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ABSTRACT: We extract static displacement D, and long-period (2—10 s) velocity pulse
from strong motion records of crustal earthquakes in Japan and examine them by
comparing with those of the 2016 Kumamoto earthquake and previous prediction
equations. The period of long-period pulse of four earthquakes with Mw6.6—-Mw7.0 is
about 3 s, which is consistent to one of previous equations. Prediction of D, is improved
by substituting the relation between seismic moment and rupture area derived in this
study using fault models from geodetic data into the equation by Kamai et al. (2014).
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1. INTRODUCTION

During the 2016 Kumamoto earthquake with Japan Meteorological Agency magnitude (Mj) 7.3
surface ruptures were widely exposed. Displacement time histories integrated from many acceleration
records observed at near-fault regions including Nishihara strong motion station®¢"-? contained
fling-steps. The static displacement of the maximum direction (we call as “Fling-P component” which
means the parallel direction to the fling-step) of the horizontal vector was 154 cm and that of vertical
component was 179 cm at Nishihara?. Long-period velocity pulses with periods of a little less than 3 s
were contained in the velocity time histories at Nishihara”, and the peak ground velocities (PGVs) of
the Fling-P component and vertical component were 277 cm/s and 152 cm/s, respectively. At the other
several stations static displacements and PGVs of Fling-P components were around 100 cm and larger
than 100 cm/s. These static displacements are larger than clearances of ordinary base-isolation
buildings and probably lead to deformations of buildings with natural periods longer than the velocity
pulses. Long-period velocity pulses may influence on long-period structures such as super high-rise
buildings and base-isolated buildings.

During the 2008 Iwate-Miyagi Nairiku earthquake static displacements of 50 cm for horizontal
components and 150 cm for the vertical component were observed at Ichinosekinishi strong motion
station (IWTH25)*%. Surface ruptures were exposed during the 2008 Iwate-Miyagi Nairiku
earthquake”, the 2004 Niigata-ken Chuetsu earthquake®, 2011 Fukushima-ken Hamadori earthquake”
and the 2014 Nagano-ken Hokubu earthquake®. Crustal deformations were observed at GNSS stations
by Geospatial Information Authority of Japan”, but post-seismic deformations were sometimes
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contaminated in the GNSS data. Additionally, the number of GNSS stations in near-fault regions was
small and the sampling-rate of ordinary GNSS data at in Japan is longer than 1 s and so the GNSS data
are not enough to estimate the velocity pulse of about 2 s. Since a dense strong motion network has
been deployed, static displacements and long-period velocity pulses could be extracted from the strong
motion records in near-fault regions.

In this study we extract static displacements and long-period velocity pulses from strong motion
records of crustal earthquakes in Japan. We examine them including those of the 2016 Kumamoto
earthquake studied in our paper” by comparing with previous prediction equations. The previous
prediction equations'”'® of periods of long-period velocity pulses due to fling-steps have been
modeled using a moment magnitude Mw. Abrahamson'®"'" developed a prediction equation from
strong motion records of three earthquakes outside of Japan with Mw larger than 7.3. Kamai et al.'?
developed a prediction equation from synthetics ground motions. Burks and Baker'® developed a
prediction equation from observed and synthetic ground motions, but strong motion records in Japan
were only for the 2003 Tokachi-oki earthquake which was an interplate earthquake. In previous
prediction equations of static displacements, no strong motion records of crustal earthquakes in Japan
were used. The strong motion prediction method used to synthesize ground motions was different from
that ordinary used in Japan so-called “Recipe”'”'®). In the prediction equations by Kamai et al.'” and
Burks and Baker'® ground motions synthesized using the relation between seismic moment M, and
rupture area S by Wells and Coppersmith'?. In this study we estimate an M-S relation from crustal
earthquakes in Japan and discuss the prediction equation using the estimated Mo—S relation, instead of
that by Wells and Coppersmith'®.

We are aiming for the development of empirical prediction equations of static displacements and
the periods of long-period velocity pulses using worldwide strong motion records of crustal
earthquakes. In this study we analyze static displacements and long-period velocity pulses using strong
motion records of crustal earthquakes in Japan as the first step. After the 2016 Kumamoto earthquake,
studies on extension of “Recipe” for long-period strong motions of surface rupture earthquakes were
carried out®¢?”). Validation of predicted strong motions by empirical prediction equations is required in
“Recipe” ¥, so this study will contribute to improvement of strong motion predictions of surface
rupture earthquakes.

2. DATA AND METHOD

We select strong motion records of four surface rupture earthquakes® ® and one Mw6.7 buried rupture
earthquake from records after the 1995 Hyogo-ken Nanbu earthquake in Japan. The five earthquakes
are listed in Table 1?"*®. Since we analyze static displacements and long-period velocity pulses due to
fling-steps, fault models estimated from geodetic data’’*> shown in Table 1 are used for the
comparison with previous equations.

Strong motion records of K-NET??3%, KiK-net*”, IMA*", local governments®”, National Institute
for Land, Infrastructure Management32)’33), NEXCO East and JR East are used. Data of NEXCO East
and JR East are given from Japan Society of Civil Engineers®” download site. Records with rupture
distance R, less than 30 km are selected for analyses.

