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Bulletin of the Seismological Society of America. Vol. 54, No. 6~ pp. 1875-1888. December, 1964 

BODY FORCE EQUIVALENTS FOR SEISMIC DISLOCATIONS 

BY P~. BURRIDGE AND L. I~NOPOFF 

ABSTRACT 
An explicit expression is derived for the body force to be applied in the absence of a dislocation, 
which produces radiation identical to that of the dislocation. This equivalent force depends 
only upon the source and the elastic properties of the medium in the immediate vicinity of the 
source and not upon the proximity of any reflecting surfaces. The theory is developed for dis- 
locations in an anisotropic inhomogeneous medium; in the examples isotropy is assumed. For 
displacement dislocation faults, the double couple is an exact equivalent body force. 

1. INTRODUCTION 

The interest in the "force equivalent" problem antedates its solution by a con- 
siderable number of years. The debates over "single couple" and "double couple" 
earthquake focal mechanisms have by now been well viewed and reviewed. For a 
discussion of the problem of earthquake source mechanisms see Stauder (1962). 

I t  has been pointed out by several authors (Knopoff and Gilbert, 1960; Balakina, 
Shirokova, and Vvedenskaya, 1960) that  the solution to the problem of the seismic 
radiation from a suddenly occurring earthquake in the earth's interior is likely to 
be connected with the solution to a "dislocation" problem, or, in the terminology 
of Baker and Copson (1950), to a "saltus" problem. In these problems the displace- 
ment  field or stress field undergoes the more or less sudden creation of a discon- 
t inui ty across the "faul t"  surface. 

Perhaps the most complete solution to the dislocation problem has been given 
by  Knopoff and Gilbert. These authors showed that  a model of an earthquake can 
be represented as a linear combination of the solutions to a number of fundamental 
problems. The remaining problem, that  of determining the appropriate linear 
combinations, was not attempted. 

Although Knopoff and Gilbert were primarily interested in the radiation patterns 
from their various dislocation models they also provided the force equivalents tha t  
would produce the same first motions as each of their sources. In  this paper we find 
the force equivalents for physically and mathematically reasonable dislocation 
models. 

Nabarro (1951) obtained the radiation from a spreading dislocation by essentially 
the same method as Knopoff and Gilbert but  in a less explicit form. He had in 
mind mainly metallurgical applications. Recently Maruyama (1963) has a t tempted 
to derive the force equivalents but  his results are obscured by algebraic detail as- 
sociated with the explicit expression of a certain Green's function. 

In  this paper we specifically exclude consideration of the radiation pattern.  We 
are concerned with the body force which would have to be applied in the absence 
of the fault to produce the same radiation (in all respects, not only first mot ions)  
as a given dislocation. We find that  the force equivalent depends only upon the 
source mechanism and the elastic properties of the medium in the immediate 
vicinity of the fault and not upon any reflecting surfaces or other inhomogeneities 
which may be present in the medium. The theory is developed for dislocations in 
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Bulletin of the Seismological Society of America. Vol. 54, No. 6, pp. 1811-1841. December, 1964 

TOTAL E N E R G Y  AND E N E R G Y  SPECTRAL D E N S I T Y  OF ELASTIC 
WAVE RADIATION FROM P R O P A G A T I N G  FAULTS 

BY N.  A. HASKELL 

ABSTRACT 
Start ing with a Green's function representation of the solution of the elastic field equations 
for the case of a prescribed displacement discontinuity on a fault  surface, i t  is shown that  a 
shear fault  (relative displacement parallel to the fault plane) is rigorously equivalent  to a 
distribution of double-couple point sources over the fault  plane. In the case of a tensile fault  
(relative displacement normal to the fault  plane) the equivalent  point source distribution is 
composed of force dipoles normal to the fault  plane with a superimposed purely compressional 
component. Assuming that  the fault  break propagates in one direction along the long axis of 
the fault plane and that  the relative displacement at a given point has the form of a ramp time 
function of finite duration, T, the total  radiated P and S wave energies and the total  energy 
spectral densities are evaluated in closed form in terms of the fault  plane dimensions, final 
fault  displacement, the time constant T, and the f~ult propagation velocity. Using fault  pa- 
rameters derived principally from the work of Ben-Menahem and ToksSz on the Kamchatka  
earthquake of November 4, 1952, the calculated total  energy appears to be somewhat low and 
the calculated energy spectrum appears to be deficient at short periods. I t  is suggested that  
these discrepancies are due to over-simplification of the assumed model, and that  they may be 
corrected by (1) assuming a somewhat roughened ramp for the fault  displacement t ime func- 
tion to correspond to a stick-slip type of motion, and (2) assuming that  the short period com- 
ponents of the fault displacement wave are coherent only over distances considerably smaller 
than the total  fault length. 

INTRODUCTION 

Knopoff and Gilbert (1960) have used a Green's funct!on integral representation 
of the solution of the elastic wave equations in an infinite medium to discuss the 
radiation pat tern of first motions from a moving fault. In the present paper we 
shall employ the same approach to calculate the total radiation from a moving 
fault of finite length. 

In  the compact tensor notation of de Hoop (1958) the elastic displacements, 
ui(xl ,  x~, x3, t), in a volume, V, bounded by a surface, S, are given by 

u~(x~  , x2 , x3 , t )  

where 

(1) 

x, ,  x2, xa - Cartesian coordinates of point at which ui is to be evaluated 

}1, }2, }3 

L 

Cjk ,pq 

= Cartesian coordinates of the point of integration in V and on S. 

= body force per unit volume 

= p(,~ - 2 ~ 2 ) ~ j ~  + p~(~-~sk~ + ~k~j~) 
1811 

ENERGY OF ELASTIC WAVE RADIATION 1815 

third case, which does not appear to have been considered in recent fault-plane 
studies, might be realized in nature by the opening of a fissure by the injection of 
magma or magmatic gases. Also, since real fault surfaces are not perfectly plane, a 
relative displacement parallel to the fault surface must result in a small component 
of displacement normal to the fault surface. An analogous artificial source could be 
the opening of radial tension cracks about an explosion cavity (Kisslinger, Meteker, 
McEvilly 1961 ). In anticipation of results to be obtained later, it may be mentioned 
that  cases (1) and (2) are equivalent to moving point sources of the double couple 
type, while case (3) is equivalent to a moving point source composed of a superposi- 
tion of a pure dilatation and a force dipole normal to the fault plane. 

