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Abstract

The JNC borehole B-2 in the region of Horonobe in northern Japan is equipped with two
accelerometers, one at the surface and one at the bottom of the borehole, at a depth of some 138
metres. The borehole is located in a rock formation, which shows alternation of beds of sandstone
and siltatone over a thick formation of hard shale,

The goal of this study was to determine the frequency dependent amplification function by
calculation of the ratio between the surface response spectrum and the response spectrum at
depth. A 1D model (CyberQuake) was used for the computations, because it could be concluded
from the local geology that there are no significant 2D effects to be expected. A check has been
performed with the program SHAKE2000 showing nearly perfect resemblance.

Acceleration time histories from a weak motion local earthquake at a depth of 13 and 16 km
recorded on July 20t (M 0.7) and August 18t (M 0.8) 2003 and from the Tokachi off-shore
earthquake to the south of Hokkaido located some 430 to 450 km away from the borehole,
recorded on September 26t (M 8.0) plus an aftershock recorded on September 27th 2003 were
available as input data. All events are characterised by rather small acceleration values.

The amplifications seem to be magnitude dependent. With the data at hand, the observed
amplification functions are however rather unstable, showing different shapes for the different
earthquakes and for two components of a single event. The observed ground motion amplification
wasg much higher than the one calculated. Possible explanations for the observed discrepancy are

1) an incorrectness in the derivation of the input S-wave velocity profile used for the calculations
of this study, or

2} problems with the recording instruments (e.g. differences in coupling of the tools to the
ground)

It is therefore recommended to check the basis of the derivation of the S-wave velocity input
data and, if possible, perform direct S-wave downhole logging or S-wave crosshole measurements.
It is further recommended to plan for an installation of high quality accelerometers in the future
JNC Horonobe URL shaft.

Additional measurements of field data would allow to record a more reliable dataset for
proving and characterising significant attenuation of earthquake accelerations with depth, which
also will be an important argument for feasibility studies related to the site investigations for
geological disposal elsewhere in Japan or worldwide.

This work was performed by NAGRA under contract with Japan Nuclear Cycle
Development Institute.

1 National Cooperative for the Disposal of Radicactive Waste (Nagra)
2 Résonance Ingénieurs-Conseils SA
3 dJapan NuclearCycle Development Institute, Horonobe Underground Research Center
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1. INTRODUCTION AND OBJECTIVE

The JNC borehole B-2 can be found in the region of Horonobe in northern Japan
and it is equipped with two accelerometers, one at the surface (50m away from the
HDB-2 horehole, Kamihoronobe} and one at the bottom of the borehole, at a depth
of 137.88 m (Figure 1).

A previous study (Nagra & Résonance, 2003) was conducted in order to
determine the amplification functions between the surface and at depth in the
borehole (ratio between surface response spectrum and at depth response
spectrum) and to make a comparison between :

¢ the observed amplification function (amplification function obtained by making
the ratio between ohserved response spectrum at the surface and observed
response spectrum at the bottom of the borehole),

e and the calculated amplification function, using a 1-D program. The motion
recorded at the surface was used as input motion for a de-convolution module
available in the program. In this way, considering the motion recorded at the
surface, and the given soil layer structure, the program calculates the motion
that should have been recorded at a given depth.

In this early study, the Nakatombetsu M 2.8 earthquake was used, recorded by
both accelerometers. The results based on this single earthquake showed that the
observed ground motion amplification was much higher than the one calculated.

As it was difficult to explain these results, more detailed information about the
geological structure of the site, as well as other earthquake recordings from the
same accelerometers were thought to allow a better understanding of the observed
depth to surface amplification. The present report shows complementary results
obtained from these additional data.

2. INPUT DATA
2.1 VELOCITY PROFILE

In the previous study of 2003, the question was raised whether the site might be
characterised by a strong 2-D effect. This would be the case if the site were located
in a deep narrow valley, filled with quaternary deposits. A study of the available
geological cross sections in this area (Figure 2) led to the conclusion that this site
was not significantly affected hy 2D effects. The borehole is located in a rock
formation, which shows alternation of beds of sandstone and siltstone over a thick
formation of hard shale. Thus, in the present study, a 1D model was used for the
computations.

