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[NTRODUCTION 

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 

effort 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 expectea to furnish the 

required validation of the model. 

RLSULTS 

In order to obtain a 3D code that is both computationally 

efficient and still flexible enough to permit nonlinear material 

response in the fault -^ne, a technique was developed which 

links a special purpose small deformation linear elastic code 

to a nonlinear material response code. 

This link was tested in two dimensions by merging CRAM/"-' 

which contains the two dimensional fault model reported by 
[ n Cherry,1   and a special purpose linear code which assumes 

a llooke'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 5A was used as the test problem.  This cal- 

culation1   featured a 5 km fault, a rupture velocity of 2.15 

km/sec and a dynamic stress d;op 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 * 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 5A and the 

new calculation in which the linear code was linked to CRAM 
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Figure 1.  SLations monitored during calculation.  The origin 
of the x-y coordinate system is in the center of 
the fault. 
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is given 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 

a factor of 4.3. 

A three dimensional (5D) linear elastic code was 

developed [Appendix E) and the framework for linking to a 

51) 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 

which surface tractions were applied in the two codes.  The 

21) code was run in axisymmetric geometry and the surface trac- 

tion region in the 3D code was made as nearly circular as 

possible. 

Figure 13 compares the radial component of particle 

velocity between the two codes at 50 ysec 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 sourcp 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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Figur« 2.  Particle velocity at Station 1, calculati on 5A. 
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Figure 4.  Particle velocity at Station 2, Calculation 5A. 
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APPENDIX A 

r 21 
The Jitieronce equations used in CRAM1*^ 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 isolates the boundary stresses and that is consistent 

with the CRAM interior difference equations. 

The conservation cf linear momentum (equation of motion) 

in two-dimensional Cartesian geometry is 

dx dxx + jxy 
Jx ' "Sy (1) 

dy _ l_ 
clt " p 

'EIL  ♦ 1*1 
dy   3x (2) 

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

the material, then 

öl  .    3Z 3x + oZ 3 
Tic " 3x Tic  Ty 3 

öJ. =  dZ  3x + »E ay 
3j   Tx TJ  ^7 3j 

where  Z  is a typical stress component (x7, yy, xy) in the 

equation of motion.  Solving for  3Z/3x and 3I/3y gives 

31 

Tx 

sz 
^y 

i 
T 

3Z 3 
Tf 9 

l 

3Z 3y 

3Z3x   it  iX 
TJ 37 ' TTc TJ 

(3) 

C4) 

—-■- 

1 H 



where 

R-Z4 7 5 

JJ Tfc  Tic äj (5) 

If the k,j coordinates assume discrete values 

•i) -. ... K i, K, k + i, ... k 
max 

li :. ••• J-li Ji j+l, ... j max 

then 

where 

i.   x 1 = l^. j iR, |sina e ■ 2A e (6) 

R • = -r-^ e  + T-i- e 
J    aj   X    4}       J 

3x 3y 
^k  3T ex + 7t ej 

Also 

I  x ^  _ /3x 9y 
j  Rk " iTf TR 

*  x ^   /3x 3y  9x 3y \ 
-  äTT ät) ~x  -y  - -k  > e^, x e = J e, x e (7) 

Comparing Eqs. (6) and (7) shows that a good approximation 

to  J  will be the zone area (A  ♦ Au)  if 

e = e x e x   y (8) 

Equation fSJ is satisfied if the x, y and k,j coordinates 

have the same relative orientation as that shown in Fig. 1, 

i.e., if the unit vector obtained 

from the  J * £  operation is equal 

to the unit vector fr om e  x e 
A   y 

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-1/2, j-1/2 k,J 

-> k, -"-I 

3 k-1, j-1 

4 k-1, j 

5 k-1, j+l 

6 k-1/2, i+1/2 k. j*l 

if 
/ k*l/2, j+1/2 k*l. j*l 

8 k+1/2, j+1/2 k+1, j 

9 k*l, j-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.. 