Table 1 List of earthquakes

Fault Models from Geodetic Data Hypocenter
Event Mj Number | Top Depth
Reference Fault Type | Mo[Nm] | Mw of of Fault Reference
Faults | Zrtor[km]
2000 Tottori-ken Seibu earthquake 7.3 | Sagiya et ar?h Strike-slip 1.36E+19| 6.7 10 1.00 [ JMA
2004 Niigata-ken Chuetsu earthquake 6.8 |Gs*? Reverse-slip | 1.15E+19| 6.6 1 2.80 |26)
2008 Iwate-Miyagi Nairiku earthquake 7.2 |Ohta et al>> Reverse-slip | 2.70E+19| 6.9 2| 0.46,0.4027)
2011 Fukushima-ken Hamadori earthquake | 7.0 | Kabayashi et al.”* |Reverse=slip | L.4SE+19| 6.7 2 0.00 [ JMA
2014 Nagano-ken Hokubu earthquake 6.7 |Gs*> Reverse-slip | 2.68E+18| 6.2 1 0.14 |28)
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In Fig. 1, the static displacement D, and the period T}, of velocity pulse of the horizontal component
estimated in this study are shown together with fault models*" ™, epicenters’® 2", F-net
mechanisms® and crustal deformations by GNSS. For the 2004 Niigata-ken Chuetsu earthquake and
the 2008 Iwate-Miyagi Nairiku earthquake, those of vertical component are also shown in Fig. 1. For
the 2014 Nagano-ken Hokubu earthquake D,, of vertical component at NGNOO5 (Hakuba) is estimated
to be 11 cm. D, estimated from strong motion records of Fling-P and vertical components larger than
10 cm and 5 cm, respectively? are used in this study. Strong motion time histories and the 5%-damped
velocity response spectra at stations with station names in Fig. 1 will be shown later. Four-digit
number for the government seismic intensity meter and the first six-digit number for the JMA seismic
intensity meter are shown as station names. Borehole records of KiK-net stations are named putting B
at the end. NCOIDE (Koide), NECIGO (Echigokawaguchi) and NICHIK (Ichinoseki) were observed
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Fig. 1 Static displacement D, and the period 7, of velocity pulse extracted in this study together with
fault models, epicenters, F-net mechanisms and crustal deformations by GNSS
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Fig. 2 Schematic view %4°? of parameters used in previous prediction equations
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by NEXCO East*. NAGAOKA (Nagaoka) and Skw (Shinkawaguchi) were observed by JR East*¥. Strong
motion records at dam sites*?»*3 were observed in inspection gallery at KASHOU (Kasyo dam), the lower
inspection gallery at SUGESA (Sugesawa dam) and the right bank at ISHIG1 (Ishibuchi dam). The crustal
deformations by GNSS were estimated by Geospatial Information Authority of Japan® except for data of the
2008 Iwate-Miyagi Nairiku earthquake by Ohta et al.?®.

Most of D, estimated in this study are consistent with D, by GNSS close to the strong motion
station, but some of D, are not. The causes of the difference are the contamination of post-seismic
deformation to D, by GNSS and the accuracy of D, estimated in this study. In fact, many large
aftershocks occurred successively after the 2004 Niigata-ken Chuetsu earthquake, so crustal
deformations by the aftershocks as well as post-seismic deformations were observed by GNSS??. The
fault models in Table 1 are homogeneous slip models*? > except for the heterogeneous slip-model for
the 2000 Tottori-ken Seibu earthquake®”. A few D, by GNSS were not simulated well by
homogeneous slip models. Ohta et al.*¥ pointed out that the cause of the poor simulation was the
assumption of homogeneous slips. For this reason, in this study, D, estimated from strong motion
records is not compared with D, calculated from fault models.

We estimate D, from strong motion records observed by JMA*", CEORKA*®~" and Architectural
Institute of Japan®® for the 1995 Hyogo-ken Nanbu earthquake, but there are no records with D, larger
than 10 cm for Fling-P components and 5 cm for vertical components. It is thought that there were no
strong motion stations near the Nojima fault where surface ruptures were exposed and that strong
motion stations in Kobe city were located on the foot-wall side where horizontal crustal deformations
estimated from geodetic data were less than 10 cm®?).

D, and long-period velocity pulses are estimated by the same method as Satoh?. The method?® is as
follows. After the zero-line correction to acceleration records, trends of the integrated velocity time
histories are removed by the method by Zahradnik and Plesinger*” and then displacement time histories
are integrated form the corrected velocity time histories. The analyzed duration starts from 60 s after
the origin time and is shortened by each 5 s to get stable D,. The minimum analyzed duration is 20 s.
D, is the average value from 20 s to the end after the origin time. In the case of the analyzed duration
of 20 s, D, is the average value from 15 s to 20 s. Data without stable D, are removed. Velocity and
displacement time histories at IWTH25B (at a depth of 260 m at Ichinosekinishi) by Satoh® are used
in this study. All horizontal components rotate to Fling-P and Fling-N components. Here Fling-N
components mean the orthogonal components to Fling-P components. No filters apply to time histories.
We define long-period pulses by following conditions. One is that the period of the maximum peak of
5%-damped velocity response spectrum Sv between 1 s and 10 s is longer than 2 s. The other is that
the maximum velocity Vmax occurs within duration of fling-steps. We call the period of the long-period
pulse as T,”. Here duration of the fling-step is visually identified from each displacement time history.
Since static displacements in Fling-N components are zero and so there are no long-period pulses, we
will not analyze Fling-N components except for the Sv to use for the examination of the effects of site
amplifications on long-period pulses of Fling-P components.

The long-period pulse Vi(?) is modeled by Eq. (1)?.

Vi(t) = Vinax/2(1 — cos2n/Ty(t — 1)) forn<t<t+T, (1)

where ¢ [s] is the time from the origin time, Vi(¢) is zero in ¢t < #; and ¢ > ¢ + T,. Equation (1) is defined
by replacing D,/T, in an equation by Kamai et al.'"? with Viux/2 considering the sign. The value # is
estimated by a nonlinear least-squares method by using fmax — 7p/4 as an initial value where #max is the
occurrence time of Vmax.

Figure 2 illustrates definitions*” of Ry, x, L, W and Zror which are used for the comparison of D,
and T, estimated in this study with previous prediction equations. In the case of several faults, Ry is
calculated from the fault with the shortest R,,,. The x/L for the 2000 Tottori-ken Seibu earthquake is
calculated from faults denoted by blue lines shown in Fig. 1(a).
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3. STATIC DISPLACEMENTS AND LONG-PERIOD PULSES ESTIMATED FROM STRONG

MOTION RECORDS

Figure 3 shows Sv and T, of Fling-P and Fling-N components, and velocity and displacement time

histories of Fling-P components for three earthquakes

in which 7, is identified. The azimuths of

Fling-P components are also shown in Fig. 3. The value upper right of each time history is peak
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Fig. 3 Sv and 7, of Fling-P and Fling-N components (left figures), velocity (middle figures) and
displacement (right figures) time histories of Fling-P components
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ground velocity PGV [cm/s] or peak ground displacement PGD [cm]. The value left of each
displacement time history is D, [cm]. Dotted lines are plotted at 10 s to make it easy to see the
occurrence time of long-period pulses and fling-steps.

