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Abstract. Since more than a decade, it has been shown thatrdy rupture modeling is able to reproduce
nearfield ground motions as well as kinematic sourcedet®. Such approach is then taken into ant for
estimating probable earthquake scenarios in thentesearch of seismic hazard study. The advardé
dynamic rupture modeling is that (1) the interatcti®etween fault segments is considered, (2) theatiayi on
the kinematic parameters suchrapture time, maximum slip velocity and slip ssared by mechanics, (3) t
source time function is naturally provided as aultesand (4) the macroscopic fault parameter (mamir
magnitude) can be discussed in the given faulesysfmong various rmerical methods available nowaday:
3D Boundary Integral Equation Method is always ukgf its portability and handiness. One typicadmsario of
magnitude 7 can be calculated in an hour on paraefieputers. Thispaperaims to argue the important
parametergduring constructing a dynamic rupture model aeview the example for tht¢he 2007 Mw6.6
Niigata-Chuetsweki (Japan) earthquake is discus
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1. Introduction

Quantitative and reliable ground motion estimatimaler a given context at a site of intel
iIs a key technical issue for the engineering desifjistructures. Installation of importe
facilities requires detail timeeries analyses of tlresilience of the structures under probe
ground shakings. Many empirical or stochastic meshdiave been operational, &
sophisticated deterministic approaches are alssidered (e.g[1]). In the case that the s
of interest is close to active iits (< a few tenths kilometers), the effect of thiste source
should be taken into account in ground motion edions, because we know from the g
earthquakes that the rupture property charactesgsficantly the ground motions and ¢
lead tosevere damages. For example, a guide[2] is givenhow to construct a kinemat
finite source model for ground motion calculatimisgngineering practices. Their approac
are based on the statistical characterization enetd from the earthquake nels of
seismological kinematic inversions

Since more than a decade, it has been shown tinaindg rupture modeling is al:
able to reproduce the nefeld ground motions (e.c[3, 4]) as well as kinematic sour
models. Such approach is then takero account for estimating probable earthqu
scenarios in the recent researches of seismic dhatady (e.g.[5]). The advantage ¢
dynamic rupture modeling is thi

(1) the interaction between fault segments is c@rsi,
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(2) the causality on the kinetic parameters such as rupture time, maximumvslipcity and
slip is assured by mechanic

(3) the source time function is naturally providesa result, anc

(4) thelikelihood of the macroscopic fault parameter (maim magnitude) can be discus:
based on the mechanical insights in the given fydten

The purpose of this short note is to give the jprastof dynamic rupture simulatio
for engineering purposeather than to discuss the scientific topics. Patamsetting i
essential and the most difficult part for the aqpgtions.

Simulation Strategy from Source to Site

1. Initial Condition The 1992 Landers, CA (M7.3)

Fouw't Geometry, Tectonic Stress
Rupture Criterion

|

2. Dynamic Rupture Propagation

l Boundary integral Equation Method

3. Seismic Wave Propagation
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Finite Difference Method
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FIG. 1. Schematic illustration of “tw-step” simulation, beginning with (1) the initial kdition for (2)
dynamic rupture proess and (3) wave propagation. This can be coupitd further analyses of (4) sc
and structure response at a site of intel

2. Methodology

Here, we propose “twetep” simulation procedure from the dynamic ruptprecess to th
ground motion simulation (5. 1) as originally aplied in the forward modelings -9], and
also commonly adapted in the dynamic inversi[10, 11] The most important is the initi
and boundary condition to drive the simulationsisTgaper proposes to take into eunt of
the nonplanar fault geometries, in which the ones shooluswer the absolute stress fielc
the medium. This is different from the case of amgle planar fault for which only a relati
change in stress appears. Once the fault geomediyte stress field are set, a small ini
rupture is given at a chosen hypocenter, the ragtaocess goes on spontaneously accol
to a given rupture criterion and friction law witbspect to the stress evolution, and
seismic waves are radiated.
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In the ‘two-sstep’ simulation framework, we use a Boundintegral Equation Metho
(BIEM [12]) for the first dynamic rupture part aia Finite Difference Method (FDM [6, )
for the second wave propagation part. Althoughsingle simulation method can hde both
the processes simultaneously, there are two adyasite distinguish them from the point
view of cost performance of computation and thityibf the intermediate result. Namel

+ The rupture process concerns mainly along the faefjments nd the
surrounding medium, which is much smaller than theension of the
resultant wave propagation. Thus, solving the ethstamic equations on
for the fault segments and the nearby medium i®bgt cost performance
computing, rather than callating the full volume of the medium from t
finite source to the site of interest. This is alsecause the numeric
resolution required in the computation is differantsource element and t
outer medium grid.

