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The KiK-net is a vertical array system, and seismic motions are recorded at the ground 
surface and in the borehole. With the peak acceleration of 24.5 m/s2 at AKTH04 (EW) 
and 38.7  m/s2 at IWTH25 (UD) during the Iwate–Miyagi Nairiku earthquake in 2008, 
the occurrence mechanism of large accelerations is investigated by the non-stationary 
Fourier spectra and the double integrated displacement profile. From the difference in the 
occurrence time, the frequency, and the amplitude of dominant components between 
the surface and the borehole, it is clear that the amplification in the surface soil caused 
the large acceleration at the surface. In the deformation process of the surface soil, 
the whipping mode is picked up at AKTH04. The relative displacement profile between 
the surface and the borehole is analyzed by the phase curves. The orbit at AKTH04 is 
identified by the sinusoidal waves of the sway, up–down, and rocking modes. It can be 
concluded that the large accelerations at AKTH04 may be due to an irregular local mode 
caused by the collision between the base-mat and surrounding soil. From the orbit at 
IWTH25, the vertical pulse can be regarded as “an induced vertical motion” due to the 
collision between the base-mat of an observation house and the soil beneath it.

Keywords: KiK-net, pulse wave, non-stationary Fourier spectra, double integrated displacement profile, relative 
displacement profile, amplification in surface soil, induced vertical motion, collision between base-mat and 
surrounding soil

inTrODUcTiOn

After the Hyogoken-Nanbu earthquake in 1995 (moment magnitude Mw =  6.9), the importance 
of seismic records was re-recognized for mitigation of seismic hazard, and the Strong-motion 
Seismograph Networks (K-NET, KiK-net) were established by the National Research Institute for 
Earth Science Disaster Prevention (NIED, 2016) in 1996. The number of seismic events with Mw 
6.0 or larger measured by K-NET and KiK-net and the maximum magnitude from 1996 to 2017 
(January) are illustrated in Figure 1.

Forty-eight seismic records (as of January 2017) with the peak acceleration larger than the accel-
eration of gravity alerted us to the reevaluation of the seismic design force for nuclear facilities. 
The Nuclear Safety Commission of Japan (NSC) started the reevaluation of the Nuclear Reactor 
Regulations in June 2001. The specialist working group for the Nuclear Reactor Regulation reported 
the revised version in May 2006, and the NSC revised the Regulation in September 2006 (The World 
Nuclear Association, 2016). The electric companies were requested to certify the soundness of the 
nuclear power plants for the revised regulation as the back-check. During the back-check process, 
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FigUre 1 | seismic events recorded by K-neT and KiK-net (as of 
January, 2017).
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three large seismic events attacked the nuclear power plants 
every 2 years, i.e., the Niigata-ken Chuetsu-oki earthquake in 
2007 (MW 6.6), the Suruga Bay earthquake in 2009 (MW 6.3), and 
the 2011 off the Pacific coast of Tohoku earthquake (MW 9.0). 
The 2011 earthquake forced the upheaval of the Japanese nuclear 
policy. The Nuclear Regulation Authority was newly established 
in place of the Nuclear and Industry Safety Agency in 2012. The 
electric companies were forced to reevaluate the soundness of 
the nuclear power plants as the back-fit, which is against the 
non-retroactivity. The authors have investigated the occurrence 
mechanism of large accelerations, in which the non-linear inter-
action between a building and the surrounding soil was detected 
(Kamagata and Takewaki, 2013a,b; Kojima et al., 2014).

In the guideline of Japan Nuclear Energy Safety Organization 
(Kobayashi et  al., 2014), 16 seismic events are listed up as the 
seismic events by hidden faults, 1 of which is the Iwate–Miyagi 
Nairiku earthquake in 2008 (MW 6.9). The seismic records with 
large accelerations, i.e., AKTH04 (EW) with 24.5  m/s2 and 
IWTH25 (UD) with 38.7  m/s2, were evaluated as the basis of 
seismic design motions with the peak value 20 m/s2 or larger.

