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INTRODUCTION

A three dimensional (3D) finite difference code is be-
ing developed which will perform a deterministic simulation
of a stick slip earthquake. The primary goal of this research
eftort is to obtain an earthquake's equivalent elastic source
in a form which is suitable for propagation to teleseismic Jis-
tances. Normalization of the earthquake model to the near
field data obtained at Bear Valley is expecteud to furnish the

required validation of the model.

RESULTS

In order tc obtain a 3D code that is both computationally
efficient and still flexible enough to permit nonlinear material
response in the fault ~une, a technique was developed which
links a special purpose small deformation linear elastic code

to a nonlinesr material response code.

This link was tested in two dimensions by merging CRAMJZ]
whicii contains the two dimensional fault model reported by
Chcrry,[l] and a special purpose linear code which assumes
a Hooke's Law Material behavior. The difference equation used
in CRAM to simulate the fault surface and the assumed nonlinear
material behavior in the fault zone are given in Appendices A,
B and C. The difference equations for the 2D linear code are
given in Appendix D.

Calculation SA was used as the test problem. This cal-
cu]ation[ll featured a 5 km fault, a rupturé velpcisy of 2.15
km/sec and a dynamic stress diop of 0.5 kbar. A schematic
of the calculation is shown in Fig. 1. This calculation was
rerun using the linear code linked to CRAM. The CRAM grid
was a rectangle with dimensions 13 km x 7 km, sufficient to
cover the fault and the nonlinear region in the fault zone.
Calculations outside this rectangular region were performed
by the linear code.

Comparison between the original calculation SA and the
new calculation in which the linear code was linked to CRAM

1
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Fault zone

®

Figure 1. Siations monitored during calculation. The origin
of the x-y coordinate system is in the center of
the fault.
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is g¢iven in Figs. 2 through 11. Agreement between the two
calculations is excellent.

The motivation for using the linear code for calcula-
tions in the small displacement elastic regime is to reduce
both computation time and computer costs. The new calcula-
tion, using the link, reduced the ccst of the simulation by
& factEotr of 4.3,

A three dimensional (3D) linear elastic code was
developed (Appendix L) and the framework for linking to a
3D nonlinear code, containing the stick-slip fault model,
was included in the linear code.

In order to debug the 3D code comparable problems were
run on the 2D and 3D codes. Figure 12 shows the regions over
whiich surface tractions were applied in the two codes. The
2D code was run in axisymmetric geometry and the surface trac-
tion region in the 3D code was made as nearly circular as
pessible:

Figure 13 compares the radial component of particle
velocity between the two codes at 50 usec while Fig. 14 com-
pares the vertical component of particle velocity. Differences

near the source-are probably caused by the approximations to
the circular area of loading required in the 3D simulation.

In its present form the 3D linear code is capable of
determining the modification of the free field earthquake
ground motion produced by a non-homogeneous geologic environ-
ment, A given equivalent sourcg may be used to drive the 3D
code in order to obtain theoretical seismograms at seismo-
meter locations in the near field. Linking of the 3D linear
code to a nonlinear code containing a stick slip rupture
model is proceeding under separate funding. |
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Figure 2. Particle velocity at Station 1, calculation 5A.
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Figure 3. Particle velocity at Station 1, calculation 5A re-
peated with linear code linked to CRAM.
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X- AND Y-VELOCITIES (CM/SEC)
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2, Calculation 5A.
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Figure 5. Particle velocity at Station 2, Calculation 5A re-
peated with linear code linked to CRAM,
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peated with linear code linked to CRAM.