+ The fact that the wave propagationsequentially simulated means that «
can easily give other derivative or alternativetuup scenario based on 1
original one. For example, we can modify the scalparameters included
the rupture scenario (ex. magnitude), or add soroee momplexy (random
high frequency generation) in rupture scena

On the other hand, we remark the limit of the -step’ procedure.

- It is difficult to correctly take into account ihé medium complexity ver
nearby the fault segment influences the rupturcess itsel

Indeed, the interaction of the rupture process-material medium, in damaged zone or v
the ground surface is still aping research topic

The choice of the above methods for each steptiexwusive. There are many ott
possibilties of the different combinations such as thedidifference for the dynamic ruptu
part and the discrete wavenumber method for theeypawpagation part. The advantage of
proposed choice here is in the followi

+ The BIEM is flexible for the fait segmentation and irregular fault geome
and also usually much faster than the other volumatimerical methods,
the method formulation is specialized for a unitifaegment.

+ The FDM is one of the most convenient methods tlocutate the wawv
propagation in a 3D volume, and -processing of the grids (meshing) is
necessary, as structural grids are usually adapi

The detailed formulation of the BIEM used in thisdy is summarized i[12]. There
have been many different formulationsme or Fourier domains, stress or slip integrand)
since a few decades. Our formulation is specialipedhe rupture problem along the fa
segment, so that stress is expressed by the -temporal convolution of the Green functi
and fault slipto make it easy to couple with any rupture criteribhe Green function can |
analytically formulated and discretized for a 30rfuegeneous, infinite medium. One of
most popular version would be the one formulatedafplanar fault in a 3D medit [13, 14].
As similar formulations to ours, the recent impnonants have been brought for a tspace
problem [15]and for different 2D/3D cases and discretizat [16].

On the other hand, the FDM also has a very lon¢gptjis We adapt the for-order
staggered grid in space and the se-order in time [17-19] The characteristics of the FD
used in this study are given[9]. Any earthquake source models (dynamicamulated and
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kinematically constructed) can be introduced in finde difference scheme as a series
seismic moment release (on stress tensor). Thex lbee some derivatives of the methc
such as the introduction afpartially rotated staggeredd [20, 21] which makes it easier
incorporate the boundary conditicA good performance of the colloca-grid scheme is
illustratedwith curvilinear coordinate by optimizing the disation error [22].

g 01/ ‘ [ ‘ | 20
< 0 50 03100 150 S1 200 o 1 2 3 4
Applied Normal Stress (MPa) G, Dc (m)

FIG. 2. (a) A typical linear slizveakening Iw. (b) Depth variation of principal stressts, and S,
(both horizontally oriented) for stril-slip faulting regime. (c) Mohr circle with two Cauhb friction
lines (static and dynamic) defined [/ and /77 at a given depth(d) Depth variation of DcSee
the text for detailed hypothesis. Modified a[27].

3. Best Practices for Parameter etting

Reasonable parameter setting is a key of dynarpiirel modeling. This papers aims to ¢
particular practices for a complex fault systemiroégular geometry without taken in
account of small scale heterogeneity on a singi@gl segment. Dynamicpture modeling
on a single planar fault has been long studiedesir®¥0s (e.¢[23]) and this is always a got¢
approximation of the causal earthquake source. rolee of heterogeneity is important,
barriess, asperities and strong motion generations. In particular, randomness of 1
heterogeneity is discussdd4, 25, for example. Hereafter, as illustrated ilG. 1, we
consider the absolute stress field and a suitatpieire criterion (and friction law). If we thir
of a complete seismic cyclehe stress field before a characteristic earthqoélair interes
should be somehow at a critical state, which i# difficult to be measured from tr
observation but can be estimated from some geodgahiseismic cycle simulations. Tt
coupling becomes possibj26] in a realistic situation, but still needs much mogsearche
for the practice and is beyond the focus of thiggpaThus, we should guess the initial s
critical enough to begin a large earthqu
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For this purpose, as the first #oximation, it is reasonable to assume that thé
system is embedded in a uniform stress field gaaby principal stresses,,s,,s , where

