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ABSTRACT: In this study, we use horizontal ground-motion recordings gathered from
KiK-net stations MYGH08, FKSH11, YMTH04 and IWTH12 to estimate deterministically
particular site-effects and to identify nonlinear soil behavior with respect to different intensity
measure types. The KiK-net database has a dense array of installed stations with a large
amount of recordings for each site and the uniqueness of two three-component sensors, which
are installed at soil surface and at borehole depth. Using this opportunity we employ the sur-
face-to-borehole-spectral ratios (SBSRs), defined as the ratio of the response spectra at surface
(PSASF) and the response spectra at borehole depth (PSABH) and estimate the site-effects. To
model the nonlinear site effects more precisely, we investigate the effectiveness of PGA (peak-
ground-acceleration), PGV (peak-ground-velocity) and PSA at given borehole depths. Our
results show strong variations in non-linearity for different periods in spite of the fact that all
selected stations are marked by similar Vs30 values (whereby all are lower than 400 m/s).

1 INTRODUCTION

Site-effects, such as nonlinear site amplification have been recognized for long to play an
important role in seismic hazard assessment (SHA), since they are known to increase seismic
hazard results drastically (Bazzurro and Cornell, 2004; Goulet and Stewart, 2009 and many
others). Local geological conditions and the ground response, as well as the basin and topo-
graphic effects can cause large amplifications on seismic waves, which have to be considered
in PSHA studies and in seismic design of critical facilities. Many studies (e.g,, Choi and Stew-
art, 2005; Walling et al., 2008; Sandıkkaya et al., 2013; Seyhan and Stewart, 2014; Kamai
et al., 2014; Sandikkaya et al., 2018) have focused on estimating site effects by performing
(among other things) the “standard spectral ratio” method (Borcherdt, 1970), with respect to
a reference rock site. Although this technique is widely used in engineering applications it is
afflicted by issues such as surface-effects, caused by scattering of the seismic wave through
different soil layers. Since the reference rock site influences the site-effect estimation signifi-
cantly, it has to be chosen carefully. To bypass this issue several studies have focused on esti-
mating soil nonlinearity on vertical-array stations while using the spectral ratios of surface
recordings (representing the soil-site) and those at borehole depth (Kaklamanos et al., 2013;
Zalachoris & Rathje, 2015; Héloïse et al., 2012; Laurendeau et al., 2018; Faccioli et al., 2018)
so it is the case in this study.
The goal of this study is to analyze (in comparison to previously named studies) site-effects

and nonlinear soil amplification in a simple deterministic way, while using the recordings of
four different KiK-Net stations (www.kyoshin.bosai.go.jp, see also Dawood et al., 2016). For
this purpose the surface-to-borehole-spectral ratios are determined as the quotient of spectral
acceleration at the ground surface and borehole depth (PSASF/PSABH).
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Since the chosen intensity measure (IM) may significantly affect the results of seismic
hazard studies, we additionally compare the calculated SBSR values with respect to different
IMs such as the peak-ground-acceleration (PGA), peak-ground-velocity (PGV) and for differ-
ent periods of the pseudo-spectral-acceleration at borehole depth (PSABH). All these param-
eters are widely used for different approaches in engineering applications; thus the
suggestibility of each IM is of great importance.

2 DATABASE AND SITE SELECTION

The Kiban-Kyoshin (KiK-Net) strong ground motion database consists of approximately 700
high-quality digital 3-component accelerometer pairs (located at surface and borehole depth),
which are unique in this way. The stations are characterized by well-documented site charac-
terizations of P- and S-wave velocity profiles, supplied by the Japanese National Research
Institute for Earth Science and Disaster Preventions (NIED). The velocity profiles are
obtained from borehole logging measurements and are represented in Figure 1 for all selected
stations used in this study. To perform a reasonable comparison of nonlinear site-effects, the
stations have been selected with focus on being represented by Vs30 (average shear-wave vel-
ocity of the upper 30 m soil) lower than 400 m/s (where nonlinearity is expected to be more
prominent). Almost all sites are therefore marked by same site-classes with respect to the site-
classification of the National Earthquake Hazard Reduction Program (NEHRP). Accord-
ingly, we picked stations MYGH08 (38.1133 E, 140.8441 N, Vs30 = 203 m/s), FKSH11
(37.2006 E, 140.3386 N, Vs30 = 240 m/s), YMTH04 (38.0813 E, 140.2978 N, Vs30 = 248 m/s)
and IWTH12 (40.153E, 141.424N; Vs30 = 368 m/s), and used the recordings of the extensively
compiled database by Dawood et al. (2016). Another decisive criteria for site selection was the
amount of recordings for each site, resulting that each site used in this study has approxi-
mately 100 recordings. The borehole seismometer depth varies from shallow to deep with a
maximum depth of 365m for station. A detailed site characterization is provided in Table 1.
The recordings are gathered from shallow crustal, subduction interface and subduction

