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I. INTRODUCTION 

When considering the possibility of release of radioactive 
waste from the confines of a waste repository in layered geologic 
media, it Is generally accepted that faulting presents a poten
tial threat to the long term isolation of this waste from cir
culating groundwater. A fault can penetrate either the isolating 
barrier media or the depository itself to form a potential con
duit for groundwater to make contact with the radioactive waste. 

Three primary aspects of faults which relate to their 
potential for degradation of a repository site are: 1) the 
probability of an existing but undetected fault intersecting the 
repository site, 2) the potential for a new fault occurring and 
propagating through the repository area, and 3) the ability of 
any such fault to transmit groundwater. Given that a fault might 
be present in the region surrounding this site, the probability 
that tt intersects the repository site area depends primarily 
on its orientation (or the orientation of the anisotropy relative 
to the principal stresses) and the density of faulting in the 
area. Once these parameters are known, a model can be developed 
to determine the probability that an existing but und-tected 
fault will intersect the repository site area. 

Similar techniques can be used to estimate the potential 
for new faults occurring arid intersecting the repository site, 
or intersection from propagation along existing faults. However, 
additionaljdata including in situ stress measurements and records 
of seismic activity would be needed. One can determine the 
stress level at which the strength of the surrounding media is 
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exceeded, and thus determine z time-dependnt p robab i l i t y of 
movement along a p r e - e x i s t i n g f a u l t or of a n-jw fau l t 
occur r ing , from a predic ted rati.- of change In local s t r e s se s . ' 
In s i t u s t r e s s measurements taken a t i n t e r v a l s of time could 
aid in determining the ra te of s t r e s s change in the surrounding 
media, although measurable changes might not occur over the 
ava i l ab l e period of observa t ion . In s i t u s t r e s s measurements 
might a l s o aid in a s sess ing the a b i l i t y of e x i s t i n g f a u l t s to 
t ransmit f l u i d s . 

I I . PROBABILISTIC TREATMENT 

As £ utile tha t i n i t i a l l y ( a t tin** of deposi tory c l o s u r e ) , 
the mean dens i ty of f a u l t s e x i s t i n g in a region R surrounding 
the reposi tory s i t e i s KQ per un i t a r e a . Assume fu r the r that 
new f a u l t s appear in t h i s region according to a nons ta t ionary 
Poisson process with mean r a t e A , ( t ) per uni t area per year , 
where t i nd i ca t e s the time-dependent r a t e of fo rotation of new 
f a u l t s . Then, the mean densi ty of f a u l t s e x i s t i n g in the 
region R at some time t following c losure of the repos i to ry 
s i t e can be represented by 

X<t) - A 0 + / \Ar) dr ( i ) 

/ * 

From equat ion (1) the p robab i l i ty of exact ly N f a u l t s e x i s t i n g 
in the region R by time L is given by 

p(N, t ) * i ^ Q A ) . exp[-A(t )Aj , ( 2 ) 

HI 

where A i s the area of region R. Let p denote the condi t iona l 
p r o b a b i l i t y t h a t , i f a f au l t e x i s t s in the region R, i t w i l l 
i n t e r s e c t the repos i tory s i t e . Then the p robab i l i t y that a t 
l e a s t one f au l t i n t e r s e c t s the repos i to ry s i t e in the time 
i n t e r v a l (0 , t ) i s given by 

e - A ( t ) P A ( 3 ) 

From equatio n (3) we see that to determine a value of P we need 
to know values of A(t) and p. A(t) can be evaluated once a 
specific site for the waste repository has been selected. Geo
logic and historic records of tectonic and seismic activity, 



determinat ion of ages of e x i s t i n g f a u l t s , and in s i t u measure
ments of l oca l s t r e s s e s can all be used to a r r i v e a t a represen
t a t i o n for ACO-