i   y 
7 6      8 1 

,1 1      +    0   J 
7      7 e    e 

l     y 

k       p J     +  p J 
6     6 11 

Z    y    w. 
(1   -  w  )   -     76

T   LlJ   . 
* k^       p  J     +   p  J 

7     7 6     6 

t   y 
6 1      12 

P    J        +     P    J 
es ii 

(1 V (9) 
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P 3y 

E     x 
 7 6      8 1 ., 

P    .1         +     P    J        Wk 
7      7 6      8 
 1  

I X 
6 1      1 i« 

P~J       +    p    J 
6     6 1      1 

E       X       W . 
(1    -    W, )    ♦          7

Y
6    61    J v K             P   J       +    p   J 

7     7 6     6 

2  

Z     x 

P J   + p J 
e    6 i    i 
 7  

Ci v (10) 

wherc  Etl ■ S - V y81 = y6 - 7^ etc.. and wk and w. 

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] is 

w, = -L: LI 

8 ■.      8 ^ 

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

R  • It 
K    • It 

6 2      6 2 

W,  = W . 1/2 (11) 

pcJc   +   pdJH        pJ     +PJ     +PJ     +pJ 
*    L Q    Q 1 1 2      2 3      3 hi 

(12) 

then the CRAN interior differencing is obtained.  Both HEMP^ 

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 line is to be decoupled from the grid, as 

in Fig. 2, then Eqs. (9) and (10) permit this if w, = 1 

for k+  and wk = 0  for k'.  For a point on k+, w, = 1 

and irt = 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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wk =1 

W. =0 
k 

higuTC  2.  A Jecoupled_ intvrior grid line.  The boundary 
stresses V£*     and kj* do not change when the interface 
is viewed fron below (w. = 1) or above (w, = 0). 

Figure 3.  The orthogonal  j, k unit vectors. 
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1 Jxx 
p  9x 

xx y 
7 8  8 1 

(xx  - xx* W  + i xx  - xx* \y 
\ 7 e '  6 1     I    8        1 /  1 i (13) 

P 3y 

^7       xy..x 
7 8  8 1 

(xy  - xy* |x  + ( xy  - xy*\x 
'   7 6 ' 6 1   L—J      i'  i (14) 

i ayy   yy7 8X 
7 8  8 1 

P 3y 

(yy, - yy*)x  + ( yy - yy*)x 
\ 7 S '  6 1     \    6 1 '  1 2 (15) 

1  dXV  _   7 78-8 1 

p  3x 

(xy  - xy*)y  + ( xy  - xy* )y 
'    7 6   6 1     \ a 1 '  1 ? (16J 

where 

p J  ♦ p J 
7  7      8  I (17) 

Along a typical interface line joining two adjacent 

nodal points (Fig. 3) orthogonal unit vectors  ^ and J are 

k = -e  sine + e cos6 x        y 

j = e  cos6 + e sin( x        y 

(18) 

The stress components in this coordinate system are 

riT = yy cos2ö + xx sin2ö - 2xy sinö cosö (19) 

Yj   =  xy(cos26   -   sin2ö)   +   (yy   -   xx)   sinö  cosö (20) 

JJ = xx cos2ö + yy sin2ö + 2xy sinö cosö (21) 

The acceleration of a point on k  may be written as 

'dxV 
xx y  + xx y  - xy x  - xy x  + FI<*y 

786 828 786 828 661 

i' IS J 6    6 l J i    i : 
(22) 

23 
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dv 
3t t) =^ yy x 

7     8 6 
yy x       +  xy  y      +  xy y       -  lcTc*x 

8     2 8 ?'   86 S7 2 8 6     6 1 

lclc*x     -  lcj*y     - Ff*y+ 

1      1 2 6     6 1 1     1 2 
(23) 

