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5.2.1 Introduction

There is vast evidence that the fault regions that generate short-period and long-period wave radiation
during a given earthquake are spatially distinct. The most direct observations of this phenomenon have
been obtained for large subduction earthquakes, for which the combination of geodetic, tsunami, strong
motion and teleseismic data (including back-projection of high-frequency teleseismic data from large
arrays) provides adequate spatial resolution on the location of slip at different frequencies (e.g. Tohoku
2011: Kubo et al., 2014, Yoshida et al., 2011, Kurahashi and Irikura, 2013). For moderate-size events it
has been noted that the phenomenon does not appear to be systematic (Miyake et al., 2003, Somei et al.,
2017, this report), but this conclusion may be precluded by the limited spatial resolution of the seismo-
logical methods at this scale. Other related observations include a lack of coincidence between the tim-
ing of low and high frequency wave amplitudes in teleseismic data (e.g. Gusev et al., 2006). A statistical
analysis of kinematic finite source models inferred from geophysical data reveals that areas of large final
slip (long-period generation areas) and areas of large peak slip rate (short-period generation areas) are
spatially distinct (Simons et al., 2011; Meng et al., 2011; Huang et al., 2013, 2014; Galvez et al., 2014,
2016; Avouac et al., 2015). This feature has important implications on procedures adopted for the pre-
diction of strong ground motion. In particular, it is not incorporated in many kinematic/stochastic source
models developed for engineering applications that assume that high-frequency radiation is uniformly
distributed over the rupture area or correlated with the spatial distribution of final slip (e.g. Somerville ef
al., 1999, Irikura and Miyake, 2011).

One plausible explanation for the discrepancy between short-period and long-period generation areas is
based on the spatial heterogeneity of stress and strength (frictional parameters) along the fault. In fun-
damental models of earthquake dynamics based on classical fracture mechanics, high-frequency radia-
tion is most efficiently generated by abrupt changes of rupture speed (e.g. Madariaga, 1977, Pulido and
Dalguer, 2009) induced by the residual stress concentrations left by previous slip events, or by sharp
spatial contrasts of fracture energy due to heterogeneities of friction properties or effective normal stress
(Huang et al., 2013, 2014; Galvez et al., 2014, 2016). High frequency radiation is also enhanced by short
rise time (the duration of slip at a given point on the fault, e.g. Nakamura and Miyatake, 2000, Hisada
2000, 2001, Guatteri et al., 2003) which can be controlled by a number of processes, such as frictional
velocity-weakening parameters, characteristic width of asperities, and thickness of a damaged fault zone
(Heaton., 1990, Perrin 1., 1995, Beroza and Mikumo, 1996, Huang and Ampuero, 2011).

From the standpoint of earthquake physics, the potential complexity of the problem requires an initial
approach based on a simplified yet versatile mechanical model. In order to understand the discrepancy of
short-period and long-period generation areas, our efforts to date have been focused on studying the role
of heterogeneities of fault strength and initial stress, while keeping the assumed friction laws as simple
as possible (Madariaga, 1983). We have developed models based on idealized friction laws, slip-
weakening or rate-and-state friction, in which we examined the impact of different assumptions about
the statistical characteristics of heterogeneities. One fundamental goal has been to design a class of spa-
tial distributions of friction parameters that can be tuned to reproduce the statistical features of past
earthquakes.

An inherent difficulty in this effort is that, from a mechanical point of view, stress and strength hetero-
geneities cannot be prescribed arbitrarily as was done in earlier work. Their inter-dependence must be
consistent with a mechanical model of deformation and stress evolution over the longer time scale of the
earthquake cycle. For instance, it is expected that stress concentrations can develop at the edges of asper-
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ities (defined as fault sub-regions delimited by frictional contrasts), introducing a correlation between
stress and strength that enhances high frequency radiation at LSA edges. Failure to account for such me-
chanical correlations leaves the modeling framework so unconstrained that virtually any outcome is pos-
sible with sufficient tuning. For this reason we have also developed the software infrastructure to simu-
late earthquake cycles with rate-and-state friction, in which we solve consistently for long and short time
scales of the earthquake cycle, combining periods of quasi-static and elasto-dynamic deformation.

Earthquake cycle simulations for large earthquakes are computationally intensive and are probing the
limits of the computational resources we have available in-house. We have been running most simula-
tions at the very edge of numerical resolution, hoping that they can be verified and extended later if more
resources become available. A natural next step to shorten the path to our ultimate goal is to optimize the
algorithms. Until now the major bottleneck is the time consumed in solving for the slow nucleation pro-
cess at the beginning of each earthquake within the elasto-dynamic solver. In this project we have devel-
oped an optimal strategy to accelerate the switch from quasi-static solver to dynamic solver by imple-
menting an adaptive time step nucleation procedure.

With the benefit of the optimized software framework, we run simulations of inland earthquakes in
which the dynamic solution is adequately resolved. We examined the scaling properties of the simulated
earthquakes, with a particular focus on quantifying the distinct locations of areas of large slip and large
slip rate. The analysis of the discrepancy of short-period and long-period generation areas will be sup-
ported by insight from the analysis of other dynamic quantities, including rupture speed and rise time.
Our goal is to understand the mechanical origin of the phenomenon at a sufficient level to provide a
physical basis for the formulation of simplified methods to account for distinct short- and long-period
slip in kinematic or pseudo-dynamic earthquake source generation algorithms for engineering ground
motion prediction.

From the analysis of slip models retrieved from kinematic source inversions of M 6 earthquakes in Japan
and strong ground motion wave-form fitting, Miyake et al. (2003) found that the Strong ground Motion
Generation Areas (SMGA), defined by Empirical Green’s function method (EGF, Irikura, 1986),
correlates with the regions of large slip (LSA), see Figure 5.2.1-1. They also associated SMGA with
large slip velocity area (or High slip Rate Area, HRA here) and made one simulation example of such an
association. In fact, areas of high frequency radiation (> 2Hz) obtained by strong-ground motion
inversion correspond to regions surrounding large slip or the region of rupture termination. However it is
still unknown if this correlation persist with magnitude Mw bigger than 7.0. To tackle this question we
performed earthquake cycle modelling to generate different ruptures scenarios and analyse correlation
between LSA regions and HRAs.

In this report we use next definitions:

SMGA - Strong Motion Generation Area usually estimated by EGF method.

HRA - High Rate Area in source inversions and dynamic modeling results that can be associated with
SMGA (Miyake et al., 2003).

Asperity - rough part of rupture fault, resulted in Dc increase. This definition corresponds to physical
meaning and source dynamics, but differ from loosely use of Slip Asperity in strong motion seismology
as an area of large slip in source inversion models.

LSA - Large Slip Area in source inversions and dynamic modeling results, which is equivalent to the
Slip Asperity in strong motion seismology.
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Figure 5.2.1-1 Comparison of slip asperities (large slip area) and SMGAs. Left hand side shows the
hypocenter (back starts) and focal mechanisms for Mw <6.0 in Japan from 1996 to 1999. (from Miyake
etal., 2003).

5.2.2 Earthquake cycles.

For the earthquake cycle modelling we make use of rate-and-state friction law of Dietrich and Kilgore
(1994) with an adaptive time stepping solver (QDYN, Luo et al., 2017ab). Once an earthquake is
nucleated and reaches seismic slip velocities (> 0.1 m/s), the solver automatically import the stresses and
friction parameters to the rupture dynamic solver with fix time step (SPECFEM3D, Galvez et al., 2014;
2016) and properly resolves the rupture process. After the dynamic rupture is finished we re-insert the
stresses and friction parameters into the quasi-dynamic generator to continue a new earthquake cycle.

An important feature is that in our simulations with adaptive time stepping we naturally nucleate the
rupture, and the time step is decreased gradually to resolve the nucleation processes. In contrast to
previous full dynamic modelling (e.g. Song and Dalguer, 2013) we do not impose any artificial efforts to
accelerate the rupture start. QDYN is switched to SPECFEM once the slip rate reaches 0.1 m/s. The
nucleation process starts before the slip rate reaches this threshold, but we do not expect that this affects
the eventual high slip rate areas and final slip. QDYN uses a quasi-dynamic solver and decreases the
time step adaptively to resolve the nucleation processes, so we are not artificially pushing the rupture to
start more quickly.

In this new approach we obtained more realistic final slip, slip velocities, rupture time and rupture veloc-
ities like those observed during earthquakes. To allow for more efficient coupling of these two solvers,
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we implemented the Message Passing Interface (MPI) in QDYN to optimise the communication between
QDYN and SPECFEM providing better performance in our computations.

In the previous year implementation of QDYN-SPECFEM Bridge (QSB, Figure 5.2.2-1), QDYN is ac-
curate and fast with adaptive time stepping in inter-seismic period, but accuracy degrades during seismic
period and only runs in one CPU with multicores (OpenMP). SPECFEM is accurate with fix time step,
but can only solve coseismic period and runs with multi CPU with multicores (MPI); see Figure 5.2.2-2
(left). In one cluster that consists of several CPUs with few cores, we request many cores for one fully
multi cycle simulation. QDYN can only take one CPU at a time. Therefore during the inter-seismic pe-
riod the other CPUs (most of cores) remain idle. This results in low priority of job and high cost. Only
once QDYN is finished can SPECFEM make use of all cores using the all CPUs. To allow well-balance
performance in fully multi-cycle simulations, QDYN needs to run in multi-CPU with multicores. To
allow this, QDYN was implemented with MPI as well, see Figure 5.2.2-2 (right). Now, both SPECFEM
and QDYN can take all the CPU at a time. Therefore during both the coseismic and inter-seismic periods
all CPUs (all cores) remain in use.

Also, we made use of CUBIT, an state-of-the-art software, to mesh complex faults. The mesh and the
fault dimensions used in this study is shown in Figure 5.2.2-3. The grid size of fault plane is 125 meters
and gradually increases away from the fault.

QDYN - SPECFEM bridge
. . . earthquake
Interseismic period nucleation

quasi-dynamic RSF solver
with adaptive time-stepping

export stress & export stresses &
friction to QDYN friction
to SPECFEM

coseismic period

Fully-dynamic RSF solver
with fixed-time-step
December, 2016

Figure 5.2.2-1 Automtised looping process (QSB) used in our earthquake cycle simulations.
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Figure 5.2.2-2. The left figure describes the usage of computer clusters in QSB without MPI
implementation in QDYN. Notice that in interseismic period only one cluster of processors is used. The
right figure describes the usage of computer clusters in QSB with MPI implementation in QDYN. All
reserved clusters can be used in this case, which optimised communication with the dynamic rupture
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Figure 5.2.2-3. (a) Fault mesh and Fault dimensions used in this study
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5.2.2.1 Fault scenario.

