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ABSTRACT

The permeability of whole and jointed Barre granite was measured at
pressures up to 2 kilobars. Jointed samples were actually split cylinders
joined by surfaces with controlled surface roughness. Samples with induced
tension fractures were also measured. The permeability of the whole rock
ranged'from about 10-6 to 10_7 darcies. The permeability of thé jointed
rock ranged from about 8 x 10_5 darcies at low preéssure down to that of .
the whole rock at high préssures. Permeability was not a éimple function
' of the difference bétween»external confining pressure (Pc) and ‘internal
fluid pfessure (Pf). Changes in permeability were found to be proportional

to (b dP_. - a ch) where b/a < 1 for the jointed rock and b/a = 1 for whole

f
rock. The order of.application of PC and Pf was also important; Perme-~
ability hysteresis aﬁd an ultimate decrease in permeability in both whole
and jointedlrock resulted when internal fluid pressure was cycled. This
effect seems to diminish with increasing confining pressure. At a particu-
lar Pc, the.volume flow rate, q, is proportional to (Pc - Pf)_n. Increas—~

ing the surface roughness of the joints decreased the value of n, which

‘was smallest for the tension fracture and the whole rock.



INTRODUCTION

As part of a larger étudy désigned to investigaté the effects of
joint roughness, geometry and filling on fluid flow at geologic pres-
sures and temperétures, we repqrt here initial resulté on Barre gran-
ite. Specifically, we measured the permeability of whole and jointed
Barre granite at room temperature and pressures up to 2 kilobars.
Jointed samples were of two kinds: splitAcylinders joined by surfaces
with controlled surface roughness and cylinders with artificially in-
duced tension fractures. Some of our results corroborate previous
investigations, buﬁ we have also determined that the stress history and
joint surface foughness have a large effect on the hydraulic properties
of rock and, as this has rarely been specificaily taken into account,
is, we‘feel, of major importance.

Data on the permeability of low porosity, crystalline rock are
scarce. Westerly granite is the only rock that has been extensively
investigated. Brace et al. [1] reported on the permeability of Wes-
terly granite as a function of effective stress (commonly taken as
the difference between the external confining pressure and internal
fluid pressure), Zoback and Byerlee [2] investigated. the effect of
deviatoric stress on“:he permeability of Weste;ly granite, and Summers
et al. [3] described permeability changes in Westerly granite at tem-
peratures between 100° and 400°C. ' With one exception, [3], all mea- |
surements were on whole, unjointed rock. The perméability of jointed

granite has been measured in situ by Pratt et al. [4] and ih a large
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graﬁitelcore by Witherspoon et‘aZ.‘[S]. Both studies were restricted
by sample size to stresses below 300 bars#.

Brace [6] has concisely summarized the resulfs from the litera-
ture dealing with the permeability of geologic materials. The follow-
ing poinfs are worth_repea;ing; 1) stress produces large changes in
permeability, both increases and decreases, in all porous material
but jointé are extremely sgnsitive to stress changes relative to the
surrounding whole fock; 2) the permeabiiityvoijointed rock is several
orders of m#gnitude greater than intact rock (at least ovér the stress
range measured) ; 3)Ath¢ simple effective stress law of confining pres-
sure minus pore pressure may be adequate for unjointed granite, is not
adequate for sandstones and there are not énough data to even test it

for jointed rock.
' SAMPLE PREPARATION

Whole samples

All cores, approximately 3.5 cm in diameter and 9 cm in length
were taken in the same direction from a single block of Barre granite.
Their ends were surface ground parallel to within 0.001 cm from side

to side.

