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in a village with stiff soil layers
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ABSTRACT: Identifying the ground structures and estimating the strong ground motions
in detail is important to estimate the damage of each building, as the differences in the under-
ground soil structures in small areas may make big differences in the extent of damage to each
building after big earthquakes. In this study we chose a village in Japan, where high-frequency
amplification due to relatively stiff soil layers is expected. We identified the underground soil
structures of the 32 microtremor observation points by using microtremor H/V spectrum
ratio, and estimated the surface ground motion of each observation point by performing
earthquake response analysis of one-dimensional soil structure. We found that the PGAs were
larger in the area close to the mountain than in the area along the river or near the coast, and
the difference in PGAs in the village is significant while that in PGVs is marginal because of
the thin soft sediments there.

1 BACKGROUND OF THIS STUDY

It has been often reported that when a big earthquake happened, there was a big difference in
the extent of damage to each building in a small area, even though they had almost the same
strength. This result was estimated to be caused by the difference in the underground soil
structures.
Therefore, identifying the ground structures and estimating the strong ground motions in

detail is important to estimate the expected damage of each building in an area.
In this study we chose a village along the coast of Kii Peninsula in Wakayama prefecture,

Japan. In this area, high-frequency amplification due to relatively stiff soil layers is expected
because the site is located between the seashore and hillside, and they are taking measures in
advance to decrease damages to the buildings and residents when a　mega-thrust earthquake
or earthquakes along the Nankai Trough happens.
We identified the velocity structures of each points using the microtremor records of each

observation point, and then estimated the strong ground motion with the aim to estimate the
building damage.

2 MICROTREMOR OBSERVATION AND ANALYSIS

2.1 Microtremor observation

We firstly observed microtremors at 32 points within a radius of 500m in the area we men-
tioned above, using the SMAR-6A3P by Mitutoyo Corporation, a portable three-component
acceleration seismograph with a 0.1–10,000× amplifier, and the DATAMARK LS8800 by
Hakusan Corporation, a data acquisition device. The sampling frequency was 200 Hz, the
amplifier was set to 500×, and GPS was used for time calibrations. Figure 1 shows the 32
microtremor observation points.
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2.2 Analysis for observation recordings

In waveform analysis, observation recordings were divided into 40.96-s segments with a 50%
overlap. We calculated the H/V ratios (Horizontal-to-Vertical ratios, referred to as HVRs) of
each segment and defined the average HVRs of all the segments as the observed HVRs.
We minimized the effect of unsteady noise by extracting unsteady noise segments from all

the recorded waveforms, and then calculating the average HVRs of the rest of the segments.
SX, SY, SZ are defined as power spectrums of each component smoothed by Parzen-windows

of 0.1 Hz, which compose HVRs defined as Equation 1.

HVRs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SX þ SY

Sz

s

ð1Þ

Figure 1. 32 microtremor observation points in the research area.

Figure 2. The HVRs at the primary school.
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The 1st peak frequencies of HVRs can be regarded as the resonant amplification frequencies
of underground soil structures except for some sites with very low impedance contrast.
Figure 2 shows the HVRs at the primary school, and Figure 3 shows the distribution of the

peak frequencies.

3 IDENTIFICATION OF THE GROUND STRUCTURE

3.1 Identification of the initial velocity structure model

We estimated the underground soil structure at the nearby primary school based on the
boring data and Equation 2-4. Equation 2 was proposed by Ota & Goto (1978), and Equa-
tion 3 and 4 were proposed by Ludwig (1970).

Vs ¼ 62:48N0:218H0:228F ð2Þ

where Vs= S wave velocity; N= N-value; H= depth; and F= coefficients depending on the soil
category.

Vp km=secð Þ ¼ 0:9409þ 2:0947Vs � 0:8206V2
s þ 0:2683V3

s � 0:0251V4
s ð3Þ

ρ g=cm3
� �

¼ 1:6612Vp � 0:4721V2
p þ 0:0671V3

p � 0:0043V4
p þ 0:000106V5

p ð4Þ

where Vp= P wave velocity; and ρ= density.
This model has 5 layers, composed by the 1 layer at the bottom and the 4 layers on the

bottom layer. Table 1 shows the estimated velocity and density of each layer based on the
boring data and Equation 2-4.
By fitting the peak frequency of the observed HVR of microtremor to that of the theoretical

HVR, we modified the velocity model (referred to as “the initial model”).

Figure 3. The distribution of the peak frequencies in the area.
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Here we modified only the S wave velocity (without changing the thickness) of all five
layers following Equation 5, based on the relation between wavelengths and peak frequencies.
Table 2 shows the estimated velocity and density calculated from the result showed in Table 1
and Equation 5.

Vs�after ¼
ftarget

fbefore
Vs�before ð5Þ

where Vs�before =S wave velocity before modified; Vs�after = S wave velocity after modified;
fbefore = the peak frequency of the primary school; and ftarget = the peak frequency of the target
site.
We obtained the theoretical HVRs defined as Equation 6, which is calculated by the pro-

gram developed by Sánchez-Sesma et al. (2008), based on the new theory assuming the com-
pletely diffuse wave field.

