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ABSTRACT

The Kashiwazaki-Kariwa Nuclear Power Plant suffered extreme shaking during the 2007 Niigata-
ken Chuetsu-oki earthquake. Accelerograms observed at the dense seismometer array in the plant
are now open to the public and will provide valuable knowledge. The temporal changes of S-wave
velocity were examined based on the vertical array records observed during the mainshock and the
events before and after it. It was found that the S-wave velocity in the layers (ground–50m depth
and 50–100 m depth) decreased significantly during the principal motion of the mainshock, indicating
nonlinear behavior. Whereas nearly linear behavior was observed in the bedrock layer (below 100 m
depth). It was also found that the S-wave velocity increased in the layers above 100 m depth soon after
this motion, indicating no major liquefaction in these layers.
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1. INTRODUCTION

The 2007 Niigata-ken Chuetsu-oki earthquake
caused severe damage in Niigata Prefecture. Dam-
age was also observed in the Tokyo Electric Power
Company (TEPCO)’s Kashiwazaki-Kariwa nuclear
plant located in the vicinity of the hypocenter.
The seismic observation (accelerograms) had been
recorded in a dense seismometer array located at
the plant site. TEPCO has published records of
different seismic events: before, during, and after
the Niigata-ken Chuetsu-oki earthquake, observed
at the dense seismometer array (TEPCO 2008).
These records provide useful information for vari-
ous examinations such as seismic response of the
structure, seismic response of the ground, and the
soil-structure interaction.

Various laboratory tests have been conducted
by many researchers (e.g. Seed and Idriss 1970,
Hardin and Drnevich 1972a, Hardin and Drnevich
1972b, Katayama et al. 1986, Hatanaka et al. 1988,
Sun et al. 1988) to examine nonlinear properties of
different soil types and revealed that soil properties
are affected by various factors such as shear-strain
level, confining stress, void ratio, the extent of
disturbance to the specimen and so on.

In-situ examination of the nonlinear property
of soil utilizes vertical array records of actual
earthquakes because a strain level large enough to
cause nonlinear behavior in in-situ soil is unattain-
able by artificial excitations. So the method used
is inversion calculation using multiple reflection

analysis of SH waves and equivalent linear anal-
ysis based on the constitutive relationship of soils
(Ohta 1975, Tokimatsu et al. 2008, Tokimatsu and
Arai 2008) Tokimatsu et al. conducted inversion
analysis of the vertical array records observed in
the Kashiwazaki-Kariwa NPP and pointed out a
significant reduction of the shear moduli in the
Holocene and Pleistocene sand layers during the
mainshock of the 2007 Niigata-ken Chuetsu-oki
earthquake (Tokimatsu et al. 2008, Tokimatsu and
Arai 2008). However, the estimated shear moduli
in the study are time-independent throughout each
array record as in usual equivalent linear analyses, so
the temporal changes of the moduli during a single
earthquake have not been examined.

Kawakami et al. developed the Simplified Input
Output Relation Method (SIORM) (Kawakami and
Bidon 1997) and Normalized Input-Output Mini-
mization (NIOM) method (Kawakami and Haddadi
1998, Haddadi and Kawakami 1998a) to examine
wave propagation velocity from the vertical array
records. The validity of these methods has been
shown with different vertical array records. In addi-
tion, the results from the NIOM analysis of the 1995
Hyogo-ken Nambu earthquake at the Port Island
vertical array site clearly showed the liquefaction of
the surface layer by detecting a decrease in S-wave
velocity in the top layer by analysis of different
parts of the aftershocks (Hadaddi and Kawakami,
1998b). These results showed the temporal changes
in the characteristics of soil at different layers and are
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useful for engineering purposes. On the other hand,
nonlinear behavior of the relatively rigid ground
where important facilities such as nuclear power
plants are located has not been closely examined so
far.

In this study, using the NIOM method, records
of the mainshock and the aftershocks of the 2007
Niigata-ken Chuetsu-oki earthquake at the vertical
array of the PR Hall (KSH) at the Kashiwazaki-
Kariwa nuclear power plant were analyzed. Also,
using the previous earthquake records at the same
array site, the temporal variation of S-wave velocity
was examined. It was observed that the S-wave
velocity decreased significantly in the surface layer
(surface to 50 m depth) and intermediate layer
(50–100 m depth) during the principal motions of the
mainshock. However, the S-wave velocity started
to increase soon after this motion, indicating no
occurrence of liquefaction in these layers. On
the other hand, in the bedrock layer (below 100 m
depth), the S-wave velocity variation was negligible,
showing nearly linear behavior even during the
principal motions of the mainshock.

