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Permeability of Wilcox shale and its effective pressure law
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Abstract. The permeability of illite-rich shale from the Wilcox formation has been
measured as a function of effective pressure for bedding-parallel flow of 1 M NaCl pore
fluid. Permeability k decreases from ~300 X 107! m? to 3 X 107! m? as effective
pressure P, is increased from 3 to 12 MPa; these values confirm that shales form effective
barriers to fluid transport in sedimentary strata over extended geologic times. The
variation of k with P, for Wilcox shale is given by k = k, [1 — (P,/P,)™]>, where P, =
19.3 (=1.6) MPa and m = 0.159 (+0.007). The value of k, for Wilcox shale is of the

order of 10”7 m? and may vary among samples by as much as 70%. Effective pressure is
given in terms of the external confining pressure P, and internal pore pressure P, by

P, = P, — xP,, where x = 0.99 (£0.06). While our measurements yield y = ~1 for
shale with a clay content of ~45%, others have reported y values for clay-bearing
sandstones that rise from ~(0.75 to 7.1 with increasing clay content (from 0 to 20%). The
trends between x and clay content revealed by these comparisons imply that the value of x
depends upon the relative distributions of compliant clay minerals and other stiffer
minerals. These values of y also suggest that effective pressures within interbedded
sandstones and shales may differ, even at the same equilibrium P, and P, conditions.

1. Introduction

Fluid transport properties of sandstones are strongly influ-
enced by the occurrence of clay minerals [Stalder, 1973; Nagte-
gaal, 1979; Pallatt et al., 1984; Ives, 1987, Howard, 1992], and
permeabilities of shales and other argillaceous rocks are many
orders of magnitude smaller than those of clastic rocks with
low clay contents [Young et al., 1964; Lin, 1978; Magara, 1978;
Neglia, 1979; Brace, 1980; Bredehoeft et al., 1983; Katsube et al.,
1991; Neuzil, 1994; Schlomer and Krooss, 1997; Dewhurst et al.,
1998, 1999]. As a result, subsurface fluid flow may be very rapid
within sandstones, allowing equilibrium pore pressures to be
established in relatively short time intervals, while flow through
shales may be so slow that departures in pore pressure from
the hydrostat are supported over geologically significant time
intervals [Dickinson, 1953; Bredehoeft and Hanshaw, 1968;
Dickey et al., 1968; Magara, 1971; Chapman, 1972, 1994a,
1994b; Bruce, 1973, 1984; Schmidt, 1973; Bishop, 1979; Plumley,
1980; Berg and Habeck, 1982; Harrison and Summa, 1991; Cail-
let, 1993; Bigelow, 1994; Deming, 1994]. With burial, reductions
in porosity of clay-bearing sediments are as great as, or exceed,
those noted for more sandy intervals [Bryant et al., 1975; Addis
and Jones, 1985; Dzevanshir et al., 1986; Bennett et al., 1989;
Kim et al., 1999], leading to increases in pore pressure or the
expulsion of fluid. With increasing burial and compaction, fur-
ther reductions in permeability are expected [e.g., Young et al.,
1964; Neglia, 1979; Brace, 1980; Morrow et al., 1984; Dewhurst
et al., 1998].

Laboratory measurements of permeabilities reported for in-
tact shales, mudstones, and clay aggregates subjected to hydro-
static pressures and unidirectional loads vary from 10~ '® m? to
10~%* m?, and numerous studies have shown that permeabili-
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ties decrease with externally applied stress [e.g., Young et al.,
1964; Lin, 1978; Magara, 1978; Bredehoeft et al., 1983; Morrow
et al., 1984; Katsube et al., 1991; Vasseur et al., 1995; Dewhurst
et al., 1999] and decreased porosity [Bryant et al., 1975; Silva et
al., 1981; Tavenas et al., 1983; Bennett et al., 1989; Schlomer and
Krooss, 1997; Dewhurst et al., 1998]. A variety of nonlinear
relations have been proposed between permeability, porosity,
and pressure applied to shales and mudstones, including ex-
ponential and power laws between permeability and porosity
[Silva et al., 1981; Tavenas et al., 1983; Bennett et al., 1989;
Schlomer and Krooss, 1997; Dewhurst et al., 1998] and similar
laws between permeability and pressure [Lin, 1978; Katsube et
al., 1991; Vasseur et al., 1995; Dewhurst et al., 1999]. However,
most of these relations have been chosen on an empirical basis
to fit experimental data. Correlations between permeability
and porosity are problematic due to unconnected porosity that
does not contribute to fluid flow and potential variations in
tortuosity that lead to significant scatter in permeability-
porosity data [e.g., Stalder, 1973; Katsube et al., 1991; Howard,
1992; Schlomer and Krooss, 1997]. Moreover, measurements of
shale permeabilities at known values of effective pressure have
been limited owing to (1) uncertainties in true internal pore
pressure and (2) the long experimental times required to mea-
sure transport properties at low flow rates and to raise effective
pressure at rates that allow pore pressures to equilibrate within
specimens prior to measuring permeability. In all previous
determinations of shale permeability that we are aware of,
effective pressure P, has been assumed, without demonstra-
tion, to be the simple difference between confining pressure P,
and pore fluid pressure P,,.

While the earliest laws of effective pressure P, for soil and
rock properties [e.g., Terzaghi, 1923, 1925, 1936] define P, as
the difference between confining and pore pressures (P, —
P,), transport properties for a variety of rock types exhibit less
sensitivity to pore pressure than to confining pressure with P,
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given by (P. — xP,) and values of x of 0.6-0.75 for quartzose
sandstones [David and Darot, 1989] and 0.5-1.0 for granites
and crystalline rocks [Kranz et al., 1979; Bernabe, 1986, 1987,
Morrow et al., 1986]. The effective pressure law coefficient y
may differ for different material properties of the same rock,
but x generally takes on values (=<1) consistent with models of
porous media with fluid-filled pores and homogeneous elastic
properties of the solid [Nur and Byerlee, 1971; Robin, 1973;
Garg and Nur, 1973; Paterson, 1978; Kranz et al., 1979; Walsh,
1981; Berryman, 1992]. Although y is generally taken to be
constant, yielding a linear expression for effective pressure, x
may itself be a function of pressures P, or P,, or microstruc-
tural changes in pore structure [Fatt, 1958, 1959; Nur and
Byerlee, 1971; Todd and Simmons, 1972; Christensen and Wang,
1985; Bernabe, 1986, 1987; Gangi and Carlson, 1996].

Pore geometries and transport properties of sandstones are
altered markedly by clay minerals [e.g., Bernabe, 1991], and
values of y for fluid transport in clay-bearing sandstones are
anomalously large. Effective pressure law coefficients y for
permeabilities of clay-bearing sandstones vary from ~1.0 to
7.1, corresponding to clay contents of ~0 to 20%, respectively
[Zoback, 1975; Zoback and Byerlee, 1975, 1976; Walls and Nur,
1979]. Values of y > 1 require explanation, and Zoback and
Byerlee [1975] offer a conceptual model to explain high sensi-
tivities to pore pressure based on highly compliant clays lining
the pores of sandstones. Berryman [1992, 1993] developed this
model further as a special case of the elastic response of het-
erogeneous porous media and found that large x values de-
pend on the distributions of clays relative to pore space and
quantitative values of pore compressibility. These models have
yet to be tested for clay-bearing sandstones, and just how they
extend to the clay contents characteristic of shales (~50%) is
unclear.

In this paper, we present the results of an experimental study
of permeability of a low-porosity, illite-rich shale from the
Wilcox formation designed to determine its effective pressure
law for pore fluid flow and the relationship between perme-
ability and effective pressure. Our results show that y very
nearly equals unity, in support of assumptions made in previ-
ous studies of shale permeability, and they suggest a significant
change in the trend exhibited by clay-bearing sandstones be-
tween the value of y and clay content as clay content exceeds
~20%.

