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Earthquake Source Models

@ Point Source {Maruyama, 1963; Burridge
and Knopoff, 1964}

@ Finite Fault--Kinematic {Haskell, 1964}
@ Finite Fault--Dynamic {Kostrov, 1964}
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cocur in the earth’s crust asd in the upper part of
strosses may be supposed to have s considernble duration. [t was
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BODY FORCE EQUIVALENTS FOR SEIRMIC DISLOCATIONS
By B. Braamox axp L. Kyoeorr

ABSTRACT

An explicit Mh&dhb“hﬂuhwhlﬁmdom
which peoduces radisticn identical to that of the dislocatiova. This eqeivaken! force depeads
only upon 1he setrce and the elastic propertios of the medium in the imaediste viciaity of the

locathoms in an axksctrople inbomagessccs madium; in the notropy » ssomed. Yor
dleplarcament disdocution (aatia, the doshie rouple is an sxart body fores.
1. Ismnovvcrsos

The stecent in tho “force oquivalent” probioss astedatin its sclutica by s con-
sidesstde number of years. The debates over “single couple” ned “double couple™
earthquake focal soockanisns have by sow been well viewed and roviewnd. For a
discussing of the problen of curthquake source medhanians see Stavader (1962).

Tt Baux Yowns puointed out by seversd autbors ( Knogoff amd Gilbort, 1960, Balakina,
Ehirokova, and Vyedenskays, 1060) that the sobation 1o the problem of the seismic
mdiatica froms & mddenly oceurring earthguake in the earth's interior = likely to
Le conneeted with 1he scdition to a “disloention”’ peoblems, oz, in the tenuinology
of Baker and Copeon (1930}, 40 a “saltus" peobiess. In these problems the displasce-
went fedd or stress field undergoes the more or bess sedden erention of & disccn
tinuity seross the “Iagl™ mrfsce.

Perhaps the most ecmplete solution 1o the dislooation preblem has bern given
by Kropal and Gilbert. Thew suthors showed that & model of an earthquako can
be represcated as a linear combiration of the sodations 1o a number of fundasweatal
problems. The resaining peoldos, that of determining 1ho appropriate linear
combinations, was not attengpted.

Although Knepoff and Gilbwrt ween primarily intotvated in 1o radintion patterns
from thelr varioos delosation models they also provided the foree equivalents that
would produce the saawe St motions as each of their sourcos. To (ki pager wo fiad
T IRy Ay —_— o

Nabareo (1051) obtaized the mdistion from a spreading disloestion by esscntially

are coneerned with the body foree which would have to be applied in the absence
of the fault to produce 1he sume mdistion (in all nepects, not ooly fint sotions)
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TOTAL ENERGY AND ENERGY SPECTRAL DENSITY OF ELASTIC
WAVE RADIATION FROM PROPAGATING FAULTS

By N, A Hasxaze

ARSTHACT

Starting with & Greon's Pt o ot of the sl of the ola Bedd
for 1he case of & proseribed dapd & sty oo Tault serfsce, % s ahown that &
hear Nault (relative displacemens paraliel 2o the Tl plane) bs rigrounly squivalent to »
duﬁ!nikndm“qb'dummwthham 16 the cane of & tennlle faalt

Mmﬂn‘klhhﬂ!plntnhcqunbmnummdummmh
m‘dlmlpduwulh\hhdl’h-mnv_, d prarely compromi
component. Amuming 1hal the fault break propagaten in coe & oo aloag 1he Jong axie of
the faclt plase and thal the rellative displaccment 2l & given podnt kas the form of & ramp tize
fuscticn of faite duration, 7', the tetal radited M and & wave esecgion and the total energy
wperiral densltios are evaluated i closnd form in termas of the fauit plane dimeasions, Soal
faalt dapl L, the tlae tant 7, and the fault propagation velerity. Udng faalt pa
ranssery derived principally from the work of Ten Menabers snd Tobuis an the Kamedatia
earthgeake of November §, VG2 the enlevdatod total energy appoars 16 be somen bt low and
he ealealated soergy spectrum apgesrs to be deficiont al shoet petiods 1t s segpested that

Ib-&mmd-km sreptfeation of the d model. aced 1hatl they may le

& by (1) ing a A hened ramp for the faalt dsplaccmmem Usoe fuse-
Loa 10 correapond to 3 stick olip type of o, sod (2) ing Shast the short period com-
poments of the faclt dispd ot wave are cob t cody aver distances conmiderably srmaller

than the total faclt bagth,
INTRODUCTION

Rropeff sad Gilbert (19090) Bave used & Green's function integral ropeosentation
of the solution of the elastle wave equations In an infinite medium 10 discuss the
mdiation pattern of first motions from s moving fseM, In the peosent paper wo
shall cmploy 1he s appecach 10 eabeulate the total radiation from & woving
Eault of Snite lozgth,

