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A Note on Permeability Changes in Geologic Material
Due to Stress

By W. F. BRACE')

Summary — Stress produces dramatic changes in fluid permeability of geologic materials. An increase of
nearly threefold occurred in granite at high stress, an increase of 20 percent in sandstone, and a hundredfold
decrease in compacted sand. Permeability of sand and sandstone did not follow the effective stress law.
Flow along joints was very sensitive to effected stress changes, a fourfold change being caused by as little
as 1.0 MPa.
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1. Observations

Permeability of porous media is known to depend on pore dimensions. Pore
dimensions, particularly the aperture, or width, change with stress, so that it is not
surprising to find that permeability is quite stress-dependent. Few measurements
have been made for geologic materials or for granular aggregates at geologic stresses
(see review by WITHERSPOON and GALE [1], and references cited below), although
there is an extensive literature for rocks and soils under engineering conditions
[2, for example]. Although data relevant to geologic conditions are limited, some
general trends are discernible for (a) unjointed rocks with porosity less than 2 percent,
(b) unjointed rocks or granular aggregates with high porosity, and (c) jointed rocks
like granite or coal.

In most experiments we will describe, the stress state had axial symmetry. k ; refers
to permeability parallel with, and k| perpendicular to the unique stress direction. For
the jointed media, k; refers to a direction parallel with the joint surface, irrespective of
stress directions; k; is the intrinsic permeability of Snxow [3] and Norton and
KNAPP [4].

Low porosity rocks

Among rocks with porosity less than about 0.02, only Westerly granite has been
investigated under simulated geologic conditions [5]. At around 80 percent of the

Y Department of Earth and Planetary Sciences, Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA.



628 W. F. Brace (Pageoph,

fracture stress in confined compression tests, k| increased by a factor of 3 to 4
(Fig. 1) over k,, the value at 39 MPa effective hydrostatic pressure and zero stress.
BRrack [6] showed that this change in k& was predictable from crack parameters and
electrical resistivity changes for this rock at the same effective confining pressure.
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Figure 1
Change of permeability with stress for Westerly granite, Darley Dale sandstone, and Ottawa sand. k& is
permeability at pressure and stress and k, at pressure alone. Number on curves gives effective confining
pressure in MPa. Arrow shows approximate onset of dilatancy. Flow direction was parallel with the
maximum compression except for the upper curve for sand. The sand did not fracture; ‘fracture stress’ is
the maximum stress difference at that pressure.

High porosity rocks and granular aggregates

MorpEecal and MoRRis [7] observed changes in &y in Darley Dale sandstone
(porosity 11 percent) prior to fracture at confining pressures up to 40 MPa. At low
pressure, behavior was similar to granite although the actual increase in k| was only
20 percent (Fig. 1). At 41 MPa k; actually underwent a 5 percent overall decrease
prior to fracture.

Zosack and BYERLEE investigated two granular aggregates, crushed Westerly
granite [8], and Ottawa sand [9]. At effective confining pressures of 20 and 50 MPa,
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the starting porosity of the granite sand was 31 and 22 percent respectively. In both
cases, k| had dropped by a factor of 50 at peak stress. Although there appeared to be a
small amount of dilatancy prior to peak stress, permeability fell monotonically.
Three porous sandstones behaved similarly over smaller ranges of stress [10].

k of Ottawa sand dropped even more (Fig. 1); at 750 bars effective pressure it fell
by a factor of nearly 100 at peak stress. k, was also obtained, from experiments done
in extension; k, decreased by a factor of 10 to 20 at peak stress.

ZoBACK and BYERLEE [9, 11] observed that the effective stress law did not hold for k
of sandstone and sand with either hydrostatic compression or triaxial stress. Small
departures from this law have been evident before [12], although not for permeability
and electrical resistivity. The new studies show that for sandstone, for example,
permeability under hydrostatic pressure is proportional to (B P,—P,) where B is a
constant with a value of 2 to 4 depending on direction, P, is pore pressure, and P, is
confining pressure. B is close to 1 for equilibrium and transport properties which
obey the effective stress law [12]. Engelder and Scholz (personal communication,
1977) have also found that B is not equal to 1 for flow through a sand-filled sawcut in
Barre granite; here, however, B was apparently less than 1.

Joints and other fractures

In rocks like granite, joints and other planar fractures provide the principal flow
paths [1, 3, 13]. The effect of stress on permeability of jointed media is quite dramatic.
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Figure 2
Joint permeability as a function of stress parallel or perpendicular to the joint. Arrows give the loading
path. From PRATT ef al. [1977].
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SOMERTON et al. [14] showed that &k of finely jointed coal dropped 1 to 2 orders of
magnitude at 75 percent of the fracture stress in confined compression. No difference
between k| and k, was apparent.

PRATT et al. [15] studied permeability of a 3 meter block of granite containing a
joint, as stress was applied normal or parallel with the joint. Uniaxial stress of 12 MPa
parallel with the joint raised k; twofold (Fig. 2), whereas 3 MPa normal to the joint
decreased k; to half the starting value. The constant value of k; reached at high stress
(1.2 md) was still 10 times greater than & of the matrix granite under 10 MPa con-
fining pressure [6].

GALE [16] observed changes in k; in a large (approximately 1 m) granite core
containing joints. Flow rates along a joint could be varied by a factor of 4 to 5 by
changes of only 0.5 to 1 MPa in the effective normal stress acting across the joint.
AsPratTetal. [15] observed, flow through the joint could not be cut off by high normal
stress across the joint. Even at 100 MPa normal stress, permeability of granite with a
sawcut remained 103 greater than matrix permeability in laboratory experiments
(Engelder and Scholz, personal communication, 1977).