2. Background

Physical properties of porous rocks in the presence of fluid
commonly depend on both confining pressure and pore pres-
sure according to an effective pressure law. The effective pres-
sure P, of a rock is defined such that a physical property Q
determined at some confining pressure P, and pore pressure
P, has the same value as that observed at a confining pressure
equal to the effective pressure when the pore pressure is zero
[Robin, 1973]. Thus, given that Q depends on P, and P,, the
law of effective pressure for that property P, = f(P., P,) [e.g.,
Walsh, 1981; Gangi and Carlson, 1996] reduces the number of
independent variables needed to specify Q according to

O(P,) = O{f(P,, P))}. @)
As the relationship f(P,., P,,) depends upon the material prop-
erty under consideration, the value of P, may differ for differ-
ent properties at a given set of P, P, values.
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Porosities, connected-pore networks, and distributions of
pore apertures are critical to the transport properties of rocks,
and a number of expressions have been evaluated for the
effective pressure of a porous, fluid-saturated solid undergoing
elastic deformation [Biot, 1941; Biot and Willis, 1957; Skemp-
ton, 1961; Nur and Byerlee, 1971; Robin, 1973; Garg and Nur,
1973; Berryman, 1992]. Effective pressures governing volumet-
ric strain of porous rocks can be specified in macroscopic terms
as

P,=P.~ (1~ k/k)P, (2

where « is the bulk modulus of the rock without a pore fluid
and k, is the intrinsic bulk modulus of the solid, absent any
pores [Skempton, 1961; Nur and Byerlee, 1971; Berryman, 1992].
However, if pore volume of the same solid is considered, the
governing effective pressure law is expressed as

Pe:Pcfl:l*(bK/(KsiK)]Pp’ (3)

where ¢ is porosity and the moduli k and k, are defined as in
(2) [Robin, 1973]. Assuming that fluid flow occurs through
rough channel-like pores and cracks [Gangi, 1978; Walsh,
1981], effective pressure for permeability may be expressed at
the scale of asperities. Equating P, with an asperity pressure
P, across a loaded crack or grain contact,

P‘,:P{,:PLv_(l_Ac/A)Pp’ (4)

where A is the total surface area of the cracks (or pores) and
A, is the true area of loaded contacts [Gangi and Carlson,
1996].

Many other expressions for effective pressure have been
derived, but experimentally determined effective pressures
have generally been expressed simply as

Pe:Pc_XPp7 (5)

where y values determined for volumetric compaction, poros-
ity, elasticity, and permeability are compatible with the corre-
sponding terms of (2) to (4) and measured poroelastic re-
sponse [e.g., Fatt, 1959; Skempton, 1961; Banthia et al., 1965;
Nur and Byerlee, 1971; Todd and Simmons, 1972; Robin, 1973;
Rice and Cleary, 1976; Gangi, 1978; Kranz et al., 1979; Walsh,
1981; Walsh and Brace, 1984; Carlson and Gangi, 1985; Chris-
tiansen and Wang, 1985; Gangi and Carlson, 1996]. Given that
k is nearly constant, equation (2) predicts a nearly constant
value of y = 1. When « is much smaller than k,, as noted for
high-porosity rocks and soils (or A, in (4) is much smaller than
A), x is predicted to be nearly equal to 1. Cemented quartz
sandstones exhibit x values for permeability of 0.6-1.2 [Walls
and Nur, 1979; David and Darot, 1989], and pure quartz sands
exhibit y of almost exactly 1.0 [Zoback and Byerlee, 1976].
Drawing on the observed behavior of soils, values of x for
permeability of shales and clay aggregates have been assumed
to equal 1 [Lin, 1978; Katsube et al., 1991; Vasseur et al., 1995;
Dewhurst et al., 1998, 1999], yet this assumption does not follow
from the observed sensitivity of permeability to pore pressure
for cemented sandstones with clays [Zoback, 1975; Zoback and
Byerlee, 1975; Walls and Nur, 1979].

Given that the effective pressure P, is known, permeability
can be determined as a function of just one macroscopic pa-
rameter Q(P,). At the pore scale, fluid flow depends upon the
geometry, dimension, and connected nature of pores, with flow
related to the fourth power of radius of tube-like conduits or
the cube of the width of crack-like, planar conduits [e.g., Pater-
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son, 1983; Walsh and Brace, 1984; Berryman and Blair, 1986,
1987; Thompson et al., 1987; Doyen, 1988; Bernabe, 1991;
Fredrich et al., 1993; Blair et al., 1996]. Bulk permeabilities of
rocks depend on flow through the entire network of connected
pores of various geometries, as predicted by models based on
equivalent channels or conduit networks of circular and ellip-
tical cross sections [Gangi, 1976; Paterson, 1983; Seeburger and
Nur, 1984; Walsh and Brace, 1984; Thompson et al., 1987,
Doyen, 1988; Bernabe, 1991; David, 1993; David et al., 1990;
Zhu et al., 1995, 1999]. While several criteria have been used to
simulate pore shrinkage during compaction, changes in bulk
permeability with effective pressure are most sensitive to
changes in effective aperture of the more compliant crack-like
pores.

Relationships between permeability and effective pressure
have been evaluated for fractured rocks based upon asperity
deformation models of rough cracks and the cubic relation
between flow rate and aperture [Gangi, 1978; Walsh and
Grosenbaugh, 1979; Walsh, 1981; Walsh and Brace, 1984].
While the full populations of pores of varying geometries are
not treated explicitly by these models, the variation in perme-
ability with effective pressure has successfully matched exper-
imental data for fractured as well as intact rocks [Jones, 1975;
Nelson, 1976; Brace et al., 1968; Kranz et al., 1979; Jones and
Owens, 1980; Witherspoon et al., 1980; Morrow et al., 1986;
Brighenti, 1989] provided that a reference permeability can be
specified at a reference pressure. For fluid flow through rough
fractures with a power law (or fractal) size distribution of
asperities, Gangi [1978] found permeability k to vary by a
modified cubic function of P, as

k =kl — (PJP)"], (6)

where k, is the reference permeability at zero effective pres-
sure, P, is an effective modulus of the asperities, and m is a
constant (between 0 and 1). P, can be expressed as EA,/A,
where E is the Young’s modulus and A4,/A4 is the fractional
area of contact of the crack face at pressure [Gangi, 1978]. The
value of constant m characterizes the distribution of asperity
heights; m close to 1 represents a very smooth surface, while
low values of m represent rough fracture surfaces. Using the
same model of fluid flow through fractures with an exponential
size distribution of asperities, Walsh [1981] found permeability
to vary as

k = ko1 = (2"%h/ao) In (P./Py)T, (M

where k, is a reference permeability at effective pressure P, &
is the root-mean-square height distribution of asperities, and
a, is the half width of the fracture aperture at the reference
P,.

Differences in these relations are primarily due to differ-
ences in the assumed surface topographies of the cracks. From
previous studies of shale (and mudstone) permeabilities, ex-
ponential and power laws between permeability and pressure
(or unidirectional load) appear to fit experimental data equally
well [Lin, 1978; Katsube et al., 1991; Vasseur et al., 1995; Dew-
hurst et al., 1999], and refinements in predicted k-P, relation-
ships of rocks would require analyses of asperity distributions
and percolation models of the full populations of connected
pores [e.g., Brown and Scholz, 1985; Brown, 1987; Wong et al.,
1989; David et al., 1990; David, 1993; Brown et al., 1995; Brown
and Bruhn, 1998; Zhu et al., 1995, 1999]. The characteristic
types of pores of Wilcox shale, their contribution to anisotropic
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transport properties, and their closure (and relaxation) upon
cyclic loading are addressed elsewhere (O. Kwon et al., Per-
meability of Wilcox shale, 1, Anisotropy and mechanical path
dependence on pore structure, submitted to American Associ-
ation of Petroleum Geologists Bulletin, 2001, hereinafter re-
ferred to as Kwon et al., submitted manuscript, 2001). How-
ever, we still do not know enough about the microgeometries
of pores or networks of connected pores in shale to improve
upon the predictions of (6) or (7). In this paper, we focus on
the determination of effective pressure for fluid flow in one
orientation of shale, parallel to bedding, and determine the
k-P, relation adopting the cubic expression (6) for bedding-
parallel flow.