2. OUTLINE OF NIOM METHOD
This section describes the outline of NIOM

method developed by Kawakami and Haddadi
(1998).

The input-output system can be related by
means of a transfer function H(ω). In a frequency
domain, the output G(ω) is given by

G(ω) = H(ω)F (ω), (1)

where F (ω) and G(ω) are the Fourier transforms of
the input f(t) and the output g(t).

Since the transfer function solely depends
upon the physical characteristics of the system, we
assume that the same transfer function satisfies the
relationship between input and output models. So
we can write

Y (ω) = H(ω)X(ω), (2)

where X(ω) and Y (ω) are the Fourier transforms
of the input and output models x(t) and y(t),
respectively.

The inverse Fourier transform of input model
X(ω) can be written as

x(mΔt) =
1

NΔt

N−1∑
i=0

X(ωi) exp
(

j
2πim

N

)
. (3)

At t = 0, i.e., m = 0, the amplitude of the input
model, x(0), is normalized to unity, then Eq. (3)
becomes

1
NΔt

N−1∑
i=0

X(ωi) = 1. (4)

To get the simplified input and output models,
the mean value of the squared Fourier amplitude

and its time derivatives are minimized subject to
the above constraint. Thus, the Lagrange multiplier
method gives

L =
N−1∑
i=0

[
cX |X(ωi)|2 + kXω2

i |X(ωi)|2

+ cY |Y (ωi)|2 + kY ω2
i |Y (ωi)|2

]

− λ

{
1

NΔt

N−1∑
i=0

X(ωi) − 1

}
, (5)

where λ is the Lagrange multiplier, cX and cY are
the weighing constants for corresponding squared
Fourier amplitude, and kX and kY are the weighing
constants for its time derivatives. The same
relationship of weighing constants for input and
output is considered as

kX

cX
=

kY

cY
. (6)

The contribution of high frequency components can
be decreased by increasing the value of kX .

Substituting Eqs. (2) and (6) in Eq. (5) and
minimizing the equation thus obtained as

∂L

∂λ
=

∂L

∂X(ωi)
=

∂L

∂X∗(ωi)
= 0, (i = 0, . . . , N−1),

(7)
where ∗ denotes the complex conjugate.

After minimization, the input model X(ωi) and
output model Y (ωi) are obtained as follows.

X(ωi) = NΔt

1�
1 +

kX

cX
ω2

i

�
(cX + cY |H(ωi)|2)

N−1�
n=0

1�
1 +

kX

cX
ω2

n

�
(cX + cY |H(ωn)|2)

,

Y (ωi) = H(ωi)X(ωi). (8)

Lastly, the inverse Fourier transforms of the
input model X(ω) and output model Y (ω) will
give the simplified input model x(t) and y(t) in
time domains. As mentioned above, the NIOM
method is a simple input-output analysis technique
in which the transfer function is calculated from two
observation data satisfying input x(t) at x(0) = 1.
It is similar to a receiver function ([?]). In a receiver
function, input x(t) should be assumed as a suitable
pulse, however, in the NIOM method, the adjustment
features are included to get simplified input and
output waveforms.

3. KSH VERTICAL ARRAY AND PARAME-
TERS FOR NIOM ANALYSIS
To investigate the temporal change of S-wave

velocity before, during, and after the main shock, the
observation records at the PR Hall (KSH) vertical
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Fig. 1 Soil profile at the KSH site provided by TEPCO (2008) with slight modification.

array (TEPCO 2008) were used in this study. As
shown in Figure 1, this vertical array consists of four
observation points from SG1 (ground surface) to
SG4 (250 m depth). Each observation point records
EW, NS, and UD components of the acceleration. In
this study the NS and EW components were used.
Though the NS direction is tilted 18◦54′51′′ towards
the east, we simply used the terms NS and EW.