We followed the 2-D spatial correlated Dc distributions based on Hillers et. al. (2007) that associates Dc
distribution with different degrees of fault maturity. The fault maturity is related to the variability of Dc
for microscopic scale. Large variations of Dc represents immature faults and lower variations of Dc
represents mature faults. We impose a lognormal distribution of Dc that correlates in space with certain
correlation length (Luo ef al., 2017ab), see Figure 5.2.2.1-1. We defined two fault case where fault case
1 has lower Dc variability (o = 0.25, mature fault) whereas fault case 2 has larger Dc variability (o =
1.0, immature fault). In our simulations we showed that mature faults (Dc case 1) tends to generate
larger events with quasi-periodic recurrence time. Immature fault (Dc case 2) generates a wider range of
earthquake magnitudes and more variable recurrence time. Hillers et al. (2007) shows that immature
faults follows the Gutember-Richter relations whereas mature faults are associated to characteristic
earthquakes (large magnitudes and regular recurrence time).
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Figure 5.2.2.1-1. (a) Shows the normal stress distribution and the a/b parameters chosen for this study
along depth. (b) Shows the Dc lognormal distribution with 1 km correlation length. (c) Fault case, where
Dc case 1 has lower Dc variability (sigma = 0.25), mature fault and the Dc case 2 bigger Dc variability,
younger fault. The Dc distribution is adopted from Hillers et a/. (2007) and Luo and Ampuero (2017).
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5.2.2.2 Earthquake rupture types.

The full range of simulations for Dc case 1 and 2 are presented in the Appendix A. Table 5.2.2.2-1
collects the results of the events analysed in this study. We found two types of ruptures, see Figure
5.2.2.2-1.

Rupture type 1: The events rupture mainly the whole fault and the peak slip velocities appears at
the edge of the fault plane. The rupture nucleates in one edge of the fault plane and rupture almost the
whole fault area. During the rupture propagation, the rupture tip is shrinking and increasing the slip rates
without encountering any strong asperity. The shrinking of the rupture tip decreases the width of the
cohesive zone and produce sharper peaks of slip rate with propagation distance (Andrews, 2007). We
found more earthquakes of this rupture type for Dc case 1. However, this type of rupture is rare and an
extreme case. In most earthquakes we expect to have stronger asperities on the fault plane that prevent
the rupture from propagating freely and breaking contniously the whole fault plane. Another mechanism
that tapers the growing of slip rates with propagation distance is off-fault plasticity or fault segmenta-
tion.

Rupture type 2: These events partially rupture the fault plane and generate peak slip rates
mainly inside the rupture area. While the rupture travels along, the rupture front enconters regions of
strong asperities which acts as barriers preventing the growth of rupture. The sudden change of rupture
velocity radiates high frequency waves. In this type of rupture the asperities play a role in the rupture
process. Another observation is that peak slip velocities appears at the edges of slip asperities for this
rupture type. For rupture type 2 we performed detailed study: LSA and HRA trimming, waveform simu-
lation, PGV distributions, GMPE comparisons, and correlation matrix calculation.

529



52 @RI al—a K ABRA S —Y o TRIOKE

Table 5.2.2.2-1. Earhquake cycle events.

Sequential Event | Dc Slip rate | Datum Mw | Comment

No. case® type®* (yrs.)

1 Case 1 Type 1 453.14 7.74

2 Case 1 Type 2 493.91 7.61

3 Case 1 Type 1 776.84 7.75

4 Case 1 Type 2 777.14 7.38 | Soon after Rupture type 1
5 Case 1 Type 1 1101.12 7.77

6 Case 1 Type 1 1511.95 7.79

1 Case 2 Type 2 451.55 7.39

2 Case 2 Type 1 541.22 7.74

3 Case 2 Type 2 541.43 7.59 | Soon after Rupture type 1
4 Case 2 Type 1 777.09 7.77

* Case 1: small Dc variations, mature fault, weak asperities (6 events)
* Case 2: large Dc variations, young fault, strong asperities (4 events)
** Rupture type 1: Large peak slip rate appears near the edge of fault area (6 events)
** Rupture type 2: Large peak slip rate appears inside of fault area (4 events)
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Figure 5.2.2.2-1. Rupture fault types, where peak slip rate are obtained from the dynamic rupture
models using earthquake cycle simulations. Rutpure type 1 is characterized by ruptures breaking mainly
the whole fault plane and peak slip velocties located mainly at the fault edge. Rupture type 2 breaks
partially the fault plane and the peak slip velocities appears mainly inside the rupture area.
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5.2.3 Trimming and scaling relations.

In order to compare parameters some macroscopic and microscopic parameters of modelled ruptures, we
applied the trimming procedure of Somerville et al. (1999), to the peak slip and peak slip rate distribu-
tions, see examples in Figure 5.2.3-1. The same criterion was applied both for Large Slip Areas (LSA)
and High Rate Areas (HRA): rupture area is defined as an area of slip D > 0.3Dave, Dave — average slip;
LSA and HRA are defined as an area of slip D > 1.5Dave or slip rate V> Vave respectively. Trimming
results are compared with the 3-stage scaling relationship proposed by Irikura and Miyake (2011), in
Figure 5.2.3-2.

Figure 5.2.3-2a compares rupture area values. Rupture area for both rupture types follow the 3-stage
scaling, although slightly underestimated on the order of 1c. Average rupture slip in Figure 5.2.3-2b has
good fit for the rupture type 2 events and is slightly overestimated for the rupture type 1 events. Howev-
er, they may follow the D ~ M,"? scaling of the 2 stage. In contrast, total asperity area in Figure 5.2.3-
2c is underestimated for Dc case 1 events and too small for Dc case 2 events. For events of the Dc case
1 events we still may assume that total asperity area follows to 2™ stage scaling Sa ~ M,"”.

Rupture area: 0.3*Dave
Slip asperity (Sa): 1.5*Dave
Slip velocity area (SMGA): 1.5*Vave

final_sliptkmMtrx.493.9147

Peak slip
2 m

$=2184km?

peak_slip_velocity1kmMtrx.493.91

Peak slip rate
Domfs(1Hz)  arrierram e  a

$=2184km? SMGA=540km?(0.25)

Figure 5.2.3-1a. Example of LSA (large slip area or slip asperity, upper plot) and HRA (high rate area,
lower plot) trimming for event 2 of Dc case 1 (EQ493.91, Mw7.61). Trimming procedure of Somerville
et al., 1999, is applied.
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Figure 5.2.3-1b. Example of LSA and HRA trimming for event 1 of Dc case 2 (EQ451.55, Mw7.39).
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Figure 5.2.3-2a. Comparison with the 3 stage source scaling (Irikura and Miyake, 2011) for rupture area
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triangles are for rupture type 1 events, large triangles are for rupture type 2 events.
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Figure 5.2.3-2b. Comparison with the 3 stage source scaling for average slip vs seismic moment.
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5.2.4 Simulation of ground motions and comparison for HRA and LSA.

In order to demonstrate the importance of SMGA for strong ground motion simulation, Miyake et al.
(2003), compared simulated strong motions for the whole characterized model, the SMGA and back-
ground area separately. They used a characterized source model for 26 March 1997 Kagoshima-ken Ho-
kuseibu earthquake, derived for slip inversion of Miyakoshi ef al. (2000). It was assumed that SMGA
and LSA are the same. Results clearly demonstrated that strong motions for SMGA area are almost the
same as for the whole rupture.

Here, in order to demonstrate that HRA is equivalent to SMGA but LSA may differ from SMGA, we
continue the testing approach of Miyake et al. (2003). We compare ground motions simulated for the
whole rupture and for LSA and HRA regions separately. For this we use kinematic source derived from
the dynamic model, i.e. we use slip (moment) rate functions in each grid of the dynamic source as it is.
Velocity structure is a typical 1D crustal structure consisting of 4 layers, see Table 5.2.4-1. Due to large
number of subsources (up to 185000) we used the FDM method instead of the Bouchon method widely
used for 1D velocity structure, which is less effective in our case. Peak ground velocities (PGV) are es-
timated from simulated waveforms in frequency range below 1Hz.

Comparison results are shown in Figure 5.2.4-1. For Dc case 1 (mature fault) LSA and HRA regions
coincide, similar to results of Miyake et al. (2003); see Figure 5.2.4-1a and 5.2.4-1b. For this reason es-
timated PGV distributions are the same for LSA and HRA areas. For event 4 of Dc case 1 PGV distribu-
tions for whole rupture and HRA separately are similar, in accordance with the Miyake et al. (2003),
result. In contrast, for event 2 of Dc case 1 PGVs for the whole rupture are about 2 times larger than
PGVs for the HRA. Looking carefully at the difference of slip distribution between these two events we
can notice that LSA of event 2 is closer to the ground surface and has large near surface slip. This shows
that the SMGA approximation of the characterized source can be insufficient in cases with large near
surface slip like in 2016 Kumamoto earthquake.

In contrast to Miyake et al. (2003), for events of Dc case 2 (immature fault) HRAs are distinct from
LSAs, see Figures 5.2.4-1c and 5.2.4-1d. HRAs surround LSA on the side opposite to the rupture start.
However, PGV values for HRAs in this case are larger than PGV for LSAs and similar to PGV for the
whole rupture, which is in accordance with supposition of Miyake et al. (2003), that SMGA is formed
by HRA.

Table 5.2.4-1. Velosity structure model for ground motion simulations

Layer Depth, km | Vs, km/s | Vp, km/s | Density, g/cm® | Qs

Low velocity layer | 3.0 2.0 3.5 2.35 200
Upper crust 17.0 3.4 5.8 2.7 400
Lower crust 35.0 3.8 6.4 2.8 400
Upper mantle inf 4.5 7.5 3.2 500
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Figure 5.2.4-1a. Results of the PGV simulation for event 2 of Dc case 1 (EQ493.91, Mw7.61). Left:
peak slip and peak slip rate distributions. Right: distribution of the simulated PGV values on the ground
surface for the whole source area (upper), LSA areas only (center), and HRA areas only (lower). On the
left plots: dashed line — source area, solid line — LSA and HRAs. On the right plots: dased line marks
fault location, solid line marks simulation segment (source, LSA or HRAs respectively).
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Figure 5.2.4-1b. Results of the PGV simulation for event 4 of Dc case 1 (EQ777.14, Mw7.38).
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Figure 5.2.4-1c. Results of the PGV simulation for event 1 of Dc case 2 (EQ451.55, Mw7.39).
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Figure 5.2.4-1d. Results of the PGV simulation for event 3 of Dc case 2 (EQ541.43, Mw7.59).
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5.2.5 Comparison of simulated ground motions with GMPE.

In order to validate that fully dynamic multi-cycle simulations are applicable to substitute scarce obser-
vation of large crustal earthquakes, we compared simulated PGV values with empirical Ground Motion
Prediction Equation (GMPE). Dynamic rupture simulations to compute ground motions is an emerging
field in the community. Baumann and Dalguer (2014) evaluate the compatibility of ground motion
prediction equations (GMPE’s) with peak ground velocities (PGVs) obtained from dynamic rupture
models. By using heterogenous stress that follows von Karman stochastic distribution (Dalguer and Mai,
2011, 2012), they found that up to 1 Hz, the mean values of the PGV are bellow the mean of GMPE,
suggesting slight underestimations of ground motions. Nevertheless, 78% of the mean of each individual
model falls into o0 and the mean residuals are nearly zero, providing excellent compatibility with
GMPE’s.

However, there is a general feature of distance dependence. The mean values of PGV of ground motions
at distance greater than 10 km from the fault agrees with the predicted by GMPE but at shorter distance
than 10 km under-estimate the PGV predicted by GMPE. Baumann and Dalguer (2014) suggested that
near field ground motion saturation predicted by the dynamic rupture models occurs due to the source
effects such as complex peak slip velocities, rupture speed or stress drops.