s,%3s5,2 s ,). For a large earthquake of magnitude over 75 mbre plausible to consid

some variation. Typically we suggest introducindegtl-variation, say for a type of shallc
characteristic earthquakes, from a depth of O tkri5This reflects the fact tt the confining
pressure increases with depth, so that the stieddsd naturally larger at depth. It is suppo
that the directions of principal stress (thus,tipe of fault mechanism) are known from pr
information such as the regional tecto or the focal mechanism analyses, and their ve
remain to decide.

Then, a Mohr€oulomb rupture criterion and a linear -weakening friction ar
commonly used. We avoid writing all the equaticans] illustrate a diagram in Figure 2 fo
case of strikeslip faulting regime. The Mo-Coulomb criterion is generally described b

static frictional coefficient/z and a cohesive force,. A slip-weakening friction needs
dynamic frictional coefficieni/; and a critical slip displacemerd,. We need to decic

how the Mohreircle is located in the two static and dynamic Bmb friction lines.We
introducea scalar parametcT (OE£T £1) [27] indicating how Mohr circle is close to tl
Coulomb friction linesdefined by

___ Possible stress drop| _Sot(m- m) %|
breakdown strength dr(bg t-ms,

(1)

optimal plane for optimal plane

The case of = 1 means that the circle tangentially touches thecs@dulomb line, while fo
the other end membér = O, it reaches only with the dynamic Coulomb line. Qra:
suppose any negativie but there is no interest for the dynamic ruppurecess, as there is
possibility of positive stress drop. The model paeters and its particular values used
illustrating FIG.2 are summarized in Table 1. Implicitly the intedia¢e principal stres:s,

(vertical) is supposed to bésl+s 3)/ 2 and equal to the hydrostatic pressure at each ¢

Below 12 km, a ductile feature of interface is estpd due to high temperature, so a diffel
relation (deviatric stress does not increase anyemand frictional evolution is plastic
hardening)s given. This detail is not less important for tymamic rupture, and important
to know to what extent of depth the seismogeniezmntinues.

From several modeling experiences of the past aedasio earthquakes, there
some recommendations:

The frictional coefficient is smaller than the labtorg experiments of dry roc
(0.60.7), but the occurrence of the past earthquakeserimplex fault geometr
prefers a ‘weak’ fault assumption with hydrostghi@ssure and a moder:
frictional coefficiert (0.30.4). Otherwise, the rupture is not able to propa
(i.e. [28, 29]).

Average stress drop is about several MPa, upto P@&.MrFor this, dynami
frictional coefficient is set as -80% of the static one. This signifies the
stress drop is about5 — 1/4 of the absolute stress field.

A cohesive force of several MPa is preferred, megrihe fault strength
depth 0. A zero cohesive force permits no stresaraalation and release, t
a significant rupture is possible near the growmtbse[30].
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Dc is given according to the scaling of the eartk@s, such that Dc is abc
10 cm for a magnitude 6 (fault dimension of 10 k80,cm for M7, 1 m fo
M8, and so ot[25]. Dc can also take into account of the depth vam (FIG
2d, eg. [30] to expres “brittle but stable” in the shallo@onger Dc, “brittle
and instable” in the seismogenic zone, and “ducild stable” in the def
(very long Dc, namely perfect plasticity w nostress droy.

TABLE |.MODEL PARAMETERS NEESSARY FOR DYNAMIRUPTURE MODELING, AD THE
VALUES USED FOR FIG2 (SCENARIO EARTHQIKES ALONG THE NORTIANATOLIAN
FAULT, TURKEY [27]).

