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Abstract:

This paper focuses on the acceleration records of the stAf@H25, one of which recorded
4g during the 2008 Iwate-Miyagi Nairiku earthquake and higrtical acceleration records from
other earthquakes. The vertical acceleration record hasrastric amplification between the
upward and downward directions. We explain this asymmetmplification for this and other
earthquakes with large vertical accelerations, in terma efapdown phase, which is typically
seen in near-field recordings of nuclear explosions. Wenasdhat there is a near-surface soil
layer that separats from a sublayer and is flung upwards g Martical accelerations. When this
layer returns striking the separation surface, the higklacation slapdown phase is produced. We
estimate that the separation distance of the layer is 1 tori2 m

1 Introduction

The 2008 Iwate-Miyagi Nairiku earthquakiely 6.9, M 7.2) produced strong shaking through-
out northern Honshu, Japan with severe damage of buildimdjsxétensive landslides. The shallow
event occurred in southwestern lwate prefecture (3NO340.88E, depth 8 km) on June 13, 2008
at 23:43:45 GMT (Japan Meteorological Agency, 2008). Thrsregjuake produced relatively high-
frequency ground motions, which resulted in large valud3®@A (peak ground acceleration). The
surface accelerometer of the station IWTH25 of KiK-netal@ae 3 km southwest of the epicenter,
produced one of the largest strong-motion values of PGA&42i/< for the vector sum of the
three components) ever recorded (KiK-net, 2000).

The new accelerometers installed in KiK-net last year haeearding range up to 4000 cri/s
which made it possible to record such large ground motioas e source (KiK-net, 2000). The
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sampling rate of the record of IWTH25 is 100 Hz (KiK-net, 2000

The surface acceleration record at the station IWTH25 slawasymmetric amplification in
the vertical components (Aoi et al., 2008). The upward eattacceleration is much larger than
the downward direction, although in the borehole record@@th of 260 m at the same site, the
upward and downward accelerations have symmetric ampbt(feigure 1). On the other hand, the
horizontal components do not show this asymmetric effetiis @ifference between the surface
and borehole recordings for the vertical component im@iesrong non-linear amplification. In
this paper, we will analyze these records and propose a mischdo produce the large vertical
accelerations. The predominance of large upward accelergpikes is not unique to the Iwate-
Miyagi Nairiku earthquake, so our proposed mechanism magppdicable to a number of large
vertical acceleration records.

2 Observation for the 2008 Iwate-Miyagi Nairiku earthquake

The KiK-net station IWTH25 (operated by the National Ingtt for Earth Science and Disaster
Prevention) has accelerometers on the surface and in adierabha depth of 260 m. In Figure
1, the red and black lines show the borehole and ground surtamords, respectively. The am-
plification of the vertical acceleration is much larger thhat of the horizontal acceleration, and
many of the upward peaks of the vertical acceleration arehnfarger than the downward peaks.
However, the velocity and displacement waveforms (timetdio integration of acceleration) are
quite similar for the borehole and ground surface data. @ desa indicate that the large amplitude
high-frequency accelerations are due to near-surfaceteféand are not coming from the earth-
guake source. The frequency-dependent amplificationsindar-surface are somewhat different
between the mainshock and a large aftershidtkg.6). On the horizontal components there ap-
pears to be larger amplification for the aftershock in thedlRG Hz range, while for the vertical
component there is a larger amplification for the mainshodké 10 to 20 Hz range (Figure 2).

Taking a closer look at the acceleration record, Figure 3vshtbe borehole and surface ac-
celerations focused on the time of the large amplitudes. bidnehole acceleration is symmetric,
but the surface acceleration is asymmetric in both ampitaind frequency. The positive pulses
(dark-gray-colored sections) are narrow with large aragkt while the negative pulses (light-
gray-colored sections) are broader with smaller amplitddhe areas of the upward and downward
pulses are the same, which explains why integrating thdexat®n records gives similar velocity
records for the borehole and surface records. Therefoeebdnehole record is regarded as the
input ground motion, and the surface record is a combinaifahis input motion and the high-
frequency near-surface response. Note that the 100 Hz sgmpight not be high enough to
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record the actual high frequency accelerations associatbdhe impact of a separated layer at
depth, although the near-surface attenuation will alsopdr® motions.