In the compact tersor netation of de Hoop (1958) the elsetie displacements,
wA Ty, oy, 7, ), in a volume, V, bounded by n surface, S, are given by

sl o an 0 o [[ [ Gastr 4 [ [ enmGitunotin i
n
4 (@702,) [ [ e Gulnios da
where

Ti, 71, 7~ Cartesian coordinates of point al which w, is to be evalemted
$, 4, & = Osetestan cocrdinates of the poist of lategration in F asd oo 8
A w body foeoe per gt volutwe

€A - '(.' -~ W”A‘u + ’“Ac + &4y
s

Haskell 1964

TS posaine 5y
hullphneonlho&ndemﬂleﬂhemﬁwnmbemn&{bmm
darvetion of faull displacetnent snd propagation. Then n,* = <&, and D, = L0,
In this case oguation (%) becomes

drilx, 1) = 2(d/a) If" (ar) ' 3imnDIL 1 = r/a) da
(10)
+ [, 0 =t 4w + ndal BlEt — 7/8) da

The integrands in equation (20) are cxactly the samo 2 those 13al oo woehd ob-
tuin by considering the fault plane to be covered with a distribution of double couple
sortrees, the L of the corgouent couples Baving an areal density
Mg 8) = 8 D(E 1),

vousider the point of observation, x 8o be safowatly remote that the rvdial distance,
r, and the duvetion cosines, v, afe ccastant over Lhe area of the (sult 10 any destrod
degree of approcimation, We further nssume that the fault plase i rectangular
with length L in the direction of peopagation and wadth « in the tesssveese diceetion.
We also suppose that the depesdence of 17 on the trmsverse coordioste does not
vary with time. Equation (10) may then bo writlen as

drdni(x, 1) = 2(8/a)" yarmvl. + (=2ym + vd: 4 wladed, (11)

whete

I.ow ff;(g.z — rjm)

Iy = [&u - v/8)

D i the displacesscnt averaged over the width of the fanlt and § = & . Introdosinga

(12)




KO S t r OV ]_ 9 6 4 SELFSIMILAR PROELEMS OF PROPAGATION
OF SHEAR CRACKS

(AVTOMODEL'NYE ZADACHI O RASPROSTRANENII
TRBSHOHIN XASATEL'NOGO RAZRYVA)

PMM Vol.28, & 5, 1964, pp. 889-898

B.V. KOSTROV
(Moscow)

(Received April 10, 1964)

Two- and three-dimensional problems of nonsteady propagation of cracks are
considered in a medium subjected to a homogeneous shear.. The two-dimensional
problem 1s completely analogous to Broberg's problem [1] of a tension crack,
but 1s solved by a considerably simpler method. The joint investigation of
the two- and three-dimensional cases also has the advantage that a number of
intermediate results of the two-dimensional problem form the basis for the
solution of the three-dimensional case.

The axisymmetric problem of propagation of a tension crack, the three-
dimensional analogue of Broberg's problem, was solved in paper [2]. In con-
trast to the problem, the one which is solved in the present paper is not
axisymmetrical. However, a certain generallzation of the method which was
applied in [2] permits construction of the exact solution of the problem at
hand. It is assumed here that the surface of the crack has the form of &
circular disk, i.e. that the velocity of propagation does not depend on
direction., It is shown that, in general, this assumption is not borne out,
but that it is possible to indicate a value of the initlal stress for which
the assumption is valid. For all other values of the initial stress the
solution which 1s obtained can be considered a&s an approximate one.

1, Pormulation of the prodlem, a) Two-dimensional
case. A homogeneous and isotropic elastic medium having shear modulus
u and velocities of propagation of longitudinal and transverse waves @&
and b , respectively, fills an unbounded space and 18 in a state of homo-
geneous shear for t < O , so that only one component of the stress tensor
7,,°= 7° 1is nonzero. A crack forms at the instant ¢ = O along the y-axis,
and then propagates in the plane 2z = O in such a way that the elastic per-
turbations which arise from it do not depend on the coordinate y and are
polarized in the xz plane. The velocity of propagation of the crack is
assumed constant and 1s denoted by a . The location of the crack is shown
in Fig.l. The shear stresses must dlsappear on the surface of the crack,
i.e. the perturbations caused by the development of the crack must satisfy

the condition
Toz=—1T for 2=0, [z|<<at

1077
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Representation Theorem

i, (x,t) :% J-dT”.Si(‘g’,T) ¢.,,V;0G, (x,t—7,£,0)/9E, dX
—oo >

s,(€,7): The slip time function--discontinuity in slip
across the fault.

