checked the recordings one by one and exclude the stations
with obviously biased curves. Finally, 1281 recordings were selected for
the computation, as shown in Fig. 10. A positive correlation between
earthquake magnitude and epicenter distance is evident. According to
previous studies (Yamazaki and Ansary, 1997; Zhao et al., 2006a), the
spectral ratio variation between different magnitudes and distances is
reasonably small, and this positive correlation was considered to have only
a small adverse effect in this study.

5.2. Site classification results

Overall, 200 stations that met the above requirements were selected
for site classification, and 178 of these were classified successfully using
the scheme proposed in this paper. The other 22 were not assigned site
classes because they satisfied one of the rules: multiple peaks or P > 0.05
(see Fig. 6). Of the 178 successfully classified stations, 14, 116, and 48
were classified as CL-I, CL-II, and CL-III, respectively. The geographical
positions of all the classified and triggered NSMONS stations from 2007 to

2015 are shown in Fig. 11. There are more triggered stations and re-
cordings in western regions of China because of the greater seismic activity
in that area. Four regions are extracted and added geographic details to
show the distributions of the site classes more clearly.

For region 01 located in Xinjiang Province, there are two large basins:
Tarim Basin and Junggar Basin. For stations located in Junggar Basin, all
were classified as CL-III sites, indicating a relatively soft soil profile. The
stations located on the north edge of Tarim Basin are mostly classified as CL-
II sites. The topography of west edge of Tarim Basin is relatively complex,
including the basin, mountain, and plateau, so these stations are classified
into three different sites. For region 03, the CL-II stations are mainly dis-
tributed in the edge of Sichuan Basin, and six CL-I stations are located in the
mountain and plateau area. A relatively good correlation between site
classification results and topography slope, as basin or mountain, could be
observed in these two regions as shown in Fig. 11. The correlation is not
obvious in region 04 due to its complex topography characteristics which
consist of many mountains and hills with small rivers passing through.

The site classification results constitute a valuable asset for the
scientific application of NSMONS recordings, e.g., the development of a
regional GMPE where borehole data is limited. The GMPEs currently
used in Chinese mainland are still using “soil” or “rock” as site terms
due to a lack of borehole data. The site classification results provided by
this study could be used as a representative of site term in GMPE as
same as the study of Fukushima et al. (2007). Besides the classification
results, the predominant period identified from HVSR curves could also
be applied in GMPE studies, as in Italy and Japan (Alessandro et al.,
2012; Zhao et al., 2006b; Zhao and Xu, 2013). Details of the site clas-
sification results are presented in Table A1 of the Appendix A.

The mean HVSR curves were computed for each site class based on
the classification results of the NSMONS stations and then compared
with those calculated using KiK-net data (see Fig. 3(a)), as shown in
Fig. 12. Noting that for the mean HVSR curves calculated using KiK-net
data, three site classes are classified according to borehole information.
Overall, for each class, both curves have similar shapes and the same
peak periods, indicating the practicability and effectiveness of our
proposed scheme. The number of recordings from KiK-net used for
calculating the mean HVSR curves was much greater than from
NSMONS, implying the achieved mean curves are much smoother,
especially around the peaks. This might explain why the peak values of
the H/V curves derived using KiK-net data are slightly lower than from
NSMONS data.

We collected borehole data from 81 stations and computed the VS20

to classify their site classes according to the definitions in the seismic
code (Table 2), as shown in Fig. 13 and Table A1 of the Appendix A.
Those data were collected from station construction reports which

Fig. 10. (a) Magnitude vs. distance distribution and (b) geometric mean PGA for two horizontal components vs. distance. Red circles indicate finally selected recordings.
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provide the drilling P-S logging data of the soil layers. It can be seen
that most stations are classified as the same site class whether using
borehole data or the H/V spectral ratio of strong motion recordings. For
CL-II sites, the proposed scheme has a success rate of almost 100%
because of the large range of shear velocities and soil layer thicknesses
defined for this class. However, for some stations, the boreholes were
drilled to only 20, 30, or 50 m and the exact thicknesses (i.e., H) of their
soil layer were not measured. These stations are plotted at the boundary
of 20, 30, or 50 m, and their H values are presumed equal to 20, 30, or
50 m in Fig. 13. Therefore, the site classes of these stations might be

found to be CL-III rather than CL-II if the real H values could be
achieved to more than 50 m.

It is worth noting that some stations with soil layer thicknesses of
more than 80 or 50 m are located in the coastal area of Tianjin (i.e.,
012DAT, 012DZZ, 012FTZ, 012GUG, 012XAZ, and 012ZHB). All these
typical coastal soft soil sites were classified successfully as CL-III by the
proposed method. Among the 14 stations classified as CL-I, only 5 had
detailed borehole information. Two of these were classified success-
fully, but the other three were classified incorrectly because borehole
data suggested they should be CL-II sites. It is because the depth of their

Fig. 11. Site classes proposed in this study for NSMONS stations.
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relatively thin soil layer (nearly 10 m) is close to the boundary between
CL-I and CL-II sites that this error could occur. Three other stations
(051BCQ, 051MXD, and 065WSL) have no borehole data but be treated
as “rock” sites according to the geological survey reports, which were
accomplished during the time of selecting the station locations, and
boreholes were not drilled at these sites. They were classified success-
fully as CL-I sites too. The comparison shown in Fig. 13 indicates the
high success rates for site classification of NSMONS stations using the
classification scheme proposed in this study.

