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Theoretical and experimental results from computational 

physics and nonlinear rock mechanics have been merged in order 

to obtain a deterministic model of a stick-slip earthquake. 

The model has been exercised to uncover the dependence of peak 

ground motion and response spectra on fault length, rupture 

velocity and dynamic stress drop during rupture. A particular 

method for generating a design spectrum has been tested against 

results from the model. Utilization of this deterministic 

technique seems especially appropriate when design information 

is required at sites located near the epicenter. 

INTRODUCTION 

The prediction of earthquake ground motion is a central 

problem associated with the aseismic design of civil engineer

ing structures. Prediction techniques utilized to date[1-5] 

have been based mainly on the analysis of a very limited num-

ber of past earthquake records. Ground motion at a particu-

lar site is expected to be strongly influenced by epicentral 

distance, fault type, earthquake magnitude and local site 

geology. Therefore, it seems reasonable to question whethe-r 

the data, furnished by existing earthquake records at epi-

central distances less than 20 km, is sufficient to justify 

empirical or statistical extrapolation of the data for pre-

diction purposes. 

In order to both extend the data base and provide a 

systematic analysis of the factors which control earthquake 
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ground motion~ it is important that techniques be developed 

which are capable of: 

1. Simulating the rupture process during faulting 

in such a manner that laboratory data from ap-

propriate rock tests may be used to specify the 

parameters in the rupture model. 

2. Calculating the theoretical~ free-field seismo-

grams caused by the rupture. 

3. Evaluating the modification of the free field 

ground motion produced by the earth's surface 

and local site geology. 

Computer modeling of the response of geologic materials 

to a propagating stress wave of arbitrary amplitude is now a 
f6-9 1 

standard problem solving technique. L j These computer codes 

are capable of extending the stress wave~ eminating from the 

. t th "1 ~ d-' 1 t -' . [10 11] d source, 1n 0 ,e sma~~ lSP acemen elastlc reglon ' an 

yet are flexible enough to permit very general material res-
. '12-15] ponse formulations in the nonlinear reglon. L They have 

been used to predict the effects of explosive sources on the 
.. ",. . '16-18 1 

surrounulng rOCK enVlronment L J and obtain the equivalent 

elastic SOUTce as a function of rock ty.pe~ depth of burial 

. -.' [13,19] and explosive yle~Q. 

In order to at least partially satisfy the above three 

objectives, a stick-slip rupture model has been incorporated 

into a two-dimensional (plane strain) stress wave code. The 

difference equations used in the code for conservation of 
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linear momentum~ tate and simulation of a slipping 

interface are identical to those reported by Cherry~ 

et ., [8] al. o 

This earthquake model iurnishes the near source ground 

motion caused by the stick-slip rupture process. The only 

limitation in the model is the plane strain assumption which 

implies an infinite fault dimension normal to the plane. 

Theoretical seismograms from this model would be appropriate 

for an earthquake having an out-of-plane fault dimension 

comparable to the distance between the fault and the build-

ing site. 

The model has been exercised in order to uncover the 

dependence of peak ground motion and response spectra on 

fault length, rupture velocity and dynamic stress drop dur-

lng rupture, i.e., on the important fault parameters which 

control the release of seismic energy during an earthquake. 

The theoretical seismograms obtained from this study repre-

sent free-field ground motion. They are appropriate to an 

earthquake occurring in an infinite, homogeneous geologic 

environment. 

Separation of earthquake ground motion into free-field 

and site amplification components appears to be a natural 
r 2 (\-; 

decomposition. l Vj Site amplification effects aTe capable 

of being included in the analysis by permitting the free-

field ground motion to drive a specific site. Modification 

of the free-field grOund motion by an inhomogeneous, nonlinear 
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geologic environment will not be addressed in this paper. 

However, it is important to note that this modification is 

a natural extension of the computational technique, given 

the material properties which characterize the local site 

geology, 

SINiULATION OF THE EARTHQUAKE SOURCE 

The elastic rebound theory~ developed by H. F. Reid 

after the 1906 San Francisco earthquake, implies that the 

rupture process at the fault surface is responsible for the 

relative displacement across the fault and hence the seismic 

waves radiated during the earthquake. Almost sixty years 
~2-~ 

passed before Benioff l 1j showed that the fault displacement 

inferred from the elastic rebound theory was consistent with 

seismological observations which suggested that the earth-

quake source function for the radiated seismic energy should 

be a double couple. Following Benioff's work, it became 

clear that an understanding of the nature of the earthquake 

source depended on ,an adequate simulation of rupture propaga-

tion over the fault surface. 

