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Abstract

We investigated here the effects of source parameters that describe the complex nature of the source rupture process,
with special focus on the spatial heterogeneity of the stress drop on the fault. We considered both random fluctuations
as in Pitarka et al. (2009) and two rectangular asperities where the average stress drop is twice (6.4 MPa) as large as the
global one (3.2MPa). The area of asperities follows the scaling low of Irikura and Miyake (2011).

We also consider the depth dependence of the stress drop distribution outside of the major seismogenic zone to confine
the major slip generation areas. Geometric parameters such as the rupture initiation point, the relative separation
distance between two asperities, and the depths of the two asperities are chosen to be investigated in our parametric
study. The assumed fault is a vertical strike-slip fault with the size (L x W) = (25 km x 18 km). The dynamic rupture
simulations were performed by the FDM code using the split-node formulation by Dalguer and Day (2007).

First, we confirmed if the computed averaged slip and the peak ground velocity correspond to the values predicted by
empirical relationships. Then we investigated the effects of Dc, asperity depths, and the stress drop distribution with the
depth on the final slip distribution and resulting peak ground velocity distribution. If we put asperities in the deeper part

of the fault, we could not see much of the surface rupture, while if we put two shallow asperities the resultant surface
break (displacement) becomes larger. If we decrease the stress drop near the surface, such a large surface break woulc
be no longer emerged on the surface. When we compare the case of positive stress drop near the surface with the case o
negative stress drop near the surface, we can see an apparently larger slip amount in the former near the surface. At the
same time even if we see large slips in the areas near the surface, the peak slip velocity in the shallower part of the fault
is much smaller than those inside the asperities. Therefore, the peak ground velocity on the surface in the near-fault
region is mainly controlled by the directivity in the waves generated from the asperity, not the fault slip in the shallower
part of the fault. As for the effect of Dc, Dc controlled the progress of rupture. The rupture will stop if Dc is too large.

In these parametric studies we can see how the depths of asperities and the complex stress drop distribution on the fault
affect the final slip distribution and the ground motion intensity on the surface. We need to further consider the effects
of the different stress drops in the asperities as a function of their depths, as seen in observations (Nakano et al., 2015).
We also consider the relationships of the combined areas of SMGAs derived from our dynamic rupture simulations with
respect to the combined areas of the assumed high-stress regions (asperities) to confirm the appropriateness of our
model assumptions in terms of the scaling low of Irikura and Miyake (2011).

Keywords: Dynamic rupture; Surface displacements; Near Fault Ground Motions; Stress Drop; Asperity

© The 17th World Conference on Earthquake Engineering - 1b-0010 -



1 b'001 O The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

1. Introduction

From the latter half of the 1970s, the dynamic woptsimulation of fault motions has been invesédat
based on fracture mechanics, starting from simaletdre problems of cracks. The initial researchese
focused on reproducing the basic dynamic ruptuopgaties, such as whether or not the rupture pssgee
how the propagation speed changes when it progreasd what is the shape of the slip velocity fiomcin
asperities, by setting the fracture parametersraple and uniform fault rupture surfaces. Thereaftehas
been found that the nonlinear fracture behaviorthef fault plane can be clearly described by a slip-
weakening model, and the model can reproduce redorgear-fault ground motion characteristics. In
particular, with the increase of computation poweaslistic rupture simulations have become posdiyle
setting heterogeneous fault rupture parameterssidenring both the depth dependency and random
fluctuations, instead of the spatial distributidrachomogeneous fault rupture parameter.

There is a limit for the amount of data availalde deriving important empirical relationships, suh
the relationship between the fault width and segamic layer, the relationship between the maximuch a
average slips in the seismogenic layer as welt@asanear the ground surface, and the influencegiling
of asperities on slip, for predicting strong grountbtion by only analyzing observed data of past
earthquakes. On the other hand, through numericallations of fault rupture dynamics, it is posseilib
obtain important information on the type of findipdistribution that can occur in a stress sta®te the
occurrence of multiple earthquakes by performingapeetric analysis on specific relationships. Howeve
the range of fault rupture parameters to be usetthénparametric studies should be physically validi
constrained by empirical relationships.

As a joint research between LLNL and DPRI on thgute dynamics for crustal earthquakes, we caoidd
analyses on the effects of several dynamic ruppaeameters on the fault, such as stress drop, slip
weakening distance, and strength excess on findl $tip, slip velocity, and rupture speed. In ditdi, we
examined potential relationships between the asgumial stress conditions, including asperitiesdtion,

and rupture initiation time and the final slip aslip velocity obtained from the spontaneous rupture
modeling.