LONGITUDINAL SHEAR FAULT 

Let the (xl ,  x2) plane be the fault plane, with the positive xa axis normal to the 
fault plane on the S + side, and let the positive x~ axis be parallel to the common 
direction of fault displacement and propagation. Then n~ + = -~ia and D~ = &ID. 
In this case equation (9) becomes 

2( lw f _ 1  . .  + (ar)  ", '~'hyaO(~, t -- r / a )  ds 

(10) 

The integrands in equation (10) are exactly the same as those that  one would ob- 
tain by considering the fault plane to be covered with a distribution of double couple 
sources, the common moment of the component couples having an areal density 
M(~ ,  t) = pB~D(~, t) .  

In accordance with the definition of radiated energy previously given, we may 
consider the point of observation, x to be sufficiently remote that  the radial distance, 
r, and the direction cosines, % are constant over the area of the fault to any desired 
degree of approximation. We further assume that  the fault plane is rectangular 
with length L in the direction of propagation and width w in the transverse direction. 
We also suppose that  the dependence of D on the transverse coordinate does not 
vary  with time. Equation (10) may then be written as 

47r/3r~i(x, t) = 2(f l /a)  a yiyl~'au'/~ + (--2y.,yfya + Ta6,l + "y16~a)wI~ (11) 

where 
L 

L 
(~2) 

/) is the displacement averaged over the width of the fault and ~ = &. Introducing a 
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SELBSIMILAR PROBLEMS OD PROPAGATION 
OP SHEAR CRACKS 

(NllwmEL’rn 2AMoIa 0 nMPR~TnArlmI1 
TII55IM U8A5’Woo RAzmrVA) 

PMM vo1.28, w 5, 1964, pp. 889-898 

B.V. KON’ROV 

(Moscow) 

(Received April 10, 1964) 

Two- and three-dimensional problems of nonstehdy propagation of cracks are 
considered in a medium subjected to a homogeneous shear.- The two-dimensional 
problem 1s completely analogous to Broberg’s problem [l] of a tension crack, 
but Is solved by a considerably simpler method. The .lolnt lnvestlnatlon of 
the two- and three-dimensional-Oases 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 axlsymmetrlc problem of propagation of a tension crack, the three- 
dlmensdIona1 analogue of Broberg’s problem, was solved In paper [2]. &I con- 
trast to the nroblem, the one which Is solved in the present Paper is not 
axlsymmetrlcai. 

_ _ 
However, a certain generalization of-the method which was 

applied ln [2] permits construction of the exact solution of the problem at 
hand. It ie aesumed here that the surface of the crack has the form of a 
circular disk, I.e. that the velocity of propagation does not depend on 
direction. It 1s shown that, In general, this assumption is not borne out, 
but that It Is possible to Indicate a value of the Initial stress for which 
the assumption Is valid. For all other values of the Initial stress the 
solution which Is obtained can be considered as an approximate one. 

1. Pormuhtlan of tlu problan. a) T w o - d I m e n s I o n a 1 

case. A homogeneous and Isotropic elastic medium having shear modulus 

CI and velocities of propagation of longitudinal and transverse waves a 

and b, respectively, fills an unbounded space and Is In a state of homo- 
geneous shear for t c 0 , so that only one component of the stress tensor 

7 O=T” II* ie nonzero. A crack forms at the instant t = 0 along the y-axle, 

and then propagates- ln the plane s = 0 ln such a way that the elastic per- 

turbations which arise from It do not depend on the coordinate y and are 

polarized In the rs plane. The velocity of propagation of the crack Is 

assumed constant and Is denoted by a . The location of the crack Is shown 

In Plg.1. The shear stresses must disappear on the surface of the Crack, 

i.e. the perturbations caused by the development of the crack must satisfy 

the condition 
z XL= -_ for z=O, [zIGat 

1077 
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  !un x,t( ) = d
dt

dτ si (ξ ,τ )
Σ
∫∫

−∞

∞

∫  cijpqν j ∂Gnp (x,t −τ ;ξ ,0) / ∂ξq  dΣ
⎡

⎣
⎢

⎤

⎦
⎥

  si (ξ ,τ ) :  The slip time function--discontinuity in slip 
                across the fault. 
  ν j : Fault normal

  ∂Gnp (x,t −τ ;ξ ,0) / ∂ξq: 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'τ,'@me'parameter"



•  Fault&Geometry:&Length,&
Width&

•  Slip&

•  Rise&Time&

•  Rupture&Velocity&

Finite Fault—Kinematic (Haskell, 1964)
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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'@me.''The'@me'at'which'a'point'starts'
to'slip'is'determined'by'the'distance'of'that'point'from'the'hypocenter'divided'by'the'
rupture'speed.'Basically'propaga@on'along'a'line.'
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JOURNAL OF GEOPHYSICAL RESEARCH VOL. 73, No. 16, Aucusr 15, 1968 

Seismic Displacements near a Fault 
KEIITI A• 

Department o[ Geology and Geophysics 
Massachusetts Institute o[ Technology, Cambridge 02139 

Ground motion at only 80 meters from the San Andreas fault was recorded during the 
Parkfield earthquake of June 28, 1966, by the accelerographs of the U.S. Coast and Geodetic 
Survey. Seismic displacements obtained from the accelerograms are compared with synthetic 
seismograms calculated for a moving dislocation model. An excellent agreement was obtained 
between the observed and theoretical seismograms. The dislocation is the only important 
source parameter that controls the seismic motion at such short distances. Other parameters 
such as the fault length and depth show negligible effect of the motion. The rupture velocity 
is a significant but not dominant factor. From the comparison of observed and theoretical 
seismograms, it was concluded that the fault dislocation was about 60 cm. This value is an 
order of magnitude greater than the fault offset observed at the surface. This discrepancy was 
attributed to the decoupling of a thin surface layer (probably less than 100 meters from the 
surface). The fault depth was estimated by combining the estimated dislocation with the 
seismic moment obtained from long-period surface waves. The fault depth within the base- 
ment rock was found to be about 3 km, which is significantly smaller than the depth (15 kin) 
of the aftershock zone. This discrepancy was attributed to the effect of increasing friction 
with depth which momentarily prevented downward extension of rupture during the main 
shock. 