If f(t) and g(t) are the two observation records
recorded at surface and underground observation
points, the output model y(t) obtained by the
NIOM analysis can be interpreted as the record of
observation at an underground observation point as
if a pulse x(t) is given as input in the observation
point above. Therefore if input model x(t) at time
t = 0 is a pulse with maximum amplitude of one
and vertical incidence is assumed, a peak appearing
on the output model y(t) at negative time represents

the incident wave (raising wave) whereas a peak
appearing at positive time represents a reflected
wave (falling wave) at the underground observation
point. Then from the four observation points of
the vertical array, the three combinations SG1–SG2,
SG2–SG3, and SG3–SG4 were considered and
NIOM analysis was carried out for these three
combinations to find the S-wave propagation time.
The time given by the incident (wave) peaks shows
the wave propagation time. Except for SG1–SG2,
when the above observation point is not the surface
of earth, the arrival time of descendent waves will
be influenced by the travel time of reflected waves
from the surface. In such cases, the propagation
time intervals for reflected waves are different. So
in this study, peaks appearing at negative time,
i.e., the propagation time of incident waves, were
mainly examined. The parameters used for NIOM
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analysis were cX = cY = 1 and kX = 0.001.
The sampling rate of the observed data was 0.01 s.
The data obtained from the input model X(ω) and
output model Y (ω) as given in Eq. (8) of the
NIOM analysis were increased by a factor of 16 by
adding trailing zeros. Then, the time interval of the
input and output model obtained by inverse Fourier
Transform was interpolated by 1/16.

4. ESTIMATION METHOD OF S-WAVE VE-
LOCITY
The elastic wave speed shown in Figure 1

was obtained by PS logging. From PS logging,
the S-wave velocities of five layers from surface
to 250 m depth were 310, 350, 500, 580, and 640
m/s. Among these layers, we considered the S-wave
velocity in the 310 m/s layer (recent sand dune
and the upper part of the Banjin formation) as β1,
the 350 m/s layer (the lower part of the Banjin
and Yasuda formations) as β2, and the 500 m/s
layer (the Nishiyama formation) as β3. We called
these layers the surface layer, intermediate layer, and
base layer, respectively. It was assumed that the
S-wave velocity in each layer changes depending on
time and earthquake event considered. At first, the
S-wave velocity of each layer of the Nishiyama layer
was assumed to have the same value as that of the
corresponding velocity obtained by PS logging but
varying by a factor of α. β3 was estimated based
on the propagation time t4−3 between SG4–SG3
obtained by NIOM analysis.

β3 = 500 α (m/s),
α = T4−3/t4−3. (9)

Here, T4−3 is the S-wave propagation time (0.271 s)
in the SG4–SG3 layer obtained by PS logging.
Getting β3 from Eq. (9), β2 and β1 were estimated
by the following equations using the propagation
times t3−2 and t2−1 obtained from the NIOM
analysis.

β2 =
32.2

t3−2 − 16.4/β3
(m/s),

β1 =
42.6

t2−1 − 5.8/β2
(m/s). (10)

Now, if we let the propagation time be t, propagation
velocity be β, and propagation distance be L, then
from the relationship β = L/t, the relation between
propagation velocity error Δβ and propagation time
reading error Δt can be shown as

Δβ =
β2

L
Δt. (11)

Here, if propagation time reading error is substituted
by sampling rate Δt = 0.01 s, the propagation
velocity error Δβ can be estimated as 15 m/s for all
three layers.

5. ANALYSIS RESULTS
5.1 Analyzed Accelerograms

The earthquake accelerograms analyzed in this
paper are summarized in Table 1. Among these,
earthquakes a to x are aftershocks of the 2007
Niigata-ken Chuetsu-oki earthquake. Similarly, A to
C are earthquakes that occurred before the Niigata-
ken Chuetsu-oki earthquake and were included in
order to consider the probable changes in the ground
stiffness from the time of PS logging and the time
before the Niigata-ken Chuetsu-oki earthquake. The
epicenter location and the relationship between the
epicentral distance and focal depth are shown in
Figures 2a and 2b, respectively. All the earthquakes
were located near the vertical array as shown in
Figure 2, so we can assume vertical incidence of
sesimic waves during the principal motions in the
accelerograms.