Similarly, the acceleration of a point on k" may be written 

as 

&)" • h xx y  + xx y  - xy x 
661«       1<*2        e6>« 

xy x 
1 h 2 I  6 1 

_ 7t 

Kk*y + KJ x  + rj*x 
1  1 2 6  6 1 1  1 2 

(24) 

dy \ 
3t 

2_ 
-yy x  - yy x  + xy y  + xy y   + lclc*x" 

ee^       1U2        66'.       \     hi 661 

+ nc*x' + lc7*y' ♦ TcT*y" 
112      6  6 1      112 

(25) 

These equations have been derived assuming that "IcTc*, 

kj*  kk*  and kj* are specified along the 6-2 interface. 
oil 

finding   the  corresponding  stresses   in  the x,y coordinate 
system,   i.e.. 

xx*  =  JJ*  cos2e  + Tele*   sin2e   -   2TcJ*sin6  cose (26) 

yy*  ■ TJ*  sin2e  + Iclc*  cos'e   +   2FJVcsine  cose (27) 

xy*  =   (JJ*   -  'IcTc*)sine  cosö   +  jT<*(cos26   -   sin2e) (28) 

and  then  substituting  these  expressions  for    xx*,   yy*,   xy*. 
xx *,   yy*,   xy*  into Eqs.   (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 

conditions, 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 = - sine e + cosö e x        y 

1 = coso e  + sine e x        y 

e  = -sine k + cose J 

e = cose ]£ + sine J 
(1) 

Flic acceleration components on the plus side of the line may 
be written 

ai = ^[gi + R  ^ + R  HT - (R +R ) ETC*]        (2) K     *  •• *      6 17      12   8        6 112      j K    ' 

t ■ ^rfrt ♦ R   EJ  ■•■ R    ST  - (R   +R   ) FfÄl 
J (J)+   L   J 6 1 7 12 8 61 1 2 •'    J (3) 

The  corresponding acceleration  components  on  the minus  side 
are 

a'  = — L'   ^   (R    +R    )KTc* -   R     BT   - R     Htl 
k A'   L   k 6 112 6 16 1 2 1 J (4) 

•■   = — fg-  +   (R    *R    )*fK   R     Sf   • R     Ejl 
J (t)"Lj 6112 616 12lJ (5) 

25 
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gk   =   '^xx.Ja,'
xy     x     )   sine   "    Cyy     x     -xy     y     )cos K 7881 768J 788i 7 8'  81 

gk  =   't***!***'***^)   sinö   -   C/y    X     -xy    y     )cose K 6111. 11   1 tl 611". 611». 

50 

C6) 

gi   ■   ^xx,.y.."xy     x     )   cose   ■   Cyy     x     -xy    y     )sine 
J 7861 7681 7881 7881 

gj   =   (xx    y     -xy     x     )   cos6   -   (yy     x     -xy    y     )sin( 
J bill. Ill« 6111. 6111. 

-i   L   7     7 8     8j $      =   y   p   J   +p   J 
• 6     6 1      lj 

C7; 

CS) 

liquations 2 through 5 have been derived from Equations 

13 through 16 in Appendix A by assuming that the boundary 

stress is uniform over the entire 6-2 portion of the grid 

line.  These equations, therefore, aie 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 equation that relates the normal components of acceleration 

on the plus and minus side of the boundary.  This equation 

should contain only one unknown, i.e., the normal component 

of the boundary stress. 

In order to find the relation between the above acceler- 

ation components at a slipping interface, we follow the tech- 

nique used by Cherry, et al.[5j and attach a coordinate system 

to the point on the minus side, with t  and J being the unit 

vectors normal and tangent to the slip line at the point to 

be moved. 

