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ABSTRACT: We applied the diffuse field concept for earthquakes (Kawase et al. 2011) to
IBRH13, one of the KiK-net sites in Japan, in order to identify the subsurface structure produ-
cing the site amplification factor. We investigated the observed Horizontal-to-Vertical spectral
Ratio (HVR) and Surface-to-Borehole spectral Ratio (SBR) of weak earthquake motions and
found that the horizontal fundamental peak was at 3.0 Hz and structures shallower than 100 m
depth mainly amplified the earthquake motion. We carried out two cases of subsurface structure
identification; one conformed to the synthetic and observed HVR and another one conformed
to the synthetic and observed HVR and SBR simultaneously. In both cases we obtained the
structures which reproduced the observed HVR and SBR well. We also identified the damping
factor in the case using HVR and SBR. The identified damping had a large variation, but it was
an important parameter to reproduce the SBR amplitude.

1 INTRODUCTION

The site amplification factor has a large impact on the ground motion and it depends on the
local (shallow) subsurface structure and the regional basin structure. It is important for the quan-
titative strong motion estimation to know the actual site amplification factor at the target site
and to identify the subsurface structure that can explain the observed ground motion characteris-
tics. Many survey methods were developed to get the subsurface structure profile and to estimate
the site amplification factor. PS-logging and standard penetration test are popular as invasive
methods. Ground tremors is useful data for a non-invasive survey and many researchers pro-
posed subsurface structure identification schemes by using microtremors and earthquakes (e.g.
Snider 2004, Arai & Tokimatsu 2004). Kawase et al. (2011) proposed the diffuse field concept for
earthquake that evaluated the Horizontal-to-Vertical spectral Ratio of Earthquake motions
(EHVR) as the ratio of the horizontal-to-vertical amplification factors between the ground sur-
face and the seismological bedrock. We applied this concept to many earthquake observation
sites in Japan and identified the subsurface structures (Nagashima et al. 2014).
At KiK-net sites, a strong motion observation network in Japan was developed by the

National Research Institute for Earth Science and Disaster Resilience (NIED) (Aoi et al.
2000), and two seismometers are installed; one at the ground surface and another one at the
bottom of the borehole. We can estimate the ground structure between two seismometers by
using the spectral ratio of the surface site and borehole site (Surface-to-Borehole spectral
Ratio; SBR) (Satoh et al. 1995). We carried out the identification of the S-wave velocity and
P-wave velocity structures using only EHVR as well as the joint identification using both
EHVR and SBR at several KiK-net sites. We report here the results at IBRH13 in detail
where many strong motions were observed in this decade.

2 OBSERVED EHVR AND SBR

IBRH13 is located in a mountainous area in Ibaraki prefecture, in the middle of the Japan
islands. Based on the data provided by NIED as shown in Table 1, the soil property down to
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44m depth from the surface is weathering granite and it is granite between 44m and 100m
which is the bottom of the borehole. A three-component accelerometer is installed at the
ground surface and at the bottom of borehole.
To obtain HVR and SBR which are not plasticized by strong motions, we selected earth-

quakes observed at IBRH13 in 2015 that had peak ground accelerations that were between 10
and 50 cm/s2. We considered another restriction with JMA (Japan Meteorological Agency)
magnitude higher than 4.0 in order to get clear spectra at low frequency range. We clipped
waveforms of 40 sec from S-wave onset and calculated the Fourier spectra tapering the wave-
forms with a cosine. We smoothed spectra by using a Parzen window with a 0.1 Hz width,
took Horizontal-to-Vertical spectral Ratio and Surface-to-Borehole spectral ratio of each
earthquake, and averaged each ratio.
Figure 1 shows the observed HVRs at the surface and at the borehole and SBR. HVRs at the

surface have a fundamental peak at 3.0 Hz and show a difference between NS and EW direction
at 5.0-8.0 Hz. Horizontal SBRs have the same feature with HVRs at the surface. Vertical SBR
has a small peak at 2.5 Hz, and the amplitude increases from 5.0 Hz to higher. SBR of P-wave
portion is also shown in Figure 1, and vertical SBR does not have a peak at 2.5 Hz, therefore
the peak at 2.5 Hz is generated as a spurious peak of S-wave. HVR at the borehole does not
have a clear peak without a small peak at higher than 10 Hz. These observed results suggest
that the subsurface structure deeper than the borehole site does not have a large impedance con-
trast and the structure down to the borehole has contrasts and amplifies earthquake motions.