2. Method of Analysis

Here, we describe the basic features of the fuifference method for modeling the rupture dynamissd
in Pitarka et al. (2009) [1], which is based on thethod proposed by Dalguer and Day (2007) [2thin
formulation of Dalguer and Day (2007) [2], two nedso-called split-node) are placed at the samiiqos
on the fault plane, and the continuity conditiofighe equilibrium of forces and displacement betwée
two points are considered. The differential schémvelves a staggered grid finite difference metiiod
velocity and stress. The setting of the shear stbemindary conditions on the fault plane is caroed
according to the following equation.

TC_TZO (1)

7.8 — 75 = (. (2)

Here,1 is the shear stress acting on the fault plamngthe slip vector, and. represents the shear strength of
the plane. Equation (2) shows the equilibrium of-@iuplane forces. The equation of motion at theltfa
plane for the split-nodeg) is expressed as below.
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Here, the left-hand side is the acceleration tithegnean density at time t at point (j, k), andright-hand
side is the spatial derivative of the stress orfal planeT is the shear traction on the fault plane, ah@&T
the initial value Di is the differential operator. By solving this edaatwith the finite difference method, the
amount of slip on the fault plane is obtained.

As a constitutive relationship at the fault surfaceahe studies of Dalguer and Day (2007) [2] and
Pitarka et al. (2009) [1], the simple slip weakgnimodel of Andrew (1976) [3] is used, which is simohv
Fig. 1. The symbols used here are:

oy . maximum stress (strength)

0 o . initial stress

o : residual stress

Ty : breakdown strength drop

Te : dynamic stress drop (=static stress drop)
D. : critical slip weakening distance
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Fig. 1— Slip-weakening model of Andrew [3] used in the stud

The advantage of using a linear slip weakenindidmclaw is that the modeler can directly impose th
expected amounts of dynamic stress drop and shrexgess out of the spontaneous rupture modelputith
necessarily using absolute values of the initialhmad and shear stresses as inputs. Dalguer and2Day)
[2] verified the convergence of numerical resoln@omparing the resulting time histories of thess and
slip velocity functions for two different grid siggnamely 100m and 300m) with the highest resaiutio
model of 50 m grid size. Although there is littléfekence between the results of the 300 m grig-siase
and that of the highest resolution, there is alnmastlifference between the results of the 100 rd-gide
case and that of the highest resolution.

Then by using spontaneous rupture simulations férovf.3 crustal earthquakes, Pitarka et al. (2009)
[1] examined how the frequency content of compwiedng motion characteristics depends on whetteer th
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rupture crosses the entire weak zone and reachdeeth surface. In their stress model the stregs dn the
fault plane and shear and normal stresses weréalbpataried using a stochastic scheme. The spatial
variation of stress drop follows the? knodel of Mai and Beroza (2002) [4] in the sliptitigtion derived
from the analysis of empirical data of the invergpatial slip distributions. The average stresp dscset to

5 MPa, and the amount of stress drop near thecsuea well as the bottom is reduced so that theuatrad

slip gradually decreases in the upper 5 km of tpedf the fault rupture and the bottom 3 km of thelt
below 15 km. The value of the critical slip weak®nidistance Dc is gradually increased in both tog a
bottom parts of the fault.

In Pitarka et al. (2009) [1] three different strei®p distributions were considered in which the
reduction rate of stress drop in the shallow parid the fault is varied in order to produce thoéstinct
rupture scenarios. In the first scenario with atigereduction rate the fault rupture reaches théasa, and
the resulting ground displacement is substantmthé second scenario with a moderate reductienthet
rupture reaches the surface, but the resultingrgtalisplacement is very small. In the third scemavith
zero stress drop near the surface, representingdbfault earthquakes, the rupture does not relaetree
surface. The effects of the weak zone on ruptureachjcs, as well as shallow slips and near-faultigdo
motions are quite significant. The peak ground ei&yas higher for buried ruptures and lower whepture
reaches the free surface. This correlation is smgefor the near-fault ground motion displacementlang-
period ground motion velocity.

By referring to these previous studies we condup@metric studies focusing on the dynamic fault
parameters, especially the depth dependence of, tioedelineate their influence on the slip disttibn on
the fault surface and the resulting ground velotétyels. The major difference of our simulationtte
previous studies is that we introduce a couplesofangular high-stress drop patches that corresfotite
asperities (or Strong Motion Generation Areas, SMG4elineated from the kinematic rupture process
inversions (e.g., Irikura and Miyake, 2011 [5]).