v.: Fault normal
dG, (x,t —7;5,0)/dS, : Spatial derivative of the Green's function on
the fault

Note: Observed displacement is linearly related to slip.
Observed displacement is not linearly related to T, time parameter

VISES Sept. 28-0Oct. 2, 2014




Finite Fault—Kinematic (Haskell, 1964)

e Fault Geometry: Length, 4
Width
2
e Slip v
e Rise Time
e Rupture Velocity >
TR Time
Rise Time
A
QL
©
o
2
v
TR Time
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Haskell Model

Haskell Model: A rupture front propagates from one side of the fault at constant speed. Each
point on the fault has the same slip and the same rise time. The time at which a point starts
to slip is determined by the distance of that point from the hypocenter divided by the
rupture speed. Basically propagation along a line.

_— .

1s 3s

Y
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Aki 1968

Haskell 1969

e O ki Yoo 73, Ne 16, Avowm 1), vl

Seismic Displacements near a Fault
Kam Axt
ummzmgﬂu.ms
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durag the earthquake,
In the peesent juper, we compared the actual
wianic motion with the riamogTRm

A main fracture scoe 37 ki loag trends sorth-
west-soethesst. The faslt movereat was along
A right-latessl sirike alip of a fow centimeters,
The fault trace cut across highway &6 pear
Alen ond Swith [1066]
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ELASTIC DISPLACEMENTS IN THE NEAR-FIELD
OF A FROPAGATING FAULT

By N. A, Hasxow

ARSTRACTY

Displacemant, particle velodly, ond otcelerction wave form is the near field of o
propogating fouk have been competed by rumerical itegration of the Green's
furction imtegroh for on infieis diwrr. The dhpk discontinulty |dislocetion)
on the foulr plose & owumed 10 have he form of o wilsterally propagating finte
romp function in time, The colodated wove forms in the vickiy of the foult plose
are guite simlar 10 thowe chierved cf the strong motion sotion necrest the foult
plase of the Porkfeld canthquebe. The compariion wegmb Bat the pecpegating
romg time function is soughly representative of the moln feotures of the disiocetion
motion on the foult plone, but that the ocvual motion hor wmewhat more high
frequency complesity. Cokulated cmplitedes indicate thet the cveroge fieal
Sudocotion on Be foult ot the Porfield eorhguoke wos more thon on ceder of mag-
nitude grecter thon the offsets cbwerved cn the vidble wrioce troce, Computer
genercted weve form plot are peesented for o variety of kcations with respect
10 the foul plone ond for Pwo diflereet oasmplions on e relation between foull
length ond remp function derction.

INTRopOCTION

It view of eurront progrstes for the extenwive matallation of closein instrumenta.
thon along known setive faults it seeses Bkely that ln the feture we shall bave ineros-
ing quantitios of data from aress in the immediste neighborbood of shallow earthapuake
souroes. A netowarthy oxample has already been obisined from the CholameShandon
strvag - motion army of the U, 8. Coast and Geadetie Sarvoy aad e California De-
partzost of Wator Resouroos during the Parkfiedd, Californis eartbopake of 25 June
1966, wharo Station 2 of 130 array was loestod abowt 8D meters [7oen the visitle surface
trnee of the fault (Momison, Hofmases and Wolfe, 1966, Clowd and Pervz, 1067). It
woartes timoly, tharvfore, t0 give some preliminary ecasideration to the distribation of
displacements, partielo velocithes, and scocleraticns o bo expected in tho rear Gekd
of n source model that will, in some messure, sirmliate the propagathon of a fracture
ovee a fault plaoe.

The dastodysamie represcatstion theorem in (o form given by de Hoop (1958)
provides the mathomationl basis for such & caleulstion, A foem of (hés theorom ap-
propriate for the reprmentation of & faulting seuree in an infiaite homogeneous me-
dium bas been given in o previous papee (Haskell, 1964) s follows:

win 0 = =[] tola’ = 2 mMys D] + oMo 1D

+ mpMy, i0])] 48 o
The notatica is:
5 = Fault plazo asem,
U o= (g, wy, uy) = Cartesian ccmponents of displscement mensared frem the initial
state, (Printed as enpitals in Figuoes from computer outpet.)




