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Issues related to velocity structure 
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Abstract 

Issues of predominant period of ground motion and derived underground velocity structure model are investigated 
in the coastal plains affected by the shallow soft sedimentary layer after the last ice age. It is found that two predomi-
nant periods due to the shallow soft layer and deeper drastic sedimentary boundaries are close in a small plain such 
as the Tottori plain, Japan as an example. This study analyzes the underground velocity structure derived from EHVSR 
(H/V spectrum ratio of earthquake ground motions) with the diffuse field theory. It is considered that the interac-
tion of close predominant periods due to the different layer boundaries with high contrast may amplify the seismic 
ground motion in the period range that affects building structures in small plains in coastal area.
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Introduction
In the coastal plains, the soft layer deposited by Holo-
cene transgression, beginning from the end of the last ice 
age, has generated a notable predominant period, which 
is generally shorter than 1  s at the boundary with engi-
neering bedrock (predominant period T1). The plains 
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and basins in Japan have been affected by tectonic move-
ments during the Quaternary period and have deposited 
thick sedimentary layers in the area, and are relatively 
subsided from the surrounding mountains. Another 
notable predominant period is formed by the high con-
trast at deep sedimentary boundaries with the seismic 
bedrock (predominant period T2).

It is well known that large sedimentary basins such as 
the Kanto, Nobi, and Osaka plains have thick sedimen-
tary layers over the seismic bedrock, and their T2s are of 
several seconds. The predominant period of Osaka basin 
is around 6  s (e.g. Kagawa et  al. 2004; Tsai et  al. 2017), 
while that of Kanto Plain is around 8  s (e.g. Yamanaka 
and Yamada 2006; Yoshimoto and Takemura 2014). These 
predominant periods are much longer than T1s that are 
expected in the respective areas. However, in small plains 
such as the Tottori plain, Japan (Fig. 1), the sediment on 
the seismic bedrock is thinner in comparison to the large 
plains, and T2 might not be long enough to be differenti-
ated from T1. It is expected that the amplified interfer-
ence of T1 and T2 may cause generation of a large peak 
in site response. There are studies that have investigated 
site responses of small basins, but their focus has been 
on the influence of surface waves due to irregular bound-
ary structure (Uetake and Kudo 2005; Kanno and Miura 

2006) or non-linear soil response (Bonilla et  al. 2006). 
Studies related to the effect of different predominant 
periods occurring due to the different layer boundaries 
have been uncommon.

Therefore, in this work we have tried to emphasize 
on the effects that were observed in EHVSR (H/V spec-
trum ratio of earthquake ground motions) in the Tottori 
plain. Diffuse field theory (Kawase et al. 2011) is applied 
to EHVSR at a strong ground motion observation site in 
the Tottori plain to estimate the velocity structure model, 
and after verification of its validity, the contribution of 
layer boundaries to the predominant periods is studied.

Estimation of velocity structure from H/V 
of earthquake ground motion
The TTR002 site of K-NET (National Research Insti-
tute for Earth Science and Disaster Resilience 2019a) is 
selected as the target site in the Tottori plain. Six records 
were made with an epicentral distance of 100  km or 
less and a PGA of 10–100 cm/s2. These records are not 
affected by non-linear ground responses as their PGAs 
are smaller than 100 cm/s2 (e. g. Idriss 1991). The records 
are of, the 2000 western Tottori prefecture earthquake 
(MJ 7.3), the 2016 Central Tottori prefecture earthquake 
(MJ 6.6), and other four earthquakes having MJ between 

Fig. 1 Location of Tottori plain and target site TTR002 with epicenter distribution of earthquakes used in the study. Earthquake numbers are 
common with those in Fig. 2a. Geological map in left bottom panel shows the area of Tottori plain (lime green)
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4.2 and 5.4. The locations of the epicenters are shown in 
Fig. 1. The averaged EHVSR is obtained from three com-
ponent observation records for 40.96  s. However, time 
windows of 8–12 s have been applied to mainly use the S 
wave portion, and to neglect the effects of surface waves. 
Figure  2a shows the waveforms with PGA and window 
lengths. Figure 2b shows the average with plus and minus 
one standard deviation of EHVSR derived from Fourier 
spectra in Fig. 2c1–c3. Vector sum of NS and EW com-
ponents is used to evaluate the horizontal component 
and the EHVSR is smoothed using the filter proposed 
by Konno and Ohmachi (1995) which provides same 
smoothing effects over the entire frequency range in log-
arithmic axis. The EHVSR has a remarkable peak around 
1 s, and the standard deviation is small for a wide range 
of the period. A small increment is found in the longer 
period range of over 5 s. This increment, however, might 
be affected by Lg waves (Furumura et  al. 2003) that are 
not completely removed by the time windows, as observ-
able in Fig. 2a. Then, the following analysis targets up to 