Figure 12,

0089
XXX

AT
RS

SERRKPLKEKK

Surface areas over which the pressure load was
applied for 2D and 3D comparison calculations.
The cross hatched area corresponds to the 3D
calculation,




R-2475

250 =
=) = — 2D
3D |
i
!
1.0
l\ |
2 - |
3 0 ‘ | \1 |
£ |
% \\ } 1
\
-1.0 |-
-2.4 ] 1 ]
0 10 20 30

Figure 13.

x (cm)

Comparison between 2D and 3D calculations. Radial
component of particle velocity versus distance.
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APPENDIX A

The difference equations used in CRAM[Z] to move an
interior point are written such that the boundary conditions
for an exterior point are obscured. Since we would like to
isolate the normal and tangential stresses at an interior
interface, this requires that the interface be treated as an
exterior line over which the correct boundary stresses are
applied. In this section a differencing scheme is obtained
that 1solates the boundary stresses and that is consistent

with the CRAM interior difference ecuations.

The conservation cof linear momentum (equation of motion)

in two-dimensional Cartesian geometry is

dx _ 1 [axx | axy
at T [x T —5%] e
dy _ 1 [ayy | oxy
L= 2 __%ly + _Xax] (2)

If a Lagrangian coordinate system (k,;) is established in

the material, then

1 , 3L dx , L 2
9K  9x 0k 3y 3
3% _ 3L 3x , 3L dy
3j 9x 37 Iy 3j

where [ is a typical stress component (xx, Yy, Xv) in the
equation of motion. Solving for ©&5Z/3x and 3L/3y gives

)3 3 32 9
oK J [33 3%’ ] {5

8l 1] 9L ax ¢
3y 'J’["J'TE' J] (4)

Q

(o]
=%
bed

~
=
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where

J = 9X y ax

35 3k 3K 33 (5)
If the k,j coordinates assume discrete values
Ly g dve k=l, &y k8X, .0 b
max
3 - " g
B By eame Yoy o 37w  —
then
iij x R = ;ﬁjijnk;sina e = 2 ¢ (6)
where
-  2X = Q)Y =3)\—> 3)/'*
ﬁj 57 °x * 3T & ﬁk 3% Sx * 3%
Also
- . (9% 9y _ 9x B *> - 2 ¥
ﬁJX§k—(a—J-§? -ﬂ\:-a-%,-)exxey Jekxey (7)
Comparing Eqs. (6) and (7) shows that a good approximation
to J will be the zone area (Aa # Ab) if
e =e, X ey (8)

Equation (8) is satisfied if the x, y and k,j coordinates
have the same relative orientation as that shown in Rig. 1,
i.e., if the unit vector obtained
from the J x k operation is equal

i -+ -+
to the unit vector from e, x ¢

Fig. 1--The x,y and k,j
coordinate system.
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Figure 1 also shows the numbering system to be used
for both nodal point and interior variables. Table 1 gives
the equivalence between the numbering system and the k,j
values.,

Table 1
Number k,j Interior k,j Exterior

1 k=1/2s J*1/2 k,j

2 k, -1

3 k-1, j-1
4 k=25 9§

5 k-1, j+1
6 k-1/2; §91/2 k, j+1

¥ k*l/2; j=1/2 k+l, j+1
8 k+1/2, j+1/2 k¥l ,

9 kel , §<1

Typical interior variables are density, stress, strain,
internal energy and area. Exterior variables are accelera-
tion, velocity and position vector. ’

Equations (3) and (4) and Fig. 1 suggest a rather
natural differencing scheme; i. e.,

& LY z y L Y w.
1 8l . 78" 81 5 B s (1 - w,) - 1861 !
0 93X g d P E I k P b & B Wl k Rd = o J

777 8 8 g g - 5 9 g %
2 /4 Z
L
. e Wlaae (4 - ) (9
pJd *pJ )
8 8 . Tl
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B, L X L = I X w
l EL =) = bl a o 61 14 (1 - w,) #+ 76 61 J
p 3y R k g o F P k B ® Bad
7 .7 (- ) T 7 7 6 6
¢ 2 2
2:81)(12
ey ey B wj) (10)
8 8 . 3
2

where 228 = 27 - Za, ya1 = y8 - yl, etc., and Wy and wj

weight the individual acceleration components based on their
location with respect to point 1.