A compilation was made from all available geological and geotechnical
information, particularly the data collected for the HDB-2 borehole (Figure 3).
Based on this input-data, a velocity profile for the 1D ealculations has been defined



up to a depth of 800 m. The velocity profile used is given in Table 1 and Figure 4.
The densities used are those given in the data from the HDB-2 borehole.

A constant G/Gmax = 1 and a constant damping value of 1 % were assumed for
all layers. The recorded accelerations are very low, which makes a linear
approximation well adapted for these computations.
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Sr : Sarabetsu Formation(Sandstone and conglomerate)

Yu : Yuchi Formation{fine-grained sandstone)

Ktu - Koetoi Formationfupper facies: Distomaceous mudstone

Kt - Koetol Formation{main facies: Alternating beds of sandstone and siltstone)
.| Wk : Wakkanai Formation{Hard shale)

Mp : Masuporo Formation(Sandstone, mudstons, siltstone and conglomerate}
8¢ : Soya Coal-bearing Formetion{Coal, sandstene and shele)

Mb : Magaribuchi Formation(Mudstone and tuff

Hb : Haboro Fommation{Sandstone, mudstone and tuff)

Cr - pre-Tertiary rocks(Sedimentary rocks and intrusives)

Figure 2: Geological cross-section A-A’ (see Figure 1).
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Table i:  Profile used for the 1-D simulations.

Density

Layer Depth of top | Thickness S-Wave Material
of layer (i) (m) velocity (m/s) | (kg/m3)
Layer 1 0 11 320 1700 Inelastic
Layver 2 11 24 590 1700 Inelastic
Layer 3 35 18 770 1700 Inelastic
Layer 4 A3 48 850 1700 Inelastic
Layer b 101 29 960 1750 Inelastic
Layer 6 130 14 960 1750 Inelastic
Layver 7 144 16 1100 1875 Inelastic
Layer 8 160 40 1200 1900 Inelastic
Layer 9 200 140 1100 1875 Inelastic
Layer 10 340 220 1000 1900 Inelastic
Layer 11 560 120 1100 1900 Inelastic
Layer 12 650 120 1050 1900 Inelastic
"Bedrock" 800 infinite 1050 1900 Elastic
-
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Figure 4, New S-wave velocity profile (orange line) used for the 1-D simulations.
The velocity profile (pink-coloured line) was obtained by the B-2

borehole logging.



2.2 EARTHQUAKE RECORDINGS

For the computations presented in this report, acceleration time histories of 4
earthquakes were available (see Figure 5 for the location of the earthquakes). Two
from these earthquakes (accl and acc2) were very small local events, located just
under the borehole, at a depth of 13 and 16 km. The two other earthquakes (acc3
and accd) were distant strong events off-shore to the south of Hokkaido, located
some 430 to 450 km from the borehole. Table 2 gives the characteristics of the 4
events used for the computations and the corresponding temporal records are
shown in appendix A. All events are characterised by rather small acceleration
~values. In particular, events named accl, acc2 and accd have maximum
acceleration values lower that 5 mm/s? The event named acc3 has maximum
acceleration values lower than 100 mm/s?. Only the two horizontal components
were used for the simulations.

147801 . 1424 56 1429 g1

46900 ]\

&

cape Soya

450G
Horonobe
Town

44000

43800

..... v | A . 1200
cape Erimo” accd

=]
accd

1230 0 1425 033 ] [EELEG 148 00

Figure 5:  Location of earthquakes used for the 1D-simulations, which are pl{)tted
by using of GMT (Wessel & Smith, 1991).



Table 2: Characteristics of the earthquakes used for the 1-D simulations, after
web page of High Sensitivity Seismograph Network Japan, National
Research Institute for Earth Science and Disaster Prevention.