Regarding the seismic records at IWTH25, many researchers 
investigated the occurrence mechanism of large accelerations 
from various viewpoints. Mogi et al. (2013) focused on the non-
linearity of surface soil and evaluated the change of the shear 
wave velocity by the Normalized Input-Output Minimization 
analysis. Yamada et al. (2010) also focused on the non-linearity 
of surface soil and evaluated the deterioration ratio of the surface 
soil by the deconvolution method. Aoi et al. (2010) proposed the 
“trampoline effect” of surface soil. Tobita et al. (2010) supported 
the trampoline effect by the FEM analysis with the non-linear 
multiple simple shear mechanism. Yamada et  al. (2009) also 
supported the trampoline effect by introducing the mechanism 
of slapdown and evaluated the uplifted amplitude of the near 
surface layer. Kinoshita (2011) also focused on the near surface 
layer and explained it as the “bouncing-ball effect.” All the above 
studies focus on the seismic behavior of surface soil from the 
geo-mechanical research field.

On the other hand, Ohmachi et al. (2011) introduced a differ-
ent occurrence mechanism from the viewpoint of engineering. 
They insisted that the “collision between the base-mat of the 

observation house and the soil beneath it” caused the pulse-like 
wave with large acceleration. This may be an acceptable assump-
tion from the engineering viewpoint. The collision between the 
base-mat and the below soil has been discussed as an “induced 
vertical motion” by the uplift of the base-mat in the seismic 
analysis of the nuclear power plant.

While Ohmachi et  al. (2011) provided a hypothesis on the 
occurrence mechanism of large amplitudes of ground motions 
and investigated the validity of such hypothesis, the authors 
investigate the occurrence mechanisms by introducing the fol-
lowing unique approaches: (i) the non-stationary Fourier spectra 
for detecting the frequency components contributing to the 
pulse wave, (ii) the maximum amplitude spectra for detecting 
the amplitude values of dominant components, (iii) the double 
integrated displacement profile for identifying the displacement 
profile corresponding to the acceleration pulse, (iv) the deforma-
tion process of surface soil for detecting the seismic behavior, such 
as the whipping mode and uniform layered mode, (v) the relative 
displacement profile between the surface and the borehole for 
suggesting the deterioration state as the average shear strain, and 
(vi) the use of phase curve for identifying the sway, the up–down, 
and the rocking modes. From above analytical results, the authors 
attempt to investigate the occurrence mechanism of pulse wave 
at AKTH04 (EW) as the collision between the observation house 
and the side soil. Regarding the upward pulse at IWTH25 (UD), 
the collision between the observation house and the below soil is 
considered as the plausible occurrence mechanism of observed 
large acceleration.

seisMic eVenT OF iWaTe–MiYagi 
nairiKU earThQUaKe in 2008

The site map of AKTH04, IWTH25, and epicenter of the Iwate–
Miyagi Nairiku earthquake are illustrated in Figure  2 together 
with the fault plane and the GPS-displacement (GSI, 2016). The 
maximum horizontal displacement of 1.533 m was measured at 
the GPS-based control point of Kurikoma-2. This is five times 
larger than those at the nearby GPS-based control points. The 
epicentral distance of IWTH25 is 3 km and that of AKTH04 is 
22  km. The seismic event of the Iwate–Miyagi Nairiku earth-
quake in 2008 was reported by The Headquarters for Earthquake 
Research Promotion (2016).

Regarding horizontal components at ground surface, the peak 
values at AKTH04 are larger than those at IWTH25. On the other 
hand, in vertical components at ground surface, the peak value 
at IWTH25 is larger than that at AKTH04. Since the epicentral 
distance of AKTH04 is greater than that of IWTH25, the large 
acceleration at AKTH04 may be caused by some amplification 
mechanisms in the propagation process from the borehole to the 
ground surface. At the borehole, the peak values at IWTH25 are 
larger than those at AKTH04. This is considered to be mainly 
related to the shorter epicentral distance. The amplification ratios 
at IWTH25 are smaller than those at AKTH04. This may be 
related to the amplification in the propagation process including 
the interaction between the observation house and the surround-
ing soil.
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FigUre 2 | seismic event of the iwate–Miyagi nairiku earthquake in 2008.
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analYsis OF DOMinanT cOMPOnenT 
PrOPerTY BY nOn-sTaTiOnarY 
FOUrier sPecTra

The property of distribution of dominant components is analyzed 
by the non-stationary Fourier spectra defined by Eq. 1:

 F t g t i di j j iω τ ω τ τ, , exp( ) = ( ) − −∞

∞

∫ , (1)

where

g t y t t t t

g t t t t t
j j a j a

j j a j a

τ τ τ

τ τ τ

, ; ,

, ; ,

( ) = ( ) − ≤ ≤ +

( ) = < − + <

 2 2

0 2 2 ,,

y ( )τ ; seismic acceleration record,
tj ( j = 1, 2, …, M); j-th time, ωi (i = 1, 2, …, N/2); i-th frequency,
N; number of steps in FFT analysis,
M = T/ΔT; number of steps in sweep process,
T; duration time of seismic record,
ΔT; sweep interval time.
ta; width of data window (s).