Any formulation of the rupture process must provide 

quantitative answers to the following three questions: 

1. Why does rupture occur? 

2. What is the stress adjustment during rupture? 

3. When does the rupture heal? 

As an added constraint~ the rupture model must be able to 
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accept pertinent laboratory test data in order to specify 

the parameters in the model. 

With this constraint in mind~ a stick-slip model of 

rupture has been formulated which answers the above questions 

as follows~ 

1. Rupture initiation is plastic work dependent. 

2. During rupture the tangential stress at the 

slipping interface is relaxed to its kinetic 

friction value. This relaxation allows adjacent 

points on the interface to move apart (slip). 

3. The rupture heals (adjacent points on the inter-

face stick) if the relative velocity between 

two adjacent points changes sign and if the 

tangential stress at the interface is sufficient 

to maintain continuity of tangential velocity. 

The fault surface is simulated by decoupling the grid. . , 

line over which slip is to occur in order to isolate the 

normal and tangential components of str6ss at the interface. 

Contact discontinuity boundary conditions, involving continuity 

of normal stress and normal velocity components, are applied 
. . [8] in order to solve for the normal stress component. If the 

boundary point is iiwelded H
) Le., not slipping, then the 

tangential velocity component will also be continuous. This 

latter condition permits a unique solution for the tangential 

stress at the welded point. 
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The basic mechanism for releasing the strain energy 

in this rupture model is the relaxation of the tangential 

stress from its "welded" value to its 11kinetic friction" 

value. Figure 1 follows the tangential stress at two points 

on the fault surface (slipping interface) during a calcula-

tion in which the stick-slip model was used to release the 

strain energy. For this particular calculation the fault 

length eventually grew to 10 km. The solid curve in the 

figure corresponds to the point on the fault where the rup-

ture starts (the focus) while the dashed curve is for a 

point on the fault 2.5 kffi away from the focus. The initial 

value of tangential stress (T ) on the fault was one kbar. 
o 

During rupture this stress component is relaxed to its 

kinetic friction value (~k). In this problem ~. = 0.5 kbar. 
~ .K 

The tangential stress is maintained at the value until 

adjacent points on each side of the fault reverse velocity. 

When the velocity reversal occurs» the points are tied (the 

fault sticks) if the tangential stress~ required to maintain 

continuity of tangential velocity, lies between ± T, • 
K 

the points are tied the tangential strSss finds a static 

equilibrium value (T ). s 

After 

Notice that for the point 2.5 km away from the begin-

ning of the fault, the tangential stress builds to a maximum 

of 1.43 kbar due to stress differences parallel to the fault1 

before the plastiC work criterion at this distance is violated. 

This occurs at 1.12 seconds; rupture begins and the tangential 

stress is relaxed to 0.5 kbar. 
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Figure 2 shows the final static level attained by the 

tangential stress over the 10 km fault. Results from all 

problems run to date indicate that at least one point on the 

fault will stick early and cause a mild stress concentration 

to occur in the static solution. In this figure the concen-

tration occurs 3 km from the focus. Figure 2 also shows that 

most of the static stress drop occurs at the end of the fault 

where the rupture stops; a result that is again common to all 

calculations having a finite rupture velocity. The average 

value of over the 10 km fault is 0.355 kbar. Therefore, 

the ratio of static stress drop to dynamic stress drop is 

0.29. Due to high frequency attenuation in the earth, tele

seismic ground motion and hence teleseismic magnitudes should 

be sensitive to the long period portion of the source spectrum, 

i.e., to the static stress drop. The dynamic stress drop on 

the other hand will be shown to control the peak ground motion 

in the near field. 

Figure 3 shows the relative displacement over the fault 

at 0.4 second intervals. The point that sticks early, 3 km 

from the focus, is responsible for the stress concentration 

at that distance in Fig. 2. 

The rupture velocity over the first 7 km of the fault 

was 2.15 km/sec. At this distance the plastic work criterion 

was increased so that the rupture would not stop abruptly. 