3. Results

3.1 Stress Drop Model

In our analysis of the effects of dynamic ruptueggmeters on simulated rupture kinematics and faedir-
ground motions we focused on the following ruptomedel parameters: a) the asperity depth, b) thture
initiation point, ¢) the slip weakening distanceg, @) the gradient that controls the stress drogr tiee
ground surface.

The fault model used is an inland crustal earthgueduivalent to M6.7 with a maximum length of 25
km and a maximum width of 18 km, as a verticakstslip fault. Table 1 shows the one-dimensionaligd
structure used in the model. We assume a shalloiwoblke structure of 5 km depth under a soft rocletayf
1 km thickness. We also assume a homogeneousgaaé delow 5 km.

Table 1 — One-dimensional crustal structure usedersimulation.

Layer Depth(km) Vp(km/s) Vs(km/s) density

1 0.5 1.2 0.68 2.1
2 1 1.9 1 2.2
3 5 4.8 2.8 2.4
4 Half Space 6 3.464 2.67

3.2. Effects of asperity depth

Here we investigate the effects of asperity deptlt@mputed final slip distribution. We used IrikiRacipe
[5] for strong ground motion simulations to estimaéihe number and size of asperities (i.e., a paitin
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elevated stress drop) expected for a M6.7 crusdihguake. According to the recipe the number of
asperities for a M6.7 earthquake should be two. Fighows the dynamic fault rupture parameters used
rupture scenarios of Case 1, in which one deepritsped one shallow asperity were included, andeC3,

in which both asperities are shallow. The top l&fp right, middle left, middle right and the battdeft of
each figure show the shear stress, normal straegsstaess drop, strength excess distributions,caitidal
slip-weakening distance Dc, respectively. Exceptic, random spatial variations of stress pararaatere
imposed simultaneously. The random spatial vanatalows the & model in stress derived from the& k
model i slip of Mai and Beroza (2002) [4].

Fig. 3 shows the comparison of computed final aliyl spontaneous rupture time between the deep
(Case 1) and shallow (Case?2) asperities rupturgasics. As seen in this figure, when one of thesesips is
deep, the resulting slip distribution follows theparity locations. In contrast, when both aspevitiee
shallow, because of the rupture interaction withfilee surface, the resultant slip is more homogesnand
uniformly distributed in the asperity areas. Themlasperity does not contribute so much to the-sediace
slip.

Next, we generated a suite of 120 rupture reatimgtior which the small asperity remained fixed in
its original position, as shown in Fig. 2, whileetlarge asperity was randomly located at diffedayths
starting from shallow (2-6 km), intermediate (6-8ktn deep (8-10 km). The result of the simulatiéms
terms of maximum and average slip, and maximum avedtage ground motion velocity on the surface is
shown in Fig. 4. It is important to note that theeiage slip is remarkably constant with a slightdency to
decrease with the asperity depth. The same tendeititya larger variation is observed in the maximsiip.
The average and maximum peak ground velocity onstiméace follows similar trends. However, the
decrease in the maximum and average velocities nwgpect to the asperity depth is more than a fafto
two, as opposed to only 25% decrease seen in thienuia slip.
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Fig. 2 — Parameters for deep (Case 1) and shallasg 2) asperity scenarios.
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Fig. 3—Comparison of slip amount and rupture initiationdibetween deep and shallow asperity scenarios
shown in Fig.2.
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Fig. 4 — Fluctuations in the maximum and average aiount (left) and the maximum and average peak
ground velocity (right) due to variations in therdar asperity depths. The horizontal axis
corresponds to the larger asperity depth.

3.3 Effects of distance between asperities

Here we investigate the effects of inter-asperidegance on the simulated final slip and the riaalt
surface peak ground velocity. Fig. 5 shows the oyodault rupture parameters for the rupture sdenar
Case 1, in which the small and large asperitiedamated next to each other, and Case 2 in whiehwio
asperities are separated by 4 km. The resultirntghulisions of the final slip and the spontaneoystute time
are shown in Fig. 6 as before.

The two asperities close to each other in Casd &saa single asperity. The corresponding large sli
area is larger than the large slip area obtainedCiise 2 where the asperities are well separatedt M
importantly, the second model produces smallet fauface slips and lower peak ground velocities.