For the 2000 Tottori-ken Seibu earthquake D, larger than 10 cm is identified at eight stations and
T, is obtained at six stations out of eight stations. Two stations are dam sites and the other two stations
are KiK-net borehole stations. ¥'s30 derived from the empirical relation by Midorikawa and Nogi*?
using PS loggings in the top 20 m is 553 m/s at TTR007 and 521 m/s at TTR009. The amplification
factors* at both stations are nearly one at periods longer than 2 s. It is thought from these results that
3 s pulses are generated from the source. The fling-step direction at KASHOU (Kasyo dam) located in
the very near-fault is parallel to the fault and the velocity time history contains a typical one-sided
pulse. Fling-steps and long-period pulses at SMNHO1B (a depth of 101 m at Hakuta) and TTRHO2B (a
depth of 100 m at Hino) in the very near-fault are noticeable. SMNHO1B is located near the edge of
the right-lateral strike-slip fault with east—west strike direction. Fling-P direction observed at
SMNHOIB is consistent with the theoretical direction estimated by Okada’s method*’*). Fling-P
direction observed at TTRHO2B is almost normal to the closest fault and is the same to Fling-P
direction observed at SUGESA (Sugesawa dam). A west dipping fault was estimated in some fault
models*®*” instead of the vertical fault near TTRHO2B, but it is unknown if the direction can be
simulated using the west dipping fault because the record at TTRH02B was not used for the source
inversions. The Sv at 7}, of Fling-P components at six stations except for TTR007 are equal or smaller
than those of Fling-N components. It is thought that rupture directivity influences on fault normal
components. D, in Fig. 3(a) is less than 40 cm, that is, less than half of D, observed at near-fault
stations during the 2016 Kumamoto earthquake.

For the 2004 Niigata-ken Chuetsu earthquake, D, larger than 10 cm is identified at 14 stations and
T, is obtained at three stations out of 14 stations. Sv at 7}, of Fling-P components on the foot-wall
stations, 65045 (Yunotani) and 371230 (Hirokami) is larger than that of Fling-N components, but the
absolute Sv is small. Peaks in Fling-P components at 65045 (Yunotani) and 371230 (Hirokami) are not
caused by site amplifications, because no peaks are shown in the Fling-N components. The amplitude
of Sv at T}, of Fling-P component at 65041 (Yamakoshi) is the same to that of the Fling-N component.
In order to examine the effects of site amplifications at 7, of 2.6 s at 650418 (Yamakoshi), Fig. 4
shows the distance-corrected spectra at 650418 (Yamakoshi), 65042 (Kawaguchi) and NIGH12
(Yunotani) with respect to a spectrum at NIGH12B (a depth of 110 m at Yunotani) during the 2007
Niigata-ken Chuetsu-oki earthquake. Geometric attenuation and the frequency f dependent QO (= 30f)
are used for the distance-correction to geometric mean spectra of horizontal components. Peak ground
accelerations of horizontal components are also shown in Fig.4. The other earthquakes proper to the
analysis were not observed at 650418 (Yamakoshi), because only strong motion records with large
amplitudes were open in public. The empirical amplification factors at NIGH12 (Yunotani) estimated
by Sakai and Nozu*® were about two at periods shorter than 1 s. These results mean that the peak at
2.6 s at 65041 (Yamakoshi) in Fig. 3(b) is not caused by the site amplification. Since 65041
(Yamakoshi) and 65042 (Kawaguchi town hall) are located at the forward direction from the rupture
initiation point, amplifications at about 1 s are influenced by the rupture directivity. The direction of
Fling-P component at 65041 (Yamakoshi) is not consistent with the direction on the hanging-wall side

] ==-NIGH12 NS=114,EW=196cm/s?

5 e
=AU S . T 65042 NS=144,EW=207cm/s?
= —— 65041 NS=350 EW=319cm/s?
o 20
=
S 10
T B
5 °f
=z
=
o 1
5
T 05 . . L L

1 02 05 1 2 5

Period[s]

Fig. 4 Fourier spectral ratios at three stations with respect to a spectrum at NIGH12B (a depth of 110
m at Yunotani) during the 2007 Niigata-ken Chuetsu-oki earthquake (Horizontal component)
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Fig. 5 Sv and T, (left figures), velocity (middle figures) and displacement (right figures) time
histories of vertical component for the 2004 Niigata-ken Chuetsu earthquake

for reverse faults. The direction of the initial part of the displacement is the inverse direction to the
static displacement and this feature is the same to that of displacement time history at TTRHO02B (a
depth of 100 m at Hino) of the 2000 Tottori-ken Seibu earthquake. Since 65041 (Yamakoshi) is located
at the top edge of the hanging-wall side, the record is probably affected by complex ground motions.
D, of vertical component at 65041 (Yamakoshi) is estimated to be almost zero.

For the 2008 Iwate-Miyagi Nairiku earthquake, 7}, is obtained only at IWTH25B (a depth of 260 m
at Ichinosekinishi) and MYGHO02 (Naruko). Sv at 7}, of Fling-P component is the same level to that of
Fling-N component at both stations. MYGHO02 (Naruko) is in x < 0 km which is outside of the
prediction equations of T, and D, by Kamai et al.'?.

No long-period pulses are identified form records of the 2011 Fukushima-ken Hamadori
earthquake, although D, of 10 to 20 cm are estimated from Fling-P components at three stations shown
in Fig. 1(f). No long-period pulses are also identified form the records of the 2014 Nagano-ken
Hokubu earthquake, although D, of 27 c¢m is estimated from Fling-P component at NGN005 (Hakuba)
shown in Fig. 1(g).

From vertical components 7}, is identified only at 65042 (Kawaguchi town hall) and NECIGO
(Echigokawaguchi) during the 2004 Niigata-ken Chuetsu earthquake shown in Fig. 1(c). Figure 5
shows Sv, T, velocity time history and displacement time history of the vertical component at four
stations during the 2004 Niigata-ken Chuetsu earthquake shown in Fig. 1(c). The meaning of numbers
shown in this figure is the same to figures shown in Fig. 3. 7}, at 65042 (Kawacguchi town hall) is 4.5
s and T, at NECIGO (Echigokawaguchi) is 6.6 s, but 7}, is not identified from horizontal components
at the two stations. 7}, of vertical components during the 2016 Kumamoto earthquake tend to be
slightly longer than 7}, of Fling-P components, but the difference was small compared with the data
deviation. Hereafter we analyze 7, identified from the Fling-P component, since the number of T,
identified from the vertical component is small.

4. COMPARIZON WITH PREVIOUS PREDICTION EQUATIONS

T, identified from strong motion records of three earthquakes in this study and 7, identified from
strong motion records of the 2016 Kumamoto earthquake by Satoh” are examined by comparing them
with previous prediction equations. Figure 6 shows D, and 7, of Fling-P components of the 2016
Kumamoto earthquake estimated by Satoh? together with D, by GNSS?*%9 and the fault model with
Mw7.0 by Ozawa et al.’".