The influence of data window width is shown in Supplementary 
Material.

The analytical result can be illustrated by the contours with the 
horizontal axis of time and the vertical axis of frequency. The con-
tour level is normalized by the maximum value and is displayed in 
percentage. The maximum amplitude spectra are introduced by 
Eq. 2 to evaluate the amplitudes of dominant component. Also, 
the peak amplitude (VPA) is defined by Eq. 3.

 A F t t t ti i j j M( ) max{ ( ; ); , ..., },ω ω= = 1  (2)

 V A i NiPA = ( ) ={ }max ; , , ) .ω  1 2  (3)

non-stationary Fourier spectra of aKTh04
In order to compare the property of dominant components 
between the surface and the borehole, the non-stationary Fourier 
spectra and the maximum amplitude spectra are illustrated with 
acceleration profiles in Figure  3. The peak accelerations at the 
surface and the borehole are listed with the amplification ratio in 
Table 1. In the acceleration profiles of AKTH04 (EW), the peak 
acceleration 24.5  m/s2 occurred as the single downward pulse 
wave.

The property of dominant components was analyzed as 
follows:

 (1) The peak components at the borehole arrived earlier than 
the peak components at the surface.

 (2) The dominant components at the surface occurred in a nar-
row frequency range, and those at the borehole occurred in 
a wide frequency range.

 (3) The maximum amplitudes of the peak components at the 
surface are larger than those at the borehole.

The analytical results suggest that the dominant components 
at the surface were amplified in the propagation process from the 
borehole to the surface.

non-stationary Fourier spectra  
at iWTh25
Consider next the NS, EW, and UD components at IWTH25. 
The acceleration profiles, the non-stationary Fourier spectra, 
and the maximum amplitude spectra are compared in Figure 4 
between the surface and the borehole. In the acceleration profiles 
of IWTH25 (UD), the peak acceleration 38.7 m/s2 occurred as the 
maximum pulses of several upward pulses.
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TaBle 1 | Peak accelerations and amplification ratio (surface/borehole).

site epicentral 
distance 

(km)

Peak acceleration 
(m/s2)

amplification 
ratio (surface/

borehole)

ns eW UD ns eW UD

AKTH04 Surface 22 13.2 24.5 10.9 5.71 7.18 5.89
Borehole 2.31 3.41 1.85

IWTH25 Surface 3 11.4 14.3 38.7 1.10 1.91 5.68
Borehole 10.4 7.48 6.81
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FigUre 3 | acceleration profiles, non-stationary Fourier spectra, and maximum amplitude spectra of aKTh04.
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The property of dominant components was analyzed as 
follows:

 (1) The dominant components at the surface in the NS and 
EW components scatter in the frequency range of 10 Hz or 
smaller with the amplitude values of 2.0 m/s2 or larger.

 (2) The dominant components at the surface in the UD compo-
nent scatter in the wide frequency range of 20 Hz or smaller 
with the amplitude of 3.0 m/s2 or larger.

The analytical results indicate that the large accelerations at the 
surface in the UD component were caused by the superposition of 
several higher frequency components from 5 to 17 Hz.

The peak and average values of dominant components are 
listed in Table  2 with the average amplification ratio (surface/

borehole). The property of dominant components was analyzed 
as follows:

 (1) At the surface at AKTH04, the peak maximum amplitude 
occurred in the EW component at the frequency of 3.3 Hz 
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FigUre 4 | acceleration profiles, non-stationary Fourier spectra, and maximum amplitude spectra of iWTh25.
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with the amplitude 4.4  m/s2, and the average value is  
1.65 m/s2.

 (2) At the surface at IWTH25, the peak maximum amplitude 
occurred in the UD component at the frequency of 10.9 Hz 
with the amplitude of 4.89  m/s2, and the average value is 
2.80 m/s2.

 (3) At the borehole at AKTH04, the peak maximum amplitude 
occurred in the EW component at the frequency of 7.0 Hz 
with the amplitude of 0.68  m/s2, and the average value is 
0.38 m/s2.

 (4) At the borehole at IWTH25, the peak maximum amplitude 
occurred in the EW component at the frequency of 4.5 Hz 

with the amplitude of 1.26  m/s2, and the average value is 
0.88 m/s2.