Fig. 7 shows variations of computed fault slip arehr-fault surface ground motion velocity as a
function of the inter-asperity distance. We use fi@fture scenarios for which the inter- asperitstatice
randomly varies between 0 to 4.7 km. We should tiwéthe average slip is practically independénhe
inter-asperity distance. This could be so prob#élglgause the separation between two asperitiekats/edy
small compared to the size of the largest asperigil 120 scenarios. On the other hand, the rasufieak
ground motion velocity is sensitive to the intepasty distance and varies by more than a factowof
between the scenarios. Being representative ofehiffequency ground motion the near-fault peak gdou
velocity is sensitive to the local directivity efts and interactions between the local rupture chycs and
the free surface.
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Fig. 5 — Parameters for close asperity scenarisd@aand far asperity scenario (Case 2).
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Fig. 6 — Resultant effects of asperity distancslgndistribution and rupture initiation time.
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to inter-asperity distance
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3.4 Effects of rapture initiation point

In all rupture scenarios described above the repiitiates in the lower-left corner of the larggparity.
This particular location favors upward directivigffects and in the case of shallow asperities fabong-
strike directivity effects, too. The rupture intizn location should have a significant impact ba tverall
spontaneous rupture process. We investigatedfitseite on the results of slip and ground velodtig. 8
illustrate two rupture scenarios with identical graeters except for the rupture initiation locationCase 1
the rupture starts from the lower corner, whil€ase 2 it starts from the upper corner of the lasperity.

The slip and rupture time distributions resultimgnfi each scenario are shown in Fig. 9. There is a
significant difference in slip and rupture timetdisutions between the two scenarios. It shows thpture
initiation controls the effects of local ruptureeditivity. As indicated by the simulation resudtsown in Fig.

10, there are large fluctuations in both slip ardkpground motion velocity due to the depths ofrtigure
initiation points. This variability does not necasly correlate with the rupture initiation deptmee the
effect of rupture directivity, as well as spontameaupture propagation speed, depend on the rmlativ
location of asperity areas with respect to theurgtinitiation location and proximity to the freagriace.
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Fig. 8 — Deep initiation point) scenario (Case 1) and shallow initiation poimrerio (Case 2).
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Fig. 9 — Resultant effects of rupture initiatioringan slip distribution and rupture initiation t@n
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Fig. 10 — Fluctuations in the maximum and averdgeasnount (left) and the maximum and average peak
ground velocity (right) due to variations in theptteof the rupture initiation point.

3.5 Effects of Dc

The critical slip-weakening distance Dc controlg tinacture energy. A larger Dc increases the energy
consumed by the fracture. Consequently, a largesuppresses the advancement of fracture becaasgea |
energy is required by the fracture to propagatdatRely speaking, large Dc slows down the ruptuvhile
small Dc increases the rupture propagation spasdl,cansequently increases the slip velocity. Sidce
trades off with stress drop, its effect on ruptprepagation also depends on the assumed overadisstr
distribution on the fault. In our rupture modelg thc is set to 50 cm in the seismogenic zone (depthge
5-15km) and it linearly increases at depths shalotnan 5km and deeper than 15km. In our modelatDc
the ground surface is set to 75 cm, and 100 cn8lanl We investigated the effects of Dc assigmethe
seismogenic zone on rupture dynamics by performingilations with three different models with diet

Dc, Case 1, Case2, Case3, for which Dc is 50cmm5&ed 55cm, respectively. Fig. 11 shows the stress
models and Fig. 12 shows the results of ruptureandyos simulations. In Case 3 where Dc=55 cm the
rupture stops as soon as it starts. Decreasingddt $52cm to 50 cm increases the rupture speed|ydl\s
increases the free surface slip. Based on theasimilalysis of Dc, most of our stress models habe with

a base value of 50 cm which produces a sub-shparreupropagation.

Casel: Low Dc (50 cm) Case2: Higher Dc (52 cm) Case3: Highest Dc (55 c¢cm)
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Fig. 11 — Source parameters of small Dc (Casdightly larger Dc (Case 2), and large Dc (Case 3).
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Fig. 12 — Comparison of slip and rapture initiattone for three cases with different Dc values.

3.6 Effects of stress drop gradient near the surface

Here we investigate the effect of near-surfacesstidrop on simulated rupture dynamics and neat-faul
ground motion. As explained earlier, we includedemk zone in which stress drop is set to zero gatine

at the free surface and linearly increases withttd@pthe top 5 km of the crust. In this study thesrage
stress drop at 5km depth was set to 3.2 MPa. Wsidered two stress models. In Case 1 model, the nea
surface stress-drop gradient is 0.06MPa/km whighdgi a zero stress drop at the free surface. e @as
model, the gradient was 0.064MPa/km which yielegative stress drop at the free surface (Fig. 13).