Figure 3 shows accelerograms recorded at the
vertical array during the Niigata-ken Chuetsu-oki
earthquake. The record at SG1 (at ground surface)
has a simpler shape than those underground due to
loss of high frequency components.

5.2 Results of NIOM Analysis
In NIOM analysis for the earthquakes that

occurred before and after the Niigata-ken Chuetsu-
oki earthquake, 2.5-s time intervals of the principal
motion of the S-wave part were analyzed. In the
analysis of the mainshock, a moving window of 4.0-s
duration was used from 26 to 150 s in 2 s increments.
A cosine taper time window of 0.25 s intervals on
both sides was used to select the analysis interval.

Figure 4 shows the results of NIOM analyses,
(a)–(c) for earthquake C (before the Niigata-ken
Chuetsu-oki earthquake), (d)–(f) for the principal
motion of the Niigata-ken Chuetsu-oki earthquake,
(g)–(l) for the coda of the Niigata-ken Chuetsu-oki
earthquake, and (m)-(o) for earthquake x (aftershock
on 25 March 2008). The diagrams are aligned from
left to right in the order of SG1–SG2 to SG3–SG4.
In these diagrams, the thick solid and the thick dotted
lines respectively show the output models of the
EW and NS components whereas the thin dotted
lines show the input models of the EW component.
The input model was the simplified pulse from the
upper seismometer reading and the output model
was the simplified wave obtained from the lower
seismometer reading. For example, for the (a)
SG1–SG2 layer, the input model was of SG1 and
the output model was of SG2. In this diagram, wave
arrivals at SG1 and SG2 can clearly be seen at 0 s and
-0.184 s, respectively. So the wave propagation time
for the interval between SG1 and SG2 was 0.184 s.

The output models for SG3–SG4 (Fig. 4c, f,
l, and o) show clear peaks at about -0.28 s, and
the variation of peak time for different earthquakes
is small. This indicates that the S-wave velocity
between SG4 and SG3 was almost unchanged even
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Table 1 Source parameters of the earthquakes analyzed in this study.

Date Time Epicenter MJMA Epicentral Depth
(yyyy/mm/dd) ◦E ◦N Distance (km) (km)

A 2005/11/04 03:05 138.467 37.432 2.7 12 27
B 2005/11/13 16:51 138.477 37.440 3.2 11 28
C 2006/03/12 23:12 138.477 37.444 2.4 11 28
Mainshock 2007/07/16 10:13 138.608 37.557 6.8 16 17
a 2007/07/16 10:17 138.510 37.402 4.0 8 20
b 2007/07/16 10:18 138.547 37.505 4.9 11 18
c 2007/07/16 10:22 138.567 37.535 3.9 13 17
d 2007/07/16 10:24 138.522 37.482 3.7 10 19
e 2007/07/16 10:25 138.433 37.542 3.0 20 22
f 2007/07/16 10:28 138.528 37.422 3.9 6 19
g 2007/07/16 10:53 138.582 37.523 3.1 12 21
h 2007/07/16 11:00 138.565 37.457 3.7 5 22
i 2007/07/16 15:00 138.577 37.442 2.0 3 19
j 2007/07/17 05:28 138.567 37.455 2.5 5 20
k 2007/07/18 00:46 138.572 37.483 2.1 8 19
l 2007/07/19 05:27 138.528 37.542 2.3 15 18
m 2007/07/20 21:54 138.568 37.447 3.6 4 20
n 2007/07/21 18:51 138.550 37.430 1.7 5 19
o 2007/07/25 00:35 138.553 37.420 2.4 4 17
p 2007/07/25 06:52 138.720 37.532 4.8 17 24
q 2007/07/30 23:15 138.547 37.418 1.8 5 18
r 2007/08/03 18:45 138.548 37.440 2.4 5 18
s 2007/08/10 02:04 138.547 37.395 3.2 5 18
t 2007/09/18 01:35 138.570 37.445 3.4 4 19
u 2007/10/04 13:02 138.573 37.452 1.9 5 18
v 2007/11/30 18:33 138.575 37.450 1.9 4 20
w 2008/02/04 12:02 138.608 37.467 2.3 6 17
x 2008/03/25 10:54 138.563 37.450 2.6 5 20

during the strong motions. Meanwhile, in the
results for the surface layer (SG1–SG2) and the
intermediate layer (SG2–SG3), a change in the
time of peak appearance in the output models for
the mainshock and the aftershock can clearly be
seen. This indicates changes of S-wave velocity.
The output model shows a clear peak even in the
principal motion of the Niigata-ken Chuetsu-oki
earthquake. It should be noted that no such
clear peak could be found in the result for the
records of the 1995 Hyogo-ken Nanbu earthquake
observed at Port Island where major liquefaction
occured (Hadaddi and Kawakami, 1998b). Although
settlements of about 15 cm were reported in the KSH
site (Tokimatsu and Arai, 2008a and 2008b), it can
be concluded that there was no major liquefaction at
the site.