3 LargeVertical Accelerationsfor Other Earthquakes

Figure 4 shows the available strong motion records that tiextecal accelerations over 1g. Table
1 shows the PGA values and soil conditions at the stationsst idiothe records are on stiff soil.
One can see that all the records tend to have larger upwagtbaattons than downward. Also, the
vertical component tends to be larger than the horizontalpmment. For example, the record of
the 1976 Gazli earthquak®l(, 6.3) shows a vertical PGA (1310 cryshat is about twice as large
as the horizontal PGA (729 cmi)s The vertical PGA (2321 cn¥of site 1 for the 1985 Nahanni
earthquakeNl,, 6.4) is also twice as large as of the horizontal PGA (1338 m/s

The asymmetric amplification of the vertical acceleratisraliso very obvious for a number
of the vertical acceleration records from around the wastk(Figure 4). Figure 5 (a) shows the
relationship between the upward and downward PGA of thecatrtecords that have amplitudes
greater than 500 crfs The U/D ratio (upward-to-downward peak acceleratioro)ds close to
1 if the vertical PGA is less than 1g (980 cij/sand the U/D ratio is significantly larger if the
vertical PGA is greater than 1g. For records that have aat@es greater than 1g, the positive
amplitudes of the vertical acceleration are larger thamtygative amplitudes and the downward
accelerations seem to have a lower bound of about 1g (Figure 4

4 Sapdown Phase

Large upward spikes in acceleration are observed in nddréieservations of nuclear explosions
(Eisler and Chilton, 1964; Chilton et al., 1966), which maydnalogous to these strong motion
records. There is a substantial body of work on spall thatefrom the explosion seismology
during 1960 to 1970 (Eisler et al., 1966; Day et al., 1983c¥lk, 1973; Springer, 1974; Day and
McLaughlin, 1991). In the process of nuclear explosionsy@er soil layer separates (spalls) and
is flung upward due to large tensile stress from extremegelaccelerations caused by the explo-
sion (on the order of several tens of g). Then, the layer fies fb the ground with a downward
acceleration controlled by gravity. When the returningelalits the original separated surface, a
large upward spike in acceleration is produced (slapdovas@h. Figure 6 (left) shows the particle
acceleration and velocity from a surface instrument duaimgiclear explosion (Perret, 1972). The
velocity was digitized from the original figure in the pap&dadifferentiated to acceleration. In
the acceleration record, the first upward spike is the dslotk from the nuclear explosion, then
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the extended acceleration at negative 19 is due to free (flagiat the second upward spike is the
slapdown phase. Figure 5 (b) shows the comparison of the &lib of vertical accelerations for
large earthquakes and nuclear explosions (Perret, 19%8).rdcords for the nuclear explosions
also have similar characteristics with records for larg¢hemakes, as the positive amplitudes are
larger than the negative amplitudes and the downward aetieles have a lower bound of about
1g.

Figure 6 (middle) and Figure 6 (right) are earthquake stnoagion records which we interpret
in the same way, assuming that there is a near-surface geil $&parated from a sublayer. The
relatively long period negative acceleration is assodiatéh the free flight of the near surface
layer that has been flung upward by large vertical acceterati When the surface layer returns
and hits the sublayer, the positive sharp spike in accederat produced. One difference from the
explosion record is that the input ground motions from thehegake are not a single pulse, as
in the explosion. This interpretation is somewhat simitatite explanation of Aoi et al. (2008),
which uses a model of a mass bouncing on a trampoline. Bothesktinterpretations invoke a
free flight of the near-surface layer to explain the negétiyaccelerations.

In Figure 4, the large upward spikes in the records at siter 1885 Nahanni earthquake,
station IWTHO4 for the 2003 Miyagi-ken Hokubu-oki earthgaaand station TTNO34 for the
2003 Chengkung earthquake appear to show clear individadiewn phases. The records at
stations IWTH25 and AKTHO4 for the 2008 Iwate-Miyagi Nauikarthquake and station Gazli for
the 1976 Gazli earthquake show more complicated wavefdratsitay include multiple slapdown
phases along with the input ground motion. All stations igufé 4 are on considered to be on
relatively stiff sites, so the slap-down phase is likely ®mdenerated by a brittle fracture in the
subsurface.

There are several reasons why the slapdown phases are nohgbe borehole record. Note
that similarly for acceleration waveforms from nuclear lesgpons, the slapdown phase was not
clearly seen on a borehole accelerometer (e.g. Eisler,et386). The downhole accelerometer
is 4 to 8 times as far as the surface accelerometer, assuh@rggparation of the surface layer is
30 to 60 m (this assumption is explained in the next sectism}hat the high frequency waves
may largely be attenuated. Also, the shallow lower velonigterial tends to amplify the waves
more than the harder layers at depth. Probably most impbytafthough the stress at the sepa-
rated boundary is the same in the upward and downward dire;tthe acceleration of the upper
separated layer will be larger than the basement rock wkidiixed to the rest of the Earth. This
is somewhat analogous to the larger ground motions seernéondanging wall of thrust faults,
compared to the foot wall.
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5 Separation of the Near-Surface Layer