A fairly simple weighting scheme used in the TENSOR
code (3] s

In Eqs. (9) and (10), if

W = W, o= 1/2 (11)

pCJC ; Qde - lel . DZJZ ¥ 03J3 i kak (12)
4

then the CRAM interior differencing is obtained. Both HEMP[4]
and CRAM use the same interior differencing scheme. Equations
(11) and (12) reduce the TENSOR difference equations to those
of CRAM and HEMP.

If a k 1ine is to be decoupled from the grid, as
in Fig. 2, then Eqgs. (9) and (10) permit this if Wy = 1
for k* and w, = 0 for k. For a point on k", Wi = 1
and By 1/2. Equations (9), (10) and (12) may be used to
write the spatial derivatives in Eqs. (1) and (2) giving
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et

Figure 2. A decoupled intcrior grid line. The boundary
stresses Kk* and Kj* do not change when the interface
is viewed from below (wk = 1) or above (wk = 0).

-

Figure 3. The orthogonal J» k unit vectors.,
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R XX XX - Xx*\v XX - xy*
1 ng % = o ai _[(xx7 xxe))sl ¢ [ xxl)ylz] (18]
p X + +
P P
= XV ¥ - hle = .. Tn )
1 oy o . xy7akel & (xy7 xys)ksl . (xya . )xlz 14
- T S | = Tk = _ ==sly |
T yy7exel " (YY7 yys)xs1 ¥ (yye yy1)k1z 146
o 3y o P J i
= v R s ek e
1 oxy _ \y78)81_ (xy Xys)ysl * (x}e ik )YI’ B
= : (16)
¢ ¢ 2
where
2 P, 8 §.J
® e - 2 () (17)

Along a typical interface line joining two adjacent
nodal points (Fig. 3) orthogonal unit vectors kK and ? are

k = 'gx siné + Ey cos®b
(18)
-+ = > :
) * A cos6 + ey s1né
The stress components in this coordinate system are
kK = yy cos?6 + xx sin%6 - 2Xy siné cosé (19)
k3 = Xy(cos?6 - sin?8) + (yy - xx) sin6é cosé (20)
JJ = XX cos?6 + yy sin?@ + 2xy siné cos® (21)

: 3 + 5
The acceleration of a point on k may be written as

S+ .
dx) = 1_ [—— vy i T - yYv * d
(af ¢+ xx7y86 4 xxayza xy7x86 xyexze - EEeyel
Pe T = R8T . g ] 9
g Fflyl: KTGXGI IE-J'-lxxz (22)

23
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dy) 2 S [_—— = — . i xot
(a? & Y% s X xy7yes - xyeyza EEsxs

7 86 8 28 1

i % +* _ k—'-* o
HIXIZ J6y6

1

+
- 54 ] (23)

L S

Similarly, the acceleration of a point on k-~ may be written
as

dx)' o Lo fres . = = = . ol 18
l (3? ¢' [xxsyeu xx1yu2 xysxsu xylxuz EEsysl
E i B = g 4
| Hlylz". k_J'-6x51+ FJ'-IXIZ] (24)
E d}" v s 1 s omm— = =T *
! (af) & ;T [ yyexsu yy1xu2 ¥ xysysu ¥ xy1yu2 E EEsxsl
*y kv v
g EE1X12+ Ej;y51+ Elelz] (25)

These equations have been derived assuming that FK:,
E?:, f?? and fjt are specified along the 6-2 interface,
finding the corresponding stresses in the x,y coordinate

system, i.e.,

xX* = 77* cos?6 + Kk* sin?6 - 2Kj*sin® cos6 (26)
yy* = 73* sin?6 + Kk* cos®6 + 2Kj*sin® cosé )
xy* = (337* - Kk*)sine cos® + Jk*(cos?6 - sin?8) (28)

and then substituting these expressions for EE:, ?7:, 57:,
Ef?, 77?, §7T into Egqs. (13) through (16)

Equations (22) through (25) will be used to move the
points on the decoupled grid line. They are consistent with
the interior difference equations.

