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ABSTRACT

The amplitude of strong ground motion is significantly affected by geological layers. It is therefore
important to understand the material properties (e.g. seismic wave velocity and attenuation) of geological
layers to predict the strong ground motion for the seismic assessment of facilities. For the investigation of
seismic wave amplification characteristics owing to geological layers at the Hamaoka nuclear power plant,
we are conducting deep vertical array seismic observation from G.L.-2 m to G.L.-1500 m.

In this study, we estimate the seismic wave velocity and attenuation in deep geological layers using seismic
records at G.L.-800 m and G.L.-1500 m. From the analysis of the apparent time delay and the particle
motion of the first pulse of the waveform, it was expected that the seismic waves propagated obliquely
within the rock between G.L.-800 m and G.L.-1500 m, depending on the source locations. The seismic
wave velocity and attenuation in deep geological layers estimated with oblique incidence were almost the
same as the velocities by PS logging and attenuation in previous studies. When a plane wave with normal
incidence was assumed, the velocity estimated by seismic records was slightly higher (approximately 6%
greater) compared to the velocity by PS logging. With regard to the estimation of attenuation, the difference
in the estimation results by assumption of the incident angle of the waves was not clear. This suggests that
consideration of the oblique propagation of the seismic wave is necessary for the estimation of the velocity
in deep geological layers.

INTRODUCTION

For the seismic design of nuclear facilities in Japan, the ground motion predictions at specific sites are
required. It is necessary to recognize the seismic wave amplification characteristics owing to geological
layers at the site to predict the ground motion accurately. Therefore, it is important to understand the
material properties (e.g. seismic wave velocity and attenuation) of the geological layers at the particular
site.
During the 2007 Niigata-ken Chuetsu-oki earthquake (M;6.8), large amplitude ground motions were
observed at the Kashiwazaki-Kariwa nuclear power plant. Ebisawa (2008) reported that the amplification
characteristic owing to deep geological layers was one of the contributing factors leading to large amplitude
ground motions. For the investigation of the amplification characteristics owing to the geological layers at
the Hamaoka nuclear power plant, we are conducting deep vertical array seismic observation from G.L.-2
m to G.L.-1500 m.

In this study, we estimated the seismic wave velocity and attenuation in deep geological layers at the
Hamaoka nuclear power plant using seismic records at G.L.-800 m and G.L.-1500 m.
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DEEP VERTICAL ARRAY SEISMIC OBSERVATION AND RECORDS

Seismic Observation and Seismic Records

Figure 1 shows the depth of the accelerometers (the black circles) in the deep vertical array seismic
observation and the S wave velocity (Vs) and P wave velocity (Vp) by PS logging at the Hamaoka nuclear
power plant. The deep vertical array seismic observation comprise of six observation depths (G.L.-2 m, -
30 m, -200 m, -550 m, -800 m, and -1500 m) with servo type accelerometers. The average Vs between
G.L.-800 m and G.L.-1500 m is approximately 1500 m/s.

In this study, we used 28 seismic records, which showed a pulse-like wave near the arrival time of the P
wave and 22 seismic records, which showed a pulse-like wave near the arrival time of the S wave. These
records were observed between March 2012 and December 2013. The parameters of the records are listed
in Table 1. The epicenter map for the records is shown in Figure 2. In studying the waveforms of these
seismic records, the two horizontal components of waveforms were rotated to the transverse and the radial
components in consideration of the sensor direction. The waveforms were applied a bandpass filter which
had the pass band judged for every record based on the S/N ratio.

Figure 3 shows the example of acceleration waveforms near the P and S wave arrival time. In Figure 3, the
pulse of an up-going wave can be seen and the small pulse of down-going wave reflected from the surface
can be seen. At G.L.-800 m and G.L.-1500 m, the first pulse of the up-going wave and the pulse of down-
going wave reflected from the surface do not overlap in the time domain. Therefore, the first pulse of the
up-going wave was used for the estimation of the seismic wave velocity and attenuation of the geological
layers between G.L.-800 m and G.L.-1500 m.
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Figure 1. Depth of the accelerometers and P and S wave velocity by PS logging.
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Table 1. Seismic records used in this study