Parameter Given Value for FIG. 2
Static frictional coefficient 0.3

Dynamic frictional coefficient /7 0.24

Cohesive forces,, 5 MPa

Scalar parameter of stress accumulaT 0.97

Intermediate principal stress, 123 MPa at 7.25 k
Max/min principal stresse:s,,s , (*) 163/83 MPa at 7.25 k

4. Applications —2007 Mw6.6 Niigate-Chuetsu-oki Earthquake

We show an example of the dynamic rupture simutaéind the estimation of the n-field
ground motion for the 2007 Mw6.6 Niigi-Chuetsueki, Japan, earthquakelG. 3). This led
to the shutdown of the Kashiwaz-Kariwa nuclear power plant neby (denoted as static
KSH) and influenced the seismic safety approacHesualear installationg31]. Strong
ground motions (stronger than the ones used fagueieg the installations) were recorded
the site. In order to explain the observed strouige, the earthquake modeare proposed
consisting of three asperities located on a sisgtedipping reverse fai [32], and they are
reconstructed dynamically by adjing frictional parameters [8]Models AD2 and AD3 it
FIG. 3). The asperities have twice the stress d-16 MPa) of the other par-8 MPa) of the
fault, and Dc is supposed 50 cm and 30 cm, resmdgtiModel AD2 represents concent
rupture propagatiofrom the hypocenter (uniform in fault peak streni¢ ), while AD3 has

an opposite rupture directivity on the third asgyenvhich can be realized by a rupture det
around a barrier (denoted by thick black lines). tha otherhand, the dynamic ruptu
process on conjugate fault segm are simulatedpamely the rupture sta on a NW dipping

fault and transferen a SE dipping conjugate ¢ [9]. A parameter set/f = 0.3, Dip angle

of segment 2 = 45Qverlapping of two segments = 4 from [9]) is represented as Moc
AK in FIG. 3. Unlike the previous two models, each segmergxjgressed uniform. T
hypocenter positions are set to (138.624°E, 37.9886 km), noting an initial crack has
radius of a few kilometers in the dynamic ruptunawgations All these dynamic rupture
models are simulated with the BIEM. The far fault models (AD2 and AD3) cot be
calculated easily with other methods, withe conjugate fault model (AK) remains difficu
even if each segment is planar. If we kra more detailed struatel of the fault system, tt
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model could be more complex. However it is stiffidult to image precisel' the buried fault
structure.

FIG. 3. Earthquake source models for the 2007 Nii-chuetsueki earthquake. A SE dipping fa
with three asperities (AD2 and AD3 [8]). The thiadperity of AD3 is sel-surrounded by baier
(thick black lines) so that the rupture directivisylocally oppoge. A conjugate segmented fault mc
with different dipping directions (AK [29]). Theas$ represent the hypocenter position. The trias
show the seismic stations.

These dynamic source models are put in the wavygagaiion simulatics using the FDM, as
previously differentkinematic source modeare tested irvarious available3D geological
models [33] Here we use thstructure modetalibrated by Geological Survey of Jay[34].
We set a minimum wave velocity at 800 m/s for algze of 100 m. A snapshot of t
ground motion in a homogeneous model is show[8] to clarify the difference of such thr:
dynamic models in the radiated waves. A strong wawet propagates commonly towatr
the southwest direction due to the rupturerectivity. Besides we find another wave fr
heading to the east in AD3 and AK models due tosthrificant change in rupture geomelt
FIG. 4 shows a comparison of the ground motiofour stations, NIG016, NIG017, NIGO:
(at ground surface) andSH (et the service hall at depth of 250, I8G<). Even if no
significant heterogeneity exists in slip distrilmmn, some characteristics of the n-field
ground motions (NIG016, NIG017 and NIG024) are gegd in its frequency content and
significant phasedn the forward direction (NIG024), the waveformg mainly represented
by the propagation of the rupture front and itest;and there are few differences am the
models. At theside (NIGO17 and KSF more phases can be recognized due to the
change of rupture behavioAs no tuning or no inversion was carried out as tktiep, t is
difficult to compare visually the seismogre. It has been proposed éwaluatethe synthetic
ground motions throdgthe ground motion parameters such as peak graaoéleration
velocity and displacement, duration, Arias intensiesponse spect[35, 36 rather than the
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waveforms usually used in seismology. This is bse the engineering purpose is ralways
fitting the waveforms coherent Therefore we apply a goodness-of(fBOF) criterion [37],
which can give a rough idea how two seismogramschnge in envelope and phase. G
score is briefly understood as excellent (8 < GAW¥% good (6 < GOF 8), fair (4 < GOF <
6) and poor (0 < GOF < 4FIG. 5 shows time-frequency envelope dnes-of-fit diagrams
for KSH. Model AK remains a better model among the t, by improving the GOF score