In Fig. 7, T, identified in this study and Satoh? is compared with prediction equations'®'?'®). The
equation by Abrahamson'*') developed from data of earthquakes with Mw7.3—Mw7.6 is not able to
apply to earthquakes with Mw less than 7.0 used in this study. The equation by Kamai et al.'? was
developed from Fling-P components of 25000 synthetics for strike-slip scenarios and 25000 synthetics
for reverse scenarios with x > 0. The equation by Burks and Baker'® was developed from observed
records and synthetics of fault-parallel and fault-normal components at 100 stations with largest fling
amplitude from each scenario. Kamai et al.'” used the synthetics calculated using fault models with
the top depth of 0 km. Burks and Baker'? noted that their equation was basically for surface rupture
earthquakes, but that some synthetics were calculated from fault models with top depths of about 5 km.
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T, identified in this study is in |R,| < 15 km. It was shown by Satoh? that T, in |R,| > 15 km was longer
than 7, in |R,| < 15 km for the 2016 Kumamoto earthquake. For these reasons, T, in |Ry < 15 km is
used for the comparison with the prediction equations. The distance-dependency of 7, is thought be
caused by the dependency of P—S time on distance, because the static displacement by the near-field
term is contained within P—S time and that by the P wave intermediate-term begins from P wave
arrival. The parameter 2x/L (see Fig. 2) becomes maximum at the center of the rupture length and
negative value outside of the rupture length. The data of 2x/L < 0 in Fig. 7 are shown with different
symbols, since the data of x < 0 km were excluded in the equation by Kamai et al.'?.

The relation between R, and T, for each earthquake is shown Fig. 8 to examine 7, in detail. The
values of 2x/L are shown with different colors. 7}, of the 2000 Tottori-ken Seibu earthquake with
vertical strike-slip faults is plotted as R,> 0 km. Most of 2x/L are nearly one. This result means that 7,
is identified at stations near the center of the rupture length. 7, in |R,| < 12 km is about 3 s except for
one of the 2016 Kumamoto earthquake and is close to the equation by Burks and Baker'®. The Mw
range from 6.6 to 7.0 is small, so that the Mw dependency is not so clear. In the figure by Kamai et
al.'?, T, by the equation of Kamai et al. ' was longer than T}, estimated from strong motion records of
strike-slip earthquakes with Mw7.0-Mw?7.9. Both Kami et al. '» and Burks and Baker'® developed the

Dp=100cm(GNSS by GSI)
Dp=100cm(Strong motion records)

OTD:55 OTP:25 Nishihara O Reverse(2x/L>0.) +Reverse(2x/L<0.)
; O Strike-slip(2x/L>0.)
g T & L Tp by Burks&Baker —— Tp by Abrahamson
o] (“A\‘ @ ——;OTp by Kamai et al.(Strike)= = = Tp by Kamai et al.(Rev)
o~ Y & ‘\ﬂ T T 7
o e { ‘ ,
i & BT ‘ e e
33' 00'f} * T F \ P gt
A X - -
e St 8 /,ﬂ’ 7 R
_ /// P
Lk 7R
(=1 //- ‘g (3]
i / g
- +
= =, [¢] ]
2 P-
1 L L 1
6.0 6.5 7.0 7.5 8.0
32° 30"
1a Mw

Fig. 6 D,” and T,” estimated from strong motion
records, D, by GNSS?* and the fault

Fig. 7 Relation between Mw and 7}, estimated in
this study and Satoh® in |R,| < 15 km together

model®” of the 2016 Kumamoto earthquake

——=~ Kamai et al.(Strike-slip)

=== Kamai et al.(Reverse)

with the previous prediction equations

- == Kamai et al.(Reverse)

——= Kamai et al.(Strike-slip)

10),12),13)

Burks&Baker —— Burks&Baker —— Burks&Baker —— Burks&Baker
10 ‘ 10 ‘ 10 : 10
= 5f = 5 %@ = 5F -] S e
Z = = 2
=3 VR = 65041 |0 pIWTH2B 1~
c® o (Yamakoshi (Ichinosekinishi) ° ®
TTRHO2ZB |  ["°°r=ommmmmmmes .' == @ °
(Hino) ® Nishiﬁara o
KASHOU|, - 5 \ . 2 2 ‘
(Kasyo dam) 5 10 15 -15 -10 -5 5 0 5 10 i5 -5 0 5 10 15
Rx[km] Rx[km] Rx[km] Rx[km]

[ ———— ]

2%
-0.500.00 0.25 0.50 0.75 1.00

(a) Tottori-ken Seibu
earthquake

2x/L
-0.500.00 0.25 0.50 0.75 1.00

(b) Niigata-ken Chuetsu (c) Iwate-Miyagi Nairiku

earthquake

earthquake

2x/L
-0.500.00 0.25 0.50 0.75 1.00

2x/L
-0.500.00 0.25 0.50 0.75 1.00

(d) Kumamoto
earthquake?”

Fig. 8 Relation between R, and T}, estimated in this study and Satoh® together with the previous

prediction equations

-44 -



equations using data within distances of around 30 km or more which are longer than data in this study.
For this reason, their 7, may be longer than 7}, in this study.

The relation between D, identified in this study and the prediction equations is examined. Dreger et
al.'” showed Egs. (2) and (3) for D, of the fault normal component for a vertical strike-slip fault using
a depth-to-top of rupture Zror as one of parameters.

D -1 Rx
X ? 1—tan W for Zror =0 (2)

D i R 2. 4 R
D,=—|tan" | =~ |——tan | ——
p 71'[ [W) T (ZTOR +Wj:| for Zror > 0 (3)

where D is an average slip. Eq. (2) is the analytical solution of an infinite vertical strike-slip fault
based on dislocation theory. Dreger et al. '¥ stated that the assumption of the infinite fault is reasonable
in the near-fault region. Eq. (3) is the extended expression to a buried infinite fault. Dabaghi and
Kiureghian®® calculated D, using Egs. (2) and (3) together with Eq. (4) by Abrahamson'?.

w
[

In(D)=1.15Mw —2.83 4)

Equations (2) to (4) are applied to the 2000 Tottori-ken Seibu earthquake and the 2016 Kumamoto
earthquake as shown in Figs. 9(a) and (b). Since both earthquakes are composed of several faults, the
fault width W is calculated by weighted average with My of each fault. The values of W are 9.5 km for
the 2000 Tottori-ken Seibu earthquake and 11.2 km for the Kumamoto earthquake. Crustal
deformation by GNSS”4”9 is also shown in Fig. 9. The value of 2x/L is shown with different colors
in Fig. 9(a). Since the equations are for the infinite vertical strike-slip faults, data in 2x/L < 0O are
excluded. The R—D, prediction equation is consistent to data at TTRH02B and KASHOU, but
overestimates data in | R, | > 5 km. In Fig.9 (b) D, of the prediction equation is calculated assuming
Zror = 0 km for the Futagawa fault near Nishihara and Zror = 0.4 km for the southern fault, the
Hinagu fault based on the fault model by Ozawa et al.’". Data on the Hinagu fault zone and the
Futagawa fault zone are separately shown. Data on the Hinagu fault zone roughly fit to the equation
with Zror = 0.4 km. This result suggests that the parameter of Zror is effective to predict D,. On the
other hand, the equation with Zror = 0 km underestimates data in R; < 5 km on the Futagawa fault
zone.