INTRODUCTION 

The recent Parkfield, California, earthquake 
(June 28, 1966, 04h 26m 14s GMT) .offered an 
unprecedented opportunity for seismologists to 
study the seismic displacements near an earth- 
quake fault. A strong motion seismograph oper- 
ated by the Coast and Geodetic Survey [Cloud, 
1966] recorded the seismic motion at .only 80 
meters from the San Andreas fault that moved 
during the earthquake. 

In the present paper, we compared the actual 
seismic motion with the theoretical seismogram 
computed for a moving-dislocation model. For 
this earthquake, it was possible to construct 
such a model solely on the basis of field obser- 
vations made during and after the earthquake 
by many geologists and seismologists. As a 
result of such a comparison, we are faced with 
an inconsistency between the strong motion 
data and a field .observation with regard to the 
amount of dislocation. Additional information 
from long-period surface waves recorded at 
the World Wide Standard Seismic Network sta- 
tions will be combined in an effort to obtain a 
unique picture of the earthquake source mecha- 
nish. 

Our study will also be useful to earthquake 

engineering, because it will link the geological 
data and the ground motion on the basis of a 
well-defined theoretical model of an earth- 
quake. 

Observed seismic displacement. Figure i is 
a map of the fracture zone associated with the 
Parkfield earthquake of June 28, 1965, based 
on the survey by Brown and ¾edder [1967]. 
A main fracture zone 37 km long trends north- 
west-southeast. The fault movement was along 
a right-lateral strike slip of a few centimeters. 

The fault trace cut across highway 46 near 
Cholame, where Allen and Smith [1966] ob- 
served, 10 hours following the main shock, that 
the white line on the road had been .offset 4.5 
cm in a right-lateral direction. The displace- 
ment increased during successive hours and 
days and reached about 11 cm a month later 
[Wallace and Roth, 1967]. The accelerograph 
station (designated as Station 2 in Cloud's re- 
port) operated by the Coast and Geodetic Sur- 
vey is located very close to this point. The 
three component records obtained there are 
reproduced in Figure 2 from a report by Cloud 
[1966]. 

Unfortunately, the accelerograph sensitive to 
the direction parallel to the fault strike was 

5359 
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E L A S T I C  D I S P L A C E M E N T S  I N  T H E  N E A R - F I E L D  
OF A P R O P A G A T I N G  F A U L T  

BY N. A. HASKELL 

ABSTRACT 

Displacement, particle velocity, and acceleration wave forms in the near field of a 
propagating fault have been computed by numerical integration of the Green's 
function integrals for an infinite medium. The displacement discontinuity (dislocation) 
on the fault plane is assumed to have the form of a unilaterally propagating finite 
ramp function in time. The calculated wave forms in the vicinity of the fault plane 
are quite similar to those observed at the strong motion station nearest the fault 
plane at the Parkfield earthquake. The comparison suggests that the propagating 
ramp time function is roughly representative of the main features of the dislocation 
motion on the fault plane, but that the actual motion has somewhat more high 
frequency complexity. Calculated amplitudes indicate that the average final 
dislocation on the fault at the Parkfield earthquake was more than an order of mag- 
nitude greater than the offsets observed on the visible surface trace. Computer 
generated wave form plots are presented for a variety of locations with respect 
to the fault plane and for two different assumptions on the relation between fault 
length and ramp function duration. 

INTRODUCTION 

In view of current programs for the extensive installation of close-in instrumenta- 
tion along known active faults it seems likely that in the future we shall have increas- 
ing quantities of data from areas in the immediate neighborhood of shallow earthquake 
sources. A noteworthy example has already been obtained from the Cholame-Shandon 
strong-motion array of the U. S. Coast and Geodetic Survey and the California De- 
partment of Water Resources during the Parkfield, California earthquake of 28 June 
1966, where Station 2 of the array was located about 80 meters from the visible surface 
trace of the fault (Morrison, Hofmann and Wolfe, 1966; Cloud and Perez, 1967). It 
seems timely, therefore, to give some preliminary consideration to the distribution of 
displacements, particle velocities, and accelerations to be expected in the near field 
of a source model that will, in some measure, simulate the propagation of a fracture 
over a fault plane. 

The elastodynamic representation theorem in the form given by de Hoop (1958) 
provides the mathematical basis for such a calculation. A form of this theorem ap- 
propriate for the representation of a faulting source in an infinite homogeneous me- 
dium has been given in a previous paper (Haskel], 1964) as follows: 

2 ui(x, t) = -- {p(a 2 -- 2~ )n~M~,~ [Dj] + p~ (nqM~j,q [Dj] 

+ nrMip.q [Dq])} dS (1) 

T h e  notat ion is: 
S = Faul t  plane area. 
u = (u l ,  us ,  u3) = Cartesian components of displacement measured from the initial 

state. (Printed as capitals in Figures f rom computer  output.)  
865 



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

•  Constitutive law for friction

•  Fault geometry



Stress at a point on the fault
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Kostrov Dynamics (1964)
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The shear stress       is released by an outward expanding circular 
rupture (0.85 β).

 σ 31

   

u1 = H (t − x1 / v)c(v / β )(σ E / µ)β t2 − (x1 / v)2

u1 = H (t − x1 / v)c(v / β )(σ E / µ)βt t2 − (x1 / v)2

Kostrov,'1964;'Dahlen,'1974'

C(v/β) is close to v/β for v/β > 0.5  '



Kostrov Slip Rate
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s(r,t) = C(ν / β ) σ E

µ
⎛
⎝⎜

⎞
⎠⎟

βtH (t − r ν )

t2 − (r ν )2

⎛

⎝
⎜

⎞

⎠
⎟

1.   What&is&the&value&at&r=0?&

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

3.   What&is&its&Fourier&amplitude&spectrum?&&



Kostrov Slip Rate
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942 R A L P H  J.  A R C H U L E T A  AND S T E P H E N  H. H A R T Z E L L  