Figure 4 shows the arrival time of the rupture versus distance 

along the fault. Over the last 3 km the rupture velocity is 
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Figure 3. Relative displacement on 10 km fault at 0.4 second 
intervals. 
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approximately 1.6 km/sec, giving an average rupture velocity 

over the entire fault of 2 km/sec. 

Plastic flow is caused by the inability of real geo-

logic materials to support unlimited values of shear stress. 

The dev:iCl.toric stress component in the yielding elernent are 

modified such that the resulting stress state is consistent 

with a Mises yield criterion CEq. 1, Appendix I). 

Initially, plastic flow was included in the model in 

order to remove the large stress concentrations that occurred 

at the ends of the rupture during calculations involving only 

linear, elastic material behavior. It was immediately found 

that rupture velocity could be controlled by allowing rupture 

initiation to be dependent on the plastic work dissipated 

during the yielding process CEqs. 3 through 5, Appendix I). 

H d [221 h . .• . ~ d h' h ,ear ~ as obtalnea experlmenta~ ata s oWlng t at 

crystalline rocks undergo significant yielding prior to 

brittle failure at the temperatures and pressures appropriate 

even for shallow earthquakes (focal depths of around 10 km). 

We have allowed this mechanism to control the rupture velocity 

by specifying the plastic work for rupture to be a function of 

distance from the focus CEq. 6, Appendix I). This requires 

not only that the dimensions of the fault zone be specified, 

but also the relation between the yield surface and the stress 

state in the fault zone. 

The calculations reported in the next section assumed 

an elliptical fault' zone with all the material in the fault 

12 



zone initially lying on the yield surface~ i.e.~ an attempt 

to increase the second deviatoric stress invariant above 

its initial value in the fault zone causes plastic flow and 

therefore plastic work., 

The fault model is not restricted to a plastic work 

rupture criterion. Since the components of stress have been 

isolated at the fault surface then a rupture criterion could 

easily be formulated in terms of these stress components. 

For example~ the tangential stress could initially be 

limited at the boundary. This would allow the fault to slide 

stably~ i.e.~ creep. In Fig. 1 creep would occur at a given 

distance from the focus if the allowable tangential stress 

were less than 1.0 kbar. The drop in tangential stress to 

its kinetic friction value (rupture) could then be made a 

function of the size of the creep event. Stable sliding has 

been observed, prior to rupture, in laboratory stick-slip 

events in plates of Westerly granite. [23] Creep may prepare 

the fault surface for rupture by polishing the surface. 

Rupture velocity could be controlled by varying the magni-

tude of the creep event required to cause the tangential 

stress to drop to its kinetic friction value. 

Frictional sliding on ground surfaces of granite has 
~24i 

been investigated by Byerlee. l j For values of normal stress 

(0~) varying between 2 - 12 kbar over the surface, he found 
J. 

that the tangential stress drop from static friction 

kinetic friction (Tk) is given by 

13 
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(all units in kbars) (1) 
o 

While this relation was established for specimens at 

room temperature and for specially prepared surfaces, it 

probably furnishes an upper limit to the allowable dynamic 

stress drop for shallow earthquakes. This stress drop was 

assumed to be either 0.25 or 0.5 kbar for the calculations 

discussed in the next section. 

SUMIViARY OF INPU'T PARAMETERS 

In order to exercise the rupture model in its current 

form, a numoel~ of parameters must be specified. These are: 

@ The Fault Zone. An elliptical fault zone, defined 

as 

x 2 y2 
"' - -'r - 1. 

a 2 "0 2 
(2) 

was assumed with all the material in the fault zone 

initially lying on the yield surface. The origin 

of the x-y coordinate system is located at the 

center of the rault, as shown in Fig. 5. Elastic 

behavior was assumed for the material outside the 

fault zone. The minor axis, b, was 2 km for all 

calculations. The major axis, a, extended 3 km 

beyond the end of the fault. 

@ The?lastic Work Req"Liired for Rupture Initiation . 

A unidirectional rupture was assumed as shown in 

Fig. 5. For a given fault length, L, the functional 

14 



Figure 5. Stations monitored during the calculations. The 
origin of the x-y coordinate system in the center 
of the fault. The computational grid extends be
yond the 10 km radius in order that reflection 
from external boundaries do not interfer with the 
free field ground motion. 

