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Abstract

We have carried out numerical simulations of seismic ground motion radiating from a mega-earthquake whose

rupture process is governed by a multi-scale heterogeneous distribution of fracture energy. The observed complexity

of the Mw 9.0 2011 Tohoku-Oki earthquake can be explained by such heterogeneities with fractal patches (size and

number), even without introducing any heterogeneity in the stress state. In our model, scale dependency in fracture

energy (i.e., the slip-weakening distance Dc) on patch size is essential. Our results indicate that wave radiation is

generally governed by the largest patch at each moment and that the contribution from small patches is minor.

We then conducted parametric studies on the frictional parameters of peak (τp) and residual (τr) friction to produce

the case where the effect of the small patches is evident during the progress of the main rupture. We found that

heterogeneity in τr has a greater influence on the ground motions than does heterogeneity in τp. As such, local

heterogeneity in the static stress drop (Δτ) influences the rupture process more than that in the stress excess

(Δτexcess). The effect of small patches is particularly evident when these are almost geometrically isolated and not

simultaneously involved in the rupture of larger patches. In other cases, the wave radiation from small patches is

probably hidden by the major contributions from large patches. Small patches may play a role in strong motion

generation areas with low τr (high Δτ), particularly during slow average rupture propagation. This effect can be

identified from the differences in the spatial distributions of peak ground velocities for different frequency ranges.

Background

Near-field ground motion is strongly affected by the

heterogeneity of earthquake rupture processes, such as

multiple ruptures, rupture directivity, and the acceler-

ation and deceleration of the rupture front. To quantita-

tively estimate the ground motion for seismic hazard

assessment, characterization of this heterogeneity is

essential. In kinematic earthquake models, an assumed

target fault plane is usually decomposed by many rect-

angular sub-faults on which the spatio-temporal slip

distribution is determined by a waveform inversion of

seismic data (e.g., Hartzell and Heaton 1983). Numerous

slip models have been presented for the Mw 9.0 2011

Tohoku-Oki earthquake (e.g., Ide et al. 2011; Koketsu

et al. 2011; Simons et al. 2011; Suzuki et al. 2011). In

these slip models, model parameters (e.g., total slip,

rupture time, and rise time) have been attributed to each

sub-fault.

The seismic waves inverted for slip models are usually

displacements or velocities filtered in a low-frequency

band, which is typically <1 Hz. There has been debate

over whether the source of high-frequency waves is

identical to the large slip areas in slip models (Hartzell

et al. 1996; Kakehi et al. 1996; Nakahara et al. 1999).

Although a general consensus has not yet been reached

(e.g., Nakahara 2008), for many subduction earthquakes,

high-frequency sources tend to be located deeper than

the large slip areas (e.g., Lay et al. 2012). High-frequency

sources are typically identified as several small isolated

regions referred to as ‘strong motion generation areas’

(SMGAs) (e.g., Kamae et al. 1998; Irikura and Miyake

2011). Some SMGA models have also been presented for

the Tohoku-Oki earthquake (Kurahashi and Irikura

2011; Asano and Iwata 2012; Satoh 2012). Given that

the number of parameters is much smaller when charac-

terizing the kinematic earthquake rupture process in

terms of SMGAs than when using a finely discretized

finite-fault rupture model, the approach using SMGAs

may be a more robust approach for ground motion

simulations.
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From a dynamic point of view, Ide and Aochi (2005)

proposed that the heterogeneity in earthquake faults can

be expressed as a superposition of different scales of

heterogeneity. This is termed ‘multi-scale heterogeneity’

and a seismic source can be represented as cascading

ruptures of many circular patches of different sizes on a

crack plane. In terms of kinematic finite source de-

scription, such heterogeneity may correspond to a class

of composite models developed by Frankel (1991) and

Zeng et al. (1994), and similar to those of Bernard et al.

(1996). Aochi and Ide (2011) and Ide and Aochi (2013)

attempted to characterize the Mw 9.0 2011 Tohoku-Oki

earthquake based on this source expression and were

able to dynamically simulate the growth of the rupture

process from a small rupture through to the Mw 9

event. In these studies, a large elliptical patch corre-

sponding to the large slip area of a Mw 9 event, which

was unknown prior to this earthquake, was key in

explaining the gross seismic moment release, whereas

the distributed small circular patches governed the

rupture growth before triggering the large elliptical

patch. These small patches were introduced to reflect

moderate earthquakes that had occurred previously in

this region.