Figure 10 compares Dy—R,, relations without Zror as a parameter with data of the 2016

Bold symbols=Futagawa fault side
Open symbols=Hinagu fault side
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Dabaghi&Kiureghian(Zop=1km) = =—==——= Dabaghi&Kiureghian(Zrog=0.4km)
¥ GNSS (by GSI) # GNSS (by GSI)
O Tp is identified O Tpis identied A Tpis not identied
. d : 160 Nishihara @™
60 - ] 140 | % i
*
50 [KASHOU | 120 - * * 1
(Kasyo dam) 100
e 40 - 1 E
5 K
o o
30 .
= o © 6o
20 1 ]
TTRH02B % -
(Hino) 10 o ] 20
. ; ‘
0 5 10 15 -
Rx[km] Rx[km]
(a) 2000 Tottori-ken Seibu earthquake (b) 2016 Kumamoto earthquake

Fig. 9 Relation between R, and D, estimated from strong motions, GNSS and previous prediction
equations for the strike-slip earthquake
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Kumamoto earthquake and the other two surface rupture earthquakes. The prediction equation of D, of
the horizontal component by Burks and Baker'® is shown in Eq. (5).

InD, = 1n[3—tan‘1 (0.3r

T

where the term of tan™' is modelled based on Byerly and DeNoyer

mp)}+1.3Mw—1.5 )

' The prediction equation of D, of

the Fling-P component by Kamai et al.'? is shown in Egs. (6) to (8).
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In(D)=1.15Mw —3.28 ®)

where LW is rupture area S. Eq. (7) is rewritten by substituting zz= 3 x 10'' dyne/cm? into My = uDS.
The ao, a2, a3, and a4 are constants or values obtained from regression relations with Mw and dip angle
as parameters for the Fling-P component of strike-slip faults and the Fling-P and vertical components
of reverse faults. For the Fling-P component of reverse faults, only hanging-wall stations on the
surface projection of the rupture plane were used in the regression. The equation of log;oS = Mw — 4
by Wells and Coppersmith'” was substituted into Eqs. (5) and (8), both of which were proposed using
the same data for the regression relations of 7, mentioned before. In Fig. 10, the relation substituted
Eq. (10) which is the Mo—S relation developed in this study as shown later into Eq. (7) is also shown.
The dip angles shown in Table 1 are used in the regression relation except for the 2008 Iwate-Miyagi
Nairiku earthquake. We use a 30° dip instead of a 25° dip?® of the southern fault of the 2008
Iwate-Miyagi Nairiku earthquake, because it is impossible to calculate the equation by Kamai et al.'?
for the 25° dip. Data and regression relations of the 2008 Iwate-Miyagi Nairiku earthquake are plotted
in Figs. 10(c) and (d) for the northern fault and the southern fault, respectively. Data by
GNSS?2)4930 are shown and data with 2x/L < 0 are excluded in Fig. 10.

We discuss the relation between observed D, and the prediction equations in Fig. 10. The equation
by Kamai et al.'? substituting Eq. (7) or Eq. (10) into Eq. (6) almost fit to the observed D,. The other
equations underestimate the observed D,. All prediction equations in Fig. 10 tend to overestimate
several data in the near-fault region of the 2016 Kumamoto earthquake, but most of them are on the
Hinagu fault zone as shown in Fig. 9(b). This result suggests that the overestimation will be improved
by using Zroras one of parameters to D, equations. D, estimated from strong motion records is the
largest at Nishihara during the 2016 Kumamoto earthquake. D, by GNSS near R, = 0 km during the
2016 Kumamoto earthquake and the 2008 Iwate-Miyagi Nairiku earthquake is the same level to D, at
Nishihara. For the 2004 Niigata-ken Chuetsu earthquake D, at 65041 (Yamakoshi) is the largest and
the prediction equation underestimates it very much if 65041 (Yamakoshi) is assumed to be on the
hanging-wall side. However, the prediction equation almost agrees with it if 65041 (Yamakoshi) is
assumed to be on the foot-wall side based on the fault model®® estimated from RADARSAT/InSAR.
For the 2008 Iwate-Miyagi Nairiku earthquake the largest D, is observed on the southern reverse fault
with a low dip angle and D, at IWTH25B (Ichinosekinishi) on the northern reverse fault with a 44.9°
dip is relatively small, 52 cm.

The larger 2x/L is, the larger D, is as pointed out” from data of the 2016 Kumamoto earthquake. In
other words, D, is large near the center of rupture length. Surface rupture displacements based on field
measurements showed the similar results™® and empirical relations® between the surface rupture
displacement and x/L were developed. Therefore x/L will be a proper parameter to develop the
prediction equation in the feature.

For the 2011 Fukushima-ken Hamadori earthquake D, of the Fling-P component is observed at
three stations shown in Fig. 1(f), but no prediction equations for normal-slip faults have not been
proposed. For the 2014 Nagano-ken Hokubu earthquake, the equation by Kamai et al.'? substituting
Eq. (7) or Eq. (10) into Eq. (6) almost fit to D,= 27 cm at NGNOO5 (Hakuba). On the other hand, the
equation by Kamai et al.'” substituting Eq. (8) into Eq. (6) underestimates the observed D,.