Our simulations agrees with the PGV derived from GMPE of Si and Midorikawa (1999), mainly for
rupture type 2, see Figure 5.2.5-1. In our approach the earthquake cycle simulations nucleates naturally
events without prescribing a priori distribution of initial stressand the stresses are formed naturally
during the inter seismic period following the rate and state friction law. The heterogenous stress
distribution is formed as a result of the physics ruling the earthquake cycles. However we do prescribed
a heterogenous Dc distribution that is based on the degree of fault maturity.
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Figure 5.2.5-1a. Comparison of the simulated PGV and GMPE for event 2 of Dc case 1 (EQ493.91,
Mw7.61). The left hand plot shows the peak ground velocity (PGV) up to 1Hz. The right hand side
shows computed PGV values (red dots, largest PGV for two horizontal components),their average and
standard deviations (orange lines), and GMPE from Si and Midorikawa, 1999 (green lines).
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Figure 5.2.5-1b. Comparison of the simulated PGV and GMPE for event 4 of Dc case 1 (EQ777.14,

Mw7.38).
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Figure 5.2.5-1c. Comparison of the simulated PGV and GMPE for event 1 of Dc case 2 (EQ451.55,

Mw7.39).
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Figure 5.2.5-1d. Comparison of the simulated PGV and GMPE for event 3 of Dc case 2 (EQ541.43,
Mw17.59).

5.2.6 Correlations between slip rate, rise time and rupture velocity.

From the dynamic rupture simulations database from Song and Dalguer (2013), the relationship from the
Peak slip rate and rupture velocity has been proposed by Gabriel ez al. (2013) as follows:

Vr (1-v)1p

Vnax = 15 ==t

(5.2.6-1)

where, V. : rupture velocity.
U poisson’s ratio .
U : shear modulus.
Cr : Rayleigh wave velocity.
Tp :nominal stress drop.

This equation makes a direct relationship of rupture velocity (V) and peak slip rate (V,,.,). In Song and
Dalguer (2013), the stress drops are prescribed with a spacial correlation of 1/k spectral decay (k is
wavenumber) and Gaussian probability density functions. They assumed constant slip-weakening
distance (0.25 m) and forced artificially the nucleation of events. Therefore this direct relationship
between rupture speed and peak slip rate may be distorted for more complex rupture mechanism.
However, the correlation between V.. and V; may prevail to certain extend. To study deeper the
correlation of these two parameters, Song and Dalguer (2013) assembled cross-correlation matrix and
found zero-offset. Following this study, we computed the correlation matrix and found the similar
pattern between V., and V; , see Figure 5.2.6-1.

Another important parameters relevant for high frequency radiation is the change of rupture velocity.
Pulido and Dalguer (2009) proposes that once the rupture encounters a strong asperity the rupture
change drastically with high rupture speed radiating high frequency seismic waves. This hypothesis
relies on the model of suddenly stopping circular crack by Madariaga (1977; Boatwright, 1982) and
extended to a 3D rupture in a planar fault by Pulido and Dalguer (2009). According to this study, the
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high frequency factor corresponds to the spectral level of far-field radiation of an acceleration pluse
generated by a sudden rupture velocity change by :

Qij == K{}AV"U (526-2)

where, K;; : stress intensity factor,
AV, Divergence of rupture velocity.

To test this hypothesis we quantify AV, in our models, (see Figure 5.2.6-2). There is a good correlation
between the divergence and peak slip velocities associated high frequency radiation.

Case 1, event 2, 493.91 yrs. Case 1, event 4, 777.14 yrs.
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Figure 5.2.6-1a. Correlation between peak slip rate and rapture velocity for case 1. The first row shows
the peak slip rates for events of rupture type 2. The second row shows the rupture velocity and the third
row the cross correlation between slip rate and rupture velocity using Song and Somerville (2010).
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Case 2, event 1, 451.55 yrs.
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Figure 5.2.6-1b. Correlation between peak slip rate and rapture velocity for Dc case 2.
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Case 1, event 4, 777.14 yrs.
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Figure 5.2.6-2a. Correlation between peak slip rate and divergence of rupture velocity (DIV) for Dc
case 1.The first row shows the peak slip rate, the second row the DIV and the third row the correlation
between slip rates and DIV following Song and Somerville (2010).
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Case 2, event 1, 451.55 yrs. Case 2, event 3, 541.43 yrs.
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Figure 5.2.6-2b. Correlation between peak slip rate and divergence of rupture velocity (DIV) for Dc
case 2.
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Figure 5.2.6-3a. Correlation between peak slip rate and reverse rise time 1/Trise05 for case 1. The first
row shows the peak slip rates for events of rupture type 2. The second row shows the rupture velocity
and the third row the cross correlation between slip rate and Trise05 using Song and Somerville (2010).
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Figure 5.2.6-3b. Correlation between peak slip rate and 1/Trise05 for Dc case 2.
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5.2.7 Discussion.

In this study we revised terminology a little. In addition to the HF target areas: SMGA, estimated direct-
ly from HF data by the EGF method, and HRA, estimated from source inversion results of LF data, we
propose to use LSA instead of “slip asperity” widely used in strong motion seismology, and leave the
word “asperity” for literal definition as an area of strong contact between fault surfaces. This will help us
to avoid confusion in using word “asperity”. Strictly speaking “asperity” in this study is defined as a
rough area of rupture fault, resulting in Dc increase, and its relation to the contact between fault surfaces
is model dependent. For this reason we may need to modify it to “Dc asperity” in future work. Previous-
ly assumed correlation between “asperity” and “slip asperity” or LSA, as well as between SMGA and
HRA regions, is model dependent and requires validation through direct observation or the fully dynam-
ic simulations.

We may need to get more multi-cycle simulation events to get enough statistics to improve the reliability
of our conclusions. However, before running additional simulations we need to modify the friction set-
tings in order to avoid large slip rate concentrations near the edges of the fault. One valid idea is to taper
ends of fault by a-b settings, similarly to depths 5 to 21 km. There is evidence of a transition in (a-b)
along the strike in San Andreas fault. The region of seismic slip (a-6<0) is followed by a transition
region of aseismic slip (a-b>0). This transition region could be represented by tapering the fault edges.
Another mechanism to prevent continuously increasing slip velocities is off-fault damage that attenuates
the slip rate on the rupture tip as the rupture propagates along the strike (Andrews, 2007).

In Dc case 2 there are too many HRAs, many more than SMGAs slip asperities in real earthquakes (e.g.
Somerville et al., 1999). We may need to adjust the threshold ratio for the trimming of HRAs to decrease
the number of HRA’s and also smooth out the Dc variability (Dc case 2) to decrease the number of
HRA’s.

Although not presented here, estimated fault average dynamic stress drop is 3MPa, which agree with
Irikura and Miyake recipe. However, the average stress drop in LSA is just 6MPa, which is smaller than
the recipe value. Also, we do not find a strong correlation of stress drop and Dc.

However, we found that the regions of HRA’s are surrounded by large Dc values that represent strong
asperities. See Figure 5.2.7-1. This pattern is observed in most of the earthquakes for young faults (Dc
case 2). In other words, high values of Dc prevent high values of slip velocities.

The maturity of faults is important. Young immature faults have random distributions and may be mod-
eled by the &2 model for example. Old mature faults may be more deterministic. This is an important
consequence of the simulation results here. It is necessary to investigate if there is evidence of different
distributions for mature and immature faults. So far we have assumed that they all follow the k* model,
but we would like to look in detail to see if the k> model is a better fit to immature faults. The location
of largest earthquake slip and fast rupture may be controlled by along-strike changes in fault structural
maturity due to fault growth (e.g. Perrin et al., 2016).

Finally, we may need to validate our large magnitude models with a recorded earthquake. The Izmir
earthquake (see Figure 5.2.7-2) is a good candidate.
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Figure 5.2.7-1. The white solid lines represent the contour lines of D¢ for young faults and the coloured
region the high slip rate (HRA’s). The HRA’s appear on the regions of low Dc and are delimited by the
strong asperities (dense white contours). High values of D¢ prevent high values of slip velocities.
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Figure 5.2.7-2. Fault location and slip distribution of the Izmit 1999 earthquake (Mw7.4, Sekiguchi and
Iwata, 2002), proposed for validation of multi-cycle modeling results.
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5.2.8 Conclusions.

1. Fully dynamic multicycle simulations were applied for the first time to simulate 10 large events
with Mw=7.38~7.79. Two types of fault are compared: mature weak fault, having narrow Dc distribu-
tion, and immature strong fault, having wide Dc distribution.

2. The correlation between regions of high slip (LSA or slip asperities) and regions of high slip
velocities (HRA) decrease as the event magnitude increases. For events with Mw > 7.5 (the Stage 2-3
Mw — area transition), LSA patches and HRA patches do not seem to overlap.

3. LSA regions and HRA regions are similar for Dc case 1 (mature weak faults), but occur in dif-
ferent places for Dc case 2 (immature strong faults).
4. Consequently, ground motion simulations for PGV using only LSA region and only HRA re-

gion are similar for Dc case 1, but occur in different places and have larger values for HRA regions in
Dc case 2.

5. Ground motion simulations using the whole slip model contribute significant ground motions in
addition to those from the LSA area and from the HRA area for the case of shallow asperities.

6. High slip rate areas correspond to short rise time and high rupture velocity areas and less obvi-
ously to the rupture velocity divergence parameter DIV.

7. For very elongated events, the HRA regions are found at the ends of the rupture area. However
in nature, fault segmentation may play a fundamental role in modifying this behavior.

8. The rupture areas of Type 2 simulations are fairly compatible with empirical scaling (Irikura

and Miyake, 2011), but the LSA areas are smaller.

5.2.9 Proposal for future work.

1. Investigate whether for very elongated observed events, HRA regions are found at the end of the
rupture away from the epicenter as in Dc case 1 simulations (mature weak faults).

2. Investigate whether the small LSA areas found in Dc case 2 simulations (immature strong
faults) are compatible with data from large events.

3. Improve simulation methodology and validate simulated strong ground motions against record-
ed ground motions and ground motion prediction equations for large earthquakes.

4. Investigate the role that shallow slip in the background (non-LSA region) from large surface

rupturing earthquakes may play in contributing more ground motion than accounted for in the Irikura —
Miyake recipe.

5. Investigate whether the onset of surface faulting modifies ground motion level and may show
saturation and possibly oversaturation of short period ground motion levels with increasing magnitude as
suggested by data.

5.2-30



52 @RI al—a K ABRA S —Y o TRIOKE

5.2.10 References

Ampuero, J. P., J. Ripperger and P. M. Mai (2006) Properties of dynamic earthquake ruptures with het-
erogeneous stress drop "Radiated Energy and the Physics of Earthquakes", AGU Monograph, 255-261,
doi:10.1029/170GM25 A. McGarr, R. Abercrombie, H. Kanamori and G. di Toro, Eds.

Andrews, D.-J. (2005). Rupture dynamics with energy loss outside the slip zone, Journal of Geophysical
Research, Vol. 110, B01307, doi: 10.1029/2004JB003191.

Andrews, D.-J. (2005). Rupture dynamics with energy loss outside the slip zone, Journal of Geophysical
Research, Vol. 110, B01307, doi: 10.1029/2004JB003191.