26 
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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 

• + 
v  • k = -x  sin9 + y  cosO 

-»•   . -  .     . . 
v  • k = -x  smö + v  cosö 

(9) 

Jf 

then 

3x 
3£ (y-J i/: 

smti   =  -jj—  cose = ~ CIO) 

Substituting Equation 10 into 9, and equating normal velocity 

components gives 

R?v -k = R^v «k (11) 

or 

• + - . + 
x y^y x^ = -x y^y x£ (12) 

Since the k,i  coordinate system is attached to the minus side 

of the slip line then 

• + - .+ ät C-x'y^y'xi) = IY C-^y^X) 
ktl   constant 

(13) 

27 
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>■?. dF(x ) + x£ dt y 
•   -   •   - 

x y^y *t 

■   RÄak  -   (v".k)(v^i)   -   (v".l)(v-.S) 
(14) 

Since 

Jt *S* = h*S* + K^'-1 • t ITCR^.I] 

and 

R, 3k     i       KJ 

(v   -v)-k  •   0 

Then the right side of Equation 13 may be written 

+ - • + - 

ät(-x >V>' x^ 

■ K£ak * CvMur.J) - (v"4)(v"^) - (v+^v').lv+.^ 

(15) 

In Liquations 14 and 15 a, and a," are given by 

•■^ V • -t 

k       at     IT    3t      Rn 

dt    R^   3t   ■ R£ 
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and arc the   sane acceleration components given by Equations 2 

and 4.  We have also used the relation 

in order to derive Equations 14 and 15. 

Substituting Equations 14 and 15 into Equation 15 

gives 

Vak = Ac (lbJ 

where 

(v -v )'Uv3*vc)-k )C v)c- 
(17) 

Solving Equation 16 for KX* gives 

+     + 

He* 
0  g^-v  gi.  •,-  0   (R    ET+R    THT )   *  o   (R    1cTc+R    ff ] 

i B 6 1    7    12    6 6 1    6    12    1 

(R  +R  ) (C +0 j 
6 1   12 

«VA, 

(18) 

Equatioii 18 relates the normal component of stress (Iclc*) 

at the slipping interface to interior zone variables. In order 

tc move the boundary points then Ff* in Equations 22 through1 24 

in Appendix A must also be specified. 

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

since 

(vT-^')-1=0  . 

Also the tangential stress component, for a tied point, is 

obtained from Equations 3 and 5.   Since 

29 
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+ 
a J a. 

J 

then for a tied point 

KJ 
(R  *R  )(♦♦♦] 

6 1   12 

(19) 
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APPENDIX C 

Plastic flow is due to the inability of real materials 

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

deviatoric stress components are modified such that the re- 

sulting stress state is consistent with a Mises yield 

cr iterion. 

If the second deviatoric invariant (J) is greater than 

a specified value (1/3 Y2), then 

s    - 8    — (J > J-l (I) 

where  S..  is the adjusted stress deviator 

S.■  is the stress deviator calculated by assuming 

that the total strain rate is elastic, and 

For a triaxial test, Y corresponds to the maximum allowable 

stress difference at failure. 

Rupture initiation is being modeled by accumulating 

the difference between  /3T 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, n and n+1, the accumulation takes the 

form 

(3) 

n+1         n       /T! - e         =  e     +  y- Y 
i 

/          Y2 

J  >  4- 
i          :> 

e         =  e {'<.£ 

31 
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Rupture  occurs   if 

en+1   >  N (4) 

where    N     is  a  specified  function  of distance   from the 

initial  point  of rupture   (the  focus). 

Equation   (3)   is   similar  to  a  plastic  work citerion, 
where  the  plastic work   (E      )   is  given by 

rn+l       Bn       Y2     /JJ  ■ b       B * 3w —r (5) 

Equations   (3")   and   (5)   differ only  by  the  factor    Y
2
/3'M. 

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 

W  =   6c Fa^ 1 
7 

1    X 
I - 

♦   1/2 
~3  0 ix + III (6a) 

c 1   +   %  x   *  1/2 
T +  J  a  x + 

L > d x      7 i 7 (6b) 

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

constrained  to   lie  between     -   L/2  1 x  <_ 1/2,  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- 
[4] and ferencing is similar to that originally presented by Wilkins 

f 21 
also used in CRAM.l   '  In this scheme the equilibrium equations 

containing the stresses and their spatial partial derivatives are 

differenced.  The stress-displacement relationships are differenced 

separately to complete the finite-difference formulation.  This 

procedure is superior to differencing the equilibrium equations 

written m terns 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 

pu 

pv = 

3o 
 ) 
5x 

3a. 

