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Abstract

An Mw7.1 Kumamoto earthquake occurred at 01:25:05 on April 16, 2016 (JST). The earthquake involved a rupture at
a shallow depth along a strike-slip fault with surface breaks. Near-fault ground motion records, especially those of a
strike-slip earthquake, can provide us with direct information on the earthquake source process. During the earth-
quake, near-fault seismograms were obtained at KMMH16 station located about 500 m off the fault. The ground
displacements were well recovered from the double numerical integration of accelerograms at KMMH16 both on the
surface and at the bottom of the 252-m-deep borehole. Fault-parallel static displacement was estimated to be about
1.1 m from the acceleration waveforms. The Dc” value, which is defined as double the fault-parallel displacement at
peak velocity time, was proposed as a proxy of the slip-weakening distance. Using both the velocity and displace-
ment fault-parallel waveforms, the Dc” value was estimated at about 1 m. This value was between 30 and 50% of the

total slip on the fault, which is consistent with previous observations.
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Introduction

Ida (1972) proposed a slip-weakening friction law for
shear faulting, where friction decreases gradually from
the peak friction level to the residual level. In the slip-
weakening law, slip-weakening distance (Dc) is defined
as the slip needed to reach the residual friction. Dc is
considered to be one of the important parameters for
characterizing the unstable rupture propagation (e.g.,
Ohnaka 2013), since slip-weakening behavior represents
an important feature of earthquake dynamic rupture
propagation.

Ide and Takeo (1997) proposed a method to estimate
a slip-weakening distance using the spatiotemporal slip
history on the fault; they estimated it as 0.5-1 m for
the 1995 Kobe earthquake. In their method, a complete
description of the spatiotemporal distribution of the
slip on the fault is required, which is usually difficult to
estimate reliably. Twardzik et al. (2014) tried to invert
observed waveforms of the 2004 Parkfield earthquake
to directly obtain the dynamic parameters including the
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slip-weakening distance. However, as Guatteri and Spu-
dich (2000) suggested, fracture energy could be estimated
more stably than Dc when the data do not include suf-
ficient high-frequency waves. Goto and Sawada (2010)
discussed the trade-offs among the dynamic parameters
when inverting the observed waveforms. Tinti et al.
(2005) estimated the fracture energy distribution on the
fault using a kinematic slip model. Fracture energy can be
stably estimated by integrating the shear stress up to the
slip-weakening distance. Therefore, a simple method for
the estimation of slip-weakening distance is required.

Mikumo et al. (2003) proposed Dc’ as a proxy of Dc.
Usually, to estimate a Dc value, both stress and slip func-
tions are needed at a point on the fault. To estimate the
stress function, the whole spatiotemporal history of the
slip function on the fault is required, as has been done
by Ide and Takeo (1997). However, Dc’ can be estimated
using only the slip and slip velocity functions at a point
on the fault, and the stress function is not needed. Dc”
proposed by Fukuyama and Mikumo (2007) is an approx-
imated quantity of Dc’ used to roughly estimate the Dc
value from the near-fault seismograms; Dc” is an off-fault
version of Dc’.

© The Author(s) 2016. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://orcid.org/0000-0002-9405-9155
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-016-0570-6&domain=pdf

Fukuyama and Suzuki Earth, Planets and Space (2016) 68:194

Recently, the Kumamoto earthquake sequence started
at 21:26:34 on April 14, 2016 (JST, UT+95h), with an
Mw6.1 earthquake that occurred on the Hinagu fault.
Twenty-eight hours later, an Mw7.1 earthquake initiated at
01:25:05 on April 16, 2016 (JST), in nearly the same loca-
tion and it ruptured eastward along the Futagawa fault as
well as the Hinagu fault (Fig. 1). Its hypocenter was located
at Lat. 32.7539°N, Long. 130.7648°E and at a depth 13.1 km
by Hi-net (NIED 2016a). From the moment tensor analy-
sis, the focal mechanism was determined to be a strike-
slip type with a tension axis oriented north—south (NIED
2016b). The rupture propagated almost unilaterally toward
the northeast for about 30 km (e.g., Kubo et al. 2016).

It should be noted that between these Mw6.1 and
Mw?7.1 earthquakes, Mw 5.4 (22:07:35 on April 14, 2016,
JST) and Mw 6.0 (00:03:46 on April 15, 2016, JST) earth-
quakes occurred inside the aftershock area of the Mw 6.1
earthquake (NIED 2016c). This suggests that an unusual
level of aftershock activity for the Mw 6.1 earthquake, in
view of their locations and magnitudes, preceded the Mw
7.1 earthquake (e.g., Kato et al. 2016).