Rupture Dynamics

- Stresses: yield, initial, sliding
friction and in some cases, the
absolute value of friction.

* Constitutive law for friction

« Fault geometry
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Stress at a

point on the fault

0-0_0-1

Yield Stress
.. Y-0o°
Initial Stress :‘G o
o-O_Gf

Sliding Friction Stress

A 4

i Final Stress

Shear Stress at a Point on the Fault

Time

S=gY-0° / g°-0f =Strength Excess/Stress Drop

VISES Sept. 28-0Oct. 2, 2014
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Kostrov Dynamics (1964)

The shear stress o, is released by an outward expanding circular
rupture (0.85 B).

X

w = H(t—x,/v)e(v/ BYC | WBYE = (x, 1 v)’
i, = H(t—x,1v)e(v ! YO,/ Bt/ = (x, 1 v)?

X
> !
C
3'05'- -
-
=
~
|
O
0 1
0 05 l
u/g

C(v/B) is close to v/B for v/B > 0.5

VISES Sept. 28-0Oct. 2, 2014 Kostrov, 1964; Dahlen, 1974 |




Kostrov Slip Rate

&\(,BtH(z‘—r/v)\
H /\\/fz—(V/V)z y,

s(r,t)= C(v/,B)(

1. What is the value at r=0?
2. What is the value at r=R and t going to infinity?

3. Whatis its Fourier amplitude spectrum?

VISES Sept. 28-0Oct. 2, 2014 Archuleta and Hartzell, 1981




Kostrov Slip Rate

e ) Maddied Kostrov welocaty Suncuoos on St Each riog has & diferest g rate fanction. The

&P rate over the fwalt s sberen from Lheve diferendt sngles apper figure, froo e varcage of Jookieg 4
from (e conier, fusrer Do, losking from the outer redas o, doser reghl, Jookong sel [rves Dhe contar bot

rOphaanrng the inetiatioa phase

VISES Sept. 28-0Oct. 2, 2014 Archuleta and Hartzell, 1981 | -



Haskell & Kostrov Slip Rate

The farfield (which contributes most of the ground motion even in the
near-source region) displacement amplitude is proportional to the slip
rate on the fault.

Slip Rate Functions

—Haskell
—Kostrov

Slip Rate
w

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)
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win ) = = [[[ {sa’ = 2007800 4 o807, D
(@)
+ 'o.'mv“’o"} de
whemn the operatar M, is defined by

Mo dAE ) = tmr‘{lm.m.-um. + bats + eyl

f: WL =N & 4 Wy, = (B, ve + 8,3 + 8 0 Mar) (L, t = r/a) (8)

w10 ve = (Buye + e + b W) (&t = 1/8)
+ nnrdan) WLt = rfa) = by, = davd8Y) elLt - .»m}

The dot superscript is used (o indieate the tine derivative,

1f wo delioe the radistod enengy of & source s that energy that would be trans
mitted to infisaty if the grves sogroo were exntedded in an safaite, loslom modins,
the oty terris of equations {7) sad (8) that are relevant in computing that encrgy
wre the far fiekd terins that am proportional to » ' that i, thow ressiting from the
It two ternns in oquation (8), Carrying eut the substitution and taking the tine
derivative we obeain for the partacle velosily, U, ,

arin, 0 = = [ (@n)™ir = 2a/a)vin®

+ 28/aY vy v n I0(Et = ra) s & f L(ﬁ)"lhmv.a.’ml- wn W
= 2nSDLE = r/8) + w D8t = r/8))) de




Haskell: No Radiation Except at Start and End

’§ !;, J In Haskell’s model, which has a
G T boxcar shape for the sliprate
function, the only radiation comes
from the start and end.

This presumes two important
features of the faulting:

1) Constant slip rate at every point.
2) Constant rupture velocity.