24
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APPENDIX B

In order to use Equations 22 through 25 in Appendix A
the boundary stresses must be specified. In order to solve
for these stresses we apply contact discontinuity boundary
conditicns, which require that the normal component of stress

and normal component of velocity be continuous at the bound-
ary.

The unit vectors normal and tangent to the 6-2 inter-
face may be written

k

B -+ > > 3 > -
-sing e+ cosé ey e, = -siné k + cosg)

(1)

3 cos® ¢ + sing ¢ e = coss K+ sine3
X i i
The acceleration components on the plus side of the line may

be written

T ]__ + | B

S ™ ¢+ [gl\ 5 R“HE; 3 szKEe (R“+R12)FE“] (2)
a = L fes R K, v R KT, - (R_+R ) K] (3)
J ¢+ ) el 7 12 78 61 12

The corresponding acceleration components on the minus side
are

Ir—-

o+ R R OTES - R R - R K (4)

61 6 12 1

©-

lr—a

i

[gj +R_RNEER K - R k‘:’] (5)

61 6 12 1

©




where

gk B -(xx78y81-xy78x81) Ay ¢ (yy78x81—xy78y81)coso
(6)
8k ° -(xx“y“-xyslx“) EPSi = (yy“x“-xysly“)cose
+ — — —_— —_ o
gj B (xx”yal-xy_’exel) wony (yy”xel-xy”yel)blnﬁ
(s
3 - o= — - =% .
Yy, = o b 4 - 6
k &J \Xxsly“ xy“x“) ey ()yslxu xyslyu)SIn
4 + = _]; py X _];r o
_ ¢ 5 [o7J7+oeJ8J $ 5 p6J6+lel] (&)

Equations 2 through 5 have been derived from Equations
13 through 16 in Appendix A by assuming that the boundary
stress i1s uniform over the entirc 6-2 portion of the grid

linc. These cquations, therefore, are not completely con-

sistent with the interior difference equations. The assump-
tion concerning uniform boundary stress is necessary since

the contact discontinuity boundary conditions will result in
an cquation that relates the normal components of acceleration
on the plus and minus side of the boundary. This equation
should contain only onc unknown, i.e., the normal component

of the boundary stress.

In order to find the relation between the above accelar-
ation components at a slipping interface, we follow the tech-
nique used by Cherry, et al.[31 and attach a coordinate system
to the point on the minus side, with k and 3 being the unit

vectors normal and tangent to the slip line at the point to
be moved.




:
i

+ = o 3

If V' and v  are the velocities on the plus and minus
side of the slip line then, from Equation 1, the normal com-
ponents of velocity are given by

vioe ko= -x" sing + §+ coso
(9)
v + X = -x" sine + ¥ cosé
If
- . X A Fiiv & -\211/2
g = 02 Yo T 3% Ry [("n,‘ 4 (yn)]
then
Y, X,
sinb = =  cost = = (10)
) 2

Substituting Equation 10 into 9, and equating nocrmal velocity
components gives

+- > >+
Rgv +k = RQV °k (11)

or

* - - * - . 4 - o 4 -
T Ky = PR Ry (12)

Since the i,f coordinate system is attached to the minus side
of the slip line then

d * = - ® - - a o 4 - ..+ -
3 XY,y %) = g2 (x Yy %) (13)
dt B 2 5 e & k,2 constant

27




The left side of Equation 13 may be written

Yy &) 2y FY - x Yty %

Reap + (VR (VD) - (D) (¥, K

Since
+ ]
d +c = a +. V -\'—l 3 a_ -’+t-"
vi-v )k s Ea
+ Rk §Erﬁzv -ﬁ)
and

(v+-§)-i =0
Then the right side of Equation 13 may be written

o 4 - L]

3 .-
FTCX Yty xg)

= Rya; + (3*-%)(35-}) SR S TCP SN CAR A Ry £

In Equations 14 and 15 a; and ai are given by

a+ = - d ;(+ .)_& + d ¢ .y_'q'.
k t R dt R
2
’ Sl g= o
- Q&) 2 d 74
y 1 dt R, Y It R,

28
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and arc the same acceleration components given by Equations 2

and 4. We have also used the relation
. * - 4+ s - ++ > - - -+ + -
Xygyixg = (VR GT) - D) (v R (16)

in order to derive Equations 14 and 15.