% 1 bar = 10° N/m?2 = 0.1 MPa



Split samples

Another block of Barre grénite was saw-cut into large prismatic
sections with ground sides. Two sections with parallel sidgs were
clamped together and cores, also approximateiy 3.5 cm in diameter,
were taken centered on the joint between the sections. These split,
cylindrical samples were then reclamped and saw-cut to be approximate-
ly 9 cm in length. The ends were‘ground parallel like the whole sam-
pléé. The split samples‘were then #nclamped and the interior, oppos-
ing surfaces were ground with number 120 grit. Some'samples were sub-
sequently ground with number 600 grit and others further polished with
Linde 0.3y alumina polishing compound. All surfaces were prepared,
stored and protected in’pairs. |

For our temnston fracture samﬁles, two grooves, approximately 1 mm
in depth, were made 180 degrees apart down the length of several of
the whole samples. They were then placed between two V-shaped anvils

and;split from groove to groove-as in a Brazilian strength test.
PROCEDURE

Experiments were conducted in a triaxial, servo-controlled, hy-
draulic press equipped with a 5.08 cm bore pressure vessel. Kerosene
was used as the pressure medium as well as the fluid pumped through

the rock. It is chemically inert with respect to the rock so we are
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looking at mechanical effects of pressure only. The confining pres-

sure system was independently controlled and separate from the inter-
nal fluid system.

All whole samples were covered with a thiﬂ copper jacket.. Steel
end caps with center holes aﬁd radial grooveé were affixed to the
whole sapples.' To permit fluia access to the entire end surface of
the sample, a thin layer of grit ffom a pulverized grinding wheel was
placed between the saﬁple and each end cap; A steel piston was af—
fixed to one side of this assembly and the pressure vessel closure to
the other. Fluid could be admitted or withdrawn through central
ports in the piston and top closure.

A Strain gauges were cemented to the copper jacket in an array
whigh permitted strain to be measured at a number of points along the
length of the sample.

Split cylinder assemblies were made in the same way exceptlthe
layer of grit was omitted and the samples were jaéketed with poly-
olethane.

To méasuré~joint aperture changes, a four-armed cantilever

device was used. It consisted of four thin, rectangular -beryl-

lium copper beams connected in-a.radially symmetric pattern to

an aluminum ring which was slipped over the sample. A certain amount
of tension kept pads at the end of each arm firmly pressed against the

sample. Each arm had an electric resistance strain gauge on it. It

-was arranged on the sample so that two of the arms measured the sum of

joint closure and rock compression, and the other two measured rock
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compression énly. The 6utput of one pair was subtracted electrically
- from the output of the other pair so that the result was proportional
td the joint closure. The‘dilatoheter was calibrated against a
micrbmeter;‘ The effect of pressure on the dilatometgr was also
-measured and taken into account. An alternative method for getting
the relative change in joint aperture using.ﬁhe induced change in
internal fluid pressure when external‘confining préssure was-éhanged
waé also employed. The few such measgrements we have ére-in close
agrgement with the dilatometer.

Both confining pressure and internal fluid pressure were measured
outside the pressure vessel in two ways. For recording, we used the
output from two high pressure BLH, Inc. pressure transducers.

In additicn, we visually monitored confining pressure with a Heise
gauge and internal fluid pressure with two Heise gauges connected
within the system above and below the sample column. A differential
pressure transducer capable of detecting differences of 0.1 bars under
ambient pressureé’as high as 5 kilobars was also connected between the
toﬁ and bbttom of the sample column. " Schematically, our pore pressure
system is similar to that shown in [2]. |

Permeability measurements were made with.a procedure which close- |
ly follows that of Brace et al. [1]. A similar procedure has been
used by Zoback and Byerlee t2]. Briefly, a pressure step'(about 5-10 bars)

much smaller than the ambient pbre pressure was introduced to either the top

or bottom of the sample column assembly and the decay in the pressure head

was monitored with the differential pressure transducer. The pulse decays



in time according to the equation

P =-P°e ‘ @))
‘and
a = kA (V2 + Vl) (2)
Bu L Vo Vp

where-k is the permeability, A is the cross section.through which
fluid flows, B is the isothermal compressibility of the fluid, u is
the dynamic viscosity, L is the sample length and V; and V, are the
volumes of pore fluid reservoirs at the top and bottom of the sample?
respectively. For our system, V; = 20 cm3,-V2 = 15 Cms, L = 9 cm,

A = 9.6 cm? for the wﬁole rock samples. Isothermal compressibility
and dynamic viscosity of kerosene as a function of pressuré can be
found in [7] and [8], respectively. Once a is evgluated from the
pulse decay curve, equation (2) can be used to calculate the perme-
ability for the whole rock.