VISES Sept. 28-0Oct. 2, 2014 18




Representation Theorem

i, (x,t) :% J-dT”.Si(‘g’,T) ¢.,,V;0G, (x,t—7,£,0)/9E, dX
—oo >

s,(€,7): The slip time function--discontinuity in slip
across the fault.

v.: Fault normal
dG, (x,t —7;5,0)/dS, : Spatial derivative of the Green's function on
the fault

Note: Observed displacement is linearly related to slip.
Observed displacement is not linearly related to T, time parameter
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Map of Landers Surface Rupture
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Slip Distributions for Landers

Landers (Calif.)

s1992LANDERhemn
Mw 7.2 Mo 7.71e+019
Lat/LonDep: 34.20°, -116.43°, 7.0 km

40

10

Y==NS [km]

-10

-30

=20

Hernandez et al. (1999)
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-10

X==EW [km)]

Landers (Calif.)
s1992LANDERwald
Mw 7.3 Mo 9.26e+019
Lat/LonDep: 34.20°, -116.43°, 7.0
0
— 7
E 5
= il 6
€10l | =
a 1| 5
15 [ ] . T
-~ ~ 4 &
50 x > 4
. S| 13
40 T~ T
30 ' x
20 1
0
10 o
-0
0
Y==NS [km] i -20
X==EW [km]
Wald and Heaton (1994)
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Images of Sliprate during Landers Simulation

p
2
7
m

{
{

_E_ Z
4l =
[l
Q 171 ‘Kt {
{ .
m

v

3

(@)

{ /|

VISES Sept. 28+

N
a

Snapshots of slip
rate at 1 s intervals

Intensity of the
color is related to

slip rate

Olsen, Madariaga,

Archuleta, Science 199722




Kinematic Source Parameters

Slip rate time function

NV
Soaaaad s| /1
OO O—O—0—0—0" e/
OO O %20 OO A
O Dk
O— OO OO Y
L Source parameters:
T T /)_ — Slip amplitude (A, A,)
— Rupture velocity
— Rise time function (T1, T2, ...)
— Geometry (L, W, 0)
— Hypocenter

Hypocenter
VISES Sept. 28-0Oct. 2, 2014 Liu and Archuleta, JGR, 2004




Sliprate Function

\%

E. Tinti, E. Fukuyama, A. Piatanesi, and M. Cocco
>
=
o
S
2 o
i_l Delta %) Heaviside
wn
Box-car
/ Ramp
Smoothed ramp
Gaussian f
Truncated
Kostrov
Square root
Yoffe
Yoffe in slip
Time Time

Normalized Sliprate Function

2.5
P=1 4.0
2.0
1.5

1.0

0.5

0.0

0 0.2 0.4 0.6 0.8 1.0
Normalized Time

SES Sept. 28-0Oct. 2, 2014 Tinti et al., BSSA, 2005

o= (1)

Liu and Archuleta, JGR, 2004
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Sliprate Functions: Dynamic Rupture
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Norm. Slip Rate

Slip rate(m/s)

_ =
h S in
— -

(=]
in

=
=)

7

9 10

Time(s)
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Constant Rupture Velocity

A rupture front radiates out from the hypocenter at constant speed. For Haskell each point

on the fault has the same slip and the same rise time. The time at which a point starts to slip

is determined by the distance of that point from the hypocenter divided by the rupture

O3]
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Landers Dynamic Rupture

10 km

0335

Olsen, Madariaga,

Archuleta, Science 1997
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TOTAL ENERGY AND ENERGY SPECTRAL DENSITY OF ELASTIC
WAVE RADIATION FROM FPROPAGATING FAULTS. PART 11
A STATISTICAL SOURCE MODEL

By N. A, Hasxwmz

ABSTHACT

Praviously derived expresions for Be 1080l snergy ond energy speciral den.
sty of elowic woves rodicted by o propogating foslt are rewritten In teems
of o weciotemporel osecorrelation of e occelercticn of reletive dhplece-
ment ower the foul plone. This & isterpreted in o atistical serse 03 he Over.
oge cutocomelofion over on emsemble of ecrfiguates, An eaplicht form of
ostocorreletion function & cuumed, depending vpon two poromelers, o cor-
relation length, 0ad 0 comelation Kme, ond the 0] erergy and energy specirel
demity ore derived in terme of thewe poromaters, By wing woling lows dee
1o Bath ond Duda for eeriquate volume ond rodiation effidency o functicrs
of mogritede, he slotancal paromelers may obo be reloted % mogatede.

