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I. [INTRODUCTION

When considering the possibility of release of rzdioactive
waste from the confines of a waste repository in layered geologic
medifa, 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 elther the isolating
barrier media or the depository itself to form a potential con-
duit for groundwater to make contact with the radiocactive 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 abllity of
any such fault to transmit groundwater. Given that a fault might
be present in the region surrounding this site, the probability
that it intersects the repository site area depends primarily
on its orlentation (or the orientation of tine 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
faulr will intersect the repository site area.

Similar techaiques can be used to estimate the potential
for new faults oceurring and intersecting the repository site,
or intersection from propagation along existing faults. However,
additional .data including in situ stress medsurements 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 deterulne 2 time-dependnt probabllfty of
movement along a pre-cxisting fauvlt or of a nwew fault
occurring, from a predicted rate of change {n locai stresses.
ln situ stress measurements taken at [ntervals of time could
ald in determining the rate of stress change in the surrounding
medlia, although measurable changes might not occur over the
avallable period of observation. 1n situ siress measurements
might also aid in assvesing the ability of exi{sting faults to
transmit fluids.

II. PROBABILISTIC TREATMENT

Ascumse that inftially (at time of depository closure),
the mean density of faults existing in a region R surtrrounding
the repository slte is A() per unit area. Assuwme further that
new faults appear in thls region according to a ncnstationary
Polsson process with mean rate A;(t) per unir area per year,
where t indicates the time-dependent rate of formation of new
faults. Then, the mean density of faults existing in the
region R at some time t following closure of the repository
site can be represented by

t
) = Ay + f,\l(r) ar (1)
0

From equation (1) the probability of exactly N faults existing
ir the region R by tlme t Is given by

P(N, t) = Q\%&L"_ exp{-A(L)A], @)

where A is the area of region R. Let p denote the ccuditional
probabilicy that, if a fault exists in the region R, it will
intersect the repository site. Then the probability that at
least one fault intersects the repository site in the time
interval (0, t) 1s given by

P =1 = e~Alt)pd %)

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



determination of ages of existing faults, and {n situ messure=
ments of local stresses can al! be used to arrive at a represen-~

tation for A(t).

To arrive at a represeantation for o which takes inta accaunt
the presence of anisotropy in the surcounding media, we conslder
faults in the regicn R as anisotropic randox lines in a plane
(Sentalo, 1676) and examlne the measure of those lines inter—
secting the repository site. The position of a line 15 described
in temms of the couidinates (r,0), where r {5 the signed distance
from the origin te the line and & is the angle between a reference
axis and the perpendicular to the line (see Fig. 1 below). The
position of a random line is thus determined by the values of
the randow variaables r and 4. We can then dznote by F(¢) the
curulative distribution function of ¢ and assum. that the dis-
tribution of the orientation is translation~invariant. That is,
the orfentation of a randow line is invariant under translations
of the coordinate axes. Then for any gi{ven ¢ the density of r
is5 dr, and the joint density of r and ¢ is drdF(G). The measure
w(W) of ali pusitions of a random line satisfying some ‘cadition

W can be written as
a(W) = ffdrd}'(a) (4)

where the integration covers all positions of the random line
such that condition W is satisfied. Note that in the isotropic
case this measure becomes 7 drda. We can define the th ckness
T(G) of a set S in the direction to be the length of the pro-
jection of S onto a line with direzction . TFor exawple, the
thickness of a circle of radius r is 2r, and the thickness of

2 rectangular region of dimensions 8; and s, is T(a) = sllcos,
+ 5y ’sin ai. Frow the definition of T(2) we have that the
integral dr of all positions of @ line with perpendicular
direction a such that it intevrsects the set S is T(¢c). Froom
this and equation (4) the measure ©(S) of 211 positions of a
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randoz line such that it (ntersects a (measurable) set 5 in
the plane {s given by

m(S) =fT(Q) dr(c) (3}

Equation (5) can be used to obtain an expression for the prob-
ability that ¢ random line Intersects a set S; given that it
intersects another set SU‘ It 1s necessary to consider con-
ditional probabilities because the unconditfonal probability that
a line, random over the whole plane, will intersect any bounded
set S {s zerao.

I1f we assume that a random line Intersects a measurable
set 5,, then from equation (b5) we have that the rrobability
that it also interesects a subset §| of S, is given by

T, (gl (=)

— 6
ST, (F () )

F{line intersects S, intersects §;]

where To(a) and Tl(a) are the thicknesses of SU and S)s respec
tively, in the direction ¢.