15 



form usee to initiate rupture within the interval 

-LIZ < ~ ~ L/2 was a~sumed to be (Appendix I~ 

Eo. 0 6) 

-
3 

X"-'-J",·/ 'I '. 
....J .,~ '; 

--,-" 
/ L d\ 

IT :\ < X + < , \V "2" 2} (3a) 

+ 
L > d x 2 "2 

x+L/2: 
3 -rj (3b) 

Rupture starts at x = - L/2 (W ; 0) and is assumed 

to terminate at x ; L/2. In the calculations, 

rupturing was not permitteci outside the interval 

-L/2 .::. x .::. L/2. 

~ The Stre'ss Drop Duririg Rupture (T 0 

Iouna that 

not change 

culatioDu 

the normal stress (a ) on the fault did 
n 

from its initial value during the cal-

Therefore~ the assumed stress drop re-

mained constant over the fault. Equation (1) was 

usea as a guide for this quantity and calucations 

were ootained for stress drops of 0.25 and 0.5 

kbarso The initial stress (T ) was the same for 
o 

all calculations with T = 1 kbar. 
o 

® 'The Shear ModUlus (~), Bulk Modulus (k) and Density 

(p). These quantities were maintained constant for 

all calculations, with ~ = 324 khar, k = 478 khar 

and p = 2 0 8 g/cc. The corresponding compression 

and shear wave velocities are ~ = 5.7 km/sec, 

16 



TO - Tk) along with the rupture velocity (VR) and the average 

static stress drop (T - T , that resulteci from the four cal-
~ 0 s) 

culations. Since a, a~ PI hi and T were the same for all 
o 

calculations, these pa~ameters are not listed in the table. 

TABLE I 

'" 

;~ -T, V j""-T 
i"o .K l R :c o s 
; (khaT) 1 (km/s ec) 1 (khar) 
c t l 
" , 'i 

Calculation~aCkm} 

, i 

lOA 8 , 
0 7 ~ 10 : · ~ 

10 r 0 5 2 0 " 0 145 · · · , 
f , 

SA 5 5 0 7 ~ 10 . · ! 5 0 5 2 -, ,.. ,. 
0 178 · 0 .LJ , · , 

t 
! 

5B j 5 ,-, l 10 . v · r C. 0 5 3 75 1 0 221,\ oJ · · · ~ 

10.4 
, 

.5C 
~ 

5. .5 10, 
l 

~ 
c: 0 • .2 5 f, .2 15 ~ 0 .110 . .J · i i 

GROUND MOTION' AND RESPONSE SPECTRA 

All ground motion calculations are easily separable 

into compressional (P) anci shear (S) components. This is 

accomplishea by monitoring , ~ " -r" 
~he dlvergence (V • S) and curl 

of the displacement field at selected points · +-' J..n ... ne 

elastic regime. These components are shown in Figs. 6 and 

7 for calc~lation 5B. These figures give the peak values 

of the scalar and vector potentials at all stations located 

10 km from t~e center of the fault. The finite rupture 

velocity produces a noticable distortion in the radiation 

pattern~ with the S componen~ in the fault plane (direction 

of rupture) approximately twice as large as the S component 
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auxiliary ?lane~ t11e 

S IF ratio. max max 
Figures 8 and 9 show particle velocity time histories 

at Stations 1 and 5 for calculation SB. The stations were 

chosen since they illustrate the maximum azimuthal variation 

in ground motion between all monitored grid locations. Seis-

mogram complexity increases with increasing station number 

(1 through 5) due to the temporal separation of the starting 

and stopping nhases of the nrona~atinIT runture. 
A .... ~ ~ 10.,;> ,l. 

This separa-

tion results in a factor of seven difference lTI peaK particle 

velocity between the two stations. 

In Fig. 10 the ground motion at Station 1 is compared 

with the maximum horizontal component of ground motion re-

corded at Pacoima Dam from the San Fernando earthquake of 

February 9, 1971 0 This compa:;.~ison along with the radiation 

patterns shown in Figs. 6 and 7 support Hank's[25~ conclusion 

that)1 19the large displacement pulse occurring at Pacoima Dam 

approximately 2.S seconas after the acceleograms were trig-' 

geTed denotes the arrival of shear radiation eminating from 

massive but localized faulting in the hypocentral region. Vi 

The simple nature of the seismogram within this time interval 

also suggests that the rupture propagated toward Pacoima Dam 

and hence ~he pea~ ground motion should be anomalously high 

at tb.is siteG 

Figures 12 and 13 give the response spectra at 

Station 5 from calculation SB for ~ percent, 5 percent and 

20 



8. Particle velocity at Statiorl calculation 
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l:;igure 90 Particle velocity at Station 5 calculation SB. 
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I~igu:re 11 ~ 