Ixrsoocenion

In o previous peper (Haskell 1064), hereadter referred 10 as Part 1, exprvssicas
for the wtal P sad S wavo eeergies sl the corrospoading spocteal densty dis-
tributions were derived on the basls of & determuinistie source model. That is, the
relative displacomsens betwoen opposite faces of the fnslt plane was taken 1o bo n
definitely specifind function of Lime and the spacial coondinstes in the fauly plane,
1t was polnted out that soch & model was peotably wnrealistie, sinee the setual
spacial and tempoenl dependence of the frslt displacement was likely %o be far tco
complex 10 be reprventod by any simply specifiable sathematical fusetion, and
it was suggested that [t would be desirable to develop & medd = which the source
was deseribed in statistical rather than determimistie torms. Engmesting seismolo.
gists, dealing with the ighly irregulse groond motices ebservod oo strasg-motion
Instrasucnts at short eplocntral distances, bave found that the general characteristios
of the observed acoslerntion can be well repoesentied by considering the source to be a
randoms soquence of shoet impulees (Hosoer, 147, 1055; Thomeon 1950). Although
the high frequency motions observed in the cplecatral region are relatively rapldly
sttenuaied and ecotritete Titthe 10 the sgnal observed at telesvismio distances,
1oy may reprosest s signifieast part of e total dsstic wavo energy radisted by
the esathquake and must be accountod for by any satsfactory coneeptual suodel of
the earthquakn souree,

L Part I, the rndiated energy wis expirosed is bermes of onrtain integrale, [+= 1,7 dr
for PP waves aad [+2 1, d¢ for 8 waves, where

1w [ Bt = rja) ()
15

Haskell 1966

Sovwcx Avrocorsmamox Frsomox
Bince we shall Bave to choose & particular foem foe the easemuble average 3y, «)
o 8 more o less intuitive basis, it is of sore interest 0 soe what this function looks
like for a pasticular detosministic medel. For this purpose we consider the sodulated
ramp displaccssent funclion thal wae treated in Past [, In this case

DiE 1) = Di2ne/T*) sin (2neft — /T, O0<i—-g<T,
(9
-0, A=) <0 o0 > 7,

whern D, is the Baal Esplacetsent on the fault, T is the duratios of the fault motion
at a fixed point, ¢ i the fault propagatica veloclty, and » s sa integer. For this
funetion we find by direct integeation of equation (2)

w, o) = LD = | VLI~ 18~ o/v UT) con (2enf « = /s |/T)

+(M-'.-M = 'l" UnL (‘u)
for e/ SL aod (e—ovr 57,

- 0, for |9/ > L ot le=alv|>T.

It will to noted that © bs exprossed as & peoduet of & spacial factoe which depends
oo | v ! akoo sad » spacio-temporal factor which depends on both time and space
Iags in the form | ¢ — g/e | The spacial factor & 2 Bsear decevsso foogn 1 at g = 0
10 sero at | g = L. The spacio-temporal factor ks plotted in Figare 1 for the came

. -!.

In contrast 10 oquation (9), which represcuis o fxed wave-forss propagating
unchanged shong the fault, we visuslize the actunl progross of fvalting ss & swarm
of neceleration and decslerntion pulses that propagates aloeg the Mfwull s a group
with & mean veloelty, ¢, but which ks highly chaotic in desall. We assume that the
T VEIILY, ¥, 1 COIITRG L0 ALT TR EnEers 6F LI STEmeian Roid LIGE The SOseroion nverage
of © ean still be factored Into a peodect of o fenction of |y sad a fesction of
| € = 2/v |, In choosing an explicit form foe these factors we note that s gres! many




Haskell: No Radiation Except at Start and End

’§ !;, J In Haskell’s model, which has as
G T boxcar shape for the sliprate
function, the only radiation comes
from the start and end.

This presumes two important
features of the faulting:

1) Constant slip rate at every point.
2) Constant rupture velocity.
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Representation Theorem

aeii’ = f = J. cz(ds” 0G2j+cz(dGz osr]+£(sroG2) dl

.l dq dq dt |
/ t \
Slip Rate
Time Function Change in isochrone
velocity--acceleration
Stress Drop of the the rupture front

(spatial derivative of slip)

Spudich and Frazer, BSSA, 1984

Bernard and Madariaga, BSSA, 1984
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1- and 2-Point Statistics

(a) Input stress drop distribution (mean =3 MT’., std = 1 MPa)
0 -

1

10 20 30 40 50 60 70

(b) Input stress drop distribution (mean = 3 MPa, std = 2 MPa)
0 A T — -

A g PR S B T

along-dip (km)

along-strike (km)

Figure 5. Input stress drop distribution with the same Gaussian 1-point statistics, but different standard deviations, that is (a) 1 MPa, (b) 2 MPa, (c) 3 MPa. All
three distributions have the same mean stress drop (=3 MPa) and follow the same spectral decay rate (k= ').