3. Experimental Methods

Permeabilities of Wilcox shale to flow of 1 M NaCl solution
parallel to bedding were determined by a transient pulse
method [Brace et al., 1968; Sutherland and Cave, 1980; Trim-
mer, 1981]. Permeabilities parallel to bedding are higher than
those perpendicular to bedding, and they show wider variation
over the conditions that we imposed (Kwon et al., submitted
manuscript, 2001); thus determinations of effective pressure
and k-P, relations for this orientation are superior to those for
other orientations. For each permeability determination we
imposed a step in fluid pressure at one end of a cylindrical
specimen (25.4 mm long and 12.5 mm in diameter) and mea-
sured the time variation in the fluid pressure difference across
its length. The effective pressure law for pore fluid flow was
determined for selected samples of similar lithology using both
the ratio-of-slope method [Walls and Nur, 1979; Bernabe, 1986,
1987] and the cross-plotting method [Walsh, 1981; David and
Darot, 1989]. Paired permeability k and effective pressure P,
values were linearized according to the cubic law (6) and best
fit, verifying the value of x of the effective pressure law by
iteration and minimizing variances in the k-P, fit for different
x values. Assuming that all fitted parameters of (6) other than
k, remain constant, the ability of the cubic law to characterize
the nonlinear k-P, relationship of Wilcox shale was tested
using a larger permeability data set with samples of varying
permeability (presumably associated with variations in porosity
and lithology).

3.1.

Specimens used in this study were prepared from shale core
of the Wilcox formation recovered from a depth of ~3955 m in
West Baton Rouge Parish, Louisiana (generously provided by
R. R. Berg). The bottom hole temperature (121°C) was signif-
icantly greater than the dehydration temperature (~105°C)
associated with the smectite-illite transition [Burst, 1969; Eberl
and Hower, 1976]. The in situ pore pressure (63 MPa) for this
interval (inferred from drilling mud weight) exceeded normal
hydrostatic values observed elsewhere in the Gulf Coast [Dick-
inson, 1953; Schmidt, 1973], indicating a pressure difference
between overburden and pore pressure of ~26 MPa. Clay
mineral content of the core varies from 40 to 65% by volume.
On the basis of X-ray diffraction of dehydrated and glycerated
powder samples [lbanez and Kronenberg, 1993], illite is the
predominant clay mineral (29%) with lesser quantities of chlo-
rite (14%), kaolinite (10%), and a trace of mixed layer illite-
smectite (~2%); the remainder of the starting material con-
sists of quartz (37%) and lesser quantities of pyrite, calcite,
feldspar, and organics (8% combined). Samples selected for

Starting Material



KWON ET AL.: PERMEABILITY AND EFFECTIVE PRESSURE LAW OF SHALE

Figure 1.

this study were relatively low in clay content, ranging from 40
to 50%. No special procedures were followed to preserve the
original pore fluid content of the core, and some modification
of the clays and their surface hydration may have occurred as
a result. Upon acquisition of the core we measured an initial
water content of 2.1% (by weight loss upon heating represen-
tative material to 210°C). Specimens prepared for this study
were diamond-cored, their ends ground parallel to each other
(within ~0.2°) and perpendicular to their cylindrical axes, and
their connected pore space saturated by 1 M NaCl solution,
adding ~2.7 wt % fluid to their original water contents.

Porosities measured from well logs range from 2.5 to 15%
over the length of the core (records from Reese Oil and Gas
Intracoastal Land Co. well 2), with higher porosities corre-
sponding to intervals of lower clay content. Connected poros-
ities determined for cores used in this study range from 7 to 8
vol %, on the basis of weight gain following immersion in 1 M
NaCl solution (density of 1040 kg/m> [Wolf et al., 1979]). Bed-
ding is expressed texturally (1) by compositional layering, with
silty layers (<1 mm) of higher quartz content within a more
clay-rich matrix, (2) by wavy, discontinuous clay mineral pack-
ets, and (3) by clay mineral alignments (Figure 1). Pores of
varying geometry and character have been observed by elec-
tron microscopy and categorized according to their capacity as
fluid conduits (Kwon et al., submitted manuscript, 2001). They
include fine, grain-scale cleavage cracks within clustered clay
minerals (with widths as small as a few nanometers and lengths
of the order of the clay grain size) and intragranular, crack-like
voids aligned parallel to bedding (with larger widths and
lengths than the cleavage crack dimensions but with compara-
ble aspect ratios).

Wilcox shale is similar in its clay mineralogy and porosity to
Eleana argillite [Lin, 1978] and a shale from the Scotian shelf
[Katsube et al., 1991] for which permeabilities have been mea-
sured. It has a porosity similar to Anita shale and a sandy
mudstone which come from similar depths [Magara, 1978; Neg-
lia, 1979], and it exhibits many of the textural features de-

Secondary electron micrograph of Wilcox shale starting material (bedding parallel to long axis of
figure). Clays form a contiguous matrix made up of clusters of clay grains with wavy basal (001) sheets
subparallel to bedding; departures in (001) orientation correspond to nearby detrital quartz, feldspar, and
pyrite. Pores of significance to fluid flow parallel to bedding include fine, grain-scale cleavage cracks within
clustered clay minerals and intragranular, crack-like voids aligned parallel to bedding, all with high aspect
ratios (bar scale is 10 um long). Sample surface is treated with an aliphatic epoxy resin (Eponate 12, Pelco)
and ground using 3-um aluminum oxide powder.

scribed by Lee et al. [1985] and Kim et al. [1998] for deeply
buried, well-consolidated shales. Further details regarding
types of pores in Wilcox shale, their contribution to perme-
ability anisotropy, and their response to cyclic loading are
given by Kwon et al. (submitted manuscript, 2001). In addition,
the sensitivity of permeability of this material to fluid compo-
sition has been investigated (O. Kwon et al., Permeability of
Wilcox shale, 2, Influence of fluid chemistry on flow and func-
tionally connected pores, submitted to American Association of
Petroleum Geologists Bulletin, 2001), and mechanical properties
are known from previous experimental studies of failure and
deformation with fluids added and removed [Ibanez and Kro-
nenberg, 1993; Kwon and Kronenberg, 1994].

Despite efforts to sample shale of uniform clay content and
texture within a 1-m interval of the core, variations in perme-
ability at a given effective pressure were observed that can be
attributed to real variations in pore structure and reference
permeability k,. Thus we determined the effective pressure
law and the permeability—effective pressure relationship for
Wilcox shale using a small subset of four selected samples.
Three of these samples come from the same stratigraphic ho-
rizon, and one was chosen for its similar lithology and the fact
that it displayed similar permeabilities at (P, — P,) = 3 MPa.
The relationships determined for this subset were then tested,
and variations in k, were evaluated using a larger set of per-
meability measurements.

3.2. Saturation and Pressurization

Samples were placed in heat-shrinkable polyolefin jackets
with a thin coat of silicone applied to their cylindrical walls to
form a seal to fluid flow between the sample and jacket. They
were then immersed in a 1 M solution of NaCl over a period of
>2 days, repeatedly applying a vacuum (>10 times) and bleed-
ing atmospheric pressure back into the vacuum chamber to
introduce as much fluid into pores of the sample as possible.
Specimens were stored, immersed in NaCl solution until their
jackets were sealed and pressurized and their permeability
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measured. Layers of glass fiber felt were placed at both ends of
each sample to ensure uniform access of pore fluid to the
specimen ends, and pistons with pore pressure ports were
placed at both ends, inserting them into the overlapping jacket.
The seal between the pistons and jacket was accomplished by
way of Nichrome wires, tied over a machined groove in each
piston. Once the sample assembly was placed within the pres-
sure vessel, the portion of the pore pressure system that re-
quired disassembly between experiments was placed under a
vacuum for 30 min (to remove trapped air) and then filled with
1 M NaCl solution.