The method of computation of synthetms proceeds by discretizing the fault plane 
with point sources and convolution with i(/:, t). We take advantage of the circular 
symmetry in i(r, t) to limit the number of convolutions. Since every point on the 
fault plane at a constant radial distance from the point of nucleation has the same 
slip-velocity ~unction, the fault plane is segmented into a series of concentric rings. 
Each ring is represented by a series of point sources evenly spaced at 100 m. The 
distance between the centers of each adjacent ring is also 100 m. The 5-km-radius 
fault consists of 50 rings with a total of 7,722 point sources. The half-space Green's 
functions u~(r', t ')  (Johnson, 1974) are computed for each point source on a given 
ring and summed with the appropriate phase delays corresponding to the rupture- 
time and the travel-time delays to a preselected receiver on the free surface. Figure 
3 diagrams the corresponding 50 modified Kostrov slip-velocity functions. The 
synthetic displacement, u(x, t}, for the entire circular fault model is given by 

5O 

u(x, t) = F~ i~(r, t' d ~1 ) , ~  u,(r', t ') (2) 

where the summation index,  is over the number of rings, * indicates convolution, 
and the displacements u,(r, t) are computed for a constant ramp source-time 
function. Both u,(r, t) and u(x, t) are sampled at an interval of 0.008 sec. The point- 
source spacing of 100 m is therefore the limiting factor in the coherent frequency 

"U 

E L~ 

> -  
I--- 

0 
. J  
LIJ 
> 

I I M l :  (sec) ' "  

FIG 3 Modif ied Kos t rov  velocity funcUons  on fault.  E ac h  ring ha s  a different shp  rate  function.  T h e  
shp  rate over the  faul t  is shown f rom th ree  different  angles" upper #gure, f rom the  van tage  of looking out  
f rom the  center ,  lower left, lookmg f rom the  outer  radius  in, lower right, looking out  f rom the  center  bu t  
emphas iz ing  the  ml t laUon phase  

Archuleta'and'Hartzell,'1981'



Haskell & Kostrov Slip Rate
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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. 



    Haskell:  
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1814 B U L L E T I N  OF T H E  S E I S M O L O G I C A L  SOCIETY OF A M E R I C A  

Since the limits of integration do not depend on the variables x l ,  the differential 
operator in equation (6) may be taken inside the integral sign and the indicated 
differentiation carried out explicitly. The result is 

u , ( x ,  t) = - 232)r~+.]/Iiq,q[nj]-~-pl~2(nq+Miq,q[Dj] 

where the operator M i j , q  is defined by 

+ n~+Miv.q[Dq])} ds 

( 
Mo,q[~(~, t)] = (4~-p) l~[15~i~s~q -- 3(6~j3'q + &q'rj + ~q'r~)]r -4 

rr/~ 
• J ~ / ¢ ( ~ ,  t -- t ' ) t '  dt' + [6"Yi'Yj'Yq - -  (~ij "Yq "-~ ~iq~Yj "7- ~ j q ~ Y i ) l ( o l r ) - - 2 ~ ( ~ ,  t - -  r / a )  

- [ 6 w ~ j ~ q  - (2~,:~-~ + ~ . ~  + ,~ j~ . , ) ] (~r ) -~ , (~ ,  t - r / 3 )  

+ "~',,.~-~do?r)-l,~(~/, t - r / ~ )  - [ ' ~ s ~  - ~ s ~ q ] ( ~ r ) - ~ 4 ( ~ ,  t - r /~) '~ 
) 

(7)  

( s )  

The dot superscript is used to indicate the time derivative. 
If  we define the radiated energy of a source as that  energy that  would be trans- 

nfitted to infinity if the given source were embedded in an infinite, lossless medium, 
the only terms of equations (7) and (8) that  are relevant in computing that  energy 
are the far-field terms that  are proportional to r -~ that  is, those resulting from the 
last two terms in equation (8). Carrying out the substitution and taking the time 
derivative we obtain for the particle velocity, ~ ,  

47r~i(x, t) : -- ff + (ar)- l [(1 -- 2( f l /a )2 ) ' y in j  + 

+ 2(3/a)2"),i~,¢'yqnq+][)/~, t -- r / a )  ds + +(3r)-l[2.yi .yj .rqnq+f)j(~,t  - r /~)  (9) 

-- ~q(nq+ff)i(~, t -- r /B)  + ni+ff)q(~, t - r /3)) ]  ds 

We shall assume that  the fault displacement vector, D~(~, t),  has the form of a 
wave propagating in one dimension with velocity v. Three linearly independent cases 
may  be distinguished, (1) a longitudinal shear fault in which the displacement is 
parallel to the direction of fault propagation, (2) a transverse shear fault in which 
the displacement lies in the fault plane and normal to the direction of propagation, 
(3) a tensile fault in which the displacement is normal to the fault plane. The 
first case would be represented by pure strike-slip motion on a horizontally propagat- 
ing fault, and the second by the horizontal propagation of pure dip-slip motion. The 

   du / dt ∝ !!s∫



Haskell: No Radiation Except at Start and End

VISES Sept. 28-Oct. 2, 2014 18

In Haskell’s model, which has a 
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.



Representation Theorem
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  !un x,t( ) = d
dt

dτ si (ξ ,τ )
Σ
∫∫

−∞

∞

∫  cijpqν j ∂Gnp (x,t −τ ;ξ ,0) / ∂ξq  dΣ
⎡

⎣
⎢

⎤

⎦
⎥

  si (ξ ,τ ) :  The slip time function--discontinuity in slip 
                across the fault. 
  ν j : Fault normal

  ∂Gnp (x,t −τ ;ξ ,0) / ∂ξq: 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'τ,'@me'parameter"
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Slip Distributions for Landers 

Hernandez et al. (1999)' Wald and Heaton (1994)'
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Images of Sliprate during Landers Simulation 
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Kinematic Source Parameters

'Source'parameters:'
–  Slip'amplitude'(A1,&A2)'
–  Rupture'velocity'
–  Rise'@me'func@on'(T1,&T2,&…)'
–  Geometry'(L,'W,'δ)'
–  Hypocenter'

Liu'and'Archuleta,'JGR,'2004'

Slip rate time function 

time 
T t1' t2'

Hypocenter'
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Sliprate Function
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1212 E. Tinti, E. Fukuyama, A. Piatanesi, and M. Cocco
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S
lip