The apparent similarity in both the timing and loca-

tions of SMGAs (Kurahashi and Irikura 2011; Asano and

Iwata 2012) and the circular patches of Ide and Aochi

(2013) suggest that such small-scale heterogeneity

corresponds to SMGAs. The dynamic models explored

by Aochi and Ide (2011) and Ide and Aochi (2013)

were neither constrained nor calibrated directly using

observed data. Moreover, the radiation of ground motion

based on this multi-scale heterogeneity has not yet been

discussed. The purposes of this study are to show the

characteristics of ground motions from the simulated

fractal patch model for the 2011 Tohoku-Oki earth-

quake and to discuss the similarities (or differences)

with respect to other synthetic heterogeneity models of

the earthquake.

Methods

Model and method - reference model

The scaling issue in fracture energy or the slip-weakening

distance of a slip-weakening relationship is considered to

be an intrinsic feature of the fractal interface (Matsu’ura

et al. 1992; Ohnaka 2003; Ide and Aochi 2005). However,

there are other interpretations, such as an apparent effect

from marked heterogeneities in fault strength (Campillo

Figure 1 Snapshots of the dynamic rupture simulation originally shown in Figure six of Ide and Aochi (2013). The earthquake starts

gradually at depth to the west and ruptures an asperity offshore of Miyagi. The rupture then turns to the east, which was the area of the foreshock of 9

March 2011, and accelerated towards the trench. Finally, the rupture propagates laterally to both the north and south. At that stage, moderate

asperities located in the south (i.e., off Fukushima and Ibaraki) are ruptured.
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et al. 2001) or a posteriori obtained features caused by

an increase in fault damage (Andrews 2005) or thermal

pressurization (Wibberley and Shimamoto 2005). The

multi-scale heterogeneity model on which this study is

based has been proposed based on the scaling relation-

ship of the earthquake source (i.e., fracture energy is

proportional to earthquake size) and on fractal features

(Ide and Aochi 2005). It has been proposed that the

2011 Tohoku-Oki earthquake was governed by a large

patch of fracture energy, and to rupture on such a

big patch, the rupture must have initiated on small,

connected patches, including the foreshock area (Aochi

and Ide 2011; Ide and Aochi 2013). Most of the small

and medium patches are assumed to be located on

deeper parts of the subduction interface, according to

the pattern of seismicity over the last century. We first

used this model (Figure six of Ide and Aochi 2013),

which is shown in Figure 1, as a reference. This simula-

tion was based on the 3D boundary integral equation

method (BIEM) in a homogeneous medium with the

free surface approximation.

We calculated seismic wave propagation using a finite

difference method (Aochi and Madariaga 2003; Dupros

et al. 2008) and introduced dynamic rupture scenarios.

This is a sequential simulation procedure (Aochi and

Madariaga 2003; Aochi and Douglas 2006). We focus

our discussion on relatively low frequencies and hence

adopted a 1D layered structure (Table 1) as used in the

routine moment tensor inversion of F-net (National

Research Institute for Earth Science and Disaster

Prevention, Japan). The dynamically simulated earth-

quake source was implemented as a series of point

sources through the tensors of seismic moment rate.

Table 1 Crustal structure used in the ground motion

simulations

Upper depth
of layer [km]

P wave
velocity [m/s]

S wave
velocity [m/s]

Density
[kg/m3]

Quality
factor Q

0 5,500 3,140 2,300 600

3 6,000 3,550 2,400 600

18 6,700 3,830 2,800 600

33 7,800 4,460 3,200 600

Figure 2 Ground motion on Earth’s surface. Snapshots of wave propagation on the ground surface simulated in a 1D structure from the

source model of Ide and Aochi (2013). The three components are shown every 20 s. The epicenter is shown by a star, and the fault area

(Figure 1) is the rectangle. The waveforms at the five stations (triangle symbols) are shown in Figure 3.
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The grid size (Δs) of the finite difference scheme was

500 m, and the time step of the calculations was 0.02 s.