Once pore fluid was introduced, a confining pressure P, of 3
MPa was applied. The fluid in contact with both specimen ends
was then pressurized to P, = 2 MPa (we distinguish P, the
pressure measured in the pore pressure system, from P,, the
fluid pressure within specimen pores, as P, may not equal P, at
first and equilibration may require significant times for low-
permeability samples), holding P, constant. Pore fluid was
then bled from the system by cracking fittings repeatedly to
ensure complete filling of the pore pressure system by the fluid
and to achieve saturation of samples, as judged by the sensi-
tivity of P, to confining pressure P, perturbations [Green and
Wang, 1986]. Once P, remained constant over 4-5 hours, it was
considered at equilibrium with the internal pore pressure P, of
the sample. The amount of pore fluid added to samples upon
increasing P, was small compared with quantities previously
added by vacuum impregnation (=3% of that added by vac-
uum treatment), as judged by weight measurements made be-
fore and after experiments.

Confining and pore pressures were increased stepwise over
an extended period of time to the desired experimental con-
ditions, taking care that the difference between confining and
pore fluid pressures did not exceed the ultimate value of (P, —
P,,) at which permeability was to be measured. With increasing
effective pressure, pores of weak solids may collapse irrevers-
ibly and previous measurements of shale (and clay aggregate)
permeabilities show pronounced effects of load cycling, con-
sistent with critical state stress-volume relations for soils
[Schofield and Wroth, 1968; Olsen, 1972; Lin, 1978; Scott, 1980;
Wood, 1990; Dewhurst et al., 1998; Kwon et al., submitted
manuscript, 2001]. Once P, and P, remained constant at 3 and
2 MPa, respectively, P, was increased by 2 MPa followed by an
increment of 2 MPa in P, each time allowing 2-3 hours for
pore pressure equilibration and repeating until the desired
fluid pressure was reached. Once P, was equal to the experi-
mental, target pore pressure P, and remained constant with
time, confining pressure P_. was increased in 3-MPa steps,
bleeding the pore fluid system as needed to maintain P, and
allowing ~1 hour for P, equilibration. Once the target P. was
achieved, P, was held constant and P, monitored for 3-5
hours. Throughout, we assumed that internal values of pore
pressure P, were equal to the measured P, if P, remained
constant over time; in the following, we refer to P, when this
criterion for equilibrium was satisfied.

Multiple measurements of permeability were made for each
sample for increasing values of (P, — P,). For ratio-of-slope
determinations of the effective pressure law, P, was increased
sequentially (holding P, constant), or P, decreased (holding
P_ constant) prior to each subsequent permeability measure-
ment. For cross-plotting determinations of the effective pres-
sure law, (P, — P,) was increased, both by P increments and
P, decrements. Several samples were returned to (P, —
P,) = 3 MPa before increasing (P. — P,) further as part of
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a study of cyclic loading on permeability (Kwon et al., submit-
ted manuscript, 2001). These samples were unloaded to (P, —
P,) = 3 MPa in steps of =3 MPa, either by reducing P, or
increasing P, and allowing 2-3 hours for pore pressure equil-
ibration. Following this procedure, samples were again re-
loaded using the same protocol as described above. Measure-
ments of permeability under decreasing P,, effects of cyclic
loading, and nonrecoverable reductions in pore space are not
addressed in this paper, but we identify those measurements
made after unloading and reloading, given that uncertainties in
these measurements are somewhat larger than others due to
P, perturbations during this procedure.

3.3. Transient Pulse Experiments

Once the desired (P, — P,) value was achieved, the up-
stream fluid pressure reservoir in contact with one specimen
end was isolated from the downstream reservoir in contact with
the opposite specimen end. The pressure in the upstream res-
ervoir was then increased by an amount AP; (=15% of the
initial P,) using a piston-cylinder pressure generator (Figure
2a). Following the application of a fluid pressure difference
across the sample, the pressure of the upstream fluid reservoir
P, was observed to decay, following an approximately log
linear relationship with time (Figure 2b), and pressure of the
downstream reservoir P4, was observed to increase, both ap-
proaching a final equilibrium fluid pressure P,. by flow through
the specimen. Both P, and P, were measured to +0.02 MPa
using high sensitivity pressure transducers (with resolution lim-
ited by an output measurement error of £0.01 mV). Daily
fluctuations in ambient temperature (=1-2°C) of the fluid res-
ervoirs led to fluctuations in fluid pressure (*0.08 MPa)
greater than instrumental resolution. Temperature fluctua-
tions of the pore pressure system were minimized by wrapping
insulation around the fluid reservoirs and plumbing.

More importantly, we based our determinations of perme-
ability on the decay of the fluid pressure difference across the
specimen (P, — Pg4,) as a function of time. For any given
transient pulse experiment the slope of log (AP) versus ¢ was
essentially the same for AP = (P, — Pg,), AP = (P, — Pr)
and AP = (P — Pg,). However, AP = (P,, — P,,) was
much less sensitive to temperature fluctuation than the other
AP values since both reservoirs experienced similar ambient
temperature changes. To test that the observed reductions in
pressure gradient across samples corresponded to flow through
the sample (rather than to flow between the sample and jack-
et), fluid pressure stepping experiments were performed on an
aluminum sample with the same silicone coat and jacket ar-
rangement as used in the permeability experiments. These
tests showed that the silicone provided an effective seal for
confining pressures P, that exceeded P, by =0.5 MPa.

Fluid pressures in the upstream and downstream reservoirs
were monitored until the difference between the two (P, —
P ) dropped below 40-50% of the initial pressure difference
(AP;) imposed at ¢+ = 0, and the data were fit by

(Pyp = Pgy) = APe™ 8)
to find 6 (determined from the slope —6/2.303 in Figure 2b).
Assuming that terms describing fluid storage within samples

can be neglected [Brace et al., 1968; Sutherland and Cave,
1980], the value of 6 can be expressed as

0 = (kA/mBL)(1/Vyp + 1/V4), ©

where k is permeability, A and L are the cross-sectional area
and length of the sample, respectively, 7 is the absolute (dy-
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Figure 2. Transient pulse experiment used to determine per-
meability (WS22.11-2). (a) Raw fluid pressure in upstream
reservoir P, and fluid pressure in downstream reservoir Py,
versus time data. Prior to increasing P, by AP; (at ¢t = 0),
both P, and P4, were equal to P, (which was taken to equal
P, within samples once P, showed no variation with time).
After applying the initial pressure difference AP, across the
sample length, P, declines with time and P, increases, both
approaching a new equilibrium fluid pressure P .. AP shown is
for (P, = Pg,)- (b) The same data recast as log (AP) versus
time, taking the difference between the upstream and final
pressures (P, — Pr), between the final and downstream pres-
sures (P, — Pg4,), and between the upstream and downstream
pressures (P, — Pgy,). The slopes in log (AP) — ¢ are the
same for all measures of AP (within 5%), and each may be
used to find 6 (equation (8)), but scatter about best fit lines is
minimum for AP = (P, — Pg4,). Permeabilities k were de-
termined from 6 and equation (9).

namic) viscosity of the fluid, B is the compressibility of the
fluid, and V', and V,, are upstream and downstream reservoir
volumes, respectively. The viscosity of the NaCl solution at
~20°C was taken to be 1.1 X 10~? MPa s [Wolf et al., 1979].
Because of uncertainties in compressibility of 1 M solution of
NaCl, its compressibility was assumed to be similar to that
(4.56 X 107* MPa™ ') of water [Meyer et al., 1979]. This could
lead to an error in kA/mBL of 10% [Millero et al., 1977; Chen
et al., 1978; Lide, 1997]. Volumes of upstream (15.1 mL) and
downstream (24.4 mL) reservoirs of the fluid pressure system
were determined from their effective compressibilities after
purging the system of air, isolating each reservoir, and impos-
ing steps in pressure much like those in the permeability ex-
periments. On the basis of these volumes and determinations
of connected porosity for our samples, the ratio of sample pore
volume to the upstream reservoir volume was 0.02, and that of
the pore volume relative to the downstream reservoir was
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0.013. Errors in permeability associated with fluid storage terms
for these volume ratios are less than ~1% [Trimmer, 1981].