This method assumes that Darcy's law holds. That is

- kadp

where q is the volume flow rate. It also assumes that a linear pres-
sure gradient exists along the length of_the sample.

The same procedure was uééd for all.split‘cylindef samples. This
alLowsAa direct comparison between whole rock and rbck with a joint,

but will not give an absolute value of permeability for the joint it-
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self because the assumptions made in deriving (2) do not necessarily
apply to joints.

“Joints are often approximated as a parallel plate openihg, for
which [5,9,10] the vélume flow rate per plate width-is
__ddap
1= Dyd , %)
where d is the plate opening. VCbmparing (3) and (4), a single joint

permeability may be defined as
ky = d2/12 (5)

One can modify (2) by taking A, the cross section exposed to'ﬁhe_
fluid, to be simply the joint opening 4 times the cyiinder diameter
(3.5 cm). Permeability calculated in this.fashion for the joint
alone can be compared to permeability calculated using (5) if the-
absolute value of d is knowm. Differenceslin the two calculations
wiil be, in a sense, .a measure of the deviation of the actual joint
from the flat plate model.

The cumulative uncertainty in the constants in equation (2) is
less than 5%. Uncertainty in o may be as ﬁigh as 102.‘ Absolute val-
ues of the whole rock and jointed rock permeability as reported may
thus be considered accurate to within 15%. It is not known how great
.the permeability anisotropy is. Absélute values of the pe;meébiiity

of the joint alone are not as accurate, uncertainty in the joint aper-




ture being the main reason.

Meésuréments made with the dilatometer do not give an absolute
value‘for the joint apertﬁre, but rather a change in aper;uré. To
get an absolute value, the joint must be closed down to the point
wﬁere no further changes in aperture are discernable, and that
point‘ﬁaken as d = 0. We did not reach Suchla point in any of our
experiments. From the asymptotic approach to complete closure we
can, with some uncertainty, get absolute values of d as a function
of'Pc - Pf. At low>pressures the estimated-uncertainty in the aper-
ﬁure mﬁy be as high as 2007 but it décreases rapidly with pressure,
so that above 500 bars the estimated uncertainty in the permeability
of the joint may be considered as * 257%. The absolute values are
not as important as the relative changés in permeability which we
report are.

It became apparent after several experiments that the order in

which confining pressure (Pc) and internal fluid pressure (Pf) were

‘changed from measurement to measurement was important. Fig. 1 shows

schematically how Pc and Pf were changed. Our initial procedure was
as in Fig. la. A certain amount of confining pressure was applied,
then a lesser amount of internal fluid pressure was introduced. Some
time for equilibration was allowed, then‘measurements began as point 7.
Subsequent measurements were made following‘further changes in PC and
allowance for equilibrium. Thenin was raised again, more measure-

ments were made, then the procedure was repeated. As . near as we can
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tell from the literature, this is exactly or very close tobthe same
procedure used by most investigators.

If we tried to repeat a set of measurements 6r if we had a leak‘
and had to begin again we found a certain amount of non-repeatability.
This was more apparent with jointed»sémples. Because pressure cycling
is known to cause irreversible damage in whole rock (11] and cumula-
tive irrecoverable closure of joints (Fig. 7 in [4]) we decided to
change our procedure to test for hysteresis effects, as in Fig. 1b.

From tests on solid samples we determined that a minimum
Pc - Pf value of 50 bars was required to inhibit surface flow
between the jacket and the'sampie. Thus a confining pressure in
excess of 50 bars must always be applied first. We started as in
Fig. la but at point % we raised P_.and P; stmultaneously, main-
taining a constant difference of 200 bars plus or minus the small
Pf pulses needed to make a measurement. At a particular value of
confining pressure we lowered the internal fluid pressure, theg
raised it béck éo thé point(where Pc - Pf was again 200 bars, mak-
ing measurements along the way. Both Pc and Pf were raised simul-
taneously ‘again to new values and the procedure was repeated as
shown in Fig. 1b.