The VPA and the average VPA in the borehole at IWTH25 are 
almost two times larger than those at AKTH04. This may be 
related to the difference of epicentral distance, i.e., IWTH25 
(3 km) and AKTH04 (22 km). The dominant components in the 
borehole are considered to be related to the radiated components 
at the seismic asperity.

On the other hand, the peak value in the horizontal compo-
nents at the surface at AKTH04 is larger than those at IWTH25. 
This may be related to the amplification property of the surface 
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TaBle 2 | amplitude of dominant components.

site VPa (m/s2) average VPa (m/
s2)

amplification 
ratio; average 
VPa (surface/

borehole)

ns eW UD ns eW UD ns eW UD

AKTH04 Surface 3.53 4.39 2.41 1.06 1.65 1.24 3.7 4.3 6.5
Borehole 0.60 0.68 0.38 0.29 0.38 0.19

IWTH25 Surface 2.38 2.65 4.89 1.41 1.53 2.80 1.8 1.7 3.8
Borehole 1.13 1.26 1.03 0.80 0.88 0.74
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soil. The peak value in the UD component at the surface at 
IWTH25 is significantly amplified.

analYsis OF DOUBle inTegraTeD 
DisPlaceMenT PrOFiles

In order to identify the occurrence mechanism of pulse waves, the 
double integrated displacement profile has been analyzed. Since 
the pulse wave is considered to be composed of high frequency 
components, the band-pass filter, as shown Figure 5, is adopted 
to eliminate the low frequency components. Four kinds of cutoff 
range are set in the lower frequency range as shown in Table 3.

The difference in displacement profiles by the band-pass 
filter has been investigated. Three kinds of double integrated 
displacement profiles at AKTH04 and IWTH25 are illustrated in 
Figure 5. One is the double integrated displacement profiles of 
the original seismic record, and the others are those of Case-1 
and Case-2. Regarding AKTH04 (EW), the profile of Case-1 has 
a smaller difference from that of Case-2. For IWTH25 (UD), 
the profile of Case-1 has an upward drift component and that of 
Case-2 has no drift component. Therefore, the double integrated 
displacement profiles of Case-2 have been adopted to evaluate the 
seismic behavior at the surface and the borehole.

seismic Behavior of surface soil
The displacement profiles (Case-2) at AKTH04 (EW) and 
IWTH25 (EW) are illustrated in Figure 6. The shaded parts are 
illustrated as the deformation process of the surface soil with the 
interval time of 0.05 s (AKTH04) and 0.1 s (IWTH25). The maxi-
mum peak-to-peak displacement at AKTH04 (EW) occurs in the 
interval from 9.85 to 10.05 s. The amplitude is 0.077 m at the sur-
face and 0.0128 m at the borehole, and the amplification ratio is 
6.0. The maximum peak-to-peak displacement at IWTH25 (EW) 
occurs in the interval from 4.6 to 5.1 s. The amplitude is 0.10 m 
at the surface and 0.031 m at the borehole, and the amplification 
ratio is 3.3.

This vibration property is consistent with the shear wave 
velocity (VS) in the surface soil as shown in Figure 6. Comparing 
the VS up to 100 m depth, the VS at AKTH04 is larger than that 
at IWTHH25. The seismic record at the surface is estimated to 
be influenced by the top soil. On the other hand, the shear wave 
velocity at the borehole is 1,500 m/s at AKTH04 and 1,810 m/s at 
IWTH25. These satisfy the engineering bedrock condition of the 
shear wave velocity 700 m/s or larger.

Comparing the time interval from peak-to-peak, the time 
interval at AKTH04 is shorter than that at IWTH25. This sug-
gests that the frequency in the surface soil at AKTH04 is higher 
than that at IWTH25. As for the amplification from the borehole 
to the surface, the amplification ratio at AKTH04 is larger than 
that at IWTH25. Comparing the deformation processes in the 
surface soil between AKTH04 and IWTH25, the whipping mode 
is predominant in the surface soil at AKTH04. On the other hand, 
the uniform layered mode is predominant in the surface soil at 
IWTH25. These properties are consistent with the property of 
VS profile.