Occurrence time initial phase
(UTC+9) Depth |, X clarity
year | month| day | hour |minute| second [ km km P S
2012 4 5 20 56 50.18 | 21.48 3.6 432 O @]
2012 4] 24| 21] 13| 25.63| 19.29( 3.6 76.9| O o
2012 4] 30| 20| 47] 24.20| 4157( 2.6 67.6 6]
2012 5 5 18 56| 52.82| 44.77| 4.3 1174 O
2012 6 9 4 7| 37.03| 26.13( 4.0 552 O
2012 7| 26| 19| 40| 56.25| 1543 2.2 259| O @]
2012 71 31 3 5| 18.26 | 26.69 3.3 53.1 6]
2012 9 9 3 38| 30.58| 28.01] 3.4 484 O
2012 9| 16 7] 11| 6.05| 30.06| 3.6 51.7 o]
2012] 10 1 17 39 52.00| 17.98| 2.8 401 O @]
2012| 10 6 0] 11| 20.38| 38.21| 3.3 101.8 6]
2012| 11 7 6] 46| 40.29( 1338 24 36.3| O
2012 11 8 19 12] 16.54| 21.62| 3.4 39.4| O
2012 11 21 0 52| 4599 15.49| 2.7 356| O
2012 11| 21 5 3| 59.61( 15.00( 2.7 350 O o
2012 11| 21 8] 19| 3231 15.17| 3.2 31| O o
2012 11 24 11 48| 57.79| 32.78| 3.6 481 O 6]
2012 12 10 22 4 5.65| 25.38| 2.6 55.0] O @]
2012| 12| 22 1| 19| 4.27| 33.03| 34 440 O
2013 1| 20 7] 35| 34.70| 1559 2.8 353| O
2013 2 13 13 45 494 30.95]| 3.1 32.3| O 6]
2013 4 11 17 54| 49.66 | 13.42( 2.9 363 O @]
2013 4 25 1 4] 2751 18.14( 3.0 39.8| O
2013 4] 30| 10 7] 13.62| 41.29( 3.4 101.2 o
2013 5 8| 10| 18| 22.90| 18.66[ 2.8 46.5 6]
2013 6 19 16 9 8.78| 26.35| 3.0 56.6| O 6]
2013 7 1 6 49| 18.69| 25.97| 3.9 52.0| O @]
2013 71 10 0] 21| 47.18 9.90 | 3.9 1089| O
2013 8 2 5| 37| 11.26( 30.69( 2.4 45.7] O
2013 8 9 17 51 246 | 38.98| 3.3 66.7| O
2013 8 23 15 12 470 12.17] 1.9 136 O @]
2013 9 3 9] 10| 4251 13.70( 1.8 148] O @]
2013 9 18 17 17 49.35| 2641 3.4 442 O 6]
2013 10 6] 23] 24| 6.23| 25.90( 29 409 O o

M; : magnitude by Japan Meteorological Agency
X hypocentral distance
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Figure 2. Epicenter map
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Figure 3. Example of acceleration waveforms. The figure on the left shows waveforms of vertical
component near P wave arrival time. The figure on the right shows waveforms of transverse component
near S wave arrival time.

THE EFFECT OF OBLIQUE PROPAGATION OF THE SEISMIC WAVES
The apparent time delay of the up-going waves

First, we evaluated the apparent time delay z of the first pulse between G.L.-800 m and G.L.-1500 m. For
the P waves, 7 was evaluated by the calculation of a cross-correlation function with a 0.5 s time window
for the UD component waveforms. For the S waves, r was evaluated by the calculation of a cross-
correlation function with a 1.0 s time window for transverse component waveforms. An example showing
the estimation of zfor the P waves is shown in Figure 4.

Although the results of zfrom each record showed variations, the mean of zfor the P waves from all records
was 0.227 s and the mean of zfor S waves was 0.437 s. These apparent time delays (z) are significantly
smaller than the time delay (0.241 s and 0.466 s for P and S waves, respectively) calculated from the 1D
velocity model (see Figure 1), assuming a plane wave with normal incidence. This indicates that assuming
a plane wave with normal incidence is not appropriate; hence, consideration of the oblique propagation of
the seismic wave is necessary for the estimation of the velocity between G.L.-800 m and G.L.-1500 m using
the seismic records.