9a    o  - a~ xy   x   a 

XV 
ax 

^y 

dO 

3y 

CD 

xy 
x 

where (u,v) are the displacements in the (x,y) directions, dots 

denote time derivatives, p  is the density, 6  is the circumferen- 

tial direction, and cmn  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  i  and  j  values.  The program LAGS assumes a rectilinear 

mesh geometry.   The  Dx-  and Dy.  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  tn a discrete value of 

time (equal to nDt), the time differenced representation of Eq. 

(1) is based on the following analog: 

n+T   n---- 
a   = a   ♦ Dtä 

n+l   n  n .n+7 a   = a  + Dta   , 

(2) 

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 
n  4 1 

following form: l''» J 

IT  IT)  = TT  (A ^X  - A Ay  - A Ay  + A Ay \ 

In 77/• ,B n— (A Ax  * A Ax  - A Ax  - A Ax \ 
\P »y/lj   •ijj  \  I   1      2   2      3   3      k        ^/ij 

(3) 

where the subscript  n refers to the nth cell of Fip. 1 and A 

is some component of stress.  The terms  A. . . Ax ,  and Ay  are 
i,j   n'       'n 

defined by: 

0i,j = S pkAxkAyk k=l 

Ax = Ax  = Dx. 
(4) 

l <4 i + 1 

Ax  = Ax  = Dx. 
2       3       1 
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i- 2           i- 1 i             i + 1         i ^2 

1 

1 r 

0 © 

1 

i 

© © 

toi Dxi.i 

• 

xi-l    xi    xi+l 

J+2 

j+l 

j-l 

J-2 

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

mn    kk mn    c
m^» mn C6) 

where  X  and  u  are the Lame'constans, 5^  is the Krönecker delta 

function, cmn is the strain tensor, and double subscripts denote 

summation.  In this case 

ekk = €x * cy + ee- 

The   linear  strain-displacement   relationships  are  given  b y 

-   =  *u 

X   ax 

= il 
y  Jy 

xy 2 \ dy  ox / 

0, plane strain 

(7) 

-,   axisymmetric 

Referring  to  Pig.   1,   the   strains   in  the   cell  bounded  by  the 
i*l»   i»   j"l,   and  j-lines  are  given  by^»^J 

'x      lüx 

y : ivr % K.J + vi-l,j ■ vl.M - vi-i,j-i) 

xy      f 
1 

Dx. 

C8) 

I (vi,M + vi,j ■ v
1-i.j - Vlj-i) 

*w;(üi.)'i + ux-ij-i "uitJ -VI.J)] 
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For axisymmetric problems the O^/pX  terms appearing in £4. (D 

are represented by: 

/A \  _ 1  V*  Ak 
l*J   k-l pkxk 

(5) 

where M  represents the number of cells surrounding the (i.j) nod( 
and Xj.  are defined as 

1 « 1*1/2 

2 3 1-1/2 

Equations   (3)   through   (5)   ar     also applicable   for  the  case 

when   (ij)   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   be   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   (3)   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 

x3 X>, 

0y3 "    * (xi-i/2) 

V = * (xi*i/2) 

axyr T  (xi-l/2) 

axy.= T   (xi*l/2)- 

Finite  differencing of the  stress-displacement   relationship 

completesthe  formulation.     From Hooke's  law,   stresses  and  strains 
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and, for axisymnetric geometry, cQ     is  calculated using 

AV 

0 
(9) 

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

Av 
V 

, ?T.v b Jgiiiv; ("i-?^)^ 
2T    x-   , /0 i     1-1/2 

where 

T     =  Dx.Dy. 