Avouac, J.-P., L. Meng, S. Wei, T. Wang and J. P. Ampuero (2015) Lower edge of locked Main
Himalayan Thrust unzipped by the 2015 Gorkha earthquake Nature Geoscience, 8, 708-711,
doi:10.1038/ngeo2518

Baumann, C., and L.-A., Dalguer (2014). Evaluating the compability of dynamic rupture-based synthet-
ic ground motion with empirical ground-motion, Bulleting of the seismological society of America, Vol
104, No2, pp. 634-652, doi: 10.1785/0120130077.

Beroza, G.C. and Mikumo, T. (1996), Short slip duration in dynamic rupture in the presence of hetero-
geneous fault properties. Journal of Geophysical Research: Solid Earth, 101(B10), pp.22449-22460.

Boatwright, J. (1982), A dynamic model for far-field acceleration, Bull. Seismol. Soc. Am. 72, 1049-
1068.

Dalguer, L.A. & Mai, P.M. (2011), Near-source ground motion variability from M = 6.5 dynamic rup-
ture simulations, in 4th IASPEI/IAEE International Symposium, University of California, Santa Barbara,
USA.

Dalguer, L.A. & Mai, P.M. (2012), Prediction of near-source ground motion exceeding 1 g at low fre-
quencies (<2Hz) from Mw®6.5 deterministic physics-based dynamic rupture simulations, in Proceedings
of the 15th World Conference on Earthquake Engineering (15WCEE), Lisbon, Portugal.

Dieterich, J.H. and Kilgore, B.D. (1994), Direct observation of frictional contacts: New insights for
state-dependent properties PAGEOPH (1994) 143: 283. doi:10.1007/BF00874332.

Gabriel, A.-A., J.-P., Ampuero, L.-A., Dalguer and P. Martin (2013). Source properties of dynamic
rupure pulses with off-fault plasticity, Journal of Geophysical Research, 118(8), 4117-4126,
doi:10.1002/jgrb.50213.

Galvez, P., J.-P. Ampuero, L. A. Dalguer, S. N. Somala and T. F. Nisse-Meyer (2014). Dynamic earth-
quake rupture modeled with an unstructured 3D spectral element method applied to the 2011 M9 Toho-
ku earthquake, Geophys. J. Int., 198, 1222-1240.

Galvez, P., L. A. Dalguer, J.-P. Ampuero, D. Giardini (2016). Rupture reactivation during the 2011

Tohoku earthquake: Dynamic rupture and ground motion simulations, Bulleting of the seismological
society of America (BSSA), Vol 106, No 3, doi:101785/0120150153

5.2-31



52 @RI al—3a MK ABRAS—Y o TRIOKE

Guatteri, M., P. M. Mai, G. C. Beroza, and J. Boatwright (2003). Strong ground-motion prediction
from stochastic?dynamic source models, Bull. Seism. Soc. Am. 93, 301-313.

Gusev, A.A., E.M. Guseva, and G.F. Panza (2006), Correlation between Local Slip Rate and Local
High-frequency Seismic Radiation in an Earthquake Fault, Pure appl. geophys. 163 (2006) 1305-1325,
DOI 10.1007/s00024-006-0068-4

Heaton, T.H. (1990), Evidence for and implications of self-healing pulses of slip in earthquake rupture.
Physics of the Earth and Planetary Interiors, 64(1), pp.1-20.

Hillers, G., Mai, P. M., Ben-Zion, Y., and Ampuero, J. P. (2007). Statistical properties of seismicity of
fault zones at different evolutionary stages. Geophysical Journal International,169(2), 515-533.

Hisada, Y. (2000). A theoretical omega-square model considering the spatial variation on slip and rup-
ture velocity, Bull. Seism. Soc. Am. 90, 387-400.

Hisada, Y. (2001). A theoretical omega-square model considering the spatial variation on slip and rup-
ture velocity. II. Case for a two-dimensional source model, Bull. Seism. Soc. Am. 91, 651-666.

Huang and J. P. Ampuero (2011). Pulse-like ruptures induced by low-velocity fault zones J. Geophys.
Res., 116, B12307, doi:10.1029/2011JB008684

Huang, Y., L. Meng and J. P. Ampuero (2013) A dynamic model of the frequency-dependent rupture
process of the 2011 Tohoku-Oki earthquake Earth, Planets and Space, 64 (12), 1061-1066,
doi:10.5047/eps.2012.05.011

Huang, Y., J. P. Ampuero and H. Kanamori (2014) Slip-weakening models of the 2011 Tohoku-Oki
earthquake and constraints on stress drop and fracture energy PAGEOPH, 171 (10), 2555-2568,
doi:10.1007/s00024-013-0718-2

Irikura, K. (1986). Prediction of strong acceleration motions using empirical Green’s function, in Proc.
7th Japan Earthquake Engineering Symp., 151-156, Tokyo, 10-12 December 1986.

Irikura, K., and H. Miyake (2011). Recipe for predicting strong ground motion from crustal earthquake
scenarios, Pure Appl. Geophys., 168, 85-104, doi:10.1007/s00024-010-0150-9.

Kubo, H., K. Asano, T. Iwata, S. Aoi (2013), Period Dependence on Source Process of the 2011 Tohoku
Earthquake by Multi Period-band Waveform Inversions, 2013 AGU Fall Meeting, S43A-2469, San

Francisco.

Kurahashi S, Irikura K, (2013): Short Period Source Model of the 2011 Mw 9.0 off the Pacific Coast of
Tohku Earthquake. Bull.Seismol.Soc.Am., 103, 1373-1393.

Luo, Y., J. P. Ampuero, P. Galvez, M. Ende and B. Idini. (2017a). QDYN: a Quasi-DYNamic
earthquake simulator (v1.1). Zenodo. doi:10.5281/zenodo.322459

Luo, Y., J.-P. Ampuero, K. Miyakoshi, and K. Irikura (2017b). Source rupture effects on earthquake
moment-area scaling relations, Pure and Applied Geophyiscs, doi: 10.1007/s00024-017-1467-4.

5.2-32



52 @RI al—a K ABRA S —Y o TRIOKE

Madariaga, R. (1977), Implications of stress-dromp models of earthquakefso for the inversion of stress
drop from seismic observations, Pure Appl. Geophys.1, 15, 301-316, 1977.

Madariaga, R. (1983), High-frequency radiation from dynamic earthquake fault models, Ann.Geophys.,
1(1), 17-23.

Meng, L., A. Inbal and J. P. Ampuero (2011) A window into the complexity of the dynamic rupture of
the 2011 Mw 9 Tohoku-Oki earthquake Geophys. Res. Let., 38, LO0G07, doi:10.1029/2011GL048118

Miyake, H., T. Iwata, and K. Irikura (2003). Source characterization for broadband ground-motion simu-
lation: Kinematic heterogeneous source model and strong motion generation area, Bull. Seismol. Soc.
Am., 93,2531-2545, doi:10.1785/0120020183.

Miyakoshi, K., T. Kagawa, H. Sekiguchi, T. Iwata, and K. Irikura (2000). Source characterization of
inland earthquakes in Japan using source inversion results, in Proc. 12th World Conf. Earthquake Engi-
neering, Aukland, New Zealand, January 30 -February 4 (CD-ROM).

Nakamura, H., and T. Miyatake (2000). An approximate expression of slip velocity time functions for
simulation of near-field strong ground motion, Zishin (J. Seism. Soc. Jpn.) 53, 1-9 (in Japanese with
English abstract).

Perrin, G., Rice, J.R. and Zheng, G. (1995). Self-healing slip pulse on a frictional surface. Journal of the
Mechanics and Physics of Solids, 43(9), pp.1461-1495.

Perrin, C., 1. Manighetti, J.-P. Ampuero, F. Cappa, and Y. Gaudemer (2016), Location of largest earth-
quake slip and fast rupture controlled by along-strike change in fault structural maturity due to fault
growth, J. Geophys. Res. Solid Earth, 121, doi:10.1002/2015JB012671.

Pulido, N. and L.-A., Dalguer (2009). Estimation of the high-frequency radiation of the 2000 Tottori
(Japan) earthquake based on the dynamic model of fault rupture: Application to the strong ground mo-
tion simulations, Bulletin of the Seismological Society of America (BSSA), Vol. 99, No. 4, pp. 3205-
2322, doi : 10.1785/0120080165.

Ripperger, J., J. P. Ampuero, P. M. Mai and D. Giardini (2007) Earthquake source characteristics from
dynamic rupture with constrained stochastic fault stress J. Geophys. Res., 112, B04311,
doi:10.1029/2006JB004515

Sekiguchi, H. and T. Iwata (2002), Rupture process of the 1999 Kocaeli, Turkey, earthquake estimated
from strong motion waveforms, Bulletin of the Seismological Society of America, 92, 300-311, 2002.

Si, H., and S. Midorikawa (1999), Attenuation Relations for Peak Ground Acceleration and Velocity
Considering Effects of Fault Type and Site Condition, Journal of Struct. Construct. Eng. (Transactions
of AlJ), No. 523, 63-70 (in Japanese).

Simons, M., S. E. Minson, A. Sladen, F. Ortega, J. Jiang, S. E. Owen, L. Meng, J. P. Ampuero, S. Wei,
R. Chu, D. V. Helmberger, H. Kanamori, E. Hetland, A. W. Moore, and F. H. Webb (2011) The 2011
magnitude 9.0 Tohoku-Oki earthquake: mosaicking the megathrust from seconds to centuries Science,
332 (6036), 1421-1425, doi:10.1126/science.1206731

Somerville, P., K. Irikura, R. Graves, S. Sawada, D. Wald, N. Abrahamson, Y. Iwasaki, T. Kagawa, N.

5.2-33



52 @RI al—a K ABRA S —Y o TRIOKE

Smith, and A. Kowada (1999). Characterizing crustal earthquake slip models for the prediction of
strong ground motion, Seism. Res. Lett. 70, 59-80.

Song, S.G. and Somerville, P. (2010). Physics-based earthquake source characterization and modeling
with geostatistics, Bull. seism. Soc. Am., 100,482—496.

Song, S.G. and Dalguer, L.A. (2013). Importance of 1-point statistics in earthquake source modelling for
ground motion simulation, Geophys. J. Int.,192, 1255-1270.

Yoshida, K., Miyakoshi, K. and Irikura, K. (2011). Source Process of the 2011 Off the Pacific Coast of
Tohoku Earthquake Inferred from Waveform Inversion with Long-Period Strong-Motion Records. Earth

Planets Space 63:7, 577-582.