In order to evaluate the seismic behavior of the surface soil, the 
authors introduce the relative displacement between the surface 
and the borehole. Using the relative displacement, the shear 
strain profile can be calculated by dividing the relative displace-
ment by the distance from the borehole to the surface. Assuming 
the soil condition as the gravel soil, the maximum shear strain 
at AKTH04 and IWTH25 are plotted in G  −  γ relation (see 
Figure 6). The soil state during the seismic event is estimated to 
be in a deteriorated state (the ratio of stiffness is 0.6 or smaller). 
Many seismic records in KiK-net with the peak acceleration of 
10 m/s2 or larger have been analyzed. The deterioration ratio of 
0.6 or smaller was approximately average. Therefore, it may be 
concluded that the derived deterioration ratios have less influence 
on the large acceleration.

amplification in surface soil
For the AKTH04 (EW), the distribution property of dominant 
components in the displacement profiles at the surface and the 
borehole is compared with that in the relative displacement 
profile by using the non-stationary Fourier spectra as shown in 
Figure 7.

The property of dominant components can be evaluated as 
follows:

 (1) The dominant components at the borehole occur at the time 
of 8.6 s. This is earlier than the occurrence time of 10.2 s at 
the surface.

 (2) The frequency of peak dominant component at the borehole 
is 1.1 Hz. This is lower than the frequency of 1.9 Hz at the 
surface.

 (3) The peak maximum amplitude at the borehole is 0.014 m. 
This is smaller than that of 0.029 m at the surface.

 (4) The distribution property of dominant components in the 
relative displacement profile is almost similar to that of the 
displacement profile at the surface.

 (5) The peak component at the relative displacement is detected 
at the frequency of 2.4 Hz with the amplitude of 0.025 m. 
This is 86% of the peak value at the surface.

It may be concluded that the large acceleration at the surface 
is related to the local mode in the propagation process from the 
borehole to the surface.

For IWTH25 (UD), the dominant components in the accel-
eration profile and the relative displacement profile have been 
investigated in the interval from 3.5 to 4.5 s of Case-2, Case-3, 
and Case-4, and those are shown in Figure 8.
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FigUre 5 | Double integrated displacement profiles.
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In the acceleration profile, the pulse wave of Case-2 has an 
asymmetric shape (upward), and those of Case-3 and Case-4 are 
close to a symmetric shape. In the relative displacement profile 
of Case-2, a low frequency component has been observed, and 
the peaks are not synchronized with the peaks in the acceleration 
profile. In the relative displacement of Case-4, the phase is almost 
coincident with the acceleration in the opposite direction.

The distribution property of the dominant components in the 
non-stationary Fourier spectra can be evaluated as follows:

 (1) In the acceleration profiles, the dominant components scat-
ter in the frequency range higher than 10 Hz. This behavior 
is the same independent of the applied filter.

 (2) The peak amplitude is detected at 11.2 Hz with the amplitude 
5.2 m/s2.

 (3) In the relative displacement profiles, the dominant compo-
nents differ in Case-2, Case-3, and Case-4. This is related to 
the frequency components smaller than 10 Hz.

 (4) In the relative displacement profile of Case-2, the dominant 
component occurs at 11.1 Hz with the amplitude value of 
0.0014 m. This corresponds to the dominant component of 

11.2 Hz with the amplitude of 5.2 m/s2 in the acceleration 
profile.

The above analytical results suggest that the acceleration 
profile of Case-4 includes the pulse components in the seismic 
record. The double integrated displacement profile of Case-4 also 
includes the components of pulse wave in the seismic record. From 
the relation of V VA D= ω2  between the acceleration value (VA) and 
the displacement value (VD), the peak displacement 0.0014 m in 
the successive pulses with the frequency of 11.1 Hz corresponds 
to the acceleration 6.8 m/s2. This is 18% of the peak amplitude 
38.7 m/s2. It may be concluded that pulse wave is composed of 
various frequency components.

Considering the layout of the observation house (see 
Figure 15), the vertical displacement dv of 0.0014 m corresponds 
to the rotation angle 2.8/1,000 (=dv/w; w = 0.5 m; w: the length 
from the pit to the edge at the long side) or 1/1,000 (w = 1.3 m; the 
length from the pit to the edge at the short side). The estimated 
small inclination of the observation house would not be observed 
after the earthquake.

OccUrrence MechanisM OF large 
acceleraTiOn ValUes

Consider the occurrence mechanism of large acceleration in 
the seismic record of IWTH25 (UD). Many researchers have 
investigated the cause of upward pulse waves. They assumed an 
original occurrence mechanism from the upward pulse shape. 
The authors analyzed the seismic records and produced additional 
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information from the seismic records. During the Iwate–Miyagi 
Nairiku earthquake, the large acceleration of 24.5  m/s2 was 
recorded at AKTH04 (EW). The epicentral distance of AKTH04 
is 22 km. This is longer than that of IWTH25 (2 km). The differ-
ence of AKTH04 and IWTH25 is due to the direction, i.e., the 
horizontal component at AKTH04 and the vertical component 
at IWTH25. Apparently, the previous research on IWTH25 (UD) 
cannot explain the occurrence mechanism of AKTH04 (EW). In 
this section, the occurrence mechanisms of large acceleration in 
the horizontal component and the vertical component will be 
investigated.