A number of tests were made on the whole samples to evaluate

‘the effect of deviatoric stress (maximum minus minimum principal

stress) on the permeability of Barre granite. At a constant

_ cohfininglpressure'the axial load on the sample was increased at
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1 bar per second to a predetermined value. Duriﬁg this the pore
'pressurg changed slightiy and was sometimes readjusted before mea-
surements were made if equilibrium had not Been reached a short
period of time after the axial load had stopped incréasing. Sub-
sequent measurements were made at different axial loads up to but

not exceeding a deviatoric stress of 2 kilobars. For high values

of pore pressure this was about the point where strain gauges on

the rock began.to show dilatancy. We wanted to see if the onset

of dilatancy was detectable with permeability measurements and to .in-
vestigate the influence of pore pressure on this onset. Méasurements
were mgde with the pore préssure at 350, 520 and 700 bars and the

confining pressure fixed ét 1 kilobar.
OBSERVATIONS

Figs. 2, 3, and 4 giQe the permeability as a function of Pc - Pf
for jointed samples with surfaces prepared with 0.3y alumina polish,
number 600 grit and number 120 grit, respecfively. Measurements were
made following the procedure of Fig.. la. Isobars connect points
where the confining‘pressure was the same but internal fluid pres-
“sure was changed. Note that the permeability for the whoie rock Witﬁ
joint ranges from tens of microdarcies* at low pressure for the 120

grit surface to less than one microdarcy at high pressures. The large

% 1 microdarcy = 107 1% cm?
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and rapid drop in permeability with increasing PC - Pf is a direct
reflection of the decrease in joint aperture.

The following details should. be noted. At a particular value
of Pc - Pf, the higher the Pc value the lower the permeability. This
is particularly striking for the 120 grit surface and becomes less
marked as the surface becomes smoother. The rate of change of per-
meability with changing Pc - Pf is greatest at low pressure and de-
creases almost to zero at high pressure. The rougher the joint sur-l
face, the slower the decline of permeability with increasing Pc -,Pf.

The data in Fig. 5, which are for a tensién fracture, were col-
lected following the procedure of Fig. 1b. The hysteresis is quite
apparent for thié rough joinf éurfacé. At any particular confin-
ing pressure, lowering the internal fluid pressure (raising P, —‘Pf)_
resulted in a degfease in permeability which was not entirely re-
covered Whgn the interﬁal fluid pressure was raised to its initial
value. Note that the hysteresis decreases as the confining pressure
is increased. Part of this decrease is undoubtediy due to cycling
alone. At 2 kilobars of confining pressure there was almoét no hys-
teresis and the permeability was almost constant above the 500 bar
value of PC - Pf.

:The permeability of the whole rock as a function of Pc - Pf is

shown in Fig. 6. Note that the permeability is on. the order of a
microdarcy or 1less at high pressures. Measurements were made fol—

lowing the procedure of Fig. la in most cases. The results of 3 hys-
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teresis tests following the procedure of Fig. 1b aréialso'given. The
" open symbols represent initial permeabilities before pore pressure was
dropped. The closed éymbol directly beneath each open symbol repre-
sents the permeability after pore pressﬁre was raised to its initial
value. As in the tension fracture, the difference between the two
seems to decrease with increasing confining pressure.

The effect of raiéing the deviatoric stress is shown in Fig. 7.
Confining pressure was held constant at 1 kilobar. Note that at a
pore pressure (Pf) of 350 £ 5 bar; the permeability continues to
decrease as axial stress (01) is increased, while for a Pf of

'520 i‘7 bars the decrease has stopped betweén 1 and 2 kilobars of
deviatoric stress and for a Pf of 700 t-10 bars it has started to
increase before o __Pc is a kilobar. Changes in volumetric strain
were qualitatively similar. Fracture tests run on saturated cores
at confining pressures of 500 and 1000 bars gave-frécture strengths
(o7 - Pc) of 4.7 and 6.2 kilobars, respectively.