Time Time

Delta

Box-car

Gaussian

Truncated
Kostrov

Yoffe

Heaviside

Ramp

Smoothed ramp

Square root

Yoffe in slip

Figure 1. Slip-velocity functions of delta, boxcar,
Gaussian, truncated Kostrov, and Yoffe are shown on
the left. The corresponding slip functions of Heavi-
side, ramp, smoothed ramp, square root, and Yoffe in
slip are shown on the right.

may represent an alternative to Kostrov’s crack solution (i.e.,
a square root singularity function; Kostrov, 1964) and is
compatible with evidence for pulselike rupture propagation
observed in many investigations (e.g., Heaton, 1990). This
function was originally proposed by Yoffe (1951) for a
steady-state solution of a mode I crack and subsequently by
Broberg (1978, 1999) and Freund (1979), who extended it
to mode II crack propagation. In this article, we refer to this
source-time function as the Yoffe function. Piatanesi et al.
(2004) discussed the effect of different STFs on the estima-
tion of dynamic parameters. In particular, they compared the
traction evolutions inferred from several well-known STFs:
a smoothed ramp function, an exponential function and a
regularized Yoffe function (see some examples in Figure 1).
They pointed out that the distribution of dynamic parameters
strongly depends on the assumed STF, and they suggested
that the obtained dynamic parameters might be biased, es-
pecially when STFs not compatible with elastodynamics are
used. In particular, they have shown that the inferred values
of the critical slip-weakening distance, stress drop, and
strength excess, as well as their distribution on the fault
plane, are affected by the adopted source-time function.

In this article, we extend the work by Piatanesi et al.
(2004) by introducing a new STF and providing an analytical
form that is compatible with elastodynamics. We propose an
analytical function that is suitable for dynamic rupture mod-
eling based on the Yoffe function derived by Nielsen and
Madariaga (2003). In order to eliminate its singularity, we
convolve the original Yoffe function with a triangular func-
tion and obtain a regularized Yoffe function. We promote
our solution for several reasons. First, this function is con-
sistent with the self-similar solution of the elastodynamic
equation and with spontaneous dynamic models governed
by slip weakening (Nielsen and Carlson, 2000; Nielsen and
Madariaga, 2003). Second, this function can describe a local
healing process with variable rise time, consistent with lab-
oratory experiments on fault friction (Ohnaka and Yama-
shita, 1989). Third, this function is consistent with the trac-
tion evolution of spontaneous-crack models, because it
describes the traction drop near the propagating rupture front
within the cohesive zone and provides realistic values for
the critical slip-weakening distance. Fourth, this function can
be easily used in either forward or inverse waveform mod-
eling.

Kinematic Source-time Function

Analytical Form of the New Source-Time Function

The most common assumption in kinematic modeling
of ground-motion time histories is the definition of a finite
slip duration during rupture propagation at variable velocity
(e.g., Heaton, 1990). Once the source-time function is cho-
sen, its shape is prescribed by the total slip value, the rupture
time, and the rise time (duration of slip) at each point on the
fault. This parameterization is common to both multiwindow

and single-window inversion procedures. However, the for-
mer approach in principle allows a more flexible way of
modeling slip duration (e.g., Hartzell and Heaton, 1983;
Wald and Heaton, 1994; Yagi and Kikuchi, 2000; Kaverina
et al., 2002; Sekiguchi and Iwata, 2002). If the temporal
resolution is high (i.e., very short duration of unit source-
time functions), the multiwindow approach can yield rea-
sonable estimations of total slip duration. Unfortunately, this
condition is very rare, and for most applications the total slip
duration at each point on the fault is inferred through a few
(fewer than six) superimposed simple functions. The single-

P=1.0' P=2.5' P=4.0'

Liu'and'Archuleta,'JGR,'2004''

Tin@'et'al.,'BSSA,'2005'



Sliprate Functions: Dynamic Rupture
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Sliprate Spectra
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fh1.5'

fh2'

Results'from'dynamic'rupture,'normal'fault,'Q.'Liu,'
2013'

Festa'and'Zollo,'2012'
In'The'Mechanics'of'Faul@ng:'From'Laboratory'to'Real'Earthquakes'



Constant Rupture Velocity
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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'@me.''The'@me'at'which'a'point'starts'to'slip'
is'determined'by'the'distance'of'that'point'from'the'hypocenter'divided'by'the'rupture'
speed.'



Landers Dynamic Rupture
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BulletM of the Seismological Society of America. Vol. 56, No. 1, pp. 125-140. Februaryw 1966 

TOTAL ENERGY AND ENERGY SPECTRAL DENSITY OF ELASTIC 
WAVE RADIATION FROM PROPAGATING FAULTS. PART II. 

A STATISTICAL SOURCE MODEL 

BY N. A. I-IASKELL 

A B S T R A C T  

Previously derived expressions for the total energy and energy spectral den- 
sity of elastic waves radiated by a propagating fault are rewritten in terms 
of a spacio-temporal autocorrelation of the acceleration of relative displace- 
ment over the fault plane. This is interpreted in a statistical sense as the aver- 
age autocorrelation over an ensemble of earthquakes. An explicit form of 
autocorrelation function is assumed, depending upon two parameters, a cor- 
relation length, and a correlation time, and the total energy and energy spectral 
density are derived in terms of these parameters. By using scaling laws due 
to B6th and Duda for earthquake volume and radiation efficiency as functions 
of magnitude, the statistical parameters may also be related to magnitude. 

INTRODUCTION 

In a previous paper (Haskell 1964), hereafter referred to as Part I, expressions 
for the total P and S wave energies and the corresponding spectral density dis- 
tributions were derived on the basis of a deterministic source model. That is, the 
relative displacement between opposite faces of the fault plane was taken to be a 
definitely specified function of time and the spacial coordinates in the fault plane. 
It was pointed out that such a model was probably unrealistic, since the actual 
spacial and temporal dependence of the fault displacement was likely to be far too 
complex to be represented by any simply specifiable mathematical function, and 
it was suggested that it would be desirable to develop a model in which the source 
was described in statistical rather than deterministic terms. Engineering seismolo- 
gists, dealing with the highly irregular ground motions observed on strong-motion 
instruments at short epicentral distances, have found that the general characteristics 
of the observed acceleration can be well represented by considering the source to be a 
random sequence of short impulses (ttousner, 1947, 1955; Thomson 1959). Although 
the high frequency motions observed in the epicentral region are relatively rapidly 
attenuated and contribute little to the signal observed at teleseismic distances, 
they may represent a significant part of the total elastic wave energy radiated by  
the earthquake and must be accounted for by any satisfactory conceptual model of 
the earthquake source. 

