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INTRODUCT JON

Nuclear waste disposal requires the establishment of
numerous barriers between the waste and man's environment such

that a large safety margin exists with very low probibility of
complete barrier failure,

Deep burial provides & natural
gealogic barrier.

t.oweve:, the pregiction of the nuclide
retardati&n provides oy the geologic barrier requires knowledge
of the hydrological ans chemical properties of the fornat{on.
Volcanic tuff at the Nevada Test Site (NTS) is being
evaluated as a potential waste cisposel medium, A field
nuclide migration experiment has been proposed in order to
evaluate hydrologic properties, examine chemical reactions with
tuff, and verify current numerical transport models {Erdal,
et 21, 1981)., Because of the potentia) for groundwater to
transport radionuclicdes in the jointed tuff, the focus of the
project has been on understanding flow in & single fracture.
The hydrology of fractured rock is in the early stages of

development; hence, there are few large-scale laboratory or

fiela experiments to eaulate. The nuc!ide‘experiment as

presently conceived, involves drillirng instrumentation holes

with axes paralie)! to the joint plane. However, the dril}

toles alter the noremal stress at the joint which chamges the
Joint aperture and signaficantly affects the jeint
permeability, Hence, corparisons of field resuits with
aurerical models gre tace more difficult.

A dominating feature of the flow behavior is the fracture

permeability. This report attempts to evaluate effects cf the

present experiment configuration on the fracturet-permeabiiity.

*nock disconlinuities or failure surfaces sre often ceferred
to at: 1) faults when lateral moverent has occurred along
the fsilure plane, 2; joirts when subparallel-sets of failure
surfaces exist, znd 3) fissures for discontinuites which are
small in extent anc¢ aperture. The term fracture is usuvally a
rmore general description of a failure surface. MHowever, for

tnis feport fract.re ana joint are used interchangeably to
describe & singie farlure surface,
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ARALYS]S

Stresses

“In rock stressed below one-hal)f its ultimate compressive
strength and in which joints are tight and widely spaced, it is
usuzlly acceptable to consider the rock as a continucus,
linearly elastic material (Goodman, 1980)}. By also assuming
the rock is homogeneous, isotropic, and isothermal, the .stress
distribution around a cyifindrical hole is described by the
Kirsch solution (Poulos and Davis, 1974) (Terms are defined’
in Figure I,
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The above formulation does not fnclude gravity forces {(and
thus there 1s no size effect) since gravity forces on the small
drill holes proposed would be negligible, .

Determining the stresses in the x and y directions by the
following familiar equations:
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DEFINITION OF TERMS..

] .

(b)

Figure 1. Definition of Terms: &) Cylindrical Drfll Hole in Solid
Mass Under Plane Strain, lsothermal, .and Elastic
Conditipns; b) Orill Hole -~ Fracture ‘Configuration



and expressing the results in normalized, Cartesian
coordinates, one obtains:

y s
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Equations (1) and (2) describe the stress field around &
drill hole in a continuum, If it s assumed & joint does not
induce stress changes, stresses along a hypothetical joint can
be calculated. Figure 2 plots egquaticn (1) for three
horizental-vertical stress rattos: P‘ =P ,ne 0.5, n+=1.0,
and n = 2.0, The curves terminate at the point of Yntersection
of the fracture with the drill hole. Both Figures 2a and 2b
(horizontal stress less than or equal to the vertical stress)
are similar in shape. In both cases the normal stress increases
dramatically as the joint plane approaches the drill nole axis
(u = Y/2 = 0.0).

When the horizontal stress is twice as large as the
vertical stress (n « 2.0), the stress change due to the drill
hole does not show a uniform grogression. Thi: phenomenon
causes ocd behavior in the permeability changes as seen in
Figure 4 whicn is discussed later. (This stress condition
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exists at several places where the nuclide migration experiment
may be tonducted.) Jt is evident, however, that the normal

stress excursion decreases for a1l u a8s n increases in regions
beyond the circle radius (x/a > 1). _ .

The optimal drilt hole position is that which minimizes
stress changes. A tangential intersection of the «rill hole
clearly qinim‘zes the joint normal stress changes for n ¢ 1.

As n increased beyond 1.0, the optimal position shifts tc
uw = 0.866. A tangentisl intersection only slightly relieves
Joint stresses. However, it is still nearly optimal,

for a2 tangential intersection, urnusual stress khehavior
might occur in the small triangular region between 0 ¢ x/a < 1.
It is likely the joint would open slightly. [t is also
passible for the triangular region to break out during drilling.
However, it was assumed the joint did not introduce any change
in the stress field. The validity of this continuum approach
was verified by evalueting shear stresses along the joint and
comparing with shear strength for pos{iblg slippage. Figure 3
plots the ratio of the shear stress and the near fleld, normal
stress (':y'°y) versus x/a. The relationship was otbtained
from equations (1) and (2).