5  s. The gray line in Fig.  3a shows the average EHVSR 
in Fig. 2b. As a reference, MHVSR (H/V spectrum ratio 
of microtremor measurement) evaluated close to the 
observation point is shown in Fig. 3b. Both, EHVSR and 
MHVSR, follow similar trends, but their peaks differ, 
where EHVSR has a higher peak value than MHVSR. In 
addition, the peak of MHVSR appears around 0.6–0.8 s, 
which seems to be slightly shorter than that of EHVSR. 
The reason behind this could be that the power of a 
microtremor is not large enough to give rise to a sedi-
ment response in longer period range. The following 
analysis is then used to target EHVSR to estimate velocity 
structure model.

The black line in Fig. 3a shows the calculated EHVSR 
from underground velocity structure model using the 
diffuse field theory (Kawase et  al. 2011). The calcu-
lated EHVSR agrees well with the observed EHVSR 
in gray line. Simulated annealing (SA, Ingber 1989) is 
applied to search the suitable model. Out of the 200 
initial models generated within the search range by 

Fig. 2 Process to evaluate EHVSR at TTR002 site. a Three component acceleration waveforms of used records with PGAs and window lengths of 
analysis. Red color shows the full waves and black shows the windowed waveforms. b Average and ±1 standard deviation of EHSVR derived from 
the panel c1–c3. c1–c3 show three component Fourier spectra of the target records that are used to evaluate EHVSR
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random numbers, 20 models with small differences 
from the observation remain. Around the parameters 
of 20 models, new parameters for next step are ran-
domly generated in the range corresponding to the 
temperature at respective step. In addition, a hybrid 
heuristic search is performed by considering the 
genetic algorithm (GA, Holland 1975) to allow cross-
ing of parameters in each layer. A 200-step SA search 
is carried out while lowering temperature so that the 
integrated area of difference between observation and 
calculation in the spectral figure is minimized. After 
21 trials with different initial values of pseudo-random 
number, the most suitable model is proposed.

Estimated velocity structure
Figure  3c, d show the results of 21 cases that were 
evaluated with different initial values of pseudo-ran-
dom number in gray lines. The most suitable solution 
is shown in bold line, and the search range in thin solid 

lines. In the analysis, S wave velocity and attenuation 
h are used as the target physical parameters. Here, 
attenuation h is used instead of quality factor Q, but 
there is a relationship of Q = (2 h)−1 between the two 
parameters. The other parameters, P wave velocity and 
density, are evaluated from the S wave velocity using 
empirical formulas. The relation provided by Kitsun-
ezaki et  al. (1990) is used to evaluate P wave velocity 
from S wave velocity, while the relation provided by 
Gardner et al. (1974) is used to estimate density from 
P wave velocity. The search range is set as follows. The 
minimum and maximum S wave velocities are set as 
0.005 and 3.2  km/s. The maximum depth is initially 
given as 3.0  km. The depth and S wave velocity are 
approximated as a linear function in both logarithms, 
and the initial model is set by dividing the sediment 
layer into nine layers equally in logarithmic scale, and 
minimum and maximum values of the divided por-
tions are included in the searching range. Dashed lines 

Fig. 3 Observed and calculated H/V of earthquake ground motion with estimated underground structures. a Observed (gray) and calculated 
(black) EHVSR at TTR002 site. b Observed MHVSR near the TTR002 site. c S wave velocity model with the results of 21 cases performed with different 
initial random numbers (gray lines), the most suitable solution (bold line) from which black line of (a) is calculated, and the search range (thin solid 
lines). Detailed parameters of the most suitable solution are shown in Additional file 1: Table S1. The dashed line indicates J-SHIS model (National 
Research Institute for Earth Science and Disaster Resilience 2019b) with PS-logging data at TTR002 site. d Same as (c) but for attenuation model
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in Fig. 3c, d show the J-SHIS model (National Research 
Institute for Earth Science and Disaster Resilience, 
2019b) with K-NET PS-logging data at TTR002 which 
is also included in the search range. However, it is dif-
ficult to interpret the observed data with the model 
because of insufficient survey information in the area.