The maximum reliable frequency from the simulation

was estimated as fmax = Vmin/(5Δs) = 1.3 Hz, where

Vmin is the minimum wave velocity in the medium. A

snapshot of the ground motion on Earth’s surface is

shown in Figure 2, and seismograms at five selected

stations are shown in Figure 3. The E-W component is

the most dominant of the three components in the

given geometric configuration, and these five stations

(one from each prefecture) adequately represent the

characteristics of the wave field along strike. At the

nearest station (MYG003), we observed two principal

wave packets at ca. 50 and 120 s, which are confirmed

in the snapshots at 60 and 120 s. The first radiation at 60 s

in Figure 2 is related to the initial phase of the rupture

process observed at 30 s (Figure 1). It is also evident from

Figure 2 that the later wave phases (120 s in Figure 2)

appear to originate from the shallower part of the fault

plane near the trench axis. The wave fronts that are visu-

ally identified on Figure 2 are limited. The first wave

packet is due to the initial rupture propagating to the west

(30 s in Figure 1), whereas the second wave packet is asso-

ciated with the rupture break at the shallowest part of the

fault (60 s in Figure 1). The bilateral propagation of the

rupture (>70 s in Figure 1) then radiates a wave packet. In

addition, some locally radiated wave fronts are observed

from off the Fukushima coast (100 and 120 s in Figure 2),

but the phases of such waves are difficult to identify in the

waveforms. In the spectra of the waveforms (Figure 3),

there is an observed lack of radiation energy at ca. 1 Hz.

This implies that the rupture process in this situation is

governed mainly at frequencies lower than 1 Hz.

However, according to the SMGAs reported for the

2011 Tohoku-Oki earthquake (Kurahashi and Irikura

2011; Asano and Iwata 2012; Satoh 2012), it is expected

Figure 3 Seismograms at five selected stations. Comparison of observed and simulated ground motions (Figure 2) for the stations that are

shown in Figures 1 and 2. The E-W velocity components are compared. The observation times (top panels) are aligned from 14:46:00 (JST) for a

duration of 250 s that begin at 16 s. The origin time in the simulation was set to zero. The velocity spectra are shown for a frequency range

between 0.01 and 2 Hz.
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that it should be possible to identify certain phases with

different frequency contexts. One possible explanation

for this is that the difference is due to heterogeneity in

stress conditions as our dynamic concept varies fracture

energy (keeping stress conditions uniform), whereas the

SMGA includes stress heterogeneity. From the point of

view of the slip-weakening relationship for fault friction,

both approaches imply that small patches may ‘locally’

radiate more seismic energy compared with large

patches. This study further explores this through para-

metric studies.

Parametric studies

We simplified our heterogeneous description to carry

out parametric studies. We assumed that one big and a few

small patches are aligned at the same depth (Figure 4a).

The difference in patch dimensions varies fourfold, includ-

ing a large elliptical patch equivalent to a circle of 100-km

radius (Table 2). The rupture criterion and friction are de-

scribed by a linear slip-weakening relationship used by

Aochi and Ide (2011) and Ide and Aochi (2013), which in-

cludes three parameters, namely, slip-weakening distance

Dc, peak strength τp, and residual stress τr:

τ Δuð Þ ¼
τr þ Δσ⋅ 1−Δu=Dcð Þ for Δu < Dc

τr otherwise
;

�

ð1Þ

where the dynamic strength drop Δσ is defined as

Δσ ≡ τp − τr. The fracture energy Gc is defined as

Gc ≡ Δσ × Dc/2. We assumed that Dc is proportional to

the patch dimension (e.g., Ide and Aochi 2005). In this

case, Dc is 3.2 and 0.8 m for a large and small patch,

respectively. To initiate rupture on the large ellipse

having a large Dc, we assumed that Dc also scales with

the distance from the hypocenter around the initiation

point and produces a small (but large enough with re-

spect to the simulation element size of 2 km) finite

initial crack (radius of 10 km) located at the coordin-

ate origin in Figure 4. This helps to minimize an artifi-

cial initial phase of the dynamic rupture process (e.g.,

Aochi and Ide 2004; Ide and Aochi 2005; Aochi and

Douglas 2006).

Given that we did not aim to discuss the effect of the

ground surface on the rupture process, all the simula-

tions were carried out in a 3D infinite, homogeneous

elastic medium (P and S wave velocities of 6,000 and

3,464 m/s, respectively, and material density = 2,500

kg/m3) using a BIEM (Fukuyama and Madariaga 1995,

1998). In fact, as observed in Figures 2 and 3, the seis-

mic wave radiation originating from the rupture arrival

on the ground surface is obvious since the dynamic

rupture significantly interacts with the ground surface.