In Part I, the radiated energy was expressed in terms of certain integrals, f+~ 7 2 dt 
for P waves and f+~ I~ 2 dt for S waves, where 

L 

I~ = fo ~(~'  t - r/o~) d~; 

125 

(1) 

128 BULLETIN OF THE SEISMOLOGICAL SOCIETY OF AMERICA 

Thus the total radiated energy and its spectral density can be determined if the 
autocorrelation function (2) is given. We have retained here the assumption made 
in Par t  I that  the variation of D across the width of the fault does not depend on the 
time, so that  it is legitimate to replace D by its average D ,  across the width. If 
this assumption were not made, the same general conclusion would be reached, 
with ~P replaced by a three-dimensional autocorrelation function (2 spatial dimen- 
sions plus time). 

We may now translate these results into a statistical model by interpreting 
~(v, ~) as the average autocorrelation function of an ensemble of earthquakes 
rather than as the autocorrelation function of a single earthquake. The energy 
spectrum calculated from equations (7) and (8) will then be the average spectrum 
of the ensemble. 

SOURCE AUTOCORRELATION FUNCTION 

Since we shall have to choose a particular form for the ensemble average ~@, e) 
on a more or less intuitive basis, it is of some interest to see what this function looks 
like for a particular deterministic model. For this purpose we consider the modulated 
ramp displacement function that  was treated in Par t  I. In this case 

[)(~, t) = Do(2n~r/T 2) sin (2n~[t -- ~/v] /T) ,  0 < t -- ~/v < T,  
(9) 

= O, ( t - -  t / v )  < 0 or > T, 

where Do is the final displacement on the fault, T is the duration of the fault motion 
at a fixed point, v is the fault propagation velocity, and n is an integer. For this 
function we find by direct integration of equation (2) 

~(v, ~) = (2~LDo2/T~)(  1 - I v I /5>[ (1  - ( ~ - ~ / v  I/T) cos ( 2 ~ n [  ~ - v/v I/T) 

-t- (27m) -1 sin ( 2 ~ n l  ~ - v/v l / T ) ] ,  

for I~/I  __-_ L and [ e -  v/v I <= T, 
( 1 0 )  

= 0, for [7]  > L or [ e - ~ / v [  > T. 

I t  will be noted that  q~ is expressed as a product of a spaeial factor which depends 
on I v I alone and a spacio-temporal factor which depends on both time and space 
lags in the form I ~ - v /v  I. The spatial factor is a linear decrease from 1 at ~ = 0 
to zero at 171 = L. The spacio-temporal factor is plotted in Figure 1 for the case 
n = 3 .  

In contrast to equation (9), which represents a fixed wave-form propagating 
unchanged along the fault, we visualize the actual progress of faulting as a swarm 
of acceleration and deceleration pulses tha t  propagates along the fault as a group 
with a mean velocity, v, but  which is highly chaotic in detail. We assume that  the 
velocity, v, is common to all members of the ensemble and that  the ensemble average 
of • can still be factored into a product of a function of I ~ [ and a function of 
I ~ -- ~/v [. In choosing an explicit form for these factors we note tha t  a great many 



Haskell: No Radiation Except at Start and End
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In Haskell’s model, which has as 
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.



Representation Theorem
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1- and 2-Point Statistics
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1-Point statistics in source modeling 1261

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!1).

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!1) although the standard deviation varies from 1 to 3 MPa. The red solid line in (b) shows a reference spectral decay rate (k!1).
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Song'and'Dalguer,'GJI'2013'
where GH (r) = r HKH(r). In these expressions, H is the Hurst
exponent, KH is the modified Bessel function of the first kind
(order H ), and kx and kz are horizontal and vertical wave
numbers, respectively. The characteristic scales are given by
the correlation lengths in along-strike and downdip direction,

ax, az, respectively, and r !
!!!!!!!!!!!!!

x2

a2x
" z2

a2z

q

; k !
!!!!!!!!!!!!!!!!!!!!!!!!

a2xk
2
x " a2z k

2
z

p

.

The Hurst exponent H in the expression for the von Karman
ACF determines the spectral decay at high wave numbers.
For H = 0.5 the von Karman ACF is identical to the
exponential ACF. For a fractal medium, the power spectrum

is characterized by a power law decay. In the two-
dimensional case, this can be written as [Voss, 1988]

P k# $ / 1

kb"1
/ 1

k2x " k2z
" #4%D

#2$

where

D ! E " 1% H : #3$

In (3), D is the fractal dimension, E the Euclidean dimension
of the fractal medium, therefore D = 3 % H for a two-
dimensional fault plane. From (2) and (3) it follows that b =
1 + 2H. The ‘‘k-square’’ model therefore implies H = 1, or
equivalently D = 2.
[8] The differences among the random field models in (1)

are illustrated in Figure 2 for four slip distributions with
identical phasing. The bottom panel displays the spectral
decay as a one-dimensional slice (at kz = 0) of the two-
dimensional spectrum. While the Gaussian random field is
smooth with little short-scale variation, the remaining dis-
tributions show considerable short-scale variability. The
power spectral densities illustrate these differences, with a
very rapid decay for the Gaussian model, but a more gradual
decay for the exponential, von Karman and fractal models.
The beginning of the roll-off of the power spectra is related
to the correlation lengths for the Gaussian, exponential, and
von Karman ACF; for the fractal model, the PSD decays
with a power law beyond a corner wave number, kc, which
is related to the characteristic source dimension.