From equation (3) we note that the volume flow rate q is propor-
tional to kA, which may be calculéted using (2) once o is measured.

A direct comparison between the whole rock and each jointed rock sam-
ple can be made using kA rather than k. This eliminates any ques-
tions about what value one should take for A for the jointedvsample.
Because of the stress history effect, cdmparisons should be limited

to meaSuremeqts at the.same Pc or Pf. We fit kA to an equation of the

form
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kA = kAl + [P, - P77 )
By plotting log [kA] versus log [Pc - Pf] we find n. TFigure 8
gives an examﬁle for the jointed ro;k Saﬁples at Pc = 690 bars.
Table I lists the‘values of n af various pressures for all avail-
able data. .Two things become immediately apparent. First, as con-
fining pressure is raised, gll samplesvshoﬁ a decreasing dependency

on Pc - P Also, as mentioned previously, the rougher the surface

£
the smaller the.pressure effect at all pressures. It should also

be noticed that since the n values for the jointed rock samples are
greater than for the whole rock, the curves will intersect ét some
Pc - ff value. That is, at some pressure there'will be no apparent
difference ip the flow rate between a rock with a joint and an un-
jointed rock. For the sample with the smootheétAjoint surface this
projected pressure is between 2 and 3 kilobars. For the roughest
joint surface it is between 10 and 15 kilobars. Obviously, such a

projection ignores temperature effects.

In (2), we took A = 3.5 cm times d, the joint: aperture, and cal-

culated k for the joint alone. Values obtained were on the order

of tens of millidarcies (10_10 cmz)'with apertures on the order of

tens of microns (10 3 em?). We note that equation (5), which pre-

. dicts joint permeability to be proportional to d? for a flat plate

opening, does not appear to be applicable for rough joints. Rather,

- a d3 dependency for k (d* for volume flow rate) seems more likely.
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Because of the uncertainties involved in measuring d, this point

will have to await further experiments for clarificatioh.
DISCUSSION
Effective stress

Permeability k is a function of many variables, the most impor-
tant of which are evidently confining pressure, internal fluid pres-
éure, temperature, and in the case of joints, surface roughness. Un-
fortunately, k does not appear to be simply proportional to PC - Pf.
When one of these pressures is held constant and the other is changed
two things become apparent.v First, the relative effects on the change
of permeability are not always equal for equal changes iﬁ PC and Pf
and second, the order in which the two pressures are varied also has

an effect on the permeability. That is, k is stress history dependent.

Suppose k to be a function only of Pc and Pf. Then we may write
r - . '
3k ' . 3k
dk =| —m—=————— d(P - P.) + |;/mm———- d(p_ - P.)
a(Pc Pf) P c f _a(Pc - Pf) P c £
L —°f c
3k . ak -
=| ——— dP - |[fm————r dp
_a(PC Pf{_Pf c ‘ 3(Pc - Pf) Pc f

-a dP_ .+ b dP, o ' ‘ (7)
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From this we see thatlthe coefficients a and b give the relative ef—
fects of confining and internal fluid preséure changes. They are the
sloﬁes of equal Pf and equai Pc lines‘on a permeability versu; Pc‘- Pf
. graph. When Pc and Pf arelchanged by equai amounts, the value of b - a‘
is pfoportional to the change in k. For.example, if both PC and Pf
are increased by §, then dk = (b - a)8. If dk is positive (perme-
ability increases) then b is greater than a and intermal fluid pres-
sure is evidently of greater importance than confining pressure.
This, as we have shown, is decidedly not the case for jointed Barre
granite. Permeability was less at higher confining pressﬁres when
compared at the same Pc - Pf valqe (e.g., b/a <1). Zoback [12]
found 2.2 <b/a < 4 for several unjointed sandstones. That is, Pf had
a greater effect than Pc' Brace et al. [1] implied that a simple effective
stress law of (Pc - Pf) held for Westerly granite. This is equivalent
to having b/a = 1. For whole Barre granite b/a ié dlso close to one
but we hesitate to try and assign a value because it is apparent that
b/a is stress history dependent. In addition, for joints b/a is ap-
parently also a function of sﬁ:face roughness and the ambient pressure.
Taking all of this into account, we cénclude that'there is no
stmple effective stress law for the permeability of jointed rock.
We have purposely avpided using the term 'effective stress' for this
réason and because no effective stress law has yet to be developed

which accounts for stress history dependence.
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Surface roughness