Figure 11 compares D,—R., relations of prediction equations for vertical component with data of
two reverse faults, the 2004 Niigata-ken Chuetsu earthquake and the 2008 Iwate-Miyagi earthquake.
D, at IWNTH25B (Ichinosekinishi) and two GNSS stations are larger than D, of vertical component at
Nishihara of the 2016 the Kumamoto earthquake® and the prediction equation by Kamai et al.'”.
However, data is insufficient to get systematic features. Since simulated D, by Ohta et al.?®
underestimated D, observed at two GNSS stations, that is, a station near IWTH25B and a station with
the largest D,, the equation by Kamai et al.'? using the fault model by Ohta et al.* is thought to
underestimate the data. Although trampoline effects” or uplifting effects of the observation house due
to rocking®® at a surface station of INTH25 have been pointed out, the displacement time history of
the vertical component at IWTH25B was almost same with that the surface station of IWTH25. The
difference of D, between IWTH25 and IWTH25B was less than 10%®. Since the difference of D, of
the vertical component at IWTH25 used” in this study is 1 cm from that estimated by Aoi et al.”, D,
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estimated at IWTH25B is reliable.

PGV ratios of Fling-P to Fling-N components are examined. Figure 12(a) shows the ratios at
stations where T, is estimated for the 2016 Kumamoto earthquake and the three earthquakes analyzed
in this study. R, adding the same sign to R, is used in this figure, because R, is usually used in PGV
prediction equations. The PGV ratio at Nishihara with R, of nearly zero is more than 2.5, which is
largest among all. Except for data of the 2016 Kumamoto earthquake, the ratios at two stations with
Ryp=— 15 km on the foot-wall side of the 2004 Niigata-ken Chuetsu earthquake are relatively large,
but the absolute PGVs are small, that is, less than 20 cm/s. In Fig. 12(b), Sv ratio at 7}, is shown. Sv
ratios at five stations including Nishihara in about |R,,| < 10 km of the 2016 Kumamoto earthquake
are large, about two. Although the PGV of the Fling-P component at Nishihara was extremely large,
277 cm/s, the Sv ratio at Nishihara is the same level to the ratios at the other four stations. This is
interpreted that the large PGV at Nishihara is greatly influenced by different effects from fling-step.
Satoh? pointed out that the PGV of the vertical component at Nishihara was explained only by the
fling-step, but that of Fling-P component was not.
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5. DISCUSSIONS

In order to examine causes the underestimation of D, by Egs. (6) and (8) by Kamai et al.'?, Fig. 13
shows Mo—S and Mo—D relations of fault models from geodetic data and strong motions records shown
in Table 2 and previous equations. Table 2 shows Mo, S, and D of fault models from geodetic data
together with references of fault models from geodetic data and strong motion records. S of fault
models from strong motion records was trimmed by the criteria by Somerville et al.”® except for S for
the 2014 Nagano-ken Hokubu earthquake. The M-S relation by Wells and Coppersmith'” is obtained
from log;oS = Mw—4, which is used in Kamai et al.'” My—D equations are original relations by Wells

and Coppersmith'”, Somerville et al.*®, and Takemura®” and the relations substituting ¢ = 3 x 10"
dyne/cm’ into the M,—S relations by Wells and Coppersmith'® and Irikura and Miyake'”. In Kamai et
al.'"?, D is calculated by substituting zz = 3 x 10" dyne/cm?® into the M-S relation by Wells and
Coppersmith'®. It is found from Fig. 13 that S from geodetic data is smaller than S from strong motion
records and that D from geodetic data is larger than D from strong motion records. S by the My—S
relation of fault models from geodetic data is smaller than S of the equations by Somerville et al.’®,

©®2016 Kumamoto by geodetic data(Ozawa et al.)

m 2014 Nagano-ken Hokubu by geodetic data(GSI)

#* 2011 Fukushima-ken Hamadori by geodetic data(Kobayashi et al.)

v 2008 Iwate-Miyagi Nairiku by geodetic data(Ohta et al.)

42004 Niigata-ken Chuetsu by geodetic data(GSI)

42000 Tottori-ken Seibu by geodetic data(Sagiya et al.)

02016 Kumamoto by strong motion records(Yoshida et al.)

02014 Nagano-ken Hokubu by strong motion records(Kyoto Univ.)
%2011 Fukushima-ken Hamadori by strong motion records(Miyakoshi et al.)
72008 |lwate-Miyagi Nairiku by strong motion records(Miyakoshi et al.)
A2004 Niigata-ken Chuetsu by strong motion records(Miyakoshi et al.)
<2000 Tottori-ken Seibu by strona motion records(Mivakoshi et al.)
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Fig. 13 Comparison between My—S and My—D relations of fault models from strong motion records
and geodetic data and previous prediction equations!?19-57:5%)

Table 2 Fault parameters of earthquakes used for the study on D, and 7,

Fault Models from Geodetic Data Fault Models
Event ) from Strong
S[km’]| Mo[Nm] | D[m] [ Reference Data Remarks Motion Records

2000 Tottori-ken Seibu earthquake 333.2 | 1.36E+19| 1.00 21) GNSS, Leveling |Heterogeneous Slip 59)
2004 Niigata-ken Chuetsu earthquake 210.1 | 1.15E+19] 1.82 22) GNSS Homogeneous Slip 59)
2008 iwate-Miyagi Nairiku earthquake 375.0 | 2.70E+19| 2.40 23) GNSS Homogeneous Slip 59)
2011 Fukushima-ken Hamadori earthquake | 211.9 | 1.45E+19] 2.28 24) InSAR Homogeneous Slip 59)
2014 Nagano-ken Hokubu earthquake 114.6 | 2.68E+18| 0.78 25) GNSS Homogeneous Slip 60)
2016 Kumamoto earthquake 587.7 | 4.10E+19| 2.00 51) GNSS Homogeneous Slip 61)
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Irikura and Miyake'” and Wells and Coppersmith'® and is larger than S of the equation by Takemura®”.
Strong motions in Burks and Baker'? and Kamai et al.'? were predicted assuming fault models based
on the M-S relation by Wells and Coppersmith'” and so it is thought that D is underestimated.
Resultantly, D, which is proportional to D is underestimated.