Fig. 14 shows the simulated final slip and rupttinge distributions for Case 1 and Case 2 models.
The slip distribution shows that the near-surfdigeis very sensitive to the stress drop in thdlshapart of
the crust. A weaker near-surface zone (smallesstieop zone with large Dc) limits the surface uopto a
smaller portion of the fault. When we inspected riieeximum and average slip, and maximum and average
ground motion velocity for several cases with dif@ stress drop gradient to the surface, we fabatthe
maximum slip (concentrated along the free surfaleeyeases with decreasing near-surface stress Thep.
effect is drastic on ground motion amplitudes; peealocity increases by a factor of 3 when nearaxgf
stress drop increases from a negative value to zero
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Fig. 13 — The case where the stress drop neawutfece is almost zero (Case 1), and the case whisra
negative value (Case 2)
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Casel: Higher Stress Drop Case 2: Lower Stress Drop
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Fig. 14 —Resultant effects of the stress drop near the ida slip distribution and rupture initiation time

4. Summary and Conclusions

In our analysis of effects of dynamic rupture paggers on simulated distributions of slips on thatfand
near-fault ground motions, we focused on the follmawrupture model parameters: a) the asperity ddpth
the inter-asperity distance, ¢) the rupture iritiafpoint, d) the slip weakening distance Dc, apthe near-
surface stress drop. The conclusions drawn frormaorerical experiments are as follows:

1) Effects of asperity depth:

Shallower asperities generate larger mean and nueifault slip, as well as larger near-fault groumotion
velocity. The mean and maximum ground surface vigldollow similar trends. However, the decrease in
maximum peak and average velocities with aspegtid is more than a factor of two, as opposed tp on
25% decrease in the maximum slip.

2) Effects of inter-asperity distance:

The average slip is practically independent ofittter-asperity distance. This could be so prob#lslyause
the separation between the asperities is relatigetall compared to the size of the largest aspelity
contrast, ground motion velocity is sensitive te tmter-asperity distance (local cumulative rupture
directivity) and varies by more than a factor obtletween the scenarios. Being affected by higipigacy
ground motion the near-fault peak ground motioroeiy is sensitive to the local directivity effecamd
local interactions between local rupture dynamiud the free surface.

3) Effects of location of rupture initiation point:

The rupture initiation location controls local rupe directivity. As indicated by the simulation ués shown
in Figure 9, there is a large variation in botlp €lnd peak ground motion velocity. The variabitiges not
necessarily correlate with the rupture initiatioepth, since the effect of rupture directivity, asliwas
spontaneous rupture propagation speed, depende aglative location of asperity areas with respedhe
rupture initiation location and proximity to thes& surface.

4) Effects of critical slip-weakening distance Dc:

It was found that critical slip-weakening distarize has little effect on mean and maximum slip ani®un
However, if Dc is too large, it causes immaturetinae, while large Dc results in small mean andimarn
ground surface velocity.

5) Effects of near-surface stress drop:

The slip distribution shows that the near-surfdigeis very sensitive to the stress drop in thdlshapart of
the crust. A weaker near-surface zone (smallesstdeop and large Dc) limits the surface ruptureto
smaller portion of the fault. We found that the imaxm slip (concentrated along the free surfaceyabses
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with decreasing near-surface stress drop. ThetaBedrastic on ground motion amplitudes. Peak aigto
increases by a factor of 3 when near-surface stiregsincreases from a negative value to zero.

Based on these results, the following investigatiare necessary in future studies:
- Perform calculations for a uniform, semi-infinitallispace, which means that we assume no low-wugloci
layers near the surface. A soft material near tiffase used here is likely to have significant effe
- Perform calculations for earthquakes with largegnit@de. In this study we only investigated rupture
models for an intermediate-size earthquake of M6.7.
- Investigate how much effects will be manifested wilee dependency of stress drop with depth in the
seismogenic zone is considered as seen in Nakaig €015) [6].
- Examine whether the scaling law of asperity deribgaharacterizing the obtained slip distributidrsn
the method for kinematic inversions [5] agrees whidt from the dynamic rupture simulations.
- Obtain ground motion prediction equation (GMPE)nirgimulated velocity waveforms and compare it
with empirical GMPEs.
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