3 SUBSURFACE STRUCTURE IDENTIFICATION

3.1 Identification scheme

Based on the diffuse field theory for earthquakes, HVR is proportional to the horizontal-to-
vertical ratio of the amplification factor between seismic bedrock and the ground surface as
shown in Equation 1.

H

V
¼

ffiffiffi

α

β

r

TFhorizontalj j

TFverticalj j
ð1Þ

where α = P-wave velocity (Vp) at seismic bedrock; β = S-wave velocity (Vs) at seismic bed-
rock; and TF = transfer function of the surface motion over the incident wave at seismic bed-
rock. The theoretical SBR is calculated based on the multiple reflection theory considering the
reflected wave from the shallow structure to the borehole station. We minimized the residuals
between the observed ratios and the synthetic ratios to identify the subsurface structure down
to seismic bedrock.
In the case of identification using HVR, the identified variables were Vs, Vp, and thickness

of all the layers without the half space, and the damping factor was 1.1% for every layer. In

Table 1. Boring data at IBRH13 provided by NIED.

thickness depth Vp Vs

No. m m m/s m/s soil

1 1 1 250 170 weathering granite

2 15 16 460 280 weathering granite

3 8 24 2050 400 weathering granite

4 10 34 2050 600 weathering granite

5 10 44 3200 1050 weathering granite

6 32 76 4900 2600 granite

7 - 100 4900 3000 granite
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another case using HVR and SBR, we identified one common damping factor among all the
layers in addition to Vs, Vp, and thickness. We combined PS-logging data and J-SHIS subsur-
face structure data produced by NIED as an initial model. The mass density were converted
from Vs.
We applied Hybrid Heuristic Searching method (HHS) (Yamanaka 2007) to find the opti-

mum structure which explained the observed HVR and SBR well. HHS is a combined method
of real type genetic algorism and anneal simulation. Generation and population for HHS are
400 and 200, respectively. As shown in Figure 1, we usually plot and investigate spectra in
logarithmic scale of frequency although the direct output of Fourier transform is in linear
scale, then we resampled spectra at frequencies with equal intervals in the logarithmic scale.
We calculated misfit shown in Equation 2 in the frequency range of 0.1-20Hz for HVR and
SBR and minimized their sum.

misfit ¼

P

log syntheticð Þ � log observationð Þð Þ2

P

log observationð Þð Þ2
ð2Þ

The HHS method uses random numbers, hence it gives us different results at every different
identification. Therefore, we identified the structure 10 times using the same parameter set
and chose the minimum misfit model among 10 results as a best model.

Figure 1. Observed Horizontal to Vertical spectral Ratio (HVR) and Surface to Borehole spectral

Ratio (SBR). (a) observed HVR at the surface station (S-wave and coda) (b) observed HVR at the bore-

hole station (S-wave and coda) (c) observed SBR (S-wave and coda) (d) observed SBR (P-wave).
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3.2 Identification result of a case using HVR

First we show an identification result by using HVR in Figure 2. The all synthetic HVR calcu-
lated from 10 identification results represented the observed the HVR well in a wide frequency
range. The synthetic HVR calculated from the PS-logging model fits the observed HVR at a
peak of 3.0 Hz but does not fit at the dip of 8.0 Hz. This dip is provided by a large peak on
the vertical amplification related to the impedance contrast of the Vp structure. Therefore,
our identified Vp structures change gradually. The identified Vp structures shallower than a
depth of 10 m fluctuated compared to deeper parts and the Vs structure because this shallow
and high velocity part was out of the frequency range to calculate misfit and was not con-
strained well by the observed HVR. We also show the synthetic horizontal BHR calculation
from identified structures in Figure 2. The identified structures can reproduce the first peak at
3.0 Hz, but they show some gaps for higher modes.