We examine if the difference of M,—S relations of fault models from geodetic data and strong
motion records is the same that of the other crustal earthquakes in Japan. Figure 14 shows M-S and
Mo—D relations in this study from fault models shown in Tables 2 and 3°*7" and previous Mo—S and
Mo—D equations. For fault models of the 2007 Niigata-ken Chuetsu-oki earthquake by Geospatial
Information Authority of Japan*", both a heterogeneous-slip model and the trimmed model with final
slip larger than 1 m are shown assuming u# = 3 x 10'' dyne/cm®. The earthquakes with the same M,
range to the equation by Irikura and Miyake'” are used, since D with smaller M, is smaller. The M-S
relation of the fault models from strong motion records shown in Table 3 was pointed out™ to almost
agree with the equation by Irikura and Miyake'”. Since area with small amount of slip are included in
S for heterogeneous-slip models from geodetic data, S of the heterogeneous-slip models tend to be

—— My-D for Homogeneous slip model (equation (11))

—— My-S for Homogeneous slip model (equation (10)) - My-D by Takemura
Mo-S by Takemura —— M,-D by Wells&Coppersmith (Criginal)
- -~ My-S by Wells&Coppersmith - - =+ My-D by Wells&Coppersmith assuming p=3E+11dyn/cm?
—— M-S by Irikura&Miayake —— My-D by Irikura&Miayake assuming p=3E+11dyn/cm?
O Heterogeneous slip model by geodetic data O Heterogeneous slip model by geodetic data
® Homogeneous slip model by geodetic data ® Homogeneous slip model by geodetic data
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1019 1020 101‘3 1020
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Fig. 14 Comparison between My—S and Mo—D relations of fault models from geodetic data and
previous prediction equations!”-19-7-58)

Table 3 Fault parameters from geodetic data of earthquakes added for study on scaling relations
Fault Models from Geodetic Data

Event

s[kmz] Mo[Nm] | D[m]| Reference Data Remarks
486.9 | 2.20E+19] 1.13 62) GNSS, Leveling Homogeneous Slip
1995 Hyogo-ken . . . Heterogeneous Slip,
+
Nanbu carthquake 960.0 | 2.60E+19] 0.86 63) GNSS, Leveling, Triangulation Horizontaly Layered Media
432.5 | 1.90E+19( 1.29 64) GNSS, Leveling, Triangulation, nSAR [Homogeneous Slip
2007 Noto H 269.7 | 1.00E+19] 1.30 65) GNSS Homogeneous Slip
t t
Ot HAMO 9600 | 1.11E+19[039 | 66) |GNSS, InSAR Heterogencous Slip
earthquake
242.0 | 1.45E+19(2.00 67) GNSS, InSAR Homogeneous Slip
316.3 | 1.68E+19| 1.77 68) GNSS, InSAR Homogeneous Slip
198.5 | 1.14E+19] 1.92 69) GNSS Homogeneous Slip, Model-2*”
2007 Niigata-ken 204.9 | 1.20E+19] 1.95 70) GNSS, Leveling, InSAR Homogeneous SliI.)
Chuetsu-oki 960.0 | 1.41E+19/049 |  71)  |GNSS, Leveling, InNSAR Heterogeneous Slip,
Horizontaly Layered Media
4980 | 1.41E+19/095 | 71)  |GNSS, Leveling, nSAR Heterogeneous Slp ,
Horizontaly Layered Media

* Trimmed fault with final slip larger than about 1 m

-50-



larger than those of the homogeneous-slip models. In fact, S of the trimmed model of the 2007
Niigata-ken Chuetsu-oki earthquake is smaller than the original heterogeneous-slip model. S of
homogeneous-slip models is less than S of M-S relations by Irikura and Miyake'” and Wells and
Coppersmith'®. D of homogeneous-slip models is less than D by Irikura and Miyake'” and Wells and
Coppersmith'?.

The Mo—S regression relation of homogeneous-slip models is given by Eq. (9).

10g1oS: -12.71 + 0.7910g10]\40 (9)
Calculation of #-test confirms that the slope value of 0.79 is significant at a 95% probability level and
that the reliable range is 0.7910.33. Therefore, it is not determined from this result whether S o<
My"? or S o< My*? is valid. In order to compare with the Wells and Coppersmith'? M-S equation, the
regression relation is calculated assuming S o My>>.

log10S =—10.34 + (2/3) logi10Mo (10)
S by Eq. (10) is 0.55 times of S by Wells and Coppersmith'?.

The regression relation of My—D of homogeneous-slip models gives the slop value of 0.067, but
this is not significant at a 95% probability level. In order to compare with Wells and Coppersmith'”
My—D equation, however, the regression relation is calculated assuming D oc M,'".

logioD =—6.16 + (1/3) logioMo (11
D by Eq. (11) is 1.7 times of D calculated by substituting =3 x 10" dyne/cm? into log;oS = Mw — 4
by Wells and Coppersmith'?.

D by substituting Eq. (10) into Eq. (7) by Kamai et al.'? is larger than D by substituting the Wells
and Coppersmith'? M-S equation. As a result, D, observed during the 2016 Kumamoto earthquake,
the 2004 Niigata-ken Chuetsu earthquake and the 2008 Iwate-Miyagi Nairiku earthquake is reasonably
predicted by using Egs. (6), (7) and (10) as shown in Fig. 10. One of the reasons is thought that Wells
and Coppersmith'” data were aftershock distributions, active faults, geodetic data and strong motion
records and that some of them are not sensitive to static displacements. Although Irikura and Miyake'”

stated that S from strong motion records almost agree with S from aftershock distributions, active
faults and a part of geodetic data, the geodetic data are only one part. It is necessary to examine
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Fig. 15 Dy/D for Mw6.7 earthquake calculated by the equation of Kamai et al.'” developed using
synthetics assuming heterogeneous-slip models
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whether the fact that S from geodetic data is smaller than S from strong motion records is the feature
for earthquakes only in Japan in the future.

The effects of dip angles on D, are discussed. In Fig. 15, D,/D in M by Kamai et al.'? is shown for
Mw6.7 earthquake with different dip angles. Positive sign of the vertical component indicates uplift.
For strike-slip faults, Dy/D of Fling-P component with a 70° dip is larger than that of a 90° dip on the
hanging-wall side and the feature on the foot-wall side is reversed. The dip angle of the fault near
Nishihara where D, was the largest during the 2016 Kumamoto earthquake is about 70°°", which
generates larger D, than a 90° dip. For low-angle reverse faults, D,/D on the hanging-wall side is
larger than that on the foot-wall side. The feature is reversed for high-angle reverse faults. D,/D on the
hanging-wall side for the strike-slip fault with a 70° dip is larger than D, for the reverse faults. For
reverse faults, D,/D of vertical component does not depend on dip angles so much on the hanging-wall
side. On the foot-wall side, Dy/D of vertical component for high-angle reverse faults is larger than that
for low-angle reverse faults. Kamai et al.'” proposed the prediction equations for the reverse fault with
a 90° rake and the strike-slip fault with a 180° rake and did not consider the other rake angles.