5.2-34



52 BV Ial—va Tk BAERAS—V U 7HIOKR (EE)

52 BiFEVIal—va il EIRA T —1 7Rl (BEE)

BRGNS EVELN TR M7 7 7 AONERMEOEREHEEZR D720, Fxik

M, = 738779 ® 10 fHOKMBEE XL L LT, BIHhZENLR~ALTHA 7L v Ialb—vay
BEM L. HREEE LT, WALy —Z2 (DAEDIEL DX D/NEN) &R
2 —A (DAEDIZHDENRRKEN) OFt 2 r—AOWEET VENIGE LT-. ERReHESR
UL T omEY Th D

LSA fEI (large slip area or slip asperity ; X0 AR X WGEIKE 72137 AR 7 ¢ fElk) &
HRA 5835k (high slip velocities ; X BN K WVEEIK) OfLE 2 bolg L7255, B L 7=
B CIEMEIZEICE > TWADR, —HT, REAALKEB I TR RS EENELN
(¥ 6.42-1 2%5). L7Ien>T, A LTZEIEZE L T LSA fEIkD A, 3N E HRA fHI D
HEHANTBE, TRFNOMBER Y I 2 L—3 3 TREX7A PGV BNENLHATL, WiET
FRIL TS, L LR D, REAZREE 2 0E LA, HRA SIROSGFTITERAG LTK
X7¢ PGV MNBINAHENE, WE CRARDWEENH D, £7o, EOWEEIC R E 729
D ZEORE, FOYI 2 L—y g UHIESNE, LSA fEE° HRA SEOR RICNAT, &5
ICRERHEE L 70> TRV, EBHBOTRNY RRKERHEBECEEL H 2 TN0D 2 EDREX
mt 7272 L, ARFHERIC oW, BUIHES I E SV TRGES N A LERH L. 2
ZTORERIE, WEmHEEHET— A N, ROEET ) & EHEE— A 2 N ORIy A
r—Y » ZHI| (Irikura and Miyake, 2011) EHEASHTH D (K 6.4.2-2 %), LLRRb,
LSA FEIBUIRERAI 72 A r— 1 U ZHI KX D /NS WFER & 72 572, HRA fEIRITENSL D R30I
& RWERRREEOMFEK E —H L TR, £, WEEREEOEN CGE#/ T A —4
DIV) MREWVEEIRIZH —E LTS (K64.23%%5).
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6. F&

6. £&

6.1 AV EIEE T OEMI/ T A —F ORHED S T T 1 DO

2016 FOREAMGEZ 1L U, 1995 AL R R <> 2007 et BHIRSE, 59 (4
O [ PPN e % P %ﬁ%;,%&ﬁﬁﬁnﬁﬁﬁwﬂzmoiuﬁﬁbtF@M@@E
WG TFE (ER) | TR STV D B )R E O M TS & L5 720
VP OWE R S OHEE ATV, HURBIRLEIZ HES W B IR AT O 5 RS b o B IR
JEREE LR LTz, ZOREE, 2000 FBEURVEHHIE D X o 2 R E Tk & 7o HifE <
X, %T%E%%#Eﬁ¢®%%%é@%mﬂiﬁf%ééﬁ PR 72 T CH A LTz

WL TIE, #EEShHPoORER SITERBTEE S L3884 LT HANR
O oHT.

FECFA T W g T O LRSS R, B LTI R TE D D E AR E WM & e o 7.
Mo T, BRI A—FERETHRRICIES S 2EX 5 & &2X, iHMET H1ERTE D
PERITISECTEZXD Z ENEE LN E bbb,

L, BB LEWEE ChoTh, HMRWERSI DA, REHEST v 4 — A
@®i5’@§ﬁﬁfyk&ki$ SR E 2 T D25 A b b AT, FOAEEMEE |

ICBETHIUNERS D, Fio, ILFHEHESCESIRIEE Y HEO X 52, & EERN
Hﬁ TIEET 2 AREME D RFH — R CEB BT D MEN DD, T DX D MR ﬁﬁ%m
OxIE, HIFRHEWE Z (5 FH 207201, NEF LS LoD, 6T
FOMBEE PR L & HITEETINERDH Y, SHOBETHD.

PSS ] & L CE I %wfwééﬁﬁ%%~&mié%ﬁ@@ﬁkbf,W%fﬁ
SL IR A R & 2004 AF BB (2 3V CREMEZ2 2 WROTAFATIC L 0 M A E & HEE L 7=,
ﬁﬁ%&ﬁﬁi%%ﬁmﬁﬁm?éiiﬁﬁﬁfu,iﬁﬁﬁ#%%iéhé%?ﬁ%ﬁ
b W RS E S RIR ST,

W IR O & L C, BRI HE5 D D95 3L UND0 25RO 217 7.
R T CIXEBROWEIE L bPVEZ R Lz, A ROFMEEE L THY TN
BEHREFOAR S, KL T7-WE & RO WTE & ClaxhcBIRISE VRO b,
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6.2 HMEALEIRT TV OMIRAI T X —HF OARHeh S FHETFE OB

6.2 AV EIEE T L O $T A —F ORHED S T T 1 D F )

6.2.1 FREENGLEMNTIC X DR LEIRTE T VR E TFIEOK G

6.2.1.1 2016 “FEREARMIE & —H O HETE )

62.1.1.1 EEZ U — BB OIER

2016 FREARHIE & —HO MBI OB ORI A v 3—V a VR T 5 1 ko U —
VBB OEREEE B E LT, BRIED 4 BHLSORERMEE TS LOEEl, ROF
DORRFEZEAT > 7. WEREETT L OWRIE, J-SHIS O2E G T T /L V2 % #IHH EAE
WETNLE LT, BHITOMET LA BN EE SO T S AL 7 BLIAT FEHR & #5620 ol
#ro(62.1.1.1-1) 25 Z LT, BHURE T 1 RICHEEHEEE T /L &2 T L - T
TERR LTz, WEREIEE T VOGRS, NHE (Mma 5.8) Z /8RR EOE L HER 2 =
L—a ik -T, BEEEHmEE L O—BEHlT 52 L TITot. TORE,
W REEREET T VLR SN OEGmEIEIL, BHRE L Bn—E2 L, 7 VD%
WPEAR &N

KMM

> [ > | ?w
0 LT O OO U O O 0 S0 SO - gﬁi\“ilg y n : i o gl
gl FERTE 2 » — BNy
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3 I 8
R SR s [y .
o 10— » 1.0 :
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o o
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6.2.1.1.1

ABFFETIE, 77U =BT 1 ROUKFEZREEIEET AV CHAT S b L L,

vIal—varEERE

&9 7o RiER

DFEEEL

VWVHILE T if%‘“ FHAEAfTgE

/NHIER

AT D X9

WA CAR LS E T L 2 i Lz,
%E T, ?ﬂ%ﬁﬂﬁ?%L%Tﬂ/ﬁ)“’éfiﬁé &M,
(R D, MMM TAEEE T UITIE, MENT LA REORRATEN L, T
AT J-SHIS DE 7 /L% iz,
T &% 20 BURIA 2 et S Wi AT L7,
RoX2Z7 o2 a2 L, oL CHREREE L.
\Z1E Fnet O b DO Z .

GRS 7 ) — B DR

/NHIFR D
D

AR 7o TR T L

RIS T 1L, RO T

RBEOWIZ, T4 XFA L% 0T EBWTHRBRRZBEL,

gL L7 BlRLEIE, 0.3-1.0Hz T/
EBIFA D= AL HEE— A b
HE S B EHREE T L 2K 6.2.1.1.12 (TR T, HEE Lo
EMEIET T N DUV HEGS T D72, 2016 424 7 21 H 21 B 52 431284 L7 Mw3.9 O

vIalb— kLT

HEE L

TR 2 W CRHE L7 B X s e Bl 2 335 (X 6.2.1.1.1-3).
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X 6.2.1.1.1-2 #EE L72BHS Z L o ST T L.

Va2
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2227 Initial referenced model (J-SHIS, PS-logging and Microtremor survey)
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X 6.2.1.1.1-3 S1 HiZ=E DOBLHE

HEPE (R) &R
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6.2.1.1.2 2016 FREAHEAE (4 H 16 H 1 FF 25 7 Mpa7.3)

2016 FFAEAMEE 4 H 16 A AR ITIW TR CBUH S V7 REEB DAL A =X LD
i B0 R I A 2 D U ER B FR e A IS IS R EL LIS D BIRE T L OME L HE LT, K
HEOEFRA 3= a URET, RO DD OEREERR 7 ) — B OER, RS
U — U BIBOEI IS  SREBVAERURIRE TV OHEE & FEE L7z,

AHFR OB EZ, BFROLE CHRONMEBAREE b LIC, Y ATFEAL LY 1
ROBIEA o=V a ARICKOHEELE (K 62.1.1.2-1). #EICHZ->TE, HME7T7 L
A B/ EZ AV TEBE(L L7 ) — U BsE AV, WEmiE, SwE e
MR OZEE 2 EOF®RE S LICRE L, FEETIRALTEER,  WrlE AL s O BIfE 2 L7
TN TIXFEHRMER & L7z, BIRETAVOREEIX 2 BERETIT o7, 5 1 BT RE
10> 0.05-0.5 Hz Orlak CREWRFE 2 H#EE L, Wil i Ok 2 5k 7. 55 2 By T3 0.05-1.0
Hz £ COHIET, L VFEMRAERERZ RO, HEE LERE T VT, £ H)HET
B RICB W T RE AT RVIEBHEE S NZ. o, BHETRKTRVIRAHEE SN T
WAHM, E—AY P L— MIEFTIEREITARWERBE L. £, HMEHENE
MALNIAIE L, RTRVIBIZR S KHET 2. & DITHRET R0 040 H b Mg A8 4 5
oL, BHSN TWHHEEZE - LR 5. S OITRMELEIRET VA2 ER L,
BAGS AR EH TE D Z L 2R L.

0.2-10 Hz OJRHHEHIEEENZ R L CiE, BB Y — U BIEEIC X 2 MR AR ERET
v (SMGA ET V) OHEEEZRAT-. KRB 7 Y — BB 3 2 BHEHE O BIRFHE
1%, SSRF {EIC Ko TRHliZ1TVy, F7o, BRI OBIMNRZETe 17 Hs OB LS A x5
ELTREE Y I 2 b—va U ERER L. §ONTREZ SMGA 7 VI K28 RIEE
i, BEAE B HHELE (X 62.1.1.2-2). SMGA ET /MW X 5MHTiE, LFD1)
—5) IZOWTHLMNE ST, 1)3&@8M@Ai BRA N—=Va UiERoE—7
F— AL b L— FOKRE RFEIISEWSGTIC 2) BT IR ORI TR ORI 5y

O JE I R E) A 5 e iR AR A LT, wf§QMA®A7%~&i,E$IW®

25 OB NHIEE O PG L 1ZF—8T 5. 4) EBHEEEFO KMMHI16 (KiK-net #55%)
TOWE VAT DFEEENX, TOE FIZH D SMGA OEEEH B IEER A~ D> O B SRR
FPENRIC L Db D EEZ BND. 5) BHFEFOBIIGEEIZS LTI, H— SMGA £7
VXD B ARBOBEE SMGA £ T /LD I SRR O FHMEN B,
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6.2.1.1.2 2016 FFREAMBEAE (4 A 16 H 1 K 25 43 MIMA7.3)

a) Total slip
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6.2.1.1.2 2016 FFREAMBEAE (4 A 16 H 1 K 25 43 MIMA7.3)

KMMHO06 KMMO0Q09 KMMOT11 KMMH14
e ’@ Vel.(cm/s) NS.
N/ _ e :2 S

1 \g

E svckz2 b

\
|

KMMHO1

4.7

2.0

X 6.2.1.1.2-2 SRESEHAEKER (SMGA) £F7 V&, BUHEERE (B & AREERE
(GRE) DEH#E (NS B4y, 0.2-10 Hz). SMGA [TRGHEEME, WiEmoisd, EiRA