the NS component.

The example of the 2007 Chue-oki earthquake presentéa this session is not f
calibrating the model parameterperfectly through inversionbut for evaluating th
performance of the input ground motion simulatitl@sed on thforward dynamic rupture
modeling.Although each model could be improve(GOF indicates a favoral score for the
model AK consighg of the conjugate fault segmel This means that the coilex ground
motion can be the result from the perturbatiorhiem dynamic rupture process, espdy due
to the irregular fault geometry. A more discussigngiven on the comparison betwe
kinematic and dynamic rupture models for this epréke [38]

FIG. 4. The comparison of the synthetic seismograms fottile® components from the three cmic
earthquake models and the observation. For NIGXI&;017 and NIG024, the seismograms
filtered between 0.1 to 1 Hz. No filter is appla&adKSH—- SG4. The time zero is taken as the event
10:13:22.16 (local time).
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FIG. 5. Time-frequencyenvelope Goodne-of-Fit (GOF, e.g. [37]) between each synthe
seismogram and the observation at kSG4 (See FIG.4.). The component (x,y,z) repre$ews NS
UD), respectively. GOF scales from 0 (poor) to éfcgllent).

5. Perspective and Conclusio

This note summarizes the practices of dynamic rep&imulations rather than vario
scientific questions. Parameter setting is the rmmopbrtant task in the simulations, and tl
in the consequent ground motion estimations. The afdhe parameter psentations here is
based on the experiences obtained from severdlgestte modelings, and thus coherent \
what we observed. However there should be alwalysrotays to interpret the conditio
and/or important uncertainty going with, even ifrephysical limit is imposed. Therefore fi
the quantitative applications, a probabilistic aygmh to generate the parameter sets ce
combined [39, 27] One can even test different interpretations @& thult segmentatio
models to estimate the possible ture scenarios. The advantage is to explore not thrd
variation of the scenarios, but the upper limithed severest one based on the mechanics
this cannot be brought by kinematic scenarios bemstandard seismic hazard assess|
approaches.

There have been some discussions on the groundmsatalculated from the dynan
rupture scenarios in terms of the empirical gre-motion prediction equations (GMPE[35,
40]. The dynamidsased simulations are consistent with the GMPElfierent fators (PGV,
response spectra, etc.) by properly setting assttesp. It should be remarked that variai
observed in the synthetic ground motions are ingmdytas big as a standard deviation of
GMPEs, although propagation and site effects ampléfied or ignored. This is because |
receivers are ideally and densely distributed endimulations to detect the wide variatior
the ground motions in space. The variations in rikar field (< 10 km) are difficult t
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estimate from GMPEs due to theck of the observations, and we should complete
dynamic-based simulations.

In the framework presented in this note, the opégameters of the earthquake rupt
can be explored, without any detail on each sneghwent, namely low frequer-ground
mations can be calculated (coherently up to 1 Hz galye and incoherently upto a few H.
In some cases, ones need to calculate mor«frequencies. It is one way to introduce v
random heterogeneity in the model parameters [41]). Otherwise, nce we already
obtained a brief earthquake scenario, we can canlkdimematically hig-frequency
componentslt is proposed [4] to modify the slip distribution of the dynamic rups
simulation so as to be more heterogeneous as ¢-called “k2” model[43]. This is much
more convenient way to test many stochastic scenénan to calculate each dynamic rupi
scenario every time. This is also an advantagehef“twc-step” simulation procedure .
flexible applications.
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