This masks the other radiation effects and may be exag-

gerated, as no shallow, slow layer was included (e.g.,

Goto et al. 2012; Ide and Aochi 2013). To better iden-

tify the radiation from the deep part of the fault as pro-

posed in SMGA models, we ignored the interaction of

the dynamic rupture with the ground surface.

a b

Figure 4 Geometry of the parametric study. (a) Fault heterogeneity was defined by one large ellipse with high fracture energy and four small

circles with low fracture energy. The hypocenter was set at (0, 0) on the figure. Around the hypocenter and in order to avoid the rapid onset of

the initial crack, it was assumed that fracture energy increases linearly with hypocentral distance. The difference in peak strength is three times in

such a case (case 2 in Figure 5) and was then varied in the parametric study. (b) Wave propagation was calculated for the same geometry as in

Figure 2, with the same mechanism (strike N 205°E, dip 15°, and rake 90°) and hypocenter. However, the patch distribution is for synthetic studies,

and so we renamed the five stations as R1 to R5 and focus on the E-W (X) component as it is the most significant. The panel shows a snapshot

of the simulation corresponding to case (a).
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We described the derivative stress with respect to the

initial stress level (assumed to be zero, i.e., τ0 = 0) rather

than to the absolute stress level. Therefore, instead of the

two parameters τp and τr we refer to the stress excess

Δτ
excess(≡τp − τ0) and the static stress drop Δτ(≡τ0 − τr). A

large Δτ
excess may lead to a delay in the rupture onset. A

large Δτ may produce a large fault slip. We firstly kept Δτ

constant and changed Δτ
excess (case 1 in Table 2). We then

varied Δτ
excess (case 2), and finally, we changed both pa-

rameters simultaneously (case 3). The ground motions

were compared at several stations along the fault strike

(the same locations as in Figure 1), assuming the same

hypocenter location and fault geometry as for the 2011

Tohoku-Oki earthquake. As the focus of this study is the

wave radiation from the causal source, we used the simple

1D structure given in Table 1.

Results
Figure 5 shows snapshots of the dynamic rupture pro-

pagation for the three cases (Table 2). In all cases, the

dynamic strength drop Δσ on the small patches was set

to 20 MPa and the fracture energy Gc was defined from

the constitutive relationship of Equation 1. The rupture

process on the small patches is significantly different in

case 2, in which the southernmost isolated patch is trig-

gered. For the other three small patches superimposed

on the large patch, it is observed that the slip rate and

fault slip become larger with increasing stress drop Δτ

Table 2 Model parameters of the parametric studies

Large patch (all cases) Small patches (case 1) Small patches (case 2) Small patches (case 3)

Dimension of ellipse (a, b) or circle (r) [km] a = 57.1, b = 175 r = 25 r = 25 r = 25

Slip-weakening distance Dc [m] 3.2 0.8 0.8 0.8

Initial shear stress τ0 [MPa] 0 0 0 0

Dynamic strength drop Δσ [MPa] 10 20, 20.5, 21, 22.5 20 20

Stress excess Δτexcess [MPa] 5 15, 15.5, 16, 17.5 5 10

Stress drop Δτ [MPa] 5 5 15 10

Values in italics denote the parameter set presented in Figure 5.

Figure 5 Snapshots of dynamic rupture propagation for the three cases listed in Table 1. The parameters used in the figure (case 1) are

written in italics in Table 2. The frictional parameters vary for the small patches to maintain σ = (τp − τr) = 20 MPa. Case 1: Δτexcess for the

small patches is higher. Case 2: Δτ for the small patches is higher. Case 3: both Δτ
excess and Δτ are higher. The final fault slip is shown in the

right column.

Aochi and Ide Earth, Planets and Space 2014, 66:42 Page 6 of 12

http://www.earth-planets-space.com/content/66/1/42



(case 2). No significant anomaly (rupture delay or large

slip) on the small patches is observable in case 1, in

which we varied only Δτexcess. Case 3 shows intermediate

features between the other cases.