5.3 Temporal Change of S-wave Velocity dur-
ing, before, and after the 2007 Niigata-ken
Chuetsu-oki Earthquake
Figure 5 shows the S-wave velocities estimated

by Eqs. (9) and (10). S-wave velocities for the
base, intermediate, and surface layers are shown by
squares, triangles, and circles, respectively. To show
the seismic intensity at each time window, the RMS
values of velocity amplitudes during the same time

window are shown by the same symbols in the lower
diagrams.

Figure 5a shows the S-wave velocities during
the earthquakes A to C that occurred before the
Niigata-ken Chuetsu-oki earthquake. The average
value of these velocities for the base layer β3

was 483 m/s, which is almost the same as the
value estimated by PS logging (500 m/s). On the
other hand, the average of the S-wave velocities
for the surface layer β1 was 255 m/s and for the
intermediate layer β2 was 305 m/s, which are 10
to 20% smaller than those measured by PS logging
(β1 = 310 m/s, β2 = 350 m/s). These averaged
values of S-wave velocity are shown by horizontal
dotted lines in the diagrams and used as initial values
for the comparison of the results of the mainshock
and aftershocks.

Figure 5b shows the S-wave velocities dur-
ing the mainshock of the Niigata-ken Chuetsu-oki
earthquake. The horizontal axis is the center of
the time window considered. In the results for the
base layer, the velocity decreased slightly during the
principal motions from 30 to 40 s, and the estimated
velocity then increased to the initial value soon
afterwards. This indicates that the base layer was
not affected much even by the strong motions during
the mainshock. On the contrary, large reductions
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of S-wave velocity can be seen in the results for
the surface and the intermediate layers. At 40 s,

the values were 125 m/s for the EW and 116 m/s
for the NS component in the surface layer and 223
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m/s for the EW and 245 m/s for the NS component
in the intermediate layer, which indicated nonlinear
behavior of the soil due to the large amplitudes of the
seismic waves during the mainshock. Soon after the
principal motions, the velocities increased gradually
with a decrease of seismic intensity during the coda

as shown in Figure 5e.
In the results for the aftershocks shown in

Figure 5c, we can observe the gradual increase of
the S-wave velocities in the surface and intermediate
layers but the velocities were still smaller than
the average values even after eight months. This
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Fig. 5: Temporal change of the S-wave velocities at each layer estimated from the records of (a) earthquakes
before the Niigata-ken Chuetsu-oki earthquake, (b) the Niigata-ken Chuetsu-oki earthquake, and (c) aftershocks.
The broken lines indicate the average velocities shown in diagram (a).

indicates that once the soil layer was nonlinearized
by strong ground shaking, the effect remained for
more than several months.

5.4 Relationship between Shear Modulus and
Shear Strain
The relationship between shear modulus and

shear strain was examined based on the S-wave
velocities obtained from NIOM analysis. The
normalized shear mudulus is defined as

G/G0 = β2/β2
0 (12)

where G is the shear modulus, β is the S-wave
velocity, and the suffix 0 indicates linear property.
Assuming that the soil property remained linear
during the earthquakes that occurred before the
Niigata-ken Chuetsu-oki earthquake, the average
S-wave velocity estimated from the earthquakes
before the Niigata-ken Chuetsu-oki earthquake was
used as β0.

Because shear strain was not observed in the
site, we defined average strain ε as

ε = VRMS/β (13)

where VRMS is the RMS value of the velocity
waveform (Figs 5d–f) during the corresponding time
window. Eq. (13) is based on the one-dimensional
propagation of seismic waves as given by

ε =
∂u(z, t)

∂z
=

∂u(z, t)
β ∂t

, (14)

where u is the displacement of seismic waves and
z is the coordinate axis along the wave propagation
direction.