To a r r i v e a t a r ep r e sen t a t i on for n which takes i n to account 
the presence of anisotropy in the surrounding media, we consider 
f a u l t s in the region R as a n i s o t r o p i c random l i ne s in a plant 
(San ta lo , 1976) and examine the Measure of those l i n e s i n t e r 
s ec t ing the reposi tory s i t e . The pos i t i on of a l ine i s described 
In terms of the coordina tes ( r , 0 ) f where r i s the signed d i s t ance 
from t h j o r ig in to the l i ne and 0 i s the angle between a reference 
ax is and the perpendicular t o the l i n e ( see F ig . 1 below). The 
pos i t i on of a random l ine i s thus determined by the values of 
the random va r i aab l e s r and a. We can then denote by F(o) the 
cumulative d i s t r i b u t i o n funct ion of o and assutc. tha t the d i s 
t r i b u t i o n of the o r i e n t a t i o n i s t r a n s l a t i o n - i n v a r i a n t . That i s , 
the o r i e n t a t i o n of a random l i n e i s invar ian t under t r a n s l a t i o n s 
of the coordinate axes . Then for any given 0 the dens i ty of r 
i s d r , and the jo in t densi ty of r and o i s drdF(o) . The measure 
m(W) of a l l pos i t i ons of a random l ine s a t i s f y i n g some x . id i t lon 
W can be w r i t t en as 

m(V) / / drdF(O) (*) 

where the integration covers all positions of 
such that condition W is satisfied. Note tha 
case this measure becomes ^ drdu- We can def 
1(0) of a set S in the direction to be the 
jectioo of S onto a line with direction . F 
thickness of a circle of radius r is 2r, and 
a rectangular region of dimensions s^ and s 2 

+ s 2 (sin o|. From the definition of T(O) we 
integral dr of all positions of a line with 
direction Q such that it intersects the set S 
this and equation (4) the measure m(S) of all 

the random line 
t In the isot ropic 
ine the th'ckness 
length of the pro-
or example, the 
the thickness of 
is T { G ) - 8j|cos| 
have that the 
perpendicular 
is T(C). From 
positions of a 
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r a n d o c l i n e such t h a t i t I n t e r s e c t s a ( m e a s u r a b l e ) s e t 5 i n 
t h e p l a n e i s g i v e n by 

•fna m ( s ) = / T ( o ) d F ( c o (b) 

Equation (5) can be used to obtain an expression for the prob~ 
ability that d random line intersects a set Si given that it 
intersects another set 5,,. It is necessary to consider con
ditional probabilities because the unconditional probability that 
a line, random over the whole plane, will Intersect any bounded 
set S is zero. 

If we assume that a random line intersects a measurable 
set S Q , then from equation O ) we have that the probability 
that it also interesects a subset Si of S.. Is given by 

(«Od*-(°*0 
F ( l i n e i n t e r s e c t s S^ i n t e r s e c t s S 0 ] ! ~~z r—r ( 6 ) 

w h e r e T Q ( O ' ) «nd T , ( Q ) a r e th«- t h i c k n e s s e s of S,, and S i , r e s p e c -
t I v e l y , i n t h e d i r e c t i o n 0. 

Viewing t h e r e p o s i t o r y s i t e a r e a a s a r e g i o n R, which i s 
a s u b s e t of a l a r g e r r e g i o n R^ c o n t a i n i n g a c o l l e c t i o n of f a u l t s 
w i t h a d e f i n i t e o r i e n t a t i o n , we can u s e t h e a b o v e a r g u m e n t s t o 
a r r i v e a t an e s t i m a t e of t h e p a r a m e t e r p -