The more highly polished a sufface is the smaller the mean asper-
ity height. In this sense, grinding has the same effect as normal
pressure. For any particular initial statisticél roughness, the
greater the pressure, the greater the real area of contact with the
opposing surface. Similarly, at any particular normal pressure, we
would expect more real area of contact the 1ess'rough'or more highly
ground the two opposing surfaces are.

Asperities in contact affect permeability in two direct ways.

They change the path 1ength or tortuosity of flow path and they in-
hibit joint closure. Joint permeability defined by equation (5) does
not take this into ac;ount.' The effect of surface roughness can
easily be seen By compariﬁg Figs. 2, 3, and 4. The highly polished
surface (Fig. 2) most closely resembles a flat~pléte. Asperities

are small so the joint closes rapidly at low pressures until ehough

of theée asperities make contact with the opposing surface to increase
the flow tortﬁosity and decrease the closure rate. Contrast this with.
Fig. 4 where the asperities are larger and tend to prop the joint open,
t;ereby diminishing the rate of permeability decline as pressure is
raised. Fig. 3-shows intermediate behavior.

Iwai [13] has investigated the effects of contact area and as-

perity geometry on permeability. He found that at low pressure

(2.6 bars) the real area of contact of a granite was less than 0.1
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percent of the apparent total area and increased to 10-20 percent at

200 bars. He fdund a relation of the form

Y

TYA /AT ®

M
o
where vy and ¥ are empirical constants, ko is the zero pressure per-
meability, Ar>is the geal area of contact and A is the apparent joint
surface area. |
Though we have no data for the relationship between Pc - Pf'and
Ar/A’ Iwai [13] claims that the contact area increases linearly with

normal lead. This is consistent with the results of Bowden and Tabor

[14] who show that
A =N/h : (9

where N is the normal load on an asperity and h is the indentation
hardness for the asperity material.

Consider the model of a part of a joint sketched in Fig. 9. Con-
fining pressure acts on the entire joint‘surface area A. Equilibrium

demands thét.

P A=N+P
c

g (A-a) Qo)

Substituting for N from (9) we get
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e | | (11)

To determine whether Pc or P, has a greater effect on Ar we compare

li_r R S
A BPC 1, . h - Pf
£
and
1 BAr B Pc - h
A 3P - 2
. f P [h - Pf]
c .
aAr BAr
We see that é?c' > 'a-P—f | whenever PC + Pf. < 2h
Pf Pe

This condition is certainly met for all of our experiments so we
conclude that the confining presSure'will have a greater effect on
the real area of contact than the internal fluid pressure. This sim-
ple model is therefore compatible with our experimental results. It
is clear f:om Table 1, however, that changes in joint surface topo-
graphy with normal stress are much more complicated than we have sup-
_posed. We have initiated a program to measure these changes in order

to better understand the physics of joint deformation.
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Whole rock

The absolute values of permeability for Barre'granite are about
_ a factor of 3 higher than those reported by Brace et al. [1] for
Westerly granite over the pressure rénge measured here. The average
grain size of Barre granite is ;bout a factor of 2 greater than that
for Westerly granite.  In addi;ion, Barre grani£e has a strong fabric
because of a preferred crack orientation [lS].A Our whole rock‘cores
were oriented so that flow was forced along the rift-grain plane.
These two factors probably account for the differences in permeability.
The results of Zoback and Byerlee [2] for Westerly granite and
Mordecai and Morris [16] for sandstone are more or less corroborated
here for Barre granite. They found that microcrack dilatancy tends
to_increase ﬁhe perﬁeability as deviatoric stresé is raised. 1In
our experiments (Fig; 8), permeability continued to decrease when
the deviatoric stress was less than about 1/3 to 1/2 the fractﬁre
strength. By raising the pore pressure, thereby lowering the frac-
ture strength, we were able to halt the decrease in permeability,
though without noticeable dilatamcy. In one case wheré the pore
pressure was ﬁigh (700 bars) an increase in axial load was accom-
panied by both an increase in permeability and dilatant volumetric -
strain. We did not continue to raise the deviatoric stress because
we wished to preserve the samplé. We do not doubt that_the perme--

ability would continue to increase up to fracture as found by Zoback

and Byerlee [2].
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Stress history