Let us investigate the pulse waves that caused the peak 
acceleration, i.e., from 11 to 12 s at AKTH04 (EW) and from 3.5 
to 4.5 s at IWTH25 (UD). They are compared with the relative 
displacement profile in Figure 9.

At AKTH04 (EW), the peak acceleration of 24.5 m/s2 occurred 
as the single downward pulse wave at 11.57 s. This corresponds 
to the positive terminal point of cyclic movement in the relative 
displacement profile of Case-2 and Case-3. At IWTH25 (UD), the 
multiple upward pulse waves in the acceleration profile occurred 
from 3.5 to 4.5 s. This corresponds to the negative reversal points 
of Case-2 and Case-4 in relative displacement profiles.

Both pulse waves in the acceleration profiles in AKTH04 (EW) 
and IWTH25 (UD) synchronize with the pulse waves in the 
relative displacement profiles. This suggests that the acceleration 
24.5 m/s2 at AKTH04 (EW) is related to the displacement with the 
amplitude of 0.03 m, and the acceleration 38.7 m/s2 at IWTH25 
(UD) is related to the displacement with the amplitude of 0.02 m 
or less.

seismic records at aKTh04
The acceleration and the relative displacement of EW and UD 
profiles are illustrated in Figure 10. The occurrence point of the 
peak acceleration is marked by the red-star in the profile and 
the phase curve. In the profiles of Case-2, the peak acceleration 
occurs in the process toward the positive reversal point in the 
relative displacement profile. In the profiles of Case-4, the peak 
acceleration occurs at the positive reversal point in relative dis-
placement profile.

Using the EW and the UD relative displacement profiles, the 
phase curve for the station AKTH04 is illustrated in Figure 12. 
The orbit of 8-shape was detected in the phase curve of Case-2. 
This was identified as the coupling of sway and rocking modes. In 
the phase curve of Case-3, the elliptical orbit was detected. This 
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was identified as the coupling of the same frequency mode with 
the phase delay between the EW and UD components.

The dominant components in the relative displacement profile 
in the EW and UD components were analyzed by the non-sta-
tionary Fourier spectra and are shown in Figure 11. The coupling 
modes of 2.8 and 6.2 Hz were detected in the UD component, and 
the single mode of 3.1 Hz was detected in the EW component.

The occurrence process of the pulse wave can be explained as 
follows:

 (1) In the phase curve of Case-2 in Figure 10, an 8-shape orbit 
was detected from 11.0 to 11.4  s. This was identified by 
the sway mode of sinusoidal wave with the frequency of 
fH (3 Hz) and the rocking mode of a sinusoidal wave with 
the frequency of fR (6 Hz). The coupling of both sinusoidal 
waves was plotted as the symmetric 8-shape orbit. As shown 
in Figure 11, the vertical movement was composed of dual 
frequency components. This was identified by the up–down 
mode with the frequency of fV and the rocking mode with 

the frequency of fR. The relation of fR = 2 × fV was derived 
from the non-stationary Fourier spectra shown in Figure 11. 
The amplitudes of horizontal and vertical movements were 
determined from the relation of the relative displacement 
profiles of EW and UD components.

The sway mode in the horizontal displacement:

 D f t fH H H  Hz.= − ( ) =sin ; 3  (4)

The rocking mode in the vertical displacement:

 D f t fR R  Hz.= ( ) =0 5 6. sin ;R  (5)

The up–down mode and rocking mode in vertical displacement:

 D f t f t f fV V R V R Hz  Hz.= − ( ) + ( ) = =0 3 0 3 3 6. sin . sin ; ,  (6)

 (2) In the phase curve of Case-3 shown in Figure 10, an elliptical 
orbit was detected from 11.4 to 11.56 s. This was identified 
by the coupling of the horizontal and the vertical modes of 
the same frequency with the phase delay.
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The sway mode in horizontal displacement:

 D f t fH H H  Hz.= − ( ) =sin ; 6  (7)

The up–down mode in vertical displacement:

 D f t fR V V  Hz.= − −( ) =0 5 2 6. sin ;π  (8)

The identified displacement profiles and the phase curves are 
illustrated in Figure 12.