3. Estimating Spectral Decay Parameters

[9] To estimate the best fitting correlation length for the
Gaussian, exponential and von Karman correlation function,
we use a grid-search algorithm that operates in the wave
number domain by fitting power spectra for discrete values
of correlation lengths a to measured spectral densities. The
fractal dimension, D, can be estimated from a least squares
fit to the power spectral decay beyond the corner wave
number.
[10] We examine average decay properties of the slip

spectra using the Fractal Analysis from Circular Average
(FACA) method [Anguiano et al., 1994], then we analyze
the spectral decay in along-strike and downdip direction
separately. In the FACA method, the fractal dimension of a
two-dimensional fractal image is estimated from integrated
spectral values along a radial wave number, kr, computed
from the directional wave numbers, kx , kz , and hence only
represents average properties of the random field. We
extend this approach to more general random fields, para-
meterized by the ACFs given in (1). This method eliminates
possible anisotropy, but it yields more stable average
estimates for the decay parameters, which provide a starting
point for the subsequent two-dimensional analysis of the
slip spectra. We then estimate the best fitting correlation
length ax, az, in along-strike and downdip direction, respec-
tively, by iteratively sweeping through a large range of
correlation lengths (from zero to the maximum source
extent at a step size of 0.2 km). This is done for each
direction separately using the one-dimensional slice at kz = 0
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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 & 30
km; the correlation lengths are a = 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 kc = 0.3.
The bottom graph displays the corresponding power
spectral decays of a one-dimensional slice (at kz = 0) of
the two-dimensional power spectrum P(k).

ESE 10 - 4 MAI AND BEROZA: RANDOM FIELD MODEL FOR EARTHQUAKE SLIP

Mai'and'Beroza,'JGR'2002'



Shi and Day: Rupture Dynamics and Ground 
Motion from 3-D Rough-Fault Simulations

Journal&of&Geophysical&Research:&Solid&Earth'
Volume'118,'Issue'3,'pages'1122h1141,'31'MAR'2013'DOI:'10.1002/jgrb.50094'
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Schmedes,  Archuleta, and Lavallée, 2010 

Influence of Autocorrelation: 2-Point Statistics
ν=

1"
ν=

2"
ν=

4"
ν=

3"
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2-Point Statistics:  
Stress and  Rupture Velocity on Fault

Stress'Distribu@on:'Power'Spectrum'Kh2'

Velocity'Distribu@on' Velocity'Distribu@on'

Stress'Distribu@on:'Power'Spectrum'Kh4'
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Spectra: Supershear & Subshear
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Source Spectrum
Spectra
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Corner Frequency 1.0 Hz!
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Shear Wave Speed 3.3 km/s!

Diplacement Amplitude Spectrum (solid), acceleration (dashed, 

right scale) and velocity (dash-dot) for a M 6.0 earthquake. !
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Energy Concentrated Near the Corner Frequency 

Tumarkin & Archuleta, 1994 
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Kinematics – forward modeling
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Seismic'sta@on'Green’s'Func@ons'

'Source'parameters:'
–  Slip'amplitude'(A1,&A2)'
–  Rupture'velocity'
–  Rise'@me'func@on'(T1,&T2,&…)'
–  Geometry'(L,'W,'δ)'
–  Hypocenter'



Velocity Structure

SCEC'Valida@on''

Parkfield:'Averaged'from'Thurber'et'al.,'BSSA'2006'
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USR in SONGS study area 

SONGS 

Shaw'et'al.,'(2013)'

USR in SONGS Study Area

VISES Sept. 28-Oct. 2, 2014 41



Amplitude Attenuation with Distance 
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Attenuation
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Boatwright'and'Seekins,'2012'



•'GTL’s'are'shallow'(<'300'm)'velocity'descrip@ons'that'are'necessary'for'many'local'
seismological'and'engineering'applica@ons.'
•'The'USR/CVM'has'an'op@onal'GTL'overlay'based'on'Vs30'measurements.''

Full inversion uses more 
than 200 events, 
requiring 6800 wavefield 
simulations, implemented 
in 16 tomographic 
iterations.   

Shaw'et'al.,'(2013)'

Geotechnical Layer (GTL)
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Kappa  
and fmax

Hanks,'1984,'BSSA;'Anderson'and'Hough,'BSSA,'1984'

kappa = traveltime /Q = H
Vs( ) Q

Attenuation = exp −π fκ( )
π fκ = 1
f = 1 /πκ → fmax
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Hartzell 1978
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VOL. S, NO. 1 GEOPHYSICAL RESEARCH LETTERS JANUARY 1978 

EARTHQUAKE AFTERSHOCKS AS GREEN'S FUNCTIONS 

Stephen H. Hartzell 

Institute of Geophysics and Planetary Physics 
University of California, San Diego, La Jolla, California 

Abstract. A method is presented for modeling 
earthquake strong ground motion, which uses the 
aftershocks associated with a large earthquake 
as Green's functions. A major earthquake, with 
a large rupture surface, is modeled by a 
collection of point sources distributed over 
the fault plane. The response .of each point • 
source is approximated by the ground motion 
of the closest associated aftershock. By 
using the aftershock responses, the effects of 
the true earth structure are included in the 
modeling process. This method is used to model 
the E1 Centro displacement record for the 1940 
Imperial Valley earthquake. 

In this paper the earth response is em- 
pirically arrived at by the use of earthquake 
aftershock responses. Aftershocks are 
treated as approximate point dislocations. 
The ground motion associated with a. given 
aftershock is then simply the Green's function 
for that aftershock's focal mechanism and 
position within the three-dimensional earth 
structure. With this approach, one need not 
know the actual focal mechanism. Also, the 
numerical and analytical difficulties of com- 
puting the earth response for an approximate 
earth model are avoided, and at the same time, 
the effects of the true earth structure are 
included. 

Introduction Method 

One technique often used to study the 
mechanism of earthquakes is to compute synthe- 
tic seismograms and compare them with data. 
There are two major problems which must be 
dealt with in the calculation of synthetic 
seismograms: 1) the description of the source, 
and 2) the calculation of the earth response. 
These are both difficult tasks, and one must 
invariably rely on approximations. Often the 
details of the focal mechanism are not known 
or poorly determined. Also, a realistic model 
of a moderate to large earthquake should take 
into consideration the finiteness of the source. 
One approximation which has proved useful is 
the superposition of point sources, phase delayed 
to account for rupture propagation. Summation 
of point sources has been used in media ranging 
from a full-space (Aki, 1968) to a layered half- 
space (Heaton and Helmberger, 1977). 