To show the effects of rake angles on D, D, of the horizontal component is theoretically calculated
by Okada’s method*V*>. Mw6.7 fault with L = 30 km and W = 15 km is assumed so that S is nearly
equivalent to the My—S equation by Irikura and Miyake'”. Average slip D is 100 cm by assuming
S-wave velocity of 3.4 km and density of 2.7 g/cm’® for the infinite half-space. The top depth is
assumed to be 0 km. Figures 16(a) and (b) show results for pure left-lateral strike-slip fault with dip
angles of 90° and 70°, respectively. Figures 16(c) shows results for the fault with a 70° dip and a 200°
rake, both values are equivalent to the fault’" near Nishihara. D, of Fling-P component at NS direction
of 0 km and 15 km in Figs. 16(a) to (c) is shown in Figs. 17(a) and (b), respectively. It is confirmed
that D,, for the fault with a 70° dip is larger than D, for the fault with a of 90° dip in near-fault region
on hanging-wall side in the case of a 180° rake as shown by the prediction equation by Kamai et al.'?.

— Dp=50cm — Dp=50cm
20 T T —— e

rr—a—w 20

—— Dp=50cm
B,

ol " S 4 20 Sty
15 5 V\F\’\ /‘/B/ Y ¥ o 159 = g RN ,/b/ Z ¢ o 154 x K BN y/ 7 ¢ o
] L ‘\‘\T o4 104 & R <1 Y ] 4 T 104 = =& r’\'\\( R
Z b & % Tﬂl L4 Z st o on 111 l ;] Z s o= ow "\’\\["l |
TR IERRE e
g op * T T l . s 3 g 04+ <+ *f TT J, R g L x K ‘\l\‘\ J i
N 11 TSR B S GRS (S SR S 1 BN T I
1R it - o
10 PR R F o f i\’\, y w 2 10 ® R ?r XS’ \ ¥ -104 a < TT ll y %
15k & 7 Py OO 458 = A A4 S S 154 « =® RRA v ¥
P s G0 5 0 5 10 15 20 2 5 0 5 0 5 10 15 20 0% 5 10 5 0 5 10 15 20
EW direction[km] EW direction[km]

EW direction[km]

(a) dip = 90°, rake = 180° (b) dip = 70°, rake = 180° (c) dip = 70°, rake = 200°
Fig. 16 D, distribution of the horizontal component calculated by Okada’s method*"*> using
homogeneous-slip models for the Mw6.7 strike-slip earthquake
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For the fault of with a 70° dip, D, with a 200° rake is slightly smaller than that with a 180° rake at 0
km of NS direction. In this case, however, D, on hanging-wall side is larger than D, on foot-wall side
and this is qualitatively consistent with data by GNSS and InSAR in near-fault region close to
Nishihara. It is found that Nishihara was located near the center of rupture length where Dj, is large in
general. For the fault of a 70° dip at 15 km of NS direction, D, with a 200° rake is larger than that with
a 180° rake. In other words, for the fault equivalent to the 2016 Kumamoto earthquake shown in Fig.
16(c), D, is larger than the other faults at the edge of the fault.

6. CONCLUSIONS

We are aiming at the development of the prediction equations of the static displacement D, and
long-period (2—10 s) velocity pulse using worldwide strong motion records of crustal earthquakes. As
the first step, in this study, we extract D, and the pulse period 7}, from strong motion records of crustal
earthquakes in Japan and examine them including results of the 2016 Kumamoto earthquake”. We
select strong motion records of four surface rupture earthquakes and one buried rupture earthquake
(the 2000 Tottori-ken Seibu earthquake) from records after the 1995 Hyogo-ken Nanbu earthquake. As
a result, D, is identified from records of all the five earthquakes, but 7}, is not identified from records
of the 2011 Mw6.7 Fukushima-ken Hamadori earthquake and Mw6.2 Nagano-ken Hokubu earthquake.
Since the number of vertical components in which long-period pulses are detected is small, results of
the Fling-P component, that is, the maximum-direction component of the horizontal vector are
summarized as follows.
T, of the 2000 Mw6.7 Tottori-ken Seibu earthquake, the 2004 Mw6.7 Niigata-ken Chuetsu
earthquake, the 2008 Mw6.9 Iwate-Miyagi Nairiku earthquake and the 2016 Mw7.0 Kumamoto
earthquake is about 3 s in |[R,| < 12 km. The estimated 7}, is averagely close to the Mw—T;, relation
by Burks and Baker'?. Since Mw range of our data is small, Mw dependency is not so clear.
D, near R,= 0 km of the 2000 Tottori-ken Seibu earthquake is explained by a previous prediction
equation considering a top depth of the fault Zror as a parameter. D, of the 2004 Mw6.7
Niigata-ken Chuetsu earthquake, the 2008 Mw6.9 Iwate-Miyagi Nairiku earthquake as well as the
2016 Mw7.0 Kumamoto earthquake almost agrees with the prediction equation by Kamai et al.'? in
which Mw, rupture area S, dip angle and rupture distance are used as parameters. On the other hand,
the equation by Kamai et al.'” in which S is not used as one of parameters underestimates the
observed D,, and it is thought to be because the M-S relation by Wells and Coppersmith'? is
substituted into the equation by Kamai et al.'”. In other words, S from My—S relation by Wells and
Coppersmith'” is larger than S from the M-S relation of fault models from geodetic data for the
earthquakes used in this study, and so the average slip D in the equation by Kamai et al.'” becomes
smaller.
We examine the My—S relation by adding fault models from geodetic data of the other three crustal
earthquakes with Mw > 6.5 in Japan to the fault models mentioned above. S of homogeneous-slip
models from geodetic data is smaller than S of fault models from strong motion records and the
My—S relations by Wells and Coppersmith'? and Irikura and Miyake'”, but is larger than the M-S
relation by Takemura®”. We estimate an M-S relation using homogeneous-slip models from
geodetic data and substitute the relation into D, prediction equation by Kamai et al.'”. As a result,
D, of three surface rupture earthquakes is reasonably predicted by the equation, because the
average slip becomes larger.
D, of three surface rupture earthquakes tends to be large near the center of rupture length as pointed
out from D, of the 2016 Kumamoto earthquake®. Prediction equations of D, will be improved by
using this as a parameter.
The 2016 Mw7.0 Kumamoto earthquake is the surface-rupture strike-slip earthquake with a 70° dip.
These fault parameters are good conditions to generate larger D, than the vertical strike-slip
earthquakes near the fault on the hanging-wall side. The location of Nishihara observed the largest
D, among strong motion records of crustal earthquakes in Japan was the center of the rupture
length in the very near-fault on the hanging-wall side. This is also the good condition to generate
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large D, in general.
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