Sub<tituting Equations 14 and 15 into Equation 13

glves

. TN (16)
where

(G*-V')-I($:+vi)-i

A, = X _ (17)

Solving Equation 16 for Xk* gives

-+ o+ - - - ++ s
¢ g g ¢ (R KK+R EKK) + ¢ (R KK+R KK) - ¢7¢ A

(R +R ) (¢7+¢7)
61 12

KK+ -
(18)

Equation 18 relates the normal component of stress (Kk*)
at the slipping interface to interior zone variables. In order

tc move the boundary points then kj* in Equations 22 through' 24
in Appendix A must also be specified.

For a tied point A in Equation 18 is set equal to zero,

since
(¥ -¥3):2 =0

Also the tangential stress component, for a tied point, is
obtained from Equations 3 and 5. Since

29
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then for a tied point

N - +
k_j'* 5 @ zi]-(: gJ E ¢ (RGXH7+RIZHB) R (RGIHG+RIZE‘

1

)

(R, *R)(6"+07)

30

T — p— :—4

(19)
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APPENDIX C

Plastic flow is5 due to the intbility of real materials
to support unlimited values of shear stress. In the code thLe
deviatoric stress components are modified such that the re-
sulting stress state is consistent with a Mises yield

criterion.

If the second deviatoric invariant (J) is greater than
a specified value (1/3 Y?), then

2 1

& ¥ X
S..—S..-—(J>=.——) 1
i i 7 3 (1)
where Sij ls the adjusted stress deviator
éij 1s the stress deviator calculated by assuming

that the total strain rate is elastic, and

[

>

wn»
-

(2)

For a triaxial test, Y corresponds to the maximum allowable

stress difference at failure.

Rupture initiation is being modeled by accumulating
the difference between v3J and Y during yielding. When
this accumulation recaches a specified value then the point
at the fault surface enters the slip routine. Between two
consecutive cycles, n and n+l, the accumulation takes the

form

¢ B A == . I
(3)
en+1 = el (J < %i)
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Rupture eccurs if

o8t 5 (4)

where W is a specified function of distance from the

initial point of rupture (the focus).

Equation (3) is similar to a plastic work criterion, {
where the plastic work (En+1) is given by

i ™ T
En+1 = En + .Si. —i—-Y_ (5)
Equations (3) and (5) differ only by the factor Y2?/3..

We have 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

s 6c(x + L/Z)Z[% ) % X + L/Z] 0 < x + % < % (6a)

= % [- % + 3 i_IEELZ] X + % > % (6b)

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

constrained to lie between - L/2 < x < L/2, where L is
the fault length.
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APPENDIX D

LINEAR DIFFERENCING SCHEME USED IN LAGS

The following discussion concerns the differencing scheme
used in the finite difference stress wave code LAGS. This code
performs the Linear Analysis of Geologic Structures. The dif-
ferencing is similar to that originally presented by Wilkins[4] and
also used 1in CRAM.[Z]

containing the stresses and their spatial partial derivatives are

In this scheme the equilibrium equations

differenced. The stress-displacement relationships are differenced
separately to complete the finite-difference formulation. This
procedure is superior to differencing the equilibrium equations
written in terms of displacements for two important reasons.

First, this procedure allows the treatment of almost any non-
uniform material description. Second, boundary condition incorpora-
tion is facilitated using this technique. Both axisymmetric and
plane strain configurations can be considered.