The occurrence mechanism of the pulse wave can be explained 
as follows (see Figure 12):

 (1) Coupling of the sway mode to the left direction and the 
upward mode with the clockwise rocking mode.

 (2) Coupling of the sway mode to the right direction and the 
downward mode with the counter-clockwise rocking mode.

 (3) Continuous movement from the stage (2) of the coupling 
of the sway mode to the right direction and the downward 
mode with the counter-clockwise rocking mode.

 (4) Coupling of the sway mode to the left direction and the 
upward mode with the clockwise rocking mode.

The pulse wave at 11.57 s occurs at the terminal point of the 
process (3). Some irregular movement like the collision between 
the base-mat of the observation house and the surrounding soil 
can be estimated as the occurrence mechanism.

seismic records at iWTh25
The relative displacement profile at IWTH25 (UD) is illustrated 
together with the acceleration profile in the entire profile and the 
zoomed profile from 3.4 to 4.4 s (hatched in the entire profile) (see 
Figure 13). In the zoomed profile, the upward pulse waves of the 
acceleration profile numbering from P1 to P4 are focused upon. 
They occurred simultaneously at the downward reversal points in 
the relative displacement profile as shown in the zoomed profile. 
Furthermore, the authors focused on the additional upward pulse 
waves numbering from Q1 to Q3, which occurred in each interval 
of numbered pulses from P1 to P4, and they occurred at the inflec-
tion point of the relative displacement profile.

The relative displacement profiles are illustrated as the phase 
curves in two kinds of vertical planes with the axes of the NS 
and UD components and the EW and UD components (see 
Figure  13). The seismic behavior of the observation house is 
summarized as follows:

 (1) In the phase curve of the EW and UD components, the 
reversal point PA-EW is the positive maximum amplitude and 
the reversal point PB-EW is the negative maximum amplitude 
in the relative displacement profile of the EW component.

 (2) The reversal points P2 and P3 occur simultaneously with the 
reversal points PA-EW and PB-EW in the relative displacement 
profile of the EW component.
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 (3) In the phase curve of the NS and UD components, the 
reversal point PA-NS is the negative maximum amplitude and 
the reversal point PB-NS is the positive maximum amplitude 
in the relative displacement profile of the NS component.

 (4) The reversal points P1 and P4 occur simultaneously with the 
reversal points PA-NS and PB-NS in the relative displacement 
profile of the NS component.

 (5) The typical additional pulses Q1, Q2, and Q3 occur at the 
interval of P1, P2, P3, and P4.

The property of the pulse waves in NS, EW, and UD compo-
nents were analyzed by the non-stationary Fourier spectra, the 
maximum amplitude spectra, and the amplitude spectra at 4.1 s 
as shown in Figure 14.

The dominant components are summarized as follows:

 (1) The amplitude of dominant components in the UD compo-
nents exceeds 2.0 m/s2 in the frequency range from 3.5 to 
18 Hz.

 (2) The peak amplitude occurred at the frequency of 10.9 Hz 
with the amplitude of 5.3 m/s2 in the UD component.

 (3) The components composing the pulse wave of 38.7 m/s2 are 
analyzed by the amplitude spectra at the time of 4.1 s. Three 
main components are 5.5 Hz (1.9 m/s2), 10.9 Hz (5.3 m/s2), 
and 16.8 Hz (1.8 m/s2).

 (4) The dominant component of 10.7 Hz (1.6 m/s2) is detected 
in the amplitude spectra of the EW component.

It was concluded that the analytical findings result from the 
non-linear interaction between the observation house and the 
surrounding soil (see Figure 15). In more detail, the following 
points were obtained.

 (1) The upward pulse wave was caused by the collision 
between the base-mat of the observation house and the 
soil beneath it.

 (2) The additional upward pulse wave was caused by the colli-
sion between the base-mat of observation house and the soil 
beneath it.

 (3) The rocking mode can be estimated numerically as the 
inclination of the base-mat from 2.2/1,000 to 0.85/1,000. 
The peak displacement corresponding to 10.9 Hz (5.3 m/s2) 
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FigUre 12 | identified displacement profiles and phase curves of aKTh04.

is 0.0011 m. The inclination can be derived by dividing the 
vertical displacement by the length from the edge (0.5 and 
1.3 m).

cOnclUsiOn

During the Iwate–Miyagi Nairiku earthquake in 2008, large 
accelerations were measured at the KiK-net stations, i.e., 38.9 m/
s2 in IWTH25 (UD) and 24.5 m/s2 in AKTH04 (EW). The occur-
rence mechanisms of such large acceleration have been explained 
by using several analytical results, such as the non-stationary 
Fourier spectra and the double integrated displacement profiles.