intraslab earthquakes with magnitudes ranging from Mw 4.5 to 9.0, a source-to-site distance
(RJB) less than 300 km and with focal depths less than 100 km. The events are dated between
the years 2000 and 2012.

Figure 1. Shear wave velocity profiles for the sites IWTH12, MYGH08, YMTH04 and FKSH11.
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3 SURFACE-TO-BOREHOLE-SPECTRAL-RATIO METHOD AND DATA
ANALYSIS

This study applies the surface-to-borehole-spectral-ratio (SBSR) method, which is defined as the
ratio of the spectral ratios of the recordings at the surface and borehole depth, whereby the
recordings at borehole depth represent the reference rock site condition and the surface record-
ings represent the soil site conditions regarding to standard-spectral-ratio method (SSR). In
comparison to previously proposed studies, this work uses the simplified approach without any
correction terms to perform a purely deterministic estimation of site-effects, caused by nonlinear
soil amplification. Here, it has to be taken into account that a record at downhole rock site is
different from a record, gathered at an outcropping rock site. Even though we suppose, like dif-
ferent previous studies that the site-specific SBSR technique has advantages over the SSR
method, it is still afflicted by depth effects, which arise due to inferences of up- and down-going
seismic waves, attenuation and free surface effects (Héloïse et al., 2012). As proposed in Héloïse
et al. (2012), a depth correction might be applied to circumvent these depth effects; since this
study has the aim to show a simple and pure deterministic approach of observed site-effects; we
ignore correction terms and refer the readers to the named study.
The present work focuses further on the significance of site-effects with respect to different

terms such as PSA, PGA and PGV, which are all significantly used in different engineering appli-
cations. The period for the calculation of the pseudo-spectral-acceleration ranges from 0.05 – 2s.
The results of the calculated SBSR with respect to PSABH for different periods of records from
station MYGH08 show only for a low period of 0.05s an insignificant nonlinear behavior with
respect to increasing amplitudes of input ground motion (Figure 2); thus we assume a linear
behavior for the selected site. In comparison, the SBSR calculated from records at station

Table 1. Site characterization of selected KiK-Net stations.

Station Name Vs30 m/s NEHRP Site Depth of instrument h800 m No. of recordings

MYGH08 203 D 10 86 172

FKSH11 240 D 115 38 95

YMTH04 248 D 315 88 128

IWTH12 368 C 365 74 126

Figure 2. SBSR analysis with respect to PSABH for selected periods 0.1s < T < 2s. SBSR analysis with

respect to < T < 2s for station MYGH0
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FKSH11 show a different pattern, suggesting an evidence of nonlinearity for all vibration periods
(Figure 3).
Applying the same procedure, Figure 4 illustrates an almost perfect linear shape with

respect to the level of input ground motion, which is highly surprisingly because of the low
Vs30 profile of the site. The only (even insignificant) nonlinear behavior can be observed for
higher frequencies at periods of 0.1 and 0.2 s. The computed SBSRs for the last station
(Figure 5), represented by the highest Vs30, contributes unexpected results with respect to
those observed for previous stations. Here, the soil of the site behaves linear up to a period of
0.2s and starts to show nonlinear amplification after 0.5s with the strongest nonlinearity for a
spectral period of 1 and 2s. Even though station IWTH12 is marked by the highest Vs30 profile

Figure 3. SBSR with respect to PSABH for selected periods 0.05 s < T < 2 s at station FKSH11.