The dynamic equilibrium equations in the (x,y) Cartesian
coordinate system are given by

90 90 g. = @5 ('*
% = X Xy X )
Y x| 9y + X
(1)
90 90 o ¥
o Xy y Xy
s T oy i )

where (u,v) are the displacements in the (x,y) directions, dots
denote time derivatives, p 1is the density, 6 is the circumferen-
tial direction, and T is the stress tensor. The * quantities
are non-zero for axisymmetric configurations only. The first step
in the determination of an approximate solution of Eq. (1) is to
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divide the continuum into a discrete number of nodes. As depicted

in Fig. 1, these points are identified in the two-dimensional space
by their 1 and j values. The program LAGS assumes a rectilinear
mesh geometry. The Dx and Dyj increments describing this
geometry (see Fig. 1) may be non-uniform and are supplied by the
user. In addition, each cell in the mesh must be supplied a material
identifier. This flexibility allows the treatment of almost any
general geologic structure.

If Dt is the time increment and t" a discrete value of

time (equal to nDt), the time differenced representation of Eq.
(1) is based on the following analog:

1 1
n+ n-
a z = 3 z + Dra"
(2)
n+
an+1 = a + Dta "

where a is u or v. The spatial difference analogs at a parti-
cular (i,j) node which are required to simulate Eq. (1) are of the

following form:[2'4]
1 3A 2
oS a e | A o =
(p x)i,j TN ( B Aszz ASAY3 + A“Ayk)i ;
H

(3)

(lgﬁ)_;oz__(AAx»«AAx-AAx-AAx)
P oYL} i,j ey g B 33 VS
where the subscript n refers to the nth cell of Fig. 1 aiid A
is some component of stress. The terms ¢i i Axn, and Ayn are

defined by: ’

¢. . = 2 pkAxkAyk
(4)

Axl = Ax“ = Dxi+1
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i-2 i-1 i it+1  i2
‘ |
j+2 ‘
hL !
, - @ | Q@
4 b 9
- J
i
Dy.
Y5 ® ®
! j-1
j=2
Dxi D\i+l
ﬁy xl'l xl xi+1
>X

Figure 1. Geometry of (i,j) grid configuration.
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in a linear isotropic media are related by

o = Aekkd * 2us (6)

mn mn mn’

where X and ¢ are the Lame” constans, & 1s the Kronecker delta
> "mn

function, €nn is the strain tensor, and double subscripts denoce

summation. In this case

v
oX

0, plane strain

u . .
T» axisymmetric

Referring to Fig. 1, the strains in the cell bounded by the
i-1, i, j-1, and j-lines are given bylZ2,4]

1
(ui,j TR T Feegyg ui-l,j-l)

(Vi,j L < Vgl Vi-l,j-l)

) - ]
[Dxi (”i.j-l * Wy T VAL Vi-l,j-l)

(“i,j-l ViRenn el T gt “i-l.j)]

Y
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ay = by = DYj+1

&y = Iwp..

Aya 4 J

For axisymmetric problems the omn/px terms appearing in Ey. (1)
are represented by:

4

(O')i’jz% Z Ak (5)

k=1 Px¥k

|>

>

where M represents the number of celis surrounding the (i,j) node
and ;k are defined as

xl = x“ = xi*l/Z

X =X = Xj.1/2°

Equations (3) through (5) ar also applicable for the case
when (i,j) is not an interior node. To illustrate this point, the
case when the j-line represents a surface in space where a stress
boundary condition is applied will bc discussed. Assuming material
exists above the j-line, cells 3 and 4 do not exist for this case.
Thus the summations of Eqs. (4) and (5) include k =1 and k = 2
only. If the applied pressure is P(x) and the applied shear
stress is t(x) Eq. (3) is evaluated using

lot = g = 0
X, Xy

Y3 ol (Xi-l/z)

Q
L]

go - T Ggengnd

Q
L}

Oxys~ T (Xi1/2)
o} = T (xi+1/2).