Uncertainties in permeability are dominated by real sample-
to-sample variations in pore structure and, for individual sam-
ples, by variable reductions in pore space with the application
of effective pressure. Observed variations in both fluid pres-
sure measurements P, P4, for individual transient pulse ex-
periments correspond to ambient temperature fluctuations,
but variations in the pressure difference (P, — Pgy,) are es-
sentially equal (£0.02 MPa) to instrumental error. On the
basis of least squares fitting of log (P, — P,) versus time data
[York, 1966], permeability k can be determined from the slope
(—6/2.303) with a standard deviation of 1-3%, neglecting any
errors in absolute reservoir volumes or values of fluid viscosity
and compressibility. However, on the basis of departures of
sequential permeability measurements (for individual samples)
with increasing (P, — P,) from values given by any chosen,
smoothly varying function of k and (P. — P,), uncertainties in
permeability appear to be closer to +10%, presumably reflect-
ing real variability in pore collapse. Samples that were un-
loaded from elevated (P, — P,) values to 3 MPa and reloaded
to the same or higher (P. — P,) appear to show systematic
reductions in k that fall within the observed =10%; however,
determinations of k£ following unloading (and reloading) are of
lower quality than measurements for samples that were not
subjected to this procedure. Despite our efforts to limit effec-
tive pressures during load cycling to values below those of the
previous maximum value achieved (at which compaction and
pore collapse had occurred), additional nonrecoverable
changes in porosity may have occurred during this procedure.
Variations in permeability of =70% were observed for samples
taken from different stratigraphic horizons (all chosen for their
similarity in clay content) and loaded to the same values of
(P. — P,).

Confining pressures P, during the transient pulse measure-
ments of k were controlled to within 0.2 MPa and measured
within +0.06 MPa, leading to an uncertainty in reported values
of (P, — P,) of =0.07 MPa just before the upstream fluid
pressure P, was increased to impose a fluid pressure gradient.
Once P, was increased, however, true (P, — P,) values (and
P, values) varied within the specimen, both spatially and tem-
porally. Immediately after increasing P,,,,, (P. — P,) values at
the upstream sample end were reduced as much as 30% while
(P. — P,) at the opposite end was unchanged. During the
course of each transient pulse experiment, (P. — P,) in up-
stream portions of the sample increased with time as (P, —
P,) in downstream portions decreased, both approaching a
final, equilibrium value somewhat smaller than the initial
(P. — P,).

Given that permeability of Wilcox shale is lower at higher
(P. — P,), we expect that bulk permeabilities determined for
samples with axial gradients in (P, — P,) are dominated by
locally lower permeabilities where (P. — P,) is higher. In
addition, because (1) effective pressures throughout specimens
(during each transient pulse measurement) were reduced from
the initial, uniform value and (2) recoverable changes in k
during unloading are smaller than nonrecoverable changes
during loading [Lin, 1978; Dewhurst et al., 1998; Kwon et al.,
submitted manuscript, 2001], we do not expect that k increased
much at the reduced values of (P. — P,). On the basis of
these considerations, we made no corrections to values of P,
or (P, — P,) and simply report the values determined before
P, was increased.
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Table 1. Permeability of Wilcox Shale Parallel to Bedding
P, P, pP. — P, Permeability,
Sample-Measurement MPa MPa MPa x107%! m*
Measured at P, = 10 MPa
WS22.5-1 13 10 3 267.8 (£1.2)
WS22.7-1 13 10 3 218 (%3.2)
WS22.11-1 13 10 3 186.2 (+1.7)
WS22.25-1 13 10 3 288.2 (£2.8)
WS22.11-2 14 10 4 113.6 (£0.9)
WS22.5-2 15 10 5 89.9 (£0.8)
WS22.7-2 15 10 5 101.4 (£1.9)
WS22.11-3 15 10 5 77.6 (£0.9)
WS22.11-5° 15 10 5 64.2 (£0.9)
WS22.11-7¢ 15 10 5 62.1 (£0.6)
WS22.11-8 16.5 10 6.5 243 (x0.2)
WS22.5-3 18 10 8 29.6 (£0.2)
WS22.7-3 18 10 8 55.9 (%0.7)
WS22.11-9 18 10 8 11.4 (%0.2)
WS22.10-1 18 10 8 16.7 (+0.6)
WS22.10-2 19 10 9 9.22 (%0.2)
WS22.10-3 20.5 10 10.5 3.67 (=0.1)
WS22.10-4 22 10 12 3.22 (%0.1)
Measured at P. = 22 MPa
WS22.12-1 22 19 3 189.8 (=1.9)
WS22.12-2 22 18 4 129.4 (£0.7)
WS22.12-3 22 17 5 94.6 (£1.6)
WS22.12-5° 22 15.5 6.5 55.8 (%0.3)
WS22.12-7° 22 14 8 274 (£0.1)
WS22.12-9° 2 13 9 11.3 (£0.2)
WS22.12-11° 22 11.5 10.5 5.1(%0.1)
WS22.12-12 22 10 12 3.64 (+0.1)
Measured at P, = 35 MPa
WS22.40-1 35 32 3 168.6 (=3.2)
WS22.40-4 35 31 4 93.9 (£1.8)
WS22.40-5 35 30 5 63.7 (£0.8)
WS22.40-8 35 28.5 6.5 31.2(%0.2)
WS22.40-9 35 27 8 22.4 (£0.1)
WS22.40-12 35 26 9 15.9 (=0.1)
WS22.40-13 35 23 12 11.7 (=0.1)
Measured at P, = 45 MPa
WS22.40-2 45 42 3 150.2 (+3.6)
WS22.40-3 45 41 4 121.7 (£2.7)
WS22.40-6 45 40 5 57.2 (%0.9)
WS22.40-7 45 38.5 6.5 42.1(=0.4)
WS22.40-10 45 37 8 23.1(x0.2)
WS22.40-11 45 36 9 21.4 (x£0.3)
WS22.40-14 45 33 12 12.1 (x0.1)

“Sample returned to (P,

— P,) = 3 MPa by decreasing P, at constant P, = 10 MPa and then repressurized

to specified P, (and specified value of P. — P,) prior to measurement of tabulated permeability.
"Sample returned to (P, — P,) = 3 MPa by increasing P, at constant P, = 22 MPa and then applying
specified value of (P. — P,) by decreasing P, prior to measurement of tabulated permeability.

4. Results

Permeabilities measured parallel to bedding are assembled
in Table 1, organized according to the values of confining
pressure P, and pore pressure P, imposed. Samples WS22.10,
WS22.11, and WS22.12, taken from the same stratigraphic
interval of the core, and sample WS22.40, prepared from core
just 0.2 m away, exhibit a wide range of permeabilities depend-
ing on the confining and pore pressures that they were sub-
jected to. Together, these samples were used to determine the
effective pressure law and the permeability—effective pressure
relationship, assuming that they have the same clay content,
porosity, and reference permeability k,. Several transient
pulse experiments were performed for each sample, as indi-
cated by the sequence number following the hyphen in each
sample-measurement entry in Table 1. Measurements follow-

ing an unloading cycle to (P. — P,) = 3 MPa are identified
according to whether P, was dropped or P, increased. Samples
WS22.5, WS22.7, and WS22.25 were taken within the same
1-m length of core as the others; however, their permeabilities
are more variable. Errors in tabulated permeabilities represent
the standard deviation in slope 6 determinations, while error
bars shown in the figures represent larger uncertainties due to
real variations in connected pore space and sample-to-sample
variation.

4.1.