Figure 4. SBSR analysis with respect PSABH for selected periods 0.1 s < T < 2 s for station YMTH04.

5170



with respect to the selected sites, it is also represented by the highest impedance contrast at
depths of approximately 38m and 58m (see Figure 1).
A further aim of this study is to analyze site-effects with respect to different IMs, thus

we compare the SBSR ratios at different periods with respect to peak-ground-acceler-
ation (PGA, Figure 6) and PGV (Figure 7). The results of the SBSR with respect to
PGA show a linear trend of soil response for all selected stations, in spite of their low
Vs30 values. The opposite case has been observed for the peak-ground-velocity, which
has not been gained as much attention as the widely used PGA and PSA measures in
engineering community. The results indicate a clear evidence of nonlinearity compared
to other selected IMs. The stations are sorted by increasing Vs30 values. As supposed in
the previous estimations, station IWTH12 (Figure 7, bottom right) shows again a strong
nonlinear behavour.

Figure 5. SBSR analysis with respect to PSABH for station IWTH12 for periods between 0.05 s and 2 s.

Figure 6. SBSR analysis as a function of PGA with implemented trend lines showing the nonlinearity.
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4 CONCLUSİON

Different probabilistic approaches have been undertaken in the literature to estimate site-
effects and soil nonlinearity for different site conditions with methods amongst others based
on calculating site amplification using the standard-spectral ratios (SSR) of a soil site at sur-
face and a reference outcropping rock site. To avoid issues arising from this procedure, verti-
cal array stations, such as the KiK-Net network stations have been used extensively to
calculate site-specific spectral ratios of recordings/simulations at surface and at borehole
depth (Bazurro & Cornell, 2004; Kaklamanos et al., 2013; Zalachoris & Rathje, 2015; Faccioli
et al., 2018).
In this study we use empirical recordings of four Japanese KiK-net stations gathered

from events over a time period of 12 years (2000-2012) to describe deterministically site-
effects and probable soil nonlinearity. For this purpose, we calculate the surface-to-bore-
hole-spectral ratios of recordings gathered from soil surface and at borehole depth and
compare the results with respect to different intensity measures, which are significant for
engineering applications (PSA, PGA and PGV). Our results show a clear nonlinear soil
behavior for different periods at stations FKSH11 and YMTH04 and for the PGV at all
selected stations. Although the stations have quite similar shear wave velocity profiles
(Vs30), they show remarkable differences in soil amplifications (e.g. PSABH results for
station YMTH04 present an almost linear trend, which is unexpected for a site with
such a low Vs30 profile). Nevertheless, our calculations have shown that even when Vs30

values are similar to each other, their soil characteristics may differ significantly. This is
shown in Figures 2-5 where different site amplifications can be observed for each site.
The SBSR analysis for stations IWTH12 and MYGH04 show a general constant trend
with respect to increasing input ground motion at low periods. This tends to correspond
for a linear ground response. For records of station YMTH04 and a period up to 0.2 s
an insignificant nonlinearity is present which tends to get linear after 0.2 s (Figure 4).
The comparisons with SBSR and different intensity measures have demonstrated that
the SBSR ratios decrease with increasing PGV (Figure 8) at almost all selected stations.

Figure 7. SBSR ratios and trends as a function of PGV for stations MYGH08 (upper left), FKSH11

(upper right), YMTH04 (bottom left) and IWTH12 (bottom right).
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Hence we conclude that the PGV is the intensity measure, which is affected strongly by
soil characteristics of the sites.
With a simple deterministic procedure we analyzed a probable correlation between site

characterization and non-linear effects for given sites. No special site selection criteria have
been applied as supposed in previous studies, rather than choosing sites with similar Vs30.

Our results indicate that soil non-linearity and site amplification is obviously present espe-
cially for calculated peak-ground-velocities and without any dependency of vibrating periods.
Thus, our observations demonstrate that for accurate site-effect analysis and calculation of
site amplification factors, more site-specific parameters, rather than Vs30, are required to
describe the site response, since the site amplifications may differ significantly for each station,
which are all represented by almost the same Vs30 values.
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