VR—=U g NI LA =T = A P — MMydiaET. £, FREOEEENT SMGA @E&ﬁ%
BIG M TH 5.
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6.2.1.1.3 2016 ‘FREAMERTE (4 H 14 H 21 B 26 43 Mpab.5)

2016 FFAEAMEE 4 H 14 ARTERICIB W TR CBUIH S V7 REB O AR A =X LD
fiE B SO RR IR A A O MR EhFR ek & A IS L LIS 2 BIRE T L OME L B E LT, K
HWEDOEIFA N — g UiENT, FREREY 7Y — o BIEEIC RS < SREEVAEREIRT T LD
HETE 2 Tk L 7=

Z OMEOEHRTEZ, BRI TR O EEBNGEEE b LI, SATFHA LT 4
Y RUBIEA VR — g RICE OHEE LT, HEEIZ S 72> T, Eh T LA e/
HEA AW TEREL L2 ) — B AE V-, BEmEIE, Fnet Ah =X LEZSM L
THEREL, RESMZBBULRFIPAT LI ICHBHROE S ZHE L. #E Lk
JBEET VES LIS, VT XA LT 42 RUIEIZ XD BIROMEEE & W g Lz, fif
HrCiX, K-NET 36 L O KiK-net HiHFREk 16 BUHI A COMEEREFLSRZ A 2. WilEimmx

2 FIZIE 0.4 km X 0.4 km O/NETE I, FERE 5 A IXAEBIAAREL] 2> & — € DL Vir
TIRM 2 RODHAENE LR 5 0.6 s HIFRIZ VL AR 1.2s DAL—X R T 7% 3
ERE~, REZEfEAYICHERE L CBERRIETE 23t Le. 2o OBEmIEE A, 22 Fm o
B, R SEX SEFTo2 R LAEDET2 km X 2 km O/NETEICKT 57 ) — B
e L, MEENTOMBEEREDREZ R L. FR bR B L Ve 1%, ABIC 23
N2 D b DZEERA LTz, ABIC fi/NDOET/VTIE, Vir & 1.6-22.8 km/s O TIRE L=, f#
FrofRGEONTZET AT, TR0 IIMERGBRICRERTRVERRDLNADL (K
6.2.1.1.3-1). ik,mgﬁﬂmmm<oﬂﬁmbgmk%@ﬁﬁ@&é.%~f/%v~%
TRD &, WEERMA SR TIX, HBHT— A > MER ORI A EOE R AE ST
W5 (K 6.2.1.1.3-2). WiEHEED TIE, £— A2 MEROMKGERRENIT BRI E V. B
& HmRIE 2 i % &, OHD (K-NET KMMO005 Kit) 72 & Heilpt BAFIC 9 2 B8
RbdL0, MSI (KiK-net KMMHI6 #83%) <° KMM (K-NET KMMO006 fEA) T8
TR AR, BE— A2 MEREZ, 20X10%Nm THDHA, ZiE Fnet @ 1.7X10" Nm
LB 8T 2. BT &M, BHEE & i L CEIXENIZERE 2],
LR DN TlE, WROFBRMEZRENE, EREEKEORMIZH D LOD, HOFREZ YA
ERIIEONL TV EEZILND.

0.2-10 Hz OJRHHSEHESNIZR LT, BBRA7 U — 2 BEIEIC X 2 MBSV AR ERT T
U (SMGA E7 V) OHEEZRAT-. BRI Y — o BISUT 3 2 B3R HE O IR FRE
I%, SSRF LI Ko TRl &7V, F7o, BRI OBMNRZETe 17 Hs OBHHLS A x5
ELTEH Y I 2 bL—ra U EER L. 50T SMGA 7 /WIZ X 5 AR
i, BHEAE B HHELE (X 6.2.1.1.3-3). SMGA €T /MW XM TiE, LFD1)
—4) IZOWTHLNERST=. 1) 2 D SMGA I3, ﬁ4/ﬂ~ya/#%® 3
NDE, HWIEE—7 =22 b L— FOKX RFERIT WG 2) % SMGA ®
RTA—=21%, BARENOBEEONEEIFENHITE O LG 2 FE— ﬁ#é.S)%ﬁﬁ%
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6.2.1.1.3 2016 “FREAMERIE (4 A 14 B 21 KF 26 43 MIMAG.5)
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6.2.1.1.3 2016 “FREAMERIE (4 A 14 B 21 KF 26 43 MIMAG.5)
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YN=V g R DEMET N B (KR 2BEOMMME 5T 6.2.1.13-1 L £ D) &
F¥. £, REEANT SMGA ORIERMES TH 5.

6.2.1.1.3-3
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6.2.1.1.4 2016 FFREARHIERE (4 A 15 H 0 KF 3 75 Mima6.4)

2016 FFREAHIERTE (2016 424 H 15 H 0 3 43 Mpya6.4) (B W TREFGLEE TR S
ToBREE DR A J1 = R L O fF AR RIS E I O HIFR B FLek & IS IS BB L5 5 BIRE
FIOWEZHE LT, KAMEOEFEA L —2 g UM, BREREG 7Y — o BEIEIC
S MEBAERBERT T L OHEE S i LT,

Z OHEOMEBLIREZ, BRLE CHONTMERNGERE L LIV TF AL LT 4 v
ROBEA 3= a EIC K VHEE Lz, WigmiX, Fnet A V=X Lz L, A%
JT— e LB X % %%/ﬁ F VR ARE LTz, RELEBERTT V&b 1T,
YNNTFEA LT 4 RUIEIC K0 RIR OB 2 Wit Lo, RE U 72 i & 22 5
ﬁ@ﬁlSMlXISMn®¢ME%81@X%1EL\%Lk R 0 7 TV L R S B A e 4
N D — TEMEEARTEHE CTILS B[R M NEE U7ZREZI0 G 0.4 s BRIV ANE 0.8s D A A
—ART TR 5 Y, RRZERRICBERU L U CHERREOY AR UTe. R R
13 1.9 km/s~3.1 km/s £ TOTr—ADH 5, B & FHEIEE & OFRZENR/N b DZ R
L. 72, FERHEA 1, ABIC (Akaike, 1980) Z JLUE|CIRIE L7-. AT OFE RS D
NIZETIVTIE, T30 ORE RIGFTIERG ST oML TS Z L BRMERTE
(1¢ 6.2.1.1.4-1).
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X 10'"Nm, 33.18km’, 7.8Mpa &72->7-. HIEE— A k& SMGA [fif & ORGRME, BL O
SRR T B BT S & OBIRMERR, OB L ik L CiXb X 0fANICB S E -

6.2.1.1.4-1



6.2.1.1.4 2016 “FREAMERIE (4 A 15 H 0 K 3 43 MIMA6.4)

THY, AHEL, BEOHE Lk L TR RfE CThH o7&V R 5.
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1% SMGA D E L e o7 (4 6.2.1.1.4-2).
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6.2.1.2 BRI Y — BIEIEO R EALIC BT 5 s

BRI 7 ) — CBIBE DR AL AR BRVIZ, BEBREY7 Y — BRI T 5/ R O R IR
RT A —=HDOEBNFZIT > 7. BRIICIE, AT Mz WD ik & BIREL A
N7 NV EAWDTIETRERF AT A—2 25 i L, [sRERERFEOMEICHWS O R
SRR UENEIR T A —Z I RIETHEL R L.

ZOREFR, A7 MU L EFERT A — X BB ET 5 HIETIE, KHEBOMERERE
REPE 2/ NUR B ORI RHE TR T2 2 &0 D, BEVNT A —X 2 KITT Q EfFtEDR
ERFEALERLNT, QEFMEEZ D TIZIERI B AT A -2 28T 52 LN TE .
Fo, YEFETEY A MFEEZRET DHER WD, BRI A2 ERET DL
EELTHELTWD LR SND., BRARY MANLER /ST A —X R ET HHIET
L, BERBFEORIEICHWSD O EFREIC K > TR A —XIZIE b 2ERAE L.
Flo, YA MEEPERTE 20T A S OBIHIREEZ N 55 8120E, A MREREORE
MALETH 5.

ZDT, BN T A —2OEBACGHME & LTI AR b E W5 7 EO T H3 i
LTWBbEEZLND. 72720, A7 MUk E WS HIETHE, BIAERAXZ MLk
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277,

2016 FFREAMIE (KE) OWEEmE (X 6.2.1.3-1(a) M) ITHREB T L o EIck
7% 2-stage DA —V RN I =T DT MR LI, o, A& @q:f]ﬁ“’\wg
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AN =T g UREROT AR OIRS 3T AR LTCRER, Mw6.6 DL EOHIE TR S 2km
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6.2.2 1= EREGIEITRRE o & EEALIZ B 3 5

AETITENCEH S iEZ2xg e U, BGEESHEEZHNT « BEO f OFIE21T-
7o, *g L Lz hiEIx

%2011 A4 B IR IR V) O HIEE

% 2011 47§ fi] VG O Hi R

k2016 FEREAHIEE
DARBBLORESOL 60 H15E, £ 0 M;1X3.5~7.3, EREIIL5~20km TH 5.

F9, 2016 FAEARMED f,, 7 4 VZ —DFHi 21T o7, ZORER, M; >6.0 DKM
BeD fr BE O s IZLL T DY &7 o7,
* B RATEE  fuwr=9.9Hz, s=1.43
* AR * foax=T7.1Hz, s=137
Sonax DTEIXBEERFIEC K 2 HUER N R IR O & BAZE 22 251372008, & ks DfEIE 2011
EER IR BCI O IR & [k, EIRE RE L 7o o7z (F 6.2.2-1, X16.2.2-1 ZIR). Ziux
OB BT RFE O HiE M 2 R T O RER L B 2 5. BRI RGBT o EA L LT,
Kilizwa v W)?“< FIVANZALE L CWAD Z eEmgEFonsd. L, F/NIEROE {F?ﬂZ
Ze i O T JRHIH O T AT VRO RR & 225~ 7~ IBEV D D 2 & IR S
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FWNT, EFL60 HIEEIZSWT, x BI O OFHMliZ To72. 4 DOKHED f B «
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k20114048 I IRI@ © OHIE  AJE @ f;=4.0Hz, «=0.0184
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RERDIZ., ZTORER, « DIEE fro 7 A NVE—D AT MUVEBOMEE s, BLO f &

6.2.2-1



6.2.2 RN BB R L O i BEAK IS B9 % MR
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R, BHFLE & mEGEN 7 4 v Z — I XV EIL 72 AT BB IO « TPl L7
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6.3 WiEET T L% - BB AT 15 O T RrIiGEE