Viewing the repository site area as a regfon Rl which is
a subset of a larger region RO containing a collection of faults
with a definite orientation, we can use the above arguments to
arrive at an estimate of the parameter p-

11I. APPLICATION

Within the upper few hundred meters of the earth's crust,
at depths at which a depository for high-level nuclear waste
might be located, one of the three principal stresses is likely
to be vertical or very steeply plunging. Therefore, there are
three ideal orientations of potential planes of faulting, defined
by which of the three principal stresses 1s vertical (Anderson,
1951, see Fig. 2). A recent review of the state of stress
in the earth's crust (McGarr and Gay, 1978) iandicates that at
depths less than 1 km the maximum principal stress commonly
is horizontal and the minimum principal stress is vertical.
This stress orientation favors the deelopment of low-angle
reverse faults (see Fig. 2(b) which, 1f unaffected by the
presence of anisotropy, would dip about 30 degrees, since in
isotropic media this is the inclination of a fault to the maxi-
mum principal stress responsible for it. However, the presence
of planar anisotrop/ can cause this angular relationship to
vary from a few degrees to more than 45 degrees (Donath, 1963).



Figure 2. Fault planes (shaded) and principal stress
directions for one principal stress vertical.

(a) High angle~normal faults with o, vertfcal. (b} Low
angle-reverse faults with 03 vertical. (c) Strike-slip

faulets with 9, vertical.
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For purposes of illustration we assume that, because of
anisotropy, the dip angle of existing faults or of newly formed
faults ian a region Ry containing the repository region Rl tepd
toc be uniformly distributed over the range from 10 degrees to
6U degrees. We will assume further that the regions Ry and R;
are rectangular reglons with dimensions sy;, sg; and 5;; and
517, respectively. Because the dip angle of the faults are uni-
formly distributed over the range from 10 degrees to 60 degrees,
the perpendicular direction &G of these fault lines is uniformly
distributed over the range from 3V degrees to 8u degress. Thus,

80

n(Ry) = fTU(o)dF(a) - f:’;LO(SUJ cos @ + s, sind) do
30

= Hls1(-48) + 555(-7)].

Similarly,

n(R)) = frl(a)a.r(c.) = g [s910-48) + s1,(.7)].

Thus, the probability that a fault intersects the repository
site R;, given that it intersects the region Ry, is

o (R A, (.48)+ 4, (T

PT mRa T b, (am v Aea G

IV. FORMATION OF NEW FAULTS

Whether a new fault will form or renewed movement will occur
along a pre-exlisting fault in anisotropic media is determined by
a linear failure criterion of the fomm

T =T, toU (7)

where 7 and O are the shear and normal stresses on the potercial
fault planes or on a pre—existing fault plane, and # 1is the tan-
gent of the angle of intermal friction for intact anisotropic
rock or the coefficient of sliding friction for displacement

on an already present fault surface. The tem 7 is the cohesive
strength for intact rocks or the shearing resistance on an
existing fault.

For intact anisotropic rock, T and 4 vary systematically
with the inclination B of the anisotropy to the direction of
maximum principal stress according to the relationship



Ty, =a-bcos 2(r- 8) (8)
U - c-d cos2(r-8) (9)

where 7 Is the orientation of 8 for which T is a minifmum
(Donath, 1972). For faults that develop parallel to the aniso-
tropy or for pre—existing faults the values of Tp and 4 are
constant.

The formation of a new fault or the displacement along
an existing fault can thus be predicted to occur when the
existing state of stress ln the rocks satisfies one or the
other of the stated criteria for fault formation or for
sliding, 1i.e., when

T =Ty 2 HO

1]

where T = (0; - 03) sinf cosé (10)

and 4 a sin2@ + oy cos% {11)

and 6 1s the angle between the fault and the direction of ;, the
maximum principal stress. Thus, once the statistical distribution
of T and 0 are determined, one can arrive at an estimate of the
probability of a new fault forming or of movement occurring along
a pre-existing fault. The methods describe in the earlier part
of this paper can be used to arrive at an estimate of the prob-
ability that the fault will intersect the waste repository site.

Since there is a functional relationship between T and o,
one need only determine the distribution function for ore of
the variables, say 0. Once this is known, the distribution
function for T can easily be determined in the following manner.
Assume that ¢ is a continuous random variable with density f(&#)
and that £(0) > U for a < ¢ <b. Then, the density g(T) of T is
glven by

T—To

(™) = £( > B -

Similar techniques apply if 1s a discrete random variable.

For a given state of stress in the earth's crust, tke
criterion for development of a new fault might not be satisfied
by the existing state of stress but the criterion for sliding
could be wet 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



determine the probability that an existing fault surface falls
within this range. This probability could be determined from
knowledge of the existing stress field and orientation of the
anisotropy in the region being considered, or from collected
data concerning the surface deformation of the fault being con-
sidering (J. B. Walsh, 1969).
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