We now consider in detail how the value of Δτexcess of

the small patches affects the rupture process. Given that

little difference is observed for Δτexcess = 15 MPa (case 1

of Figure 5), we increased this value. When we assume

Δτ
excess = 17.5 MPa (3.5 times that of the large patch),

the small patches do not rupture. This can lead to a dif-

ferent scenario, although this is not relevant to this

study in which we expect the small patches ruptured.

a b c d

Figure 6 Rupture times on the fault plane. Rupture time contoured at every 5 s on the fault plane in case 1 for various values of Δτexcess for

the small patches. (a) 15 MPa, (b) 15.5 MPa, (c) 16 MPa, and (d) 17.5 MPa. The rupture duration at each point is shown in color.

Figure 7 Ground motion comparison for the three scenarios presented in Figure 5. The receiver locations are shown in Figure 4b. The E-W

(X) component is shown for a bandpass between 0.1 and 0.5 Hz and for a band between 0.02 and 0.1 Hz. At the bottom of the figure, the Fourier

spectrum is also shown for a frequency band of 0.01 and 2 Hz. A frequency of up to 1.3 Hz is numerically reliable, but there is no wave radiation

around 1 Hz under the given parameters, and as such, we restrict our discussion to the results obtained at <0.5 Hz.
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Studying more strictly the parameter range, we find that

the small patches rupture when Δτ
excess = 15.5 MPa, but

not when Δτ
excess = 16.0 MPa. Figure 6 shows the rup-

ture times on the fault plane. In Figure 6b, the rupture

onset on the small patches should have been most influ-

enced. In fact, there is some delay in the isochrones

when the rupture arrives (e.g., at 20 and 50 s). However,

once the rupture starts, the rupture velocity is as rapid

as in the other parts, and there is little impact on the

subsequent isochrones.

We next compared seismograms (Figure 7) for the sta-

tions defined in Figure 4b. The coordinates (X, Y, and Z)

were taken along the east, north, and upward directions.

We used the same station locations for the same hypo-

center and fault orientation (strike N 201°E, dip 15°,

and rake 90°) shown in Figure 2. However, the small

patch distribution was no longer calibrated to the 2011

Tohoku-Oki earthquake, and we renamed the five

receivers as R1 to R5. The same structural model

(Table 1) was adopted so that the reliable maximum

frequency fmax was 1.3 Hz. Of the scenarios simulated

in Figure 5, the difference between cases 1 and 3 is the

least significant. We observed that the changes made for

case 2 have an influence at both high and low frequencies,

particularly for R3 to R5. The amplification at high fre-

quencies is significant in the early stages (ca. 70 s at R3

and ca. 100 s for R4), and this can also be recognized

at low frequencies. This is because a small patch of

high stress drop is ruptured simultaneously along with

the ongoing rupture of the large patch, as inferred

from the rupture time shown in Figure 6. However, at

receiver R5, significant differences in high frequencies

also appear in the later phase (140 s), as the furthest

small patch slightly displaced from the large patch is

ruptured, whereas no significant differences in low fre-

quencies are found in this later phase. As in Figure 3,

there is a lack of radiation energy at ca. 1 Hz (Figure 7).

This reflects the limit of the dynamic rupture setting,

as the smaller patches are represented by a dimension

of 25 km and a Dc of 80 cm. This change appears at 0.2

to 0.5 Hz (case 2) and is due to the difference in radi-

ation from the small patches. This influence is also

confirmed by the distribution of peak ground velocities

(PGVs) from case 2 (Figure 8). In Figure 8, we sampled

the synthetic three-component seismograms at every 5

km on the ground surface and applied two different band-

pass filters (0.02 to 0.1 Hz and 0.1 to 0.5 Hz). The PGV

was then calculated for the X-component (the largest

component), for the vector of the three components

(X, Y, and Z), and for the geometric mean of the hori-

zontal components (X and Y). The behavior of this

isolated patch is similar to that of SMGAs. High PGV

values are found at higher frequencies that correspond

to both small patches and SMGAs.