Earthquake Type Origin time | Latitude | Longitude |Depth| Magnitude
D
(km)
accl July 20th,2003,] 45 0360N | 141.8970F | 13.1 0.7
Local 05:59:45
accg  |carthquake) Aug. 18%, 2003, 1 44 9950N | 142.05108 | 16.2 0.8
06:08:37
accd
Main shock Sep, 26th, 2003,
2003 Tokachi 04:50:07 A41.7760N | 144.0820E | 45 8.0
off-shore
rth k
carthquate Distant
accd earthquake
After shock Sep, 27th, 2003,
2003 Tokachi 0. 42.0230N | 144.7320E i 34.4 6.2
05:38:22
off-shore
earthquake
3. COMPUTATIONS OF AMPLIFICATION FUNCTIONS

Computations were performed using a 1D program identical to SHAKE, named
CyberQuake (BRGM, 1998). The 1D calculations were carried out for each of the
two horizontal components of the 4 recorded earthquakes. The motion recorded at
 the surface was used as input motion for a de-convolution module available in the
program. In this way, considering the motion recorded at the surface, and the given
soil layer structure, the program calculates the motion that should have heen
recorded at a given depth.

Then, the amplification function (ratic between surface response spectrum and
at depth response spectrum) was computed (note that this is different from the
ratio between the surface response spectrum and a surface reference rock response
gpectrum).

Figures 6 and 7 present a comparison between the observed and calculated
amplification functions for each of the two local events (accl and acc2 respectively).
Figure 8 shows the same comparigon for the earthquake used in the previous study
(Nagra & Résonance, 2003). Finally, Figures 9 and 10 show the comparison
between the observed and caleulated amphfication functions for each of the two
distant events (ace3 and accd respectively).




Figure 11 shows the average observed and calculated amplification functions for
local and distant events. This comparison, as well as the individual curves plotted
in Figures 6 to 10, lead to the following observations:

e there is an extreme variability between amplification functions obtained for the
different events, and also between the two components of a single event,
particularly for local events ;

e the three local events lead to a higher amplification than the two distant events,
e one of the two distant events is characterised by nearly no amplification (acc3),

e calculations strongly underestimate the real amplification in the case of local
events,

e calculations are in better agreement with observations in the case of the two
distant events.

These observations, drawn on only two distant events and three local ones, are
neither sufficient to derive any statistics, nor to draw solid conclusions. General
remarks based on experience from other sites or other site effect studies are:

e There is no reason why local events should lead to a higher amplification. A

higher amplification could be observed for lower acceleration levels, compared

. to strong motions for which some non-lineayr effects could lead to lower
amplification. But in the present case, all events ave weak motion data.

e In the case of a 1D structure, the amplfication observed on N-S and E-W
components should be similar,

¢ In the case of two earthquakes with very close epicentres, and similar azimuth
(the two local events, or the two distant events), amplification functions should
look very similar, and the amplified frequency range should also be very similay,
which is not the case with the present dataset.

A check has been performed with another 1D program, in order to be sure that
the results obtained were not due to any error in the program, or misuse of the
program. This check has been performed on the NS component of the recording of
event accl. The motion at the bottom of the borehole has been calculated using the
recorded motion at the surface, with the program SHAKE2000. The resemblance of
the response spectra obtained with CyberQuake and SHAKEZ2000 programs is
nearly perfect. This shows that the computations were performed correctly,
although the results are very difficult to understand and interpret.
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Figure 6: Comparison between the observed (obs.) and calculated (calc.)
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Figure 8: Comparison hetween the observed (obs.) and calculated (calc)
amplification functions for the earthquake used in Nagra & Résonance,
2003.
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Amplification functions, distant earthquakes
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amplification functions for distant event acc4.
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Figure 11: Comparison between the average observed (obs.) and calculated (calc.)

amplification functions for distant and local events.
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4. - FOURIER SPECTRA

. Response spectra are not very intuitive and often difficult to interpret
physically. In order to try to better understand the results observed on the
amplification functions, the Fourier spectra were also investigated. Figures 12 and
13 compare the observed and calculated average horizontal Fourier spectra for
local and distant events, respectively, at the bottom of the borehole.

These comparisons show great differences between the observed and calculated
horizontal Fourier spectra, for both local and distant events. This suggests that the
. differences observed could be linked to the velocity profile which might not be
appropriate for the site.