Figure 3a shows calculated (black) EHVSR from the 
most suitable solution (Additional file  1: Table  S1) 
with observed (gray) EHVSR. EHVSR around the pre-
dominant period of 1 s appears to be composed of two 
small peaks.

Discussion
The layer boundary corresponding to the predominant 
period of the observed EHVSR has been studied. First, we 
started the study by combining shallow layers. Figure 4a 
shows the results of calculated EHVSR by combining 
the surface layers in order, beginning from the shallow-
est layer and obtaining the average S wave velocity of 
combined layer in the same way as for AVS30 evaluation 
(Joyner and Fumal 1984). P wave velocity and density of 
the combined layer are evaluated again from the S wave 
velocity using empirical formulas, and the attenuation is 
set by a weighted average according to the layer thickness. 

In the left panel of Fig.  4a, the first and second surface 
layers are combined, “2 Shallow Layers Combined,” and 
it is suggested that the predominance of 0.1–0.2  s is 
affected by the first layer. Combined from the first layer 
to the third, “3 Shallow Layers Combined,” the predomi-
nance of 0.3 s or less disappears. This period range might 
be affected by the surface layers that are shallower than 
about 14 m. In “5 Shallow Layers Combined” and “6 Shal-
low Layers Combined” also, shorter peak of about 0.8  s 
in the two peaks around 1 s becomes smaller (left down 
arrow) than that of “4 Shallow Layers Combined” model 
(left up arrow). This period range might be influenced by 
shallower sediments having thickness of about 35 m over 
the engineering bedrock with Vs = 0.317 km/s. It is found 
that the peak of longer than 1 s still remains in “5 Shal-
low Layers Combined” case (right down arrow), however, 
it is slightly extended compared to the case of “4 Shal-
low Layers Combined”. The boundary of top layer having 
Vs = 0.670 km/s also has effects on the peak around 1 s.

We have also tried to make the base layer shallower 
by removing the deepest layer of the prior model. The 
results are shown in Fig.  4b. The “Upper 9 Layers” in 
left panel is almost the same as the original in Fig. 3a, 
and may have no effect even if the base layer having 

Fig. 4 a Calculated EHVSR by combining the surface layers in order from the shallow layer with evaluated average S wave velocity of target layers. 
Red and orange arrows and dashed lines indicate the characteristic periods and the layer boundaries that compose them. b Same as upper row but 
for removing the deepest layer from the previous model. Blue and sky arrows and dashed lines also indicate the characteristic periods and the layer 
boundaries that compose them
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Vs = 3.2  km/s is set to Vs = 2.245  km/s in the target 
period range. It is shown that the outline of observed 
EHVSR can be almost expressed until “Upper 7 Lay-
ers” model. In the “Upper 6 Layers” model, the peak 
slightly longer than 1  s becomes unclear, however, the 
notable peak around 1 s still remains. This peak corre-
sponds to the shorter peak indicated by left arrows in 
the shallow layers combined model in Fig. 4a. The peak 
around 1 s might have been generated by the shallower 
five sedimentary layers, “Upper 6 Layers” model, and is 
slightly amplified with the addition of 7th layer having 
Vs = 1.267 km/s, “Upper 7 Layers” model.

Next, site amplifications, transfer functions of SH 
wave, are calculated from the simplified layered model 
by combining four shallow layers as shown in Fig.  4a. 
The black line in Fig.  5a shows the amplifications of 
a three layered model with Vs of bottom layer being 
0.67 km/s as the combined model. The detailed model 
parameters in Fig.  5 are shown in Additional file  1: 
Table S2. The red and blue lines indicate the effects of 
shallower two layers of the combined model and aver-
aged shallow two layers with bottom layer of the com-
bined model respectively. It is shown that both the two 
boundaries of top layer having Vs = 0.317  km/s and 
0.670  km/s compose the peak around 1  s. The result 
indicates that the two high impedance boundaries with 
Vs 0.317 km/s and 0.670 km/s compose high amplifica-
tion around 1 s.