Unrecovered permeability changes for jointed crystalline rock
have been observed in ;he laboratory 15,13,17] and joint closure
- hysteresis has been observed [4] in the field.' These Qeré a result
of cycling the external normal stress. Witherspoon et al. [5] also
obsérved that flow rates showed a considerable difference between in-
jection and withdrawal of fluid, but that the difference decreased
with increasing normal stress. _No significant permeability losses

uwere'observed by Zoback [12] when pore pressure was raised, then

lowered in sandstone. We observed permeability hysteresis in jointed
samples and whole rock when the internal fluid pressure was first
lowered, then raised to its initial value (Figs. 5 and 6). This hys-

teresis decreased with increasing confining pressure.

Since hysﬁeresié occursAin’joint closure with a considerable non-
recoverable part, some asperities must be deforming plastically or
else are crushed when PC is increased. Either plastic deformation or
asperity crushing will increase the contact area and thus decrease the
amount of ;urface'area available for Pf to work against, in addition
to increasing thé flow tortuosity. Thus lowering the Pf value ap-
parently permits non-recoverable surface damage. The permeability can
be recovered only if the joint or crack aperture is increased.

Permeability hysteresis within whole rock is probably a result
of irrecoverable damage done to bridging material between grainsAand
crack walls. Sprunt and Brace [11l] showed that pressure produces

such damage in granite. Feves and Simmons [18] have shown that
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pressure cycling decreases the crack porosity substéntially. 1f
pore pfessuré is decreased and cfacks close down, raising the pore
pressure to its initial Qalue may not be sufficient to wedge the
cracks open again. If the teét is performed in reverse by first
raising the pore pressure, the cracks will stay open and no damage
is expected. Zoback's results [12] are not incompatible with ours
in this reépect. |

One of the observations which we cannot so easily explain is
found in.Fig. 5. After completing a cycle of lowering and raising
P;, both were raised stmultaneously. This had the apparently in-
congruous result of ratsing the permeability slightly, though it
was still lower.ﬁhan the beginning of the previous cycle. We sug-
gest that this may have been a .result of noﬁ letting sufficignt
time elapse for Pf within the joint to come into equiiibriumlwith
the reservoir pressure. Thué Pc - Pf may have been less within
the joint than &e measured outside of the sample column. Alter-
ﬁatively, it may be that when a joint.is subjected to internal pres-
sures not previously experieﬁced, even Wheﬁ the Pc - Pf'value is

constant, the contact area between asperities decreases.
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CONCLUSIONS

Beacuse tﬁe pefﬁeability of jointed rock is greater than unjoint-
ed, low porosity rock, fluid flow will be. confined gssentially to
joints and fractures in the rock. Large differences in permeability
' pérsist at least up to 2 kilobars of pressure though the decrease in
permeability with pressuré is greater for joints than for whole rock.
In addition,Asince joint surface roughness has an effect on the de-
cline of permeability with pressure, some joints will probably be
effective fluid conductors at even higher pressures. Eventﬁally,
however, a pressuré is reached where jointed and unjointed rock be-
éome indistinguishable.