I    =2u.        i+2u-,.+u-.+u. 
2 i,J-l i-l,J i,j i-l,j-l 

T3 = ^ KM - Vu-i) + Dxi (vi,3 - ^-u-i) 

T.   =D^    (Ui.3   -   Ui-l.j)   +Dxi(Vi.j   -   Vi,i-l) 

Equations (2), (3), (4), (5), (8), and (9) represent the 

finite difference analog of Eqs. (1), (6), and (7). 
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Al PliNDIX E 

If U| v and w are the x, y and z components of dis- 

placement, then the conservation of linear momentum may be 

written 

3(P ♦ O   3a 
u = p3x 

St ♦ 
3a. 

poy   p3z (1) 

5axy t ^
P ; gx^ , ^yz 

p J x      poy     p3z (2) 

oG 
W = p3x 

da     3(P v 
p3y pTz (3) 

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 
F 

_ x 

Figure 1. 
Interior points of 8 ele- 
ments are labeled A, B, 
C, D, E, F. G. 

Figure 2. 
Exterior points of zone 
A are labeled 1, 2, 3, 
4, 5, 6, 7, 8. 
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The following calculations are performed for zone A, 

9u\ 
A 

u       +   u       ■'■   u       +  u 
12 *< 3    5_6 aj_ 

Ax + (4) 

m, V +   V +   V +   V 
1 ■* 2 3 6 7 S 8 

Ay- (5) 

m. ■ 
W        +   w       +   w       +   w 

1  5 2J, 12 ^_ 
Az + (6) 

A = y \oxJA 
+   \ly)A 

+  (az) (7) 

x   A i. 
2 (-)A ■ m. - m, (8) 

(VA ■ h 2 (% - m. - (Kü (9) 

(a     ) 
X>A ^T 

u       +u       +u       +u o       +'0       +o+a 
1 i M 67 58      . 1 2 ■» 3 5 6 8 7 

Ay^ '7ix+' 

(10) 

('«>A ■ f 

Cy.).  ■ f 

U          +U          +U          +U                 W          +W +W+W 
j 5 2J; 3_7 k_6_    4 1 2 i»_3   _ 5 6 6 7 

AZ + Ax + 

(11) 
V +V +V +V W +W +w +w 

1  S 2j6 3_7 j^    + 1 k 2_3 6_7_ 5_6_ 
Az+ Ay+ 

(12) 

where the following notation has been adopted 

u  =u-u    v  =v-v, etc. 
12       1      2        12      1      2 

x - x       y - y 
6 7     A„^ _   6      7 

z  - z 
Ax+ = -^ b , Ay + 3 7 

.   •'      2  , Az+ = 
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If   I is a typical stress component fP + a . P + a 
x'      y' 

0x " ay' axy' ax2' ay2) in Ecls- l» 2 or 3» then thc 
differenced form of a typical derivative term becomes 

1L 
p3x 

W1 - £yHi 
PAAx  + PBAx' 

)   Znr^Cl - t*) DC 

PDAx  ♦ PcAx' 

PnAx  + PcAx" 
+ 

PjjAx  + p Ax 
(13) 

pay 

5:AD(1 - cX)(l - ö  zBC£
X(i - cZ) 

P.Ay  * pnAy" PBAy * pcAy' 

:u(l - eX)eZ EH 

PpAy  ♦ p Ay H" rAy  + p Ay' 
(14) 

31   ^AE^1 " £ HI - c^)   Z.yd - eX) 
p3z 

p.Az  + p Az 

mr     
P
D
AZ
 

+P
H
AZ 

^BFC ^ - £y) 
+     r 

PgAz  + pEAz 

v   x   y 
ZCG E   e 

P Az  + p„Az 
(15) 

where 

Ax 
+     - » 

Ax  + Ax 
^L 
+   . » 

Ay + Ay 

Az 

Az  + Az 

Equations 7 through 15 represent finite different ap- 

proximations to Mnoke's law and the conservation of linear 

momentum.  In order to write the equations in this form, 

small displacement and elastic material behavior assumptions 
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required.  Xonlinear material behavior will be simuJated 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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