The frequency components contributing to the pulse wave 
have been obtained from the non-stationary Fourier spectra. The 
difference in the frequency and the occurrence time of the maxi-
mum amplitude between the surface and the borehole indicates 
that the large acceleration was excited in the propagation process 
from the borehole to the surface. The frequency components 
related to the large acceleration have been identified at the same 
time.

From the double integrated displacement profile, useful 
information on the seismic behavior was derived. First, the 
frequency components that do not cause the large accelera-
tions were eliminated by the band-pass filter. The deformation 
process in the surface soil was illustrated using the displace-
ment at the surface and the borehole. The whipping mode 
at AKTH04 and the uniform layered mode at IWTH25 were 
detected. These phenomena are consistent with the profile 
of the shear wave velocity. Second, the relative displacement 
between the surface and the borehole was introduced, and 
it was made clear that the relative displacement includes 
the component of large acceleration. Furthermore, the shear 
strain profile was obtained by dividing the relative displace-
ment by the interval distance between the surface and the 
borehole. The deterioration state of the surface soil was esti-
mated by plotting the maximum shear strain on the G  −  γ  
relation.

The pulse wave in the relative displacement profile was 
detected. This corresponds to the pulse wave in the acceleration 
profile. The phase curve was drawn by the relative displacement 
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FigUre 13 | comparison of acceleration and relative displacement profiles of iWTh25.

of the UD and EW components, in which an 8-shape orbit was 
detected. This was identified by the sway, the up–down, and the 
rocking modes, and they were modeled by the sinusoidal waves. 
The pulse wave at AKTH04 (EW) occurred at the typical point 
in the phase curve. By using these results, it was concluded 
that the large accelerations were caused by a singular mode, 
such as the collision between the observation house and the  
side soil.

Regarding the large acceleration at IWTH25 (UD), the syn-
chronized pulse waves were detected between the acceleration 
and the relative displacement profiles. Furthermore, the syn-
chronized reversal points were found among the NS, the EW, and 
the UD components. From the singular orbit in the movement 
of up–down direction, the occurrence mechanism of large accel-
eration was explained as the collision between the observation 
house and the soil beneath it. Also, the additional pulse wave was 
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aPPenDiX

accuracy of non-stationary Fourier 
spectra
The parameters in non-stationary Fourier spectra are determined 
based on the analytical results using sinusoidal waves.

 (1)  One-cycle sinusoidal wave (see Figure A1).
   The one-cycle sinusoidal wave with the frequency of 1.0 Hz 

was analyzed with three kinds of data window width, such 
as 1.0, 1.5, and 2.0 s. The data window width longer than the 
duration of dominant component may mislead the occur-
rence time of the dominant component but has no influence 
on the maximum amplitude spectra.

In the analysis of seismic records, the dominant frequency 
can be estimated from the shape of seismic record, i.e. a pulse 
wave, a cyclic wave. The suitable data window should be 
selected based on some case studies of data window width. 
The data window width longer than the dominant com-
ponent may mislead the occurrence time of the dominant 
component.

 (2)  Three cycles of sinusoidal wave (see Figure A2).
   The maximum amplitude spectra suggest an important con-

dition on the data window width. The data window width 
longer than the one-cycle dominant component may mislead 
the maximum amplitude of the dominant component. As for 
the cyclic wave, the data window width should be selected 
appropriately depending on the frequency component in the 
seismic record. Parametric analysis may be necessary for the 
data window width.

 (3)  The continuously modulating sinusoidal waves (see 
Figure A3).

   The non-stationary property of seismic records can be mod-
eled by using the continuously modulating sinusoidal wave 
(from 1 to 9 Hz) expressed by Eq. A1.

    y t t T t TN N( ) = +( ){ } =sin . ;2 1 8 0 10π s (A1)

   where TN is the duration.

The frequency components with a short duration time can 
be analyzed correctly. The non-stationary Fourier spectra are 
applicable to seismic records.
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FigUre a1 | non-stationary Fourier spectra of one-cycle sinusoidal wave.
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FigUre a2 | non-stationary Fourier spectra of three-cycle sinusoidal wave.
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FigUre a3 | non-stationary Fourier spectra of continuously modulating sinusoidal wave.
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