XYy

Finite differencing of the stress-displacement relationship
completesthe formulation. From Hooke's law, stresses and strains
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and, for axisymmetric gcometry, €q 1s calculated using
6V X 8 (9)

where the bulk strain Av/v0 is evaluated using the following
expressions:

8 2. _ e
Ay_ 3- Tsz*' <X1 = E-DAI) T3 o2 (Xl ‘3- D)\l)T“
Wik 2T1 Xi-1/2

T = DxiDyj

T = 2u

: 1.9-1 * 2

i © U N T
v, = B (“i,j-l : ui-l,j-l) * Dy (Vi-l,j - Vi-l,j-l)
T, * Dyj fuy, - uio1,5) * % R Vi,i-1)

Equations (2), (3), (4), (5), (8), and (9) represent the
finite difference analog of Egs. (1), (6); and (7).
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If v, v and w are the x, y and z components of dis-
placement, then the conservation of linear momentum may be

written
g .3 8(p = ox) aoxy 30,
u = b s ¥ (15
pax poy poz
Yo aoxy . o(P + ox) ! aoyz i)
poXxX poy paz
P - &
- aoxz . aqyz . 3 ( Oy oy{ il
pox pay poz

There will be eight elements surrounding a typical
interior nodal point. These elements are labeled A through
H as shown in Fig. 1., The exterior points of element A are
labeled 1 through 8 as shown in Fig. 2.

y . y
C 6
B ; 1
A & %
G H 7 8
D 3 4
Figure 1, £ Figure 2,
Interior points of 8 ele- Exterior points of zone
ments are labeled A, B, A are labeled 1, 2, 3,
Gy Dy By Fo G 4, 5,6, 7, 8.

39




R e e S

T W Lp— e —

The following calculations are performed for zone A.

= 12 4 3 S6 8.7
Ax+

) u 4 u + u & u
A
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(4)

(5)

(6)

(7)

(8)

u + U ¥ u + U o} + /0 AHEH NG
(0..) = H 1u 23 67 556 14 22 43 56 87
Xy~ A g Ky+ AX+
(10)
u ® W tu +u w + W + W o+ w
(0_.) = H 15 26 37 GiBH apt NI 43 56 87
X2y 8 Az+ Ax+
(11)
[v # Y AV + v w + W + W + W
(6..) = Y 1§ 26 37 a8 . L% 23 67 58
y&', ¥ Az+ Ay+
(12)
where the following notation has been adopted
u = u =g v =¥ €9 , EtE;
2 1 2 12 1
X - X 9 = z - z7

bx+ = Ryl | Ay+ = 2t , A2+ = Ll
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If £ 1is a typical stress component (P + O s P §

P - Fy < cy, cxy’ Oy Gyz) in Eqs. 1, 2 or 3, then the
differenced form of a typical derivative term becomes

3T EAB(I - ey)(l - ez) ZDcey(l - ez)
= +
pox pAAx+ + pBAx' pDAx+ + pCAx'
+ = — + - - (@3)
DEAx + pFAx pHAx + oGAx
X z . z
oz Ipp(l - €31 - ) ip.e®(l - %)
= +
+ = -
Py Pply" + ppby ogdy" * pody
ZFH(I - ex)ez XFG e* &t
+ = = - + - - (14)
PEAY  * pydy  pply  + psly
X X
» ZAE(I - g)(1 - ey) EDHey(l - €7)
= B
s pAAz+ + pEAz' pDAz+ +pHAz'
ZBFex(l - ey) XCG eX &7
+ = — + ;s (15)
pBAz + pEAz pcAz + pGAz
where
X ax” A z az”
€ = - X =1 . ey = _TL_T 5 C“ = o =
Ax + Ax Ay ¢ 4y Az + Az
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Equations 7 through 15 represent finite different ap-
proximations to Hooke's law and the conservation of linear
momentum. In order to write the equations in this form,
small displacement and elastic material behavior assumptions




required. Nonlinear material behavior will be simulated in

the fault zone by recasting Eqs. 7 through 12 into a stress
rate-strain rate formulation. This will entail saving six
new (stress) variables at each grid location lying within
the fault zone,
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