Changes in gxternal (overburden) and intermal (fluid) pressures
have signifiéant effects on the hydraulic properties of unjointed and
jointed rock. It appears that.these effects are similar but of differ-
ent magnitude in whole as compared with jointed rock. Jointed rock is
much more sensitive to pressure than whole rock. In a porous rock,
flow is through interconnected pores and cracks. The mean cross sec-
tional area along the flow path is much smaller than for a joint. 1In
addition, the flow path length is much greater in whole rock. These
two differences alone can account for the magnitude difference in per-
meability, butAnot for the fact that the permeability decreases more

rapidly with pressure for jointed than for unjointed rock. Rather,

it is apparently because the compressibility of jointed rock is much
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greater than for whole rock [4,6,19]. That is, the joint aperture
eleses more readily under pressure than cracks wiﬁhin the whole
roek. We find that extermnal confiniﬁg pressures produce greater
changes than internal fluid pressures for jointed rock. In whole
Barre granite, the relativeAchanges-are about equal. This may not
be true of other rock types. One should be cautious when applying
the terﬁ effbctive‘stress to jointed media. At least for the hy-
draulic properties of joints it is not simply the difference be-
tween external confining and intermal fleid pressures.

The stress history of both whole and jointed rock affects its
hydraulic character. Increasing the mean normal stress to §alues
higher than previously experienced will certainly lower the perme-
ability. That is, reising the confining pressure or lowering the
internal fluid pressure will result in lower permeabilities even
when the original conditions are restored. This>fact has obvious
implications for.oil field production and geothermal energy extrac-
tion schemes. If the internal fluid pumping pressures are allowed to
drop, some subsequent decrease in hydraulic efficiency will ensue.

Finally, as tHere seems to be a substantial difference in the
response of low porosity rock‘like granite and high porosity rock
like sandstone to changes in fluid pressure, more erk needs to be
done to clarify the reasons for this difference. More jointed éend—
stones, granites, and other rock types need to be tested. Joint sur-

face topography changes need to be examined aléo, and as mentioned,
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we have begun such an investigation. In situ experiments, perhaps in mines,
are also needed to help characterize further the differences in hydraulic

'+ _response to changes in external and internal pressure.
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TABLE i. DEPENDENCE OF kA ON Pc - Pf

dpP -1 : -n
u [Ef:[ = kA = (kAL + [P, - Pl
Pc (bars) Joint surface kAo* n * 0.2

350 120 grit 12.3 1.6

355 600 grit

372 0.3u polish 1.2 - 2.4
697 120 grit 7 1.3

690 600 grit 0.8

690 0.3u polish 0.9 2.1
1382 120 grit 3.3 1.2
1380 600 grit A 0.5 1.5
1381 0.3y polish 0.7 . 2.1
2082 120 grit- 1.1 0.8
2070 600 grit _ 0.4 1.5?
1000 tension fracture 60 ;3

A 1248 ‘tension fracture 25 .1

1496 tension fracture - 10 .0
1750. tension fracture ? ?
170-175 whole rock 1 0.9
1000 . whole rock 0.65 0.

* x 10712 o [kA] = kA at.Pc - P, = 100 bars




Figure 1.

Figure 2.
Figure 3.
Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.
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FIGURE CAPTIONS

Schematic-representation of changes in Pc and Pf for

two different experimental pfocedures. See text for
explanation.

Permeability at vafious pressures of jointed Barre granite
with joint surfaées prepared with 0.3y alumina polish.
Permeability at various pressures of jéinted Barre gran—f
ite with joint surfaces ground with number 600 grit.
Permeability at various pressures of jointed Barre granite
with joint surfaces ground with number 120 grit.
Permeability at Qafiéus pressures of Barre granite with.

a tension fracture, meaéuredvusing the procedure of Fig-

ure 2b.

Permeability of whole, unjointed Barre granite at various

pressures. Open symbols and closed symbols directly be-

neath them are beginning and end points of cyclic experi-
ments following the procedure of Figure 2b.

Permeability of whole, unjointed Barre granite as a

 function of deviatoric stress, in kilobars. Confining

pressure was constant at 1 kilobar. Pore pressure varied,
as shown.
Permeability times cross-sectional area (kA) as a func-

tion of Pc -P (with Pc held constant at 690 bars) for -

f

different jointed samples.




Figure 9.
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An idealized joint section with as asperity subjected to

external, Pc, and internal, Pf, pressures.
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