Page 2 of 6

Since the National Research Institute for Earth Science
and Disaster Resilience (NIED) has nationwide strong
motion seismic networks called K-NET (Kinoshita 1998)
and KiK-net (Okada et al. 2004; Aoi et al. 2011), sev-
eral near-fault seismograms were recorded during this
earthquake. Among these waveforms, the waveforms
at KMMH16 (Lat. 32.7967°N, Long. 130.8199°E, height
55 m, see Fig. 1) were exceptional, in the sense that they
were obtained close to the fault both on the surface and
at the bottom of a 252-m-deep borehole. From our lim-
ited knowledge, this observation could be the first in
which both surface and borehole seismograms were
obtained close to the strike-slip faulting, although Fukuy-
ama (2015) reported the near-fault surface and borehole
seismograms that were recorded during the reverse fault-
ing of the 2008 Iwate—Miyagi Nairiku earthquake (Mw
6.9).

The near-fault seismograms of vertical strike-slip
earthquakes are very important for directly measuring
the earthquake source properties. It is well known that
because of very little excitation of Rayleigh waves (Okada

40°N

Blue open rectangle in b indicates the area shown in Fig. 2

32.9°N
b
30°N T~
R\ /
'e»‘“@’@
o
KMMH16 /
-+ 32.8°'N
o I
8
3 5km
32.7°N
130.7°E 130.8°E 130.9°E 131.0°E

Fig. 1 Location of the station and active fault traces. Blue solid rectangle in a indicates the area shown in b. Solid lines in b indicate the active fault
trace. Red cross in b shows the location of KMMH16 station. Red open circle indicates the epicenter location of the Mw?7.1 Kumamoto earthquake.
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1992; Zhang and Chen 2006), the free surface effect
becomes negligible and the “Method of Images” can be
applied to compute the fault slip history in full space.
Then, the observed near-fault seismogram for a vertical
strike-slip event can be considered as if it is observed at
the middle of the fault at depth.

Once we directly measure the fault-parallel ground
motion close to the fault, we will be able to estimate
the slip-weakening distance from that observation as
Dc” as proposed by Fukuyama and Mikumo (2007).
Dc” is estimated using the near-fault seismograms that
are obtained close to the vertical strike-slip fault. Dc” is
defined as double the fault-parallel ground displacement
when the absolute fault-parallel ground velocity is at a
maximum (Fukuyama and Mikumo 2007). Cruz-Atienza
et al. (2009) investigated the accuracy of the Dc” estima-
tion using numerical simulations. They concluded that
the estimation of Dc” could be reasonable if the station
is located within the distance of Rc (the resolution dis-
tance), which is approximately 0.8 times the wavelength
at breakdown frequency.

In this manuscript, we investigate the near-fault ground
deformation using a set of seismograms observed close
to the fault at KMMH16 station. In addition, since this
Mw 7.1 earthquake had vertical strike-slip faulting, the
ground displacement very close to the fault can be con-
sidered a proxy of the fault slip motion. Using this near-
fault displacement at KMMH16, we estimate the Dc”
value for the 2016 Mw?7.1 Kumamoto earthquake.

Methods

We used the waveforms recorded at the KiK-net station
KMMHI16. This station is located about 500 m away from
the fault trace, which can be identified by InSAR meas-
urements (Fig. 2). The InSAR image (GSI 2016; Fuji-
wara et al. 2016) was based on the residual between the
February 10, 2015, and April 19, 2016, measurements,
which included both the deformations of the Mw 6.1
and Mw 7.1 earthquakes. However, it was reported that
the ground deformation near the KMMHI16 station was
small due to the Mw 6.1 earthquake based on the InSAR
analysis between November 14, 2014, and 12:52 (JST)
of April 15, 2016 (e.g., Ozawa et al. 2016). We identified
the fault trace using the InSAR image of Fig. 2b, c. We
assumed that the fault trace should be rather straight,
so we took the northern boundary that appears in the
InSAR image, also taking into account the hypocenter
location. Then, we measured the distance from the fault
to station KMMH16.

To obtain the displacement waveforms, we first sub-
tracted a constant value from each original acceleration
waveform to set the onset acceleration to zero. Then,
we numerically integrated the original acceleration
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waveforms twice in the time domain. We rotated the
seismograms to fault-parallel (N235°E) and fault-nor-
mal (N325°E) directions. We corrected the instrument
response by multiplying the waveforms by a constant
value to convert the recorded digits to the physical value
of acceleration. It should be noted that we did not apply
any low-pass or high-pass filtering operations. Therefore,
we did not correct the frequency response of the sensor.
However, since our focus here is the near-fault displace-
ment and acceleration response at low frequency is flat,
the uncorrected high-frequency response does not affect
the present analysis.

The obtained seismograms are shown in Fig. 3. It
should be noted that the ground displacements are quite
similar both on the surface and at the bottom of the bore-
hole. Since the fault motion dominated the right-lateral
strike slip, no tilt component along the fault surface was
expected. Therefore, the agreement of the displacement
between that on the surface and that at the borehole is
quite consistent with the theoretical prediction. Strike-
slip fault motion did not cause significant ground rota-
tion whose axis was directed parallel to the fault strike
(e.g., Okada 1992).