3.3 Identification result of a case using HVR and SBR

Next, we identified Vs, Vp, and thickness of each layer and one common damping factor h for
all layers using HVR and SBR. The damping factor is an average between the surface and the
borehole, and it is usually overestimated compared to the actual damping. As shown in Equa-
tion 3, h had a constant term and a frequency dependent term.

Figure 2. Identification results by using HVR only. (a) observed HVR and synthetic HVRs calculated

by the results of 10 trials (b) observed horizontal SBR and synthetic SBR calculated by the results of 10

trials (c) identified Vs structures (d) identified Vp structures.
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h ¼ hc þ hf � f
β ð3Þ

where f = frequency [Hz]. We identified hc, hf, and β with the range of 0 to 10%, 0 to 10%, and
-2 to 0, respectively. We assumed that h for the horizontal TF was equal to h for the verti-
cal TF.

Figure 3. Identification results by using HVR and SBR. (a) observed HVR and synthetic HVRs calcu-

lated by the results of 10 trials (b) observed horizontal SBR and synthetic SBR calculated by the results

of 10 trials (c) identified Vs structures (d) identified Vp structures (e) identified damping factor h = hc
+hf*f

β (f) identified damping parameters.
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The identification results are shown in Figure 3. The identified structures reproduced both
of the observed HVR and SBR well. The variation of the identified Vs and Vp structures were
smaller than those that were identified by using HVR only, because SBR constrained the
structures between the surface and the borehole depth. The identified damping parameters hc,
hf and β had large variation. Several trial cases yielded the identified damping factor h with a
frequency dependence but the best model was almost constant, and h were identified between
4 to 6 % in the frequency range constrained by SBR, that is, higher than the first peak at 1.0
Hz. The damping factor was mainly determined by SBR, because HVR is the ratio of the hori-
zontal to vertical TFs and we assumed the same h for the horizontal and vertical TFs, thus the
influence of h for HVR was rather cancelled by taking a ratio. To reproduce the average of
SBR by using one common damping factor, h needed to be constant in the narrow frequency
range constrained by SBR, then trade-off occurred between hc and hf and damping parameters
yielded a large variation. Both identified structures using HVR only or HVR and SBR can
reproduce their targets well, but they showed a difference at shallow parts of Vs structures.
This difference comes from the difference between the damping factor. Comparing SBRs cal-
culated from the identified structures shown in Figures 2 and 3, SBR calculated from the iden-
tified structures using HVR and SBR can represent not only the peak and dip frequency but
also their amplitude, so the damping factor is also one of important parameters needed to
reproduce SBR.

4 CONCLUSION

We applied diffuse field concept for earthquakes to IBRH13, one of the strong ground motion
observation sites in Japan, and identified the subsurface structure down to the seismic bed-
rock. We first calculated the averaged HVR and SBR of small earthquakes to see the ground
motion characteristics at the site. Both HVR at the surface and horizontal SBR had a funda-
mental peak at 3.0 Hz and showed an azimuth difference at 5.0-8.0 Hz. Considering the
observed features of HVR and SBR, the seismic wave was mainly amplified by a structure
shallower than the borehole depth. Next, we carried out two cases of the subsurface structure
identification, one searched the structure representing HVR and another one searched the
structure representing HVR and SBR simultaneously. In both cases we obtained the structures
that reproduced the observed HVR and SBR well. We identified the damping factor in add-
ition to Vs, Vp, and thickness in a case representing HVR and SBR. HVR and SBR do not
have high resolution to identify damping with high stability, but it is one of the parameters
that is important to reproduce the amplitude of SBR.
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