I I I . APPLICATION 

W i t h i n t h e u p p e r few h u n d r e d m e t e r s of t h e e a r t h ' s c r u s t , 
a t d e p t h s 3 t w h i c h a d e p o s i t o r y f o r h i g h - l e v e l n u c l e a r w a s t e 
m i g h t be l o c a t e d , one of t h e t h r e e p r i n c i p a l s t r e s s e s i s l i k e l y 
t o be v e r t i c a l o r v e r y s t e e p l y p l u n g i n g . T h e r e f o r e , t h e r e a r e 
t h r e e i d e a l o r i e n t a t i o n s of p o t e n t i a l p l a n e s of f a u l t i n g , d e f i n e d 
by w h i c h of t h e t h r e e p r i n c i p a l s t r e s s e s i s v e r t i c a l ( A n d e r s o n , 
1 9 5 1 , s e e F i g . 2 ) . A r e c e n t r e v i e w of t h e s t a t e of s t r e s s 
i n t h e e a r t h ' s c r u s t (McCiarr and Gay, 1978) I n d i c a t e s t h a t a t 
d e p t h s l e s s t h a n 1 km t h e maximum p r i n c i p a l s t r e s s commonly 
i s h o r i z o n t a l and t h e minimum p r i n c i p a l s t r e s s I s v e r t i c a l . 
T h i s s t r e s s o r i e n t a t i o n f a v o r s t h e d e v e l o p m e n t of l o w - a n g l e 
r e v e r s e f a u l t s ( s e e F i g . 2 ( b ) w h i c h , i f u n a f f e c t e d by t h e 
p r e s e n c e of a n i s o t r o p y , would d i p a b o u t 30 d e g r e e s , s i n c e i n 
I s o t r o p i c media t h i s i s t h e i n c l i n a t i o n of a f a u l t t o t h e m a x i 
mum p r i n c i p a l s t r e s s r e s p o n s i b l e f o r i t . However , t h e p r e s e n c e 
of p l a n a r a n i s o t r o p / can c a u s e t h i s a n g u l a r r e l a t i o n s h i p t o 
v a r y from a few d e g r e e s t o more t h a n 45 d e g r e e s ( D o n a t h , 1 9 6 3 ) . 
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Figure 2. Fault planes (shaded) and principal stress 
directions for one principal stress vert ical , 
(a) High angle-normal faults with (Tj ver t ical , (b) Lou 
angle-reverse faults with a ver t ical , (c) Strike-slip 
faults with (Xj ver t ica l . 
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For purposes of i l l u s t r a t i o n we assume t h a t , because of 
an i so t ropy , the dip angle of e x i s t i n g f a u l t s or of newly formed 
f a u l t s in a region RQ containing the repos i tory region R-. tend 
to be uniformly d i s t r i b u t e d over the range from 10 degrees to 
6u degrees . We w i l l assume fu r t he r that the regions RQ and Rj 
a re rec tangula r regions with dimensions S Q , , SQ? a n c * Sj i and 
s12» r e spec t i ve ly . Because the dip angle of the f a u l t s are un i 
formly d i s t r i b u t e d over the range from 10 degrees t o 60 degrees , 
the perpendicular d i r e c t i o n 0 of these fau l t l i ne s i s uniformly-
d i s t r i b u t e d over Che range from 3U degrees to 8U degress . Thus, 

8 0 

m(R0) « j?0(O)dY(a) = / ^ C s u i c o s a + S U2 s l n t i ) d 0 

30 

= 5 ^ t s 0 1 ( . 4 8 ) + s 0 2 ( . 7 > ) . 

S imi l a r ly , 

mCRp = /*T1(0)dF(&) = 5-^ [ s n ( . 4 8 ) + s 1 2 ( . 7 ) ] . 