The calculation of the earth response is 
typically done by assuming a model composed of 
homogeneous layers. With this simple model, 
standard methods can be applied, such as the 
reflectivity method (Fuchs and M•ller, 1971) 
or the generalized ray method (Helmberger, 
1968). However, situations continually arise 
where homogeneous layers are inappropriate, 
for example, a sedimentary basin thinning out 
against a mountain range. Recent studies by 
Hong and Helmberger (1977) and Chapman (1974, 
1976) have relaxed some of the requirements 
in the generalized ray approach to allow uni- 
formly dipping layers and model parameters 
which vary smoothly with depth. Also, work 
by BøUchon and Aki (1977), using an approxi- 
mate method based on the discrete wave number 
representation of an elastic wave field, allows 
the calculation of synthetic seismograms in 
the presence of topography and irregular inter- 
faces. However, if the earth structure is not 
known, these computational tools cannot be 
used effectively. 

Copyright 1978 by the American Geophysical Union. 

We require aftershock recordings from sources 
on the fault plane of the main event, whose 
ground motion we wish to.mode!. These after- 
shocks should be well distributed over the fault 
plane and be of a sufficient number so that 
there are no "blank" areas. The aftershocks 
should be well approximated as point sources. 
The ground motion due to the i-th aftershock, 
Ui, must be recorded at the same station that 
recorded the main event. We represent the 
fault plane of the main event by a distribution 
of point sources. The ground motion for the 
aftershock, Ui, which is closest to a given 
point source, is used as the point source res- 
ponse. The ground motion for the main event, 
•, is then approximated by the weighted and 
phase delayed summation over Ui: 

n 

•(t) = • [Ui(t) * Qi(t)]H(t-z i) 
i = 1 

(i) 

where 

U.(t) = S i(t) * M i(t) * R i(t) (2) 

a•d * indicates convolution. The index i in 
Equations (1) and (2) runs over the n point 
source on the faul-t plane. Qi is a generalized 
scaling factor to be discussed below; H is the 
Heaviside unit step function; T i is a phase 
delay term, which includes both the delay due 
to rupture propagation and the delay due to the 
travel time from the source to the receiver. 
S% is the source function; M i is the earth res- 
ponse; and R i is the receiver function. The 
effects of Si, Mi, and R i are all included in 
the aftershock ground motion. As stated above, 
the U. are all recorded at the same station 
that recorded the ground motion for the main 
event. Therefore, R i is constant. 

Implicit in Equation (1) is the assumption 
that the aftershocks have the same focal mechan- 
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Semi-Empirical Estimation of Strong Ground Motions
During Large Earthquakes

By Koj i ro InrruRe

(lv lanuscr ipt  received March 22,  l9B3)

Abstract

A synthesis me thod is developed for estimating deterministically strong motions during the
mainshock, using the records o[small events such as foreshocks and aftershocks which occurred
within the area of the mainshock fault. This synthesis formulation is based on the kinematic
source model o[ Haskell type and the similarity law of earthquakes. The parame ters for this
synthesis are determined to be consistent with the scaling relations between the moments and
the fault parameters such as fault length, width and dislocation rise time. If the ratio of the
mainshock moment Mo to the small event one Mo, is assumed to be lf 3, then the mainshock
fault can be divided into Nx N elements, each dimension of which is consistent with that of
the small event and N events at each element may be sr-rperposed with a specific time delay
to correct the difference in the rise time between the mainshock and the small event and to
keep a constant slip velocity between them. By means of this method, the mainshock
velocity motions are synthesized using the small event records obtained by velocity-type-
strong-motion-seismographs for l9B0 fzu-Hanto-Toho-Oki Earthquake (lvl:6.7). The
resultant synthesized motions show a good agreement with the observed ones in the frequency
range lower than I Hz. Further, the synthesis formr-riation is improved to be applicable to
the higher frequency motions, especially acceleration motions. This revised synthesis for the
higher frequency motions is effective when we use the records lrom the small event having the
laul t  length L, :Vr-r(27:  rupture veloci ty  and r :  r ise t ime of  mainshock) .  The synthesized
accelerograms by this revised method are in good agreement with the observed ones in the
t'requency range up to 5 Hz.

l .  fnt roduct ion

The invest igat ion of  the synthesis of  st rong ground mot ions in the near f ie ld
has s igni f icant lv  lagged, compared wi th that  of  long per iod mot ions in the far  f ie ld.
This is  caused by the di f f icul t ies of  theoret ical  t reatment for  h igh f requency mot ions
included in the strong mot ions.  The invest igators for  earthquake engineer ing have
been concerned wi th the strong mot ions l rom the need of  engineer ing.  Therefore,
the input  mot ions usual ly  used for  the evaluat ion of  earthquake resistant  design
cr i ter ia have been synthesized for  some t ime. independent ly of  the physical  con-
s iderat ions of  the earthquake source.  Recent ly,  seismologists have begun to take an
act ive interest  in st rong mot ions to study the detai ls  of  faul t ing,  as strong mot ion data
have been accumulat ing in the near f ie ld.  On the other hand, many invest igators
concentrate their  at tent ion of  engineer ing interest  on re l iable est imates of  the strong



SRC File
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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'='h121.8410'
DIP'='70'
SEED'='9582093'

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 
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Station List (.stl)
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#BBP'Sta@on'List'for'EQID=127'(Northridge)'
#SLong'''''SLat'''' 'RSN'''''''''' 'Rrup 'Vs30' 'HiPass 'LoPass'' 'Obs_File'

' ' '(km) '(m/s) '(Hz) '(Hz)'''
h118.483 '34.294''2005hLDM''5.9'''''' '629' '0.1887'''111.1111''' 'NORTHR/2005hLDM_N.acc'
h118.396''34.334''2006hPAC' '7.0'''''''''2016'' '0.2105' '111.1111'''''NORTHR/2006hPAC_N.acc'
h118.710''34.232''2017hSSU'' '16.7''''' '715'''' '0.1263'''111.1111'' 'NORTHR/2017hSSU_N.acc'
h118.380''34.114''2012hWON'20.3''''' '1223''''0.1927' '111.1111'''''NORTHR/2012hWON_N.acc'
h118.560''34.571''2016hH12' '21.4''''' '602'''' '0.1502''''111.1111'''''NORTHR/2016hH12_N.acc'



Bertram'Broberg' Teruo'Maruyama'

Smiling''Buddha'

Ralph'on'the'Kunlun'Fault'
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