At constant pore pressure (P, = 10 MPa), permeabilities
measured for samples WS22.10 and WS22.11 drop by 2 orders
of magnitude (from 1.9 X 107* m? to 3.2 X 107! m?) as
confining pressure P, is increased (from 13 to 22 MPa), in-

Effective Pressure
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Figure 3. Permeability k as a function (a) of P, at constant
P, = 10 MPa and (b) of P, at constant P, = 22 MPa for
samples prepared from the same stratigraphic horizon. Multi-
ple measurements for sample WS22.11 with increasing P_ are
shown as solid circles, while those of WS22.10 are shown as
solid squares. Permeability measurements for sample WS22.12
were made at decreasing P,,, shown as solid diamonds. Error
bars shown are significantly greater than instrumental uncer-
tainty and represent observed scatter in k values between sep-
arate measurements for the same sample. Ascending values of
P, along the axis of Figure 3b are shown reversed, so that
effective pressure increases to the right.

creasing (P, — P,) by a factor of 4 (Figure 3a). Similarly,
permeabilities measured for WS22.12 drop (from 1.9 X 10~
m? to 3.6 X 107*' m?) as pore pressure P, is decreased, and
(P. — P,) is increased over the same range (Figure 3b). The
ratio-of-slope method of determining the effective pressure
law is based on comparing the sensitivities of the physical
property, k in our study, to confining pressure and to pore
pressure [Walls and Nur, 1979; Bernabe, 1987]. Irrespective of
the form of the permeability-pressure relationship k(P.), x
may be determined by examining derivatives of k with respect
to P, and P, at a given value of k. In order to apply this
method using all of our data for WS22.10, WS22.11, and
WS22.12, we plot log k versus P (Figure 4a) and log k versus
P, (Figure 4b), making the choice of axes on a strictly prag-
matic basis, without asserting that the permeability-pressure
relationship is strictly exponential. While highly empirical, this
approach leads to well-defined slopes (9 log k/aPC)Pp =
—0.209 (x0.010) and (9 log k/aP,)p_ = 0.203 (£0.011)
over the ranges of P and P, explored and over all kK measured,
yielding

—(0 log k/oP,)/(9 log k/dP,)

>
Il

0.97 (+0.07) (10)

remarkably close to unity.

Permeabilities of samples WS22.12 and WS22.40 were mea-
sured over comparable ranges at three values of P, (22, 35, and 45
MPa), varying P, at each P, (Figure 5). The cross-plotting method
of determining the effective pressure law is based on determining
the relative importance of P, and P, to the value of k by plotting
P, versus P, at constant k and determining the slope x [Walsh,
1981; David and Darot, 1989]. Since k is not experimentally con-
trolled as the independent variable, we could not measure P, at
constant k and P, directly to generate a P. — P, cross plot.
However, by fitting the k — P, data for each value of P, (again, by
a simple exponential function) and finding the interpolated values
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of P, at constant k and P, (dashed lines, Figure 5a), we generated
isopermeability contours in terms of P, and P, (Figure 5b). Best
fit values of y vary about one, and the mean y = 0.99 (£0.06) is
identical within error to its value determined by the ratio-of-slope
method. Together, these results show that the effective pressure
law for the permeability of Wilcox shale is indistinguishable from
Terzaghi’s [1923, 1925] original expression.

4.2. Permeability: Effective Pressure Relation

The same data selected to determine effective pressure P,
were used to determine the dependence of & upon P,. Adopt-
ing (6) and iterating over x, the data were recast in terms of
kik, and P, [Gangi, 1978] that can be fit by simple linear
regression (Figure 6), yielding best fit parameters

ko= ~10"" m’
m = 0.159 (+0.007)
P, =19.3 (+1.6) MPa

for x = 0.99 to 1.00, where m is the slope in log [1 — (k/
ko)'"?] versus log P, and the intercept equals —m log P,.
Because a rigorous seal between samples and jackets was not
possible using our experimental techniques at (P, — P,) <
0.5 MPa, we made measurements of k only at (P, — P,) =3
MPa. Thus the reference permeability k, (defined at P, = 0)
is not well determined. Comparisons of fits to the data for
varying k, indicate that k, must exceed 10~'® m?, but fits to the
data for larger k are of similar quality. Improvement on our
order-of-magnitude estimate of k, would require permeability
measurements at lower P, or specimens that show less scatter
in k. Despite this difficulty, values of parameters m and P, are
insensitive to the value of k, and our ability to infer values of
k at high effective pressures is much better than our ability to
predict k at P, < 3 MPa. By examining the quality of fit of the
cubick — P, relation to our data for varying x, we obtained yet
another determination of x equal (or nearly equal) to 1, in
confirmation of the ratio-of-slope and cross-plotting analyses.

In our determination of the permeability—effective pressure
relation we assumed that the samples that we selected had
identical transport properties. Yet residuals of the data from

-18 -18
a P, =10 MPa b

P, =22 MPa

logk
log k

-204 -2(H

2l — 2l
15 20 25 20 15 10
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Figure 4. Permeability data linearized by taking the loga-
rithm of k& and plotting (a) against P, at constant P, and (b)
against P, at constant P, to determine the effective pressure
coefficient y by the ratio-of-slope method. P, scale along ab-
scissa of Figure 4b is shown reversed. Data for samples
WS22.10, WS22.11, and WS22.12 are shown as solid squares,
circles, and diamonds, respectively.
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Figure 5. Determination of effect pressure law using the cross-plotting method. (a) Permeability k versus
pore pressure P, measured at constant P, values of 22, 35, and 45 MPa. Permeabilities of sample WS22.12
at P, = 22 MPa (same as in Figure 3b) are shown as solid diamonds, and permeabilities measured for sample
WS22.40 at P. = 35 and 45 MPa are shown as solid triangles. The sequence of permeability measurements
is given by numbers next to data (measurements 4, 6, 8, and 10 for sample WS22.12 are not shown as these

were made upon unloading to P, — P

= 3 MPa). Dashed lines indicate values of k chosen to construct

Figure 5b. (b) Cross plot of P versus P,. The slopes of isopermeability contours (defined by best fit data) in
the P. — P, plane yield values of the effective pressure coefficient x (k values of open symbols given).

the best fit relation are not small (Figure 6), and larger devi-
ations are apparent when the best fit relation is compared with
permeabilities of the remaining samples (Table 1). However, if
we allow the reference permeability k, of each sample to vary,
assuming that m and P, are the same for all, much better fits
are accomplished. Plotting permeability of all measured sam-
ples (Table 1), normalizing by reference permeabilities k, in-

Log [1-(k/k,)173]
s
=3

-0.10 1
-0.12 4
m = 0.159 (+0.007)
.
-0.14 4 P, =193 (+1.6) MPa

04 06 08 10 12
Log P,

Figure 6. Permeability—effective pressure relation deter-
mined for the same selected data set used to determine effec-
tive pressure law, plotting k/k, and P, (= P. — P,) in terms
according to the modified cubic law (6). The slope of the data
yield the value of m and the intercept is equal to —m log P, .
Solid squares (WS22.10), circles (WS22.11), diamonds
(WS22.12), and triangles (WS22.40) are the same data as in
Figures 3 to 5.

dividually fit for each sample, the cubic law (6) with constant m
and P, appears to describe the results well for our entire data
set (Figure 7), even when the logarithm of k/k is not taken.
Real sample-to-sample variations suggested by this analysis are
of the order of 70%, even though samples were of comparable
clay content; larger variations in k, are expected for samples of
more variable lithology and porosity.