H

V
ωð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

lm G11 x; x;ωð Þ½ � þ lm G22 x; x;ωð Þ½ �

lm G33 x; x;ωð Þ½ �

s

ð6Þ

where x= position vector of excitation point and receiving point; ω= circular frequency; and
G_ij(x, x, ω) = Green function equivalent to the displacement at x in direction i by a unit har-
monic load in direction j.
Figure 4 shows the comparison of the theoretical HVRs based on Equation 6 with the

observed HVRs at the primary school.

3.2 Identification of the modified velocity structure models

We construct the same velocity structure models for each observation site referring the initial
model. This time we modified only the thickness of the initial model following Equation 7, as
the theoretical frequencies are agreed with the observed peak of each site, which is also based
on the relation between wavelengths and peak frequencies. Figure 5 shows the microtremor

Table 2. The estimated velocity and density calculated from the result

showed in Table 1 and Equation 5.

Layer thickness Vp Vs ρ

1 3.45 1223.55 138.22 1.44

2 4.00 1265.85 160.88 1.47

3 4.00 1467.80 274.64 1.61

4 6.63 1565.31 333.10 1.68

5 ---- 2768.91 1269.00 2.17

Table 1. The estimated velocity and density based on the boring data

and Equation 2-4.

Layer thickness Vp Vs ρ

1 3.45 1549.65 137.24 1.54

2 4.00 159.64 159.73 1.56

3 4.00 1730.24 272.68 1.67

4 6.63 1807.64 330.73 1.73

5 ---- 2770.01 1270.00 2.17
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measurement lines and the ground structures for the 3 measurement lines of all, which were
identified by using the initial model and Equation 7.

Hafter ¼
ftarget

fbefore
Hbefore ð7Þ

where Hbefore = the thicknesses of each layer of the initial model; Hafter =the thicknesses of
each layer at the target point; fbefore = the peak frequency of the primary school; and ftarget =
the peak frequency of the target point. Although we do not have any supporting evidence, we
can expect there are inclined deposits of the same S-wave velocity considering that these soft
sediments were formed on top of the inclined engineering bedrock.

Figure 5. The microtremor measurement lines and the identified ground structures for the 3 measure-

ment lines of all.

Figure 4. The comparison of the theoretical HVRs with the observed HVRs at the primary school.
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We found that the peak frequency of the observation points in the mountain side were
higher than those along the river and the coast. It indicates that the depth of the engineering
bedrock was shallower at the mountain area than the area along the river and the coast.

4 ESTIMATION OF THE STRONG GROUND MOTIONS

In order to estimate the building damage in detail and evaluate the vulnerability to earthquake
in this area, we estimated the strong ground motions of each observation site.
First, we estimated the strong ground motion in this area at the engineering bedrock by

removing the effect of the subsurface layers from the strong ground motion of Nankai Trough
earthquake, which had been estimated by Bao (2014) at the nearest K-NET site to this area.
Figure 6 shows the acceleration wave estimated at the engineering bedrock.
We performed earthquake response analysis of one-dimensional soil structure by inputting

the strong ground motion at the engineering bedrock, and estimated the surface ground
motion of each observation point. Here we used Dyneq, which is the program that can per-
form non-linear response analysis developed by Yoshida (1996). Figure 7 shows the constitu-
tive model (Ministry of Construction, 2000). As for the materials in the velocity structure
models used for earthquake response analysis, we regarded the 1st and 2nd layer as clay, 3rd

layer as sand, and 4th and 5th layer as elastic, based on the boring data at the primary school.
Figures 8 and 9 show the acceleration waves at the primary school and N1. Figure 10 and 11

Figure 6. The estimated acceleration wave at the engineering bedrock.

Figure 7. The constitutive model used for earthquake response analysis.
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show 5%-damped pseudo velocity response spectrum at the primary school and N1. N1 is the
point where the depth of the engineering bedrock was estimated to be deepest among all the
observation points. These results were obtained by performing earthquake response analysis
using the estimated acceleration wave at the engineering bedrock (Figure 6). Figures 12 and 13
show the estimated PGAs and PGVs of each observation point.

Figure 8. The acceleration wave at the primary

school.

Figure 9. The acceleration wave at N1.

Figure 10. The 5%-damped pseudo velocity

response spectra at the primary school.
Figure 11. The 5%-damped pseudo velocity

response spectra at N1.

Figure 12. The distribution of estimated PGAs (cm/s/s).
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We found that the PGAs were larger in the area close to the mountain than in the area
along the river or near the coast.
The difference in PGAs in the village is significant while the difference in PGVs is marginal

because of the thin soft sediments there.

5 CONCLUSION

We estimated the underground soil structures in Ena district in Wakayama prefecture, Japan,
where high-frequency amplification due to relatively stiff soil layers is expected, in order to evalu-
ate the vulnerability to an earthquake in this area. Microtremor measurements were conducted
with 3-components accelerometers at 32 observation points within a radius of 500m in the area.
We constructed the underground soil structure models for all the observation points using

the peak frequencies of HVRs, and then estimated the strong ground motion of each observa-
tion point.
We found that the peak frequency of the points in the mountain side were higher than those

along the river and the coast, and that the difference in PGAs in the village was significant
while that in PGVs was marginal. This is because of thin soft sediments there.
We are estimating the building damage in detail based on the results showed above, and

evaluating the difference in the extent of damage between each building in this area.
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Figure 13. The distribution of estimated PGVs (cm/s).
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