(a) 1-Point Variability 4 (b) Fourier Amplitude Spectrum
R : . . = 1 10 £
H H H : — 1 = 1 MP;

(1} | TR PN n Beaxsizas A_-hzm:
- : L | w—ctd = IMPa 0
S P 10

O 4 4 o

B Y A FR

01} g AP 10°

% 5 0 5 10 15 20 LU e . = ERR—
stress drop (MPa) k (1/km)

Figure 6. 1-point probability density function (a) and Fourier amplitude spectrum (b) of three input stress drop distributions in Fig. 5. Note that they all have
the same spectral decay rate (k") although the standard deviation varies from 1 to 3 MPa. The red solid line in (b) shows a reference spectral decay rate (k~!).

ESE 10 -4 MAI AND BEROZA: RANDOM FIEL

Gaussian Exponential

von Karman

o
©

OA

o

Power Spectral Density

o
w

Wavenumber (1/km)

Figure 2. Examples of the spatial random field models
considered in this study, generated with identical phasing to
facilitate the comparison. The grid dimensions are 30 x 30
km; the correlation lengths are @ = 5 km for the Gaussian,
exponential, and von Karman ACF. For the von Karman
model, H = 0.8; for the fractal case, D = 2.2 and k. = 0.3.
The bottom graph displays the corresponding power
spectral decays of a one-dimensional slice (at k. = 0) of
the two-dimensional power spectrum P(k).




Shi and Day: Rupture Dynamics and Ground
Motion from 3-D Rough-Fault Simulations
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Journal of Geophysical Research: Solid Earth
Volume 118, Issue 3, pages 1122- 1141 31 MAR 2013 DOI: 10 1002/jgrb.50094
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Influence of Autocorrelation: 2-Point Statistics
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2-Point Statistics:
Stress and Rupture Velocity on Fault

Stress Distribution: Power Spectrum K- Stress Distribution: Power Spectrum K
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Spectra Supershear & Subshear

Along dip distance ( m)

g 8 8 8 &

4510 6010 7510 9010
Along strike distance (m )

B 42
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Rupture speed ( m/s )
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Amrpitade spectrum (m)

Sip veloaty spectra, sip weakenng model, S«0 8_dry
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Bizzarri & Spudich, JGR, 2007 3¢



Source Spectrum

. {E+

Diplacement Amplitude Spectrum (solid), acceleration (dashed,
right scale) and velocity (dash-dot) for a M 6.0 earthquake.
- Source Spectra
N
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Energy Concentrated Near the Corner Frequency
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Kinematics - forward modeling

A

e .. Green’s Functions Seismic station

IIIIIII

Source parameters: / \

— Slip amplitude (A, A,) g / A

— Rupture velocity ig / \‘\\

— Rise time function (T1, T2, ...) 2|/ ‘

— Geometry (L, W, 0) ? ,"/ \

— Hypocenter " i
Time (s)
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Velocity Structure

Velocity (km/s)
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SCEC Validation
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Parkfield: Averaged from Thurber et al., BSSA 2006
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USR in SONGS Study Area

A Vp (km/s) Vp (km/s)
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San Bernardino
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Amplitude Attenuation with Distance

Attenuation with Distance, Q=100
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A(t) = Ayl -wt/ 2Qn)"
A(t)= A e gy for large N, i.e., large time.
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Attenuation
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Geotechnic ILayer(GTL)

top basement

Vp at 30m depth |
a4 F ' '

.:“

100 b

Shaw et al., (2013)

e GTL’s are shallow (< 300 m) velocity descriptions that are necessary for many local
seismological and engineering applications.

e The USR/CVM has an optional GTL overlay based on Vs30 measurements.
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Tk =1

kappa = traveltime | Q = (% ) / )

Attenuation = exp (-7 fx)

f=1/nK = foax

Kappa
and f__.

Effect of Near Surface Attenuation Kappa
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0

10
Frequency (Hz)
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Hanks, 1984, BSSA; Anderson and Hough, BSSA, 1984
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Hartzell 1978

ou, s, m0, | GROPNSICAL RESEARCH LETTRRS Jasuaxy 1978

BARTRGUARE AFTERIMOCKS AS GREEN'S POSCTROSS
Staphen N, Barteell

Y " [Py —
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of Ceophry
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by W (1977), weing = appeeai~
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Irikura 1983
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Semi-Empirical Estimation of Strong Ground Motions
During Large Earthquakes

By Kogoo Ixmegna

Sarnivipt reieeved Masch 12, 1Y)