6.3.1 2016 FREAHIEAE O EIRWTIE &0 DY A N HEEREDOHEE
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DHIEE— AL FOHIE, LI EPOHIGFESNIHEET—A L MO ERTITHD. K
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MEL7-. o7y I ab—a URERO LFEMRRGEED 72 D12, CGOF & W CELHIEE s &
DHBREEZAT > 72, ZOREE, BUNELEKD A7 bV L~ L O BT R A 5 o J5 53
FEMEM LY b @moie. FEES BRGSO FHEMENTT L eWEh & LT, BT
FEOBINR THAR OIFRIENED BN EF SN TN &, Aozt 7 /L C
FERNC RSN D O EBE M OFIRENMENZ ERR T OND. EOEE, CGOF Ofi
DREREERSTWND, ZHHDOZ END, HEOIERIEIED B B O k£ 7 1
N T E L, BRSO FBMEXE £ Y, CGOF b B+ 25 2 L AHIRTX 5. i
BLRIFLER DIKFRL ST DY B TR AR T ITIRIE L~V AV NS, 8 D WIFKE 2 JRiGy
I CHRVERGENHER TE 2BLINAR S 5%, BRSO R b LE LB bND.
WIT, WELEFMHEEERET V2 BEIL, ~ 7V vy FERFIEEZ AW T LR
B OHEMRMER Y I 2 b—3 g U EFE L. HRORINEE O K& 28l FimiE S
ﬁﬁwSMQU%%M&B®LWHL’ﬁbMK e RIRFE DK & 72 EI T SMGA2 # Fede
AEPE & FEHA, 3 LU SMGA3 £l & Z DAL OBTEFAIZ Bl 7=, SMGA2 A kg bl
I & FE B O REI XM AT Ay 2N LB L, 2 AR U CRREE SR 0 S IR
HET D0 EOMEORMMEICL Db D LB LD, SMGA3 T & Z DAL DOk 0O FH
X SMGA3 7263 K DI DIV THIE LA Ay A B,  ZAUIFI I 1995 I I r
HHEE C R 5 472 X 9 72 Forward Directivity 21 R ICHIGT HH D EEZE X HND. I =2 b—
Ta URERITZKRBIIZIEFE] - 2211 (1999)0 RN & ERadifni s R G oz, 5
b5 &, BRI LW RS K& < 2 B2 21T, v alb—va VRN
%@ /NGl L 72 o Tnd . ZO—RE LT, Bl o FEAMG iR 0T A BB A 3
IEFITIE SMGA DMFAE L7V 21T, Wi iRaElc b~ THIEEEN /NS <o TS 2
ENEZLND. BRAHEEILT - B (1999)DFEIME L 0 F T RKFHE L 22> THY, =
MUTABRFT CHWI B ERERE 2.8 km/s) BN ERDLHIFINAMEE D ORENZ &
NERELTEZLND.
%%_,KMMm6@ﬁRﬁu®ﬁﬁﬁ%%aﬁé EARBAMIT, T 2 CHEEE L2 4eEAL
BRET VEHAWT, WEBMEICID2MES S I 2 L—1 3 VR S BIIIRRE & o bk
BiTolz. ZORER, ﬁu@m%jﬁwM:/ébfwéﬁxzﬂi B 4 ~ 6 BIFLE
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6.32 EIRA 3= g UREREICES S B VLEIRTE T T X B iREERE

TH#/NREMIC 72 > 7. /NG S A2 BB & LT, ARBITTET UL LW i o R e
BOFTRYEINSNZ L, HDWIFTBINZIEARET TET MbZE LTy KMMHIG (2
ITWARILETEN S OTFENH ST RN EZBND. ZAbLDZ b, ARFITET
AL LT BT T O SEIIC B IRA N — P a VIR EEZ S BICRERT RV EEZE 2D
ZENRTENT, HDOWIEAKRILNETEEZEYICE T LT E UL, KAEMOFHRM TN
THAREMER D S.
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6.3.3 THMTEMASIZHAS < T U ARIE T /M K 2 5REE

6.3.3 IEMEHAESICESL T ) ABRET VT L 5 REE N

2016 FFREAMIEATE (4 H 16 B 1 FF 25 57 Mjya7.3) OHERBELEAERICE S W E
X 45 km, HIFRHEBREREBRICESWEER SIL31 km EHEE SN2, £, AAHE)FEE
AENNXFICEB T2 &, REAHEBAERA N RN EHEEAT 2013)IXHE R &
%whnkﬂﬁbfwk.;ﬂE@ﬂﬁ CHSNWT, §DERET L GEARET VL TH
DARFENESET V) ZHEE L. MELTERTTNVDOE—A L M~ =F2—RE6.5 ~
7.0 T, IWHETEIZFRETHD. FENIETAOHFITIET AR T A (LEOHRNE e
LETNANR, WEMIGROBNRRLET VL EENTVD. ZALOEFEET LEZHW
TR Z ) — BRI L VBRI S S 2 L—a U2 ERL, 0.1 BWUTDOARRY b
LUV D RNRRICOW TR, Z2OfER, 2 THRELEERET VBT, 0.1#
UTDARY ML~V O KRBT, H—REIZT AXY 7 ¢ £ TOREEREOEN
2 X o THERFFHATIT B, ZORICHEE— A FOBEVWRDOTNIHFLELTNDL LS
2%. £, RUEBRAZA—ZTRILT AU T 0 OREOSHETYH, WEETHE RO
HEWNART MLV RNBIRICEEE 52D 52 5.
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6.3.4 FEtta o vmEEe s vk smnsim KT

6.3.4 REJEMEZFFORFELERILE T VT & 2 saE

AWFIEIX, A U 7 4 V=T #iFEt > % — (SCEC : Southern California Earthquake Center)
D7 H— RN eI alb—3g 77y hAR—2A (BBP:Broadband simulation platform)
WCHWOLNTWARYEBRETNVNDY I 2 — a7l I 8T AN T TV
(IS W= R LEIRE T /L (Irikura and Miyake, 2011 ; IM2011) D FH 58 FEOFHIEIZ OV T
Bt &1 9, ZOMMO=HIZ, SCEC @ BBP TRV HbN T\WEYIal—v gy
777 LD 15T D Graves and Pitarka (2016; GP2016) & thifgxige & L, 4 13 IM2011 %
GHM6®ﬁ%ViJV%VaV-7H7?AV¥%LKF%%QPKOmﬂMlkGHN6
DL LT, M6.7 OHIEZE K5I B DAt EHEE) O Lk & 1Y NGA-West2
GM%sk@w&%ﬁotomﬂm1iﬁém SIRET IV, —J5. GP2016 (IR EERET
VT 2D W DWIEIERADE X T OBENZE b T v ab—ra URERIET
WETRE T /LA EH 0.1~10 FOEIPHN T NGA-West2 D FERERER(GMPEs) & L < —#1 %
T ENRENT, 7B M6.T OHIEBI A XRIC LY I 2 L— a3 URERIZEV T, IM2011
O JEHFFH 1~3 BB HIEIEIZ. GP2016 & 5 \ M X NGA-West2 O FHEfiH 2O H e fif &
HART/REW (~20-30%) FERE > TWD,  ZOFEWIEFRICIS T 5 i OFHE O A Rgtk
DER & LT, IM2011 TR INDEWEHEIZK LT ERBEEEEEZREL TWDH 2
EWEBEZLND,

WIT, 2016 “EREAHIE (KAE) Zx40c, IM2011 OMES)L > i L R EERTT

ICHS X GP2016 ZHWTHIER S S 2 L— g U 2% LT, Mabd S 8llls
® K-NET & 5W\ME KiK-net Bl CTh 5, ZORER., HE @%4b®ma%/\av~¢
= %, BIFER & v —8a R Lic, BRaiciE, Bl > I 21— 3 28 % Rod50
(ZHEASWIZIRE AR RV OEWL, IREHIROJE I 0.1-10Hz T/HhEWFERP G LT,
7235, KMMHI16 %A MZBWTIE, 7 AU 7 ¢ fHkONLE & BRI O 8 % 50
THEO, ILICBRGESEE O L N—&KE2H557-DI2IE, KMMHI16 DU O IERREHEA L
EETIUX, DR OSEENIFRFTE 5,
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6.3.56 HEFHTHEHMEI I 2L — 3 DR

6.3.5 HMEH TR L HEE S I 2L —2 a3 L OHER

AREITIX, ENSOBEE O FREER R & AE L 72 BR O G E & #2729
ENTHRA L= NEIZERNIECTH 5 2016 FREAMBARRE) & lmﬂmﬁﬁﬁﬁﬂﬁﬁ@tm
EATo 70, BRREBE X CH T 2 MBI PGA & PGV & L7o, el 7= BRI
=%, ENTEF - 2111990 B = TH v, EOEEERERIT NGA-WEST2
TR ST 5 SO ERTH 5,

2016 EREA HIFE (AR O BEEERCR RIS xE 9 2 LB O FE R 1T D L 5 1278 o 7o, BT

DRI 10km DL OB PGA DIF L A Eid NGA2 HHEER RIS L OF] « 22)11(1999) 0 Rk
FROBEERZELUNIZINE > T D, —F, PGA ERIERIZ, EFTEEOK 10km LINOH
B PGV DI & A 13 NGA2 FEEEREE L O]« 322)11(1999) 0 B = O R 2= LN
I E > T 5723, ASKI14, CB14, CY14 OFEEERGE AL, BLANEIZ A~ TR0/ N &
o TW5D,

WIZ, 2016 FREAHE(ARRE) ORI LEIRE T /VIC L 2 R FHERRICE SV
PGA, B L UPGV & HHEER =R & O ik 217 - 72, Bl PGA, PGV & [RIERIZ BRI K 10km
LN DEHE PGA, PGV DI & A 13 NGA2 iRz A3 L O] - 22)11(1999) 0 B = 0
FEAEMRZELINICINE > TV D, 72721, PGV IOV TIEW SN o BB E R b 3R R R
T, %JF /NI & 72> TN B,

T, BRI (JEAG4601-2007)I27R SV TW DR IIC BT DIGE AT b
VLT, mﬁ?ﬁww RV ERERT 5) & 2016 FREAMBAE)OFHEMEIH 227 v
(pPSV)D L & 4T - 7=, REARMEE (Mj7. 3)@#%& Lf:ffﬁ%ixf\i kv i RTRE 72 B EE X
Xeq=14.96km T&H V), Xeq=14.96+ lkm DFE ST T B FHPRE AR F L LitEE 2~y
L2 R LTS R, W IR CTh D 2 &%ﬁ”ﬁ; L7,
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6.4 EHELUI 2l — g K DERM L TFEOBRR

6.4 EJFT I a2 b—va UK DRBEAEETIEORE

6.4.1 EFA =2 g URERICESWEEN T RT A — X OHEE

6.4.1.1 2016 FEREAMEARE (4 A 16 H 1 FF 25 43 Myjma7.3)

Z 2T, B 311 2(D)EITH b AL 2016 FREAHE OEI FRERIRE T L2 b L ITRT)

DHEEZIT, BHEOBEBEFR AT A —FOHEEITo 1=, FHETFIEE L, E#h
m ﬁ%rw%ﬁﬁ*#kbfﬁf¢@&@%%ﬁﬁb Z LR TOIR S ERD
7o, TS XY, BRI TOEN—ISHER, F7abbEEMRIZ K 515 6 U7 B
RIS, TREE @J%zﬁwzgk ENDEFFE T A =2 R (1K 6.4.1- 1) . ABFFETIX
Wilga LIS ISEREAE ORI 3 WotEMEE AW, T2 TEERI & ,;®ﬁﬁ
TIXEN ) 7 I O R RIX @ﬁofw@m:kf%b,@%%mw X2 D ARE
HEBWTWARY, EZEOKFRIFRIL, WEmh & Z0EOKFRRARIST 5 X 9 ITRE
L, BERFEICIZ 0.0l s R E LT, MBRAENLT RO BT L, WEGNLETHET
DB EHE L. BIRETME, A 23— a3 VT CROIZESFHERET L&
NA Y =T THBL, bEOKFBRO 1/8 £72121/16 £ 725, 250 m FIFEICHIM L T
LEE LT, BONTISS &R0 ORAIEL b Lo, BESRlZma L (K
6.4.1.1-1). FHE LS TRIZ, HRA (FIET7 ALY T 0126 T, BRI ME
KD LRI DDENRRD BTN, TS E LTI 7 ) — BTHR LT
WAHIEE T2 & 9 2EnGE LN (14 6.4.1.1-2). AT R /L ¥ —(%, HRA fElk <&z
AR REWVENRD STz, In e S EICHERL ZRET S &, 7TARUT oA
HCHREE D NE T Dm0, Wil i i TR IE S BN DM 23 2 BTz (1% 6.4.1.1-3).
W AR DR T R L F—1F, 8X10° J/m® T, BEHERIZED 2 — L] LT - 7=
(1] 6.4.1.1-4) .