2. Discussion

The trends suggested by available measurements (Fig. 1) reflect the interplay of
the two factors, porosity, #, and hydraulic radius, m, upon which permeability
depends [18]. Both 5 and m in turn depend on stress, in a way which evidently varies
among the different materials shown in Fig. 1.

For intact rocks, the following relationship is widely applicable:

k=—rn 4y

where k, is a dimensionless constant which can vary between 2 and 3 [6]. m is one
quarter of the diameter of a cylindrical pore and half the aperture, w, of a flat rect-
angular slot. For dilatant microcracks in low porosity rocks, permeability in the

direction of the microcracks, k;, has a different form [17]:
2

m
k, = — 2
J kO 7}
For a single set of planar openings, such as microcracks or joints,
w3
ki =— 3)

where J is spacing, w is aperture, K = 4k, and n = w/J. Equation (3) is virtually

identical with the standard equation used to analyze flow in jointed media [4, 13, 18]:
3

w

ki= 127

J
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From either equation (1) or (2), & depends on 5 and m, and both of these may, in
general, be affected by stress. Of the three materials in Fig. 1, changes in # and m
with stress are only understood for an intact, unjointed granite [6]. Based on other
measurements, m was found to change very little with stress, so that most of the change
in k£ shown must be due to change in porosity, #. Evidently # decreases up to the onset
of dilatancy ; beyond that #n increases, at an increasing rate. For the sand and sand-
stone in Fig. 1, changes of m and # with stress are not known ; the changes in k shown
could be due to either or both.

It is interesting to note that in the dilatant region, relative change in porosity due
to dilatancy of all three materials is about the same. Elsewhere in this volume we give
dilatant volume change, Dy, relative to porosity, #,,, at zero stress. For granite it was
about 30 to 35 percent, for sandstones similar to the Darley Dale, about 10 to 30
percent, and for the sand, 20 percent; thus, the relative changes in # are comparable.
In contrast, k of granite increased nearly four-fold, k of sandstone increased about
10 to 20 percent, and k of sand decreased strongly. These striking differences must
reflect the different way m responded to stress in the three materials.

It is difficult to compare data for jointed and unjointed rocks, since stress levels
for the former did not approach those for fracture of intact material. It is significant
that stress effects are much more dramatic for k;, however. Twofold to fourfold
changes in k; were produced by a stress of 1 to 10 MPa; twofold to threefold changes
required 100 MPa for granite. It is interesting to compare permeability and strain
changes for the jointed granite. Joint closure at 3 MPa normal stress was about
100 pm [15]. Joint spacing is about 1 m, so that the strain was 10~ . Therefore change
in k; was more than 10* times greater than the linear strain perpendicular to the joints.
This is comparable with the amplification reported by SNow [3] and WITHERSPOON
and GALE [1].

Some understanding of the dominating influence of joints can be gained by
comparing equations (1) and (2), using reasonable estimates of appropriate 5 and m.
Consider first jointed granite. From SNow’s study [13] of 30 damsites in predominantly
crystalline rocks, mean values of aperture were 100 pm and porosity 10~ 5. If we assume
flow through intact granite occurs through pores, pore porosity might be 3 x 1073
and pore width about 1 um [6]. Then joint permeability, k; would be about 10°
times permeability through the joint-free granite. Under stress both  and m decrease.
The change in m is proportional to joint length [19], and since joint length is already
10° or more greater than crack or pore length, stress effects should be vastly more
pronounced for joints, as observed.

For rocks like sandstone, where # of 10~" and m of 100 to 1000 um might be more
appropriate, flow through joints would be subordinate to flow through matrix.

3. Future Work

There is a clear need here both for more experiments, and for theories which will
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quantitatively predict variations in permeability such as shown in Fig. 1. Among the
intact rocks, behavior of materials other than granite should be investigated; as we
show elsewhere in this volume, granite is somewhat anomalous among the crystalline
rocks. The relative increase in porosity due to dilatancy is much greater in quartzites
and dunites, for example. There, stress effects on k£ should be even more pronounced.

The effect of stress cycling also needs to be investigated, particularly for the more
porous materials. One would suspect that with pronounced compaction on the first
cycle, stress effects in subsequent cycles may change, perhaps approaching the be-
havior of originally less porous rocks. Cycling effects have been explored for granite
[5] and sandstone {7]; the changes for one or two cycles were small.

One difficulty is apparent in any attempt to quantitatively predict flow behavior
under stress using relationships such as equation (1). Although porosity at stress and
pressure can be determined, crack dimensions in general cannot. In one study velo-
city measurements made under stress were used to assess crack shape under stress
[20]. This required many assumptions and gave at best averaged values. Some method
needs to be devised to measure crack parameters directly while under stress.

There may be even greater difficulties predicting stress effects in jointed rocks.
WiTHERSPOON and GALE [1] and SNow [21] review many of the complications apparent
from field and laboratory observations and suggest that, at scales larger than a meter,
there is large variation in behavior of individual joints and important differences from
smaller scale fractures. The fact that large joints do not close completely under stress
[15, 16] is just one example of the complications which may have to be considered.
Many ir situ measurements in a variety of rocks may be required to generally predict
flow in jointed media in large-scale geologic situations.
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