Absirast

A cyathons method i1 Seveloped Sor mamasng Aroermiresi«aly (o ot v Sunag e
webasabum b, waong the recnwdde of semal eurren s o ferrduim be ndl Wirehon b whic b caried

widvn the sere of the hock (eak.  Tho wethews formeds i Seoed on the binemais
source madel of Maskell type and dwe senilanity e of carthguabe.  The parsmesers for Sa
Ses 2w O wd W b wilh he waling rol s e and

he fanlt parmmeters wach st fands length, wadhh and dalocation roe time 1 ihe ratis of dhe
mairahock momernt Me 1o She wmall evers coe Ma, b swumed 20 be N7, then the malmback
Bl con b dividnd e N < N slomsonin, e h Gammonsesn of whach i comismec with O of
he srall evers and N evenis ot rach choment sy be perposed weh 8 speokc e deley
o oorrect the diferonce ln e rae time Seowern e mumshock and dhe wnall event and w0
betp & covtant g webimity Betwses e By mein of dhs meduad, O malsbeck
welinity meatans arr symibesiond ssing vt small svenl recondh cbaaiaed by velininy s tppes
vroeg. srapts for 1980 Eru ¥ TovoObi Exrthquabe (Me8)), The

4 renoed how & good agremment warh the chaorved oo ia the froguency
hingt Srend Dhan | Ha. Funber, the spnhans Boweaation u ssproved o b applicabie w
e higher (roquency motions, operally scorerssen metiorn  Thin sevised senihena for the
Mgher freguency mations & +Bective wihn we ww the recoods froes e uma® svest Aaving the
Dundt bongth Ly o ¥onnt Vol ruptare vebimity and » vl Some of mainiban's  The sywihasand
arveherograes by tha stvied method aor in good sgrevmest s ihe obeerved oo in the
froguency range op 1o 5 M

1. lotrodection

The snvestigation of the synihess of wrong ground motiens (n the near Aeld
has sigrificanily lagged, compared with thac of long geriod moticns in the far feld
Thin is caused by the difficulties of theeeetical iremmest for high frequency motions
included im the srong motions.  The invetigaion e cantbquake engacering have
been concerned with the strong motions from the need of eaginceriag.  Thetefore,
the snput motions useally used foe the evaluation of earhquake ressiant design
eriteria have been symhesized for seme tiee, indegendently of the physical con-
wderations of the earthquake source.  Recently, seimalogists have begum 1o take an
ACTIve interent in srong motions 10 stady the detads of Baulting, as wrong moton data
have been accumulating s the sear field.  On the other hand, many investigaions
comtenirate their astention of engineenag interest on reliable estimaltes of the sireng




SRC File

FAULT WIDTH =22.0
HYPO_ALONG_STK = 0.0
DLEN = 0.1
HYPO_DOWN_DIP = 14.75
DWID = 0.1

RAKE = 136

FAULT_LENGTH = 40.0
DEPTH_TO_TOP = 3.85
CORNER_FREQ =0.15
MAGNITUDE = 6.94
LAT_TOP_CENTER = 37.0789
STRIKE = 128
LON_TOP_CENTER =-121.8410
DIP = 70

SEED = 9582093

VISES Sept. 28-0Oct. 2, 2014

FAULT_WIDTH (km)

FAULT LENGTH (km)
DEPTH_TO_TOP (km)
LAT_TOP_CENTER (decimal degrees)
LON_TOP_CENTER (decimal degrees)
MAGNITUDE (Mw)

STRIKE (degrees)

DIP (degrees)

RAKE (decimal degrees)
HYPO_ALONG_STK (km)
HYPO_DOWN_DIP (km)

DWID (km)

DLEN (km)

CORNER_FREQ (Hz)

SEED (numerical seed value > 0)




Origin: Geometry of Fault

Footwall
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Station List (.stl)

#BBP Station List for EQID=127 (Northridge)

#SLong SLat RSN Rrup
(km)
-118.483 34.294 2005-LDM 5.9
-118.396 34.334 2006-PAC 7.0
-118.710 34.232 2017-SSU 16.7
-118.380 34.114 2012-WON 20.3
-118.560 34.571 2016-H12 21.4

VISES Sept. 28-0Oct. 2, 2014

Vs30

(m/s)

629
2016
715
1223
602

HiPass
(Hz)

0.1887
0.2105
0.1263
0.1927
0.1502

LoPass
(Hz)
111.1111
111.1111
111.1111
111.1111
111.1111

Obs_File

NORTHR/2005-LDM_N.acc
NORTHR/2006-PAC_N.acc
NORTHR/2017-SSU_N.acc
NORTHR/2012-WON_N.acc
NORTHR/2016-H12_N.acc
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