0
20 o . . 20 . R /
ot B
10 . 10 4 "%//
= = 5
7 7107 Fo3 10 2 {f{
F =20 I & -20 I |
-30 30 L
A T S S SRR RN > > ©
- Along strike (km)
slip (m) slip velocity (m/s) .
———————== Slip (M)
0.0 43
20 L - 20 - - 20 - . 20
Fomntr Bt K
10 - 10 4 - 10 - 10
F 0 F & o 3 F 0 - £ 0
H = = =
% —10 F 5 -10 + S -10 % -10
g 4 $ 4
5 =20 I & -20 3 5 =20 - 3 -20
-30 + -30 3 -30 3 -30 4
40 T T —40 T T —40 T T -40 T T
0 2 4 0 1 2 0 2 4 0 1 2

slip (m) Slip velocity (m/s) Slip m) Slip velocity (m/s)

4 6.4.1.1-1 SRS ~D — IS ihar (BERRA, £2), 30 3 — IS ik ().
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6.4.1.1
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6.4.1.1-3

(£2) FETI D53AR.
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2016 FFREAHIEAE (4 H 16 H 1 EF 25 4> MIMA7.3)
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6.4.1.1-4 ABRFSTHOL MR RV — &, BUENIER R O i, AR L EFEE O
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6.4.12 2013 AR BRI (T DO MR

6.4.1.2 2013 FFIREE BT

BB TRV U EICBWT, EREER THRES A5 5 7-0100E, FERICRA L HE
DOEPGZZHMICHE L, =02 BT 7 LV OMEIIEN L TN 2 ENHEE
Tho. BUEAS OB TO DR LERIRE 7 VOBERIT, EfFRERET L0 R
S LTV A, BRI AR 3B R CREL S NS, ST, BRI
ESWMESH Y I 2 L—a VICET AR L REZRT TRBY, B TOE#< T
A—=BEBET T DT LI, MEE TRIOEHREE L, SO FREGERRE T L0 & AL

CBWTHIRENAZED1OTHDHEBZLND. AL, BIF T A —2 DMk
R R T VIS AAT Z L 2 B & L, 2013454 A 13 BIREE ST O HIE (M, 5.8)
OEFFHIRIE T A0 E, Wi ETOIRAEEHEL, 7 AXY T X HRA, H5
SR COB ST A —F DR AT~

Wik i ECoiR ) oRFZEMZE L, EEBENERT T VOE— A v NREFBIS A R4
& LT, EEV RN A 3 RouA IRESE TS 2 LTI I ORFEZ L 2 H#EE L7z (Ide and
Takeo, J. Geophys. Res., 102, 27379-27391, 1997) . & Z CiEBIFZRIEIRE T /UL, Yeib -l (SST,
S15-P05, 2015) (2 X AT HBREIE (0.1-1.0 Hz) A 3= 3 U HHEE L= AREEIR
ETVERA L. 28, AIRAESEOFRITZERICR LT 4 R, RREICHLT 2 %
F5EED Staggered 7'V » R& MW, FHROANZHWDERA 3= a V70, 1.0
km DU 75 /N & W — AR &> T 250 m U5 OSARICHBT 5 Z & TH 2. 2k,
/BT DR IEACHE R ORI ZEE L TV 5. BONIS BB L BAERE (X
6.4.1.2-1) 7D, BN &S OB ZFHME L, ZhEEIc LT, #iUS IR TE, B
RIS IR T &, SERhI ), REETRIE  (Strength excess), EEM TV & (Dc), ffEET /L
— WS TZB NG A= R LTz,

AR THOLNTZERBRIILUTO®EY THDH. ok, SEF/ T A—ZOWE# LTo
ZEREIFHBE OFE R %, X 6.4.1.2-2 (Znd. £z, MUEMRE F CETHRERICER L-WE R
FECOWEBERFOIEL DX %X 6.4.1.2-3 12T, 1) BRI &, 7 AU 7 ¢ (HRA)
SR DA, WRERED B 2 500 3 ERERE V. 2) 7 AU T ¢ (HRA) fEIK,
BLOYREBOBRA TR0 &L, KTV ED SO%RETHD. 3) §#i, KOEH
JISNRET R, 7 AXY T 4 (HRA) fEIO LGN ERERE D & 35 FRERE V. 4)
Do & D 1%, TAROLT RO HE L BWHBAZ RS, 5) AEESRE E T DRI, 7
A~ 7 ¢ (HRA) fHIE CRWMEBEN®H D, 22T, 7 ALY 7 ¢ fatkiE, Eh22AEIR
AN—=T g BT NANOT R FEITHESWO TR L SN TH Y, HRA fEIkIE, E—
JE—A 2 N — MRS T S8k b 508, Yt - i 2015)DET /LT
X, 245 OFEBIEFE—OEFNIRE SNz, BIF T 2 —2 OBRFHIE VT, o
BN A= L ORI, B )1F 7 A =2 HOFEFEZECT Z LTI b OBEE O
RHIRFEZ R T EARER L 722 Z E b HEERBRRLDO 1 OTHS.
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6.4.1.2 2013 AR B (T O MR

10 L 10
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6.4.1.2 2013 K FS AT O HIFE

WERAE  BRSH BRI BRI BAEH ZBEH TRY  FARYRE D¢’

RIRTARE b
BRFT R

Correlation
BRIET A

1.0
BRIIS A 08| 0.80
EHIEH 06 | 0.60
4~y 04| 040
FTARYRE 02| 0.20
D¢’ 0.0
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6.4.12 2013 FEHIR BT HE

Rupture time (for strength excess)
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6.4.1.3 MFIRISMEIZBIT 28 15 /3T A — X OFEH

6.4.1.3 METRSRMEBICRBIT 281537 A —X DIEH

EENIEAEIRA N — a3 VRERIZESWTHEE SN 2B )T A—Z 2250, H
KEIND 4 S>OR AN IR (2008 5 FEHIRNERHE, 2013 FH5AR RGO HIEE, 2013
FEIRIE AT O, 2016 HFREARTE 4 A 16 HARE) Zxt% L L, HRA fElK, WiE4s
RIS COKNRT A—H O FNE L=, BEH L7237 A—21%, HHISHRKE T E, 8
BB T, FENGT), EEREE, AT~V & (D.), Mikumo ef al. (2003)D & (K
SERT R E (D)), WHETXLX—DT75Th5. BHIZL > TEONEMEERIT, U
To@EH TH5H.

1) FHUGIRE TR, B ARE T &, ERSITONTIE, WTILoHES HRA (8K
OFPEEW B L O bIS T E (FERST]) OfEN 1.5—5 FRERE V. 2) 2008
AT ENERE, 2016 FEARMEARZE O HRA fHIKO FE)IG I T &I, MBS T3 L~
T BRSNS THISN D ES T E B —EEZRLTWS. 3) WEEMmEICERY
% &, HRA EWiEEREROLS 1 HIIZIES SN0 TWnA Z LD, HRA L WE2KT,
BEICRE ENNIEN, 4) BRIV E D, D iX. WTnoOHED HRA O 523 W E 4
LG 2510 3EFREREV. 5) D, DSOFHEICKE & TELS, Z 2Tl
SNTERT R &L, Bs770—F (ER) 2O CTHIREFEBROENHETE D2
EPREINTZ. 6) ET LT —1E, WTHOHED HRA O G BWIERE LD & 2 %)
B3 ERERE V.

AHEIDO X DI, BHEBLTONT A—ZOVPEEEEIRT 52 LICK > T, KRBy m
BIRZDZEE, FEEERBFRET VORERICBW TR ENEZ LD 1 2THDLEB X
S, %Y, BINFERT A—ZOMEEFAEEOL, XDICMOBFERMOEIR/ T A —
S (W GHRHEL) LORET 528 T, ZALOMEHAREZRR TN Z LN EE
ThHEERD.
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6.4.1.3 MFIRISMEIZBIT 28 15 /3T A — X OFEH
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6.4.2 B)FEIal—T 3z B A — 1 o ZHIOKE

642 ®HFL Il — g 02 EIRA 7 — U T HIO R

BREEDRHEVHELNTWRWMT 7 7 AONEERHEORIEFEZ T~ D720, ek
X My, = 7.38-7.79 D 10 O RHEA R L LT, B/iFHR~LTFHA I - v Ialb—
varEFEmLRL. HEEEE LT, WEARALES—A (D AEDOIESL DX R/NEWN)
ERIENIR T — A (DAEDIXBOENRKEV) DOFF 2 F—AOWEET VERE L. £
IRIREHERIZLL T O®Y Th 5 -

LSA 7H3 (large slip area or slip asperity ; 30 23K X WFEILE 72137 AU 7 ¢ fElg) &
HRA 7% (high slip velocities ; §~ V) BREE AN K & WVEEIK) D& Atk L7256, G LTE
Wil TILME X FEICE R > TWDHD, — T, REGAZRWTRE CIEmME TR R DR/ EL
7= (M642-12%5). LIhi->T, s L7-WriE 2 e LT LSA il D A, BN HRA §if
WOBZEHNZHE, ThEROMETY I 2L —32 a0 TREAR PGV NENS BT
WECHEEIL TS, LA LRRD, REEREEZRE L7254, HRA SIOSHTIC K
fFLTRER PGV BN D GFTE, WHETRRLAREMNDHD. E, WWOEIIZHERT
RERTRY ZEOBE, 0OV 2 b— g CHER)NT, LSA RS HRA FEHBORE B2
MZT, SHICKRERHBEBI L 2o TEY, KOTSRS MBI EL 52 Tn
B ENRBEN. L, AREBHERICOWTE, BHMERREICE SO TRIESh
HMENRDH L. T2 CTORRIE, WEEMEEMET— A b, KOS TRY & & EE—
A2 N ORERI I A — Y > 7]l (Irikura and Miyake,, 2011) L HEAHTHD (X 6.4.2-2 &
B). LrL22d b, LSA fHIRIIRERA A7 — U U ZHIZ D /NS WER & 72> 7-. HRA
SEIIEOANL S EAY Y RE] & RO RIS O E —BL TR Y, Fi, BRI
DB (FEET A—% DIV) BDREVEKICH—HLTWD (X 6423 5%5).
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