Thus, the p robab i l i t y tha t a f au l t i n t e r s e c t s the repos Ltory 
s i t e Rj_, given tha t i t i n t e r s e c t s the region RQ, i s 

£ M (.«*) + A , i c 

^(Re) &„ f . H T j +- A 0 J . C ' 7 ) 

IV. FORMATION OF NEW FAULTS 

Whether a new fau l t w i l l form or renewed movement w i l l occur 
along a p r e - e x i s t i n g f a u l t in a n i s o t r o p i c media i s determined by 
a l i n e a r f a i l u r e c r i t e r i o n of the form 

r = r 0 + a/i (7) 

where T and a a r e the shear and normal s t r e s s e s on the p o t e n t i a l 
fau l t planes or on a p r e - e x i s t i n g f au l t p lane , and /J i s the tan
gent of the angle of i n t e r n a l f r i c t i o n for i n t a c t a n i s o t r o p i c 
rock or the coef f i c i en t of s l i d i n g f r i c t i o n for displacement 
on an already present fau l t su r face . The t e r m r i s the cohesive 
s t r eng th for i n t a c t rocks or the shearing r e s i s t ance on an 
e x i s t i n g f a u l t . 

For i r \ tact a n i s o t r o p i c rock, TQ and fl vary sys temat ica l ly 
with the i n c l i n a t i o n fi of the an iso t ropy to the d i r e c t i o n of 
maximum p r i n c i p a l s t r e s s according to the r e l a t i o n s h i p 



T 0 s 5. ' ^ c o s 2 ( y _ 0 > <B> 
and 

^ -- £ - A cos2 ( r -0 ) '(9) 

where 7 Is the o r i e n t a t i o n of ft for which T Is a minimum 
(Donath, 1972). For f a u l t s t ha t develop p a r a l l e l to the a n i s o -
tropy or for p r e - e x i s t i n g f a u l t s the values of T and /I are 
cons t an t . 

The formation of a new faul t or the displacement along 
an e x i s t i n g f au l t can thus be predic ted t o occur when the 
e x i s t i n g s t a t e of s t r e s s in the rocks s a t i s f i e s one or the 
o ther of the s ta ted c r i t e r i a for f au l t formation or for 
s l i d i n g , i . e . , when 

T - T 0 > liO 

where T = (o^ - £T3) s i n 6 cos# (10) 

and a = <rx s i n 2 0 + 0"3 cos% (11) 

and 6 i s the angle between the fau l t and the d i r e c t i o n of j , the 
maximum p r i n c i p a l s t r e s s . Thus, once the s t a t i s t i c a l d i s t r i b u t i o n 
of T and o are determined, one can a r r i v e a t an es t imate of the 
p r o b a b i l i t y of a new f a u l t forming or of movement occurr ing along 
a p r e - e x i s t i n g f a u l t . The methods descr ibe in the e a r l i e r par t 
of t h i s paper can be used t o a r r i v e a t an es t imate of the prob
a b i l i t y t ha t the faul t w i l l i n t e r s e c t the waste reposi tory s i t e . 

Since there i s a func t iona l r e l a t i o n s h i p between T and (7, 
one need only determine the d i s t r i b u t i o n function for or.e of 
the v a r i a b l e s , say a- Once t h i s i s known, the d i s t r i b u t i o n 
funct ion for T can e a s i l y be determined in the following manner. 
Assume tha t O i s a continuous random va r i ab l e with dens i ty f(fj) 
and tha t f(0") > 0 for a < a < b . Then, the dens i ty g ( r ) of T is 
given by 

gen - az^r'1-) p • 
Similar techniques apply if is a discrete random variable. 

For a given state of stress in the earth's crust, the 
criterion for development of a new fault might not be satisfied 
by the existing state of stress but the criterion for sliding 
could be met for certain orientations of the sliding surface. 
Thus, for this situation the problem is to identify the range 
of orientations that satisfy the sliding criterion and to 
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determine the p r o b a b i l i t y t ha t an e x i s t i n g fau l t surface f a l l s 
wi th in t h i s range. This p robab i l i t y could be determined from 
knowledge of the e x i s t i n g s t r e s s f i e l d and o r i e n t a t i o n of the 
anisot ropy in the region being considered, or from co l l ec t ed 
da ta concerning the surface deformation of the faul t being con
s ide r ing ( J . B. Walsh, 1969). 
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