200 m = 0.159
P, = 19.3 MPa
- k, (in 1017 m2)
S 1501 k=14
k,=15
> k, =07
100 =09
= 1.1
; 1.7
1.0

50
x =10
o 5 10 15

Figure 7. Permeabilities of entire data set of Table 1, nor-
malized by reference permeabilities k, determined for each
sample versus effective pressure P,, compared with the cubic
law (6) determined for selected data, assuming m and P, are
constants (and do not vary among samples). Solid symbols
represent the same measurements as presented in Figures 3—6.
Data for samples WS22.5, WS22.7, and WS22.25 are shown as
open squares, diamonds, and circles, respectively.
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5. Discussion

The range of permeabilities (2.9 X 107 t0 3.2 X 10~*' m?)
measured for flow parallel to the bedding of Wilcox shale is
well within the range previously reported for other shales and
mudstones [Young et al., 1964; Lin, 1978; Magara, 1978; Bre-
dehoeft et al., 1983; Katsube et al., 1991; Schlomer and Krooss,
1997, Dewhurst et al., 1998, 1999]. Permeability is strongly
influenced by confining and pore pressures, with values ap-
proaching our lower threshold for measurement (~102' m?)
at an effective pressure P, of just 12 MPa. The effective pres-
sure P, for shales and mudstones has commonly been assumed
to equal the difference between confining and pore pressures
(P. — P,). Our determination of the effective pressure coef-
ficient y = ~1 for permeability of Wilcox shale supports this
assumption. Furthermore, it suggests that fractional areas of
contact that govern physical properties [Gangi and Carlson,
1996] are small for well-consolidated shales, much as they are
for uncemented soils or fractured rocks [Terzaghi, 1925; Hub-
bert and Rubey, 1959; Handin et al., 1963].

5.1. Implications for Fluid Conduits

The fit of the modified cubic law (6) to the measured per-
meability—effective pressure data (Figure 7) is consistent with
microstructural observations (Figure 1), which show that pores
capable of transmitting fluid parallel to bedding are crack-like
in geometry. Of the parameters determined, k, is the least
constrained by our data set and P, is the most constrained.
Determination of k, (~10~'7 m?) could be improved by mak-
ing measurements at lower P, (preferably at the reference
state P, = 0). However, this parameter incorporates the com-
plexity of the entire network of pores, and real variations of
~70% are apparent among samples. The value of m shows
some covariance with k,. Nevertheless, it is reasonably well
determined for a given k,, and the best fit value of m (=
0.159) is well within permissible values (0 < m < 1) of the
asperity model upon which (6) is based [Gangi, 1978]. The
corresponding power law exponent n (= 1/m) describing the
asperity height distribution is large (n = ~6); thus the con-
duits that govern permeability are predicted to have rough,
poorly mated opposing surfaces.

We are confident in our determination of P,; its best fit
value is insensitive to uncertainties in k, and m. However, as
an effective modulus of asperities, P; (= 19.3 MPa) is re-
markably small. Bulk moduli « of clay-rich shales determined
from velocity measurements range from 10 to 39 GPa [Han et
al., 1986; Johnston, 1987; Vernik and Nur, 1992; Hornby, 1994;
Johnston and Christensen, 1995; Vernik and Liu, 1997], while
effective k values determined from the static pressure-volume
response of shales are in the range 1-4 GPa [Johnston, 1987,
Swan et al., 1989]. On the basis of volume changes in response
to increases in mean stress (O. Kwon and A. K. Kronenberg,
Failure strength of Wilcox shale: Effects of pore fluid, volume
change, and strain rate, submitted to Tectonophysics, 2001], we
estimate an apparent drained « for Wilcox shale upon first
loading of ~3 GPa. By comparison with any of these macro-
scopic measures of the material bulk modulus, P, < 1072 k.

Nonlinear pressure-volume response and increases in appar-
ent stiffness of shales and clay aggregates with cyclic loading
[Braddock and Machette, 1976; Karig and Hou, 1992; Olgaard et
al., 1995] indicate that inelastic processes are responsible for
much of the volume reduction as P, is increased. Thus mac-
roscopic, static values of k are well below acoustically deter-
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mined values, and they are well below the intrinsic moduli of
the solid phases. Likewise, we suspect that the low value of P,
is explained by inelastic distortions of asperities. With increas-
ing P,, pore geometries change, and any changes in width-to-
height ratios of loaded asperities are expected to increase the
value of P,. Thus, while we determine just one value for P, in
our fitting procedure, P, is likely to be a function of P,.
Indeed, without such increases in P,, P, of geologically rea-
sonable magnitudes may exceed our best fit value of P, (de-
termined for 3 = P, =< 12 MPa), resulting in predicted values
of k that are negative. Instead, we expect that P, increases
substantially as P, is increased, always maintaining a ratio
P,/P, < 1 and leading to less dramatic decreases in k at high
P, than predicted by the cubic law with constant P;.

The measured permeabilities can be fit equally well by
Walsh’s [1981] relationship (7) with reference permeability
ko = 1.74 X 107" m* at P, = 3 MPa and (2"2 h/a,) =
0.508. Over the range of measurements, residuals between the
data and the best fit relationships (6) and (7) are virtually
identical, as might be expected by the similarity of the models
used to derive these expressions. Moreover, without changes in
asperity dimensions (%/a), expression (7) also predicts non-
physical values of k& at high P_; for k to remain positive at all
P,, values of (2'/? h/a,) must decrease with increasing P,.

The functional dependence of k upon increasing effective
pressure for Wilcox shale appears to be uniform among sam-
ples, and observed sample-to-sample variations in k can be
explained by differences in k, (Figure 7). The modified cubic
law applied in this study is also capable of describing the
nonlinear k-P, relations reported for other shales, mudstones,
and clay aggregates [Lin, 1978; Morrow et al., 1984; Katsube et
al., 1991; Vasseur et al., 1995; Dewhurst et al., 1999]. However,
the ranges of k, (from 2 X 1072 to 5 X 10~ m?), m (from
0.03 to 0.32), and P, (from 19 to 640 MPa) among materials of
widely varying lithology and porosity are large.

Substantial differences in k, can readily be explained by
variations in clay content and connected pore space [Katsube et
al., 1991; Dewhurst et al., 1998, 1999]. Even for Wilcox shale
samples selected for their uniformity, we find that k varies.
Variations in m, however, may reflect finer-scale variations in
pore apertures and roughness of fluid conduits, as described by
asperity height distributions. P, values best fit to the perme-
abilities reported for these same argillaceous rocks (and ag-
gregates) vary by over an order of magnitude. While these
materials differ greatly in lithology and texture, observed vari-
ations in P, do not require any differences in moduli of clay
minerals (or other phases) making up asperities of fluid con-
duits. Instead, P, values correlate with the effective pressures
at which permeabilities were measured. The most comparable
P, value (= 28 MPa for Eleana argillite) to ours is given by
permeabilities measured at 3 = P, = 24 MPa [Lin, 1978] and
the largest P, (= 430 and 450 MPa) is given by permeabilities
(of kaolinite and illite aggregates, respectively) measured at
30 = P, = 200 MPa [Morrow et al., 1984]. We propose that
systematic variations in P, with P, are due to inelastic changes
in loaded asperity dimensions.

5.2.

Values of x for permeability of sandstones and sand aggre-
gates consisting of =99% quartz are =1 [Zoback and Byerlee,
1976; Walls and Nur, 1979; David and Darot, 1989], much as the
coefficient y determined in this study for shale. However, x
values reported for clay-bearing sandstones exceed 1 (Figure

Influence of Clay Distributions
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Figure 8. Effective pressure law coefficient y versus clay con-
tent for sandstones and Wilcox shale, drawing on data of
Zoback [1975], Zoback and Byerlee [1975, 1976], Walls and Nur
[1979], and David and Darot [1989] (labeled Z, ZB1, ZB2, WN,
and DD, respectively). Sandstones display an apparent trend of
increasing y with increasing clay content, with y reaching 7.1 at
a clay content of 20%, while Wilcox shale exhibits y = 1 for a
clay content of 40-50%.