Figures 6a–c show the normalized shear mod-
ulus reduction for the three layers. As we pointed
out earlier, no significant nonlinear behavior was
observed in the result for the base layer (Fig. 6c).
However, the shear strain reached about 0.08%
during the principal motion.

In the intermediate layer, the shear modulus
decreased to G/G0 = 0.6 at the strain level of
ε =0.1–0.2% (Fig. 6b). Soon after, the shear
modulus gradually increased to about 0.9, and
this process formed a relationship between shear
modulus and shear strain. For the surface layer, it is
difficult to make a quantitative discussion because of
the large variation and the anisotropical propagation
velocity in the results. However, we can confirm that
the maximum value of the strain was between 0.1
and 1%, and the shear modulus decreased to about
G/G0 = 0.2.

Because the surface and intermediate layers are
sand dune deposits, we compared laboratory test
results of a sand specimen for reference. Figure 6d
shows the shear modulus reduction of Fujisawa sand
obtained by Katayama et al. (1986) (also included in
[?]). The undisturbed specimen was sampled from
5 to 9 m depth by the freeze-and-block technique.
In-situ S-wave velocity was 260 m/s. This value is
close to that of the surface layer at the KSH site.

The solid and dotted lines show the shear
modulus reduction obtained from the undisturbed
and disturbed specimens, respectively. The disturbed
specimen had been remolded to have a void ratio,
e, similar to the undisturbed one. In the figure, the
shear moduli of the undisturbed and the disturbed
specimens were normalized by the initial shear
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Fig. 6: (a)–(c) Normalized shear modulus reduction relationship for the three layers at the KSH site based on the
S-wave velocity shown in Fig. 5. Numbers at the results of the mainshock indicate center time of the time-window.
(d) Laboratory test results of Fujisawa sand obtained by Katayama et al. (1986) shown here for reference. In this
diagram, the results for both disturbed and undisturbed samples were normalized by the modulus for undisturbed
samples at 1.0×10-3% strain.

modulus of the undisturbed specimen at 1.0×10-3%
strain. The shear modulus of the disturbed specimen
at 1.0×10-3% strain was about half of that for the
undisturbed one whereas those at large strains were
almost identical.

Comparing the results of the surface layer
and the undisturbed soil columns obtained from
the laboratory test (Fig. 6a and d) shows that
the reduction relationship obtained by the NIOM
analysis of the mainshock records is similar to the
laboratory test results. Also, the degradation of
the shear modulus observed in the surface and the
intermediate layers after the mainshock must be
associated with disturbance caused by the large shear
strain during the mainshock.

6. CONCLUSIONS
We examined the temporal changes of S-wave

velocity based on the vertical array records in the
Kashiwazaki-Kariwa nuclear power plant observed
during, before, and after the 2007 Niigata-ken
Chuetsu-oki earthquake. The major conclusions of
this study are

1) The S-wave velocity before the Niigata-ken
Chuetsu-oki earthquake for the base layer was
almost the same as estimated by PS logging.
However, the S-wave velocities for the surface
and intermediate layers were 10 to 20% smaller
than those measured by PS logging.

2) In the base layer, a very small reduction of veloc-
ity was observed during the principal motions,
and the estimated velocity then increased to the
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initial value soon afterwards. This indicates that
the base layer was not affected much even by
strong motions during the mainshock.

3) Large reductions of S-wave velocity were seen in
the surface and intermediate layers indicating
nonlinear behavior of the soil due to the large
amplitude of the seismic waves during the
mainshock. Soon after the principal motions,
the velocities increased gradually with a de-
crease of seismic intensity during the coda.

4) During the aftershocks, there was a gradual
increase in the S-wave velocities in the surface
and intermediate layers but they are still smaller
than the average values even after eight months.
This indicates that once the soil layer was
nonlinearized by strong ground shaking, the
effect remained after more than eight months.

5) The normalized shear modulus reduction rela-
tionship obtained by the NIOM analysis of
the mainshock records was similar to the
laboratory test results. The degradation of
the shear modulus observed in the surface and
the intermediate layers after the mainshock is
associated with disturbance caused by the shear
strain during the mainshock.
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