5.3. Comparisons with other classification schemes

The selected NSMONS stations were also reclassified into four types
of class: SC-I, SC-II, SC-III, and SC-IV using Methods 2 and 3. The
classification results are listed in Table A1 of the Appendix A. The mean
HVSR curve of each site class was re-computed based on these classi-
fication results and then compared with those standard curves given by
Zhao et al. (2006a), as shown in Fig. 14.

For Method 2, the mean curves for both SC-I and SC-II are remarkably
similar to the mean curves. However, a large difference exists for SC-III and
SC-IV, indicating an unstable working mechanism of the classification index
SI (Eq. (1)), especially for relatively soft sites. For Method 3, the mean HVSR
curve is almost consistent with the standard curve for each of the four
classes, except for a slight difference around the predominant peak period.
This means that the Spearman’s rank correlation coefficient (Eq. (2)) could
effectively identify the correlation of two HVSR curves and that it has good

performance in measuring the similarity of the shapes of the two curves.
The Spearman’s correlation was checked using the same t-distribution hy-
pothesis as in Section 3.3 for each station. The results show that five stations
(051AXY, 051HYY, 051JZW, 051WCW, and 064NLG) are not acceptable at
the 0.05 significance level and that Method 3 failed to classify them.

The numbers of stations for each site class were counted, and the re-
sults achieved by the different methods are compared in Table 4. The bold
numbers indicate that most of the sites classified as CL-I by Method 1 were
classified as SC-I by either Method 2 or 3; CL-II sites were classified as SC-
II; and CL-III sites were classified as SC-III or SC-IV. This is consistent with
the approximately similar ranges of Tg and VS30 for CL-I and SC-I, CL-II and
SC-II, and CL-III and SC-III + SC-IV, as shown in Fig. 4.

6. Conclusions and discussions

The mean HVSR curves in the period range 0.05–3.0 s were com-
puted for three site classes (CL-I, CL-II, and CL-III) defined in the
Chinese seismic code, using 36,018 strong motion recordings and
borehole data from 279 stations of Japan’s KiK-net. The predominant
period Tg identified from three mean HVSR curve showed a range
of< 0.15 s for CL-I sites, 0.15–0.45 s for CL-II sites, and>0.45 s for
CL-III sites, consistent with the range of SC-I, SC-II, and SC-III + SC-IV
defined in the Japanese seismic code (JRA, 1980), respectively. CL-I
and CL-II sites each had similar shapes to the HVSR curves of SC-I and
SC-II given by Zhao et al. (2006a), respectively, and that class CL-III
was similar to the combination of classes SC-III and SC-IV.

Fig. 12. Comparison between the mean HVSR curves derived from NSMONS data with those from KiK-net data: (a) CL-I sites, (b) CL-II sites, and (c) CL-III sites. The mean HVSR curves
derived from KiK-net data are shown in Fig. 3(a).

Fig. 13. Comparison of site classes based on borehole data and as-
signed by the H/V spectral ratio for some NSMONS stations.
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To improve the classification success rate, an empirical site classification
method (Method 1) that comprehensively considers the peak period, ampli-
tude, and shape of the HVSR curve was proposed. To assess its efficiency, 279
stations selected from KiK-net were re-classified using this method and
methods proposed by Zhao et al. (2006a) (Method 2) and Ghasemi et al.
(2009) (Method 3). It was found that the classification success rates of
Method 1 for SC-I, SC-II, and SC-III sites were 63%, 64%, and 58%, respec-
tively, demonstrating overall better performance than either Method 2 and 3.

Using 1281 strong motion recordings obtained from 2007 to 2015, 178
NSMONS stations were classified by our proposed method, among which
14, 116, and 48 stations are CL-I, CL-II, and CL-III sites, respectively. The
mean HVSR curve for each site class was re-calculated and compared with
standard curve derived using KiK-net data. The comparisons show good
consistency in both curve shape and peak period, indicating the efficiency
and practicability of the proposed method. Moreover, we collected bore-
hole data from 81 stations and assigned their site classes based on the two
indices of VS20 and H. Most stations were assigned the same site class as
determined using the proposed HVSR method, implying that our site
classification results are acceptable.

The site classification method proposed in this study has a relatively
high success rate, and it could be considered an optimum alternative
method for NSMONS stations before borehole drilling is investigated. Site
classification for many more NSMONS stations could be achieved should

additional recordings be accumulated in the future. It should be noted that
the HVSR of a given site might contain local topography effects that are
inconsistent with the seismic code site class, which is usually based on the
shear wave velocity profile of surface soil and bedrock depth. Therefore,
further examination of the site classes derived in the present study should
be undertaken using surface settings that are more specific, additional
geotechnical data, and field investigations.
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Appendix A

See Table A1.

Table 4
Numbers of NSMONS stations of different site class achieved by different site classification methods.

M1/M2 SC-I SC-II SC-III SC-IV Total M1/M3 SC-I SC-II SC-III SC-IV Total

CL-I 7 7 0 0 14 CL-I 8 2 0 4 14
CL-II 19 64 18 15 116 CL-II 15 70 26 0 111
CL-III 3 15 14 16 48 CL-III 0 0 16 32 48
Total 29 86 32 31 178 Total 23 72 42 36 173

M1: method proposed in this paper.
M2: method proposed by Zhao et al. (2006a).
M3: method proposed by Ghasemi et al. (2009).

Fig. 14. Comparison between the mean HVSRs of NSMONS recordings (a) using Method 2 and (b) using Method 3 with those proposed by Zhao et al. (2006a) for Japanese strong motion
stations.
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