Estimation of the incident angle of waves

We estimated the incident angle @ of the seismic waves propagating obliquely by particle motion of the
first pulse of the waveform at G.L.-1500 m.

Figure 5 shows an example of the particle motion in P waves. The particle motion of P waves in the
horizontal plane showed a linear shape along the radial direction in many cases, and the particle motion of
P waves in the vertical plane (UD-Radial) showed a linear shape as well. The 6 of P waves was estimated
by fitting a line to the particle motion of P waves in the vertical plane using the least squares method.
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Figure 6 shows an example of the particle motion of S waves. Although the particle motion of S waves did
not show clear linearity in some cases, the particle motion of S waves in the vertical plane showed a linear
shape for the records where the amplitude of the radial component was relatively large. The 6 of S wave
was estimated by fitting a line orthogonal to the particle motion of S waves in the vertical plane using the
least squares method. As the linearity of the particle motion of S waves was weak when compared to P
waves, the accuracy of destimated from S waves is likely to be relatively low.

The relationship between & and 7 is shown in Figure 7. Within this figure, the dashed line shows the
theoretical relationship based on the propagation of the plane wave in the 1D velocity model (Figure 1).
Although the relationship between @ and 7 has variability, a trend is observed wherein z decreases as &
increases. As this trend is consistent with the theoretical relationship, it is expected that the seismic waves

propagate obliquely within the rock between G.L.-800 m and G.L.-1500 m, depending on the source
locations.
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Figure 4. Example of the evaluation of the apparent time delay
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Figure 5. Particle motion of P wave
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Figure 7. Relationship between incident angle € and apparent time delay zestimated from records. (a)
Estimated @and z of P wave. (b) Estimated #and 7 of S wave.

ESTIMATION OF SEISMIC WAVE VELOCITY AND ATTENUATION
Method

Using the seismic records at G.L.-800 m and G.L.-1500 m, we estimated the seismic wave velocity and
attenuation (Qe, Qs) in deep geological layers by simulated annealing inversion of the first pulse of each
record. In this inversion, the error between an observed acceleration waveform at GL-800 m and a
calculated waveform is minimized. The latter waveform is calculated by response analysis in a 1D layered
model using the observed waveform at G.L.-1500 m as the input SH wave with oblique incidence. The
incident angle estimated by particle motion of the observed waveform is applied as the incident angle in
the response analysis. The objective function is defined as follows:

E(m )—Z{d

Here, m is an estimation vector whose components include the S wave velocity and Qp and Qs of layers at
G.L.-800 m and G.L.-1500 m. The ratio of the velocities of each layer is fixed as the ratio obtained from
the velocity model by PS logging. Qe and Qs of each layer are assumed to be constant values. d; denotes
the transverse component of the observed acceleration waveform from the first pulse of the S wave. dmax
denotes the maximum value of di. N is the number of data from the pulse. fi(m) is the response acceleration
waveform at G.L.-800 m. The velocity model shallower than G.L.-800 m is fixed in accordance with the
velocity model by PS logging.

We applied the same algorithm of simulated annealing inversion as Yamanaka (2001). We then performed
five trials, changing the random number in the inversion and starting from the same initial model. After
checking the convergence of the estimated parameters, the optimal result was used. The search range of the
velocity is 0.5 to 2 times greater when compared to the velocity by PS logging. The search range of the
inverse quality factor is 0 to 2, assuming 0.1 initially. After estimation of the S wave velocity and quality
factor, we also estimated the P wave velocity and quality factor. In this case, di in equation (1) denotes the
UD component of the observed acceleration waveform in the first pulse of the P wave. fi(m) denotes the
response acceleration waveform at a depth of 800 m calculated from the input P-SV wave with oblique
incidence in the 1D layered half-space. The velocity and the quality factor of S waves are fixed as the mean
value estimated from inversion for S waves.

— fim)}?
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drznax
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Results

Examples of the comparison of the observed acceleration waveforms and the simulated waveforms at G.L.-
800 m with oblique incidence are shown in Figure 8. The red bar indicates the time window used for the
calculation of E(m) in equation (1). Within the time window, the simulation results correlate well with the
observed waveforms.