Period (sec) 

Resncnse snectrum from calculation 
with 1 per~ent critical damping. 
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?i re 13. Res?onse s?ectrum from calculation 5B. Station 5. 
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10 percent aamplng. 

should not exceed. According to their technique an estimate 

is made of peak ground acceleration, velocity and displace-

ment ior & ziven s~te. These values of peak ground motion 

aTe factor "which is a function only of 

the fractional damping of the oscillator. 

The peak ground ~otion envelope at Station 5 and the 

resttlti11g design spectrui11 of N"e\NlnarI< a .. 1'"iG. fia.-ll are i11C~ __ uded 

in Figs. :~J :2 and 13, For: percent and 5 percent damping 

the desig:n spectTulil of NewlnaTk and. ... ~ ~''''' '" 
.t-.l.o....1.l. l.S a conservative 

However, for 10 percent 

under estimates the response spectrum 

for frequencies greater than 0.5 Hz. Similar comparisons have 

been made at each station for all the calculations listed in 

Table I. T;"e New[l1ark a~i1d Hall procedure has been found accep-

table for oscillator dam.ping 5.. 5 percenL For 10 pe:tcent 

damping, failure of their technique is quite routine in the 

aIilpl iiied. acceleration regime of the des ign spectruTIL Increas-

ing the peak acceleration amplification factor for damping 

greateT than 5 percent should be consideredo 

DE?ENDENCB OF rEhll RESPONSE SPECTRUM ON FAULT PARArvIETERS 

The primary motivation for developing a deterministic 

earthquake model is to determine how the robust, predictable 

ground motion depend on the parameters 

27 



in the mode~. The ?~ra~eters varied ~o date have been iault 

length (L), rupture velocity (VR) and dynamic stress drop 

Scaling of peak particle velocity~ the center 

In ta~2s sf ~hese para2eters will now be addressed. 

Peak part~cle velocity was determined at all stations 

10 km from the center of the fault. Figure 14 shows this 

peak ground motion plotted versus the nroduct of runture 
~ A 

velocity and dynamiC stress drop. The functional relation 

seems to be linear over at least a factor of four variation 

in the abscissa. As noted earlier, peak particle velocity 

changes by approximately an order of magnitude between Sta-

tions ~ and 5 for the same earthquake. 

Par each of the response spectra calculated for 10 

~Jercent da::T,ping> 'the peak PSRV was iaeYJ.tified. To the left 

of this peak, at the lower period T , exists a point at 
- 1 

which the PSRV is one no.lf its maximum value; to the right, 

the longer car. he found sirnilar £as~hiofl. (j 

The center period of the response spectrum was then defined 

by 

rr' -'- ( c,' r"l \ (4) l. :: 
2~ i l -.- j C \ 

\ 1 2. 

By analogy to the quality factor of a filter the definition 

r,'" 
lr'l 

'\ '-' 
l< = F:~" (5) 

28 
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~rf ::: T - T 
2 

(6) 

is the width of the excitation. 

Figur~ 15 indic~~es t:[l&~t rf r"( sca.les 
'v 

linearly with L/VR 
ever the interval 

:.3 < (sec) < 5 (7) 

The Doppler effect, produced by the finite rupture velocity, 

causes the centey period of the response spectrum to strongly 

depend on aximuth. For the same earthquake, Te varies by at 

least a fac~or of four between stations located at opposite 

ends of the rault trace. 

The scaling of the quality factor, Q, of the response 

SpeCt.Tll1Ti {-.la.s beeTi f'ol:r.rlG. to depeYJ.d 110t oTlly 011 fatll t IJarameteys 

but also on the predominant wave type (P or S) responsible for 

the ground motion at a given azimuth. Figures 5, 6 and 7 

show that ground motion at Stations I, 3 and 5 should be 

predominate~y S. The Q of these stations scales linearly 

with V~/L as shown in Fig. 
K 

Station 2 is located on a P 

wave lobe and the Q of thi~ station is shown in Fig. 17 to 

scale inversely as the fault length. 