Gocaman (1976) states that generally th. coefficient of
friction {f « 1/c, where T « shear stress and o, « mormal
stress) varies in the range of 0.4 to 0.8 and can dip as low as
0.2 for sheet minergls such &8s mica. Byerlee (1978) fourd that
st intermeciate normal stress (1-150 ksi or 5-100 MPa) the
friction generated was independent of rock type and dnitfal
surface roughness and equal to about 0.85. The latter friction
coefficient value wes plotted on figure J.

It ¥s seen that only & smel) segment of the joimt is
subjected to shear stresses great encugh to cause sThippage.

No slippage is predicted for x/a values g-ester tham 1,06.
when the horizontal stress is equal to or iess than the
vertical stress no slippsge is predicted beyond x/¢ = 0.82.
Thus it appeears rezsonsble to model the rock ma;s as @&
continuum without a joint for points beyond the hole radius.



Permeability
Fracture permeability (k) is a function of confining

pressure (Pc)' internal fluid pressure (P{). temperature,
aperture {e) and surface roughness (Kranz, et al, 1979).
Analytically, the fracture permeability is frequently related
to the square of the aperture (e) from a parallel plate model
(Bear, 1972). (The aperture, in turn, is dependent on the
loading Cue to present and past mechanical, the-mal, and fluid
stresses.) :

k= e?
\ v
or
23
Q/ah o ke = V¢4 (cubic law) (3)
where

= fracture intrinsic permeability « (nfy)K (L?)
» hydraulic conductivity (L/T)

« viscosity (M/LT)

specific weight (HILZTZ)

s crack aperture (L)

s discharge (LJIJ)

= hydrauiic head change (L)

> O MM 4 59 R »x
]

Witherspoon, et al, (1980) fourd the cubic law ty, uniquely
" define permeability whether the fractures were held open or
closed under stress. More importantly the results were
wndependent of rock type, loading path, and load history.

It is readily spperent that while permeabflity might be
uniguely determined by aperture, fracture dimensions cannotl be
determinea in the field. Thus, the relationship of aperture or
permezbility versus applied stress must be known. Unfortunately,
permeapi!tty angd aperture do not appear to be unigue functions
of stress. Several experimenters (Kranz, et al, 1979; [wal,
1876; Kelson and Haendin, 1977) have found permanent alterations

N



Figure 3.
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(hysteresis) of permeability under cyclic loading. However,
after & to 5 cyclic loadings at similar stress levels, repeatadle
permeability-stress curves were often produced (lIwai, 1976).
This observation is similar ‘to the situstion encountered in soil
consolidation tests.

Gangi (1978) has published 2 power-law permesbility-stress
relationship using & bed-of-nails model as follows:

()" -1

ke' = zero preﬁsure permeability-aperture procuct (L3)
€ » effective modulus of asperities (HILTZ)
Pf « fluid pressure (MILTz) v ‘

m « constant characterfzing distribution fuaction of
asperity lengths, 0 < m < 1 (m would supposedly
change after each losding)

For this study, stress effects on the joint agerture were
evalusted by using the preliminary results obtained by Walsh

{1981): .

173
()" - (1 - B2 (),

where
ke, = permesbility-sperture product &t reference state (L)

(P;Po)e = ratio tetween unknown and reference effective pressures

b « r.m.5., of fracture surface protuberances (L)

fquation (&) is similar in form to Jones® (1975)
empirically cerived formula: (ke)l'3 « A - B,:nPt uﬁere
P, derotes the confining pressure. Both Walsh (1%8]) ang
Gangi (1978) have applied their eguations to cartomate rock

data collected by Jo~es (1975) and found fairly gnond sgreement,
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By assuming the validity of equation (3), it is possible to
derive an expression for the 2perture (e) using eguation (4):

e = e |1 - ¥ b g, d
o[ e ‘F;) ;}

Th; parameter b would presumably account for hysteresis
effects as stress was applied and tailer asperites crushed.

from data found in Kranz, et al (1979) and Barre.and Stesky
(1980), Walsh back-calculated the ierm /2 /e (from k
versus in P data) and found 1t was approximately i.l for Barre
granite and asbout 0.57 for pyroxene granulite. Data for Jones®
coefficient B (equivalent to Jf blec in Walsh formelation)
is not available for volcanic tuff, For the calculations in
this repgort, b was cssumec'to be unity.