8), with an apparent correlation between y and clay mineral
content [Zoback, 1975; Zoback and Byerlee, 1975, 1976; Walls
and Nur, 1979]. Values of y as great as 7.1 for a clay content of

T | Quartz

low compressibility

19,349

20% indicate that P, has a significantly greater effect on per-
meability than P_, a result that is difficult to reconcile with
poroelastic models leading to equations (2)-(4) [Biot, 1941;
Biot and Willis, 1957; Skempton, 1961; Nur and Byerlee, 1971,
Robin, 1973; Garg and Nur, 1973; Berryman, 1992; Gangi and
Carlson, 1996]. For porous media with homogeneous elastic
properties, y must be less than unity given that «, the modulus
of the rock, is less than k,, the intrinsic modulus of the solid
(or that 4, the true area of loaded contacts, is less than A, the
total area).

In order to explain their unusual permeability results for
Berea sandstone, Zoback and Byerlee [1975] proposed a micro-
structural model of a composite porous solid consisting of
quartz grains that form a rigid load-supporting framework and
clay minerals lining the connected pore space. Simplifying their
conceptual model to nested hollow cylinders loaded externally
by P. and internally by P, (Figure 9), Zoback and Byerlee
[1975] considered the sensitivities of fluid conduit dimensions
to applied pressures P, and P, when the compressibility of the
outer quartz cylinder is low and the compressibility of the inner
clay cylinder is high. In contrast to the behavior of a porous
medium made up of just one solid (Figures 9a and 9d), the
outer, stiffer cylinder of the composite may disproportionately
support external loads leading only to small volumetric strains
throughout, while the inner more compliant cylinder may ex-
perience large strains associated with changes in P, without
requiring large strains in the outer cylinder (Figures 9b and

high compressibility

Figure 9. Phase distributions and effective pressure laws for porous media made up of two solids, such as
quartz and clay minerals with low and high compressibilities, respectively, to confining pressure P, and pore
pressure P,. Schematic microstructures of (a) pure quartz sandstones, (b) clay-bearing sandstones in which
clays line the pores, and (c) shales and mudstones with high clay contents, with (d, e, and f) corresponding
models simplified to reveal the sensitivity of fluid conduit dimensions to externally applied P, and internally
applied P, (adapted after Zoback and Byerlee [1975]). For single-phase aggregates such as pure quartz
sandstones (Figures 9a and 9d), x = 1 is predicted by equations (2)-(4). For sandstones made up of a strong
stress-supporting framework quartz and high-compressibility clays lining pores (Figures 9b and 9e), fluid
conduit dimensions may be influenced more strongly by P, than P, with the result that y = 1. For clay-rich
shales and mudstones, clays form a connected matrix and conduit dimensions are similarly affected by P, and

P,, resulting in x = 1.
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9e). Thus changes in fluid conduit dimensions in response to
changes in P. may be small, while changes in these dimensions
in response to changes in P, may be substantial. Berryman
[1992, 1993] developed this model further and solved explicitly
for the dependence of x upon the elastic properties of more
general porous aggregates made up of two solids. Success of
this model in predicting large y values depends critically upon
local pore compressibilities that are large relative to macro-
scopic aggregate compressibilities. The spatial distribution of
clays relative to pores remains critical. Although experimental
tests of these models and their dependence on clay distribu-
tions are still needed, permeabilities of sandstones are known
to vary with clay distribution [Howard, 1992].

The results of this study for Wilcox shale show that the trend
of increasing y with increasing clay content, as displayed by
sandstones, must fail at some threshold in clay content (Figure
8) between 20 and 40%. Scanning electron microscope obser-
vations of Wilcox shale show that clay minerals are highly
contiguous, and we propose that the threshold between anom-
alously large y values and normal values =1 corresponds to
that point at which clays make up a connected matrix. Once
quartz grains and other low-compressibility phases are iso-
lated, and the applied P, is supported by a compliant clay
matrix, changes in conduit dimension (Figures 9c and 9f) as-
sociated with changes in both P, and P, will be governed by
properties of the same solid, and we expect values of y = 1.

5.3. Geological Implications

Permeabilities measured for shales are many orders of mag-
nitude smaller than those reported for sandstones, and their
occurrence may define stratigraphic horizons that serve as
pressure seals and divide reservoirs into fluid compartments
[Bredehoeft and Hanshaw, 1968; Bradley, 1975; Hunt, 1990;
Deming, 1994]. In the absence of capillary effects related to
nonwetting hydrocarbons, shale layers 100 to 1000 m thick
must have permeabilities =107%* to 10~** m? to seal against
fluid transport over geologic times (=10 Myr) and gradients in
head [Deming, 1994]. While few laboratory measurements of
permeability reach such low values, the pronounced effect of
P, on permeability of Wilcox shale (and other argillaceous
rocks) indicates that permeabilities at geologically reasonable
values of P, are sufficiently small to prevent significant sub-
surface fluid flow. Our ability to extrapolate the fitted cubic law
for Wilcox shale to high P, values is limited by the constant
value of P, determined over 3 = P, = 12 MPa. Nevertheless,
if we use the cubic law to predict k at P, = 18 MPa, just 50%
greater than the highest value imposed in our experiments, k
values for Wilcox shale drop to ~1072* m?,

Thin shale layers may not form seals to fluid transport over
geologic times. However, shale layers interbedded with silt-
stones or highly permeable sandstone layers may impart an
apparent anisotropy to fluid transport properties, as expressed
by large-scale flow parallel to and perpendicular to bedding. In
cases where shales and clay-bearing sandstones are finely in-
terbedded, particularly interesting predictions are made by
their contrasting effective pressure laws. Given that neighbor-
ing shales and clay-bearing sandstones at comparable P_ reach
equilibrium with respect to pore pressure P, effective pres-
sures governing their permeabilities must be different. Effec-
tive pressures may even be positive in shale layers while P, is
negative in clay-bearing sandstones. As an example, effective
pressures within neighboring shale and clay-bearing sandstone
layers with x = 1 and 4, respectively, are predicted to equal 10
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and —20 MPa at common equilibrium values of P, = 20 MPa
and P, = 10 MPa.

6. Conclusions

Permeabilities of Wilcox shale measured parallel to bedding
at varying confining and pore pressures confirm that argilla-
ceous strata of sufficient thickness may serve as pressure seals
capable of maintaining gradients in head and abnormal fluid
pressures over geologic times. From experimental measure-
ments made on selected samples under sequentially increasing
(P. — P,) and comparisons with permeabilities reported for
other shales and clay-bearing sandstones, we conclude the fol-
lowing:

1. Permeability of shale depends on P, and P, with re-
markably similar sensitivities, with an effective pressure coef-
ficient y (= 0.99 = 0.06) that is indistinguishable from 1; P, =
P.— P,

2. The dependence of permeability k£ upon effective pres-
sure P, may be described by a simple cubic law k = ky[1 —
(P,/P,)™]?; for Wilcox shale, parameters k, = ~10~'7 m?,
m = 0.159, and P, = 19.3 MPa describe flow parallel to
bedding at 3 = P, = 12 MPa, presumably through fine,
crack-like conduits. Reference permeabilities k, of differing
shales, mudstones, and clay aggregates vary substantially and
appear to be sensitive to clay content, porosity, and tortuosity.
Values of m for Wilcox shale and other argillaceous rocks are
small, reflecting rough, poorly mated conduit surfaces. The
value of P, for Wilcox shale is small relative to elastic bulk
moduli, and it probably represents the inelastic distortions of
conduit surface asperities. P, is expected to increase with in-
creasing applied P,.

3. The effective pressure law for Wilcox shale is in contrast
to effective pressure laws reported for the permeabilities of
clay-bearing sandstones. Large values of y > 1 for these
sandstones appear to require a load-supporting framework of
quartz or other low-compressibility phases and heterogeneous
distributions of compliant clays relative to pore space. The
trend of increasing y with increasing clay content exhibited by
sandstones is expected to break down at clay contents between
20 and 40% once clays are contiguous throughout the rock and
support externally applied P, as well as P,,. Differing effective
pressure laws for rocks of variable clay content and texture also
suggest that transport properties and the effective pressures
governing them differ for thinly interbedded shales and clay-
bearing sandstones at common, equilibrium values of P, and
P
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