These results suggest that 

(8) 
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:::: 
c; 

a'"l:) VR .t 
(9) 

VC~ 
K. =: 

o~ ," " ZJ P 

Ground motion &~ci response spectra dependence on COll-

pressional wave velocity, a, a~d s~ear wave velocity~ S, has 

not ~een established ~rom the calculations run to date. Con-

fiTmation of Eq. (8) and inclusion of near source material 

properties into ground motion and response spectra scaling 

will require an additional parameter s~udy. 

Figure 18 shows the maximum azimuthal variation in 

response spectra obtained from the earthquake model and com-

pares these calculated response spectra to those " -'261 obta:ineciL J 

at Glendale) California from the San Fernando earthquake. No 

the peculiarities of the Glendale 

site inc:uding epicentral distance ane source to site geology. 

Therefore, a deta~led comparison wi~~the calculated res-

ponse spectra is no~ appropriate. Eowever, it is interesting 

to note that the center periods of the observed and calculated 

response spectra differ by a factor of two, It is not neces-

sary to i~voke site amplification effects to explain the dif-

The resul~s shown in Fig. 15 indicate that decreasing 

the fault ~ength, used in the 5B calculation, to approximately 

2.5 krri WOU.LG. su::iiciel1t to produce a 1 Hz peak in the res-
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CONCLUSIONS 

A deterministic earthquake model which merges appro-

priate results and techniques from computational physics and 

nonlinear rock mechanics offers the possibility of providing 

the 

epicenter, 

of the model removes 

the mathematics from the stress wave propagation portion of 

the problem. Utilization of data from rock mechanics experi-

ments places the necessary constraints on the parameters in 

the model. 

oriented research in these disci-

plines should be directed toward determining the fault para-

meters and geologic environments required to match existing 

design earth~uakes. The constraints placed on the parameters 

in the model would then provide a consistent 1 • 
oaSlS for obtain-

iug design criteria a~ a specific siteu 
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APPENDIX I 

Plastic flow is due to the inability of real materials 

to stipport unlimited values of shear stress. In the code the 

deviatoric stress components are modified such that ~he re-

suIting stress state is consistent with a Mises yield 

criteTiol1" 

If the second deviatoric invariant (J) IS greater than 

a specified value (Y/3), then 

"- y l v 2 \ ~ .( ~. '. S S J > = 3- I \..1-) " c ij \ } i.~ /33 

where S~ : 
J..) 

IS the adjusted stress deviator 

A 

S.. IS the stress deviator calculated by assuming 
1J 

that the total strain rate is elastic) and 

A A 

J '" -z (Sij Sj i) (2) 

For a triaxial test, Y corresponas to the maximum allowable 

stress difference at r211ure. 

Rupture initiation is modeled by accumulating the 

difference between /33 and Y during yielding, When this 

accumulation reaches a specified value then the point at 

the fault surface enters the slip routine. Between two 

consecutive cycles~ nand n+l, the accumulation takes the 

fOTm 

11,,;-1 n 13J - v fJ y2 \ l. e = e + -",\,-- > 3 
, 

.i \ J 
(3) 

~Ci + 1 11 / '12 \ 
~ e e .J < "3- .i 

\ I 
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Rupture occurs , f" 

II 

n+l e > W (4) 

where iN is a specified function of distance from 

~njtial point of rupture. 

Equation (3) is Slmllar to a plastic work criterion, 

where t~e plastic work is given by 

(5) 

Eqlla t ioYis and. differ only by the factor 

We ~ave been successful in both controlling rupture 

velocity and reducing the stress concentrations at the end 

of the fault by allowing W, in Eq. (4), to be a specified. 

function of distance from the point of rupture initiation. 

The functional form that has been used. is 

W = 6c 

c 

fl Iv ~- -: /2 \ 1 J..(\. • .LJ 

'. --)-' --\ ~ 2- 3" \ U J l 

x -;- L/2; 
3 --d--l 

-' 

-, 

x .. :~ L/2 i , 
-:':t--

U 
-' 

L ;i 

0 
u. 

(6a) < X + "2 < -2-

+ 
,W 

> 
Q 

x -z 2-

where L, C and d are input parameters. The rupture is 

constrained to lie between -L/2 < x < L/2, wnere L 15 

the fault length c 
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