Using this model of a spalling near-surface layer, we camesé the dimensions of the thickness
of the layer and the amount it separates from the sublayaterEand Chilton (1964) show that
the thickness of the spalled layer and the spall gap (védisplacement of the surface layer from
the separation surface) can be computed from the acceleddta. \When spalling occurs, surface
acceleration records consist of a direct pulse and slapgiase separated by a period of constant
negative gravity acceleration (Eisler and Chilton, 196&]df, 1967). Assuming the separation
surface does not move and the spalled layer returns to thmalievel,

Srex = o (Bg)% ®

where Syax is the maximum spall gag is a gravity acceleration, anly is the total free-flight
time. The slap-down phase is generated while the compressi@ve travels from the surface, and
reflects back from the now-closed spall gap. Again, assummgeismic wave follows the slap-
down phase, the thickness of the spalled lagglig computed from the duration of the slap-down
phase 4ts) and the P-wave velocityf);

d= A?tsvp. (2)

If we assume the seismic ground motion can be treated as arssgof multiple slapdown
phases, the thickness of the layer and the separation gapecaomputed from the records. In
Figure 3, the duration aftg varies for the pulses, and the duration§ is almost constant. This
observation implies that the spall gap changes dependirtgeopulse, but the thickness of the
spalled layer is constant. By equations 1 and 2, the amousediration of the layeiS{ax) IS
about 1 to 12 mm, and the thickness of the layhrig about 46 to 58 m for the acceleration record
at station IWTH25 in Figure 4. The layer thickness is comsistvith the velocity profile for this
station which shows sand and sandy clay layers (KiK-netO20 the record at site 1 for the
Nahanni earthquake in Figure 6, the separation distandm®ig 2 to 8 mm, and the layer thickness
is about 30 m, assuming=1km/s. For these examples, the range of the separatiorsgapghly
less than 1 cm, and the range of the thickness of the nearesuldyers is 30 to 60 m. These
numbers seem to be reasonable values for the mechanismdiacerthe asymmetric acceleration
records.
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6 Conclusions

We analyzed the 4g record of the 2008 Iwate-Miyagi Nairikttleguake and provide an explana-
tion for the asymmetric amplification in the vertical accateon. We interpret the large upward
spikes in acceleration as slapdown phases, which are gigmally observed in near-field record-
ings of nuclear explosion tests. The large upward accedera produced when a near-surface
layer separates from the sublayer then returns, strikiagéparation surface. This effect is seen
in a number of strong-motion records that have larger upwead downward accelerations. If we
assume the near-surface layer returns to the original,lévelseparation gap is roughly 1 to 12
mm, and the thickness of the layer that is flung upward is 3@t0.6
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Figure 1. Three-component acceleration, velocity, angldtc®ment records at station IWTH25 for the
2008 Iwate-Miyagi Nairiku earthquake. The red and blackdimre records for the borehole and surface,
respectively.

Station | Earthquake  Date Acc+ Acc- Soil condition Reference

gazli | Gazli 1976/5/17 1310 1o4o$§:l'(ary sedimentary - qyv105 vbe

sitel Nahanni 1985/12/23 2309 631 bedrock COSMOS VDC
IWTHO4 | Miyagi 2003/5/26 1280 480 Vs30: 456m/s KiK-net

TTNO34 | Chengkung  2003/12/10 1866 1157 ClassD cwB

041 Chuetsu 2004/10/23 1059 815 Vs30: 641m/s Kubo et al. (2003)
AKTHO4 | Iwate-Miyagi 2008/6/14 1094 847 Vs30: 459m/s KiK-net

IWTH25 | Iwate-Miyagi 2008/6/14 3866 1703 Vs30: 526m/s KiK-net

Table 1: List of the records of which the vertical accelenatexceeds 1000 cni/s The columns show
the station ID, earthquake, date of the earthquake, upw@a em/s’), downward PGA (cmA), and soil
condition. The soil condition is cited from the COSMOS Vatata Center website, KiK-net website,
personal communication with CWB, and Kubo et al. (2003). V830 is the average shear wave velocity
for the surface 30m. Class D corresponds to the Vs30 is equ&ld-360 m/s.
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Figure 2: Acceleration amplitude spectra at the station H23 in the EW, NS, and UD components from
the top. The black and gray lines show the borehole and grsurfdce records, respectively. The left
column is for the mainshock, and the right column is for thigdat aftershock\; 5.6).
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Figure 3: Expanded view of acceleration waveforms of statWTH25. Top is the surface record and
bottom is the borehole record. The right figure shows P- am@d®& velocity structures at the station.
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Figure 5: Relationship between the upward and downward R kafge acceleration records.
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Figure 6: Slapdown phase observed in the record of the nuekgdosion on Perret (1972), sitel during the
1985 Nahanni earthquake, and IWTH25 during the 2008 Iwaiigiil Nairiku earthquake.