Figure 9 shows the estimation results for velocity. In figure 9, the red line indicates the mean of the
velocities estimated from each record. The dashed red line indicates the standard deviation of estimated
velocities. The gray line indicates the velocity model by PS logging. The mean velocities were almost the
same as the velocities by PS logging.

Figure 10 shows the estimation results of Qs and Qr from each record versus the dominant frequency of S
and P waves, respectively. In Figure 10(a), the estimated Qg™ from each record is distributed over 0.02 to
0.2, and the mean of Qp? is approximately 0.06. In Figure 10(b), the estimated Qs from each record is
distributed over 0.01 to 0.2. The mean of Qs? is approximately 0.04 to 0.05, but the variation of Qs is
large. The mean of Qs in this study is greater than the result obtained by Kinoshita(1992) and is equivalent
to the results obtained by Fukushima et al.(1992) and Takemura et al.(1993). Although the dominant
frequencies of the P and S waves have a difference, the mean of Qg is slightly larger than the mean of Qs
!, Tohdo et al.(1995) demonstrated that Qe is larger than Qs™ when estimated from vertical array seismic
records. The result in this study is consistent with the result of Tohdo et al.(1995).
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Figure 8. Comparison of the observed waveforms and the simulations. The red bar indicates the time
window used for calculation of E(m). (a) 2 samples of simulation of P waves. (b) 2 samples of simulation
of S waves.
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Figure 9. (a) Mean of estimated P wave velocities from each record. (b) Mean of estimated S wave
velocity. Gray line indicates the velocity model by PS logging.
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Figure 10. (a) Estimated Qp versus dominant frequency of P waves from each record. (b) Estimated Qs
versus dominant frequency of S waves from each record. The lines indicate Qs from previous studies for
other sites.

DISCUSSION

The estimated seismic wave velocity and attenuation in deep geological layers with oblique incidence
correlated well with the velocities by PS logging and the attenuations by found during previous studies. In
this section, for comparison, we estimated the velocity and attenuation in the same manner with the
assumption of normal incidence.

Figure 11 shows the comparison of the velocities estimated with the assumption of normal incidence and
oblique incidence. The mean velocity estimated with the assumption of normal incidence is greater than the
velocity by PS logging by approximately 6%. As the apparent time delay becomes smaller when the incident
angle of the wave is large, the velocity is overestimated without consideration of oblique incidence of the
wave. The estimation error is not negligible for the estimation of the velocity of deep geological layers, in
which the wave propagates obliquely in many cases.
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Figure 12 shows the comparison of Qs* and Qp? estimated with the assumption of normal incidence and
oblique incidence. The differences in the results by assumption of incident angle are small. The assumption
of the incident angle did not affect the estimation of attenuation in this study.
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Figure 11. (a) Mean of estimated P wave velocities from each record with the assumption of normal
incidence and oblique incidence. Gray line indicates the velocity model by PS logging. (b) The same
figure of S wave.
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Figure 12. (a) Comparison of estimated Qe ! from each record estimated with the assumption of normal
incidence and oblique incidence. (b) Comparison of estimated Qs from each record.
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CONCLUSION

We estimated the seismic wave velocity and attenuation in deep geological layers at the Hamaoka nuclear
power plant, using the seismic records at G.L.-800 m and G.L.-1500 m. On analyzing the apparent time
delay and particle motion of the first pulse of the waveform, it was expected that the seismic waves
propagated obliquely within the rock between G.L.-800 m and G.L.-1500 m, depending on source locations.
The seismic wave velocity and attenuation in deep geological layers estimated with obligue incidence were
almost the same as the velocities by PS logging and the attenuations found during previous studies. When
a plane wave with normal incidence was assumed, the velocity estimated by the seismic records was found
to be slightly higher (approximately 6%) when compared to the velocity by PS logging. For the estimation
of attenuation, the difference in the estimation results by assumption of the incident angle of the wave was
not clear. This suggests that consideration of the oblique propagation of the seismic wave is necessary for
the estimation of velocity in deep geological layers using the seismic records.
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