Results and discussion

In Fig. 3, acceleration, velocity and displacement seismo-
grams are shown. As can be seen, the maximum ampli-
tudes of the accelerations were quite different between
the acceleration on the surface and that at the bottom
of the borehole. However, the velocity and displacement
behaved similarly in these two locations. Since the fault
slip motion dominates the right-lateral strike slip, the
displacements recorded by these two sensors should be
quite similar to those expected theoretically as stated
above.

Near the KMMH16 station, Kumamoto prefecture
installed an accelerometer at Mashiki town hall (Miya-
zono, Fig. 2a). Iwata (2016) numerically integrated the
accelerogram to obtain the displacement. We confirmed
that the fault-parallel and fault-normal displacements at
Miyazono were almost identical to those at KMMHI16.
In addition, the vertical displacement at Miyazono was
identical to the vertical displacement at the surface of
KMMHI16. These similarities warrant the accuracy of
ground displacements measured by accelerometers.
A small difference between the vertical displacements
on the surface and at the bottom of the borehole at
KMMH16 might be significant. The amount of strain
change can be roughly estimated as 8 x 107*% which is
much larger than the value (~107°) expected from the
slip model of the Mw7.1 earthquake (e.g., Ozawa et al.
2016). In this study, we are not going into further detail
regarding this difference.
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Fig. 2 alocal map near the station KMMH16 (black plus). b InSAR image overlaid with the local map of a. Black plus is the same as a. Red straight
line shows the shortest length to the fault trace. € INSAR image for the area of Fig. 1b. These maps are taken from GSI (2016). Regarding the InSAR
data, analysis was done by GSI using ALOS-2 raw data of JAXA which was provided through the SAR Analysis Working Group of the Coordinating

In Fig. 4, we show a comparison between the velocity
and displacement waveforms. Following Fukuyama and
Mikumo (2007), the value of Dc” can be estimated by
measuring the amount of displacement when the ground
velocity reaches a peak (maximum or minimum) and
multiplying by two to convert the ground displacement
to the fault slip. The Dc” values are estimated to be 1 m
(Fig. 4). However, one should be careful when using Dc”
as an approximation of Dc. According to Mikumo et al.
(2003) and Fukuyama and Mikumo (2007), Dc” includes
about a 50% error when estimating Dc.

The Dc” value for the Kumamoto earthquake is
between the 2000 Mw6.6 Western Tottori earthquake at
GSH station (Dc” = 0.3 m) and the 2002 Mw7.9 Denali
earthquake at PS10 station (Dc” = 2.5 m) (Fig. 5). The
two prediction lines in Fig. 5 were taken from Mikumo

et al. (2003), and these stand for the possible range of the
relation between the slip-weakening distance and the
total slip distance. These observations suggest that the
slip-weakening distance is a fraction of the total amount
of slip, i.e, Dc” is about 30-50% of the measured total
slip. This feature is also consistent with the observation
by Abercrombie and Rice (2005) that the fracture energy
is scale dependent.

If more Dc” data are collected in the future, our under-
standing of the slip-weakening distance during earth-
quakes will significantly improve. This is important
because during the unstable rupture of earthquakes, the
slip-weakening distance plays an important role in the
propagation of the rupture.

As stated before, Cruz-Atienza et al. (2009) proposed
Rc (the resolution distance) to evaluate the accuracy
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Fig. 5 Comparison between the final slip D and estimated Dc” val-
ues for the 2000 Western Tottori earthquake estimated at GSH station,
the 2002 Denali at PS10 station and the 2016 Kumamoto at KMMH16
station. Two solid lines stand for the upper and lower limits of Dc

(D" = 0.56 D and Dc” = 0.27 D, respectively) estimated by Mikumo
et al. (2003). Modified from Fig. 4 of Fukuyama and Mikumo (2007)

of Dc”. They proposed that Rc = 0.8 Vs Tc where Vs is
the shear wave velocity and Tc is the breakdown time.
Vs is 2.7 km/s taken from the logging profile of this sta-
tion (NIED 2016d). Tc was estimated at about 1.1 s from
the time when the displacement started to accelerate
until the peak ground velocity occurred (Fig. 4). Thus,
in the present case, Rc becomes about 2.4 km. The dis-
tance from KMMH16 to the fault is much smaller than
this estimate (Fig. 2). Therefore, the present observations
were done inside the Rc, and we consider that the esti-
mated value has some meaning on the slip-weakening
distance. At the very least, the present estimation sug-
gests the upper bound of the slip-weakening distance.
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Conclusions

We investigated the near-fault displacement field using
the accelerograms obtained at KMMHI16, a KiK-net sta-
tion, where waveforms were recorded both on the surface
and at the bottom of a 252-m-deep borehole. The dis-
placement behavior was similar at both locations, which
is consistent with strike-slip fault motion. By using the
fault-parallel velocity and displacement, we estimated
a Dc” of 1 m, which could be considered at least as the
upper bound value of the slip-weakening distance on
the fault. This Dc” value is consistent with previous esti-
mates, and it falls between 30 and 50% of the measured
total slip at the near-fault station.
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