Therefore, we gleaned from these simulations that

heterogeneity in the static stress drop Δτ (i.e., residual

stress level τr) leads to more significant differences in

ground motion than those produced by heterogeneity in

the stress excess Δτ
excess (or peak strength τp). Small

patches are visible when they are isolated from a large

patch, such that the small patches are in some way sepa-

rated from the nearby ongoing rupture. Therefore, the

locally identified SMGAs may be different from the main

rupture front or characterized by a larger stress drop. A

more complicated ‘inhomogeneous’ fault model (e.g.,

Ripperger et al. 2008) might be more appropriate in such

cases. Stochastically heterogeneous models (e.g., Ide and

Aochi 2005) should be used in future ground motion

estimation studies.

Discussion

The main effect of the multi-scale heterogeneity in Dc is

on the rupture velocity, as well as the rupture directivity

(Ide and Aochi 2013). Such small patches exert a role

when the rupture starts and expands. It might be ex-

pected that small patches influence high-frequency

generation sources even after the rupture has pro-

gressed. However, the dimension of the small patches

is not significant compared with the rupture progres-

sing on a large patch. Thus, small patches are difficult

a

b

Figure 8 PGVs from the simulation shown in case 2 of Figure 7

at two frequency ranges. (a) 0.02 to 0.1 Hz and (b) 0.1 to 0.5 Hz.

From left to right, each panel shows a PGV value for the

X-component, three-component vector, and geometric mean

of horizontal components.
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to recognize in the waveforms. By varying τp and τr for

small patches, we found that it is difficult to create a

delayed rupture on small patches by changing these

values. We examined how a delayed rupture is possible

on the smaller patches. Through increasing the Δτexcess

of the large patch, we attempted to make the rupture

slower so that stress accumulation on the small patches

was also slower. Figure 9 shows snapshots of the simu-

lations for Δτ
excess = 5.5 MPa for the large patch and

then assuming (a) Δτexcess = 16.280 MPa (2.96 times lar-

ger) for the small patches and (b) Δτexcess = 16.335 MPa

(2.97 times larger). The three small patches are rup-

tured in the former case (a), whereas no small patches

are ruptured in the latter case (b). In example (a), the

first onset of the rupture of the small patches is de-

layed, but it propagates very rapidly once it has started.

The waveforms are compared in Figure 10.

Our parametric study confirms the observations of Ide

and Aochi (2005). We have determined that the role of

small patches during rupture propagation makes the

rupture front heterogeneous, not by delaying it, but

through advancing it according to the low fracture en-

ergy given that the rupture propagation is governed by

the energy balance. In our model, the rupture propa-

gation velocity is close to the S wave speed, and it is

difficult to identify the effect of further advancing the

rupture front on the seismic wave radiation. Never-

theless, such an effect would be evident if the rupture

velocity were slower, and in fact, we observed a slight

difference between case 1 of Figure 5 and case (a) of

Figure 9. However, the influence on the ground motion is

limited (Figure 10). Ulrich and Aochi (2014) attempted

to identify different sizes of patch by inversion, but

any secondary small patches were difficult to identify

whereas a large patch was able to be easily charac-

terized. This is because the radiation from the small

patches tends to be hidden by the waves from the

greater area of a large patch. This effect should be

important when the main rupture triggers remote small

patches. In other cases, the rupture of small patches

should be significantly delayed. However, we cannot rule

out the possibility of delayed rupture of small patches for

more realistic friction laws. For example, in the case when

fault strength τp is time-dependent, the rupture may be

delayed according to the accumulation of strain and some

relaxation process. This is in effect the same mechanism

as aftershock occurrence (e.g., Dieterich 1994; Helmstetter

and Shaw 2009).

However, the differences in Δτ demonstrate the influ-

ence of small patches on ground motions. The me-

chanical features dynamically investigated in this study

should be consistent with kinematic interpretations. In

a

b

Figure 9 Snapshots of dynamic rupture propagation for two other cases. Δτexcess for the large patch is 5.5 MPa, and Δτ
excess for the small

patches are (a) 16.280 MPa and (b) 16.335 MPa. These examples show the difficulty of controlling the rupture process for the small patches.

In case (a), the rupture onset is slightly delayed for the small patches, but once rupture starts, it propagates very rapidly. In case (b), no

rupture occurs.
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the original concept of SMGAs, Irikura and Miyake

(2011) proposed a high stress drop on the SMGAs to

distinguish it from background rupture propagation.