Combined model in Fig.  5b is created by the same 
way as in Fig. 5a but for changing the second layer to an 
averaged layer of deeper two layers of combined model 

in Fig. 5a and adding next deep layer as the third layer 
(Additional file  1: Table  S2a, b). The peak in shallow 
model is amplified because Vs of bottom layer changes 
more than the case shown in Fig. 5a. It shows that the 
effect of shallow soft sediments is important to generate 
the peak around 1 s. The combined model explains the 
high amplification around the period of 1  s. However, 
predominant periods of deep model do not match the 
peak around 1 s and may create a trough at the period 
of 1 s in the combined model. The results suggests that 
the boundary with top Vs = 1.267 km/s contributes only 
for amplification but not for the peak period.

The combined model in Fig. 5c is the same as the 10 
layer model obtained in Fig.  3 and Additional file  1: 
Table  S1, and the model is expected to explain the 
observed amplification. The shallow model in same 
panel is composed by the typical four layer model as 
in the previous analysis in Fig. 5a, b, also in Additional 
file  1: Table  S2a, b. In deep model, the base layer of 
shallow model is replaced by one averaged sedimen-
tary layer below the 0.1861  km depth of combined 
model (7–9 layers in Additional file  1: Table  S1) with 
seismic bedrock having Vs = 3.2 km/s. Amplification of 
deep model almost completely agrees with that of the 
combined model around 1  s. The shallow model also 
explains peak period and the shape of amplification 
around 1 s except for its level.

From the analyses performed above, all the com-
bined models in Fig. 5a, b (Additional file 1: Table S2a, 
b) and the shallow model in Fig.  5c (Additional file  1: 
Table  S2c) show peak around 1  s, but the simplest 

Fig. 5 Calculated site amplifications from simple multi-layer models. a Combined model is a 3 layer model from averaged shallow 4 layers in Fig. 4a 
as the first layer with two deeper layers down to Vs of 0.67 km/s as indicated in Additional file 1: Table S2a, shallow model is composed from the top 
two layers of the combined model and the two layers of deep model is composed from averaged shallow two layers of the combined model with 
basement (Additional file 1: Table S2a). b Same as the panel (a) but combined model is composed by changing the second layer to an averaged 
layer of deeper two layers of combined model in panel (a) and adding next deep layer with Vs of 1.267 km/s as the third layer (Additional file 1: 
Table S2b). c Combined model is total 10 layer model as shown in Fig. 3 and Additional file 1: Table S1, shallow model is a four layer model with a 
combination of the two combined model in panels (a) and (b), deep model has two base layers that have Vs of 1.759 km/s as an average of deeper 
layers and Vs of 3.2 km/s as the seismic bedrock (Additional file 1: Table S2c)



Page 7 of 8Kagawa and Noguchi  Earth, Planets and Space           (2022) 74:74  

model that has the peak period of interest is the com-
bined model in Fig.  5a with three simple layers. The 
amplification level agrees with the total 10 layer model 
after addition of deeper layers below the three layer 
model.

Thus, in Tottori plain, the effect of shallow soft lay-
ers sedimented after the last ice age appears around 1 s, 
and another peak around this period is generated by the 
effect of a deeper high contrast boundary. The effects are 
combined and create larger peak amplification in site 
response. The deep velocity structure down to the seis-
mic bedrock has effects on the amplification level but 
does not on the predominant period itself around 1  s. 
The predominant period is affected by shallower high 
contrast boundary than the seismic bedrock at TTR002 
site. It is considered that such a phenomenon can occur 
in other small plains along the coast of the Sea of Japan 
that have similar formation processes.

Conclusion
The underground velocity structure is estimated by 
applying the diffuse field theory (Kawase et  al. 2011) 
to EHVSR in the Tottori plain, and the layer boundary 
explaining the predominant period is examined. The con-
clusions derived from the study are as follows:

1. Stable EHSVR is derived from six records at K-NET 
TTR002 site, and large peak around 1 s is indicated.

2. Velocity structure under TTR002 site is estimated 
from EHSVR by employing a hybrid holistic search 
technique with diffuse field theory (Kawase et  al. 
2011).

3. The peak around 1  s estimated in the Tottori plain 
is generated by two different layered boundaries 
beneath the shallow soft layer with Vs = 0.175 km/s. 
One is the engineering bedrock with top Vs of 
0.317  km/s, and the other is a deeper high contrast 
boundary with top Vs of 0.67 km/s.

4. The deeper boundaries with top Vs of 1.267 km/s and 
higher have effects on the amplification level of the 
peak.

Such a phenomenon may occur in other small plains 
along the coast of the Sea of Japan, since they have simi-
lar formation processes, and the conclusions derived here 
will be useful in considering future earthquake disaster 
prevention in them.
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