Average horizontal Fourier spectra - Local events

1.8E-05 T T
; wemenee L OG-0BS .} OWN

B .-.....Loc-cale.down
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4.0E-06

Spectral acceleration [m/(s*s)]

2.0E-06 fere

0.0E+00 Bt e
0.1 ) . L

Frequercy [Hz]

Figure 12: Comparison between the observed (obs.) and caleulated (calc.) average
horizontal Fourier spectra for the recorded local events.
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Average horizontal Fourier spectra - Distant events
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Figure 13: Comparison between the observed (obs.) and calculated (cale.) average
horizontal Fourier spectra for the recorded distant events.

5. ' CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS

With the data measured at the Horonobe URL site in Japan, we demonstrated
that frequency dependent attenuation of earthquake accelerations with depth can
be analysed and results displayed can be used for the purpose of scientific / public
discussions.

Observed and calculated amplification’ functions were plotted for three local
and two distant events. The amplifications seem to be magnitude dependent. With
the data at hand, the observed amplification functions are however rather unstable,
showing different shapes for the different earthquakes and for two components of a
. single event. The comparison between observed and calculated amplification
. functions shows that the calculation strongly underestimates the amplifications
apart for one event (ace4-EW), for which there is good agreement.

L Amplification of acceleration values measured between a recording station buried in the ground and one situated
at the surface is inverse eguivalent to the atfenuation of the same accelarations if the measured values are
compared in the other direction, form surface to depth.



For quality control purposes, the correctness of the input data has been
thoroughly checked by JNC and calculations of the amplification functions were
checked with a second numeric 1D program. Both calculations gave the same
results. A data input or program error can thus be excluded.

The observed and calculated horizontal Fourier spectra also show strong
discrepancies. This is difficult to understand since, in general, 1D calculations give
rather satisfactory results as long as the velocity profile is correct and as long as
gignificant 2D effects (basin edge effects, effects of deep valleys, etc) can be
excluded, as is the case here. The reasons for the observed data inconsistencies
could possibly be:

* An incorrectness in the derivation of the input S-wave velocities used to
generate the blocked S-wave velocity profile for the calculations of this study
(Figure 4).

e Problems with the recording instruments (e.g. differences in coupling of the
toals to the ground)

5.2 RECOMMENDATIONS

To eliminate the above mentioned first possible source of error, it is
recommended to check the basis of the derivation of the S-wave velocity input data.
Additional direct S-wave downhole logging or S-wave crosshole measurements are
strongly recommended. The second source of error can probably neither be
excluded nor eliminated in the case of the recording instruments used for this
study, 1nstalled at the B-2 horehole. In order to improve on this subject, it is
recommended to plan for an installation of high quality accelerometers in the
future JNC Horonobe URL shaft. It is recommended to install three or more
accelerometers, one at the surface, one or more at intermediate depth levels and
one at total depth of the shaft. Measurements of field data would then allow to
record a reliable dataset for proving and characterising significant attenuation of
earthquake accelerations with depth, which in turn is an important argument for
feasibility studies for radwaste disposal site investigations elsewhere in Japan or
worldwide,

With the new recording instruments, as well as with the existing ones which
gave Input to this study, it is recommended to perform ambient vibration
measurements in addition to new earthquake recordings.

In order to allow sufficient characterisation of the attenuations, earthquake
recordings should possibly:

» come from different epicentral locations, with different azimuths and different
epicentral distances;

15



¢ be lnked to ecarthquakes with different source mechanism?, different fault
types and depth;

o have different acceleration levels: weak motion, intermediate and strong motion
recordings.

2 Some simulation studies (see for instance Fah et al, 1995 and Fih and Suhadole 1994) showed thas site effects
may vary with source characteristics, as the type of waves exeiting the structure is different from one source
mechanism and position to another one,
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Recorded acceleration time histories
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Figure A3: Recorded 3-component acceleration at the surface (surf) and in depth
(down), for event "acc3".
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Figure A4: Recorded 3-component acceleration at the surface {(surf) and in depth
(down), for event "acc4".
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