Permeability versus stress relationships for KYS tyff would
be valuable e:periﬁental dats to obtain for future work, Eoth

~Yapboratory and field data would be useful, No studies have

been completec on the correspondence of lab and field fracture
permeability coefficients. Consequently, the necessary lab
specimen size to.obtein representative field values is not
known (witherspoon, 1981).

The effects of changes in both copfininq pressure (Pc)
4nad tne Yluid pressure in the fracture (Pf) are usually
combined to give an effective pressure (Pe)' Tragitiongily
Pe is defined as PC-Pf in soil mechanics, but Walsh
(1981) points out the relationship Pe - Pc - SP; may be 2
rore appropriate effective stress lam for fractured media.
This relationship is supported by test results of Kranz, et a!
(1978). The coefficient S relates to the pore volume and the
comgressibility of the surrounaing rock. Approprtate values of
S could be obtained from laboratory experiments relating kK
versus in Pc for the materia! of interest. Because it was
not possible tc evaluate an effective pressure (Pe) in the



analysis, it was assumed P. could be used fn place of P, as
& rough approximition. The substitution fmplies an atmospheric
fluid pore pressur:,

From examination of the effective stress law 2nd assuming
S ¢ 1, it is obvious that when Pc is much larger than Pf
there should be little difference hetween Pe and 9c' The
fact that Jones (1975) was successful in using confining
pressure (Pc) in fitting data suggests the subsitution is
acceptable. . ) .

Postulated permesbility-zperture product (ke) changes from
the drill hole stress perturbance are plotted in Figure 4 for
vertical-horizontal stress ratios (n) of G.5, 1.0, 2.0.
fxamining the case where n « 1,0, the tangential joint
intersection (v = 1.0) only reduced the permeability-aperture
product (ke) a maximum of 31.5 percent (x/a = 1.75). The value
of ke decreased 63.5 percent at this distance for ¢ « 0.0. At
the point of intersection with the drill iocle, ke theoretically
decreased 97.2 percent for y = 0.0 which suggests permeability
changes could be substantial, )

It is evident a tangential joint intersecticon minimizes the
‘permeability changes for n ¢ 1, This result follows directly
from the cubic law and the plane strain, elastic analysis. But
as indicated earlier, unusual stress behavior or cracking might
gccur in the region 0 ¢ x/a < 1 for & tangential intersection.
It is also possible the joint would open. However, the
increase in joint width and consequent permeability increase
would be p.eferred. Entrance velocities woulc be lower, The
experiment would thys simulate seepage conditions more
realistically. A ‘angential intersection slightly increases
permeability for n > 1 but similar arguments apply. Therefore,
3 tangential joint intersection is preferred . all ‘cases.
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CONCLUSIORS ANKD RECOMMENDATIONS

Based on the simplified analysis, a8 tangential intersection
of the joint by the drill hcle should be used to minimize
disturbances of joint permeatility in the field nuclide migration
experiment, This assumes the instrumentation hole can be
accurztely placed along the joint.

The experiment will be difficult to perform and might benefit
from a2 redesign to & perpendicular intersection of the joint by
poth the injection and collection holes. The radial flow
experiment has two distinct advantages. First, the single
fracture of interest does not have to be accurately traced.
Brace (1978) and Witherspoon (1981) point out researcher. have
generally found large variations in individual ;oint behavior at
distances greater tnan 1 m (3 ft).  Second, the perpendicular
intersection wou'd eliminate normal strass concentratioas alcng.
the joint. Laburatory experiments to date have avoiced
sheet-flow experiments {(lwai, 1976) in. favor of the =asily
prepares and performed radial flow experiments.

A ranial flow experiment can suffer from inherer? hydraulic
difficulties due to high inlet velocities with the potential to
negate Darcy's law. Fortunately, velocities encountered at
inlets for fractures are probably,negliéib\e (Iwai, 1676).

Although the oerpendicular intersection would eliminate
normal stress concentrations, small shear stresses could
potentially develop during drilling. As a drill hole approached
a joint, the rock mass above the joint would be free tc relax

while *he lYower portion would not. This sjtuation wculd cause
shear stresses along the joint, The shear stress could be
giminisned by drilling beyond the joint, Little data e-}st cn
the extent shear stress affects permeability. Conceivadly
dilatancy with a8 subsequent increase in nermeabjlify ocCurs i€
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the normal, in-situ stress is not large. Pratt, at 21 (1977)
found that a 3 MPa (0.4¢8 ksi) stress applied normal to & fracttured
Im 6 ft) olock of granite halvecd the original permeabi)ity.'.lt
was necessary to apply 12 MPg (1.7 ksi) parallel to the joint to
double the permeability. Thus, it can be tentatively assumed
shear stress has less influence than normal stress on
perreability. ’
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