This appears to make sense, given that Aochi and

Dupros (2011) reconstructed a fault constitutive rela-

tionship from the SMGA source model (Irikura 2008)

for the 2007 Mw 6.6 Niigata-Chuetsu-Oki earthquake

in Japan and obtained a difference in Δτ (and Δτ
excess)

that was about double between SMGA area and the rest

of the fault plane. The studies of Das and Aki (1977)

and Mikumo and Miyatake (1978) have shown that the

rupture process is very sensitive to stress parameters

such as Δτ and Δτ
excess (e.g., Madariaga and Olsen 2000;

Gabriel et al. 2012). Even if our study were to take into

account differences in fracture energy, the sensitivity to

these parameters remains valid and coherent.

In the framework of our fractal patch models, it is

more realistic that each patch is attributed different

stress states on a probabilistic basis, mainly because each

patch has a different history (e.g., Aochi and Ide 2009)

and partly because of other uncertainties. In the case of

the 2011 Tohoku-Oki earthquake, many small patches

must have been involved during the rupture process,

and only some of these should have had a marked Δτ

that would allow them to be recognized as SMGAs.

Figure 11 shows one simulation of rupture propagation

in the case where we introduced a probabilistic distribu-

tion in Δτ for each patch. The distribution of Δτ is given

by a Weibull distribution with a shape parameter of 2

and a scale parameter of 4. All the sets do not create

the expected scenario (i.e., the foreshock remains the

same and the main shock increases to the largest patch).

In the illustrated example, some patches around the hy-

pocenter were assumed to be homogeneous in order to

assure rupture initiation. Compared with the homoge-

neous stress condition (Figure 1), we observed that the

advancing rupture fronts on the small patches are more

localized and can be identified. However, the stress con-

dition is difficult to constrain prior to the earthquake.

Therefore, to predict a probable rupture scenario, a

probabilistic approach should be used in the dynamic

rupture simulations.

Conclusions

We have simulated the wave radiation process from

multi-scale heterogeneous models of fracture energy for

a mega-earthquake such as the 2011 Tohoku-Oki earth-

quake. Based on our previous research, we started by

assuming heterogeneity only in the slip-weakening dis-

tance Dc under uniform stress conditions and frictional

Figure 10 Ground motion comparison for scenarios (a) and (b) shown in Figure 9. The E-W (X) component is shown for a bandpass

between 0.1 and 0.5 Hz and for a band between 0.02 and 0.1 Hz. At the bottom of the figure, the Fourier spectrum is also shown for a frequency

band of 0.01 and 2 Hz. For reference, case 1 from Figure 7 is also shown.
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levels τp and τr (i.e., uniform stress excess Δτexcess and

stress drop Δτ). However, in this case, once a rupture

is initiated on a large patch, the influence of nearby

small patches on the ground motions is insignificant

and hidden by the dominant wave radiation from the

large patch, which has a rupture propagation velocity

similar to the S wave speed. We then introduced add-

itional heterogeneity in Δτ
excess and/or Δτ. Finally, we

showed that heterogeneity in Δτ has a greater influence

on ground motions than the same level of heterogen-

eity just in Δτ
excess. In fact, small patches can be easily

ruptured by the use of the multi-scale concept in frac-

ture energy, but these are difficult to rupture behind a

large patch even if high Δτ
excess is assumed. Small

patches exert an influence on SMGAs with low τr (i.e.,

those with a higher static stress drop Δτ). This effect

can be identified from differences in the spatial distri-

bution of peak ground velocities at different frequency

ranges. Our models indicate that the distribution of

large patches may be inferred from past seismicity

when earthquakes recur frequently. However, uncer-

tainties on the stress heterogeneity need to be treated

stochastically. Our multi-scale heterogeneity earthquake

model is consistent with inferred earthquake models, such

as SMGA models, and may be a useful approach for

probabilistically introducing stress state heterogeneity

when predicting ground motion for quantitative seismic

hazard studies.
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Figure 11 A simulation of dynamic rupture propagation introducing a randomly heterogeneous Δτ (or τr) distribution of patches.

Some patches around the hypocenter are kept uniform to assure that the initial rupture progresses. (a) Initial shear stress τ0, with the

small circles corresponding to the initial rupture area of the foreshock and main shock. (b) Peak strength τp. (c) Residual stress τr. (d) Dc.

(e) Snapshots of the dynamic rupture propagation. The hypocenter of the main shock is represented by a cross in the above panels and

by a star at the bottom.
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